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For over 35 years, biological scientists have come to rely on the research protocols and
methodologies in the critically acclaimedMethods in Molecular Biology series. The series was
the first to introduce the step-by-step protocols approach that has become the standard in all
biomedical protocol publishing. Each protocol is provided in readily-reproducible step-by-
step fashion, opening with an introductory overview, a list of the materials and reagents
needed to complete the experiment, and followed by a detailed procedure that is supported
with a helpful notes section offering tips and tricks of the trade as well as troubleshooting
advice. These hallmark features were introduced by series editor Dr. John Walker and
constitute the key ingredient in each and every volume of the Methods in Molecular Biology
series. Tested and trusted, comprehensive and reliable, all protocols from the series are
indexed in PubMed.
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Preface

It is our distinct pleasure to present the second edition of MiMBMitochondrial Medicine to
the ever increasing number of scientists and physicians who are as fascinated by this tiny
organelle as we are. We started working on the first edition in September 2014 and were able
to bring about one year later two volumes with a total of 70 chapters to the market. As of
today (July 2020), 195K downloads have been recorded for Volume I1 and 90K downloads
for volume II2. In light of the rapidly growing and expanding field of Mitochondrial
Medicine, we readily accepted the invitation to compile a second edition, which we started
to work on inMarch 2019. This second edition as offered here involves a total of 88 chapters
with 45 of them written by new contributors who were not part of our first edition. The first
and second editions combined subsequently present work from 115 mitochondrial labora-
tories from around the globe. We therefore believe these five volumes combined to be the
most comprehensive source of know-how in the wide-ranging field of Mitochondrial
Medicine.

Dividing 87 chapters equally over three volumes proved to be a bit challenging. We
chose the subtitle Targeting Mitochondria for volume I, Assessing Mitochondria for
volume II, and Manipulating Mitochondria and Disease Specific Approaches for volume
III while of course being well aware of significant overlaps between these three areas of
research. For example, it is quite obvious that mitochondria are being targeted for the
purpose of either assessing them or to manipulate them. We therefore ask all authors not to
be too critical regarding the placement of their particular chapter. The reader we believe will
anyway choose to download a chapter of his/her interest quite independently of its place-
ment in one of the three volumes.

All chapters in these three volumes were written for graduate students, postdoctoral
associates, independent investigators in academia and industry as well as physicians by
leading experts in their particular field. We are extremely grateful to them for having
found the time to either update their chapter from the first edition or to write a new chapter.
We will not forget that for many if not all of our contributors the worldwide COVID-19
pandemic posed additional and unexpected hurdles towards finishing their manuscript in
due time. Thank you to all!

The idea for our original book proposal leading to the first edition of MiMB Mitochon-
drial Medicine originated in our efforts to organize a series of annual conferences on
TargetingMitochondria (www.targeting-mitochondria.com), the tenth one of which mean-
while has taken place in November 2019 in Berlin, Germany. Due to the ongoing pandemic,
our 11th conference (October 29–30, 2020) will be a virtual one but we are sure it will not
be less exciting than all the previous editions.

1 https://link.springer.com/book/10.1007/978-1-4939-2257-4
2 https://link.springer.com/book/10.1007/978-1-4939-2288-8
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Last but not least we would like to sincerely thank John Walker, the series editor of
Methods in Molecular Biology, for having invited us to compile this second edition and for his
unlimited guidance and help throughout the entire process. We also owe sincere thanks to
Patrick Marton, the Executive Editor of the Springer Protocol Series, for always having been
available in assisting us throughout the entire project.

Glendale, AZ, USA Volkmar Weissig
Paris, France Marvin Edeas
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Consuelo Petrocchi, Sophie Thétiot-Laurent, Marcel Culcasi,
and Sylvia Pietri

6 Insights on Targeting Small Molecules to the Mitochondrial Matrix
and the Preparation of MitoB and MitoP as Exomarkers
of Mitochondrial Hydrogen Peroxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
Andrew G. Cairns, Stephen J. McQuaker, Michael P. Murphy,
and Richard C. Hartley

7 Synthesis of Triphenylphosphonium Phospholipid Conjugates
for the Preparation of Mitochondriotropic Liposomes . . . . . . . . . . . . . . . . . . . . . . . 119
Parul Benien, Mohammed Almuteri, Shrey Shah, Mark Böhlke,
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ISTCT/CERVOxy group, GIP Cyceron, Caen, France

D. CHORVAT JR • Department of Biophotonics, International Laser Centre, Slovak Centre of
Scientific and Technical Information, Bratislava, Slovakia

ALESSIA CIOGLI • Department of Chemistry and Technology of Drug, Sapienza University,
Roma, Italy

MARCEL CULCASI • Aix Marseille Univ, CNRS, ICR, UMR 7273, Sondes Moléculaires en
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Chapter 1

Using QSAR Models to Predict Mitochondrial Targeting
by Small-Molecule Xenobiotics Within Living Cells

Richard W. Horobin

Abstract

Prediction of mitochondrial targeting, or prediction of exclusion from mitochondria, of small-molecule
xenobiotics (biocides, drugs, probes, toxins) can be achieved using an algorithm derived from QSAR
modeling. Application of the algorithm requires knowing the chemical structures of all ionic species of
the xenobiotic compound in question, and for certain numerical structure parameters (AI, CBN, log P,
pKa, and Z ) to be obtained for all such species. Procedures for specification of the chemical structures;
estimation of the structure parameters; and application of the algorithm are described in an explicit
protocol.

Key words Biocide, Lipophilicity, Localization, Pharmaceutical, pKa, Probe, Structure parameter,
Electric charge

1 Introduction

Many small-molecule (see Note 1) xenobiotics—biocides, fluores-
cent probes, pharmaceuticals, toxins, and so on—localize in and
interact with the mitochondria of living cells ([1–4] respectively).
Such targeted uptake is sometimes due to the evolved nanomachin-
ery of receptors and transporters [5]. However, in many cases
mitochondrial accumulation is largely or partly driven by less com-
plex physicochemical effects. For instance, lipophilic cationic xeno-
biotics interact with the electrical membrane potential of respiring
mitochondria [6], and can also form complexes with the cardiolipin
of the inner mitochondrial membrane [7]. Lipophilic weak acid
xenobiotics are ion-trapped within mitochondria, since the internal
pH of these organelles when respiring is higher than that of the
cytosol [8]. Such effects have been numerically modelled, so that if
the chemical structure of the xenobiotic is known, then the com-
pound’s mitochondrial uptake (or exclusion) can be predicted.
Two strategies have had some success in this regard. The first
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involves a physicochemical first principles model [9], the second
uses a correlation-based quantitative structure activity relations
(QSAR) approach [10]. Neither strategy is universally applicable
[11], and it is the QSAR approach which is utilized in this chapter.

The QSAR approach involves building correlational models
which relate various physicochemical features of xenobiotics to
their observed intracellular localization (within mitochondria and
other structures) inside live cells. Localization within different cell
structures results from different combinations of physicochemical
properties. These physicochemical features, such as electric charge
and lipophilicity, are specified or modeled using numerical structure
parameters. Those relevant to mitochondrial localization are listed
and described in Table 1. Targeting of mitochondria can be due to
several different mechanisms, and consequently arises with diverse
chemical classes of xenobiotics. QSAR models for each of the
mechanisms are available. An algorithmic integration of these
QSAR models, plus models accounting for competitive uptake
into certain other cell structures, is provided in Fig. 1. The under-
lying QSAR modeling approach to predicting intracellular localiza-
tion of xenobiotics, including details of the QSAR models
contributing to Fig. 1, has been reviewed [10].

To predict mitochondrial targeting, the following procedures
are required. First, the chemical structure or structures of interest
must be established. Then the required numerical structure para-
meters must be obtained for each structure. Finally, for each chem-
ical structure, the parameter values must be inserted into the
algorithmic integration of QSARmodels set out in Fig. 1, to obtain
a set of targeting predictions for the xenobiotic species of interest.
Since the underlying QSAR models are simplistic, these predictions
are indicative rather than prescriptive.

Table 1
Numerical structure parameters relevant to predicting the intracellular mitochondrial targeting of
small-molecule xenobiotics

Structure parameter (with standard abbreviation) Physicochemical feature described or modeled

Amphiphilicity index (AI) Models hydrophobicity of the nonhydrophilic
domain, an aspect of amphiphilicity

Conjugated bond number (CBN) Models overall size of a conjugated, usually
aromatic, domain or domains

Lectric charge (Z) Describes overall electric charge carried by a
molecular species

Logarithm of the octanol–water partition coefficient
(log P)

Models lipophilicity (positive values) or
hydrophilicity (negative values)

Negative logarithm of equilibrium constant of
ionized/nonionized species for acids and bases
(pKa)

Indicates acid or base strength, strong acids have
low values while strong bases have high values
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Fig. 1 Algorithm predicting the mitochondrial targeting (or nontargeting) of small-molecule xenobiotic species
within living cells. Structure parameter values must be inserted as appropriate to obtain such predictions.
Structure parameter abbreviations (AI, CBN, log P, pKa, and Z ) are explicated in Table 1. log Pleast ionized is the
log P value of the least ionized species present
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2 Materials

To carry out the procedures described in Subheading 3, a number
of procedural and informational resources are required, and are
provided and considered in the present section. The first, based
on published QSAR models as described in Subheading 1, is an
algorithm predicting whether a given molecular structure (defined
in terms of structure parameters) is likely to exhibit mitochondrial
targeting or not. This algorithm is provided in Fig. 1. Suggestions
for obtaining or checking chemical structures (Subheading 2.1), for
assessing whether chemical or biochemical modification has
occurred (Subheading 2.2) and which ionized species are likely to
be present (Subheading 2.3) are also provided. Moreover, since
targeting predictions require the values of the structure parameters
for each of the chemical structures of interest to be inserted into the
algorithm, procedures for obtaining these values from published
sources (Subheadings 2.3 and 2.5) or by estimation (Subheadings
2.3–2.6), are given.

2.1 Information

Sources Giving

Chemical Structures

of Xenobiotics

1. Sources of chemical structures vary in three significant ways.
Firstly, the source may be encyclopedic or domain specific.
Secondly, the source may be hardcopy or online. Thirdly, the
source may be freely accessible, or at least accessible via public
libraries, or be proprietary. With these factors in mind, useful
places to start looking for information are suggested in Table 2.

2. If the chemical structure of a xenobiotic of interest is already
known, it is nevertheless advisable to check this against recog-
nized information sources (see Note 2), as above.

2.2 Information

Sources Concerning

Chemical or

Biochemical

Modification

of Xenobiotics Within,

or Adjacent to, Cells

There is much published information concerning metabolic modi-
fication of xenobiotics. As this can be categorized in an analogous
way to the information concerned with structure identity, here it is
merely noted as an example that, for pharmaceuticals and related
materials, useful free online sources for starting a search are the
Biocatalysis/Biodegradation database [44] and the UW Drug
Interaction Solutions database [45].

2.3 Information

Sources

and Procedures

for Specifying Ionized

Chemical Species

Derived from

the Xenobiotic

of Interest

1. Inspect the structure of the xenobiotic, and identify any acid or
basic grouping(s); see Note 3.

2. Look up or estimate, see below for both approaches, the micro
pKa values (seeNote 4) of the acidic and basic groupings in the
compound of interest.

3. There are very many listings of pKa values. For instance, a
six-volume compilation of critically selected values was made
by Smith and Martell [12], for which an updated (2012)
electronic version is available [13]. More readily accessible are
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the pKa values provided by free online sources, such as Che-
mIDplus [14] and DrugBank [15]; but see Note 5.

4. When, as if often the case, no reported micro pKa value can be
found, there are many ways of estimating pKa values. A useful
summary of manual procedures, with numerous worked exam-
ples, was assembled by Perrin, Dempsey, and Serjeant
[16]. There are also numerous software packages which pro-
vide pKa estimates of specified chemical structures. Some
packages are commercial, such as those from ACD/Labs [22]
and ChemSilico [23]. Such sources may provide free access to a
restricted component of the system. There are also excellent
free packages such as the widely used ALOGPS [24].

5. If no reported or estimated value is available, make a guessti-
mate of the pKa value (see Note 3).

6. In whatever way pKa values are obtained, they must then be
used to decide which ionic species are likely to be present, both
extra- and intracellularly. As this will be influenced by the local
pH as well as the pKa of the xenobiotic, the following general-
izations may be useful. Extracellular cellular pH is commonly
near 7, although obviously there are many exceptions which
must be taken into account. Usual intracellular pHs are 7 in the

Table 2
Varying types of information sources for chemical structures of several kinds of xenobiotics

Classes of
xenobiotics Typical hardcopy sources Typical online sources

Encyclopedic,
no particular
class

Merck Index, 15th edn. [31] Merck Index Online* [32]
ChemIDPlus [14]
ChemSpider [20]

Dyes or
fluorescent
probes

Colour Index, 3rd edn [33]
Conn’s biological stains, 9th edn
[34] and 10th edn [35]

Colour Index International* [36]
Molecular Imaging and Contrast Agent Database

[37]

Herbicides Herbicide handbook, 10th edn
[38]

Weed Science Society of America [39]

Pharmaceuticals Basic and clinical pharmacology
[40]

DrugBank [15]
PubChem [21]

Surfactants Surfactants and interfacial
phenomena, 4th edn [41]

Try the “encyclopedic” online sources noted
above

Toxicants Too wide a field for a single
volume, but [42] is a good
starting point

The Toxnet database was closed in late 2019;
however, much of its content was transferred to
the PubChem [21] and PubMed [46] databases,
or to the PubMed Bookshelf. For details, see the
transition pages on [43]

Online sources not freely available are indicated by a superscripted asterisk,*
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cytosol, up to half a pH unit higher in respiring mitochondria
and within the nucleus, but one pH unit lower in the trans-
Golgi network, and up to 1.5 pH units lower in lysosomes.

7. Draw the chemical structures of each ionic species thought to
be present.

2.4 Procedures

for Specifying CBN

Values

1. Inspect the chemical structure diagram of the molecular species
concerned, and identify all conjugated components (see
Note 3).

2. First look for the carbon units of homo- and heterocyclic
aromatic rings, as well as those of any conjugated polyene
chains.

3. Next identify any heteroatoms carrying lone pairs (e.g., nitro-
gen, oxygen or sulfur) and multiatom units (e.g., amino, car-
bonyl, nitroxy, sulfoxy, or more complex moieties) within these
rings or chains.

4. Now find any atoms (e.g., halogens, nitrogen, oxygen, sulfur)
or multiatom units (e.g., amido, carbonyl, carboxy, hydroxy,
nitro and nitroxy, sulfoxy and sulfonyl, or more complex moi-
eties) which may be conjugated with aromatic rings or conju-
gated polyene chains.

5. Once such conjugated units have been identified and marked
onto the structure diagram, the CBN value may be obtained by
counting the total number (see Note 6) of conjugated bonds
seen in the molecule (see Notes 7 and 8).

2.5 Information

Sources

and Procedures

for Obtaining log

P Values

1. A collection of more than 15,000 critically selected experimen-
tally determined log P values has been accumulated and pub-
lished by the Pomona College MedChem Project
[17, 18]. This dataset, now expanded to more than 55,000
compounds, is currently available online via the MedChem
database [19]. More accessible are the log P values given in
free online sources such as ChemIDplus [14], ChemSpider
[20], DrugBank [15], and PubChem [21]; but see Note 5.

2. When information sources do not provide a log P value for the
structure of interest, the parameter can be estimated using
software-implemented systems (see Note 9). There are numer-
ous software packages which provide log P estimates. Com-
mercial examples include ACD/Labs [22] and ChemSilico
[23], and such sources may provide free access to a restricted
component of the system. There are also excellent free packages
such as the widely used ALOGPS [24].

3. Whichever approach is adopted to obtaining log P values,
check carefully to see if the micro log P values for ionized
species are actually available (see Note 10).
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4. If no micro value is available at this stage, use the manual
procedure of Hansch and Leo, described in detail in [18] (see
Note 11).

2.6 Procedure

for Obtaining

Amphiphilic Index (AI)

Values

1. This parameter models the hydrophobicity of the lipophilic
domain of amphiphilic molecules. Consequently, the first step
is to decide if the xenobiotic molecule is in fact amphiphilic,
that is to say has distinct and significant hydrophilic and hydro-
phobic domains (see Note 3). If amphiphilic, the boundary of
the hydrophobic domain should then be identified, following
which itsAI value can be estimated. If this boundary is unclear,
then a series of AI estimates of slightly different regions will be
required to assess the most plausible value (see Note 12). If
more than one hydrophobic domain exists, then unless all can
be present in one “super domain” (this may only be assessable
using 3Dmodels) it is unlikely that the molecule will be signifi-
cantly amphiphilic.

2. As the AI parameter amounts to the notional log P of a sub-
molecular fragment, it cannot be measured experimentally by
partitioning, and, as no tabulations of the parameter are avail-
able, it must be estimated. Estimation can be attempted by any
of the procedures described in item 2 of Subheading 2.5,
above. Note that some software packages reject substructures
as chemically invalid; sometimes this can be circumvented by
insertion of a dummy value. However, if this problem is
unavoidable the manual procedure described in item 4 of
Subheading 2.5 must be used.

3 Methods

3.1 Establishing

Chemical Structures

1. Draw the chemical structure of the xenobiotic of interest, in the
form it will take when within, or in contact with, a live cell (see
Note 2). Information sources to assist with this are provided in
Subheading 2.1.

2. Draw the chemical structure(s) of any reaction product
(s) resulting from chemical or biochemical modification of
the xenobiotic when within, or adjacent to, a live cell (see
Note 13). Information sources to assist this are provided in
Subheading 2.2.

3. Draw the chemical structure(s) of any ionized species likely to
arise from the chemical structure adjacent to or within the live
cell (seeNote 14). For procedures and information sources, see
Subheading 2.3.
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3.2 Estimating

Structure Parameters

for each Compound

and each Ionized

Species

1. For each chemical structure estimate the various structure para-
meters required (AI, CBN, log P, pKa, and Z), as described
below (see Note 15).

2. Obtain the electric charge (Z) by inspection of the structure
diagram and summation of the formal charges. The pKa values
are obtained as described in Subheading 2.3.

3. Obtain the conjugated bond number (CBN) using the proce-
dure given in Subheading 2.4.

4. Obtain the logarithm of the octanol–water partition coefficient
(log P) using the information sources or procedures given in
Subheading 2.5.

5. Obtain the amphiphilic index (AI) using the procedure
described in Subheading 2.6.

6. Tabulate these structure parameters for each chemical
structure.

3.3 Predicting

Mitochondrial

Targeting/

Nontargeting Using

the QSAR Algorithm

(See Note 16)

1. For each chemical structure, and with the tabulation of its
structure parameters to hand, go to “Start here” in the predic-
tive QSAR algorithm given in Fig. 1.

2. Step through the algorithm, by inserting the structure parame-
ter values when called for. Record whether the xenobiotic
species is predicted as being trapped in the plasma membrane,
or as entering the cell but not targeting mitochondria, or as
targeting mitochondria plus other structures, or as targeting
mitochondria selectively (see Note 17).

3. Finally, if more than one compound or ionized species are
considered present, aggregate the predictions for the various
species of the xenobiotic compound (see Note 18).

4 Notes

1. “Small molecule” excludes nanoparticular materials, which are
not modelable by the QSAR procedures underlying this proto-
col [25]. However, some polymeric species can be modeled, if
they lack secondary structure. It is this latter factor, rather than
size as such, which is inconsistent with QSAR modeling of the
type used here.

2. Chemical structures given in handbooks, vendors’ catalogs or
research papers can be in error or be misleading (e.g.,
[26, 27]). And consider Note 3.

3. If not sure about this, befriend a chemist.

4. Micro pKa values relate to specific ionizable groupings within
the xenobiotic. Check that pKa values cited for a compound are
in fact of this type. For compounds containing multiple
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ionizable moieties, a single “blended” experimental pKa value
may be cited, which is not what is required here. For discussion
of this issue see ([16] p. 17; and [28]).

5. When using such information sources, remember that micro
values may not be provided, and that values given are often
estimates.

6. A molecule may contain a single conjugated region, or multiple
regions separated by nonconjugated bridging moieties such as
methylene groups.

7. Avoid counting those nonconjugated bonds which link
isolated conjugated rings or chains. Avoid counting bonds
linking conjugated rings or chains which are not all in a single
plane.

8. For worked examples of the procedure see [26].

9. Such procedures vary widely, as do validities of outcome. If this
is a concern, read and consider a critical review of outcomes and
ease of use of a number of computational methods [29].

10. Software packages do not necessarily permit estimation of the
log P for ionic species. Even if the structure of an ion is entered,
the log P estimates generated by some software may refer to the
corresponding unionized species.

11. The procedure of Hansch and Leo is complicated. Do not
assume it can be picked up in an hour or so.

12. For small molecules with little conformational flexibility, the
hydrophilic and hydrophobic zones will usually be easy to
assess from a 2D structure diagram. With more flexible or
complex molecules, inspection of 3D structures may be neces-
sary, and in such cases the plausibility of the AI parameter will
be reduced.

13. For instance, acids can result from hydrolysis of esters, cata-
lyzed by cellular esterases.

14. Chemical structures shown in hardcopy and online documen-
tation are often those of nonionized species, even if under
physiological conditions the actual species present include
anionic or cationic molecules. Often, multiple ionic species
must be considered.

15. This is necessary as each ionized species is distributed intracel-
lularly as if it were a separate compound [30].

16. Subheading 3.3 should not be read as implying that localiza-
tion is wholly controlled by the physicochemical character of
the xenobiotic molecule. Obviously, cell properties also influ-
ence localization patterns.

17. As the underlying QSAR models are dichotomous, any given
species should fall into only one of these categories. However,
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if structure parameter values fall onto or near the boundaries of
key regions in the parameter spaces of the QSAR models,
predictive ambiguity may arise.

18. Presence of multiple species, or indeed multiple compounds,
does not preclude all chemical structures having the same
mitochondrial targeting properties, although this is of course
not always the case.
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Chapter 2

DQAsomes as the Prototype of Mitochondria-Targeted
Pharmaceutical Nanocarriers: An Update

Volkmar Weissig, Maria Lozoya, Nusem Yu, and Gerard G. M. D’Souza

Abstract

DQAsomes (dequalinium-based liposome-like vesicles) are the prototype for all mitochondria-targeted
vesicular pharmaceutical nanocarrier systems. First described in 1998 in a paper which has been cited as of
May 2020 over 150 times, DQAsomes have been successfully explored for the delivery of DNA and
low-molecular weight molecules to mitochondria within living mammalian cells. Moreover, they also
appear to have triggered the design and development of a large variety of similar mitochondria-targeted
nanocarriers. Potential areas of application of DQAsomes and of related mitochondria-targeted pharma-
ceutical nanocarriers involve mitochondrial gene therapy, antioxidant and updated therapy as well as
apoptosis-based anticancer chemotherapy. Here, detailed protocols for the preparation, characterization,
and application of DQAsomes are given and most recent developments involving the design and use of
DQAsome-related particles are highlighted and discussed.

Key words DQAsomes, DQAplex, Dequalinium, Mitochondria, Pharmaceutical nanocarriers, Mito-
chondria, Gene therapy, Chemotherapy, Paclitaxel, Transfection, Apoptosis

1 Introduction

1.1 DQAsomes—The

Early Years

The accidental discovery of the vesicle-forming capacity of dequa-
linium chloride (DQA) at the end of the 1990s [1] led to the
development of the first mitochondria-targeted vesicular nanocar-
rier system [2, 3]. Dequalinium (1,10-decamethylene bis
(4-aminoquinaldinium chloride)) is a cationic bolaamphiphile
composed of two quinaldinium rings linked by ten methylene
groups (see Fig. 1).

Under certain experimental conditions as it will be described in
detail below, DQA self-assembles into liposome-like vesicles named
DQAsomes (DeQAlinium-based lipoSOMES) at that time. Data
obtained from freeze fracture electron microscopy, electron micros-
copy, photon correlation spectroscopy, and Monte Carlo computer
simulations [1, 4] strongly support the hypothetical vesicular struc-
ture of DQAsomes presented in Fig. 2.
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A limited structure–activity study [5] involving nine derivatives
of DQA revealed that replacing the methyl group in DQA by an
aliphatic hexyl ring (informally called “cyclohexyl-DQA,” see com-
pound 1 in Fig. 3) appears to confer unexpected superior vesicle
forming properties to this bolaamphiphile. Vesicles made from
cyclohexyl-DQA have in contrast to vesicles made from DQA a
much narrower size distribution which hardly changes at all, even
after storage at room temperature for over 5 months. In contrast to
DQAsomes, bolasomes made from cyclohexyl-DQA are also stable
upon dilution of the original vesicle preparation. While DQAsomes
slowly disintegrate over a period of several hours, bolasomes made
from cyclohexyl-DQA do not show any change in size distribution
following dilution. The critical vesicle concentration (CVC) of

Fig. 1 Chemical structure of dequalinium chloride with overlaid shapes depicting
the molecule’s amphipathic character

“Horse Shoe”
Conforma�on

“Stretched”
Conforma�on

Fig. 2 Hypothetical scheme illustrating the self-assembly behavior of
dequalinium cations into liposome-like vesicles including the depiction of two
possible conformations of the bolaamphiphile
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DQA was estimated to lie between 3 and 5 mM, while cyclohexyl-
DQA still forms stable vesicles at 0.36 mM indicating a significant
lower CVC [4]. These findings suggest that the cyclohexyl residue
attached to the heterocycle in DQA-like bolaamphiphiles favors
self-association of the planar ring system. It was speculated that
the cyclohexyl ring sterically prevents the free rotation of the
hydrophilic head of the amphiphile around the CH2 axis, thus
contributing to improved intermolecular interactions between the
amphiphilic monomers [5].

The importance of the cyclohexyl ring for the ability of the bola
amphiphile to form stable and well defined vesicles with a narrow
size distribution was underlined in two more recent studies.

In compound 3 (Fig. 3) the cyclohexyl ring was replaced with a
cyclopentyl ring [6] and in compound 2 (Fig. 3) the hydrophobic
alkyl chain linking both hydrophilic heterocycles was extend by two
methylene groups [7].

From Table 1 it can be seen that extending the hydrophobic
alkyl chain by two methylene groups has hardly any impact on the
small vesicle size and the narrow size distribution. However,

N
(H2C)10
N

NH2

NH2

N
(H2C)12
N

NH2

NH2

N
(H2C)10
N

NH2

NH2

1 32

Fig. 3 Chemical structures of “cyclohexyl-DQA” (compound 1) and two newly
synthesized and tested dequalinium derivatives. In compound 2 the alkyl chain
between the heterocycles was extended by two methylene groups “12-
cyclohexyl-DQA” [7], in compound 3 the cyclohexyl ring was replaced with a
cyclopentyl ring “10-cyclopentyl-DQA” [6]

Table 1
Size distribution of vesicles prepared from three different dequalinium derivatives as shown in Fig. 3

Compound as shown in Fig. 3 Average size (nm) Polydispersity index References

1. “cyclohexyl-DQA” 168 � 3 0.167 � 0.002 [7]

2. “12-cyclohexyl DQA” 188 � 3 0.158 � 0.009 [7]

3. “10-cyclopentyl-DQA” 454 � 187 0.438 � 0.010 [6]
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replacing the cyclohexyl ring by a cyclopentyl ring leads, under
identical preparation conditions as described in detail below, to
vesicles which are much larger in diameter and which also have a
much wider size distribution.

DQA has been used for over 50 years as an antimicrobial agent
in over-the-counter mouthwashes, lozenges, and ointments. The
pharmacological activities of DQA have been widely studied reveal-
ing a variety of subcellular targets such as K+ channels, F1-ATPase,
calmodulin, and proteinase K, reviewed in [2]. In 1987 DQA was
shown to exclusively localize inside mitochondria in living mamma-
lian cells [8]. Mechanistic aspects of DQA’s inherent affinity for
energized mitochondria have been discussed on theoretical
grounds in 2007 by combining a quantitative structure–activity
relationship model with a Fick–Nernst–Planck physicochemical
model [9]. The strong affinity of DQA for mitochondria combined
with its ability to form cationic liposome-like vesicles (DQAsomes)
have led to the proposal of using DQAsomes as the first potential
mitochondria-targeted DNA delivery system [10, 11]. In a series of
papers, it was demonstrated that DQAsomes meet all essential
criteria [11] for a mitochondrial transfection vector. First, DQA-
somes form stable complexes with plasmid DNA which are pro-
tected from DNase digestion [12]. Second, DQAsome–DNA
complexes (“DQAplexes”) release DNA at mitochondria-like
membranes [13] and upon contact with isolated mouse liver mito-
chondria [14]. Third, DQAsomes mediate the cellular uptake and
delivery of plasmid DNA toward mitochondria in living mamma-
lian cells and finally, fourth, it was shown that plasmid DNA con-
jugates delivered into mammalian cells by DQAsomes colocalize
with mitochondria [15]. Any further progress toward the func-
tional expression of a transgene expression was hampered by the
unavailability of an appropriate gene construct suited for transcrip-
tion and translation inside mammalian mitochondria. This hurdle,
however, was apparently overcome in 2011. Using immunofluores-
cence and a combination of immunohistochemical and molecular
based techniques it was shown by Lyrawati et al. [16] that DQA-
somes seem to be capable of delivering an artificial mini-
mitochondrial genome construct encoding green fluorescence pro-
tein to the mitochondrial compartment of a mouse macrophage cell
line resulting in the expression of GFP mRNA and protein.
Although the reported transfection efficiency was with 1–5% very
low, this was and still is, nevertheless, the first claim for f a successful
functional transgene expression within living mammalian mito-
chondria. It appears as reasonable to assume that further optimiza-
tion of DQAsomal mitochondrial transfection will eventually
provide ways to manipulate the mitochondrial genome in living
mammalian cells and probably pave the way toward direct mito-
chondrial gene therapy. Some limited progress into this direction
has been reported in 2017 (see below under Subheading 1.2).
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DQAsomes have also been extensively explored for the
mitochondria-targeted delivery of low-molecular weight com-
pounds. For example, preparing DQAsomes in the presence of
paclitaxel (detailed protocol below) results in a stable colloidal
solution of the drug with an average size distribution between
400 and 600 nm [17]. Cryo-electron and transmission electron
microscopic images of paclitaxel incorporated into DQAsomes
showed reproducibly rod-like shaped structures approximately
400 nm in length, which is surprising considering the spherical
nature of empty DQAsomes [17]. Considering the reproducible
stoichiometric composition of 2 mole dequalinium per 1 mole
paclitaxel it has later been speculated that the colloidal solution of
DQAsomal paclitaxel might actually contain crystal-like solid nano-
particles instead of vesicles with encapsulated paclitaxel [2]. Never-
theless, formulating paclitaxel with DQA increases the solubility of
the drug in comparison to free paclitaxel by a factor of roughly
3000, thereby presenting an alternative to Cremophor-based for-
mulations of the highly insoluble paclitaxel. A series of studies has
clearly demonstrated that DQAsomal preparations of paclitaxel
increase the drug’s efficiency in triggering apoptosis by directly
acting on mitochondria: First, in contrast to the free drug which
randomly diffuses throughout the cytosol, fluorescently labeled
paclitaxel formulated with DQAsomes was shown to colocalize
with mitochondria [18]. Second, DQAsomal paclitaxel was
shown to trigger cell death via apoptosis in cancer cells
[18]. Third, DQAsomal paclitaxel was found to inhibit the tumor
growth in nude mice bearing human colon carcinoma cells by
about 50%, while the free drug at the concentration used did not
have any impact on tumor growth [17].

An independent study by Vaidya et al. [19] has confirmed the
rod-like structure of paclitaxel formulated with DQAsomes, their
colocalization with mitochondria as well as the resulting increased
apoptotic activity of paclitaxel [19]. To further increase the apopto-
tic activity of DQAsomal paclitaxel these authors successfully con-
jugated folic acid to the surface of DQAsomes in order to make
them specific for tumor cells overexpressing the folate receptor.

1.2 DQAsomes: The

Recent Years

In 2014, the formulation of curcumin-loaded DQAsomes for pul-
monary delivery has been described [20]. Curcumin is a potent
antioxidant with anti-inflammatory properties, which however has
a very low bioavailability following oral administration due to its
water insolubility. DQAsomes loaded with curcumin were found to
have hydrodynamic diameters between 170 and 200 nm and a zeta
potential of approximately +50 mV. The encapsulation efficiency
under the chosen experimental conditions was 90% and the drug
loading of DQAsomes was determined to be up to 61%. Curcumin
encapsulated into DQAsomes was shown to display enhanced anti-
oxidant activity in comparison to free curcumin. Curcumin-loaded
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DQAsomes have been discussed by these authors as a promising
inhalation formulation with mitochondrial targeting ability, poten-
tially opening a new approach for efficient curcumin delivery for
effective treatment of acute lung injury [20].

A surprising property of DQAsomes was described in 2018
[21]. While studying the anticancer efficiency of DQAsomes it
was found that dequalinium applied to cell cultures in form of
DQAsomes possesses an affinity toward human adipose-derived
mesenchymal stem cells (AD-MSCs) and appears to promote their
differentiation into osteoblasts without inducing cytotoxic effects.
FACS data demonstrated that DQAsomes do not induce cell cycle
arrest, apoptosis or cellular generation of reactive oxygen species in
AD-MSCs. The authors discussed a role for DQAsomes in main-
taining the balance between osteogenic and adipogenic differentia-
tion of human AD-MSCs. In conclusion, Bae et al. [21]
hypothesize that their findings may lead to potential applications
of DQAsomes in the fields of bone tissue engineering and regener-
ative medicine.

The same group reported in 2017 a novel nanosome system
composed of dequalinium, 1,2 dioleoyl-3-trimethylammonium-
propane (DOTAP) and 1,2-dioleoyl-sn-glycero-3-phosphoethano-
lamine (DOPE), called DQA80, for enhanced mitochondria-
targeted gene delivery and expression [22]. Citing the low effi-
ciency of expression as a limitation these authors reported a poten-
tial approach to improve expression of the construct described in
2011 by Lyrawati et al. [16].They combined dequalinium chloride
at varying molar ratios with DOTAP and DOPE and determined
the physical stability of the resulting nanosomes [22]. The most
stable preparation was reported to be the one prepared with a
DOTAP–DOPE–DQA molar ratio of 10:10:80. Named
DQA80s, these hybrid nanosomes are arguably the next evolution
of DQAsomes for mitochondrial delivery of DNA constructs. Bae
et al. reported that DQA80s mediated luciferase expression levels
that were several orders of magnitude greater than those mediated
by DQAsomes when using a luciferase reporter construct designed
for nuclear expression. The levels of DQA80s mediated expression
were comparable to those resulting from DOTAP/DOPE alone
and were one order of magnitude less than levels achieved by the
commercially available delivery systems lipofectamine and PEI.
Despite this reported high level of nuclear transfection, the authors
found that the DQA80s were able to localize DNA in the region of
the mitochondria and that DQA80s mediated measurable levels of
GFP expression from the same construct as the one used by
Lyrawati et al. [16]. Interestingly, DOTAP/DOPE and DQA-
somes mediated measurable levels of GFP expression albeit signifi-
cantly lower than those mediated by DQA80s. Although
promising, the fact that the study also reports that the DQA
based preparations result in mitochondrial depolarization
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highlights the potential toxicity of DQA as a limitation for mito-
chondrial DNA delivery. Finally, it is our opinion that the lack of
clear evidence that recoded constructs designed for mitochondrial
expression do not result in any nuclear-cytosolic transcription and
or translation is, nevertheless, reason for concern that neither of the
two groups which reported transgene expression in mammalian
mitochondria have properly addressed yet.

A paper from 2018 describes the use of multifunctional
pH-sensitive DQAsomes for the mitochondria-targeted delivery
of doxorubicin [23]. The authors synthesized a pH responsive
PEG–cholesterol conjugate and linked the human epidermal
growth factor peptide (HER-2 peptide) to the distal end of the
PEG chain. This HER-2-peptide-PEG2000-Schiff base-cholesterol
(HPSC) was then used to modify the surface of doxorubicin-loaded
DQAsomes. Cholesterol serves as a DQAsomal membrane anchor
for the PEG-HER-2-peptide. The Schiff base is pH-sensitive and
releases the PEG-HER-2-peptide from the DQAsomal surface in
an acidic environment. The authors tested their formulation using
human breast cancer cell and DOX-resistant breast cancer cell lines
(MCF-7 and MCF-7/ADR). Cellular uptake and mitochondria-
targeting assays demonstrated that HPS-DQAsomes were able to
deliver the therapeutic agent (doxorubicin) to mitochondria,
thereby inducing a mitochondria-driven apoptosis process. In con-
clusion the authors suggested the utilization of multifunctional
pH-sensitive HPS-DQAsomes as a novel and versatile approach
for overcoming multidrug resistance in cancer cells [23].

The affinity of dequalinium cations for mitochondria was most
recently utilized for the targeting of resveratrol-loaded liposomes
to mitochondria [24]. Mitochondriotropic liposomes bearing tri-
phenylphosphonium cations as mitochondrial targeting ligand on
their surface have been described for the first time in 2005 [25] and
their usefulness for the delivery of drugs to mitochondria in vitro
and in vivo has been demonstrated in 2008 [26]. In the most recent
study, instead of linking triphenylphosphonium residues to the
liposomal surface the authors modified the surface of liposomes
with dequalinium cations linked to the distal PEG end of distear-
oylphosphatidylethanolamine polyethylene glycol (DQA-DSPE-
PEG), as shown in Fig. 4.
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Fig. 4 Chemical structure of DQA-DSPE-PEG, according to [24]
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The enhanced cellular uptake and selective accumulation of
DQA-DSPE-PEG liposomes with incorporated resveratrol at or
in mitochondria were demonstrated using confocal microscopy
and via resveratrol quantification in the intracellular organelle,
using LC-MS/MS. In addition, the authors observed the induction
of cytotoxicity in cancer cells caused by the generation of reactive
oxygen species and via the dissipation of the mitochondrial mem-
brane potential.

A very different, non–mitochondria-related use of DQAsomes
and Bolasomes composed of dequalinium derivatives have been
described by David Stewart’s group. In 2016 these investigators
explored complexes formed from phosphorothioate gapmer anti-
sense oligonucleotides with cationic dequalinium–derived bola-
somes as a potential treatment for Clostridium difficile
[7]. AnaerobicC. difficile log phase cultures were treated with serial
doses of oligonucleotide–bolasome complexes or equivalent
amounts of empty bolasomes for 24 h. The authors reported that
antisense gapmers for four specific gene targets achieved nanomolar
minimum inhibitory concentrations for C. difficile [7], while no
inhibition of bacterial growth was observed from treatments at
matched dosages of scrambled gapmer nanocomplexes or plain,
oligonucleotide-free bolasomes compared to untreated control cul-
tures [7]. In 2018, the same group extended their studies testing
the antibacterial activities of gapmer oligonucleotides complexed
with cationic bolasomes against cultures of E. coli, B. fragilis,
E. faecalis, and again C. difficile [6]. Their data confirm that com-
plexes of cationic dequalinium–based bolasomes and antisense oli-
gonucleotides are effective against C. difficile while sparing other
bacteria.

In the following the preparation, characterization, and use of
DQAsomes will be described. The same protocol can be used (and
has been used by us) to prepare bolasomes composed of any
dequalinium derivatives.

2 Materials

1. Rotary evaporator.

2. Fluorescence spectrophotometer.

3. Dequalinium chloride (see Note 1).

4. Paclitaxel.

5. SYBR™ Green I.

6. HEPES: 5 mM HEPES, pH 7.2, salt-free (see Note 2).

7. Methanol.

8. CellScrub buffer.

9. Solid Phase Extraction (SPE) column (J.T.Baker BAKER
BOND Octadecyl 40 μm Prep LC Packing).
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3 Methods

3.1 Preparation of

Empty DQAsomes

1. Dissolve 26 mg dequalinium chloride (10 mM final) in about
2 ml methanol.

2. Remove the organic solvent using a rotary evaporator.

3. Add 5 ml salt-free HEPES buffer (see Note 3).

4. Sonicate the suspension of dequalinium chloride using a probe
sonicator until a clear opalescent solution is obtained. To pre-
vent overheating of the sonicated material, the round-bottom
flask has to be cooled with ice water (see Note 4).

5. Centrifuge the colloidal solution containing DQAsomes for
10 min at 3000 � g at room temperature to remove any
undissolved solid material (see Note 5).

6. Carefully collect the supernatant. Store at 4 �C.

3.2 Quantification of

the Dequalinium

Chloride Concentration

in DQAsomes

1. Make a 1 mM stock solution of dequalinium chloride by dis-
solving 5.2 mg in 10 ml methanol.

2. Prepare a standard curve for dequalinium chloride by measur-
ing its fluorescence over a concentration range between 0.0 and
0.01 mM (λEM 380 nm, λEX 283 nm).

3. Dissolve 0.02 ml DQAsomes in 3 ml methanol and measure
fluorescence (λEM 380 nm, λEX 283 nm).

4. Calculate dequalinium concentration using the previously
obtained standard curve.

3.3 Transfection of

Mammalian Cells with

DQAplexes

Appropriate DQAplexes, that is, DNA constructs (linear or circu-
lar) complexed with DQAsomes, should be prepared after the DNA
binding capacity of each new DQAsome preparation has been
determined in order to choose the correct DQAsome–DNA ratio,
that is, to exclude the presence of any excess of free DNA. The
absolute DNA Binding Capacity (DBC) has been defined [4] as the
amount of DNA (μg) divided by that amount of dequalinium or
any other suitable bolaamphiphile (nmole), which is necessary to
completely prevent the DNA from interacting with SYBR™, result-
ing in 100% loss of fluorescence:

Absolute DBC μg=nmole½ � ¼ μg DNA=nmole Bolaamphiphile ð1Þ

1. Mix 1 μl water containing 625 ng plasmid DNA with 2.5 ml
5 mM HEPES, pH 7.4.

2. Add 0.5 ml SYBR™ solution (SYBR™ stock 1: 5000 in
HEPES).

3. While continuously stirring, measure fluorescence (λEX
497 nm, λEM 520 nm) as a function of time, until a steady
fluorescence signal is obtained.
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4. Add step-wise aliquots between 1 and 20 μl of the DQAsome
(bolasome) solution until fluorescence decreased either to
background level or by at least 25%.

5. Calculate the absolute DBC following Eq. (1).

6. Dilute separately the appropriate amounts of DNA (oligonu-
cleotides or plasmid DNA) and DQAsomes in serum-free cell
medium. Allow both dilutions to stand for 10 min at room
temperature and then mix them together. Allow the mixture of
DNA and DQAsomes to stand at room temperature for
another 5 min before adding to the cell culture well.

7. Grow cells in appropriate cell culture medium until approxi-
mately 60–80% confluence.

8. Incubate cells for 5–10 h with 1 mg DNA complexed with
DQAsomes (see Note 6).

9. Remove the medium containing noninternalized material.

10. Wash cells thoroughly with CellScrub buffer to remove surface
associated complex.

11. Analyze transfected cells using the appropriate method
depending on the nature of the transgene encoded by the
pDNA used (see Note 7).

3.4 Encapsulation of

Paclitaxel into

DQAsomes (See

Note 8)

1. Dissolve 26 mg (10 mM final) dequalinium chloride and
42.1 mg (10 mM final) paclitaxel in methanol in a round
bottom flask.

2. Remove the organic solvent with a rotary evaporator.

3. Add 5 mM HEPES and probe sonicate the suspension until a
clear opaque solution is obtained. Cool the round bottom flask
in ice water during sonication (see Note 9).

4. To remove undissolved material, centrifuge for 10 min at
3000 � g.

3.5 Quantitative DQA

and Paclitaxel

Determination in

Paclitaxel-Loaded

DQAsomes

The solubility of paclitaxel in water at 25 �C at pH 7.4 is with
0.172 mg/l (0.2 μM), extremely low, making any separation pro-
cedure of nonencapsulated paclitaxel from DQAsomes unneces-
sary, that is, in an aqueous environment, only paclitaxel
encapsulated in DQAsomes stays in colloidal solution. However,
for control, a paclitaxel suspension was probe sonicated under
identical conditions used for the encapsulation of paclitaxel into
DQAsomes, but in the complete absence of dequalinium chloride.
As expected, upon centrifugation, no paclitaxel was detectable in
the supernatant. The amount of dequalinium in DQAsomes is
measured using fluorescence spectroscopy (excitation 335 nm,
emission 360 nm). At these wavelengths, paclitaxel does not display
any fluorescence and therefore does not interfere with the determi-
nation of dequalinium. Paclitaxel is quantified via UV spectroscopy.
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The UV spectra of paclitaxel and dequalinium in methanol strongly
overlap between 200 and 240 nm. Therefore, before measuring the
amount of paclitaxel encapsulated into DQAsomes, dequalinium
has to be quantitatively removed from the preparation.

1. Dissolve 0.02 ml Paclitaxel-loaded DQAsomes in 3 ml metha-
nol and measure fluorescence as described above under Sub-
heading 3.2.

2. Equilibrate the solid phase extraction (SPE) column with
methanol.

3. Load column with 1 ml water.

4. Apply 0.02 ml Paclitaxel-loaded DQAsomes previously dis-
solved in methanol/water ¼ 10/1, v/v.

5. Elute dequalinium from the column by washing it with a dis-
continued methanol/water gradient (1 ml methanol–water
(1:4, v/v), followed by 1 ml methanol/water (3:2, v/v)).

6. Elute paclitaxel from the SPE column by washing with 1 ml
100% methanol.

7. Measure the absorption of paclitaxel via UV spectroscopy at
230 nm (see Note 10).

4 Notes

1. Alternatively, Dequalinium acetate can be used. Although not
studied in detail, it has been found that DQA acetate seems to
form DQAsomes with a narrower size distribution and almost
instantaneously upon hydration with salt-free buffer.

2. All buffer solutions used for the preparation of DQAsomes
must be salt-free. There are two forms of HEPES, HEPES
salt free and HEPES potassium. HEPES potassium should
not be used due to the higher pH which would result in the
need for titration with acid that results in salt being formed.
Traces of salt disrupt DQAsomes from being formed during
the sonication process.

3. Alternatively, DQAsomes can also be formed in distilled water.

4. If no clear opalescent solution is formed after 30–45 min soni-
cation, the buffer used most likely contained traces of salt.
Another reason if no clear opalescent solution is formed
30–45 min after sonication, the ice bath could be at too low
of a temperature, thus hindering the change to the opalescent
solution. This can be remedied by around the 30 min of
sonification intermittently removing the ice bath for short
intervals of 30 s repeatedly until a clear opalescent solution is
formed.
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5. If centrifuge is set to is set�4 �C the dequalinium will crash out
of solution resulting in the white dequalinium being on the
wall of the centrifuge tube and the solution will be clear not
opaque. Solution will remain opaque if centrifuged at room
temperature, 25 �C.

6. All incubations should be performed in serum free medium to
eliminate possible precipitation events associated with the
interaction of the vesicular carriers with serum proteins.

7. For fluorescence microscopic analysis, grow cells on 22 mm
circular coverslips in six well cell culture plates. After washing
cells with CellScrub buffer to remove surface associated com-
plex (step 10), incubate them with the required dye following
the dye-specific protocol. The cells are then washed in sterile
phosphate buffered saline (PBS) and mounted on slides in
Fluoromount G medium for analysis by confocal fluorescence
microscopy.

8. The same protocol has been followed for the encapsulation of
other water-insoluble low-molecular weight drugs like etopo-
side (V. Weissig, S. M. Cheng, unpublished).

9. This step can take up to 1 h. It has been observed, though
rarely, that the sonicated suspension of dequalinium chloride
and paclitaxel turns into a highly viscous gel. This gel formation
is not understood and has not been further investigated.

10. The lack of any absorption at 315 nm demonstrates the com-
plete absence of dequalinium in the sample used for the deter-
mination of paclitaxel.
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Abstract

In this chapter we describe: (1) the procedure for the synthesis of four single chain bolaamphiphiles,
displaying chains of 12, 16, 20 and 30 methylene units and triphenylphosphonium moieties as headgroups
(TPP1-TPP4); (2) the methods used to characterize TPP1-TPP4 spontaneous aggregation in aqueous
solution. We illustrate the determination of Krafft point and cac by conductivity measurements and the
procedures used to investigate dimensions, morphology, and stability by dynamic and dielectrophoretic
laser light scattering, dialysis, transmission electron microscopy, and Raman spectroscopy measurements.

Key words Triphenylphosphonium bolaamphiphiles, Kolbe electrolysis, Thermomorphic electrolytic
solution, U-shaped/extended conformation, Equilibrium systems, Kinetic traps

1 Introduction

Bolaamphiphiles are a class of surfactants displaying a peculiar
molecular structure, characterized by two hydrophilic headgroups
linked by one or more hydrophobic chains. This distinctive struc-
tural feature is responsible for the well-known bolaamphiphile
polymorphism as it affects, as expected, the self-assembling of the
monomers in aqueous solution, where a wide range of aggregates
can spontaneously grow, from micelles and vesicles to nanotubes
and nanoribbons. [1] In fact, if for all amphiphiles in general the
aggregate morphology is controlled by the molecular structure of
the monomer, in the case of bolaamphiphiles the connection
between the two headgroups introduces an additional parameter
that controls self-assembly, the monomer conformation. Inside the
aggregate, bolaamphiphile monomers can assume an extended
conformation or a U-shaped one, which can give rise, in principle,
to a monolayer or a bilayer membrane respectively; actually, inside
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the aggregates these two monomer arrangements can coexist, lead-
ing to intermediate organizations between pure monolayer and
pure bilayer [2, 3]. Some bolaamphiphiles are able to form very
stable monolayer vesicles, characterized by low solute permeability
and stability to mechanical stress and elevated temperatures. In
nature, their polymorphism contributes to confer unique charac-
teristics to archaebacterial membranes, [4] while in the world of
nanotechnology it makes bolaamphiphiles very attractive for the
formulation of polymolecular aggregates or nanomaterials to be
used in a wide range of applications: membrane models, sensing,
electronics, imaging, drug and gene delivery [5]. In this respect,
many synthetic bolaamphiphiles displaying specific moieties on the
headgroups or in the chains have been prepared, in order to endow
liposomes with specific properties, suitable for definite applications
[6–9]. It is the case of dequalinium [10, 11] and triphenylpho-
sphonium (TPP) cationic bolaamphiphiles for mitochondrial tar-
geting. Many TPP bolaamphiphiles have been synthesized and
have been shown to enter mitochondria, displaying at the same
time some toxicity [12, 13]. Some investigations associate such
toxicity with the crowding of bolaamphiphile cationic charge inside
mitochondria, with consequent depolarization of organelle mem-
brane; others studies correlate such toxicity mainly to bolaamphi-
phile ability in disrupting membrane [14]. In our opinion, in order
to deeply understand the effects and, in general, the biological
performances of a bolaamphiphile, the interplay between chemical
structure, colloidal behavior, and physicochemical properties can-
not be ignored. For this reason, we have decided to prepare and
fully characterize four single chain bolaamphiphiles (TPP1-TPP4)
displaying chains of 12, 16, 20 and 30 methylene units and triphe-
nylphosphonium (TPP) moieties as headgroups. The colloidal
behavior of these amphiphiles was investigated with the final aim
of using them, in the near future, as mitochondria-targeted ele-
ments in liposome formulations.

The physicochemical features ofTPP1-TPP4 aggregates spon-
taneously formed in aqueous solution were studied by means of
different techniques, in order to investigate different aspects of
TPP1-TPP4 self-assembly, from aggregation conditions para-
meters (cac, Krafft point) to morphology (dynamic and dielectro-
phoretic laser light scattering, TEM), stability (dialysis, dynamic
and dielectrophoretic laser light scattering), and conformation of
the monomer inside the aggregate (Raman spectroscopy). As the
reader will realize in the following Subheadings 3 and 4, both
obtaining pure TPP amphiphiles in acceptable yields and under-
standing the morphology of TPP aggregates are demanding and
challenging tasks, especially in the case of longer chains. For this
reason, the use of many techniques and experimental accuracy is
required as well as the resort to some expedients.
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2 Materials

2.1 Synthesis

of Triphenyl-

phosphonium

Bolaamphiphiles

TPP1-TPP4

1. 1,16-dihydroxyhexadecane.

2. PBr3.

3. NaHCO3.

4. Na2SO4.

5. Electrolytic solution: mix 80 mL of CH3CN, 40 mL of
CH3OH, and 40 mL of Pyridine, then add KOH (240 mg),
which slowly solubilizes, finally add 80 mL of cyclohexane. At
room temperature two phases are present, at 311 K the mixture
turns to one phase.

6. Kolbe electrolysis apparatus; electrodes: 25 mm � 50 mm Pt
plates.

7. 11-bromoundecanoic acid.

8. 16-bromohexadecanoic acid.

9. RCA solution: Mix H2O–H2O2 30%–NH3 33% (5:1:1 v/v),
heat to 75 �C. The Pt-plates are immersed in the hot solution
and left there until they turn sleek (about 15 min). Let the
solution cool down to room temperature, take the Pt-plates
and wash them thoroughly with H2Odd (see Note 1).

10. 1,12-dibromododecane.

2.2 Chromatography

of Tripheny-

lphosphonium

Bolaamphiphiles

TPP1-TPP4

1. The chromatographic system was a Shimadzu Nexera UHPLC
LC-30A (Shimadzu, Milan, Italy), equipped with a
SPD-M20A photodiode array detector (2.5 μL detector flow
cell volume; filter time constant of 0.002 s and data collection
rate of 100 Hz).

2. Column inlet (450 mm � 0.13 mm ID) and outlet
(1040 mm � 0.13 mm ID) vipers were used, producing an
extra column volume of 20 μL (see Note 2).

3. UHPLC columns: Titan™ C18 column (100 � 2.1 mm ID,
1.9 μm, 80 Å, Supelco) and Ascentis® Express C18 column
(150 � 2.1 mm ID, 2.7 μm Sigma).

4. Eluents for TPP1-TPP3: (A) H2O/CH3CN 90/10 + 20 mM
NH4OAc and (B) CH3OH/CH3CN/H2O 50/40/
10 + 20 mM NH4OAc (see Notes 3 and 4).

5. Eluents for TPP4: (A) H2O/CH3CN 90/10 + 20 mM
NH4OAc and (B) CH3OH/CH3CN 50/50 + 20 mM
NH4OAc (see Notes 3 and 4).
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2.3 Conductivity

Experiments

on Bolaamphiphiles

TPP1-TPP4

Conductivity measurements were carried out on a Hanna conduct-
ometer, HI-9932, equipped with a jacketed cell (5 cm � 11 cm-
internal diameter and height), maintained at the desired tempera-
ture by a thermostatting apparatus.

2.4 Dialysis

Experiments

on Aqueous Solutions

of TPP1-TPP4 Above

the cac

1. Activation of dialysis tubing cellulose membrane: the mem-
brane contains glycerol and sulfur compounds that must be
removed before use by the following procedure. Wash the tube
in running water for 3–4 h, paying attention to rinse out also
the inside of the tube. Then immerse the tube in a 0.3% (w/v)
solution of sodium sulfide at 80 �C for 1 min. Rinse with hot
water (60 �C) for 2 min, acidify with a 0.2% (v/v) solution of
sulfuric acid, and rinse again with hot water to remove the acid.

2. UV-vis measurements were carried out on a Cary 300 UV–vis
double beam spectrophotometer, in a quartz cuvette of 1 cm
path length.

2.5 Dynamic

and Dielectrophoretic

Light Scattering (DLS,

DELS) Measurements

Dynamic and Dielectrophoretic light scattering (DLS, DELS) mea-
surements were performed by NanoZetasizer apparatus (Malvern,
UK), equipped with a 4 mW HeNe laser source employing a
backscattering configuration and a thermostatted cell-holder. Dis-
posable 2.5 mL polystyrene cuvette with 1 cm path length have
been used for DLS measurements, U-shaped disposable cuvettes
(model DTS 1070) have been used for DELS measurements.

2.6 Transmission

Electron Microscopy

(TEM)

1. TEM measurements were carried out by both a Zeiss
902 microscope, operating at 80 kV, and TECNAI 12 G2
Twin FEI microscope, operating at 120 kV. Images were
acquired by a digital charge-coupled device camera, model
Proscan (Proscan Elektronische Systeme, Lagerlechfeld, Ger-
many) HSC2 (1024 � 1024 pixels), thermostatted by a Peltier
cooler in the Zeiss instrument and by a slow-scan charge cou-
pled device camera (Gatan 794 IF) in the FEI instrument.

2. Stain solution: phosphotungstic acid aqueous solution 2% w/v
buffered at pH 7.40 with NaOH.

2.7 Raman

Characterization

of Tripheny-

lphosphonium

Bolaamphiphiles

TPP1-TPP4

Raman measurements were realized with a DXR Thermo Fisher
Scientific Raman Microscope, with a 532 nm excitation, 10 mW
power and a long-distance 50� objective, with each spectrum
resulting from 5 s acquisition time and 100 accumulations.
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3 Methods

3.1 Synthesis

of Tripheny-

lphosphonium

Bolaamphiphiles

TPP1-TPP4

Synthetic pathway for the preparation of bolaamphiphiles TPP1-
TPP4 is depicted in Scheme 1.

3.1.1 1,16-

Dibromohexadecane

1. Dissolve 1.0 g of 1,16-dihydroxyhexadecane 1 in 9 mL of
anhydrous CH2Cl2.

2. When the solution is clear, add 0.68 g of PBr3 under inert
atmosphere at 0 �C. Keep the solution under stirring at room
temperature for 18 h.

3. Monitor the reaction course by TLC (TLC: Et2O–hexane¼ 9:1
to see the product; Et2O to see the diol).

4. Workup: neutralize the reaction solution with NaHCO3 sat.
and wash the aqueous phase with CH2Cl2 (3 � 50 mL). Col-
lect the organic phases, wash themwith brine, dry over Na2SO4

and filter. Remove the solvent under reduced pressure to
obtain the crude product as brown viscous oil. Purification of
the crude product by chromatography (silica, hexane, crude
product/silica¼ 1:40) yields 0.64 g (1.6 mmol, 43%) of 2 as an
off-white solid.

Scheme 1 Synthetic pathway for the preparation of bolaamphiphiles TPP1-TPP4
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1H-NMR (CDCl3) ppm: 3.40 (4H, t, JH–H¼ 7.0 Hz, Hα);
1.84 (4H, q, JH–H ¼ 7.0 Hz, Hβ); 1.50–1.10 (24H, m).

13C-NMR (CDCl3) ppm: 34.1; 32.9; 29.7; 29.6; 29.5;
29.4, 28.8; 28.2.

GC-MS: 55 (100); 69 (80); 83 (50); 97 (40); 135 (45);
149 (10); 384 (1).

3.1.2 1,20-

Dibromoeicosane 5

1. Pour 240 mL of the electrolytic solution in the electrolytic cell,
add 2.1 g (8.1 mmol) of 11-bromoundecanoic acid 3 and heat
to 318 K to obtain a monophasic system (see Note 5) (Fig. 1).

2. When the acid is completely dissolved and only one phase is
present, run the electrolysis at 318 K, under 0.8 A, for 40 min
(TLC: hexane to see the product, RF 0.53; Et2O–hexane¼ 8:2
to see the acid) (seeNotes 6 and 7). Cool the solution to room
temperature to reobtain a biphasic system. Wash the upper
cyclohexanic phase with 1 M HCl, (see Note 8) with brine,
dry over Na2SO4, and filter. Finally concentrate the solution
under reduced pressure to obtain the crude product as a yellow
solid (see Note 9). Purification of the residue is made by chro-
matography (silica, hexane, crude product/silica ¼ 1:100) and
yields 1.2 g of product 5 (white powder, 65% yield).

1H-NMR (CDCl3) ppm: 3.39 (4H, t, CH2 α); 1.84 (4H,
q, CH2 β); 1.41–1.24 (32H, om).

13C-NMR (CDCl3) ppm: 33.9; 32.7; 29.5; 29.5; 29.4;
29.4; 29.3; 28.6; 28.0.

Fig. 1 Electrolytic solution in the electrolytic cell: (a) above the switching
temperature is monophasic; (b) below the switching temperature is biphasic
(picture taken at the end of the reaction)
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3.1.3 1,30-

Dibromotricontane 6

1. Pour 240 mL of the electrolytic solution in the electrolytic cell,
add 0.48 g (1.4 mmol) of 16-bromohexadecanoic acid 4 and
heat to 327 K to obtain a monophasic system (see Note 5)
(Fig. 1).

2. When the acid is completely dissolved and only one phase is
present, run the electrolysis at 327 K, under 0.8 A for 20 min
(TLC: hexane to see the product, RF 0.45; Et2O–hexane¼ 9:1
to see the acid) (seeNotes 6 and 7). Cool the solution to room
temperature to reobtain a biphasic system and concentrate the
upper cyclohexanic phase under reduced pressure to obtain the
crude product as yellowish solid. Purification of the residue is
made by chromatography (silica, hexane, crude product/sil-
ica¼ 1:100) to obtain 0.16 g of product 6 (white powder, 38%
yield).

1H-NMR (δCDCl3, 300 MHz) ppm: 3.41 (4H, t, JH–

H ¼ 7 Hz, CH2 α); 1.85 (4H, q, JH–H ¼ 6.7 Hz, CH2 β);
1.41–1.24 (52H, om, aliphatic).

13C-NMR (δCDCl3, 75.5 MHz) ppm: 34.2; 32.9; 29.8;
29.7; 29.6; 29.5; 28.9; 28.3.

3. Clean the Pt-Plates with RCA solution.

3.1.4 General Procedure

for the Quaternization

Reaction to Achieve

TPP1-TPP4

1. Dissolve 2.2 mmol of α,ω-dibromoalkane in 10 mL of DMF
and add 1.5 g (5.7 mmol) of PPh3 under inert atmosphere, at
room temperature.

2. Keep the resulting solution under stirring for 4 h at 393 K
(TLC: hexane to see the reagents; EtOH–CH2Cl2 ¼ 9:1 to see
the product), then cool and concentrate it under reduced
pressure to obtain a viscous brown oil.

3. Add CH3OH to the crude product and concentrate the result-
ing solution under reduced pressure. Repeat the procedure
twice and then keep the residue under high vacuum to
completely remove DMF (see Note 10). Dissolve again the
crude product in CH3OH and add cold Et2O. After stirring
the mixture, two phases separate, an upper ethereal one and a
brown oil. Remove the ethereal phase and wash the oil again
with cold Et2O until PPh3 is completely removed (check by
TLC: hexane). Dry the oil under reduced pressure and then
wash it with cold Et2O, under sonication. Remove Et2O, dry
again, then wash with hexane under sonication. Remove the
hexane and dry again under reduced pressure to obtain the
product as a white powder (see Note 11).

4. Dodecane-1,12-diylbis(triphenylphosphonium)bromide TPP1
(91%) 1H-NMR(CD3OD) ppm: 7.90–7.75 (30H, om, ar);
3.50–3.35 (4H, m, Hα); 1.83–1.42 (8H, m, Hβ, Hγ);
1.40–1.15 (12H, om). 13C-NMR(CD3OD) ppm: 136.2 (d,
JC–P ¼ 2.9 Hz); 134.8 (d, JC–P ¼ 9.9 Hz); 131.5 (d, JC–
P ¼ 12.5 Hz); 120.0 (d, JC–P ¼ 86.2 Hz); 31.6 (d, JC–
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P¼ 16.0Hz); 30.5; 30.3; 29.9; 23.5 (d, JC–P¼ 4.4Hz); 22.7 (d,
JC–P ¼ 50.9 Hz). FIA-MS-(ESI): 346.25m/z [C48H54P2]

2+.

5. Hexadecane-1,16-diylbis(triphenylphosphonium) bromide
TPP2 (90%) 1H-NMR (CD3OD) ppm: 7.92–7.75 (30H,
om, ar); 3.50–3.36 (4H, m, Hα), 1.75–1.48 (8H, om, CH2

β, γ); 1.45–1.17 (20H, om). 13C-NMR(CD3OD) ppm: 134.9
(d, JC–P ¼ 3.0 Hz); 133.5 (JC–P ¼ 10.0 Hz); 130.1 (d, JC–
P ¼ 12.5 Hz); 118.6 (d, JC–P ¼ 86.3 Hz); 30.2 (d, Cγ, JC–
P ¼ 16.1 Hz); 29.4; 29.2; 29.0; 28.6; 22.2 (d, Cβ, JC–
P ¼ 4.4 Hz); 21.3 (d, Cα, JC–P ¼ 50.9 Hz). FIA-MS-(ESI):
374.42 m/z [C52H62P2]

2+.

6. Eicosane-1,20-diylbis(triphenylphosphonium) bromide TTP3
(60%) 1H-NMR(CD3OD) ppm: 7.89–7.74 (30H, m);
3.46–3.31 (4H, m, CH2α); 1.82–1.58 (8H, om, CH2 β, γ);
1.35–1.25 (28H, om). 13C-NMR(CD3OD) ppm: 136.2 (d,
JC–P ¼ 2.8 Hz); 134.8 (d, JC–P ¼ 10 Hz); 131.5 (d, JC–
P ¼ 12 Hz); 120.0 (d, JC–P ¼ 86 Hz); 31.6 (d, JC–
P ¼ 16 Hz); 30.8; 30.7; 30.5; 30.4; 29.9; 23.5 (d, JC–
P ¼ 7.5 Hz); 22.7 (d, JC–P ¼ 51 Hz). FIA-MS-(ESI):
402.50 m/z [C56H70P2]

2+.

7. Tricontane-1,30-diylbis(triphenylphosphonium) bromide
TPP4 (40%) 1H-NMR (δ CD3OD, 300 MHz) ppm:
8.98–7.68 (30H, m); 3.46–3.33 (4H, m); 1.78–1.45 (8H,
m); 1.40–1.19 (48 H, m). 13C-NMR (δ CD3OD,
75.5 MHz) ppm: 136.2 (d, JC–P ¼ 2.9 Hz); 134.8 (d, JC–
P ¼ 10 Hz); 131.5 (d, JC–P ¼ 12.5 Hz); 120.3 (d, JC–
P ¼ 90.6 Hz); 31.6 (d, JC–P ¼ 16 Hz); 31.7; 31.5; 30.8;
30.7; 30.6; 30.4; 29.5; 25.4; 23.6 (d, JC–P ¼ 7.5 Hz); 22.7
(d, JC–P ¼ 52 Hz). FIA-MS-(ESI): 472.58m/z [C66H90P2]

2+.

3.2 HPLC Analysis

for TPP

Bolaamphiphiles

3.2.1 HPLC Analysis

for TPP1-TPP3

1. Samples are dissolved in CH3OH (1 mg/mL c.a.).

2. Set column Titan™ C18 temperature at 30 �C (see Note 12).

3. Perform gradient elution: 0–7 min, 0% B, 7–17 min, 100% B;
flow rate: 0.6 mL/min.

4. Set the photodiode array detector between 190 and 340 nm.

5. Perform the elaboration data at 254 nm.

3.2.2 HPLC Analysis

for TPP4

1. Sample is dissolved in CH3OH (1 mg/mL c.a.).

2. Set Ascentis® Express C18 column temperature at 30 �C (see
Note 12).

3. Perform gradient elution: 0–10 min, 0% B, 10–15 min, 100%
B; flow rate: 0.5 mL/min.

4. Set the photodiode array detector between 190 and 340 nm.

5. The elaboration data is performed at 214 nm.
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3.3 Conductivity

Experiments

on Bolaamphiphiles

TPP1-TPP4

3.3.1 Krafft Point

of TPP1-TPP4

1. Make some preliminary evaluations by visual inspection to find
a concentration condition of the amphiphile that is above the
cac. To do this, dissolve in water an amount of the amphiphiles,
add the amphiphile until you see foaming by shaking. If
required, heat the solution to dissolve the powder and check
if foam appears after shaking.

2. Prepare 20 mL of a solution at the concentration you have
found, if necessary heat to obtain a clear solution, and pour it in
the jacketed cell for conductivity experiments.

3. Keep the solution at 277 K overnight.

4. Check the solution: if it is clear after one night at 277 K, the
Krafft temperature for that concentration of the amphiphile is
below 277 K and the Krafft point as well; on the contrary, if
some precipitate is present you can carry out the experiment for
Krafft point and Krafft temperature determination by conduc-
tivity measurements (see Note 13).

5. Link the cell to the thermostatting apparatus, add a magnetic
stirrer and insert the electrode in the cell. Keep the mixture
under stirring and register conductivity at increasing tempera-
ture (Rate: 0.2 degree/min) (see Note 14).

6. When the Krafft point is reached, an abrupt increase in con-
ductivity is observed, parallel to a sudden increase in the amphi-
phile solubility. Keep increasing the temperature to completely
solubilize the precipitate. The temperature at which the solu-
tion becomes clear is the Krafft temperature for that concen-
tration of amphiphile. After the precipitate is completely
dissolved, keep increasing temperature for other 10�.

7. In the curve “conductivity vs. T,” the point where the conduc-
tivity increases abruptly corresponds to the Krafft point
whereas the Krafft temperature can be individuated by the last
break. In Fig. 2, an example of Krafft point plot is reported.

3.3.2 Determination

of the cac of TPP1-TPP4

1. Prepare a 10 mM ethanolic solution of TPP (see Note 15).

2. Add a magnetic stirrer and 20.0 mL of H2Odd in the jacketed
cell for conductivity experiments and then add the electrode,
set the temperature of the thermostatting apparatus at 298 K.

3. Add, under stirring, small aliquots of the ethanolic solution to
water and record conductivity (see Note 16).

4. Plot the values of “conductivity vsTPP concentration,” the cac
is the concentration corresponding to an abrupt reduction of
the slope in the curve. The value of cac can be determined by
the intersection between the curves before and after the change
in slope (Fig. 3).
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3.4 Dialysis

Experiments

on TPP1-TPP4

1. Prepare 2 mL of a 10 mM solution of TPP in H2Odd (seeNote
17).

2. Close one end of an activated dialysis tubing cellulose mem-
brane (7 � 3 cm) (seeNote 18) by a tight knot, leaving a piece
of tube of about 2 cm at the end of the tube.

3. Fill the tube with 1 mL of TPP solution, using a Pasteur
pipette, and check for leakage, in case of leakage tie another
knot. Finally, close the tube with another knot at the other end
(see Note 19).

Fig. 2 An example of plot for Krafft point determination by conductivity
measurements

Fig. 3 Examples of plot of conductivity vs [TPP] for cac measurement (black
circle for TPP1, green circle for TPP3)
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4. Add 25 mL of H2Odd and a magnetic stirrer in a beaker, and
then immerse the dialysis tube (Fig. 4).

5. Dialyze against 25 mL of H2Odd, changing the external
medium every 15 min for 1 h and maintaining the diffusate
solution under stirring (see Note 20).

6. At the end of the dialysis, carefully cut the tube beneath one of
the two knots, and recover TPP solution with a Pasteur
pipette. Work above a beaker to avoid waste of solution in
case the tube slips from your hand.

7. Determine TPP concentration in the sample by UV measure-
ments, before and after dialysis (see Note 21).

3.5 DLS and DELS

Measurements

3.5.1 Size

Measurements

1. Drop 1mL of the 10 mM aqueous solutions ofTPP1-TPP4 in
a 2.5 mL polystyrene cuvette with 1 cm optical path length
with an Eppendorf pipette (single-channel, volume 1 mL).

2. Perform measurements with automatic selection of attenua-
tion, position of the beam in the cell and duration of the
measurements, so that the best condition in terms of signal
will be determined by the software. Insert data of sample
refractive index and solvent viscosity.

3. Fix the temperature and wait some minutes to allow thermal
equilibration of the sample.

4. Check that the preliminary optimization procedure performed
by the instrument at varying position of the laser beam from
the cell wall, attenuation of the signal and acquisition time, is
successful to get the highest amplitude of the measured
correlogram.

Fig. 4 Representation of a dialysis system, with the dialysis tube immersed in
H2Odd
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5. Perform at least three repeated measurements for each sample
(after the preparation and at different time intervals) to check
the stability of the dispersion over time.

6. To determine the hydrodynamic size, the analysis software
gives the possibility to consider two different fits of the corre-
lation function: (1) a cumulant analysis [15] and (2) a distribu-
tion analysis by a General Purpose algorithm [16] (see Note
22). If a PDI index larger than 0.2 is observed, as in the case of
aqueous solutions of TPP1-TPP4, consider that the cumulant
method cannot be fully appropriate since it is not able to
resolve the size distribution. Analyze data by the general-
purpose algorithm implemented with NNLS inversion to
determine the intensity-weighted size distribution of the vari-
ous population of particles present in the sample. Data of the
hydrodynamic size of the samples can be obtained by consider-
ing the value of the peak mean and the corresponding width of
the intensity-weighted size distribution determined by General
Purpose (NNLS) analysis (Table 1).

7. The whole histogram of the “intensity weighted” NNLS distri-
bution for the TPP1-TPP4 samples can be plotted as a func-
tion of the radius (Fig. 5).

8. To evaluate the relative proportion between the different
populations, consider the % data obtained by the number-
weighted size distribution.

3.5.2 Zeta Potential

Measurements

1. Drop 850 μL of the 10 mM aqueous solutions of TPP1-TPP4
in a U-cell DTS1070 for DELS measurement, with an Eppen-
dorf pipette (single-channel, volume 1 mL). Pay attention to
avoid air bubble in the cell and to fill the cell at the correct level,
so that the electrodes are completely wetted.

Table 1
Hydrodynamic size of the TPP samples obtained by General Purpose NNLS analysis

Diametera,b (nm) Peak width (nm)

TPP1 70
235

10
55

TPP2 90
500

10
80

TPP3 100
329

20
30

TPP4 200 60

aThe average hydrodynamic diameters and the associated peak width of the size distribution have been obtained byNNLS

intensity-weighted distribution analysis. Statistical errors are within 5%
bFor TPP1-TPP3 surfactants two distinct populations with different size are found. The population with the smallest

size is the most abundant according to NNLS number-weighted analysis
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2. Choose the automatic operation modality for performing mea-
surements in order to let the instrument the best choice of
Voltage parameter with respect to the conductivity of the sam-
ple. Choose the solvent used for TPP1-TPP4 dispersions and
insert data on viscosity and dielectric constant.

3. Fix the temperature and wait some minutes to allow thermal
equilibration of the sample.

4. Check that the preliminary optimization procedure performed
by the instrument at varying Voltage of the applied Electric
field is successful to get the highest amplitude of the measured
Phase Signal.

5. Perform at least three repeated measurements for each sample
and pay attention to the mean ζ-potential of each repeated
measurement (see Note 23). Repeat measurements at different
time intervals to check the stability of the dispersion over time.

6. To analyze data, consider the mean values of the ζ-potential
and the width of the ζ-potential distribution averaged on the
three repeated measurements and report them in a table, as
shown in Table 2.

3.6 TEM 1. Prepare the sample by depositing a 20 μL drop of the 10 mM
aqueous solutions of TPP1-TPP4 on a 300 mesh copper grid
for electron microscopy, covered with a thin (about 20 nm)
amorphous carbon film, by using an Eppendorf pipette (single-
channel, volume 200 μL). In Fig. 6 are reported TEM images
of TPP1-TPP4 samples obtained by the procedure described.

2. Let the sample deposit on the grid and then remove the excess
of solution by placing the grid on filter paper.

Fig. 5 DLS intensity-weighed size distribution of TPP1-TPP4 suspensions by dynamic light scattering (DLS)
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3. Stain the sample by depositing 20 μL of stain solution and
remove the excess by filter paper.

4. On a single grid you could find a lot of different types of
aggregates, differing in nature, size and density because sample
deposition is a very delicate and empirical process. For this
reason, it is important to acquire many images from the same

Table 2
ζ-potential of the TPP samples obtained by DELS measurements

ζ-Potentiala,b (mV) Peak width (mV)

TPP1 40 8

TPP2 50 6

TPP3 57 7

TPP4 65 8

aStatistical errors are within 5%
bFor TPP1-TPP3 surfactants two distinct populations with different size are found. The average ζ-potential and the
width of the corresponding distribution can be attributed to the population with the smallest size, which is the most

abundant according to NNLS number-weighted analysis

Fig. 6 TEM images obtained on TPP1-TPP4 samples by negative PTA staining.
Note that the magnification used to acquire the images is different and in each
image is shown the corresponding bar of length
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grid in order to point out the most representative and statisti-
cally significant morphology of the analyzed sample.

5. To enhance contrast and resolution, acquire images by using
the “electron energy loss filter” (EFTEM) (see Note 24).

6. Perform Image analysis and quantification by the digital image
analyzer analy-SIS 3.0 (SIS GmbH, Germany), which gives the
possibility to enhance the contrast and sharpness of the
acquired images and perform morphological quantification
and statistics. To avoid systematic errors, perform dimensional
measurements after a careful magnification calibration of the
whole imaging system on the basis of reference standards.

3.7 Raman Analysis

of Bolaphosphonium

TPP1-TPP4 Solutions

1. Drop 100 μL of the 10 mM aqueous solutions of TPP1-TPP4
on an aluminum covered glass slide with an Eppendorf pipette
(single-channel, volume 200 μL (see Note 25).

2. Perform Raman measurements with a 532 nm excitation,
10 mW power, a long-distance 50� objective, and so that
each spectrum results from 5 s acquisition time and 100 accu-
mulations. A typical spectrum corresponding to the sample
TPP3 is presented in Fig. 7. The inset shows a magnification
of the spectral region around 2900 cm�1 containing important
contributions associated to the packing and conformation
properties of the samples.
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Fig. 7 A typical Raman spectrum corresponding to the sample TPP3, collected
by the descripted apparatus and with the indicated acquisition parameters. The
inset shows a magnification of the spectral region around 2900 cm�1 containing
important contributions associated to the packing and conformation properties
of the samples
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3. To collect the spectra, focus the laser spot on the surface of the
aluminum covered slide.

4. Before analyzing the data, subtract the baseline to each
spectrum.

5. To compare the spectra, execute multipeak fitting by consider-
ing Lorentz band shapes and three main spectral contributions
in the spectral region corresponding to C–H stretching vibra-
tions from 2820 to 2980 cm�1 [17–20].

4 Notes

1. WARNING!! To clean plates with RCA solution, use the safety
equipment and follow all the safety procedures: work under
a hood!

2. The reduced extra-column volume notably increases the effi-
ciency of columns in the UHPLC regime.

3. The small amount of acetonitrile in eluent A minimize the
growth of mold.

4. The buffer concentration was calculated on the total volume of
each eluent. When you are preparing the eluent, dissolve the
buffer in water and then add the organic counterpart.

5. To perform this reaction, a thermomorphic system is required,
composed of two phases (one is CH3OH/CH3CN/Pyridine,
the other is cyclohexane) [21]. Such biphasic system becomes
monophasic by heating and the temperature at which this
change is observed is the switching temperature. For the sys-
tem CH3OH/CH3CN/Pyridine and cyclohexane, the switch-
ing temperature is 311 K. When a compound is dissolved in the
mixture, the switching temperature increases. Therefore, the
switching temperature increases from 311 to 318 K when 3 is
dissolved in the mixture whereas in the case of 4, the switching
temperature becomes 327 K.

6. Note that a current density of 60 mA/cm2 is required for the
reaction to occur. So find the proper current that gives the
required current density according to the surface dimension
of the Pt-plates.

7. Check the reaction by TLC after 20 min, if you see traces of the
reagent (even more than traces) stop the reaction. Remember
that longer reaction times result in a yield decrease! This is due
mainly to dehalogenation side reactions, both on the reagent
and the product [22].

8. This washing serves to remove pyridine from cyclohexanic
phase.
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9. Check the CH3OH/CH3CN/Pyridine solution to see if the
product is present and, in case, wash the solution with cyclo-
hexane to extract the product.

10. At this point, the product should appear as a sticky foam. If it is
still an oil, repeat the procedure once again.

11. The procedure of washing with Et2O and hexane helps in
removing the impurities (mainly PPh3) and in obtaining the
product as powder. When Et2O is added to the oil, a precipita-
tion of the product may occur, but this is not sufficient to have
a pure product. Therefore, in case of precipitation, it is better
to add a small volume of methanol to dissolve the precipitate
and wash the methanolic solution with Et2O. As the purifica-
tion proceeds, the residue obtained after removal of the solvent
becomes a foam. To render this foam a powder, it is possible to
wash it again with cold Et2O, sonicate the mixture, remove
Et2O and dry again under reduced pressure. A final step with
hexane can be useful (but sometimes not necessary) to have the
product as a white powder.

12. Temperature between 303 and 308 K helps to reduce the peak
bandwidth. WARNING!! The temperature to be used is
related to the stability of the product!

13. Aggregates are present in solution if such solution is in the
region comprised between the Krafft boundary and cac curve
(Fig. 8).

For the determination of the temperature of Krafft point,
one of the most used techniques is conductivity [23–27].

The general protocol for the sample preparation of this
experiment is the following: to a proper amount of surfactant,
a proper volume of Milli-Q water is added and the mixture is
heated to obtain a clear solution above the cac (a 10 mM clear

Fig. 8 Phase diagram temperature vs. concentration of a common surfactant
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solution can be described, as an example, by point A in Fig. 8);
the solution is then kept at 277 K overnight before starting
measurements. To perform the experiment, you need to have
an initial solution with a precipitate at 277 K, the temperature
from which you start the experiment [28]. The solution with
the precipitate can be represented by point B in Fig. 8. If after
24 h at 277 K the solution is clear, then the Krafft point of the
surfactant is below this temperature and you are not able to
determine it precisely because the conductometer works in the
range 0–333 K. This is the case of TPP1-TPP4 bolaamphi-
philes. Therefore, for amphiphile solutions above the cac that
are clear at 277 K, usually a definite Krafft point is not
reported, since it is operatively difficult to determine it, but
rather it is indicated that the Krafft point is <277 K [29].

14. Although the rate used is approximately 0.2 degree/min,
before increasing the temperature verify that the conductivity
value is stable because the solubilization of the amphiphile may
require more time.

15. When you deal with an amphiphile whose behavior is not
known and not easily predictable (i.e., you do not know if it
gives micelles or liposomes in aqueous solution), the procedure
to determine the cac is slightly different from the general one.
In the general approach, a concentrated aqueous solution of
surfactant is gradually added to water and conductivity is
recorded at increasing surfactant concentration in the cell. In
the case of amphiphiles that give rise to liposome in solution, it
is not possible to use a water stock solution of surfactant. In
this case, in fact, the stock solution will be made of liposomes,
which generally are not equilibrium system; thus, once they are
formed, they do not break upon dilution. Imagining of
performing the conductivity experiment with such a solution,
upon adding the liposome solution, liposomes will simply be
diluted in water, and the conductivity registered at increasing
amphiphile concentration would be simply the conductivity of
liposome at increasing concentration.

For this reason, the amphiphile stock solution is made in
ethanol, a solvent in which, in principle, the amphiphile should
not aggregate (this assumption must be verified by DLS before
carrying out the conductivity experiment). However, care must
be taken in the choice of the concentration of the stock solu-
tion: it should be such that at the end of the experiment the
total volume of ethanol added must not exceed 3% of the total
volume of the solution. The presence of a larger amount of
ethanol in solution would in fact influence the aggregation of
the amphiphile, thus affecting the final value of cac.
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16. Choose the concentration of TPP ethanolic solution and the
proper volumes for aliquot additions in order to explore the
concentration range 10 �6 to 10�2 M.

17. In order to obtain a clear solution above the cac, the mixture of
TPP and water was heated.

18. Molecular weight cut-off ¼ 14,000, proteins of molecular
weight 12,000 or greater will be retained. Tube external sur-
face 10 cm2.

19. To avoid leaking of the solution from the tube, additional
closure clamps just above the knots are also recommended.

20. Stirring will allow dialysis tube to slowly float; the floating
should not be too quick in order to avoid membrane
disruption.

21. UV spectra were recorded after proper dilution of the samples
(about 1:70).

22. Cumulant and distribution analysis allow determining the
mean value (1) or the distribution (2) of the Diffusion coeffi-
cient D, respectively. Thanks to the Stokes–Einstein relation-
ship RH ¼ kBT/6πηD, where kB is the Boltzmann’s constant,
T is the temperature, and η the solvent viscosity, it is possible to
convert the average value or the distribution of the diffusion
coefficients D of the particles into the mean value or the
distribution of the effective hydrodynamic radii, RH, respec-
tively. In detail, by the cumulant analysis the logarithm of the
correlation function versus delay time is fitted with a linear
regression. The slope leads to a mean particle diameter (z-
average) size and the curvature leads to a parameter called the
second cumulant or polydispersity (PDI) which represents an
average parameter of sample homogeneity.

23. If a systematic deviation occurs, it may be the sign of sample
heating and damage, whose extent is larger for highly conduc-
tive samples. In this case, decrease the number of subruns
performed in each measurement and insert a pause between
the repeated measurements.

24. Energy filtering allows the suppression of the contribution of
inelastic scattering that typically occurs when the sample is
mainly made of light elements as in the case of biological
samples. Such filtering reduces chromatic aberration [30]
which is usually the main factor in determining the maximum
attainable resolution in a conventional TEM, when working
with soft samples [31].

25. Due to the low concentration of the investigated samples, the
dropping of the aqueous solutions of TPP1-TPP4 on an
adequate substrate is preferred for the Raman measurements
with respect to the use of a quartz cuvette because it allows to
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better focus the excitation laser and to acquire the spectral
signal with higher efficiency.
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Chapter 4

Synthesis and Evaluation of 18F-Labeled Fluoroalkyl
Triphenylphosphonium Salts as Mitochondrial Voltage
Sensors in PET Myocardial Imaging

Dong-Yeon Kim and Jung-Joon Min

Abstract

We have previously reported that radiolabeled phosphonium cations accumulate in the mitochondria down
a transmembrane potential gradient. We present an optimized procedure for synthesis of three [18F]-labeled
fluoroalkyl triphenylphosphonium salts ([18F]FATPs) via two-step simple nucleophilic substitution reac-
tions to develop new myocardial imaging agents for positron emission tomography (PET). The total
reaction time of [18F]FATPs was within 60 min, and the overall decay-corrected radiochemical yield was
approximately 15–30% (decay corrected). Radiochemical purity was >98% according to analytical high-
performance liquid chromatography (HPLC). The specific activity of [18F]FATPs was >6.1 TBq/μmol.
The [18F]FATPs exhibited higher first-pass extraction fraction values in isolated heart, higher uptake in the
myocardium, and a more rapid clearance from the liver and lung than [13N]NH3 in normal rats. The images
from rats with an occluded left coronary artery demonstrated sharply defined myocardial defects in the
corresponding area of the myocardium. This imaging technology may enable high-throughput, multiple
studies daily and wide distribution of PET myocardial studies in clinic.

Key words Myocardium, Imaging, Mitochondrial voltage sensors, Positron Emission Tomography,
Triphenylphosphonium

1 Introduction

Since the 1970s, single-photon emission computed tomography
(SPECT) has been the demonstrably superior method for detecting
myocardial abnormalities, and the clinical value of nuclear cardiol-
ogy continues to evolve [1, 2]. SPECT technologies using 201Tl,
99mTc-sestamibi, and 99mTc-tetrofosmin are the mainstay of myo-
cardial perfusion imaging tests in the diagnosis of coronary artery
disease (CAD) and assessment of myocardial infarction (MI)
[3, 4]. However, the technical limitations of photon-attenuation
correction and suboptimal spread of radioactivity in organs adjacent
to the heart may compromise the delineation of small lesions and
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Methods in Molecular Biology, vol. 2275, https://doi.org/10.1007/978-1-0716-1262-0_4,
© Springer Science+Business Media, LLC, part of Springer Nature 2021

49

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1262-0_4&domain=pdf
https://doi.org/10.1007/978-1-0716-1262-0_4#DOI


limit the diagnostic accuracy of SPECT [4]. Positron emission
tomography (PET) has several technical merits over SPECT, such
as higher spatial resolution and more accurate attenuation correc-
tion. Because of these advantages, PET can accurately diagnose the
presence of small lesions in CAD and enables quantitative measure-
ment of myocardial tracer uptake [5]. However, the short half-life
of PET tracers that are currently used for myocardial imaging,
including [13N]NH3 (half-life: 9.97 min), 82Rb (1.27 min), and
[15O]H2O (2.04 min), limit the widespread clinical use of PET
owing to the need for a nearby cyclotron or generator. A physical
advantage of 18F is its longer half-life (109.8 min); therefore, a
18F-labeled myocardial imaging agent would overcome the limita-
tions imposed by the current PET tracers and facilitate clinical
protocols [6, 7].

1.1 The Rationale

of [18F]-Labeled

Fluoroalkyl Triphenyl-

phosphonium Salts

([18F]FATPs)

The mitochondrial membrane potential (MMP) is higher in cardi-
omyocytes than in normal epithelial cells, and loss of MMP is an
early event in cell death caused bymyocardial ischemia [8, 9]. Similar
to SPECT agents such as [99mTc]-sestamibi and [99mTc]-tetrofos-
min, phosphonium cations accumulate in cardiomyocytes. This
accumulation occurs because the density of mitochondria in cardi-
omyocytes is high and also because mitochondria have a high
electrochemical transmembrane (inside-negative) potential, down
which the cations move [10]. Therefore, radiolabeled phospho-
nium cations are promising candidates for myocardial imaging
[11, 12].

The first radiolabeled phosphonium cation studied for use in
PET was [11C]triphenylmethylphosphonium ([11C]TPMP)
[13]. [11C]TPMP PET studies were performed to evaluate the
membrane potential of heart tissue in canine models, which was
determined to be 148.1 � 6.0 mV (inside negative). In addition,
PET studies showed that the [11C]TPMP accumulated in the heart
immediately after its intravenous injection and then remained with
a high heart-to-blood ratio (greater than 46:1) and heart-to-lung
ratio (14:1) [14, 15]. However, [11C]TPMP use is limited because
of the short half-life of 11C (20 min). To provide a tracer similar to
[11C]TPMP but with a longer half-life, the synthesis and evaluation
of 18F-labeled phosphonium cations were investigated
[15]. Among them, 4-[18F]fluorobenzyltriphenylphosphonium
([18F]FBnTP) showed excellent results as a myocardial perfusion
agent. [18F]FBnTP was synthesized using four-step procedures.
The 4-trimethylammoniumbenzaldehyde was used as a precursor
and a third intermediate, 4-[18F]fluorobenzyl bromide, reacted
with triphenylphosphine to yield [18F]FBnTP. [18F]FBnTP is met-
abolically stable and demonstrates excellent characteristics as a
cardiac imaging agent in healthy and CAD disease models [16–
18]. In a separate study, direct fluorination of tetraphenylphospho-
nium was investigated [19]. (4-[18F]Fluorophenyl)
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triphenylphosphonium ([18F]TPP) was synthesized via a direct
nucleophilic substitution reaction of [18F]fluoride using
4-nitrophenyltriphenylphosphonium as a precursor.

Clearance of radiotracer from the liver depends on its lipophi-
licity. Although there is little information available with regard to
the optimal lipophilicity needed for high myocardial selectivity of a
radiotracer, a predictive model has been reported for the selective
accumulation of phosphonium cations inmyocardial cells [20]. Fur-
thermore, because the alkyl group increases hydrophobicity, the
hydrophobic interaction between the triphenylphosphonium cat-
ion and the lipid core is attractive owing to the hydrophobicity of
the lipophilic phosphonium cation and increased entropy [21–
23]. Thus, we synthesized several kinds of radiolabeled phospho-
nium salts, and assessed lipophilicity at different carbon chain
lengths and functional groups to find the optimum [24–28].Highly
lipophilic structures such as benzene rings were not adopted to
avoid delayed washout from the liver. The (3-[18F]fluoropropyl)
triphenylphosphonium cation [15] (a shorter-chain analog) had
lower uptake by myocardial tissue, whereas the (8-[18F]fluorooc-
tyl)triphenylphosphonium cation (a longer-chain analog) had
higher liver uptake and delayed clearance.

Three [18F]FATPs {(5-[18F]fluoropentyl)triphenylphospho-
nium cation ([18F]FPTP), (6-[18F]fluorohexyl)triphenylphospho-
nium cation ([18F]FHTP), (2-(2-[18F]fluoroethoxy)ethyl)
triphenylphosphonium cation ([18F]FETP)} were synthesized
very easily from the reaction of triphenylphosphine with a precursor
that has appropriate cationic activity and lipophilicity for penetra-
tion of the mitochondrial membrane and accumulation inside (log
P ¼ 1.31 � 0.02, 1.78 � 0.05, 0.89 � 0.02, each tracer) [25, 26,
28]. [18F]FATPs have good myocardial uptake and retention, and
fast clearance from other organs leading to high myocardial
selectivity.

1.2 Limitations Some limitations to the application of [18F]FATPs in clinic should
be considered. First, although our current preclinical findings of
stable uptake and excellent pharmacokinetics of [18F]FATPs sug-
gest that the tracers may be suitable for clinical studies, it should be
remembered that they were obtained in an experimental study of
rodent models. Further preclinical application is being addressed
with a pig model that more closely resembles the human heart in its
size, heart rate, myocardial blood flow, and mitochondrial density.
Second, our study was limited to acute MI with permanent left
coronary artery (LCA) ligation. This model is well suited to deter-
mining myocardial defects but is not identical to the clinical situa-
tion in which hemodynamically relevant stenosis is unmasked by a
stress-induced increase of myocardial blood flow. Further studies
are needed to validate [18F]FATPs PET for the detection of small
lesions of myocardial ischemia and scars of chronic infarctions.
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1.3 Experimental

Design

The total radiosynthesis of [18F]FATPs is shown in Fig. 1. The
[18F]FATPs were radiolabeled via two-step nucleophilic substitu-
tion reactions of no-carrier-added [18F]fluoride with the precursor
α, ω-di-tosyloxyalkane (pentane-1,5-diyl bis
(4-methylbenzenesulfonate; 1a, hexane-1,6-diyl bis
(4-methylbenzenesulfonate); 2a, 2,20-oxybis(ethane-2,1-diyl) bis
(4-methylbenzenesulfonate); 3a) in the presence of
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8] hexacosane
(Kryptofix 2.2.2) and K2CO3. The semipreparative and analytical
HPLC system was used for purification and identification. The first-
pass extraction fraction (EF) values of radiotracers were measured
in isolated rat hearts perfused by the Langendorff method
[29]. The LCA ligation was performed on 8-week-old male Spra-
gue–Dawley (SD) rats for MI models. Animal care, all experiments,
and euthanasia were performed in accordance with protocols
approved by the Chonnam National University Animal Research
Committee and the Guide for the Care and Use of Laboratory
Animals (8th edition, The National Academies Press. 2010).
Dynamic small-animal PET images were acquired for 70 min
(10 s � 12f, 20 s � 9f, 30 s � 10f, 60 s � 10f, 300 s � 6f,
600 s � 2f) after injection of [18F]FATPs (37 MBq). Images were
reconstructed using the three-dimensional ordered-subset expecta-
tion maximization algorithm with four iterations. Analysis of the
small-animal PET images was performed with the PMOD software
package (PMOD Technologies Ltd) [30, 31].

Fig. 1 Synthesis scheme and structure of [18F]-labeled fluoroalkyl triphenylphosphonium salts ([18F]FATPs).
((5-[18F]fluoropentyl)triphenylphosphonium cation ([18F]1c: [18F]FPTP), (6-[18F]fluorohexyl)triphenylphospho-
nium cation ([18F]2c: [18F]FHTP), (2-(2-[18F]fluoroethoxy)ethyl)triphenylphosphonium cation ([18F]3c: [18F]
FETP))
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2 Materials

2.1 Column Solvents 1. Column solvent A: Prepare a solution by mixing a solvent of
methylene chloride, n-hexane, and acetone in a ratio of 48:50:2
(vol:vol:vol), and store this solution in a refrigerator.

2. Column solvent B: Prepare a solution by mixing a solvent of
methylene chloride, n-hexane, and acetone in a ratio of 49:50:1
(vol:vol:vol)), and store this solution in a refrigerator.

3. Column solvent C: Prepare a solution by mixing a solvent of
methylene chloride andmethanol in a ratio of 9:2 (vol:vol), and
store this solution in a refrigerator.

2.2 Solutions 1. Phosphate-buffered saline (PBS): Dissolve 1 PBS tablet in
100 mL of sterile distilled water (S.DW), autoclave, and keep
at room temperature.

2. TTC solution (1%): Prepare 0.1 M Na2HPO4 and 0.1 M
NaH2PO4 in S.DW. Dissolve 1.0 g of TTC powder in a solu-
tion mixture of 77.4 mL of Na2HPO4 and 22.6 mL of
NaH2PO4.

2.3 Other Supplies 1. Sep-Pak cartridge preconditioning: Activate the Accell Plus
QMA Carbonate Sep-Pak light cartridge with 10 mL of
water. For the Sep-Pak C18 cartridge, activate with 10 mL of
ethanol followed by 20 mL of water.

2. Semipreparative high-performance liquid chromatography
(HPLC) system for purification:

Use a Phenomenex Luna C18 HPLC column
(250 � 10 mm, 5 μm) with acetonitrile–PBS ¼ 45:55 ([18F]
1c, [18F]3c) and acetonitrile–PBS ¼ 50:50 ([18F]2c) over
30 min at a flow rate of 1 mL min�1. Set up the UV lamp at
254 nm.

3. Analytical HPLC system for quality control: Use a Waters
Atlantis C18 HPLC column (4.6 � 250 mm, 5 μm) with
acetonitrile–PBS ¼ 45:55 ([18F]1c, [18F]3c) and acetonitrile–
PBS ¼ 50:50 ([18F]2c) over 30 min at a flow rate of
1 mL min�1. Set up the UV lamp at 254 nm.

4. Micro-PET/CT scanner: Calibrate the micro-PET/CT animal
scanner according to the manufacturer’s protocol.
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3 Methods

3.1 Preparation

of Fluoroalkyl

Triphenylphos-

phonium Salts

3.1.1 Synthesis of α,

ω-di-Tosyloxyalkane

(1a-3a)

1. Add alkane-α, ω-diol (pentane-1,5-diol: 1.56 g, hexane-1,6-
diol: 1.77 g, 2,20-oxydiethanol: 1.59 g, 15.0 mmol) to p-
toluenesulfonyl chloride (8.58 g, 45.0 mmol) in 30.0 mL of
anhydrous pyridine at 0 �C.

2. Continue stirring the mixture at room temperature for 3 h.

3. Quench with 3.0 mL of water and stir for a further 30 min.

4. Add methylene chloride and 1.0 M HCl to the reaction mix-
ture, and extract the pyridine from the organic phase.

5. Wash the organic phase with water and brine, dry over sodium
sulfate, and filter.

6. After evaporation of the solvent, purify the solution by column
chromatography (column solvent A).

7. Recrystallize 1a-3a from methylene chloride–n-hexane. This
should result in a yield of 1a: 5.07 g, 82%; 2a: 5.12 g, 80%; and
3a: 5.28 g, 85% as a white powder (see Note 1).

3.1.2 Synthesis

of ω-Fluoroalkyl Tosylate

(1b-3b)

1. Add anhydrous acetonitrile (3.0 mL) to tetrabutylammonium
fluoride trihydrate (TBAF, 1.43 g, 4.54 mmol) and evaporate
the mixture under reduced pressure to remove the water.

2. Add 1a-3a (1a: 1.87 g; 2a: 1.94 g; 3a: 1.88 g, 4.54 mmol) in
10.0 mL of anhydrous acetonitrile to the reaction flask.

3. Connect a reflux condenser to the reaction flask and reflux the
mixture at 85 �C for 4 h.

4. Evaporate the solvent under reduced pressure and purify the
solution by column chromatography (column solvent B). This
should result in a yield of 1b: 0.60 g, 51%; 2b: 0.60 g, 48%; and
3b: 0.67 g, 56% yield as yellow oil (see Note 2).

3.1.3 Synthesis

of Fluoroalkyl

Triphenylphosphonium

Salts (1c-3c)

1. Add triphenylphosphine (1.0 g, 3.81 mmol) in 10.0 mL anhy-
drous acetonitrile to 1b-3b (1b: 0.09 g; 2b: 1.05 g; 3b: 1.0 g,
3.81 mmol).

2. Connect a reflux condenser to the reaction flask and reflux the
mixture for 19 h.

3. Evaporate the solvent under reduced pressure.

4. Purify the solution by column chromatography (column sol-
vent C). This should result in a yield of 1c: 1.03 g, 77%; 2c:
1.03 g, 74%; and 3c: 1.01 g, 75%.
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3.2 Radiosynthesis

of [18F]Fluoroalkyl

Triphenyl-

phosphonium Salts

3.2.1 Preparation

of Activated [18F]Fluoride

1. Load aqueous [18F]fluoride from cyclotron onto an Accell Plus
QMA Carbonate Sep-Pak light cartridge.

2. Elute the [18F]fluoride from the cartridge with an aqueous
potassium carbonate solution (25.0 mmol) into the reaction
vessel.

3. Add 4.0 mg of Kryptofix 2.2.2 in 1.0 mL of acetonitrile to the
reaction vessel and dry the radioactive solution under nitrogen
at 100 �C.

4. Dry the residue by azeotropic distillation with 1 mL of
acetonitrile.

5. Repeat two times more to add anhydrous acetonitrile and
evaporate solvent to remove the water completely (seeNote 3).

3.2.2 Radiolabeling

of Fluoroalkyl

Triphenylphosphonium

Salts

1. Add 4.0 mg of 1a-3a dissolved in 1.0 mL of anhydrous aceto-
nitrile to the reaction vessel.

2. Heat the mixture for 5 min at 90 �C in the closed state.

3. Check the first [18F]fluorination yield by radio TLC
(10 � 100 mm plate, develop the TLC plate with column
solvent B) (see Note 4).

4. Load radioactive solution onto a Sep-Pak Silica cartridge.

5. Elute the [18F]1b-[18F]3b from the cartridge to a second
reaction vessel with 1.0 mL of anhydrous acetonitrile.

6. Add 6.0 mg of triphenylphosphine dissolved in 1.0 mL toluene
to the second reaction vessel.

7. Heat the reaction vessel at 220 �C for 3 min with no separation
step (see Note 5).

3.2.3 HPLC Purification 1. Cool the solution and load onto a Sep-Pak C18 cartridge and
elute with 1 mL of HPLC system eluent.

2. Inject solution into a semipreparative HPLC column system for
purification.

3. Collect the radioactive peak corresponding to [18F]1c-[18F]
3c, and measure the recovered activity (see Note 6).

3.2.4 Quality Control

and Preparation of In Vivo

Experiments

1. Perform the quality control assessments by taking a small ali-
quot: measure radiochemical purity, confirm product identity
(coinjection with reference compound) and determine specific
activity by using the analytical HPLC system.

2. Dry the collected fraction and make isotonic with sodium
chloride.

3. Pass through a 0.20 μmmembrane filter into a sterile multidose
vial for in vivo experiments.
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3.3 Preparation

of [13N]NH3

1. Produce [13N]NOx via
16O(p, α)13N reaction on a GE PET-

trace cyclotron (10 μA irradiation beam for 10 min).

2. Deliver [13N]NOx to disposable unit and react with Devarda’s
alloy and sodium hydroxide.

3. Dissolve the radioproduct in 0.9% sodium chloride.

4. Pass through a 0.20 μmmembrane filter into a sterile multidose
vial for in vivo studies.

3.4 Perfused Isolated

Rat Heart Study

1. Excise heart quickly from anesthetized rats (intraperitoneal
sodium pentobarbital [0.25 mL]; Merial GmbH).

2. Place heart in ice-chilled Krebs–Henseleit bicarbonate buffer
(glucose at 10 mmol/L), and cannulated via the aorta.

3. Perfuse the heart with Krebs–Henseleit buffer, oxygenated
with a mixture of 95% oxygen and 5% carbon dioxide (flow
velocities, 0.5, 4.0, 8.0, and 16.0 mL/min).

4. Stabilize the heart for a period of 15 min, after which a bolus
injection of approximately 0.925 MBq each of [18F]1c-[18F]
3c or [13N]NH3.

5. Measure whole-heart radioactivity over 10 min with a pair of
bismuth germinate detectors and calculate the total coinci-
dence counting rate.

6. Analyze the curve by fitting an exponentially decaying function
to the data representing the tissue washout component (from
100 to 600 s).

7. Extrapolate the fitted curve to the time of the maximum count-
ing rate and divide by the measured maximum counting rate
(ratio: EF value, Table 1 and Fig. 2).

Table 1
First-pass extraction fraction values (EF%) of [18F]1c-[18F]3c and [13N]NH3 at different flow rates

[18F]1c [18F]2c [18F]3c [13N]NH3

0.5 mL/min (n ¼ 2) 41.26 � 11.51 45.30 � 8.78 33.89 � 10.30* 49.30 � 4.05

4.0 mL/min (n ¼ 2) 30.18 � 8.90{ 31.59 � 8.73{ 24.35 � 4.38* 15.18 � 7.29

8.0 mL/min (n ¼ 2) 23.21 � 6.62{ 22.57 � 6.47* 19.70 � 3.05* 12.89 � 6.30

16 mL/min (n ¼ 2) 18.50 � 4.65{ 18.43 � 3.57{ 13.94 � 1.72{ 7.38 � 3.80

Data are expressed as mean� SD. EF values were measured three times in each isolated heart. * P< 0.05 vs. 13N-NH3 by

Mann–Whitney test. { P < 0.01 vs. 13N-NH3 by Mann–Whitney test
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3.5 Preparation

of Animals

3.5.1 Surgery

Preparation and Animal

Anesthetization

1. Clean the surgical table with 70% alcohol, unfold all surgical
instruments and place on a surgery cover.

2. Turn on the heating pad and set the temperature to 30 �C,
check oxygen level and connection with the ventilator.

3. Pour around 20 mL of PBS solution in a petri dish and dissolve
1–2 mg of tetracycline into it. From here on, this solution is
referred to as PBS*.

4. Make ketamine and Rompum mixture at a ratio of ketamine–
Rompum ¼ 1:2. (Dose: ketamine 10 mg per kilogram body
mass, 2% Rompum at 0.4 mL per kilogram body mass).

5. Anesthetize the rat with 2.5% isoflurane mixed with oxygen in
an anesthesia chamber for 5 min, and then induce deeper
anesthesia by intramuscular injection of the ketamine and
Rompum mixture into the left thigh.

6. Take the rat out, remove the hair from its neck and left chest
with animal clippers, lay the rat on the heating pad in a supine
position, and fix with surgical tape.

3.5.2 Preparation of MI

Model

1. Turn on the surgical light, and sterilize the surgical parts with
iodine tincture and then 70% alcohol.

2. Make a 5 mm incision (over the larynx) in the neck in the
longitudinal direction, cut through the lipid, and separate the
muscle to expose the larynx.

3. Remove the needle cover and gently insert the angiocath
through the larynx, about half the length of the angiocath
(see Note 7).

4. Turn on the ventilator; set the oxygen flow to around
2 L min�1, the frequency to 85–90 breaths per minute
(bpm), and the amplitude to around 2; and connect the venti-
lator to the angiocath. Check that the animal’s heart is beating
and that there are chest fluctuations (see Note 8).

Fig. 2 First-pass EFs as function of blood flow. Smoothed time–activity curves obtained from sequential
measurements of single rat heart are shown. Flow velocities and EFs are indicated (n¼ 6, each flow). (a) [18F]
1c (b) [18F]2c (c) [18F]3c

18FATPs as PET Tracers for Myocardial Imaging 57



5. Draw an imaginary line with PBS* from the xiphoid process
upward and leftward at an angle of 45� to the body axis and
make a 2 cm incision through the skin. Separate the pectoralis
into two layers with curved blunt scissors.

6. Expose the chest wall, make a small hole in the center between
the fifth and sixth ribs, and then gently enlarge the incision to a
width of 5 mm with blunt curved scissors.

7. Gently insert the retractors, rotate the retractors 180� (keeping
the handle on the left side), and then open the retractors to
exposure the heart.

8. Break the pericardium with two curved blunt forceps, identify
the LCA, and ligate the LCA at 2–3 mm below the left auricle
with 5–0 suture silk (see Note 9).

9. Clean up any debris and blood inside the thoracic cavity with
PBS* gauze and remove the retractors. Insert a 10 mL syringe
capped with a 16-gauge angiocath, and close the chest cavity by
suturing the fifth and sixth ribs with 3–0 absorbable suture silk
using the “figure 8 suture method” [32].

10. Gently retract the syringe plunger to remove 6–8 mL air from
the thoracic cavity to maintain negative pressure, relocate the
pectoralis, and close the skin with 3–0 suture silk in a point
suture manner.

11. Close the incision in the neck with 3–0 suture silk in a point
suture method, clean the surgical area with PBS* gauze, and
remove surgical tape.

12. Transfer the rat into a new cage with the angiocath and remove
it latter when the rat begins to wake up. Keep the rat in a warm
place and supply with water and food (see Note 10).

3.6 Protocol of PET

Imaging

3.6.1 Preparation

of Small Animals

1. First, anesthetize the normal rats and MI model rats by apply-
ing isoflurane (3%) mixed with oxygen 1.5 L min�1 for approx-
imately 3 min. Secure the anesthetized rats to a bed using
a belt.

2. Transfer the rats to the gantry of the micro-PET. Alter the
isoflurane concentration to 1.5–2.0%.

3.6.2 Data Acquisition 1. Inject the rats with tracer (activity 37 MBq/200 μL) and
measure the radioactivity for 70 min. Control the isoflurane
concentration at ~1.0–1.5%, calibrating to the MI model rat’s
condition.

2. Separate the data counts into static and dynamic fractions.

3. Reconstruct the static and dynamic data over a 70 min period
(10 s � 12f, 20 s � 9f, 30 s � 10f, 60 s � 10f, 300 s � 6f,
600 s� 2f) using the three-dimensional ordered subsets expec-
tation maximization (OSEM3D) method. Set each parameter
(filter, value, the number of iterative) to the default value.
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(a) Image size is 128 (default).

(b) Image data type is Intel/VAX 4-byte float (default).

(c) Requested resolution (mm) is set to 1.5.

(d) The number of the iterations is set to 4.

4. Process the final reconstructed image using PMOD 3.2 (see
Note 11) (Figs. 3 and 4).

3.7 MI Confirmation

by TTC Staining

Procedures

1. Remove the 1% TTC working solution from storage at 4 �C
and warm it in a water bath at 37 �C.

2. Anesthetize the rat using isoflurane and then sacrifice it with
100 μL of ketamine via tail vein injection.

3. Open the chest cavity with bone scissors and gently exteriorize
the heart, wash in PBS, and remove as much blood as possible.

4. Take photos with a digital camera, and then use a blade to slice
the heart tissue into three 2 mm-thick slices vertically from the
cardiac apex to the ligation site.

5. Transfer the sliced tissues into a 50 mL tube with 5–10 mL
warmed 1% TTC solution and keep in the water bath with
gentle shaking for around 5–10 min.

6. Closely observe the tissues for color change (normal tissue will
be stained a dull-red color, while the defective area will be
stained white), and once the tissue color becomes constant or
well stained, stop the staining step.

7. Take out the tissues and arrange them in the same direction on
a black background card, take photos, and determine the
defective area by checking which tissue regions are pale (see
Note 12) (Fig. 5).

4 Notes

1. A possible low yield of the labeling precursor, that is, below
70%, might be caused by traces of water present in pyridine. In
this case, use dry pyridine.

2. Water present in TBAF can cause a low yield of fluorination. In
this case, add additional anhydrous CH3CN and evaporate to
remove H2O in reaction.

3. If the [18F]fluoride is not completely eluded from the QMA
cartridge, a high-capacity cartridge might have been used. In
that case, switch to a smaller-capacity cartridge (46 mg) or use
more elution solution.

4. Water present in precursor can cause a low yield of [18F]fluori-
nation. In this case, add additional anhydrous CH3CN and
evaporate to remove H2O in reaction or store the precursor
in desiccator.
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Fig. 3 Coronal small-animal PET images and time–activity curves of normal rats after intravenous injection of
37 MBq of (a) [13N]NH3, (b) [

18F]1c, (c) [18F]2c, or (d) [18F]3c (n ¼ 3, each tracer). Heart was visible, with
excellent heart-to-background contrast at each time point after [18F]1c-[18F]3c injection. H heart, L liver, SUV
standardized uptake value
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Fig. 4 Short-, vertical long-, and horizontal long-axis and polar map images of (a) [13N]NH3, (b) [
18F]1c, (c)

[18F]2c, or (d) [18F]3c in each representative animal. Data were collected between 0–10 and 20–30 min after
radiotracer injection (37 MBq). SUV standardized uptake value

Fig. 5 MI confirmation of heart by TTC staining and comparison of TTC staining
images with polar map image after [18F]1c injection (37 MBq)

18FATPs as PET Tracers for Myocardial Imaging 61



5. A possible low yield of the radio coupling reaction might be
caused by improper reaction temperature. In this case, Increase
the reaction temperature to 240 �C or heat the reaction vessel
for 5 min.

6. A possible low specific activity of [18F]1c–[18F]3c might be
caused impurity which is eluted from the C18 cartridge. In this
case, elute the C18 cartridge with 1.5 mL HPLC system
eluent.

7. Insufficient anesthetization or nerve compression lead to reflex
contraction can fail to insert angiocath. In this case, inject
additional ketamine and Rompummixture, about 1/3 primary
dose or gently rotate and push the angiocath into the trachea.

8. A possible respiratory arrest might be caused high oxygen
pressure. In this case, decrease the oxygen to suitable pressure;
gently push the chest to aid recovery.

9. Lots of bleeding or too fast heart beating can fail LCA ligation.
In this case, be carefully when opening the thoracic cavity and
breaking the pericardium, clean up blood with PBS* gauze or
give the animal additional anesthetic, continue ligation when it
has calmed down.

10. Pneumothorax or large-scale pulmonary congestion can cause
animal death after surgery. In this case, tightly close the chest
wall and remove enough air from the thoracic cavity to main-
tain negative pressure or be careful when opening the thoracic
cavity and inserting the retractors, and throughout try to avoid
touching the lungs.

11. A possible animal death for acquisition might be caused high
concentration of isoflurane. In this case, reduce the concentra-
tion of isoflurane less than 1%.

12. A possible imprecise detection of infarction region might be
caused by a mistake of LCA ligation. In this case, clarify the
LCA before ligation and ligate tightly.
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Chapter 5

Novel Mitochondria-Targeted Triphenylphosphonium
Conjugates of Linear β-Phosphorylated Nitrones:
Preparation, 31P NMR Mitochondrial Distribution, EPR Spin
Trapping Reporting, and Site-Directed Antiapoptotic
Properties

Consuelo Petrocchi, Sophie Thétiot-Laurent, Marcel Culcasi,
and Sylvia Pietri

Abstract

The mitochondrion can be considered as the metabolic powerhouse of the cell, having a key impact on
energy production, cell respiration, and intrinsic cell death. Mitochondria are also the main source of
endogenous reactive oxygen species, including free radicals (FR), which are physiologically involved in
signaling pathways but may promote cell damage when unregulated or excessively formed in inappropriate
locations. A variety of chronic pathologies have been associated with FR-induced mitochondrial dysfunc-
tions, such as cancer, age-related neurodegenerative diseases, and metabolic syndrome.
In recent years drug design based on specific mitochondria-targeted antioxidants has become a very

attractive therapeutic strategy and, among target compounds, nitrones have received growing attention
because of their specific affinity toward FR. Here, we describe protocols dealing with the preparation,
mitochondria permeation assessment, electron paramagnetic resonance (EPR) spin trapping setting, and
antiapoptotic properties evaluation of a series of new linear nitrones vectorized by a triphenylphosphonium
cation and labeled with a diethoxyphosphoryl moiety as 31P nuclear magnetic resonance (NMR) reporter
with antioxidant property.

Key words Mitochondria-targeted nitrones, 31P NMR, EPR spin trapping, Mitochondrial perme-
ability, H2O2-induced apoptosis

1 Introduction

In aerobic metabolism mitochondria play a crucial role in ATP
synthesis and oxidative phosphorylation. These organelles are also
central to a range of vital processes such as calcium homeostasis,
amino acid, and heme biosynthesis. The mitochondrion is also the
most important site for reactive oxygen species (ROS) formation
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which are involved in cellular signaling and apoptosis [1]. Under
adverse conditions excess, unbalanced mitochondrial ROS produc-
tion (among them are free radicals (FR)) contributes to the initia-
tion and progression of a variety of chronic diseases such as cancer,
neurodegenerative diseases, diabetes, and ischemic syndrome [2].

It is therefore increasingly considered that designing specifically
targeted antioxidants and/or modulators of FR production may be
an interesting strategy in the treatment of mitochondrial dysregula-
tion [3]. By incorporating a lipophilic cation such as triphenylpho-
sphonium (TPP+) as a mitochondrial vector, a wide range of
targeted compounds with antioxidant properties (e.g., vitamin E
or quinones) can be used as cargo, being able to cross the mito-
chondrial inner membrane by diffusion [4]. As a class of potential
target drugs, derivatives of α-phenyl-N-tert-butyl nitrone (PBN;
Fig. 1A) have received particular attention in the past decade
because their unique FR scavenging properties can result in inhibi-
tion of oxidative stress that underlies several ROS-induced pathol-
ogies [5]. On these combined bases the TPP+–PBN conjugate
bromide, mito-PBN (1; Fig. 1A) has demonstrated promising
pharmacological activity in several preclinical studies [4, 6]. In
TPP+ conjugates accumulation within the mitochondrion is due
to accelerated free diffusion from the extracellular space into the
cytosol because of the cell negative plasma membrane potential
and, in the case of mito-PBN, the concentration within the mito-
chondrial matrix may be 1000-fold that in the extracellular medium
[6, 7]. It has been shown that in mitochondria targeted compounds
having TPP+ as the vector, the length of the alkyl linker and the
antioxidant functional group (e.g., a quinone, vitamin E, or a stable
nitroxide FR) are crucial in determining the biological properties,
including cytotoxicity [7].

Besides, linear nitrones such as PBN are spin-trapping agents
widely used in electron paramagnetic resonance (EPR) studies of
FR formation and introduction of a diethoxyphosphoryl group
(EtO)2P(O) within the PBN structure leads to increased lifetime
of the spin adducts ([8] and cited references) and may bring about a
better biocompatibility [9]. Based on this concept we designed
PPNs, a new generation of phosphorylated PBN hybrids such as

Fig. 1 Molecular structures of (A) PBN and mito-PBN (1), (B) monohydroxylated PPNs (2), and (C) mito-PPNs
iodides
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compounds 2a,b (Fig. 1B) having an aryl moiety present in several
natural antioxidant phenolics. Expectedly, these low-toxic com-
pounds were better oxidative stress EPR probes than PBN itself,
and they demonstrated increased antioxidant action in vitro and
vasoprotective effect in precontracted rat aortic rings due to
enhanced nitric oxide donation property [8].

Recently the usefulness of introducing a (EtO)2P(O) group in
TPP+ vectorized compounds was demonstrated in a series of linear
α-aminophosphonates which showed enhanced properties as mito-
chondrial pH probes [10, 11]. In the present study, we have
extended these studies to design novel TPP+-vectorized phos-
phorylated PBN derivatives. These new mito-PPNs, all iodides,
were constructed from cargo compounds 2a,b, functionalized
with various linkers composed of methylene units before grafting
of a TPP+ vector (Fig. 1C). In this paper the synthesis and analytical
data of four mito-PPNs 8a–d (Scheme 1) are described, together

Scheme 1 Synthesis of (A) 4- and 6-methylene linkers (IBTP 3 and IHTP 4); (B) 8-methylenes linker (IOTP 7);
(C) mito-PPNs (8a–d) and non–mitochondria-targeted nitrones (9a–d). Reagents and conditions: (a) PPh3,
120 �C, dark, 1.5 h; (b) HBr, toluene, 150 �C, 1 day; (c) PPh3, acetonitrile, 85 �C, 2 days; (d) HI, acetonitrile,
100 �C, 5 h; (e) (1) K2CO3, acetonitrile, TA, 30 min; (2) 3, 4, or 7, acetonitrile, 60 �C, 12 h; (f) (1) NaH,
acetonitrile, TA, 30 min; (2) 3, 4, or 7, acetonitrile, 40 �C, 12 h
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with detailed protocols for determining characteristic EPR signa-
tures of selected spin adducts, in vitro antioxidant properties, and
cytotoxicity. Also given are protocols for (1) implementing a whole
perfused rat liver model to measure mitochondrial permeation of
mito-PPNs versus analogs 9a–d lacking the TPP+ group (Scheme
1), and (2) assessing their protective effect versus the nonnitronyl
methyltriphenylphosphonium bromide (TPMP) in a cellular model
of hydrogen peroxide (H2O2)-induced apoptosis.

2 Materials

2.1 Chemical

Synthesis and Analysis

1. Triphenylphosphine (harmful, health hazard).

2. 1,4-diiodobutane (irritant).

3. 1,6-diiodohexane (irritant).

4. 1,8-octanediol (irritant).

5. Methyltriphenylphosphonium bromide (acute toxic, irritant,
environmental hazard).

6. 48% hydrobromic acid (corrosive, irritant).

7. Sodium hydroxide (corrosive).

8. 36% hydrochloric acid (corrosive, irritant).

9. 57% hydroiodic acid (corrosive, irritant).

10. Sodium thiosulfate (irritant).

11. Sodium sulfate (corrosive, irritant).

12. Potassium carbonate (irritant).

13. Magnesium sulfate (irritant).

14. 60% dispersion in mineral oil sodium hydride (flammable).

15. Diethyl ether (flammable, harmful).

16. Dichloromethane (harmful, health hazard).

17. Toluene (irritant, flammable, health hazard).

18. Acetonitrile (harmful, irritant, flammable).

19. Nitrones 4-OH-PPN (2a) and 3-OH-PPN (2b, Fig. 1B)
prepared according to [8].

20. Doubly distilled deionized water (15 MΩ) used for all solu-
tions and buffers.

21. Reactions monitored on silica gel 60 aluminum TLC-plates
with F254 as indicator.

22. UV lamp (to check TLC plates at 254 nm).

23. Flash chromatography purifications on silica gel
60 (230–400 mesh).

24. NMR Tubes.
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25. 99.8 atom%DDeuterochloroform (acute toxic, irritant, health
hazard).

26. 99.8 atom% D Tetradeuteromethanol (flammable, acute toxic,
health hazard).

27. Tetramethylsilane (flammable, irritant).

28. 85% Orthophosphoric acid (corrosive).

29. Analytical 1H NMR (300, 400 or 500 MHz), 13C NMR
(75, 100 or 125 MHz), and 31P NMR (121.5, 162 or
202.5 MHz) spectra are recorded in CDCl3 or CD3OD on
Bruker Avance III NanoBay 300 or 400 MHz and Bruker
Avance I 500 MHz spectrometers. Chemical shifts (δ) are
reported in parts per million (ppm) relative to TMS (1H and
13C) or external H3PO4 (31P). Coupling constants (J) are
reported in Hertz (Hz) and abbreviations of multiplicity are
as follows: s, singlet; d, doublet; t, triplet; quint, quintuplet; m,
multiplet; dd, doublets of doublet; br, broad.

30. Melting points are determined on a Büchi Melting Point
M-560 apparatus (Büchi, Essen, Germany) and are
uncorrected.

31. Melting points capillary tubes.

32. HRMS are done on a Q-STAR Elite apparatus (Applied Bio-
systems, USA). Analytical experiments are performed at the
local unit Spectropole-Aix-Marseille University (Saint-Jérôme
Etoile, Marseille, France).

2.2 Cell Culture

and Cytotoxicity

Studies

1. Methyltriphenylphosphonium bromide (acute toxic, irritant,
environmental hazard).

2. Dimethyl sulfoxide (irritant).

3. Murine 3T3 NIH fibroblasts (ATCC–LGC Promochem, Mol-
sheim, France).

4. Dulbecco’s Modified Eagle’s Minimum Media (DMEM).

5. Phenol red-free DMEM.

6. Glucose.

7. Fetal calf serum (from Gibco Life Technologies, Thermo
Fisher Scientific, Illkirch, France).

8. Penicillin.

9. Streptomycin.

10. Triton X-100.

11. Fluorescein diacetate.

12. Phosphate buffer saline (PBS, Life Technology Corp.; St
Aubin, France).
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13. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT).

14. 0.2-μm Millipore filter.

15. Incubator set at 37 �C and 5% CO2 atmosphere.

16. 24-well plates.

17. 96-well black plates for fluorescence determination.

18. Microscope.

19. Spectrophotometer for fluorescence determination at 535 nm,
following excitation at 485 nm.

20. Microplate reader to assess cell viability at 570 nm.

21. Prepare fresh stock solutions of nitrones and TPMP in DMSO
(1–5 mM) and pass all media through a 0.2-μmMillipore filter
before use.

22. Maintain 3T3 NIH fibroblasts at 37 �C in a 5% CO2-humidi-
fied atmosphere in DMEM containing 1% glucose and supple-
mented with 10% fetal calf serum, 100 U/mL penicillin, and
100 mg/mL streptomycin [12]. Cells are plated in 24-well
dishes and medium is replenished every 2–3 days until con-
fluency, checked by microscopic observation. For cell exposure
10-μL aliquots of nitrone or TPMP stock solutions are trans-
ferred into each well of confluent cells previously filled with
phenol red-free DMEM containing 1% glucose, in order to
reach a final volume of 0.5 mL/well, test compounds concen-
tration of 0.1 μM to 0.2 mM and 0.1% DMSO (v/v). Incubate
wells for 24 h at 37 �C in a 5% CO2-humidified atmosphere,
sample supernatants for extracellular LDH assay, treat wells
with 1% Triton X-100, gently scrape the cells and keep them
at �80 �C for total LDH or ATP measurement (see below).

23. Use a commercial kit for LDH determination (see [8]).

24. Assay ATP in thawed cells resuspended in PBS supplemented
with 100 μL/well 0.1%Triton X-100 using the luminescence-
based kit, for example, the luciferin-luciferase reagent Biofax
A® (Yelen, Ensuès la Redonne, France; http://www.yelen-ana
lytics.com) as described in [8].

25. Assay cytotoxicity in cells by the fluorometric microculture
cytotoxicity assay (FMCA) in PBS 1� (+/+) containing fluo-
rescein diacetate (4.8 μM; and 3% Triton X-100, using excita-
tion at 485 nm and detection at 535 nm as described in [8].

26. Assay cell viability at 570 nm using a microplate reader by the
MTT assay in DMEM containing PBS 1� (+/+), MTT and
DMSO as described in [8].

70 Consuelo Petrocchi et al.

http://www.yelen-analytics.com
http://www.yelen-analytics.com


2.3 EPR

Spectrometry

EPR spectra can be recorded using any conventional X-band
(9.79 GHz) spectrometer equipped with a standard cylindrical
TM110 resonant cavity, provided the instrument is located in an
established EPR facility, with the possible help of an experienced
coworker for the computer simulation and interpretation of the
signal. Here, a Bruker ESP 300 spectrometer has been used, with a
100 KHz field modulation and operating at a microwave power of
10 mW. For determining g-factors of spin adducts, a Bruker ER
035 M gaussmeter and a HP 5350B frequency counter are
operated.

2.4 Mitochondrial

Permeation Capacity

Mitochondrial and cytosolic distribution of nitrones are investi-
gated according to earlier work [10, 13].

1. Sprague-Dawley male rats (120 g) used for liver perfusion and
mitochondrial preparation are from CERJ (Le Genest St Isle,
France) and fed ad libitum with a standard Teklad 2016 diet
(Harlan Laboratories, Gannat, France). Animals are maintained
in the local animal house under conventional conditions, in a
room with controlled temperature (21–25 �C) and a reverse
12 h light/dark cycle. All animal procedures used are in strict
accordance with the Directive 2010/63/EU of the European
Parliament. The CNRS and Aix-Marseille University have cur-
rently valid licenses for animal experimentation (agreement
C13-055-06/D 13-055-8) delivered by the French
Government.

2. Sodium pentobarbital.

3. Krebs-Henseleit (KH): 1.2 mM KH2PO4, 119 mM NaCl,
4.8 mM KCl, 1.2 mM MgSO4, 25 mM NaHCO3 and
1.3 mM CaCl2, bubbled with a 95% O2 and 5% CO2 gas
mixture (pH 7.35).

4. 0.25 M solution of sucrose in ice-cold KH buffer.

5. 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) solution in ice-cold KH buffer, pH 7.5.

6. Dichloromethane (harmful, health hazard).

7. Dimethyl sulfoxide (irritant).

8. Filtrate through four layers of cheesecloth, centrifuged at
750 � g for 10 min at 2 �C.

9. Isolate mitochondria as a subcellular purified fraction ([13] and
references therein).

10. NMR tubes.

11. Hexadeuterodimethyl sulfoxide (irritant).

12. 85% orthophosphoric acid (corrosive).

13. Determine mitochondrial permeation analysis by recording 31P
NMR (242.94MHz) spectra in DMSO-d6 on a Bruker Avance
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III 600 MHz spectrometer equipped with a BBFO+ probe.
Chemical shifts (δ) are reported in parts per million (ppm)
relative to external H3PO4 (

31P).

2.5 Apoptosis

Determination

in Schwann Cells

Schwann cells freshly prepared from bilateral sciatic nerves of
Sprague-Dawley male rats (120 g) [15] are kindly provided by the
Institute of Neuroscience, Hôpital de la Timone, Marseille. Cells
are made apoptotic by treatment with H2O2 according to [14]. The
cytoprotective properties of test nitrones are evaluated as detailed
in [8].

1. Culture Schwann cells in DMEM/Ham’s F-12 medium
according to [14, 15].

2. H2O2 (oxidizer, irritant, corrosive).

3. Reagents for MTT and LDH assays (see above).

4. Test compounds solutions (0.1–1 μM) in culture medium +
0.1% DMSO.

3 Methods

3.1 Synthesis

of (4-Iodobutyl)

triphenylphosphonium

Iodide (IBTP, 3) [16]

Triphenylphosphine (1 g, 3.82 mmol) and 1,4-diiodobutane (6 g,
19 mmol) are stirred for 1.5 h at 120 �C in the dark. The reactional
mixture is triturated in diethyl ether (50 mL). The yellow pale solid
is filtered and air-dried (2.15 g, 98%): 1H NMR (300 MHz,
CDCl3) δ 7.85 (m, 3H, H-40), 7.82 (m, 6H, H-30), 7.72 (m, 6H,
H-20), 3.78 (m, 2H, 1–CH2), 3.33 (t, J ¼ 6.2 Hz, 2H, 4–CH2),
2.21 (quint, J ¼ 6.6 Hz, 2H, 3–CH2), 1.82 (m, 2H, 2–CH2);

13C
NMR (75 MHz, CDCl3) δ 135.2 (d, J ¼ 3.3 Hz, 3C, C-40), 133.7
(d, J¼ 9.9 Hz, 6C, C-20), 130.6 (d, J ¼ 12.7 Hz, 6C, C-30), 118.0
(d, J¼ 86.4 Hz, 3C, C-10), 32.4 (d, J¼ 17.1 Hz, 3–CH2), 23.2 (d,
J¼ 3.9 Hz, 2–CH2), 21.9 (d, J¼ 51.2 Hz, 1–CH2), 7.7 (4–CH2);
31P NMR (121 MHz, CDCl3) δ 24.49.

3.2 Synthesis

of (6-Iodohexyl)

triphenylphosphonium

Iodide (IHTP, 4)

Triphenylphosphine (1 g, 3.82 mmol) and 1,6-diiodohexane (5 g,
15 mmol) are stirred for 1.5 h at 120 �C in the dark. The oily
residue is triturated in the minimum of dichloromethane and
diethyl ether (50 mL) is added. The upper phase is removed and
the operation is repeated twice on the oily residue. A brown-red oil
is obtained (1.5 g, 65%): 1H NMR (300 MHz, CDCl3) δ 7.80 (m,
9H, H-30 et H-40), 7.70 (m, 6H, H-20), 3.69 (m, 2H, 1–CH2),
3.09 (t, J ¼ 7.0 Hz, 2H, 6–CH2), 1.74 (m, 6H, 2–CH2, 4–CH2

and 5–CH2), 1.42 (m, 2H, 3–CH2);
13C NMR (75 MHz, CDCl3)

δ 135.2 (d, J¼ 2.8 Hz, 3C, C-40), 133.7 (d, J¼ 9.9 Hz, 6C, C-20),
130.6 (d, J ¼ 12.6 Hz, 6C, C-30), 118.0 (d, J ¼ 85.8 Hz, 3C,
C-10), 32.8 (5–CH2), 29.9 (4–CH2), 29.2 (d, J ¼ 16.5 Hz, 3–
CH2), 22.9 (d, J ¼ 50.6 Hz, 1–CH2), 22.4 (d, J ¼ 4.4 Hz, 2–
CH2), 7.5 (6–CH2);

31P NMR (121 MHz, CDCl3) δ 24.23.
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3.3 Synthesis

of 8-Bromo-Octanol (5)

1,8-octanediol (3 g, 20.5 mmol) is dissolved in toluene (40 mL)
and 48% hydrobromic acid (1.6 mL, 30.8 mmol) is slowly added.
The solution is stirred at 150 �C for 24 h. The reactional mixture is
washed with water (30 mL). The residue is diluted in dichloro-
methane (30 mL), washed with aqueous solutions of 10%-NaOH
(30 mL), 10%-HCl (30 mL), water (2 � 30 mL) and brine
(30 mL). The organic phase is dried over MgSO4 and concentrated
to yield 5 as a yellow oil (3.2 g, 77%): 1HNMR (400MHz, CDCl3)
δ 3.64 (t, J ¼ 6.8 Hz, 2H, 1–CH2), 3.41 (t, J ¼ 6.8 Hz, 2H, 8–
CH2), 1.86 (quint, J ¼ 7.0 Hz, 2H, 7–CH2), 1.57 (m, 2H, 2–
CH2), 1.43 (m, 2H, 6–CH2), 1.34 (m, 6H, 3–CH2, 4–CH2 and 5–
CH2);

13C NMR (100 MHz, CDCl3) δ 63.0 (1–CH2), 31.0 (8–
CH2), 32.8 (2–CH2*), 32.7 (7–CH2*), 29.2 (5–CH2), 28.7 (4–
CH2), 28.1 (6–CH2), 25.6 (3–CH2), *may be reversed.

3.4 Synthesis

of (8-Hydroxyoctyl)

triphenylphosphonium

Bromide (6)

Compound 5 (2 g, 9.6 mmol) and triphenylphosphine (2.8 g,
10.5 mmol) are stirred in acetonitrile (100 mL) at 85 �C for
2 days. The reaction mixture is concentrated, the residual oil is
dissolved in the minimum of dichloromethane and diethyl ether
(60 mL) is added dropwise. When the organic phase is translucent,
it is removed and the operation repeated twice. The residue is dried
under vacuum to yield 6 as a yellow oil (3.5 g, 78%): 1H NMR
(300 MHz, CDCl3) δ 7.84 (m, 3H, H-40), 7.81 (m, 6H, H-30),
7.73 (m, 6H, H-20), 3.73 (m, 2H, 1–CH2), 3.59 (t, J ¼ 6.6 Hz,
2H, 8–CH2), 1.64 (m, 4H, 2–CH2, 7–CH2), 1.52 (m, 4H, 6–
CH2, 3–CH2), 1.29 (m, 4H, 4–CH2 and 5–CH2);

13C NMR
(75 MHz, CDCl3) δ 134.1 (d, J ¼ 2.2 Hz, 3C, C-40), 133.6 (d,
J¼ 9.9 Hz, 6C, C-20), 130.5 (d, J ¼ 12.7 Hz, 6C, C-30), 118.2 (d,
J ¼ 85.8 Hz, 3C, C-10), 62.1 (8–CH2), 32.4 (7–CH2), 30.1 (d,
J ¼ 16.0 Hz, 3–CH2), 28.6 (4–CH2 and 5–CH2), 25.4 (6–CH2),
22.7 (d, J ¼ 50.1 Hz, 1–CH2), 22.3 (d, J ¼ 3.9 Hz, 2–CH2);

31P
NMR (121 MHz, CDCl3) δ 24.35.

3.5 Synthesis

of (8-Iodooctyl)

triphenylphosphonium

Iodide (IOTP, 7)

(Adapted from [17])

Compound 6 (0.35 g, 0.74 mmol) is dissolved in acetonitrile
(5 mL) and a commercial 57% hydriodic acid solution (1.7 mL,
4.4 mmol) is slowly added. The mixture is stirred at 100 �C for 5 h.
The reaction is quenched by addition of an aqueous 5%-NaOH
solution (3 mL). After settling, the organic layer is concentrated
and diluted in dichloromethane (10 mL),washed with water
(2 � 10 mL), and with an aqueous saturated solution of Na2S2O3

(10 mL). The organic layer is dried over Na2SO4 and concentrated
to give 7 as a pale brown oil (0.46 g, 98%): 1H NMR (400 MHz,
CDCl3) δ 7.83 (m, 3H, H-40), 7.81 (m, 6H, H-30), 7.77 (m, 6H,
H-20), 3.68 (m, 2H, 1–CH2), 3.15 (t, J ¼ 7.0 Hz, 2H, 8–CH2),
1.79 (m, 2H, 2–CH2), 1.65 (m, 4H, 3–CH2 and 7–CH2),
1.35–1.20 (m, 6H, 4–CH2, 5–CH2 and 6–CH2);

13C NMR
(75 MHz, CDCl3) δ 135.1 (d, J ¼ 2.8 Hz, 3C, C-40), 133.7 (d,
J¼ 9.9 Hz, 6C, C-20), 130.5 (d, J ¼ 12.6 Hz, 6C, C-30), 118.2 (d,
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J ¼ 85.8 Hz, 3C, C-10), 33.3 (7–CH2), 30.3 (d, J ¼ 15.4 Hz, 3–
CH2), 30.2 (6–CH2), 28.9 (4–CH2*), 28.0 (5–CH2*), 23.1 (d,
J¼ 50.1 Hz, 1–CH2), 22.5 (d, J¼ 4.4 Hz, 2–CH2), 7.5 (8–CH2),
*may be reversed; 31P NMR (162 MHz, CDCl3) δ 24.23.

3.6 General

Procedure

for the Tripheny-

lphosphonium Nitrone

Iodides (8a–d)

The appropriate OH-PPN (2a or 2b) derivative (1 eq.) and K2CO3

(2.5 eq.) are dissolved in acetonitrile (32 mM) under a
N2-atmosphere. The mixture is stirred for 30 min at room temper-
ature. A solution of the appropriate linker IBTP 3, IHTP 4 or
IOTP 7 (1 eq.) in acetonitrile (32 mM) is added dropwise at 0 �C
and the mixture is stirred for 12 h at 60 �C, allowed to cool at room
temperature, filtered under vacuum, and concentrated. The residue
is dissolved in dichloromethane (volume equal to the initial aceto-
nitrile volume),washed with an aqueous 1% HCl solution (3�
volume of dichloromethane). The organic layer is dried over
MgSO4, filtered, and concentrated. The residual oil is dissolved in
the minimum of dichloromethane and diethyl ether (20 � volume
of dichloromethane) is added dropwise while maintaining the stir-
ring. Once the organic layer is translucent, the supernatant is
removed and the operation repeated twice. The residue is dried
under vacuum to afford the desired compound.

1. Synthesis of 2-(diethoxyphosphoryl)-N-
(4-(4-(triphenylphosphono)butoxy)benzylidene)propan-2-
amine oxide iodide (8a). The title compound is obtained from
4-OH-PPN 2a (0.1 g, 0.32 mmol) and IBTP 3 (0.2 g,
0.32 mmol). Compound 8a is obtained as a brown pale sticky
oil (0.1 g, 40%): 1H NMR (500 MHz, CDCl3) δ 8.21 (d,
J ¼ 8.9 Hz, 2H, H-2), 7.80 (m, 9H, H-200 and H-400), 7.70
(m, 1H, HCNO), 7.66 (m, 6H, H-300), 6.83 (d, J ¼ 8.9 Hz,
2H, H-3), 4.18 (m, 4H, 2 � –OCH2CH3), 4.11 (t,
J ¼ 5.6 Hz, 2H, 10–CH2), 3.80 (m, 2H, 40–CH2), 2.22 (m,
2H, 20–CH2), 1.86 (m, 2H, 30–CH2), 1.82, (s, 3H, C(CH3)2),
1.79 (s, 3H, C(CH3)2), 1.31 (t, J ¼ 7.0 Hz, 6H, 2 � –
OCH2CH3);

13C NMR (125 MHz, CDCl3) δ 160.1 (C-4),
135.1 (d, J ¼ 1.9 Hz, C-400), 133.6 (d, J ¼ 10.6 Hz, C-200),
132.6 (d, J ¼ 5.8 Hz, HCNO), 131.0 (C-2), 130.5 (d,
J ¼ 12.5 Hz, C-300), 123.8 (C-1), 118.0 (d, J ¼ 85.4 Hz,
C-100), 114.2 (C-3), 72.3 (d, J ¼ 154.5 Hz, C(CH3)2), 66.4
(10–CH2), 63.2 (d, J ¼ 6.7 Hz, 2 � –OCH2CH3), 29.0 (d,
J ¼ 16.3 Hz, 20–CH2), 23.2 (C(CH3)2), 22.3 (d, J ¼ 50.9 Hz,
40–CH2), 19.3 (d, J ¼ 2.9 Hz, 30–CH2), 16.4 (d, J ¼ 5.8 Hz,
2 � –OCH2CH3);

31P NMR (121.5 MHz, CDCl3) δ 24.61,
23.35; HRMS-ESI: calcd. for C36H44NO5P2

+ [M]+ 632.2689,
found 632.2690.
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2. Synthesis of 2-(diethoxyphosphoryl)-N-
(4-(6-(triphenylphosphono)hexyloxy)benzylidene)propan-2-
amine oxide iodide (8b). The title compound is obtained from
4-OH-PPN 2a (0.15 g, 0.47 mmol) and IHTP 4 (0.28 g,
0.47 mmol). Compound 8b is obtained as a yellow oil
(0.13 g, 35%): 1H NMR (300 MHz, CDCl3) δ 8.24 (d,
J ¼ 8.8 Hz, 2H, H-2), 7.82 (m, 6H, H-200), 7.74 (m, 6H,
H-300), 7.72 (m, 3H,H-400), 7.64 (d, J¼ 2.2Hz, 1H,HCNO),
6.87 (d, J ¼ 8.8 Hz, 2H, H-3), 4.20 (m, 4H, 2 � –
OCH2CH3), 3.96 (t, J ¼ 6.2 Hz, 2H, 10–CH2), 3.74 (m,
2H, 60–CH2), 1.85 (s, 3H, C(CH3)2), 1.80 (s, 3H, C
(CH3)2), 1.74 (m, 6H, 20–CH2, 3

0–CH2 and 50–CH2), 1.49
(m, 2H, 40–CH2), 1.32 (t, J ¼ 7.1 Hz, 6H, 2 � –OCH2CH3);
13C NMR (75 MHz, CDCl3) δ 160.6 (C-4), 135.1 (d,
J ¼ 2.8 Hz, C-400), 133.7 (d, J ¼ 9.9 Hz, C-200), 132.8 (d,
J ¼ 6.6 Hz, HCNO), 131.0 (C-2), 130.5 (d, J ¼ 12.7 Hz,
C-300), 123.5 (d, J ¼ 1.7 Hz, C-1), 118.1 (d, J ¼ 85.8 Hz,
C-100), 114.3 (C-3), 72.2 (d, J ¼ 154.6 Hz, C(CH3)2), 67.7
(10–CH2), 63.3 (d, J ¼ 6.6 Hz, 2 � –OCH2CH3), 30.0 (d,
J ¼ 16.0 Hz, 40–CH2), 28.7 (20–CH2), 25.6 (30–CH2), 23.3
(C(CH3)2), 23.0 (d, J ¼ 50.1 Hz, 60–CH2), 22.6 (d,
J ¼ 4.4 Hz, 50–CH2), 16.4 (d, J ¼ 6.1 Hz, 2 � –
OCH2CH3);

31P NMR (121.5 MHz, CDCl3) δ 24.35,
23.40; HRMS-ESI: calcd. for C38H48NO5P2

+ [M]+

660.3002, found 660.3004.

3. Synthesis of 2-(diethoxyphosphoryl)-N-
(4-(8-(triphenylphosphono)octyloxy)benzylidene)propan-2-
amine oxide iodide (8c). The title compound is obtained from
4-OH-PPN 2a (0.19 g, 0.6 mmol) and IOTP 7 (0.37 g,
0.6 mmol). Compound 8c is obtained as a yellow oil (0.12 g,
25%): 1HNMR (300MHz, CDCl3) δ 8.23 (d, J¼ 8.8Hz, 2H,
H-2), 7.78 (m, 6H, H-200), 7.69 (m, 9H, H-300 and H-400),
7.64 (d, J ¼ 2.2 Hz, 1H, HCNO), 6.86 (d, J ¼ 8.8 Hz, 2H,
H-3), 4.17 (m, 4H, 2 � –OCH2CH3), 3.93 (t, J ¼ 6.4 Hz,
2H, 10–CH2), 3.62 (m, 2H, 80–CH2), 1.83 (s, 3H, C(CH3)2),
1.78 (s, 3H, C(CH3)2), 1.68 (m, 2H, 60–CH2), 1.64–1.61 (m,
4H, 20–CH2 and 70–CH2), 1.37 (m, 6H, 30–CH2, 4

0–CH2 and
50–CH2), 1.29 (t, J ¼ 7.1 Hz, 6H, 2 � –OCH2CH3);

13C
NMR (75 MHz, CDCl3) δ 160.6 (C-4), 135.1 (d, J ¼ 2.8 Hz,
C-400), 133.6 (d, J ¼ 9.9 Hz, C-200), 132.8 (d, J ¼ 7.9 Hz,
HCNO), 131.0 (C-2), 130.6 (d, J¼ 12.7 Hz, C-300), 123.5 (d,
J ¼ 1.6 Hz, C-1), 118.1 (d, J ¼ 85.8 Hz, C-100), 114.3 (C-3),
72.2 (d, J ¼ 154.6 Hz, C(CH3)2), 68.0 (10–CH2), 63.2 (d,
J¼ 6.6 Hz, 2� –OCH2CH3), 30.3 (d, J¼ 16.0 Hz, 60–CH2),
29.0 (d, J ¼ 16.0 Hz, 30–CH2 and 40–CH2), 28.8 (20–CH2),
25.8 (50–CH2), 23.3 (C(CH3)2), 23.0 (d, J ¼ 49.5 Hz, 80–
CH2), 22.5 (d, J ¼ 4.4 Hz, 70–CH2), 16.4 (d, J ¼ 6.1 Hz,
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2 � –OCH2CH3);
31P NMR (121.5 MHz, CDCl3) δ 24.19,

23.34; HRMS-ESI: calcd. for C40H52NO5P2
+ [M]+ 688.3315,

found 688.3315.

4. Synthesis of 2-(diethoxyphosphoryl)-N-
(3-(4-(triphenylphosphono)butoxy)benzylidene)propan-2-
amine oxide iodide (8d). The title compound is obtained from
3-OH-PPN 2b (0.15 g, 0.47 mmol) and IBTP 3 (0.30 g,
0.47 mmol). Compound 8d is obtained as a yellow oil
(0.11 g, 30%): 1H NMR (400 MHz, CD3OD) δ 8.20 (brs,
H-2), 8.01 (d, J ¼ 2.2 Hz, 1H, HCNO), 7.90 (m, 6H, H-200),
7.80 (m, 6H, H-300), 7.75 (m, 3H, H-400), 7.63 (brd,
J ¼ 8.0 Hz, 1H, H-6), 7.36 (t, J ¼ 8.0 Hz, 1H, H-5), 7.01
(dd, J ¼ 8.3 and 2.5 Hz, 1H, H-4), 4.21 (m, 4H, 2 � –
OCH2CH3), 4.11 (t, J ¼ 5.8 Hz, 2H, 10–CH2), 3.52 (m,
2H, 40–CH2), 2.05 (quint, J ¼ 6.5 Hz, 2H, 20–CH2), 1.90
(m, 2H, 30–CH2), 1.86, (s, 3H, C(CH3)2), 1.82 (s, 3H, C
(CH3)2), 1.33 (t, J ¼ 7.0 Hz, 6H, 2 � –OCH2CH3);

13C
NMR (75 MHz, CD3OD) δ 160.0 (C-3), 136.4 (d,
J ¼ 2.8 Hz, 3C, C-400), 135.9 (d, J ¼ 6.6 Hz, HCNO),
135.0 (d, J ¼ 9.0 Hz, 6C, C-200), 133.0 (d, J ¼ 1.1 Hz,
C-1), 131.7 (d, J ¼ 12.6 Hz, 6C, C-300), 130.6 (C-5),123.9
(C-6), 119.9 (d, J ¼ 86.4 Hz, 3C, C-100), 119.0 (C-2), 115.9
(C-4), 75.1 (d, J¼ 160.1 Hz, C(CH3)2), 67.8 (10–CH2), 65.0
(d, J ¼ 7.2 Hz, 2 � –OCH2CH3), 30.7 (d, J ¼ 16.5 Hz, 20–
CH2), 23.9 (C(CH3)2), 22.4 (d, J ¼ 72.4 Hz, 40–CH2), 20.4
(d, J ¼ 3.9 Hz, 30–CH2), 17.0 (d, J ¼ 6.0 Hz, 2 � –
OCH2CH3);

31P NMR (121.5 MHz, CD3OD) δ 23.90,
23.24; HRMS-ESI: calcd. for C36H44NO5P2

+ [M]+

632.2689, found 632.2690.

3.7 General

Procedure for the

Diphenylphosphonyl

nitrones (9a–d)

The appropriate PPN derivative (1 eq.) is dissolved in acetonitrile
(63 mM) and 60%-NaH (2.5 eq.) is added portionwise at 0 �C. The
slurry is stirred 30 min at room temperature. A solution of the
appropriate linker 3, 4 or 7 (1.2 eq.) in acetonitrile (76 mM) is
slowly added at 0 �C and the reactional mixture is then stirred for
12 h at 40 �C. Cold water (half the total volume of acetonitrile) is
added and the solution is extracted with dichloromethane (3� vol-
ume of water). The organic layers are gathered and concentrated.
The residual oil is dissolved in the minimum of dichloromethane
and diethyl ether (5 � volume of dichloromethane) is added drop-
wise while maintaining the stirring. Once the organic layer is trans-
lucent it is filtered and the operation repeated twice. The organic
layers are gathered, dried over MgSO4, filtered and concentrated to
afford the desired compounds.

1. Synthesis of 2-(diethoxyphosphoryl)-N-
(4-(4-(diphenylphosphoryl)butoxy)benzylidene)propan-2-
amine oxide (9a). The title compound is obtained from
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4-OH-PPN 2a (0.2 g, 0.63 mmol) and IBTP 3 (0.43 g,
0.76 mmol). Compound 9a is obtained as a yellow pale oil
(0.23 g, 64%): 1H NMR (300 MHz, CDCl3) δ 8.12 (d,
J ¼ 8.5 Hz, 2H, H-2), 7.62 (m, 4H, H-200), 7.54 (brs, 1H,
HCNO), 7.37 (m, 6H, H-400 and H-300), 6.74 (d, J ¼ 8.5 Hz,
2H, H-3), 4.08 (m, 4H, 2 � –OCH2CH3), 3.86 (t,
J ¼ 5.8 Hz, 2H, 10–CH2), 2.24 (m, 2H, 40–CH2), 1.78 (m,
4H, 20–CH2 and 30–CH2), 1.72, (s, 3H, C(CH3)2), 1.68 (s,
3H, C(CH3)2), 1.20 (t, J ¼ 7.0 Hz, 6H, 2 � –OCH2CH3);
13C NMR (75 MHz, CDCl3) δ 160.4 (C-4), 132.9 (d,
J ¼ 6.1 Hz, HCNO), 132.6 (d, J ¼ 98.5 Hz, C-100), 131.4
(d, J ¼ 2.8 Hz, C-400), 130.8 (C-2), 130.7 (d, J ¼ 9.4 Hz,
C-200), 128.6 (d, J ¼ 11.6 Hz, C-300), 123.6 (d, J ¼ 1.7 Hz,
C-1), 114.1 (C-3), 72.2 (d, J ¼ 154.6 Hz, C(CH3)2), 67.1
(10–CH2), 63.3 (d, J ¼ 6.6 Hz, 2 � –OCH2CH3), 30.0 (d,
J¼ 14.3 Hz, 20–CH2), 29.2 (d, J¼ 72.1Hz, 40–CH2), 23.3 (C
(CH3)2), 18.4 (d, J ¼ 3.3 Hz, 30–CH2),16.4 (d, J ¼ 6.0 Hz,
2 � –OCH2CH3);

31P NMR (121.5 MHz, CDCl3) δ 32.29,
23.34; MS-ESI: m/z (%): 572.2 (100) [M + H]+, 594.2
(10) [M + Na]+.

2. Synthesis of 2-(diethoxyphosphoryl)-N-(4-(6-(diphenylpho-
sphoryl)hexyloxy)benzylidene)propan-2-amine oxide (9b).
The title compound is obtained from 4-OH-PPN 2a (0.2 g,
0.63 mmol) and IHTP 4 (0.43 g, 0.76 mmol). Compound 9b
is obtained as a yellow oil (0.17 g, 43%): 1H NMR (300 MHz,
CDCl3) δ 8.24 (d, J¼ 8.8 Hz, 2H, H-2), 7.71 (m, 4H, H-200),
7.63 (d, J ¼ 2.3 Hz, 1H, HCNO), 7.47 (m, 4H, H-300), 7.44
(m, 2H, H-400), 6.86 (d, J ¼ 8.8 Hz, 2H, H-3), 4.18 (m, 4H,
J ¼ 7.3 Hz, 2 � –OCH2CH3), 3.93 (t, J ¼ 6.3 Hz, 2H, 10–
CH2), 2.27 (m, 2H, 60–CH2), 1.83, (s, 3H, C(CH3)2), 1.78
(s, 3H, C(CH3)2), 1.70 (m, 2H, 50–CH2*), 1.63 (m, 2H, 20–
CH2*), 1.44 (m, 4H, 30–CH2 and 40–CH2), 1.30 (t,
J ¼ 7.1 Hz, 6H, 2 � –OCH2CH3), *may be reversed; 13C
NMR (75 MHz, CDCl3) δ 160.6 (C-4), 133.0 (d,
J ¼ 97.9 Hz, C-100), 132.8 (d, J ¼ 5.5 Hz, HCNO), 131.3
(d, J ¼ 2.8 Hz, C-400), 130.8 (C-2), 130.7 (d, J ¼ 8.8 Hz,
C-200), 128.6 (d, J ¼ 11.5 Hz, C-300), 123.4 (d, J ¼ 1.7 Hz,
C-1), 114.2 (C-3), 72.1 (d, J ¼ 154.6 Hz, C(CH3)2), 67.8
(10–CH2), 63.3 (d, J ¼ 7.1 Hz, 2 � –OCH2CH3), 30.5 (40–
CH2), 29.5 (d, J ¼ 72.1 Hz, 60–CH2), 28.7 (20–CH2), 25.4
(30–CH2), 23.3 (C(CH3)2), 21.4 (d, J ¼ 3.8 Hz, 50–CH2),
16.4 (d, J ¼ 6.0 Hz, 2 � –OCH2CH3);

31P NMR
(121.5 MHz, CDCl3) δ 32.51, 23.38; MS-ESI: m/z (%):
600.3 (100) [M + H]+, 622.3 (8) [M + Na]+.

3. Synthesis of 2-(diethoxyphosphoryl)-N-(4-(8-(diphenylpho-
sphoryl)octyloxy)benzylidene)propan-2-amine oxide (9c).
The title compound is obtained from 4-OH-PPN 2a (0.13 g,
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0.4 mmol) and IOTP 7 (0.25 g, 0.4 mmol). Compound 9c is
obtained as a yellow oil (0.08 g, 32%): 1H NMR (300 MHz,
CDCl3) δ 8.25 (d, J¼ 8.8 Hz, 2H, H-2), 7.72 (m, 4H, H-200),
7.65 (d, J ¼ 2.3 Hz, 1H, HCNO), 7.46 (m, 6H, H-300 and
H-400), 6.89 (d, J ¼ 8.8 Hz, 2H, H-3), 4.19 (m, 4H,
J ¼ 7.3 Hz, 2 � –OCH2CH3), 3.96 (t, J ¼ 6.3 Hz, 2H, 10–
CH2), 2.25 (m, 2H, 80–CH2), 1.84, (s, 3H, C(CH3)2), 1.78
(s, 3H, C(CH3)2), 1.74 (m, 2H, 70–CH2), 1.62 (m, 4H, 20–
CH2 and 30–CH2), 1.39 (m, 6H, 40CH2, 50–CH2 and 60–
CH2), 1.30 (t, J ¼ 7.1 Hz, 6H, 2 � –OCH2CH3);

13C NMR
(75 MHz, CDCl3) δ 160.5 (C-4), 133.0 (d, J ¼ 97.9 Hz,
C-100), 132.8 (d, J ¼ 5.5 Hz, HCNO), 131.6 (d, J ¼ 2.8 Hz,
C-400), 130.9 (C-2), 130.6 (d, J ¼ 8.8 Hz, C-200), 128.5 (d,
J ¼ 11.5 Hz, C-300), 123.3 (d, J ¼ 1.7 Hz, C-1), 114.1 (C-3),
72.1 (d, J ¼ 154.6 Hz, C(CH3)2), 67.7 (10–CH2), 63.2 (d,
J ¼ 7.1 Hz, 2 � –OCH2CH3), 30.5 (60–CH2), 29.5 (d,
J ¼ 72.1 Hz, 80–CH2), 28.9 (30–CH2 and 40–CH2), 28.7 (20–
CH2), 25.7 (50–CH2), 23.2 (C(CH3)2), 21.3 (d, J ¼ 3.8 Hz,
70–CH2),16.4 (d, J ¼ 6.0 Hz, 2 � –OCH2CH3);

31P NMR
(121.5 MHz, CDCl3) δ 32.67, 23.44; HRMS-ESI: calcd. for
C34H48NO6P2

+ [M + H]+ 628.2951, found 628.2948.

4. Synthesis of 2-(diethoxyphosphoryl)-N-(3-(4-(diphenylpho-
sphoryl)butoxy)benzylidene)propan-2-amine oxide (9d). The
title compound is obtained from 3-OH-PPN 2b (0.2 g,
0.63 mmol) and IBTP 4 (0.43 g, 0.76 mmol). Compound
9d is obtained as a yellow oil (0.19 g, 53%): 1H NMR
(500 MHz, CD3OD) δ 8.12 (brs, H-2), 7.88 (d, J ¼ 2.4 Hz,
1H, HCNO), 7.77 (m, 4H, H-200), 7.70 (brd, J¼ 7.9 Hz, 1H,
H-6), 7.59 (m, 2H, H-400), 7.52 (m, 4H, H-300), 7.33 (t,
J ¼ 7.9 Hz, 1H, H-5), 6.99 (dd, J ¼ 7.9 and 2.3 Hz, 1H,
H-4), 4.21 (m, 4H, 2 � –OCH2CH3), 4.02 (t, J ¼ 6.1 Hz,
2H, 10–CH2), 2.50 (m, 2H, 40–CH2), 1.92 (quint, J¼ 6.7 Hz,
2H, 20–CH2), 1.84 (s, 3H, C(CH3)2), 1.81 (s, 3H, C(CH3)2),
1.77 (m, 2H, 30–CH2),1.33 (t, J ¼ 7.2 Hz, 6H, 2 � –
OCH2CH3);

13C NMR (125 MHz, CD3OD) δ 160.2 (C-3),
136.1 (d, J ¼ 6.4 Hz, HCNO), 133.7 (C-400), 133.5 (d,
J ¼ 98.9 Hz, C-100), 132.9 (C-1), 131.8 (d, J ¼ 9.2 Hz,
C-200), 130.6 (C-5), 130.1 (d, J ¼ 11.9 Hz, C-300), 123.7
(C-6), 119.0 (C-2), 115.6 (C-4), 74.7 (d, J ¼ 159.5 Hz, C
(CH3)2), 68.3 (10–CH2), 65.0 (d, J ¼ 6.4 Hz, 2 � –
OCH2CH3), 31.0 (d, J ¼ 14.7 Hz, 20–CH2), 29.4 (d,
J ¼ 72.4 Hz, 40–CH2), 23.6 (C(CH3)2), 19.4 (d,
J ¼ 3.7 Hz, 30–CH2), 16.8 (d, J ¼ 5.5 Hz, 2 � –
OCH2CH3);

31P NMR (101.3 MHz, CD3OD) δ 36.93,
23.24; MS-ESI: m/z (%): 572.2 (100) [M + H]+, 594.2
(46) [M + Na]+.
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3.8 Cell Cultures

and Cytotoxicity

Assays for Nitrones

8(a–d) and 9(a–d)

1. Renew the medium of confluent cells and expose them for 24 h
to test compounds (0.01 μM to 0.2 mM) in wells containing a
final 0.1% DMSO concentration in DMEM (vehicle).

2. Assess cytotoxicity at the end of drug exposure: remove 10 μL
of medium from each well for determining extracellular LDH
release as described in [8]. Remove the remaining incubation
medium, wash cells two times with PBS 1� (+/+) and deter-
mine cytotoxicity using ATP, FMCA, and MTT assays (see [8]).

3. Cytotoxicities, as assessed by the MTT assay, are significantly
decreased in all new (EtO)2P(O)-substituted linear nitrones as
compared to TPMP and mito-PBN (Fig. 2A), consistent with
our previous work on relevant cyclic structures [9]. Of interest,
comparison of IC50 values obtained in 8- versus 9-type
nitrones (Fig. 2A) suggests that the presence of a TPP+ moiety
somewhat increases the cytotoxicity of mito-PPNs, a property
reported earlier [7, 18]. The same trend is obtained using the
other endpoints of viability and/or necrosis (LDL release, ATP
depletion and FMCA assay; data not shown).

3.9 Protocol: EPR

Spin Trapping

of n-Octyloxyl Radical

1. Prepare a stock solution containing 25% v/v of 1-octanol
(Sigma-Aldrich) in dry DMSO.

2. Use Eppendorf tubes (1.5 mL) for preparing a 0.5-mL aliquot
of nitrones 1, 8c or 8d (final concentration, 50 mM) in stock
solution.

3. Add ~1 mg of Pb(OAc)4 to the aliquot and vortex for 5 s.

4. Quickly add the resulting dark red mixture into a 50 μL glass
capillary, seal it at both ends with Noxygen wax, and center it in
the resonant EPR cavity.

5. Record the EPR spectrum at room temperature within 60 s
after addition of Pb(OAc)4. Typical EPR settings used: modu-
lation amplitude, 0.028–0.063 mT; receiver gain,
1.6–2.2 � 105, time constant, 81.92 ms; sweep rate,
0.12 mT/s, field resolution, 4096 points. Due to the relatively
good persistency of the signals, up to 5 individual spectra are
averaged.

6. Transfer spectral data to a computer and use simulation soft-
ware WinSim ([19]; https://www.niehs.nih.gov/research/res
ources/software/tox-pharm/tools/index.cfm) for calculating
aN, aH and aP coupling constants of spin adducts (Table 1).

7. Figure 3 illustrates the good EPR spin trapping property
in vitro of nitrones 8c,d compared to 1 toward n-octyloxyl
radical, a model lipophilic alkoxyl radical mimicking those that
can transiently form in cells undergoing lipid peroxidation (see
Note 1).
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3.10 Protocol:

Isolated Liver

Experiments

and Subcellular

Mitochondrial

and Cytosolic

Fractions Preparation

[10, 13]

Animals are deeply anesthetized by intraperitoneal injection of
sodium pentobarbital (100 mg/kg). After the opening of the
abdomen wall, the portal vein is cannulated (antegrade perfusion)
and the liver is perfused at 37 �C in a nonrecirculating mode by a
KH bicarbonate buffer. The starting perfusion rate is set at 20 mL/
min (see Note 2). The excised liver is weighed, and the perfusion is
adjusted to a flow rate of 3 mL/min/g of wet weight. After a
30 min equilibration period, an aliquot of the stock solution of
8a or 9a nitrone in DMSO is added to the perfusion medium to

Fig. 2 (A) IC50 values after 24 h exposure of normal murine 3T3 fibroblasts, and (B) antiapoptotic activity in
Schwann cells treated by H2O2 (100 μM) for 16 h of new nitrones. IC50, defined as the concentration resulting
in 50% cell viability, was calculated from concentration-response curves (0.1 μM to 0.2 mM). Schwann cells
were preincubated with nitrones (0.1 μM) for 8 h before H2O2 exposure. Data from MTT assay are means� SD
of 3–6 independent experiments made in triplicate. Statistics: one-way ANOVA ( p< 0.05) followed by Duncan
test: #p < 0.05 versus 9-type nitrones; }p < 0.05 versus 8- and 9-type nitrones; *p < 0.05 and **p < 0.01
versus H2O2-treated cells. New nitrones were given acronyms to visualize structure–activity effects
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achieve a final concentration of 1 μM, and the perfusion is extended
for 1 h. The perfusate is then switched to an ice-cold KH buffer for
10min (seeNote 3), and the liver is homogenized in five volumes of
a solution containing 0.25 M sucrose and 10 mM HEPES. After
filtration, the homogenate is centrifuged at 750 � g for 10 min at
2 �C, the mitochondrial and cytosolic fractions are isolated from the
supernatant by differential centrifugation as previously described
[10, 13] and finally resuspended in 1 mL KH buffer. These samples
are extracted at 20 �C with dichloromethane (2 � 5 mL), and the
combined organic layers are concentrated under reduced pressure
to give a dry residue. Data are pooled from 3 to 4 livers/test
compound. Each residue is subsequently dissolved in 20 μL of
DMSO and frozen until 31P NMR analysis.

3.11 31P NMR

on Mitochondrial

and Cytosolic Extracts

1. Dilute the mitochondrial or cytosolic residues with DMSO-d6
(500 μL) and transfer the solution into a 5-mm NMR tube.
Record the 31P NMR spectrum under DMSO-d6 lock solu-
tions using a ZGIG sequence with a 30� (17.07 μs) pulse
width, acquisition time of 0.84 s, repetition delay of 2.00 s,
and a 32 scans acquisition. Spectra of mitochondrial and cyto-
solic repartition for nitrones 8a and 9a are shown in Fig. 4
(here, we used a Bruker Avance III spectrometer operating at a
phosphorus frequency of 242.94 MHz).

2. 31P NMR spectra of Fig. 4a, c show that the TPP+ vectorized
nitrone 8a distributed both in mitochondria and cytosol (with
a mitochondrial–cytosolic ratio of 2:1), based on the detection
of the P(O)(OEt)2 (δ 24.1 ppm) and TPP+ (δ 24.6 ppm) peaks,
whereas its diphenylphosphonyl structural analog 9a is found
only in cytosol, based on the detection of the P(O)(OEt)2 (δ
24.1 ppm) and P(O)Ph2 (δ 31.1 ppm) peaks (Fig. 4b, d) (see
Note 4).

3.12 Apoptosis

Experiments

1. Expose Schwann cells to different H2O2 concentrations for
16 h. Perform the MTT and LDH assays to determine the
cell damage and select the appropriate H2O2 concentration to
establish the model of oxidative stress [14] (see Note 5).

Table 1
Calculated EPR parameters of selected n-octyloxyl spin adducts

Nitrone

aN aH aP
g-factor(mT)

1 1.368 0.196 – 2.0060

8c 1.266 0.133 4.031 2.0062

8d 1.259 0.133 3.994 2.0062

Spectra are recorded at room temperature in DMSO
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2. Incubate Schwann cells with test nitrone and TPMP solutions
(0.1–1 μM) for 8 h and then add H2O2 (100 μM) for 16 h.
Perform the MTT and LDH assays to determine cell damage.

3. Cell viability, as assessed by the MTT assay, dropped by 70%
upon treatment with H2O2. As compared to TPMP all nitrones
(at 0.1 μM) better inhibited this H2O2-induced apoptosis of

Fig. 3 EPR spectra of n-octyloxyl radical adducts formed upon reaction of lead tetraacetate with DMSO
solutions containing 25% v/v 1-octanol and ~50 mM of nitrones 1 (A), 8c (B), or 8d (C), showing signal
simulation. Insert: Spin trapping reaction for nitrone 8c showing coupling nuclei in circles. Signals were
obtained at room temperature by signal averaging 3 (A), 1 (B), or 5 (C) scans. Asterisks indicate EPR lines
belonging to trace unknown spin adducts (<5% of total signal). For simulated signal of (C), a good fit was
obtained by assuming an additional triplet with aN ¼ 1.525 mT (0.7% of total signal)
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the cells (Fig. 2B), suggesting that direct FR scavenging may be
a relevant protective mechanism both in cytosol and mitochon-
dria. Despite TPP+ vectorized compounds of 8-type have
shown enhanced toxicity versus 9-type derivatives (Fig. 2A)
they are yet found significantly more efficient against apoptosis
(Fig. 2B). In the H2O2-based apoptosis model and cell type
selected here, this suggests that specifically targeting the mito-
chondria would be a better therapeutic strategy. The shortest
methylene chain lengths (n ¼ 4 versus n ¼ 6 or 8) are found to
alleviate the TPP+ induced cytotoxicity property in mito-PPNs,
but not in their phosphonyl analogs (Fig. 2a), while no such
structural effect is evident in apoptosis experiments (Fig. 2B).

4 Notes

1. Spin trapping is a widely used technique where an unstable free
radical reacts with a molecule (mostly a nitrone in biological
studies) to form a reasonably more stable, EPR detectable spin
adduct (generally a nitroxide). Under certain conditions EPR
parameters of a biological spin adduct (e.g., coupling con-
stants, see Fig. 3) are characteristic of the trapped radical, the
assignment of which must be confirmed by suitable controls, or
comparison with the literature or spin adduct databases
[20]. To the authors’ knowledge a few n-octyloxyl spin adducts
have been reported, using nonphosphorylated cyclic
nitrones [21].

2. It is assumed that the liver weight represents about 4% of the
body weight (i.e., 6–8 g).

Fig. 4 31P NMR signals in DMSO-d6 recorded from samples of mitochondrial (a, b) and cytosolic (c, d) extracts
from the same rat liver that underwent a 60 min normothermic perfusion with Krebs�Henseleit buffer
containing 1 μM of 8a (a, c) or 9a (b, d). Chemical shifts (in ppm relative to 85% H3PO4 in D2O): (EtO)2P
(O)-, 24.1 and Ph3P

+-, 24.6 (8a) or P(O)Ph2- 31.1 (9a) in DMSO-d6
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3. This step is assumed to completely remove the test compound
from the extracellular space.

4. Compounds 8 and 9 bear two phosphorus atoms, yielding two
31P NMR peaks. It has been demonstrated that the chemical
shift associated with the TPP+ group remains constant at
~24.6 ppm [10] while the one associated with the (EtO)2P
(O) group is ~24.1 ppm [8, 10]. A third peak is observed in the
cytosolic extract (30.7 ppm) of nitrone 9a (Fig. 4d) and is
probably due to degradation or liver metabolism of compound
9a during the recirculating process.

5. Here the H2O2 concentration that induced ~60% of cell viabil-
ity in this oxidative stress-induced model of apoptosis is
100 μM.
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Chapter 6

Insights on Targeting Small Molecules to the Mitochondrial
Matrix and the Preparation of MitoB and MitoP as
Exomarkers of Mitochondrial Hydrogen Peroxide

Andrew G. Cairns, Stephen J. McQuaker, Michael P. Murphy,
and Richard C. Hartley

Abstract

Small molecules can be physicochemically targeted to the mitochondrial matrix using the lipophilic
alkyltriphenylphosphonium (TPP) group. Once in the mitochondria the TPP conjugate can detect or
influence processes within the mitochondrial matrix directly. Alternatively, the conjugate can behave as a
prodrug, which is activated by release from the TPP group either using an internal or external instruction.
Small molecules can be designed that can be used in any cell line, tissue, or whole organism, allow for
temporal control, and can be applied in a reversible dose-dependent fashion. An example is the detection
and quantification of hydrogen peroxide in mitochondria of whole living organisms by MitoB. Hydrogen
peroxide produced within the mitochondrial matrix is involved in signaling and implicated in the oxidative
damage associated with aging and a wide range of conditions including cardiovascular disease, neurode-
generation, and cancer. MitoB accumulates in mitochondria and is converted into the exomarker, MitoP, by
hydrogen peroxide in the mitochondrial matrix. The hydrogen peroxide concentration is determined from
the ratio of MitoP to MitoB after a period of incubation, and this ratio is determined by mass spectrometry
using d15-MitoP and d15-MitoB as internal standards. Here we discuss the targeting of small molecules to
the mitochondrial matrix using TPP, and describe the synthesis of MitoB and MitoP and the deuterated
standards necessary for quantification of hydrogen peroxide in the mitochondrial matrix of whole living
organisms.

Key words Mitochondria, Targeting, Reactive oxygen species, Exomarker, Oxidative stress, Hydro-
gen peroxide, Chemical biology, Mass spectrometry, Drug delivery

1 Introduction

1.1 Mitochondria-

Targeted Drugs,

Prodrugs, and

Bioactives

Small molecules are useful both as medicines and as tools to eluci-
date biological processes [1]. A key advantage to small molecules is
that in theory they can be used in any cell line, tissue, organ, or
organism. Their use does not require the manipulation of proteins
and gene expression through mutation and RNA-dependent gene
silencing, so they can be applied to native tissues and organisms.
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Furthermore, a small molecule that is useful for the study of a
biological process can often be a lead compound for drug discovery,
and vice versa.

Mitochondria play a central role in metabolism, supplying most
of the ATP used by cells, and also are key to signaling, homeostasis,
and the events leading up to apoptosis and necrosis [2, 3]. Mito-
chondrial dysfunction contributes to wide range of pathologies
including cardiovascular diseases, neurodegeneration, and cancer
[2], and is implicated in the process of aging itself [4–6].

Drugs can act on targets in the mitochondria without having an
independent mechanism for their accumulation there. However,
efficacy would be increased and side-effects decreased if the con-
centration of a drug is elevated near its site of action. For this
reason, it is desirable to have a mechanism of targeting small
molecules to the mitochondria, and in particular the mitochondrial
matrix where much of metabolism is sited (Fig. 1). Targeting of a
bioactive compound or sensor to mitochondria requires selective
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Fig. 1 Delivery to particular subcompartments is necessary for targeting, for example the biochemistry of the
tricarboxylic acid (TCA) cycle can only be accessed if the molecule can reach the matrix. There are a number
of routes that allow particular localizations. Large structures may associate with the outer membrane.
Relatively small molecules (including some peptides) may diffuse freely across the outer and inner mem-
branes provided they are sufficiently lipophilic. Small charged or highly polar molecules may be transported
across the mitochondrial outer membrane through the voltage dependent anion channel (VDAC) and may enter
the matrix through one of the SLC25 family of mitochondrial carriers. Most peptides cannot cross membranes
by free diffusion but may cross the mitochondrial outer membrane if recognized by the translocase of the outer
membrane (TOM) and traverse the mitochondrial inner membrane if recognized by the translocase of the inner
membrane (TIM). Even if not specifically targeted to a subcompartment by a particular mechanism of uptake,
bioactive molecules or sensors may be localized through their interactions with a particular protein or lipid,
such as cardiolipin, but only if an appropriate mechanism for crossing the intervening membrane or
membranes allows this
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delivery to a particular mitochondrial subcompartment. Delivery to
the outside of the mitochondrial outer membrane (MOM), or to
the intermembrane space or to the matrix will dramatically affect
what processes can be influenced effectively by a bioactive com-
pound and what effects a sensor may detect. For example, some
anticancer drugs that induce apoptosis exert their effect on targets
in the MOM [7–9], while some compounds that limit ischemic
reperfusion injury act on succinate dehydrogenase located on the
matrix side of the MIM [10, 11]. Colocalization of a fluorescent
compound with fluorescently labelled mitochondria in cells is often
presented as sufficient evidence of successful targeting. Unfortu-
nately, the diffraction limited optics of normal microscopy do not
allow suborganellar resolution without the use of super-resolution
techniques [12]. Thus, a compound may be colocalized with mito-
chondria, but still not delivered to the correct site for its proposed
mode of action.

There are a variety of approaches for the delivery of molecular
cargo to mitochondria [13]. These include nanoparticles and lipo-
somes [14–16], and peptide sequences [17, 18], but the most
general method of delivery involves conjugating the small molecule
to a lipophilic cation [3, 19]. The last of these takes advantage of
the membrane potential across the mitochondrial inner membrane
(MIM) to target compounds specifically to the mitochondrial
matrix.

The electron transport chain (ETC) sited in the MIM pumps
protons out of the mitochondrial matrix into the intermembrane
space between the MIM and the mitochondrial outer membrane.
This gives rise to a small difference in pH and a high membrane
potential due to charge separation across the MIM, because the
positively charged protons are not accompanied by anions. Thus,
the membrane potential (Δψ) across the MIM is negative on the
matrix side. A proton-motive force resulting from the membrane
potential and to a lesser extent the pH gradient drives the produc-
tion of ATP from ADP and phosphate by ATP-synthase [20].

Targeting to the mitochondrial matrix can be achieved by
incorporating a lipophilic cation in the drug (Fig. 2). Lipophilic
cations can cross the MIM freely by diffusion both in and out. The
positive charge leads to accumulation within the mitochondrial
matrix as a result of Δψ . The process is governed by the Nernst
equation so that for every 60 mV there is a tenfold accumulation in
the matrix relative to the cytosol. This results in a several-hundred-
fold higher concentration in the matrix for Δψ between 120 and
180 mV. There is also a small plasma Δψ that leads to a 3–10 fold
accumulation of lipophilic cations within the cell, and this means
that the concentration within the mitochondrial matrix may be over
a thousand-fold that outside the cell [3, 19].

It is important to note that the individual lipophilic cations
freely diffuse in and out of the mitochondria. If such diffusion is
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implausible due to size, for example some nanoparticles too large to
cross the MIM [21], then an alternative explanation for accumula-
tion is necessary and the specific localization within the mitochon-
dria needs to be elucidated. Furthermore, the higher concentration
within the matrix does not cancel the charge inside; the overall ratio
is maintained by the membrane potential driven by the ETC and is
independent of the concentration of lipophilic cation used; for
example, a 300:1 ratio would be maintained if it were
300 nM:1 nM or if it were 3 μM:10 nM.

The lipophilic cation of choice is the alkyltriphenylphospho-
nium (TPP) cation [3, 19, 22] because it has been extensively
validated in vivo, including in humans; for example, volunteers in
a phase II clinical trial of MitoQ were dosed orally with this
mitochondria-targeted antioxidant for 1 year without safety issues
[23] (Fig. 3a). Conjugates of TPP diffuse freely across membranes
and the cationic nature of the compounds gives them good water
solubility. The ease with which lipophilic cations cross membranes
is best modelled by calculating the transfer energy of the solvated
cation from water to an alkane solvent (hexane or octane)
[24, 25]. It is important to note that this is not bulk partitioning,
which also involves the solubility of the counter-anion. In order to
accumulate in the membrane-potential dependent way, the cation
must cross alone so that there is movement of charge [25]. Varia-
tions of the TPP head group have been studied and 3,5-dimethyl
substitution provides a good balance of synthetic accessibility and
increased uptake [26]. TPP is shaped like an inside-out umbrella,
which limits the solvent accessible charge so that it is not highly
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Fig. 2 The accumulation of lipophilic cation conjugates in the mitochondrial matrix due to the plasma
membrane potential and the greater membrane potential across the mitochondrial inner membrane
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Fig. 3 Example bioactives targeted to the mitochondria by TPP. (a) Antioxidants that react directly with ROS
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light. (f) A prooxidant that selectively removes the mitochondrial thiol antioxidant defense. (g) A prooxidant,
MitoParaquat, that selectively generates superoxide from molecular oxygen in the mitochondrial matrix, thus
elevating mitochondrial ROS. (g) A control compound for use with MitoParaquat in whole living organisms
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solvated in water and can transfer easily through membranes
[25]. This shape also prevents the cation intercalating into double
stranded nucleic acids, which can be a problem for planar lipophilic
cations such as phenanthridinium ions [27]. The TPP group is
small, having a hydrophobic radius of about 4.2 Å [20], and so
does not sterically impede diffusion across membranes. It is also
easily introduced by chemical synthesis (see below).

On the other hand, the TPP cation is not a universal
mitochondria-targeting group. The mechanism of uptake matters:
if the TPP conjugate as a whole is too polar or too large, this is likely
to preclude free diffusion across membranes [28–31]. Under these
circumstances, colocalization with the mitochondria is not a suffi-
cient indicator of delivery to the mitochondrial matrix. Further
evidence is needed. TPP’s mechanism of targeting requires uptake
to be Δψ-dependent. This can be tested by showing that accumu-
lation is significantly decreased or abolished when an uncoupler,
such as FCCP, is used [20]. Uncouplers translocate protons across
the MIM thereby removing Δψ and uncoupling the activity of the
electron transport chain from ATP synthase. If necessary, the small
effect of the pH gradient across the MIM can be separated from the
larger effect of Δψ by using nigericin. This K+/H+ exchanger
replaces the pH gradient with a greater Δψ to maintain the same
proton-motive force [20], resulting in an increase in the uptake of
compounds, such as simple TPP conjugates, that accumulate driven
by Δψ independent of pH.

A wide range of TPP conjugates have been synthesized and
shown to accumulate in mitochondria (Fig. 3). Generally, the cargo
to which the TPP is conjugated is not itself charged. However,
carboxylic acids that exist predominantly in their anionic carboxyl-
ate form at pH 7 can be targeted to mitochondria using TPP.
Indeed, zwitterionic carboxylate 1 accumulates to a greater extent
than the simple triphenylmethylphosphonium cation. At first sight
this may seem perplexing as the zwitterion 1 has no overall charge
(Fig. 4) [32]. The key feature of this system is that the zwitterionic

Fig. 4 Mechanism of accumulation of a zwitterionic TPP-carboxylate conjugate in the mitochondrial matrix
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form 1 is too polar to cross membranes but it is in equilibrium with
the monocationic carboxylic acid 2, which is a lipophilic cation and
can diffuse freely across the MIM. The carboxylic acid form 2 parti-
tions across the membrane in accordance with the Nernst equation.
The carboxylic acid 2 inside the matrix is also in equilibrium with
the deprotonated membrane-impermeant zwitterion 1. If the pH
were the same on the inside and outside of the MIM, the zwitter-
ionic form 1would accumulate to the same degree as the carboxylic
acid 2. However, the pH inside is higher than outside, so accumu-
lation of the zwitterionic form inside is greater than would be
expected from the Nernst equation alone.

The TPP conjugate could be a drug itself, as is the case of
MitoQ (Fig. 3a) [33] and most other drug candidates that use
the TPP targeting group (Fig. 5a). In theory, a TPP-drug would
distribute throughout the body, concentrating in tissues with high
mitochondrial content, such as muscle and liver. However, what if
selectivity for a single tissue or site is important? In these cases a
prodrug strategy is appropriate whereby the inactive prodrug dis-
tributes to all mitochondria, but the drug is released from the TPP
targeting group only within particular mitochondria or inside the
mitochondria of particular tissues.

Prodrug activation could either be by an instruction from
outside the living cells (Fig. 5b) or by a process within the mito-
chondria (Fig. 5c), and we have demonstrated both approaches

Fig. 5 TPP-drug conjugates that (a) act directly as drugs, (b) are prodrugs that release the drugs in response to
an instruction from outside the mitochondria, and (c) are prodrugs that release the drugs in response to an
instruction from within the mitochondria
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[34, 35]. MitoPhotoDNP [34] is a UV light-activated mitochon-
drial uncoupler (Figs. 3e and 5b). It accumulates in all mitochon-
dria in accordance with the Nernst equation, but can be activated
within particular mitochondria by irradiation with UV light to
release the proton translocator, 2,4-dinitrophenol (DNP). DNP
crosses the MIM in both its protonated phenol form and its depro-
tonated phenoxide form (DNP�), and so it abolishes the mem-
brane potential of the selected mitochondria, uncoupling the ETC
from ATP-synthase. This gives sustained depolarization of discrete
mitochondria and has been used to show that the interconnected
mitochondrial network in muscle allows energy supply by a minimal
diffusion of metabolites and electrical conduction across the
network [36].

Each cell contains many mitochondria and it is likely that some
function well, while others are dysfunctional. The production of
reactive oxygen species (ROS) as a result of reduction of oxygen to
superoxide by complex I of the ETC in particular, is implicated in a
wide range of diseases (Fig. 6) [2, 11]. Reverse electron transport
through the ETC contributes to the production of superoxide
[10, 11, 37] and is greatest when the membrane potential is high

Molecular oxygen (O2)

e– leaked from electron transport chain, 
particularly when membrane potential is high

Superoxide anion (O2
•–)

Superoxide dismutase

Hydrogen peroxide (H2O2)

Diffuses away from 
source of generation

Hydroperoxyl radical (HO•)

Fe2+ + H+

Fe3+ + H2O
Fenton reaction (anywhere)

DAMAGE to DNA, lipid 
membranes etc.
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Cancer
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neurodegeneration, 
cell death in stroke.

Events in 
mitochondrial matrixAconitase

Oxidation e.g. of protein thiols 
(Cys) and sulfides (Met)

Signaling Damage

Fig. 6 ROS and their generation in the mitochondrial matrix. ROS generation is initiated by reduction of
molecular oxygen to superoxide by the electron transport chain, in particular complexes I and III. Superoxide
can damage the iron-sulfur cluster of aconitase, an enzyme in the TCA cycle, and so is rapidly dismutated to
oxygen and hydrogen peroxide by superoxide dismutase. Hydrogen peroxide is relatively stable and can
diffuse out of the matrix. It can oxidize protein thiols (Cys) and sulfides (Met), and so signal redox status but
may also cause damaging oxidative stress if the antioxidant defense is insufficient. Where accessible redox
active metals are available, hydrogen peroxide is converted to the hydroxyl radical, which is highly damaging
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[38]. Superoxide rapidly disproportionates to hydrogen peroxide
and molecular oxygen under catalysis from superoxide dismutase
(SOD) [39], and elevated mitochondrial hydrogen peroxide levels
appear to contribute to the aged phenotype. Indeed, the free radical
theory of aging suggests that mitochondrial ROS are the main
driving force of aging. It may be tempting to suggest that antiox-
idants would slow the process of aging and provide a panacea for
the treatment of diseases where damage is mediated or accentuated
by oxidative stress. However, this has not proved to be the case
[40], possibly because the antioxidants are not distributing to the
regions where they are needed. Non-targeted antioxidants may also
interfere with intracellular signaling, which is partly mediated by
hydrogen peroxide and other ROS.

Targeting antioxidants to the mitochondria ameliorates oxida-
tive damage at the site where most endogenous ROS are generated.
Thus, the TPP-antioxidant conjugates MitoQ [23, 33], MitoE
[41], and the various TPP-nitroxide conjugates [42–45] are effec-
tive antioxidants that scavenge ROS (Figs. 3a and 5a); some of
these require in situ reduction to generate the active antioxidant
and this provides a route for regeneration. Thus, even though they
react stoichiometrically, each molecule can quench many ROS as a
result of recycling. MitoQ is an example of this: it is activated as an
antioxidant by reduction by the ETC within the mitochondrial
matrix, and is rapidly reactivated after oxidation by ROS
[46]. Mechanistic mimetics of SOD and peroxidase have also
been targeted to mitochondria (Fig. 3b) [45, 47, 48]; although
these are true catalysts, their turnover rates are significantly slower
than endogenous enzymes. On the other hand, the TPP conjugate,
MitoSNO (Fig. 3c), reduces the production of ROS by inhibiting
the mechanism of ROS generation [49]. In principle, this is a more
efficacious approach because MitoSNO stoichiometrically inhibits
the catalytic generation of ROS by the ETC, so that each molecule
of MitoSNO prevents the formation of many ROS molecules.
MitoSNO limits the damage caused by myocardial infarction
in vivo by nitrosating Cys39 on the ND3 subunit of complex I of
the ETC [50]. The nitrosation is reversible, but inhibits the ETC
during reperfusion, so minimizing the production of the ROS
responsible for reperfusion injury. Importantly, the protein thiol
target is only exposed under anoxia: this gives selectivity for affect-
ing dysfunctional mitochondria in the presence of functional mito-
chondria in other tissues.

MitoSNO acts directly on its target, which is exposed during
ischemia. An alternative approach would be to control the release of
a drug so that it is only present in dysfunctional mitochondria.
Selectivity would then be achieved through activation of a prodrug
by processes associated with dysfunctional mitochondria.
MitoDNP-SUM is a prototypical example of such a prodrug
(Figs. 3d and 5c) [35]. ROS are generated when the potential
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across the MIM is elevated. MitoDNP-SUM accumulates in all
mitochondria in accordance with the Nernst equation, and is acti-
vated by hydrogen peroxide to release the proton-translocator,
DNP. Proton translocation across the MIM is known to reduce
the membrane potential. In principle, this provides a negative
feedback as mitochondria with lower membrane potentials produce
fewer ROS and even a small drop in the membrane potential leads
to a large drop in ROS production. The release of DNP from
MitoDNP-SUM is mediated by the reaction between the hydro-
peroxide anion and the arylboronate unit (Fig. 7) [35, 51]. This
produces a phenoxide intermediate, which then fragments to
release DNP� and a quinone methide, which rapidly reacts to
give a benzylic alcohol side product. Mitochondria-targeted proox-
idants are also useful to test the effects of ROS generated in the
mitochondrial matrix or to enhance these effect when toxicity is
desired (Fig. 3f, g). MitoCDNB selectively depletes the mitochon-
drial pool of glutathione (GSH) catalyzed by mitochondrial gluta-
thione S-transferase, and inactivates mitochondrial thioredoxin-
reductase, both of which are important to the mitochondrial anti-
oxidant defense (Fig. 3f) [52]. The effects of MitoCDNB also
illustrate the important point that TPP conjugates can provide
selectivity for mitochondrial matrix enzymes over similar enzymes
in the cytosol, even when there is no difference in the chemical
reactivity of the bioactive moiety toward the enzymes and enzyme-
catalyzed processes in the two locations and the TPP conjugate
must traverse the cytosol to accumulate in the matrix. MitoPara-
quat demonstrates an alternative prooxidant mechanism, instead of
chemically knocking down the antioxidant defense, it selectively
generates superoxide in the mitochondrial matrix (Fig. 3g)
[25]. Its viologen unit is reduced by complex I of the ETC and
the resulting radical cation is then reoxidized by molecular oxygen
generating superoxide so that it acts as a redox cycler generating
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superoxide catalytically. Interestingly, very low levels of MitoPara-
quat protect mice against ischemic reperfusion injury to their hearts
when dosing is carried out before ischemia, an example of hormesis
[53]. In order to confirm that the effect was due to the redox
cycling action of MitoParaquat, a very similar compound that
could not redox cycle was used as a control (Fig. 3h).

1.2 Mitochondria-

Targeted Sensors

Mitochondrial ROS appear to be important to a wide range of
diseases [2, 3]. Furthermore, there is growing evidence that differ-
ent ROS have different effects, and that these effects are location
and concentration dependent [54]. Therefore, a range of mito-
chondria-targeted sensors have been reported (Fig. 8). Nitrone
spin traps have been made that react with the highly reactive
radicals involved in oxidative stress to give longer lived nitroxyl
radicals that can be detected by EPR spectrometry, for example
MitoPBN [55], MitoSpin [56], MitoBMPO [57], and Mito-
DEPMPO (Fig. 8a) [58, 59]. Often, the hyperfine couplings
allow the type of radical trapped to be identified. The adducts of
oxygen-centred radicals are generally short-lived, and superoxide
adducts are particularly unstable. However, MitoBMPO and Mito-
DEPMPO produce distinct, detectable superoxide adducts [57–
59]. Unfortunately, high concentrations of the traps are necessary
making in vivo work impractical.

An alternative is to detect ROS using fluorescence [60]. Super-
oxide can be detected by Mito-HE (commercially called Mito-
SOX™ red, Fig. 8b) [61], an analogue of hydroethidine targeted
to the mitochondria by TPP, which gives a specific hydroxylatedN-
alkylphenanthridinium salt, HO-Mito-Etd+, upon reaction with
superoxide. The product can be detected using its fluorescence at
579 nm when excited at 510 nm, or by excitation at 396 nm.
Exciting at 396 nm minimizes confusion arising from other phe-
nanthridinium cations produced by nonspecific oxidation. The
detection method in cellulo relies on the fluorescence enhancement
that occurs when the phenanthridinium cations intercalate into
double-stranded nucleic acids. Since other phenanthridinium
cations also fluoresce, efforts have been made to distinguish and
quantify the products of hydroethidine oxidation by HPLC
[62]. The interaction with double-stranded nucleic acids is prob-
lematic for in cellulo monitoring of mitochondrial superoxide
because the fluorescence enhancement depends on the availability
of double-stranded nucleic acids, and because it could affect signal-
ing and also cause redistribution of the fluorophore resulting in
artefacts. To overcome these complications and to enhance the
selectivity for detection of superoxide over other ROS, the hydro-
ethidine analogue MitoNeoD was developed as a superoxide sensor
(Fig. 8b) [63]. The addition of neopentyl groups prevents interca-
lation into double-stranded nucleic acids and the C-6 deuteration
slows nonspecific oxidation relative to reaction with superoxide.
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These modifications allow for better monitoring in cellulo, and
consistent extraction and quantification by mass spectrometry
when MitoNeoD is used for the exomarker approach to quantify
mitochondrial superoxide in whole living organisms [63, 64].

The specific reaction between an arylboronate and hydrogen
peroxide or peroxynitrite to give a phenol has been used as an
on-switch for a mitochondria-targeted prefluorophore, MitoPy1
(Fig. 8b) [65, 66]. The reaction is irreversible, so the rate of

Fig. 8 Examples of mitochondria-targeted sensors for detecting ROS and the products of oxidation within the
mitochondrial matrix. (a) Nitrone spin traps for detecting free radicals. (b) Probes for detecting ROS through
fluorescence. (c) Probes for detecting ROS and products of oxidation through an exomarker approach utilizing
mass spectrometry
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increase of fluorescence indicates the concentration of hydrogen
peroxide present. Fluorescent probes are easy to use in cell-based
studies, but are less useful in whole organisms due to autofluores-
cence and limited light penetration. One solution is to express
luciferase in an organism and then use a so-called peroxy caged
luciferin (e.g., PCL-2) [67, 68], which is uncaged by hydrogen
peroxide by the mechanism discussed above. The luciferin then
undergoes a chemiluminescent reaction catalyzed by the expressed
luciferase leading to emission of light in response to hydrogen
peroxide. However, there is no mitochondria-targeted version of
this compound yet.

The lack of effective methods of detecting specific mitochon-
drial ROS in vivo had meant that surprisingly little was known
about the concentrations of these species in whole living organisms.
This was a serious short-coming because mitochondrial ROS are
implicated in a wide range of diseases and in aging itself [2, 3]. To
tackle this deficiency in methods, we disclosed that a mitochondria-
targeted arylboronate MitoB can be used to determine directly
changes in the concentration of mitochondrial hydrogen peroxide
in whole organisms (Fig. 8c) [69, 70]. We first reported the use of
MitoB in living flies (Drosophila melanogaster), nematodes (Cae-
norhabditis elegans), and mice, including providing a detailed step
by step protocol [69, 70]. Since these reports include detailed
descriptions of how MitoB is employed, we will only provide a
very brief overview of the main features of this probe. On the
other hand, we include here a detailed protocol for the synthesis
and purification of MitoB and all the chemical standards needed for
its use.

MitoB has a TPP group that causes it to accumulate in mito-
chondria. Following injection into the organism, MitoB rapidly
distributes to the various tissues of the body so that about 90% of
the probe is intracellular and 98% of this is within the mitochondria.
It reacts with hydrogen peroxide to give the phenol, MitoP (Fig. 9).
More precisely, it reacts with the conjugate base of hydrogen per-
oxide, the hydroperoxide anion, so that the higher pH of the
mitochondrial matrix gives an additional four-fold acceleration
relative to reaction in the cytosol. Selectivity is ensured by using
two different types of reactivity displayed by hydrogen peroxide: it
is a nucleophile and it has a leaving group. With the exception of
peroxynitrite and HOCl, other ROS do not react with MitoB to
give this product [71, 72]. Unlike probes that rely on simple
oxidation, the incorporation of an atom from the reacting mole-
cule, hydrogen peroxide, provides a molecular memory of the
reactant detected. Importantly, the rate constant for reaction
between the mitochondrial peroxidase, peroxiredoxin III, and
hydrogen peroxide is over a million times higher than that for
reaction with MitoB [69]. Since MitoB reacts slowly, it does not
itself influence the hydrogen peroxide concentration.
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Both MitoB and MitoP can be easily detected by electrospray
ionization mass spectrometry (ESI-MS) with high sensitivity,
because each molecule already bears a fixed positive charge and
does not need to be ionized to be detected. As MitoB is converted
irreversibly into MitoP, the ratio of MitoP to MitoB increases with
time. The rate of this increase reflects the concentration of hydro-
gen peroxide. The concentration of MitoB in the mitochondrial
matrix is about 3000 times the extracellular concentration, and this
combined with higher proportion of hydrogen peroxide in its
deprotonated form means that MitoP production occurs almost
exclusively in the mitochondrial matrix (Fig. 10). Expressing the
amount of MitoP and MitoB as a ratio corrects for absolute
concentration.

To date, we have determined the ratio of MitoP to MitoB
following euthanizing the animals, but in principle the ratio of
MitoP to MitoB in fluids such as blood or urine might be used to
monitor hydrogen peroxide concentrations continuously because
both MitoP and MitoB freely diffuse in and out of mitochondria.
However, in all cases quantification requires correction for extrac-
tion efficiency. This is done by adding a known quantity of
d15-MitoB and deuterated d15-MitoP after the experiment is
complete and before extraction of the MitoB and MitoP. For
convenience both deutero standards are prepared from perdeutero
triphenylphosphine so that there are 15 labels in each. Thus, the
amount of MitoP (m/z 369) is determined by comparison with
d15-MitoP (m/z 384), and the amount of MitoB (m/z 397) is

Fig. 9 Reaction of MitoB to produce MitoP
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determined relative to d15-MitoB (m/z 412). Liquid chromatog-
raphy (LC) is used to separate the TPP compounds from other
endogenous compounds extracted with them. Often the TPP com-
pounds elute at the same time, and the compounds are detected
simultaneously using multiple reaction monitoring [for details of
this and the comparison with the deutero standards see Cochemé
et al. [69, 70]]. Depending on the LC system used, there may be
some or complete separation of MitoB from MitoP, and indeed
partial separation of the deutero labeled and unlabeled version of
the compounds is also possible [73–75]. Therefore, it is important
to sample the ions over the whole peak so that the proportions are
correct.

MitoP is an exomarker [64] of mitochondrial hydrogen perox-
ide in living organisms (Fig. 9). This is similar to a biomarker, but is
produced by a specific transformation of an exogenous probe, in
this case MitoB. Whereas biomarkers may be produced by a range
of processes, a small molecule probe can be designed to detect a
specific endogenous compound, in this case hydrogen peroxide, in
a particular place, for example the mitochondria. Exomarkers have
the advantage that they are neither produced nor degraded by
endogenous processes and so reflect more accurately the concen-
tration of the species they are designed to detect. An exomarker
approach to the detection of mitochondrial glyoxal and methyl-
glyoxal has also been developed using MitoG (Fig. 8c) [76].

Since the original work [69, 70] in living flies (Drosophila
melanogaster), nematodes (Caenorhabditis elegans), and mice,

Fig. 10 The molecular probe, MitoB, is converted into the exomarker, MitoP, by
reaction with hydrogen peroxide inside the mitochondria, because its concen-
tration within these organelles is approximately 3000 times the extracellular
concentration and because the matrix pH is about 0.8 pH units more alkali than
the cytosol. The ratio of MitoP/MitoB after a fixed period reflects the intrami-
tochondrial [H2O2]
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MitoB/MitoP has been used widely in these and other organisms.
We have applied this methodology in a wild species, brown trout
(Salmo trutta) [77, 78]. This raises the possibility of using the
probe in ecological studies, and the development of MitoB proto-
cols for aquatic organisms was outlined based on this experience
[79]. MitoB has also been successfully used in rats [80] and marine
sculpins [81], and in various tissue types, including liver [79, 82],
brain [83], muscle [4, 79], fat [84], heart [85–87], lung [88, 89],
kidney [4, 80], arterial [89–91], fibroblast [92], spleen [93], colon
[93], T cells [94], and induced pluripotent stem cells [95]. In
addition to metabolic studies applications have included studies of
reperfusion injury [10, 85–87], macrophage [96] and T cell regu-
lation [94], cancer metastasis [88, 97] β-cell proliferation [84],
preeclampsia [80], hypertension [89] and food supplements
[93]. The ubiquity of hydrogen peroxide and its direct origin
from superoxide make its measurement an excellent surrogate for
overall mitochondrial ROS generation. In addition to acting as a
proxy for total mitochondrial ROS, MitoB has been applied to
study hydrogen peroxide production specifically as a signaling mol-
ecule [95]. MitoB has been used to quantify hydrogen peroxide
relative to superoxide levels in order to understand the transport
and regulation of superoxide dismutase (SOD) [89, 90]. The utility
of this approach is enhanced by development of analogous targeted
exomarkers for superoxide [63], glyoxal [76] and hydrogen sulfide
[98], which use the same approach as MitoB and can be used in
concert to offer opportunities to investigate the balance of the ROS
species and gasotransmitters involved in signaling and damage.

Here we present again the detailed protocols for the prepara-
tion of MitoB, d15-MitoB, MitoP, and d15-MitoP, which we first
provided in an earlier edition of Methods in Molecular Biology [99].

2 Materials

2.1 Equipment for

Synthesis

1. UV lamp (to check TLC plates, 254 nm).

2. Oven (200 �C+ capable).

3. Fridge (0–5 �C capable).

4. Stirring/heating plate with temperature probe.

5. Oil bath or alternative heating media.

6. Rotary evaporator (in fume hood) attached to vacuum line.

7. Vacuum pump (weak vacuum, 100 mbar sufficient).

8. Vacuum line (<20 mbar).

9. Inert gas supply (approximately atmospheric pressure, balloon
sufficient), attached to a short needle.
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10. Dewar-type bowl (large enough for the 50 mL flask and
coolant).

11. Thermometer (effective down to at least �20 �C).

12. Desiccator.

13. 1� clamp stand and appropriate clamps.

14. 2 � 50 mL round bottomed flask.

15. 3 � 100 mL round bottomed flask.

16. 2 � 250 mL round bottomed flask.

17. 1 � condenser (appropriate to fit flask) and connections to
attach water.

18. 5� Suba-Seals to fit condenser and flasks.

19. 2� Magnetic stirrer bar.

20. 100 or greater mL Buchner flask and small Buchner funnel
with filter paper or equivalent filtration set up.

21. 1 L or greater mL Buchner flask and large (500 mL) Buchner
funnel with filter paper or equivalent filtration set up.

22. 50 mL beaker.

23. 2� 1 L beaker or conical flask.

24. Appropriate sample vials (10 mL).

25. Glass pipettes and pipette teats.

26. 1 mL syringes and appropriate needles.

27. 2� 20 mL syringe.

28. 1� 50 mL syringe.

29. 4� long metal needle.

30. Chromatography grade silica gel (SiO2) and acidified sand.

31. 2� TLC plates and appropriate tank.

32. NMR tube and access to NMR machine.

2.2 Synthesis of

MitoB

1. Toluene (irritant, health hazard, flammable).

2. Triphenylphosphine (harmful, health hazard).

3. (3-bromomethyl)phenylboronic acid (irritant).

4. Dimethyl sulfoxide (irritant).

5. Distilled water.

6. Diethyl ether (flammable, harmful).

7. d6-Dimethyl sulfoxide (irritant).

2.3 Synthesis of d15-

MitoB

The samematerials as forMitoB, except replace triphenylphosphine
with d15-triphenylphosphine.
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2.4 Synthesis of

MitoP

1. 3-hydroxymethylbenzylalcohol (harmful/irritant, corrosive).

2. Phosphorus tribromide (1 M solution in dichloromethane,
corrosive, harmful/irritant).

3. Anhydrous pyridine (harmful/irritant, flammable).

4. Anhydrous acetonitrile (harmful/irritant, flammable).

5. Anhydrous toluene (irritant, health hazard, flammable).

6. Triphenylphosphine (harmful, health hazard).

7. Ethyl acetate (irritant, flammable).

8. Diethyl ether (harmful, flammable).

9. Dichloromethane (harmful, health hazard).

10. Ethanol (flammable).

11. Distilled water.

12. Dry ice (CO2(s), may cause burns, CO2(g) hazardous above
1.5% concentration).

13. Acetone or 2-isopropanol (flammable, irritant).

14. d6-Dimethyl sulfoxide.

15. Magnesium Sulfate.

2.5 Synthesis of d15-

MitoP

The same materials as for MitoP, except replace triphenylphosphine
with d15-triphenylphosphine.

3 Method

3.1 Overview of

Procedure for the

Synthesis of MitoB

and d15-MitoB

MitoB was prepared from commercially available
3-(bromomethyl)phenylboronic acid using triphenylphosphine to
displace the benzylic bromide (Fig. 11). The procedure produces
the bromide salt (MW 477.14). The reaction is carried out in
boiling toluene under reflux and the MitoB bromide precipitates
from solution. The solid MitoB bromide is collected by filtration
and then recrystallized from DMSO. MitoB is an arylboronic acid
and can dehydrate to form a trimer, so a final recrystallization from
water is carried out to ensure MitoB bromide is entirely in the
boronic acid form. d15-MitoB bromide is prepared in exactly the
same way except d15-triphenylphosphine is used instead of
triphenylphosphine.

Fig. 11 Synthesis of MitoB bromide
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3.2 Setup for

Preparation of MitoB

and d15-MitoB (See

Note 1)

1. For the preparation of MitoB, weigh out 1.00 g (4.65 mmol,
1.00 eq.) 3-(bromomethyl)phenylboronic acid and 1.34 g
(5.11 mmol, 1.10 eq.) triphenylphosphine and add both to
the 50 mL round bottomed flask containing the magnetic
stirrer bar (see Note 2). Alternatively, for the preparation of
d15-MitoB, weigh out 1.00 g 3-(bromomethyl)phenylboronic
acid and 1.42 g d15-triphenylphosphine and add both to the
50 mL round bottomed flask.

2. Clamp the flask around the ground glass joint to the clamp
stand, arranged so it is centrally positioned in the heating
medium on top of the stirrer plate. Add 25 mL toluene.

3. Attach the condenser to the flask, adding a Suba-Seal and inert
gas inlet to the top of the condenser by way of a needle piercing
the Suba-Seal. Attach water supply to the condenser.

4. Insert a second needle in the Suba-Seal to act as an outlet and
purge the flask and condenser with the inert gas for 5 min.

5. Start the stirring and then set the reaction to heat to reflux. The
boiling point of toluene is 110–111 �C.

6. When the boiling temperature is reached, continue to heat the
reaction under reflux for 6 h for complete conversion to prod-
uct, which precipitates as a solid (see Note 2).

7. Turn off heat and remove the reaction from the heat source by
moving clamp arm bearing the flask upward. Allow to cool for
30 min. Meanwhile heat 20 mL toluene to 70 �C in the
100 mL round bottomed flask.

8. Filter under vacuum to collect the solid MitoB bromide.
Re-use the filtrate to wash out the contents of the round
bottomed flask pouring the washings over the filter cake of
MitoB bromide. Wash out the flask twice with the hot toluene
(10 mL each wash, preheated to 70 �C) again pouring the
washings over the filter cake of MitoB bromide. Finally wash
the filter cake followed with 30 mL diethyl ether. Allow the
material to further dry under vacuum for 20 min.

3.3 Purification of

MitoB

1. Add approximately 500 mg of solid crude MitoB bromide to
0.7 mL of dimethyl sulfoxide and heat to dissolve in a sample
vial. Allow the material to cool, crystallize, and settle (1 h) (see
Note 3).

2. Carefully remove the dimethyl sulfoxide with a pipette (leave
the crystals behind).

3. Repeat steps 1 and 2 with more solid crude MitoB bromide,
reusing the dimethyl sulfoxide from the previous crystallization
(see Note 4) and an additional 0.1 mL (measured with a 1 mL
syringe and used to wash the residual material through the
empty pipette following transfer) until all crude material has
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been recrystallized (you will now have up to five vials each
containing approximately 400 mg recrystallized material).

4. After removing the dimethyl sulfoxide from each sample vial,
add 1.5 mL of hot distilled water, agitate and allow to settle
before carefully removing the liquid with a pipette, leaving the
solid MitoB bromide in the vial. Combine these waste aqueous
solutions and the final waste dimethyl sulfoxide, then collect
any further crystals formed, retrieving the final batch of crystals
by vacuum filtration if necessary, reusing the previously men-
tioned apparatus.

5. Combine the batches of crystallizedMitoB bromide in a 100 or
greater mL round bottomed flask, using hot distilled water in
1 mL aliquots to wash any residual solid into the flask.

6. Add distilled water to a volume of 40–50 mL and heat to 80 �C
on the rotary evaporator at ambient pressure for 1 h, then allow
the heating bath to cool to 50 �C and carefully concentrate the
water under vacuum until a white solid is observed forming on
the flask walls (see Note 5).

7. When solid is observed, remove the flask and allow it to cool.
The MitoB bromide continues to precipitate from solution.
Collect the solid by filtering under vacuum as previously, allow-
ing 30 min to 1 h (depending on vacuum strength) to dry the
solid material. The filtrate can be reused to obtain more MitoB
bromide if desired, by further concentrating as in step 5.

8. Collect the material in a preweighed vial and check purity
(if possible) by 1HNMR in d6-dimethyl sulfoxide, with approx.
2 mg of material in a 0.5 mL sample (see Note 6).

Approximate Yield: 70%.

3.4 Characterization

Data for MitoB

δH (500 MHz, d6-dimethyl sulfoxide): 7.95 [2H, s, B(OH)2],
7.92–7.86 (3H, m, 3 � p-PPh3), 7.77–7.68 (7H, m, 6 � o-PPh3,
H4), 7.67–7.58 (6H, 6�m-PPh3), 7.46 (1H, s, H2), 7.18 (1H, t,
J ¼ 7.6 Hz, H5), 6.94 (1H, d, J ¼ 7.6 Hz, H6), 5.11 (2H,
J ¼ 15.6 Hz, CH2Ph). δC (100 MHz, d6-dimethyl sulfoxide):
136.88 (d, J ¼ 5.6 Hz, CH), 134.94 (d, J ¼ 2.4 Hz, CH),
133.93 (d, J ¼ 9.8 Hz, CH), 133.78 (d, J ¼ 3.6 Hz, CH),
132.25 (d, J ¼ 5.2 Hz, CH), 129.95 (d, J ¼ 12.5 Hz, CH),
127.60 (d, J ¼ 2.8 Hz, CH), 126.67 (d, J ¼ 8.5 Hz, C), 117.75
(d, J ¼ 85.5 Hz, C), 28.15 (d, J ¼ 46.5 Hz, CH2).

δP (162 MHz, d6-dimethyl sulfoxide) 23.15 (s).
IR (ATR, cm�1): 3322 (OH), 2928 (ArH, v. weak), 2882

(ArH), 2789 (ArH, v. weak), 1549 (Ar, v. weak), 1485 (Ar,
weak), 1435 (Ar, strong). LRMS (ESI): 397 [M+ (phosphonium
cation), 100%].

HRMS: 397.1518 [M+ (phosphonium cation)]. C25H23 [11]
BO2P requires 397.1524.
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Microanalysis: C25H23BBrO2P requires C: 62.93% H: 4.86%,
found C: 62.90% H: 4.80%.

3.5 Characterization

Data for d15-MitoB

δH (400 MHz, d6-dimethyl sulfoxide): 92:8 mixture of d15:d14:
7.97 [2H, s, B(OH)2], 7.74–7.69 (1H, m, H4), 7.46 (1H, s,
H2), 7.17 (1H, t, J ¼ 7.6 Hz, H5), 6.94 (1H, d, J ¼ 7.6 Hz,
H6), 5.12 (2H, J ¼ 15.6 Hz, CH2Ph). δC (100 MHz, d6-dimethyl
sulfoxide): 137.02 (d, J ¼ 5.6 Hz, CH), 135.08–134.22 (m, CD),
133.92 (d, J ¼ 2.7 Hz, CH), 134.22–133.12 (m, CD), 132.43 (d,
J¼ 5.5 Hz, CH), 130.05–129.15 (m, CD), 127.75 (d, J¼ 2.6 Hz,
CH), 126.84 (d, J¼ 8.6Hz, C), 117.67 (d, J¼ 85.4Hz, C), 28.27
(d, J ¼ 46.5 Hz, CH2). δP (162 MHz, d6-dimethyl sulfoxide):
23.01 (s). IR (ATR, cm�1): 3236 (OH), 2928 (ArH, v. weak),
2882 (ArH), 1543 (Ar), 1485 (Ar), 1424 (Ar, moderately strong).
LRMS (ESI): 412 [M+(phosphoniumcation), 100%]. HRMS:
412.2460 [M+(phosphonium cation)]. C25H23 [11]BO2P
requires 412.2465. Microanalysis: C25H8D15BBrO2P requires C:
61.00% H: 1.64% D: 6.14%, found C: 60.90% H: 1.64% D: 6.17%.

d14 peaks observed: δH (400 MHz, d6-dimethyl sulfoxide):
7.89 (0.02H, d, J ¼ 2.0 Hz, p-PPh3), 7.63 (0.03H, d,
J ¼ 12.7 Hz, o-PPh3), 7.24 (0.03H, d, J ¼ 8.0 Hz, m-PPh3).

3.6 Overview of

Procedure for the

Synthesis of MitoP and

d15-MitoP (See Note 7)

MitoP is prepared in two steps by an adaptation of the procedure
described by Dawson et al. [100] (Fig. 12). First, in reaction A,
3-hydroxybenzyl alcohol is converted into the
3-(bromomethyl)phenol by reaction with phosphorus tribromide
in a mixture of anhydrous pyridine and anhydrous acetonitrile. The
reaction is water-sensitive and phosphorus tribromide reacts vio-
lently with water. 3-(Bromomethyl)phenol is a reactive compound
and should be used for the next step soon after preparation. The
second step, reaction B, involves displacing the benzylic bromide
with triphenylphosphine to give MitoP bromide. The reaction is
carried out in boiling toluene under reflux and MitoP bromide
precipitates from solution. Often the MitoP is essentially pure
after workup, but recrystallization from ethanol is possible if
impure material is obtained. d15-MitoP bromide is prepared by
using d15-triphenylphosphine instead of triphenylphosphine in
reaction B.

Fig. 12 Synthesis of MitoB bromide
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3.7 Setting up

Reaction A

1. Dry one 50 mL and two 100 mL round bottomed flasks and
appropriate stirrer bars, the metal needles and the condenser
overnight in a dry 250 �C oven. Alternatively, the flasks can be
dried under vacuum with a heat gun or Bunsen burner (do not
do this with the condenser). The dry glassware, needles and
stirrer bars should be allowed to cool under vacuum and kept in
a sealed desiccator prior to use.

2. Prepare a �15 �C bath on a stirrer plate by adding dry ice to
2-isopropanol or acetone in a Dewar, checking with a ther-
mometer. Err on the cold side: somewhat below �15 �C is
acceptable, but above this temperature is not satisfactory (see
Note 8).

3. Attach anhydrous acetonitrile, phosphorus tribromide solution
and anhydrous pyridine to an inert gas supply.

4. Set up the 50 mL flask in the Dewar, sealing with a Suba-Seal
and connecting to inert gas.

3.8 Reaction A 1. Add 14.1 mL phosphorus tribromide solution and 5 mL ace-
tonitrile to a 100 mL round bottomed flask using long needles
attached to syringes, then stir the mixture. Immediately return
the acetonitrile needle and syringe to a dry, inert environment
for later use (putting the needle back through a seal into the
dry solvent container with the syringe still attached is suffi-
cient). Quench the phosphorus tribromide needle into 20 mL
dichloromethane then add 5 mL ethanol to this solution.
Dispose of this as toxic waste.

2. Add 0.75 mL anhydrous pyridine dropwise over 10 min with a
needle and syringe to the stirring mixture (see Note 9).

3. Dissolve 5 g 3-hydroxymethylbenzyl alcohol in 15 mL anhy-
drous acetonitrile and 0.25 mL anhydrous pyridine in a 50 mL
round bottomed flask (see Note 10), then add the solution to
the reaction mixture dropwise over 10 min using a long needle
and 20 mL syringe. An additional 2 mL anhydrous acetonitrile
can then be used to wash any residual material from the 50 mL
round bottomed flask into the reaction mixture.

4. Allow the reaction to stir and warm gradually to room temper-
ature over 4 h.

3.9 Workup of

Reaction A (See

Note 11)

1. Prepare 2 L 19:1 dichloromethane–ethyl acetate.

2. Use 300 mL of this solution to make a slurry with approxi-
mately 250 mL SiO2 in a 1 L beaker or conical flask, then load
this into the large Buchner funnel. Allow the solvent to run
through to incipient wetness, agitating gently to aid silica
settling, then top with a 1 cm layer of acidified sand.
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3. Transfer the reaction mixture from reaction A to a 250 mL
round bottomed flask, washing the residue in with dichloro-
methane (seeNote 12), then remove the solvent under reduced
pressure in a fume hood, disposing of the distillate as toxic
waste.

4. Dissolve the residue in 100 mL dichloromethane, then wash
with 100 mLH2O, reextracting with a further 100 mL dichlor-
omethane (see Note 11).

5. Add the combined dichloromethane solutions to the silica in
the Buchner funnel, allowing the solvent to run through under
atmospheric pressure until no residual solvent remains above
the silica layer, discarding the resulting filtrate. Add 1 cm sand
and elute the compound under vacuum with the dichloro-
methane–ethyl acetate solution, collecting fractions of approx-
imately 300 mL (see Note 13), then spotting each on a silica
TLC plate in turn and stopping when the last fraction shows no
UV activity under an appropriate lamp. Confirm the product
fractions by TLC (Rf ¼ 0.57 in 9:1 dichloromethane–ethyl
acetate) and combine these in a 1 L beaker or conical flask.

6. Add magnesium sulfate to the filtrate and swirl, then filter the
solution, using dichloromethane to wash any residual material
from the magnesium sulfate.

7. Half fill a 250 mL round bottomed flask with a portion of the
solution, and remove the solvent under reduced pressure, add a
further portion of the solution and repeat until all the material
is contained in the flask and all solvent has been removed.

3.10 Characteri-

zation Data for 3-

(Bromomethyl)Phenol

δH (500MHz, CDCl3): 7.21 (1H, t, J¼ 7.9 Hz, H5) 6.97 (1H, d,
broad, J ¼ 7.7 Hz, H4), 6.88 (1H, t, J ¼ 2.1 Hz, H2), 6.77 (1H,
ddd, J ¼ 8.1, 2.5, 0.7 Hz, H6), 4.44 (2H, s, CH2). δC (100 MHz,
CDCl3): 155.75 (C), 139.56 (C), 120.20 (CH), 121.63 (CH),
116.07 (CH), 115.69 (CH), 33.27 (CH2). IR (ATR cm�1): 3354
(O–H), 1591 (CArCAr), 1489 (CArCAr), 1456 (CArCAr). LRMS
(EI+): 187.99 (81BrM+, 31%), 185.99 (81BrM+, 33%), 107.06
[(M+ � Br), 100%]. HRMS: 187.9652 and 185.9686. C7H7OBr
requires 187.9660 and 185.9680. MP: 60–63 �C.

3.11 Setting up

Reaction B

1. Add 70 mL dry toluene, a suitable stirrer bar and 10 g triphe-
nylphosphine to the reaction A product.

2. Attach the condenser to the water and round bottomed flask;
put under inert gas and heat to reflux while stirring for 6 h.

3.12 Work Up of

Reaction B

1. Warm 100 mL toluene to 70 �C in a 250 mL round bottomed
flask.

2. Filter the reaction mixture vacuum, reusing the filtrate to wash
out the contents of the flask, then wash out the flask with a
further 2� 50 mL 70 �C toluene and use these to further wash
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the filter cake, followed by 100 mL diethyl ether. Allow the
material to further dry under vacuum for 20 min.

3. Check purity by 1H NMR in d6-dimethyl sulfoxide. Proceed to
Subheading 3.13 only if necessary.

Approximate Yield (2 steps): 75%.

3.13 Purification

(if Necessary)

1. Add ethanol to the impure solid in a ratio of 15 mL/g in a large
round bottomed flask (100 mL for 1 g, seeNote 14) then heat
the mixture to 80 �C until the solid dissolves.

2. Remove the flask from the heat, allow to cool and seal with a
Suba-Seal (see Note 15), then place in a fridge (approx. 5 �C)
for 5–6 h (see Note 16).

3. Decant the solvent from the crystals, then redissolve the crys-
tals in a minimal quantity of warm ethanol and add distilled
water to reach an approximate ratio of 2:1 ethanol–water mix.

4. Carefully remove the solvent mixture under reduced pressure
to retrieve the pure solid (see Note 17).

3.14 Characteri-

zation Data for MitoP

Bromide

δH (400 MHz, d6-dimethyl sulfoxide): 9.54 (1H, s, OH),
7.94–7.86 (3H, m, 3 � p-H PPh3), 7.78–7.70 (6H, m, 6 � m-H
PPh3), 7.70–7.60 (6H, m, 6� o-H PPh3), 7.00 (1H, t, J¼ 7.8 Hz,
H-5), 6.68 (1H, broad d, J ¼ 8.0 Hz, H-6), 6.41 (1H, broad s,
H-2), 6.36 (1H, broad d, J ¼ 7.1 Hz H-4), 5.06 (2H, d,
J ¼ 15.6 Hz, CH2). δC (100 MHz, d6-dimethyl sulfoxide):
157.54 (d, J ¼ 3.2 Hz, C), 135.10 (d, J ¼ 1.9 Hz, CH), 134.03
(d, J ¼ 9.8 Hz, CH), 130.11 (d, J ¼ 12.5 Hz, CH), 129.75 (d,
J¼ 2.2Hz, CH), 129.05 (d, J¼ 8.3Hz, C),121.39 (d, J¼ 5.5 Hz,
CH), 117.98 (d, J ¼ 85.6 Hz, C), 117.83 (d, J ¼ 5.6 Hz, CH),
115.33 (d, J ¼ 3.1 Hz, CH), 28.13 (d, J ¼ 46.6 Hz, CH2). δP
(162 MHz, d6-dimethyl sulfoxide): 23.03(s). IR (ATR, cm�1):
3079 (OH), 2889 (ArH), 2858 (ArH), 2787 (ArH), 1611 (Ar),
1568(Ar). LRMS (ESI): 369 [M+(phosphonium cation), 100%].
HRMS:369.1399 [M+(phosphonium cation)]. C25H22OP
requires 369.1403. Microanalysis: C25H22BrOP requires C:
66.83% H: 4.94%, found C: 66.89% H: 4.98%.

3.15 Characteri-

zation Data for d15-

MitoP Bromide

δH (400 MHz, d6-dimethyl sulfoxide): 9.55 (1H, s, OH), 7.00
(1H, t, J ¼ 7.8 Hz, H-5), 6.69 (1H, broad d, J ¼ 8.0 Hz, H-6),
6.42 (1H, broad s, H-2), 6.36 (1H, broad d, J ¼ 7.2 Hz, H-4),
5.08 (2H, d, J ¼ 15.7 Hz, CH2). δC (100 MHz, d6-dimethyl
sulfoxide): 157.54 (d, J ¼ 3.1 Hz, C), 134.90–134.23 (m, CD),
134.08–133.12 (m, CD), 130.08–129.20 (m, CD), 129.73 (d,
J ¼ 3.4 Hz, CH),128.57 (d, J ¼ 8.6 Hz, C), 121.39 (d,
J ¼ 5.6 Hz, CH), 117.85 (d, J ¼ 5.5 Hz, CH), 117.76 (d,
J ¼ 85.4 Hz, C), 115.32 (d, J ¼ 3.4 Hz, CH), 28.16 (d,
J ¼ 46.6 Hz, CH2). δP (162 MHz, d6-dimethyl sulfoxide): 22.92
(s). IR (ATR, cm�1): 3080 (OH), 2889 (ArH), 2858 (ArH), 2787
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(ArH), 1617 (Ar), 1609 (Ar), 1587 (Ar). LRMS (ESI): 384 [M
+(phosphonium cation),100%]. HRMS: 384.2336 [M+ (phospho-
nium cation)]. C25H7D15OP requires 384.2344. Microanalysis:
C25H7D15BrOP requires C: 64.66% H: 1.52% D: 6.51%, found
C: 64.69% H: 1.52% D: 6.69%.

4 Notes

1. Although reasonably dry conditions and toluene are preferable,
use of all reagents including toluene as supplied commercially
produces acceptable results for this synthesis.

2. Where more than one size is suitable for step 4, (Subheading
3.2) a larger stirrer bar is preferred, as substantial precipitate is
generated and may impede a smaller one.

3. The synthesis as outlined does not require a centrifuge for
Subheading 3.3, step 1, and the yield given can be achieved
without one. However, where available use of a centrifuge to
settle the fine precipitate from the crystallizations will make the
purification considerably easier.

4. Re-use of the recrystallization liquors (Subheading 3.3, steps
1–3) is important as excess dimethyl sulfoxide is relatively
difficult to remove, and MitoB is fairly soluble in this sol-
vent—the first 500 mg batch will saturate the solvent. Recrys-
tallization of all the material in a larger quantity of dimethyl
sulfoxide works but has a detrimental impact on yield.

5. Protodeboronation is possible in step 6 (Subheading 3.3);
increasing the temperature of the aqueous crystallization
beyond 80 �C appears to accelerate this reaction. If this product
is observed, repeating step 6 (Subheading 3.3) and concentrat-
ing the sample less may be sufficient to remove this; otherwise
repeat Subheading 3.3. 1H NMR of impurity: δH (400 MHz,
d6-dimethyl sulfoxide): 7.95–7.87 (3H, m, 3 � p-PPh3),
7.79–7.70 (6H, m, 6 � o-PPh3), 7.69–7.61 (6H, 6 � m-
PPh3), 7.34–7.27 (1H, m, H4), 7.23 (2H, t, J ¼ 7.7 Hz,
H2, H6), 6.99–6.93 (2H, m, H3, H5), 5.14 (2H, d,
J ¼ 15.8 Hz, CH2Ph).

6. The concentration of the 1H NMR sample for Subheading 3.3,
step 8 is not experimentally vital, but is specified as much
stronger samples will show a second set of peaks if the d6-
dimethyl sulfoxide is dry; these represent trimerization of the
boronic acid within the NMR sample rather than degradation
of the material. If side peaks are observed, add a drop of water
to the NMR to check trimerization is not responsible.
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7. If possible higher purity 3-hydroxymethylbenzyl alcohol (95%)
should be used, as this allows the compound to be isolated in
sufficient purity to avoid recrystallization (Subheading 3.6).

8. Care should be taken in preparation of cold bath (Subheading
3.7, step 2) not to add a large excess of dry ice, as temperatures
significantly below the freezing point of acetonitrile can be
achieved with such conditions.

9. Addition of the pyridine will produce white gas. Addition of a
vent will dissipate this; however, positive argon pressure should
be maintained while the vent is in place (Subheading 3.8,
step 1).

10. Dissolution of the starting material is slow in Subheading 3.8,
step 3. Sonication significantly speeds up this process.

11. Subheading 3.9, and particularly step 4, should be performed
quickly—the product is not stable indefinitely and will react
with water present to reform starting material. Even the crys-
talline solid isolated (step 7) may decompose relatively quickly
if not used, especially if heated or impure. For this reason it is
not desirable to heat this compound strongly to remove sol-
vent traces. These will not interfere with the following reaction
anyway, but may instead be removed under higher vacuum if
desired.

12. During step 3 (Subheading 3.9), a significant portion of the
material will appear to be insoluble; however, the desired prod-
uct will dissolve in dichloromethane.

13. Only a small number of fractions (5 or less) are expected for
step 5 (Subheading 3.9). Do not increase the solvent polarity
as side products or starting material may elute.

14. The procedure outlined for recrystallization (Subheading
3.13) uses enough ethanol to fully dissolve 1 g of Mito
P. This will often be unnecessary where purity is high (90%+)
already. Less ethanol can be used; it is not necessary to fully
dissolve the material prior to cooling in these cases.

15. Reasonable substitutes may be used for the Suba-Seal (Sub-
heading 3.13, step 2); be aware, however, that warm ethanol
vapor will start to dissolve Parafilm and that the drop in tem-
perature on cooling will result in a vacuum and make glass
stoppers difficult to remove.

16. In our experience 80%+ of the Mito P will crystallize out in the
time given (Subheading 3.13, step 2), but it is likely that
leaving the crystallization longer would increase the yield
slightly.

17. Evaporation in ethanol–water mix is to remove residual ethanol
(Subheading 3.13, step 4). Care is required as “bumping” is
likely toward the end of this evaporation (the use of the larger
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flask size somewhat mitigates this problem). In our experience
traces of ethanol are difficult to remove from solid even with
prolonged heating under vacuum.
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Chapter 7

Synthesis of Triphenylphosphonium Phospholipid
Conjugates for the Preparation of Mitochondriotropic
Liposomes

Parul Benien, Mohammed Almuteri, Shrey Shah, Mark Böhlke,
Ahmed Mehanna, and Gerard G. M. D’Souza

Abstract

Surface modification of liposomes with a ligand is facilitated by the conjugation of the ligand to a
hydrophobic molecule that serves to anchor the ligand to the liposomal bilayer. We describe here a simple
protocol to conjugate a triphenylphosphonium group to several commercially available functionalized
phospholipids. The resulting triphenylphosphonium-conjugated lipids can be used to prepare liposomes
that preferentially associate with mitochondria when exposed to live mammalian cells in culture.

Key words Mitochondriotropic, Liposomes, Triphenylphosphonium

1 Introduction

There has been a growing interest in mitochondria-specific drug
delivery over the last decade and even a cursory survey of the
literature reveals that triphenylphosphonium (TPP) has been
proven to be a versatile mitochondriotropic ligand for many deliv-
ery strategies [1–10]. TPP has been conjugated to various biologi-
cally active molecules and has improved the mitochondrial
accumulation and therapeutic activities of these molecules [11–
14]. TPP has also been the ligand of choice for the design of
pharmaceutical carriers with mitochondria-specific accumulation
[15, 16]. Our efforts in mitochondria-specific delivery have
focused on liposomes as the delivery platform with early formula-
tions that were based on the use of stearyl triphenylphosphonium
(STPP) [17–20]. STPP allows for the surface modification of lipo-
somes with TPP residues by virtue of the stearyl chain serving as a
lipid anchor for TPP in the liposomal bilayer. In an effort to allow
more flexibility in the lipid composition of the liposomal
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formulation and to study the potential effect of the lipid anchor on
the mitochondrial compatibility of the mitochondriotropic liposo-
mal platform, we developed a simple approach for the conjugation
of TPP to commercially available functionalized phospholipids. A
schematic of the synthetic procedure is shown in Fig. 1. This
protocol has been used successfully to prepare several TPPmodified
phospholipids. It should be noted, however, that the aim of the
protocol has been to produce a usable concentration of modified
phospholipid and not to produce a highly purified product free of
all traces of unmodified lipid. Our studies have confirmed that
liposomes prepared from these lipids have greater cell biocompati-
bility compared to liposomes prepared with STPP [21].

2 Materials

2.1 Synthesis 1. 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride.

2. 2-Carboxyethyl-triphenylphosphonium bromide.

3. 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(hexa-
noylamine) (Avanti Polar Lipids, Alabaster, AL).

4. Dichloromethane.

5. Triethylamine �99%.

6. Sodium sulfate, anhydrous, 99%.
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Fig. 1 Schematic representation of the synthesis of triphenylphosphonium modified phospholipid
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7. Whatman filter paper.

8. 20 mL Scintillation vials, borosilicate glass with screw cap.

9. Spinbar® Magnetic stir bars, one each 2 � 7 mm and
7 � 35 mm.

10. 100 mL Pyrex graduated media bottle.

2.2 Purification 1. Chloroform �99.5%.

2. Methanol HPLC grade.

3. Silica gel 60F.

4. Sand—acid washed.

5. Burette, acrylic 50 mL.

6. Disposable Borosilicate glass tubes, 12 � 75 mm.

2.3 TLC Analysis 1. TLC glass plates, Silica gel 60 F254 (EMD Chemicals,
Billerica, MA).

2.4 Miscellaneous

Equipment

1. Magnetic stirrer.

2. Rotary evaporator.

3. Handheld UV lamp.

3 Methods

Unless otherwise indicated all steps are performed at room
temperature.

3.1 Dehydration of

Solvents

1. Shake sufficient amount of anhydrous sodium sulfate (2 g for
each 10 mL of solvent) with dichloromethane (DCM) in an
airtight vial until the sodium sulfate floats. Filter through
Whatman filter paper and collect the dried solvent in a fresh
airtight vial (see Note 1).

2. Follow the same procedure as above to prepare dried trietha-
nolamine (TEA).

3.2 Synthesis 1. Weigh 41.5 mg (~100 mmol) 2-Carboxyethyl-triphenylpho-
sphonium bromide (TPP-Br) (seeNote 2) and dissolve in 2 mL
(see Note 3) dried DCM in a vial (solution 1).

2. Weigh 19.2 mg (~100 mmol) EDC HCl and dissolve in 2 mL
(see Note 3) dried DCM in a vial (solution 2).

3. Place the small (2� 7 mm) magnetic stir bar inside the vial that
contains solution 2 (see Note 4). Add 200 μL of TPP-Br
solution (solution 1) to the EDC HCl solution (solution 2)
with continuous stirring. Cap the vial and continue stirring.

Synthesis of Triphenylphosphonium Phospholipid Conjugates for the. . . 121



When the solution turns clear add another 200 μL of solution
1. Continue in this fashion until all of solution 1 has been
added to solution 2 (see Note 5).

4. After all of the TPP-Br solution has been added to the EDC
HCl solution, cap the vial and wrap with Parafilm to ensure that
the vial remains airtight. Keep the sealed vial on the magnetic
stirrer and let the reaction run with continuous stirring until
the liquid in the vial turns clear, usually 24–48 h. See Fig. 2a for
how the setup should look at this stage.

5. Dissolve 80.5 mg (~100 mmol) of 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-(hexanoylamine) in 2 mL dried
DCM and then add 28 mL of TEA (~200 mmol).

6. Transfer the activated EDC-TPP to a larger bottle (e.g., a
100 mL glass media bottle) and place the large (7 � 35 mm)
magnetic stir bar inside it and transfer to a magnetic stirrer.
Slowly add the dissolved lipid dropwise while stirring, over a
period of 1 h.

7. If the solution is not clear, add 2 mL aliquots of DCM and TEA
with stirring, until it turns clear.

8. Seal the bottle and wrap with Parafilm (see Fig. 2b for how the
setup should look at this stage). Let the reaction run on the
magnetic stirrer for 24 h or until a white insoluble precipitate of
isourea is visible.

9. Stop the reaction, filter to get rid of the isourea and transfer the
contents to a 100 mL round bottom flask (which should be
completely dry) and evaporate to dryness on a rotary evapora-
tor at 37 �C.

Fig. 2 Apparatus setup for synthetic process. (a) Activation of triphenyl phosphonium (step 4 of Subheading
3.2) (b) Synthesis of triphenyl phosphonium modified lipid (step 8 of Subheading 3.2)
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3.3 Purification 1. While the product is being dried, prepare the mobile phase and
the silica gel column for the purification step. The mobile phase
composition is methanol–chloroform–water (25:4:2). 500 mL
is usually sufficient to carry out all subsequent steps.

2. Prepare the column in an appropriately sized burette with an
inner diameter of approximately 1 cm. Suspend sufficient silica
gel 60F in the mobile phase to form a slurry that when poured
into the burette and allowed to settle will yield a column
10–12 cm high. Pour a layer of sand (approximately
2–2.5 cm) over the top of the silica column to ensure that the
silica does not get disturbed when adding the eluent. Wash the
column with a couple of column volumes of mobile phase
before use in the purification. At no point during preparation
or purification should the column be allowed to dry.

3. After complete evaporation, dissolve the solid that is left in the
flask from step 9 of the synthesis in the minimum amount of
mobile phase that completely dissolves the solid.

4. Pour the concentrated reaction mixture dissolved in the mobile
phase onto the column and start collecting 0.5 mL fractions in
disposable culture tubes. About 48 to 60 fractions are usually
needed.

5. Run TLC and observe which fractions have the modified lipid.
Apply four fractions per TLC slide using TLC capillary tubes,
immerse in jars containing 5 mLmobile phase with filter papers
surrounding each plate. Allow the mobile phase to reach at
least two-thirds of the way up the TLC plate.

6. On observing in UV light, the modified lipid fraction is visible
at the top of the TLC plate. Combine fractions with spots on
the upper half of the TLC plate (see Fig. 3) in a 100 mL round
bottom flask and evaporate to dryness on rotary evaporator at
37 �C.

Fig. 3 TLC analysis of collected fractions from column chromatography. Dashed box indicates fractions that
were collected. For ease of photography, plates were developed in iodine vapor. Routine inspection was with
UV illumination as described in step 6 of Subheading 3.3
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7. Collect the powder left in the round bottom flask, weigh and
then dissolve in chloroform to yield the working stock of
modified lipid (see Note 6).

4 Notes

1. As an extra precaution seal vials with Parafilm for storage.
Wherever possible choose vials such that head space is mini-
mized above the surface of the solvent and prepare several in
advance of starting the synthesis.

2. TPP-Br is a white powder. Do not use if the powder has turned
brown.

3. 2 mL of the solvent is usually enough. If still not soluble, add
more as needed.

4. Use a vial for the EDC HCl solution that can also accommo-
date the entire volume of the TPP-Br solution to be added.

5. Ensure not to add further drops until the solution is clear and
also ensure to seal the vial quickly after each addition, as EDC is
prone to degradation by moisture.

6. For the sake of simplicity, the synthesis described in detail is for
the conjugation of TPP to 1,2-dipalmitoyl-sn-glycero-3-phos-
phoethanolamine-N-(hexanoylamine). However, we have suc-
cessfully used the same approach for modifying 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(hexanoylamine)
(DO) and 1,2-dimyristoyl-sn-glycero-3-phosphoethanola-
mine-N-(hexanoylamine) (DM), both of which are available
from Avanti Polar Lipids. The reagent amounts and steps
remain the same for the other lipids. However, the oleoyl
lipid is most difficult to dissolve, so it may need more of the
solvents in step 7 of the synthesis than the other two types of
lipids. As a further confirmation of the success of the synthesis
and purification, NMR can be used to verify the presence of the
desired product (see Fig. 4).

124 Parul Benien et al.



Acknowledgments

This work was supported by funds fromMCPHSUniversity School
of Pharmacy—Boston.

Fig. 4 NMR spectra of triphenylphosphonium modified phospholipid. (a) 1H NMR spectrum. Inset represents
the chemical structure of the modified phospholipid with molecular formula C63H96N2O10P2Br and molecular
weight of 1183.29 g/mol. (b) 13C NMR spectrum. Both spectra were obtained on a Varian 300 MHZ instrument
(Agilent Technologies, Santa Clara, CA) using 1024 scans for the 13C spectrum and 16 scans for the 1H
spectrum. The CDCl3 solvent peak appears at 77.026 ppm and 7.26 ppm in the 13C NMR spectrum and the 1H
proton spectrum, respectively
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Chapter 8

Imaging Mitochondrial Hydrogen Peroxide in Living Cells

Alexander R. Lippert, Bryan C. Dickinson, and Elizabeth J. New

Abstract

Hydrogen peroxide (H2O2) produced from mitochondria is intimately involved in human health and
disease, but is challenging to selectively monitor inside living systems. The fluorescent probe MitoPY1
provides a practical tool for imaging mitochondrial H2O2 and has been demonstrated to function in a
variety of diverse cell types. In this chapter, we describe the synthetic preparation of the small molecule
probe MitoPY1, methods for validating this probe in vitro and in live cells, and an example procedure for
measuring mitochondrial H2O2 in a cell culture model of Parkinson’s disease.

Key words Hydrogen peroxide, Fluorescent probes, Boronate, Fluorescence microscopy, Mitochon-
dria, Triphenylphosphonium cations

1 Introduction

Mitochondria are vital organelles that not only house the electron
transport chain and oxidative phosphorylation machinery but also
play key regulatory roles for many processes including apoptosis
[1], metabolism, and proliferation [2]. Given their fundamental
importance in human biology, there has been extensive interest in
studying the mitochondria for their role in disease genesis and as
potential therapeutic targets [3]. Mitochondria are an important
site for the production of reactive oxygen species (ROS), a family of
distinct oxygen derivatives with unique physical properties and
biological activities [4]. These ROS are generated as presumably
undesired side products of the mitochondrial electron transport
chain and often mediate deleterious effects associated with disease
and aging [5–7]. However, some ROS are now known to function
as signaling agents to modulate cellular processes. For example,
hydrogen peroxide (H2O2) has emerged as an important ROS
due, in part, to its ability to mediate signaling cascades involved in
redox homeostasis [8]. Determining H2O2 levels in mitochondria
in living cells in real time, however, remains a significant
challenge [9].

Volkmar Weissig and Marvin Edeas (eds.), Mitochondrial Medicine: Volume 1: Targeting Mitochondria,
Methods in Molecular Biology, vol. 2275, https://doi.org/10.1007/978-1-0716-1262-0_8,
© Springer Science+Business Media, LLC, part of Springer Nature 2021

127

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1262-0_8&domain=pdf
https://doi.org/10.1007/978-1-0716-1262-0_8#DOI


Small molecule fluorescent probes have enabled the imaging of
a wide range of analytes [10]. Boronate-based probes, in particular,
offer a method for the selective imaging of H2O2 by using the
chemoselective and biocompatible oxidation of boronates into
phenols [11]. For example, the first-generation probe PF1, based
on a caged fluorescein, displays the remarkable ability to selectively
visualize exogenously added H2O2 in living cells [12]. This strategy
has been generalized to develop boronate-based H2O2 probes with
a wide range of optical properties [13, 14]. One general challenge
in the use of a small molecule fluorescent probe is to control its
subcellular localization so that it accumulates in the region of
interest within a cell. Mitochondrial localization of a small molecule
can be achieved by appending an alkylated triphenyl phosphonium
tag as first described byMurphy and Smith [15]. This methodology
utilizes the fact that lipophilic cations tend to accumulate in the
mitochondria due to the highly negative mitochondrial membrane
potential [16]. We show here that a mitochondrially localizing
H2O2 probe can be designed based on the PF dye series by incor-
poration of a triphenyl phosphonium tag to provide the probe
MitoPY1, which can be used to selectively image H2O2 in the
mitochondria of living cells [17, 18]. MitoPY1 has been success-
fully utilized to study mitochondrial H2O2 levels in many cell
models, including cultured cancer cells [19–22] immortalized
cells expressing copper-handling mutations [23], primary cells
from X. leavis embryos [24], primary rat neurons [25–27] and
osteoblasts [28], mouse sperm [29], primary mouse cardioymyo-
cytes [30] and immune cells [31, 32] and cannulated isolated
human arterioles [33, 34].

The protocol outlined in this chapter provides a detailed
description of the synthesis of MitoPY1 and its application to
imaging H2O2 in the mitochondria of living cells. As a working
example, we use MitoPY1 to image mitochondrial H2O2 in a
cellular model of Parkinson’s disease.

2 Materials

2.1 Synthetic

Chemistry

Components

2.1.1 Step 1: Synthesis

of Fmoc-Piperazine Rhodol

1. 2-(2,4-dihydroxybenzoyl)benzoic acid [35] (see Note 1).

2. 1-(2-hydroxyphenyl)-piperazine.

3. Trifluoroacetic acid (TFA).

4. Diethyl ether.

5. Methanol.

6. 9-fluoreneylmethyl chloroformate (Fmoc-Cl).

7. Sodium bicarbonate (NaHCO3).
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8. Rotary evaporator.

9. Acetonitrile.

10. Ethyl acetate.

11. Hexanes.

12. Silica gel.

13. Sodium sulfate.

2.1.2 Step 2: Synthesis

of Fmoc-Piperazine Rhodol

Triflate

1. N-Phenyl bis(trifluoromethanesulfonamide).

2. Sodium carbonate (Na2CO3).

3. Dimethyl formamide (DMF).

2.1.3 Step 3: Synthesis

of Fmoc-Piperazine Rhodol

Boronate

1. Pd(dppf)Cl2·CH2Cl2.

2. Potassium acetate (KOAc).

3. Toluene.

4. Microwave reactor.

2.1.4 Step 4: Synthesis

of MitoPY1

1. Piperidine.

2. (4-iodobutyl)triphenylphosphonium iodide [36] (see Note 2).

3. Glovebox.

4. Dichloromethane.

2.2 Cellular Imaging

Components (See

Note 3)

1. Eppendorf tubes.

2. Fluorescence spectrometer (see Note 4).

3. Human embryonic kidney cells (HEK293T).

4. Dulbecco’s modified Eagle medium (DMEM).

5. Fetal bovine serum (FBS).

6. Trypsin.

7. Cell culture dishes appropriate for microscopy (see Note 5).

8. Dimethyl sulfoxide (DMSO).

9. Dulbecco’s phosphate buffered saline (DPBS).

10. Hydrogen peroxide (H2O2).

11. Paraquat.

12. Glutamine.

13. Poly-L-lysine.

14. Inverted confocal microscope (see Note 6).
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3 Methods

3.1 Synthetic

Chemistry (Fig. 1)

3.1.1 Synthesis

of Fmoc-Piperazine Rhodol

1. Add 2-(2,4-dihydroxybenzoyl) benzoic acid (1.0 equiv., see
Note 1) and 1-(3-hydroxyphenyl)-piperazine (1.0 equiv.) to a
heavy walled pressure flask (see Note 7).

2. Add 16 mL TFA per 1 g 2-(2,4-dihydroxybenzoyl) benzoic
acid to the flask. Seal the flask and stir for 3 h in an oil bath held
at 95 �C (see Note 8).

3. Cool the reaction to room temperature and add 240 mL
diethyl ether per 1 g 2-(2,4-dihydroxybenzoyl) benzoic acid.
A solid red precipitate should be observed.

4. Collect the precipitate by filtration and immediately dissolve in
methanol (see Note 9).

Fig. 1 Stepwise synthetic scheme for the preparation of MitoPY1
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5. Transfer to a round-bottom flask and dry under high vacuum.
Add this unpurified product to a dry Schlenk tube (see Note
10).

6. Add Fmoc-Cl (0.68 equiv.), NaHCO3 (1.7 equiv.), and
approximately 8 mL anhydrous acetonitrile per 1 g
2-(2,4-dihydroxybenzoyl) benzoic acid, enough to dissolve
the material. Stir under ambient temperature for 3 h.

7. Dilute the reaction in ethyl acetate and then wash with water
(see Note 11).

8. Evaporate the organic layer using a rotary evaporator. This
crude product can be purified by silica column chromatogra-
phy, eluting with 1:1 hexanes–ethyl acetate (see Note 12) to
provide Fmoc-piperazine rhodol as a red solid in 39% yield.

3.1.2 Synthesis

of Fmoc-Piperazine Rhodol

Triflate

1. Add the Fmoc-piperazine rhodol (1 equiv.), N-phenyl bis(tri-
fluoromethanesulfonamide) (2 equiv.), and Na2CO3

(10 equiv.) to a dry Schlenk tube (see Note 10).

2. Add 2 mL anhydrous DMF per 100 mg Fmoc-piperazine. Fill
the flask with nitrogen and stir at ambient temperature for
12 h. After this time, dilute reaction in ethyl acetate and wash
with water (see Note 11).

3. Evaporate the organic layer using a rotary evaporator.

4. Purify using silica column chromatography (see Note 12),
eluting with 1:1 hexanes–ethyl acetate to give Fmoc-piperazine
rhodol triflate as a white solid in 46% yield.

3.1.3 Synthesis

of Fmoc-Piperazine Rhodol

Boronate

1. Add the Fmoc-piperazine rhodol triflate (1 equiv.), Pd(dppf)-
Cl2·CH2Cl2 (0.3 equiv.), bis(pinacolato)diboron (1.0 equiv.),
KOAc (10 equiv.), and 4.5 mL toluene per 100 mg Fmoc-
piperazine rhodol triflate to a dry pressure flask (see Note 7)
inside an inert atmosphere glove box. Remove the tube from
the box and heat at 110 �C in a microwave reactor for 4 h.

2. Cool to ambient temperature and transfer to a round-
bottomed flask using dichloromethane. Concentrate using a
rotary evaporator.

3. Purify by silica column chromatography (see Note 12), eluting
with 1:1 hexanes–ethyl acetate to yield Fmoc-piperazine rho-
dol boronate as a white solid in 74% yield.

3.1.4 Synthesis

of MitoPY1

1. Add the Fmoc-piperazine rhodol boronate (1 equiv.) to a
round-bottomed flask and dissolve in 15 mL 15% piperidine
in acetonitrile per 100 mg Fmoc-piperazine rhodol boronate.
Stir under ambient temperature for 30 min.

2. Evaporate all solvent using a rotary evaporator. Transfer the
reaction vessel into an inert atmosphere glovebox. Add
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(4-iodobutyl)triphenylphosphonium iodide (2 equiv., seeNote
2), NaHCO3 (5 equiv.), and 1.5 mL acetonitrile per 10 mg
Fmoc-piperazine rhodol boronate.

3. Stir the reaction for 24 h under ambient temperature inside the
glovebox.

4. Remove the reaction from the glovebox. Filter any solid mate-
rial and evaporate to dryness using a rotary evaporator.

5. Purify by silica column chromatography (see Note 12), eluting
with 9:9:1 dichloromethane–ethyl acetate–methanol to yield
MitoPY1 as a light pink solid in 76% yield.

3.2 Cellular Imaging

with MitoPY1

3.2.1 Preparation

of Aliquots

1. Dissolve MitoPY1 at a concentration of 4.3 mg/mL methanol
for a final concentration of 5 mM (see Note 13).

2. Aliquot 20 μL portions of the MitoPY1 solution into Eppen-
dorf tubes. Allow the methanol to evaporate (see Note 14).

3. Store dry stocks at �20 �C. On the day of the imaging experi-
ment, dissolve dry stocks in 20 μL DMSO to make 5 mM stock
solutions.

3.2.2 Validation of Probe

Response to H2O2 In Vitro

1. Add 2 μL of the 5 mM stock solution of MitoPY1 in DMSO to
1.998 mL of DPBS to make a 5 μM solution of MitoPY1
in DPBS.

2. Separate this solution into two 1 mL aliquots.

3. Prepare a 100 mM solution of H2O2 by adding 11 μL of 30%
(wt/vol) H2O2 to 989 μL H2O.

4. Treat a 1 mL aliquot of MitoPY1 in DPBS with 1 μL of
100 mM H2O2 for a final concentration of 100 μM H2O2.
For the negative control, treat the other 1 mL aliquot of 5 μM
MitoPY1 in DPBS with 1 μL H2O.

5. Collect the fluorescence spectra with a fluorescence spectrom-
eter (see Note 4), using an excitation wavelength of 503 nm
and collecting the spectrum between 513 nm and 650 nm,
with an emission maximum at λem ¼ 530 nm. An increase in
fluorescence intensity should be observed for the aliquot that
was treated with H2O2 compared with the aliquot treated with
H2O (Fig. 2a).

3.2.3 Cell Culture 1. Maintain HEK 293T cells in exponential growth as a mono-
layer in DMEM supplemented with 10% FBS (see Note 15).

2. One or two days before imaging, seed a 24-well plate (seeNote
5) with cells (seeNote 16). At this stage, cytotoxicity (seeNote
17) and mitochondrial membrane potential (MMP, see Note
18) can be measured to ensure that the probe is not perturbing
normal mitochondrial function.
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3.2.4 Validation of Probe

Response to Mitochondrial

H2O2 in Cell Culture

1. Add 12 μL of 5 mM MitoPY1 in DMSO to 6 mL DPBS for a
final concentration of 10 μM MitoPY1.

2. Remove the 24-well plate from the incubator and replace the
medium in six of the wells with 1 mL of the 10 μM MitoPY1
solution in DPBS (see Note 19).

3. Add MitoTracker Deep Red at a concentration of 25–100 nM
(see Note 20).

Fig. 2 (a) Fluorescence turn-on response of 5 μM MitoPY1 to H2O2. Time points
represent 0, 5, 15, 30, 45, and 60 min after the addition of 100 μM H2O2.
λex ¼ 503 nm. (b) Imaging mitochondrial H2O2 in live cells with MitoPY1. HeLa
cells loaded with 5 μM MitoPY1 and 50 nM MitoTracker Deep Red for 20 min at
37 �C and then stimulated with either H2O control or 100 μM H2O2 for 40 min.
Scale bar ¼ 20 μm. (Adapted with permission from Dickinson, B. C. and Chang,
C. J. (2008) A Targetable Fluorescent Probe for Imaging Hydrogen Peroxide in
the Mitochondria of Living Cells. J Am Chem Soc 130, 9638–9639. Copyright
2008 American Chemical Society)
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4. After 30 min of incubation at 37 �C to allow dye uptake into
cells (see Note 21), wash the cells with 2 � 1 mL DPBS (see
Note 22).

5. Treat three wells with 100 μM H2O2 in 1 mL DPBS and the
other three wells with 1 mL DPBS as a control.

6. Image the cells using a fluorescence microscope (see Note 6).
Either a 488 nm or 510 nm excitation wavelength may be used
with a collection window between 527 and 580 nm. Mito-
Tracker Deep Red can then be imaged using a 633 nm excita-
tion wavelength with a collection window between 666 and
698 nm. The mean fluorescence intensity of the H2O2-treated
cells should be significantly higher than the control cells (see
Note 23). An example of these results is shown in Fig. 2b.

3.2.5 Imaging

of Mitochondrial H2O2
in a Cellular Model

of Parkinson’s Disease

Once the synthesized MitoPY1 has been validated in vitro and in
cells, biological imaging experiments may be performed. As an
example, an imaging experiment that uses an overnight exposure
to 1 mM paraquat as a cellular model of Parkinson’s disease will be
described.

1. The day before imaging, prepare a 1 mM solution of paraquat
in DMEM containing 10% FBS and 2 mM glutamine.

2. Remove the medium from three wells and replace with 1 mL of
the 1 mM paraquat solution.

3. Incubate for 24 h at 37 �C.

4. Remove the 24-well plate from the incubator and replace the
medium of the three paraquat-treated wells and three
untreated control wells (see Note 24).

5. Replace with 1 mL of the 10 μM MitoPY1 solution in DPBS.

6. Add MitoTracker Deep Red at a concentration of 25–100 nM
(see Note 20).

7. After 30 min to allow dye uptake into cells (seeNote 21), wash
the cells with 2 � 1 mL DPBS (see Note 22).

8. Image the cells using a fluorescence microscope (see Note 6).
Either a 488 nm or 510 nm excitation wavelength may be used,
with a collection window between 527 and 580 nm. Mito-
Tracker Deep Red can then be imaged using a 633 nm excita-
tion wavelength with a collection window between 666 and
698 nm. Relative quantification of mitochondrial H2O2 can be
evaluated by measuring the mean pixel intensity of the fluores-
cence images (see Note 23).
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4 Notes

1. 2-(2,4-dihydroxybenzoyl) benzoic acid can be prepared by an
adapted literature procedure. [17] Briefly, dissolve resorcinol
(1.1 equiv.) and phthalic anhydride (1.0 equiv.) in 30 mL dry
nitrobenzene per 1 g of phthalic anhydride under an inert
atmosphere. Cool the reaction mixture to 0 �C and add alumi-
num(III) chloride (2.3 equiv.). The reaction mixture should
turn dark green. Stir the suspension for 16 h and then pour
into a rapidly stirring mixture of 2:1 hexanes–1 M HCl. Filter
the precipitate. The solid can be recrystallized from methanol–
water.

2. (4-Iodobutyl)triphenylphosphonium iodide can be prepared
from a literature procedure. [18] Briefly, add
1,4-diodobutane (5 equiv.) to triphenylphosphine (1 equiv.)
in a screw-top pressure flask. Cover the flask with aluminum foil
to block out any light and heat at 100 �C for 1.5 h. After
cooling to ambient temperature, wash the resulting yellow
solid three times with diethyl ether. Dissolve the solids in a
small amount of dichloromethane, and then add diethyl ether.
A yellow solid should precipitate. Carefully decant the solvent
by slowly pouring the liquid into another flask or gently pipet-
ting the solvent without removing any solids. Repeat this pro-
cess three times, combine all solids and remove any residual
solvent under high vacuum. The synthesized (4-iodobutyl)tri-
phenylphosphonium iodide should be used immediately or
stored in the dark at �20 �C.

3. Given components are for HEK293T cells, but these can be
adapted to other cell lines as needed.

4. A plate reader with fluorescence mode can also be used to
validate the probes in vitro.

5. When using an inverted microscope, cells must be imaged
through a thin layer of glass to minimize refraction. Cells can
be grown in chamber slides (e.g., Nunc makes LabTek cham-
bered cover glass with 1, 2, 4, or 8 wells) or in glass-bottomed
multiwell plates (MatTek corporation supplies such plates).
Alternatively, cells can be grown on sterile coverslips in plastic
multiwell plates and mounted onto glass slides immediately
before imaging. Experiments described here involve use of a
24-well glass-bottomed plate.

6. Imaging may be performed with an inverted or an upright
fluorescence microscope. In addition, these dyes can be ana-
lyzed by flow cytometry. If an upright microscope is used, the
cells should be grown on sterile coverslips. Twelve millimeter
round coverslips fit easily into 24-well plates, so cells can be
grown as described below (see Note 15). Immediately before
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the imaging experiment, wash the cells with DPBS, pick up the
coverslip with forceps, and transfer it to a 4 cm diameter Petri
dish containing 2 mL phenol red-free DMEM and any dyes of
interest. This Petri dish can be placed on the microscope stage,
and the appropriate objective can be dipped into the medium.

7. The flask should have a recommended working pressure of at
least 60 psi. These flasks are available from Chemglass
(CG-1880-10). Ensure that there are no cracks or deformities
in the glass and use a blast shield in case of explosion.

8. A silicone oil bath on a hotplate-stirrer equipped with temper-
ature control can be used.

9. After the filtration, the crude product tends to turn into an oil,
most likely due to residual TFA. Immediate dissolution into
methanol followed by evaporation usually results in a solid
product.

10. Schlenk tubes are available from Chemglass (AF-0537). The
Schlenk tube should be predried in an oven for 4 h at 130 �C,
and then attached to a Schlenk line using a gas inlet adapter.
With the stopcock closed, open the flask to the high vacuum.
Vacuum for 10–15 min and then fill with dry N2 using the
Schlenk line. Attach the stopcock side of the Schlenk tube to
the N2 line and begin a positive flow of N2. Open the stopcock
and replace the gas inlet adaptor with a septum. A round-
bottomed flask equipped with a septum can alternatively be
used in this step.

11. This operation is typically performed with a separatory funnel.
Pour the reaction mixture into the separatory funnel. Next,
add the water or other aqueous solution to the funnel. Shake
the separatory funnel, being sure to release pressure at regular
intervals by pointing the vent away from the face or body. The
mixture will separate into two phases, with the water compos-
ing the bottom layer and the ethyl acetate composing the top
layer. If the organic solvent used is dichloromethane, it will fall
to the bottom layer because dichloromethane is denser than
water. Remove the stopper, open the stopcock, and collect the
desired layer.

12. Silica chromatography can be performed by the method of Still
[37]. Add a small piece of cotton to a chromatography column
and attach the tip to a house vacuum line. Push the cotton
down with a wooden rod, using the house vacuum line to hold
it in place if necessary. Add a small layer of sand (~1–2 cm), and
then add silica gel (~15–25 cm, depending on the amount of
material and width of the column). Tap gently to make a flat
layer and then turn on the vacuum to pack the silica gel. Keep
under house vacuum for 10–15 min. Add another layer of sand
(~1–2 cm). Prepare eluent (~1 L) and then carefully pour into

136 Alexander R. Lippert et al.



the column with the vacuum on, being careful not to upset the
silica bed. For best results the top of the silica layer should be
flat. Close the stopcock and turn off the vacuum before any
solvent enters the vacuum line. Remove the vacuum line and
clean the column tip with acetone. Fill the column with eluent
and then push through using air pressure. Allow the solvent to
empty until just above the sand layer. Close the stopcock.
Dissolve the crude product in the minimum amount of
dichloromethane, or other low polarity solvent that dissolves
the crude material, and then gently add it to the column using a
pipette to drip it slowly down the side of the column. Open the
stopcock and allow the crude product to be adsorbed to the
top of the silica layer, washing with the minimum amount of
eluent or dichloromethane. Once the product has been
adsorbed, fill the reservoir with eluent and collect the eluent
that comes off of the column into different test tubes. Analyze
the test tubes using thin layer chromatography, and then com-
bine and evaporate the fractions that contain the pure product.

13. The concentration of MitoPY1 can be confirmed by using the
extinction coefficient of 14,200 M�1 cm�1 at 510 nm.

14. The evaporation can be accomplished by placing the tubes in a
fume hood overnight; by blowing air or nitrogen gas over the
tubes, taking care to avoid splashing; or by placing in a vacuum
desiccator.

15. Cells should be maintained between 10% and 90% confluence
in a 37 �C, 5% CO2 tissue culture incubator. HEK293T cells
typically double every 36 h, so maintaining exponential growth
will require passage of the culture twice a week. Culture cells in
a T75 culture flask. At 100% confluence, the flask will hold
approximately 1� 107 cells. All manipulations that expose cells
should be performed in a sterile laminar flow hood. For pas-
saging, remove the medium from the flask by aspirating or
carefully decanting. Wash with 2 mL DPBS. Add 0.05% trypsin
in DMEM at 37 �C and incubate for 2 min. After confirming
that cells have detached from the plastic, add 10 mL DMEM
and determine cell density using a hemocytometer. Pellet the
cells at 500� g for 5 min, remove the supernatant by aspiration
or decanting, and resuspend the cells in DMEM. These cells
can then be added to new flasks containing medium. For
propagating cells, seed 1 � 106 cells into 10 mL DMEM in a
T75 culture flask.

16. Cells should be plated in phenol red-free medium to avoid
fluorescence background from the media, and an appropriate
cell number plated for 50–70% confluence on the day of imag-
ing. 100% confluence in a 24-well plate corresponds to approx-
imately 5 � 105 cells. Seeding 2 � 105 cells overnight will
typically give an appropriate confluence. Use between 0.5 and
1.0 mL medium per well.
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17. A number of mitochondrially localizing compounds disrupt
mitochondrial function, causing cell death. It is therefore valu-
able to confirm cell viability upon treatment with MitoPY1 or
similar cellular probes. Cell viability can be confirmed by a
number of standard assays. Simple methods include counting
of cell populations treated with trypan blue or propidium
iodide, which only stain dead or dying cells. For more robust
statistics, plate readers or flow cytometers enable collection of
data frommuch larger numbers of cells. The colorimetric MTT
or WST-1 assays can be performed in a multiwell plate and
analyzed on a plate reader. Flow-cytometric methods include
concurrent use of a live stain (such as Calcein AM) with a dead
stain (such as propidium iodide).

18. Molecules that localize to the mitochondria can interact with
the mitochondrial membrane, thus perturbing the membrane
potential and hence overall mitochondrial function. Measure-
ment ofMMP in the presence ofMitoPY1 can confirm that this
sensor does not act in such a way. MMP can be measured by
flow-cytometric assays that utilize two different mitochondrial
dyes, such as in the method described by Pendergrass
et al. [38].

19. For short-term experiments in robust cell lines, a laminar flow
hood is usually not necessary. For longer-term experiments
and/or sensitive cell lines, it is best to perform all cellular
operations in a laminar flow hood with sterile solutions.

20. MitoTracker Deep Red is available from Life Technologies and
should be used according to the manufacturer’s instructions.
This dye will confirm mitochondrial localization and serves as
an important control.

21. Depending on the cell type, the optimal time for cellular
uptake ranges from 15 to 40 min.

22. Wash cells by removing the medium and adding 1 mL of DPBS
warmed to 37 �C, and repeating this step with an additional
1 mL of DPBS at 37 �C.

23. Mean fluorescence intensity is typically quantified in ImageJ
(National Institutes of Health) by setting identical thresholds
in both wells, such that the intracellular fluorescence in both
images is selected. Other quantification methods can be used,
but these should be clearly reported to ensure lab-to-lab
reproducibility.

24. In general, it is best to have at least three biological replicates
for every experiment to ensure reproducibility and significance.
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Chapter 9

Synthesis and Testing of Novel Isomeric Mitochondriotropic
Derivatives of Resveratrol and Quercetin

Lucia Biasutto, Andrea Mattarei, and Cristina Paradisi

Abstract

Resveratrol and quercetin are among the most studied plant polyphenols, and have many health-promoting
actions. Strategies to accumulate them into mitochondria may be of therapeutic relevance, since these
compounds are redox active and are well known to impact mitochondria and mitochondrial proteins. We
report here the procedures to synthesize mitochondria-targeted resveratrol and quercetin derivatives; the
synthetic strategies reported are however expected to be adaptable to other polyphenols with similar
reactivity at the phenolic hydroxyls.
Mitochondrial targeting can be achieved by conjugation with triphenylphosphonium, a lipophilic cation;

this was linked via a butyl spacer forming an ether bond with one of the phenolic oxygens. The first step
toward the synthesis of all mitochondriotropic derivatives described in this work is the production of a
regiospecific -(4-O-chlorobutyl) derivative. Triphenylphosphonium (P+Ph3I

�) is then introduced through
two consecutive nucleophilic substitution steps: –Cl! –I! –P+Ph3I

�. Pure mono-substituted chlorobutyl
regioisomers are obtained by purification from the reaction mixture in the case of resveratrol, while specific
protection strategies are required for quercetin to favor alkylation of one specific hydroxyl.
Functionalization of the remaining hydroxyls can be exploited to modulate the physicochemical proper-

ties of the derivatives (i.e., water solubility, affinity for cell membranes); we report here synthetic protocols
to obtain acetylated and methylated analogs.
A brief description of some methods to assess the accumulation of the derivatives in mitochondria is also

given; the proposed techniques are the use of a TPP+-selective electrode (with isolated rat liver mitochon-
dria) and fluorescence microscopy (with cultured cells).

Key words Quercetin, Resveratrol, Mitochondria, Triphenylphosphonium, Regioselectivity

1 Introduction

Plant polyphenols are a large family of natural compounds with
many potential benefits for health care [1–4]. Resveratrol and
quercetin are among the most studied and interesting members of
this family; at least in vitro, they show promising effects for the
prevention and/or therapy of pathophysiological conditions rang-
ing from aging to cancer [5–7]. Their effects are ascribed to their
redox properties, but also to interaction with proteins [8–19].
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When used at concentrations in the tens of μM range [17, 18,
20–23], quercetin and resveratrol were shown be cytotoxic on
cultured cancer cells; these concentrations however are not
expected to be reached in vivo, due to the low bioavailability and
rapid metabolism of these natural compounds [24–30]. To over-
come these problems, strategies to overcome low bioavailability
and/or achieve high local concentrations of the active compound
at specific sites of action have been developed [31–33].

Mitochondria are emerging as an ideal target for cancer ther-
apy; they play a key role in fundamental cellular processes such as
metabolism, Ca2+ and redox signaling and apoptosis and, despite
their altered bioenergetic and/or biosynthetic status, their func-
tionality is maintained and is essential for cancer cells [34–36].

Both resveratrol and quercetin are well known to impact mito-
chondria and mitochondrial proteins (e.g., [14, 16, 20, 22, 23]),
and act as anti- or prooxidants depending on concentration and
circumstances [8, 9]. Their mitochondrial targeting turned out to
be an effective way to reach higher local concentrations of the
compounds, with a consequent potentiation of their effects [37–
41]. Accumulation in these organelles was achieved through con-
jugation of the polyphenol kernel with a butyl-
triphenylphosphonium lipophilic cation, which allows permeation
of the construct through biological membranes (thanks to the
delocalization of the positive charge) and, most importantly, its
accumulation in compartments held at more negative potentials,
such as the mitochondrial matrix, in accordance to the Nernst’s law
[42–44].

The first step toward the synthesis of all our mitochondriotro-
pic derivatives is the production of a regiospecific -(4-O-chlorobu-
tyl) derivative. Chloride is then substituted by iodide, a better
leaving group which is displaced in a second nucleophilic substitu-
tion by triphenylphosphine. This two-step procedure allows the use
of milder reaction conditions; direct substitution –Cl ! –P+Ph3I

�

would require high reaction temperatures, with consequent risks of
product decomposition.

Since the conjugation position may significantly affect the
chemical and biological properties of the derivative [39, 41], stra-
tegies to achieve regioselective alkylation are described. Direct
partial alkylation of resveratrol leads to a mixture of the two mono-
substituted isomers (3- and 40-), which can then be separated/
purified by flash chromatography. On the other hand, synthesis of
mono-alkylated quercetin isomers requires the adoption of protect-
ing strategies to favor the reaction of a specific hydroxyl (Scheme
1). This avoids the formation of complex mixtures of mono- and
di-substituted products, with consequent purification problems
and low recovery yields. Conjugation at position 3 is achieved
through a diphenylmethane ketal protection of the 30- and 40-OH
of the catechol ring [45], which otherwise are the most reactive
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[46]. Alkylation at position 5- of quercetin is performed exploiting
the relative resistance of the 5-OH group toward benzylation when
mild reaction conditions are used (3.5 equivalents of benzyl bro-
mide and K2CO3, from 0 �C to room temperature over 2 h)
[45]. The 5-OH group is indeed less acidic than the other querce-
tin phenolic functions, because of its involvement in an intramolec-
ular H-bond with the 4-keto group of the quercetin backbone
[47]. 3,30,40,7-tetrabenzyl quercetin is thus synthesized; it is then
regioselectively alkylated in position-5 and debenzylated through a
palladium hydroxide-catalyzed hydrogenation reaction, to afford
5-(4-O-chlorobutyl)quercetin. Functionalization of 7-OH can be
achieved via imidazole-promoted regioselective deacetylation and
alkylation of 3,30,40,5,7-pentaacetyl quercetin [39, 48]. Selective
functionalization of 30- and 40-OH was not considered, since the
catechol moiety on the C-ring is known to be largely responsible of
the redox properties of the molecule [49], and it was also reported
to be essential for interaction of quercetin with target proteins
[11, 50].

Scheme 1 Protection strategies to allow regioselective monoalkylation of quercetin. Ph phenyl, Bn benzyl, Ac
acetyl
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The physicochemical properties of mitochondriotropic deriva-
tives can be further modulated by functionalization of the remain-
ing hydroxyls in the molecule; synthetic strategies to produce
acetylated and methylated analogs are presented here. Acetylation
or methylation is usually performed on the -(4-O-chlorobutyl)
derivative; if the -(4-O-iodobutyl)-derivative is used, reaction yields
are lower because of side reactions (i.e., dimerization) due to the
higher electrophilicity of alkyl iodides compared to chlorides. Also
acetylation/methylation of the -(4-O-triphenylphosphoniumbu-
tyl) derivative is not recommended, because of purification
problems.

Two methods are finally proposed to assess mitochondrial
accumulation of the derivatives. A TPP+-selective electrode can be
used; uptake and release of the mitochondriotropic derivative by
isolated rat liver mitochondria is associated to a decrease or increase
in its concentration in the incubation medium, respectively (asso-
ciated with a deflection of the electrode readout). In the second
approach, the (weak) fluorescence of mitochondriotropic deriva-
tives is exploited to monitor their accumulation in in situ mito-
chondria, using fluorescence microscopy and cultured cells; a Ψm-
dependent fluorescence increase and decrease is observed upon
mitochondrial accumulation of the compound and uncoupling,
respectively.

2 Materials

2.1 Synthesis

of Resveratrol

and Quercetin

Derivatives

1. Chemicals and solvents of laboratory grade, used as received,
without further purification.

2. Thin layer chromatography equipment (TLC): silica gel sup-
ported on plastic (Macherey-Nagel Polygram®SIL G/UV254,
silica thickness 0.2 mm), or silica gel supported on glass (Fluka)
(silica thickness 0.25 mm, granulometry 60 Å, medium poros-
ity), Spectroline® E-Series UV lamp, glass containers.

3. Flash chromatography equipment: glass column
(5 mm � 50 mm diameter, 80 � 120 cm length) with reduc-
tions, silica gel (Macherey-Nagel 60, 230–400 mesh granulo-
metry (0.063–0.040 mm)), air pressure line.

2.2 Assessment

of Accumulation into

Mitochondria—

TPP+-Selective

Electrode with Isolated

Rat Liver Mitochondria

1. Isolated rat liver mitochondria, prepared as described in [51].

2. TPP+-selective electrode, prepared as described in [51]. A cal-
omel electrode is used as reference.

3. Assay medium: 200 mM sucrose, 10 mM HEPES, 5 mM
succinate, 1 mM NaH2PO4, 1.25 μM rotenone, pH 7.4
(adjusted with KOH).
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2.3 Assessment

of Accumulation into

Mitochondria—

and Cultured Cells

1. Human colon carcinoma cell line HCT116 or human hepato-
carcinoma cell line HepG2.

2. High glucose DMEM (Dulbecco’s Modified Eagle Medium)
cell culture medium, supplemented with 10% FBS (fetal bovine
serum), 10 mMHEPES, 100 U/mL penicillin G, 0.1 mg/mL
streptomycin, 2 mM glutamine, 1.5 g/L sodium pyruvate and
1% nonessential amino acids.

3. HBSS: 136.9 mM NaCl, 5.36 mM KCl, 1.26 mM CaCl2,
0.81 mM MgSO4, 0.44 mM KH2PO4, 0.34 mM Na2HPO4,
5.55 mM Glucose, pH 7.4 (with NaOH).

4. Round coverslips (24 mm diameter).

5. Fluorescence microscope supplied with a 40� objective.

3 Methods

Synthetic protocols to obtain specific regioisomeric derivatives of
resveratrol or quercetin include some general procedures, which are
given at the beginning of this Section. We then proceed and
describe the specific procedures to obtain each derivative.

3.1 General

Procedure—Alkylation

of One Hydroxyl

Function to Produce

a -(4-O-Chlorobutyl)

Derivative

The described procedure is summarized in Scheme 2.

1. Dissolve resveratrol or protected quercetin (9.0 mmol, 1.0 eq.)
in 30 mL dimethylformamide (DMF).

2. Add 1.4 g of K2CO3 (9.9 mmol, 1.1 eq.) and 2.31 g of
1-bromo-4-chlorobutane (13.5 mmol, 1.5 eq.) under argon,
and stir overnight at room temperature.

3. Dilute the mixture in 100 mL ethyl acetate, transfer the solu-
tion into a separating funnel and wash three times with 50 mL
of 1 N HCl, discharging the aqueous (bottom) layer after
each wash.

4. Collect the organic layer, dry it adding anhydrous MgSO4

(about 5 g) and filter the solution with filter paper.

5. Evaporate the solvent under reduced pressure.

6. Purify the product(s) by flash chromatography.

Scheme 2 Alkylation of one hydroxyl function to produce a -(4-O-chlorobutyl)
derivative (General procedure Subheading 3.1)
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3.2 General

Procedure: –Cl ! –I

Nucleophilic

Substitution

to Produce

a -(4-O-Iodobutyl)

Derivative

The described procedure is summarized in Scheme 3.

1. Prepare a saturated solution of NaI (about 6 g) in 20 mL of
acetone (see Notes 1 and 2).

2. Dissolve the -(4-O-chlorobutyl) derivative (1.5 mmol, 1.0 eq.)
into the NaI saturated solution, and heat at reflux overnight.

3. After cooling, dilute the resulting mixture in 100 mL ethyl
acetate and filter it using a paper filter. Rinse the solid with
50 mL ethyl acetate and transfer the combined ethyl acetate–
acetone solution into a separating funnel.

4. Wash three times with 30 mL of water.

5. Collect the organic layer, dry it adding anhydrous MgSO4

(about 5 g) and then remove the solid by paper filtration.

6. Evaporate the solvent under reduced pressure.

7. Purify the product by flash chromatography (see Note 3).

3.3 General

Procedure: –I ! –

P+Ph3I
� Nucleophilic

Substitution

to Produce

the -(4-O-Triphenyl

phosphoniumbutyl)

Derivative

The described procedure is summarized in Scheme 4.

1. Dissolve the -(4-O-iodobutyl) derivative (1.5 mmol, 1.0 eq.)
and 2.0 g of triphenylphosphine (7.5 mmol, 5.0 eq.) in toluene
(25 mL).

2. Heat at 100 �C under argon, for 6 h. Follow the reaction
course by thin layer chromatography, which shows disappear-
ance of the reactant (the iodide) and the formation of a spot
with Rf ¼ 0 corresponding to the triphenylphosphonium
derivative.

3. Evaporate the solvent under reduced pressure.

4. Dissolve the resulting solid in the minimum volume (about
3 mL) of acetone (or dichloromethane in the case of acetylated
or methylated derivatives).

5. Precipitate the product adding diethyl ether (100 mL).

Scheme 3 –Cl ! –I nucleophilic substitution to produce a -(4-O-iodobutyl)
derivative (General procedure Subheading 3.2)

Scheme 4 –I ! –P+Ph3I
� nucleophilic substitution to produce a -(4-O-triphe-

nylphosphoniumbutyl) derivative (General procedure Subheading 3.3). PPh3
triphenylphosphine
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6. Decant the solvent.

7. Repeat steps 5 and 6 four more times (see Note 4).

8. Filter the precipitate with paper and desiccate under vacuum
(see Note 5).

3.4 General

Procedure—

acetylation

of -(4-O-Chlorobutyl)

Derivatives

Acetylated analogs can be synthesized applying this general proce-
dure to 40-(4-O-chlorobutyl) resveratrol and 3-(4-O-chlorobutyl)
resveratrol (respectively, R2 and R3 in Scheme 7), to 3-(4-O-
chlorobutyl) quercetin (Q4 in Scheme 8) and to 5-(4-O-chlorobu-
tyl) quercetin (Q15 in Scheme 9). 3,30,40,5-tetraacetyl-7-(4-O-
chlorobutyl) quercetin (Q25 in Scheme 10) is directly obtained
during the regioselective deacetylation-alkylation of 3,30,40,5,7-
pentaacetyl quercetin (Q24 in Scheme 10). The described proce-
dure is summarized in Scheme 5.

1. Prepare a solution of the -(4-O-chlorobutyl) derivative
(1.0 mmol, 1.0 eq.) and anhydrous pyridine (1.2 g,
15.0 mmol, 15.0 eq.) in dichloromethane (25 mL).

2. Cool the mixture in a dry ice–acetone bath (�78 �C).

3. Add dropwise and under continuous stirring a solution of
acetyl chloride (20.0 mmol, 20.0 eq.) in dichloromethane
(20 mL) (see Note 6).

4. Allow the reaction mixture to warm up to room temperature
over 2 h.

5. Add dichloromethane (50 mL) and wash the organic phase
three times with 1 N HCl (50 mL).

6. Dry over anhydrous MgSO4 (about 5 g) and remove the solid
by paper filtration.

7. Evaporate the solvent under reduced pressure.

8. Purify the residue by flash chromatography.

3.5 General

Procedure—

Methylation

of -(4-O-Chlorobutyl)

Derivatives

Methylated analogs can be synthesized applying this general proce-
dure to 40-(4-O-chlorobutyl) resveratrol and 3-(4-O-chlorobutyl)
resveratrol (respectively, R2 and R3 in Scheme 7), to 3-(4-O-
chlorobutyl) quercetin (Q4 in Scheme 8), to 5-(4-O-chlorobutyl)
quercetin (Q15 in Scheme 9) and to 7-(4-O-chlorobutyl) querce-
tin (Q26 in Scheme 10). The described procedure is summarized in
Scheme 6.

Scheme 5 Acetylation of -(4-O-chlorobutyl) derivatives (General procedure
Subheading 3.4). DCM dichloromethane
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1. Dissolve the -(4-O-chlorobutyl) derivative (0.5 mmol, 1.0 eq.)
in dimethylformamide (20 mL).

2. Add Cs2CO3 (0.8 g, 2.5 mmol, 5.0 eq.) and iodomethane
(0.7 g, 5.0 mmol, 10.0 eq.) under nitrogen, and stir overnight
at 40 �C.

Scheme 6 Methylation of -(4-O-chlorobutyl) derivatives (General procedure
Subheading 3.5). MeI iodomethane, DMF dimethylformamide

Scheme 7 Synthesis of 40-(4-O-triphenylphosphoniumbutyl) resveratrol and 3-(4-O-triphenylphosphoniumbu-
tyl) resveratrol (Subheading 3.6). Me methyl, Ac acetyl
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3. Dilute the mixture in dichloromethane (100 mL) and wash
three times with 1 N HCl (50 mL).

4. Dry the organic layer over MgSO4 (about 5 g) and remove the
solid by paper filtration.

5. Evaporate the solvent under reduced pressure.

6. Purify the residue by flash chromatography.

Scheme 8 Synthesis of 3-(4-O-triphenylphosphoniumbutyl) quercetin (Subheading 3.7). Ph2CCl2 dichlorodi-
phenylmethane, Ph phenyl, Me methyl, Ac acetyl

Scheme 9 Synthesis of 5-(4-O-triphenylphosphoniumbutyl) quercetin (Subheading 3.8). BnBr benzyl bromide,
DMF dimethylformamide, Bn benzyl, Me methyl, Ac acetyl
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3.6 Synthesis

of 40-(4-O-Triphenyl
phosphoniumbutyl)

Resveratrol

and 3-(4-O-Triphenyl

phosphoniumbutyl)

Resveratrol

The described procedure is summarized in Scheme 7.

1. Carry out general procedure Subheading 3.1, using resveratrol
(R1) as starting reagent (see Note 7). Purify the products
(40-(4-O-chlorobutyl) resveratrol (R2) and 3-(4-O-chlorobu-
tyl) resveratrol (R3)) by flash chromatography using dichlor-
omethane–ethyl acetate 9:1 as eluent (see Notes 8 and 9).

2. Carry out general procedure Subheading 3.2, using 40-(4-O-
chlorobutyl) resveratrol (R2) and 3-(4-O-chlorobutyl) resver-
atrol (R3) as starting reagent. Purify the product (40- or
3-(4-O-iodobutyl) resveratrol, R8 or R11) by flash chroma-
tography using dichloromethane–ethyl acetate 9:1 as eluent
(see Note 10).

3. Carry out general procedure Subheading 3.3, using 40-(4-O-
iodobutyl) resveratrol (R8) or 3-(4-O-iodobutyl) resveratrol
(R11) as starting reagent (see Note 11).

3.7 Synthesis

of 3-(4-O-Triphenyl

phosphoniumbutyl)

Quercetin

The described procedure is summarized in Scheme 8.

1. Dissolve 3.0 g of quercetin dihydrate (Q1) (8.9 mmol, 1.0 eq.)
in 5.1 mL dichlorodiphenylmethane (27.0 mmol, 3.0 eq.).

2. Mix thoroughly, then heat and stir at 180 �C for 10 min (see
Notes 12 and 13).

3. Cool the reaction mixture in ice/water (see Note 14).

4. Dilute in 15 mL of dichloromethane and sonicate (see Notes
15 and 16).

5. Purify the reaction product (30,40-O-diphenylmethane querce-
tin, Q2) by flash chromatography using dichloromethane–
ethyl acetate 95:5 as eluent (see Note 17).

6. Carry out general procedure Subheading 3.1 (seeNote18). Purify
30,40-O-diphenylmethane-3-(4-O-chlorobutyl) quercetin (Q3)
by flash chromatography using ethyl acetate–hexane 3:7 as eluent.

Scheme 10 Synthesis of 7-(4-O-triphenylphosphoniumbutyl) quercetin (Subheading 3.9). DMF dimethylfor-
mamide, Me methyl, Ac acetyl
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7. Dissolve 1.0 g of 30,40-O-diphenylmethan-3-(4-O-chlorobutyl)
quercetin (Q3) (1.80 mmol, 1 eq.) into a mixture of acetic
acid/water 8:2 (50 mL).

8. Heat the solution at reflux for 2 h (see Note 19).

9. Add 200 mL of ethyl acetate and pour the mixture into a
separating funnel.

10. Add a saturated solution of NaHCO3 in water until all the
acetic acid is neutralized (about 200 mL) (see Note 20).

11. Collect the organic layer and wash with 100 mL of a NaHCO3-
saturated aqueous solution.

12. Dry the organic phase adding anhydrous MgSO4 (about 5 g)
and filter the solution with filter paper.

13. Evaporate the solvent under reduced pressure and purify the
derivative (3-(4-O-chlorobutyl) quercetin, Q4) by flash chro-
matography using chloroform–acetone 8:2 as solvent (seeNote
21).

14. Carry out general procedure Subheading 3.2. Purify the -(4-O-
iodobutyl) derivative (Q7) by flash chromatography using
chloroform–acetone 8:2 as solvent (see Note 22).

15. Carry out general procedure Subheading 3.3 to obtain 3-(4-O-
triphenylphosphoniumbutyl) quercetin (Q10) (see Note 23).

3.8 Synthesis

of 5-(4-O-Triphenyl

phosphoniumbutyl)

Quercetin

The described procedure is summarized in Scheme 9.

1. Dissolve 1.0 g of quercetin dihydrate (Q1) (3.00 mmol,
1.0 eq.), 1.43 g of K2CO3 (10.4 mmol, 3.5 eq.) and
1.24 mL of benzyl bromide (10.4 mmol, 3.5 eq.) in 20 mL
of dimethylformamide at 0 �C.

2. Stir vigorously at 0 �C for 2 h.

3. Allow the reaction mixture warm to room temperature over 2 h
and maintain the stirring for 12 h (see Note 24).

4. Dilute the resulting mixture in 100 mL of ethyl acetate and
wash the organic phase three times with 1 N HCl (50 mL).

5. Dry the organic phase adding anhydrous MgSO4 (about 5 g)
and filter the solution with filter paper.

6. Evaporate the solvent under reduced pressure.

7. Purify 3,30,40,7-tetrabenzyl quercetin (Q13) by flash chroma-
tography using toluene–ethyl acetate 9:1 as eluent (see Note
25).

8. Carry out general procedure Subheading 3.1. Purify the reac-
tion product (3,30,40,7-tetrabenzyl-5-(4-O-chlorobutyl) quer-
cetin, Q14) by flash chromatography using toluene–ethyl
acetate 9:1 as eluent (see Note 26).
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9. Dissolve 0.5 g of 3,30,40,7-tetrabenzyl-5-(4-O-chlorobutyl)
quercetin (Q14) (0.66 mmol, 1.0 eq.) into a mixture of etha-
nol and tetrahydrofuran 1:1 (60 mL).

10. Add palladium hydroxide on carbon (50 mg, 10% w/w) at
room temperature and stir for 10 h under a flow of hydrogen
(see Notes 27 and 28).

11. Filter the reaction mixture on Celite® and wash with ethanol
(30 mL).

12. Concentrate the filtrate under vacuum and purify 5-(4-O-
chlorobutyl) quercetin) (Q15) by flash chromatography
using toluene–methanol 9:1 as eluent (see Note 29).

13. Carry out general procedure Subheading 3.2. Purify 5-(4-O-
iodobutyl) quercetin (Q18)) by flash chromatography using
chloroform–acetone 8:2 as solvent (see Note 30).

14. Carry out general procedure Subheading 3.3 to obtain 5-(4-O-
triphenylphosphoniumbutyl) quercetin (Q21) (see Note 31).

3.9 Synthesis

of 7-(4-O-Triphenyl

phosphoniumbutyl)

Quercetin

The described procedure is summarized in Scheme 10.

1. Mix quercetin dihydrate (Q1) (1.0 g, 3.00 mmol, 1.0 eq.),
acetic anhydride (6.13 g, 60.0 mmol, 20 eq.) and pyridine
(15 mL).

2. Heat to reflux and stir for 5 h.

3. Add ice-water (50 g) to the warm mixture.

4. Filter the resulting precipitate and transfer it to a round-
bottom flask.

5. Add to the precipitate 50 mL of ethanol and heat to reflux the
suspension. Dissolve all the precipitate by adding small por-
tions (5 mL each) of ethanol to the solution at reflux.

6. Cool slowly (over 3 h) the solution to room temperature, then
in ice/water.

7. Filter the resulting precipitate (3,30,40,5,7-pentaacetyl querce-
tin [35]), wash with cold ethanol (50 mL).

8. Desiccate under vacuum.

9. Dissolve 3,30,40,5,7-pentaacetyl quercetin (Q24) (1.50 g,
2.9 mmol, 1.0 eq.) in 30 mL of dimethylformamide.

10. Add 1.43 g of Cs2CO3 (4.4 mmol, 1.5 eq.), 1.51 g of
1-bromo-4-chlorobutane (8.8 mmol, 3.0 eq.) and 30 mg of
imidazole (2% w/w with respect toQ24) under argon, and stir
for 48 h (see Note 32).

11. Dilute the mixture in 150 mL ethyl acetate, pour the solution
into a separating funnel and wash three times with 100 mL of
0.5 N HCl, discharging the aqueous (bottom) layer after
each wash.
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12. Collect the organic layer, dry it with anhydrous MgSO4 (about
5 g) and filter with filter paper.

13. Evaporate the solvent under reduced pressure.

14. Purify 3,30,40,5-tetraacetyl-7-(4-O-chlorobutyl) quercetin
(Q25) by flash chromatography using dichloromethane–ethyl
acetate–hexane 8:2:2 as eluent (see Notes 33 and 34).

15. Add 3,30,40,5-tetraacetyl-7-(4-O-chlorobutyl)quercetin (Q25)
(0.5 g, 0.9 mmol) to a mixture of acetonitrile (60 mL) and 3M
aq. HCl (30 mL).

16. Stir the resulting solution at reflux for 1 h (see Note 35).

17. Add cold water (200 mL) and ethyl acetate (200 mL).

18. Pour the solution into a separating funnel and wash three times
with 100 mL of 0.5 N HCl, discharging the aqueous (bottom)
layer after each wash.

19. Collect the organic layer, dry it adding anhydrous MgSO4

(about 5 g) and filter the solution with filter paper.

20. Evaporate the solvent under reduced pressure.

21. Purify 7-(4-O-chlorobutyl)quercetin (Q26) by flash chroma-
tography using toluene–methanol, 8:2 as eluent (seeNote 36).

22. Carry out general procedure Subheading 3.2. Purify 7-(4-O-
iodobutyl)quercetin (Q28) by flash chromatography using
toluene–methanol 8:2 as solvent (see Note 37).

23. Carry out general procedure Subheading 3.3 to obtain 7-(4-O-
triphenylphosphoniumbutyl)quercetin (Q31) (see Note 38).

3.10 Assessment

of Accumulation into

Mitochondria—

TPP+-Selective

Electrode with Isolated

Rat Liver Mitochondria

The uptake of mitochondriotropic derivatives by isolated rat liver
mitochondria (RLM) can be followed using a TPP+-selective elec-
trode. Uptake of the derivative by RLM can be monitored as a
decrease in concentration of the derivative in the assay solution. On
the other hand, dissipation of the mitochondrial potential by an
uncoupler (e.g., FCCP) or by the onset of the permeability transi-
tion (induced by Ca2+ in the presence of Pi) causes the release of the
derivative from the mitochondrial matrix, with a consequent
increase of its concentration in the assay medium.

1. Fill the water-jacketed cell (thermostatted at 20 �C) with
medium; maintain the solution under magnetic stirring.

2. At typically 2–3 min intervals (depending on the response
speed of the specific electrode), add 2–3 aliquots of the deriva-
tive to the medium (typically 0.2 μM final concentration each),
waiting for the instrumental readout to stabilize after each
addition (see Note 39).

3. Add RLM (1 mg protein/mL).

4. Add 40 μM CaCl2 or 1 μM FCCP or another uncoupler (e.g.,
dinitrophenol, 20 μM) to depolarize mitochondria.
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3.11 Assessment

of Accumulation into

Mitochondria—

with Cultured Cells

The weak fluorescence of mitochondriotropic resveratrol and quer-
cetin derivatives can be exploited to follow their accumulation into
the mitochondria of cultured cells (see Note 40).

1. Plate the cells onto 24-mm glass coverslips, in 6-well plates.

2. Allow cells to grow for 2 days in DMEM at 37 �C, in a
humidified atmosphere of 5% CO2.

3. Mount the coverslips onto microscope holders.

4. Wash twice with warm HBSS.

5. Cover the cells with 1 mL DMEM without FBS and phenol
red, supplemented with 2 μM Cyclosporin A.

6. Place the cells on the microscope stage.

7. Acquire images at 1–2 min intervals, exciting at 340 nm and
collecting fluorescence at λ > 400 nm.

8. After 5–10 min, carefully withdraw 0.5 mL of the incubation
medium, add the desired derivative (1–10 μM final concentra-
tion), mix and add the solution back on the cells, at a peripheral
point.

9. 30–90 min after addition of the derivative, carefully withdraw
0.5 mL of the incubation medium, add FCCP (1 μM final
concentration), mix and add the solution back on the cells, at
a peripheral point of the coverslip. This procedure insures
adequate mixing.

4 Notes

1. The Finkelstein reaction is a one-step nucleophilic substitution
reaction (SN2) where an alkyl chloride is converted to an alkyl
iodide using sodium iodide as source of iodide anion and dry
acetone as solvent. The driving force of this reaction is the
production of NaCl, which is nearly insoluble in acetone
(4.2 � 10�4 g/kg acetone) compared to the reactant NaI
(280 g/kg acetone) [52]. This is also experimentally observ-
able during the reaction’s progression as the formation of a
white precipitate (NaCl) in acetone.

2. NaI is added to a solution of acetone in small aliquots (about
100 mg) stirring for 1 min after each addition. The saturated
solution is obtained when a white precipitate is appreciable at
the bottom of the flask after stirring for 5 min. The solution is
used without filtering.

3. The Finkelstein reaction is almost quantitative. Only one spot is
observed by thin layer chromatography, but purification is
recommended in order to eliminate traces of inorganic salts.
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4. To minimize product loss, the procedure can be performed in
50 mL centrifuge tubes, and a brief centrifugation step can be
introduced before solvent removal to allow better separation of
the precipitated product from the solvent.

5. -(4-O-triphenylphosphoniumbutyl) derivatives are usually
characterized by 1H-NMR, 13C-NMR and LC/MS. CDCl3
or DMSO-d6 are good solvents to dissolve the products for
NMR analysis. When performing HPLC-UV and/or LC/MS,
a reverse phase C18 column with end-capped silica is required
to minimize the amount of free silanols in the column, which
otherwise can interact with the positively charged derivatives,
causing drastic peak tailing [53, 54].

6. A white precipitate (pyridinium chloride) is generated
immediately.

7. Follow the reaction course by thin layer chromatography using
dichloromethane–ethyl acetate 9:1 as eluent. Progression of
the reaction is associated with disappearance of the spot
corresponding to resveratrol and the appearance of two new
spots, respectively 40-(4-O-chlorobutyl) resveratrol (R2, Rf:
0.34) and 3-(4-O-chlorobutyl) resveratrol (R3, Rf: 0.47).

8. When 2 g of resveratrol are used as starting material, a
30 � 350 mm glass column filled with silica gel (230–400
mesh) using dichloromethane–ethyl acetate 9:1 as eluent
allows the efficient purification of the two resveratrol isomers.
Expected reaction yield is about 30% for the 40-substituted
isomer (R2) and 15% for the 3-substituted isomer (R3).

9. From this point, 3- and 40-substituted isomers are processed
independently.

10. Follow the reaction course by thin layer chromatography using
dichloromethane–ethyl acetate 9:1 as eluent. TLC will show
the formation of just one spot/product, respectively 40-(4-O-
iodobutyl) resveratrol (Rf: 0.38) or 3-(4-O-iodobutyl) resver-
atrol (Rf: 0.51). 90% expected yield.

11. Follow the reaction course by thin layer chromatography using
dichloromethane–ethyl acetate 9:1 as eluent. Progression of
the reaction is associated with disappearance of the starting
reactant, respectively 40-(4-O-iodobutyl) resveratrol (R8) or
3-(4-O-iodobutyl) resveratrol (R11) and the formation of a
product spot with Rf: 0. 75% expected reaction yield.

12. The protection of the catechol moiety under neat conditions
(no solvent). The reaction yield is strongly affected by the
proper mixing of quercetin dihydrate and dichlorodiphenyl-
methane; for this reason, before heating to 180 �C the reaction
mixture is sonicated and stirred until it appears as an homoge-
neous suspension.
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13. The reaction generates hydrochloric acid; therefore, it is highly
recommended to vent the reaction with argon to a bubbler/
trap filled with aqueous base (e.g., 1 N NaOH) to quench
escaping gaseous products.

14. After 10 min at 180 �C, the reaction flask is cooled in ice/water
solution to avoid possible side reactions of substitution and/or
dimerization that can lower the reaction yield.

15. A suspension is formed, which is loaded directly into the chro-
matography column.

16. Follow the reaction course by thin layer chromatography using
dichloromethane–ethyl acetate 95:5 as eluent; many spots will
be present, due to alkylation at different positions of the quer-
cetin backbone. The desired catechol-protected quercetin
intermediate (Q2) is the largest yellow spot with Rf: 0.52.

17. When 3 g of quercetin dihydrate are used as starting material, a
50 � 350 mm glass column filled with silica gel (230–400
mesh) using dichloromethane–ethyl acetate 95:5 as eluent
allows the efficient purification of the desired product from
the reaction mixture. 70% expected yield.

18. Follow the reaction course by thin layer chromatography using
ethyl acetate–hexane 3:7 as eluent. TLC will show the forma-
tion of two spots: the desired compound, 30,40-O-diphenyl-
methane-3-(4-O-chlorobutyl) quercetin (Q3, Rf: 0.43) and
the disubstituted derivative 30,40-O-diphenylmethane-3,7-
(4-O-chlorobutyl) quercetin (Rf: 0.76). 45% expected yield.

19. Follow the reaction course by thin layer chromatography using
chloroform–acetone 8:2 as eluent. TLC will show the forma-
tion of one spot, the desired derivative, 3-(4-O-chlorobutyl)
quercetin (Q4, Rf: 0.30) and the progressive disappearance of
the catechol-protected reagent 30,40-O-diphenylmethane-3-
(4-O-chlorobutyl) quercetin (Q3, Rf: 0.78).

20. Neutralization is complete when no more carbon dioxide
evolves from the solution.

21. 80% expected yield.

22. Follow the reaction course by thin layer chromatography using
chloroform–acetone 8:2 as eluent. TLC will show the forma-
tion of just one spot/product (3-(4-O-iodobutyl) quercetin,
Q7, Rf ¼ 0.32.) 90% expected yield.

23. 70% expected yield.

24. Follow the reaction course by thin layer chromatography using
toluene–ethyl acetate 9:1 as eluent. TLC will show the forma-
tion of two spots: the desired compound (3,30,40,7-tetrabenzyl
quercetin,Q13, Rf: 0.51) and the per-benzylated side product
(Rf: 0.34).
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25. 60% expected yield.

26. Follow the reaction course by thin layer chromatography using
toluene–ethyl acetate 9:1 as eluent. TLC will show the forma-
tion of one spot, the desired product, 3,30,40,7-tetrabenzyl-5-
(4-O-chlorobutyl) quercetin (Q14, Rf: 0.35) and the progres-
sive disappearance of 3,30,40,7-tetrabenzyl quercetin (Q13, Rf:
0.51). 70% expected yield.

27. Hydrogen gas is bubbled through the mixture at low and
constant flow.

28. Follow the reaction course by thin layer chromatography using
toluene–methanol 9:1 as eluent. TLC will show the formation
of the desired species (5-(4-O-chlorobutyl) quercetin, Q15,
Rf: 0.24) and the progressive disappearance of 3,30,40,7-tetra-
benzyl-5-(4-O-chlorobutyl) quercetin (Q14, Rf: 0.78)
through the formation of partially benzylated -(4-O-chlorobu-
tyl) quercetin derivatives with intermediate Rf value.

29. 85% expected yield.

30. Follow the reaction course by thin layer chromatography using
chloroform–acetone 8:2 as eluent. TLC will show the forma-
tion of just one spot/product (5-(4-O-iodobutyl) quercetin,
Q18, Rf ¼ 0.28). 90% expected yield.

31. 70% expected yield.

32. Follow the reaction course by thin layer chromatography using
dichloromethane–ethyl acetate–hexane 8:2:2 as eluent. TLC
will show the formation of the desired compound (3,30,40,5-
tetraacetyl-7-(4-O-chlorobutyl) quercetin,Q25, Rf: 0.58) and
the progressive disappearance of 3,30,40,5,7-pentaacetyl quer-
cetin (Q24, Rf: 0.43).

33. 70% expected yield.

34. At this point 3,30,40,5-tetraacetyl-7-(4-O-chlorobutyl) querce-
tin (Q25) is obtained as a synthesis intermediate; after purifi-
cation by flash chromatography, it can be used as reagent for
the synthesis of 3,30,40,5-tetraacetyl-7-(4-O-triphenylpho-
sphoniumbutyl) quercetin (Q33) (general procedures Sub-
headings 3.2 and then Subheading 3.3).

35. Follow the reaction course by thin layer chromatography using
toluene–methanol 8:2 as eluent. TLC will show the formation
of the desired compound (7-(4-O-chlorobutyl) quercetin,
Q26, Rf: 0.32), the progressive disappearance of the reagent
(Q25, Rf: 0.85) and transient formation of partially acetylated-
7-(4-O-chlorobutyl) quercetin derivatives (spots with interme-
diate Rf value).

36. 90% expected yield.
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37. Follow the reaction course by thin layer chromatography using
toluene–methanol 8:2 as eluent. TLC will show the formation
of just one spot/product (7-(4-O-iodobutyl)quercetin, Q28,
Rf ¼ 0.35). 90% expected yield.

38. 70% expected yield.

39. This serves to build a scale to be used to quantify subsequent
variations in concentration. The procedure is necessary because
each electrode has its own sensitivity and response speed; this is
due, for example, to variability in the thickness and/or density
of the membrane.

40. Acetylated and methylated quercetin derivatives are the most
fluorescent ones.
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Chapter 10

Bridging the Gap Between Nature and Antioxidant Setbacks:
Delivering Gallic Acid to Mitochondria

Fernando Cagide, Catarina Oliveira, José Teixeira, Paulo J. Oliveira,
and Fernanda Borges

Abstract

Research on mitochondria-targeted active molecules became a hot topic in the past decade. Development
of mitochondria permeability transition pore (mPTP)-targeting agents with clinical applications is needed
not only because of the importance of the target in several diseases but also due to the fact that the current
developed molecules have shown poor clinical success. In fact, only a reduced percentage reach mitochon-
dria, effectively preventing pathological mPTP opening. The mitochondrial-targeting strategies should be a
promising solution to increase the selectivity of compounds to the mPTP, reducing also their potential side
effects. Chemical conjugation of bioactive molecules with a lipophilic cation such as the triphenylpho-
sphonium (TPP+) has been established as a robust strategy to specifically target mitochondria. Phytochem-
icals such as hydroxybenzoic acids are normal constituents of the human diet. These molecules display
beneficial healthy effects, ranging from antioxidant action through diverse mechanisms to modulation of
mitochondrial-related apoptotic system, although their therapeutic application is limited due to pharma-
cokinetic drawbacks. Accordingly, the development of a new antioxidant based on the dietary benzoic
acid—gallic acid—is described as well as the demonstration of its mitochondriotropic characteristics.

Key words Mitochondriotropic antioxidant, Gallic Acid, Smart Carriers, Rat Heart Mitochondria

1 Introduction

Mitochondria have an important number of roles in eukaryotic
cells: regulation calcium homeostasis, fatty acid oxidation, urea
cycle, biosynthesis of lipid and amino acid and, importantly the
production of energy in the form of ATP [1]. Under different
pathologies, the same reactions that lead to ATP synthesis also
result in the production of an excess of reactive oxygen species
(ROS) [2]. Since mitochondria are particularly vulnerable to oxi-
dative stress, excessive production of ROS can lead to cell dysfunc-
tion and death [3].

Closely involved with the concept of cell death by necroptosis,
the mitochondrial permeability transition (mPTP) is a sudden and
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irreversible increase in the permeability of the inner mitochondrial
membrane (IMM) to small solutes up to 1.5 kDa, leading to the
progressive dissipation of mitochondrial transmembrane potential
(Δψm). This unregulated passage of water that follows solute
intake into the mitochondrial matrix results in the osmotic swelling
of the organelle [4]. For these reasons, the mPTP is a significant
event in a large number of human pathologies (e.g., heart failure,
stroke, diabetes, liver injury, neurodegenerative disorders. and can-
cer) [5, 6].

Mitochondrial studies are currently performed on mouse or rat
isolated mitochondria primarily from the liver or heart due to the
abundance and easy access of these organs. Cardiac mitochondria
are often isolated for multiple functional and toxicological studies,
being used in different studies for the evaluation of toxicity and the
accumulation of a large numbers of compounds [7], as well as to
study the effects of different molecules on mPTP opening [8]. The
best-characterized mPTP opening mechanism involves the accu-
mulation of Ca2+ ions in the mitochondrial matrix [9]. Thus,
besides the accumulation of mitochondrial Ca2+, major mPTP
stimulators include ROS, inorganic phosphate, matrix alkaliniza-
tion, long-chain fatty acids, atractyloside, and
carboxyatractyloside [10].

Research to date suggests that phytochemical antioxidants,
such as plant polyphenols, play an important role on the protection
of mitochondria against oxidative stress and particularly towards
the mPTP opening phenomena [11]. One of the most common
plant polyphenols in the diet is gallic acid (3,4,5-trihydroxybenzoic
acid) that has an important antioxidant activity as well as the ability
to chelate pro-oxidantmetals such as Cu and Fe [12, 13].Moreover,
recent study demonstrated that gallic acid prevented mitochondrial
swelling induced by different stimuli, suggesting that it acts as a
genuine mPTP inhibitor [14]. In spite of these important proper-
ties of gallic acid, its high solubility in water and polarity restricts its
bioavailability by allowing its easy excretion and making it difficult
to pass through lipidic membranes and reach areas where oxidative
stress damage occurs such as mitochondria [15]. In fact, a substan-
tial obstacle in the development of mPTP-targeting agents with
clinical applications is based in part in the fact that they have low
bioavailability, with only a reduced percentage reaching mitochon-
dria, limiting their efficacy in preventing mPTP opening.

The mitochondrial-targeting strategies are a promising solu-
tion to increase the selectivity of compounds towards the mPTP,
reducing also their potential side effects. Within this framework,
several therapeutic approaches targeting mitochondria have been
developed, in particular those using triphenylphosphonium cation
(TPP+) as a carrier to deliver molecules to mitochondria [16–
18]. These types of cations accumulate in the mitochondria due
to their net electric charge, and the mitochondrial binding/accu-
mulation can be estimated using a selective TPP+ electrode.
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Consequently, it is expected that the use of this type of derivatives
will allow the selective targeting of antioxidants to the mitochon-
dria to prevent damage caused by oxidative stress.

Based on this, a mitochondria-targeted antioxidant based on
gallic acid was developed, AntiOxBEN3 (see Fig. 1, Scheme 1),
which strikingly showed potential to inhibit the increase of the
inner mitochondrial membrane permeability resulting from mPTP
induction [19]. AntiOxBEN3 accumulated several thousand-fold
inside isolated rat heart mitochondria, without causing disruption
of the oxidative phosphorylation apparatus (see Fig. 2).

Fig. 1 Chemical structures of gallic acid and AntiOxBEN3

Scheme 1 Flowchart followed for the synthesis of mitochondriotropic antioxidant AntiOxBEN3

Delivering Gallic Acid to Mitochondria 163



Because of the important role of the mPTP in different pathol-
ogies, including those affecting the cardiovascular system [20],
AntiOxBEN3 appears as a solid candidate for developing a novel
therapeutic agent that could be used to inhibit excessive pore
opening. In this chapter, we measure the mitochondrial uptake of
triphenylphosphonium-derived gallic acid antioxidant (AntiOx-
BEN3) in isolated rat heart mitochondria using a TPP+-selective
electrode.

2 Materials

2.1 Components

for Synthesis

All the reagents used for AntiOxBEN3 synthesis were used without
further purification. The solvents employed were pro-analysis
grade. After extraction the organic layers were gathered and dried
over Na2SO4. Solutions were decolorized with activated charcoal
when needed. Flash column chromatography was performed using
silica gel 60 (0.040–0.063 mm) (see Note 1).

2.2 Rat

Mitochondrial Fraction

Preparation

Components

1. Homogenization medium: 250 mM sucrose, 10 mM HEPES,
pH 7.4 (KOH), 1 mM EGTA, supplemented with 0.1% BSA
(bovine serum albumin) (fatty acid free). Weigh 171.15 g
sucrose, 4.77 g HEPES, and 0.761 g EGTA and transfer to a
glass flask. Add water to a volume of 1.8 L. Mix and adjust pH
with KOH. Make up to 2 L with water and store at �20 �C (see
Note 2).

Fig. 2 Mitochondrial heart uptake of AntiOxBEN3. In the presence of rotenone, heart mitochondria were
incubated with five sequential 1 μM AntiOxBEN3 additions (black arrowheads) to calibrate the electrode
response. Succinate was then added to generate a transmembrane electric potential by being oxidized on
mitochondrial Complex II. Accumulated AntiOxBEN3 is subsequently released by adding valinomycin, which
depolarizes mitochondrial by promoting potassium mitochondrial influx. By determining the ratio between the
accumulated and external TPP+ concentration, a value of around 2250� fold accumulation is obtained. MIT
mitochondria, SUC succinate, VAL valinomycin
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2. Resuspension buffer: 250 mM sucrose, 10 mM HEPES,
pH 7.2 (KOH). Weigh 87.57 g sucrose and 2.38 g HEPES
and transfer to a glass flask. Add water to a volume of 900 mL.
Mix and adjust pH with KOH. Make up to 1 L with water and
store at �20 �C.

3. Protease: 5 mg/mL of Subtilisin A, Type VIII from Bacillus
licheniformis. Weigh 5 mg of protease and add water to a final
volume of 1 mL. Gently mix and store at �20 �C in 50 μL
aliquots.

2.3 Components

to Evaluate the

Mitochondriotropic

Features

of AntiOxBEN3

1. Reagents for preparation of TPP+-selective electrode: tetraphe-
nylphosphonium, tetraphenylboron, diisooctylphthalate, poly-
vinylchloride (high molecular weight) and tetrahydrofuran.

2. Reagents for specific techniques: substrate of electron transport
chain (succinate), inhibitor of electron transport chain (rote-
none) and ionophore (valinomycin).

3. Reaction medium: 120 mM KCl, 10 mM HEPES, pH 7.2,
1 mM EGTA. Weigh 4.47 g KCl, 1.19 g HEPES and 0.190 g
EGTA and transfer to a glass flask. Add water to a volume of
450 mL. Mix and adjust pH. Make up to 500 mL with water
and store at 4 �C.

4. AntiOxBEN3: prepare a stock solution of 100 mM AntiOx-
BEN3 by dissolving 7.07 mg in DMSO (100 μL). Dilute it in
water to reach a final concentration of 200 μM.

3 Methods

3.1 Development of

the Mitochondriotropic

Antioxidant

AntiOxBEN3
(Scheme 1)

3.1.1 Synthesis of Tert-

Butyl (6-(3,4,5-

Trimethoxybenzamido)

Hexyl)Carbamate (3)

1. Dissolve, in a round bottom flask, 500 mg of 3,4,5-
trimethoxybenzoic acid 1 in 3.9 mL of N,N-
dimethylformamide.

2. Place the mixture at 4 �C, add 0.421 mL of N,N-diethylpro-
pan-2-amine and 1.668 g of PyBOP dissolved in 3.9 mL of
CH2Cl2. Stir the reaction for half an hour.

3. Add 0.529 mL of tert-butyl(6-aminohexyl)carbamate and cool
again in an ice bath. Add 1.2 mL of 2-aminoethanol. Stir the
reaction 18 h at room temperature.

4. Then, dilute the mixture with 20 mL of CH2Cl2, wash twice
with 20 mL of saturated NaHCO3. Dry it, filter, and evaporate
the solvent.

5. Purify the crude product by column chromatography (ethyl
acetate–petroleum ether [50%]). Combine the fractions with
the desired compound and evaporate the solvent (see Note 3).
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3.1.2 Synthesis of N-(6-

Aminohexyl)-3,4,5-

Trimethoxybenzamide (4)

1. In a round bottom flask, stir a solution of 1 g of compound
3 and 4 mL of triethylamine in 20 mL of CH2Cl2 for an hour.

2. Neutralize the reaction with a saturated solution of NaHCO3,
separate the organic phase and dry it. Filter and evaporate the
solvent.

3. Purify the crude product by column chromatography (metha-
nol–dichloromethane [10%]). Combine the fractions with the
desired compound and evaporate the solvent (see Note 3).

3.1.3 Synthesis of [5-(6-

(3,4,5-

Trimethoxybenzamido)

hexylamino)

carbonylpentyl]

triphenylphosphonium

Bromide (6)

1. Dissolve 689 mg of compound 4 in 7.4 mL of N,N-
dimethylformamide.

2. Place the solution at 4 �C, add 0.476 mL of N,N-diethylpro-
pan-2-amine and 1.572 g of PyBOP dissolved in 7.4 mL of
CH2Cl2. Stir the mixture for half an hour.

3. Add 1.218 g of the compound 5. Heat up the reaction to room
temperature stirring the reaction for 20 h.

4. Dilute with 40 mL of CH2Cl2, wash twice with 20 mL of
saturated NaHCO3 and dry it. Filter and evaporate the solvent.

5. Purify the crude product by column chromatography (metha-
nol–dichloromethane [10%]). Combine the fractions with the
desired compound and evaporate the solvent (see Note 3).

3.1.4 Synthesis of [5–(6-

(3,4,5-

Trihydroxybenzamido)

hexylamino)

carbonylpentyl]

triphenylphosphonium

Bromide (7, AntiOxBEN3)

1. Dissolve 1 g of compound 6 in 7.6 mL of anhydrous dichlor-
omethane. Stir the solution under an inert atmosphere (argon)
and cool it to �70 �C.

2. Add 4.3 mL of a solution of boron tribromide (1 M in dichlor-
omethane). Keep the reaction at �70 �C for 10 min. Let the
reaction reach room temperature and stir the solution during
12 h.

3. Quench the reaction with a slow and careful addition of 20 mL
of water. Remove the solvents.

4. Dissolve the solid in MeOH and dry it. Filter and evaporate the
solvent.

5. Purify the crude product by column chromatography (metha-
nol–dichloromethane [10%]). Combine the fractions with the
desired compound and evaporate the solvent (see Note 3).

3.2 Isolation of Rat

Heart Mitochondrial

Fractions

Independently of mitochondrial origin (liver, heart, kidney, or
brain), the first important procedure to achieve good and feasible
results is the isolation of tightly coupled mitochondrial fractions
[21]. The methods for mitochondrial isolation are laboratory-
specific and are established to obtain preparations of mitochondria
suitable for different applications. Note that all the isolation proce-
dures must be carried out on ice, or in a cold room, and follow a
standardized flowchart (Scheme 2).
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1. Take a young adult (10–12 weeks old) male or female rat and
sacrifice it using a proper and ethic method (e.g., anesthesia
with halothane or isoflurane followed by cervical dislocation
and decapitation). Bleed the rat into the sink for about 1 min.

2. Open the rat with scissors, remove the connective tissue and
fat. Excise the heart from the animal and place it in a beaker
containing ice-cold homogenization buffer.

3. Remove, as much as possible, the adhering fat or fibrous tissue,
chop up the heart with scissors and drain off the homogeniza-
tion medium. Add fresh homogenization buffer and repeat the
procedure several times to remove blood excess until the liquid
comes out clear.

Scheme 2 General flowchart for isolation of rat heart mitochondrial fractions. All the material was kept on ice
during the isolation procedure. H homogenization buffer, P protease, W washing buffer
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4. Transfer the minced blood-free tissue to a precooled glass
Potter-Elvehjem homogenizer and fill it with approximately
40 mL of homogenization medium, supplemented by
0.5 μg/mL of protease. For the isolation of cardiac mitochon-
drial fractions, the homogenization medium is supplemented
with 0.5 μg/mL (40 μL from the 5 mg/mL solution) of
Subtilisin A (see Note 4).

5. Exposure to protease is limited to 2–3 min in order to mini-
mize loss of mitochondrial membrane integrity. Then, homog-
enize heart gently about 5–8 times with the plunger rotating at
300 rpm (see Note 5). Always perform all steps under 4 �C.

6. Transfer to a 50 mL centrifuge tube (see Note 6). Protease
needs to be removed from the solution by centrifuging the
homogenate at 14,000 � g for 10 min, which corresponds to
10,822 rpm in the Sorvall SS-34 rotor using the Sorvall RC
6 Plus centrifuge or equivalent. Decant carefully the superna-
tant (see Note 7).

7. Homogenize heart pellet gently once again about 5–8 times
with the plunger rotating at 300 rpm (see Note 5).

8. Transfer to a 50 mL centrifuge tube (see Note 6). Nuclei, red
cells, intact cells and other debris are removed by centrifuging
the homogenate at 1076 � g for 10 min, which corresponds to
3000 rpm in the Sorvall SS-34 rotor using the Sorvall RC
6 Plus centrifuge or equivalent. Decant carefully the superna-
tant to a new centrifuge tube (see Note 8).

9. Centrifuge the supernatant at 10,000 � g for 10 min
(¼9150 rpm) and discard it. The mitochondrial pellet forms a
soft brown pellet that should be gently resuspended with a
smooth paintbrush and with heart resuspension buffer (see
Note 9).

10. Centrifuge again the suspension at 10,000 � g for 10 min.
Resuspend the pellet with a paintbrush in heart resuspension
medium and repeat the procedure.

11. Suspend carefully the pellet in about 0.5 mL of resuspension
buffer. Determine mitochondrial protein content by biuret
method calibrated with BSA [22] (see Note 10).

3.3 Uptake

of AntiOxBEN3 by

Mitochondria

3.3.1 Preparation

of TPP+ Selective Electrode

The uptake of AntiOxBEN3 by mitochondria is measured with a
TPP+-selective electrode. The electrode is constituted by a
polyvinylchloride-based membrane containing tetraphenylboron
as an ion-exchanger and prepared according to Kamo et al.
[23, 24]: a solution containing 0.34 mg of tetraphenylboron
(Na+ salt), 16 mg of polyvinylchloride (high molecular weight),
57 μL of diisooctylphthalate, and tetrahydrofuran (to a final volume
of 500 μL) is evaporated on a glass plate enclosed by a 2 cm
diameter glass ring to produce a polyvinylchloride membrane.
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The ring is covered with a glass beaker and left overnight at room
temperature to vaporize tetrahydrofuran and obtain a clear mem-
brane (0.2 mm thick). Then, a piece of membrane is glued with
tetrahydrofuran to a 2 mm inner diameter polyvinylchloride tube
(see Note 11). Tetrahydrofuran is evaporated by light sucking and
blowing into the tube. Any outstrip membrane material remaining
over the tube must be cut out with a razor blade. The whole
electrode is filled with 0.1–0.2 mL previously degassed TPP+

10 mM that works as reference solution. A silver wire coated with
AgCl is used to establish the connection to a suitable electrometer.
The electrode is soaked overnight in a 10 mM TPP+ solution for
conditioning before use.

The electromotive force is measured between the TPP+ elec-
trode and a calomel electrode located in the sample solution. In
accordance with the Nernst equation, a good electrode must have a
linear voltage response to log [TPP+] and a slope of 59 at 25 �C.

3.3.2 Heart

Mitochondrial Uptake

of AntiOxBEN3

The heart mitochondrial uptake of AntiOxBEN3 is measured in an
open thermostat vessel, at a constant temperature of 37 �C, under
efficient magnetic stirring.

1. Add to the reaction chamber 1 mL of reaction medium con-
taining 120 mM KCl, 10 mM HEPES, pH 7.2, and 1 mM
EGTA supplemented with rotenone (1.5 μM).

2. Place the pen record after choosing a 50-mV full scale; wait
until the trace is stable (select a chart speed of 1 cm/min). Add
0.5 mg mitochondrial heart protein.

3. Mitochondria-targeted agent AntiOxBEN3 will be used to
trace a calibration curve. For this, perform five consecutive
additions of AntiOxBEN3 (1 μM each one). Between each
addition wait until the trace is stable (see Note 12).

4. Add 10 mM succinate. After AntiOxBEN3 has been accumu-
lated, add 0.2 μg/mL valinomycin. The accumulated AntiOx-
BEN3 in mitochondria is released once mitochondrial
membrane potential is abolished by the influx of potassium
(see Note 13).

4 Notes

1. For the synthetic procedures, the use of protective clothing,
goggles, gloves and protection mask for solid particles (when
silica column is packed) is required. Silica gel causes irritation
on respiratory tract and dust beads may cause skin and eyes
irritation. For further information, see Merck Index.
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2. Aliquot in flasks of approximately 500 mL. 0.1% BSA (10 mL
of a stock solution 5% BSA) is added on the day of the experi-
ment to the homogenization buffer.

3. NMR and electrospray ionization mass spectra (ESI-MS) data
must be acquired to confirm the structural identity of the
compound (for details see Ref. 6).

4. For the isolation of cardiac mitochondrial fractions, the
homogenization medium is supplemented with 0.5 μg/mL of
Subtilisin A, Type VIII from Bacillus licheniformis (Sigma-
Aldrich) in order to degrade cardiac fibbers.

5. The pestle must reach the bottom of the tube in the first or
second pass but caution is needed either for not to create a
vacuum or to put the plunger through the bottom of the
homogenizer.

6. Balance the content with a water-filled tube. If the homogenate
does not fit in one tube, divide it by two tubes.

7. Decant with care the supernatant, essentially devoid of prote-
ase, to a precooled glass Potter-Elvehjem homogenizer and fill
it with approximately 40 mL of homogenization medium.

8. Decant with care the supernatant, to avoid contamination with
debris from pellet.

9. Generally, the pellet has a superficial mobile layer (a “fluffy
layer”) that must be discarded together with the supernatant
as it contains damaged mitochondria.

10. The mitochondrial protein after isolation should be quantified
after a 20 min recovery and used within 5–6 h post-isolation,
being kept in ice at all times.

11. Care must be taken to avoid the use of excess of tetrahydrofu-
ran as it can cause dissolution of the central core of the
membrane.

12. The calibration can be done prior to the addition of
mitochondria.

13. To confirm that AntiOxBEN3 is accumulated due to mito-
chondrial membrane potential, valinomycin should be added
to the reaction chamber at the same time than rotenone. When
mitochondrial membrane potential is not generated, AntiOx-
BEN3 is not accumulated by mitochondria.
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Chapter 11

Liposomal Delivery of Cyclocreatine Impairs Cancer Cell
Bioenergetics Mediating Apoptosis

Samayita Ganguly and Tamer Elbayoumi

Abstract

Creatine kinase (CK) enzyme overexpression has been suggested to play a role in the process of tumorigen-
esis and metastasis. Cyclocreatine (CCR) is a substrate analog of creatine kinase (CK), where its phos-
phorylated form is a poor phosphate donor in comparison with native bioenergetic molecule, creatine
phosphate (Cr-P). The compound CCR has been shown to markedly inhibit the growth of a broad
spectrum of cancers, both in vitro and in vivo. Intracellularly, CCR is phosphorylated by CK to yield a
synthetic phosphagen [(N-phosphorylcyclocreatine (CCR~P)], with thermodynamic and kinetic properties
distinct from those of creatine phosphate (Cr-P). Distinct inhibition of tumor growth and metastasis has
been attributed to CCR accumulation as CCR~P in tumor cells, especially in those expressing a high level of
CK protein, with minimal adverse effects. Unfortunately, the clinical use of CCR against malignancies is
quite limited due to its amphoteric nature, which accounts for most of its extremely low membrane
permeability, as well as limited oral bioavailability (BA) and poor systemic pharmacokinetics (PK).
Our current work describes the encapsulation of CCR, utilizing freeze and thaw vesicles (FTV)—

composed mostly of saturated PC, DOPE, and Chol—into stealth™ liposomes, postcoated with 4.5 M%
PEG-PE. Following physicochemical characterization, in vitro release and cellular uptake kinetics con-
firmed efficient delivery of liposomal CCR (CCR-Lip), leading to intracellular accumulation of its CC-P
metabolic product. Successful delivery of CCR to cancer cell effectively depleted low energetic cancer cells
of ATP significantly mediating myc-induced metabolic changes. CCR-Lip showed significant antimetastatic
and anticancer effectiveness against both MCF-7 and PC-3 human carcinoma models ( p < 0.05–0.01),
with 4- to 6-fold lower IC50 values vs. closest drug control. Such shift in bioenergetics was coupled via
AMPK and phospho-p53 to the mitochondrial apoptosis effector Bak, thus inducing a cell-intrinsic
mechanism to counteract uncontrolled neoplastic proliferation, in target cancer cells. Our novel liposomal
delivery system of the CCR substrate analog demonstrated strong inhibition of malignant cell bioenerget-
ics, leading to significant antineoplastic and proapoptotic actions, against different cancers.

Key words Creatine kinase; phosphagen, Creatine phosphate, Cyclocreatine, Proapoptotic, Cell
bioenergetics, Freeze and thaw nanovesicles, Stealth™ liposomes

1 Introduction

The creatine kinase–creatine phosphate system is involved in the
maintenance of cellular energy homeostasis in tissues with large and
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Methods in Molecular Biology, vol. 2275, https://doi.org/10.1007/978-1-0716-1262-0_11,
© Springer Science+Business Media, LLC, part of Springer Nature 2021

173

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1262-0_11&domain=pdf
https://doi.org/10.1007/978-1-0716-1262-0_11#DOI


fluctuating energy demands, such as skeletal muscle, heart, and
brain [1, 2]. It is well established that the CK/Cr-P system func-
tions as a spatial and temporal energy buffer in addition to main-
taining cellular pH, ATP–ADP ratios, and ADP levels [3].

The key factor responsible for eliciting the decrease in the ATP
supply–demand ratio in proliferating cancer cells is the relative lack
of ATP. In fact, inefficient ATP production is a familiar attribute of
cancer cell-associated metabolic programs, where also MYC
protooncogene-mediated metabolic reprogramming has been asso-
ciated with depletion of cellular ATP levels [3, 4]. In malignancy,
myc-induced metabolic reprogramming (metabolic transforma-
tion) fuels autonomous patterns of cell proliferation and renders
cells “addicted” to reprogrammed metabolic pathway. Such effects
can be essentially implicated in cancerous cells undergoing the
Warburg transformation or effect [5]. Such Myc-induced repro-
gramming of malignant cells renders them much more susceptible
to apoptosis, if deprived of glucose of glutamine. It also sensitized
cells to intrinsic pathway of apoptotic death [5, 6].

Several previous reports have investigated the role of creatine
kinase (CK) and its bioenergetic substrates in malignancy [5]. The
CK enzyme (in both mitochondria and cytoplasm) has been pro-
posed to play a significant role in the process of tumorigenesis
[3, 7]. Preclinical data suggested CK is overexpressed in many
tumor types, of diverse origins, and is associated with their meta-
static transformation [3, 4, 7]. It is induced by several hormones
[8], oncogenes [9], and other elements of signal transduction
pathways [10–13].

Cyclocreatine (CCR), a synthetic phosphagen that acts as a
substrate analog of CK, has been shown to act as an anticancer
agent in a variety of preclinical studies [14–16]. In vitro and animal
studies demonstrated CCR is phosphorylated by CK into a syn-
thetic phosphagen [(N-phosphorylcyclocreatine(CCR-P), which is
thermodynamically and kinetically distinct from natural creatine
phosphate (Cr-P) (Fig. 1) [12, 13]. CCR~P has been demonstrated
to be a poor substrate for CK and hence provides ATP less readily
than creatine. Therefore, intracellular accumulation of this phos-
phagen, CCR (along with its phosphorylated form, CCR~P),
impairs the functions of the creatine kinase–creatine phosphate
system, causing depletion of ATP–ADP ratios that is not only
detrimental to tumor cell growth, but ultimately sensitizes malig-
nant cells to mitochondria-dependent apoptosis [5, 12, 13].

The bioenergetic substrate, CCR is a hydrophilic and strongly
charged small anion, similar to ATP, where they both cannot nor-
mally pass the cell membrane in sufficient quantities to satisfy tissue
metabolic requirements [17, 18]. Moreover, both Cr and CCR
have a very short half-life in the blood, and are rapidly hydrolyzed
to ADP, AMP, and adenosine via a cascade of extracellular ectonu-
cleotidases [5, 19]. The nature of the CCR as a small amphoteric
molecule, in addition to its limited water solubility, generally
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contributes to its poor oral bioavailability [20]. At the same time,
these characteristics make it an ideal candidate for loading into
liposomal nanocarriers, for improved drug delivery (Fig. 2) [5].

Liposomes are one of the most widely studied nanoscale carrier
systems. They have been extensively investigated for both con-
trolled release and targeted delivery of many therapeutic macro-
molecules, thanks to their favorable pharmaceutical characteristics,
such as biocompatibility and the ease of large-scale production
[21, 22].

Our current work describes the PEGylated liposomal formula-
tion of CCR (CCR-FTV) and, the intracellular accumulation of its
CC-P metabolic product, because of efficient CCR-FTV nanode-
livery, due to improved solubilization and permeability through
lipidic membranes. This approach can effectively deplete low ener-
getic cancer cells of ATP, mediating myc-induced metabolic
changes, coupled via 50 adenosine monophosphate-activated pro-
tein kinase, AMPK, and phospho-p53 tumor protein to the mito-
chondrial permealizer, BCL2 antagonist/killer 1 protein, Bak, thus
inducing an intrinsic apoptotic mechanism to cease uncontrolled
proliferation (Fig. 3). In addition, our polyethylene glycol,
PEG-coated CCR-liposomes (included as 4.5 mol% PEG-PE) can
offer prolonged circulation in blood for our synthetic phosphagen
drug, as a candidate pharmaceutical platform suitable for systemic
administration in potential clinical applications.

2 Materials

2.1 Preparation

of CCR-Loaded

Liposomes (Plain

and PEGylated)

1. Chloroform (100%, dry).

2. L-α-phosphatidylcholine, hydrogenated (Soy) (Avanti Polar
Lipids, Inc., Alabaster, AL). Dissolve 25.5 mM HSPC in
10 mL chloroform, to make 20 mg/mL HSPC stock solution.
Store at �80 �C.

3. Cholesterol (Chol). Dissolve 51.8 mM Chol in 10 mL chloro-
form, to make 20 mg/mL HSPC stock solution. Store at
�80 �C.

4. 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[meth-
oxy(polyethylene glycol)-2000] (ammonium salt) (PEG, MW
2000) (Avanti Polar Lipids, Inc., Alabaster, AL), for PEGylated

Fig. 1 Chemical structures of creatine, Cr (left); cyclocreatine, CCR (middle); and its metabolic phosphagen,
cyclocreatine phosphate, CCR~P. (right)
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liposomes. Dissolve 3.57 mM mPEG2000-DSPE/PEG-PE in
10 mL chloroform, to make 10 mg/mL PEG-PE stock solu-
tion. Store at �80 �C.

5. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (18:1 (Δ9-
Cis) PE or DOPE) (Avanti Polar Lipids, Inc., Alabaster, AL).
Dissolve 26.9 mM DOPE in 10 mL chloroform, to make
20 mg/mL DOPE stock solution. Store at �80 �C.

6. 1-Carboxymethyl-2-iminoimidazolidine (cyclocreatine, CCR)
(Millipore Sigma, St. Louis, MO).

7. 25 mL pear-shaped and round-bottom glass flasks that fit
rotary evaporator spout, for organic/cosolvent evaporation.

8. Rotary evaporator with vertical coiled condenser, RE100-Pro
(Scilogix, LLC, Rocky Hill, CT) with rotation speed control,

Fig. 2Method for preparation of CCR-loaded liposomes, specifically freeze–thaw
vesicles (FTV) loaded with CCR
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connected to a dry-vacuum pump capable of providing at least
100 mTorr of vacuum.

9. Stock (1�) phosphate buffered saline (PBS), pH 7.2. Dissolve
137.9 mM Sodium Chloride (8.0 g), 2.7 mM KCl (0.2 g),
1.8 mM KH2PO4 (0.24 g), 10 mM Na2HPO4 (1.44 g) in
800 mL of MQ water. Titrate to pH 7.2 with 1 M HCl, and
then adjust final volume to 1 L. Store at 4 �C.

10. Benchtop lyophilizer, FreeZone 4.5 (Labconco, Kansas
City, MO).

11. Nitrogen gas source, with flow meter regulator, adjustable
from 10 to 60 CF/H.

12. Nitrogen gas operated LIPEX™ extruder (Northern Lipids
Inc., Burnaby, BC, CA).

13. LIPEX™-compatible polycarbonate filter disks—size 100 nm,
200 nm, and 400 nm (Northern Lipids Inc., Burnaby,
BC, CA).

Fig. 3 Representation of proposed intracellular effect of CCR-FTV liposomal delivery, curtailing CK/Cr-P
shuttle, resulting in activation of AMPK, p53, and BAK, triggering mitochondria-mediated apoptosis
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14. Spectra/Por 6 Standard Regenerated Cellulose (RC) Dialysis
Tubing, pretreated, 18 mm flat width, MWCO: 25 kD
(25,000 Da) (Spectrum Chemical MFG Corp., New
Brunswick, NJ).

15. Noncontact Infrared thermometer with laser sight (Tempera-
ture range:�50 �C to 38 �C, andminimum accuracy�1.5 �C),
for accurate measurement of external temperature of the
LIPEX™ extruder barrel.

16. Weigh balance (up to 0.001 mg in precision for accuracy).

17. Pipette(s) capable of dispensing at 10 μL, 500 μL, and 1 mL.

18. 5 mL glass vials.

19. Milli-Q (MQ) water.

2.2 Determination

of CCR Concentration

1. Triton X-100.

2. HPLC 250 � 4.6 mm (4 μm packing vol.) stainless steel
column ACE PFP C-18 (Advanced Chromatography Technol-
ogies Ltd., Aberdeen, Scotland).

3. Waters 2695 Alliance HPLC system, with UV detector.

4. 25 mM phosphate buffer, pH 5.5. Dissolve 1.2 mM of Na2H-
PO4·7H2O (0.327 g) and 23.8 mM of NaH2PO4·H2O
(3.28 g) in 800 mL of MQ water. Titrate to pH 5.5 with 1 M
HCl, and then adjust final volume to 1 L. Store at 4 �C.

5. Tetrabutylammonium bisulfate (TBA, Sigma).

6. HPLC-grade methanol (Sigma).

7. Speed adjustable/digital orbital mixer.

8. 1 mL HPLC plastic vials.

9. Milli-Q (MQ) water.

2.3 Physicochemical

Characterization

of Prepared

CCR-Liposomes (Plain

and PEGylated)

1. Pipette(s) capable of dispensing at 10 μL, 500 μL, and 1 mL.

2. 5 mL glass test tubes.

3. Milli-Q (MQ) water.

4. Speed adjustable/digital orbital mixer.

5. Malvern Zetasizer Nano ZS (Malvern Instruments,
Westborough, MA).

6. Disposable folded capillary (electrophoretic) cells for zeta
potential measurements (Malvern Instruments,
Westborough, MA).

7. Disposable low volume (1.5 mL capacity) 12 mm square poly-
styrene cuvettes, for particle size analysis.
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2.4 MitoOrange

Mitochondrial

Polarization Assay

1. One vial of 1 � 105 cells of model human PC-3 metastatic
prostatic carcinoma cell lie (American Type Culture Collection,
ATCC catalog# CRL-1435™, Manassas, Virginia).

2. ATCC-formulated F-12 K Medium (F12K).

3. Fetal bovine serum (FBS-added to growth media as 10%
vol/vol).

4. Complete serum-free medium (SFM, Gibco Biosciences,
Dublin, Ireland).

5. 15 mL polystyrene centrifuge tube (1 per sample).

6. Hemacytometer.

7. Microfuge at 13,000 � g, Clinical centrifuge at 100–1000 � g.

8. Pipette(s) capable of dispensing at 10 μL, 500 μL, and 1 mL.

9. Graduated cylinder.

10. Cell culture grade sterile dimethyl sulfoxide (DMSO).

11. Vortex mixer.

12. Amber vials or polypropylene tubes for storage at �20 �C.

13. Cell culture plates 96-well opaque-walled plates compatible
with fluorimeter, with clear flat bottom.

14. Multichannel pipettor(s), capable of dispensing at 50 μL and
500 μL.

15. Orange mitochondrial membrane potential assay kit (Abcam,
Cambridge, MA).

16. Fluorescence plate reader with excitation 530–570 nm and
emission 580–620 nm filter pair, Synergy 2 multimode micro-
plate reader (BioTek Instruments, Winooski, VT).

3 Methods

3.1 Preparation

of Empty

and CCR-Loaded

Freeze–Thaw Vesicles

(FTV)/Liposomes

Prepare all FTV liposomal formulations using only clean glassware.
Thoroughly clean the glassware and spatulas with concentrated
nitric acid followed by ethanol. Make sure no residue of whitish
phospholipids or drug remains in the glassware. Furthermore, use
MQ water during the entire formulation processes to guarantee
purified grade final product (Fig. 2).

1. Turn on the hot plate and adjust to 30 �C. Warm clean 25 mL
beaker on the hot plate for 5 min, filled with (1�) phosphate
buffered saline (PBS), adjusted to pH 7.2.

2. In a 25 mL pear-shaped glass flask, add phospholipid matrix
components, 76.6 mMol of HSPC:DOPE:Chol in 2:1:1 M
ratio (as 1.5 mL from 20 mg/mL 18:1 HSPC stock solution
in chloroform, and 0.71 mL from 20 mg/mL DOPE stock
solution in chloroform, plus 0.3 mL from 20 mg/mL Chol
stock solution in chloroform) (see Note 1).
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3. Connect pear-shaped glass flask to the rotary evaporator, and
slowly evaporate organic solvent under 100 mTorr (26 Hg)
vacuum, set at 50–60 rpm rotation, and 40 �C water bath
temperature, for approx. 60 min (see Notes 2 and 3).

4. Release vacuum pressure, and carefully disconnect flask (see
Note 4).

5. Freeze the diluted FTV dispersion by immersing the flask in
liquid nitrogen, then place it into a freeze-drying glass flask,
and keep in �80 �C freezer for 1 h.

6. Transfer flask from freezer directly into freeze-drying flask, seal
and connect to benchtop lyophilizer, for at least 2 h, to remove
any traces of organic solvent (see Note 5).

7. For empty FTV, using 1 mL pipette, gradually add 3 mL of
warm (1�) PBS, pH 7.2, onto the warm mixture inside the
25 mL pear-shaped glass flask, mixing thoroughly but slowly,
using vortex mixer at about 1000 rpm for 5 min, or until the
entire lipid film on the glass has been dispersed in buffered
solution (see Note 6).

8. Dissolve 25 mg of CCR in 5 mL of warm (1�) phosphate
buffered saline and adjust pH 7.2.

9. For CCR-loaded FTV liposomes, using 1 mL pipette, gradually
add 3 mL of warm CCR solution in (1�) phosphate buffered
saline, pH 7.2, to lipid film in flask.

10. Freeze the dispersion, first by immersing the flask in liquid
nitrogen at �80 �C for 5 min, then inside �80 �C freezer for
30 min, followed by thawing at 45 �C for 10 min.

11. Repeat freezing and thawing cycle five times.

12. Transfer the FTV liposomal samples (empty or CCR-loaded)
to the LIPEX™ extruder, pass twice under 300 PSI nitrogen
gas pressure, using first 400 mm filter disk. Run another two
passes using the 200 nm filter, followed by two final passes
using the 200 nm filter (see Note 7).

13. For CCR-loaded FTV samples, add the extruded liposomes to
the dialysis bag of MWCO 250,000 Da, seal, and separate
nonencapsulated CCR by dialysis against the (1�) PBS,
pH 7.2 buffer at 4 �C overnight (see Note 8).

14. Dilute the liposomal formulations to a final concentration of
10 mg lipids/2.5 mg CCR/mL in phosphate buffered saline,
pH 7.2 buffer.

15. Add CaCl2 to a concentration 1.0 mM.

16. Store all FTV formulations at 4 �C for later use.
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3.2 Determination

of CCR

The level of liposomal CCR encapsulation is determined via HPLC.

1. Lyse CCR-containing liposomes with 0.5% (v/v) Triton X-100
in distilled water to release CCR from FTV liposomes.

2. Record the UV absorbance on a Waters 2695 Alliance HPLC
system, with UV detector at 210 nm.

3. Perform chromatography, using sample volume of 20 μL, on a
250 � 4.0 mm stainless steel column, packed with 4 μm ACE
Cl8. The chromatographic conditions are as follows: isocratic
elution at room temperature with mobile phase for the first
10 min consisted of buffer A (25 mM phosphate buffer with
100 mg/L tetrabutylammonium, pH 5.0), then 1:1 vol/vol
mixture with buffer B (25 mM phosphate buffer with 100 mg/
LTBA, pH 5.0, and 10% acetonitrile) for the following 10min,
all run at a flow rate of 0.5 mL/min.

4. Record CCR-corresponding peaks at 5–6 min elution time.

3.3 Physical

Characterization

of Empty

and Drug-Loaded FTV

Liposomal

Formulations

Produced FTV formulations are characterized for particle size and
size distribution using the dynamic light scattering (DLS) tech-
nique with a Malvern Zetasizer Nano ZS (Malvern Instruments,
Westborough, MA) at 273� fixed angle and at 23 �C temperature.

1. Dilute each FTV formulation, for particle size analysis, using
MQ water at about 50 folds vol/vol, in disposable polystyrene
cuvettes. The numbered average particle hydrodynamic diam-
eter and the polydispersity index (PDI) will be determined (see
Note 9).

2. For the zeta potential, dilute FTV samples in MQ water,
pH 6.8, at 100–200 fold vol/vol, then employ a 1 mL syringe,
horizontally, to insert the almost transparent solution carefully
inside the folded capillary electrophoretic cell of the Malvern
Zetasizer Nano ZS, while making sure to avoid inserting any air
bubbles. The average surface charge will be measured (Fig. 2).

3.4 Orange

Mitochondrial

Polarization Assay

in Cultured Human

Prostatic

Carcinoma Cells

Mitochondrial membrane potential, Δψm, is an important parame-
ter of mitochondrial function used as an indicator of cell health.
The loss of mitochondrial membrane potential (MMP) is a hall-
mark for apoptosis. The Orange Mitochondrial membrane poten-
tial assay kit utilizes the lipophilic, cationic dye MitoOrange™ for
the detection of the mitochondrial membrane potential change in
cells. In normal cells, the orange fluorescence intensity is increased
when MitoOrange™ dye is accumulated in the mitochondria.
However, in apoptotic cells, the fluorescence intensity of MitoOr-
ange™ dye is decreased following the collapse of MMP (Fig. 4).
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Fig. 4 In vitro assays of CCR-FTV formulation in human carcinomas. (a) Kinetics
of cancer cell uptake of CCR formulations; (b) ATP-Lite™ assay of cytotoxic
effectiveness (expressed as IC50 values) of CCR-FTV liposomes, following 48 h
treatment of two human carcinoma cell lines; (c) Orange mitochondrial
membrane potential assay of CCR-formulations, in PC-3 prostatic small cell
carcinoma, 24 h postincubation with 2 mM of CCR-equivalent concentration
(n ¼ 4, data � SE)
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1. Set up 96-well assay clear flat bottom plates (opaque/black
walled), containing approximately 2 � 104 cells in 100 μL of
complete F12K cell culture media per well.

2. Allow PC-3 cells to attach to the bottom of the plate for 24 h.
Cell would be ready to the next step when they are about
60–70% confluent.

3. Add the various vehicle controls, as well as test formulations,
containing the different CCR treatments, all diluted 5� at
minimum, in SFM and applied to test wells in twofold serial
dilution pattern. Make sure the final volume is 100 μL in each
well (see Note 10).

4. Culture cells for 42 h test exposure period (see Notes 11 and
12).

5. Remove assay plates from 37 �C incubator, and remove all
CCR and FTV-containing media and SFM controls.

6. Warm all component of the kit to room temperature.

7. Add 50 μL of the supplied 200� MitoOrange™ Dye into
10 mL of Assay Buffer A, and mix well using vortex mixer, to
prepare MitoOrange dye-loading solution.

8. Apply cell wash to all wells containing cells, by carefully and
slowly adding 50 μL of Hank’s balanced buffer saline (HBS),
leaving in well for 5 s, then removing HBS solution, repeat this
step twice for the entire plate, taking extreme caution to mini-
mize dislodging attached cells inside each well.

9. Finally, add 100 μL of MitoOrange dye-loading solution to
each well.

10. Shake plate for 10 s, to mix reagent well.

11. Incubate at 37 �C, using the same standard cell culture condi-
tions for 20–30 min.

12. Insert the developed plate in the plate reader, and set assay
protocol/method to shake plate for 10 s, then record end
point fluorescence using ex.540/em.590 nm filter set.

4 Notes

1. For PEGylated/Stealth FTV liposomes, containing 4.5 M% of
PEG-PE in formulations, add 3.45 mM of PEG-PE
(as 0.98 mL from 10 mg/mL of PEG-PE stock solution in)
directly as a part of the phospholipid mixture, all dissolved in
organic solvent.

2. While the vacuum is best adjusted based on each solvent, for
optimized solvent removal via the rotary evaporator system,
apply the 20/40/60 “technical” rule, which correlates to at
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least 20 �C difference in temperature between the system’s
main components. Use operating bath temperature of at least
43 �C (glass transition temperature of main phospholipid,
HSPC), to yield a solvent vapor temperature of 20 �C, which
is subsequently condensed at about 0 �C (using ice–water mix
to cool the condenser).

3. For efficient and complete evaporation of organic solvent,
make sure to keep the connected pear-shaped flask, is tilted at
about 60–45� angle to the plane of the surrounding warm
water bath. For improved ethanol evaporation, also increase
the flask’s rotation speed to about 90 rpm.

4. Complete removal of organic solvent is confirmed when a
translucent off-white dry film residue remains in the flask,
which may get somewhat opaquer as the flask temperature
cools down. The dried lipid film must be clear from any sus-
pending white or yellowish lipid clumps or precipitates. Other-
wise, redissolve in another 4 mL of chloroform, and repeat the
evaporation process, using slightly lower water bath tempera-
ture (�1.0 �C), and vacuum settings.

5. Make sure the benchtop lyophilizer has stabilized (vacuum
pressure reached at least p < 200 � 10�3 mbar, condenser
temperature � �50 �C), prior to and after connecting the
sample freeze-drying flask, then leave undisturbed for 2 h.

6. Optional: briefly put pear-shaped flask in bath sonicator (only
for 2–3 min) to dislodge resistant dried lipid film remains,
present on the inside glass wall of flask.

7. Prewarm the thermobarrel LIPEX™ extruder to about 45 �C
(measured externally using noncontact IR thermometer),
before running the liposomal samples, to guarantee smooth
flow-pass through the filter. Make sure to run sample through
the larger pore-size filter disk first, before the smaller pore size
one, to avoid clogging of the filter disk.

8. Be very careful handling the dialysis tubing—it is very delicate
and can be easily damaged when opening/closing the sealing
clips. Make sure not to puncture the tubing with the pipette
tips, during the introduction or withdrawal of samples.

9. Optional: for enhanced numerical accuracy, compare measured
average particle hydrodynamic diameter and the polydispersity
index (PDI) for empty and CCR-loaded FTV, consistently
using the volume analysis/volume statistics function, available
in the output analysis parameters.

10. Perform the twofold serial dilution step by sequentially trans-
ferring 100 μL vol. of first row original liposomal dispersion
into the following corresponding row of wells, then mixing via
3� repeated pipetting, followed by transferring the same vol-
ume (100 μL) into the corresponding subsequent row of wells.
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11. Set up quadruplicate wells with untreated cells to serve as a
negative vehicle control. Add the same solvent used to deliver
the test compounds to the vehicle control wells.

12. Set up quadruplicate wells with cells treated with 25 μM of
CCCP, added simultaneously with the MitoOrange
dye-loading solution, serving as a positive control, to represent
maximum apoptosis.
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Chapter 12

Mt-fura-2, a Ratiometric Mitochondria-Targeted Ca2+

Sensor. Determination of Spectroscopic Properties and Ca2+

Imaging Assays

Andrea De Nadai, Nicola Vajente, Diana Pendin, and Andrea Mattarei

Abstract

Ca2+ handling by mitochondria is implicated in energy production, shaping of cytosolic Ca2+ rises, and
determination of cell fate. It is therefore of crucial interest for researchers to directly measure mitochondrial
Ca2+ concentration [Ca2+] in living cells. Synthetic fluorescent Ca2+ indicators, providing a straightforward
loading technique, represents a tempting strategy. Recently, we developed a new highly selective
mitochondria-targeted Ca2+ indicator named mt-fura-2, obtained by coupling two triphenylphosphonium
cation-containing groups to the molecular backbone of the cytosolic ratiometric Ca2+ indicator fura-2.
The protocols we describe here cover all the significant steps that are necessary to characterize the probe

and apply it to biologically relevant contexts. The procedures reported are referred to mt-fura-2 but could
in principle be applied to characterize other mitochondria-targeted Ca2+ probes. More in general, with the
due modifications, this chapter can be considered as a handbook for the characterization and/or application
of mitochondria-targeted chemical Ca2+ probes.

Key words mt-fura-2, Ca2+ indicator, Ca2+ probe, Mitochondria, Fluorescence, Absorption, Affinity,
Quantum yield, Ca2+ imaging

1 Introduction

Calcium (Ca2+) signaling is a master player in essential physiological
processes (e.g., muscle contraction, neuronal transmission, cellular
motility, and apoptosis). Mitochondria, by taking up and releasing
Ca2+ to the cytosol, contribute to the shaping of both the ampli-
tude and the time course of cytosolic Ca2+ signals. Conversely, Ca2+

entered in the mitochondrial matrix through the mitochondrial
Ca2+ uniporter (MCU) is essential for the regulation of mitochon-
drial specific functions [1–3]. Indeed, Ca2+ handling by mitochon-
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dria has been implicated in crucial processes such as energy produc-
tion and determination of cell fate. It is therefore of interest for
researchers to directly measure mitochondrial Ca2+ concentration
[Ca2+] in living cells and several attempts have been made in the
past years to generate suitable sensors [4]. Genetically encoded Ca2
+ indicators (GECIs) are quite popular because of their greatest
advantage compared to chemical dyes, that is, the existence of
strategies for targeting specific subcellular compartments
[5]. Despite this obvious advantage, GECIs present some draw-
backs, the most relevant being the need for their delivery of invasive
or laborious procedures that cannot be applied to all cell types or
present safety-related issues (e.g., transfection, viral infection, and
electroporation).

Small organic fluorescent Ca2+ indicators, providing a straight-
forward loading technique, represents a tempting strategy, espe-
cially but not exclusively for cell types where the delivery of GECIs
is troublesome. Chemical Ca2+ indicators consist of an organic
fluorophore moiety, determining their photophysical properties,
and a chelating domain, usually 1,2-bis(o-aminophenoxy)ethane-
N,N,N0,N0-tetraacetic acid (BAPTA), with high selectivity for Ca2+

[6]. Acetoxymethyl ester (AM) protected forms of these indicators
are the cell-permeant versions that allow their loading into many
cells at the same time. This provides the advantage to trap fluores-
cent Ca2+ indicators in the cytosol of living cells, once the AM
groups are hydrolyzed by esterases [7], due to the high hydrophi-
licity of the free acid form. According to the spectral changes
occurring upon Ca2+ binding, fluorometric Ca2+ indicators are
classified as intensometric dyes, in which fluorescence varies as a
function of Ca2+ binding, or as dual-excitation (or -emission) wave-
length indicators, that allow for calibrated [Ca2+] measurements
through excitation or emission ratiometry. Ratiometric dyes mini-
mize the most common problems associated with synthetic indica-
tors, that is, heterogeneous dye loading, photobleaching, dye
leakage, and changes in focal plane [4]. Of note, the aforemen-
tioned, nonratiometric dyes are unsuitable to quantitatively evalu-
ate Ca2+ in mitochondria, where events such as opening of
permeability transition pore (PTP) would lead to probe leakage,
resulting in a decrease of fluorescence that would be misinterpreted
as a decrease of [Ca2+].

Recently, we developed a new highly selective mitochondria-
targeted Ca2+ indicator [8] named mt-fura-2, obtained by coupling
two triphenylphosphonium cation-containing groups to the molec-
ular backbone of the cytosolic ratiometric Ca2+ indicator fura-2.
Using a combination of spectroscopic, biochemical and cell biology
techniques, we determined the characteristics of mt-fura-2 and
performed mitochondrial matrix [Ca2+] measurements in living
cells.
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Mt-fura-2 shows excitation wavelength shifts upon Ca2+ bind-
ing and high selectivity for Ca2+ over Mg2+. The dissociation con-
stant is ~1.5 μM in vitro and its Ca2+ binding properties are not
affected by pH changes in the physiological range or by the pres-
ence of hydrogen peroxide. Upon loading as acetoxymethyl ester,
the probe shows proper mitochondrial localization and [Ca2+]
measurements can be obtained in cell types where the delivery of
GECIs via standard methods is difficult to achieve, that is, primary
cultures.

Herein we describe in detail all the protocols necessary to
characterize mt-fura-2 and to apply it to biologically relevant con-
texts. In particular, we will outline the procedures necessary to
characterize the probe from a spectroscopic point of view (i.e.,
absorbance and fluorescence properties, affinity for Ca2+, depen-
dence on pH and other interferants) and use it for [Ca2+] measure-
ments in living cells.

2 Materials

2.1 Solutions

and Reagents

All solutions should be prepared using ultrapure water (prepared by
purifying deionized water, to attain a sensitivity of 18 MΩ � cm at
25 �C) and analytical grade reagents.

To ensure the lowest contaminating [Ca2+] in the solutions,
glassware has to be carefully cleaned with 10 mM HCl, then rinsed
abundantly with milliQ water prior to the preparation of each
solution.

2.1.1 General Solutions

and Reagents

1. mt-fura-2 acetoxymethyl ester (�AM): 1 mM mt-fura-2/AM
(synthesized as described in [8] (see Note 1)) in DMSO; ali-
quot the solution and store at �20 �C protected from light.

2. mt-fura-2 free acid (–COOH): 1 mM mt-fura-2/COOH
(synthesized as described in [8] (see Note 1)) in DMSO; ali-
quot the solution and store at �20 �C protected from light.

3. fura-2 free acid (–COOH): 1 mM fura-2/COOH (pentapo-
tassium salt, commercially available) in DMSO; aliquot the
solution and store at �20 �C protected from light.

4. Standard CaCl2 solutions: 1 mM, 10 mM, 100 mM CaCl2 in
water. Dilute 1 MCaCl2 standard solution (commercially avail-
able) in milliQ water.

5. EGTA: 500 mM EGTA, pH 8.0 (buffered with TRIS). Weigh
EGTA powder in a beaker on a magnetic stirrer, add 80 mL of
milliQ water and keep the suspension in agitation at 37 �C.
Adjust the pH to 8 with TRIS base (powder). Note that to
dissolve EGTA the suspension must be alkalinized by addition
of TRIS. Adjust the volume with milliQ water in a 100 mL
volumetric flask. For long-term storage, keep the solution at
4 �C.
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2.1.2 Solutions

and Reagents

for Spectroscopic

Evaluation

1. Solution for spectroscopic measurements (S): 130 mM KCl,
20 mM NaCl, 20 mM TRIS HCl, and 1 mM MgCl2, pH 7 at
37 �C. Weigh each compound and add it to a beaker on a
magnetic stirrer. Add milliQ water to about 900 mL volume.
Mix the solution and adjust the pH to 7 at 37 �C using a
concentrated solution of KOH. Adjust the volume with milliQ
water in a 1 L volumetric flask. The solution can be stored in a
glass bottle at 4 �C. For long-term storage, aliquot the solution
and keep it at �20 �C.

2. Quinine sulfate stock solution: 3 mM quinine sulfate in 0.1 M
H2SO4.

3. HCl solution: 1 M HCl in milliQ water.

4. KOH solution: 1 M KOH in milliQ water.

5. Solutions of MgCl2, MnCl2 and ZnCl2: 0.1 mM, 1 mM,
10 mM, 100 mM, 1000 mM of the respective salt dissolved
in TRIS 20 mM at pH 7.

6. H2O2 solution: 1 M H2O2 in milliQ water.

2.1.3 Solutions

and Reagents for Imaging

Experiments

1. Extracellular-like solution (EC): 135 mM NaCl, 20 mM
HEPES, 5 mM KCl, 1 mM MgCl2, 10 mM glucose,
pH 7.4 at 37 �C. Weigh each compound and add it to a beaker
on a magnetic stirrer. Add milliQ water to about 900 mL
volume. Mix the solution and adjust the pH to 7 at 37 �C
using pellets or a concentrated solution of NaOH. Adjust the
volume with milliQ water in a 1 L volumetric flask (seeNote 2).
The solution can be stored in a glass bottle at 4 �C. For long-
term storage, aliquot the solution and store at �20 �C.

2. Intracellular-like solution (IC): 130 mMKCl, 20 mMHEPES,
10 mM NaCl, 1 mM MgCl2, pH 7 at 37 �C. Weight each
compound and add it to a beaker on a magnetic stirrer. Add
milliQ water to about 900 mL volume. Mix the solution and
adjust the pH to 7.4 at 37 �C using pellets or a concentrated
solution of KOH. Adjust the volume with milliQ water in a 1 L
volumetric flask (seeNote 2). Store the solution in a glass bottle
at 4 �C. For long-term storage, aliquot the solution and store at
�20 �C.

3. Pluronic F-127: 20% (w/v) Pluronic F-127 in water. To avoid
powder clumping, it is critical to prepare the solution by adding
slowly Pluronic-F127 powder while stirring. The solution is
stable for a few months at RT. For long-term storage, aliquot
the solution and store at �20 �C.

4. Cell culturing medium and transfection reagent for the cell
type of choice.

5. Plasmid DNA encoding a mitochondria-targeted fluorescent
protein (i.e., mt-RFP, [9, 10]) (see Note 3).
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6. Bovine serum albumin (BSA) solution: 2% (w/v) BSA in water.
Weigh BSA and add it slowly while stirring to avoid clumping.

7. Digitonin solution: 100 mM digitonin in water, aliquot and
store at �20 �C.

8. CCCP solution: 1 mM CCCP in DMSO, aliquot and store at
�20 �C.

9. Cyclosporin A solution: 1 mM cyclosporin A in DMSO, aliquot
and store at �20 �C.

10. Histamine solution (see Note 4): 100 mM histamine in water,
aliquot and store at �20 �C.

2.2 Equipment

2.2.1 General Equipment

1. Set of adjustable volume micropipettes (P10, P20, P200, and
P1000).

2. pH-meter: to perform pH dependency measurements a
pH-meter equipped with a micro electrode is required (e.g.,
Metrohm, length 11.3 cm, diameter 6 mm, pH 0–14,
0–80 �C).

2.2.2 Equipment for In

Vitro Evaluation

1. Standard quartz cuvettes for fluorescence and absorption mea-
surements (optical path ¼ 1 cm).

2. Thermostated Varian Cary 100 spectrophotometer coupled to
a H1 lamp for visible wavelengths and a deuterium lamp for
λ < 350 nm or analogous instruments.

3. Thermostated Varian Cary Eclipse fluorometer coupled to a
Xenon pulsed source or analogous instruments. The presence
of magnetic stirring is recommended.

2.2.3 Equipment

for Imaging Experiments

1. Confocal microscope equipped with 60–100 � UV-permeable
objective; laser lines adequate to excite mt-fura-2 and a spec-
trally distinct fluorescent protein, for example, UV/405 nm
and 543 nm laser lines.

2. Fluorescence microscope suitable for Ca2+ imaging experi-
ments that allows to alternate excitation wavelengths. A system
adapted for fura-2 imaging is also suitable for mt-fura-2. As an
example, the systems we use is composed of: Monochromator
equipped with a 50–75 W lamp able to alternate 340–380 nm
excitation wavelength; A neutral density filter, a dichroic mirror
FF-409-DiO3 and an emission filter 510/84 nm; Objectives
20–40 � UV-permeable; Highly sensitive CCD or sCMOS
cameras. A microscope acquisition software that sup-
ports online calculation of ratio is not essential but is certainly
helpful to monitor [Ca2+] dynamics in real time as the experi-
ment proceeds. We use Roboscope, a custom-made software
developed by Catalin Ciubotaru at VIMM, Padua, Italy or
Nis-Elements (Nikon). However, other pieces of software
(e.g., MetaFluor from Universal Imaging) can be used as well.
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3. Perfusion system to ensure exchange of solutions, when neces-
sary along the imaging experiment (see Note 5). Alternatively,
it is possible to use manual addition and mixing (see Note 6).

4. Open or closed bath imaging chambers (see Note 7).

5. Temperature control system: in the case of cells that require a
temperature higher than RT (most commonly 37 �C), a heat-
ing system is required. A chamber heater combined with an
in-line solution heater is usually enough to guarantee tempera-
ture control. An objective heater can be added (see Note 8).

6. Offline analysis software: for example, Fiji (National Institutes
of Health, NIH) (freeware downloadable at https://imagej.
net/ImageJ); Microsoft Excel or an equivalent data analysis
software; Origin (OriginLab Corporation) or GraphPad
Prism (GraphPad Software, Inc).

3 Methods

3.1 Before Starting:

Determination

of the Residual [Ca2+]

in Solutions

Ca2+ is a ubiquitous ion and small but not negligible amounts of it
are generally present in the inorganic salts and glassware used to
prepare experimental solutions. The determination of the residual
[Ca2+] present in solution S is required before starting the spectro-
scopic characterization of mt-fura-2.

1. Switch on the fluorometer and set it at 37 �C at least 1 h before
the experiment, in order to allow the stabilization of the exper-
imental temperature and the emission spectra of the lamps.

2. Add 3 mL of solution S in a clean capped cuvette with a
magnetic stir bar.

3. Insert the cuvette in the thermostated fluorometer, activate the
magnetic stirrer and wait at least 5 min in order to stabilize the
temperature before starting the analysis.

4. Add 0.5 μM of commercially available fura-2/COOH (e.g.,
1.5 μL of 1 mM solution in DMSO).

5. Set the slits to 5/10 or 2.5/5 nm (excitation/emission) and
the photomultiplier tube (PMT) to 600 V or 800 V.

6. Record the excitation spectrum in the wavelength range
300–450 nm, λem ¼ 510 nm. This corresponds to residual
Ca2+ in solution (contaminating Ca2+).

7. Add 50 μM EGTA (e.g., 0.3 μL of 500 mM EGTA solution)
and record the excitation spectrum using the same instrumen-
tal setup. This corresponds to minimal [Ca2+].

8. Add 500 μM Ca2+ (e.g., 15 μL of 100 mM standard CaCl2
solution) and record the excitation spectrum using the same
instrumental setup. This corresponds to maximal [Ca2+].
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9. Determine the concentration of contaminating Ca2+ ions using
the Grynkiewicz equation [11]:

Ca2þ
� � ¼ Kd � β �

Rresidual �RCa2þmin

RCa2þmax
�Rresidual

 !

where Kd ¼ 224 nM for fura-2 at 37 �C in solution S, R ¼ F λ1
F λ2

,

β ¼
F
λ2,Ca

2þ
min

F
λ2,Ca

2þ
max

, F λ1 is the fluorescence (F) value measured at

λ1 ¼ 340 nm, and F λ2 is the F value measured at λ2 ¼ 380 nm.

3.2 Investigation

of Absorption

Properties

of mt-fura-2

TheUV-Vis absorption spectra of Ca2+-free, Ca2+-bound, and -AM
forms of mt-fura-2 are measured to determine the wavelengths of
maximum absorption (see Note 9).

1. Switch on the UV-Vis spectrophotometer and set it at 37 �C at
least 1 h before the experiment, in order to stabilize the exper-
imental temperature and the emission spectra of the lamps.

2. Add 3 mL of solution S in a clean, capped cuvette.

3. Insert the cuvette in the UV-Vis spectrophotometer and wait at
least 5 min in order to stabilize the temperature before starting
the analysis.

4. Record the baseline between 300 and 600 nm.

5. Add 5 μMmt-fura-2/COOH (e.g., 15 μL of 1 mM solution in
DMSO) and mix well (see Note 10).

6. Add 50 μMEGTA (e.g., 0.3 μL of 500 mM EGTA solution) in
order to chelate contaminant Ca2+ ions present in solution and
mix well (see Note 11).

7. Record the UV-Vis spectrum (see Note 12) in the wavelength
range 300–600 nm. This corresponds to the spectrum at mini-
mum (virtually zero) [Ca2+] (Fig. 1a).

8. Add 500 μM Ca2+ (e.g., 15 μL of 100 mM standard Ca2+

solution) and mix well (see Note 13).

9. Record the UV-Vis spectrum in the wavelength range
300–600 nm. This corresponds to the spectrum at maximum
[Ca2+] (Fig. 1a).

10. Wash the cuvette accurately (see Note 14).

11. If of interest, repeat the procedure to measure the absorbance
spectrum of the -AM form of mt-fura-2 (see Note 15). In this
case, since the Ca2+ chelating moiety is covered by the AM
protecting groups, the absorbance properties of the probe do
not change in the presence/absence of Ca2+. For this reason,
no addition of Ca2+ or EGTA is required.
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3.3 Investigation

of Fluorescence

Spectroscopic

Properties

of mt-fura-2

3.3.1 Optimization

of the Experimental

Parameters

of the Fluorometer

A preliminary experiment is necessary to determine the appropriate
experimental setup (slit width, PMT voltage, etc.) (see Note 16)
and the wavelengths of maximum emission for the Ca2+-free, Ca2+-
bound and -AM form of the probe.

1. Switch on the fluorometer and set it at 37 �C at least 1 h before
the experiment, in order to allow the stabilization of the exper-
imental temperature and the emission spectra of the lamps.

2. Add 3 mL of solution S in a capped cuvette with a magnetic
stir bar.

3. Insert the cuvettes in the fluorometer, activate the magnetic
stirrer and wait at least 5 min in order to stabilize the tempera-
ture before starting the analysis.

4. As a starting set up, set the slits to 5/10 mm and the PMT to
800 V. Set the detection speed at 120 nm � min�1.

5. Record the emission spectrum in the wavelength range
380–650 nm, setting λex ¼ 361 nm (maximum absorption of
the -AM form, identified in Subheading 3.2), in order to verify
the absence of spurious emission bands.

6. Add 1–2 μM of mt-fura-2/AM (e.g., 3–6 μL of 1 mM solution
in DMSO).

Fig. 1 (a) Absorption spectra of the indicated forms of mt-fura-2 (5 μM) recorded at 37 �C in solution S. (b)
Normalized emission spectra of the indicated forms of mt-fura-2 (2 μM) recorded at 37 �C in solution S upon
excitation at the indicated wavelengths. (c) Left. Excitation spectra of mt-fura-2/COOH (2 μM) recorded at
37 �C in solution S, in the presence of the indicated [Ca2+]. Emission was measured at 530 nm. Right.
Determination of Kd value by linearization of the experimental data (measured ad λex ¼ 340 nm and 400 nm)
according to Grynkiewicz’s method. Rmin ¼ 0.5, Rmax ¼ 13.3, β ¼ 4.3, DR ¼ 26
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7. Wait 5 min to allow the automatic mixing of the solution. In
the absence of an automatic stirrer, mix manually with a clean
pipette.

8. Record the emission spectrum in the wavelength range
380–650 nm, λex ¼ 361 nm (Fig. 1b).

9. Based on the results obtained, adjust the slits width in order to
optimize the signal (see Note 17).

10. Once satisfactory emission spectra have been recorded, identify
the wavelength of maximum emission (λem ¼ 502 nm for
mt-fura-2/AM).

11. Record the excitation spectrum in the wavelength range
300–450 nm, λem ¼ 502 nm (maximum emission identified
in step 10, this Section).

12. Wash the cuvette accurately (see Note 14).

13. Repeat steps 2–5.

14. Add 1–2 μM of mt-fura-2/COOH (e.g., 3–6 μL of 1 mM
solution in DMSO) and 500 μM Ca2+ (e.g., 15 μL of
100 mM standard CaCl2 solution) (see Note 13) to obtain
saturating [Ca2+].

15. Record the emission spectrum in the wavelength range
400–700 nm, λex ¼ 345 nm (wavelength of maximum absorp-
tion of the –COOH-Ca2+-bound form, identified in Subhead-
ing 3.2) and identify the wavelength of maximum emission
(λem ¼ 520 nm for mt-fura-2/COOH-Ca2+-bound) (Fig. 1b).

16. Based on the results obtained, adjust the slits width and PMT
voltage in order to optimize the signal (see Note 17).

17. Record the excitation spectrum in the wavelength range
300–450 nm, λem ¼ 520 nm (maximum emission determined
in step 15, this Section).

18. Wash the cuvette accurately (see Note 14).

19. Repeat steps 2–5.

20. Add 1–2 μM of mt-fura-2/COOH (e.g., 3–6 μL of 1 mM
solution in DMSO) and 50 μM EGTA (e.g., 0.3 μL of
500 mM EGTA solution) (see Note 11) to reach virtually
zero [Ca2+].

21. Maintaining the experimental parameters optimized for
mt-fura-2/COOH-Ca2+-bound form in terms of slits width,
PMT and scan speed, record the emission spectrum in the
wavelength range 450–700 nm, λex ¼ 385 nm (maximum
absorption of mt-fura-2/COOH-Ca2+-free, identified in Sub-
heading 3.2) and identify the wavelength of maximum emis-
sion (λem ¼ 540 nm for mt-fura-2/COOH-Ca2+-free)
(Fig. 1b).
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22. Record the excitation spectrum in the wavelength range
300–450 nm, λem ¼ 540 nm (maximum emission identified
in step 21, this Section).

23. All the spectra obtained can be smoothed using the functions
implemented in the software used for data analysis, for exam-
ple, using the moving-average function by a factor of 4 and a
second order polynomial smoothing factor.

3.3.2 Determination

of Ca2+ Binding Properties

and Dynamic Range

(DR) of mt-fura-2

Affinity for Ca2+ ion (dissociation constant, Kd) (see Note 18) and
DR (see Note 19) are key determinants for a Ca2+ probe. Their
determination allows to perform quantitative measurements of
[Ca2+].

1. Switch on the fluorometer at least 1 h before the experiment
and set it at 37 �C, in order to allow the stabilization of the
experimental temperature and the emission spectra of the
lamps.

2. Add 3 mL of solution S in a capped cuvette with a magnetic
stir bar.

3. Insert the cuvette in the fluorometer, activate the magnetic
stirrer and wait at least 5 min in order to stabilize the tempera-
ture before starting the analysis.

4. Use the experimental setup optimized in Subheading 3.3.1 for
mt-fura-2/COOH (e.g., slits 5/10 nm, PMT 800 V, and scan
speed 120 nm � min�1).

5. Record the excitation spectrum in the wavelength range
300–450 nm (see Note 20), λem ¼ 530 nm (see Note 21) in
order to verify the absence of spurious excitation bands.

6. Add 2 μM of mt-fura-2/COOH (e.g., 6 μL of 1 mM solution
in DMSO).

7. Record the excitation spectrum in the wavelength range
300–450 nm, λem ¼ 530 nm (see Notes 20 and 21) (Fig. 1c).

8. Add 150–200 nM of Ca2+ (e.g., 4.6–6.0 μL of Ca2+ 100 μM)
corresponding to about 0.1–0.2 � the expected Kd value) and
record the excitation spectrum (Fig. 1c).

9. Repeat step 8 adding progressively increasing [Ca2+] using the
standard solutions, until no fluorescence variations are
recorded (at least 12–15 spectra until a [Ca2+] of about
100–250 � the expected Kd value is reached) (see Notes 22
and 23) (Fig. 1c).

10. Wash accurately the cuvette (see Note 14) and repeat the
experiment at least three times.

11. In case the residual [Ca2+] in the solution used is close to the
Kd, it is advisable to perform measurements as described in
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steps 2–7 also in Ca2+-buffered solutions (instead of standard
solution S), containing a predetermined amount of free [Ca2+]
(see Note 24).

12. Report F values recorded at each couple of excitation wave-
lengths λ1 and λ2 building the two matrices A and B (Table 1).
Ratio between the values calculated in Matrix A and Matrix
B gives the Matrix DR with DR values for each couple of
wavelengths λ1 and λ2 (Table 2). Results can be displayed in a
2D projection as shown in Fig. 2a. Another quick method to
determine the wavelengths of maximum DR is described in
Note 25 (Fig. 2b).

13. Determine actual [Ca2+] present in solution for each fluores-
cence spectrum recorded. This is calculated taking into account
residual [Ca2+] in solution S and the dilution factor due to the
addition of solutions (see Note 26).

14. Determine the Kd in the experimental conditions by interpo-
lating experimental data using Grynkiewicz equation [11]. pKd

is identified by the intercept value of the fitting plot of p[Ca2+]

versus p β � R�Rmin

Rmax�R

� �h i
(see Note 18).

Table 1
Matrices for the calculation of R values for each combination of excitation wavelengths. R values
have been determined in the absence of Ca2+ (Rmin in Matrix A, left) and in saturating Ca2+ (Rmax in
Matrix B, right)

Matrix A F λisos . . . F λmax
Matrix B F λisos . . . F λmax

λisosb ! λmax λisosb ! λmax

FCa2þ
min

Wavelength
(nm)

λisosb . . . λmax FCa2þmax
Wavelength
(nm)

λisosb . . . λmax

F λmin
λmin

#
λisosb

λmin
F λmin

F λisos

A11

. . . F λmin

F λmax

An1

F λmin
λmin

#
λisosb

λmin
F λmin

F λisos

B11

. . . F λmin

F λmax

Bn1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
F λisos λisosb F λisos

F λisos

A1n

. . . F λmax

F λisos

Ann

F λisos λisosb F λisos
F λisos

B1n

. . . F λmax

F λisos

Bnn

Table 2
Matrix reporting DR values for each combination of excitation wavelengths. DR values have been
calculated as the ratio between values in Matrix B and Matrix A (Table 1)

Matrix DR λisosb ! λmax

Wavelength (nm) λisosb . . . λmax

λmin

#
λisosb

λmin DR11 ¼ A11

B11
. . . DRn1 ¼ An1

Bn1

. . . . . . . . . . . .
λisosb DR1n ¼ A1n

B1n
. . . DRnn ¼ Ann

Bnn
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3.3.3 Determination

of Fluorescence Quantum

Yield (QY)

1. QY can be determined for each form of the probe (–COOH-
Ca2+-bound, –COOH-Ca2+-free, -AM protected) (see Note
27) by comparison with QY of the standard Quinine Sulfate
in H2SO4 0.1 M (see Note 28) [12].

2. Set the instrumental temperature of the fluorometer and the
spectrophotometer at 25 �C (see Notes 29 and 30).

3. Add 3 mL of H2SO4 0.1 M and 2 μM of Quinine sulfate (e.g.,
2 μL of 3 mM solution) in a capped fluorescence cuvette.

4. As a starting instrumental setup use slit width 5/5 nm and
PMT 600 V. Record the emission fluorescence spectrum by
exciting the sample at 345 nm and recording the emission in
the range 380–630 nm.

5. Optimize the instrumental setup, in order to reach a maximum
value of emitted fluorescence of about 0.15–0.25� the maxi-
mum value detectable (generally 150–250 a.u., when maxi-
mum is 1000 a.u.). This experimental setup will be used for
all the measurements with mt-fura-2 probe forms.

6. Wash the cuvette accurately (see Note 14).

Fig. 2 (a) 2D representation of the DR values calculated for each couple of excitation wavelengths. (b) Plot of β
(for λ > λisosbestic) and β

�1 (for λ < λisosbestic). The two maxima indicate the wavelength ranges where DR is
maximal. (c) Absorbance maximum value plotted against the AUC of the fluorescence emission spectrum
obtained at different concentrations for each of the indicated forms of mt-fura-2
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7. Add 3 mL of H2SO4 0.1 M in a fluorescence cuvette, then
record the absorption spectrum and the emission spectra of the
blank using the optimized experimental parameters (λex ¼ 345,
361, and 385 nm, λem ¼ 400–650 nm).

8. Add 2 μMof Quinine sulfate (e.g., 2–2.5 μL of 3 mM solution)
and record the complete absorbance spectrum.

9. Move the cuvette to the fluorometer and record emission
fluorescence spectra upon excitation 345, 361, and 385 nm
(λem ¼ 400–650 nm).

10. Repeat the addition of quinine sulfate and the recording of
absorbance and fluorescence spectra (steps 8 and 9) until an
absorbance value closed to 0.1 is obtained or the maximum
value of the emitted fluorescence detectable is reached (at least
4–6 additions).

11. Wash the cuvette accurately (see Note 14).

12. Repeat the operations 7–11 using each of the three forms of
the probes (mt-fura-2/AM, mt-fura-2/COOH-Ca2+-free and
-Ca2+-bound) using as a solvent solution S. Set the tempera-
ture at 37 �C (see Note 30) while keeping unchanged all the
other instrumental parameters. Wavelengths and initial con-
centrations used for each form are: (1) mt-fura-2/AM:
λex ¼ 361 nm, λem ¼ 400–650 nm, 0.3–0.5 μM/addition;
(2) mt-fura-2/COOH-Ca2+-free (measured in the presence
of EGTA 50 μM): λex ¼ 385 nm, λem ¼ 450–700 nm,
0.6–1.0 μM/addition; (3) mt-fura-2/COOH-Ca2+-bound
(measured in the presence of Ca2+ 500 μM): λex ¼ 345 nm,
λem ¼ 400–650 nm, 1.0–1.5 μM/addition.

13. Calculate the Area Under the Curve (AUC) of each emission
fluorescence spectra recorded (see Note 31).

14. Plot the AUC values versus the absorbance at the selected λex
for all the concentrations tested of each compound (Fig. 2c).

15. Trace the fitting line forced to pass through the origin for each
compound (Fig. 2c).

16. Determine QYs by applying the equation described in Note
32.

3.4 Determination

of the Optimal

Excitation

Wavelengths

at the Microscope

Note that this evaluation can be done only if in your experimental
set up the excitation wavelength can be selected specifically, with a
precision of at least �5 nm, for example with a fluorescence micro-
scope equipped with a monochromator.

1. Mount a clean glass coverslip in an imaging chamber and mark
the surface with a water-resistant marker.

2. Add on top of the coverslip 1 mL of IC solution.
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3. At the fluorescence microscope focus the mark at the surface of
the coverslip.

4. Perform a wavelength scan: starting from the excitation wave-
length of 320 nm (and until you reach 410 nm), increase λex by
5–10 nm and record the emitted fluorescence; these values
correspond to the background fluorescence.

5. Remove 100 μL of solution from the imaging chamber and put
them into an empty tube.

6. Add to the solution in the tube 50 μM mt-fura-2/COOH and
0.5 mM EGTA, to reach minimum [Ca2+], and mix
thoroughly.

7. Mix the 100 μL with the solution in the imaging chamber.

8. Perform a wavelength scan as described in step 4; these values
correspond to the spectrum at minimum [Ca2+].

9. Remove 100 μL of solution from the imaging chamber and put
them into an empty tube.

10. Add to the 100 μL in the tube 5 mMCaCl2 to reach maximum
[Ca2+] and mix thoroughly.

11. Mix the 100 μL with the solution in the imaging chamber.

12. Repeat the wavelength scan as described in step 4; these values
correspond to the spectrum at maximum [Ca2+].

13. Discharge the coverslip and wash accurately the imaging cham-
ber (see Note 33).

14. Repeat steps 1–13 at least three times.

15. Export the .tif file of the recording of the experiment.

16. Using a software of your choice (see the postmeasurement
analysis described in Subheading 3.6.5 for more details),
draw a region of interest (ROI) in the field of view and measure
the fluorescence intensity (FI) recorded upon excitation at
320 to 410 nm at minimum [Ca2+].

17. Repeat step 16 with images recorded for the background
fluorescence and at maximum [Ca2+].

18. Subtract the FI value of background fluorescence from the FI
value at the corresponding wavelength recorded in the pres-
ence of minimum or maximum [Ca2+].

19. Plot the data obtained as wavelength versus mean FI (back-
ground subtracted).

20. It is possible to proceed calculating R and dynamic range as
reported in Subheading 3.3.2 for measurements performed at
the fluorometer. However, the highest DR often does not
correlate with the best acquisition setup. Indeed, very low
signals recorded at minimal [Ca2+] around 340 nm (see
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Note 34) contributes to artificially decrease Rmin. Moreover,
UV light induces high cytotoxicity. All these issues must be
taken into account when determining the best combination of
excitation wavelengths to be used at the fluorescence
microscope.

3.5 Investigation

of the Dependence

of Fluorescence

Properties by Other

Interfering Species

Before starting each experiment, prepare the set up as described in
Subheading 3.3.1.

3.5.1 Determination

of Dependence

of Fluorescence by ROS

Species (See Note 35)

1. Add mt-fura-2/COOH 2 μM to 6.5 mL of Solution S in a
test tube.

2. Split the solution in two cuvettes, 3 mL each.

3. Add 50 μM of EGTA (e.g., 0.3 μL of EGTA 500 mM) in the
first cuvette and 500 μMof Ca2+ (e.g., 15 μL of Ca2+ 100 mM)
in the second (about 100–250 � Kd).

4. Record the excitation fluorescence spectra.

5. Add 1 mM of H2O2 (e.g., 3 μL of H2O2 1M) in both cuvettes.

6. Record the excitation fluorescence spectra every 4–5 min for
16–20 min using the cycling mode of the fluorometer.

7. Plot the data and compare the spectra.

3.5.2 Determination

of the Affinity for Other

Inorganic Cations

BAPTA-based fluorescent dyes show affinity for double charged
cations (see Note 36) that might interfere with Ca2+ quantification
in biological environment.

1. Add 3 mL of solution S in a cuvette, then add mt-fura-2/
COOH (2 μM).

2. Add progressively increasing amount of a cation of interest
until no fluorescence variation is recorded.

3. Data can be analyzed as described for Ca2+ in Subheading
3.3.2, in order to determine the affinity constant for competi-
tive cations. Alternatively, the concentrations of a cation that
determines respectively a fluorescence quench of 10, 50 and
90% can be determined.

3.5.3 Determination

of pH Dependence

of Fluorescence

pH plays a crucial role in the chelation of Ca2+ for BAPTA-based
fluorescence probes and it is crucial to verify whether [H+] could
affect [Ca2+] measurements in the physiological pH range (see
Note 37).

1. Add 3 mL of solution S in a cuvette, then add mt-fura-2/
COOH (2 μM) and EGTA (50 μM).
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2. Acidify progressively the solution by adding HCl 1 M while
measuring pH inside the cuvette with a calibrated pH-meter
equipped with a microelectrode.

3. When pH 7 is reached, record the excitation fluorescence
spectra to investigate the pH dependence of carboxylic Ca2+-
free form.

4. Increase the pH by adding KOH 1 M while measuring pH
inside the cuvette (volume suggested of 10 μL/addition).

5. When pH 9 is reached, record the excitation fluorescence
spectra.

6. Repeat the experiment in the presence of 500 μM Ca2+ to
investigate the pH dependence of carboxylic Ca2+-bound form.

3.6 Loading

and Imaging

Procedures in Cells

3.6.1 Cell Culturing

and Plating: General

Considerations

All the protocols described here have been optimized for HeLa
cells, and small adjustments could be required if other cell types are
used. The protocols can also be adapted for the loading of cells in
suspension.

HeLa cells are kept in culture and transfected following stan-
dard protocols. Cells are detached 1 day before the experiment and
plated on glass coverslips (see Note 38). Depending on the diame-
ter of the coverslips and the rate of cell growth, different amount of
cells may be seeded; as a rule of thumb, consider that the day of the
experiment cells should be around 80–90% confluence. Plated cells
are grown in an incubator at 37 �C and 5% CO2 for 24 h before the
loading.

3.6.2 Loading

of mt-fura-2

in Cultured Cells

Cells are plated on glass coverslips 24 h before loading.

1. Prepare a 10� loading mix (see Note 39) containing: 0.2%
(w/v) Pluronic F-127 (see Note 40), 10 μM mt-fura-2/AM,
and EC + Ca2+ solution to reach a final volume of 100 μL. It is
crucial to prepare the mix in a tube following the order (see
Note 41): Pluronic–mt-fura-2/AM–EC solution and mix
thoroughly by pipetting after the addition of each component.

2. Carefully remove one coverslip from the cell culture medium
and place it in an empty plate.

3. Gently wash the cells on the coverslip once with 1 mL of
EC + Ca2+ solution prewarmed at 37 �C.

4. Bath the cells with 900 μL of EC + Ca2+ prewarmed at 37 �C.

5. Add the 100 μL of mt-fura-2 loading solution to the 900 μL of
EC + Ca2+ and mix gently by pipetting.

6. Incubate the cells with mt-fura-2 for 35 min (see Note 42) at
37 �C (see Note 43).

7. Move the coverslip to a new well filled with 1 mL of fresh
EC + Ca2+ solution, prewarmed at 37 �C.

8. Incubate in EC + Ca2+ for 10 min (see Note 44) at 37 �C.
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3.6.3 Evaluation

of Subcellular Localization

of mt-fura-2

Cells are plated on glass coverslips 24 h before transfection. Note
that the amount of cells plated has to be scaled to obtain 60%
confluence the day of transfection.

1. Transfect the cells with mt-RFP encoding plasmid DNA (see
Note 45) following standard protocols and incubate at 37 �C
and 5% CO2 for 24 h.

2. Load the cells with mt-fura-2 as described in Subheading 3.6.2.

3. Move the coverslip from the plate to an imaging chamber and
cover the cells with 1 mL of EC + Ca2+ solution prewarmed at
37 �C.

4. Place the imaging chamber in a suitable heating system, to keep
the temperature at 37 �C during imaging.

5. Acquire images of live cells at the confocal microscope (see
Note 46), using UV/405 nm to visualize mt-fura-2 and the
proper excitation/emission parameters for the selected fluores-
cent protein. As an example, in case of a mt-RFP, we used a
543 nm laser line.

6. Analyze acquired images using for example ImageJ software;
use the “Coloc 2” plugin to calculate the Pearson’s and Man-
der’s colocalization coefficients.

3.6.4 Ca2+ Imaging:

IP3-Mediated ER Ca2+

Release

1. Load the cells with mt-fura-2/AM following the protocol
described in Subheading 3.6.2.

2. Mount the coverslip into an imaging chamber and bath cells
with 1 mL of EC + Ca2+ prewarmed at 37 �C.

3. Place the imaging chamber in a suitable heating system, in
order to keep the temperature at 37 �C during imaging.

4. Set the peristaltic pump by positioning an input and an output
tube on the opposite borders of the imaging chamber and start
the perfusion of EC + Ca2+ (see Note 47).

5. Set the microscope with the best illumination wavelength cou-
ple, previously determined (Subheading 3.4) and select expo-
sure time and interval between subsequent acquisitions (see
Note 48).

6. Use bright-field illumination to focus on cells.

7. Switch to fluorescence illumination and choose the field of
view: every cell should be loaded with mt-fura-2, however
some fields of view may contain cell debris or cells where
loading is not exclusively mitochondrial (Fig. 3a).

8. If the acquisition software allows so, define the regions of
interest (ROIs) (see Note 49) (Fig. 3a).

9. Start the recording.
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10. Record for a couple of minutes to allow equilibration of the
cells (see Note 50). This measurement corresponds to resting
mitochondrial [Ca2+].

11. Change the solution in EC + Ca2+ + 100 μM Histamine
(or another IP3-generating stimulus, see Note 51).

12. After the peak in R value due to mitochondrial uptake of Ca2+

released from the ER, change the solution perfusing EC solu-
tion + EGTA (500 μM) for a few minutes.

13. Change the solution perfusing IC containing EGTA (500 μM)
for 30 s.

14. Permeabilize the cells with IC solution containing digitonin
(100 μM) and EGTA (500 μM) for 1 min (see Note 52).

15. Change the solution perfusing IC containing EGTA (500 μM),
CCCP (1 μM), and Cyclosporin A (800 nM) (see Note 53)
until a plateau in R values is reached; this value is considered
the fluorescence at the minimum [Ca2+].

16. Change the solution by perfusing fresh IC solution containing
saturating [Ca2+] (200 μM) to record the fluorescence at max-
imum [Ca2+] (see Note 54).

Fig. 3 (a) HeLa cells loaded with mt-fura-2/AM and imaged at a fluorescence microscope. Green square has
been selected as a background ROI, orange polygonal ROI delineates the region of the cell occupied by
mitochondrial network. (b) Representative traces of the F/F0 values obtained upon excitation at λex ¼ 350 nm
(blue line) and 400 nm (red line) during a typical imaging experiment. F0 value has been calculated as the
mean of 10 points recorded at the minimal [Ca2+]. Stimuli were applied as indicated, while cells are bathed in
EC solution (gray) or IC solution (black). Hist, histamine; Dig, digitonin. (c) Representative trace of the Ratio
calculated as R ¼ F350/F400 relative to the imaging experiment described in b. (d) Changes in R normalized to
Rmax, calculated as: R% ¼ (R � Rmin)/(Rmax � Rmin) � 100 where Rmax and Rmin are the R values obtained
upon permeabilization at saturating [Ca2+] and in the absence of Ca2+, respectively
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17. Stop the recording.

18. If possible, export the mean fluorescence intensity
(FI) measured for each ROI and each time point at the two
excitation wavelengths (Fig. 3b), otherwise export the images
sequence acquired as .tif files (if possible, export separate files
for each wavelength).

19. Refer to Subheading 3.6.5 for postmeasurement analysis.

3.6.5 Post Measurement

Analysis

1. If your acquisition software of choice allows to export FI data
collected from each ROI, start the analysis from step 13.

2. Otherwise, open a .tif image sequence for one excitation wave-
length (e.g., λex ¼ 400 nm) with an analysis software of your
choice. Here we refer on analysis performed with Fiji, however
similar plugins/commands can be found in other analysis
software.

3. With one of the selection tools (e.g., rectangle) draw a ROI
where the fluorescence of the probe is absent (i.e., no cells are
present); this ROI is referred as background (BG) ROI and
represents the autofluorescence level at the coverslip.

4. Follow the menu Analyze > Tools > ROI Manager (keyboard
shortcut [Ctrl + t]), to open the ROI Manager window and
add the drawn BG ROI (keyboard shortcut [t]).

5. Draw one ROI for each cell where to measure the fluorescence
(see Note 55) and add each of them to the ROI Manager.

6. Select all the ROIs in the ROI Manager window and select
“Measure” from the list on the right of the ROI Manager
window.

7. On the Results window, select Set Measurement from the
Results menu and check only Mean Grey Value; the output
data in the Results window is the mean of the FI in each ROI
over time, obtained upon illumination at 400 nm.

8. Copy and paste the FI values (λex ¼ 400 nm) for each ROI into
an analysis software, for example Microsoft Excel.

9. Without closing the ROI Manager window, open the .tiff
image sequence corresponding to the second excitation wave-
length (e.g., λex ¼ 350 nm).

10. Repeat steps 6–9 to obtain the mean of the FI over time
obtained upon illumination at 350 nm in the same ROIs.

11. Copy and paste the FI values (λex ¼ 350 nm) for each ROI into
an analysis software, for example, Microsoft Excel.

12. For each wavelength, subtract from the FI value recorded for
each ROI at a certain time point, the FI value of the back-
ground ROI corresponding to the same time point.
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13. Plot time-course F/F0 (Fig. 3b) for each wavelength. F0 value
is calculated as the mean of 10 points recorded at the beginning
of the experiment, after baseline is stable, or when minimal
[Ca2+] is obtained (i.e., upon cell permeabilization and EGTA
perfusion).

14. Calculate for each time point the R between the FI recorded
upon excitation at the two λex as R ¼ FI350/FI400.

15. Plot time-course R values of the selected ROIs (Fig. 3b, c).

16. Calculate the meanR value in the presence of minimum [Ca2+]
(Rmin) and maximum [Ca2+] (Rmax): the DR for mt-fura-2 in
situ can be calculated as DR ¼ Rmax/Rmin.

17. Rmin and Rmax values obtained in each experiment can be used
to convert theR data intoR% values (seeNote 56) (Fig. 3d), as
follows:

R% ¼ R �Rmin

Rmax �Rmin

� �
� 100

18. Calculate parameters of interest using an analysis software such
as Origin or Prism GraphPad. Examples of useful parameters
related to the kinetics of Ca2+ uptake by mitochondria that can
be extrapolated from the experiment described in Subheading
3.6.4 are as follows:

(a) Peak Height: gives an estimation of the maximal [Ca2+]
reached within mitochondria upon stimulation;

(b) Peak Area: AUC (calculated using plugins for integral
measurement) gives an estimation of the Ca2+ entering
mitochondria during the stimulus;

(c) Uptake Rate: (calculated using plugins of Origin software
for derivative calculus on the first points during influx)
indicates the speed of Ca2+ increase within mitochondrial
matrix.

4 Notes

1. Mt-fura-2/COOH and mt-fura-2/AM are not commercially
available yet. They have been prepared in the laboratories of the
authors through a 20 steps synthesis [8]. The authors would be
willing to provide them based on a MTA.

2. NaOH is used to alkalinize solutions containing higher Na+

(compared to K+) ions concentration (i.e., EC solution), KOH
instead is used to alkalinize solutions containing higher K+

(compared to Na+) concentration (i.e., IC solution).
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3. It is preferable, if possible, to use well-separated excitation
wavelengths, to avoid interference between the fluorophores.
For colocalization studies, we transfected cells with mt-RFP.

4. Or another IP3-generating stimulus, depending on the cell
type used.

5. Solution changes or drug additions are generally obtained
through a perfusion system to ensure fast exchanging of solu-
tions. Set the perfusion pump flow rate at 2–3 mL/min; the
solution in the perfusion chamber should be completely
exchanged in less than 1 min. Please note that some hydropho-
bic drugs, such as the ionophore ionomycin, stick to plastic
tubes. In these cases, abundant washing of the perfusion system
with 2% BSA is mandatory to wash away the drug from the
tubes. As a recommended alternative, hydrophobic drugs can
be added manually with a pipette after stopping the perfusion
(see Note 6).

6. Manual addition can be used as an alternative to perfusion. It is
advisable to practice with manual additions before starting an
experiment, since they should be performed quickly but care-
fully, to avoid changing in the focus. Furthermore, the solution
has to be mixed within a few seconds from the addition, to
ensure a homogeneous bathing of cells. If manual addition of
stimuli is performed, it is advisable that the volume of the
addition is about the 10% of the solution present in the imaging
chamber.

7. Imaging chambers can be found as “open” or “closed.” In case
you decide to use a perfusion system for solution exchange,
ensure that it fits with the imaging chamber.

8. The temperature of each device should be set in order to
guarantee that the solution in the chamber remains at 37 �C
during the experiment. When setting up the system, the actual
temperature of the solution bathing cells should be verified
using a thermocouple probe.

9. The wavelengths of maximum absorption determine the opti-
mal excitation wavelengths for the probe. Moreover, recording
absorption spectra allows to determine the maximum concen-
tration of the dye that guarantees the linear proportionality of
fluorescence with probe concentration (i.e., A < 0.1).

10. The concentration of the probe may need optimization. The
maximum value of absorbance recorded along the spectrum
should be about 0.2–0.3. In case you record too high or too
low absorbance values, repeat the experiment decreasing or
increasing the concentration of the dye, respectively.

11. Generally, for high-affinity probes the concentration of EGTA
that allows chelation of virtually all Ca2+ present in solution is
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at least 2–3� the [Ca2+]. Considering that the contaminant
[Ca2+] present in standard solutions does not exceed 3 μM, a
concentration of EGTA higher than 10 μM is adequate to
record spectra at minimal [Ca2+].

12. Conventionally, spectra are represented in terms of molar
extinction coefficient at each wavelength (ελ).

13. It is suggested to increase [Ca2+] until no variations in the
absorbance spectra are observed; final [Ca2+] will be about
50–100� the expected Kd value.

14. Between sequential experiments, the cuvettes are washed with
milliQ water, then with EGTA (100–200 μM), then absolute
EtOH and finally flushed out with the solvent of the upcoming
experiment (generally solution S).

15. Absorbance spectra of the -AM form are necessary to calculate
the quantum yield of the probe in its protected form (see
Subheading 3.3.3).

16. In order to obtain a precise fluorometric characterization, it is
crucial to determine the optimal slit width and the amplifica-
tion power of the PMT. These parameters are necessary to
achieve the higher signal intensity without reaching the satura-
tion of the detector for each of the three forms of the probe
analyzed (-AM, –COOH-Ca2+-bound and –COOH-Ca2+-
free). Narrow slits allow to record a high-resolution spectrum,
but high PMT power, required if the probe brightness is low,
could amplify also the background noise; on the contrary, it is
possible to increase the slit width while reducing the PMT, in
order to record a higher signal–noise ratio spectrum at the
expense of a loss of resolution. Excitation and emission slits
can be set with different widths: in general, when recording an
excitation spectrum, keep the excitation slit narrower than the
emission slit. Vice versa, when recording an emission spectrum,
emission slit should be narrower than the excitation slit.

17. A trial-and-error approach must be used to achieve the best
combination of the parameters, taking into account the experi-
mental set up and spectra obtained with other compounds. As
an example, with our experimental set up we record excitation
fluorescence spectra of commercial fura-2/COOH (0.5 μM at
37 �C) as follows: slit width ¼ 2.5/5 nm or 5/10 nm (excita-
tion/emission) and PMT¼ 800 or 600; for mt-fura-2 (2 μMat
37 �C) the optimized setup is slit width ¼ 5/10 nm and
PMT ¼ 800 V.

18. Affinity of a probe for Ca2+ is defined by the dissociation
constant of the following equilibrium:
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P � Ca2þ Ð P þ Ca2þ Kd ¼ P½ � Ca2þ� �
P � Ca2þ
� �

pKd value for a ratiometric probe is represented by the inter-

cept of the linear fitting of p[Ca2+] versus p β � R�Rmin

Rmax�R

� �h i
,

obtained by plotting the experimental data at two different
wavelengths, according to Grynkiewicz equation:

p Ca2þ
� � ¼ pKd þ p β � R �Rmin

Rmax �R

� �� 	

where Kd is the dissociation constant of the equilibrium

between the probe and Ca2+ at 37 �C, R ¼ F λ1
F λ2

, β ¼
F
λ2,Ca

2þ
min

F
λ2,Ca

2þ
max

,

F λ1is F value measured at λ1 before the isosbestic point, and F λ2

is the F value measured at λ2 after isosbestic point.

19. DR is a dimensionless measure that represent the ratio between
the largest and smallest value that the ratio R can assume.

DR ¼ Rmax

Rmin

DR varies when changing the couple of excitation wave-
lengths used, thus a crucial step in the characterization of a
probe is the evaluation of the wavelengths that optimize this
parameter.

20. Excitation interval should cover the wavelength range where
absorption is detected for either (or both) mt-fura-2/COOH-
Ca2+-bound or -unbound (see Subheading 3.1, step 1).

21. We set λem ¼ 530 nm as an intermediate wavelength between
the maximum emission of mt-fura-2/COOH Ca2+-bound
(maximum λem ¼ 520 nm) and Ca2+-free form (maximum
λem ¼ 540 nm), as determined in Subheading 3.3.1.

22. Volume additions of at least 6 μL is recommended, in order to
reduce the error in pipetting. Total volume of additions at the
end of the titration must be less than 5% of the initial volume,
in order to reduce the dilution of the probe and the Ca2+ ion.

23. It is suggested to record several spectra in the range of con-
centrations closed to the expected value of Kd. When two
subsequent spectra show minimal variations, rise the volume
or the [Ca2+] added (i.e., using for the addition solutions at
increasing [Ca2+]: 0.1–1–10–100–1000 mM). For mt-fura-
2 (Kd ~ 1.5 μM) an example of subsequent additions is the
following: 0.1, 0.2, 0.8, 1.2, 1.6, 2.0, 2.5, 5.0, 10, 20, 60, and
500 μM (each value represents the final [Ca2+]).
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24. Generally, residual [Ca2+] ranges between 500 nM and 3 μM. A
Ca2+-buffered solution can be prepared by adding to the
medium H-EDTA (1 mM), EGTA (2 mM), and an amount
of CaCl2 suitable to obtain a free [Ca2+] below residual [Ca2
+]. The free [Ca2+] has to be estimated using Maxchelator or
analogous software and then checked by fluorometric measure-
ments with fura-2 as described in Subheading 3.1.

25. A quick method to determine the wavelengths in which
Dynamic Range achieve maximum value provides for the eval-
uation of the wavelengths where the cumulative plot of β(λ)
(for λ > λisosbestic) and β�1(λ) for (λ < λisosbestic) reach the two
maximum values. DRmax can be determined by the ratio
between Rmax and Rmin at the wavelengths of the two maxima
of the plot. The choice of two wavelengths close to maxima of
the plot (λ1 and λ2) allow to work with a DR value close to
DRmax.

26. Residual [Ca2+] in the solutions is not negligible for high and
medium affinity probes. Measure it as reported in Subheading
3.1 and be sure to consider it when calculating [Ca2+] in each
solution used.

27. Fluorescence QY is a property of a specific compound in a
solvent at a given temperature that represents the probability
of a radiative decay compared with other possible nonradiative
decay and defined by the ratio:

Φfl ¼
#photons emitted

#photons absorbed

Experimentally, fluorescence QY can be determined using
a comparative method, that is, by measuring the fluorescence
emitted by a fluorophore of known QY compared with the
compound of interest at the same experimental conditions
(excitation wavelength, slit width, PMT voltage, scan speed,
etc.).

28. Standard reference must have absorbance and emission wave-
lengths similar to the sample compound. For mt-fura-2, Qui-
nine Sulfate in H2SO4 0.1 M has been used as standard
reference (Φ ¼ 0.54 at 25 �C, λabs: 274–400 nm, λem:
400–600 nm, Amax ¼ 0.025 (2.5 μM) at 350 nm [12])

29. The temperature can be different for the probes and the stan-
dard reference but must be kept constant during the measure
for each compound. Quinine sulfate standard QY is calculated
at 25 �C, while mt-fura-2 QY has been evaluated at 37 �C.

30. Temperature controllers are usually slower in cooling down
than warming up the system, thus it is recommended to start
the recordings at the lowest temperature (e.g., 25 �C used for
the standard reference quinine sulfate) and then heat to higher
temperature (e.g., 37 �C used for mt-fura-2).
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31. All the emission fluorescence spectra must be corrected with
standard methods (e.g., using the instrument specific correc-
tion curve) in order to normalize the data to the sensitivity of
the detector at the different wavelengths.

32. The QY of the different forms of the probe has been deter-
mined by plotting for the probe and the standard reference the
area under the curve (AUC) of emission spectra versus the
absorbance value at the wavelength of excitation. The slope
of the plots allows to calculate QY according to the following
equation:

Φx ¼ ΦST � Gradx

GradST
� η2x
η2ST

where Φ indicates the QY, Grad the slope of the plot and η the
refractive index of the solvents. Subscribe “x” is referred to the
compound under examination and “ST” is referred to the
standard reference. Both must be excited at the same wave-
length (e.g., slopes calculated for mt-fura-2/AM has been
compared with those of Quinine Sulfate obtained upon excita-
tion at 361 nm).

33. Between subsequent experiments, the imaging chambers must
be properly cleaned. The chamber is completely disassembled
and immersed in 2% BSA solution for at least 15 min while
stirring and then rinsed with deionized water. For a deeper
cleanse it is possible to scrub all the pieces of the imaging
chamber with a toothbrush with liquid soap and then rinse
with deionized water.

34. Low signals are usually recorded below the excitation wave-
length of 350 nm due to lower permeability of objectives to
UV light.

35. Mitochondria are subcellular organelles where a consistent
production of reactive oxygen species (ROS) has been
observed. These species could in principle interfere with the
fluorescence of the probe. For this reason, the exclusion of any
effect due to ROS (in the typical timescale of a biological
experiment) is important in the frame of the optical characteri-
zation of a mitochondriotropic probe.

36. Fura-based probes show affinity for alkaline earth metals and
transition double charged metals [11]. Compared to Ca2+ ion,
a negligible affinity has been observed for Mg2+, a very low
affinity for Ba2+ and Sr2+, and a high affinity for Zn2+ (with
substantial increase of brightness). These cations can be cali-
brated as described for Ca2+, determining Kd, DR, ε, and Φ
values. Transition double charged metals with d orbitals par-
tially filled, for example Mn2+, Fe2+, or Cu2+, usually act as
quenchers of fluorescence.
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37. pH-dependent equilibria of the BAPTA-carboxylic moieties
could affect either Ca2+ binding or fluorescence properties of
the dye. There are two main possibilities: (1) mt-fura-2/
COOH-Ca2+-bound form: protons could act as competitive
ions with Ca2+ altering the affinity for the cation (2) mt-fura-
2/COOH-Ca2+-free form: variations of pH could change the
protonation state of the carboxylic moieties leading to a varia-
tion of fluorescence independent from [Ca2+].

38. For HeLa cells, glass coverslips are untreated. Some cell types
require specific treatments (e.g., poly-L-lysine) in order to stick
to glass.

39. The standard loading protocol we propose presents only slight
modifications compared to the classical fura-2 loading protocol
(see, e.g., [13]). The major change we made is the omission of
the organic-anion transport inhibitor sulfinpyrazone in the
loading mix. Sulfinpyrazone is used to favor the trapping of
the fura-2 probe into the cytosol. We reasoned that leaving the
physiological plasma membrane extrusion mechanisms unaf-
fected would result in the extrusion of the mt-fura-2 probe that
has not been efficiently internalized in mitochondria.

40. Pluronic F-127 is a nonionic surfactant used to avoid the
precipitation of the -AM form of the probe when diluted in
aqueous media.

41. Important! Follow carefully the indicated order when adding
the components of the loading mix. In particular, it is crucial to
add mt-fura-2 directly on the Pluronic F-127 and mix well
before the addition of EC solution, in order to avoid agglom-
eration and precipitation of the probe.

42. The optimal incubation time could vary among cell lines, due
for example to the different amount of esterases present within
the cells or polarization of mitochondria.

43. In HeLa cells we obtained a satisfactory loading at 37 �C.
However, the optimal incubation temperature during the load-
ing have to be determined for each cell type. It has been shown
using fura-2/AM that compartmentalization is favored by
higher temperatures [14].

44. The washing step is necessary for the proper hydrolysis of the
AM groups of the internalized probe. Longer washing time
may be necessary for different cell lines, however note that the
probe could be extruded from the organelles/cells. In mito-
chondria, we believe that this is caused by the flickering of PTP.

45. In the case of cells or tissues where transfection is not an
option, mitochondria can be stained by loading the cells with
TMRM, MitoTracker or other fluorescent, mitochondria-
targeted probes. Attention must be paid that excitation spectra
do not overlap with that of mt-fura-2.
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46. The probe is excited by UV-light illumination. The confocal
microscope used have to be equipped for UV imaging. Partic-
ularly, a UV laser line and a UV-permeant objective are
mandatory.

47. To allow the equilibration of the cells on the coverslip with the
extracellular-like medium and avoid pH and temperature oscil-
lations, perfuse with warmed EC saline for 1–5 min before
starting the recording.

48. Set the exposure time based on the characteristics of your
instrument and the loading efficiency of the probe. The inter-
val between subsequent exposures varies in function of the
experimental protocol and the cellular process analyzed; for
example, faster acquisition is required when evaluating kinetics,
such as Ca2+ uptake rate. Most commonly, we use 50–200 ms
exposure for each wavelength and 1–5 s interval between
subsequent acquisitions. Whenever the sample is not illumi-
nated by excitation light, the illumination source output is
blocked by a shutter or the monochromator is moved to a
not-toxic wavelength which does not excite the fluorescent
probe (810 nm).

49. If the microscope allows live monitoring of fluorescence inten-
sity and R, draw ROIs around the cells present in the field of
view. Draw also one ROI where the signal in absent (i.e., cells
are not present) to monitor the background fluorescence dur-
ing the experiment (Fig. 3a).

50. Record for 2 min in order to check whether cells are equili-
brated with the perfusing solution. When the R value is stable
over time, the experiment can start.

51. To trigger ER Ca2+ release, cells are perfused with EC medium
containing histamine or another IP3-generating stimulus, ade-
quate for the cell type of choice. In order to increase ER Ca2+

release, IP3-generating stimulus can be applied together with
SERCA pump inhibitor cyclopiazonic acid (CPA, 20 μM). In
case you wish to exclude any possible contribution due to
entrance of Ca2+ from extracellular environment, histamine
application has to be performed in Ca2+-free, EGTA
(500 μM)-containing EC solution.

52. The concentration of digitonin and the duration of the per-
meabilization have to be optimized for each experiment, since
they can be highly variable, due for example to the concentra-
tion of cells on the coverslip.

53. Mitochondrial depolarization induced by CCCP application is
necessary to allow the passive equilibration of [Ca2+] between
the solution applied and themitochondrial matrix. Cyclosporin
A is applied to prevent PTP opening probability.
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54. High [Ca2+] may result in precipitation of Ca3(PO4)2 salt,
avoid the presence of phosphates in the solutions. The applica-
tion of [Ca2+] higher than 200 μM can result in the exit of
mt-fura-2 from mitochondria. This is probably due to PTP
opening.

55. The ROIs outlined in one series of files (e.g., upon
λex ¼ 400 nm) will be applied later to the other series of files
(e.g., upon λex¼ 350 nm). The FI will be measured in the same
regions for the two excitation wavelengths.

56. Calculating R% values allow to normalize R values to mini-
mum and maximum R values obtained in each coverslip. This
represents an easy but quite accurate way to compare different
conditions, even though without calculating real [Ca2+].
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Chapter 13

Sequence-Specific Control of Mitochondrial Gene
Transcription Using Programmable Synthetic Gene
Switches Called MITO-PIPs

Takuya Hidaka, Hiroshi Sugiyama, and Ganesh N. Pandian

Abstract

Mitochondria possess multiple copies of mitochondrial DNA (mtDNA) that encode 37 genes and their
transcription and replication get controlled by unique molecular codes different from that in the nuclear
DNA. The mtDNA has been gaining increased attention as one of the critical therapeutic targets as
mutations in them impair the function of mitochondria and cause mitochondrial diseases like MELAS. In
this chapter, we describe artificial control of mitochondrial transcription based on mtDNA sequence
information with a new type of compounds termed MITO-PIPs, which encompasses two domains:
pyrrole–imidazole polyamide as DNA recognition domain and mitochondrial penetrating peptide as the
mitochondria-targeting domain. Because MITO-PIPs are amenable to tunability, they can be expanded as a
synthetic strategy to modulate mitochondrial gene(s) on demand.

Key words MITO-PIP, Mitochondrial DNA, Pyrrole–imidazole polyamide, DNA binding ligand,
Transcription, Fmoc solid-phase synthesis

1 Introduction

Mitochondria have essential roles in cellular functions like energy
production, programmed cell death, and calcium homeostasis.
Mitochondria possess ~16.6 kbp circular DNA encoding
37 genes, including 13 critical subunits of the oxidative phosphor-
ylation system. Because a high level of reactive oxygen species is
generated during energy production by the oxidative phosphoryla-
tion system, mtDNA shows a higher mutation rate than nuclear
DNA. While most of these mutations have no significant effect,
some mutations impair mitochondrial functions and cause mito-
chondrial diseases like MELAS, Leigh syndrome and MERRF
[1]. It is also reported that mtDNA mutations are related to
other diseases like cancer and diabetes [2, 3], so mtDNA has been
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gaining increasing attention as one of the important therapeutic
targets.

Pyrrole–imidazole polyamides (PIPs) are compounds mainly
composed of N-methyl-pyrrole (Py) and N-methyl-imidazole
(Im), which bind to the minor groove of double-stranded DNA
in a sequence-specific manner (Fig. 1a) [4, 5]. Antiparallel Py–Py
pairs recognize A–T or T–A base pairs while Im/Py pairs recognize
G–C base pairs (Fig. 1b) [6, 7]. Based on this binding rule, the
target sequence of PIP can be programed by rearranging Py and Im
rings. This programmable property has been applied to gene
switches which can control transcription based on DNA sequence
information and fluorescence probe to visualize the specific region
of DNA [8, 9]. PIPs usually localize into nuclei due to their affinity
to DNA, but the introduction of the mitochondria-penetrating
peptide can reroute the ligands to mitochondria [10, 11]. We
named the ligands “MITO-PIPs” and reported that a MITO-PIP
targeting light-strand promoter (LSP) region (MITO-PIP-LSP,
Fig. 2a) can repress the expression of ND6, a downstream gene of
LSP, by inhibiting mitochondrial transcription factor A (TFAM)
binding to LSP region (Fig. 2b) [12].

In this chapter, we describe Fmoc solid-phase synthesis and
cellular evaluation of MITO-PIP-LSP. Although this chapter
mainly explains about MITO-PIP-LSP, other MITO-PIPs target-
ing different sequences can be prepared by following a similar
protocol.

Fig. 1 (a) Crystal structure of DNA-PIP complex (PDB accession number: 3OMJ)
[5]. (b) Rule of DNA recognition by PIPs. Py–Py pairs recognize A–T or T–A base
pairs and Im–Py pairs recognize G–C base pairs [6, 7]
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2 Materials

MITO-PIPs can be synthesized by Fmoc solid-phase synthesis.
Coupling reactions are moisture sensitive, so use super dehydrated
solvent or peptide synthesis grade reagents in the synthesis (see
Note 1). Solutions required for synthesis should be freshly
prepared just before the synthesis.

2.1 MITO-PIP-LSP

Synthesis

1. Fmoc-Arg(Pbf)-Alko resin.

2. Fmoc deblocking solution: 20% piperidine in dimethylforma-
mide (DMF).

3. Coupling solution: N-Methyl-2-pyrrolidone (NMP) solution
containing 0.2 M of HCTU and 0.2 M of each Fmoc-unit
(Fmoc-Py-COOH, Fmoc-Im-COOH, Fmoc-β-Ala-OH,
Fmoc-GABA-OH, Fmoc-D-Arg(Pbf)-OH, and Fmoc-Cha-
OH) (see Note 2).

Fig. 2 (a) Chemical structure of MITO-PIP-LSP and its schematic illustration. (Cha cyclohexylalanine, Arg
d-arginine). (b) Mechanism of LSP-specific transcription repression by MITO-PIP-LSP. Binding of mitochon-
drial transcription factor A (TFAM) to LSP site is inhibited by MITO-PIP-LSP and expression of LSP downstream
genes are repressed
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4. Activation solution: 0.6 M of N,N-diisopropylethylamine
(DIEA) in DMF.

5. Washing solution: DMF (peptide synthesis grade).

6. Capping solution: 20% acetic anhydride in DMF.

7. Methanol.

8. N,N-Dimethylaminopropylamine.

9. Diethyl ether.

10. Pbf deblocking solution: trifluoroacetic acid–triisopropylsi-
lane–H2O (95:2.5:2.5%, v/v).

11. 2.5 mL plastic reaction vessel with filter.

12. Desiccator connected to a vacuum pump.

13. Reversed-phase chromatography system.

14. Vacuum freeze dryer.

15. High-performance liquid chromatography (HPLC) system
equipped with a C18 column.

16. Solvent for HPLC: acetonitrile and H2O–0.1% TFA.

17. Instrument for mass spectrometry like ESI-MS or MALDI-
TOFMS.

2.2 Cellular

Evaluation

of MITO-PIP-LSP

1. HeLa cells.

2. Growth medium: Dulbecco’s Modified Eagle Medium supple-
mented with 10% fetal bovine serum and 1% MEM nonessen-
tial amino acids solution.

3. DMSO (cell-culture grade).

4. Reagents required for reverse-transcription quantitative PCR
(RT-qPCR): RNA extraction kit, reverse transcription kit,
qPCR master mix, and PCR primers (Table 1).

5. Nano spectrophotometer (e.g., NanoDrop).

Table 1
Sequence of each primers for RT-qPCR

Primer name Sequence

MT-16S forward 50-ACTTTGCAAGGAGAGCCAAA

MT-16S reverse 50-GCTATCACCAGGCTCGGTAG

ND6 forward 50-GGGTTAGCGATGGAGGTAGG

ND6 reverse 50-GATCCTCCCGAATCAACCCT
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3 Methods

We use an automated peptide synthesizer for Fmoc solid-phase
synthesis of MITO-PIPs, but the whole procedure can be also
performedmanually. Carry out all procedures at room temperature,
unless otherwise specified (see Note 3).

3.1 Solid-Phase

Synthesis

of MITO-PIP-LSP

1. Add 1 mL of NMP to Fmoc-Arg(Pbf)-Alko resin (~50 μmol of
monomer on resin) in a 2.5 mL plastic reaction vessel and shake
at room temperature for 30 min (see Note 4).

2. Remove NMP and wash the resin with 0.6 mL of Washing
solution once.

3. Add 0.5 mL of deblocking solution to the resin and mix at
room temperature for 4 min to remove Fmoc protecting
group. Repeat this step twice.

4. Wash the resin with 0.6 mL of Washing solution five times.

5. Add 0.33 mL of Activation solution to 1 mL of Coupling
solution containing Fmoc-unit which should be introduced in
the cycle and shake at room temperature for 3 min. HCTU
activates the carboxy group of Fmoc-unit in the presence of a
nonnucleophilic base like DIEA.

6. Transfer whole solution prepared in step 5 to washed resin and
perform coupling reaction for 1 h at room temperature (see
Note 5).

7. After the coupling reaction, wash the resin with 0.6 mL of
Washing solution five times.

8. Repeat steps 3–7 to sequentially introduce each unit to make
the desired structure. In the case of MITO-PIP-LSP, the fol-
lowing sequential structure should be synthesized: (Resin)-Arg
(Pbf)–Cha–Arg(Pbf)–Cha–β-Ala–Py–Py–Im–β-Ala–Py–Py–
GABA–Py–Im–β-Ala–Py–Py–Im (see Note 6).

9. After the final washing, repeat steps 3 and 4 to remove the final
Fmoc group.

10. Add 0.5 mL of Capping solution and shake for 5 min to
acetylate the amine group of the last unit.

11. Wash the resin with methanol (2 mL) and dry in a desiccator in
vacuo. The dried resin can be stored at 4 �C.

3.2 Cleavage

and Purification

of MITO-PIP

1. Add N,N-dimethylaminopropylamine (1 mL) to the dried
resin and shake at 55 �C for 3 h. Synthesized MITO-PIP-LSP
is cleaved from the resin at this step and the solution turns into
yellowish color (see Note 7).

2. Transfer solution (without the resin) to diethyl ether (40 mL)
in a 50 mL centrifuge tube. Because MITO-PIPs cannot be
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dissolved into diethyl ether, cleaved MITO-PIP-LSP forms
white–yellow precipitate. Centrifuge at 9900 � g for 10 min
to make a pellet and remove supernatant. Dry the pellet in a
desiccator in vacuo.

3. Purify the crude MITO-PIP-LSP by reversed-phase chroma-
tography. We purify MITO-PIPs using the CombiFlash Rf with
4.3 g C18 RediSep Rf reversed-phase flash column (Teledyne
Isco, Inc) or by reversed-phase HPLC using a Jasco Engineer-
ing UV2075 HPLC UV/vis detector and a PU-2080 plus
series system with a preparative C18 column. Acetonitrile and
H2O–0.1% TFA are used as mobile phases.

4. Lyophilize the sample to remove the solvent. The purified
sample is subjected to reversed-phase HPLC using acetonitrile
and H2O–0.1% TFA as a solvent for purity quantification and
mass spectrometry like ESI-MS or MALDI-TOFMS for com-
pound characterization.

3.3 Cellular

Evaluation of MITO-PIP

1. Seed HeLa cells on a 12-well plate at the concentration of
5 � 104 cells/well 1 day prior to the treatment.

2. Prepare 10 mM DMSO solution of MITO-PIP-LSP. Because
the amount of MITO-PIP-LSP used in cellular experiments
can be very small (less than 0.5 mg), it is recommended to
determine the concentration by using an extinction coefficient
of 9900 M�1 cm�1 per one pyrrole or imidazole moiety at λmax

near 310 nm. Measure absorption spectra using a nano spec-
trophotometer (e.g., NanoDrop) and use maximum absor-
bance value in 300–310 nm for calculation (see Note 8).

3. After cell attachment, replace medium with fresh medium sup-
plemented with MITO-PIP-LSP (1–10 μM) and incubate at
37 �C in 5% CO2. Samples containing the same amount of
DMSOwithoutMITO-PIP-LSP are used as a negative control.

4. After the compound treatment, extract total RNA and perform
reverse transcription to synthesize cDNA using reagent kits
which are commercially available. Check expression level of
each mitochondrial gene (ND6 as LSP and MT-16S as HSP1
downstream gene) by quantitative PCR using the primers listed
in Table 1. Calculate the relative expression ratio ([ND6]/
[MT-16S]) normalized to the negative control from deter-
mined Cp value (see Note 9).

4 Notes

1. All reagents for synthesis should be warmed to room tempera-
ture before opening caps and drying solid reagents in a desic-
cator in vacuo will help to improve coupling efficiency.
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2. Prepare required Fmoc-units depending on the structure of
MITO-PIP you want to synthesize. Although DMF can be
used as a solvent of Coupling solution, Fmoc-Im-OH has
better solubility to NMP.

3. The synthetic scheme of MITO-PIP-LSP is shown in Fig. 3.

4. You can change the first resin depending on the structure of
MITO-PIP you want to synthesize.

5. If the coupling efficiency is low, the coupling reaction time can
be extended. We usually use four equivalents of HCTU, each
Fmoc-unit and DIEA to the monomer on resin, but the
amount of reagent can be modified based on coupling effi-
ciency and reagent cost.

6. The order of Fmoc-units can be modified depending on the
structure of MITO-PIP you want to synthesize.

Fig. 3 Synthetic scheme of MITO-PIP-LSP
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7. If you use 3,30-diamine-N-methyldipropylamine instead of N,
N-dimethylaminopropylamine, synthesized MITO-PIPs have
amine group at C-terminus which can be used for coupling
reaction to introduce other functional compounds
(e.g. fluorescence dye) with a carboxy group.

8. For example, if maximum absorbance value in 300–310 nm of
100-fold diluted MITO-PIP-LSP solution is determined to be
0.99 using NanoDrop (optical path length ¼ 0.1 cm), the
concentration of the original solution is calculated from the
following formula:

C ¼ Abs
9900� n � c

�DF ¼ 0:99
9900� 10� 0:1

� 100

¼ 1� 10�2 Mð Þ
where n is total number of Py and Im rings, c is optical path
length (cm), and DF is dilution factor.

9. We reported that [ND6]/[MT-16S] ratio is downregulated to
~40% at 5 μM and ~10% at 10 μM of MITO-PIP-LSP in HeLa
cells after 24 h treatment. Other compounds like PIP-LSP
(no peptide) and MITO-PIP targeting HSP1 site (MITO-
PIP-HSP1) do not show a significant difference in expression
ratio (Fig. 4) [12].

Fig. 4 Example of RT-qPCR result. HeLa cells were treated with each compound for 24 h and the relative
expression level of downstream genes ([ND6]/[MT-16S]) was quantified by RT-qPCR [12]
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Chapter 14

Targeting the Mitochondrial Genome Via a MITO-Porter:
Evaluation of mtDNA and mtRNA Levels and Mitochondrial
Function

Yuma Yamada and Hideyoshi Harashima

Abstract

Genetic mutations and defects in mitochondrial DNA (mtDNA) are associated with certain types of
mitochondrial dysfunctions, ultimately resulting in the emergence of a variety of human diseases. To achieve
an effective mitochondrial gene therapy, it will be necessary to deliver therapeutic agents to the innermost
mitochondrial space (the mitochondrial matrix), which contains the mtDNA pool. We recently developed a
MITO-Porter, a liposome-based nanocarrier that delivers cargo to mitochondria via a membrane-fusion
mechanism. In this chapter, we discuss the methodology used to deliver bioactive molecules to the
mitochondrial matrix using a Dual Function (DF)-MITO-Porter, a liposome-based nanocarrier that
delivers it cargo by means of a stepwise process, and an evaluation of mtDNA levels and mitochondrial
activities in living cells. We also discuss mitochondrial gene silencing by the mitochondrial delivery of
antisense RNA oligonucleotide (ASO) targeting mtDNA-encoded mRNA using the MITO-Porter system.

Key words Mitochondria, Mitochondrial drug delivery, Nucleic acid delivery, MITO-Porter, Mito-
chondrial RNA knockdown, Mitochondrial matrix, Mitochondrial DNA, Mitochondrial gene therapy

1 Introduction

Mitochondrial dysfunction has recently been implicated in a variety
of human diseases [1–3]. It is now generally accepted that genetic
mutations and defects in mitochondrial DNA (mtDNA) are asso-
ciated with certain types of mitochondrial dysfunction, which are
the ultimate cause these disorders. Therefore, an effective mito-
chondrial gene therapy and diagnosis would be expected to have
great medical benefits. To achieve such an innovative strategy in
which the mitochondrial genome is the target, it will be necessary
to deliver therapeutic agents to the innermost mitochondrial space
(the mitochondrial matrix), which contains the mtDNA pool, in
diseased cells.
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In previous studies, we proposed an original and innovative
strategy for penetrating the mitochondrial membrane via mem-
brane fusion, that is, the development of a MITO-Porter system
(Fig. 1) [4–6]. To determine the optimal composition of mito-
chondrial fusogenic lipid, we screened for fusogenic activities
directed at mitochondria by monitoring the cancellation of fluores-
cence resonance energy transfer (FRET) using various octaarginine
(R8)-modified liposomes (R8-LPs). R8 was selected as a cytosol
delivery device for the MITO-Porter, because it has been reported
that R8-LPs are efficiently taken up by cells mainly through macro-
pinocytosis [7]. We also expected that R8, which mimics TAT,
might have mitochondrial targeting activity [5, 8]. We succeeded
in identifying lipid compositions that promote both the fusion of
the MITO-Porter with the mitochondrial membrane and the
release of its cargo to the intra-mitochondrial compartment in
living cells [4, 9]. We also verified that the MITO-Porter delivered
cargoes to the mitochondrial matrix, using propidium iodide, as a

Fig. 1 Schematic diagram illustrating the intracellular trafficking events associated with the Dual Function
(DF)-MITO-Porter and the conventional MITO-Porter. Modification of the outer envelope-surface with a high
density of octaarginine greatly assists the efficient uptake of both the DF-MITO-Porter and the conventional
MITO-Porter by cells (first step). The DF-MITO-Porter efficiently escapes from endosomes via membrane
fusion, a process that is mediated by the outer endosome-fusogenic lipid membranes (second step), whereas
the efficiency of escape for the conventional MITO-Porter is low. A greater fraction of the conventional MITO-
Porter undergoes endosomal degradation compared with the DF-MITO-Porter. Finally, the carrier fuses with
the mitochondrial membrane to deliver its cargo to mitochondria (third step). Thus, the DF-MITO-Porter would
be more efficient than the conventional MITO-Porter in the process of endosomal escape [20]

228 Yuma Yamada and Hideyoshi Harashima



probe to detect mtDNA, and the results showed that this system
can be used to efficiently visualize mtDNA within living cells
[10]. Based on our previous report, we concluded that the
MITO-Porter has the ability to deliver chemicals to the mitochon-
drial matrix. Current studies regarding MITO-Porter include the
fields of autophagy [11], cancer therapy [12], antioxidant therapy
[13, 14], and mitochondrial gene therapy [15–17].

In first topic of this chapter, our strategies for delivering bioac-
tive molecules to the mitochondrial matrix are described. The
approach involves the use of a Dual Function (DF)-MITO-Porter,
which possesses mitochondria-fusogenic inner and endosome-
fusogenic outer envelopes with cargos encapsulated within it
(Fig. 1) [18, 19]. Intracellular observations showed that mitochon-
drial delivery by the DF-MITO-Porter was significantly higher
than that for a conventional MITO-Porter [18, 20]. To validate
mitochondrial genome targeting using a DF-MITO-Porter, the
DNase I protein was packaged in the carrier as a cargo. It would
be expected that the mtDNA would be digested, as the mitochon-
drial delivery of the DNase I proteins progressed. In addition, the
levels of mtDNA and the mitochondrial activity were evaluated
after the mitochondrial delivery of DNase I was complete.

As a second topic, we discuss the mitochondrial delivery of an
antisense RNA oligonucleotide (ASO) which performs mitochon-
drial RNA knockdown to regulate mitochondrial function [21–
23]. Mitochondrial delivery of the ASO induces the knockdown
of the targeted mitochondria-encoded mRNA and protein, namely,
the cytochrome c oxidase subunit II (COX2), a component of the
mitochondrial respiratory chain (see Note 1). Furthermore, the
mitochondrial membrane potential was depolarized by the down
regulation of the respiratory chain as the result of the mitochondrial
delivery of ASO (Fig. 2).

2 Materials

Prepare all solutions using ultrapure water (prepared by purifying
deionized water to a sensitivity of 18 MΩ-cm at 25 �C) and com-
mercially available reagent-grade reagents. Prepare and store all
reagents at room temperature (unless otherwise indicated).

2.1 Lipids 1. 1,2-Dioleoyl-sn-glycero-3-phosphatidyl ethanolamine (DOPE).

2. Egg yolk phosphatidyl choline (EPC).

3. 5-Cholesten-3-ol 3-hemisuccinate (CHEMS).

4. Phosphatidic acid (PA).

5. Sphingomyelin (SM).
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6. Stearyl octaarginine (STR-R8) (Kurabo Industries Ltd., Osaka,
Japan) [24].

7. Cholesteryl (Chol)-GALA (cholesteryl- WEAALAEALAEA
LAEHLAEALAEALEALAA -NH2) (KURABO Industries
Ltd) [25, 26].

2.2 Liposome

Preparation

1. Lipid stock solutions: Dissolve 1 mM Lipid in 100% ethanol
(see Notes 2–4). Store at �20 �C.

2. HEPES buffer: 10 mM 2-[4-(2-Hydroxyethyl)-1-piperazinyl]
ethanesulfonic acid, pH 7.4. Store at 4 �C.

3. DNase I protein (from bovine pancreas, Grade II) (Roche
Diagnostics GmbH, Mannheim Germany).

4. DNase I protein sol.: 1 mg/mL DNase I protein in HEPES
buffer. Store at �80 �C (see Note 5).

5. Darm modified antisense 20-O-Methyl (20-OMe) RNA target-
ing COX II (Darm ASO [COX2]) (50-GGGACUGUAGCU
CAAUUGGUAGAGCAUCUUGCGCUGCAUGUGCCAU-
30) and Darm-modified 20-OMe RNA nontargeting COX2
(Darm Mock) (50-GGGACUGUAGCUCAAUUGGUAGAG
CAUCGACAAGCGCACCGAU -30) (Hokkaido System Sci-
ence Co., Ltd., Sapporo, Japan) [21].

6. Polyethyleneimine (PEI) (a linear, 10 kDa molecule).

7. Bath-type sonicator (85 W) (Aiwa Co., Tokyo, Japan).

Fig. 2 Conceptual image of mitochondrial delivery and gene silencing. After reaching to the mitochondria, a
nanoparticle of Darm (a mitochondrial tRNA import signal) modified ASO is delivered to the IMS by the MITO-
Porter carrier via membrane fusion with the OM of a mitochondrion, and is then imported into the mitochon-
drial matrix via the Darm import machinery. In this experiment, the mRNA that codes for COX2 was chosen as
the target. COX2 is one of mitochondrial proteins to regulate mitochondrial OXPHOS function as a subunit of
Complex IV. If the binding of Darm ASO [COX2] to the target mRNA is successful, the target mRNA would be
degradation or translation from the target mRNA inhibited. Finally, the expression levels of target mitochon-
drial protein would be decreased, followed by a reduction in mitochondrial OXPHOS function. Darm ASO
[COX2], Darm modified antisense 20-OMe RNA which targeted cytochrome c oxidase subunit II (COX2); IM,
inner membrane; IMS, intermembrane space; OM, outer membrane; OXPHOS, oxidative phosphorylation [22]
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8. Probe-type sonicator ((Digital Sonifier 250) (Branson Ultra-
sonics Co., Danbury, CT, USA).

9. Zetasizer Nano ZS (Malvern, Worcestershire, UK).

2.3 Cell Cultures 1. HeLa cells: HeLa human cervix carcinoma cells (RIKEN Cell
Bank, Tsukuba, Japan).

2. DMEM: Dulbecco’s modified Eagle medium.

3. FBS: Inactivate fetal bovine serum (Life Technologies
Corporation).

4. Penicillin G Potassium.

5. Streptomycin sulfate.

6. DMEM [+]: DMEM supplemented with 10% FBS, penicillin
(100 U/mL), and streptomycin (100 μg/mL).

7. 6-well plate.

8. 24-well plate.

9. PBS (�): Dissolve the powdered Dulbecco’s Phosphate buff-
ered saline (�) in Water. Autoclave.

2.4 Evaluation

of the Levels of mtDNA

1. GenElute Mammalian Genome DNA Miniprep kit (Sigma-
Aldrich).

2. NanoDrop: NanoDropLITE (Thermo Fisher Scientific, Wal-
tham, MA, USA).

3. Finnzyme Taq DNA Polymerase with dNTP Mix (Thermo
Fisher Scientific) includes Taq DNA polymerase, 10� Taq
buffer, and 10 mM deoxynucleoside triphosphates (dNTPs).

4. Oligodeoxynucleotides in purified form for primer (Sigma
Genosys Japan, Ishikari, Japan).

5. Sequence of forward primer ND 6: 50-ATAGGATCCTCCC
GAATCAA-30 (see Note 6).

6. Sequence of reverse primer ND 6: 50-GTTTTAGTGGGGT
TAGCGAT-30 (see Note 6).

7. Thermal Cycler: S1000 Thermal Cycler (Bio-Rad Labora-
tories, Hercules, CA, USA).

8. 6� Loading dye (Toyobo Co. Ltd., Osaka, Japan).

9. Agarose gel.

10. TAE: 40 mM Tris–HCl, 40 mM acetic acid, 1 mM EDTA,
pH 8.0 in Water.

11. Mupid-2plus (Advance Co. Ltd., Tokyo, Japan).

12. Image Quant LAS 4000 (GE Healthcare UK Ltd., England).
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2.5 Evaluation

of Mitochondrial

Activity

1. Tetra Color ONE reagent (Seikagaku Biobusiness Corpora-
tion, Tokyo, Japan).

2. Plate reader: Benchmark plus micro plate reader (Bio-Rad
Laboratories).

2.6 Quantification

of Target

Mitochondrial mRNA

Levels

1. RNeasy Mini Kit (Qiagen, Hilden, Germany).

2. TURBO DNA-free Kit (Thermo Fisher Scientific [Ambion]).

3. High Capacity RNtA-to-cDNA kit (Thermo Fisher Scientific
[Applied Biosystems]).

4. THUNDERBIRD SYBR qPCR Mix (TOYOBO CO., LTD.).

5. Sequence of the forward primer for mitochondrial mRNA
coding COX2 (target mRNA): 50- ATCATCCTAGTCCT
CATCG-30.

6. Sequence of the reverse primer for mitochondrial mRNA cod-
ing COX2 (target mRNA): 50-GATTTGATGGTAAGGGAGG
-30.

7. Sequence of the forward primer for β-actin mRNA encoded in
nuclear DNA (internal control RNA): 50-GGGACGACATG
GAGAAAATC-30.

8. Sequence of the reverse primer for β-actin mRNA encoded in
nuclear DNA (internal control RNA): 50-GAAGGTCTCAAA
CATGATCTGG-30.

9. LightCycler 480 (Sigma-Aldrich Co. LLC. [Roche]).

2.7 Evaluation

of Mitochondrial

Membrane Potential

1. JC-1 (Thermo Fisher Scientific [Invitrogen]).

2. Hoechst 33342 (DOJINDO LABORATORIES, Kumamoto,
Japan).

3. Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP) (Thermo Fisher Scientific [Invitrogen]).

4. Confocal laser scanning microscopy CLSM (FV10i-LIV;
Olympus Corporation, Tokyo, Japan).

3 Methods

Carry out all procedures at room temperature, unless otherwise
specified.

3.1 Construction

of DF-MITO-Porter

Encapsulating DNase I

The construction of the DF-MITO-Porter encapsulating DNase I
involves the following three steps: the construction of nanoparticles
containing DNase I; coating the nanoparticles with a
mitochondria-fusogenic envelope; further coating the endosome-
fusogenic envelope [18], based on our previous report regarding
gene packaging with two-different types of lipid layers [27].
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1. Mix the DNase I protein solution (1 mg/mL) and STR-R8 in
100 μL of HEPES buffer at a ratio of 1:1 (v/v) (STR-R8/
DNase I protein molar ratio of 10) (see Note 7), and incubate
the resulting mixture at 25 �C to form positively charged
nanoparticles.

2. Form lipid films on the bottom of a glass tube following the
lipid composition list shown in Table 1 (see Note 8). Add
1.5 mL of HEPES buffer to the dried lipid film on the bottom
of a glass tube, and then incubate the mixture for 10–15 min at
room temperature to allow hydration to occur (see Note 9).
Sonicate the suspensions using a bath-type sonicator for
30–60 s to generate empty vesicles, then sonicate the resulting
vesicles using a probe-type sonicator for 10 min on ice to
generate small unilamellar vesicles (SUVs).

3. Mix the suspension of complexed DNase I nanoparticles
(0.5 mg/mL) and suspended mitochondrial fusogenic SUV
(D/S) or a nonfusogenic SUV (E/C) at a ratio of 1:3 (v/v)
to coat the complexed DNase I nanoparticles with a double-
lipid envelope, as described in a previous study [27, 28]. Add
the STR-R8 solution (10 mol% of lipids) to the resulting
suspension, and then incubate the solution for 30 min at
room temperature after gentle mixing, to modify the R8 on
the surface of the envelopes (see Note 10).

Table 1
Lipid composition of the properties of SUV

Lipid composition

Component before
evaporation to form
lipid film

Total lipid
concentration
of SUVa Note

SUV(D/S/C) DOPE/SM/
CHEMS (9/2/1,
molar ratio)

1 mM
DOPE

675 μL 0.6 mM Mitochondrial
fusogenic SUV for
inner1 mM SM 150 μL

1 mM
CHEMS

75 μL

CHCI3 750 μL

SUV(E/C) EPC/CHEMS
(9/2, molar ratio)

1 mM
EPC

675 μL 0.55 mM Non fusogenic SUV
for inner envelopes

1 mM
CHEMS

150 μL

CHCI3 750 μL

SUV(D/P) DOPE/PA (7/2,
molar ratio)

1 mM
DOPE

642 μL 0.55 mM Endosome-fusogenic
SUV for outer
envelopes1 mM PA 183 μL

CHCI3 750 μL
aTotal lipid concentration of SUV in 1.5 mL HEPES buffer after sonication
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4. Mix the resulting suspension of lipid envelopes and an
endosome-fusogenic SUV (D/P) (total lipid concentration:
0.6 mM) at a ratio of 1:2 (v/v) to generate particles with a
double endosome-fusogenic envelope. Modify the surface of
the envelopes with R8 (10 mol% R8 of lipids) as described
above (see Note 11), to produce the DF-MITO-Porter and a
control carrier with nonmitochondrial fusogenic inner
envelope.

5. Measure the particle diameters of the liposomes using a quasi-
elastic light scattering method, and determine the ζ-potentials
by electrophoretically using laser doppler velocimetry (Zetasi-
zer Nano ZS) (see Notes 12 and 13).

3.2 Cell Cultures

and the Mitochondrial

Delivery of DNase

I Using

DF-MITO-Porter

1. Seed HeLa cells (2 � 105 cells/well) on a 6-well plate with
2 mL DMEM [+] for mtDNA detection assay, or HeLa cells
(1� 104 cells/well) on a 24 well plate with 500 μLDMEM [+]
for mitochondrial activity assay (see Note 14).

2. Incubate the cells for 24 h at 37 �C under an atmosphere of 5%
CO2–air.

3. Wash the cells with ice-cold PBS (�), and incubate them with
the DNase I protein encapsulated carriers in serum-free
DMEM (applied dose of DNase I: 6 μg) (seeNotes 15 and 16).

4. Wash the cells with ice-cold PBS (�) after a 3 h incubation
under an atmosphere of 5% CO2–air at 37 �C, and further
incubate the cells in DMEM [+] for 21 h in the absence of
the carriers.

3.3 Evaluation

of the Levels of mtDNA

After Mitochondrial

Delivery of DNase

I Using

DF-MITO-Porter

System

To verify that mtDNA levels were decreased after the mitochondrial
delivery of DNase I using the DF-MITO-Porter, the mtDNA levels
within the cells are evaluated by means of a PCR assay to detect the
ND6 genes coded in the mtDNA.

1. After the mitochondrial delivery of DNase I using the
DF-MITO-Porter, wash the cells with ice-cold PBS (�), tryp-
sinize them, suspend the cells in DMEM [+] and isolate the
cells in the form of a precipitate by centrifugation (1800 � g,
4 �C, 3 min). Wash the pellets with PBS (�) and precipitate
again by centrifugation (1800 � g, 4 �C, 3 min).

2. To evaluate the levels of mtDNA using PCR, isolate cellular
DNA from cell lysates and purify by means of a GenElute
Mammalian Genome DNA Miniprep kit. Determine the con-
centrations and purity of the DNA by NanoDrop and dilute to
10 ng/μL with water (see Note 17).

3. Place PCR tubes on ice, place aliquots of the PCR master mix
into individual PCR tubes and add template DNA for each
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25 μL of reaction volume, as shown in Table 2. Gently mix the
samples and spin down to collect the droplets (see Notes 18).

4. Quickly transfer the samples to a thermocycler that had been
preheated to the denaturation temperature (94 �C) and start
the PCR in thermocycling conditions, as shown in Table 3.

5. Mix 5 μL of PCR products and 1 μL of 6� Loading dye, apply
the mixture to each well with 2% agarose gel in TAE and then
run electrophoresis using Mupid-2plus at 100 V for 30 min.

6. To detect DNA, incubate the agarose gel after electrophoresis
in an ethidium bromide solution for 30 min at room tempera-
ture. After incubation, wash the agarose gel with water three
times.

7. Visualize the DNA bands by UV after ethidium bromide stain-
ing using Image Quant LAS 4000 (see Notes 19 and 20).

Table 2
Reaction components for the PCR assay

Componenta 25 μL of reaction Final concentration

10� Taq buffer 2.5 μL 1�
10 mM dNTPs 0.5 μL 200 μM

100 μM forward primer 0.125 μL 0.5 μM

100 μM reverse primer 0.125 μL 0.5 μM

Template DNA (10 ng/μL) 1 μL 10 ng

Taq DNA polymerase (5 U/μL) 0.125 μL 0.625 U/25 μL PCR

Wafer to 25 μL
aComponent includes PCRmaster mix (10� Taq Buffer buffer, 10 mM dNTPs, primers, and Taq DNA polymerase) and

Template DNA

Table 3
Thermocycling conditions for routine PCR

Step Temp Time

Initial denaturation 94 �C 2 min

30 cycles 94 �C 30 s
55 �C 30 s
72 �C 45 s

Final extension 72 �C 10 min

Hold 4 �C
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3.4 Evaluation

of Mitochondrial

Activity After

the Mitochondrial

Delivery of DNase I

In this experiment, mitochondrial activity would be predicted to be
inversely proportional to the efficiency of the mitochondrial deliv-
ery of DNase I. Mitochondrial activity was evaluated by measuring
the activity of mitochondrial dehydrogenase after the delivery of
DNase I by the DF-MITO-Porter.

1. After the mitochondrial delivery of DNase I using the
DF-MITO-Porter, wash the cells with ice-cold PBS (�) and
add 250 μL of DMEM [+] to the cell suspension.

2. Add 25 μL of Tetra Color ONE reagent DMEM [+] to the cells
of each well and incubate the cells at 37 �C for 1 h under an
atmosphere of 5% CO2–air.

3. After incubation, measure the absorbance (wave length at
450 nm for sample and 630 nm for reference) at 37 �C after
shaking for 5 s, use a plate reader to determine mitochondrial
dehydrogenase activity (see Notes 21 and 22).

4. Estimate the mitochondrial activity (%), which is calculated as
follows:

Mitochondrial activity %ð Þ ¼ AS450 � AS630ð Þ= AU450 � AU630ð Þ
� 100

where AS, AU represent the absorbance at 450 nm or 630 nm,
for cells that were treated and untreated with samples, respec-
tively (see Note 23).

3.5 Construction of a

MITO-Porter

Encapsulating

Nanoparticles of ASO

The MITO-Porter encapsulating ASO–PEI nanoparticles was con-
structed by the hydrationmethod [29, 30]. The construction of the
MITO-Porter that contains encapsulated ASO requires the follow-
ing steps: (1) the formation of a nanoparticle of ASO with a PEI via
electrostatic interactions, (2) packaging the ASO nanoparticle in a
mitochondrial fusogenic lipid envelope modified with GALA
(an endosomal escape device), followed by modifying the carrier
with the R8 peptide (a cellular uptake and mitochondrial targeting
device) [22] (Fig. 5).

1. Mix a solution of ASO [Darm ASO [COX2] or Darm Mock]
and a linear PEI (10 kDa) solution in 10 mM HEPES buffer
(pH 7.4) at a nitrogen–phosphate (N/P) ratio of 5 to form a
positively charged ASO–PEI nanoparticle.

2. Form lipid films (175 nmol lipid) on the bottom of a glass tube
following the lipid composition [DOPE–SM–CHEMS–Chol-
GALA (lipid ratio of 9:2:3:0.2)] (see Note 24).

3. Add 250 μL of HEPES buffer containing the ASO–PEI com-
plex (1094 pmol ASO) to the dried lipid film on the bottom of
a glass tube, and then incubate for 10–15 min at room temper-
ature to allow hydration to occur (see Note 9). Sonicate the
suspensions using a bath-type sonicator for 30–60 s to generate
vesicles.
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4. Add the STR-R8 solution (10 mol% of lipids) to the resulting
suspension, and then incubate for 30 min at room temperature
after gentle mixing, to modify the R8 on the surface of the
envelopes, to produce the MITO-Porter (ASO [COX2]/PEI)
and a control carrier [MITO-Porter (Mock/PEI)] encapsulat-
ing Darm Mock.

5. Measure the particle diameters of the liposomes using a quasi-
elastic light scattering method, and determine the ζ-potentials
by electrophoretically using laser doppler velocimetry (Zetasi-
zer Nano ZS) (see Notes 13, 25, and 26).

3.6 Cell Culture

and the Mitochondrial

Transfection of ASO

Using MITO-Porter

1. Seed HeLa cells (2 � 105 cells/well) on a 6-well plate with
2 mL of DMEM [+] for quantification of the target mitochon-
drial mRNA levels, or HeLa cells (1 � 105 cells/dish) on a
35 mm dish with 2 mL DMEM [+] for the evaluation of the
mitochondrial membrane (see Note 14).

2. Incubate the cells at 37 �C for 24 h under an atmosphere of 5%
CO2–air.

3. Wash the cells with ice-cold PBS (�), and incubate them with
the ASO encapsulated MITO-Porters in serum-free DMEM
(see Notes 27 and 28).

4. Wash the cells with ice-cold PBS (�) after a 3 h incubation at
37 �C under an atmosphere of 5% CO2–air, and further incu-
bate the cells in DMEM [+] for 21 h for the quantification of
target mitochondrial mRNA levels, or 45 h for the evaluation
of the mitochondrial membrane in the absence of the carriers.

3.7 Quantification

of Target

Mitochondrial mRNA

Levels After

Mitochondrial

Transfection of ASO

Using MITO-Porter

System

To evaluate the antisense effect by the delivered Darm ASO
[COX2] in the mitochondrial genomic system, the level of expres-
sion of target COX2 mRNA was evaluated by quantitative
RT-PCR.

1. After the mitochondrial transfection of ASO using the MITO-
Porter, purify the total RNAwith an RNeasyMini Kit, followed
by DNase I digestion to degrade the DNA in total RNA
samples using a TURBO DNA-free Kit (see Note 29). Then,
reverse transcribe the resulting RNA suspension using a High
Capacity RNA-to-cDNA kit (see Note 29). Determine the
concentrations and purity of the DNA byNanoDrop and dilute
to 10 ng/μL with water (see Note 17).

2. Perform a quantitative PCR analysis on the cDNA using the
THUNDERBIRDSYBR qPCRMix and LightCycler 480. Use
the primers for mitochondrial mRNA coding COX2 (the target
mRNA) and β-actin mRNA encoded in nuclear DNA (internal
control RNA). Perform all reactions using a volume of 5 μL.
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3. Calculated relative COX2–β-actin mRNA expression levels as
the amount of DNA derived fromCOX2mRNA divided by the
amount of DNA derived from β-actin mRNA (see Notes 30
and 31).

3.8 Evaluation

of Mitochondrial

Membrane Potential

After Mitochondrial

Transfection of ASO

The ASO [COX2] used in this study targets mRNA that codes for
the COX2 subunit, a component of the mitochondrial electron
transport chain, complex IV. When a defect in the mitochondrial
oxidative phosphorylation (OXPHOS) system is created by an
antisense effect, a decrease in mitochondrial membrane potential
is induced. The mitochondrial membrane potential was evaluated
after the transfection of the MITO-Porter by means of a JC-1 assay
(see Note 32).

1. After the mitochondrial transfection of ASO using the MITO-
Porter, at 30 min and 10 min before acquiring the fluorescence
images, the cells were stained with JC-1 (final concentration,
10 μM) to observe the mitochondrial membrane potential and
Hoechst 33342 (final concentration, 5 μg/mL) to stain the
nuclei, respectively.

2. After the incubation, the cells were washed with phenol red free
serum containing DMEM, and then observed by CLSM
(FV10i-LIV).

3. The cells were excited with a 405 nm light, a 473 nm light and a
559 nm light from an LD laser. Images were obtained using an
FV10i-LIV equipped with a water-immersion objective lens
(UPlanSApo 60�/NA. 1.2) and a dichroic mirror (DM405/
473/559/635).

4. The following filters were set for the observation: Ch1:
455/50 (blue) for Hoechst 33342, Ch2: 490/50 (green) for
monomeric form of JC-1, Ch3: 570/50 (red) for aggregated
form of JC-1 (see Note 33) (Fig. 6).

4 Notes

1. COX2 is one of the mitochondrial proteins that make up
complex IV of the electron transport system that functions in
the inner membrane of mitochondria. When the ASO was
delivered to mitochondria, it became bound to the target
COX2 mRNA in mitochondria, followed by the degradation
of the target mRNA or the inhibition of translation. In addi-
tion, the expression level of the target COX2 protein of the
mitochondrial respiratory chain complex subunit would be
expected to decrease the mitochondrial membrane potential
and decrease overall ATP production, eventually resulting in
cell death (Fig. 2).
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2. Dissolve the lipid by sonication using a bath type sonicator,
when the lipid does not readily dissolve in the solvent.

3. Dissolve the lipid in 100% ethanol–chloroform (1:1, v/v) when
PA is used, and store the solution in a glass tube not a
plastic tube.

4. Incubate the lipid stocks at room temperature before use.

5. Thaw the DNase I protein solution on ice before use. Do not
repeat thawing and freezing.

6. Polymerase chain reaction (PCR) assays to detect the mito-
chondrial NADH dehydrogenase 6 (ND6) gene are performed
in order to detect the mtDNA from HeLa cell lysates. These
primers anneal the 106–251 sequence in the ND6 region of the
mitochondrial genome (146 bp length).

7. Gentle mixing during this procedure is recommended.

8. Check that a thin lipid film is formed. If optimization of the
lipid film is needed, dry the solvent again after the addition of
1.5 mL of a 100% ethanol–chloroform (1:1, v/v) solution to
the glass tubes.

9. Mix the lipid suspension using a vortex mixer before
sonication.

10. For the DF-MITO-Porter, the inner envelope has a
mitochondria-fusogenic composition [DOPE–SM–CHEMS–
STR-R8 (9:2:1:1, molar ratio)]. As a negative control, a non-
fusogenic inner envelope was prepared using the lipid compo-
sition (EPC–CHEMS–STR-R8 [9:2:1, molar ratio]) [4, 18].

11. The outer envelope had an endosome-fusogenic composition
(DOPE–PA–STR-R8 [7:2:1, molar ratio]) [18, 27, 31].

12. The particle diameters of the DF-MITO-Porter should be
around 150 nm and the ζ-potentials should be around
+30 mV [18].

13. We find that it is best to prepare the carriers fresh each time.

14. Culture the HeLa cells at 37 �C in DMEM [+] under an
atmosphere of 5% CO2–air.

15. HeLa cells should be incubated in 1 mL of serum-free DMEM
on a 6-well plate for the mtDNA detection assay. HeLa cells
should be incubated in 250 μL of serum-free DMEM on a
24-well plate for the mitochondrial activity assay.

16. The outer envelopes of the carriers used in this experiment are
composed of DOPE–PA–STR-R8 (7:2:1, molar ratios). It has
been reported that high-density R8-modified liposomes are
taken up mainly through macropinocytosis and then delivered
to the cytosol [7].

17. Store at �20 �C. Thaw the DNA on ice before use.
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18. To minimize the possibility of pipetting errors and to save time
by reducing the number of reagent transfers, prepare a PCR
master mix by adding water, 10� Taq Buffer nonautogenic,
10 mM dNTPs, primers and Taq DNA polymerase, then add
the template DNA from HeLa cell lysate solutions to
each tube.

19. Figure 3 shows agarose gel electrophoresis data for the PCR
products derived from mtDNA. In the case of the DF-MITO-
Porter with inner envelopes composed of DOPE–SM–
CHEMS–STR-R8 (9:2:1:1), the mtDNA levels were decreased
(Lane 4), whereas the effect of carriers with a low mitochon-
drial fusion activity with inner envelopes composed of EPC–
CHEMS–STR-R8 (9:2:1) on mtDNA levels was negligible
(Lane 2) [19].

20. It was confirmed that, a decrease in nuclear DNA levels was not
detected in the case of the DF-MITO-Porter with inner envel-
opes composed of DOPE–SM–CHEMS–STR-R8
(9:2:1:1) [19].

21. The assay is based on the cleavage of the tetrazolium salt
2-(2-Methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disul-
fophenyl)-2H-tetrazolium, monosodiumsalt (WST)-8 by
mitochondrial dehydrogenase in viable cells, leading to the
generation of a formazan dye.

22. The inner envelope of the DF-MITO-Porter and control car-
rier used in this experiment is composed of DOPE–SM–
CHEMS–STR-R8DOPE–SM–CHEMS–STR-R8 (9:2:1:1,
molar ratios) and EPC–CHEMS–STR-R8 (9:2:1, molar
ratios), respectively [19].

Fig. 3 Evaluation for the levels of mtDNA after the mitochondrial delivery of
DNase I. DNase I proteins encapsulated in the DF-MITO-Porter or the control
carrier with low mitochondrial fusion activity were incubated with HeLa cells.
Cellular DNA samples were collected and then subjected to PCR. The PCR
products were detected by ethidium bromide staining after separation by
electrophoresis. PCR assays for the ND6 gene (146 bp) detection were
performed in order to detect mtDNA. Lane 1, 100 bp DNA Ladder; lane
2, Nontreatment; lane 3, control carrier with low mitochondrial fusion activity
[EPC–CHEMS–STR-R8]; lane 4, DF-MITO-Porter [DOPE–SM–CHEMS–STR-R8].
ND6, mitochondrial NADH dehydrogenase 6 [19].
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23. As shown in Fig. 4, the use of the DF-MITO-Porter with inner
envelopes composed of DOPE–SM–CHEMS–STR-R8
(9:2:1:1) resulted in a significant decrease in mitochondrial
activity, whereas the effect of carriers with a low mitochondrial
fusion activity with inner envelopes composed of EPC/
CHEMS/STR-R8 (9:2:1) on mitochondrial activity was
negligible.

24. Confirm that a thin lipid film is formed. If optimization of the
lipid film is needed, dry the solvent again after adding 250 μL
of 100% ethanol–chloroform (1:1, v/v) to the glass tubes.

25. The particle diameters of the MITO-Porter should be less than
200 nm and the ζ-potentials should be around +30 mV [18].

26. The packaging of ASO in the MITO-Porter [160 mol lipid–
RNA ratio] via a nanoparticle packaging method showed a
tenfold higher packaging efficiency than when the conven-
tional method was used [1680 mol lipid–RNA ratio] [18].

27. The carriers used in this experiment contain STR-R8. It has
been reported that high-density R8-modified liposomes are
taken up mainly through macropinocytosis and then delivered
to the cytosol [7].

Fig. 4 Mitochondrial delivery of DNase I using the DF-MITO-Porter. DNase I
(0.5 μg) encapsulated in the DF-MITO-Porter or the control carrier with a low
mitochondrial fusion activity were incubated with HeLa cells. Mitochondrial
activity was then evaluated by measuring mitochondrial dehydrogenase
activity. Data are represented as the mean � S.D. (n ¼ 3–4). **Significant
differences between control carrier with low mitochondrial fusion activity
[EPC–CHEMS–STR-R8] and DF-MITO-Porter [DOPE–SM–CHEMS–STR-R8]
( p < 0.01 by a two-tailed unpaired Student’s t-test) [19]
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28. HeLa cells were incubated in 1 mL of serum-free DMEM on a
6-well plate for the mtDNA detection assay. HeLa cells were
incubated in 250 μL of serum-free DMEM on a 24 well plate
for the mitochondrial activity assay.

29. These experiments should be performed according to the
manufacturer’s suggested protocol.

30. Figure 5 provides information on the quantification of the
target mitochondrial mRNA expression levels by a quantitative
PCR analysis. In the case of the MITO-Porter (ASO [COX2]/
PEI), the COX2 mRNA levels were significantly decreased,
whereas the effect of the MITO-Porter (Mock/PEI) on target
mitochondrial mRNA expression levels was negligible [22].

31. It was confirmed that, no change in the expression level of
COX2 mRNA was observed when Darm ASO [COX2] was
transfected using a commercially available gene transfer
reagent, LFN RNAi MAX [22].

32. JC-1 is a mitochondrial membrane potential-dependent stain-
ing reagent that shows a green fluorescence in the monomer
state, but red when the monomer has undergone aggregation.

Fig. 5 Evaluation of mitochondrial mRNA expression levels after transfection by
the MITO-Porter system. After 24 h transfection of nanoparticles containing RNA
(Darm Mock or Darm ASO [COX2]) by MITO-Porter (ASO–PEI), the knockdown
effect of mitochondrial mRNA (COX2 encoded in mtDNA) was evaluated by
quantitative RT-PCR. Relative mRNA expression levels were normalized with
the value of nontreated cells as 1. In this experiment, β-actin mRNA encoded in
nuclear DNA was used as an internal control. Bars indicate the mean with SEM
(n ¼ 3–7). Significant differences between nontreatment and others were
detected (**p < 0.01, *p < 0.05 by one-way ANOVA analysis, followed by
Bonferroni’s correction). N.S., no significant difference [22]
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In normal cells, JC-1 accumulates in mitochondria, depending
on the mitochondrial membrane potential, and shows a strong
red fluorescence (Fig. 6a). On the other hand, when an uncou-
pling agent (FCCP), which lowers the mitochondrial mem-
brane potential is added to the cells, JC-1 diffuses into the
cytoplasm from mitochondria, resulting in the generation of a
strong green fluorescence caused by the monomeric form of
JC-1 (Fig. 6b).

33. As shown in Fig. 6, a strong green fluorescence appeared in the
case of MITO-Porter (ASO [COX2]/PEI) (Fig. 6d), whereas,
red-colored mitochondria were observed in the case of the
MITO-Porter (Mock/PEI) (Fig. 6c).

Fig. 6 CLSM image of mitochondrial membrane potential using JC-1 at 48 h after the transfection of
nanoparticles containing RNA by MITO-Porter (a, Nontreatment; b, FCCP; c, Darm Mock; d, Darm ASO
[COX2]). The accumulation of JC-1 in normal mitochondria with a high membrane potential results in the
production of a fluorescent red signal (a), while a fluorescent green signal is produced in the case of
mitochondria that have lost their membrane potential (b). Scale bars, 50 mm
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Chapter 15

mTRIP, an Imaging Tool to Investigate Mitochondrial DNA
Dynamics in Physiology and Disease at the Single-Cell
Resolution

Laurent Chatre and Miria Ricchetti

Abstract

Mitochondrial physiology and metabolism are closely linked to replication and transcription of mitochon-
drial DNA (mtDNA). However, the characterization of mtDNA processing is poorly defined at the single-
cell level. We developed mTRIP (mitochondrial Transcription and Replication Imaging Protocol), an
imaging approach based on modified fluorescence in situ hybridization (FISH), which simultaneously
reveals mitochondrial structures committed to mtDNA initiation of replication as well as the mitochondrial
RNA (mtRNA) content at the single-cell level in human cells. Also specific RNA regions, rather than global
RNA, can be tracked with mTRIP. In addition, mTRIP can be coupled to immunofluorescence for in situ
protein tracking, or to MitoTracker, thereby allowing for simultaneous labeling of mtDNA, mtRNA, and
proteins or mitochondria, respectively. Altogether, qualitative and quantitative alterations of the dynamics
of mtDNA processing are detected by mTRIP in human cells undergoing physiological changes, as well as
stress and dysfunction. mTRIP helped elucidating mtDNA processing alterations in cancer cells, and has a
potential for diagnostic of mitochondrial diseases.

Key words Mitochondrial DNA, FISH , Imaging, mTRIP, Mitochondrial disease, Transcription,
DNA replication, Single-cell

1 Introduction

Mitochondria are highly dynamic organelles that can fuse and
divide to produce a variety of morphologies ranging from individ-
ual entities to interconnected tubular networks, which are func-
tional to cell growth, cell physiology, and disease [1, 2]. In
eukaryotes, mitochondria play a central role in the energy metabo-
lism that is regulated by the nuclear genome as well as the organelle
genome. In mammals, individual mitochondria carry multiple cop-
ies of double-stranded circular mtDNA, packed into nucleoids
structures and autonomously replicated and transcribed
[3, 4]. The human mtDNA is a 16.5 kbp molecule coding for
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two ribosomal RNAs, 22 transfer RNAs, and 13 protein-coding
genes that are transcribed into polycistronic precursor RNAs and
then processed to mature mRNAs, rRNAs, and tRNAs ([5])
(Fig. 1). The dynamics of mtDNA replication are still debated,
and distinct models are proposed ([6–8], for reviews see [9–11]).
Nevertheless, in these models initiation of replication takes place at
the OH origin, and the nascent heavy (H) strand may subsequently
pause about 700 nucleotides downstream generating the 7S DNA,
which produces a characteristic triple displacement loop or D-loop
[12]. mtDNA replication and transcription have been extensively
characterized by biochemical approaches, which assess values
within large cell populations. In addition, superresolution imaging
revealed, at the single cell level, that mtDNA replication occurs only
in a subset of nucleoids [13, 14]. These findings underscore the
urgency of combined protein and DNA analysis of mitochondrial
substructures. However, classic FISH procedures may damage pro-
tein epitopes and are therefore not suitable also for immunofluo-
rescence analysis, thereby limiting the simultaneous track of
mitochondrial nucleic acids and proteins.

mTRIP, a novel imaging protocol based on modified FISH,
identifies mitochondrial entities engaged in the mtDNA initiation
of replication, and can simultaneously reveal the mitochondrial
RNA (mtRNA) content in single human cells. Moreover mTRIP
can be coupled to immunofluorescence, making possible the com-
bined detection of mtDNA initiation of replication, mtRNA con-
tent, and proteins of choice in single human cells [15] (Fig. 2).
MtDNA initiation of replication is identified by the mREP probe,
which targets a specific DNA region located upstream of the repli-
cation origin OH and within in the regulatory D-loop. Probe
mREP recognizes only DNA in an open structure; therefore, the
double-stranded mitochondrial genome that is not engaged in
replication initiation is not detected by mREP. mTRANS, a mix
of three DNA probes located on different regions of the mitochon-
drial genome, detects specific mtRNAs which are considered repre-
sentative of global mtRNA levels (Fig. 1).

We generally associate mTRIP analysis of mitochondrial nucleic
acids with immunofluorescence of a mitochondrial outer mem-
brane protein (TOM22 or TOMM22) to identify the mitochon-
drial network. These labeling allow for the detection and
quantification of at least three classes of mitochondrial subpopula-
tions: (1) replication initiation active and transcript-positive
(Ia-Tp); (2) replication initiation silent and transcript-positive
(Is-Tp); and (3) replication initiation silent and transcript-negative
(Is-Tn) [15], revealing that individual mitochondria are strongly
heterogeneous within human cells (Fig. 3a–d). This heterogeneity
is functional to physiological changes, as during the cell cycle [16],
and can be also affected during stress and disease [15]. mTRIP can
be also associated with MitoTracker analysis, which detects mito-
chondria in living cells, based on its binding to thiol groups present
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in the organelle (Fig. 3e–h). Other probes than mREP and
mTRANS can be produced to target specific regions of interest in
the mitochondrial genome (see Ref. 15). For instance, mTRIP
labeling with either a LSP (Light Strand Promoter)-specific probe
or an ND6 (NADH-ubiquinone oxidoreductase chain 6)-specific
probe was combined with immunostaining of the mitochondrial
transcription factor and DNA binding protein TFAM for colocali-
zation experiments.ND6 is the only gene located in the L-strand of
the mitochondrial genome (see Fig. 1), and is a component of the
respiratory complex I. mTRIP contributed to show that the mito-
chondrial fraction of the protooncogene MDM2 directly impacts
on TFAM binding to the LSP, thereby affectingND6 transcription
and thereby the respiratory complex I function in cancer cells
[17]. Described and novel mTRIP probes, combined with a variety
of immunofluorescence and mitochondrial markers (Fig. 4) should
help decipher mtDNA dynamics and their impact under physiolog-
ical changes, including stress, and in disease.

Fig. 1 Schematic representation of the human mitochondrial DNA and probes
used in mTRIP. The H (heavy) and light (L) strands of the mitochondrial genome
are indicated in the external and inner circle, respectively, with the position and
name of single genes within. tRNA genes are indicated with a black dot and the
corresponding letter. All genes are located on the H-strand, with the exception of
ND6 and several tRNAs, located on the L-strand. Magnification of the D-loop
region (which contains H-strand origin of replication (OH) and promoters of both
H (PH1 and PH2) and L (PL) strands) is shown on top. Blue arrows indicate the
direction of DNA replication from OH and OL. The position of probe mREP and
probes 1, 6, and 11 is indicated with a red box. mTRANS is a mix of probes 1, 6,
and 11, which targets rRNA as well as several coding genes and tRNA on both
strands
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Notably, the mREP and mTRANS probes alone can act as
markers of functional mtDNA processing. The investigation of
functional mtDNA processing in single cells has relevance beyond
classical mitochondrial activity (oxidative phosphorylation). For
instance, mTRIP labeling with these two probes contributed to
demonstrate that mtDNA acquired from the host mouse by
mtDNA-depleted grafted cancer cells was not only present but
also fully functional in individual cells a few days after grafting

Fig. 2 Scheme of mTRIP labeling. Summary and chronology of steps of mTRIP
labeling described in detail in this document. After labeling, 3D confocal
acquisition and the subsequent treatment of acquisitions are shown. 3D
acquisition is necessary for fluorescence quantification of the entire cell
volume, but also 2D acquisition of a single plan (and thereby fluorescence
quantification of this single plan) can be performed (not shown here)
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[18]. This work demonstrated that acquisition and processing of
host mtDNA, and thereby restoration of mitochondrial respiration,
are essential for tumorigenesis, although not for ATP production
but rather pyrimidine biosynthesis through dihydroorotate dehy-
drogenase (DHODH) reactivation [18]. In another study, mTRIP
detection of mtDNA initiation of replication using the mREP
probe helped understanding the dynamics of mtDNA synthesis/
depletion. Indeed, a novel function of the endonuclease G
(EndoG) both as a stimulator of mtDNA replication initiation
andmtDNA depletion was identified [19, 20]. In this study, experi-
ments that included the mTRANS probe contributed to demon-
strate that removal of damaged mtDNA by EndoG is compensated
by mtDNA replication to maintain mtDNA transcription and mito-
chondria homeostasis.

Fig. 3 mTRIP colabeling with either immunofluorescence mitochondrial proteins or Mitotracker. Panels a-d:
Colabeling of TOMM22 immunofluorescence (green, panel a), mTRANS (red, panel b), and mREP (blue, panel
c) probes, shows mitochondrial initiation of replication, transcription, and mitochondrial network, respectively.
In merge, mREP essentially colocalizes with mTRANS (purple; arrow; Ia-Tp, replication Initiation active and
Transcript positive), and independent mTRANS labeling (orange; arrow; Is-Tp, replication Initiation silent and
Transcript active), as well as replication Initiation silent and Transcript negative mitochondrial structures
(green; arrow, Is-Tn) are also observed. Panels (e–h) Colabeling of MitoTracker Deep Red (purple; panel e),
mTRANS (green; panel f), mREP (red, panel g), and merge (panel h, which was also counterstained with
Hoechst, blue, for nucleus detection). MitoTracker labeling results in a more diffused signal than immunoflu-
orescence and mTRIP, therefore colocalization with other markers appears less defined in panel h than in
panel d. Ia-Tp, Is-Tp, and Is-Tn mitochondrial structures are detected also with this colabeling (presence or
absence of labeling in panels e–g is shown rather than in merge, because of the limited resolution of the
combined fluorescence signal by visual detection). Scale bars ¼ 10 μm
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mTRIP is therefore a versatile and powerful tool to investigate
single cell dynamics of mitochondrial DNA processing in physiol-
ogy and disease.

2 Materials

Prepare all solutions using ultrapure water when needed. Follow all
waste disposal regulations when disposing of waste materials.

2.1 Probe

Preparation

and Labeling

1. Lysis buffer to extract total genomic DNA: 0.2% SDS, 5 mM
EDTA, 0.2 mg/ml Proteinase K in 1� phosphate buffered
saline (PBS) buffer.

2. Sodium acetate 3 M, pH 5.2, cold ultrapure isopropanol and
ultrapure water.

3. Taq DNA polymerase (we recommend LA Taq DNA polymer-
ase TaKaRa).

4. Primers for PCR amplification of the mREP probe from total
genomic DNA:

Coordinates of all primers are according to NC_012920
GenBank.

mREP (98 nucleotides, nt): coordinates 446-544.

Forward 50-ACATTATTTTCCCCTCCC-30.

Reverse 50-GGGGTATGGGGTTAGCAG-30.

5. Primers for PCR amplification of the mTRANS probe from
total genomic DNA:

mTRANS is an equimolar mix of three DNA probes: probe
1, probe 6, and probe 11.

Fig. 4 Single-cell analysis with mTRIP alone and in combination with other
approaches. The readouts of distinct mTRIP probes alone and in combination
with immunofluorescence or MitoTracker labeling are indicated
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Primers for PCR amplification of DNA probe 1 (961 nt):

Forward 50-ACCAGACGAGCTACCTAAGAACAG-30.

Reverse 50-CTGGTGAAGTCTTAGCATGT-30.

Primers for PCR amplification of DNA probe 6 (1118 nt):

Forward 50-CTACCACACATTCGAAGAACC-30.

Reverse 50-CGTTCATTTTGGTTCTCAGGG-30.

Primers for PCR amplification of DNA probe 11 (1420 nt):

Forward 50-CATACCTCTCACTTCAACCTC-30.

Reverse 50-TGAGCCGAAGTTTCATCATGC-30.

6. PCR products cleanup system kit (see Note 1).

7. Labeling of purified mREP and mTRANS PCR products. It is
strongly recommended to label the DNA probes by Nick-
translation using Atto425 or Atto488 or Atto550 or Atto647
NT Labeling Kit (JenaBioscience) (see Note 2).

Labeled and purified mREP and mTRANS probes must be
aliquoted and stored at �20 �C in the dark.

2.2 Cell Treatment 1. Tissue culture plates 6-well (12-well or 24-well plates are rea-
sonable alternatives for culture of rare primary cells or slow
growing cells).

2. Microscope glass coverslips 18 mm diameter.

3. 2% Paraformaldehyde (PFA) in 1� PBS (mix 5 ml of 16% PFA
with 35 ml of 1� PBS).

4. 2% PFA can be stored at 4 �C for a couple of weeks.

5. Permeabilization buffer: 0.5% Triton X-100 in 1� PBS (mix
50 μl of 100% Triton X-100 with 9550 μl 1� PBS).

6. 20� saline sodium-citrate (SSC) buffer: 150 mM NaCl,
15 mM Na3Citrate � 2H2O, pH 7.0). For SSC preparation,
dissolve 175.3 g of NaCl and 88.2 g of sodium citrate in 800ml
of ultrapure water. Adjust the pH to 7.0 with 14 N solution of
HCl. Adjust the volume to 1 l with additional ultrapure water.
Sterilize by autoclaving. Store at room temperature up to
6 months.

7. Pretreatment buffer for permeabilized cells: 50% formamide–
2� SSC in 1� PBS. Store the solution at room temperature up
to 6 months in the dark.

8. Denaturation buffer for permeabilized cells: 70% formamide–
2� SSC in 1� PBS.

Store the solution at room temperature up to 6 months in
the dark.
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2.3 mTRIP

Hybridization

1. Parafilm.

2. Hybridization buffer: 10% dextran sulfate–50% formamide–
2� SSC in 1� PBS).

Store the solution at room temperature up to 6 months in
the dark (see Note 3).

3. 100 ng/μl salmon sperm DNA: dilute stock salmon sperm
DNA with 1� PBS.

Store the solution at �20 �C.

4. Washing buffer A: 2� SSC in 1� PBS.

5. Washing buffer B: 1� SSC in 1� PBS.

6. Washing buffer C: 0.1� SSC in 1� PBS.

2.4 mTRIP Coupled

to Immuno-

fluorescence

1. Parafilm.

2. Blocking buffer: 5% bovine serum albumin (BSA) in 1� PBS.
The solution can be stored at 4 �C several weeks (see Note 4).

3. Primary antibody (see Note 5): we recommend the use of
unconjugated rabbit polyclonal anti-TOMM22 to label
mitochondria.

4. Fluorescence-conjugated secondary antibody (see Note 6): we
recommend the use of Cy5 (or similar) conjugated goat sec-
ondary anti-rabbit antibody.

5. Hoechst 33342.

2.5 mTRIP Coupled

to MitoTracker®
MitoTracker® Probes, Invitrogen. Select a MitoTracker probe with
appropriate spectral characteristics for successive labeling with
mTRIP. Here we used MitoTracker® Deep Red (655 nm).

2.6 Imaging

Equipment

1. Confocal microscope.

2. Optional for 3D imaging: 3D-reconstruction imaging
software.

3. Quantification—imaging software such as Image J.

3 Methods

mTRIP principles are summarized in Fig. 2.

3.1 Extraction

of Total Genomic DNA

It is strongly recommended to use primary cells such as IMR90 at
early passages (and not cancer-derived or immortalized cell lines)
(see Note 7).

1. Add 200 μl of fresh lysis buffer to the cell pellet at 50 �C for
3 hours (h).

2. Incubate at 50 �C for 3 h.

3. Add 20 μl of sodium acetate 3 M, pH 5.2.
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4. Add 200 μl of cold ultrapure isopropanol.

5. Incubate at �20 �C for 15 min.

6. Centrifuge at 16,100 � g at 4 �C for 30 min.

7. Carefully discard the supernatant.

8. Add 500 μl of 70% ethanol.

9. Centrifuge at 16,100 � g at 4 �C for 5 min.

10. Carefully discard the supernatant.

11. Dry the DNA pellet for 5 min at room temperature. The pellet
should be transparent after drying.

12. Resuspend the DNA pellet in 100 μl of ultrapure water.
13. Incubate at 4 �C overnight.

14. Quantify the total genomic DNA. Dilute in ultrapure water, if
needed.

15. Storage: �20 �C.

3.2 Preparation

and Labeling

of the DNA Probe

1. Amplify the mREP probe by PCR using at least 100 ng/μl of
total genomic DNA and LA Taq DNA polymerase (Recom-
mendation: annealing temperature: 56 �C; extension: 68 �C).

2. Amplify the mTRANS component probe 1 by PCR using at
least 100 ng/μl of total genomic DNA and LA Taq DNA
polymerase (recommendation: annealing temperature: 56 �C;
extension: 68 �C).

3. Amplify the mTRANS component probe 6 by PCR using at
least 100 ng/μl of total genomic DNA and LA Taq DNA
polymerase (recommendation: annealing temperature: 56 �C;
extension: 68 �C).

4. Amplify the mTRANS component probe 11 by PCR using at
least 100 ng/μl of total genomic DNA and LA Taq DNA
polymerase (recommendation: annealing temperature: 56 �C;
extension: 68 �C).

5. Purify the PCR products using 2% agarose electrophoresis gel
and conventional PCR products cleanup kit.

6. Estimate the amount of the purified PCR product. It is essen-
tial to get 1 μg of PCR product at a concentration of
75 ng/μl or higher. If this amount of DNA product is not
reached, one can concentrate the DNA by sodium acetate and
isopropanol precipitation, then resuspend in the appropriate
volume of ultrapure water to reach the required concentration.
Note that precipitation of highly diluted DNA is not recom-
mended at it may result in salt concentration higher than
necessary, in spite of intense washing.

Be careful as the following steps are dedicated to DNA
probes fluorescent labeling by nick translation and are crucial
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for mTRIP. Consider that no other technique of DNA label-
ing than nick translation has been tested in this context.

7. Choose the fluorescence label for mREP and mTRANS DNA
probes (see Note 8). If mTRIP is coupled to immunofluores-
cence andHoechst 33342, resulting in four-color channels, the
recommended choice is mREP labeled with Atto550 NT kit,
mTRANS labeled with Atto488 NT kit, immunofluorescence
with a Cy5-conjugated secondary antibody, and Hoechst.

8. Preparation of the mREP DNA probe:

(a) Resuspend 1 μg of pure PCR product in a maximum
volume of 14 μl in a 0.2 ml thin-wall 8-tube strip with
caps for regular thermal cycler (PCR machine).

If the volume is smaller, adjust to 14 μl with
PCR-grade water from the kit.

9. Preparation of the mTRANS DNA mix probes.

(a) Mix 333 ng of mTRANS probe 1, 333 ng of mTRANS
probe 6, and 333 ng of mTRANS probe 11 (equimolar
amounts of the three probes) for a final amount of 1 μg of
DNA mix, in maximum volume of 14 μl in a 0.2 ml thin-
wall 8-tube strip with caps for regular thermal cycler (PCR
machine).

If the volume is smaller adjust to 14 μl with
PCR-grade water from the kit.

The following steps are identical for mREP and
mTRANS fluorescence labeling.

10. Gently mix 14 μl of template DNA with 2 μl of 10� NT
labeling buffer on ice.

11. Add 2 μl of Atto488 or Atto550 NT labeling mix.

12. Add 2 μl of 10� Enzyme mix.

13. Ensure sample homogeneity by gently mixing.

14. Incubate the mix at 15 �C for 90 min, for example in a regular
thermal cycler, in the dark.

15. Add 5 μl of NT Kit Stop buffer to stop the reaction.

16. Transfer the reaction mixture in 1.5 ml Eppendorf tube.

17. Add 2 μl of 3 M pH 5.2 sodium acetate.

18. Add 14 μl of ultrapure cold isopropanol.

19. Gently mix the sample.

20. Incubate at �20 �C for 15 min in the dark.

21. Centrifuge at 16,100 � g at 4 �C for 30 min.

22. Discard the supernatant.

23. Add 500 μl of 70% ethanol.

24. Centrifuge at 16,100 � g at 4 �C for 5 min.
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25. Discard the supernatant.

26. Add 500 μl of 70% Ethanol.

27. Centrifuge at 16,100 � g at 4 �C for 5 min.

28. Discard the supernatant.

29. Resuspend the fluorescence-labeled DNA probe in 50 μl of
ultrapure water to get a final concentration of 20 ng/μl.

30. Store the labeled DNA probe at �20 �C in the dark.

3.3 Prehybridization

of the DNA Probe

To reduce bench timing, the steps in this section can be done in
parallel with the steps of Subheading 3.4.

1. Choice 1: ONE probe, preparation of the reaction mixture
(in a 1.5 ml tube):

If only one probe (e.g., mREP or mTRANS) is used, the
reaction mix is done in a final volume of 25 μl per coverslip.
Gently mix 2 μl of 20 ng/μl of fluorescent DNA probe (40 ng
DNA probe are used per coverslip at a final concentration of
1.6 ng/μl) with 4 μl of 100 ng/μl salmon sperm DNA (400 ng
of salmon sperm DNA are used for 40 ng of DNA probe, and
per coverslip) and 19 μl of hybridization buffer.

2. Choice 2: TWO probes, preparation of the reaction mixture
(in a 1.5 ml tube):

If two probes (mREP andmTRANS) are used, the reaction
mix is done in a final volume 25 μl per coverslip. Gently mix 2 μl
of 20 ng/μl fluorescent mREP probe (40 ng of DNA probe are
used per coverslip; final concentration 1.6 ng/μl) and 2 μl of
20 ng/μl fluorescent mTRANS probe (40 ng DNA probe are
used per coverslip; final concentration 1.6 ng/μl) with 8 μl of
100 ng/μl of salmon sperm DNA (800 ng of salmon sperm
DNA are used for 2� 40 ng of DNA probes and per cove slip)
and 13 μl of hybridization buffer.

3. Denaturation: incubate the reaction mixture at 80 �C for
10 min in the dark.

4. Precooling step: transfer the denatured reaction mixture con-
taining tube at 37 �C for at least 30 min in the dark. This time
can be extended to a maximum of 1 h at 37 �C in the dark. This
step helps lowering unspecific binding of salmon sperm DNA
versus specific binding of DNA probes. Keep denatured reac-
tion mixture under these conditions until the end of Subhead-
ing 3.4.

3.4 Preparation

of Cells on Coverslip

1. Culture cells under appropriate culture conditions in (6-wells
or 12-wells) culture plates containing a clean coverslip at the
bottom of each well. Ideally cells should be grown at about
50–60% confluence to avoid plans with packed cell during
microscope analysis.
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If mTRIP is coupled to MitoTracker labeling, incubate live
cells with MitoTracker® (e.g., MitoTracker® Deep Red) for 1 h
in appropriate culture conditions (see Note 9).

2. Discard the culture medium.

3. Wash cells once with 1� PBS.

4. Add 2% PFA at room temperature.

5. Incubate for 20 min at room temperature.

6. Discard PFA.

7. Wash 2� with 1� PBS. At this step, PFA-fixed cells can be
stored in 1� PBS for several weeks at 4 �C.

8. Discard PBS from the coverslip.

9. Permeabilize cells with 0.5% Triton X-100 in 1� PBS for 5 min
at 4 �C.

10. Discard the Triton X-100.

11. Wash 4� with 1� PBS.
OPTIONAL: if required, at this step permeabilized

cells can be incubated with specific nucleases for the time
recommended by themanufacturer (generally 1 h at 37 ˚C).
After incubation, wash 4� with 1� PBS (see Note 10).

12. Discard PBS.

13. Pretreat the permeabilized cells by adding pretreatment buffer
(50% formamide–2� SSC in 1� PBS).

14. Incubate at room temperature for 30 min.

15. Discard the pretreatment buffer.

16. Add 70% formamide–2� SSC in 1� PBS.

17. Put the 6-well culture plate (with, at the bottom of each well, a
coverslip with pretreated permeabilized cells) on the top of a
metal block heater at 75 �C for 5 min to denature the sample.

18. Immediately transfer the 6-well culture plate on ice (4 �C) and
keep on ice at least 1 min and not longer than 10 min (seeNote
11).

3.5 mTRIP

Hybridization

1. Put a 25 μl drop of denatured and precooled reaction mixture
which contains DNA probe(s) on an appropriate surface of
Parafilm (at least 3.6 � 3.6 cm for 18 mm diameter coverslip).
For multiple labeling, use a single surface of Parafilm with
enough room for multiple and well separated drops.

2. Put the coverslip upside down, with the face containing cells
(samples previously undergone denaturation) directly on
the drop.
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3. Incubate at 37 �C for 15 h either at the top of a heating metal
block in the dark (cover with plastic top to set dark) or on a
humid chamber at 37 �C in the dark.

3.6 mTRIP Washing 1. After 15 h incubation, remove the coverslip from Parafilm and
put it back into a clean cell culture plate (6-well plate).

The following steps must be performed in the dark:

2. Wash 2� with 2� SSC in 1� PBS for 2 min at room tempera-
ture (RT) with gentle shaking.

3. Wash 2� with 1� SSC in 1� PBS for 2 min at RT with gentle
shaking.

4. Wash 2� with 0.1� SSC in 1� PBS for 2 min at RT with gentle
shaking.

5. Wash 2� with 1� PBS for 2 min at RT with gentle shaking.
At this point, either label the sample by immunofluores-

cence, and in this case go to Subheading 3.7 (mTRIP coupled to
immunofluorescence) or do not label the sample by immuno-
fluorescence (this is also the case for MitoTracker labeling),
and in this case:

6. Incubate the coverslip for 1 h in the dark with 10 μg/ml
Hoechst 33342 in 1� PBS.

7. Wash 5� with 1� PBS.

8. Mount the coverslip on a clean and dry glass slide using the
favorite mounting buffer or a drop of 50% glycerol in 1� PBS.

9. Seal the slide with varnish and keep the mounted slide in a dark
and clean box either at room temperature if confocal analysis is
done the done the same day, or at 4 �C until confocal analysis is
done (it is recommended to analyze the slide not later than
2 weeks from labeling).

3.7 mTRIP Coupled

to Immuno-

fluorescence

Follow the immunofluorescence (IF) protocol suggested below,
(see Note 12).

1. Incubate the coverslip with 5% BSA in 1� PBS at RT for 1 h in
the dark.

2. Wash 2� in 1� PBS for 2 min at RT with gentle shaking.

3. Dilute the primary antibody (anti-TOMM22 (1:200), recom-
mended for assessing the mitochondrial network) in 1% BSA
and 1� PBS.

4. Put a 50 μl drop of diluted primary antibody mix on an appro-
priate surface of Parafilm.

5. Put the coverslip upside down, with the face containing cells
directly on the drop.
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6. Incubate at RT for 1 h in the dark. The incubation time
depends on the primary antibody.

7. Wash 3� in 1� PBS for 2 min at RT with gentle shaking.

8. Dilute secondary antibody (1:1000) in 1% BSA and 1� PBS,
and add 10 μg/ml of Hoechst 33342.

9. Put a 50 μl drop of diluted secondary antibody mix on an
appropriate surface of Parafilm.

10. Put the coverslip upside down, with the face containing cells
directly on the drop.

11. Incubate at RT for 1 h in the dark.

12. Wash 5� in 1� PBS for 2 min at RT with gentle shaking.

13. Mount the coverslip on a clean and dry slide using the favorite
mounting buffer or a drop of 50% glycerol in 1� PBS.

14. Seal the slide with varnish and keep the mounted slide in a dark
and clean box either at room temperature if confocal analysis is
done the same day, or at 4 �C until confocal analysis is done
(it is recommended to analyze the slide not later than 2 weeks
from labeling).

3.8 Imaging

Acquisition

and Fluorescence

Intensity

Quantification

1. Acquisition for subsequent quantification is done with confocal
microscope (see Note 13).

2. One can do either two-dimensional (2D) or three-dimensional
(3D) acquisition. In the last case 3D reconstruction of the
image should follow 3D acquisition.

3. With image format (.tiff) of the acquired image, one can quan-
tify the fluorescence intensity per cell using the Image J
software.

A 3D-reconstructed human cell stained by mTRIP is
shown in Fig. 3 (panels b, c, f, g). The mTRIP procedure is
covered by a patent application for commercial use (see
Note 14), which also includes tissues sections (see Note 15).

4 Notes

1. Wizard® SV Gel, PCR clean-Up system (Promega), and
NucleoSpin® Extract II (Macherey-Nagel) worked well in our
hands.

2. Labeling of DNA probes with other techniques than Nick
Translation has not been tested. We do not exclude that other
DNA probes labeling techniques are compatible with mTRIP.

3. It is strongly recommended to prepare the hybridization buffer
several days (at least 2 days) before the experiment as dextran
sulfate takes a long time to dissolve.
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4. Alternative blocking buffers can also be used.

5. Unconjugated rabbit polyclonal anti-TOMM22 is used to illu-
minate the mitochondrial network. However, you can use
other primary antibodies for detecting the mitochondrial net-
work, or other cellular structures or proteins of interest.

6. The choice of the secondary antibody-conjugated fluorescence
depends on the available spectra after exclusion of the fluoro-
phore(s) used for DNA probes (mTRIP). All combinations
compatible with available fluorophores and the equipment
(fluorescence filters) of your microscope can be used.

7. Cancer and immortalized cell lines may have mutated and
highly heteroplasmic mitochondrial genomes.

8. The fluorescence color of the DNA probes can be different
from the ones used here, and for this, appropriate fluorophores
must be selected.

9. In this case, use mREP-Atto550 and mTRANS-Atto-488 for
mTRIP labeling, and Hoechst.

10. Treatment with DNaseI (recommended 100 U/ml) or RNa-
seA (recommended 100 μg/ml) allows identification of the
DNA and RNA components of the mTRIP signal. Treatment
with RNaseH (recommended 100 U/ml) allows identification
of RNA/DNA structures, usually at replication origins and in
transcription bubbles. For combined use of nucleases and the
respective readouts on mitochondrial nucleic acids by mTRIP,
see Ref. 15.

11. Do not keep denatured samples at room temperature, as this
condition will interfere with the hybridization step. Keep the
samples always on ice until hybridization.

12. The favorite IF procedure, if different form the one described
here, can alternatively be performed.

13. Reliable quantification requires fluorescence measurement of
the cell volume. Cell surface (2D-acquisition) can also be
acquired instead of cell volume, but the corresponding quanti-
fication will not measure the total cell fluorescence.

14. mTRIP tool is covered by patent applications: EP2500436 and
WO2012123588 “Method, probe and kit for DNA in situ
hybridization and use thereof.”

15. mTRIP can be used with paraformaldehyde-fixed human cells
and paraffin-embedded human tissue sections (method not
described here).
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Chapter 16

Development of Mitochondria-Targeted Imaging
Nanoplatforms by Incorporation of Fluorescent Carbon
Quantum Dots

Ye Zhang and Hong Bi

Abstract

Multifunctional nanoplatforms are promising scaffolds for biomedical applications such as bioimaging,
chemical/biological sensors, drug delivery, and cancer diagnosis and/or treatments. Mitochondria play
crucial roles in metabolism of eukaryotic cells; therefore, mitochondria-targeting molecule such as triphe-
nylphosphonium (TPP) is attached onto the magnetic mesoporous silica nanoparticle (Fe3O4@mSiO2). In
order to track the nanoparticles, fluorescent carbon quantum dots (CDs) were conjugated to the
Fe3O4@mSiO2. The as-constructed Fe3O4@mSiO2–TPP/CQD nanoplatform showed minimal cytotoxic-
ity in various cell lines such as A549, CHO, HeLa, SH-SY5Y, HFF, and HMEC-1. External magnetic field-
assisted uptake of the nanoplatform by tumor cell has been achieved promptly. More importantly, conjuga-
tion with CQDs endows the nanoplatform multicolored fluorescence that can remain bright and stable
inside cells for a long time. This nanoplatform provides a multifunctional platform in targeting, imaging,
and agent delivery for mitochondria-related disease diagnosis and treatment.

Key words Mitochondria targeting, Carbon quantum dots, Bioimaging, Nanoplatform, Magnetic
targeting

1 Introduction

The development of inorganic multifunctional nanoplatforms inte-
grating magnetic, fluorescent, and porous properties all in one
system has excellent potential biomedical applications. These nano-
platforms are not only used as efficient contrast agents for localized
imaging of the disease but also could deliver the therapeutic drugs
to the targeted sites as well as monitor the real-time therapeutic
effects. As one of the commonly used components in the con-
structed nanoplatform, superparamagnetic iron oxide (Fe3O4)
nanoparticles are considered to be ideal T2 contrast agents in
magnetic resonance imaging (MRI), magnetic-targeted carriers in
drug delivery system, and magnetohyperthermia (MHT) agents in
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tumor therapy [1, 2]. Combination of magnetic Fe3O4 with fluo-
rescent molecule/quantum dots could yield dual-modality imaging
probe for noninvasive and high spatial resolution MRI, as well as
high sensitivity and resolution fluorescence imaging for real-time
image-guided therapy and monitoring [3, 4]. It is well known that
mesoporous silica (mSiO2) nanomaterials have been widely applied
in biomedical field due to their high surface areas, large pore
volume, uniform and ordered mesopores, as well as facile surface
functionalization. As a result of these properties, mSiO2 could serve
as an ideal vehicle for loading drugs, genes, and proteins, and
further delivering them to the targeted sites. To construct meso-
porous silica nanoparticles with specificity in targeting and imaging
ability, one strategy is to prepare magnetic mesoporous silica
(Fe3O4@mSiO2) nanoparticles with core–shell structure. In the
presence of an external magnetic field, Fe3O4@mSiO2 nanoparti-
cles have been used in direct tumor-targeting therapeutic agent
delivery, T cell-activated antitumor therapy, cell sorting, and cellu-
lar uptake modulation [5–8].

Subcellular-targeting imaging and therapy have emerged as an
important technique in cancer diagnosis and therapy. The efficacy
of treatment would be enhanced and the side effects be decreased
when the concentration of drugs or photosensitizers in their site of
action is increased. Mitochondria are not only vital cellular orga-
nelles to supply energy for cells, but also critical regulators of cell
apoptosis. Delivering therapeutic agents specific to mitochondria
and regulate mitochondrion function has become an effective
method for cancer treatment [9]. Because of the negative mem-
brane potential of the mitochondrial inner membrane, various
lipophilic cationic species, such as triphenylphosphonium (TPP),
could be attached to small molecules, liposomes, and nanoparticles
to deliver cargo to mitochondria [10]. The biosafety of TPP group
has been validated in a phase II clinical trial of MitoQ
(a TPP-modified mitochondria targeted antioxidant mitoquinone)
through oral administration for 12 months [11]. Moreover, TPP is
easily introduced to small molecules or nanocarriers by chemical
synthesis. And the conjugation of TPP does not affect the physico-
chemical properties of these molecules and carriers because TPP
group is small.

Since they were first synthesized in 2004, carbon quantum dots
(CQDs) have aroused significant interest in biomedical field due to
their outstanding photoluminescence properties and excellent bio-
compatibility. CQDs is new kind of carbon materials, which shows
quasi-spherical structure with the size less than 10 nm. Different
from the well-studied II/VI semiconductor quantum dots, good
water solubility, and low cytotoxicity enable CQDs predominant
applications in long time bioimaging and cargo delivery [12]. The
quantum yield of CQDs can be enhanced not only by doping
heteroatoms such as nitrogen, phosphorus, sulfur, and fluorine
but also by surface functionalization, which introduce new surface
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state of CQDs to exhibit excellent optical or photocatalytic proper-
ties [13, 14]. We have prepared one kind of nitrogen-doped CQDs
in the size of 2–3 nm with a high quantum yield (22% in ethanol)
and low cytotoxicity through pyrolysis of konjac flour
(KF) [15]. Experiment data proved that CQDs have remarkable
cell imaging ability and easy surface modification aptness. In the last
decade, more and more nanoplatforms were presented by integrat-
ing the targeting and therapeutic moieties (drug/gene/photosen-
sitizer/photothermal agent) with the fluorescent CQDs to
generate “all in one” theranostic reagent [16]. Based on this con-
cept, we constructed a mitochondria-targeting multifunctional
nanoplatform through conjugating as-synthesized CQDs with a
TPP-modified Fe3O4@mSiO2 nanoparticles (Fe3O4@mSiO2–
TPP/CQDs) for magnetic field targeting and enhancing cellular
uptake, long time mitochondria imaging, as well as potential drug
delivery [17]. In this report, we describe a robust protocol for
formulating Fe3O4@mSiO2–TPP/CQDs nanoplatforms for
mitochondria-targeting imaging of A549, CHO, HeLa,
SH-SY5Y, HFF, and HMEC-1 cell lines.

2 Materials

2.1 Equipment

for Synthesis

1. Stirring/heating plate with magnetic stirrer bar.

2. Electromechanical stirring with Teflon stirring rod.

3. Oven (>200 �C capable).

4. Oil bath with temperature probe.

5. Vacuum pump (weak vacuum, 100 mbar sufficient).

6. Vacuum line (<20 mbar).

7. Rotary evaporator attached to vacuum line.

8. Muffle (>800 �C capable).

9. Centrifuge.

10. Balance.

11. 11 Dynamic Light Scattering (DLS) instrument.

12. NMR spectrometer.

13. Lyophilizer.

14. Plate reader.

15. Transmission electron microscope (TEM) instrument.

16. Confocal laser scanning microscope (CLSM).

17. Thermometer.

18. Clamp stand and appropriate clamps.

19. 100 mL three-necked round bottomed flask.
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20. 250 mL three-necked round bottomed flask.

21. 100 mL round bottomed flask.

22. Condenser (appropriate to fit flask) and connections to attach
water.

23. Buchner flask and Buchner funnel with filter paper.

24. Beaker.

25. Sample vials.

26. 1 mL syringes and appropriate needles.

27. 5 mL syringes and appropriate needles.

2.2 Synthesis

of Fe3O4@mSiO2

1. Ferrous ammonium sulfate (FeSO4·(NH4)2SO4·6H2O)
(�99.5%).

2. Sodium hydroxide (NaOH) (�96.0%).

3. Oleic acid (OA).

4. Ethanol.

5. Ultra-pure water,

6. n-Hexane.

7. Cetyltrimethylammonium bromide (CTAB) (�99.0%).

8. Chloroform.

9. Tetraethyl orthosilicate (TEOS).

10. Ethyl acetate (EtOAc).

11. Ammonium nitrate (NH4NO3) (�98.0%).

2.3 Synthesis

of Fe3O4@mSiO2–TPP

1. Triphenylphosphonium (TPP).

2. α-Bromobutyric acid (98.0%).

3. Toluene.

4. Diethyl ether.

5. 3-Aminopropyltriethoxysilane (APTES) (�98.0%).

6. Dimethylformamide (DMF).

7. Thionyl chloride (�99.0%).

2.4 Synthesis

of Fe3O4@mSiO2–TPP/

CQD Nanoplatform

1. Konjac flour (KF) (food-grade, 50 wt%).

2. Ethanol.

3. Ultrapure water.

2.5 Cytotoxicity

Assay

1. Human pulmonary adenocarcinoma cells (A549).

2. Chinese hamster ovary cell line (CHO).

3. Human cervical cancer cells (HeLa).

4. Human neuroblastoma (SH-SY5Y).

5. Human foreskin fibroblast cells (HFF).
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6. Human microvascular endothelial cells (HMEC-1).

7. Dulbecco’s modified Eagle’s medium (DMEM).

8. MCDB131 medium.

9. Fetal bovine serum (FBS, added to growth media as 10%
vol/vol).

10. Sterile Penicillin–Streptomycin Solution stabilized, with
10,000 units penicillin and 10 mg streptomycin/mL (Pen./
Strep.).

11. Trypsin.

12. Centrifuge at 100–2000 � g.

13. Cell culture plastic dishes, 96-well plates.

14. Phosphate buffered saline (PBS): 8 g NaCl, 0.2 g KCl, 3.63 g
Na2HPO4·12H2O and 0.24 g KH2PO4 in 1 L of H2O, auto-
claved sterilization.

15. Multichannel pipettor.

16. Pipette(s) capable of dispensing at 10 μL, 200 μL, and 1 mL.

17. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT).

18. Microplate reader with excitation 570 nm and 630 nm.

2.6 Cell Imaging 1. Φ35 mm confocal laser dish.

2. 4% paraformaldehyde

3. PBS.

2.7 Mitochondria

Colocalization

1. Φ35 mm confocal laser dish.

2. PBS.

3. 4% paraformaldehyde.

4. MitoTracker® Red CMXRos (Thermo Fisher Scientific).

5. MitoTracker™ Green FM (Thermo Fisher Scientific).

3 Methods

3.1 Synthesis

of Fe3O4@mSiO2

First, uniform magnetite Fe3O4 nanoparticles are prepared accord-
ing to a typical liquid-solid-solid method.

1. In a 100 mL three-necked round bottomed flask, add 2.0 g of
NaOH, then rest the flask in an electromechanical stirring with
Teflon stirring rod.

2. Add 20 mL of OA and 20 mL of ethanol into the flask simulta-
neously, stir the mixture for 20 min at 600 rpm to form a
creamy yellow solution (see Note 1).
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3. In a 50 mL beaker, 2.35 g of FeSO4·(NH4)2SO4·6H2O dis-
solve in 40 mL ultrapure water to obtain the Fe2+-rich
precursor.

4. Add the Fe2+-rich precursor into the flask rapidly, stir the
brown solution for 15 min at room temperature.

5. Transfer the prepared suspension to a 100 mL Teflon-lined
autoclave, place in the oven and heat up to 180 �C, continue
to keep for 10 h.

6. Pure the products into a 200 mL beaker, add 20 mL of n-
hexane in the beaker to extract the products. After standing for
30 min, mixture in the beaker is layered. Suck the black n-
hexane solution out by a pipette to separate the Fe3O4

nanoparticles.

7. The Fe3O4 nanoparticles in n-hexane are stored in a glass
sample vial and put in a 4 �C refrigerator (see Note 2).

Next, OA-capped Fe3O4 are transferred to water-soluble
Fe3O4 by a phase-transfer method.

8. Determine the concentration of Fe3O4 in n-hexane by weight-
ing dried 1 mL of Fe3O4/n-hexane. Weight an empty 5 mL
sample tube and record the value. Pipet 1 mL of Fe3O4/n-
hexane into the 5 mL sample tube, add 2 mL ethanol into the
tube and ultrasound for a few seconds. Separate the Fe3O4 by a
magnet and discard the mixed solution of n-hexane and etha-
nol. Add 2 mL ethanol into the tube and ultrasound for a few
seconds to disperse Fe3O4 in ethanol, separate the Fe3O4 by
the magnet again, repeat twice. Use N2 gas flow or oven to
remove residual organic solvents, and weight the sample tube
containing nanoparticles again, record the value. Calculate the
concentration of Fe3O4 in n-hexane with the unit of mg
per mL.

9. Pipet approximately 15 mg of Fe3O4 nanoparticles in a sample
tube and wash excess OA away as abovementioned. Redisperse
these 15 mg of Fe3O4 nanoparticles in 1 mL of chloroform.

10. Add 0.2 g of CTAB and 10 mL ultrapure water in a 50 mL
beaker and stir for 20 min until CTAB totally dissolved.

11. Place the beaker in a 60 �C ultrasound machine, and add 1 mL
Fe3O4/chloroform solution into the CTAB–H2O solution
drop by drop. When all Fe3O4 nanoparticles being added, the
beaker mouse is sealed with plastic wrap and continually ultra-
sound for 20 min. And then, take the plastic wrap away and
continually ultrasound for another 20 min to allow the chloro-
form totally to volatilize (see Note 3).

Subsequently, Fe3O4@mSiO2 nanoparticles are synthe-
sized via sol-gel method.

270 Ye Zhang and Hong Bi



12. Transfer the Fe3O4-CTAB-H2O into a 250 mL three-necked
round bottomed flask, add the ultrapure water until the total
volume of solution is 160 mL. Place the flask in the electrome-
chanical stirring at the speed of 400 rpm. Turn on the oil-bath
and adjust to 60 �C. Warm the solution and add NaOH
(2.0 M) to adjust the pH of solution around 12.

13. Use 1 mL syringe to add 0.8 mL of TEOS into the flask drop
by drop under stirring.

14. Add 8 mL of EtOAc into the flask slowly by 5 mL syringe
under stirring.

15. Increase the speed to 1000 rpm and stir for 30 s. Age the
suspensions for 3 h.

16. Centrifuge the suspensions at 13,523 � g for 20 min to collect
the products (Fe3O4@mSiO2). Wash the products with ethanol
three times.

17. Redisperse the collected Fe3O4@mSiO2 in 10 mg/mL of
NH4NO3-ethanol solution by ultrasound. Place the round-
bottom flask and condenser in an oil bath. Warm and keep
the temperature at 80 �C. Reflux themixture at 80 �C for 3 h to
remove residual CTAB.

18. Centrifuge the mixture at 13,523 � g for 20 min to collect the
products, discard the supernatant and wash the products with
ethanol three times.

19. Resuspend Fe3O4@mSiO2 nanoparticles in ethanol and store at
room temperature.

3.2 Synthesis

of Fe3O4@mSiO2–TPP

First, synthesize (carboxyethyl)triphenylphosphonium bromide
(CTPB).

1. Weight out 2.63 g TPP in the 100 mL round-bottom flask
containing the magnetic bar. Add 30 mL toluene into the flask.
Place the flask fitted with condenser in an oil-bath and adjust
the temperature to 40 �C.

2. After TPP powder is dissolved completely, add 0.20 g
α-bromobutyric acid into the flask rapidly with continuous
stirring and then reflux the mixture. The boiling point of
toluene is about 110 �C.

3. When the boiling temperature is reached, continue to heat the
reaction under reflux for 4 h for complete conversion into the
product.

4. Remove the reaction from oil by moving clamp arm bearing the
flask upward. Cool the products to room temperature.

5. Filter under vacuum to collect the white solid CTPB. Wash the
filter cake by 30 mL diethyl ether three times. Dry the materials
in vacuum oven at 40 �C for 2 h.
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Next, modify amine to the surface of Fe3O4@mSiO2.

6. Dry a sufficient amount of Fe3O4@mSiO2 in vacuum oven at
60 �C overnight. Weight 0.10 g of Fe3O4@mSiO2 and suspend
in 50 mL of toluene in a round-bottom flask by ultrasound.

7. Place the flask and condenser in an oil-bath. Keep stirring and
then turn on heat to reflux.

8. When the boiling temperature is reached, add 1 mL APTES
into the flask by 1 mL syringe under stirring. Keep refluxing
overnight (see Note 4).

9. Turn off heat and cool to room temperature. Centrifuge the
mixture at 13,523 � g for 20 min to collect the Fe3O4@m-
SiO2–NH2, discard the supernatant and wash the products
with ethanol three times.

Subsequently, modify TPP to the surface of Fe3O4@mSiO2

nanoparticles.

10. Dry a certain amount of Fe3O4@mSiO2–NH2 in vacuum oven
at 60 �C overnight. Weight 0.20 g of Fe3O4@mSiO2–NH2 and
suspend in 20 mL of DMF in a three-necked round bottomed
flask by ultrasound.

11. Place the flask in oil-bath and warm the oil to 60 �C.

12. Add 0.1 g of CTPB and 0.5 mL of thionyl chloride into the
flask under stirring see Note 5).

13. Keep the temperature at 60 �C and stir overnight.

14. Turn off heat and cool to room temperature. Centrifuge the
mixture at 13,523 � g for 20 min to collect the Fe3O4@m-
SiO2–TPP. Discard the supernatant and wash the products
with ethanol several times until the pH of supernatant reach
around 7.

15. Dry the products in vacuum oven at 60 �C overnight to obtain
Fe3O4@mSiO2–TPP nanoparticles.

3.3 Synthesis

of Carbon

Quantum Dots

1. Add 1 g of KF powder into a 25 mL porcelain crucible and pure
the powder on the bottom of the crucible uniformly.

2. Put the crucible in the middle of the muffle furnace.

3. Increase the temperature from room temperature to 470 �C at
a speed of 5 �C/min. Keep the temperature at 470 �C for 1.5 h.

4. Turn off heat and cool to room temperature.

5. Ground the carbonized solid into fine powder by a mortar. Put
the fine powder into a 100 mL beaker and add 25 mL of
ethanol into the beaker. Ultrasound the mixture for 30 min
and further stir overnight to extract the CQDs.
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6. Filtrate the mixture with a 0.22 μmNylon filter membrane and
dry the filtrate in an oven at 60 �C to obtain brown-yellow
powder.

7. Redisperse the powder in 15 mL ultrapure water by ultrasound
for 30 min.

8. Filtrate the mixture with a 0.22 μm MCE filter membrane to
remove the residual inorganic salts and hydrophilic organic
components. Dry the filtrate in an oven at 60 �C to obtain
the brown-yellow powder.

9. Redisperse the powder in 20 mL ethanol by ultrasound. Repeat
the abovementioned (steps 6–8) extracting procedure with
ethanol and ultrapure water three times.

10. Freeze dry the last extracting aqueous filtrate to obtain the
purified CQDs.

3.4 Construction

of the Fe3O4@mSiO2–

TPP/CQD

Nanoplatform

1. Add 2 mg of Fe3O4@mSiO2–TPP and 1 mL of ethanol in a
2 mL centrifuge tube. Disperse the nanoparticles in ethanol by
ultrasound.

2. Disperse 0.5 mg of as-prepared CQD powder in 0.5 mL etha-
nol by ultrasound.

3. Add the CQD ethanol solution into the tube containing
Fe3O4@mSiO2–TPP, ultrasound for 30 min, and then transfer
the tube to a shaker and shake overnight.

4. Collect Fe3O4@mSiO2–TPP/CQD nanoparticles by centrifu-
gation at 13,523 � g for 20 min. Discard the supernatant and
wash the products with ethanol three times to remove the
excess CQDs.

3.5 Physical

Characterization

the Fe3O4@mSiO2–

TPP/CQD

Nanoplatform

1. CTPB will be characterized by using a 400 MHz Bruker NMR
spectrometer to confirm the structure. The characteristic fea-
tures of the CTPB peak at different chemical shifts in 1H NMR
spectrum are as follows (triplet, broad singlet, and multiplet are
abbreviated as t, bs, and m, respectively): 1H-NMR in d-D2O:
ppm δ 1.78–1.87 (m), 2.43–2.47 (t), 3.17–3.24 (m),
7.54–7.74 (m, from phenyl groups in TPP).

2. TPP modification on the surface of Fe3O4@mSiO2 will be
characterized by 1H NMR spectrum. Employ mesoporous sil-
ica nanoparticles instead of the Fe3O4@mSiO2 to rule out the
possible disturbance caused by the magnetic Fe3O4 cores. The
peak at 7.66 ppm originating from aromatic protons of the
TPP group indicates a successful conjugation of TPP onto the
surface of nanoparticles.

3. Particle size and surface zeta potential, morphology, and fluo-
rescent property of nanoparticles (Fe3O4@mSiO2, Fe3O4@m-
SiO2–TPP, CQDs, and Fe3O4@mSiO2–TPP/CQDs) will be
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characterized by Nano Zeta Potential Analyzer (Delsa 440SX
Beckman Coulter Limited, USA), transmission electron micro-
scope (200 kV JEM-2100 TEM, JEOL Ltd. Japan), and fluo-
rescence spectrophotometer (Hitachi F-4500, Japan).

3.6 Cytotoxicity

Assay

Evaluate the cytotoxicity of Fe3O4@mSiO2, Fe3O4@mSiO2–TPP,
CQDs, and Fe3O4@mSiO2–TPP/CQDs in A549, CHO, HeLa,
SH-SY5Y, HFF, and HMEC-1 cells using a standard MTT assay.

1. Seed each kind of cells in transparent 96-well cell culture plates
at a density of 1 � 104 cells per well. Use complete DMEM
medium (containing 10% FBS and 100 U/mL penicillin/
streptomycin) for A549, CHO, HeLa, SH-SY5Y, and HFF
cells. Use complete MCDB131 (containing 10% FBS, 10 ng/
mL MVGS, and 100 U/mL penicillin/streptomycin) for
HMEC-1 cells, see Note 5).

2. Allow cells to attach to the bottom of the plates overnight.

3. When the cells in each well are about 60–70% confluent, dis-
card the medium and add the fresh complete medium contain-
ing different concentrations of nanoparticles-based samples
(such as 50, 100, 200, 300, and 400 μg/mL) in each well.
Make sure the final volume is 100 μL in each well.

4. Culture cells for another 24 h.

5. Add 10 μL of MTT solution (5 mg/mL in PBS, 0.22 μm sterile
filtration) in each well, including controls, and then incubate
the assay plates at 37 �C for 4 h (see Note 6).

6. Remove assay plates from 37 �C incubator, and remove all
MTT-containing medium carefully and slowly (see Note 7).

7. Add 150 μL of DMSO in each well.

8. Shake the assay plates on an orbital shaker for 15 min, making
sure all purple precipitate has dissolved.

9. Insert the assay plate in the plate reader and measure the
absorbance in each well at 570 nm. The reference wavelength
set as 630 nm (see Note 8).

10. Calculate results of absorbance data, and plot percent cell
viability as following equation:

Cell viability %ð Þ ¼ ODsample

ODcontrol
� 100%

3.7 Cell Imaging 1. Seed 5 � 104 cells of A549, CHO, HeLa, SH-SY5Y, HFF, and
HMEC-1 on the Ф35 mm confocal laser dishes, respectively.

2. Culture cells for 24 h, discard the medium and add 1 mL of
fresh medium containing 100 μg/mL of Fe3O4@mSiO2–TPP/
CQDs in each dish.
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3. Culture cells for another 24 h.

4. Discard the medium, and wash cells with PBS for three times.

5. Add 500 μL of 4% paraformaldehyde in each dish for 15 min at
room temperature.

6. Discard the paraformaldehyde solution, and wash cells with
PBS for twice, finally add 1 mL of PBS in each dish.

7. Place the dishes in the confocal laser scanning microscope,
observe and take photos under the excitation of 405, 488,
and 559 nm laser, respectively.

3.8 Mitochondria

Colocalization

1. Seed cells on the Ф35 mm confocal laser dishes at a density of
5 � 104 per dish.

2. Allow cells to attach to the bottom of the dish for 24 h.

3. Remove the medium and add the fresh medium containing
100 μg/mL of Fe3O4@mSiO2–TPP/CQDs in each dish.

4. Culture cells for another 12 or 24 h.

5. Discard the nanoparticles medium and wash the cells with PBS
for three times.

6. Apply 0.5 mL of organelle fluorescent dye solution per dish,
and coincubate for 30 min at 37 �C. Use MitoTracker® Red
CMXRos to colocalization with mitochondria when nanoplat-
forms in cells excited by 405 nm laser to show blue fluores-
cence. Use MitoTracker™ Green FM to colocalization with
mitochondria when nanoplatforms in cells excited by 559 nm
laser to show red fluorescence. The working concentration of
these dyes is 20 nM diluted in PBS.

7. Discard the dye solution, and carefully wash cells three times
using PBS.

8. Add 1 mL PBS in each dish, and view the dishes using the
CLSM with the appropriate Ex/Em fluorescent filters
(375 nm/445 nm filter for nanoplatforms showing blue fluo-
rescence, 470 nm/515 nm filter for MitoTracker™Green FM,
and 525 nm/580 nm filter for MitoTracker® Red CMXRos or
nanoplatforms showing red fluorescence.).

9. Use Image J software to merge the acquired colored image
stacks and determine the resulting Pearson’s coefficient of
colocalization.

4 Notes

1. Make sure all NaOH granules or flakes dissolve when stirring
the mixture solution. If the room temperature is below 20 �C,
turn on a water-bath and keep at 25–30 �C. This will result in
small, monodispersed Fe3O4 crystals.
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2. The bottle cap of the glass vial should be entangled with a
sealing film. Make sure the concentration of Fe3O4 in n-hexane
does not change due to the high volatility of n-hexane.

3. Keep the temperature of whole ultrasound process not lower
than 60 �C. The obtained Fe3O4 solution is clear and bright, if
precipitation appears, it means the phase transfer is failed.

4. Use 1 mL syringe with needle to take APTES out in a glovebox
or under N2 atmosphere.

5. Store thionyl chloride in tightly closed containers in a dry, cool,
well-ventilated area away from heat and light. It fumes when
add to the flask. Ensure the circulating water in condensate
turn on and leave the mouse of condenser open to allow the gas
overflow.

6. TheMTTaddition procedure should be performed in the dark,
and the assay plates should be coated with silver paper to shield
from light.

7. When remove the MTT medium, aspirate the medium using
the pipette carefully, do not take the generated purple
precipitate away.

8. The absorbance value of each well between 0.75 and 1.25 is
credible.
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Chapter 17

Norbormide-Based Probes and Their Application
for Mitochondrial Imaging in Drosophila Melanogaster

Alessia Forgiarini, Zifei Wang, Sergio Bova, Margaret Anne Brimble,
Brian Hopkins, David Rennison, and Genny Orso

Abstract

Fluorescent live imaging on Drosophila melanogaster is a microscopy technique in rapid expansion. The
growing number of probes available to detect cellular components and the relatively easy genetic manipu-
lation of fruit fly make this model one of the most used for in vivo analysis of several physiological and/or
pathological processes. Here we describe the chemical synthesis of two norbormide-derived BODIPY-
conjugated fluorescent probes (NRBMC009 and NRBZLW0047). Moreover, we describe the larval dissection
method, and subsequent live imaging acquisition. Both probes are able to label mitochondria in different
Drosophila larval tissues, which allows for the characterization of mitochondrial morphological alterations
by using a simple and quick method that avoids the fixation artefacts that often occur in immunofluores-
cence studies.

Key words Norbormide, Fluorescent probes, Live imaging, Confocal microscopy, Drosophila
melanogaster

1 Introduction

Drosophila melanogaster is a highly versatile model widely used to
investigate biochemical pathways and disease-related morphologi-
cal alterations in vivo. It is particularly insightful when used in
combination with fluorescent tools and live imaging microscopy,
that allow the real time visualization of tissue and cellular structures
during the development of biological processes [1–6]. The GAL4/
UAS system is a powerful binary tool for cell- or tissue-specific
expression of wild type/mutated genes and RNA interference,
useful for genetic screens and for fluorescence-tagged protein
expression and imaging [7, 8].

We recently used the rat-specific toxicant norbormide (NRB) as
a scaffold for the development of new fluorescent probes by con-
jugating it to either nitrobenzoxadiazole (NBD) or boron-
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dipyrromethene (BODIPY) fluorophores. We found that both
were able to clearly label intracellular structures such as mitochon-
dria, endoplasmic reticulum (ER), Golgi apparatus, and lipid dro-
plets (LDs) in various cell lines, in the absence of cytotoxic effects
[9, 10]. Subsequently, we investigated the live cell imaging applica-
tions of the green BODIPY FL derivative NRBMC009 and a newly
developed red BODIPY TMR derivative NRBZLW0047, on dis-
sected Drosophila third instar larvae [11]. Both compounds were
rapidly internalized by most tissues (except the central nervous
system), and showed a preferential localization to the mitochondria
and endoplasmic reticulum of wild-typeDrosophila larvae, as well as
in tissues of mutant lines exhibiting morphological alterations to
the mitochondria [11].

Rapid internalization, a bright signal, compatibility with other
available fluorescent probes and GFP-tagged proteins, and a lack of
toxicity make NRBMC009 and NRBZLW0047 useful screening tools
for characterizing mitochondrial morphology and disease-related
alterations by live cell microscopy studies in Drosophila
melanogaster.

2 Materials

2.1 Norbormide-

Based Probes

Synthesis

1. BODIPY FL (3-[4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-yl]propionic acid) [12] and BODIPY
TMR (3-[4,4-difluoro-1,3-dimethyl-5-(40-methoxyphenyl)-4-
bora-3a,4a-diaza-s-indacene-2-yl]propionic acid) [13], along
with their corresponding N-hydroxysuccinimide esters, BOD-
IPY FL NHS ester [10, 11, 14] and BODIPY TMR NHS ester
[13], respectively, are prepared using partially modified litera-
ture methods.

2. N-20-Aminoethyl-endo-5-(α-hydroxy-α-2-pyridylbenzyl)-7-
(α-2-pyridylbenzylidene)-5-norbornene-2,3-dicarboximide
[9] is also prepared using literature methods.

3. Flash chromatography is performed using silica gel (Riedel-de
Haën, particle size 0.032–0.063 mm).

4. Nuclear Magnetic Resonance (NMR) spectra are recorded on a
Bruker AVANCE 400 (1H, 400 MHz) spectrometer at 298 K.
For 1H NMR data, chemical shifts are described in parts per
million (ppm) relative to tetramethylsilane (δ 0.00) and are
reported consecutively as position (δH), relative integral, mul-
tiplicity (s ¼ singlet, br s ¼ broad singlet, m ¼ multiplet),
coupling constant (J/Hz) and assignment.

5. Mass spectra are recorded on a VG-70SE mass spectrometer
(EI, CI, and FAB). High-resolution mass spectra are recorded
at a nominal resolution of 5000.
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2.2 Drosophila Larva

Dissection

1. Drosophila standard food: dissolve 10 g of agar in 1 l of hot
water (approximately at 80 �C), and add 27 g of yeast, 66 ml of
unsulfured molasses, and 22 g of precooked cornmeal. Cook at
85 �C for 20 min and then add 2.6 g of methylparaben dis-
solved in 15 ml of ethanol 96%. Cool the food to 50–60 �C and
pour it in the desired Drosophila tubes. Let it solidify at room
temperature, plug the tubes with raw cotton balls, and store
them at 18 �C.

2. Drosophila melanogaster strains used: w[1118] (BL-5905),
Tubulin-Gal4 (BL-5138), and UAS-Mito-GFP (BL-8443,
Bloomington Drosophila Stock Center) and UAS-MarfRNAi

(ID 40478, Vienna Drosophila Resource Center).

3. Dissecting instruments: entomological stainless-steel pins (Ø
0.10 mm), microdissection steel forceps (Dumont #2, #5, and
#55), and scissors (2.5 mm cutting edge).

4. Pin preparation: collect one steel pin at a time and clamp it with
the #2 forceps approximately 2 mm from the tip, bend it at 90�

and cut the excess with small pliers.

5. Depression glass spot plate.

6. SYLGARD dissection dish: mix SYLGARD 184 base silicone
elastomer and SYLGARD 184 curing agent (10:1 ratio by
weight) and gently pipette for a few minutes. Set the tube
down until almost all the bubbles have been cleared. Apply
the viscous solution into a culture dish of the desired diameter
and cure it for 10 min at 150 �C, 20 min at 125 �C, 45 min at
100 �C, 10 h at 65 �C, or 48 h at room temperature (see
Note 1).

7. Hemolymph-like saline (HL3): 70 mM NaCl, 5 mM KCl,
1.5 mM CaCl2, 20 mM MgCl2, 10 mM NaHCO3, 5 mM
trehalose, 115 mM sucrose, 5 mM sodium HEPES, pH 7.2.
Weigh 0.409 g of NaCl, 0.037 g of KCl, 0.017 g of CaCl2,
0.190 g of MgCl2, 0.084 g of NaHCO3, 0.189 g of trehalose,
3.937 g of sucrose, and 0.119 g of HEPES in about 90 ml of
milliQ water. Adjust pH to 7.2 using NaHCO3, transfer to a
measuring cylinder, and add milliQ water to a volume of
100 ml (see Note 2).

8. HL3-glutamate saline: before use, dilute glutamate stock solu-
tion 1:10 in HL3 saline to reach the final concentration of
10 mM (see Note 3).

9. NRBMC009 and NRBZLW0047 stock solutions: weigh the
desired amount of NRBMC009 or NRBZLW0047 powders and
dissolve them in dimethylsulfoxide (DMSO) to obtain 20 mM
solutions. Store them at �20 �C (see Note 4).
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10. Staining solutions: dilute stock solutions in HL3-glutamate
saline in order to obtain 500 nM NRBMC009 solution or
1 μM NRBZLW0047 solution and use them immediately.

2.3 Image

Acquisition

1. Square borosilicate glass coverslips 22 � 22 mm (thickness
0.13 mm) and black enameled entomological pins (Ø
0.15 mm).

2. Microscopes:
(a) Stereo microscope equipped with dual arm fiber optic

light source for Drosophila larva dissection.

(b) Confocal microscope, equipped with oil/water immer-
sion or dry objectives of desired magnification (e.g., 5�,
20�, 40�, or 60�), and the respective acquisition soft-
ware (see Note 5).

3. Immersion oil for microscopy (if needed).

3 Methods

3.1 Norbormide

Probe Synthesis

1. Preparation of NRBMC009 (Fig. 1a). A solution of N-2-
0-aminoethyl-endo-5-(α-hydroxy-α-2-pyridylbenzyl)-7-(α-2-
pyridylbenzylidene)-5-norbornene-2,3-dicarboximide (90 mg,
0.16 mmol), BODIPY FL NHS ester (69 mg, 0.18 mmol) and
diisopropylethylamine (31 μl, 0.18 mmol) in dichloromethane
(5 ml) is stirred at room temperature for 16 h. The mixture is
washed with water, the separated aqueous phase further
extracted with dichloromethane (2 � 10 ml), the combined
organic layers dried over anhydrous magnesium sulfate, fil-
tered, and the solvent removed in vacuo. Purification by pre-
parative thin-layer chromatography (petroleum ether–ethyl
acetate, 1:2) afforded NRBMC009 as a mixture of endo stereo-
isomers (red solid; 100 mg, 0.12 mmol, 71%). 1H NMR
(400 MHz, CDCl3) δ 2.22 (3H, s, CH3), 2.50 (3H, s, CH3),
2.51–2.58 (2H, m, NHCOCH2CH2 or NHCOCH2CH2),
3.20–3.72 (8.2H, m, NHCOCH2CH2 or NHCOCH2CH2,
NCH2CH2NHCO, H-2, H-3, W/H-4), 3.83–3.90 (0.8H, m,
U/H-1, V/H-1, Y/H-4), 4.08 (0.1H, m, U/H-4), 4.29
(0.3H, m, V/H-4), 4.42–4.49 (0.6H, m, W/H-1, Y/H-1),
5.40 (br s, OH), 5.61–5.64 (0.7H, m, V/H-6, Y/H-6),
6.04–6.07 (1H, m, Ar), 6.19 (0.1H, m, U/H-6), 6.23
(0.2H, m, W/H-6), 6.26 (br s, OH), 6.27 (br s, OH),
6.29–6.31 (1H, m, Ar), 6.36 (m, NH), 6.47 (m, NH), 6.61
(m, NH), 6.75–7.60 (18H, m, CH, Ar), 8.36–8.63 (2H, m,
αPyr). m/z (ESI+, 70 eV) calcd for C49H43BF2N6NaO4

[M + Na]+: 851.3307; found: 851.3335.
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2. Preparation of NRBZLW0047 (Fig. 1b). A solution of N-2-
0-aminoethyl-endo-5-(α-hydroxy-α-2-pyridylbenzyl)-7-(α-2-
pyridylbenzylidene)-5-norbornene-2,3-dicarboximide
(111 mg, 0.20 mmol), BODIPY TMR NHS ester (110 mg,
0.22 mmol), and diisopropylethylamine (35 μl, 0.20 mmol) in
dichloromethane (7 ml) is stirred at room temperature for
16 h. The mixture is washed with water, the separated aqueous
phase further extracted with dichloromethane (20 ml), the
combined organic layers washed with brine (3 � 20 ml),
dried over anhydrous magnesium sulfate, filtered, and the sol-
vent removed in vacuo. Purification by preparative thin-layer
chromatography (petroleum ether–ethyl acetate, 1:3) afforded
NRBZLW0047 as a mixture of endo stereoisomers (purple solid;
70 mg, 0.074 mmol, 37%). 1H NMR (400 MHz, CDCl3) δ
2.18–2.20 (3H, m, CH3), 2.22–2.26 (2H, m,
NHCOCH2CH2 or NHCOCH2CH2), 2.47–2.48 (3H, m,
CH3), 2.72–2.75 (2H, m, NHCOCH2CH2 or
NHCOCH2CH2), 3.24–3.84 (7H, m, NCH2CH2NHCO,
H-2, H-3, U/H-1, V/H-1, W/H-4, Y/H-4), 3.84–3.85
(3H, m, OCH3), 4.02 (0.1H, m, U/H-4), 4.30 (0.3H, m,
V/H-4), 4.44 (0.4H, m, Y/H-1), 4.47 (0.2H, m, W/H-1),
5.15 (br s, OH), 5.22 (br s, OH), 5.51 (0.3H, m, V/H-6),
5.53 (0.4H, m, Y/H-6), 6.14 (0.1H, m, U/H-6), 6.20 (0.2H,
m, W/H-6), 6.28 (br s, OH), 6.29 (br s, OH), 6.47–6.53
(1H, m, Ar), 6.77–7.59 (20H, m, CH, Ar), 7.82–7.88 (2H, m,
Ar), 8.38–8.64 (2H, m, αPyr). m/z (ESI+, 70 eV) calcd for
C56H49BF2N6NaO5 [M + Na]+: 957.3727; found: 957.3745.

Fig. 1 Synthesis of norbormide probes NRBMC009 (a) and NRBZLW0047 (b)
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3.2 Drosophila Larva

Dissection

All dissection procedures are performed using a stereomicroscope
equipped with dual arm fiber optic light source to allow a clear
visualization of the dissected larva.

1. Choose and collect carefully third instarDrosophila larvae from
the tube using the microdissection forceps (see Note 6).

2. Quickly wash them by immersing in a concave well of a spot
glass plate containing phosphate buffered saline (PBS) without
calcium or magnesium. Dry by putting them on a paper towel
and lay them down on the SYLGARD dissection dish (seeNote
7).

3. Using the forceps to hold the larva, pin it between the posterior
spiracles and above the mouth hooks, straighten the larval body
out (Fig. 2a), and cut along the dorsal midline (Fig. 2b, see
Note 8).

4. Add 100 μl of HL3-glutamate saline and fasten the lateral flaps
with four pins to stretch the body wall (Fig. 2c, d, see Note 9).

5. As needed, leave all larval organs on the muscle fillet, or remove
the unnecessary organs for single tissue acquisition (Fig. 2e, see
Note 10).

6. Remove HL3 saline, and add 50 μl of the staining solution
(Fig. 2f).

7. Cover the dissected fillet with a glass coverslip, fasten it with
four 0.15 mm pins (Fig. 2g, see Note 11), and leave at room
temperature for 15 min.

Fig. 2 Schematic Drosophila larval dissection method. Fasten the larva with two pins, one in the lower and one
in the upper body (a). Make an incision along the dorsal midline (b) and cover the larva with HL3-glutamate
saline (c). Pin the lateral flaps to stretch the fillet (d) and remove the unnecessary organs (e). Replace the
saline with the desired staining solution (f), lay over a glass coverslip fastened with four pins (g) and proceed
to image acquisition (h)
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3.3 Image

Acquisition

Confocal microscope settings could vary depending on microscope
type and brand. Use the lower laser intensity and pinhole aperture
to obtain a bright and well-defined signal (see Note 12).

1. Prepare microscope for acquisition, add the immersion oil over
the cover glass, and proceed to imaging (Fig. 2h).

2. The probes could be used alone, or together with other fluo-
rescent dyes (Fig. 3a) or fluorescent-tagged proteins (Fig. 3b,
see Note 13), and could be used on both wild type larvae, to
label physiologic mitochondria morphology, as well as in Dro-
sophila pathologic models, to highlight mitochondrial disease-
related phenotypes (Fig. 4). They also could be effective at
screening for any effects on mitochondrial morphology due
to pharmacological treatments or stressors applied on Drosoph-
ila larvae.

4 Notes

1. SYLGARD is difficult to wash out: handle the compounds
wearing gloves and clean up any spills with paper towels. Dish
could be totally or partially filled with SYLGARD solution,
depending on the use and personal preferences. Be careful to
put the dishes on a flat surface during the curing process, to
ensure a horizontal levelling.

Fig. 3 NRBMC009 and NRBZLW0047 mitochondrial distribution in larval muscles. Confocal live imaging of third
instar larval muscles 6–7 from segment A3 of (a) w[1118] labeled with MitoTracker™ 1 μM (mitochondria
marker, red) together with NRBMC009 500 nM (green) and of (b) UAS-Mito-GFP/Tubulin-Gal4 (mitochondrial
marker, green) labeled with NRBZLW0047 1 μM (red). Magnification 60�; scale bars 10 μm. (c) Graph of
Pearson’s correlation coefficients between the probes and the mitochondrial markers in Drosophila larval
muscles. Data are expressed as mean � SEM, n � 10
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2. HL3 saline should be stored at 4 �C for short term use or at
�20 �C for longer periods.

3. Prepare a stock solution 100 mM of L-glutamate in water:
weigh 169 mg of L-glutamic acid monosodium salt hydrate
and dissolve it in 10 ml of milliQ water. Store at �20 �C.
Glutamate addition is important to arrest muscle contraction
and desensitize postsynaptic glutamate receptors, necessary to
acquire focused images [15].

4. It is advantageous to make small aliquots of the probe stock
solutions to prevent their possible degradation due to repeated
freezing/thawing cycles.

5. Images are processed and analyzed using Fiji, a flexible and
widely used open source software, that bundles together many
popular and useful ImageJ plugins [16].

6. Third instar larvae can be recognized on tube walls because
they stop feeding and climb away from the food. Be careful and
gentle not to damage the larval bodies when clamping them
with the forceps.

Fig. 4 NRBMC009 and NRBZLW0047 highlight pathologic mutation-related
mitochondrial phenotypes. Confocal live imaging of Drosophila muscles 6–7
from segment A3 of (a) control (Tubulin-Gal4/+), and (b) Marf downregulation
(UAS-MarfRNAi/Tubulin-Gal4), labeled with NRBMC009 500 nM (green) or
NRBZLW0047 1 μM (red). Magnification 60�; scale bar 10 μm
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7. Be sure that the SYLGARD dish is clean before putting the
larvae over it. Before starting to dissect, it is recommended to
clean the dish with ethanol 70% to avoid sample contamina-
tion. It may be convenient to keep a reserved SYLGARD dish
for each probe used because fluorescent molecules may be
absorbed by the silicone polymer, eliciting false staining results.

8. Pins must be well pointed, to avoid lacerations of the larval
body. While cutting with the micro scissors be careful not to
damage the larval muscle fillet and the organs. Make an initial
horizontal small incision of the cuticle at the bottom of the
larval body (Fig. 5a), then cut along the dorsal midline
(between the two main tracheae) to the mouth hook
(Fig. 5b), and lastly make two little cuts laterally (Fig. 5c).

9. Dissection process must be rapid (within 5 min) and the larvae
have to be always covered by HL3-glutamate saline, to avoid
drying. The larval fillet must be well stretched and flat, but it is
necessary to be careful not to tear the muscles.

10. For whole larva imaging keep the inner organs as intact as
possible while dissecting, and use a low magnification objective
to acquire the entire body fillet (e.g., 5� objective). To access

Fig. 5 Larval incision procedure. Make a small horizontal cut with the microdis-
section scissors in the lower body (a), then cut between the main dorsal tracheae
(white vertical lines) until the mouth hook (b), without damaging the interior
organs, and then make two small lateral incisions (c)
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deep inside a single tissue, for example muscle, it is recom-
mended to take off the other organs without damaging the
fillet and acquire the images with a higher magnification objec-
tive (e.g., 40� or 60�).

11. The “acquisition chamber” consists of a cover glass lying above
the SYLGARD dish (Fig. 6), which allows the dissected larva to
be submerged by the staining solution for the entire acquisi-
tion time. The glass coverslip also allows the use of upright
confocal microscopes without damaging dry objectives and
allows the use of oil objectives if it is necessary to obtain
more defined images. It is also possible to perform the acquisi-
tion from water objectives, if available on the microscope,
through direct immersion into the staining solution (without
using the cover glass). If this method is preferred, be careful to
clean thoroughly the objective after use: fluorescent probe
residues could contaminate subsequent experiments.

12. It is important to verify that the fluorescent signal is either due
to the probe labeling or to larval tissues autofluorescence. In
order to determine the fluorescent source, dissected larvae are
imaged in HL3-glutamate saline without fluorescent probes
using identical microscope settings as that used for labeled
tissue acquisitions. To avoid false positives, the autofluores-
cence signal must be almost null.

13. NRBMC009 and NRBZLW0047 signals are not specific and exclu-
sive to mitochondria, but the high Pearson’s colocalization
coefficients between the probes and data generated using avail-
able mitochondrial markers (Fig. 2c) suggest that most of the
signal represents mitochondrial labeling.
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Fig. 6 Acquisition chamber scheme. The larval fillet (in orange) is fastened on the SYLGARD dish (in white) with
entomological pins, immersed in the staining solution (in green), and covered with a glass coverslip (in light
blue) secured with pins
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Chapter 18

Live-Cell Assessment of Reactive Oxygen Species Levels
Using Dihydroethidine

Sander Grefte and Werner J. H. Koopman

Abstract

Reactive oxygen species (ROS) play an important role in cellular (patho)physiology. Empirical evidence
suggests that mitochondria are an important source of ROS, especially under pathological conditions.
Here, we describe a method for ROS measurement using dihydroethidium (HEt) and live-cell microscopy.

Key words MitoSOX Red®, Mitochondrial membrane potential, Fluorescence imaging

Abbreviations

FCCP carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
HEt dihydroethidium
HT HEPES-Tris
mito-HEt mito-dihydroethidium
ROS reactive oxygen species
TPP triphenylphosphonium
Δψ mitochondrial membrane potential

1 Introduction

Reactive oxygen species (ROS) can damage cellular biomolecules,
but are also increasingly recognized as signaling molecules [1–
4]. Among other sources, mitochondria are considered to be
important contributors to ROS generation during healthy and
pathological conditions [5]. The primary ROS superoxide (O2

·�)
is produced by membrane-bound parts of the respiratory chain and
a number of soluble mitochondrial proteins. Although O2

·� cannot
traverse membranes and has only limited reactivity with biological
targets, it might function as a redox signal in mitochondria
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Methods in Molecular Biology, vol. 2275, https://doi.org/10.1007/978-1-0716-1262-0_18,
© Springer Science+Business Media, LLC, part of Springer Nature 2021

291

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1262-0_18&domain=pdf
https://doi.org/10.1007/978-1-0716-1262-0_18#DOI


[6–8]. Since mitochondrial signaling and cellular function are intri-
cately linked, it is important to measure mitochondrial O2

·� in the
proper context—that is, the living cell. However, it has proven
difficult to develop fluorescent probes or sensors that are specific
for O2

·� and sensitive enough to compete with superoxide dismu-
tase (SOD), which converts O2

·� to hydrogen peroxide at an
extremely high rate [9]. Quantifying the oxidation of dihydroethi-
dium (HEt) is a widely applied strategy to detect O2

·� in living cells.
HEt is membrane-permeable and reacts with O2

·� to form the
specific fluorescent product 2-hydroxyethidium (2-OH-Et+)
(Fig. 1a). In addition, HEt can act as a hydride acceptor, leading
to oxidative formation of the nonspecific fluorescent product ethi-
dium (Et+) [10–12]. Whereas the fluorescence excitation peaks of
2-OH-Et+ (Fig. 1b; upper blue curve) and Et+ (lower blue curve)
overlap at around 500 nm, 2-OH-Et+ has one additional peak at
396 nm which has been used for more specific detection of
2-OH-Et+ [9]. Still, the latter approach should be considered
semiquantitative and not fully O2

·�-specific given the unknown
reactivity of O2

·� with SOD, the possible oxidation of HEt by
cytochrome c and because HEt can catalyze O2

·� dismutation
[9, 13]. Given its lipophilic nature, HEt oxidation can in principle
occur everywhere in the cell. Both 2-OH-Et+ and Et+ are positively
charged and therefore accumulate: (1) in the nucleus where they
intercalate with nucleic acids, and (2) in the mitochondrial matrix
due to the inside-negative membrane potential (Δψ) of this organ-
elle. In an attempt to utilize Δψ , a mitochondria-targeted variant of
HEt was developed (MitoSOX Red®, aka Mito-HEt). The latter
consists of HEt extended with a cationic triphenylphosphonium
(TPP) side group [9]. Below we describe the critical loading proce-
dure for different intact cells and methods to measure
HEt-oxidizing ROS using live cell microscopy.

2 Materials

2.1 General 1. Cells cultured on a glass coverslip (ø24 mm, Thermo Scientific,
Etten-Leur, The Netherlands) placed in a 35-mm CellStar
tissue culture dish (Sigma-Aldrich) or disposable incubation
chamber (Willco Wells BV) (see Note 1).

2. A microscope system with the following setup or similar; a
monochromator (Polychrome IV, TILL Photonics) allowing
for excitation with 405 and/or 490 nm light, a 525DRLP
dichroic mirror (Omega Optical Inc.) and 565ALP emission
filter (Omega Optical Inc) and an image capturing device (e.g.,
a CoolSNAP HQ monochrome CCD-camera (Roper Scien-
tific)). The microscope should be equipped with an environ-
mental control system to sustain cell viability.
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3. 5� HEPES buffer: 662.2 mM NaCl, 50 mM HEPES,
21.06 mM KCl, 6.1 mM MgCl2 (see Note 2).

4. 1� HEPES-Tris buffer: 10 mM HEPES, 132 mM NaCl,
4.2 mM KCl, 1.2 mM MgCl2, 1.0 mM CaCl2, 5.5 mM D-
glucose. Adjust the pH to 7.4 using Tris-base (see Note 3).

2.2 Dihydroethidium

(HEt)

1. HEt stock solution (31.7 mM in DMSO): Dissolve 1 mg of
HEt powder (Invitrogen) in 100 μl DMSO. Prepare 10 μl
aliquots in brown Eppendorf tubes, overlay with N2 gas and
store at �20 �C (see Note 4).

2. HEt working solution (5 mM in DMSO): Thaw an aliquot of
HEt stock solution and add 53.4 μl of DMSO to yield the
5 mM HEt working solution.

2.3 Mito-

Dihydroethidium

(Mito-HEt)

Mito-HEt working solution (500 μM inDMSO): Dissolve 50 μg of
MitoSOXRed® powder (Invitrogen) in 132 μl DMSO. Prepare 4 μl
aliquots in brown Eppendorf tubes, overlay with N2 gas and store
at �20 �C.

3 Methods

3.1 Microscopy

Imaging of

Dihydroethidium (HEt)

Oxidation

1. Seed the cells at such densities that the cells are 70–80% con-
fluent at the time of imaging. This allows for subtraction of the
background signal (see Note 5).
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Fig. 1 Chemical structures and excitation spectra of HEt and mito-Het. (a) HEt and mito-HEt specifically react
with O2

·� to form the reaction product 2-OH-(mito-)Et+ and (mito-)Et+ as a nonspecific by-product. The inset
shows the HEt- and mito-HEt-specific groups. (Figure was adapted from [17]). (b) Fluorescence excitation
(blue) and emission (red) spectra of 2-OH-Et+ (top traces) and Et+ (lower traces) superimposed with the
excitation and emission filters used in our microscope setup. (Figure was adapted from [18]. This figure was
reproduced (with permission) from Ref. 19)
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2. Transfer the cells to an incubator close to the microscope
system at least 1 h prior to imaging (see Note 1).

3. Aliquot 2 μl of HEt working solution in Eppendorf tubes.

4. Take 1 ml of medium from the culture dish, add it to the
aliquoted HEt and vortex for 5–10 s to prepare a final concen-
tration of 10 μM (see Note 6).

5. Replace the rest of the medium from the dish by the medium–
HEt solution.

6. Incubate the cells in a 37 �C, 5% CO2 incubator for exactly
10 min (see Note 7).

7. Wash the coverslip three times with 1 ml PBS.

8. Replace the PBS by prewarmed HT buffer and mount the
coverslip in a Leiden chamber on the microscope [14]. When
using oil-based objectives be careful to remove all excess buffer
from the bottom of the coverslip with a tissue to avoid optical
artifacts.

9. Start loading of a next coverslip as soon as loading of the
current one is complete.

10. Preferably, take images at both 405 and 490 nm excitation. Set
the exposure time to 100 ms.

11. Record at least 10 different images, each containing ~15 cells
(see Notes 8 and 9).

3.2 Microscopy

Imaging of Mito-

Dihydroethidium

(Mito-HEt) Oxidation

1. Seed the cells at such densities that the cells are 70–80% con-
fluent at the time of imaging. This allows for subtraction of the
background signal.

2. Transfer the cells to an incubator close to the microscope
system at least 1 h prior to imaging.

3. Thaw the 4 μl mito-HEt contents of a brown Eppendorf tube.

4. Take 1 ml of medium from the culture dish, add it to mito-HEt
and vortex for 5–10 s to prepare a final concentration of 2 μM
(see Note 10).

5. Replace the rest of the medium from the dish by the medium–
mito-HEt solution.

6. Incubate the cells in a 37 �C, 5% CO2 incubator for exactly
10 min (see Note 7).

7. Wash the coverslip three times with 1 ml phosphate buffered
saline (PBS).

8. Replace the PBS by prewarmed HT buffer and mount the
coverslip in a Leiden chamber on the microscope [14]. When
using oil-based objectives be careful to remove all excess buffer
from the bottom of the coverslip with a tissue to avoid focusing
problems.
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9. Start loading of a next coverslip as soon as loading of the
current one is complete.

10. Preferably, take images at both 405 and 490 nm excitation. Set
the exposure time to 500 ms.

11. Record an image sequence of one field of view, acquiring one
image every 5 or 10 s for a total of at least 2 min (seeNote 11).

3.3 Image Analysis 1. Open the raw images in an image analysis program such as
Metamorph® (Molecular Devices Corporation, Palo Alto,
CA, USA), Image Pro Plus (Media Cybernetics) or the open-
source software FIJI (http://fiji.cs/).

2. Draw circular regions of interest (ROIs) in: (1) a mitochondria-
dense area, (2) surrounding the nucleus, and (3) just outside
each individual cell to correct for background intensity (see
Note 9).

3. Export the average ROI gray value to a spreadsheet program
such as Excel (Microsoft) and calculate the background-
subtracted values of the mitochondria and the nucleus of
each cell.

4 Notes

1. Due to the positive charge of mito-HEt and the reaction
products of HEt oxidation, the fluorescence intensity measured
in the mitochondria is Δψ-dependent (Fig. 2). Since the mito-
chondrial membrane potential is very sensitive to environmen-
tal changes (e.g., temperature, pH), we advise to culture the
cells in separate dishes and to allow for cells to recover in an
incubator close to the microscope system at least 1 h prior to
imaging. In addition, we have noticed that HEt can react with
residues on a number of glass-bottom culture dishes, leading to
fluorescent “spots” in the background. Therefore, always check
background levels for disturbances.

2. We store a large volume of 5� HEPES buffer at 4 �C, which is
stable for at least 6 months.

3. We advise to make the 1�HT buffer supplemented with the
required substrates at the day of imaging. We routinely use
5.5 mM D-glucose for human skin fibroblasts and myoblasts/
fibers, whereas HEK293 cells are imaged in HT buffer contain-
ing 25 mM D-glucose. In addition, one can consider supple-
menting pyruvate and/or glutamine. If necessary, the HT
buffer can be stored for ~1 week at 4 �C.

4. Always keep HEt solutions protected from light and air.
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5. Proper background correction close to the cells is of particular
importance when the fluorescent signal is close to the back-
ground intensity. Such a background correction is challenging
when confluency exceeds 80%. Therefore, adjust the seeding
condition according to the number of days the cells are
cultured.

6. We prefer to load the cells with HEt in the collected cell culture
medium to detect ROS levels in the exact cell culture condi-
tions. However, we have noticed lower fluorescence intensities
in medium-loaded cells as compared to cells loaded with HEt
in the HT buffer. This is possibly caused by binding of the HEt
to proteins present in the medium (i.e., serum), but might also
be due to increased fluorescence levels in HT medium
(Fig. 3a).

7. TheHEt incubation time should be determined experimentally
for each cell line separately. To be able to semiquantitively
measure HEt oxidation, the increase in fluorescence intensity
from oxidation products should be linear. To that end, we
mount unloaded cells onto the microscope system in HT
buffer, start imaging every 10 s and add the required HEt in
HT buffer in 1:1 ratio. We then calculate the maximum time of
incubation in which the increase is still linear. An incubation
time of 10 min is most often used for HEK293 and human skin
fibroblasts (Fig. 3b). However, in some cell types such as
primary mouse myotubes it appears to be safer to use shorter
incubation times because the signal increase deviates from
linearity within 10 min (Fig. 3c).

8. When attempting to image HEt oxidation using 405 nm exci-
tation, we advise to use the 490 nm light to locate cells and find
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Fig. 2 Localization of HEt oxidation products is dependent on the membrane potential. Addition of the
mitochondrial protonophore carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; 0.5 μM) acutely
induces translocation of fluorescent HEt and mito-HEt oxidation products from the mitochondria to the nucleus
in HEK293 cells and human skin fibroblasts. (This figure was reproduced (with permission) from Ref. 19)
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a good focus, because in our experimental setup fluorescence
intensity is higher at 490 nm than at 405 nm excitation
(Fig. 4a). Moreover, we routinely only measure fluorescence
from 490 nm excitation since, in some cell types, the 405 nm
signal is too low for reliable quantification. However, relative
changes in emission fluorescence observed at 405 and 490 nm
excitation are similar, justifying the use of 490 nm as a measure
of HEt oxidation [15].

9. It is sufficient to have only a portion of the cells in the field of
view, since only part of the cell is analyzed.

10. We advise to use a mito-HEt concentration that is as low as
possible, but still revealing detectable levels of fluorescence. In
theory, the positive charge accumulating in the mitochondrial
matrix might interfere with mitochondrial bioenergetics and
therefore report incorrect HEt oxidation values. In addition, it
was reported that nuclear fluorescence occurred at concentra-
tions as low as 2 μM and therefore to use a concentration of
mito-HEt between 0.1 and 2.5 μM [9].

11. Removing excess HEt after incubation effectively removes all
nonoxidized HEt and therefore the signal remains stable for at
least 10 min of continuous imaging [16]. The TPP moiety of
Mito-HEt induces accumulation of nonoxidized Mito-HEt in
the mitochondrial matrix that is insensitive to washing. Conse-
quently, the fluorescence signal continues to increase after
washing and therefore we advise to measure the slope of the
increase after loading and washing (Fig. 4b).
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Fig. 3 HEt loading procedure in intact cells. (a) HEK293 cells were incubated with HEt for exactly 10 min in the
collected cell culture medium (DMEM) or washed and incubated for exactly 10 min in HT buffer. HEt oxidation
was measured at 490 nm. The data presented represent the mean � SE of two different experiments.
Statistical significance was assessed using a Mann–Whitney test. Numerals within bars indicate the number
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Chapter 19

Protein Supercomplex Recording in Living Cells Via
Position-Specific Fluorescence Lifetime Sensors

Bettina Rieger and Karin B. Busch

Abstract

Our group has previously established a strategy utilizing fluorescence lifetime probes to image membrane
protein supercomplex (SC) formation in situ. We showed that a probe at the interface between individ-
ual mitochondrial respiratory complexes exhibits a decreased fluorescence lifetime when a supercomplex is
formed. This is caused by electrostatic interactions with the adjacent proteins. Fluorescence lifetime
imaging microscopy (FLIM) records the resulting decrease of the lifetime of the SC-probe. Here we
present the details of our method for performing SC-FLIM, including the evaluation of fluorescence
lifetimes from the FLIM images. To validate the feasibility of the technique for monitoring adaptive SC
formation, we compare data obtained under different metabolic conditions. The results confirm that SC
formation is dynamic.

Key words Respiratory supercomplexes, Mitochondria, FLIM, Fluorescence sensor, Live cell imaging

1 Introduction

The formation of supercomplexes of proteins that catalyze succes-
sive reactions is not uncommon in biology. The respiratory super-
complex from the OXPHOS system is a prominent example from
the field of bioenergetics. Three out of five membrane complexes in
the inner mitochondrial membrane, the proton pumps NADH:
ubiquinone oxidoreductase (CI), cytochrome c reductase (CIII),
and complex IV cytochrome c oxidase (CIV) constitute the respira-
tory chain (RC) also named electron transport chain (ETC). Those
three complexes are found to form supercomplexes [1, 2]. As an
alternative to CI, succinate dehydrogenase (CII) is able to deliver
electrons (from FADH2) to CIII and then to CIV. Electrons from
NADH/H+ (or FADH2) finally reduce oxygen to water. This
reaction is exergonic and the energy is used to pump electrons
from the matrix site (n-site) into the intermembrane (intra-cristae)
space (p-site), which is thereby acidified. The generated proton

Volkmar Weissig and Marvin Edeas (eds.), Mitochondrial Medicine: Volume 1: Targeting Mitochondria,
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electrochemical gradient, referred to as proton motive force
(PMF), drives ATP synthesis by complex V (FOF1 ATP synthase)
[3]. The high abundance of integral OXPHOS complexes in the
inner mitochondrial membrane suggests a densely packed system
with a calculated average distance between (homogeneously)
distributed complexes of a few nanometers [4]. The so-called plas-
ticity model assumes a dynamic situation of adaptive assembly and
disassembly of complexes I, III, and IV into supercomplexes
[5]. Major assemblies of the composition CI/CIII2 and
CI/CIII2/CIV were found (Sch€agger and Pfeiffer, 2000; Dudkina
et al., 2005; Wittig et al., 2006). Recently, Cryo EM-single particle
analysis finally yielded putative structures for isolated CI/CIII2/
CIV, where CIV is facing CIII with the site that is opposite from the
site that is mediating CIV dimerization [6–9]. Despite the bundle
of evidence for supercomplex formation, it has been criticized that
the previous stoichiometric and structural data is based on the
solubilization of supercomplexes with mild detergents [10] from
tissue and could be artifacts at worst. Thus, a proof of supercom-
plex assembly in situ was due.

Here, we present fluorescence lifetime imaging microscopy
(FLIM) as a technique for monitoring (dynamic) supercomplex
formation in living cells. It is based on recording the fluorescence
lifetime of a constructed SC sensor, CoxVIIIa-sEcGFP [11]. The
method exploits the fact that the fluorescence lifetime of a fluoro-
chrome is dependent on its nanoenvironment. An excited fluoro-
chrome in a neighborhood with high macromolecular crowding
has the possibility of multiple electrodynamic interactions, result-
ing in decreased fluorescence lifetime τ. This is also true for a sensor
positioned in a protein complex/supercomplex [12]. In order to
find a suitable position of a fluorescent SC sensor, it is recommend-
able to first perform computational modelling using existent struc-
tures. In our case, several models were constructed with Green
Fluorescent Protein (GFP) at different positions of in the respira-
tory supercomplex CI/CIII2/CIV [6–8] (Fig. 1a). Therefore, GFP
was fused to the subunits CoxVIIIa and CoxVIIc in CIV.
The Fusion of GFP to these subunits appeared to be suitable to
sense SC assembly due to the specific localization of the subunits at
the interface between CI, CIII, and CIV in a supercomplex. After
generation of the genetically encoded fluorescent protein fusion
constructs CoxVIIIa-sEcGFP and CoxVIIc-sEcGFP, respectively,
HeLa cells were transfected, correct expression was verified (see
Note 1) and stable cell lines were generated. The pH-sensitive
GFP derivative chosen was sEcGFP, which would allow parallel
recording of pH values [13] (see Note 2). However, other GFP
derivatives can be used as well (see Note 3). As the FLIM data
clearly show, the positioning of the fluorescent protein at the
interface between CIII and CIV at CoxVIIIa-sEcGFP resulted
in a significant decrease in fluorescence lifetime, indicating a super-
complex environment. In contrast, the lifetime probes positioned
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at the surface of the supercomplex (e.g., CoxIV-sEcGFP) (Fig. 1b),
displayed no decrease in lifetime. Subunits positioned comparably
close to the p-side membrane surface but at complexes that are not
involved in supercomplex formation (CII subunit
C-sEcGFP) showed no decrease in lifetime. Also, a lifetime probe
in the matrix volume did not show the specific shortening of
fluorescence lifetimes as found for CoxVIIIa-sEcGFP [11]. To
verify, if indeed the embedding of a sensor in the SC was the
cause for the lifetime shortening, a construct with an inserted linker
between the fluorescent sensor and CoxVIIIa was also tested. The

Fig. 1 Fluorescent proteins attached to OXPHOS subunits CoxVIIIa and CoxVIIc report specific molecular
crowding at the contact site of supercomplexes such as CI1CIII2CIV1. (a) 3D maps of CII and the CI1CIII2CIV1
supercomplex model (Dudkina et al., 2011) showing the side view (top) and the view of the supercomplex from
the p-side (complex I in gray, complex III in darker gray, and complex IV in light gray, cytochrome c in black).
The fluorescent protein sEcGFP was fused to different subunits of respiratory complexes: CoxVIIc (yellow),
CoxVIIIa (pink), CoxVIIIa-Link (violet), CoxIV (cyan), and CIIC/SDHC (orange), and to a short matrix targeting
sequence mt (green). Selected fitting models are shown. (b) Intensity – lifetime images of HeLa cells
expressing the different fusion constructs reveal clear differences in fluorescence lifetimes. FLIM was
conducted with a TCS SP8 SMD confocal laser scanning microscope from Leica equipped with a 63x water
objective (37 �C and 5% CO2). Scale bars: 10 μm or 20 μm, as indicated. (c) pH dependene of the fluorescence
lifetime of sEcGFP-constructs. (d) Lifetime constants τamp of six different sEcGFP-constructs (CoxVIIIa—pink,
CoxVIIc—yellow, CoxVIIIa-Linker—violet, CoxIV—cyan, subunit C of SDH—orange, and of matrix-targeted
soluble sEcGFP—green) determined in cells clamped at pH 7.1 with 20 mM BES and ionophores. Measure-
ments were performed at 37 �C without CO2. Generally, cells were incubated in different buffers (20 mM MES,
20 mM BES or 20 mM HEPPSO), whose pH was adjusted differently. To exclude any interference with
mitochondrial activity, oxidative phosphorylation was inhibited by treatment with 5 μg/mL oligomycin,
10 μM Carbonylcyanid-m-chlorphenylhydrazon (CCCP) and 1 μM Nigericin. Data points represent means
(one data point per cell), error bars represent s.d. (d) or s.e.m. (c). N¼ 2–3 biological replicates. (Adapted from
[11])
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insertion of the linker, composed of the C-terminal sequence of
CoxVIIb, was designed to enhance the distance of the sensor
protein to the subunit CoxVIIIa at the SC interface. The insertion
of the linker resulted in a significant prolongation of the lifetime of
the fusion protein CoxVIIIa-link-sEcGFP, indicating a partial
escape from the molecular crowd (Fig. 1b). Before using the
sensor-fusion proteins for further studies, a functional assay (see
Note 4) was performed to test whether labeling would impact on
function (data not shown). We measured oxygen consumption
rates. While the cell line stably expressing CoxVIIc-sEcGFP had
lower oxygen consumption rates (OCR), CoxVIIIa-sEcGFP
expression had no effect on respiration. Thus, the sensor-tagged
subunit CoxVIIIa (see Note 5) does not interfere with mitochon-
drial function. Therefore, CoxVIIIa-sEcGFP was chosen as the
putative SC-sensor.

Since it is known that the fluorescence lifetime of a fluorescent
protein is pH sensitive to some extent, we also performed fluores-
cence lifetime imaging at different pH values within cells [13]. We
found that the pH sensitivity of the fluorescence lifetime was negli-
gible at physiological pH values above pH 6.7 in the microcom-
partments analyzed (Fig. 1c). Furthermore, comparison of
fluorescence lifetimes in cells with pH adjusted to pH 7.1
showed that the significant lifetime differences between the differ-
ent sensor constructs (Fig. 1d) also existed under equalized pH
conditions and thus are not the result of pH differences.

In order to demonstrate the feasibility of SC-sensing, we con-
ducted FLIM of cells supplied with different sugar supply. As cancer
cells, HeLa usually mainly use glycolysis to generate ATP. However,
they can increase respiration and oxidative phoshorylation when
glucose is restricted and glutamine is supplied instead (reverse
Warburg effect) [14]. The supply of galactose also has this effect
[15]. Galactose moreover enhances supercomplex formation of
respiratory chain complexes [16], which we were able to confirm
via our noninvasive live cell imaging technique [17] using stable
HeLa cell lines expressing the supercomplex sensor CoxVIIIa-
sEcGFP. CoxIV-sEcGFP was used as negative control (Fig. 2a–d).
In galactose, the fluorescence lifetime of CoxVIIIa-sEcGFP
decreased significantly, while no effect on the lifetime of the control
sensor was observed. Taken together, this data clearly demonstrates
that FLIM with a SC-sensor at the interface/contact site within a
supercomplex (here CoxVIIIa-sEcGFP in CI/CIII2/CIV) is a
suitable tool to record dynamic supercomplex formation by deter-
mining changes in the fluorescence lifetime of the sensor.
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Fig. 2 Decreased fluorescence lifetime of sEcGFP fused to CoxVIIIa in OXPHOS dependent cells. (a)
Fluorescence lifetime images of CoxVIIIa-sEcGFP or CoxIV-sEcGFP, in cells supplied with 10 mM glucose or
10 mM galactose (stable CoxVIIIa-sEcGFP expressing HeLa cell lines). (b) Corresponding average fluorescence
lifetimes τamp. determined from time-correlated single photon counting (TCSPC) histograms. For the analysis,
fluorescence lifetimes were calculated by fitting the fluorescence decay with a biexponential model. (c)
Corresponding average fluorescence lifetimes τint. (d) Positions of CoxVIIIa-sEcGFP and CoxIV-sEcGFP in
the supercomplex (Dudkina et al., 2011) and in monomeric and dimeric CIV, respectively. CoxVIIIa-sEcGFP is
exposed to a dense molecular environment in a supercomplex, especially under galactose conditions, and an
aqueous environment in single CIV(2). In contrast, CoxIV-sEcGFP is always exposed to an aqueous environ-
ment. Data (mean values � s.d.) in (b) and (c) was analyzed by One-Way ANOVA with post hoc Scheffe test
(∗∗∗p< 0:001;∗∗p< 0:01; and∗p< 0:05). N¼ 2–3 biological replicates. Scale bars: 10 μm or 20 μm,
as indicated (a). FLIM is carried out with a TCS SP8 SMD confocal laser scanning microscope from Leica
equipped with a 63x water objective (37 �C and 5% CO2). (Adapted from [18] and [11])
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2 Materials

2.1 Confocal Laser

Scanning Microscopes

For microscopy, the cells are seeded on coverslips in 3 cm dishes
(70% confluency) and maintained in medium containing glucose or
galactose for 48 h. For imaging, the coverslips are mounted in a
homemade cell chamber (alternatively, commercially available glas-
bottom dishes with 8 chambers were used) and supplied with 1 mL
of medium. Cells are imaged using an inverted confocal fluores-
cence microscope (TCS SP8 SMD, Leica) equipped with a 63�
water Objective (N.A. 1.2) and a tunable white light laser (WLL).
Live cells are microscoped at 37 �C supplied with 5% CO2. The
fluorescence lifetime of excited CoxVIIIa-sEcGFP or CoxIV-
sEcGFP is recorded by Time-Correlated Single Photon Counting
(TCSPC). HyD’s with GaASP photocathodes are used as detectors
for two-color imaging and FLIM (fluorescence lifetime imaging
microscopy). sEcGFP is excited with a 488 nm pulsed (20 MHz)
laser line from the tunable white light laser. For FLIM, emitted
photons with a wavelength between 500 and 550 nm are recorded.
The acquisition is performed until at least 1000 photons
are reached in the brightest pixel. Data analysis is performed with
SymphoTime™ software (64 bit, Picoquant). The instrumental
response function (IRF) is calculated and the fluorescence lifetime
histogram is fitted with a biexponential fit after subtracting the IRF.
Only the fluorescence of the mitochondrial network of a cell is
analyzed. Usually, from biexponential fits, the average lifetime
τamp is calculated [18].

2.2 Chemicals 1. 0.1 M and 1 M HCl (Roth)

2. 0.1 M and 1 M NaOH (AppliChem)

3. 1 μM nigericin (Enzo Life, BML-CA421-0005)

4. 10 μM Carbonylcyanid-m-chlorphenylhydrazon (CCCP,
Sigma, C-2759)

5. 10 μM Oligomycin (Millipore, 495455)

2.3 Plasmids For eukaryotic expression of sEcGFP, the full-length protein-cod-
ing region of superecliptic pHluorin (F64L/S65T/S147D/
N149Q/V163A/S175G/S202F/Q204T/A206T; a gift from
Jürgen Klingauf, Münster) was inserted by PCR amplification
into a modified pSEMS-26m vector from NEB Biosciences (for-
merly Covalys Biosciences), substituting the original snap-ORF.
The following fusion constructs, in which the respective subunits
of the OXPHOS complexes are joined to the N terminus of
sEcGFP, have been generated:

1. mt-sEcGFP. As targeting sequence, the mitochondrial target-
ing sequence of the mitochondrial processing peptidase
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(MPP), was added to the 50 end of the sEcGFP-encoding
segment in the sEcGFP-vector [11].

2. For measurements in the intermembrane space, CoxVIIc-,
CoxVIIIa-, CoxIV-, and CIIC-sEcGFP were assembled behind
the CMV promoter and at the 50 end of sEcGFP in the
sEcGFP-vector [11].

3. To increase sensor distance to the membrane by C-terminal
extension of CoxVIIIa, we used part of the C-terminal
sequence of CoxVIIb (TCCCCTGTTG GCAGAGTTAC CC
CAAAGGAA TGGAGGAATC AG) to insert a linker between
CoxVIIIa and sEcGFP (resulting in CoxVIIIa-Link-
sEcGFP) [11].

2.4 Cells HeLa cells, a cervix cancer cell line, were purchased from the
Leibniz Institute (DSMZ-German, Collection of Microorganisms
and Cell Cultures).

2.5 Media

and Buffers

1. Glucose growth medium: Minimal Essential Medium Eagle
with Earle’s salts and phenol red (Sigma, M2279), 10% fetal
bovine serum (FBS) Supreme (PAN-Biotech, P30-3031), 1%
(v/v) HEPES (4-(2-hydroxyethyl)piperazine-1-1ethanesulfo-
nic acid (Sigma, H0887), 1% (v/v) nonessential amino acids
NEA (Sigma, M7145).

2. Galactose growth medium: XF Base MediumMinimal DMEM
(Agilent Seahorse XF, 102353–100), 10 mM D-galac-
tose (Roth, 4985.1), 10% fetal bovine serum (FBS) Superior,
1% (v/v) HEPES (4-(2-hydroxyethyl)piperazine-1-1ethane-
sulfonic acid, 1% (v/v) nonessential amino acids NEA, 4%
(v/v) alanyl-glutamine (Sigma, G8541), 2.2 g/L NaHCO3

(Sigma, S8761).

3. Selective growth medium: Growth medium, 0.8 mg/
mL G418 disulfate salt (Sigma, A1720-5G).

4. Calcium chloride for transfection: 2.5 M CaCl2 (AppliChem,
A3587.0500) solution.

5. HBS buffer (pH 7 � 0.05) for transfection: 50 mM
HEPES (Roth, HN77.4) , 280 mM NaCl (Roth, 3957.1),
1.5 mM Na2HPO4 (AppliChem, A3567.0500)

6. Washing buffer: PBS buffer (Sigma, D8537), pH 7.4 without
Ca2+ and Mg2+.

7. Detaching buffer: 10% Trypsin–EDTA (PAN-Biotech,
P10–024100), 1% HEPES, 1% NaHCO3, 1% penicillin–strep-
tomycin (Sigma, P0781).

8. Calibration buffers: 125 mM KCl (Serva, 26868), 20 mM
NaCl (Roth, 3957.1), 0.5 mM CaCl2 (AppliChem,
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A3587.0500), 0.5 mM MgSO4 (AppliChem, A1037.0500) in
milliQ H2O with either 20 mMMES hydrate (Sigma, M2933-
25G), 20 mM BES (Sigma, B4554-25G) or 20 mM
HEPPSO (Sigma Aldrich, R426725-1G).

2.6 Software 1. SymphoTime® software (64 bit, PicoQuant).

2. ImageJ (MacBiophotonics).

3. OriginPro (OriginLab).

2.7 Specific

Equipment

TC dishes 35, standard (Sarstedt, 83.3900) plus Precision cover
slips, 24 mm (Roth, PK26.1) or rather μ-Slide 8 Well with ibiTreat
(ibidi, 80826) for microscopy.

3 Methods

3.1 Cell Culture

3.1.1 Cultivation

1. Cultivate HeLa cells in T25 cell culture flasks, with 5 mL
growth medium at 37 �C and 5% CO2.

2. Passage cells when they reach confluency.

3.1.2 Passaging 1. Aspirate the old medium from confluent cells grown in T25
flasks.

2. Wash the cells with 4 mL washing buffer.

3. Aspirate the washing buffer.

4. Add 1 mL detaching medium to detach cells from the flask
surface.

5. Incubate the flask at 37 �C and 5% CO2 until the cells are
removed from the bottom (2–5 min).

6. Stop the reaction when all cells are detached by adding 4 mL
fresh growth medium.

7. Pipet several times up and down to homogenize the cell
solution.

8. Transfer 1 mL to a new T 25 flask and fill up to 5 mL with fresh
growth medium.

3.1.3 Cell Transfection For transfection with the fusion constructs, the calcium phosphate
method is used [19].

1. Seed 5 � 103 to 1 � 104 cells into a 60 mm Cellstar® tissue
culture dish and 4 mL growth medium. Transfect when the
cells reach 60–80% confluency (approx. after 8–24 h).

2. Pipet 10 μL plasmid solution, containing 10 μg pure DNA in
an Eppendorf tube.

3. Add 50 μL CaCl2 solution (2.5 M).

4. Mix by carefully pipetting up and down once.
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5. Wait for 30 s.

6. Add 440 μL milliQ H2O.

7. Pipet 500 μL HBS buffer (pH 7 � 0.05) in another
Eppendorf tube.

8. Vortex the HBS Buffer in the Eppendorf tube.

9. Add the 500 μL buffered DNA–CaCl2 solution by dropping it
into the HBS Buffer during vortexing.

10. Replace the growth medium of the HeLa cells in the 60 mm
Cellstar® tissue culture dishes with 4 mL fresh growth
medium.

11. Pipet the DNA solution in single drops into the 60 mm Cell-
star® tissue culture dishes filled with the fresh medium.
Increase the height of pipetting to avoid “dancing” of drops
onto the medium surface, which can lead to inhomogeneous
DNA concentration in the sample.

12. Incubate the transfected HeLa cells at 37 �C and 5% CO2

overnight.

13. After 8–18 h, wash twice with 4 mL washing buffer and add
4 mL fresh growth medium.

14. Let the cells grow for several hours after replacing the growth
medium.

15. Passage the cells into several μ-Slide 8 Well with ibiTreat.
Therefore, wash the cells with 4 mL washing buffer (PBS),
aspirate the PBS and add 1 mL detaching medium. Incubate
the flask at 37 �C and 5% CO2 until the cells are removed from
the bottom. Stop the reaction when all cells are detached by
adding 3 mL fresh growth medium. Pipet several times up and
down to homogenize the cell solution. Transfer
15,000–30,000 cells per well into the μ-Slide 8 Well. Total
well volume with fresh medium should be 200 μL.

16. In order to have good expression levels of your protein of
interest, image the transfected cells 36–72 h after transfection.

17. At day of imaging:
(a) Wash each well with 200 μL washing buffer.

(b) Add 200 μL fresh growth medium per well.

(c) Keep the cells at 37 �C and 5% CO2 until imaging.

3.1.4 Generation

of Stable Transfected

Cell Lines

For generation of a stable cell line, the transfected plasmid has to be
integrated into the cell genome of the target cell. The advantage is a
stable, long-term expression of the protein of interest with mostly
homogeneous (see Note 6) and moderate expression levels.

1. Seed, transfect, wash, and detach cells as described under Sub-
heading 3.1.3.
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2. Split cells into 3 60 mmCellstar® tissue culture dishes, fill up to
4 mL with fresh growth medium.

3. After 24 h, replace growth medium in each dish with 4 mL
selective growth medium.

4. During a period of 10–14 days, change selective growth
medium every 2–3 days.

5. Colonies (visible by eye) which grow in the selective medium
are from stable transfected cells and can be isolated as follows.

6. Incubate cells with detaching buffer until cells round and start
to detach.

7. Pick colonies with 200 μL pipette (absorbing 50 μL should be
enough) and transfer into a 96-well cell culture plate, where
150 μL selective growth medium has been added before (one
colony per well). Incubate at 37 �C and 5% CO2 and change
selective growth medium every 2–3 days.

8. When cells are confluent, passage them into a 24-well cell
culture plate. Change selective growth medium every 2–3 days.

9. When cells are confluent, passage them into a T25 flask.
Change selective growth medium every 2–3 days.

10. Continue proliferation in selective growth medium in the T25
flask until confluency is reached, then passage and freeze
leftovers.

3.2 Preparation

of Stable Transfected

Cells for Imaging

1. Passage the cells in T25 flasks as described in Subheading 3.1.2.
and seed into μ-Slide 8Well with ibiTreat. Transfer 30,000 cells
per well for imaging the next day or 15,000 cells per well for
imaging after two days into the μ-Slide 8 Well. Total well
volume with fresh medium should be 200 μL.

2. At day of imaging:

(a) Wash each well with 200 μL washing buffer.

(b) Add 200 μL fresh growth medium per well.

(c) Keep the cells at 37 �C and 5% CO2 until imaging.

3.3 Fluorescence

Lifetime Imaging

1. Start temperature control (37 �C).

2. Switch on the microscope, the computer(s)/monitor(s), the
scanner, the laser(s), and the Time Tagger and Time-Corre-
lated Single Photon Counting (TCSPC) system including for
example the HydraHarp 400.

3. Start the microscope software.

4. Start the SymphoTime® 64 software (seeNote 7) and generate
a new workspace. Make sure that the correct data channel and
an appropriate TCSPC resolution is selected.
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5. An internal GaASP photocathode is used as detector for FLIM
¼ > Start its cooling system to decrease background.

6. Clean the objective with a KIMTECH Science Precision Wipe.

7. Place a small droplet of water (or immersion oil if an oil
objective is used) on the pupil of the water-objective.

8. Mount the μ-Slide 8 Well. Be sure that two clips are positioned
at the edges of the slide.

9. Start the CO2 supply (set to 5%).

10. Preadjust the objective position/the focal plane.

11. Start the fluorescence mercury lamp (select a very low intensity,
if possible) and select the GFP filter cube. Open the shutter and
search for cells with fluorescent signals (see Note 8). After
focusing, close the shutter again.

12. Turn the safety interlock key to On-1. Switch from TCS SP8 to
FLIM¼ > Setup Imaging. Start imaging the cells with GFP
settings (WLL ex. 488 nm, em. 500–550 nm). Use sufficient
laser intensity, an appropriate zoom and adjust the z position to
get the mitochondria focused.

13. Switch from Setup Imaging to Setup FLIM. Choose a format
of 256 � 256 pixel and a scan speed of 100 Hz (scan direction
X: Unidirectional). Operate the white light laser (Output
power ¼ 70%) at 20 MHz and restrict emission of the internal
GAsP detector to 525/50 nm. Default pinhole setting (1 Airy
disk) and default acquisition mode xyz is used.

14. Setup FLIM: Run FLIM Test and adjust the laser power to
avoid oversaturation.

15. Measurements: Start recording by clicking on Run FLIM.

16. Perform the acquisition until at least 1000 photons in the
brightest pixel is reached (can be selected in Measurements/
Acquisition).

17. Give a name to the generated FLIM image. This can be done
after slowly clicking twice on the file.

3.4 FLIM Evaluation 1. Double click on the File ending with _OFLIM.pqres in the
SymphoTime software. The software opens the FLIM/inten-
sity image, the Lifetime histogram and the time correlated
single photon counting (TCSPC) histogram (Fig. 3).

2. Adjust the lifetime pseudo color scale if you like.

3. Choose free ROI or paint ROI to select one cell in the image by
holding down the left mouse button while defining the ROI.

4. Select N-Exponential Reconvolution as fitting model and
choose ROI as decay option to fit the complete fluorescence
lifetime decay of the ROI (see Note 9). This will subtract the
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IRF ¼ instrument response function (see Note 10). Perform a
biexponential fit of the fluorescence decay curve (Model Para-
meters: n ¼ 2). The fitted curve should overlay well with the
decay curve, resulting in a chi-squared test value approaching
1 and residuals that are randomly spread around 0 (see Note
11).

5. Click on initial fit. Besides the lifetimes of the two lifetime
components and their amplitudes, the software also calculates
the average lifetimes τint (equals the average time that the
fluorophore remains in the excited state) and τamp (propor-
tional to the steady state intensity), which you can export (see
Note 12).

4 Notes

1. Correct localization of mitochondria-targeted fusion con-
structs can be checked by costaining mitochondria with Mito-
Tracker™ Red FM.

2. In addition to SC-FLIM, you can determine the local pH when
you use sEcGFP as a sensor by performing ratio imaging [13].

3. You can perform SC-FLIM also with other fluorescent pro-
teins. We have tried and would like to recommend Clover and
mCitrine [11]. If possible, use sensors with a monoexponential
decay.

4. Check possible negative side effects on bioenergetic perfor-
mance by performing for example a mitochondrial stress test
in an Extracellular flux analyzer (Agilent/Seahorse).

Fig. 3 FLIM evaluation with biexponential fit of the fluorescence decay curve
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Alternatively, you could check the mitochondrial membrane
potential via specific fluorescent dyes or perform clear native
electrophoresis for in-gel catalytic activity assays of mitochon-
drial complexes I–V.

5. Perform a Western Blot following blue or clear native electro-
phoresis as additional experiment to show that your sensor-
tagged subunit is still used as building block for the respiratory
complex.

6. Stable transfected cells show more homogeneous protein
expression levels and are easier to handle than transiently trans-
fected cells. Check if the fluorescence lifetimes of transient
transfected cells differ from that of stable cell lines.

7. When starting the SymphoTime® software, you might also
have to adjust the offset of the synchronization signal and
GAsP detector channel manually, so that the entire TCSPC
histogram is displayed properly (as shown).

8. For imaging, better select ROIs with equally bright cells to get
a similar number of the photon counts in all of them.

9. Using a pulsed white light laser (WLL) for FLIM can result in a
small extra peak at the end of your histogram. Make sure that
you exclude this peak from your fit by setting the boundary for
the longe time before this peak.

10. You can use the calculated IRF or import an IRF measured by
yourself, for example by using Erythrosin B as a fluorescent
dye. This might be necessary when your fluorescence contains
components with extremely fast decay (short lifetimes).

Fig. 4 FLIM evaluation with monoexponential fit of the fluorescence decay curve
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11. You can try to perform a monoexponential fit of the fluores-
cence decay curve (Model Parameters: n ¼ 1). When the
chi-squared test and the residuals look like in Fig. 4, then it is
not an appropriate fitting model. For an appropriate fit, the
residuals trace should not show any trends.

12. Principally, τamp is rather used for FLIM-FRET.
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Chapter 20

Identification of Peroxynitrite by Profiling Oxidation
and Nitration Products from Mitochondria-Targeted
Arylboronic Acid

Jacek Zielonka, Adam Sikora, Radoslaw Podsiadly, Micael Hardy,
and B. Kalyanaraman

Abstract

The development of boronic probes enabled reliable detection and quantitative analysis of hydrogen
peroxide, other nucleophilic hydroperoxides, hypochlorite, and peroxynitrite. The major product, in
which boronate moiety of the probe is replaced by the hydroxyl group, is, however, common for all
those oxidants. Here, we describe how ortho-isomer of mitochondria-targeted phenylboronic acid can be
used to detect and differentiate peroxynitrite-dependent and independent probe oxidation. This method
highlights detection and quantification of both the major, phenolic product and the minor, peroxynitrite-
specific cyclic and nitrated products of probe oxidation.

Key words Hydrogen peroxide, Peroxynitrite, Mitochondria-targeted probes, Boronic probes, o-
MitoPhB(OH)2, HPLC-MS

1 Introduction

Boronate-based probes were developed over the last decade for
detection of hydrogen peroxide (H2O2) and peroxynitrite
(ONOO�) in biological systems [1–3]. Mitochondria-targeted
boronate probes were developed to monitor hydrogen peroxide
in mitochondria [4–8]. Boronates react directly and stoichiometri-
cally with both H2O2 and ONOO� [9, 10]. This is in contrast to
more classical fluorogenic probes (e.g., dichlorodihydrofluorescein,
DCFH and dihydrorhodamine, DHR), which need the catalyst
(e.g., iron, heme proteins) or react with the products of ONOO�

decomposition [11–13]. Additionally, in contrast to boronates,
both DCFH and DHR form intermediate radical species that
reduce oxygen to superoxide radical anion [11, 14]. However,
most boronates lack specificity needed to distinguish between
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hydrogen peroxide, other nucleophilic hydroperoxides and perox-
ynitrite in a complex biological system, as discussed below [2, 9,
15–17]. In a simple system when bolus amounts of the reactants are
quickly mixed this limitation can be overcome due to significant
differences of the reaction rate constants. The rate constant of the
reaction of boronates with peroxynitrite is six orders of magnitude
higher than of the analogous reaction with hydrogen peroxide
[2, 9]. For example, under the conditions when the reaction with
ONOO� is completed within 100 ms, the reaction with H2O2 was
not completed even after 12 h [9]. The situation is, however,
different when the oxidants react with the probe in biological
systems, with the oxidants continuously produced during the incu-
bation with the probe. Therefore, we proposed the use of specific
inhibitors of oxidants formation and/or specific scavengers of the
oxidants to differentiate between different species responsible for
oxidation of boronate probes in cells [2, 18]. We have previously
reported a formation of both major, phenolic product (o-Mito-
PhOH) and minor, nitrated product (o-MitoPhNO2) during the
reaction of peroxynitrite with ortho-isomer of mitochondria-
targeted phenylboronic acid (o-MitoPhB(OH)2, Fig. 1)
[19, 20]. More recently, we have identified an additional, more
abundant minor product, cyclo-o-MitoPh (Fig. 1) [21, 22]. These
minor products are specific for ONOO� reaction and are not
produced by any other oxidant. Therefore the proposed
method provides also an opportunity to distinguish between two

Fig. 1 Scheme of oxidation of o-MitoPhB(OH)2. o-MitoPhB(OH)2 is oxidized to o-
MitoPhOH by both ONOO� and H2O2. However, cyclo-o-MitoPh and o-MitoPhNO2
are formed only in reaction between o-MitoPhB(OH)2 and ONOO� as the minor
products, with the yields of 10.5% and 0.5%, respectively [21]

316 Jacek Zielonka et al.



biological nitrating pathways: peroxynitrite-dependent and myelo-
peroxidase/hydrogen peroxide/nitrite-dependent [21]. Here, we
show how this unique chemistry can be utilized to selectively detect
peroxynitrite in cellular systems [23, 24]. The method is based on
probing the oxidants (ONOO� andH2O2) in cells by incubation of
cells with o-MitoPhB(OH)2 followed by extraction and HPLC-
MS/MS analysis of the products formed [21, 25]. We describe
the protocol for probe preparation, processing of biological sam-
ples, and HPLC-MS-based analysis of the products formed.

2 Materials

2.1 Components

for the Synthesis

of o-MitoPhB(OH)2

1. 2 g of triphenylphosphine.

2. 200 ml of anhydrous diethyl ether.

3. 1 g of 2-(bromomethyl)phenylboronic acid.

4. 100 ml of dichloromethane

5. Argon gas.

2.2 Cell Incubation

Components

1. Cell growth medium (for RAW 264.7 cells): DMEM contain-
ing 10% FBS, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin).

2. Assay medium: DPBS supplemented with 5.5 mM glucose and
0.33 mM pyruvate (see Note 1).

3. Solution of 50 mM o-MitoPhB(OH)2 (for description of syn-
thesis see Subheading 3.1) in DMSO.

2.3 Cell Extraction

Components

1. Cell lysis buffer: 10 ml DPBS containing 0.1% Triton X-100
spiked with 1 μM mixture of internal standards, place on ice
(can be stored at 4 �C) (see Note 2).

2. 100 ml of ice-cold acetonitrile containing 0.1% (v/v)
formic acid.

3. 10 ml of ice-cold acetonitrile containing 0.1% (v/v) formic acid
and 1 μM mixture of internal standards, place on ice (can be
stored for a short term at 4 �C).

4. Protein assay reagent (Bradford reagent).

5. BSA in lysis buffer: 20 mg/ml BSA. Prepare a series of BSA
solutions by serial dilutions with the final concentrations of 0.5,
1.0, 1.5, 2, 3, 4, 5, 7, and 10mg/ml. Keep the solutions on ice.

2.4 HPLC Analysis

Components

1. HPLC mobile phase: 0.1% formic acid in water (mobile phase
A) and 0.1% formic acid in acetonitrile (mobile phase B) (see
Note 3).

2. Solution of o-MitoPhNO2 (50 mM) in DMSO (see Note 4).
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3. Solution of o-MitoPhB(OH)2 (50 mM) in DMSO.

4. Solution of o-MitoPhOH (50 mM) in DMSO (see Note 4).

5. Solution of cyclo-o-MitoPh (50 mM) in DMSO (see Note 5).

6. Water–acetonitrile (3:1) mixture containing 0.1% (v/v) formic
acid, spiked with 1 μM mixture of the internal standards. This
will be a solvent for preparation of standards for HPLC
calibration.

7. Mixture of the standards of o-MitoPhB(OH)2, o-MitoPhOH,
and o-MitoPhNO2 and cyclo-o-MitoPh (0.1 mM each) in
water–acetonitrile (3:1) solvent containing 0.1% formic acid
spiked with 1 μM mixture of the internal standards. Prepare
serial dilutions down to 1 nM concentration. Use the solvent
for standards prepared in the previous step.

3 Methods

3.1 Preparation

of o-MitoPhB(OH)2

1. The preparation of the o-MitoPhB(OH)2 probe should be
carried out inside a hood with well-working ventilation!

2. Prepare a solution of triphenylphosphine (1.048 g, 4.0 mmol)
in anhydrous diethyl ether (30 ml).

3. Add 2-(bromomethyl)phenylboronic acid (0.856 g, 4.0 mmol)
with constant stirring under argon atmosphere.

4. Stir the reaction mixture for 46 h (using magnetic stirrer) at
room temperature under argon atmosphere.

5. A crystalline precipitate of bromide salt of o-MitoPhB(OH)2
should be obtained.

6. Filter the suspension. Keep the solid and discard the filtrate.

7. Wash the solid with anhydrous diethyl ether (30 ml). Filter the
suspension again and keep the solid.

8. Dissolve the solid in dichloromethane (in a minimum volume,
<5 ml) and precipitate the compound back by addition of
diethyl ether (1:10). Filter the powder and keep the solid.
Repeat this step once more.

9. Leave the solid to dry. A white powder should be obtained with
the melting point of 225–226 �C. Test the identity and purity
of the synthesized probe (see Note 6).

3.2 Cell Incubation

with the Probe

1. Prepare the cells according to the experimental conditions to
be tested for peroxynitrite formation (see Note 1).

2. Add o-MitoPhB(OH)2 to obtain the final concentration of
50 μM (see Notes 7 and 8).

3. Incubate the cells for 1 h.
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4. Collect an aliquot of the medium (0.1 ml) in 1.5 ml micro-
centrifuge tube and freeze in liquid nitrogen.

5. Remove the rest of medium and wash the cells twice with
ice-cold DPBS.

6. Add 1 ml of ice-cold DPBS and harvest the cells, place the cell
suspension in 1.5 ml microcentrifuge tube and spin down the
cells by quick centrifugation. Remove the supernatant and
freeze the cell pellet in liquid nitrogen.

7. Frozen cell pellets and media can be stored at �80 �C for at
least 1 week before analysis.

3.3 Extraction

of the Products

3.3.1 Cell Pellets

1. Preload one set of 1.5 ml microcentrifuge tubes with 0.1 ml of
0.1% formic acid in acetonitrile and place on ice.

2. Preload a second set of 1.5 ml microcentrifuge tubes with
0.1 ml of 0.1% formic acid in water and place on ice.

3. Prepare a clear-bottom 96-well plate for protein assay and place
on ice.

4. Place the tubes with frozen cell pellets on ice.

5. Add 0.2 ml of the lysis buffer spiked with a mix of internal
standards (1 μM each) and lyse the cells by 10 syringe strokes
using a 0.5 ml insulin syringe with the needle 28 Gauge �
0.5 in. (0.36 mm � 13 mm).

6. Transfer 0.1 ml of the cell lysates into the tubes containing
ice-cold 0.1% formic acid in acetonitrile, vortex for 10 s, and
place on ice. Transfer 3 � 2 μl of the cell lysate aliquots into
3 wells on 96-well plate for the protein assay.

7. Incubate the mixtures of cell lysates with acetonitrile for 30min
on ice.

8. During incubation measure the protein concentration in the
cell lysates using Bradford assay and plate reader with absorp-
tion detection (see Note 9).

9. Vortex the tubes again for 5 s and centrifuge for 30 min at
20,000 � g at 4 �C.

10. Place the tubes back on ice and transfer 0.1 ml aliquots of the
supernatants into the second set of tubes, containing 0.1%
formic acid in water.

11. Vortex the tubes for 5 s and centrifuge for 15 min at
20,000 � g at 4 �C.

12. Transfer 0.15 ml of the supernatants into HPLC vials pre-
loaded with conical inserts, seal the vials and place on ice.
Once all solutions have been transferred, place the vials in
HPLC autosampler precooled to 4 �C.
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3.3.2 Media 1. Preload one set of 1.5 ml microcentrifuge tubes with 0.1 ml of
0.1% formic acid in water and place on ice.

2. Place the tubes with frozen media on ice.

3. Add 0.1 ml of the ice-cold 0.1% formic acid in acetonitrile
spiked with internal standards (1 μM each) to each tube, vortex
for 10 s, and place on ice.

4. Incubate the mixtures of media with acetonitrile for 30 min
on ice.

5. Vortex the tubes again for 5 s and centrifuge for 30 min at
20,000 � g at 4 �C.

6. Place the tubes back on ice and transfer 0.1 ml aliquots of the
supernatants into the tubes containing 0.1% formic acid in
water.

7. Vortex the tubes for 5 s and centrifuge for 15 min at
20,000 � g at 4 �C.

8. Transfer 0.15 ml of the supernatants into HPLC vials pre-
loaded with conical inserts, seal the vials and place on ice.
Once all solutions have been transferred, place the vials in
HPLC autosampler precooled to 4 �C.

3.4 HPLC-MS/MS

Analysis

of the Extracts

1. Install the column Kinetex Phenyl-Hexyl 50 mm � 2.1 mm,
1.7 μm (Phenomenex) in the HPLC-MS/MS system. The
column should be equipped with a UHPLC column filter or
guard column to extend the column lifetime.

2. Equilibrate the column with the mobile phase (75% of mobile
phase A and 25% mobile phase B).

3. Setup the HPLC-MS/MS method and detection parameters
according to Tables 1 and 2, respectively (see Note 10).

4. Test the system by three injections of standards (10 μM) for the
reproducibility of retention times and peak intensities for all
analytes and internal standards, as shown in Fig. 2.

5. Run the analysis of the batch of samples.

6. Include the system and column wash with water–methanol
(1:1) mixture at the end of batch.

7. Quantify each analyte based on the specific MRM transitions
and calibration curves constructed in the concentration range
relevant to the samples analyzed (see Note 11).

8. When appropriate, normalize the concentrations of analytes to
the protein levels in cell lysates, as determined by Bradford
method.

9. Increase in peak intensities of both o-MitoPhOH, cyclo-o-
MitoPh, and o-MitoPhNO2 (Fig. 3) indicates formation of
ONOO�, while formation of o-MitoPhOH, but not o-
MitoPhNO2 (Fig. 4) indicates the presence of other oxidants,
most commonly H2O2 (see Note 12).
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4 Notes

1. The medium used may be selected according to experimental
design, and cell culture needs. However, it is preferred that
when monitoring extracellular ONOO� and/or H2O2, the
components of the medium capable of scavenging those oxi-
dants should be avoided, if possible. For example, pyruvate in
the medium may efficiently compete with boronate probes for
H2O2.

Table 1
HPLC method parameters

Flow rate 0.5 ml/min

Gradient 0 min 75% A 25% B
2 min 68.3% A 31.7% B
4 min 0% A 100% B
4.5 min 0% A 100% B
5 min 75% A 25% B

Diverter valve 0 min Waste
1.0 min Detector
4.0 min Waste

Table 2
MS/MS detection parameters

Analyte
Dominant MRM
transition

Reference MRM
transition

Reference MRM to dominant
MRM intensities ratio

Retention
time (min)

o-MitoPhB
(OH)2

397.00 > 135.00 397.00 > 379.05 0.8 1.61

o-MitoPhB
(OH)2-d15

412.20 > 117.10 412.20 > 135.10 0.55 1.57

o-MitoPhOH 369.00 > 107.10 369.00 > 183.05 0.4 1.95

o-MitoPhOH-
d15

384.10 > 278.10 384.10 > 107.10 1.0 1.90

o-MitoPhNO2 397.90 > 262.05 397.90 > 351.10 0.25 2.13

o-MitoPhNO2-
d15

413.10 > 277.15 413.10 > 113.00 0.85 2.08

Cyclo-o-MitoPh 351.10 > 183.05 351.10 > 165.05 0.7 2.15

o-MitoPhCH3 367.00 > 105.05 367.00 > 79.05 0.1 2.78
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2. Internal standards for o-MitoPhB(OH)2, o-MitoPhOH, and
o-MitoPhNO2 are their isotopologs containing deuterated tri-
phenylphosphonium moiety (Fig. 2). These are not commer-
cially available but can be synthesized in analogous ways as o-
MitoPhB(OH)2, o-MitoPhOH, and o-MitoPhNO2, (see Note
4, for description of synthesis of o-MitoPhB(OH)2 see Sub-
heading 3.1), but starting with commercially available triphe-
nylphosphine-d15. As cyclo-o-MitoPh is not synthesized from
triphenylphosphine, we do not have deuterated isotopolog for
use as an internal standard. Instead, we use (2-methylbenzyl)
triphenylphosphonium (o-MitoPhCH3) as an internal standard
for cyclo-o-MitoPh (Fig. 2).

3. LC-MS (preferably UHPLC-MS) grade solvents and formic
acid should be used. After preparation, mobile phase should
be passed through a 0.2 μm filter. Prepare only the amount of
mobile phase, which is necessary for the experiment. Do not
store the mobile phase for longer than 2–3 days to avoid any
growth of the biological matter.

4. The standards of the products o-MitoPhOH and
o-MitoPhNO2 are commercially available, but can be also
synthesized. The phenolic product can be prepared by allowing

Fig. 2 HPLC-MS/MS detection of o-MitoPhB(OH)2, o-MitoPhOH, cyclo-o-MitoPh, and o-MitoPhNO2. The
chromatograms have been obtained with the described method by injection of 20 μl of the mixture of o-
MitoPhB(OH)2, o-MitoPhOH, cyclo-o-MitoPh, and o-MitoPhNO2 (solid symbols) and corresponding internal
standards (open symbols) (1 μM each). For each compound two MRM transitions are shown: dominant (solid
lines) and reference (dashed lines). HPLC-MS/MS traces were recorded using the parameters shown in
Table 2. The traces have not been scaled and thus represent the actual intensities of each MRM transition in
the equimolar mixture
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Fig. 3 HPLC-MS/MS analysis of the extracts of RAW 264.7 macrophages activated to produce peroxynitrite. To
produce peroxynitrite RAW 264.7 cells were pretreated overnight with interferon γ (IFN, 50 U/ml) and
lipopolysaccharide (LPS, 1 μg/ml) followed by addition of PMA (1 μM) in the presence or absence of
diphenyleneiodonium (DPI, 1 μM). During stimulation with PMA, o-MitoPhB(OH)2 (50 μM) was present and
incubated for 1 h. Cell pellets were collected and processed as described in the protocol. The intensities of o-
MitoPhOH were multiplied by a factor of 10 and intensities of cyclo-o-MitoPh and o-MitoPhNO2 were
multiplied by 200 and 2000, respectively, to fit the same scale as of o-MitoPhB(OH)2. Solid lines represent
the dominant transitions used for quantification and the dashed lines represent the reference transitions used
for confirmation of peak identity

Fig. 4 HPLC-MS/MS analysis of the media of neutrophil-like cells activated to produce hydrogen peroxide. To
produce hydrogen peroxide, HL60 cells differentiated for 4 days with all-trans retinoic acid were stimulated
with PMA (1 μM) in the presence and absence of catalase (1 kU/ml) and cotreated with o-MitoPhB(OH)2.
Aliquots of media were collected after 30 min and processed and analyzed as described in the protocol. The
intensities of o-MitoPhOH were multiplied by a factor of 5 and intensities of o-MitoPhNO2 were multiplied by
1000, to fit the same scale as of o-MitoPhB(OH)2
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o-MitoPhB(OH)2 to react with hydrogen peroxide, followed
by addition of catalase to remove excess H2O2. The nitrated
product can be synthesized in an analogous protocol as
described for o-MitoPhB(OH)2, but starting with
2-nitrobenzyl bromide instead of
2-(bromomethyl)phenylboronic acid.

5. Cyclo-o-MitoPh is not commercially available should be synthe-
sized according to the published method [21]. If only small
amounts of cyclo-o-MitoPh are needed, it may be also produced
by reacting o-MitoPhB(OH)2 with ONOO�, followed by
HPLC-based purification. The identity of the isolated fraction
and the extent of contamination by o-MitoPhNO2 need to be
determined. In our experience, sufficient chromatographic res-
olution between the peaks of cyclo-o-MitoPh and o-
MitoPhNO2 can be obtained using Raptor Biphenyl column
(Restek, Bellefonte, PA, USA; 100 mm � 2.1 mm, 2.7 μm).

6. Purity of synthesized o-MitoPhB(OH)2 should be tested by
HPLC and the compound repurified, if needed. The identity
should be confirmed by NMR [20, 26] and HRMS
(C25H23BO2P

+, m/z ¼ 397.1535) [19, 20] analyses.

7. The concentration of o-MitoPhB(OH)2 used for probing of
ONOO� should be chosen so as it does not interfere with
mitochondrial function. We did not observe significant effects
of 50 μM o-MitoPhB(OH)2 on the rate of oxygen consump-
tion by RAW 264.7 cells or MiaPaCa-2 pancreatic cancer
cells [25].

8. When exposing cells to o-MitoPhB(OH)2 it is preferred to add
the medium containing the probe, rather than directly adding a
solution of concentrated o-MitoPhB(OH)2 in DMSO, to avoid
local exposure of cells to high concentrations of DMSO.

9. If plate reader with absorption detection is not available, pro-
tein measurements can be carried out using regular spectro-
photometer. The volume of cell lysate needed for the assay may
be higher, depending on the volume of the
spectrophotometer cell.

10. To protect the detector, only portion of eluate is flowed into
mass detector. This is achieved by using a diverter valve, which
directs the flow into waste before 1 min and after 4 min after
injection. Between 1 min and 4 min the flow is directed into
the detector and the signals recorded.

11. For each compound two MRM transitions (pairs of parent
ion/daughter ion) are recorded. The primary (dominant) tran-
sition is used for quantification, while the secondary (refer-
ence) transition is used for confirmation of the identity of the
analyte. If the ratio of reference to dominant MRM transitions
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(Table 2) is outside the range allowed (typically �30%), the
peak is rejected and not used for quantification. Due to similar
m/z values of o-MitoPhB(OH)2 and o-MitoPhNO2, there is a
small peak of the boronate appearing in the channel of the nitro
derivative (Fig. 2, a peak at 1.55 min), which may show up as
the dominant peak, when o-MitoPhB(OH)2 is in high excess
comparing to o-MitoPhNO2 (Fig. 3). This peak is not, how-
ever, observed in the reference channel, exemplifying the use-
fulness of the reference transitions for peak identification.

12. The identity of the oxidizing species can be tested by applica-
tion of specific inhibitors and/or scavengers and/or identifica-
tion of ONOO-specific products (13;15). Confirmation of
peroxynitrite involvement may be obtained by testing the
inhibitory effects of inhibitors of nitric oxide synthase, for
example L-NAME [18, 20]. Detection of ONOO� marker
products, cyclo-o-MitoPh and o-MitoPhNO2, is sufficient to
confirm the involvement of ONOO� in probe oxidation
[21], as shown in Fig. 3. The inhibitory activity of catalase on
the yield of o-MitoPhOH and the lack of formation of o-
MitoPhNO2 (Fig. 4) indicates the involvement of H2O2 and
not ONOO� in probe oxidation.
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Chapter 21

Mitochondrial Coenzyme Q10 Determination Via Isotope
Dilution Liquid Chromatography–Tandem Mass
Spectrometry

Erik Hedman and Outi Itkonen

Abstract

Coenzyme Q10 (CoQ10) is an essential part of the mitochondrial respiratory chain. Here, we describe an
accurate and sensitive liquid chromatography tandem mass spectrometry (LC-MS/MS) method for deter-
mination of mitochondrial CoQ10 in isolated mitochondria. In the assay, mitochondrial suspensions are
spiked with CoQ10-[

2H9] internal standard (IS), extracted with organic solvents and CoQ10 quantified by
LC-MS/MS using multiple reaction monitoring (MRM).

Key words Ubiquinone, Coenzyme Q10, Isotope dilution, LC-MS/MS, Mitochondrial disease

1 Introduction

Coenzyme Q10 (CoQ10), also called ubiquinone, is an essential
part of the mitochondrial respiratory chain. The high transfer
energy containing electrons of NADH and FADH2 formed in the
glycolysis, fatty acid oxidation, and the citric acid cycle are trans-
ferred to O2 by the respiratory chain in a process called oxidative
phosphorylation (OXPHOS). In this way, the energy in the diet is
transformed to adenosine triphosphate (ATP) for cellular functions
[1]. In the respiratory chain, CoQ10 transfers reducing equivalents
from respiratory complexes I and II to complex III [2]. Apart from
its role in the respiratory chain, CoQ10 also allows protons to be
extruded from the mitochondrial matrix to the intermembrane
space [3], acts as pro- or antioxidant [4], has a role in pyrimidine
biosynthesis [5] and modulates apoptosis [6].

Disorders in OXPHOS chain cause lack of energy in cells and
tissues resulting in heterogeneous symptoms in the patient.
Patients with primary and secondary CoQ10 deficiency have been
reported [7–11]. There are no curative treatments for OXPHOS
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disorders. However, some patients with CoQ10 deficiency benefit
from substitution of CoQ10 [12, 13], the treatment with CoQ10 is
also relatively cheap and lacks severe side effects. CoQ10 quantifica-
tion may be used to aid in diagnosis of mitochondrial CoQ10

deficiency and to identify patients for potentially effective substitu-
tion therapy [14].

The reported assays for CoQ10 in biological samples are based
on liquid chromatography (LC) with ultraviolet (UV) [15–18],
electrochemical (EC) [19–23], mass spectrometric (MS) [24], tan-
dem mass spectrometric (MS/MS) [25–30], and high resolution
mass spectrometric (HRMS) detection [31]. Most techniques have
also been used to simultaneously determine the reduced and the
oxidized form of CoQ10 [19, 23, 28, 31]. The highest sensitivity
and specificity are reached by LC-MS/MS technology employing
an isotopically labeled internal standard [27, 31, 32].

2 Materials

Always use reagents of the highest analytical quality and deionized
water with a resistance of 18 MΩ at +25 �C. The performance of
the analytical balance, spectrophotometer, and the LC-MS/MS
instrument should be assured either by an external quality assur-
ance scheme or by the procedures of the respective instrument
manufacturer.

2.1 Mitochondrial

Isolation

1. Homogenizing buffer: 100 mM KCl, 50 mM KH2PO4,
50 mM Tris(hydroxymethyl)amino methane, 5 mM MgCl2,
1.8 mM ATP, 1 mM (EDTA), pH 7.2. Weigh 1.86 g KCl
(p.a.), 1.70 g potassium dihydrogen phosphate, 1.51 g Tris
(hydroxymethyl)-amino methane, 0.254 g magnesium chlo-
ride hexahydrate, 0.101 g ethylenediaminetetraacetic acid
(EDTAx2H2O), dipotassium salt, and 0.248 g adenosine-5-
0-triphosphate, disodium salt. Add 200 mL of water into a
250 mL beaker. Under mixing with a magnetic stirrer, add
the weighed reagents. Adjust the pH to 7.2 with 1 M HCl.
Transfer the solution into a volumetric flask and make up to
250 mL with water. Mix well. Store in 3 mL aliquots at�20 �C
in plastic vials. Use within a year.

2. Resuspension solution: 250 mM sucrose, 15 mM KH2PO4,
2 mM MgAc2, 0.5 mM EDTA, 0.5 g/L albumin, pH 7.2.
Weigh 0.25 g human albumin (essentially fatty acid free) and
put aside (seeNote 1). Weigh 42.8 g sucrose, 1.02 g KH2PO4,
0.215 g magnesium acetate tetrahydrate, and 0.101 g
EDTAx2H2O, dipotassium salt. Add 400 mL of water into a
500 mL beaker. Under stirring with a magnetic stirrer, add the
weighed reagents except albumin (see Note 1). Adjust the pH
to 7.2 with 5 M KOH. Add albumin to the solution and stir
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until dissolved. Transfer the solution into a volumetric flask and
make up to 500 mL with water. Mix well. Store in 4 mL
aliquots at �20 �C in plastic vials. Use within a year.

3. Cooled (+4 �C) centrifuge for Eppendorf tubes with a speed up
to 15,000 � g.

4. Homogenizer (60 rpm), Potter-Elvehjem homogenizer tube
(inner diameter 8.0 mm, frosted walls) with a Teflon pestle
(diameter 7.8 mm).

2.2 Assay of CoQ10 1. Spectrophotometer and quartz cuvettes.

2. CoQ10 calibrator stock solution: 400–700 μmol/L (μM). Pre-
pare a stock solution by weighing 20–30 mg of CoQ10. Make
up to 50 mL in a volumetric flask with chloroform (p.a.) and
mix thoroughly (see Note 2). The actual CoQ10 concentration
of the stock solution is calculated based on the molar absorp-
tivity of CoQ10. Set the spectrophotometer at 275 nm. Blank
with chloroform. Read the absorbance of the CoQ10 solution
and calculate the concentration (see Note 3). Divide into
1.5 mL aliquots into glass (borosilicate) vials and store at
�80 �C.

3. Working calibrators: Prepare a 1000 nM working calibrator by
diluting the stock solution with mobile phase A (see item 13
below) in a 50 mL volumetric flask (see Note 4). Mix well.
Divide into 1.5 mL aliquots into glass (borosilicate) vials and
store at�80 �C. Other working calibrators are prepared freshly
into Eppendorf tubes as follows:

500 nM, mix 250 μL of 1000 nM solution and 250 μL of
mobile phase A,

250 nM, mix 250 μL of 1000 nM solution and 750 μL of
mobile phase A,

100 nM, mix 100 μL of 1000 nM solution and 900 μL of
mobile phase A,

10 nM, mix 100 μL of 100 nM solution and 900 μL of mobile
phase A,

1 nM, mix 100 μL of 10 nM solution and 900 μL of mobile
phase A.

4. Stable isotope-labeled internal standard (IS): Prepare a 1.2 mM
(1 g/L) stock solution of IS (CoQ10-[

2H9] in chloroform).
Mix well (see Note 2). Store as 1.5 mL aliquots in glass vials at
�80 �C. Prepare a 0.5 μM IS working solution in mobile phase
A by diluting 10.4 μL of IS stock solution to 25 mL in a
volumetric flask. Store as 1.0 mL aliquots in Eppendorf tubes
at �80 �C.

5. Ethanol–hexane (2 + 5): Mix 80 mL of ethanol and 200 mL of
hexane.
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6. Multitube vortexer.

7. Sample concentrator SBH CONC/1.

8. Block heater SBH 130D/3.

9. Freeze bath, Lauda ECO Silver RE1050.

10. Ultrahigh-performance liquid chromatograph with a binary
pump, degasser, column oven (+60 �C) and autosampler.

11. Triple quadrupole mass spectrometer with an electrospray ion
source (we use an Xevo TQ-S with electrospray ionization ion
source from Waters).

12. Acquity UPLC™ BEH C18 analytical column (we use a
2.1 � 100 mm, 1.7 μM particle size from Waters).

13. Mobile phase A, 82% (v/v) methanol, 18% 1-propanol con-
taining 500 μM ammonium acetate. Mix 205 mL of methanol
(MS grade), 45 mL of 1-propanol and 125 μL of 1 M ammo-
nium acetate (see Note 5).

14. Mobile phase B, 50% methanol, 50% 1-propanol containing
500 μM ammonium acetate. Mix 125 mL of methanol
(MS grade), 125 mL of 1-propanol, and 125 μL of 1M ammo-
nium acetate.

2.3 Assay of Citrate

Synthase Activity

1. Triton X-100 solution: 2% Triton X-100 (v/v). Let Triton
X-100 reach room temperature. Add approx. 20 mL water to
a 25 mL volumetric flask. Transfer 500 μL Triton X-100 to the
flask (seeNote 6). Add water up to 25 mL and mix on magnetic
stirrer for 10 min. Transfer the solution to a tinted glass bottle.
May be stored refrigerated up to 1 month.

2. Homogenization buffer: 53 mM KH2PO4, 1.05 mM EDTA.
Dissolve 1.79 g KH2PO4 and 0.105 g EDTA-K2 in 200 ml of
water. Adjust pH to 7.5 with 5 M KOH and add up water to
250 mL. Store 2.85 mL aliquots of the solution at �20 �C for
up to 1 year.

3. Homogenization buffer with Triton X-100: 50 mM KH2PO4,
1 mMEDTA, 0.1% Triton X-100 (v/v). Add 150 μL 2% Triton
X-100 to one tube of Homogenization buffer. Prepare on the
day for use.

4. Pre CS-A: Tris 120 mM; 5,50-dithiobis(2-nitrobenzoic acid)
(DTNB) 0.48 mM. Dissolve 2.9 g Tris(hydroxymethyl)-
aminomethane in approx. 180 mL of water. Adjust pH to 8.1
with 5 M HCl. Add 38 mg DTNB and adjust to a final volume
of 200 mL with water (see Note 7). Mix and store in 2.5 mL
aliquots at �20 �C for up to 1 year.

5. Acetyl-CoA 1.2 mM: Work in ice bath. Dissolve 25 mg of
Acetyl-CoA in 21.7 mL of water. Mix the solution with mag-
netic stirrer. Store in 500 μL aliquots at �20 �C for up to
1 year.
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6. CS-A: Tris 100 mM; DTNB 0.40 mM; acetyl-CoA 0.2 mM.
Mix one tube of Pre CS-A and one tube of acetyl-CoA 1.2 mM.
Prepare on the day for use. Must be used within 2 h.

7. CS-B: Oxaloacetate 12.5 mM. Weigh 2–3 mg oxaloacetate in a
tube. Add water to a concentration of 1.65 mg oxaloacetate/
mL. Mix. Prepare on the day for use.

8. Automated filter photometer. In our laboratory we use the
Indiko™ clinical chemistry system from ThermoFisher
Scientific.

3 Methods

3.1 Isolation

of Mitochondria

For isolation of mitochondria, use published standard procedures
like that described for muscle samples in [33] (see Note 8).

1. Homogenize the muscle sample (roughly 100 mg of tibialis
anterior) for 4 min in a homogenizer fitted with a Teflon pestle.
Use a volume (μL) of homogenizing buffer that corresponds to
muscle weight (mg) � 20 (minimum 700 μL) (see Note 9).

2. Centrifuge first the homogenate for 3 min at 650 � g and then
the supernatant for 3 min at 15,000 � g.

3. Wash the pelleted mitochondria with 300 μL of homogenizing
buffer, centrifuge for 3 min at 15,000 � g and resuspend the
pellet in resuspension solution in a volume (μL) corresponding
to muscle weight (mg) � 4 (minimum 200 μL) (see Notes 10
and 11). The mitochondrial suspension is stored in 10 μL
aliquots at �80 �C until assay (see Note 12).

3.2 Sample

and Calibrator

Preparation

1. Dilute 10 μL of the mitochondrial suspension with 240 μL of
water (see Note 13).

2. Transfer 100 μL of calibrators and diluted mitochondrial solu-
tion into 10 mL glass tubes (see Note 14).

3. Add 20 μL of IS working solution and vortex-mix. Calibrators
are now ready for analysis.

4. ToQA and patient samples, add 300 μL of 1-propanol andmix.

5. Centrifuge at 10,000 � g for 2 min at room temperature.

6. Transfer 350 μL of the upper phase into 10 mL glass tubes.

7. Add 3 mL of ethanol–hexane (2 + 5) and vortex-mix for 3 min
in a multitube vortexer.

8. Add 4 mL of water and turn the glass tubes upside down
5 times.

9. Let the tubes stand for 15 min at room temperature.

10. Let the tubes stand in the freeze bath for 10 min at �35 �C.
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11. Transfer the upper phase into clean glass tubes. Evaporate to
dryness under a flow of nitrogen at +37 �C (see Note 15).

12. Dissolve the residue in 100 μL of mobile phase A and transfer
into autosampler vials.

3.3 LC-MS/MS

Analysis

1. Set up a chromatographic method with a flow rate of 600 μL/
min and the following gradient.
(a) t ¼ 0 min, B ¼ 1%

(b) t ¼ 0.40 min, B ¼ 1%

(c) t ¼ 2.00 min, B ¼ 40%

(d) t ¼ 2.50 min, B ¼ 99%

(e) t ¼ 2.85 min, B ¼ 99%

(f) t ¼ 2.86 min, B ¼ 1%

(g) t ¼ 3.50 min, B ¼ 1%

2. Set the column oven at +60 �C and adjust the injection volume
to 10 μL (see Note 16). The MS is operated in positive ion
mode with the ion source spray voltage at +3000 V, desolvation
gas temperature at +350 �C. The desolvation gas setting is
1200 L/h, cone gas 150 L/h, and collision gas (Ar) setting
0.15 mL/min. For MRM transitions, collision energy, capillary
voltage, and dwell times, see Table 1.

3. Equilibrate the LC system with mobile phase A and keep the
column at +60 �C for 20 min (seeNote 17). It is good practice
to do multiple injections of a system suitability test (SST)
before calibrators and patients’ samples are analyzed (see Note
18).

4. Inject the calibrators and extracted samples to the LC-MS/MS.
CoQ10 and the IS elute at a retention time of about 1.5 min.

3.4 Determination

of Citrate Synthase

Activity

The activity of citrate synthase (CS) is generally accepted as a matrix
enzyme and a marker for mitochondrial abundance in a sample.
Clinically, the most important application of CoQ10 assay is detec-
tion of CoQ10 deficiency of the respiratory chain. For this purpose,
normalization of the CoQ10 concentration in relation to CS activ-
ity, that is, mitochondrial abundance, is likely to reflect the available
CoQ10 content more accurately [27]; however, normalization with
protein as well as CS has also been proposed [7]. CS activity in the
sample is determined by following the reduction of 5,50-dithiobis
(2-nitrobenzoic acid) (DTNB) at 405 nm coupled to the reduction
of Coenzyme A in the presence of oxaloacetate [33]. Prior to the
CS assay the mitochondrial membranes are permeabilized by dilut-
ing the mitochondrial suspension in a hypotonic solution contain-
ing the detergent Triton X-100.
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3.4.1 Procedure 1. Load the reagents CS-A and CS-B in the instrument.

2. Prepare each sample by thawing a 10 μL aliquot of mitochon-
drial suspension and dilute it in 240 μL Homogenization
buffer with Triton X-100 solution.

3. Load the diluted samples in the instrument and start the assay.
(a) 20 μL of diluted sample is mixed with 125 μL CS-A and

95 μL water in a cuvette.

(b) The reaction mixture is incubated for 300 s in +37 �C.

(c) 10 μL of CS-B is added.

(d) After a lag phase of 60 s the reaction rate is registered
under 72 s at the wavelength 405 nm.

4. All samples are analysed in duplicate. The analysis time is
approx. 15 min for 10 samples.

5. The reaction rate before the addition of CS-B is basically negli-
gible, and no blank correction is made.

3.5 Calculation

of the Results

3.5.1 CoQ10

Review peak integration and construct a calibration curve based on
the ratio of the peak areas of CoQ10 and IS using 1/x2 weighted
linear least-squares regression by the instrument software (see
Notes 19 and 20).

3.5.2 Citrate Synthase The reaction rate is registered as Δ absorbance/min (typically 0.05
abs/min). The citrate synthase activity is calculated by multiplying
the reaction rate with a factor 22,978 to achieve the final result with
the unit μM/min/L (U/L) (see Note 21).

4 Notes

1. The pH of the solution is low before adjustment. To prevent
albumin denaturation, first adjust the pH to 7.2 and then add
albumin.

2. We found it important to dissolve the stock calibrator into
chloroform because CoQ10 showed poor solubility in
1-propanol. Especially at �20 �C CoQ10 tends to precipitate
in 1-propanol but not in chloroform.

Table 1
MRM transitions used for quantification of CoQ10 and internal standard

Analytes MRM transition (m/z) Dwell time (s) CV (V) CE (V)

CoQ10 (target) 863.8 ! 197.0 0.1 12 30

CoQ10 (qualifier) 863.8 ! 109.0 0.1 12 38

CoQ10-[
2H9] (IS) 872.9 ! 206.1 0.1 44 34

CV capillary voltage, CE collision energy
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3. Calculate the concentration of CoQ10 according to the equa-
tion c (M)¼ A275 nm/(ε� l), where A275 nm is the absorbance,
ε is 14.3 mM�1 cm�1 (the molar absorptivity of CoQ10), and
l is the sample path length (cm).

4. The volume of the stock solution to be diluted is calculated
according to the equation: Stock solution volume
(mL) ¼ 1 μM � working calibrator volume (mL)/stock solu-
tion concentration (μM).

5. To ensure efficient mixing of the mobile phases it is important
that also mobile phase A contains 1-propanol.

6. If possible, use a positive displacement pipette. Wipe the out-
side of the pipette tip clean before final transfer! Push out
Triton X-100 under the water surface in the flask. Aspire and
dispense below the water surface a few times to rinse pipette
inside.

7. Make sure that pH has been adjusted before DTNB is added to
the Tris-solution!

8. Enriched mitochondria from any tissue or cell line can be used
for the CoQ10 assay. The present procedure has been opti-
mized for isolation of muscle mitochondria.

9. Avoid foaming and high pressure during homogenization.

10. All reagents and materials are cooled and kept ice-cold during
the entire isolation procedure.

11. Practically all mitochondrial CoQ10 is oxidized during sample
pretreatment and no ubiquinol oxidation is needed for quanti-
fication of total CoQ10 in isolated mitochondria [27].

12. Mitochondrial CoQ10 is stable for several years at �80 �C and
at least 4 weeks at �20 �C when stored in concentrated
(0.25 mg/μL) rather than in dilute suspensions [27].

13. A mitochondrial suspension corresponding to 0.01 mg wet
weight/μL is optimal for analysis of CoQ10 in human muscle
mitochondria. Different cells and tissues contain varying
amounts of mitochondria and therefore, optimal dilution
depends on the samples used and needs to be tested.

14. It is highly recommended to prepare your own quality assur-
ance (QA) samples to ascertain assay quality. Treat QA samples
identically to unknown samples.

15. For rapid evaporation of the solvents we recommend the Tur-
boVap® evaporator (Caliper Life Sciences) with the tempera-
ture set at +37 �C.

16. The MS settings are instrument dependent and must be
optimized.
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17. Proper equilibration of the LC column prior to analysis and a
thorough clean-up procedure after analysis is essential for
repeated high-quality analysis.

18. For accurate and repeatable analysis, always inspect the ion
source spray prior to analysis, run a blank sample and SST, for
example a calibrator or specifically prepared solution of the
analyte, and record the signal-to-noise ratio, response area
and retention time for each assay series.

19. The method linearity depends on the instrumentation and
should be validated in each laboratory. In our laboratory, the
linear range is 1–1000 nM (0.864–863 ng/mL) with an LOQ
of 0.8 nM (691 pg/mL) only slightly higher than the original
publication [27]. The mean mitochondrial CoQ10 concentra-
tion in quadriceps (vastus lateralis) muscle has been previously
reported to CoQ10/CS 1.7 nmol/U (95% CI 1.6–1.7 nmol/
U) [27]. However, we emphasize the importance of establish-
ing a laboratory specific reference range. In our laboratory, the
mean mitochondrial CoQ10/CS in tibialis anterior was
1.7 nmol/U (95% CI 1.2–2.4 nmol/U), n ¼ 51.

20. The automatically calculated results are expressed as nmol/L.
To express the result as nmol/Unit CS, the obtained result
(nM) must be multiplied by 25 (since the suspension was
diluted 25 times, step 1 in Subheading 3.2).

21. The factor 22,978 is calculated as 25 � 250 � 1000/13.6/20
where:
25 ¼ dilution factor of pretreated sample

250 ¼ final volume of assay mixture (μL)
1000 ¼ conversion between mmol and μmol

13.6 ¼ molar extinction coefficient for DTNB (mM�1 cm�1)

20 ¼ sample volume in the assay (μL).
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Chapter 22

Janus-Type Mesoporous Silica Nanoparticles for Sequential
Tumoral Cell and Mitochondria Targeting

Maria Rocio Villegas, Victoria Lopez, Verónica Rodrı́guez-Garcı́a,
Alejandro Baeza, and Marı́a Vallet-Regı́

Abstract

The development of nanoparticles has provided a powerful weapon in the fight against cancer due to the
discovery of their selective accumulation in tumoral tissues, known as enhanced permeation and retention
(EPR) effect (Peer et al, Nat Nanotechnol 2:751–760, 2007). Tumoral tissues require afastformation of
blood vessels to sustain this rapid growth.

Key words Nanomedicine, Janus nanoparticles, Sequential targeting, Mitochondria targeting, Anti-
tumoral therapy

1 Introduction

The development of nanoparticles has provided a powerful weapon
in the fight against cancer due to the discovery of their selective
accumulation in tumoral tissues, known as enhanced permeation
and retention (EPR) effect [1]. Tumoral tissues require a fast
formation of blood vessels to sustain this rapid growth. The accel-
erated angiogenesis is chaotically carried out yielding tumoral
blood vessels which present high porosity and tortuosity
[2]. Thus, when the nanoparticles reach the tumoral tissue, they
pass through these pores accumulating there, whereas they cannot
escape from healthy blood vessels. Additionally, tumoral tissues
usually present an inefficient drainage as a consequence of the
collapse of lymphatic vessels [3]. Therefore, the extravasated nano-
particles are not cleared from the tissue remain there during long
periods of time. This paramount discovery opened a new way to
deliver chemotherapeutic agents to malignant neoplastic tissues by
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loading them within nanometric carriers. Nanocarrier selectivity
against tumoral cells has been enhanced by the attachment of
targeting groups on their surface. These targeting agents are mole-
cules such as antibodies [4], aptamers [5], vitamins [6], peptides
[7], or synthetic small molecules [8], which bind specifically to
certain cell membrane receptors overexpressed by cancerous cells.
Interestingly, nanoparticles have also been functionalized with tar-
geting agents able to recognize cellular organelles which enhance
the efficacy of many chemotherapeutic drugs designed to act on
then [9]. Thus, nanoparticles decorated with cellular and organelle
targeting moieties have demonstrated improved capacity to destroy
tumoral cells [10]. Many of these designs involves the random
attachment of targeting agents on the particle surface, which
implies a lack of control in the amount and space location of each
targeting moiety. Recently, Ma and coworkers have studied in silico
what is the most efficient configuration of targeting agents in dual-
targeted nanocarriers concluding that Janus-type nanoparticles
yield the higher engulfment by cell membrane [11]. Here, we
have developed a robust methodology to asymmetrically decorate
the surface of mesoporous silica nanoparticles (MSN) with a cellu-
lar targeting agent (folic acid) in one hemisphere and a mitochon-
dria targeting group (triphenylphosphine) on the other side. The
presence of triphenylphosphine, which is a cationic group, leads to
an accumulation of nanoparticles on the highly negative mitochon-
dria membrane [12] These Janus nanoparticles (J-MSN) were
loaded with a potent cytotoxic drug, topotecan, and their thera-
peutic efficacy was evaluated using human prostate cancer cells
(LNCaP) because these cells overexpress folate-binding proteins
on their membrane [13]. Healthy preosteoblastic cells (MC3T3-
E1) were used as control due to their lower expression of folate
receptors. The results showed an enhanced selectivity and cytotoxic
capacity of the dual-targeted J-MSN in comparison with nanopar-
ticles functionalized with only one targeting moiety or none [14].

2 Materials

2.1 Solutions and

Buffers

1. EtOH (95%): 57 mL of EtOH (99%) in 3 mL distilled water.

2. PBS 1�: Add 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4,
and 0.24 g of KH2PO4 to 800 mL of distilled water. Then,
adjust pH to 7.4 through the addition of HCl. Finally, fill up to
1 L with distilled water.

2.2 Cell Lines and

Cell Culture Reagents

1. Mouse osteoblastic cell line MC3TE-E1 (subclone
4, CRL-2593; American Type Culture Collection,
Manassas, VA).
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2. Androgen-sensitive human prostate cancer cell line
(CRL-1740; American Type Culture Collection,
Manassas, VA).

3. α-Minimum essential medium (for MC3T3-E1 cell line),

4. Dulbecco’s modified Eagle’s medium (DMEM, for LNCaP
cell line).

5. Fetal bovine serum (FBS).

6. L-glutamine, 200 Mm, 100SX.

7. Antibiotic Antimycotic 100X.

8. 0.05% Trypsin–ethylenediaminetetraacetic acid 1� (0.05%
trypsin–EDTA 1�).

9. Trypan blue.

10. Solution of 40,6-diamidine-20-phenylindole dihydrochloride
(DAPI) is prepared at a concentration of 1–5 mg·mL�1 in
water. This solution is stored at 4 �C and protected from light.

11. Solution of MitoTracker Red FM is prepared at 1 mM in
anhydrous dimethylsulfoxide (DMSO). This solution is stored
at 4 �C, protected from light.

2.3 Cell Culture

Equipment

1. Evos FL cell imaging system equipped with three light-
emitting diode (LED) light cubes (λex [nm], λem [nm]): 40,6-
diamidine-20-phenylindole (DAPI; [257/44],[447/60], green
fluorescent protein (GFP; [470/22],[525/50]), and red fluo-
rescent protein (RFP; [531/40],[593/40]), from AMG
(Advance Microscopy Group).

2. Synergy 4 S4MFTA Multi-Detection Microplate Reader with
power supply for Biotek Laboratory Instruments
100-240VAC, 50/60 Hz,250 W.

3. Thermo Spectronic Unicam UV-510 UV–visible spectropho-
tometer (UV500Series, wavelength range 190–900 nm,
120–240 V, 50/60 Hz, 350vA).

4. Flow cytometer FACSCan (Becton Dickinson).

3 Methods

Carry out all procedures at room temperature, unless otherwise
specified.

3.1 MSN Synthesis

3.1.1 Synthesis of

APTES-FITC

To carry out cell internalization studies, MSN must be covalently
labeled with a fluorophore. So that, the first step of the synthesis is
the chemical link of the silica precursor (APTES, aminopropyl-
triethoxy silane) with FITC fluorophore (Fluorescein isocyanate)
(see Note 1).
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1. Dissolve a mass of 4 mg of FITC in 0.5 mL of EtOH and 10 μL
of APTES.

2. Stir the mixture with a magnetic stirrer for 2 h at 200 rpm.

3.1.2 Synthesis of MSN

Labeled with FITC

Once the fluorescein is covalently linked to APTES, the synthesis of
the mesoporous silica nanoparticles (MSN) is carried out. To create
the structure of ordered pores into the silica particles surfactant
CTAB (cetyltrimethylammonium bromide) is used (see Note 2).

1. Prepare 1.75 mL of alkaline aqueous solution of NaOH 2 M.

2. Pour 240 mL of deionized water and 1.75 mL of the previous
NaOH solution in a flask to create a reaction medium.

3. Dissolve 500 mg of CTAB in the alkaline aqueous medium
stirring for 15 min at 350 rpm and 80 �C in a magnetic stirrer.

4. Cover the flask opening with a septum.

5. In parallel, add the APTES-FITC agent previously synthesized
to 2.5 mL of tetraethylorthosilicate (TEOS) (see Note 3).

6. With the help of a syringe and a needle, add dropwise the
mixture obtained in step 5 in the flask of step 3 during
20 min without removing the septum cover. Prick the septum
with a needle in case of overpressure.

7. Once added this solution, continue stirring the mixture 2 h at
350 rpm and 80 �C (see Note 4).

8. Remove the septum and pour the content of the flask into
centrifuge tubes.

9. Centrifuge the centrifuge tubes for 10 min at 800 rpm and
25 �C.

10. Discard the liquid phase, add water and stir manually until
dispersion of particles.

11. Repeat step 9 and discard the liquid phase.

3.1.3 Removal of

Surfactant in MSN

The ordered pores will be used to load antitumor drugs. Therefore,
it is necessary to remove the surfactant which remains inside the
silica network.

1. Add 200 mg of NH4NO3 to 60 mL of EtOH (95%) solution
and stir until complete dissolution.

2. Add 200 mg of NH4NO3 to this solution and stir until com-
plete dissolution.

3. Add the nanoparticles prepared in Subheading 3.1.2 to this
solution and stir for 2 h at 300 rpm and 60 �C employing a
reflux condenser to avoid EtOH evaporation.

4. Pour the product in centrifuge tubes and centrifuge for 5 min
at 14,600 � g.
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5. Discard the liquid phase.

6. Repeat steps 1–6 twice more.

7. Add de-ionized water in the centrifuge tubes, stir manually
until dispersion of the particles and centrifuge again.

8. Discard the liquid phase.

9. Add pure EtOH in the Eppendorf tubes, stir manually until
redispersion of the particles and centrifuge again.

10. Repeat step 10.

11. Discard the liquid phase.

12. Dry the washed solid in a vacuum oven at room temperature
for 24 h.

The surface charge of nanoparticles is characterized by Zeta
potential, their size is measured by dynamic light scattering (DLS)
and scanning electron microscopy (SEM). The presence of residual
surfactant inside pores is determined by Fourier-Transform Infra-
red spectroscopy (FTIR), thermogravimetric analysis (TGA) and
N2 adsorption. (See Characterization Techniques).

3.2 Asymmetric

Functionalization of

MSN (Fig. 1)

3.2.1 Step 1: Attachment

of Amino Groups Employing

a Pickering Emulsion

Method (Fig. 2)

1. Add 4.4 mL of pure EtOH, 11.6 mL of milliQ water, 200 mg
of MSN synthesized in the previous step, and 2 mg of CTAB to
a Schlenk Tube with two nozzles.

2. Sonicate the Schlenk Tube 5 min.

3. Add 0.5 g of paraffin to the Schlenk Tube.

4. Heat the mixture at 70 �C in a water bath (point at which the
paraffin melts).

5. Once the paraffin is melted, heat the upper part of the tube
with a heater to ensure a uniform temperature.

6. When the tube is completely heated at 70 �C, place it quickly
on a Vortex stirrer for 80 s (see Note 5).

7. Then, place the Schlenk Tube under cold water so that the
paraffin droplets solidify embedding partially the nanoparticles.

8. Filter the mixture with a 0.45 μm nylon pore filter paper in a
Kitasato flask employing a vacuum pump.

9. Now, the exposed surface of MSN will be functionalized (steps
10–12).

10. Place the filtered paraffin mass in an Erlenmeyer flask together
with 14 mL of EtOH, 1.5 mL of NH3, and 0.5 mL of APTES
(see Note 6).

11. Put the flask in a in a Ecotron for 12 h at 150 rpm and 30 �C.

12. Repeat step 8.
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3.2.2 Paraffin Removal 1. Add paraffin/nanoparticles harvested in Subheading 3.2.1 to
100 mL of Heptane (a non-polar solvent) in a flask.

2. Sonicate the mixture 30 min.

3. Filter the mixture with a 0.45 μm nylon pore filter paper in a
Kitasato flask employing a vacuum pump.

4. Repeat steps 1–3 two more times.

5. Dry in a vacuum oven harvesting MSN-NH2.

3.2.3 Step 2: Attachment

of Carboxylic Acid Groups

1. Place 200 mg of dried MSN-NH2 and 40 mg of succinic
anhydride on a 25 mL two-neck flask with a magnet inside
and deoxygenate the flask (see Note 7).

2. Inject 10 mL of dry THF in the flask and stir the suspension
during 12 h under N2 atmosphere.

3. Filter the obtained nanoparticles with a 0.45 μm nylon pore
filter paper in a Kitasato flask employing a vacuum pump and
wash them with THF and water yielding MSN-CO2H.

3.2.4 Step 3: Attachment

of Amino Groups

1. Introduce 130 mg of MSN-CO2H in two-neck flask and deox-
ygenate the flask (see Note 7).

2. Inject 10 mL of dry toluene onto the flask and stir at 80 �C.

3. Once the temperature is reached, add 0.15 mL of APTES.

4. Set the temperature at 110 �C and stir the suspension
overnight.

5. Filter the obtained nanoparticles with a 0.45 μm nylon pore
filter paper in a Kitasato flask employing a vacuum pump and
wash them with toluene and ethanol yielding NH2-MSN-
CO2H.

Fig. 2 Attachment of amino groups on one hemisphere of MSN

Fig. 1 Asymmetrization process of MSN
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3.3 Attachment of

Targeting moieties on

NH2-MSN-CO2H

3.3.1 Attachment of Folic

Acid to Prepare Folic-MSN-

CO2H

1. Introduce 22 mg (50 mmol) of folic acid in a two-neck flask
with a magnet inside and remove the air (see Note 7).

2. Inject 2 mL of DMF–DMSO (4:1) solution in the two-neck
flask and stir until complete dissolution of folic acid.

3. Add to this flask 36 mg of DCC and 38 mg of NHS previously
dissolved in 0.5 mL of deoxygenated DMF–DMSO (4:1) mix-
ture and stir during 30 min at room temperature under N2

atmosphere.

4. Add the solution obtained in the previous step in a two-neck
flask which contains 50 mg of NH2-MSN-CO2H suspended in
3 mL of deoxygenated DMF–DMSO (4:1).

5. Stir the resulting suspension under N2 atmosphere overnight.

6. Filter the obtained nanoparticles with a 0.45 μm nylon pore
filter paper in a Kitasato flask employing a vacuum pump and
wash them with DMF–DMSO (4:1), water and acetone yield-
ing Folic-MSN-CO2H.

3.3.2 Attachment of

Triphenylphosphine to

Prepare H2N-MSN-TPP

1. Mix 12 mg of DCC, 13 mg of NHS, and 100 mg of
H2N-MSN-CO2H in a two-neck flask with a magnet and
deoxygenate the flask (see Note 7).

2. Add 2 mL of dry DMF and stir the suspension during 15 min
under N2 atmosphere at room temperature.

3. Add 5 μL of DIPEA to this suspension and after that, inject
41 mg of TPP derivative (synthesized according with the pro-
tocol described elsewhere12) previously dissolved in 0.5 mL of
deoxygenated DMF.

4. Stir the mixture overnight under N2 atmosphere.

5. Filter the obtained nanoparticles with a 0.45 μm nylon pore
filter paper in a Kitasato flask employing a vacuum pump and
wash them with DMF, water and acetone yielding H2N-MSN-
TPP.

3.3.3 Synthesis of Dual-

Targeted Nanoparticles

Folic-MSN-TPP

1. Introduce 22 mg (50 mmol) of folic acid in a two-neck flask
with a magnet inside and remove the air (see Note 7).

2. Inject 2 mL of DMF–DMSO (4:1) solution in the two-neck
flask and stir until complete dissolution of folic acid.

3. Add to this flask 36 mg of DCC and 38 mg of NHS previously
dissolved in 0.5 mL of deoxygenated DMF–DMSO (4:1) mix-
ture and stir during 30 min at room temperature under N2

atmosphere.

4. Add the solution obtained in the previous step in a two-neck
flask which contains 50 mg of H2N-MSN-TPP in 3 mL of
DMF–DMSO (4:1).

5. Stir the resulting suspension under N2 atmosphere overnight.

Janus-Type Mesoporous Silica Nanoparticles for Sequential Tumoral Cell. . . 347



6. Filter the obtained nanoparticles with a 0.45 μm nylon pore
filter paper in a Kitasato flask employing a vacuum pump and
wash them with DMF–DMSO (4:1), water and acetone yield-
ing Folic-MSN-TPP.

The surface charge of nanoparticles is characterized by Zeta
potential. Their size is measured by dynamic light scattering (DLS).
Asymmetrization process is evaluated following the change in sur-
face charge after each step. The presence of each functional group is
confirmed by FTIR after each synthetic step. Additionally, the
introduction of amino groups only on one side of MSN is con-
firmed by transmission electron microscopy employing gold nano-
particles as contrast agents (see Characterization Techniques).

3.4 Loading

Nanoparticles with

Topotecan

1. Place 50 mg of each of the four sets of MSNs, namely, NH2-
MSN-CO2H, MSN-Fol, MSN-TPP, and Fol-MSN-TPP, in
different two-neck flasks with a magnet inside and dry the
nanoparticles at 80 �C under vacuum during 4 h. Protect the
flasks with aluminum foil to maintain in darkness the nanopar-
ticles and topotecan. in a dark glass vial to avoid light interac-
tions, as the Topotecan is light sensitive.

2. Add 5mL of an aqueous solution of TOP (3mg·mL�1) and stir
the suspension at room temperature during 48 h.

3. Filter the nanoparticles to remove the excess TOP and wash
three times with water.

4. The amount of drug loaded in each system is determined from
the difference between fluorescence measurements of the initial
and recovered solutions (λexc ¼ 400, λem ¼ 540 nm). In all
cases, the amount of TOP loaded is around 5% in weight.

3.5 In Vitro

Nanoparticle Uptake

and cytotoxicity

Evaluation

3.5.1 Laminar Flow

Cabinets Use

The laminar flow hood, which presents vertical flow, is designed to
avoid samples from contamination and protect laboratory workers
from the biological samples. All the cell protocols described are
carried out within a laminar flow hood whenever possible. As safe
considerations, the worker should be wearing laboratory coat, eye
protection, gloves, and closed shoes. The main rules to work in a
laminar flow cabin are: [15].

1. Turn on the UV light and laminar flow for approximately
30 min before using the laminar flow hood.

2. Turn off the UV light (see Note 8).

3. Turn on the light.

4. Put on your gloves and sterilized them before approaching the
hood by spraying them with ethanol and rubbing your hands
together (see Note 9).
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5. Thoroughly wash laminar flow hood by spraying with 70%
ethanol, diluted bleach or other disinfectant and dry with
paper.

6. After proper sterilization spraying with 70% ethanol, place all
the reactants, solutions and materials required for the experi-
ment inside the cabinet. Any object that is introduced in the
hood must be previously disinfected,

7. Always work away from the grille toward the inside of the cab
(work area).

8. While working inside the hood, always keep flasks, bottles,
conical tubes, and other containers closed excepting the
moment of their use in order to avoid contamination. In
addition, avoid the contact of pipettes with containers as it
can transfer traces of contamination between sterile materials.

9. Once the work has been completed inside the booth, secure all
reagents, dissolutions, and materials before extraction to main-
tain their sterility. Clean all material in contact with cells using
bleach and ethanol after use.

10. Once the hood is empty, clean all surfaces with ethanol. If there
is a liquid spill containing cells, perform a prior disinfecting
with bleach.

11. Turn off the laminar flow and turn on the UV light for
30 minutes.

12. After 30 min, turn off the UV light.

3.5.2 Cell Line Culture Biological experiments will be carried out inside the laminar flow
cabin, whenever possible. All media and solutions used during the
following protocols, such as PBS 1X, cell culture medium, and
fluorescent dye, are brought to room temperature prior to their
use.

1. Incubate culture cell line of interest (mouse osteoblastic cell
line MC3T3-E1 and androgen-sensitive LNCaP cells) using a
suitable culture medium (see Note 10) in a hatcher (see Note
11) to 80% confluency.

2. When the cell cultures are at 80% confluence or above, trypsi-
nize the cells and placed them into 24-well plates to carry out
uptake and cell viability experiments.

To trypsinize the cells proceed as follows (see Note 12):

(a) Remove cell culture flask from the incubator and intro-
duce it into the laminar flow cabinet.

(b) Remove cell culture medium and dispose it in bleach.

(c) Wash twice the cell culture with sterile PBS 1�, pH 7.4
(see Note 13).
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(d) Dispense enough trypsin–EDTA (see Note 14) solution
into cell culture flask to completely cover the monolayer
of cells (approximately 3–5 mL to cell culture flask with a
surface of 175cm2) and place into an incubator for
2–5 min until all cells detach (see Note 15). After this
time the cells should be in suspension (see Note 16).

(e) Take the cell culture bottle out of the incubator and put it
back into the laminar flow cabinet.

(f) It is advisable to add medium (approximately 10 mL) (see
Note 10) to the cell suspension in trypsin–EDTA as soon
as possible in order to inhibit further proteolytic activity of
trypsin, which could damage the cells.

(g) Transfer the cell suspension by serological pipette to a
50 mL conical tube.

(h) Centrifuge at room temperature at 1500 rpm for 5 min.

(i) Take the conical tube out of the centrifuge and put it back
into the laminar flow cabinet.

(j) Remove the supernatant and suspend cells in 4 mL of cell
medium by gently pipetting the cell suspension to break
up the clumps.

3. Then, count the cells using any commercial automated cell
counter or any other protocol. In order differentiate the living
cells from the dead; add 100 μL of trypan blue to a small
amount of the medium with cells, approximately 100 μL. The
trypan blue enters the cells and while the living cells can expel
it, in the dead cells it is retained and is therefore marked with a
blue color. The automatic cell counter can differentiate them
and provide the real number of living cells per mL.

4. Finally, plate cells at a density of 20,000 cells·cm�2 in 1 mL of
α-minimum essential medium (for MC3T3-E1 cell line) or
Dulbecco’s modified Eagle’s medium (DMEM, for LNCaP
cell line) in 24-well plate and incubate them at 37 �C in a
humidified atmosphere of 5% CO2 for different times (see
Note 17). All cell studies described below will be performed
on both types of cultures.

3.5.3 Nanoparticle

Uptake Studies by Flow

Cytometry

1. After 24 h of incubation, remove the cell culture from the
incubator and place it in the laminar flow cabinet.

2. Carefully remove cell culture medium by aspiration and delete
in bleach.

3. Add 1 mL of fresh medium with and without MSNs sample
(6 μg·mL�1) (see Note 18) using P1000 micropipette to each
well of both cell culture. In this step the types of samples used
are NH2-MSN-CO2H, MSN-Fol, MSN-TPP, and Fol-MSN-
TPP, also medium without nanoparticles is used as control
culture.
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4. Introduce 24-well plate with cells into incubator (seeNote 11).

5. Incubate cells in absence or presence of MSNs sample during
2 h.

6. Remove cell culture from incubator and put it into laminar flow
cabinet.

7. Remove cell culture medium with or without MSNs.

8. Wash the cell culture with PBS 1� twice (see Note 13).

9. Add 500 μL of trypsin–EDTA solution per well for cell detach-
ment (see Note 14).

10. Remove the 24-well plate from the laminar flow cabinet and
introduce it into the incubator for 2–5min (seeNote 15). After
this time the cells should be in suspension (see Note 16).

11. Take the cell culture bottle out of the incubator and put it back
into the laminar flow cabinet.

12. It is advisable to add medium (approximately 1 mL) to cell
suspension in trypsin–EDTA as soon as possible in order to
inhibit further proteolytic activity of trypsin, which could dam-
age cells.

13. Transfer the cell suspension of each well by micropipette to a
2 mL Eppendorf tube.

14. Centrifuge the Eppendorf tubes at room temperature and
1500 rpm for 5 min.

15. Take the Eppendorf tubes out of the centrifuge and put them
back into the laminar flow cabinet.

16. Remove the supernatant and resuspend the cells in 300 μL of
fresh cell culture medium by gently pipetting the cell suspen-
sion to scatter clumps.

17. Quench the fluorescence outside cells by adding trypan blue in
each well (reaching a final concentration of 0.4%). The surface
fluorescence is quenched to eliminate the fluorescence of the
nanoparticles that are on the membrane of the cell and ensure
that the fluorescence signal measured in the cytometer is due to
the fluorescent nanoparticles which are located inside the cells,
that is to say, which have been engulfed by cells.

18. If the cytometry analysis is not performed immediately, storage
cells in presence of ice and never for more than 1 h.

19. Perform flow cytometric measures using an excitation wave-
length of 488 nm and measure green fluorescence signal at
530 nm in a FACScan machine. Analyze at least 10,000 cells in
each sample for statistical significance.

20. Analyze the results using the appropriate software (Fig. 3).
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3.5.4 Nanoparticle

Uptake Studies by

Fluorescent Microscopy

1. Incubate cells placed in a 24-well plate in an incubator until
cultures reach 50–70% confluences.

2. Remove the cell culture from the incubator and place it in the
laminar flow cabinet.

3. Remove cell culture medium by aspiration and delete in bleach.

4. Add 1 mL of fresh medium with or without MSNs sample
(6 μg·mL�1) (see Note 18) to each well of both cell culture.
In this step the types of samples used are NH2-MSN-CO2H,
MSN-Fol, MSN-TPP, and Fol-MSN-TPP, also medium with-
out nanoparticles is used as control culture.

5. Introduce 24-well plate with cells into incubator.

6. Incubate cells in absence or presence of MSNs sample during
2 h.

7. Remove cell culture from incubator and put it into laminar flow
cabinet.

8. Remove cell culture medium with or without MSNs.

9. Wash the cell culture with PBS 1� twice (see Note 13) to
remove all nanoparticles that have not been internalized by
the cells.
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Fig. 3MSN-derivatives uptake evaluation by flow cytometry. (Reprinted (Adapted) with permission from López,
Victoria, et al. “Janus mesoporous silica nanoparticles for dual targeting of tumor cells and mitochondria.” .
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10. Dilute 1 mMMitoTracker ® stock solution to the final working
concentration in the appropriate cell culture medium (see
Notes 19–21).

11. To stain mitochondria of adherent cells, incubate cells for
15–45 min (see Note 20) with MitoTracker Red FM working
solution under growth conditions (see Note 11). Staining is
produced by passive diffusion of the MitoTracker, which con-
tains a mildly thiol-reactive chloromethyl moiety, across the
plasma membrane and by subsequent accumulation in the
active mitochondria.

12. Once staining is complete replace the staining solution with
fresh prewarmed cell culture medium and wash the cell culture
with cell culture medium twice (see Note 13).

13. To fix the cells, carefully remove the medium covering the cells
and replace it with freshly prepared and prewarmed at 37 �C
cell culture medium containing 2–4% formaldehyde for
5–15 min.

14. Then, prepare a solution 1 μg·mL�1of DAPI in methanol for
nucleic acid staining (see Note 22). DAPI is a blue fluorescent
dye, cell permeable, which binds to double stranded complex.

15. Add 500 μL of DAPI solution per well and put the plate into
the incubator for 15 min.

16. After incubation wash the wells with methanol (using a similar
protocol to that detailed to PBS 1� in Note 13).

17. Add 500 μL of sterile PBS 1� and take pictures by fluorescent
microscopy (Evos FL cell imaging system equipped with three
light-emitting diode (LED) light cubes (λex [nm], λem [nm]):
40,6-diamidine-20-phenylindole (DAPI; [257/44],[447/60],
green fluorescent protein (GFP; [470/22],[525/50]), and
red fluorescent protein (RFP; [531/40],[593/40]), from
AMG (Advance Microscopy Group)) (Fig. 4).

3.5.5 Cell Viability

Evaluation After Incubation

with Topotecan-Loaded

Mesoporous Silica

Nanoparticles

1. Cells are cultured in 24-well plate following the procedure
described in Subheading 3.5.2.

2. After 24 h of incubation, remove the cell culture from the
incubator and place it in the laminar flow cabinet.

3. Remove cell culture medium by aspiration and delete in bleach.

4. Add 1 mL of fresh medium with MSNs (NH2-MSN-CO2H,
MSN-Fol, MSN-TPP, and Fol-MSN-TPP) loaded or not with
TOP (see Note 18). In this step use two concentrations of
nanoparticles different (6 μg·mL�1 or 100 μg· mL�1) for each
type of sample. Also, mediumwithout any type of nanoparticles
is used as control culture.

5. Introduce the 24-well plate with the cells into incubator.
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6. Incubate Cells in absence or presence of sample at different
concentration (6 μg·mL�1 or 100 μg· mL�1) during 6 h.

7. Remove cell culture from incubator and put it into laminar flow
cabinet.

8. Remove cell culture medium with or without nanoparticles.

9. Wash with sterile PBS 1� to eliminate nanoparticles that have
not been engulfed by cells (see Note 13).

10. Add 1 mL of fresh medium and kept the 24-well plate into the
incubator for 48 h more.

11. Remove cell culture from the incubator and put it into laminar
flow cabinet.

12. Remove cell culture medium with or without nanoparticles.

13. Wash with sterile PBS 1� (see Note 13).

Fig. 4 MSN derivative uptake evaluation by fluorescence microscopy. White bars
correspond to 200 μm. (Reprinted (Adapted) with permission from López,
Victoria, et al. “Janus mesoporous silica nanoparticles for dual targeting of
tumor cells and mitochondria.” ACS applied materials & interfaces 2017,
9, 26697-26706. Copyright (2017) American Chemical Society)
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14. Prepare a solution of MTS according with the protocol
described elsewhere [15] (previously brought to 37 �C and
protected from light) in growth medium (1 mL of MTS per
6 mL of medium).

15. 500 μL of MTS solution is added per each well and placed into
the incubator protected from light for 1–4 h.

16. Record the absorbance at 490 nm using a well plate reader.

3.6 Characterization

Techniques

3.6.1 Zeta Potential and

DLS Measurements

These measurements are carried out employing Malvern Zetasizer
equipment and their respective protocols. The samples are prepared
as follows:

1. Suspend the silica nanoparticles in HPLC water (1 mg/mL).

2. Sonicate 3 min sto avoid aggregates before introducing the
solution into the cell.

3. When adding the suspension to the cell avoid the formation of
bubbles.

4. The measurements, both size and Z potential, are carried out at
room temperature.

3.6.2 Thermogravimetric

Analysis (TGA)

Thermogravimetry (TG) is defined as the technique that measures
the weight change of a sample respect to temperature by subjecting
the sample to a temperature-controlled program in a controlled
atmosphere. In this case, this technique is used to measure the
organic matter of the nanoparticles in the different steps of the
synthesis.

1. Heat 19 mg of sample in air atmosphere from 30 �C to 600 �C
at a rate of 5 �C/minute.

2. A mass versus temperature curve is obtained from which we
obtain the percentage of mass lost in said temperature range.

3.6.3 Fourier Transform

Infrared Spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) is used in the
characterization of different compounds to identify the functional
groups present in the samples. This technique is based on the
infrared light energy being absorbed by the sample, causing molec-
ular vibrations. This excitation causes the change in amplitude in
the chemical bonds that will be measured.

1. Mix a small amount of sample with a highly purified salt that
does not present absorption peaks in the IR spectrum
(as potassium bromide).

2. Crush and press the mixture in order to form a pill through
which the light can pass.
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3.6.4 Analysis of Textural

Properties of MSN by N2
Adsorption

Gas adsorption technique is used to characterize the pores and
surface of the nanoparticles. The amount of gas adsorbed at a
given temperature for different relative pressures of gas is known
as an adsorption isotherm. The Type IV is characteristic of meso-
porous materials; it presents an increase in the significant amount
absorbed at intermediate relative pressures and occurs through a
multilayer filling mechanism. (The IUPAC recognizes three types
of pore according to its size: macropore (>50 nm), mesopore
(2–50 nm) and micropores (<2 nm)).

The measurement of the specific surface is carried out using the
Brunauer–Emmett–Teller (BET) method, which estimates the area
of the solid from the amount of gas needed to form a monolayer
and the area occupied by one of the adsorbed molecules.

3.6.5 Scanning Electron

Microscopy (SEM)

Scanning electron microscope is based on inducing a thin beam of
accelerated electrons, with energies from a few hundred eV to a few
tens of keV, on a thick, opaque to the electrons sample. The beam
focuses on the surface of the sample and scans it. The samples
destined to the SEM must meet two conditions: they must be dry
and conductive.

1. Dry the samples in a vacuum oven the night before their
observation.

2. Support geometry will depend on the SEM used. The sample
should be conveniently adhered to said support, usually by
using a carbon tape (to make it conductive) with double
adhesive face.

3. Use a Metallizer to provide a gold coat to the samples by
sputtering.

3.6.6 Asymmetrization

Characterization by

Transmission Electronic

Microscopy (TEM)

In order to verify the correct Asymmetrization, a characterization
by TEM is carried out. This test consists of mixing aminated
nanoparticles (MSNs-NH2) with gold nanoparticles. Gold nano-
particles present high affinity by amino groups, so these are strongly
attracted by them. Thus, it is possible to check whether gold
nanoparticles appear only in one nanoparticle hemisphere by trans-
mission electron microscopy and, therefore, whether the asymme-
trization process has been carried out correctly. The steps to
perform this assay consists in:

1. Weight 0.5 mg of mesoporous silica nanoparticles (MSNs) and
amino functionalized mesoporous silica nanoparticles (MSNs-
NH2) on a high-precision balance.

2. Introduce each sample in a 15 mL falcon tube.

3. Add 0.5 mL of miliQ water in each falcon and use ultrasound
bath in order to obtain a correct dispersion, that nanoparticles
are in a stable suspension.
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4. Introduce 10 mL of 5 nm spherical gold nanoparticles (AuNP)
using a 10 mL-micropipette in each tube. In this case gold
nanoparticle concentration is 5.5·1013particles/ml (commer-
cial information).

5. Keep the mixture (0.5 mg of nanoparticles (MSNs) and amino
functionalized nanoparticles (MSNs-NH2) during 12 h at
room temperature under stirring.

6. After 12 h, isolate mesoporous silica nanoparticles by centrifu-
gation during 10 min at 5000 rpm. This centrifugation allows
separate gold nanoparticles that have not reacted and remain in
the supernatant due to their small size and high colloidal
stability from the silica nanoparticles with or without gold
nanoparticles on their surface, which precipitate due to their
larger size.

7. Suspend the precipitate in 10 mL of water using ultrasound
bath during 2–3 min in order to ensure that all gold nanopar-
ticles in the precipitate are MSNs joined.

8. Centrifugate samples during 10 min at 5000 rpm.

9. Resuspend samples in 10 mL of water.

10. Place one drop of each sample, in stable suspension, on a
copper strip for transmission electron microscopy.

11. Analyze the micrographs by statistical analysis. Then, at least
50 nanoparticles are counted and grouped into three groups,
naked nanoparticles (MSNs that not present AuNP), uniform
nanoparticles (MSNs that present AuNP in both hemispheres)
and Janus nanoparticles (MSNs that only present AuNP in one
of their hemispheres) (Fig. 5).

4 Notes

1. In this phase, a covalent bonding occurs between the isocya-
nate group of the dye and the amine group of APTES.

2. It is required the use of surfactant molecules in solution at a
certain value of concentration (critical micellar concentration)
for the synthesis of ordered porous materials, so that the mole-
cules form micellar aggregates. These micelles, in turn, are
grouped together forming supramicellar structures. In general,
as the concentration of surfactants increases under moderate
temperatures, the cylindrical micelles are grouped first, forming
a hexagonal phase.

3. A fundamental condition for obtaining mesoporous nanopar-
ticles is that there is an attractive interaction between the
surfactant and the silica precursor (TEOS (tetraethylorthosili-
cate) and APTES-FITC) to ensure the inclusion of the steering
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structure (cylindrical micelles) and without phase separation.
APTES-FITC and TEOS experience a polycondensation reac-
tion in the alkaline medium in presence of CTAB micelles,
being finally covalently integrated into the final inorganic
network.

4. An important factor to consider is the temperature of the
polycondensation reaction, since at temperatures higher than
60 �C the diameter of the particles drops to the range of
100 nm, critical to exploit the EPR effect.

5. At this point, the paraffin will take the form of micrometric
droplets since it is not soluble in water. At the same time, with
the help of CTAB, the nanoparticles will be partially embedded
in the surface of the droplet, in such a way that half of the
nanoparticle will remain inside the droplet and the other half
facing the outside.

6. The ammonia provides a basic means that causes the silanol
groups of the APTES (Si-OH) to become silanates (Si-O-)
causing another polycondensation reaction and getting the
particles embedded in the paraffin with its outer part functio-
nalized with amino groups.

7. How reactives are deoxygenated/dried?

Paraffin Paraffin

Aptes
EtOH/NH3 Heptane

H2N

H2N

H2N

H2N

H2N

H2N

H2N

H2N

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2 2

2

2

2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

NH2

Characterization

Au-NP

Fig. 5 Gold nanoparticles in contact with MSN and MSN-NH2. (Reprinted (Adapted) with permission from
López, Victoria, et al. “Janus mesoporous silica nanoparticles for dual targeting of tumor cells and mitochon-
dria.” ACS applied materials & interfaces 2017, 9, 26697-26706. Copyright (2017) American Chemical
Society)
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The flask used is a two-neck flask. One neck is connected by
PTFE key to the N2/vacuum line and the other one is sealed
with a septum. Once MSN and succinic anhydride are added,
the air is removed applying vacuum during 3 h and then N2 is
introduced in the flask. After this, solvent can be added with a
syringe through the septum without introducing air in the
flask.

8. The most of laminar flow hoods are equipped with ultraviolet
(UV) lights, which reduce contamination by causing DNA
damage to potential contaminants. It is important to know
that such light is also harmful to laboratory worker who should
not look directly at a UV light, as it can produce eye damage.
UV light can also cause skin burns, then it should always be
tuned off during working time in the hood.

9. Users hands should remain in the hood whenever possible
during the experiment. The hand cleanliness is decreased each
time nonsterile items are touched; therefore the disinfecting
procedure should be repeat periodically. Face, hair or clothing
must not be touch under any circumstances while working on
the hood.

10. α-minimum essential medium is used for MC3T3-E1 cell line,
whereas Dulbecco’s modified Eagle’s medium (DMEM) is
used for LNCaP cell line. Both media contain 10% heat-
inactivated fetal bovine serum (FBS) and 1% of antibiotic anti-
mycotic. FBS is previously inactivated by incubation in a water
bath at 50 �C for 1 h.

11. Each cell type must be incubated under growth conditions. In
this case incubator conditions are 37 �C and a humidified
atmosphere of 5% CO2.

12. Cell culture medium, PBS 1�, and trypsin should be brought
to 37 �C prior to their use with cell cultures.

13. The procedure for washing a cell monolayer with PBS 1x
involves the following steps.

(a) Add 10 mL of sterile PBS 1� in the cell culture flasks or
1 mL in each well in 24-well plate and wash the cell
monolayer by gentle movements to remove remaining
cellular medium.

(b) Remove PBS 1� by aspiration.

(c) Repeat the procedure twice in order to delete all traces of
cell culture medium.

(d) The procedure is the same when the cell culture is washed
with culture medium so, in this case, the PBS is replaced
by culture medium.
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14. It is advisable to distribute the commercial bottle of trypsin in
small quantity containers (depending on the periodicity of
use) in order to reduce the freeze-thaw cycles.

15. The time required to detach cells from the cell culture flask
depend on cell type, population density, potency of trypsin,
serum concentration in the growth medium, and time since
last subculture. Considering that trypsin causes cellular dam-
age, the process of trypsinization should be minimized as
much as possible.

16. When the cells are adhered to the surface of the culture bottle
the medium has a transparent appearance whereas when tryp-
sin detaches them, these remain in suspension and the
medium presents a cloudy appearance.

17. In order to continue with cell culture a part of the cells must
be subculture in a cell culture bottle with 15–20 mL of the
corresponding growth medium.

18. Nanoparticle suspensions in sterile PBS 1� should be
obtained by means of smooth and periodic pipette move-
ments. Occasionally, and only if necessary, the solution can
be introduced into an ultrasonic bath in order to obtain a
stable suspension although the submersion period should not
be long. This is especially critical when the nanoparticles are
loaded with a cytotoxin, as the ultrasonic bath could produce
a premature release of the toxic agent. In order to obtain
statistically significant data, each type of sample is added to
three wells to have three replicates.

19. When using the MitoTracker reagent or the DAPI, the cabin
light must be turned off so that these reagents are not exposed
to light.

20. Before opening a MitoTracker vial it is necessary to bring it to
room temperature. Then, in order to prepare a stock solution,
the lyophilized MitoTracker ® should be dissolved in anhy-
drous dimethylsulfoxide (DMSO) to a final concentration of
1 mM. Store of the MitoTracker® dyes solutions must be
frozen at � � 20 �C and protected from light.

21. In order to avoid mitochondrial toxicity from overloading
and reduce potential artifacts, the concentration of the Mito-
Tracker working solution must be kept as low as possible.

22. DAPI storage conditions (protect from light).

(a) Stock solution: 1–5 mg·mL � 1 in water is stable at �15
to �25 �C for about 12 months.

(b) Working solution: working solution is obtained by dilut-
ing the stock solution with methanol to a final concen-
tration of 1 μg·mL � 1 which is stable at 2–8 �C for
6 months.
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14. López V, Villegas MR, Rodrı́guez V,
Villaverde G, Lozano D, Baeza A, Vallet-Regı́
M (2017) Janus mesoporous silica nanoparti-
cles for dual targeting of tumor cells and mito-
chondria. ACS Appl Mater Interfaces
9:26697–26706

15. Bykowski T, Holt JF, Stevenson B (2019)
Aseptic technique. Curr Protoc Essent Lab
Tech 18:1–13

Janus-Type Mesoporous Silica Nanoparticles for Sequential Tumoral Cell. . . 361



Chapter 23

Split Green Fluorescent Protein–Based Contact Site Sensor
(SPLICS) for Heterotypic Organelle Juxtaposition as Applied
to ER–Mitochondria Proximities

Tito Calı̀ and Marisa Brini

Abstract

In the last decades, membrane contact sites (MCSs) have been the object of intense investigation in
different fields of cell physiology and pathology and their importance for the correct functioning of the
cell is now widely recognized. MCS between any known intercellular organelles, including endoplasmic
reticulum (ER), mitochondria, Golgi, endosomes, peroxisomes, lysosomes, lipid droplets, and the plasma
membrane (PM), have been largely documented and in some cases the molecules responsible for the
tethering also identified. They represent specific membrane hubs where a tightly coordinated exchange of
ions, lipids, nutrients, and factors required to maintain proper cellular homeostasis takes place. Their
delicate, dynamic, and sometimes elusive nature prevented and/or delayed the development of tools to
easily image interorganelle proximity under physiological conditions and in living organisms. Nowadays,
this aspect received great momentum due to the finding that MCSs’ dysregulation is involved in several
pathological conditions. We have recently developed modular, split-GFP-based contact site sensors
(SPLICS) engineered to fluoresce when homo- and heterotypic juxtapositions between ER and mitochon-
dria occur over a range of specific distances. Here we describe in detail, by highlighting strengths and
weaknesses, the use and the application of these novel genetically encoded SPLICS sensors and how to
properly quantify short- and long-range ER–mitochondria interactions.

Key words Endoplasmic reticulum, Mitochondria, Organelle contact sites, SPLICS, ER–Mitochon-
dria tethering, Split GFP

1 Introduction

1.1 Old and New

Approaches to Detect

Organelle

Contact Sites

Physical and functional connections between two opposing organ-
elle membranes, known as membrane contact sites (MCSs), occur
in distinct domains and are essential for the regulation of a multi-
tude of cellular processes [1]. In the past few years it has convinc-
ingly been shown that dysregulation in this communication is
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associated with a number of pathological conditions. For these
reasons, the study and the characterization of the contact sites as
well as the search for their possible modulators are now very
challenging.

Contact sites between selected organelles are considered as
intracellular hubs where the general function of each organelle
can be specifically tuned to perfectly cope with the cellular and/or
environmental needs. A mutual cooperation ensures the coordina-
tion of essential physiological processes such as the binding and the
transport of molecules/ions between the two compartments, as
well as the engaging of the organelle during the process of biogen-
esis, the positioning and the dynamics of various protein complexes
that required the concerted action of two different organelles. In all
eukaryotes one of the largest organelles, the endoplasmic reticulum
(ER), forms MCSs with mitochondria, Golgi, endosomes, peroxi-
somes, lysosomes, lipid droplets, and the plasma membrane (PM),
but we also know that mitochondria can form selective contacts
with the same partners of the ER. The interaction between ER and
mitochondria is the best characterized so far, however the tools we
have in our hands to explore it can be tricky. The oldest and more
consolidate approach to elucidate the structure of ER–mitochon-
dria contacts and to calculate their distance is the electron micros-
copy (EM) [2–6]. Starting from 1958 EM studies produced a
complete and detailed view of the ER–mitochondria contacts: dif-
ferent 3D reconstructions of these structures were generated by
serial, tilt-angle tomography in yeast cells [5] as well as by focused
ion beam scanning EM at 4-nm resolution in neurons from mice
brain slices [7], and by soft X-ray tomography with 50-nm resolu-
tion in mammalian lymphoblastoid cells [8]. However, the acquisi-
tion and reconstruction processes for these 3D approaches remain
laborious and not easily accessible to all the laboratories. Therefore,
despite very informative, this methodology is not yet widely appli-
cable. Pioneeringly, the existence of the mitochondria associated
membranes fraction (MAM) has been proven during cell-
fractionation experiments in which subcompartmentalized ER
membranes cosedimented with mitochondria [9]. To date, this
approach, eventually validated by EM, is still considered the stan-
dard method when the presence/abundance of specific players at
the ER–mitochondria interface has to be investigated [10]. How-
ever, the EM analysis is not able to generate sufficient data for
statistical comparisons of organelle geometry. Other methods,
mainly based on the colocalization of ER and mitochondrial mar-
kers and/or organelle targeted fluorescent proteins, are described
in the literature and substantially contributed to analyze ER–mito-
chondria contacts architecture [11–14], but none of them has yet
been applied to quantify the overall extent or the geometry of the
interface, being their major limitation linked to insufficient confocal
microscope resolution to detect the physiologically relevant inter-
faces, which are believed to be in a range below the 100–200 nm.
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The in situ proximity ligation assay (PLA) is another approach
that has successfully been employed to visualize and quantify
endogenous ER–mitochondria interactions in fixed cells by using
pairs of primary antibodies against proteins on opposing mem-
branes [15]. However, despite of this technique is widely used
[16–18] it can only be applied upon cells fixation and is limited
by the availability as well as by the specificity of the antibodies.
More recently, a tool based on the system of rapamycin-inducible
linkers tagged with a pair of fluorophores able to generate Förster
resonance energy transfer (FRET) [19] has been developed for the
specific detection and quantification of ER–mitochondria contact
points. Major limitations in the use of this FRET-based probe are
due to the need of equimolar expression of the two moieties [20]
and, even more critical, to the need of rapamycin application, a
potent inducer of autophagy [21], to reach maximal FRET signal,
thus limiting its applications in in vivo settings. Novel tools based
on a bifluorescence complementation system have been recently
developed to measure interorganelle proximity [22–27], however,
one missing aspect was the possibility to easily image them over a
range of distances in living cells. On this respect, we have designed
modular, split-GFP based contact site sensors (SPLICS) engineered
to fluoresce when organelles are in close proximity (Fig. 1). The
power of our probe is that it has been generated in two different
variants suited to efficiently measure narrow (8–10 nm) and wide
(40–50 nm) juxtapositions between ER and mitochondria

Fig. 1 The cartoon summarizes the concept that ER–mitochondria tethering occurs at different distance in the
cells. The two SPLICS probes, SPLICSL and SPLICSS, were designed to monitor contact sites in the long
(40 nm) and in the short (10 nm) range. The short-range contact sites are those involved in Ca2+ transfer from
ER to mitochondria. InsP3 inositol 1,4,5 trisphosphate receptor, RyR ryanodine receptor, VDAC voltage-gated
anion channel
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(SPLICSS/L). Thanks to these characteristics it has permitted to
document not only the existence of at least two types of contact
sites in human cells and in vivo in D. rerio Rohon Beard
(RB) sensory neurons, but also to unravel that they are differently
modulated by genetic or pharmacological treatments [23]. Short-
and long-range organelle contact sites between the ER and mito-
chondria can now be easily imaged and quantified under physiolog-
ical conditions in vitro and in vivo with a high signal-to-noise ratio
and over a dark background. Here we describe SPLICS sensors
application and a semiautomated quantification protocol that we
have set up to make the quantification of contact sites fast and
accurate. The reliability of our genetically encoded SPLICS sensors
is increasingly acknowledged by their successful employment in
many laboratories to quantify the extent of ER–mitochondria inter-
actions under physiological and pathological conditions [28–37].

1.2 The Split GFP

Approach: Fiat Lux

Since its cloning in 1992 [38] the Aequorea Victoria green fluores-
cent protein (avGFP), an 11-stranded barrel structure of
238 amino acids [39], underwent several cycles of “evolution”
that have improved its properties making it an extraordinary tool
for the study of cells and organisms biology [40, 41]. In 1995,
avGFP was evolved by site-directed mutagenesis to optimize its
brightness and excitation efficiency at 488 nm excitation wave-
length. The introduction of a S65T substitution accelerates the
chromophore maturation and promotes the formation of hydrogen
bonds that stabilize the anionic state, resulting in a fluorescent
protein characterized by a brightness fivefold higher than that of
avGFP and by a unique excitation peak at 489 nm [42]. One year
later, the F64L mutation was introduced, leading to improved
chromophore maturation at 37 �C which represents a great
advancement for all the GFP application in mammals
[43]. Sequence “humanization” of the S65T/F64L double mutant
avGFP gave rise to the “enhanced-GFP” (eGFP), which combines a
high expression efficiency in mammalian cells with a 30-fold
increase in brightness in respect with the avGFP [44, 45]. Additional
variants, such as the folding reporter GFP (frGFP) which includes
folding mutations F99S, M153T and V163A, have been created in
order to increase the folding efficiency in E. Coli and to reduce
possible defect due to the fusion of the GFP moiety with other
proteins [46, 47]. A big improvement that has certainly paved the
road to the development of novel biosensors for a number of
cellular processes has been the generation of the stable superfolder
GFP variant (sfGFP) [48]. Six novel mutations in respect to the
frGFP substantially increase sfGFP folding kinetics and render it
completely unaffected by the fusion to poorly folded proteins and
resistant to chemical/thermal denaturation. Starting from this var-
iant, in 2015Waldo’s laboratory developed a splitGFP, in which the
sfGFP moiety was truncated between β-strand 10 and 11 and
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whose N- and C-terminal fragments were both mutated to opti-
mize their suitability for fluorescence complementation and solu-
bility. By cutting one by one the loops that connect each β-strand of
sfGFP, the ability of each isolated β-strand to bind and restore
fluorescence of the GFP moiety was tested and a proper cutoff
site at position 214/215 was identified. After one random screen
and three additional rounds of directed evolution on both the
GFP1–10 and the strand β11 fragment, a stable, soluble bipartite
splitGFP system with favorable association kinetics was born. The
resulting splitGFP is optimized for self-association of its fragments
and for minimal disturbance by fusion partners [49]. Compared to
sfGFP the GFP1–10/β 11 system, whose complementary fragments
are nonfluorescent per se, incorporated 10 additional mutations.
Nowadays the sfGFP-based self-associating bipartite split-GFP sys-
tems have been widely exploited to monitor cellular parameters as
different as expression, localization, association, and trafficking of
proteins within the cell [31, 50–55].

Our lab, for the first time, employed this system to monitor
contact sites between intracellular organelles. Considering the high
interest in the characterization of the ER–mitochondria communi-
cation, we have focused our attention on developing specific sen-
sors to monitor contact sites between these two organelles [28]. To
this aim the nonfluorescent GFP1–10 moiety was targeted to the
cytosolic face of the outer mitochondrial membrane
(OMM-GFP1–10), while the β11 fragment was targeted to the ER
membrane by creating two versions of fusion proteins containing
aminoacidic linkers of different lengths in order to follow short-
(�8–10 nm) and long- range (�40–50 nm) ER–mitochondria
interactions [3]. In particular we generated an ER-Short β11 ver-
sion where the β11 sequence was fused to a 29 aa spacer and an
ER-Long β11 version containing a 146 aa spacer. The resulting split
GFP-based contact site sensors (SPLICSS/L) were remarkably able
to identify narrow and wide ER–mitochondria apposition lying in a
range of around 10 and 50 nm and to promptly monitor how they
responded to pharmacological and genetic manipulations known to
affect ER–mitochondria tethering. We have shown that they work
efficiently not only in different stable cells lines but also in primary
cultures of different origins and in vivo in zebrafish sensory neu-
rons. To date, they are the only genetically encoded sensors proven
to efficiently detect ER–mitochondria contact sites in vivo [28].

2 Materials

All the materials and the methods described in the following sec-
tions are adapted to Hela cells, a model cell line we have chosen to
set up this methodological approach. We and others have further
validated it in other cell types different for embryological origin and
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cell culture conditions. None of the specific conditions required for
cell cultures or transfection according the cell specificity should in
principle impact on the use of SPLICS/L probes. Therefore, the
protocol described below can be adapted. We only recommend to
follow a standard method in the quantification procedure based on
fixed criteria to be applied to the different samples that have to be
compared. The protocol can be optimized starting from the plugins
we describe below.

Prepare all solutions using ultrapure water, unless otherwise
specified.

2.1 Cell Culture

and Transfection

1. Cell type: HeLa cells.

2. Culture plate: 24- or 6-well cell culture plate.

3. 13 or 24 mm diameter round glass coverslips.

4. Culture medium: Dulbecco’s modified Eagle’s medium
(DMEM) High glucose supplemented with 10% foetal bovine
serum (FBS), 100 U/ml penicillin, and 100 μg/ml
streptomycin.

5. Phosphate buffer saline solution (PBS): 140 mM NaCl, 2 mM
KCl, 1.5 mM KH2PO4, 8 mM Na2HPO4 pH 7.4.

6. Trypsin solution.

7. Krebs Ringer Buffer (KRB): 125 mMNaCl, 5 mM KCl, 1 mM
Na3PO4, 1 mM MgSO4, 20 mM HEPES, pH 7.4, 37 �C
containing 1 mM CaCl2, 5.5 mM glucose.

8. Transfection reagents for calcium phosphate procedure: 2.5 M
CaCl2, HEPES buffered saline (HBS; 2� stock): 280 mM
NaCl, 50 mM HEPES, 1.5 mM Na2HPO4, pH 7.12.

9. Transfection reagents for other transfection protocols are avail-
able from common suppliers of laboratory reagents.

10. DNA constructs: vectors encoding SPLICSS and SPLICSL
([28]), that is, OMM-GFP1–10 and either the ER-Short β11
or the ER-Long β11 probes.

11. Antibodies: primary antibodies against GFP, secondary fluor-
ophore conjugated antibodies.

2.2 DNA Purification Plasmid DNA for cell transfection can be extracted using commer-
cially available kits for DNA purification on large scale and follow-
ing the manufactures instructions.

DNA working aliquots can be stored at �20 �C.
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3 Methods

3.1 Protocol

for Monitoring Basal

ER–Mitochondria

Contact Sites

with SPLICSS
and SPLICSL

1. Maintain cells in their growth medium at 37 �C and 5% CO2

until the day before the transfection.

2. The day before the transfection, seed HeLa cells (or other cell
types) on 13 mm coverslips in a 24-well plate at low confluence
(3–4 � 104 cells/well) or 24 mm coverslips in a 6-well plate at
low confluence (2 � 105 cells/well).

3. Change the culture media with fresh DMEM30min before the
transfection.

4. Cotransfect cells with the OMM-GFP1–10 and either the
ER-Short β11 or the ER-Long β11 probe (to detect short- and
long-range ER–mitochondria contact sites, respectively) using
calcium phosphate transfection protocol. For cotransfections,
use a 1:1 ratio of OMM-GFP1–10 and either the ER-Short β11
or the ER-Long β11 DNA, that is, a total of 4 μg for 13 mm
coverslips and a total of 12 μg for 24 mm coverslips (see Notes
1–6). Cotransfection with a mitochondrial marker (mtRFP) or
staining mitochondria with a specific dye (TMRM or Mito-
Tracker) is strongly suggested (see Note 7). You can adjust
transfection protocol according to the cell line. No limitations
or side effect for the use of cationic lipids or PEI or electropo-
ration or viral infection (see Note 8). Stable clones can also be
generated (see Note 9).

5. Calcium phosphate precipitates can be toxic to HeLa cells;
therefore, carefully remove them after 8–12 h of transfection
by washing 3� with PBS. For other transfection procedures
please refer to the manufactures protocol.

6. After waiting 24/36 h to achieve a good probe expression, the
coverslips can either be fixed (with 3.7% (vol/vol) formalde-
hyde in PBS for 20 min and washed three times with PBS) and
mounted on microscope glass or placed in the imaging cham-
ber containing 1 ml of KRB/Ca2+ buffer for live imaging.

7. Put the coverslip/chamber on the confocal microscope stage
and bring the cells into focus using visible light. Possibly select
a field with sparse cells. In our laboratory Leica SP5-TCS-II-RS
inverted confocal microscope with excitation laser’s wave-
length of 488 nm is routinely employed to image ER–mito-
chondria contacts. HCX Plan APO 63�/numerical aperture
1.40 oil-immersion objective or other objectives with high
numerical aperture and resolving power should be used.

8. Check the fluorescence emission at 488 nm excitation wave-
length. Select cells that have a good signal-to-noise ratio with
nonaltered mitochondria morphology, and images of good
quality (see Notes 10 and 11).
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9. For all the acquired images set the following parameters: scan-
ning mode as xyz, pinhole at 1 airy unit, format at
1024 � 1024, speed at 200 Hz, and pixel size around 100 nm.

10. To properly image ER–mitochondria contacts, it is recom-
mended to acquire a Z-stack for the whole depth of the cell
by sampling at 300 nm in the Z plane (see Note 12). See Fig. 2
as an example.

11. Process the complete z-stack using ImageJ (National Institutes
of Health (NIH)). First convolve the images and then select
the cells using the freehand selection of ImageJ in the draw-
ing/selection polygon tool. Then proceed with the ER–mito-
chondria contacts quantification using the “Quantification 1”
plugin.

You can download “Quantification 1” plugin from
https://drive.google.com/file/d/18KG4SwUIUBhegxfH_
WZR44pLigtK_mm/view?usp¼sharing.

12. Obtain a 3D reconstruction of the image resulting from the
“Quantification 1” plugin using the Volume J plugin (http://
bij.isi.uu.nl/vr.htm).

13. Threshold a selected face of the 3D rendering and use it to
count short or long contact sites through the “Quantification
2” plugin (see Note 13).

Fig. 2 An example of Z-stack acquisition showing the ER–mitochondria contacts in all the planes and the
Z-projection reconstitution
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You can download “Quantification 2” plugin from
https://drive.google.com/file/d/
1qqrHH5yMwC0JmyMxUigzkZjB-e4ppW5E/view?
usp¼sharing.

3.2 Protocol

for Quantifying Basal

ER–Mitochondria

Contact Sites

with SPLICSS
and SPLICSL

The protocol is illustrated in Fig. 3.

1. A Z-Stack covering the whole volume of the cell is acquired
every 0.3 μM in order to acquire the number of the contact
sites occurring over different Z-planes of the cell.

2. Open the Z-stacks with the FIJI software (from Image J) and
apply the convolve filter. A matrix will appear with a number in
the center. This number is usually correct, but sometimes it
should be increased by one unit to improve the image. We
discourage to decrease this value since it will lead to loss of
signal. The changes must be applied to all the stacks.

3. A Gaussian Blur filter must then be applied to the convolved
stacks. Even in this case a window will appear with a sigma
(radius) value. We usually increase this value up to 1.5 or 2 to
blur the image in order to reduce noise. Apply to all the stacks.
The “Quantification 1” Plugin will provide with the blurred
image that must be contrasted. The contrast of the blurred
image should be slightly adjusted (Image, Adjust, Bright-
ness/contrast) in order to reduce the blurring. Changes should
be applied to all the stacks.

4. The processed image stacks are now ready to be 3D rendered.
This process can be performed through the VolumeJ plugin,
but cannot be automated since some settings must be adjusted.

5. Make sure that the correct stack is selected for rendering from
the volume stack window.

6. Select the Isosurface rendering algorithm.

7. Set the Z-stack depth (0.3 μM) in the third panel of the aspect
ratios.

8. Set the trilinear Interpolation mode.

9. Set the cine-total rotation to 180�.

10. Set the cine-frame increment at 20�.

11. Render the 3D stack with the render cine mode.

12. The VolumeJ plugin will give a series of 3D rendered images
representing each plane of the total volume tilted by 20� for a
total of a 180� rotation (a total of 9 images to be saved as image
sequence).

13. The first and the last 3D rendered image will thus represent the
top and the bottom of the cell and can be opened with the
“Quantification 2” plugin to quantify the number of contact
sites. Alternatively, the image must be thresholded (see Note
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Fig. 3 A flowchart illustrating the procedure for setting up the standard protocol for fluorescent dots
quantification. For details see the Methods section
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13) and the watershed binary process must be applied before
the final quantification with the Analyze particle tool of FIJI
software is performed. In general, we do prefer to count the
number of objects per cell, though the Analyze particle tool
will give additional parameters such as the volume or the
intensity.

4 Notes

1. A good attachment and a homogenously distribution of the
cells on the well/coverslip greatly enhances the efficiency of
transfection. Try to avoid the accumulation of cells at the
center of the well/coverslip.

2. Use the appropriate plastic tubes to prepare the transfection
solution: polypropylene tubes are recommended when trans-
fecting with the calcium phosphate procedure; avoid polysty-
rene tubes when transfecting with cationic lipids because of
their propensity to bind them.

3. When SPILCS probes are cotransfected with other protein/
s whose action on ER–mitochondria contact sites will be inves-
tigated, use a larger amount of cDNA expressing the probe (2:1
or 3:1 protein/SPLICS ratio) in order to avoid the possibility
that the signals measured comes from cells transfected only
with the SPLICS probe, thus underestimating the effect of
the protein of interest. In any case, if the analysis of contact
sites is performed in fixed cells, it is convenient to perform an
immunocytochemistry analysis against the protein of interest.

4. Changing the culture medium of HeLa cells before the addic-
tion of the transfection solution greatly enhances the efficiency
of transfection.

5. Calcium phosphate precipitates are toxic for the cells. Carefully
remove them after 12 h by washing the cells with PBS. Wash
cells gently in order to avoid cells detachment.

6. Performing the experiment at least 24 h after transfection
ensures both an ideal expression of the SPLICS probe (and,
possibly, of the coexpressed protein of interest) and a full
recovery of the transfected cells.

7. Targeting at the OMM is usually critical since can be accom-
panied by changes in the mitochondria morphology when
expression levels are high. Thus, when working in transient
transfection we strongly encourage to check the mitochondrial
architecture in order to avoid misinterpretation of the results.
The mitochondria architecture must be as in control/untrans-
fected cells, for example, in HeLa cells under basal conditions
mitochondria appears as a filamentous network. Therefore, the
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contact sites number should be assessed in those cells whose
mitochondria morphology is preserved.

8. The cDNAs for SPLICS expression could be easily cloned in
viral expression system (adenoviral, adeno-associated viral, or
lentiviral) and used to transduce cells resistant to transfection
or primary cultures. We obtained preliminary evidence that the
SPLICS probes, upon viral infection, work even in mouse
primary neuronal cultures (not published).

9. The protocol described above refers to transient transfection,
which is generally preferred in order to avoid the selection
stable clones with peculiar characteristics. However, stable
clones expressing SPLICSS or SPLICSL can be generated either
upon selection with geneticin (whose resistance is conferred by
pCDNA3) or upon cotransfection with additional plasmids
conferring resistance to other antibiotics. In this case it is
opportune to follow some tips, which are as follows.

All the plasmids must be linearized at a single site. Choose a
site of restriction that does not interfere with their expression.
The reporter–selection ratio should be at least 5:1. Cotransfec-
tion works best using calcium phosphate coprecipitation, but
also electroporation and cationic lipids methods can be used.
The antibiotic concentration used to select clones should be
first titrated on untransfected cells setting it at 2–3� the
amount that kills 100% of the cells. Using less will give you
false positives; using more will kill even transfected cells. Serum
source and concentration should not be varied until stable
clones are generated. Once clones are selected, they should be
screened for expression and reconstitution of the GFP fluores-
cent signal. Discard negative clones as well as clones with mis-
targeted mitochondrial OMM GFP1-10 or ER β S11 signal.
Mitochondrial OMM GFP1-10 distribution can be verified
either by immunocytochemistry analysis using commercial
anti-GFP antibodies or by complementation with a cytosolic
untargeted reporter protein tagged with β S11 fragment, which
can reconstitute GFP signal on the cytosolic surface of the
outer mitochondrial membrane. β S11 localization on the ER
surface can be verified by complementation with untargeted
GFP1-10 and the appearance of a green fluorescent signal with a
reticular distribution. Transfectants should be cultured for a
few passages and then reanalyzed. Some of the highest expres-
sors could become negative because they took up too much
DNA and were unstable. For long term culture, use media
containing the selectable drug at 1� the amount used above.
It is not necessary to use more, be conscious that these drugs
are quite expensive.
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10. Set up the best conditions for your expression system avoiding
very strong overexpression and always check the correct target-
ing of the GFP 1-10 moiety by immunocytochemistry using
primary antibodies against GFP. Be aware that in the case of
high level of expression some mistargeting may occur or mito-
chondrial morphology could be affected. If this is the case
reduce the amounts of transfected plasmids or the time of
expression.

11. Verify that the ER and mitochondria morphologies were not
affected by the transfection procedure. This could compromise
the real evaluation of the number of ER–mitochondria contact
sites.

12. It is strongly required to perform a Z-Stack analysis of the
whole cell volume in order to be sure to quantify properly all
the ER–mitochondria interactions. Indeed, as also shown in
Fig. 2, organelle contact sites are not formed only on a single
confocal plane rather they are distributed throughout the
whole volume and area of the cell. Acquiring only single planes
will inevitably lead to misinterpretations of the results. The
Z-stack should be just above the resolution limit of the confo-
cal microscope, that is, at around 0.3 μM. Acquisition of bigger
stacks, for example, at 0.4 or 0.5 μM, although it is not forbid-
den, might cause the loss of some contacts thus leading to an
underestimation of the results. To improve the image quality,
we suggest acquiring them at a resolution of 1024 � 1024 and
a speed of 200 Hz.

13. The 3D rendered image must be thresholded in order to
quantify the number of contact sites. This procedure is not
easy to standardize due to the heterogeneous nature in terms of
size of the contact sites monitored, for this reason we encour-
age to count the number of objects monitored per cell. In this
case the threshold must be set in order to consider all the 3D
rendered dots in the cell. Increasing or decreasing the thresh-
old level above or below the 3D rendered signal will inevitably
lead to underestimation or overestimation of the contacts
number, respectively. The “Quantification 2” plugin will then
apply the watershed binary filter.
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Chapter 24

Qualitative Characterization of the Rat Liver Mitochondrial
Lipidome Using All Ion Fragmentation on an Exactive
Benchtop Orbitrap MS

Irina G. Stavrovskaya, Rose M. Gathungu, Susan S. Bird,
and Bruce S. Kristal

Abstract

Untargeted lipidomics profiling by liquid chromatography–mass spectrometry (LC-MS) allows researchers
to observe the occurrences of lipids in a biological sample without showing intentional bias to any specific
class of lipids and allows retrospective reanalysis of data collected. Typically, and in the specific method
described, a general extraction method followed by LC separation is used to achieve nonspecific class
coverage of the lipidome prior to high resolution accurate mass (HRAM)MS detection. Here we describe a
workflow including the isolation of mitochondria from liver tissue, followed by mitochondrial lipid
extraction and the LC-MS conditions used for data acquisition. We also highlight how, in this method,
all ion fragmentation can be used to identify species of lower abundances, often missed by data dependent
fragmentation techniques. Here we describe the isolation of mitochondria from liver tissue, followed by
mitochondrial lipid extraction and the LC-MS conditions used for data acquisition.

Key words Mitochondria, Lipidomics, LC-MS, Cardiolipins, Lysophospholipids, HCD

1 Introduction

Mitochondria are intracellular membrane-enclosed organelles that
play crucial role in bioenergetics, biosynthesis of critical cellular
constituents, the regulation of cell survival, and the execution of
cell death pathways [1, 2]. Lipids are essential to mitochondrial
viability, and they are involved in the regulation of the wide range of
mitochondrial functions, such as maintenance of membrane struc-
tural composition and fluidity, membrane fusion and fission, elec-
tron transport and oxidative phosphorylation, signal transduction,
interaction with other cellular constituencies such as proteins and
glycoproteins, and energy storage [3–5]. The role of lipids in
mitochondrial function is, for example, exemplified by mitochon-
drial phospholipid cardiolipin (CL). CL, which is almost exclusively
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found in the inner mitochondrial membrane, plays multiple key
roles in the regulation of mitochondrial metabolism, including
regulation of essential enzymatic activities involved in electron
transport and oxidative phosphorylation, and assembly of respira-
tory supercomplexes [5–7]. Recent studies suggest a critical role of
mitochondrial lipid cardiolipin in apoptotic cell death pathway [8]
and regulation of mitochondrial dynamics [9].

Mitochondrial lipids are also both a major target for oxidative
damage by reactive oxygen species produced during respiration and
a major source of lipid peroxides and peroxidation by-product (e.g.,
hydroxyalkenals, γ-isoketoaldehydes) production that serve to
amplify oxidative damage under pathophysiological conditions
[10–14]. Development of analytical methods for accurate quantita-
tive and qualitative analysis of all lipid classes and species that
contribute to and reflect mitochondrial function is therefore highly
important.

Liquid chromatography with high resolution accurate mass
(HRAM)-MS is widely used to study the biochemical species (pro-
teins, metabolites, lipids, etc) that comprise a biological sample
[15–17]. These techniques offer the speed, sensitivity and specific-
ity necessary to determine the biochemical composition of a system
by providing both qualitative and relative quantitative results. This
is imperative for a successful nontargeted lipidomics analysis, where
all lipid species are considered of potential biological importance
and therefore there can be no deliberate analytical bias is given
toward any of the eight lipid categories established and defined by
LIPID MAPS [18].

By using HRAM instrumentation, such as the Exactive bench-
topOrbitrapMS, for both full scan and all ion fragmentation (AIF),
a broad picture of the lipidome is captured and the electronic data
record obtained can easily be used for both primary and retrospec-
tive analysis. LC separation followed by HRAM detection in com-
bination with MS/MS fragmentation allows both known and
unknown species to be structurally elucidated and monitored.
Using the method described herein, containing both LC and MS
with AIF MS/MS, the identification of more than 350 unique
lipids in serum, mitochondria and premature infant fecal samples
have been found and reported [19–22].

Specifically, using the approach described, we have identified
26 structurally unique CL species and two monolysocardiolipins
(MLCL)—(18:2)3 and (18:2)2(18:1) in liver mitochondria isolated
from healthy male Fisher 344 � Brown Norway F1 rats, and
revealed the patterns of dietary-mediated regulation of these spe-
cies [22]. All CL species were characterized by four fatty acid
chains. Furthermore, this method enabled us to detect 36 CL
species in a pooled sample drawn from the livers of selectively
bred polygenetic obesity prone (OP) and resistant (OR) Sprague-
Dawley rats, 22 of them were characterized by four fatty acid
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chains, and 14 species as carbon to double bond ratio (unpublished
data, IS NORC study). Twenty-eight structurally unique CLs and
two MLCLs were identified in mitochondria isolated from skeletal
(gastrocnemius) muscles of OP and OR rats. Forty-six CL species,
with the most dominant (18:1/22:6/20:4/20:4) specie, were
detected in nonsynaptosomal mitochondria isolated from brains
of C57BL/6 J alpha-synuclein knockout mice (unpublished
data). We were able to detect an elevation of the range of proin-
flammatory lysophospholipids such as lysophosphatidylcholines
(LPCs)—(16:1), (18:1) and (18:2) in mitochondria isolated from
the livers of OP and OR rats.

2 Materials

2.1 Liver

Mitochondria

Isolation [23]

1. Isolation buffer IB1: 240 mM D-sucrose, 10 mM HEPES,
pH 7.4, 1 mM ethylene glycol-bis(2-aminoethylether)-N,N,
N0,N0-tetraacetic acid (EGTA) stock with pH 7.2 adjusted by
KOH, 5 g/1 L bovine serum albumin (BSA, Sigma-Aldrich,
fatty acid free). Dissolve 82.152 g of D-sucrose in 900 mL of
distilled water. Add 10 mL of 1MHEPES-KOH and 20 mL of
0.5 M EGTA-KOH. Adjust pH to 7.4 with KOH. Bring the
solution to 1 L with water. Add 5 g of fatty acid free bovine
serum albumin (BSA, Sigma-Aldrich), do not shake it, leave it
overnight at 4 �C to dissolve completely (see Notes 1–5).

2. Petri dish.

3. 50 mL plastic disposable beaker.

4. Potter-Elvehjem glass–Teflon homogenizers 40 mL and 15mL
volume.

5. 50 mL round-bottom centrifuge tubes.

6. Fixed angle JA-20 centrifuge rotor and appropriate centrifuge,
(both, Beckman, USA), both prechilled to 4 �C.

7. Secure the pestle in the chuck of the electrical motor.

8. Isolation buffer IB2: 240 mM D-sucrose, 10 mM HEPES,
pH 7.4. Dissolve 82.152 g/1 L D-sucrose, 2.38 g/1 L
HEPES, pH 7.4, adjusted by KOH. Bring the solution to 1 L
with water. Sterilize the solution using sterile vacuum filter
units (see Notes 1–5).

9. Bicinchoninic acid kit (Sigma-Aldrich, USA) to determine
mitochondrial protein concentration and 1.0 mg/mL BSA as
a standard solution (see Note 6).

10. Spectrophotometer, Uvikon 943, or equivalent.

11. Washing buffer: 125 mM KCl, 10 mM HEPES, pH 7.4. Dis-
solve 9.32 g/1 L KCL, 2.38 g/1 L HEPES, pH 7.4 adjusted
by KOH. Bring the solution to 1 L with water. Sterilize the
solution using sterile vacuum filter units (see Notes 1–5).
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2.2 Mitochondrial

Lipid Extraction

1. 1.5 mL Fisher brand siliconized low-retention microcentrifuge
tubes (Fisher Scientific, Pittsburgh PA)

2. Microcentrifuge floating rack.

3. Mechanical ultrasonic cleaner.

4. 10 mL Falcon tubes

5. Thermo Scientific Savant SPD111V P1.

6. ACS grade dimethyl sulfoxide (DMSO).

7. ACS grade dichloromethane (DCM).

8. LC-MS grade methanol (MeOH).

9. LC-MS grade isopropanol (IPA).

10. LC-MS grade acetonitrile (ACN).

11. All water (H2O) is deionized to attain a sensitivity of
18 M Ω cm at 25 �C.

12. Lipid internal standard solution: 1.5 mL, enough for 50 sam-
ples; Combine 37.50 μL of a 2 mg/mL solution of 1,10,2,2-
0-tertraoleoyl cardiolipin (CL(18:1)4) (Avanti Polar Lipids),
30 μL each of a 2.5 mg/mL solution of 1,2-diheptadecanoyl-
sn-glycero-3-phosphocholine (PC(17:0/17:0) and 1,2-dimyr-
istoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (PG(14:0/
14:0) (Avanti Polar Lipids), 15 μL of a 5 mg/mL solution of
11-O-hexadecyl-sn-glycero-3-phosphocholine (lysoPC(16:0))
(Enzo Chemicals) and 75 μL of a 1 mg/mL solution of
1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine (PS(16:0/
16:0) (Avanti Lipids) followed by 1297.5 μL of 2:1 DCM–
MeOH. All standards are dissolved in 2:1 mixture of DCM–
MeOH prior to mixing and stored a �20 �C.

13. LC-MS internal standard: Create 100 mL of a 5 μg/mL work-
ing concentration solution of LC-MS internal standard
1,2-diheptadecanoylsn-glycero-3-[phospho-rac-(1-glycerol)]
(PG 17:0/17:0) by adding 200 μL of a 2.5 mg/mL stock
solution to 100 mL of a 63:30:5 ACN–IPA–H2O mixture.

2.3 LC-MS Analysis 1. LC-MS grade acetonitrile with 0.1% formic acid.

2. Ascentis Express C18 2.1 � 150 mm 2.7 μm column (Sigma-
Aldrich, St. Louis, MO).

3. Column hot pocket thermostated column heater (Thermo
Fisher Scientific, San Jose, CA).

4. Thermo Fisher Scientific PAL autosampler, (Thermo Fisher
Scientific, San Jose, CA).

5. Accela quaternary HPLC pump (Thermo Fisher Scientific, San
Jose, CA).
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6. Exactive benchtop Orbitrap mass spectrometer with HCD
(Thermo Fisher Scientific, San Jose, CA) and heated electro-
spray ionization (HESI) probe.

7. Mobile phase A is prepared by dissolving 630 mg of ammo-
nium formate into a mixture of 600 mL water and 400 mL
ACN with 0.1% formic acid. This bottle is then sonicated for
several minutes to remove any gases from mixing solvents.

8. Mobile phase B is prepared by dissolving 630 mg of ammo-
nium formate into 1 mL of water before adding to 900 mL of
IPA and 100 mL of ACN with 0.1% formic acid. This bottle is
then sonicated for several minutes to facilitate dissolution and
remove any gases from mixing solvents.

9. SIEVE v 2.1 Differential Analysis Software (Thermo Fisher
Scientific, San Jose CA).

3 Methods

3.1 Liver

Mitochondria Isolation

1. All isolation steps have to be done on ice, and all operations
have to be carried out at 0-4 �C as described previously
[22, 24] (see Note 7). Alternative mitochondrial isolation
approaches from liver and/or other tissue are also expected to
provide suitable starting material, although the user should be
aware of the characteristics of any given preparation with
regards, for example, to purity. The use of other preparations
would replace steps 1–12 of this protocol.

2. Take liver tissue (8–10 g) from the animal (see Note 8) and
place it immediately in Petri dish containing ice-cold 20–30mL
of the isolation buffer #1 (IB1). Wash out blood.

3. Transfer liver tissue in a 50 mL plastic disposable beaker con-
taining 20–30 mL of IB1, and mince the tissue with scissors, or
use a press.

4. Pour the suspension in Potter-Elvehjem glass–Teflon homoge-
nizer and add IB1 to a total volume of 40 mL.

5. Homogenize the suspension using 7-8 up-and-down strokes
with the pestle rotating at 500–600 rpm (see Notes 9 and 10).
The suspension should look homogeneous.

6. Transfer the obtained homogenate into 50 mL round-bottom
centrifuge tubes. Centrifuge the tubes at 1000 � g for 10 min
(see Note 11).

7. Collect the supernatant and centrifuge it at 11,000 � g for
10 min. (see Note 12).

8. Collect the pellet and resuspend it in 15 mL of IB1 in the
Potter-Elvehjem glass–Teflon homogenizer using 4-5 up-
and-down strokes by hand. Suspension should look
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homogeneous. Adjust volume to 40 mL, mix, and centrifuge
the suspension at 11,000 � g for 10 min.

9. Resuspend the pellet in 15 mL of isolation buffer #2 (IB2) in
the Potter-Elvehjem glass–Teflon homogenizer with 4-5 up-
and-down strokes by hand. The suspension should look homo-
geneous. Adjust volume to 40 mL, mix, and centrifuge the
suspension at 11,000 � g for 10 min.

10. Resuspend final pellet in 0.5 mL of IB2 and store on ice (see
Note 13).

11. Add 10 μL of mitochondrial suspension into 990 μL of IB2 to
measure protein concentration by bicinchoninic acid -based
method using BSA as a standard (see sigmaaldrich.com for
details).

12. Aliquot mitochondrial sample by 1 mg of protein, resuspend it
in 125 mM KCl, 10 mM HEPES, pH 7.4 buffer, centrifuge at
11,000 � g for 10 min, remove supernatant and freeze as dry
pellets at �80 �C for further analysis.

3.2 Mitochondrial

Lipid Extraction

1. Add 40 μLDMSO to each aliquot of mitochondria (containing
1 mg of protein) (see Notes 14).

2. Place each mitochondria–DMSO sample into the floating
microcentrifuge rack and sonicate for 1 h to disrupt the
membranes.

3. Pipet 10 μL from each sample into a 10 mL Falcon tube to
create a mitochondrial pool sample. The pool samples will be
processed for quality control (QC) and lipid identification
studies.

4. Add 5 μL of lipid internal standard to each 30 μLmitochondria
sample, this includes samples from the study and pool samples
created in step 3.

5. Add 190 μL of MeOH to each sample and vortex for 10 s.

6. Next add 380 μL of DCM and vortex for 20 s (see Notes 15
and 16).

7. Finally, add 120 μL of water to induce phase separation.

8. Vortex samples for 10 s and allow to equilibrate at room
temperature for 10 min.

9. Centrifuge each sample at 8000 � g for 10 min at 10 �C (see
Note 17).

10. Using a 500 μL pipette, transfer 320 μL of the lower lipid-rich
DCM layer to a clean microcentrifuge tube. Be careful to push
the pipette tip along the side of the container when piercing the
protein disk as not to disrupt the phase separation or transfer
any protein with the lipid-rich DCM layer.

384 Irina G. Stavrovskaya et al.

http://sigmaaldrich.com


11. Evaporate the samples to dryness under vacuum using a speed-
vac (see Note 18).

12. Reconstitute samples in 300 μL of LC-MS internal standard
(PG (17:0/17:0)) before LC-MS analysis (see Note 19).

3.3 LC-MS

Conditions

1. Separate 10 μL lipid extracts on an Ascentis Express C18

2.1 � 150 mm 2.7 μm column connected to a Thermo Fisher
Scientific PAL autosampler, Accela quaternary HPLC pump
and an Exactive benchtop Orbitrap mass spectrometer
equipped with a heated electrospray ionization (HESI) probe
(see Notes 20 and 21).

2. Run separations for 30 min with mobile phase A and B con-
sisting of 60:40 water–ACN in 10 mM ammonium formate
and 0.1% formic acid and 90:10 IPA–ACN also with 10 mM
ammonium formate and 0.1% formic acid, respectively.

3. The gradient starts at 32% B for 1.5 min; from 1.5 to 4 min
increases to 45% B, from 4 to 5 min increases to 52% B, from
5 to 8 min to 58% B, from 8 to 11 min to 66% B, from 11 to
14 min to 70% B, from 14 to 18 min to 75% B, from 18 to
21 min to 97% B, during 21–25 min 97% B is maintained; from
25 to 30 min solvent B is decreased to 32% and then main-
tained. The flow rate is 260 μL/min.

4. Maintain the column oven temperature at 45 �C and set the
temperature of the autosampler to 4 �C. The same LC condi-
tions and buffers are used for all MS experiments.

5. Set the spray voltage to 3.5 kV, whereas the heated capillary and
the HESI probe are held at 250 �C and 350 �C, respectively.

6. Set the sheath gas flow to 25 units and the auxiliary gas to
15 units.

7. Hold these conditions constant for both positive and negative
ionization mode acquisitions.

8. The instrument is tuned by direct infusion of PG (17:0/17:0)
in positive mode and PC (19:0) in the negative mode (see
Notes 20 and 22) and external mass calibration is performed
using the standard calibration mixture and protocol from Ther-
moFisher approximately every 5 days.

3.4 Full Scan

Profiling Experiments

1. Operate the MS in high resolution mode, corresponding to a
resolution of 60 k and a 2 Hz scan speed and hold the scan
range between m/z 120–2000.

2. Mitochondrial lipid extracts are profiled by injecting each sam-
ple once, in randomized order, with pool samples, blanks and
IS mixture injections spread throughout the analysis.
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3.5 Lipid

Identification Studies

1. Run HCD experiments on the pool, lipid IS mixture and blank
samples only.

2. Perform these experiments by alternating between full scan
acquisitions and HCD scans, both run at 2 Hz. Three different
HCD energies, 30, 60, and 100 eV, are used in separate experi-
ments in both positive and negative mode.

3.6 Data Analysis All LC-MS profiling samples are analyzed using the MS label free
differential analysis software package SIEVE v 1.3 or higher
(Thermo Fisher Scientific and Vast Scientific, Cambridge, MA).
(see Notes 23 and 24).

The frame m/z values are used to do batch searches on the
Metlin database [23], the human metabolome database (HMDB)
[25] and the LIPID MAPS database [26] and those matches are
confirmed using the intact molecule’s exact mass observed during
the analysis, RT regions based on the lipid IS mixture elution times
run throughout the sequence and HCD fragmentation patterns
that chromatographically align with the intact exact mass extracted
ion chromatograms for the parent compound (see Note 25).

4 Notes

1. Use deionized water (Milli-Q, “Millipore”) for mitochondrial
buffer preparation.

2. Airtight glass containers or Thermo Scientific Nalgene dispos-
able bottles are strongly recommended for storage of mito-
chondrial buffers.

3. Sterilize all buffers by filtering through 0.22 μm membrane
(we recommend to use Thermo Scientific Nalgene disposable
filter units that come with bottles). The buffers are stable for at
least 3 months if kept sterile.

4. Do not freeze isolation and incubation buffers.

5. The buffer composition for mitochondria isolation and incu-
bation may vary. For example, examination of the literature will
show changes in relative concentrations of sucrose and/or
mannitol, in the choice of buffering agent and counter ion,
the inclusion/exclusion of divalent cation chelators, osmolar-
ity, and ionic strength. The buffers described have been used by
our lab for upstream respiration and/or calcium overload
experiments and subsequent downstream lipidomics studies.

6. Alternative protein concentration approaches can be used, but
linear range and potential interference must be examined.

7. Quality and purity of isolated mitochondria is very important,
because contamination of mitochondrial preparation with
cytosolic structures can interfere/mask lipid profiling results.
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8. Animals have to be sacrificed, and liver tissue has to be removed
and placed in ice-cold buffer as quickly as possible.

9. During tissue homogenization steps, do not draw a vacuum
and avoid bubble creation.

10. Avoid very fast pestle rotation during homogenization.

11. Do not use detergents to clean centrifuge tubes.

12. Carefully remove fat from centrifuge tube walls with a delicate
wiper after second centrifugation.

13. Make final mitochondria suspension rather concentrated than
diluted (we recommend a concentration of 60–80 mg/mL of
mitochondria).

14. Minimize contamination in mass spectrometry:
Do not store organic solvents used for the sample prepara-

tion in plastic tubes. PEG contaminants and plasticizers such
phthalates can leach out of plastic into the sample and make
their way to the LC-MS system. Always use glass bottles.

If you have to use detergent to wash the glassware, be sure
to rinse them with large volume of deionized water before use.
Detergents contain PEG materials which can contaminate
reversed phase columns and cause ion suppression in mass
spectrometry.

15. Dichloromethane is a harmful organic solvent with some evi-
dence of carcinogenic effects. It must be handled wearing
safety gloves and in a fume hood at all times. Be sure to read
dichloromethane MSDS before use.

16. Dichloromethane has a high vapor pressure at room tempera-
ture that makes it difficult to be accurately measured and
transferred using pipettes. To minimize loss of DCM through
evaporation during pipetting, pipet up and down several times
in DCM to ensure the inside of pipette tip is saturated with
CDM vapors.

17. Centrifugation of the sample at 4 �C helps keep the DCM layer
cool. Transfer the DCM layer while it is still cool. Cold DCM is
easier to transfer using pipette tips and less prone to loss via
evaporation.

18. Before drying the lipid extracts in a vacuum centrifuge, cool
the extracts down in a �20 �C freezer. This will help minimize
exposure to DCM vapors when opening and placing sample
tubes in the vacuum centrifuge, in case the instrument is not
placed in a fume hood.

19. Reconstitute the samples with the appropriate solvent right
before LC-MS analysis. Avoid keeping the reconstituted sam-
ples for prolonged time before LC-MS analysis to minimize
potential lipid degradation. Store the extra samples in a�80 �C
freezer.

Qualitative Characterization of the Rat Liver Mitochondrial Lipidome Using. . . 387



20. MS Preparation for Lipidomics Profiling: Mass calibration:
Mass calibration should be done to the instrument vendor’s
specifications. On the Exactive in our laboratory, mass calibra-
tions are done weekly. Calibrations are done separately in posi-
tive and negative ion modes.

MS Tuning: Tuning of the MS is done to optimize ion
transmission through the ion optics to the analyzer. Tuning is
therefore performed at the operating LC FLOW rate and the
compound chosen as the tuning compound should have simi-
lar ESI characteristics as your molecules of interest and should
be at the same concentration as a majority of molecules being
analyzed. As an example, for our LC-MS analysis, we tee-in
(using a splitter) 2.5 μg/mL of PG 17:0/17:0 flowing at
10 μL/min and 50:50 of mobile phase A and Mobile Phase B
at a flow of 250 μL/min (total flow into MS is 260 μL/mL).
The final concentration of PG 17:0/17:0 into the MS is
~100 ng/mL.

LC Solvents: Always use LC-MS grade solvents to avoid
contamination of mass spectrometer with impurities. To assist
with solubilization of ammonium formate in mobile phase B,
first dissolve it in ~1 mL of deionized water.

21. Analysis of lipid samples by reversed-phase LC-MS: Lipids,
(especially triglycerides) are very hydrophobic and thus they
tend to stick to the injector port which leads to carryover from
sample-to-sample. To avoid carryover, it is important to flush
the injector port thoroughly. We usually flush the injector port
with 50:50 acetonitrile: isopropanol and 50:50 isopropanol–
dichloromethane (10� with each). The isopropanol in dichlor-
omethane wets the needle and prevents drying (which can ruin
the needle plunger). It is also is important to ensure that the
solvent used for flushing area is miscible.

22. Tuning the ESI source parameters (e.g., temperature, source
voltages and gas flow rates) is important to ensure that lipids
are transmitted optimally to the analyzer. Additionally, if the
source parameters are not optimized; for example, if the source
voltages are set too high, lipids can fragment in the ionization
source. This In-source fragmentation (ISF) of lipids can be
problematic if the resulting ion masses correspond to the
masses of another lipid thus leading to misannotation of frag-
ment ions as true lipids [27, 28].

In the negative ionization mode, lipids that are prone to
ISF to produce lower mass fragment ions that look like other
lipids include: (a) Phosphocholine which lose a methyl group
to produce fragment ions with the same mass as PEs,
(b) glycosyl-ceramides and ceramide phosphates, which lose
their glycosyl and phosphate group, respectively, to form a
fragment with the same mass as their respective ceramide
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(c) the fragmentation of all PLs (i.e., PG, PI, PS, PC) which
after the loss of their head groups, form in-source fragments
with the same exact mass as phosphatidic acid, and iv) PLs also
fragment in-source to produce ions that correspond to masses
of free fatty acids and their respective lysoforms [27]. In the
positive ionization mode, lipids that fragment in-source
include cholesteryl esters which lose their fatty acyl chain to
form ions that correspond to free cholesterol, and, TGs which
lose one or two of their three fatty acyl chains to produce ions
that correspond to DGs and MGs respectively [29].

23. The framing parameters in these experiments are set at 0.01
Daltons for them/z window and 1.00 min for the RT window;
1000 is used at the intensity threshold. Peaks under this inten-
sity will normally be background or too low to quantify
robustly. These parameters can be adjusted based on your
own data. A pool from the middle of the sample sequence
should be used as a qualitative reference and for relative quan-
titation, and frames built off the reference are then applied to
all samples in the experiment. If a different reference is used,
the intensity values may change slightly, however, the overall
lipid ratios should be the same.

24. Chromatographic alignment and framing using Sieve: For
Sieve analysis on the LC-MS lipidomics data, the small mole-
cule, chromatographic alignment and framing and the nondif-
ferential single class analysis options are used. Positive and
negative ion data are analyzed separately and only the full
scan raw data is used for alignment and framing. The framing
parameters used are determined by the user. The m/z window
chosen depends on the mass accuracy of the instrument used.
The retention time window chosen should be large enough to
enable correct chromatographic alignment to account for
retention time drifts over time, but not too large so as to
minimize false positives. We therefore, typically use 1 min for
the retention time window and an intensity threshold of 1000
(to ensure that as many features as possible are identified but
without picking out the noise).

25. Lipid Identification: To assist with lipid identification of the
lipids obtained from the framing data, HCD analysis (done
separately in the positive and negative modes) is performed
on a pooled sample. HCD fragmentation is done at three
energies 30 eV (low energy), 60 eV (medium energy), and
100 eV (high energy).

Lipid identification is done by matching the retention time
of extracted ion chromatogram of a particular exact mass and
its fragments obtained using the all ion fragmentation data.
This alignment helps in distinguishing lipids with the same
exact mass but different fatty acyl chains. See also Note 22.
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Chapter 25

Live Imaging of Mitochondria in Kidney Tissue

Milica Bugarski, Susan Ghazi, and Andrew M. Hall

Abstract

Kidneys are highly aerobic organs and their function is tightly coupled to mitochondrial energy production.
Renal tubular cells, particularly the proximal tubule (PT), require an abundance of mitochondria to provide
sufficient energy for regulating fluid and electrolyte balance. Meanwhile, mitochondrial defects are impli-
cated in a range of different kidney diseases. Multiphoton microscopy (MP) is a powerful tool that allows
detailed study of mitochondrial morphology, dynamics, and function in kidney tissue. Here, we describe
howMP can be used to image mitochondria in kidney tubular cells, either ex vivo in tissue slices or in vivo in
living rodents, using both endogenous and exogenous fluorescent molecules. Moreover, changes in
mitochondrial signals can be followed in real time in response to different insults or stimuli, in parallel
with other important readouts of kidney tubular function, such as solute uptake and trafficking.

Key words Mitochondria, Kidney, Fluorescence imaging, Multiphoton microscopy

1 Introduction

The kidney is a highly metabolic organ and plays an important role
in maintaining water, electrolyte, and acid–base homeostasis in the
body. Specifically, metabolically intense reabsorption and excretion
processes occur in the kidney, which place high energy demands on
the renal tubule, and in particular the proximal tubule (PT).
Accordingly, PTs possess a high density of mitochondria and are
almost entirely dependent on aerobic respiration to generate ATP
[1]. This renders them vulnerable to mitochondrial insults, such as
ischemia and toxins, which are frequent causes of kidney disease in
humans. While there are various nonimaging techniques available
to investigate mitochondrial function, fluorescence microscopy has
the distinct advantage of allowing for simultaneous assessment of
mitochondrial structure, function, and dynamics in situ. Multipho-
ton (MP) microscopy is a type of fluorescence imaging ideally
suited to working with intact tissues, due to a greater laser pene-
trance and less phototoxicity in comparison to standard confocal
imaging [2].
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We have demonstrated previously that mitochondrial structure
and function can be imaged in rodent kidneys ex vivo and in vivo,
using multiphoton excitation of endogenous and exogenous fluor-
ophores. The ex vivo kidney slice preparation model has the advan-
tage that structural integrity is relatively well preserved, but
experimental conditions can be more tightly controlled than in
living animals. For example, dyes, drugs, and metabolites can be
directly applied to the tissue and changes in fluorescence signal
recorded in real time [3]. However, there are some limitations of
the slice model, including the possibility to introduce damage or
artifacts via the slicing process itself. Furthermore, the nervous
innervation of the kidney is lost and tissue slices have no exposure
to circulating hormones and cytokines that are important in reg-
ulating kidney function. Intravital MP microscopy allows the excit-
ing possibility to study cell and organelle function within intact,
working organs [4]. A major advantage of this approach is that
mitochondrial signals can be coimaged with other important read-
outs of kidney function, such as blood flow, glomerular filtration,
tubular flow, and solute uptake and transport [5–7]. However,
these advantages have to be weighed against the practical challenges
of in vivo imaging, such as maintaining the health of the animal and
achieving sufficient loading of dyes into cells. Moreover, only
tubules in the outer cortex can be visualized.

A range of different aspects of mitochondrial function can be
assessed in kidney tissue using fluorescence imaging. For example,
endogenous autofluorescence signals, such as NADH and flavopro-
teins (FP), can provide label free readouts concerning redox state
and substrate metabolism [8]. Meanwhile, uptake of voltage or pH
sensitive probes can be used to assess mitochondrial membrane
potential (ΔΨm) and pH gradients (ΔpHm) across the inner mito-
chondrial membrane, respectively. Examples of such dyes include
tetramethylrhodamine, methyl ester (TMRM) and Rhodamine
123, which are both voltage sensitive [9], and 5-(and-6)-carboxy
SNARF-1, acetoxymethyl ester, acetate (C-SNARF-1), which is pH
sensitive [10].

2 Materials

2.1 Kidney Slices Prepare all solutions using ultrapure deionized water and analytical
grade reagents.

2.1.1 Kidney Slice Buffer 1. 1 L 10� slice buffer stock solution: 118 mM NaCl, 4.7 mM
KCl, 1.2 mM KH2PO4, 10 mM NaHCO3, 10 mM HEPES.
Weigh 68.96 g NaCl, 3.5 g KCl, 1.63 g KH2PO4, 8.4 g
NaHCO3, and 28.83 g HEPES. Add 800 mL of water and
mix. Make up to a total volume of 1 L. Store at room
temperature (RT).
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2. 1 L of 1� slice buffer (make one day prior to experiment):
100 mL 10� slice buffer; 1.8 mM CaCl2, 1.44 mM MgSO4,
5 mM glucose, 5 mM sodium pyruvate, 2.5 mM sodium
butyrate, and 2.5 mM sodium lactate. Weigh 0.2 g CaCl2,
0.17 g MgSO4, 0.9 g glucose, 0.55 g sodium pyruvate,
0.28 g sodium butyrate, and 0.28 g sodium lactate. Add
100 mL of 10� slice buffer and make up to 1 L with water.
Split the 1� buffer solution into two parts, put one on ice and
the other heating on 37 �C. Mix and adjust the pH of both
buffers to 7.4 on appropriate temperature (4 �C or 37 �C) (see
Note 1) while gassing with continuous supply of 95% O2 and
5% CO2 (Oxycarbon medicinal). Once pH is set, store both
buffer solutions at 4 �C.

2.1.2 Anesthesia 1. Prepare anesthetic prior to experiment: mix ketamine
(170 mg/kg) and xylazine (10 mg/kg) in 1� PBS.

2.1.3 Setup for Slicing

and Imaging

1. Temperature controller, inline heater, heated chamber, grids,
and harps (Warner Instruments, Hamden, CT, USA).

2. Perfusion pump (Watson-Marlow Pumps, Cornwall, UK).

3. Polyethylene tubing, ID: 0.58 mm, 1.14 mm, or 2.05 mm
(Warner Instruments, Hamden, CT, USA and Watson-Marlow
Pumps, Cornwall, United Kingdom).

4. Oxycarbon gas bottle (Oxycarbon medizinal, Pangas AG,
Hauptsitz, Switzerland).

5. Liquid glue (Loctite—Henkel Adhesives, Düsseldorf,
Germany).

2.1.4 Mitochondrial

Toxins

1. 100 mM stock solution of respiratory chain uncoupler FCCP,
dissolved in ethanol. Keep aliquots at �20 �C. Working solu-
tion of FCCP: 5 μM dissolved in 1� slice buffer.

2. 500 mM stock solution of respiratory chain inhibitor sodium
cyanide, dissolved in water. Keep aliquots at �20 �C. Working
solution of sodium cyanide: 5 mM dissolved in 1� slice buffer
(see Note 2).

2.1.5 Mitochondrial Dyes 1. Voltage dependent dye Rhodamine 123 (Molecular Probes,
Eugene, OR, USA): 50 mM stock solution dissolved in
DMSO. Keep aliquots at �20 �C. Working solution of Rhoda-
mine 123: 50 nM dissolved in 1� slice buffer (see Note 3).

2. pH dependent dye C-SNARF-1 (Molecular Probes, Eugene,
OR, USA): 1 mM of stock solution dissolved in DMSO (see
Note 4). Working solution of C-SNARF-1: 10 μM in 1� slice
buffer (see Note 5).
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2.2 Intravital

Imaging of the Kidney

2.2.1 Agarose

1. 4.5% agarose in 0.9% NaCl solution: weigh 0.9 g of NaCl and
dissolve in 100 mL of water. Once NaCl is dissolved, add 4.5 g
of agarose. Heat up and stir thoroughly until agarose is boiled
and dissolved. Store in aliquots at �20 �C (see Note 6).

2.2.2 Surgery 1. Surgical tools (forceps, clamps, fine scissors, spring scissors),
needle and thread (FST, Heidelberg Germany).

2. Tissue glue—Histoacryl Flexible (Braun, Hessen, Germany).

3. Polyethylene tubing (ID 0.28 mm) for cannulating the jugular
vein (Fisher Scientific, Loughborough, UK).

4. Feedback loop warming system—Complete Homeothermic
Blanket System with Flexible Probe (Harvard apparatus, Hol-
liston, MA, USA).

5. Pump 11 Elite—Standard Infuse/Withdraw Programmable
Syringe Pumps (Harvard apparatus, Holliston, MA, USA).

2.2.3 Anesthesia 1. Isoflurane connected to oxygen bottle source—VetFlo (Kent
Scientific Corporation, Torrington, CT, USA).

2.2.4 Dyes 1. Voltage-dependent dye TMRM (Molecular Probes, Eugene,
OR, USA): 50 mM stock solution dissolved in DMSO. Keep
aliquots at �20 �C. Final concentration, prepared prior to
experiment: 0.4 mg/kg dissolved in 0.9% NaCl.

2. Dextran Alexa 647 (Molecular Probes, Eugene, OR, USA):
2 mg/ml stock solution dissolved in 1� PBS. Store in aliquots
at �80 �C. Final concentration, prepared prior to experiment:
2 mg/kg dissolved in 0.9% NaCl.

3 Methods

3.1 Kidney Slices

3.1.1 Slicing

1. Inject ketamine–xylazine mix intraperitoneally and wait until
the animal is deeply anaesthetized. Quickly remove the kidneys
by pulling them out from the renal artery using tweezers (see
Note 7). After the removal of capsule, one pole of the kidney is
mounted and cut with a vibratome (Microm HM 650 V,
Thermo Scientific, Waltham, MA, USA) into thin sections (see
Note 8). Tissue is kept oxygenated at 4 �C in 1� slice buffer
until used at the microscope.

3.1.2 Setup

at the Microscope

1. Make the perfusion system by connecting the 1� slice buffer
supply to the slices chamber, using polyethylene tubing (see
Fig. 1a). Use an inline heater to keep the temperature at 37 �C.

2. Mount the slices into an open-bath heated chamber platform
using anchor harps to keep the kidney slices stable and ensure
no movement occurs during the imaging (see Fig. 1b, c). Set
the heated platform on a microscopic stage underneath an
objective and perfuse with oxygenated 1� slice buffer at 37 �C.
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3.1.3 Imaging 1. Autofluorescence signals: Mitochondria are known to emit
autofluorescence signals originating from NAD and FPs
[11]. NADH emits fluorescence in the blue range
(420–480 nm) when in reduced state [12], with a maximum
two photon excitation at 700–750 nm (seeNote 9). FPs emit in
the green range when in oxidized state, but their fluorescence
properties depend on the type of protein within which they are
contained [11]. We found that maximum excitation for FPs in
mitochondria was at 850–900 nm, while the maximum emis-
sion occurred at 560–590 nm [8] (see Fig. 2a). To test the
redox sensitivity of the NADH signal, apply the respiratory
chain uncoupler FCCP (5 μM) and inhibitor cyanide (5 mM).
Mitochondrial NADH signal should decrease in response to
FCCP, and increase in response to cyanide (see Fig. 2b).

2. To assess the mitochondrial signal with Rhodamine 123, slices
should be incubated for 30 minutes at RT with 50 nm Rhoda-
mine 123 in gassed 1� slice buffer. This dye is excited at
850 nm and the fluorescence signal emitted at 500–550 nm
(see Fig. 2c).

3. For mitochondrial pH signals, incubate slices for 15 min with
10 μM C-SNARF-1 in gassed 1� slice buffer at RT (see Note
5). This dye is excited at 800 nm and fluorescence emission is
recorded at 565–605 nm and 625–675 nm wavelengths simul-
taneously. pH values can be derived by ratiometric measure-
ments of the emission recordings at both wavelengths [10] (see
Note 10).

3.2 Intravital

Imaging of the Kidney

Maintenance of the health of the animal while under anesthesia is
vital to maintain normal kidney function and obtain reliable and
reproducible results. The check the depth of anesthesia it is suffi-
cient to monitor respiration rate and the lack of withdrawal reflexes

Fig. 1 Setup for imaging of kidney slices (a) Perfusion system, temperature controller and perfusion pump
supplying the slice buffer to the chamber. (b) Open-bath slice chamber mounted on a microscope platform.
Inline and chamber heaters keep the temperature of the buffer at 37 �C. (c) The kidney slice is stabilized within
the chamber using anchor harps
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following tail or leg pinch. Animals need to be on a temperature-
controlled stage and body temperature should be closely moni-
tored and regulated at all times. A rectal temperature probe coupled
to a thermometer is an established method to follow the animal’s
core temperature in real time. Because prolonged periods of anes-
thesia could lead to decrease in blood pressure, it is important to
control this parameter during image acquisition. Blood pressure
can be recorded with a transducer/amplifier system connected to
the arterial catheter or by commercially available noninvasive
blood-pressure monitoring devices [13].
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Fig. 2 Imaging of mitochondria in kidney slices. (a) Example images of metabolic autofluorescence signals in
the mouse kidney cortex. Mitochondrial NADH signal (arrows) was excited at 700–750 nm and visualized at
420–500 nm. Flavoprotein signal in mitochondria (arrowheads) was excited at 900 nm and collected at
515–560 nm. (b) NADH redox state can be manipulated with respiratory chain (RC) uncouplers and inhibitors.
For example, the uncoupler FCCP (5 μm) decreases NADH fluorescence, while the inhibitor cyanide (5 mM)
increases it. (c) Coimaging of NADH signal and the mitochondrial membrane potential-dependent dye
Rhodamine 123. Scale bars ¼ 20 μm. PT proximal tubule, DT distal tubule, G glomerulus. (All images were
taken from Bugarski M et al., (2018) Am J Physiol Renal Physiol. 315(6):F1613-F1625)
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3.2.1 Surgery 1. Animals need to be deeply anesthetized with isoflurane before
starting the surgery. The right jugular vein needs to be cleaned, cut,
and cannulated with polyethylene tubing in order to access the
vascular system, in which dyes will be injected. Once cannulated,
ensure the vein is tightly sutured with thread and apply Histoacryl
flexible glue on top.

3.2.2 Externalization

of the Kidney

1. Exposure of the organ is accomplished via a small flank incision
in the abdomen. The left kidney is externalized and rested on
the cover slide of the microscopic stage and agarose is poured
to ensure support to the kidney and stable conditions for
acquiring images (see Note 11).

3.2.3 Imaging 1. Finding the region of interest: visualize the capsule by exciting
at 850 nm and collecting emission light in the blue and green
channels (330–550 nm). Zoom in to visualize the kidney cor-
tex and kidney tubules. S1 and S2 segments of proximal tubules
can be distinguished by characteristic autofluorescence signals
[8] (see Notes 9 and 12).

2. Application of dyes: these are prepared in 0.9% NaCl and
applied with the pump 11 elite system, in 100 μL volume,
with 300 μL/min infusion rate.

3. Coimaging of TMRM and Dextran: The tubular and vascular
compartments can be visualized by using fluorescent molecules
of different sizes that are either freely filtered or retained in the
circulation, respectively. To visualize filtration and endocytosis
of dextran Alexa 647, excite at 1120 nm and acquire images in
the far-red channel (660–740 nm). After 30 min, TMRM can
be injected at the same volume and rate. Optimal settings for
this dye are 850 nm excitation and 580–630 nm emission
wavelengths (see Fig. 3). The rate of GFR can be calculated by
drawing regions of interest (ROIs) in the vasculature and mea-
suring the decay of fluorescence signal [15]. Tubular flow can
be assessed by the decay of fluorescence signal emitted by the
freely filtered molecules inside the tubular lumen.

4 Notes

1. pH of the buffer is temperature dependent. Make sure you set
the pH on the adequate temperature (4 �C or 37 �C), while
gassing. Important: it takes a couple of hours until the pH is
stable; therefore, we suggest to prepare the buffers 1 day before
your experiment.

2. Sodium cyanide is alkaline. Measure the pH of your working
solution and correct it to pH of 7.4 before applying it to the
kidney slice.
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3. Rhodamine 123 is a cationic fluorescent dye that accumulates
in the negatively charged interior of mitochondria. It is impor-
tant to use low concentrations (10–50 nM range) of Rhoda-
mine 123 in order to avoid autoquenching of this dye in the
mitochondria [16].

4. It is important to freshly prepare the stock solution of
C-SNARF-1 on the day of the experiment and keep it at RT.

5. C-SNARF-1 can be toxic to tissue slices, especially at 37 �C, as
the dye accumulates more potently into the cells. As an alterna-
tive, you can perform the experiment at RT to preserve the
health of the slice for a longer period of time.

6. Wait approx. 1 h for agarose to dissolve. Important: place
agarose powder in 0.9% NaCl on RT. If the solution is pre-
heated the agarose will not melt.

7. To maintain the health of the tissues slices, it is crucial to supply
them continuously with nutrients and oxygen. Therefore,
kidneys have to be externalized fast and immediately placed
on ice in oxygenated 1� slice buffer. Under these conditions,
the slices remain usable up to about 6–8 h.

8. Slices of kidney tissue can be cut from either cortex or the
medulla. If you are interested in imaging the cortical region
of the kidney, we suggest to cut 250 μm thick cross-sections.
For imaging the medulla, make sagittal 280 μm thick sections.

9. When imaging autofluorescence signals be careful with repeti-
tive and high-laser power imaging, due to phototoxicity. Make
sure you optimize the zoom, format and speed of image acqui-
sition, along with the laser power you will use.

Fig. 3 Intravital multiphoton imaging of the kidney. The mitochondrial membrane potential (Δψm)–dependent
dye tetramethyl rhodamine methyl ester (TMRM) is taken up by tubules in vivo and localizes to mitochondria.
Dextran Alexa 647 (10 kD), a marker for fluid-phase endocytosis [14], is rapidly filtered from the blood and
taken up apically into proximal tubules (arrows). Luminal wasting of concentrated dextran (*) can be observed
in the distal tubule. Scale bars ¼ 30 μm. PT proximal tubule, DT distal tubule
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10. C-SNARF-1 has a dual emission peak (at 580 and 640 nm) and
mitochondrial pH values from tissue slices can be derived by
ratiometric measurements at wavelengths corresponding to the
maxima emission. First, the dye has to be calibrated in vitro, as
in situ calibration is not feasible in tissue slices. For the calibra-
tion, you use Tris buffered solution (1 M) with a range of
different pH values (pH 5.0—9.0) and add C-SNARF-1 in a
final concentration of 2 μM. The intensity ratios derived at the
two wavelengths have then to be plotted in a linear calibration
plot as in eq. 1 [17], where R is the ratio of the fluorescence
intensities (F) Fλ1/Fλ2 measured at two wavelengths λ1
(580 nm) and λ2 (640 nm). The subscripts A and B indicate
the values of the most acidic and most basic pH respectively.
The pKA is equal to the intercept of this linear plot.

pH ¼ pKA � log
R �RB

RA �R
� FB λ2ð Þ
FA λ2ð Þ

� �

This calibration curve can subsequently be used to deduct
pH values from raw images of tissue slices derived at the two
different emission wavelengths. To measure the pH signal
specifically inside the mitochondria, you can draw small ROIs
in your image around the mitochondrial region of the cell.

11. A small suture should be made around the abdominal incision.
After externalization of the kidney close the suture to ensure
that the kidney does not return to the abdominal cavity. How-
ever, do not tight it too strong in order to avoid ischemia.

12. Check if the tubular lumen is open. If the lumens are collapsed,
due to low blood pressure, there will be no delivery of the
fluorescent probes to the kidney tubules. Reducing isoflurane
anesthesia or injecting small volume of 0.9% NaCl to the
jugular vein could help with increasing the blood pressure,
which is usually accompanied by opening of collapsed lumens.
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Chapter 26

Time-Resolved Imaging of Mitochondrial Flavin
Fluorescence and Its Applications for Evaluating
the Oxidative State in Living Cardiac Cells

A. Marcek Chorvatova, M. Cagalinec, and D. Chorvat Jr

Abstract

Time-resolved fluorescence spectrometry is a highly valuable technological tool to detect and characterize
mitochondrial metabolic oxidative changes by means of endogenous fluorescence. Here, we describe
detection and measurement of endogenous mitochondrial flavin fluorescence directly in living cardiac
cells using fluorescence lifetime imaging microscopy (FLIM) after excitation with 473 nm picoseconds
(ps) laser. Time-correlated single photon counting (TCSPC) method is employed.

Key words Mitochondrial oxidative state, Endogenous flavin fluorescence, FLIM, TCSPC, Energy
metabolism

1 Introduction

Fluorescence lifetime imaging and spectroscopy has made an
important impact in the field of monitoring of the mitochondrial
metabolic processes implicated in energy production in living cells
and tissues [1–4]. Naturally occurring endogenous fluorophores
and their fluorescence (also called autofluorescence) offer the pos-
sibility to study noninvasively mitochondrial metabolic processes.
Despite their lower fluorescence yield when compared to fluores-
cence probes or dyes, endogenous fluorophores are highly advan-
tageous for noninvasive tracking of changes in mitochondrial
metabolic state by natural means. To evaluate mitochondrial
metabolism, NAD(P)H and flavoproteins were proposed to be
the marker of the metabolic oxidative state thanks to their principal
role in energy production [5–7]. Addition of the time resolution,
fluorescence spectroscopy enabled a deeper insight into metabolic
processes thanks to the ability to distinguish individual fluoro-
phores involved in energy production [8, 9]. Fluorescence lifetime
is an internal property of the fluorophore. In general, it depends on
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the ability of a fluorophore to transfer energy to its environment—
and thus on the physicochemical characteristics of such environ-
ment, while being independent on the fluorophore concentration.

Endogenous fluorescence is an intrinsic property of living cells
and while NAD(P)H is stimulated after excitation of the sample by
ultraviolet (UV) light, flavins and flavoproteins are excited by visible
light [4, 6, 8, 9]. This is particularly true in energetically highly
active cells, such as cardiac myocytes [10–12]. Endogenous fluo-
rescence results predominantly from mitochondria [13, 14] and it
is therefore a good practice to verify the mitochondrial localisation
of the recorded images of cellular autofluorescence and/or to
compare them with AF distribution. Flavins are best excited in the
range from 400 to 500 nm [13, 15] and their fluorescence occurs
with maximum at 490–560 nm. After binding, flavins are reduced
into FADH, a nonfluorescing molecule [8, 9, 12, 15]. Time-
resolved approach identified two fluorescence decay components:
1.8–2.0 ns for the “free” form of flavins and 0.4–0.6 ns for, most
likely, flavins “bound” to enzymes of the mitochondrial ETC (elec-
tron transport chain), in other words, “in use flavins” [3, 8, 9]. At
lower wavelengths, fluorescence of NAD(P)H (emitting up to
500 nm) can affect the recording of the flavin fluorescence [16–
18]. For the best results it is crucial to darken the experimental
setup as much as possible: enclose it into a light-impermeable
box/cover, or prevent the outside light to enter the laboratory.

Different types of flavins can be distinguished by different
metabolic modulation [4–6, 9]. Modulation of the processes of
energy production enables to study their roles in the cell metabolic
state and can also provide a “calibration” of the metabolic oxidative
state. OXPHOS (oxidative phosphorylation) can be either inhib-
ited to reduce the oxidation, leaving the cells in a fully reduced
state; or uncoupled from energy production, thus inducing a fully
oxidized state [4–6, 19].

Both flavins and NAD(P)H can serve as metabolic oxidative
state modulators. Although for spectral region where the NAD
(P)H emits there is also a marginal collagen fluorescence, in the
spectral regions where the flavins emits there are not only several
types and forms of flavins emitting in a wide spectral band from
480 to approximately 560 nm, but also several other absorbing and
emitting fluorophores (lipofuscins, melanin, riboflavin, porphyrins,
etc.) [8–10]. Ability to detect and to distinguish between different
forms of flavins by spectrally and time-resolved fluorescence is
therefore highly useful to gather closer insight into the mitochon-
drial metabolism of various tissues [3, 12, 19] and, consequently, to
understand changes that occur during either physiological (aging,
differentiation) or pathophysiological conditions linked with mod-
ifications in mitochondrial metabolic oxidative state such as inflam-
mations, transplanted tissue rejections, hypoxia, and/or cancer
[4, 15, 16, 20]. Here, we describe flavin fluorescence lifetime
imaging microscopy in cardiac cells isolated from rat hearts.
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2 Materials

2.1 Solutions Prepare all solutions using ultrapure water (produced by purifying
the deionized water to attain the resistivity of 18 MΩ.cm at 25 �C).
Adjust pH in all solutions to 7.35 with 1 mol/l NaOH, osmolarity
330 mosm/l.

1. Solution 1Ca: 135 mMNaCl, 5.4 mM KCl, 1.2 mMMgSO4,
1 mM CaCl2, 1.2 mM NaH2PO4, 10 mM HEPES; 10 mM
glucose, 10 mM creatine, 10 mM taurine.

2. Solution 0Ca-EGTA: 135 mM NaCl, 5.4 mM KCl, 1.2 mM
MgSO4, 1.2 mM NaH2PO4, 0.1 mM EGTA, 10 mMHEPES;
10 mM glucose, 10 mM creatine, 10 mM taurine.

3. Solution 50μM Ca: 135 mM NaCl, 5.4 mM KCl, 1.2 mM
MgSO4, 0.05 mM CaCl2, 1.2 mM NaH2PO4, 10 mM
HEPES; 10 mM glucose, 10 mM creatine, 10 mM taurine.

4. Enzymatic solution: 135 mM NaCl, 5.4 mM KCl, 1.2 mM
MgSO4, 0.02 mM CaCl2, 1.2 mM NaH2PO4, 10 mM
HEPES; 10 mM glucose, 10 mM creatine, 10 mM taurine
and 0.05–0.2 mg/ml Liberase TM (Roche, Cat. No. 5 40
127,001).

5. BSA-enzymatic solution equals to the Enzymatic solution
with addition of 1% (w./v.) of BSA.

2.2 Drug Preparation 1. Prepare rotenone at 1 mM stock solution in water and store at
�20 �C. Use at final concentration of 1μM.

2. Prepare 2, 4-dinitrophenol (DNP) at 1 mM stock solution in
DMSO and store at �20 �C. Use at final concentration of
50μM.

3 Methods

3.1 Microscopy 1. All procedures were carried out at room temperature (seeNotes
1 and 2).

2. Prepare cardiac cells (see Cell preparation for microscopy).

3. For image acquisition, keep myocytes in the solution 2.1.1 (see
Note 3).

4. Based on the employed objective, choose the right thickness of
the microscope cover slip. For example, for C-Apochromat
40�, we used the No.#1 (0.13–0.16 mm) glass cover slip
bottoms to seed the cells onto.

5. FLIM images were recorded using time-correlated single pho-
ton counting (TCSPC) technique [2] (see Note 4), following
excitation with a 473 nm picosecond laser diode (BDL-473,
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Becker & Hickl, Germany, see Note 5) Axiovert 200 LSM
510 Meta (Carl Zeiss, Germany) equipped with
C-Apochromat 40�, 1.2 W corr NA. The laser beam was
reflected to the sample through an epifluorescence path of the
laser scanning confocal microscope. The emitted fluorescence
was separated from laser excitation using LP500 nm and
detected by HPM 100–40 photomultiplier array employing
SPC-830 TCSPC board (both Becker & Hickl, Germany).
The setup was kept in the darkness.

3.2 Cell Preparation

for Microscopy

1. Isolate left ventricular myocytes based on retrograde Langen-
dorff perfusion with the solution 2.1.4. See [7, 22] for details.
The protocol is optimized for a rat weighting 200–400 g.

2. After removing the heart with sufficiently long ascending aorta,
mount the aorta immediately to the cannula of the Langen-
dorff system. Secure the aorta with a thread.

3. First perfuse the heart with the solution 2.1.1. to clean the
heart from the blood (usually up to 5 min). At the end the
dripping solution should be completely transparent.

4. Then perfuse with the solution 2.1.2 for 5 min to stop the
contractions of the heart.

5. Consequently, perfuse the heart with solution 2.1.4 driven by a
peristaltic pump at a rate of 3 ml/min until the tissue become
soft (usually ~9 min).

6. Remove the right ventricle and cut the left ventricle gently into
small pieces.

7. Filter the suspension through 100μm nylon mesh.

8. Centrifuge at 50� g for 1 min and replace the supernatant with
the Solution 2.1.3.

9. Digest the remaining tissue with the Solution 2.1.5. for 5 min.

10. Repeat the steps 10–12 until the tissue is dissolved completely
(usually 4–5 batches of myocytes).

11. Use the batch with highest yield of rod-shaped cardiac cells for
further experiments. Centrifuge the batch at 50 � g for 1 min
and replace the supernatant with the fresh solution 2.1.3. to
completely remove the enzyme.

12. Increase gradually the concentration of Ca2+ in this batch to
100, 250, 500, and 1000μM in 5 min intervals to keep the
myocytes calcium tolerant (see also Note 3 for other cell solu-
tions). Use the myocytes up to 8 h after isolation, or until
degradation of the cells quality (observed, namely, by the
presence of hypercontracted cell edges).
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3.3 Fluorescence

Lifetime Imaging

of Flavin Fluorescence

in Living Cells

1. Put cover slips with cells onto a microscopy stage.

2. Prepare recording setup: for flavin measurements, based on its
excitation/emission characteristics (as detailed in the Introduc-
tion), use excitation at 473 nm (or below, see Note 5) with an
appropriate emission filter. To collect maximum fluorescence,
use LP 500 nm of below. See Note 6 on how to gather spec-
trally resolved data.

3. Create recording protocol: collect high resolution time-
resolved images of cells for 120 s with ADC (analog-to-digital
converter) resolution 256 to record image size of 256 � 256
pixels (see Fig. 1 for illustration). To improve data resolution,
see Note 7. For recording of fast processes, see Note 8.

4. When the recording is finished, save data in a
corresponding file.

5. Verify the mitochondrial localisation of the endogenous fluo-
rescence and absence of the nuclear one from the recorded
images.

3.4 Testing

Mitochondrial

Presence

1. Fluorescence probe Rhodamine 123 can be employed to eval-
uate the presence of mitochondria in living cells (see Note 9).
Apply Rhodamine 123 in external medium at final concentra-
tion of 1μM to the cells. Leave for 10 min and then replace with
clean external medium.

2. Put cover slips with cells onto a microscopy stage.

3. Prepare recording setup: based on excitation/emission proper-
ties of the probes (500/530 nm for Rhodamine 123 [23]), we
have used excitation with 473 nm picoseconds laser and LP
500 nm.

4. Create recording protocol: collect high resolution time-
resolved images of cells for 120 s with ADC resolution
256 (see Fig. 2 for illustration; same recording setup and pro-
tocol can be employed for the measurement of flavin endoge-
nous fluorescence). Verify the mitochondrial localisation of the
Rhodamine 123 fluorescence from the recorded confocal
images.

3.5 Reducing

Mitochondrial

Oxidation by OXPHOS

Inhibition

1. Prepare rotenone at 1–5μM in water.

2. Apply rotenone to unstained cells by gently replacing external
medium with external medium + rotenone, or by adding
higher concentration of rotenone to the solution with cells
and shaking gently.

3. Leave rotenone to act for 10 min at room temperature (see
Note 1): cells are now in a fully reduced state.

4. Verify that the fluorescence intensity has decreased and fluores-
cence lifetime shifted toward shorter lifetimes (shifting toward
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Fig. 1 Intensity (left) and FLIM (right) image of flavin fluorescence recorded in cardiomyocytes in control
conditions after excitation with 473 nm picosecond laser diode and emission with LP 500 nm. Fluorescence
decay image scale is between 0.5 and 2.0 ns

Fig. 2 Intensity (left) and FLIM (right) image of Rhodamine 123-stained cardiomyocytes after excitation with
473 nm picosecond laser diode and emission with LP 500 nm. Fluorescence decay image scale is between
0.5 and 2.0 ns
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yellow colors, see example at Fig. 3, however, with significantly
decreased fluorescence, verify the precision of the lifetime esti-
mation, namely, by checking the goodness of the fit with
χ2 value). See Notes 10–12 for testing of other metabolic
modulators.

5. Record corresponding images using exactly the same protocol
that was employed in control conditions to insure
comparability.

6. Use cells for up to 20–25 min, or until the deterioration of
their viability (see Note 7).

3.6 Increasing

Mitochondrial

Oxidation by

Uncoupling

of Respiratory Chain

1. Prepare DNP at 50μM in the external medium.

2. Apply DNP to cells by gently replacing external medium with
external medium + DNP.

3. Leave DNP to act for 10–15 min at room temperature (see
Note 2): cells are now in a fully oxidized state following
uncoupling of ATP synthesis.

4. Verify that fluorescence intensity has increased and fluorescence
lifetime shifted toward longer lifetimes (shifting toward blue
colors, see example at Fig. 4). See Note 10 for use of other
metabolic uncouplers.

Fig. 3 Intensity (left) and FLIM (right) image of flavin fluorescence recorded in cardiomyocytes in a reduced
state, in the presence of rotenone (1μM) after excitation with 473 nm picosecond laser diode and emission
with LP 500 nm. Fluorescence decay image scale between is 0.5 and 2.0 ns. Note low intensity in the
presence of the rotenone
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5. Record corresponding images using exactly the same protocol
that was employed in control conditions to insure
comparability.

6. Use cells for up to 20–25 min, or until the deterioration of
their viability (see Note 7).

3.7 Analysis Use SPCImage software to perform first estimation of intensity and
fluorescence decays in the recorded images.

1. Send data to SPCImage, or import the recorded image.

2. Calculate decay matrix (for a selected channel or the whole
image).

3. Use the predefined instrument response function (IRF) (or see
Note 13 to use the recorded IRF).

4. To improve image, use export color-coded images.

5. If the result is not good (e.g., bright specks are present in the
image), go to “Options/Intensity” tab and turn the
“Autoscale” off.

6. Keep an eye on the goodness of the fit represented by chi
squared value (χ2): usually, it should not be higher than 1.2
(see Note 14 on how to improve χ2).

7. For advanced analysis, refer to linear unmixing of individual
components [11], or phasor approach [24].

Fig. 4 Intensity (left) and FLIM (right) image of flavin fluorescence recorded in cardiomyocytes in an oxidized
state in the presence of DNP (50μM) after excitation with 473 nm picosecond laser diode and emission with LP
500 nm. Fluorescence decay image scale between is 0.5 and 2.0 ns
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4 Notes

1. Procedures can be carried out at 35–36 �C using an on-stage
incubator for tracking temperature-dependent changes. In
such case, do not forget to use preheated solutions for cell
preparation and verify that the level of photobleaching [25]
did not increase.

2. Oxygenation of the solution by different O2/N2 mixture can
be insured by an on-stage incubator/controller.

3. Self-designed external solution can be replaced by PBS,
depending on the type of the isolated and/or cultured cells
used. Remember to check that the applied solution does not
contain molecules fluorescing in the detected spectral range,
most commonly the Phenol red, and that the medium is able to
maintain the cells alive for the necessary measurement time,
without affecting their metabolism and/or viability. For exam-
ple, D-MEM without phenol red, FluoroBrite™ D-MEM
medium, can be successfully used for cultured cells.

4. Alternative to TCSPC, frequency-modulated (amplitude
domain) approach can be employed to evaluate fluorescence
lifetimes [1].

5. Excitation by 473 nm ps laser can be replaced by shorter
wavelength, namely 445 nm ps laser. Use an appropriate LP
(long pass) or BP (band pass) filter.

6. To gather spectrally resolved data, specific narrow BP filters can
be employed accordingly. For the most effective detection of
the flavin fluorescence, we recommend to use either BP filter to
record wavelengths in the range 490–590 nm, or LP filter to
detect wavelengths longer than 500 nm to cut off the excita-
tion pulse and its reflections. For example, to record spectrally
resolved flavin fluorescence, BP 490 � 10 nm and BP
540 � 10 nm can be used to evaluate “bound” and “free”
flavins respectively. Another possibility is to use a monochro-
mator in front of the detector with the advantage of choosing
the exact wavelength detected.

7. Always verify the state of the recorded cells before and after
recording. Discard all recordings during which the cells pre-
sented change in their shape and/or state. In case of cardiac
cells, do not use cells presenting hypercontractions. Conse-
quently, although shorter recordings are more suitable, the
length of the recording has to be appropriate to reach a suffi-
cient number of photons for multiexponential decay data anal-
ysis (for more details, refer to [2] or the Becker & Hickl
TCSPC handbook https://www.becker-hickl.com/literature/
handbooks/).
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8. The recording time can be adjusted depending on the rapidity
of the studied processes. For fast processes, synchronized
recording can be considered, as described in [26].

9. Other fluorescence probes for viability testing can also be used,
depending on the cell type and/or setup characteristics.

10. Effect of metabolic modulators can vary depending on the cell
type and/or pathway that it employs. To test the oxidative
phosphorylation, we have employed rotenone (the inhibitor
of the Complex I) and DNP to inhibit and/or uncouple the
ATP production by the respiratory chain, respectively. At the
same time, rotenone can be replaced by CCCP and/or cya-
nides (NaCN or KCN, the inhibitors of the Complex IV),
while 9,10-Dinitrophenol can be replaced by FCCP [4].

11. In cells preferentially using glycolysis instead of oxidative phos-
phorylation [4, 27, 28], modulators mentioned in theNote 10
would induce only limited effect and other pathways, such as
modulation of glucose production etc. need to be tested.

12. Comparably, sensitivity of cells to oxidative stress can be tested
by applying compounds such as hydrogen peroxide [4, 7, 24].

13. For precise evaluation of the fluorescence lifetimes, measure
the IRF [20] and apply it for the fluorescence lifetime data
analysis. The Becker & Hickl SPCImage analysis software does
not require the measured IRF, fast lifetime verification can be
done with the predefined IRF. However, IRF measurement
should always be performed on the new sample and verified
regularly to achieve a precise lifetime evaluation, especially in
case of very short lifetimes. IRF measurement could also be
needed when custom analysis software is employed.

14. Goodness of the fit can be enhanced (the χ2 lowered) by
optimizing the offset and scatter parameters in the analysis,
but also by improving the recorded image, for example, by
insuring that less background light is entering the setup—
darkening of the setup can significantly improve the goodness
of the fit (for more details, refer to [2] or the Becker & Hickl
TCSPC handbook https://www.becker-hickl.com/literature/
handbooks/).
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Chapter 27

Mito-SinCe2 Approach to Analyze Mitochondrial
Structure–Function Relationship in Single Cells

B. Spurlock and K. Mitra

Abstract

The cross talk between mitochondrial dynamic structure, determined primarily by mitochondrial fission
and fusion events, and mitochondrial function of energetics, primarily ATP and ROS production, is widely
appreciated. Understanding the mechanistic details of such cross talk between mitochondrial structure and
function needs integrated quantitative analyses between mitochondrial dynamics and energetics. Here we
describe our recently designed approach of mito-SinCe2 that involves high resolution confocal microscopy
of genetically expressed ratiometric fluorescent probes targeted to mitochondria, and its quantitative
analyses. Mito-SinCe2 analyses allows for quantitative analyses of mitochondrial structure–function rela-
tionship in single cells toward understanding the role of mitochondria and their heterogeneity in various
physiological and pathological conditions.

Key words Mitochondrial Dynamics, Fission, Fusion, Mitochondrial Energetics, ATP, Redox State,
Confocal Microscopy, Single Cell, Structure–Function Relationships, Ratiometric Probes, Quantita-
tive analyses

1 Introduction

Mitochondria change shape through the processes of fission and
fusion, the dynamic balance of which dictates the structure of
mitochondria in a cell at a given time. Understanding the mechan-
isms by which mitochondrial dynamics (primarily fission and
fusion) and energetics impact each other requires integrated quan-
titative analyses of these mitochondrial properties within the same
cells. Tools to measure mitochondrial energetics are fairly well
developed, and quantification of mitochondrial dynamics and its
impact onmitochondrial structure has been attempted with varying
degrees of utility [1–6]. To address the critical need for integrated
analyses, we developed a high resolution confocal microscopy based
approach to analyze mitochondrial structure–function relationship
in single cells. We call this approach mito-SinCe2 (mito-SinCe-

Volkmar Weissig and Marvin Edeas (eds.), Mitochondrial Medicine: Volume 1: Targeting Mitochondria,
Methods in Molecular Biology, vol. 2275, https://doi.org/10.1007/978-1-0716-1262-0_27,
© Springer Science+Business Media, LLC, part of Springer Nature 2021

415

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1262-0_27&domain=pdf
https://doi.org/10.1007/978-1-0716-1262-0_27#DOI


SQuARED: Single Cell Simultaneous Quantification of ATP or
Redox with Dynamics of Mitochondria) [7].

Mito-SinCe2 analyzes live cells expressing genetically encoded
ratiometric fluorescent probes to obtain steady-state metrics for
mitochondrial fission, fusion, matrix continuity and diameter
(mitochondrial dynamics) and ATP or redox state (mitochondrial
energetics). Applying these metrics, we developed a robust multi-
variate approach to measure relationships between mitochondrial
dynamics and energetics across a broad range of cell types and
conditions [7].

Mito-SinCe2 analyses can be conducted on any cells that can
express the fluorescent probes, including primary cells isolated
from animal models or patients. Additionally, experiments can be
designed to study the impact of any stimuli (that do not impact
fluorescence microscopy) on the mitochondrial dynamics and ener-
getics of single cells over time. The probes used in this protocol are
targeted to the mitochondrial matrix, but mito-SinCe2 can also be
applied to probes targeted to other mitochondrial compartments.
The advent of high throughput, high resolution confocal micro-
scopes will allow improvement of the current low throughput mito-
SinCe2 approach. Thus, mito-SinCe2 is a valuable technique in
exploring robust quantitative relationships between mitochondrial
dynamics and energetics as well as any heterogeneity in such rela-
tionships in any given populations of cells.

The mito-SinCe2 approach has two distinct arms (Fig. 1a):
Dynamics-ATP and Dynamics-Redox. The Dynamics-ATP arm
uses the matrix-targeted ratiometric mito-GO-ATeam2 FRET
probe [8, 9]. The normalized FRET signal (FLFRET/488) measures
relative matrix ATP levels while the direct excitation of the FRET
acceptor (Ex-555) is used to obtain information about steady-state
mitochondrial dynamics (Fig. 1a, b). The Dynamics-Redox arm
uses the redox-sensitive mito-roGFP [9, 10] and the mito-
PhotoSwitchable-mOrange (mito-PSmO) [11–13]. The ratio of
mito-roGFP signal (FL405/488) measures the relative matrix oxida-
tion state. Steady-state fission, fusion, and diameter metrics are
obtained from the basal mito-PSmO fluorescence (Ex-555), and
the decrease over time of the normalized photoswitched pool
(FL639/555) measures the relative matrix continuity of a cell
(Fig. 1a, b). Neither mito-PsmO2 nor mito-roGFP can be used
with mito-GO-ATeam2 due to overlapping fluorescence spectra
(Fig. 1b). Therefore, the matrix continuity assay is only compatible
with the Dynamics-Redox arm of mito-SinCe2. Note that although
mito-SinCe2 involves bivariate and multivariate analyses of steady
state energetics and dynamics metrics, each of the metrics can be
also used separately depending on the experimental objective.
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2 Materials

2.1 Cell Culture 1. Materials used for standard cell culture, as optimized by
the user.

2. Glass bottom Lab-Tek or MatTek chambers.

a

b

ATP

Cells expressing 
Mito-GO-ATeam2

Dynamics

Redox

Cells expressing 
Mito-roGFP + Mito-PSmO2

Dynamics

Mito-SinCe-SQuARED or Mito-SinCe2: 
Single Cell Simultaneous Quantitative Analyses of Redox or Energetics with Dynamics of mitochondria

Mito-SinCe2

1. Expression of probes
2. High resolution confocal  

microscopy of single cells
3. Multiparametric 

quantitative analyses 
in single cells. 
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Fig. 1 Overview of the mito-SinCe2 approach. (a) Flow chart showing two arms of mito-SinCe2 with
representative micrographs of each fluorescence channel of each probe used for mito-SinCe2 analyses. (b)
Table summarizing the microscopy-based use of the probes for mito-SinCe2 analyses to obtain energetics and
dynamics metrics
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2.2 Confocal

Microscope

(Parameters Described

Herein Were Optimized

on a Zeiss LSM700)

Equipped with

1. 40� Plan-apochromat 1.4NA/Oil objective or better

2. 405 nm, 488 nm, 555 nm, and 639 nm lasers

3. Multiple channel detector system (Fig. 1b).

4. Temperature and CO2 controlled chamber.

5. Definite Focus (as in Zeiss LSM700) or similar.

2.3 Software 1. Image analysis software (e.g., proprietary ZEN Black, Blue
(from Zeiss), open source ImageJ) capable of (1) exporting
subsets of channels or optical slices, (2) drawing and cutting
out Regions of Interest (ROIs) within images, (3) creating
maximum intensity projections, (4) measuring fluorescence
intensities, and (5) exporting 3D images as TIFFs.

2. Mac running OSX 10.10 or later with (1) iGraph R-package
installed, (2)MitoGraph v2.1 (https://github.com/vianamp/
MitoGraph) [14] (seeNote 1) and (3) accompanying analysis R
script saved in a Desktop folder named “MitoGraph”.

3. Appropriate statistics software (Excel, SPSS, R, etc.).

2.4 Plasmids 1. Mito-GO-ATeam2.

2. Mito-roGFP.

3. Mito-PSmO.

4. Any other desired probes with compatible Excitation/Emis-
sion spectra.

2.5 Plasmid

Expression System

Plasmid expression system for transfection (we recommend
Fugene, see Note 2), lentiviral transduction (packaging cell line,
e.g., HEK293T and packaging vectors like psPax2, pCMV-VSV-
G).

2.6 Drugs or

Metabolites

for Validation

Drugs or metabolites for validation including but not limited to
Oligomycin (mitochondrial ATP synthase inhibitor, CCCP
(uncoupler), Antimycin (mitochondrial Complex III inhibitor),
t-BH (oxidizing agent), DTT (reducing agent) and Galactose
(to replace glucose as carbon source).

3 Methods

3.1 Expressing

Mito-SinCe2 Probes

1. Seed cells in glass bottom live cell chambers using standard
techniques. Allow cells to settle/attach overnight or as opti-
mized for transfection or transduction.

2. Express probes using preferred transfection/transduction tech-
nique, making sure to minimize cell death and stress (see Note
3). For the Dynamics-ATP arm, express mito-GO-ATeam2
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FRET probe. For the Dynamics-Redox arm, co-express mito-
PSmO and mito-roGFP probes.

3. Allow transfection/transduction to proceed for at least 24 h or
as optimized. Lines stably expressing the probes (optional, see
Note 3) can be generated by selecting cells with particular drug
resistance as follows: (1) for the Dynamics-ATP arm select cells
expressing mito-GO-ATeam2 with neomycin (1 mg/mL) for
48 h. Thereafter, maintain in selection media as needed to
maintain expression, and (2) for the Dynamics-Redox arm
express probes sequentially beginning with mito-roGFP, select-
ing expressing cells with hygromycin (0.2 mg/mL) for 48 h,
followed by mito-PSmO, selecting cells with puromycin (2 μg/
mL) for 48 h. Repeat selection protocol as needed to maintain
expression.

4. To limit the impact of depletion of metabolites or changes in
pH on mitochondria, replace media in live cell chamber with
200 μL media (equilibrated to 37 �C, 5% CO2) and incubate
for at least 1 h before microscopy.

3.2 Confocal

Microscopy

3.2.1 Turn

on Microscope

Turn on microscope and set incubator temperature to 37 �C and
CO2 to 5%. When temperature and CO2 stabilize, mount the live
cell chamber with cells expressing probes on the microscope.

3.2.2 Perform 3D

Confocal Microscopy

to Obtain and Validate

Mito-SinCe2 Energetics

and Dynamics Metrics

1. Adjust parameters to acquire 512 � 512 pixel images of trans-
fected cells at optical zoom 3 with 1 Airy unit pinhole and
0.5 μm Z interval. Use a scan speed of 8 (pixel dwell time of
2.55 μs) and a bit-depth of 12. Take the sum of the signal of
two scans. Adjust image offset appropriately to obtain distinct
dark pixels (see Note 4). Be sure to capture at least one optical
slice with all dark pixels above and below the required Z range
to cover the cells (see Note 5).

2. Design multichannel image acquisition to rule out cross talk
and cross excitations, with automated switching lasers between
channels after each scanned line (see Note 6). See Fig. 1b for
excitation laser and detector filters for each probe used on an
LSM 700. This can be modified based on the microscope being
used. After optimizing laser power and gain for each channel,
do not adjust these parameters for any image where the data are
compared.

3. Once all parameters are optimized, acquire 3D images (Z-
stacks) of transfected cells. Set a target cell number for each
experiment and scan control and experimental groups on the
same day. Change oil on the objective as needed.
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3.2.3 Validate Probes

for New Cell Lines

1. Use appropriate drugs that modify mitochondrial energetics
and/or dynamics. (1) Validate ATP metric from mito-GO-
ATeam2 by treating cells with the mitochondrial ATP-synthase
inhibitor Oligomycin (10 μg/mL). (2) Validate redox state
metric from mito-roGFP by treating cells with tert-butyl
hydroperoxide (t-BH, 0.5 mM) and subsequently with
1,4-dithiothreitol (DTT, 1 mM). (3) Validate steady-state
dynamics metrics from mito-GO-ATeam2 and mito-PSmO by
treating cells with carbonyl cyanide m-chlorophenyl hydrazone
(CCCP, 5 μM) to inhibit fusion allowing unopposed fission.
Before beginning microscopy, make and equilibrate a 2� stock
of treatment media.

2. While treatment media is equilibrating, use the lowest possible
zoom to preselect all fields that will be imaged in one well/
dish. Take preliminary 2D images of zoomed out areas to
facilitate recognizing and finding selected fields quickly
between scans. Next, acquire the pretreatment 3D images
(as described in Subheading 3.2.2) of each of the preselected
fields. Quickly remove half of the culture media (100 μL) from
the well/dish while the chamber is still mounted. Replace with
the same volume of the 2� treatment media (100 μL) and
incubate cells at 37 �C and 5% CO2 for optimized duration
(seeNote 7). Acquire posttreatment 3D images (as described in
Subheading 3.2.2) of the same fields without changing the
culture media. Stop imaging at the time limit and analyze
only fields with both pre- and posttreatment images. Repeat
this process for 2 wells/dishes (target 30 cells or as many as
possible) per treatment. This validation protocol can also be
used to study the impact of exogenous agents like inhibitors,
metabolites, and growth factors on mitochondrial dynamics
and energetics.

3.2.4 Perform Pulse–

Chase Microscopy

Experiment to Measure

Mitochondrial Matrix

Continuity (Fig. 2)

in Conjunction with Redox

State (Dynamics-Redox

Arm; see Note 8)

1. First, design the “pulse” protocol for 488 nm laser induced
photoswitching. See Fig. 1b for excitation lasers and detection
filters of the basal and photo-switched fluorescence of mito-
PSmO. Adjust scanning parameters as in Subheading 3.2.2
with the following modifications: (1) Take 2D time-lapse
images instead of 3D images, and (2) open the pinhole to
2 Airy Units. Then, optimize photoswitching parameters (i.e.,
laser power and iterations) for maximal photoswitching within
a 50 � 50 pixel rectangular ROI drawn inside the mitochon-
drial population of a transfected cell, as follows: (1) Select a
putative field of cells expressing mito-PSmO. (2) Perform
time-lapse imaging (with no designated time interval) to obtain
a pre photoswitching image, followed by photoswitching, and
two post photoswitching images. First, keep the iterations fixed
and vary the power of the 488 nm photoswitching laser from
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10% to 100% in steps of 10. Thereafter, vary the iterations from
1 through 20 in the steps of 2 at the optimal laser power.
(3) For each ROI, determine the increase in the photo-
switched pool and decrease in the basal pool after the pulse
(see image processing and analysis for pulse–chase experiment
below at Subheading 3.3.3, step 1). Choose the settings with
the maximum photoswitching efficiency, or increase in fluores-
cence intensity of the photoswitched pool. We achieved maxi-
mal photoswitching with two iterations of our 488 nm laser at
90% power (see Note 9). Only cells with 3� increase in photo-
switched pool are considered for further analyses.

2. Next, design the time-lapse “chase” protocol. Set the experi-
ment to run for 2 min post-photoswitching with scans every
15 s. To maintain the desired focus, turn on Definite Focus and
set it to trigger with every third scan of the pulse–chase time-
lapse series.

3. To ensure selection of cells with optimal mito-PSmO expres-
sion, set a threshold signal of the prephotoswitching mito-
PSmO basal fluorescence. First, draw 50 � 50 pixel ROIs
within the mitochondrial populations of 20 cells. Next, run
the optimized photoswitching protocol. For each ROI deter-
mine the photoswitching efficiency. Select all ROIs that show at

E
x-

63
9

Pre Pulse, 0s Chase, 120s

Pre Pulse, 0s Chase, 120s

E
x-

55
5

Fig. 2 The pulse–chase protocol used to determine matrix continuity. A representative cell expressing mito-
PSmO is shown with its basal (white) and photo-switched (green) fluorescence. With the photoswitching pulse
in the ROI (yellow box), the basal fluorescence decreases and photoswitched fluorescence increases. Within
the chase time period of 120 s the photoswitched fluorescence decreases due to diffusion of the probe
through the continuous matrix in fused mitochondrial elements
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least a 3� increase in the intensity of the photo-switched pool.
Choose 3–5 ROIs with the lowest prephotoswitching basal
fluorescence. Set the mean of the prephotoswitching basal
fluorescence of these ROIs as a minimum threshold. For all
future pulse–chase experiments, only proceed with cells that
meet this threshold (see Note 10).

4. Once the protocol is optimized, begin experiment to deter-
mine matrix continuity, metrics for steady-state fission, fusion,
and diameter, and redox state. Select a putative field of cells
expressing both mito-PSmO and mito-roGFP using the pulse–
chase scanning parameters. Before initiating pulse–chase exper-
iment, obtain a separate image for determining redox state and
steady-state dynamics metrics as described in Subheading
3.2.2. Redox state determination must be done before photo-
switching because the photoswitching is expected to bleach
mito-roGFP signal. Finally, begin the pulse–chase experiment.
Turn off mito-roGFP channels and revert to acquisition para-
meters optimized for photoswitching and time-lapse imaging
(see Subheading 3.2.4, steps 1 and 2). Adjust focus to maxi-
mize visible mitochondrial area and/or fluorescence intensity.
Draw a 50 � 50 pixel photoswitching ROI within each cell in
the field. Cells and mitochondria may shift between selection
and scanning. If needed, readjust ROIs and focus. Execute the
pulse–chase protocol.

5. It will be necessary to obtain a bleaching rate for each experi-
ment. To that end, execute the pulse–chase protocol on ROIs
drawn around the entire perimeter of at least five cells (see
Note 11).

3.2.5 Validate

Matrix-Continuity Metric

for New Cell Lines

First, incubate one well with DMSO (vehicle) for 2 h at 37 �C and
5% CO2. Incubate a second well with CCCP (5 μM) for 2 h at
37 �C and 5% CO2. Conduct pulse–chase experiment as in Sub-
heading 3.2.4.

3.3 Image

Processing

and Analysis

3.3.1 Obtain Energetics

Metrics, [ATP]

and [Oxidation], from 3D

Images of Ratiometric

Probes as Follows

1. Obtain Mean Fluorescence Intensities (MFI) for each fluores-
cence channel as follows: First, obtain maximum intensity pro-
jections of all optical slices of each of the acquired 3D confocal
images, including the “pre” images from the pulse–chase
experiment. Thereafter, use a free hand tool to draw ROIs
around the mitochondrial population of each transfected cell
in the maximum intensity projections. Obtain the background
fluorescence by drawing ROIs (any shape, but ~10% of the area
of the measurement ROIs) in the nucleus or cytosol of each
transfected cell. Do not include any mitochondrial elements in
the background ROI. For each cell, export the MFI values for
all channels from both mitochondrial and background ROIs
into a spreadsheet.
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2. Use the MFIs to calculate and validate energetics metrics. For
each cell, subtract the background MFI from the mitochon-
drial MFI of all channels. Calculate [ATP] for each cell using
the following formula: [ATP] ¼ [FRET MFI/Ex-488 MFI]
(Fig. 1b). Validate [ATP] by calculating [Oligomycin-sensitive
ATP] as [ATP]pre-Oligo/[ATP]post-Oligo. The mean of
[Oligomycin-sensitive ATP] for the scanned cells should be
>1 for successful validation (see Note 12). Calculate [Oxida-
tion] for each cell using the following formula: [Oxida-
tion] ¼ Ex-405 MFI/Ex-488 MFI (Fig. 1b). Validate
[Oxidation] by calculating [t-BH-induced Oxidation] as [Oxi-
dation]pre-tBH/[Oxidation]post-tBH. The mean of this value for
the scanned cells should be <1 for successful validation. Next,
calculate [DTT-induced Reduction] as [Oxidation]pre-DTT/
[Oxidation]post-DTT. This value should be >1 for successful
validation. Finally, Compare [ATP] and [Oxidation] of control
to experimental groups as appropriate.

3.3.2 Obtain Value

of Dynamics Metrics

of Steady-State [Fission],

[Fusion(1-10)],

and [Diameter] (Fig. 1b)

from 3D Images Using

MitoGraph v2.1 Analysis

Software [7, 14] as Follows

1. Prepare files for MitoGraph analyses. For both Dynamics-ATP
and Dynamics-Redox arms, subset Ex-555 channel (Fig. 1b)
for each 3D image stack. Then, draw ROIs around the mito-
chondrial populations of each transfected cell to cut each into a
separate 3D image stack. Save each cut image stack in TIFF
format (still as 3D stacks). Image file names should have no
spaces or hyphens and contain fewer than 9 characters. Move
the TIFF images to a separate, descriptively named folder on
the Desktop of the MitoGraph computer. Folder name should
have no spaces or hyphens (e.g., FolderName).

2. Perform MitoGraph analyses. To run MitoGraph, first open
Terminal. For images acquired with the parameters recom-
mended herein, enter the following command string to run
the MitoGraph software:

cd ~/Desktop/MitoGraph

./MitoGraph –path ~/Desktop/FolderName –xy 0.104 –z 0.5 –

analyze

(–xy designates the pixel size in μm, and –z designates the

optical slice height in μm.)

MitoGraph execution will generate various files in “Folder-
Name.” The relevant files for this protocol are the binary images
(*.png) and the list of mitochondrial measurements (*.mitograph).
As a quality control step, ensure adequate thresholding of mito-
chondrial signal by selecting 3–5 cells at random and comparing
their z-projected binary images created by the MitoGraph software
to maximum intensity projections of the raw images created in the
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image processing software (e.g., Zen Black, ImageJ). If there are
cells where these images do not largely match discard these cells and
check all binary images against the maximum intensity projections
of the raw files. Now select the *.mitograph files and import them
(see Note 13) into a spreadsheet (Fig. 3, blue outline). Each file
describes the mitochondrial network of a single cell. For Mito-
Graph utility beyond the scope of this protocol, see the original
paper [14]. As a quality control step for each cell, discard compo-
nents with reported lengths or volumes that are physical impossi-
bilities (e.g., V ¼ 0, Thickness > 2 that cannot be verified by
manually measuring in image analysis software; Fig. 3, red outline;
see limitation 6).

3. Calculate the various Dynamics metrics using the following
formulae: [Fission] ¼ N/ΣL where N is the number of compo-
nents and ΣL is the total length of all mitochondria in the cell
(Fig. 3, gold outline); [Fusion(1, 3, 5, 10)] ¼ (Σ(L1, 3, 5, 10)/Σ
L) � 100, where Ln is the summed length of one (L1), three
(L3), five (L5) or ten (L5) longest components (see Note 14;
Fig. 3, gold outline); Diameter½ � ¼ PN

n¼1

V n

V T
dn, where Vn is the

volume of individual components, VT is the total mitochon-
drial volume, and dn is the thickness of individual components
derived from component length and volume assuming cylin-
drical mitochondria (Fig. 3, gold outline). As a quality control
step, compare binary images of outlier cells to the maximum
intensity projections of the raw images for those cells. If they do
not largely match, these cells can be discarded. As another
quality control step, ensure [Fission] and [Fusion(1-10)] are
significantly inversely correlated (as in Fig. 4a, where cells were
treated with CCCP or galactose (replacing glucose) for 2 h to
cover the extremes of fission or fusion, respectively).

4. Validate [Fission], [Fusion(1-10)], and [Diameter] by calculat-
ing [CCCP-induced Fission] as [Fission]pre-CCCP/[Fission]-

post-CCCP. The mean of this value for the scanned cells should
be <1 for successful validation. Next, calculate [CCCP-
reduced Fusion(1-10)] as [Fusion(1-10)]pre-CCCP/[Fusion
(1-10)]post-CCCP. This value should be >1 for successful valida-
tion. [Diameter] Finally, calculate [Inhibitor-sensitive Diame-
ter] as [Diameter]pre-Inhibitor/[Diameter]post-inhibitor; Here,
inhibitor can be any drug(s) that leads to swelling of mitochon-
dria in the cells of choice, while we found when cells treated
with Oligomycin, followed by CCCP, followed by Antimycin
leads to appreciable increase in diameter. Themean of this value
for the scanned cells should be <1 for successful validation.
Compare [Fission], [Fusion(1-10)], and [Diameter] metrics of
control and experimental groups as appropriate.
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3.3.3 Obtain

[Matrix-Continuity] from

Pulse–Chase Time-Lapse

Images as Follows

1. Obtain MFIs of the time-lapse sequence: Use a freehand tool
to draw ROIs around each photo-converted pool at time point
2 (immediately after photoswitching). Then, determine back-
ground fluorescence by drawing ROIs (any shape, ~10% of the
area of the measurement ROIs) in the nucleus or cytosol of

Fig. 3 Representative results from MitoGraph v2.1 analyses for a single cell to
obtain [Fission], [Fusion] and [Diameter] metrics. The blue outline encompasses
the raw output from the *.mitograph file, the gold outline encompasses the
derivation of the dynamics metrics using Excel, and the red outline highlights an
example of a component that must be discarded
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each transfected cell, being careful not to include any mito-
chondrial elements at any time point. As a quality control step,
use background corrected Ex-639 MFIs to determine photo-
switching efficiency as Ex-639 MFIpost-pulse/Ex-639 MFIpre-pulse.
Discard any cells where photoswitching efficiency is <3. For
cells with photoswitching efficiency of �3, ideally use the same
photoswitching efficiency ROIs to measure MFI for all time
points. However, carefully examine the cell at each time point
and if necessary, draw new ROIs to account for movement of
the photoswitched pool. Use as few ROIs as possible per cell.
Name the ROIs for the cell and the time points they cover.
Then, export the background and experimental MFIs of
Ex-555 and Ex-639 channels for each cell at all time points
(t ¼ 0 s to t ¼ 120 s, Fig. 2) to a spreadsheet. Compile the
values from the appropriate ROIs to get the real time lapse of
the MFIs of the photo-converted pool of each cell. Correct
each by subtracting the background MFI for each time point.

2. Calculate the [Matrix-continuity] metric. Calculate FL639/555

ratio as Ex-639 MFI/Ex-555 MFI for each time point. For all
time points calculate Normalized FL639/555 as FL639/555 at tn/
FL639/555 at t1 and plot the MFIs for each cell against the time
in seconds. Determine the equation for the parabolic fit to the
above plot. Take the linear coefficients (as in Fig. 4b, where the
linear coefficient is �0.0025 for the CCCP treated cell and
�0.0118 for the CNT cell) and multiply them by �1. Report
this value as the [Matrix-continuity]. Obtain a control bleach-
ing rate by performing the [Matrix-continuity] calculations
using the whole cell bleaching ROIs. Report values lower
than bleaching (including negative values) as 0.

3. Validate [Matrix-Continuity] by making boxplots of [Matrix-
continuity] for DMSO and CCCP treated cells. Successful
validation requires CCCP treated cells to have reduce
[Matrix-continuity] compared to DMSO treated cells (as in
Fig. 4c).

3.3.4 To Measure

the Impact of Exogenous

Agents (EA) on

Mitochondrial Energetics

and Dynamics Use Similar

Steps to Validation of [ATP],

[Oxidation], [Fission],

[Fusion(1-10)], and

[Diameter] (as Described

in Subheading 3.3.1,

step 2)

For Energetics metrics, determine [ATP]pre/[ATP]post or [Oxida-
tion]pre/[Oxidation]post to obtain [EA sensitive Energetics] metrics.
For Dynamics metrics, determine [Fission]pre/[Fission]post,
[Fusion5]pre/[Fusion5]post and [Diameter]pre/[Diameter]post to
obtain [EA sensitive Dynamics] metrics.
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3.3.5 For Mito-SinCe2

Analyses, Plot [Dynamics]

Against [Energetics]

Metrics for Single Cells

in Control and Experimental

Groups

Use statistical software of choice to compare distributions with
appropriate hypothesis testing and determine relationships. The
simplest mito-SinCe2 bivariate relationship can be studied using
standard regression analyses. For example, linear regression analysis
of the data points obtained in the experiment described in Sub-
heading 3.3.2, step 3 revealed a significant relationship between
[Fission] and [Oxidation] (Fig. 4d). Other examples of potential
bivariate and multivariate statistical analyses include K-means clus-
tering, partial least square discriminant analysis (PLS-DA), and
nonlinear regression analyses [7].

3.4 Limitations

of Mito-Since2
1. Nonuniformity of mitochondrial signal: Mitochondrial struc-

tures with nonuniform fluorescence intensities can cause arti-
factual output from the MitoGraph v2.1 software. Therefore,
fluorescence intensity of dynamics probes must be similar
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across mitochondria within a cell to avoid artifacts in the calcu-
lation of steady-state dynamics metrics. For example, cells
exhibiting nonuniformity of mito-GO-ATeam2 of signal have
to be excluded from the analyses [7]. Additionally, when
swollen mitochondrial regions within the mitochondrial net-
work have highMFI, the thin linking mitochondrial regions are
thresholded out by MitoGraph v2.1, causing underestimated
[Fusion(1-10)] values in these cells [7].

2. Impact of image resolution: MitoGraph v2.1, as with all image
analysis software, is limited by the resolution of the image. The
resolution recommended here may lead to metrics with under-
report fission (and over-report fusion) in cells with compactly
clustered mitochondrial components which are nonetheless
highly fragmented. Additionally, the recommended Z interval
causes universal overestimation of average diameter. For this
reason, restrict conclusions to relative differences between cells
and treatments and refrain from reporting [Diameter] in μm.

3. Impact of intracellular mitochondrial heterogeneity: Mito-
SinCe2 was designed to compare average mitochondrial para-
meters in individual cells. [Dynamics] metrics do not reflect
intracellular heterogeneity of shape or number of mitochon-
drial components.

4. Impact of mitochondrial turnover: In some conditions,
[Dynamics] metrics may be nonnegligibly influenced by the
balance of mitophagy and mitochondrial biogenesis.

5. Impact of particular probes: The possible impact of a particular
probe on mitochondrial shape and energetics must be consid-
ered when drawing conclusions from MitoSinCe2. In particu-
lar, mitochondrial dyes (e.g., MitoTracker dyes) can impact
mitochondrial energetics. We recommend restricting analyses
to genetically encoded fluorophores where possible.

6. Impact of skeletonization on [Diameter]: In MitoGraph v2.1,
each recognized element has at least two nodes and one edge.
To ensure this, small mitochondrial components that are
reduced to a single pixel by skeletonizing are arbitrarily given
a second pixel on the xy plane. When these components are
elongated along the xz plane, the edge that was imposed on xy
may not represent the major axis of the small mitochondrial
component. This can lead to physically impossible values for
Length or Volume of certain elements. Our protocol includes
quality control steps of filtering these cases.

7. Mito-SinCe2 does not address the kinetics of fission and fusion:
The mito-SinCe2 method and [Dynamics] metrics quantify
only the fission or fusion state at given time points and not
the rates of fission or fusion. Additionally, transient fusion
events that do not result in change in mitochondrial shape
impact [Matrix-Continuity] but not [Fusion(1-10)].
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4 Notes

1. MitoGraph v3.0 is now available. The primary differences
between these versions of the software relate to ex post facto
utility.

2. We primarily expressed probes using the Fugene reagent after
optimizing manufacturer’s protocol.

3. Although transfection stress can be avoided by generating cell
lines stably expressing the probes for mito-SinCe2 analyses, the
sensitivity of the mito-roGFP to report steady-state [Oxida-
tion] may be reduced in the stable cells. This is because the
ro-GFP participate in the cellular redox homeostasis system
thus changing it.

4. The parameters recommended here are minimum require-
ments. Higher resolution is possible with proper precautions
to limit and control for bleaching.

5. A dark optical slice from a separate scan can be appended to the
stack during image processing if necessary. In the Zen software
this is accomplished by subsetting the single slice and stitching
it together with the desired 3D image.

6. Set up channels with the excitation parameters of one fluoro-
phore and the detector of another. Adjust parameters to limit
cross-talk and cross-excitation.

7. To avoid introduction of the undue effects of prolonged drug
incubation take the following precautions: (1) Using either the
literature or extended time-lapse imaging of transfected cells
after treatment, set a strict scanning time window for each
round of imaging to ensure optimal effect of treatment while
minimizing the changes due to long term exposure to the
treatment. (2) Determine how many images can be taken
with perfect technique within that time window and select
that many fields for future experiments.

8. The pulse–chase assay described here for determining matrix
continuity is distinct from published assays for quantifying
fission/fusion dynamics over time, typically a period of 30 m
or more [3].

9. Photoswitching efficiency will change over the lifetime of the
laser so periodic reoptimization is required.

10. Eventually, users will develop a visual appreciation for which
cells will and will not work for the pulse–chase experiment, and
the initial check of these cells can be skipped to save time.

11. Loss of fluorescence through bleaching impacts the photo-
switched mito-PSmO signal more quickly than the basal signal.
This bleaching disparity causes relative loss of Ex-639 even
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where there is little or no actual matrix continuity. These
bleaching controls, therefore, set the [Matrix-continuity] floor.

12. If desired, the validation treatments can be used to establish a
ceiling or a floor for [ATP] or [Oxidation] and experimental
values reported as % ATPmax or % oxidized.

13. The following macro can be used to import multiple files at
once into a single Excel file:

Sub CombineTextFiles()’updateby Extendoffice 20151015

Dim xFilesToOpen As Variant

Dim I As Integer

Dim xWb As WorkbookDim xTempWb As Workbook

Dim xDelimiter As StringDim xScreen As BooleanOn Error GoTo

ErrHandlerxScreen = Application.ScreenUpdatingApplication.

ScreenUpdating = False

xDelimiter = "|"xFilesToOpen = Application.GetOpenFilename

("Text Files (*.txt;*.mitograph), *.txt", , "Kutools for

Excel", , True)

If TypeName(xFilesToOpen) = "Boolean" Then

MsgBox "No files were selected", , "Kutools for Excel"

GoTo ExitHandler

End If

I = 1

Set xTempWb = Workbooks.Open(xFilesToOpen(I))

xTempWb.Sheets(1).Copy

Set xWb = Application.ActiveWorkbook

xTempWb.Close False

xWb.Worksheets(I).Columns("A:A").TextToColumns _

Destination:=Range("A1"), DataType:=xlDelimited, _

TextQualifier:=xlDoubleQuote, _

ConsecutiveDelimiter:=False, _

Tab:=True, Semicolon:=False, _

Comma:=False, Space:=False, _

Other:=False, OtherChar:="|"

Do While I < UBound(xFilesToOpen)

I = I + 1

Set xTempWb = Workbooks.Open(xFilesToOpen(I))

With xWb

xTempWb.Sheets(1).Move after:=.Sheets(.Sheets.Count)

.Worksheets(I).Columns("A:A").TextToColumns _

Destination:=Range("A1"), DataType:=xlDelimited, _

TextQualifier:=xlDoubleQuote, _

ConsecutiveDelimiter:=False, _

Tab:=True, Semicolon:=False, _

Comma:=False, Space:=False, _

Other:=False, OtherChar:=xDelimiter

End With
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Loop

ExitHandler:

Application.ScreenUpdating = xScreen

Set xWb = Nothing

Set xTempWb = Nothing

Exit Sub

ErrHandler:

MsgBox Err.Description, , "Kutools for Excel"

Resume ExitHandler

End Sub

14. [Fusion1] is the most sensitive of the [Fusion] metrics while
[Fusion10] is the most reflective of the whole cell fusion state
at the expense of sensitivity. We found that [Fusion5] was the
most appropriate fusion metric for our purposes, but the
appropriate metric for new systems must be optimized.
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Chapter 28

Computer-Aided Prediction of Protein Mitochondrial
Localization

Pier Luigi Martelli, Castrense Savojardo, Piero Fariselli,
Giacomo Tartari, and Rita Casadio

Abstract

Protein sequences, directly translated from genomic data, need functional and structural annotation.
Together with molecular function and biological process, subcellular localization is an important feature
necessary for understanding the protein role and the compartment where the mature protein is active. In
the case of mitochondrial proteins, their precursor sequences translated by the ribosome machinery include
specific patterns from which it is possible not only to recognize their final destination within the organelle
but also which of the mitochondrial subcompartments the protein is intended for. Four compartments are
routinely discriminated, including the inner and the outer membranes, the intermembrane space, and the
matrix. Here we discuss to which extent it is feasible to develop computational methods for detecting
mitochondrial targeting peptides in the precursor sequence and to discriminate their final destination in the
organelle. We benchmark two of our methods on the general task of recognizing human mitochondrial
proteins endowed with an experimentally characterized targeting peptide (TPpred3) and predicting which
submitochondrial compartment is the final destination (DeepMito). We describe how to adopt our web
servers in order to discriminate which human proteins are endowed with mitochondrial targeting peptides,
the position of cleavage sites, and which submitochondrial compartment are intended for. By this, we add
some other 1788 human proteins to the 450 ones already manually annotated in UniProt with a mito-
chondrial targeting peptide, providing for each of them also the characterization of the suborganellar
localization.

Key words Targeting peptide, Prediction of subcellular localization, Arginine motifs, Cleavage site,
Machine and deep learning

1 Introduction

1.1 Targeting

Peptides

and Mitochondrial

Localization

Recent estimates in mammals indicate that mitochondrial pro-
teomes comprise from about 1500 to 2500 protein types, all parti-
cipating into biological processes involving to different extent the
mitochondrion [1, 2]. Large-scale proteomics experiments, based
mainly on mass spectrometry and green fluorescent protein (GFP)
tagging, allow characterizing proteins localized in the
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mitochondrial space [3]. Consequently, different databases gather
the currently available data and therefrom annotate mammalian
proteins based on direct assays or upon sequence similarity detec-
tion. Among them, MitoMiner (http://mitominer.mrc-mbu.cam.
ac.uk) [4] and MitoCarta (http://www.broadinstitute.org/pubs/
MitoCarta/) [5] currently list 2231 and 1158 human mitochon-
drial proteins, respectively. Targeting peptides have different com-
positional and structural features, which may unravel the different
types of translocating protein machineries in different eukaryotic
species. Apparently, the mitochondrial sequence precursors may
carry also characteristic arginine-rich motifs at the N-terminal
position [6].

In humans, themitochondrial genome encodes only for 13 pro-
tein chains that are part of the respiratory complexes, labeled as I,
III, IV, and V. The nuclear genome encodes for the large majority
of the remaining mitochondrial proteins, synthesized at cytosolic
ribosomes, and therefrom translocated to the different submito-
chondrial localizations (outer and inner mitochondrial membranes,
intermembrane space, and matrix). Different protein machineries,
which recognize protein precursors harboring either N-terminal
cleavable signals or internal non-cleavable signals, control the
import into the mitochondrion and the sorting towards submito-
chondrial compartments [6–8]. The most characterized and wide-
spread mechanism involves the detection of a N-terminal
presequence, called targeting peptide, which directs the protein
across the translocase complexes located at the outer and inner
mitochondrial membranes and which is then proteolytically
cleaved, when the protein reaches the final destination. In the
genomic era, the detection of targeting peptides starting from the
protein sequence is an important step in order to characterize the
function, the localization and the sequence of the mature protein
and to discriminate mitochondrial from nonmitochondrial proteins
in the genome. After detection of targeting peptides, a further step
towards the full functional characterization of any mitochondrial
protein is the discrimination of a specific localization within the
organelle.

1.2 Available

Computational

Methods for Targeting

peptide Detection

The dataset of experimentally characterized targeting peptides is
still very small, and its analysis reveals that they are very variable in
length and in covalent structure composition. This hampers the
adoption of simple alignment methods for the detection of target-
ing peptides in uncharacterized proteins. Furthermore, the cleav-
age site is quite heterogeneous, and although common motifs have
been recognized [6], they are not sufficient to perform prediction
based on pattern matching.

Different computational methods can help the annotation of
targeting peptides in proteins when experimental data are not
available. Most of the available methods implement statistical or
machine-learning approaches, such as neural networks (NNs),
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support vector machines (SVMs), hidden Markov models
(HMMs), grammatical-restrained hidden conditional random
fields (GRHCRFs), extreme learning machines (ELMs), and deep
learning [9–16]. Machine learning methods can extract rules of
association between input features derived from the protein residue
sequence and output features to be predicted. After training on the
few available proteins with experimentally characterized targeting
peptides and cleavage sites, a machine learning based method can
infer the presence or not (with an associated likelihood) of target-
ing peptides and cleavage sites, taking as input the protein
sequence. The generalization capability of the different methods
routinely depends on the different implementations, training pro-
cedures, training datasets, and input encodings. In order to evalu-
ate the generalization power, the predictive performance of a
method is statistically validated on the same training dataset with
a leave-one-out procedure and, in addition, on a blind data set of
data experimentally validated. Based on the number of correct and
incorrect evaluations, different scoring indexes can be computed in
order to measure and compare the reliability of the different tools.

Table 1 lists the most recent available tools for the prediction of
targeting peptides (all of them are publicly available as web servers).
They differ in many implementation aspects, such as the method,
the adopted training set and the input encoding. In particular, all
but MitoProt [17] and iPSORT [18] are based on machine
learning approaches, and all but MitoProt and MitoFates [16]
have been trained on datasets containing both mitochondrial and
plastidic targeting peptides. All methods take as input the protein
residue sequence, translated from its coding sequence and different
physical and chemical features that are again derived directly from
the sequence, without the necessity of any functional or structural
information. All the predictors compute a probability for the pres-
ence of a targeting peptide by analyzing an N-terminal portion of
the precursor protein, ranging from 40 to 160 residues and
depending on the method. MitoProt, PredSL [10], MitoFates,
TargetP [11, 13], and TPpred [12, 14, 15] are also able to predict
the position of the cleavage site along the protein sequence. During
the years, some of the methods such as TargetP and TPpred have
been updated and improved. For instance, TPpred v2 [14] is
dedicated only to mitochondrial transit peptides and, over the
first version, it improves the detection of cleavage sites adopting the
occurrence of known sequence motifs [6]. TPpred v3 [15] adopts
different machine learning approaches (GRHCRFs, ELMs, and
SVMs) and it is able to predict also plastidic peptides in plants,
discriminating plastidic from mitochondrial peptides and improv-
ing cleavage-site prediction by exploiting the occurrence patterns of
newly discovered, organelle-specific sequence motifs around pep-
tide cleavage sites.

Prediction of Protein Localization 435



An important issue to be considered in developing and adopt-
ing a predictor is that the proportion of proteins endowed with a
targeting peptide with respect to the whole proteome is expected to
be quite small (�2–4%). In this situation, even a small rate of
incorrect predictions in the negative set would lead to a large
amount of proteins misclassified as “carrying a targeting peptide.”

1.3 Available

Computational

Methods

for Discrimination

of Submitochondrial

Localization

In the past years, the definition of reliable computational methods
for discriminating protein localization at submitochondrial level has
been significantly hampered by a substantial lack of curated infor-
mation available on public databases, such as UniProtKB. Recently,
thanks to the improvement of experimental techniques allowing
fine-grain assessment of protein localization [19], a few methods
capable of predicting protein submitochondrial localization have
appeared in literature [20–23]. In Table 2, we list the main

Table 1
Computational methods available for the prediction of mitochondrial targeting peptides

Tool name
(references) Typea Site Method Input encodingb Web server

MitoProt [17] Mito Yes Discriminant
function

47 physicochemical
properties

http://ihg.gsf.de/ihg/
mitoprot.html

iPSORT [18] Mito
Plast

No Rule-based
algorithm

434 propensity
scales

http://ipsort.hgc.jp/

Predotar [9] Mito
Plast

No NN Residue sequence
Hydrophobicity
Charged residues

https://urgi.versailles.inra.
fr/predotar/predotar.
html

PredSL [10] Mito
Plast

Yes NN, HMM,
scoring
matrices

Residue sequence http://hannibal.biol.uoa.
gr/PredSL

TPpred, TPpred2,
TPpred3 [12, 14,
15]

Mito
Plast

Yes GRHCRF
Nto1-ELM
SVM

Residue sequence
Hydrophobicity
Charged residues
Hydrophobic
moment

Cleavage-site
motifs

https://tppred3.biocomp.
unibo.it

MitoFates [16] Mito Yes SVM Residue sequence
Residue
physicochemical
properties

http://mitf.cbrc.jp/
MitoFates/cgi-bin/top.
cgi

TargetP1.1, TargetP2
[11, 13]

Mito
Plast

Yes NN
DeepLearning

Residue sequence
Hydrophobicity
Charged residues

http://www.cbs.dtu.dk/
services/TargetP/

Mito mitochondrial, Plast plastidic
aThe targeting peptide type predicted
bFeatures considered by the method
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approaches available to date. Only the two most recent methods,
namely SubMitoPred [22] and our DeepMito [23], are able to
predict the four main mitochondrial compartments: outer and
inner membranes, intermembrane space, and matrix. All methods
but DeepMito are based on SVMs leveraging protein features such
as canonical and pseudo amino acid composition or tetrapeptide
compositions. DeepMito is the first method adopting deep
learning, specifically convolutional neural networks (CNNs), to
the task at hand. In several benchmarks, DeepMito has been proven
to be the top-scoring and most balanced method for predicting
submitochondrial localization [23].

2 Materials

2.1 Benchmark

Dataset

UniProtKB (release Nov 2019) [24] contains 90,489 complete
human sequences (not considering fragments). In this set, we
identified proteins having manually curated evidence for the pres-
ence of the N-terminal mitochondrial targeting peptide (see
https://www.uniprot.org/help/evidences for evidence codes used
in the UniProtKb database). We retained only mitochondrial tar-
geting peptides with known and unambiguous assignment of the
cleavage site and excluded annotations labeled as “by similarity”,
“potential”, “probable”, or “not cleaved”. With this procedure, the
positive dataset (DB+) consists of 450 protein sequences (Table 3).
The negative dataset (DB-) comprises 19,800 proteins with manu-
ally curated non-mitochondrial localization, as derived from the
subcellular localization feature of UniProtKB and/or from the
gene ontology (GO) annotations in the cellular component aspect.

Table 2
Computational methods available for the prediction of submitochondrial localization

Tool name
(references) Compartmentsa Method Input encodingb Web server

SubMito-
PSPCP [20]

3 SVM Pseudo AA
composition

https://www.pufengdu.org/bioinfo/
submito-pspcp/

TetraMito [21] 3 SVM Tetrapeptide
words

http://lin.uestc.edu.cn/server/
TetraMito

SubMitoPred
[22]

4 SVM Composition
PFam domains

http://proteininformatics.org/
mkumar/submitopred/

DeepMito [23] 4 CNN Residue
properties

Evolutionary
information

http://busca.biocomp.unibo.it/
deepmito/

aThe number of distinct compartments predicted
bFeatures considered by the method
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GO annotations were obtained from the UniProtKB GO Annota-
tion (GOA) database (release 12/11/2019, https://www.ebi.ac.
uk/GOA/). The remaining 70,497 proteins form the DB* dataset,
contain: (a) mitochondrial proteins (annotated either in GO or
UniProtKB) without curated annotation of the targeting peptide,
(b) proteins manually annotated with a subcellular localization that
is compatible with the mitochondria (e.g., “cytoplasm”, “mem-
brane”, “ribosome”), (c) proteins annotated with a localization
(either mitochondrial or not) without manually curated evidence,
and (d) proteins lacking any annotation for subcellular localization.
DB* is also used to predict new potential targeting peptides with
TPpred3.

In Table 4, we show statistics of available manually curated
annotations for submitochondrial localization of proteins in the
human protein set. In particular we considered (1) proteins
endowed with the mitochondrial targeting peptide (i.e., the DB+
dataset) and (2) proteins contained in DB*, annotated with mito-
chondrial localization but lacking targeting peptide. Four mito-
chondrial compartments are considered: inner and outer
membranes, intermembrane space, and matrix. Out of 450 pro-
teins, 85% (381) of proteins contained in DB+ set (i.e., endowed
with a mitochondrial targeting peptide) are also annotated at the

Table 3
The human protein dataset

Total DB+a DB-a DB*a

90,489 450 19,800 70,497

The human protein dataset was downloaded from UniProtKB (release Nov 2019) as described in Subheading 2.1
aDB+: mitochondrial proteins with a manually curated annotation of the mitochondrial targeting peptide, DB-: proteins
with a manually curated annotation of nonmitochondrial localization; DB*: the remaining human protein set

Table 4
Submitochondrial localizations of the human protein dataset

Localization DB+# DB*# Total#

Outer membrane 9 135 144

Inner membrane 86 192 278

Intermembrane space 5 20 25

Matrix 187 126 313

Single localization 287 473 760

Multiple localization 94 89 183

Total 381 562 943

# Number of proteins
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submitochondrial level. In DB*, 1396 proteins are annotated as
mitochondrial (with manually curated assertions). Of these,
562 (40%) have also annotations at the submitochondrial level.

Some 183 proteins out of 943 have multiple submitochondrial
localizations: the vast majority of multi-localized proteins reside in
the inner membrane and/or in the matrix (128 proteins).

We used the remaining large fraction of 760 proteins with
single localization to score DeepMito in discriminating submito-
chondrial compartments.

The datasets are available at our http://biocomp.unibo.it/
savojard/hs.dec2019.benchmark.tar.gz.

2.2 Length

and Residue

Composition

of Targeting Peptides

The length of experimentally annotated targeting peptides in
human proteins (DB+) ranges from 7 to 117 residues, with an
average length of 38 residues and a standard deviation of 19 residues
(Fig. 1).

The overall residue composition of proteins included in DB+
and DB- datasets shows only minor differences, lower than 2%,
proving that the whole composition is not sufficient to perform a
prediction (Fig. 2). On the contrary, the composition of human
targeting peptides is quite peculiar, since they are strongly enriched
in alanine, leucine, and arginine and are depleted in isoleucine,
asparagine, aspartic acid, glutamic acid, and lysine. These data are
in agreement with previous observations carried out on larger,
non–organism-specific datasets [12].

2.3 Features

of the Cleavage Site

Compositional features of the region surrounding the cleavage site
are important for the interaction between the protein precursor and
their peptidase complexes, and they can be visualised with a
sequence logo obtained by piling up the 20-residue-long segments
centred on each one of the cleavage sites of the DB+ dataset
(Fig. 3). The logo represents the positional composition of the
segments, with letters whose heights are proportional to the infor-
mation content of each residue [25]. Values range from 0 (low
information equivalent to uniform composition) to log2(20) ¼ 4.3
(high information, corresponding to highly conserved residues). It
is evident that the information in the surrounding regions of the
cleavage site is moderate, although positions -2 and -3 appears
significantly richer in arginine (R), positions 0 and 1 are richer in
serine (S) and alanine (A), and position 1 is also moderately richer
in histidine (H).

These features reflect also the presence of previously recog-
nized motifs around the cleavage site [6]: (a) R2 ¼ RX|X,
(b) R3 ¼ RXX|[SAX], (c) R10 ¼ RX[FLI]XX[TSG]XXXX|X, and
(d) Rnone ¼ X|X[SX]. In this representation, the character “|”
indicates the cleavage position, the wildcard character X represents
any residue, and the residues enclosed in square brackets indicate
alternative choices. Table 5 shows the number of cleavage sites in
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DB+, matching with each one of the motifs. When the multiple
choice contains a wildcard character, the patterns have been split, as
in the case of R3a (RXX|[SA]) and R3b (RXX|X). The pattern X|XX
was not considered. Since the patterns are not mutually exclusive, a
single cleavage site can match with more than one of them
(Table 6). On the overall, 321 out of 450 (71%) sites match with
at least one pattern, and the most represented are, as expected, the
shortest ones: R2 and Rnone.

Fig. 1 Length distribution of targeting peptides in DB+ dataset

Fig. 2 Residue composition of our benchmark datasets. Composition of targeting peptides is reported with
black bars. Light and dark grey bars represent the composition of the whole sequences included in DB+ and
DB- datasets, respectively
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2.4 Compositions

of Proteins Residing

in Different

Mitochondrial

Compartments

Figure 4 shows residue compositions of proteins belonging to the
four mitochondrial compartments. These distributions were com-
puted on the complete set of 943 proteins with manually curated
evidence for mitochondrial sublocalization (see Table 4). From
Fig. 4, it is clear that, overall, no remarkable differences are
observed in the composition of proteins in the four compartments

Fig. 3 Sequence logo of the sequence segments surrounding the cleavage site. Sequence logo is computed by
the WebLogo server (http://weblogo.berkeley.edu) [25]. Position “1” is the first residue of the mature protein.
Color codes cluster residues in apolar (black), polar (green), positively charged (blue), and negatively charged
(red). Height of each letter indicates the information content of the corresponding residue in the input profile.
Information is measured in bits and ranges between 0 and log2(20) � 4.3

Table 5
Regular expression in cleavage sites of the positive data set (DB+)

Motif Name Motif expression Mapped cleavage sites in DB+

R2 RX|X 188

R3a RX[YFL]|[SA] 50

R3b RX[YFL]|X 63

R10 RX[FLI]XX[TSG]XXXX|X 55

Rnone X|XS 110

R arginine, S serine, Y tyrosine, F phenylalanine, L leucine, I isoleucine, T threonine, G glycine, X wildcard (any of
20 residues), | cleavage site

Table 6
Regular expression in cleavage sites of the positive data set (DB+)

Number of motifs mapping the cleavage sites Number of proteins

0 129

1 198

2 103

3 18

4 or more 2

DB+ contains the human proteins with an experimentally detected targeting peptide
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(average difference is less than 1%). This suggests that discrimina-
tive features are not related to global protein characteristics but
instead need to be identified at a local level such as the presence of
specific sequence motifs. Appropriate machine-learning
approaches, such as convolutional neural networks, can be very
effective in this task.

3 Methods

3.1 TPpred3 Our TPpred predictor [15] is organized as a pipeline consisting of
three cascading prediction steps: (1) the preliminary detection of
the targeting peptide and the corresponding cleavage-site at the
N-terminus of the query sequence; (2) the classification of the
detected targeting sequence into mitochondrial or chloroplastic
(only executed if plant proteins are provided in input); and
(3) the refinement of the cleavage-site prediction exploiting the
occurrence pattern of newly discovered, organelle-specific cleavage-
site sequence motifs.

Preliminary TP detection and site prediction is performed
using the same method adopted in TPpred3 [15], including a
probabilistic graphical model based on Grammatical Restrained
Hidden Conditional Random Fields (GRHCRFs), and a
machine-learning framework that has been proven effective in
addressing sequence labelling tasks [26]. Indeed, similarly to
hidden Markov models (HMMs), GRHCRFs allow to cast into a
model the grammatical restraints of the problem at hand, and at the
same time, they share with neural networks (NNs) and support
vector machines (SVMs) the ability to deal with complex input
encodings, consisting of several features besides the residue

Fig. 4 Composition of proteins localized in different mitochondrial subcompartments
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sequence [26]. The GRHCRF model implemented in TPpred3 is
depicted in Fig. 5, where grey boxes represent targeting peptide
positions and black circles represent other positions. The model
consists of two major submodels describing proteins endowed or
not with a targeting peptide (the upper and the lower submodels in
Fig. 5, respectively). All states and transitions are associated with
potential functions, related to the probability for each residue in the
sequence to be generated by a particular state. Each potential
function mixes the different components of the input encoding,
namely, the residue sequence, the local average hydrophobicity
(computed on a 7-residue window centred around each residue),
the local average positive and negative charge, and the local hydro-
phobic moments (computed considering the ideal alpha-helical and
beta-strand conformations).

In the second step, if the query protein is from a plant organ-
ism, the preliminary identified targeting peptide is classified into
mitochondrial or chloroplastic using a special architecture of neural
network known as N-to-1 Extreme Learning Machine
[15, 27]. The network takes as input the protein N-terminal
sequence up to the cleavage-site predicted at the previous step
and provides in output a binary classification (mitochondrial or
chloroplastic). This prediction step is performed only when the
input protein is from a plant organism. In the case of nonplant
proteins, the detected targeting peptide is directly classified as
mitochondrial and passed to the next step.

Fig. 5 Graphical model of TPpred3. TPpred3 is based on grammatical-restrained conditional random fields
(GRHCRFs) [26]. Gray squares represent states describing targeting peptides, while black circles represent
nontargeting peptide states. The upper submodel represents proteins endowed with targeting peptide and the
lower submodel represents proteins devoid of targeting peptide
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In the final third step, using the outcome of the classification
performed at step two, the preliminary cleavage site identified at the
first step is refined exploiting information derived from organelle-
specific sequence motifs surrounding the site of cleavage. These
motifs were discovered and extracted by means of an extensive
motif discovery procedure on two datasets of experimentally ver-
ified targeting peptides [15]. Specifically, for cleavage sites of mito-
chondrial targeting peptides we identified the two motifs M1 and
M2 depicted in Fig. 6 as sequence logos. Previously discovered
short motifs [6] listed in Table 5 are included into the longer,
more general motifs M1 and M2 found and adopted in TPpred3
to refine cleavage site position.

The overall pipeline has been trained using the same dataset
adopted for the previous versions of TPpred [12, 14], including a
positive dataset of 297 nonredundant proteins endowed with a
mitochondrial (202) or plastidic (95) targeting peptide and a nega-
tive dataset of 8010 nonredundant proteins from animal, plants,
and fungi [12].

In summary, for a given query sequence, TPpred3 provides the
probability of having a targeting peptide at the N-terminus, the
predicted type of targeting sequence (mitochondrial or chloroplas-
tic) and the position of the cleavage site.

3.2 Benchmarking

TPpred3 on the Human

Protein Datasets

We evaluate the performance of TPpred3 on the DB+ and DB-
datasets. The method computes the probability of carrying a tar-
geting peptide and the position of the cleavage site.

For an overall evaluation of the targeting peptide discriminative
power, the receiver operating characteristic (ROC) curve of the
method is computed by plotting the true-positive rate (TPR or
recall) versus the false-positive rate (FPR), defined as

TPR ¼ TP
TPþ FN

ð1Þ

Fig. 6 The two mitochondrial-specific motifs found around targeting peptide cleavage sites by extensive motif
discovery [15]
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FPR ¼ FP
TNþ FP

ð2Þ

where TP and TN are the numbers of correct (true) predictions in
the positive and negative classes, respectively, while FP and FN
count the incorrect (false) predictions in the same classes.

The area under the ROC curve (AUC) ranges between 0 and
1, and it measures how far the predictors are from a random
predictor that would score with AUC equal to 0.5. Our method
performs very well, scoring with AUC values higher than 0.98.

When the cleavage site position along the sequence is pre-
dicted, considering a seventeen residue-long window centered at
the cleavage site, the rate of correct prediction is 40% with perfect
matching and 69% for an error lower or equal to 10 residues.
TPpred3 is available as a web server (https://tppred3.biocomp.
unibo.it).

3.3 DeepMito DeepMito [23] has been recently implemented for protein submi-
tochondrial localization prediction. DeepMito is able to discrimi-
nate the four different mitochondrial compartments (the two
membranes (inner and outer), the intermembrane space, and the
matrix). The method is based on a deep learning approach, and in
particular a convolutional neural network, specifically designed to
extract relevant patterns from protein sequences and to map them
with respect to the four mitochondrial compartments.

Each sequence is encoded using evolutionary information, in
the form of Position Specific Scoring Matrices (PSSMs) as obtained
running PSI-BLAST against the UniRef90 reference cluster data-
base and residue physical–chemical attributes. DeepMito was
trained and tested in cross-validation on a dataset comprising
424 high-quality, non-redundant proteins extracted from Uni-
ProtKB/SwissProt (release February 2018) and experimentally
annotated as being localized into one of the four mitochondrial
compartments. In all comparative experiments, DeepMito outper-
formed other approaches, showing, in particular, a very high
robustness with respect to class imbalance. Details can be found
in the reference paper [23]. DeepMito is available as web server
(http://busca.biocomp.unibo.it/deepmito) and as command-line
tool executable as a Docker container (https://hub.docker.com/r/
bolognabiocomp/deepmito).

3.4 Benchmarking

DeepMito

on the Human Protein

Datasets

Performance of DeepMito was assessed on the set comprising
760 mitochondrial proteins endowed with manually curated locali-
zation into a single submitochondrial compartment (multilocalized
proteins were excluded from the benchmark, see Table 4, Subhead-
ing 2.1). Each protein is classified by DeepMito into one of four
compartments, including the outer and the inner membranes, the
intermembrane space, and the matrix. The classification was scored
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by computing the Matthews Correlation Coefficient (MCC) for
each compartment, defined as

MCCc ¼ TPc � TNc � FPc � FNcð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

TPc þ FPcð Þ � TPc þ FNcð Þ � TNc þ FPcð Þ � TNc þ FNcð Þp ð3Þ

where TPc, TNc, FPc, and FNc are true positive, true negative, false
positive, and false negative predictions, respectively, with respect to
compartment c ∈ {outer, inner, intermembrane,matrix}. Results
are listed in Table 7. MCC scores range from 0.44 for intermem-
brane space (the most difficult class to predict, given the small
number of proteins) to 0.61 for the outer membrane compart-
ment. These results are in line with what obtained in different
benchmarks previously performed [23] and highlight the ability
of DeepMito to provide balanced performances across the different
compartments.

3.5 TPpred3

and DeepMito at Work

on the Human Genome

In this section we show how to adopt both TPpred3 and DeepMito
to discover and annotate new mitochondrial proteins. Both predic-
tors are now part of the BUSCA pipeline available in our lab
(http://busca.biocomp.unibo.it) [28].

TPpred3 is adopted to annotate new potential targeting pep-
tides in the human proteome, predicting the DB* dataset. Out of
70,497 sequences, 1788 are predicted to carry a targeting peptide
(Table 8). The large majority of the new predictions (1134 out of
1788) involve proteins that are lacking any annotation for the
subcellular localization in UniProt fields (including the Gene
Ontology annotation). Other 414 proteins are annotated to be
located either in mitochondria or in compatible localizations.
Finally, 240 proteins are localized in other compartments, although
with non-experimental annotations.

The set of new potential mitochondrial proteins were then
analyzed using DeepMito to assess their submitochondrial localiza-
tion. Some 92 out of 1788 proteins were already endowed with
manually curated submitochondrial localization. We ran DeepMito
on the remaining 1696 proteins lacking annotations at

Table 7
Prediction of human protein submitochondrial localization with DeepMito

Compartment MCCc

Outer membrane (144) 0.61

Intermembrane space (25) 0.44

Inner membrane (278) 0.50

Matrix (313) 0.55

MCCc Matthews correlation coefficient for compartment c
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suborganelle level. The result of the complete analysis is shown in
Table 9, in which DeepMito predictions are joined to available
annotations for subcellular localization.

The vast majority of proteins are predicted as localized in the
matrix or in the inner membrane. Indeed, these are the compart-
ments expected to include the largest fraction of proteins [23].

The list of the proteins predicted by TPpred3 with a targeting
peptide and the predicted cleavage sites as well as localizations
annotated by DeepMito are available at http://biocomp.unibo.it/
savojard/hs.dec2019.mitoset.tsv.gz.

3.6 How to Predict

Mitochondrial

Localization

with TPpred3

TPpred3 is available as a web server and it requires as input only the
residue sequence of the proteins:

1. Write or download the sequence to be predicted in FASTA
format.

Table 8
TPpred3 at work: the newly annotated precursor proteins in the human proteome

Annotation Total

Protein evidence level

Protein Transcript Homology Predicted Uncertain

Mitochondrial 395 215 99 50 30 1

Compatible subcellular localization 19 6 9 2 0 2

Non experimental nonmitochondrial
localization

240 94 106 10 30 0

Non annotated for subcellular
localization

1134 376 445 17 284 12

Total 1788 691 659 79 344 15

Table 9
DeepMito at work: subcompartments for newly annotated mitochondrial proteins

Annotation Total

Compartment

Outer
membrane

Inner
membrane

Intermembrane
space Matrix

Mitochondrial 303 11 161 8 123

Compatible subcellular localization 19 2 12 2 3

Non experimental nonmitochondrial
localization

240 50 89 23 78

Non annotated for subcellular
localization

1134 83 384 91 576

Total 1696 146 646 124 780
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2. Go to the website http://tppred3.biocomp.unibo.it/ (Inter-
net Explorer 6 and upper, Firefox, and Google Chrome were
tested and support the prediction server). See Fig. 7.

3. Copy and paste the sequence in the corresponding field (only
one sequence at the time) (Fig. 7).

4. Choose the kingdom the protein belongs to among Plant or
Non-plant (Fig. 7).

5. Submit the request and wait for results (approximately 10 s per
protein sequence).

3.7 How to Read

the Results of TPpred3

1. The first section of the result page reports: (a) the name of the
input sequence, (b) the length of the input sequence, and
(c) the probability that the input sequence contains a
N-terminal mitochondrial targeting peptide, as computed by
TPpred3, and the position of the cleavage site.

2. The second section reports the annotation of the targeting
peptide along the sequence (Fig. 8).

Fig. 7 Input page of TPpred3, http://tppred3.biocomp.unibo.it/
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3. The third section lists mitochondrial-specific sequence motifs
(M1 or M2) motifs matching the region around the predicted
cleavage site, reporting the exact start and end positions of the
match.

3.8 How to Predict

Submitochondrial

Localization

with DeepMito

DeepMito is available as a web server and can analyze up to
200 sequences in a single job:

1. Write or download the sequence(s) to be predicted in FASTA
format.

2. Go to the website http://busca.biocomp.unibo.it/deepmito/
(Internet Explorer 6 and upper, Firefox, and Google Chrome
were tested and support the prediction server). See Fig. 9.

3. Copy and paste the sequence in the corresponding field (up to
200 sequences) (Fig. 9).

4. Submit the request and wait for results (approximately 1 or 2 m
per protein sequence).

3.9 How to Read

DeepMito Results

1. The first section of the results page reports (a) the job identi-
fier, (b) the job submission time, and (c) the number of
sequences submitted (see Fig. 10).

Fig. 8 Typical TPpred3 output. The output page reports the name of the input sequence, its length, and the
probability that it contains a mitochondrial targeting peptide and cleavage site, as computed by TPpred3. The
second section reports the annotation of the targeting peptide along the sequence, and the third section lists
mitochondrial-specific sequence motifs (M1 or M2) matching the region around the predicted cleavage site
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2. The second section reports, for each submitted sequence,
(a) the sequence identified, as extracted from the user-provided
FASTA, (b) whether the protein is mitochondrial or not
(as predicted by TPpred3 and BaCelLo [29]), (c) the predicted
mitochondrial subcompartment as a GO cellular component
term, and (d) a numerical value in the range [0,1] representing
the prediction score.

Fig. 9 Input page of DeepMito, http://busca.biocomp.unibo.it/deepmito

Fig. 10 Typical DeepMito output. The output page reports the job identifier, date of submission, number of
sequences, and the name of the input sequences. The second section reports, for each submitted sequence,
the protein identifier, whether the protein is predicted as mitochondrial or not, the predicted compartments as
GO term in the cellular component and the prediction score
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