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Abstract The analysis of single cells is a growing research
field in many disciplines such as toxicology, medical diagno-
sis, drug and cancer research or metallomics, and different
methods based on microscopic, mass spectrometric, and spec-
troscopic techniques are under investigation. This review
focuses on the most recent trends in which inductively
coupled plasma mass spectrometry (ICP-MS) and ICP optical
emission spectrometry (ICP-OES) are applied for single-cell
analysis using metal atoms being intrinsically present in cells,
taken up by cells (e.g., nanoparticles), or which are artificially
bound to a cell. For the latter, especially element tagged
antibodies are of high interest and are discussed in the review.
The application of different sample introduction systems for
liquid analysis (pneumatic nebulization, droplet generation)
and elemental imaging by laser ablation ICP-MS (LA-ICP-
MS) of single cells are highlighted. Because of the high
complexity of biological systems and for a better understand-
ing of processes and dynamics of biologically or medically
relevant cells, the authors discuss the idea of “multimodal
spectroscopies.”
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Introduction

In recent years, a growing interest in single-cell analysis can
be recognized and numerous analytical methods have been
developed or improved to allow the analysis of individual
cells and their cellular compartments. The aim of most of
these studies is related to identification and quantification of
all or at least many components in cellular systems with
spatial and/or temporal resolution. Reams of new develop-
ments of different methods have been applied so far, such as
fluorescence microscopy, mass spectrometry, mass spectrom-
etry imaging, electrochemistry imaging, and lab-on-chip de-
vices. An overview of these methods and more is presented in
different review articles [1-6]. The reason for this research
interest is that the common lysate-based assays provide only
integrated information, but not all cells respond alike. If we
want to understand the “whole story” of rare cell populations,
the biology of individual cells needs to be studied.

This article is focused on highlighting the most recent
trends and applications in which ICP-MS (partly ICP optical
emission spectrometry ICP-OES) is applied for single-cell
analysis using metal atoms that are intrinsically present in
cells, taken up by cells (for instance uptake of engineered
metallic nanoparticles by cells), or which are bound to a cell
or cell component. Using inductively coupled plasma mass
spectrometry (ICP-MS) for single-cell analysis is a very new
and fast growing research field, and the applications are not
well established and still far from being routine.

ICP-MS is a mass spectrometric multi-element method
based on counting the number of atoms in a sample. It pro-
vides easy sample preparation, multi-elemental detection
combined with high sensitivity (ng L™' range), and large
dynamic range (up to nine orders of magnitude), and can often
be calibrated by simple standards, thus offering the advantage
of providing quantitative information. Additionally, isotope
ratio measurements are accessible and isotope-labeled
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experiments are possible. Owing to its outstanding sensitivity,
it is more and more applied for detection of elements and, in
particular, metal atoms in life science applications [7]. Pres-
ently, single-cell analysis is becoming a new research direc-
tion in which elements and, in particular, metal atoms present
naturally or intentionally bound to a single-cell component are
detected at ultra-trace levels directly or indirectly by ICP-MS.
The challenges using ICP-MS in combination with pneumatic
nebulizers for single-cell analysis involve the integration time
(limited by the instrument) and the sampling rate needed for
adequate detection of real single-cell events.

In the past, biological cells have been investigated as a
digestion of a cell suspension or pellet containing typically
10° cells [8, 9]. By averaging over a huge ensemble of cells,
all individual variations are lost and no information about the
distribution within a cell is available. To overcome these
limitations, different methods for the elemental imaging based
on microscopic, mass spectrometric, and spectroscopic tech-
niques have been developed in recent years and are subject of
several reviews [10—15].

The novel capabilities of laser ablation as a sample intro-
duction technique in ICP-MS are applied more and more for
advanced imaging mass spectrometry for direct analysis of
solid and soft materials. LA-ICP-MS provides spatially re-
solved information on element distribution (qualitative and
quantitative) in thin sections of biological samples, for in-
stance of brain tissue, to study neurodegenerative diseases or
tumour growth [16, 17]. By rastering the sample with a laser, a
one- or two-dimensional image can be reconstructed that
shows the relative intensities of the respective elements. This
technique is thus most often applied for qualitative imaging of
biological samples (bio-imaging) at a resolution between 500
and 20 pm [18]. Though the development of suitable calibra-
tion standards and internal standards for standardization and
accuracy are still under investigation [19], Internal Standards
for laser ablation have to correct differences in the LA process
caused for example by drift effect or variations in the sample
properties. Therefore, matrix matched in-house standards are
often used. Various normalization approaches and quantifica-
tion strategies are described in detail in the reviews from Konz
et al. [16] and Hare et al. [19].

Reducing the laser spot size is inherently related to a
reduction in sensitivity, due to the fact that the volume/area
and, thus, the number of atoms in this volume (area) is
tremendously reduced. Thus, a compromise between sensitiv-
ity and spot size is usually driven by the application, and this
was the reason why imaging with single-cell resolution has
not been investigated frequently. In a recent study of Wu et al.
[20], a laser micro-dissection system was coupled to an ICP-
MS and used for detection of hetero-elements in brain tissue at
laser spot sizes ranging from 30 down to 4 pum. Although
single-cell detection was not demonstrated, this example
clearly shows that some elements can be detected already in
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biological systems at natural levels even with smallest laser
spot sizes.

While the use of LA-ICP-MS for single-cell imaging is just
at its beginning, other technologies like X-ray fluorescence
(SXRF) microscopy and secondary ion mass spectrometry
(SIMS) showed already that the imaging of biological trace
metals at nm scale is possible [14]. The methods (including
LA-ICP-MS) differ amongst others in field of view, spatial
resolution, mass range, detection limit, dynamic range, and the
number of simultaneous elements. Depending on these pa-
rameters and the sample characteristics, the most suitable
technique has to be chosen. A detailed comparison is not part
of this review, but is given in Reference [14].

Measuring metal atoms at the cellular level might help to
better understand fundamental biological functions of
metallo-proteins, in particular metallo-enzymes or even
metallo-metabolites, and might give the basis to differentiate
between healthy or diseased cells. Although the metal content
does not completely reflect the biochemistry of a cell, a
change in the metal composition can be used as a first hint
and motivation to look deeper into the biological molecular
processes involved. For the latter purpose, [CP-MS techniques
based on metal tagged probes (e.g., antibodies, proteins, ami-
no acids) can be used for indirect detection of the biomolecule
of interest.

Label free analysis by ICP-OES/MS
Liquid ICP-OES/MS
Pneumatic nebulization of cell slurries

Nomizu et al. [21] used a liquid sample introduction system in
combination with ICP-OES for the determination of calcium
in individual mammalian cells. The diluted cell suspension
was sprayed by a concentric nebulizer and the droplets (with
one cell or without) were dried in a heated drying chamber and
introduced into the ICP. However, the introduction efficiency
of dried cells into the ICP was less than 0.1 %. For calibration,
a calcium acetate aerosol was generated by a vibrating orifice
mono-disperse aerosol generator. The Ca content of three
different mammalian cell samples (cell diameter 10 —
20 pum) from cell cultures was determined between 0.057
and 0.27 pg per cell with a detection limit in the range of
0.01 pg per cell. [21]. Applications to the determination of
other elements like Na, K, or Mg in individual cells were
limited because the sensitivity of the ICP-OES was too low.
Utilization of an ICP-MS may overcome this problem.

A full multi-element analysis of single cells was first per-
formed by Haraguchi’s team, who investigated the ionome of
single or multiple salmon egg cells and coined the term
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“metallomics” [22, 23]. They determined 78 stable isotopes of
different elements and detected 74 of them in 3 salmon egg
cells by ICP-AES and ICP-MS after microwave digestion
[22]. Many essential trace elements showed extremely high
bioaccumulation factors (compared with sea water) ranging
from more than 1.0x 10* for Cu, Zn, Co, Mn, P, Se, and Hg to
5.0x10° for Fe. Bearing in mind that salmon eggs have a
diameter of a few mm, the real challenge starts with normal
biological cells with dimensions at the pm scale.

The direct label free analysis of much smaller single cells
by ICP-MS has been first reported by Houk’s group [24].
They measured the signal of uranium incorporated intrinsical-
ly in Bacillus subtilis using a micro-concentric nebulizer
(about 10® cells per mL). The ICP-SFMS was operated with
an integration time of 4 ms, which is the fastest sampling
possible with the magnetic sector field instrument used (Ele-
ment 1). The observed U™ spikes were related to intact bacte-
ria, as such spikes were only detected when bacteria are
present in the sample solution. The spikes cannot be clearly
attributed to a single cell embedded in a droplet. They also
showed that by sonification, the bacteria increased the U”
response by 30 %, which was interpreted as a hint of severe
matrix effects because cells behave more like a micro-particle
rather than a droplet.

Recently, Ho and Chan used a conventional pneumatic V-
groove nebulizer and analyzed algae covering a range of cell
diameters from 1.3 to 5.3 um [25]. In their work, they used an
integration time of their quadrupole-based ICP-MS of 10 ms
in time-resolved analysis mode. They mainly measured Mg in
the cells, but detected a few cells containing Mn and Cu as
well. With their setup, they additionally studied metal adsorp-
tion of Cr on the cell surface.

Tsang et al. [26] monitored the metal content in
Helicobacter pylori. A magnesium content of about 2.9 %
107 atoms/cell for the wild-type Helicobacter pylori was
determined using MgO nanoparticles as calibration reference.
The methodology was validated using a batch type method
and found to be 2.52x 107 Mg atoms/cell, which is in good
agreement with the single-cell measurement. The application
of the developed method was demonstrated by tracking the
uptake of a Bi anti-ulcer drug. Bacteria treated with a Bi-based
drug deposited nearly 1.0x10° Bi atoms/cell, whereas the
uptake process took about 3 h to reach the half-maximum.
The protective effect of ferric citrate against bismuth complex
accumulation by Helicobacter pylori was also investigated.

Trace elemental analysis of single yeast cells with time-
resolved ICP-MS using a high efficiency cell introduction
system was carried out by Groombridge et al. [27]. The
sample introduction system consists of a high performance
concentric nebulizer and a custom-made 15 mL on-axis spray
chamber utilizing a sheath gas flow. This system was used for
the multi-element analysis of yeast cells (Saccharomyces
cerevisiae) with a diameter of about 4 pm. Cell adsorption

to tubing, nebulizer, and injector was reduced by adding a
NacCl solution to the cell suspension. With the optimized
system, a cell transport efficiency of 75.0 %=+4.7 % was
obtained. Time-resolved analysis using an ICP quadrupole
mass spectrometer at its lowest integration time of 10 ms
was used. Thereby signals corresponding to separated cell
events were detected for Mg, P, Ca, Mn, Fe, Cu, and Zn.
Additionally, first experiments using ICP time of flight mass
spectrometry for single-cell analysis were performed,
allowing quasi-simultaneous multi-element detection and
making element correlation analysis in yeast cells feasible.

Furthermore, single-cell ICP-MS was successfully applied
by Zheng et al. [28] for the determination of quantum dots
(QDs) in Raw 264.7 cells (a mouse leukemic monocyte mac-
rophage cell line). The uptake of carboxyl CdSeS QDs (diam-
eter 7 nm) in single cells after exposure was quantified using a
Cd standard solution for calibration. The number of QDs per
cell was found to be in good agreement with the ICP-MS
results after digestion of the cell suspension. Additionally, the
uptake kinetics were studied by incubating the cells with QDs
for 2 to 12 h.

Injection of cells by use of micro-droplet generation

The drawback of conventional pneumatic nebulizer based
methods is the long integration of several ms, as well as the
sampling rate. To overcome these limitations, a very fast scan
mode of a sectorfield ICP-MS (Element XR) was discussed by
Shigeta et al. for measurement of single droplets injected into
the plasma by use of a piezo-electric micro-droplet generator
(uDG) [29]. Usually, a sample solution is continuously intro-
duced into the plasma by pneumatic nebulization, with typical
integration time in the range of a few ms or higher, which is
much too long in order to measure the fast transient signals
generated by injection of a single droplet of about 500 us, for
which an integration time as low as 100 ps is essential.

In a first application, the micro-droplet generator was ap-
plied by Shigeta et al. as a sample introduction system for the
injection of single cells directly into an ICP-SFMS to measure
metal atoms in individual cells time-resolved [30]. For this
purpose, cells had been embedded into single droplets gener-
ated by the uDG. Selenized yeast cells with a diameter of
roughly 6 um have been used as a model system for these
investigations. A fixed droplet generation rate of 50 Hz pro-
duced equidistant signals in time of each droplet event and
was advantageous for separating the contribution of back-
ground and blank from the analytical signal of the cell.

This is shown by means of Fig. 1, in which a time-resolved
measurement of the **Cu” ion intensity burst generated from a
single-cell event only is presented. Cu is just an example for a
typical essential element in the cell. A few hundred counts
were detected for **Cu’ with a total amount of only 300
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Fig. 1 Time-resolved ®*Cu” signal intensities of a single yeast cell
embedded in a single droplet generated by the micro droplet generator
system. Parameters: 0.05 cell/drop; sample integration time: 0.1 ms;
counting mode. With permission from J Anal Atom Spectrom

attogram in the cell, from which the LOD can be estimated at
low attogram level because the noise level is rather low. The
signal of just a single cell is measured time-resolved with an
integration time 100 ps per increment, which is equivalent to
4.0x10° cps, and coming close to the saturation of the ion
counting mode of the detector. Therefore, most elements in
this investigation had to be measured in the analog mode,
demonstrating that presently ICP-MS has much more sensi-
tivity left to even detect less abundant elements.

Open vessel digestion and a multi-element analysis were
performed with washed yeast cells, and absolute amounts per
single cell were determined for Na (0.91 fg), Mg (9.4 fg), Fe
(5.9 fg), Cu (0.54 fg), Zn (1.2 fg), and Se (72 fg). Signal
intensities from single cells have been measured for the ele-
ments Cu, Zn, and Se, and histograms were calculated for
about 1000 cell events. The mean elemental sensitivities mea-
sured here range from 0.7 counts per ag (Se) to 10 counts per
ag (Zn) with RSDs from 49 % (Zn) to 69 % (Se) for about
1000 cell events. It is not yet resolved definitively if this RSD
expresses the individual variability of cells or if the cells have
an impact on the droplet formation.

A novel microfluidic system for droplet generation and
direct injection into the ICP-MS was recently presented by
Verboket et al. [31]. The core component of the system is based
on liquid assisted droplet ejection (LADE) chip, which is made
entirely of poly(dimethylsiloxane) (PDMS) and generates
droplets at about 50 um diameter, in which single cells can
be embedded in a highly volatile oil phase. Owing to the large
size of the droplets, a CETAC U 6000 membrane desolvator
was used to reduce the droplet size before injection into the
plasma. Intensities for *°Fe" of about 400 cps have been
measured representing 5x10® atoms in a blood cell, a value
which agrees well with the bulk concentration measured.

Both examples demonstrate that dedicated sample intro-
duction systems look very promising for single-cell analysis
by ICP-MS.
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Additional ICP-OES/MS based techniques for single-cell
analysis

Another way is the direct vaporization of small volumes
(sub-nL) or single cells in combination with ICP-OES/MS.
The group of Hu [32, 33] used electrothermal vaporization
ICP-MS without and with chip-based micro-extraction for
trace element determination in different cell lines. Recently,
they were able to determine Bi, Cd, Cu, Hg, Pb, and Zn in a
small number of cells (5.0 % 10° to 3.0 x 10° HepG2 or Jurkat T
cells), but not at single-cell level.

Badiei et al. [34] were able to determine the Ca content of
individual cells by rhenium-cup in-torch vaporization (ITV)
sample introduction coupled to ICP-OES [35]. Paramecium
bursaria cells with an average size of about 150 pm were used
in this study. An isolated cell plus water (volume about 0.1 nL)
are pipetted into a rhenium-cup and inserted into a vaporiza-
tion chamber by using a special sample holder. Electrical
power is applied to the cup to dry and vaporize the sample.
The vapor is then inserted into the central channel of the ICP.
Diluted Ca solutions were used for calibration. Special care
was taken to avoid Ca contamination of the sample and losses
by Ca diffusion out of the cells. The presented approach
enables to determine the cell-to-cell variability of the Ca
content of Paramecium species.

Detection of nanoparticles or elements in single cells
by LA-ICP-MS

Considering the great influence that nanostructures can exert
on biological matter, including single cells that are currently
standard models used to understand nano-bio-interactions, the
emergence of nano-toxicology as its own extensive field of
research appears highly plausible. To elucidate how the
physico-chemical properties of a nanomaterial are in fact
connected with the local distribution and the number of nano-
particles, the uptake of a nanomaterial has to be quantified,
and the intracellular fate, including major sites of accumula-
tion, has to be determined. To obtain information on nanopar-
ticle localization inside the cellular ultrastructure at very high
resolution, electron and X-ray microscopic methods are often
used [36-38]. Since the sample preparation (e.g., staining,
sectioning) and measurement procedure are extensive and
time-consuming, these ultra-structural methods are rarely ap-
plied for particle quantification. There are only very few
methods that can attain spatial localization of inorganic
nano-materials inside a cell and provide quantitative informa-
tion about them in situ. Recently, the potential of LA-ICP-MS
for the investigation of nanoparticle uptake and distribution by
micro-mapping in single eukaryotic cells was demonstrated
by Drescher et al. [39, 40]. Highly resolved images visualizing
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the relative amount and two-dimensional distribution of silver
and gold nanoparticles were obtained by use of a special
“differential scanning” mode with a commercial LA system
[NWR213; ESI (ElectroScientific Industries, Bozeman, Mon-
tana, USA)]. For this purpose, the laser energy was optimized
to ablate the sample completely with every laser shot without
affecting neighboring regions. Scan speed and ablation fre-
quency were adapted to the laser spot size of 4 or 8 um so
that the laser spots are widely overlapping and the signal
of the sample is generated only by the new incremental
area ablated (Fig. 2). Thus, the lateral resolution in scan
direction is much better than the laser spot diameter.
However, the lateral resolution also depends on the
wash-out time of the laser ablation chamber and the data
acquisition frequency of the mass spectrometer. Very re-
cently, the spatial resolution was significantly improved
by combining a LA system with a low-dispersion LA
chamber and an ICP time-of-flight mass spectrometer
(TOF-MS), but this will be discussed in more detail in a
later section [41, 42].

By spatially resolved bio-imaging Drescher et al. were able
to localize silver and gold nanoparticles in individual fibro-
blast cells (cell line 3 T3) upon different uptake experiments
[39]. For the cell experiments, fibroblast cells were grown as
monolayer on sterile coverslips and incubated with different
metallic nanoparticles under standard cell culture conditions.
Figure 3a displays an example of a data set obtained with cells
that were incubated with gold nanoparticles. The comparison
with light micrographs and similar samples that were studied
by electron microscopy and cryo nano-scale X-ray tomogra-
phy [40] showed that the distribution of the metallic nanopar-
ticles with respect to cellular substructures is well reflected by
the LA-ICP-MS maps, and the nanoparticles are found to
accumulate in the perinuclear region (Fig. 3a). In the case of
silver nanoparticles, it was shown by LA-ICP-MS micro-
mapping that increasing particle concentration in the culture
medium and incubation time leads to an increase of the '’ Ag"
intensity inside the cells, which can be directly correlated with
an increasing number of nanoparticles [39]. To obtain the
nanoparticle concentration per single cell, a quantification
method based on matrix-matched calibration using nitrocellu-
lose membrane doped with silver or gold particle suspensions
was applied (Fig. 3b). The studies provide evidence of a high
amount of silver nanoparticles (up to about 5.7x 10* per cell)

Ablated sample

Laser spot&d
4 um
—

Scan rate 5 pm/s, repetition rate 10 Hz

Fig. 2 Schematic presentation to illustrate differential scanning applied
for the localization of nanoparticles in single cells

in the cellular matrix (Fig. 3c), which is in accordance with
ICP-MS results that were obtained by other groups after
digestion of cell suspensions [43].

Recently, LA-ICP-MS was also used to study the interac-
tion of silica nanoparticles with eukaryotic cells using silica
nanoparticles with a gold or silver core, termed BrightSilica
[40]. Since the physico-chemical properties of the
nanomaterial, e.g., size and surface modification, determine
the mechanism and efficiency of cellular uptake, silica coating
of'a metal nanoparticle can be expected to result in differences
in the quantitative particle distribution and also in the cyto-
toxic behavior, and the BrightSilica particles would in that
sense mimic pure silica nanoparticles. Owing to the low
sensitivity and high background signal, the silica itself would
not be applicable for high-resolution LA-ICP-MS imaging.
The concept of using an identical-size metal core for detection
and quantification provided the possibility of comparing cel-
lular uptake of the coated silica-like nanoparticles with differ-
ent silica thickness, and also with uncoated silver nanoparti-
cles. By comparison of the 2D LA-ICP-MS intensity maps
(compare Fig. 4b and ¢) one notices significant variation in the
total number of particles internalized by the 3 T3 cells upon
incubation, depending on the thickness of the silica shell [thin
(Fig. 4a) and thick silica shell (Fig. 4d)]. As the same core size
was used, the different shell thickness results in different
particle diameter, and the larger nanoparticles (diameter of
~120 nm) are taken up with lower efficiency than the smaller
ones with thin shells (diameter of ~60 nm) [40]. Furthermore,
the examples showed that LA-ICP-MS is a valuable method
for assessing cell-to-cell variability regarding size, morpholo-
gy, and uptake behavior in the single-cell analysis.

In the context of uptake investigations, the results of LA-
ICP-MS analysis are combined with ultra-structural informa-
tion from X-ray tomography and in situ molecular information
from surface-enhanced Raman scattering (SERS). For the
example of the silica-coated nanoparticles [40], the plasmonic
metal core, which serves as SERS substrate providing a local
optical field [44], can be used to characterize the molecules
interacting with the silica surface. SERS chemical images of
the intensity distribution were obtained based on the Raman
signal at 665 cm™' (Fig. 4c), assigned to the C—S stretching
vibration of cysteine in peptides and proteins and at 1582 cm !
(Fig. 41), which corresponds to the C—C stretching vibration of
an encapsulated reporter molecule (para-aminothiophenol) in
the nanoparticles with the thick silica layer. As can be seen in
Fig. 4c, f, the perinuclear regions comprise high-intensity
pixels, indicating that most nanoparticles accumulate around
the nucleus, in accord with the LA-ICP-MS data. The combi-
nation of LA-ICP-MS micro-mapping with Raman micro-
spectroscopy illustrates that chemical information from both
the nanoparticle and the biological system is needed to obtain
insights into the particle/cell interactions, and into the distri-
bution and quantity of nanoparticles in single cells, which is
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Fig. 3 (a) LA-ICP-MS image of
the '”7Au" intensity distribution
(in cps) inside a single fibroblast
cell after incubation with gold
nanoparticles (100 pM, 3 h) and
the corresponding bright field
image. Parameters: laser spot size
4 um, scan speed 5 pm/s,
repetition rate 10 Hz, fluence

0.8 J cm 2. Based on matrix-
matched calibration data (b) the
number of silver nanoparticles is
quantified for individual cells (c).
Parameters: laser spot size 8 um,
scan speed 8 pm/s, repetition rate
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important for understanding their intracellular processing and
cytotoxic behavior. Besides this combination, there are also
other mass spectrometric approaches to investigate the

in silica shell

th

thick silica shell

Fig. 4 In situ characterization of particle/cell interaction using silica-
coated silver nanoparticles. Transmission electron micrographs (TEM)
reveal thin (a) and thick silica shell (d) around silver nanoparticles. (b)
and (e) Bright field micrographs superimposed with LA-ICP-MS images
of '’ Ag" intensity distribution of fixed fibroblast cells after exposure to
core-shell nanoparticles. Parameters: laser spot size 8 wm, scan speed
8 /s, repetition rate 5 Hz, fluence 0.6 J cm . (c) and (f) SERS chemical
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intracellular distribution of nanoparticles and the chemical
composition of the cells at high lateral resolution. For exam-
ple, time-of-flight secondary ion mass spectrometry (TOF-

SERS

bright field image

low

8.0E+04

1.2 E+05
c

8.0 E+04

1.2 E+05
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2.0E+DS

maps and the corresponding bright field images of 3 T3 fibroblast cells
incubated with silica-coated silver nanoparticles (scale bars represent
4 pm). The intensity distribution of the SERS signal at 665 cm ' [v(C-
S) of cysteine] and at 1582 cm™" [v(C-C) of para-aminothiophenol] are
displayed. Excitation wavelength: 785 nm, accumulation time: 1 s, inten-
sity: 1.9%x10° W em 2. Adapted with permission from Drescher et al. [38]
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SIMS) and laser secondary neutral mass spectrometry (Laser-
SNMS) have been utilized for the localization of nanoparticles
inside cells with resolutions down to 100 nm [45, 46].

Although in some cases only very few nanoparticles,
consisting of millions of gold or silver atoms, are present per
single spot, the sensitivity of the LA-ICP-MS allows the
investigation of even less amounts of metal atoms. Examples
of this are (metallo-) proteins or the tagging of antibodies by
metal atoms, which are used for signal amplification. This
issue will be further discussed in another chapter.

A different type of signal amplification will be discussed in
the next example. Here bio-enrichment of metals by living
cells is used as the prerequisite for LA-ICP-MS detection of
single cells. Managh et al. report the first LA-ICP-MS appli-
cation to perform single-cell detection of T-cell populations
relevant to cellular immunotherapy [47]. In this example, the
cell diameter (about 10 wm) was much smaller than the laser
spot diameter (25 pm), so that in each laser shot a single cell
was completely ablated. To ensure single cell targeting, la-
beled cells were plated onto slides in adequate cell density,
and cells closer than 25 pm apart were not considered. Puri-
fied human CD4" T-cells were incubated with commercially
available Gd-based magnetic resonance imaging (MRI) con-
trast agents (Omniscan and Dotarem) in different concentra-
tions and for different incubation times. In the chelated form,
these substances are not toxic, highly water soluble and bio-
available and these features enabled passive loading of up to
10® Gd atoms per single cell under optimum conditions. LA-
ICP-MS single-cell analysis demonstrated that the cells
retained a sufficient marker to remain detectable for up to 10
d post-incubation both in vitro and in vivo in an immuno-
deficient mouse model. This experiment can be used for
studying the uptake of contrast agents by cells in pharmaco-
kinetic studies in the future.

ICP-MS analysis after tagging

Biomolecules can be detected directly by ICP-MS in cells if
they contain a detectable hetero-element (as described in a
chapter above), or if artificial tags or labels are attached to the
biomolecule of interest. Alternatively, the target protein can be
identified indirectly by use of a substance specific antibody in
an immunoassay. In the following chapter, first selected tag-
ging strategies for antibodies having regard to single-cell
analysis by ICP-MS will be discussed, before selected appli-
cations are presented.

Indirect detection of biomarkers in or on cells by use of metal
tagged antibodies

Metal tags are often used for the modification of antibodies,
which recognize the target protein (antigen) specifically via

the key-lock-principle (immune reaction). In this way, the
ICP-MS detection of the element tag attached to the antibody
allows the indirect identification—and in case of imaging
technologies the localization—of a specific target protein in
a complex sample.

In recent years, bifunctional ligands were established as
tagging reagent [48] containing two parts, a macrocycle like
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) or diethylenetriaminepentaacetic acid (DTPA), and
a reactive group which connects covalently to the antibody.
The DOTA macrocycle or the linear chain DTPA can be
loaded by different metals such as lanthanides. The lanthanide
elements are preferred because of their similar chemistry and
low natural background in biological samples. The 13 lantha-
nide elements provide at least 37 isotopes that are non-
redundantly unique masses allowing the design of highly
multiplexing/multi-parametric cell assays. For more details,
see the reviews related to the chemistry and history of metal
tagging [18, 48].

Most applications deal with tags containing only one de-
tectable element. Depending on the linking chemistry, an
average between 1 and 4 detectable atoms per antibody are
introduced [49]. In the context of single-cell immunoassays
and very low abundant analytes (ag or zg range) these tagging
degrees are not sufficient because the sensitivity of the ICP-
MS (signal per unit concentration) reaches its limit.

The instrumental reason for this is the low ion transmission
of the ICP-MS instrumentation (1 of 10* ions are detected in
case of ICP-TOF-MS). Theoretically, a minimum of 1.0x 10*
metal atoms must be present on or in a cell before a signal is
detected [50]. This is even more critical in the context of
single-cell imaging by LA-ICP-MS because in this case the
cell is ablated stepwise and introduced partially (dependent on
the spot size of the laser) into the ICP-MS.

To compensate this instrumental disadvantage new poly-
mer tags were developed by Lou et al.[51] for cell assays
analyzed by ICP-TOF-MS specially designed for this appli-
cation. The polymer contains various binding sites for DOTA,
which results in up to 30 metal atoms per tag. A maleimide
group at one end of the polymer chain is used for coupling to
free thiol groups generated by partial reduction of the disulfide
bridges of the antibody. A number of 2 to 4 polymer tags per
antibody are postulated by the researchers, which could be
equated with 60 to 120 detectable atoms per antibody,
resulting a sufficient intensity enhancement for ICP-MS
analysis even in a single-cell assay [52].

As described before, often a maleimide residue is used as a
reactive group binding to the antibody because of high tagging
degrees and excellent sensitivity in ICP-MS based immuno-
assays [49, 51, 53, 54]. The drawback of the maleimide
tagging chemistry is the necessity of partial reduction of the
antibody to generate free sulthydryl groups for binding. Thus,
each new antibody needs to be validated after tagging to proof
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its specificity for the target antigen. Additionally, the forma-
tion of different antibody fragments with various tagging
degrees complicates the development of quantification con-
cepts, for which the knowledge of an exact tagging degree and
the ratio between number of antigens to antibody is a prereq-
uisite [55]. Thus, from an analytical point of view, quantitative
immunoassays would be highly desirable and ICP-MS would
be an ideal detector for this purpose, but presently more
investigations are needed to validate the calibration of these
assays.

Mass cytometry

The state-of-the-art for characterizing proteins of many cells
individually is flow cytometry. A cell sample is treated with
fluorescence probes (e.g., antibodies), and the cell suspension
is formed to a liquid stream, which allows the aligned cells to
pass a light beam for fluorescence sensing. Since the tech-
nique is limited by spectral overlap, fluorescence dye
quenching and auto-fluorescence of the sample multiple pa-
rameters should be analyzed simultaneously. A novel tech-
nique for real time analysis of multi-parameter assays of single
cells at high throughput was developed by Tanner and col-
leagues [52, 56]. The antibodies have been modified with
metal tags as described elsewhere instead of fluorophores
conventionally employed in polychromatic flow cytometry.
The mass cytometer (Fig. 5), which employs a fast ICP-
TOF-MS, was introduced to the market as CyTOF by DVS
Sciences Inc., Markham, Canada. It is a novel adaptation of
atomic mass spectrometry to address the challenges of poly-
chromatic flow cytometry. In the spray chamber, the turbulent
gas flow containing droplets with embedded cells is dried (all
water droplets without cells are vaporized) and converted into
a laminar flow. Stochastically spaced cells in the laminar flow
are then delivered concentrically to the plasma core. A con-
sensus model considers a cell in plasma generating an ion

Time of
flight
mass

spectrometer
ion optics
interface sample
introduction

vaporization
ionization

Fig. 5 Schematic setup of a mass cytometer
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cloud, which rapidly diffuses on its way downstream of the
plasma core. The ion cloud from an individual particle or cell
is large enough to produce a transient signal of ~280 us of a
pseudo-Gaussian shape. The resulting ion cloud is much
larger than the parent cell and is diffusion limited. After full
thermolytic decomposition, atomized and ionized cells trans-
form into approximately spherical ion clouds and propagate
through the atmosphere—vacuum interface, ion beam forming
optics, time-of-flight mass analyzer, and finally, are registered
by the detector and data acquisition system as a transient
event: ion intensity versus time.

The stochastic sample introduction leads to possible over-
lap of the ion clouds limiting the maximum rate of cell
introduction to ~1000 per s. It is shown that a metal-
containing DNA intercalator is capable of revealing important
information about the transient event in mass cytometry,
allowing it to be applied for the recognition of single-cell
events, cell fragments, and to qualify the acquired data [57].
Spectra are recorded at 13 us intervals. Between cell events,
the spectra are largely blank (reflecting only the metal content
of the solution between cells, which may contain metals
associated with antibodies that have dislodged from the cells
and, therefore, does not provide a suitable “negative” back-
ground; see also Fig. 6). When an ion cloud arrives at the
detector, a series of some 20 spectra reflects the Gaussian-like
transient and contains all of the metal ions associated within
the cell, including those metal isotopes that were intentionally
attached as probes (of antibodies, DNA, and viability
indicators).

The analysis is complicated by very fast data stream and is
implemented on-the-fly (directly during the acquisition pro-
cess), in-line (immediately after the acquisition stream before
the next sample), or off-line in post-processing mode. For
example, on-the-fly visual confirmation provides a real time
display of the first 3 ms of data acquired each s, as an indicator
of satisfactory analytical conditions. An example is provided
in Fig. 6, showing a screen capture during the analysis of a
human peripheral-blood mononuclear cell (PBMc) sample
stained with 27 metal-tagged antibodies. The display indicates
a pixel each time an ion signal is recorded, and shows the
masses along the X-axis and the sequential spectra along the
vertical axis. It is clear that the raw data clusters in two
dimensions are aligned, indicating a complex and unique ion
structure of every ion cloud.

Multi-parametric transient data streams generally represent
a substantial challenge for data acquisition systems and sub-
sequent analysis. In the case of mass cytometry, such software
allows interrogation of the data through a set of orthogonal
bivariate dot plots that display the correlation of two param-
eters for each cell. A typical four-parameter (n=4) experiment
can be represented by six such bivariate plots [0.5 7 (n - 1)]. A
32-parameter mass cytometry data set is represented by 496
bivariate plots, each of which can be gated and expanded in
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Fig. 6 A screen capture of raw digitized data for slurry nebulization of a human PBMc sample stained with 27 metal-tagged antibodies and with Ir
containing DNA-intercalator. The concomitance of the metal tag and intercalator signals identify a single-cell event

the remaining 30 dimensions. The complexity of such data
sets arises and it is nearly impossible to identify an overall
trend, and especially small changes in selected cell subpopu-
lations. The application of bioinformatics for multi-parametric
cytometry data sets is needed. Bendall et al. generated an
immuno-phenotyping tree with the SPADE algorithm
(www.cytobank.org), which groups cells of identical
phenotype into clusters, connected to each other based on
similarity in a tree structure [58, 59]. Thirty-one markers were
analyzed by CyTOF technology characterizing the functional
response of the entire human hematopoietic system to immune
modulators and small molecule drug inhibitors in human bone
marrow samples. This analysis greatly increases the under-
standing of cell types and their relationship to each other
within normal bone marrow, and enables presentation of the
bone marrow as a continuum of phenotypes.

The application of an elemental barcode by Bodenmiller
et al. even increases the high-throughput cell screening by
mass cytometry. Seven maleimide-DOTA loaded with lantha-
nide isotopes were used to generate 128 combinations, enough
to barcode each sample in a 96-well plate. The cells in each
well were labeled with a unique isotope composition, and then
they were pooled into a single tube for the immunoassay with
metal-labeled antibodies. For each of 27 inhibitors, 14 phos-
phorylation sites were analyzed in 14 PBMC types at 96

conditions, resulting in 18,816 quantified phosphorylation
levels from each multiplexed sample [60].

For more details about data handling of massively multi-
parametric single-cell assays analyzed by CyTOF technology,
please see review [61]. The applications of mass cytometry
span a whole range of fundamental research, clinical research,
and pharmaceutical areas. The latest applications are summa-
rized in Table 1. For more information on CyTOF develop-
ments, the reviews of Bjornson et al. [77] and Bendall et al.
[50] can be recommended for further reading.

Imaging of cells by element tags and LA-ICP-MS
Elemental cell staining

In the previous chapters, the influence of contrast agents and
nanoparticles on cellular processes investigated by LA-ICP-
MS have been summarized. In the following, the staining of
cells and cellular biomolecules for LA-ICP-MS imaging of
single cells will be discussed. The samples are directly treated
with the label or tag substance (e.g., iodine, hematoxylin and
eosin stain, bifunctional ligands) and often abundant molecule
groups like selected amino acids (e.g., tyrosine, cysteine) or
glycol residues are modified. These lead to a “more general”
derivatization of proteins containing the molecule of interest,
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Table 1 Summary of applications from mass cytometry

Research

Cell population characterization; cell viability; [62, 63]
cell cycle analysis

Protein interaction, protein signalling pathways [58, 64]

Imaging (see also chapter on Imaging of cells [41,42]
by element tags and LA-ICP-MS)

Pharmaceutical

Kinase/phosphatase activity [65]

Stimulation and suppression of phosphorylation [60]
or other translational modification

Drug target validation [58, 60]

Clinical research

Diagnostic biomarker panels for accurate [62, 65-67]

diagnosis of disease (cancer, cardiovascular
and neurological diseases)
Immunity, vaccine development and testing [59, 62, 68-73]
Characterization of rare cell populations, and [74]
quantitation of those (NK diversity, T
cell response)
Distinction of related disease states [66]
(e.g., pathology of leukemia)

Transplantation and regenerative medicine [75, 76]

which results in an artificial visualization of the targets to
facilitate the characterization of tissue or cells by LA-ICP-
MS imaging. In case of liquid analysis, the cell staining could
be used to mark different cell populations with an elemental
barcode.

Giesen et al. [78] first showed the iodination of fixed
fibroblast cells (cell line 3 T3) by tri-iodide and LA-ICP-MS
on a single-cell level. This procedure leads to an electrophilic
aromatic substitution of biomolecules, mainly cell proteins,
where iodine is found at the ortho-positions of tyrosine and
histidine residues [79].

A photograph of fibroblast cells was taken in advance of
laser ablation. Surrounded by the cytoplasm, cell nucleus and
nucleoli are clearly visible in Fig. 7. Comparison of the
photograph with the LA-ICP-MS image exhibits the highest
iodine signal within the cell nuclei, and lower intensities in the
surrounding cytoplasm even after a very short reaction time of
60 s only. Todine was detected with high sensitivity at a laser
spot size of only 4 um, which is approximately one-tenth of
the size of a fibroblast cell nucleus.

Because iodine shows quite a high instrumental back-
ground (4x 10* cps in Fig. 8), alternative staining and tagging
procedures look promising. Here L. Miiller shows a whole cell
staining using maleimide-DOTA including Tm as central ion
(see Fig. 8) as a first example. As mentioned before, the
reactive maleimide group connects to free thiol groups such
as cysteine. An incubation time of 30 min was sufficient for
LA-ICP-MS imaging in the sub-um range. The single line
scans were ablated with a speed of 6 pum s ™' and were 8 um

@ Springer

cps

. 6.000E+04

0 50 100

_ . 5.000E+04

“ . 4.000E+04

Fig. 7 Lower part: microscopic picture of fixed, iodinated fibroblast
cells. Upper part: LA-ICP-MS image of iodine distribution. Laser param-
eters: spot size 4 pm, scan speed 5 pum s, repetition rate 5 Hz, energy
0.7 mJ cm 2, distance in between the line scans 6 um. With permission
from J Anal Atom Spectrom

wide. A distance of only 6 wm in between the line centers
were selected to generate overlapping ablation spots. Both
applications were performed with a commercial LA system
(NWR213, ESI) which is limited to a laser spot size of 4 um.
But in combination with a high repetition rate (20 Hz), a pixel
resolution smaller than the laser spot diameter can be achieved
as described in another chapter above (see also Fig. 2). The
resolution achieved in this first experiment permits the detec-
tion of even smaller cells. Thus, novel laser ablation chambers
are under investigation with significantly reduced aerosol
wash-out times [41, 42], but are presently not commercially
available. Significant improvements in lateral resolution seem
possible with novel laser ablation systems such as excimer
lasers, which offer significantly reduced laser spot sizes.
Shorter wash-out times (<< 1 s), smaller spot sizes, and
increased repetition rates already look technically feasible
but under multi-element conditions, the data acquisition times
need to be reduced significantly. Although most recent tech-
nologies offer integration times as low as ps even for quadru-
pole devices, this type of application needs at the end novel
fast and simultaneous detection technology. This will be
discussed in the next chapter. Of course, the metal staining
of the whole cell now can be combined with immunoassays or
used in conjunction with nanoparticle studies.

Imaging of target proteins in cells by element tagged
antibodies

As discussed before, the main limitations for immuno-
imaging of single cells by LA-ICP-MS are the low ion trans-
mission of ICP-MS instruments and insufficient wash-out
times of LA systems. The development of a novel tube cell
by Wang et al. with fast wash-out times of 30 ms for high
spatial resolution is a first breakthrough in this field [41]. For
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Fig. 8 (a) Microscopic picture of fixed and thulium stained 3 T3 fibro- size 8 pm, spot overlay 2 pm, scan speed 6 um s ', repetition rate 20 Hz,

blast cells with maleimide-DOTA-Tm. (b) LA-ICP-MS intensity profile
of thulium distribution. (¢) Overlay of (a) and (b). Laser parameters: spot

immuno-imaging of a tissue section, the tube cell was com-
bined with an ArF excimer LA system and coupled to an
Element 2 (Thermo Fisher Scientific). A frequency of 20 Hz
and a spot size of 1-2 pm were selected to achieve maximum
intensity and spatial resolution. The sample was ablated line
by line and spot by spot. The dwell time of the MS had to be
set to 50 ms to be in accordance with the laser frequency.
Under these conditions, only one single isotope could be
recorded. A formalin-fixed, paraffin-embedded (FFPE) hu-
man epidermal growth factor receptor 2 (HER2)-enriched
breast cancer tissue section incubated with a polymer (includ-
ing Ho) tagged antibody against HER2 was investigated. The
resulting image has a pixel size of 1x1 pum and allows a
precise analysis of the cell membrane-bounded HER2.
Currently, Giesen and co-workers used the same tube cell
in combination with a simultaneous detecting CyTOF for
spatially resolved multiplexing immuno-imaging of 32 pro-
teins and their modifications in FFPE breast cancer tissue
samples and human mammary epithelial (HMLE) cells [42].
Figure 9 shows an overlay of selected markers at 1 pm reso-
lution. The antibodies were modified with polymer tags con-
taining different lanthanide isotopes. The cell nuclei are

Fig. 9 CyTOF image of luminal HER2+ breast cancer tissue sample.
Overlay of HER2 (151Eu, red), H3 (176Yb, cyan), and vimentin (162Dy,
yellow). In total, 32 proteins and phosphorylation sites were measured
simultaneously at 1-pum resolution. Scale bar, 25 um. Adapted from
Giesen et al. [42]. With permission from Nature Methods

energy 0,7 mJ cm™>

clearly identified by histone H3, HER?2 is visible in the plasma
membrane, and vimentin is shown in the cytoplasm. The
results were validated with conventional immunofluorescence
microscopy and no significant changes in specificity and
performance of the antibodies used for fluorescence and mass
cytometry could be observed. Furthermore, it could be shown
that even high numbers of metal tagged antibodies did not
interfere with each other during the immune reaction. The
study reached subcellular resolution for the first time in a
multiplex immuno-imaging approach using polymer tagged
antibodies and LA-ICP-TOF-MS, but further improvements
are still needed. In this study, only selected parts of cancer
tissue sections were analyzed with the novel tube cell because
an area of 0.5 mm? still takes approximately 3.5 h to be ablated
with 1 um laser spot size. Thus, novel commercially available
LA systems allowing much higher scanning speeds and sam-
ple throughput are urgently needed. Nevertheless, imaging
mass cytometry has the potential to significantly advance
basic research on tissue heterogeneity and function and might
be the next step towards personalized diagnosis and therapies.

Conclusion and outlook

Single-cell analysis by use of ICP-MS is a new application
area in various disciplines (toxicology, medical diagnosis,
drug and cancer research, metallomics), which is fast growing
and most challenging in terms of sensitivity and multi-element
capability.

Depending on the sample introduction system, we can
identify two main directions:

— Using pneumatic nebulization for sample introduction
into the ICP-MS

» This type of sample introduction is often used to mea-
sure directly cell parameters (especially biomarkers) in
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a large number of cells in very short time (1000 or
more cell events in 1 s). Therefore, it is particularly
suitable for the analysis of huge cell populations, e.g.,
to determine their hierarchical evolution or the number
of cells with pathological modifications. Without being
too enthusiastic, for instance metal tagging of antibod-
ies can revolutionize medical diagnosis as well as
biochemistry.

—  Using laser ablation

* This type of sample introduction is often used for
imaging or immuno-imaging of single cells, although
the resolution so far is a limiting factor. The improve-
ments in spatial resolution of the LA systems together
with high sensitivity and fast data acquisition of the
ICP-MS give reason to expect further insight into
element and nanoparticle distribution in (single) cells.
An improvement of the lateral resolution of LA-
ICPMS to the nanometer scale (down to about
200 nm) is, for example, possible by using the near-
field enhancement effect at the tip of a thin silver needle
in a laser beam on the sample surface, but such systems
are not yet frequently applied [80]. Recently, the ability
to image FFPE human breast tumor tissue sections
treated with metal tagged antibodies at 200 nm resolu-
tion via SIMS has already been demonstrated by
Angelo et al. [81]. Nevertheless, resolution at nanome-
ter scale is still a challenge for ICP-MS approaches.

* Concerning high throughput approaches, single laser
shots with high repetition rates are used to ablate each
cell by each shot in short time (20 cell events in a
second) [47].

* An open issue for LA-ICP-MS imaging still is the
development of quantification concepts and internal
standardization. Usually in-house matrix matched stan-
dards are used in case of tissue analysis [16]. A first
quantification concept in the context of single-cell anal-
ysis with LA-ICP-MS was shown by Drescher et al.
[39].

All presented studies show that ICP-MS based single-cell
analysis offers valuable biologically relevant insights into the
element content of individual cell, as well as the uptake of
metallodrugs and engineered nanoparticles. But keeping in
mind that a cell is a very complex and small machinery with
many life functions, which consists of many millions of
proteins and their post-translational modifications and, addi-
tionally, many billions of metabolites, we get only a snapshot
of a very low number of parameters of a highly dynamic and
rather complex system. From this point of view (system
biology) the information that we can measure is by far not
sufficient and, thus, complementing methods are required if
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multi-parametric function or malfunction of diseased cells
have to be investigated. Thus the authors of this article support
a new idea of “multimodal spectroscopies,” which need to be
developed providing more spectral data from atomic and
molecular mass spectrometry, synchrotron-based X-ray fluo-
rescence spectroscopy, nano-time-of-flight mass spectrome-
try, surface enhanced Raman scattering, matrix assisted laser
desorption/ionization mass spectrometry, etc. Only the com-
bination of different analytical techniques can expose the
secrets of complex systems for a better understanding of the
processes and dynamics of biologically or medically relevant
cells. Further, we foresee an opportunity in advancing statis-
tical data handling that will allow merging of information
from complementary data sets. From a pragmatic point of
view, many analytical methods are already fit for purpose at
cellular levels, among which ICP-MS is a very promising new
tool for single-cell analysis.
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