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Abstract. We have used the Single-probe, a miniaturized sampling device utilizing in-
situ surface microextraction for ambient mass spectrometry (MS) analysis, for the high
resolution MS imaging (MSI) of negatively charged species in the positive ionization
mode. Two dicationic compounds, 1,5-pentanediyl-bis(1-butylpyrrolidinium) difluoride
[C5(bpyr)2F2] and 1,3-propanediyl-bis(tripropylphosphonium) difluoride [C3(triprp)2F2],
were added into the sampling solvent to form 1+ charged adducts with the negatively
charged species extracted from tissues. We were able to detect 526 and 322
negatively charged species this way using [C5(bpyr)2F2] and [C3(triprp)2F2], respec-
tively, including oleic acid, arachidonic acid, and several species of phosphatidic
acid, phosphoethanolamine, phosphatidylserine, phosphatidylglycerol, phos-

phatidylinositol, and others. In conjunction with the identification of the non-adduct cations, we have tentatively
identified a total number of 1200 and 828 metabolites from mouse brain sections using [C5(bpyr)2F2] and
[C3(triprp)2F2], respectively, through high mass accuracy measurements (mass error <5 ppm); MS/MS analyses
were also performed to verify the identity of selected species. In addition to the high mass accuracy
measurement, we were able to generate high spatial resolution (~17 μm) MS images of mouse brain sections.
Our study demonstrated that utilization of dicationic compounds in the surface microextraction with the Single-
probe device can perform high mass and spatial resolution ambient MSI measurements of broader types of
compounds in tissues. Other reagents can be potentially used with the Single-probe device for a variety of
reactive MSI studies to enable the analysis of species that are previously intractable.
Keywords: Single-probe mass spectrometry, High spatial resolution mass spectrometry imaging, Ambient mass
spectrometry imaging, Liquid surface microextraction, Dicationic compounds, Paired ion electrospray ionization
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Introduction

Mass spectrometry imaging (MSI) is a growing field
within mass spectrometry (MS) based biological

analysis for the elucidation of spatially defined MS infor-
mation from biological surfaces, and has already shown
potential to be used in improving biomarker discovery for
clinical diagnoses [1–3]. Ambient MSI describes the per-
formance of MS analysis in the ambient environment with-
out the need for a vacuum chamber for sampling [4], and

the first description of ambient MSI was made by Takats
et al. with the use of desorption electrospray ionization
(DESI) MS [5]. Since then, a great number of other ambi-
ent MSI modalities have been made with a variety of
different approaches [6]. Compared with non-ambient MSI
techniques, such as matrix assisted laser desorption ioniza-
tion (MALDI) MS [7] and time-of-flight secondary ion MS
(Tof-SIMS) [8], ambient MSI methods generally lack spa-
tial resolution, with experiments routinely performed at 50–
200 μm pixel sizes or larger [9, 10]. In contrast, MALDI
MS is capable of around 5 μm resolution [9], and Tof-
SIMS can achieve submicron levels of precision [8] and
perform depth profiling MSI on biological tissues [11].
Ambient MSI, however, has the advantage that analysis
can be performed with little to no sample preparation and
sampling can be conducted without a vacuum environment,
allowing MSI experiments to be performed at a near native
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state while minimizing the amount of potential artifacts
within the results.

A number of ambient MSI techniques have been developed
for improved MS image generation from biological samples.
These ambient MSI methods can be broadly separated into a
number of categories based on their principles of sampling and
ionization approaches. Laser-based techniques such as laser
assisted electrospray ionization (LAESI) MSI [12] and trans-
mission geometry laser ablation MSI [13] are relatively recent
developments. Both methods involve the ablation of analytes
from the sample using a laser followed by ionization via ESI
mechanics, and they are able to generate spatial resolutions on
biological surfaces of around 30 [14] and 50 μm, respectively,
with LAESI also being able to perform high throughput quan-
titative analysis on biological samples [15]. Spray-based tech-
niques such as DESI MSI rely on the use of a pneumatically
directed electrospray mist to desorb and ionize analytes on
surfaces [16]. DESI MSI has already been successfully applied
for the analysis of many different biological samples [17–19].
DESI MSI has been reported to be able to achieve a spatial
resolution of up to 40 μm [20], but it is routinely performed at
100 μm or more because of experimental requirements. A
growing category of ambient MSI involves in-situ surface
microextraction of analytes, which has been shown to have
better extraction efficiency on surfaces, such as for digested
proteins, than DESI MS [21]. Some earlier examples of surface
microextraction techniques include liquid micro-junction sur-
face sampling (LMJ-SSP) MS [22, 23], which uses a coaxial
probe for continuous sample uptake, and liquid extraction
surface analysis (LESA) MS [24], which suspends a droplet
of solvent onto the surface before taking it up for analysis via
ESI-MS. Both LMJ-SSP and LESA provide surface extraction
efficiency and sensitivity but are not routinely used for MSI
because of a lack of spatial resolution (typically 0.5–1.0 mm),
and they are usually used for profiling biomolecules on sur-
faces [25–27]. Nano-DESI is a surface microextraction-based
technique that has shown great promise in the field ofMSI. The
nano-DESI probe consists of two individual fused silica
capillaries placed together to form a micro-junction on a sur-
face, which is then supplied with solvent into one of the
capillaries so that extracted analytes can be taken up by the
other and analyzed within the mass spectrometer [28]. Nano-
DESI is capable of high spatial resolution at around 12 μm on
biological samples [29] and has been used previously for a
number of MSI investigations of a variety of biological tissues
[30–32]; however, reproducible probe fabrication and the ini-
tial setup of the probe for optimal sample interaction can be
difficult. We have created the Single-probe, an integrated sam-
pling and ionization device that can be coupled with MS for a
variety of applications. The Single-probe works via surface
microextraction, and is capable of high spatial resolution
ambient MSI [33] as well as a number of other modalities such
as live single cell MS analysis [34]. The Single-probe is con-
structed using a pulled dual-bore quartz tubing coupled to two
fused silica capillaries for solvent introduction and aspiration,
which allows the device to have an integrated structure, small

sampling size, high extraction efficiency, and convenient
operation for ambient MSI measurements. In particular, the
smallness of the probe tip size (typically <10 μm) allows for
sampling to be conducted at a small area. We were able to
achieve a spatial resolution of around 8.5 μm on mouse kidney
sections in our previous work, which is amongst the highest
spatial resolutions yet achieved using ambient MSI techniques
on biological tissues [33].

All ambient MSI techniques mentioned above (i.e., DESI,
LASESI, LMJ-SSP, LESA, and nano-DESI) are relevant to the
ESI method. Because negative ionization mode has been
shown to be generally less sensitive and stable than the positive
ionization mode for most molecular species due to the
increased tendencies for corona discharging in the negative
ionization mode [35], these ambient MSI techniques are
generally operated under the positive ionization mode. The
development of ESI techniques, such as varying the solvent
composition, is expected to expand the capabilities of these
ambient MSI methods. In addition to the use of common
solvents (e.g., methanol, water, and acetonitrile), reagents con-
taining solvent can be used in ESI-MS techniques to improve
the detection of certain metabolites [36, 37]. For example,
dicationic compounds have been used as reagents to improve
the detection of phospholipids in LC-MS experiments [38].
These dicationic compounds carry 2+ charge and readily form
adducts with negatively charged (1−) species such as phospho-
lipids; the formation of 1+ charged adducts allows the detection
of anionic species in the positive ionization mode [39]. Simi-
larly, this method has already been employed in the analysis of
a number of negatively charged pesticides using high perfor-
mance liquid chromatography (HPLC) ESI MS (termed paired
ion ESI (PIESI)), and was found to have improved the sensi-
tivity of detection of their target compounds [40]. In addition to
the ESI-MS experiments, dicationic compounds have been
applied for ambient surface analyses. A number of dicationic
compounds were used in DESI MS for the detection of stock
lipid species spotted onto a glass surface, where one of the
dicationic compounds [C6(C1Pyrr)2][Br]2 was show to have
selectively improved the detection of palmitoleic acid and
linoleic acid over their detection in the negative ionization
mode [41]. [C6(C1Pyrr)2][Br]2 was later applied to DESI MSI
studies on biological tissues, where adducts of dicationic com-
pound with fatty acids in the range of m/z 250−350 were
observed in the positive ionization mode [42]. However, this
study was unable to observe adducts of the dicationic com-
pound with larger phospholipids that typically exist within the
range of m/z 600−900 within their MSI results.

Here, we present the utilization of the dicationic compounds
[40] for reactive MSI experiments to obtain high spatial and
mass resolution ambient MS images of biological tissues using
the Single-probe device. We were able to detect a large number
of negatively charged species in the positive ionization mode
with both dicationic compounds, mostly in the m/z 600–900
range, including many species of phosphatic acids (PA),
phosphoethanolamines (PE), phosphatidylglycerol (PG),
phosphatidylserine (PS), phosphatidylinositol (PI), and others.
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Metabolites normally found in the positive ionization mode
were also simultaneously detected during these experiments.
Considering that the same sample slice usually is not reused for
additional measurements in all MSI studies because of sample
destruction or analyte depletion, some chemical information
cannot be obtained in one experiment using either positive or
negative MS polarity. Combined with the detection of the
dicationic compound adducts in the same experiment, our
technique can greatly increase the total number of identifica-
tions through one experiment. The dicationic compounds were
able to improve the spectral intensities of the ions detected over
the negative mode as well. The Single-probe MSI experiments
can be carried out using high-resolution mass spectrometers,
such as Thermo (Waltham, MA, USA) LTQ Orbitrap XLmass
spectrometer, allowing for a confident identification of the
species than previously achieved [42]. MS/MS was also
performed on selected ions to further improve the identifica-
tion. We were able to achieve a spatial resolution of 17 μm for
both of the dicationic compounds on the mouse brain section
samples. Our results indicate that dicationic reagents can
improve solvent-based ambient MSI experiments and enable
a greater number of molecular species to be imaged in a single
experiment, which would allow more informative analyses of
the biological samples to be performed.

Experimental
Chemicals

Methanol and water (Chromasolv MS grade) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Two dicationic
compounds, 1,5-pentanediyl-bis(1-butylpyrrolidinium)
difluoride (the dication is abbreviated to [C5(bpyr)2]

2+) and
1,3-propanediyl-bis(tripropylphosphonium) difluoride (the
dication is abbreviated to [C3(triprp)2]

2+, which were first
described in Xu and Armstrong [40], were purchased from
Sigma-Aldrich (St. Louis, MO, USA) at a concentration of
2.5 mM in methanol:water (50:50) (Figure 1). These dicationic
compounds were used to prepare a series of concentrations

from 10 μM to 1 mM with the solvent methanol:water at a
composition of 90:10.

Preparation of Brain Section

Mouse brain tissues were placed in Optimum Cutting Temper-
ature (OCT) compound (Tissue-Tek, Sakura Finetek USA,
Torrance, CA) and flash-frozen in liquid nitrogen before sec-
tioning within a cryotome (American Optical 845 Cryo-cut
Microtome, Southbridge, MA, USA) at −15°C. The brain
sections were made at 12 μm thickness and placed onto poly-
carbonate microscope slides (P11011P; Science Supply Solu-
tions, Elk Grove Village, IL, USA). Samples were dried in the
open air, scanned at high resolution using a PathScan Enabler
IV histology slide scanner (Meyer Instruments, Inc., Houston,
TX, USA), and stored at –80°C before use.

[C5(bpyr)2]2+

[C3(triprp) 2]2+

Dication mass 
324.3504

Dication mass 
362.3231

Figure 1. Structures of the dicationic compounds
([C5(bpyr)2]

2+ and [C3(triprp)2]
2+) used in Single-probe MSI ex-

periments. The masses of the dication portion of the molecules
are also presented
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Figure 2. (a) Schematic representation of the Single-probe
setup. Presented are the structure of the Single-probe with
the solvent providing inlet and the nano-ESI emitter. A liquid
junction formed between the probe tip and the tissue section
allows for surface extraction, and the extracted analytes are
drawn towards the nano-ESI emitter for MS analysis. The sy-
ringe provides the sampling solvent while the conductive union
transmits the ionization voltage. (b) Photo of a fabricated Sin-
gle-probe. (c) Photo showing the components of the Single-
probe MSI setup
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Fabrication of the Single-probe

The Single-probe (Figure 2a and b) fabrication was de-
scribed in detail in previous publications [33, 34]. Briefly,
the device was made from a dual-bore quartz tubing (outer
diameter (o.d.) 500 μm; inner diameter (i.d.) 127 μm;
Friedrich and Dimmock, Inc., Millville, NJ, USA) pulled
to a fine needle using a Sutter P-2000 laser puller (Sutter
Instrument, Novato, CA, USA). Two fused silica capillaries
(o.d. 105 μm, i.d. 40 μm; Polymicro Technologies, Phoenix,
AZ, USA) were placed inside each channel within the pulled
dual-bore quartz needle at the flat end, sealed with UV
activated bonding resin (Light Cure Bonding Adhesive;
Prime-Dent, Chicago, Il, USA), and the whole device was
then secured onto a glass slide using regular epoxy. One of
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Figure 3. Mass spectra ofMSanalyses ofmouse brain sections. (a) Typicalmass spectrumobtained in the positive ionizationmode
(no dicationic reagents) shown in them/z 600−900 range. (b) Typical mass spectrum in the negative ionization mode; details within
m/z 600−900 range are shown in (c). (d) Mass spectrum in the positive ionization mode with 400 μM solution of [C5(bpyr)2]

2+,
including regions of normal positive ions and negative ion adducts; details within m/z 925−1225 range are shown in (e). (f) Mass
spectrum in the positive ionization mode with 400 μM solution of [C3(triprp)2]

2+, including regions of normal positive ions and
negative ion adducts; details withinm/z 950−1250 range are shown in (g)

Table 1. Number of Metabolites Tentatively Identified on Mouse Brain
Section (Mass Error <5 ppm)

Ionization mechanisma Anionsb Cationsc Totald

−ve 576 N/A 576
+ve with [C5(bpyr)2]

2+ 526 (163) 674 1200
+ve with [C3(triprp)2]

2+ 322 (87) 506 828

aIonization mechanisms used, including the regular negative ionization mode
(−ve) and positive ion mode (+ve) with [C5(bpyr)2]

2+ or [C3(triprp)2]
2+

bNumber of identified anions; numbers in parentheses indicate the common
species identified using the regular negative ion mode
cNumber of identified cations
dTotal number of identified metabolites. For a list of the metabolites please refer
to Supplementary Tables S1−S5
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the fused silica capillaries acts as the solvent providing inlet
whereas the other plays the role as the nano-ESI emitter
(Figure 2b). The Single-probe device has been coupled with
a XYZ translation stage system for sample motion control
and a Thermo LTQ Orbitrap XL mass spectrometer for MS
analysis (Figure 2a and c).

MSI Experiment and Data Processing

Amouse brain section was placed onto a motorized XYZ stage
system controlled by a LabVIEW software developed by the
Laskin Group [43]. MSI was performed on a Thermo LTQ
Orbitrap XL mass spectrometer with the following parameters:
10.0 μm/s rastering speed and 20 μm distance between lines,
mass resolution 60,000 (m/Δm), 5 kV positive mode, 1
microscan, 100 ms max injection time, AGC on. It is noted that
compared with conventional ESI-MS settings, a relatively
higher ionization voltage was used in our experiments, whereas
no corona discharging was observed on the nano-ESI emitter.
Owing to the smallness of the nano-ESI emitter (length ~5 mm)
on the Single-probe device, the ionization voltage is convenient-
ly applied on the conductive union, and then transmitted to the
nano-ESI emitter through the liquid in the capillaries and chan-
nels in the Single-probe (Figure 2a). It is very likely that a
voltage drop occurs during the voltage transmission, and the
actual ionization voltage applied onto the nano-ESI emitter is
significantly reduced. Solvents used for dicationic compound
reactive imaging were methanol:water (90:10) containing
[C5(bpyr)2]

2+ or [C3(triprp)2]
2+ at a number of concentrations

with a flow rate of 0.4 μL/min. With this flow rate, solvent
delivered to the surface can be completely drawn up by the ESI-
emitter with no surface spreading observed. The total time for a
typical high resolution MSI experiment for a sample of 2.0 ×
1.5 mm in size is around 4–5 h.MS images were generated from
raw data files using the MSI QuickView software developed by
PNNL [44]. Accurate mass of metabolite was searched using the
online database Metlin from the Scripps Center for Metabolo-
mics (https://metlin.scripps.edu/index.php).

MS/MS of Selected Ions

For more confident identification of species of interest, spot
surface analyses of metabolites on mouse brain sections were
carried out using MS/MS with collision induced dissociation
(CID) and/or higher-energy collision-activated dissociation
(HCD). HCD MS/MS was performed for the selected species
(in the negative ionization mode for comparison) and the
adducts of metabolites with dicationic compounds
[C5(bpyr)2]

2+ and [C3(triprp)2]
2+. The parameters used in MS/

MS analyses were as follows: mass resolution 100,000
(m/Δm), 5 kV positive mode for dicationic experiments and
negative mode for control, 1 microscan, 100 ms injection time,
AGC on, activation type CID or HCD, isolation width m/z 1.0
(m/z ±0.5 window), normalized collision energy 30 (manufac-
turer’s unit) for both CID and HCD.

Results and Discussion
Detection of Negatively Charged Species
in the Positive Ionization Mode Using Dicationic
Compounds

Ambient MSI techniques utilizing solvents for sampling or
ionization (e.g., LAESI [45], DESI [46], nano-DESI [30], and
LMJ-SSP [27]) are usually conducted either in the positive or
negative ionization mode, depending on the polarities of a
specific subset of metabolites. In the positive ionization mode
a l a r g e numbe r o f pho spha t i d y l c ho l i n e ( PC ) ,
phosphoethanolamine (PE), and sphingomyelin (SM) are ob-
served around the m/z 600−900 range, whereas in the negative
ionization mode a greater range of phospholipids, such as PEs,
phosphatic acid (PA), phosphatidylglycerol (PG),
phosphatidylserine (PS), phosphatidylinositol (PI), and others
can be detected [47]. Typically, it is found that in ESI-MS
experiments, positive ionization mode provides better sensitiv-
ity and stability than the negative ionization mode, which
exhibits an increased tendency for corona discharging [35]. It
was our goal in these studies to use the solvent containing
dicationic compounds to enable the detection of negatively
charged metabolites in the positive ionization mode of the mass
spectrometer, and increase the amount of metabolites to be
observed within a single MSI experiment.

We first conducted spot MS analyses of metabolites from
mouse brain sections using the Single-probe in both positive
and negative ionization modes. Figure 3a and b are the repre-
sentative spectra that can be observed from the surface of a
mouse brain section in the positive and negative ionization
modes, respectively. It is worth noting that the phospholipids
in both spectra reside within them/z 600−900 range, shown for
the negative ionization mode in Figure 3c. The dicationic
compounds, either [C5(bpyr)2]

2+ or [C3(triprp)2]
2+ (Figure 1),

were added into the sampling solvent in the syringe for surface
microextraction of analytes. Typical MS spot analysis spectra
obtained using these two dicationic compounds are shown in
Figure 3d and f. For [C5(bpyr)2]

2+ the negatively charged
metabolites form adducts with the dicationic ligand, with a
mass shift of m/z 324.3504, which can be seen in the m/z 925
−1225 range (Figure 3e). Similarly, for [C3(triprp)2]

2+ the
negatively charged metabolites associate with the dicationic
ligand, with a mass shift of m/z 362.3231, which formed the
complexes that can be observed in the m/z 950−1250 range
(Figure 3g). Metabolites normally observed in the positive
ionization mode can still be detected in their usual m/z values
(m/z 600−900) while using the dicationic reagents (Figure 3d
and f).

The sampling solutions at a series of concentrations for both
dicationic compounds were tested from 10 μM to 1mM, and an
optimal concentration of 400 μMwas used for the Single-probe
MSI experiments. This concentration is higher than those used
in previous LC-PIESI MS (40 μM) [40] and DESI-MS (10
μM) [41] studies. It is likely that in our MSI experiments, a
larger amount of complex molecules extracted from biological
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tissues can form adducts with the dicationic compounds
resulting in higher consumptions of dicationic reagents. A
potential disadvantage resulting from such a high concentration
of dicationic reagent is likely to be the ionization suppression
of certain types of analytes. This was observed for
[C3(triprp)2]

2+ where the non-adduct cations have their abso-
lute ion intensities generally lower than those in the experi-
ments without using the dicationic reagents (Table 1, Figure 3a
and f). However, the ion suppression effect was unlikely to be
present for [C5(bpyr)2]

+, where the intensities for non-adduct
cations were not affected (Figure 3a and d). In addition, due to
the complexity of mass spectrum obtained from this reactive
MSI experiments, using high resolution mass spectrometer is
necessary to acquire detailed chemical information of tissue
samples.

Single-probe Ambient MSI with Dicationic
Compounds

MSI experiments of mouse brain sections were performed
using the Single-probe MSI setup with both of the dicationic
compounds [C5(bpyr)2]

2+ (Figure 4) and [C3(triprp)2]
2+

(Figure 5). A representative metabolite that is commonly found
in the positive ionization mode [PC (34:1)] is also observed for
each of the reactive MS images (Figure 4b and Figure 5b). MS
images of a selection of metabolites adducted with each of the
dicationic compounds, including docosahexaenoic acid (DA)
(22:6), PA (36:1), PE (P-38:6), PG (34:1), PS (40:6), and PI
(38:4), are presented in Figure 4c and Figure 5c, respectively.
The detection of these phospholipids in the m/z 600−900 is an
improvement over previous results from DESI MSI where
these metabolites were not detected with the application of a
different dicationic compound [42]. The number of scans per
line of raster was 301 scans in 260 s for both of the MSI
measurements, and features within the tissues could be clearly
seen in these MS images. The spatial resolution for the MS
images was determined using changes in the intensity of the
MS spectra around these features as suggested previously [48],
which was found to be 17 μm (pixel size 17 × 20 μm, across
two MS measurements) based on the ion intensity change of
the peak fount at [PA (36:1) −H+C5(bpyr)2]

+ (m/z 1025.8651)
and [PA (36:1) − H + C3(triprp)2]

+ (m/z 1063.8328) at three
different points for both of the dicationic compound MS im-
ages, respectively (Supplementary Figures S1 and S2). These

m/z 782.5683

m/z 651.5832

[PC (34:1) + Na]+

[DA (22:6) - H + C5(bpyr)2]+

m/z 1025.8651
[PA (36:1) - H + C5(bpyr)2]+

m/z 1070.8644
[PE (P-38:6) - H + C5(bpyr)2]+

m/z 1071.8683
[PG (34:1) - H + C5(bpyr)2]+

m/z 1158.8811
[PS (40:6) - H + C5(bpyr)2]+

m/z 1209.9017
[PI (38:4) - H + C 5(bpyr)2]+

Max

Min
0.5 mm1 mm

(a) (b)

(c)

Figure 4. The Single-probe MSI results obtained using [C5(bpyr)2]
2+ species. (a) Optical image of the mouse brain section used for

MSI. (b) MS image of [PC (34:1) + Na]+, an ion normally found in the positive ionization mode. (c) MS images of dicationic adducts,
including [DA (22:6) − H + C5(bpyr)2]

+, [PA (36:1) − H + C5(bpyr)2]
+, [PE (P-38:6) − H + C5(bpyr)2]

+, [PG (34:1) − H + C5(bpyr)2]
+, [PS

(40:6) − H + C5(bpyr)2]
+, and [PI (38:4) − H + C5(bpyr)2]

+
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images were obtained with a slightly lower spatial resolution
than previously achieved using the Single-probe (8.5 μm)
without the addition of dicationic compounds [33]. The
reduced spatial resolution in the current study is possibly due
to the slightly increased carryover of the dicationic adducts
within the probe during the MSI experiments. Nevertheless,
the spatial resolution is still generally high amongst all ambient
MSI experimental results conducted on biological tissue sam-
ples. The carryover issues of the dicationic compounds can be
potentially improved in the future via systematic trials, includ-
ing using different dicationic compounds, optimizing the
reagent concentration and flow rate, and choosing the fused
silica capillaries with smaller i.d. to produce the nano-ESI
emitters with smaller dead-volume for the Single-probe.

Metabolite Identification with High Accurate Mass
MS

The capabilities of the Thermo LTQ Orbitrap XL mass spec-
trometer enable us to perform high accurate mass analysis to
identify metabolites on tissue surfaces. Spot analyses on mouse
brain sections were performed in the negative ion mode and in
the positive mode with [C5(bpyr)2]

2+, and [C3(triprp)2]
2+ added

in to the sampling solvent. All of the metabolites were tenta-
tively identified using MS measurements with high mass

accuracy (mass error <5 ppm) for the matched molecular
formulas. Overall, 576 species were tentatively labeled in the
negative ionization mode (Table 1, for full list refer to Supple-
mentary Table S1), which includes many phospholipids that
were identified in the m/z 600−900 range (Figure 3a). For
experiments using [C5(bpyr)2]

2+, a total of 526 negatively
charged metabolites were tentatively labeled after the subtrac-
tion of the dication’s mass shift (m/z 324.3504) from each peak
(Table 1, for full list refer to Supplementary Table S2). Among
these 526 identified species, 163 were also detected in the
negative ionization mode. [C5(bpyr)2]

2+ was able to form ad-
ducts with a broad range of negatively chargedmetabolites, and
this dication does not seem to favor any particular mass range.
This observation is in contrast with previous DESI-MSI stud-
ies, in which dicationic compound [C6(C1Pyrr)2][Br]2 [41, 42]
was chosen as the reagent, where the higher mass ranges were
less well detected. It is very likely that the difference of detec-
tion range resulted from the difference of sampling and ioniza-
tion mechanisms between the Single-probe MSI and DESI-
MSI techniques. For example, DESI has been shown to be
generally less sensitive for the detection of high molecular
weight species [21].

In particular, we were able to detect some biologically
important metabolites, such as adenosine monophosphate
(AMP, C10H14N5O7P), which were not detected in the negative

m/z 782.5666

m/z 689.5544

[PC (34:1) + Na] +

[DA (22:6) – H + C3(triprp)2]+
m/z 1063.8328

[PA (36:1) – H + C 3(triprp)2]+
m/z 1108.8328

[PE (P-38:6) – H + C3(triprp)2]+

m/z 1109.8382
[PG (34:1) – H + C3(triprp)2]+

m/z 1196.8491
[PS (40:6) – H + C3(triprp)2]+

m/z 1247.8696
[PI (38:4) – H + C3(triprp)2]+

Max

Min
0.5 mm

1 mm

(a)

(c)

(b)

Figure 5. The Single-probeMSI results obtained using [C3(triprp)2]
2+ species. (a) Optical image of the mouse brain section used for

MSI. (b) MS image of [PC (34:1) + Na]+, an ion normally found in the positive ionization mode. (c) MS images of dicationic adducts,
including [DA (22:6) − H + C3(triprp)2]

+, [PA (36:1) −H + C3(triprp)2]
+, [PE (P-38:6) − H + C3(triprp)2]

+, [PG (34:1) − H + C3(triprp)2]
+, [PS

(40:6) − H + C3(triprp)2]
+, and [PI (38:4) − H + C3(triprp)2]

+
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Fragment Mass (m/z) Fragment Formula

524.4441 [DA(22:6)– C7H12O2 +C5(bpyr)2]+

524.4443

Fragment Mass (m/z) Fragment Formula

630.3436 [DA(22:6)– C2H2O2 +C3(triprp)2]+

483.2464 [DA(22:6)– C13H19O2 +C3(triprp)2]+

630.3436483.2464(a)

(b)

(c)

898.7229

Fragment Mass (m/z) Fragment Formula

898.7229 [PA (36:1)– C9H20 +C5(bpyr)2]+

421.3174 [H2O4P– + [C5(bpyr)2]2+]+

267.2785 [C18H34O+H]+

Fragment Mass (m/z) Fragment Formula

852.4874 [PA (36:1)– C15H32 +C3(triprp)2] +

780.3096 [PA (36:1)– C18H36O2 +C3(triprp)2] +

267.2785

780.3096852.4874

421.3174

Fragment Mass (m/z) Fragment Formula

943.7228 [PE(P-38:6)– C9H20 +C5(bpyr)2]+

464.3590 [C2H7NO4P– + [C5(bpyr)2]2+]+

Fragment Mass (m/z) Fragment Formula

1079.8244 [PE(P-38:6)– CH2NH2 +C3(triprp)2]+

945.4818 [PE(P-38:6)– C12H20 +C3(triprp)2]+

943.7228
1035.7981

945.4818

464.3590

(d)

(e)

(f)

1082.7588

1158.8165

603.3310

583.3690

Fragment Mass (m/z) Fragment Formula

1082.7588 [PI(38:4)– C9H20 +C5(bpyr)2]+

583.3690 [C6H12O9P– + [C5(bpyr)2]2+]+

565.3585 [C6H10O8P– + [C5(bpyr)2]2+]+

Fragment Mass (m/z) Fragment Formula

1158.8165 [PI(38:4) – C3H6O3 +C3(triprp)2] +

603.3310 [C6H10O8P– + [C3(triprp)2]2+]+

565.3585

944.7276 1078.8404

1035.7985

Fragment Mass (m/z) Fragment Formula

944.7276 [PG(34:1)– C9H20 +C5(bpyr)2]+

577.5164 [PG(34:1)– C17H33O +C5(bpyr)2]+

495.3535 [C3H8O6P– + [C5(bpyr)2]2+]+

Fragment Mass (m/z) Fragment Formula

1078.8404 [PG(34:1) – CH3OH+C3(triprp)2]+

1035.7985 [PG(34:1) – C3H7O2 +C3(triprp)2] +

577.5164

495.3535

Fragment Mass (m/z) Fragment Formula

1142.8926 [PS(40:6)– NH3 +C5(bpyr)2]+

1071.8419 [PS(40:6)– C3H6NO2 +C5(bpyr)2]+

1031.7379 [PS(40:6)– C9H20 +C5(bpyr)2]+

508.3483 [C3H7NO6P– + [C5(bpyr)2]2+]+

Fragment Mass (m/z) Fragment Formula

1164.8545 [PS(40:6)– HCH3OH+C3(triprp)2] +

1109.8130 [PS(40:6)–C3H6NO2 +C3(triprp)2] +

1164.8545

1031.7379
1142.8926

1142.8926

1109.8130

508.3483

Figure 6. MS/MS analyses of selected adducts with [C5(bpyr)2]
2+ (in red) and [C3(triprp)2]

2+ (in blue). Shown are the chemical
structures of the molecules, the position of fragmentation, and tables summarizing the m/z of the fragment and the corresponding
molecular formula for (a) DA (22:6), (b) PA (36:1), (c) PE (P-38:6), (d) PG (34:1), (e) PS (40:6), and (f) PI (38:4)
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ion mode. The peak intensities of the [C5(bpyr)2]
2+ adducts

were much higher than those that can be achieved in the
negative ionization mode, with more than 25 times higher
intensity observed for the most abundant peak in the phospho-
lipid mass range (Figure 3c and e). In addition to the negative
metabolites detected, 674 non-adduct cations were tentatively
labeled in the positive ionization mode, such that a total of 1200
metabolites were tentatively identified (Table 1, for full list refer
to Supplementary Table S3). The identified positive ions were
predominantly found in the m/z 600–900 range of the positive
ionization mode, with relatively fewer identified in the mass
shiftedm/z 925–1225 range of the [C5(bpyr)2]

2+ adducted ions.
For MSI experiments using [C3(triprp)2]

2+, a total of 322
negatively charged metabolites were tentatively identified with
the subtraction of the dications mass shift (m/z 362.3231) from
each peak within the spectrum (Table 1, for full list refer to
Supplementary Table S4). Among 322 identified species, 87
were also detected in the negative ionization mode. Although
[C3(triprp)2]

2+ can form adducts with a broad range of metab-
olites found in the negative ionization mode, the signal inten-
sities of these adducts were relatively lower than those of
[C5(bpyr)2]

2+ adducts. It is likely that in [C3(triprp)2]
2+ the

shorter linker chain between the two cationic centers may
sterically hinder adduct formation comparedwith [C5(bpyr)2]

2+

(Figure 2). Nevertheless, [C3(triprp)2]
2+ can still produce spec-

tral intensities at around nine times of those observed in the
negative ionization mode (Figure 3c and g). Using
[C3(triprp)2]

2+ as the reagent, we were also able to detect
AMP as an adduct of the negative ion. Particularly, this
dication allows for selective detection of a number of triglyc-
erides (TG) at the mass range of m/z 950 to 1100 that were not
detected in either the negative ionization mode or with
[C5(bpyr)2]

2+. It follows that [C3(triprp)2]
2+ can potentially be

used to selectively enhance the detection of a class of mole-
cules that previously were unable to be detected in the negative
ionization mode. In addition to the detection of adducts with
negatively charged metabolites, 506 non-adduct cations were
also observed, indicating that around 828 metabolites were
tentatively identified in total (Table 1, for full list refer to
Supplementary Table S5). The total number of detected me-
tabolites is less than that observed with [C5(bpyr)2]

2+, which
could be due to a lesser degree of ion intensity enhanced by the
[C3(triprp)2]

2+ reagent. Nevertheless, [C3(triprp)2]
2+ was still

able to detect a larger number of metabolites than can be found
in the negative ionization mode alone without using the dica-
tionic compound.

MS/MS Analysis of Metabolites Adducted
with Dicationic Compounds

The combination of accurate MS measurement with standard
database search, such as Metlin, is commonly used for the
identifications of metabolites. However, because of the achiev-
able mass accuracy (mass error <5 ppm) in our experiments, it
is still possible to obtain false positives, particularly for large
species. Owing to the lack of the fragment information of

dication adducts investigated in the current study in any data-
base, we have conducted accurate-mass MS/MS analysis of
selected metabolites to elucidate the general fragmentation
rules and to obtain further identification of these adducts. The
lipid species DA (22:6), and the phospholipid species PA
(36:1), PE (P-38:6), PG (34:1), PS (40:6), and PI (38:4) were
subjected to CID and HCD MS/MS for both of the dicationic
species, as they represent a broad selection of the kinds of lipids
that were found on the surface. For the MS/MS analysis of DA
(22:6) adducts, the fragmentation of both the [C5(bpyr)2]

2+ and
[C3(triprp)2]

2+ adducts proceed through the neutral losses
(C2H2O2) from the carboxylic acid group (Figure 6, Supple-
mentary Figure S3a).

For the phospholipids, fragments containing the headgroups
(1– charged) were observed for all their adducts with
[C5(bpyr)2]

2+, yielding [headgroup + [C5(bpyr)2]
2+]+ ions

(i.e., PA(36:1) − [H2O4P
– + [C5(bpyr)2]

2+]+, m/z 421.3174;
PE (P-38:6) − [C2H7NO4P

– + [C5(bpyr)2]
2+]+, m/z 464.3590;

PG (34:1) − [C3H8O6P
– + [C5(bpyr)2]

2+]+, m/z 495.3535; PS
(40:6) − [C3H7NO6P

– + [C5(bpyr)2]
2+]+, m/z 508.3483; and PI

(38:4) − [C6H10O8P
– + [C5(bpyr)2]

2+]+, m/z 565.3585;
Figure 6b−f) that were detected within the MS/MS spectra
(Supplementary Figure S3b−f). The detection of these
[Headgroup + [C5(bpyr)2]

2+]+ ions indicates that the dicationic
compound was able to form a relatively stronger electrostatic
interaction with the negatively charged headgroups than some
covalent bonds during the adduct fragmentation processes.
Other fragments were also observed in the positive ionization
mode, including some species without the dicationic
compound.

For the phospholipids adducted with [C3(triprp)2]
2+, a num-

ber of fragments containing the dicationic compound were
observed for above five phospholipids tested in the MS/MS
experiments with C5(bpyr)2]

2+. However, the number of frag-
ments observed for each of the phospholipids was generally
less than their corresponding adducts with [C5(bpyr)2]

2+

(Figure 6b−f). The [headgroup + [C3(triprp)2]
2+]+ fragment

was only observed for PI (38:4) ([C6H10O8P
– +

[C3(triprp)2]
2+]+, m/z 603.3310; Figure 6f), which was proba-

bly due to stronger hydrogen bonding between the
[C3(triprp)2]

2+ dicationic and –OH groups in the headgroup
on the PI (38:4) molecule (spectra can be found in Supplemen-
tary Figure S3b−f). These results indicate that [C3(triprp)2]

2+

has a generally weaker ability for forming adduct than
[C5(bpyr)2]

2+, which may be due to its relatively shorter linker
chain length hindering the stronger interactions with the rela-
tively larger target ions. This result is different from the one Xu
and Armstrong [49] observed for PIESI MS of these dicationic
compounds during the detection of pesticides, where
[C3(triprp)2]

2+ has been found to be better at signal enhance-
ment than [C5(bpyr)2]

2+. This difference may have been the
result that the pesticides investigated in previous studies are
generally small molecules with masses below 300, whereas the
dicationic compounds interact with the larger phospholipids in
the current study, resulting in different affinities from those
previously observed.
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Conclusion
We have utilized for the first time dicationic compounds for the
high spatial and mass resolution ambient MSI analysis of
biological tissue surfaces with the Single-probe device. Both
of the dicationic compounds, [C5(bpyr)2]

2+ and [C3(triprp)2]
2+,

were able to form adducts with the negatively charged metab-
olites present in the samples allowing for their detection in the
positive ionization mode; 526 and 322 negatively charged
metabolites were tentatively identified using high accurate
mass as adducts with [C5(bpyr)2]

2+ and [C3(triprp)2]
2+, respec-

tively. The total number of metabolites found (including pos-
itively charged metabolites under normal conditions) were
1200 and 828, respectively, which is a great increase of the
number of metabolites that can be identified using one MS
polarity alone. A large number of the negatively charged me-
tabolites adducted with the dications were found in the rela-
tively high mass range of m/z 600−900, which is an improve-
ment of the detection range compared with previous ambient
DESI MSI of biological samples [42]. The ion intensities
within the spectra were also higher for the dicationic adducts
than those achieved in the negative ionization mode. In partic-
ular, the dicationic compounds were able to facilitate the de-
tection of a number of compounds that were not detected under
the negative ionization mode in MS analysis. Dicationic com-
pounds can be made with many different designs, including
compounds with asymmetric designs [50] and additional
charges [38] (such as tri- and tetra-cationic compounds), which
may offer improved abilities for the sensitive detection of
specific metabolites or drug molecules [51]. The combination
of dicationic compounds with the Single-probe MSI technique
indicates that other reagents can be potentially added into the
sampling solvent for reactive MSI experiments, which could
offer an even greater amount of information to be extracted
from the analysis of biological surfaces than ever before.
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