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Mass spectrometry imaging (MSI) is an effective technique for visualizing the distribution of lipids in
tissues. The direct extraction-ionization methods using minute volumes of solvent for local components
have the advantage of rapid measurement without any sample pretreatment. For effective MSI of tissues,
it is necessary to understand the effect of solvent physicochemical properties on ion images. In this study,
we report solvent effects on the lipid imaging of mouse brain tissue by tapping-mode scanning probe
electrospray ionization (t-SPESI) which is capable of extraction-ionization using sub-pL solvents. To pre-
cisely measure lipid ions, we developed a measurement system incorporating a quadrupole-time-of-
flight mass spectrometer. The differences in signal intensity and spatial resolution of lipid ion images were
investigated using N,N-dimethylformamide (non-protic polar solvent), methanol (protic polar solvent) and
their mixture. The mixed solvent was suitable for the protonation of lipids, and it provided high spatial
resolution MSI. Results indicate that the mixed solvent improves the extractant transfer efficiency and
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1. Introduction

Cells are functional and structural units of life that are orga-
nized in organs that comprise our bodies, and the combi-
nations of intracellular and extracellular chemical reactions
maintain homeostasis. Analytical techniques that measure
microscale changes in cellular metabolism in tissues are
essential for understanding pathological mechanisms and
identifying biomarkers.

Lipids are an important component of the cell membrane,
which play crucial roles such as energy storage and signal
transduction. The relationship between lipid metabolism dis-
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solvent selection based on physicochemical properties for the advancement of MSI by t-SPESI.

orders and disease states has been clarified by lipidomic
studies using mass spectrometry (MS)."® The comprehensive
analysis using chromatography and MS can provide detailed
structural information about lipids; however, determining the
distribution of lipids inside tissues is difficult owing to the
loss of spatial information during the chromatographic extrac-
tion process.

MS imaging (MSI) is a practical approach that enables the
direct visualization of chemical distributions in tissues. By
ionizing components in a local tissue region prior to MS, a
mass spectrum associated with the position of the tissue is
obtained. The distribution of the ionized species can be
obtained by scanning the ionizing region over the tissue.
Methods using ion or laser beams have been reported for the
desorption-ionization of sample components. In secondary
ion MS (SIMS), nanoscale MSI can be performed by irradiating
a sample with focused ion beams; however, high-energy
primary ion beams can cause fragmentation of biomolecules.”
Meanwhile, matrix assisted laser desorption/ionization
(MALDI) can desorb and ionize components of a tissue by irra-
diating pulsed laser beam after applying a matrix coating.®

Unlike SIMS and MALDI, some atmospheric pressure
sampling and ionization methods®'® have employed microex-
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traction using a small volume of solvent in conjunction with
electrospray ionization (ESI)."' These methods are rapid and
require minimal sample preparation. In a desorption ESI
(DESI),"* charged droplets generated by an electrospray are
sprayed onto the surface of a sample using a high-speed gas
flow. Other methods used for MSI of tissues include liquid
extraction surface analysis,® liquid micro-junction surface
sampling probe,'*'®> nanospray DESL'® and single-probe,'”
which utilize capillary probes that deliver directly the solvent
to a sample surface.

We have previously reported the development of tapping-
mode scanning probe ESI (t-SPESI) and the applications for
MSI of tissues.'® > t-SPESI allows the extraction and ionization
of components in a local region of tissue with picoliters of
solvent via an oscillating capillary probe. We developed the
laser-based measurement technique of probe oscillation and
the feedback control system to stabilize probe scanning over
the non-flat sample surface. We reported lipid imaging of the
mouse brain section with a spatial resolution of 6.5 pm using
a mixture of N,N-dimethylformamide (DMF) and methanol
(MeOH).”?

DMF and MeOH are nonprotic and protic polar solvents,
respectively, and their mixtures have been reported as non-
destructive solvents in DESI for lipid imaging of tissues.?
Differences in mass spectra were reported from measurements
with DMF, MeOH, and their mixtures. The effect of solvents on
signal intensity and spatial resolution in lipid imaging by
t-SPESI is still unclear. To advance the MSI of tissues by
t-SPES], it is necessary to understand the relationship between
physicochemical properties of solvent and ion images.

Here, we developed a new t-SPESI system with improved
mass resolution and accuracy for MSI of lipids. DMF, MeOH,
and their mixtures were used to investigate the effects of sol-
vents on the MSI of mouse brain sections.

2. Materials and methods
2.1 MSI of mouse brain sections

Mouse brain (C57, Japan Bio Serum, Japan) was prepared into
sections of 8 pm thickness using a cryomicrotome (CM1950,
Leica, Germany), and the sections were placed on glass slides.
Tissue sections were frozen at —80 °C in Falcon tubes contain-
ing silica gel. Before a measurement, the tube was returned to
room temperature. DMF (high performance liquid chromato-
graphy (HPLC) grade, 13024-71) and MeOH (HPLC grade,
21929-81) from Nacalai Tesque, Japan, and their equivalent
mixture by volume were used as solvents. Different mouse sec-
tions were used in the measurements with different solvents.
Representative optical microscope images of mouse brain
section samples are shown in Fig. S1.}

Silica emitters with a 5 pm opening aperture (SilicaTip
Emitters, FS360-20-5-N, New Objective, USA) were used as
capillary probes. The solvent was supplied at a flow rate of 20
nL min~" using a laboratory syringe pump. The resonant fre-
quencies of the probe were 694.9, 694.5, and 684.1 Hz for
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experiments using DMF, mixed solvent, and MeOH, respect-
ively. The measurement scheme was the same as in the pre-
vious publication.”® For data acquisition, the probe was
scanned at a constant speed in the right direction from the
upper left position of the measurement area (it corresponds to
the ion image). The scanning speeds for measurements using
DMF, mixed solvent, and MeOH solvent were 353, 370, and
373 pm s, respectively. When a single line scan was completed,
the probe returned to the start position of the scan and moved
down 65 pm for the next scan. At the beginning of each single-
line scan, a trigger signal was input to the mass spectrometer to
start the measurement. Mass spectra were acquired in positive
ionization mode over the m/z range of 100-2000 with a 100 ms
accumulation time. Thus, the pixel size of the ion images was
35-37 pm and 65 pm in horizontal and vertical axis, respectively.
The signal intensity of a single pixel in an ion image corresponds
to the sum of the ion signals measured in 68 or 69 extraction-
ionization events on average. The voltage applied to the solvent
through the stainless-steel union was +5 kV.

The ion inlet, which was used to guide the ions produced
by t-SPESI into the desolvation line (DL) of the MS instrument
(LCMS-9030, Shimadzu, Japan), was made with a stainless-
steel tube (outer diameter = 1/8 in and tube thickness =
0.5 mm) and was heated at 300 °C and a voltage of 100 V was
applied by an external power supply. The ions entering the DL
were guided into the mass spectrometer. The DL and heat
block were heated to 300 °C. The vacuum inside the developed
interface unit was set to 90.6 kPa. Before any MSI measure-
ment, mass calibration was performed by conducting ESI of a
sodium iodide solution from the side probe connected to the
interface unit. Compared to the previous measurement
system,>” the mass resolving power of the mass spectrometer
has been improved from 6000 to 30000 full width at half
maximum.

In the present measurements, the estimated average
volume of solvent consumed in a single oscillation cycle
(extraction-ionization) was about 480 fL by dividing the flow
rate by the oscillation frequency of the probe.

2.2 Data analysis

Multiple raw data files in led format (Shimadzu) acquired for
all probe scannings were converted to a single imaging data
file in imdx format (Shimadzu) using an in-house data conver-
ter. Data analysis of the imaging data was carried out as
follows using IMAGEREVERAL from Shimadzu. Data prepro-
cessing was performed by normalizing signal intensities to the
total ion count of a mass spectrum in each pixel. The region of
interest (ROI) was set as the entire brain section, and its
average mass spectrum was calculated. Peak detection was
conducted in the m/z range of 600-1000. For locating monoiso-
topic masses, the set parameters of minimum number of iso-
topic cluster peaks and matching tolerance were 2 and
50 ppm, respectively. 93 ions of monoisotopic mass were
selected for the level 2 putative annotation®! with results of
Lipidmaps bulk structure searches.*® Adduct ions with proton
(M + H]"), sodium ion ([M + Na]') and potassium ion ([M +

This journal is © The Royal Society of Chemistry 2023
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K]") were the targets, and the mass tolerance of +0.005 m/z
units was used.

In the assignment of lipids, the abundant lipid with the
smallest mass error from the theoretical value was selected if
several candidates were found for the same ion peak. Based on
a study on the quantification of lipids in mouse brain tissue
using liquid chromatography (LC)-MS, the amount of lipids
varies in the following order:*® phosphatidylcholines (PC) >
phosphatidylethanolamine with alkyl ether substituent (PE-O)
~ phosphatidylethanolamine (PE) > phosphatidylserine > hex-
osylceramides (HexCer) > phosphatidylcholines with alkyl
ether substituent.

If several candidates for the m/z value of an ion peak with
similar mass differences were found, the following additional
rules were used for assignment. (1) The ion with several lipid
suggestions was assigned as another cation adduct molecule
of the assigned lipid when the image of an ion with several
lipid suggestions was similar to that of an ion with a single
lipid assignment. In addition, the difference between the m/z
value of the ion with several lipid suggestions and the theore-
tical m/z value of a cation adduct for the ion with a single lipid
assignment was <5 ppm. (2) It has been reported that the
amounts of PE and PE-O increases and decreases, respectively
in the hippocampus, motor cortex, olfactory bulb and thala-
mus;>® hence, if an unassigned ion was a candidate for both
PE and PE-O, it was assigned as PE. (3) the abundant PCs pre-
viously reported in the MSI of mouse brain sections® " were
used for the assignment.

Based on the above procedure, 25 ion images with a single
lipid assignment were selected (Table S1}). The other 68 ion
images and their m/z values with multiple candidates and a
single candidate are summarized in the ESI (Fig. S2 and
Table S27). The intensity of an integrated signal within +0.002
Da relative to the m/z of each ion peak was used for the ion
images. The image contrast was automatically adjusted for
each ion image using the linear rescaling function of
IMAGEREVEAL. To compare the signal intensities of the lipid
ions for each structure within the mouse brain, seven regions
(i.e., fimbria (fi), corpus callosum (cc), thalamus (TH), hippo-
campal formation (HPF), hypothalamus (HY), cerebral cortex
(CTX) and cortical subplate (CTXsp)) were assigned as ROIs
(Fig. S37), and the averaged signal intensities of the 25 ions
with a single lipid assignment were calculated for all ROIs. We
referred to the ROIs (mouse, P56, coronal, image number 72)
from Allen Brain Atlas (https://atlas.brain-map.org/).

2.3 Physical properties of the solvents used

The surface tension and viscosity of DMF and MeOH mixtures
were measured to examine the transfer process of the extracts
in t-SPESI. The volume ratio of DMF in the mixtures were
varied from 0% to 100%. Surface tension was measured using
the Wilhelmy method. A dynamic contact angle analyzer
(DCA-700, Kyowa Interface Science, Japan) was used to
measure the force between platinum plate and solvent, and
the obtained data were analyzed using a Kyowa Dynalyzer.

This journal is © The Royal Society of Chemistry 2023
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Viscosity was measured using a openQCM Q-1 quartz
crystal microbalance (Novaetch S.r.l., Italy). A quartz crystal
with a base frequency of 10 MHz was used to measure the reso-
nance frequency and half-width at half-maximum for air and
solvent. The zero shear viscosity was determined according to
Johannsmann’s method®*?* The viscosities®® of DMF and
MeOH were used to calibrate the instrument.

3. Results and discussion

3.1 t-SPESI system development

To improve the mass resolution of MSI, we developed a new
measurement system that incorporates a quadrupole-time-of-
flight (Q-TOF) MS instrument, and its block diagram is shown
in Fig. 1a. The t-SPESI unit consists of a probe oscillation
control unit and sample stage. A capillary probe made of fused
silica was fixed to a probe holder attached to a piezoelectric
actuator, and it is oscillated vertically at its resonant frequency
by sine wave voltage. The angle of probe from the sample
surface was 45°. A solvent was delivered to the probe apex
using a syringe pump through polyether ether ketone (PEEK)
tubing, stainless-steel union and precolumn filter made of
PEEK (Fig. 1b). To charge the solvent, the union was connected
to a high-voltage power supply.

When the sample and probe-end come into contact, a
liquid bridge of solvent was formed between them, causing
the extraction of the sample components into the solvent. The
extractant was transferred by the upward motion of the probe,
and the extractant on the probe tip mixed with the solvent
flowing inside the probe. The solution was converted to
charged droplets by ESI due to the electrical potential differ-
ence between the solution on the probe tip and the opposing
ion inlet."®

For probe oscillation amplitude measurement, the side of
the probe was irradiated by a laser beam, and the probe’s
shadow and the laser beam were guided to the two-segment
photodiode. The signal difference (V,_p) of each segment
denoted by A and B was measured by the differential amplifier.
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Fig.1 (a) Block diagram of the developed t-SPESI system. (b)
Schematic illustration of the tubing used to supply a charged solvent to
the capillary probe.
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To reduce floor noise found in a previous system,*” an optical
bandpass filter was placed in front of the photodiodes that
detect the laser beam. Moreover, the electrical circuit was rede-
signed using low-noise amplifiers and power supply.

The probe oscillation amplitude was measured by inputting
the measured value of V,_g and sine wave voltage for the probe
oscillation to the signal and reference terminals of the lock-in
amplifier, respectively. The amplitude signal was inputted into
a proportional-integral feedback control unit, which outputs a
feedback signal for a target amplitude value. The feedback
signal was inputted to a piezo Z stage via a high-voltage ampli-
fier, and the height of the sample stage was adjusted to main-
tain a constant oscillation amplitude while the probe was scan-
ning over the sample.

We have newly designed and fabricated an interface unit
(IFU) to introduce the ions generated by t-SPESI into the mass
spectrometer. The IFU is an aluminum enclosure to which a
270 mm long stainless-steel ion inlet and ESI source (sub-
probe) for calibration were connected. It was attached to the
mass spectrometer by replacing a commercial ESI unit. The
ion inlet, which extends outside the IFU, was heated and elec-
trically biased using a heating block and external power
supply, respectively. A spacing of ~1 mm was maintained
between ion inlet and DL that served as the ion entrance of the
mass spectrometer. The IFU was evacuated using a diaphragm
pump, and the flow rate (0.6 L min~') was adjusted using a
mass flow controller. The instruments used in this study is
summarized in Table S3.7

a m/z 814.6286, PC 38:2, [M+H]*
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3.2 Solvent effects on the MSI of mouse brain sections

3.2.1 Comparison of ion signal intensities. The mass spec-
trum of the ROI (ie., entire area of the mouse brain section)
varied for all the solvents tested as shown in Fig. S4.f The
numbers of ion peaks in the m/z range of 600-1000 assigned as
monoisotopic mass were 137, 124, and 188 for DMF, MeOH, and
mixed solvent, respectively. Among these ion peaks, 93 ion peaks
all showed signal intensities within the region of the brain tissue.

To examine changes in the signal intensity of ions from
different solvents, the signal intensity ratio of the mixed solvent
and a pure solvent for 93 ions were calculated, and the results for
the ratios with DMF and MeOH are shown in Fig. S5.7 An inten-
sity ratio of >1 means that the signal intensity in a pure solvent is
greater than the mixed solvent. The signal intensities of 53% and
32% of the total ions were greater with DMF and MeOH, respect-
ively, compared with the mixed solvent.

3.2.2 Comparison of ion images. To compare the distri-
bution of lipids from each solvent, ion images were classified
into the following three categories: (1) the intensities of
signals in the fiber tracts region (Fig. S61) were higher than
the other regions, (2) the intensities of signals in the fiber
tracts region were lower than the other regions, and (3) the ion
image with DMF was different compared with MeOH and the
mixed solvent. Furthermore, to compare the signal intensities
obtained from different structural regions of the brain, the
averaged ion intensity values were compared in the seven ROIs
(i.e., fi, cc, TH, HPF, HY, CTX, and CTXsp).

c m/z 814.6286 d m/z852.5877
DMF Mix MeOH DMF Mix MeOH
600 600
400 400
200 200
0- el o - 0- e, . e
(&) o o (&) o o
g m/z 832.663 h m/z 848.6406

DMF Mix MeOH

15,000
10,000
5,000

Fig. 2 Comparison of ion images obtained for mouse brain sections classified as category 1, and the averaged signal intensities of the ROIs inside
the brain (a—h). The m/z values of ions, assigned lipid species, and types of adduct ions are shown. The magnified ion images of (a) and (f) are

shown in (i) and (j), respectively. Scale bar = 1 mm.
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3.2.3 Comparison of ion images in category 1. A compari-
son of the ion images and averaged signal intensity values
obtained for the ROIs are shown in Fig. 2.

Concerning the image of [M + HJ" for PC 38:2 (Fig. 2a), the
signal intensities were higher in the fiber tracts region when the
mixed solvent and MeOH were used. However, a clear distribution
was not observed when DMF was used. Alternatively, the image of
[M + K] for PC 38:2 showed signal distributions with higher
intensities in the fiber tracts region for all the solvents (Fig. 2b).
The signal intensities for [M + H]" were higher in the fi and cc
regions than other regions when the mixed solvent and MeOH
were used, and they were substantially decreased when DMF was
used (Fig. 2c). The signal intensities for [M + K]" in the fi and cc
regions were higher with DMF than the mixed solvents or MeOH
(Fig. 2d). Similar results were found in the images of [M + HJ"
and [M + K]" for PC 38:1 (Fig. S7a-d7), which differs from PC 38:2
in the number of unsaturated bonds in the acyl chain.

Next, the ion images for HexCer (a group of sphingolipids)
are compared. In the images of [M + Na]" and [M + K]" for
HexCer 42:2; 02, a signal distribution was observed with all
solvents (Fig. 2e and f). The signal intensities were higher in
the fi and cc regions for all solvents, and lower signal intensi-
ties were obtained for [M + Na]" than [M + K]". Among the sol-
vents studied, DMF showed the highest signal intensity for
[M + K]". Similar results were obtained for the ion images of
[M + Na]" and [M + K]" for HexCer 40:2; O2 containing
different acyl chain lengths (Fig. S7e-ht).

m/z 792.5530, PE 40:6, [M+H]*
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The magnified images of [M + H]" for PC 38:2 and [M + K]
for HexCer 42:2; O2 are shown in Fig. 2i and j, respectively.
They correspond to the dashed regions in Fig. 2a and f,
respectively. The boundaries between fi and HPF or CP
(Fig. S8t) were recognized for the mixed solvent and MeOH.
On the other hand, DMF caused a significant decrease of the
signals in the image of [M + H]" and the blurring of the image
of [M + K], respectively. The comparison of ion image with
different solvents indicated the signal difference between fi
and adjacent VL, and the signal of localized lipids inside CP.
On the other hand, it was difficult to visualize their spatial dis-
tribution when DMF was used (Fig. S9F).

3.2.4 Comparison of ion images in category 2. The ion
images and the averaged signal intensities obtained for
the ROIs are shown in Fig. 3. Category 2 includes ion
images with high signal intensities in regions other than fiber
tracts.

For the image of [M + H]" for PE 40:6, higher [M + H]"
signal intensities were observed with the mixed solvent and
MeOH (Fig. 3a). In the image of [M + K]' for PE 40:6, ion
signals were obtained for all solvents (Fig. 3b). The signal
intensities from the ROIs were compared. The signals of [M +
H]" from the fi and cc regions were lower in all the solvents,
whereas the signal intensities from all ROIs were significantly
lower when DMF was used (Fig. 3c). On the other hand, the
signal intensity of [M + K]" (Fig. 3d) was greater than that of
[M + H]" for all the solvents. Similar results were found in the

c m/z 792.553 d
DMF Mix MeOH

m/z 830.5137

DMF Mix MeOH

Fig. 3 Comparison of ion images obtained for mouse brain sections classified as category 2, and the averaged signal intensities of the ROIs inside
the brain (a—h). The m/z values of ions, assigned lipid species, and types of adduct ions are shown. The magnified ion images of (b) and (f) are

shown in (i) and (j), respectively. Scale bar = 1 mm.

This journal is © The Royal Society of Chemistry 2023
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images of [M + H]" and [M + K] for PE 38:6 (Fig. S10a-df),
which differs in acyl chain length from PE 40:6.

The images of [M + K]" obtained with all the solvents for PC
38:6 and PC 40:6 showed a higher signal intensity in TH that
is in the central part of the brain compared with other regions
(Fig. 3e and f). The signal intensities obtained for the ROIs
were greater with DMF while the intensities with MeOH and
the mixed solvent were comparable (Fig. 3g and h). In the
images of [M + K]* for PC 36:4 and PC 38:4, the signal intensi-
ties in HPF were significantly high for all the solvents
(Fig. S10e and f¥). The signal intensities obtained for the ROIs
were greater with DMF while the intensities with MeOH and
the mixed solvent were comparable (Fig. S10g and ht).

The magnified images of the dashed regions in Fig. 3b and
f are shown in Fig. 3i and j, respectively. The boundaries
between the fiber tracts region with lower signals and the
regions with higher signals (i.e., HPF, CTX, and TH) were more
apparent when the mixed solvent and MeOH were used while
the boundaries were unclear when DMF was used.

3.2.5 Comparison of ion images in category 3. The ion
images and signal intensities obtained for different ROIs are
shown in Fig. 4. In the image of [M + H|" for PC 32:0, the
signal intensities from the fiber tracts and TH were slightly
higher than those from other regions when DMF was used.
Meanwhile, the signal intensities from regions other than the
fiber tracts were greater with the mixed solvent and MeOH
(Fig. 4a). The signal intensities with DMF were lower than that
with the mixed solvent and MeOH (Fig. 4d). In the image of [M
+ Na]" for PC 32:0, the signal intensities from the fiber tracts
and TH were also higher than the other regions when DMF
was used. However, the signal intensities from TH and HY
were lower than those from other regions with the mixed
solvent and MeOH (Fig. 4b and e). In the image of [M + K] for
PC 32:0, the signal intensities from the fiber tracts and TH
were also higher than the other regions when DMF was
used, while the signal intensities from HPF was higher than
the other regions with the mixed solvent and MeOH (Fig. 4c).

a m/z 734.5697, PC 32:0, [M+H]*

8 X
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The signal intensities were highest when DMF was used
(Fig. 4f).

Similar results were observed in the ion images of PC 34:1.
Larger signal intensities were found from the fiber tracts and
TH regions in the images of [M + H]', [M + Na]" and [M + K]"
when DMF was used. (Fig. S11a-f}). On the other hand, the
ion images for each adduct ion were different when the mixed
solvent and MeOH were used. The signal intensities from the
internal capsule increased (Fig. S11at) in the [M + H]" images
while the signal intensities from the fiber tracts, TH and HY
decreased in the image of [M + Na]" (Fig. S11bf). In the image
of [M + K", the variation in signal intensities across the tissue
was not significant, and the images showed a uniform contrast
(Fig. S11ct). The signal intensities of [M + H]" decreased in
DMF (Fig. S11d+t). The signal intensities of [M + Na]" did not
differ significantly among the solvents (Fig. S11et). The signal
intensities of [M + K]" were strongest in DMF (Fig. S11f7).

In the images of [M + HJ", [M + Na]" and [M + K]" for SM
36:1; O2 with DMF, the signal intensities from fi, cc, and TH
were greater compared with the other regions. On the other
hand, the ion images obtained with the mixed solvent and
MeOH showed a larger signal intensity distribution for HPF
(Fig. S11g-if), and the highest signal intensities for all the
adduct ions were from HPF (Fig. S11j-17).

3.2.6 Solvent effects on adduct ion formation. Lipids form
adduct ions with cations and protons due to the dipoles in
their polar heads.?” The abundance of an adduct ion generated
by ESI depends on the concentration of a cation in solution,
pH of the sample solution, and the affinity of the cation and
polar head.?® In this study, DMF and MeOH are nonprotic and
protic polar solvents, respectively. Their dipole moments are
3.80 and 2.87 D, respectively.

A comparison of the ion images obtained for categories 1
(Fig. 2a, S7at) and 2 (Fig. 3a, S10at) revealed that the generation
of [M + H]" was suppressed by DMF. On the other hand, the gene-
ration was enhanced by the presence of MeOH, indicating the
ability of MeOH as a proton donor. A mixture of DMF and MeOH

m/z 756.5514

d m/z 734.5697 e
Mix MeOH

DMF Mix

15,000

10,000

Fig. 4 Comparison of ion images obtained for mouse brain sections classified as category 3, and the averaged signal intensities of the ROIs inside
the brain (a—f). The m/z values of ions, assigned lipid species, and types of adduct ions are shown. Scale bar = 1 mm.
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has been reported to form hydrogen bonds and generate dipole-
dipole interactions between the carbonyl oxygen of DMF and the
hydroxyl group of MeOH.””*! MS and theoretical analysis of
DMF and MeOH cluster ions have verified the formation of the
hydrogen bonds.*” These suggest the occurrence of energy stabi-
lization of DMF and MeOH in the mixed solvent, which may
reduce the proton-donation capability of MeOH for lipids.
However, the signal intensities of [M + H]" from a sample in the
mixed solvent were higher compared with MeOH. This could be
attributed to the higher solubility of lipids in the mixed solvent
which increased the number of lipids available for ionization, as
discussed in the following section 3.3.1.

Interestingly, in category 3, low signal intensities of [M + HJ"
for PC 32:0, PC 34:1 and SM 36:1; O2 were observed from
the fiber tracts, cc, and TH regions with DMF. Although the
reason is unclear, the protonation of PCs and SM may be due to
the presence of a proton source in these regions. The use of the
mixed solvent and MeOH will induce the protonation of
lipids in different regions, resulting in ion images that differ
from DMF.

Next, regarding the MSI with the mixed solvent, the signal
intensities for [M + K] were lower than those of [M + H]' in
categories 1 and 3. In contrast, the signal intensities for [M +
K]" were higher than that for [M + H]" in category 2. Previous
reports on lipid imaging of brain tissues have shown variations
in the intensity of an adduct ion signal due to the presence of
local cations in the tissues.”*™*® The presented results indicate
changes in the ratios of lipids to cations or protons in brain
regions, resulting in differences in the signal intensities of the
adduct ions. The results for category 1 suggest the abundance
of potassium rather than sodium ions in white matter regions
(Fig. 2e-h, S7e-hf). The higher signal intensities for [M + K]"
than that for [M + Na]" in category 3 (PC 32:0 and PC 34:1)
were consistent with a previous report.*®

To suppress the changes in signal intensities due to an
internal cation, potentially helpful approaches include the
addition of an internal standard lipids*® and desalting of tissue
sections.””™*° Furthermore, the addition of sodium iodide,*
ammonium fluoride®® or silver ion®" that utilize actively
cation addition reactions may be practical for selective lipid
ionization.

In order to check the reproducibility of the solvent effect on
the ion images, we conducted additional measurements using
different probes, brain sections, and solvents. The experi-
mental conditions are shown in Table S4.1 The averaged mass
spectra (Fig. S12) were varied with different solvents, and they
were similar to the mass spectra shown in Fig. S4.1 Several
representative ion images (Fig. S13}) also showed similar
results to those shown in Fig. 2-4 and S7, S10-11.F
Meanwhile, the inter-experimental small variations of the
mass spectra were confirmed. Possible factors affecting the ion
signal intensities would be the flow rate of the solvent, the
vibration frequency of the probe, and the relative position of
the inlet and the probe apex. Further instrument development
is needed to adjust these experimental parameters precisely in
the future.

This journal is © The Royal Society of Chemistry 2023
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3.3 Effect of solvent physicochemical properties on
extraction-ionization

In t-SPES], a liquid bridge is formed when the probe tip con-
tacts the sample surface, and molecules in the sample are
extracted. The probe is then moved away from the sample, and
the extractant is transferred to the probe tip. Finally, the extrac-
tant is mixed with the solvent supplied inside the probe before
performing ESI. A dynamic change of the solvent on the probe
tip affects likely the signal intensity and spatial resolution in
MSI. In this section, we discuss the effect of the solvent on the
extraction, transfer, and ionization processes of t-SPESI.

3.3.1 Solvent effect on the extraction process. We need to
consider the solubility of lipids for improving their extraction
efficiency into solvents. As far as we know, a comparative study
on the solubility of lipids with the studied solvents were not
found prominently in mouse brain tissue; thus, we compared
the solubility of lipids based on the Hansen solubility para-
meter (HSP) that has been used to predict the solubility of a
solute in a solvent.”>>® The applications of HSP to MS has
been reported for LC-MS,** MALDI-MS,>® laser desorption/
ionization-MS,>¢ and ESI-MS.>”

The three Hansen parameters: the parameters of London
dispersion force (5p), dipole-to-dipole force (6p) and hydrogen
bonding force (6y) are used to describe the molecular inter-
action between solute and solvent. To evaluate the solubility of
a solute in a solvent, R, which represents the distance between
the three solubility parameters for each solute and the solvent
in Hansen space’” is given by eqn (1).

Ry = \/4(51)1 - 51)2)2 + (8p1 — 51)2)2 + (6 — 51—[2)2 (1)

where, subscripts 1 and 2 correspond to the solute and
solvent, respectively. The difference in solubility parameters
between a solute and a solvent affects the value of R,, and a
small R, suggests a better solute solubility in the solvent.
Furthermore, we can evaluate the solubility of each solvent
using the relative energy difference (RED) given by eqn (2).*>

RED = R, /R, (2)

where, R, is the interaction radius, representing the radius of
the smallest sphere containing a group of solvents that provide
high solubility for the solute. If RED < 1 and >1, the solubility
is high and low, respectively.

We used the solubility parameters of DMF, MeOH and the
mixed solvent®®>® (Table S5t), as well as the three lipids
including PC 34:1, PE 34:2 and SM 34:1 (Fig. S14 and
Table S61)°° to calculate the values of R, (Table S71) and RED
(Table 1). For DMF and the mixed solvent, the calculated RED

Table 1 RED of solvents with lipids

Solvent PC (34:1) PE (34:2) SM (34:1)
MeOH 1.5 1.4 1.1
Mixed solvent 1.0 0.9 0.6
DMF 0.8 0.7 0.5
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values were <1 for all lipids, and the values were smaller for
DMF than the mixed solvent. Meanwhile, the values were >1
for MeOH. These results suggest that the extraction efficiency
of the studied solvents for the three lipids decreased in the
order of DMF > the mixed solvent > MeOH.

3.3.2 Solvent effect on the transfer process of an extract.
The probe stretches and breaks the liquid bridge in t-SPESI, and
the extracts are transferred to the probe before ESI. To improve
extraction efficiency, it is vital to increase the volume of trans-
ferred extracts. Previous studies on the transfer of liquid bridges
have shown that the transfer process is affected by physical pro-
perties including surface tension, viscosity and stretch speed, and
the process can be described qualitatively using a dimensionless
capillary number (Ca) given by eqn (3).54%*

Ca =Uuly 3)

where, U, u and y are the stretch speed, viscosity, and surface
tension, respectively. The transfer ratios of liquid bridges
formed between two solid surfaces using silicone oil
(2.06-2.15 x 107> N m™") and ethylene glycol (4.84 x 107> N
m™") which have surface tensions similar to the studied sol-
vents have been reported.®® The amount of transfer was found
to increase with decreasing Ca.

To estimate the Ca for all solvents used in this study, the
surface tension and viscosity of the mixed solvent were
measured as a function of the mixing ratio, and the results are
shown in Fig. 5. Linear increases in surface tension and vis-
cosity were observed with increasing DMF, and these were con-
sistent with previous results.** The density of a solvent®***
used to calculate the values of Ca summarized in Table 2. The

was

i 35 Surface tension e®
g o
2 30 =
E el
25, o
b ——
—~ 0.8 Viscosity o.-*
g ] -
% 07 .
o ..
E 067 _®-°

DMF volume fraction (%)

Fig. 5 Relationship between the volume ratio of DMF in mixed solvents
and the (a) surface tension or (b) viscosity.

Table 2 Comparison of solvent physical parameters

u(0™  y(1072 Ca
Solvent p(kgm™) Pas) Nm™) U(ms™) (107
DMF 944 8.08 3.62 0.70 1.6
Mixed solvent 896 6.84 2.98 0.64 1.5
MeOH 786 5.47 2.33 0.46 1.1
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estimated stretch speed of a liquid bridge was in the range of
0.46-0.70 m s™* (section S1t). The values of Ca decreased in
the order: DMF, the mixed solvent and MeOH, suggesting that
the transfer volume increased in the same order.

3.3.3 Solvent effects on the ionization process. In ESI, gas-
phase ions are generated from charged droplets that is sprayed
at the end of a capillary when a high voltage is applied to a
solution delivered through the capillary. The onset voltage to
form the Taylor cone is expressed by eqn (4):*

Von = (rey cos 6/2&,)"*In(4d/r.) (4)

where, 1, 7, €9, and d are the radius of capillary, surface tension,
the permittivity of vacuum, and the distance from a probe and
inlet, respectively. Assuming 6 = 49.3, r. = 5 pm, d = 1 mm, the
Von for DMF, mixed solvents, and methanol in t-SPESI experi-
ments were estimated as 2.64 kV, 2.81 kv, and 2.95 kV, respect-
ively. Since 5 kV was applied to all solvents in the experiment,
Taylor cones would be formed in all solvent conditions.

In the ionization process of t-SPESI, ESI occurs after the
probe is separated from the sample. The previous report
suggested that the time from the application of voltage to
stabilize ESI increased with increasing surface tension.®® It is
conceivable that the time to start ESI in t-SPESI decreases
according to the magnitude of surface tension in the order
DMF > mixed solvent > methanol. The shorter the charging
time to start ESI, the faster the extracted solution can be
ionized (consumed).

3.3.4 Discussions. In this section, we discussed the effect
of the solvent on the extraction, transfer, and ionization processes
in t-SPESI. The solubility of the lipids during extraction by HSP
decreased in the order of DMF > the mixed solvent > MeOH. The
estimated Ca values suggest that the transfer of the extracts to the
solvent increased in the order of DMF < the mixed solvent <
MeOH. The stabilization time of electrospray in t-SPESI was con-
sidered to be affected by the surface tension of solvent in the
order of DMF > mixed solvent > methanol. To balance the ion
signal intensity and spatial resolution in t-SPES]I, it is essential to
consider the three successive processes.

The smaller transfer volume with DMF could lead to an
increase in the solvent volume remaining on the tissue surface
compared to other solvents. In addition, the extracted solution
with DMF at the probe tip would not be sufficiently consumed
during a single extraction-ionization event. In that case, the
residual solutions on the probe tip would be supplied to the
sample surface in the next extraction process. The enlarged extrac-
tion area, thereby, decreasing the spatial resolution of the MSI. In
addition, the enlarged extraction area caused likely an increase in
the concentration of lipids and cations in the extracted solution;
thus, increasing the intensity of the ionic signals.

Above all, we conducted experimental and theoretical
studies on the effects of three solvents on MSI by t-SPESI. The
results indicate the better suitability of the mixed solvent com-
pared with the pure solvents. Lipid solubility was higher in DMF;
however, it showed lower transport and ionization efficiency,
leading to a decreased spatial resolution. As a nonprotic solvent,

This journal is © The Royal Society of Chemistry 2023
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it also suppressed the protonation of lipids. On the contrary,
MeOH indicated higher transport and smaller charged droplets
generation, but lower lipid solubility that produced lower signal
intensities than the mixed solvent. To optimize the solvent for
lipid imaging by t-SPESI, we propose to select solvents with lower
RED, Ca, and surface tension among those that can dissolve
lipids without deformation of the tissue.

4. Conclusions

The effects of the physicochemical properties of solvents on the
MSI of tissues by t-SPESI were studied. Lipid imaging of mouse
brain tissue was performed using the developed t-SPESI system
connected to a Q-TOF-MS instrument. Comparison of DMEF,
MeOH, and the mixed solvent revealed that the mixed solvent
provided higher signal intensities of protonated molecules;
hence, it is more suitable for high spatial resolution imaging.

The physicochemical properties of the mixed solvent were
important factors in the balance among the extraction, transfer,
and ionization processes in t-SPESI. The manipulation of charged
liquids by oscillating capillary probes is a promising technique
for miniaturizing liquids on substrates. Simultaneous miniaturi-
zation of the extraction region and high-efficiency extraction-
ionization will realize the MSI of a single cell. The precise control
of low-volume liquid in the pL to fL range is crucial for the
advancement of MSI, and it will contribute to new knowledge in
analytical chemistry and fluid mechanics.
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