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ABSTRACT: The molecular environment has an important impact on the
ionization mechanism in time-of-flight secondary ion mass spectrometry (ToF-
SIMS). In complex samples, desorption/ionization, and thus the detection of a
molecular signal, can be hampered by molecular entanglement, ionization-
suppressive neighbors, or even an unfavorable sample substrate. Here, a method
called microvolume expansion is developed to overcome these negative effects.
Large argon clusters are able to transfer biomolecules from a target to a collector
in vacuum. In this study, argon gas cluster ion beams (Arn+-GCIB with n centered
around 3000 or 5000) are used to expand a microvolume from the sample to a
collector, which is a material ideally enhancing the ionization yield. The collector
is then analyzed using a liquid metal ion gun. The signal amplification factor
corresponding to the expansion of phosphatidylcholine (PC) lipid on collectors
partially covered with acidic matrices was evaluated as an initial proof of concept.
In one experiment, the PC expansion on a pattern of four drop-casted matrix-
assisted laser desorption/ionization matrices led to the selection of α-cyano-4-hydroxycinnamic (CHCA) as the optimal candidate
for cationic PC detection. The ion signal is increased by at least three orders of magnitude when PC was expanded using 10 keV
Ar3000+ and Ar5000+ on a sublimated layer of CHCA. Finally, the expansion of the gray matter of a mouse on different materials (Si,
Au-coated Si, CHCA, and polyethylene) was achieved with varying degrees of success, demonstrating the potential of the method to
further analyze complex and fragile biological assemblies.

■ INTRODUCTION
Due to its high resolution and its 2D and 3D molecular imaging
capabilities, time-of-flight secondary ion mass spectrometry
(ToF-SIMS) is an increasingly popular method in metabolic
studies.1,2 However, analysis of such chemically complex
materials is not straightforward. There are complications in
achieving a true spatial resolution of 100 nm for molecular
analysis. Indeed, if liquid metal ion gun (LMIG) sources can be
highly focused, their primary ions fragment the molecules and
create subsurface damage. Therefore, when performing surface
analysis, it is desirable to remain below the so-called static SIMS
limit, for which the probability that an incident ion hits an
already damaged area remains negligible. To avoid a subsequent
decrease in the molecular secondary ion yield, it is generally
admitted that the primary ion dose must be kept below 1012 to
1013 ions/cm2.3 Therefore, adding to this the low ionization
probability, the creation of a sufficient number of molecular ions
from a reduced pixel size becomes very challenging or even
impossible in many cases.

However, the static limit is much less of a concern for large
clusters such as C60

+ or Arn+ within certain limits of sample type
and/or energy.4 Indeed, it was shown that the higher sputter
yield and the lower penetration depth of these cluster ions lead

to a strong reduction of damage. That is why the Arn+-GCIB was
first used to remove the damage created by the LMIG.5 This
dual beam method allows to overcome the static limit as the
damage is removed between LMIG beam analyses. However,
95% of the material is sputtered without being analyzed.

More recently, GCIB have gained popularity as primary ion
sources for analysis. If the mass resolution was already increased
by delayed extraction,6 significant advances in SIMS instru-
mentation enabled simultaneous high mass resolving power and
subcellular spatial resolution with large clusters. Such instru-
ments include a quadrupole orthogonal time-of-flight (ToF)
spectrometer for the J105 (IONOPTIKA, UK) instrument1 and
a Q exactive HF Orbitrap for the 3D OrbiSIMS instrument.7

The J105 instrument allows a continuous primary ion beam to
be used for analysis because the beam bunching and pulsing are
performed in the harmonic reflectron mass analyzer, with a large
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fraction of the secondary ions being retained. The duty cycle and
the resulting acquisition rate are greatly increased with respect to
conventional ToF instruments and depth profiles can be
performed with a maximized sensitivity since a large part of
the valuable material sputtered by the GCIB is analyzed, unlike
the dual beam analysis protocol. Then, the 3DOrbiSIMS further
enhances the mass resolving power, enabling the direct
utilization of GCIB’s peptidic fragment generation for protein
identification.8

However, even if these instruments greatly increase the
analysis efficiency, the delivery of sufficient chemically
significant ions from a pixel remains a problem even in non-
static mode. Therefore, to fully access the benefits of large
clusters, there are still challenges that have to be faced and
solved:

• Despite the increased lateral resolution resulting from the
use of clusters combined to instrument advances, the low
ionization probability for the secondary ions, as low as
10−5 for most molecules,3,9 remains limiting.

• The large influence of the chemical environment of a
molecule in a sample, known as the matrix effect, can
suppress its ionization and therefore hinder its detec-
tion.10−12

• Topography and preferential sputtering have a large
impact on the spectra.

To address these limitations, many efforts have been made in
several directions. In addition to the continued search for more
efficient projectile sources (i.e., the use of water and acid
containing molecular clusters),2,13 several alternative strategies
such as matrix-enhanced SIMS (ME-SIMS)14−20 and metal-
assisted SIMS (MetA-SIMS)21−24 have been reported to
improve sensitivity. For instance, it has been shown that the
secondary ion yield increases a lot when tissues are silver- or
gold-coated in the case of monoatomic projectile.23 However,
MetA-SIMS has shown some limitation when changing the
projectile, in particular a yield decrease using fullerenes (C60

+).25

In addition, except for the pattern-recognition technique
proposed by Sjövall et al.22,24 where the biological samples are
imprinted on a silver surface, the metal or matrix deposition
process usually affects the integrity of the surface molecules and
is not compatible with all biological sample preparations.
Reactive vapor exposure can also be applied to the sample.26,27

Angerer et al. showed that trifluoracetic acid exposure combined
with a high-energy 40 keV Ar4000+ beam (using an Ionoptika
J105 instrument) can increase a high mass signal and allows the
detection of new species in rat brains.26

The storing matter (SM) technique, suggested in 2008 by
Slodzian and widely tested on polymers28,29 and metallic
samples,30 split the sputtering and the SIMS ionization process.
The SM procedure consists in sputtering the sample onto a
collector previously covered by a selected metal layer and
analyzing the collector afterward, thereby neutralizing thematrix
effect. However, the method was never extended to biological
molecules due to the high fragmentation and low sputtering
efficiency of the monoatomic Ar+ beam used. Recently, Lorenz
et al. showed that large argon clusters could be used to transfer
an organic material from one surface onto another with a
reduced fragmentation.31,32 This transfer of intact molecule was
extended by our group to larger proteins to develop a soft-
landing technique in situ a ToF-SIMS instrument. Lysozyme, a
protein of 14 kDa, was successfully landed on a silicon wafer with
retention of its activity, as was verified afterward via a bioassay in
solution.33 The transfer geometry was also optimized using a 3D
printed sample holder (Figure 1).34

In this work, the ability of Arn+-GCIB to transfer large intact
molecules is used to establish a new method to enhance the
SIMS sensitivity and decrease the negative matrix effect. The
idea is based on a microvolume expansion of the sample
molecules (target) to a collector using large Argon clusters
(Figure 1). The dose used for the transfer can be
approximatively 100 times higher than the bismuth analysis
dose, which is limited due to the subsurface damage created. The
second step is to analyze the molecules that are then dispersed
on a collector with a chosen matrix or metallic sublayer. The
matrix or metallic sublayer are used to increase the signal as in
ME-SIMS and MetA-SIMS. Previously, it has been shown that
60% of transferred bradykinin (1060 Da) can be transferred
intact using 5 keV Ar5000+.

34 Therefore, assuming 60% of intact
molecules on the collector and complete material collection and
considering an enhancement factor of 10 due to the matrix (as
reported for some lipids in ref 20), an increase in sensitivity of
approximately 600 might be realistic (= 100 × 0.6 × 10). One
has to keep in mind that the transfer of larger molecules and the
use of higher cluster energies per atoms (E/n) will decrease this
factor. However, the spatial dispersion of the molecules further
increases the signal if there is some suppression of ionization
within the sample. This signal suppression due to an unfavorable
chemical environment was demonstrated for lipids,10 pep-
tides,11 and drugs.35 In these examples, the microvolume
expansion approach could be used to improve the understanding
of ionization in ToF-SIMS and potentially prevent signal
suppression, especially in the cases where only the ionization is
affected but not sputtering.

Figure 1. Chronology of experiments exploiting the concept of microvolume expansion for the detection of a target molecule. In each case, only the
transfer procedure is illustrated and is followed by an analysis using a Bi5+ beam. (A) A reference sample is transferred on a pattern of matrices. The best
matrix is selected based on properties such as secondary ion yield, Y. (B) The reference sample is transferred on a collector with the best sublimated
matrix on one half. (C) The matrix is used for the detection of the molecule on a real tissue.
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Here, this new method was first tested on reference lipid
samples, namely, phosphatidylcholine (PC) species. They are
excellent targets for the evaluation of a new approach because
they are highly abundant in tissues (60 mol % of total lipids)36

and are the main lipids detected in positive mode in ToF-SIMS.
Then, mass spectrometry imaging (MSI) studies have shown
that ischemic brain tissue can be differentiated from normal
brain tissue by the abundance of the PC ion signals.37−41

However, this change in the PC ion signals is more likely linked
to changes in alkali ion concentration in the corresponding
tissues than a change in PC concentrations (matrix effect).
Moreover, diffusion of PC inside a matrix layer was studied by
ToF-SIMS depth profiles when the matrix was transferred20 or
sublimated.42

The matrices used here are organic compounds known from
matrix-assisted laser desorption/ionization (MALDI). How-
ever, the enhancement effect is known to be strongly influenced
by the analyte/matrix combination and its concentration ratio.17

The first part of this work is therefore devoted to the selection of
the most promising matrix among a small panel of four acidic
matrices known for their high performance on lipids (Figure
1A).43 Then, the best matrix is sublimated on the collector and
two beams (10 keV Ar5000+ and Ar3000+) are used to further
evaluate the matrix efficiency (Figure 1B). Finally, the method is
applied to the analysis of brain tissue andmore particularly to the
gray matter that contains, among others, PC lipids (Figure 1C).

■ EXPERIMENTAL SECTION
Lipid Standards and Abbreviations. L-α-Phosphatidyl-

choline (PC, P3556) was purchased at Sigma-Aldrich
(Steinheim, Germany) and dissolved in chloroform (10 mg/
mL). The solution contains several PC(x:y) species, which have
different fatty acid carbon chain lengths x and different
unsaturation degrees y.

The sulfatides identified in the brain are ions designed in the
form of ST(FA). FA refers to fatty acid and can be found in
tissue with different carbon chain lengths and unsaturations (e.g.,
ST(24:1) with 24 carbons of which 1 is unsaturated). Fatty acyl
moieties can be found with hydroxyl substituents and are
denoted with an h (e.g., ST(h24:1)). Sulfatides contain also a
dihydroxy long chain base that was d18:1 for the assigned peaks.
Target and Collector Preparation. Targets were thick

(0.73 mm) 0.5 × 0.5 cm2 (Si) wafers. Prior to lipid deposition,
the wafers were cleaned for 15 min in a piranha mixture (sulfuric
acid/hydrogen peroxide, 2:1), then cleaned with ethanol, and
dried with flowing N2. Targets were prepared by consecutive
depositions of 20 μL drops of a stock solution at 10 mg/mL,
resulting in a thick dry lipid layer.

Collectors were thin (0.31 mm) 1 × 1 cm2 (Si) wafers (Neyco
S.A., France). Collectors were cleaned just before the deposition
of the matrix or just before being inserted in the SIMS, following
the same cleaning procedure as for target substrates. The matrix
was deposited on the collectors by two means: drop-casting and
sublimation. 1,5-Diaminophthalene (DAN), α-cyano-4-hydrox-
ycinnamic acid (CHCA), 2,4,6-trihydroxyacetophenone
(THAP), and 9-aminoacridine (9-AA) were purchased as
powder from Sigma-Aldrich (Steinheim, Germany) and used
without further purification. For CHCA and 9-AA, a stock
solution of 0.5 g/L was prepared in water:methanol (1:1). For
DAN and THAP, a solution of 0.5 g/L was prepared in
water:acetonitrile (1:1). Two microliters these stock solutions
was drop-casted on a silicon wafer. CHCA was sublimated
owing to a home-built sublimator reaching a vacuum of 4 × 10−5

mbar as described elsewhere.20 Sublimation of CHCA was
performed at 180 °C, and the thickness was controlled by the
sublimation time. Surface and thickness of the sublimated layers
were characterized by profilometry (Bruker Dektak XT, Bruker
UK Ltd.). Unless otherwise specified, all sublimated CHCA
layers were sublimated for 1 h at 180 °C from a crucible
containing 50 mg of powder. An average thickness of 900 ± 65
nm was then measured with a maximum surface peak height of
15 nm. A gold-coated silicon (Angstrom engineering) and a thin
PE foil (additive-free 0.05 mm LDPE, Goodfellow) were also
used as alternative collectors. The gold-coated silicon was
cleaned with ethanol and hexane and dried with flowing N2. The
PE sheet was cleaned with ethanol and sonicated for 15 min.
Mouse Brain Tissue Sections. After collection, the mouse

brains were immersed in a 4% paraformaldehyde (PFA) solution
for 6−18 h at room temperature. Afterward, the PFA was
replaced with 10% sucrose solution at 4 °C until the sample sank
in the vial. The same operation was repeated with a 30% sucrose
solution. Then, brains were embedded in carboxymethyl
cellulose (CMC) media and conserved at −80 °C. Brain
sections (10 μm) were cut in a cryostat microtome and thaw-
mounted onto glass slides. Every glass slide was conserved in a
−20 °C freezer until utilization.
ToF-SIMS Measurements. A TOF-SIMS V instrument

(IONTOF GmbH, Münster, Germany) was used to perform all
the experiments. This instrument is equipped with a 30 KeV
energy bismuth cluster liquid metal ion gun (LMIG) and an
argon gas cluster ion beam (Arn+-GCIB).

The transfer experiment was performed using a polylactic acid
(PLA) sample holder. The incident beam angle was set at 45° for
maximum sputtering, and the collector was placed on top with a
45° angle to collect a maximum number of molecules. More
information on the geometry is available elsewhere.34 The beam
raster area was fixed at 1000 × 1000 μm2. The alignment was
done using the laser that is coaxial with the analyzer. The Ar
beam currents were slightly fluctuating from one transfer to
another around 6.6 and 7.5 nA for Ar3000+ and between 1.18 and
1.36 nA for Ar5000+. The current was measured before the
transfer, and each transfer was conducted with a final dose of 2 ×
1014 ions to ensure consistent transfer for reproducibility
purposes. However, for the first gray matter expansion, a dose of
4.29 × 1014 ions was used to guarantee a sufficient amount of
transferred material.

Static analysis of 500 × 500 μm2 was performed on the
topmount sample holder to compare the reference and the
collector. Static spectra were acquired with the Bi5+ beam (0.07
pA) for 200 s. 2D large mosaic images of the brain and the
collector were recorded by moving along the sample surface and
recording frames of 500 × 500 μm2 patches with a pixel size of
128 × 128 by patch.

SIMS depth profiles were recorded with a dual beam method.
A 10 keV Ar3000+ beam was employed to the sputter material
with a raster fixed at 700 × 700 μm2, whereas a 30 keVBi5+ beam,
operated with a raster of 200 × 200 μm2 and centered in the
sputtered area, was used to record high mass resolution profiles.
The sputter current was adjusted between 0.225 and 0.604 nA
depending on the sample thickness, and a charge compensation
was conducted using 20 eV electrons for the samples with the
matrix.

■ RESULTS AND DISCUSSION
Evaluation of Matrix Candidates for the Lipid PC. A

thick target of drop-casted PC was used to transfer the lipid
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sample on a pattern of matrices drop-casted on a collector
(Figure 2A). A 10 keV Ar5000+ beam with a dose of 2 × 1014 ions
was used. The goal of the pattern is to quickly select the most
appropriate matrix for the compound of interest (PC in our
case) with a single transfer under the same conditions. Four
matrices were drop-casted on the collector: 1,5-diaminoph-
thalene (DAN), α-cyano-4-hydroxycinnamic acid (CHCA),
2,4,6-trihydroxyacetophenone (THAP), and 9-aminoacridine
(9-AA). The choice of these matrices was motivated by their
ability to be sublimated and their performance according to the
positive polarity of lipids.43 Figure 2B shows a 2D large image of
the collector with an overlay of the protonated ions of the
matrices. The size of the spot and the shape of the crystal are
highly dependent on the matrix and the solvent used. For
instance, the drop of CHCA is more spread on the Si wafer than
the others and the THAP crystallizes as a circle at the periphery
of the drop. A depth profile was obtained on a crystal of each
matrix, and the [PC(34:1) +H]+ signal, the most intense peak of
PC, is plotted as a function of the sputtering dose in Figure 2C.
Compared to the signal on Si (black line), all the matrices
improve the signal. Moreover, the PC seemed to diffuse inside
the crystals except for DAN, assuming a similar sputtering rate
for all the matrices. For the following experiments, CHCA will
be used for two reasons, its sublimation creates homogeneous
layers with minimal surface roughness (see Figures S1 and S7A)
and the matrix offers the largest signal enhancement at the
surface and deeper into the crystal.
Transfer of PC on Si and Sublimated CHCA. To confirm

and quantify the signal enhancement due to the transfer on a
matrix, a collector half-coated by sublimated CHCA, the best
performing matrix, was prepared. This collector allows us to
compare the expansion on Si and CHCA with the same transfer
conditions. Then, 10 keV Ar5000+ and 10 keV Ar3000+ were used
to transfer the PC reference and the experiment was reproduced
three times for each beam. The same dose of 2 × 1014 ions was
used to compare the impact of the energy per atom (E/n) of the
transfer Ar clusters on the final secondary ion yield of PC. The
mass distributions of these respective beams are shown in the SI,
Figure S2. Figure 3B shows the main PC ion species [PC(x:y) +
H]+ image of the collector after a transfer with Ar3000+. The
spectra are mainly dominated by protonated PC species rather
than being cationized by potassium or sodium, as is the case in
brain tissues, owing to the lower alkali ion concentration in the
standard samples. The signal is much more pronounced on the
right side where the silicon was covered with sublimated CHCA.

However, the matrix only increases the signal of the molecular
ions in positive mode. Looking at the fragments, the PC head
group fragment (PCHG,m/z 184) is less intense on the CHCA
side in positive mode and the fatty acid (FA) ion signals (such as
[FA(16:0)-H]−) are strongly reduced in negative mode. The 2D
large images of these ions can be found in the SI, Figure S3.

After the large-area image, 500 × 500 μm2 static analyses were
performed on the target, on the drop-casted reference, and on
the silicon side and the CHCA side of the collector. The
respective mass spectra upon one transfer with Ar5000+ can be
found in the SI, Figure S4 (The assigned peaks are summed in
[PC(x:y) + H]+). The results of all the transfers are summarized
as histograms in Figure 3C, showing the secondary ion yield
computed and normalized to that of the drop-casted reference.
The results and the error bars correspond, respectively, to an
average of three transfers for each beam and to the standard
deviation resulting from it. There is a slight increase when the
PC is transferred on Si and the increasing factor rises to 79-fold
when the lipid is transferred with Ar5000+ to 34-fold when
transferred with Ar3000+. The more intense signal obtained with
Ar5000+ can be explained by the fact that the fragmentation
induced during the sputtering is a function of the energy per

Figure 2. (A) Scheme of the transfer experiment from a target of phosphatidylcholine (red) to a Si collector with four matrices drop-casted: DAN
(green), CHCA (yellow), THAP (red), 9-AA (blue). (B) 2D large mosaic image of the collector showing an overlay of the protonated matrix ions. (C)
[PC(34:1) + H]+ ion depth profiles performed on a crystal of each matrix and the Si (analysis raster of 50 × 50 μm2).

Figure 3. (A) Scheme of the transfer experiment from a target of
phosphatidylcholine (red) to a Si collector half-coated with CHCA
(yellow). (B) [PC(x:y) + H]+ ion large image of the collector. The
white squares indicate areas where 500 × 500 μm2 static analyses were
performed. (C) Relative secondary ion yield for the ions [PC(x:y) +
H]+ on the silicon side and the CHCA side for two transfers (Ar5000+
and Ar3000+).
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atom ratio (E/n) in the cluster projectiles.44−46 Therefore, a
higher abundance of intact PC ions compared to the fragments
can be expected on the collector.

Themethod offers an additional advantage in situations where
the analysis beam used is constrained by the static limit, as is the
case with the standard analytical beams Au3

+, Bi3+, and Bi5+ on
most SIMS instrument. Indeed, as a consequence of the
expansion, the analysis can be performed on a 196 times larger
area, which increases the final primary ion dose that can be used
without causing any damage (in this experiment, the transfer
raster area is 0.25 mm2 against 49 mm2 for the entire collector).
However, it should be noted that achieving such coverage
requires an extended analysis time. Combined to the improved
sensitivity resulting from the underlying matrix, the potential
signal increase reaches four orders of magnitude for Ar5000+ (=
196 × 79) and three orders for Ar3000+ transfers (= 196 × 34).
These values possess a partial theoretical nature since only one
of the two multiplicated factors is actually measured. To validate
the applicability of the area expansion factor as a reliable
approximation of the increase, a large coverage experiment was
conducted, as depicted in the SI, Figure S5. This first experiment
is a proof of concept of the method and an optimization of the
matrix thickness19 along with judicious selection of the most
efficient matrix for the studied system14 could further increase
the enhancement factor.
Effects of the Substrate and the Matrix Layer

Thickness. To gain a deeper understanding of the signal
enhancement, two depth profiles were performed on a collector
depicted in Figure 3 upon transfer with Ar3000+ (one on the
CHCA side and another one on the Si side). In Figure 4A, the
depth profile is divided into four areas: the first interface (blue),
within the matrix bulk (yellow), at the interface between the
organic layer and the silicon (blue), and in the silicon bulk
(black). In the matrix layer, there is a large diffusion of PC lipids
and an increase in signal due to the beneficial proton donor
environment provided by the CHCA matrix. At the interface
between the organic layer and the silicon (interface #2), there is
a systematic bump of the ion signals. This increase in signal
intensity at the interface can be described as the difference
between the maximum of intensity and the intensity in the bulk.
Since the molecular ion [PC(34:1) + H]+ has a higher increase
of 3.6 compared to the 2.0 for the fragment PC HG (m/z 184),
this phenomenon cannot be only attributed to a fragmentation
effect. Indeed, it has been shown by Cristaudo et al.47 that the
ion yield enhancement at the interface between an organic layer
and a hard substrate (e.g., silicon) is caused by the concomitance
of three factors: (i) ionization and matrix effect change, (ii)
sputtering, and (iii) fragmentation increase at the interface. The
last two factors are linked to energy confinement between soft
and hard substrates. The microvolume expansion approach can
take advantage of this increase in the ion signal at the interface if
a thin layer of biomolecules is transferred onto a hard substrate
(as is the case of the transfer onto Si in Figure 4B). However, the
use of a matrix seems to be even more beneficial.

Looking at the fragmentation, the signal of the PC HG ion is
more intense after the transfer on both sides of the collector (SI,
Figure S6A). This can be related to the increase in the ion signal
of the fragment but also to the fragmentation induced during the
transfer with the Ar cluster beam. However, the [PC(34:1) +
H]+/PC HG secondary ion yield ratio is greatly increased upon
transfer on CHCA (SI, Figure S6B), showing that, in agreement
with other studies,16,48,49 the matrix enhances the formation of

[M +H]+ ions through at least twomechanisms, by reducing the
fragmentation and donating protons.

The enhancement in secondary ion formation is strongly
dependent upon the matrix employed but also upon the matrix/
analyte concentration ratio. In the profile of Figure 4A, the lipids
diffuse in the whole matrix layer. Hence, it is crucial to determine
the ideal thickness that would result in an optimal matrix/
analyte concentration ratio. To obtain this value, two parameters
can be tuned: (i) the amount of analyte transferred, which is
linearly proportional to the transfer dose, and (ii) the matrix
thickness controlled during the sublimation. To achieve the best
results, it is essential to optimize these parameters, particularly
when the analyte’s detection is challenging. To illustrate the
importance of controlling the matrix/analyte ratio, the Ar3000+
transfer of the PC experiment of Figure 3B was reproduced with
the same dose but on a five times thinner matrix layer of 177.9 ±
9.5 nm. The relative secondary ion yields at the surface and
depth profiles are compared in the SI, Figure S7. Once again, the
[PC(x:y) + H]+ signal is increased (11 times) but the matrix
layer seems to be saturated in lipid molecules because a top layer
of transferred material is now deposited at the surface.
Therefore, the matrix/analyte ratio is not the same at the

Figure 4. Positive depth profiles of PC transferred on (A) CHCA and
(B) Si. The CHCA bulk region is in yellow, the interfaces in blue, and
the bulk silicon in black. The increasing factor between the bulk and the
interface maximum are shown for (A). PC HG is the head group
fragment at m/z 184.
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surface compared to the matrix bulk, decreasing the molecular
signal intensity.
Expansion of a Mouse Brain Tissue Microvolume.

Finally, a brain tissue was transferred with 10 keVAr5000+ (dose =
4.29 × 1014 ions) on a Si collector. This first microvolume
expansion of tissue was performed with a larger dose than the
one used for the reference samples owing to the anticipated
significantly lower PC lipid concentration in the brain as
opposed to the pure PC target. Moreover, molecular
entanglement is expected to reduce the sputtering rate for the
brain tissue.21 Figure 5A illustrates the total brain image of the
protonated or cationized PC ions, with either potassium or
sodium, and the corresponding positive secondary ion mass
spectrum in red. The peaks in the brain reference were assigned

using previous ToF-SIMS36,50 and MALDI51 studies. The raster
of 1 mm2, which delineates the transferred region, is discernible
within the cerebral cortex (gray matter) center. Figure 5B
displays a subregion image (6 × 4 mm) of the Si collector
subsequent to the transfer process, along with the corresponding
positive mass spectrum in blue. Upon comparison of the mass
spectra, a notable observation is that the spectra exhibit a high
degree of similarity across all identified PCs. Nevertheless,
unassigned peaks atm/z 838.6, 850.6, and 866.6, which were not
observed on the Si reference, were found to be more intense
after the transfer. Assignment suggestions from LIPID MASS
can be found in the SI, Table S1. In addition, the resemblance is
also observed in other mass regions of the spectra, including the

Figure 5. Images from cumulative PC ion signals [M +H]+, [M + Na]+, and [M + K]+ for (A) the mouse brain slice cut used as the target and (B) the
collector after transfer. The mass spectra on the right correspond to the brain total image (red) and the collector subregion image (blue). An asterisk
(*) is used to highlight the intense unassigned peaks. The chemical formula of PC(34:1) is illustrated. A dotted white line outlines the sputtered area.

Figure 6. Images from cumulative sulfatides species [M-H]− for (A) themouse brain slice cut used as the target and (B) the collector after transfer. The
spectra on the right correspond to the brain total image (red) and the collector total image (blue). The chemical formula of ST(h24:0) is illustrated. A
dotted white line outlines the sputtered area.
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region of amino acid fragments, fatty acids, and cholesterol (see
the SI, Figures S8−S10).

In negative ion mode, the detection of lipids such as sulfatides
(STs) with varying fatty acid chain lengths was achieved. Figure
6 shows the total images of the ST negative ions [M-H]− and
their respective mass spectra obtained from the brain reference
(red) and the Si collector (blue). Once more, the mass spectra
exhibit a very close similarity for all the STs, and no new peaks
are observed in this mass range compared to the positive ion
mode.

Themicrovolume expansion of the graymatter was successful,
as evidenced by the matching spectra of the collector and the
brain with minimal added complexity. This indicates that the
Arn+-GCIB beam is able to expand the molecules without
causing significant damage and that the entanglement of the
molecules in the brain tissue is not a hindrance for the
microvolume expansion approach. Therefore, with the aim of
increasing the signal of PC protonated ionic species, a second
transfer of gray matter was performed on a collector half-coated
with sublimated CHCA under the same conditions as for the
previous reference transfers (10 keV Ar5000+ with a dose of 2 ×
1014 ions). Table 1 provides a summary of the PC and ST ionic
species detected in positive and negative mode, respectively.
The secondary ion yields are computed and normalized to that
of the gray matter reference and are provided as two ratios. The
initial ratio was obtained from an average of three separate 500 ×
500 μm2 analysis performed on the samples. Then, the second
ratio was computed by scaling the initial ratio to the total
collector area (i.e., multiplied by a factor 256). This factor comes
from the fact that the analysis can be performed on the entire 64
mm2 collector area, without being restricted to a 500 × 500 μm2

raster.
For PC ions in positive mode, the signal is increased for

almost all species, but the CHCA matrix does not lead to any
improvement over bare silicon. Several factors have to be
considered to explain this result. First, a suboptimal ratio of
analyte to matrix, as explained earlier, and then, compared to the
case of the pure PC standard, a substantial amount of sodium

and potassium ions are also transferred and consequently
present on the collector surface, leading to the creation of adduct
ions ([M + Na]+ and [M + K]+). The enhancement of these
adduct ions is comparable to one of the protonated ions in the
transferred brain tissue. However, when scaled to the collector
size, the observed increase becomes more significant as
illustrated in the last column of Table 1.

In negative mode, the formation of [M-H]− ions for ST lipids
decreases when embedded in the matrix. This result was
anticipated since CHCA is a cinnamic acid of pKa of 1.17 and
proton donation plays a major role in the formation of molecular
ions for those kinds of matrices. Previous studies have
demonstrated a correlation between decreasing pKa and
increasing protonated positive ion, especially for halogen-
substituted cinnamic acid derivatives.49

The microvolume expansion technique may benefit from the
increase in the ion signal at the interface between the organic
layer and a hard substrate, which could explain the observed
increase in signal despite the reduction in available molecules
per unit area after expansion. To verify this hypothesis, mouse
brain gray matter was also transferred onto another hard surface
(Au-coated silicon) and compared to a soft surface (PE foil). A
table summarizing the ionization ratios of PC and ST ionic
species after transfer can be found in the SI, Table S2. Depth
profiles performed on both surfaces are given in the SI, Figure
S11. The first striking feature is that the signal is reduced by
about an order of magnitude on the PE surface compared to the
Au surface. Indeed, on PE, there is an increase only for the
unassigned peaks that were not detected on the references.
These ions can be molecules that were suppressed in the brain
before expansion. Compared to silicon, the increase on Au is
similar for the PC ions but lower for the ST ions in negative
mode. However, no Au-cationized PCs were identified, implying
that Au-coated silicon does not offer any additional benefits over
silicon for the targeted lipids.
Spatial Resolution of the Method. In the context of

analyzing biological materials, a limitation of the microvolume
expansion technique is that it appears to compromise the ToF-

Table 1. Lipid Ratios of PC (Positive Mode) and ST (Negative Mode) after Transfer of a Microvolume of Mouse Brain Gray
Matter on Si and CHCAa

aPeaks are sorted by increasing mass (m/z). The ratios are normalized to the gray matter reference and color coded (below 1 in red and above 1 in
green). An asterisk (*) for the label indicates intense ions that where not detected on cleaned reference Si and reference CHCA.
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SIMS instrument’s ability to achieve high lateral and depth
resolution due to the initial step of GCIB sputtering. However, it
was already challenging to achieve sub-100 nm lateral resolution
using directly Bi primary ion clusters52 due to the low ionization
probability of many biologically relevant molecules. Moreover, a
lot of work has been devoted to optimizing the capabilities of the
GCIB. For instance, intact phospholipids were detected with a
high energy (∼40 keV) Ar1000−4000

+ cluster beams focused on 3
μm.53 Alternative gases such as (CO2)n-GCIB or chemical
doping also allowed a better focus down to 1 μm2. Therefore, the
lateral resolution of the microvolume method is not as good as
the direct analysis by Bi primary ion clusters, but it is still
possible to reach the micrometer, as long as the beam remains
capable of desorbing intact molecules. Nonetheless, the final
useful lateral resolution of the method will be dependent not
only on the GCIB beam’s focusing ability but also on the desired
depth resolution. To illustrate this point, one can assume that a
volume of 1 μm3 is needed to expand enough molecules on the
collector. If the desired lateral resolution is 2 μm, then the useful
depth resolution will also be 0.25 μm to reach the required
expanded volume of 1 μm3. There is a trade-off between lateral
and depth resolution that will depend on the number of intact
molecules needed on the collector.

■ CONCLUSIONS AND FUTURE PROSPECTS
We have developed a new method to increase the sensitivity in
SIMS using the molecular transfer by argon clusters. The ability
of large Ar clusters to transfer unfragmented molecules from a
target to a collector was used for the first time on
phosphatidylcholine (PC) and gray matter of the mouse brain.
Using a PLA 3D printed sample holder and an acidic matrix
array, CHCA was quickly selected as the most promising matrix
among four other MALDI matrices. Upon expansion of pure PC
on a sublimated layer of CHCA, the signal exhibits an increase of
at least three orders of magnitude when scaled to the area of the
collector. The matrix plays an important role by reducing the
fragmentation and acting as a proton donor, but signal
enhancements are also measured on bare silicon. This beneficial
effect in the case of silicon comes from the ion yield
enhancement at the interface between a thin organic layer and
a hard surface (the signal is an order of magnitude higher after
expansion onto silicon and Au-coated silicon compared to a soft
PE sheet). Then, when the microvolume expansion is applied to
the gray matter of the brain, the chemical information in the
considered mass is fully preserved throughout the transfer and
analysis. The PC ion species signals of the gray matter were
enhanced by expansion on a layer of CHCA. Further
optimization of the matrix/analyte ratio can increase even
more the signal.

The microvolume expansion is compatible with any tissue
sample preparation since thematrix is not directly applied on the
sample. This can be particularly beneficial in analyzing white
matter, where artifacts are caused by the high concentration of
cholesterol.27,42 Changes in the sample preparation such as tape-
supporting or frozen-hydrated samples54 reduce these artifacts
and can be combined with our method. In addition, spatial
separation of the cholesterol from the other lipids on the
collector may be beneficial in reducing the negativematrix effect.
The main limitation is the trade-off that has to be evaluated
between the focusing capacity of the GCIB and the desired
depth resolution.

Future prospects include utilizing this method to identify
molecules, such as drugs, in tissues where low detection

efficiency or the matrix effect may hinder ToF-SIMS analysis.
Additionally, model tissues, such as the lyophilized bovine liver
tissue standard,35 can also be employed to determine the limit of
detection of a doped drug and to choose the most appropriate
matrix. To expedite the screening process of various matrix
candidates, it is recommended to transfer them onto a patterned
surface. This method can quickly identify the optimal matrix
from a larger pool. Additionally, a comprehensive matrix
optimization can be conducted by evaluating the sputtering
yield, the ionization yield, and the damage cross section for a
wider range of matrices. With this aim in mind, potential new
matrix candidates, including halogen-substituted cinnamic acid
derivatives49 or acid molecules without aromatic cycles, should
be explored.

Interestingly, large argon clusters are able to desorb and
transfer larger intact molecules than those that can be ionized
and detected by ToF-SIMS, such as lysozyme.33,46 Therefore,
the ability ofMALDI to ionize larger molecules than SIMS could
be very beneficial to uncover a larger spectrum of transferred
biomolecules than those visible in SIMS. The other advantage is
that, per the size of the interaction volume, MALDI can ablate
the entire thickness of the matrix layer and therefore readily take
advantage of all the molecular signals available on the collector
and not just the surface like static SIMS analyses (see the
diffusion profiles of Figure 4). The fusion of ToF-SIMS’ high
resolution with the increased mass range provided by MALDI
should result in a powerful combination.
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(30) Misńik, M.; Konarski, P.; Zawada, A.; Azġin, J. Nucl. Instrum.
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