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To expand the role of high spatial resolution secondary ion mass spectrometry (SIMS) in
biological studies, numerous developments have been reported in recent years for enhancing
the molecular ion yield of high mass molecules. These include both surface modification,
including matrix-enhanced SIMS and metal-assisted SIMS, and polyatomic primary ions.
Using rat brain tissue sections and a bismuth primary ion gun able to produce atomic and
polyatomic primary ions, we report here how the sensitivity enhancements provided by these
developments are additive. Combined surface modification and polyatomic primary ions
provided ~15.8 times more signal than using atomic primary ions on the raw sample, whereas
surface modification and polyatomic primary ions yield ~3.8 and ~8.4 times more signal. This
higher sensitivity is used to generate chemically specific images of higher mass biomolecules

using a single molecular ion peak.
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studying biological samples is readily under-
standable. The heterogeneous structure of tissue

and cells is apparent to even the most untrained eye.
Furthermore, it has been established that the spatial
distribution of biomolecules is intrinsically related to
their role [1-3], and several diseases are associated with
biomolecules having altered spatial distributions [4-6].
Chemical specificity is crucial in biological studies:
the function of many biomolecules involves significant
processing [7] and many ailments, whether hereditary,
environmental, or pathological, are associated with
modifications [6, 8]. The attraction of imaging mass
spectrometry is the ability to map the concentration
profiles of specific biomolecules, recording the distribu-
tions of multiple analytes in parallel, without using a
label and from native samples (such as tissue sections).
Molecular imaging mass spectrometry is currently
performed using either matrix assisted laser/desorp-
tion ionization (MALDI) or secondary ion mass spec-

The appeal of imaging mass spectrometry for
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trometry (SIMS) [9]. These two techniques offer differ-
ent capabilities: MALDI is able to generate intact
molecular ions of proteins in tissue [10]. However, to
maintain high sensitivities for proteins, the spatial res-
olution of MALDI imaging is frequently >50 um. The
other technique, SIMS, offers different capabilities:
high-spatial resolution but a low mass range. SIMS is
able to routinely provide sub-micron resolution images
[11, 12], but its low mass range has meant that the
analysis of larger molecules has been limited to those
that can provide characteristic fragments. It has long
been recognized that characteristic ions limit the appli-
cation of SIMS, and much effort has focused on improv-
ing the sensitivity of SIMS for intact molecular ions of
higher mass molecules. The most recent, and the subject
of this paper, can be grouped into either surface mod-
ification or the use of polyatomic primary ions.

In SIMS imaging mass spectrometry, the impact of a
highly focused primary ion beam with a surface sput-
ters atoms and molecules from the top few nm of a
surface. A small fraction of these species are ions; for
molecules this is typically <107 [12]. The ionization
efficiency is strongly influenced by electron exchange
processes between the departing species and the sur-
face. This surface dependence of the ion yield is often
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Table 1. Experimental parameters of the SIMS experiments.
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Spectroscopy Imaging
Bi,* Bis2* In,* Biy2*
lon current/pA 0.5 0.09 0.009 0.009
Beam energy/kV 20 15 20
Pulse length/ns 0.84 0.85 20 100
Spot diameter/um 4 ~0.7 ~0.3
lon dose/cm 2 4.14 x 102 4.14 x 102 1.7 X 102 2.35 x 10™
Raster/um 150 150 150
Pixels 256 X 256 256 X 256 256 X 256 512 X 512

referred to as matrix effects. The central role of the
sample surface has led to the development of several
sample preparation techniques that have demonstrated
increased molecular ion yields of high mass molecules.
These are: (1) matrix-enhanced SIMS (ME-SIMS) [13-
20]—uses the sample preparation protocols of MALDI
to benefit from the detanglement [21] and chemical
ionization aspects of MALDI [22-24]. Molecular ions of
analytes as large as ubiquitin and lysozyme have been
detected, and for lower mass analytes, <2 kDa, the
ME-SIMS spectra frequently resemble those obtained
using MALDI [17, 19]. ME-SIMS has increased the
sensitivity for lower mass macromolecules such that
subcellular distributions of cholesterol and small pep-
tides have been recorded, using their chemical-specific
molecular ions [19, 20]. The addition of salts and acids
to the sample surface has also provided increased yields
for analytes known to bind metal cations and protons,
respectively [25].

(2) Sample metallization—applying a thin-layer of
gold or silver to the sample has been shown to provide
increased sensitivities for large analytes as diverse as
polymers, dyes, pharmaceuticals, fatty acids, lipids, and
cholesterol [26-29]. The mechanism behind this in-
creased sensitivity has been attributed to analyte migra-
tion onto the nano-islands produced by the deposition,
the increased stopping power of gold (thus more energy
remains in the surface region), and to the catalytic
properties of these nano-islands [27]. Nygren et al. have
exploited sample metallization to record the distribu-
tion of cholesterol in a rat kidney tissue section of a
Male Sprague-Dawley, which revealed a high concen-
tration in the nuclear region of epithelial cells. [29] In
this case the cholesterol image was obtained using the
silver cationized molecular ions.

Without application of the matrix or the thin metal
coatings, such high-resolution images are not possible
because the sensitivity is insufficient. The other tech-
nique that has been developed for improving the sen-
sitivity of high mass molecules is polyatomic primary
ions. Enhanced sputtering by polyatomic primary ions
has been known for more than four decades. In 1960,
the groups of Kistemaker [30] and Moore [31] indepen-
dently demonstrated that polyatomic projectiles sputter
more material than that expected from independent
atomic projectiles. It has been demonstrated that these
enhanced yields are produced with a concomitant in-

crease in surface damage, but the yield enhancement
surpasses that of damage [32]. Many studies have
combined to develop the now accepted idea that the
lower penetration depth and overlapping collision cas-
cades of the polyatomic primary ion deposit more
energy in the surface region, thus leading to increased
sputtering [33-39].

The new developments in polyatomic primary ions
have been making these sensitivity enhancements com-
patible with imaging mass spectrometry by designing ion
sources and ion optics that can provide the focused ion
beam necessary for high-resolution microprobe imaging.
These are the gold [40] and bismuth [41] cluster guns, and
the C60+ gun developed by Vickerman and workers [42,
43]. The enhanced sputtering by the latter polyatomic
primary ion has been explicitly demonstrated: using a
quartz-crystal microbalance it was estimated that, on
average, each impact of C60 ions on a frozen sample
sputtered ~2400 water molecules [44].

Following the preposition that surface modification
and polyatomic primary ions can enhance different
aspects of the SIMS process, namely ionization and
sputtering respectively, here we have addressed the
question of whether their sensitivity gains are additive:
whether one can increase the molecular ion yield of
high mass molecules even further by combining both
techniques.

Experimental

The experiments were performed using either a
TRIFT-II (Physical Electronics, Eden Prairie, MN)
equipped with an indium liquid metal ion gun and a
nitrogen laser (for MALDI), or a TOF-SIMS IV (IONTOF
GmbH, Miinster, Germany) equipped with a Bismuth
ion gun that is capable of producing Bi;", Bi, and Bi3"
with sufficient intensity for practical imaging experi-
ments. Table 1 shows the experimental parameters used
for these experiments. All SIMS experiments were well
within the static SIMS limit [12] (statistically a fresh area
is sampled with each primary ion impact), thus ensur-
ing that the spectra are representative of the sample
surface. The ten um thick rat brain tissue sections were
cut at interaural 7.2/bregma 1.8 mm [45] using a
cryomicrotome and thaw mounted on indium-tin-oxide
slides (conductive, transparent slides). These were then
placed in custom-made stainless steel sample holders
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Comparison of the positive-ion SIMS spectra obtained from uncoated and gold-coated

tissue sections using Bi;” and Bi3" primary ions. The mass scales and intensity scales are identical to
aid comparison. Primary ion dose = 4.12 X 10" cm ™ 2.

and stored at —80 °C until required. The rats, 350 g male
Wistar rats (Crl:WU) obtained from Charles River (Sul-
zfeld, Germany), were decapitated without prior anes-
thesia, the brains dissected and flash frozen in liquid
isopentane, and then stored at —80 °C until sectioning.
Experimental procedures were in accordance with the
European directives (86/609/EEC) and approved by
the Commission on Laboratory Animal Experiments of
the Utrecht University Medical Center.

The gold-coated samples were prepared by deposit-
ing a 1 nm gold layer on top of the tissue sections using
a sputter coater (SC7640 Quorum Technologies, New-
haven, UK). The ME-SIMS samples were prepared
using a pneumatic sprayer to deposit a thin-layer of
matrix, 2,5-dihydroxybenzoicacid (DHB), onto the tis-
sue sections. All data analyses and visualization was
performed using user-programs written for Matlab ver-
sion 6.5.

Results and Discussion

The results shown here compare the performance of
surface modifications and polyatomic primary ions for
SIMS imaging of rat brain tissue sections. Gold coated
tissue sections, matrix coated tissue-sections, and native
(uncoated) tissue sections were analyzed using Bi;” and
Bi3" primary ions in positive and negative ion mode.
Figure 1 compares the positive ion spectra obtained

from native and gold-coated tissue sections. To empha-
size differences in intensity, the scales of all four spectra
are identical. The top row shows the spectra from
native, uncoated tissue sections. It is readily apparent
that, as seen in previous studies, the Bi3* primary ion
generates significantly greater molecular-ion signals:
cholesterol, diacylglycerols, and lipids are all clearly
observed. The Bi}" primary ions delivered approxi-
mately an order of magnitude more molecular ion
signal than the Bi; primary ions.

The use of Bi;” primary ions and a thin gold coating,
bottom left spectrum, produces a spectrum that appears
comparable to that obtained with Bi3* from native
tissue: similar intensities and similar spectral features.
The final spectrum in Figure 1, bottom right, shows that
the intensity gains offered by polyatomic primary ions
and gold coating the sample are approximately addi-
tive. This combination yielded the most intense peaks
for all molecular ion classes observed: cholesterol (off
scale, intensity = 18 X 10* counts) and lipids. Com-
pared with the SIMS results of the uncoated sample
using atomic Bi" primary ions, the lipid peaks are ~16
times more intense. From an imaging perspective, these
increased yields provide significantly greater contrast
or can permit four times higher spatial resolution at the
same contrast.

Closer examination of the lipid region revealed sub-
tle changes. Figure 2 shows a close-up in which the
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Figure 2. Close-up of the lipid molecular ion region of Figure 1.
Intensity scales optimized for spectral clarity.

vertical scale has been optimized for spectral clarity. For
the native tissue, the Bi3" primary ion generates the
same molecular ions as the atomic Bi;” primary ion, but
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with significantly greater yield. When the sample was
prepared by applying a thin gold coating before analy-
sis, their relative intensities changed, although the m/z
of the major peaks remained constant. These “altered”
relative intensities were generated in both positive-ion
gold-coated experiments, for Bi; and Bi3* primary ions.
Nevertheless, the major peaks from the native samples
were reproduced in the gold-coated sample with in-
creased intensity. The cause of the change in relative
intensities requires further investigation.

Figure 2 also shows that, independent of sample
preparation and primary ion, each spectrum obtained
from the tissue sections contains broad, low mass
resolution peaks. For example, in the Bi3" spectrum
from native tissue broad peaks can be seen at m/z 695,
711, 714, and 739. As with the regular, higher mass
resolution peaks, the relative intensities of these broad
peaks also changes when a gold coating is applied. Such
low-resolution peaks are normally attributed to meta-
stable decay.

The benefits of polyatomic primary ions and gold-
coating the sample are less striking in the negative ion
spectra. Figure 3 shows the negative ion spectra ob-
tained from native and gold-coated tissue sections
using Bi; and Bi3" primary ions. On native tissue, the
use of the polyatomic primary ion resulted in more
modest improvements except for the highest m/z peaks,
where the increase in molecular ion yield was compa-
rable to that seen in positive ion mode. Bi;” on the
gold-coated sample increases the yield of many of the
molecular ions seen with the native tissue but also
generates new peaks, the most intense of which are
clusters of gold, sulfur, and hydrogen (labeled with an
asterisk*), which can be used as for accurate mass
calibration.

Surprisingly, polyatomic primary ions combined
with gold coating did not provide the most intense
signals, as seen in positive ion mode. Although the
more intense peaks of the other spectra were also
present in this spectrum (labeled # in the Bi3" spectra),
their intensities were less. Note that owing to severe
time restrictions, this spectrum was recorded with ap-
proximately half the primary ion dose of the other
spectra. However, as all ions displayed identical, and
the expected, decay profiles and all spectra were re-
corded within the static SIMS limit, this was not the
cause of their lower ion yields. This unexpected result
indicates one of the disadvantages of gold coating, the
difficulty in predicting which peaks will be enhanced.
Nevertheless, the enhanced signal intensities reported
for positive ion mode, and particularly when combined
with polyatomic primary ions, remain an invaluable
addition for a technique bedeviled by low macromolec-
ular ion signal intensities.

Figure 4 summarizes the relative sensitivity im-
provements for higher mass molecular ions (greater
than m/z 600) using surface modifications, polyatomic
primary ions, and their combination on rat brain tissue
sections. Clearly, the molecular ion yield improvements
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Figure 3. Comparison of the negative-ion SIMS spectra obtained from uncoated and gold-coated

tissue sections using Bi;” and Bi3" primary ions.

delivered by surface modification and polyatomic pri-
mary ions are additive, and the most intense signals are
obtained by exploiting their combination. Additionally,
these ME-SIMS results were obtained from the negative
ion spectra, thus demonstrating that the additivity can
be in both positive and negative ion spectra. The
unexpected negative ion gold coating results were
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Figure 4. Comparison of ion yield enhancements of the higher
mass molecular ions obtained with Bi3" polyatomic primary ions
(with respect to Bi;” atomic primary ions) for uncoated, gold
coated, and matrix coated tissue sections.

included for completion, to demonstrate the significant
advantages but also to guard against the complexities.

Polyatomic primary ions, Au-SIMS and ME-SIMS,
have all been developed to increase the sensitivity of
SIMS for higher mass analytes, to expand the high
spatial resolution capabilities of SIMS imaging to these
higher mass analytes. Consequently, any surface mod-
ification technique must be applied in a manner that
does not disturb the spatial distribution within the
length scale of the imaging experiment (typically 1 um).
Gold coating has been shown to result in nanometer
scale gold islands, while electrospray matrix deposi-
tions demonstrated experimental spatial resolution of
tissue sections of 2.9 um [20]. This example concerns
2,5-dihydroxybenzoic acid but the technique is identical
for application of salts and acids.

Imaging

Figure 5 demonstrates the benefit of combining poly-
atomic primary ions and surface modification. It shows
the results of a large-scale, high spatial resolution
imaging experiment of a gold-coated rat brain tissue
section using Bi3" primary ions (the combination that
provided the highest molecular signals in Figure 1). An
unbunched primary ion beam was used to ensure high
spatial resolution, but at the expense of mass resolution.
Nevertheless, the mass spectrum clearly includes the
same peaks as in Figure 1, and that molecular ions of
cholesterol and lipids are produced with sufficient
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Figure 5. Large scale, high spatial resolution imaging experiment of a gold-coated rat brain tissue
section using Bi3" primary ions, detecting positive secondary ions. The spectrum shows the signals
obtained from the entire analysis area, including some assignments. The total-ion-count (TIC) image
is included to clearly distinguish the cellular features of the tissue section. The spatial distribution of
the phosphocholine headgroup (PO,NCsH{s, m/z 184), the entire lipid region (m/z 710-825), the
specific lipid PC 34:1 obtained from just its protonated molecular ion, cholesterol and the metastable
peak m/z ~739 are shown in the following images. To improve contrast the phosphocholine
headgroup, lipid region, PC34:1, cholesterol and metastable images were rebinned: the intensity of 3
X 3 pixels were summed to create a single pixel in the new image.
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intensity for high-resolution imaging. The total-ion-
current (TIC) image, top image, has been included to
distinguish the cellular features of the tissue section.
The next three images show the spatial distribution of
the phosphocholine headgroup (m/z 184), the lipid
envelope (m/z 710-825), and the single phospholipid
phosphatidylcholine 34:1 at m/z 761.

The intense phosphocholine headgroup fragment is
often used to record high-resolution images of phos-
phatidylcholine (PC) or phospholipids in general. How-
ever, it is unspecific in both cases: sphingomyelin also
generates the m/z 184 fragment and, while it is the most
common lipid in the brain, is just one of many lipids. In
a previous report of the sensitivity improvements of-
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fered by gold and bismuth cluster primary ions, images
have been presented of the molecular ions contained in
the entire lipid envelope, (which also imaged large
areas using a large pixel size) [41]. While this provides
more signal intensity, it is nonspecific. The increased
molecular ion yields offered by combining surface
modification and polyatomic primary ions provide suf-
ficient intensity for imaging specific molecular ions of
lipids. The fourth image shows the distribution of
PC34:1 using just the protonated molecular ion. Cellular
features can be clearly distinguished in this high-mass,
chemical-specific image. Moreover, these images were
recorded with a low primary ion dose, 20 times less
than those used to record the spectra of Figures 1-3.
With higher primary ion currents or a faster repetition
rate, high contrast chemical-specific images could be
recorded (it was not practical to record the image with
the same ion dose as Figure 1-3: it would have taken
~60 h). The final images show the distribution of
cholesterol and the metastable peak at m/z 739. The
cholesterol image shows some higher intensity regions
near the edge of the tissue, and the metastable peak is
almost uniformly distributed.

The results shown above demonstrate that the yield
enhancements provided by polyatomic primary ions
and surface modifications can be additive, and that they
can be exploited to obtain high-resolution images of
specific molecular ions. The unexpected negative ion
result, the lower intensity of the combination of gold
coating, and polyatomic primary ions showed the dis-
advantage: despite several reports utilizing thin metal
coatings for increased sensitivity, and one even claim-
ing that it reduces matrix effects in SIMS [46], it can be
difficult to predict which systems, under which condi-
tions, benefit from metal coatings. This raises the ques-
tion of when an analyst should use surface modifica-
tions. Clearly, the numerous laboratories that do not
have access to the latest, and expensive, polyatomic
primary ion beams will benefit from the use of gold
coating, or the application of matrices, metal salts, or
acids, the choice of sample preparation being depen-
dent on the analyte of interest. For the laboratories that
possess gold, bismuth, or C4, primary ion guns, it is the
analyst’s choice whether to exploit a demonstrated
yield improvement of up to 150% (Figure 1). For a field
that has been limited by low ion yields of intact high
mass molecules, and in which the multivariate tools
used to extract diagnostic information from the com-
plex, fragment-rich spectra perform better with in-
creased signal intensity [47], many analysts will exploit
whatever techniques provide increased performance.

Conclusions

The improvements in sensitivity for molecular ions of
high mass analytes that can be provided by polyatomic
primary ions and surface modification are additive.
With respect to monatomic Bi;” primary ions examining
an uncoated tissue section, Bi;” on a gold-coated tissue
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section provided ~3.8 higher molecular ion lipid sig-
nals, Bi3* on uncoated tissue provided ~84 more
molecular ion lipid signals, and Bi}* on gold-coated
tissue provided the most signal, ~15.8 times as much
signal. This higher sensitivity can be used to provide
chemically specific images of higher mass biomolecules
using a single molecular ion peak. The spectra obtained
from the gold-coated tissue section also illustrate the
complex effects of this sample preparation; specifically
the difficulty in predicting which ions will be generated
with increased sensitivity. Nevertheless, the results
shown here and the wide range of compounds already
shown to be consistent with gold coating demonstrate
the utility of this technique, and it is debatable if these
matrix effects are more or less complex than those of
examining uncoated tissue sections.
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