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bstract

Recent developments in desorption/ionisation mass spectrometry techniques have made their application to biological analysis a realistic and
uccessful proposition. Developments in primary ion source technology, mainly through the advent of polyatomic ion beams, have meant that the
echnique of secondary ion mass spectrometry (SIMS) can now access the depths of information required to allow biological imaging to be a viable
ption.

Here the role of the primary ion C60
+ is assessed with regard to molecular imaging of lipids and pharmaceuticals within tissue sections. High

econdary ion yields and low surface damage accumulation are demonstrated on both model and real biological samples, indicating the high
econdary ion efficiency afforded to the analyst by this primary ion when compared to other cluster ion beams used in imaging. The newly
eveloped 40 keV C60

+ ion source allows the beam to be focused such that high resolution imaging is demonstrated on a tissue sample, and the

reater yields allow the molecular signal from the drug raclopride to be imaged within tissue section following in vivo dosing.

The localisation shown for this drug alludes to issues regarding the chemical environment affecting the ionisation probability of the molecule;
he importance of this effect is demonstrated with model systems and the possibility of using laser post-ionisation as a method for reducing this
onsequence of bio-sample complexity is demonstrated and discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Detailed chemical characterisation of complex biological
ystems with good spatial resolution, be they simple cells or
omplex tissues, is the holy grail for many analytical scien-
ists applying their techniques to biology. At first sight mass
pectrometry seems to provide all the component capabilities
o provide what is needed. It has tremendous chemical speci-
city via mass spectral fragmentation patterns, accurate mass
easurement and the tandem MS techniques and there is an

normous knowledge bank in biological mass spectrometry to
esort to, to facilitate data interpretation. Spatially resolved MS

nalysis is increasingly on offer, and one of these techniques,
econdary ion mass spectrometry (SIMS), has for many years
een able to provide sub-micron spatial resolution using liq-

∗ Corresponding author. Tel.: +44 161 3062727; fax: +44 161 3069321.
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id metal ion beams such as Ga+ or In+. Levi-Setti’s group
n Chicago have shown that very high primary beam ener-
ies are able to offer sub-50 nm resolution [1]. This appli-
ation has very successfully probed specific local chemistry
hrough small fragments, e.g., CN−, or atomic secondary ions,
requently using isotope enrichment techniques [2–4]. How-
ver, analysts and biological scientists aspire to unravelling the
olecular complexity of the systems under study by exploit-

ng the MS capability of identifying molecular ions or large
hemically characteristic fragment ions. Matrix assisted laser
esorption/ionisation’s (MALDI) well-known ability to provide
his capability for many classes of bio-molecules has driven
he development of spatially resolved MALDI [5,6]. Impressive
rogress has been made such that routine imaging can provide
patial resolution down to ∼10 �m [7]. There are a number of

ssues that provide further challenges such as matrix crystal size
nd dispersion [8], power thresholds for ion generation as laser
pot size decreases [9], etc. Nevertheless, the prospects look
ood.

mailto:emrys.jones@manchester.ac.uk
dx.doi.org/10.1016/j.ijms.2006.09.015
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The introduction of polyatomic primary ion beams into SIMS
as provided a substantial leap in the capability of SIMS to
ccess bio-molecules with good sensitivity. The extremely low
econdary ionisation probability (≤10−4, similar for MALDI)
10] coupled with the high surface sensitivity (nm) provided a
evere limitation on realistic molecular SIMS analysis below
�m spatial resolution. There are just too few molecules in

he sampling volume to deliver an adequate yield for proper
nalysis when using atomic primary ions. The liquid metal ion
eams using gold and bismuth deliver good quantities of clus-
er ions Mn

+, where n = 1–5 [11,12]. Such ions greatly increase
he secondary ion yield of molecular species in the m/z range
00–3000 [11–13]. Although this seems mainly to be a con-
equence of increased sputter yield, it has pushed the spatial
esolution attainable for high ion yield molecular ions below
�m. However, attainable spatial resolution in SIMS is also

imited by the fact that the primary ions generate bombardment-
nduced chemical damage. Although the analyte ions are derived
rom the topmost atomic layers, kiloelectronvolt atomic and
luster projectiles penetrate some tens of nanometers into the
ample with concomitant sub-surface chemical damage. After
uccessive impacts in the same region the analyte ions reflect this
ccumulated chemical damage and are no longer representative
f the original material. This phenomenon limits the number of
seful ions accessible from a given pixel area, and gave rise to
he so-called static limit—the primary ion dose beyond which
he secondary ions detected were increasingly likely to be unrep-
esentative of the original chemistry.

It has been shown that molecular primary ions such as SF5
+

nd more recently C60
+ not only deliver very large increases

n yields of mid-sized molecular and fragment ions, in many
ases they show much smaller, even zero, damage cross-sections
14–16]. These phenomena are thought to result from multiple
ow energy (<keV) impacts due to the fragmentation of the inci-
ent polyatomic ion. The low damage cross-section is thought
o result from the combination of very high sputter yield from
he surface and much-reduced penetration depth [17,18]. Essen-
ially the chemical damage arising from each impact is largely
ontained within the ejected volume. Potentially this means that
he static limit can be ignored and yields per pixel could enable
seful spatially resolved molecular analysis in the ∼100 nm
egion. The fact that with many systems there is no evidence
hat chemical damage accumulates, also means that molecu-
ar depth profiling becomes possible, enabling analysis in three
imensions. In practical terms, these molecular ion beams are
ess easy to focus than the liquid metal ion beams, but 200 nm is
ccessible [19] and for ultimate spatial resolution a combination
f C60

+ and a liquid metal cluster may be a useful compromise
n some cases. Thus, it would seem the use of ion beams such
s C60

+ could provide an analytical overlap with MALDI. It is
ot likely that SIMS will be able to match MALDI’s capabil-
ty in protein analysis, but spatially resolved analysis of smaller

olecules is likely to be the strength of SIMS.

However, whilst SIMS using molecular ion beams has great

otential, there are other challenges. SIMS is a vacuum tech-
ique and whilst in contrast to the new atmospheric MS methods
DESI [20] and ELDI [21] – this facilitates the provision of

s
w
s
w

ass Spectrometry 260 (2007) 146–157 147

igh spatial resolution ion beams, it complicates the sample han-
ling of biological samples. The majority of biological samples
nalysed by ToF-SIMS, including cells and tissues, have been
reeze-dried and a number of the diagnostic ions observed from
hese systems have been assigned to lipids, including cholesterol,
ulphatides, phosphatidylinositols, phosphatidylcholines, etc.,
emonstrating that these species remain localised and amenable
o analysis using this methodology [22].

The other major challenge is the matrix effect. This effect can
omplicate all mass spectrometry techniques [23]. Within SIMS
he effect has been known for many years, the ionisation prob-
bility of a given element varying greatly depending upon the
omposition of its immediate environment [10]. This concept of
onisation probability being dependant upon the chemical envi-
onment has been exploited by the desorption MS techniques
ast atom bombardment (FAB) and MALDI, where the analyte
s incorporated into an excess of a suitable matrix. In the case
f FAB this is typically a liquid such as glycerol, in MALDI the
nalyte is typically co-crystallised onto the target plate with an
xcess of an organic acid molecule. Although mainly used for the
nalysis of isolated species, the use of MALDI for MS imaging
as become a rapidly expanding application, however, great care
ust be taken with the application of matrix to the sample surface

n order to obtain accurate results. A major benefit of cluster ion
ources for SIMS analysis is that they offer secondary ion yield
nhancements without the need for chemical modification of
he surface, unlike the techniques mentioned here. However, the

atrix effect can be just as important when analysing samples
n an unaltered state, as one compound may strongly influence
he detection of another that it is co-localised with. An under-
tanding of the matrix effect with respect to organic molecules is
ssential to allow the results obtained to be interpreted correctly.

This paper reports on some recent investigations into the con-
ribution the use of C60

+ primary ions can make in biological
nalysis and imaging. The data presented here are largely based
n rat brain sections, a tissue sample that has become de rigour
n these proving studies, with accompanying data from standard
amples of biologically significant model systems.

. Experimental

.1. Materials

.1.1. Model system samples
All compounds were purchased from Sigma–Aldrich (Poole,

K) and used without further purification. For the lipid depth
rofiling experiments, films of the pure compounds were cre-
ted by spin casting the lipid onto a cleaned silicon wafer (Agar,
tansted, UK) from a 1 × 10−2 M trichloromethane solution.
at brain homogenate was supplied by GlaxoSmithKline (Har-

ow, UK) and was a 50:50 mixture with deionised water; the
ample was stored at −20 ◦C until required. Following thaw-
ng an aliquot was taken and spiked with a 1 × 10−2 M aqueous

olution of the drug molecule such that the drug concentration
as 1% (w/w) based on wet weight. A thin film was created on

ilicon wafers by drawing 10 �L of the mixture across the wafer
ith the edge of a glass pipette.
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To layer a thin film of drug onto the control tissue
ection, 5 �L of a 1 × 10−3 M solution of haloperidol in
richloromethane was spun cast. The drug and lipid mixtures
ere prepared from trichloromethane solutions of cholesterol,
ipalmatoylphosphatidylcholine (DPPC) and atropine mixed
ogether to yield 1:1 molar ratios of the drug to lipid. These

ixtures were then spun cast onto silicon substrates.

.1.2. Tissue sections
The rat brain sections were supplied by GlaxoSmithKline.

fter collection, the brains were snap frozen in liquid nitrogen
hen cryo-microtomed, with the 12 �m sections being mounted
n cleaned stainless steel segments. The sections were stored at
80 ◦C until analysis. Prior to introduction into the instrument,

he samples were brought to room temperature in a desicca-
or for 2 h. For the sections from the raclopride in vivo drug
tudy, 250–350 g male rats received a constant rate infusion
f a 0.5 mg/mL solution administered at a target dose rate of
.5 mg/kg/h for 6 h.

.2. ToF-SIMS

All ToF-SIMS analyses performed in the studies reported
ere were carried out using a Bio-ToF-SIMS instrument, the
esign of which has been described elsewhere [24]. The instru-
ent is equipped with both a C60

+ and a Aun
+ ion source. The

ata presented here were acquired with the sources set up so that
he 40 kV Wien filtered C60

+ ion gun (Ionoptika Ltd., UK) [25]
elivered 200 pA into a 1 �m diameter spot; the 25 kV Wien
ltered LMIG (Ionoptika Ltd.) [26], provided Au+ and Au3

+ at
nA and 100 pA currents, respectively, with spot sizes in the

egion of 500 nm diameter.
The sample was held at ground potential during ion impact.

econdary ions were directed into a two-stage reflectron ToF-
S by applying a delayed extraction pulse of 2.5 kV. Ions
ere post-accelerated to 20 keV and detected using a dual
icrochannel plate assembly. Unless otherwise stated, flight

imes were recorded on a 1 ns time-to-digital converter (Fast
omtec GmbH). Charge compensation during analysis is per-

ormed by pulsing low energy (25 eV) electrons onto the sam-
le between successive primary ion pulses. During the depth
rofiling experiments the field of view for the etching was
our times larger than the area used for analysis in order
o avoid crater-edge effects. During etching a dc low energy
25 eV) electron beam is used to offset sample charging. With
he exception of experiments where large primary ion doses
re intentionally used, all spectra and images were acquired
ith ion doses below 1 × 1012 ions/cm2, and the electron dose
as kept below 1 × 1018 electrons/m2. The SIMS analyses of
ure films were carried out in triplicate in order to minimise
he effect of spot-to-spot heterogeneity. For the tissue sec-
ion yield determinations, three separate samples were anal-
sed on different days with three different areas of the cor-

us callosum of each being analysed. The reported values
re the average of all relevant analyses, the relative standard
eviation of the results obtained was less than 10% in all
ases.
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For the larger scale tissue section imaging, composite images
re built up from numerous separate analyses typically of
00 �m × 600 �m areas, with the sample moved accurately
etween each analysis using precision micrometers.

Laser post-ionisation was carried out using a SL312 Nd:YAG
aser (EKSPLA Ltd., Lithuania). This system provides 150 ps
ulses using backward stimulated Brillouin scattering. Post-
onisation was performed using 5 mJ, 266 nm laser pulses,
ocused with a 40 cm fused-silica lens. The ion gun pulse width
as extended to 2 �s for these experiments and the sample was

ooled to ∼150 K to eliminate the contribution of gas phase
rug species to the post-ionisation signal. To avoid saturation
ffects, a 2 ns time resolution transient recorder (PDA500, Sig-
atec, USA) was used to record signals from post-ionisation and
orresponding SIMS experiments.

. Results and discussion

.1. C60
+ primary ions for biological analysis

It has been clear for many years that cluster ion bombardment
an provide excellent secondary ion per primary ion yields from
rganic surfaces. This advantageous feature has been applied
o biological sample in many ways, one being mapping of
ipids in tissue sections. Work with metal clusters such as Aun

+

22,25] and Bin+ [13,26] have allowed a new level of molec-
lar information to be extracted from tissue sections under
IMS analysis without the need for surface modification such
s matrix addition [27] or gold deposition [28], which have also
een shown to significantly increase secondary ion signal. Both
ave demonstrated that the distribution of lipids can be deter-
ined based on characteristic fragments and in some cases the
olecular ions, allowing the unique distribution of phosphoglyc-

rides, cholesterol and sphingolipids to be mapped within the
ection.

Yield enhancements of up to three orders of magnitude have
een reported for the polyatomic primary ion C60

+ over gal-
ium [29] for standard samples of biologically relevant lipids
uch as phospholipids. With these encouraging results in mind,
omparative analysis of tissue sections have been carried out to
etermine whether these advantageous effects are also experi-
nced in the more complex, ‘real world’ sample types. Shown
n Fig. 1 are positive ion spectra acquired with 25 keV Au+ and
0 keV C60

+ primary ions from the same white matter domain
f a rat brain section.

The spectra presented clearly show the increase in molecular
nformation obtained from biological tissue that is provided by
he use of C60

+ over the monoatomic Au+ beam. Even though
he primary ion dose used for the collection of the C60

+ spectrum
as 20 times less than used for the Au+ spectrum the intensity
f the peaks relating to cholesterol (m/z 369 and 385) and the
hospholipids (m/z 700–800) are an order of magnitude greater.
his significant yield enhancement allows for greater molecular
nformation to be obtained for a given primary ion dose; how-
ver, the total obtainable signal from a given area will depend
pon the disappearance cross-section of the various beams. If
he yield enhancement is coupled to a greater rate of molec-
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ig. 1. Comparison of monoatomic Au+ and polyatomic C60
+ ion beams for th

re quoted on the spectra. The major molecular peaks are those from cholester
00–800 and their dimers in the group above m/z 1100.

lar signal decay, then the overall efficiency of secondary ion
eneration may not be significantly enhanced.

The stability of molecular signal from a surface under C60
+

ombardment was initially investigated for lipids typically found
ithin animal tissue; the first to be presented here is choles-

erol, which is abundant within the membranes of cells. The
lots in Fig. 2 show the behaviour of the quasi-molecular ions
t m/z 369 [M+H−H2O]+, and m/z 385 [M−H]+ from a pure

lm of cholesterol spun cast onto silicon which is subjected

o increasing primary ion doses from three beams, Au+, Au3
+

nd C60
+ all at 15 keV. For C60

+, the secondary ion intensity
rom both the quasi-molecular ions, m/z 369 and 385, reach a

e
t
s
c

ig. 2. A comparison of the stability of quasi-molecular ion intensity from a choles
eams all at 15 keV. The plots show the relative peak intensity for the [M+H−H2O]+
ction of molecular information from a section of rat brain. The ion doses used
the m/z 360–390 region, molecular ions from phospholipids in the region m/z

teady state near that of the initial value, whilst with the Au+

nd Au3
+ beams the molecular signal is lost to the baseline

oise by 4 × 1013 ions/cm2. Although the secondary ion yields
er primary ion of the Au3

+ and C60
+ are comparable, there is

n obvious difference in the chemical damage caused to the sur-
ace during the impact. This experimental finding is supported
y the molecular dynamic simulations carried out by the Garri-
on group at Penn State, where, in an amorphous ice layer, the

nergy from an Au3

+ impact is deposited to much deeper depths
han C60

+ [30], thus affecting the sub-surface species more
everely resulting in the accumulation of beam-induced chemi-
al damage. It is the significant disappearance cross-section that

terol film under prolonged bombardment by Au+, Au3
+ and C60

+ primary ion
ion at m/z 369 and the [M−H]+ ion at m/z 385 with respect to primary ion dose.
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Table 1
The comparison of secondary ion yield and disappearance cross-section values
for the [M−H]+ ion of cholesterol at m/z 385 using Au+ and Au3

+ primary ion
beams, from a pure film of cholesterol on silicon

Secondary ion per
primary ion, Y (m/z 385)

Disappearance
cross-section, σ (cm2)

Efficiency,
E (cm−2)

Au+ 5.5 × 10−6 4.5 × 10−14 1.2 × 108

Au3
+ 6.5 × 10−5 7.3 × 10−14 9.0 × 108
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eflects this bombardment-induced damage that greatly reduces
he potential of Au3

+ and other LMIG cluster ions for the high
patial resolution analysis of biological systems.

Another abundant lipid within tissue, as well as being a well-
tudied molecule with the SIMS technique is dipalmatoylphos-
hatidylcholine. The data presented in Fig. 3 show the accumu-
ated signal intensity of the m/z 184 ion, the phosphatidylcholine
PC) headgroup, from a pure DPPC film, plotted as a function of
rimary ion dose for both Au+ and C60

+ analysis. Due to the low
amage accumulation that occurs following the C60

+ impact, the
urface under analysis continues to yield characteristic ion frag-
ents even following an ion dose of 1 × 1015 ions/cm2. This is

n direct contrast to the monoatomic Au+ where surface dam-
ge accumulation creates a boundary value beyond which very
ittle molecular information is obtained, as is clearly illustrated
n Fig. 3. There are therefore different limits to the amount of

olecular information that can be obtained from a given area.
u and Au3

+ analyses are restricted by the rate at which the sur-
ace species are damaged, whilst the amount of secondary ion
ignal that can be collected during a C60

+ analysis is restricted
nly by the availability of the molecular species within the vol-
me of analysis and the time taken to collect the data. As shown
s Fig. 3, the initial yield enhancement for C60

+ over the Au+ is
factor of 60 (note different y-axis scale), however, following

n ion dose of 1 × 1015 ions/cm2 the C60
+ analysis has yielded

pproximately 3500 times more of the characteristic molecular
on.

The data presented in Figs. 1 and 3 are comparisons between
he Au+ primary ion and C60

+, in order to demonstrate the ben-
fit of C60

+ analysis over the monoatomic primary ion beam.
owever, an important feature of liquid metal ion source is the

resence of cluster ions within the primary ion beam. The clus-
er most commonly used with the Au:Ge source is Au3

+, the
on-linear yield enhancements it delivers have been previously

W
a

ig. 3. Accumulated secondary ion counts for the peak m/z 184 from a pure film of D
rofiles acquired at 15 keV. The accumulation of surface damage limits the useful sig
he case with C60

+.
u3 /Au 12 2 7

rom these values, the secondary ion generation efficiency is calculated.

eported [11]. Nevertheless, as was demonstrated in Fig. 2, the
ate of molecular signal disappearance under Au3

+ bombard-
ent is very different to the steady state that occurs when C60

+

s used.
In order to asses the potential of the cluster ion Au3

+ for
iological imaging, yield (Y) and disappearance cross-section
ata (σ) were collected for both Au+ and Au3

+ from various
reas of a spun cast film of cholesterol on silicon. These data are
resented in Table 1. The ion that is used to calculate the data
s the [M−H]+ ion of cholesterol at m/z 385. The disappearance
ross-section, σ(Xi

+), is calculated by obtaining the gradient of
he decrease in the intensity of this ion, N(Xi

+), with increasing
on dose density (PIDD) when plotted on a natural log scale.

(Xi
+) = N(Xi

+)t=0 exp(−σ(Xi
+) PIDD) (1)

rom the yield and disappearance data the efficiency of sec-
ndary ion generation can be calculated.

Y (X +)

i

σ(Xi
+)

hen these efficiencies are compared, it is clear that there is an
dvantage in using Au3

+ rather than Au+, however, as the rate of

PPC with C60
+ and Au+ primary ion beams, based on data taken from damage

nal that is obtainable from a given area under Au+ bombardment, which is not
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olecular signal decay is greater with the cluster ion beam, this
imits the potential advantage of this beam. Conversely, the high
ields and in particular the low damage accumulation effects
rovided by the C60

+ are encouraging, nevertheless, it needs to
e demonstrated that these results carry through into real world
amples.

To determine whether this is the case, a similar study was
arried out on the rat brain tissue to determine the efficiencies
f secondary ion formation of the [M−H]+ ion of cholesterol
rom the corpus callosum, with the values for Au+ being com-
ared to that of the C60

+ for a number of areas within this region
f the tissue. As can be observed from the data presented in
able 2, the efficiency of the secondary ion formation and detec-

ion with C60
+ is approximately 180 times greater than that from

he Au+. In order to compare this performance to that of other
rimary ion sources, data are taken from work on a similar sam-
le by Brunelle and co-workers [13], and presented in the same
able (denoted by an asterisk). As an experimental comparison
etween C60

+ and bismuth ion sources on the same sample and
n the same instrument was not possible, we have attempted to
ross-standardise our data with that from ref. [13] using yields
btained using the Au+ primary ion. The yield from an Au+

197 Da) and Bi+ (209 Da) impact at the same energy should be
omparable [13]. Thus, spectra were collected with the Au+ ion
ource at 25 keV with the aim of directly comparing it to the
5 keV Bi+ yields from ref. [13]. Although the bismuth yield is
ix times greater than that obtained for the Au+, the efficiency
alues for the Au+ on the Bio-ToF-SIMS and the Bi+ reported are
ery similar. This would support the argument of parity between
he two projectiles, and validate the comparison between the bis-

uth ions and C60
+.

From these data, it is evident that due to the low damage
ccumulation experienced with the C60

+ source, it significantly
utperforms the other cluster ion sources with regard to detection
fficiency. It is a factor 200 higher than the atomic primary ions
nd ∼30 times the LMIG cluster ions. It is notable that Bi3+ is
nly five times more efficient than Au+ and Bi+. Thus, although
here are yield benefits compared to Au+ and Bi+ from using the
MIG cluster ions, the damage cross-sections are still signifi-
ant and, despite their small spot size capability, this will limit
he minimum pixel area that can be usefully sampled. The value

or the disappearance cross-section for the C60

+ in Table 2 is the
verage taken across a primary ion dose of 1 × 1014 ions/cm2.
owever, as shown in Fig. 2, the decrease of molecular signal

rom a surface under C60
+ for most systems cannot be fitted to an

p
s
t
t

able 2
erformance comparison of different ions beams for the detection of the [M−H]+ io
rain

rimary ion Projectile
mass

Projectile
energy (keV)

Seconda
primary

u+ 197 25 1.5 × 10
Bi+ 209 25 8.4 × 10
Bi3+ 627 25 7.1 × 10
Bi52+ 1045 50 9.9 × 10

60 720 40 1.4 × 10

he data marked with an asterisk were taken from ref. [13], and were acquired on a d
ass Spectrometry 260 (2007) 146–157 151

xponential decay curve, and a steady state is reached at a point
here there is still significant molecular signal. If the disappear-

nce cross-section was calculated within this steady state then
he value nears 3 × 10−15 cm2, which would further increase
he efficiency. These data clearly demonstrates the advantages
f using polyatomic primary ions such as C60

+ as projectiles for
IMS analysis of biological samples.

.2. Drug molecules within brain homogenate

One area within which imaging mass spectrometry promises
xciting new possibilities is drug discovery, especially as a
eplacement or complementary technique to autoradiography
nd fluorescence microscopy for mapping the location of drugs
ithin tissue sections. However, these pharmaceutical com-
ounds will be at a much lower surface abundance than the
ative compounds that have been imaged in the past with SIMS.
t may be the case that there are too few drug molecules within
he upper monolayers to yield a detectable signal from the sam-
le.

It is in cases such as this that the low damage accumulation
een with the polyatomic species will be significant. Although
here are many examples that demonstrate very low or even
ero damage accumulation under C60

+ primary ion bombard-
ent, it is important to determine whether the presence of a

omplex matrix could hinder such effects. The model systems
hat are presented here, haloperidol and ipratropium bromide
ithin brain homogenate, are very challenging samples, the
rain homogenate being a complex mix of proteins and lipids,
s well as containing high levels of salts.

From the plots in Fig. 4 it is evident that as with the previ-
us examples, following an initial change in signal intensity a
teady state is reached for the quasi-molecular ion species of the
olecules under analysis. In Fig. 4, which shows the behaviour

f the brain homogenate spiked with the drug haloperidol, there
s a significant increase in the intensity of the [M+H]+ ion for the
rug following the initial sputtering. It could be concluded that
he drug is being uncovered from beneath a layer of phospholipid
hat would have segregated to the surface of the aqueous sus-
ension due to its hydrophobic tail groups. This is supported by
he disappearance of the characteristic ion for the phospholipid

hosphatidylcholine headgroup. Although this rapid decrease in
ignal from the PC headgroup is also seen in the second system,
hat of the brain homogenate spiked with ipratropium bromide,
he quasi-molecular ion of the drug does not increase, whereas

n of cholesterol (m/z 385) from the corpus callosum region of a section of rat

ry ion per
ion, Y (m/z 385)

Disappearance
cross-section, σ (cm2)

Efficiency, E
(cm−2)

−5 4.0 × 10−14 3.8 × 108

−5 2.8 × 10−13 3.0 × 108

−4 4.2 × 10−13 1.7 × 109

−4 3.5 × 10−13 2.8 × 109

−3 2.0 × 10−14 7.0 × 1010

ifferent instrument and sample.



152 E.A. Jones et al. / International Journal of Mass Spectrometry 260 (2007) 146–157

F s, hal
p s ion

t
o
t
t
t
i
p
f
i
d
b
c
a
T
s

d
t
o
s
m
f
w

3

F
a
h
i

ig. 4. Depth profiles of mixtures of brain homogenate and two drug molecule
lots demonstrate the behaviour of the quasi-molecular ion of the drug as well a

he ions for the cholesterol do. The difference in the behaviour
f ipratropium bromide to that of the haloperidol may be due
o a more homogeneous distribution of the drug within the mix-
ure, so that the concentration at the surface is representative of
he bulk. Another possible explanation is that chemical mod-
fication of the surface, in this case the disappearance of the
hospholipids, following C60

+ bombardment has created a more
avourable chemical environment for the creation of [M+H]+

ons, leading to the large increase in signal from the haloperi-
ol. As the ipratropium bromide quasi-molecular ion is formed
y the dissociation of the molecular fragment from the bromide

ounter ion, changes in the chemical environment should not
ffect the detection of this species, which is illustrated in Fig. 4.
he salient point from both analyses is that the molecular ion
ignal from a drug species within a biological matrix does not

o
s
m
w

ig. 5. Selected ion images from a 40 keV C60
+ analysis of an area of rat brain tissue in

rea, the total primary ion dose was 4.3 × 1011 ions/cm2, the maximum count in a pi
eadgroup (m/z 184), (b) the collection of lipid peaks in the mass range 700–850, (c) c
s from a 200 �m × 200 �m field of view image showing the fine structure of the cho
operidol and ipratropium bromide, using 20 keV C60
+ primary ion beam. The

s relating to cholesterol and the phosphatidylcholine headgroup.

eteriorate with prolonged C60
+ bombardment. This alludes to

he possibility that molecular information can be extracted not
nly from the immediate surface of a sample, as in the traditional
tatic SIMS approach, but instead by the removal of numerous
onolayers increasing the number of drug molecules available

or sampling, thus improving the probability that the molecule
ill be detected.

.3. Tissue imaging

In order to obtain accurate information about the distribution

f compounds within a biological sample, good detection limits
hould be coupled to high spatial resolution. In Section 1, it was
entioned that polyatomic ion beams are now being developed
ith spot sizes that are approaching those of the monoatomic

corporating part of the corpus callosum. Images (a–d) are of a 800 �m × 800 �m
xel within the images are quoted. The images show the distribution of: (a) PC
holesterol (m/z 369) and (d) a single phospholipid–PC 34:1 (m/z 760). Image (e)
lesterol (m/z 369) within this feature, using an ion dose of 1.2 × 1011 ions/cm2.
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iquid metal ion sources (LMIS), and this is demonstrated in
ig. 5, where an area of rat brain tissue is imaged using a 40 keV
60

+ beam.
The images (a–d) are from a 800 �m × 800 �m area that

llustrates the interface between the corpus callosum feature
white matter) and the predominantly phospholipid dominated
rey matter. The images clearly show the difference in chem-
stry between the white and grey matter. The cholesterol (m/z
69; Fig. 5c) is confined to the white matter, whilst the sub-
equent images, the collection of phospholipid quasi-molecular
on peaks at m/z 700–850 (Fig. 5b), the PC headgroup m/z 184
Fig. 5a), and a single phospholipid quasi-molecular ion at m/z
60 (Fig. 5d) all demonstrate chemistry that is characteristic
o the grey matter. Image (Fig. 5e) is a 200 �m × 200 �m area
f the boundary between the white and grey matter, where the
ne structure of the cholesterol (based on the m/z 369 ion) is
learly visible, with features with a diameter of 25 �m readily
istinguishable.

.4. Drug molecule imaging from in vivo studies

The high ion detection efficiency and improved imaging capa-
ilities demonstrated in the previous sections indicate that con-

itions are now suitable to allow the distribution of compounds
f markedly lower concentrations to be imaged, and not only the
bundant native molecules. Fig. 6 shows the mapping of the drug
aclopride within a section of rat brain containing the striatum

i
e
t
s

ig. 6. A SIMS imaging investigation into the distribution of the drug raclopride fro
pectrum demonstrates the presence of the [M+H]+ of the raclopride at m/z 347 with
mages are shown on a thermal scale and illustrate the distribution of: (a) m/z 184 from
rom the drug raclopride, the maximum counts per pixel of the ion of interest are qu
mage (d) shows the area that was analysed. The total imaged area was 1.6 mm × 8.0
ass Spectrometry 260 (2007) 146–157 153

rom an animal dosed with the drug in vivo. The estimated con-
entration of the drug in the bulk organ is in the region of 2 ppm as
etermined by ESI-MS (S. Summerfield, GSK, Harlow, personal
ommunication). Raclopride is a molecule that specifically binds
o dopamine-D2 receptors within the brain, and a 11C contain-
ng variant is commonly used in positron emission tomography
o map the location of these receptors [31]. The selected ion
mages shown in Fig. 6a–c relate to the shaded area of the opti-
al image in Fig. 6d. In order to identify the different domains
ithin the section, the distribution of the PC headgroup ion at m/z
84 (Fig. 6a) and cholesterol ion, m/z 369 (Fig. 6b), are shown.
rom the accompanying spectrum, peaks relating to the [M+H]+

f the drug raclopride are clearly visible to the left of a cluster
f peaks relating to a cholesterol fragments within the drug con-
aining section and absent from a representative control section
pectrum. The distribution of this peak was then imaged using
he C60

+ ion beam and presented in Fig. 6c. However, the distri-
ution demonstrated by the SIMS analysis does not accurately
orroborate with the known locations of D2 receptor sites [32].
hese data, whilst encouraging with respect to detection levels,
ffers two possible explanations for the result obtained, both
f which involve common challenges encountered with SIMS
nd other mass spectrometry analysis. One possible explanation

s that there is redistribution of the drug within the sample on
ntering the vacuum. It has been shown that cholesterol migra-
ion at room temperature can yield different results from the
ame tissue section depending on the temperature the sample is

m a section taken from a rat dosed in vivo. In the inset mass spectra, the lower
its isotope peak at m/z 349, which are absent from the control spectrum. The
phosphatidylcholine headgroup, (b) m/z 369 from cholesterol and (c) m/z 347

oted. In all of the images, the green pixels represent the substrate. The optical
mm, with an ion dose of 8.8 × 1011 ion/cm2.
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eld at during analysis [33], although there is much more to be
nderstood of the mechanisms behind this molecular movement.
he other possible cause is a familiar problem within dynamic
IMS, but not so frequently highlighted for organic SIMS, the
atrix effect. It is to be noted from Fig. 6c that the [M+H]+ signal

rom the drug closely resembles the distribution of cholesterol
Fig. 6b) which is indicative of the myelin rich white matter of
he brain. It has previously been shown that cholesterol can pro-
ide a chemical environment that promotes the protonation of a
pecies, whilst the phosphatidylcholine containing lipids act to
uppress the [M+H]+ signal from a typical drug compound [34].

.5. Matrix effects

In order to investigate whether a matrix effect could explain
he results in Fig. 6, a control section of rat brain was spin
oated with 5 �L of a 1 × 10−3 M concentration solution of
related drug molecule (haloperidol) which should provide a

ub-monolayer covering of the drug over the surface. When
he tissue section was imaged there were significant similari-
ies to the raclopride result in Fig. 6. In Fig. 7, the distribution
f drug [M+H]+ signal (m/z 376) across two different domains
f the tissue is shown. The signal from the PC headgroup (m/z
84) indicates the distribution of grey matter, whilst the peak
rom the cholesterol (m/z 369) is again used to demonstrate the
ocalisation of white matter. The same areas in both the ‘real
orld’ and model examples were also analysed in the nega-

ive polarity in order to investigate whether the distribution of
he drug based on the [M−H]− ion could be compared to that
f the [M+H]+. However, no quasi-molecular or characteristic
ragment ions could be detected, which is in keeping with the
ata from analysis of pure films of these drugs where the pos-
tive ions are heavily favoured due to the basic nature of the

olecules. This model system demonstrates the severity of the
uppression/enhancement effects that can be encountered across
two-domain system such as brain tissue sections. Without prior
nowledge of the system in question it would be easy to assume

hat the peak at m/z 376 was linked to the constituents of the
hite matter along with the cholesterol.
Matrix effects are a common problem within analytical sci-

nce and well known in mass spectrometry. High salt concen-

t
s
o
m

ig. 7. Distribution of the molecular signal of the drug haloperidol ([M+H]+ signal at
f the tissue. The signal from cholesterol (m/z 369) and phosphatidylcholine (m/z 184)
he analysed area is 800 �m × 800 �m with a dose of 8 × 1010 ion/cm2. Although the
s only detected from the cholesterol rich areas.
ass Spectrometry 260 (2007) 146–157

rations have been identified as interfering with electrospray
onisation mass spectrometry (ESI) analyses [35] as well as with

ALDI [36,37], whilst the effects of physiological compounds
n suppressing ionisation has also been reported in ESI [38]. The
mplication of this for SIMS of biological tissue is that great care

ust be taken interpreting the results of an analysis, and that full
uantitative data may not be possible, as factoring for the effects
f different chemical domains may need to be incorporated into
he data handling.

One possible route to overcoming the matrix effect is to probe
he high yield of sputtered neutrals using laser post-ionisation
39]. Although much has been made of the use of post-ionisation
PI) methods to increase the yields within SIMS experiments,
he complexity of the experiment and the large differences in the
uccess of the experiment depending upon the molecule of inter-
st has seen the technique largely neglected recently, especially
or obtaining molecular information. To test this possibility we
repared a model sample consisting of the drug atropine in
:1 mixtures with both cholesterol and DPPC. The samples
ere analysed using C60

+ SIMS in the conventional manner
nd laser post-ionisation of the sputtered neutrals. The results
resented in Fig. 8 clearly show a great difference in the inten-
ity of the drug molecule within the SIMS experiment, with
he intensity of the [M+H]+ at m/z 290 and major fragment at
/z 124 differing by an order of magnitude between the two

ipid matrices. When the same samples are analysed using laser
ost-ionisation the most abundant representative ion seen from
he drug is the fragment peak at m/z 124, the [M+H]+ ion of
ourse is not generated by laser PI. When the intensity of this
eak is compared across the two samples the difference is neg-
igible within experimental error. This suggests that the same
mount of the drug molecule is present at the surface to be sam-
led, and the same number are being sputtered into the vacuum,
owever the nature of the sample has a great effect upon the per-
entage of these molecules that enter the vacuum in a charged
tate.

As well as being a method for illustrating the severity of

he matrix effects that may be encountered within biological
amples, this experiment also highlights the potential benefits
f separating the desorption and ionisation steps within surface
ass spectrometry.

m/z 376) spun cast onto a section of brain with respect to the chemical domains
are shown to indicate the different chemical domains within the tissue surface;
drug species covered the whole area visible in the image, the molecular signal
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Fig. 8. The analysis of a drug molecule mixed with two abundant biological lipids, cholesterol and DPPC. The SIMS analysis, reliant upon ionisation at or just
a ility
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bove the surface demonstrates strong differences between the ionisation probab
hereas when the molecule is laser post-ionised the difference is negligible with
as a characteristic fragment at m/z 124.

. Discussion/conclusion

From the data presented here it is clear that the C60
+ pri-

ary ion can make a great contribution to biological imaging,
specially with the new generation ion beam technology that
rovides higher primary ion energies, fluxes and spot focussing.
owever, for molecular imaging of surfaces the secondary ion
ields and minimum spot size only describe part of the require-
ents for effective imaging. With decreasing pixel sizes the

umber of ions available for sampling decreases accordingly.
ith the problem of bombardment-induced damage this issue

egins to become the dominant factor for sub-micron resolution
maging. The plot in Fig. 9 shows how the number of molecular
econdary ions that may expected from a given pixel area varies
s a function of the ion detection efficiency based on the data for
holesterol collected for Table 2. The C + efficiency value in
60
talics is that calculated using the disappearance cross-section
rom the steady state as discussed previously. The plot shows
hat the efficiency of Au+ and Bi+ bombardment on the tissue

ig. 9. A plot demonstrating the number of secondary ions of a given species
the m/z 385 ion from cholesterol in this case) that are theoretically available
rom a given pixel size as a function of secondary ion detection efficiency. The
ertical lines have been added to illustrate the efficiencies calculated for the
onatomic ions Au+ and Bi+, the cluster ion Bi52+ and C60

+. The two values
or C60

+ represent the efficiency calculated from the average disappearance
ross-section and then the disappearance cross-section at the steady state.
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of the drug atropine to its [M+H]+ ion (m/z 290) and major fragment (m/z 124),
erimental error. The ion used to identify the atropine in the laser post-ionisation

ection is so low as to mean that it is improbable that a sec-
ndary ion yield >1 will be obtained from a 500 nm pixel, even
hough the beam can easily be focussed to provide this spatial
esolution. It is only when the efficiencies of polyatomic ion
eams are placed onto the plot that useful secondary ion yields
re obtained.

Whilst the above conclusion is undoubtedly true, some qual-
fication is required. It should be borne in mind that a static
IMS mode of thinking has been used to define the detection
fficiency in terms of the disappearance cross-section. The dis-
ppearance cross-section as determined above in Section 3.1
ssumes that the main contributor to the decay of the secondary
on signal will be ion bombardment-induced destruction of the
urface chemistry. If damage accumulation is close to zero, then
he only contributor to the disappearance cross-section would
e removal of molecules. However, for multilayer samples the
econdary ion signal will not reflect this loss until the sample
emaining is less than the information depth of the primary ion,
.e., around a few monolayers. Thus, for thick samples disappear-
nce cross-sections of close to zero are in principle possible. This
ould result in efficiencies of close to infinity which would be
eaningless. Fundamentally SI detection efficiency is defined

s the probability that a sputtered molecule is transformed into
SI multiplied by the instrument transmission and detection

fficiency for the ion:

(Xi
+) = P(M → Xi

+)T (Xi
+)D(Xi

+) (3)

or such samples efficiency should be defined as SI yield × NPI
o sputter all analyte per unit area or volume.

(Xi
+) = Y (Xi

+)θ(M)

YC60 (Mtot)
(4)

here θ(M) is the surface coverage of M and YC60 (Mtot) is the
otal sputter yield of M under C60 bombardment. The prob-
em is that to determine this we need sputter yields. These

an only be determined by measuring weight or volume lost
rom pure systems and there are very few measurements at
resent. If we take the C60 case in Table 2 with the steady
tate disappearance cross-section of 3 × 10−15 cm2, this would
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ield an efficiency of 5 × 1011 cm−2 or 50 ions (100 nm)−2.
owever, the few measurements made so far suggest that the

putter yield of cholesterol will be >100 under C60 bombardment
40]. Assuming θ(M) ∼ 4 × 1014 mol/cm2, then ∼4 × 1012 C60
mpacts would sputter 1 cm2 of pure cholesterol, yielding a two-
imensional efficiency of 6 × 109 cm−2 or 0.6 ions (100 nm)−2.
ields above this would require the removal of a number of

ayers resulting in voxel analysis. C60 can do this because it gen-
rates little damage. On this basis a voxel of (100 nm)3 could
eliver >100 ions enabling reasonable three-dimensional chem-
cal speciation. However, the ion yield is still only 10−5 to 10−4.
f this could be raised there are very exciting possibilities for
ven better volume resolution.

It has also been demonstrated here that the signal from drug
olecules within model biological systems showed negligible

ignal disappearance with C60
+, and hence would have a two-

imensional efficiency theoretically approaching infinity. Voxel
nalysis would be possible in this case and the number of sec-
ndary ions that could be collected would be limited only by the
hickness of the sample (assuming homogeneity) and the time
aken to acquire the data.

Data collection rates are slow with the pulsed systems cur-
ently in use, especially with polyatomic ion beams as they either
ake up a relatively small percentage of the total ion current

s in Bi and especially the Au:Ge sources, or have low total
urrents. With a different design of instrument, allowing much
arger doses to be used whilst still collecting a large percentage
f the ions created then SIMS imaging can be moved away from
he traditional pixel paradigm, and introducing a more informa-
ion rich voxel concept.

Despite this increase in available data there are still a num-
er of challenges to fully realise the potential of SIMS analysis
f biological systems. Even with the yield increases provided
y C60, ionisation probabilities are still very low and there is a
reat deal to be gained from improvements. The matrix effects
iscussed here could also provide significant challenges, espe-
ially for quantitative studies, which would certainly interest
hose in the field of drug discovery. It is clear that methods of
ontrolling and enhancing the ionisation process are required.
his work has demonstrated that laser PI can contribute in par-

icular cases. A recent study from this laboratory has shown
hat where frozen water is the host matrix, cluster ion bombard-

ent generates large quantities of protons that greatly enhance
he yield of M + H ions from solute amino acids and nucleic
ases [41]. We need to increase our understanding of the mech-
nisms involved, to enable us to develop methods to control and
nhance ionisation, be it through altering the surface chemistry
ia matrix addition or pre-etching with a polyatomic ion beam;
r de-coupling the desorption and ionisation steps through post-
onisation methods.
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