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Mass spectrometric imaging is a powerful tool to inter-
rogate biological complexity. One such technique, time-
of-flight secondary ion mass spectrometry (TOF-SIMS)
imaging, has been successfully utilized for subcellular
imaging of cell membrane components. In order for this
technique to provide insight into biological processes, it
is critical to characterize the figures of merit. Because a
SIMS instrument counts individual events, the precision
of the measurement is controlled by counting statistics.
As the analysis area decreases, the number of molecules
available for analysis diminishes. This becomes critical
when imaging subcellular features; it limits the informa-
tion obtainable, resulting in images with only a few counts
of interest per pixel. Many features observed in low
intensity images are artifacts of counting statistics, making
validation of these features crucial to arriving at accurate
conclusions. With TOF-SIMS imaging, the experimentally
attainable spatial resolution is a function of the molecule
of interest, sample matrix, concentration, primary ion,
instrument transmission, and spot size of the primary ion
beam. A model, based on Poisson statistics, has been
developed to validate SIMS imaging data when signal is
limited. This model can be used to estimate the effective
spatial resolution and limits of detection prior to analysis,
making it a powerful tool for tailoring future investigations.
In addition, the model allows comparison of pixel-to-pixel
intensity and can be used to validate the significance of
observed image features. The implications and capabilities
of the model are demonstrated by imaging the cell
membrane of resting RBL-2H3 mast cells.

Imaging with time-of-flight secondary ion mass spectrometry
(TOF-SIMS) is a powerful analytical tool for mapping the spatial
distribution of biologically relevant small molecules (<1000 Da)
on a surface.! Because of the inherent surface sensitivity of the
technique, TOF-SIMS has been used for the study of cell
membrane lipids, such as phospholipids and cholesterol.?—®
Primary ion sources employed for TOF-SIMS experiments are not
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diffraction-limited and thus provide nanometer-scale spatial
resolution.®”® The desorbed ions are analyzed using TOF, which
provides high chemical specificity. Recent advances in MS
instrumentation used to analyze secondary ions promise to greatly
increase the chemical specificity available for imaging experi-
ments.!®!" When combined with cryogenic sample preparation
techniques, TOF-SIMS permits the detailed study of membrane
lipids during dynamic processes such as membrane fusion.'*~4

The capability of TOF-SIMS to image subcellular features of
the plasma membrane has been previously demonstrated; how-
ever, these features were significantly larger than the minimum
pixel size available for the analysis.?® Further, these features
appeared in distinct cellular locations on the cell that allowed for
features to be easily identified via a line scan (a plot of the signal
intensity for a given ion as a function of its lateral position on the
line). Analyzing small features becomes difficult as feature size
approaches the minimum pixel size, an experimental limit imposed
by the focus of the primary ion beam. Indeed, when characterizing
these small features, signal averaging cannot be used, making it
necessary to compare fewer pixels to one another. The concept
of useful lateral resolution, AL, has long existed in the SIMS
community.’® AL is defined as the side of the minimum square
area in which N secondary ions of a given mass can be desorbed

@
<

Monroe, E. B; Jurchen, J. C.; Lee, J.; Rubakhin, S. S.; Sweedler, J. V. J. Am.
Chem. Soc. 2005, 127, 12152-12153.
(4) Nygren, H.; Malmberg, P. Trends Biotechnol. 2007, 25, 499-504.
(5) Altelaar, A. F. M.; van Minnen, J.; Jimenez, C. R.; Heeren, R. M. A.; Piersma,
S. R. Anal. Chem. 2005, 77, 735-741.
(6) Marxer, C. G.; Kraft, M. L.; Weber, P. K.; Hutcheon, 1. D.; Boxer, S. G.
Biophys. J. 2005, 88, 2965-2975.
(7) Kraft, M. L.; Weber, P. K;; Longo, M. L.; Hutcheon, I. D.; Boxer, S. G.
Science 2006, 313, 1948-1951.
(8) Winograd, N. Anal. Chem. 2005, 143A-149A.
(9) Peteranderl, R.; Lechene, C. J. Am. Soc. Mass Spectrom. 2004, 15, 478
485.
(10) Carado, A.; Passarelli, M. K; Kozole, J.; Wingate, J. E.; Winograd, N.;
Loboda, A. V. Anal. Chem. 2008, 80, 7921-7929.
(11) Fletcher, J. S.; Rabbani, S.; Henderson, A.; Blenkinsopp, P.; Thompson,
S. P.; Lockyer, N. P.; Vickerman, J. C. Anal. Chem. 2008, 80, 9058-9064.
(12) Roddy, T. P.; Donald, M.; Cannon, J.; Meserole, C. A.; Winograd, N.; Ewing,
A. G. Anal. Chem. 2002, 74, 4011-4019.
(13) Roddy, T. P.; Donald, M.; Cannon, J.; Ostrowski, S. G.; Winograd, N.; Ewing,
A. G. Anal. Chem. 2002, 74, 4020-4026.
(14) Cannon, D. M. J.; Pacholski, M. L.; Winograd, N.; Ewing, A. G. J. Am. Chem.
Soc. 2000, 122, 603-610.
(15) Kotter, F.; Benninghoven, A. Appl. Surf. Sci. 1998, 133, 47-57.

Analytical Chemistry, Vol. 81, No. 14, July 15, 2009 5593



Downloaded by PENNSYLVANIA STATE UNIV on August 10, 2009
Published on June 16, 2009 on http://pubs.acs.org | doi: 10.1021/ac901065s

and detected.'®!” Traditionally, an N of 4 was considered to be
useful.'® This concept accounts for the finite amount of ions
generated for detection from small sample volumes. This definition
is, however, inadequate when imaging a small number of pixels.

Keenan and Kotula have shown that consideration of counting
statistics improves the quality of multivariate analyses applied to
TOF-SIMS data.'® Because SIMS images are compiled by counting
relatively rare events, ions of interest striking a detector, we must
consider the resulting distribution of the intensities measured.
Thus, an image of a uniform surface will not appear uniform
because the pixel intensities follow a binomial distribution. This
distribution precludes the direct comparison of two individual
pixels and complicates the interpretation of imaging data. Thus,
when analyzing small volumes, one must also consider factors
which influence the intensity for a molecule of interest, i.e., the
surface concentration, the change in concentration expected, the
effective ionization efficiency, and the spot size of the primary
ion source.

In this work, we demonstrate that SIMS imaging data can be
accurately modeled using the Poisson distribution. By analysis
of the data in this manner, a better understanding and more robust
interpretation of the surface composition is obtained. Our approach
allows the identification and validation of pixel-to-pixel heterogene-
ity not possible with line scans. This capability allows the
interrogation of lipid domains, which can appear anywhere on the
cell surface and with sizes smaller than a single pixel.

To test our approach, we imaged the phospholipid and
cholesterol distributions on the surfaces of RBL-2H3 mast cells.
Cholesterol-rich microdomains within the plasma membrane of
these cells have been hypothesized to play functionally important
roles in immunoreceptor signaling in the allergic response.!®?°
However, directly observing the spatial arrangement of these
domains, and the lipids that comprise them, i situ with good
resolution and relevant chemical information has remained elusive
due to their size and lifetime.?"?? In this work, we describe our
model using simulated data that allows us to predict signal and
spatial resolution limitation. The presence of these multiple
populations provides compelling evidence for a heterogeneous
distribution of lipid species in the resting RBL-2H3 cell membrane.

MATERIALS AND METHODS

Cell Preparation for Imaging. RBI-2H3 mast cells were
suspended in BSA-containing buffered saline solution (20 mM
HEPES, pH 7.4, 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl,, 1 mM
MgCl,, 5.6 mM glucose, 1 mg/mL BSA) and sensitized with a
10-fold molar excess of mouse-anti-2,4-dinitrophenyl IgE. Cells
were incubated for 2 h at 4 °C. Cells were then diluted (1 x
108 cells/mL), applied to 5 mm x 5 mm Si substrates, and
allowed to adhere (10 min, 37.4 °C).2% Shards containing RBL-
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2H3 cells were rinsed for 5 s in 18 MQ water to remove
contamination from excess media. To prevent cell rupture, the
shards were quickly frozen in liquid ethane and stored under
liquid nitrogen (LN,). The samples were introduced to the
ultrahigh vacuum environment of the mass spectrometer at LN,
temperatures, as described elsewhere.'* Once under vacuum,
the samples were warmed 5 °C/min to —80 °C to remove the
water with negligible crystallization. This process was moni-
tored using a video camera mounted on a bright field micro-
scope. When the water was removed, the sample was quickly
returned to liquid nitrogen temperatures. During the cooling
process, some residual water in the vacuum environment was
redeposited on the sample producing a uniform layer of water
on top of the cells.?®

Langmuir—Blodgett and Physical Vapor Deposition Film
Preparation. The phospholipids used include N-stearoyl sphin-
gomyelin (SSM), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), and cholesterol (CH). The LB films used for the
investigation were either pure POPC or 23% CH/47% SM/30% PC.
The lipids were applied to the air—water interface, compressed
to 7mN/m, and then transferred onto hydrophilic substrates. This
relatively low pressure is used to ensure the appearance of
immiscible liquid phases and to ensure that the size of the domains
is large enough for SIMS observation.

Physical vapor deposition (PVD) films were prepared by
subliming cholesterol (Sigma-Aldrich, St. Louis, MO) contained
in a crucible by resistive heating of a tungsten filament followed
by deposition onto a LN,-cooled sample stage. The film thick-
ness was monitored using a quartz crystal microbalance (QCM)
and subsequently characterized using AFM.

Mass Spectrometer. Imaging data was acquired using a
Kratos Prism TOF-SIMS spectrometer (Manchester, U.K.) equipped
with an In" liquid metal primary ion source (FEI, Beaverton,
OR). The pulsed primary ion source was operated at an anode
voltage of 15 kV angled at 45° to the sample. The beam was
focused to approximately 300 nm in diameter and delivered 1
nA of dc current in 50 ns pulses. The sample was mounted
onto a LNy-cooled analysis stage (Kore Tech. Ltd., Cambridge,
U.K)) biased at +2.5 kV, 2.5 in. from a cold trap that was also
cooled with LN,. An extraction lens, biased at —4.7 kV,
collected the secondary ions which then traveled along a 4.5 m
flight path and were detected with a microchannel plate (MCP)
detector (Galileo Co., Sturbridge, MA).

Data Collection and Image Analysis. Mass spectrometry
images were acquired by raster-scanning the primary ion beam
across the sample region and collecting a mass spectrum for each
pixel. The data were collected using in-house imaging software
(visual C++, Microsoft, Redmond, WA). Imaging data was
imported into MATLAB (Mathworks, Natick, MA) for analysis.
Individual masses were plotted with their intensities displayed on
a false color scale to better portray image details. Image binning
was achieved by mathematically combining adjacent pixels.
Histograms were created by first using an ROI tool created in
LabView to select the cell or film area. The data was then exported
to Microsoft Excel, and histograms were plotted and fitted using
the built-in function from the Analysis ToolPak. Multiple Poisson
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distributions were applied to the histogram, and the means and
partial contributions were allowed to vary. The solver function
varied these parameters to minimize variance and thus provide
the best fit.

Model Calculations. The basic equation that describes the
ion yield in a static SIMS experiment was used to obtain expected
yields for imaging experiments.?*

_ +
I, =LY, 0,7 )

where the secondary ion current, I,,,, is the product of the primary
ion flux, I,,, the sputter yield, Y, the ionization probability to
positive ions, o, the molecules’ fractional concentration, 6y,
and the transmission of the instrument, 5. By measuring the
secondary ion yields from pure films on the mass spectrometer
to be used for imaging, we can calculate an effective ionization
efficiency which is the product of ¥,a" 5. Assuming that images
are obtained by adhering to the static limit,2* we can use 10"
impacts/cm? for the total primary ion flux. The use of the total
dosage for I, results in the calculation of the total secondary
ion yield. This leaves only the estimation of the molecules
fractional concentration, which appears frequently in the
literature.2° The calculated secondary ion yield, from eq 1, can
then be used in the Poisson equation for A, to generate the
probability mass function (relative number of events versus
expected counts). If the expected number of ions counted is 4,
then the probability of there being exactly & counts is defined by
the Poisson distribution.
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When surface concentrations are considered as distributions,
the potential overlap of these distributions must be estimated using
a zscore to determine the accuracy of the experiment. The z-score
is the difference in the means of two different populations given
in the number of standard deviations. This is indicative of how
accurately we can assign a pixel to a given population.

Uy — Uz

z2=——" 3)
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where u, is the mean intensity of the higher concentration, y;
is the mean intensity of the lower concentration, and o, is the
standard deviation calculated from the mean ion intensity.
Because of the shape of the Poisson distribution, the standard
deviation is equal to +/u.

To assess the goodness-of-fit for imaging data, reduced y?
values were calculated. Briefly, the reduced y? is the variance
of the imaging data divided by the variance predicted by the
Poisson distribution. Thus, reduced y? values near 1 are
indicative of a good fit.

RESULTS AND DISCUSSION

SIMS Imaging of Homogeneous Surfaces. Because SIMS
instruments collect data by counting occurrences, the counts in
individual pixels follow a discrete probability distribution. The
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Figure 1. (A) Mass-specific image of PC from POPC LB film. (B)
Histogram of signal intensity for (m/z)* 184 in a Langmuir—Blodgett
film composed of POPC. The scale bar represents 100 um.

effect of this distribution is illustrated in Figure 1. A SIMS image
of a single component Langmuir—Blodgett film made from
palmitoyl-oleyl-phosphatidylcholine (POPC) is shown in Figure
1A. Figure 1B shows an intensity histogram plotted from the
representative SIMS image that appears in part A. On the x-axis,
pixels are binned by the intensity or number of counts. The y-axis
is the number of pixels at each intensity, normalized to the total
number of pixels (N/N,,). Displayed as an XY plot, the image
(Figure 1A) appears to be a random array of intensities, and it is
difficult to draw any conclusions about the nature of the analyzed
surface. The black line represents the distribution predicted by
the Poisson distribution using an average intensity calculated from
the entire image. The theoretical curve fits the image distribution
well, giving a reduced y® value of 1.1. Thus, the intensity
variations observed in Figure 1A are an artifact of counting
statistics and the surface is homogeneous, as would be expected
given that the sample is a single component Langmuir—Blodgett
film. These data also demonstrate that the Poisson distribution is
an accurate model of our imaging data.

Probability Mass Functions and Spatial Resolution. The
useful lateral resolution of a SIMS imaging experiment depends
upon the focus of the primary ion beam as well as the useful
ionization efficiency of the molecule of interest. However, because
the image is compiled by counting rare events, we must consider
that the pixel intensities will follow a probability distribution. The
Poisson distribution is often used to characterize the statistics of
rare events with a small average number of occurrences.?®
Adopting this as our model, we can predict the results of a
proposed SIMS imaging measurement to better understand the
effects of the intensity distribution, surface concentration, and
ionization efficiency and how these parameters will affect our
measurement.
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Figure 2. (A) Probability mass function for imaging cholesterol, assuming 100% concentration change between pixels, with 310 nm spatial
resolution. (B) Probability mass function of two discrete populations where concentration 1 gives an average intensity of 2.67 counts and
concentration 2 gives an average intensity of 5.33 counts. (C) Probability mass function for imaging cholesterol, assuming 100% concentration
change between pixels, with 1.2 um spatial resolution. (D) Probability mass function for imaging cholesterol, assuming 100% concentration

change, down-binned to 2.79 um spatial resolution.

In Figure 2, we applied our model to the theoretical imaging
of cholesterol distribution in the plasma membrane of RBL-2H3
cells. The effective ionization efficiency was measured using a PVD
cholesterol film imaged with an In* primary ion source. Although
using In* primary ions results in lower ionization efficiencies
when compared to cluster projectiles, the demonstrated com-
patibility with frozen sample preparations, ease of focus, and
high ion currents that are routinely obtained make it useful
for these experiments.

Previous work in our lab has demonstrated the m/z 147 can
be used to identify cholesterol in the membrane of cryogenically
preserved single cells and offers a 3-fold increase in signal
intensity, when compared to the molecular ion.?” Because of the
possibility of isobaric interference when using m/z 147, it is
important ensure images are free of PDMS contamination. This
was achieved by scanning the total image mass spectrum for the
presence of other known PDMS contamination fragments.

For this calculation, we postulated two discrete surface
concentrations of cholesterol. In concentration one, cholesterol
comprises 25% of the membrane lipids, while in concentration two,
cholesterol comprises 50% of membrane lipids, thus corresponding
to a 100% concentration change. With the use of experimentally
determined ionization efficiencies and a pixel size of 310 nm, this
would correspond to average pixel counts of approximately 0.6
and 1.2 for concentration one and concentration two, respectively.
Figure 2A shows the expected intensity distributions calculated
using these parameters. The resulting overlap of the distributions
reveals that in an image containing these two populations, which
differ in cholesterol concentration by a factor of 2, the two

(27) Piehowski, P. D.; Carado, A. J.; Kurczy, M. E.; Ostrowski, S. G.; Heien,
M. L.; Winograd, N.; Ewing, A. G. Anal. Chem. 2008, 80, 8662-8667.

5596 Analytical Chemistry, Vol. 81, No. 14, July 15, 2009

concentrations will be virtually indistinguishable. This is expected
because the average pixel intensity () is approximately 1, and
N of 4, an average of 4 counts per pixel, is required for useful
lateral resolution (vide supra). With an increase of N to 4 for our
calculations, and maintaining 100% concentration change, Figure
2B demonstrates that there is still considerable overlap. Extrapola-
tion of this result to biological samples, which are infinitely more
complex, suggests that spatial resolution estimates based on useful
lateral resolution are misleading.

In Figure 2C, the spatial resolution of the data in Figure 2A
has been down-binned from 310 nm to 1.2 um by combining
adjacent pixels, resulting in an N of 13.5. The plot shows that there
is still an overlap in intensities. Counts in this overlap region can
be differentiated with various levels of confidence; however, the
majority of pixels can be identified with certainty. The degree of
differentiation can be quantified using the z-score, as defined in
eq 3 (Materials and Methods). For 1.2 um spatial resolution, we
calculate a z-score of 3. From numerical integration we find that
a z-score of 3 corresponds to 90% separation of the two distribu-
tions. A consequence of the standard deviation having a square
root dependence on the mean intensity is that, regardless of how
many counts are obtained, 4 times as many are needed to double
the separation between populations. The byproduct of this is
illustrated in Figure 2D. To obtain complete separation of the two
distributions, defined as being >99.5%, the image would have to
be down-binned to 2.79 um spatial resolution. This degree of
separation gives a z-score of 5.6.

Effect of Ionization Efficiency and Concentration Change.
The spatial resolution estimates reported in Figure 2 are instru-
ment, mass, and matrix-dependent. These calculations were
performed at a constant effective ionization efficiency and con-
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