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Abstract
In time-of-flight secondary ion mass spectrometry (ToF-SIMS), the choice of primary ion used for
analysis can influence the resulting mass spectrum. This is because different primary ion types can
produce different fragmentation pathways. In this study, analysis of single-component protein
monolayers were performed using monatomic, tri-atomic, and polyatomic primary ion sources.
Eight primary ions (Cs+, Au+, Au3

+, Bi+, Bi3+, Bi3++, C60
+) were used to examine to the low mass

(m/z < 200) fragmentation patterns from five different proteins (bovine serum albumin, bovine
serum fibrinogen, bovine immunoglobulin G and chicken egg white lysozyme) adsorbed onto
mica surfaces. Principal component analysis (PCA) processing of the ToF-SIMS data showed that
variation in peak intensity caused by the primary ions was greater than differences in protein
composition. The spectra generated by Cs+, Au+ and Bi+ primary ions were similar, but the
spectra generated by monatomic, tri-atomic and polyatomic primary ion ions varied significantly.
C60 primary ions increased fragmentation of the adsorbed proteins in the m/z < 200 region,
resulting in more intense low m/z peaks. Thus, comparison of data obtained by one primary ion
species with that obtained by another primary ion species should be done with caution. However,
for the spectra generated using a given primary ion beam, discrimination between the spectra of
different proteins followed similar trends. Therefore, a PCA model of proteins created with a
given ion source should only be applied to datasets obtained using the same ion source. The type
of information obtained from PCA depended on the peak set used. When only amino acid peaks
were used, PCA was able to identify the relationship between proteins by their amino acid
composition. When all peaks from m/z 12-200 were used, PCA separated proteins based on a ratio
of C4H8N+ to K+ peak intensities. This ratio correlated with the thickness of the protein films and
Bi1+ primary ions produced the most surface sensitive spectra.
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Supporting Information PCA results for ToF-SIMS data from adsorbed Lys and IgG films on mica are provided in the supporting
information.

NIH Public Access
Author Manuscript
J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2012 December 15.

Published in final edited form as:
J Phys Chem C Nanomater Interfaces. 2011 December 15; 115(49): 24247–24255. doi:10.1021/
jp208035x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
bismuth; C60; cluster ion; PCA; thin films

1. Introduction
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a powerful surface analysis
technique for the characterization of adsorbed protein films due to its high surface
sensitivity, molecular specificity, and lateral resolution [1-5], allowing it to identify a
particular protein from a multi-component protein film [6, 7]. However, the interpretation of
ToF-SIMS data from adsorbed protein films is challenging because large, unique secondary
ion fragments from a given protein are typically not detected, unlike matrix-assisted laser
desorption/ionization (MALDI), which yields high mass molecular ions from large non-
volatile biomolecules [8, 9]. Without large, unique fragments, the complex variations in the
low mass (0-200 m/z) ToF-SIMS fragmentation pattern from the 20 amino acids present in
proteins must be analyzed to determine an adsorbed protein’s identity, concentration,
conformation and orientation. For proteins, these small mass fragments are usually
fragments of individual amino acids, as significant levels of tripeptides, dipeptides, and even
monopeptides are not detected. To decode the information in the low mass fragmentation
patterns, investigators have identified characteristic peaks that correspond to each of the 20
amino acids [2]. However, since all proteins contain the same 20 amino acids, ToF-SIMS
data from adsorbed proteins cannot be easily differentiated based on the presence or absence
of unique peaks. Due to the multivariate nature of the data, methods such as principal
component analysis (PCA) become invaluable. PCA can aid in the interpretation of mass
spectra by revealing differences between each spectrum (scores), and relating them back to
the differences in the fragmentation pattern of the spectra (loadings), the utility of which has
been demonstrated by our group [3, 5, 7, 10-16], as well as other groups [17-20]. The
combination of using characteristic peaks for a given system with PCA has proven to be an
effective methodology in aiding with the interpretation of spectral data. The use of
multivariate analysis methods with ToF-SIMS data has increased dramatically in the last
decade [21]. These techniques have been used to probe the orientation and conformation of
adsorbed proteins [15, 16, 22], as well as to identify and differentiate specific proteins in
mixtures [6, 7].

Recent advances in primary ion technology have focused on the development of cluster ion
beams. The most important landmark in primary ion advancement has been the increase in
secondary ion yield from the development of cluster ion sources such as SF6

− [23], Aun
+ (n

= 1-5) [24], Binq+ (n = 1-7, q = 1 and 2) [25], and C60
q+ probes (q = 1-3) [26, 27].

Historically, primary ion sources commonly used in SIMS experiments have been
monatomic projectiles such as Ar+, Xe+, Ga+ and Cs+. However, the level of chemical
information obtained using these monatomic projectiles was low. This was in part due to the
low yield of ionized fragments (< 1%) [28], as well as the inefficient desorption of large
fragments that contain greater chemical complexity. Many techniques such as matrix
enhancement [29, 30], metal cationization [31-33], and laser-post ionization of neutrals [34]
have been employed to increase yields, especially with the goal of emitting large mass
fragments. The development of cluster primary ions led to the observation that for some
systems one not only gets an increase in overall yield of all secondary ions, but the yield
enhancement is more pronounced in the higher mass region (i.e., m/z > 200) of the spectrum
[35]. This has been observed across multiple sample types: hard substrates such as metals;
bulk polymers which can be considered to have an intermediate hardness; rat brain and
bacterial cells which are usually treated as soft bulk materials [18, 25, 36]. However,
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detailed examination of mixtures of soft and hard samples such as thin protein films
adsorbed onto mica are still needed.

One shortcoming of cluster ion species, which has been extensively examined, is that they
seem to cause a change in the fragmentation pattern of the sputtered material when
compared to monatomic ion species [18]. This means that when mass spectra of atomic and
cluster ion sources are compared for the same sample, there can be differences in the relative
intensities of ionized fragments. Although it is known that atomic and cluster ion sources
produce different secondary ion yields, which is related to the sputter yield and ionization
efficiency of the sputtered material as well as the ion source, the mechanism by which the
intensity of certain sputtered fragments are enhanced or reduced remains unclear.
Understanding how the various ion sources affect the fragmentation pattern is of significant
importance since changes in the fragmentation pattern will affect data analysis methods such
as pattern recognition and multivariate analysis. Also, changes in the fragmentation pattern
will make it difficult to compare data between labs that use different ion sources. To address
theses challenges, we carried out ToF-SIMS analysis of several adsorbed protein films using
both monoatomic and cluster primary ion sources and then analyzed the differences in the
fragmentation patterns with PCA.

In this study Cs+, Au+, Au3
+, Bi+, Bi3+, Bi3++, C60

+, and C60
++ primary ion sources were

used to generate mass spectra for four single-component proteins (albumin, fibrinogen,
immunoglobulin G, and lysozyme) adsorbed onto mica. The goal of this analysis was to
investigate how the differences between ion sources for a given protein compare to the
differences between different proteins for a given ion source. The results of this study show
how the combination of ToF-SIMS with PCA can be used to identify the influence of
primary ion type on secondary ion fragmentation patterns.

2. Materials and Methods
2.1. Protein Adsorption for ToF-SIMS Analysis

Protein adsorption experiments were performed at 37°C for 2 hrs in CPBSz buffer (0.11M
NaCl, 0.01M sodium citrate, 0.01M NaH2PO4, 0.02% NaN3, pH = 7.4) [37] onto freshly
cleaved mica substrates (SPI Supplies, West Chester, PA) at a concentration of 100 μg/mL.
Citrate is a chelating agent for the inhibition of protease activity, and azide is a
phosphorylation inhibitor. After adsorption, the samples were first rinsed using dilution
displacement to remove the protein solution. The samples were then taken out and rinsed in
separate beakers for 1 minute each; twice in stirred CPBSz buffer to remove loosely bound
protein and three times in stirred deionized water to remove buffer salts [4]. The samples
were then dried under a stream of nitrogen and stored under nitrogen until analysis. Bovine
serum albumin (BSA, A-2153), bovine serum fibrinogen (Fgn, F-8630)), bovine
immunoglobulin G (IgG, I-5506), and chicken egg white lysozyme (Lys, L-6876) were
purchased from Sigma (St. Louis, MO). All proteins were reconstituted into CPBSz buffer at
a concentration of 1 mg/mL.

2.2. Atomic Force Microscopy (AFM)
Topography data of the proteins were acquired with Multimode IV atomic force microscope
(Veeco Metrology, Santa Barbara, CA) using an NPS tip with 0.6 N/m force constant in
contact mode. The thickness of the dried protein films were measured using a lithography-
like method. First, an area of 500 nm × 500 nm was scratched into the films with a force
setpoint of 4V to ensure that the protein film was removed and the substrate was not
scratched, and then the force setpoint was decreased to 0V and the scan area was increased
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to 2 μm × 2 μm to obtain an image of the crater. Three craters were formed and measured in
various locations of the sample to calculate an average thickness for each sample.

2.3. Electron Spectroscopy for Chemical Analysis (ESCA)
Survey (0-1100 eV, analyzer pass energy = 150 eV) spectra were obtained using a Surface
Science Instruments S-Probe spectrometer equipped with a monochromatized Al Kα1,2 X-
ray source (hv = 1486.6 eV) and a hemispherical electron energy analyzer. All the spectra
were taken at a 55° photoelectron take-off angle (the photoelectron take-off angle is defined
as the angle between the sample surface normal and the axis of the analyzer lens. Three
spots on two replicates of each sample were analyzed. The composition data shown are
averages of the values determined at all spots. Data analysis was performed using Service
Physics ESCA 2000 A software (Bend, OR).

2.4. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
Positive ion spectra were acquired using three ToF-SIMS instruments, each equipped with
unique primary ion species and a pulsed flood gun for charge neutralization: PHI Model
7200 ToF-SIMS (Physical Electronics, Eden Prarie, MN) with a Cs+ primary ion beam (8
keV ); ION-TOF TOF.SIMS 5-100 (ION-TOF, Muenster Germany) with Au+ and Au3

+

primary ion beams (both 25 keV); and another ION-TOF 5-100 with Bi+ (25 keV), Bi3+ (25
keV), Bi3++ (50 keV), C60

+ (10 keV) and C60
++ (20 keV) primary ion beams. Analysis areas

were constrained to 150 μm × 150 μm, while maintaining a primary ion dose density of 1012

ions/cm2 or below to ensure static SIMS conditions. The mass resolutions (m/Δm) for Cs+

and liquid metal ion sources were typically above 6000, while those of C60
+ and C60

++ were
around 2500 and 4000, respectively. The spectra were calibrated to the CH3

+, C2H3
+,

C3H5
+, and C4H7

+ peaks before further analysis. Three spots on four replicates of each
sample were analyzed.

2.5. Data Analysis
Two peaks sets were used for PCA processing of the ToF-SIMS data. One contained just
amino acid fragments and the other contained all peaks from m/z 12 to 200. The peaks in
each spectrum were normalized to the sum of the selected intensities to correct for variations
in the total secondary ion yields between different spectra. The data were then mean-
centered. Multivariate analysis was performed using PCA provided by a script written in-
house for MATLAB (the MathWorks, Inc., Natick, MA), the theory of which is described in
detail elsewhere [4, 7]. Briefly, PCA is a multivariate analysis method that determines the
major directions of variation within a data set. To accomplish this, a data matrix is created
where the rows (samples) contain data from individual spectra and the columns (variables)
are measured areas from peaks within the spectra. PCA is then done using the singular value
decomposition of the variance-covariance matrix of the normalized and mean-centered data
set. Three new matrices are created, the scores, loadings, and residuals. The scores are a
projection of the original samples onto the new principal component (PC) axes and show
differences (if any) between the samples. The loadings are the direction cosines between the
original variables and the new PC axes. The loadings show how the original variables relate
to the differences seen between the samples on a given PC axis. The residuals are assumed
to represent random noise. PCA scores and loadings plots are interpreted together using the
following general guidelines. Samples with high scores on a given side of a PC axis
correspond with variables with high loadings on the same side of the given PC axis. This
means that, in general, samples with high scores on the positive the first PC (PC1) axis will
show higher relative intensities for peaks with high loadings on the positive PC1 axis.

For this analysis, ToF-SIMS data where the intensity of the sodium ion peak was greater
than 1% of the total intensity of the selected peaks were discarded due to matrix effects of
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the sodium ion on the SIMS ionization process. Previous observations have shown that the
inclusion of spectra with high sodium ion counts increased the within-group scatter of the
data and decreased the ability to differentiate between the spectra of different proteins [5,
11].

3. Results and Discussion
The difference in the ToF-SIMS fragmentation pattern of proteins adsorbed onto mica
surfaces was investigated as a function of primary ion species. This difference in the relative
intensities of protein fragments were compared using two sets of variables; the amino acid
peak list identified by Mantus et al. [2], and all peaks from m/z 12 – 200 with raw intensities
above 1000 counts, including peaks from the mica substrate.

3.1. PCA Results of Individual Proteins using the Amino Acid Peak Set
For this dataset, four protein films were analyzed with eight primary ion beams, and PCA
was performed using the amino acid peak list [2]. Scores and loadings plots for BSA and
Fgn are shown in Figure 1. As seen in Figure 1, PC1 suggests that the greatest variation
within the dataset is due to differences among primary ion species. There is a statistically
significant separation between monatomic, tri-atomic, and polyatomic primary ions. The
trend suggests that the variations in the relative intensities of the ejected secondary ions are
significantly influenced by the differences in the collision cascade induced by the
bombardment of monatomic, tri-atomic, and polyatomic ions. Molecular Dynamic (MD)
simulations show that monatomic and polyatomic ions differ in their collision cascades
[38-43]; they differ in primary ion range, crater dimension, and direction and extent of both
energy transfer and atom displacement. Although discussion of secondary ion size variation
as a function of primary ion species was not made in the above cited studies, it was inferred
that different collision mechanisms would produce differences in secondary ion size. For the
scores plot shown in Figure 1, the trend that separates primary ion species is similar for both
BSA and fibrinogen, as well as for other proteins (for IgG and lysozyme results see
Supporting Information). Also, small separations were seen for primary ions with different
incident energies (singly and doubly charged Bi3 with energies of 25 and 50 keV,
respectively, as well as singly and doubly charged C60, with energies of 10 and 20 keV,
respectively). These observations support the MD simulations that cluster size of primary
ion species influences collision cascades, which produce differences in the low mass (0-200
m/z) fragmentation pattern of the adsorbed proteins.

PC1 loadings plots were very similar for BSA, fibrinogen, and other proteins (IgG and
lysozyme results shown in Supporting Information). Aside from small differences, they all
had peaks at m/z 44, 70, 72, 84, 86, and 110 in the positive PC1 loadings, and peaks at m/z
18, 30, 43, 60, 61, 69, 71, 81, 82, and 87 in the negative PC1 loadings. This similarity
among the four protein types is most likely due to the fact that these proteins are similar in
amino acid composition, since they are composed of the same 20 amino acids. This
illustrates the difficulty of trying to identify a single protein type within a multi-component
mixture such as blood plasma. But as will be discussed later, these proteins do have small
differences that can be identified using multivariate analysis [6, 7]. In the loadings plot, the
intensities of the peaks mentioned above were shown to depend on the type of primary ion
used. Table 1 lists the largest peaks in the loadings plot with their corresponding normalized
intensity. Peak intensity analysis of the normalized data showed that peaks loading
positively in Figure 1 decreased in intensity when the primary ion species was changed from
monatomic to tri-atomic to polyatomic. Conversely, peaks loading negatively increased in
intensity when the primary ion species was changed from monatomic to tri-atomic to
polyatomic. For example, the positively loaded m/z 70 peak was the largest normalized peak
in the spectra generated by monatomic primary ions (24% of the normalized intensity), but
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its intensity decreased in the spectra generated by tri-atomic ions and further decreased for
spectra generated by polyatomic ions (18%). The trend is reversed for the m/z 30 peak,
which is negatively loaded. The normalized intensity of m/z 30 increased from about 12% of
the normalized spectra generated by monatomic ions, to about 15% in the spectra generated
by tri-atomic ions, and further increased to 20% in the spectra generated by polyatomic ions.
Similar trends were seen for the rest of the peaks mentioned above, although the trends were
not as pronounced as those observed for the m/z 30 or 70 peaks, since these were the two
most dominant peaks in the normalized spectra. In general, cluster ions produced spectra
with higher intensities of the lowest mass peaks, especially those below m/z 70.

Multivariate analysis, together with peak intensity analysis showed that there is a definite
change in the adsorbed protein low mass fragmentation pattern when using different primary
ions. These differences appear to be related to differences in the collision cascade caused by
changes in the cluster size and kinetic energy of the primary ion. Since only the amino acid
peak lists were used in the multivariate analysis, a general conclusion cannot be made here,
but it appears that C60 primary ions may increase the fragmentation of adsorbed proteins.

3.2. PCA Results of All Proteins using the Amino Acid Peak Set
Figure 2 was constructed by combining the spectra of all proteins acquired using the eight
different primary ion species. The scores cross-plot in this figure has PC1 on the x-axis and
PC2 on the y-axis. As expected, PC1 shows that the greatest variation within the dataset is
due to spectral differences caused by primary ions species, as indicated by separation of the
data by primary ion type. PC2, the second greatest variation in the dataset, separates the data
according to the amino acid composition of the proteins. This means that the differences in
amino acid composition between proteins are smaller than differences in the relative
intensity of fragments produced from different primary ion species. The trend in PC1 is very
similar to the one seen earlier in Figure 1; the primary ions species are arranged in the order
of increasing cluster size and kinetic energy with the same peaks in the loadings plot
responsible for the separation. Again, the plot shows that larger clusters correspond with the
emission of smaller secondary ion fragments.

PC2 separates the individual proteins in one order, regardless of the primary ion species
used. The PC2 scores decrease in the order Lys, Fgn, IgG, and BSA. Even though the
protein data acquired using C60

+/++ are slightly offset towards the negative scores on the
PC2 axis relative to other primary ion species, the protein order is still conserved. The PC2
loadings (Figure 2c) indicate that this ordering is due to differences in the amino acid
compositions of the proteins. With Lys, for example, all of the primary ions have spectra
where the intensity of the amino acid fragments at m/z 43 (a characteristic fragment of Arg),
44 (Ala), 70 (Asn), 73 (Arg), 86 (Ile/Leu), 100 (Arg), 130 (Trp), and 159 (Trp) are higher,
which most likely reflects the greater proportion of these amino acids in Lys compared to
the other proteins studied. BSA, which has the highest negative PC2 scores, should then
have a lower concentration of the above mentioned amino acids. In fact, the comparison of
compositions revealed that the proportion of these amino acids were greater in Lys.
Arginine, alanine, asparagines, isoleucine, leucine, and tryptophan concentrations in Lys
were approximately 8.5%, 9.3%, 10.9%, 4.7%, 6.2%, and 4.7% [44], while their
concentrations in BSA were approximately 4.3%, 7.9%, 2.3%, 2.5%, 10.7%, and 0.5% [45].
Generally, amino acid composition differences among proteins were reflected in the PCA
plots.

Although these differences in amino acid composition are very subtle, PCA is able to
identify and differentiate the proteins [6, 7], assuming that spectral data was collected using
the same primary ion source. Therefore caution should be used when comparing spectral
data collected using two or more primary ion species, since differences in the fragmentation
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pattern could overwhelm the variation in amino acid fragments. For example, a PCA model
of BSA created with Cs+ to determine the presence of BSA in blood serum using techniques
such as SIMCA (soft independent modeling of class analogy) should only be applied to
datasets obtained using Cs+ [6, 7]. The difference in the relative intensity of secondary ion
fragments sputtered by the different primary ions can overwhelm the variation in relative
intensity of amino acid fragments between proteins, as was indicated by PC1 in Figure 2.
This result suggests that the “characteristic” low mass amino acid fragmentation pattern
depends on the type of primary ion used, especially for C60 ions. Although the PC2 loadings
plot shows separation of proteins based on these characteristic fragments even for C60, it
should be noted that the PCA plots here were constructed using a very limited number of
variables. The next section discusses the results when all the secondary ion peaks are used in
PCA.

3.3. PCA Results of All Proteins using All Peaks from m/z 12-200
To assess the effects of secondary ion fragments other than characteristic amino acid
fragments, PCA plots were constructed using all of the peaks in the range of m/z 12-200. For
this study, the Au and Cs data were not included because they were unavailable.

Consistent with results from the previous section, the scores plot in Figure 3a again showed
separation by primary ion type on PC1, and separation by protein composition on PC2. The
loadings plot of PC1 in Figure 3b is similar to the previous PC1 loadings shown in Figure
2b. Even with using all of the secondary ion peaks, the spectra generated by the monatomic
ions corresponded with higher intensity of the same amino acid fragments m/z 44 (Ala), 70
(Pro), 72 (Val), 84 (Lys), 86 (Ile/Leu), 110 (His), and 120 (Phe), while the spectra generated
by the C60 ions corresponded with lower emission of these fragments. By using all peaks,
the difference in fragmentation pattern became more apparent. Spectra acquired using Bi1+

and Bi3+ were similar and showed higher intensities of amino acid fragments listed above.
In contrast the intensities of these same peaks were lower in spectra acquired using C60 ions.
As mentioned previously, this suggests that amino acid fragmentation pattern changes
depending on the primary ion species used to generate the spectra. Furthermore, peak
intensity analysis showed that spectra generated with C60 primary ions corresponded with
lower intensity of higher mass fragments in the m/z < region, indicating that the extent of
fragmentation is most likely enhanced for higher order cluster ions. Studies of thin benzene
films by Czerwinski and Postawa also showed that the main difference between the impacts
of Ga and C60 primary ions were the extent of fragmentation of the organic molecule, where
a six-fold increase in the intensity of fragmented benzene was observed with C60 primary
ions [46, 47].

In PC2, the proteins were separated not by amino acid composition, but by the mica
substrate (m/z 39 K+) and a protein fragment (m/z 70 C4H8N+). The arrangement of proteins
on the PC2 scores plot is different from that seen in previous scores plots. In this scores plot,
all of the primary ion species displayed the same ordering of the proteins; from positive to
negative PC2 scores, it was BSA > Lys > IgG > Fgn. The ordering is independent of
primary ion, and is based on of the thickness of the protein film. The solution concentration
of 0.1 mg/mL used to deposit the protein films have been reported to give a packed
monolayer [48, 49]. Although the nitrogen content measured by ESCA agreed with
previously determined values [4, 6, 7], exposure of the sample to the atmosphere most likely
results in denaturing of these proteins. Therefore, the thickness of the protein films could
differ from the values expected from their dimensions in the native state. Also, the protein
shapes are not spherical, so orientation of the absorbed protein molecules will affect the film
thickness. Thus, protein film thicknesses were measured experimentally using an AFM tip
scratch method rather than calculating the thickness from the known dimension of their
native structures. The AFM measured thicknesses were 1.8 nm (BSA), 2.4 nm (Lys), 5.1 nm
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(IgG) and 10.0 nm (Fgn), as shown in Table 2. Using ESCA, Wagner et al. have suggested
that the natural log of the ratio of a protein overlayer signal to a substrate signal is
proportional to the thickness of the protein layer [6]. This provides another method of
validating the AFM data. Figure 4a shows the natural log of the ratio of the N1s intensity
(unique to the protein film) to the Al2s intensity (unique to the mica substrate) plotted as a
function of AFM thickness. As can be seen, there is a straight line correlation between the
ESCA and AFM thickness measurements.

PC2 shows that there is a higher intensity of protein signal (m/z 70 C4H8N+) for thicker
films, and a higher substrate signal (m/z 30 K+) for thinner films. Using this thickness data,
it is now reasonable to assume that C4H8N+ is a fragment that can be used to qualitatively
measure the amount of protein on the surface (C4H8N+ is common to all proteins under
investigation). Also, it can be assumed that K+ is a substrate signal that can be used to
indirectly measure the amount of protein on mica substrates by looking at its signal
attenuation since ToF-SIMS is a surface sensitive technique.

Similar to the protein-substrate ratio used for ESCA, the ratio of the key ToF-SIMS peak
intensities in PC2 (C4H8N+ to K+) were plotted against film thickness to investigate whether
these ToF-SIMS fragments can be used to determine the overlayer thickness (Figure 4b). It
was found that the intensity ratio generally increased with thickness, with the increase being
linear for Bi+ and Bi3+/++ primary ions and exponential for C60

+/++ primary ions (data from
Bi3++ and C60

++ primary ions are not shown since they overlapped with their respective
singly charged counterparts). The linear trend of Bi+ primary ion data indicates that this
primary ion species generates surface sensitive spectra. An increase in film thickness leads
to increased attenuation of the substrate signal. The C60

+ primary ion generates lower values
of the C4H8N+ to K+ ratio than the Bi+ primary ion source for BSA, Lys and IgG. However,
for the thickest protein film (Fgn) the C4H8N+ to K+ ratio generated by the Bi+ and C60

+

primary ions is similar. This suggests that for the thinner protein films C60 bombardment is
more effective at sputtering off the protein film and exposing the substrate [50]. Since the
thickness difference between the adsorbed BSA and Lys films can be distinguished in the
spectra generated by Bi+ primary ions, this suggests that for a “soft” overlayer (protein) on a
“hard” substrate (mica) the spectra generated by Bi+ primary ions are more surface sensitive
than the spectra generated by C60

+ primary ions.. Spectra generated by Bi3+ primary ions are
observed to be the least surface sensitive as all protein films exhibit a large intensity of the
substrate peak (K+).

4. Conclusion
The PCA comparison of ToF-SIMS data showed that differences in the protein
fragmentation pattern caused by the primary ions were greater than differences in protein
composition. This is likely because the different fragmentation pathways created by the
collision cascade of the different primary ions overwhelmed the variation in relative
intensity of amino acid fragments between proteins. In particular, the increased extent of
fragmentation in the low mass region (m/z < 200) observed in spectra generated by C60
primary ions results in more intense low m/z peaks. This study showed that comparison of
data obtained by one primary ion species with that obtained by another primary ion species
should be done with caution. The spectra generated by Cs+, Au+ and Bi+ primary ions were
similar, but the spectra generated by monatomic, tri-atomic and polyatomic primary ion ions
varied significantly. However, for the spectra generated a given primary ion beam, the
separation of the different proteins followed similar trends. Therefore, a PCA model of a
protein created with a given ion source should be applied to datasets obtained using the same
ion source.
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This study also demonstrated that the choice of variables used in PCA can affect the type of
information extracted from the dataset. When only amino acid peaks were used, PC2 was
able to identify the relationship of proteins by their amino acid composition. When all peaks
from m/z 12-200 were used, the separation of the proteins was based on a ratio of C4H8N+ to
K+ peak intensities that was shown to correlate to the thickness of the protein films.
Interestingly, the C4H8N+/K+ ratio from Bi1+ primary ions varied linearly with protein
thickness, suggesting that this ion source may produce the most surface sensitive spectra.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PCA scores plots from ToF-SIMS analysis of (a) BSA and (b) Fgn adsorbed onto mica
surfaces. The corresponding loadings plots for adsorbed BSA and Fgn are shown in (c) and
(d), respectively. In the scores plot, the horizontal dotted lines represent the 95% confidence
limits. The loadings plot shows the peaks in increasing mass, with the major peaks labeled.
These loadings show which peaks are most responsible for the differences observed in the
scores plots.
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Figure 2.
PCA scores plot of (a) PC 1 vs. PC 2, and loadings plots of (b) PC1 and (c) PC2 for BSA,
Fgn, Lys and I.gG adsorbed onto mica surfaces and analyzed with eight different primary
ion beams. The ellipses represent the 95% confidence limits. The type of primary ion beams
is color-coded and the type of adsorbed protein is identified by different symbols.
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Figure 3.
(a) PCA scores plot of the four proteins adsorbed onto a mica surface and analyzed with five
different primary ion beams. The corresponding loadings plots for (b) PC1 and (c) PC2 are
shown with the major peaks labeled. The PCA dataset uses all peaks from m/z 12-200 to
construct these plots.
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Figure 4.
(a) A comparison of the ESCA ratio and AFM film thickness. (b) A comparison of the ToF-
SIMS ratio and AFM film thickness. The ESCA ratio is calculated by taking the logarithm
of the quotient of N1s and Al2s signals, and the ToF-SIMS ratio is calculated by dividing
C4H8N+ peak intensity by the K+ peak intensity. The error bars represent 95% confidence
intervals, with the errors of AFM measurements shown only for Bi+ in (b) for clarity.
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Table 2

Thickness of adsorbed protein films on mica measured using a soft-lithography-like method with AFM. Three
measurements were taken to calculate the average.

Thickness (nm)

BSA 1.8 ± 0.1

Lysozyme 2.4 ± 0.1

IgG 5.1 ± 0.2

Fibrinogen 10.0 ± 0.3
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