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Abstract
Tissue engineering approaches fabricate and subsequently implant cell-seeded and unseeded
scaffold biomaterials. Once in the body, these biomaterials are repopulated with somatic cells of
various phenotypes whose identification upon explantation can be expensive and time-consuming.
We show that imaging time-of-flight secondary ion mass spectrometry (ToF-SIMS) can be used to
distinguish mammalian cell types in heterogeneous cultures. Primary rat esophageal epithelial
cells (REEC) were cultured with NIH 3T3 mouse fibroblasts on tissue culture polystyrene and
freeze dried before ToF-SIMS imaging. Results show that a short etching sequence with C60

+ ions
can be used to clean the sample surface and improve the ToF-SIMS image quality. Principal
component analysis (PCA) and partial least-squares discriminant analysis (PLS-DA) were used to
identify peaks whose contributions to the total variance in the multivariate model were due to
either of the two cell types or the substrate. Using PLS-DA, unknown regions of cellularity that
were otherwise unidentifiable by SIMS could be classified. From the loadings in the PLS-DA
model, peaks were selected that were indicative of the two cell types and ToF-SIMS images were
created and overlaid that showed the ability of this method to distinguish features visually.
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INTRODUCTION
A common tissue engineering approach is to fabricate and subsequently implant both seeded
and unseeded scaffolding biomaterials1–9. Often, autologous cells are harvested by biopsy,
cultured in vitro to expand cell numbers, seeded on scaffolds and then reimplanted.
However, the phenotypic purity and identity of these cells is often difficult to assess. The
creation of phenotypically homogenous cell populations is especially important where stem
cells are differentiated to create specific cell populations for implantation.
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Current approaches to identify specific cells in heterogeneous cultures often employ a panel
of primary antibodies, a time-consuming and costly approach. Additionally, scanning
electron microscopy (SEM) can be used to visualize gross morphological differences, but
specific cell type identification is challenging. Fluorescent activated cell sorting (FACS) can
be used to identify cells in suspensions and sort these cells, but the labeling schemes
employed for FACS analysis can also be time-consuming and expensive and do not provide
information on cell spatial distributions and colony formation. Here, we show that time-of-
flight secondary ion mass spectrometry (ToF-SIMS) in the imaging mode, in conjunction
with multivariate analysis (MVA), can be used to identify cell types in a heterogeneous
culture of epithelial cells and fibroblasts with simple sample preparation.

ToF-SIMS is a surface-sensitive mass spectrometric technique providing molecular
information about the outermost 1–2 nm of a sample. It has been used for biological
applications such as characterization of adsorbed protein films on biomaterial surfaces based
on spectral analysis10–13, the study of lipid membrane characteristics using the imaging
mode14–16, the analysis of explanted biomaterials17, and the identification of cell types
including yeast strains18, thyroid tumor cells19, and prostate cancer cells20,21 and breast
cancer cells22. In the ToF-SIMS imaging mode employed in this study, a series of two-
dimensional images is created by rastering the primary ion beam over the sample surface.
Each of these images represents spatially defined intensity gradients of chosen ionized
atoms or molecules (molecular or combined fragments). For each image pixel analyzed, an
entire mass spectrum is obtained (typically from 1 to 860 a.m.u., for experiments described
here). Then for each selected mass, these intensity images can be created and used to
spatially identify molecular features and characterize samples with sub-micrometer lateral
resolution (down to 60 nm)23–27.

For cell specimens, there are a number of potential preparation methods intended to preserve
membrane chemistry (or intracellular chemistry) while dehydrating the samples sufficiently
for the ultra-high vacuum environment of the ToF-SIMS analysis chamber. Cells are often
cultured on silicon wafers followed by air drying, flash frozen with liquid nitrogen or liquid
propane prior to lyophilization, freeze fractured, or analyzed in a frozen hydrated state28–36.
Additionally, chemical treatments are often applied to increase ionization of desired ions or
preserve surface structure30 or increase ionization of particular fragments37,38. Etching with
C60 primary ion sources minimizes surface artifacts associated with deposited remnant
media or other contaminants39. This approach increases the signal to noise ratio for optimal
2D imaging27. It also simplifies sample preparation since less than pristine surfaces can be
cleaned with little or no damage.

In this study, we show that it is possible to use mass spectral information to identify
individual cell types within ToF-SIMS images and to categorize unidentified cellular regions
using the MVA classification technique called partial least-squares discriminant analysis
(PLS-DA). PLS-DA, a multivariate classification strategy, is a robust mathematical
prediction tool for discriminating ToF-SIMS data40. For studies employing engineered
biomaterials designed to direct cell fate and improve regeneration and healing, this one-pass
analysis technique could prove useful in both identifying and spatially locating cell types
while simultaneously identifying new or unexpected cell phenotypes41,42. Additionally, this
technique could be a useful tool for determining phenotypic purity of populations of
differentiated stem cells.

EXPERIMENTAL SECTION
Please see the Supplemental Information for experimental details.
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RESULTS AND DISCUSSION
Determination of C60+ Etching Parameters

It was hypothesized that ToF-SIMS could be a useful tool for differentiating phenotypically
heterogeneous populations of cells using a simple sample preparation method and a single
pass analysis. To test this hypothesis, primary rat esophageal epithelial cells (REECs) were
cultured with NIH 3T3 fibroblasts and dried for analysis. Figure 1(A–C) contains optical
microscope phase contrast images of in vitro populations of REECs, 3T3s, and the
heterogeneous mixture of the two. These two cell types were chosen for this study for their
visually obvious morphological dissimilarities when grown in culture. In Figure 1A, the
typical connected cuboidal colonies associated with primary epithelial cultures can be seen.
This is in contrast to the 3T3 fibroblast cultures seen in Figure 1B, which grow in isolated,
elongated spindle shapes and can be less than half the total area of an individual REEC from
Figure 1A. In Figure 1C, the heterogeneous culture of the two cell types can be seen.
Individual spindle-shaped cells, assumedly 3T3s, can be observed in isolation in Figure 1C.
Areas of higher cell density are likely REEC colonies, but accurate and definitive
identification is not possible by simple visual inspection. In addition, it is possible that these
areas could have 3T3 cells within and/or on top of colonies of REECs. ToF-SIMS total ion
intensity images for analogous samples can be seen as follows in Figure 1: REECs (Fig 1D),
3T3s (Fig 1E), and heterogeneous mixture (Fig 1F). The ToF-SIMS images are shown with
a “hot” color scheme where yellow indicates high relative intensity regions, red indicates
intermediate intensity regions, and black represents low or zero intensity regions. The C60
etching parameters used in Fig. 1D through Fig 1F are discussed in Figure 2 (30 seconds
etching, corresponding to a primary ion dose of 4.0×1013 C60

+ ions). Within the total ion
images seen in Fig. 1D through Fig. 1F, it is observed that the cell regions are clearly
identified above the substrate background and that the heterogeneous cell sample in Figure
1F has overlapping regions within the image field making visual identification difficult.

Figure 2 contains a collection of ToF-SIMS images taken from the REEC control samples,
before and after C60 etching. Etching with C60 was investigated to increase the relevance of
the ToF-SIMS image data by removing surface contaminants associated with residual media
components. Several studies have shown that information-rich, molecular depth profiling of
entire cells and of biological films is possible using C60 clusters16,27,34,46. In addition to
media residues, it is likely that sections of the underlying cells are also removed during
etching. The goal for C60 etching in this study is to retain as much of the surface molecular
structure as possible while removing biochemical “noise” not directly associated with the
cells being analyzed. Each of the images in Figure 2 represents the same location on the
REEC sample (seen in Figure 1A). Ion images were acquired for this area after no etching,
30, 60, and 90 seconds of etching (details of C60 etching are listed in the Experimental
Section). The ion images in Figure 2 are from the C27H45

+ fragment (m/z 369) which has
been shown in previous studies to be associated with cholesterol from cell membranes16,45.

In Figure 2A, before C60 etching, the cholesterol signal is diffuse and difficult to
differentiate from the background. As shown in Figure 2B, the identification of cholesterol
localized to the REECs is improved after etching with C60

+ for 30 seconds. In Figure 2C and
Figure 2D, the longer etching times (i.e., 60 and 90 seconds) do not significantly improve
the quality of the cell images and, in fact, have likely etched through portions of the cells
that contain useful information. It is also possible that ion-induced chemical damage might
be responsible for the observed signal decrease with increasing etching time. For this reason,
30 seconds of C60 etching with the 10 keV source (corresponding to a C60

+ ion dose of
4.0×1013 and an estimated removal of 16 nm of material) was chosen. This was shown to be
sufficient to remove media residues while preserving the underlying molecular
information44.
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Principal Component Analysis Modeling and Classification of Heterogeneous Culture
Regions

To test the ability of our models to classify unknown cellular regions within the mixed
culture samples, regions from the mixed cultures were projected into the PCA models built
from the calibration data (Figures 3 and 4). Figure 3 represents the projection of the mixed
culture regions onto the first two principal components within the PCA models created from
the control regions (calibration data) for the non-etched and etched surfaces. In all of the
PCA plots in Figure 3 and Figure 4, the colored sample labeled with 95% confidence
intervals represent the calibration data) while the grey samples represent the projected mixed
culture regions data. It should be noted that in all of the multivariate analyses in this study,
the data was normalized to the sum of the selected peaks. If this normalization were not
performed, the majority of observed variations would be due to ionization differences.
However, by normalizing to the sum of the selected peaks, we are removing these ionization
differences from our analyses and focusing on the differences between variations in peak
intensities only.

In Figure 3, PC 1 shows separation between the TCPS and biologic material surfaces (i.e.
media-coated TCPS and cell-based samples) for the non-etched (Fig 3A) and etched (Fig
3B) surfaces. Then, PC 2 separates the media-coated TCPS surface from the two cell types
in both figures. It is not unexpected that the majority of the variance in these models
separates the TCPS and media coated TCPS areas from the cell regions since the chemistry
of these regions should be very different. The model for the non-etched surfaces captured a
combined variance of 93.79% of the total model in the first two PCs (Fig 3A) while the
model for the etched surfaces captured a combined variance of 85.62% in the first two PCs
(Fig 3B). In both Figure 3 and Figure 4, the grey symbols represent selected regions within
the mixed culture ToF-SIMS images that were projected onto the calibration data set PCA
models. For this, analogously shaped grey data points represent cells of each type that were
visually identified within the mixed cultures. These visually identified regions were then
used to confirm that the regions within the mixed cultures could be matched with analogous
cell type regions from the calibration data. In Fig 3A, the non-etched, projected, mixed
culture regions in grey did not align with their analogous counterparts in the PCA model as
these regions project onto this model close to the origin and do not appear to correlate well
with any of the control regions. Conversely, in Fig 3B, the etched projected mixed culture
cellular regions were classified within or near their analogous cell region counterparts from
the calibration data, though it is noted that there is significant overlap between the two cell
types (red triangles and green asterisk).

For Figure 3, it is noteworthy that the TCPS regions from the mixed cultures (grey squares)
did not project onto the model with the TCPS regions from the calibration data (blue
squares). This is likely due to the known problems in etching TCPS with C60

+ clusters
which results in heavy cross-linking of the target and thus in low ion signals47. This low ion
yield is the likely cause of the poor fit associated with the etched TCPS regions. This did
indeed appear to be the case when the Q-residual values were calculated (Supplemental
Figures) as the etched TCPS regions clearly do not fit within the model as represented by
their high Q-residual values.

Figure 4 shows PC 2 vs. PC 3 for the non-etched (Fig 4A) and etched (Fig 4B) surfaces. In
Figure 4A, PC 3 captures only 1.34% of the overall variance within the PCA model for the
non-etched surfaces. The confidence intervals in Figure 4A for the two cell regions are
clearly overlapping with each other and with the TCPS regions in the calibration data.
Additionally, the projected cellular regions in grey cannot be clearly identified with any of
the regions from the calibration data. In Figure 4B, we see that PC 3 captures a larger
percentage of the overall variance in the PCA model for the etched surfaces. Graphically, it
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can be seen that the differences in the two cell types are the major contributors to the
variance in PC 3 (7.36% of the variance in the total model). The projected data from the
selected regions from the mixed culture surfaces correlate well with their respective cell
types (grey regions in Fig 4B). In addition, the semi-random cellular areas which are used
here to demonstrate the predictive ability of the model (grey circles) are shown to all fall
within the confidence limits of the regions associated with either the REEC areas or the 3T3
areas in Figure 4B. The fact that clear separation between the two cell types was not seen
until PC 3 suggests that the differences between the cell types is smaller than the differences
between TCPS, media coated TCPS and the cell surfaces as would be expected.

Partial Least-Squares Discriminant Analysis (PLS-DA) Classification of Projected
Heterogeneous Culture Regions

PLS-DA is a multivariate classification technique used to classify test data with a set of
calibration data. Similar to PCA, PLS-DA is an axis rotation that creates a new set of axes,
which in the case of PLS-DA, maximize the variance between groups. Scores and loadings
are calculated like PCA that can be used to identify the relationship between the original
data and the captured variance from the model. Additionally in PLS-DA, test data (in this
case regions from the heterogeneous cultures) can be projected onto the calibration data. A
discrimination line is created (seen in red in Figure 5) that graphically represents the area of
maximum separation between groups in the calibration data. Then, regions from the test data
that fall above or below the discrimination line represent data points that are classified (or
not classified) with the particular region from the calibration data that is graphically
represented above the discrimination line in that particular graph. In Figure 5A, the
classification of the 3T3 regions from the mixed cultures are seen to fall above the red
discrimination line with the 3T3 regions from the calibration data for the etched surfaces
(non-etched data not shown). The discrimination line represents the minimization of the
intersection of the probability distributions of the calibration group and the predicted groups
such that the samples that fall above the discrimination line in Figure 5 (grey samples) are
classified with the calibration group used for the discrimination calculation (fibroblasts in
Figure 5A and REECs in Figure 5B). The PLS-DA method has been described in a paper by
Perez et. al.48 and this method has bee suggested as a more robust choice for discriminating
biological surface regions40. A number of the unknown cellular regions (dark grey circles)
fall with this class as well suggesting that these regions are predicted as 3T3 regions. As
discussed earlier, Figure 5A shows that the TCPS regions appear misclassified by the model.
Since the unknown regions were selected as cellular regions from the total ion images, it is
unlikely that their classification in Figure 5A is related to the TCPS misclassification
problem.

In Figure 5B, the classification of the REEC regions in the mixed cultures is seen to fall
above the discrimination line with the REEC regions in the calibration data. There was clear
distinction between the groups on the etched surfaces and there was no significant
misclassification in the model associated with the REEC regions. The classification trends in
Figure 5 are similar to the results shown in Figure 3 and Figure 4 (from the PCA models).
The application of PCA for ToF-SIMS data sets has been used numerous times previously.
PLS-DA has not been used for this application, so the similarity in the results obtained in
Figure 4 with those found in Figure 5 validates the accuracy of the PLS-DA results.
Additionally, the classification of the unknown cellular regions is more distinct in the PLS-
DA routine based on the graphical identification of regions associated with the projected test
data onto the calibration data. This suggests that PLS-DA is a potentially more robust and
sensitive routine for the application of identifying cell types in heterogeneous cultures using
ToF-SIMS imaging.
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In Figure 6, the loadings for the PLS-DA model are shown for the first three latent variables.
Like the PCA data in Figure 3 and Figure 4, the first three latent variables (LV) captured the
majority of the overall variance in the analysis (data not shown). Like the PC model, the first
LV separated the TCPS from the biologic surfaces, the second LV separated the media
coated TCPS from the two cell types and the third LV distinguished between the two cell
types. Subsequently, the loadings on LV3 in Figure 6C are the fragments associated with
either the 3T3s or the REECs. In Figure 6C, it can be seen that fragments at m/z 86
(C5H12N+), 165 (C8H10NO+)16 and 184 (C5H15NO4P+ phosphocholine head group)45

contribute to the negative location of the 3T3 scores on the LV3 axis. The fragment at m/z
369 (C27H45 cholesterol [M - OH]+) is a major contributor to the positive location of the
REEC scores on the LV3 axis. The two higher mass fragments (m/z 184 and 369) have been
attributed to cell membranes in previous studies16,45. The two fragments at m/z 86 and 165
have previously been related to amino acid fragmentation patterns16. However in a ToF-
SIMS study analyzing model lipid surfaces produced using a Langmuir-Blodgett (LB) film
deposition method, the fragments at m/z 86 and 165 were also seen associated with the
phosphocholine head group16. It is difficult to assign molecular fragment identities to the
majority of fragments in the lower mass regions (below m/z 100) due to the resolution of the
spectra associated with the ToF-SIMS images and the potential for overlap between the
fragmentation patterns of the large macromolecules associated with a cell surface. Ideally,
all of the fragments would be counted equally in the classification strategy. Using the PLS-
DA multivariate classification routine, all of the lipid and amino acid fragments are taken
into account equally and discrimination between classes can be calculated in an unbiased
manner.

Combined Images Derived from Loadings Results
The goal of this study was to identify individual cell types in heterogeneous cultures using
ToF-SIMS images. In order to achieve this, we have shown that PCA can be used to
enhance our ability to classify unknown cell regions within these heterogeneous cultures.
PLS-DA appears to have a more distinct class assignment (cell type assignment) capacity.
To visually identify cell types with the ToF-SIMS images acquired from the heterogeneous
cultures, it would be possible to manually decide to plot various fragments based on their
visual prominence. In Figure 7, we used the loadings associated with the PLS-DA
classification in order to create combined images that could be overlaid for more precise
discrimination of regions. For this, mass fragments from the loadings in LV 3 that were
associated with the REEC cell type were combined and plotted together (Figure 7A).
Additionally, mass fragments from the loadings in LV 3 that were associated with the 3T3
cell type were combined and plotted together (Figure 7B). Because a fragment is more
prevalent in one cell type versus another does not preclude that fragment from existing
within the other cell type. However, using this method, the signal intensity and region
specificity is enhanced in Figure 7A and Figure 7B. For the 3T3 regions associated with
Figure 7B, it is seen that good definition of individual 3T3 cells can be seen in portions of
the image, but in some of the more dense regions, cellular definition is not as good.
However, in Figure 7A, the REEC regions have more region specificity and appear to grow
in colonies as expected (see Figure 1). However, in Figure 7B, there does appear to be a low
level of signal associated with the 3T3s. The overlap in both of the first two images in
Figure 7 was expected because these combination images contain fragments associated with
both the lipid membrane and protein and carbohydrate structures (among others). The
multivariate classification works by monitoring changes in all of the included fragments
simultaneously and is generally based on relative “amounts” of each of the fragments. A
simple overlay of the two images will increase the potential for visual cell discrimination. In
Figure 7C, the two images from Figure 7A and Figure 7B are normalized to the total ion
intensity and overlaid with a threshold value of 0.25. The numerical threshold was chosen
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empirically as the value that appeared to minimize noise while retaining signal indicative of
one cell type or the other. For normalized images such as these, all of the pixels have
intensities that range from 0 to 1. By setting a threshold value, pixels above the set ratio will
be set to 1 and pixels below the set ratio will be set to 0. This is done for both of the images
in the overlay. Using this method, it can be seen in Figure 7C that the identification of the
REEC regions (green) is obvious, but also the thresholding appears to discriminate the 3T3
regions from the REEC regions more clearly.

CONCLUSIONS
The identification of individual cell phenotypes within heterogeneous cultures generally
requires antibody staining paired with microscopy. In this study, we showed that it is
possible to use imaging time-of-flight secondary ion mass spectrometry (ToF-SIMS) to
identify individual cell types when cultured together based upon their emitted surface mass
fragments. The cell differentiation abilities of this method were increased by etching the
surface with C60 and the discrimination of cellular regions in the mixed cultures was aided
by multivariate analysis (MVA). Using MVA in this study, principal components analysis
(PCA) showed that C60 etching improved the cell specificity in the collected data and that
regions from the two cell types were clearly separated in the scores plot. Then, partial least
squares - discriminant analysis (PLS-DA) was used to classify unknown cellular regions
from within the heterogeneous cultures. The heterogeneous cell culture model system is
presented here as a proof of concept for the hypothesis that ToF-SIMS images can be used
to distinguish cell types. A limitation to studying cells with ToF-SIMS is the preparation of
dried cell samples suitable for the ultrahigh vacuum conditions necessary for analysis. It is
difficult to preserve the integrity of the cell membranes during the drying process without
rupture and spillage of the cytoplasmic constituents. This is a possible limitation to the
studies presented here and may have contributed to the difficulty in identification of the 3T3
regions in the PCA (Figures 3 and 4). However, in our analyses we found numerous mass
fragments seen in previous studies to be attributed to cell membranes and our identifications
were improved in the PLS-DA (Figures 5 and 6) despite this possible interference. Lastly,
we were able to clearly differentiate regions in the combined ion images created from the
PLS-DA loadings in Figure 7 showing that despite the possible need for future
improvements to cell preservation/drying methods, this study represents a successfully proof
of principle that the technique is a feasible method for differentiating cell phenotypes using
ion images. As surface sensitive mass spectrometers such as the ToF-SIMS instrument used
here evolve into smaller less expensive analytical tools with simplified sample preparation
requirements, the implementation of topical mass spectrometry as a simple characterization
method for cell phenotyping may become routine. The unbiased acquisition of data
associated with ToF-SIMS sampling makes the method ideal for identifying surface features
associated with specific cell phenotypes based on their surface chemistries (i.e., differences
in cell surface proteins, sugars and lipids).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Phase contrast images (A–C) and ToF-SIMS total ion images (D–F) of isolated and
heterogeneous cultures. The images are as follows: Rat esophageal epithelial cells (A and
D); NIH 3T3 mouse fibroblasts (B and E); Heterogeneous mixture of rat esophageal
epithelial cells and 3T3 fibroblasts (C and F). Scale bars represent 100 μm.
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Figure 2.
C60 etching time optimization. The cholesterol fragment at m/z C27H45

+ is imaged here for
rat esophageal epithelial cells. A) no etching; B) 30 second etching; C) 60 second etching;
D) 90 second etching. Scale bars represent 50 μm.
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Figure 3.
Principal component analysis models depicting PC 1 vs. PC 2 calculated from the
calibration data set for the non-etched (A) and etched (B) surfaces. The following samples
represent the calibration data: NIH 3T3 fibroblasts (red triangle), REECs (green asterisk),
media coated tissue culture polystyrene (light blue cross), and the clean tissue culture
polystyrene (blue squares). The test regions from the mixed culture samples are projected
onto the PCA models built from the calibration data. The test regions are represented in grey
with analogous shapes to the calibration data with the exception of the unknown cellular
regions that are represented with grey circles.
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Figure 4.
Principal component analysis models depicting PC 2 vs. PC 3 calculated from the
calibration data set for the non-etched (A) and etched (B) surfaces. The following samples
represent the calibration data: NIH 3T3 fibroblasts (red triangle), REECs (green asterisk),
media coated tissue culture polystyrene (light blue cross), and the clean tissue culture
polystyrene (blue squares). The test regions from the mixed culture samples are projected
onto the PCA models built from the calibration data. The test regions are represented in grey
with analogous shapes to the calibration data with the exception of the unknown cellular
regions that are represented with grey circles.
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Figure 5.
Predicted classification on the etched cell and TCPS samples of the following: (A) the NIH
3T3 regions and (B) the REEC regions of the mixed culture samples with the calibration
data set. The labels for samples are as follows: NIH 3T3 fibroblasts (red triangles), REECs
(green asterisks), media coated tissue culture polystyrene (light blue crosses), and the clean
tissue culture polystyrene (blue squares). The test regions are represented in grey with
analogous shapes to the calibration data with the exception of the unknown cellular regions
that are represented with dark grey circles and labeled sequentially.
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Figure 6.
Loadings associated with the PLS-DA model created in Figure 6 for the etched surfaces. (A)
Latent variable 1 capturing 66.06% of the total variance in the model, (B) Latent variable 2
capturing 20.69% of the total variance in the model, (C) Latent variable 3 capturing 6.16%
of the total variance in the model. The scores plots for the three latent variables can be seen
in the Supplemental Figures.
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Figure 7.
Two-dimensional ToF-SIMS images of the combined ion fragments selected using the
loadings from LV3 in Figure 6. Images represent REEC fragments (A), NIH 3T3 fragments
(B), and the normalized overlay of A and B with a threshold value of 0.25.
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