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ToF-SIMS multivariate analysis of surface-grafted small bioactive molecules

Marek Jasieniak, Bryan R. Coad, and Hans J. Griesser®
Mawson Institute, University of South Australia, Mawson Lakes, South Australia 5095, Australia

(Received 16 October 2015; accepted 25 November 2015; published 15 December 2015)

In the development of bioactive coatings on biomaterials, it is essential to characterize the
successful fabrication and the uniformity of intended coatings by sensitive surface analytical
techniques, so as to ensure reliable interpretation of observed biointerfacial responses. This can,
however, be challenging when small bioactive molecules are grafted onto biomaterials surfaces at
sub- and near-monolayer densities. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
provides the required sensitivity, but ion signals from small grafted molecules may still be
dominated by fragment ions from the underlying polymer. In such cases, multivariate analysis
provides valuable enhancement of spectral data, as illustrated here by examples comprising the
surface grafting of bioactive serrulatane molecules, the peptide GRGDSP, the oligonucleotide
15-thymidine, and the antifungal compound Amphotericin B. The authors also show how
ToF-SIMS plus principal component analysis can distinguish between covalent grafting and
physisorption of the antibiotics caspofungin and micafungin. © 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4937464]

I. INTRODUCTION

Detailed surface characterization is essential for reliable
rational interpretation of observed biological responses, be
they protein adsorption, cell attachment and spreading, or
bacterial biofilm formation.' In the encounter of a synthetic
material with a biological environment, it is the chemical
composition and properties (such as surface roughness,
phase separation, etc.) of the surface of the material that
determine the interfacial forces affecting approaching
proteins and other biomolecules, as well as cells and tissue,
thus governing the ensuing biological responses. Yet, many
reports in the biomaterials and biodiagnostics literature con-
tain insufficient, inadequate, or at times manifestly incorrect,
surface analytical data, casting doubt on interpretations of
biological responses.

Part of the reasons for this deficiency may be the availabil-
ity and expense of surface analysis instrumentation, and the
technical challenges in expert surface characterization. Some
of the most valuable surface analysis techniques require
expensive instruments and in-depth expertise. A good illus-
tration is time-of-flight secondary ion mass spectrometry
(ToF-SIMS); this method can provide unrivalled details of
chemical information for surface layers. There are several
excellent reviews describing the application of ToF-SIMS to
biomaterial surfaces.>” Skilled operation of ToF-SIMS
instruments is, however, an art that requires thorough
training, and experience is even more important for skilled
interpretation of ToF-SIMS spectral data, particularly when
employing multivariate analysis techniques rather than a sim-
ple study of individual peaks in mass spectra.

Yet, ToF-SIMS can provide essential data that clarify
the surface chemical composition of biomaterials with
unparalleled sensitivity and molecular structural details. The
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purpose of this article is to illustrate this with some examples
of biomaterials surface characterization in which ToF-SIMS
provided data that were not accessible by other methods,
thereby demonstrating the power of ToF-SIMS for the
characterization of grafted bioactive layers and thus its util-
ity in elucidating rational understanding of biointerfacial
interactions.

ToF-SIMS has proved to be of great value for detecting
and probing proteins on biomaterials surfaces.®”'! Yet,
where ToF-SIMS really provides unique capability in bioma-
terials surface science is for the analysis of grafted layers of
small (molecular weight of a few hundred Daltons) bioactive
molecules, such as oligopeptides, oligonucleotides, antibac-
terial drugs, and the like. For such small molecules, XPS
analysis can struggle with detection limits for elements such
as N, S, and P, and in addition, some molecules of interest
may not contain a unique element. Surface plasmon reso-
nance has a high sensitivity but cannot provide chemical in-
formation and thus is incapable of verifying grafting of the
intended compounds by the intended chemistry, versus
adsorption of the compound or adventitious contaminants
such as organosilicones, hydrocarbons, and fatty acids. With
its extremely high sensitivity and chemical information con-
tent, ToF-SIMS is the method of choice for detecting grafted
layers of small bioactive molecules.

Il. ToF-SIMS METHODOLOGY

Briefly, in ToF-SIMS, ions from a pulsed “primary”
source gun impinge on a surface, which leads to bond scis-
sions and thus the creation and ejection of “secondary”
fragment ions, as well as neutral molecular fragments, from
the analyte surface. Secondary ions are extracted electrostati-
cally into a mass spectrometer and their mass-to-charge
ratios, m/z, are determined by measuring the time it takes for
the ejected ions to arrive at the detector (time of flight); in
this way, a mass spectrum is acquired. The analysis mode

© 2015 American Vacuum Society 04A310-1


http://dx.doi.org/10.1116/1.4937464
http://dx.doi.org/10.1116/1.4937464
mailto:hans.griesser@unisa.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1116/1.4937464&domain=pdf&date_stamp=2015-12-15

04A310-2 Jasieniak, Coad, and Griesser: ToF-SIMS multivariate analysis

can be selected for positive ions and for negative ions. For
the analysis of sputtered neutrals, postionization can be
applied using a pulsed laser; the ejected neutrals then
become accessible for mass analysis, and since their number
is much greater than that of the ions, a significant increase in
sensitivity is achieved,'? although this is often not necessary
as the mass spectra usually contain sufficient intensity when
analyzing ions ejected from grafted organic layers.

When analyzing “soft” samples such as grafted organic
molecular layers on polymeric biomaterials, ToF-SIMS must
be used in the so-called static mode in order to avoid signifi-
cant surface damage due to excessive ion impact density. By
its nature, SIMS is destructive as it ablates the analyte sur-
face. Not all molecular structures may sputter equally;
hence, as the analysis proceeds, the composition of the ana-
lyte surface and the observed mass spectra may change. By
using a primary ion beam of sufficiently low current and
higher mass (Au or C60); however, it is possible to limit
beam damage and derive data from a virtually intact surface,
yet acquire sufficient numbers of secondary ions. In this
“static” mode, the sample surface is not significantly altered
during the analysis. In practice, meeting the requirements of
the static regime means that less than 0.1% of the surface
groups should be struck by the primary ion beam during the
time of measurement.'?

Its combination of high surface sensitivity (ca. 1 nm infor-
mation depth14), information content (numerous peaks),
extremely low detection limits for many molecular structures,
molecular specificity, and submicrometer lateral resolution for
imaging the distribution of the ejection of selected ions from
the analyte surface provides surface information unavailable
by other techniques. ToF-SIMS can be applied to the charac-
terization of biomaterials prior to biological exposure and
then again after contact with biological media. In particular, it
is well-suited to the study of the adsorption of biomolecules
onto materials surfaces since, for example, adsorbed proteins
can be detected at amounts as low as 0.1 ng cm~2.7®

The main analytical limitation of ToF-SIMS originates
from difficulties in quantifying the concentrations of surface
species due to matrix effects. However, for samples in which
a specific surface chemical group is in the same chemical
environment, the secondary ion emission intensity is propor-
tional to the surface density of that group.'> Accordingly, for
chemically similar materials, it is possible to perform semi-
quantitative analysis. More powerful, however, is a combi-
nation of ToF-SIMS and XPS, with the latter method used
for quantification if its lesser chemical information content
allows this.

The primary ion gun markedly affects the quality of ToF-
SIMS spectra for grafted organic layers. While early work
used a Ga liquid metal ion gun, this monoatomic source
delivers marginal information for soft organic surfaces, since
it produces a low yield of higher mass secondary molecular
ions, which contain much more structural information than
the lower mass ions. Sensitivity and yield decrease dramati-
cally with increasing molecular weight of the fragment ions
and with the complexity of the analyte,'® meaning that to
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generate higher mass signals of sufficient intensity, long
acquisition times may be required, beyond the static limit,
leading to substantial surface damage and unrepresentative
spectra. Ga and Cs ions penetrate into the material, deposit-
ing most of their energy at considerable depths, with only a
small portion of the energy available at the surface.'” The
development of ion gun sources for polyatomic cluster ions
such as SFs, Au,, Bi,, C,, and Ar cluster sources has been a
major instrumental development for molecular ToF-SIMS
surface analysis'®'” as they much increase the relative yield
of higher mass secondary ions.

However, the extremely high sensitivity of ToF-SIMS
exacerbates problems arising from possible surface contami-
nation. The spectra of secondary ions originating from
contaminants superimpose on the spectrum of the analyte of
interest,”” and this can lead to ambiguity of interpretation, par-
ticularly with hydrocarbon contaminants. The most common
contaminant tends to be poly(dimethylsiloxane); polymer
additives have also been detected.”'** Contaminated samples
should be discarded. For grafted bioactive layers, sodium and
potassium ions can be present, and they can affect the accu-
racy of analysis, but as they are water-soluble, they can usu-
ally be eliminated by washing with ultrapure deionized water.

lll. PRINCIPAL COMPONENT ANALYSIS

In some cases, the aim might just be to look for some diag-
nostic peaks that confirm the presence of grafted bioactive
molecules and also check for absence of surface-adsorbed con-
taminants. In other analyses, however, interpretation may not
be as straightforward, for example, when relatively low surface
densities of grafted molecules give rise to peaks that are not
immediately evident among the peaks arising from fragment
ions from the substrate. Not surprisingly, for samples compris-
ing grafted small molecules, the contribution of ions from the
substrate is much more pronounced than for grafted layers of
larger molecules. With the complexities inherent in ToF-SIMS
spectra, it can be challenging to compare, digest, and interpret
spectra that can contain hundreds of peaks. A comparison of
relative intensities can quickly become time-consuming.
Among the various multivariate analysis methods available,
principal component analysis (PCA) is the most popular for
working up interpretations of ToF-SIMS spectra.

Detailed explanations of PCA and how best to use it have
been given in the literature.”*** Briefly, PCA determines the
greatest directions of variance within a data set such as spec-
tra from related samples or from different spots on one
sample. This is performed through the singular value decom-
position of the variance—covariance matrix from the data set,
which produces characteristic eigenvalues and eigenvectors
of the matrix. The result of this process is a set of new uncor-
related variables called principal components (PCs), which
are linear combinations of the original variables (ToF-SIMS
peak intensities). The output from PCA consists of the
scores, the loadings, and the residuals. Scores describe the
relationship (spread) between the samples as evidenced by
the new PC axes. Mathematically, the scores are the
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projection of the sample data onto a PC axis. Loadings
describe how the original variables relate to the PC axes.
The number of principal components necessary for detailed
analysis can vary; for simplicity, we have selected examples,
below, for which the first principal component, PCl1, is
dominant and sufficient for our purposes. In other cases,
however, the analyst may need to scrutinize further PCs until
the residual matrix contains the remaining variance not
described in the scores and loadings, and represents random
noise in the data. The reader interested in in-depth PCA is
referred to specialist treatises.”>*

The scores and loadings must be used together when inter-
preting the data set. The loadings plot is used to determine
the main variables (peak intensities) that are responsible for
the separation between the samples. For straightforward cases
of PCA where PC1 dominates, as in the examples below,
peaks with positive loadings are more intense in samples
with positive scores on the same PC axis, and peaks with neg-
ative loadings are more intense in the spectra of samples with
negative scores. When higher PCs need to be considered,
however, interpretation becomes more complex, and the
reader is referred to Refs. 23 and 24.

PCA can reduce large data sets into more manageable
sets, help find trends within data sets that are not readily
apparent, find differences between samples when the chem-
istry is similar (for example, proteins/peptides), identify
peaks of interest for unknowns, show surface contaminants,
eliminate user bias, and simplify interpretation of complex
data sets. It is, however, essential to be aware of potential
bias, such as in peak selection.?>2* Also, statistical signifi-
cance must be assured. Random noise in peak intensities as
well as (hopefully small) variations in chemistry across the
surface of a particular analyte mean that spectra should be
recorded from multiple separate spots on each sample; in
this way, one can assure that when comparing two samples,
for example, before and after grafting of a bioactive mole-
cule, one probes for significant differences in chemistry
rather than spot-to-spot variability. In our laboratory, we typ-
ically record spectra from 8 to 10 independent spots for each
sample, across a sample area of at least 10 x 10 mm. Sample
topography (surface roughness) can also affect ToF-SIMS
spectra; in all the examples below, this was avoided by using
silicon wafer substrates for depositing coatings.

Interpretations should be examined closely to make sure
the results are sensible and consistent. The PCA scores and
loadings plots must be scrutinized and checked against the
raw data, and if any discrepancies occur, it may be necessary
to review the assumptions, such as peak selections, made
during the preprocessing steps. Data preprocessing can
require some trial and error, but can soon be learnt by using
a systematic approach to the trends in the analysis method
when dealing with ToF-SIMS data.

IV. EXAMPLES

The applicability, information content, and limitations of
ToF-SIMS are best illustrated by specific examples. We will
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discuss several examples; in all cases, the small bioactive
molecules are grafted covalently not directly onto the solid
bulk substrate but onto a plasma polymer interlayer. The use
of such an interlayer is convenient, since an optimized coat-
ing-plus-grafting method can be readily transferred onto a
wide range of substrate materials and biomedical devices,
with constant chemistry and no need for reoptimization. We
use 10-20 nm thick plasma polymer interlayers from n-hep-
tylamine,” propionaldehyde (aka propanal),®® or allyl gly-
cidyl ether (AGE)ZG’27 for their ease of deposition and their
amine, aldehyde, and epoxide, respectively, surface groups
that are suitable for immobilizing a wide range of bioactive
molecules under aqueous conditions. This wide use also
means that we have a detailed historical database on the
spectral features of these plasma polymer interlayers to serve
as control data sets for assessing surface chemistries before
and after grafting.

The first example relates to the covalent grafting of anti-
bacterial compounds of the diterpene class of serrulatanes.?®
These compounds are found in Australian desert plants that
were used by Aboriginal people for medicinal recipes.
Amphiphilic serrulatanes have been shown to be active
against a number of Gram-positive bacteria;zg’30 hence, there
was interest in exploring whether they could be used as
grafted antibacterial layers. Grafting was performed in three
steps: first, a propanal plasma polymer was deposited onto
polymeric substrates and Si wafers, then polyallylamine was
grafted onto its surface aldehyde groups, and finally, the
carboxylic acid group of 8-hydroxyserrulat-14-ene-19-oic
acid®® was reacted with surface amine groups by carbodii-
mide chemistry (Fig. 1).

The presumed grafting was rather challenging to verify;
FTIR lacked sensitivity, and in XPS, there was no unique
element available for detection. XPS Cls spectra®® (not
shown) showed a small decrease in the C—O and C=0 com-
ponents in favor of the C—C and O—C=0 components, and a
low intensity shake-up satellite, in agreement with expecta-
tions, but these small changes were unsuitable for guiding
optimization of grafting conditions. In ToF-SIMS spectra
(Fig. 2), on the other hand, successful grafting was immedi-
ately evident. Aromatic ring structures and unsaturated struc-
tural elements often produce relatively high fragment ion
yields, and in this case also, there were clearly distinguish-
able peaks from the serrulatane molecule [Fig. 2(c)] and its
isoprene “tail” (m/z 69). Remarkably, even the entire parent
molecule (PA) could be detected, albeit with a mass consist-
ent with its carboxyl group having been converted into an
amide group, as expected in carbodiimide-mediated amide
formation.

In this case, the ToF-SIMS spectra recorded before and
after grafting of the antibacterial serrulatane molecules differ
so markedly that there is no need for multivariate analysis,
thanks to the relatively high intensity often seen with aro-
matic ions in positive ToF-SIMS. The new peaks with signif-
icant intensity are all readily assignable to fragment ions
from the serrulatane molecule. There is no evidence of
any detectable adventitious surface contamination (due to
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FiG. 1. Schematic diagram of grafting the carboxy-serrulatane EN4 onto a polyallylamine layer that had been grafted onto an aldehyde plasma polymer film
via reductive amination. Also shown are the fragmentation pathways releasing two observed ToF-SIMS peaks.

stringent clean lab conditions), and hence, the altered biolog-
ical responses (bacterial resistance and 3T3 cell attach-
ment®®) can be confidently assigned to the presence of
grafted serrulatane and interpreted in terms of interfacial
interactions with its chemical structural elements and
properties.

The next example concerns the grafting of small synthetic
oligopeptides that replicate an active region of a larger pro-
tein. This may be more attractive than grafting an entire
large protein for reasons of cost and sterilization. There is
substantial literature on grafting small oligopeptides onto
reactive biomaterials surfaces, albeit not always with
adequate surface characterization. The most popular motif
has been the amino acid sequence RGD, which is found
in several adhesive glycoproteins that bind to cell-wall
integrins and thereby promote cell attachment when an
RGD-containing oligopeptide is grafted onto biomaterials
surfaces.

Whereas XPS is well suited to detecting and quantifying
grafted protein layers mainly via their N signal (if the sub-
strate does not contain N), for small oligopeptides the
amount of N is so small that XPS detection is close to the
sensitivity limit even if the oligopeptide is grafted to close to
monolayer density; yet, biological activity may result from
coverage well below monolayer density. Again, XPS is not
well suited to assess the efficiency of different grafting con-
ditions. ToF-SIMS, on the other hand, can detect low
amounts of surface-grafted oligopeptides, as shown by the
example of the grafting of the oligopeptide GRGDSP. While
strictly speaking ToF-SIMS is not a quantitative analysis
method due to matrix effects, for chemically closely related
samples the relative intensity of ions can be compared semi-
quantitatively, and hence, we consider it feasible to assess
grafting density versus grafting conditions by ToF-SIMS,
as long as the substrate is the same. Polypropylene was
surface-functionalized with epoxy groups by the plasma
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polymerization of allyl glycidyl ether,”” and the GRGDSP
oligopeptide was grafted by covalent reaction in buffered
aqueous solution (Fig. 3). The process of grafting was moni-
tored by ToF-SIMS.

The positive ion ToF-SIMS spectra before and after graft-
ing (Fig. 4) looked superficially rather similar. After graft-
ing, the peaks below m/z 50 are difficult to assign as these
small fragment ions could be ejected both from the plasma
polymer surface and from the peptide. The clearest changes
are an increase in the relative intensity of the signal at m/z
69 and a decrease in the signal with m/z 57. Unlike for the
example above, here there were no clearly discernible peaks
from aromatic structures, and instead of visual inspection of
differences in peak height, in this case, PCA is a much pref-
erable way of ensuring reliable interpretation.

The PCA scores plot [Fig. 5(a)] showed clear differences
between spectra from the plasma-coated layer and the subse-
quent GRGDSP grafting. We note that the individual data
sets, while containing small spectral differences between
different spots on the same sample, cluster as two well-
separated groups, thus allowing meaningful comparison of
chemical changes upon grafting, with statistical significance.
We also note that the first principal component, PC1, domi-
nates (>90%) and the two sets of spectra separate well along
the PC1 axis, whereas they do not separate along the PC2
axis. Accordingly, it suffices to undertake interpretation by
considering the loadings of peaks on PC1 only.

Differences could, however, also arise from the presence
of surface contaminants on one or both of the samples; it
was important to check that spectral differences could be
attributed to chemically meaningful peaks. For clarity, the
PC1 loadings plot was separated into three plots, showing
peaks of different chemistries: hydrocarbon, N-containing
peaks, and O-containing peaks. Figure 5(d) shows that all
the N-containing peaks had negative loadings, consistent
with the scores plot showing a negative score on PC1 for the
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GRGDSP-grafted sample. Thus, these peaks can be assigned
to immonium ions and smaller N-containing fragments from
the grafted oligopeptides. In contrast, the three O-containing
peaks with the highest loading values all loaded positively
[Fig. 5(c)], meaning reduced intensity after grafting, consist-
ent with their origin from the AGE plasma polymer which
became partially covered by the grafted oligopeptide mole-
cules. The hydrocarbon peaks [Fig. 5(b)] are less instructive
as they can originate both from the plasma polymer and the
oligopeptide, but the peak m/z 29 (C,Hs") is a strong feature
of the AGE plasma polymer surface. Its molecular fragmen-
tation origin is not entirely clear.

It is often instructive to highlight the peaks with high
loadings as they provide the most reliable spectral informa-
tion. For example, the high loading peak at 70 amu reflects
the presence of a C4HgN™ fragment, which is the fingerprint
immonium ion originating from the amino acid proline,
which forms part of GRGDSP.

While ToF-SIMS has been used to study the orientation
of proteins on surfaces,**! for our samples of small grafted
peptides, there was no evidence that we could discern that
would speak to the question of their orientation on the
surface.

Another instructive example concerns the grafting of
oligonucleotides, functionalized for reaction by the addition
of a terminal amine group, onto a propanal plasma polymer
interlayer.®> For the grafting of 15-thymidine-amine, for
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example, examination of the positive ion spectrum
[Fig. 6(a)] shows some characteristic peaks assignable to the
oligonucleotide. PCA can again bring out the spectral differ-
ences with better clarity, but in this case, the negative ion
spectrum [Fig. 6(b)] is much more immediately instructive
and does not need PCA to verify grafting, as it clearly shows
two dominant peaks that can be assigned to fragments origi-
nating from the phosphate groups of the oligonucleotides,
such as PO, at m/z 63 and POs;~ at m/z 79 (which are
absent in the corresponding spectrum from the plasma poly-
mer, not shown). The ready production of such negatively
charged ions from phosphate groups is chemically intuitive.
Often ToF-SIMS spectra are acquired only in the positive
ion mode because many surfaces do not produce informative
negative ion spectra and only relatively low intensities of
negative ion signals, but this example shows that in some
cases, the negative fragment ions can yield valuable infor-
mation, and that intuition and experience can serve to plan
effective analysis strategies.

A further example of a challenging surface analysis
problem arose when studying the covalent surface grafting
of the antifungal compound amphotericin B onto a propanal
plasma polymer interlayer.*® This compound has rather lim-
ited solubility in phosphate buffered aqueous solution and
only one amine group within its molecular weight of 924 g/
mol, and thus, it was not surprising that by XPS there was a
very low intensity (0.6%) Nls signal after grafting.
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FiG. 6. ToF-SIMS spectra recorded on 15-thymidine grafted onto propanal plasma polymer: (a) positive ion spectrum and (b) negative ion spectrum. From
Ref. 32.
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ToF-SIMS spectra before and after grafting (not shown)
appeared indistinguishable by visual inspection, akin to the
situation in Fig. 4. PCA, however, brought out the differen-
ces quite clearly with the scores plot [Fig. 7(a)] demonstrat-
ing distinctly different surface compositions and the
loadings plot on PCI1 [Fig. 7(b)], showing that nitrogen-
containing fragment ions and C,H,O fragment ions were
more intense for the amphotericin-grafted sample, whereas
the plasma polymer sample was characterized by more
intense hydrocarbon fragment ions. This is clearly consistent
with expectations. No silicones were detected, and on the ba-
sis of this, PCA verification of amphotericin immobilization
one can infer that the biological effects (prevention of fungal

04A310-8

biofilm formation)™ are indeed assignable to the presence of
a surface-grafted layer (at probably submonolayer density)
of this antifungal compound.

The final example illustrates the utility of ToF-SIMS in
probing for specific chemical immobilization of bioactive
compounds through covalent bonds as differentiated from
nonspecific surface attachment through adsorption (physi-
sorption). Echinocandins comprise a drug class of small
molecular weight lipopeptides with an excellent antifungal
activity. Caspofungin (Merck and Co., Inc.) and micafungin
(Astellas Pharma) are structurally related; yet, a key differ-
ence is the presence of two primary amine functionalities in
the former, whereas the latter does not contain amine groups
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FiG. 7. PCA of positive ToF-SIMS spectra recorded on propanal plasma polymer and Amphotericin B grafted onto propanal plasma polymer; (a) scores plot,

(b) loadings on PC1. From Ref. 33.
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(Fig. 8). One would expect that only caspofungin can chemi-
cally react to form imine bonds with surface aldehyde groups
(again on a propanal plasma polymer interlayer), followed
by reductive amination to form stable amine bonds.
However, both compounds might also adsorb onto surfaces
through noncovalent interfacial forces, and such physisorp-
tion might be superimposed on apparent covalent immobili-
zation. Washing protocols can be used to attempt disruption
of interfacial physisorption forces, but they are not always
conclusive. The particular challenge for surface analysis is
to determine whether or not low amounts of physisorbed
compound remain after washing, since physisorption could
confuse interpretation of bioassays via release of highly bio-
active compounds that would affect fungal cells in solution
even at low concentrations, and interfere with the desired
testing of interfacial interactions between fungal cells and
covalently grafted antifungal compounds. As micafungin is
incapable of forming a covalent bond with the propanal
plasma polymer layer, whereas caspofungin should do
so, they form a suitable pair for analysis of grafting versus
physisorption. The compounds are otherwise structurally
sufficiently similar so that it seems reasonable to assume
that (noncovalent) interfacial binding should be of similar
strength.

The sensitivity of ToF-SIMS allowed us to confidently
address this issue. On the Caspofungin surface, the PCA
scores and loadings on positive mass spectra (Fig. 9)
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provided clear evidence that Caspofungin remained on the
surface after binding and extended washing. For example,
the dominant C;HgNO™ fragment can be assigned to a spe-
cific part of the caspofungin molecular structure (Fig. 8);
there is no evidence of contaminants. It would be of much
interest if ToF-SIMS analysis could directly identify and
verify the intended covalent bond, as had been possible in
the above case of an amide bond when immobilizing a serru-
latane (Fig. 2), but in the case of caspofungin, the spectral
evidence is less clear cut. One might take the fragment ion
C,Hy" to represent evidence of the intended interfacial
imine bond, as this ion is less likely to originate from the
peptide part of caspofungin, but isotope labeling studies
would be needed to seek direct evidence.

For the micafungin surface versus the aldehyde control
sample, in contrast, PCA evaluation of the data sets (eight
separate analysis spots per sample) led to a scores plot
(Fig. 10) that showed such overlap that the two sample surfa-
ces cannot be distinguished by ToF-SIMS. Hence, we con-
clude that no significant amount of physisorbed micafungin
was present and thus that the washing protocol for removing
physisorbed compound was effective. This accords well with
the conclusion that after such washing there was no further
removal of caspofungin. The use of these two structurally
related compounds (one covalently binding, one nonbinding)
and results from surface analysis allowed us to confirm graft-
ing of caspofungin to surfaces through a specific covalent

HO Q 0
N
O OH
Micafungin

Fic. 8. Chemical structures of two members of the echinocandin class of antifungal drugs: caspofungin (Cs,HggN19O;5) and micafungin (Cs¢H71NgO23S).

Biointerphases, Vol. 10, No. 4, December 2015



04A310-10 Jasieniak, Coad, and Griesser: ToF-SIMS multivariate analysis 04A310-10
0.02 -
(a) OALDpp
$ LIALDpp-Casp
o 0.01 A O
S :
ol
N
g @ 6-00 ! .
5-0.05 g 0.00 O 0.05
2 @
8 -0.01 1
(/2]
-0.02 -
Scores on PC1 (97.07 %)
0.8 1
(b) C,H,0* mCH ECH-O
0.6 - 1 ECH-N mCH-NO

o
~

©
(N

Loadings on PC1 (97.07 %)
(@
o

T C.H,NO* ‘ C.H,NO*

C.He' C;H;NO*

F1G. 9. Scores plot on PC1 and PC2, and loadings on PC1 of positive mass spectra for aldehyde plasma polymer before and after immobilization of

-0.2
CH,N* C,H,N*

-0.4 A

0 CH,N*

-0.6 1 ALDpp-Casp

-0.8 -
caspofungin.

0.02 -
(a) OALDpp
X < ALDpp-Mica
& 0.01 A
3
N
o O
n' o M
c r = - 1
6-0.05 00 <& 0.05
n
2
S 0.01
n
-0.02 -

Scores on PC1 (76.17 %)

FiG. 10. Scores plots on PC1 and PC2 of positive mass spectra for aldehyde
plasma polymer before and after attempted immobilization of micafungin.
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chemical linkage while providing strong evidence against
concurrent physisorption through nonspecific interfacial
forces. Thus, results from bioassays can be interpreted with
confidence as arising only from covalently grafted mole-
cules, rather than having to include confounding possible
additional effects from physisorbed molecules diffusing into
solution.

V. CONCLUSIONS

ToF-SIMS is ideally suited, particularly when used in
combination with PCA, for the surface characterization of
samples bearing covalently grafted layers of relatively low
molecular weight bioactive molecules. Typically, in such
cases, XPS provides only a very small signal with poor
signal-to-noise ratios, whereas detection is unambiguous
via ToF-SIMS analysis. While usually positive ions are
collected, in some cases, the negative ion spectrum can be
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informative, for example, when a grafted molecule contains
groups such as phosphate that readily liberate negative ions.
Characteristic fragment ions can also directly attest to the
occurrence of the intended immobilization reaction; for
example, an amide-bearing fragment ion attested that a car-
boxylated serrulatane had indeed been grafted via amide
bond formation. Often the small molecular masses of the
grafted molecules lead to ToF-SIMS spectra being domi-
nated by fragment ions from the polymer substrate; while
visual inspection can reveal peaks assignable to fragment
ions from the grafted molecules, much more reliable and
detailed information is furnished by PCA evaluation. ToF-
SIMS with PCA can also provide insights into covalent
grafting versus physisorption, with the latter often not being
considered in grafting studies.
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