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ABSTRACT: Treatment of osseoimplant surfaces with autolo-
gous platelet-rich plasma prepared according to the plasma rich in
growth factors (PRGF-Endoret) protocol prior to implantation
yields promising results in the clinic. Our objective is to understand
the organization of complex interfaces between blood plasma
preparations of various compositions and model titania surfaces.
Here we present the results of the morphological and chemical
characterization of TiO, surfaces incubated with four types of
blood plasma preparations devoid of leukocytes and red blood
cells: either enriched in platelets (PRGF-Endoret) or platelet-
depleted, and either activated with CaCl, to induce clotting, or not.
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Chemical characterization was done by time-of-flight secondary ion mass spectrometry with principal component analysis (ToF-
SIMS/PCA). The interface morphology was studied with scanning electron and atomic force microscopy. Immunofluorescence
microscopy was used to identify platelets and infer their activation state. We observe clear differences among the four types of
interfaces by ToF-SIMS/PCA. Some of these could be straightforwardly related to the differences in the sample morphology and
known effects of platelet activation, but others are more subtle. Strikingly, it was possible to differentiate between these samples
by ToE-SIMS/PCA of the protein species alone. This clearly indicates that the composition, orientation, and/or conformation of

the proteins in these specimens depend both on the platelets’

presence and on their activation. The ToF-SIMS imaging

functionality furthermore provides unique insight into the distribution of phospholipid species in these samples.

Bl INTRODUCTION

Titanium has been the workhorse of osseoimplantation since
the discovery of strong bone—titanium adhesion by Branemark
in the 1950s."” The success of titanium in implantology is to a
large extent due to the inertness of its oxide film.>™* In fact, the
very definition of biocompatibility has been centered around
the material inertness—resistance to corrosion, lack of
mechanical wear and tear, and minimal immune response.”

In recent years, the focus of biocompatibility research has
shifted from improving the passive biocompatibility of the kind
offered by titanium oxide to designing implants that actively
interact with the surrounding tissue, promoting an integrative
and regenerative response.5 To this end, success has been
reported with the activation of implant surfaces and
implantation sites by incubating them with autologous
platelet-rich plasmas immediately prior to implantation (Figure
1).57° We focus in this study on the particular platelet-rich
plasma preparation protocol described by Anitua et al.”'® This
protocol is commercially available under the trade name PRGF-
Endoret. Briefly, it entails obtaining leukocyte-free, platelet-rich
plasma (2- to 3-fold platelet enrichment factor) from whole
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blood by one-step centrifugation, activating it with CaCl, to
initiate coagulation and applying the preparation to the surface
of the implant as well as to the implantation site immediately
before implant placement (shown in translucent yellow in
Figure 1).

Natural coagulation pathways activated by the addition of
CaCl, lead to the formation of a biodegradable fibrin network
with trapped platelets on the implant surface and at the
implantation site; its structure is illustrated in Figure lc. It is in
fact very similar to an incompletely formed blood clot but lacks
red and white blood cells. One of the natural functions of clots
in the body is to initiate wound healing and regeneration after
bleeding stops.'' These processes are initiated and orchestrated
by platelets that release a variety of growth factors upon
activation.""'> Tt is therefore expected that platelet accumu-
lation at the implant surface and implantation site (Figure 1)
would provide a source of mediators promoting site

Received: March 9, 2012
Revised:  October 5, 2012

dx.doi.org/10.1021/1a303360f | Langmuir XXXX, XXX, XXX—XXX


pubs.acs.org/Langmuir
http://pubs.acs.org/action/showImage?doi=10.1021/la303360f&iName=master.img-000.jpg&w=223&h=111

Langmuir

a / b / »
> g$
g 0

Post-ardraction socket (alveclus) LG5 . ;J' P

Figure 1. Endosseous dental implant surface activation and placement.
(a) Site preparation. The alveolus is cleared of blood and debris (not
shown) and filled with plasma rich in growth factors (PRGF-Endoret;
translucent yellowish liquid) that has been previously activated with
calcium chloride solution. (b) Prior to implantation, the titanium
screw to be implanted is wetted with the PRGF-Endoret activated in
the same way as on the alveolus. (c) Insertion. The treated implant is
placed into the insertion site. The total time elapsed from PRGF-
Endoret activation to the end of the implant placement is ~5—10 min.
The implant can be immediately loaded or allowed to heal for some
weeks (delayed loading). The use of PRGF-Endoret has been reported
to accelerate endosseous implant integration”'®'? and reduce the risk
of periimplantitis,>> which may lead to implant failure.

vascularization, mesenchymal stem cell differentiation into
osteoblasts and their proliferation, and bone formation."*~"
Consistent with this idea, PRGF treatment was shown to
improve the osseointegration of titanium implants signifi-
cantly.”?'>'¢1® Furthermore, this protocol has been adapted
to other biomedical fields and provides significant clinical
benefits in terms of wound healing and tissue regeneration.
(See ref 20 for a recent review.)

For these reasons, we initiated a program of studies aimed at
a careful and systematic physicochemical, biophysical, and
biological characterization of biomaterial interfaces treated with
various blood-derived preparations. The focus of this particular
study is on the chemistry and morphology of model implant
surfaces incubated with various blood plasma preparations
(Figure 2); biological effects and growth factor release kinetics
are presented elsewhere.”’ The question we are addressing is
whether we can chemically distinguish the interfaces prepared
from blood plasma in different ways and whether these
chemical differences can be related to the morphological
properties of the interfaces. The chemical composition of the
interfaces is analyzed by time-of-flight secondary ion mass
spectrometry (ToF-SIMS) with principal component analysis
(PCA).**™** Complementary information is provided by
atomic force microscopy, scanning electron microscopy, and
immunostaining fluorescence microscopy.

ToF-SIMS provides chemical information about the top ~1—
3 nm of the surface by bombarding it with ions or ion clusters
and by analyzing the molecular fragments knocked out of the
surface by time-of-flight mass spectrometrzr. This technique can
therefore provide molecular information,”>**** as opposed to
other powerful surface analysis techniques such as X-ray
photoelectron spectroscopy (XPS) that yields surface elemental
and local chemical compositions. However, ToF-SIMS can lead
to rather complex fragmentation patterns that, in the case of
proteins, are dominated by fragments smaller than 200 amu.
These patterns can be analyzed by principal component
analysis (PCA) to obtain information about the protein
composition and/or orientation at the interface.’>***® The
combination of ToF-SIMS and PCA has been successfully used
to study a wide variety of biological specimens at interfaces,
from adsorbed single proteins to complex protein mixtures
includin§ blood plasma and serum, lipid membranes, and whole
cells>*%?°73* We apply it to examine the effects that the
platelet content and the activation of the clotting cascade have
on the TiO,—blood plasma interfaces.

B MATERIALS AND METHODS

Unless otherwise stated, all reagents were purchased from Scharlab
S.L., Spain. The Nanopure water used in this study was obtained by
purification with a Diamond UV water system (Branstead Interna-
tional, Iowa, USA).

Blood Plasma Preparation. Blood from healthy volunteers was
collected in 3.8% (w/v) sodium citrate-containing tubes (Biotechnol-
ogy Institute S.L., Spain). Blood samples were centrifuged at 580g for
8 min in a PRGF System IV centrifuge (Biotechnology Institute S.L.,
Spain) to obtain platelet-rich plasma (R) in accordance with the
PRGF-Endoret procedure.'” Platelet-poor plasma (P) was obtained by
a second centrifugation at 4500g for 12 min at room temperature in a
Sigma 3K30 centrifuge (Sartorius AG, Germany). Cell counts were
obtained with an ABC Micros60 hematologic counter (Horiba, Japan).
They are listed in Table 1.

Surface Preparation and Cleaning. Surfaces used in this study
were prepared by coating silicon wafers (University Wafer, Boston,
MA, USA) or glass no. 1 25-mm-round microscope coverslips
(Menzel-Gldser, Braunschweig, Germany) with an ~20 nm thick
layer of TiO, by magnetron reactive sputtering according to the
procedure described in Kurrat et al>* The coating was done at the
Paul Scherrer Institute (PSI, Villigen, Switzerland). Coated wafers
were cut into 1 X 1 cm? plates before use.

Immediately prior to each experiment, surfaces were cleaned. First,
samples were sonicated in a 2% sodium dodecyl sulfate (Fluka
Analytical, Sigma-Aldrich GmbH, Germany) solution that was filtered
through a 0.2-um-pore-diameter syringe filter (Millipore, Billerica, MA,
USA) and rinsed under stream of Nanopure water. Water was blown
off with a filtered nitrogen stream. Dry surfaces were further treated
with UV—ozone for 30 min in a UV—ozone cleaner (BioForce
Nanosciences, USA) that was preheated for 30 min immediately
before use.

The chemical composition of the surfaces before and after cleaning
was confirmed by XPS analysis with a SAGE HRI00 instrument
(Specs, Berlin, Germany) with a nonmonochromated Mg Ka source
operating at 300 W. A pass energy of 30 eV was used for survey scans,
and 15 eV was used for detailed scans. Spectra were calibrated using
the C 1s peak at 285.0 eV and analyzed using CasaXPS software (Casa
Software Ltd.). Surfaces used in this study contained ~12 atomic %
carbon and typically contained more than 95% TiO, (as opposed to
the lower oxides, TiO or Ti,O;). A representative XPS spectrum is
shown in Figure S1 and Table S1 in the Supporting Information.
Further information about the surface analysis of titania films can also
be found in Sittig et al,>® Textor et al,>® and Callen et al.¥’

Preparation of Samples for ToF-SIMS Analysis. Freshly
cleaned surfaces were coated with 20 uL of the appropriate plasma
preparation (R or P). For the activated versions (RA and PA,
respectively), 10 wt % calcium chloride hexahydrate solution
(Biotechnology Institute S.L. Spain) was applied to the surfaces
before application of the plasma. The preparation of the four samples
is shown in Figure 2b,c. The final concentration of CaCl, in the plasma
was 22.8 mM. After an incubation time of 10 min, surfaces were gently
rinsed with Nanopure water and stored for 8 h before ToF-SIMS
analysis.

Time-of-Flight Secondary lon Mass Spectrometry (ToF-
SIMS) and Principal Component Analysis (PCA) of ToF-SIMS
Data. Static ToF-SIMS measurements were performed in a TOF-
SIMS V instrument from Ion-ToF GmbH (Munster, Germany) using
Biy?* primary ions at 50 kV energy and ~0.3 pA current. The area
analyzed was 200 X 200 ym?, and the primary ion dose was 10'? ions/
cm’. Both positive and negative secondary ions were analyzed. The
mass resolution (m/Am) was typically above 4000 for all of the peaks
studied. Low-energy electron flooding in order to reduce sample
charging was unnecessary except for one measurement, which was
excluded from further analysis. The measurements were made at about
4 x 107 mbar at room temperature.

Before further analysis, spectra were calibrated with Ion-Tof Ion
Spectra software (version 6.2, Ion-Tof, GmbH, Munster, Germany)
using CH;*, C,H;*, C;H,*, C;H;*, C,H,*, C;H,,", C7,CH™, C,7, C5,
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Figure 2. Sample preparation and morphological analysis. (a) Surfaces used in this study consisted of a 15—20 nm TiO, layer (gray) prepared on the
surface of glass slides or silicon wafers by magnetron reactive sputtering. (b) Appropriate plasma solutions (plasma rich in growth factors or platelet-
poor plasma, activated or nonactivated) were deposited onto freshly cleaned surfaces. Activation consisted of the addition of CaCl, to a final
concentration of 22.8 mM. Samples were incubated for 10 min and washed. (c) The preparation procedure results in four types of schematically
illustrated samples: RA contains a fibrin network with trapped (activated) platelets; RN contains intact platelets and almost no fibrin; PA contains
some fibrin; and PN is essentially a layer of surface-adsorbed proteins. Analyses of these samples by scanning electron microscopy (SEM) and atomic
force microscopy (AFM) shown in parts d and e, respectively, confirm the validity of these schematic illustrations. (d) Scanning electron microscopy
images of the four types of samples used in this study. Individual platelets and a dense fibrin network are clearly visible in the RA samples, but only
platelets can be seen in the RN ones. Because of the absence of Ca**, the thrombin-generated catalytic cascade is not active here. PA samples contain
a small number of fibrin fibrils, most likely due to the presence of a small number of platelets activated upon addition of Ca®* that catalyzed thrombin
generation. PN samples are more or less featureless. Green arrows mark platelets and platelet aggregates, and white arrows mark fibrin. (e) Atomic
force microscopy images of the four types of samples are seen to correlate with the SEM shown in part d. Platelets and fibrin network, platelets alone,
and the residual fibrin network are again visible in the RA, RN, and PA samples, respectively. The PN sample is roughly featureless. Please note that
the z scale, indicated on the right of each image, is different between images because of the very different morphologies of each interface. The image
width is S0 ym. Green arrows mark platelets and platelet aggregates, and white arrows mark fibrin. Height profiles were obtained after the projection
of the vertical information along the blue line in the AFM images. As anticipated from the z-scale differences, the maximum height variation found in
RA surfaces is 2 times that of RN and almost 3 times that of PA. PN samples are comparatively flat. The RA cross section shows that the 3D
structure of clots with embedded platelets can be translated to the surface of titania.

and PO,™ ion peaks, respectively, following the guidelines of Green et
al*® The same software was used for peak selection.

The statistical analysis of ToF-SIMS data proceeded following
Wagner et al.>® The first step was to select the peaks to be used in the
analysis. Peak selection was based on previous studies.”” *' Selected
positive ion peaks corresponding to substrate/Ca, protein fragments,
and phospholipids are listed respectively in Tables S2—S4 in the
Supporting Information, and selected negative ion peaks correspond-
ing to protein fragments and phospholipids are listed in Table S5 in
the Supporting Information.

The area under each peak was computed identically for all spectra
and samples and normalized by the total ion counts in all of the
selected peaks from the given sample in order to factor out
topographic and matrix effects.”” Before statistical analysis, all peak
intensities were mean-centered so that the origin-centered data set
variance was due to differences in sample variance rather than
differences in sample means.

At this point, each kind of sample (RA, RN, PA, and PN) was
described by 16 sets of peak intensities (the lists of peaks are shown in
Tables $2—SS). These 16 sets originated from two replicas of each
kind of sample. For each replica, data was collected from two different
200 X 200 ym? areas on the sample that were split into 50 X 50 ym?
areas for analysis. Principal component analysis (PCA) was performed
on these sets of intensities in a NESAC/BIO Toolbox** in Matlab
(Mathworks Inc., USA). PCA assigns to each set a point in space
defined by the principal components. Sets originating from identically
prepared samples cluster together. To determine the limits of the 95%
confidence intervals around each such cluster, a procedure described in
Wagner et al?
on the mean-centered subset of scores of the sample types whose
statistical limits were being determined. The eigenvalues of this second
PCA are the major and minor axes of an ellipse that can be drawn
around the scores. The ellipse represents the confidence limits of the
subset of scores in the second PCA. The loadings of the second PCA

was followed. It consisted of performing a second PCA
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Table 1. Leukocyte, Erythrocyte, and Platelet Counts of the
Plasma Solutions Used in the ToF-SIMS, AFM, FM, and
SEM Experiments®

platelets X 10%/

plasma leukocytes X erythrocytes  uL (enrichment
experiment preparation 10%/uL X 10%/uL factor)
ToF-SIMS R 0.00 0.03 620 (2.16)
P 0.00 0.01 22 (0.08)
AFM R 0.10 0.02 420 (2.80)
P 0.10 0.00 4 (0.03)
FM R 0.10 0.01 380 (1.90)
P 0.00 0.00 12 (0.06)
SEM R 0.00 0.00 404 (2.08)
P 0.10 0.00 1 (0.01)
avg &+ SD* R 0.05 + 0.06 0.00 + 0.01 456 + 111
(224 £ 0.39)
P 0.05 + 0.06 0.02 £ 0.01 9.75 £ 94
(0.05 % 0.05)

“This row shows the average values + std dev. The platelet
enrichment factor shown is relative to the platelet concentration in
whole blood. R refers to platelet-rich (PRGF-Endoret) preparations; P

refers to the platelet-poor ones.

can be then used to rotate the ellipse from the secondary PCs so that it
corresponds to the original PC plot.

Scanning Electron Microscopy (SEM). Scanning electron
microscopy (SEM) analysis was performed with a Hitachi S-4800
(Hitachi, Japan) at 15 kV acceleration voltage at around a 10 mm
working distance. Representative images at 2000X and 3000X were
cropped to a 30 X 30 um” size.

Samples prepared identically as for ToF-SIMS analysis were fixed
for 1 h in 2 wt % glutaraldehyde in 0.1 M sodium cacodylate buffer
(pH 7.4) at room temperature, washed 3 X 10 min with the 6.5 wt %
sucrose in the same cacodylate buffer, stained with 1 wt % OsQO, in 0.1
M cacodylate buffer for 1 h at 4 °C in the dark, and finally washed 3 X
10 min with cacodylate buffer. Fixed samples were dehydrated in a
series of solutions of increasing ethanol concentrations (30, S0, 70, 96,
3 X 100 vol %). Each step took 10 min. Dehydrated samples were
immersed in hexamethyldisilazane for 2 X 10 min and allowed to dry.
Dry samples were coated with gold by sputtering for 180 s
immediately before observation in an argon atmosphere in a JFC-
1000 ion sputterer (Jeol Ltd., Japan) mounted on one of the ports of
the SEM. Detailed descriptions of these protocols can be found in refs
43—4S.

Fluorescence Microscopy (FM). Fluorescence microscopy was
carried out in a Zeiss LSM 510 scanning laser confocal fluorescence
microscope using a 63X oil immersion objective and laser lines and
filters appropriate for each die. Clean TiO,-coated glass coverslips
were placed in a homemade Teflon holder and incubated with 100 uL
of the appropriate plasma solution (RA, RN, PA, and PN) for 10 min
before washing and examination. Immunostaining for quiescent and
activated platelets was done by incubating plasma samples for 1 h
before substrate coating with fluorescently labeled mouse-antihuman
antibodies against CD42a and CD62P, respectively (BD Biosciences,
Franklin Lakes, NJ, USA). Antibodies were diluted 1:25 prior to use.

Atomic Force Microscopy (AFM). Samples used in the AFM
experiments were prepared in the same way as those used in the ToF-
SIMS analysis. AFM imaging of the topography was performed with a
JPK Nanowizard II atomic force microscope (JPK Instruments AG,
Germany). AFM images were collected in tapping mode in air. Oxide-
sharpened silicon nitride tips mounted on V-shaped cantilevers with a
nominal spring constant of 0.32 N/m were used to obtain the images.
Height trace images were flattened and plane fitted as required in the
JPK image processing software. This software was also used for the
measurement of the fibril diameters and the roughness calculations of
line profiles.

B RESULTS AND DISCUSSION

In this work, we studied the morphology and the chemical
composition of four different blood plasma preparations on
TiO, surfaces: plasma rich in growth factors or platelet-poor
plasma, activated with Ca®* or not activated (designated RA,
RN, PA, and PN in Figure 2 and throughout the text). The
compositions of the different plasma preparations used in these
experiments are listed in Table 1. One of these—activated
plasma rich in growth factor preparation, RA—emulates
titanium implant activation with autologous platelet-rich plasma
introduced in the clinic by Anitua and collea;ues to enhance
the integration of dental implants (Figure 1).”~* As expected,
these interfaces are morphologically and chemically complex.
The key finding of our study is that we were able to detect
subtle differences between these interfaces.

Interface Morphology. TiO, surfaces incubated with
blood plasma present markedly different morphologies depend-
ing on the presence or absence of platelets and on whether the
samples were treated with Ca to activate platelets and initiate
clotting (Figure 2d,e). Activated platelets catalyze the
production of thrombin at their surfaces, which in turn
catalyzes the formation of the fibrin network from fibrinogen.
Indeed, it is evident in Figure 2d,e that a dense network of
fibrils connecting circular objects of ~2—4 pm in diameter is
present in the platelet-containing, Ca-activated plasma samples
(RA). This is the typical appearance of a clot—fibrin matrix
interconnecting platelets.*® However, only platelets, without
the fibrin network, were found in the RN samples. Platelets
found in the RN samples were smaller (~ 1 to 2 um diameter)
than those found in RA samples. This difference is consistent
with what is known about platelet morphological changes upon
activation: a large amount of surface area stored in the open
canalicular system in the quiescent platelets becomes available
upon activation, leading to a size increase.”” Somewhat
surprisingly, in RN samples, platelets were found in aggregates.
Very few platelets were found in the platelet-poor (PN)
preparations. Some fibrils were observed in the activated PA
samples, whereas only a featureless film of material—most
likely adsorbed plasma proteins—was found on the surfaces of
PN samples.

More information could be obtained from the AFM images.
In particular, the cross sections shown in Figure 2e are
indicative of the topographical heterogeneity of the samples: in
RA, platelets and the fibrin network were interspersed with
numerous interstitial spaces, leading to a very heterogeneous
interface and a height variation of ~150 nm (peak-to-valley
roughness, R,). The corresponding root-mean-square rough-
ness R, was 23 nm. The surfaces of the platelet-rich,
nonactivated samples were much more homogeneous topo-
graphically, with the platelets protruding above the protein film
(R, = 70 nm, R, = 15 nm). PA samples once again showed
topographical heterogeneity derived from the presence of loose
and unconnected fibrils (R, = 50 nm and R = 10 nm). Finally,
PN samples were very homogeneous, given that they lack both
platelets and a fibrin network. The profile of the PN samples
was rather flat, with R, ® 20 nm and =~ 4 nm. For
comparison, the roughness values of the bare samples were ~10
nm (R,) and 0.9 nm (Rq)

The fibril networks found in RA and PA samples were
different in terms of the density, length, and thickness of the
fibrils. The difference in thickness was not dramatic: fibrils in
RA were 217 + 29 nm wide, and in PA they were 189 + 35 nm.
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Figure 3. Inmunofluorescence microscopy characterization of the blood-plasma-coated TiO, surfaces. (a) Platelet identification was performed by
staining the samples with the anti-CD42b antibody (green). Platelet activation was assayed by staining them with the anti-CD62P antibody (yellow).
Platelets are present in RN preparations (positive staining with CD42b, a and b) but are (nearly) absent from the PN preparations (c and d).
Positive anti-CD62P staining indicates that platelets in the Ca-activated preparations are activated (e and g), as expected. A dense network of fibrils is
visible by autofluorescence in the RA preparation (red, i), and some fibrils are also visible in the PA preparation (j), consistent with the AFM and

SEM images. (a, ¢, 1) RA, (b, f) RN, (c, g ]) PA, and (d, h) PN.

Both values are within the range expected for human fibrin
fibrils (~150—350 nm).*® The fibrils in RA samples were
significantly longer and formed denser networks, consistent
with the notion that platelets organize the fibrin network and
catalyze its production.*”*®

Neither SEM nor AFM provides chemical or biological
information about the film composition. Therefore, the
morphological identification of platelets made above was
confirmed by immunofluorescence microscopy. Images taken
before and after washing were identical, so only the images
taken after washing are shown (Figure 3). The globular
structures thought to be platelets indeed stained positive for
platelet-specific anti-CD42b antibody (Figure 3a—d) and in the
case of the activated platelets, for anti-CD62P antibody (Figure
3e—h). CD62P (P-selectin) is a transmembrane protein that is
absent from the surface of the inactive platelets but is expressed
after activation.*” These immunofluorescence results confirm
that the platelets in RN preparations are in fact not activated in
the sense that they do not express a-granule marker CD62P,
even though they are to some extent aggregated.

Immunofluorescence experiments also confirmed that
platelets were nearly absent from the PN preparations (Figure
3c,d,gh). The presence of platelets in the activated preparation
coincided with the formation of the dense fibrin network
(Figure 3i,j), which was visible because of the autofluorescence
of the fibrin fibers. Autofluorescence in tissues is thought to be
due to cross-links formed between structural proteins, and
there are other examples of sharp autofluorescence images (e.g.,
obtained from collagen and elastin*).

The presence of fibrils in the PA samples (Figures 2d,e and
3j) merits some discussion. It indicates that some thrombin is
present in these samples. This can arise from the activation of
the residual platelets present in the PA samples or from
thrombin introduced during blood collection or sample
preparation procedures. However, the thrombin-catalyzed
fibrinogen-to-fibrin conversion step is itself not Ca*"-depend-
ent. Fibrin networks have been observed in fibrinogen/
thrombin preparations in the absence of Ca?*.*° If small
amounts of thrombin were produced in our samples during
blood collection or at other stages of sample preparation, then
we would have seen fibrils in all of our samples, not only in PA
and RA. We therefore conclude that residual platelets present in
PA samples are responsible for thrombin production and fibril
formation in PA samples.

Interface Chemical Composition by ToF-SIMS and
Principal Component Analysis (PCA). Typical ToF-SIMS
(positive ion) spectra of the bare TiO, surface and the TiO,
surface exposed to the blood plasma preparation (in this case,
RA) are shown in Figure 4a)b, respectively. The bare substrate
spectrum is quite simple, containing Ti* (m/z 48 and isotopes)
and TiO* (m/z 64 and isotopes) species (Table S2 in
Supporting Information) as well as numerous much smaller
peaks due to hydrocarbon (C,H,) and silicon contamination
(Figure 4a). On the contrary, the RA spectrum is rather
complex with numerous peaks corresponding to the amino acid
and phospholipid fragments (Figure 4b; cf, Tables S3 and S4 in
the Supporting Information). The substrate-related peaks are
also detectable in this case but are much less intense. In such
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Figure 4. ToF-SIMS analysis of the samples: raw data. (a) Positive ion 0.4+
spectrum of a bare TiO, surface before exposure to blood plasma. Ti 4cly/PC fragment 30
(m/z 48) and TiO (m/z 64) ions are visible (highlighted in red), as T o T A T s 1
are numerous, less-intense peaks corresponding to adventitious ’ o '
hydrocarbon contamination of the surface. (b) Representative positive PC 1(50%)

ion spectrum of the RA sample. Numerous amino acid fragment peaks
are visible, for example, C,H,N* (m/z 42), C;HN* (m/z 70), and
CHgN," (m/z 110), as are the peaks shared by fragments of amino
acids and phospholipids (CH,N* (m/z 30), C,;H;(N* (m/z 72) and
CsHy,N* (m/z 86)) and the peak fragment relative to phospholipids
only (CsH ;PNO,* (m/z 184)).

complex spectra, the information is encoded in the intensity
distribution of various peaks and can be extracted with principal
component analysis (PCA) that analyzes similarities and
variances between individual sets of intensities (spectra).
Each such spectrum becomes a point in space spanned by
the principal components, or PCs. Spectra from similar
specimens are expected to cluster together (have similar
coordinates in the PC space) and separately from the spectra
from different kinds of samples. This is indeed what is observed
in Figures 5—7, where the results of the three different PCA
models of the blood-plasma-treated TiO, surfaces are
presented. These figures constitute the central result in this
article. They show that the four different types of samples—RA,
RN, PA, and PN—can be distinguished from each other with
respect to the chemical groups accessible to ToF-SIMS
(typically, 1—3 nm of the surface layer”>"). In other words,
these four types of specimens present interfaces that are
chemically distinct. We now discuss the origins of these
differences.

The model shown in Figure Sa is based on the positive ion
peaks corresponding to the substrate (Table S2 in the
Supporting Information), protein fragments (Table S3 in the

Figure 5. Principal component analysis of the ToF-SIMS data: positive
ions. (a) Each point in the space defined by principal components PC1
and PC2 corresponds to a positive ion spectrum in which peaks listed
in Tables S2—S4 in the Supporting Information were included. Spectra
acquired from identical samples cluster together. The size of each
cluster (delineated by the 95% confidence limit ellipsoids) corresponds
to the noise within the data—variations in sample preparation and so
forth. Clusters corresponding to the different kinds of samples—RA
(green), RN (blue), PA (black), and PN (red)—are well separated on
this plot. The within-group scatter of —A samples is greater than that
of —N samples, indicative of a higher film heterogeneity. (b)
Contributions of the individual peaks to each of the two principal
components shown in part a are called loadings, and they are plotted
in this figure. The main contributions to separation come from three
families of peaks: those related to the phospholipids (m/z 30, 86, and
184), to the titania substrate (m/z 48, 49, and 64), and to the amino
acid fragments (especially m/z 60, 70, and 110). For clarity, only the
high-loading ions are plotted.

Supporting Information), and phospholipid fragments (Table
S4 in the Supporting Information). The selection of peaks used
in the classification was based on the Previous ToF-SIMS work
on the protein and lipid films.*>*"***' The loadings plots (e.g,,
Figure Sb) indicate how significantly individual chemical
species contribute to the separation between the different
clusters (sample types) visible in the model (Figure Sa).
Specifically, the loadings plot in Figure Sb shows that the
substrate species contribute strongly to the separation between
the activated and nonactivated samples whereas the phospho-
lipid fragments contribute to the separation between the plasma
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rich in growth factors versus the platelet-poor plasma samples.
The contribution of the phospholipid peaks is straightforward:
platelets are the major source of phospholipids in the plasma
rich in growth factors devoid of other cells. However, the
appearance of the substrate peaks in the activated samples,
together with the significantly greater data spread observed in
the activated samples (compare the sizes of the ellipses for the
PA and RA samples with those for the PN and RN samples in
Figure Sa), is indicative of interface heterogeneity, as already
noted in the SEM and AFM images (Figure 2). Furthermore,
there is a considerable degree of overlap between PA and RA
samples along PC1. The reason behind this is not altogether
clear, but it is probably related, on one hand, to the retention of
the platelets on the surface by the activated samples and, on the
other hand, to the heterogeneity of the activated samples
already discussed. In our recent study of growth factor release
kinetics from TiO,—blood plasma interfaces of different
compositions, we have shown that activated samples on average
retain platelets better than nonactivated ones.”'

The accessibility of the substrate in the Ca-activated samples
may be of interest from a clinical point of view. However, it also
represents a convolution of interface morphology and
chemistry. To investigate further the differences in the
interfacial chemistry among these four types of samples,
another model was constructed in which only the peaks related
to amino acid fragments were considered (Table S3 in the
Supporting Information minus peaks with m/z values of 30, 72,
and 86). This model should capture the differences related only
to the protein composition of the interface. The results of the
PCA based on this model are shown in Figure 6. There is clear
separation between activated and nonactivated samples,
accounting for 69% of the variance of the system; the
separation between RN and PN samples is also quite strong
(Figure 6a). This is most likely due to the contribution from
the platelet proteome in the R-derived samples, although
further studies are clearly needed to unravel the sources of
these differences.

Interestingly, activation diminishes differences with respect
to the protein composition between samples with high and low
platelet contents. At this point, we can only speculate on the
mechanisms behind this observation: first, activation leads to
(partial) loss of the platelet-specific components from the RA
samples, making them look more like the PA samples in terms
of protein composition. This loss may occur, for example,
through the excretion of granule contents*”**3 (recall that the
samples are washed before the ToF-SIMS analysis, so most of
the material released by the platelets was probably lost).
Second, AFM and SEM images show that both sets of activated
samples (RA and PA) contain fibrin networks. (See the SEM
and AFM images of the RA and PA samples in Figure 2.)
Nonactivated samples do not. (See the SEM and AFM images
of the RN and PN samples in Figure 2.) It appears that the
presence of fibrils in the activated samples distinguishes them
chemically from the nonactivated ones more than the platelet
content distinguishes the activated samples from each other. In
other words, fibrin network formation strongly affects interface
chemistry. From the loadings plot (Figure 6b), it can be noted
that there is a higher relative presence of histidine (His m/z
110) and leucine or lysine (Leu/Lys m/z 84) in nonactivated
samples. Raw data (not shown) of PN samples shows a higher
relative content on serine (Ser m/z 60) and tryptophan (Trp
m/z 130).
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Figure 6. Focus on the proteins: PCA analysis of protein-only peaks
from the ToF-SIMS spectra. (a) Same as for Figure Sa, but only the
peaks corresponding to the protein fragments listed in Table S3 in the
Supporting Information were used. Activated and nonactivated
samples are well separated along PC1. Note the much-less-defined
separation between RA and PA, whereas the separation between RN
and PN is maintained. (b) Loadings plot corresponding to the PCA
results shown in part a. Clustering is due to the differences in the
relative presence of m/z 70, 84, 110, and 120 for each sample type. For
clarity, only the high-loading ions are plotted.

In summary, the presence or absence of platelets and
activation translate into differences in protein composition,
conformation, and/or orientation in these interfaces.

The negative secondary ions collected by the ToF-SIMS
detector are usually largely fragmented and mostly consist of
the polyamide backbone-derived groups. In Table S5 in the
Supporting Information, we list the selection of relevant
negative residues that have been used to build the PCA model
shown in Figure 7. It is not surprising that this model less
clearly resolves the differences among the samples. However,
clustering can still be ascribed to the different sample types
(Figure 7a). In the case of negative ions, activation is once again
responsible for 69% of the variance whereas differences due to
the initial composition (platelets or no platelets) account for
only 22%. As already discussed above, activation is related to
the changes in protein orientation, conformation, and/or
composition at the interface and is accounted for (in the case
of the negative ion spectra) in terms of differences in the peaks
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Figure 7. Principal component analysis of the ToF-SIMS data:
negative ions. (a) Same as in Figures Sa and 6a, but only the peaks
corresponding to the negative ions, which are listed in Table SS in the
Supporting Information, were used. These ions correspond to
functional groups and allow the separation of —A samples along
PC1 and —N samples along PC2. (b) Loadings plot corresponding to
the PCA results shown in part a. The separation is mainly due to
functional groups of peptide backbones along PC1 (m/z 26 and 42)
and phosphate along PC2 (m/z 79). Residual platelets in PA may
explain the similarities of this subset of samples with plasma rich in
growth factor samples along PC2 in part a. For clarity, only the high-
loading ions are plotted.

related to the peptide backbone on one hand and the sulfide
peak on the other (PCI in Figure 7b). Separation according to
the platelet content is accounted for by the phosphate residues
(m/z 63 and 79), which load highly in Figure 7b along PC2. As
stated above, these are mainly due to the phospholipids present
in the plasma rich in growth factors preparations. The negative
ion spectra largely confirm the conclusions reached with the
positive ion ones.

Lateral Distribution of Chemical Species. ToF-SIMS
allows the possibility of mapping the lateral distribution of
chemical groups on the surface (imaging). We used the so-
called bunched mode to acquire images, where bunching is
applied to a pulsed primary ion beam to reduce the pulse width.
This mode offers high sensitivity—the number of molecules
usable for imaging is almost the limit of the organic secondary
ion emission (10° molecules/um?*)—and high mass resolu-
tion.>* These are achieved at the expense of spatial resolution,

which in our case is limited to ~3—5 um? Ions related to the
substrate (Table S2 in the Supporting Information) and to
amino acids (Table S3 in the Supporting Information) were
distributed homogeneously across the sample surfaces in all of
the samples; their lateral distribution did not provide further
information. On the contrary, the distribution of the
phospholipid species (Table S4 in the Supporting Information)
in platelet-containing specimens was interesting. Images of the
CsH;sPNO," ion (m/z 184, Figure 8a,c,e,g) and PO* ion (m/
z 79, Figure 8b,d,fh) were selected for their high contrast.
Similar results were obtained with several other ions (m/z 30,
72 and 86), but the contrast was lower because of the
overlapping protein contributions to these signals (images not
shown). In RA samples, round clusters 5 to 20 gm in diameter
could be made out (Figure 8a,b) against a rather high, uniform
background signal of these species. In the RN samples, well-
defined globular entities were visible (Figure 8c,d). These can
be reasonably associated with platelets or their aggregates as a
result of their size because such clusters were absent in the PN
preparations (Figure 8e—h) and because analogous features are
visible in the immunofluorescene (Figure 3) and AFM images
(Figure 2). Interestingly, although individual platelets could be
easily identified in the AFM and immunofluorescence images of
both RA and RN preparations, the distribution of the
phospholipid-derived ions in the two types of samples was
considerably different (cf. Figure 8a,c). Clearly, the difference is
related to platelet activation. One of the processes associated
with activation is the release of membranous microparticles by
platelets.*” If at least some of them remain associated with the
clot, their presence would cause the high background in the
phospholipid signal observed.

The residual platelets and their phospholipids present in PA
samples are also most likely the reason for the surprising
number of phosphates present in PA samples. The images
shown in Figure 8 show a systematic difference in the
phosphate peak intensity: it is lowest in the PN samples and
increases with the platelet content. Once again, better retention
of platelets in the activated interfaces (see above) is probably
responsible for the difference between PA and PN samples.
This rules out the possibility that the phosphate signal arises
from the nonspecific phosphate contamination of TiO,.

B CONCLUSIONS

In this study, we used microscopy techniques (SEM, AFM, and
immunofluorescence microscopy) together with the combina-
tion of time-of-flight secondary ion mass spectrometry (ToF-
SIMS) and principal component analysis (PCA) to characterize
the morphology and chemical composition of interfaces formed
between TiO, and four types of blood plasma preparations:
plasma rich in growth factors or platelet-poor plasma activated
with Ca®* or nonactivated. The most significant finding of our
study is that these four types of samples could be distinguished
with respect to their chemistry by ToF-SIMS/PCA. Relying on
the unique capabilities of this method, we were able to
demonstrate that the chemical composition of the protein
components of these interfaces was distinct and depended both
on whether the platelets were present and on whether the
samples were activated with Ca**. We also showed that a
significant fraction of the phospholipid species in the activated,
platelet-containing samples was uniformly distributed across the
surface, despite the fact that platelet-specific markers are highly
localized in the immunofluorescence images. Furthermore, we
find a good correlation between sample morphology as
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Figure 8. Lateral distribution of phospholipid species in the four types of samples. ToF-SIMS images of the lateral distribution of the chemical
groups were recorded for each secondary ion chosen for analysis. All image analysis was performed within the Ion-Tof ion image software (version
6.2, Ion-Tof, GmbH, Munster, Germany). Each image is normalized to the intensity in the brightest pixel (maximum counts per pixel = 70). This
intensity value is assigned to the color value of 256. Zero intensity is assigned to the color value of 0. All other intensities are assigned accordingly
using a linear relationship. (a, ¢, e, g) m/z 184 C;H;sPNO,*; positive phosphatidylcholine headgroup ions. (b, d, f, h) m/z 79 PO;”; negative

phosphate ions.

identified by SEM and AFM and the accessibility of the
substrate (Ti) species as identified by ToF-SIMS. We also find
a good correlation between the lateral distribution of
phospholipid species as identified in ToF-SIMS images and
of platelets as identified by immunofluorescence microscopy in
the platelet-containing, nonactivated samples. Our study makes
it clear that cells interacting with these interfaces will receive
different chemical cues that will different drive their
remodeling.
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