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ARTICLE INFO ABSTRACT

Keywords: The clinical success of implanted biomaterials such as dental implants is largely determined by the molecular
Platelets signaling that occurs at the tissue-implant interface. The modification of surface topography is a widely-
Implant

employed strategy for optimizing tissue integration with dental implants. However, little is known regarding
the direct, cellular-level effects of substratum topography on platelet signaling and adhesion, despite these cells
being the first to encounter the implant surface during surgical placement. Here we compared platelet adhesion
and secretion on four (4) different titanium surfaces, notably, the modifications applied to commercially
available dental implants: smooth (S) titanium; acid-etched (AE), sandblasted (SB) and a combined acid-etching/
sandblasting procedure (SLA). Platelets were isolated from human blood, washed, and seeded on to the 4 test
surfaces; platelet adhesion was quantified by microscopy. In addition, the secretion of critical molecules stored in
platelet granules (platelet factor 4, PF4; soluble P-selectin, sCD62P; transforming growth factor-betal, TGF-p1;
platelet-derived growth factor-AB, PDGF-AB) was measured by enzyme-linked immunosorbent assay (ELISA)
analysis of the supernatants. There was greater platelet adhesion to the rougher AE and SB surfaces, however, the
concentration of the secreted growth factors was comparable on all surfaces. We conclude that while surface
topography can be engineered to modulate initial platelet adhesion, granule secretion is likely regulated as a

Surface topography
Cell adhesion

separate and independent process.

1. Introduction

Titanium is a widely-used biomaterial for dental and orthopedic
implants, due to its suitable mechanical properties, biocompatibility,
and its ability to integrate with bone, termed osseointegration. A key
approach to optimizing the success of dental and orthopedic implants is
through modification of the implant surface to elicit cellular responses
conducive for wound healing.>* In this regard, the properties of tita-
nium biomaterials are determined by their surface characteristics,
notably, surface topography,’ chemical composition,® and electrical
charge.” The modification of surface topography is a particularly
well-documented method to improve the titanium osseointegration.>®
Topographic modifications applied to commercially available dental
implants include sandblasting, acid-etching, and a combination of
sandblasting and acid-etching (termed SLA).°

Considerable efforts have been dedicated to studying the effect of
surface topography on the adhesion and differentiation of osteogenic

cells on titanium.’ This is understandable given that bone cells are
directly responsible for osseointegration.'’ However, there has been less
intensive study on the effects of surface topography on blood cells,
despite blood being the first tissue to contact the implant surface during
surgical placement.' " After insertion, the wound site of the implant is
immediately covered by a blood clot,'* which precedes the migration of
inflammatory and osteogenic cells to the implant surface.'® Conse-
quently, blood cells are ideally positioned to serve as a critical bridge
between the titanium surface and the healing peri-implant tissues.
Platelets are cellular fragments derived from megakaryocytes in the
bone marrow.'® Platelets store >30 bioactive cytokines, chemokines,
and growth factors in 3 distinct granular compartments, termed alpha
(«)-granules, dense granules and lysosomes.'” '° In their resting form,
platelets circulate in the blood as discoid cells that rapidly aggregate and
change shape upon activation by soluble agonists or by encountering the
wall of a damaged blood vessel.”’?* Platelet aggregation and shape
change are accompanied by the secretion of their granular contents
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which include pro-hemostatic, pro-angiogenic, and pro-inflammatory
molecules'”'%; accordingly, platelet function is critical for wound
healing.> Consequently, the platelet response to the dental implant
surface would represent a key event that would set the stage for
osseointegration and the implant’s clinical success.

In addition to secreting the contents of their granules, activated
platelets contribute to wound healing in part by recruiting and stimu-
lating the proliferation and migration of osteogenic cells.?*?° Previous
studies have suggested that platelet activation can be modulated by ti-
tanium surface hydrophilicity”” as well as by surface topography.'>27-%
A common feature in the experimental designs of these studies is the use
of platelets retained in plasma (PRP). As a result, the exact, cellular-level
response of platelets at the interface with the titanium surface remains
incompletely characterized. Here we provide the first report on the in-
teractions between purified platelets and titanium surfaces with topog-
raphies found on commercially available dental implants. We report that
surface roughness created by acid-etching and/or sandblasting promotes
early adhesion of platelets to the implant surface. However, the tested
surface topographies did not have a significant effect on the secretion of
specific platelet-derived cytokines (soluble P-selectin, sCD62P; platelet
factor 4, PF4; platelet-derived growth factor-AB; PDGF-AB; transforming
growth factor-betal; TGF-p1). We conclude that while initial platelet
adhesion and granule secretion can be modulated by surface topog-
raphy, the 2 processes are likely governed independently.

2. Materials and methods
2.1. Preparation of titanium substrata

Commercially pure grade II (CP2) titanium (Ti) plates were prepared
for use in this study. Two different plate dimensions were used: 10 mm
x 10 mm x 1 mm plates were used for the platelet adhesion assay,
whereas 15 mm x 15 mm x 1 mm plates were used for measurement of
platelet secretion by enzyme-linked immunosorbent assay (ELISA). Plate
size selection was based on compatibility with the chosen application (e.
g. adhesion or secretion assay). All plates were sequentially polished
with silicon carbide papers (grades 220, 320, 550 and 1000) under
running water using a polishing machine (Lunn Major, Struers,
Denmark). The plates were then ultrasonically cleaned in acetone for 15
min for degreasing, air-dried at room temperature for 30 min and then
randomly allocated for preparation of the following 4 test surface
topographies.

e Group 1 (Smooth control, S): Polished Ti plates without further
treatment, which served as controls.

Group 2 (Acid-etched, AE): Ti plates were soaked in a mixture of
H,SO4 and HCI (6:1) at 60°C for 6 min.

Group 3 (Sandblasted, S): Both sides of each specimen were evenly
air-abraded with alumina powder (LEMAT NT4, Wassermann, Ger-
many) with a mean particle size of 250 pm at a constant pressure of
3.4 bar from a distance of 15 cm, perpendicularly to the disc surface.
Blasting was performed for 30 s per side for the smaller Ti plates (10
x 10 x 1 mm), and for 67-68 s per side for the larger plates (15 x 15
x 1 mm).

Group 4 (Sandblasted, large grit, acid-etched, SLA): Specimens were
sandblasted with Al;O3 powder and then acid-etched, essentially
combining the methods described for the preparation of Group 2 and
Group 3 substrata above.

Each Ti plate was cleaned as previously described'®: 10 min acetone
rinse, 10 min sonication (Branson, model 1210) in ddH;O (Milli-Q,
Millipore), followed by 1 h of sonication in 2% Decon-75 detergent
(BDH) followed by 5 min of sonication in ddH,0. The Ti plates were
washed 3 times with ddH;O for 5 min, then washed twice in 100%
ethanol. After cleaning, 6 specimens were randomly chosen from each
group (3 samples of each size) for characterization of the surface
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topography. The remaining samples were stored in absolute ethanol and
sealed until use. Prior to conducting experiments, samples were
removed from the ethanol, air dried, and used within 24 h.

2.2. Surface characterization of the Ti substrata

The. roughness average (Ra) is one of the most commonly used pa-
rameters in describing materials surface topography.® The Ra values of
the substrata used in this study were measured with a Surtronic 3+
device (Taylor Hobson Ltd., Leicester, UK). Each sample was measured 3
times in different directions with a track of 0.8 mm and the mean values
of the measurements were calculated. The Ra values of the Ti substrata
used in this study are depicted in Fig. 2.

2.3. Scanning electron microscopy (SEM) and atomic force microscopy
(AFM)

The Ti specimens in different groups were visualized by SEM
(S-3400 N, Hitachi, Tokyo, Japan) which was performed at 20.0 kV
operating voltage (Fig. 2). Further measurements of surface topography
were performed with atomic force microscopy (AFM) using an Autop-
robe CP microscope (Park Scientific Instruments, Santa Clara, CA). All
measurements were performed in the non-contact mode using the
Autoprobe CP’s Nano World NCSTR tip at room temperature. A mini-
mum of four samples were measured for each sample type. An area of
100 pm? for each Ti plate surface was scanned and numerical surface
roughness parameters were measured from each scan. The AFM images
in Fig. 2 show the detail of the treated Ti surfaces.

2.4. Human platelet preparation

Whole blood was obtained by venipuncture from healthy human
volunteers with informed consent in accordance with the Declaration of
Helsinki, and with institutional ethical approval (protocol number H13-
01805). Blood was collected in tubes containing a citrated anticoagulant
buffer. Whole blood was centrifuged at 900 rpm for 20 min to obtain
platelet-rich plasma (PRP); the PRP was then removed and centrifuged
at 1000g for 5 min to separate the platelets. The platelet pellet was then
washed twice by resuspending in a washing buffer (140 mM NaCl, 5 mM
KCl, 12 mM trisodium citrate, 10 mM glucose, 12.5 mM sucrose, pH =
6.0) with prostaglandin E1 (PGE-1) and re-centrifugation. After
washing, the platelets were resuspended in a resuspension buffer (10
mM HEPES, 140 mM NaCl, 3 mM KCl, 0.5 mM MgCl,, 5 mM NaHCOs,
10 mM glucose, pH = 7.4) and allowed to rest at room temperature for
30 min prior to use. Platelet concentration was determined using an
ADVIA 120 hematological analyzer (Bayer Diagnostics, Tarrytown, NY).

2.5. Platelet adhesion assay

To quantify platelet adhesion to the different surface topographies,
platelets (5 x 10° cells/mL) were seeded on to the different Ti surfaces
(10 x 10 x 1 mm, placed in 24-well plates), and allowed to spread for up
to 30 min. At specific time points (1, 2, 5, 15, or 30 min), and after
washing to remove non-adherent platelets, cells were fixed with 4%
paraformaldehyde, and permeabilized with 0.1% (v/v) Triton X-100.
The platelets were then stained with fluorescein isothiocyanate (FITC)-
conjugated phalloidin (Invitrogen, Eugene, OR) to label F-actin. Plate-
lets were then visualized with a fluorescence microscope (Axio IMAGER
M1m, Zeiss, Oberkochen, Germany). For each test surface, a minimum
of 4 fields of view were captured for each time point. The number of
platelets per field of view were counted using ImageJ software (Version
1.48, National Institutes of Health, Bethesda, MD).

2.6. Platelet secretion assay

To test the effect of surface topography on platelet granule release,
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platelets (1.4 x 108 cells/mL) were seeded on to the Ti plates (15 x 15 x
1 mm) placed in multi-well culture plates and allowed to spread for
specific times (1, 2, 5, 15 or 30 min) at 37°C. At the chosen time points,
platelet supernatants were harvested; the secretion reaction was
stopped®” by centrifugation at 4°C and the supernatants were stored at
—80°C. The quantity of specific mediators secreted by the platelets
(platelet factor 4, PF4; platelet-derived growth factor AB, PDGF-AB;
transforming growth factor-betal, TGF-p1; soluble P-selectin, sSCD62P)
was measured by sandwich enzyme-linked immunosorbent assay
(ELISA) kits (Quantikine, R&D Systems, Minneapolis, MN) in accor-
dance with the manufacturer’s instructions. All samples were measured
in duplicate.

2.7. Statistical analysis

An analysis of variance (ANOVA) and Bonferroni post-hoc multiple
comparison tests were used to determine the effect of surface topog-
raphy (C, AE, S, SLA) on the chosen parameters (platelet adhesion and
platelet secretion). Statistical significance was set at p < 0.05.

3. Results

To evaluate the role of surface topography in modulating the platelet
response during initial wound healing, we compared the platelet
response to 3 different titanium substrates (acid-etched, sandblasted,
and SLA) relative to a smooth control surface. The efficacy of the surface
treatments in generating the desired topographies was verified by both
scanning electron microscopy (Fig. 1) and by atomic force microscopy
(Fig. 2).

3.1. Surface roughness increases initial platelet adhesion

We first compared the numbers of adherent platelets seeded onto the
4 different test surfaces at specific times post-plating (Fig. 3A). Based on
counts of adherent platelets (stained with phalloidin) the rougher acid-
etched and sandblasted surfaces harbored significantly (p < 0.05)
greater numbers of adherent platelets relative to the smooth control
surface, at the 2, 5, 15 and 30 min time points (Fig. 3B). Interestingly,
the SLA surface, treated with a combination of acid-etching and sand-
blasting, exhibited significantly (p < 0.05) greater platelet adhesion
than the control surface at 1 min but not at the later time points
(Fig. 3B). These data indicate that acid-etched and sandblasted surfaces
favor the initial adhesion of platelets, however, the combined effects of
etching and blasting (SLA) appears to have a more limited effect with

Smooth Ti Surface Acid-etched Ti Surface
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regards to promoting platelet adhesion.
3.2. Platelet secretion is unaffected by surface topography

A critical aspect of platelet function, particularly in the context of
wound healing, is the secretion of bioactive molecules from the intra-
cellular granules.'” '° The majority of platelet cytokines and growth
factors are stored in the alpha («)-granules.'”*'” We profiled the release
of 4 different molecules: platelet factor 4 (PF4) and soluble P-selectin
(sCD62P), which are major constituents of a-granules, as well as trans-
forming growth factor-betal (TGF-pl) and platelet-derived growth
factor-AB (PDGF-AB), which have well-documented roles in wound
healing.* Of the PDGF isoforms, we chose to examine PDGF-AB since
this is the most abundant form of PDGF in platelets®' and the most
abundant in platelet-rich plasma.>” For each of the 4 secreted molecules,
enzyme-linked immunosorbent assay (ELISA) analysis of the superna-
tants did not reveal any significant differences in platelet-derived
cytokine/growth factor release between the test surfaces (p > 0.05), at
each of the time points examined (Fig. 4A-D). The time points for ex-
amination were selected based on evidence indicating that the bulk of
granule secretion occurs within 30 min following platelet activation.?
These findings suggest that the increased adhesion of platelets to
textured implant surfaces is not accompanied with a concomitant in-
crease in cytokine release. Moreover, the data support the notion that
platelet adhesion and secretion are regulated independently.

4. Discussion

Platelets are critical for mediating wound healing and tissue regen-
eration.”® In the context of dental implants, platelets are the first cells to
contact the implant surface.'*'® Since activated platelets are abundant
sources of growth factors that promote wound healing and
osseointegration,'”"'? it is therefore of considerable interest to identify
and dissect the signaling mechanisms that trigger specific platelet re-
sponses, at the cellular level. Previous studies evaluating the response of
platelets to implant surface topography studied platelets retained in
plasma.'>?”-?® To examine the pure cellular-level response to surface
topography, we employed purified platelets in our study design. Our
findings indicate that rougher surface topographies favor initial platelet
adhesion although this increased adhesion is not accompanied by a
commensurate increase in cytokine secretion.

Our finding of enhanced early platelet adhesion on the rougher
implant surfaces is in agreement with data from Alfarsi et al., who also
reported increased adhesion of platelets on SLA surfaces relative to

Sandblasted Ti Surface SLA Ti Surface

X500

X2000

Fig. 1. Topographical characterization of titanium (Ti) surface treatments. Scanning electron micrographs (SEM) taken at low magnification (500, top panels)
and high magnification (2000x, bottom panels) illustrate the microscopic features of the different surface treatments: acid-etching, sand-blasting and combined

etching/blasting (SLA).
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Fig. 2. Quantification of surface roughness by atomic force microscopy (AFM). A. The surface characteristics of the different test Ti surfaces were quantified by
atomic force microscopy (AFM). B. Bar graph depicts the roughness average (Ra) of the 4 test surfaces, as determined by AFM. Data are mean =+ SD.
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Fig. 3. Platelet adhesion to Ti surfaces is modulated by surface topography. A. Confocal micrographs depict the F-actin staining (by FITC-phalloidin) of
platelets adhering to smooth, acid-etched, sand-blasted or SLA titanium surfaces at the indicated time points. B. Bar graph depicts the mean number of platelets (per
field of view) adhering to smooth Ti (white bars), acid-etched Ti (light grey bars), sand-blasted Ti (dark grey bars) and SLA-treated Ti (black bars). Data are mean +

SEM. *, p < 0.05; **, p < 0.001, based on ANOVA and Bonferroni post-hoc multiple comparison tests.

smooth controls.”” The increased platelet adhesion could promote
osseointegration since platelets recruit and/or bind directly to other
inflammatory cells that participate in wound healing, including neu-
trophils and monocytes/macrophages. >

An interesting aspect of our data is the finding that the release of
several cytokines (PF4, PDGF-AB, TGF-p1, sCD62P) remained un-
changed despite the increased number of adherent platelets. Since there
was no addition of exogenous platelet agonist (e.g. thrombin or
collagen), it is expected that the platelet activation observed in our
experimental system was primarily induced by contact with the Ti sur-
face. Moreover, published data suggest that the release kinetics of spe-
cific platelet molecules can occur independently of the platelet’s
activation status.’” Based on the data, it is conceivable that the rougher
surface topography may in fact constrain the initial activation and/or
release of the platelets’ granular contents. The clinical implications of
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this are unclear since platelet granules contain both
pro-angiogenic/pro-inflammatory as well as anti-angio
genic/anti-inflammatory molecules®® and evidence suggests that the
release of specific molecules may be targeted through specific platelet
activation pathways.?%>* Further research is required to identify novel
surface topographical modifications that could induce specific platelet
responses with regards to adhesion and/or granule secretion. For
example, the secretion of platelet-derived cytokines and/or growth
factors deemed critical for osseointegration could potentially serve as an
important test parameter for newly developed implant surface topog-
raphies. Similarly, for surface topographies under development, the
ability to promote initial platelet adhesion could serve as another test
criterion. Importantly, the data from the present study suggest that
platelet adhesion and secretion are distinct functions that should be
assessed independently when evaluating different implant surfaces.
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Fig. 4. Platelet secretion on Ti surfaces is unaffected by surface topography. Bar graphs depict the concentration of secreted platelet factor 4 (PF4) (A),
transforming growth factor-betal (TGF-f1) (B), soluble P-selectin (sCD62P) (C), and platelet-derived growth factor-AB (PDGF-AB) (D) from human platelets on
smooth Ti (white bars), acid-etched Ti (light grey bars), sand-blasted Ti (dark grey bars) and SLA-treated Ti (black bars). Data are mean + SEM and represent a

minimum of 3 independent experiments using blood from different donors.
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Our secretion data stand in slight contrast with those of a previous
study comparing the platelet response to different surface topogra-
phies.?® The authors of that study reported decreased platelet counts and
increased release of vascular endothelial growth factor (VEGF) and
PDGF on the acid-etched and SLA surfaces.?® The authors concluded that
the rougher surface topographies promoted early platelet activation as
determined by VEGF and PDGF levels. Notably, their study incubated
platelet-rich plasma with the implant surfaces whereas we used purified
washed platelets that were separated from plasma. This fundamental
difference in the study designs may explain the disparate results since
the presence of plasma proteins in PRP could affect the nature of the
signaling between the implant surface and the platelet. Our study was
therefore designed with the intent to examine direct cellular-level re-
sponses at the implant-platelet interface. Moreover, by excluding
circulating cytokines (from the plasma), the use of purified platelets
allows for the precise measurement of cytokines that are expressly
released from the platelet granules upon contact with the titanium
surface.

One aspect of the platelet response that has not been studied with
regards to implant surface topography is the pro-hemostatic response.
Specifically, the platelet dense granules, in contrast to the a-granules,
house molecules (e.g. ADP, ATP) whose primary role is to promote he-
mostasis.'”>>° This is relevant in light of published evidence that sug-
gests that a-granule and dense granule release may be regulated via
separate signaling pathways.>°

In summary, our data suggest that the studied dental implant surface
topographies have minimal direct effect on cytokine secretion from
platelets. It is nonetheless conceivable that these surface topographies
could indirectly accelerate wound healing by promoting initial platelet
adhesion, and by extension, the recruitment of other cells to the implant.
It would be of considerable interest to identify and develop novel surface
topographies capable of modulating both platelet adhesion and granule
secretion simultaneously. From a clinical perspective, such information
would also be applicable to the design of barrier membranes and bone
grafting materials for regenerative procedures.
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