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Abstract

Hemocompatibility is the most significant criterion for blood-contacting materials in
successful in vivo applications. Prior to the clinical tests, in vitro analyses must be per-
formed on the biomaterial surfaces in accordance with the ISO 10993-4 standards.
Designing a bio-functional material requires engineering the surface structure and
chemistry, which significantly influence the blood cell activity according to earlier
studies. In this study, we elucidate the role of surface terminations and polymorphs
of SiC single crystals in the initial stage of the contact coagulation. We present a
detailed analysis of phase, roughness, surface potential, wettability, consequently,
reveal their effect on cytotoxicity and hemocompatibility by employing live/dead
stainings, live cell imaging, ELISA and Micro BCA protein assay. Our results showed
that the surface potential and the wettability strongly depend on the crystallographic
polymorph as well as the surface termination. We show, for the first time, the key
role of SiC surface termination on platelet activation. This dependency is in good
agreement with the results of our in vitro analysis and points out the prominence of
cellular anisotropy. We anticipate that our experimental findings bridge the surface
properties to the cellular activities, and therefore, pave the way for tailoring
advanced hemocompatible surfaces.

KEYWORDS
bioceramics, cellular anisotropy, hemocompatibility, platelet activation, SiC single crystals,
surface potential

their types and replacement periods.! This effect can be overcome

by systematic anticoagulant therapy, which is associated with an

Blood-contacting materials are essential elements of cardiovascular
applications. Despite the advances in blood-contacting implants,
hemocompatibility still must be improved in order to demonstrate
their intended functionality. The implant surfaces act as foreign agents

to the blood cells, triggering the coagulation cascade, independent of

increased risk of bleeding. Anticoagulants are classified as high-alert
medications, according to the Institute of Safe Medication Practices
(ISMP).2

To explain the distinct behavior of blood cells on material surfaces

and on purely hemocompatible endothelium, interdisciplinary research
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FIGURE 1 (Left) Surface properties mainly define the interactions at the material-cell interface. Depending on the surface termination Si

(0001) and C (0001), surface properties can reveal significant differences initiating different cell answers. (Right) The illustration of the Si-C
bilayers of the 4H (ABCB) and 6H (ABCACB) hexagonal polytypes of SiC, highlighting the effect of atomic stacking on the unit cell which repeats
distance along the c-axis [0001]. Both polytypes have hexagonal crystallographic structures.

must be performed including the intrinsic surface characteristics and their
blood cell responses. Any neglected parameter usually results in a change
in the complex cell signals. Therefore, all specific features of the material
should be systematically examined prior to in vitro experiments.®

The substantial factors determining the cell-surface interaction
can be listed as follows: roughness,*> stiffness,® wettability,” surface
charges,®? and naturally, the test conditions.?® All these factors are
interconnected, leading to the complex understanding of the origin of
anchorage-dependent cell behavior. On the other hand, it is assumed
that the irreversible process of thrombosis is mainly triggered by inter-
face electrochemistry when the blood cells interact with surface
atoms.? In many conditions, charge transfer occurs in between blood
components and the surface to maintain the electrochemical equilib-
rium, which may in turn induce the conformation of blood coagulation
factors as a result of the sequential enzyme reactions.*? This precisely
regulated charge balance is suggested as a prerequisite for stable
blood circulation in the body.*3-1°

Eley and Spivey investigated the electrochemistry of the blood
proteins and polypeptides and showed that they have semiconducting
properties with bandgap energies between 2.6 and 3.1 eV.'® The
above-mentioned charge transfer is expected to be avoided when
the adjoint surface has the same semiconducting properties.!” In that
sense, SiC has been highly attractive for its semiconductive and
biocompatible properties for biosensing and cardiovascular applica-
tions.*®1? However, the understanding of surface-related effects on
hemocompatibility is still not well-established.

SiC consists of sequential bilayers of silicon and carbon. Depend-
ing on the stacking sequence of the bilayers, over 200 polytypes
exist.2° The most known hexagonal forms are 4H and 6H polymorphs,
which have bandgap energies of 3.2 and 3.0 eV, respectively.?! These
polymorphs are basically oriented along the direction of bilayer stack-
ing.2? As a consequence, a unique surface property is observed; purely
terminated Si atoms in (0001) plane and purely terminated C atoms in

(0001) plane, see Figure 1.

In this study, we focus on SiC single crystals and their interfacial
response with blood cells. With different energy gaps, polymorphic
properties, and different surface terminations on (0001) and (0001)
crystallographic planes, 4H- and 6H- SiC crystals exhibit an ideal sur-
face for this research. To date, the critical role of two different surface
terminations of SiC (C and Si) on blood cell activation has not been
reported. As a result of this work, we proved that different surface
terminations of single-crystalline SiC exhibit different cell responses.
Furthermore, certain surfaces inhibit the electrochemical reactions at
the blood-material interface and reduce protein adsorption as well as

platelet activation significantly.

2 | MATERIALS AND METHODS

Two different polymorphs, 4H and 6H, and surface terminations, C-rich
and Si-rich, of single-crystalline SiC were investigated. In addition to the
materials of interest, we used a chemically resistant borosilicate cover
glass as a negative control and a toxic control sample treated with Triton
X-100 for the cytocompatibility tests. Also, we used an endothelium
monolayer as a pure hemocompatible surface control. Preparation steps

of endothelial monolayer were previously described.?®

21 | Preparation and microstructural
characterization of SiC single crystals

High-quality silicon carbide single crystals were grown on C-faced
(0001) 6H-SiC seed crystals using a physical vapor transport (PVT)
technigue. The growth process was carried out under argon-nitrogen
(99:1) mixture atmosphere. During the first 6 h of the process, the
ambient pressure was gradually reduced from 600 mbar to 50 mbar,
and then kept constant for the rest of the crystal growth. The SiC
source powder was heated using a graphite resistance heater up to a
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crucible temperature of 2200-2300°C, while it was in the range of
2100-2200°C at the backside of the crystal. The distance between
the source powder and the seed was varied from the initial distance
of 50 mm down to 40 mm as the growth proceeds. These parame-
ters yield a growth rate of 0.05-0.2 mm/h. The crystalline 4H and
6H SiC samples were cut in squares of 5 x 5 mm?. The 1 mm thick
samples were epi-polished on both sides using a diamond suspension
with diamond grain size of 16, 6 and 1 um, respectively, each for
30 min.?* Hereafter, the samples are labeled as 4H-SiC and 6H-SiC,

respectively.

2.2 | Structural and surface characterization

The polytype of SiC was determined after the XRD analysis of SiC
powders. The powders were produced by grinding the single crystal-
line SiC substrates. The average grain diameters are 50.2 and 68.9 um
for 4H-SiC and 6H-SIiC, respectively, as measured by particle size ana-
lyzer (Mastersizer 2000, Malvern PANalytical, UK). The XRD measure-
ments were performed using an Empyrean™ 3rd Gen. diffractometer
from Malvern PANalytical, featuring an ICore optical system and a
GaliPIX3D area detector allowing for fast measurements. The diver-
gence was set to 0.25° with the masks arranged to illuminate a spot
of approximately 10 mm width. The powders were positioned on a
zero-background-holder made of a silicon single crystal. After the
analysis, crystalline phases were verified by Highscore Plus software.
Structural data were obtained via COD and ICSD.

Surface roughness and surface potentials were measured in paral-
lel with a Cypher ES AFM system (Oxford Instruments, UK) equipped
with Pt-coated PPP-NCST-Pt tips (Nanosensors, Switzerland). The
samples were measured in atmospheric conditions at a constant sam-
ple temperature of 37°C comparable to physiological thermal condi-
tions of blood cells. The surface potential was measured using Kelvin
Probe Force Microscopy (KPFM) in a dual-pass experiment. For this,
the sample topography was mapped in intermittent contact mode in
the first pass and the surface potential was measured during a second
scan of the same line with a fixed average height difference (in our
case 30 nm) between the vibrating tip and the sample surface. The
mean square height (Sq) and the developed interfacial area ratio (Sdr)
of a batch of topography images were calculated according to the ISO
25178 standards.

To compare the wettability of the surfaces, contact angle mea-
surements were performed in static (Sessile drop method) and
dynamic modes (tangent-2 method) with a drop shape analyzer sys-
tem (DSA 100, Kriss, Germany). Prior to these experiments, the
samples were first rinsed with ethanol and then with distilled water,
to prevent the influence of contamination. A prescribed amount of
distilled water (5 ml) was injected on the sample for static measure-
ments, while dynamic contact angles were measured by repeatedly
wetting (advancing angle) and dewetting (receding angle). The aver-
age contact angle values were calculated statistically over three
droplets measured at different spots on three specimens for each

system.

2.3 | Biological characterization

Biological characterization was conducted on the cryo-preserved stocks
of isolated human umbilical vein endothelial cells (HUVECs), human
coronary artery endothelial cells (HCAECs, PromoCell, Germany),
freshly isolated human peripheral blood mononuclear cells (PBMCs)
and human blood platelets. The reason behind this variety of test cells
was to observe the individual response of each main blood component
to foreign surfaces. According to ethical requirements, all blood samples
were collected upon donors' informed consent was obtained. We
ensured the donors are healthy and had not used any medication for at
least 10 days prior to the experiments.

2.3.1 | Cell culture and isolation procedures

HUVECs and HCAECs seeding

Frozen HUVECs were isolated according to the process previously
described?®® and approved by the local ethics committee (Proposal num-
ber: EK116/19). Endothelial cells (HUVECs and HCAECs) were thawed at
room temperature to prevent thermal shock and added into an EGM-2
medium of 10 ml (BulletKit, Lonza, Germany). The resulting cell suspen-
sion was centrifuged at 200g for 5 min to form a cell pellet. The pellet
was resuspended in an EGM-2 medium of 10 ml. The cells were seeded
in T75 cell culture flasks and cultured in a humidified atmosphere. For
the experiments shown in the following sections, the culture medium
was removed, and the adherent cells were rinsed using 10 ml of PBS. Fol-
lowing this step, 3 ml of trypsin (0,05% Tyrpsin-EDTA) was added to tis-
sue culture flasks to detach the cells. After 3 min of incubation at 37°C,
7 ml of a cell culture medium (with 2% serum) was added to stop the
trypsin reaction. The cell suspension was transferred into a 50 ml Falcon
tube. After centrifugation at 200g for 5 min, the supernatant was
completely removed, and the cell pellet was resuspended in a defined
volume of fresh culture medium. For the live/dead stainings, HUVECs
(passages 2-3) were seeded on sterilized samples in 48-well plates with a
density of 2.6 x 10% cells/cm? and incubated for 24 h. For live cell imag-
ing, HCAECs (passages 3-5) were seeded on sterilized samples in 48-well
plates with a density of 10 x 10* cells/cm?, then incubated for 7 days.

Peripheral blood mononuclear cell isolation

For the PBMC isolation process, human blood was venipuncture with
a Safety-Multifly needle in 6 x 7.5 ml S-Monovette Plasma Lithium-
Heparin tubes and then transferred into a 50 ml Falcon tube. Three
milliliters of blood were added into a 15 ml Falcon tube with an equal
volume of Ficoll solution (Sigma-Aldrich, Germany), which is a hydro-
philic polysaccharide to separate layers of blood. We strictly had to
avoid any physical stress on the cells, which might trigger cell activa-
tion. The solution was centrifuged at 400g for 30 min. After this cen-
trifugation step, the blood was separated into erythrocytes, Ficoll,
PBMCs, and plasma. Isolated PBMCs (including platelets and leuko-
cytes) were transferred into a 50 ml Falcon tube and washed three
times using an EGM-2 medium, by centrifuging at 250g for 10 min.
After washing, the PBMC pellet was resuspended with an EGM-2
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culture medium for static cell culture experiments and seeded on the
samples in 48-well plates. Approximately 10° cells/cm? were seeded
and incubated for 4 h under the same conditions as for the HUVEC

culture.

Platelet isolation

For the isolation of platelets, a gradient centrifugation method was
used. Freshly venipunctured blood in 10 x 2 ml S-Monovette tubes
(containing 0.106 M trisodium citrate as an anticoagulant) was
transferred into a 50 ml Falcon tube and centrifuged at room tem-
perature for 15 min at 160g without brake. As a result of this step,
erythrocytes settled down, while the buffy coat of a thin layer of
leukocytes accumulated on top of them. The platelet-rich plasma,
which was deposited on this layer, was transferred into a 50 ml
Falcon tube. To prevent activation of the platelets during the
further processes, acid citrate dextrose (ACD) buffer was added
with a volume of 10% of the collected fraction. Afterwards, centri-
fugation was applied at 980g for 5 min (without break) to obtain a
platelet pellet. Platelet-poor plasma above the pellet was removed,
and 18 ml of Tyrode buffer was added.

2.3.2 | Enzyme-linked immunosorbent assay
Activation and adhesion of platelets on single-crystalline ceramics
were quantitatively investigated by an indirect enzyme-linked immu-
nosorbent assay (ELISA). P-selectin, which is a released protein from
activated platelets, was detected by a Purifed Mouse Anti-Human
CD62P antibody. As a full activation control (positive control), platelet
solution was transferred to an empty 24 well plate. This assay was
performed after the dynamic flow incubation of isolated platelets on
the ceramic samples. Physiological blood flow condition of human cor-
onary artery was simulated using a bioreactor system (MinuCell and
MinuTissue perfusion chamber systems, Munich). A laminar flow
(100 ml\min) of the platelet solution over the samples was generated
for 30 min at 37°C. After the incubation time, antibodies were
coupled, and the samples were transferred to a new microtiter plate.
By this way, the enzymatic conversion by the antibody-bound horse-
radish peroxidase is achieved only through antibodies bound to
the sample surfaces. Subsequently, the intensity of UV-marker was
measured using Tecan microplate reader at 450 nm. Detailed steps of
the ELISA were described previously.?®

2.3.3 | Micro BCA protein assay

All sample surfaces were incubated in the platelet-poor plasma (PPP,
300 pl/cm?) for 30 min at 37°C. The isolation procedure of PPP was
previously described in the Cell culture and isolation procedure section.
After the incubation, the surfaces were washed with PBS. Adsorbed
protein concentrations on the sample surfaces were quantified using a
Micro BCA Protein Assay Kit (ThermoFisher Scientific), according to
the manufacturer’s instructions. The light absorbance of the protein

Y sk WILE Y-

solutions was measured by a Tecan microplate reader at 562 nm. The
protein concentration values were analyzed based on the standard

curve plotted for each sample.

234 | Live/dead staining

Propidium iodide (PI; Sigma, Steinheim, Germany) and fluorescein dia-
cetate (FDA; Sigma, Steinheim, Germany) were used for performing
live/dead staining according to the ISO 10993-5 standards. 10 pl of Pl
(0.5 pgin PBS) and 10 ul of FDA (5 pug/ml in acetone) were added into
600 pl of Ringer solution (Delta-Pharma, Pfullingen, Germany) to cre-
ate the staining solution. Then, 20 ul of the staining solution was
added to the seeded specimens and imaged using a fluorescence
microscope (Axio imager, Zeiss, Germany). Live and dead cells were
distinguished according to their fluorescent colors (green and red,

respectively) and quantified using the ImageJ software.

2.35 | Cellcyte X live cell imaging

A Cellcyte X (Cytena, Germany) live cell imaging system was used to
monitor the viability and proliferation of cells on material samples. In
preparation for imaging with this system, all cells were stained using
20 pl of Celltracker Green CMFDA Dye (Thermofischer, Germany) per
10 ml of culture medium and incubated at 37°C for 15 min. The SiC
samples were then moved to a new well plate with 2 ml of fresh cul-
ture medium to exclude any cells that were not adhered to sample
surfaces. The well plate containing the cellularized materials was then
placed into the Cellcyte X. Each well was imaged using nine adjacent,
nonoverlapping fields of view arranged in 3 x 3 grid. The fields of view
containing the cellularized material were chosen for analysis. Imaging
in the green fluorescent channel used an exposure time of 150 ms
and a gain of 2 dB. Each field of view was imaged once every 3 h over
a period of 7 days in both the “enhanced countour” (brightfield analog)
and green fluorescent channel. Cell culture medium was exchanged
every 48 h, without interrupting imaging. Subsequently, confluency
analysis was performed using Cellcyte Studio (Cytena, Germany) on the
fields of view containing cellularized material. The surface area of the
material covered by the endothelial cells was measured and exported

for comparison.

2.3.6 | Scanning electron microscopy analysis

Scanning electron microscopy (SEM, Philips XL 30, Field Emission
Gun) was used to image the morphology of the cells and their adher-
ence and activation at SiC single crystals and control materials. In
order to prepare the samples for SEM, incubated cells were fixed with
3% glutaraldehyde without previous washing steps and then stored at
4°C. Prior to SEM imaging, the samples were dehydrated with ethanol
70% and dried with hexamethyldisilazane. The dried samples were

coated with gold-palladium and scanned using secondary electrons.
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2.4 | Statistical analysis comparison test using GraphPad Prism version 9.0.0 for Windows,
GraphPad Software, San Diego, California, USA. A value of p <.05
All experimental values are represented as mean * SD. Statistical sig- was considered statistically significant.

nificance was evaluated by One-way ANOVA with Tukey’s multiple

3 | RESULTS

TABLE 1  Surface roughness of single crystalline samples
measured by atomic force microscopy (AFM). The mean square height

of an image (Sq) is calculated over an area of 100 um?. The developed 3.1 | Intrinsic surface characterization
interfacial area ratio (Sdr) is given in the second row which basically
indicates the complexity of the surface. Polymorphs of the silicon carbide single crystals were confirmed prior

4H-SiC-C 4H-SiC-Si 6H-SiC-C 6H-SIC-Si to further surface characterization. Two polytypes of SiC (4H and 6H)

Sq(hm) 7.89+541 298+0.08 533+164 221+0.10
Sdr (%) 0.73+£055 148+0.06 0.57+024 0.10+0.05

were identified by the main peaks observed in the x-ray diffraction pat-
terns, which precisely matched with the ICSD reference data, as shown
in supplementary. The 4H-SiC polymorph exhibits the well-defined
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deviations for 3 measurements at each of the 3 regions of interest on the samples, *p < .008, **p < .0001.
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ratios are shown in the right ordinate and depicted with white squares. (Right) Live/dead stainings of single crystals and control materials under
fluorescence microscopy. The size of the error bars reflects n = 3 repetitions. The built-in tools of ImageJ image analysis software were used to
count the cells, and 2 images were evaluated per donor.

identical peaks at 43.3° and 49.8°. On the other hand, 6H-SiC was see Table 1. C-faces of both 4H and 6H polymorphs showed slightly

clearly distinguished from the 4H polymorph by its identical peaks at larger surface roughness than those of Si-faces. Considering the

34.1° and 45.3°.

size of the platelets (~2 um), the difference in surface roughness

Surface roughness was characterized using AFM. Sample surfaces (~5 nm) was neglected and assumed to create equal shear stress

exhibit a comparable average roughness, ranging between 2.21-7.89 nm, levels over the cells.
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FIGURE 6 (Left) SEM images of isolated PMBCs in four different surfaces. The images include platelets (discoid shapes, ~2 um in diameter)
and leukocytes (round shapes with distinct membranes, ~10 um in diameter) as well. (Right) The graph indicates the number of activated and
resting platelets after 4 h incubation on the SiC polytypes under static conditions. Each within 120 x 120 um? area of interest. Resting platelets
are depicted in green and activated platelets are depicted in blue color. Standard deviations on the graph are calculated from one representative
experiment over 3 SEM images per system (n = 3, *p < .02, **p = 0.0008).

Regarding the wettability, the measured contact angles confirm
that all samples are of hydrophilic nature, which differs only in the
magnitude (Figure 2). The magnitudes of the C- and Si-faces of SiC
were significantly different for both SiC polymorphs. The results were
correlated with each other and verified that Si-faces exhibit higher

wettability than C-faces while for the same type of faces 4H polytype
show higher wettability.

The surface potential of 4H-SiC-Si is measured to be in the
range of 500-580 mV, which is approximately 200 mV larger than
that of 4H-SiC-C, which is in the range of 300-350 mV (Figure 3).
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Both faces of the 4H polymorph show considerably larger surface
potentials than the surfaces of 6H polymorphs. The surface poten-
tials of 6H-SiC-C samples are in the —20 to 20 mV range, which is
several hundred mV lower and also narrower than the range of the

4H samples.

3.2 | Cytocompatibility

The amount of viable and dead cells on different surfaces were
analyzed with the live/dead staining assay. Based on the findings, all
single crystalline specimens were verified to be cytocompatible
with HUVECs and blood cells. They demonstrated high viability rates
indicated by green fluorescence (Figure 4, right). As typical for the
positive control, cells showed strong red fluorescence by virtue of
completely permeabilized membranes. This means the cells on the
positive control are 100% dead due to the intense toxicity of the
chemically treated environment. The lowest number of viable adher-
ent cells was found on the negative control samples (glass) which
point out that the adhesion rate of the HUVECs on the SiC surface is
higher than on the negative controls, (Figure 4, left). There was no
difference regarding the viability rates of 4H-SiC and 6H-SiC and their
different faces C and Si.

3.3 | The HCAECs confluency

A clear difference was observed between the SiC polymorphs
(Figure 5). When comparing confluency (% area covered by cells), both
surface terminations of 4H-SiC showed higher confluency than the
6H-SiC surfaces. The largest difference was seen when comparing
4H-SiC-Si to the other conditions. The 4H-SiC-Si showed greatly
increased confluency and maintained this increased confluency
throughout the experiment. Endothelial cells on 4H-SiC-Si became
nearly completely confluent (96%), while the other materials showed
much lower maximum confluency (4H-SiC-C: 78%, 6H-SiC-C: 68%,
6H-SiC-Si: 58%). It was also observed that the rate of increase in con-
fluency over the course of the study was similar among all materials,
except during the first 24-h period. During this period, cells on
4H-SiC-Si showed a greatly increased rate of confluency, when

compared to the other surfaces.

3.4 | Platelet activation and protein adsorption

Platelets were examined for their degree of activation quantitatively
and qualitatively by SEM and ELISA. The platelets were evaluated
according to their morphologies as discoids, pseudopodial, dendritic
and fully spread. Platelets showing circular morphology without
extending pseudopodia, were counted as resting state while the
remaining morphologies were counted as activated. Leukocytes
were excluded from the calculations. The graph in Figure 6 provides

the statistical number of activated platelets on the specimens.
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Our results clearly indicated the increase in platelet activation on the
Si face for both 4H and 6H polytypes. The activated cells were
characterized by the reversal of their discoid shape and the released
pseudopods. The ratio of activated platelets was 10.3% (4H) and 12%
(6H) higher on Si-faces than on C-faces. In addition, we observed a
slightly higher number of adhered cells on the 6H-SiC, which is consis-
tent with the detected P-selectin levels by ELISA (Figure 8, right).

To get a clearer insight into the relationship between cell activa-
tion, surface wetting, and surface potential, we summarize the respec-
tive results in Figure 7. The highest platelet activation was observed on
the 4H-Si surface, which also exhibits the highest surface potential and
wettability (the lowest contact angle) as well. Platelet activations and
wettability are higher on the Si-terminated surfaces in both 4H and 6H.

Both 4H and 6H polytypes of SiC samples exhibited low absorp-
tion of CD62P marker for activated platelets when compared to the
positive control (Figure 8, right). Platelet solution in 24 well plate with-

out sample material was used as a positive control while pure Tyrode
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FIGURE 7 Above: Platelet activation dependence on the surface
potential. Measured surface potentials are depicted by green bars
while the black line represents the central potential value. The
activated cell ratios are depicted by blueish squares. Below: Average
contact angle values for the identical samples.
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(Left) Adsorbed proteins measured by Micro BCA protein adsorption kit. Average adsorbed protein concentrations on the 4H and

6H polymorphs are depicted in red (n = 2, *p < .03). (Right) The results of the ELISA in terms of absorption of CD62P activated platelets marker

at 450 nm wavelength (n = 3, *p < .05, **p < .005, ***p < .0001).

buffer without platelets was used as a negative control. The UV absorp-
tion of 4H-SiC is slightly above the control line where both polytypes
4H and 6H are significantly lower than the full activation level of the
positive control. It is significant that the average CD62P exposure of
4H SiC is lower than 6H-SiC which indicates lower platelet activation.

Adsorbed proteins on the sample surfaces were quantified using
Micro BCA Protein Assay. Figure 8 shows the adsorption profile of the
blood plasma proteins. The average concentration of protein adsorption
on 4H-SiC is 14,94 ug/cm?, while on 6H-SiC is 15,21 ug/cm?. On the
other hand, the Si-terminated faces have significantly larger protein
concentrations than the C-terminated faces. The rate of increase is esti-
mated as 104% for 4H polymorph and 31% for 6H polymorph.

4 | DISCUSSION

We performed a comprehensive study on the semiconducting SiC sin-
gle crystals to reveal the specific surficial factors affecting hemocom-
patibility. Earlier reports showed that platelet activation can be
inhibited if the surface is a semiconductor like blood proteins.t®
Therefore, it is reasonable to expect to maintain the electrochemical
equilibrium at the semiconductor-blood interface employing SiC sur-
faces. Furthermore, SiC allows for investigating two surfaces purely
terminated by either Si or C atoms to compare surface parameters on
platelet activation (Figure 1). The presence of its 4H and 6H poly-
morphs is a good comparison of the surfaces regarding their different
band gap energies and surface potentials. Owing to the fact that these

hexagonal polymorphs were grown on the same seed under the same

conditions, we could also eliminate the side effects and use crystallo-
graphic polymorph as a control parameter.

The 4H and 6H polymorphs of SiC showed lower hemocompat-
ibility levels compared to previously examined surfaces, e.g., alumina
(1120).2% In the case of cytocompatibility, HUVECs on two SiC poly-
morphs did not exhibit a notable difference in the viability rates
(Figure 4). These findings are in a very good agreement with Coletti
et al.?’ We also verified the similar thrombogenic characteristics,
i.e., the average number of activated platelets, adsorbed protein con-
centration and surface-expressed P-selectin levels of 4H and 6H
(Figure 6 and Figure 8), besides the slight differences, correlated with
the findings of Schettini et al.?® The reason for the similar values
between two polymorphs of SiC may be attributed to the same sur-
face termination of (0001) plane (Si-rich) and (0001) plane (C-rich).
Even if the stacking orders of the atoms are different, both poly-
morphs are oriented along the c-axis, and possess the same surface
terminations during the contact activation.

Although the polymorphs affect the cell behaviors in a similar
trend, the difference in the stacking number of the atoms, 4 for 4H-
SiC and 6 for 6H-SiC gave a rise to variation in surface potentials
(Figure 3). This originates from the differences in the band gap energy
with the change in the number of bilayers in hexagonal SiC.*® In the
case of intrinsic (undoped) semiconductors, the Fermi level is around
the middle of the band gap.?? By measuring the work function differ-
ences with KPFM, we estimated the positions of Fermi levels of each
sample relative to each other (Figure 3). In the literature, 4H-SiC has
the highest bandgap (Eg = 3.2 eV) among the other polymorphs of
SiC.1® Consistent with the results in the literature, the surface

85UB017 SUOWWOD BA1ES1D) 3|ed!|dde 8y} Aq peusenob afe 9P VO '8N J0 S9INJ 10} ARIq1T8UIUO AS|IA LO (SUONIPUOD-PUR-SLLLBILOD A8 | 1M Ale g1 puljuo//Sdny) SUORIPUOD pue swie | 8y} 89S " [£202/80/62] U0 Afeldi8UlIUO AS]IM 'BIUSD UoIessay HAWD Yd1 e wniuszsBunydsiod A €528 Wq(/200T 0T/I0p/wod A8 i Akeiqpuluo//sdiy woly papeojumod ‘6 ‘S202 'S96v2ZSST



PARLAK ET AL.

potential and the position of the Fermi level of 4H-SiC were higher
than the 6H-SiC in our measurements (Figure 3). Considering the
effect of this difference on the blood cell behavior, the highest activa-
tion rates of the platelets and protein adsorption are observed at the
highest potential level (Figure 7). However, the role of surface poten-
tial on blood cell activation has not been conclusively proven by our
findings, because the difference in cell activations is diminutive for
4H- and 6H- SiC (Figure 6). The large difference between the surface
potentials of 4H and 6H is not projected on the cell activation
(Figure 7). Here, the factors severely distort the measurements during
the surface potential analysis have to be mentioned. Measurements
were conducted under dry conditions, which inhibits the simulation of
the physiological conditions. The adsorbed species on the sample and
the tip decreases the accuracy of the data. On the other hand, KPFM
measurements in a dry state present the most feasible method to obtain
a quantitative comparison of Fermi levels, which is the underlying effect
in cell behaviors. Supporting this, HCAECs showed significant correla-
tion between surface potential and cell confluency (Figure 5). Previously,
it has been reported by Kao et al. that fibroblast cells on high-potential
surfaces undergo less repulsion, and thus, their adsorption rates to the
surface appear to be faster than the ones with lower surface potential.*°
We have also demonstrated that the 4H-SiC surfaces show greater
endothelial cell confluency across the entire 7-days observation period,
with 4H-SiC-Si showing near complete confluency and achieved this
confluency at a much higher rate than the other surfaces.

Besides the polymorphs, surface terminations, i.e., crystallographic
planes have a deeper effect on blood cell behaviors. The lower platelet
activation levels on the C-rich face indicate a better hemocompatible
behavior than on the Si-rich face. Figure 6 clearly indicates that
Si-terminated surfaces are more prone to platelet activation than
C-terminated surfaces, which correlates to the contact angle values.
This is a consequence of different electronegativities of C (2.55, Pauling
scale) and Si (1.9, Pauling scale) determining the adsorption of hydroxyl
(-OH) and carboxyl (-COOH) groups.>* Therefore, stronger bonds will
be created between hydroxyl groups and the Si-rich face, which also
explains the higher wetting on the Si-rich face. We note that the
terminated surfaces with functional groups are more likely adhered by
Mammalian cells.>? This explains our findings on the increased platelet
activation (Figure 6) and initial endothelial cell adhesion on the Si-rich
face (Figure 5). In relation to this, Cai et al. showed that adsorbed oxy-
gen content of the functional groups increases the polar component of
surface free energy, resulting in the wetting of the surface and enhanc-
ing the cell adhesion indirectly via blood proteins such as vitronectin
and fibronectin adsorption.>3

Blood proteins play a decisive role in surface-induced thrombosis.
When the material interacts with blood, plasma proteins are adsorbed
to the surface immediately upon contact and form a layer mediating
the platelet adhesion via cell membrane receptors.'* We compared
the total amount of the adsorbed proteins on different polymorphs
and terminations of SiC (Figure 8, left). Adsorbed proteins at the
Si-rich face were considerably higher than the C-rich faces for both
polymorphs, consistent with higher platelet activations. For further

exploration of the correlation between protein adsorption and contact
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activation has to be investigated in three complement aspects: the
quantity of adsorbed proteins, the composition of the adsorbed pro-

tein layer, and the conformation of the adsorbed proteins.34-%¢

5 | CONCLUSION

Our study revealed that two surface terminations of SiC (Si-rich
(0001) and C-rich (0001)), of which the role in most of the hemocom-
patibility experiments has so far been neglected, can lead to signifi-
cant differences in terms of platelet activation. We have also clearly
shown the effect of crystallographic polymorph (4H and 6H) in high
endothelial cell confluency, directly related to surface potential. From
this critical difference, we are now one more step closer to under-
standing the overall blood activation mechanism, highlighting the criti-
cal importance of crystallographic plane and polymorph on the cellular

behaviors.
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