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Palladium-Based Metallic Glass with High Thrombogenic
Resistance for Blood-Contacting Medical Devices

Martina Cihova,* Eike Miiller, Yashoda Chandorkar, Kerstin Thorwarth,

Giuseppino Fortunato,” Katharina Maniura-Weber, J6rg F. Loffler, and Markus Rottmar*

Advancements in the design of mechanical blood circulatory devices have
greatly improved patient survival rates, but currently employed metals still
provoke a thrombosis response upon contact with blood, with potential life-
threatening consequences. While coating strategies have been developed to
address this limitation, they possess inherent drawbacks such as susceptibility
to crack formation and delamination. Herein, an amorphous metal based on
palladium (Pd) is scrutinized and reveals substantial thrombogenic resistance
compared to a state-of-the-art titanium alloy. In vitro assessment with human
whole blood shows that the Pd glass provokes reduced platelet activation
(lower expression of CD62P, CD41/CD61) and greatly retarded fibrin forma-
tion, but pronounced platelet spreading therewith challenging the dogma that
platelet spreading equals activation. Mechanistic analysis of the early biomate-
rial-blood interactions reveals that conformational changes of adhered fibrin-
ogen, and modified ¢;,5; integrin expression and distribution across adhered
platelets, underlay the superior performance of Pd glass. The study is accompa-
nied by structural and thermophysical bulk investigations and physicochemical
surface characterization to link the materials properties with the observed blood
response. The results reveal a remarkable potential of Pd-based glass as direct
blood-contacting bulk material without the need for coating.

nature, such as provided by silicones, poly-
urethanes, or fluoropolymers.!l However,
metallic materials are required when the
devices or parts require high strength, stiff-
ness or cyclicloading fatigue resistance,
such as in ventricular assist devices (VADs)
or total artificial hearts (TAHs). In these
mechanical circulatory support systems,
crystalline Ti—Al6-V4 (in wt%, Ti64) is still
the first material of choice.? Even though
Ti64 has demonstrated excellent biocom-
patibility, it exhibits a high level of throm-
bogenicity?®! that challenges its application
in blood-contacting devices. Thrombosis
and thromboembolism, as well as bleeding
complications arising from the need of
anticoagulation and antiplatelet medica-
tion, are thus major constraints in mechan-
ical circulatory support therapy. The lack of
suitable metallic bulk-material alternatives
has navigated the focus toward strategies of
surface engineering, mainly on topograph-
ical cues, and coatings to achieve improved
hemocompatibility.*”) Among the anti-

1. Introduction

The material of choice for blood-contacting medical devices is
typically of polymeric, low-surface energy and hydrophobic

thrombogenic coatings, bioactive heparin!®!

and inorganic diamond-like carbon (DLC)") are the largely pre-
vailing gold standards of blood-contacting surfaces.

While the various coating strategies immensely improved

surface hemocompatibility, their use is not unreservedly
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positive. Mechanical mismatch between the coating and
bulk material may result in crack formation, and the cracks
or imperfections may cause coating breakdown or delami-
nation.®! Surface imperfections, such as roughness, kinks,
or crevices, may also give rise to disturbed blood flow or
stasis, inducing blood cell activation.[”! Bioactive coatings, for
example, heparin, are additionally limited in their lifetime
owing to natural degradation of the bioactive compound or
depletion of noncovalently bound substances. With limited
coating durability being detrimental for the long-term success
of the device, there is an urgent demand for new hemocom-
patible bulk metals.

In this study, we propose a bulk metallic glass (BMG) as
biometal for blood-contacting devices. Metallic glasses reveal
an amorphous, i.e. disordered, atomic arrangement, resulting
from rapid cooling of the melt as to suppress the formation of
crystalline phases.l”l The absence of structural heterogeneities
such as grain boundaries and crystal defects, which may both be
considered structural weak points in crystalline alloys, results
in mechanical properties and corrosion resistance of BMGs
superior to their crystalline counterparts. In fact, BMGs display
high strength (yield strengths two to three times higher com-
pared to their crystalline counterparts)!' and elasticity (elastic
strain limit at about 2% compared to <<1% for their crystalline
counterparts),’?l enhanced resistance to heterogeneous micro-
galvanic corrosion,> and improved wear resistance.™ Tt is
thus not surprising that the unique combination of properties
known for BMGs motivates research on their potential for bio-
medical applications.'*'® In the context of blood-contacting
devices, BMGs have mostly been investigated for their appli-
cation as cardiovascular stents,®2!l with an emphasis on the
material’s fatigue resistance under cyclic load?!! and the ability
for self-expansion.'”] Biological compatibility testing typically
concerned cytocompatibility or toxicity, while BMGs’ potential
as blood-contacting materials was evaluated in light of hemol-
ysis?2 rather than thrombogenicity and has so far been limited
to studies of isolated material-proteinf?324 or material-platelet
interactions.””! To our knowledge, no BMG has so far been
investigated for the complex and multiparameter requirements
that a hemocompatible material must fulfill.

Here, we scrutinize a palladium (Pd)-based BMG for its suit-
ability to be used in blood-contacting devices. We chose Pd as
the base material because of its wide use as a biometal. For
instance, Pd is used in dentistry as dental prostheses, typically
alloyed with copper (Cu, typically 5-10 wt%), gallium or tin.[2%l
As such, it convinces with good biocompatibility, high strength,
high corrosion resistance, radiopacity,”’l and MRI compatibility
owing to its low magnetic susceptibility.?%! As for its hemocom-
patibility, pure crystalline Pd was shown to stimulate signifi-
cantly lower levels of thrombin—antithrombin (TAT)-complex
generation and lower platelet depletion from whole blood com-
pared to Ti.?8!

Following the established use of crystalline Pd-based alloys,
we chose the metallic glass Pdy;5SissCug (in at%), corre-
sponding to Pd90.7-Si5.1-Cu4.2 (in wt%). Discovered in 19692%]
and optimized toward bulk thickness in the 1970s,13% this BMG
combines a large compressive plastic strain of 11%,3U high
thermal stability,*?l and a critical casting thickness of 15 mm.3?
Despite this alloy being one of the oldest BMGs, its potential as
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a biomaterial per se and as a biomaterial for blood-contacting
devices in particular has thus far not been investigated.

In this study, we comprehensively investigated the Pd-
based BMG for its hemocompatibility. Following thorough
characterization of the material’'s bulk and surface properties,
we explored the thrombogenic potential of Pd-based glass in
contact with partially heparinized human whole blood, using
the state-of-the-art crystalline Ti64 bulk metal as reference
material, according to the ISO 10993-4 guidance on the choice
of controls.33 Pd-based glass was further compared with other
BMGs of varying chemical compositions based on Ti or Zr,
and benchmarked against an amorphous DLC coating, pre-
senting today’s gold standard in mechanical circulatory support
systems.

In a rationally designed approach, we systematically demon-
strate how the materials’ physico-chemical properties balance
blood coagulation on the different surfaces and reveal potential
biological mechanisms. We relate the material-surface prop-
erties to the amount and conformation of the plasma protein
fibrinogen, morphology of adhered platelets as well as their
activation status, fibrin formation, and molecular markers of
blood coagulation.

2. Results and Discussion

2.1. Whole Human Blood Response to Amorphous
Pd in Comparison to Crystalline Ti64

As a first step, we aimed at benchmarking the blood response
to Pd-based glass against state-of-the-art crystalline bulk metal
Ti64. Prior to this, the materials’ microstructure was analyzed
using scanning electron microscopy (SEM) and X-ray diffrac-
tion (XRD) (Figure 1B,C), carefully examining the as-cast Pd
glass for inhomogeneities. Backscattered-electron (BSE) con-
trast, which is sensitive for atomic number (Z), reveals micro-
structural uniformity without any resolvable phases (Figure 1B,
left). Sporadically, small pores were observed, which may result
from the casting in boron oxide (dark spot on the SEM image
in Figure 1B, left). Because the pore density was very low, with
only few pores per sample surface, they were not further con-
sidered. The samples’ amorphous structure was verified by
XRD (Figure 1C, top). In fact, the obtained XRD pattern shows
only two diffuse halos, resulting from the short-range order of
the alloy, with no trace of crystalline peaks. The microstructure
of the Ti64 alloy is characterized by the presence of various
phases, evident from different grey tones in the BSE contrast
(Figure 1B, right). The corresponding XRD pattern (Figure 1C,
bottom) shows well-defined Bragg peaks as expected for crystal-
line materials.

To investigate the materials’ thrombogenic potential, the Pd-
glass and Ti64 substrates were incubated up to 48 min in par-
tially heparinized human whole blood and evaluated for platelet
adhesion and thrombus formation (Figure 1D-F).

The incubation was performed in vitro in poly-
tetrafluoroethylene (PTFE) devices under exclusion of air contact
and under dynamic conditions (orbital shaker). Materials were
brought in contact with freshly withdrawn, partially heparin-
ized human whole blood, and the blood responses evaluated

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Blood coagulation on the surfaces of Pd glass and crystalline Ti64 after incubation in partially heparinized whole blood. A) Schematic illustra-
tion of the experimental protocol. B,C) Material structure characterized by B) SEM-BSE imaging and C) XRD. D) Representative CLSM images of blood
coagulation as a function of surface and incubation time. Samples were stained for platelet cytoskeletal actin (orange) and fibrin (green); the yellow
color results from an overlaid signal of orange and green. E) Amount of fibrinogen, FG, and F) amount of CD62P (platelet activation marker) expressed
on the different surfaces after incubation in whole blood. Note that FG marks both, the FG adhered to the biomaterial surfaces and the formed fibrin
fibers that result from enzymatic conversation of the fluorescently labeled FG. Fluorescence intensities, Fl, were quantified using a microarray scanner.
Data are presented as mean + SD for n = 4. Asterisks denote statistical significances as follows: **p < 0.01 and ***p < 0.001.

via enzyme-linked immunosorbent assays (ELISA) (supernatant
analysis) and immunohistochemical staining and confocal laser
scanning microscopy (CLSM) (analysis of surface-adhered com-
pounds) (Figure 1A). The CLSM images in Figure 1D show the
evolution of adhered platelets (actin in orange) and fibrinogen
(FG) (in green) on top of the surfaces for increasing incubation
times (see Figure S1, Supporting Information, for split channels
of actin and FG). For both materials, platelet adhesion to the
respective surface was observed after 8 min of incubation. While
the CLSM images indicate a similar number of adherent platelets
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on both materials, their morphology appeared distinctly different.
Platelets that adhered to the Pd-glass surfaces were monolayered
and well-spread without aggregation, whereas those adherent
on Ti64 were partially aggregated, less spread and featured long
filopodia (extended membrane protrusions; see Section 2.3
for a more detailed evaluation of platelet morphology). An
increasing number of platelets adhered to the Pd-glass surfaces
for time points up to 32 min of incubation, eventually covering
the majority of the surface area. The onset of fibrin formation,
however, was only observed for the 48 min time point. Notably, it
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appears that the formation of fibrin fibers was only initiated after
the adhesion of a second layer of platelets on top of the mono-
layered platelets and after occasional platelet aggregation.

In contrast, the Ti64 surfaces were covered by a dense fibrin
network already after 16 min of incubation. Longer incuba-
tion times resulted in increasingly pronounced blood coagu-
lation and thrombus formation, visible from the considerable
fluorescence intensity (FI) of FG, marking the fibrin network
(Figure 1E), and increasing presence of platelet aggregates
(Figure 1D). Corresponding investigations via SEM support the
observations made by CLSM for both materials (Figure S2A,
Supporting Information).

The significantly reduced blood coagulation on the Pd-glass
surfaces compared to the Ti64 surfaces was confirmed quanti-
tatively by significantly (p < 0.001) lower concentration values
of FG for all time points (Figure 1E). The activation state of
adhered platelets was assessed by quantification of CD62P,
which is a prominent marker for platelet activation expressed
on the platelet membrane. While CD62P expression stayed at
a low and roughly constant level for the Pd glass within the
investigated incubation time range (Figure 1F), it reached a sig-
nificantly (p < 0.01) higher level on Ti64 compared to the Pd
glass already after 16 min and steadily increased further. Last,
no differences for the activation of the complement system
were observed, evaluated from the levels obtained for the com-
plement compound C5a (Figure S2C, Supporting Information).
Overall, benchmarking of the Pd glass clearly demonstrated its
superior blood compatibility compared to Ti64.

2.2. Role of the Material’s Atomic Structure: Blood Response
to Amorphous and Crystalline Pd Samples

The material structure has been reported to influence the mate-
rial-matter interaction at different time and size scales, ranging
from environmental-species adsorption of oxygen or water,>l
over protein adsorption and conformation,*’ to cell adhe-
sion. Links between material structure and blood response
have been reported primarily for polymersi*”! and semiconduc-
tors,38 for which structural differences impose differences in
the material’s electronic properties. In fact, the superior blood
compatibility of semiconducting amorphous hydrogenated sil-
icon carbide (a-SiC:H) coatings has been explained by a change
in electron-transfer efficiency from fibrinogen to the material
surface, suppressing contact activation.?”) For metals, in con-
trast, a rapid electron transfer is guaranteed irrespective of the
material’s atomic order, making differences in blood response
as a function of material structure unlikely.

Nevertheless, when reaching out to other application fields
such as catalysis, we find evidence that the structural charac-
teristics of Pd-based metallic alloys impact the adsorption of
oxygen and water,’) which present the initial material-matter
interaction events, and in turn may influence downstream pro-
tein and cell interactions.

With Pd glass being amorphous and Ti64 being crystalline
in nature, we therefore scrutinized the potential impact of the
materials’ atomic structure on the thrombogenic properties. To
this end, a crystalline counterpart to the amorphous Pd glass
was produced via annealing. To assure full crystallinity, the
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annealing temperature was first determined by differential
scanning calorimetry (DSC). Figure 2A shows the resulting
thermal response of the as-cast Pd glass, which reveals a dis-
tinct exothermic peak at about 425 °C, ascribed to a crystal-
lization process with the onset of crystallization (T,) at about
420 °C.

Accordingly, and with the aim of obtaining high crystallinity,
samples were heated to 460 °C, which corresponds to the end
of the main crystallization peak. The sample’s crystallinity was
confirmed by XRD, the resulting pattern of which shows dis-
tinct Bragg peaks (Figure 2B, bottom). Microstructural inves-
tigations showed the presence of precipitated phases, obvious
from the different grey tones in the BSE contrast (inset to
Figure 2A), which is indicative of different chemical composi-
tions. The phases are finely dispersed and distributed homo-
geneously. While further heating resulted in phase coarsening
and thus a considerably stronger lateral chemical inhomoge-
neity (not shown), the fine microstructure of the sample heated
to 460 °C was considered sufficiently homogeneous to serve as
crystalline reference material.

As-cast and annealed samples were incubated in partially
heparinized whole human blood and evaluated for platelet
adhesion (actin), platelet activation (CD62), and fibrin for-
mation (assessed via labeled fibrinogen, resulting in stained
fibrin). Figure 2C shows representative CLSM images obtained
after 8, 16, and 48 min of incubation, and quantified fluores-
cence intensities of the immunohistochemical markers (D)
actin and (E) fibrinogen are shown in Figure 2D,E.

The blood response toward both sample types followed
the same trend as the Pd samples in their amorphous state
(Figure 1) and is described in detail above. Briefly, on both
surfaces the number of adhered platelets increased over time
(Figure 2C,D), with a fibrin network being only observed at
the longest incubation time (48 min, Figure 2C). Quanti-
fication showed a slight increase of both markers, actin and
fibrin, after 16 min and distinct increase of fibrin after 48 min
(Figure 2E). Extent and time required for fibrin network for-
mation, as well as the level of actin and FG, were comparable
between as-cast and annealed samples. Complementary SEM
analysis showed a comparable platelet morphology upon their
adhesion to either surface (see insets to Figure 2C, and com-
plementary SEM analysis for all time points in Figure S3, Sup-
porting Information).

Overall, while a detailed analysis of the role of metal atomic
structure in specific blood-component behavior is beyond the
scope of this study, we ruled out a potential impact of Pd’s
underlying microstructure on the overall thrombogenicity.
Consequently, the origin of reduced thrombogenicity of the Pd
glass is likely to have a chemical origin.

2.3. Role of Chemistry: Blood Response to Different
Metallic Glasses

To elucidate the impact of chemical surface composition on
blood coagulation, a selection of chemically different BMGs
was investigated. More specifically, a Ti-based and a Zr-based
metallic glass were chosen in addition to the Pd-based one and
compared with crystalline Ti64. Additionally, DLC coatings,
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Figure 2. Role of the material’s atomic structure in blood response. A) Thermal response of Pd glass upon heating, analyzed by DSC; inset to (A): SEM-
BSE image of the annealed metal microstructure resulting from heating to 460 °C at a rate of 20 K min™". B) XRD patterns, showing the amorphous and
crystalline structure of the as-cast and annealed Pd glass, respectively. C) CLSM images of immunofluorescence staining of platelet cytoskeletal actin
(orange) and fibrin (green) for increasing incubation time in whole blood for n = 3 individual experiments and donors. Insets to (C): SEM-SE images
of adhered platelets, showing their characteristic morphology at 8 min incubation time. D,E) Quantified fluorescence intensities (Fl) per sample area
for D) actin and E) fibrinogen, following increasing immersion times in whole human blood for n = 2 individual experiments and donors.

which are likewise amorphous and present the current gold
standard in blood-contacting surfaces with low thrombo-
genicity,2* were included as reference material.

As to the BMGs, we chose TigZroCus,PdSnd* and
Zrs, sCuyz9Niyy ¢AlyoTis, " because both base elements, Ti and
Zr, and their alloys are well-accepted biometals, with a report-
edly high corrosion resistance in physiological liquids exceeding
that of Ti64.**1 Moreover, these compositions are known to
have a fairly high glass-forming ability, concomitant with a high
critical casting thickness D, of 10l and 16 mm,* respectively,
and can thus be prepared in bulk form. As to the mechanical
properties, the reader is referred to Table S1, Supporting Infor-
mation, where we provide, in comparison to crystalline Ti64,
an overview of the mechanical properties characteristic for the
bulk metallic glasses investigated in this study.

Prior to blood incubation, the material microstructure
and physicochemical surface state were characterized, and
the amorphous nature of all metallic glasses was verified by
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XRD (Figure 3A, left). The surface chemical composition was
analyzed via X-ray photoelectron spectroscopy (XPS), and
their relative compositions are summarized in Figure 3A,
center. The carbon signal is attributed to contamination. As
expected from the materials’ nominal bulk compositions
and the elements’ intrinsic oxidative nature, the surfaces of
Ti64 and of the Ti and Zr glasses are characterized by a con-
siderable oxygen content related to various possible oxides
forming readily with Ti and Zr, and also with Al (for Ti64 and
the Zr glass) or Cu (for the Ti and Zr glasses). The surface
oxygen content on the Pd glass is considerably lower (at only
=5.5 at%), possibly related to oxides formed with Si and Cu,
each of which has a surface concentration of roughly 2 at%, or
unspecific oxygen adsorption (chemisorption) to the noble Pd,
which presents the foremost element composing the material
surface (=89 at%).

The surface wettability was determined via water contact-angle
measurements (WCA, Figure 3A, right) and was highest for Ti64,

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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revealing the lowest contact angle at 32.9° + 4.1°, corresponding
to a hydrophilic surface, closely followed by those obtained
for the Ti glass and Zr glass at 33.7° £ 3.6° and 34.9° + 2.2°,
respectively. While the WCAs of these three materials were at a
comparable level, the one obtained for the Pd glass was notably
higher at 50.8° + 2.6°. The largest WCA, however, was obtained
for DLC surfaces at 85.0° + 2.4°, therewith presenting the least
hydrophilic material among the ones investigated. Linking
the WCA to the underlying surface chemistry suggests that
increased wettability relates to exposed surface metal oxides,
that is, to those associated with Ti64, and the Ti and Zr glasses.
Notably, the surface roughness was comparable across all mate-
rials (Table S2, Supporting Information), which were prepared
to a mirror-like surface finish. Based on this and our observa-
tion via SEM that blood responses did not differ at occasional
scratches resulting from the mechanical surface finish, the
influence of roughness as the origin of material-derived blood
response differences was excluded.

Upon blood incubation, notable differences were observed
between the materials tested: while after 8 min of incubation,
platelet adhesion had occurred on the surfaces of all mate-
rials (Figure 3B, first and second row), the platelets’ shape
was distinctively different. Motivated by the long-lasting credo
in material-blood interaction research that the morphology of
adhered platelets relates to their activation status,*! their mor-
phology was analyzed in detail by SEM imaging (Figure 3B,
first row).

Two groups can be distinguished according to the platelet
morphology: In the first group, platelets on the Pd glass and
DLC coatings were round and fully or almost fully spread,
and only sporadically formed filopodia or aggregates. In the
second group, platelets on Ti64 and the Ti and Zr glasses
showed a low degree of spreading but formed multiple, long
filopodia. Here, the filopodia extended to connect with each
other, indicating early platelet aggregation.

The classification in these two groups stands firm for
increasing incubation times (Figure 3B): on the group-1 mate-
rials (Pd, DLC), an increasing number of platelets adhered first
in a monolayer until almost full surface coverage at 16 min of
incubation, with no detectable sign of fibrin formation, fol-
lowed eventually by adhesion of a second cell layer. Platelets
adhering to pre-adhered ones showed low extent of spreading
and extending filopodia, with only occasional signs of aggre-
gation. No fibrin network formed on either the Pd glass or
DLC after 16 min and only sporadically on the Pd glass after
48 min. In contrast, for the group-2 surfaces (Ti64, Ti, Zr), the
platelets formed aggregates, and fibrin formation was initi-
ated after 16 min of incubation, without reaching full material-
surface coverage by the adhered platelets. On these materials,
the fibrin network developed into a dense thrombus after
48 min. The observations made by SEM imaging with respect
to both platelet morphology/coverage and fibrin-network for-
mation are supported by analogue observations via immuno-
histochemical analysis (see Figure S4, Supporting Information).

Additionally to the qualitative analysis by SEM and CLSM,
the blood response to the different material surfaces was
assessed quantitatively via immunohistochemical staining and
microarray scanning of FG and CD62P (Figure 3C), and via
ELISA for the soluble markers prothrombin fragment F1+2
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and platelet factor PF4 (Figure 3D). While F1+2 is a promi-
nent marker for the generation of active thrombin, PF4 is
released from activated platelets.*l The amount of FG and all
coagulation—activation markers steadily increased with incuba-
tion time for all materials, as expected from any artificial mate-
rial in contact with blood. The respective absolute levels of all
markers were lowest for the DLC surfaces, followed by those
for the Pd glass. Upon 48 min of incubation, the highest mean
levels for all markers were detected for the Zr glass, followed
by the Ti-based materials, that is, Ti64 and Ti glass. Accord-
ingly, the concentration of platelet-activation markers of both,
those adhered to the surface (CD62, Figure 3C) and present
in the supernatant (PF4, Figure 3D), was lowest for the DLC
substrates, followed by the Pd glass. Again, the highest levels,
that is, the strongest platelet activation, were detected for the
Zr glass. However, no significant difference in the concentra-
tion of the TAT complex or complement-activation marker
C5a between the materials was found (see Figure S4C,D, Sup-
porting Information).

Research into hemocompatibility of inorganic materials
indeed already showed the poor performance of Ti and Zr.
Ti induced macroscopic clot formation and stronger platelet
binding and activation compared to PVC and stainless steel,*/
whereas Zr was described as an intermediate activator com-
pared to Ti.¥l While this seems to contradict our findings
of highest thrombogenicity for the Zr-based glass, predic-
tion of the biological responses for multi-component alloys is
much more challenging. In this regard, a thin-film Zr glass
(Zr53Cus;3AlgTas) was shown to reduce platelet attachment and
aggregation compared to a sputter-coated, that is, presumably
amorphous, Ti surface.®)) Similar to our findings, the plate-
lets on both materials, that is, the Zr-glass and Ti coating,
showed low spreading and aggregation. Similarly, low platelet
spreading was observed upon adsorption from platelet-rich
plasma (PRP) to a Ni-free Zr-based glass (Zr,3CuysAl;) with var-
ying additions of silver, and to pure Zr used as a reference.l?’]
The authors concluded from a low count of adhered platelets
and a low hemolytic rate that the materials were hemocompat-
ible. A number of further studies came to the same conclusion
on the hemocompatibility of the investigated glasses based on
Zr (ZrseAligCogg)?4 or Ti (TigyNbysZrySiss),P% though in nei-
ther study thrombogenicity or any biomolecular markers were
addressed, nor were the materials benchmarked against gold-
standard materials used in clinics.

Our data puts these findings into a new perspective. By com-
paring the Zr- or Ti-based materials to DLC and Pd glass, we
show that the differences between the Zr- and Ti-based metals
are insignificant in their difference when compared to DLC and
Pd glass. In fact, all materials tested based on Zr or Ti were
considerably thrombogenic and as such appear unsuitable for
their use in direct contact with blood.

Our results are in line with those reported by Huang
et al.,b! who compared crystalline Ti and DLC surfaces and
found greater platelet adhesion and aggregation on Ti surfaces
compared to DLC. However, in contrast to our findings, they
observed platelet spreading to be greater on Ti and concluded
that greater spreading indicates higher platelet activation on
Ti, though without assessing platelet activation on a molecular
level. This link between platelet morphology and its activation
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state appears to be a dogma in literature, as a higher degree
of spreading is generally considered to correspond to a higher
level of platelet activation.l*>52-Y Based on this, many studies
have been considering platelet spreading as a direct marker for
surface-induced blood activation and waived any biomolecular
evidence.l**l Our results, however, show that platelet activa-
tion does not necessarily correlate with platelet morphology.
In fact, we observed the highest level of platelet activation,
assessed through CD62P (Figure 3C), for the Zr glass and Ti64
on which platelet spreading was low (Figure 3B), whereas we
identified the lowest level of activation for the Pd glass and DLC
on which platelets spread the most.

In an attempt of explaining blood or blood-component
responses toward biomaterials, the surface wettability is often
considered.*0456-8] The materials’ hydrophilicity is then
related to platelet adhesion and spreading, and ultimately to
the materials’ hemocompatibility—thus far with no coher-
ence across different studies. For instance, the superior per-
formance of DLC was explained by its lower hydrophilicity
compared to Ti,* while a higher hydrophilicity was stated to
improve hemocompatibility for surface-treated Si:DLC coat-
ings.® Additionally, reduced platelet adhesion was related to
low hydrophilicity of Zr-based amorphous thin films compared
to pure Ti coatings,*! but to high hydrophilicity of function-
alized Ti surfaces.l’/l Finally, while some studies related high
hydrophilicity to greater platelet spreading, and interpreted it
as a high activation state,*>® our results show the opposite
with the least hydrophilic materials inducing the highest levels
of platelet adhesion and spreading, but lowest levels of platelet
activation. Interestingly, reports on hydrophobic polymeric sur-
faces demonstrated high platelet adhesion and spreading in
the early stages of blood response, which as a dense monolayer
covered the biomaterial surface and inhibited further thrombo-
genic events.’%0 This “passivation phenomenon” appears to
be in line with our observations on Pd glass and DLC surfaces,
and their relative lower hydrophilicity compared to the group-2
materials. However, the monolayer of platelets adhered to poly-
meric surfaces was activated, strongly opposing our observa-
tion of low activation on both, Pd-glass and DLC surfaces. For
the inorganic materials investigated in this study, we report a
consistent trend for the materials’ wettability (Figure 3A) and
their thrombogenicity, both following Ti64/Ti/Zr < Pd < DLC
(Figure 3). It further appears that the surface-oxygen con-
tent (Figure 3A) follows the same trend, indicating a possible
link between these surface parameters. However, despite the
unquestioned relevance of wettability on blood responses, and
the distinct differences in surface parameters between the
materials, these results do not yet allow concluding on pos-
sible mechanisms behind the superior performance of Pd over
the state-of-the-art metal Ti64.

2.4. Initiation of Coagulation Cascade: Fibrinogen Adsorption,
Conformation, and Subsequent Platelet Adhesion

For a mechanistic understanding of the largely superior blood
response observed for Pd glass compared to Ti64, we per-
formed a detailed analysis of the platelet-adhesion profile and
the underlying material-protein interactions. The latter present

Adv. Funct. Mater. 2022, 32, 2108256 2108256 (8 of 14)

www.afm-journal.de

the early events in material-biological matter interactions
and initiation of the coagulation cascade. More specifically,
motivated by the observed differences in hydrophilicity levels
between group 1 and 2 materials and the well-known relation
between hydrophilicity and protein orientation,®!! we dissected
in detail the conformation of fibrinogen upon its adsorption to
the surfaces, and related it to the platelets’ adhesion pattern and
their activation.

FG is the third most abundant blood serum protein. While
soluble in blood in its inactive state, FG adsorbs rapidly to bio-
material surfaces upon their contact with blood. Adsorption
of FG on biomaterial surfaces is a critical early event of blood
interaction with implanted devices, and thus pivotal for their
thrombogenicity. Once adsorbed, FG can facilitate the adhesion
of platelets and by that trigger their (partial) activation, which in
turn triggers the release of coagulation factors, further upregu-
lating the platelet activation and ultimately initiating thrombus
formation.[® Because of its key role in triggering the coagula-
tion cascade, particular attention must be devoted to the ini-
tial stage of FG interaction with the biomaterial surface, with
regard to both the amount and conformation with which FG
adsorbs on the respective surface.>>8!

Structurally, FG has two sets of three nonidentical polypep-
tide chains: A, Bf, and ¥!°% Especially important for the FG—
platelet interaction are the two ychain carboxyl termini, which
present the main receptor-recognition motif for the platelet
integrin oqp,fB; (also known as glycoproteins GPIIb/IIIa), and
present the main mediator for platelet binding.’®%4 Binding to
oq, 33 mediates platelet adhesion and aggregation, and further
initiates a series of intracellular signaling events, leading to
changes in platelet morphology, with more bonds to ychains
resulting in greater platelet spreading.l® In this light, it has
been recognized that the accessibility of the oqy,f; recognition
sites on the #domains directly depends on the conformation of
the FG molecules adhering to the surface.[5266:¢7]

Here, two FG conformations are distinguished upon
FG’s anchoring on a surface and schematically presented in
Figure 4A: in “conformation 1” (Figure 4A, top), FG adheres to
the substrate with its o~domains, thus rendering its ychains
accessible for the binding through the platelets’ oqp,3; integ-
rins. In “conformation 2” (Figure 4A, bottom, left and right), FG
adheres with its ychains facing the material surface, therewith
hindering their accessibility for the binding of platelets via inte-
grin g, 3. While no exclusive conformation can be expected
for a given surface (as illustrated in Figure 4A, bottom), we
aimed at analyzing the predominant conformation type charac-
teristic for Pd glass and Ti64.

Quantification of the total adsorbed FG concentrations
(Figure 4B) revealed considerably lower levels on top of the
Pd-glass compared to the Ti64 surfaces upon their immer-
sion in FG buffer solution for 30 min. Yet, notably, the con-
centration of accessible FG ychains was =1.4-fold higher on
Pd-glass compared to Ti64 surfaces, as established using a
custom-made ELISA (Figure 4B). Particularly considering the
overall lower FG amount on Pd glass, the data clearly show
that Pd-glass surfaces favor FG “conformation 1” (Figure 4A,
top) more strongly than Ti64 surfaces. Consequently, a higher
degree of platelet adhesion and activation is expected on the Pd
glass.
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Figure 4. Fibrinogen adsorption, ychain accessibility, and platelet adhesion on Pd glass and Ti64. A) Schematic presentation of platelet—FG interaction
as a function of the possible FG conformations upon adsorption on biomaterial surfaces. Platelet binding and spreading occurs mainly through their
oypP; integrin interacting with the jchains of adhered FG. Higher accessibility of ychains relates to higher platelet binding and spreading. B) Quanti-
fication of total adsorbed FG via determination of the FI of fluorophore-labeled FG (light grey, right axis), and quantification of accessible FG ychains
on the samples’ surfaces determined via a custom-made ELISA (left axis); data are presented as mean £ SD for n = 3—4. Asterisks denote statistical
significance as follows: **p < 0.01. C) CLSM images of adherent platelets on Pd glass and Ti64 after 8 min of incubation in PRP and subsequent staining
for o4, B5 (visualized using CD41/CD61 integrin) (red), actin (grey), and CD62P (green). Insets: magnified SEM-SE images of adherent platelets. Right:
representative line profiles for the FI of CD41/CD61, actin and CD62P across adhered platelets (corresponding lines are marked in the CLSM images
with white arrows). D) Quantified area occupied by CD41/CD61, normalized to the area occupied by actin. The area ratio gives a measure of the CD41/

CD61 distribution across the platelets (mean % SD). Asterisks denote statistical significance as follows: ****p < 0.0001.

To address this hypothesis, the resulting platelet interaction
with the surfaces and in particular the platelets” activation fol-
lowing their adhesion was assessed through the expression of
CD62P and active oqp,f5; on the platelet surfaces. The analysis
was conducted on a single-cell level via immunohistochemical
staining and CLSM. Both proteins are found on the surface of
activated platelets while CD41/CD61 (o4, 3;) is the major receptor
for FG. Generally, inactive oqp,35 is present in resting, in non-
activated platelets in the plasma membrane, and in o-granules.
Upon platelet activation, the integrin undergoes an inside-out
conformational change, which allows its binding to FG.[86
Importantly, the surface-anchored FG suffices to trigger outside—
in activation of o435 integrin, that is, a conformational change
of oqppBs, which in turn facilitates platelet activation. Besides
its role in binding to FG, o4p,f3; also plays a role in platelet-to-
platelet interaction and platelet aggregation, and eventually
in initiating thrombus formation.®8771 The determination
of oqppf3; integrin expressed on the platelet surface thus allows
assessing the activation status of platelets. To this end, a CD41/
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CD61 antibody, which binds specifically to the activated confor-
mation of oqy, B3, was used. Figure 4C shows the cell morphology
and surface distribution of CD62P and CD41/CD61 on adherent
platelets. Actin was additionally stained to mark the platelets’
surface area. The representative line profiles in Figure 4C show
a close correlation of the CD62P signal and the actin signal for
both materials, concomitant with a homogeneous expression
profile across the entire cell surface. In contrast, CD41/CD61
expression was found to be notably different between the sur-
faces, with CD41/CD61 densely clustering in the center of the
fully spread platelets on the Pd glass, but homogeneously dis-
tributed over the entire (smaller) cell area on Ti64 (Figure 4C).
Quantification of the area covered by CD41/CD61 and normal-
ized to the area occupied by actin (as a measure for the surface
of spread platelets) confirmed a significantly (p < 0.0001) lower
CD41/CD61 coverage of the platelet surfaces on those adhered
to the Pd glass compared to those adhered to Ti64 (Figure 4D).
Considering the role of ogp,; integrins in platelet-to-platelet
interactions, we assume that the chance for interaction is
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higher on Ti64, on which the adhered cells have more CD41/
CD61 per surface area (Figure 4D) and have a volumetric,
nonflat morphology, that is, larger free surface area. The appar-
ently higher number of platelets on Ti64 (Figure S2, Supporting
Information), concomitant with a higher total surface area
occupied by adhered platelets in spite of lower spreading, may
further stimulate platelet interaction. On the contrary, while
the cells on Pd glass promote adhesion of a second platelet
layer (Figure 1), and thus provide evidence that some CD41/
CD61 integrin is expressed at the free surface, their character-
istic clustered integrin pattern only provides a locally restricted
surface region for possible platelet interactions. This and the
rather flat cell shape potentially make binding through integrin
interactions with free platelets in the media less likely. These
considerations may thus explain the higher degree of platelet
aggregation observed on Ti64 (and other “group 2” materials,
Figure 3B) compared to the Pd glass. We assume that amongst
potential other pathways, the FG conformation, and the CD41/
CD61 distribution in adhered platelets resulting from it, present
a mechanism responsible for the observed platelet aggregation
and thrombus formation on Ti64 but not on Pd-glass surfaces.
Platelet aggregation on Ti64 may have been further stimu-
lated through filopodia, which are known to regulate platelet—
matrix and platelet—platelet adhesive interactions,®! being
visible for platelets adhered to Ti64, but not when adhered
to Pd.

Platelet aggregation is linked to coagulation through ini-
tiation of platelet coagulant activity via the expression of nega-
tively charged membrane phospholipids (phosphatidyl serine,
PS), which catalyze clot formation.’”! Different platelet sub-
populations have been described based on the expression/
presentation of PS, ¢4y, 8; and CD62P. While an anti-correlation
between PS and o4y,3; has been described for platelets adhering
on glass, also PS+/¢q,Bs+ populations have been reported.l?!
Interestingly, expression/presentation of PS, ogqp,3; and CD62P
is highly dependent on the type of stimulation, on calcium
levels and—most importantly for the current study—on the
surface that platelets adhere to.”>73] For example, platelets were
shown to be positive for PS, CD62P and oqy,; when adhering
to glass, but triple-negative when adhering to TiO, surfaces in
calcium-free buffer.”?! Notably, PS and CD62P but not oq,f3;
expression could be induced on TiO, when increasing intracel-
lular calcium levels.”! In view of these reports we hypothesize
that the Pd glass and DLC surfaces induce the formation of a
distinctly different platelet sub-population when compared to
Ti64 (and other “group 2” materials). However, as platelet pop-
ulations are considered snapshots of transient stages that are
capable of interconversion,’>73! further research in this direc-
tion is needed and foreseen for the here described materials
and for engineered materials in general.

Overall, the monolayered coverage of platelets on Pd and
DLC may be described as a passivation layer, shielding the
material form contact with blood components, as described
before for polymers.’*%" Using biomolecular methods to probe
the activation state, we show that—different from polymeric
surfaces—the platelets forming this passivation layer have
a low activation status, and by probing the platelet-platelet
interaction provide a rational for subsequent reduced platelet
aggregation.
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Our observations on the adsorption and orientation of
adherent FG (Figure 3B) further show that not the FG quantity
but its orientation (that influences ychain accessibility) impacts
thrombogenicity, which is in good agreement with previous
reports by others.’27+771 Literature in fact suggests that FG
quantity and its conformation are tightly linked, as the amount
of adsorbed FG can impact its conformation upon adsorp-
tion.’278 It has further been suggested that conformational
changes of FG can already be induced by the surface adhesion
process, which suffices to expose different platelet-binding
domains.[*®l Both, amount and conformation of adhered FG,
have been understood to depend largely on the physicochem-
ical surface state, including its wettability.

In terms of total FG adsorption, a lower hydrophilicity was
reported to favor FG adsorption®?¢78l along with increased
platelet adhesion, but slower thrombus formation.l®!' While
our data support an apparent relation between low hydrophi-
licity and increased platelet adhesion and retarded thrombus
formation, lower levels of total adhered FG were found on the
Pd glass albeit its lower hydrophilicity compared to Ti64. This
finding was consistent throughout all materials tested, with both
group-1 material surfaces, that is, Pd glass and DLC, showing
the least hydrophilic surfaces (Figure 3A) and lower amount of
FG compared to Ti64 and the other group-2 material surfaces
(Figure 3C). Our findings are supported by observations of Jones
et al.,"% who not only reported lower FG levels adsorbed on DLC
coatings compared to Ti surfaces, but also explained the greater
hemocompatibility of DLC with its lower hydrophilicity. Even
though the Pd glass studied here is significantly more hydro-
philic than DLC (Figure 3A), it exhibits the least hydrophilic sur-
face of all glasses analyzed in this study. Its wettability may thus
contribute to the superior performance of the Pd glass.

Surface wettability is also understood to play a role in surface-
induced conformational changes through triggering unfolding
of FG.P878 More specifically, FG is considered to adsorb with
its hydrophilic and hydrophobic domains most strongly to alike
surfaces.8! It should be noted that unfolding does not neces-
sarily promote platelet binding unless the conformational
change renders the binding sites accessible. This direct relation-
ship was demonstrated by Zhang et al.”® for the adsorption to
hydrophilic and hydrophobic polymer substrates. In their study,
wettability dictated not only FG adsorption with their respective
domains, either exposing the platelet binding sites or rendering
them inaccessible, but also impacted the resulting platelet adhe-
sion. Similarly, our results reveal a direct dependence of the FG
conformation first on the accessibility of platelet-binding sites
through o455 integrin, and ultimately on the platelet adhesion
patterns (Figure 3B,C). However, while in the above mentioned
study on polymeric substrates, hydrophilicity promoted the
adsorption via FG’s orregion and thus the exposure of ychains
for effective platelet binding,”® our results on metallic surfaces
suggest the opposite, namely promotion of a favorable configu-
ration for platelet binding on Pd with lower hydrophilicity com-
pared to Ti64 (Figures 3A and 4B). This contrasting result may
origin from fundamental differences between the materials
classes, that is, polymeric and metallic surfaces, particularly
in light of their impact on protein interaction. It thus high-
lights the necessity for a comprehensive consideration of the
physicochemical surface properties—extending beyond surface
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wettability assessment—of the materials under investigation
for blood-contacting devices.

Finally, we revisit the wide discussion on platelet spreading
regarded as a hallmark of platelet activation and a widely
accepted paradigm in the field of blood compatibility, as dis-
cussed in Section 2.3. Possible material-cell interactions
leading to platelet spreading were also discussed, particularly
in light of surface wettability. Here, we showed that despite
greater spreading, platelet aggregation and other biochemical
indicators of platelet activation, such as CD62P and PF4 con-
centrations, were lower on Pd than on Ti64. This breaks with
the current dogma that spreading would equal activation, and
is further supported by our results on CD41/CD61 as an addi-
tional marker for platelet activation, which confirm that their
activation state is significantly reduced when adhered on Pd
glass. The observed morphological differences of adhered plate-
lets, namely a flat cellular shape versus a granular shape on
Pd-glass and Ti64 surfaces, respectively (Figure 3B first row),
may be rationalized through the differences in predominant FG
conformation between the materials and the resulting density
of accessible ypchains. This proposes a possible link between
the accessibility of ychains and the ability of platelet spreading,
as also inferred from literature,l® and schematically outlined
in Figure 4A.

Being a limitation of our study, the reported blood response
was analyzed in a closed system under semi-static conditions,
in which released biomolecular activation markers accumulate
over time. This may lead to signal amplification and conse-
quently in an artificial acceleration in the speed of consecutive
events in the blood-response pathways. In fact, in light of the
absence of clearance, the amplitude of responses in an in vitro
model is regarded a worst-case scenario in hemocompatibility
assessment of biomaterials.”! In terms of the hydrodynamic
simplification, however, previous results on blood compat-
ibility of polymeric substrates with varying surface chemis-
tries assessed under flow were found to be in line with results
under static conditions.®! It can thus be expected that the here
observed distinct differences in blood response are also main-
tained under dynamic conditions.

In summary, we propose that platelet adhesion and
spreading are influenced by the inherent chemical nature of the
Pd glass, concomitant with a low surface oxygen content and
a relatively low hydrophilicity compared to Ti64. However, we
do not directly assign platelet spreading to an activated state of
platelets, as is generally reported in literature, because the bio-
chemical indicators suggest otherwise.

3. Conclusion

In this study, we investigated a Pd-based metallic glass for
its potential as a metallic bulk material for blood-contacting
devices without coating. Brought in contact with partially hep-
arinized whole human blood, it showed a remarkably high
resistance to thrombus formation compared to medical-grade
crystalline Ti64, the state-of-the-art metal used in circulatory
support systems. Compared to Ti64, Pd-glass substrates stimu-
late increased platelet spreading, but reduced platelet aggrega-
tion and significantly reduced activation (assessed by platelet
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activation factors such as CD62P, PF4, and CD41/CD61). This
hinders fibrin formation on the Pd surfaces and therewith leads
to an overall lowered thrombogenicity. Comparison of the Pd
glass with its crystalline counterpart did not reveal any sig-
nificant differences in the blood response, suggesting that the
observed effect is not due differences in crystallinity. Further
comparison to other metallic glasses based on Zr and Ti sug-
gests that it is the chemistry of the Pd glass, and presumably
the linked higher hydrophobicity, that is responsible for its low
thrombogenicity.

We attribute the superior properties of the Pd glass to pro-
cesses following the conformational change of adsorbed
FG, where Pd favors a higher accessibility of FG ychains for
oqpB; integrins, thus leading to enhanced platelet spreading
but reduced platelet aggregation due to a decreased density of
expressed oqy,f; integrin per cell area. This sheds new light on
an old problem, where the amount of protein concentration was
thought to govern hemocompatibility. Overall, our results show
that the configuration of FG determines the effective amount
of platelet adsorption and activation, which in turn decides on
the fate of the material in contact with blood. This contradicts
existing literature, where most reports deal with either FG con-
formation or amount in isolation. Future studies may focus
on other proteins and biomolecular factors present in whole
blood and their resulting potential effect on FG adsorption and
platelet responses. This will be particularly important when
considering kinetic aspects, for example the time available for
adsorption during which various blood proteins compete.

Benchmarked to the gold-standard of low-thrombogenic
coatings, namely DLC, our results show that DLC remains the
material with the lowest thrombogenic potential. However, since
Pd glass can be produced in bulk form (as thick as 15 mm), it
overcomes the limitations associated with DLC coatings, such
as the risk of crack formation and coating flake-off. Last, the
superior mechanical performance of metallic glasses makes
the Pd glass particularly interesting for devices under pulsa-
tile elastic load. In fact, with respect to its high strength, low
Young’s modulus and high energy that can be stored elastically,
the mechanical properties of the Pdy;5Si;55Cug glass outperform
those of crystalline Ti64 (Table S1, Supporting Information),
and even more so those of ceramics and polymers. This suggests
an immense potential of bulk Pd glass for blood-contacting
devices such as mechanical circulatory support systems.

4. Experimental Section

Reference alloy: Medical grade Ti—6Al-4V (in wt%, Ti64) (5 mm
extruded rod, extra-low interstitial grade; ASTM F-136, ASTM B-348) was
purchased from L. Klein SA (Biel, Switzerland) and used as reference
material.

Metallic Glass Synthesis: The compositions of the metallic glasses
investigated were as follows: Pd-based with composition Pd;; 5SiyssCug
(in at%), Zr-based known as “Vit105"—one of the most investigated
BMGs with composition Zrs, sCuy;.oNiy ¢AloTis (in at%),1*2 and Ti-based
with composition TigZroCuz,PdSn, (in at%).#1 All master alloys
were prepared by melting high-purity metals in an arc melter (Edmund
Bithler GmbH, Germany) in high-purity Ar atmosphere. The Pd master
alloy was subsequently processed following the protocol described in
ref. B4, which entails boron-oxide (B,03) fluxing to reduce oxides and
heterogeneous nucleation, and thus to increase the critical casting
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thickness. The Pd and Zr glasses were suction-cast into 5 mm rods using
water-cooled copper molds and then sawed into 1 mm thick discs. The
Ti glass was tilt-cast into 3 mm thick plates and discs of 5 mm diameter
with T mm thickness were prepared by electric spark-erosion cutting.

Annealing: To create a crystalline reference to the Pd glass, the latter
was heated at 20 K min™ to 460 °C and kept for 5 min. This temperature
was chosen from preceding DSC sweeps (Mettler-Toledo DSC1/700) at
20 K min heating rate, which revealed =420 °C as the crystallization
onset temperature and 460 °C as the end temperature of the main
crystallization peak.

Sample Preparation: All samples except the DLC-coated ones were
prepared freshly 1 day prior to each blood-incubation experiment by
mechanically grinding and polishing (water-based silica polishing
suspension, Buehler, USA) to a mirror surface finish (roughness
comparable across all materials, see Table S2, Supporting Information),
followed by ultrasonic cleaning first in water and then in isopropanol.

DLC Coating: Thin a-C:H films, referred to as DLC, were deposited
on polished Ti64 substrates using RF (13.56 MHz) plasma-activated
chemical vapor deposition with acetylene (C,H,) as process gas. As an
adhesion-promoting layer an =90 nm thick silicon-containing DLC layer
was deposited in situ prior to the DLC deposition using tetramethylsilane
(TMS, Si(CH3)4). The base pressure in the chamber was set at <107 Pa.
Prior to deposition, the substrates were cleaned by ultrasonication in an
ethanol/acetone mixture, and additionally in vacuum using an Ar plasma
for 30 min operated at 2.5 Pa and —600 V sample self-bias. Thereafter,
without interruption of the plasma, the Ar-gas flow was stopped while
TMS was introduced at 0.5 Pa using again —600 V self-bias. Keeping
the plasma discharge at —600 V, TMS was substituted by 1 Pa C,H,. The
resulting film thickness was 320 nm.

X-Ray Diffraction: The alloys’ microstructure was characterized
by XRD analysis (PANalytical X'Pert diffractometer, PANalytical, the
Netherlands) using monochromated Cu K, radiation (45 mA, 40 kV) and
a 20 range of 20° to 80°.

Scanning Electron Microscopy: SEM imaging was carried out using
a Hitachi SU-70 SEM. For investigation of the alloys’ microstructure,
imaging was performed at 5 kV acceleration voltage in BSE mode,
which was sensitive to atomic-number (Z) contrast, thus revealing the
chemical distribution.

Water Contact Angle: The surface wettability was assessed by
measuring the WCA, using a drop-shape analysis system (DSA100,
KRUSS GmbH) and applying the sessile-drop technique. WCA
measurements were carried out at RT using Milli-Q water, and the
WCA values were obtained using the tangent-fitting method. The WCA
results were averaged over six measurements made on six independent
samples for each material.

X-Ray Photoelectron Spectroscopy: The surface chemistry was measured
using XPS on a PHI 5000 VersaProbe Il instrument (USA) equipped
with a monochromatic Al K,, X-ray source. The energy resolution was set
to 0.8 eV step™ at a pass energy of 187.85 eV for survey scans, and to
0.125 eV step™" and 29.35 eV pass energy for high-resolution region scans.
Ar sputtering was performed for 60 s (2 kV, 2 um), leading to an estimated
depth of 10 nm. C 1s at 284.5 eV was used as a calibration reference to
correct for charge effects. To correct for the O 1s/Pd 3p;, interference,
Pd 3p;; was used to obtain the oxygen concentration. Data analysis was
performed using the CasaXP software (Casa Software Ltd, UK).

Blood Incubation: Human whole blood from healthy volunteers (ethical
approval BASEC No. PB_2016-00816 from the local ethics committee)
was withdrawn into S-Monovette tubes (neutral S-Monovette, Sarstedt
AG, Germany) by a standard venipuncture technique, partially
heparinized (0.43 IU mL™") and used within 1 h after withdrawal. For
analysis of platelet adhesion, PRP was isolated by centrifugation of the
whole blood at 200g for 20 min. Sample incubations were performed
identically for whole blood and PRP.

Immediately prior to the incubation in blood or PRP, the samples
were immersed in 70% ethanol for 5 min and dried in a laminar-flow
clean bench. The material samples were then placed into custom devices
made of PTFE (Teflon), overlayed with 2.8 mL of whole blood or PRP,
closed with a PTFE lid, sealed with Parafilm to avoid blood—air contact,
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and placed on an orbital shaker (Polymax, Heidolph) at 10 rpm. Separate
devices were used for different sample types and incubation time points.

At distinct time points (8, 16, 24, 32, 48 min) the blood was removed
from the samples and transferred to centrifuge tubes, followed by
immediate stabilization with ethylenediaminetetraacetic acid (EDTA)
(Sigma-Aldrich) at a final concentration of 5 mM. Blood plasma was
isolated by centrifugation at 2000g for 10 min and stored at —80 °C until
further analysis. The sample disks were carefully washed three times
with PBS using an orbital shaker (10 rpm) for 1 min each, transferred
into 96-well plates and fixed either for 30 min in 4% PFA/PBS solution
(Sigma-Aldrich) for subsequent immunofluorescence staining or for 1 h
in Karnovsky solution (4 g paraformaldehyde, 50 mL MilliQ water, 5 mL
glutaraldehyde 50%, 45 mL PBS without glucose, pH 7.4) (all Sigma-
Aldrich) for SEM analysis. The entire procedure was carried out at RT.

Sample  Preparation for Scanning Electron  Microscopy:  Fixed
samples were dehydrated using an ascending ethanol series, fixed
in hexamethyldisilazane for 30 min, and finally sputter-coated with
an =10 nm Au layer for electron conductivity (SCD 030, Bal-Tec AG,
Liechtenstein). Cell morphology and blood coagulation were qualitatively
investigated by SEM imaging (Hitachi SU-70), performed at 5 kV
acceleration voltage in secondary-electron (SE) mode.

Immunofluorescence Staining and Imaging: For CLSM, fixed samples
were blocked via incubation in 5% goat serum and 1% FCS in PBS for
1 h. Activated platelets were stained with CD62P-selectin Alexa Fluor 647
antibody (1:100, BioLegend). Cells were permeabilized for 10 min in 0.1%
Triton X 100 and actin-stained with phalloidin—Alexa Fluor 546 conjugate
(1:200, BioLegend) for 1 h. To follow FG adhesion and subsequent fibrin
formation, FG-Alexa Fluor 488 conjugate (final concentration of 18 tg mL™)
was supplemented to the blood prior to sample incubation, thereby
allowing for the visualization of fibrin fibers that incorporate labeled FG.

To investigate platelet adhesion to the different substrates and
platelet activation upon incubation of the samples in PRP, fixed samples
were incubated in FcR-blocking solution (BioLegend) for 10 min. The
adherent platelets were stained with CD62P-selectin Alexa Fluor 488
antibody (1:100, BioLegend) and CD41/CD61 Alexa Fluor 647 antibody
(PAC-1, 1:100, BioLegend) for 1 h. Cells were then permeabilized for
10 min in PBS-containing 0.1% Triton X 100 and washed. The actin
cytoskeleton was stained with Alexa Fluor 546 (1:200, BioLegend) for 1 h.
All antibodies were dissolved in 1% FCS/PBS. All staining procedures
were performed at RT, and all antibody incubation steps were followed by
threefold washing with PBS. Images were taken with a LSM780 confocal
microscope (Carl Zeiss AG, Switzerland). Fluorescence intensities (Fls)
were quantified with a fluorescence microarray scanner (LS ReloadedTM,
Tecan Trading AG, Switzerland).

To assess the coverage of CD41/CD61 on the platelets, the area
occupied by CD41/CD61 integrin and actin was used and their ratio
determined. Image) software (v 1.53c, Wayne Rasband, NIH, USA) was
deployed to create a macro that splits the fluorescence channels, sets
the signal threshold (Otsu’s thresholding method), and finally calculates
the thresholded area.

Molecular Markers of the Coagulation Cascade: Selected molecular
markers of the coagulation cascade were analyzed in EDTA-stabilized
plasma using commercially available ELISAs. Platelet activation (platelet
factor 4 (PF4), Thermofisher), coagulation activation (Prothrombin
Fragment 1+2 (F1+2), USBio; TAT complex, Abcam), and complement
activation (C5a, Abcam) were assessed according to the manufacturers’
instructions.

Surface Interaction with Plasma Proteins: To quantify FG adsorption
and assess the ychain accessibility of adsorbed FG, the Pd and Ti64
surfaces were incubated in PTFE well plates with FG-Alexa Fluor 647
conjugate (100 pug mL™"; Thermofisher) dissolved in PBS for 30 min.
After washing, FG jchain antibody (1:200, IgG2a, [4H9], GeneTex) was
added and samples were incubated for 2 h. Following washing, goat
anti-mouse 1gG2a secondary antibody biotin (1:300, Thermofisher)
was added and incubated for 1 h. Following washing, Streptavidin-HRP
(1:500, Abcam) was added. After 30 min incubation, the samples
were washed, transferred into a 96-well plate and washed again.
3,3",5,5 -tetramethylbenzidine substrate (Abcam) was added to each well
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and the reaction stopped after 10 min using stop solution (Abcam). The
solution was then transferred into a new 96-well plate and its absorbance
measured at 450 nm (Mithras2 Plate reader, Berthold Technologies). All
antibodies were dissolved in ELISA buffer (Dil N, Abcam). All washing
steps were repeated four times using ELISA wash buffer (Abcam),
and all incubations were performed on an orbital shaker. The entire
procedure was performed at RT.

For FI quantification of FG adsorption, samples were analyzed with
a fluorescence microarray scanner, performed as described above. Fl
values were determined from the obtained images via Image| software,
evaluating the samples’ inner 80% surface area.

Statistical Analysis: All data were analyzed using GraphPad Prism
(GraphPad Software Inc., USA) either by Students t-test (two-tailed)
(comparison of Pd with Ti64) or by a one-way ANOVA and Tukey
post-hoc test. Asterisks denote statistical significance as follows:
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All data were
presented as mean values = standard deviation (SD).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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