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ARTICLE INFO ABSTRACT

Keywords: The ever-increasing ageing of the world population is demanding superior orthopedic devices. Issues such as

Bioinspired materials implant infection, poor osseointegration, or chronic inflammation remain problematic to the lifespan and long-

Nanostructures term efficacy of implants. Fabrication of materials with bioinspired nanostructures is one emerging antibacterial

Antimicrobial . . . - . .

Platelet tibility strategy to prevent implant infection, however their interactions with blood components, and whether they
atelet compatibili . . . L . . - - -

Implants P retain their bactericidal properties in an environment displaying a complex protein corona, remains largely

unexplored. In the present study, titanium alloy, commercially pure and plasma-sprayed titania were hydro-
thermally etched, passivated with human native plasma to develop a protein corona, and then incubated with
either Staphylococcus aureus, Pseudomonas aeruginosa or human platelets. Surface analysis was first used to
characterize the topography, chemical composition or crystallinity of each material. Fluorescence staining and
SEM were performed to evaluate the nanostructure bactericidal properties, as well as to study platelet attach-
ment and morphology. Composition of platelet supernatant was studied using ELISA and flow cytometry.
Overall, our study showed that the bioinspired nanostructured surfaces displayed both impressive antibacterial
properties in a complex environment, and a superior blood biocompatibility profile in terms of platelet activation
(particularly for titanium alloy). Additionally, the amount of pro-inflammatory cytokines released by platelets
was found to be no different to that found in native plasma (background levels) and, in some cases, presented a
more pro-healing profile with an increased secretion of factors such as TGF-p, PDGF-BB or BMP-2. The nano-
structured surfaces performed equally, or better, than hydroxyapatite-coated titanium which is one of the current
gold standards in orthopedics. Although further in vivo studies are required to validate these results, such bio-
inspired nanostructured surfaces certainly show promise to be safely applied to medical device surfaces used in
orthopedics and other areas.

1. Introduction

With the considerable scientific and technological advances made in
the past decades, persons aged 65 or over have outnumbered children
under five years of age worldwide for the first time in human history [1].
This trend is predicted to at least double in the coming years, exacer-
bating the burden caused by illnesses associated with old age. Joint

failure is one such burden. As a result, the global market for orthopedic
implants is forecasted to grow from USD 50 billion in 2022 to USD 72
billion by 2030, highlighting the unprecedented need for new bio-
materials and technologies [2,3]. Current implants still suffer from
several pitfalls, including infection, poor long-term osseointegration, or
chronic inflammation [4-7]. Extensive research has been undertaken to
prolong the lifespan and efficacy of the implanted materials in the
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ultra-complex biological environment that is the human body, leading to
the apparition of a new class of multifunctional materials in recent years.
One emerging strategy is to fabricate nanoscale protrusions inspired by
the structures found on insect wings. These surfaces kill bacteria on
contact by mechanical forces, and have thus been referred to as
‘mechano-bactericidal’. This phenomenon was first described by Iva-
nova and later translated to various materials including silicon and ti-
tanium [8-10]. In particular, titanium nanostructures have shown
remarkable killing efficacy against a range of pathogens and have also
recently been shown to promote strong bone integration in an ovine
model [10-14]. Despite these impressive in vitro findings, little is known
about how these novel materials interact with blood, or whether their
bactericidal activity remains effective following exposure to blood or its
components. The evaluation of the biocompatibility of blood-contacting
devices is a necessary part of satisfying the ISO10993 standard, which is
required to obtain FDA approval to release a medical device into the
market [15,16]. A wide range of parameters are required to be below a
certain threshold for a given material to be considered as “blood
compatible” (i.e., not leading to substantial adverse reactions). Platelet
activation is one of these key indicators, as an implanted material is
immediately covered by plasma proteins, closely followed by the
adhesion of platelets (within about 180 ms) [17].

Platelets are small cell fragments that play a crucial role in throm-
bosis and homeostasis [18]. Activated platelets are known to release
numerous potent factors, including p-thromboglobulin or
platelet-derived growth factor, and as such they constitute a cornerstone
of blood response to a foreign material [19]. Platelet behavior has been
shown to be directly influenced by the chemistry, surface energy, crys-
tallinity, and topography of biomaterials [20-26]. Kammerer et al. for
instance, showed that rougher surfaces promoted activation [27], while
Zhang et al. demonstrated that the crystallinity of titania nanotubes had
a significant impact on platelet adhesion and activation [28], and Hong
et al. reported that hydrophilic modifications increase thrombogenic
responses [29]. However, both Smith et al. and Yang et al. have shown
that titania nanotubes were more blood-compatible than the smooth
titanium control [30,31]. Interestingly, in the case of orthopedic im-
plants, some level of platelet activation has also been found to be
favorable to the osseointegration of the device and its long-term per-
formance [32,33]. A consensus has therefore not yet been reached
regarding what surface properties most contribute to platelet activation,
and which outcome is most favorable when designing orthopedic im-
plants. Overall, one can assume that if some level of platelet activation
could indeed be favorable to bone healing, it would not be safe for a
material to elicit an over amplified, generalized blood activation.

In this work, we therefore began by investigating whether the anti-
bacterial activity of a nanostructured titanium surface would remain
effective in more complex conditions, i.e. following exposure to human
plasma. Then, we evaluated one of the primary aspects of blood-
compatibility, platelet interaction towards a foreign material. In
particular, how they may be directly impacted by the presence of tita-
nium nanostructures, but also what would be the overall consequences
of this platelet interaction for the surrounding biological environment
by evaluating the effect of the cytokines produced by the platelets on
macrophages (inflammation) and bone-marrow-derived mesenchymal
stem cells (osseointegration).

2. Results
2.1. Characterization of HTE nanostructure surfaces

Let’s start with considering a hip implant. This devices are commonly
composed of the following parts: a femoral stem, a femoral head and an
acetabular shell. All three components are usually made of titanium
alloy (Ti6Al4V) due to the material high mechanical strength, compar-
atively low density, good osseointegration and superior corrosion
resistance compared to other metal alloys [34,35]. As an additional step,
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commercially pure titanium can be plasma sprayed onto specific sec-
tions of the implants (i.e. where the implant is in direct contact with the
femur or the pelvis) to enhance osseointegration properties by creating a
rougher and more biocompatible interface [36-38]. An additional layer
of hydroxyapatite can also be apposed to further improve bone remod-
elling and implant fixation [39-41]. The different metallic sections of a
hip implant and their most common composition are presented in
Fig. 1A. To fabricate bioinspired nanostructures with antimicrobial
properties on clinically relevant materials, titanium discs were etched
via an alkaline hydrothermal treatment using a 1M KOH solution
(HTE-Ti). This etching process was applied to a representative range of
titanium discs to model the different sections of a hip implant, namely
Ti6Al4V alloy (Alloy), commercially pure titanium (CP), commercially
pure titanium plasma sprayed onto titanium alloy (Sprayed), and
hydroxyapatite-coated titanium (HA). The unmodified control surfaces
(CTL) and their hydrothermally etched counterpart “HTE-Ti” are pre-
sented in the scanning electron microscope (SEM) images in Fig. 1B. All
the HTE-Ti surfaces presented the characteristic sharp disordered tita-
nium nanostructures, while the CTL samples appeared relatively smooth
(only showing some pits and scratches from the machining and polishing
steps during the manufacturing process. The hydrothermal etching
process generated nanostructures with similar dimensions across the
different titanium types (Table 1), with heights of approximately 350
nm, widths of 50 nm and average spacing of 250 nm between tips. The
surface area, measured by atomic force microscopy (AFM), showed an
increase of almost two-fold following the etching process for both
Ti-alloy and CP. It was not possible to directly measure the surface area
for the plasma sprayed samples due to limitations of the instrument,
however, its value can be expected to be comparatively greater than that
shown on the non-sprayed samples due to the micro-scale topography
generated by the plasma spray process. The elemental composition of
the outermost 10 nm layer was measured using X-ray photoelectron
spectroscopy (XPS; Fig. 1C). Survey spectra consistently showed a sig-
nificant increase in the oxygen content after hydrothermal treatment (p
< 0.05), which is expected due to the thickening of the titanium oxide
layer elicited by the process. In parallel, the etching process also
removed surface contaminants, such as adventitious carbon, nitrogen or
silicon, that are naturally introduced through the manufacturing process
of the discs. This also resulted in proportionally increased percentages of
titanium within the 10 nm outermost surface sections sampled by XPS.
As expected, low levels of vanadium and aluminium were detected for
the titanium alloy controls but not on any of the other surfaces (except
traces of residual aluminum still visible from the polishing process).
Interestingly, the hydrothermal etching process also led to an increase in
the proportion of potassium, which can be attributed to the use of KOH
as the etchant [42]. The percentage of potassium was significantly
higher on plasma sprayed HTE, followed by commercially pure HTE,
and finally on alloy HTE. The increased proportion of potassium on the
plasma sprayed samples can be explained by the microtopography of the
surface, as XPS solely measures the atomic composition of the first 10
nm of surfaces. However, it is also interesting to note that CP titanium
tended to incorporate more potassium than alloy titanium. This could be
due to a combination of slightly different surface charges and crystal-
linity. Finally, the chemical composition of HA-coated titanium
(Cayp(PO4)6(OH)2) was confirmed, with oxygen, calcium and phos-
phorus being the principal elements detected. Additionally, a
non-negligible amount of silicon was observed for these surfaces, which
was likely residual from the silica gel that was used as crystallizing
medium [43,44]. Wettability measurements were also performed on the
titanium surfaces, revealing a water contact angle of <10° on all hy-
drothermally etched samples, indicating a highly hydrophilic surface.
Sprayed-CTL samples were particularly hydrophobic, with a contact
angle of approximately 150°, which can be explained by the additional
presence of microscopic air pockets locked within the microporous
topography (Fig. 1D and S1) [45]. Grazing angle x-ray diffraction
(GA-XRD) was then performed to investigate whether any changes in
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Fig. 1. Surface characterization of the different titanium substrates, before and after hydrothermal etching. A) Hip implant showing localization of the substrates of
interest. B) Representative SEM images (stage tilted at 45°). C) XPS elemental composition obtained from survey spectra (n = 3, mean + SD). D) Water contact angle
analysis (n = 3, mean + SD). E-G) Representative GAXRD depth profiles of CTL versus HTE for E) titanium alloy, F) commercially pure titanium, and G) plasma
sprayed titanium. “A” and “R” in the zoomed-in section indicating anatase and rutile peaks respectively. Multiple t tests comparing HTE-Ti vs unmodified substrates

(*p < 0.05; **p < 0.001; ***p < 0.001 and ****p < 0.0001).

crystallinity could be observed (Fig. 1E-G). For both alloy and CP discs,
the unetched controls showed a minor presence of titanium oxide in the
form of anatase. The natural oxide layer of titanium grows to a thickness
of between 3 and 7 nm, hence only traces are expected to be detected
with the potential for some of the surface oxides to remain undetected
due to the GA-XRD crystal size detection limit of 3 nm [46-48].
Following hydrothermal treatment, both alloy and CP discs showed a
marked increase in the presence of titania, confirming that both samples
underwent a thickening of the oxide layer as evidenced by characteristic
peaks in the 20 region between 25° and 28°. The oxide layer of CP
HTE-Ti was composed of both anatase and rutile, as identifying peaks at
25.3° (ICDD 00-021-1272) and 27.4° (ICDD 00-021-1276), respectively,
were detected. In comparison, alloy HTE-Ti surfaces showed no evi-
dence of rutile formation, but a greater proportion of anatase was pre-
sent relative to the bulk titanium peaks. This highlighted a trend towards

anatase formation for the titanium alloy samples. Despite these changes
in titanium crystallinity observed for smooth substrates, no discernible
change was observed for samples that were plasma sprayed with CP ti-
tanium. In that case, the detection of the oxide layer via GA-XRD was
prevented due to the disruption caused by the micro-undulation of the
overall surface, a property that extended below the calculated x-ray
penetration depth of 2 ym and 5 pm for an angle of incidence of 4° and
12°, respectively. Taken together, these variations in surface topog-
raphy, area, chemistry, and crystallinity, are expected to influence the
identity, quantity and conformation of adsorbed proteins that will attach
upon implantation [49,50]. Forming what is called a protein corona,
these proteins will essentially confer a new biological identity to each
surface, which will guide the subsequent bio-interfacial interactions
[51-53].
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Table 1
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Surface characterization analysis. Surface area measured using AFM from a 20 pm x 20 pm scanning area. Measurement of nanostructures length, width and spacing
calculated from SEM images (for height and width n = 180 and for spacing n = 18, mean + SD). * values were determined in earlier work published by Hayles et al.

(2022) [54].

Surface characterization Alloy CTL Alloy HTE CP CTL CP HTE Sprayed CTL Sprayed HTE
Surface area (pmz) 417.3 700.1 439.7 800.7 NA NA
Nanostructure height (nm) - 405 + 122 - 296 + 48 * 390 + 84
Width at mid-height (nm) - 37 +14 - 62+ 12 * - 37 +12
Distance between spikes (nm) - 220 + 29 - 287 £ 9 * - 226 + 24

2.2. Bacterial viability analysis

HTE-Ti has been documented to have numerous interesting proper-
ties, such as contact-killing bacteria, inhibiting bacterial and fungal
biofilm, and enhancing antibiotic efficacy [10,11,55,56]. However, little
is known about nanostructure antibacterial efficacy following exposure
to human plasma. Following surgical placement, medical device sur-
faces come in direct contact with blood, which is composed of 55 %
plasma and contains thousands of proteins. To confirm that the HTE-Ti
surfaces retained their antibacterial properties following incubation
with human plasma, surfaces were incubated with either Gram-positive
Staphylococcus aureus (S. aureus) or Gram-negative Pseudomonas aerugi-
nosa (P. aeruginosa) for 18 h. Live/Dead fluorescence imaging (Fig. 2A
and C) showed that all HTE samples were effective at killing both spe-
cies. A comparatively greater bacterial load was observed on the sprayed
CTL compared to the alloy-CTL and CP-CTL, likely due to its micro-scale
topography. However, this effect was reversed by the HTE process, with
viabilities dropping from 99.2 % to 32.2 % for S. aureus (p < 0.0001),
and from 99.3 % to 5.1 % for P. aeruginosa (p < 0.0001). Interestingly,
the HA control surface appeared particularly favorable to bacteria
colonization, with both S. aureus and P. aeruginosa arranged into

Alloy CTL

Sprayed CTL Sprayed HTE

Alloy CTL

Alloy HTE

Alloy HTE CP CTL

... dOum

Sprayed CTL Sprayed HTE HA

discernible aggregates. This suggests that the HA surface, although
known to improve osseointegration, may also facilitate biofilm forma-
tion [57,58]. Antibacterial efficacy was determined using Live/Dead
staining (Fig. 2B and D), which yielded a viability of 35 % for S. aureus
and 5 % for P. aeruginosa for all HTE samples, compared to >90 % for all
untreated titanium samples. This is comparable to the values reported in
other studies where the surfaces had not been passivated with human
plasma, suggesting that the protein corona had little impact on the
antibacterial properties of the HTE-Ti surface [12,13]. SEM images also
reveal that the sharp nanostructures on the HTE-Ti surfaces retained
their antibacterial potency after passivation with human plasma, with
the bacterial membrane appearing deformed and deflated as evident
from the SEM images in Fig. S2. These images, together with the
viability data, further corroborate the contact-killing mechanism theory
that has been put forward by others, as the primary mechanism behind
the antibacterial properties of the HTE-Ti surface [59-61].

2.3. Platelet adhesion and morphology analysis

Given the ability of these titanium nanostructures to kill bacteria, it
is natural to question whether they would have any detrimental effects
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Fig. 2. Bacteria killing on plasma passivated surfaces, with live-dead staining and corresponding viability percentages for A-B) a Gram-positive bacterial species
(S. aureus) and C-D) a Gram-negative bacterial species (P. aeruginosa). Dead bacteria appear in red, while live bacteria appear green. Scale bar represents 30 pm.
Graphs show n = 4, mean + SEM. One-way ANOVA with Tukey’s multiple comparison tests (****p < 0.0001).
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on platelets, possibly triggering blood activation cascades and leading to
inflammation. Platelets are small cellular fragments that play a crucial
role in thrombosis and hemostasis. Following the adsorption of plasma
proteins on an implanted biomaterial, platelets are amongst the first on-
site and constitute a cornerstone of the inflammatory response to a
foreign material [17]. Although some level of platelet activation could
be favorable to bone healing, it would not be safe for a material to elicit
an over amplified blood activation (i.e. leading to persistent inflam-
mation and eventually implant rejection) [32,33]. Platelets were
collected from three healthy blood donors and incubated for 2 h on the
different titanium surfaces in independent experiments. Collagen I and
tissue culture plate control (TCPS) were added as positive and negative
controls (respectively) for platelet activation. Platelet morphologies
were also recorded, as they strongly correlate with their activation state.
Activated platelets present a spread and spindle-like morphology, when
they are otherwise small and round in their non-activated state.
Representative images of platelets morphologies are presented in
Fig. 3A, while Fig. 3B shows the total number of platelets that attached
to the surfaces, along with the proportion of each morphology subset.
Surprisingly, the addition of nanostructures had little impact on platelet
behavior overall, and didn’t lead to a major increase in platelet
attachment and/or spreading. In fact, all the titanium substrates showed
significantly fewer platelets spreading compared to the collagen I
(which is known to activate platelets), with 61 % of platelets displaying
a spread morphology on the collagen I versus only 2-8% on the titanium
surfaces (details available in Table S1). The total number of platelets
attached was also significantly lower than on collagen I, with the
exception of the plasma-sprayed samples (Table S2). This can be
explained by the substantial difference in surface area due to the pres-
ence of microtopography on these substrates. The fact that the per-
centages of each morphology subset remained essentially the same as
what was observed on the smooth titanium further corroborates that
hypothesis. Furthermore, the total number of platelets attaching to the
alloy and CP titania (with or without the addition of nanostructures) was
inferior or equal to that measured on the TCPS, which is known to be
biologically inert and thus a good negative control for activation of
blood cascades. Percentages of each morphology subset were also in the
same ranges, indicating that all surfaces triggered an equal degree of
platelet activation. Interestingly, the HA-coated titanium showed the
highest total number of platelets attached, and displayed
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spread/dendritic morphology percentages close to those observed on the
collagen I positive control (56.9 % and 85.3 % respectively). This could
be explained by a combination of a) an increased surface area due to the
microtopography and b) the presence of calcium and phosphate which
are known to be intricately linked to platelet activation. In terms of the
direct influence of the nanostructures on platelet attachment and
spreading, smaller differences were noted. For instance, although
slightly more platelets attached to the hydrothermally etched surfaces
compared to their smooth controls for CP and sprayed titania, the
opposite was observed for titanium alloy. While the increase in surface
area on the HTE-Ti surfaces could explain why more platelets attached
to these surfaces, it is surprising that the etching appears to render the
titanium alloy more inert towards platelets. One reason could be that the
increased titanium oxide layer on the etched surfaces may help prevent
some residual cytotoxic ions from leaching. It is also possible that the
difference in titania crystallinity observed via GA-XRD, with alloy
HTE-Ti discs predominantly presenting anatase phase while CP HTE-Ti
discs displaying a mixture of anatase and rutile, had either a direct
impact on platelet attachment or an indirect effect by possibly impacting
the nature of the protein corona forming on the discs [62,63].

SEM imaging was then performed to further examine how the
platelets were interacting with the different surfaces (Fig. 4). First and
foremost, the titanium nanostructures were still clearly visible, meaning
the passivation of the HTE-Ti surfaces with human plasma did not result
in their masking. This is consistent with the fact that the HTE-Ti surfaces
retained their bactericidal properties, and also confirms that the nano-
structures were in direct contact with the platelets. Most surprisingly,
however, the HA substrate appeared covered by a dense fibrin network,
suggesting this surface triggered the activation of clotting cascades upon
contact with human plasma. This phenomenon can likely be explained
by the release of Ca®* and H(PO4)2_ ions into the media, which are
known to be a potent inducer of fibrin monomer polymerization and to
strengthen the structure of the fibrin network [64-67]. Fibrin is also
recognized as a substrate to which platelets are strongly adherent,
leading to their activation and spreading [68,69]. Distinctive spread and
dendritic platelet morphologies were indeed confirmed on the HA sub-
strate via SEM, which aligns with published literature [70]. Platelets
otherwise remained predominantly round on the titanium surfaces, even
when direct contact with the nanostructures was observed. As expected,
platelets extensively spread onto the collagen I-coated positive control

e s

mm Spread
B Dendritic
= Round

Fig. 3. Platelet interaction with the HTE-Ti surfaces, with A) representative images of the different platelet morphologies using phalloidin staining (cytoskeleton in
red) and B) platelet number and morphology attached to the different surfaces after 2 h incubation (3 donors combined, n = 81, showing mean + SEM). One-way
ANOVA with Tukey’s multiple comparison test performed on platelet total count (*p < 0.05; **p < 0.001; ***p < 0.001 and ****p < 0.0001).
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Fig. 4. SEM images of human platelets attached to the different surfaces after 2 h incubation, with: A) Ti alloy CTL, B) alloy-HTE, C) CP-CTL, D) CP-HTE, E) Sprayed-
CTL, F) Sprayed-HTE, G) Collagen I coated control, H) TCPS control and I) HA-Ti. Scale bar = 2 pm.

but remained round on the TCPS negative control, meaning that plate-
lets expressed normal behavior following their isolation from blood and
did not appear to be artificially activated through that process.

2.4. Platelet activation analysis

Overall, it appeared that the addition of nanostructures to titanium
did not trigger excessive platelet adhesion and/or lead to major
morphological changes. However, these observations only remain in-
direct/early indicators of platelet activation. It is also important to
measure the end-product of these activations, with the secretion of
potent cytokines and the recruitment of immune cells to the inflamed
site being the actual end-product of these activation cascades.

A wide range of ELISA assays were therefore performed on the
platelet supernatant collected after the 2 h of incubation on the surfaces,
to evaluate whether any of these cytokines were found in higher levels
than in human plasma (baseline, a sample not containing any platelets).
The first set of assays, presented in Fig. 5A-D, focused on factors known
to predominantly have pro-inflammatory effects, including Platelet
factor 4 (PF4), p-Thromboglobulin (3-TG), Thromboxane B2 (TxB2) and
Thrombospondin 1 (TSP-1) [71-73].

PF4 is a potent CXC chemokine that is released from a-granules
during platelet activation and plays an important role in wound repair
and inflammation. It is closely associated with blood coagulation (pro-
thrombotic) and tends to be found in high concentrations at sites of
vascular injury [71,74]. Interestingly, only the platelets in contact with
the alloy-CTL were found to secrete significantly more PF4 compared to
the commercial native plasma control. This is in accordance with pre-
vious findings, that indicated that titanium alloy may be less inert than
the other materials. Although platelets appeared to secrete slightly less
PF4 when seeded onto the HTE-Ti surfaces compared to the unetched
control, that difference was not found to be statistically significant,
perhaps also due to the donor variability observed. Similar to PF4, p-TG
(also known as CXCL7) is a potent CXC chemokine released from
a-granules during platelet activation. It is a potent chemoattractant and
activator of neutrophils, and has also been found to be a potential novel

platelet-derived activator of coagulation FX [71,74]. While we observed
a trend of platelets secreting less p-TG on unetched control compared to
hydrothermally treated surfaces, these differences were again not sta-
tistically significant. Furthermore, none of the surfaces tested appeared
to lead to the secretion of significantly more p-TG than what is found
circulating in native plasma. Another pro-inflammatory factor of inter-
est, TxB2, is actually an inactive stable metabolite of TxA2 (which is
unstable and rapidly hydrolyzed into TxB2 in a physiological environ-
ment). TxA2 is a proinflammatory/prothrombotic eicosanoid released
by activated platelets, and is the major arachidonic acid derivative
originating from the cyclooxygenase (COX)-1 pathway. It was shown to
be a potent vasoconstrictor and to lead to more platelet activation and
aggregation [73,75]. Thromboxanes are also known to stimulate the
production of ECM proteins, thereby contributing to fibrosis and scar-
ring. Finally, studies found that TxA2 had direct immunomodulatory
properties, such as the promotion of T cells proliferation [76,77]. In our
study, platelets only secreted significantly higher levels of TxB2 when
incubated on the HA-coated titanium. This correlates well with the
spread/dendritic morphology that was observed for platelets on that
substrate. Incubation on the other materials showed only marginally
increased TxB2 levels to what was seen in commercial native plasma
control, with slightly more TxB2 found for the-Ti compared to unetched
surfaces (although the difference was again not statistically significant
due to high donor variability). Finally, TSP-1 is a pro-thrombotic
glycoprotein that is released from a-granules during platelet activa-
tion. TSP-1 also plays an important role in wound repair and inflam-
mation. For instance, it is an important negative regulator of
angiogenesis and bone cell differentiation (i.e. by activating TGF-p, and
blocking NO accumulation), has a dose-dependent antiproliferative ef-
fect on fibroblasts, osteoblast and endothelial cells, and contributes to
clot formation [78,79]. Interestingly, it has also recently been shown
that TSP-1 associates/serves as an adhesion site for Gram-positive bac-
teria, thereby facilitating their environment colonization and escape
from the immune system [80]. This protein showed the highest levels of
contrast between the materials tested and the commercial native plasma
control baseline of all the pro-inflammatory factors. All the surfaces,
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Fig. 5. Factors secreted by platelets over the 2 h incubation on the surfaces. (A-D) Pro-inflammatory factors found using ELISA and (E-I) pro-healing factors detected
using flow cytometry. Showing mean + SEM, n = 6 for A-D and n = 12 for E-I. One-way ANOVA with Dunnett’s multiple comparison tests against Commercial Native

Plasma control (*p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001).

with the exception of alloy HTE and TCPS negative control, indeed
showed significantly more TSP-1 in the supernatant than what was
observed in native plasma. Overall, the presence of nanostructures did
not lead to a substantial increase in the secretion of pro-inflammatory
factors compared to unetched surfaces, with all the surfaces remaining
biologically inert. Additionally, the HTE modification again seemed to
make the alloy substrate more biocompatible towards platelets
compared to the unetched material.

The second set of assays, presented in Fig. 5E-I, focused on factors
known to predominantly have pro-healing properties, including trans-
forming growth factor-p (TGF-f), fibroblast growth factors (FGF),
platelet-derived growth factor (PDGF-BB), vascular endothelial growth

factor (VEGF) or bone morphogenetic protein (BMP-2). TGF-p and FGF
are known to mediate wound healing, angiogenesis, ECM formation and
immune response [81,82]. Only the commercially pure substrates
showed a marked increased secretion of TGF-p compared to commercial
native plasma, with 30.1 pg/mL for CTL and (p = 0.004) and 27.4 pg/mL
for HTE-Ti (p = 0.016). Small changes were visible across the other
surfaces, however, none of these differences were statistically signifi-
cant. PDGF-BB is another important pro-healing factor, that was for
instance shown to enhance the proliferation/migration of fibroblasts
and general wound healing. All surfaces, apart from sprayed-HTE, col-
lagen-I and HA surfaces, induced platelets to secrete significantly more
PDGF-BB than the base level seen in commercial native plasma with:
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alloy CTL at 824.9 pg/mL (p = 0.0007), alloy HTE at 670.5 pg/mL (p =
0.028), CP CTL at 977.6 pg/mL (p < 0.0001), CP HTE at 916.8 pg/mL (p
< 0.0001), sprayed CTL at 919.8 pg/mL (p < 0.0001) and TCPS at 790.9
pg/mL (p = 0.0015). VEGF, which is a strong promoter of angiogenesis,
wasn’t secreted by platelets in amounts that were significantly different
to the commercial native plasma for any of the materials tested. How-
ever, the levels of VEGF were generally higher for titanium substrates
compared to the controls (collagen I, TCPS, or HA). CP-CTL and
Sprayed-CTL were found to lead to the secretion of significantly more
VEGF compared to the collagen-I surfaces (p = 0.0003 and p = 0.16
respectively), compared to the HA-coated titanium (p = 0.005 and p =
0.02 respectively). The CP-CTL also showed increased VEGF concen-
tration compared to TCPS control (p = 0.001). Once again, the differ-
ence between the CTL and the HTE-Ti surfaces was not statistically
significant for titanium alloy and CP, however, it was found that
sprayed-HTE surfaces led to the secretion of slightly less VEGF than its
unetched counterpart (p = 0.03). Finally, BMP-2, which is a potent
osteogenic factor and therefore important in the context of orthopedic
implants and osseointegration, was significantly secreted in greater
amount by platelets that adhered to the CP-CTL compared to the com-
mercial native plasma, with 2101.6 pg/mL (p = 0.017). Levels of BMP-2
also appeared generally more important for the alloy HTE, CP-HTE, and
sprayed-CTL, however, that difference was not found to be statistically
significant, possibly due to the high degree of donor variation. Both
CP-CTL and CP-HTE surfaces were found to have significantly higher
levels of BMP-2 compared to the HA surfaces (p = 0.005 and p = 0.049
respectively). In regards to pro-healing factors, PDGF-BB was the
pro-healing factor secreted in the highest concentration, far above what
was observed in commercial plasma. Titanium-based substrates there-
fore appeared to be generally associated with PDGF-BB secretion by
platelets. Albeit differences between the different types of titania were
most of the time quite minute, CP surfaces appeared to display a superior
profile in terms of biocompatibility and rapid integration to host tissue.
Surprisingly, even more so than the HA-coated titanium surface which is
nowadays often used as a benchmark in terms of improved/accelerated
osseointegration.

2.5. Impact of platelet secreted cytokines on macrophages and BMSCs

The analysis of platelet derived cytokines provides information
about the interaction at the interface between platelets and the surface,
and their effect on the local environment. To further probe how this
would influence the host tissue in a clinical scenario, we studied the
impact of the secreted cytokines from platelets on macrophages (to
determine immunological reactions and inflammation) and bone-
marrow-derived mesenchymal stem cells (BMSCs) (to assess the effect
in osseointegration).

Macrophages are phagocytic cells that are able to recognize foreign
substances (i.e. pathogens, biomaterial-derived particles or cellular
debris) and then degrade them. As such, they are an essential component
of both the immune and wound healing responses towards a foreign
body. Depending on the factors detected by these cells and the charac-
teristics of the environment, resting macrophages (MO0) can polarize into
two distinct sub-profiles: pro-inflammatory M1 or pro-healing M2.
Although both types are known to co-exist during the initial inflam-
matory phase, the M1/M2 ratio is thought to be an important predictor
of whether the material will successfully integrate into its biological
environment long term [83-85]. Human MO macrophages derived from
a THP-1 cell line were therefore cultured for 7 days in media supple-
mented with 0.7 % of the platelet supernatant that was collected after 2
h culture on the surfaces. Additional control media were included, with
a pro-inflammatory media containing 100 ng/mL LPS and 20 ng/mL
INF-y (known to promote M1 polarization); and a pro-healing media
containing 20 ng/mL IL-4 and 10 ng/mL IL-10 (known to promote M2
polarization); and a negative control media “Normal media” that wasn’t
supplemented with platelet supernatant or additional growth factors.
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Fig. 6A shows the evolution of the viable cell number over the 7-days of
culture. Across all media tested, macrophages appeared to maintain a
steady cell number and to remain viable until day 3, then slowly start to
decline at day 7. With the exception of the M1-inducing control media
which lead to a statistically significant lower number of viable cells
compared to “normal” unsupplemented media, all other culture media
showed similar viability profiles. Looking at the factors produced by
macrophages, interferon y (IFN y) and tumor necrosis factor a (TNFa)
are some of the more potent inflammatory cytokines produced by this
cell type [86,87]. On the other hand, CD11c and IL-10 are commonly
recognized as representative markers of M1 and M2 polarization,
respectively [88-90]. At day 3, the expression level of these key genes
was thus analyzed using RT-PCR in order to obtain an indication of
macrophages polarization (Fig. 6B). Platelet supernatants originating
from culture on alloy-CTL and sprayed-CTL were the only materials
tested that led to a significantly increased expression of inflammatory
factors compared to the normal unsupplemented media, with 8.6 (p <
0.0001) and 5 (p = 0.04) fold change observed for TNFa respectively.
Consequently, they were also the ones displaying the highest levels of
CD11c expression (fold changes of 20.4 for alloy-CTL and 11.4 for
sprayed-CTL), which 1is consistent with a trend towards
pro-inflammatory M1 polarization. Platelets cultured on alloy-HTE,
CP-CTL and sprayed-HTE titania discs also produced a supernatant
that resulted in increased levels of CD11c expression in macrophages,
although to a much lesser extent: x9.5 (p < 0.0001), x5.8 (p = 0.008)
and x6.7 (p = 0.0008) respectively. Expression levels of IL-10 following
culture in supplemented media were not found to be significantly
different to these observed in macrophage culture in unsupplemented
normal media. These gene expression results would therefore indicate
that alloy-CTL and sprayed-CTL may push macrophages towards a more
pro-inflammatory M1 profile, while the others appear to remain at a
resting MO profile as they indicated no clear polarization towards either
M1 or M2. Interestingly, HTE etching of the titanium alloy discs
appeared to significantly reduce pro-inflammatory responses (p =
0.0005), which would be consistent with what was previously observed
with platelet activation. To corroborate the gene expression results with
actual marker expression on the macrophages, CD80 and CD163 fluo-
rescence staining were performed on the cells throughout their culture
to evaluate M1 and M2 profiles, respectively (Fig. 6C and D). Surpris-
ingly, levels of CD80 markers across all materials were similar to these
observed on unsupplemented control media for each time point. This
would indicate that although there was a trend in gene expression to-
wards M1 polarization for some of these surfaces (i.e. alloy-CTL and
sprayed-CTL), they are not sufficient to lead to a clear shift in the cell
expressed markers at the concentration of supernatant used in this study.
Furthermore, the levels of CD163 (M2 profile) were higher than normal
media for titanium alloy-CTL, CP-HTE, collagen I and HA surfaces on
day 1, but then levelled out by day 7, indicating a very transient initial
effect. At day 7, however, solely the sprayed-CTL discs showed a sta-
tistically significant increased expression of M2 marker CD163
compared to normal media (p = 0.007). Although the gene expression
results on day 3 suggest that this material would be trending more to-
wards a pro-inflammatory profile, the actual marker expression showed
a shift towards the M2 profile on day 7.

Perhaps an enhanced/exacerbated initial inflammation state rapidly
resolved to a more pro-healing state. Finally, the macrophage produc-
tion of a range of cytokines was evaluated to further comprehend the
impact of platelet supernatant on macrophage polarization and the
possible pro-inflammatory or pro-healing cascades being triggered as a
result. Flow cytometry was used to follow the levels of key cytokines
secreted over time, namely: TNF-a, IFN-y, IL-1p or IP-10 (associated with
pro-inflammatory states); and IL-4 or IL-10 (considered to be more pro-
healing factors) [91]. Fig. 6E shows that if the levels of
pro-inflammatory cytokines were much higher in the control M1 media,
very little differences were observed in the other media. Platelet su-
pernatant from the HA surfaces resulted in increased secretion of IFN-y
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and IP-10, suggesting some level of acute inflammation associated with
this material. Levels of secreted IL-1f were initially lower for superna-
tants from alloy-HTE compared to alloy-CTL and non-supplemented
media (5 pg/mL for alloy-HTE vs 30.4 pg/mL for alloy-CTL and 24.9
pg/mL for non-supplemented media on day 1), however, there was no
significant difference by day 7. Correlation with gene expression was
again variable, highlighting the fact that the low concentrations of
platelet supernatant used may have permitted to maintain good cell
viability throughout the assay, but perhaps at the expense of more
pronounced macrophage polarization. Regarding the pro-healing cyto-
kines, IL-4 and IL-10 secretion was predominantly observed in control
M2 media but was essentially identical to the base levels seen in the
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non-supplemented control media. Overall, when using 0.7 % of platelet
supernatant in the cell culture experiments, most macrophages tended to
remain at the resting state MO, although some materials (i.e. alloy-CTL
and plasma sprayed titania, or HA-coated discs) showed signs of early
pro-inflammatory M1 polarization. Most of the materials tested there-
fore appeared largely inert, which for lack of not encouraging acceler-
ated healing, is at least a testimony to their high biocompatibility
towards highly reactive cells such as platelets and macrophages.
Mesenchymal stem cells are multipotent stem cells that play a crucial
role in tissue repair, and are predominantly found in the bone marrow.
Their ability to differentiate into numerous mesenchymal tissues,
including bone (osteoblast), cartilage (chondrocyte) or fat (adipocyte),
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Fig. 7. BMSCs differentiation profile upon incubation in 0.7 % v/v supernatant of platelets cultured on the different surfaces, or in control osteoblast and normal
media. A) Cell viability from day 1 to day 21 measured using resazurin. B) ALP concentration U/mL/cell. C) Color intensity of BMSCs at day 21 after staining with
alizarin red (mineralization indicator), Alcian blue (chondrocyte indicator), or oil red O (adipocyte indicator). D) Representative images of BMSCs stained with
alizarin red on day 21. All graphs showing mean + SEM, n = 3. One-way ANOVA with Dunnett’s multiple comparison tests against normal media control (*p < 0.05;
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has placed them as one of the main research targets for cell therapy and
tissue engineering in the past decades [92,93]. Since improved
osseointegration of orthopedic and dental implants is one of the key
factors to their long-term integration, preempting the fate of these cells
around the implanted site is paramount to our understanding of how
well the material will integrate to the surrounding tissues. Platelets and
platelet-rich-plasma (PRP) have been shown to facilitate bone healing
and remodelling, due to the potent factors being secreted (i.e. TGF-p,
PDGF, VEGF or BMP-2) [94,95]. As several of these growth factors were
overexpressed by platelets cultured on some of the titanium substrates
tested, these surfaces may hold the potential to show an enhanced
pro-osseointegration profile. Bone-marrow-derived mesenchymal stem
cells (BMSCs) were thus cultured in media supplemented with 0.7 % of
platelet supernatant that was collected after 2 h culture on the surfaces,
over 21 days. Additional control media were included, with a positive
control media known to promote osseointegration “Osteo media” con-
taining 0.1 pM dexamethasone and 10 mM monopotassium phosphate;
and a negative control media “Normal media” that wasn’t supplemented
with platelet supernatant or additional growth factors. Fig. 7A shows the
BMSC cell viability in each media throughout the 21-day period. While
cell numbers increased from day 1 to day 3 for all the culture media
tested, they drastically dropped from day 7 onwards for the control
Osteo media (from 8322 cells at day 3, to 5026 at day 7 and 248 at day
21) when they remained stable for the other media tested. This is likely
explained by the normal calcification/mineralization process that began
to occur in these cells, leading to their apoptosis [96,97]. None of the
other media led to changes in viable cell numbers that were significantly
different to the ones observed for the normal unsupplemented media. At
the concentration tested, the platelet supernatant would therefore
appear to have limited effects on the BMSCs cultured. These observa-
tions were confirmed by the alkaline phosphatase (ALP) activity
measured up to day 14 (Fig. 7B). Considered as one of the most reliable
biochemical marker of the early stages of osteogenic differentiation, ALP
is known to be secreted by BMSCs as they differentiate into osteoblasts
[98,99]. Similarly to what was observed for BMSC viability, all culture
media led to comparable results as the normal unsupplemented media
with the exception of the osteogenic positive control media. While
BMSCs started secreting significantly more ALP from day 7 onwards for
the Osteo media, its concentration stayed steady for all other surfaces
(2.4 x 10 U/mL/cell for the Osteo media on day 14, for around 0.5 x
107® U/mL/cell for the others, p < 0.0001). Interestingly, however,
initial ALP levels were significantly higher for both plasma-sprayed
surfaces (CTL and HTE) compared to normal media, with 0.99 x 107
U/mL/cell for the normal media and 1.3 x 107% U/mL/cell for
sprayed-CTL (p < 0.0001) and 1.2 x 107 U/mL/cell for sprayed-HTE (p
= 0.004). This indicates an early tendency towards osteoblastic differ-
entiation, although that trend didn’t appear to continue overtime.
Finally, on day 21 the BMSCs were stained to observe whether the
BMSCs differentiated into a particular cell lineage, and if so which one.
Alizarin red was chosen as a marker for mineralization/osteoblast
lineage, Alcian blue was selected as a marker for chondrocyte lineage,
and oil red o was used as a marker for adipocyte lineage. At day 21, only
the Osteo media showed clear evidence of differentiation towards the
osteoblast lineage, with an intense red staining of 0.8 (p < 0.0001) being
visible for these cells vs around 0.1 for the others (Fig. 7C and D). The
other surfaces showed no signs of mineralization at that time-
point/supernatant concentration. Interestingly, platelet supernatant
from alloy-HTE and sprayed-CTL showed a significantly increase in
Alcian blue intensity at day 21 compared to normal unsupplemented
media: 0.03 for alloy-HTE (p = 0.04) and 0,04 for sprayed-CTL (p =
0.003), for 0.005 for the normal unsupplemented media. These results
indicate that these surfaces may tend to facilitate BMSCs differentiation
towards chondrocyte lineage. None of the cell culture media tested
appeared to trigger BMSCs differentiation towards the adipocyte
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lineage.
3. Discussion

A wide range of clinically relevant orthopedic materials were
selected, namely titanium alloy, commercially pure titanium, and
plasma-sprayed titanium, to investigate the consequences of adding
antibacterial bioinspired nanostructures in regard to platelet activation.
Nanoprotrusions were successfully created onto each material using
alkaline hydrothermal etching, with surface properties that were in
accordance with the current literature [9-11,13]. Surface nano-
topography was identical across all titania, with the nanostructures
appearing sharp and randomly-distributed, with a spike height around
400 nm, a width at mid-height of 40-50 nm, and an average spacing
between tips of 250 nm. The surface area essentially doubled after the
HTE process. Apart from the incorporation of nanostructures into the
materials, the hydrothermal etching also led to a thickening of the ti-
tanium oxide layer, contributing to the hydrophilicity of the surfaces.
Interestingly, the only notable chemical differences between the HTE
discs compared to the unetched controls were a) the increase in potas-
sium on the surface due to the use of KOH as the etchant, and b) the
crystallinity of the titanium oxide layer. The outermost surface of
commercially pure titanium discs indeed retained more potassium than
titanium alloy discs, and consisted of a mixture of rutile and anatase
phases, while the titanium alloy only displayed crystals in the anatase
phase. These differences are likely to impact subsequent cell behavior,
either directly, or indirectly by influencing the protein corona forming
on the material and with it the subsequent biological interactions.
Furthermore, potassium supplementation has been shown to help
reduce bone resorption as it may neutralize acid load and thus reduce
calcium loss [100,101]. As such, a potassium-enriched interface may
also be beneficial to help maintain bone integrity around the implant.

While bioinspired nanostructures have been shown to have impres-
sive antimicrobial properties, there is still little evidence on whether the
nanostructures would retain these properties with a protein corona
established on the material. Our study showed that all the HTE-Ti sur-
faces still had substantial bactericidal properties following passivation
with human plasma, with the viability of Gram-positive S. aureus
dropping by 63.5 % and the viability of Gram-negative P. aeruginosa
consistently dropping by 94.6 %. The nanotopography of the HTE-Ti
surfaces appeared to be the leading cause of the antimicrobial proper-
ties, with the changes in surface chemistry/presence of a protein corona
having little to no effect on the antimicrobial efficacy. These findings are
consistent with the “contact-killing” mechanism that has been proposed
[59-61].

Platelets are anucleated cell fragments, acting as vigilante of the
blood stream integrity, they are extremely sensitive to surface changes.
Most surprisingly however, the addition of nanostructures did not have a
notable impact on platelet behavior. The number of platelets attaching
to the surfaces was inferior or equal to the one seen on TCPS negative
control, and the morphologies remained predominantly round. Both of
these are indicators of low, if not negligible, platelet activation on the
materials tested (either smooth control or HTE-Ti etched). While Kam-
merer et al. showed that rougher surfaces promoted platelet activation
and Hong et al. found that hydrophilic modifications tended to increase
thrombogenic responses [27,29], in our study, the HTE-Ti surfaces were
shown to be at least as biocompatible as the materials used in patients
today. Our findings therefore align with these of both Smith et al. and
Yang et al., who showed that titania nanotubes were more
blood-compatible than their smooth titanium counterparts [30,31].

Although platelets are similar in size and shape compared to bacteria
(0.5-1.5 pm for S. aureus, 1-5 pm long and 0.5-1.0 pm wide for
P. aeruginosa, and 2-3 pm diameter for circulating/non-activated
platelets), their interaction with the HTE-Ti surface was radically
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different. This is likely explained by the fact that, if their size and shape
are similar, the stiffness of their membranes is very different. Platelets
are indeed known to be extremely flexible/elastic entities, as they are
designed to reach the smallest capillaries. The Young’s modulus of
platelets has been shown to be around 0.03-0.2 MPa, while it is in the
range of 0.5-25 MPa for S. aureus and P. aeruginosa [102-108]. The
viability of bacteria and platelets observed on the nanostructures thus
appears directly correlated to the elasticity of the cell wall. Platelets are
the most elastic of the 3, while P. aeruginosa (Gram-negative) is expected
to be more sensitive to stretching than S. aureus (Gram-positive) which
has a thicker peptidoglycan layer. It has been suggested that cells are
more likely to withstand the mechano-bactericidal effect if they are
either highly elastic (i.e. they conform to the topography) or highly rigid
(i.e. they mostly resist deformation) [11,109]. If a cell can do neither of
these, they are more likely to succumb to the hostile effects of the
nanostructured topography. This aligns with the observations herein,
where the stretch-resistant S. aureus and the highly flexible platelet were
both more able to withstand mechanical stress compared to the
moderately elastic P. aeruginosa.

Platelets appeared to survive well on the HTE-Ti surfaces despite the
nanostructures, with only a marginal increase in platelet attachment and
spreading observed. Interestingly, the concentration in TSP-1 was found
to be significantly higher on most substrates compared to the commer-
cial native plasma. Since that factor was shown to associate/serve as an
adhesion site for Gram-positive bacteria, thereby facilitating their
environment colonization and escape from the immune system, it could
be another contributing factor for S. aureus’s superior affinity to the
titania materials in comparison to P. aeruginosa [80,110-112].

In agreement with the microscopy observations of platelets remain-
ing quite inert on the substrates tested, the amount of pro-inflammatory
cytokines they released were found to be no different to the one found in
commercial native plasma (background levels), meaning that there was
no substantial platelet activation on the titanium surfaces (with or
without the nanostructures). Titanium alloy was even found to become
more biocompatible after the addition of the nanostructures, with fewer
platelets attaching to the alloy-HTE than on the smooth control, and less
pro-inflammatory factors PF4 and p-TG being secreted. The increased
biocompatibility of the alloy-HTE is possibly due to the thickening of the
oxide layer and the associated reduced leaching of ions. Indeed,
although the use of Ti6Al4V alloy is generally found to be safe and is
commonly used in medical devices, there is relevant literature reporting
the metallic ion release of aluminium and vanadium, which can have
detrimental effects such as interfering with cell viability and prolifera-
tion, possibly leading to poor implant integration later on [113-117].
Additionally, the difference in platelet behavior between alloy and
commercially pure titania raised the question of the importance of the
chemical identify of the surface, given that both surfaces presented the
same topography. Most likely, the difference in potassium content of the
surface (CP-HTE displaying more potassium than alloy-HTE) and crys-
tallinity (CP-HTE presenting titania in both rutile and anatase phase,
while alloy-HTE only showed a large anatase peak) influenced cell
behavior via either direct contact or indirectly by leading to small var-
iations in the amount and/or identity of the proteins adhering to the
material, subsequently influencing platelets behavior [62,63,118]. In
regards to pro-healing factors, commercially pure titania also seemed to
display superior abilities compared to the alloy. Platelets indeed
secreted more TGF-f and BMP-2 on these surfaces, factors known to
respectively: a) mediate wound healing, angiogenesis, ECM formation
and immune response and b) be a potent osteogenic factor [119-122].
Interestingly, all titanium-based surfaces tested showed a profile
trending more towards a pro-healing outcome, with an increased
secretion of PDGF-BB being observed throughout compared to controls,
a factor that is known to enhance the proliferation/migration of fibro-
blasts and general wound healing [123,124].

When looking at the impact of the factors released by platelets upon
contact with the materials on key cells associated with inflammation and
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tissue regeneration, supplementing the culture media with 0.7 % of
platelet supernatant (concentration which showed optimal cell viability
across several cell types - unpublished results) did not appear to
significantly influence their behavior. Both macrophages and BMSCs
exhibited similar low to undifferentiated profiles whether in contact
with platelets supernatant from HTE-Ti or unetched titania. Albeit no
clear cell differentiation could be observed in both cases, none of the
HTE-Ti surfaces led to a cell subtype that would be detrimental to the
long-term integration of the implant either (i.e. pro-inflammatory M1
polarization for macrophages or adipocyte lineage for the BMSCs). The
fact that all surfaces tested remained biologically inert despite the
presence of bioactive nanostructures, is a testimony to their potential to
be well-accepted by biological environments. The platelet supernatant
from HA-coated titanium, also had little to no-impact on cell differen-
tiation compared to non-supplemented culture media. In further studies,
perhaps the use of higher percentages of platelet supernatant would be
required to mimic the interaction with cells in the direct surroundings of
the implant, rather than with cells located further away.

Last but not least, our overall in vitro results for HTE-Ti modified
titania indicate that the addition of nanostructures outperforms the HA-
coated titanium, which is the current gold standard in terms of
osseointegration and biocompatibility in the field of orthopedics. Not
only were the HA-coated discs associated with the establishment of a
dense fibrin layer upon contact with human plasma and a consequently
high number of spread platelets attaching to the surface, but these sur-
faces also led the platelets to secrete more pro-inflammatory factors (i.e.
TxB2) and less pro-healing factors (i.e. BMP-2 or PDGF-BB) compared to
the other titanium-based surfaces tested. Additionally, HA-coated discs
promoted the establishment of a dense biofilm layer which would point
to an increased risk of persistent implant infection in patients, whereas
the HTE-Ti modified surfaces were associated with efficient bacteria
killing.

4. Conclusion

This study showed that the bioinspired nanostructures on the HTE-Ti
surfaces combined both impressive antibacterial properties in a complex
in vivo-mimicking environment, and a superior blood biocompatibility
profile in terms of platelet activation. Not only the addition of nano-
structures did not negatively impact the original biocompatible prop-
erties of the titanium, but in the case of titanium alloy in particular, the
material became even more blood-compatible. Additionally, direct
comparisons with well-established controls and clinically relevant ma-
terials throughout the study enabled us to demonstrate the excellent
safety profile and biocompatibility of these promising nanoengineered
surfaces. Although further in vivo studies are required to validate these
results, such bioinspired hydrothermally etched surfaces certainly show
promise to be safely applied to the surface of biomedical devices such as
these used in orthopedics, trauma and dentistry.

5. Materials and methods

5.1. Surfaces tested and fabrication of the titanium nanostructured
surfaces

Discs (10 mm in diameter, 3 mm in height, Supplier: Hamagawa
Industrial, Kedah, Malaysia) of titanium alloy Grade 5 Ti6Al4V
(henceforth referred to as Alloy), commercially pure (CP) titanium
(Grade 2), and commercially pure titanium plasma sprayed onto tita-
nium alloy (henceforth referred to as Sprayed) were hydrothermally
treated in a PTFE-lined stainless-steel reactor (Parr Instrument Com-
pany, USA), using 1M KOH aqueous solution. The samples made of ti-
tanium were further described as “titanium-based” (i.e. Alloy, CP and
Sprayed), and the ones that were hydrothermally etched were referred
to as “HTE-Ti”. Based on preliminary optimization experiments to
investigate the generation of distinct nanostructures [125], the reactor
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was kept sealed at 150 °C inside an oven for 5 h. After the reaction, the
vessels were cooled down in flowing water and the samples were rinsed
and immersed in ultrapure water. After drying, discs were heat treated
inside a tubular furnace and cooled down overnight until room tem-
perature (RT). As-received titanium discs (CTL), collagen I coated glass
coverslips (Collagen 1), Thermanox coverslips (TCPS), or
hydroxyapatite-coated titanium (HA-Ti) discs were used as control
surfaces and hydrothermally treated titanium surfaces (HTE-Ti) were
the experimental surfaces. All titanium samples were autoclaved
(135 °C, 100 KPa, 12 min), while the other controls were sterilized by
30 min exposition to UVs in a biosafety cabinet.

5.2. Surface characterization

XPS: Atomic composition within the top 10 nm of the outermost
layer was measured using X-ray photoelectron spectroscopy (XPS). XPS
survey spectra were collected using a Kratos AXIS Ultra DLD spec-
trometer (Kratos Analytical Ltd., Manchester, UK) equipped with a
magnetically confined charge compensation system, with mono-
chromatic AIK radiation (hy = 1486.7 eV). A 300 pm x 700 pm area was
analyzed for each substrate (n = 3), at a pass energy of 160 eV. Data
analysis was performed with CasaXPS software (Casa Software Ltd.,
Teignmouth, UK). All binding energies were referenced to the aliphatic
Cls peak at 285.0 eV.

AFM: Atomic Force Microscopy (AFM) images were acquired in
ambient using a Bruker Dimension Fastscan AFM contained in an
acoustic hood. Amplitude Modulation mode was performed overa5 x 5
pm and a 20 x 20 pm area of each sample using an NT-MDT NSG30
silicon nitride cantilever with a conical tip rated by the manufacturer at
a radius less than 10 nm and a half-side angle of 18°. A spring constant
value was derived through a non-contact tuning process, obtaining a
spring constant of 36 N/m. A scan velocity of 0.7 Hz optimized canti-
lever tip surface tracking over the control and high roughness HTE-Ti
samples. Plasma-sprayed surfaces were unable to be stably scanned
due to high roughness values and adhesion effects.

Contact Angle: The wettability of each substrate was measured using
the sessile drop method, with a contact angle goniometer model
RDSDMO2 (RD Support, Edinburgh, UK). 4 pL droplet of ultrapure water
was deposited on the substrates, and its silhouette was imaged, and the
contact angle measured by a tangent fitting method using plugin Con-
tact_Angle.jar for ImageJ software version 1.53f51 (NIH, Bethesda, MD,
USA).

Spike measurement/SEM: Scanning electron microscope (SEM) was
performed for each substrate, to examine the general topography of
these substrates and determine the nanostructures’ characteristics. A
field emission gun scanning electron microscope Zeiss Merlin FEG-SEM
(Zeiss, Germany) equipped with a secondary electron (SE) detector was
used, with a 2 kV acceleration potential at 5-50 K times magnification.
The sample stage was tilted at 45° to obtain pseudo-side views of the
spikes, and was only left orthogonal when measuring the spacing be-
tween spikes. The height of the nanostructures was determined by the
linear distance between a basal plane and the highest point of each
spike, and the width was measured at mid-height in parallel orientation
with the basal plane (n = 180). A correction factor of x/cos (45°) was
applied to account for dimensional distortion from the tilt. The spacing
between spikes was determined from non-tilted SEM images (n = 18).
Spike measurements were made using ImageJ software version 1.53{51
(NIH, Bethesda, MD, USA).

Grazing angle x-ray diffraction (GAXRD): The surface crystalline
composition of titanium samples was verified on representative discs
before and after alkaline heat treatment, using an Empyrean I Grazing
angle x-ray diffraction (GAXRD) machine (Malvern Panalytical, United
Kingdom) equipped with a Cu K-a detector operated at 45 kV and 40
mA. To generate a crystallinity profile at two different depths from the
surface, incident angles of 4°, and 12° were used (penetration of 2 pm
and 5 pm respectively), with a 20 range of 15°-80°. Semi-quantitative
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analysis was performed using HighScore Plus software (Malvern Pan-
alytical, United Kingdom) for phase identification coupled with peak
fitting using the Pawley refinement method to ascertain the composition
change with increasing grazing angle and corresponding penetration
depth.

5.3. Protein pre-conditioning

All surfaces (sterile) were first pre-conditioned with pooled human
plasma (#IPLANAC500mL; lot 32653), with overnight incubation at
37 °C under constant gentle agitation on a 3D rocker, in order to more
closely mimic the protein corona that would form within seconds on the
materials in vivo. Surfaces were washed with sterile phosphate-buffered
saline (PBS) before use, to remove loosely bound soft corona.

5.4. Bacteria study

5.4.1. Bacterial culture and inoculation

S. aureus ATCC 25923 and P. aeruginosa ATCC 15692 were retrieved
from glycerol stocks stored at —80 °C and cultured overnight on tryptone
soy agar (TSA) plates. Single colonies of each species were aseptically
transferred to 5 mL of tryptone soy broth (TSB) and incubated at 37 °C
until the late-log phase. Cell density was then measured by a spectro-
photometer (Nanodrop 2000, Thermo Scientific, MA, USA) at 600 nm
wavelength. Cell density was adjusted to 10° colony-forming units
(CFU)/mL. All surfaces which were pre-conditioned with human serum
were inoculated with 10° CFU and incubated for 18 h at 37 °C on an
orbital shaker at 90 RPM.

5.4.2. Bacterial viability analysis by live/dead staining

After incubating samples with bacteria, the samples were gently
rinsed with PBS to remove non-adherent cells. Samples were then
stained with LIVE/DEAD® BacLight™ Bacterial Viability Kit (Thermo-
Fisher Scientific, Waltham, MA, USA) with equal proportions of propi-
dium iodide (PI) and Syto9 at 1.5 pL/mL of PBS, and incubated for 15
min in the dark at room temperature. Next, the samples were inverted
onto a glass coverslip and imaged with an Olympus FV3000 confocal
laser scanning microscope (CLSM; Olympus, Tokyo, Japan). The exci-
tation and emission spectra were 490/635 for PI and 480/500 nm for
Syto9. Triplicate images were taken at random locations for each sam-
ple. Live and dead cells were quantified using ImageJ v1.53 (NIH, MD,
USA).

5.5. Platelet study

5.5.1. Platelet isolation and seeding

30 mL of blood was collected into 3.2 % sodium citrate S-Monovette
(Sarstedt #02.1067.001) from three healthy volunteers who gave their
written consent (University of South Australia human ethics #202841).
A complete blood count (CBC) was performed to evaluate the initial
platelet number and verify that blood was within normal acceptable
ranges. The blood was then centrifuged at 200 g for 15 min to separate
the upper platelet-rich plasma from the other blood components.
Platelet concentration was adjusted to 1-3 x 10’ platelets/mL
(depending on the total number of platelets collected) using sterile PBS,
and then seeded onto the surfaces and incubated in sterile 48-well plates
for 2 h at 37 °C under constant gentle agitation on a 3D rocker. Platelets
from each donor were used in independent experiments.

5.5.2. Supernatant collection

After incubation, the supernatant was collected into sterile low
binding 1.5 mL tubes (Eppendorf, Hamburg, Germany) and stored at
—80 °C for subsequent enzyme-linked immunosorbent assay (ELISA)
assays and cell differentiation in conditioning media experiments.
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5.5.3. Platelet fluorescence staining and image analysis

Platelets attached to the surface were fixed with 4 % formaldehyde,
then permeabilized with 0.25 % Triton X, before being stained with
Phalloidin-TRITC (#ab235138) to allow the visualization of platelet
cytoskeleton. Surfaces were imaged at 40 x magnification using either a
fluorescence microscope (Olympus IX83) for the smooth surfaces, or a
confocal microscope (Nikon A1R) for the plasma-sprayed titanium and
hydroxyapatite-coated samples. For each donor, triplicates of surfaces
were prepared for each condition, and a minimum of 9 images were
taken for each surface (n = 27). Platelets on each image were manually
counted using ImageJ to discriminate between 3 morphologies: spread,
dendritic and round.

5.5.4. Scanning electron microscopy (SEM)

Platelets attached to the surface were fixed with 4 % formaldehyde,
and then dehydrated using an ethanol gradient. Final dehydration was
performed using Critical Point Dryer (CPD). Surfaces were then coated
with 10 nm of platinum with a high-resolution sputter coater, to permit
visualization of biological entities with the SEM. Surfaces were imaged
using a scanning electron microscope (Carl Zeiss Microscopy Crossbeam
540 with GEMINI II column) with an accelerating voltage of 2 kV, a
probe current of 100 pA, and a working distance of 3 mm.

5.5.5. Analysis of platelet secreted factors via ELISA or flow cytometry

ELISA or Multiplex assays were performed as per manufacturer in-
structions, and briefly outlined below. Platelet factor 4 (PF4) and $-TG
(CXCL7) Human ELISA assays were performed as per the manufacturer’s
instruction (#ab189573 and #ab216171 respectively). Standards and
solutions were prepared on the day, and samples were incubated for 1 h
at RT under constant shaking (300 rpm) to maximize protein binding.
Absorbance at 450 nm was measured using a FLUOstart Optima
Microplate reader.

Thromboxane B2 (TxB2) ELISA assay was performed as per the
manufacturer’s instruction (#ab133022). Standards and solutions were
prepared on the day, and 10 pL/mL of indomethacin was added to each
sample to inhibit prostaglandin synthetase activity. Samples were
incubated for 2 h at RT under constant shaking (300 rpm) to maximize
protein binding. At the end of the assay, absorbance at 405 nm was
measured using a FLUOstar Optima Microplate reader and corrected for
570 nm readings as advised.

Thrombospondin 1 (TSP-1) Human ELISA assay performed as per
manufacturer’s instruction (#ab193716). Standards and solutions were
prepared on the day, and samples were incubated overnight at 4 °C
under gentle shaking (25 rpm) to maximize protein binding. At the end
of the assay, absorbance at 450 nm was measured using a FLUOstar
OPTIMA microplate reader (BMG Labtech, Ortenberg, Germany).

For all the ELISA assays, duplicate readings were obtained for each
donor (n = 6).

Custom Human Multiplex was performed as per the manufacturer’s
instruction (BioLegend, CA, USA). Standards and solutions were pre-
pared on the day, and samples were incubated for 2 h at RT under
constant shaking (300 rpm) to maximize protein binding. At the end of
the assay, samples were read using a BD LSRFortessa™ cell analyzer -
flow cytometer (BD Bioscience, CA, USA). Concentrations of human
TGF-f, FGF, PDGF-BB, VEGF and BMP-2 were established by converting
the Mean Fluorescence Intensity (MFI) value into pg/mL using their
respective standard curves as directed by the LEGENDplex™ Data
Analysis Software (Version 8). Duplicate readings were obtained for
each donor (3), and an assay was performed twice (n = 12).

5.6. Macrophage and BMSCs differentiation study

5.6.1. MO culture and differentiation assay

Monocytes THP-1 (SKU:88081201, Sigma Aldrich, MI, USA) were
cultured in RPMI medium (Sigma-Aldrich, MI, USA) supplemented with
10 % Fetal Bovine Serum (FBS, Thermo Fisher Scientific, MA, USA),
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penicillin/streptomycin and 2 mM Glutamax. Monocytes THP-1 were
differentiated into macrophages with 100 ng/mL phorbol 12 myristate
13-acetate (PMA) added into the media for 24 h. Macrophages were
seeded at 2 x 10° cells per well in 48 well plates in PMA-free media and
cultured for 24 h. Afterwards, the medium was changed to a conditioned
medium containing 0.7 % platelet supernatant and cultured for 7 days.
That concentration was selected because preliminary assays showed best
cell viability, thus allowing for prolonged culture times (data not
shown). LEGENDplex™ Human macrophages/microglia panel (13-plex)
kit (BioLegend, CA, USA) was used for the flow cytometry analysis and
used as per manufacturer’s protocol. Briefly: cell culture supernatant
was mixed with assay buffer and mixed beads; and incubated for 2 h at
RT under constant shaking (800 rpm). At the end of the assay, samples
were read using a BD LSRFortessa™ cell analyzer - flow cytometer (BD
Bioscience, CA, USA). For fluorescence staining, the THP-1 cells were
fixed in 4 % formaldehyde and permeabilized with 0.2 % Triton for 10
min. The actin filaments were stained with rhodamine-phalloidin
(Invitrogen) for 30 min. Macrophages specific markers were stained
using Alexa Fluor 488 antibodies anti-human CD80 (BioLegend, CA,
USA) and Alexa Fluor 647 anti-human CD163 (BioLegend, CA, USA) and
incubated in 1 % BSA-PBS for 1 h. The samples were washed and
mounted using the mounting media DAPI Fluoromount G (ProSciTech,
QLD, Australia). Samples were imaged using an IX83 Fluorescence Mi-
croscope (Olympus, Tokyo, Japan). Fixed exposure time was used to
compare fluorescence intensity between different conditions. The fluo-
rescence intensity was analyzed using ImageJ V 1.53 k (NIH, MD, USA).

5.6.2. BMSCs culture and differentiation assay

BMSC were cultured in cMEM medium (Thermo Fisher Scientific,
MA, USA) with 10 % FBS, 50 U/mL penicillin, 50 pg/mL streptomycin, 2
mM GlutaMax, 1 mM sodium pyruvate and 100 pM ascorbic acid-2-
phosphate. 2 x 10* BMSC cell/well were seeded in 48 well plates.
Cells were cultured over 21 days in a conditioned medium containing
0.7 % platelet supernatant in a humidified incubator at 37 °C and 5 %
CO,. That concentration was selected because preliminary assays
showed best cell viability, thus allowing for prolonged culture times
(data not shown). The synthesis of alkaline phosphatase (ALP) in BMSC
was analyzed in media supernatant using Alkaline Phosphatase Assay
Colorimetric Kit (Abcam). The analysis was performed according to the
manufacturer’s protocol. Briefly, samples and PNPP solution were
incubated for 1 h at RT protected from light. At the end of the assay,
absorbance was measured at 405 nm.

The following staining was performed to evaluate BMSC
differentiation:

e Mineralization: Cells were fixed in 4 % formaldehyde for 15 min. 2 %

Alizarin Red S (Chem-Supply, SA, Australia) was prepared in water

and the pH was adjusted to 4.1 using 0.5 % ammonium hydroxide

(Sigma-Aldrich, MI, USA). BMSCs were incubated in alizarin solution

for 20 min at RT and washed with water 3 times to remove unbound

dye.

Chondrogenesis: Alcian blue at pH 2.5 in 3 % acetic acid (Sigma-

Aldrich, MI, USA) was added as supplied, incubated for 15 min, and

washed thoroughly in water.

o Adipogenesis: BMSCs were incubated with propylene glycol for 5 min,
then in Oil Red O (Abcam, Cambridge, UK), heated (60 °C) for 10
min and differentiated in 85 % propylene glycol for 1 min. Samples
were washed in water and incubated in hematoxylin for 2 min and
again washed thoroughly in water.

Three random images were acquired from each sample, with fixed
exposure time at magnification 20x. Color intensity was then analyzed
using Image J and the plugins for the calculation of the intensity of red,
blue, and purple.
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5.6.3. THP-1 and BMSC viability

The 150 pg/mL resazurin sodium salt (Sigma-Aldrich, MI, USA) stock
solution in Milli-Q water was filtered using a 0.2 pm filter and stored in a
light-protected container at 4 °C. Resazurin was added into fresh media
(25 pg/mL), incubated for 4 h and read using a microplate reader. The
fluorescence was analyzed with excitation at 540 nm and emission at
590 nm.

5.6.4. Gene expression of MO and BMSCs on day 3

RNA was extracted using RiboPure™ Kit (Life Technologies, CA,
USA) according to the manufacturer’s instructions. Briefly, cells were
homogenized using Tri Reagent for 5 min at RT and centrifuged at
12000 g for 10 min at 4 °C. RNA was extracted with chloroform. The
samples were vortexed for 15 s, incubated for 5 min at RT, and centri-
fuged. 400 pL of the aqueous phase was moved to a new tube and pu-
rified with 100 % ethanol and a filter cartridge. The RNA was eluted
with elution buffer and centrifuged for 30 s. RNA was stored at —80 °C
until required for PCR analysis. The reverse transcription PCR was
performed using SuperScript® III Platinum® SYBR® Green One-Step
qRT-PCR Kit (Invitrogen, MA, USA) according to manufacturer proto-
col. Briefly, Master Mix was prepared using 1 pl SuperScript, 25 pl SYBR
Green, 1 pl forward primer, 1 pl reverse primer, and DEPC-water for a
final volume of 50 pl including template. The PCR reaction was run
using CFX connect real-time PCR detection system (Bio-Rad, CA, USA)
with the standard reaction parameters: 50 °C 3 min, 95 °C 5min, 40
cycles of 95°C 15, 60 °C 30 s, 40 °C 1min. All primers were synthesised
by Invitrogen (MA, USA), apart from IL-10 which was provided by
Applied Biosystems (TagMan Gene Expression Assay Hs00961622_m1).
The primer sequences are shown below.

Forward Primer Sequence Reverse Primer Sequence

GADPH 5-TGACGCTGGGGCTGGCATTG-3  5-GCTCTTGCTGGGGCTGGTGG-3'
CDllc 5-ACTTCACGGCCTCTCTTCC-3' 5'-CACCAGGGTCTTCAAGTCTG-3'
TNF-a  5-TGCTCCTCACCCACAGCAT-3' 5-GGAGGTTGACCTTGGTCTGGTA-

3

INFy 5- 5-
CTAATTATTCGGTAACTGACTTGA- CTAATTATTCGGTAACTGACTTGA-

3 3

5.7. Statistical analysis

One-way ANOVA with Tukey’s multiple comparison tests was used
to statistically analyze bacteria and platelet counts using GraphPad with
GraphPad Prism version 9 for Windows (GraphPad Software, La Jolla
CA, USA, www.graphpad.com). While one-way ANOVA with Dunnett’s
multiple comparison tests against Commercial Native Plasma control or
Normal media control was used to analyze ELISA/Multiplex platelet
readings or macrophage and BMSC readings respectively. A p-value of
<0.05 was considered significant for all tests. *p < 0.05; **p < 0.01;
*#¥p < 0.001; ****p < 0.0001.
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