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Abstract

The need to improve blood biocompatibility of medical devices is urgent. As soon as blood
encounters a biomaterial implant, proteins adsorb on its surfaces, often leading to several
complications such as thrombosis and failure of the device. Therefore, controlling protein
adsorption plays a major role in developing hemocompatible materials. In this study, the
interaction of key blood plasma proteins with superhemophobic titania nanotube substrates and the
blood clotting responses was investigated. The substrate stability was evaluated and fibrinogen
adsorption and thrombin formation from plasma were assessed using ELISA. Whole blood
clotting kinetics was also investigated, and Factor XII activation on the substrates was
characterized by an in vitro plasma coagulation time assay. The results show that
superhemophobic titania nanotubes are stable and considerably decrease surface protein
adsorption/Factor XII activation as well as delay the whole blood clotting, thus can be a promising
approach for designing blood contacting medical devices.

Graphical abstract — short description

In order to reduce the biomaterial interaction with blood, superhemophaobic substrates (i.e.
surfaces that repel blood) were fabricated by first changing the topography via making nanotubes
and then altering the surface chemistry. It was shown that these surfaces reduce protein adsorption
and Factor XII activation, thus preventing blood from clotting and being a promising approach to
enhance hemocompatibility of biomaterials.
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Background

Hemocompatibility of biomaterials remains a considerable challenge for successful
development of blood-contacting medical devices such as vascular grafts, heart valves, and
stents [1]. When biomaterial implants come in contact with blood, the first event is the
adsorption of plasma proteins, which can trigger a cascade of mechanisms that cause
thrombosis and sometimes failure of the device [2]. A plentiful protein in blood plasma is
fibrinogen, and it is one of the first to adsorb on the implant surface when in contact with
blood [3]. Fibrinogen is primarily responsible for platelet adhesion, thus being a key protein
in the context of the coagulation cascade [4]. This coagulation cascade is a complex process,
which can be separated into two distinct pathways: intrinsic and extrinsic. The intrinsic
pathway, also called contact activation, is a surface-mediated event and it is the process
responsible for clotting on biomaterial surface. It is initiated by the conversion of the protein
Factor XII to its activated form FXlla [5]. Factor XIllI, also called Hageman Factor, is a
coagulation factor, and its autoactivation occurs upon binding with the surface, presumably
due to a conformational change [6], [7]. After FXII activation, several proteins are activated
in a chain until thrombin is formed [8]. The thrombin then mediates the fibrinogen
conversion into fibrin, which polymerizes to form a fibrin mesh that further forms thrombus
[9], [10]. Therefore, the study of the interaction between biomaterial surface and blood
plasma proteins is essential to understand the mechanisms that can help address the
challenge of hemocompatibility [11].

It is well accepted that biomaterial surface characteristics, such as surface chemistry,
morphology, and wettability, directly influence the interaction of biomaterial with the blood
[12], [13]. Several techniques of surface modification have been investigated in order to
enhance hemocompatibility of biomaterial implants. Surface wettability is a key factor in
determining the protein adsorption on biomaterial surfaces. Predominantly, hydrophilic
surfaces lead to less protein adsorption than hydrophobic surfaces, since hydrophilic
surfaces bind strongly with water molecules which constrain proteins from binding with the
substrate [14]. One strategy largely studied is the incorporation of various hydrophilic
polymers, such as polyethylene glycol (PEG) on biomaterial surfaces [15]. However,
previous works have shown that PEG modified materials perform less well in blood and
plasma than in simple protein solutions [16]. Another approach is designing
superhydrophobic surfaces (i.e. when water contact angles are greater than 150°), and
previous studies have shown they can either increase or decrease protein adsorption on
surfaces depending on the surface architecture [17].

It is well established that titanium has great biocompatibility and has been widely used as a
biomaterial for orthopedic and cardiovascular applications for decades [18]. However, even
titanium-based implants can cause adverse effects when in contact with blood [19].

Therefore, one approach that has been recently developed for enhancing hemocompatibility
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is making titanium surfaces superhemophobic (i.e. blood plasma contact angles greater than
150°) [20]. Previous study has shown less platelet adhesion and activation on
superhemophobic titania nanotubes arrays [21]; however, it is still unclear what happens to
specific blood proteins of the coagulation cascade on this surface. In this work, we have
studied the potential hemocompatibility of superhemophobic titania nanotube arrays by
investigating in detail the blood clotting responses and the interaction of key blood plasma
proteins, such as fibrinogen, thrombin and factor XII, with the substrates. In this study,
hemophilic, hemophobic, and superhemophobic titania surfaces were fabricated by
combination of surface topography (smooth surface and titania nanotube arrays) and surface
chemistry (unmodified, fluorinated [22] and PEGylated [21]). The results show that
superhemophobic substrates limit surface protein adsorption and FXII activation, as well as
delays the whole blood clotting, thus proving to be a good approach for improving
hemocompatibility of biomaterials.

Fabrication of titania nanotube arrays with different surface modification

Titania nanotube arrays were produced from titanium foil (0.5 mm thick) via anodization
process described elsewhere [23]. Unmodified titanium and titania nanotube array surfaces
were further modified in two different ways. Prior to surface modification, the substrates
were treated with oxygen plasma at 200 V in 10 cm3/min of oxygen gas for 15 mins.

. The substrates were positioned on a hot plate near a glass slide with 200 pl of
(heptadecafluoro-1,1,2,2-tetrahydrodecyl)trichlorosilane (referred to as FL). The
glass slide and substrates were covered with a bowl and heated at 120 °C for 1 hr.

. The substrates were placed in a 2 vol% solution of 2-
[methoxy(polyethyleneoxy)propyl]trimethoxsilane (referred to as PEG) in
ethanol solution for 20 hrs.

Following notation will be used in the manuscript: unmodified titanium surface: Ti;
unmodified titania nanotube arrays: NT; substrates modified with FL: Ti-FL and NT-FL;
substrates modified with PEG: Ti-PEG and NT-PEG.

Surface characterization of different substrates

The surface morphology of different substrates was characterized using scanning electron
microscopy (SEM). Static contact angles were obtained using a Ramé-Hart goniometer. The
surface chemistry was identified using X-ray photoelectron spectroscopy (XPS). Further,
film thickness of substrates treated with FL and PEG were also calculated from the
attenuation of XPS signals using the standard overlayer method [24]. The surface crystalline
structure was determined by X-ray diffraction (XRD, Shimadzu).

Stability of different substrates in physiological conditions

The stability of different substrates was characterized by measuring the water contact angles
over a 28-day period. The substrates were placed in an incubator (37°C and 5% CO,) on
horizontal shaker (100 rpm) plate for 28 days in phosphate buffer saline (PBS). After 7-day
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intervals, the substrates were dried, and the contact angles were measured. Further, XPS was
also used in order to determine the surface composition after the 28 days.

Fibrinogen adsorption from platelet rich plasma (PRP) on different substrates

Fibrinogen adsorption from PRP on different substrates was assessed using an enzyme-
linked immunoassay (ELISA). Sterilized substrates were then incubated in PRP on a
horizontal shaker plate (100 rpm) for 2 hrs at 37 °C and 5% CO». The protocol from the
manufacturer was followed.

Thrombin anti-thrombin (TAT) complex formation on different substrates

TAT complex formation on different substrates exposed to platelet poor plasma (PPP) was
investigated using a human TAT Complex ELISA kit (AssayPro). Sterilized substrates were
incubated in PPP on a horizontal shaker plate (100 rpm) for 2 hrs at 37 °C and 5% CO». The
protocol from the manufacturer was followed.

In vitro plasma coagulation assay

FXII activation on different substrates was characterized by an /n vitro plasma coagulation
time (CT) assay. CT is the time demanded from activation of the intrinsic pathway of the
coagulation cascade to the occurrence of a visible clot [25]. All CT measurements were
performed in PPP.

Factor Xlla (FXIla) titration curve—Human coagulation FXIla (Enzyme Research
Laboratories) with activity value of 73 plasma equivalent units per mg (PEU/mg) was used
in this study. The method described elsewhere was followed [25]. FXlla activity was
quantified using a titration calibration curve relating [FXlla]eq, in PEU/mI to the plasma
coagulation time. A mathematical model developed in a previous study was fitted to the
obtained data of coagulation times related to the amount of exogenous FXIla added [5]. The
equation that relates CT to FXlla concentration through three adjustable parameters a, b, and
cis given by:

_alFXIla]+b

Cr= [FXIIa] + ¢
with
ky,CT k, CT kK
“CrEky PTRERSe M SRR
1% 1% 1%

where CTpis the background coagulation time, k7 and K are the reaction rate constant and
Michaelis-like constant, respectively, & is the reaction rate constant for the background clot,
which means the clot formation under assay conditions but with no addition of FXIla [5].

The commercial software Origin (OriginLab Corporation, Northampton, MA) was used to
get the best-fit solution to experimental titration data (CT vs. exogenous FXlla
concentration).
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FXII activation in plasma—To obtain the substrate-induced contact activation, PPP was
added to sterilized substrates (23 mm?) in a 2 ml polystyrene micro-cuvette and CT was
measured. The method described elsewhere was followed [25]. The CT was then used to
calculate the equivalent FXIla activity by referencing back to the FXIla titration curve
obtained.

Whole blood clotting kinetics

Sterilized substrates were placed in a 24-well plate in order to investigate whole blood
clotting kinetics. Human blood from healthy donors was collected in 3 ml sterile centrifuge
tubes without any anti-coagulants. 7 pl of this blood was immediately placed onto the
substrates, and the droplet was allowed to clot for up to 30 mins. After 15 mins intervals, the
substrates were moved into a different 24-well plate with 500 ul of DI water. The substrates
were then gently agitated for 30 secs and left in the DI water for 5 mins to lyse the red blood
cells and release free hemoglobin from them. The free hemoglobin absorbance was then
measured using a plate reader at a wavelength of 540 nm. The absorbance value is directly
proportional to the amount of free hemoglobin in DI water and provides a direct relation to
the extent of blood clotting on different substrates [26].

Statistical analysis

Results

SEM, XPS and XRD analysis were done on 2 different samples of each substrate. Contact
angle and stability test were done using 3 droplets per sample on 3 different samples of each
substrate (nmin=9). All protein adsorption experiments were repeat twice with 3 samples of
each substrate (nmin=6). Whole blood clotting kinetics were reconfirmed on 3 different
samples of each substrate. Analysis of variance (ANOVA) and Tukey tests were conducted
for the experiment data using software Origin 8.5 at a 5% significance level (p < 0.05).

All studies discussed below were performed with at least two healthy donors. To avoid
donor-to-donor variability, the results presented are only from one donor. However, similar
trends were observed for all the donors, which indicates the reproducibility of the results.

SEM was used to characterize the surface morphology of different substrates. As expected,
the images indicate smooth topography for unmodified titanium and uniform vertically
oriented nanotubes on anodized surface with a diameter of 147 £ 5 nm. (Figure 1). The
results also show no apparent changes in morphology of both substrates after modification
with FL and PEG. Further, there was no significant difference in nanotube diameter after
surface modification (p<0.05), with a diameter of 152 + 6 nm for NT-FL and 155 £+ 7 nm for
NT-PEG.

Contact angle goniometry was used to characterize the wettability of different substrates.
Static contact angles were measured using blood plasma. When the static contact angle (0)
between the surface and blood droplet is greater than 150°, the surface is designated
superhemophobic [21]. The surface is considered as hemophilic when 6 < 90°, and as
hemophobic if © > 90° [27]. Based on the results, NT-FL is superhemophobic, since 6 =
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167°. The results also indicate that Ti-FL is hemophobic; and Ti, Ti-PEG, NT and NT-PEG
are hemophilic (Figure 2).

XPS was used to characterize the surface chemistry of different substrates. Survey spectra
show that all the substrates had O1s, Ti2p3/2, and C1s peaks (Figure 3a). The C1s peak was
present on NT and Ti due to some residues of carbon already present on the substrates and
contamination in the XPS chamber. As expected, the results indicate the F1s peak on both
surfaces modified with the fluorinated silane FL. The C1s peak increased for Ti-FL and Ti-
PEG as compared to Ti; and NT-FL and NT-PEG as compared to NT; since both silanes
contain carbon. Further, the O1s peak increased for both Ti-PEG as compare to Ti; and NT-
PEG as compared to NT; due to the characteristic CO groups present in the PEGylated
silane.

The surface elemental composition for different substrates was also obtained from XPS
survey scans using MultiPak software (Table 1). Ti-FL, Ti-PEG, NT-FL, and NT-PEG show
an increase in carbon concentration as well as a decrease in titanium concentration compared
to unmodified Ti and NT. The reason for this is the presence of silane on the surface that
leads to a decrease in titanium concentration after surface modification. In addition, although
PEG has oxygen, the percentage concentration of oxygen on both substrates treated with
PEG has decreased because of the significant increase in the percentage of carbon. As
expected, a high concentration of fluorine was observed for both surfaces treated with FL.

High resolution C1s scans from XPS also indicate the presence of characteristics CF, and
CF3 groups on NT-FL and Ti-FL whereas characteristic CO groups (C-O and O-C=0) on
hemophilic surfaces (Figure 3b). The presence of these peaks shows that Ti and NT were
successfully modified by FL and PEG silanes.

Additionally, silane thickness on Ti and NT after surface modification with FL and PEG
were calculated from the attenuation of XPS signals using the standard overlayer method,
which determines the film thickness using the intensities of Ti2p peaks before and after
silanization. The electron attenuation length for Ti, L 7; found in the literature is 2.1 nm [28].
Using the intensity of Ti2p peaks from XPS survey spectra of substrates before and after
surface modification, the thickness of Ti-FL calculated is 1.83 nm, 0.158 nm for Ti-PEG,
1.04 nm for NT-FL calculated and for NT-PEG the thickness of the film is 0.037 nm.

XRD was used to characterize the surface crystalline structure of different substrates. After
the anodization process, the nanotubes are amorphous, and in order to form the crystal
phases, annealing process is required. The annealing temperature of 530 °C was chosen to
guarantee the total crystallization of titania nanotube arrays [23]. All NT substrates have
rutile and anatase crystal phases which are not present on Ti surfaces (Figure 3c). Both
anatase and rutile crystal phases provide important characteristics to the material. The rutile
phase is the most stable phase, while the metastable anatase phase can produce a more
conductive surface and has be shown to be less cytotoxic in TiO, crystals [29], [30]. The
results also indicate that the surface modification with FL and PEG does not affect the
crystalline structure of the unmodified titanium and the titania nanotube arrays.
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The stability of different substrates was characterized by measuring the water contact angles
every 7 days over a 28-day period. The substrates were placed in an incubator (37°C and 5%
COy) on a horizontal shaker (100 rpm) for 28 days in PBS, and the contact angles were
measured. After this period, the substrates incubated in PBS showed a significant decrease in
the contact angles for all Ti groups (Figure 4a), which indicates that these surfaces are not
stable under buffer conditions.

XPS was also used to determine the surface composition after 28-day period. The results
show a considerable decrease in the CO groups percentage on both samples modified with
PEG (Figure 4b), especially for Ti-PEG, which confirm the results obtained with the contact
angles. In addition, new CO groups were present on Ti-FL and Ti-PEG. However, the CF2
and CF3 groups are still present with similar amount.

The surface elemental composition for different substrates after 28 days of incubation in
PBS was also obtained from XPS survey scans using MultiPak software (Table 2). The
results show that Ti-FL and Ti-PEG had a considerable change in their surface composition
when compared with day 0 (Table 1). Both groups showed a substantial increase in the
percentage of titanium (approximately 100%) and a considerable decrease in carbon
concentration (approximately 25%); and Ti-FL also showed a 30% reduction in fluorine
concentration. In addition, NT-FL and NT-PEG show very similar elemental composition
after 28 days of incubation in PBS, which also suggest their stability under buffer
conditions.

Based on the stability results, further studies were not done on Ti-FL and Ti-PEG, since they
were not stable under buffer conditions after the 28-day period.

Fibrinogen adsorption from PRP on different substrates was measured using an enzyme-
linked immunoassay (ELISA). The PRP was assayed to determine the amount of fibrinogen
that remained after exposure to substrates, and this was compared with amount of fibrinogen
in PRP that was not exposed to substrates. The results indicate that NT, NT-FL, and NT-PEG
had significant lower fibrinogen binding from PRP in comparison with Ti, although no
statistically significant difference was observed between NT and NT-FL, and between NT-
FL and NT-PEG (Figure 5). The results also show that NT-PEG had significant higher
fibrinogen adsorption than NT.

TAT complex formation on different substrates exposed to PPP was investigated using a
human TAT Complex ELISA kit. In order to evaluate TAT formation from blood plasma, the
substrates were incubated in PPP for 2 hrs, and PPP was then assayed to determine the
amount of TAT presenting in plasma. The results show no statistically significant differences
in TAT formation between all substrates, although trends indicate that NT-FL and NT-PEG
had lower TAT concentrations (Figure 6).

FXII activation on different substrates was characterized by an /n vitro plasma coagulation
time (CT) assay. Previous work has developed a mathematical model that relate CT to FXlla
concentration, through three adjustable parameters g, 6, and ¢ [5]. Results of FXlla titration
in PPP show that CT decreases as exogenous FXIla concentration increases (Figure 7a). The
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least squares fitting solution to experimental titration data was obtained using the software
Origin. The results for the best fit solution (R=0.947) are given in Table 3.

Contact activation of FXII in plasma by different substrates was measured using a CT assay.
The titration curve obtained was used to convert the CT obtained into FXIla concentration.
The results indicate that NT-FL had significant lower FXII activation in plasma in
comparison with the other substrates (Figure 7b). Specifically, NT-FL shows an impressive
300% reduction of FXII activation in comparison with Ti and 400% comparing with NT and
NT-PEG.

Whole blood clotting Kinetics were investigated by measuring the amount of free
hemoglobin on different substrates in terms of absorbance. Whole human blood was allowed
to clot for 15 and 30 mins on different substrates. The values of free hemoglobin
concentration were measured for different substrates after 15 and 30 mins. After this time,
the measurements were stopped since the blood starts to clot with the contact with air, which
would interfere in the results. The results indicate that blood clotting was significantly
delayed on NT-FL substrate in comparison with the other groups (Figure 8). After 30 mins,
the amount of free hemoglobin on NT-FL is the same as after 15 mins, and both are close to
the un-clotted blood (the absorbance was reduced by 17%). After 30 mins, Ti showed a
reduction in the absorbance of 80 %; 45 % for NT and 65 % reduction for NT-PEG.

Discussion

Until now, there is no biomaterial that is completely compatible with blood. Thousands of
patients have suffered complications due to blood clotting, and many of them must take
blood-thinning medications for years after receiving blood contacting devices [20].
Therefore, there is an urgent need to develop novel materials that prevent blood clotting, and
it is essential to understand the initial events that happen on the implant surface when it
comes in contact with blood. Immediately after the medical device implantation, blood
protein adsorbs on the material surface, which mediates all the subsequent phenomena, such
as platelet attachment and thrombus formation [31]. Thus, understanding the way in which
proteins interact with the biomaterial surface is fundamental, and the surface characteristics,
such as topography and wettability play an important role in the scenario [32]. In this work,
we have studied the stability of the substrates and how they interact with key blood proteins
from the coagulation cascade, such as fibrinogen, thrombin and Factor XII, as well as the
whole blood kinetics.

Titania nanotubes arrays were fabricated by anodizing unmodified titanium sheets in HF
solution, and its formation is due to a field-assisted dissolution process [33]. Unmodified
titanium and titania nanotube array were then modified with the silanes FL and PEG. Prior
to the silanization process, the surfaces were treated with oxygen plasma to form hydroxyl
groups. These hydroxyl groups then form covalent bonds with the silanes [34]. In order to
make superhemophobic surfaces, the Cassie-Baxter state is preferred [35], and these
surfaces can be fabricated by modifying nanotextured surfaces with a low solid surface
energy silane [21]. Thus, in this study, we used titania nanotube arrays to provide
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nanotexture and were modified by fluorinated FL silane known to possess lower solid
surface energy.

Stability plays a central role for medical devices applications, since the biomaterial implant
is designed to stay for years, even decades, inside the patient body. The goal was to
investigate if superhemophobic substrates are stable for a significant amount of time under
physiological conditions. Previous studies have shown that certain types of
superhydrophobic surfaces are stable under water if they present sub-micron or smaller scale
roughness [36], [37], but nothing was showed under similar body conditions. After the 28-
day period, the substrates showed a significant decrease in the contact angles for all Ti
groups, which indicates that these surfaces are not stable under buffer conditions (Figure 4a).
This can be explained due to the chemical interaction of the PBS salts and the titanium
surface. In contrast, all NT substrates didn’t show any significant difference in the contact
angles after this period. XPS results are in agreement with the contact angles. After the
incubation, both substrates modified with PEG showed a great decrease in the CO groups
percentage (Figure 4b), which indicates the silane interaction with hydroxyl groups presents
in PBS [38]. For NT-FL, the CF2 and CF3 groups are still present with similar amount,
which shows the stability of superhemophobic surfaces over a period of 28 days under
physiological conditions.

Fibrinogen adsorption from plasma on different substrates was measured using ELISA.
When a blood-contacting medical device is implanted, proteins from blood plasma adhere
onto the biomaterial surface within seconds [39]. Protein interaction with surfaces is a
complex process, and its adsorption involves hydrogen bonding, van der Waals, and
electrostatic interactions. Although some steps in protein adsorption are still unclear, it is
known that surface chemistry and topography are key factors that directly affect protein
adsorption [40].

Fibrinogen plays a fundamental role in the coagulation cascade and is one of the first blood
plasma proteins to adsorb on implant surfaces [1]. When adhered to the biomaterial surface
and if Factor XII activates the coagulation cascade, it may cause fibrin polymerization and
further leading clot formation. Therefore, fibrinogen is directly related to blood clotting and
preventing its adsorption can prevent clot formation.

The results show that NT and NT-FL had significant lower fibrinogen adsorption than Ti and
NT-PEG (Figure 5). The decreased fibrinogen adsorption on NT-FL was expected due to the
Cassie-Baxter state [21] since it tends to minimize the contact area between the surface and
the liquid, thus decreasing the amount of protein adsorbed [41], [42]. However, it was
expected that NT had higher adsorption than Ti due to the large surface area of nanotubes
that provides more locations for proteins to adsorb [23]. The results obtained could be
explained by the “Vroman effect”, a phenomenon involving a complex sequence of
adsorption and desorption steps [10]. Basically, it is a time-dependent variation in the
composition of the adsorbed protein layer, as proteins present at a lower concentration in
plasma but with high surface activity displace the proteins with higher concentration but
which have lower surface activity [43]. Previous studies have shown that high molecular
weight kininogen (HMWK), another plasma protein, plays an important role in the removal
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of fibrinogen from the surface and this replacement is more likely to happen on hydrophilic
substrates [44], [45]. Therefore, because ELISA assay is performed in plasma, this
phenomenon happens and the plasma proteins compete with each other for the same
adsorbent surface, lowering fibrinogen adsorption on hydrophilic surfaces such as NT [46].

The protein thrombin is the last enzyme in the coagulation cascade, and it is formed by the
activation of prothrombin [47]. Thrombin serves to cleave the fibrinogen into fibrin
monomers, which further polymerizes to form the thrombus [48], [49]. Therefore, it is
desired the lower thrombin generation as possible on the biomaterial surface. The presence
of TAT shows the formation of thrombin and the consumption of antithrombin [50].

This study shows no statistically significant differences in TAT formation between all
substrates, although trends indicate that NT-FL had lower TAT concentrations (Figure 6).
The lower TAT concentration on NT-FL was expected for the same reason as fibrinogen
adsorption, due to the Cassie-Baxter state [21]. However, all substrates showed a small
amount of TAT generation, and one of the reasons for no significant differences observed
between groups could be the premise that whole blood is necessary for satisfactory thrombin
formation [51]. Previous studies have shown that TAT generation was practically negligible
in PRP and in PPP while meaningful levels of TAT were noted in whole blood since
erythrocytes and leukocytes play an important role in thrombin formation [47], [51], [52].
Therefore, the small amounts of TAT generated on all substrates hinder the detection of
significant differences between groups.

Contact activation of FXII in plasma by different substrates was measured using a CT assay.
Once in contact with the surface of the implant, the activation of FXII is considered one of
the major causes of biomaterial-induced blood coagulation [53]. This enzymatic reaction
that converts FXII into FXIlla leads the contact activation and initiate the intrinsic pathway
of the blood coagulation cascade [54]. Therefore, the interaction of Factor XII with the
implant surface plays a vital role in the hemocompatibility since FXII autoactivation upon
binding with the surface lead the coagulation cascade.

Although some studies have shown the differences between FXII activation on hydrophilic
and hydrophobic surfaces, nothing was explained about superhemophobic materials [25].
The results indicate that superhemophobic substrates had significant lower FXII activation in
plasma in comparison with the other substrates in approximately 300% (Figure 7b). It was
expected that NT-FL would also decrease FXII activation since it reduces the surface
interaction with blood due to the Cassie-Baxter state. In the Cassie—Baxter state, air bags
remain stuck underneath the liquid which prevents the liquid droplet to completely wet the
surface [21], [55]. This liquid-air-solid interface dramatically decreases the solid-liquid
surface area, thus reducing the total area available for proteins to bind [56]. The results
obtained show an enormous decreased in FXII activation on NT-FL and that could be the
main reason why superhemophobic materials can effectively prevent clot formation.

The coagulation kinetics is vital for the successful use of long term blood-contacting
medical devices [23]. One of the further steps in the coagulation cascade is the development
of the fibrin mesh, and this matrix traps the red blood cells, which are mainly constituted by
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hemoglobin [57], [58]. Whole blood clotting kinetics were investigated by measuring the
amount of free hemoglobin on different substrates. As the blood clots on the surface, the red
blood cells are trapped inside the fibrin mesh. When the substrates are transferred into water,
only the red blood cells that are free in the blood (i.e. not trapped in the fibrin mesh) get
lysed. The exposure to water dramatically changes the pressure around the red blood cells,
which lyses them thus releasing hemoglobin. Therefore, the free hemoglobin concentration
provides a correlation to the extent of blood clotting, with larger amounts of free hemoglobin
indicating less clot formation on the substrates [59]. The absorbance value is directly
proportional to the free hemoglobin concentration.

The results indicate that blood clotting was significantly delayed on superhemophobic
substrate in comparison with the other groups (Figure 8), which is in accordance with the
protein results since lower protein adsorption and less FXII activation are expected to reduce
the clotting formation.

In summary, this work investigated the detailed interaction of key blood proteins involved in
the coagulation cascade with the substrates and their whole blood kinetics. The results could
give a better understanding of how blood interact with the implant surface and show that
superhemophobic titania nanotubes decrease fibrinogen adsorption as well as tremendously
reduce Factor XII. In addition, these surfaces are stable under buffer conditions and
considerably delay whole blood clotting, thus showing to greatly enhance
hemocompatibility of biomaterials. Future work is now directed towards understanding how
cells respond to these substrates.
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Figure 1.
SEM images for (a) Ti, (b) Ti-FL, (c) Ti-PEG, (d) NT (e) NT-FL and (f) NT-PEG.
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Figure 2.
Static contact angles of human blood plasma for different substrates. No significant

differences in contact angle on Ti-PEG and NT. Significant differences in contact angles for
all other substrates (p<0.05).
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Fibrinogen binding from PRP on different substrates.
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Figure 6.
TAT generation on different substrates after 2 hrs of incubation in PPP. No significant

difference between groups was observed (p<0.05).
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Figure 7.
a FXIla titration curve for the plasma showing coagulation times versus concentrations of

exogenous FXlla. The fitted curve corresponds to a least squares fitting of a developed
mathematical model [5].

b [FXIlla]eq in plasma calculated from coagulation times of different substrates. Ti is used as
control for the statistical analysis (p<0.05).
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Figure 8.

Free hemoglobin concentration values measured in terms of absorbance for different
substrates.
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Table 1:

XPS Elemental composition for different substrates.

%0 %TlI %C %F
Ti 684 131 185 0
Ti-FL 135 1.8 405 442
Ti-PEG 3838 7.8 53.4 0
NT 683 200 117 0
NT-FL 21.9 53 21.2 516
NT-PEG 622 176 202 0
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XPS Elemental composition for different substrates after 28 days of incubation in PBS at 37° and 100 rpm.

Table 2:

%0 %TlI %C %F
Ti 63.8 107 255 0
Ti-FL 33.4 53 318 294
Ti-PEG 629 113 258 0
NT 643 170 187 0
NT-FL 26.3 7.0 196 472
NT-PEG 636 166 199 0
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Table 3:

Parameters derived from best fit solution of FXlla titration data.

A B C

(5.05+0091) (0.14+£0.04) (5.7+2.0)x1073
Unit min UM min UM
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