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ABSTRACT

DEVELOPMENT OF SURFACE MODIFICATIONS ON TITANIUM

FOR BIOMEDICAL APPLICATIONS

For decades, titanium-based implants have been largely employed for different medical
applications due to their excellent mechanical properties, corrosion resistance, and remarkable
biocompatibility with many body tissues. However, even titanium-based materials can cause
adverse effects which ultimately lead to implant failure and a need for revision surgeries. The
major causes for implant failure are thrombus formation, bacterial infection, and poor
osseointegration. Therefore, it is essential to develop multifunctional surfaces that can prevent clot
formation and microbial infections, as well as better integrate into the body tissue. To address these
challenges, two different surface modifications on titanium were investigated in this dissertation.
The first one was the fabrication of superhemophobic titania nanotube (NT) surfaces. The second
approach was the development of tanfloc-based polyelectrolyte multilayers (PEMs) on NT. The
hemocompatibility and the ability of these surfaces to promote cell growth and to prevent bacterial
infection were investigated. The results indicate that both surface modifications on titanium
enhance blood compatibility, and that tanfloc-based PEMs on NT improve cell proliferation and
differentiation, and antibacterial properties, thus being a promising approach for designing

biomedical devices.
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OVERVIEW

Titanium and its alloys have great biocompatibility and have been widely used as a
biomaterial for orthopedic, dental, and cardiovascular applications for decades. With respect to
orthopedic and dental implants, titanium-based materials are the number one choice. Titanium
combines excellent mechanical properties, such as high strength, low density and moderate
Young’s modulus, with great biocompatibility and resistance to corrosion. In addition, titanium
can have its properties easily modified by forming alloys or altering its surface, which makes it
suitable for a wide range of biomedical applications. However, there are still drawbacks and the
rate of failure for titanium-based implants can get up to 10%. The most common causes for implant
failure are bacterial infection, poor osseointegration, and thrombus formation at the implant site.
Therefore, it is vital to develop multifunctional surfaces that can simultaneously prevent clot
formation and microbial infections, as well as better integrate to the body tissue, thus reducing the
implant failure and the need for revision surgeries.

It is well established that biomaterial surface characteristics, such as surface chemistry,
morphology, and wettability, directly influence the biomaterial interaction with the biological
environment. It has been shown that altering the topography of the biomaterial surface to micro
and nanoscale can improve the cellular response. Since the cells in native tissue interact with
nanoscale extracellular matrix elements, such as protein and minerals, the surface nanotopography
can modulate the adsorption of proteins and stimulate the cell differentiation. Titania nanotube
(NT) surfaces have emerged as a promising approach as they enhance biocompatibility of titanium,
with increased adhesion and differentiation of stem cells, improved antibacterial properties and

reduced immune response on titanium.



Several strategies have been investigated to prevent both bacterial infections and
thrombosis on titanium surfaces, such as designing superhemophobic surfaces (i.e., when
blood/plasma contact angles are greater than 150°). Superhemophobic surfaces have shown the
ability to repel most blood components and prevent interactions with the biomaterial surface.
Another promising approach to improve the biocompatibility of surfaces is the layer-by-layer
(LbL) deposition of polyelectrolyte multilayers (PEMs). LbL assembly is used to change the
surface chemistry of materials by alternately adsorbing/depositing polycationic and polyanionic
layers onto a solid substrate. PEMs can be easily and reproducibly prepared, to achieve control
over coating thickness and surface chemistry, without the use of hazardous organic solvents.

Recently, tanfloc (TA) has attracted considerable interest due to its promising
cytocompatibility, biodegradability, and antimicrobial properties. TA is a hydrophilic, cationic
(pKa = 6.0), and condensed amino-functionalized tannin derivative. The amine groups are weakly
cationic, whereas the phenolic groups are weakly anionic, possibly imparting the TA with
polyzwitterion-like properties, which could be responsible for its ability to resist both protein
adsorption and bacterial adhesion.

In this dissertation, we propose two different surface modifications on titanium in order to
improve both antibacterial and antithrombogenic properties, as well as enhance osseointegration
and endothelialization on the biomaterial surface. Superhemophobic and hemophilic titania
surfaces were fabricated by combination of surface topography and surface chemistry
(unmodified, fluorinated and PEGylated). TA-based PEMs on NT were also developed by first
changing the surface topography to make titania nanotubes. Then, NT surface was modified via
LbL technique using TA as polycation, and heparin (HP) or hyaluronic acid (HA) as polyanions,

until the fifth layer was obtained. Chitosan-based PEMs were used as control.



HYPOTHESIS AND SPECIFIC AIMS

Hypothesis: Specific chemical and morphological modifications on surfaces improve the
biocompatibility properties of titanium-based implants, such as preventing thrombus formation

and bacterial infection, as well as promoting cell adhesion and differentiation on the surface.

Specific Aim 1: The main aim of this study is to develop different surface modifications on titania
nanotubes (NT) to reduce protein adsorption and activation, thus reducing the blood clotting on
the surface and enhancing hemocompatibility for blood-contacting medical devices applications.
This research is discussed in Chapters 2 and 3.
a) Fabrication of superhemophobic and hemophilic NT surfaces and characterization of
surface chemistry, morphology, and wettability.
b) Evaluation of the protein adsorption, Factor XII activation, and whole blood clotting
on superhemophobic and hemophilic NT surfaces.
¢) Fabrication of NT surfaces modified with PEMs and characterization of surface
chemistry, morphology, and wettability.
d) Evaluation of the protein adsorption, platelet adhesion and activation, and Factor XII

activation on NT surfaces modified with PEMs.

Specific Aim 2: The main aim of this study is to investigate the endothelialization potential of the
superhemophobic NT surfaces and the NT surfaces modified with PEMs for cardiovascular

implant applications. This research is discussed in Chapter 4.



a) Evaluation of endothelial cell viability, adhesion, proliferation, and differentiation on
different NT surfaces using CellTiter-Blue assay, scanning electron microscopy,
fluorescence microscopy, and immunofluorescent staining.

b) Evaluation of smooth muscle cell viability, adhesion, proliferation, and differentiation
on different NT surfaces using CellTiter-Blue assay, fluorescence microscopy, and

scanning electron microscopy.

Specific Aim 3: The main aim of this study is to investigate the NT surfaces modified with PEM
for bacterial adhesion and proliferation, and for adipose-derived stem cell adhesion, proliferation
and differentiation for orthopedic implant applications. This research is discussed in Chapters 3
and S.
a) Evaluation of bacterial adhesion and proliferation on the surfaces after 6 hrs and 24 hrs
of bacterial incubation using fluorescence microscopy.
b) Evaluation of bacterial morphology and biofilm formation on the surfaces after 6 hrs
and 24 hrs of bacterial incubation using scanning electron microscopy.
¢) Evaluation of adipose-derived stem cell viability, adhesion and proliferation on the
surfaces after 4 and 7 days of cell culture using CellTiter-Blue assay, fluorescence
microscopy, and scanning electron microscopy.
d) Evaluation of adipose-derived stem cell differentiation on the surfaces after 1 and 3
weeks of induced osteogenesis via total protein content assay, alkaline phosphatase
(ALP) activity, calcium concentration, fluorescence microscopy, and scanning electron

microscopy.



CHAPTER 1: SURFACE MODIFICATION STRATEGIES TO IMPROVE TITANIUM

HEMOCOMPATIBILITY'!

1.1. Introduction

Titanium and its alloys have been widely used in blood-contacting devices, such as intra-
osseous implants, prosthetic heart valves, cardiovascular stents, and circulatory assist devices [2].
However, improper implant surface interaction with blood are prone to cause to thrombosis, and
this is a major complication that can lead to the device failure and other serious complications [3].
Thrombosis is an acute syndrome where the blood clots on the implant surface and, once the
clotting cascade begins, it spreads rapidly, which can also increase the chances of mortality [4].
To prevent that, patients are prescribed blood thinners such as aspirin, vorapaxar, etc. [5].
However, overuse of these medications can weaken the immune system and, during injuries, there
is profound bleeding of blood [6].

Thrombosis is initiated due to the contact of blood to a foreign surface, such as a metal
implant surface, and it starts by the adsorption of blood proteins onto the biomaterial surface,
which can lead to a series of complex reactions that ultimately form the thrombus [7]. Studies have
shown that there can be thrombus formation and pannus growth in the base of the heart valve struts
and apex of the cage, which leads to stenosis, and there was no central flow, which can damage
the blood cells (Figure 1.1A) [8,9]. Another medical device that is usually made of titanium is

left ventricular assisted device (LVAD), a mechanical pump that is implanted in a human’s chest

! This work was published in Materials Advances and is reproduced in modified form here with permission [1].



to assist weakened heart. The major limitation with these devices is thromboembolism, bleeding,
hemolysis, infection, and renal failure. A case study on patients using Heart Mate II showed that
11% of the studied patients had thrombus formation in less than one year after implantation
(Figure 1.1B-C) [10]. Infection was also commonly found due to thrombus formation [10].

In recent years, efforts have been undertaken to reduce the thrombogenicity of biomaterials
and therefore prevent these complications [11]. The thrombogenicity of a material is direct related
to its surface properties and it can be influenced by modifying the surface characteristics such as
topography, chemistry, charge, and mechanical properties [12,13]. Therefore, many research
groups are focusing on modifying the titanium surfaces to improve its hemocompatibility and
prevent failure of blood-contacting implants. The aim of this chapter is to provide an overview of
surface modification strategies that are being applied to improve the blood-surface interaction of
titanium-based materials. The chapter begins by highlighting the titanium properties (Section 1.2)
and how its surface interacts with blood and its components (Section 1.3). Then, Section 1.4
underlines the current progress in surface modification techniques on titanium to enhance its
hemocompatibility. Finally, Section 1.5 concludes the present research work and proposes scopes

for future research.

Figure 1.1. A) Thrombus formation around the heart valve frame and strut [9]. Reproduced with
permission from ref. 9. Copyright 2016, Elsevier. Examples of HeartMate II device thrombosis
[10]. B) Fibrin formation and C) Fibrin with thrombus formation. Reproduced with permission
from ref. 10. Copyright 2014, Elsevier.



1.2. Titanium and titanium-based alloys

Titanium-based implants have been largely used for biomedical applications due to their
excellent mechanical properties, corrosion resistance, and great biocompatibility [14,15]. Titanium
has replaced other implant materials such as stainless steel and cobalt-chromium mainly because
it has the highest strength-density ratio when compared to all metals, which makes it a lightweight
implant for the required strength [16]. In addition, titanium can have its properties easily modified
by forming alloys, making it suitable for a wide range of biomedical applications [17,18].

Titanium is also well accepted by different body tissues without inducing any negative
hypersensitivity, toxicity to the cells, or inflammatory reactions [19-21]. This inert characteristics
of titanium 1s due to its low electrical conductivity [22]. Clinically it has been shown that the body
fluids are highly corrosive and many metals like stainless steel, magnesium and chromium-cobalt
are degraded quickly due to pitting or fretting corrosion inside human body [23]. However, metals
like titanium oxidizes easily, forming a stable thin passivating layer which is self-limiting and
protects the implant from further oxidization [24]. These titanium oxide layers are formed at very
fast rate when exposed to moisture in air or water and are usually few nanometers thick [25]. This
oxide layer is shown to be more biologically inert because of its less reactive nature when
compared to the a-Ti [26].

Titanium (T1) is an allotropic metal [27]. Titanium along with its alloys are classified as a
(low-temperature), o+f, and B (high-temperature), based on the crystal structures present in the
substrate. a-Ti is equated to hexagonal closed pack (HCP) structure, which makes the alloy
stronger, high fracture toughness and low forgeability [28]. In contrast, B-Ti is when the HCP
structure is transformed to body centered cube (BCC) structure, which makes the metal more

ductile (Figure 1.2). The temperature at which titanium gets converted from HCP to BCC is 882°C



and this is called beta transus temperature. There are many alloying agents that can change the
stabilizing temperature, and based on the application, one can change the proportion of o
stabilizing elements (O, Al, N, C) and f stabilizing elements (V, Nb, Mo, Ta, Fe, Mn, Cr, Co, Ni,
Cu, Si, H). Addition of alloying agents to pure titanium changes the phase transformation
temperatures and stability of alpha and beta phases. The volume fractions, size, and morphology
of the a and B phases is changed to produce Ti alloys superplastically formable with the potential
to design unitized structures for significant weight reduction [29]. This aspect of Ti alloys makes
it easy to modify the mechanical properties based on the application. Ti-6Al-4V is a o+f alloy that
is ductile and stronger than a type Ti alloy or B type Ti alloy. It is important to have both strength

and ductility for implants as that will give them long life under the fatigue conditions [30].

(0001) / 0.332 nm

0.295nm N\ S

a

a — phase (HCP) B — phase (BCC)

Figure 1.2. Crystal structure transformation of titanium [28]. Adapted with permission from ref.
28. Copyright 2013, Elsevier.

Titanium is often used for medical application in its pure form or with alloying agents such
as vanadium, aluminum, tantalum, nickel, and zirconium [31]. There are four different grades of
commercially pure titanium (cpTi) according to the ASTM standards, and these are based on the
amounts of oxygen, nitrogen, hydrogen, iron, and carbon during the purification procedures [32].

Among various titanium and its alloys, the mainly used materials in the biomedical field are cpTi



(Grade 2), nickel-titanium and Ti-6Al-4V alloy because of their excellent corrosion resistance, low
modulus of elasticity, good biocompatibility and high strength [31]. Nickel-titanium alloy has
received great attention due to its shape memory feature, which makes it suitable for self-
expanding stents.

Even though titanium has outstanding properties required for applications in blood-
contacting implants, there are still some complications caused by its surface, such as thrombosis
and restenosis [33]. Titanium surface has shown to be highly modifiable at both micro and nano
level with simple techniques such as laser treatment, anodization, and hydrothermal treatment, and
several studies have shown that these modification can improve biocompatibility [20,34,35].
Therefore, recent research has focused on tuning different surface modification strategies on
titanium and titanium alloys to improve the biomaterial interaction with blood and its components,

thus enhancing their hemocompatibility.

1.3. Hemocompatibility of titanium-based biomaterials

Hemocompatibility (i.e. blood compatibility) is an essential characteristic for any
biomaterial used for blood-contacting medical devices [36]. Blood compatibility is the ability of a
material to keep under control the thrombotic and inflammatory responses induced by the foreign
surface when in contact with blood [37,38]. These responses correspond to a series of
interconnected events that happen on the surface as shown in Figure 1.3. Since the interaction
between implant and blood happens only on the implant surface, intensive research has been
carried out to develop novel surfaces that are hemocompatible. Modifying the device’s surface is
effective because it can prevent the blood reactions without altering the favorable bulk material

properties [39].
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Figure 1.3. Schematic representation of medical device associated thrombosis [6]. The initial
protein adsorption on the implant surface mediates all the subsequent phenomena. Reproduced
with permission from ref. 6. Copyright 2019, Elsevier.

1.3.1. Blood-biomaterial surface interactions
1.3.1.1 Protein adsorption

When blood comes in contact with a biomaterial surface, the first event that happens is the
adsorption of blood plasma proteins [40]. These blood proteins rapidly form a layer on the
biomaterial surface that have a thickness of 2-10 nm and a concentration of proteins that 1s 1000-
fold higher than in blood plasma [41]. This mechanism of protein adsorption is complex and
dynamic, and involves electrostatic interactions, van der Waals, and hydrogen bonding [42]. The
composition and concentration of adsorbed proteins depends on the physical and chemical
properties of the surface and they might change over time, which is known as the “Vroman effect”
[43]. Vroman effect is a reversible process where the early adsorbed proteins are replaced by

proteins that possess higher surface affinity and usually are in relative lower concentration in blood

10



[44]. These proteins, once adsorbed to the artificial surface, mediate all the subsequent reactions,
such as adhesion and activation of platelets, thrombin generation, complement activation, and
adhesion of leukocytes and red blood cells (Figure 1.3) [4].

The most abundant proteins in plasma are albumin, immunoglobulins, and fibrinogen [45].
Fibrinogen is a central protein in the coagulation cascade and one of the first to adsorb on
biomaterials [46]. Once adsorbed to the artificial surface, it is responsible for platelet and leukocyte
adhesion and activation [37]. Albumin is generally considered to be inert toward thrombosis,
although some studies have shown that platelets and leukocytes can adhere to adsorbed albumin
layers [44]. Another key protein involved in thrombus formation is factor XII, that once activated,

trigger a series of complex interconnected reactions [6].

1.3.1.2 Factor XII activation

Factor XII, also called Hageman Factor, is a plasma protein that autoactivates by adsorption
to the biomaterial surface [47]. This autoactivation occurs upon binding with the surface,
presumably due to a conformational change, which forms the enzyme FXIIa [48]. FXIla is then
responsible for initiating the intrinsic pathway of coagulation cascade and the complement

activation.

1.3.1.2a Coagulation cascade
The coagulation cascade is the process by which the blood thrombus is formed, and it is
divided into two pathways: intrinsic and extrinsic. The extrinsic pathway is triggered by damaged

cells in the endothelial tissue, while the intrinsic pathway (also called contact activation) is due to

11



the biomaterial surface interactions with adsorbed proteins [49]. These two pathways are not
independent of each other, and both can be involved in the biomaterial-associated thrombosis [37].

The four proteins involved in the activation of the intrinsic pathway are: factor XII (FXII),
prekallikrein, factor XI (FXI), and the high-molecular weight kininogen (HMWK). After FXII
activation, FXIla converts prekallikrein into kallikrein, and together with HMWK activates FXI,
producing FXIa [50]. After FXI activation, factor IX is converted to its activated form factor IXa,
leading to a cascade of proteolytic reactions that results in thrombin generation by cleavage of
prothrombin [37]. Thrombin then converts fibrinogen to fibrin monomers, which polymerize to
form the fibrin mesh [51].

The extrinsic pathway of the coagulation cascade is initiated by tissue factor (TF)
expression from damaged cells at the site of vascular injury [37]. Factor VII (FVII) then binds to
TF, and after its activation to FVIla, they form the extrinsic tenase complex: TF-VIla complex.
TF-FVIla complex, in the presence of calcium, cleaves factor X to form factor Xa. After that, both
pathways lead to the common pathway where thrombin will be generated, and the fibrin mesh will

be formed.

3.1.2b Complement activation

In addition, FXII and kallikrein are also involved in triggering the complement activation.
The complement system is made up from more than 30 proteins and plays a vital role in body’s
immune response [46,52]. The activation of the complement system induced by biomaterials is
part of the inflammatory response and is also interconnected to the coagulation cascade [37]. For
example, complement activation is known to occur with vascular grafts, catheters, and during

hemodialysis and cardiopulmonary bypass [37].

12



The complement activation can be initiated by three different pathways: classical, lectin
and alternative [53]. Biomaterial surfaces are responsible for triggering both classical and
alternative pathways via cleavage of FXIla by kallikrein to produce B-FXIIa [4]. B-FXIla then
activates the classical pathway, and kallikrein activates C3 and C5, generating the reactive
fragments C3a and C5a [6]. C3a and C5a might then influence the leukocytes adhesion and
activation on the implant surface. These enzymes and reactive fragments generated upon

complement activation are also responsible for cell lysis.

1.3.1.3 Platelet adhesion

As mentioned, the adsorbed protein layer plays a vital role in platelet response to
biomaterials. Adsorbed fibrinogen mediate the platelet adhesion to the surface, and it varies with
the protein conformation changes and the availability of platelet binding domains [51]. Following
the platelet adhesion to the implant surface, they undergo a morphological change, resulting in its
activation and aggregation. The platelet activation consists of a shape change that produce granule
contents and dendrites [44]. These activated platelets then release agonists, such as thromboxane
A2 and ADP, that intensify platelet adhesion, activation, and aggregation on the medical device.

These platelet-mediated reactions are critical events in thrombus formation and are also
interconnected to the intrinsic pathway of blood coagulation [54]. The thrombin generated by the
intrinsic pathway also induces more platelet activation and aggregation, which accelerates the
coagulation cascade [55]. These platelet aggregates deposited on the implant surface are trapped
by the fibrin mesh to form a fibrin-platelet thrombus (Figure 1.4) [56]. Platelet activation is also
known to occur following hemodialysis and cardiopulmonary bypass, and with catheters and

vascular grafts [37].
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Figure 1.4. Platelet adhesion and activation on the biomaterial surface [57].

1.3.1.4 Leukocyte adhesion

Besides the coagulation of blood plasma and the platelet-related reactions, the
hemocompatibility of biomaterial surfaces is also influenced by leukocyte activation. Similar to
platelets, the leukocytes, such as monocytes and neutrophils, can also adhere and activate upon
binding to the surface. Fibrinogen is also primarily involved in leukocyte adhesion to biomaterials,
and, following activation, the leukocytes can further assist both coagulation and inflammatory
processes [52]. The activation of leukocytes has been commonly identified in cardiovascular
devices, such as stents and vascular grafts, as well as during cardiopulmonary bypass, angioplasty,
and hemodialysis [37]. Eventually, the monocytes adhered to the implant surface can differentiate
into macrophages. These macrophages, once activated, produce pro-inflammatory cytokines that
attract more leucocytes [58]. Ultimately, it can lead to the fusion of macrophages to form the giant
cells and the recruitment of fibroblasts to form a fibrous capsule. This encapsulation prevents the

implant to interact with the surrounding tissue and can cause the device failure.

1.3.2. Evaluation of hemocompatibility of titanium surfaces
To achieve good standardization, the methods and models for hemocompatibility tests are

described in the ISO 10993-4/2002. Based on the primary process, the hemocompatibility
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evaluation can be classified into 5 different categories: blood coagulation, immunology,
thrombosis, hematology, and platelets (Table 1) [36,39]. The evaluation of blood compatibility

should also consider that these processes are not isolated and interfere in the other responses.

Table 1.1. Hemocompatibility testing (adapted from ISO-10993-4:2002) [59]

ISO 10993-4 categories Primary process Assays

Coagulation Contact activation Specific coagulation factor

Thrombin generation

Immunology Complement activation C3a, C5a, 1C3b, C4d, SC5b-9
C3 convertase, C5 convertase

Thrombosis Fibrinogen—fibrin conversion | Percent occlusion and flow
reduction

Hematology Hemolysis Hemolysis

Leukocyte adhesion/activation

Platelets Platelet activation Platelet count/adhesion

Platelet activation/aggregation

The coagulation category takes into account the contact activation system (i.e., intrinsic
pathway of clotting cascade). The assays related to it investigate the specific coagulation factors
and protein adsorption, as well as the thrombin generation. Previous study has developed a
mathematical model that relates coagulation time to FXIla concentration [47]. It is important to
investigate the Factor XII activation on titanium biomaterial surfaces as it is responsible for
initiating the intrinsic pathway of coagulation cascade and the complement activation. The
immunology category covers the study of the complement system, and usually focuses on the
release of peptide anaphylatoxins (such as C3a, C4a and C5a) [60]. The study of thrombosis
focuses on the fibrinogen—fibrin conversion and the fibrin mesh formation, while the hematology

evaluates leukocyte activation and hemolysis. Hemolysis is the release of hemoglobin from
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damaged red blood cells (i.e. erythrocytes), and it should be below 5%, according to ISO-993-5-
10:1992 [61]. Another testing method that could be employed to investigate the biomaterial
surface’ hemocompatibility is the evaluation of whole blood clotting by a fast hemolysis assay as
described elsewhere [62]. The platelet category includes the characterization of platelet adhesion,

activation, and agglomeration, as well as its function in the thrombogenic potential of biomaterials.

1.4. Strategies for improving hemocompatibility of titanium-based implants

In blood-contacting implants, such as artificial heart valves, cardiovascular stents, and
ventricular assist devices, hemocompatibility is crucial. Several studies have established that
surface characteristics, such as chemistry, charge, wettability, and topography, play a major role
in enhancing blood compatibility [63—66]. Proper surface modification techniques not only
maintain the excellent bulk attributes of titanium and its alloys, such as relatively low modulus,
good fatigue strength, machinability, and formability, but also improve specific surface properties

demanded by different applications to improve the surface interaction with blood.

1.4.1. Surface properties and their influence in hemocompatibility

Over the last decades, intensive research has been conducted to understand the physical
chemistry behind the biomaterial-blood interaction and how it leads to thrombosis and
inflammation. This has promoted significant progress in developing novel surfaces for blood-
contacting medical devices. Strategies to enhance blood compatibility of titanium are based on two
main approaches: changing the surface chemistry and topography. By combining both strategies,
it is possible to tailor the surface characteristics, such as roughness, wettability, and surface charge,

to make the surface more hemocompatible.
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When changing the topography, the surface roughness will get affected although roughness
is not an exact definition of surface topography since it does not indicate if the roughness
dimension is at the macroscale, microscale or nanoscale [38]. The micro/nano-scale architecture
attracts great interest in the biomedical field due to the enhanced cellular response and
biocompatibility [25]. Surface roughness R,is the measure of the finely spaced micro-
irregularities on the surface texture and is determined by calculating R, and R,. While R, gives
the average surface roughness, R, can give information for any pore, hole, or surface deformities
detrimental to strength [67]. In vivo/In vitro results have shown that surface roughness can
influence the protein adsorption, platelet adhesion and activation, and thrombus formation.

While roughness is an important surface property for biomaterial interactions, it is
important to understand the influence of roughness in wetting of the surface. The traditional
R.and R, does not fit well statistically or fractal for superhydrophobic surfaces, which are
commonly investigated for blood-contacting applications. In superhydrophobic surfaces there are
other phenomenon such as pinning of the triple phase line, interface destabilization and wetting
transition. Hence, it is essential to study the wettability of the surface.

Surface wettability is an important factor that quantifies how a liquid behaves when it
interacts with a solid surface, and this is dictated by the intermolecular interaction of the liquid and
solid surface and the cohesive force between the liquid molecules. The surface topography,
chemistry, and charge, along with the liquid properties such as polarity can influence the
wettability. Taking the water contact angle (0) into consideration, surfaces are termed
superhydrophilic  (8~0), hydrophilic (0° <8 <90°), hydrophobic (6 >90°), and
superhydrophobic (8 > 150°). Designing hydrophilic surfaces is desirable as lower amount of

blood plasma proteins adsorb on it in comparison with hydrophobic surfaces [46]. Due to the
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higher water-surface interaction, hydrophilic surfaces tend to reduce the blood protein adsorption
[68]. The wettability of a liquid droplet on a textured surface differs from a smooth surface. The
measure of macroscopic contact angle on a textured surface is defined as the apparent contact angle
which is denoted by 6*. When the liquid droplet comes into contact with a textured surface, it
adapts either the Wenzel state or Cassie Baxter state to minimize its overall free energy [69]. In
Wenzel state, the liquid droplet completely penetrates the nano/micro texture of the titanium
surface, thereby having a completely wetted interface and the apparent contact angles are
determined by using the relation:
cos@™ = rcos6

where 7 is the surface roughness of the features, which is the ratio of actual solid liquid interfacial
area to the projected surface area [70]. Due to the roughness factor, Wenzel state enhances wetting
or de-wetting based on the young’s contact angle. If 8 < 90 °, then 8" «< 90°, and if 8 > 90 °,
then 8% > 90°.

As opposed to Wenzel state, in the Cassie Baxter state, the droplet does not penetrate the
nano/micro features due to the pockets of air trapped between the features and the liquid droplet.

In Cassie state the apparent contact angle is determined by using the relation:

cos@” = fgcos8 + fi, cos(m) = fcos0 — fi,
where f;,, is the area fraction of liquid-vapour interface and f;; is the area fraction of solid-liquid
interface [71].
Super-repellent surfaces are surfaces which display high apparent contact angles and low
contact angle hysteresis and can be classified into superhydrophobic and superoleophobic surfaces
[69]. Superhydrophobic surfaces normally display high apparent contact angles (8* > 150°) and

low contact angle hysteresis (A 8 < 5°) for high surface tension liquids [69]. Super-repellent
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surfaces are achieved by attaining a Cassie Baxter state of wetting. Once the air is released due to
the pressure of the liquid, there is a complete wetting, transitioning from Cassie state to the Wenzel
state which is governed by breakthrough pressure [72]. This transition can make the surface more
hydrophilic than the unmodified substrates due to the increase in overall roughness.

The chemical modification of implant surfaces for altering the wettability to reduce
thrombus has also been extensively explored. Superhemophobic surfaces (i.e. surfaces that repel
blood) were developed in recent times to reduce thrombogenicity of blood-contacting devices.
These surfaces repel blood via a combination of nano/micro scale topographies and low surface
energy silane coating. The surfaces are coated with various functional groups like CF;, CF,, CF.H
to lower the overall surface energy of the material, which increases the repellency towards blood.
Fluorinated and per-fluorinated materials like per-fluorinated silanes, per-fluorinated phosphates,
fluorinated monomers, polymers, and copolymers which have low surface energy have been used
to develop hemocompatible materials to reduce thrombosis and improve blood compatibility [73].

Studies have also explored hydrophilic coating with improved hemocompatibility.
Hydrophilic polymers such as poly (ethylene glycol) (PEG) have been used for biomedical
applications including bioconjugation, surface modification, and tissue engineering, due to critical
properties such as good biocompatibility, non-immunogenicity, and resistance to non-specific
binding of proteins [74,75]. PEG is very hydrophilic in nature and biochemically inert. PEG chains
can be synthesized by controlled polymerization of ethylene glycol or ethylene oxide in aqueous
solution [76]. The hydroxyl end groups of the PEG can be replaced with a variety of functional
groups to improve surface properties and enhance hemocompatibility [45].

The crystallinity is another surface property that can influence blood-surface interaction

[77]. The TiO:2 on the surface exists in different polymorphs. The phases which have shown major
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role in biomedical applications are anatase (tetragonal) and rutile (tetragonal) [78]. The phase
transformation from anatase to rutile leads to a change in electron structure and therefore
modifying the chemical properties of titanium surface. The rutile phase facets {100} and {110}
are thermodynamically stable and hydrophilic due to the molecular adsorption at the O vacancies
sites [79]. However, the crystalline TiO; is shown to be stable and that is required for a constant

biological performance [80].

1.4.2. Surface modifications on titanium and titanium alloys

As explained in the previous section, the optimization of surface chemistry with
micro/nanoscale topography leads to new biomaterials with enhanced hemocompatibility [38].
According to the different clinical needs, various surface modification techniques have been
proposed, and this section will focus on these strategies developed in the past years to improve the
hemocompatibility of titanium-based surfaces. An overview on these different strategies is given

in Figure 1.5.
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Figure 1.5. Different strategies of surface modification on titanium-based surfaces to improve
hemocompatibility.

1.4.2.1 Plasma treatment

A simple technique used to treat titanium surfaces is plasma oxidation. The plasma
oxidation treatment is used to generate oxide layers and is considered a green process due to low
costs, lower water consumption, and no waste generation [81]. Plasma treatment generally transfer
the additional energy in the plasma to the surface increasing the material surface energy and makes
the surface more reactive [82]. Gottlicher er al. investigated the mechanisms required for the
formation of nanocrystalline stoichiometric TiO> oxide layers using plasma oxidation [83].

Previous studies have shown that the presence of rutile TiO2 phase can reduce thrombosis on the
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surfaces [84,85]. In addition, the ability to increase the roughness of the oxide layer via plasma
treatment is also used to modulate the surface hydrophilicity.

Chiang et al. showed that the plasma-oxidized samples with rough dimple-like oxide layer
and nanostructured rutile TiO; phase possess enhanced hemocompatibility [81]. They used oxygen
plasma with different treatment powers and durations to modify pure titanium surfaces by oxygen
plasma to deposit a titanium oxide layer [81]. The microstructure analysis indicated formation of
island like nanostructured rutile TiO> layer and dimple like nanostructured rutile TiO> layer on the
plasma oxidized titanium surface. The presence of a rough dimple-like oxide layer with
nanostructured rutile TiO> indicated better hemocompatibility when compared to control surfaces
(Figure 1.6A-B).

Hung et al. deposited TiO: layers using oxygen plasma immersion ion implantation
(oxygen PIII). The oxygen PIII treated surfaces indicated the presence of Ti** chemical state which
consisted of nanocrystalline TiO2 with a rutile structure [85]. The biological studies indicated
delayed clotting time on the oxygen PIII treated surfaces which was associated with decreased
fibrinogen adsorption. The oxygen PIII treated surfaces also showed lower platelet adhesion
indicating the blood compatibility of the titanium implants can be improved by oxygen PIII
(Figure 1.6C-D).

Klein et al. investigated the plasma electrolytic oxidation (PEO) on titanium surfaces by
different phosphate-based electrolytes for use in ventricular assist devices (VADs) [86]. The PEO
coating technique builds up TiO2 oxide layers on the surface and is a process similar to alternating
current anodizing. Although both processes use a counter electrode and a power supply, the PEO
requires higher voltage conditions than in anodization, which leads to the development of different

surface morphologies [86]. This PEO coatings can generate a variety of nanostructures that were
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able to prevent platelet adhesion and reproduce good hemocompatibility observed in modern

VADs, as well as improve the wear resistance of the material.

Figure 1.6. A-B) SEM images of red blood cells on control surfaces and plasma oxidized surfaces
at 280W for 30 mins, respectively [81]. SEM images indicating the interaction of platelets with C)
titanium surfaces and D) oxygen PIII treated surfaces [85]. Reproduced with permission from ref.
85. Copyright 2016, Elsevier.

1.4.2.2 Hydrothermal treatment

Hydrothermal treatment (HT) is a simple process where titanium substrates are treated in
an elevated temperature and pressure, mostly in a liquid medium (acidic/alkaline) [15]. This
treatment is highly tunable, and the reaction rate and kinetics can be altered by varying the
concentration, temperature and pressure. Substrates are chemically etched and studies have shown
that various surface features such as nanofibers, nanopores, nanoflowers, nanoneedles, and
nanotubes can be developed on titanium surface without altering the bulk properties [87,88]. These
nanostructures provide higher surface area and similar environment to the natural biological

system [34]. Since the blood cells and its components, such as protein and minerals, interact with
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nanoscale extracellular matrix elements, the surface nanotopography can modulate biological
responses and stimulate physiological responses [35,64].

Vishnu et al. developed nanoneedles/nanograss on Ti-29Nb substrates using HT with
NaOH solution [89]. The surface was superhydrophilic in nature and has shown reduced platelet
adhesion and reduced hemolysis rates, thus improved hemocompatibility (Figure 1.7A-C).
Manivasagam et al. have shown that the hydrothermally developed nanopore and nanoneedle
surfaces that are hydrophilic in nature have improved hemocompatibility when compared to
unmodified surfaces [90]. The nanopores surface which showed superhydrophilicity had the

lowest protein adsorption and significantly decreased the platelet and leukocyte adhesion (Figure

Figure 1.7. A) SEM images indicating surface morphology of hydrothermally treated nanograss
surfaces. B-C) SEM images indicating platelet adhesion on control and nanograss Ti29Nb alloy
surfaces, respectively [89]. Adapted with permission from ref. 89. Copyright 2020, Elsevier. D)
SEM images indicating morphology of control and hydrothermally treated titanium surfaces,
respectively. E-F) SEM images indicating platelets and leukocytes adhered on control and
hydrothermally treated titanium surfaces, respectively [90].
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1.4.2.3 Anodization

Anodization is an electrochemical treatment where the substrate to be treated is the anodic
part of the electrolytic cell in an electrolytic solution. This treatment is highly tunable, the reaction
rate and kinetics can be altered by varying the anodization potential, electrolytic composition and
concentration [91]. Anodization is a quick and inexpensive electrochemical technique to produce
an array of TiO; nanotubes on currently implanted titanium-based devices [92]. TiO2 nanotubes
have attracted considerable attention due to high biocompatibility and osseointegration properties.
Recently they have emerged as good approach for use in cardiovascular applications, such as stents
[35]. Various studies have shown TiO> nanotubes can be produced with ordered alignment using
anodization process on titanium substrates. The dimensions of the nanotubes such as thickness,
diameter and length are controllable by altering the pH, voltage, electrolyte composition, and the
time of experiment. The diameter of the nanotubes can be varied between 15 nm to 150 nm, and
these structures usually make the surface hydrophilic in nature. The size of the nanotubes plays a
key role in platelet adhesion. The 15 nm rods lead to higher platelet adhesion when compared to
100 nm rods [48].

Junkar et al. developed nanotubes for stent applications using anodization in hydrofluoric
acid solution and further treatment with highly reactive oxygen plasma [93]. Results show that
TiO2 nanotubes developed are hydrophilic and has better hemocompatibility compared to
unmodified titanium surface [93]. TiO2 nanotubes treated with plasma decreased platelet and
smooth muscle cells adhesion as well as enhanced endothelial cell growth. However, over time the
nanotube surfaces were naturally oxidized, which made the surface hydrophobic, thus reducing

the hemocompatibility.
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Pan et al. fabricated TiO> nanotube arrays of varying diameters via anodization and further
doped them with zinc using hydrothermal treatment to improve biocompatibility [94]. The TiO:
nanotube arrays were hydrophilic, whereas, the zinc doped TiO: nanotube arrays were
superhydrophilic in nature. The hydrophilic and superhydrophilic surfaces increased the albumin
adsorption and decreased the fibrinogen adsorption when compared to bare titanium. The results
also indicated lower platelet adhesion on the superhydrophilic surfaces (Zn coated TiO2 nanotube
arrays) when compared to hydrophilic surfaces (TiO2 nanotube arrays) and bare titanium (Figure
1.8A-C). The zinc coating also reduced the hemolysis rate and enhanced cell compatibility
indicating that modified hydrophilic and superhydrophilic surfaces can be used to improve blood

compatibility and enhance cell endothelialization.

Figure 1.8. A) SEM images indicating surface morphology of zinc doped TiO> nanotubes. B-C)
SEM images indicating platelet adhesion on control and zinc doped TiOz nanotubes, respectively
[94]. Adapted with permission from ref. 94. Copyright 2020, American Chemical Society. D) SEM
images indicating surface morphology of TiO> nanotube arrays anodized at 30V. E-F) SEM images
indicating platelet adhesion on control and TiO2 nanotube arrays (anodized at 30V) surfaces [95].
Adapted with permission from ref. 95. Copyright 2019, Elsevier.
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Gong et al. also developed in situ TiO> nanotube arrays by anodic oxidation and their
crystal structures were further changed by annealing treatment. The effects of TiO2 nanotube
arrays with different diameters and crystal structures on endothelial cell behavior and blood
compatibility were investigated [95]. The results indicated that the TiO2 nanotube arrays with
smaller diameter and anatase crystal had good blood and cell compatibility. There was a decrease
in the platelet adhesion and hemolysis rate while also there was an increase in endothelial cell

adhesion and proliferation (Figure 1.8D-F).

1.4.2.4 Super-repellent surfaces

Super-repellent surfaces are surfaces that repel most liquids as their surface energy is
significantly lower [96]. Although hydrophilicity has been widely employed for blood-contacting
medical devices, recent research has shown even lower protein adsorption and platelet adhesion
on superhydrophobic surfaces [97]. Superhydrophobicity can be achieved by combination of
surface texture (e.g., micro and/or nanoscale texture) and coating with low surface energy
compounds [98].

Studies have shown that nanotubes which are chemically coated can lead to varied surface
interactions. Sabino et al. showed that when coated with a fluorinated silane the surface was
superhydrophobic and when coated with PEG the surface superhydrophilic [48]. The
superhydrophobic surface reduced the amount of protein adsorption and significantly delayed
whole blood clotting when compared to other surfaces. Similarly, Xu ef al. were able to produce
superhydrophobic surface by coating the nanotube surface with self-assembled monolayers of

octadecyl phosphonic acid (ODPA) [99].
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Jiang et al. fabricated superhydrophobic titanium oxide coatings on Ti-6Al-4V alloys by
micro arc oxidation (MAO) treatment and subsequent coating with 1 wt.% alcohol solution of 1H,
1H, 2H, 2H-perfluorooctyl-tricholorosilane (PFOTS) [100]. The resulted crater-like porous
microstructured superhydrophobic surfaces displayed apparent water contact angle of 153°. The
superhydrophobic surfaces displayed higher corrosion resistance when compared to uncoated Ti-
6Al-4V. The superhydrophobic surfaces also showed low hemolysis ratio and no platelet adhesion,
hence improving the blood compatibility of the Ti-6Al-4V alloy (Figure 1.9A-C).

Chen et al. fabricated superhydrophobic surface on Ti-6Al-4V alloy using hydrothermal
treatment with NaOH and subsequent coating with PFOTS [101]. Various concentration of NaOH
was used to analyze the difference in surface properties. The treatment developed feather-like or
grass-like nanostructures on the surface based on the concentration. The coating made the grass-
like structure surface superhydrophobic with highest apparent water contact angle of 159°. The
superhydrophobic surface showed decreased hemolysis ratio, platelet adhesion and prolonged
coagulation time, hence improving the in vitro hemocompatibility of Ti-6Al-4V alloy [101].

Yang et al. fabricated superhydrophobic TiO2 nanotubes via electrochemical anodization
in 0.5 wt.% HF electrolyte and subsequent coating with a methanolic solution of hydrolyzed 1
wt.% 1H, 1H, 2H, 2H-perfluorooctyl-triethoxysilane (PTES) [102]. The PTES modified TiO2
nanotubes displayed apparent water contact angle of 156°. The superhydrophobic nanotube
surfaces displayed lower platelet adhesion and activation when compared to bare titanium and
superhydrophilic surfaces, thus exhibiting enhanced hemocompatibility (Figure 1.9D-F).

Ma et al. fabricated multifunctional 3D microstructures on nickel-titanium alloys using
femtosecond laser ablation combined with further fluorination of these microstructures to form

superhydrophobic coating [103]. These fluorinated microstructures displayed apparent contact
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angles of 167° for water droplet indicating superhydrophobicity. The biocompatibility studies have
shown low hemolysis ratio, low platelet adhesion and 100 % cell viability on these surfaces
(Figure 1.9G-I). The surfaces have also shown excellent stability over time. Further, these
surfaces have significantly reduced microbial adhesion and biofilm formation indicating
antimicrobial properties.

Movafaghi et al. fabricated titania nanotube surfaces via electrochemical anodization and
titanium nanoflowers via hydrothermal treatment [104]. These surfaces were further treated with
(heptadecafluoro-1,1,2,2-tetrahydrodecyl)trichlorosilane to make them superhemophobic (i.e.,
surfaces that display contact angles > 150° with blood). These surfaces upon fluorination displayed
an apparent contact angle of 150° and low roll off angles for human blood plasma indicating
superhemophobicity. These surfaces displayed significant lower adhesion and activation of
platelets when compared to hemophobic and hemophilic surfaces (Figure 1.9J-L). Bartlet et al.
also developed superhemophobic titania nanotube surfaces [105]. The titania nanotube arrays were
developed by anodizing technique and these surfaces were made superhemophobic by vapor phase
silanization. These surfaces showed lower protein adsorption and lower platelet
adhesion/activation, indicating a promising approach to design hemocompatible materials.

Montgomerie et al. fabricated superhydrophobic titania nanoflowers via hydrothermal
process and silanization using Ti-6Al-4V alloy [106]. These surfaces showed significantly reduced
protein adsorption and platelet adhesion and activation. The superhydrophobic titania nanoflowers
indicated improved hemocompatibility and reduced bacterial adhesion when compared to both

non-textured and unmodified Ti-6Al1-4V surfaces.
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Figure 1.9. A) SEM images indicating crater-like porous microstructure on the Ti-6Al-4V surface.
B-C) SEM images indicating platelet adhesion on bare Ti-6Al-4V and superhydrophobic
MAO+TFOS surfaces, respectively [100]. Adapted with permission from ref. 100. Copyright
2015, Elsevier. D) SEM image indicating superhydrophobic TiO; nanotube surfaces. E-F) SEM
images indicating platelet adhesion on bare TiO> nanotube surface and PTES modified
superhydrophobic surfaces, respectively, after 120 mins exposure [102]. Adapted with permission
from ref. 102. Copyright 2010, Elsevier. G) SEM image indicating multifunctional 3D micro-
nanostructures on the nickel-titanium surface. H-I) SEM images indicating platelet adhesion on
pristine nickel-titanium surface and superhydrophobic multifunctional 3D micro-nanostructured
surface [103]. Adapted with permission from ref. 103. Copyright 2020, American Chemical
Society. J) SEM images indicating nano-flowered surfaces. K-L) SEM images indicating platelet
adhesion on non-textured titanium and superhemophobic nanoflower titanium surfaces [104].
Adapted with permission from ref. 104. Copyright 2016, Wiley-VCH.
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Moradi et al. investigated the effect of wettability on blood compatibility of titanium and
stainless steel substrates [107]. They examined different surface chemistries and
micro/nanostructures to study their effect on protein adsorption and platelet adhesion. The
wettability of the surfaces was modified using different chemical treatments and laser ablation
methods. They concluded that carbonized superhydrophobic cauliflower-like pattern was more
resistant to protein and platelet adhesion when compared to other superhydrophobic surfaces,
possibly because of the stability in the Cassie—Baxter state. In addition, the results showed that, in
the hydrophilic regime, a higher roughness corresponds to increased platelet adhesion due to the

larger blood—surface contact area.

1.4.2.5 Bioactive surfaces

The modification of titanium surfaces using bioactive molecules or biopolymers, such as
polysaccharides, peptides, and antibodies has received great attention to enhance their
hemocompatibility properties. Biopolymers, such as heparin, chitosan, and some zwitterionic
polymers, have been widely used to prevent protein and platelet attachments. Heparin is a naturally
occurring polysaccharide and the most used antithrombogenic agent [57]. It possesses a very
similar structure to heparan sulfate, a proteoglycan present on the endothelial cell surface that
provides the natural anticoagulant surface property of the endothelium [108]. Heparin is
responsible for binding to antithrombin and inhibiting the fibrin mesh formation. Because it is
highly negative charged molecule, heparin is usually incorporated to titanium surfaces via
electrostatic interactions with positive charged polymers to avoid the reduction of its biological
activity [109]. Heparin has been combined with different polycations such as chitosan, tanfloc,

and collagen to coat titanium using the layer-by-layer (LbL) self-assembly technique [110,111].
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Zhang et al. showed that collagen/heparin coating on titanium surface decreases the
platelet adhesion and activation and improves the endothelization process of the implant [112].
Collagen is the major component of extracellular matrix (ECM) and has been used to modify the
surface of cardiovascular implants to enhance biocompatibility and induce cell-biomaterial
interactions [110]. Cherng et al. coated pure titanium surfaces with heparin/dopamine and
heparin/collagen via LbL techniques [113]. The heparin/dopamine was a porous polymer structure
and heparin/collagen was a multilayer constructed by electrolytes. Both these surfaces promoted
anticoagulation effect when compared to actual surfaces. However, the anticoagulation effects

was better on the heparin/dopamine coated surfaces due to its long-term stability [114].

Yang et al. loaded TiO, nanotubes arrays with a 5-layer of polydopamine and further
coated the surface with anticoagulant drug bivalirudin. The polydopamine coating controlled the
release kinetics of bivalirudin and bivalirudin activity was seen for more than 300 days compared
to the 40 days activity from TiO2 nanotubes loaded with bivalirudin substrates. In vitro and ex vivo
studies showed the modified surface improved hemocompatibility by reducing adhesion and

denature of fibrinogen and platelets and effectively reducing thrombus formation [115].

Li et al. developed co-immobilization to form heparin and fibronectin films on
aminosilanized titanium surfaces [116]. The technique combines electrostatic interaction and the
co-immobilized films showed to be stable after immersion in phosphate-buffered saline (PBS) for
five days and enhance the hemocompatibility of titanium surfaces. Fibronectin is an adhesive
glycoprotein that promotes endothelial cell attachment and spreading [117]. The films reduced the
hemolysis rate, prolonged the blood coagulation time, and increased the ATIII binding density.
The co-immobilized surfaces also showed less platelets activation and aggregation, and less

fibrinogen conformational change in comparison with unmodified titanium surface. Similarly, Li
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et al. fabricated titanium surfaces with heparin/fibronectin complexes. The heparin and fibronectin
mixture was covalently immobilized on a titanium substrate and showed improved
hemocompatibility and endothelialization [118]. The surfaces reduced the blood hemolysis rate,
prolonged blood coagulation time, decreased platelets activation and aggregation, and induced less
fibrinogen conformational change when compared with unmodified titanium surface.

Xu & Cai prepared a bioactive coating by self-assembling phase transited lysozyme (PTL)
and heparin to improve the biocompatibility of titanium [119]. PTL has been shown to have
excellent biocompatibility and antibacterial properties, and in this study it was used positively
charged PTL for strong electrostatic interactions with heparin. The PTL/heparin coated surfaces
were hydrophilic in nature. The results indicated that these surfaces showed lower number of
platelets adhered and delayed blood clotting time when compared to other surfaces (Figure 1.10A-
C). These surfaces also showed low hemolysis ratio indicating better hemocompatibility compared
to other surfaces.

Another biopolymer largely employed to introduce cell recognition sites to the biomaterial
surface 1s chitosan. Chitosan has excellent biocompatibility properties, and its positive charges
allows it to be combined with heparin via LbL technique. Zhang et al. investigated the
immobilization of heparin and chitosan on titanium to improve hemocompatibility and
antibacterial activities (Figure 1.10D-F) [111]. They showed that these surfaces were able to
prevent protein absorption, platelet adhesion, and blood clot mass. Vyas et al. also developed a
biofunctionalization of titanium with chitosan/hydroxyapatite via silanization [120].
Hydroxyapatite is a bioactive ceramic largely used for biomaterial applications due to its similarity
with natural bone [121]. These surfaces were able to significant decrease in hemolysis percentage

in comparison with cpTi [120].
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Zwitterionic polymers are known to be resistant to protein adsorption due to ionic
interactions that rapidly creates a hydration layer on the surface [68]. Zwitterionic molecules have
equal anion and cation groups on its chains, which make them highly hydrophilic and with natural
antifouling properties [122]. Sabino et al. showed that the combination of a cationic tannin
derivative (tanfloc) with heparin by LbL assembly significant decrease factor XII activation, and
platelet adhesion and activation [109]. The zwitterionic-like properties of tanfloc are able to
prevent blood protein adsorption and heparin acts to inhibit the coagulation cascade activation
[123]. They developed tanfloc/heparin polyelectrolyte multilayers on titania nanotubes array
surfaces to enhance blood compatibility and antibacterial properties [109]. The tanfloc/heparin
coated nanotube arrays were hydrophilic in nature and displayed significant decrease in fibrinogen
adsorbed, Factor XII activation and platelet adhesion and activation (Figure 1.10G-I). These
surfaces also reduced bacterial adhesion and proliferation further indicating no biofilm formation.
These surfaces hence enhanced blood compatibility and antibacterial properties on titanium
surfaces.

Jia et al. modified TiO> nanotubes with two types of zwitterionic polymers,
poly(sulfobetaine methacrylate) and poly(carboxybetaine methacrylate), using atom transfer
radical polymerization technique [124]. Both polymer brushes reduced adsorption of albumin and
fibrinogen protein to the surface compared to TiO2 nanotubes. The FITR results showed that the
adsorbed albumin on the polymer coated surface had a significantly different secondary structure,
which reduced platelet adhesion and activation, In contrary, the TiO2 nanotubes surface adsorbed
albumin showed no structure change [124].

Cheng et al. conjugated natural tannic acid (TA) and silk sericin (SS) via hydrogen bonding

interactions and the resulting TA/SS conjugates were deposited on the titanium surfaces through
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surface adhesive trihydroxyphenyl groups in TA [125]. TA and its derivatives are widely used as
a primer for immobilization of other molecules due to the presence of phenolic hydroxyl groups
that could act hydrogen bond donor [126]. The TA/SS coated surfaces were hydrophilic in nature.
These surfaces were repellent to proteins, showed lower platelet adhesion and anti-adhesive
bacterial properties (Figure 1.10J-L). These surfaces further showed low cytotoxicity towards
fibroblast cells indicating overall biocompatibility.

Lee & Kang used a green seaweed derived polysaccharide ulvan to enhance blood
compatibility of Ti/TiO; surfaces [127]. Tannic acid was used for surface coating and subsequent
grafting of ulvan onto to the surface. Ulvan is a sulfated polysaccharide that has recently attracted
attention due to its antioxidant, antiviral, and anti-adhesive properties [128]. The results indicated
that the ulvan coated surfaces were superhydrophilic in nature and resulted in significant reduction
in fibrinogen adsorption and platelet adhesion, thus enhancing hemocompatibility (Figure 1.10M-

0).

Chen et al. prepared functional titanium surfaces with carboxylic terminated
PEGe00o/PEGa400 and CD34 antibodies and evaluated such surfaces for hemocompatibility [129].
The titanium surfaces were initially hydroxylated and further aminosilanized which was further
used for covalently grafting of polyethylene glycol and the antibody. The CD34 antibody were
immobilized on the surface to attract endothelial progenitor cells (EPCs) directly from the
bloodstream [129]. The in vitro platelet adhesion tests confirmed superior hemocompatibility and

enhanced endothelialization when compared to control surfaces.
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Figure 1.10. A) SEM image indicating surface microtopography of titanium surface modified with
PTL/heparin. B-C) Fluorescence images indicating adhesion of platelets on bare titanium and
titanium modified with PTL/heparin, respectively [119]. Adapted with permission from ref. 119.
Copyright 2019, Elsevier. D) SEM images indicating morphology of titanium surfaces modified
with heparin/chitosan. E-F) SEM images indicating platelet adhesion on titanium and titanium
surfaces modified with heparin/chitosan, respectively [111]. Adapted with permission from ref.
111. Copyright 2018, Elsevier. G) SEM image indicating titania nanotube surfaces modified with
tanfloc/heparin polyelectrolyte multilayers. H-I) SEM images indicating platelet adhesion on
unmodified titania nanotube surfaces and titania nanotube surfaces modified with tanfloc/heparin,
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respectively [109]. Adapted with permission from ref. 109. Copyright 2020, Wiley-VCH. J-L)
SEM images indicating platelet adhesion on pristine titanium, TA/SS 1, and TA/SS 2 coated
surfaces — 1 and 2 indicating different volume ratios [125]. Adapted with permission from ref. 125.
Copyright 2020, Elsevier. M-O) SEM images indicating platelet adhesion on non-treated, tannic
acid-treated, and ulvan-coated Ti/TiO: surfaces, respectively [127]. Adapted with permission from
ref. 127. Copyright 2020, Elsevier.

Wu et al. fabricated quercetin-loaded chitosan nanoparticles and using LbL self-assembly
technique coated titanium substrates with five and ten bilayers of hyaluronan and quercetin-loaded
chitosan nanoparticles [130]. Quercetin is a naturally occurring flavonoid that has been shown to
have anticoagulants effects similar to heparin. The 10-bilayer modified surface with quercetin-
loaded chitosan as the top layer reduced platelet adhesion compared to control titanium surface
and 5-bilayer surface with hyaluronan as the top layer. This indicates that quercetin-loaded

chitosan improved anticoagulation [130].

Llopis-Grimalt et al. modified the titanium surface to improve tissue response to stents
using two different approaches, the use of nanostructuration by electrochemical anodization and
the addition of quercitrin to the titanium surface [131]. Quercitrin, a glycoside formed from the
flavonoid quercetin, has shown enhanced cell differentiation and anti-inflammatory activity when
immobilized on titanium surfaces [132]. The surfaces were investigated for cell adhesion,
cytotoxicity, nitic oxide production and metabolic activity using primary human umbilical cord
endothelial cell. Platelet adhesion, hemolysis rate, and bacterial adhesion were also analyzed. The
results indicated all surfaces were biocompatible, with no hemolysis rate, and the nanostructured
surfaces displayed lower platelet adhesion. The nanostructure surfaces coated with quercitrin also
showed enhanced endothelialization and lower bacterial adhesion as well as able to prevent

thrombosis, thus being a promising approach to improve biocompatibility of bare metal stents.
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1.4.2.6 Bio-inspired surfaces

The endothelial monolayer in blood vessels provides the perfect environment of blood
compatibility. Blood flows inside them without any attraction or thrombus formation. The
endothelial cells that line the interior surface of healthy blood vessels prevent blood clotting by
several mechanisms, such as nitric oxide (NO) release or recruitment of heparan sulfate [133]. The
endothelial inner lining is composed by a layer called glycocalyx, which is rich in proteoglycans
bearing glycosaminoglycan (GAG). Recent research has been focusing on creating multifunction
surfaces that can mimic the endothelium environment. Simon-Walker et al. coated TiO> nanotubes
(TiO;NT) with heparin-chitosan polyelectrolyte multilayers (PEM) to provide a
glycosaminoglycan functionalization [134]. These surfaces when then modified with a NO-donor
chemistry to provide an important antithrombotic signal. Combination of surface nanotopography,
GAGe-based surfaces, with NO-donor chemistry demonstrated substantial reduction in platelet

adhesion and activation compared to unmodified TiO: surfaces (Figure 1.11A-G).

Liu et al. developed a multifunctional titanium surface for simultaneous enhancement of
endothelial cell selectivity and hemocompatibility. The surface was prepared by conjugation of
REDV peptide to a surface grafted PEGMA polymer brushes via surface-initiated atom transfer
radical polymerization on a dopamine-modified titanium surface [135]. This surface showed
improved endothelial cell selectivity and hemocompatibility, with reduced platelet adhesion when

compared to pristine titanium.

Han et al. prepared a nature inspired extracellular matrix (ECM) coating on titanium
surface by culturing/deculturizing smooth muscle cells (SCM) and endothelial cells (EC)
controlled by hyaluronic acid (HA) micro-pattern [136]. This double deck ECM coating showed

higher ECM density, different wettability’s and larger pore sizes which lead to better
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hemocompatibility, anti-inflammation, tissue compatibility and pro-endothelialization (Figure
1.11H-R). The ECM coating maximized the reproducibility of structure and functionality of

vascular basement membrane.
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Figure 1.11. A-C) SEM images indicating TiO:NT, TiOo:NT+PEM and TiOoNT+PEM+NO
surfaces. D-G) SEM images indicating adhered cells on bare titanium, TiO>NT, TiO.NT+PEM
and TiOoNT+PEM+NO surfaces [134]. Adapted with permission from ref. 134. Copyright 2017,
American Chemical Society. H-J) SEM images indicating surface morphology of HA micro-
patterned titanium surfaces modified with EC-ECM (ECMgc/HAP), SMC-ECM (ECMsmc/HAP),
and modified by both SMC-ECM and EC-ECM (ECMswmc/ec/HAP) respectively [136]. K-N) SEM
images indicating platelet adhesion on respective surfaces [136]. O-R) Fluorescence images
indicating growth of HUVEC cells after 3 days on respective surfaces [136].

39



Wang et al. also prepared an ECM inspired surface by functionalization with heparin,
fibronectin, and VEGF on titanium surface to construct a multifunctional microenvironment to
inhibit thrombus formation [137]. The modified surfaces significantly enhanced the AT III binding
density and prolonged clotting time. The in vitro platelet study also indicated favorable
anticoagulant properties thus indicating the heparin/fibronectin/VEGF multifunctional coating was
successfully constructed with desirable anticoagulant properties. In addition, these surfaces

promoted enhanced proliferation of EPCs and ECs, thus accelerating endothelialization.

1.5. Conclusions and Future Perspectives

Blood is a complex smart liquid which can perform various necessary functions needed for
our body functionality. However, one of its main properties is to clot when exposed to a foreign
environment/material and this property poses a major concern when an implant is introduced into
human body. Hence, researchers have been exploring different techniques to enhance
hemocompatibility of implant surfaces. Design of hemocompatible titanium surfaces can be
achieved by understanding the blood kinetics and the series of reactions taking place due to blood
proteins, cells, and platelets which leads to thrombus formation and inflammation. The influence
of implant surface properties such as chemistry, morphology, crystallinity, charge, and wettability
has shown to be significant, and various studies have been carried out to develop surfaces with
improved hemocompatibility.

Different techniques for surface modification reviewed in this chapter has shown that
hemocompatibility can be improved with surfaces imitating the vascular environment with surface
morphology/chemistry, repelling blood protein interaction, anticoagulant drug loading and NO

release. However, it is noticed that the combination of these properties enhances
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hemocompatibility significantly. The key aspect to be more focused is durability and longevity of
the surface modification, commercialization potential and more realistic testing methods.

Hundreds of new surface modification techniques are proposed, studied, and published
annually. However, most of the studies focuses on the evaluation of platelet adhesion and
activation, protein adsorption, and hemolysis and coagulation tests. It is critical that researchers
also investigate the contact and complement activation of the surfaces as they are important aspects
of blood compatibility. In addition, most of the surface are evaluated in in vitro conditions with
isolated blood components for a short duration of time. In reality, implants are present inside
human body, with blood constantly flowing over the surface for longer periods. Hence, it is
important to evaluate surfaces under dynamic conditions and more in vivo evaluations need to be
done to understand the surface hemocompatibility. Besides that, implant surfaces are generally
evaluated using human blood from healthy donors. In the current era, with advancement in
biomedical sciences, implants are used by patients from different age groups and these humans
also possess other diseases or complications that can alter immune reactions to implants. Hence, it
is important to perform hemocompatibility studies considering different scenarios.

Titanium will continue to play an important role in blood-contacting implants for the
foreseeable future. Although titanium has proven to be an excellent material for implants, there
are still significant problems such thrombosis and restenosis due to undesirable blood-surface
interactions. Over the years several approaches have been proposed to enhance the surface
properties of titanium-based materials to prevent thrombus formation. Some of them are based on
creating micro/nano-scale topography meanwhile others proposed the surface chemistry
modification. The combination of both strategies, which makes possible the tailoring the surface

characteristics, such as wettability, roughness, surface charge, and crystallinity, has been shown to
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make the surface more compatible with blood and its components. Another promising approach is
the immobilization of bioactive molecules on titanium surface, such as polysaccharides, peptides,
and antibodies, which improves the blood-biomaterial response by using agents that are similar to
the ones present in the body.

Recent research has also focused on the development of multifunctional titanium surfaces
with the aim to mimic the endothelium environment. By modifying these surfaces through
physical, chemical, and biological processes, the biomaterial would be able to not only prevent
thrombogenic and inflammatory responses, but also stimulate endothelial cell adhesion, migration,
and proliferation, and eventually build an endothelial layer on the titanium surfaces. In the near
future, the new generation of titanium-based biomaterials should take advantage of the current
state of the art to further improve the blood-surface interaction and develop a truly hemocompatible
titanium surface. We believe that this review contributed to provide guidelines for the development

of new and enhanced titanium-based surfaces for blood-contacting implants.
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CHAPTER 2: INTERACTION OF BLOOD PLASMA PROTEINS WITH

SUPERHEMOPHOBIC TITANIA NANOTUBE SURFACES'

2.1. Introduction

Hemocompatibility of biomaterials remains a considerable challenge for successful
development of blood-contacting medical devices such as heart valves and stents [2]. 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 [3]. 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 [4]. Fibrinogen is primarily
responsible for platelet adhesion, thus being a key protein in the context of the coagulation
cascade [5]. 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 FXIIa [6]. Factor XII,
also called Hageman Factor, is a coagulation factor, and its autoactivation occurs upon binding
with the surface, presumably due to a conformational change [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].

! This work was published in Nanomedicine: Nanotechnology, Biology and Medicine and is reproduced in modified
form here with permission [1].
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It is well accepted that biomaterial surface characteristics, such as surface chemistry,
morphology, and wettability, directly influence the interaction of biomaterial with blood [10],
[11]. 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 [12]. One strategy
largely studied is the incorporation of various hydrophilic polymers, such as polyethylene glycol
(PEG) on biomaterial surfaces [13]. However, previous works have shown that PEG modified
materials perform less well in blood and plasma than in simple protein solutions [14]. 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 [15].

It is well established that titanium has great biocompatibility and has been widely used as
a biomaterial for orthopedic and cardiovascular applications for decades [16]. However, even
titanium-based implants can cause adverse effects when in contact with blood [17]. Therefore,
one approach that has been recently developed for enhancing hemocompatibility is making
titanium surfaces superhemophobic (i.e. blood plasma contact angles greater than 150°) [18].
Previous study has shown less platelet adhesion and activation on superhemophobic titania
nanotubes arrays [19]; 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,
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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 [20] and
PEGylated [19]). 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.

2.2. Materials and Methods
2.2.1. Fabrication of titania nanotube arrays with different surface modifications

Titania nanotube arrays were produced from titanium foil (0.5 mm thick) via anodization
process described elsewhere [21]. Briefly, titanium foil was used as the anode and platinum foil
was used as the cathode. The electrolyte solution was made by mixing 2% v/v hydrofluoric acid
(HF, Alfa), 3% v/v DI water and 95% v/v diethylene glycol (DEG, Alfa). The anodization
process was performed for 22 hrs at 55 V, followed by annealing in air at 530 °C for 3 hrs with a
ramp rate of 15 °C/min. After surface modification, all the substrates were rinsed with ethanol
and DI water, and dried in nitrogen. 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 cm*/min of oxygen gas for 15 mins.

e 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.
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e 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 dissertation: 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.

2.2.2. Surface characterization of different substrates

The surface morphology of different substrates was characterized using scanning electron
microscopy (SEM, JEOL). Before imaging at 15 kV, the substrates were coated with 10 nm of
gold. The diameters of the nanotubes were measured using Imagel.

Static contact angles were obtained using a Ramé-Hart Model 250 goniometer and
images were obtained via DROPimage advanced software. Approximately 10 ul of human blood
plasma was placed on the surface to obtain the contact angles.

The surface chemistry was identified using X-ray photoelectron spectroscopy (XPS,
ESCA Systems Spectrometer 5800). XPS analysis was conducted at 15 kV with takeoff angle of
45°. The elemental composition was determined via peak fit analysis in Origin and Multipak
software.

Further, film thickness of substrates treated with FL and PEG were also calculated from
the attenuation of XPS signals using the standard overlayer method [22]. This method determines
the thickness of the film utilizing Ti2p peaks intensities before and after silanization. The film

thickness is given by the following equation:

t
Lr;isin@

)

Ir; = ITQi exp(—
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Where Ir; is the intensity of Ti2p peaks from substrates after surface modification, I2; is
the intensity of Ti2p peaks before surface modification, t is the thickness of the film, Ly; is the
electron attenuation length for Ti peaks and 0 is the take-off angle for XPS measurements.

The surface crystalline structure was determined by X-ray diffraction (XRD, Shimadzu
700). Scans were obtained over a 20 range from 20° to 80° at a rate of 1 step per sec. The peaks

analysis was made using Origin software.

2.2.3. 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% COz) on
horizontal shaker (100 rpm) plate for 28 days in phosphate buffer saline (PBS). After 7-day
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.

2.2.4. Isolation of platelet rich plasma (PRP) and platelet poor plasma (PPP)

Whole human blood was acquired through venipuncture from healthy individuals, and
formal assents were obtained from the donors. Colorado State University Institutional Review
Board approved the protocol for blood isolation from healthy participants. All experiments were
conducted in agreement with the National Institutes of Health's “Guiding Principles for Ethical
Research”. In order to obtain PRP, whole blood was drawn into 10 ml vacuum tubes coated with
ethylenediaminetetraacetic acid (EDTA) and was centrifuged at 150 g for 15 mins. To obtain
PPP, whole blood was drawn into 3 ml vacuum tubes coated with sodium citrate and was

centrifuged at 1500 g for 15 mins. All studies involving blood were performed at least three

57



times with blood drawn from at least two healthy donors. However, for each experiment, the

blood was only collected from the same donor to avoid donor-to-donor variability.

2.2.5. Fibrinogen adsorption from PRP on different substrates

Fibrinogen adsorption from PRP on different substrates was assessed using a human
Fibrinogen ELISA Kit (GenWay). Prior to all experiments, substrates were sterilized via
incubation in 70% ethanol for 15 mins, rinsed three times with PBS and exposed to UV light for
10 mins. Sterilized substrates were then incubated in PRP on a horizontal shaker plate (100 rpm)
for 2 hrs at 37 °C and 5% CO,. After the incubation, 100 pl diluted surface-exposed PRP
(1:10000 in assay diluent) and fibrinogen standards were placed into the wells of the microtiter
plate and incubated for 1 hr at room temperature. The substrate-exposed PRP and fibrinogen
standards were then aspirated and the wells were washed (4x) with wash buffer and incubated
with 100 pl of enzyme antibody conjugate for 30 mins in a dark environment at room
temperature [3]. The conjugate was removed, and the wells were washed (4x) with the wash
buffer and incubated with 100 pl of tetramethylbenzidine buffer (TMB) solution for 10 mins at
room temperature without light exposure. The reaction was then stopped with 100 ul of stop

solution and the optical density was immediately measured using a plate reader at 450 nm.

2.2.6. 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.. After the

incubation, 50 ul of TAT standards and diluted surface-exposed PPP (1:10000 in assay diluent)
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were placed into the wells of the microtiter plate and incubated for 2 hrs at room temperature.
The substrate-exposed PPP and TAT standards were then aspirated, and the wells were washed
(5x) with wash buffer and incubated with 50 pl of biotinylated antibody for 1 hr at room
temperature. The antibody was removed, and the wells were washed (5x) with the wash buffer
and incubated with 50 pl of SP conjugate for 10 mins at room temperature. After that, the
conjugate was removed, and the wells were washed (5x) with the wash buffer and incubated with
50 ul of chromogen substrate solution for 20 min at room temperature. The reaction was then
stopped with 50 ul of stop solution and the optical density was immediately measured using a

plate reader at 450 nm.

2.2.7. In vitro plasma coagulation assay

FXII activation on different substrates was characterized by an in 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 [24]. All CT measurements were

performed in PPP.

2.2.7.a Factor Xlla (FXlla) 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 [24]. Prior to use, Factor XIla was thawed in a 37°C in water bath and
diluted with PBS to the desired concentrations. The activity of FXIla employed to obtain the
titration curve varied from 10 to 10* PEU/ml. In order to prepare a 1 ml solution with 1:1

dilution of plasma in buffer, 0.1 ml of 0.1M CaCl, was added to 0.5 ml of PPP and mixed with
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0.1 ml of FXIIa (with different concentrations) and 0.3 ml of 0.01M PBS in a 2 ml polystyrene
micro-cuvette. CaCl, was the last reagent added to assure a standard time zero for CT. The
cuvettes were then covered with parafilm and rotated at 20 rpm on a hematology mixer, and the
corresponding CT was recorded.

FXIla activity was quantified using a titration calibration curve relating [FXIlaJeq, in
PEU/ml 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 [6]. The equation that relates CT to FXIla concentration through three adjustable
parameters a, b, and c is given by:

alFXIla]l + b

CT =
[FXIIa] + ¢
with
 kyCT, _ CTo_ L koK
Tt Ky Tkt k¢ Y ST Tk,

where CTy is the background coagulation time, k; and K¢ are the reaction rate constant
and Michaelis-like constant, respectively. k; is the reaction rate constant for the background clot,
which means the clot formation under assay conditions but with no addition of FXIla [6].

The commercial software Origin was used to get the best-fit solution to experimental

titration data (CT vs. exogenous FXIIa concentration).

2.2.7.b 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. In order to prepare a 1 ml

solution with 1:1 dilution of plasma in buffer, 0.1 ml of 0.1M CaCl, was added to the cuvette
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with the substrates and 0.5 ml of PPP and mixed with 0.4 ml of 0.01M PBS. CaCl: was the last
reagent added to assure a standard time zero for CT. The cuvettes were then covered with
parafilm and rotated at 20 rpm on a hematology mixer, and the corresponding coagulation time
was recorded. The CT was then used to calculate the equivalent FXIla activity by referencing

back to the FXIla titration curve obtained.

2.2.8. 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 pl 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 [25].

2.2.9. Statistical analysis

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
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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 blood 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.

2.3. 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 2.1). 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.

Figure 2.1. SEM images for (a) Ti, (b) Ti-FL, (c¢) Ti-PEG, (d) NT (e) NT-FL and (f) NT-PEG.
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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 [19]. The surface is considered as hemophilic when 6 < 90°, and as
hemophobic if 6 > 90° [26]. Based on the results, NT-FL is superhemophobic, since 6 = 167°.
The results also indicate that Ti-FL is hemophobic; and Ti, Ti-PEG, NT and NT-PEG are
hemophilic (Figure 2.2).
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Figure 2.2. 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).

XPS was used to characterize the surface chemistry of different substrates. Survey
spectra show that all the substrates had Ols, Ti2p3/2, and Cls peaks (Figure 2.3A). The Cls
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 Fls peak on both
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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 Ols 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 2.1). 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 Cls scans from XPS also indicate the presence of characteristics CF. and
CF; groups on NT-FL and Ti-FL whereas characteristic CO groups (C-O and O-C=0) on
hemophilic surfaces (Figure 2.3B). 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, Ly;, found in the literature is 2.1 nm [27]. 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.
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Figure 2.3. A) XPS survey scans for different substrates. B) High resolution Cls scans for

different substrates. C) XRD scans for different substrates.
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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 [21]. All NT substrates have rutile
and anatase crystal phases which are not present on Ti surfaces (Figure 2.3C). 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 [28]. 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.

Table 2.1. XPS Elemental composition for different substrates.

% O % TI % C % F
Ti 68.4 13.1 18.5 0
Ti-FL 13.5 1.8 40.5 44.2
Ti-PEG 38.8 7.8 534 0
NT 68.3 20.0 11.7 0
NT-FL 21.9 5.3 21.2 51.6
NT-PEG 62.2 17.6 20.2 0

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
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contact angles for all Ti groups (Figure 2.4A), 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 2.4B), 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.
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Figure 2.4. A) Static contact angles for different substrates after 0, 7, 14, 21, and 28 days of
incubation. B) High resolution Cls scans for different substrates after 28 days of incubation.
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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 2.2). The results
show that Ti-FL and Ti-PEG had a considerable change in their surface composition when
compared with day O (Table 2.1). 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. These
results indicate the degradation of both silanes and agree with the contact angle results [29]. 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.

Table 2.2. XPS Elemental composition for different substrates after 28 days of incubation in
PBS at 37°C and 100 rpm.

% O % TI % C % ¥
Ti 63.8 10.7 25.5 0
Ti-FL 33.4 5.3 31.8 29.4
Ti-PEG 62.9 11.3 25.8 0
NT 64.3 17.0 18.7 0
NT-FL 26.3 7.0 19.6 472
NT-PEG 63.6 16.6 19.9 0

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

68



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 2.5). The results also show that NT-PEG had significant higher fibrinogen adsorption

than NT.
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Figure 2.5. Fibrinogen binding from PRP on different substrates.

TAT complex formation on different substrates exposed to PPP was investigated using a
human TAT Complex ELISA kit. 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 are shown after subtraction of the amount of TAT in PPP that
was not exposed to substrates. 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 2.6).
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Figure 2.6. TAT generation on different substrates after 2 hrs of incubation in PPP. No
significant difference between groups was observed (p<0.05).

FXII activation on different substrates was characterized by an in vitro plasma
coagulation time (CT) assay. Previous work has developed a mathematical model that relate CT
to FXIIa concentration, through three adjustable parameters a, b, and ¢ [6]. Results of FXIIa
titration in PPP show that CT decreases as exogenous FXIla concentration increases (Figure
2.7a). The 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 2.3.

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 FXIIa
concentration. The results indicate that NT-FL had significant lower FXII activation in plasma in
comparison with the other substrates (Figure 2.7b). Specifically, NT-FL shows an impressive
300% reduction of FXII activation in comparison with Ti and 400% comparing with NT and NT-

PEG.

70



>

10 1 ]

Coagulation time (min)

L 2L LR EUL I, UETUR R AL LT UL R I R L LAY
1E-5 1E-4 1E-3  0.01 0.1 1 10
[FXlla] (PEU/mI)

B Fekk

*%

0.02 I

[FXIla],, (PEU/mI)
._

0.014 1

0.00

Ti NT NT-FL NT-PEG

Figure 2.7. A) FXlla titration curve for the plasma showing coagulation times versus
concentrations of exogenous FXIla. The fitted curve corresponds to a least squares fitting of a
developed mathematical model [6]. B) [FXIla]eq in plasma calculated from coagulation times of
different substrates. Ti is used as control for the statistical analysis (p<0.05).

Table 2.3. Parameters derived from best fit solution of FXIla titration data

A B C
(5.05£0.91) (0.14 £0.04) (5.7+2.0)x 10°
Unit min UM min uM

71



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 2.8). 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.
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Figure 2.8. Free hemoglobin concentration values measured in terms of absorbance for different
substrates.
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2.4. 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 [18]. 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 encounters 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 [30]. 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 [31]. 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 [32]. 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 [33]. In order to make
superhemophobic surfaces, the Cassie-Baxter state is preferred [34], and these surfaces can be
fabricated by modifying nanotextured surfaces with a low solid surface energy silane [19]. Thus,
in this study, we used titania nanotube arrays to provide nanotexture and were modified by

fluorinated FL silane known to possess lower solid surface energy.
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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 [35], 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 [36]. 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 [37]. 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 [38].

Fibrinogen plays a fundamental role in the coagulation cascade and is one of the first

blood plasma proteins to adsorb on implant surfaces [2]. When adhered to the biomaterial
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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 [19] since it tends to minimize the contact area between the surface and
the liquid, thus decreasing the amount of protein adsorbed [39]. 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 [21]. The results obtained could be explained by the “Vroman
effect”, a phenomenon involving a complex sequence of adsorption and desorption steps [40].
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 [41]. Previous studies
have shown that high molecular weight kininogen (HMWK), another plasma protein, plays an
important role in the removal of fibrinogen from the surface and this replacement is more likely
to happen on hydrophilic substrates [42]. 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 [43].

The protein thrombin is the last enzyme in the coagulation cascade, and it is formed by
the activation of prothrombin [44]. Thrombin serves to cleave the fibrinogen into fibrin
monomers, which further polymerizes to form the thrombus [45]. 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 [46].
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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 [19]. 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 [47]. 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 [44]. 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 [48]. This enzymatic reaction that
converts FXII into FXIla leads the contact activation and initiate the intrinsic pathway of the
blood coagulation cascade [49]. 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
[24]. 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
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underneath the liquid which prevents the liquid droplet to completely wet the surface [50]. This
liquid-air-solid interface dramatically decreases the solid-liquid surface area, thus reducing the
total area available for proteins to bind [51]. 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 [21]. 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
hemoglobin [52]. 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 [53]. The absorbance value 1s 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.
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2.5. Conclusions

When biomaterial implants interact with blood, the adsorption of plasma proteins rapidly
occurs, which may lead to complications such as thrombosis and the failure of the device.
Therefore, reducing the adsorption of specific blood plasma proteins is crucial in the prevention
of clot formation. Previous studies have shown less platelet adhesion and activation on
superhemophobic titania nanotubes arrays; however, it remains unclear what happens to specific
proteins of the coagulation cascade on this substrate. In this work, we have 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 (NT-FL)
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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CHAPTER 3: ENHANCED HEMOCOMPATIBILITY AND ANTIBACTERIAL ACTIVITY

ON TITANIA NANOTUBES WITH TANFLOC/HEPARIN POLYELECTROLYTE

MULTILAYERS'

3.1. Introduction

The use of blood-contacting implants, such as heart valves, catheters, and stents to treat
cardiovascular diseases has increased remarkably in recent years [2]. However, catastrophic
complications from these biomaterials still occur, such as thrombus formation and bacterial
infections, which are the most common causes for device failure [3]. The processes leading to
bacterial adhesion and coagulation are related, and microbial infections may become worse due to
the activation of the coagulation cascade [4]. Therefore, it is vital to develop multifunctional
surfaces that can simultaneously prevent clot formation and bloodstream infections. Among the
biomaterials used for blood-contacting applications, titanium and its alloys are widely employed
due to their excellent mechanical properties, corrosion resistance, and remarkable biocompatibility
with many body tissues [5]. Nevertheless, titanium’s compatibility with blood and its ability to
inhibit bacterial infection are still far from ideal [6,7].

Several approaches have been investigated to prevent both bacterial infections and
thrombosis on titanium surfaces, including modification of the surface chemistry, wettability, and
topography [8]. Protein adsorption and activation is a critical initial step that can lead to adverse

biological responses that prevent healthy tissue healing. Therefore, the use of natural antifouling

! This work was published in Journal of Biomedical Materials Research Part A and is reproduced in modified form
here with permission [1]
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coatings has emerged as a strategy for improving biocompatibility of surfaces. One promising
technique recently investigated is the layer-by-layer (LbL) deposition of polyelectrolyte
multilayers (PEMs). LbL assembly is used to change the surface chemistry of materials by
alternately adsorbing/depositing polycationic and polyanionic layers onto a solid substrate [9].
PEMs can be easily and reproducibly prepared, to achieve control over coating thickness and
surface chemistry, without the use of hazardous organic solvents [10]. Among the polycation-
polyanion polymer pairs recently used, heparin and chitosan PEMs have generated particular
interest for biological activation of surfaces [11,12]. Heparin (HP) is a highly negatively charged
polymer and a natural glycosaminoglycan (GAG), which in the body prevents blood coagulation
by inhibiting the thrombin activation [13]. Although heparinized materials have been used
clinically in blood-contacting biomaterials, there are still some limitations, such as loss of
bioactivity over long periods of time, especially due to its high solubility [14]. Chitosan (CS) and
its cationic derivatives allow the formation of multilayers with the negatively charged heparin [11].
CS-based PEMs can be used to improve the tissue compatibility of surfaces and inhibit bacterial
infections [15]. Another naturally occurring GAG that has been employed in biomedical materials
is hyaluronic acid (HA). This anionic biopolymer has great cytocompatibility and biodegradability.
Because of these properties, it has been used in PEM coatings on biomaterials [16].

Recently, tanfloc (TA) has attracted considerable interest due to its promising
cytocompatibility, biodegradability, and antimicrobial properties [17]. TA is a hydrophilic,
cationic (pKa = 6.0), and condensed amino-functionalized tannin derivative [18]. TA is
synthetized from condensed tannins (from polyphenols with repeat flavan-3-ol units) found in
plants that act to inhibit pathogen occurrences [19]. Condensed tannins are often extracted from

the Acacia Decurrens (Black wattle), and they are then used to obtain the TA derivative from acid
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catalysis performed with ammonium chloride and formic acid [18]. TA has strong antimicrobial
activity due to the presence of ammonium moieties (—-NH3") stabilized by chloride counterions and
phenolic moieties in its structure. Because of its cationic behavior in aqueous solutions, it can
replace CS to provide PEMs with HP or HA. Previous studies have shown TA-based materials
presented cytocompatibility and antimicrobial activities [17,18]; however, no studies report the
blood compatibility, antiadhesive, and antibacterial traits of TA-based PEMs.

In this work, TA/HP PEMs on titania nanotubes (NT) were successfully developed. First,
the surface topography was modified by making NT, as it has been shown that NT has better
antibacterial properties and reduces thrombogenic effects on titanium [20,21]. Then, NT surface
was modified with PEMs using TA or CS as polycations, and HP or HA as polyanions. The PEMs
were fabricated using 5 layers, terminating with the polycation. The surfaces were characterized
using SEM, XPS, and contact angle measurements. Fibrinogen adsorption, FXII activation, and
platelet adhesion and activation on the surfaces were investigated. The adhesion and morphology
of S. aureus and P. aeruginosa were also evaluated. Previous study has shown that CS/HP PEMs
on NT can reduce platelet adhesion [22]; however, titanium modification with TA has never been
investigated. In this study, biological responses of TA and CS-based PEMs deposited on the NT
surface were compared. The results indicated that TA-based PEMs enhance the anti-thrombogenic,

antibacterial, and antiadhesive properties of the NT when compared to CS-based PEMs.

3.2. Materials and Methods
3.2.1. Fabrication of titania nanotubes (NT) with PEMs
NT surfaces were fabricated from titanium sheets (0.5 mm thick) via the anodization

process reported elsewhere [23]. Prior to the surface modification with PEMs, the NT surfaces
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were treated with oxygen plasma at 200 V in 10 cm®/min of oxygen gas for 15 min. Tanfloc (TA,
Tanac SA, Brazil)[18] and chitosan (CS, Golden Shell Biochemical, China, 85% deacetylated and
87 kDa)[24] were purified by first preparing a 10% w/v TA solution in DI water and 1.0 % w/v
CS solution in aqueous acetic acid (1.0% v/v). Dialysis was then conducted with 7000 MWCO
membrane for 2 days, with exchange of water twice a day. The polymeric solutions were then
frozen and lyophilized for 3 days. To prepare the PEMs, solutions of TA, CS, HP (Celsus
Laboratories, USA), and HA (Sigma Aldrich, USA) were prepared in an acetic acid-acetate buffer
(0.2 M sodium acetate and acetic acid at pH 5.0) at a concentration of 1 mg/ml. After that, the
solutions were filtered with 0.22 pm syringe filters. An aqueous acetic acid solution (pH 4.0) was
used as a rinse solution. The oxidized NT surface was rinsed with 0.5 ml rinse solution under
shaking (50 rpm) for 4.0 min before the TA or CS deposition. The rinse solution was aspirated and
LbL deposition was carried out on the oxidized NT surface. Then, 0.5 ml TA or CS solutions
(polycations) was added to the oxidized NT surface under shaking (50 rpm). After 5.0 min, the
polycation solution was aspirated and the surface was rinsed under shaking for 4.0 min. Then, the
rinse solution was aspirated and HP or HA polyanion solutions (0.5 ml) were deposited onto the
oxidized NT surface containing one layer of polycation (TA or CS). This method was repeated
until the fifth layer was deposited. The surfaces with 5 layers (polycation terminated) were rinsed
for 4 min and incubated in DI water for further use. Figure 3.1 presents the process of PEMs
fabrication, as well as the polyelectrolytes’ chemical structures. The CS/HP, CS/HA, TA/HP and
TA/HA PEMs deposited on NT surfaces are referred to as NT(CS-HP), NT(CS-HA), NT(TA-HP)

and NT(TA-HA), respectively.
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Figure 3.1. Schematic representation of the PEM construction on titania nanotubes (NT) and

chemical structures of the polyelectrolytes.

3.2.2. Surface characterization

The morphology of each surface was characterized by SEM. Before imaging at 15 kV, the

surfaces were coated with 20 nm gold. Static contact angles of different surfaces were obtained

using a Ramé-Hart goniometer. Approximately 10 ul of DI water were placed on the surface to

obtain the water contact angles. The composition of different surfaces was investigated using XPS.



Survey spectra were collected from 0 to 1100 eV (pass energy of 187 eV), and high-resolution
spectra were collected for carbon at a pass energy of 10 eV. Spectral analysis was performed using
Origin and MultiPak. Prior to all studies, the surfaces were sterilized by rinsing in 70% ethanol,

followed by rinse and incubation with sterile PBS for 30 min.

3.2.3. Hemocompatibility studies

To analyze the anti-thrombogenic properties of the surfaces, the adsorption of fibrinogen,
a key protein involved in thrombus formation [25], and the activation of Factor XII (FXII), that is
responsible for the activation of the intrinsic pathway of the coagulation cascade were investigated
[26]. Additionally, platelet adhesion and activation that also mediates blood clotting on different

surfaces were evaluated [27].

3.2.3a Fibrinogen adsorption on different surfaces

To investigate the fibrinogen adsorption, the surfaces were incubated in a 48-well plate
with 100 pg/ml of human fibrinogen solution in PBS on a horizontal shaker plate (100 rpm) at 37
°C and 5% CO». After 2 h of incubation, the protein solution was aspirated, and the surfaces were
rinsed twice with PBS and once with DI water to remove any non-adherent proteins. The protein

adsorption on different surfaces was investigated by XPS analysis, as described in Section 2.2.

3.2.3b Isolation of human platelet poor plasma (PPP) and platelet rich plasma (PRP)

Whole human blood was obtained from healthy donors, who signed formal consents for
this study. All practices were approved by the Colorado State University Institutional Review
Board which agrees with the National Institutes of Health's “Guiding Principles for Ethical

Research”. To obtain PPP, whole blood was drawn into 2.7 ml vacuum tubes coated with sodium
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citrate and centrifuged at 1500 g for 10 min. To obtain PRP, whole blood was drawn into 10 ml
vacuum tubes coated with ethylenediaminetetraacetic acid (EDTA) and centrifuged at 150 g for

15 min.

3.2.3c FXII activation on different surfaces

To investigate the activation of the intrinsic pathway of the coagulation cascade, FXII
activation on different surfaces was characterized by an in vitro plasma coagulation time (CT)
assay. CT is defined as the time needed from activation of the intrinsic pathway of the coagulation
cascade to the appearance of a visible clot [28]. A mathematical model was developed to correlate
CT with FXIlIa concentration through three adjustable parameters [29]. This method is reported in
detail elsewhere [23]. Briefly, purified human FXII (Haematologic Technologies) was incubated
with different surfaces at a concentration of 30 pg/ml for 30 min. After, 100 ul aliquots were taken
and added to a cuvette with 0.5 ml of PPP, 0.3 ml of 0.01M PBS and 0.1 ml of 0.1M CaCl,. The
CaCl> was the last reagent added to ensure a common zero-time CT. The cuvettes were then
covered with parafilm and rotated at 20 rpm on a hematology mixer, and the corresponding CT
was recorded. The CT was then used to calculate the equivalent FXIla activity by referencing back

to the FXIIa titration curve obtained in previous study [23].

3.2.3d Platelet adhesion and activation on different surfaces

Platelet adhesion was investigated using fluorescence microscopy. The surfaces were
incubated in a 48-well plate with 500 pul of PRP at 37°C and 5% CO- on a horizontal shaker plate
(100 rpm). After 2 h of incubation, PRP was aspirated and the surfaces were rinsed twice with
sterile PBS to remove non-adherent platelets. The surfaces were then incubated with 2 pM calcein-

AM solution in PBS for 30 min in a dark environment. After that, the surfaces were rinsed with
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PBS and imaged using a fluorescence microscope. ImageJ was used to count the total number of
platelets attached.

Platelet activation on different surfaces was characterized using SEM. After 2 h incubation
in PRP and rinse with PBS, the surfaces were incubated in a primary fixative solution (3%
glutaraldehyde, 0.1 M sucrose, and 0.1 M sodium cacodylate in DI water) for 45 min. The surfaces
were then incubated in a buffer solution (fixative without glutaraldehyde) for 10 min. After that,
the surfaces were dehydrated in ethanol solutions (35, 50, 70, and 100%, respectively) for 10 min

each. Prior to SEM imaging, the surfaces were gold-coated, as described in Section 3.2.2.

3.2.4. Antibacterial activity studies

The antibacterial activity of different surfaces was evaluated against Gram-negative
Pseudomonas aeruginosa (P. aeruginosa, POl) and Gram-positive Staphylococcus aureus (S.
aureus, ATCC 6538) cultures obtained from agar plate culture and pellet, respectively. A nutrient
broth media solution (NBM, LB-Miller) was prepared at a concentration of 25 mg/ml. The S.
aureus pellet was resuspended in NBM solution and an aliquot of P. aeruginosa was taken from
the agar plate and dissolved in NBM. Both bacteria solutions were incubated at 37 °C for 24 h

until the optical density at 600 nm was approximately 1 [30].

3.2.4a Growth inhibition in solution

The bacteria solutions were diluted to obtain a concentration of 10° CFU/ml. The surfaces
were then incubated in 500 pl of bacteria solution for 6 and 24 h. A 100 ul aliquot of the solution
was taken and the absorbance was read at 600 nm using a plate reader. Bacteria solutions under
the same conditions without exposure to surfaces were used as control. The values were then

compared to the control and the inhibition percentage was calculated.
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3.2.4b Bacteria adhesion on different surfaces

Fluorescence microscopy was used to measure the amount of live and dead bacteria that
adhered to the surfaces. After incubation for 6 and 24 h, the bacteria solution was removed, and
the surfaces were rinsed three times with PBS to remove any non-adhered bacteria. The surfaces
were then incubated in stain solution (3 ul/ml of propidium iodide and Syto 9 stain 1:1 in PBS) for
20 min at room temperature and in a dark environment. After incubation, the stain solution was
aspirated, and the surfaces were rinsed once with PBS. The surfaces were then immediately imaged
using a fluorescence microscope. ImageJ was used to calculate the percentage of live and dead

bacteria on the surfaces.

3.2.4c¢ Bacteria morphology and biofilm formation on different surfaces

Bacteria morphology and biofilm formation on different surfaces were characterized by
SEM. The surfaces were incubated in bacteria solution as described in Section 2.4a for 6 and 24
h. After the incubation, the surfaces were rinsed twice with PBS, fixed and dehydrated, as
described in Section 2.3d. Prior to SEM imaging, the surfaces were gold coated as described in

Section 2.2.

3.2.5. Statistical analysis

SEM images and XPS analysis were reconfirmed on at least 2 different samples of each
surface. Contact angle measurements were taken using 2 droplets per sample on 3 different samples
of each surface (nmin = 6). All other experiments were conducted at least twice with 3 samples of
each surface (nmin = 6). The quantitative results were analyzed via analysis of variance (ANOVA)

and Tukey tests using Origin software (p <0.05).
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3.3. Results
3.3.1. Surface characterization

The SEM images indicate that NT are uniform and vertically oriented, and the PEMs with
5 layers do not entirely coat the surface and still maintain the nanotube topography (Figure 3.2).
The results also show no apparent changes in morphology for NT(CS-HP), NT(CS-HA), and
NT(TA-HP) in comparison with NT. NT(TA-HA) shows some changes in morphology, although
the nanotubes are still visible. No significant difference was observed in nanotubes’ diameter (110

+ 14 nm) even after PEM deposition.

4 NT
. (control)

Figure 3.2. Representative SEM images of titania nanotubes (NT) before and after suface
modification with PEMs.
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Contact angle measurements show that all surfaces are hydrophilic (Table 3.1). A surface
is considered hydrophilic when the static contact angle (8) between the surface and water is less
than 90°, and hydrophobic when 0 is greater than 90°. NT surfaces modified with HP were
significantly more hydrophilic than the ones modified with HA. The NT modified with TA are
slightly more hydrophilic in comparison with the ones modified with CS, although no significant
difference was observed between NT(CS-HP) and NT(TA-HP); and between NT(CS-HA) and

NT(TA-HA).

Table 3.1. Static water contact angle measurements for different surfaces.

Surface Contact angle (degrees)
NT <10
NT(CS-HP) 13+£1
NT(CS-HA) 19+£2
NT(TA-HP) 11+£2
NT(TA-HA) 16+£2

XPS survey spectra indicate that all surfaces have oxygen (Ols), titanium (Ti2ps3,2), and
carbon (Cls) elements (Figure 3.3a). Surfaces modified with HP have S2p and S2s peaks. As
expected, all surfaces modified with PEMs have Nl1s peaks, which is characteristic of the
polyelectrolytes’ composition. The elemental composition of different surfaces was also obtained
from survey XPS scans using MultiPak software (Table 3.2). All modified NT surfaces show an
increase in the carbon content, as well as a decrease in the titanium signal in comparison with the
unmodified NT surface. However, although the oxygen is present in all polyelectrolytes’ chemical
structure, its percentage concentration on the surfaces has decreased compared to NT. This occurs

due to the significant increase in carbon content. The titanium concentration on surfaces modified
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with TA are smaller than the ones modified with CS, indicating that the TA-based PEMs achieve
greater coverage of the NT surface than CS-based PEMs. High-resolution Cls spectra were also
obtained from XPS analysis (Figure 3.3b). Table 3.3 shows the contribution of different peaks in
the overall Cls spectra. The modified NT surfaces have a significant increase in both C—O and
C—N groups when compared to the unmodified NT surface. NT(TA-HP) and NT(TA-HA) also

show a higher concentration of C—C peaks and smaller presence of O—C=0 peaks compared with

NT(CS-HP) and NT(CS-HA).
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Figure 3.3. (a) XPS survey scans for different surfaces. (b) High-resolution XPS spectra for Cls

obtained from the different surfaces
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Table 3.2. Elemental composition of the different surfaces determined by survey XPS analysis.

% Cls % O1s % Ti2p % N1s % S2p
NT 11.7 68.3 20.0 0 0
NT(CS-HP) 472 41.8 53 4.2 1.5
NT(CS-HA) 48.1 44.5 3.6 3.8 0
NT(TA-HP) 59.0 34.4 0.9 4.5 1.2
NT(TA-HA) 62.1 322 0.6 5.1 0

Table 3.3. The relative percentages of C—C/C—H, C—O/C—-N, and N-C=0/COOH determined from
the peak areas from the Cls envelopes for the different surfaces.

C-C,C-H C-0, C-N N-C=0, COOH
NT 63.5 25.7 10.8
NT(CS-HP) 16.8 61.1 22.1
NT(CS-HA) 25.9 60.6 13.5
NT(TA-HP) 35.7 55.8 8.5
NT(TA-HA) 324 55.9 11.7

3.3.2. Hemocompatibility studies

Survey and high-resolution XPS spectra for Cls were collected for the surfaces after
incubation in human fibrinogen solution. The elemental composition was used to investigate the
amount of fibrinogen adsorbed on the material surfaces (Table 3.4). Since proteins contain high
nitrogen levels, the increase in the nitrogen content on the surfaces is due to the fibrinogen
adsorption. The results show that all modified NT surfaces significantly decrease the amount of

fibrinogen adsorbed compared to NT. However, the NT(TA-HA) surface presents the lowest

95



adsorption, followed by the NT(TA-HP) surface. High-resolution Cls spectra indicate three peaks
for all surfaces: N-C=0/COOH, C-N/C-0O, and C-C/C-H (Figure 3.4). An accurate way to
determine fibrinogen adhered on the surface is to identify the contribution of the amide peak (N—
C=0) in the overall Cls peak as the amide group is characteristic of proteins [31]. Figure 3.3b
shows that all surfaces already indicated the N-C=0O and/or COOH groups before fibrinogen
adsorption assay. Therefore, to determine the amount of protein adsorbed, the contribution of the
amide peak after protein adsorption was subtracted by the contribution of the same peak before the
protein adsorption study. The NT surfaces modified with TA-based PEMs have significantly less
fibrinogen adsorbed compared to the other surfaces (Table 3.5). The NT surfaces modified with
CS also have a slight decrease in fibrinogen adsorption when compared to unmodified NT;
however, the TA-based PEMs promoted better fibrinogen resistance. NT(TA-HA) has the lowest

amount of fibrinogen adsorption.
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Figure 3.4. High-resolution XPS spectra for Cls obtained the different surfaces after 2 h
incubation in fibrinogen solution.
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Table 3.4. Nitrogen content found on the material surfaces determined after the fibrinogen
adsorption assay. The difference corresponds to the amount of fibrinogen adsorbed to each surface.
The results were obtained from survey XPS analysis.

% N (BEFORE) % N (AFTER) INCREASE
NT 0 13.1 13.1%
NT(CS-HP) 4.2 9.7 5.5%
NT(CS-HA) 3.8 13.1 9.3%
NT(TA-HP) 4.5 9.2 4.7%
NT(TA-HA) 5.1 7.1 2.0%

Table 3.5. The contribution of amide (N-C=0) peaks in the Cls envelopes are given in
percentages after the fibrinogen adsorption assay. The difference corresponds to the amount of
fibrinogen adsorbed on the material surfaces.

N-C=0 (BEFORE) N-C=0 (AFTER) INCREASE
NT 10.8 27.5 16.7%
NT(CS-HP) 22.1 34.7 12.6%
NT(CS-HA) 13.5 27.8 14.3%
NT(TA-HP) 8.5 18.3 9.8%
NT(TA-HA) 11.7 15.2 3.5%

FXII activation on surfaces was determined by the CT assay. The calibration curve
obtained in the previous study was used to convert the CT measured into FXIla concentration
(Figure 3.5) [23]. NT(TA-HP) was the only surface that significantly decreases the FXII activation
when compared to the unmodified NT. This surface dramatically decreases FXII activation,

reaching about one-eighth of the FXIla amount produced on unmodified NT.
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Figure 3.5. FXII activation on different surfaces. Experiments were conducted at least twice with
3 samples of each surface (nmin = 6). NT(TA-HP) has significantly lower FXII activation than the
NT surfaces (p <0.05).

The fluorescence images of cells adhered to surfaces show that NT(TA-HP) and NT(TA-
HA) significantly decrease the platelet adhesion compared to the unmodified NT (Figure 3.6). The
NT(TA-HP) promotes the lowest amount of platelet adhesion, approximately 10-fold less than that
imparted on NT. NT(CS-HP) also decreases platelet adhesion compared to NT, but not
significantly. After attachment to the biomaterial surface, the platelets can activate, which is
indicated by a morphological membrane change [22]. When platelets are un-activated, they exhibit
a compact round shape. As they start to activate, dendritic extensions are formed and platelets can
be considered partially activated (short-dendritic morphology) or fully activated (long dendritic
morphology) [7]. The SEM results show that NT and NT(CS-HA) surfaces present partially
activated platelets with some short dendritic extensions (Figure 3.7). The formation of platelet
aggregates on NT and NT(CS-HA) surfaces is another evidence of platelet activation [7]. NT(CS-
HP) surface also exhibits platelet aggregation; however, no dendritic extension was observed.

NT(TA-HA) surface presents a small amount of platelet aggregation, with a very low content of
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partially activated platelets. NT(TA-HP) was the only surface with no platelet aggregation or
dendritic formation. SEM results also agree with the fluorescence images, as NT and NT(CS-HA)
surfaces present the highest number of adhered cells, followed by NT(CS-HP). Both TA-modified

surfaces have very low amounts of platelets.

NT
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Figure 3.6. (a) Representative fluorescence microscopy images of platelet adhesion after 2 h of
incubation in PRP. (b) Number of adhered platelets per area (cm?) on the different surfaces.

99



NT (control)

NT(CS-HP)

NT(CS-HA)

NT(TA-HP)

NT(TA-HA)

Figure 3.7. Representative SEM images of adhered platelets on different surfaces after 2 h of
incubation in PRP. The images were taken at 1000x and 2000x magnification.
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3.3.3. Antibacterial activity studies

Bacterial growth inhibition percentage was calculated for different surfaces in comparison
with the control (Figure 3.8). All modified NT surfaces promote higher growth inhibition toward
P. aeruginosa significantly after 24 h of incubation when compared to NT. However, there is no

significant difference in the growth inhibition imparted on S. aureus.

a) P. aeruginosa b) S. aureus

80 60
c . o c
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Figure 3.8. Percentage growth inhibition in solution promoted by the different surfaces against (a)
P. aeruginosa and (b) S. aureus after 6 and 24 h of incubation in bacteria solution. Experiments
were conducted at least twice with 3 samples of each surface (nmin = 6). All NT-modified surfaces
with PEMs present significantly higher growth inhibition toward P. aeruginosa after 24 h than the

NT surfaces (p <0.05).

NT(CS-HA), NT(TA-HP) and NT(TA-HA) significantly decrease the adhesion of live P.
aeruginosa bacteria after 24 h when compared to NT (Figure 3.9a and b). After 24 h, the bacteria
attached on NT(TA-HP) surface are mostly dead, while NT(TA-HA) has almost no bacteria
attached. NT(TA-HP) and NT(TA-HA) also foster better antiadhesive property than the NT(CS-
HP), although no significant difference was observed between them. Both TA-modified surfaces
dramatically reduce the bacteria adhesion on NT (approximately 80%). The amount of the dead

bacteria adhered significantly increase on NT(CS-HA) when compared to NT.
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Figure 3.9. (a) Representative fluorescence microscopy images of P. aeruginosa on the different
surfaces after 6 and 24 hr of incubation in bacteria solution. Green stain indicates live bacteria, and
red stain indicates dead bacteria. (b) Live/Dead P. aeruginosa adhesion on different surfaces after
6 and 24 hr of incubation in bacteria solution. Experiments were conducted at least twice with
three samples of each surface (nmin = 6). NT(CS-HA), NT(TA-HP), and NT(TA-HA) have
significantly lower live bacteria adhesion than the NT surfaces (* indicates p <.05; ** indicates
p<.01; *** indicates p <.001)

Both CS-based PEMs significantly decrease the adhesion of live S. aureus bacteria after
24 h when compared to the NT (Figure 3.10a and b). However, no significant difference in the
percentage area of live bacteria was observed between TA-modified surfaces and NT. On the other
hand, the NT(TA-HP) and NT(TA-HA) surfaces significantly increase the antimicrobial activity

toward both bacteria, imparting a higher number of damaged bacterial cells in comparison with

the NT surface.
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Figure 3.10. (a) Representative fluorescence microscopy images of S. aureus on different surfaces
after 6 and 24 hr of incubation in bacteria solution. Green stain indicates live bacteria, and red stain
indicates dead bacteria. (b) Live/Dead S. aureus adhesion on different surfaces after 6 and 24 hr
of incubation in bacteria solution. Experiments were conducted at least twice with three samples
of each surface (nmin = 6). NT(CS-HP) and NT(CS-HA) have significantly lower live bacteria
adhesion than the NT surfaces. NT(TA-HP) and NT(TA-HA) have significantly higher dead
bacteria adhesion than the NT surfaces (* indicates p <.05; ** indicates p <.01; **** indicates
p=<.0001)

SEM images of the different surfaces seeded with P. aeruginosa show that NT and NT(CS-
HP) have the highest bacteria adhesion, with some colony formation (Figure 3.11). The NT(CS-
HP) also exhibit biofilm formation after 24 h of incubation. NT(CS-HA) presents some damaged

bacteria adhered after 24 h, with no agglomeration. The NT(TA-HP) and NT(TA-HA) promoted

better antiadhesive activity with more damaged cells compared to unmodified NT. This finding
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agrees with the fluorescence microscopy. No biofilm or colony formation was observed on either

NT(TA-HP) and NT(TA-HA).

NT (control)

NT(CS-HP)

NT(CS-HA)

NT(TA-HP)
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Figure 3.11. SEM images of P. aeruginosa on different surfaces after 6 and 24 h of incubation.
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Figure 3.11. Representative SEM images of S. aureus on different surfaces after 6 and 24 h of
incubation.
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The NT imparted the highest S. aureus agglomeration, followed by NT(CS-HA) and
NT(CS-HP) surfaces (Figure 3.12). The TA-modified surfaces show less bacterial attachment than
NT, with little aggregation. This is not in agreement with the fluorescence microscopy images,
likely because the fluorescence microscopy only allows a two-dimensional percentage coverage
calculation. Because the bacteria adhered to NT(TA-HP) and NT(TA-HA) are more spaced out
and the ones adhered to NT are agglomerated (also in three dimensions), the percentage coverage
areas obtained from fluorescence images seem similar, even though NT presents significantly more

bacterial adhesion. SEM results also show no biofilm formation on the surfaces.

3.4. Discussion

Preventing biomaterials-associated thrombus formation and bacterial infection are still
challenges for the successful development of blood-contacting implants. The first event that
happens when biomaterials come in contact with blood is the adsorption of blood plasma proteins,
which mediate subsequent biological phenomena, such as the attachment of platelets and other
blood cells to the surface [32]. Among the blood proteins that adsorb, fibrinogen plays a central
role in the coagulation cascade and is primarily responsible for platelet adhesion [33]. The blood
clotting induced by biomaterial surfaces occurs primarily by the intrinsic pathway of the
coagulation cascade [34]. This intrinsic pathway is initiated by the conversion of the protein Factor
XII (FXII) into its activated form Factor XIla (FXIIa), when blood encounters a foreign surface
[28]. FXIIa then activates a complex sequence of reactions resulting in the conversion of
fibrinogen to fibrin, platelet adhesion and activation, and finally thrombus formation [23].
Therefore, blood-compatible surfaces should be able to prevent the blood protein adsorption and

FXII activation, as well as platelet attachment, in order to avoid blood clotting.
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In this work, TA/HP PEMs on NT were fabricated with the goal to simultaneously prevent
thrombus formation and bacterial infection. Firstly, the topography was changed by producing
titania nanotube arrays surfaces because it has been shown that NT nanostructure reduces platelet
and bacteria adhesion [20,35]. NT was fabricated from titanium sheets via an anodization process
in HF solution, and its formation is caused by the field-assisted dissolution process [24]. Before
NT modification with PEMs, the surfaces were treated with oxygen plasma to form hydroxyl
groups, which allow the surface binding with polycations [23]. The PEMs were then constructed
via layer-by-layer approach to modify the surface chemistry. PEMs were constructed using 5
layers to change the chemistry of NT surface, without modifying the topography [9]. SEM and
XPS results show that PEMs do not coat the nanotube surface (Figures 3.2 and 3.3a). Maintaining
the nanoscale topography is desired because it mimics the natural tissue hierarchy, thus enhancing
biocompatibility [21]. XPS results also indicate that NT was successfully modified with PEMs
since the surfaces present nitrogen peaks, which is characteristic of the cationic polyelectrolytes’
(TA and CS). The presence of S2s and S2p peaks was also expected on surfaces treated with HP,
as sulfur occurs in HP chemical structure (Figure 3.3a). Contact angles measurements also
indicate the successful modification of the surfaces. As expected, NT surfaces modified with HP
are more hydrophilic than the ones with HA because HP is highly negatively charged, possessing
high solubility (Table 3.1).

Fibrinogen is a key protein involved in thrombosis that promotes platelet attachment to the
biomaterial surface, as well as platelet aggregation [36]. Both TA-modified surfaces significantly
decrease the fibrinogen adsorption (Tables 3.4 and 3.5). TA is reported as a biocompatible
cationic tannin polymer derivative synthesized from condensed tannins [17]. Condensed tannins

have a flavonoid type structures, i.e., they comprise structures with two aromatic rings often linked
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to three-carbon chain oxygen heterocycles [37]. The TA structure is based on flavan-3-ol repeat
units (Figure 3.1). Therefore, the TA chemical networks are very different when compared to the
CS and blood proteins. This may help to prevent both protein and platelet adhesion. Also, TA
monomers contain both amine and phenolic -OH substituents. The amine groups are weakly
cationic, whereas the phenolic groups are weakly anionic, possibly imparting the TA with
polyzwitterion-like properties. Zwitterionic polymers have attracted interest due to their ability to
resist both protein adsorption and bacterial adhesion [38]. These materials possesses natural
antifouling properties as the strong hydration shell prevents the surface interaction with biofoulants
[39]. Similar behavior may be responsible for the protein resistance of the TA-modified surfaces
reported here.

Biomaterial-associated thrombosis is due to plasma coagulation and platelet-mediated
reactions [36]. Plasma coagulation happens through the intrinsic pathway, which is initiated by the
conversion of the blood protein Factor XII to its activated form FXIla. NT(TA-HP) significantly
decreases the FXII activation, and this can be due to the TA antifouling properties (Figure 3.5).
To autoactivate, FXII needs to bind to the biomaterial surface and undergo a conformational
change [23]. However, NT(TA-HA) does not significantly decrease FXIla concentration,
indicating that HP may also play an important role in inhibiting the FXII activation. Although
NT(TA-HA) reduces more fibrinogen adsorption than NT(TA-HP), NT(TA-HP) was the only
surface which significantly decreases the FXII activation. This result is more relevant because
decreasing protein adsorption is not enough for preventing blood clotting, and inhibition of protein
activation is required to repress the coagulation cascade.

The platelet-mediated reactions, such as platelet adhesion, aggregation, and activation, also

mediate blood clotting and depend on the fibrinogen adsorption to the surface [32]. Therefore, the
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reduction in fibrinogen adsorption typically decreases both platelet adhesion and activation. The
results agree with this statement for both TA-modified surfaces, which significantly decrease the
platelet adhesion (Figure 3.6). However, NT(TA-HP) was the only surface that presents no sign
of platelet activation or aggregation, showing that HP also prevents platelet activation (Figure
3.7). Additionally, the use of HP in PEMs as the non-terminated layer has the advantage of
reducing its loss of bioactivity. Since HP binds to TA or CS, its high solubility is effectively
minimized, thus enhancing the biomaterial surface stability.

Another barrier for successful implementation of biomedical devices is bacterial infections.
When bacteria colonize on the implant surface, biofilms can be formed, which protect the bacteria
from being attacked by antibiotics [30]. Gram-negative bacteria, such as P. aeruginosa, have a
thin peptidoglycan layer covered by an outer lipid membrane, while Gram-positive only possess a
thicker layer of glycoprotein [40]. However, the anionic phospholipid dipalmitoyl
phosphatidylglycerol is the major component of both Gram-negative and Gram-positive bacteria
[41]. A Gram-positive bacteria commonly related to medical device infections is S. aureus, which
is typically located on human skin [30]. P. aeruginosa is highly involved with hospital infections
and increase the oxidant and inflammatory processes [3]. Because the mechanisms to combat these
two types of bacteria are different, it is important to investigate how the biomaterial surface
interacts with both.

The results show that PEMs on NT promote significant higher growth inhibition in solution
only for Gram-negative when compared to the control group (Figure 3.8). This could be explained
by the positively charged terminated PEMs that interacts with the negatively charged bacterial
membrane, eventually causing the cell death. No significant difference was observed for Gram-

positive bacteria, although all surfaces promote some growth inhibition. It is important to notice
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that NT already showed improved antibacterial properties when compared to pure titanium, and
because Gram-positive bacteria is usually less resistant than Gram-negative, less effort is required
to inhibit its growth. Both TA-based PEMs on NT significantly decrease the bacteria adhesion,
promoting antibacterial effect as well (Figures 3.9b, 3.11 and 3.12). The antiadhesive and
bactericidal properties can be assigned to cationic and phenolic moieties. Flavonoid-based
materials have demonstrated great antimicrobial activities toward both Gram-negative and Gram-
positive bacterial cells. The mechanism is associated with the formation of complexes with both
extracellular and microbial proteins [18,37]. TA also contains ammonium moieties that can
electrostatically interact with the negatively charged microbial cell membrane that contains the
anionic phospholipid dipalmitoyl phosphatidylglycerol. This interaction disrupts the microbial
membrane promoting permeability, leakage of intracellular materials (lactate dehydrogenase,
nucleic acid, and glucose) and suppressing the nutrient transport. All these events cause the death
of bacteria [17]. Of note is that CS-modified surfaces also decrease bacterial adhesion; however,
compared to the TA-based PEMs, the effect was lower. Also, compared to the TA-based PEMs,
CS-modified surfaces have no anti-thrombogenic properties. The NT(TA-HP) surface enhances

the hemocompatibility, antiadhesive, and antibacterial activities of the NT surface.

3.5. Conclusions

Improving blood compatibility and antibacterial properties of medical devices is still a
major concern. In this study, TA/HP PEMs on NT were fabricated, and the surfaces show excellent
anti-fouling, anti-thrombogenic, and antibacterial properties. When compared to CS-based PEMs,
the NT modified with TA-based PEMs impart much better biological responses. These responses

are due to the chemical structure of TA (cationic tannin derivative) that is based on flavan-3-ol
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repeat units. Flavonoids are well-known polyphenolic materials with strong antimicrobial
activities. The ammonium moieties in TA also maximize the antiadhesive and antimicrobial
properties. Hemocompatibility studies demonstrated that TA/HP PEMs decrease protein
adsorption and FXII activation as well as reduce platelet adhesion and activation on NT. This
occurs because the TA comprises both anionic (phenolic) and cationic (ammonium) sites in its
chemical structure. Modified NT surfaces with tanfloc/heparin polyelectrolyte multilayers are
therefore a promising approach to enhance biocompatibility of blood-contacting implants. Future
work is now directed towards investigating the dynamic interaction with blood, as well as the cell

response to the surface.
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CHAPTER 4: ENDOTHELIALIZATION OF TITANIA NANOTUBE ARRAYS WITH

DIFFERENT SURFACE MODIFICATIONS

4.1. Introduction

Over the last ten decades, cardiovascular diseases (CVD) have been highly prevalent in the
United States. CVD is one of the most relevant causes of mortality in the world and leading cause
of mortality in the United States across most racial and ethnic groups [1]. The main cause of CVD
death is the coronary artery disease, which is mostly caused by atherosclerosis [2]. Atherosclerosis
is a chronic inflammatory disease of the arteries, that eventually leads to myocardial infarction. To
treat severe cases of coronary artery disease, vascular stents are commonly used [3]. However, a
common complication of stents is restenosis, which is the artery reocclusion due to smooth muscle
cell proliferation [4]. To prevent in-stent restenosis, drug-eluting stents (DES) were developed.
Although DES elute a mitotic inhibitor to prevent in-stent restenosis, they are also responsible for
worsening the endothelialization of the implant, thus increasing the risk of late stent thrombosis
[5]. Therefore, it is vital to develop novel biomaterials surfaces that better integrate with the
surrounding endothelial cells, without the need of drug use to prevent restenosis.

One effective approach to design hemocompatible biomaterials for cardiovascular implants
is to promote a rapid and complete surface endothelialization [6]. The endothelial monolayer in
blood vessels provides the perfect environment of blood compatibility. Blood flows inside them
without any attraction or thrombus formation. The endothelial cells that line the interior surface of
healthy blood vessels prevent blood clotting by several mechanisms, such as nitric oxide (NO)
release or recruitment of heparan sulfate [7]. The endothelialization of cardiovascular implants (i.

e., when they get covered with an endothelium cell layer) prevents complications such as
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thrombosis or restenosis [2]. This endothelium cell layer is responsible for the expression of anti-
thrombogenic and anti-inflammatory molecules, which will maintain the hemostasis [8].

The successful endothelialization of the implants surfaces mostly depends on the migration
of endothelial cells (ECs), the capture of endothelial progenitor cells (EPC), and the differentiation
of stem cells (Figure 4.1) [9]. EPCs are circulating immature cells that play an important role in
compensatory angiogenesis and vascular homeostasis [10]. It is also important that the biomaterial

surface acts to inhibit the proliferation of smooth muscle cells (SMCs) to prevent restenosis [11].

Stem Cell Differentiation
The direction of EPC Capture
blood flow SMC
EC Migration ‘ EC |
/ 2

Figure 4.1. Representation of in situ surface endothelialization of cardiovascular implants.
Reproduced with permission from ref. 9. Copyright 2017, Wiley-VCH.

In this chapter, we investigated the endothelialization potential of the NT surfaces
developed in chapters 2 and 3. Since they have showed improved antithrombogenic properties,
with significantly lower protein adsorption, FXII activation, and platelet adhesion and activation,
they are promising candidates to be used for cardiovascular implant applications [12,13]. ECs and
SMCs were cultured on the surfaces, and their viability, adhesion and proliferation were evaluated
after 1, 3 and 5 days of cell culture. Indirect immunofluorescent staining was used to determine
the cellular expression and differentiation of ECs through the presence of specific marker proteins

after 7 and 10 days. Finally, EC migration on the NT surfaces was also investigated.
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4.2. Materials and Methods
4.2.1. Fabrication of titania nanotubes (NT) with different surface modifications

NT surfaces were fabricated using an anodization technique on titanium sheets (0.4 mm
thick) as described in Chapter 2 [14]. Prior to surface modification, the substrates were treated
with oxygen plasma at 200 V in 10 cm*/min of oxygen gas for 10 mins. NT surfaces were then
modified with PEG and fluorinated silane (FL) as described in Chapter 2, Section 2.2.1 and
modified with PEMs as described in Chapter 3, Section 3.2.1. Since only NT surfaces modified
with tanfloc (TA) significantly reduced fibrinogen adsorption, Factor XII activation, and platelet
adhesion and activation in comparison with unmodified NT, chitosan (CS) was not used as a
polycation for further studies. Following notation will be used in this chapter: unmodified titania
nanotubes: NT; NT modified with FL: NT-FL; NT modified with PEG: NT-PEG. TA/HP PEMs

deposited on NT: NT(TA-HP); and TA/HA PEMs deposited on NT: NT(TA-HA).

4.2.2. ECs and SMCs culture

Prior to the biological assays, all the surfaces were sterilized by incubating with 70%
ethanol for 5 min, followed by 3 rinses and incubation with sterile PBS for 30 min. Human
microvascular ECs (HMVECs, passage 8) were suspended in Endothelial Cell Basal Medium-2
(EBM2, Lonza) with Supplement kit (CC-4176, Lonza) and 1% (v/v) penicillin/streptomycin
(Corning). Human aortic SMCs (HASMC:s, passage 5) were resuspended in Smooth Muscle Cell
Growth Medium 2 (PromoCell) with SupplementMix (C-39267, PromoCell). The cells were
cultured at 37 °C and 5% CO in 75 cm? culture flasks. Growth medias were changed every other
day until the cells achieved >90% confluence. Following expansion, the cells were detached using
TrypLE Express (Gibco) and the cells were seeded on the sterilized NT surfaces at a final

concentration of 2.0 x 10* cells/ml in 48-well plates.

117



4.2.3. ECs and SMC:s viability, adhesion, and proliferation

ECs and SMCs viabilities were evaluated using CellTiter-Blue assay (Promega) after 1, 3
and 5 days of cell culture. The surfaces with adhered cells were incubated at 37 °C for 7 h in fresh
culture media with 10% of CellTiter-Blue reagent. After 7 h, the absorbance of the solutions was
measured at 570 and 600 nm using a microplate reader (FLUOstar Omega, BMG Labtech) [15].
The CellTiter-Blue reduction percentage correlates with the percentage of viable cells. The cell
viability was calculated as described by the manufacturer’s protocol. The ECs and SMCs were
also seeded in empty wells (positive control), while the negative control was carried out only with
the media without cells. The results obtained for the negative control was used to eliminate the
influence of the cell media on the CellTiter-Blue reduction percentage. The cell viability outcomes
obtained for the surfaces were normalized using the results from the positive control.

ECs and SMCs adhesion and proliferation on the surfaces were characterized using
fluorescence microscopy. After 1, 3 and 5 days of cell culture, the media was removed, and the
surfaces were rinsed with PBS. The cells adhered on the surfaces were fixed in 3.7% formaldehyde
in PBS for 15 mins, followed by three rinses (5 min each) with PBS. Adhered cells were
permeabilized by incubation with 1% Triton X-100 in PBS for 3 min and rinsed twice with PBS
[16]. The surfaces were then incubated in 70 nM of rhodamine phalloidin in PBS for 20 min in a
dark environment. The nuclear stain DAPI (300 nM, ThermoFisher Scientific) was added, and
after 5 min the surfaces were rinsed with PBS twice and then imaged using a fluorescence
microscope (Zeiss). To obtain the quantity of cells adhered on the surfaces, the number of stained
nuclei (DAPI) was counted using ImageJ software.

ECs and SMCs morphology on the surfaces was investigated by SEM. After 1, 3 and 5

days of cell culture, the media was removed, and the surfaces were rinsed with PBS. The surfaces
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were then placed in a fixative solution composed of 3% glutaraldehyde, 0.1 M sucrose, and 0.1 M
sodium cacodylate in DI water for 45 min [17]. After that, the surfaces were moved to a buffer
solution (fixative solution without glutaraldehyde) for 10 min. The surfaces were then dehydrated
by exposure to ethanol solutions (35%, 50%, 70%, and 100%, respectively) for 10 min each step.
The surfaces were then incubated in 100% hexamethyldisilazane (HMDS) for 10 min. After
HMDS removal, the surfaces were dried and stored in a desiccator until further imaging. SEM

imaging was conducted as described in Chapter 2, Section 2.2.2.

4.2.4. Differentiation of ECs on different surfaces

Indirect immunofluorescent staining was used to investigate the cellular expression and
differentiation through the presence of specific marker proteins on HMVECs. The HMVECs were
immunostained for the presence of vascular endothelial cadherin (VE-cadherin) and von
Willebrand factor (VWF) [18]. After 7 and 10 days of cell culture, the media was removed, and the
surfaces rinsed twice with PBS. The adhered cells were fixed and permeabilized as described in
Section 4.2.3. The surfaces were then incubated in 10% bovine serum albumin (BSA, Sigma) for
30 min, followed by incubation in primary antibody (VE-cadherin and vWF, Santa Cruz
Biotechnology) at a dilution of 1:100 in 1% BSA for 60 min. After two rinses with PBS, the
surfaces were incubated with secondary antibody-FITC (Santa Cruz Biotechnology) at a dilution
of 1:200 in 1% BSA for 45 min, followed by two rinses with PBS. Then, the surfaces were
incubated in rhodamine phalloidin and DAPI nuclear stain, as described in Section 5.2.4. The
surfaces were imaged by fluorescence microscopy. The presence of specific protein markers on
each surface was obtained by measuring the percentage coverage area of stained protein using

ImagelJ software.

119



4.2.5. ECs migration study

HMVECs were seeded onto the sterilized NT surfaces in the same way described in Section
4.2.2. except that the final concentration was changed to 5.0 x 10* cells/ml. After a confluent
monolayer of cells was obtained, the surfaces were scratched a straight mark using a micropipette
tip to remove the cells on the center of the surfaces. After that, the culture medium was changed
and the surfaces were incubated at 37 °C for 24 h [19]. Then, the surfaces were incubated in
rhodamine phalloidin and DAPI nuclear stain, as described in Section 4.2.3, and imaged using a

fluorescence microscope (Zeiss).

4.2.6. Statistical analysis

All cell studies were carried out with nmin =3 for qualitative analyses and nmin =4 for
quantitative analyses. The quantitative results were analyzed via analysis of variance (ANOVA)
and Tukey tests using the GraphPad Prism software (p <0.05). The statistical differences were

compared using (*) for p <0.05, (**) for p<0.01, (***) for p<0.001, and (****) for p <0.0001.

4.3. Results and Discussion
4.3.1. ECs viability, adhesion, and proliferation

The rapid EC attachment and growth on the surface is crucial for the successful
endothelialization of the implant and to prevent adverse effects such as thrombosis [20]. To
investigate the EC viability, the surfaces were incubated with HMVECs for 1, 3 and 5 days and
the cell viability was evaluated using CellTiter-Blue assay. The viable cells reduce the resazurin
to resorufin by dehydrogenase enzymes [21]. Thus, a higher percentage of CellTiter-Blue
reduction indicates greater cell viability. The cell viability results were normalized using the

positive control (tissue-culture polystyrene). The results show that NT(TA-HP) increased the cell
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viability after 1 and 5 days of cell culture in comparison with the other surfaces (Figure 4.2). There
is no significant difference between surfaces on day 3, however, NT(TA-HP) also showed
enhanced viability. The ability of the surfaces to support adhesion, proliferation, and spreading of
ECs was also investigated using SEM and fluorescence microscopy images (Figures 4.3a and
4.4). After 3 and 5 days, NT(TA-HP) shows significantly higher number of cells in comparison
with the other surfaces (Figure 4.3b). On day 5, NT(TA-HP) dramatically enhanced the number
of adhered cells, with approximately 500% increase in comparison with unmodified NT, showing
an impressive EC proliferation. These results agree with the cell viability outcomes, as NT(TA-

HP) show improved EC proliferation, thus contributing to the presence of more viable cells.
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Figure 4.2. CellTiter-Blue ECs viability assay after 1, 3 and 5 days of cell culture. Results are
normalized using the positive control on tissue-culture polystyrene. * Represents p < 0.05; **
represents p < 0.01; **** represents p < 0.0001.
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Figure 4.3. (a) Representative fluorescence microscopy images of ECs stained with DAPI (blue)
and rhodamine phalloidin (red) after 1, 3, and 5 days of proliferation. (b) Cell count per area after
1, 3 and 5 days of cell culture. No significant difference is observed on day 1 between all NT
surfaces. * Represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001; **** represents
p <0.0001.

Figure 4.4 presents the SEM results of HMVECs spreading on the different NT surfaces.
As expected, NT(TA-HP) shows increased cell spreading compared to the other surfaces, with
approximately 80% coverage after 3 days of cell culture. The SEM images agree with fluorescence

and viability results, as NT(TA-HP) demonstrates enhanced EC growth and spreading. This could
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be explained due to the presence of protonated amino groups on TA, which may be responsible
for a bioadhesive characteristic, improving the cell adhesion [22,23]. Recent study also showed
that endothelial cells tend to attach and spread more favorably in polycationic-terminated PEMs
[24]. In addition, the presence of heparin is responsible for enhancing the endothelial cell

proliferation due to its ability to potentiate and bind with growth factors [2].

NT NT(TA-HP) NT(TA-HA) NT-FL NT-PEG

Day 1 &

Figure 4.4. Representative SEM images of ECs on NT surfaces after 1, 3 and 5 days of cell culture.
The images were taken at 2,000x magnification.

4.3.2. Differentiation of ECs on different surfaces

The cellular expression and differentiation of ECs were determined via
immunofluorescence through the presence of specific marker proteins on HMVECs. After 7 and
10 days of culture, the cells were immunostained for the presence of the proteins vascular
endothelial cadherin (VE-cadherin) and von Willebrand factor (vWF). VE-cadherin and vWF are
specific proteins to ECs and are only expressed when these cells differentiate into mature

phenotype [18]. It is not only important that ECs are able to attach and proliferate on the
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biomaterial surfaces, but they should also be able to maintain their functionality as they would in
a healthy blood vessel. VE-cadherin is responsible for mediating the cell-cell binding, which is
crucial to tissue structure and to regulate the permeability of blood vessels [25]. The results indicate
no significant difference in VE-cadherin expression between NT surfaces after 7 and 10 days,
however NT(TA-HP) shows higher protein expression compared to all other surfaces (Figure 4.5).
On day 7, NT(TA-HP) presents considerable improved VE-cadherin expression which agrees with
fluorescence images as it is the only surface that achieved complete cell coverage after 7 days.
Another commonly used phenotype marker of endothelial cells is vWF, which is only
synthesized by vascular endothelial cells and megakaryocytes and plays a key role in the blood
coagulation cascade [24]. Therefore, its expression indicates that the ECs on the NT surfaces
maintain their functionality. Figure 4.6 shows that NT(TA-HP) express higher vWF than the other
NT surfaces after 7 days of cell culture. After 10 days, NT(TA-HP) and NT-PEG shows improved
vWF expression compared to NT-FL, with no significant differences between the other surfaces
(Figure 4.6b). This was expected since NT-FL did not enable the EC growth on its surface, thus
the expression of specific protein markers would be negligible. The immunofluorescence results
indicate that all surfaces but NT-FL present considerable expression of specific protein markers to
EC, showing that the cells are mature and are maintaining their functionality. One can also see
from the fluorescence images that only NT(TA-HP) shows a complete EC coverage after 7 days,
which is agreement with previous results, being the only surface that significantly fostered EC
proliferation (Figure 4.5a). In addition, since NT(TA-HP) shows a higher number of cells in

comparison with the other surfaces, it is expected that it presents enhanced protein expression.
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Figure 4.5. (a) Representative immunofluorescence microscopy images of HMVECs after 7 and
10 days of cell culture. Green stain represents VE-cadherin. (b) Percentage area coverage of VE-
cadherin. No significant difference is observed between the NT surfaces on days 7 and 10.
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Figure 4.6. (a) Representative immunofluorescence microscopy images of HMVECs after 7 and
10 days of cell culture. Green stain represents VWF. (b) Percentage area coverage of vWF. No
significant difference is observed between the NT surfaces on days 7 and 10.
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4.3.3. SMC:s viability, adhesion, and proliferation

The control or inhibition of SMC proliferation is vital for a successful endothelialization
of implants to prevent restenosis, which is the artery occlusion due to smooth muscle cell
proliferation [26]. Some strategies used to promote EC adhesion and proliferation on implants
contribute to stimulate SMC growth as well [27]. Therefore, it is important that the biomaterial
surface selectively promotes the growth of EC while preventing SMC proliferation. To investigate
the SMC viability, the surfaces were incubated with HASMCs for 1, 3 and 5 days and the cell
viability was evaluated using CellTiter-Blue assay. The results show that there is no significant
difference between NT surfaces within the same days; however, all NT surfaces show a decreased
in cell viability throughout the days, with a significant reduction in cell viability on day 5 compared
to day 1 (Figure 4.7). The SMCs adhesion and proliferation were also investigated using

fluorescence microscopy images (Figures 4.8a). The results show that there are no significant dif-
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Figure 4.7. CellTiter-Blue SMCs viability assay after 1, 3 and 5 days of cell culture. Results are
normalized using the positive control on tissue-culture polystyrene. There is no significant
difference between NT surfaces within the same days, however, all NT surfaces showed
significantly higher cell viability on day 1 compared to day 5.
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ferences in cell count between all NT surfaces on days 1 and 3 (Figure 4.8b). On day 5, the number
of adhered cells on NT(TA-HA) was significantly higher than on NT-FL. In addition, NT(TA-HA)
was the only surface who significantly increased the cell count from day 1 to day 5. This agrees

with cell viability results as most of NT surfaces inhibit to some extent the SMC proliferation.
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Figure 4.8. (a) Representative fluorescence microscopy images of SMCs stained with DAPI (blue)
and rhodamine phalloidin (red). (b) Cell count per area after 1, 3 and 5 days of cell culture. No
significant difference is observed on days 1 and 3 between all NT surfaces. * Represents p < 0.05.
NT(TA-HA) was the only surface who significantly increased the cell count from day 1 to day 5.
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The SMCs morphology on the surfaces was investigated using SEM after 1, 3 and 5 days
of cell culture. Figure 4.9 shows similar cell spreading on all NT surfaces, except for NT-FL who
inhibit the SMC spreading. This agrees with previous results as, although there is some cell
spreading, the SMC growth is limited and reduced compared to EC proliferation on the same
surfaces. The NT surfaces were able to limit the SMC proliferation, which was expected due to
the presence of nanoscale topography [28]. In addition, the EC proliferation was significantly
faster than SMC proliferation on all surfaces, which could indicate a selective interaction with ECs

over SMC:s in physiological conditions [29].

NT NT(TA-HP) NT-PEG

Figure 4.9. Representative SEM images of SMCs on NT surfaces after 1, 3 and 5 days of cell
culture. The images were taken at 1,000x magnification.

4.3.4. ECs migration study
The ability of surfaces to enhance EC migration is crucial as usually the endothelialization
of implant surfaces occurs due to the migration of the neighbor EC layer [30]. Therefore, in this

work, the EC migration potential on the NT surfaces was investigated. After a confluent monolayer
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of cells was obtained, the surfaces were scratched a straight mark to remove the cells on the center,
and they were incubated for 24 h to allow the ECs to migrate. Bare titanium was used as control
to show the mark size on the surface right after the scratch. The results show that all NT surfaces,
except for NT-FL, allowed the ECs to migrate (Figure 4.12). As expected, since the
superhydrophobic surface (NT-FL) did not promote EC growth, it was not possible to achieve a
confluent layer on its surface. Both tanfloc-based surfaces, NT(TA-HP) and NT(TA-HA),
performed better than N'T, showing a complete coverage of the surfaces, with a 100% confluence
for NT(TA-HP) after 24 h, as if no cells were removed from its surface. This could be explained
due to the presence of heparin, since it has been reported it can improve the endothelial cell
migration [2]. NT-PEG also showed a better cell coverage and spreading in comparison with
unmodified NT. These outcomes agree with the previous ECs results, as NT(TA-HP), NT(TA-

HA), and NT-PEG showed enhanced EC growth and differentiation in comparison with

unmodified NT.
Control NT(TA-HP)
NT(TA-HA) NT-FL NT-PEG

Figure 4.12. Representative fluorescence microscopy images of ECs stained with DAPI (blue)
and rhodamine phalloidin (red) on different NT surfaces after a 100% confluence was obtained
and the surfaces were scratched a straight mark and incubated at 37 °C for 24 h.
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4.4. Conclusions

In this work, the endothelialization potential of the NT surfaces developed in chapters 2
and 3 was investigated. Previous results have showed improved antithrombogenic properties, with
significantly lower protein adsorption, FXII activation, and platelet adhesion and activation, which
indicates they are promising candidates to be used for cardiovascular implant applications. The
results show that all surfaces but NT-FL present considerable expression of specific protein
markers to EC, indicating that the cells are mature and are maintaining their functionality. The NT
surfaces modified with tanfloc and heparin, NT(TA-HP), showed enhanced EC adhesion,
proliferation and migration, which is vital for a successful endothelialization of implants. This
could be explained due to the presence of protonated amino groups on TA, which may be
responsible for a bioadhesive characteristic, improving the cell adhesion. In addition, the presence
of HP is responsible for enhancing the endothelial cell proliferation due to its ability to potentiate
and bind with growth factors. The results also showed that all NT surfaces were able to limit the
SMC proliferation, which is desired to prevent restenosis. Future studies should focus on the co-

culture of ECs and SMCs to evaluate the selective interaction of NT surfaces with ECs over SMC:s.
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CHAPTER 5: TANFLOC/HEPARIN POLYELECTROLYTE MULTILAYERS IMPROVE

OSTEOGENIC DIFFERENTIATION OF ADIPOSE-DERIVED STEM CELLS ON TITANIA

NANOTUBE SURFACES'!

5.1. Introduction

Titanium and its alloys are the most common biomaterial used for orthopedic and dental
implants [2]. Titanium combines excellent mechanical properties, such as high strength, low
density and moderate Young’s modulus, with great biocompatibility and resistance to corrosion
[3]. In addition, titanium can have its properties easily modified by forming alloys or altering its
surface, which makes it suitable for a wide range of biomedical applications [4]. However, the rate
of failure for orthopedic and dental implants can be as high as 10% [5]. One of the major causes
for device failure is the aseptic loosening of titanium implants, mostly due to poor osseointegration
of the prosthesis into the bone [6]. Implants for knees, hips, and teeth need to withstand constant
stresses, which create micromotion of the implant and can lead to the device loosening. Therefore,
it 1s essential to develop novel biomaterial surfaces that promote better osseointegration, thus
reducing implant failure and revision surgeries.

Osseointegration 1s the direct anchorage of a prosthesis to bone by the formation of bone
tissue around the implant [7]. Rapid and stable osseointegration reduces risks of implant failure,
and involves multiple biological processes, including preosteoblast adhesion, differentiation, and
mineralization [8]. To achieve osseointegration, an implant surface must be osteoinductive (i.e.

promote osteoblast differentiation) and osteoconductive (i.e. promote new bone matrix deposition

! This work was published in Carbohydrate Polymers and is reproduced in modified form here with permission [1]
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on its surface) [9]. Therefore, osteoconduction relies on an earlier successful osteoinduction, which
ultimately leads to the implant osseointegration. The osteoinductivity of surfaces can be studied in
vitro by investigating the osteogenic differentiation of stem cells in contact with the biomaterial
surface [10]. Adipose-derived stem cells (ADSCs) exhibit pluripotency in vitro, and are capable
of differentiation into a variety of cell lineages, including osteoblasts. Since ADSCs demonstrate
a substantial capacity for bone formation, they are an excellent model cell type to study osteogenic
differentiation and osteoinduction on biomaterials [11].

Surface modifications have been proposed to enhance osseointegration on titanium
implants. Altering the topography of the biomaterial surface to introduce micro and nanoscale
features can improve the cellular responses [11-13]. Since bone cells in native tissue interact with
nanoscale extracellular matrix elements, such as protein and minerals, the surface nanotopography
increases the adsorption of proteins and stimulates osteogenic differentiation [14]. These nanoscale
interactions predispose cells to adhere, proliferate, and differentiate on nanostructured surfaces
[15]. Nanofabrication techniques recently investigated on titanium include formation of
nanopores, nanofibers and nanotubes [16,17]. Titania nanotube (NT) surfaces have emerged as a
promising approach as they enhance biocompatibility, promote adhesion and differentiation of
stem cells, improve antibacterial properties, and reduce immune responses on titanium [18,19].

The layer-by-layer (LbL) deposition of polyelectrolyte multilayers (PEMs) is another
promising technique to improve the biological response to titanium-based surfaces is [20]. The
LbL approach creates PEMs by alternating the deposition/adsorption of polycationic and
polyanionic layers onto solid surfaces [21]. Tanfloc (TA) is a cationic polyphenol that our research
group has recently investigated as a biomaterial [22]. TA is an amino-functionalized tannin

derivative prepared from condensed tannins using a Mannich’s type reaction with formic acid and
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ammonium chloride [23]. TA can increase the biocompatibility, antithrombogenic and
antimicrobial properties of biomaterials [24,25]. TA-based PEMs improve the hemocompatibility,
cell adhesion, and antibacterial activity of solid substrates [26,27]. The osteoinductive properties
of TA-based surfaces has never been investigated. In this work, TA-based PEMs on NT were
fabricated by first changing the surface topography of titanium to make titania nanotubes. Then,
the NT surface was modified via the LbL technique using the polyelectrolytes TA (polycation),
and heparin (HP, polyanion) or hyaluronic acid (HA, polyanion) to create PEMs with 5-layers on
NT. We have previously used polysaccharide-containing PEMs to modify the surfaces of allograft
bone, showing that these are suitable for promoting stem cell adhesion, reducing bacterial
attachment, and improving inflammatory responses in vivo [28,29]. Polysaccharide based PEMs
can also be used to control growth factor delivery to guide cell behavior [30—32]. Based on this
work, we hypothesize that the combination of polysaccharide-containing Tanfloc PEMs can
improve osteoinduction of ADSCs on titania nanotube surfaces.

In this work, the surfaces were characterized by scanning electron microscopy (SEM), X-
ray photoelectron spectroscopy (XPS), contact angle goniometry, and stability tests. ADSCs were
cultured on the surfaces, and their viability, adhesion and proliferation were evaluated after 4 and
7 days of cell culture. Osteogenesis was then induced and the osteogenic differentiation of ADSCs
was assessed via mineralization and protein expression assays, immunofluorescent staining, and
SEM. The TA/HP PEMs on NT significantly improve osteogenic differentiation of ADSCs and
bone mineral deposition compared to unmodified NT, indicating potential for enhanced

osseointegration.
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5.2. Materials and Methods
5.2.1. Fabrication of titania nanotubes (NT) modified with PEMs

NT surfaces were fabricated using an anodization technique on titanium sheets (0.4 mm
thick) as described in Chapter 2 [33]. Tanfloc (TA, Tanac SA, approximately 60 kDa) was purified
by dialysis. The dialysis process removes impurities (calcium, potassium, and chloride ions) from
TA [25]. For this, a TA solution (2.5 g in 50 mL at 5.0% wt/vol and 50 g L!) was prepared in
distilled water (pH =~ 5.5), previously filtered to remove wood particles, and dialyzed against
distilled water for 12 hrs with no water exchange. Dynamic light scattering (DLS) measurements
determined the molecular masses for dialyzed [34]. Aqueous dialyzed TA aliquots (0.03 to 15 mg
L) were filtered with polytetrafluoroethylene membranes (diameter of 0.45 um) and analyzed in
a Zeta Sizer Nano Malvern apparatus with a He-Ne LASER operating at 663 nm (detection angle
of 173° at 25 °C). Measurements were performed in duplicate (n = 2).

Solutions of TA, HP (Celsus Laboratories, 14.4 kDa), and HA (Sigma, 1.5-1.8 MDa) were
made in acetic acid-acetate buffer (pH 5.0 and 0.2 M) at 1.0 mg/ml concentration. The rinse
solution was prepared from an aqueous acetic acid solution at pH 4.0. The whole process of surface
modification with PEMs was performed under shaking at 30 rpm. The oxidized NT surfaces were
rinsed with the rinse solution for 5 min before the TA deposition. After the rinse solution removal,
the oxidized NT surface was incubated with 0.5 ml TA (polycation) solution for 6 min. The
polycation solution was aspirated, and the surface was rinsed for 5 min. Then, HP or HA
(polyanions) solution was added to the surfaces containing one layer of TA, and allowed to deposit
for 6 mins. This procedure was repeated until the deposit of the fifth layer (polycation terminated).

The PEMs deposited on NT surfaces are denoted NT(TA-HP) and NT(TA-HA) (Figure 5.1).
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Titania
Nanotubes (NT)

Polyelectrolyte
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Figure 5.1. Schematic of PEM fabrication on titania NT and the polyelectrolyte structures (R = H
or OH).

5.2.2. Surface characterization

The morphology of the surfaces was characterized using SEM. The surfaces were coated
with 10 nm of gold and imaged at 15 kV. The ImagelJ software was used to measure the nanotubes’
diameters. The static contact angles were measured with 7 ul of DI water on the surfaces using a
Ramé-Hart Model 250 goniometer. The chemical compositions of the surfaces were characterized
using XPS. Survey-scan spectra were obtained from 0 to 1100 eV at a pass energy of 187 eV, and
high-resolution spectra of carbon Cls peak were obtained at a pass energy of 10 eV. Peak-fit

analysis was performed using MultiPak and Origin software.
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5.2.3. Stability test

The stability of different surfaces was determined by measuring the water contact angles
over a 28-day period [33]. The surfaces were incubated with phosphate buffered saline (PBS) in a
48-well plate and placed on horizontal shaker plate at 100 rpm in an incubator (37°C and 5% CO»)
for 28 days. After 7-day intervals, the surfaces were rinsed with DI water and air dried, and the
contact angles were measured as described in Section 5.2.2. Additionally, XPS was also used to
determine the surface composition after 28 days. Survey and carbon high-resolution spectra were

collected as described in Section 5.2.2.

5.2.4. ADSCs culture

Prior to biological assays, all the surfaces were sterilized by incubating with 70% ethanol
for 5 min, followed by 3 rinses and incubation with sterile PBS for 30 min. Human ADSCs isolated
from adipose tissue and at passage three were obtained from Dr. Kimberly Cox-York’s laboratory
at Colorado State University. The protocol for ADSC isolation from healthy individuals was
approved by Colorado State University Institutional Review Board. The cells were cultured at
37°C and 5% CO> in growth media composed of a-MEM Media (HyClone™) with 10% (v/v)
Fetal Bovine Serum (FBS) and 1% (v/v) penicillin/streptomycin (Corning) [35]. The cells were

seeded on the sterilized NT surfaces at a final concentration of 2.0 x 10* cells/ml.

5.2.5. ADSC:s viability, adhesion, and proliferation
ADSC:s viability was evaluated using CellTiter-Blue assay (Promega) after 4 and 7 days of
cell culture [35]. The surfaces with adhered cells were incubated at 37 °C for 8 h in fresh culture

media with 10% of CellTiter-Blue reagent. After 8 h, the absorbance of the solutions was measured
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at 570 and 600 nm using a microplate reader (FLUOstar Omega, BMG Labtech). The CellTiter-
Blue reduction percentage correlates with the percentage of viable cells. The ADSC viability was
calculated as described by the manufacturer’s protocol. The ADSCs were also seeded in empty
wells (positive control), while the negative control was carried out only with the media without
cells. The results obtained for the negative control was used to eliminate the influence of the cell
media on the CellTiter-Blue reduction percentage. The cell viability outcomes obtained for the
surfaces were normalized using the results from the positive control.

The cell adhesion and proliferation on the surfaces were characterized using fluorescence
microscopy. After 4 and 7 days of culture, the media was removed, and the surfaces were rinsed
with PBS. The cells adhered on the surfaces were fixed in 3.7% formaldehyde in PBS for 15 mins,
followed by three rinses (5 min each) with PBS. Adhered ADSCs were permeabilized by
incubation with 1% Triton X-100 in PBS for 3 min and rinsed twice with PBS [36]. The surfaces
were then incubated in 70 nM of rhodamine phalloidin in PBS for 20 min in a dark environment.
The nuclear stain DAPI (300 nM, ThermoFisher Scientific) was added, and after 5 min the surfaces
were rinsed with PBS twice and then imaged using a fluorescence microscope (Zeiss). To obtain
the quantity of ADSCs adhered on the surfaces, the number of stained nuclei (DAPI) was counted
using Image] software. Cell morphology on the surfaces was also investigated by SEM.

The cell morphology on the surfaces was investigated by SEM. After 4 and 7 days of cell
culture, the media was removed, and the surfaces were rinsed with PBS. The surfaces were then
placed in a fixative solution composed of 3% glutaraldehyde, 0.1 M sucrose, and 0.1 M sodium
cacodylate in DI water for 40 min. After that, the surfaces were moved to a buffer solution (fixative
solution without glutaraldehyde) for 10 min. The surfaces were then dehydrated by exposure to

ethanol solutions (35%, 50%, 70%, and 100%, respectively) for 10 min each step. The surfaces
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were then incubated in 100% hexamethyldisilazane (HMDS) for 10 min. After HMDS removal,
the surfaces were dried and stored in a desiccator until further imaging. SEM imaging was

conducted as described in Section 5.2.2.

5.2.6. Osteogenic differentiation of ADSCs

After 7 days of ADSC culture on the surfaces, osteogenesis was induced using osteogenic
differentiation media, consisting of growth media supplemented with 10" M dexamethasone, 50
pg/mL of ascorbic acid, and 6 mM B-glycerol phosphate. The differentiation media was changed
every other day for 3 weeks. After 1 and 3 weeks of induced osteogenic differentiation, the
following quantitative assays were performed to determine the osteoinductivity of the surfaces:
total protein content, alkaline phosphatase (ALP) activity, and calcium concentration. The surfaces
were rinsed once with PBS and transferred to a new 48-well plate. Then, the surfaces were
incubated in Triton X-100 (0.2% v/v in DI water) and placed on a horizontal shaker at 150 rpm for
20 min to remove all protein content from the surfaces.

A micro BCA assay kit (Thermo Scientific) was used to quantify the total amount of protein
content. Supernatant (150 pL Triton X-100 plus protein mixture) was mixed with 150 pL of
working reagent prepared following the manufacturer’s protocol. The well plate was incubated for
2 h at 37 °C in dark environment. The absorbance was then read at 562 nm. The results for the
total protein content was determined via a standard absorbance curve obtained previously using
the manufacturer's guidelines.

A colorimetric assay kit (QuantiChrom™, BioAssay Systems) was used to quantify the
ALP activity on different surfaces. The supernatant (50 pL of Triton X-100 plus protein mixture)

was mixed with 150 pL of working reagent prepared following the manufacturer’s protocol. The
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absorbance was read at 405 nm after 0 and 4 min of reaction and the ALP activity was determined
using the manufacturer's guidelines. The ALP activity was normalized to total protein content on
each surface.

A calcium reagent set (Teco Diagnostics) was used to quantify the calcium concentration
on the surfaces. After supernatant removal, the surfaces were dried and incubated in 6 N HCI
solution for 2 h to dissolve the deposited calcium. After that, 20 ul of the calcium-acid solution
was removed from each well and mixed with 1 ml of working reagent prepared following the
manufacturer’s protocol. The absorbance of the acid-calcium solution was read at 570 nm and the
calcium concentration was calculated using the manufacturer's guidelines. The calcium
concentration obtained was normalized to total protein content on each surface.

The osteogenic differentiation of ADSCs on the surfaces was also analyzed using
immunofluorescent staining of the cells for the bone protein osteocalcin. After 1 and 3 weeks of
induced osteogenesis, the media was removed, and the surfaces rinsed twice with PBS. The
adhered cells were fixed and permeabilized as described in Section 5.2.4. The surfaces were then
incubated in 10% bovine serum albumin (BSA, Sigma) for 30 min, followed by incubation in
osteocalcin primary antibody (Santa Cruz Biotechnology) at a dilution of 1:100 in 1% BSA for 60
min. After two rinses with PBS, the surfaces were incubated with secondary antibody-FITC (Santa
Cruz Biotechnology) at a dilution of 1:200 in 1% BSA for 45 min, followed by two rinses with
PBS. Then, the surfaces were incubated in rhodamine phalloidin and DAPI nuclear stain, as
described in Section 5.2.4. The surfaces were imaged by fluorescence microscopy. The presence
of osteocalcin on each surface was obtained by measuring the percentage coverage area of stained
osteocalcin using ImageJ software. The osteocalcin percentage area was normalized to the total

number of nuclei on each surface.
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The cell morphology and mineral deposition on the surfaces were also characterized using
SEM. After 1 and 3 weeks of induced osteogenesis, ADSCs were fixed and dehydrated using the
same process described in Section 5.2.4. Before the SEM imaging, the surfaces were coated with

gold and imaged as described in Section 5.2.2.

5.2.7. Statistical analysis

SEM images and XPS analysis were performed on at least 2 different samples of each
surface type. Contact angle and stability tests were carried out using 2 droplets per sample on 3
different samples of each surface type (nmin = 6). All cell studies were carried out with nmin =3 for
qualitative analyses and nmin = 5 for quantitative analyses. The quantitative results were analyzed

via analysis of variance (ANOV A) and Tukey tests using the GraphPad Prism software (p <0.05).

5.3. Results and Discussion

Titanium and its alloys have been mainly used as biomaterials for orthopedic and dental
implants due to their excellent mechanical properties, biocompatibility, and resistance against
corrosion [2]. However, implant failure is still a huge problem due to biological issues, including
poor osseointegration, microbial infection, and inflammation [37]. Therefore, the osseointegration
enhancement of a biomaterial plays a key role in bone repair and tissue regeneration [38]. To
minimize the chances of implant failure, several approaches have been proposed to modify the
surface chemistry and topography of titanium [39—41]. Our recent work showed that the NT
modification with TA-based PEMs significantly enhances the antithrombogenic and antibacterial
properties of NT surfaces [27]. The results showed that TA/HP and TA/HA PEMs (5-layers) on

NT significantly reduced the adhesion and proliferation of bacteria (P. aeruginosa and S. aureus)
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after 24 h of incubation, as well as decreased the fibrinogen adsorption, Factor XII activation, and
platelet adhesion and activation in comparison with unmodified NT surface. These properties are
essential to prevent blood clotting and biofilm formation on implanted devices. However, the
osteoinductivity of TA-based PEMs has never been investigated. In this study, we expand the
characterization of the NT surfaces modified with PEMs. The surfaces were characterized by SEM,
contact angle goniometry and XPS, and their stability in physiological conditions was also
evaluated. cell viability, attachment, proliferation, and differentiation of ADSCs into bone cells

was also evaluated.

5.3.1. Surface characterization

SEM was used to characterize the surface morphology of NT and NT modified with PEMs
(Figure 5.2). All surfaces have uniform and vertically oriented nanotubes. The SEM images show
some changes in morphology for NT(TA-HA) in comparison with the others, although the
nanotubes are still visible. No changes in NT average diameter (112 + 11 nm) were observed before
and after surface modification. This agrees with our previous study, showing that 5-layer PEMs
do not achieve complete coverage of the NT surfaces [27]. We choose to use 5-layer PEMs to
achieve surface modification, while maintaining the nanoscale topography of the surface. These
nanofeatures may increase their surface biocompatibility by mimicking nanoscale behavior of cell-

extracellular matrix interactions [42].
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X10.000 WD 10 1 Iy

Figure 5.2. Representative SEM images of NT surfaces before and after modification with PEMs.
The images were taken at 10,000x magnification.

Contact angle measurements were used to characterize the wettability of all surfaces. All
of the surfaces here are hydrophilic, defined as having a water contact angle 6 < 90° [43] (Figure
5.3). NT surfaces are considered superhydrophilic (8 < 10°) as the water penetrates by capillary
forces in the tubular structures [44]. NT(TA-HP) shows higher hydrophilicity than NT(TA-HA)

because HP possesses a high number of sulfate groups on its structure [45].
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NT (control) NT(TA-HP) NT(TA-HA)
Figure 5.3. Static water contact angles for different NT surfaces. No significant differences in

contact angle between NT and NT(TA-HP) was observed. (*) represents p < 0.05 and (**) p <
0.01.
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XPS was used to evaluate the chemistry of different NT surfaces. Survey spectra of all
surfaces have titanium (Ti2p), oxygen (Ols), and carbon (Cls) peaks (Figure 5.4a). The small
Cls on NT surfaces arises due to adventitious carbon (impurities). The C1s peak intensity is greater
on and the Ti2p peak is substantially reduced in the spectra of NT(TA-HP) and NT(TA-HA),
indicating nearly complete coverage of the NT surface by the PEMs. Both PEM-modified surfaces
also have nitrogen (N1s). The N1s signal arises from the amino groups of the TA and from the
glucosamine residues in the glycosaminoglycans [22]. NT(TA-HP) has sulfur (S2p and S2s) peaks,
due to the sulfate groups in HP, which confirms the addition of heparin. High-resolution Cls
spectra are shown in Figure 5.4b. As expected, NT(TA-HP) and NT(TA-HA) have increased Cls
peaks, including C—O and C—N groups from the polyelectrolytes' structures (Table 5.1). The Cls
spectra results also confirm that NT was successfully modified with PEMs, as O—-C=0, N-C=0,
C-0O, C-N, and C—C bonds are characteristic of the polyelectrolytes' chemical structures. Both
survey and high-resolution spectra confirmed the successful medication of NT surfaces. Before
the PEMs deposition, the NT surfaces were treated with oxygen plasma to form hydroxyl groups,
allowing the surface binding with polycations. The PEMs were then constructed by alternating

polycation-polyanion deposition onto the NT surface due to electrostatic self-assembly.
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Figure 5.4. (a) XPS survey scans and (b) High resolution C1s scans for different surfaces.

5.3.2. Stability test

Prior to the biological assays, the stability of different NT surfaces was evaluated by
measuring water contact angles every 7 days over a 28-day period [33]. The surfaces were
incubated in PBS at 37 °C and placed on a horizontal shaker (100 rpm). The unmodified NT had
no change in contact angle over 28 days, while NT(TA-HP) showed a slight decrease in water

contact angle after incubation in PBS; however, no significant difference was observed (Figure
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5.5). NT(TA-HA) presented a significant decrease in the contact angle as compared to day 0. The
interaction with PBS salts should occur more predominantly with the NT(TA-HA) surface because
the ion-pairing between —COO~ on HA chains and Na* provided from PBS is more effective than

the —OSO;3~ on HP networks and Na* pairing [24]. The remaining PBS on the surface increases its

hydrophilicity.
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Figure 5.5. Static water contact angles for different NT surfaces after 0, 7, 14, 21, and 28 days of
incubation in PBS. (**) represents p < 0.01 and (***) p < 0.001.

XPS measurements were also used to characterize the surface chemistry after 28 days of
exposure to PBS. Survey XPS spectra (Figure 5.6) indicate that NT(TA-HP) and NT(TA-HA)
present differences in their chemical compositions when compared to day O (Figure 5.4a). The
appearance of sodium (Nals) and chlorine (CI2p) on both NT surfaces modified with PEM
indicates that the PBS moieties remain upon the surfaces after the stability test. No difference in
the surface chemistry was observed for the unmodified NT. High resolution Cls spectra show an
increase in the C—C peak in comparison with day O (Figure 5.7 and Table 5.1). We suggest that

the difference in the XPS spectra occurs due to the self-assembling of PEMs. The PEMs were
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carried out at pH 5.0 and then added to PBS (pH 7.4). The alteration of pH provides more non-
ionized amine moieties on TA chains. This behavior can lead the macromolecules to reorganize,
increasing the C1s content, and changing the surface chemistry of the PEMs [24]. The XPS results
agreed with the contact angle findings. Of note is that PEMs remain on NT even after contact with
PBS over 28 days at 37 °C. The PEMs stability is indicated by the presence of N1s peaks and
increased C1s amounts in the survey XPS spectra, as well as by the presence of peaks assigned to

the O—C=0 and N—-C=0 groups in the high resolution Cls spectra (Figure 5.7).
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Figure 5.6. XPS survey scans for different NT surfaces after 28 days of incubation in PBS at 37°C.

Stability of biomaterials is crucial for implanted medical device applications since they are
designed to remain for many years inside the patient’s body [33]. Therefore, it is essential to
investigate if the biomaterial surface is stable under physiological conditions for a significant
amount of time. The cell differentiation study performed here has a duration of 28 days, and

because the initial interaction between cells and implant surface determines the biomaterial
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biocompatibility, it is important to examine its stability for this period of the time. Although NT
surfaces modified with PEMs had some interaction with PBS salts, these surfaces are still stable

under buffer conditions over a period of 28 days.
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Figure 5.7. High resolution Cls scans for different NT surfaces after 28 days of incubation in PBS
at 37 °C.

Table 5.1. The relative percentages of N—-C=0/0—-C=0, C-O/C—N, and C—C peaks obtained from
Cls spectra for different NT surfaces before and after 28-days of incubation in PBS at 37 °C.

N-C=0/0-C=0 C-O/C-N C-C
Surface Before After Before After Before After
NT 10.7 9.9 25.8 22.1 63.5 68.0
NT(TA-HP) 8.5 8.6 55.9 53.7 35.6 37.7
NT(TA-HA) 11.8 16.5 55.8 46.8 324 36.7
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5.3.3. ADSC:s viability, adhesion, and proliferation

ADSCs have attracted great attention for orthopedic biomaterial studies. ADSCs are easily
obtained from the human fat tissue, with a high yield of cells and minimal donor-site morbidity
[46]. They can differentiate into several cell lineages, including osteoblasts, making them a good
alternative to bone-marrow derived mesenchymal stem cells (BMSCs). BMSCs are commonly
used for investigation of biomaterial-cell interaction and osteoinduction [47]; however, their
harvest is invasive and produces a low BMSC yield [11]. Since the ADSCs have shown bone
formation capacity in vitro, they were used in this study. Cell viability was quantified after 4 and
7 days using the CellTiter-Blue assay. The viable cells reduce the resazurin to resorufin by
dehydrogenase enzymes [48]. Thus, a higher percentage of CellTiter-Blue reduction indicates
greater cell viability. The cell viability results were normalized using the positive control (tissue-
culture polystyrene). No significant difference in cell viability is observed after 4 days of culture
(Figure 5.8a), indicating similar initial cell attachment on all surfaces. After 7 days, NT(TA-HA)
promoted a significant decrease in the cell viability compared to NT. No significant difference was
observed between NT and NT(TA-HP) after 7 days of culture, indicating that these surfaces

presented higher metabolic activity of ADSCs than NT(TA-HA).
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Figure 5.8. (a) CellTiter-Blue ADSC viability assay after 4 and 7 days of culture. Results are
normalized using the positive control on tissue-culture polystyrene. (b) Representative
fluorescence microscopy images of ADSCs stained with DAPI (blue) and rhodamine phalloidin
(red) after 4 and 7 days of proliferation. (c) Cell count per area after 4 and 7 days of ADSC culture.
No significant difference is observed on day 4 between all NT surfaces. Cell counts on NT and
NT(TA-HP) are significantly higher at day 7 than at day 4. * Represents p < 0.05; *** represents
p < 0.001; **** represents p < 0.0001.
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Initial adhesion and proliferation of stem cells on biomaterial surfaces are crucial as they
influence osteogenic differentiation, and consequently the implant long-term stability [46]. The
ability of scaffolds to support adhesion, proliferation, and spreading of ADSCs was investigated
using SEM and fluorescence microscopy images (Figures 5.8b and 5.9). After 4 days of cell
culture, no significant difference in the cell adhesion imparted by the surfaces was observed
(Figure 5.8c). However, the NT surface has a significantly higher number of ADSCs after 7 days
compared to both PEM-modified surfaces. This indicates that unmodified NT surfaces impart
higher stem cell proliferation than NT modified with TA-based PEMs. It has been shown that TA-
based PEMs have lower protein adsorption on the surface [26,27]. Thus, these surfaces will result
in lower ADSCs adhesion and will affect subsequent cell proliferation [49]. SEM images show
that ADSCs spread similarly on all NT surfaces (Figure 5.9). Therefore, although the number of
adhered cells is larger on unmodified NT after 7 days, both NT(TA-HP) and NT(TA-HA) surfaces

enable similar sustainable cell growth and proliferation as unmodified NT.

NT NT(TA-HP) NT(TA-HA)

Day 4

Day 7 ©

Figure 5.9. Representative SEM images of cells on NT surfaces after 4 and 7 days of ADSCs
culture. The images were taken at 1,000x magnification. For a better visualization, the cells on the
NT surfaces are post blue-colored.
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5.3.4. Osteogenic differentiation of ADSCs

After 7 days of ADSC culture, the differentiation of cells into osteoblasts was induced by
supplementing the growth media with dexamethasone, ascorbic acid, and B-glycerol phosphate
[37]. Dexamethasone enhances RUNX2 activity (a transcription factor related to osteoblast
differentiation); ascorbic acid increase the secretion of collagen type I; and B-glycerol phosphate
is the phosphate source for hydroxyapatite production [50]. Osteogenesis is crucial, as it predicts
the capacity for tissue regeneration and long-term stability of orthopedic implants, playing a vital
role in preventing device failure. After 1 and 3 weeks, cell functions associated with osteoblast
differentiation (ALP activity, calcium deposition, and osteocalcin deposition) were evaluated.
Mineralization was also characterized from SEM images.

ALP is an enzyme in bone matrix vesicles, and is considered indispensable to
mineralization [51]. Its activity is related to calcification, as the ALP level is high when the level
of inorganic phosphate, a component of the bone mineral phase, increases (de Souza et al., 2020).
Therefore, ALP activity has a peak just before mineralization begins and is considered as an early
indicator of osteoblast differentiation [37]. No significant difference in normalized ALP activity
is found after 1 week of induced differentiation (Figure 5.10). After 3 weeks, NT(TA-HP) and
NT(TA-HA) have significantly higher ALP activity than the NT surface. These results are not in
agreement with the short-term study as unmodified NT showed more adhesion and proliferation
of cells after 7 days; however, both NT surfaces modified with PEMs exhibit higher ALP activity,
indicating that these surfaces have greater potential to enhance osteogenic differentiation.
Although the initial adhesion and proliferation of cells is important, the key factor for an enhanced

osseointegration is how fast and effective the stem cells differentiate into osteoblasts.
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Figure 5.10. ALP activity normalized by total protein content (micro BCA assay). ALP and BCA
assays were performed after 1 and 3 weeks of induced osteogenesis. (*) represents p < 0.05.

Calcium content on the surfaces was quantified, as it is one of the main components of
hydroxyapatite, produced during the mineralization process [52]. Mineralization is the process by
which bone cells produce hydroxyapatite, the principal inorganic component of the bone [53].
Calcium production occurs late in the osteogenesis process, when osteoblasts produce enzymes
that cleave proteoglycans to release calcium and phosphate ions to form hydroxyapatite [37].
Therefore, calcium deposition is an indicator of the osteoconductive capacity of a biomaterial, and
the later stage of differentiation of ADSCs. No significant difference is observed between groups
after 1 week, with a significantly lower calcium content in all samples when compared to week 3
(Fig. 8). NT(TA-HP) promotes significantly higher calcium deposition compared to unmodified
NT surfaces after 3 weeks of induced osteogenesis (Figure 5.11). This is consistent with ALP
activity, as an increased marker for early stage differentiation on TA-based PEMs promotes higher

calcium accumulation on these surfaces at a later time.
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Figure 5.11. Calcium deposited on the surfaces normalized by total protein content. Calcium and
total protein assays were performed after 1 and 3 weeks of induced osteogenesis. (**) represents
p <0.01.

To form the organic matrix for mineralization, osteoblasts will produce several collagenous
and non-collagenous proteins, including osteocalcin [54]. Osteocalcin is a late marker of
differentiation produced exclusively by osteoblasts and is involved in bone matrix formation [37].
Immunofluorescence images show that osteocalcin significantly increases on all surfaces after 3
weeks of induced differentiation when compared to week 1 (Figure 5.12a). The percentage area
coverage of osteocalcin is significantly higher for NT(TA-HP) compared to the other surfaces,
with an increase of approximately 80% (Figure 5.12b). This agrees with ALP activity and calcium
concentration results, showing that NT(TA-HP) improve osteoblast differentiation when compared

to the other surfaces.
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Figure 5.12. (a) Representative immunofluorescence microscopy images of ADSC after 1 and 3
weeks of induced osteogenesis. Green stain represents osteocalcin. (b) Percentage area coverage
of osteocalcin normalized by number of nuclei after 1 and 3 weeks of induced osteogenesis. The
results on week 3 are significantly higher from week 1 across all treatments. (****) represents p <
0.0001.

The mineral deposition and morphology of ADSCs on surfaces were analyzed using SEM
after 1 and 3 weeks of induced osteogenesis. All surfaces are covered by ADSCs and induce
mineral deposition after 3 weeks. However, NT(TA-HP) have more mineral deposits (Figure

5.13). These deposits may be hydroxyapatite, a mineral mainly formed by calcium and phosphorus,
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and matrix vesicles [37]. Matrix vesicles are membrane-invested particles where the first crystals
of bone mineral are formed [53]. SEM results agree with ALP, calcium, and osteocalcin outcomes,
confirming that NT(TA-HP) supports higher mineral deposition, also indicating enhanced

osteogenic differentiation on this surface.

NT NT(TA-HP) NT(TA-HA)

Week 1

Figure 5.13. Representative SEM images of mineral deposition and ADSCs after 1 and 3 weeks
of induced osteogenesis. The images were taken at 1,000x magnification.

Unmodified NT surfaces support the highest number of adhered ADSCs. However,
NT(TA-HP) promotes stronger osteogenic differentiation than unmodified NT. Tannic acids can
enhance the osteoinduction through binding calcium ions, one of the most essential metal ions
involved in osteogenesis [55,56]. TA is a cationic derivative of condensed tannins, comprising a
high content of phenolic groups, which could bind metal ions, such as calcium. TA also contains
amine groups (pKa = 6.0), which can also bind the calcium ions [57]. These chemical traits may
improve osteogenic differentiation of human ADSCs. Although both TA-based PEMs show

enhanced osteogenesis when compared to unmodified NT, TA/HP PEMs on NT impart the best
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results for osteoblast differentiation. This could be because many proteins associated with
osteoblast differentiation contain heparin-binding domains [58]. Therefore, when interacting with
numerous proteins related to osteogenesis, such as vitronectin and bone morphogenetic proteins
(BMPs), heparin can selectively activate desired cell functions and improve osteogenic
differentiation [59,60]. The association between TA and HP provides a surface with suitable

properties to enhance osteogenic differentiation on a titanium-based biomaterial.

5.4. Conclusions

In this work, TA/polysaccharide PEMs were prepared on titania NT to improve cell
behaviors associated with osseointegration on titanium implants. Osseointegration is critical to
prevent aseptic loosening, thus promoting the success of orthopedic and dental implants. The NT
surfaces were successfully modified with PEMs and shown to be stable under phosphate buffer
exposure over 28 days. NT surfaces modified with the TA/HP PEMs induce higher alkaline
phosphatase activity, mineral deposition, osteocalcin and calcium concentration compared with
unmodified NT, indicating enhanced osteoinductivity toward human ADSCs. The polyphenol and
amine moieties in TA may promote bone healing. Also, HP plays an important role due to binding
with signaling proteins involved in osteogenesis. For the first time, we show that the titania NT
can be modified with TA and HP to promote stem cell differentiation. These surfaces may improve
early-stage osseointegration of implants, thus reducing the risk of device failure due to aseptic

loosening.
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