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Titanium and its alloys are widely used in different biomaterial applications due to their remarkable
mechanical properties and bio-inertness. However, titanium-based materials still face some challenges,
with an emphasis on hemocompatibility. Blood-contacting devices such as stents, heart valves, and
circulatory devices are prone to thrombus formation, restenosis, and inflammation due to inappropriate
blood—-implant surface interactions. After implantation, when blood encounters these implant surfaces, a
series of reactions takes place, such as protein adsorption, platelet adhesion and activation, and white
blood cell complex formation as a defense mechanism. Currently, patients are prescribed anticoagulant
drugs to prevent blood clotting, but these drugs can weaken their immune system and cause profound
bleeding during injury. Extensive research has been done to modify the surface properties of titanium
to enhance its hemocompatibility. Results have shown that the modification of surface morphology,
roughness, and chemistry has been effective in reducing thrombus formation. The main focus of this
review is to analyze and understand the different modification techniques on titanium-based surfaces to
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enhance hemocompatibility and, consequently, recognize the unresolved challenges and propose
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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.! However, improper implant surface interactions with
blood are likely to cause thrombosis, and this is a major
complication that can lead to the device failure and other
serious complications.” 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.®> To prevent this, patients are
prescribed blood thinners such as aspirin, vorapaxar, etc.* However,
overuse of these medications can weaken the immune system and,
during injuries, there is profound bleeding of blood.?
Thrombosis is initiated due to the contact of blood to a
foreign surface, such as a metal implant surface, and it starts
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with the adsorption of blood proteins onto the biomaterial
surface, which can lead to a series of complex reactions that
ultimately form the thrombus.® 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 is no central flow, which can damage the
blood cells (Fig. 1A).”° Another medical device that is usually
made of titanium is a left ventricular assist device (LVAD), a
mechanical pump that is implanted in a human’s chest to
assist a weakened heart. The major limitation with these
devices is thromboembolism, bleeding, hemolysis, infection,
and renal failure. A case study on patients using HeartMate II
showed that 11% of the studied patients had thrombus formation
in less than one year after implantation (Fig. 1B and C)."°
Infection was also commonly found due to thrombus
formation.°

In recent years, efforts have been undertaken to reduce the
thrombogenicity of biomaterials and therefore prevent these
complications."" The thrombogenicity of a material is directly
related to its surface properties and can be influenced by
modifying the surface characteristics such as topography,
chemistry, charge, and mechanical properties.">" Therefore,
many research groups are focusing on modifying the titanium
surfaces to improve their hemocompatibility and prevent the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Thrombus formation around the heart valve frame and strut.” Reproduced with permission from ref. 9. Copyright 2016, Elsevier. Examples of
thrombosis in a HeartMate Il device.*° (B) Fibrin formation and (C) fibrin with thrombus formation. Reproduced with permission from ref. 10. Copyright

2014, Elsevier.

failure of blood-contacting implants. The aim of this paper is to
provide an overview of surface modification strategies that are
being applied to improve the blood-surface interaction of
titanium-based materials. The paper begins by highlighting
the titanium properties (Section 2) and how its surface interacts
with blood and its components (Section 3). Then, Section 4
underlines the current progress in surface modification
techniques on titanium to enhance its hemocompatibility.
Finally, Section 5 concludes the present research work and
proposes scopes for future research.

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."*'> 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
light weight implant material of the required strength.'®
In addition, the properties of titanium can be easily modified
by forming alloys, making it suitable for a wide range of
biomedical applications."”"*®

Titanium is also well accepted by different body tissues
without inducing any negative hypersensitivity, toxicity to the
cells, or inflammatory reactions."*”" This inert characteristic of
titanium is due to its low electrical conductivity.** 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 the human body.”® However, metals like titanium
oxidize easily, forming a stable thin passivating layer which is
self-limiting and protects the implant from further
oxidization.>* These titanium oxide layers are formed at a very
fast rate when exposed to moisture in air or water and are
usually a few nanometers thick.”® This oxide layer is shown to
be more biologically inert because of its less reactive nature
when compared to o-Ti.*

Titanium (Ti) is an allotropic metal.”” Titanium along
with its alloys is classified as o (low-temperature), o + B, and
B (high-temperature) based on the crystal structures present in
the substrate. o-Ti is equated to a hexagonal close packed (HCP)

© 2021 The Author(s). Published by the Royal Society of Chemistry

structure, which endows the alloy with more strength, high
fracture toughness and low forgeability.>® In contrast, B-Ti is
when the HCP structure is transformed to a body centered cube
(BCC) structure, which makes the metal more ductile (Fig. 2).
The temperature at which titanium gets converted from HCP to
BCC is 882 °C and is called the 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 P
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 the alpha and beta
phases. The volume fractions, size, and morphology of the o and 3
phases are changed to produce Ti alloys superplastically formable
with the potential to design unitized structures for significant
weight reduction.®® This aspect of Ti alloys makes it easy to
modify the mechanical properties based on the application.
Ti-6Al-4V is an o + B alloy that is ductile and stronger than the
a type or B type Ti alloy. It is important for implants to have both
strength and ductility as they will give them a long life under
fatigue conditions.?

Titanium is often used for medical applications in its pure
form or with alloying agents such as vanadium, aluminum,
tantalum, nickel, and zirconium.*' 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.”> Among titanium and its alloys,
the mainly used materials in the biomedical field are cpTi

/ 0.332 nm
a

a,

o — phase (HCP)

B —phase (BCC)

Fig. 2 Crystal structure transformation of titanium.?® Adapted with per-
mission from ref. 28. Copyright 2013, Elsevier.
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(Grade 2), nickel-titanium and Ti-6Al-4V alloys because of
their excellent corrosion resistance, low modulus of elasticity,
good biocompatibility and high strength.>® The 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.®® Titanium surface has shown to be highly
modifiable at both micro- and nanolevels with simple techniques
such as laser treatment, anodization, and hydrothermal
treatment, and several studies have shown that these modification
techniques can improve the biocompatibility.*>**> Therefore,
recent research has focused on different surface modification
strategies for titanium and titanium alloys to improve the
biomaterial interaction with blood and its components, thus
enhancing their hemocompatibility.

3. Hemocompatibility of
titanium-based biomaterials

Hemocompatibility (i.e. blood compatibility) is an essential
characteristic for any biomaterial used for blood-contacting
medical devices.*® 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.*”"*®
These responses correspond to a series of interconnected events
that happen on the surface as shown in Fig. 3. Since the interaction
between the implant and blood happens only on the implant
surface, intensive research has been carried out to develop novel
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surfaces that are hemocompatible. Modifying the device surface is
effective because it can prevent the blood reactions without altering
the favorable bulk material properties.®

3.1 Blood-biomaterial surface interactions

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.*® 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
is 1000-fold higher than in blood plasma.*' This mechanism
of protein adsorption is complex and dynamic, and involves
electrostatic, van der Waals, and hydrogen bonding
interactions.** The composition and concentration of adsorbed
proteins depend on the physical and chemical properties of the
surface and they might change over time, which is known as
the “Vroman effect”.*> The Vroman effect is a reversible
process wherein the early adsorbed proteins are replaced by
proteins that possess higher surface affinity and usually are in
relatively lower concentrations in blood.** 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 (Fig. 3).>

The most abundant proteins in plasma are albumin, immuno-
globulins, and fibrinogen.*® Fibrinogen is a central protein in the
coagulation cascade and one of the first to adsorb on
%6 Once adsorbed to the artificial surface, it is
responsible for platelet and leukocyte adhesion and activation
(see Sections 3.1.3 and 3.1.4 for more details).*’ Albumin is
generally considered to be inert toward thrombosis, although

biomaterials.
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Fig. 3 Schematic representation of medical device associated thrombosis.> The initial protein adsorption on the implant surface mediates all the
subsequent phenomena. Reproduced with permission from ref. 5. Copyright 2019, Elsevier.
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some studies have shown that platelets and leukocytes can adhere
to the adsorbed albumin layers.** Another key protein involved in
thrombus formation is factor XII, which, once activated, triggers a
series of complex interconnected reactions.’

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

3.1.2.a 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 the biomaterial surface interactions with adsorbed
proteins.*® These two pathways are not independent of each
other, and both can be involved in the biomaterial-associated
thrombosis.*”

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.>® After
FXI activation, factor IX is converted to its activated form factor
IXa, leading to a cascade of proteolytic reactions that result in
thrombin generation by cleavage of prothrombin.?” Thrombin
then converts fibrinogen to fibrin monomers, which polymerize
to form the fibrin mesh.>*

The extrinsic pathway of the coagulation cascade is initiated
by tissue factor (TF) expression from damaged cells at the site
of vascular injury.®” Factor VII (FVII) then binds to TF, and after
its activation to FVIIa, they form the extrinsic tenase complex:
TF-VIIa complex. The TF-FVIIa 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.

3.1.2.h Complement activation. In addition, FXII and kallikrein
are also involved in triggering the complement activation.
The complement system is made up of more than 30 proteins
and plays a vital role in the body’s immune response.*®>* The
activation of the complement system induced by biomaterials

pro-thrombotic

» .
platelet agonists

adhesion platelet
\_ activation

contact activation ™

Fig. 4 Platelet adhesion and activation on the biomaterial surface.>”
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is part of the inflammatory response and is also interconnected
to the coagulation cascade.”” For example, complement
activation is known to occur with vascular grafts, catheters,
and during hemodialysis and cardiopulmonary bypass.>?’

The complement activation can be initiated by three different
pathways: classical, lectin and alternative.”® Biomaterial surfaces
are responsible for triggering both classical and alternative
pathways via cleavage of FXIIa by kallikrein to produce B-FXIIa.?
B-FXIIa then activates the classical pathway, and kallikrein
activates C3 and C5, generating the reactive fragments C3a and
C5a.” C3a and C5a might then influence the leukocyte adhesion
and activation on the implant surface. These enzymes and
reactive fragments generated upon complement activation are
also responsible for cell lysis.

3.1.3 Platelet adhesion. As mentioned, the adsorbed protein
layer plays a vital role in platelet response to biomaterials. The
adsorbed fibrinogen mediates the platelet adhesion to the
surface, and it varies with the protein conformation changes
and the availability of platelet binding domains.”® 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 produces granule contents and dendrites.** 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.’* The thrombin generated by the
intrinsic pathway also induces more platelet activation and
aggregation, which accelerates the coagulation cascade.’® These
platelet aggregates deposited on the implant surface are trapped
by the fibrin mesh to form a fibrin-platelet thrombus (Fig. 4).”°
Platelet activation is also known to occur following hemodialysis
and cardiopulmonary bypass, and with catheters and vascular
grafts.>’

3.1.4 Leukocyte adhesion. Besides the coagulation of blood
plasma and the platelet-related reactions, the hemocompatibil-
ity of biomaterial surfaces is also influenced by leukocyte
activation. Similar to platelets, 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.’®
The activation of leukocytes has been commonly identified in
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cardiovascular devices, such as stents and vascular grafts,
as well as during cardiopulmonary bypass, angioplasty, and
hemodialysis.®” Eventually, the monocytes adhered to the implant
surface can differentiate into macrophages. These macrophages,
once activated, produce pro-inflammatory cytokines that attract
more leucocytes.>® 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 from interacting with the surrounding tissue and can
cause the device failure.

3.3 Evaluation of the 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
evaluation can be classified into 5 different categories: blood
coagulation, immunology, thrombosis, hematology, and
platelets (Table 1).*>°° The evaluation of blood compatibility
should also consider that these processes are not isolated and
interfere in the other responses.

The coagulation category takes into account the contact
activation system (i.e., intrinsic pathway of the clotting cascade).
The assays related to it investigate the specific coagulation
factors and protein adsorption, as well as the thrombin
generation. A previous study has developed a mathematical
model that relates coagulation time to FXIIa concentration.®’
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).®® 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 damaged red blood cells (i.e. erythrocytes),
and it should be below 5%, according to 1S0-993-5-10:1992.°>
Another testing method that could be employed to investigate
the hemocompatibility of the biomaterial surface is the
evaluation of whole blood clotting by a fast hemolysis assay
as described elsewhere.®® The platelet category includes the
characterization of platelet adhesion, activation, and agglom-
eration, as well as its function in the thrombogenic potential of
biomaterials.

Table 1 Hemocompatibility testing (adapted from 1SO-10993-4:2002)%*
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4. Strategies for improving
hemocompatibility of titanium-based
implants

In blood-contacting implants, such as artificial heart valves,
cardiovascular stents, and ventricular assist devices, hemo-
compatibility is crucial. Several studies have established that
surface characteristics, such as chemistry, charge, wettability,
and topography, play a major role in enhancing blood
compatibility.®*"®” Proper surface modification techniques not
only maintain the excellent bulk attributes of titanium and its
alloys, such as a 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.

4.1 Surface properties and their influence on
hemocompatibility

Over the last few 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 the 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.

When changing the topography, the surface roughness will
be 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.*®
The micro/nanoscale architecture attracts great interest in the
biomedical field due to the enhanced cellular response and
biocompatibility.>® Surface roughness R, is a 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.®® 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

ISO 10993-4 categories Primary process

Assays

Coagulation Contact activation
Immunology

Thrombosis

Hematology Hemolysis
Platelets Platelet activation
5828 | Mater. Adv., 2021, 2, 5824-5842

Complement activation

Fibrinogen-fibrin conversion

Specific coagulation factor
Thrombin generation

C3a, C5a, iC3b, C4d, SC5b-9

C3 convertase, C5 convertase
Percent occlusion and flow reduction
Hemolysis

Leukocyte adhesion/activation
Platelet count/adhesion

Platelet activation/aggregation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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influence of roughness in wetting of the surface. The
traditional R, and R, do not fit well statistically or fractal for
superhydrophobic surfaces, which are commonly investigated
for blood-contacting applications. On superhydrophobic
surfaces there are other phenomena 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 (6) into con-
sideration, surfaces are termed superhydrophilic (8 ~ 0),
hydrophilic (0° < 0 < 90°), hydrophobic (6 > 90°), and super-
hydrophobic (0 > 150°). Designing hydrophilic surfaces is
desirable as a lower amount of blood plasma proteins adsorb
on it in comparison with hydrophobic surfaces.*® Due to the
higher water-surface interaction, hydrophilic surfaces tend to
reduce the blood protein adsorption.®® The wettability of a
liquid droplet on a textured surface differs from that on 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.”
In the Wenzel state, the liquid droplet completely penetrates
the nano/microtexture of the titanium surface, thereby having a
completely wetted interface, and the apparent contact angles
are determined by using the relation:

cos 0* = rcos0

where r is the surface roughness of the features, which is the
ratio of the actual solid liquid interfacial area to the projected
surface area.”" Due to the roughness factor, the Wenzel state
enhances wetting or de-wetting based on the Young’s contact
angle. If 0 < 90°, then 6* « 90°, and if 6 > 90°, then 6* > 90°.

As opposed to the Wenzel state, in the Cassie Baxter state,
the droplet does not penetrate the nano/microfeatures due to
the pockets of air trapped between the features and the liquid
droplet. In the Cassie state the apparent contact angle is
determined by using the relation:

cos 0* = f cos 0 + fi, cos(n) = fycos 0 — fiy

where fj, is the area fraction of the liquid-vapour interface and
[ is the area fraction of the solid-liquid interface.””
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.”® Superhydrophobic surfaces normally display high
apparent contact angles (0* > 150°) and low contact
angle hysteresis (A0 < 5°) for high surface tension liquids.”
Super-repellent 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 complete wetting, transitioning

© 2021 The Author(s). Published by the Royal Society of Chemistry
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from the Cassie state to the Wenzel state which is governed by
breakthrough pressure.”” 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/microscale topographies and low surface
energy silane coating. The surfaces are coated with various
functional groups like CF;, CF,, and 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.”*

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.”>’® 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.”” The hydroxyl end groups of the PEG can
be replaced by a variety of functional groups to improve the
surface properties and enhance the hemocompatibility.*®

Crystallinity is another surface property that can influence
the blood-surface interaction.”® The TiO, on the surface exists
in different polymorphs. The phases that have played a major
role in biomedical applications are anatase (tetragonal) and
rutile (tetragonal).”® The phase transformation from anatase to
rutile leads to a change in the electron structure, thereby
modifying the chemical properties of the titanium surface.
The rutile phase facets {100} and {110} are thermodynamically
stable and hydrophilic due to the molecular adsorption at the O
vacancy sites.®* However, the crystalline TiO, is shown to be stable,
which is required for a constant biological performance.®!

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.*® 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 few years to improve the
hemocompatibility of titanium-based surfaces. An overview on
these different strategies is given in Fig. 5.

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 cost, lower water consumption, and
no waste generation.®” Plasma treatment generally transfers the

Mater. Adv,, 2021, 2, 5824-5842 | 5829
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Fig. 5 Different strategies of surface modification on titanium-based surfaces to improve hemocompatibility.

additional energy in the plasma to the surface, increasing the
material surface energy and making the surface more
reactive.®* Gottlicher et al investigated the mechanisms
required for the formation of nanocrystalline stoichiometric
TiO, oxide layers using plasma oxidation.** Previous studies
have shown that the presence of rutile TiO, phase can reduce
thrombosis on the surfaces.®»®® 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
a rough dimple-like oxide layer and a nanostructured rutile
TiO, phase possess enhanced hemocompatibility.®> They used
oxygen plasma with different treatment powers and durations
to modify pure titanium surfaces by oxygen plasma to deposit a
titanium oxide layer.®” The microstructure analysis indicated
formation of an island like nanostructured rutile TiO, layer and
a 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 (Fig. 6A
and B).

Hung et al deposited TiO, layers using oxygen plasma
immersion ion implantation (oxygen PIII). The oxygen PIII
treated surfaces indicated the presence of the Ti*" chemical
state which consisted of nanocrystalline TiO, with a rutile

5830 | Mater. Adv, 2021, 2, 5824-5842

structure.’® The biological studies indicated delayed clotting
time on the oxygen PIII treated surfaces which was associated

Fig. 6 (Aand B) SEM images of red blood cells on control surfaces and plasma
oxidized surfaces at 280 W for 30 min, respectively.®? SEM images showing the
interaction of platelets with (C) titanium surfaces and (D) oxygen PlIl treated
surfaces.®® Reproduced with permission from ref. 86. Copyright 2016, Elsevier.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with decreased fibrinogen adsorption. The oxygen PIII treated
surfaces also showed lower platelet adhesion indicating that
the blood compatibility of the titanium implants can be
improved by oxygen PIII (Fig. 6C and 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).®” The
PEO coating technique builds up TiO, 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 anodization, which leads to the development of different
surface morphologies.”” This PEO coating can generate a
variety of nanostructures that were able to prevent platelet
adhesion and reproduce good hemocompatibility observed in
modern VADs, as well as improve the wear resistance of the
material.

4.2.2 Hydrothermal treatment. Hydrothermal treatment
(HT) is a simple process wherein titanium substrates are
treated at elevated temperature and pressure, mostly in a liquid
medium (acidic/alkaline).”® 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 surfaces without
altering the bulk properties.*®**° These nanostructures provide a
higher surface area and a similar environment to the natural
biological system.** Since blood cells and their components, such
as proteins and minerals, interact with nanoscale extracellular
matrix elements, the surface nanotopography can modulate bio-
logical responses and stimulate physiological responses.®>®

Fig. 7
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Vishnu et al. developed nanoneedles/nanograss on Ti-29Nb
substrates using HT with NaOH solution.”® The surface was
superhydrophilic in nature and has shown reduced platelet
adhesion and reduced hemolysis rates, thus improved
hemocompatibility (Fig. 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.’*
The nanopore surface that showed superhydrophilicity had
the lowest protein adsorption and significantly decreased the
platelet and leukocyte adhesion (Fig. 7D-F).

4.2.3 Anodization. Anodization is an electrochemical treat-
ment where the substrate to be treated is the anodic part of the
electrolytic cell in an electrolytic solution. This treatment is highly
tunable, and the reaction rate and kinetics can be altered by
varying the anodization potential, electrolytic composition and
concentration.”® Anodization is a quick and inexpensive electro-
chemical technique to produce an array of TiO, nanotubes on
currently implanted titanium-based devices.”® TiO, nanotubes
have attracted considerable attention due to high biocompatibility
and osseointegration properties. Recently they have emerged as a
good tool for use in cardiovascular applications, such as stents.
Various studies have shown that TiO, nanotubes can be produced
with ordered alignment using the 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 and
150 nm, and these structures usually make the surface hydro-
philic 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.*®

(A) SEM images showing the surface morphology of hydrothermally treated nanograss surfaces. (B and C) SEM images showing platelet adhesion

on control and nanograss Ti29Nb alloy surfaces, respectively.°® Adapted with permission from ref. 90. Copyright 2020, Elsevier. (D) SEM images showing
the morphology of control and hydrothermally treated titanium surfaces, respectively. (E and F) SEM images showing platelets and leukocytes adhered on
control and hydrothermally treated titanium surfaces, respectively.®*

© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 5824-5842 | 5831
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Junkar et al. developed nanotubes for stent applications
using anodization in hydrofluoric acid solution and further
treatment with highly reactive oxygen plasma.’* Results show
that the developed TiO, nanotubes are hydrophilic and have
better hemocompatibility compared to unmodified titanium
surfaces.”® TiO, nanotubes treated with plasma decreased
platelet and smooth muscle cell 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.

Pan et al fabricated TiO, nanotube arrays of varying
diameters via anodization and further doped them with zinc
using hydrothermal treatment to improve biocompatibility.®
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 TiO, nanotube arrays) when compared to hydrophilic
surfaces (TiO, nanotube arrays) and bare titanium (Fig. 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.

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 TiO, nanotube
arrays with different diameters and crystal structures on
endothelial cell behavior and blood compatibility were
investigated.’® The results indicated that the TiO, nanotube
arrays with a smaller diameter and anatase crystals had good
blood and cell compatibility. There was a decrease in the
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platelet adhesion and hemolysis rate, while there was also
an increase in endothelial cell adhesion and proliferation
(Fig. 8D-F).

4.2.4 Super-repellent surfaces. Super-repellent surfaces are
surfaces that repel most liquids as their surface energy is
significantly lower.”” 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.”® Superhydrophobicity can be
achieved by a combination of surface texture (e.g., micro and/or
nanoscale texture) and coating with low surface energy
compounds.®’

Studies have shown that nanotubes that are chemically
coated can lead to various surface interactions. Sabino et al.
showed that when coated with a fluorinated silane the surface
was superhydrophobic and when coated with PEG the surface
was superhydrophilic.*® The superhydrophobic surface reduced
the amount of protein adsorption and significantly delayed
whole blood clotting when compared to other surfaces.
Similarly, Xu et al. were able to produce a superhydrophobic
surface by coating the nanotube surface with self-assembled
monolayers of octadecyl phosphonic acid (ODPA)."°

Jiang et al. fabricated superhydrophobic titanium oxide
coatings on Ti-6Al-4V alloys by micro-arc oxidation (MAO)
treatment and subsequent coating with a 1 wt% alcohol solution
of 1H,1H,2H,2H-perfluorooctyl-trichlorosilane (PFOTS).'®" The
resulted crater-like porous microstructured superhydrophobic
surfaces displayed an apparent water contact angle of 153°.
The superhydrophobic surfaces displayed higher corrosion
resistance when compared to uncoated Ti-6Al-4V. The super-
hydrophobic surfaces also showed a low hemolysis ratio and no
platelet adhesion, hence improving the blood compatibility of
the Ti-6Al-4V alloy (Fig. 9A-C).

Fig. 8

(A) SEM images showing the surface morphology of zinc doped TiO, nanotubes. (B and C) SEM images showing platelet adhesion on control and

zinc doped TiO, nanotubes, respectively.®® Adapted with permission from ref. 95. Copyright 2020, American Chemical Society. (D) SEM images showing
the surface morphology of TiO, nanotube arrays anodized at 30 V. (E and F) SEM images showing platelet adhesion on control and TiO, nanotube arrays
(anodized at 30 V).°® Adapted with permission from ref. 96. Copyright 2019, Elsevier.
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Fig. 9

(A) SEM images showing a crater-like porous microstructure on the Ti-6Al-4V surface. (B and C) SEM images showing platelet adhesion on bare

Ti—6Al-4V and superhydrophobic MAO + TFOS surfaces, respectively.’®* Adapted with permission from ref. 101. Copyright 2015, Elsevier. (D) SEM image
showing superhydrophobic TiO, nanotube surfaces. (E and F) SEM images showing platelet adhesion on a bare TiO, nanotube surface and a PTES
modified superhydrophobic surface, respectively, after 120 min exposure.’®® Adapted with permission from ref. 103. Copyright 2010, Elsevier. (G) SEM
image showing multifunctional 3D micro-nanostructures on the nickel-titanium surface. (H and I) SEM images showing platelet adhesion on the pristine
nickel-titanium surface and superhydrophobic multifunctional 3D micro-nanostructured surface.'® Adapted with permission from ref. 104. Copyright
2020, American Chemical Society. (J) SEM images showing nano-flowered surfaces. (K and L) SEM images showing platelet adhesion on non-textured

titanium and superhemophobic nanoflower titanium surfaces.’°® Adapted with permission from ref. 105. Copyright 2016, Wiley-VCH.

Chen et al. fabricated a superhydrophobic surface on the
Ti-6Al-4V alloy using hydrothermal treatment with NaOH and
subsequent coating with PFOTS.'** Various NaOH concentrations
were 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 the highest
apparent water contact angle of 159°. The superhydrophobic
surface showed a decreased hemolysis ratio, platelet adhesion
and a prolonged coagulation time, hence improving the in vitro
hemocompatibility of the Ti-6Al-4V alloy.'®

Yang et al. fabricated superhydrophobic TiO, 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).'*®
The PTES modified TiO, nanotubes displayed an apparent
water contact angle of 156°. The superhydrophobic nanotube
surfaces displayed lower platelet adhesion and activation when

© 2021 The Author(s). Published by the Royal Society of Chemistry

compared to bare titanium and superhydrophilic surfaces, thus
exhibiting enhanced hemocompatibility (Fig. 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 a superhydrophobic coating.'” These fluorinated
microstructures displayed an apparent contact angle of 167°
for water droplets, indicating superhydrophobicity. The
biocompatibility studies have shown a low hemolysis ratio,
low platelet adhesion and 100% cell viability on these surfaces
(Fig. 9G-I). The surfaces have also shown excellent stability over
time. Further, these surfaces have significantly reduced micro-
bial adhesion and biofilm formation, indicating antimicrobial
properties.

Movafaghi et al. fabricated titania nanotube surfaces via
electrochemical anodization and titanium nanoflowers via
hydrothermal treatment.'®® These surfaces were further treated
with (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trichlorosilane to

Mater. Adv., 2021, 2, 5824-5842 | 5833
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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 rolloff angles
for human blood plasma, indicating superhemophobicity. These
surfaces displayed significant lower adhesion and activation of
platelets when compared to hemophobic and hemophilic surfaces
(Fig. 9J-L). Bartlet et al. also developed superhemophobic titania
nanotube surfaces.'® The titania nanotube arrays were developed
by the anodizing technique and these surfaces were made super-
hemophobic 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 a hydrothermal process and silanization using
the Ti-6Al-4V alloy.'®” 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-6Al-4V
surfaces.

Moradi et al. investigated the effect of wettability on the
blood compatibility of titanium and stainless steel
substrates.’®® 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 a 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.

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.”” It possesses a
very similar structure to heparan sulfate, a proteoglycan present
on the endothelial cell surface that provides the natural
anticoagulant surface properties of the endothelium.'® Heparin
is responsible for binding to antithrombin and inhibiting fibrin
mesh formation. Because heparin is a highly negatively charged
molecule, it is usually incorporated on titanium surfaces via
electrostatic interactions with positively charged polymers to
avoid the reduction of its biological activity."'® 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.'*"'"

Zhang et al showed that collagen/heparin coating on
titanium surfaces decreases the platelet adhesion and activation

5834 | Mater. Adv, 2021, 2, 5824-5842
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and improves the endothelization process of the implant.''?
Collagen is the major component of the extracellular matrix
(ECM) and has been used to modify the surface of cardiovascular
implants to enhance the biocompatibility and induce cell-bio-
material interactions.''’ Cherng et al coated pure titanium
surfaces with heparin/dopamine and heparin/collagen via
LbL techniques."™* Heparin/dopamine was a porous polymer
structure and heparin/collagen was a multilayer structure
constructed by electrolytes. Both these surfaces promoted the
anticoagulation effect when compared to actual surfaces.
However, the anticoagulation effect was better on the heparin/
dopamine coated surfaces due to its long-term stability."*

Yang et al. loaded TiO, nanotube arrays with a 5-layer
polydopamine coating and further coated the surface with the
anticoagulant drug bivalirudin. The polydopamine coating
controlled the release kinetics of bivalirudin and the bivalirudin
activity was seen for more than 300 days compared to the 40-day
activity from TiO, nanotubes loaded with the bivalirudin sub-
strate. In vitro and ex vivo studies showed that the modified
surface improved hemocompatibility by reducing adhesion and
denaturation of fibrinogen and platelets and effectively reducing
thrombus formation."*

Li et al. developed co-immobilization to form heparin and
fibronectin films on aminosilanized titanium surfaces.'” This
technique combines electrostatic interaction and co-
immobilization, and the co-immobilized films were stable after
immersion in phosphate-buffered saline (PBS) for five days and
enhanced the hemocompatibility of titanium surfaces. Fibronectin
is an adhesive glycoprotein that promotes endothelial cell
attachment and spreading.'*® The films reduced the hemolysis
rate, prolonged the blood coagulation time, and increased the
ATII binding density. The co-immobilized surfaces also
showed less platelet activation and aggregation, and less
fibrinogen conformational change in comparison with the unmo-
dified titanium surface. Similarly, Li 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."™ The surfaces reduced the blood hemolysis
rate, prolonged the blood coagulation time, decreased platelet
activation and aggregation, and induced less fibrinogen
conformational change when compared with the unmodified
titanium surface.

Xu and Cai prepared a bioactive coating by self-assembly of
phase transited lysozyme (PTL) and heparin to improve the
biocompatibility of titanium.'*® PTL has been shown to have
excellent biocompatibility and antibacterial properties, and in this
study positively charged PTL was used for strong electrostatic
interactions with heparin. The PTL/heparin coated surfaces were
hydrophilic in nature. The results indicated that these surfaces
showed adhesion of a lower number of platelets and a delayed
blood clotting time when compared to other surfaces (Fig. 10A-C).
These surfaces also showed a low hemolysis ratio, indicating their
better hemocompatibility compared to other surfaces.

Another biopolymer largely employed to introduce cell
recognition sites to the biomaterial surface is chitosan.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) SEM image showing the surface microtopography of a titanium surface modified with PTL/heparin. (B and C) Fluorescence images showing
the adhesion of platelets on bare titanium and titanium modified with PTL/heparin, respectively.!® Adapted with permission from ref. 120. Copyright
2019, Elsevier. (D) SEM images showing the morphology of titanium surfaces modified with heparin/chitosan. (E and F) SEM images showing platelet
adhesion on titanium and titanium surfaces modified with heparin/chitosan, respectively.112 Adapted with permission from ref. 112. Copyright 2018,
Elsevier. (G) SEM image showing titania nanotube surfaces modified with tanfloc/heparin polyelectrolyte multilayers. (H and 1) SEM images showing
platelet adhesion on unmodified titania nanotube surfaces and titania nanotube surfaces modified with tanfloc/neparin, respectively.*'® Adapted with
permission from ref. 110. Copyright 2020, Wiley-VCH. (J-L) SEM images showing platelet adhesion on pristine titanium, TA/SS 1, and TA/SS 2 coated
surfaces — 1 and 2 indicating different volume ratios.*?® Adapted with permission from ref. 126. Copyright 2020, Elsevier. (M-0O) SEM images showing
platelet adhesion on non-treated, tannic acid-treated, and ulvan-coated Ti/TiO, surfaces, respectively.®® Adapted with permission from ref. 128.
Copyright 2020, Elsevier.

Chitosan has excellent biocompatibility properties, and its
positive charge allows it to be combined with heparin via the LbL
technique. Zhang et al. investigated the immobilization of heparin
and chitosan on titanium to improve hemocompatibility and
antibacterial activity (Fig. 10D-F).'"> They showed that these

© 2021 The Author(s). Published by the Royal Society of Chemistry

surfaces were able to prevent protein absorption, platelet adhesion,
and blood clot mass. Vyas et al. also developed biofunctionalization
of titanium with chitosan/hydroxyapatite via silanization.'**
Hydroxyapatite is a bioactive ceramic largely used for biomaterial
applications due to its similarity with natural bone.'?* These
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surfaces were able to significantly decrease in hemolysis
percentage in comparison with cpTi.'*!

Zwitterionic polymers are known to be resistant to protein
adsorption due to ionic interactions that rapidly create a
hydration layer on the surface.®® Zwitterionic molecules have
equal anion and cation groups on their chains, which make them
highly hydrophilic and endow them with natural antifouling
properties.'** Sabino et al. showed that the combination of a
cationic tannin derivative (tanfloc) with heparin by LbL assembly
significantly decreases factor XII activation, and platelet adhesion
and activation."'® The zwitterionic-like properties of tanfloc are
able to prevent blood protein adsorption and heparin acts to
inhibit the coagulation cascade activation.”* They developed
tanfloc/heparin polyelectrolyte multilayers on titania nanotube
array surfaces to enhance blood compatibility and antibacterial
properties.’'® The tanfloc/heparin coated nanotube arrays were
hydrophilic in nature and displayed a significant decrease in
fibrinogen adsorption, factor XII activation and platelet adhesion
and activation (Fig. 10G-I). These surfaces also reduced bacterial
adhesion and proliferation, further indicating no biofilm
formation. These surfaces thus 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 the atom transfer radical polymerization
technique."” Both polymer brushes reduced adsorption of
albumin and fibrinogen protein to the surface compared to TiO,
nanotubes. The FTIR results showed that the adsorbed albumin on
the polymer coated surface had a significantly different secondary
structure, which reduced platelet adhesion and activation. In
contrast, the adsorbed albumin on the TiO, nanotube surface
showed no structural changes.'*®

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 surface adhesive trihydroxyphenyl groups in TA.'?¢
TA and its derivatives are widely used as primers for immobi-
lization of other molecules due to the presence of phenolic
hydroxyl groups that could act as hydrogen bond donors."”’
The TA/SS coated surfaces were hydrophilic in nature. These
surfaces were repellent to proteins and showed lower platelet
adhesion and anti-adhesive bacterial properties (Fig. 10J-L).
These surfaces further showed low cytotoxicity towards fibro-
blast cells indicating overall biocompatibility.

Lee and Kang used a green seaweed derived polysaccharide
ulvan to enhance the blood compatibility of Ti/TiO, surfaces.**®
Tannic acid was used for surface coating and subsequent
grafting of ulvan onto the surface. Ulvan is a sulfated poly-
saccharide which has recently attracted attention due to its
antioxidant, antiviral, and anti-adhesive properties."** The
results indicated that the ulvan coated surfaces were super-
hydrophilic in nature and resulted in a significant reduction in
fibrinogen adsorption and platelet adhesion, thus enhancing
hemocompatibility (Fig. 10M-0O).

Chen et al. prepared functional titanium surfaces with
carboxylic terminated PEGgo/PEG,49 and CD34 antibodies
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and evaluated those surfaces for hemocompatibility."*® The
titanium surfaces were initially hydroxylated and further
aminosilanized which were further used for covalent grafting
of polyethylene glycol and the antibody. The CD34 antibody was
immobilized on the surface to attract endothelial progenitor cells
(EPCs) directly from the bloodstream.'*® The in vitro platelet
adhesion tests confirmed superior hemocompatibility and
enhanced endothelialization when compared to control surfaces.

Wu et al. fabricated quercetin-loaded chitosan nanoparticles
and using the LbL self-assembly technique coated titanium
substrates with five and ten bilayers of hyaluronan and
quercetin-loaded chitosan nanoparticles.”*" Quercetin is a
naturally occurring flavonoid that has been shown to exert the
anticoagulant effect similar to heparin. The 10-bilayer modified
surface with quercetin-loaded chitosan as the top layer reduced
platelet adhesion compared to the control titanium surface and the
5-bilayer surface with hyaluronan as the top layer. This indicates
that quercetin-loaded chitosan improved anticoagulation."*

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."*> Quercitrin, a
glycoside formed from the flavonoid quercetin, has shown
enhanced cell differentiation and anti-inflammatory activity when
immobilized on titanium surfaces."*® The surfaces were investi-
gated for cell adhesion, cytotoxicity, nitric oxide production and
metabolic activity using primary human umbilical cord endothe-
lial cells. Platelet adhesion, hemolysis rate, and bacterial adhesion
were also analyzed. The results indicated that all surfaces were
biocompatible, with no hemolysis, and the nanostructured
surfaces displayed lower platelet adhesion. The nanostructure
surfaces coated with quercitrin also showed enhanced endothe-
lialization and lower bacterial adhesion, and also they were able to
prevent thrombosis, thus being a promising approach to improve
the biocompatibility of bare metal stents.

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
via several mechanisms, such as nitric oxide (NO) release or
recruitment of heparan sulfate."** The endothelial inner lining
is composed by a layer called glycocalyx, which is rich in
proteoglycans bearing glycosaminoglycan (GAG). Recent
research has been focused on creating multifunctional surfaces
that can mimic the endothelium environment. Simon-Walker
et al. coated TiO, nanotubes (TiO,NT) with heparin-chitosan
polyelectrolyte multilayers (PEM) to provide glycosaminoglycan
functionalization.'®® These surfaces were then modified with
NO-donor chemistry to provide an important antithrombotic
signal. The combination of surface nanotopography,
GAG-based surfaces, with NO-donor chemistry demonstrated
a substantial reduction in platelet adhesion and activation
compared to unmodified TiO, surfaces (Fig. 11A-G).

Liu et al. developed a multifunctional titanium surface for
simultaneous enhancement of endothelial cell selectivity and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (A-C) SEM images showing TiO,NT, TiO,NT + PEM and TiO,NT + PEM + NO surfaces. (D-G) SEM images showing adhered cells on bare

titanium, TiO,NT, TiIO,NT + PEM and TiO,NT + PEM + NO surfaces.®® Adapted with permission from ref. 135. Copyright 2017, American Chemical
Society. (H-J) SEM images showing the surface morphology of HA micro-patterned titanium surfaces modified with EC-ECM (ECMgc/HAP), SMC-ECM
(ECMsmc/HAP), and both SMC-ECM and EC-ECM (ECMgmc/ec/HAP), respectively.™® (K-N) SEM images showing platelet adhesion on respective

surfaces.®” (O-R) Fluorescence images showing the growth of HUVECs after 3 days on respective surfaces.

hemocompatibility. The surface was prepared by conjugation of
the REDV peptide to a surface grafted PEGMA polymer brush
via surface-initiated atom transfer radical polymerization on a
dopamine-modified titanium surface.’*® 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 a titanium surface by culturing/deculturizing
smooth muscle cells (SCM) and endothelial cells (EC)
controlled by the hyaluronic acid (HA) micro-pattern.’®” This
double deck ECM coating showed a higher ECM density, a
different wettability and larger pore sizes which lead to better
hemocompatibility, anti-inflammation, tissue compatibility and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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pro-endothelialization (Fig. 11H-R). The ECM coating maximized
the reproducibility of the structure and functionality of the
vascular basement membrane.

Wang et al. also prepared an ECM inspired surface by
functionalization with heparin, fibronectin, and VEGF on titanium
surfaces to construct a multifunctional microenvironment
to inhibit thrombus formation."*® The modified surfaces
significantly enhanced the ATIII binding density and prolonged
the clotting time. The in vitro platelet study also indicated
favorable anticoagulant properties, thus indicating that the
heparin/fibronectin/VEGF = multifunctional  coating
successfully constructed with desirable anticoagulant properties.
In addition, these surfaces promoted enhanced proliferation of
EPCs and ECs, thus accelerating endothelialization.

was
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Fig. 12 (A and B) SEM images showing the surface morphology of rutile TiO, nanorod arrays (TNA).2*° (C) SEM images showing the surface morphology
of the ZrN film. (D and E) SEM images showing platelet adhesion on nickel-titanium SMA and ZrN film surfaces, respectively.*** Adapted with permission

from ref. 141. Copyright 2010, Elsevier.

4.2.7 Other surface modifications. Several other agents have
also been incorporated on the titanium surface to enhance its
hemocompatibility.”® Some cardiovascular implants, such as
mechanical heart valves and stents, have been coated with
pyrolytic carbon, which is known to decrease platelet adhesion
and activation.” Chen et al. fabricated TiO, nanorod arrays (TNA)
and used magnetic filtered cathodic vacuum arc deposition
(FCVAD) to deposit carbon plasma nanocoating with sp>-C
bonding on these nanorod arrays (Fig. 12A and B)."*° The TNA
nanocomposites were investigated for hemocompatibility and
cell endothelialization. The carbon nanocoatings improved cell
viability and possessed higher hemocompatibility. Their previous
work also indicated that these TNAs showed excellent blood
compatibility, showing drastically reduced platelet adhesion and
activation due to hydrophobicity and surface topography.'*°

Chu et al. deposited zirconium nitride (ZrN) films on an electro-
polished nickel-titanium shape memory alloy (SMA). The ZrN film
displayed a fine fibrous structure composed of a stable ZrN phase
together with a small amount of a second ZrO, phase."*" The results
indicated that the ZrN films improved hemolysis resistance and
thromboresistance, thereby making the treated surface materials
more suitable for blood-contacting implants (Fig. 12C-E).

Cattaneo et al. investigated the in vitro biocompatibility of
braided electropolished/blue oxide nickel-titanium samples in
a blood flow loop which showed significantly lower platelet
adhesion."*” Further there was a significant increase in cell
seeding when compared to non-electropolished surfaces with a
native oxide surface. The results concluded the presence of a
thin layer mainly containing titanium oxynitride as a potential
cause of improved biological performance.

5. Conclusions and future perspectives

Blood is a complex smart liquid which can perform various
necessary functions needed for our body functionality.

5838 | Mater. Adv., 2021, 2, 5824-5842

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 the human
body. Hence, researchers have been exploring different techniques
to enhance the 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
lead to thrombus formation and inflammation. The influence
of implant surface properties such as chemistry, morphology,
crystallinity, charge, and wettability has been 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 manuscript have shown that hemocompatibility can be
improved with surfaces imitating the vascular environment
with surface morphology/chemistry, repelling the blood-protein
interaction, anticoagulant drug loading and NO release. However,
it is noticed that the combination of these properties enhances
hemocompatibility significantly. The key aspects to be more
focused upon are the 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 focus 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 surfaces
are evaluated in in vitro conditions with isolated blood
components for a short duration of time. In reality, implants
are present inside the 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

© 2021 The Author(s). Published by the Royal Society of Chemistry
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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,
who also have 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 rest-
enosis 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, while others proposed surface
chemistry modification. The combination of both strategies,
which makes possible tailoring of the surface characteristics,
such as wettability, roughness, surface charge, and crystallinity,
has been shown to make the surface more compatible with
blood and its components. Another promising approach is the
immobilization of bioactive molecules on the 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
endothelial environment. By modifying these surfaces through
physical, chemical, and biological processes, the biomaterial
would be able to not only prevent thrombogenic and inflam-
matory 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
providing guidelines for the development of new and enhanced
titanium-based surfaces for blood-contacting implants.
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