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Abstract:

A modern sedentary lifestyle and an aging population have weakened the immune response to
various diseases and increased bone brittleness. So, bone damage has increased many folds,
leading to augmentation of the damaged parts with biomaterial-based implantation. The cost
of biomedical implants is increasing with time, and inversely, the success rate of the implants
is decreasing. Implants, particularly orthopedic implants, lack blood vessels on the surfaces,
making the immunological agents to eradicate bacterial contamination at the implant surface
impossible. This necessitates heavy antibiotics administration to prevent bacterial
contamination and, thus, sepsis at the site. This might lead to the development of antibiotic-
resistant bacterial strains and other side effects. Biomaterials suffer stress shielding,
micromotion, biofouling, lesser biocompatibility, and surface leaching compared to natural
bone. Surface phenomena govern implant interactions with the physiological
microenvironment; thus, tuning the surface properties using various chemical and physical
modification strategies can enhance the overall implant properties.

In this work, silane-based Self Assembled Monolayers (SAMs) with various chain lengths and
terminal moieties were fabricated on the model implant surfaces (silica, titanium, and
Ti6Al4V) to enhance the biocompatibility, modulate the protein adsorption behaviour with
antimicrobial surface coatings. The entire thesis has been divided into four sections. In the first
section, silane SAMs were fabricated on the model implant surfaces (silica and titanium alloy)
with variable SAMs lengths and diverse terminal groups such as amine-, octyl-, hybrid-,
carboxyl-, hexadecyl- and octadecyl- on the surfaces. Surface properties insights were
investigated by altering surface hydrophilicity and the surface energy. The change in the peak
area of the various functional groups (elucidated by FTIR) on the SAMSs surface also explored
surface behaviour. Surface parameters were correlated with the thickness of the SAMs

functionalities, giving valuable insights regarding surface tunability. The second section
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explored the surface behaviour regarding the nature of protein adsorption (protein-biomaterial).
Change in the protein secondary structure due to the formation of the contact points with the
surfaces were investigated to tune the protein adsorption behaviour as the nature of the protein
adsorbing on the surface determines the implant fate. In the initial studies, Bovine Serum
Albumin (BSA) was explored as the model protein for the adsorption studies on silane-
modified surfaces.

Fetal Bovine Serum (FBS), a cocktail of various physiological proteins, was also explored for
the adsorption behaviour on the functionalized surfaces along with other blood proteins
(collagen and fibrinogen). The degree and the nature of the conformational changes determined
the efficacy of the said fabrications in the physiological microenvironment. The following
section dealt with the cell adhesion behaviour of the osteoblast cell line (MG63) with the
functionalized materials (cell-biomaterial interactions). Various cell adhesion parameters
(surface coverage, average cell area, and circularity index) were quantified to get a deeper and
broader insight into cell adhesion behaviour. Moreover, the cell adhesion studies were clubbed
with the protein pre-adsorption (FBS, Collagen, fibrinogen, and BSA) to investigate the
behaviour in simulated physiological conditions and to explore the potential of the various
proteins for surface coating applications.

The last section of the thesis dealt with the fabrication of antimicrobial and anti-biofilm
coatings on the silane SAMs functionalized surfaces. Biogenic AgNPs were explored as the
antibiofilm coatings against Pseudomonas aeruginosa. Also, chitosan (natural biopolymer)
was utilized as the antimicrobial agent and drug-loading vehicle for ampicillin against the
clinically relevant bacterial strains (Escherichia coli and Staphylococcus aureus) on
functionalized surfaces. The thesis aimed to investigate surface tunability using various silanes
to modulate protein adsorption behaviour and enhance cell adhesion nature with antimicrobial
coating fabrication.

Vi
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Chapter 1

Introduction

This chapter focuses on the overall theme of the thesis and the research objectives, along with

the brief layout of all the thesis chapters.
1.1 Overview

Research related to biomaterials undergoing extensive scrutiny to fabricate the ideal implant
materials with the least immunological response, better biocompatibility with anti-biofouling,
and antimicrobial features [1-4]. Implant features are dominated mainly by the surface, so
tuning the surface properties of the model surfaces using various modification techniques can
be utilized, namely chemical and physical modification strategies. Chemical modification
strategy based on Self Assembled Monolayers (SAMs) with terminal functional groups can be
varied, or its nature can be varied (hydrophobic/ hydrophilic nature) [3, 4], and charge gradient
or varied silanes can also be simultaneously incorporated into the surfaces. Fabrication
strategies can be utilized alone or in combination with polymer or nanoparticle incorporation
via covalent attachment, cross-linking, encapsulation, or entrapment strategies [5, 6]. This
study uses a silanization approach for surface tunability, forming self-assembled monolayers
with surface flexibility. The main focus of this research was to address the issues related to the
success rate of the implants introduced into the body of the affected individuals by tuning the
surface properties with desired features. Many factors contribute to success, including implants
and the physiological environment.

As far as the implants are concerned, the surface properties contribute to the success and not
the bulk. So, implant success is a surface phenomenon, not a bulk phenomenon [7]. The cost
of an implant is also a serious issue. The cost of implant manufacture is very high compared to

the success rate of the administered implant. Cost and demand for implants are increasing day
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by day due to the increased occurrence of accidents and diseased conditions in people due to a
growing elderly population requiring implant administration. At the same time, implant failure
is increasing due to implant rejection [8]. Implant rejection is a major concern as it adds an
extra financial burden on the patient, and also implant replacement is not feasible every time.
The physical, chemical, and biological nature of the implant surface contributes to the implant
success. Our approach was to study and manipulate the properties of the model implant surfaces
according to the properties of the implantation site. Incision at the implant site leads to a race
between various proteins present in the vicinity among themselves and with various microbes
that infiltrate the incised site [9].

Protein molecules with the smallest size and highest diffusivity rate will attach easily to the
surface. Various proteins will adsorb and desorb from the surface until stable adsorption occurs.
This phenomenon is known as the VVroman effect. Protein transfer occurs to form an adsorbed
protein layer onto the surface. Moreover, surface properties were tuned to enhance the
biocompatibility and cell adhesion parameters of the bone cells, along with the fabrication of
the antimicrobial coatings on the surface using chitosan as both the antimicrobial and drug

loading vehicle.

1.2 Objectives

To address the knowledge gap as explored in detail in Chapter 2 and to provide deeper insights

into the design and development of the antimicrobial and biocompatible coatings on the model

implant surfaces, the following thesis objectives were framed:

1. Surface modification and characterization of metallic implant surfaces

2. Bio-interfacial study of protein adsorption and cellular interactions with functionalized
model implant surfaces mediated by adsorbed proteins (in-vitro study).

3. Design of antimicrobial coatings on functionalized model implant surfaces without

compromising with biocompatibility
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1.3 Thesis outline

The following seven thesis chapters were formed based on the above three objectives; the
chapter-wise thesis outline is as follows:

Chapter 2

This chapter focuses on the literature review on the designing and developing antimicrobial
and biocompatible model implant surfaces and addresses the related knowledge gap. This
chapter reviews the latest developments related to biomaterials, followed by various strategies
focussed on eradicating the non-specific protein adsorption on the implant surfaces. Strategies
for enhancing the biocompatibility and fabricating various antimicrobial coatings have been
discussed in detail.

Chapter 3

This chapter includes the surface modification of the titanium alloy surfaces using the
silanization-based surface modification approach. Silane molecules with varied terminal
moieties, such as octyl, amine, carboxyl, hybrid, mixed, hexadecyl, and octadecyl, were
functionalized on the acid and UV-activated surfaces. These self-assembled monolayers
(SAMs) of the various silane molecules were characterized after modification using the Contact
Angle goniometer, Fourier Infrared Transform Spectroscopy (FTIR), and ellipsometer
spectroscopy. Change in the surface energy and hydrophobicity, along with the change in the
peak area of various functional groups, was quantified to get an insight into the silanization
and surface tunability of various model implant surfaces.

Chapter 4

This chapter focuses on the protein adsorption studies (BSA, FBS, Col-1, and FN) on the silane-
functionalized Ti6Al4V surfaces. BSA and FBS adsorption studies were performed on the AO-
, AC-, HO-, and HC series surfaces, followed by the carboxyl SAMs surfaces with varied

acidified KMnOs and incubation time. Moreover, mixeds-s) and carboxyle.sy SAMs were
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investigated for BSA adsorption insights, along with hexadecyl SAMs for protein adsorption
(BSA, Col-I, and FN) investigation.

Chapter 5

This chapter focuses on cell adhesion studies using MG63 cell lines on various silane-
functionalized titanium surfaces. The first section explores the cell adhesion behavior of the
MG63 cell line on the AO-, AC-, HO-, and HC- series Ti6Al4V surfaces. The following section
dealt with the effects of the FBS pre-adsorption on the Octyl and Bare Ti6Al4V surfaces to
enhance the cell-material interactions. The third section discussed the longer Hexadecyl SAMs
and their cellular interactions with and without pre-adsorption of proteins (BSA, Col-I, and
FN).

Chapter 6

This chapter focuses on fabricating various antimicrobial coatings for biomedical applications.
In the first section, benign silver nanoparticles were fabricated and coated on the amine SAMs-
modified silica surfaces and explored for their antimicrobial and anti-biofilm properties. The
second section explored natural biopolymer chitosan. The second section explored natural
biopolymer chitosan as an antimicrobial agent and drug-loading vehicle.

Chapter 7

This chapter focussed on the overall research conclusion of the thesis along with the future
ideas related to the fabrication of biocompatible and antimicrobial coatings on functionalized

titanium surfaces.
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Chapter 2

Literature Review

This chapter focuses on the literature review on the designing and developing antimicrobial
and biocompatible model implant surfaces and addresses the related knowledge gap. This
chapter reviews the latest developments related to biomaterials, followed by various strategies
focussed on eradicating the non-specific protein adsorption on the implant surfaces. Strategies
for enhancing the biocompatibility and fabricating various antimicrobial coatings have been
discussed in detail.

2.1 Introduction

Biomaterials are synthetic or nature-derived materials that aid in the normal functioning of a
diseased or lost body part for enhancing longevity and normal well-being either
directly/indirectly [1]. Some applications of biomaterials include orthopaedics, dental implants,
soft/hard bone implants, blood vessels, artificial heart valves, stents, pacemakers, and hip or
knee replacement [1-8]. Besides implant material, biomaterials find applications in other
biomedical engineering fields, such as surgical instruments, artificial organs, blood storage
bags, drug delivery, and tissue engineering [9-12]. At the biomaterial interface in the
physiological microenvironment, protein-surface interactions, protein-protein interactions,
inflammatory reactions, and many other dynamic interactions simultaneously occur [13]. For
effectiveness, biomaterials need to be integrated with the surrounding tissues/bones without
intervening fibrous tissue material [14]. This can be achieved by tuning the bio-interfacial
interactions using the surface engineering approaches.

It has been observed that the success of the implant is determined by the surface properties and
not by the bulk properties. All the issues related to titanium and alloys can be addressed easily

by modulating the surface properties. Biomaterials interact with the physiological
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microenvironment by the adsorbed protein on the surface. So, enhancing the protein adsorption
capability of the surfaces will lead to better osseointegration. Protein adsorption behaviour of
the titanium surfaces can be easily tuned by using techniques such as physical (plasma
spraying, electron beam sputtering, hydrothermal treatment, ion beam sputtering, surface
roughness tuning) [15, 16], chemical (sol-gel method, electrochemical etching, anodization,
silanization, apatite coating, electrochemical oxidation, doping of other elements) [17-21],
biological (surface protein grafting, bioactive molecule grafting) [22] modifications,
respectively. Modification can tune the surface morphology, roughness, chemical composition,
and surface chemistry. Modulating the surface morphology may lead to tuning biochemical
signals related to cell adhesion and increasing the surface area, leading to better bone-implant
mechanical interlocking. There has been extensive work carried out to overcome the
disadvantages of titanium and alloy implants [23, 24]. VVarious generations of biomaterials used

for biomedical applications are shown in Fig. 2.1.
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Figure 2.1: Generations of biomaterials comprising bioinert, bioactive, bioactive resorbable, and
biomimetic materials

Patients with implants having weak immunity due to aging and other medical complications
suffer from various infections, particularly implant-associated infections, which lower the
success rate and life expectancy of the implants. Failure of the implant implies the need to
replace it with a new one, increasing the cost of healthcare [7]. Patients are given high doses
of antibiotics to prevent and treat these infections, which increases the likelihood of developing
multi-drug resistant pathogenic strains. Antimicrobial features can be added to implant surfaces
to avoid the need for antibiotic therapy [7]. Various physical and chemical modification
techniques can directly alter implant surfaces to provide antibacterial properties [8-11]. To
preserve the other inherent properties of the implant materials, additional biomaterials with
antimicrobial properties may be coated onto the implant surfaces [12].

This chapter reviews the various strategies to enhance the surface properties of various
biomaterials, eradicating non-specific protein adsorption to the surfaces and fabricating various

biocompatible antimicrobial coatings on the surface.
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2.2 Biomaterials

In this section, biomaterials have been discussed, with implant development as the prime focus.
Table 2.1 summarizes the various biomaterials utilized for biomedical applications. This
section intends to introduce the various biomaterials in a simplified manner.

2.2.1 Metallic biomaterials

Various metals and their alloys have been explored for biomedical applications based on
mechanical, chemical, and surface properties. 316L stainless steel exhibits mechanical and
electrochemical properties such as better corrosion resistance, work hardening, and formability
[25, 26]. Stainless steel with Young’s modulus of 210 GPa is utilized to develop orthopaedic
and dental implants [27]. CoCrMo alloys' application dental material was initially started in the
late nineties and is now used as an orthopaedic implant material. These alloys are widely used
for the augmentation, replacement, and repair of damaged bones. For example, CoCrMo
wrought grade alloys are frequently used to manufacture the knee and hip joints [28]. However,
recent concerns regarding corrosion and the generation of toxic wear debris limited their
utilization [29]. It has been observed that corrosion is also mediated by the inflammatory agents
that are attracted to the implant site [29].

Table 2.1: Biomedical applications of the various biomaterials

Biomaterial Application Reference
Type Name
316L Orthopedic implants [26]
CoCr Hip/knee joints [28]
Metal CoCrMo Orthopaedic implants [29]
AZ31 Degradable bone implants [30]
Ti6Al4V Orthopedic/dental implants [31]
PVC catheters [32]
UHMWPE Acetabular cup [33]
Polypropylene Sutures [34]
PMMA Ocular lenses [35]
Polymer Polyurethanes Implant coating [36]
Polycaprolactone Tissue engineering [37]
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Polylactic acid Orthopaedic regenerative [38]

medicine
PEKK Bone tissue engineering [39]
Polyester Cardiac tissue engineering [40]
HAP Bioactivity enhancement [41]
Ceramics Calcium Bioactivity/Tribological [42]
phosphate features enhancement
Bioceramic Bone healing [43]
Ceravital Middle ear surgery [44]
Composites Chitosan/TiO> Wound dressing/skin [45]
regeneration
HAP/B glucan Bone substitute [46]
PMMA/silica Corrosion resistant coating [47]
Alumina/zirconia Dental implant [48]
Zn/HAP Orthopaedic applications [49]

PVC: polyvinyl chloride; UHMWPE: ultra-high molecular weight polyethylene; PMMA:
polymethylmethacrylate; PEKK: polyetherketone ketone; HAP: hydroxyapatite;

The lower rigidity of titanium alloys compared to CoCr alloys and stainless steel makes them
suitable for implant development, particularly for orthopaedic and dental implants [50, 51].
Titanium and alloys display good biocompatibility, corrosion resistance, and lower elastic
modulus [52]. Passive TiO2 layer present on the surface of Ti6AI4V imparts corrosion
resistance [53]. P phase titanium alloys are the most promising candidates for implant
development due to good biocompatibility and superior mechanical properties [54]. Titanium
alloys occur in the B phase at a higher temperature, and  phase stabilizers are used to obtain
the B phase at a lower temperature [50].

The addition of Mo to titanium imparts low elasticity with superior strength for implant
development and is a most efficient 3 phase stabilizer [27]. However, Mo addition has ductility
and density issues that alloying Zr and Nb can address to Ti-Mo-based binary alloy to form
Ti6Mo4Nb4Zr, which resulted in Young’s modulus of 32.3 Gpa [27]. Nb addition improves
the hot workability and mechanical performance, while strength is increased by Zr addition
[27]. B alloy, such as Ti-(3-18)Mn, is a low-cost and biocompatible alloy with high tensile

strength and performance comparable to widely utilized Ti6Al4V alloys [51].
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However, Ti6AIl4V suffers from poor wear resistance, stress shielding, and micromotion at the
implant site, which causes the detachment of the debris. Cyclic load-bearing areas such as
plates and screws lead to the generation of debris [1]. This leads to the release of metal leachate
in the vicinity. The release of aluminum and vanadium from the Ti6AIl4V is toxic to the human
body. Al release results in neurotoxic effects in the body [51]. Vanadium ions at a concentration
of >23 uM become toxic to the physiological microenvironment [53]. The released metal
leachates interact with surrounding tissues, which causes the immunological response and
failure of the implant [55]. Toxicity issues of Al and V led to the exploration of other non-toxic
B-phase stabilizers such as tantalum (Ta), zirconium (Zr), and niobium (Nb). Ti1l3Nb13Zr, Ti-
Mo, Til2Mo6Zr2Fe, and Ti29Nb13Ta4.6Zr are some of the recently developed biomaterials
to address the leaching issues of the titanium alloys [25]. However, the higher cost of Ta and
NDb steered the examination of low-cost candidates such as manganese [25, 51].

Further, a mismatch in Young’s modulus of cortical bone (10-30 GPa) and the metallic implant
such as Ti6Al4V (110 GPa) causes a stress shielding effect leading to bone resorption [51].
This causes weak interfacial interactions between the implant and host bone, bone atrophy, and
premature rejection of the implants [54]. Developing alloys with Young’s modulus closer to
the bone might address the stress shielding issue. Recently, binary and ternary titanium alloys
were developed with desirable Young’s modulus, such as Ti35Nb4Sn (43 GPa), Til5Mo (78
GPa), and Til5Mo5Zr3Al (80 GPa) [51]. Nontoxic [ stabilizers-based binary (Ti-Mo, Ti-Nb)
and ternary (Ti-Mo-Nb and Ti-Ta-NDb) alloys provide the low modulus (~80 GPa) suitable for
implants with low-stress shielding effect [54]. Alloying Mo, Zr, and Nb with Ti resulted in
Ti8Mo4Nb2Zr with Young’s modulus of 35 GPa comparable to that of cortical bone, making
it a suitable implant for development [50].

Besides, Ti6Al4V suffers from fretting wear and poor tribological features. Metal ions released

from the surface may infiltrate the intercellular spaces or penetrate the cellular structures,
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leading to metallosis [56]. This challenge is addressed by applying surface modification
strategies such as shot peening, water jet peening, case hardening, low plasticity burnishing,
plasma nitriding, and LASER peening [57, 58]. The tribological behaviour of Ti alloys can be
addressed by reinforcing them with B4C particles by a hot pressing method [55]. An
anodization-based surface modification strategy can be used to block cellular infiltration. This
process involves forming a thin oxide layer onto the outermost surface whose properties depend
on the production method, time of oxidation, electrolyte, and electric parameters used for the
process [56]. Plasma nitriding also improves wear resistance, preventing inflammation at the
site [58]. Various other surface modification techniques like thermal oxidation, etching,
sputtering, silanization, surface roughening, and surface coatings are reported to improve the
integration of the implant surface with the host tissues [42, 59-62].

To mimic the natural ECM in the metallic biomaterials, various porous metallic biomaterials
are developed using Selective LASER Melting (SLM) to improve the biological properties of
the metallic biomaterials [52, 63]. Porous metallic biomaterials mimic the natural bones'
mechanical and topological properties, making them a suitable candidate for orthopaedic
applications [64]. Porous titanium alloys were developed with non-toxic elements to transfer
stress from the implant to the host bone [52]. The porous structure enhances the electrochemical
and mechanical properties of the implants [52]. Ti-(Ta, Nb)-Fe alloys-based development of
porous Ti with reduced processing can be a promising biomaterial for orthopaedic applications
[65].

The promising biodegradable ability of Mg alloys enabled the design of implants with better
stiffness and mechanical strength [66]. Implants fabricated using magnesium and
biodegradable alloys possess mechanical properties comparable to natural bone and high
biocompatibility and strength/weight ratio. Magnesium ions in the magnesium-based implants

stimulate new bone formation and osteogenesis [30]. However, these biodegradable Mg alloys
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suffer from drawbacks, such as a faster degradation rate due to the elevated pH of the
surrounding microenvironment and the formation of the hydroxide as the degradation product,
causing the release of hydrogen from the site leading to irritation to the surrounding tissues.
These challenges have compromised the long-term biocompatibility of the Mg alloys.
Degradation of the alloys depends on the alloying material, grain size, and metal purity [66].
The presence of chloride ions in the physiological microenvironment elevates the corrosion
rate of AZ31 Mg alloys. Various strategies like anodization, sputtering, electroplating, thermal
spraying, micro-arc oxidation, and organic coatings enhance the corrosion resistance of
magnesium and alloys [30, 67]. The corrosion resistance of magnesium-based biomaterials can
also be improved by alloying with zinc or calcium, but the low solubility of other metals in
magnesium limits this approach [67]. In this direction, alloying magnesium to form binary
(Mg-Ca) and ternary (Mg-Zn-Ca) alloys resulted in enhanced corrosion resistance [68, 69].
2.2.2 Polymeric biomaterials

Both natural and synthetic polymers are utilized as biomaterials for the fabrication of implants.
Chitosan is a natural biocompatible and osteoconductive polymer that was explored for wound
healing applications [70]. Natural hydrophilic polymer, i.e., gelatin, is a derivative of collagen
protein. Thus, along with biocompatibility, gelatin exhibits a tunable degradation rate in the
physiological environment [71]. These polymeric biomaterials, such as collagen, polyamide,
gelatin, polyester, and chitosan, also suffer from low physical and mechanical properties
compared to natural bones [72]. Polymeric biomaterials exhibit many advantages compared to
other biomaterials, such as Young’s modulus, similar to the human bone, and radio-
transparency [73]. However, they also have a few drawbacks, such as inadequate bone
integration and unregulated degradation rates [74].

Many synthetic polymers are utilized for application in bone tissue engineering, like poly

(lactic acid) (PLA), poly(caprolactone) (PCL), poly(glycolic acid) (PGA) and copolymers due
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to better mechanical strength, biocompatibility, and bioresorbability [75]. In the standard
design of the artificial hip joint, an acetabular cup is lined with a polymer liner, usually ultra-
high molecular weight polyethylene (UHMWPE)[58]. Polyetheretherketone (PEEK) and
polyetherketoneketone (PEKK) are the members of the high-temperature thermoplastic
polyaryletherketone (PAEK) polymers. PEKK is a promising candidate for fabricating
implants with stiffness and density comparable to natural bone, good biocompatibility, and
ease of patient-specific implant fabrication using the 3D LASER sintering technique [39].
However, these PAEK family polymers suffer from poor osseointegration at the bone-implant
interface due to the formation of the fibrous tissue layers on the implant surface "[39].

Polyurethane (PUs) is the widely utilized synthetic polymer for biomedical applications due to
its mechanical, biological, and physicochemical properties and tunability. Biodegradable PUs
films can be fabricated using PCL triol and poly(ethylene glycol) (PEG) as the soft segment
and glycerol and hexamethylene diisocyanate (HDI) as the hard segment [72]. PU polymers
display better versatility and mechanical properties due to the presence of both hard and soft
segments. The soft segment usually comprises polycarbonate polyols, polyether or polyester,
and elastomeric features to the PU polymer backbone. Hard segments arise due to a reaction
between diamine/diol chain extender and diisocyanate and are responsible for the mechanical
strength due to urethane linkage mediated hydrogen bonds, as shown in Fig. 2.2 [72]. PUs can
be easily tuned by varying the hard to soft segment ratio, molecular weight, and chemical

composition [72]. PUs are affectively processed into fibrous scaffolds and films [10].
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Figure 2.2: Schematic showing the polyurethane synthesis via bulk polymerization of
polytetramethylene ether glycol (PTMG 1000), isophorone diisocyanate (IPDI), and 2,2-
bis(hydroxymethyl) butyric acid (DMBA) species (Adapted with permission from Acta biomaterials 59
(2017): 45-57).

PCL is a biocompatible hydrolysable hydrophobic polymer with a slower degradation rate in
the physiological microenvironment, high tensile strength, and releases non-toxic products on
degradation [71, 72]. PCL has a low melting point (55-60 °C) and offers good blend capability
with other additives, enabling the fabrication of scaffolds with a specific shape. However, PCL
lacks bioactivity, which can be addressed by blending it with bioactive materials like ceramics
[75]. In contrast, PEG is a hydrophilic polymer soluble in organic solvents and water, non-
antigenic, soluble in organic solvents and water, non-antigenic and non-immunogenic, and

releases non-toxic degradation molecules [72]. PEG is widely reported to resist non-specific
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adsorption via its strong hydration layer and steric repulsion [73]. However, the poor stability
of PEG in physiological environments limits its practical in-vivo biomedical applications.
Aliphatic polyester family member PLA contains ester groups, making them vulnerable to
hydrolytic degradation in the physiological microenvironment. This degradation leads to a
decrease in the molecular weight due to ester bond cleavage in the polymeric chain and
secretion of the lactic acid in the tissue vicinity, converted to carbon dioxide and water via the
citric acid cycle [66]. The degradation of polyester polymers releases acidic products that cause
tissue necrosis and enhance the immunological response at the site [76]. The degradation of
polyesters is complex and depends on the size, shape, molecular weight, crystallinity, chirality,
and processing conditions [74]. Biodegradable polymers like PLA and PGA hold promise in
dental and orthopaedic implants for bone replacement [74]. Bioresorbable polymers exhibit an
uncontrolled dissolution rate in the microenvironment, which increases due to a decrease in the
pH because of inflammatory agents at the site. Bio-resorption might cause fibrous capsule
formation and inflammation, leading to implant failure [74]. These drawbacks of the
bioresorbable polymers can be addressed by incorporating carbon nanotubes or ceramic
materials, which decreases the degradation rate in the physiological environment [66].

2.2.3 Ceramic biomaterials

Ceramic biomaterials are composed of metallic/non-metallic elements and are classified based
on physiological microenvironment behaviour. Ceramics are classified as bioinert,
biodegradable/bioresorbable, and bioactive ceramics [77-80]. The main constituent of the
natural bone matrix is nano-hydroxyapatite (nano-HAP) [(Cai0(PO4)s(OH).)], which is applied
extensively for fabricating biomimicking biomaterials for implant-related applications. HAP is
also used as a bone substitute as it resembles the nanocrystals in the natural bone [75]. The
morphology, crystallinity, size, and surface properties of the nano-HAP can be easily tailored

for the desired applications [75]. The stronger bond formation capability of bioglass
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bioceramics makes it ideal for bone grafting applications because of its similarity with the
inorganic component of the natural bone [70]. Bioactive glass interacts with the body fluids
and creates an alkaline environment due to salting out of bioactive glass [74]. Bioglass was
observed to precipitate the calcium phosphates in the physiological solutions [70], forming an
apatite layer on the surface. Bio-ceramics based surface coatings are known to enhance the
bioactivity of titanium and alloys [1]. Ceramics such as AlO3/SisNsare combined with metallic
biomaterials to enhance the wear resistance of the artificial hip joints [58]. Ceramics are also
widely utilized to fabricate orbital and dental implants [48, 81-85]. However, ceramics suffer
from surface cracking under stress conditions, leading to implant failure [55].

2.2.4 Composite biomaterials

Composite biomaterials are composed of two or more biomaterials to fabricate an implant
material with desired/hybrid features [86]. This enables the design of biomaterials with
combined features originating from the constituents of composites. In turn, this addresses the
limitations of individual materials to quite an extent. The composites offer improved
mechanical properties, wear resistance, degradation behavior, and multifunctionality. Various
composites are used for load-bearing, dental and orthopaedic implants along with drug delivery
applications [49, 87-89].

The incorporation of hard ceramic particles with metals results in metal matrix composites
(MMCs), which improves the wear-resistant and load-bearing properties of the composite; for
example, the addition of boron carbide to titanium results in MMCs [55]. Cifuentes et al.
investigated the degradation behaviour of the fabricated biodegradable composites with
magnesium microparticles (10 wt%) reinforced polylactic acid (PLA) matrix. Mg
reinforcement regulated the degradation behaviour of the PLA/Mg composites, and the shape
of the microparticles controlled the degradation rate of the composite, as shown in Fig. 2.3

[66]. Manavitehrani et al. fabricated a composite of poly(propylene carbonate) and starch to
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eradicate the risk of harmful product leaching in the tissue vicinity. The fabricated composite
properties were tuned by varying the concentration of the starch in the composite, as the
compression strength varied depending on the starch content (0.2-33.9 MPa) [76].
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Figure 2.3: Degradation behaviour of the Mg/PLA composites as a function of the hydrogen release
after immersion in PBS for a span of time where IRR means irregularly shaped and SPH refers to
spherical particle composite (Adapted with permission from Acta biomaterialia 32 (2016): 348-357).

Tuning the degradation rate of the composites is a pre-requisite for the development of
composite biomaterials [66]. The main disadvantages of conventional bioresorbable material
are the lack of bioactivity, low mechanical properties, and uncontrolled degradation of the
material in the physiological environment [90, 91]. Healing of the bone can be met only when
the degradation of the biomaterial and bone healing rate are in synchrony with each other.
Further understanding of the degradation kinetics, especially the underlying mechanisms such
as corrosion behaviour and matrix hydrolysis, led to tuning the composite properties for better
bone healing [66, 92]. The incorporation of metallic biomaterial with bio-resorbable polymers
(poly (a-hydroxy acid)) to form composites enhanced the degradation behaviour [66]. Besides,
polymer properties can be enhanced by incorporating the polymeric matrix with bioactive
ceramic fillers such as HAP and tricalcium phosphates. Bioactive ceramic fillers form a
calcium phosphate layer that interacts with the body fluids and improves interaction with the
body fluids, improving bone-bonding ability. PLA properties can be tuned by the addition of

the bioactive mineral to form the organic-inorganic composites. Bioactive ceramic fillers
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decreased the degradation rate and neutralized the released lactic acid [74]. A composite of
bioglass/chitosan has been utilized as injectable bone substituent material due to better
biological properties [70].

Nowadays, scaffolds with tunable properties based on hybrid composites are developed and
contain synthetic and natural polymers. Natural polymers such as gelatin, chitosan, and
collagen simulate the natural physiological micro-structures, thus stimulating the attachment,
proliferation, and differentiation of the cells. Synthetic polymers aid the mechanical properties
of the composites [93]. These nanofibrous scaffolds can be fabricated using techniques such as
dry spinning, wet spinning, electrospinning, phase separation, and self-assembly [71]. Hart et
al. utilized a 3D printing technique to fabricate the composite based on the self-assembled
supramolecular polymeric network impregnated with silica nanoparticles that were non-toxic
towards the chondrogenic cell line [94]. Ke et al. fabricated a guided bone regeneration
membrane via electrospinning based on the PCL-gelatin hybrid nanofibers using genipin as the
crosslinker. Acetic acid was used to make a homogeneous membrane by resolving the phase
separation of PCL and gelatin. Nanofibrous membranes mimicked the natural ECM with high
surface area and porosity, resulting in better cellular interactions. Surface properties were easily
modified by varying the ratio of PCL to gelatin. Electrospun PCL/gelatin [71].

The nanocomposite (CCNWs-AgNPs) of silver nanoparticles (AgNPs) decorated on
carboxylated CNWs (CCNWs) exhibited dual functions of improved mechanical strength and
induced antimicrobial activity [95]. In another study, a composite film of chitosan (CS) and
polyvinylpyrrolidone (PVP) with incorporated cellulose nanowhiskers (CNWSs) was explored
for drug delivery application [96]. The integration of CNWs enhanced the thermal and
mechanical properties of films. The prepared composite films also resulted in high

biocompatibility with excellent antibacterial activities.
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2.2.5 Biomaterials for implant fabrication

The implant site undergoes inflammation and migration, and subsequent proliferation of the
immunological mediators occurs at the site. The immunological response is quite complex at
the implantation site. Post implantation, the interactions of immune cells with the implant
surfaces initiate the immunological cascade that ultimately determines the fate of the implant
material. The integration and long-term implant survival depend on the immune system’s initial
response to the implant surface [29, 97]. Innate immune response agents, namely platelets,
neutrophils, and macrophages, migrate to the implant site and attract other immune cells by
releasing cytokines and chemokines. This leads to phagocytosis of the damaged cells/tissues.
Macrophages are the critical mediator of the initial immune response and inflammation at the
site, along with normal tissue homeostasis maintenance [97]. The prolonged immune response
may damage the proximal healthy tissues due to chronic immune response [98]. Moreover,
collagen network formation and angiogenesis also occur as a part of the healing process.
Loading of the inflammatory agents causes the generation of the Reactive oxygen species
(ROS) that impairs the proper wound healing [99].

Cell response to the implant is determined by surface properties such as wettability, surface
topography, and chemistry. Implant surface interactions with the physiological surroundings
further get complicated due to the calcium, phosphate, and chloride ions in the
microenvironment [66]. A study on the effect of surface roughness and wettability of implant
material concluded that increased hydrophilicity and surface roughness resulted in synergism
with increased osseointegration and reduced healing times, thus increasing the success rate
[97]. Thus, osteogenic differentiation is promoted by surface modification strategies, which
enhance the wettability and surface roughness. Keeping the complex interfacial phenomenon
at the implant surface, various features crucial for implant fabrication are discussed in this

section.
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2.2.6 Features of ideal biomaterials

The biomaterial selection for implant fabrication depends on the volume, size, and shape of the
affected site and the patient-related ailments for an ideal bone substitute material.
Biocompatibility, better osseointegration, and favourable biomechanics are among the main
features of an ideal biomaterial [39]. Biocompatibility of the implant material determines the
success of the material dependent on the implant-tissue/bone interlocking, lack of micromotion,
biofouling, and bacterial invasion at the implant site [57, 100, 101]. A few general criteria are
listed below.

a) As proteins mediate cell-surface interactions, mimicking the ECM proteins might
enhance bone regeneration at a fast pace. ECM, a complex dynamic structure with
various proteins (fibrin, collagen, and elastin), hormones, signaling molecules, growth
factors, and glycosaminoglycans, becomes challenging to mimic easily [93]. Instead of
mimicking the natural ECM, it can be incorporated in biomaterials like an
amalgamation of the ECM in synthetic polymers to prepare a scaffold [93]. Surfaces
pre-adsorbed with adhesive proteins like fibronectin and collagen exhibit better cell
adhesion and spreading [102, 103].

b) Surface microstructure, chemistry, topography, and surface energy of the biomaterials
determine the response of the fabricated implant material for response in the biological
microenvironment [26]. Nano/microscale surface roughness improves osteoblast
adhesion, proliferation, and spreading, along with the deposition of calcium-containing
minerals and alkaline phosphatase production [26]. Implant surface and
biomacromolecule interactions are also modulated by the grain size and crystal
structure of the implant materials [26].

¢) Reconstruction and reorganisation of functional tissues are required to recover the

damaged bone tissue [75]. Faster growth of cells and tissue on the damaged site is one
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of the prerequisites for developing the implant materials [104]. The development of
biomaterial with surface properties comparable to the diseased/damaged site’s
tissues/bone amplifies the healing process. In this direction, selecting a biomaterial for
implant fabrication with no stress shielding prevents bone degradation/resorption at the
site due to osteoclast activity [100].

d) Bone-implant direct interactions occur only in the case of an implant without fibrous
tissue growth at the site. Direct interaction leads to the spreading, growth, and
differentiation of the osteoblasts on the implant surface, thus assuring and eliminating
the biofouling agents from the site.

e) The application of antimicrobial agents on the implant surface eliminates the
pathogenic contamination at the site, thus contributing to the success of the implant
[105].

2.2.7 Applications

Biomaterials with desirable features are used for a varied number of applications in the
biomedical field. This section discusses the applications of different biomaterials in
orthopaedic implants and tissue engineering.

2.2.7.1 Orthopaedic implants:

The advancements in surface engineering have enabled us to tune the physical, chemical,
surface, and biological properties of implant biomaterials. Bock et al. modified the properties
of silicon carbide ceramic for orthopaedic implant application. Silicon carbide is unique as it
possesses higher fracture toughness, strength, scratch resistance, biocompatibility, and
resistance to bacterial adhesion. Changes in the surface composition and properties of silicon
carbide were investigated to vary the chemical, thermal, and mechanical treatments. Thermal
treatment in air/N2 reduced the contact angle to 9 +1°, compared to etched in hydrofluoric acid

(HF) (60 £ 13°) and control sample (66 £ 12°). Surface roughness enhanced for the HF etched
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surface (341 nm) compared to control (336 nm) and decreased for air/N. thermal treated
surfaces (287-296 nm) [106]. Yazdi et al. investigated the effect of the biodegradable
magnesium-based ternary alloy (Mg-Zn-Ca) on the adipose-derived behaviour of
mesenchymal stem cells (ASCs) for orthopaedic applications. Alloying Mg with Zn and Ca
improved the corrosion resistance of alloys compared to pure Mg. The viability and
proliferation of the ASCs enhanced with no observed toxic effects of the Zn, Ca, and Mg [107].
To enhance the tissue growth at the implant site, Chakraborty et al. utilized a pulsed electro-
deposition method for the coating of HAP and calcium hydrogen phosphate on the SS316
surface at different current densities from the diluted calcium phosphate solution [104]. In a
study, biphasic calcium phosphate (BCP) film was deposited on bare as well as textured
Ti6Al4V specimens by radio frequency (RF) sputtering [108]. The texturing resulted in the
enhanced wettability of Ti6Al4V because of increased surface roughness from 94 nm to 1.84
um. The water contact angle decreased from 89° to 71°. BCP-deposited textured surfaces
resulted in better adhesion and proliferation of osteoblast cells compared to bare Ti6Al4V and
BCP-deposited bare-Ti6Al4V surfaces. This indicated improved cellular behaviour with
increased roughness of surfaces with the same surface chemistry and clear from Fig. 2.4 [108].
In another study, BCP and titania (TiO2) composite films were deposited on Ti-6Al-4V
substrates by RF magnetron sputtering[109]. The wettability and bonding strength of
composite films were improved with increased TiO- contents. Cell adhesion and proliferation
significantly improved on coated Ti6AlI4V compared to the uncoated surface. In a separate
investigation, Pradhan et al. investigated the effect of (TiO2) and Niobium oxide (Nb2Os) on
the biocompatibility enhancement of Ti6Al4V alloys for orthopaedic implants. The effect of
the crystallinity on the surface bioactivity was evaluated by varying the heating temperature.

Nb2Os (525 °C) and TiO2 (500 °C) showed CaP precipitation in the simulated body fluid, which
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is used as an indicator of bioactivity. Additionally, cell viabilities on both surfaces were above

100 % [110].
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Figure 2.4: Schematic showing the deposition of the calcium phosphate film on the LASER textured
surface;(b-c) surface texturing as analyzed using a 2D profilometer and SEM; (d) contact angle
measurement performed to determine the surface wettability; (e-f) cell adhesion and proliferation
studies (Adapted with permission from Journal of Alloys and Compounds 842 (2020): 155683).

2.2.7.2 Tissue Engineering:

Usually, bone reconstruction is preferred using autogenous bone, but it involves increased
operative procedures along with the morbidity of the donor. To address this issue, 3D scaffolds
have been prepared for tissue engineering applications. Scaffolds with 3D configuration can be
fabricated using electrospinning, phase separation, tomography mediated deposition, and
extrusion [75]. Scaffold architecture regulates the cellular behaviour of attachment, migration,
proliferation, and differentiation [75].

Adamzyk et al. fabricated biocompatible 3D polyetherketoneketone (PEKK) scaffolds. It was
observed that human MSCs were successfully differentiated into different cell lineages, such
as adipogenic, osteogenic, and chondrogenic, under suitable stimulations. The fabricated

scaffold was conducive to human and ovine MSCs, i.e., supporting attachment, growth, and
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differentiation required for tissue engineering applications [39]. Goncalves et al. fabricated a
3D scaffold-based on PCL and starch incorporated with iron oxide magnetic nanoparticles
(MNPs) for tissue engineering applications. The effect of MNPs on the tenogenic
differentiation capability of the adipose stem cells was investigated, and magnetic driven
stimulation was found to influence the stem cell response [111]. The hierarchical structure of
the aligned fibers was responsible for the functionality and mechanical properties of the tendon
[111]. In a separate study, Gao et al. fabricated a novel mussel-inspired nano-HAP using
polydopamine as the template and was electrospun with PCL to form a nanofibrous scaffold
for bone regeneration applications [75]. This scaffold enhanced the adhesion, proliferation, and
spreading of the human mesenchymal stem cells (hMSCs) along with the enhancement of
osteogenesis in the hMSCs [75]. In another investigation, Cheng et al. fabricated a blood vessel
mimicking scaffold of PCL and poly(lactide-co-glycolide) (PLGA) with a multilayered tubular
structure. It contained an outer shrinkable PLGA layer and an inner expandable PCL layer for
artificial blood vessels. These fabricated scaffolds retained their size/shape during the
degradation over months due to the expansion of the inner PCL layer and shrinkage of the outer
PLGA layer. Inward shrinkage and outward expansion of the PCL-PLGA components attain
equilibrium for layer packaging, resulting in multilayered tube formation, as illustrated in Fig.

2.5[112].

The inner layer (PCL layer)swell,the outer layers(PLGA layers) shrink during long-term incubation.

Figure 2.5: Schematic showing the swelling behaviour of the cell-laden multilayered PCL-PLGA tubes,
long-term culture results in the shrinking of the outer PLGA layer and swelling of the inner PCL layer
(Adapted with permission from Advanced Materials 29.28 (2017): 1700171).
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Conventional soft tissue replacement has many drawbacks, including lack of mechanical
integrity, fibrous capsular contraction, and resilience. Tissue regeneration can be stimulated
using resorbable scaffolds. Further, the optimal degradation rate is a crucial asset for scaffold
fabrication as a higher degradation rate minimises the foreign body interactions with the
immunological agents. In contrast, a slower degradation rate allows cell infiltration and growth
with mechanical support [10]. In a study, Da et al. fabricated a 3D scaffold using small
intestinal submucosa (SIS) containing bioactive ECM with PU for soft tissue engineering. SIS
is an acellular matrix with an intact natural composition that enhances tissue regeneration and
differentiation [93]. Geesala et al. fabricated a porous scaffold of PEG-PUs with an
interpenetrating polymer network for tissue repair enhancement and cell delivery. These
fabricated scaffolds prevented the cellular oxidative stress at the injured sites and were highly
cytocompatible, thermostable with better porosity, and undergo biodegradation at an acidic pH
of 5.8 [99]. In another study, Xu et al. fabricated a bioactive/biodegradable scaffold based on
reduction sensitive elastomeric PUs to control the scaffold degradation rate according to an
application. An antioxidant such as glutathione was incorporated in the scaffold for initialising
and controlling the scaffold degradation rate, which was dependent on the disulfide amount in
the PUs backbone [10].

In a study, Buyuksungur et al. fabricated PCL scaffolds based on fused deposition modeling.
They modified them with poly(propylene fumarate) and nano-HAP to control the porosity,
mechanical strength, osteoconductivity, and surface wettability [113]. These scaffolds were
implanted in rabbits' femurs with and without seeding with rabbit Bone Marrow Stem Cells
(BMSC). BMSC seeded scaffolds exhibited improved tissue regeneration after 4 and 8 weeks

[113].
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2.3 Protein-Biomaterial Interactions

Proteins are composed of amino acid chains. The general structure of amino acid comprises
central alpha carbon attached to the amino group, carboxyl group, R group, and hydrogen
atoms. At physiological pH, carboxyl and amino groups are charged, and amino acids in a
zwitterion form have equal positively and negatively charged groups. Depending on the
ionization pH of the side groups, amino acids have a characteristic isoelectric point (pH) at
which they exist in zwitterion form (neutral charge). Proteins result from the condensation of
water molecules, while amino acids are converted to amino acid residues in the primary protein
chain. The primary structure of proteins can assume 20" combinations. However, proteins
assume only certain favourably conformation that can be determined using the Ramachandran
plot. Usually, hydrophobic amino acids reside inside the core of the proteins and hydrophilic
groups on the surface, thus stabilizing the overall structure, but the reverse occurs in nature. A
slight change in the primary structure of a protein can also have severe impacts depending on
the change. For example, the substitution of valine for glutamic acid in hemoglobin results in
a disease called sickle cell anemia with an altered haemoglobin molecule called Hemoglobin
S. This altered form results in blood clogging and restricting blood supply to tissues [114].

Proteins do not exist as a long-extended chain under a physiological environment, but amino
acids interact, resulting in the bending, folding, and coiling of the chain to attain a 3D
conformation. Secondary structure refers to intrachain interactions of amino acids resulting in
a distinctive 3D conformation. Peptide bonds between adjoining amino acid residues have a
partial double bond character, so they are rotationally constrained. Bending and coiling occur
mainly due to hydrogen bonding between carbonyl groups of one amino acid residue with an
amine of another. Secondary structures that are possible are alpha helix, beta sheets, beta turns,
and random coils. Each amino acid residue in the alpha helix forms hydrogen bonds with the

fourth amino acid residue above and below. Hydrogen bonds are parallel to the axis. Helices
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may be right-handed or left-handed, but right-handed helices are more stable. In beta
sheets/strands, polypeptides exit in an extended chain conformation. Beta sheets are also
stabilized by hydrogen bonding between two or more beta strands. In parallel, beta-sheet chains
run in the same direction, and in antiparallel structures, chains run in opposite directions. Side
chains lie above and below the planes of the beta-sheet, having the appearance of pleated sheets
[115].

Tertiary structure is governed by distant section interactions among amino acid residues;
mainly interaction of side groups governs the tertiary interactions. Four types of interactions
can occur between side groups of amino acid residues, namely covalent disulfide, ionic,
hydrogen, and hydrophobic interactions. Disulfide interactions occur between cysteine and
methionine residues. lonic interactions among positively charged and negatively charged
amino acids. Hydrogen interactions between polar amino acid residues. Hydrophobic
interactions among non-polar amino acids are driven by water hating nature of non-polar amino
acid residues [116]. It involves interactions between individual polypeptide chains in a multi-
subunit protein. The same interactions are involved in stabilizing the quaternary structure as in
the tertiary structure. Multi-subunits may or may not be identical, and the signal subunit is
called a monomer, the double is called a dimer, the three is called a trimer, and so on [116].
2.3.1 Importance of conformation

Correct conformation is required for optimum functioning of the protein. Change in
conformation or denaturation may result in a permanent change in protein structure, leaving it
unsuitable for functioning [117]. Denaturation of protein may occur due to changes in pH, ionic
strength, and temperature, which destabilizes the normal conformation of the protein chain
[118]. pH can alter the ionization state of the side groups of amino acid residues. Similarly, the
introduction of biomaterial in the body may alter the normal conformation of the proteins

present due to the binding of proteins onto the implant surface [119].
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2.3.1.1 Collagen:

It is the most abundant protein in higher vertebrates, comprising around 25% of total body
proteins. Collagen provides a structural framework involving the skin, extracellular matrix,
skeleton, and blood vessels. Type | collagen is most abundant in the body, including bone,
ligaments, tendons, skin, and others, with about nineteen types of collagen found in the body.
The primary structure of collagen involves the motif of Gly-Pro-Hyp-X-Y, where X and Y may
be any amino acids, and Hyp is hydroxyproline. Glycine comprises about one-third of the
residues, proline about 13%, and hydroxyproline 10%. Collagen exists in a triple helical
structure with three alpha chains wrapped around to form the right-handed procollagen
superhelix. The presence of glycine helps the triple helical structure to wrap tightly [120].

2.3.1.2 Elastin:

It is an important component of skin, ligaments, and skin, in which elasticity is required. Elastin
is rich in proline and glycine; unlike collagen, proline is not hydroxylated. Hydrophobic amino
acids comprise about 50% and alternating segments of hydrophobic amino acids rich in lysine
and alanine. Elastin is secreted by cells in the form of tropoelastin that assemble into filaments,
fibrils, and sheets of fibers having an unordered coiled structure [121].

2.3.1.3 Fibronectin:

It is the main component of the extracellular matrix (ECM) and plays a crucial role in
organizing the ECM and helping cells to attach to it. It comprises two, joined by two disulfide
bonds near the carboxyl termini. Fibronectin comprises segments of 40-90 amino acids long
and comprises beta sheets and strands. It has a modular structure composed of three types of
structures, type I, Il, and 111, which are serially repeated with linker peptides between these

segments. Fibronectin contains domains that have an affinity for different molecules, such as
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collagen, heparin, and cell surface receptors. It typically contains the RGD motifs that bind to
cell surface receptors, resulting in cell adhesion [122].

2.3.1.4 Fibrinogen:

It has a complex structure and is a large plasma protein that helps clot blood. Fibrinogen
typically comprises two identical subunits, consisting of three different polypeptide subunits
denoted by A-alpha, B-beta, and gamma. Calcium ions are essential for the normal functioning
of fibrinogens, which interact with protein via high-binding and low-binding sites. Fibrinogen
also contains two RGD motifs for binding with the cells. Cells involved in tissue repair and
blood clotting bind to the fibrinogen. Fibronectin can also bind to fibrinogen via enzyme
catalysed reaction. Fibrinogen also contains sites for proteolytic cleavage, whose products play
a crucial role in inflammation and clotting [123, 124].

2.3.2 Protein surface interactions

The protein surface plays a crucial role in determining the success of the implant by causing
desired favourable interactions between the tissue-implant interface. Adhered proteins may
regenerate the immune response via complement activation, blood clotting, and bacterial and
cell adhesion that might result in bio-fouling. The nature and type of proteins adhering to the
implant surface may influence biomaterial surface properties and dissolution. Protein, as well
as biomaterial surface properties, influence interfacial properties and behaviour, which need to
be taken into consideration for designing successful implants [125].

2.3.2.1 Protein properties:

The primary structure of protein influences the protein-surface interactions. The larger the
protein, the more strongly it will bind to the surface due to more contact points between the
protein and implant surface, but this is not always the case. For example, albumin ( 67 kDa)
forms about 77 contact points with a silica surface, and fibrinogen ( 340 kDa) forms nearly 703

contacts points with the implant surface, while haemoglobin ( 65 kDa) forms greater contact
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points compared to much larger fibrinogen [126]. Polar amino acids are usually present on the
surface of the proteins that interact with the surface and make contact points. Protein adsorption
is driven by charged species present on the surface, but it is not the sole determinant [127].
Proteins show enhanced surface activity near its isoelectric point. Proteins do not interact with
the surface in isolation [128]. Adsorption of proteins to the surface causes alterations in the
protein structure and unfolding that enhances adsorption strength. The higher the protein
unfolding rate, the faster the adsorption, and more contact points will be made between the
protein and the surface. Intramolecular/disulfide bonds among the protein subunits affect the
adsorption. The amphipathic nature of proteins also affects adsorption. Usually, hydrophilic
groups are present on the exterior of protein. Some proteins contain hydrophobic groups on the
exterior that interact more strongly due to the contribution of hydrophobic interactions [129,
130].

2.3.2.2 Surface properties:

Electrical, geometrical, and chemical properties contribute to surface properties. Implant
surfaces having a protrusion, pores, or grooves have more surface area exposed for protein
adsorption, varying the topographical features of the implant surface may cause variable
protein adsorption. The surface contains various functional groups that might influence protein
adsorption. Passivated surfaces expose oxygen ions for interactions with proteins on metallic
surfaces. A wide range of functional groups such as carbonyl, aromatic, carboxyl, amine, and
octyl on the polymeric surfaces have different affinities for biomolecules with hydrophobic
surface binding more protein due to hydrophobic interactions [131-133].

At the microscopic level, the implant surface might not be homogeneous, with various domains
or patches of different functionality. For example, titanium implants contain two different
phases, alpha and beta phases, that behave differently, as well as the grain boundaries. Different

domains have different functional groups so that, an affinity may vary from domain to domain
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for proteins. Apart from the functional groups present on the surface, electrolyte solution or
body fluids may affect the surface potential of the implants, resulting in adsorption of

counterions on the surface and, thus, protein adsorption affected [133].

2.3.2.3 Conformational changes:

Proteins are flexible, having coils, bends, or folds to assume a particular conformation that
might be affected by a change in pH, ionic strength, or temperature. Conformation of the
protein alters on adsorption to the implant surface. Two mechanisms have been proposed for
conformational changes occurring during protein-implant interactions: time-dependent
molecular spreading and change in bulk solution concentrations. In time-dependent molecular
spreading, exterior surface amino acids may interact with the surface and form minimal contact
points. With the passage of time, protein unfolding occurs, resulting in exposure of
hydrophobic amino acids and an increase in contact points. A time-dependent increase in
contact points occurs. In a change in bulk concentration mechanism, minimal contact points
form when the solution concentration is high, and contact points increase as the solution
concentration is lowered as the large surface area is available for protein adsorption [134, 135].

2.3.2.4 Adsorption:

Adsorption involves adhering molecules, such as biomolecules, onto the surface of the implant.
Protein-surface interactions result in a 1000 times higher concentration of the protein at the
surface compared to the bulk. Accumulation of proteins at the surface plays a crucial role in
determining the success of the implant. Adsorption depends on the availability of the proteins
for adsorption as well as molecular size, concentration, velocity and adhesion strength that
determines the arrival of protein molecules on the surface. Biomolecules arrive at the surface
by diffusion, thermal convection, and coupled transport involving convection, diffusion, and

flow. Moreover, they adsorb on the surface in different orientations depending on the space
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availability due to the heterogeneity of both proteins as well as the surface to minimize
repulsive interactions of previously bound proteins [129, 136-138].

2.3.2.5 Multicomponent solutions:

Various bloodstream proteins compete for interaction on the implant surface when introducing
an implant into the body. Smaller and fast-moving proteins will adhere to the surface until a
pseudo-steady state is reached. Various factors contribute to the type of proteins adsorbing onto
the surface, such as size, conformation, surface charge, and concentration. Initially, adsorbed
proteins will be replaced with bulky and tightly adsorbed proteins. At the interface, there will
be dynamic competition between various proteins present in the solution for adsorption onto
the implant surface. With the passage of time, these proteins will also be replaced with other
proteins having a higher affinity for the surface but with a slower arrival rate due to large size
and low concentrations until permanent protein adsorption occurs. New proteins can only
adsorb to the surface after detachment of adsorbed proteins. This dynamic series of adsorption
and replacement processes until permanent protein adsorption occurs is termed the VVroman
effect [139-141].

2.3.2.6 Desorption:

Desorption is just the reverse of the adsorption; adsorbed biomolecules detach from the surface
and return to the bulk. Desorption requires all the contact points to be broken simultaneously.
Desorption of protein is an irreversible process naturally due to the requirement for the
simultaneous dissociation of all interactions. Proteins adsorbed can only be replaced by other
proteins from the surface. Changes in interfacial environments, such as lowered pH, use of

detergents, and increased ionic strength, may result in desorption [142, 143].

2.4 Protein adsorption enhancement strategies

Titanium and alloys can be modified to enhance protein adsorption using various techniques.
Protein adsorption can be enhanced by increasing the surface roughness and charge density
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[144] and eradicating the passive oxide layer, leading to enhanced bioactivity. The formation
of silane SAMs and other chemical moieties alters the surface chemistry favouring better
adsorption [102, 145]. Various surface coatings have been discussed throughout this section to
highlight the interactions with various serum and ECM proteins. Protein adsorption onto

various tuned surfaces.

2.4.1 Surface modification

To enhance the desirable implant properties, surface treatment can be carried out. The primary
purpose of surface treatment is to modify the outermost layer of an implant by some functional
groups to improve its surface properties, wettability, cell adhesion, osseointegration,
biocompatibility, and other properties. Surface modification is required to tune the surface to
influence the protein and cellular response, as mentioned in Table 2.2. Surface modification
can be carried out to enhance the success rate and biocompatibility of the implant surface and
reduce the side effects generated by the implant surfaces, such as leachates or debris, into the
physiological environment, leading to the formation of the fibrous capsules at the site. VVarious
modification strategies have been reported in the scientific literature, such as physical,
chemical, and biological modifications [146-153].

The physical approach deals with manipulating the physical properties such as surface
roughness parameters, surface energy, hydrophobicity, and porosity of the surface. This route
includes methodologies such as laser cladding, pulsed laser deposition, plasma treatment,
corona discharge, oxygen plasma, electron beam treatment, and UV or gamma irradiation [154-
156]. The biological route has also been mentioned in great detail in the scientific literature,
which includes biomacromolecules such as nucleic acids, protein, carbohydrates, or even
enzymes, cells, or part thereof, for the physical adsorption on the surface via non-covalent
interactions [149, 152]. Other means of tuning the surface properties suffer from certain

disadvantages, such as poor stability and non-uniform modification generation of wastes for
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the modification, which is the case with physical modification. Both physical and biological
methods suffer from drawbacks, which are addressed by chemical modification methods to an
extent. Chemical methods involve modifying the surface functional groups or aiding further
fabrication to enhance the stability, biocompatibility, and other features of the implant surface.
These chemical modifications can be carried out by different approaches, such as layer-by-
layer fabrication and self-assembled monolayer formation. Various chemicals have been
utilised for chemical modification, such as thiols, silanes, siloxanes, thiourea, and polymers.
Titanium (Ti) and its alloys are utilised for various biomedical applications such as dental,
orthopaedic, or other implants. For the success and long-term survival of the implant, various
factors play a key factor, such as the formation of the seal between peri-implant and soft tissues
[157], osseointegration to assure the biocompatibility [158], corrosion resistance [159], cell
adhesion and proliferation promotion, hydroxyapatite nucleation in case of bone-implant along
with other factors [159]. Other chemical modifications can also be utilised for tuning the
surface properties, such as the incorporation of inorganic calcium polyphosphates or combining

physical modification with chemical modification [146, 160].
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Table 1.2: Modification techniques for titanium

Method Modification Features Objective Ref.
Corrosion-resistant surface Enhancing electrochemical features of pure Ti for dental implants  [161]
Plasma treatment Oxide layer formation Enhancement and exploration of the effect of the plasma treatment [162]
on the biocompatibility of the surface
Polymer deposition Regulation of the surface chemistry, roughness, polymer release, [163]
and stability
3D printing Titanium microspheres Construction of the 3D surface topography for studying the [164]
biocompatibility on MC3T3-EL1 cell line
Micro/nanostructured, HAP Investigation of protein adsorption enhancement to determine the [165]
coating osseointegration properties
Sputtering BCP coating on titanium Investigating the bioactivity and protein adsorption behaviour of [42]
surface BCP sputtered surfaces.
To accelerate the bone integration process and investigate protein [166]
adsorption behaviour
'S TiO2 nanotubes To screen the nanotubes dimensions optimal for the protein [167]
2 Electrochemical adsorption and cellular response among the nanotubes gradient
5 anodization generated
Investigation of biocompatibility of the fabricated surface via [168]
protein adsorption and pre-osteoblast cell studies
Silicate surface coating To maintain the constant surface energy for long-term storage using [169]
silicate coating
HAP/carbonated HAP coating  In-vitro studies were carried out to investigate the effect of [170]
Hydrothermal carbonated HAP on the bio-functionality of the material.
treatment Fe incorporated micro/nano To getinsights into the effect of the Fe-fabricated surface on protein  [171]
hierarchy adsorption and biocompatibility
Si-doped micro/nano Investigation of the Si incorporated structure on the [172]
topography biocompatibility
TiO> coating To assess the role of the surface properties of the TiO2 anatase on [173]
protein adsorption
UV treatment Hydrophilic surface Modulation of the surface to enhance the surface properties [174]
35
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Micro arc oxidation ~ Cu incorporated nano/micro To monitor the release of the Cu from the surface in terms of bio- [175]
topographical surface activity
LASER treatment To investigate the initial osseointegration in terms of protein [176]
adsorption
Micro-textured surface Role of LASER sintered surfaces in osteogenic differentiation and [177]
protein adsorption
To explore the bacterial resistance of LASER textured surfaces [105]
along with cytotoxicity and protein adsorption
Electrospinning Collagen-PCL-collagen coating Electrospun polymer matrix for enhancing the surface mechanical [178]
properties
Electrodeposition Phospholipid coating Enhancement of blood compatibility features [179]
Chitosan/(HAP) biocomposite ~ To enhance the suitability for biomedical applications [180]
L Silane moieties for titanium Investigating the effect of silane moieties on protein adsorption and [181]
Silanization modification fibroblast adhesion
Attachment of streptavidin to Inhibition of the non-specific protein adsorption to the surface [182]
biotinylated surface
S Immobilization o Covalent immobilization of Fabrication of anti-fouling surface coatings [183]
= £ _PMPC coatings
2 Crosslinking 8 pH-controlled metal-phenolic To investigate the modulation of the bioactive metal ions from the [184]
© 2 network fabrication surface along with protein adsorption studies
Attachment O DLDHR®P attachment Fabrication of bioactive coating to enhance implant-cell interactions [185]
Acid/alkali treatment Sodium bicarbonate treated Investigation of the surface wettability on the protein adsorption [186]
surface
Siloxane Siloxane-gelatin coated To assess the adsorption behaviour of plasma proteins [187]
functionalization titanium
BCP: biphasic calcium phosphate; PMPC: poly(2-methacryloyloxyethyl phosphorylcholine); DLDH: dihydrolipoamide dehydrogenase;
36
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2.4.2 Physical modification of titanium and alloys

This section deals with the effect of the various nano/micro-scale surface fabrication on the
wettability, surface charge, surface energy, and bioactivity of the surface. Pore size, biomimetic
bone features incorporation, and modulation of the surface elements will also be discussed in
relation to their effect on protein adsorption. Various modification strategies have been

depicted in Fig. 2.6. Physical treatment on the titanium surface may lead to the tuning of the

surface properties.
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Figure 2.6: Various physical modification methods, (A) plasma treatment, (B) anodization, (C)
electrospinning and (D) lithography (Adapted with permission from ACS Biomaterials Science &
Engineering 5.7 (2019): 3303-3310; Colloids and Surfaces B: Biointerfaces 184 (2019): 110521;
Colloids and Surfaces B: Biointerfaces 185 (2020): 110604; ACS Applied Bio Materials 2.3 (2019):

1066-1077).

2.4.2.1 Crystallinity and surface topography modulation:

Surface geometry and porosity have a prominent effect on the adsorption behaviour of proteins.
Along with nano-scale topography, the pore size of the surface also affects protein adsorption.
Stefano et al. utilized Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) to
determine the effect of pore size (8 and 17 nm) and drying time on the horse heart myoglobin

adsorption onto the mesoporous TiO, [188]. Changan et al. fabricated mesoporous TiO2 with
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varied geometric structures and investigated the effect of ionic strength and geometry on
protein adsorption behaviour. Controlled calcination temperatures (300, 500, 600, and 700 °C)
were used to fabricate the mesoporous TiO> from the precursor hydrated titanate [189].

The crystallinity of the titanium also affects the protein adsorption trend. Keeping this in mind,
Dan et al. devised a novel method for the creation of nano-scale anatase onto micro-arc-
oxidized (MAO) titanium surface using a microwave-assisted hydrothermal process (MW).
Calcium and phosphorous ions were doped on the surface using calcium hydroxide and
ammonium dihydrogen phosphate. In this study, protein adsorption was linked to the surface
potential and nanoscale surface patterns [190]. Other crystal phases of titanium may also be
effective apart from anatase. So, Marcela et al. investigated the effect of variable crystalline
titanium nanotubes array on adhesion and proliferation of adipose-derived stem cells by
carrying out electrochemical anodization at room temperature for 6 hr at 60V. Variations in the
surface topography (nanotube arrays) enhanced the surface properties compared to the blank
Ti. The best result at 630 °C was observed due to the fact that it contained both anatase and
rutile crystal phases in the structure [191].

The optimized pore size of the biomimetic nanotubes is crucial for protein adsorption in correct
orientation and conformation. So, Zhihao et al. synthesized TiO2 nanotube arrays in-situ using
anodic oxidation on the titanium surfaces with varying diameters (30-90 nm) and further
annealed shown in Fig. 2.7. Titanium nanotubes anodized at 30V followed by annealing
showed the highest BSA adsorption (~604 pg/cm?) and least fibrinogen adsorption (~64
pg/cm?)[192]. Behera et al. fabricated a functionalized HAP coating from fish scales onto
Ti6Al4V alloy via the LASER cladding method. Pure HAP and functionally graded TiO2-HAP

material (FGM) were cladded onto the Ti6Al4V alloy surface [193].
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Figure 2.7: SEM images showing nanotube fabrication on titanium surface (Adapted with permission
from Colloids and Surfaces B: Biointerfaces 184 (2019): 110521).

2.4.2.2 Metal/metal oxide incorporation:

Titanium suffers from poor wear resistance that may lead to the leaching of toxic aluminum
and vanadium ions in the microenvironment. Doping titanium with suitable metal may impart
wear resistance. Xiangyu et al. have used this strategy to investigate the effect of
nanostructured Zr and ZrO- layers alloyed Ti6Al4V on protein adsorption and osteoblast cell
behaviour. It was observed that the higher the roughness and more complex the surface
microstructure, the better the protein adsorption [194]. The tribological property of titanium

and alloy is a great concern that has been addressed. Majumdar et al. carried out boron addition
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to B type Ti-13Zr-13Nb (TZN) alloy to form Ti-13Zr-13Nb-0.5B (TZNB) and studied the
protein adsorption behaviour, cell morphology, and proliferation [195]. Claudia et al. fabricated
both hydrophilic and hydrophobic surfaces for the protein adsorption study, and fibrinogen
adsorption was qualitatively determined by using fluorescently labeled protein [196].
Vanadium leachate from the titanium surface causes toxicity, so Li et al. deposited the surface
of Ti6AI4V with titanium nitride to eradicate the toxic effect of vanadium present in the alloy
using the sputtering technique [197]. The formation of TiO2 nanotube layers in situ can also
modulate the surface properties. A study by Xuejiao et al. addressed the lack of
osseointegration between implant-tissues arising due to the biological inertness of the implant

surface [198].

2.4.3 Physical treatment

Various physical treatments affect the adsorption behaviour of the protein on the surface. Sung
et al. evaluated the effect of UV and non-thermal atmospheric pressure plasma (NTP) treatment
on the bioactivity of the surfaces. Formation of the nano-structures while storage and reduced
hydrocarbon contamination resulted in better protein adsorption[199]. UV functionalization
may affect the hydrophilicity of the surface, making it more hydrophilic. Caroline et al.
investigated the effect of UV photo-functionalization on the activity of pure titanium discs
[200]. Fuminori et al. also investigated the activity of photo-functionalized (UV-treated)
titanium surfaces [201]. Miryam et al. used sand-blasted and acid-etched Ti surfaces for the
adsorption of histatin 5, alpha-amylase, and cystatin S for the reduction of colonization oral
bacterial species. Surface roughness and wettability were modulated to enhance the efficacy.
Adsorption studies were carried out for 2 hours on the salivary protein [202]. Variation in
surface wettability may result in varied protein adsorption behaviour. Andrea et al. utilized a

micro-rough Ti surface and enhanced the hydrophilicity by thermal treatment. Sand-blasted
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and acid-etched samples showed the highest BSA (~14.1 pg/ml) and human fibronectin

adsorption (~13.9 ug/ml) due to changes in the surface chemistry upon treatment [203].

2.4.4 Electrospinning/3D printing/lithography

Chao et al. fabricated a nanoporous structure on Titanium (Ti) surface using the acid-alkali
treatment in an autoclave at 80 °C for 24 hours, followed by drying at 70 °C for 2 hours and
sintering at 450 °C for 2 hours to form an anatase film onto the surface. Surface topography,
along with surface roughness, had an impact on the protein adsorption trend of BSA [204].
Nano/microscale topography affects the wettability/surface energy, which changes the protein
adsorption and cell adhesion behaviour of the surface. Astrid et al. investigated the effect of
the micro-grooved titanium surface on the protein adsorption and cell adhesion behaviour with
27-35 um wide and 15-19 um deep micro-grooves. The adsorption phenomenon observed on
the edges of micro-grooves occurred due to electrostatic interactions on the edges of the ridge,

as shown in Fig. 2.8 [205].
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Figure 2.8: Fibronectin adsorption on the micro-grooved surface (Adapted with permission from ACS
Applied Bio Materials 2.3 (2019): 1066-1077).
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Zhao et al. electrospun structures of TiO2 nanofibers (NFs) such as anatase, anatase with beads,
anatase-rutile and rutile nanofibers onto pure titanium at 18kV potential showed that protein
conformation and adsorption pattern were dependent on the structure of the nanofibers[206].
The creation of a 3D scaffold might mimic the normal physiological surroundings, leading to
better protein adsorption. So, Nicole et al. utilized the commercially available Hive interbody
fusion scaffolds based on Ti6Al4V. 3D printing technique known as Direct metal LASER
sintering was used for the synthesis [207]. 3D-printed scaffolds provide higher modulation
capability. So, Jia et al. utilized 3D printing with metallic powder to make a fully porous 3D
titanium scaffold onto which nano-silver encapsulated micro/nano-structured titanate layers
were grown via hydrothermal treatment. Electron beam melting (EBM) was used to selectively
melt the Ti6AI4V powder to fabricate the porous hexagonal structures with interconnected

networks [208].
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2.4.5 Chemical modification of titanium and alloys

This section deals with the incorporation of various elements into the surface of various metals

and alloys. All these issues have been addressed in detail. Fig. 2.9 summarizes the various

chemical modification strategies.
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Figure 2.9: Various chemical modification methods, (A) silanization, (B) functionalized SAMs, (C)
crosslinking, and (D) adsorption on the chemically treated surface (Adapted with permission from
Applied Surface Science 505 (2020): 144611; Langmuir 34.35 (2018): 10302-10308; Applied Surface
Science 511 (2020): 145569; Colloids and Surfaces B: Biointerfaces 143 (2016): 213-223).

2.4.5.1 Metal/metal oxide incorporation:

The bioinert TiO2 layer on titanium and alloys need to be addressed as it inhibits the favourable
interactions of the implants with the physiological microenvironment. Nan et al. addressed this
issue using phosphorylated Ti coatings with nano/micro hierarchical structures[209]. This
strategy would be more effective in mimicking the bone structure with the incorporation of
various nano-scale morphologies to provide a 3D surface for effective protein adsorption. So,
the fabrication of micro/nano-scaled hierarchical hybrids containing Ti oxide and Ti phosphate

to synthesize different samples with varied morphologies can be utilized, as clear from Fig.

2.10 [210].
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Figure 2.10: Surface morphology of fabricated surfaces (Adapted with permission from ACS
Nano 12.8 (2018): 7883-7891).

In another study, Park et al. modified the titanium surfaces via micro-, nano-, or hybrid
micro/nanoscale topography and carried out a comparative analysis on protein adsorption.
High-density nano-rods aided by micro perturbations on mn-Ti surfaces favoured the highest
adsorption of fibrinogen and fibronectin [211]. Incorporation of readily available metal and
metal oxides onto the surface might address the disadvantages connected with titanium.
Esaitamil et al. generated hydrogen titanate by modification of the pure titanium surface with
hydrogen peroxide, which further underwent heat treatment, leading to the incorporation of the
magnesium, calcium, and strontium ions. Ca incorporation showed the highest BSA adsorption
because it has calcium-binding sites in its imidazole rings [212]. Strontium is known to
stimulate the osteoblast maturation and inhibition of osteoclast formation. Strontium
incorporation can be a potential solution for enhancing the biocompatibility of the implant
surfaces. In a study, Romero et al. coated the silica-hybrid sol-gel network doped with various
concentrations of strontium chloride onto titanium surfaces [213]. These studies dealt with the
incorporation of strontium in the surface. Surface charge of the surface is also a vital asset for
protein adsorption. Keigo et al. investigated the role of the electrical charge on the titanium

surface on protein adsorption [214].
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2.4.5.2 Titanium nanotubes/nanoparticles fabrication:

Nanoparticles also actively interact with proteins. Keeping in mind the ease of NPs synthesis,
they might help know the protein behaviour in a broader scenario. In this direction, Izaac et al.
studied the interaction of titanium oxide nanoparticles (TiO2 NPs) with proteins, especially
adsorption studies using ATR-FTIR and two-dimensional correlation spectroscopy (MW2D),
as shown in Fig. 2.11. Temperature-induced structural changes observed for TiO2 NPs-proteins
were dependent on the initial interaction of proteins with the nanoparticle surface [215]. In the
physiological microenvironment, phosphate ions co-adsorb onto the surface of NPs/implants
along with various proteins. Zhenzhu et al. quantified the interactions of the TiO, NPs with
BSA at different pH conditions, viz. 7.4, 4.5, and 2 to stimulate the pH of the blood, lungs, and
stomach, respectively [216]. Protein adsorption varies from surface to surface, so investigation
of protein adsorption on different surfaces might give an in-depth insight about the adsorption.
Helena et al. investigated the adsorption behaviour of BSA, fibronectin, and collagen-I

sequentially and in a mixture onto various implant surfaces [217].
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Figure 2.11: FTIR spectra and 2D correlation map (Adapted with permission from Polyhedron 171

(2019): 147-154).
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2.4.5.3 Anti-fouling fabrication:

Non-specific protein adsorption is not suitable for the fate of the titanium and alloy-based
implants. Non-specific adsorption attracts the inflammatory and coagulation cascade proteins,
leading to biofouling. To address this, in-situ nanotubes can be easily fabricated with anti-
fouling agents. To carry it forward, Roberta et al. studied the interaction of blood plasma
proteins with superhemophobic titania nanotubes. Surface nanotube (NT) formation was
carried out using an anodization process followed by modification with two different silane
moieties,  (heptadecafluoro-1,1,2,2-tetrahydrodecyl) trichlorosilane [FL] and 2-
(methoxy(polyethyleneoxy) propyltrimethoxysilane [-PEG] [218]. Apart from the nanotube-
based approach, various biomimetic agents were utilized. In a study by Stobener et al., dendritic
polyglycerol sulfate (dPGS) with thiotic acid functionality was coupled on the surface of gold
chips and used as the low-fouling agent [219]. Fabrication of responsive anti-fouling coating
is a desirable feature to be incorporated. Chun et al. fabricated a zwitterionic catecholic
assembly of anti-fouling sulfobetaine and photocleavable o-nitrophenyl moiety to generate
sulfobetaine nitrodopamine (mussel inspired) on TiO2 substrate. The fabrication strategy
showed lesser protein adsorption, exhibiting excellent anti-fouling properties, and showed a

potential to be used as a biocompatible surface coating [220].

Self-assembly mediated fabrication is one of the most convenient ways for uniform layer
formation throughout the surface. So Miku et al. fabricated SAMs onto titanium alloy using
poly (ethylene glycol) methacrylate phosphate (Phosmer PE) onto which carboxymethyl
betaine (zwitterionic monomer) [CMB] was copolymerized via methacryloyl group as a linker
[221]. Combining the anti-fouling feature with other anti-bacterial or cell adhesive properties
might enhance the fabrication efficacy. Li et al. utilized a combined fabrication approach based
on an electrochemical process to synthesize the composite of TiO2-SiO2-polydopamine onto

Ti6Al4V with polydopamine as the crosslinking agent, as shown in Fig. 2.12 [222]. In the same
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direction of fabrication, Mireia et al. utilized a trifunctional anti-fouling coating of
polyethylene glycol (PEG) using electrodeposition followed by binding of the dual-functional
platform containing RGD and LF1-11peptide (lactoferrin peptide) with bactericidal and cell-
adhesive properties, respectively onto the titanium surface. Less protein adsorption implies that
protein-mediated adhesion of the bacteria to the surface is inhibited, thus blocking bacterial

interactions to the surface [223].

Figure 2.12: Morphology and computer-aided diagram of the composite material (Adapted with
permission from Materials Science and Engineering: C 76 (2017): 1041-1047).

2.4.5.4 Surface modification:

Chirality/orientation of the adsorbed protein/amino acid is a requisite for effective activity and
osseointegration. Yonghong et al. incorporated selenocysteine in various chirality on the TiO>
surface for the protein adsorption studies. Layers of dopamine were coated on the silicon wafers
with TiO2 deposition via the immersion method for linking the selenocysteine in different
chirality on the surface [224]. Varying hydrophilicity may vary the protein adsorption
behaviour of the surface. Keeping this into consideration, Fabre et al. carried-out a protein
adsorption investigation on a titanium surface using bisphosphonate with terminal chemical
moieties [225]. Samarah et al. synthesized composite coating onto Ti6Al4V using poly (methyl
methacrylate) [PMMA] covalently linked to silica via 3-(trimethoxysilyl)propyl methacrylate.
Radical polymerization of methyl methacrylate using the sol-gel method was used for the

synthesis and enhanced the bioactivity of the modified surfaces [47].
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Felgueiras et al. investigated the role of chemically grafted poly(sodium styrene sulfonate) onto
Ti6Al4V. Adsorption studies of albumin, FBS, collagen type-I, and fibronectin were carried
out to understand the biomaterial interactions [226]. The surface property is easily modulated
using various silane-based moieties for the generation of the SAMs. Using silane chemistry,
Abshar et al. investigated the effect of surface properties of the titanium surface on the
behaviour of collagen-1 adsorption [103].

Proteins interact more strongly and specifically with some peptide-based sequences.
Combining this approach with HAP alone or in combination might enhance the outcome of
many folds. Keeping this in mind, Gabriela et al. succeeded in the formation of biomimetic
hydroxyapatite coating onto titanium surfaces (Ti6Al4V) using peptide linkers (EEEEEEEE
and KKLPDA) in various combinations to adsorb peptides on the combined titanium-HAP
surface [227]. HAP is an excellent bone substituent material. So, Sai et al. utilized the spray-
coated HAP on a pure titanium surface to investigate the effect on the protein adsorption and
surface property [228]. A HAP-based approach with other strategies is also fruitful. So, Marjan
et al. fabricated a meso-macroporous nano-HAP coating onto Ti6AI4V alloy at different
calcination temperatures (350, 500, and 650 °C) using a non-ionic template of a di-block
copolymer (C12E10) by dip-coating and sol-gel method along with TiO- intermediate layer to

enhance the bonding strength [229].

2.5 Enhancement of biocompatibility

Reconstructive implants require osseointegration with surrounding cells and tissues [230],
without toxic leachate from the implant surface. The success of an implant is determined by
tissue-level events such as blood clotting, surface fouling, and bone resorption, which are
derived from molecular and cellular interactions with the implant-tissue interface [231]. The
environment inside the body is electrically, mechanically, and chemically active, and at the

interface, many dynamic biological events occur due to alteration of the normal physiology
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around the implant [232]. The implant surface (metallic, polymeric, or ceramic) contains
various surface ions arising due to functional groups present on the implant surface, the

incorporation of the biological ions, and the formation of a surface oxide layer [233].

For the success of the implant, inflammatory response and biocompatibility need to be
determined. For this, cytotoxicity and cell adhesion studies can be performed. Mammalian cell
adhesion is carried out by the surface receptors specific against the extracellular matrix (ECM)
proteins (Fig. 2.13). Cell adhesion molecules fall in the transmembrane protein family and
comprise three major classes. Cell-cell adhesion molecules that comprise Calcium-dependent
(cadherins) and calcium-independent (CAMSs). Cell-substrate interacting molecules comprise
integrins that have a receptor for binding to collagen, fibronectin, laminin, and others. It
becomes of utmost importance to tune various surface properties of the implant to enhance the

biocompatibility of the surfaces.
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Figure 2.13: Various proteins involved in cell adhesion (Adapted with permission from Methods in
cell biology 83 (2007): 329-346).

Stainless steel alloy 316L is currently being utilised for applications related to peripheral and
coronary vessel stents. To improve the cell viability of the biomaterial, Foerster et al. have
functionalized the surface with amine-SAMs to further carry out the immobilisation of the
recombinant fragment of an antibody. This biofabrication was carried out to enhance the human

endothelial progenitor cell attachment (HucPES55.1) [234]. Gallardo et al. determined gene
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expression in the Sarcoma osteogenic (SaOS-2) osteoblast and Human primary foreskin
fibroblasts (HFF) cell line on the anhydride functionalized titanium surface. Osteoblastic cell
differentiation was induced in the cell lines grown on the fabricated surfaces [235]. To enhance
the osseointegration of the titanium implants, Gomes et al. have utilised a two-step fabrication
strategy in which the sol-gel method was utilised for the formation of two types of hybrid
surfaces onto titanium. Two hybrids include methyltrimethoxysilane (MTMS) and 3-glycidoxy
propyl-trimethoxysilane (1:1 ratio) and another MTMS and tetraethylorthosilicate (7:3 ratio)
[158].

Bhavya et al. have utilised the nano-patterned silicon surface for studying the cell adhesion of
Human adipose-derived stem cells (hADSCs) for determining the influence of surface
topography on cellular behaviour. Cell differentiation behaviour, particularly chondrogenic,
osteogenic, and adipogenic differentiation, was carried out by focusing on collagen Il and
aggrecan, collagen I and osteocalcin, and perilipin and GLUT4, respectively [236]. Muller et
al. have coupled inorganic calcium polyphosphate onto the surface via APTMS linker. This
compound is morphogenetically active and upregulated the expression level of two biomarkers,
namely carbonic anhydrase and alkaline phosphatase in osteoblasts. Amine silanes were
crosslinked via etching of Ti surfaces [160]. Nano-topography via titanium dioxide nanotubes
was coupled with GPTMS silane modification to enhance the biocompatibility of the surface
by enhancing osteoblast adhesion and proliferation. This dual strategy acted synergistically to

tune the desired surface properties [146].

2.6 Antimicrobial surface modification

Bacterial infection is one of the reasons for osseointegration failure and inflammation, resulting
in implant rejection. The microbial infection leads to biofilm formation, and microbes like

Streptococcus sanguinis are among the first colonisers and contribute a leading role in early

attachment and guide attachment of other colonisers. Later colonisers such as Lactobacillus
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salivarius contribute to biofilm maintenance, and their by-products contribute to biofilm
formation [235]. For the success of the implant, antibiotics or other antimicrobial agent
immobilization on the implant surface might be a potential alternative [151, 237]. Various
research groups have tried to incorporate such agents onto the surface, summarized in Table
2.3. Pawlik et al. have tried attachment of a model drug, ibuprofen, via APTES to prolong the
release and enhance the loading efficiency. For this purpose, the anodic titanium dioxide
surface was modified using sodium hydroxide and APTES [151]. Liu et al. have encapsulated
vancomycin in nanoparticles composed of poly(vinyl alcohol) and poly( lactide-glycolide acid)
[PVA/PLGA]. These fabricated NPs were coupled on the implant surface via an APTES linker.
Release of the vancomycin was pH dependent and occurred via swelling of the nano-
encapsulation followed by ester bond rupture between vancomycin and PLGA. The highest
antibacterial efficacy against Staphylococcus aureus was observed at a pH of 4.5. This
fabrication strategy provided a dual benefit of osteoblast adhesion and antimicrobial activity

[237].
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Table 2.3: Surface modification strategies utilised for antimicrobial implant coatings

Modifiers Functional  Properties Significance Remarks Ref
moieties
APTES Amine; Melamine conc: 3.1x10" Melamine has the potential as an % reduction: 62.5 % (P.aeruginosa); [238]
Melamine:  °mol/cm? antimicrobial coating of biomaterials; % reduction: 84.4% (S.aureus)
antimicrobial Resistant against sterilization
peptide; techniques: autoclave and ethylene
dioxide;
APTES Amine; Drug release at 20 days: 7.1 Vancomycin encapsulation; ZOI highest at pH 4.5: 20.7+ 0.6 mm [237]
PVA/PLGA  pg/ml against S. aureus;
nanoparticles;
APTES; Amine with Enoxacin immobilization; MIC: 2 ug/ml (S. aureus, S. epidermidis), 4 [239]
PEG; PEG spacer; pg/ml (MRSA), 0.5 pg/ml (MRSE) and
0.06 pg/ml (E. coli)
APTES; Amine; 63.5 + 2.3°contact angle; Antimicrobial peptide: hLf1-11 % inhibition: 60.6 £ 6.2 (S. sanguinis), 55.7 [240]
Polymer brush; Roughness:29.2 + 4.1; attachment; + 1.1 (L.salivarius);
Thickness: 6.8 +05-11.6 £ Biofilm inhibition:
2.5 nm; 47.2 £13.9 (S.sanguinis), 47.3 £ 14
(L.salivarius)
CPTES; micro- Chloro; Contact angle: Antimicrobial peptide: GL13K GL13K coating activity thrice comparedto  [157]
grooved Microgrooved: 60.68 +2.89°; attachment; microgroove (P. gingivalis);
surface; Alkali etching: 14.68 +0.68°;
CPTES silane: 77.69 £9.28°;
GL13K: 101.6 +6.75°;
APTES; Amine Contact angle: Minocycline loaded chitosan/ alginate; ~ Antimicrobial activity against S. aureus; [241]
Chitosan; terminal; Pristine Ti- 70°, modified Ti- Stable minocycline release;
Alginate; Layer-by- 28°; 85-98% bacterial inhibition;
layer;

APTES: 3-aminopropyltriethoxysilane; PEG: poly (ethylene glycol); PVA: poly(vinylalcohol); PLGA: poly (lactic-co-glycolic acid); CPTES: (3-Chloropropyl)triethoxysilane
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2.6.1 Antimicrobial peptides

Titanium implants suffer from nosocomial infections at the site of a surgical incision. One
solution is the construction of antimicrobial coatings, such as antimicrobial peptides (AMPS),
directly onto the surface [242-245]. One advantage of antimicrobial peptides is that they are
not susceptible to bacterial resistance development and have a broad spectrum of activity. This
type of coating is not feasible using physical adsorption due to difficulty in controlling the
release, as this method relies on the morphology and composition of the substance to be
adsorbed. Further sudden burst release of the coating may cause cytotoxicity, attachment in the
wrong orientation may reduce its efficacy, and its long-term stability is also an issue.
Fabrication of antimicrobial titanium surfaces via click immobilisation of peptide onto the
surface using silane coupling of an alkynyl group can be tried [242]. These issues can be easily
addressed by covalent coupling, especially long-term stability. In a study, the fusion protein
PEG-HHC36 was used by Chen et al. [242], and antimicrobial activity was determined against
two clinically relevant strains, Staphylococcus aureus (SA) and Escherichia coli (EC).

Zhou et al. have utilised antimicrobial peptide (AMPs) GL13K to enhance the antimicrobial
properties of the titanium surface. GL13K was attached to the micro-grooved surface using 3-
(chloropropyl)-triethoxy silane (GPTES) as the linker. Further studies were performed to
determine the antibacterial activity against Porphyromonas gingivalis, and the proliferation of
the human gingival fibroblasts (HGFs) was analyzed. Chen et al. have utilised the same strategy
of AMPs fabrication onto Ti surfaces for the attachment of melamine, a broad-spectrum
antibiotic against fungi, bacteria, and even protozoa. Antimicrobial activity was determined
against Pseudomonas aeruginosa and Staphylococcus aureus. AMPs fabrication was stable
against sterilization methods such as ethylene oxide and heat sterilization [238]. Another
research group, Gallardo et al., have tried to modify the surfaces of model Titanium implants

using other silanes, such as triethoxysilypropyl succinic anhydride (TESPA), to incorporate the
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anhydride terminal functionality. The main aim of the study was to determine the antibacterial
activity, thus evaluating the in vitro response [235].

2.6.2 Metallic antimicrobials

The following section summarizes the antimicrobial coating for implant-related applications
involving metallic biomaterials. Metals can be utilized alone for the application or can be
combined with other metals or metal oxides to impart antimicrobial properties. This section

also included the usage of metallic nanoparticles for the same objective.

2.6.2.1 Metals:

Various metals have been utilized for implant-related applications. Thin-film coatings made of
copper and titanium have been created, and the impact of these coatings on bacterial
development has been investigated by Wojcieszak et al. The likelihood of copper ions
migrating from the film surface to the interior of microorganisms may rise because of these
coatings' improved wettability [246]. Chu et al. created several layers of material on the
surface. They discovered that the antibacterial effect of the thin film metallic glasses (TFMGs)
with Al or Ag content is comparable to that of the pure Ag coating. Lacking Ag or Al, the
ZrTiSi TFMG exhibits subpar antibacterial activity. The antimicrobial effectiveness against P.
aeruginosa, E. coli, and S. aureus has been evaluated, and it has been found that metal ion
release has a significant impact on antimicrobial activity [247]. Lalitha et al. utilized cardanol
in acrylate epoxidized linseed oil (AELO), a renewable resource, to synthesize the Schiff base
complexes based on zinc and copper used to make antibacterial thin film coating materials. The
antibacterial activity of the material compounds was effective against both Gram-positive and
Gram-negative bacteria, and its efficacy rose with concentration. This manufactured material
can create hydrophobic urinary catheter tubes resistant to microorganisms [248]. Wei et al.
have integrated fine Cu and Cu salt particles into polymer-based coating systems. The fact that

coatings with embedded fine Cu salt had higher antimicrobial properties than coatings with
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metallic Cu and that more Cu ions were released as a result suggests that the primary reason E.
coli dies after coming into contact with polymer-Cu coatings is due to the effect on cell
membrane integrity [249]. Thin metallic films can be coated on various implant-related
surfaces to make them antimicrobial. Cu or Cu ions are the least explored for this application
but can be utilized within their cytotoxicity limits. Other metals such as Zn, Ag, or Al can also
be used for biomedical applications. Cytotoxicity of the various metals can be reduced by
coating them with biologically benign materials. Film thickness and the nature of the addition,

doping, or mixing will also tune the antimicrobial behavior to a more significant extent.

2.6.2.2 Metal oxides:

TiOz is well known for its antibacterial activity, mediated through photoactivity. Using the sol-
gel dip coating technique, Cao et al. coated the bracket with a thin layer of TiO2to provide a
photocatalytic antibacterial effect [250]. The bracket was coated with a thin layer of nitrogen-
doped TiO2-xNy made by RF magnetron sputtering. The antibacterial activity of the bracket
was found to be effective against Streptococcus mutans, Lactobacillus acidophilus,
Actinomyces viscous, and Candida albicans, with percentages of 95.19% and 91% [251].
Chung et al. used a sol-gel dip-coating technique to create titania (anatase) and Ag-doped
titania coatings on glass microscope slides. Antibacterial activity tests against Bacillus cereus,
Escherichia coli, and Staphylococcus aureus revealed that coatings exhibited an exceptional
antimicrobial response.

Compared to a conventional TiO> coating, Ag-doped coatings were much more photo-
catalytically and antimicrobial active, lowering bacterial loads and addressing nosocomial
infections. The effectiveness of these films depends on how easily the electron-hole pair
produced by photosynthesis can be stabilized. Using the arc ion plating technique, TiO2 film
can be created on medical grade AISI 304 stainless steel. It provides medical tools with an

efficient antibacterial surface coating approach, lowering the incidence of hospital-acquired
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illnesses [252]. It has been noted that the Zn(ll)-tetracarboxy-phthalocyanine (TcPcZn)
complex intensified the antibacterial activity of TiO2, which has the potential to be an efficient
photocatalytic agent on a variety of microbes and chemical pollutants under visible light
irradiation [253]. It has been discovered that photocatalysts containing sulfur and nitrogen-
doped atoms are bioactive. Therefore, they can be used as antimicrobial surfaces in healthcare
settings. Researchers tested the synthetic photocatalyst for antibacterial activity and used white
light as the irradiation source to successfully eradicate Escherichia coli. These were highly
effective antibacterial thin film photocatalytic coatings [254].

It is possible to create ZnO films using aerosol-assisted chemical vapor deposition, a well-
known antibacterial agent (AACVD) [255]. Ali et al. have generated highly c-axis oriented
ZnO thin films with wurtzite structure on heated glass using the spray pyrolysis approach. The
antibacterial efficiency of the manufactured films improved with increasing Al/Zn ratio when
tested against Escherichia coli germs. Surgical tools, protective hospital clothing, medical
implants, and storage containers could all benefit from antimicrobial coatings [256]. Ag4Oa,
commonly known as Ag()Ag(l1l) oxide, can also be utilized to create antimicrobial coatings
[257]. By altering physical and chemical properties, antimicrobial activity can be imparted as
Mandracci et al. executed by using plasma-assisted chemical vapor deposition to produce thin
coatings of SiOx; the surfaces of dental materials were altered. Streptococcus mutans and
Streptococcus mitis were investigated for surface adhesion [258]. Wojcieszak et al.
investigated the bactericidal properties of (Cu, Ti, Nb)Ox thin films, whose antibacterial
activity is linked to the copper ion migration process. Studies on antibacterial activity revealed
that multi-oxide film, as it was created, had a potent bactericidal impact [259]. An efficient
way to enhance the mechanical, tribological, and antibacterial properties of the widely used
Ti6Al4V bio-alloy is through pulsed laser deposition (PLD) of ZrO> coating. Staphylococcus

aureus and Klebsiella pneumonia were shown to adhere and grow less readily on coated
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samples. For the sample coated at 200 °C substrate temperature, an apparent reduction in CoF
of 23 % at 2 N (tribological force) and a wear rate of up to 49 % at 5 N (tribological force)

were observed [260].

2.6.2.3 Metallic nanoparticles:

Proanthocyanidins and cinnamaldehyde are the two antioxidants found in Cinnamomum
verum. Cinnamomum verum and Fe3Os4 nanoparticles produced films with potent anti-
inflammatory and antibacterial action and few side effects. Pulsed laser evaporation was used
to deposit magnetic nanoparticles measuring 9.4 nm in size onto gastrostomy tubes (G-tubes)
for testing antibacterial efficacy against Gram-positive and Gram-negative microbial
colonization [261]. By reacting N-methyl pyrrolidone with silver salt in a semi-dry polymer
film, Lyutakov et al. successfully created nanoparticles. These AgNPs doped films were then
examined for their antibacterial efficacy on Gram-negative bacteria [262]. Inoue et al.
investigated the effectiveness of a hybrid nanoparticle called Ag/Si NPs, which has a core made
of silver (Ag) NPs and an exterior made of silicon (Si) nanocrystals. The benign AgNPs have
been created and immobilized on amine self-assembled monolayer (SAM) surfaces. We
explored the fabricated antimicrobial coating effect on Pseudomonas aeruginosa adhesion to
produce biofilms. Fabricated surfaces hindered bacterial adhesion, which inhibited biofilm
development and reduced bacterial viability by 67% [263]. Compared to AgNP films with
organic caps, the synthetic film displays a more significant zone of inhibition in agar diffusion
assays of Escherichia coli, as shown in Fig. 2.14 [264]. Metallic nanoparticles are also
promising due to their higher surface area and smaller size. Different metal-related NPs such

as TiOz, Fe304, Ag, or Si can be recruited to accomplish the task.
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Figure 2.14: Growth kinetics of E. coli bacteria incubated with NPs (Adapted with permission under
Creative Commons license).

2.6.3 Ceramic antimicrobials

Ceramic biomaterials made of metallic and non-metallic elements are divided into categories
based on how they behave in a physiological milieu. Ceramics can be divided into bioinert,
biodegradable/bioresorbable, and bioactive categories [77-80]. Staphylococcus epidermidis
and S. aureus cause most infections connected to implants. Surgery is commonly necessary for
recovery after antibiotic treatment. In static settings, S. aureus was less likely to stick to
surfaces coated with diamond-like carbon (DLC) than those coated with titanium, tantalum, or
chromium [265]. By applying the revised co-precipitation approach  with
cetyltrimethylammonium bromide, nitrogen, and bromine, Iconaru et al. produced NBrHAP
suspension. Suspensions indicated their antibacterial solid activity and displayed exceptional
in-vitro antimicrobial efficacy against bacterial and fungal strains [266]. Tyrosine
silica/antibiotic nanocomposite was created by Balaure et al., who also investigated the
antibacterial activity against the pathogenic strain Staphylococcus aureus. The widths of the
growth inhibition zones and the least inhibitory concentration values showed that the obtained
nano biostructure considerably improves the antibacterial activity of three regularly used

antibiotics against S. aureus [267].
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2.6.4 Polymeric antimicrobials

By providing surface/local antimicrobial activity and facilitating the removal of attached
microorganisms, Jones et al. hypothesized that the in vitro properties and in vitro resistance to
encrustation of films made of poly(-caprolactone) (PCL) and blends of PCL and the polymeric
antimicrobial complex, poly(vinylpyrrolidone)-iodine (PVP-1) coating system would lower the
incidence of medical device-related infections[268]. An effective hydrophilic-antimicrobial
thin film coating of functionalized polymaliamides has been created by Nagaraja et al. to limit
pathogenic microorganisms' activity of the polymer and thin film against Staphylococcus
aureus, Escherichia coli, and bacteria that cause tuberculosis variant. There are additional

reports of Mycobacterium smegmatis and Candida albicans [269].

A quick and reliable photo grafting procedure can create thin polymer films that shield
implantable medical devices from infection. Considering this, Shen et al. produced zwitterionic
thin films of poly(dimethyl)siloxane (PDMS) that significantly decreased bacterial adherence
in both in vitro and in vivo settings. Fabricated thin films can create films that resist bacterial
adhesion and growth, which are remarkably robust antimicrobial films. These films are
effective against the two bacterial strains that frequently cause medical device infection[270].
Martin et al. coated the clinically significant fabric with poly(dimethylaminomethyl styrene)
and investigated its antibacterial effectiveness at concentrations up to 540 g/cm?. They had

excellent anti-gram-ve performance against Escherichia coli [271].

At an acidic pH, Richert et al. created a thin homogeneous coating of the polysaccharides
chitosan and hyaluronan [272]. Bacterial adherence was reduced by 80% compared to a bare
glass substrate in the films constructed at high salt concentrations. They were also found to be
chondrocyte and bacterial-resistant [272]. According to Foster et al., chitosan's final shape can
considerably impact its antibacterial action. When tested on bacterial lawns and in liquid
cultures, chitosan in solution form demonstrated nearly perfect suppression (98.2 %); however,
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chitosan films (20 um) showed no inhibitory effects against Escherichia coli, Staphylococcus
aureus, or S. epidermidis species [273]. The researchers created ultrathin chitosan films by
spin-coating on gold/glass surfaces and crosslinking with genipin. The zeta potential of H.
pylori changed from negative to positive when the pH was decreased. At pH 6, the shape of H.
pylori changed from rod to coccoid because of pepsin adsorption before H. pylori adhesion

[274].

2.6.5 Composite antimicrobials

Alias et al. applied a nanocomposite layer of silver (Ag) and tantalum oxide (Ta20Os) to the
stainless steel 316L via physical vapor deposition magnetron sputtering. Manufactured
composites also displayed a sizable zone of inhibition to Escherichia coli (B-axis: 26.00 £+ 0.58
mm) and Staphylococcus aureus (A-axis: 16.33 £ 1.15 mm) [275]. The hip prosthetic surface
was modified by Ferreri et al. using Ag-ZrCN coatings. One of the main nosocomial bacteria
linked to infections connected to hip implants is Staphylococcus epidermidis. On stainless steel
316 L substrates, silver was incorporated in a zirconium carbonitride (ZrCN) matrix to give it
an antibacterial property [276]. Dhall et al. used barium titanate (BTO)-based nanocomposite
materials for biological purposes. While maintaining their mechanical and piezoelectric
characteristics, it exhibit powerful antibiofilm properties against Streptococcus mutans without
bactericidal effects, as shown in Fig. 2.15. Colony-forming units (in vitro) were reduced 10-
fold because of the anti-adhesion impact. Nanocomposite on a negatively charged surface

maintained strong antibacterial adhesion properties [277].
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Figure 2.15: Graph depicting the antibiofilm capability (Adapted with permission from ACS Applied
Materials & Interfaces 13.34 (2021): 40379-40391).

Ford et al. investigated the antimicrobial characteristics of detachable collagen/hyaluronic acid
polyelectrolyte multilayers (PEMS) treated with LL-37, a naturally occurring human AMP.
PEMSs' antimicrobial and cytotoxic effects were evaluated using primary rat hepatocytes and
the gram-negative Escherichia coli (E. coli, strain DH10B). The ability to neutralize E. coli
and prevent microbial adherence were two functions of the investigated antibacterial
characteristics. When LL-37 was added, PEMs developed that strongly inhibited microbial
adherence [278]. Demircan et al. created straightforward cellulose nanocomposites that could
obstruct the quorum-sensing (QS) molecules that controlled bacterial physiological processes.
Several green, low-cost cellulose nanocomposites with organically modified montmorillonite
were created, and they significantly inhibited the bacteria C. violaceum CV026 via quorum-
sensing-regulated pigment production [279]. Positively charged polymeric coatings have the
potential to be antimicrobial due to simple electrostatic interactions with negatively charged
bacterial walls and membranes. Taking this into account, Wojciechowski et al. employed
positively charged films that prevented the growth of yeast (C. albicans), as well as both Gram-
negative (E. coli) and Gram-positive (S. aureus) bacteria [280]. Reis et al. produced functional
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amine-enriched thin-film composite polyamide (PA) membrane surfaces using plasma
polymerization, a practical method. Higher silver binding to the changed surface and increased
antibacterial effectiveness with clearly visible E. coli growth eradication served as evidence of
increased metal affinity [281]. Various scaffolds of various biomaterials were also being tried

for antimicrobial efficacy as explained in Table 2.4.

Table 2.4: Various approaches employed for scaffold fabrication

Fabrication method Fabrication strategy References
3D additive Intercalation of gentamicin and ciprofloxacin into [282]
manufacturing the inter-lamellae of the double hydroxide layers of

Mg: Al & Zr phosphate
Ti6Al4V alloy scaffolds with silver (Ag), calcium [283]
phosphate (CaP) nanoparticles (NPs)

Coating Calcium Phosphate coating with vanillin derivative [284]

Drug-loaded fluorous-cured collagen shell around [277]

CS nanorod coatings

Functionalization PEGylated polyglycerol sebacate functionalized [285]

with Laponite nano silicates and an antimicrobial

peptide (AMP)

3D printing Poly(dopamine) mediated functional 3D porous [286]
scaffold of PLGA with immobilized BMP-2 and
ponericin G1

Electrospinning Radially aligned PCL nanofiber with 25- [287]

hydroxyvitamin D3 (25(OH)D3)

Aslan et al. investigated the antimicrobial properties of single-walled carbon nanotubes
(SWNT) layer-by-layer (LbL) combined with polyelectrolytes. When compared to control
films, the inactivation rates of Escherichia coli and Staphylococcus epidermidis were much
more significant after 24-hour incubation with SWNT-containing films (ca. 20 %) [288]. To

prevent the growth of biofilms, Ahmed et al. created polyvinyl-N-carbazole (PVK) (97 wt. %)
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and single-walled carbon nanotubes (SWNT) (3 wt.%). SWNTs were combined with PVK, an
electroactive polymer, to create stable PVK-SWNT nanocomposite dispersions and films,
which were more effective against E. coli and B. subtilis than either SWNTs or PVK alone
[289].

Ito et al. looked into the antimicrobial qualities of polymeric ultra-thin films made of
poly(lactic acid) (also known as "PLA nanosheets™) and silver sulfadiazine (AgSD). In an in
vitro assay, an AgSD-loaded nanosheet demonstrated antibacterial activity against methicillin-
resistant Staphylococcus aureus (MRSA) for more than 3 days. The Nanosheet considerably
decreased the amount of MRSA germs on the lesion in an in vivo test utilizing a mouse model
of infection in a partial-thickness burn wound (more than 105-fold) [290]. For surface coating
on orthopedic metal plates, a tricomponent nanohybrid dispersion in water containing silver
nanoparticles (AgNP), nanometer-thick silicate platelets (NSP), and water-based polyurethane
(PU) was created. Surface antibacterial effectiveness was demonstrated for coating
compositions of AQNP/NSP to PU ranging from 1/1 to 1/5 by weight ratio. A coating thickness
of about 1.5 um showed a robust composite surface with an effective microbicide capability
(Fig. 2.16) [291]. Pulit-Prociak et al. created an antibacterial composition based on polyvinyl
alcohol (PVA) and zinc oxide (ZnO). Gelatin, guar gum, and hydroxyethyl cellulose were
added to the composition as three natural stabilizers to achieve the objective. Strong adhesion
forces and microbial activity led to effective surface microbial treatment [292]. Tamayo et al.
created porous nanogold/PU scaffolds for antibacterial applications. Staphylococcus
epidermidis and Klebsiella spp., two pathogen microorganisms linked to implant infections,

were the targets of antibacterial experiments [293].
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Figure 2.16: Live/Dead assay of the MRSA strain (Adapted with permission from ACS Applied Materials
& Interfaces 6.22 (2014): 20324-20333).

2.7 Conclusion

Biomaterials are utilized for orthopaedic and dental implants, hip and knee joints, and many
other load-bearing applications. Different metal alloys, polymers, ceramics, and composites
are being explored as biomaterials. However, they suffer from certain limitations, which
physical and chemical modification techniques can eliminate. Tuning the surface properties of
the implant materials can be carried out to a certain degree depending on the desired
applications, such as the fabrication of implants with reduced side effects and immunological
responses. Biomaterials with self- antibacterial properties are needed to address the challenges
of antimicrobial resistance and hospital-acquired infections. Thus, multifunctional biomaterials

need to be designed for a given application.
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Chapter 3

Surface modification and characterization of metallic implant surfaces

This chapter includes the surface modification of the titanium alloy surfaces using a
silanization-based surface modification approach. Silane molecules with varied terminal
moieties, such as octyl-, amine-, carboxyl-, hybrid-, mixed-, hexadecyl-, and octadecyl- were
functionalized on the acid and UV-activated surfaces. These self-assembled monolayers
(SAMs) of the various silane molecules were characterized after modification using the Contact
Angle Goniometer, Fourier Infrared Transform Spectroscopy (FTIR), and Ellipsometer
spectroscopy. Change in the surface energy and hydrophobicity, along with the change in the
peak area of various functional groups (from FTIR), was quantified to get an insight into the

silanization and surface tunability of various model implant surfaces.

3.1 Introduction

Biomaterials are utilized to fabricate implant materials such as orthopedic, dental, and other
implants [1, 62]. The surface properties of the biomaterial rather than the bulk properties
influence the fate of the implant material. Surface properties determine and influence the key
physicochemical microenvironment events, such as protein interactions, cellular interactions,
and immunological responses, to name a few [41, 294-297]. The physiological
microenvironment interacts with the implants and causes the release of metal ions and
deterioration of the implant surface. Released metal leachates interact with surrounding tissues,
causing immunological responses [55, 298].

Protein adsorption is dependent on the substrate, protein, and microenvironment properties.
Adsorption is affected by the charge distribution, size, and conformation of the proteins along
with topography, chemistry, cationic site, hydrophobicity, crystalline phase, composition, and
surface charge of the substrate [189, 205]. The ionic strength, temperature, and pH of the
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microenvironment also affect protein adsorption [189]. The secondary structure of the protein
unfolds upon adsorption to irreversibly adsorb onto the surface. Non-specific protein
adsorption might lead to biofouling, thus compromising the implant material.

The key surface features that are quite promising in determining the cellular interactions,
namely protein adsorption, cell adhesion, and anti-biofouling, are governed by the surface
energy of the functionalized surfaces [194, 210]. Enhancing the surface properties of the
existing orthopedic materials without compromising their key features is a hot research area.
Ensuring the implant-tissue interlocking and preventing micromotion, inflammation, and
fibrosis are the most sought features.

Various physical and chemical modification strategies can be utilized to enhance the surface
features. Physical modification strategies involve plasma spraying, electron beam sputtering,
hydrothermal treatment, ion beam sputtering, and surface roughness tuning [15, 16]. In
contrast, chemical modification involves the incorporation of thiolization, silanization, click
chemistry, sol-gel method, electrochemical etching, anodization, apatite coating,
electrochemical oxidation, doping of other elements, and other strategies to enhance the surface
features [17, 18, 20, 21, 41]. Our strategy of silanization forms a thin, uniform coating on the
surface, and the functionality can be altered by changing the terminal moiety of the silane
molecules. This strategy helps to alter the surface chemical groups and the wettability and
surface energy of the functionalized surfaces. Silane moiety can also be used as the coupling
agent to incorporate other molecules and ligands onto the modified surfaces to enhance the
overall features depending on the applicability. So, silane moieties provide ease of tunability
and fabrication along with functional flexibility and application versatility.

This chapter includes the surface modification of the silica and titanium alloy surfaces using
the silanization-based surface modification approach. Silane molecules with varied terminal

moieties, such as octyl-, amine-, carboxyl-, hybrid-, mixed-, hexadecyl-, and octadecyl-, were
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functionalized on the acid and UV-activated surfaces. These self-assembled monolayers
(SAMs) of the various silane molecules were characterized post-modification using the Contact
Angle Goniometer, Fourier Infrared Transform Spectroscopy (FTIR), and Ellipsometer
spectroscopy along with investigating the insights about the silanization and surface tunability

of various model implant surfaces.
3.2 Materials and Methods

Ti6Al4V alloy sheet was procured from Metalfort, India, glove bag (cat.no. Z530220),
anhydrous toluene (cat. no. 244511), Tri-ethoxy octyl silane (cat. no. 440213), 3-aminopropyl
triethoxy silane (cat. no. 440140), hexadecyl trimethoxysilane (HDTMS, cat. no. 52360),
trimethoxy(octadecyl) silane (TMODS, cat. no. 376213) p-Tolyl isocyanate (cat. no. 143634),
dibutyltin dilaurate (cat. no. 291234), Bovine Serum Albumin (BSA, cat. no. A2153) was
procured from Sigma-Aldrich; toluene, methanol, acetone, hydrochloric acid, sulfuric acid,
hydrogen peroxide, and potassium permanganate, KCI, NazHPOa4, NaCl, diiodomethane and
KH204 were purchased from Himedia and MilliQ water (18.2 MQ.cm, make: Millipore) was
utilized throughout the experiments. Polished samples were washed with acetone and kept in a

vacuum desiccator post-drying for further use.

3.2.1 Pre-modification substrate cleansing strategy

Ti6Al4V sheets were cut into 1 X 1cm pieces using wire-electrical discharge machining (wire-
EDM) followed by polishing with silicon carbide sandpapers of different grit sizes starting
from the lowest to the highest (400, 600, 800, 1000, 1200, 1500, and 2000 um). Surfaces were
activated before the silanization-based self-assembled monolayers (SAMs) with slight
modifications to the protocol previously described by our research group [145, 299-301].
Firstly, acid wash (MQ: H202: HCI, 3:1:1 v/v) was given for 30 min to remove all the
hydrophobic patches, dust, and grease from the samples for the proper silanization to take

place, followed by washing thrice with MQ water (10 min each) followed by acetone washing
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for 10 minutes [145, 299-301]. Acid wash followed by UV treatment (1 hour) to remove the
reminiscent hydrophobic patches. Samples were immediately utilized for the surface

modification.

3.2.2 Silane-based SAMs formation

3.2.2.1 Amine-, octyl-, hexadecyl-, octadecyl-, mixed-SAMs:

For the effective silanization, humidity in the glove bag was maintained at <35% using repeated
purging of inert gas, i.e., nitrogen, to be carried out properly in the particular order to be
effective, as mentioned below. Activated samples were kept in the anhydrous toluene
containing the TEOS (octyl silane) under an inert nitrogen atmosphere for 24 hours to form
uniformly distributed self-assembled monolayers (SAMs). Similarly, for the amine-terminated,
mixed-, hexadecyl- and octadecyl- SAMs formation, samples were similarly immersed in the
respective silane precursors (APTES, TEOS, HDTMS, TMODS) containing anhydrous toluene
solution. Post-silanization, samples were shifted to clean beakers, and silane containing
anhydrous toluene was discarded. Samples were washed with toluene, toluene-methanol (1:1
v/v ratio), and methanol for 10 minutes in a bath sonicator. SAMs modified Ti6Al4V substrates

were kept in the vacuum desiccator until further experimentation.

3.2.2.2 Carboxyl SAMs formation:

Octyl SAMs were subjected to secondary modification using acidified KMnQOs to impart
carboxyl-terminal to the octyl SAMs, converting them to carboxyl SAMs. For the formation of
carboxyl SAMs, acidified KMnO4 using 2M H2SO4 was utilized to carry out the carboxylation
of the terminal -CH> group of the octyl chain. For the modification, various percentages of the
acidified KMnOg solution (1, 2, 3, 4,& 5%) were used with variable incubation time (5, 10,
15, 20, 25, 30, 60, 90, 120, and 150 min) at RT was carried with slight modification of the

protocol previously described by our research group and elsewhere [62, 302, 303]. After
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modification, samples were washed thrice with MQ water for 10 min each, then dried under

laminar airflow and stored in a vacuum desiccator.

3.2.2.3 Hybrid SAMs formation:

Hybrid SAMs are formed on the amine SAMs surfaces as the post-modification strategy. The
amine terminal was coupled to the NCO- group of the p-tolyl isocyanate via urea linkage (NH-
CO-NH). A hybrid terminal was formed using dibutyltin dilaurate as the catalyst; the reaction
was carried out in the inert nitrogen atmosphere in the glove box at RT for 3 hours, followed

by washing with the solvents, as mentioned in the above section [299].

3.3 Characterization

3.3.1 Contact Angle and Surface Energy

Surface Energy: A Contact Angle Goniometer (Holmarc) was used to determine the contact

angle of the surface using MQ water and di-iodomethane. The sessile drop method was used
for the measurement at RT. Samples in triplicates were used for the measurement. Young’s
equation was determinative and relates contact angle 6 to interfacial tensions at solid-air, solid-

liquid, and air-liquid interfaces:

Ysv — VsL = YLy C0sO

1)

where y.v, Y5, and ys, are the interfacial tensions in-between liquid-vapour, solid-liquid, and
solid-vapour, respectively. Surface energy y,, was deduced based on the contact angle data of
the MQ and DIM solutions on the surface-modified Ti6AI4V substrates based on geometric

mean expression as reported previously by our research group [19, 62], shown below:

Y (X + cos8) = 2[(yEyE)Y? + (vPy2)V?

)
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where ¥ and y? are the dispersive and polar components of the liquid surface energy and y£
and y? are the respective dispersive and polar components of the solid surface energy,

respectively.

3.3.2 Surface functional group characterization

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) was used
to characterize the various functional groups on the surface of the modified substrates. Vacuum
desiccator stored samples were utilized for the ATR-FTIR (PerkinElmer Spectrum 2)
measurement with a scan resolution of 4 cm™ and range 4000 - 700 cm™ at RT conditions. For
all the samples, an unmodified Ti6AI4V substrate was used as the background prior to the
sample measurement.

3.3.3 Thickness measurement

SEMILAB, Spectroscopic Ellipsometry Analyzer - SEA instrument (Model: GES5E), was
used to analyze the thickness of the silane SAMs modified surfaces (AO-, HO-, HC-, HO-
series, and others). The HeNe laser (632.8 nm) on the instrument was focused on the sample at
a 70° angle of incidence. Optical constants fit the data: n = 3.871, k = 0.0158 for the substrate,
n=1.521, and k = 0 for the silane SAMs treated surfaces [304, 305].

3.4 Results and Discussion

3.4.1 Contact Angle and Surface Energy

3.4.1.1 Amine-, octyl- and mixed-SAMs:

The surface properties of the modified surfaces can be determined by knowing the

hydrophilicity of the surfaces using the contact angle measurement. The surface energy of the
modified substrates can be determined by measuring the contact angle of the polar and non-
polar liquid with the known surface energy values. The contact angle of these liquids with
respect to the modified substrates can help deduce the surface energies. The contact angle of

the MQ (64.6+1.4°) and DIM (41.5+1°) on the amine SAMs modified silica substrates. Based
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on the measured contact angles of the MQ and DIM, the surface energy of the amine SAMs
modified substrate was calculated to be 49.1+1 mJ/m?. In addition to modifying the silica (glass
coverslips) substrates, Ti6AI4V alloy was utilized as the model implant substrate for further
silane modification and related experiments. In this direction, Ti6Al4V substrates were
modified using the amine-SAMs modification and mixed-SAMs containing equal volumetric
ratios of APTES (amine-SAMs precursor) and TEOS (octyl-SAMs precursor). The contact
angle of the modified substrates was measured, and surface energy was deduced. The contact
angle of the octyl-SAMs modified Ti6Al4V substrate was 107.7+1° (MQ) and 64.3£1° (DIM),
and the surface energy calculated was 26.2+0.4 mJ/m?; on the other hand, the contact angle of
the mixed-SAMs was 83.4+£1° (MQ) and 46.5+£1° (DIM) and deduced surface energy was
39.3+0.4 mJ/m?; somewhat in-between the contact angles measured for the amine- and octyl-
SAMs modified substrates as evident from the data in Table 3.1.

Table 3.1: Surface parameters for various SAMs

Surface parameters

SAMs Contact angle (9)  Surface energy (mJ/m?)
MilliQ DIM
Amine 64.6+1.4° 41.5+1° 49.1+1
Octyl 107.7+1° 64.3£1° 26.2+0.4
Mixed 83.4+1°  46.5+1° 39.3+0.4
Octadecyl 121.6+1.2° - -
Hexadecyl 114.9+£2° - -

Mixed hexadecyl-octyl) 117+2.8° - -
Carboxyl(hexadecyl-octy) 47+0.6° = r

3.4.1.2 Octadecyl-, hexadecyl-, mixed(hexadecyl-octyl)- and carboxyl(hexadecyl-octyl)-
SAMs:

The Ti6AI4V substrate was further modified with different chain lengths in the linker region
of the silane molecules. In the above section, we modified the Ti6AI4V substrate with the octyl-
SAMs containing eight molecule carbon chain. Here, we have tried to modify the pre-treated
substrates with sixteen and eighteen-carbon chain long mixer region, mixed-SAMs were also

formed containing the eight and sixteen-carbon chain long mixer region, which was post-
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modified to carboxyl-SAMs converting the -CHs terminal moiety of the mixed-(hexadecyl-
octyl) to the carboxyl terminated SAMs using the acidified potassium permanganate. The water
contact angle measurement confirmed the successful modification. As clear from Table 1, the
water contact angle of the octadecyl-SAMs was 121.6+1.2°, hexadecyl-SAMs was 114.9+2°,
MiXed hexadecyl-octyy SAMS was 117+2.8° and carboxyl(exadecyl-octyy SAMs was 47+0.6°
respectively. Octadecyl-SAMs with the most extended chain length showed the highest contact
angle followed by the mixed-SAMs, which might be due to intra-variation in the chain length
of the SAMs on the surface, and carboxyl SAMs modified substrates showed the least contact

angle due to an increase in the surface hydrophilicity.

3.4.1.3 Variable ratio mixed SAMs of amine-octyl, amine-carboxyl, hybrid-octyl, and hybrid-
carboxyl silanes

In the following work, mixed SAMs were fabricated from the APTES and TEOS precursors
and modified to carboxyl SAMs from the octyl-SAMs, and hybrid-SAMs from the amine-
SAMs. Various volume ratios of the silane precursors were utilized for the mixed SAMs
formation. Following ratios of the amine to octyl were utilized for the experimentation: 9:1,
8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 along with the precursor SAMs at both ends as the
control modification forming the AO series of the SAMs formation on the Ti6Al4V substrates.
AO series samples were treated with the acidified KMnQO4 to form the AC series. In addition,
HO series samples were formed upon the reaction of the AO series samples with the p-tolyl
isocyanate in the presence of the dibutyltin dilaurate as the catalyst. HC series samples were
formed when the native amine-SAMs and octyl-SAMs were converted to hybrid and carboxyl-
SAMs, respectively. For the AO series samples, the highest water contact angle was for the
octyl SAMs (105.6+2°) followed by the AO19 (101£1°), which gradually decreased with the
decrease in TEOS fraction in the successive mixed SAMs ratios, and the least was for the
amine SAMs surface (66.7+£2°) as shown in Fig. 3.1. In the case of DIM for the AO series
samples, the highest values were for the octyl SAMs (63.9+1.5°) followed by the AO19
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(61.9+2.6°) and gradually decreased in the series and the least being for the amine SAMs
(46.8+1.6°). Based on the MQ and DIM contact angle data for the AO series, surface energy
was calculated using equations 1 and 2. The highest surface energy was calculated to be for the
amine-SAMs surface (46.2+1.3 mJ/m?), followed by the AO91 (43.6+0.5 mJ/m?), which
gradually decreased with the change in the precursor ratios and was least for the octyl SAMs
surface (26.5+1 mJ/m?) as depicted in Fig. 3.1. Here in the graph, X-axis represented the
percentage of the silane used for the functionalization and that need not be the functionalized
on the surfaces in the exact percentages depending on the reaction rate of different silane
moieties. Similarly, the silane percentages mentioned in the X-axis throughout the thesis
represented the actual silane percentages used for the functionalization, otherwise mentioned

in the caption.
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Figure 3.1: Contact angle measurement of the AO series samples with MQ and DIM; dotted lines
represent the fitted data

In the AC series samples, the water contact angle was the highest for the amine SAMs

(65.1+£2.9°), which gradually decreased in the series as follows AC91 (64.4+1.2°)>
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ACB82(61.9£1.4°) and so on and least for the carboxyl SAMs surface (49£1.5°). A similar trend
was followed for the DIM contact angle, with amine SAMs as the highest (46.6+1°) and least
for the carboxyl SAMs (39.3+1°). The surface energy trend for the AC series was inverse to
the water and DIM contact angles, with carboxyl SAMs samples having the highest surface

energy (58.5+1 mJ/m?) followed by the AC19 (57+0.5 mJ/m?), AC28 (55.9+0.5 mJ/m?) and so

on and least being for the amine SAMs surface (47.1+1.5 mJ/m?) as shown in Fig. 3.2.

70 : - 50
| = MQ = DIM = Surface Energy
68 - | - ‘ - 60
. AC series .
- 66-. . . Alss L 48
S g0 ]] e R0.99 . : =
Q2 - 'iﬂ' L 56 ™ | 46 —
D 62 E )
R o ‘i ] 2 O
- 60 - 5 L 54 E c
& I g R 0.99 > |44 <
«~ 58 4 (o)) Qe
 — - Q
(=] i . ‘\‘ -52 @© ©
QO 56 s B = b=
& i " ta e
£ 541 { s -50 @ Q
1 ¥as ®
S s52- , R?0.95 % t =
1 2 k -48 2 L40 O
50 - { Bl
48 - 46
: - 38
46
T T T 4
0 10 20 30 40 50 60 70 80 90 100

Carboxyl Silane (%)
Figure 3.2: Contact angle measurement trend of the AC series samples with respect to the MQ and
DIM, dotted lines represent the fitted data.

HO series samples were formed by the post-modification reaction of the octyl terminal with
the p-tolyl isocyanate via urea linkage. The characterization based on the surface features,
water, and DIM contact angle was measured on the HO series samples, followed by calculating
the individual surface energies based on equations 1 and 2. The highest water contact angle
was measured for the octyl SAMs surface (105.9+1.5°) followed by the HO19 (103.5£1.6°) <
HO28 (101.7+0.8°) and so on, with the least for the hybrid-SAMs (87.3+0.5°). The same trend

was also observed for the DIM contact angle with the octyl-SAMs (63.2+2°) > HO19
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(62.8+1.2°) > HO28 (61.2+1.3°), so on, and the least for the hybrid-SAMs (51.6+1.8°). Surface
energy values deduced based on the MQ and DIM contact angle values are inverse to the
contact angle data with the highest surface energy for the hybrid-SAMs (35.8+0.8 mJ/m?) >
HO91 (35+0.5 mJ/m?) > HO82 (33.8+0.5 mJ/m?), so on and least for the octyl-SAMs surfaces
(26.8+1.2 mJ/m?) as shown in Fig. 3.3. The highest surface energy value signifies the tendency
of the surface for a higher rate of adhesion or binding on the surface to minimize the overall
free surface energy from the substrate. It might occur due to the attachment of the proteins or
the adhesion of the bacteria or cellular components on the surface, making the surface
susceptible to biofouling. However, it also signifies a higher potential for surface engineering

to be flexible and form the next generation of biomaterials [306].
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Figure 3.3: Contact angle data of the MQ and DIM for the HO series samples, fitted data is represented
by the dotted lines

Amine-SAMs undergo post-modification to form hybrid-SAMs, and octyl-SAMs undergo
post-modification to form the carboxyl-SAMs. So, the HC series samples involve double post-

modification of the base SAMs attached to the Ti6AI4V surfaces. Water contact angle
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measurement on the functionalized surfaces revealed the highest value for the hybrid-SAMs
surface (86+1°), proceeded by the HC91 (83+1.3%) > HC82 (79.5+0.8°), and so on, least water
contact angle for the carboxyl-SAMs (52.1+1.7°). Similar decreasing behaviour was exhibited
by the DIM contact angle for the HC series samples as follows: hybrid-SAMs (53.1+£0.9°) >
HC91 (51.7+0.6°) > HC82 (49.9+0.8°) and follows,s with the minimum angle exhibited by the
carboxyl-SAMs sample (38.3£0.7°). Inverse behaviour was again exhibited by the trend for the
surface energy values of the HC series samples, as follows; carboxyl-SAMs (56.9+1 mJ/m?) >
HC19 (56+0.8 mJ/m?) > HC28 (53.5+1.2 mJ/m?) and so forth with the least surface energy for

the hybrid-SAMs (35.5+0.5 mJ/m?) as quite clear from the data depicted as graph in Fig. 3.4.
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Figure 3.4: Contact Angle measurement of the HC series samples for the MQ and DIM, dotted lines

represent the fitted data

3.4.1.4 Surface Enerqgy and Carboxyl SAMs formation Kkinetics:

Material surface is the mediator in determining the fate of the biomaterial in the

physicochemical microenvironment [307]. The surface energy of the modified substrates was
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determined using the MQ and DIM contact angles. Octyl-SAMs samples (0 min) showed the
lowest surface energy (26.7+0.5 mJ/m?), and the highest surface energy for the respective
KMnO4 concentrations (conc) was exhibited by the 150 min incubated samples, indicating the
conversion of most of the octyl SAMs to carboxyl SAMs. Surface energy for all the KMnO4
conc was further peak fitted using the ExpDecl function in the OriginPro software, as shown
in Fig. 3.5, to obtain the parameters related to the saturation surface energy, plateau time point,

and time constant along with the derived parameter of saturation rate:

y = Al xexp(—x/t1) + y0

@)

where, Al is the amplitude and t1 is the time constant
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Figure 3.5: Graph showing the change in the surface energy of the octyl-SAMs modified Ti6Al4V

substrates with the various concentrations of the acidified KMnO4 for the conversion to carboxyl-SAMs
at variable time
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Octyl SAMs surfaces incubated with 1% acidified KMnO4 conc showed the least rate of 0.031
min’t (R?: 0.99), which showed a linear increase with the increase in the KMnO4 concentration
as follows: 0.041 min™ (2%, R?: 0.99), 0.058 min (3%, R?: 0.97), 0.062 min™* (4%, R?: 0.99)
and 0.072 min (5%, R?: 0.98) clear from Table 2. This indicated a faster acid hydrolysis with
an increase in the KMnOs concentration. A higher percentage (5%) of the acidified KMnOg4
showed ~3.5 times faster change in the surface energy than the lower percentage (1%). Based
on the above data, the octyl-SAMs modified Ti6AI4V substrates showed the best result with
the 5% acidified KMnO4 condition for carboxyl-SAMs conversion. Surface energy is a crucial
factor, but it achieves synergism with the surface topography to get the best properties for the
implant material design [308]. It has been observed in a study conducted by Scotchford et al.
that the cell adhesion behaviour on the modified surfaces can be enhanced by increasing the
surface energy [309]. Lim et al. conducted experiments to study the long-term effects of the
surface energy on cell-biomaterial and overall cellular behaviour, i.e., cell growth and
mineralization behaviour. Studies showed that surface energy was responsible for changes in
spatial cell growth behaviour, especially in cell differentiation and biomineralization in
osteoblast cells [310]. In another study, researchers fabricated a surface energy gradient surface
to study the effect on the fibronectin-mediated adhesion and proliferation of the MC3T3-E1
cells with precoated fibronectin on the surface prior to cell incubation. It was found that a 10°
rise in the water contact angle reduced the doubling time by twice, though for the majority part,

fibronectin mediated cell adhesion was independent of the surface energy [311].

3.4.2 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-
FTIR)

FTIR was performed in the ATR mode in the 4000-700 cm™ range to characterize the
successful silanization on the Ti6AIl4V surfaces and determine the various functional groups

that were present. Surface functionalization kinetics was also determined based on the FTIR
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data. Silanization was performed on the silica substrate (glass coverslip) first, followed by

functionalization on the titanium and Ti6Al4V substrates.

3.4.2.1 Amine-, octyl- and mixed-SAMs

The substrate was functionalized with amine-SAMSs and was confirmed by the change in the
contact angle compared to the bare sample, which was further confirmed by the ATR-FTIR
measurement. Si-O-Si bending was observed at 758 cm™ and stretching at 1043 cm, indicating
the successful silanization and silane bond formation between the silica substrate and the silane
molecules. Si-C stretching due to the Si-CH2R group was confirmed by the 833 cm™ and 1146
cm* peaks, firmly confirming the successful SAMs formation on the substrate due to the silane
molecules [145, 299-301]. The presence of the amine terminal moiety was confirmed by the

peak at 1511 cm™ due to the amide group.

Surface modification was also carried out on the Ti6Al4V substrates with octyl- and mixed-
SAMs formation, as shown in Fig. 3.6. Si-O-Ti bending was confirmed at the 740 cm™ and
peak at 1020 cm™ was due to stretching of the Si-O-Ti bond, confirming the successful
silanization and siloxane bond formation between the substrate and the silane molecule. Si-C
stretching at 870 cm™ and 1140 cm™* was due to the Si-CH2R groups, which further confirmed
the silanization [145, 299-301]. Mixed-SAMs contain both TEOS and APTES in an equal
volume ratio (1:1), which means both amine and octyl terminal groups were equally distributed
throughout the Ti6Al4V surface. Mixed-SAMSs contain a peak at around ~1500 cm™ due to the
amine group and 2920 cm™ due to the octyl group of the mixed-SAMs, whereas octyl-SAMs

contain a peak at ~2920 cm™ due to the octyl moiety.
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Figure 3.6: ATR-FTIR measurement of the amine-, mixed- and octyl-SAMs

3.4.2.2 Octadecyl-, hexadecyl-, mixed(hexadecyl-octyl)- and carboxyl(hexadecyl-octyl)-
SAMs

Octadecyl-, hexadecyl-, and mixed-SAMs contain a peak at 2930 cm™ due to -CHz stretching,
while the carboxyl-SAMs contained a diminished portion of the -CHj stretching along with the
peak centered at 1462 cm™ due to hydroxyl stretching of the carbonyl group as shown in Fig.
3.7. Individual peak areas of all the SAMs functionalized surfaces in the -CH3 stretching region
were calculated using the OriginPro software to establish the relationship between the carbon
chain length and the peak areas. Octadecyl-SAMs had the highest peak area (0.158+0.007),
followed by the hexadecyl-SAMs (0.114+0.014), mixed-SAMs (0.05+0.005), and carboxyl-

SAMs (0.059+0.002) as evident from the Fig. 3.8.
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Figure 3.7: ATR-FTIR measurement of the hexadecyl-, octadecyl-, mixed-(hexadecyl-octyl) and
carboxyl-(hexadecyl-octyl) SAMs functionalized Ti6AIl4V surfaces
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Figure 3.8: ATR-FTIR peak area of the modified surfaces in the CH; stretching region and for the
amine group

3.4.2.3 Variable ratio mixed SAMs of amine-octyl, amine-carboxyl, hybrid-octyl, and hybrid-
carboxyl silane

AO series samples involve the variable volumetric ratios of the precursor’s amine and octyl.

ATR-FTIR was carried depicting the peaks at ~760 cm™ due to the Si-O-Ti bending and ~1020
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cm™ peak for the Si-O-Ti stretching with slight variation throughout the series, confirming the
successful silanization on the Ti6AI4V surfaces. Peaks at 880 cm™ and ~1136 cm™ with slight
variation among the samples in the AO series due to siloxane bond formation, further
confirming the successful silanization as shown in Fig. 3.9(a). Peaks due to the amine group
were prominent in the range 1500-1600 cm™ and the peak due to the octyl group in the range
of 2880-2985 cm™ as depicted in Fig. 3.9(b & c), along with the trend in the peak area of the
amine and octyl group in the AO series samples in Fig. 3.9(d). The highest peak area of the
amine group was exhibited by amine-SAMs (0.36+£0.02) > AQ91 (0.26+0.03) > A082
(0.19+0.03) and so on, showing a gradual decrease in the peak area and the least was for octyl-
SAMs (0.017+0.004). Asevident, the peak area trend for octyl group was opposite to the above
trend, with octyl-SAMs having the highest peak area (0.66+0.02), followed by AO19
(0.46+0.04) > AO28 (0.4+0.008) and it keeps on decreasing in the following direction up to
amine-SAMs surface (0.025+0.004), decrease and increase in the peak area for the two
considered functional groups is slightly exponential. Actual ratios of the precursor silanes
functionalized on the Ti6AIl4V surfaces can be determined using the amine group peak area as
the basis for the amine surface fraction investigation, Camine USing the protocol of another

research group [312] as follows:

AOgprios — A
Camine (%) — (1 _ series octyl) % 100
Aamine - Aoctyl
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Figure 3.9: (a) ATR-FTIR in the 400-700 cm™ region for the AO series SAMs modified Ti6AI4V
substrates, (b) FTIR peak area for the AO series samples due to the amine group, (c) FTIR peak area
due to the CH, stretching, (d) change in the peak area trend due to the APTES and TEQS ratios for the
AO series samples

For the AC series samples, AO series samples were further modified using acidified KMnO4
to convert the octyl terminal into the carboxyl. In the ATR-FTIR measurement, peaks at ~780
cm® and ~1040 cm™ with slight peak shifts throughout the AC series due to bending and
stretching due to Si-O-Ti confirming the successful silanization. Si-C stretching at ~1140 cm’
Land ~850 cm™ with slight variation throughout the series due to Si-CHzR groups further
confirming silanization on the surface, as shown in Fig. 3.10(a). AC series samples contain the
uniform distribution of the octyl and amine-SAMs depending on the ratios of the precursor
silane moieties. FTIR peaks in the range of 1458-1638 cm™ were utilized to assess the

behaviour of change in the peak area of the amine terminal, reflecting the proportion of the
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amine-SAMs present throughout the modified Ti6Al4V surfaces as shown in Fig. 3.10(b).
Carboxyl-SAMs moieties also decreased in number throughout the modified surfaces as the
relative ratio of the carboxyl decreased in the series, investigated by the FTIR peaks in the
range 1350-1530 cm™, as shown in Fig. 3.10(c). Carboxyl-SAMs showed the highest peak area
of 0.176+0.012 for the carbonyl functional group, followed by AC19 (0.126+0.006) > AC28
(0.1£0.009) and so on, with the least for the amine-SAMs surface (0.007+£0.0007). On the other
hand, the least peak area for the amine group was for the carboxyl-SAMs (0.028+0.001) <
AC19 (0.034+0.002) < AC28 (0.037+0.002) and others and amine-SAMs showed the least

peak area of 0.2+0.02 as clearly visible from the Fig. 3.10(d).
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Figure 3.10: ATR-FTIR measurement of the AC series samples in the 4000-700 cm™* range, (b) ATR-
FTIR peaks for the AC series samples due to amine group, (¢) FTIR peak due to the carbonyl group for
the AC series functionalized surfaces, (d) peak area trend for the AC series samples due to the variation
in the ratio of the amine and carboxyl ratios
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ATR-FTIR measurement was carried out for a better understanding of the distribution of the
various silane moieties across the modified surface and to confirm the successful silanization
for the HO series samples; Silanization was confirmed by the Si-O-Ti bending (=760 cm™) and
stretching (~1025 cm™) along with the Si-C stretching (~1145, ~870 cm™) due to the Si-CH2R
groups as shown in Fig. 3.11(a). FTIR peaks corresponding to the hybrid and octyl moieties
are shown in Fig. 3.11(b and c), respectively. Changes in the peak area corresponding to the
hybrid and octyl functional groups are mentioned in Fig. 3.11(d). Investigation of the change
in the peak in the range of the hybrid group showed the highest peak area for the hybrid-SAMs
(0.065£0.005) and the least for the octyl-SAMSs (0.003+0.001), the rest of the ratios of the two
precursors fell in between the two control silanes. Inverse behaviour was observed for the
change in the peak area of the octyl group, with the least for the hybrid-SAMs (0.078+0.005)
and the highest for the octyl-SAMs (0.38+£0.017), rest of the ratios in between the hybrid and

octyl-SAMs groups as depicted in Fig. 3.11(d).
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Figure 3.11: (a) ATR-FTIR graph of the HO series samples in the range of 4000-700 cm™, (b) FTIR
peak due to the hybrid group of the HO series samples, (c) FTIR peaks due to octyl group present in the
HO series samples, (d) change of the peak area of the hybrid and octyl groups due to change in the

Similarly, the HC series was also characterized using the FTIR in the ATR mode. As apparent

from the name, this series involves dual post-modification functionalization to the existing AO

series samples and FTIR graphs shown in Fig. 3.12(a). Changes in the peak area due to hybrid-

SAMs and carboxyl-SAMs were predicted in Fig. 3.12(b and c). Behavioural change in the

peak area of the precursors with the relative change in the ratios throughout the series is shown

in Fig. 3.12(d). Peak area change in both the precursors is inverse, as in the case of the hybrid

group, highest peak area for the hybrid SAMs (0.064+0.005) and least for the carboxyl-SAMs
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(0.002+0.0007) whereas for the carbonyl group, least peak area exemplified by the hybrid-

SAMs (0.007+0.001) and highest for the carboxyl-SAMs (0.22+0.02).
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Figure 3.12: (a)ATR-FTIR graph showing change in the peak areas of the HC series samples in the
4000-700 cm-1 range, (b) change in the FTIR peaks for the HC series samples due to hybrid group, (c)
FTIR peaks showing the change in the HC series samples in the carboxyl region, (d) trend showing the
peak area change due to variation in the ratio of the hybrid and carboxyl precursors of the HC series

samples

3.4.2.4 Carboxyl SAMs formation Kinetics:

In the current work, carboxyl SAMs formation occurs by the conversion of the terminal

methylene moiety of the octyl SAMs to the carboxyl moiety. Elucidating the rate and trend of

the carboxyl SAMs formation kinetics is the main theme of the current work. For the kinetics,

surface energy derived from the contact angles (MQ & DIM) and ATR-FTIR mediated peak

areas of the carboxyl and methyl groups were utilized. The formation of the carboxyl SAMs
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was reflected in the change in the surface energy of the modified substrates. On the same

grounds, changes in the peak areas of the methylene and carboxyl moieties were utilized.
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Figure 3.13: ATR-FTIR spectra of the octyl silane and carboxyl SAMs post modified Ti6AI4V
samples, (a) 1% acidified KMnOQO, treated octyl SAMs substrates, (2) 2% acidified KMnO, treated
samples, (¢) 3% acidified KMnO. treated samples, (d) 4% acidified KMnO, treated samples, and (5)

5% acidified KMnOj, treated samples.

Modified Ti6Al4V samples underwent FTIR measurement to elucidate the successful silane

modification and compare octyl and carboxyl-SAMs. FTIR was recorded in the range of 4000-
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700 cm™ at RT in the ATR mode with a resolution of 4 cm™ as shown in Fig. 3.13. Successful
silanization and siloxane bond formation were confirmed by the peaks at 760 cm™ and 1054
cm?, signature peaks for the bending and stretching due to Si-O-Ti[145, 301, 313, 314]. Silane-
based SAMs formation on the Ti6AI4V substrates was cross-confirmed by the 880 and 1140
cm’! for the Si-C stretching of the Si-CH2R groups. Usually, the siloxane bond is attributed to
the FTIR peak in 1300-800 cm™ [315]. The presence of the octyl terminal moiety was
confirmed by the peak of the asymmetric CH stretching in the range of 2920-3030 cm™ with
a blue shift[62, 315], whereas successful post modification of the octyl SAMs to the carboxyl
SAMs was confirmed by the carbonyl bending due to the carboxyl group in the range of 1350-
1460 cm*, confirming the presence of the carboxyl group [316-319].

Carboxyl SAMs formation was monitored by determining the change in the peak area of the -
CH_ asymmetric stretching (2920-3030 cm™) due to terminal octyl moiety and carbonyl
bending (1350-1460 cm™) due to terminal carboxyl moiety with a red shift [316-319]. Sun et
al. found a peak at 1413 cm™ due to carboxylate species arising due to the interaction of the
carbonyl and hydroxyl groups [320]. Fig. 3.14 exemplifies the change in the peak area due to
the carbonyl bending of the carboxyl group of the modified terminal moieties. Fig. 3.14(a, c,
e, g, and i) shows the increase in the FTIR peak area with the acidified KMnQO4 incubation time
interval, whereas Fig. 3.14(b, d, f, h, and j) exemplifies the change in the peak area which is
subjected to peak fitting using the BiDoseResp fitting function in the OriginPro software as

shown below:

p 1-p ]

y =Al+ (A2 - A1) [1 + 10@L0Gx01-)h1 * 1 4 10LOGX02-x)h2

(4)

where, Al is the initial value of Y, A2 is the value of Y at the top plateau phase, LOGx01 & LOGx02

are the first and second EC50, p is the proportion, and h1l & h2 are the slopel & slope 2, respectively.
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In the above fitting data, we were interested in the Y value at the plateau phase (A2) and slopes
(h1& h2), giving insight into the rate and onset behaviour of the carboxyl SAMs formation.
Solver add-in in Excel was used to find out the value of time at the plateau phase (A2); samples
incubated with 1% acidified KMnO4 took 819.2 minutes to saturate, whereas saturation time
drastically decreased with the increase in the acidified KMnO4 concentration. Samples with
2% conc achieved saturation at 90.6 min, 3% conc at 82 min, 4% conc at 90.9 min and 5%
conc at 91.4 min. An increase in the carboxyl peak area exhibited two slopes, i.e., varied rates.
In the initial phase, samples were incubated with 1% (0.19 area/min) and 2% (0.26 area/min)
conc showed a shallow rise of the peak area, i.e., the rate of change in the peak area was slow,
whereas 4% (2.82 area/min) conc samples showed a medium rise and 3% conc (11.95 area/min)
incubated samples showed the steepest rise in the peak area. Samples incubated with 5% conc
of the acidified showed only one slope and completely lacked the initial slope. The second
slope is shallow for all the samples, indicating a very small or little change in the peak area
with the gradation of the time interval. There is a slight increase in the second slope up to 4%
acidified KMnOg4 incubated samples, 1% (0.020 area/min), 2% (0.035 area/min), 3% (0.048
area/min), and 4% (0.057 area/min). It can be concluded that the rise of the change in the peak
area at the carboxyl region gets saturated gradually with the increase in the concentration of
the acidified KMnOs subjected to the conversion of the methylene terminal moiety of the octyl
SAMs samples to carboxyl-terminal moiety of the carboxyl SAMs samples. Zhai et al. utilized
the FTIR-based strategy to investigate the behaviour of the methoxy silane-based coupling
agents for the hydrolysis kinetics. Temperature and acidity effect on the hydrolysis kinetics of
the vinyltrimethoxysilane, (1H, 1H, 2H, 2H-perfluorooctyl) trimethoxysilane, (3, 3, 3-
trifluoropropyl)trimethoxysilane, 3-chloropropyltrimethoxysilane, phenyltrimethoxysilane
and 3-mercaptopropyltrimethoxysilane [321]. In another work by the same research group, the

hydrolysis kinetics of the silane molecules was detected, and it concluded that Kinetics
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followed second-order reaction kinetics with electrophilic substitution [322]. In a study carried
out by Jonas et al., triethoxysilane-based derivates were synthesized with succinimidyl ester
being the headgroup (amine-reactive), termed as the linker silane and other silane termed as
the matric silane with an unreactive ethylene -glycol headgroup. FTIR-based kinetics analysis
was performed to determine the various reaction parameters. 1698 cm™ peak of the
succinimidyl ring was investigated, and 50 min was found to be the reaction completion time
[323]. Suys et al. fabricated a biosensor by optimizing the conditions for 11-
mercaptoundecanoic acid grafting and investigation using the ATR-FTIR strategy. The
disappearance of the mercaptoundecanoic acid-COOH stretching and the appearance of the
three ester bonds were monitored using the ATR-FTIR [324]. An in-situ Kinetics based on a
silicon dioxide-coated layer on the ATR crystal was utilized to detect for the detection of the
diphenyl chlorosilane from the carbon tetrachloride solution using ATR-FTIR [325].

Carboxyl SAMs conversion can be cross-verified by the change in the CH> peak area and with
the carboxyl peak area as shown in Fig. 3.15(a, c, e, g, and i). Peak area change of both the
functional groups was inversely related to one another, i.e., an increase in the carboxyl peak
area will be reflected as a decrease in the -CH> peak area. Taking forward this hypothesis, we
measured the ATR-FTIR of the samples in the region of 2920-3030 cm™124%3%61 calculated the
peak area in the region, and carried out peak fitting of the data using the ExpDecl fitting

function in the OriginPro software as shown:
y =y0 + Ae™*/t
(®)
where, y0 is the y offset, A is the amplitude, and t is the time constant

Samples incubated with 1% conc took longer to saturate (409.6 min), while saturation

drastically reduced for the other samples and became constant (51.2 min), meaning there was
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no further decrease in the peak area beyond this time interval. The decrease rate was slowest
for the 1% conc (0.07 area/min), highest for the 2% conc (0.49 area/min), and almost constant
for other concentrations, 3% (0.41 area/min), 4% (0.40 area/min), and 5% (0.41 area/min),
respectively Fig. 3.15(b, d, f, h, and j).

FTIR region (3000-2800 cm™) corresponds to symmetric and asymmetric stretching due to the
-CH: group. Naik et al. also studied the behaviour of the -CH> peaks for asymmetric and
symmetric stretching with the passage of the incubation time in the case of octadecyl trichloro
silane on the silica substrate. It was observed that alkyl chains of the silane showed a higher
degree of disorder up to 30 minutes of the immersion time, but trans and rigid chain
conformation was achieved by 1 hour of immersion time, indicating 1 hour is sufficient time
to form crystalline SAMs on the surface [326]. However, for the silanization reaction to be
completed correctly and for the orderly formation of the SAMSs, our research group carried out
the reaction for 24 hr under inert conditions. Real-time ATR-FTIR based quantification
strategy was devised by Barros et al. to investigate the kinetics parameters for the extrusion
process for the polymer-blends (PP/PAG6) development [327]. In a research work contributed
by Carrer et al., percutaneous absorption models for the synthetic membrane systems based on
lanolin for the trans-dermal drug delivery optimization. For the characterization of the lipid
(lanolin), -CH2 symmetric and asymmetric stretching vibrations were investigated via ATR-
FTIR-based non-invasive technique. An increased in the vibrational frequency was observed,
indicative of increased disordered conformational changes [328]. Further, ATR-FTIR was
utilized to deduce the polymerization kinetics of various methacrylate monomers such as
bisphenol A glycidyl methacrylate, hydroxyethyl methacrylate, and 10-methacryloyloxydecyl
dihydrogen phosphate for various dental applications. The methacrylate peak at 1320 cm™ was

investigated to deduce the polymerization rate and conversion degree [298].
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Figure 3.14: ATR-FTIR graph showing the change in the carboxyl group peak area; change in the
ATR-FTIR peaks due to (a) 1%, (c) 2%, (e) 3%, (g) 4% and (i) 5% acidified KMnOs; change in the
peak area and peak fit due to, (b) 1%, (d) 2%, (f) 3%, (h) 4% & (j) 5%; all the p values were calculated
in comparison to the control sample (0 min) using GraphPad Prism software, where ns > 0.05, * <0.05,
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Figure 3.15: ATR-FTIR graph showing the change in the methylene group peak area; change in the
ATR-FTIR peaks due to (a) 1%, (c) 2%, (e) 3%, (g) 4% and (i) 5% acidified KMnQ4; change in the
peak area and peak fit due to, (b) 1%, (d) 2%, (f) 3%, (h) 4% & (j) 5%; all the p values are calculated
in comparison to the control sample (0 min) using GraphPad Prism software, where ns > 0.05, * < 0.05,
**<0.01, *** <0.001.
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3.4.3 Thickness measurement
3.4.3.1 AO, AC, HO, and HC series:

The thickness of the silane SAMs fabricated on the Ti6Al4V surfaces was quantified using
ellipsometry spectroscopy, as shown in Fig. 3.16. In the AO series, the following trend was
observed: 1.89 (amine) < 2.09 (AO91) < 2.32 (A082) < 2.34 (AO73) < 2.35 (AO64) < 2.38
(AO55) < 2.40 (AO46) < 2.43 (AO37) < 2.47 (A028) < 2.52 (A019) and 2.53 nm (octyl); AO
series samples showed a two-phase increase in the thickness, first phase increased by a rate of
0.089 %™ while the second phase increased by a rate of 0.0089 % ™. AC series exhibited an
increase in the thickness the increase in the carboxyl moieties as follows: amine (1.89) < AC91
(1.92) < AC82 (2.09) < AC73 (2.16) < AC64 (2.24) < AC55 (2.33) < AC46 (2.38) < AC37
(2.59) < AC28 (2.67) < AC19 (2.91) and carboxyl (2.93 nm) with a slope of 0.01 %. SAMs
thickness on the Ti6AIl4V surfaces for the HO series increased in the following manner: 2.05
(hybrid) <2.15 (HO91), 2.14 (HO82), 2.09 (HO73) < 2.17 (HO64) < 2.20 (HO55) < 2.33
(HO46) < 2.42 (HO37) < 2.49 (HO28), HO19 (2.45) and 2.53 nm (octyl) with a slope of 0.005
%. On the other hand, the HC series showed a slope of 0.008 % with the thickness trend as
follows: 2.05 (hybrid) < 2.16 (HC91) < 2.25 (HC82) < 2.42 (HC73), 2.34 (HC64) < 2.58
(HC55) < 2.63 (HC46) < 2.65 (HC37) < 2.67 (HC28) < 2.79 (HC19) < 2.93 nm (carboxyl) as

shown in Fig. 3.16.
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Figure 3.16: Graph showing the ellipsometer spectroscopy data of the thickness measurement of the
silane SAMs of (a)AO-,(b) AC-,(c) HO-, and (d) HC- series samples.

3.4.3.2 Ellipsometry spectroscopic analysis of the long chain silane SAMs:

Octadecyl SAMs exhibited a chain length of 3.2 nm, while hexadecyl SAMs with a chain length
of 36.5 nm. On the other hand, Carboxyle-s) Showed the highest silane length of 3.33 nm due
to the effect of the acidified potassium permanganate treatment, as the mixede-sy SAMs of
same precursor silanes showed a thickness of 2.87 nm. Octyl SAMs with a thickness of 2.62
nm and amine with 1.91 nm gave rise to mixedmine-octyy SAMS with a thickness of 2.32 nm, as

shown in Fig. 3.17.
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Figure 3.17: Graph showing the ellipsometer spectroscopy data of the thickness measurement of the
silane SAMs on the Ti6AI4V surfaces.

3.5 Conclusion

Mixed SAMs incorporate the features of the involved silane precursor, as evident from the
intermediate surface energy of the mixed SAMs and an increase in the SAMs moiety resulted
in a rise in hydrophobicity. So, the AO-, AC-, HO-, and HC- series on the mixed SAMs were
explored for various parameters to tune surface parameters. It was observed that the equal
proportions of the precursor silanes resulted in intermittent hydrophobicity and surface energy.
Carboxyl SAMs with varied acidified KMnO4 and incubation time showed the lowest surface
energy for the 0 min sample (26.7+0.5 mJ/m?), which increased with the incubation time for
all the conc of the acidified KMnOa4. 5% conc incubated samples took the least saturation time,
while 2%, 3%, and 4% conc samples took twice the time to attain the saturation phase.
Response time was also slow for the 1% conc, almost twice for the 2, 3, and 4 conc, while 1%
conc took 5 times the response time. It was also observed that the decrease in the CH. peak

area is inversely proportional to the rise in the peak area due to the carboxyl group. The
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thickness of the various silanes was quantified and showed the highest thickness for the

octadecyl SAMs surfaces and the least for the amine SAMs surfaces.
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Chapter 4

Bio-interfacial study of protein interaction with functionalized model

implant surfaces

This chapter focuses on the protein adsorption studies (BSA, FBS, Col-I, and FN) on the
silane-functionalized Ti6Al4V surfaces. BSA and FBS adsorption studies were performed on
the AO-, AC-, HO-, and HC- series surfaces, followed by the carboxyl SAMs surfaces with
varied acidified KMnOg4 and incubation time. Moreover, mixeds-s) and carboxyls-gy SAMSs
were investigated for BSA adsorption insights, along with hexadecyl SAMs for protein

adsorption (BSA, Col-1, and FN) investigation.

4.1 Introduction

Titanium and its alloy are a promising candidate for orthopedic implants. They exhibit many
advantages, such as relatively low Young’s modulus, fatigue strength, toughness, mechanical
strength, biocompatibility, and corrosion resistance [41, 295-297]. Titanium has poor wear
resistance and antimicrobial activity and a bioinert surface due to the formation of the titanium
dioxide layer onto the surface [210, 329]. It hinders the chemical bonding and interactions
between material and surrounding tissues. This leads to the micromotion at the implant site and
prevents osseointegration. It also exhibits a stress shielding effect to a certain extent, which
results in the wearing and generation of the debris and release [210] of the particles [330]. It
may result in aseptic loosening and fibrous growth at the site, leading to the recruitment of the
inflammatory agents and activation of the coagulation cascade [218, 331, 332]. Surface
wearing may also release toxic vanadium and aluminum ions in the microenvironment,

resulting in harmful side effects leading to implant failure [333].
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Protein adsorption is the critical player in determining the biocompatibility of the implants. The
implant surface comes in contact with the physiological microenvironment, and various
proteins rapidly start adsorbing onto the surface and saturate it [189, 217]. So, protein
adsorption is the crucial factor for the success of the implant and depends on the conformation,
orientation, and nature of the proteins adsorbed on the surface. Protein adsorption study is
important because it adsorbs onto the surface after water molecules and mediates between the
implant surface and cells/tissues. Also, ECM secreted by the cells to the surroundings

comprises proteins majorly [31, 98, 218].

Protein adsorption depends on the substrate, protein, and microenvironment properties.
Adsorption is affected by the charge distribution, size, and conformation of the proteins along
with topography, chemistry, cationic site, hydrophobicity, crystalline phase, composition, and
surface charge of the substrate [189, 205]. The ionic strength, temperature, and pH of the
microenvironment also affect protein adsorption [189]. The concentration, composition, and
conformation of the adsorbed protein depend on the type of implant [212]. Protein adsorption
occurs due to electrostatic interaction between charged adsorbent and oppositely charged

amino acid side chains.

It has been observed that the success of the implant is determined by the surface properties
rather than the bulk properties. Therefore, all the issues related to titanium and alloys can be
addressed easily by modulating the surface properties. Enhancing the protein adsorption
capability of the surfaces will lead to better osseointegration. Protein adsorption behaviour of
the titanium surfaces can be easily tuned by using techniques such as physical (plasma
spraying, electron beam sputtering, hydrothermal treatment, ion beam sputtering, surface
roughness tuning)[15, 16], chemical (sol-gel method, electrochemical etching, anodization,
silanization, apatite coating, electrochemical oxidation, doping of other elements) [17, 18, 20,
21, 41], and biological (surface protein grafting, bioactive molecule grafting) [22]
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modifications. Modification can tune the surface morphology, roughness, chemical
composition, and surface chemistry. Modulating the surface morphology may lead to tuning
biochemical signals related to cell adhesion and increasing the surface area, imparting better
bone-implant mechanical interlocking. Extensive work has been carried out to overcome the

disadvantages of titanium alloy implants [23, 24].

This chapter focuses on the protein adsorption studies (BSA, FBS, Col-I, and FN) on the silane-
functionalized Ti6AIl4V surfaces. BSA and FBS adsorption studies were performed on the AO-
, AC-, HO-, and HC- series surfaces, followed by the carboxyl SAMs surfaces with varied
acidified KMnOs and incubation time. Moreover, mixede-s) and carboxylesy SAMs were
investigated for BSA adsorption insights, along with hexadecyl SAMs for protein adsorption

(BSA, Col-I, and FN) investigation.

4.2 Materials and methods

Bovine Serum Albumin (BSA) [catalog no. A2153], lyophilized bovine fibrinogen (FN)
[catalog no. F8630], and type-I collagen from calf skin (Col-1) [catalog no. C9791-10MG],
were procured from Sigma-Aldrich. Sodium chloride (NaCl) [catalog no. MB023], potassium
chloride (KCI) [catalog no.TC010], dibasic sodium phosphate (Na;HPOs) [catalog no.
MB024], and monobasic potassium phosphate (KH2POs) and SDS were procured from

Himedia, India.

BSA stock solution was prepared in 1xPBS solution (pH 7.4) at RT conditions, and
concentration was determined using the Implen spectro nanophotometer (Implen GmbH,
Munich, Germany). followed by preparation of different dilutions (0.5, 1, 2, 3, 4, & 5 mg/ml).
Likewise, fibrinogen (FN) stock was also prepared in PBS buffer at pH 7.4, followed by
dilution preparations (5, 10, 20, 30, 40, 50 pug/ml) and added to the hexadecyl SAMs samples.

Type-I collagen (Col-I) was mixed in 0.1M glacial acetic acid (1 mg/ml), followed by vortexing
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and storing at 4 °C to completely solubilize the protein in the buffer. After that, the collagen
solution was diluted in the PBS solution to attain a pH of 7.4. Protein dilutions of 5, 10, 20, 30,
40, and 50 pg/ml were prepared, and hexadecyl SAMs (1x1 cm?) surfaces were placed in the
24 well plates. Individual proteins with varied concentrations were added to the wells with the
samples. Moreover, mixed solutions of BSA/Col-I, BSA/FN, and FN/Col-I were added to the
samples at various concentrations and incubated for 2 hours at 37 °C. Post adsorption, the
remaining protein solution was discarded, and samples were rinsed thrice with sterile PBS and
kept aside. Samples were dried in the laminar flow hood and stored in a vacuum desiccator,
followed by FTIR (Perkin Elmer, Spectrum Two) spectra measurement in the amide-I region
under ATR mode. FTIR data in the amide-I region was deconvoluted in the OriginPro by taking

the second derivative for deconvolution of the secondary structure of the various proteins.
4.3 Results and discussion

4.3.1 AO-, AC-, HO- and HC- series samples

4.3.1.1 BSA adsorption studies

AO series samples contained the varied percentage proportions of the amine and the octyl
SAMs. BSA adsorption was performed at 37 °C for 2 hours under static conditions with 1
mg/ml BSA, followed by washing thrice with PBS and drying the protein adsorbed surfaces
under laminar airflow and storage in a vacuum desiccator. Samples were quantified for protein
adsorption by determining the change in the protein secondary structure in the amide-I region
using FTIR, followed by protein deconvolution guided by the second derivative of the FTIR
spectra as shown in Fig. 4.1. In the secondary structure, the percentage of 3-sheet conformation
increased with the increase in the octyl SAMs percentage, with a slight variation throughout

the series. It varied in the following manner: 15+2 (amine), 25.7+0.7 (AO91), 29.2+0.7
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(AO73), 31.2+1.4 (AO37), 32+0.4 (AO19), 35.2+1.9% (octyl). The bare Ti6Al4V surfaces

showed a B-sheet percentage of 35.2+1.9%.

Similarly, there was a rise in the a-helicity with the rise in the octyl SAMs proportionality as
follows: 46.2+2 (amine), 46.3+2.2 (AO82), 45.4+2 (AO73), 48.37+3.4 (AO64), 52.6+1.7
(AO55), 52.8+1.5 (AO46) and 51.4+1.2% (octyl). The bare substrate, however, showed alpha
helicity of 55.4+3%. Amine SAMs (32.6£1.9%), octyl SAMs (10.5£1.5%), and a bare showed
a B-turn proportion of 19.5+3 (Fig. 4.2). Silane-based mixed SAMs of carboxyl and amine
were fabricated by another research group that investigated the adsorption behaviour and
change in the secondary structure of fibronectin. Covalent binding or adsorption of the
fibronectin on the functionalized surfaces resulted in the change in the B-turn conformation to
the random coils with an increase in the B-sheet content. However, there was no significant

change in the a-helicity of the native and surface-bound fibronectin [334].
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Figure 4.1: Graphs showing FTIR deconvolution of amide-I peak to investigate the change in the

secondary structure of BSA on, (a) bare, (b) amine SAMs, (c) A091, (d) A082, (e) AO73, (f) AO64,
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(9) AO55, (h) AO46, (i) AO37, (j) AO28, (k) AO19, and () octyl SAMs functionalized Ti6AlI4V
surfaces
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Figure 4.2: Bar graph showing the change in the secondary structure of the BSA in the amide-I region

for the AO series samples; statistical analysis was performed using GraphPad Prism, where ns > 0.05, *
<0.05, **<0.01, *** < 0.001.

Octyl SAMs underwent secondary modification to form the carboxyl SAMs, as mentioned in
Chapter 3 in detail. So, the AC-series samples comprised primary (amine) and secondary
(carboxyl) modifications at varying proportionalities. The secondary structure of the BSA
exhibited an increase in the -sheet conformation and a decrease in the a-helix conformations
(Fig 4.3). The percentage decrease in the a-helicity was obtained as follows: 51+2 (amine),
50.9+2 (AC91), 42.7+2 (AC82), 42.6+1.1 (AC64), 40.7+5 (AC55), 40.2+3.7 (AC46), 365
(AC28), 37.8+2.4 (AC19), 39.7+19% (carboxyl), and 55+8% for the bare substrate. On the
other hand, the rise in the B-sheet was in the following manner: 27.8+1.6 (amine), 28.6+1.8

(ACO1), 42+2.9 (AC82), 48.9+3.6 (ACT73), 46.6+0.9 (AC64), 48+1.1 (AC46), 53.3+3.5%
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(carboxyl) with slight variation in the trend throughout the series. At the same time, there was

no significant trend in the B-turn conformation in the series, as shown in Fig. 4.4.
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Figure 4.3: Graphs showing FTIR deconvolution of amide-I peak to investigate the change in the
secondary structure of BSA on (a) bare, (b) amine SAMs, (c) AC91, (d) AC82, (e) AC73, (f) AC64,
(g9) AC55, (h) AC46, (i) AC37, (j) AC28, (k) AC19, and (I) octyl SAMs functionalized Ti6Al4V
surfaces.
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Figure 4.4: Bar graph showing the change in the secondary structure of the BSA in the amide-1 region
for the AC series samples; statistical analysis was performed using GraphPad Prism, where ns > 0.05, *
<0.05, ¥**<0.01, *** <0.001.

HO series samples comprise hybrid SAMs (secondary modification of amine SAMSs) and octyl
SAMs at varying percentages. BSA adsorption on the surfaces was explored to investigate the
protein adsorption behaviour at the varying proportionalities of two silane moieties. Secondary
structure interpretation post FTIR deconvolution exhibited a decrease in the p-sheet
conformation and an increase in the a-helicity (Fig. 4.5). Reduction in the B-sheet conformation
as follows: 46.5+4 (hybrid) > 46+3.3 (HO91) > 44+1.9 (HO82) > 39.2+3.3 (HO64) > 37.4+3.2
(HO46) > 36.3+1 (HO28) > 34.4+5% (octyl) and 32.8+2 (bare Ti6Al4V) surfaces and the rise
in the a-helicity in the following order: 35.2+5 (hybrid) < 35+2.2 (HO82) < 36.5+5 (HO55) <

44+3.2 (HO37) < 47+2 (HO28) < 48+3 (HO19) < 5046 (octyl) as shown in Fig. 4.6.
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Figure 4.5: Graphs showing FTIR deconvolution of amide-I peak to investigate the change in the
secondary structure of BSA on (a) bare, (b) hybrid SAMs, (¢c) HO91, (d) HO82, (e) HO73, (f) HO64,
(9) HO55, (h) HO46, (i) HO37, (j) HO28, (k) HO19, and (I) octyl SAMs functionalized Ti6AlI4V
surfaces.
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Figure 4.6: Bar graph showing the change in the secondary structure of the BSA in the amide-1 region

for the HO series samples; statistical analysis was performed using GraphPad Prism, where ns > 0.05, *
<0.05, **<0.01, *** < 0.001.

HC series samples comprise the secondary medication of amine SAMs (hybrid SAMs) and
octyl SAMs (carboxyl SAMSs), as shown in Fig. 4.7. There was no generalized trend in the
change in the B-sheet conformation with carboxyl SAMs (43.3+1.7%), hybrid SAMs
(40.4£1.2%), and bare Ti6Al4V (32.84+2%) surfaces. However, a-helicity showed an increase
with the increase in the hybrid proportionality, as follows: hybrid (35.6+£3) < HC73 (35£2.7) <
HC55 (37.4+4) < HC37 (41.4+3.6) < HC28 (42+1.2) <carboxyl (43.2+2.9%) and bare

(49.4+5%) as clear from Fig. 4.8.

109
TH-3560_ 176106117



CpemmertiiDus Caparmmenst Dits Hybeid SAMs e |
T P (Bice chmm "~ e ] Tt Paat cSicke chun) fsa) T Pase (S0 et HCSt IBRA)
a LT b -5 Pt 3 ant) A Pt D abenn
o PR e G 4 - P Rt Lol o P i ool
- T P b T Pot 1wt
P 0 b 4 T Peat e - A5 P
3 ot 14 otk E + Comututios Pt bush i e aie
s 3 5 1
f § NN i
/ ¢
N
W0 18 e e wee 1o e ) W NI Wa WM Wm
____ Waveumberfow' member (o) _____ Waverumbar fom ') __
v iasl Cata. 0 ~ Y
D He2 BSA) 75 Poia oo gt ”C"M o ovin S st WS4 (B34)
d 1 Pusk |5 ahaent e ThPva anee f 4 Pewe 5-ahwens
T4 Peab Ao et % Posk Pambor cots 1 rarvn e oo
o e =~ 00 P o tia) b -0 P bt
- 4 Puk (v - 0 Punn gt - 4 T Posh (v
i Cammtebre 16 Pome 2 Comienmbe 3 | oteeemrnine
§ i . E ).
4 4 s
\
Woe 1D e e e o 16 e " - 168 1% w0 1. ot 1 e
S numberfem') - Wavenwnber fem) o vrasinbie feus )
PR Pavh Made oty ! W P (e e m’“' . Pk (hade chann
g Fabun b TR P (A 1 T Pk bty
FUPaan Rardom cok 15 Po (Lo ot e ettt
0 Paan R e L TR
- Pt Pt bt - P - - 0P e
! © Gty T Pt g _i' 4P i - Cannditive Py Posh
- e
.[ 3
/ Y4
/ \
o d .
oo . 1048 1680 o9 e 1600 o e rees o8 1”0 "o %0 rees o oo
Wivenumer (o ' Wavermmber y
e lomt) e oramber (em') g1 S ____ﬁ,,‘,l“"l - '
- HC28 (B3A) % Pan e chewt [ssa) ] Darbony {BSA)
j <0 Pk (P wer) k < Fu ek paseny l F Sauh padat)
- Bean (Ranoom Can KR Pash Randon et 1 Puah Pt ad
<1 o o b 48 P e [RLT
Fa Pout (p-orw) e Paes ptam Fa Pash haurn)
! Camans 14 Pesh i | Cambatre M Pomn j Cumutetve s Post
g - g ] :
J
" rear o 1os wree e we o st 1% WD WID TR WM W 10
Wavenumber (cm’) Wavenember tem ) Wavenumbar iem ')

Figure 4.7: Graphs showing FTIR deconvolution of amide-I peak to investigate the change in the
secondary structure of BSA on, () bare, (b) Hybrid SAMs, (¢) HC91, (d) HC82, (e) HC73, (f) HC64,
(9) HC55, (h) HC46, (i) HC37, (j) HC28, (k) HC19, and (I) carboxyl SAMs functionalized Ti6AlI4V
surfaces
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Figure 4.8: Bar graph showing the change in the secondary structure of the BSA in the amide-I region

for the HC series samples; statistical analysis was performed using GraphPad Prism, where ns > 0.05, *
<0.05, **<0.01, *** < 0.001.

4.3.1.2 FBS adsorption studies

AO-, AC-, HO-, and HC- surfaces were subjected to FBS adsorption as it is a mixed system of
various blood proteins (albumin being the most abundant). FBS was also adsorbed on the silane
functionalized surfaces for 2 hrs at 37 °C (Fig. 4.9). There was no significant change in the 3-
sheet conformation for the AO series samples, though there was a decrease in the a-helicity
and an increase in the B-turn conformation. a-helicity decreased in the following manner:
51+2.3 (amine) > 48+2.3 (AO91) > 48+1.6 (AO82) > 45.8+1.3 (AO73) > 45.5+0.3 (AO64) >
43.5+1.8 (AO46) > 40.3+2.2 (AO37) > 39.7+3.2 (A028) >37+2.7 (AO19) > 35.7+2% (octyl)
and 50.2+2.4% (bare), whereas B-turn conformation increased in the following manner with
the increase in the octyl proportionality: 24+3.4 (amine) < 24+3.2 (A091) < 28.6+2.5 (AO73)
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< 29+2.3 (AO64) < 33.642.2 (AO46) < 32.3+2.5 (AO37) < 35.6+2.8 (AO28) < 35.7+0.6

(AO19) < 36.4+1.8% (octyl), and 27.2+0.6 (bare) surfaces as clear from Fig. 4.10.
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Figure 4.9: Graphs showing FTIR deconvolution of amide-I peak to investigate the change in the
secondary structure of FBS on, (a) bare, (b) amine SAMs, (c) AO91, (d) AO82, (e) AO73, (f) AO64,
(9) AO55, (h) AO46, (i) AO37, (j) AO28, (k) AO19, and () octyl SAMs functionalized Ti6AI4V

surfaces
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Figure 4.10: Bar graph showing the change in the secondary structure of the FBS in the amide-I

region for the AQ series samples; statistical analysis was performed using GraphPad Prism, where ns >
0.05, * <0.05, **<0.01, *** <0.001.

In the case of the AC series samples, there was a decrease in the a-helicity and an increase in
the B-sheet conformation (Fig. 4.11). However, there was an insignificant change in the p-turn
conformation for carboxyl SAMs (24.8+2%), amine SAMs (21.7+1.4%) and bare Ti6Al4V
(24+0.5%). a-helicity showed the following decremental trend in the conformation: amine
(54+2.2), AC91 (54.5+2.7) > AC82 (53.3+3) > AC73 (50.5+1.5), AC55 (51.1+0.9) > AC46
(47.3£2.1) > AC37 (43.4+1.4), AC19 (44.5+1.3) > carboxyl (38.5+0.7%), and bare
(49.34£2.1%), whereas increase in the p-sheet conformation was as follows: amine (23£0.7),
ACI1 (21.6+3.7), AC73 (28.2+2.5) > AC64 (28.7+1) > AC46 (32.2+1.6) > AC19 (33+1.8) >
carboxyl (35+2.5%), and bare (20.3+3%) as apparent from Fig. 4.12. A study was conducted

to evaluate the effect of the B-1,3-glucan conjugation onto the chitosan matrix on the adsorption
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behaviour of serum proteins. An increase in the surface hydroxyl group due to conjugation on
the chitosan matrix resulted in increased serum protein adsorption compared to the
unconjugated surfaces. Enhanced protein adsorption on the modified chitosan resulted in better
osteoblast cell adhesion, spreading, and proliferation [335]. Secondary structure graphs have

not been incorporated for the rest of the studies to avoid overcrowding the chapter.
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Figure 4.11: Graphs showing FTIR deconvolution of amide-I peak to investigate the change in the
secondary structure of FBS on, (a) bare, (b) amine SAMs, (c) AC91, (d) AC82, (e) AC73, (f) AC64,
(9) AC55, (h) AC46, (i) AC37, (j) AC28, (k) AC19, and (I) carboxyl SAMs functionalized Ti6Al4V
surfaces
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Figure 4.12: Bar graph showing the change in the secondary structure of the FBS in the amide-I
region for the AC series samples; statistical analysis was performed using GraphPad Prism, where ns >
0.05, * <0.05, ** < 0.01, *** < 0.001.

Similarly, HO series samples were also investigated for the FBS adsorption behaviour. There
was an increase in the B-sheet conformation and a decrease in the a-helicity with increased
octyl proportionality in the HO series samples. 3-sheet conformation varied in the following
manner: hybrid (21+3) < HO91 (23+3) < HO82 (26.5+0.4) < HO64 (27+1.6) < HO46
(27.3+1.7) <HO37 (27.5£1.5) <HO28 (28+1.2) < octyl (28+1.9%), and 25.4+2.3% for the bare
Ti6Al4V surfaces, a-helicity decreased in the following manner with the increase of the octyl
proportionality: 43+3.6 (hybrid) > 42.2+0.2 (HO91) > 38+5.4 (HO82) > 38.5+3.6 (HO73) >
35.3+1.6 (HO37) > 35.3+2% (octyl), and 42.6+1.6% (bare) surfaces. B-turn conformation was
independent of the change in the percentages of the carboxyl and hybrid SAMs with slight
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variability throughout the series with 34+1.5% (hybrid SAMs), 33.8+3.5% (octyl SAMs) and

28.5£2.6% (bare) surfaces as clear from Fig. 4.13.
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Figure 4.13: Bar graph showing the change in the secondary structure of the FBS in the amide-I
region for the HO series samples; statistical analysis was performed using GraphPad Prism, where ns >
0.05, *<0.05, ** <0.01, *** <0.001.

HC series comprises the secondary modification of hybrid and carboxyl SAMs, resulting in the
urea linkages in the SAMs for hybrid and converting methylene terminal to carboxyl-terminal
for the carboxyl SAMs. There was a significant increase in the -sheet conformation and a
decrease in the B-turn conformation with increased carboxyl proportionality. An increase in the
B-sheet showed the following trend with some variations in the series: 20.2+2.3 (hybrid) <
2042.8 (HCI1) < 21.3+1.9 (HC82) < 2643 (HC73) < 30.2+3.8 (HC64), 28+4.7 (HC55),
28.5+2.2 (HC46) < 33+3.4 (HC37) < 38.6+2.6 (HC28) < 41.6+1.2 (HC19) < 43+1%

(carboxyl), and 25.4+3.3 (bare) surfaces. A decremental change in the B-turn conformation
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showed the following trend: hybrid (35.4+0.9) > HC91 (36+0.8), HC82 (38+2.8) > HC73
(25+1) > HC55 (24.4+3), HC46 (25+2.4) > HC37 (22.6+0.4) > HC28 (163.7) > HC19
(15.3%2), carboxyl SAMs (15.8+1.3%) and bare (28.5+2%) surfaces. On the other hand, there
was a slight change in the a-helicity with hybrid (42+1%), carboxyl (39+0.5%), and bare

(42.6+1.7%) surfaces, as shown in Fig. 4.14.
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Figure 4.14: Bar graph showing the change in the secondary structure of the FBS in the amide-I

region for the HC series samples; statistical analysis was performed using GraphPad Prism, where ns >
0.05, *<0.05, ** <0.01, *** <0.001.

4.3.2 BSA adsorption on carboxyl SAM surfaces

BSA adsorption was performed on the modified substrates using the acidified KMnO4 (1-5%)
and time duration (0, 60, 90, 120, 150 min). BSA adsorption was performed at 37 °C for 2 hour
at static conditions; all the samples were performed in triplicates. After adsorption, samples

were dried under laminar airflow and stored at a vacuum desiccator before FTIR measurement
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in the amide-I region. FTIR peaks were deconvoluted, taking the respective peak second
derivative as the reference in the OriginPro software, as shown in Fig. 4.15 & 4.16. Octyl SAM
samples were taken as the control (0 min) sample and exhibited 42.08+2.52% a-helicity,
32.43+1.27% B-sheet structure, and 19.394+2.90% B-turn structure. 1% acidified KMnQO4
incubated samples showed a decrease in the B-sheet structure with the increase in the incubation
time compared to control as follows: 14.91+4.43% (60 min), 14.52+2.89% (90 min),
9.68+1.10% (120 min) and 13.64+0.98% (150 min). There is a rise in the B-turn structure as
13.96+4.05% (60 min), 17.74+3.50% (90 min), 48.73+1.65% (120 min), and 34.50+11.3 3%
(150 min), respectively. For the proper adsorption of the protein with the surface, all the
adhesion points of the protein need to attach to the surface for decisive and irreversible
adsorption behaviour. For making solid contacts, protein needs to unfold its native structure to
a certain degree to make room for all the adhesion points to be accessible for binding to the

surface [19, 41, 314, 336].
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Figure 4.15: Graphs showing FTIR deconvolution of amide-I peak to investigate the change in the
secondary structure of BSA on, (a-d) 1% KMnOs, (e-h) 2% KMnOs, (i-1) 3% KMnO, treated samples
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Figure 4.16: Graphs showing FTIR deconvolution of amide-I peak to investigate the change in the
secondary structure of BSA on, (a-d) 4% KMnOs, (e-h) 5% KMnO,, treated samples, and (i) control
samples

In the case of the 2% conc (KMnQ4), the native BSA structure unfolded to accommodate the
effective adsorption. Most prominent behaviour was observed in the B-sheet structure
compared to the control with a gradation of time interval, 60 min (16.26+3%), 90 min
(13.82+1.30%), and 120 min (11.17+2.72%), while the 150 min (25.92+1.94%) sample showed
the slight increase in the conformation. In the case of the 3% conc (KMnQ4) incubated samples,

there is a decrease in the B-sheet and a-helix in the 60 min and 90 min samples compared to
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the 0 min samples. Still, it showed an overall increase in the B-sheet, 14.51+1.50% (60 min),
12.0£3.85% (90 min), 17.68+3.38% (120 min) and 19.08+2.37% (150 min); and decrease in
the o-helix, 55.79+1.45% (60 min), 53.57+7.88% (90 min), 49.76+2.57% (120 min) and
45.58+5.22% (150 min), respectively. In the 4% conc (KMnQ4) incubated samples, there was
a change in the secondary structure of the protein on the variously incubated modified samples.
Still, there was a lack of any trend in the behaviour. Samples incubated with 5% conc (KMnOa)
at variable time intervals exhibited remarkable and distinctive trends in the conformational
unfolding behaviour. There was a noteworthy increase in the a-helicity as follows: 60 min
(58.63+2.15%) > 90 min (47.33+8.40%) > 120 min (40.39+4.15%) > 150 min (26.20+4.51%),
respectively. A slightly descending trend was observed in the case of B-turn as follows:
19.74£1.57% (60 min), 32.11+3.24% (90 min), 26.54+2.39% (120 min), and 61.53+£7.33%
(150 min) as shown in Fig. 4.17. Barberi et al. observed the albumin and fibronectin adsorption
onto the bioactive glass doped with silver ions. FTIR peaks in the amide-I region were utilized
to interpret the secondary structure. BSA native structure slightly changed from the native
conformation on adsorption on the undoped bio-glass, whereas the secondary structure
drastically denatured upon adsorption to the silver-doped bioglass [337]. Another study
regarding the effect of the BSA adsorption on the Mo-doped SiO,-Ca0-P20s composite was
performed by Lucacel et al. in simulated biological media. It was observed that the native
structure of the BSA was well preserved prior to and after adsorption onto SiO2-CaO-P20s

composites with molybdenum dopant [338].
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Figure 4.17: BSA secondary structure obtained post-deconvolution of the ATR-FTIR peaks in the
amide-1 region, (a) 1%, (b) 2%, (c) 3%, (d) 4% and (e) 5% acidified KMnOQg; statistical analysis was
performed using GraphPad Prism, where ns > 0.05, * < 0.05, ** < 0.01, *** < 0.001.

4.3.3 BSA secondary structure interpretation on octadecyl SAMs modified surfaces

Hydrophobic octadecyl SAMs were fabricated on the bare Ti6Al4V surfaces and were explored
for the BSA adsorption behaviour. To investigate the change in the secondary structure, BSA
was adsorbed on the octadecyl SAMs surfaces for 2 hrs at 37 °C at a variable protein

concentration (0.5, 1, 2, 3, 4, & 5 mg/ml). Change in the secondary structure at the varied BSA
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concentrations was compared to the native BSA incubated at 37 °C for 2 hrs. Change in the
secondary structure was independent of the concentration used for the protein adsorption,
though the change was significant compared to the native BSA incubated at the same
conditions. Native BSA exhibited a B-sheet conformation of 35.4+0.8%. At the same time, the
BSA adsorbed octadecyl SAMs samples showed the following results: 23+2.6 (0.5 mg/ml),
20.8£1.7 (1 mg/ml), 18+1.7 (2 mg/ml), 20.7£2.9 (3 mg/ml), 20£0.6 (4 mg/ml) and 23+1.5% (5
mg/ml). In contrast, the native BSA showed a-helicity of 43+0.3% and the octadecyl SAMs
adsorbed with BSA exhibited the decrease in the change in the conformation with the increase
in the BSA conc as follows: 62.6+2.2 (0.5 mg/ml) > 61.7+3.7 (1 mg/ml) > 60.7+4.8 (2 mg/ml)
> 60.5+4 (3 mg/ml) > 59.5+1.4 (4 mg/ml) > 56.6+2.3% (5 mg/ml). B-turn conformation
changed for the lower BSA conc, but higher adsorbed conc showed the conformation

equivalent to native BSA (19.3+0.6%); trend as follows: 12.6+0.9 (0.5 mg/ml) < 14.8+1.6 (1
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mg/ml) < 18.2+2.4 (2 mg/ml), 16.7£2.2 (3 mg/ml) < 18+0.7 (4 mg/ml) < 19.1+1.2% (5 mg/ml)

as clear from Fig. 4.18.

Area Amide-l region (%)
w

B-sheet a-helix B-turn Random Side chain
Figure 4.18: Bar graph showing the change in the secondary structure of the BSA in the amide-I

region for the octadecyl SAMs samples; statistical analysis was performed using GraphPad Prism,
where ns > 0.05, * <0.05, ** <0.01, *** <0.001.

4.3.4 Protein adsorption on the hexadecyl SAMs-modified Ti6Al4V surfaces

Hexadecyl SAMs functionalized surfaces were adsorbed with various proteins (BSA, FN, and
Col-1) to investigate the insight into the surface behaviour in the physiological
microenvironment. There was no significant change in the adsorbed BSA on hexadecyl SAMs
surfaces compared to the native BSA incubated at 37 °C for the B-sheet conformation, B-sheet
conformation (%) was as follows: native (35x1), 0.5 mg/ml (39.6£2.2), 1 mg/ml (41+1.9), 2
mg/ml (37.1+£2.3), 3 mg/ml (38.2+2.3), 4 mg/ml (40£2.6) and 5 mg/ml (30.6£2.7%). A higher

concentration of the BSA showed a-helicity comparable to the native BSA that decreased with
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a decrease in the concentration of the adsorbed BSA, as follows: native BSA (43+0.3), 41+3
(5 mg/ml), 35.3£2.2 (4 mg/ml), 35.5+£3.7 (3 mg/ml), 36.8+1 (2 mg/ml), 301 (1 mg/ml),
27.8£1.4 (0.5 mg/ml) as shown in Fig. 4.19. There was a slight change in the B-turn
conformation (25-30%) compared to the native BSA (19.3+0.35), though the change was
insignificant among the BSA adsorbed surfaces with the change in the BSA concentration.
Cristina et al. investigated the effect of the protein pre-adsorption on the cell behviour with
fibronectin and vitronectin as the model proteins. Both proteins exhibited 90% surface
retention capability upon adsorption from single protein systems, while adsorption from the
multicomponent system (FBS) fibronectin showed a weaker binding capability due to
competitive effects from other proteins[339]. In another study, the researcher grafted PCL
polymer with heparin and investigated its effect on the adsorption behaviour of the fibronectin

and BSA. It was observed that fibronectin adsorption increased with an increase in the heparin
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conc, while BSA showed an inverse relation with the heparin, indicating the heparin specificity

for the fibronectin adsorption [340].
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Figure 4.19: Bar graph showing the change in the secondary structure of the BSA in the amide-I

region for the hexadecyl SAMs samples; statistical analysis was performed using GraphPad Prism,
where ns > 0.05, * <0.05, ** <0.01, *** <0.001.

Fibrinogen is the critical protein involved in the blood clotting cascade, and its non-specific
binding on the surfaces might result in surface biofouling. So, fibrinogen adsorption was also
investigated on the hexadecyl-modified surfaces for 2 hr at 37 °C. (3-sheet conformation
remained independent of the FN concentration and adsorption parameters (~30%). At the same
time, the a-helicity increased with the decrease in the adsorbed FN concentration, and B-turn
conformation decreased with the decrease in the adsorbed protein conc. a-helicity varied in the
following manner: 60£2.2 (5 pg/ml) > 52.74£3.1 (10 pg/ml) > 51.7+3 (20 pg/ml) >50.6£1.9 (30
pg/ml) > 46+0.7 (40 pg/ml), 47.2+1% (50 pg/ml) and 48+1.5% (native FN); whereas B-turn
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conformation showed the following trend: 9.8£1.5 (5 pg/ml) < 13.84£2 (10 pg/ml) < 15.8+0.9
(20 pg/ml) < 18.4+2.6 (30 pg/ml) < 18.4+£1.8 (40 pg/ml) < 19.2+2.5% (50 pg/ml), and

18+1.6% (native FN) as shown in Fig. 4.20.
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Figure 4.20: Bar graph showing the change in the secondary structure of the FN in the amide-I region

for the hexadecyl SAMs samples; statistical analysis was performed using GraphPad Prism, where ns >
0.05, *<0.05, ** <0.01, *** <0.001.

4.3.5 BSA adsorption insights on the mixeds-s) and carboxylas-sy SAMs

Hexadecyl and octyl silane moieties were utilized to fabricate the mixed and carboxyl SAMs
containing equal ratios of the precursor moieties. BSA was explored for the adsorption
behaviour on the mixed and carboxyl SAM surfaces. B-sheet conformation changed from
35+1% (native BSA) to 22-28% for the adsorbed surfaces with 21.4+0.6% (0.5 mg/ml) and
26+4% (5 mg/ml). a-helicity decreased with the increase in BSA conc as follows: 63.5+1.3
(0.5 mg/ml) > 63+£2.6 (1 mg/ml) > 59.6£1.4 (4 mg/ml), 54+5% (5 mg/ml) and 43+0.3%
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(native); B-turn exhibited the following result: 19+1% (native), 13.7£2.3% (0.5 mg/ml),

12.8+1.7% (3 mg/ml), 14.2+0.6 (4 mg/ml) and 17.7+4 (5 mg/ml) as shown in Fig. 4.21.
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Figure 4.21: Bar graph showing the change in the secondary structure of the BSA in the amide-I

region for the mixed SAMs samples; statistical analysis was performed using GraphPad Prism, where
ns > 0.05, * < 0.05, ** < 0.01, *** < 0.001.

Carboxyl6-sy SAMs were fabricated by the secondary modification of the mixed SAMs with
acidified potassium permanganate to form the carboxyl terminals. Carboxyle-sy SAMs were
also investigated for changes in the BSA secondary structure post-adsorption on the
functionalized surfaces. p-sheet conformation was 22.7+3% (0.5 mg/ml), 30+1.3% (5 mg/ml),
and 35.5+0.8% (native), a-helicity decreased with the increase in the BSA conc.as follows:
60.3+3.6 (0.5 mg/ml) > 57.6+3 (1 mg/ml), 58.6+1.7 (2 mg/ml) > 56+2.6 (3 mg/ml) > 54.2+1.2
(4 mg/ml) > 44.4+0.6% (5 mg/ml), and native (42.9£0.2). There was an increase in the p-turn

with an increase in the adsorbed BSA conc with slight variation among the surfaces as follows:
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14.7£0.8 (0.5 mg/ml) < 17.4£2.4 (1 mg/ml), 16.7£2.6 (3 mg/ml) < 23.8+£1.7% (5 mg/ml) and

19+1 (native) as shown in Fig. 4.22.
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Figure 4.22: Bar graph showing the change in the secondary structure of the BSA in the amide-I

region for the carboxyl SAMs samples; statistical analysis was performed using GraphPad Prism,
where ns > 0.05, * <0.05, ** <0.01, *** <0.001.

4.4 Conclusion

BSA and FBS adsorption was carried out on the AO-, AC-, HO-, and HC- series samples to
investigate the change in the secondary structure. AO series showed an increase in the B-sheet
and a decrease in the B-turn conformation, increasing the octyl proportionality for BSA. On the
other hand, there was a decreasing trend in the a-helicity and an increase in the B-sheet

conformation with the rise in the carboxyl proportionality. FTIR deconvolution exhibited a
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decrease in the -sheet conformation and an increase in the a-helicity for the HO series; a-

helicity showed an increase with the increase in the hybrid proportionality in the HC series.

FBS adsorption on the AO- and AC- series samples showed a decrease in the a- helicity but an
increase in the B-turn conformation for the AO- series and B-sheet conformation for the AC-
series samples. There is a slight increase in the B-sheet conformation for HO- and HC- series
and a decrease in the a-helicity with increased octyl proportionality in the HO series samples
and a decrease in the B-turn conformation with increased carboxyl proportionality for the HC-

series.

Carboxyl SAMs surfaces showed a decrease in the B-sheet structure with increased incubation
time compared to octyl SAMs for 1% and 2% acidified KMnOs incubated samples. 3%
incubated surfaces showed an increase in the B-sheet with an initial lag phase, while a-helicity
increased, but the B-turn conformation decreased for the 5% incubated surfaces. BSA exhibited
a decrease in the change of a-helicity with the increase in the conc for the octadecyl and
hexadecyl SAMs surfaces; samples adsorbed with lower BSA conc exhibited unfolding
behaviour as reflected by the change in the conformation of protein adsorbed on the
functionalized substrates. a-helicity increased while the B-turn conformation decreased with
the increase of the adsorbed FN conc on the hexadecyl SAMs functionalized surfaces. Mixed -
g)and carboxyl(i6-s) SAMs functionalized surfaces showed a decrease in the a-helicity and an
increase in the B-turn conformation of the adsorbed BSA secondary structure. Choice of surface
will depend on the application, say for the fabrication of the BSA based anti-biofouling surface,
silane functionalization showing the highest change in the protein secondary structure along
with high surface energy might be the suitable surface. Similar approach can be used to

fabricate collagen coated surfaces for various tissue engineering related applications.
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Chapter 5

Bio-interfacial study of cellular interactions with functionalized model

implant surfaces mediated by adsorbed proteins

This chapter focuses on cell adhesion studies using MG63 cell lines on various silane-
functionalized titanium surfaces. The first section explores the cell adhesion behavior of the
MG63 cell line on the AO-, AC-, HO-, and HC- series Ti6Al4V surfaces. The following section
dealt with the effects of the FBS pre-adsorption on the Octyl and Bare Ti6Al4V surfaces to
enhance the cell-material interactions. The third section discussed the longer Hexadecyl SAMs
and their cellular interactions with and without pre-adsorption of proteins (BSA, Col-I, and

FN).

5.1 Introduction

Interactions of proteins, cells, and body fluid with the biomaterial are crucial for the success of
an implant [341, 342]. The type of cellular-biomaterial interactions varies from implant to
implant. For example, reconstructive implants require osseointegration with surrounding cells
and tissues [343] without toxic leachate from the implant surface. The success of an implant is
determined by tissue-level events such as blood clotting, surface fouling, and bone resorption,
which are derived from molecular and cellular interactions at the implant-tissue interface [344].
The environment inside the body is electrically, mechanically, and chemically active. Many
dynamic biological events occur at the interface due to alteration of the typical biochemical
environment around the implant site [232]. The implant surface (metallic, polymeric, or
ceramic) contains various surface ions arising from functional groups on the implant surface,

incorporating the biological ions and forming a surface oxide layer [233].
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Implant interacts typically with the bloodstream or extracellular matrix, leading to the first
binding of constituent proteins followed by cell-implant interactions [345]. Interaction of
proteins and other biological molecules with the implant surface causes a temporary or
permanent change in the conformation, leading to a shift in function [346, 347]. Controlling
cell-biomaterial interactions is a prerequisite for developing successful implants [348]. Various
surface modification strategies can be utilized to tune the various surface properties.
Silanization is a surface modification strategy, as Silane is well known to enhance cell adhesion
and promote osteoblast differentiation. In a study done on the SaOS-2 osteoblast cell line, it
was found that triethoxysilypropyl succinic anhydride silane (TESPA) enhances the osteoblast
activity by increasing the gene expression of the RUNX2 gene involved in the osteoblast
differentiation on the titanium surface. Upregulation of COL1A1 and BMP-2 expression
hundredfold confirms the role of the TESPA silane in promoting osteoblast growth
differentiation and maturation [235]. In another cell adhesion study conducted using the HLE
and rat pheochromocytoma (PC12) cells on the bare and silane-modified glass surfaces, it was
found that ECM protein pre-adsorption shortened the adhesion time and increased the cell
adhesion on the surfaces without the serum supplementation in DMEM compared to the bare

substrates indicating their potential for biomedical applications [349].

This chapter focused on biomaterial-cell interactions. Various silane modifications, such as
amine, octyl, and hexadecyl, were utilized to tune the surface properties of Ti6Al4V surfaces,
along with secondary modifications of carboxyl and hybrid SAMs. In the first section, the
proportionalities of the amine, octyl, hybrid, and carboxyl SAMs were varied to determine the
best strategy for enhanced cell adhesion. Apart from these, pre-adsorption of various proteins
such as FBS, collagen, BSA, and fibrinogen was carried out on the hydrophobic silanes (octyl

and hexadecyl SAMs) to enhance the cell adhesion capability.

5.2 Materials and methods
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Bovine Serum Albumin (BSA) [catalog no. A2153], lyophilized bovine fibrinogen (FN)
[catalog no. F8630], type-l collagen from calf skin (Col-1) [catalog no. C9791-10MG],
Fluorescein isothiocyanate (FITC) labeled phalloidin [catalog no. P5282], Propidium iodide
(P1) [catalog no. 537059] and PenStrep antibiotic [catalog no. PO781] were procured from
Sigma-Aldrich. The human osteoblast cell line (MG63) was procured from NCCS, Pune.
Dulbecco's modified Eagle's medium (DMEM) [catalog no. ALO66A], sodium chloride (NaCl)
[catalog no. MB023], potassium chloride (KCI) [catalog no.TC010], dibasic sodium phosphate
(Na2HPO,) [catalog no. MB024], and monobasic potassium phosphate (KH2PQO4) [catalog no.
MBO050], paraformaldehyde [catalog no. TCL119], and tritonX100 [catalog. No.TC286] were
procured from Himedia, India. Fetal Bovine Serum (FBS) [catalog no. 10082147] from Thermo

Fischer, India.

5.2.1 Silane-based SAMs formation

Please refer to the Materials and Method section of Chapter 3 for more detail regarding the

sample preparation and silane-based SAMs formation.

5.2.2 Protein pre-adsorption

5.2.2.1 Fetal Bovine Serum Pre-adsorption on octyl-SAMs modified Ti6Al4V surfaces

Bare Ti6Al4V and octyl SAMs surfaces (1x1 cm) were sterilized by dipping the samples in
70% ethanol for 1 hour under the laminar flow, followed by washing the samples thrice with
sterile Phosphate Buffered Saline (PBS)[350]. They were dried aseptically under laminar air
flow conditions, followed by transferring the samples to sterile 24-well plates for further
experimentation. FBS aliquot was thawed in the water bath at 37 °C. FBS dilutions of 5, 10,
15, 20, 25, and 30 (v/v) were prepared in sterile PBS under aseptic conditions. 1 ml of the FBS

dilutions was added to the sterile bare and octyl SAMs samples and transferred to an incubator
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at 37 °C for 2 hours [351]. After the pre-adsorption step, the remaining FBS was discarded,

and the samples were washed thrice with sterile PBS and kept aside.

Meanwhile, the MG63 cell line with 85-90% confluency was passaged post-trypsinization,
cells were counted on the hemocytometer, and cell stock (1x10* cells/ml) was prepared in the
DMEM media. Cells were incubated on the functionalized surfaces with pre-adsorbed FBS
(varied conc) and kept in the incubator for 12 hours for the cell adhesion experiments. Surfaces
with the pre-adsorbed proteins were incubated with incomplete DMEM media (lacking 10%
FBS but with 1% PenStrep solution). Samples without FBS pre-adsorption and samples

incubated with complete DMEM media were used as the control samples.

5.2.2.2 Albumin, fibrinogen, and collagen-1 pre-adsorption on hexadecyl SAMs modified

Ti6Al4V surfaces.

Bovine Serum Albumin (BSA) stock was prepared in 1xPBS solution (pH 7.4) at RT
conditions, and concentration was determined using an Implen spectro nanophotometer
(Implen GmbH, Munich, Germany). BSA stock was sterilized using the 0.2 um syringe filter
in the cell culture hood, followed by dilution preparations (0.5, 1, 2, 3, 4, & 5 mg/ml).
Fibrinogen stock was also prepared in PBS buffer at pH 7.4, and the stock was filter sterilized
(0.2 um) in the cell culture cabinet followed by dilution preparations (5, 10, 20, 30, 40 & 50
pg/ml) and added to the sterile hexadecyl SAMs samples. Type-I collagen was mixed in 0.1M
glacial acetic acid (Lmg/ml), followed by vortexing and storing at 4 °C to completely solubilize
the protein in the buffer. After that, the collagen solution was diluted in the PBS solution to
attain a pH of 7.4. Before the pre-adsorption studies, collagen was filtered and sterilized (0.2
pum), and 5, 10, 20, 30, 40, and 50 pg/ml protein dilutions were prepared for the cell culture
experiments[152, 352]. Sterilized hexadecyl SAMs (1x1 cm?) surfaces were placed in the 24

well plates, and individual proteins with varied concentrations were added to the wells with the
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samples. Moreover, mixed solutions of BSA/Col-I, BSA/FN, and FN/Col-I were added to the
samples at various concentrations and incubated in the cell culture incubator for 2 hours at 37
°C. Post adsorption, the remaining protein solution was discarded, and samples were rinsed
thrice with sterile PBS and kept aside[353, 354]. As mentioned in the previous section
regarding the cell adhesion studies, pre-adsorbed surfaces were incubated with 1 ml DMEM
media (without FBS) with a cell density of 1x10* cells/ml for 12 hours in the incubator.

Samples without pre-adsorbed protein and complete DMEM media were used as the controls.

5.2.2.3 Cell Adhesion studies, fluorescence staining, and microscopy

Sterilized AO-, AC-, HO-, and HC- series (as mentioned in Chapter 3) samples were incubated
with complete DMEM media containing the MG63 cell line (1x10* cells/ml) in the incubator
for 12 hours for cell adhesion. The bare Ti6Al4V surface without the silane modification was
the control sample. Post-cell adhesion experiments spent DMEM media discarded from the
samples, and the sample surfaces were gently rinsed thrice with sterile PBS to remove the
unadhered MG63 cells from the sample surfaces [19, 62, 152]. Cell adhesion was visualized
and quantified using fluorescence microscopy post-experiments. Samples were fixed with 4%
(v/v) paraformaldehyde solution overnight at 4 °C. Post fixation, the unreacted
paraformaldehyde was discarded, and samples were rinsed thrice with PBS. To avoid non-
specific staining on the surface, surfaces were blocked with 2% (w/v) BSA and permeabilized
with 0.2% (w/v) Triton X100 for 6 hours, followed by staining the actin filaments with
phalloidin-FITC dye for 12 hrs. Surfaces were stained with propidium iodide (PI) at 20 pg/ml
to stain the cell nuclei for 2 hours. After each step, samples were thoroughly rinsed with the
PBS thrice to remove the unreacted reagents and dyes. Cell imaging was carried out using a
Nikon fluorescent microscope. Based on the cell images obtained, further image processing

and data quantification were carried out using ImageJ software (developed at the National
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Institute of Health, USA) to analyze cell area, cell circularity, and surface coverage of the cells

on the various modified surfaces [19, 62, 152].
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Figure 5.1: Fluorescent cell images of the MG63 cell line adhered to the AO series samples.
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Figure 5.2: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for AO series samples; dotted lines show the fitted data.

5.3 Results and Discussion

5.3.1 AO-, AC-, HO- and HC- series

AO series contained the variable ratio (v/v) of the amine and octyl SAMs precursors; the AC
series comprised the variable ratios (v/v) of the amine and carboxyl; HO series comprised the
variable ratios of hybrid (secondary modification of amine SAMSs) and octyl while the HC
series contained the variable precursor volume ratios of the secondary modifications of the
amine (hybrid SAMSs) and octyl (carboxyl SAMSs). Cell adhesion studies were conducted on
the various modified surfaces to evaluate the effect and extent of the variable precursor silanes.
As evident from Fig. 5.1, the octyl SAM surface showed the least surface coverage, cell
spreading, and proliferation among the silane-modified surfaces. As the octyl SAMs surface is
hydrophobic, the least cell adhesion is comparable to that of the Bare Ti6Al4V surfaces. Cell
surface coverage (%), cell circularity index, and average cell area (um?) were the cell adhesion
parameters evaluated based on the fluorescent cell images, as shown in Fig. 5.2. A cell

circularity index of 1 implies a perfect circle, whereas 0 implies an extensively elongated
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polygon; the better the cell spreads, the more likely the cells will exemplify a value approaching

0. ImageJ software was used to extract the quantitative data from the cell images.

Surface coverage of the bare sample was 14.2+0.1%, while 43.9+£1.8% (amine SAMs) and
22.6+0.1% (octyl SAMs). The average cell areas were 690+60, 753+70.9 and 1501+108 um?
for bare, octyl, and amine SAMs, respectively. Bare and octyl surfaces exhibited similar
circularity (~0.61), which reduced to 0.49+0.02 for the amine SAMs. Amine SAMs surfaces
with moderate surface wettability and terminal amine group showed remarkable surface
coverage and cell spreading. In contrast, the rest of the samples showed a trend between the
two extremes, and cell adhesion parameters improved with an increase in the amine precursor

ratio.

Furthermore, OriginPro software was used to perform the data fitting function to determine the
trendline for the various cell adhesion parameters. In the case of the AO-series samples, the
Exponential function was utilized to fit the surface coverage (%) data, where average cell area
and circularity index data were fitted using the sigmoidal function. Surface coverage showed a
decrease rate of 0.03 % with the increase in the octyl percentage (R2: 0.97), whereas average
cell area increased by a rate of 0.97 % (R2: 0.97) with the rise in the amine proportionality
and started growing after the amine proportion increased by 45.1% in the series. On the other
hand, circularity showed a transition point when the octyl fraction increased by 42.2% with a
rate of 0.37 % based on the fitted data (R% 0.92), indicating lesser cell spreading with the

increase in the octyl content, as shown in Fig. 5.2.
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Figure 5.3: Representative fluorescent cell images of the MG63 cell line on the AC series surfaces.
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Figure 5.4: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for AC series samples; dotted lines represent the fitted data.

Cell adhesion was best for the AC series samples on the amine SAMs-modified substrates.
Still, it gradually decreased with the increase in the ratio of the carboxyl SAMs precursor
exhibiting the least cell adhesion on the carboxyl SAMs surfaces (Fig. 5.3). Though there is no
steep decrease in the circularity for the amine and carboxyl SAMs surfaces, there is a slight
decrease in the average cell area for the samples with carboxyl SAMs precursor ratios. Amine
SAMs exhibited a higher surface coverage (43.9£1.8%) compared to the carboxyl SAMs
(30.4+0.2%); there was a slight change in the circularity for amine SAMs (0.46+0.03) and
carboxyl SAMs (0.51+0.03) while the average cell area was 1481+105 pum? (amine SAMs) and
1370+155 um? (carboxyl SAMs) as shown in Fig. 5.4. The decrease in the surface coverage
with the increase in the carboxyl proportionality was as follows: 60.6£3.6 (amine only),
45.2+0.3 (AC91), 43.9+0.3 (AC82), 42.3+0.6 (AC73), 40.4+0.3 (AC64), 38.8+0.5 (AC55),
37.6+0.2 (AC46), 36.5+0.2 (AC37), 33+0.6 (AC28), 31.4+04 (AC19) and 30.4%0.2%

(carboxyl only), respectively. Surface coverage showed a decrease rate of -0.006 (R?: 0.95) due
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to an increase in the hydrophobic octyl SAMs, whereas the circularity increased by a rate of
0.03 %! with the increase in the octyl proportionality (R? 0.82). The average cell area
transitioned at a 59.44% decrease in octyl proportionality with a rate of 2.25%* (R?: 0.83),

increasing the average cell area.
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Figure 5.5: Representative fluorescent images of the MG63 cell line on the HO series surfaces.
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Figure 5.6: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for HO series samples; dotted lines show the fitted data.

Amine SAMs undergo secondary modification to form hybrid SAMs of the AO series samples,
resulting in HO series samples. The cell adhesion study showed a result similar to the AO series
samples, as the hydrophobicity of the octyl SAMs compromised the biological features of the
modified surfaces, as shown in Fig. 5.5. The higher the precursor octyl silane ratio, the lower
the feature of the resultant cell adhesion parameters. Hybrid SAMs exhibited the highest
surface coverage (72.4+0.96%) and least by the octyl SAMs (23.6£0.24%), highest circularity
for the octyl SAMs (0.64+0.04) and least for amine SAMs (0.48+0.06); least average cell area
for the octyl SAMs (629+94.5 um?) and highest for the amine SAMs (78877 um?) surfaces.
Surface coverage showed the following trend: 72.4+0.96 (hybrid), 50.8+0.8 (HO91), 41.4+0.8
(HO82), 34+0.6 (HO73), 31.4+0.6 (HO64), 29.5+0.4 (HO55), 28+0.4 (HO46), 27.2+0.2
(HO37), 26+0.3 (HO28), 25.2+0.2 (HO19), and 23.6+0.2% (octyl), respectively; decrease in
the average surface area was as follows: 788+77 > 766+62 > 731+91 > 74066 > 703+95 >

670467 > 685+58 > 662+93 > 60585 > 607+82 > 629+94 um?. The circularity index increased
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with the increase in the octyl proportionality in the series with slight variation in the trend as
follows: 0.48+0.06 < 0.47£0.05 < 0.54+0.06 < 0.5£0.05 < 0.61+0.05 < 0.63£0.09 < 0.66+0.07
<0.61%0.06 < 0.67+0.1 < 0.67+0.04 < 0.64+0.04. Surface coverage decreased with a rate of -
0.045%* (R%: 0.97) with the octyl SAMs increase; on the other hand, an increase in the amine
percentage resulted in an increase in the rate of the average cell area by 0.029%* (R?: 0.90).
Circularity index showed a sigmoidal curve with transition begin at 31.3% octyl SAMs

proportion with a rate of 0.36 %™ (R?: 0.9) as shown in Fig. 5.6.
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Figure 5.7: Representative fluorescent images of the MG63 cell line on the HC series surfaces.
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Figure 5.8: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for HC series samples; dotted lines show the fitted data.

Secondary modification of the amine and octyl SAMs resulted in the formation of the hybrid
and carboxyl SAMs, so the double secondary modification of the precursor silanes fabricated
the HC series samples. Lower performance of the octyl SAM surfaces due to hydrophobicity
can be enhanced by turning the octyl group into carboxyl, resulting in the carboxyl SAM
modification. Fig. 5.7 shows the fluorescent cell images of HC series samples that showed
remarkable cell adhesion of the MG63 cells on all the series variants with better surface
coverage, circularity index, and average cell area. The least surface coverage and average cell
area were shown by carboxyl SAMSs (32.3+0.84%, 712+95 pm?) and highest for hybrid SAMs
(69.4+0.7%, 822+98 pm?). In contrast, carboxyl SAMs exhibited the highest circularity
(0.6+0.04) and the least for the hybrid SAMs (0.44+0.02), as evident from Fig. 5.8. Surface
coverage decreased for the HC series samples as follows: 69.4+0.7 > 66.2+1.8 > 62.2+1 >
58.3+1.6 > 55.2+0.8 > 52.6+0.8 > 47.4+1 > 44+1 > 38+0.7 > 35.5+1 > 32.3+0.8% and the

average cell area showed a decreasing trend with slight variation as follows: 822+98 >777+82
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> 735+75 > 717+71 > 707+80 > 689+57 > 726+44 > 713+83 > 679+90 > 649+71 > 712+95

pm?.

Table 5.1: Derived cell adhesion parameters based on fitted data

Series Rate constant of Transition point Maximum coverage/surface
surface coverage (%) (%) (%)

AO -0.03 45.1 43.9£1.8 of amine SAMs

AC -0.006 59.4 45.942.2 of amine SAMs

HO -0.045 31.3 72.4+01 of hybrid SAMs

HC -0.007 - 70.2+1.6 of hybrid SAMs

Surface coverage decreased at -0.007 %, with an increase in the carboxyl proportion (R?:
0.97). The average cell area increased at a rate of 0.12 % with increased hybrid
proportionality in the series (R?: 0.82); circularity reflecting the cell spreading increased at a
rate of 0.022 % with an increase in the carboxyl fraction in the system (R?: 0.88). All the
derived cell adhesion parameters based on the fitted data are tabulated in Table 5.1, and the

range of the circularity, average area, and surface coverage are mentioned in Table 5.2.

Table 5.2: Range of the various cell adhesion parameters

Range
Series Average Area Surface coverage Circularity
(um?) (%)
AO 600 - 1500 22.6 - 44 0.48 - 0.68
AC 1370 - 1600 30-44 0.46 — 0.53
HO 605 - 790 23.5-724 0.48 - 0.67
HC 822 - 650 32-70 0.44-0.6

Among the AO-, AC-, HO- and HC- series samples, hybrid SAMs exhibited the best surface
coverage of 72.4+0.9%; the least circularity was shown by the hybrid followed by the amine
SAMs modified surfaces (0.46); the highest cell area attained by the amine SAMs surfaces
(~1500 pm?). The highest rate of decrease of the surface coverage (~ -0.04) was shown by the
samples containing the octyl SAMs fractions (HO- AO- series), while the carboxyl conversion

of the octyl fractions reduced the decrease rate by 10 folds (~ -0.007).
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Figure 5.9: Representative fluorescent images of the MG63 cell line on the FBS pre-adsorbed bare
Ti6AI4V surfaces.
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Figure 5.10: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for the FBS pre-adsorbed Bare Ti6Al4V surfaces; dotted lines show the fitted data.

5.3.2 Fetal Bovine Serum pre-adsorbed octyl-SAMs surfaces

Usually, the cell culture media (DMEM) is supplemented with 10% FBS (undefined
supplement) to sustain cell growth and progress. As evident from the above section, the
hydrophobicity of the octyl SAMs functionalized surfaces compromises the biological features
of the functionalized surfaces. To tackle this issue, we tried incorporating the FBS on the
functionalized surfaces in the pre-adsorbed form. Various percentages of the FBS (0, 5, 10, 15,
20, 25, and 30%) were pre-adsorbed on bare Ti6Al4V and octyl SAMs functionalized surfaces
for 2 hr at 37 °C. As shown in Fig. 5.9, the least cell adhered to the surface with 0% pre-
adsorbed FBS for the bare surfaces. Cell surface coverage increased gradually with an increase
in the percentage of the pre-adsorbed FBS, and the highest was reported for the surface with
30% pre-adsorbed FBS. However, it was less than the bare surface incubated with FBS-
supplemented DMEM media. Surface with 0% pre-adsorbed FBS showed a surface coverage

of 6.9+0.5% < 7.9+0.2% (5% FBS) < 9.8+0.3% (10% FBS) < 11.6+0.2% (15% FBS) and so

150
TH-3560_ 176106117



on with 15+0.1% (30% FBS) and 9.2+0.7% for the complete DMEM incubated surfaces as
clear from Fig. 5.10. Cell circularity was highest for 0% FBS (0.62+0.07) and least for 30%
FBS (0.47+0.06) and supplemented DMEM incubated surfaces (0.54+0.05), while the least
average cell size for 0% (504488 um?) and highest for 30% (647+80 pm?) and FBS
supplemented media surface (587+91 um?). Compared to the bare Ti6AI4V surfaces, octyl

SAMs perform better with the cell adhesion studies mediated by pre-adsorbed FBS.

151
TH-3560_ 176106117



FITC Pl MERGED

OCTYL 20 OCTYL 15 OCTYL 10 OCTYLS OCTYL 0

OCTYL 25

OCTYL 30

FBS MEDIA

Figure 5.11: Representative fluorescent images of the MG63 cell line on the FBS pre-adsorbed octy!l
SAMs surfaces.
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Figure 5.12: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for the FBS pre-adsorbed Octyl SAMs modified surfaces; dotted lines show the fitted data.

Octyl SAMs surfaces with 0% pre-adsorbed FBS showed the least circularity and cell number
compared to the octyl SAMs incubated with FBS-supplemented DMEM (no pre-adsorbed
FBS). At the same time, there was a linear relation between the surface coverage and the FBS
concentration, as shown in Fig. 5.11. 0% pre-adsorbed FBS samples showed a surface coverage
of 4+0.4%, average cell area of 300+90 pm?, and circularity of 0.89+0.1 compared to the
surface coverage of 13+0.95%, average cell area of 698+55 um?, and circularity of 0.56+0.04
for the octyl SAMs surfaces incubated with FBS supplemented DMEM media. Surface
coverage response was 7.9+£0.3% (5% FBS) < 8.9+0.4% (10% FBS) < 10.7+0.5% (15% FBS)
< 13.6+0.3% (20% FBS) < 16.7+1% (25% FBS) <23.4+3% (30% FBS) respectively (linear
response). On the other hand, there was no significant change in the average cell area with the

increase of the FBS concentration; it got saturated as follows: 728+62 pm? (5%), 726+93 um?
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(10%), 760+73 pm? (15%), 757455 um? (20%), 746+48 um? (25%) and 760+77 um? (30%),
respectively. The circularity index data exhibited almost the same behavior with 0.41+0.06

(5%) and 0.48+0.07% (30%), respectively, as quite clear from the graph in Fig. 5.12.

Surface coverage increased by 0.014 for bare surfaces and 0.07 for the octyl SAMs surfaces, a
two-fold increase in the surface coverage rate for the functionalized surfaces. Average cell area
increased by a rate of 6.35 % for the bare surfaces, with the transition state at 14.54% of the
pre-adsorbed FBS; on the other hand, octyl SAMs exhibited a rate of 2.09 %™ with a transition
at 2.80% pre-adsorbed FBS, indicating quick saturation of the average area (~760 pm?),
circularity was also quickly saturated for the octyl SAMs surfaces (0.43) with a rate of 2 %
whereas 0.08 % for the bare surfaces based on the fitted data and the various range of the
various parameters are tabulated in Table 5.3. Rezek et al. also performed the FBS pre-
adsorption studies on the hydrophobic and hydrophilic diamond surfaces, and it was observed
that post-FBS pre-adsorption, cell adhesion by 40% on the hydrophilic surfaces compared to
the hydrophobic diamond surfaces under shaking conditions. There was an insignificant change
in the cell adhesion behaviour at static conditions, and the hydrophilic surface was independent
of the cell adhesion conditions [351]. In another study, chitosan matrices were functionalized
with B-1,3-glucan to fabricate bone scaffold. It was observed that better serum protein
adsorption enhanced cell adhesion, spreading, and proliferation due to the pre-adsorbed

fibronectin and vitronectin on the surfaces [335].

Table 5.3: Range of the various cell adhesion parameters

Range
FBS pre-adsorbed  Surface coverage  Avg cell area Circularity
surface (%) (Um?)
Bare (Ti6Al4V)  7-15 488 - 650 0.47 - 0.62
Octyl SAMs 4- 24 300 - 760 0.42-0.90
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Figure 5.13: Representative fluorescent images of the MG63 cell line on the BSA pre-adsorbed
hexadecyl SAMs surfaces.
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Figure 5.14: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for BSA pre-adsorbed hexadecyl SAMs surfaces.

5.3.3 Protein pre-adsorbed hexadecyl SAMs functionalized Ti6AIl4V surfaces

Compared to octyl SAMs, hexadecyl SAMs have a longer chain length and higher
hydrophobicity. So, instead of simply exploring the pre-adsorption of the complex cocktail of
the FBS, we tried exploring the pre-adsorption of individual proteins (BSA, Col-1 & FN)
separately and mixed pre-adsorption of the proteins (BSA/col-1, BSA/FN, FN/col-1) on the
hexadecyl surfaces. Molar concentrations used for the various protein as follows: BSA (7.5,
15, 30, 45, 60, 75 uM); fibrinogen (0.01, 0.03, 0.06, 0.09, 0.12, 0.15 um) and Collagen-1 (0.02,
0.03, 0.07, 0.10, 0.13, 0.17 uM). Due to longer chain length and steric hindrance imparted
roughness; and orientation of the SAMs will play a crucial role that will be difficult to explore
for a complex system like FBS, which contains growth factors, hormones, vitamins, and other
biomolecules in addition to the proteins. Blank surfaces without pre-adsorbed BSA showed the

highest circularity with low surface coverage and a small average cell area, as depicted in the

156
TH-3560_ 176106117



fluorescent images in Fig. 5.13. An increase in the BSA concentration increased the surface
coverage, circularity index, and average cell area. Fig. 5.14 shows the cell adhesion data;
control samples without pre-adsorbed showed a surface area of 8.5+1%, an average cell area
of 387+26.9 pm?, and a circularity of 0.81+0.04.

In contrast, the control samples incubated with FBS-supplemented DMEM media showed a
surface coverage of 45.6+2.4%, average cell area of 643.9+47.9 um?, and circularity of
0.5+0.05 for the hexadecyl SAMs samples. Surface coverage increased by 8.2+0.47% (0.5
mg/ml BSA) and 29.8+3% (5 mg/ml BSA), the least average cell area for the 0.5 mg/ml BSA
(348.7+51 pm?) and highest for 5 mg/ml BSA (738.4+66 pum?); but there was no significant
change in the circularity as all the samples showed the circularity in the range of ~0.6 with
slight variations among the samples. Surface coverage (%) showed an exponential increase of
0.37 pg/ml (R% 0.93) with an increase in the pre-adsorbed BSA concentration, and circularity
attained a faster plateau phase of 0.63 with a transition point around 0.5 mg/ml of the BSA
concentration (R?: 0.92). The average cell area was also quickly saturated at 0.86 of the BSA
concentration with an increased rate of 3.36 pg/ml* (R?: 0.94). A study on the heparinized PCL
surfaces showed an increase in the endothelial cells (EC) cell adhesion behaviour and a
decrease in the smooth muscle cells. Enhanced cell adhesion behaviour of the EC cells
correlated with enhanced fibronection adsorption on the heparinized surfaces, as the fibronectin

is the key mediator in the cell adhesion of the EC cells [340].
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Figure 5.15: Representative fluorescent images of the MG63 cell line on the Col-I pre-adsorbed
hexadecyl SAMs surfaces.
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Figure 5.16: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for Col-I pre-adsorbed hexadecyl SAMs surfaces.

Collagen is the most promising protein in biomedical engineering, particularly for tissue
engineering, to enhance the biological features of biomaterials. The pre-adsorption studies used
Collagen type-I in various concentrations (5, 10, 20, 30, 40, and 50 pg/ml). Results were similar
in trend to the BSA pre-adsorbed hexadecyl SAMs surfaces, with the increased adsorbed
protein concentration enhancing cell adhesion, as illustrated in Fig. 5.15. Surface coverage
showed the following behavior: 12+1% (5 pg/ml) < 16.5+0.5% (10 pg/ml) < 18.5+£0.8% (20
pg/ml) < 20£0.2% (30 pg/ml) < 27+1% (40 pg/ml) < 37.9+4% (50 pg/ml), while average cell
area showed the least area for 5 pg/ml (754+109 um2) and highest for 50 pg/ml (87668 pm?);
circularity index was independent of the pre-adsorbed protein concentration (~0.6) for all the
samples with slight variations as illustrated by the graph in Fig. 5.16. Surface coverage
increased by 0.03 pg/mlt (R?: 0.94) with the increase in the Col-1 concentration (R?: 0.94).

Circularity was independent of the collagen-I concentration and showed no significant change
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with the collagen adsorption; the sharp transition occurred at 3.09 pg/ml Col-1 concentration

(R?: 0.92), but the average cell area increased by a rate of 0.34 pug/ml™ (R%: 0.99).
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Figure 5.17: Representative fluorescent images of the MG63 cell line on the fibrinogen pre-adsorbed
hexadecyl SAMs surfaces.
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Figure 5.18: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for fibrinogen pre-adsorbed hexadecyl SAMs surfaces.

Fibrinogen (FN) is the main protein of the coagulation cascade, resulting in blood clotting. The
type and the concentration of the protein adsorbing on the biomaterial surface determine the
fate of the implants in the body. FN adsorbing on the biomaterial surface marks the biomaterial
for rejection and clotting, resulting in implant failure. So, exploring the nature of FN is of
utmost importance for biomaterial fabrication. as shown in Fig. 5.17. There was a slight
increase in the surface coverage with the increase in the FN concentration. However, the cell
adhesion is less than the BSA and Col-I pre-adsorbed surfaces, and other cell adhesion
parameters. As apparent from Fig. 5.18, there was no drastic change in the surface coverage
area for the FN samples, with 11.6+1% (5 pg/ml) and 15.8+0.3% (50 pg/ml), though there was
a significant change in the average cell area with 385.5+18 pm? (5 pg/ml) and 750.9+72 (50
pag/ml); there was higher circularity for the 5 pg/ml (0.8), which reduced to 0.69 (10 pg/ml)
and 0.62 (50 pg/ml). Surface coverage increased at a rate of 0.012 pg/ml? with the FN

concentration (R% 0.97), and circularity changed at a rate of 0.88 ug/ml* (R% 0.87) with the
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transition point at 6.41 pg/ml FN concentration. In contrast, the average cell area changed at a

rate of 0.11 pg/ml™* with the FN pre-adsorption (R?: 0.88).
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Figure 5.19: Representative fluorescent images of the MG63 cell line on the surfaces of BSA/Col-I
pre-adsorbed hexadecyl SAMs.
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Figure 5.20: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for BSA/col-I pre-adsorbed hexadecyl SAMs surfaces.

In the previous section, the cell adhesion behavior of three proteins was separately explored;
now, the pre-adsorption of mixed proteins was explored. BSA/Col-I cell adhesion studies
showed a gradual increase in the surface coverage with the increase in the concentrations of
both proteins, as clear from the fluorescent cell images in Fig. 5.19. Substrate pre-adsorbed
with the lowest concentration of the protein (0.5 mg/ml BSA & 5 pg/ml Col-I) showed the least
surface coverage of 11+1%, average cell area of 403.7+20 pm? and circularity of 0.68+0.06.
In contrast, the substrate with the highest protein concentration (5 mg/ml BSA & 50 pg/ml Col-
) showed a surface coverage of 34.4+6%, average cell area of 806+34 um? and circularity of
0.59+0.05 as shown in Fig. 5.20. Surface coverage changed at a rate of 0.03 pg/ml* for BSA
and 0.003 pg/ml for Col-1, with an R? of 0.98, circularity at a rate of 0.16 pg/ml* (Col-1) and
1.6 ug/ml* (BSA) with a transition point at 6.17 pg/ml (Col-I) and 0.617 mg/ml (BSA) for the
change in the circularity (R 0.97). On the other hand, the average cell area exhibited a rate of

1.04 pg/mlt (Col-I) and 10.4 pg/ml™? (BSA) with a transition point at 6.11 pg/ml (Col-1) and
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0.611 mg/ml (BSA) for the binary protein system of BSA/col-I (R?: 0.98). In a study conducted
by a research group for the cell adhesion behviour in the presence of protein pre-adsorption, it
was observed that vitronectin and fibronectin significantly influence the cell adhesion
behaviour. Incorporation of the antibodies against both proteins reduced the cell adhesion,

signifying protein-mediated cell adhesion on the hydroxyl methyl mixed SAMs [339].
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Figure 5.21: Representative fluorescent images of the MG63 cell line on the surfaces of
BSA/fibrinogen pre-adsorbed hexadecyl SAMs.
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Figure 5.22: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for BSA/fibrinogen pre-adsorbed hexadecyl SAMs surfaces.

BSA is a slightly hydrophobic protein, and FN is a protein responsible for biofouling in the
physiological microenvironment. Fig. 5.21 shows that the binary protein systems of BSA and
FN were pre-adsorbed on the surfaces of the hexadecyl SAMs and explored for cell adhesion
behavior. Based on the graph in Fig. 5.22, cell adhesion gradually increases with the increase
in the concentrations of both proteins. The highest surface coverage was 26.9+3% (5 mg/mi
BSA & 50 pg/ml FN), and the least was 10.2+0.5% (0.5 mg/ml BSA & 5ug /ml FN); the same
samples exhibited the highest (839.5+91 um?) and least (614+53 pm?) average cell area among
the samples. There was no drastic change in the circularity index (~0.5) among the surfaces.
Surface coverage (R?: 0.96) increased with the amount of the protein concentration and was
0.02 pg/mlt (FN) and 0.2 pg/mlt (BSA); circularity was independent of the protein

concentration in the binary system and showed a transition at 0.302 mg/ml (BSA) and 4.28
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pg/ml (FN) for the system (R?: 0.89). The average cell area varied at a rate of 1.53 pg/ml™*

(BSA) and 0.15 pg/ml? (FN) for the system (R2: 0.90).
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Figure 5.23: Representative fluorescent images of the MG63 cell line on the surfaces of
fibrinogen/Col-1 pre-adsorbed hexadecyl SAMs.
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Figure 5.24: Graph showing the data for the surface coverage, average cell area, and cell circularity
index for fibrinogen/Col-1 pre-adsorbed hexadecyl SAMs surfaces.

Col-1 and FN were also tried as the mixed system for pre-adsorption on the hexadecyl SAMs
surfaces. An increase in the concentration of both proteins resulted in the slightly enhanced
adhesion of the MG3 cell line on the surfaces, as shown in Fig. 5.23. The least surface coverage
of 10.4+1% and the highest 23.4+1% were observed for the samples, and the least average cell
area of 321.4+23 um?and the highest cell area of 737.7+78 um? were seen; on the other hand,
the highest circularity was 0.68 and least was 0.44 for the surfaces as depicted in Fig. 5.24.
Circularity varied at a rate of 0.011 pg/ml* (R% 0.88) and for average cell area at 0.24 pug/ml-
! with the transition point at 11.38 pg/ml (R?: 0.92), while the surface coverage varied at a rate
of -0.04 pg/ml? (R2: 0.99) with the increase in the pre-adsorption. All the derived parameters
of the cell adhesion studies on the protein pre-adsrobed hexadecyl SAMs surfaces are tabulated

in Table 5.4.
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Table 5.4: Derived parameters of the cell adhesion study on pre-adsorbed hexadecyl SAMs surfaces.

Average cell area (Um?) Circularity

Surface
Pre-adso_rbed Rate Transition Rate Transition coverage
protein Constant oint Constant oint rate (%)
(nomryy P (mgmy P
BSA 3.36 0.86 50.7 0.42 0.375
Col-I 0.34 - - 3.09 0.03
FN 0.11 - 0.88 6.41 0.012
BSA/Col- BSA 10.4 0.61 1.6 0.62 0.03
| Col-I 1.04 6.11 0.16 6.2 0.003
BSA 1.53 - - 0.30 0.2
BSA/FN FN 0.15 - - 4.28 0.02
Col-I 0.24 11.4 0.01 - 0.04
PN/Col-1 FN 0.24 11.4 0.01 - 0.04

5.4 Conclusion

Functionalizing the titanium and alloy surfaces with silane-based SAMs will enhance the
overall biological properties of the functionalized surfaces. Primary medication of the amine
and octyl SAMs was carried out, and variations in the proportionalities of both moieties were
undertaken to evaluate the best fabrication parameters. Amine and octyl can be secondarily
modified into hybrid and carboxyl SAMs. Amine and hybrid SAMs exhibited remarkable cell
proliferation with a circularity of ~0.4, whereas carboxyl gave intermittent circularity of 0.5,
and the least was ~0.6 for the octyl SAMs. Amine and hybrid SAMs with a >50% surface
coverage for the 12-hour duration and high average cell area were the most desirable silane
functionalities for biomaterial fabrication. Further, another silane moiety with hydrophobicity
was tried for the functionalization, hexadecyl SAMs with twice the chain length of octyl SAMs.
Poor biological features of the octyl and hexadecyl SAMs were attempted to be addressed by

using the ECM pre-adsorption strategy. FBS pre-adsorption was tried with a circularity of ~0.4
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for the octyl SAMs, indicating better cell spreading. However, the surface coverage increased
to only 23.4% without FBS supplementation, compared to the bare Ti6Al4V surfaces, a 1.5fold
increase in the cell adhesion activity. Hexadecyl was subjected to single and mixed protein pre-
adsorption to determine the cell adhesion activity. The study found that Col-1 had the best
surface coverage at 37%, followed by BSA at 30% and FN at 15% while a mixed system of
BSA/col-1 showed 34% coverage. FN introduced reduced coverage but enhanced cell
proliferation, with the best concentration at ~0.45. BSA, Col-l, and FBS pre-adsorption

improved hydrophobicity and cell adhesion properties.
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Chapter 6

Design of antimicrobial coatings on functionalized model implant surfaces

without compromising biocompatibility

This chapter focuses on fabricating various antimicrobial coatings for biomedical applications.
In the first section, benign silver nanoparticles were fabricated and coated on the amine SAMs-
modified silica surfaces and explored for their antimicrobial and anti-biofilm properties. The
second section explored natural biopolymer chitosan as an antimicrobial agent and drug-

loading vehicle.

Section 6.1.1: Silver nanoparticles based antimicrobial surface coating

6.1 Introduction

At a global level, nosocomial infections are one of the most severe consequences of surgical
procedures, especially in developing countries. Patients suffering from orthopedic disorders
are implanted with prosthetics of metallic, ceramic, polymeric, or composite-type biomaterials
to mimic the normal biological counterpart(s) required for the normal functioning of the host
[345, 355-359]. These implant sites are vulnerable to microbial infection throughout post-
operative procedures. As a preventive measure, patients are medicated with heavy dosages of
antibiotics to avoid sepsis and microbial infection, which causes systemic side effects [360]
and the development of drug resistance [361]. These factors ultimately lead to the failure of an
implanted biomaterial [362]. Therefore, removing and replacing the implant from the damaged
site inevitably spreads [363]. The development of antibiotic-resistant microbial strains
necessitates focusing on alternate antimicrobial agents and biocompatible surfaces to prevent
systemic side effects [364]. Hence, designing antimicrobial surfaces for various biomedical
research and applications is clinically relevant for biomedical research and applications, i.e.,

anti-biofouling devices[ 286, 365, 366].
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In this direction, nanoparticles (NPs) have a broad spectrum of antimicrobial activity [367] and
have shown promising size-dependent antimicrobial activity due to the high surface area-to-
volume ratio. NPs can penetrate the cell membrane and disrupt the normal functioning of the
cellular components compared to bigger particles [368]. Hence, NPs can be tailored to their
various applications [19, 344, 369-372]. The antimicrobial activity of NPs is also reported to
be size-dependent; the smaller the size, the higher the antimicrobial activity. NPs can be used
directly as an antimicrobial agent and may be encapsulated inside hydrogels or polyethylene
glycol (PEG) to enhance bioavailability [373, 374]. Among all the metal and metal oxide NPs,
silver nanoparticles (AgNPs) are one of the most extensively studied NPs, which have been
explored as antimicrobial agents [375, 376]. Researchers have employed various
methodologies for AgNPs synthesis, including physical, chemical, and biological (plant-
mediated, fungal, bacterial) routes [377, 378]. However, physical and chemical methods
require harmful chemicals and a significant input of energy [378]. Hence, green (plant-
mediated) synthesis of AgNPs is the most plausible synthesis route as it does not demand harsh
reaction conditions required in the chemical synthesis or the stringent sterility required for
microbial synthesis [379]. Various plants have been utilized for synthesizing [377-380]
AgNPs, including medicinal plants, to exert a synergistic effect. [381, 382]. AgNPs exhibit
antimicrobial activity through various mechanisms, including disruption of membrane integrity
and inactivation of respiratory enzymes, resulting in the generation of reactive oxygen species
and affecting membrane potential [368, 383].

In this study, an amine self-assembled monolayer (SAMS) on a silica surface was explored to
immobilize AgNPs, which were synthesized using the leaf extract of Miscanthus khasiana
(Silvergrass), one of the abundant and least exploited plants [384]. The synthesized NPs were
characterized using X-ray diffractometer (XRD), Fourier Transform Infrared Spectroscopy

(FTIR), Raman, UV-Vis spectroscopy, and Field Emission Transmission Electron Microscopy
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(FETEM) to confirm the successful synthesis. The synthesized AgNPs were tested for their
antibacterial activities against clinically relevant E.coli, and then the Inhibitory Concentration
(ICs0) value was determined. Further AgNPs were adsorbed on the amine-SAMs surface to
design an antibacterial surface and to confirm the successful attachment of AgNPs over the
modified surface; several techniques were employed, such as RAMAN spectroscopy, FTIR
spectroscopy, Atomic Force Microscopy (AFM), and Field Emission Scanning Electron
Microscopy (FESEM). Antimicrobial activity was determined against E.coli in the first sub-
section, followed by the determination of anti-biofilm activity against Pseudomonas
aeruginosa.

6.2 Materials and methods

6.2.1 Materials

(3-aminopropyl) triethoxysilane (APTES, cat. no. 440140, purity 99%), anhydrous toluene
(cat. no. 244511, purity 99.8%), and silver nitrate (cat. No. 209139, purity 99.0%) were
purchased from Sigma-Aldrich, India. Sulfuric acid, sodium hydroxide, hydrochloric acid,
methanol, toluene, sodium chloride, potassium chloride, monobasic potassium phosphate,
dibasic sodium phosphate, Luria Bertani broth, and hydrogen peroxide were procured from
Himedia, India. Ammonia solution was procured from Rankem, India. Micro cover glasses
(No. 1/10) were obtained from Axiva, India. Milli-Q water (18 MQ.cm) was utilized
throughout the work.

6.2.2 Preparation of plant leaf extract

Fresh leaves of the Miscanthus Khasiana plant were collected from the Indian Institute of
Technology Guwahati campus. The following protocols synthesized NPs with slight
modification [380, 385]. In brief, 10 gm of plant leaves were thoroughly washed thrice using
deionized water to remove the dust particles on leaf surfaces. Plant leaves were mixed with 100

ml of deionized double distilled water (10% w/v) and boiled at 100°C for 10 minutes. The
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mixture was then cooled and filtered through a Whatman filter paper (pore size 11 pm), and
the filtrate was used for further experiments.

6.2.3 Synthesis of AgNPs using plant leaf extract

100 ml of leaf extract of Miscanthus khasiana was mixed with 15 mM of freshly prepared
NaOH solution, followed by 100 ml of 10 mM AgNOssgg). In the chemical synthesis of AgNPs,
the concentration used for the NaOH was higher in the range of 15 mM to 1M [380, 386]. Also,
the synthesis occurred at a higher temperature. In the present study, NaOH acts as a reaction
accelerator and size stabilizer. Compared to other research groups, we have utilized a lower
concentration of NaOH [380, 386] under mild conditions (25 °C). Nitrogen purging was
utilized to avoid the oxidation of AgNOs3, which aided the removal of oxygen from overhead
space. The mixture was stirred in the dark for two hours at 150 rpm and 25°C. After two hours,
the pale-yellow colored solution was turned into a stable brown-coloured solution, indicating

the successful synthesis of AgNPs.

6.2.4 Characterization of the synthesized AgNPs

6.2.4.1 Physical Characterization of AgNPs:

The absorbance values of the synthesized AgNPs were recorded in the wavelength range of
400 - 600 nm at a resolution of 1 nm using a UV-Vis spectrophotometer (Electronics India
2306). The diffraction pattern of the synthesized AgNPs was recorded using a high-resolution
XRD (Bruker X-ray Powder diffractometer) in the 20 range of 10 to 70. FTIR and Raman
spectroscopy data were also recorded to confirm the successful synthesis of AgNPs. Raman
spectra were recorded at 488 nm using a LASER micro Raman system (Horiba Jobin Vyon,
LabRam HR), and FTIR spectra were recorded in the range of 400-4000 cm™ using an FTIR
spectrophotometer (PerkinElmer Spectrum Two). Zeta potential and hydrodynamic diameter
of the synthesized AgNPs were also measured using Anton-Paar Litesizer 500. Before DLS

measurement, the AgNPs stock solution (1 mg/ml) was diluted in water at a 1:100 ratio,
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followed by sonicating for 20 minutes. The synthesized AgNPs samples' morphology and
particle size were examined using FETEM (JEOL 2100F) in the standard bright field mode.
Further, the Selected Area Electron Diffraction (SAED) pattern, fringe pattern, and EDS were
analyzed for crystallographic analyses.

6.2.4.2 Inhibitory concentration of the synthesized AgNPs:

An overnight-grown culture of E. coli strain DH5a. in Luria Bertani broth was used for the
experiment. The absorbance of the culture was taken at 600 nm after pelleting out the culture
at 5000 rpm for 10 minutes, followed by suspension in 1X phosphate buffer saline (PBS). The
culture was diluted in sterilized PBS buffer to seed 1x10” CFU/ml. Working concentrations of
the synthesized AgNPs were made after diluting the 1 mg/ml stock. The working
concentrations ranged from 1024 to 2 pug/ml. A total volume of 200 ul per well comprised of
10 pl inoculum, 40 pl AgNPs solution(s), and 150 ul Luria Bertani broth. For this purpose, 10
ul inoculum of 1x10” CFU/mI of E.coli in autoclaved phosphate buffered saline was seeded in
96 well plate containing serial dilutions of AgNPs in triplicates and sterilized LB media.
Incubation was done for 12 hours, followed by recording the OD at 600 nm. The plate was
incubated at 37°C under non-stirring conditions, followed by absorbance measurement at 600
nm using a plate reader (Tecan; model: Infinite 200 Pro). Kanamycin at its minimum inhibitory
concentration (MIC) was taken as the positive control [387], and media was taken as the
negative control.

6.2.5 Design of an Antibacterial Surface

The amine-SAMSs surface was prepared to design an antibacterial surface, followed by the
attachment of AgNPs over it.

6.2.5.1 Preparation of amine-SAMSs surface:

Glass coverslips were washed using the protocol previously described by our research

group[19, 314]. Briefly, coverslips were sonicated in piranha solution (H2SO4:H,0; [7:3]) for
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one hour and rinsed with MilliQ water. Further, the coverslips were sonicated in a base solution
(H20:H202:NH3 [5:1:1]) for 30 minutes and washed in MilliQ water. Afterward, the coverslips
were sonicated in an acid solution (HCI:H20:H20, [1:6:1]) for 30 minutes and rinsed with
MilliQ water. Later, coverslips were sonicated in acetone for 10 minutes and were dried
overnight. Dried coverslips were modified by forming self-assembled monolayers of amine
(NH2) using APTES. The surface modification was performed by dipping unmodified
coverslips in 1% (v/v) APTES solution in anhydrous toluene for 24 hours at room temperature
(25°C) under an inert nitrogen atmosphere[19, 314]. Postmodification, washing the modified
surface was done by sonication in toluene, toluene: methanol (1:1 v/v) solution, and methanol
for 5 minutes each. Later, the above-modified surfaces were dried in laminar air flow and stored
in a vacuum desiccator for further experiments.

6.2.5.2 Attachment of AgNPs on amine-SAMSs surface:

The attachment of AgNPs on the amine-SAMs glass coverslip surface was performed by
dipping the amine-SAMs surface into AgNPs solution, and the surface reaction was analyzed
using ATR-FTIR and was recorded with time, as shown in Fig. 6.1(a). Positively charged
amine groups on the surface and negatively charged groups on AgNPs interacted to form the
cyano group that resulted in the attachment of AgNPs. The reaction kinetics was studied from
1975 cm™ to 2300 cm't, assigned to the cyano group [388]. With the passage of reaction time,
peak intensity increased and reached saturation within ten minutes. Fig. 6.2(b) shows the
scatter graph of peak area from 1975 cm™ to 2300 cm™ with time. The peak area reached a
plateau within ten minutes of the reaction time. However, the surface kinetics was performed
for two hours to ensure the completion of the reaction between the amine group present on the

surface and plant sap capping present on AgNPs.
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Figure 6.1: FTIR analysis of the AgNPs attachment on the amine-SAMs surface in the range 1975 cm-
1.2300 cm? (a), Attachment kinetics of AgNPs on amine SAM surface (b).

6.2.6 Characterization of the Amine-SAMs and AgNPs-amine surfaces

The morphology of the modified surfaces was analyzed using FESEM (Zeiss, Model: Sigma)
and AFM (Oxford, Model: cypher) [tip radius: 7 = 3 nm; mode: tapping]. The functional
groups of the modified surface were confirmed using an ATR-FTIR and Raman spectroscopy
at 488 nm. AgNPs and plant sap were also analyzed using FTIR.

6.2.7 Stability analysis

The stability of a surface is an important aspect related to the actual application. AgNPs
adsorbed modified surfaces were kept in duplicates in sterilized PBS at 37°C for 24 hours
[389]. The stability evaluation protocol was modified slightly. Samples were then washed
thrice with sterilized PBS. Changes in the surface chemistry of the modified surfaces at 0 and
24 hours were analyzed using Raman spectroscopy to conclude their stability, and changes in
the water contact angle were also investigated.

6.2.8 Anti-biofilm properties of the benign silver nanoparticles

For FESEM and FACS analysis, P. aeruginosa suspension (1 X 10’ CFU/ml) was used, and
surfaces were incubated with the bacteria overnight. For FESEM, surfaces were washed with

PBS, fixed with glutaraldehyde, dehydration with different percentages of ethanol, and dried
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to eradicate water content. For the FACS, bacteria attached to the surfaces were collected and
incubated with propidium iodide (PI) and analyzed using a flow cytometer.

Cell viability of the P. aeruginosa on various fabricated surfaces was determined using BD
FACS flow cytometry (BD Biosciences, USA). P. aeruginosa suspension (10’ CFU/ml) was
incubated with the fabricated surfaces (bare, amine-SAMs and AgNPs-amine) overnight. Post-
incubation cells were harvested and washed thrice with PBS, followed by centrifugation for 5
minutes at 5000 rpm. Cells were incubated with propidium iodide (PI) for 15 minutes at room
temperature, followed by centrifugation and PBS washing to remove unattached dye. Pl labeled

dead and live cells were taken as the dead and live controls.

6.3 Results and Discussion

6.3.1 Characterization of AgNPs

The optical properties of AgNPs are dependent on the diameter of the particles exhibiting a
single absorption peak in the range of 400 - 450 nm [390, 391]. The synthesized AgNPs
displayed a strong absorbance at 423 nm, as shown in Fig. 6.2(a), indicating the successful
synthesis. The morphology, particle diameter, crystallinity, fringe pattern, interplanar d-
spacing, and elemental analysis of AgNPs were analyzed using FETEM. Fig. 6.2(b) shows the
spherical AgNPs morphology (15 + 3 nm). Fig. 6.2(c) shows the EDS spectra of synthesized
AgNPs, indicating the presence of silver (68.76% (w/w)). The presence of carbon from the
organic compounds of plant leaf extract was also detected at 27.03% (w/w), indicating the
coating of organics on AgNPs [384]. Fig. 6.2(d) displays the SAED pattern of AgNPs showing
concentric rings, which indicate a polycrystalline nature. Fig. 6.2(e) shows the lattice fringes
of AgNPs, a characteristic pattern displayed by crystalline substances. Furthermore, the inset
displays the d-spacing between crystal planes, which was found to be 0.255 nm (corresponds
to [111] atomic plane of Ag). The hydrodynamic diameter and the surface potential of the

aqueous AgNP solution were also measured (Fig. 6.2(f-g)). The intensity average
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hydrodynamic diameter was 15.82 nm (Fig. 6.2(f)), corresponding to the TEM data. The Zeta
potential of AgNPs (Fig. 6.2(g)) was found to be -27.8 + 1.1 mV. This indicated the negatively
charged surface potential of AgNPs, which facilitated their attachment onto the positively

charged amine-SAMs surface.
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Figure 6.2: Characterization of AgNPs (a) UV-Vis spectrophotometer analysis for primary
confirmation of AgNPs showing SPR at 423 nm, (b) Morphology of AgNPs in FETEM (c) EDS of
AgNPs, (d) SAED pattern of AgNPs indicating polycrystalline nature of NPs, (e) Fringe pattern of
AgNPs indicating the d-spacing value of NPs (inset), (f) DLS analysis, (g) Zeta potential of NPs.

XRD analysis of the fabricated biogenic AgNPs was carried out in the 20 range of 35 to 80.
AgNPs showed peaks comparable to the scientific literature (ICDD file no. 04-0783) at 38°
(111), 44.38° (200), 64.42° (220), 77.38° (311) and 81.53° (222), as shown in Fig. 6.3(A)
corresponding to the signature peaks of the silver. D-spacing of 0.24 nm was computed using
Bragg’s equation (2dsing = nA)[392]. Further, many additional peaks correspond to the plant
extract synthesizing and capping the AgNPs [393, 394]. The crystal size of the AgNPs was

found to be 3.42 nm, as calculated using the Scherrer equation. Sangappa et al. obtained an
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XRD pattern for the biogenic spherical AgNPs comparable to our material, and the crystal
structure was found to be face-centered cubic (FCC)[395]. XRD peaks of the fabricated AgNPs
were sharper than the XRD pattern obtained by other research groups [393]. FTIR analyses of
plant sap and AgNPs were recorded to analyze functional groups present on AgNPs compared
to plant sap (Fig. 6.3(B)). Peaks at 1054 cm™ and 1190 cm™ of plant sap and AgNPs,
respectively, were due to the C-N stretching of amine. C-N stretching at 1266 cm™ and 1342
cm™ of plant sap and AgNPs were due to aromatic groups in both samples. N-H bending at
1585 cm™ [396] and 1548 cm™ [286] and N-H stretching at 2927 cm™ and 2828 cm™ were
detected for plant sap and AgNPs, respectively [380, 397, 398]. The antimicrobial activity of
AgNPs was also determined against E.coli (Fig. 6.4). OD of cells decreased with an increase
in the conc of NPs. The experimental data was explained through a double exponential
expression indicating a first sharp decrease followed by a gradual decrease [399]. The ICso
value (corresponds to a 50 % decrease in initial OD) was found to be 109 pg/ml, which agreed

with the reported data of AgNPs [400].
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Figure 6.3: Graph showing (A) XRD of biogenic AgNPs along with the standard XRD of silver[394],
(B) FTIR data of AgNPs and plant sap.
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Figure 6.4: Graph showing the antimicrobial activity of the AgNPs against E.coli strain.

6.3.2 Characterization of AgNPs attachment

The synthesized AgNPs were attached to the amine-SAMs surface, confirmed by FTIR and
AFM analyses. Fig. 6.5(A) shows the FTIR-ATR spectra of amine-SAMs and AgNPs-amine
surfaces. The peaks at 1090 cm™ and 1095 cm™ of AgNPs-amine and amine-SAMs surfaces
corresponded to Si-O-Si bending, indicating siloxane bond formation between silane molecules
and successful silanization of the modified surfaces [336]. The peaks at 1632 cm™ and 1643
cm* corresponded to the N-H group of amine-SAMs and AgNPs-amine surfaces, respectively
[19]. The peak at 2695 cm™ of both surfaces corresponded to C-H stretching. The peak at 1388
cm* of AgNPs-amine surface was assigned to C-N stretching [401]. The peak at 2222 cm™ in
the AgNPs-amine surface indicated C-N stretching due to an interaction between the amine
group of the modified surface and the organic capping of the AgNPs. These observations
confirmed the successful syntheses of amine-SAMs and AgNPs-amine surfaces. Water Contact
angle was measured to determine surface hydrophobicity. For the unmodified surface, the
contact angle was 23 * 1°, which increased to 63 + 1° for the amine surface [19] and 71 + 1°
for AgNPs-amine surfaces, respectively. The increase in the contact angle in the AgNPs-amine

surface compared to the amine surface might be due to polyphenolic groups capping NPs. The
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morphology and size of the synthesized AgNPs were confirmed using an Atomic Force
Microscope (AFM), as depicted in Fig. 6.5(B). AFM analysis was conducted in non-contact
mode at a 1.2 Hertz scan rate. The shape of the NPs is also a key parameter in determining the
biological properties [402]. It was clear from the AFM data that the AgNPs are almost the same
size. Other research groups have also reported the morphology and size of the biogenic AgNPs
using AFM [403]. AFM analysis was performed to analyze the pattern of AgNPs distributed
on the surface. Roughness parameters were determined for the surfaces. Ra value of amine-
SAMs was found to be 1.062 nm, similar to the reported data [19, 314]. The Ra values of the
AgNPs-amine surface was 4.28 nm, and the percentage area coverage of AgNPs-amine

surfaces was 3 + 0.5%.
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Figure 6.5: FTIR analysis of surfaces with amine-SAMs and AgNPs (A), AFM analysis of the AgNPs-

amine surfaces showing uniform attachment of the AgNPs (B).
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Figure 6.6: RAMAN spectroscopy analysis of AgNPs at 488 nm and 100X magnification, (b) change
in the peak area corresponding to change in AgNPs concentrations.

RAMAN analysis of AgNPs-amine surfaces with varying concentrations was performed to
monitor the attachment (Fig. 6.6(a)). The peak at 1550 + 25 cm™ was assigned to asymmetric
C=0 stretching vibrations of the carboxylate group [404]. The peak at 1350 + 25 cm™
corresponded to the C-N stretching of amine. Peak broadening at 10 mg/ml concentration may
be due to phonon confinement [405]. Due to the high concentration of AgNPs on the surface,
signal saturation occurs, which results in the peak broadening [406]. With the increased
concentration of AgNPs used for the adsorption, RAMAN peak intensities were also increased
(Fig. 6.6(b)). The peak area increased linearly with an increase in the concentration, indicating
a higher surface coverage at 10 mg/ml concentration.

6.3.3 Stability studies

AgNPs-amine surface was analyzed for its stability in PBS (pH 7.4). The experiment was
carried out at a physiological temperature of 37 °C for 24 h, followed by washing with MilliQ
water. Post- washing, the surface dried in a hot air oven at 37 °C, followed by wettability and
RAMAN spectroscopy analyses. The contact angle of 24 hour treated AgNPs-amine surface
was analysed using deionized double distilled water, which decreased to 69 + 1° compared to
0 hour sample (71 + 1°). In RAMAN analysis, both peaks (1350 + 25 cm™and 1550 + 12 cm"
1) of 0 hour sample were conserved/observed in 24 hour sample. However, the intensity of the

1350 cm™* peak decreased for 24 hour treated sample, presumably due to hydrolysis of AgNPs-
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amine. Also, both peaks exhibited redshifts due to phonon confinement [405]. In Fig. 6.7, the
peak at 1352 cm™* was assigned to the C-N stretching of amine for 0-hour surface [407]. A peak
shift from 1352 cm™ for 0-hour sample to 1322 cm™ for the 24-hour sample was observed.
The peak position of 1550 cm™ obtained for 0 hour surface was assigned to asymmetric C=0
stretching vibrations of a carboxylate group, which was shifted to 1538 cm™ in 24 hour sample.
In the current work, the adsorption of biogenic AgNPs was tried on amine-SAMSs surfaces. An
alternative strategy may be employed to covalently attach the AgNPs onto amine-SAMSs so that
the stability of the antimicrobial coating can be enhanced. Previously, our group has explored
and stabilised various SAMs as potential surface modifiers of biomaterials to tune surface-
protein and cell-surface interactions [19, 314, 336, 399, 408]. However, an ideal biomaterial
should possess both antimicrobial and biocompatible properties. In this direction, the present
work complements previous works incorporating antibacterial features. A similar strategy can

be implemented to impart antimicrobial properties of other SAMs apart from amine SAMs.
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Figure 6.7: Stability analyses of 24h treated AgNPs-amine surface using RAMAN spectroscopy

analysis at 488 nm wavelength.

6.3.4 Anti-biofilm properties of the benign silver nanoparticles
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Figure 6.8: FESEM image showing the Pseudomonas aeruginosa biofilm on amine SAMs (A) and
AgNPs-amine surfaces (B).
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FESEM analysis of the Pseudomonas aeruginosa biofilm on the amine-SAMs and AgNPs-
amine surfaces was carried out. FESEM revealed that AgNPs adsorbed amine SAMs surfaces
inhibited the biofilm formation of P. aeruginosa compared to the amine SAMs modified
surfaces, as apparent from Fig 6.8. Holdan et al. also characterized the P. aeruginosa biofilm
using SEM for the morphological features of the biofilm. It is clear from Fig. 6.8(B) that
AgNPs hampered bacterial attachment by disrupting the release of the polysaccharides needed
for the bacterial colonization of the surfaces and releasing silver ions from the surface. This
indicated the efficacy of the fabricated surfaces for restricting biofilm formation. FESEM
indicates the presence or absence of the biofilm. However, it does not account for the viability
of the bacteria present on the surface. FACS analysis is more reliable for determining
antimicrobial activity against various clinically relevant bacterial strains [409]. FACS analysis
of the different surfaces was carried out to quantify the degree of bacterial viability of various
surfaces (Fig. 6.9). It was found that amine SAMSs showed the highest live population of the P.
aeruginosa (61.3%) and lowest dead population (38.69%) due to the presence of the positively
charged amine surface that readily interacts with the negatively charged bacterial cell wall.

On the other hand, bare glass coverslip surfaces showed a slightly lesser population of live
bacteria (53.94%) and a higher dead population (46.06%) than the amine-SAMs modified

surface. AgNPs-amine surfaces showed the lowest live population (32.55%) and highest dead
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population (67.45%) of all the surfaces used for the studies, thus confirming the potential of
the fabricated surfaces as antimicrobial. Kiruba et al. incubated the P. aeruginosa for different
time intervals with hydroguinone and characterized the viability using FACS analysis. They
found that the P. aeruginosa incubated with hydroquinone (4X MIC) for 2 hours showed a
dead population of 56.57%, slightly lower than the one obtained by the AgNPs-amine surfaces
incubated with the bacteria overnight [409]. In a similar study, Verma et al. assessed the
viability of the AgNPs coated gutta-percha for endothelial applications. It was found that
71.24% percentage of the E. faecalis cells were killed by the 2% AgNPs- gutta-percha exposure
[410]. From the above discussion, it is clear that the fabricated antimicrobial surfaces are highly
effective in eradicating the biofilm formation by P. aeruginosa. These studies indicate the
potential of antimicrobial surfaces for various biomedical applications, such as modifying

surfaces involved in surgery and implantation.
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Figure 6.9: FACS analysis of the different surfaces, negative control (A), live bacteria (B), dead
bacteria (C), bare surface (D), amine-SAMs (E), and AgNPs-amine (F) surface.
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6.4 Conclusions

Biogenic AgNPs were successfully synthesized using plant leaf extract of Miscanthus
khasiana. A UV-Vis spectrophotometer was used to confirm the completion of the synthesis.
XRD showed signature peaks of silver at 20 values 37.99, 44.04, and 64.42, which SAED
further confirmed. The size of AgNPs and d-spacing value were 20-22 nm and 0.255,
respectively. The 1Cso value of AgNPs against clinically relevant bacteria was 109 pg/ml.
Amine-SAMs were formed on a glass substrate, confirmed by the contact angle and FTIR
analyses. Further, AgNPs attachment on the amine surface was confirmed using AFM and
FTIR. A stability study of the AgNPs-amine surface in PBS at 37 °C for 24 h showed a durable
antimicrobial coating for biomedical applications. Conclusively, this new approach can
produce cost-effective antimicrobial surfaces for various prospective applications.

AgNPs-amine surfaces inhibited bacterial attachment and colonization, as evident from the
FESEM data showing lesser bacterial attachment. FACS analysis provided greater insight
regarding the viability status of the adhered bacteria. It was clear from the FACS data that
AgNPs-amine surfaces showed the highest bacterial death (67.45%) compared to the amine-
SAMs and bare surfaces. It is clear from the data that the fabricated surfaces can address the

nosocomial to some extent without compromising the basic features of the medical material.

Section 2: Chitosan biopolymer mediated NPs as the antimicrobial agents
and ampicillin loading vehicles

6.5 Introduction

Various next-generation biomaterials such as polymers [3, 4], ceramics [5, 6], metals [7, 8],
composites [9, 10], and scaffolds [411, 412] are being explored throughout the scientific
community to fabricate a material with the desirable features for implant-related applications.
All the materials mentioned above have pros and cons, so addressing various issues related to

biomaterials is the most promising research. Alternatively, antibiotic dosages can be alternated
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with fabricating antimicrobial surface coatings to easily tackle localized infections at the
implantation site [413]. Antimicrobial moieties can directly attach to the surface of the implant
material as the physiological microenvironment interacts with the implant surface but not with
the bulk material. So, attaching, crosslinking, or immobilizing the alternate or conventional
antimicrobial agents directly to the surface will suffice the current needs [414-416].

Nanoparticles (NPs) with various multimodal mechanisms of antimicrobial actions can be
directly utilized or used synergistically with conventional drug-loading vehicles [417]. In this
regard, extensive research has been conducted thoroughly with the metal and metal oxide nano-
entities for antimicrobial applications. Though they showed promising antimicrobial efficacy,
they have serious nano-toxicological issues that limit their medical applicability [418]. So,
using bioderived molecules with simple molecular structures will show less immunological
response. In this regard, various bio-polymers are being investigated, such as lignin, cellulose,
hemicellulose, gelatin, collagen, pectin, sodium alginate, chitin, chitosan, silk fibroin, albumin,
tannins, and others. They are biocompatible in nature and exhibit ease of surface
functionalization [419]. Among all the biomolecules, chitosan has been explored in the current
research work due to its various favorable features. Chitosan has excellent potential due to its
polycationic makeup and adaptability as a drug-loading vehicle or conjugation framework for
the numerous functional moieties on the surface [420]. Additionally, chitosan has a

mucoadhesive characteristic, biocompatible, and is simple to synthesize [421].

191
TH-3560_ 176106117



Chitosan

ol &l & Chitosan+TPP
N TN N structure
n
Chitosan we I . oe /LK/\)J\
Glutaraldehyde
TPP chyae
§ =

-~ f

[] <= e e
—o I

Chitosan NPs e ‘
Chitosan-Schiff base

Figure 6.10: Schematic showing the chitosan NPs fabrication strategy.

Our research aims to fabricate chitosan NPs on the surface of the titanium and its alloy to give
the implant surface antibacterial properties, eliminating the requirement for external antibiotic
therapy. For microbial eradication from the surface, our research aims to impart an
antimicrobial property by silane-mediated coupling of the antibiotic-encapsulated chitosan
nanoparticles (NPs). Chitosan NPs were fabricated using the modified ionotropic gelation
method using sodium tripolyphosphate and glutaraldehyde crosslinking. The antimicrobial
effect and cytocompatibility of the prepared metal surfaces were investigated using gram-
positive bacteria and murine fibroblasts, respectively.

6.6 Materials and Methods

6.6.1 Materials

Chitosan-high molecular weight (HMW:; 310 000-375 000 Da), chitosan-low molecular weight
(LMW; 50 000-190 000 Da), and sodium tripolyphosphate (TPP) were procured from Sigma-
Aldrich Japan. Glacial acetic acid, sodium acetate, phosphate buffered saline, 25%
glutaraldehyde solution, ampicillin, 3-aminopropyl trimethoxy silane (APTMS), and
dehydrated toluene were purchased from FUJIFILM Wako Pure Chemical Corporation, Japan.

2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt
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(WST-1) was obtained from DOJINDO LABORATORIES, Japan. Eagle’s minimum essential
medium (E-MEM, AccuDia™ Eagle’s MEM 1) was obtained from Shimadzu Diagnostics
Corporation, Japan. Fetal bovine serum was obtained from Biowest, France. Nutrient broth
medium was procured from EIKEN CHEMICAL CO., LTD, Japan. Murine fibroblast L929
(ATCC CCL-1) was purchased from Summit Pharmaceuticals International Corporation,
Japan. Bacteria for antibacterial assays (Escherichia coli and Staphylococcus aureus) were
purchased as EZ-PEC™ Kkits (cat. No. 0483-PEC and 0485-PEC, respectively) from
Microbiologics, St Cloud, USA.

6.6.2 Chitosan NPs synthesis

The strategy of chitosan NPs synthesis is shown in Fig. 6.10. The dynamic nature of the
fabricated NPs was addressed using glutaraldehyde as the covalent crosslinker, resulting in a
fluorescently active Schiff base formation [401].

Chitosan stock solution (20 mg/ml) was prepared in 0.2 M glacial acetic acid and stirred
overnight to dissolve the chitosan (HMW & LMW) completely in the solution until a gel-like
uniform texture was achieved. In the same flask, the chitosan working solution of pH 5 was
prepared by diluting the stock solution 10 times with 0.5M sodium acetate (acetic acid: sodium
acetate ratio was 1:9 v/v). Another chitosan working solution of pH 3 was formed by diluting
the stock solution 10 times with Milli-Q (ultrapure) water and stirred until a uniform solution
was obtained. TPP solution (0.5 mg/ml) was added dropwise to the working solution using the
peristaltic pump at the flow rate of 80 pug/ml for 50 min. Post-TPP addition, the chitosan-TPP
solution was stirred for 30 min to equilibrate the reaction mixture. Post equilibration,
glutaraldehyde was added dropwise to be 1/5 of the chitosan weight, and the reaction mixture
was kept on stirring for an extra 30 min for the glutaraldehyde to crosslink the chitosan chains
completely. To monitor the progression of the synthesis and crosslinking reaction, aliquots of

the reaction mixture were collected at every 10 min interval, and the following measurements:

193
TH-3560_ 176106117



Fourier Transform Infrared Spectroscopy in the Attenuated Total Reflectance mode (FTIR-
ATR, IRAffinity-1S, SHIMADZU CORPORATION, Japan, in the range of 4000-700 cm™
with a scan interval of 4 cm™), and dynamic light scattering analysis (DLS, ELSZ-2000ZS,
Otsuka Electronics Co., Ltd.) were used. The blank reaction was run with the buffer solution
not containing the reaction precursors (chitosan, glutaraldehyde and TPP) with sample
collection every 10 min.

The molarity of the glutaraldehyde (2, 4, 6, and 8 mM) was varied to control the crosslinking
level for tuning the drug release Kinetics. Synthesized NPs were aged and separated from the
unreacted precursor molecules by centrifugation at 30000 g for 30 min, followed by thrice
washing with Milli-Q water. Purified NPs samples were freeze-dried and kept in the vacuum
desiccator before further experimentation.

6.6.3 Characterization of NPs

Freshly fabricated NPs solution was drop-cast on a carbon tape, followed by drying in the
laminar airflow and storing the samples in a desiccator. Then, the sample surface was coated
with Pt using an ion sputter coater (E-1030, Hitachi High-Tech Corporation, Japan) prior to the
observation of NP morphologies by scanning electron microscopy (SEM, S-4800, Hitachi
High-Tech Corporation, Japan).

6.6.4 Ampicillin Loading

Ampicillin was chosen as a model drug to be encapsulated inside the chitosan NPs by in-situ
loading during the NP synthesis. Ampicillin was added to the chitosan working solution (pH 3
and 5) before adding TPP. Then, the TPP was added as previously described, followed by the
glutaraldehyde crosslinking. First, glutaraldehyde concentration was set as 2 mM for pH 3 and
5 conditions with varying the weight ratio of ampicillin: chitosan (1:30, 1:20, 1:15, 1:12) to
find the ideal ratio for ampicillin loading. Then, the ampicillin: chitosan ratio was kept at 1:30

with varying the glutaraldehyde molarity (2, 4, 6, and 8 mM) to find its effect on ampicillin
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loading. Synthesized NPs were collected from the reaction mixture by centrifugation (30,000
g for 30 min), followed by washing with Milli-Q water and freeze-drying.

The amount of ampicillin encapsulated in the NPs was decided by quantification of
remaining ampicillin in the supernatant after centrifugation; the absorbance at 240 nm was
measured using a UV-Vis spectrophotometer (GeneQuant™ 1300, Harvard Bioscience, Inc.,
USA) and its concentration was calculated with standard curve of ampicillin in pH 3 or 5 buffer
with TPP. The ampicillin loading efficiency (LE, %) was determined by the following
equation;

LE(%) = [(Cstart - Csuper) / Cstart] X100
where Cstart and Csuper indicate the starting amount of ampicillin and its remaining amount in
the supernatant, respectively. The ampicillin load per 1 mg chitosan precursor or NPs (AL,
pa/mg precursor or NPs) was calculated by the following equations;
ALpre = (Cstart - Csuper) / Wpre
ALnp = (Cstart - Csuper) / Wnp
where Wpre and Wnps indicate the weight of chitosan precursor or NPs fabricated, measured

after freeze-drying.

6.6.5 NPs Surface Attachment

Titanium foils (thickness of 50 um, Nilaco Corp.) and Ti6AI4V discs (25 mme x 2.5 mm,
Japan Metal Service Corp.) were employed as model metal substrates. Ti6AI4V discs were
polished with SiC papers up to #800, a diamond suspension up to 3 um, and a colloidal silica
suspension with H202 for a mirror-finish surface. Then, the discs were ultrasonically rinsed
with acetone three times, followed by air-dry. Titanium foils were cut into 10 mm squares or 5
x 10 mm depending on the following measurement. Prior to NP coating, these specimens were
cleaned by oxygen plasma (HDT-400, JEOL Ltd., Japan), followed by silanization with

APTMS (1% v/v) in dehydrated toluene under inert nitrogen conditions. Then, chitosan NPs
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resuspended with Milli-Q water were spin-coated on the amine-terminated surface. The amount
of coated NPs was decided based on the weight difference of each specimen before/after spin-
coating.

6.6.6 Ampicillin Release Kinetics

Milli-Q water and phosphate-buffered saline (PBS) were employed for in-vitro ampicillin
release from NPs. The NPs were added into 20 mL of each solution and kept under mild orbital
shaking (~240 rpm) for up to 7 days. Aliquots (100 pL) of the NP solution were retrieved at
fixed time intervals. Aliquots were centrifuged at 10 000 g for 10 min to remove any interfering
molecules from the solution, and UV-Vis was measured at 240 nm.

6.6.7 Antimicrobial Studies

Antimicrobial studies were performed on E. coli and S. aurues (EZ-PEC™, microbiologics,
USA) with 1x10° -1x10° CFU/ml were used for the antimicorbial studies to determine the MIC
of the fabricated chitosan NPs. All the antimicrobial studies were conducted in line with the
JIS Z 2801 and JIS L 1902/I1SO 20743 protocol for the fabricated NPs.

6.6.8 Electrochemical Impedance Spectroscopy

Measurements were performed in 5 mL of PBS media with 2 mg/ml chitosan NPs (HMW &
LMW). A typical three- electrode system [a platinum wire, Ag/AgCl (3 M NaCl), and uncoated
or polymer-coated ZM21 as a working electrode] was used. A working area of 0.264 cm? had
a contact with the electrolyte. An experimental chamber was placed in the incubator (25 °C)
for 24 hours. Electrochemical impedance spectroscopy (EIS) data were obtained using a
potentiostat equipped with a frequency response analyzer (VersaSTAT3, Princeton Applied
Research, USA) at 2, 6, 24, and 48 h of incubation at the open circuit potential (OCP) with AC

amplitude of 5 mV in a frequency range of 10—2-105 Hz [422, 423].
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6.7 Results and Discussion

The ionotropic gelation method was used to form the NPs using chitosan as the positively
charged polyelectrolytes and sodium tripolyphosphate as the negatively charged
polyelectrolytes. The dynamic nature of the fabricated NPs was addressed using glutaraldehyde
as the covalent crosslinker. Crosslinking the chitosan NPs with glutaraldehyde resulted in a
fluorescently active Schiff base formation.

6.7.1 Characterization of NPs

FTIR measurement of the chitosan precursor and NPs was carried out in the ATR mode in the
range 4000-700 cm?, as shown in Fig. 6.11. In the spectra of the chitosan precursor, two
distinct peaks were observed at 2973 and 2984 cm™ due to the CH stretching of chitosan
monomeric units. In the chitosan NPs, there was a red shift to 3027 and 3042 cm™ of CH
stretching due to a reduction in the vibrational energies due to hydrogen bond formation [424].
The chitosan precursor peak at 2298 cm™ was obtained due to the CH stretching of the methyl
group in the chitosan backbone [425]. In contrast, there was a red shift to 2346 cm™ in the
chitosan NPs post-TPP and glutaraldehyde crosslinking due to extensive inter- and intra-
crosslinking in the NPs attributed to the asymmetric stretching [426]. FTIR peak due to the
carbonyl group was present at 1714 cm™ (chitosan precursor), post crosslinking peak due to
the cyano- group appeared at 1670 and 1655 cm™ in the Chitosan NPs [401, 427]. FTIR peak
due to the C=C functional group was present in both chitosan precursor (1528 cm™) and NPs
(1538 cm™), as shown in the FTIR graph [401]. FTIR peak due to the glucosamine backbone
was present in both the precursor (991 cm™) and NPs (1065 cm™) [428]. Banu et al. fabricated
bisacodyl-loaded chitosan NPs and studied protein interaction using BSA as the model protein.
FTIR spectra of the NPs revealed a CH stretching peak at 2973 cm™, C=C stretching at 1538
cm?, and a peak due to the glucosamine backbone at 1065 cm™ [429]. Zhang et al. fabricated

chitosan-based films for wound dressing applications and characterized them using the FTIR
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measurement. The group also observed the CH stretching peak at 2877 cm™ and a peak at 1022
cm in the chitosan films [430]. Other research groups also reported a peak at 1091 cm™ due
to the glucosamine backbone of the chitosan molecule and a peak at 2873 cm™ due to the CH
stretching of the chitosan backbone [431]. In another study, chitosan NPs were fabricated for
the drug loading applications characterized by the FTIR and SEM analysis. FTIR spectra
revealed a peak due to CH, symmetric stretching at 2934 cm and a peak at 1565 cm™ due to
CONHg: in the chitosan NPs due to crosslinking due to TPP molecules. Further peak at 1011

cm'® was observed due to the glucosamine groups in the chitosan backbone [432].
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Figure 6.11: FTIR spectra of precursors and fabricated nanoparticles (NPs). (a) high molecular weight
(HMW) precursor and NPs, and (b) low molecular weight (LMW) precursor and NPs.

SEM analysis of the fabricated NPs was carried out to determine the size and shape of the NPs.
This freshly fabricated NPs solution was drop cast on the carbon tape, followed by drying in
the laminar airflow and storing the samples in the desiccator before the analysis. LMW and
HMW NPs were utilized to form the NPs using the ionotropic gelation method coupled with
glutaraldehyde-based crosslinking chemistry. NPs were characterized for shape and size using
the SEM technique based on the glutaraldehyde concentration used for the crosslinking to shift
the dynamic equilibrium state of the NPs to the durable and robust fabricated NPs. Based on
the SEM images, it was clear that all the fabricated NPs were spherical. Though the air-dry
method was employed immediately after the synthesis to cast the samples onto the carbon tape,

it might have led to the shrinking and aggregation of the neighboring particles, resulting in
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particles with larger diameters. Critical point drying should have been employed for the
sample's preparation as the slightly larger particle size from SEM data than the DLS diameter
indicated some degree of agglomeration and artifact formation during the sample preparation
process. NPs without the crosslinker showed a particle dia. of 270£2.8 nm (HMW NPs) and
332.5+48.3 nm (LMW NPs), followed by the 2mM crosslinker concentration, with 470.3+57.3
nm (HMW NPs) and 424.5+52.9 nm (LMW NPs). Freely available glutaraldehyde might have
interfered with the NPs, while the SEM sample preparation was comparable to the sample size
with and without a crosslinker. For the HMW NPs, the particle size with the variable
concentration of the glutaraldehyde was 463.49+58.4 nm (4mM), 430.1+18 nm (6mM), and
351.6+£22 nm (8mM). In the case of the LWM NPs, there might be slight interference from the
unbound crosslinker, as evident from the following data: 247.6+40 nm (4mM), 424.3+39.4 nm
(6mM), and 246.7£24.6 nm (8mM) as shown in Fig. 6.12. Banu et al. fabricated chitosan NPs
that were spherical in shape and uniform in nature [429]. Another research group also
investigated the chitosan NPs formation using SEM and were spherical with slightly tapered
ends, though the particles were significant [432]. Zheng et al. also characterized the NPs of
chitosan variants and observed uniform spherical-shaped NPs without any visible aggregation
[433]. Particles observed under SEM post-sample drying do not reflect their accurate size in
the solution conditions. Tian et al. also observed spherical chitosan NPs in SEM, but the
samples tended to agglomerate due to the sample preparation conditions [434]. Hu et al.
fabricated peptide-loaded chitosan NPs to promote dentin remineralization and characterized
the morphology using SEM. Uniform spherical particles with a 100-200 nm diameter were
visible in the SEM micrograph. However, the same samples were found to be 300 nm in size
using the TEM analysis, with some large agglomerates formed during the sample preparation

[435].
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Figure 6.12: SEM observation of the HMW NPs (a-e) and LMW NPs (f-j) with two mM (a, f), 4 mM
(b, g), 6 mM (c, h), and 8 mM (d, i) and 0 mM (e, j) glutaraldehyde.

In DLS measurement of the samples, chitosan precursor, without any external effect, remained
in a linear form or a loosely entangled strand. The larger the chain length, the higher the chances
of self-entanglement, which is why the LMW precursor has a higher hydrodynamic diameter
(~662 nm) than the HMW precursor (~412 nm). LMW NPs were ~210 nm, and HMW NPs
were 327 nm in size post NPs synthesis, as shown in Fig. 6.13(b). The structural stability of
the fabricated NPs was also studied by keeping the samples at RT conditions, showing the
change in the hydrodynamic diameter in the permissible range. DLS measurement also
indicates the stability of the as-fabricated NPs up to 72 hours after preparation. Zheng et al.
also characterized the formed NPs using the DLS measurement. NPs composite showed a
hydrodynamic diameter of 196.72 nm and BSA-coated NPs of 231.3 nm [433]. Other research
groups performed DLS measurements to determine the size of the chitosan NPs, which was
240-260 nm in range post-drug loading [434]. Other researchers also quantified the chitosan
NPs using the DLS measurement, and particles were found to be 276+£7.07 nm in
hydrodynamic diameter [435]. Moreover, glutaraldehyde crosslinking resulted in the formation
of the fluorescent Schiff bases determined by the fluorometer data shown in Figure 6.13(a).
Zheng et al. investigated the stability of the NPs in the simulated gastric and intestinal fluid
using the UV-Vis measurement in the transmittance mode. NPs showed no significant
disintegration in the gastric fluids, showing resistance and passing through the stomach fluid.

However, NPs showed drastic disintegration in the intestinal fluid within 8 hr, which was
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stabilized post 72 hr treatment with remarkable enteric stability and compatible with oral
administration [433]. FTIR analysis after SAM-treated and NP-coated Ti6Al4V discs,
confirming the immobilization of NPs on Ti6Al4V disc surfaces by the relative increase in

peak strength around 1600 cm-1 assigned to N-H stretching as shown in Fig. 6.14.
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Figure 6.13: Fluorescence intensity (a) and the hydrodynamic diameter (b) of the reaction mixture
during the nanoparticles (NPs) synthesis at pH 5 with glutaraldehyde concentration of 2 mM. HMW
and LMW indicate the high molecular weight and low molecular weight chitosan precursors,
respectively. The hydrodynamic diameter was measured using the DLS method.
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Figure 6.14: FTIR spectra of the ampicillin-loaded nanoparticles (NPs) derived from high molecular

weight (HMW), (a) and low molecular weight (LMW), (b) precursors at different ampicillin: chitosan

precursor ratios.

6.7.2 Ampicillin loading
Ampicillin loading capacity and efficiency were also determined at variable glutaraldehyde

concentration at 1:30 ratio (ampicillin: chitosan) and pH 5. There was a linear increase in the
ampicillin loading with the increase in the crosslinker concentration for the HMW NPs, as

shown in Fig. 6.15. On the other hand, loading efficiency was almost independent of the
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crosslinker concentration, as tabulated in Table 6.1. HMW NPs showed the highest loading of
41 pug/mg for the 8mM crosslinker concentration. Other research groups investigated the
loading efficiency of the salicylic acid in chitosan-based loading vehicles. It was observed that
bare chitosan showed 96.13% while the chitosan NPs showed 87.13 % loading efficiency
[432]. Zheng et al. used BSA as the model drug to assess the drug loading capacity of the
synthesized NPs. The molar ratio of two chitosan variants, namely carboxymethyl chitosan and
hydroxypropyl trimethylammonium chloride chitosan, were used with 1:4 to 3:4 ratios, which
resulted in a decrease of encapsulation efficiency from 65.32+1.52 % to 37.83+2.37% and the
loading capacity diminished to 23.42+0.55% from 45.21+0.81%. Reduction in the surface
potential and electrostatic forces might have resulted in the compromised encapsulation
efficiency and loading capacity [433]. In a drug loading study conducted by Hu et al., both
encapsulation efficiency and loading capacity increased in the initial phase, followed by
reduction, and maxima were attained for the encapsulation efficiency (69.63+2.22%) and

loading capacity (13.21+0.73%) with a mass ratio of 4:1 for the chitosan: loaded peptide [435].
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Figure 6.15: Ampicillin load per 1 mg of NPs. NPs were fabricated at 2mM glutaraldehyde and
ampicillin: chitosan ratio of 1:30 (=0.033)
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Table 6.1: Amount of ampicillin load per 1 mg of NPs at pH5 and ampicillin: chitosan ratio of 1:30
(mean £SD, pug/mg).

Glutaraldehyde concentration

Precursor type 2 mM 4 mM 6 mM 8 mM
LMW 31.9+7.3 32.7+15.1 26.1£12.5 27.8
HMW 13.0£9.9  15.1+4.6 17.4+1.3 41.0

6.7.3 Ampicillin Release kinetics

Ampicillin release kinetics was initially conducted at neutral pH (MilliQ water). It showed the
ampicillin burst release within 1 h, followed by the slow release up to 6 hours without reaching
the plateau phase for all the drug-loading vehicles, i.e., NPs, as shown in Fig. 6.16(a-b). The
total amount of ampicillin released from the chitosan NPs and the release percentages are
presented. Burst release occurred during the first hour, followed by slow release. Slopes of L2A
and H2A, L8A, and H8A are not significantly different, but intercepts indicate no significant

difference in the slow release behavior after 1h.

Interestingly, the LMW NPs show a slower release of ampicillin compared to the HMW NPs,
though their ampicillin loading is higher than that of the HMW NPs. This can be related to the
difference in the size of the precursor chitosan moieties. In a study conducted by Esmaeel et
al., berberine release kinetics was studied from the chitosan/pectin NPs. Cumulative release of
the berberine was measured up to 240 min, and it was observed that there was linear release of
the berberine without any significant lag phase up to 100 min followed by a stationary phase

signifying no net release of the drug post 100 minutes [431].

A research group investigated the release profile of the salicylic acid. It was observed that the
NPs showed sudden burst release in the initial phase (up to 5hr), and the remaining drug
molecule was released in a sustained manner till 48 hrs. Contrary to our findings in the current
work, authors observed higher drug release in the PBS buffer (51.5-69.4%) while less in the
water/ethanol mixture (34.9-50.4%). However, the drug release is dependent on the nature of
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the drug moiety and loading vehicle as well as the drug-loading vehicle interactions [432]. In
vitro release of the model drug, BSA, was investigated from the chitosan variant NPs in PBS
conditions by another research group. Rapid burst release was detected in the 0-4 hr due to
desorption of the BSA from the surface of the NPs; upto 68.21+2% of the drug was released
within 12 hr of the incubation in the PBS buffer [433]. Drug release from the loading vehicles
occurs via surface erosion desorption, diffusion or disintegration and degradation of the
vehicle, and release of the drug moieties. Tian et al. investigated the pH and time-dependent
release of the beta acids from the chitosan NPs in a simulated tumor microenvironment (pH
6.6), simulated body fluids (pH 7.4), and gastric fluid microenvironment (pH 1.5) at
physiological conditions. The biphasic release was observed, with the first burst release
followed by the slow, gradual release for the pH conditions [434]. In-vitro drug release Kinetic
was investigated by Hu et al., who found that in the first 4 hour, drug moiety released rapidly,
attaining a cumulative release of 57.67+3.06%, followed by a slower sustained release post 12

hr with 80 % of the drug load released after 36 hour [435].
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Figure 6.16: The total ampicillin release was plotted against the immersion periods. (a) The total
amount of ampicillin released, and (b) the ratio of released ampicillin against the ampicillin load. L2A,
L8A, H2A, and H8A indicate the NPs fabricated from LMW and HMW chitosan precursors with 2 or 8
mM glutaraldehyde addition and ampicillin: chitosan ratio of 1:30 (=0.033) at pH 5 condition.

6.10.4 Antimicrobial Studies
6.10.4.1 MIC determination
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Antibacterial activities of fabricated NPs were examined using clinically relevant bacteria
Escherichia coli (gram-negative) and Staphylococcus aureus (gram-positive), and the results
were shown in Table 6.2. LMW NPs have higher antibacterial activities (i.e., smaller MIC)
than corresponding HMW NPs for E. coli and S. aureus. NPs prepared with 2 mM
glutaraldehyde crosslinker concentration had better antibacterial activities than 8 mM.
Ampicillin-loaded NPs have smaller MICs than NPs without ampicillin for both bacteria.
Ampicillin-loaded LMW NPs obtained the best antibacterial activity with 2 mM
glutaraldehyde at 691 pg/mL for E. coli and 67.3 pg/mL for S. aureus. The antimicrobial
efficacy of the beta acids loaded chitosan NPs was evaluated by Tian et al. against the clinically
relevant bacterial strains, i.e., S.aureus and E.coli. Zone of inhibition was measured for the beta
acid-loaded NPs; it was found to be 7.23-14.7 mm (S.aureus) and 7.17-12.37 mm (E.coli).
Antimicrobial efficacy increased with the amount of beta acid encapsulated in the NPs[434].
Maedeh et al. fabricated chitosan NPs to study the expression of Fosfomycin-resistant genes
in the Proteus mirabilis using the chitosan NPs. Antimicrobial studies of the chitosan NPs were
performed against P.mirablis using the micro broth dilution method, and MIC was found to be
500 pg/ml in the studies[367]. In another study, quaternized chitosan NPs were fabricated and
were tested for the MIC and Maximum Bactericidal Concentration (MBC) studies against 6
clinically relevant pathogenic strains namely, S.aureus, E.coli, P.vulgaris, K.pneumoniae,
S.epidermidis, P.aeruginosa and both MIC and MBC results were quite similar with 250 pg/ml
against all strains except for the P.aeruginosa (500 pg/ml) [436].

Table 6.2: Minimum inhibitory concentration (MIC) of fabricated NPs against Escherichia coli and
Staphylococcus aureus (mg/mL)

LMW HMW
Ampicillin (+) () (+) ()
Glutaraldehyde conc. 2mM [ 8mM [ 2mM | 8mM | 2mM | 8mM [ 2mM | 8mM
E. coli 0.691 | 0.939 | 0.816 | 1.303 [ 0.979 | 2.315 | 1.858 | 3166
S. aureus 0.0673 | 0.198 | 0.594 | 1.137 | 0.0660 | 0.0681 | 0.910 | 1.818

* Inoculation condition of bacteria was 0.5-2.3 x 106 CFU/mL.

6.10.4.2 Antimicrobial activity of antimicrobial surface coatings:
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The antibacterial activity of Ti6AI4V coated by fabricated NPs was tested using S. aureus and
E. coli, as shown in Table 6.3. Surfaces coated with HMW NPs with ampicillin and LMW NPs
with/without ampicillin exhibited excellent bactericidal activities, as no bacteria survival was
observed after 24h of contact. Ti6AI4V coated with HMW NPs without ampicillin and SAMs-
immobilized ones have almost similar levels of bacterial growth to that of non-treated ones.
These results demonstrate the success of our research concept to give antibacterial activity onto
the Ti6AI4V surface via the coating of antibiotic-loaded chitosan NPs. The antimicrobial nature
of the chitosan is attributed to the cationic amino groups in the chitosan structure. NPs-based
antimicrobial strategy imparts efficient uptake of drugs or macromolecules at lower
concentrations, enhanced stability, and lower cytotoxicity. Primo et al. investigated the MIC
of the various antibiotics-loaded chitosan NPs against the three multidrug-resistant (MDR)
Mycobacterium tuberculosis and showed the best MIC for the N-acetylcysteine-chitosan NPs
(<0.977 pg/ml) [437].

Table 6.3: Estimated CFU/sample after 24h of contact with S. aureus.

Ti6AI4V  Ti6Al4V- LMW HMW
SAMs Ampicillin ~ Ampicillin ~ Ampicillin ~ Ampicillin
() (+) ) (+)
Ave.  1.13x10® 7.18x10’ <1l <1 8.60x10’ <1
s.d. 1.56x10"  5.08x10° - - 7.43x108 J

Ave.: average, s.d.: standard deviation
*LMW and HMW NPs were prepared at 8 mM of glutaraldehyde concentration.
**The bacteria were inoculated at ca. 3.0x10° CFU/sample.

6.7.5 Electrochemical Studies

Electrochemical impedance spectroscopy (EIS) was explored to investigate the nature of the
coating on the surfaces in phosphate-buffered saline after 2h of immersion at 25°C (Fig. 8).
The obtained spectra were analyzed with an equivalent circuit shown in Fig. 6.17(c), as results
were shown in Table 6.4. Amine SAMs modification imparted electric charge on the titanium
surface, as confirmed by the elevation of the capacitance and reduction in the resistance of the

surface layer. Chemisorption (electrical adsorption) of the NPs was confirmed as the
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heightened resistance and lowered capacitance of the surface layer (including SAM and NPs).
The higher resistance of spin-coated NPs than that of the solution-adsorbed NPs is due to the
higher concentration of the NPs in the surface layer on spin-coated samples. EIS is quite a good
approach for analyzing interfacial properties to get an insight into the interactions occurring at
the surface-NPs interface. In the impedance plot, the high-frequency region depicts a semicircle
preceded by a Warburg line in the low-frequency region, signifying the diffusion phase of the
process. Warburg line was used to quantify the diffusion and the attachment process at the
titanium surface. Song et al. fabricated an immunosensor based on the functionalized chitosan
nanocomposite. Resistance of the glassy carbon electrode (GCE) decreased after the deposition
of the gold layer due to the conductive properties of the deposition. Ret further decreased after
deposition of the Pb but decreased post-fabrication of the chitosan-based nanocomposite on the
GCE[438]. Hazhir et al. also utilized EIS based approach for the electrochemical sensing of
the analyte by the change in the surface current. The electron transfer capability of variously
modified electrodes was investigated by EIS. The charge transfer resistance (Rct) was as
follows in the descending order: glassy carbon-iron oxide (336 Q) > glassy carbon [GC] (126
Q) > reduced graphene oxide/GC (55 Q) > iron oxide/reduced graphene/GC (37.6 Q) and post

addition of the analyte [439].

207
TH-3560_ 176106117



(a)

|Z|

(b)

theta

-100

108
10° e
10° i
10° !
102 r
10’ :!

ool el el 3 el

— Ti

— Ti_2h.z
— Ti_SAM_2h.z
SAM_NPs_2h.z
Ti_SAM_NPs-coated_2h.z

Lol TN

10°
10?

10" 10° 10’

102 10°

Frequency (Hz)

10 10°

50
102

Lol ol vl ol ol ool s oo

10" 10° 10

102 10°

Frequency (Hz)

Figure 6.17: EIS spectra (a,b) of NPs-coated Ti foil and an equivalent circuit model (c) used for
analysis.

10 10°

(c)

Rsol Rfilm Rct

Cfilm CPEdI
E p— g)—

R..: Resistance of electrolyte

Rim: Resistance of the surface layer

Cqim: Capacitance of the surface layer

R.: Resistance of the charge transfer of the alloy

CPE: Constant phase element of the electric
double layer of the alloy

Table 6.4: Parameters of EIS analysis with an equivalent circuit model

Sample Rsol Rfiim Ciilm Rt CPEg-T CPEg-P
[Qem?]  [Qem?  [x10°F.ecm  [x10°Q.em”  [X10°F.sPLcm
] ] ]

Ti 1.19+0.69 1439+747 9.06%1.70 1.06+0.42 5.87+0.67 0.974
Ti+SAMs 1.56+0.12 212+22 29.75+5.82 3.71+2.39 6.41+0.63 0.915
Ti+SAMs+NP 1.01+0.77 6141666 14.1+13.36 65.79+88.6 3.70%+2.28 0.925

S 7

Ti+SAMs+NP 1.21+0.29 1026%15 13.69+7.42 2.80+2.79 4.35+2.55 0956

s-coated

6.8 Conclusion

Chitosan NPs (HMW and LMW) were successfully fabricated using an ionotropic gelation

method coupled with glutaraldehyde crosslinking. The fabricated NPs showed a spherical

morphology, with hydrodynamic diameters of 290-360 nm for HMW NPs and 200-270 nm for

LMW NPs. They were stable for up to 72 hours at room temperature. Glutaraldehyde

crosslinking resulted in the formation of fluorescently active Schiff bases, with intrinsic

fluorescence increasing with the molar concentration of glutaraldehyde introduced for

crosslinking. Higher crosslinker molarity increased ampicillin encapsulation efficiency.

Antimicrobial chitosan NPs were successfully attached to the surfaces of titanium and

TH-3560_ 176106117
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Ti6Al4V, as confirmed by FTIR spectra. In-vitro release kinetics were performed under MQ
and PBS buffer conditions, with HMW NPs showing the highest release for both pH levels.
The antimicrobial activity was best against S. aureus with low molarity of the crosslinker,
possibly due to better diffusion or easy disintegration/degradation of the chitosan NPs. LMW
NPs with/without ampicillin showed better results. Chitosan NPs were covalently attached to
the surface of Ti6AIl4V discs using silane chemistry against S. aureus. Ampicillin-loaded
HMW and LMW NPs showed negligible bacterial CFU, while bare HMW NPs showed a
significant bacterial CFU due to slower disintegration/degradation and higher covalent
crosslinking. Glutaraldehyde crosslinked NPs were biocompatible, but HMW NPs with 8mM

glutaraldehyde molarity showed slightly compromised biocompatibility.
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Chapter 7

Conclusion and Future Scope

This chapter focuses on the overall conclusion of the thesis including all the chapters along

with the future scope.

7.1 Conclusion

Biomaterial surfaces such as silica, titanium, and Ti6Al4V were functionalized with silane-
based SAMs to tune the surface properties. Silane-based SAMs of octyl-, amine-, hybrid-,
carboxyl-, hexadecyl- and octadecyl- were fabricated along with the mixed SAMs of amine-
octyl and hexadecyl-octyl SAMs that underwent further modification to carboxyl SAMs.
Mixed SAMs incorporated the features of the silane precursors as apparent from the
intermediate surface energy of the mixed SAMs, and an increase in the octyl SAMs moiety
resulted in a rise in the hydrophobicity. So, the AO-, AC-, HO-, and HC- series of the mixed
SAMs were explored for various parameters for surface tunability. It was observed that the
equal proportions of the precursor silanes resulted in intermittent hydrophobicity and surface
energy. Carboxyl SAMs with varied acidified KMnO4 and incubation time showed the lowest
surface energy for the 0 min sample (26.7+0.5 mJ/m?), which increased with the incubation
time for all the conc of the acidified KMnOas. 5% conc incubated samples took the least
saturation time, while 2%, 3%, and 4% conc incubated samples took twice the time to attain
the saturation phase. Response time was also poor for the 1% conc, almost twice that for the
2%, 3% and 4% conc., while 1% conc. took 5 times the response time. It was also observed
that the decrease in the CH. peak area is inversely proportional to the rise in the peak area due
to the carboxyl group. The thickness of the various silanes was quantified and showed the

highest thickness for the octadecyl SAMs surfaces and the least for the amine SAMs surfaces.
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Protein adsorption studies were conducted to evaluate the trend in the secondary structure
change. BSA and FBS adsorption was carried out on the AO-, AC-, HO-, and HC- series
samples to investigate the change in the secondary structure. AO series showed an increase in
the B-sheet and a decrease in the B-turn conformation upon increasing octyl proportionality. On
the other hand, there was a decremental trend in the a-helicity and an increase in the B-sheet
conformation with the increase in the carboxyl proportionality. FTIR deconvolution exhibited
a decrease in the B-sheet conformation and an increase in the a-helicity for the HO series; a-
helicity showed an increase with the increase in the hybrid proportionality in the HC series.
FBS adsorption on the AO- and AC- series samples showed a decrease in the a- helicity but an
increase in the B-turn conformation for the AO- series and f-sheet conformation for the AC-
series samples. There is a slight increase in the B-sheet conformation for HO- and HC- series
and a decrease in the a-helicity with increased octyl proportionality in the HO series samples
and a decrease in the B-turn conformation with increased carboxyl proportionality for the HC-
series. Carboxyl SAMs surfaces showed a decrease in the B-sheet structure with increased
incubation time compared to octyl SAMs for 1% and 2% acidified KMnO4 incubated samples.
3% incubated surfaces showed an increase in the B-sheet with an initial lag phase, while a-
helicity increased, but the B-turn conformation decreased for the 5% incubated surfaces. BSA
exhibited a decrease of a-helicity with the increase in the conc for the octadecyl and hexadecyl
SAMs surfaces; samples adsorbed with lower BSA conc exhibited unfolding behaviour as
reflected by the change in the protein conformation. a-helicity increased while the B-turn
conformation decreased with the increase of the adsorbed FN conc on the hexadecyl SAMs
functionalized surfaces. Mixede-g) and carboxylaes-s) SAMs functionalized surfaces showed a
decrease in the a-helicity and an increase in the B-turn conformation of the adsorbed BSA

secondary structure.
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Table 7.1: Table summarizing various surface and biological paramters

SAMs Water | BSA secondary structure Cell Adhesion parameters

Contact

Angle | a-helix | p-sheet | B-turn Surface | Average | Circularity

(©)

(%) (%) (%) coverage | cell area
(%) (um?)

Amine 64.6+1.4° | 51.13+2.13 | 27.8+1.66 | 18.28+1.3 | 43.9+1.8 | 1502+108 | 0.49+0.02
Octyl 107.7+1° | 51.28+1.26 | 35.15+1.95 | 10.45+1.57 | 22.63+0.11 | 753.5+70 | 0.61+0.04
Carboxyl 39.3+1° | 53.28+35 | 39.74+1.95 | 5.0+2 30.4+0.26 | 1370+155 | 0.51+0.04
Hybrid 87.3+0.5° | 35.6+3.3 | 40.35+1.24 | 21.46+4.2 | 70.2¢+1.6 | 822.7+98 | 0.44%0.02
Hexadecyl | 114.9+2° | 27.87+1.48 | 39.59+2.2 |29.5+2.48 |456+2.4 | 643.9+47 | 0.50+0.05

Cell adhesion studies were performed to investigate the effect of silane-based SAMs
functionalization on the overall biological properties of the surfaces. Primary modification of
the amine and octyl SAMs was carried out, and variations in the proportionalities of both
moieties were undertaken to evaluate the best fabrication parameters. Amine and octyl were
secondarily modified into hybrid and carboxyl SAMs. Amine and hybrid SAMs exhibited
remarkable cell proliferation with a circularity of ~0.4, whereas carboxyl gave intermittent
circularity of 0.5, and the least was ~0.6 for the octyl SAMs. Amine and hybrid SAMs with a
>50% surface coverage for the 12 hour duration and high average cell area were the most
desirable silane functionalities for biomaterial fabrication. Further, another silane moiety with
hydrophobicity was tried for the functionalization, hexadecyl SAMs with twice the chain length
of octyl SAMs. Poor biological features of the octyl and hexadecyl SAMs were attempted to
be addressed by using the ECM pre-adsorption strategy. FBS pre-adsorption was tried with a
circularity of ~0.4 for the octyl SAMs, indicating better cell spreading. However, the surface

coverage increased to only 23.4% without FBS supplementation, compared to the bare
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Ti6AI4V surfaces, a 1.5fold increase in the cell adhesion activity. Hexadecyl was subjected to
single and mixed protein pre-adsorption to determine the cell adhesion activity. The best
surface coverage was ~37% for Col-I, followed by BSA (~30%) and the least for the FN
(~15%); a mixed system of BSA/col-l1 showed coverage of ~34%, introduction of the FN
reduced the surface coverage but enhanced the cell proliferation of the surfaces, best being
~0.45 for the FN/Col-I system with highest concentration. Overall, BSA, Col-1, and FBS pre-
adsorption addressed the hydrophobicity issue of the silanes and enhanced their overall cell
adhesion properties. Various surface and biological paramters of different silane functionalized
surfaces were summarized in Table 7.1.

Besides investigating the change in the various cell adhesion parameters, antimicrobial
coatings of benign AgNPs and chitosan-based antimicrobial and drug-loading vehicles were
explored. Chitosan NPs (HMW and LMW) were successfully fabricated using an ionotropic
gelation method coupled with glutaraldehyde crosslinking. The fabricated NPs showed a
spherical morphology, with hydrodynamic diameters of 290-360 nm for HMW NPs and 200-
270 nm for LMW NPs. They were stable for up to 72 hours at room temperature.
Glutaraldehyde crosslinking resulted in the formation of fluorescently active Schiff bases, with
intrinsic fluorescence directly proportional to the molar concentration of glutaraldehyde
introduced for crosslinking with higher crosslinker molarity increased ampicillin encapsulation
efficiency. Antimicrobial chitosan NPs were successfully attached to the surfaces of titanium
and Ti6AIl4V, as confirmed by FTIR spectra, and in-vitro release kinetics were performed
under MQ and PBS buffer conditions, with HMW NPs showing the highest release for both
pH conditions. The antimicrobial activity was best against S. aureus with low molarity of the
crosslinker, possibly due to better diffusion or easy disintegration/degradation of the chitosan
NPs, while LMW NPs with/without ampicillin showed better results. Chitosan NPs were

covalently attached to the surface of Ti6AI4V discs using silane chemistry against S. aureus,
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and ampicillin-loaded HMW and LMW NPs showed negligible bacterial CFU. In contrast, bare
HMW NPs showed a significant bacterial CFU due to slower disintegration/degradation and
higher covalent crosslinking. Glutaraldehyde crosslinked NPs were biocompatible, but HMW

NPs with 8mM glutaraldehyde molarity showed slightly compromised biocompatibility.

7.2 Future Scope
Multi-modal drug loading inside the fabricated chitosan NPs

Chitosan-based antimicrobial coatings can target the hip prosthesis stem with two antibacterial
activities: an initial phase with high efficacy and the latter phase with prolonged suppression.
A combination of chitosan NPs with different molecular weights can be employed for
prolonged activity. For the initial phase, antibiotics can be loaded into NPs by evaluating
materials/surface biocompatibility and antibacterial activity after long-term exposure to a

physiological environment, as shown in Fig. 7.1.
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Figure 7.1: Chitosan NPs based multi-modal drug vehicle
Chitosan-based hydrogels/sponges fabrication

Patients undergoing implantation require high antibiotic dosages to prevent the spread of
chance bacteria exposed to the incised site. Rather than administering high dosages of
antibiotics orally in a non-specific manner, it will be quite efficient to supply the antibiotics

locally by making the surface of the implant material antimicrobial in nature so antibiotic-
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loaded hydrogels can be fabricated to address the chance of bacterial invasion on the soft
tissues. For this purpose, chitosan-based hydrogels/sponges loaded with conventional

antibiotics that mimic the inner bone marrow-like structure can be tried, as shown in Fig. 7.2.
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Figure 7.2: Chitosan hydrogels/sponges as antimicrobial coatings.
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