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ABSTRACT

ADVANCED NANOSTRUCTURED MATERIALS FOR ENHANCING BIOACTIVITY

Health hazards such as pathogenic infection, communicable diseases, and bone damage
and injuries cause enormous human suffering and pain worldwide. Biomaterials such as orthopedic
implants and biosensors are crucial tools to remedy these complications. Development of novel
biomaterials and modifying existing materials can help enhance medical device efficacy. One of
the key aspects of improving biomaterials is the utilization of nanotechnology. Nanoscale surface
features can improve the interaction between materials and biological agents, thus improving their
bioactivity. In this dissertation research, two different biomaterials were used for two distinct
applications. Firstly, titanium, a common material for orthopedic implants, was used. Ti is a
popular implant material because of its superior corrosion resistance, lightweight, and excellent
biocompatibility. However, 10% of Ti implants fail each year due to pathogenic bacterial infection
and poor osseointegration resulting in revision surgeries and immense suffering of the patients.
Nanostructured surface modification approaches can potentially reduce the failure rate of Ti
implants. In this study, TiO2 nanotube arrays (NT) were fabricated followed by zinc (Zn) and
strontium (Sr) doping. These elements provide important signals to mesenchymal stem cells to
differentiate into osteoblasts which helps in bone healing. Zn also reduces bacterial adhesion to
the implant surface. Results showed that the modified surfaces could significantly reduce bacterial
adhesion and improved osseointegration properties of the mesenchymal stem cells. Secondly, a
polydiacetylene (PDA)-based electrospun nanofiber biosensor was prepared that is flexible in

nature for monitoring bacterial or viral infection. The nanofiber biosensor could selectively detect
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Gram-negative bacteria via a vivid blue-to-red color transition. Since the color transition is visible
to the naked eye, the biosensor offers immense potential to be used as a screening device for Gram-
negative bacterial infection in various industries such as food packaging, medical, intelligence,
and national security. During the COVID-19 pandemic, the PDA biosensing platform was utilized
to detect the spike (S) protein of the SARS-CoV-2. For this, the surface chemistry of the PDA
fibers was modified, and a receptor protein was conjugated at the end of the PDA polymer chain.
When the modified PDA fibers were incubated with the S protein, the blue-to-red color transition
happened, thus sensing the presence of S protein in the environment. This result indicated that
PDA nanofiber biosensor is a flexible sensing platform for effectively detecting both bacteria and
viruses. The two biomaterials investigated in this research indicated that the use of nanotechnology

can help in enhancing their bioactivity.
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CHAPTER 1/INTRODUCTION

1.1 Overview

Biomaterials are one of the important areas of research in materials science and engineering
where a material encounters dynamic biological phenomena such as adult human cells,
extracellular matrix, proteins, or pathogens such as bacteria. Performance of biomaterials depend
on the successful interaction between the material surface and the biological agents. Since the
nature of such interaction is largely diverse, research on novel material synthesis and surface
modification approaches can enhance the functionality of biomaterials for biomedical applications.
In this dissertation study, two separate classes of biomaterials were examined. One common theme
among these two separate biomaterials is the use of nanotechnology. The first biomaterial of
interest was titanium (Ti)-based orthopedic implant. Ti and its alloys are popular in orthopedic
implant applications due to their excellent biocompatibility, superior corrosion resistance and
lightweight properties [1]. However, approximately 10% of these implants fail each year due to
bacterial infection and poor osseointegration [2]. To overcome this problem, a surface modification
approach was investigated in this research. First, TiO2 nanotubes (NT) arrays were fabricated on
pure Ti surface by anodization, etching, and annealing processes. Then the surfaces were doped
with important signaling ions for stem cells such as zinc (Zn) and strontium (Sr). Several material
characterization tools were utilized to evaluate different properties of these modified surfaces.
Then antibacterial activity and cell compatibility were assessed. The results indicated that the
modified surfaces significantly reduced bacterial adhesion and improved cell adhesion,
proliferation, growth. Moreover, the modified surfaces enhanced the osteoblasts differentiation of

mesenchymal stem cells which is a strong indication of better osseointegration by the implants.



The second biomaterial of interest was polydiacetylene (PDA)-based nanofiber biosensor.
PDA is a popular polymer for sensing different environmental stimuli such as change in heat and
pH, organic solvents, and several pathogens such as bacteria, virus, and fungi. Among these
applications of biosensor, pathogen detection is important for medical and food packaging
industries to ensure a sterile working environment. Also, an easy and rapid pathogen detection
method is paramount for reducing vector diseases such as the recent COVID-19 pandemic. In this
work, a PDA nanofiber biosensor was prepared to selectively detect bacteria and pandemic
coronavirus (SARS-CoV-2). The nanofiber biosensor was prepared by using electrospinning
technique which is a relatively easy method of preparing nanoscale fiber mats. The biggest
advantage of the PDA nanofiber biosensor over other sensing platform is the easy
manufacturability and flexibility due to the fibrous nature of the material. The color of this fiber
mat was blue after photopolymerization of PDA monomer. However, the color shifted to bright
red when Gram-negative bacteria was introduced, indicating a selective detection of bacteria such
as Escherichia coli. To detect the pandemic SARS-CoV-2, the end group of PDAs was
transformed, and a receptor protein was conjugated to the fiber. When the spike protein of SARS-
CoV-2 was introduced to this modified PDA fiber, the color changed to red indicating the

successful detection of the pandemic coronavirus.

1.2 Bone disease and orthopedic implants

Bone diseases and bone related injuries are increasing health complications due to the
increased population and mobility of human. Several bone diseases such as osteoarthritis,
osteogenic imperfecta, osteoporosis, and bone cancer can cause significant loss of bone tissue and

bone matrix along with bone deformation. Bone tissue loss and deformation can also result from



injuries due to accidents. Since the mobility of the human population has increased significantly
over the last couple of decades, injuries from mobility related accidents are also projected to
increase. Bone tissue provides the required structure of human body and supports mechanical
stress which helps in mobility. Loss of bone tissue can cause severe pain and sufferings for the
patient. One of the best remedies for bone related health complications is orthopedic implant. The
implant provides necessary support to the patient while the body undergoes bone tissue remodeling
over time. For these reasons, the implant should possess important material properties such as
dynamic load bearing capability, tensile strength, flexibility, lightweight along with good
biocompatibility and surface properties that can help improve the bone healing process. Therefore,
understanding the material properties and their biocompatibility towards bone tissue is of superior
importance for designing orthopedic implants.

The implant material can be metallic, polymeric, or composite, however, metallic implants
are the most popular for orthopedic applications due to their advantageous material properties such
as dynamic load-bearing capacity, strength, and excellent biocompatibility compared to polymeric
or composite materials. Stainless steel and chromium-cobalt alloys have been popular choices for
metallic orthopedic implants. Recently titanium (Ti) implants are gaining popularity due to their
superior biocompatibility, high strength, and lower density which makes the implants lightweight
compared to stainless steel and chromium-cobalt alloys. However, the Ti implants do possess some
shortcomings, such as poor osteointegration and susceptibility to bacterial infection. Therefore,
several research efforts were directed towards making the Ti implants more biocompatible.
However, most of these works were focused on either reducing the bacterial infection or improving
the osseointegration properties. There remains a lack of research efforts for surface modification

of Ti implants that can reduce bacterial infection while improving the stem cell adhesion,



proliferation, growth, and differentiation to osteoblasts which results in better osteointegration.
Therefore, in this work, surface modification approaches of Ti based orthopedic implants were
performed with the help of nanotechnology for imparting better osteointegration and antibacterial
activity simultaneously. The following sections will delve in-depth to understand the material
properties of orthopedic implants especially of Ti, the superior advantages of Ti as an orthopedic
implant, research approaches to improve the antibacterial properties and cell compatibility, surface
modification approaches, ion implantation and their benefits, methods to impart important

signaling ions, and finally the research goals of this dissertation.

1.3 Temporary and permanent orthopedic implants

Orthopedic implants are one of the most popular treatment procedures for bone healing due
to bone diseases or fractures and injuries. The implant provides support to the damaged bone while
the bone tissue regenerates and heals. These implants can be broadly classified into two types-
temporary and permanent [3]. The temporary implants are mainly used for fracture treatment in
bone caused by injuries. The implants provide support to the fractured bone tissue while bone
regeneration happens to alleviate the fractured area. Plates, screws, and nails are the common
shapes found for temporary implants. The permanent implants are inserted when the bone is
damaged from diseases such as osteoarthritis, osteogenic imperfecta, or bone cancer when
successful bone regeneration is not possible. The implant provides required mechanical properties
and support to the diseased bone which helps the patient in conducting normal activities.

Since bone is a dynamic tissue, the implant should possess unique material properties for
fulfilling its purpose. Polymers are used as implant material to reduce friction between two moving

parts which can be two bones or two implants. To reduce friction our body naturally has cartilage



tissue between the bones. When this cartilage tissue is damaged, polymeric orthopedic implants
are used. Ceramic implants are generally used as coatings to reduce inflammation and pathogenic
infection. When a temporary or permanent implant is inserted to the body, its main function is to
provide support to the damaged bone so that the pain and suffering to the patient is reduced. For
that reason, a material with high load bearing capacity is desirable. Orthopedic implants for rigid
bones such as hip and knee replacements often use metallic materials. Metals are well known to
provide enhanced strength compared to polymers or ceramic materials during load-bearing
applications. Also, passive metals can be anodized to produce an oxide layer which are known to
be antifouling. Some metals produce this oxide layer naturally as a chemical reaction between the
metal ion and oxygen in the environment, making metallic implants superior in biocompatibility.

For a similar reason, dental implants often use metallic screws that supports the damaged teeth.

1.4 Titanium orthopedic implants

Since metals provide the desired dynamic load-bearing capacity, it serves as the most
popular class of implants around the world. In the United States, 332,000 total hip and 719,000
total knee arthroplasties were performed in 2010, and the number is projected to increased almost
4 million by the year 2030 [4]. For almost 4000 years, humans are using implants to repair
damaged tissues and organs with gold plate being used as the first synthetic implant in 1546 [5].
Since the middle of 20" century, stainless steel has been a popular choice for orthopedic implants
because of the corrosion resistance properties of 316L stainless steel which is also known as
surgical stainless steel [6]. The corrosion resistance behavior of stainless steel was a determining
factor since the metal will continuously be exposed to bodily fluids such as blood. However,

stainless steel is highly susceptible to stress and crevice corrosion, thus limiting its use for



situations where material strength is not required for extended period of time [6]. Corrosion
resistant stainless steel can possess various trace elements such as cobalt (Co), nickel (Ni), iron
(Fe), molybdenum (Mo), and chromium. These elements can be released from the stainless-steel
implants due to passivation process and impact the surrounding tissue adversely [7]. Trace
elements such as Ni, Co, Cr, vanadium (V), aluminum (Al) can also be carcinogenic and impart
toxicity to the surrounding environment [5]. On the other hand, titanium (Ti) can offer some
advantageous properties that can overcome the shortcomings of stainless steel. Ti can provide
superior corrosion resistance to the implant without the need for high alloying that is needed for
316L stainless steel. A systematic review between the stainless steel and titanium implants for
fracture fixation was conducted by Barber et al. (2021) [8]. The researchers found that Ti had a
lower rate of failure and fewer complications over stainless steel implants, although the researchers
suggested further studies in the future. These results helped Ti based implants to achieve popularity
in recent times as a material of choice for orthopedic implant applications. Around 1000 tons of Ti
orthopedic implants are inserted into patients worldwide which signifies the ever-growing

popularity of Ti implants [9].

1.5 Problems with Ti implants

Even though Ti offers tremendous benefits for orthopedic implant applications, it is not
free of shortcomings. The first one is the cost of Ti. As a metal, Ti is almost 15-21% more expensive
than stainless steel which increases the cost of implant surgeries [10]. However, cost can be
reduced by economic measures and government sanctions if the material performs well. So, the
major focus in this section will be determining if there are any functional shortcomings of Ti based

orthopedic implants. Below are the two major factors where Ti based orthopedic implants suffers.



1.5.1 Poor osseointegration

The term osseointegration means a successful anchorage between the implant and the bone
tissue [11]. When an implant is inserted to the host body, the first step is protein absorption on the
material surface as a form of immune response from the host. If the surface of the implant
resembles host environment, the immune response may subside, providing the bone progenitor
cells and mesenchymal stem cells to get attached to the surface. Finally, these progenitor cells
undergo osteoblast differentiation to form new bone matrix around the implant surface. As a metal,
a passive oxide layer (TiO2) is formed on the pure Ti surface. 10-100 angstrom thickness of this
oxide layer can be formed within a minute and generally corrode less than 20um/year [12]. This
layer creates a barrier between the bulk Ti and the surrounding tissue. Also, this layer helps to
avoid Ti corrosion by reducing passivation. However, metal corrosion can happen in the presence
of a hostile biological environment where the passivation of TiO2 layer occurs resulting in metal
cation dissolution and release of electrons [12]. Denaro et al. (2008) showed that static
electromagnetic field generated by corrosion current can inhibit the osteoblast differentiation
which is an important factor for a successful osseointegration of Ti implants [13]. For the corrosion
in Ti implants, inflammatory response can also occur that further worsen the implant loosening

[14].

1.5.2 Bacterial infection

Surgery related infection is another major reason of Ti implant failure. Due to the lack of
aseptic practices, bacterial cell can be carried inside the host with an orthopedic implant surface.
Since the implant surface lacks vascular blood supply and proper immune response, bacterial

infection can occur immediately after implant surgery [12]. Figure 1.1 shows a scheme of bacterial



infection on biomaterial surfaces. If bacterial cells take over the surface, they form a biofilm which
acts as a protective layer inside which the bacterial cells can easily proliferate. When the space and
nutrition inside the biofilm get saturated, the cells break through the film and start to colonize new
areas on the biomaterial surface. This cascade of events prevents host cells from getting attached
to the surfaces and initiate tissue regeneration to heal the damaged area. Therefore, there is only a
limited scope at the initiation stage after the surgery (marked in Figure 1.1) where biomaterial

surfaces can prevent bacterial adhesion.
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Figure 1.1. Schematic of bacterial infection on biomaterial surface and window of opportunity to
prevent the infection. Adapted from [15]. Copyright 2014 by the authors, licensee MDPI, Basel,
Switzerland, Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

1.6 Surface modification approaches
To overcome the shortcomings of Ti orthopedic implants, surface modification approaches
are utilized. One of the most popular surface modifications is hydroxyapatite (HA) coating on the

pure Ti or its alloys. The coating can be performed using plasma spraying technique [16]. HA


http://creativecommons.org/licenses/by/3.0/

produces a rough surface texture on the metallic implants that helps to improve osseointegration
[12]. Moreover, bone mineral constitutes mainly of HA [12]. Therefore, immune response from
the host during orthopedic implant surgery is reduced and cell adhesion properties improve with
HA coatings. However, HA coatings are reported to be weaker that may break when dynamic
loading is applied [17]. Thereofer, recently nanosurface modification approaches were conducted
to improve osseointegration properties of Ti orthopedic implant. One such approach is to fabricate
TiO2 nanotube arrays (NT) on pure Ti or its alloys. Popat et al. (2007) fabricated the NT surfaces
and found that the platform supports the growth and maintenance of bone cells effectively [18].
After that several surface modification approaches had been investigated for improving
osseointegration properties on Ti. One of the recent approaches is interesting where researchers
utilized polyelectrolytic multilayers of tanfloc/heparin on TiO2 nanotube arrays [2]. The results
indicated improved osteoblast differentiation of mesenchymal stem cells on these modified
surfaces. However, all these approaches lack in providing important signaling to mesenchymal
stem cells or bone progenitor cells to initiate osteoinduction and osteoconduction that can result
into enhanced osseointegration for bone remodeling and healing purposes.

To reduce surgery related bacterial infection, oral antibiotics are often prescribed.
However, this approach possesses an inherent risk of antibiotic resistant bacterial strain
development [19]. Moreover, most the antibiotics on the market possess a short spectrum
antibacterial activity, which may increase the risk of resistant bacterial strain infection on the
implant surface. Therefore, surface modification approaches to include antibacterial activity on the
implant surfaces is gaining more popularity in recent years [19]. One of the most popular choices
to make a biomaterial surface antibacterial is to coat the surface with antibacterial chemicals. For

instance, Chen et al. coated Ti surfaces with melimine using silane anchor to impart antibacterial



activity to the surfaces [20]. Their report shows bacterial adhesion and biofilm formation reduced
62% for Pseudomonas aeruginosa and 84% for Staphylococcus aureus [20]. Silane anchoring to
impart antibacterial coating on Ti surfaces is another popular method of making orthopedic implant
surfaces more antibacterial [21]. Apart from melimine and silane, other antibacterial agents such
as silver (Ag), copper (Cu), and zinc (Zn) have been successfully implanted to the Ti surfaces for
imparting antibacterial properties. Ferraris and Spriano (2016) documented implantation of these
three popular antibacterial agents to the Ti surfaces [19]. They reported 3 principal strategies to
make Ti surface antibacterial, namely- metal surface doping, TiO; layer growth and doping, and
TiO; hydroxyapatite (HAp) coating. lon implantation, plasma spray, sol-gel, plasma electrolytic
oxidation (PEO), ion exchange, and sputtering are some of the popular methods to incorporate Ag,
Cu and Zn ions to the implant surfaces. However, these antibacterial coatings may reduce the cell

adhesion properties on the surfaces that can result into implant loosening and failure overtime.

1.7 Ion doping on titanium surfaces

Recently, ion implantation on Ti and NT surfaces are gaining popularity in the literature
due to their enhanced antibacterial and osseointegration properties. Zinc (Zn) and strontium (Sr)
ion doping are promising in this regard since they provide important signals to stem cells for
differentiating into osteoblasts which can help in bone healing. Zn has been reported to improve
osseointegration by osteoblast proliferation, mineralization, and osteoblast marker gene expression
[22]. Zn can also prevent bone resorption by inhibiting osteoclast formation [22]. Several Zn
doping techniques were reported in the literature on both Ti and NT surfaces such as alkaline heat
treatment [23-24], hydrothermal treatment [22, 25-27], plasma electrolyte oxidation [28-29], and

micro-arc oxidation method [30]. On the other hand, strontium has also been reported to improve
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osseointegration properties during in vivo and in vitro studies [31]. Strontium gained more
popularity after the development of antiosteoporosis drug of strontium ranelate [32]. Like Zn, Sr
can also reduce osteoclast formation and improve osteoblast differentiation [33]. Several ion
doping techniques such as micro-arc oxidation [34], hydrothermal treatment [35], and magnetron
co-sputtering [36] have been reported to dope strontium on Ti and its alloys. However, there was
a lack of research works to incorporate both Zn and Sr ions on TiO; nanotubes (NT) to improve

both antibacterial and osseointegration properties.

1.8 Pathogenic bacteria and viruses

Pathogenic contamination and infection are major health hazards that cause enormous
human and economic toll worldwide. According to the World Health Organization (WHO),
pathogenic infection is one of the major reasons of children death around the world, mainly in the
developing countries due to the lack of aseptic sanitary practices. Food borne pathogens are
considered especially deadly since 91% of total foodborne outbreaks are caused by bacteria only
[37]. Christian Gram developed a method to classify bacteria into two broad categories, Gram-
positive and Gram-negative based on their outer membrane composition [38]. Gram-positive
bacteria have a thick peptidoglycan outer layer that retains the primary violet stain during Gram-
staining and exhibits a purple color. On the other hand, Gram- negative bacteria do not possess
this thick outer layer and cannot retain the primary violet stain. Instead, Gram-negative bacteria
retain the counter red stain during the Gram-staining test and exhibit a red or pink color [39]. One
of the concerning bacterial strains for foodborne diseases is the Gram-negative Escherichia coli
(E. coli). It was reported that E. coli can easily contaminate ground beef, milk, and chicken and

when these contaminated foods are consumed, E. coli infection can occur in the lining of human
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intestine causing severe health hazard [37]. Another problematic Gram-negative bacterial strain is
Salmonella which is a genus from the bacteria family of Enterobacteriaceae. E. coli also falls into
this bacteria family. Gram-negative bacteria from the Enterobacteriaceae family have been
reported to cause urinary tract infection (UTI), bloodstream infections, hospital associated
pneumonia, gastroenteritis, intra-abdominal infections, and other invasive infections in humans
[40]. More and more bacterial strains from this family are becoming resistant to the available
antibiotics and making the treatment procedures for bacterial infection highly complicated [40].
For this reason, selective detection of these bacteria using a simple and flexible detection method
that can be incorporated into everyday materials is necessary.

Viruses are other pathogenic agents that can cause deadly health hazards to human
population. Unlike bacteria, viruses cannot replicate themselves, instead they infect a host cell and
make copies of themselves utilizing the host cell components [41]. The structure of most viruses
is simple, consisting of a segment of nucleic acid such as DNA or RNA which is surrounded by a
protein coat [41]. Among these viruses, coronavirus is a well-known name around the world due
to recent global pandemic that caused millions of deaths and unimaginable economic and social
burdens in almost all of the countries.

Coronavirus is an enveloped virus that has corona-shaped spiked protein on its outer
membrane, and hence got its name. These viruses used to cause mild respiratory diseases in
humans until the emergence of severe acute respiratory syndrome coronavirus (SARS-CoV) which
was a variant of coronaviruses that transmitted from animal to human [42]. Then in 2019, another
variant of SARS-CoV emerged in Wuhan, China where a cluster of pneumonia patients were
identified infected with this new virus which later became known as SARS-CoV-2 [43]. On 11

March 2020, World Health Organization (WHO) declared the associated disease COVID-19 as a
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pandemic [44]. SARS-CoV-2 has glycosylated spike (S) proteins that forms the corona shape
around the viral outer membrane [45]. This protein can bind to the angiotensin-converting enzyme
IT (ACE2) receptor found in the lower respiratory tract of human, causing the pneumonia like
COVID-19 disease [46]. To check the spread of this deadly pandemic viral disease, a number of
viral identification techniques were identified. Among them, real-time reverse transcription-
polymerase chain reaction (rRT-PCR) based virus identification tools were of great interest.
However, these techniques require complex protocols, trained personnel, and are often prone to
false-negative results which can complicates the problem manifold [47]. Therefore, a simple, fast,

and reliable virus detection technique is necessary to develop.

1.9 Color changing polymer- polydiacetylene

Polydiacetylene (PDA) is a popular color changing popular that has gained popularity in
recent years due to its stimuli detection capability. A diacetylene monomer can be easily
photopolymerized to create PDA which exhibits a blue color. PDA has alternating alkene alkyne
structure that creates an electron cloud in the polymer [48]. When this electron cloud is perturbed
upon interaction to an environmental stimulus, a color change happens in the polymer structure
from blue to red [49]. So, the presence of the specific environmental stimuli is detected due to the
vivid blue to red color transition in the polymer. Utilizing this phenomenon, a number of biosensor
applications have been reported in the literature such as heat change [48], pH change [49], bacteria

[50] and virus [51].
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1.10 Polydiacetylene nanofiber preparation by electrospinning

Although different platforms of PDA-based biosensors have been reported, nanofiber
platform can offer some advantageous properties. The diameter of the nanofibers is in the
nanometer range, offering a high aspect ratio (length: diameter). For a biosensor, high aspect ratio
is highly desirable because they can provide a larger surface area to come in contact with the target
such as bacteria or virus. Moreover, nanofibers are flexible structures that can be incorporated into
everyday material or fiber mat can be used as its own. Nanofibers can be easily prepared by a
technique called electrospinning. During electrospinning, the polymer of interest is taken in a
syringe and pushed through a metallic needle which is known as the spinneret. A Taylor cone is
created during this time at the tip of the needle. Then an electrical force is applied between the
metallic tip and a metallic fiber collector plate. When the electrical force is greater than the surface
tension of the polymer, the Taylor cone gets disrupted, and a fiber jet is created that shoots towards
the collector plate. During this time, the solvent gets evaporated, and the polymer is stretched to
form fibers. The fiber is collected on the metallic collector plate [52]. To prepare PDA nanofibers,
first the electrospinning solution is prepared by mixing the diacetylene monomer with a matrix
polymer. This is because diacetylene monomers do not have required viscosity or spinnability. Two
matrix polymers have been used most to prepare PDA nanofibers- polyurethane (PU) and poly
(ethylene oxide) (PEO). Among these two matrix polymers, PU is advantageous because it is a
superhydrophobic polymer that do not dissolve with common biological agents such as growth
media for bacteria or virus. Due to the superhydrophobic properties of PU, the PU-PDA fiber also
becomes superhydrophobic [53]. PU-PDA nanofibers can be easily prepared by using the
electrospinning technique. Different electrospinning parameters such as voltage, distance between

spinneret and collector, polymer insertion rate, polymer solution concentration, and temperature
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and relative humidity of the setup can change the properties of the fibers [52]. For example, when
the voltage is too high, the solvents do not get enough time to evaporate, and thus creates beads
on the fibers which are droplets of unevaporated solvents. On the other hand, if the voltage is too
low, the surface tension of the polymer will be more, and the polymer jet may not form. So,
optimizing the electrospinning parameters can prepare PU-PDA fiber mats with diameters in the

nanoscale.

1.11 Bacteria and virus detection by PDA nanofiber

PDA interacts with biological agents such as bacteria and viruses since they are
environmental stimuli and perturbs the electron clouds of the polymer chain. Alam et al. (2016)
prepared a polyethylene-PDA fiber matrix that can detect a heat change greater than 55°C [48].
Park et al. formulated another PDA nanofiber matrix as a low temperature thermochromic sensor
[54]. Yapor et al. (2017) and Bhattacharjee et al. (2020) reported a PU-PDA fiber matrix that can
detect bacteria in separate reports [49, 50]. Yapor et al. (2017) also reported that the PU-PDA fiber
could detect a pH change greater than 11 [49]. Then, Hassan et al. (2019) did a microstructure and
mechanical properties analysis of PDA nanofibers and found that PU-PDA were most suitable for
detecting biological agents due to dissolution problems of PEO in liquid solutions [55]. Valdez et
al. (2019) prepared a PDA based nanofiber sensor to detect food spoilage by using a ForceSpun®
technique [56]. Although PDA polymer has been used in other forms, no other reports were found
to use PDA nanofibers to detect bacteria. Also, selective bacteria detection by the PDA nanofibers
were not investigated before.

The pioneering work of Charych et al. (1993) exhibited the potential of PDA for virus

detection. In the work, a PDA bilayer assembly was prepared and functionalized with sialic acid
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ligand to detect influenza virus hemagglutinin [57]. Son et al. (2019) reported a PDA-based paper
sensor to detect pandemic influenza A (pHINT1) [51]. Jiang et al. (2015) functionalized the PDA
vesicles with anti-H5 influenza antibody to detect influenza virus by a colorimetric transition in
the vesicle [58]. Another influenza virus detecting sensor was prepared by Song et al. (2016) by
utilizing peptide-functionalized polydiacetylene (PEP-PDA) [59]. Other viruses and viral DNA,
RNA, and protein detection was reported that utilized PDA based colorimetric sensors [60]. All
these works utilized PDA based membranes or vesicles to detect the presence of virus via a color
change. However, no work was found that reported a PDA nanofiber platform to detect viruses or
their associated proteins. Moreover, no PDA nanofiber sensor was found in the literature that can

detect the coronavirus, especially SARS-CoV-2 that caused the recent pandemic.

1.12 Hypothesis

Nanoscale surface modification approaches and novel material synthesis using
nanotechnology can improve bioactivity of materials. Bioactivity relates to the improvement of
antibacterial activity, stem cell adhesion, proliferation, and differentiation, and rapid sensing of

pathogenic biological agents by nanostructured surfaces.

1.12.1 Specific aim 1: The first nanostructured material developed in this study is TiO2 nanotube
(NT) surfaces doped with important trace elements such as zinc and strontium to improve
antibacterial activity, and stem cell adhesion, proliferation, and differentiation to osteoblasts that

results in better osseointergation. These research works are discussed in Chapters 1, 2, 3, and 4.
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a) Fabrication and characterization of TiO2 nanotube (NT) surface by anodization, etching,
and annealing techniques followed by doping with zinc (Zn) using hydrothermal and
alkaline heat-treatment methods to evaluate antibacterial activity of the surfaces.

b) Fabrication and characterization of NT surfaces doped with either Zn or strontium (Sr) to
evaluate adipose derived stem cell (ADSC) adhesion, proliferation, and differentiation to
osteoblasts.

c) Fabrication and characterization of NT surfaces simultaneously doped with Zn and Sr to
evaluate antibacterial activity and ADSC adhesion, proliferation, and differentiation to

osteoblasts.

1.12.2 Specific aim 2: The second nanostructured material developed in this study is
polydiacetylene (PDA) nanofiber prepared by electrospinning technique. The nanofiber was
developed to selectively detect Gram-negative bacteria via a color change from blue to red. The
surface chemistry of the nanofiber was changed to conjugate a receptor protein to detect the
pandemic coronavirus (SARS-CoV-2) via a similar color change. These research works are
discussed in. Chapters 1, 5, and 6.

a) Fabrication and characterization of PDA nanofiber biosensor to selectively detect Gram-

negative bacteria by a color transition from blue to red.
b) Fabrication and characterization of PDA nanofiber biosensor by conjugating a receptor

protein to the PDA polymer for detecting the spike protein of SARS-CoV-2.
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CHAPTER 2/ZINC (ZN) DOPING BY HYDROTHERMAL AND ALKALINE HEAT-
TREATMENT METHODS ON TITANIA NANOTUBE ARRAY FOR ENHANCED
ANTIBACTERIAL ACTIVITY'!

2.1 Introduction

Titanium (Ti) is a popular biomaterial for orthopedic implant applications due to its
superior mechanical properties such as corrosion resistance and low modulus of elasticity.
However, around 10% of these implants fail annually due to bacterial infection and poor
osseointegration resulting in severe pain and suffering for the patients. To improve their
performance, nanoscale surface modification approaches and doping of trace elements on the
surfaces can be utilized that may help in improving cell adhesion for better osseointegration while
reducing bacterial infection. In this work, at first, titania (TiO2) nanotube arrays (NT) were
fabricated on commercially available pure Ti surfaces via anodization. Then zinc (Zn) doping was
conducted following two distinct methods- hydrothermal and alkaline-heat treatment. Scanning
electron microscopic (SEM) images of the prepared surfaces revealed unique surface
morphologies, while energy dispersive X-ray spectroscopy (EDS) revealed Zn distribution on the
surfaces. Contact angle measurement indicated that NT surfaces were superhydrophilic. X-ray
photoelectron spectroscopy (XPS) provided the relative amount of Zn on the surfaces and indicated
that hydrothermally treated surfaces had more Zn compared to the alkaline-heat treated surfaces.
X-ray crystallography (XRD) and nanoindentation techniques provided the crystal structure and

mechanical properties of the surfaces. While testing with adipose derived stem cells (ADSC), the

!This work was published in Nanomaterials and is reproduced here with permission [1].
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surfaces showed no apparent cytotoxicity to the cells. Finally, bacteria adhesion and morphology
were evaluated on the surfaces after 6 hrs and 24 hrs of incubation. From the results, it was
confirmed that NT surfaces doped with Zn drastically reduced bacteria adhesion compared to the
Ti control. Zn doped NT surfaces thus offered a potential platform for orthopedic implant
application.

Every year, millions of people undergo surgeries that incorporate different orthopedic
implants due to bone related injuries or diseases such as rheumatoid arthritis and osteosarcoma.
For these patients, undergoing implant surgery is one of the crucial treatment choices to maintain
the quality of life [2]. Although implants can be made of metals, ceramic, polymers, or composites,
around 70-80% of all implant materials are metallic made from cobalt-chromium (CoCr) alloys,
stainless steel (SS), and titanium (Ti) alloys [3]. Compared to the CoCr alloys and SS, Ti alloys
are reported to be advantageous due to improved corrosion resistance, low modulus of elasticity,
and biocompatibility [4]. Therefore, a huge amount of (around 1000 tons) Ti alloy implants are
inserted in patients annually around the world [3]. However, around 10% of these implants fail
each year resulting in revision surgeries and expensive medications throughout the rest of the
patient’s lifetime [5]. One of the major reasons of orthopedic implant failures is pathogenic
infection caused by bacteria resulting in osteomyelitis. Bacteria can get attached to the implant
surfaces and once in the body can proliferate, leading to biofilm formation and subsequent failure
of the implant [6]. Osteomyelitis can lead to devastating consequences for the patients such as
sepsis and prolonged hospitalization [7]. Along with osteomyelitis, another major complication of
orthopedic implant is poor osseointegration [5, 8-9]. Osseointegration deals with anchorage of
implant by forming bone tissue around it without growing any fibrous tissue [10]. A successful

osseointegration deals with many facts including the biocompatibility, macroscopic, and
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microscopic surface properties of the implant along with undisturbed healing process of the bone
[11]. In the USA, around 1.2 million orthopedic implants are inserted in patients annually, of which
112,000 are projected to fail [12]. Complications and failure related to the implants also create a
huge economic toll on the society. It was estimated that implant related medical costs climbs up to
$3 billion annually in the USA [8]. With an increasingly mobile human population, the number of
bone related injuries will increase along with the number of patients having orthopedic implants.
This can result in a higher amount of implant failures. The economic burden and human suffering
from pain related to complicated treatment procedures and repeated surgeries will also result from
such higher number of implant failures.

There have been numerous research works to improve osseointegration and reduce bacteria
adhesion on the implant surfaces. The two major approaches for reducing bacterial adhesion while
improving cell adhesion comprises of surface coatings and surface modifications [13].
Modifications of implant surfaces such as the introduction of nanoscale surface characteristics
have been reported to be effective in osteogenic cellular interaction and reducing bacterial
adhesion on the surfaces. One popular approach of surface modification is a combination of grid-
blasting and acid-etching. Pits and spike like nanostructures are created on the surfaces by this
modification technique that showed improved osseointegration [14-16, 17, 18]. Other methods of
surface modification include chemical vapor deposition, sol-gel coatings, hydrothermal treatment,
glow discharge plasma treatment, and ion implantation [19-20]. The major focus of these Ti surface
modifications is to improve osseointegration to help in orthopedic disease treatment by Ti based
implants. It has been reported that increased hydrophilicity of the surfaces also helps in early
osseointegration [21]. One of the quick, convenient, inexpensive, and highly tunable methods of

preparing a super-hydrophilic Ti surface is by producing TiO; nanotube arrays (NT) by anodization
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[20]. NT surfaces have shown cell adhesion to the implant surfaces that results in improved
osseointegration [ 14, 22-24]. Interestingly, NT surfaces also exhibit improved antibacterial activity
[13, 25]. This is a useful characteristic of the NT surfaces because they can promote
osseointegration while reducing bacterial adhesion. This can provide the necessary
biocompatibility to the orthopedic implant. Another interesting fact about NT surfaces is that their
tubular structures can be used as a delivery mechanism for antibiotics [26], antibacterial substances
[27], and trace elements that are useful for cell growth and proliferation [8].

Trace elements such as silver (Ag) nanoparticles, copper (Cu), strontium (Sr) and zinc (Zn)
are critical for cell growth and proliferation around an implant surface that can improve
osseointegration. Besides, they can also hinder bacterial infection on the implant surfaces. For that
reason, the incorporation of trace elements on implant surfaces is gaining popularity. Also, metal
ion release can be a viable technique to improve the antibacterial property of biomaterials [28].
Among the trace elements, Zn is interesting because it can provide required cell signaling for
improved osseointegration while hindering bacterial adhesion on the implant surface [8]. Zn helps
in bone regeneration by osteoblast activity such as osteoblast proliferation, mineralization, and
osteoblast marker gene expression [8]. Zn also inhibits bone resorption by reducing osteoclast
formation as well as helps in anti-inflammation [8]. For these interesting characteristics, Zn has
gained popularity in preparing biomaterials. Recent work utilized several techniques to dope Zn
on Ti surfaces. These techniques involved hydrothermal treatment [8-9, 29-30], alkaline-heat
treatment [31-32], and plasma electrolytic oxidation (PEO) [33-34]. Even though Zn incorporation
on implant surfaces can potentially improve the biocompatibility of orthopedic implants, only a

few investigations have been reported in the literature. Therefore, examining the trace element
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incorporation on orthopedic implant surfaces along with their antibacterial and toxicological
behavior analysis is imperative.

In this work, Zn doping was conducted on Ti and NT surfaces using two different methods:
hydrothermal and alkaline-heat treatment. These two processes were selected because they are
relatively simple and highly tunable. For the hydrothermal method, the surfaces were incubated
with zinc acetate. For the alkaline-heat treatment the surfaces were incubated with a solution
containing zinc nitrate hexahydrate and sodium hydroxide. The difference between these two
methods was mainly in treatment temperature and time. Hydrothermal method used 200°C and 1
hr treatment time, whereas alkaline heat treatment was conducted for 24 hrs at 60°C. All the treated
surfaces were annealed at 530°C to crystallize the Zn and NTs. Scanning electron microscopy
(SEM) and Energy-dispersive X-ray spectroscopy (EDS) were used to understand the morphology,
topography, and Zn distribution on the surfaces. X-ray photoelectron spectroscopy (XPS) and X-
ray diffraction (XRD) crystallography were used to evaluate surface chemistry and crystalline
structure. XPS was also used to quantify Zn on the surfaces. Cytotoxic behavior was analyzed by
incubating the surfaces with adipose derived human stem cells (ADSCs) and examining the
amount of lactate dehydrogenase (LDH) released from the cells when in contact with the surfaces.
Finally, the antibacterial properties of the surfaces were evaluated by incubating the surfaces with
Gram-positive Staphylococcus aureus and Gram-negative Pseudomonas aeruginosa. SEM and
live/dead bacteria staining were used to examine bacteria adhesion and morphology on the
surfaces. Experimental results indicated that the Zn doped surfaces exhibited improved
biocompatibility by reducing the bacteria adhesion significantly while not being cytotoxic to the

ADSC:s.
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2.2 Materials and methods
2.2.1 Titania nanotube (NT) fabrication

Titania nanotube (NT) surfaces were fabricated from commercially available 0.5 mm thick
pure titanium. First, 2 cm X 2 cm Ti samples were cut and polished using silicon carbide sheets.
Then, the samples were soaked in acetone for 3 mins and sonicated for 10 mins to clean any debris
from the surface. The samples were further cleaned using soap and iso-propanol followed by 10
mins sonication each in iso-propanol and de-ionized water (DI). Finally, the cleaned Ti samples
were dried inside a hood before subsequent processing. NT were grown on the surfaces by
anodization and annealing. An electrolyte cell was used for the anodization process where cleaned
titanium surface was used as anode and platinum was used as cathode. Prior to the anodization
process, the platinum surfaces were cleaned thoroughly using nitric acid, iso-propanol, and DI
water. A solution containing 95% diethylene glycol (DEG), 2% hydrofluoric acid (HF, 48%), and
3% DI water was used as electrolyte. Titanium anode and platinum cathode were hooked to the
electrolyte cell using alligator tips. Care was taken when hooking the samples so that the alligator
tips do not touch the electrolyte solution. Then, 55 V electricity was supplied for 22 hrs at room
temperature for the anodization process. After the anodization process, NT surfaces were removed
and washed using DI water and iso-propanol before drying inside a hood. Finally, the NT surfaces
were annealed at 530°C for 3 hrs with 15°C/min temperature increment and stored before using
for subsequent experiments. Cleaned and polished titanium (Ti) was also prepared to be used as a

control.

32



2.2.2 Zinc doping on Ti and NT surfaces

Zinc (Zn) doping on Ti and NT surfaces was done by two different methods: hydrothermal
and alkaline-heat treatment. To prepare hydrothermally Zn doped NT surfaces (NThyt), un-
annealed NT surfaces were used. These surfaces were incubated in 0.1 M zinc acetate solution at
200°C for 1 hr inside a polytetrafluoroethylene (PTFE) lined hydrothermal autoclave reactor. The
surfaces were taken out from the reactor and thoroughly washed in DI water for 5 min. Finally, the
surfaces were annealed similarly as described in section 2.1 prior to storing for subsequent
experiments.

To prepare alkaline heat-treated NT surfaces (NTaik), un-annealed NT surfaces were used.
These surfaces were incubated in 10.71% zinc nitrate hexahydrate, 17.31% sodium hydroxide, and
71.98% DI water solution at 60°C for 24 hrs inside a PTFE container. The surfaces were taken out
from the reactor and thoroughly washed in DI water for 5 min. Finally, the surfaces were annealed
similarly as described in section 2.1 prior to storing for subsequent experiments.
Ti surfaces were also treated in a similar way to prepare hydrothermally treated Tiny: and alkaline

heat-treated Tiax surfaces.

2.2.3 Material characterization

To understand the morphological and topographical characteristics of different surfaces
(T, Tinyt, Tiaik, NT, NThyt, NTax), a JEOL JSM-6500F field emission scanning electron microscope
(FESEM) was used at 15 kV. Scanning electron microscopic (SEM) images were taken from each
surface at varying magnifications ranging from 500x to 30000x. Working distance, brightness and
contrast were optimized for each image to ensure high quality of SEM images of the surfaces.

Further, energy-dispersive X-ray spectroscopy (EDS) spectra were collected with an Oxford SDD

33



EDS detector connected to the FESEM. For each surface, element mapping was done to understand
elemental distribution on the surfaces. For NThyt, NTaik, Tinyt, and Tiai surfaces, elemental mapping
was also conducted in specific zones to understand special features on the surfaces. All EDS data
were analyzed using Oxford Aztec software.

To understand the surface wettability, static contact angle was measured for all the surfaces
by using a Ramé-Hart goniometer. A 10 ul drop of water was placed on each surface using a
micrometer syringe. Then static contact angle and image of the droplet on the surfaces were
collected using DROPimage software.

To understand the surface chemistry, X-ray photoelectron spectroscopy (XPS) was utilized.
XPS survey was taken by PHI Physical Electronics PE-5800 X-ray Photoelectron Spectrometer
with an Al Ka x-ray source. Survey spectra for all the surfaces were collected from 0 eV to 1100
eV. Peak-fit analysis was conducted using MultiPak. From the survey spectra, elemental analysis
was also conducted for each surface using the MultiPak and the composition (atomic weight
percentage, %at) of each element was recorded.

Crystalline structure of the surfaces was analyzed by utilizing X-ray diffraction (XRD,
XRD-7000 Shimadzu) while using CuKoa radiation at 40 kV and 30 mA. When performing XRD,
a thin film (TF-XRD) geometry was utilized for the surfaces with a fixed incidence angle of 5°.
Diffractograms were acquired with continuous scan from 20 to 80° at a scanning speed of 1°/min.

Peaks were indexed using the Match! software with the PDF2 database.

2.2.4 Stability of Zn doped surfaces

To understand stability of the Zn doped surfaces, elemental analysis from XPS survey scan

was used. 2 cm X 2 cm surfaces were collected and incubated in DI water for 4 weeks (28 days)
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at room temperature. Then the surfaces were dried inside a hood and XPS surveys were taken
following the method described in section 2.3. From these survey scans, %at was calculated for
each of the surfaces. Finally, the %at of the elements after 4 weeks was compared with data

gathered in section 2.3 to evaluate the changes in Zn composition after 28 days in DI water.

2.2.5 Mechanical properties of the surfaces

To understand the mechanical properties such as surface hardness and elastic modulus, the
nanoindentation technique was utilized. A Nanoindenter (ZwicK-Roell/ Asmec) was used to
measure the surface hardness (H) and elastic modulus (E). It was programmed by an array (5 x 5),
with 50 um of distance between each indentation and 0.1 N of maximum applied force on the
surface by a calibrated Berkovich tip. The indentation method used was Quasi Continuous
Stiffness Measurement (QCSM). This method allows to get high accuracy measurements due to a
progressive increasing force (from 0 — 100mN for this study) combined with a dwell time at each

force point.

2.2.6 Cytotoxicity behavior of the surfaces

To evaluate the cytotoxicity induced by the surfaces, a lactate dehydrogenase (LDH) based
indicator assay was utilized (CyQUANT™ LDH Cytotoxicity Assay Kit). The cytotoxicity of the
surfaces was evaluated with adipose derived adult stem cells (ADSCs). The ADSCs were cultured
in a growth medium containing 90% MEM Alpha Modification (1x, cytiva), 9% fetal bovine serum
(FBS), and 1% penicillin-streptomycin. The surfaces were taken into a 48-well plate and sterilized
by UV light for 1 hr followed by washing with PBS for two times. After that, the surfaces were

incubated for 24 hrs at 5% CO> with 20000 ADSC cells/ml. After the incubation, 50 pul supernatants
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of the cell media were taken from each surface in a sterile 96 well plate. Then the manufacturer’s

protocol was followed to determine the cytotoxicity induced by the surfaces against the ADSCs.

2.2.7 Bacteria culture

To evaluate the antibacterial properties of different surfaces, Gram-positive
Staphylococcus aureus (S. aureus, ATCC6538) and Gram-negative Pseudomonas aeruginosa (P.
aeruginosa, ATCC10145) bacterial strains were used. Both bacteria were grown in tryptic soy
broth (TSB, Sigma Aldrich) at 37°C for 24 hrs until a bacterial concentration of 10° Colony
Forming Units (CFU)/ml was achieved. The CFU/ml was measured by determining the absorbance
values of bacterial solution using a plate reader at 562 nm wavelength. To understand the bacteria
adhesion and morphology on the surfaces, a diluted bacteria culture of 10®° CFU/ml was used. The
surfaces were taken into a 48-well plate and sterilized by UV light for 30 mins and subsequently
washed twice with PBS for 5 mins. Then the surfaces were incubated with the 10° CFU/mL
bacteria solution for 6 hrs and 24 hrs at 37°C inside an incubator. After the incubation, the surfaces
were washed twice with PBS for 5 mins to remove any non-adhered bacteria from the surfaces

before subsequent characterization.

2.2.7.1 Bacteria adhesion on different surfaces

For evaluating the number of live or dead bacteria adhered on different surfaces, a
fluorescence microscope was used. For this, the surfaces were incubated at room temperature for
15 mins in a stain solution containing a 1:1 ratio of propidium iodide (dead bacteria stain) and Syto
9 (live bacterial stain) (3 ul/ml in PBS, Invitrogen). Then, the stain solution was removed, and the

surfaces were incubated with 3.7% formaldehyde for 15 mins at room temperature. After that, the
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formaldehyde was removed, and the surfaces were rinsed with PBS twice for 5 mins. Immediately
after that, the surfaces were imaged using a fluorescence microscope. ImageJ was used to evaluate
the percentage of area fraction covered by the live or dead bacteria on the surfaces. From staining

to imaging, all the procedures were conducted in dark.

2.2.7.2 Bacteria morphology on different surfaces

To characterize adhered bacteria morphology on different surfaces, SEM images were
collected for each surface after incubating with bacteria. After bacteria incubation, the surfaces
were incubated with a primary fixative solution containing 3% glutaraldehyde, 0.1 M sucrose, and
0.1 M sodium cacodylate in DI water for 45 mins at room temperature. Then the fixative solution
was removed, and the surfaces were incubated with a buffer solution containing the fixative
solution without the glutaraldehyde for 10 mins. Finally, the surfaces were dehydrated using 35%,
50%, 70%, and 100% ethanol solution (10 mins incubation in each solution). Before imaging with
SEM, the surfaces were kept dry inside a desiccator. Right before loading the surfaces in the SEM
instrument, a 10 nm gold coating was done by using Denton Vacuum Desk II Gold Sputter Coater

to improve surface conductivity for imaging.

2.2.8 Statistical analysis

For surface characterization, at least 3 samples (nxin = 3) of each surface were used. To
evaluate the cytotoxicity, at least 4 samples (nmin = 4) of each surface were incubated with ADSCs.
For antibacterial activity studies, 3 samples from each surface were used and all the experiments

were repeated at least twice (nmin= 6). For statistical analysis, a two-way analysis of variance test
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(ANOVA) was conducted followed by a post-hoc analysis (t-test). The results were considered

statistically significant when p value was less than 0.05.

2.3 Results and discussion
2.3.1. Morphology and Zn distribution on the surfaces

Morphological and topographical features of the Ti and NT surfaces were characterized by
SEM images. The morphological features on the surfaces are important for biomaterials since they
can affect cell and bacteria adhesion on surfaces. Surface properties, such as roughness, have been
reported to improve cell adhesion and osseointegration [35,36]. Titania nanotube array (NT) and
Zn incorporation can effectively change the morphological properties of the surfaces due to
treatments utilizing different chemicals and temperature ranges. Figure 2.1 shows the
representative SEM images of different surfaces. The Zn-doped Tinyt and Tiak surfaces exhibited
significant differences in the surface morphology. On the Tiny: surface, crystal-like structures were
found relatively evenly distributed throughout the surface. This is significantly different from the
Ti control surface where such crystal-like structures were absent. Thus, it was hypothesized that
these crystals were Zn crystals formed due to the hydrothermal process, and this was further
confirmed by EDS (discussed later). The Tiax surface exhibited a web-like structure. This is also
significantly different compared to the Ti and Tiny: surfaces. Alvarez et al. (2009) performed an
alkali heat treatment on Ti implants containing [Zn(OH)4]2— complex and found a similar web-
like structure, which they named a reticulated microporous structure [31]. Manivasagam and Popat
(2020) also treated Ti implants with an alkali solution at 60 °C for 24 h and found a similar web-
like structure [37]. So, the alkaline heat treatment in this study conformed to the reported literature.

From the SEM images collected on NT surfaces, it was evident that the anodization and annealing
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processes were successful in producing an evenly distributed NT array. The tubular geometrical
shapes were distinctly visible on NT surfaces, which resemble the NT shapes described in the
previously reported literature [5, 38-39]. The roughness of the implant surface is necessary to
biomimic the bone microenvironment inside a human body. NT arrays can provide that required
roughness, which can help in cell proliferation and viability. Moreover, the tubular-shaped
geometry can hinder the growth of bacterial adhesion due to charge repulsion, bacteria membrane
stretching by the NTs, and variations in surface roughness [13]. When these NT surfaces were
doped with Zn, a similar trend to that of Tiny: and Tiax was observed. The NThny surfaces were
prepared by hydrothermal treatment and had a crystal-like structure on top of the NTs. The Zn
crystals were also evenly distributed here but not as visible as the Tin: because of the
nanostructured surface architecture. Some of the Zn crystals were smaller than the diameter of the
NTs and the space between the surrounding NTs. So, it is possible that some crystals filled up the
space in these empty channels. For the alkaline heat-treated NTa surface, a familiar web-like
structure was visible. The web was formed on top of the NTs and was evenly distributed throughout
the surface. However, a new rod-shaped feature was found on the NTak surfaces which was absent
on the Tiak surfaces. These features were probably arising from the sodium (Na) content in the
alkaline (NaOH) solution used for Zn doping, which was later examined utilizing EDS. From the
morphological analysis of the surfaces, it was evident that two Zn doping techniques initiated

distinct morphological features on the surfaces compared to the pure Ti and NT controls.
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Figure 2.1. Representative SEM images of different surfaces at low (5000%) and high
magnification (insert, 30,000x).

To understand the distribution of different elements on the surfaces, EDS mapping was
conducted. The EDS mapping was especially helpful for understanding Zn-doping efficiency and
the distribution of Zn throughout the surfaces. Figure 2.2 shows representative EDS maps of NThyt
and NTax surfaces. For the hydrothermally treated Tiny: and NThy surfaces, although the Zn was
evenly distributed, its concentration was much higher where the crystal-like structures were
present. Hence, a higher magnification image was taken to understand the elemental composition
of these crystal-like structures (Figure 2.2). The magnified EDS mapping indicated a higher
concentration of Zn on these crystal-like structures, thus proving the crystals were indeed Zn
crystals. For alkaline heat-treated surfaces (Tiak and NTai), Zn was found to be evenly distributed.
Na distribution was also found for the alkaline heat-treated surfaces that might result from the
residual NaOH used in the Zn-doping treatment. However, the distribution of Na from EDS

mapping can be misleading since the characteristics X-ray released by these two elements are very
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similar in energy level (Na, Ko = 1.04 eV and Zn, La = 1.012). Yet, the EDS spectra signaled the
presence of Na on these surfaces, which was later confirmed utilizing XPS. A rod-shaped feature
was found to be present on the NTax surface. High-magnification mapping was performed for
these interesting features, which is shown in Figure 2.2. From the EDS mapping, it was found that
these features mainly consisted of Zn, Na, and O. So, from the EDS mapping, it was understood
that the web-like structure was mainly formed by the alkaline heat treatment of Zn and the rod-
like features were formed by the Zn and excess Na on the surfaces. Na was also found to be present
in Tia surfaces; although, they did not create a rod-like feature on the surface. This interesting
difference can result from the presence of NT arrays and their interaction with an alkaline solution

during the alkaline heat treatment process.
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Figure 2.2. EDS analysis of representative surfaces NThyt and NTax. The top two rows show the
EDS layered images of NThyt at different magnifications along with the Zn distribution. The bottom
two rows show the EDS layered images of NTai at different magnifications along with Zn and Na
distribution. White outlines in NThy (2nd row) and NTaik (4th row) is showing the crystal and rod-
shaped features on the NThyt and NTax surfaces respectively.

2.3.2. Surface chemistry

The pure Ti surface underwent multiple surface modifications in this work to improve its

biocompatibility. Hence, it is important to understand the chemical properties of the surfaces
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before and after these modifications. Additionally, evaluating the surface chemistry is required to
understand if the Zn doping was successful or not. As a first step, XPS survey scans were collected
for all the surfaces. XPS survey scans can identify the elements present on the surfaces along with
their relative concentration. From the survey scan of the Ti control, the presence of Ti2p3, Cls,
and O1s was detected, which is typical of the Ti XPS spectrum reported in the previous literature
[39]. However, after the Zn doping, both the Tinyt and Tiaik exhibited a new peak at binding energy
1022 eV that corresponds to the presence of Zn2p3 on the surfaces (Figure 2.3). The prominence
of this Zn2p3 peak was less in Tiak compared to the Tiny:, which indicated a lower amount of Zn
presence on the alkaline-treated surfaces. However, Tiaix exhibited another peak at binding energy
1071.4 eV corresponding to Nals, which came from the NaOH used in the solution for alkaline
heat treatment. The NT surface spectrum was similar to the Ti control, except for the high
prominence of the Ols peak (530 eV) due to the presence of titania (TiO2) on the surface. Like the
Tinyt and Tiai, the Zn-doped NThy: and NTaik surfaces also showed a new Zn2p3 peak (1022 eV),
which was absent both in the Ti and NT surfaces, thus confirming the successful doping of Zn on
the surfaces. Similar to the Tiai, the NTak also exhibited an Na peak (1071.4 eV) due to the

presence of NaOH in an alkaline solution.
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Figure 2.3. XPS survey spectra of different surfaces.

From the XPS survey scans, the elemental composition (atomic weight percentage, %at)
of the surfaces was calculated (Table 2.1). Both Ti and NT showed no Zn or Na as expected. The
%at of O increased from 34.7% to 57.3% between Ti and NT, indicating the presence of TiO2 on
the surface. Both the hydrothermally treated surfaces (Tiny: and NThyt) showed a higher amount of
Zn compared to the alkaline heat-treated surfaces. The amount of Zn on Tiny: was higher (21.6%)
compared to NThyt (16.9%), possibly due to the presence of a higher amount of O on NThqy:. On the
other hand, both alkaline heat-treated surfaces showed Na along with Zn. The amount of Na was
higher in NTax (18.1%) compared to Tiaik (9.8%), which probably affected the relative percentage

of Zn (NTaxk 1.3% and Tiai 4.1%) on these surfaces.
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Table 2.1. Elemental analysis (%at) of the surfaces from XPS survey spectra.

% C % O % Ti % Zn % Na
Ti 55.6 34.7 9.7 0.0 0.0
Tinyt 29.7 42.8 59 21.6 0.0
Tiai 19.2 51.7 15.2 4.1 9.8
NT 21.3 57.3 214 0.0 0.0
NThyt 17.7 53.6 11.7 16.9 0.0
NTak 19.5 49.0 12.0 1.3 18.1

2.3.3. Surface crystallinity

Both the NT array preparation and Zn-doping techniques used higher temperatures, which
can alter the crystalline phases of the surfaces. So, identifying these phases is important for this
study. After anodization, NT arrays were amorphous, but after the annealing treatment at 530 °C,
stable rutile and anatase crystalline structures were formed on the NT surfaces [36]. It is reported
that the presence of rutile and anatase phases on the implant surface can help in osteogenic activity
and osseointegration [40-42]. NT surfaces containing anatase and rutile phases also have been
reported to possess antibacterial properties by reducing antibacterial adhesion on the surfaces [43-
45]. In this work, all the NT surfaces showed a mixture of rutile and anatase phases (Figure 2.4).
NT and NThy surfaces had prominent anatase (25.27°, 48.01°, 53.91°) and rutile peaks (27.43°);
however, these peaks were not as prominent in NTax, possibly due to the presence of web-like
structure on top of the TiOz nanotubes. On the other hand, Ti control did not have any of these

anatase or rutile phases. Tinyt and Tiax showed the stable rutile phase (27.43°) coming from the
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high-temperature treatment for Zn doping. All the Zn-doped surfaces also showed a ZnO peak
(31.73°), which confirmed the presence of Zn on the surfaces once again. Similar to the other
peaks, the alkaline heat-treated surfaces showed less prominence of ZnO peak possibly due to the

lower amount of Zn on the surfaces. Unmarked peaks in Figure 2.4 correspond to Ti.

Anatase Rutile ZnO Anatase Anatase

o M
vl L M A
T | AJ\JL AR o
Tiwe | | JA A S
LI M [V A~
20 30 40 50 60 70 80

20 (degree)

Figure 2.4. XRD spectra of different surfaces.

2.3.4. Surface stability

Surface stability is a key factor for biomaterials. Since implants are intended to stay inside
the human body for a long period of time, it is important to understand the stability of the Zn-
doped surfaces. The stability of the Zn-doped surfaces was evaluated up to 4 weeks (28 days) of
incubation in DI water by taking an XPS survey scan and calculating surface elemental
compositions (%at). Table 2.2 shows the %at of Zn and Na before and after 28 days of incubation

in DI water. After 4 weeks, there was a significant decrease in Zn for the hydrothermally treated
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surfaces Tinyt and NThyt. Zn content in the Tinyt and NThyt reduced by almost 59% and 45%,
respectively. Whereas the alkaline heat-treated samples Tiax and NTakx showed a significant
increase in Zn. However, this is not due to an increase in the Zn content on the surfaces, but rather
a decrease In the Na content, which resulted in an Increase In the relative %at of Zn after 28 days.
Since the surfaces were incubated in DI water, the Na might have been dissolved in water resulting
in a significant decrease of Na on the surfaces after 28 days. The Ti control and NT surfaces did

not show any change during this experiment.

Table 2. %at of Zn and Na on the surfaces measured from XPS elemental analysis on Day 0 and
Day 28. The negative values in the %at change column indicate increased concentration after 28
days.

% Zn % Na
% %
Day 0 Day 28 Day 0 Day 28
Change Change
Ti 0.0 0.0 0.0 0.0 0.0 0.0
Tinyt 21.6 8.9 58.8 0.0 0.0 0.0
Tlaik 4.1 52 —26.8 9.8 4.4 55.1
NT 0.0 0.0 0.0 0.0 0.0 0.0
NThyt 16.9 9.2 45.6 0.0 0.0 0.0
NTaik 1.3 2.6 —100.0 18.1 0.0 100.0
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2.3.5. Surface wettability

Surface wettability is another important surface characteristic of an implant’s
biocompatibility. Hydrophilic surfaces have been reported to promote cell adhesion and
proliferation [46]. Hydrophilic surfaces can also reduce bacterial adhesion [44]. Surface wettability
can be calculated by measuring the apparent static contact angle using a droplet of water on the
surface. When the contact angle (0) is lower than 90°, the surfaces are defined as hydrophilic, and
when 6<100, then the surfaces are defined as superhydrophilic. All the treated surfaces in this work
exhibited a significantly reduced contact angle compared to the Ti control. Ti, Tinyt, and NThy: were
hydrophilic surfaces, whereas Tiaik, NT, and NTak surfaces were superhydrophilic (Figure 2.5).
All the surfaces except the Ti control were heat treated during annealing at 530 °C. During this
heat treatment, the hydrophilic property of the surfaces increased, which matched the reported
literature [44]. Thus, all the Zn-doped surfaces should potentially reduce bacterial adhesion and

improve cell proliferation on the implant surfaces due to their superhydrophilic nature.
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Figure 2.5. Static water contact angle of different surfaces. Images of water droplet on the surfaces
are also shown in the plot. Statistical significances (p-value) were represented as * p < 0.05 and
*x% p <0.001.
2.3.6. Mechanical properties

Mechanical properties such as material hardness, stiffness, and flexibility are important
factors that determine cell-material interactions and ultimately cell fate on implant surfaces [47].
Several studies have reported that cells receive mechanical signaling from the surrounding
microenvironment and prefer softer surfaces that promote cell adhesion on the material [47-50].
NT surfaces have nanoscale topographical features that can provide less restriction to deformation,
resulting in a softer surface compared to an unmodified Ti surface [49]. To understand these
mechanical properties, indentation hardness and elastic modulus of all the surfaces were evaluated

using the nanoindentation technique. Table 2.3 shows the hardness and elastic modulus values of
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different surfaces. NT and NTpy: showed the minimum hardness values of 0.32 + 0.02 GPa and
0.26 = 0.02 Gpa, respectively, whereas Ti control had a hardness value of 2.3 + 0.4 GPa. The NTax
exhibited a higher hardness value of 1.00 + 0.2 GPa, which was higher than other NT surfaces,
probably due to the presence of a web-like structure on top of the nanotubes as discussed in the
morphological analysis. This web-like structure created a separate layer on the nanotubes and
resulted in a higher restriction to deformation, which ultimately increased the hardness value. A
similar result was observed for the Tiax, which exhibited a similar hardness value of 2.4 + 0.2 GPa.
Elastic modulus values also showed a similar trend to the hardness values (Table 2.3). All the NT
surfaces exhibited lower elastic modulus compared to the Ti surfaces. This is an expected result
due to the topographical differences of the Ti and NT surfaces that changed the restriction towards

nanoindenter force.

Table 2.3. Indentation hardness and elastic modulus values for different surfaces.

Indentation Hardness (GPa) Elastic Modulus (GPa)
Ti 2.30+0.4 138 +£20
Tinyt 1.55+0.08 94+£5
Tiai 240+0.2 91 +£20
NT 0.32+0.02 23+1
NThyt 0.26 £0.02 45+ 4
NTaik 1.00+0.4 76 +20
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2.3.7. Cytotoxicity of the surfaces

Cytotoxicity of different surfaces was determined using adipose-derived stem cells
(ADSCs). The surfaces were incubated with ADSCs for 24 h before the lactate dehydrogenase
(LDH) released by the damaged cells was calculated. A higher amount of LDH indicates a highly
cytotoxic surface. The maximum release of LDH was calculated where all the cells were
intentionally damaged to get the highest amount of LDH. A spontaneous release value was also
calculated where no cells were damaged. When compared to these controls, all the surfaces showed

no apparent cytotoxicity (Figure 2.6).
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Figure 2.6. Cytotoxicity study of the surfaces against ADSCs. The values are represented as
absorbance values at 490 and 680 nm. Sp release and Max release represent spontaneous and
maximum LDH release values. *** represents p value <0.001 when compared to the max release.
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2.3.8. Bacteria adhesion

Bacterial infection is one of the major causes of orthopedic implant failure. Bacteria can
attach to the implant surface and start to proliferate, forming biofilms that protect the bacteria
colony from the surrounding immune response [13]. Most of the implant-related infections is
caused mainly by the Gram-positive bacteria genus of Staphylococcus with Staphylococcus aureus
(S. aureus) being a prominent infection-creating pathogen in this bacteria family [51-53]. Arciola
et al. (2005) surveyed 1027 isolates from 699 patients undergoing revision orthopedic surgeries
and found the majority of the infection was caused by S. aureus (35.5%) [51]. The second most
prominent genus was Gram-negative Pseudomonas, with Pseudomonas aeruginosa (P.
aeruginosa) being the most prominent infection-creating pathogen in this genus (6.7%) [51]. Even
after maintaining a highly sterile environment during orthopedic implant surgeries, bacteria can
still proliferate inside the host body [54]. Therefore, implants having antibacterial characteristics
are a crucial step to reduce implant-related bacterial infection. To assess the antibacterial activity
of the Zn-doped surfaces, all the surfaces were incubated for 6 h and 24 h with P. aeruginosa and
S. aureus. Then live/dead bacteria staining was performed to evaluate the number of bacteria
attached to each surface. Figure 2.7 shows the fluorescence microscopic images of the surfaces
after the incubation periods with P. aeruginosa. Figure 2.7 also shows the two plots that quantified
live and dead P. aeruginosa attached to different surfaces. Ti had the most bacteria attached to the
surface for both 6 h and 24 h incubation periods. The Zn-doped Tinyt and Tia had significantly
lower P. aeruginosa attached to their surfaces. NT had lower P. aeruginosa attached to its surface
when compared to the control Ti. All the Zn-doped surfaces reduced the P. aeruginosa attachment;
however, the least reduction of bacteria attachment came from the NThy: surface. For instance, the

area fraction % of Ti control by live P. aeruginosa after 6 h of incubation was 21.94%, whereas
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NThyt was 6.1% (Figure 2.7). The hydrothermally treated NThy surface had more Zn compared to

the NTak. So, the number of bacteria attached to the NThy: was less than NTa.
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Figure 2.7. Representative fluorescence microscopic images of surfaces after incubation with P
aeruginosa. The graphs represent the number of live and dead P. aeruginosa attached to the
surfaces. *, ** *** represent p-value < 0.05, <0.01, and <0.001 when compared with control Ti.
M represents p value < 0.01 when compared with NT.
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Similar to P. aeruginosa, S. aureus attachment was also found to be low in Zn-doped
surfaces compared to the control Ti. Figure 2.8 shows the fluorescence microscopic images and
quantified plots for S. aureus adhesion on the surfaces. After 6 h of incubation, both dead and live
S. aureus adhesion were significantly reduced for Zn-doped Ti and NT surfaces compared to the
Ti control. For instance, the area fraction % of Ti control by live S. aureus after 6 h of incubation
was 41.95%, whereas NThyt and NTax were 23.73% and 11.58%, respectively (Figure 2.8). After
24 h of incubation, dead S. aureus reduction was also significantly reduced in the Zn-doped
surfaces. Only in one case did the Ti control have better performance for live S. aureus reduction,
which was after 24 h of incubation. All the Zn-doped surfaces also reduced S. aureus adhesion

during this time; however, they were not significantly different from the Ti control.
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Figure 2.8. Representative fluorescence microscopic images of surfaces after incubation with S.
aureus. The graphs represent the number of live and dead S. aureus attached to the surfaces. *, **,
*#* represent p-value < 0.05, <0.01, and <0.001 when compared with control Ti. * represents p

value < 0.01 when compared with NT.

2.3.9. Bacteria morphology

Morphological analysis of viable bacteria on the implant surfaces is important to

understand how bacteria is attaching, proliferating, and forming biofilms. If bacteria can form a
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biofilm on the surface, it can protect the bacteria from antibacterial agents and can proliferate until
the implant fails. So, to understand bacteria morphology on the surfaces, SEM images were taken
after the bacteria were fixed by using relevant adhesives. Figure 2.9 shows the SEM images of the
surfaces after 6 h and 24 h of P. aeruginosa incubation. Similar to the results described earlier, the
Zn-doped surfaces reduced the P. aeruginosa attachment drastically. NT also reduced the P.
aeruginosa on its surface; however, most reduction came from the NThyt and Tinyt. Both surfaces
contained a higher amount of Zn compared to the NTax and Tiai, and hence, their antibacterial
activity was improved. After 24 h of incubation, a biofilm formation could be seen on the Ti
surface, which was absent on all the other surfaces. This finding confirmed the improved

antibacterial activity of the Zn-doped surfaces.
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Figure 2.9. Representative SEM images of bacteria morphology after 6 h and 24 h of P. aeruginosa
incubation.
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A similar result was observed when the surfaces were incubated with Gram-positive S.
aureus (Figure 2.10). Biofilm formation was also observed on the Ti surface after 24 h of
incubation with S. aureus, which was absent in all other surfaces. All the Zn-doped surfaces
reduced the amount of S. aureus adhesion; however, the Tinyt and NThy performed well in this case
due to the higher amount of Zn presence on the surfaces. When compared to P. aeruginosa, the S.
aureus adhesion was higher for all the surfaces. This is probably due to the surface charge
difference and size of the two bacteria tested. Although bacteria have an electronegatively charged
outer layer, they can differ from Gram-positive to Gram-negative because of the difference in cell-
wall composition [55]. Since the TiOz nanotube arrays have terminal hydroxyl groups which are
negatively charged too, they repulse the bacteria and thus reduce bacteria adhesion on the NT
surfaces [13]. For the differences in the electronegative charge between P. aeruginosa and S.
aureus, the relative amount of antibacterial activity can differ, which was indicated in this case.
Another important factor is the relative size of the two bacteria. P. aeruginosa is a rod-shaped
bacterium having 1-5 pm of length and a 1 pum width [56]. On the other hand, S. aureus is a
circular-shaped bacteria with a 1 pm diameter [57]. Due to this size difference, it is possible that
the smaller S. aureus could evade the stretching force [13] induced by the NT arrays and resulted

in more S. aureus attachment compared to P. aeruginosa.
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Figure 2.10. Representative SEM images of bacteria morphology after 6 h and 24 h of S. aureus
incubation.
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2.4 Conclusions

Nanoscale features on Ti surfaces can improve complications such as bacterial infection
and poor osseointegration. In this work, titania (TiO2) nanotube arrays (NT) were grown on pure
Ti surfaces followed by zinc (Zn) doping. SEM images revealed noticeable morphological
characteristics of the surfaces fabricated in this work. Hydrothermally treated Tinye and NThyt
surfaces had Zn crystals while the alkaline heat treatment created a web-like structure on the Tiax
and NTax surfaces. EDS analysis indicated an even distribution of Zn on different surfaces. XPS
confirmed the successful Zn doping on the surfaces while quantifying the amount of Zn. From the
XPS, it was evident that hydrothermal treatment induced a higher amount of Zn on the surfaces.
From the mechanical property analysis, it was found that the indentation hardness and elastic
modulus of the nanotube surfaces (NThy: and NTax) were significantly lower than the Ti surfaces.
This indicates a suitable platform for cell attachment, growth, and proliferation. While testing with
bacteria, all the Zn-doped surfaces exhibited significantly improved antibacterial characteristics
compared to the pure Ti. These results signified the greater potential of nanoscale surface

modification approaches to improve the biocompatibility of Ti-based orthopedic implants.
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CHAPTER 3/TITANIA (TiO2) NANOTUBE SURFACES DOPED WITH ZINC AND
STRONTIUM FOR IMPROVED CELL COMPATIBILITY

3.1 Introduction

Titanium-based orthopedic implants are gaining popularity in recent years due to their
excellent biocompatibility, superior corrosion resistance and lightweight properties. However,
these implants often fail to perform effectively due to poor osseointegration. Nanosurface
modification approaches may help to resolve this problem. In this work, TiO; nanotube (NT) arrays
were fabricated on commercially available pure titanium (Ti) surface by anodization and
annealing. Then, zinc (Zn) and strontium (Sr), important for cell signaling, were doped on the NT
surface by hydrothermal treatment. This very simple method of Zn and Sr doping takes less time
and energy compared to other complicated techniques. Different surface characterization tools
such as scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), energy-
dispersive X-ray spectroscopy (EDS), static water contact angle, X-ray diffraction (XRD) and
nanoindentation techniques were used to evaluate the modified surfaces. Then, adipose derived
stem cells (ADSCs) were cultured with the surfaces to evaluate cell adhesion, proliferation, and
growth on the surfaces. After that, the cells were differentiated towards osteogenic lineage to
evaluate alkaline phosphatase (ALP) activity, osteocalcin expression, and calcium phosphate
mineralization. Results indicate that NT surfaces doped with Zn and Sr had significantly enhanced
ADSC adhesion, proliferation, growth, and osteogenic differentiation compared to unmodified
surface, thus confirming the enhanced performance of these surfaces.

Orthopedic implants play a key role to provide necessary support to the dynamic bone
tissue while it undergoes remodeling and healing at the damaged site [1]. For a successful bone

healing, interaction between the implant surface and bone tissue is profoundly important and
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determines the success of the bone healing process. A proper interaction between the implant and
bone tissue by the formation of new bone matrix around the implant is known as osseointegration
[2]. An adequate osseointegration is determined by the osteoblast differentiation of mesenchymal
stem cells (MSC) which is known as osteoinductivity, along with the new bone matrix deposition
on the material surface known as osteoconductivity [3-4] Therefore, the osteoblast differentiation
on the implant surface can be a good indicator to understand the efficacy of the implant for better
osseointegration. For that reason, it is imperative to design implant surfaces that promote good
osseointegration resulting in successful bone healing.

Orthopedic implants can be made of different materials such as metallic, polymeric,
ceramic or composites. For example, a polymeric implant can be used for healing a damaged soft
cartilage tissue. However, when the goal is to provide robust support to the damaged bone, a
metallic implant is a better choice over polymer due to high cyclic load bearing capacity of metals
over polymers. Certain reasons dictate the dominance of metals as orthopedic implants, one of
which is the chemical inertness offered by the presence of an oxide layer on passive metal surfaces
[5]. Since 1921, three most popular choices of metallic orthopedic implants were stainless steel
(SS), chromium-cobalt (CC) alloys, and titanium (Ti) based implants [5]. Among these choices, Ti
offers superior advantage over the others owing to its corrosion prevention, inertness, superior
strength, and lightweight properties [6]. Additionally, Ti possesses excellent biocompatibility that
helps in reducing immune response and bacterial infection after the orthopedic implant surgery.
However, around 10% of Ti based implants fail each year mainly due to poor osseointegration
which causes aseptic loosening of the implant from the desired bone site [4].

To improve the osseointegration properties of the Ti implants, nanosurface modification

approaches have been utilized in recent years. Introduction of nanoscale features on pure Ti surface
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were found to increase extracellular matrix protein absorption and cell attachment, while
stimulating the osteogenic differentiation [7]. Several nano and micro surface modifications on Ti
surfaces have been utilized in recent years [8]. Among them, nanotube structures are interesting
because they impart additional material properties such as wettability, mechanical flexibility,
hemocompatibility, and biocompatibility which are advantageous over pure Ti [9-10]. The
nanotubes are formed by continuous anodization and etching of the TiO» layer. One of the
important advantages of the nanotube structure is that they can act as anchoring points for the
MSC:s to adhere efficiently to the surface. Another advantage is that the nanotube structures are
flexible in nature and help in accommodating the mechanical stress coming from the cells which
results in better cell attachment and spread. However, they do not provide any relevant important
signaling elements to the cells to differentiate into a specific phenotype. Therefore, a new approach
should be investigated for nanosurface modification of Ti to improve the osseointegration
properties.

Zinc (Zn) and strontium (Sr) act as important signaling elements for the MSCs to
differentiate into osteoblasts. Zn is found as a micronutrient in bone and help in bone formation
[11]. Additionally, previous studies reported that Zn provides antibacterial activity to the surfaces
[12-13]. On the other hand, Sr is another important trace element for maintaining bone health. Sr
helps in reducing osteoclast formation and improves osteoblasts differentiation which helps in
bone healing instead of bone resorption [14]. For these reasons, incorporation of these important
trace elements on the implant surface may help in achieving better cell compatibility and
osseointegration. Different doping techniques such as hydrothermal, alkaline heat-treatment, photo
electrolytic oxidation (PEO), micro-spark oxidation, magnetron sputtering, and plasma spray have

been reported in the literature [15]. Among these methods, hydrothermal process is relatively
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simple since it uses only few chemicals and a lower reaction time. In a previous study, Zn was
doped on Ti surfaces using hydrothermal and alkaline-heat treatment, and it was found that
hydrothermally treated surfaces provided better antibacterial activity than the alkaline-heat treated
surfaces [16]. In this study, Zn and Sr, were doped on the titanium surfaces via hydrothermal
treatment. The surfaces were characterized by using scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), and energy dispersive spectroscopy (EDS) to understand
surface morphology along with concentration and distribution of Zn and Sr on the surfaces. Static
water contact angle was measured using a goniometer to understand the surface wettability. X-ray
diffraction (XRD), nanoindentation hardness (H) and elastic modulus (E) were also measured to
understand surface crystallinity and mechanical properties of the surfaces. Then cell compatibility
of these surfaces was evaluated using adipose derived stem cells (ADSCs). Since ADSCs are
MSCs derived from the abundant adipose tissue by minimally invasive procedure, their use is
gaining popularity for biomaterials research [17]. ADSC adhesion, proliferation, and
differentiation to osteoblastic phenotype was analyzed on different surfaces. After that, Adhered
ADSCs were differentiated towards osteoblastic lineage. After 1 and 3 weeks of ADSC culture,
alkaline phosphatase (ALP) activity, osteocalcin expression, and cell mineralization were analyzed
to evaluate ADSC differentiation towards osteoblasts on the modified surfaces. The results indicate
that surfaces with Zn and Sr could significantly improve ADSC adhesion and proliferation
compared to pure titanium. TiO» nanotube (NT) surface doped with Sr exhibited the most
promising result by enhanced ADSC differentiation towards osteoblasts compare to other surfaces

indicating its potential of being used as an effective orthopedic implant surface.
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3.2 Experimental methods
3.2.1 Titania nanotube surface fabrication

To fabricate titania (TiO2) nanotube arrays on commercially available pure titanium (Ti)
surface, a method described in a previous work was followed [6]. Briefly, titanium surfaces of 2
cm X 2 cm were cut and polished using silicon carbide sheets. Then they were soaked for 3 min
in acetone followed by 10 min of sonication using a bath sonicator. Then the surfaces were cleaned
using soap and isopropyl alcohol followed by 10 min of sonication in isopropyl alcohol and
deionized (DI) water respectively. Then the surfaces were dried inside the fume hood prior to
anodization. For anodization, an electrolyte solution containing 95% diethylene glycol (DEG,
Thermo Fisher Scientific Chemicals Inc., Ward Hill, MA, USA), 2% hydrofluoric acid (HF, 48%,
KMG Electronic Chemicals, Inc., Houston, TX, USA), and 3% DI water was prepared. Then
cleaned Ti surfaces were connected to the electrolytic cell as anode using alligator tips. Similar
sized platinum (Pt) surfaces were connected to the electrolytic cell as cathode. Then 55 kV
electricity was applied to the electrolytic cells for 22 h at room temperature to perform anodizing
and electrochemical etching on the Ti surfaces resulting in fabrication of nanotube arrays. After
anodization, the surfaces were thoroughly cleaned with DI water and isopropyl alcohol and dried
inside a hood for further processing. A control group of surfaces were annealed right after
anodization at 530°C for 3 h with 15°C/min temperature increments. These surfaces were

designated as NT. Cleaned Ti surfaces were also used as controls.

3.2.2 Zinc and strontium doping on different surfaces

Zinc (Zn) and strontium (Sr) were doped on anodized titanium surfaces by hydrothermal

treatment. For Zn doping, the surfaces were incubated with a solution of 0.1 M zinc acetate inside
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a polytetrafluoroethylene (PTFE) lined hydrothermal autoclave reactor for 1 h at 200°C. To dope
Sr, the surfaces were incubated with a solution of 0.02 M strontium acetate octahydrate inside a
polytetrafluoroethylene (PTFE) lined hydrothermal autoclave reactor for 1 h at 200°C. After the
treatment, the surfaces were cleaned thoroughly with running DI water to remove excess solution.
Finally, the surfaces were annealed at 530°C for 3 h inside a furnace to prepare NTZn and NTSr

surfaces.

3.2.3 Surface characterization

Different surface properties such as surface morphology, Zn and Sr distribution on the
surface, surface chemistry, stability, wettability, and mechanical properties were evaluated in this
work. These different surface characterization methodologies are described below.

e To characterize the morphology of Ti, NT, NTZn, and NTSr surfaces, scanning electron
microscopic (SEM) images were collected using a JEOL JSM-6500F field emission
scanning electron microscope (FESEM). The operating voltage was 15 kV with a probe
current of 7 A. SEM images were collected in varying magnifications from 500x to
30,000x. To ensure high-equality SEM images, working distance, contrast and brightness
were adjusted during the image collection process.

e To examine the surface chemistry, X-ray photoelectron spectroscopy (XPS) survey spectra
were collected for each surface. A PHI Physical Electronics PE-5800 X-ray Photoelectron
Spectrometer with an Al Ka X-ray source was used to collect the survey spectra from 0 V
to 1100 V. MultiPak (version 9.6.1.7) software was used to analyze the XPS spectra. From
the survey spectra, corresponding atomic weight percentage (% at) of each element on the

surfaces were analyzed using the MultiPak software.
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To confirm a uniform distribution of Zn and Sr on the surfaces, energy-dispersive X-ray
spectroscopy (EDS) was used. An Oxford SDD EDS detector connected to the FESEM
was utilized to collect the EDS spectra and corresponding element maps for each surface.
Oxford Aztec software was used to analyze the EDS spectra and maps.

To evaluate wettability of the surfaces, static water contact angle was measured using a
Ramé-Hart goniometer (Ramé-Hart Instrument Co., Succasunna, NJ, USA). A DI water
droplet of approximately 10 pl was dropped on each surface using a micrometer syringe.
An image of the droplet was collected using the camera system of the goniometer. Finally,
contact angle values were measured from the images using the DROPimage software.

To examine surface crystallinity, X-ray diffraction (XRD) spectra were collected using
XRD-7000 Shimadzu. CuKa radiation at 40 kV and 30 mA was utilized while collecting
the spectra. A thin film geometry with an incidence angle of 5° was used. Continuous scans
from 20° to 80° at a scanning speed of 1°/min was used to collect the diffractograms.
Match! software with PDF2 database was used for indexing the peaks.

Surface mechanical properties such nanoindentation hardness (H) and elastic modulus (E)
were evaluated by using a nanoindentation procedure. A Nanoindenter (ZwicK-
Roell/Asmec) was programmed by an array (5 x 5), with 50 um distance between each
indentation and 0.1 N of maximum applied force on the surface by a calibrated Berkovich
tip. The indentation method used was the quasi-continuous stiffness measurement (QCSM)
method. This method allows for high accuracy measurements due to a progressively
increasing force (from 0—100 mN for this study) combined with a dwell time at each force

point.
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e To evaluate the Zn and Sr stability on the surfaces, XPS spectra of each surface was
collected at 0 and 28 days of incubation with DI water. 1 cm x 1 cm surfaces were cut and
XPS spectra were taken at 0 day. From the spectra, atomic weight % (at%) of the respective
Zn and Sr were calculated. Then, the surfaces were incubated with 500 ml of DI water for
28 days. XPS spectra were collected again and at% were calculated to evaluate the change

in Zn and St concentration on the surfaces.

3.2.4 Adipose derived stem cell (ADSC) culture

Adipose derived stem cells (ADSCs) of passage 3 were generously donated by Dr.
Kimberly Cox-York from the Department of Food Science and Human Nutrition at the Colorado
State University. The ADSCs were cultured in a growth medium containing 90% MEM Alpha
Modification (1%, cytiva, Marlborough, MA, USA), 9% fetal bovine serum (FBS), and 1%
penicillin-streptomycin in an incubator at 37°C and 5% COx. Prior to the cell compatibility studies,
surfaces of 1 cm X 1 cm dimensions were cut and sterilized with 70% ethanol and then thoroughly
cleaned with DI water and PBS followed by further sterilization with UV light for 30 min inside a
biological safety hood. Then the surfaces were taken into 48-well plates and 20,000 ADSCs/well
were introduced. Then the well plates were incubated at 37°C and 5% CO; for subsequent

experiments. The growth media was changed after 4 days of incubation for all the well plates.

3.2.5 Cytotoxicity evaluation
To evaluate the cytotoxicity of the surfaces, a lactate dehydrogenase (LDH) based indicator
assay (CyQuant™ LDH Cytotoxicity Assay Kit, ThermoFisher Scientific, Waltham, MA, USA)

was used. ADSCs (passage 6) were cultured separately followed by the method described above.
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Then, the surfaces were sterilized and incubated with 20,000 ADSCs/well for 24 hr. After the

incubation, 90 pl supernatant from each well were collected in a sterile 90 well plate. Then,

manufacturer’s protocol was followed to determine the cytotoxicity of the surfaces.

3.2.6 Cell adhesion, proliferation, and morphology on the surfaces

To evaluate cell adhesion and proliferation on the surfaces, the surfaces were taken out
from the incubator after 4 and 7 days. The surfaces were then rinsed with PBS for 3 times
to remove any unadhered cells. Then adhered cells were fixed on the surfaces using 3.7%
formaldehyde in PBS for 15 min followed by 3 rinses with PBS. The fixed cells were then
permealized using 1% triton-X in PBS followed by two rinses with PBS. Then the surfaces
were incubated for 25 min in 70 nM rhodamine phalloidin (Cytoskeleton, Inc., Denver,
CO, USA) which stained the actin filaments of the cells. Then 300 nm nuclear stain DAPI
(ThermoFisher Scientific, Waltham, MA, USA) was added. Then the surfaces were
incubated for 5 min followed by 2 rinses with PBS. Finally, a fluorescence microscope
(Zeiss) was used to collect images of the surfaces. The images were analyzed to quantify
cell adhesion and proliferation by counting the number of stained nuclei (DAPI) using
imagel software.

SEM images were collected to examine the adhered cell morphology on the surfaces. Prior
to image collection, the surfaces were taken out from the incubator after 4 and 7 days of
incubation. Then the surfaces were rinsed 3 times with PBS to remove any unadhered cells.
Then the surfaces were incubated with a primary fixative solution containing 3%
glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA), 0.1 M sucrose (Sigma-Aldrich, St.

Louis, MO, USA), and 0.1 M sodium cacodylate (Electron Microscopy Sciences, Hatfield,
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PA, USA) in DI water for 45 min at room temperature. After that, the surfaces were
incubated with a buffer solution containing the primary fixative without the glutaraldehyde
for 10 min. Then the adhered cells were dehydrated using 35%, 50%, 75%, and 100%
sequentially for 10 min in each solution. Then the surfaces were gold coated (10 nm
thickness) using a sputter coater to enhance the conductivity of the adhered cells. Finally,
the FESEM was used to take images of the surfaces at 15 kV with 7 A probe current. Images
of different magnifications ranging from 100x to 2000x were collected. Brightness,
contrast, and working distance settings were adjusted for ensuring high-quality of the SEM

images.

3.2.7 Osteogenic differentiation of ADSCs

After 7 days of ADSC culture with the growth media, osteogenesis was introduced using

an osteogenic differentiation media. This media was prepared by taking the growth media and

supplementing it with 10 M dexamethasone (Sigma, 98 %), 50 ug/mL ascorbic acid (Sigma, 100

%), and 6 mM B-glycerol phosphate (Sigma, 98 %). The differentiation media was changed every

other day for all the surfaces for 3 weeks. After 1 and 3 weeks of incubation period, the surfaces

were analyzed to evaluate cell differentiation properties.

Alkaline phosphate (ALP) activity of the cells at 1 and 3 weeks normalized by total protein
content was evaluated to determine the differentiation activity of ADSCs when incubated
with the surfaces. QuantiChrom™ Alkaline Phosphatase Assay Kit (DALP-250)
(BioAssay Systems, Hayward, CA) was used for colorimetric determination of serum

alkaline phosphatase activity. To measure the total protein content, a Micro BCA Protein
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Assay Kit (ThermoFisher Scientific, Waltham, MA, USA) was used. Manufacturer’s
protocols were followed to collect and analyze data for both assays.

Immunofluorescence (IF) images were collected for all the surfaces to evaluate osteocalcin
expression from the differentiated osteoblasts. For this, the surfaces were collected after 1
and 3 weeks, and washed with PBS for 3 times. Then the cells were fixed using 3.7%
formaldehyde in PBS for 15 min followed by 3 rinses with PBS. The fixed cells were then
permealized using 1% triton-X in PBS followed by two rinses with PBS. After that, the
cells were incubated with a blocking serum in PBS for 30 min followed by a rinse with
PBS. Then, the surfaces were incubated with a primary osteocalcin antibody solution
(1:100 in 1% BSA) for 1 h followed by three rinses with PBS. After that, the surfaces were
incubated with a secondary FITC-conjugated antibody (1:200 in 1% BSA) for 45 min
followed by two PBS rinses. After that, actin filament stain thodamine phalloidin and
nuclear stain DAPI were added followed by the procedure described above. Finally, IF
images of the surfaces were collected using a fluorescence microscope (Zeiss). Osteocalcin
coverage area and the number of adhered cells were analyzed from the images using imageJ
software.

SEM images were also collected to determine hydroxyapatite (HA) mineral deposition by
differentiated osteoblasts. After 1 and 3 weeks of incubation, the surfaces were washed
with PBS 3 times and the adhered cells were fixed to the surfaces following the SEM
protocol described above. EDS elemental maps were also collected to confirm the

elemental composition of the deposited minerals.
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3.2.8 Statistical analysis

For morphological surface characterization via SEM, at least 5 images were taken for each
sample group (nmin=35). For XPS, EDS, surface wettability analysis, 3 samples were used for each
sample group (nmin=3). During cell study, 3 samples were used for taking 9 fluorescence
microscope images (nnin=9). For cell viability, cytotoxicity, and protein studies (ALP, BCA) at
least 4 samples were used for each sample group (n..,=4). To evaluate statistically significant
difference between sample groups, analysis of variance (ANOVA) was conducted followed by

post-hoc T-test (&« = 0.05).

3.3 Results and discussions

Surface characteristics of materials dictates the way a biological agent such as bacteria or
cell interacts with the material. Previous studies suggest that nanoscale surface features can help
in reducing bacterial infection along with increment in stem cell adhesion, proliferation, and
differentiation [8,18-20]. Therefore, several material characterization techniques were utilized in
the current study to understand the surface features of the modified Ti surfaces. First,
morphological features of the surfaces were evaluated with scanning electron microscopic (SEM)
images (Figure 3.1). Ti had relatively smooth morphology with no unique distinguishable features.
When TiO; nanotubes (NT) were formed on the Ti surfaces via anodization and annealing,
significant morphological change was observed. When Ti surfaces is used as anode in an
electrolyte solution containing hydrofluoric acid (HF) alongside platinum as cathode, two separate
processes happen simultaneously. H>O from the electrolyte solution starts the anodization process
and creates a TiO2 layer. Simultaneously, pits form on this TiO> layer due to the electric field

dissolution of oxide layer. In those pits, the F~ from HF starts etching the oxide layer to form tubular
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nanotube structures [21]. As shown in SEM images in Figure 3.1, the tube-like structures were
evenly distributed on the surfaces. The nanotubes were around 80-100 nm long with a 30-50 nm
diameter. During the hydrothermal doping process, Zn ions from the zinc acetate solution forms
ZnO which get embedded into the TiO> nanotubes. The NTZn surfaces had crystal-like structures
(pointed by arrows in Figure 3.1) on top of nanotubes which were Zn crystals deposits from the
hydrothermal treatment (confirmed by EDS, described later). The Zn crystals were found to be
randomly distributed throughout the surface with certain areas having higher concentration of
crystals [17]. Further, SEM images revealed that NTSr surfaces had larger rod-shaped crystals
(pointed by arrows in Figure 3.1). These crystals were significantly larger in size compared to the
Zn crystals on the NTZn surface. During the Sr doping by hydrothermal treatment, Sr ions from
the strontium acetate octahydrate form SrTiO3 (confirmed by XRD spectra analysis, described
later) with TiO; that results into large crystals. A small amount of SrF» is also formed during this
stage by the reaction between residual F~ ions from anodization and Sr ions (confirmed by XPS,
described later). The formed crystals were mostly evenly distributed throughout the surface. Like

the NTZn surface, certain areas on NTSr surfaces had higher concentration of these crystals.
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Figure 3.1. SEM images of different surfaces.

Uniform distribution of Zn and Sr on the surfaces is important to ensure a consistent surface
for better osseointegration. Energy dispersive X-ray spectroscopy (EDS) maps were collected to
understand the Zn and Sr distribution on different surfaces. The EDS maps can also confirm
whether the crystals observed in SEM were Zn and Sr or not. EDS maps presented in Figure 3.2
showed the Zn and Sr distributions. The results confirmed that observed crystals in SEM images
were indeed Zn and Sr (confirmed by the purple-colored Zn and yellow-colored Sr maps). The
images also indicated that the ions were evenly distributed throughout the surfaces with some area

of higher concentrations. These results support the findings from SEM images.
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Figure 3.2. EDS maps of Ti, Zn and Sr on NTZn and NTSr surfaces.

Surface chemistry analysis is an important aspect to understand the successful chemical
modification on different surfaces. To understand the surface chemistry, XPS spectra were
collected for all the surfaces (Figure 3.3). Metal oxides such as TiO is formed on metals as a
natural process when the metal surface is in contact with atmospheric oxygen. The anodization
process helps to enhance this oxide formation while the presence of fluoride (F°) ion in the
electrolyte etches the oxide layer to form nanotubes. So, the surface chemistry of the NT should
not be drastically different than Ti, which was confirmed from the XPS spectra (Figure 3.3).
However, after Zn and Sr doping, new peaks were formed on the surfaces. Zn2p peaks were
identified at 1016 eV and 1021 eV binding energy, which confirmed the presence of Zn ions on
the NTZn surface. On the other hand, Sr3s and Sr3p peaks were identified at 357 eV and 268 eV
on the NTSr surface, confirming the presence of Sr on this surface. NTSr also had an additional
peak at 133 eV. This peak indicates the presence of SrF» which formed during the hydrothermal

process. It is possible that some residual F~ ions might have remained on the surface after
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anodization and interreacted with the Sr ions during the hydrothermal process to form SrF». Since
the amount of F~ was significantly less in the final NTSr surface, it should not possess any
cytotoxicity towards human cells (confirmed by cytotoxicity test, described later).

Zn2p1/2 O1s Ti2p3  Sr3s  Sr3p3/2

Zn2p3/2

et N NTSr

1
1
1
1
1
1
1 1
(] 1
[ 1
[ 1
"B ., W “A""/\-'—Ml
[ 1
1 1
[ 1
1 1
1 1
[ 1 1
1 A l\.,A_,\'
[ 1 1
[ 1 1
[ 1
1 1
= 1 1
[ i 1 1
L1 . . 1 —— —A: - AL
1000 800 600 400 200 0

Binding energy (eV)

Figure 3.3. XPS spectra of different surfaces.

Relative atomic weight percentage (at%) of different elements on the surfaces was
calculated from the XPS survey spectra (Table 3.1). The at% for Zn was 22% on NTZn, while Sr
was 16% on NTSr. The Sr at % of was a bit lower compared to Zn probably due to the lower
concentration of strontium acetate octahydrate during the hydrothermal process. These at% can be
optimized by changing the concentrations of the acetates, temperature, and time used during the
hydrothermal process. However, a thorough cytotoxicity analysis should follow because a higher
Zn or Sr concentration can be toxic to the human cells. The presence of F on the NTSr surface was

confirmed to be very low (0.8%).
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Table 3.1. Elemental composition of different surfaces from XPS survey spectra. The
compositions are expressed as relative atomic weight percentage (at%).

Surface % Zn % Sr % F
Ti 0 0 0
NT 0 0 0
NThyt 22 0 0
NTsr 0 16.1 0.8

Surface wettability is an important material property that can influence cell adhesion,
proliferation, and differentiation to osteoblasts. Previous studies have suggested that a
superhydrophilic surface can improve cell adhesion [22-23]. Other studies also suggest that
superhydrophilic surfaces can reduce bacteria adhesion and proliferation, thus reducing the risk of
bacterial infection owing to the surgical procedures of implant insertion in the host [24]. When the
contact angle is less than 10°, then the surface is superhydrophilic. The static water contact angle
of NT and NTSr was measured as 0°, confirming these surfaces were superhydrophilic (Figure
3.4). The NTZn surface was hydrophilic since the contact angle was a little bit higher (17°) than
NT and NTSr surfaces. Due to the presence of tubular structures on the NT surfaces, water
molecules get trapped between the empty spaces of the tubes, creating a thin water layer on the
surface that makes the surfaces superhydrophilic. However, when Zn crystals were deposited on

the NT, they likely disrupted the thin hydrophilic layer and reduced the hydrophilic properties.
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Figure 3.4. Static water contact angle measurements of the surfaces.

Surface crystallinity affects the stem cell adhesion, growth, and differentiation [25]. Thus,
determining crystalline phases of the modified Ti surfaces is important to understand the
probability of the cell compatibility of these surfaces. As a metal, Ti creates a thin oxide layer of
TiO> on its surface, which mostly constitutes of anatase phase (Figure 3.5). During the anodization
process, this thin TiO; layer was etched by the F~ ion and NT shapes were achieved. However, the
NTs were amorphous in this stage. So, to stabilize the structure for further applications, annealing
was conducted at 530°C which converted the amorphous regions to crystalline phases. In previous
reports it was identified that when both anatase and rutile phases are present in the TiO: layer, cell
spreading, and differentiation can improve [25]. Similarly, in this study, both anatase and rutile
phases were observed on the NT surfaces at 20 values of 25°, 48° and 27°, 55° respectively. The
result aligned with the previously reported peaks for TiO2 [26]. NTSr had prominent SrTiO3 peaks
at 32.55° and 46.68° that confirmed the presence of Sr on the surface. On the other hand, NTZn

had a very small ZnO peak at 31.72°.
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Figure 3.5. XRD spectra of different surfaces.

Mechanical properties of a material surface deeply influence the bioactivity towards the
stem cells. Besides, mechanical property analysis can also provide valuable information about the
characteristics of the surface important for orthopedic implant applications where constant
dynamic load is a factor. Since the surfaces used in this study have nanoscale characteristics, a
traditional Instron Tester was deemed unable to identify key mechanical properties owing to the
nanofeatures on these surfaces. For that reason, nanoindentation technique was applied to calculate
surface hardness (H) and elastic modulus (E). All the NT surfaces (NT, NTZn, and NTSr) had
lower H and E compared to the Ti surface as shown in Table 3.2. Since the nanotubes are flexible
in nature, they probably deflected the nanoindenter and accommodated the applied force, resulting
in a softer surface. These flexible and softer surfaces are imperative for the spreading, growth, and
differentiation of stem cells to osteoblasts. Previous reports indicated that a softer surface could

accommodate mechanical responses coming from the adhered cells which influences the specific
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phenotypic differentiation [27]. The elastic modulus and nanoindentation hardness of human
trabecular bone is reported as 13.4 GPa and 0.47 GPa [28]. The NT surfaces, especially the NTSr
surface has the closest values, thus resembling the mechanical properties of human trabecular
bone. Moreover, since the NTs are flexible in nature, they can accommodate the mechanoresponse

of ADSCs and help to improve the differentiation these cells to osteoblasts.

Table 3.2. Nanoindentation hardness (H) and elastic modulus (E) values of different surfaces.

Surface Nanoindentation Hardness | Elastic Modulus (GPa)
(GPa)

Ti 2.52+0.35 138.41+15.96

NT 0.51+0.06 53.17+3.93

NTZn 0.29+0.02 45.19+3.18

NTSr 0.25+0.05 37.64+4.58

Stability of doped Zn and Sr is a crucial for long term effectiveness of implant surfaces.
Further, inability of the surfaces to release these important signaling elements to the surrounding
environment will reduce the efficacy of the implants. For that reason, stability of the modified
surfaces was evaluated by analyzing XPS survey spectra after 0 and 28 days of incubation with DI
Water. At day 0, atomic weight % of Zn on NTZn surface was around 23% (Figure 3.6). However,
it reduced to approximately 5% after 28 days. This indicates that significant amount of Zn was
released in the surrounding DI water. A similar trend was observed for the Sr on NTSr surface. At

day 0, the atomic weight % of Sr was around 22%, however it was reduced to 10 % after 28 days.
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These results strongly indicate that the NTZn and NTSr surfaces release Zn and Sr respectively in

the surrounding environment that may enhance signaling effects for cell differentiation.
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Figure 3.6. Atomic weight percentages (at%) of Zn and Sr on the surfaces after 0 and 28 days of
incubation with DI water. Statistical significances (p-value) were represented as *** p < 0.001.
Since Zn and Sr surfaces are released from the modified surfaces, it is important to evaluate
the cytotoxicity of these surfaces. This is because Zn and Sr overdose can cause toxicity towards
surrounding cell and tissue [29-30]. To evaluate cytotoxicity, lactate dehydrogenase (LDH) based
indicator assay was used since damaged mammalian cells release LDH enzyme into the
surrounding cell media [31]. Two controls were used to evaluate the cytotoxicity of the surfaces:
spontaneous LDH release (SR) and maximum LDH release (MR). SR absorbance values were
calculated by culturing the ADSCs without any surface, whereas MR values were calculated by
damaging all the cultured cells using a 10x lysis buffer. Therefore, MR provided the maximum
amount of LDH released from the ADSCs in a culture which indicate the maximum cytotoxicity.
On the other hand, SR values indicated no cytotoxicity because no ADSCs were damaged. All the

modified surfaces in this study had absorbance values comparable to SR and significantly lower
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than MR (Figure 3.7), confirming that the surfaces do not exhibit any apparent cytotoxicity
towards ADSCs.
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Figure 3.7. Cytotoxicity evaluation of different surfaces. SR=spontaneous LDH release,
MR=maximum LDH release. Statistical significances (p-value) were represented as *** p <(.001.

Orthopedic implants are extrinsic materials to the host. So, an immediate immune response
occurs when an orthopedic implant is placed inside the host. However, if the surface of the implant
resembles the host body chemistry, then the immune response slows down and the implant gets
acclimated to the host environment which helps in bone healing. For a successful bone healing
process, cell adhesion, spread, and proliferation to the implant surface is necessary. Enhanced cell
adhesion and proliferation on the implant surface can result in better osteogenic differentiation in
later stage which influence better bone regeneration and healing process. ADSCs were cultured
with the surfaces for 4 and 7 days to evaluate cell adhesion and proliferation. The fluorescence
microscopy images (Figure 3.8) showed that all the surfaces had successful cell adhesion after the

culture period. However, a closer look reveals that the NTSr surfaces had more cell adhesion
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compared to the other surfaces. Also, adhered cells on the NT surfaces (NT, NTZn, and NTSr)

covered more area compared to the Ti, indicating better cell proliferation.

Day 4 Day 7

Figure 3.8. Fluorescence microscope images of the surfaces after 4 and 7 days of incubation with
ADSCs.
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The number of adhered cells were counted from the fluorescence microscopy images. It
was observed that at day 4, all the modified surfaces (NT, NTZn, and NTSr) had higher cell
adhesion compared to the Ti surface (Figure 3.9). The result aligned with the fluorescence images
and indicated that the Zn and Sr doping on surfaces could successfully facilitate higher cell
adhesion. At day 7, the Ti surface however caught up to the modified surfaces. The reason behind
this can be explained from the surface area and cell proliferation capability. Since NTs provide
better anchoring points for the cells to adhere to the surface, they spread better on the surfaces
overtime which may also help in better osteogenic differentiation. After 7 days of incubation,
adhered cells captured almost all the surface area and due to more spreading of cells on the NT

surfaces, the number of cells seemed lower in calculation.
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Figure 3.9. ADSC count on each surface after 4 and 7 days of incubation calculated from the
fluorescence images. Statistical significances (p-value) were represented as * p < 0.05 and *** p
< 0.001 when compared to Ti, and “** p < 0.001 when compared to NT.
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To understand the cell morphology on the surfaces, SEM images were collected after 4 and
7 days of incubation (Figure 3.10). The relatively dark areas on the SEM images represents the
adhered cells. The adhered cells on the Ti surfaces had very thin morphology compared to the NT
surfaces. Interestingly, the adhered cells on the NTZn and NTSr surfaces had long extensions
which may have resulted from better anchorage provided by the nanotube architecture. These
extensions also facilitated better cell communication and spreading which can influence
osteoblastic differentiation when suitable environment is provided. After 7 days of incubation, all
the surfaces were mostly covered by the cells. But the NTZn and NTSr surfaces still showed the

extension like structures which matched the results observed after 4 days of incubation.
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Figure 3.10. SEM images of the surfaces after 4 and 7 days of incubation with ADSCs.

To promote cell differentiation on different surfaces, differentiation media was introduced
to the cells after 7 days of culture on all surfaces. Then, after 1 and 3 weeks of culture in
differentiation media, several biochemical assays were used to understand the cell differentiation
potential. Firstly, alkaline phosphatase (ALP) activity of the differentiated cells was evaluated

(Figure 3.11). ALP activity is considered as an early indication of osteoblast differentiation since
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the ALP activity peaks just before bone mineralization begins [32]. Hydroxyapatite is the mineral
phase of bone and increased ALP activity indicates increased level of inorganic phosphate, which
is a major component of hydroxyapatite [4, 32]. All the surfaces had similar level of ALP activity
after 1 week (Figure 3.11). However, the average ALP activity was higher for the NT surfaces
compared to the Ti surface. After 3 weeks, NTZn had the highest ALP activity of all the surfaces.
NTSr had lower ALP activity compared to the Ti surface which indicated that the ALP activity
reduced because mineralization had already begun, which aligns with the early mineralization
activity by NTSr confirmed by SEM images (discussed later). From the results, it was evident that
ALP activity was higher in modified surfaces which is a good indication of ADSC differentiation

on these surfaces.
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Figure 3.11. ALP activity of differentiated ADSCs on different surfaces after 1 and 3 weeks,
normalized by the total protein content.

Then osteocalcin expression from the differentiated ADSCs was evaluated. Osteocalcin is
a hormone released by matured osteoblasts and is a good indication of differentiation into

osteoblasts [33]. Immunofluorescence images were utilized to understand the osteocalcin
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expression as shown in Figure 3.12. The green areas are expressed osteocalcin from the
differentiated ADSCs. After 1 week, osteocalcin expressed from Ti and NT surfaces were very
low. However, osteocalcin released from both NTZn and NTSr were higher than the Ti surface,

indicating a faster ADSC differentiation to osteoblasts on these surfaces.

Week 1 Week 3
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Figure 3.12. Immunofluorescence microscopic images of the surfaces after 1 and 3 weeks of
culturing ADSCs with differentiation media. The green color represents osteocalcin expression by
the differentiated ADSCs.

Then quantitative analysis was conducted by calculating the osteocalcin area coverage on
the images normalized by the attached cells (Figure 3.13). NTZn and NTSr surfaces had
significantly higher osteocalcin expression after 1 week, which is a strong indication of ADSC
differentiation to osteoblasts. After 3 weeks, all the NT surfaces expressed significantly higher
osteocalcin than unmodified Ti surface. NTSr surface had the significantly higher osteocalcin
expression among the modified surfaces. From the result, it is evident that modified surfaces,
especially NTSr help in better ADSC differentiation compared to unmodified Ti surface which
may have resulted from the better ADSC adhesion and spreading.
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Figure 3.13. Osteocalcin area fraction normalized by the number of adhered ADSCs to the
surfaces. Statistical significances (p-value) were represented as ** p <0.01 and *** p <0.001.

Mineralization initiates when osteoblasts start producing hydroxyapatite (HA) that is

composed of calcium and phosphorus [33]. Released ALP from the osteoblasts reacts with the
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contents from differentiation media resulting in HA crystals that are deposited on the surfaces as
minerals [33]. These crystals are easily visible by SEM images (Figure 3.14). Additionally, EDS
mapping is a crucial tool to confirm the contents of HA crystals. After 1 week of ADSC culturing
with the differentiation media, no surfaces had any HA crystal deposition except for NTSr. (Figure
3.14, arrow marked). This is another strong indication of early ADSC differentiation and
mineralization on the NTSr surface confirming the findings in ALP activity. After 3 weeks, all the
surfaces had increased amount of crystal deposition (white circular shapes, arrow marked in
Figure 3.14). However, the modified surfaces showed enhanced mineral deposition compared to
the pure Ti surface, confirming improved ADSC differentiation and new bone matrix formation by
the modified surfaces. To confirm the elemental composition of these crystals, EDS maps were
collected (Figure 3.14). It was observed that all the minerals were composed of calcium (Ca) and
phosphorus (P), which confirmed the mineralization of ADSCs resulting from differentiation of
these cells into osteoblasts. From the Ca and P maps, it was also identified that the amount of Ca
and P was much higher than Ti and NT surfaces, indicating a strong influence of Zn and Sr on the

ADSC differentiation.

98



Figure 3.14. SEM images and EDS maps of the surfaces after introducing osteoblast
differentiation to ADSCs. Arrow marks show the HA crystal deposition on the surfaces.

3.4 Conclusions

Nanosurface modification of titanium orthopedic implants have promising implications to
improve their performance. In this work, TiO> nanotube (NT) arrays were fabricated on pure
titanium (Ti) and doped with important signaling elements such as zinc (Zn) and strontium (Sr).
Differences in surface morphology were identified from the SEM images. Both the NTZn and
NTSr surfaces had crystal like structures but the shape and size of these crystals were different.
EDS maps confirmed an even distribution of the doped elements with regions of high

concentration. XPS spectra confirmed successful doping of the Zn and Sr along with their release
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profile over a 28-day period. XRD analysis confirmed the presence of rutile and anatase phases on
the modified surfaces that can help in cell compatibility. Nanoindentation technique was utilized
to evaluate indentation hardness and elastic modulus of the modified surfaces. It was observed that
the modified surfaces were flexible in nature that can help in accommodating dynamic response
coming from the cells during cell adhesion, proliferation, and growth. Studies with ADSCs
revealed enhanced cell adhesion, proliferation, and growth properties of the modified surfaces,
especially the NTSr, confirming the efficacy of signaling element. The differentiation assays
revealed that NTSr performed significantly better to start early and faster differentiation of the
adhered ADSCs into osteoblasts. This study provided an interesting approach to fabricate titanium
orthopedic implants with NTs and important signaling elements like Zn and Sr that holds potential

to effectively improve the performance of orthopedic implants by improving osseointegration.
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CHAPTER 4/DUAL DOPING OF ZINC AND STRONTIUM ON TITANIA NANOTUBE
SURFACES FOR SIMULTANEOUS ANTIBACTERIAL ACTIVITY WITH IMPROVED
STEM CELL COMPATIBILITY

4.1 Introduction

Orthopedic implants are wonders of modern science to treat bone related injuries and
damages. Mostly, these implants are made of metals such as stainless steel, chromium-cobalt
alloys, or titanium and their alloys. Titanium (Ti) implants offers unique advantages over other
materials owing to their superior biocompatibility and biological inertness along with lightweight
and excellent corrosion resistance properties [1]. These properties made Ti a popular choice for
orthopedic implant applications in recent years. However, these implants often suffer from two
major complications- bacterial infection and poor osseointegration. These failure points and
potential remedies utilizing the nanotechnology were discussed in the earlier chapters.

During implant surgery, bacteria can adhere to the implant surface and start proliferating
on the surface using the nutrients from surrounding tissues. The bacteria biofilm layer is formed
as a result which provides a safe environment for the proliferating bacteria. For this reason, bone
progenitor cells such as mesenchymal stem cells (MSC) cannot adhere to the implant surface,
resulting in implant failure. The implant failure can also happen due to poor osseointegration which
is defined as a failed anchorage between the implant and bone tissue. Since implants are foreign
material to host, an immediate immune response takes place to cover the surface with fibrous tissue
instead of MSCs. The fibrous capsule deters new bone tissue formation around the implant surface
and thus the implant fails.

To overcome these implant failures, the use of nanotechnology to fabricate TiO> nanotube

arrays (NT) was discussed in Chapter 2. NT significantly influences the surface properties of Ti-
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based implants. NT surfaces are superhydrophilic compared to the pure Ti surface. The NTs also
make the implant surface softer and allows the adhering stem cells to spread more by providing
effective anchorage points. When important trace elements such as zinc (Zn) and strontium (Sr)
were doped on the surfaces, unique morphological features were observed. Zn doped NTZn surface
could significantly reduce Gram-positive S. aureus and Gram-negative P. aeruginosa adhesion to
the surface. These results were discussed in Chapter 2. After that, Zn and Sr were separately doped
on NT surfaces using hydrothermal treatment to evaluate cell compatibility. The results indicated
that NTZn and NTSr could significantly improve the osseointegration properties of the implants
by allowing early osteogenic differentiation of adipose derived stem cells (ADSC). These results
were discussed thoroughly in Chapter 3.

The next goal of the project was to fabricate a NT surface by simultaneous doping of Zn
and Sr to evaluate both the antibacterial activity and cell compatibility. Simultaneous doping of
multiple trace elements for achieving various bioactivity is lacking in the literature. Often,
researchers use complex and multiple doping techniques to prepare bioactive implant surface.
However, the hydrothermal method utilized in this study is a simple and easy process for element
doping on Ti surfaces that can provide effective results. Therefore, Zn and Sr were simultaneously
doped on NT by using the hydrothermal process to prepare NTZnSr surface. Surface morphology,
elemental composition, and wettability were evaluated using scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), and contact angle measurements. Then the
surfaces were evaluated for antibacterial activity by incubating with Gram-positive S. aureus and
Gram-negative P. aeruginosa for 24 h. Results indicated that the NTZnSr could significantly
reduce both bacteria adhesion and biofilm formation. Then ADSCs were cultured on the surface

for 4 and 7 days to evaluate cell adhesion, proliferation, and differentiation properties to

107



osteoblasts. The results indicated that NTZnSr initially had lower cell adhesion compared to Ti,
but the cell differentiation was faster and higher confirmed by osteocalcin expression and
osteoblast mineralization studies. These results clearly indicate that simultaneous doping of Zn
and Sr by the easy hydrothermal treatment is an effective way to improve the bioactivity of Ti

implants.

4.2 Materials and methods
4.2.1 TiO2 nanotube fabrication

TiOz nanotube arrays were fabricated on commercially available pure Ti surfaces following
a method described earlier [2]. Firstly, 2 cm X 2 cm Ti surfaces were cut and polished using silicon
carbide sheets. Then they were soaked in acetone for 3 min to clean oil, wax, and other impurities
from the surface. Then they were sonicated with acetone for 10 min in a bath sonicator for thorough
cleaning. After that the surfaces were cleaned further with DI water, soap, and isopropyl alcohol.
Then the surfaces were sonicated with isopropyl alcohol and DI water for 10 min each. Then the
surfaces were cleaned again with DI water and dried inside a hood. An electrolytic cell was used
for anodization where a solution containing 95% diethylene glycol (DEG, Thermo Fisher
Scientific Chemicals Inc., Ward Hill, MA, USA), 2% hydrofluoric acid (HF, 48%, KMG Electronic
Chemicals, Inc., Houston, TX, USA), and 3% DI water was used. Cleaned Ti surfaces were hooked
to the electrolytic cell as anodes and similar sized cleaned platinum surfaces were hooked as
cathode using alligator clips. 55 kV of electrical voltage was supplied to the electrolytic cells for
22 h. After that, the surfaces were cleaned thoroughly with running DI water and isopropyl alcohol

and dried inside a hood. A set of control NT sample was prepared after that by annealing the
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surfaces at 530° C for 3 h with 15° C/min of temperature increment. Cleaned Ti surfaces were also

used as controls.

4.2.2 Simultaneous doping of zinc and strontium

Zinc (Zn) and strontium (Sr) were doped on the as anodized surfaces using a hydrothermal
method. After anodization, firstly, the surfaces were taken into a polytetrafluoroethylene (PTFE)
lined hydrothermal autoclave reactor with a solution containing 0.1 M zinc acetate. Then the
reactor was heated inside an oven at 200° C for 1 h. After that, the Zn doped surfaces were cleaned
thoroughly with running DI water to remove excess Zn. Then the surfaces were taken inside
another PTFE lined hydrothermal autoclave reactor with a solution containing 0.02 M strontium
acetate octahydrate and heated inside an oven at 200° C for 1 h. After that, the surfaces were
cleaned again thoroughly with running DI water to remove excess Sr. Finally, the surfaces were
annealed at 530° C for 3 h with 15° C/min of temperature increment using a furnace to prepare

NTZnSr.

4.2.3 Surface characterization
e Surface morphology of Ti, NT, and NTZnSr was characterized using a JEOL JSM-6500F
field emission scanning electron microscope (FESEM). The probe current during image
collection was 7 A with an operating voltage of 15 kV. Different magnifications ranging
from 500x to 20,000x were used to collect scanning electron microscopic (SEM) images.
Working distance, contrast, and brightness were adjusted as needed to ensure high-quality

image collection.
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To evaluate doped Zn and Sr distribution, energy-dispersive X-ray spectroscopy (EDS)
maps were collected using an Oxford SDD EDS detector connected to the FESEM. EDS
spectra, layered images, and elemental maps were collected and analyzed using the Oxford
Aztec software.

Surface chemistry was analyzed by evaluating X-ray photoelectron spectroscopy (XPS)
survey spectra collected by using a PHI Physical Electronics PE-5800 X-ray Photoelectron
Spectrometer with an Al Ka X-ray source. The survey spectra for each surface were
collected from 0 V to 1100 V. MultiPak (version 9.6.1.7) software was used to analyze the
spectra and calculate relative atomic weight % (at%) of each element on the surfaces.
Wettability of the surfaces were evaluated by collecting static water contact angle using a
Ramé-Hart goniometer (Ramé-Hart Instrument Co., Succasunna, NJ, USA). A water
droplet of approximately 10 ul was dropped on each surface was dropped on each surface
using a micrometer syringe and an image of the droplet was collected using the camera
system of the goniometer. Then DROPimage software was used to measure the contact

angle value from the image.

4.2.4 Bacteria culture

Gram-positive Staphylococcus aures (S. aureus, ATCC6538) and Gram-negative

Pseudomonas aeruginosa (P. aeruginosa, ATCC10145) bacterial strains were cultured in tryptic
soy broth (TSB) for at 37° C. The bacterial concentration was monitored by taking absorbance
values of the bacteria culture at 562 nm using a plate reader. The bacteria culture was continued
until a bacterial concentration of 10° colony forming units (CFU)/ml was achieved. Prior to

bacterial adhesion and morphological studies, the surfaces were taken into 48-well plates and
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sterilized for 10 min using 70% ethanol. Then the surfaces were thoroughly washed with DI water
for 3 times followed by further sterilization under UV light for 30 min inside a biosafety hood.
Then the surfaces were further washed 2 times with phosphate buffer saline (PBS) and dried inside
the hood. The bacterial culture was diluted to 10 CFU/ml using TSB media. Then the surfaces

were incubated with the diluted bacteria solution for 6 h and 24 h at 37° C inside an incubator.

4.2.5 Bacteria adhesion

After 6 h and 24 h of incubation, bacteria solution was removed, and the surfaces were
washed for 3 times using PBS to remove any unadhered bacteria to the surface. Then the surfaces
were incubated at room temperature for 15 min in a stain solution containing a 1:1 ratio of
propidium iodide (dead bacteria stain) and Syto 9 (live bacterial stain) (3 uL/mL in PBS,
ThermoFisher Scientific, Waltham, MA, USA). Then the stain solution was removed, and the
surfaces were washed with PBS to remove excess stain. After that the adhered bacteria were fixed
by incubating the surfaces with 3.7% formaldehyde (Fisher Chemical, Fair Lawn, NJ, USA) for
15 min at room temperature. Then formaldehyde was removed, and the surfaces were washed with
PBS twice. Immediately, the surfaces were imaged using a fluorescence microscope. Imagel
software was used to analyze the area fraction coverage by the bacteria on each surface. All the

procedures from staining to image collection were conducted in dark.

4.2.6 Bacteria morphology
After 6 h and 24 h incubation with bacteria solution, the surfaces were washed with PBS
for 3 times. Then the surfaces were incubated with a primary fixative solution containing 3%

glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA), 0.1 M sucrose (Sigma-Aldrich, St. Louis,
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MO, USA), and 0.1 M sodium cacodylate (Electron Microscopy Sciences, Hatfield, PA, USA) in
DI water for 45 min. After that the surfaces were incubated for 10 min with a buffer solution
containing the fixative solution but without the glutaraldehyde. Then the surfaces were dehydrated
in 35%, 50%, 70%, and 100% ethanol for 10 min each. Then, SEM images were collected from
each surface using the FESEM. Prior to imaging, the surfaces were gold coated (10 nm) using a

Denton Vacuum Desk II Gold Sputter Coater to improve the conductivity.

4.2.7 Adipose derived stem cell (ADSC) culture

Adipose derived stem cells (ADSC) were generously donated to the lab by Dr. Kimberly
Cox-York from the Department of Food Science and Human Nutrition at the Colorado State
University. The cells were cultured in a growth media at 37°C inside an incubator. The growth
media was prepared by mixing 90% MEM Alpha Modification (1%, cytiva, Marlborough, MA,
USA), 9% fetal bovine serum (FBS), and 1% penicillin-streptomycin. Prior to cell seeding, the
surfaces were sterilized following the method described above. Finally, the ADSCs were seeded

on the surfaces at a final concentration of 20,000 ADSC/well.

4.2.8 Cytotoxicity evaluation of the surfaces

Cytotoxicity of the surfaces were evaluated by using a lactate dehydrogenase (LDH) based
indicator assay. First, ADSC (passage 5) were cultured using the growth media. Then sterilized
surfaces were seeded with cells maintaining a final concentration of 20,000 cells/well. After that
the surfaces were incubated with seeded cells at 37°C for 48 h inside an incubator. 2 control
samples were produced- spontaneous release where cells were seeded in an empty well, and

maximum release where cells were seeded in an empty well but were lysed using a 10% lysis
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buffer after 24 h of cell culture. Then 50 pl of cell suspension was taken out from each well and
taken into a 96 well plate. After that manufacturer’s protocol was followed to collect absorbance
values for each surface which corresponds to the cytotoxicity imparted by the surfaces towards the

cells.

4.2.9 Cell adhesion, proliferation, and morphology

Cell adhesion and proliferation on the surfaces were evaluated by fluorescence microscopy.
After 4 and 7 days of culturing the surfaces with ADSCs, the surfaces were rinsed with PBS for 3
times to remove unadhered cells. Then adhered cells were fixed to the surfaces using 3.7%
formaldehyde in PBS for 15 min followed by 3 times wash with PBS. Then the cells were
permealized using 1% triton-X in PBS followed by 2 times wash with PBS. After that, actin
filaments of the adhered cells were stained using 70 nM rhodamine phalloidin (Cytoskeleton, Inc.,
Denver, CO, USA) for 25 min. Then 300 nm nuclear stain DAPI (ThermoFisher Scientific,
Waltham, MA, USA) was added to stain the nucleus of the adhered cells. After that the stain
solution was removed the surfaces were washed with PBS for 2 times. Then a fluorescence
microscope was used to collect images of the surfaces. ImageJ software was used to quantify the
number of adhered cells to the surfaces.

For evaluating the morphology of the surfaces, a procedure similar to the bacterial

morphology evaluation was followed that is described earlier.

4.2.10 Osteogenic differentiation of ADSC

Osteogenic differentiation was introduced to the ADSCs after 7 days of culture with the

growth media. The differentiation media prepared by supplementing the growth media with 10
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M dexamethasone (Sigma, 98 %), 50 pg/mL ascorbic acid (Sigma, 100 %), and 6 mM B-glycerol
phosphate (Sigma, 98 %) and added to the wells after 7 days of culture. The differentiation media
was changed every other day for 1 and 3 weeks. After 1 and 3 weeks of culture with the
differentiation media, alkaline phosphatase (ALP) activity, total protein content,
immunofluorescence (IF) microscopic images, SEM images, and EDS maps were collected to
evaluate ADSC differentiation to osteoblasts when cultured with the surfaces.

e After 1 and 3 weeks, QuantiChrom™ Alkaline Phosphatase Assay Kit (DALP-250)
(BioAssay Systems, Hayward, CA) was used for colorimetric determination of serum
alkaline phosphatase. To evaluate total protein content, a Micro BCA Protein Assay Kit
(ThermoFisher Scientific, Waltham, MA, USA) was used. Then serum alkaline
phosphatase was normalized by the total protein content to evaluate ALP activity.

e [IF images from each surface were collected after 1 and 3 weeks to evaluate osteocalcin
expression by the differentiated ADSCs. At first, the surfaces were washed 3 times with
PBS after the culture. Then adhered cells were fixed with 3.7% formaldehyde in PBS for
15 min followed by 3 rinses with PBS. Then the cells were permealized using 1% triton-X
in PBS followed by two rinses with PBS. After that, a blocking serum containing 10%
bovine serum albumin (BSA) in PBS was added. The cells were incubated with the
blocking serum for 30 min followed by a rinse with PBS. Then the cells were incubated
with a primary osteocalcin antibody solution (1:100 in 1% BSA) followed by 3 times wash
with PBS. Then the cells were incubated with a secondary FITC conjugated antibody
(1:200 in 1% BSA) for 45 min followed by two PBS rinses. After that the cells were
incubated with actin filament stain rhodamine phalloidin and nuclear stain DAPI following

the procedure described earlier. Then IF images were collected using a fluorescence
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microscope. Imagel software was used to evaluate osteocalcin expression coverage area
normalized by adhered cell numbers for each surface.

e SEM images were collected to analyze mineralization of osteoblasts that forms
hydroxyapatite crystals on the surfaces. After 1 and 3 weeks, the surfaces were washed
with PBS for 3 times followed by the cell fixation procedure for SEM image collection
described earlier. EDS maps were also collected followed by the procedure described

earlier to confirm mineral content of the deposited crystals on the surfaces.

4.2.11 Statistical analysis

For morphological analysis, at least 5 SEM images were collected from each group
(nmin=>5). For rest of the surface characterization (EDS, XPS, contact angle) at least 3 samples were
used from each group (nmin=3). For bacteria study, at least 9 fluorescence microscopic images
(nmin=9) and 5 SEM images (nnin=5) were collected from each group. For cell adhesion and
proliferation study, at least 9 fluorescence microscopic images (7,,»=9) and 5 SEM images (7i»=5)
were collected from each group. At least 3 samples from each group were used for ALP activity,
total protein, and calcium assays (nxi,=3). Finally, at least 9 immunofluorescence microscopic
images (nmin=9) and at least 5 SEM images (n.i»=5) were collected for cell differentiation studies.
To evaluate statistically significant difference between sample groups, analysis of variance

(ANOVA) was conducted followed by post-hoc T-test (« = 0.05).

4.3 Results and discussions

Titanium (Ti) implants are often used for orthopedic implant applications due to their

superior mechanical properties. But they often suffer from poor antibacterial and osseointegration
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properties. Several studies were conducted to improve antibacterial activity or osseointegration
properties of Ti surfaces, but there remains a lack of studies that focused on improving both
properties simultaneously. To achieve the goal of improving both antibacterial and
osseointegration properties of Ti implants, first TiO2 nanotubes (NT) were fabricated on pure Ti
surfaces in this work. Then important antibacterial and cell signaling elements, zinc (Zn) and
strontium (Sr) were doped simultaneously on the NT surfaces using a very simple hydrothermal
method. Morphological analysis of the surfaces revealed that Ti surfaces did not have any unique
surface properties, rather had a relatively smooth surface (Figure 4.1). After the nanotube
fabrication, tubular shaped nanotubes were found on the NT surface that were evenly distributed
throughout the surface. These nanotubes were 80-100 nm long with a diameter ranging from 30 to
50 nm. The nanotubes were formed as a result of continuous anodization and etching processes.
When Ti is anodized in an electrolytic cell, a TiO2 layer is produced and simultaneously pits formed
on this layer due to the electric field dissolution of the oxide layer. At the same time, fluoride (F")
ions from the hydrofluoric acid (HF) in the electrolyte solution starts etching the TiO> layer and
over a period of 22 h forms the evenly distributed nanotube arrays on the surface [3-4]. Then
hydrothermal treatment was conducted to dope Zn and Sr ions on these NT surfaces. During the
first treatment, Zn ions from the zinc acetate solution forms ZnO that gets embedded to the TiO»
layer. After that, during the Sr doping process, Sr ions from the strontium acetate octahydrate
solution forms SrTiO; that also gets embedded to the TiO; layer. SEM images revealed that the
NTZnSr surface possess both the small hexagonal Zn crystals and longer Sr crystals (Figure 4.1)

which match with the earlier works (Chapter 2 and 3).
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Figure 4.1. SEM images of different surfaces. Zn and Sr crystals are indicated by red and yellow
arrows respectively.

Antibacterial activity and cell compatibility of the modified surfaces depends on a uniform
distribution of important bactericidal and cell signaling element distribution throughout the
surface. To evaluate Zn and Sr ion distribution on NTZnSr surface, EDS maps of these elements
were collected. Figure 4.2 shows the Zn and Sr elemental maps on NTZnSr surface. Zn and Sr

were found evenly distributed throughout the surface. A trace amount of fluoride (F) was observed
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on the surface which resulted from SrF» (confirmed by XPS later) which formed during the
hydrothermal treatment by a reaction between residual F~ ion from anodization and Sr ion from

strontium acetate octahydrate solution.

Figure 4.2. Elemental EDS maps of NTZnSr surface.

Since the EDS maps confirmed a uniform distribution of Zn and Sr on the NTZnSr surface,
it was imperative to evaluate the concentration of these elements on the surface by taking XPS
survey spectra (Figure 4.3). The NTZnSr spectra had Zn2p peaks at 1023 and 1043 eV which
indicates the presence of Zn on the surface. The spectra also had peaks at 354 and 267 eV that are
peaks for Sr3s and Sr3p2 respectively that confirmed the presence of Sr on the surface. These
peaks were absent on the Ti and NT surfaces. The Ti2p and Ols at 458 and 530 eV peaks were
present on all the surfaces. On the NTZnSr, a peak at 133 eV indicates the presence of SrF», which

aligns with the EDS finding discussed earlier.
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Figure 4.3. XPS survey spectra and relative atomic weight percentage (at%) of different elements
on the surfaces.

When relative atomic weight percentage (at%) was calculated from the survey spectra,
approximately 17% Sr and 6.4% Zn was found on the surface (Table 4.1). Due to the secondary
hydrothermal treatment with strontium acetate that increased the amount of Sr on the surface,
relative Zn amount was reduced on NTZnSr. These percentages are highly controllable by

changing the concentration of the hydrothermal solution and altering the doping sequence between

7Zn and Sr.
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Table 4.1. Relative atomic weight percentages (at%) of different surfaces.

Ti NT NTZnSr
Zn 0 0 17.083 £ 1.53
Sr 0 0 6.43 +1.63

Surface wettability is a crucial factor for implant surface. It has been reported that
extremely wettable surfaces such as superhydrophilic and superhydrophobic surfaces can repel
bacterial adhesion [5]. These surfaces also have been reported to increase cell adhesion in a
previous study [6]. The wettability of the prepared NTZnSr surface was evaluated by taking static
contact angle measurement. When the contact angle 6 < 90°, the surface is hydrophilic, but when
6 < 10°, then the surfaces are designated as superhydrophilic [1]. Ti had a 6 value of around 60°,
making it a hydrophilic surface (Figure 4.4). The contact angle for NT was 0°, making it a
superhydrophilic surface. The nanotubular structures creates a capillary force on the water droplet
that penetrates the droplet, and the contact angle reduces [1]. The NTZnSr surface also had a
contact angle of 0°, due to a similar reason as NT surfaces where nanotubular structures penetrates
the water droplet. Since the NTZnSr surface was superhydrophilic it may help in reducing bacterial

adhesion but improve cell adhesion and differentiation.
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Figure 4.4. Wettability of different surfaces.

Antibacterial activity is a key factor to reduce bacterial infection and contamination on
orthopedic implant surfaces. Surgery mediated implant infection is one of the major reason implant
failures happen. However, if the implant surface can reduce the bacterial adhesion and biofilm
formation on the surface at the early stage after implant surgery, the failure rate can be reduced.
After 24 h of incubation with Gram-negative P. aeruginosa, Ti was almost covered with both live
and dead P. aeruginosa adhered to the surfaces which was revealed by the live/dead fluorescence
microscopic images (Figure 4.5). However, P. aeruginosa adhesion was lower on NT and NTZnSr
surfaces. From the quantitative analysis, it was clear that NT and NTZnSr surfaces had
significantly less live P. aeruginosa adhesion on these surfaces compared to Ti. For dead P,
aeruginosa, NTZnSr had significantly lower P. aeruginosa adhesion compared to Ti. This result
indicated that the inclusion of Zn on the NT surface helped in reducing P. aeruginosa adhesion
significantly.

When the surfaces were incubated with Gram-positive S. aureus, a higher amount of

bacteria adhesion was observed for all the surfaces compared to the Gram-negative P. aeruginosa.
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This might have resulted due to the relative size difference of these two bacteria. S. aureus is a
round-shaped bacteria that are relatively smaller in size compared to the rod-shaped P. aeruginosa.
This size difference probably allowed S. aureus to colonize the gaps between nanotubes, especially
in the grain boundaries where the gap is larger because of the upward orientation of the nanotubes.
Interestingly, the number of adhered S. aureus were lower in NT and NTZnSr compared to Ti.
When quantitative analysis was performed, it was evident that the number of adhered bacteria was
significantly reduced by both NT and NTZnSr surfaces. From the quantitative analysis of both the
bacterial adhesion studies, it was also observed that NTZnSr performed better that NT surfaces.
This is because of the presence of Zn and strongly suggest the efficacy of Zn presence on the

surface to impart antibacterial properties.
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Figure 4.5. Fluorescence microscopic images of the surfaces after incubating 24 h with P.
aeruginosa (PA) and S. aureus (SA). Quantitative analysis charts are also presented. Statistical
significances (p-value) were represented as * p <0.05, ** p <0.01 and *** p <0.001.

To evaluate morphological features of bacterial adhesion to the surfaces, SEM images were
collected after 24 h of incubation with P. aeruginosa and S. aureus (Figure 4.6). After 24 h, P.
aeruginosa could form a thick biofilm on the Ti surface, which indicates the inefficiency of Ti
surface to reduce bacterial adhesion. However, NT and NTZnSr both reduced P. aeruginosa
adhesion and biofilm formation during the same incubation period as Ti. A similar finding was
observed for S. aureus, where Ti surfaces had a higher amount of S. aureus adhesion after 24 h of

incubation. The adhered bacterial formed multiple layers of colony on the Ti surface. However,

the adhesion was drastically reduced on NT and NTZnSr surfaces. These results align with the
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observations from fluorescence microscopic images, confirming that NT and NTZnSr surfaces

have better antibacterial activity compared to unmodified Ti surface.

Ti NT NTZnSr

Figure 4.6. SEM images of different surfaces incubated for 24 h with P. aeruginosa (PA) and S.
aureus (SA).

The modified NTZnSr surface had both Zn and Sr. Overdose of these elements have been
reported to cause undesirable health complications. Previous reports also indicated that Zn and Sr
are released from the surfaces to the surrounding environments. So, it was imperative to assess the
cytotoxicity of the NTZnSr surface. Following the LDH assay protocol, the absorbance value of
the NTZnSr surface was aligned with the spontaneous release (SR) absorbance value (Figure 4.7).
SR indicates the cytotoxicity when no cells were damaged. So, being at the same level with SR
value strongly suggest that NTZnSr surface do not provide any apparent cytotoxicity towards
ADSCs. Also, the absorbance value for NTZnSr was significantly different than maximum release
(MR). When all the cells were damaged by using a lysis buffer, maximum LDH get released to the

environment and the absorbance value also gets higher. So, when the absorbance value of the
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surface is significantly lower than the MR, it serves as a secondary confirmation for no apparent
cytotoxicity.
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Figure 4.7. Cytotoxicity of different surfaces. Statistical significance (p-value) was represented as
** p<0.01.

Next, cell compatibility studies were conducted on the surfaces to evaluate stem cell
adhesion, proliferation, and morphology. After incubating the surfaces for 4 and 7 days with
ADSC:s, fluorescence microscopic images were collected (Figure 4.8). During this period, Ti had
the most ADSC adhesion compared to the modified surfaces. This is because the cells need to
accommodate to the modified surfaces because of the presence of nanotubes and change in
wettability. However, the cells created long extensions on the modified surfaces which was not
missing for the cells on the Ti surface. This is a clear indication of better cell spreading on the

modified surfaces which is helpful for cell differentiation in the later stages.
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Figure 4.8. Fluorescence microscopic images of different surfaces. Statistical significances (p-
value) were represented as *** p <0.001 when compared to Ti; as " p < 0.01 and " p < 0.001
when compared to NT.

Scanning electron microscopic (SEM) images were collected of the surfaces after 4 and 7
days of incubation. A similar observation was made from the SEM images (Figure 4.9). There was
less cell adhered to the modified NT and NTZnSr surfaces compared to Ti. However, the cells long
extensions. These long extensions can help in differentiation to osteoblastic phenotypes, which is
desirable for orthopedic implants to enhance bone healing. From the SEM images it was also

observed that the cells on the modified surfaces were thicker than the cells adhered to the Ti

surfaces which can also help in enhancing differentiation of these cells to osteoblasts.
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Figure 4.9. SEM images of different surfaces.

To evaluate cell differentiation capability of the surfaces, a differentiation media was added
to the adhered cells to the surfaces. Alkaline phosphatase (ALP) activity is one of the early
indicators of ADSC differentiation to osteoblasts. Differentiated ADSCs release ALP which is an
enzyme in bone matrix and considered a key component for bone mineralization [7]. When ALP
activity was evaluated for the surfaces, no significant difference was observed between the surfaces
after 1 week (Figure 4.10). However, Ti showed higher ALP activity compared to the modified
surfaces. Due to the early differentiation of ADSCs on the modified surfaces, the ALP activity was

probably suppressed after 1 week. On the other hand, after 3 weeks, all the surfaces showed mostly
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identical ALP activity which was lower than the values obtained after 1 week. This happened for
the same reason as the ALP activity was suppressed after the mineralization process started the

mature osteoblasts.

N
a

N
o
Il

-
(3]
Il

ALP activity (IU/L)/Total protein content
(ng/ml) in percentage

10 -
5 - 1
[ i
0
Ti NT NTZnSr Ti NT NTZnSr
Week 1 Week 3

Figure 4.10. ALP activity normalized by total protein content of different surfaces.

Calcium deposition is another key indicator for ADSC differentiation to osteoblasts.
Calcium content analysis indicates bone mineralization which results from hydroxyapatite (HA)
formation by the differentiated osteoblasts [8]. Bone mineralization by HA is a late indicator and
thus important to evaluate ADSC differentiation on different surfaces. After 1 week of culturing
cells with the differentiated media, NTZnSr had significantly more calcium content compared to
Ti (Figure 4.11). This indicates that the adhered cells to the NTZnSr surfaces already differentiated
and started the cell mineralization. This is also an indicator of bone matrix formation by the
differentiated cells. After 3 weeks, all the surfaces had similar calcium content as most of the cells

have been differentiated by this time.
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Figure 4.11. Calcium content normalized by total protein content of differentiated ADSCs.
Statistical significance (p-value) was represented as * p < 0.05.

Osteocalcin is a hormone released by the matured osteoblasts. Higher osteocalcin
expression refers to better ADSC differentiation to osteoblasts and effective osseointegration
properties. After 1 week incubation with the osteogenic differentiation media, the NTZnSr showed

significantly higher osteocalcin expression compared to the Ti and NT surfaces (Figure 4.12).
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Figure 4.12. Immunofluorescence images of different surfaces and osteocalcin expression area
normalized by the number of cells. Statistical significances (p-value) were represented as * p <
0.05, ** p<0.01, and *** p < 0.001.

Matured osteoblasts undergo mineralization to form bone matrix that is important for bone
healing. When the implant surfaces are cell compatible, they direct bone progenitor cells such as
ADSC:s to differentiate into osteoblasts. So, examining mineral deposition through SEM and EDS
is a key identifier of ADSC differentiation on the surfaces. Figure 4.13 presents the SEM images
and EDS elemental maps after 1 and 3 weeks of incubating the cells with the differentiation media.
After 1 week, Ti and NT surfaces had a lot of adhered cells, but no mineral deposition were found.
Since the deposited minerals are hydroxyapatite crystals formed by calcium (Ca) and phosphorus
(P), the EDS maps were tracking these elements. Interestingly, the NTZnSr surface had trace
amount of Ca identified in EDS (arrow marked in Figure 4.13), which is a strong indication of
early ADSC differentiation to osteoblasts and aligns with the findings from ALP activity, Ca

content and osteocalcin expression. After 3 weeks, all the surfaces had increased amount of mineral

130



deposition (Figure 4.13, arrow marked). EDS maps confirmed these minerals are mainly Ca and

P confirming the osteoblast differentiation of adhered ADSCs.

NTZnSr

Figure 4.13. SEM images after 1 and 3 weeks of incubation with differentiation media. EDS maps
of Ca and P are also presented after 3 weeks of incubation.
4.4 Conclusions

Titanium is a popular material for orthopedic implant applications due to its excellent
corrosion resistance, lightweight properties, and superior biocompatibility. However, often these
implants fail due to poor osseointegration and bacterial adhesion, causing revision surgeries for
the patients which is painful and burdensome. To overcome these problems, nanostructured surface
modification approaches had been investigated previously that improved the antibacterial activity
and cell adhesion properties. However, these nanostructured surfaces could not provide important
biological signals for the adhered stem cells to differentiate into osteoblasts to form bone matrix

around the implant surface. In this work, two important signaling and antibacterial elements (Zn
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and Sr) were deposited on the TiO> nanotube (NT) surface by using hydrothermal treatment
method. This process is relatively simple to dope NT surfaces with the Zn and Sr and does not
require complex machineries. The prepared NTZnSr exhibited interesting morphological
characteristics where both Zn and Sr had unique crystal structures. The XPS and EDS revealed
that around 17% Sr and 6% Zn were present on the surface. When the surface was incubated with
bacteria for 24 h, it was found that NTZnSr significantly reduced both Gram-positive and Gram-
negative bacteria adhesion and biofilm formation on the surface. The NTZnSr also showed
enhanced cell adhesion compared to the NT surface. The adhered cells had long extension
identified through the fluorescence images that indicates better cell spreading on the NTZnSr
surface. Finally, the adhered cells to the NTZnSr could undergo excellent and faster differentiation
identified from the ALP activity, Ca content, and osteocalcin expression, mineralization studies.
These results strongly suggest the efficacy of the Zn and Sr presence on the NT surfaces to improve

both antibacterial activity and osseointegration properties of the orthopedic implants.
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CHAPTER 5/SELECTIVE DETECTION OF GRAM-NEGATIVE BACTERIA AND
ANTIBACTERIAL PROPERTIES OF COLORIMETRIC POLYDIACETYLENE
NANOFIBERS!

5.1 Introduction

Colorimetric biosensors made by polydiacetylene nanofibers have been of great interest in
developing novel strategies of rapid and in situ detection to bacterial infection that is a major
concern for human fatalities around the world. Previous studies have focused on bacterial detection
and the sensitivity of the detection that the PDA biosensors can offer. However, the selectivity of
the detection to different bacterial strains has not been well understood. With the recent emergence
of multiple drug-resistance bacterial strains, selective detection of bacteria demands more attention
and cutting-edge tools. In this study, a polydiacetylene (PDA) nanofiber biosensor prepared via
electrospinning was found effectively to offer selective detection of Gram-negative bacteria such
as Escherichia coli and Pseudomonas aeruginosa via a rapid blue-to-red colorimetric change. The
quantification of the colorimetric changes suggested that the biosensor selectivity was effective in
identifying with Gram-negative bacteria over Gram-positive bacteria (Staphylococcus aureus).
The selectivity was likely due to structural differences between Gram-positive bacteria and Gram-
negative bacteria such as cell outer layer thickness, as well as different extracellular polymeric
substances (EPS) released by different bacteria. In addition, the nanofiber biosensor demonstrated

superior antibacterial properties that were evaluated using bacteria staining and electron

!This work was published in Journal of Materials Science and is reproduced here with permission

[].

135



microscopic techniques. A comprehensive analysis of the interaction between the PDA nanofibers
and different bacteria was presented to provide insightful understanding of selective detection and
antibacterial properties of the PDA nanofibers. The results suggested that PDA nanofibers have
great potential in medical textiles, personal protective equipment, and other biomedical

applications.

—_—
Gram-positive
bacteria

Gram-negative
bacteria

Blue PDA fiber Red PDA fiber

Figure 5.1. Graphical abstract.

Communicable diseases such as bacterial infection are one of the leading causes of deaths
around the world [2]. In low-income countries, the probability of human death is even higher due
to the communicable diseases [2]. Communicable diseases are also the leading cause of newborn
mortality. According to a report published by WHO, the leading causes of death for children under
5 are pneumonia, diarrhea, and malaria that are mostly caused by bacterial infection [3].
Furthermore, with the emergence of new drug-resistant bacterial strains, human mortality due to
the resistant bacterial strains is projected to increase significantly. For example, extended-spectrum

beta lactamase (ESBL) producing Escherichia coli (E. coli) bacteria are reported to be often
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resistant toward all orally administered antibiotics [4]. Rapid and selective bacteria detection can
help in mitigating this enormous burden of bacterial infection on human health.

Bacteria can be classified into different categories. One popular system is based on the
Gram staining technique developed by the Danish bacteriologist Hans Christian Gram in 1882 [5].
In this classification system, the bacteria can be grouped in two categories: Gram-negative and
Gram-positive. Gram-positive bacteria have a thick outer layer mainly composed of peptidoglycan
that retains the primary violet stain and exhibits a purple color during Gram staining technique [6].
Gram-negative bacteria do not have a thick peptidoglycan layer and do not retain the primary violet
stain, instead retain the counter red stain, and exhibit red or pink color in the Gram staining
technique [6]. A common model Gram-negative bacteria is Escherichia coli (E. coli), which can
be found in human guts and are generally beneficial for keeping the gut healthy. However, several
strains of E. coli can produce toxins that are detrimental for human health. A common model Gram-
positive bacterium is Staphylococcus aureus (S. aureus), which is also hosted by human, especially
in the upper respiratory track and skin. This bacterium is also a leading cause of human death due
to different pathogenic strains. While comparing white blood cell count, C-reactive protein (CRP),
interleukin (IL)-6 blood level, and clinical course of routine ICU patients with bacteremia, Abe
and co-workers found that the Gram-negative bacteria induced a higher inflammatory response in
the patients than the Gram-positive bacteria [7]. According to the antibiotic resistant priority
pathogen list published by the World Health Organization (WHO) in 2017, majority of the
pathogens of concerns are Gram-negative bacteria [8]. Therefore, quick and efficient detection of
Gram-negative bacteria without laboratory pathological testing can be critically beneficial in

healthcare practices.
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Conventional bacteria detection technique includes a plate colony counting method, which
is time consuming, requires highly trained personnel and are economically not viable for mass
screening during an epidemic [9-10]. Recent bacteria detection techniques utilize polymerase
chain reaction (PCR), enzyme-linked immunosorbent assays (ELISA), mass spectroscopy, and
flow cytometry, which are highly sensitive but possess various shortcomings such as high cost,
long output time, and difficulties for use in resource-limited settings [11]. The use of
nanotechnology can offer tremendous advantages in bacteria detection and can help in overcoming
the existing drawbacks. Due to the emergence of drug-resistant bacterial strains, it is imperative to
prepare effective bacteria detection methods that can provide a selective detection for a specific
bacterial strain. Rapid identification is also necessary along with selectivity because conventional
bacteria detection technologies take long output time to selectively detect a specific bacteria strain
[9, 10, 12]. Some novel sensors have been reported to offer selective bacteria detection, such as
polypyrrole (OPPy) film [10, 13], modified gold electrodes with active layers of graphene
oxide/polyethylenimine [12], dielectrophoretic impedance measurement [14], magnetic
nanoparticle with TiO; coating and a target aptamer [15]. Recently, a nanofiber-based biosensor
made by polydiacetylene (PDA) was reported to provide rapid and efficient colorimetric detection
to bacteria due to high surface area of the nanofibers as well as high molecular orientation of the
electrospun fibers [16-22]. Valdez et al. and Vidal et al. utilized Forcespinning® technique to
prepare PDA-based nanofibers that could detect bacteria and food spoilage via a chromatic change
in the fibers [23-24]. Flexible nanofiber-based biosensors prepared by electrospinning were also
reported to rapidly detect E. coli via colorimetric indications [16, 19]. The colorimetric biosensors
were fabricated using polydiacetylene (PDA) incorporated with a supporting matrix polymer such

as polyurethane (PU) via an electrospinning method. PDA is gaining popularity in biosensing
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applications due to its vivid colorimetric properties and has been utilized in developing sensors for
heat change [25], pH change [19], bacteria contamination [16, 17, 19], and viral proteins [26]. The
sensitivity of the PDA nanofiber composites had been studied, suggesting a rapid colorimetric
change (from blue to red) with a short responding time of 3 min [16]. However, previous work
was primarily focused on detection sensitivity to a specific bacteria type, but not for a selective
detection by comparing with different bacterial strains or types. Although PDA-based nanofibers
have been reported to detect bacteria [16, 19, 24], the selectivity of the PDA nanofiber-based
biosensors in detecting a specific bacteria group has not been fully evaluated. Although the PDA
fibers were reported to be superhydrophobic [27] due to the presence of PU, it was still unknown
the interaction of bacteria and PDA fibers as well as the impact of the interaction on bacterial
adhesion and bacterial morphology when colorimetric detection occurred. In addition, it is
important to understand whether the interaction between the PDA nanofibers and bacteria would
inhibit bacterial growth, which is of great interest for medical textiles and biomedical engineering
applications.

In this report, selective detection of Gram-negative bacteria by the PDA fiber was first
assessed. PU-PDA nanofiber composites were prepared via electrospinning and
photopolymerization techniques. Colorimetric responses of the PU-PDA nanofibers were studied
with Gram-negative and Gram-positive bacteria strains. Rapid colorimetric change from blue to
red was found in the PDA fibers when tested with Gram-negative strains E. coli and Pseudomonas
aeruginosa (P. aeruginosa), while no colorimetric change was observed in the PDA fibers when
tested with Gram-positive strain Staphylococcus aureus (S. aureus). The results suggested that the
PDA nanofiber composites offered a selective detection of Gram-negative bacteria over Gram-

positive bacteria. Contact angle measurements indicated the PDA nanofiber composites were
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hydrophobic, which allowed negligible bacteria adhesion and proliferation on nanofiber surface,
suggesting significant antibacterial activities which can be beneficial in biomedical, sensing,

wound dressing, and hygiene industries.

5.2 Experimental section
5.2.1 Materials

10, 12-Pentacosadiynoic acid (PCDA) was purchased from GFS Organics (Columbus,
OH). Matrix polymer polyurethane (PU) was purchased from the Lubrizol Corporation (Wickliffe,
OH). N, N-dimethylformamide (DMF) was purchased from Fisher Scientific (Waltham, MA).
Escherichia coli (E. coli, ATCC 25,922) and Staphylococcus aureus (S. aureus, ATCC6538) pellets
were purchased from ATCC (Manassas, VA). Pseudomonas aeruginosa (P. aeruginosa, PO1) was

obtained from agar plate culture.

5.2.2 PU-PDA nanofiber preparation

PU-PDA nanofibers were prepared via a method adapted from the report published by
Bhattacharjee et al. [16]. Briefly, a 16% (w/v) solution was prepared by mixing the required
amount of PU chips and PCDA powders (2:1 by weight) in DMF. The solution was mixed by a
rigorous stirring on a hot-plate stirrer at 55 °C for 24 h, resulting in a homogenously pink mixture
after 24 h. The solution was then used to prepare nanofibers using an electrospinning method. The
electrospinning was conducted at an injection rate of 0.12 mL/hour, a voltage of 20 kV, a collecting
distance of 17 cm, and a collecting time of 1 h, resulting in white PU-PCDA nanofiber mats. Then,
each nanofiber mat sample was photopolymerized using UV light (Spectroline, LONGLIFE filter,

New York, USA) at 254 nm for 3 min. The fibers became blue after the photopolymerization
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because the PCDA monomers were polymerized, resulting in the macromolecules of PDAs mixed
in the nanofiber matrix of PU. The PU-PDA nanofiber mats were stored in the dark to avoid

additional changes due to light.

5.2.3 Fiber characterization

The morphology of the fibers was investigated using a JEOL JSM-6500 field emission
scanning electron microscope (SEM) at 3 kV. To improve conductivity, the fibers were gold coated
(10 nm) using a Denton Vacuum-DESK 2 Sputter Coater. Average diameter of the fibers was
calculated based on the SEM images using Image] software. In addition, contact angle
measurements were made to evaluate hydrophilicity/hydrophobicity of the fiber mats using a

Ramé-Hart goniometer.

5.2.4 Bacteria culture

Two culture media were used to prepare bacteria culture solutions, Luria Bertani (LB) broth
and beef extract-peptone-based nutrient media. The beef extract-peptone-based media recipe was
derived from the AATCC (American Association of Textile Chemists and Colorists) method 147,
and the media was denoted as AM media henceforth. AM media was prepared by mixing 3 g beef
extract, 5 g peptone, and 8 g NaCl in 1L distilled water, followed by sterilization at 121 °C
temperature and 23 PSI pressure. To prepare LB broth, 5 g yeast extract, 10 g NaCl, and 10 g
tryptone were dissolved in 1L distilled water, followed by sterilization at 121 °C temperature and
23 PSI pressure. E. coli and S. aureus pellets were added to the hydration fluid provided by the
manufacturer. 2 mL bacteria—hydration fluid mixture was mixed in 500 mL LB media and cultured

for 24 h at 37 °C in a stationary incubator. Then, the cultured solution was used to inoculate an
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agar plate for 24 h at 37 °C in a stationary incubator. One colony extracted from the agar plate was
used to culture bacteria in both AM and LB media. The bacteria were cultured until a 10° colony-
forming unit (CFU)/mL of bacteria concentration was obtained after 48 h of incubation at 37 °C.
Following notations are used henceforth for clarity: E. coli cultured in LB broth—EC-LB; E. coli
cultured in AM media—EC-AM; S. aureus cultured in LB—SA-LB; and S. aureus cultured in
AM—SA-AM. For P. aeruginosa, one colony was inoculated from the agar plate and cultured for
48 h in the AM media at 37 °C inside a stationary incubator. Bacteria concentrations were

determined by serial dilution and plating technique.

5.2.5 Colorimetric responses of PU-PDA fibers

Gram-negative E. coli and Gram-positive S. aureus cultures of 10° CFU/mL concentrations
were used to investigate colorimetric responses of PU-PDA fibers. 2 inch X 2 inch PU-PDA fiber
mats were cut and put in sterile petri dishes where 25 mL E. coli or S. aureus bacteria cultures
were added to the petri dishes. Colorimetric responses of the fibers were recorded by taking
photographs from time = 0 min and then every 30 min for 3 h. To quantify the color changes in the
PDA fibers when incubated with bacteria cultures, absorbance spectra of the fiber mats were
collected by a ColorQuest spectrophotometer. The absorbance spectra for the fibers were collected
every 30 min from O to 3 h of incubation followed by an additional spectrum after 24 h incubation.
For Gram-negative P. aeruginosa culture, only photographs were taken to verify colorimetric
responses of the fibers. In the spectrophotometer measurements, colorimetric responses (CR%)

were quantitatively measured using the protocol described by Yapor et al. [19].
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5.2.6 Bacteria morphology and biofilm formation on PDA fibers

Scanning electron microscope (SEM) was used to study the bacteria morphology and
biofilm formation on the PDA fiber surfaces. E. coli and S. aureus were cultured in AM media.
Three circular PDA fiber mats with 2 mm diameter were cut and kept inside a 24-well plate.
Aluminum foil (AL) and polystyrene (PS) samples were used as control samples in the well plate.
The samples were first incubated with diluted E. coli and S. aureus culture (10’ CFU/mL) for 6 h
and 24 h, respectively. After incubation with bacteria, the samples were incubated for 45 min in a
fixative solution containing 3% glutaraldehyde, 0.1 M sucrose, and 0.1 M sodium cacodylate in
DI water. Then, the samples were incubated for 10 min in a buffer solution, which was the fixative
solution without the glutaraldehyde. After that, the samples were dehydrated using 35%, 50%, and
70% ethanol solution for 10 min, respectively. Before SEM imaging, the samples were gold coated
before SEM images were taken. Two repeated experiments were conducted for each strain of

bacteria.

5.2.7 Bacteria adhesion on PDA fibers

Fluorescent microscopic images were taken to understand the bacteria adhesion on PDA
fibers. E. coli and S. aureus were only cultured in AM media. 3 circular PDA fibers with 2 mm
diameter were put in a 24- well plate. AL and PS samples were also used as controls in the plate.
The samples were first incubated with diluted E. coli and S. aureus culture (10’ CFU/mL) for 6 h
and 24 h, respectively. After the incubation, the bacteria solution was aspirated from the well plates
and the samples were rinsed with PBS for 3 times to remove any non-adhered bacteria. The
samples were incubated for 15 min at room temperature in dark with a stain solution containing

3ul/mL propidium iodide and Syto 9 stains (1:1) in PBS. After the incubation with the stain
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solution, the samples were rinsed and incubated with 3.7% formaldehyde solution for 15 min.
Lastly, the samples were washed with PBS for 3 times and immediately imaged using a fluorescent

microscope. Two repeated experiments were conducted for each strain of bacteria.

5.3 Results and discussion
5.3.1 PU-PDA nanofiber characterization

White PU-PDA fiber mats were prepared via electrospinning and photopolymerization
techniques. After the photopolymerization, the white fiber mats became blue, suggesting
successful photopolymerization of PCDAs into PDAs [28]. Figure 5.2 shows SEM images of blue
PU-PDA fibers. The fibers had scale-like surfaces with an average diameter of 550 + 125 nm that
was in good agreement with the diameter range of the fiber reported previously [16, 19]. The
contact angle measurements of the fiber mats showed that the fiber mats had an average contact

angle of 144° + 3° which suggested superhydrophobic nature of the fibers (Figure 5.2).

144°+3°

™~ AF\,
10.0kV  X1.500 WD 25.4mm

Figure 5.2. A SEM image of PU-PDA fibers. A water drop image is shown in inset for contact
angle measurements.
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5.3.2 Colorimetric behaviors of PDA fibers

Two culture media were used in bacteria culture—LB broth and AM media, to study the
colorimetric responses of PU-PDA fibers to bacterial detection. The reasoning behind choosing
two media was to examine if bacterial detection offered by the fibers was dependent on changes
in bacteria culture. When a bacteria solution of 10° CFU/mL was poured into a petri dish containing
a PU-PDA fiber mat, colorimetric responses were documented. Figure 5.3 shows the photographs
of the fibers that were immersed in bacteria cultures and control solutions before and after 24 h
incubation. When the Gram-negative E. coli cultures (EC-LB and EC-AM) were introduced to the
PDA fibers, the color of the fibers started turning into red immediately. At the beginning, the color
changes started from the edge of the fiber mat and then the full fiber mat gradually changed from
blue to red. The fibers were also tested with culture media only solutions (LB and AM), and no
color changes were observed. Therefore, the colorimetric responses were primarily due to the
interaction between the Gram-negative bacteria and the PU-PDA fibers. In addition, because the
color changes of the PU-PDA fibers were found in both the EC-LB and EC-AM cultures, it

indicated that the color-changing characteristics of the fibers were independent on culture media.
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Figure 5.3. Colorimetric behaviors of PDA fibers interacting with different bacteria and control
solutions.

On the other hand, S. aureus, the Gram-positive bacteria, cultured in both LB and AM was
tested by interacting with PU-PDA fibers. No color change was observed in the PDA fibers (Figure
5.3). The light blue fibers seemed to turn darker after 24 h incubation, but no blue-to-red changes
were found throughout the testing time (24 h). There are structural differences between Gram-
positive and Gram-negative bacteria due to the presence of a thick peptidoglycan layer on Gram-
positive bacteria. Additionally, the extracellular polymeric substances (EPS) released by the Gram-
positive bacteria can differ from those released by the Gram-negative. The dark blue color on the
PDA fibers when tested with Gram-positive S. aureus was different than Gram-negative E. coli
and the control samples, which might suggest the differences in EPS environment. Future

investigations can be focused on the EPS contents released by different bacteria and hence further
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understand the correlation of colorimetric changes and chemical changes in the PDA fibers due to
the interactions between the PDA and bacteria.

In addition, another Gram-negative bacteria P. aeruginosa was cultured in AM media for
48 h. When PU-PDA fibers were immersed in the P. aeruginosa solution, a vivid red was quickly
observed in the fibers that were blue. The colorimetric responses strongly confirmed that the PDA
fibers were able to selectively detect Gram-negative bacteria over Gram-positive bacteria via blue-

to-red colorimetric responses.

5.3.3 Quantitative analysis of color change in the fiber

Two representative absorbance spectra are shown in Figure 5.4 for the PU-PDA fiber mats
immersed in Gram-negative E. coli and in Gram-positive S. aureus, respectively. The absorbance
spectra for all the samples shown in Figure 5.4 can be found in Supplementary Document. Blue
PDA fibers showed a distinct absorbance spectrum where a prominent peak at 650 nm was found.
When the color of the PDA fibers changed to red when the fibers were interacting with E. coli, the
peak at 650 nm shifts to 550 nm on the absorbance spectra [19]. The peak shift occurred to the
fibers interacting with E. coli in both media. However, no such peak shift was found in the fibers
interacting with S. aureus cultures. The spectra showed that 650 nm peak remained for the entire
testing period, which is in good agreement with the color-changing behaviors observed in the

photographic images.
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Figure 5.4. Absorbance spectra of PDA fibers when incubated with (a) EC-AM and (b) SA-AM.

Colorimetric response percentage (CR %) calculated using the method described by [19]
is shown in Figure 5.5. A CR% of 14-18% was found in the fibers tested with EC-LB and EC-
AM after 24 h incubation, whereas there was no significant CR % between the SA-LB and SA-
AM cultures. The CR % for the EC-AM sample was higher initially than that for the EC-LB
samples; however, after the 24 h incubation, the EC-LB sample showed higher CR %. Bacteria
produces biofilms during growth which is composed of bacteria cells and extracellular polymeric
substances (EPS). A previous study reported that the EPS from Gram-negative E. coli played an
important role in colorimetric changes of PDA fibers [16]. The initial CR% difference between
EC-LB and EC-AM was likely due to the different composition of the EPS released by the Gram-
negative E. coli. A hypothesis is that EC-AM culture produced more EPS than EC-LB culture and
hence resulted in a fast color change of PDA fibers in EC-AM culture. The quantity of EPS
production by Gram-negative E. coli when cultured in various nutritious media can be investigated

further to understand the differences in colorimetric responses of the PDA fibers.
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Figure 5.5. CR% of PDA fibers after incubation with bacteria cultures.

Another hypothesis is due to the different thickness of the outer layer mostly comprised of
lipopolysaccharides (LPS) of bacteria. Generally, Gram-negative bacteria such as E. coli have a
thin outer layer, while Gram-positive bacteria such as S. aureus have a thick outer layer [29]. When
bacteria start stationary or death phase during growth period, they shed this LPS layer with other
secreted proteins in the surrounding environment. When the PU-PDA fibers were incubated with
the bacteria culture for 24 h at room temperature, the bacteria started their stationery and death
phase due to no additional nutrient. The bacteria likely started shedding the LPS layer, which
changed the color of the fiber gradually. The hypothesis aligned with the CR% result presented in
Figure 5.4. To induce a significant color change in the fiber, the E. coli culture needed responding
time which was about 30 min to 1 h. In addition, the death phase started faster for E. coli in AM
media than in LB media because AM media had lower nutrients than LB media. As a result, a
faster color change was observed in AM media than in LB media, as shown in Figure 5.4. On the
other hand, no colorimetric responses in the fibers were found for Gram-positive bacteria during
testing because the Gram-positive bacteria do not possess an LPS layer and hence no such

interaction between the PDA fiber and LPS occurred. Moreover, Gram-positive bacteria has thick
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outer layer composed of peptidoglycan. Therefore, the selective detection of Gram-negative
bacteria was likely due to the structural differences between the two different categories of

bacteria.

5.3.4 Bacteria morphology on PDA fibers

To further understand the interaction between bacteria and the fibers, SEM images were
taken after 6 h and 24 h incubation to study the morphologies of bacteria on the PDA fiber mats.
To simplify the experiment, only AM media were used to culture bacteria. Polystyrene (PS) and
aluminum foils (AL) were used as control surfaces to study bacteria morphology. The results for
E. coli incubation are presented in Figure 5.6. At 6 h incubation, PS had the highest coverage of
E. coli on the surface. AL had the less coverage of E. coli compared to PS. At 24 h incubation, the
number of E. coli covering on the PS surface increased exponentially, while no significant increase
in E. coli coverage was found on the AL surface. It was reported that AL was slightly antibacterial
in nature [30] and hence bacteria were prevented from continuous growth on the AL surface. In
comparison, the PDA fibers had lower number of E. coli covering the fiber surface than the PS and
AL surfaces. At 6 h incubation, some E. coli was found to be attached to the fiber surface, mostly
in the pores of the fiber mat where no significant morphological changes were found in the fibers.
However, significant morphological changes were observed on the fiber surfaces after 24 h of
incubation likely due to the interaction between the E. coli and the fibers. Previous works showed
that the extracellular polymeric substances (EPS) of E. coli could induce a color change in PDA
fibers [16]. As previously discussed, Gram-negative bacteria can shed their outer LPS layer in the
surrounding environment. The EPS and LPS that were secreted from the E. coli might interact with

the fibers and were able to alter the fiber morphology, which was visibly unfolded via colorimetric
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responses from blue to red. The amount of the EPS and LPS released from E. coli was time
dependent. Therefore, more significant morphological changes were found on the fiber surfaces
after 24 h incubation than 6 h incubation. In addition, previous reports suggested the colorimetric
changes in PDA are due to a configuration change occurring in the PDA macromolecules, which

might subsequently change the morphology of the PU-PDA fibers [16, 19, 25].

Figure 5.6. SEM images of E. coli coverage on aluminum foil (AL), polystyrene (PS), and PDA
fibers.

The Gram-positive S. aureus morphologies on PS, AL, and PDA fiber surfaces are
presented in Figure 5.7. PS was also found to be covered with the most S. aureus which was like
E. coli. There were very few S. aureus attached to the AL surface after 6 h incubation. However,
the coverage was significantly increased after 24 h incubation. Compared to the PS and AL, the
PDA fiber had lower number of S. aureus attached to the surface. At the 6 h incubation, nearly no
bacteria were found on the PDA fiber surface, which signified no color change observed in the

fiber mat. After 24 h incubation, some S. aureus was found on the fiber surface but in a sporadic
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manner. In comparison with E. coli, S. aureus was not able to change the fiber morphology after
24 h incubation. It was most likely because S. aureus did not secrete LPS or other proteins in the

bacterial EPS system that can react with the PDAs in the fiber and induce a color change.

SE

24 b
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Figure 5.7. SEM images of S. aureus morphology on PDA fiber, aluminum foil, and polystyrene
samples.
5.3.5 Bacteria adhesion on PDA surface

Quantitative analysis was also conducted to study bacteria attachment on PDA fibers as
well as AL and PS surfaces. To understand if bacteria proliferated or died on the surfaces, a
live/dead bacterium staining technique was used for this experiment. Figure 5.8 shows the number
of live/dead E. coli on the material surfaces where green color represents live bacteria and red
indicates dead bacteria, respectively. Some colonies were yellow, indicating overlapping of both
live and dead bacteria. Both PS and AL had significantly high numbers of live E. coli on the surface
after 6 h of incubation. Although PS had low live E. coli at 6 h incubation, the number was

increased significantly after 24 h incubation. PDA fibers had few live E. coli on surface at 6 h
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incubation, but the number was even slightly reduced after 24 h incubation. Previous contact angle
measurements suggested that the PU-PDA fiber is superhydrophobic, which prevented E. coli from
growing on the fibers. In addition, the PDA fiber had the highest number of dead E. coli on fiber
surface at 6 h incubation. After 24 h incubation, the number of dead E. coli on the PDA fiber

surface was negligible compared to that on PS and AL surfaces. The results suggest that the PU-

PDA

PDA fibers had excellent antibacterial properties.
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Figure 5.8. Fluorescent microscopic images of PDA fibers, aluminum foil, and polystyrene
samples after incubating with E. coli, where green denotes live and red denotes dead bacteria. Area
fractions of dead and live E. coli are presented in the bottom plots.

Similar results of antibacterial behaviors were found in PU-PDA fibers when the samples
were incubated with Gram-positive S. aureus (Figure 5.9). PS had the most live S. aureus attached

to the surface at both 6 h and 24 h incubation. There were a high number of dead S. aureus on the

AL surface after 24 h incubation, indicating slight antibacterial properties of the AL foil [30]. The
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number of both live and dead S. aureus on the PDA fiber surface was negligible, suggesting

antibacterial properties against Gram-positive bacteria.
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Figure 5.9. Fluorescent microscopic images of PDA fibers, aluminum foil, and polystyrene
samples after incubating with S. aureus, where green denotes live and red denotes dead bacteria.
Area fractions of dead and live E. coli are presented in the bottom plots.

In a summary, the staining technique provided both qualitative and quantitative analysis of
the bacteria adhesion and antibacterial properties of PDA fibers. The PDA fiber mats had porous
surfaces, and hence, a small number of bacteria might be first trapped in the pores. The trapped

bacteria were not able to continuously grow in the pores, suggesting that the PDA fibers had

excellent antibacterial properties.
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5.4 Conclusions

In this study, a colorimetric biosensing platform was prepared to selectively detect Gram-
negative bacteria. The biosensor was prepared by electrospun PDA nanofiber which was flexible
and vividly blue after photopolymerization via UV light. The blue fibers changed to bright red
when Gram-negative E. coli and P. aeruginosa strains were used for testing selective detection by
the PDA fibers. In comparison, no blue-to-red responses were observed in the PDA nanofibers
when Gram-positive strain S. aureus was tested. The quantification of color changes by using a
spectrophotometer bolstered that the PDA nanofiber biosensor was able to selectively detect Gram-
negative bacteria via a blue-to-red color transition. The selective detection was most likely due to
structural differences between Gram-positive bacteria and Gram-negative bacteria as well as
different EPS released by different bacteria. Additionally, the adhesion and morphology of the
bacteria on the PDA nanofiber surface were evaluated by bacteria staining and microscopic image
analysis. It was found that the PDA fibers were significantly antibacterial compared to the control
AL and PS surfaces. The results suggested that the PDA nanofibers have great potential in
developing smart medical textiles offering both selective detection of bacteria and antibacterial

properties simultaneously.
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CHAPTER 6/A NOVEL COLORIMETRIC BIOSENSOR FOR DETECTING SARS-COV-2
BY UTILIZING THE INTERACTION BETWEEN NUCLEOCAPSID ANTIBODY AND
SPIKE PROTEINS!

6.1 Introduction

SARS-CoV-2 is a pandemic coronavirus that causes severe respiratory disease (COVID-
19) in humans and is responsible for millions of deaths around the world since early 2020. The
virus affects the human respiratory cells through its spike (S) proteins located at the outer shell. To
monitor the rapid spreading of SARS-CoV-2 and to reduce the deaths from the COVID-19, early
detection of SARS-CoV-2 is of utmost necessity. This report describes a flexible colorimetric
biosensor capable of detecting the S protein of SARS-CoV-2. The colorimetric biosensor is made
of polyurethane (PU) - polydiacetylene (PDA) nanofiber composite that was chemically
functionalized to create a binding site for the receptor molecule — nucleocapsid antibody (anti-N)
protein of SARS-CoV-2. After the anti-N protein conjugation to the functionalized PDA fibers, the
PU-PDA-NHS-anti fiber was able to detect the S protein of SARS-CoV-2 at room temperature via
a colorimetric transition from blue-to-red. The PU-PDA nanofiber-based biosensors are flexible
and lightweight; do not require a power supply such as a battery when the colorimetric detection
to S protein occurs, suggesting a sensing platform of wearable devices and personal protective
equipment such as facemasks and medical gowns for real-time monitoring of virus contraction and
contamination. The wearable biosensors could significantly power mass surveillance technologies

to fight against the COVID-19 pandemic.

!This work was published in in vitro Models and is reproduced here with permission [1].
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Figure 6.1. Graphical abstract.

Several coronaviruses from the family of Coronaviridae used to cause mild respiratory
diseases until the Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) was transmitted
from animal to human and caused the severe acute respiratory syndrome (SARS) disease in 2002
[2]. In December 2019, a cluster of patients with severe respiratory syndrome (pneumonia) was
reported in Wuhan, China, and the associated pathogen was identified as a novel coronavirus [3],
which was later named as SARS-CoV-2, and the disease was named as COVID-19. Since then, the

COVID-19 cases have been reported in every continent including Antarctica. On 11 March 2020,
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World Health Organization (WHO) declared the COVID-19 as a pandemic [4]. As of 15 November
2021, the total number of COVID-19 cases reported by WHO is more than 252 million with an
associated death of more than 5 million individuals [5]. This novel coronavirus is the seventh
edition in the Coronaviridae tfamily of viruses that causes respiratory diseases in humans. The
spreading capability of the new virus (SARS-CoV-2) is higher than all the other coronaviruses and
new variants of SARS-CoV-2 spread even faster in humans than the original virus. SARS-CoV-2
has glycosylated spike (S) proteins [6] that binds to the Angiotensin-Converting Enzyme I1 (ACE2)
receptor found in lower respiratory tracts of humans [7]. The virus can survive on plastic, metal,
or cardboard surfaces for 4 hours up to 3 days, making it easier for the virus to spread [8]. To
minimize the rapid spread of SARS-CoV-2, effective viral detection methods are necessary. The
most popular method of SARS-CoV-2 detection is the real-time Reverse Transcription-Polymerase
Chain Reaction (rRT-PCR). However, it has several limitations such as complex protocols, the
need for trained personnel, long turnaround, and false-negative results [9]. Different detection
techniques have been developed since 2019 including plasmonic-based colorimetric assays,
antibody capture, and antigen-binding assays, paper-based biomolecular sensors, and
thermoplasmonic chips [10]. However, there is still a need to develop effective, highly selective,
and easy-to-use detection methods for SARS-CoV-2.

Recently, polymeric materials such as polydiacetylene (PDA) that have colorimetric
responses to environmental stimuli have gained great interest in developing colorimetric
biosensors [11-15]. Previous studies suggested that PDAs have demonstrated colorimetric
transition responses to various bacteria and viruses [12, 16]. Charych et al. (1993) first reported a
PDA-based sensor that could detect hemagglutinin of the influenza virus [17]. Lately, PDA-based

sensors have been reported to detect influenza virus, hepatitis B, foot-and-mouth virus, bovine
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viral diarrhea virus, feline calicivirus, and vaccinia virus [16, 18-19], suggesting a potential of
using PDAs as a colorimetric sensor for coronavirus detection [20-22]. To the best of our
knowledge, no report has been published that describes a PDA-based colorimetric sensor to detect
SARS-CoV-2.

In this study, a PDA-based flexible biosensor was developed for detecting the S protein of
SARS-CoV-2, resulting in biosensors for SARS-CoV-2. The anti-N is an antibody protein of
nucleocapsid (N) structural protein of SARS-CoV-2 that is responsible for the viral replication in
host cells [23]. The anti-N protein is more sensitive to detect early COVID-19 infection in
comparison to the antibody protein specific to the spike protein [24]. Therefore, the PDA-based
flexible biosensor was prepared by electrospinning PDA nanofiber composite with the conjugation
of SARS-CoV-2 anti-N protein. The carboxylic acid group (—-COOH) in the PDAs was transformed
into an open ester bond (-COO-) that provided a binding site for the anti-N. When the anti-N
conjugated PDA nanofiber (PU-PDA-NHS-anti) was introduced to the spike protein of the SARS-
CoV-2, the nanofibers demonstrated a colorimetric transition from blue to red after incubation and
the intensity of the color of red was increased after 24 hours of incubation. In a comparison with
no color changes found in the non-functionalized PU-PDA fibers, the functionalized PU-PDA-
NHS-anti fibers showed colorimetric responses to the S protein of SARS-CoV-2. The anti-N
proteins in the PU-PDA-NHS-anti fibers probably interacted with the S protein which triggered
the color change in the fiber. Because the PDA nanofibers were flexible and lightweight and did
not require a power supply such as a battery when the colorimetric detection to S protein occurred,
the PDA nanofibers could be used in developing wearable devices for detecting SARS-CoV-2.
Wearable devices, which allow physiological signals to be continuously monitored, can be used in

the early detection of asymptomatic and pre-symptomatic cases of COVID-19 [25]. Wearable
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devices such as facemasks and medical gowns using the PDA nanofiber composites can be

potentially developed to monitor in real-time the contamination of SARS-CoV-2.

6.2 Methodologies and discussions

To prepare the PU-PDA-NHS-anti nanofiber biosensor, at first the 10, 12-
pentacosadiynoic acid (PCDA) monomer was chemically functionalized to PCDA-NHS
(supplementary document). During this functionalization, the carboxylic acid groups (-COOH) of
PCDAs were transformed into open ester bonds (-COO-). To confirm the functionalization, a
Nicolet 6700 Fourier Transform Infrared spectroscopy (FTIR) spectrometer (Thermo Electron
Corporation, Madison, WI, USA) was used to collect Attenuated Total Reflection (ATR)- FTIR
spectra of the PCDA and PCDA-NHS powders. The FTIR spectra of PCDA-NHS powder had a
peak at wavenumber 1723cm™! that corresponds to ester bond (-COO-). This peak was not found
in PCDA powders. The PCDA powders showed a peak at wavenumber 1689cm™ corresponding

to carboxylic acid (-COOR) stretching typical in PCDA [16] (Figure 6.2).

PU-PDA-NHS-anti fiber W

PU-PDA-NHS fiber A\

PU-PDA fiber W
PCDA-NHS powder w

PCDA powder

-COOH

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm!)

Figure 6.2. FTIR spectra of PCDA powders and PDA fiber samples.

164



Then, PCDA, and PCDA-NHS powders and polyurethane (PU) matrix polymer were used
to prepare PU-PDA-NHS fiber mats via electrospinning technique. Additionally, control samples
of PU-PDA fiber mats were prepared by the procedures described in our previous report [12]. Both
PU-PDA and PU-PDA-NHS fiber mats were blue (Figure 6.3a). The fiber mats were peeled off
from the aluminum foil as shown in Figure 6.2b. Fibers were highly stretchable and curled up

after peeling from the aluminum foil, suggesting good flexibility (Figure 6.3c).

@

RS

Figure 6.3. Images of (a) PDA nanofiber mat, (b) fiber mat during peeling off the aluminum foil,
and (c) demonstration of high stretchability.

FTIR spectra of PU-PDA and PU-PDA-NHS fibers exhibited a similar trend as PCDA and
PCDA-NHS powders. PU-PDA fibers showed a peak at wavenumber 1691cm™ (-COOH) that was
not present in PU-PDA-NHS fibers. Instead, a new peak at wavenumber 1725cm™ (-COO-) was
observed in PU-PDA-NHS fibers (Figure 6.2). The results confirmed the esterification of PCDAs

as a binding site for the anti-N protein [16, 19]. Finally, PU-PDA-NHS fiber mats were incubated
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with a solution containing 2pg/mL anti-N protein for 48 h at 4°C to prepare PU-PDA-NHS-anti
fiber mats. No significant difference was found between the PU-PDA-NHS and PU-PDA-NHS-
anti fibers when comparing the FTIR spectra (Figure 6.2).

To confirm the anti-N conjugation occurring to the PU-PDA-NHS fibers, FTIR spectra
were collected for PDA-NHS powders without PU. PCDA-NHS powders were photopolymerized
and then UV irradiated at 254 nm for 3 min, resulting in PDA-NHS powders. The PDA-NHS
powders were incubated with anti-N and FTIR spectra were taken before and after the incubation.
The result showed a significant increase in the N-H stretching peak (3360 cm™) (Figure 6.4, arrow
marked), arising due to the presence of nitrogen (N) in anti-N protein composition. The presence
of N-H stretching peak confirmed the successful anti-N conjugation with the PDA-NHS (Figure

6.4).

N-H stretching

PDA-NHS-anti powder

PDA-NHS powder

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6.4. FTIR spectra of PDA-NHS and PDA-NHS-anti powders.

After the preparation of PU-PDA-NHS-anti nanofiber biosensor, circular fiber samples
were cut to fit inside a 48-well plate. The fiber samples were washed using sterile water and PBS
before they were incubated in SARS-CoV-2 S protein (SinoBiological, Wayne, PA) solution (1

pug/mL) using a low attachment 48-well plate at room temperature. The S protein solution was
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diluted using a dilution factor suggested by the manufacturer. All the results reported here were
obtained using the dilution factor of 1:500 that determined the protein concentration was 1 pg/mL.
Previous report from our lab confirmed that PDA nanofibers do not change color at temperature
less than 60°C [11], so temperature during testing condition did not affect the colorimetric or
morphological properties of the PDA nanofibers. Control samples of PU-PDA, PU-PDA-NHS
fibers were also incubated with S protein solution. Morphological analysis of the fibers was
conducted before and after the S protein incubation using Scanning Electron Microscopic (SEM)
images. A JEOL JSM-6500 Field Emission Scanning Electron Microscope was used to collect
SEM images. The results showed that PU-PDA fibers had a scale-like structure on the fiber surface
which confirmed the attachment of PDAs on the PU fibers [12-13] (Figure 6.5). PU-PDA-NHS
fibers had a similar morphology on the surface (Figure 6.5). The PU-PDA-NHS-anti fibers had a
similar structure but had some dot-like structures on the surface, which might be the anti-N proteins
because this fiber was incubated for 48 h in the anti-N protein solution (Figure 6.5, inset). The
size of these dot-like structures varied from 50 nm to 700 nm, indicating different degrees of
coagulation of antibody protein on the fiber surface. After 24 h of incubation with S protein, the
PU-PDA fiber morphology remained the same, suggesting no chemical reaction between the fiber
and S protein (Figure 6.5). In comparison, the PU-PDA-NHS and PU-PDA-NHS-anti fibers
showed a very rough surface after incubation with S protein (Figure 6.5). Larger scale-like
structures were observed in the fibers. The results indicated the topographical changes in the fiber
morphology might be due to the interaction between the fibers (PU-PDA-NHS and PU-PDA-NHS-

anti) and S protein.
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Figure 6.5. SEM images PDA fibers before and after incubation with S protein.

From the SEM images, fiber diameters were measured using the imageJ software. 10 fiber
samples from each category were analyzed for fiber diameter analysis before and after incubation
with S protein. The average diameter of PU-PDA nanofibers was 1700 nm. The PU-PDA-NHS
and PU-PDA-NHS-anti nanofibers had average diameters of 1200 and 1300 nm respectively. The
reduction of diameter in PU-PDA-NHS and PU-PDA-NHS-anti fibers was likely due to the
addition of functionalized PCDA-NHS in the electrospinning solution. While electrospinning, the
fibers were deposited randomly on the collector plate due to the high electrostatic force. So, the
size of the nanofibers was not same for all the fibers, rather had a range of diameters as shown in
Figure 6.5. The variation in diameter was not drastic compared to the previously reported PDA
nanofibers prepared via electrospinning [12, 14, 26]. To evaluate statistically significant
differences in the fiber diameters, Analysis of Variance (ANOVA) and Tukey’s Honest Significant
Difference (HSD) tests were performed. The results (Figure 6.6) indicated that there was no

significant difference between PU-PDA fibers before and after S protein incubation, which is in
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good agreement with the morphological observation of the fibers and indicated that the S protein
did not react with the PU-PDA fibers. The diameters of the PU-PDA-NHS and PU-PDA-NHS-anti
fibers were reduced after S protein incubation, which was likely due to the interaction between
PDA fibers and S proteins. However, the diameter reduction in PU-PDA-NHS fiber after S protein
incubation was not statistically significant. Fiber morphology and fiber diameter may change due
to changes in electrospinning parameters [27], addition of surfactants, chemicals, and drug
molecules [28], as well as external stimuli [29]. Previous studies reported a diameter increase and
a scale-like morphological change in the PU-PDA fibers in comparison with pristine PU fibers
[12]. When the PDAs were modified to prepare PU-PDA-NHS and PU-PDA-NHS-anti fibers, the
scale-like structure was also observed (Figure 6.5). Then, after the fibers were incubated with S
protein, the scales on fiber surface were disrupted as shown in Figure 6.4. A hypothesis was that
the changes in fiber surface morphology were due to the interaction between antibody conjugated
PDA-NHS and S protein. Figure 6.5 shows no changes found in the PU-PDA fiber after incubation
with S protein. It was likely because there was no interaction with the S protein due to the absence
of PDA-NHS or PDA-NHS-anti. The nature and dynamics of the interaction between PDA-NHS-

anti molecules in the fibers with S protein of SARS-CoV-2 needs further experimental analysis.
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Figure 6.6. PDA fiber diameter before and after incubation with S protein. ANOVA and HSD were
performed for statistical analysis (*, ***, and **** indicates p<0.05, p<0.001 and p<0.0001).
When the PU-PDA-NHS-anti fiber was incubated with S-protein (I pg/mL) at room
temperature, the fiber started changing color from blue to red after 4 h of incubation. The color of
red became bright after 24 h of incubation (Figure 6.7a). In addition, PU-PDA and PU-PDA-NHS
fibers were incubated with the S protein. No color change was observed in PU-PDA fibers as
expected, which was in good agreement with the morphological observation and fiber diameter
analysis. Furthermore, a significant color change was observed in PU-PDA-NHS fiber after 24 h
of incubation with S protein (Figure 6.7a). That was because the PU-PDA-NHS fiber had open
ester groups (-COO-) on macromolecules and hence some S proteins might have been able to
conjugate to the PU-PDA-NHS fiber, resulting in a color change. Additionally, all the fibers were
incubated with the buffer solution that was used to prepare the S protein solution and no color

change was observed. The buffer solution was composed of 0.1% Bovine Serum Albumin (BSA)
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protein in wash buffer. The PDA fibers did not change color when they were incubated with buffer

solution, thus signifying a specific detection of S protein.
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Figure 6.7. (a) Photographs of PDA fibers before and after 24 hours of incubation with S protein,
(b) AE values of PDA fibers.

The color change in the fibers were quantified using CIE (International Commission of
[llumination) color space coordinates that include the values of L*, a*, and b* representing
lightness, color position between green and red, and color position between yellow and blue
respectively [30]. Photographs of PDA fibers were taken before and after 24 h of incubation with
S protein (Figure 6.7). CIE L*a*b* values were obtained from the photograph using Digital Color

Meter application (Apple Inc.). 20 values of L*, a*, and b* were collected for each fiber on the
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photographs. 10 values were for samples before incubation and 10 values were for after incubation.

The color change of the fibers was quantified by calculating the AE values using Equation (1).

AE = \/(AL)? + (Aa)? + (Ab)? (1)

where AL, Aa, and Ab are the differences in brightness, redness, and yellowness of the
fibers before and after the incubation with S protein [30], respectively. The AE values are shown
in Figure 6.7(b). The AE for PU-PDA was 17.61, which is very low compared to the AE of PU-
PDA-NHS (70.52) and PU-PDA-NHS-anti (78.49) fibers. The higher AE of PU-PDA-NHS and
PU-PDA-NHS-anti fibers confirmed a distinguishable color change in the fibers after incubation
with S protein. Additionally, it was observed that the difference in the AE between PU-PDA-NHS
and PU-PDA-NHS-anti was very minimum, suggesting that the antibody functionalization may
not be necessary for S protein detection. The removal of antibody conjugation can offer cost
reduction in biosensor preparation, however, because the color change in PU-PDA-NHS fiber was
not proven specifically due to the open ester bond, more control experiments need to be conducted
in the future to fully understand the specificity of the fiber.

The average L*a*b* of the fibers before and after incubation with S protein were collected.
A negative a* value represents green region but positive a* represents red, and a negative b*
indicates blue whereas a positive b* indicates yellowness [31]. b* of all fibers were negative before
S protein incubation, meaning the fibers were blue. However, after the incubation, only PU-PDA
fiber’s b* remained negative (-5.749) which indicated the fiber color remained blue after S protein
incubation. On the other hand, a* values of PU-PDA-NHS (44.341) and PU-PDA-NHS-anti
(48.614) became positive after S protein incubation, indicating the color of these fibers shifted to

red.
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The vivid blue to the red transformation of the PU-PDA-NHS-anti fiber suggested an
interaction between the S protein and the anti-N protein that might have been responded by a
perturbation in the electron cloud of the PDAs and resulted in a color change. The nature of this
protein-protein interaction between anti-N and S proteins will be investigated in the future. The
initial indication of this protein-protein interaction can help to prepare targeted therapeutics and
efficient biosensors that can effectively sense and inactivate the SARS-CoV-2 in the respiratory
cells. The preliminary results that were illustrated here have demonstrated that the antibody
conjugated PDA nanofibers have the potential in creating wearable devices and personal protective
equipment such as facemasks and medical gowns for real-time detecting and monitoring SARS-
CoV-2 contamination and contraction on a daily basis as well as in a healthcare setting. Further
investigation will focus on sensitivity, selectivity, and biosafety of PDA’s colorimetric responses
to S protein, which are critical in proof-of-concept of using PDAs in SARS-CoV-2 detection
techniques. Additional studies such as comparability and durability of the flexible PDA nanofibers
should be considered with the textile materials commonly used in personal protective equipment
such as facemasks and medical gowns. A viral load model was described by Soto et al. (2021),
where a 4 h timeframe provided a sufficient threshold number of virus captured by a functionalized
face mask to perform analytical analysis [32]. The PDA nanofiber biosensor described in this work
exhibited a color change after 4 h of incubation with the S protein of SARS-CoV-2, which was
consistent with the timeframe reported by Soto et al. (2021) [32]. The 4 h timeframe is a good
indication of mask wearing base requirement for an effective sensing of the virus via a mask
protection. Future work would require a detection study with live SARS-CoV-2 as well as an
optimization study of electrospinning parameters and antibody concentration in the fiber to

improve the sensitivity of the PDA nanofibers.
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6.3 Conclusions

PDA nanofibers were obtained via chemical functionalization of PCDA monomer and
electrospinning, resulting in a binding site for a receptor molecule — nucleocapsid antibody (anti-
N) protein of SARS-CoV-2. The anti-N protein was attached to the functionalized PDA fibers via
conjugation, resulting in PU-PDA-NHS-anti fibers. The PU-PDA-NHS-anti fibers showed a
colorimetric transition from blue-to-red when interacting with S protein of SARS-CoV-2 at room
temperature, suggesting it was a colorimetric detection of SARS-CoV-2. The results demonstrated
the potential of using PDA nanofibers in creating a flexible, lightweight, no-battery, and
colorimetric biosensor. The PDA biosensors can be used in developing wearable devices and
personal protective equipment such as facemasks and medical gowns, providing real-time
detection to COVID-19 contraction and hence timely medical decisions to improve public health
in pandemics. In addition, the flexible PDA biosensors can be used in hygiene products, food
processing, and food packaging, providing real-time detection via colorimetric indication. These
smart products will empower individuals in the decision-making process and improve health and

well-being.
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CHAPTER 7/CONCLUSIONS AND FUTURE WORKS

Nanostructured materials offer unique advantages to the bulk material for biomedical
applications. In this work, titania (TiO2) nanotubes (NT) were fabricated on titanium (Ti)
orthopedic surfaces to improve the bioactivity of these implants. From the work described in
Chapter 2, it is evident that NT surfaces differ in surface properties compared to the bulk Ti
surface. The NT surface was superhydrophilic in nature which resulted from the presence of
nanotubes that reduced the surface tension of the static water thus reducing the water contact angle.
When important trace element zinc (Zn) was doped on the NT surface to prepare NThyt and NTa,
the surfaces had unique morphological features. NTny: had crystal like structure and NTaix exhibited
a web-like structure identified by scanning electron microscopic (SEM) images. Energy-dispersive
energy spectroscopy (EDS) maps confirmed an even distribution of Zn throughout both the
surfaces. The relative atomic weight percentages (at %) of Zn on these surfaces were also evaluated
by taking X-ray spectroscopy (XPS) spectra. All these material characterization results indicated
a significant surface property difference on the nanostructured surfaces compared to the pure Ti
surface property. Then, antibacterial property evaluation on these surfaces indicated that all the
nanostructured surfaces (NT, NThyt, and NTax) could successfully reduce the bacterial adhesion
compared to the pure Ti. NThy surface which had hydrothermally doped Zn could reduce the
bacterial adhesion more than the alkaline heat treated NTai surface.

In Chapter 3, two important trace elements Zn and strontium (Sr) were doped on the NT
surface to prepare NTZn and NTSr. These surfaces also had unique surface properties that are
different from pure Ti. Also, these surfaces did not possess any cytotoxicity towards adipose

derived stem cells (ADSC). After 4 and 7 days of incubation with the ADSCs, it was observed that
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the cells adhered to the NT surfaces could spread better due to the presence of nanotubes which
acted as anchoring sites for the adhering cells. These adhered cells were also found to differentiate
faster to osteoblasts which are bone cells that indicated better osseointegration properties imparted
by the nanostructured surfaces. The adhered ADSCs on the NTSr surface differentiated in a faster
rate compared to the other surfaces indicating the enhanced bioactivity resulting from the presence
of nanotubes and signaling element.

In Chapter 4, the conjugated effect of antibacterial activity and osseointegration properties
were discussed. A new surface NTZnSr was prepared which holds both the important trace
elements Zn and Sr. This surface could significantly reduce both Gram-positive S. aureus and
Gram-negative P. aeruginosa adhesion. This is due to the presence of Zn which acted as an
antibacterial agent and reduced the bacterial adhesion on the new surface. The NTZnSr surface
also indicated improved ADSC adhesion and spreading. These adhered cells also differentiated
significantly faster to osteoblasts confirming the improvement in osseointegration property.
Therefore, the nanostructured NTZnSr surface could enhance both the antibacterial and
osseointegration properties of Ti orthopedic implants.

In future, the NTZnSr surface can be evaluated for in vivo studies. There has been growing
interest for surface modification approaches to make orthopedic implants more bioactive. Majority
of the implants fail due to the bacterial adhesion and poor osseointegration. Since the NTZnSr
surface could improve both antibacterial and osseointegration properties on the Ti surface
indicated by the in vitro studies, the obvious next step is to check the efficacy of this surface during
in vivo studies. Commercial viability of this nanostructured surface can also be evaluated in the

future studies.
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Polydiacetylene (PDA) nanofiber biosensor was the other nanostructured material that was
developed in this work for improving the bioactivity. PDA is a popular polymer that can change
color in contact with an external stimulus such as bacteria and virus. For that reason, PDA based
biosensors are popular in the biomedical research area. However, there is a lack of research efforts
to prepare a flexible biosensor using the PDA polymer. Therefore, in this work, a PDA nanofiber
biosensor was synthesized using electrospinning technique which was discussed in Chapter 5.
The nanofiber color was blue after the photopolymerization which changed its color to red in the
presence of Gram-negative bacteria E. coli and P. aeruginosa. However, no color change was
observed at the presence of Gram-positive bacteria S. aureus. Therefore, the colorimetric transition
was only due to the presence of a Gram-negative bacteria and thus the PDA nanofiber biosensor
can selectively detect the Gram-negative bacteria. The difference in color change was due to the
differences of extracellular proteins released by the different strains of bacteria. In future, the
extracellular matrix polymers and proteins released by different bacterial strains can be evaluated
in detail to understand the PDA color changing mechanism in depth. Also, the fiber’s capability to
selectively detect Gram-negative bacteria can be evaluated by incorporating the fiber in a
commercially available product such as a face mask.

The PDA polymer has a flexible polymer structure with a carboxylic acid (-COOH) end
group which can be chemically treated to produce carbonyl (-COO-) end group that has an open
bond. This can be acted as a binding site for a receptor to detect specific targets such as a specific
strain of bacteria or virus. Utilizing this flexibility of the PDA polymeric structure, the PDA
biosensor was functionalized chemically to detect the spike protein of the pandemic coronavirus
(SARS-CoV-2). The functionalization and the material properties are described in Chapter 6. For

this, antibody nucleocapsid (anti-N) protein was conjugated to the PDA nanofiber. The
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functionalized fiber could detect the spike protein (S) of SARS-CoV-2 by a colorimetric transition
from blue to red which is visible to the human eye. So, the functionalized fiber could selectively
detect the SARS-CoV-2 via a color change. This result indicated that the flexible nature of the
PDA polymer chain can be utilized to selectively detect a diverse range of pathogens in the future.
Also, the color changing mechanism can be evaluated more in depth in the future. Moreover, the
fibers can be incorporated to different personal protective equipment in the future to evaluate their

biosensing capability in a real-world scenario.
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