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Abstract

Surface Functionalization of Metallic Bio-implant

Minkyu Lee
Department of Materials Science and Engineering

Seoul National University

Metals have been widely used in biomedical fields for decades due to
its excellent biocompatibility and strength. Metallic medical implants such as
vascular stents, bone and dental implants can support and replace impaired
tissue successfully. However, irregular corrosion behavior and severe
inflammatory reactions in the body after implantation are the biggest problems
limiting its application. Therefore, to solve these problems, a surface treatment
method for imparting various bio-functionality to the surface of metallic bio-
implant is widely utilized. The metal and drug coating methods on the surface
are the simplest and most convenient way to enhance bio-functionality of
metallic implants. In spite of these achievements, it showed the delamination
of the coating layers due to poor coating stability leading to the adverse effects

in host tissue.



In this study, we developed a simple and effective surface treatment
method for metallic bio-implants using a DC magnetron sputtering. The Target-
ion induced plasma sputtering (TIPS) is a metal etching technique using
accelerated metal cations emitted from the target. The metal cations emitted
from the target are accelerated by an extremely high negative voltage applied
to the metal substrates which inflict a high impact energy on substrate substance.
TIPS treated metal substrates show unique nanostructures injected with target
metal ions/atoms, and these surfaces have a variety of bio-functions. The target
metal ions, accelerated by the high negative substrate voltage and strongly
injected into the substrate, have excellent mechanical stability between target
materials and metal substrates compared to the existing convectional DC
sputtering process. In particular, TIPS process etches the surface of metallic
bio-implants with forming distinctive nanostructures which can offer various
bio-functions such as controllable corrosion behavior and antibacterial activity.
A tantalum (Ta) was introduced as a target material known as a biocompatible
metal element. Besides, it has a high atomic weight which enables Ta to etch

metallic substrate effectively.

In the first study, we invented Ta incorporated bare iron (Fe) platform
for medical applications. In recent years, pure Fe has attracted significant
attention as a promising biodegradable orthopedic implant material due to its

excellent mechanical and biological properties. However, in physiological
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conditions, Fe has an extremely slow degradation rate with localized
degradation, which is problematic for practical applications. In this study, we
developed a novel combination of a nanostructured surface topography and
galvanic reaction to achieve uniform and accelerated degradation of an Fe
implant. The TIPS technique was applied on the Fe implant to introduce
biologically compatible and electrochemically noble tantalum (Ta) onto its
surface and develop surface nano-galvanic couples. During the TIPS process,
numerous Ta ions generated from the sputtering gun were directly implanted
into the surface of the Fe implant by applying an extremely high negative
substrate bias voltage, which enabled the generation of distinct nanostructures
on the surface of the Fe implant with the incorporation of a considerable amount
of Ta (~50 at%) on top of the nanostructured surface. Electrochemical tests
revealed that the uniformly distributed nano-galvanic corrosion cells of the
TIPS-treated sample (nano Ta—Fe) led to relatively uniform and accelerated
surface degradation compared to that of bare Fe. Furthermore, the mechanical
properties of nano Ta—Fe remained almost constant during a long-term in vitro
immersion test (~ 40 weeks). Biocompatibility was also assessed on surfaces of
bare Fe and nano Ta—Fe using in vitro osteoblast responses through direct and
indirect contact assays and an in vivo rabbit femur medullary cavity
implantation model. The results revealed that nano Ta—Fe not only enhanced
cell adhesion and spreading on its surface, but also exhibited no signs of cellular

or tissue toxicity. These results demonstrate the immense potential of Ta-



implanted surface nanostructures as an effective solution for the practical
application of Fe-based orthopedic implants, ensuring long-term biosafety and

clinical efficacy.

In the second study, we imitated the nano-topography of dragonfly
wings via TIPS on Co-Cr implants for antibacterial activity. Bio-metals are
promising materials in biomedical field due to their excellent mechanical
properties. To reconstruct or replace damaged tissue in the body, metallic
materials are widely used in the following forms: vascular stents, dental and
bone implants. It has the advantage of supporting the impaired tissue
successfully where loads are applied because of its excellent mechanical
properties. Despite these advantages, the poor antibacterial activity of metallic
implants induces serious inflammatory responses such as peri-implantitis and
osteomyelitis, which limits its applications to medical implants. Therefore,
previous research has been actively conducted to coat or load antibiotic agents
such as silver and antibiotics to impart excellent antibacterial property to the
surface of metallic implants. Although incorporated silver or antibiotics exhibit
excellent antibacterial effects and alleviate the inflammation, but their use is
limited due to the side effects causing toxicity to cells. Recently, Elena P
Ivanova et al. reported that nanostructures of the dragonfly wings physically
rupture bacterial cell walls called by mechano-bactericidal effect. In this study,

the nano-scale structure of the dragonfly wings, which has mechano-



bactericidal effect, is imitated by using TIPS technique, which is a novel
strategy to modify the surface of metallic implants. After applying TIPS
technique to Co-Cr implants, it not only showed excellent antibacterial effects
against gram-negative and gram-positive bacteria, but also presented enhanced
biocompatibility resulting from nano-topography which induces a strong cell
adhesion. The approach for this research described here enable metallic
implants to achieve both excellent antibacterial effect and enhanced

biocompatibility simultaneously.

Keywords: Metallic bio-implants, Tantalum, Biodegradable materials,

Biomimetics
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Chapter 1.

Introduction



1.1. Metallic bio-implants and its limitation

With an increase in expected lifespan, various diseases related to hard
and soft tissues have emerged as critical problems in biomedical fields. In
particular, the number of patients suffering from dental, bone, and vascular
related diseases has increased significantly. As aging progresses, the strength
of teeth and bones generally decreases, which makes it vulnerable to physical
impact. Blood vessels are tissues that are more closely associated with human
aging. The elasticity of blood vessels is reduced, and the accumulation of
impurities in the blood vessels causes serious diseases such as arteriosclerosis
and myocardial infarction [1]. To solve these problems, research on
biomaterials for vascular, dental, and orthopedic implants has been actively
conducted [2, 3]. Bio-implant materials are substance that is artificially inserted
to treat or replace damaged tissues in the body. Ti-based implant materials are
targeted to replace damaged teeth [4], and Fe-based are used to support
fractured or damaged bone [5]. Co-based materials are utilized as vascular
stents [6]. Due to their excellent mechanical property, damaged tissue can be

effectively supported and healed.

Despite these advantages, metallic bio-implant materials have
limitations such as non-uniform corrosion and bacterial infections due to their
low antibacterial activity. Firstly, an irregular corrosion of biodegradable

metals such as Mg, Zn and Fe leads to premature fracture of medical bio-



implants [7-9]. When biodegradable metals are used as bio-implants in the body,
they will be subject to physical loads from host tissue. For example,
biodegradable metal stents exhibited irregular corrosion in blood circulating
system. As a result, the physical loads by blood vessels induce stress
concentration in the area where the local corrosion of the stent has occurred
leading to unexpected fracture of medical implants [10, 11]. Secondly, bacterial
infections due to the poor antibacterial properties of metal implants are one of
the most serious problems. Bacterial infections easily occur between the bio-
implant and the tissue after surgery, which causes serious problems such as

peri-implantitis and osteomyelitis [12-15].

1.2. Surface functionalization of metallic bio-implants

1.2.1. Plasma treatment

Various studies have been conducted to treat the problems of metallic
bio-implant materials as described above [16, 17]. Plasma treatment is one of
the most widely used methods for modifying the surface of metal implants
which can impart surface chemistry, roughness, hydrophilicity, bio-functions to
the surface of metallic bio-implants [18, 19]. Plasma treatment was introduced

to treat irregular corrosion behavior of degradable metals. J. Cheng et al.



reported that Platinum (Pt) patterned Fe platform presented accelerated and
uniform corrosion behaviors due to the presence of Pt which triggers galvanic
corrosion reaction with Fe. In spite of these achievements, the noble metal
coating method is vulnerable to mechanical deformation because of its poor
coating stability with Fe [20]. These poor bonding between the coating layer of
noble metals and Fe matrix have limitations that cannot be applied to bio-

implants exposed to mechanical deformation such as stent expansion.

1.2.2. Antibacterial treatment

Various studies have been conducted to impart antibacterial properties
to the bio-implant surface in order to solve the problem of implant infection due
to low antibacterial properties. Firstly, antibacterial treatments of the implant
surface are to coat or load silver or antibiotics [21, 22]. Silver is a typical
metallic element with excellent antibacterial properties. S. W. Kim et al. reported
that the the surface of Ti dental implant showed enhanced antibacterial activity
by coating silver onto Ti surface. Secondly, Antibiotics also exhibited excellent
antibacterial properties. Despite these achievements, toxicity to mammalian
cells arising from the use of silver and antibiotics has been confirmed. It was
demonstrated that increasing the amount of silver and antibiotics causes severe

toxicity to mammalian cells [23].



1.3. Target-ion Induced Plasma Sputtering (TIPS)

TIPS technology was applied to overcome several limitations of bio-
implant materials as mentioned above. The TIPS technology is illustrated in
Fig. 1, which is a process of accelerating the metal cations emitted from the
target toward the substrate to induce substrate etching. The existing sputtering
process is a method in which metal cations emitted from the target are simply
vapor-deposited on the substrate. On the other hand, in the TIPS system, the
cations coming out of the target are accelerated in the direction of the substrate
by an extremely high negative voltage applied to the substrate, giving a large
impact energy to the substrate. The metal target materials used in this study is
tantalum (Ta). Ta not only exhibits excellent biocompatibility, but also has a
high atomic weight leading high etching efficiency in TIPS process. As a result,
TIPS creates distinctive nano-structures on the surface of metal, which exhibits
excellent osteoblast, fibroblast, and vascular cell affinity [6, 24-26]. In this
research, we introduced TIPS technology to solve the limitations of metallic

bio-implant materials.
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Chapter 2.

Uniform and accelerated biodegradation of iron-

based implants



2.1. Introduction

In past few decades, biodegradable metallic materials have
undoubtedly served as one of the most promising strategies in regenerative
medicine [27, 28]. Biodegradable metals possess excellent mechanical
properties providing sufficient temporary support to resist the applied load,
whereas the potential risk of long-term complications is essentially eliminated
through their progressive degradation in the body. Therefore ideally,
biodegradable metallic implants are best suited for the purposes of stabilization
of fractured bone tissues and guidance of bone healing [3, 29]. However, from
the biological safety aspect, there are strict requirements for material selection,
including desirable degradation rates, balanced decline of mechanical
properties with bone remodeling, and metabolism of the degradation
byproducts in the body. To date, three types of metals have been recognized as
a promising candidate for the development of biodegradable orthopedic
implants: magnesium (Mg), zinc (Zn), and iron (Fe) [30-32]. Mg is primarily
distributed in bone tissue and a key mineral in the development of bone mass
and bone strength. Zn is widely acknowledged as a nutrient element for various
biological process including enzyme function and immune competence [33].
However, unfortunately, most of Mg-based implants degrade too rapidly in
physiological environments, losing their shape and strength before the injured
tissues healed [34, 35], whereas Zn is not strong enough for load-bearing

implantable devices [36].



Fe is the most abundant metal element in the human body and
participates in a wide variety of metabolic processes, such as oxygen transport,
energy metabolism, enzyme function, and DNA synthesis [37]. In particular, it
is well known for its vital role in bone homeostasis, and its deficiency causes
bone disorders and impairs bone mineralization. Previous studies have proven
that Fe possesses better mechanical performance than most of metals and
exhibits no local or systemic toxicity in both short- and long-term in vivo studies
[38, 39]. However, despite its immense potential for the use as biodegradable
orthopedic implants, the very low degradation rate of Fe in physiological media
becomes a main obstacle for its successful clinical applications [40, 41]. Since
long-lasting biodegradable materials in the body can act like permanent
materials, Fe implants inevitably provoke chronic foreign body reactions,
thereby causing implant loosening and eventual failure. In addition, the body
fluids containing aggressive anions, such as chloride ions, can prompt localized
preferential dissolutions of Fe and lead to the formation of sharp, deep, and
narrow pits on its surface, which will significantly deteriorate the
comprehensive mechanical performances and structural integrity of the Fe

implant during its clinical service [42, 43].

Practically, it is relatively simple and feasible to enhance the
degradation rate of Fe by adding additional metal elements, but it is more

important to optimize the interface interaction between the implant and



surrounding bone tissues. Results of the past studies have shown that it remains
difficult to obtain satisfactory combination of high biodegradation rate and
reliable mechanical support without deteriorating biocompatibility. For
instance, metallic Fe alloying has been shown to be very effective in enhancing
degradation rate and mechanical properties by forming noble second phases
into the Fe matrix, but cytotoxicity is also associated with the introduced
metallic elements, such as manganese, cobalt, aluminum, tungsten, and
palladium [5, 44, 45]. Since small quantities of these elements can severely
deteriorate the cytocompatibility of Fe implants, more recent studies have been
directed toward the surface modification of Fe without altering its bulk
composition. Even in case of introducing additional materials, the surface
modification approach can offer a large pool of biocompatible material
candidates and a high degree of freedom in designing the structure and
optimizing the degradation rate of the Fe implant. Zhou et al. developed micro-
roughened Fe surface via sandblasting process which possessed high specific
surface area ensuring physically accelerated degradation behavior of Fe under
body fluid conditions [46]. J. Cheng et al. deposited micro-patterned gold disc
films on the surface of Fe that generated micro-galvanic corrosion between Fe
and gold under simulated body conditions and led to the significant increase of
Fe degradation rate. Huang et al. revealed that the smaller platinum surface
patterns (down to 4 um) were more effective to accelerate degradation rate of

Fe via formation of plenty of galvanic cells with the Fe matrix. However, these

10 :'-l'i ._:_-;_ |'i



micro-scale surface structures merely stimulated electrochemical reactions
occurring on the Fe surface in physiological environment, while not inducing
any favorable bone tissue responses toward the implant surface due to their inert

biological nature.

Over several decades, it has been proven that nano-architectured
surfaces influence a wide range of physical and biological phenomena due to
their extremely large surface areas and size similarity with extracellular matrix.
Most of mammalian cells can specifically recognize nano-scaled topographical
features and directly respond by conforming their adhesion morphologies to
their surroundings and regulating their subsequent cellular behaviors such as
survival, migration, proliferation, and differentiation [4, 47, 48]. However,
despite these promising features, there has been no attempt to explore its
capabilities to modulate both the degradation rate and cellular responses of the
Fe implants. In this study, we develop a novel combination of nanostructured
surface and noble metal ion implantation as physical and electrochemical cues
for the purposes of high degradation rate and excellent bone tissue
compatibility of the Fe implant. Recently developed target-ion induced plasma
sputtering (TIPS) technique makes it possible to generate surface nano-patterns
onto metallic substrates via its massive ion bombardment and implantation
capabilities [49]. In this technique, numerous target metal ions generated from

the sputtering target gun are accelerated towards the substrate under applying
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extremely high negative substrate bias voltage, which provides continuous
implantation of target ions on and non-uniform re-sputtering from the metal
substrate. This unique feature enables generation of distinct nanostructures on
the substrate surfaces and incorporation of target metals into them. In order to
produce nano-galvanic cells over the surface of Fe implant, we introduce
tantalum (Ta) as a sputtering target; Ta has a much higher corrosion potential
(Ecorr) than the pure Fe and is well-known for its favorable interactions with
bone tissues [25, 50, 51]. After TIPS treatment, the surface morphology,
microstructure, chemical composition, and electrochemical properties of the Fe
implant (Nano Ta-Fe) were compared those of untreated Fe implant (Bare Fe).
We then the rates of corrosion and cellular behaviors for the Fe implant before
and after the TIPS treatment were compared using an in vitro and in vivo rabbit

femoral defect model.
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2.2. Materials and methods
Sample preparation

Commercial bare Fe (99.8%, Hosung Industry, Korea) with a square
shape (10 mm X 10 mm X 2 mm) was purchased for the surface
characterization, electrochemical test, in vitro degradation and cell viability test.
All the samples were cleaned by ultrasonification in ethanol 10 min before the
tantalum (Ta) incorporation process. A Ta target (75 mm diameter, 5 mm
thickness, 99.99% purity, Avention, Korea) was located in a DC magnetron
sputtering gun (Ultech Co. Ltd, Daegu, Korea). A vacuum chamber was
sequentially pumped down to 5 x 10 Pa with rotary and diffusion pumps. To
create enough amounts of Ta ions, 50 W of target power was directly applied
to the Ta target, and the working temperature and pressure were retained at 0.6
Pa and 25 °C, respectively, during the process. A negative bias voltage (—1000
V) was supplied to the Fe substrate. The Ta implanted Fe were designated as

nano Ta-Fe.

Surface characterization

Surface morphology was confirmed using field-emission scanning
electron microscopy (FE-SEM; JSM-6330F, JEOL, Japan). The compositional

analysis of nano Ta-Fe was carried out with high-resolution transmission
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electron microscopy (TEM; JEM-2100F, JEOL, Japan) conducted at 200 kV.
The Ta distribution profile on Fe surfaces was measured by energy-dispersive
X-ray spectroscopy (EDS) elemental spot analysis mode in TEM. The cross-
sectional image and EDS mapping of nano Ta-Fe surface after in vitro and in
vivo degradation tests were observed by focused ion beam milling and FE-SEM

equipped with an EDS (FIB/FE-SEM; AURIGA, Carl Zeiss, Germany).

Electrochemical test

Electrochemical measurements were conducted with three-electrode
system using a potentiostat/galvanostat (Model 273, EG&G Princeton Applied
Research, USA). A saturated calomel electrode (SCE) was utilized as a
reference electrode and platinum coil were acted as a counter electrode. All the
samples were completely immersed in 1 L of SBF solution adjusted to pH 7.4
at 37 + 0.5 °C. with an exposed area of 1 cm”. The open circuit potential (OCP)
was measured for 1 hr. Electrochemical impedance spectroscopy (EIS) was
recorded from 100 kHz to 10 mHz at OCP value. The potentiodynamic
polarization curves were achieved ranging from OCP value +600 mV vs. SCE
at a scanning rate of 1 mV-s™. In addition, the surface voltage potential of
samples was measured by a scanning kelvin probe mode of AFM (NX-10, Park
systems, Korea). The scanning area was 25 pum X 25 um. The tests were

performed at 25 °C in air.
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In vitro static degradation test

In vitro static degradation tests were conducted at 37 °C in SBF
solution for 1, 14, and 28 days. After immersion tests, all the samples were
gently rinsed with ethanol and ultrasonically cleaned for an hour to prevent
further degradation and observe the surface morphology of the corroded Fe
substrates. The structural change of surface morphologies as a function of
immersion period was investigated by FE-SEM furnished with an EDS
attachment. The amount of Fe ion release in 25 ml SBF solution was recorded
by conducting inductively coupled plasma mass spectrometry (ICP-MS; Varian

820-MS, Varian, Australia) after static immersion test.

In vitro degradation and mechanical property evaluation

In vitro degradation test was performed to check the mechanical
properties change as a function of degradation time. Mechanical stability after
degradation was assessed over immersion time for 12 and 40 weeks. The dog-
bone samples with the thickness of 450 pm was used for degradation and
mechanical test in accordance with ASTM E 8/E 8M-08. All the samples were
immersed SBF solution and temperature was maintained at 37 °C. To make
accelerated environment for the degradation, SBF was replaced every 2 days
for 40 weeks. After 12 and 40 weeks of immersion, all the samples were

extracted from SBF solution and ultrasonically cleaned with ethanol to prevent
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further degradation. The surface roughness of the samples was examined by
laser scanning microscopy (LSM; OLS 4100, Olympus, Japan). A universal
testing machine (Instron 5580, Instron Corp., USA) was used with a fixed
loading rate of 1 mm/min. The change in the thickness of tested samples was

measured to assess degradation behavior of bare and nano Ta-Fe.

In vitro cellular assays

In vitro cytocompatibility of the bare and nano Ta-Fe was assessed
with regard to cell attachment and proliferation with osteoblast cells (MC3T3-
E1, CRL-2593, ATCC, USA). Incubated cells were seeded onto the bare Fe and
nano Ta-Fe surfaces at the density of 2 X 10* cells/mL for the cell attachment
and proliferation assays. The osteoblast cells were cultivated in a cell incubator
containing 5 % CO; at 37 °C. A culturing medium (a-MEM, Welgene Co., Ltd.,
Korea) with 10 mM B-glycerophosphate (Sigma-Aldrich, USA), 10pug mL—1
ascorbic acid, 1% penicillin-streptomycin and 10% fetal bovine serum (FBS)
was used.

Cell attachment test of bare and nano Ta-Fe samples was conducted
using fluoresce imaging for 1 and 3 days. All the samples were disinfected with
absolute ethanol under ultraviolet (UV) irradiation overnight prior to cell
seeding. The live cell staining was conducted by calcein acetoxymethyl ester

(Calcein AM, Invitrogen, USA) for 40 min of incubation. After 1 and 3 days of
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culturing, the morphologies of the attached cells were observed by confocal
laser scanning microscopy (CLSM; C1 PLUS, Nikon, Japan).

Cell proliferation was assessed using MTS assay (MTS, Promega
corp., USA) for 1 and 3 days. Extraction media of bare and nano Ta-Fe was
used after 2 days of immersion in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, Germany). Extraction medium (0.5 mL) was replaced to 24-
well plate with 0.5 mL of DMEM. The control groups are DMEM containing
10% fetal bovine serum (FBS) or 10% dimethyl sulfoxide (DMSO) as a positive
or negative control respectively [52]. Total cell seeding density of samples was
2 X 10 cells/mL. The amount of the formazan product was assessed after 1

and 3 days of culturing with the absorbance at 490 nm using microplate reader.

In vitro animal model and surgical procedure

All the in vivo procedures containing animal selection, surgical
protocol, management and sacrificial method were authorized by the Ethics
Committee on Animal Experimentation of the Institutional Animal Care and
Use Committee of GENOSS (GEN-IACUC, no. 1902-01). In vivo experiment
was conducted using a bone marrow cavity model in male 12 weeks old New
Zealand White rabbits (male, body weight 2.5-3.0 kg, DBL Inc., South Korea)
as previously described [53, 54]. The rabbits were anesthetized by

intramuscular injection method with an anesthetic mixture of xylazine (1.5 mL,
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Rompun 2%, Bayer Korea, South Korea), tiletamine (0.5 mL, Zoletil, Virbac
Lab, France), and a local anesthetic, lidocaine (0.5 mL with 1:100000
epinephrine, Yuhan Corporation, South Korea). A round hole (2 mm diameter)
was created in the patellar groove using a hand drill. Bare and nano Ta-Fe pins
(2 mm in diameter and 10 mm in height) were individually inserted in each
bone marrow cavity in femur of each rabbit. The wounds were closed with
sutures. A postoperative antibiotic, 0.3 mL of gentamicin (Samu Median, South
Korea) in saline solution was carefully injected for 3 days. The rabbits were

scarified after 1 and 4 months of implantation.

Micro-computed Topography (Micro-CT) analysis

In order to measure inserted pin position, femur bone tissues were
visualized after sacrifice by micro-CT (Skyscan 1173, Skyscan, Belgium) under
the specific condition (a voltage of 130 kV, a resolution of 6 um, and a current
of 60 pA). Post-processing software (NRecon and Data Viewer 1.4, Skyscan,
USA) was used to reconstruct the three-dimensional (3D) and 2D images of the

samples.

Histological evaluation

The samples for histological evaluation were divided into two parts.
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One part was fixed in 10% formaldehyde solution and immersed in resin
(Technovit 7200 VLC, Kulzer, Germany) for hematoxylin-eosin (H&E)
staining. The other part of harvested bone was embedded in paraffin for
Prussian blue and immunohistochemistry with primary anti-CD68 staining
(CD68, abcam, USA). The slide of the blocks (thickness <5 pm) were
fabricated by cutting and grinding. The numbers of macrophages were
calculated in the unit area of the image field. A panoramic digital slide scanner
(Pannoramic 250 Flash III, 3DHISTECH Ltd., Hungary) was used to observe

microscopic images of the stained sections.

Statistical analysis

All the experiments were carried out with three samples per each
group. Statistical analysis was conducted by Statistical package for the social
sciences (SPSS 23, SPSS Inc., USA). All experimental data were converted to
mean * standard deviation. Normality of the variables was assessed using the
Shapiro—Wilk test, and the statistical analysis was conducted by one-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc comparison. A

p-value < 0.05 was deemed significant.
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2.3. Results and discussion

Surface characterization

The surface and cross-sectional morphologies of the Fe substrate before
and after TIPS treatment were investigated with a FE-SEM, FIB, and STEM
(Fig. 1). TIPS treatment leads to the obvious change in surface feature of the
Fe substrate; smooth surface morphology of the bare Fe with several polishing
marks completely disappears after the treatment, and homogeneous
nanostructures are created over the Fe surface (Figs. 2.1a-d). From the low-
magnification image, the Fe substrate still possesses macro- and micro-scale
surface flatness after the TIPS treatment, but the high-magnification and cross-
sectional images reveal that the well-organized nanoridges are strongly adhered
to the Fe substrate with average height, width, and gap of 345 £+ 18 nm, 200 +
18 nm, and 102 + 10 nm, respectively. There are no signs of physical interface
between the surface nanostructure and substrate. The STEM and EDS mapping
images clearly show the cross-sectional elemental distributions for major
elements, Ta and Fe, after the TIPS treatment; the implanted Ta are mostly
distributed at the top region of the nanoridges, whereas the bottom region
appears to be composed of bare Fe without Ta (Fig. 2.1e). From the EDS
analysis at three different spots in Fig. 2.1e (pl: top, p2: middle, and p3:
bottom), the highest atomic concentration of Ta appears only ~50 at% at the top

of the nanoridged surface, which gradually decreases towards the bottom of the
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nanoridges to 0 at%. Based on its morphology and elemental composition, the
Fe substrate after TIPS treatment was defined as the nano Ta-Fe, while the
untreated Fe was named as the bare Fe (Fig. 2.1f). Even though the Fe is well-
known for its promising mechanical strength and potential as biodegradable
implants, there is a current limitation when this material is treated for
orthopedic injury due to its extremely slow degradation rate. In addition, in
physiological environment, deep and narrow local degradation zones formed
on the surface of Fe may lead to the significant deterioration of its
comprehensive mechanical performances, thereby resulting in unexpected
mechanical failure of the Fe implant before completing bone healing process.
In this study, to address this issue, we developed the novel combination of
nanostructured surface topography and galvanic reaction for achieving the
uniform and accelerated degradation behavior of the Fe implant. As the
nanostructured surface possesses an extremely large surface area to volume
ratio, this combination could substantially increase the contact surfaces
between the Fe implant and corrosive body fluids, and thereby effectively
enhance the degradation rate of the Fe implant. In addition, nanostructured
surfaces have dimensional similarity to those of components of extracellular
matrix, which offers unique ability to directly influence the cellular and
molecular events on the implant surface. In order to develop the nanostructured
surface galvanic pairs on the Fe substrate, we employed the recently developed

TIPS technique with noble Ta as a source of ion implantation. The TIPS
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technique enables to generate numerous positive Ta ions from the Ta sputtering
gun, and subsequently implant them onto the negatively charged surface of Fe
substrate by applying the substrate bias. As shown in Fig. 2.9, the degree of
applied negative bias voltages to the Fe substrate determined the variation of
surface roughness of the Fe substrate due to the influence of incident Ta ion
energy and surface erosion rate of Fe substrate. Under applying low-negative
substrate bias voltages (< 500 V), incoming Ta ions had insufficient kinetic
energy to sputter the Fe substrate, and the dense and crack-free Ta coatings were
merely formed on the surface of Fe substrate. On the contrary, with an applied
bias voltage of —1000 V, Ta ions were strongly accelerated by the sheath electric
field and impact on the top surface of the Fe substrate, resulting in the
continuous surface erosion of the Fe substrate rather than deposition. Under
extremely high-negative substrate bias voltage (< 1500 V), it was confirmed
that the Fe surface exhibited uneven structural collapse rather than forming
nanostructures due to too strong ion bombardment. More importantly, as shown
in the cross-sectional STEM images of the surface (Fig. 2.1e), the Ta element
was inhomogeneously implanted into the Fe surface, which is considered as the
reason of local surface erosion rate differences, and thereby development of
surface nanostructures. Because of this unique characteristic of the TIPS
technique, the nanostructured surface layer could possess excellent structural
continuity and integrity with the Fe substrate without any visible physical

interface. In addition, a considerable amount of Ta element (< 50 atom%) was
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stably implanted in the upper region of the surface nanostructure, indicating

that it should achieve mechanically robust Ta-Fe nano-galvanic pairs (Fig. 2.1f).

Degradation Property

The electrochemical behaviors of bare Fe and nano Ta-Fe were
investigated using SKP, potentiodynamic polarization, and EIS analysis (Fig.
2.2). The electrochemical parameters calculated by Tafel extrapolation from
potentiodynamic polarization curves are listed in Table 1.1. Figs. 2.2a and b
shows the map of surface potential distribution obtained by SKP measurement
from the bare Fe and nano Ta-Fe samples. Nearly uniform distribution of
surface potential is observed for both samples, but the development of
nanoridges surface with Ta implantation leads to a decrease of average surface
potential from —491 mV to —573 mV. This trend is also seen in the result of
potentiodynamic polarization analysis (Figs. 2.2¢-d and Table 1.1). The anodic
region of polarization curve (above the Ecr) is related to the dissolution of the
Fe in the SBF solution, while the cathodic region (below the Ec.r) represented
the cathodic evolution of hydrogen gas. After TIPS treatment, the Ecor of the
nano Ta-Fe is shifted towards more negative (active) potential values by —26
mV, while corrosion current density (/corr) increases from 4.92 to 13.84 pA-cm’
2

compared to that for bare Fe. The degradation rate of Fe appears to be

accelerated by the development of nanoridged surface with Ta implantation,
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showing 281.3% higher average degradation rate (mm-year") for the nano Ta-
Fe when compared with the bare Fe (Table 1.1). Figs. 2.2¢-d shows the results
of EIS analysis in the Nyquist representation. In the Nyquist plots, both the bare
Fe and nano Ta-Fe samples exhibit a semicircle in the high-to-medium
frequency region, followed by a straight line with a 45 ° phase angle in the low
frequency range. In general, the semicircular portion of the Nyquist plot is
directly corresponded to an electron transfer limited process at the metal
surface/solution interface, and its diameter represents the electron transfer
resistance of the corrosion process. By comparing the Nyquist plots of bare Fe
and nano Ta-Fe, it was clear that the electron transfer resistance is substantially
decreased after the TIPS treatment, which indicates that the nanoridged surface

with Ta implantation effectively accelerates the corrosion rate of Fe substrate.

In order to investigate in vitro degradation behaviors of bare Fe and
nano Ta-Fe, both samples were immersed in SBF solution, and their surface
morphologies, concentration of Fe ion release, and degradation thickness at day
1, 14, and 28 of immersion are shown in Fig. 2.3. In case of the bare Fe, there
is no substantial changes in the surface morphology up to 28 days of immersion;
most of the surfaces are apparently flat, smooth, and clear over the testing
period, while tiny degradation pits appear at day 14, and few of them grows
quickly, forming broad and deep craters on the surface at day 28. On the

contrary, the nano Ta-Fe undergoes dramatic morphological changes during the
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immersion test. At 1 day of immersion, surface degradation features appearing
as small specks were formed on the surface of nano Ta-Fe, and its appearance
becomes more and more rough and irregular along with the increasing of
immersion time. After 28 days of immersion, the surface of nano Ta-Fe was
uniformly roughened without any sign of severe local degradation. High-
magnified surface and cross-sectional images reveal that these roughened
surface features are due to the formation and propagation of cracks on the
nanostructured surface layer of nano Ta-Fe. Up to day 1 of immersion, the nano
Ta-Fe possesses its distinct nano-roughened surface features, and there are no
visible morphological changes compared with before. However, after 14 days
of immersion, the nanostructured surface layer was cracked, and a cross-
sectional narrow gap of sub-micron size appears between the nanostructured
surface layer and the Fe substrate as a result of preferential degradations of the
Fe substrate. With continuous immersion, the surface cracks were propagated
and broadened, leaving the underlying Fe substrate partially visible at day 28
of immersion. Even though large cracks were formed on the surface of nano
Ta-Fe, the nanostructured surface is not fully delaminated, still preserving close
contacts with the Fe substrate in the cross-sectional observation. In addition, it
is noteworthy that there is no deep or narrow degradation pits on the Fe surface

regardless of immersion time and degree of degradation.

In the order to investigate the in vitro degradation rate of the samples, the
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thickness of degradation byproduct, degradation depth of Fe substrate, and
amount of released Fe ions from the bare Fe and nano Ta-Fe samples were also
measured up to 28 days under the SBF immersion condition. As shown in Figs.
2.3B-D, it was clear that the degradation rate of the Fe has been significantly
increased by the development of nanostructured surface layer with Ta
implantation. Even though bare Fe has large variations in maximum and
minimum thickness of degradation byproduct and average degradation depth of
Fe substrate due to its localized surface degradation behaviors, the nano Ta-Fe
presents higher values for both the thickness of degradation byproducts and
depth of Fe substrate degradation and narrower value ranges than those of the
bare Fe over the whole measurement period (Figs. 2.3B and C). This tendency
also appears in the result of Fe ion release test (Fig. 2.3D). The bare Fe slowly
released Fe ions along with the increasing of immersion time, reaching 21.6
pg/ml of ion concentration at day 28 of immersion. On the other hand, the nano
Ta-Fe demonstrated significantly enhanced degradation rate compared with the
bare Fe; Fe ions are much more rapidly released from the surface of nano Ta-
Fe, resulting in two times higher concentration of Fe ions for the overall
immersion time; the amount of Fe ion at day 28 of immersion is 59.9 pg/ml,
which is 236 % higher than that of the bare Fe. In terms of electrochemical
activity, Fe is more active than Ta [55] and Ta,Os [56, 57]. As a result, when the
nano Ta-Fe sample is in contact with aqueous environments, its nanostructured

surface involves the setting-up of electrochemical nano-galvanic corrosion cells
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and becomes an excellent starting point for the uniform surface degradation
with no preferential sites. Since their dimensions are in the nanometer ranges
with well-defined surface pattern gaps, it makes it possible to achieve not only
homogeneous increase of overall Fe surface potential (Figs. 2.2a and b), but
also very high surface area for the aqueous environment-substrate contact
within a small Fe substrate area. This should be a key factor in the accelerated
and uniform surface degradation behavior of the nano Ta-Fe sample as
compared to the bare Fe. According to electrochemical and immersion tests
(Figs. 2.2c-d and 2.3), the bare Fe exhibited relatively inactive surface
compared to the nano Ta-Fe, and most of the surface possessed its initial flat
and smooth surface morphology during the entire immersion period. This
clearly indicates the formation of close and intimate adhesion between the
degradation product layer and the Fe substrate, thereby providing a stable
physical barrier in enhancing the corrosion resistance and reducing the Fe
surface degradation. In contrast, the nano Ta-Fe surfaces could provide only
limited area (top of the surface nanostructures) at the interface; underneath the
degradation product, the surface nanostructures lead to continuous access to the

aqueous environment and long-lasting electrochemical activity.

Mechanical property
Mechanical properties are one of the most important factors for load-
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bearing biodegradable implants. In particular, in order to provide mechanically
safe and reliable supports to damaged bone tissues, they should have enough
strength, structural rigidity, and flexibility during the bone healing period.
Therefore, long-term mechanical durability of the bare Fe and nano Ta-Fe was
tested here under the SBF immersion condition up to 40 weeks. Fig. 2.4A
describes optical images of mechanical testing samples before and after
immersion at week 12 and 40 Localized degradation regions are obviously
observed on the surface of bare Fe with different contrast as light gray dots at
week 12 of immersion, and with increasing immersion time, its surface became
markedly rough, and deep craters were randomly distributed on the surface. In
contrast, the nano Ta-Fe appears to be relatively uniform in color and texture
over its entire surface, and no significant change or abnormality in appearance
is observed with time. On the other hand, as shown in Fig. 2.4Ba, the result of
thickness loss clearly indicates the progressive and rapid degradation behavior
of the nano Ta-Fe despite its less morphological changes compared to the bare
Fe. During the whole period of immersion, the nano Ta-Fe shows the higher
levels of thickness loss than the bare Fe, and the differences between them

become more pronounced with immersion time.

The mechanical behaviors of the bare Fe and nano Ta-Fe samples were
evaluated by tensile tests before and after immersion for 12 and 40 weeks.

Typical tensile stress—strain curves of each sample are shown in Fig. 2.4Bb. All
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the curves exhibit steep initial linear slops in the elastic region and gradual
increases of the stress with deformation in the plastic region, followed by
ductile failure behaviors after reaching their ultimate tensile strength (UTS).
Even though the bare Fe and nano Ta-Fe samples have almost identical curve
shapes before the immersion test, only the bare Fe exhibits substantial loss of
mechanical properties as the immersion time increases. As shown in Figs.
2.4Bc and d, the UTS and elongation rate of the bare Fe gradually decrease
with immersion time, showing 32% and 25% loss of UTS and elongation rate
at week 40 than those before immersion, respectively, while the nano Ta-Fe has
almost the same values with no statistical differences. The differences of UTS
and elongation rate between the bare Fe and nano Ta-Fe samples become more

pronounced with immersion time.

Since the localized surface degradation has significant relationship on rapid
deterioration of the mechanical properties of the implant, the gradual changes
of the surface morphology with immersion time are also represented by 3D
images in Fig. 2.4C, and their detail surface roughness values (R.: arithmetic
mean deviation, Rq: root mean square deviation, R,: maximum profile peak
height, and R,: maximum profile valley height) are listed in Table 1.2. In case
of the bare Fe, there is substantial changes in the surface morphology up to 40
weeks of immersion; flat and smooth surface of the bare Fe completely turns

into rough and irregular with deep and wide dimples distributed all over the
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surface at week 12, which becomes more prominent at week 40. On the contrary,
the surface of nano Ta-Fe appears to be more uniformly corroded and nearly
flat up to 12 weeks of immersion. Although it also shows micro-scale
roughened surface at week 40, only shallow craters are sparsely distributed, and
its average surface roughness (R, and Rq) and maximum peak (R,) and valley
heights (R,) are almost three times lower than those of the bare Fe. In vitro
mechanical and in vivo degradation assessments verified that the surface nano-
galvanic corrosion cells of the nano Ta-Fe enabled the uniform surface
degradation and consistence mechanical performance within 40 weeks. In case
of the bare Fe, under the body fluid exposure, localized surface degradation of
Fe can be randomly initiated by the competitive adsorption between chloride
ions and the passive species (such as hydroxide ions and dipoles of water
molecules) [58]. Once the concentration of chloride ions reached to a critical
value on the surface of Fe substrate, it can allow to initiate and propagate the
local Fe degradation over a long period of time, which in turn produced readily
observable deep and irregular craters on the surface of Fe substrate (Figs. 2.6C
(in vitro) and 2.7A (in vivo)). This behavior is regarded as one of the most
destructive and insidious metal degradation types and directly affected not only
strength, but also ductility of the implant. The presence of surface irregularities
easily leads to stress concentration in the deep and narrow crater regions under
physiological load conditions that could subsequently trigger the uncontrollable

propagation of cracks at lower strain and stress levels than in a uniform surface.
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Since design, manufacturing, and assessment of orthopedic implants are
generally based on an assurance of consistent mechanical performance after
implantation, the bare Fe could no longer be regarded as acceptable and safe
for use in clinical practice. On the contrary, in case of the nano Ta-Fe sample,
numerous nano-galvanic cells formed on its surface are crucial to the
enhancement of surface degradation activity and resulted in uniformly
distributed degradation sites with a significant reduction of surface roughness
both in vitro and in vivo. Therefore, although its relatively higher volumetric
loss than the bare Fe sample, the nano Ta-Fe could exhibit almost unchanged
values of UTS and elongation rate up to 40 weeks of immersion. These long-
term statistical results imply that the nano Ta-Fe implant can be regarded as a

long-term reliable and stable treatment option in clinical practice.

In vitro cellular response

Wettability is one of the most important surface properties of an
orthopedic implant affecting cell-implant interaction and bone tissue responses.
Therefore, prior to investigating cellular responses, water contact angle formed
on the bare Fe and nano Ta-Fe samples was measured (Fig. 2.5A). Compared
to the bare Fe, the nano Ta-Fe exhibited substantially enhanced surface
hydrophilicity, as shown in Fig. 5A; the angle of the water droplet was nearly

spread out on nano Ta-Fe surface, showing contact angle of 15°, while the bare
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Fe shows a near hydrophobic surface (contact angle ~ 55°).

For in vitro biocompatibility evaluation of the bare Fe and nano Ta-Fe,
the response of osteoblasts (MC3T3) to both samples was closely examined in
terms of cell adhesion morphology and viability. Fig. 2.5B shows CLSM and
FE-SEM images of the samples after 6, 24, and 72 h culturing, from which the
cells have a more pronounced morphological response to the surface of nano
Ta-Fe than those to the bare Fe for all time points. On the surface of nano Ta-
Fe, cells are tightly adherent and spread extensively, causing closer cell—cell
interactions and better cell surface coverage than the bare Fe only after 24 h of
incubation. In addition, a higher number of filopodia-like cell protrusions are
produced at the spreading edge of the cells on the nano Ta-Fe compared to the
bare Fe. The multiple small protrusive structures (indicated by arrows) are
extending from the cell and anchor to the top of the surface nanostructures,
leading to a proper extension of cell surfaces, whereas the cells on the bare Fe
forms a single needle-like (long and narrow) cell protrusion. After 72 h
culturing, even though both samples are found to have substantial amounts of
degradation byproducts, covering a large portion of cell surfaces, the cells
preserve their integrity and viability without noticeable adhesion shape change

or detachment from both surfaces.

In order to further investigate the effect of degradation byproducts,

especially ionic products (Fe** and Fe*"), on the osteoblasts viability, the cells
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were cultured up to 3 days in the culturing media obtained after 2 days of
incubation with bare Fe and nano Ta-Fe samples (Fig. 2.5C). For references,
culturing media containing 10% FBS or 10% DMSO were also included in this
measurement as a positive or negative control, respectively. After 1 day of
culturing, the bare Fe and nano Ta-Fe samples exhibit no cytotoxicity signs to
osteoblasts; their cell viability levels are almost identical to the positive control
without any statistical significance (vs. bare Fe: p =0.741, and vs. nano Ta-Fe:
p = 0.552). Even though they showed somewhat lower levels of cell viability
than the positive control after 3 days of culturing, the cells in the culturing
media obtained with bare Fe and nano Ta-Fe samples also significantly
proliferated almost 3 times between days 1 and 3, while the negative control

shows negligible levels of cell viability in all time points.

The blood compatibility of the bare Fe and nano Ta-Fe was also confirmed
by the result obtained from material-induced platelet adhesion and aggregation
test, which is regarded as an important factor influencing the outcome of
medical implant and its success. After incubation of the samples into platelet-
rich plasma solutions for 45 min, the adhered platelet morphology and its
numbers on the surface of bare Fe and nano Ta-Fe are demonstrated in Figs.
2.5D and E. In low-magnified FE-SEM image, a large number of platelets
adhered to and locally aggregated on the surface of bare Fe, and their

morphologies are noticeably changed into irregular central bodies with multiple
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long dendritic pseudopodia at the adhesive points in high-magnified image. On
the contrary, the number of adhered platelets on the nano Ta-Fe surface is
apparently reduced, and they still retain their original spherical shape with
nearly no formation of pseudopods. As shown in Fig. 2.5E, the nano Ta-Fe
exhibits 34% fewer density of adhered platelets with statistical significant (p <
0.05) when compared with bare Fe. Biocompatibility of the bare Fe and the
nano Ta-Fe samples was confirmed by both in vitro cellular response and in
vivo animal tests. Even though Fe element participates in a wide variety of
metabolic processes in the body, when the level of released Fe ions from the
implant exceed a tolerable limit for the uptake by intracellular elements, cells
inevitably suffer various degree of cytotoxicity, and severe immunogenic
responses can be triggered, thereby limiting its efficacy and biosafety [59]. In
fact, as shown in Figs. 2.3D, and 2.7B, the nano Ta-Fe exhibited almost two
times higher amount of Fe ion release than the bare Fe implant in SBF
immersion test, and after implantation into the rabbit femur medullary cavity,
the Fe ions were broadly distributed in the bone marrow tissue around the nano
Ta-Fe implant, as compared to the bare Fe. Therefore, in order to eliminate such
a concern, we performed two different sets of in vitro assay in which the
osteoblasts were cultured on either the sample surfaces directly with fresh
culturing media (case 1) or the culture plates with culturing media obtained
after pre-incubation with bare Fe and nano Ta-Fe samples (case 2). The result

of case 1 assay clearly reveals that the nano Ta-Fe provided the favorable
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surface environments for cell attachment and spreading, showing the higher
number of adhered osteoblasts on its surface with wider spreading
morphologies than those on the bare Fe (Fig. 2.5B). In addition, the osteoblasts
proliferated significantly almost three times from day 1 to 3 with no difference
of cell viability between the bare Fe and the nano Ta-Fe samples at any culturing
time point in the case 2 assay (Fig. 2.5C). It is proved that the extremely high
concentrations of Fe ions (> 170 mg/ml) lead to the oxidative damage to lipids,
suppressed mitochondria activity, and the formation of large precipitates in
cytoplasm, thereby inducing severe cell damages. In this study, the accumulated
Fe ion concentrations up to 28 days for the bare Fe and the nano Ta-Fe samples
were only 21.6 ug/ml and 59.9 ug/ml, respectively, which is apparently in the
range of biologically acceptable tolerance. This in vitro assay is well matched
with the in vivo immunohistological analysis where the nano Ta-Fe implant did
not show any sign of local toxicity compared to the pure Fe implant (Fig. 2.7C).
In addition, our previous studies showed that the nanostructured surfaces, such
as pores, wells, and grooves, were able to elicit biologically active cellular
responses by regulating integrin-dependent cell adhesion signaling pathways.
In particular, surface features in the size range 200-300 nm have shown a
profound effect on the surface hydrophilicity and formation of focal adhesion
and filopodia extension of cells, leading to a considerable extension of cell
structure. During this process, filopodia plays an essential and primary role in

signaling and sensing surrounding microenvironment and stabilizing of the
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cytoskeleton structure of cells on the top of the surface nanostructures.
Therefore, the formation of numerous filopodia-like cell extrusions and
enhanced cell spreading behaviors of osteoblasts on the nano Ta-Fe clearly
represent active cell-surface interaction, thereby increasing the possibility of
producing intimate implant contact with the host bone tissue. The substantially
improved surface hydrophilicity of the nano Ta-Fe also provided high affinity
to the blood by preventing platelet adhesion and activation on its surface. Since
the hydrophobic surfaces lead to the strong adsorption and irreversible
conformational change of blood proteins via hydrophobic interaction, the
hydrophilic surface property of the nano Ta-Fe could prevent protein
denaturation and suppress subsequent platelet recruitment, adhesion, and

activation (Figs. 2.5D and E).

In vivo degradation analysis

To evaluate the in vivo degradation rate of the materials,
cylindrical shaped bare Fe and nano Ta-Fe implants were inserted into each side
of the femoral bone marrow cavity for a rabbit, and after 4 and 16 weeks, 3D
volumetric and 2D cross-sectional surface morphometric analysis were
performed by micro-CT and FE-SEM/EDS. As shown in Fig. 2.6A, in the 3D
images of the inserted implants with bone tissue and their 2D coronal and

transverse images (without bone tissue), both implants appear to have uniform
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and regular surface morphologies with no macroscopic deformations or
damages over large surface areas up to week 16 after implantation. In addition,
there are no indications of bone erosion or resorption around both implants
during the observation period. The quantitative residual volume of the implants
was measured by the micro-CT before and after implantation at weeks 4 and 16
(Fig. 2.6B). Obviously, under the in vivo circumstance, the nano Ta-Fe implant
lost its volume at a faster rate than the bare Fe, showing 211 % faster average

volumetric loss value compared to the bare Fe from initial volume to weeks 16.

In addition, high-magnified FE-SEM images clearly show the
localized biodegradation behavior of the bare Fe implant; a narrow and deep pit
is formed on the surface of bare Fe at week 4, and it gets further broadened with
increasing implantation period (the blue rectangle regions in Fig. 2.6C). Even
though the nano Ta-Fe implant also exhibits roughened surface topography,
only small-scale roughness features appear without any deep or localized
pitting on its surface during the whole implantation period. In EDS mapping
results, the thin and uniform distribution of oxygen element, a possible
degradation product from the Fe substrate, is clearly observed on the surface of
nano Ta-Fe, whereas it is locally and severely accumulated only nearby the

surface pit or deep crater on the surface of bare Fe.

In vivo histological and immunohistochemical analysis
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Histological and immunohistochemical images of the bare Fe and
nano Ta-Fe implants after implantation at weeks 4 and 16 are shown in Figs.
2.7A-C. The transverse sectioned implants were stained with H&E and
Prussian blue, and the expression of macrophage was detected through CD68
immunostaining. As shown in Fig. 2.7A, the bare Fe implant exhibited the non-
uniform surface degradation behaviors. After 4 weeks of implantation, the
surface of bare Fe in the blue rectangle region becomes significantly rough, and
degradation byproducts surround its surface, representing brownish color in
high magnification H&E image, whereas there were no noticeable
morphological changes in the red rectangle region. As the implantation period
progressed, the bare Fe still exhibits rough and irregular surface morphology,
and a significant amount of degradation byproduct are generated only in the
blue rectangle region. In contrast, in case of nano Ta-Fe implant, the uniform
surface morphological change can be seen with increasing implantation time;
in both the blue and red rectangle regions, the nano Ta-Fe appears to retain
smooth surface morphology after 4 weeks of implantation, and it is not

noticeably changed when the implantation further progressed up to week 16.

The presence of Fe ions in the surrounding bone marrow tissues are
confirmed by Prussian blue staining, in which ferric ions (Fe*"), oxidized form
of Fe degradation byproduct, in the tissue appears to be in blue, as shown in

Fig. 2.7B. After 4 weeks of implantation, the bare Fe implant exhibits only
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negligible Fe** ion penetration into the surrounding tissue; at low and high
magnified images, almost all tissues are stained in red, and it was hard to
identify the specific penetration depth of Fe** ions into the bone marrow tissue.
In case of the nano Ta-Fe implant, its low-magnified stained image seems to be
similar to that of the bare Fe at week 4 of implantation. However, with high
magnification, the light-blue stained region is clearly observed, and its
thickness appears relatively constant with average thickness 56.8 + 6.3 um. As
the implantation period increases, the nano Ta-Fe sample shows more
pronounced, widespread Fe** ion penetration in the bone marrow tissue; even
at low-magnified image, the Fe’" ion penetrated regions are easily observable
around the nano Ta-Fe sample, and it appears to be in relatively uniform
distribution with average thickness 131.0 & 18.0 um. Although the bare Fe also
exhibit significant increase of average ion penetration depth from 18.5 + 13.7
pm to 113.1 + 68.4 um from week 4 to 16 of implantation, there is marked
inhomogeneity along the inner surface of the bone marrow tissue, and no blue-

stained tissues are still observed.

In order to investigate the immune responses, the expression of
macrophage in the bone marrow tissue was detected by immunohistochemical
staining for CD68 marker; this is known to play a predominant role in foreign
body reaction, acute/chronic inflammation, and implant loosening [60]. As

shown in Fig. 2.7C, at week 4 of implantation, both the bare Fe and nano Ta-
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Fe present a few number of brown-stained CD68-positive macrophages in the
bone marrow tissue, and their numbers significantly increase with increasing
implantation time up to 16 weeks. Even though the nano Ta-Fe shows slightly
lower average macrophage numbers than the bare Fe at weeks 4 and 16, but
there are no statistical differences between them (p = 0.732 at week 4 and p =

0.909 at week 16, respectively).
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2.4. Conclusion

A novel strategy to accelerate the degradation rate of Fe implant with
uniform surface degradation behavior has been demonstrated using the TIPS
surface modification technique. In this technique, numerous Ta ions were
generated and accelerated strongly toward the surface of Fe implant under the
applied high negative bias voltage to the Fe implant, which makes it possible
to develop Ta-implanted nanostructures on the Fe implant surface via
continuous Fe surface erosion. Because of the relatively higher corrosion
potential of Ta than the Fe, the surface of nano Ta-Fe acts as effective nano-
galvanic couples under body fluid conditions and leads to increased rate of
surface corrosion. Although the relatively high degradation rate of the nano Ta-
Fe, its uniform surface degradation behavior makes it possible to possess almost
consistence mechanical properties up to 40 weeks of immersion. The in vitro
osteoblast assay and in vivo rabbit femur medullary cavity implantation
confirmed that the nano Ta-Fe enhanced the osteoblasts adhering and spreading
on the surface, and there is no sign of cellular and tissue toxicity, despite its
high level of release Fe ions as compared to the bare Fe implant. The present
study demonstrates that the TIPS technique will offer a new and safe approach
in the pretreatment of Fe orthopedic implants to achieve the accelerated

degradation rate and enhance the clinical outcome and biosafety of the implant.
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Figure 2.1. Representative surface field-emission scanning electron
microscopy (FE-SEM) images of (a), (b) bare Fe and (c), (d) nano Ta—Fe at low
and high magnification. The inset in (d) displays the cross-sectional focused ion
beam (FIB)/FE-SEM image of the surface of nano Ta—Fe. (e) Cross-sectional
scanning transmission electron microscopy image of nano Ta—Fe with energy-
dispersive X-ray spectroscopy mapping (inset), and (f) chemical compositions
at three regions in e (p1: top, p2: middle, and p3: bottom).
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Figure 2.2. Electrochemical corrosion behaviors: Scanning Kelvin Probe maps
of (a) bare Fe, (b) nano Ta—Fe, (c) Potentiodynamic polarization curves, and (d)
Nyquist plots.
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Bare Fe

-0.728

4.920

0.057

Nano Ta—Fe

-0.754

13.836

0.161

Table 1.1. Electrochemical degradation properties of bare Fe and nano Ta—Fe

samples.
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Figure 2.3. In vitro degradation test for 28 days in simulated body fluid solution
to observe the degradation pit formation and degradation rate. (A) Field-
emission scanning electron microscopy (FE-SEM) images of surface
morphology of bare Fe and nano Ta—Fe at (a), (c) low magnification and (b),
(d) high magnification, and (f) cross-sectional focused ion beam (FIB)/FE-SEM
image of nano Ta—Fe. (B) Thickness of degradation byproducts (abbreviations
Min. and Max. denote the minimum and maximum thickness, respectively, of
the degradation byproducts). (C) Degradation depth of bare Fe and nano Ta—Fe.

(D) Released Fe ion concentration of bare Fe and nano Ta—Fe.
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Figure 2.4. (A) Optical images of bare Fe and nano Ta—Fe before and after 12 and 40
weeks of immersion in simulated body fluid solution. The inset scale bar is 500 pm. (B)
Tensile tests of bare Fe and nano Ta—Fe up to 40 weeks of immersion; (a) thickness loss,
(b) stress—strain curves, (c) ultimate tensile strength, and (d) elongation rate (*: p <0.05
and **: p < 0.005). (C) Three-dimensional surface topography as a function of

immersion period using a laser scanning microscope.
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Bare Fe Nano Ta-Fe
Week 0 Week 12 Week 40 Week 0 Week 12 Week 40
Ra 0.430 0.479 4.059 0.371 0.369 1.454
(um) +0.075 +0.052 +0.946 +0.056 +0.043 +0.135
Rq 0.555 0.642 4.929 0.581 0.478 1.840
(um) +0.077 +0.067 +1.145 +0.109 +0.054 +0.190
Ry 1.493 2.510 9.087 1.138 1.517 3.260
(um) +0.375 +0.373 +1.582 +0.116 +0.216 +1.234
Ry 2.146 2.602 11.149 1.588 1.706 4.077
(um) +0.503 +0.332 +4.260 +0.106 +0.438 +1.423

Table 1.2. Surface roughness parameters of bare Fe and nano Ta—Fe up to 40

weeks of immersion in simulated body fluid solutions.
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Figure 2.5. (A) Water contact angles of bare Fe and nano Ta—Fe. (B) Low-
magnification confocal laser scanning microscopy and high-magnification
field-emission scanning electron microscopy (FE-SEM) images of attached
osteoblast cells (MC3T3) on bare Fe and nano Ta—Fe surfaces after culturing
for 6, 24, and 72 h. (C) Osteoblast cell viability in extracted culturing media
with bare Fe and nano Ta—Fe immersions. (D) Representative FE-SEM images
of adhered platelets on the surface of bare Fe and nano Ta—Fe. (E) Adhered
platelet density on the bare Fe and nano Ta—Fe surface. (*: p <0.05 and **: p

<0.005)
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Figure 2.6. (A) Three-dimensional (3D) reconstruction images of micro-
computed tomography scans after 4 and 16 weeks of in vivo experiments. (B)
Residual volume of bare Fe and nano Ta—Fe after 4 and 16 weeks. Statistical
significance is indicated as * (p < 0.05). (C) Scanning electron microscopy
images and corresponding energy-dispersive X-ray spectroscopy mapping
images obtained from rectangular regions in the cross sections of bare Fe and
nano Ta—Fe after 4 and 16 weeks of in vivo degradation testing (oxygen: light

blue, iron: red, and carbon: green).
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Figure 2.7. In vivo histological and immunohistochemical characterization of the
rabbit femur bone marrow implantation study. (A) Hematoxylin—eosin (H&E), (B)
Prussian blue, and (C) CD68+ stained mid-diaphyseal femoral cross sections. The
average thickness of Fe ions released into the bone marrow tissue and the number of
CD68+ macrophages in the bone marrow of the rabbit are presented in (B) and (C),
respectively, as a function of in vivo implantation time. Black stars in (B) indicate the

implant inserted regions. Statistical significance is indicated as ** (p < 0.005).
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Figure 2.8. Schematic diagram of the TIPS process for Fe implants with Ta

sputter target and negative substrate bias voltage of 1,000 V.
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Figure 2.9. Representative surface field-emission scanning electron
microscopy images of Fe samples with different negative substrate bias
voltages for TIPS surface treatment: (a) 0V, (b) 250V, (c) 500 V, (d) 750 V and

(e) 1000 V.
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Chapter 3.

Bio-inspired Cobalt-Chrome surface with both

enhanced biological activity and bactericidal effect
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3.1. Introduction

For the past decades, metal-based biomaterials have been widely used
throughout the biomedical field [61-63]. The characteristics such a bio-
inertness and excellent mechanical property have contributed to making metals
promising materials in the field of biomaterials. Metallic bio-implant can
support impaired tissue mechanically due to its excellent mechanical property.
Among various metals, Titanium (Ti)- [64, 65], Iron (Fe)- [66, 67], and Cobalt

(Co)-based alloys have been used [6].

Co-based alloys are one of the widely used bio-metals for soft and
hard tissue regeneration and replacement such as cardiovascular, orthopedic,
and dental applications. Co-Cr alloys play an excellent role as a supporter in
the tissue subjected to load due to excellent mechanical strength and elasticity
[44]. However, despite of these achievements, the low cytocompatibility and
antibacterial property, which limit their use in medical applications. Co-Cr
alloys are not rapidly assimilated with the surrounding bone tissue after
implantation because of low biocompatibility leading to the implant failure. In
particular, the poor antimicrobial properties of Co-Cr alloys are regarded as the
main issue causing severe peri-implantitis and osteomyelitis in dental and

orthopedic implant materials, respectively [68].

To overcome the poor antimicrobial properties of Co-Cr-based

implant materials, the methods of incorporating antibiotics or silver coating on
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the surface of implant materials have been actively studied [69, 70]. The Co-Cr
implant surface incorporated with antibiotics exhibits excellent resistance to
bacteria after medical implantation which is the most simple and convenient
method to prevent implant failure from the bacterial infection [71]. However, it
induces adverse effects including deterioration in cell viability and cell necrosis
on mammalian cells [72, 73]. The silver-coating also imparts excellent
antibacterial properties to Co-Cr [74]. However, as the silver content increases,
it shows severe cytotoxicity on the various cells. As described above, previous
research has mainly focused on containing antimicrobial agents on the surface
to impart excellent antibacterial properties to metallic implants. However, it

causes a fatal problem on the viability of bone cells.

It was recently suggested that the nanostructure of dragonfly wings
exhibits excellent antibacterial effects itself [75, 76]. The nanostructure of the
dragonfly wings has a mechano-antibacterial effect that physically damages the
membrane of bacteria attached to the surface in a structure like a needle. The
bacteria cell walls on the nanostructure are physically tensioned by the
nanostructure, which ultimately causes the membrane to rupture. This
mechano-antimicrobial effect was demonstrated in both gram-negative and
positive bacteria. Therefore, it is intended to develop a multi-functional bio-
implant that not only imparts antibacterial properties to the implant by imitating

dragonfly wings with excellent antibacterial properties, but also improves
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biocompatibility at the same time due to nano-topography. We utilized Target-
ion Induced Plasma Sputtering (TIPS) process to imitate dragonfly wings [49].
TIPS is a technology that attracts attention as a promising surface treatment tool
for biomaterials that forms nanostructures on the surface of metallic materials
through massive ion bombardment and implantation. In this system, the metal
cations emitted from the target are accelerated by an extremely high negative
bias voltage applied to the substrate, thereby impinging a high impact energy
on the metal substrates and colliding with it. Nanostructures having various
biological functions are formed on the metal substrates by the impact of target
ions [24-26]. The TIPS method has the advantage of not only physically
changing the topography of the material surface, but also surface chemistry

simultaneously.

In this study, we utilized the TIPS technique using tantalum (Ta) as a
target material to mimic dragonfly wings, as it has a much higher
biocompatibility than Co-Cr and is well-known for its favorable interaction
with bone tissue. Four experimental groups Flat (Control), Ta coated, Nano-
spike (Bio-inspired), and Nano-ripple Co-Cr were used to investigate the
antimicrobial effect and cytocompatibility of Co-Cr before and after the
treatment of TIPS. Surface structure, chemical composition analysis,

antibacterial property, and biocompatibility were evaluated.

56 5]



3.2. Materials and methods
Fabrication of bio-inspired Co-Cr surface

Commercial L605 Cobalt-Chrome alloy (Co-Cr) with a rectangular
shape (10 mm X 10 mm X 2 mm) was processed for the surface
characterization, Bacteria studies, and osteoblast cell test. All samples were
ultrasonically cleaned in ethanol 10 min before the Ta ion etching and coating
processes. A Ta target (75-mm diameter, 5-mm thickness, 99.99% purity,
Avention, Korea) was located in a direct current (DC) magnetron sputtering
gun (Ultech Co. Ltd, Daegu, Korea). Prior to the sputtering process, the vacuum
chamber was sequentially pumped down to 5 x 10™* Pa with rotary pumps
followed by diffusion pumps. To generate numerous Ta ions, 65 W of target
power was directly given to the Ta target. The working temperature and
pressure of the process were maintained at 0.6 Pa and 25 °C, respectively. Ta
coated Co-Cr surface were fabricated by sputtering without a negative substrate
bias voltage to confirm the compositional effects on bacteria and osteoblast
cells. TIPS was treated on bare Co-Cr surfaces with a negative substrate bias
voltage (—2 kV) for 5 to 30 min to fabricate various surface morphologies. TIPS
treated Co-Cr surfaces for 5, 30 min were designated by the letter Nano-spike

Co-Cr and Nano-ripple Co-Cr, respectively.

Surface characterization
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The surface morphological observations were performed by using
field-emission scanning electron microscopy (FE-SEM; JSM-6330F, JEOL,
Japan), and the compositional analysis of nano-spike Co-Cr was conducted by
high-resolution scanning transmission electron microscopy (STEM; JEM-
2100F, JEOL, Japan) at 200 kV. The Ta distribution profile on the Co-Cr surface
was investigated by the energy-dispersive X-ray spectroscopy (EDS) with
elemental spot analysis mode in STEM. The cross-sectional images of all the
experimental groups were obtained by focused ion beam (FIB) milling and FE-
SEM equipped (FIB/FE-SEM; AURIGA, Carl Zeiss, Germany). Three-
dimensional (3D) morphologies of the samples were reconstructed by Atomic
Force Microscope (AFM; NX-10, Park systems, Korea). The hydrophilicity of
Flat, Ta coated, Nano-spike, and Nano-ripple Co-Cr was measured by sessile
drop method with distilled water. The hydrophilicity was quantified using

ImagelJ software.

Bacteria studies

The Antibacterial activity depending on the surface structure was
assessed with gram-negative E. coli (ATCC, PTA-5073, Rockville, USA) and
gram-positive S. aureus (ATCC 6538, Rockville, USA). Both bacterial cell
stocks were stored at -80 °C in a Luria-Bertani (LB) broth (BD DifcoTM,

244620, USA) with 50% sterile glycerol. A culturing medium with 50 ul of the
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stocks of E. coli and S. aureus into 3 ml of LB medium were cultured for 15 hr.
Dilution of bacteria suspension was carried out by LB medium to reach a
concentration of 4 X 10° CFU/ml. After that, 1 ml of suspension was seeded
and inoculated onto the surface of Flat, Ta coated, Nano-spike, and Nano-ripple
Co-Crat 37 °C for 15 hr.

Bactericidal activity on samples was assessed by LIVE/DEAD
Backlight Bacterial Viability Kit (L7012, Molecular Probes, Eugene, USA). All
the samples were extracted from the LB medium after 3 hr of incubation and
washed out with PBS solution three times. LIVE/DEAD staining was
performed using solutions with SYTO9 and propidium iodide for 20 min in
darkness in room temperature. Confocal laser scanning microscope (CLSM;
SP8 X, Leica, Germany). The morphologies of attached bacteria were
characterized with field emission scanning electron microscopy (FE-SEM;
MERLIN compact, Carl Zeiss Inc., Oberkochen, Germany). Prior to the
observation, 2.5% glutaraldehyde were used to fix the bacteria on the surfaces
for 10 min, followed by in graded ethanol (70, 95, and 100 %). Finally, the
samples were soaked in hexamethyldisilane for 10 min and coated by using a
Pt coater.

For the bacterial colony tests, the specimens were rinsed with 1 ml of
PBS solution immediately after incubation, and the rinsed samples were

transferred into 15 ml conical tube filled with 3 ml of fresh PBS. The tubes
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containing post-incubated specimens were vigorously vortexed for 1 min to
detach all the bacteria from the surfaces. The viable bacteria in the PBS were
characterized after standard serial dilution and spreading on LB agar plates.
Subsequently, the agar plates were incubated for 12 hr and its images were

acquired by a digital camera.

Osteoblast cells response (MC3T3-E1)

The biological properties were evaluated using osteoblast cells
(MC3T3, ATCC, CRL-2593, USA). The osteoblast cells were cultured in a-
minimum essential medium (a-MEM; Welgene, Gyeongbuk, South Korea)
supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin,
and incubated in a humidified incubator with 5% CO, at 37 °C. The in vitro
cellular assays including cell attachment, proliferation, and differentiation were
conducted on the surfaces of Flat, Ta coated, Nano-spike, and Nano-ripple Co-
Cr under conditions of 5% CO, at 37 °C. Cells were seeded on each surface of
four groups at a density of 3, 2, and 1 x 10* cells/mL for cell attachment,
proliferation, and differentiation tests, respectively.

The cellular attachment on the surfaces of samples were characterized
by CLSM. After 3 hr of culturing, the adhered cells were fixed by 4%
paraformaldehyde (Sigma-Aldrich, USA) and washed in PBS. The rinsed

samples were permeabilized with 0.1% Triton (Sigma-Aldrich, USA) in PBS
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for 5 min. After blocking nonspecific binding sites using 1% bovine serum
(BSA; Sigma-Aldrich, USA) in PBS for 30 min. Cell nuclei and F-actin were
stained with fluorescent phalloidin (Alexa Fluor 555 phalloidin, Invitrogen,
USA) and 4’,6diamidino-2-phenylindole (DAPI; ProLong Gold antifate
reagent with DAPI, Invitrogen, USA), respectively. The surface coverage rate
of osteoblast cells on each surface of samples were measured using Imagel
software (NIH, Bethesda, MD).

The cell proliferation test was performed by a methoxyphenyl
tetrazolium salt (MTS, Promega, Madison, USA) assay with 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium as a substrate for mitochondrial reduction. After 1,3, and 6 days of
culturing, the volume of formazan product was measured at 490 nm to confirm
viability of cells on the surfaces.

The cell differentiation of osteoblast cells was investigated by alkaline
phosphatase (ALP) activity assay after 14 days of culturing. To accelerate the
cell differentiation, B-GP of 10 mM and ascorbic acid of 50 mg/mL were added
to the culture medium to induce accelerated cell differentiation after 24 hr of
culturing, and the culture medium was refreshed every three days. The ALP
activity was quantified by a micro reader at 405 nm (Model 550, Bio-Rad

Laboratories, USA).

Osteoblast/bacteria Co-culturing
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To simulate the physiological environment, co-culturing test of
osteoblast cells and bacteria was performed. Flat, Ta coated, Nano-spike, and
Nano-ripple Co-Cr samples were pre-infected by 1 ml of E. coli and S. aureus
with concentration of 10> CFU/mL for 3 hr and washed with PBS three times to
eliminate non-adherent bacteria from the surfaces. After pre-infection with both
gram-negative and gram-positive bacteria, osteoblast cell suspension was
seeded onto the Flat, Ta coated, Nano-spike, and Nano-ripple Co-Cr surfaces at
a concentration of 5 X 10* cells/mL and cultured for 24 hr to trigger
competition between osteoblasts and bacteria. The viability of osteoblast cells
under competitive environment with bacteria were investigated using
Live/Dead staining (L3224, Invitrogen, Carlsbad, USA) of osteoblast cells. The
surface coverage rate of live osteoblast cells was calculated by Imagel software

tool.

Statistical analysis

All experiments were conducted with three samples per group.
Statistical analysis was performed by the Statistical Package for the Social
Sciences (SPSS 23, SPSS Inc., USA) software, and all experimental data were
converted to mean + standard deviation. The normality of the variables was

assessed using the Shapiro—Wilk test, and the statistical analysis was performed

by one-way analysis of variance followed by Tukey’s post-hoc comparison. A
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p-value of <0.05 was deemed significant.
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3.3. Results and discussion

Surface characterization

The physical analysis of the surfaces of the four experimental groups
was carried out through FE-SEM, FIB, and AFM analysis (Fig. 3.1). There was
a significant difference in the shape of the Co-Cr surface before and after the
TIPS treatment. In the case of the Flat Co-Cr, control group, generally exhibited
the smooth surface with few grinding marks generated during the polishing
process. The Ta coated Co-Cr also showed a flat surface structure in line with
control group. On the other hand, in the Nano-spike and Nano-ripple Co-Cr to
which the TIPS was applied, the surfaces of Co-Cr were modified from smooth
to nano-roughened surface. It was confirmed that the creation of these various
nanostructures is directly controlled by the TIPS processing time (TIPS 5 min;
Nano-spike Co-Cr, TIPS 30 min Nano-ripple Co-Cr). The Nano-spike Co-Cr
had nano-scale protrusion parts, and the diameter of each pattern was about 100
nm. These nanostructures were not connected to each other and formed an
independent pattern. On the other hand, in the nano-ripple Co-Cr, the patterns
were connected to each other, and the length of the pattern was about 8 times
longer than Nano-spike Co-Cr. For the cross-sectional images Fig. 3.1B, both
Flat and Ta coated Co-Cr showed a flat surface without roughness, and the
thickness of the Ta coating layer of Ta coated Co-Cr was about 100 nm. The

depth of the formed nanostructures showed similar depths of about 500 nm in
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both the Nano-spike and the Nano-ripple Co-Cr. The nano-scale struts were not
connected to each other and existed independently in Nano-spike Co-Cr,
whereas Nano-ripple Co-Cr has connected nano-struts corresponding to FE-
SEM images. The average surface roughness of Flat and Ta coated Co-Cr
showing a smooth surface was 3.3 = 1.1 nm and 3.3 = 0.1 nm, respectively. On
the other hand, two nanostructured groups showed about 20 times higher
average surface roughness than that of Flat and Ta coated Co-Cr (70.7 £ 7.7,
72.2 £ 9.4 nm for Nano-spike and Nano-ripple Co-Cr, respectively) presented
in Fig. 3.1C. In conclusion, it was confirmed that the Nano-spike Co-Cr
inspired by dragonfly wing had a high structural similarity to that of a dragonfly
wings as illustrated in Table 2.1. Especially, the aspect ratio of nanostructures,
which is an important factor for mechano-antibacterial properties, has
comparable value to the nanostructures of dragonfly wings. It was clearly
confirmed that the TIPS treatment affects surface topography of Co-Cr

throughout FE-SEM, FIB, and AFM surface observation.

Surface chemistry and hydrophilicity

STEM and EDS images show the physical and chemical changes in
the Co-Cr surface since the TIPS process (Fig. 3.2). After TIPS treatment, it
was confirmed that Ta atoms, which appear to be bright colored parts of the Co-

Cr surface, were contained in the Co-Cr matrix, and the structure of Co-Cr was
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changed into a deep and sharp needle morphology by Ta atom etching. The
depth of Ta element contained in the Co-Cr substrate was present at an average
of about 300 nm estimated by the EDS mapping image. The Ta atoms are
present at the top of the nano-spike structure and exists without clear boundaries
with Co-Cr. The content of Ta atoms incorporated into the Co-Cr matrix was
the highest at about 30% in the upper part (pl), and the Ta content gradually

decreased toward the substrate, showing almost 0% content in p3.

To evaluate the contact angle, which is one of the main factors
affecting the bio-affinity of biomaterials, contact angle analysis was performed
using the sessile drop method (Fig. 3.3). The contact angle of the Flat, Ta coated
Co-Cr were 98 + 3° and 37 + 1°, respectively. Ta coated Co-Cr showed half
lower than that of the control group. Both the Nano-spike and Nano-ripple Co-
Cr presented similar values as the Ta coated Co-Cr. The hydrophilic Ta

component enhanced hydrophilicity of Co-Cr surface regardless of surface

topography.

Although Co-Cr is a promising biomaterial due to its excellent
strength, its use has been limited by low biocompatibility and antibacterial
property. The low antibacterial property of Co-Cr bio-implants induces
unexpected failure of implants caused by bacterial infection such as peri-
implantitis and osteomyelitis, requiring re-surgery for implant placement

eventually. In this study, we applied a novel strategy, TIPS, to Co-Cr implant
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materials to mimics the structure of dragonfly wings with antibacterial property.
The TIPS treated Co-Cr surface has nano-level spike structures exhibiting a
mechanical antibacterial effect that physically ruptures bacteria cell walls.
Besides, the nanostructures exhibit an excellent interaction with osteoblast cells

because they are similar in size to the components of extracellular matrix.

TIPS technology was introduced using Ta as an etching source
material to mimic the structure of dragonfly wings. The TIPS technology uses
a high negative voltage applied to the substrate to accelerate the Ta cations
emitted from the target. Accelerated Ta cations collide and deliver high impact
energy to the substrate with creating unique nanostructures on the Co-Cr as
described in Fig. 3.1. The variable that controls the topography of
nanostructures is the TIPS process time. The Nano-spike Co-Cr with a process
time of 5 min showed a nanostructure similar to the dragonfly wings with a
high aspect ratio and independent nano-struts, whereas it turned into connected
as the process time increased to 30 min. The nanostructures were connected to
each other with forming a ripple pattern to minimize surface energy from the
perspective thermodynamics [77]. As shown in the TEM images, Ta atoms
selectively existed due to the difference in the local surface erosion rate leading
to the creation of nanostructure. Nano-spike Co-Cr showed excellent
hydrophilicity due to the presence of Ta elements and nanostructure which are

the cause of enhanced hydrophilicity [24, 26, 78].
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Evaluation of antibacterial properties

Antibacterial tests were performed by gram-negative (E. coli) and
gram-positive (S. aureus), which are the major causes of implant infection (Fig.
3.4). Live and dead bacteria were visualized using fluorescent CLSM and FE-
SEM observation depicted in Fig. 3.4A. For the Flat Co-Cr, it was confirmed
that both E. coli and S. aureus survived and colonized throughout the entire Co-
Cr surface in CLSM images. FE-SEM was performed to closely observe the
adhered shape of the bacteria on the nanostructured surface. The E. coli and S.
aureus maintained its rod and spherical shape without any sign of physical
rupture in Flat Co-Cr, respectively. From the CLSM and FE-SEM images of
Ta-coated Co-Cr, the bacteria that had grown over the entire surface were
shown and no damage on bacteria membrane occurred. Almost all the bacteria
were dead shown in red fluorescent on the Nano-spike Co-Cr surface, which
has a biomimetic nano-surface. Espectially, both types of bacterial membranes
were physically ruptured with the intracellular cytoplasm leakage on Nano-
spike Co-Cr. On the other hand, in the Nano-ripple Co-Cr having a connected
nano-pattern structure presented similar results to those of the two smooth
groups (Flat and Ta coated Co-Cr groups). It was proved that the nano-ripple
surface did not impart mechano-antibacterial effect to Co-Cr. The percentage
of killed bacteria was estimated using CLSM fluorescent images (Fig. 3.4C).

According to a quantitative data, all the groups except for Nano-spike Co-Cr
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showed killing efficiency against gram-negative and gram-positive bacteria of
less than about 5%. There was no statistically significant difference among the
three groups. On the other hand, the Nano-spike Co-Cr, which imitated the
wings of dragonfly, showed an excellent antibacterial ability of about 70% (E.

coli) and 50% (S. aureus).

The evaluation of antibacterial property was quantified using the
bacterial colony count test as shown in Fig. 3.4B. The value of colony count of
E. coli was 10.87, 9.28, 3.53, and 9.09 x 10* CFU for Flat, Ta coated, Nano-
spike, and Nano-ripple Co-Cr, respectively. The number of E. coli colony
showed a remarkable decrease in Nano-spike Co-Cr compared to the other
groups by about 60% or more. As a result of the colony test using S. aureus, the
colony count of Flat, Ta coated, Nano-spike, and Nano-ripple Co-Cr were
13.026, 12.666, 6.36, and 11.97 x 10* CFU, respectively. The Ta coated and
Nano-ripple Co-Cr are not statistically different compared to Flat Co-Cr. On
the other hand, it was found that the number of bacteria on Nano-spike Co-Cr
decreased by about 50% compared with Flat Co-Cr. In the bacterial colony
count tests with two types of bacteria, Ta coated and Nano-ripple Co-Cr did not
show any statistical significance against Flat Co-Cr. On the other hand, only
Nano-spike Co-Cr showed a dramatic decrease in bacterial colony formation
compared to Flat Co-Cr. Bacterial adhesion and colony count tests were

performed to evaluate the antibacterial activity of experimental groups. In a
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bacterial adhesion test, gram-negative and gram-positive bacteria attached to
the Nano-spike Co-Cr surface showed ruptured bacteria and release of
cytoplasm which are clear signs for bacteria cell death. Bacterial colony count
also confirmed that the lowest number of bacteria survived on the Nano-spike
Co-Cr among the groups. As a result of various antibacterial tests, it was
concluded that Nano-spike Co-Cr with the bio-inspired nanostructures through

the TIPS process, has an excellent antibacterial activity.

In terms of antibacterial effect, the topographical characteristics of
nanostructure are important factors to regulate growth in bacteria. The essential
matters required for antibacterial property are high aspect ratios and
independent nanostructure [75, 79]. The nano-spike structure is an ideal
structure that physically stimulates the bacteria cell walls and finally induces
rupture. Nano-spike Co-Cr showed excellent antibacterial properties against
both gram-positive and gram-negative bacteria. Bacteria adhering to the Nano-
spike Co-Cr surface are subject to mechanical tension of bacteria cell walls
resulting in the membrane rupture and cytoplasm leakage [80-82]. The bacteria
killing efficiency was reduced by about 20% in S. aureus compared to E. coli,
due to structural difference of bacteria. The thickness of bacteria cell walls of
S. aureus is about 20-100 nm, which is thicker than E. coli (=5 nm) [83]. Hence,
two types of bacteria have different resistance to external physical stimuli, and

thus S. aureus has greater resistance to external stimuli than E. coli. Although
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the surface was modified at the nano-level, Nano-ripple Co-Cr did not reveal
antibacterial activity compared with the control group. Nano-ripple structures
was not able to rupture the bacterial cell walls because they have a large surface
area supporting bacteria physically [84]. Bacterial colony count test was
performed to check the ability to suppress bacterial growth on the Flat, Ta
coated, Nano-spike, and Nano-ripple Co-Cr. All the experimental groups
showed similar trend in bacterial growth except for Nano-spike Co-Cr which
quantitatively matches well with previous bacteria adhesion test. As a result,
nano-spike Co-Cr exhibited excellent resistance to both bacteria attachment and

growth.

Osteoblast cells attachment, proliferation, and differentiation tests

Cell adhesion, proliferation, and differentiation were evaluated to
confirm the cell affinity of osteoblasts on each surface Fig. 3.5. The osteoblast
adhesion was observed after culturing the osteoblast cells for 3 hr. The cell
nuclei and cytoplasm were displayed in blue and red, respectively (Fig. 3.5A).
For the CLSM low-magnification images, Flat Co-Cr showed that the attached
osteoblast cells were close to a spherical shape with small spreading area. Ta
coated Co-Cr exhibited an extensive cell spreading area than that of Flat Co-Cr
resulting from incorporation of biocompatible Ta element. On the other hand,

Nano-spike and Nano-ripple Co-Cr containing Ta elements, osteoblast cells not
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only strongly attached to the nanostructured surface, but also showed highly
activated filopodia which are positive signals leading to excellent
biocompatibility. The surface coverage rate of osteoblasts was quantified from
CLSM cell attachment images (Fig. 3.5B). The average surface coverage rate
of osteoblast cells in Flat, Ta coated, Nano-spike, and Nano-ripple Co-Cr are
13, 32, 48, and 42%, respectively. Cytocompatibility on osteoblast cells was
clearly improved in all the experimental groups containing the biocompatible

Ta atom whether the form of coated or incorporated on the surface.

Cell proliferation and differentiation assay were performed using
MTS and ACP activity assay (Figs. 3.5C-D). Cell viability was improved with
increasing culture time without any signals related to toxicity. However, the
degree of an increase in cell viability was significantly different for each group.
Flat Co-Cr has the lowest value of cell viability throughout every time interval.
After Ta coating on Co-Cr surface, the average cell viability was improved. On
the other hand, the Nano-spike and Nano-ripple Co-Cr showed remarkable
enhancement of cell proliferation compared to the Flat Co-Cr after 6 days of
culture with the percentage of 132 and 140%, respectively. From the
perspective of ALP activity, Nano-spike and Nano-ripple Co-Cr showed ALP
activity values 3.7 and 3.4 times higher than Flat Co-Cr, and Ta coated Co-Cr
had comparable ALP activity to Flat Co-Cr. In vitro cytocompatibility tests

were conducted using osteoblast cells to confirm its applicability as a medical
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implant. The cell adhesion, proliferation, and differentiation results indicate
high potential of bio-inspired Nano-spike Co-Cr as bone implants. The
biocompatibility was demonstrated through in vitro osteoblast cells attachment,
proliferation, and differentiation assay and co-culturing of osteoblast cells and
bacteria on Flat, Ta coated, Nano-spike, and Nano-ripple Co-Cr. Ta coated,
Nano-spike, and Nano-ripple Co-Cr did not induce any cytotoxicity in the tests
after coating or incorporating Ta into Co-Cr matrix. An increase in cell
attachment, proliferation rate, and ALP activity was observed all the groups
compared to control group. Nano-structured groups possess strong cellular
response resulting from its nano-scale structures regulating integrin-dependent
cell adhesion signaling pathways [85]. It also stimulates cells having an
intimate contact with nano-roughened surface to induce focal adhesion, which
indicates a strong interaction between cell and implants. Nanostructured Co-Cr
with enhanced hydrophilicity leading to an excellent affinity with blood, and
prevention of immune reactions such as platelet attachment and protein

denaturation [25].

Osteoblast cells/Bacteria Co-culturing

Bacteria and osteoblast cells co-culturing test was performed to mimic
physiological condition in human body. After culturing of osteoblast cells with

E. coli and S. aureus on four groups, the cell viability of osteoblast was
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investigated using live/dead CLSM observation (Fig. 3.6A). After co-culturing
of E. coli and osteoblast cells, Flat Co-Cr only showed a small amount of viable
osteoblast cells. In particular, it was confirmed that a large number of osteoblast
cells was killed with forming a spherical shape marked by red. Bacterial
colonization is a predominant reaction inhibiting the space where osteoblast
cells would attach as shown in inset FE-SEM image. Ta coated Co-Cr showed
similar results to Flat Co-Cr resulting from the lack of antibacterial property.
On the other hand, Nano-spike Co-Cr exhibited the surface covered by viable
osteoblast cells with highly activated filopodia, and bacteria was clearly
ruptured depicted in inset FE-SEM image. The Nano-ripple Co-Cr indicated a
relatively large number of surviving osteoblast cells than Flat and Ta coated Co-
Cr due to its nanostructure, however, a predominant reaction on the surface was
colonization of bacteria. The results of the co-culturing test using S. aureus
showed similar trend. For the Flat, Ta coated, and nano-ripple Co-Cr, S. aureus
were present on the surfaces due to their low antibacterial activity. Most of the
osteoblast cells was dead because biological environment was too harsh for
osteoblast cells to grow. On the other hand, Nano-spike Co-Cr was covered by
strongly attached osteoblast cells, however, S. aureus was ruptured by
antibacterial nanostructures inspired by dragonfly wings. Fig. 3.6B showed the
surface coverage rate of the surviving osteoblast cells quantified from CLSM
images. Flat, Ta coated Co-Cr showed low osteoblast viability due to the

bacterial infection. Notably, the Nano-spike Co-Cr provided the favorable

74 o]



environment for the growth in osteoblast cells resulting from antibacterial effect.
From the co-culturing test, an average surface coverage rate of osteoblast cells
against E. coli, and S. aureus was 33%, 29.3%, respectively, which are the
highest value among all the groups. These results are 30 times higher than that
of Flat Co-Cr. The Nano-ripple Co-Cr also showed a significant increase in the
viability of osteoblast cells compared to the control group due to the
nanostructure providing a favorable environment for cell growth. It was
concluded that the bio-inspired Nano-spike Co-Cr surface has excellent
antibacterial properties as well as excellent cytocompatibility simultaneously.
To imitate the physiological environment in which bone cells and bacteria
coexist, we evaluated the viability of osteoblast cells using co-culturing of
osteoblasts and bacteria as illustrated in Fig. 3.6. Bacteria induce an
inflammatory reaction in tissues and damage mammalian cells such as
osteoblast cells [86, 87]. Flat, Ta coated Co-Cr shows fluorescence images in
which almost all osteoblasts died by bacterial infection. On the other hand,
Nano-spike Co-Cr indicated growth in osteoblast cells all over the surface
under the competitive environment with bacteria which means a predominant
reaction was the growth and proliferation of osteoblast cells. Although Nano-
ripple Co-Cr also exhibited slight increase in osteoblast cells coverage rate than
Flat, Ta coated Co-Cr due to the presence of nanostructure, However, the
predominant reaction on the surface was the colonization and proliferation of

bacteria. The experimental results showed similar trends in both osteoblast cells
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culturing test with E. coli and S. aureus. The average surface occupancy of the
viable bone cells in all groups was lower when osteoblast cells were co-cultured
with S. aureus than with E. coli corresponding results Figs. 3.4C-D. In co-
culture system, the Nano-spike Co-Cr presented a multi-functional surface that

was difficult for bacteria to survive and good for osteoblasts.
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3.4. Conclusion

This is the first study to impart antibacterial properties to the surface
of metallic bio-implants using TIPS technique, which is a novel method to
functionalize the surface of biomaterials. After applying the TIPS to Co-Cr
implant, the surface was modified to a nano-spike surface with a high structural
similarity to the dragonfly wings. Biomimetic Nano-spike Co-Cr showed
excellent mechano-bactericidal effects on both gram-negative and gram-
positive bacteria in bacteria attachment and colony formation tests. The nano-
structured Co-Cr surfaces exhibited enhanced affinity on osteoblast cells by
inducing a focal adhesion leading to a strong interaction between osteoblast
cells and bio-implants. Nano-spike Co-Cr showed a multifunctional surface that
suppressed the attachment and growth of bacteria and promoted the attachment
and proliferation of osteoblasts in co-culturing test of osteoblast cells and
bacteria. This multifunctional bio-implants not only induces reduced
inflammatory response, but also an accelerated bone regeneration when applied

to orthopedic implant materials.
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Ta coated Nano-spike  Nano-ripple

Flat Co-Cr Co-Cr Co-Cr

Figure 3.1. Representative surface morphologies of Flat, Ta coated, Nano-spike,
and Nano-ripple: (a) field-emission scanning electron microscopy (FE-SEM),
(b) the cross-sectional focused ion beam (FIB)/FE-SEM, and (c¢) Three-

dimensional (3D) atomic force microscopy images. (Scale bar = 500 nm)
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Height Distance Diameter Aspect
(nm) (nm) (nm) ratio
Dragonfly ~330 ~ 140 ~ 60 ~6
wing
Nano-spike ~510 ~210 ~100 ~5
Co-Cr
Nano-ripple ~530 ~270 ~ 800 ~1
Co-Cr

Table 2.1. Average height, center to center distance, diameter and aspect ratio
of nanospike for the comparison between dragonfly wing and Nano-spike Co-

Cr.
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Composition (Atom%bo)
50 75 100

Figure 3.2. Cross-sectional scanning transmission electron microscopy image
of Nano-spike Co-Cr with energy-dispersive X-ray spectroscopy mapping (Co-
Cr and Ta elements), and chemical compositions at three regions in TEM image

(p1: top, p2: middle, and p3: bottom). (Scale bar = 500 nm)
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Figure 3.3. Water contact angles of Flat, Ta coated, Nano-spike, and Nano-
ripple Co-Cr. Inset images denotes optical images of water droplets on each

surface. (vs. Flat Co-Cr: *p < 0.05)
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Figure 3.4. (A) Fluorescent images and FE-SEM images of E. coli and S.
aureus cultured on Flat, Ta coated, Nano-spike, and Nano-ripple Co-Cr surfaces.
The green and red fluorescence represent live and dead bacteria, respectively.
The scale bar in the fluorescent CLSM and FE-SEM images are 10 um and 500
nm, respectively. (B) Optical images of bacterial colony formation on agar plate
after 12 hr of E. coli and S. aureus incubation. (C) The percentage of dead
bacteria on Flat, Ta coated, Nano-spike, and Nano-ripple Co-Cr calculated by
CLSM images. (D) Bacteria colony count of E. coli and S. aureus estimated
using optical images of bacteria colony formation. White scale bars indicate 10
um and 500 nm for fluorescent CLSM and FE-SEM images, respectively. (vs.

Flat Co-Cr: *p < 0.05)
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Figure 3.5. (A) Low (upper) and high (lower) magnification CLSM images of
osteoblast cells adhered on the surfaces of Flat, Ta coated, Nano-spike, and
Nano-ripple Co-Cr. (B) The surface coverage rate of osteoblast cells on Flat, Ta
coated, Nano-spike, and Nano-ripple Co-Cr quantified from CLSM images. (C)
Cell proliferation, and (D) differentiation (ALP activity) of osteoblast cells on
each sample after 1, 3, and 6 days and 14 days, respectively. (vs. Flat Co-Cr: *p

<0.05, and vs. Ta coated Co-Cr: “p < 0.05)
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Figure 3.6. Low (upper) and high (lower) magnification CLSM images of
osteoblast cells on the surfaces of Flat, Ta coated, Nano-spike, and Nano-ripple
Co-Cr co-cultured with (A) E. coli and (B) S. aureus, respectively. The insets
at the left corner of high magnification images are FE-SEM images of E. coli
and S. aureus on each surface. (C) The surface coverage rate of live osteoblast
cells after 24 hr of co-culturing with E. coli and S. aureus. (vs. Flat Co-Cr: *p

< 0.05, and vs. Nano-ripple: “p < 0.05)
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Figure 3.7. Schematic diagram of multi-functional Co-Cr bio-implants via

Target-ion Induced Plasma Sputtering (TIPS).
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4. Conclusion

The purpose of this thesis is to overcome existing limitations of
metallic bio-implant materials and to impart various bio-functions to metallic
bio-implants by utilizing the TIPS process. In conclusion, the TIPS process was
applied to the surface of metallic bio-implants to achieve multi-functional
surfaces. Based on the results of this study, it is concluded that the TIPS
technology not only can be applied to various metal materials and but also is a
promising technique that can offer specific functions depending on where

metals are used for.
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