저작자표시-비영리-변경금지 2.0 대한민국
이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게
l

이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.

다음과 같은 조건을 따라야 합니다:

저작자표시. 귀하는 원저작자를 표시하여야 합니다.

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다.

변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다.

l
l

귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.
저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다.
이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.
Disclaimer

공학박사 학위논문

Surface Modification of Polymeric Bio-implants
with Sputtering-based Metal Ion Implantation
to Enhance Biocompatibility
고분자 생체 임플란트의 생체적합성 증진을
위한 스퍼터링 기반 금속 이온 주입 표면 개질

2019년 8월

서울대학교 대학원
재료공학부
박 천 일

Abstract
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with Sputtering-based Metal Ion Implantation
to Enhance Biocompatibility
Cheonil Park
Department of Materials Science and Engineering
Seoul National University

Polymeric bio-implants have been widely utilized as an alternative to
conventional metallic implants, which exhibit critical intrinsic limitations,
including stress shielding effect induced from the mismatch of mechanical
properties between implants and surrounding host tissues and digital image
artifacts caused by magnetic resonance susceptibility of metallic materials.
However, although polymeric materials are available for bio-implants with a
medical application, their relatively lower biocompatibility compared with
metallic materials presents an obstacle to be utilized in clinical use. Recently,
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various surface modifications of polymeric bio-implants have been researched
to enhance their cellular affinity. Among bio-functionalization strategies on
polymeric surfaces, plasma immersion ion implantation (PIII) has been
attracted as an effective surface modification to introduce various bio-metals
onto implant surfaces while maintaining sufficient interfacial strengths.
However, despite its obvious advantages, the utilization of the PIII technique
has been limited only to highly thermally stable polymers. In general, surface
modification using PIII is a time-consuming process that takes several tens of
minutes to hours. In addition, the heat generated by ion-beam irradiation easily
accumulates and is magnified by the polymer substrate because of its poor
thermal conductivity. Therefore, there is a high risk of thermal deformation or
even degradation of polymer substrates that have relatively low thermal
stability.
In this paper, we report a simple and rapid method of metal ion
implantation onto polymeric surfaces using a conventional DC magnetron
sputtering which is one of the most widely used techniques that enables fast
deposition of various metal types onto substrates. Numerous metal atoms are
initially sputtered from the target surface and immersed in the sputtering plasma
as a consequence of energetic ions bombardment during the sputtering process.
Concurrently, the application of an extremely high negative bias voltage to a
metal back-plate placed behind the polymer substrate makes it possible to
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accelerate both the target metal ions and neutral atoms to high energies onto the
polymeric surface though energetic collision cascades. These cascades lead to
a considerable metal implantation effect at a markedly high dose and rate,
which is not obtained by the conventional PIII technique. With the new
technique, denoted as sputtering-based metal ion implantation (S-MII),
biocompatible metals are successfully implanted on various polymeric bioimplants, leading to enhanced bioactivity.
In the first study, tantalum (Ta) ions, which exhibit excellent
biocompatibility and anti-corrosion, were implanted on poly(L-lactic acid)
(PLLA) surfaces using S-MII system. PLLA is the most utilized biodegradable
polymer in orthopedic implant applications because of its ability to replace
regenerated bone tissue via continuous degradation over time. However, the
poor osteoblast cell affinity for PLLA results in a high risk of early implant
failure. With S-MII surface modification, Ta-implanted PLLA surfaces can be
successfully fabricated within short process time without any tangible
degradation or deformation of the PLLA substrate. Compared to a Ta-coated
PLLA surface, the Ta-implanted PLLA showed twice the surface roughness and
substantially enhanced adhesion stability in dry and wet conditions. The strong
hydrophobic surface properties and biologically relatively inert chemical
structure of PLLA were ameliorated by Ta S-MII treatment, which produced a
moderate hydrophilic surface and enhanced cell-material interactions.
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Furthermore, in an in vivo evaluation in a rabbit distal femur implantation
model,

Ta-implanted

PLLA

demonstrated

significantly

enhanced

osseointegration and osteogenesis compared with bare PLLA. These results
indicate that the Ta-implanted PLLA has great potential for orthopedic implant
applications.
In the second study, we have introduced Ta ion implantation onto
expanded polytetrafluoroethylene (ePTFE) surfaces with S-MII technique in
order to enhance its hemocompatibility. Artificial vascular grafts made of
ePTFE have been extensively researched and utilized clinically due to merits
such as the porous structure and suitable mechanical properties. However, in
the case of small-diameter vascular grafts (<6 mm), they have poor long-term
patency rate, leading to luminal thrombosis and intimal hyperplasia. Therefore,
surface modified vascular grafts have attracted research attention, but they have
not yet progressed to clinical use. Using S-MII system, Ta-implanted ePTFE
was successfully fabricated within 1 minute without change of its porous
structure and mechanical properties. With moderate wettability and stable Ta
oxide layers of Ta-implanted ePTFE surfaces, the in-vitro cellular affinity of
endothelial cells was noticeably improved and rapid endothelialization with
high coverage rate was achieved even after culturing time of 7 days.
Furthermore, Ta-implanted ePTFE exhibits excellent anti-thrombogenicity,
effectively suppressing attachment and activation of platelets. Eventually, in-
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vivo preliminary animal experiment using an artery bypass model of a dog
demonstrated

that

Ta-implanted

ePTFE

surfaces

facilitate

rapid

endothelialization on luminal surfaces, simultaneously suppressing the
thrombus formation. These results prove that Ta-implanted ePTFE has great
potential as small-diameter vascular grafts.
In the final study, we researched that the effect of Ta ion implantation
on foreign body reaction of silicone-based biomaterials. Although silicone
rubber-based implants have been utilized as a prosthesis material in a plastic
surgery for the past decades, the long-term failures induced by capsular
formation and contracture surrounding the silicone implants have not been
resolved yet. With Ta ion implantation using S-MII system with different
treatment times (30, 60, and 120 sec), Ta-implanted silicone rubbers were
successfully fabricated. Based on moderate hydrophilicity and stable Ta
functionalization of Ta-implanted silicones, the in-vitro biocompatibility of
human dermal fibroblast was significantly enhanced. Furthermore, the foreign
body reaction and immune response of Ta-implanted silicones was noticeably
inhibited, leading from suppressed adhesion and activation of platelets and
macrophages. In-vivo experiments using a rat dorsal implantation demonstrated
that the fibrous capsule thickness of Ta-implanted silicones was significantly
reduced and inflammatory cells was rarely observed. These results suggest that
Ta ion implantation made the medical silicone rubber surfaces more
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biocompatible, followed by reduced foreign body reaction and fibrous capsular
formation.
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Chapter 1.
Introduction
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1.1. Polymeric bio-implants and its limitation
Bio-implants, also called as biomaterials, can be defined as materials
placed with in vitro or in vivo physiological environments. In the medical field,
including prosthetic, therapeutic and diagnostic application, they have been
extensively used in contact with living tissue and biological fluids without any
adverse responses to biological constituents of the entire living organism.
Specifically, these materials, composed of metal, ceramic, polymer or their
composite, can replace the part of the damaged body. Especially, various metals,
such as stainless steel, cobalt-chromium (Co-Cr) alloy and titanium (Ti), have
been widely used as a material for biomedical implant during the past century.
Base on excellent mechanical strength, chemical stability, and biocompatibility,
metal-based bio-implants have been utilized in various clinical uses, including
dental, orthopedic and vascular implants. However, there are several critical
problems induced by their intrinsic properties. When metallic implants are
placed in contact with host bone tissue for a long-term period, bone resorption
or reduction of bone density occur due to the extremely higher stiffness of metal
compared with that of natural bone. The undesirable failure, which are denoted
as stress shielding effect, had been reported as one of the main problems that
lead to bone loss and revision surgery after implanted in hip joint [1]. In
addition, digital imaging distortion induced from the magnetic susceptibility
artifacts is also considered to be a severe problem of metallic implants.
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Differences in magnetic susceptibilities of tissues or implanted metallic devices
distort the homogeneity of the magnetic field, leading to a variety of image
artifacts [2]. Moreover, metals are strongly limited to be used for the
replacement of soft tissue due to its poor flexibility and elasticity.
Polymeric bio-implants have attracted considerable attention as an
alternative to conventional metallic implants, which exhibit above intrinsic
limitations. Due to their similarity to the structural and mechanical
characteristics of natural tissue, a large number of polymers are used in various
biomedical applications such as implantation of medical devices and artificial
organs, prostheses, ophthalmology, dentistry, bone repair, and many other
medical fields (Table 1.1) [3]. In case of orthopedic devices, non-resorbable
polymers

such

as

poly(methyl

methacrylate)

(PMMA)

and

poly(etheretherketone) (PEEK) have been utilized based on their bone-like
elastic modulus and light weight. Recently, biodegradable polymers such as
poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and its composite, have
been also considered as candidate materials for orthopedic fixation implants
due to its full degradation in our body, by which there is no need of a revision
surgery to remove the implanted devices. Vascular devices are predominantly
made of flexible polymers such as polytetrafluoroethylene (PTFE),
polyurethane (PU) and poly(ethylene terephthalate) (PET). With high
flexibility and enough mechanical properties, above synthetic polymers have

3

been used for vessel transplants and expanded form of PTFE (ePTFE) has been
mostly utilized in vascular grafts for decades due to its unique merits including
the excellent mechanical strength, tunable porosity, and biostability.
Furthermore, Silicone rubber and silicone-based materials are the biomaterials
most commonly used as a prosthesis in plastic and reconstruction surgery due
to their high tear strength, low hardness, high thermal stability, high chemical
resistance.
Although polymeric bio-implants exhibits better performances over
conventional metallic implants, polymer-based materials also suffer from
considerable implant failures when they were implanted in our body for a longterm period (Figure 1.1). The frequent and severe failure results from the
relatively poor biocompatibility of polymeric bio-implants due to their low cell
affinity from hydrophobic surfaces and biological inertness. Numerous papers
have reported insufficient biocompatibility of polymeric bio-implants can bring
about even an inflammatory response from the living host tissue upon direct
contact with biological fluids. For instance, Hochuli-Vieira et al. [4]
demonstrated the presence of inflammatory reaction, the degree of bone healing
and resorption of PLLA/PGA plates and screws after mandibular fractures in
rabbits. Around the implants, fibrous connective tissues with macrophages and
scarce giant cells were clearly observed and a higher degree of inflammation
was detected compared to medical Ti plates after 30 days of implantation. In
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particular, the formation of a thick and dense fibrous capsule (i.e., a specific
feature consisting of large numbers of neutrophils, macrophages, and
leukocytes) around an implant may block intimate interactions between the host
tissue and implant surface; this can eventually lead to structural deformation of
the implant, reduced efficiency, and eventual failure [5, 6]. In addition, capsular
voids easily occur; this increases bacterial infection and invasion, which
induces acute and chronic inflammation reactions [7]. In addition, vascular
polymeric bio-implants with innate hydrophobic characteristic have suffered
from high risk of early thrombosis and neointimal hyperplasia. Their low
hemocompatibility of polymeric surfaces leads to a poor long-term patency rate
and high failure after implantation [8, 9].
1.2. Surface modification of polymeric bio-implants
In a biological environment, cellular affinity and response on bioimplants are strongly influenced by their surface property. Basically, surface
properties, including topography, roughness, charge, chemical composition,
and wettability, plays a key role on cell-to-implant interaction in an initial stage
implantation. Therefore, in an effort to enhance the biocompatibility of
polymeric bio-implants, a variety of surface modifications have been attracted
and researched as an effective strategy for the past decades. Depending on the
surface modification such as physical, chemical and biological treatments as
shown in Table 1.2, these surface properties can be selectively tailored to
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desirable implant surfaces [10, 11]. In addition, surface-modified implants can
be achieved without altering the required bulk properties, especially mechanical
properties. Hence, in the case of polymeric bio-implants, surface modification
is essential to satisfy the biological requirements of suitable bio-implants.
1.2.1. Physical treatment
Physical absorption with biomolecules, ions, and molecules of gas,
liquid or dissolved solids has been utilized to tailor the biological properties of
polymeric bio-implants. Bioactive molecules and compounds can be
immobilized using simple dip coating and electrostatic interactions [12]. In
addition, the surface topography of polymeric bio-implants can be specifically
modified up to nanoscale via lithography technique; a method of producing
three-dimensional relief patterns on a substrate. In particular, a topographic
surface pattern onto polymer surfaces via replication of a patterned silicon
wafer has been researched for cell morphology and alignment. Joseph L.
Charest et al. [13] evaluated that the effect of microscale topography on the
alignment and differentiation of myoblast. They revealed that cells aligned to
grooves and preferentially orientated parallel to rows of holes.
Laser treatment is one of the predominant methods used for surface
patterning or large-scale surface modification. In case of polymeric surfaces, a
high local energy of laser leads to the formation of a unique ripple structure. It
is reported that highly reactive radicals on the surface can be formed by laser
6

radiation and the unstable radicals react with oxygen after exposure of air,
consequently leading to a formation of new functional groups, such as oxygencontaining groups like carboxyl and hydroxyl groups [14]. Moreover, the
presence of these radicals and functional groups influence wettability or
hydrophilicity of on polymeric surfaces. Many researchers reported that
hydrophilicity of polymer surfaces was noticeably improved due to its high
surface energy after laser treatment. In terms of cell-to-implants interaction,
surface wettability plays an important role and it is well known that enhanced
hydrophilicity of polymeric surfaces facilitates adhesion and proliferation of
mammalian cells.
1.2.2. Chemical functionalization
In an effort to enhance the biocompatibility of polymeric surfaces,
chemical functionalization, including silane treatment and incorporation of
functional groups, is one of an effective and low-cost modification. Silanization
and polymer grafting of polymeric surfaces involve the coating of the surface
with organofunctional alkoxysilane molecules in the liquid-phase chemical
system. Strong covalent bond or cross-linked structure between a silane and
hydroxyl group leads to high stability in a physiological condition. In a bioimplants application, the chemical functionalization has been utilized for initial
cellular adhesion or anti-thrombogenicity of polymer-based implants surfaces.
Kyle M. Kovach et al. [15] evaluated the effect of poly(ethylene glycol) (PEG)
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grafting

on

hemocompatibility

of

poly(dimethylsiloxane)

(PDMS)

microchannels. The PEG-grafted PDMS significantly suppressed fibrinogen
adsorption and platelet adhesion, leading to reduced coagulation response under
whole blood flow. Additionally, photografting and radiation grafting have been
used to modify the hydrophobicity and bio-inertness of polymeric bio-implants.
For instance, the wettability of PEEK surfaces was improved with
photografting by UV radiation [16] and the biological response of various
biodegradable polymer was facilitated using a solvent-free photografting
technique [17]. While the approaches of chemical functionalization have been
adopted in attempts to improve the bioactivity of polymeric bio-implants, the
in-vivo outcomes remain unknown. The poor adhesion stability of the
chemically functionalized surface layers leads to unstable surface structures in
a physiological condition, severely inducing detachment of chemical
functionalization. In addition, it basically requires time-consuming process due
to complex and multi-steps.
1.2.3. Biomolecules immobilization
Biomolecules such as proteins, enzymes, and DNA can be
immobilized onto polymeric surfaces to induce specific cellular responses.
Functionalization of short amino acid sequences such as an arginine-glycineaspartic acid (RGD) or growth factors as adhesive bio-receptors enhances the
biocompatibility and cell adhesion of polymeric bio-implants. According to a
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reference [18], RGD peptides are beneficial to stimulate cell adhesion on
various polymeric materials. The study reported that RGD modified polymers
showed rapid attachment of cells and enhanced bone ingrowth, simultaneously
reducing inflammatory reaction. In addition, in order to induce antithrombogenic surfaces, thrombin-resistant biomolecules, including hirudin [19]
and C(D)FPR [20] have been used to modify various biomaterials. Particularly,
immobilization of heparin, a representative inhibitor of thrombin, has been
proven to efficiently suppress thrombin formation on polymeric surfaces [21].
Although immobilization of biomolecules is a simple and effective surface
modification, a covalent immobilization onto polymeric surfaces is not an easy
task without the surface functionalization. Furthermore, passive adsorption
could induce competitive and undesirable adsorption of other materials in the
system, followed by the configuration change of adsorbed biomolecules [22].
1.2.4. Plasma treatment
Surface engineering with plasma, a state of matter that is partially or
fully ionized, and contains charged particles of free ions, electrons, radicals and
neutral particles of atoms and molecules, is well known as an economic and
effective method for the surface modification of biomaterials [23]. Plasma
treatments can be used to modify polymeric surfaces properties such as
chemical composition, roughness, zeta potential and wettability. P. A. Ramires
et al. demonstrated that biocompatibility of PEF surfaces was significantly
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enhanced via plasma treatment with oxygen and ammonia. They revealed an
increase in endothelial cells growth and the presence of well-spread and
flattened cells, attributed to new functional groups and the change of chemical
composition. Hirotsu et al. [24] performed plasmas treatment with oxygen,
helium, and nitrogen gas onto PLA sheets to improve the roughness and
wettability. They revealed that the PLA biodegradation rate remained
unchanged after the plasma treatment. Furthermore, oxygen plasma treatment
has been also utilized to enhance nerve cell adhesion onto PLA films due to
increased wettability [25]. Although plasma treatment has been used to improve
the wettability and cell affinity of polymeric surfaces, the issues related to nonpermanent surface modification potentially make it unsuitable for certain
biomedical and consumer applications.
1.3. Ion implantation technique
Ion implantation is a series of physical surface modification by which
ions of a target element are accelerated into a solid target, thereby changing the
physical, chemical, or biological properties of the target material. In biomedical
application, ion implantation can be available to enhance corrosion resistance,
control hardness and improve biocompatibility or bioactivity. Ion implantation
exhibits a variety of merits. Firstly, almost target ions and substrate materials
can be applied for ion implantation, since there is no limitation to accelerate the
ions of an element with high energy. In particular, the modified surfaces with
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ion implantation has a highly stable structure, attributed to implanted ions with
a certain depth from substrate surfaces. There was no discrete interface between
target ions and substrate surfaces and it can prevent deformation of modified
surface structure which is one of the critical drawbacks in a conventional
coating system. Hence, ion implantation has been used to modify surface
properties of polymers for biomedical applications.
1.3.1. Plasma immersion ion implantation
With plasma immersion ion implantation (PIII), invented by J.R.
Conrad in 1980s [26], the substrate materials are immersed by a high-density
plasma and pulse biased to a high negative potential relative to the chamber
wall and holder. Target ions generated in the plasma can be accelerated by
electric potential differences (plasma sheath) and implanted into the surface of
the substrate materials, as illustrated in Figure 1.2. PIII is a suitable approach
for surface engineering of not only metallic bio-implants but also polymeric
bio-implants as following reasons (Table 1.3). Since PIII system is a non-lineof-sight process as opposed to conventional ion beam implantation, it is
available for the treatment of bio-implants with the complex shape or even inner
surface of materials regardless of their 3- dimensional structure. In addition, the
simultaneous process such as implantation, deposition, and etching can be
easily determined by controlling the instrumental parameters [10]. In bioimplants application, the surface modification of PIII has been widely utilized
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for various polymeric bio-implants, adjusting surface mechanical properties,
biocompatibility, hemocompatibility and antibacterial activity. For instance, it
has been reported that osteoblast adhesion and proliferation on the polymeric
substrates was significantly improved via PIII treatment with oxygen and water
[27, 28]. Moreover, antibacterial surfaces can be achieved by implanting a
silver or copper element into the polymeric surfaces by using PIII [29].
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Bulk Properties
Applications

Orthopedic
implants

Cardiovascular
implants

Prosthesis in
plastic surgery

Tensile
strength
(modulus)

Melting
Temp
(𝐓𝐠 )

Poly(methyl
methacrylate)
(PMMA)

50-80 MPa
(1.8-3.5 GPa)

380 ℃
(120 ℃)

High compressive
strength
Bone cement

Polyetheretherketone (PEEK)

90 MPa
(3.5 GPa)

340 ℃
(150 ℃)

High chemical
stability
Bone replacement
(hip joint, cage)

Poly(lactic acid)
(PLA)

40-50 MPa
(1-4 GPa)

180 ℃
(55-60℃)

Degradability
(in 1-5 years)
Bone plate, screw,
and GBR

Poly(glycolic
acid) (PGA)

70 MPa
(7-10 GPa)

225 ℃
(35 ℃)

Degradability (in 1
years)
Suture and GBR
membrane

Polytetrafluoroethylene (PTFE)

26-36 MPa
(2-2.5 GPa)

330 ℃
(- 95 ℃)

Hydrophobicity
Catheter / artificial
vascular grafts

Expanded
polytetrafluoroethylene
(ePTFE)

15-20 Mpa
(25-400 Mpa)

330 ℃
(- 95 ℃)

Highly
hydrophobicity
High porosity /
vascular grafts

Poly(ethylene
terephthalate)
(PET)

40-80 MPa
(2.2-3.5 GPa)

252 ℃
(95 ℃)

Machinability,
cost-effectiveness
Vascular grafts /
Catheters

polyurethane
(PU)

20-80 MPa
(10 Mpa –
1 Gpa)

250 ℃
(-40 ℃)

Composed of hard /
soft segment
Tubing, hear valves

Silicone rubber

1 – 20 MPa
( 1-10 MPa )

300 ℃
(-120 ℃)

Soft / hard materials
Breast augmentation,
rhinoplasty

Materials

Table 1.1. Properties of polymeric bio-implants [30-34].
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Main property

Methods
Physical treatment
Lithography
Laser treatment

Chemical
functionalization
Silanization
Polymer grafting

Biomolecules
immobilization
RGD peptide
Growth factors

Plasma treatment
Ar, O2, N2, water

Purposes

Drawbacks

• Modified roughness

• Time-consuming process

• Patterned structure

• Limited to massive
production

• Discharge-modified surfaces
• Modified hydrophilicity
(surface energy) and
composition
• Anti-fouling surfaces

• Enhanced cell
adhesion/growth
• Anti-microbial coatings
• Anti-thrombogenicity
• Wettability enhancement
• Improved biocompatibility

• Low stability in
physiological condition
• Time-consuming process

• Limitation a covalent
immobilization without surface
functionalization
• Competitive and undesirable
adsorption of other materials
• Non-permanent surface
modification

Table 1.2. Surface modification of polymeric bio-implants.
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Target

Substrate

Processing time
(min)

Ca

Ti

120

NH2

Ti

120

O2

Ti

30

Ag

Ti

30, 60, 90

Ag + Mg

Ti

90

Zn + Mg

Ti

90

Zr

Mg

120

Osteoconductive

[41]

Ag

Stainless steel

30, 90

Osteo- / antimicrobial

[42]

NH3 / H2O

PEEK

120

[43]

Ca

PEEK

60

[44]

N2

PEEK

90

O2

PEEK

30

Ta

PEEK

30, 120

[46]

H2O

PTFE

60

[28]

O2

Silicone

60

Properties
Osteoconductive
Hemocompatibility

Refer
[35]
[36]
[37]
[38]

Osteoconductive,
Antimicrobial

[39]
[40]

Osteoconductive

Cell affinity

[45]
[27]

[47]

Table 1.3. Previous researches of PIII-treated metallic and polymeric bioimplants.
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Figure 1.1. Representative in-vivo failures of polymeric bio-implants after
implantation [48, 49].
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Figure 1.2. Schematic of a plasma immersion ion implantation (PIII) system.
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Chapter 2.
Sputtering-based metal ion implantation
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2.1. Introduction
Although the technique of plasma immersion ion implantation (PIII)
has been extensively used to improve the cellular affinity of biomaterials, the
main disadvantage of the technique is restrictive substrate materials, which has
low thermal stability, especially polymeric materials. Basically, the long-term
exposure of plasma with temperature in several thousands of degrees can have
a negative impact on the properties of substrates. When a polymer with low
thermal stability is conducted in PIII treatment for long-term processing time,
undesirable changes of its bulk and surface properties such as crystallinity,
degradability and mechanical strength can be induced. Therefore, in case of
polymeric substrates, transitional PIII treatment has been performed with a low
pulsing frequency and short duration in order to avoid sample overheating,
charging and plasma sheath extension [27]. Furthermore, surface modification
using PIII is a time-consuming process that takes several tens of minutes or
even over hours to achieve suitable performances of modified surfaces. In
addition, PIII treatment using a specific ion implanter is an obstacle to
broadening its application, resulting in poor manufacturing efficiency.
In our efforts to overcome above limitations of PIII system, we have
developed new experimental process; a simple and rapid version of
conventional PIII using a direct current (DC) magnetron sputtering, denoted to
as sputtering-based PIII (S-MII). DC magnetron sputtering is a thin film coating
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system with physical vapor deposition (PVD) technique. In the semiconductor
and biomaterials research, DC sputtering has been extensively utilized for metal
coating system due to its basic and cost-low process. The S-MII system consists
of a vacuum chamber with a DC magnetron Ta sputter gun and work piece stage
placed parallel to the target surface. By applying a negative bias voltage to the
metal back-plate placed behind the polymeric substrate, metal ions are able to
accelerate toward the polymeric surface with high kinetic energy, leading to the
implantation of ions into the polymeric substrate.
In the S-MII system, these cascades lead to a considerable metal ion
implantation effect at a markedly high dose and rate with property opposite to
the conventional PIII technique. Given that DC sputtering is a conventional
coating/deposition system, a massive amount of target ions can be achieved and
the ion implantation can be completed within only several minutes, suggesting
short processing time to achieve the suitable performance. In this study, the
feasibility of S-MII system onto bio-polymeric materials have been assessed
including surface characterization, stability, thermal properties, and mechanical
properties.
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2.2. Materials and methods
Fabrication process of S-MII
Disk-shaped PLLA samples (specific gravity 1.24 g cm−3,
glasstransition temperature Tg = 60°C, Bareco Inc., Korea) with dimensions of
12 mm (diameter) × 1 mm (height) were prepared for surface characterization,
adhesion stability testing, contact angle measurement, and in vitro cellular
response evaluation. All samples were polished with 800–2000 grit SiC
abrasive paper, and then cleaned ultra-sonically in alcohol and deionized water
for 5 min before S-MII processing. A Ta target (diameter 75 mm, thickness 5
mm, purity 99.99%, Kojundo Chemical Lab, Japan) was placed in a DC
magnetron sputter gun housing (Ultech Co. Ltd., Daegu, Korea) and a vacuum
chamber was initially pumped to 5 × 10−4 Pa using rotary and diffusion pumps.
To generate sufficient amount of Ta ions and neutral atoms, 12 W of target
power was applied to the Ta sputtering gun, and a working pressure and
temperature were maintained at 0.6 Pa and 25°C during the process. The PLLA
samples were placed on a stainless steel plate parallel to the Ta target surface
and 60 mm distant. Ta ions and neutral atoms were implanted onto the PLLA
substrate by applying a high negative DC voltage bias of up to −2000 V to the
metal back-plate for different times (10 sec, 30 sec, 3 min, 5min).
Surface characterization
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Surface morphology observations were made using field-emission
scanning electron microscopy (FE-SEM; JSM-6330F, JEOL, Japan). Ta ion
structure implanted onto PLLA surfaces was observed using high-resolution
transmission electron microscopy (TEM; JEM-2100F, JEOL, Japan) operated
at 200 kV. Ta depth profile on PLLA surfaces was assessed by energydispersive X-ray spectroscopy (EDS) elemental line scan analysis in the
scanning TEM mode. The cross-sectional image of the surface of Ta-coated
PLLA was prepared and obtained by focused ion beam milling and FE-SEM
(FIB/FE-SEM; AURIGA,

Carl

Zeiss,

Germany).

Surface

chemical

compositions were determined by X-ray photoelectron spectroscopy (XPS;
AXIS-HSi; Shimadzu/Kratos, Kyoto, Japan) using a monochromatic Al Ka
source.
Evaluation of surface stability
The surface structure stability of Ta-coated PLLA and Ta-implanted
PLLA samples was investigated using the Scotch tape adhesive test. The Scotch
tape test is a well-known, simple adhesion test, which has been used in other
studies [50, 51]. An adhesive tape (reference number 600, 3M Company, MN,
USA) was attached on both Ta-coated and Ta-implanted PLLA surfaces and
pressed on using a 2 kg of weight for 2 h to apply uniform pressure to all tapes.
Tapes were then pulled away at a 90° angle to the coating surface. Surface
damage was assessed using macroscopic optical view and FE-SEM. EDS
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mapping analysis was also performed to determine whether Ta atoms remained
on the PLLA surface.
In addition, the stability of wetted surface structures was evaluated
using a saline solution (0.9% NaCl) immersion test. Both Ta-coated and Taimplanted PLLA samples were entirely immersed in sealed vessels containing
10 mL of 0.9% NaCl solution and were incubated at 37°C. Samples were
removed after periods of 1, 3, and 7 days, and visible surface damage was
checked using macroscopic optical view and FE-SEM. Ta atoms were detected
on sample surfaces after 7 days of immersion using SEM/EDS mapping
analysis.
Both bare and Ta-implanted PLLA samples were immersed in 10 mL
of phosphate buffered saline (PBS, pH 7.4) for 1, 2, 4, 6, and 8 weeks at 37 ℃
without stirring. Every 1 week the buffer solution was replaced with 10 ml of
fresh PBS. At a prescribed point, the samples were taken out and rinsed with
distilled water. all the 10 mL solution was taken and analyzed by inductivelycoupled plasma mass spectrometer (ICP-MS, NexION 350D, Perkin-Elmer,
USA) to determine the concentration of released Ta.
Thermal properties
At a prescribed time, these samples were successively vacuum-dried
for overnight to evaluate the mass change, molecular weight, thermal properties,
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surface morphology, and chemical composition. To investigate the change of
structure morphology and surface chemical composition, FE-SEM and XPS
analysis were performed at a given time point.
The percentage weight change (%) was calculated by comparing the
dry weight (𝑊𝑡 ) remaining at a given degradation time t with the initial weight
(𝑊0 ), using the following equation:

% weight change =

𝑊𝑡 − 𝑊0
× 100
𝑊0

Mechanical properties
For investigating the tensile strength of PLLA sample treated by SMII, mechanical tensile test was conducted using a universal testing machine
(Instron 5580, Instron Corp., Canton, MA) under a fixed loading rate of 10
mm/min until rupture. A piece of PLLA sample with dog-bone shape in 40 mm
length and 10 mm width were used. Maximum stress was measured and
calculated into tensile strength (MPa). At least 4 samples of each kind of
samples were measured.
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2.3. Results and discussion
With the DC magnetron sputtering process, high density of metal ions
can be generated from target plasma. In more detail (Figure 2.1A), in order to
create the plasma, a negative charge with DC power is applied to a target source
material in a vacuum chamber containing an inert gas such as argon. Then, the
electrically neutral inert gas atoms are first ionized to positively charged ions
due to the collision of these gas atoms onto the negatively charged target surface.
Subsequently, target materials are bombarded with the ionized gas molecules
inducing uniform and stable plasma by which target atoms and ions are
sputtered off the target surfaces into the plasma. Consequently, the target atoms
and ions in the plasma state condense on the substrate surface, leading to the
formation of a thin coating layer. In the conventional DC sputtering system as
mentioned above, when a substrate is negatively biased over the target bias, an
ion sheath composed of ionized inert gas atoms as well as positively charged
target ions is generated surrounding the substrate (Figure 2.1B). In accordance
with PIII system, positively charged target ions generated from DC sputtering
can be attracted and accelerated with high kinetic energy into substrate surfaces,
inducing metal ion implantation.
Feasibility of S-MII technique
To verify the metal ion implantation with S-MII system, the tantalum
(Ta) metal ions, which is one of heavy metal ions with high atomic weight, were
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implanted on representative bio-polymer, poly(L-lactic acid) (PLLA) surfaces
with different Ta S-MII processing conditions and the change of surface
morphology and chemistry was assessed (Figure 2.2). In terms of surface
morphology after S-MII treatment, the unique wrinkle structure with nanoroughness was created with increasing negative bias and processing time.
However, when the PLLA polymer was treated with high negative bias for longterm time (more than 3 min), the severe deformation of surfaces was generated
due to excessive bombardment of Ta ions onto PLLA surfaces that exhibits low
thermal conductivity and poor heat resistance. In particular, when Ta S-MII was
treated for 5 min, the surface locally melted or burned with long-term exposure
of plasma even in sample treated without negative bias. When it comes to the
amount of Ta on the PLLA surfaces, the samples treated with higher negative
bias and processing time typically exhibited higher Ta surface composition in
EDS analysis. Based on above results of surface properties depending on
different processing conditions, it can be concluded that S-MII is available to
bio-polymer for less than 3 min.
The vertical distribution and penetration behavior of Ta target ions
onto PLLA surface were characterized using XPS depth profile analysis.
Basically, the composition of Ta was gradually decreased with increment of
depth from PLLA surfaces (Figure 2.3a). In addition, Intensity of detected Ta
4f peaks were obviously decreased as the number of etching process of XPS
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increased (Figure 2.3b). Interestingly, the penetration depth (the last point
where Ta composition is detected to more than 0.5 atomic %) increased with
higher negative bias. Moreover, the maximum composition of Ta was also
increased up to around 13 atomic % when it was applied to a negative bias of 2
kV. Above XPS results suggests the higher negative bias voltage (−2 kV)
produced a larger amount of Ta incorporation into the PLLA surface than the
lower voltage (−0.5 kV) because of the higher kinetic energy of incoming Ta
ions at the PLLA surface.
In the S-MII system, the acceleration level (determined by applied
voltage) is the most important parameters affecting the formation of the Taimplanted surfaces. Basically, the kinetic energy of a charged particle in electric
potential can be determined by following equation (2.1).
∆𝐸 = 𝑞𝑉

(2.1)

where, ∆𝐸 is kinetic energy of a charged particle, 𝑞 is charge numbers of a
charged particle, and V is electric potential difference from the negative to the
positive plate. According to the equation, the kinetic energy of a charged
particle is proportional to the charged number and electric potential difference.
With constant charge, higher electric potential difference leads to higher kinetic
energy of charged particles, inducing much higher acceleration of particle.
Consequently, the penetration depth of target ions can increase with higher
applied voltage to a substrate.
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To investigate the precise structure of Ta-implanted PLLA, TEM
analysis including fast Fourier transform (FFT) macrograph was performed
using the sample treated by S-MII with 2 kV and 30 sec. The cross-sectional
high-resolution TEM image clearly revealed two distinct regions in the Taimplanted PLLA substrate (Figure 2.4a): the unmodified PLLA substrate
region and the Ta-implanted surface skin layer, which appeared as a relatively
darker color because of the relatively higher atomic weight of the implanted Ta.
The ion implantation modified surface layer was approximately 20-nm thick,
which may have induced the localized out-of-plane surface deformations,
thereby forming enlarged nanoscale wrinkle structures on the PLLA substrate.
Noticeably, as the distance from the upper surface increased contrast grew
weaker but revealed no interfacial boundary between the Ta-implanted skin
layer and the PLLA substrate. The amount of implanted Ta and its distribution
at different depths were assessed from the TEM/EDS the line scanning profiles
in Figure 2.4b; approximately 35 atomic % of Ta was implanted at the topmost
surface of the PLLA, and its concentration decreased gradually to zero with
increasing depth from the surface. The concentration of oxygen also increased
slightly at the PLLA surface, originating from Ta oxide formation on the surface,
and the amount of carbon continuously increased with depth in inverse
proportion to Ta and oxygen.
According to the high magnification image of Ta-implanted region
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(Figure 2.4c), Ta was homogeneously implanted in the PLLA matrix without
agglomeration. The FFT macrograph to the Ta-implanted region shown in
Figure 2.4d obviously demonstrated no specific patterns were observed, which
means Ta ions implanted on PLLA surfaces existed in amorphous state without
any formation of the crystalline clusters or particles. The homogeneous and
amorphous state of Ta can be explained by its low electronegativity (1.5,
Pauling’s standard). A research suggested that the crystalline or amorphous
state of metal target ions in metal ion implantation in polymer substrate is
determined by their electronegativity [52]. According to the paper, gold (Au)
ions with high electronegativity (2.5) were transformed to crystalline clusters
and particles with nano-scale in polydimethylsiloxane (PDMS) surfaces, while
titanium (Ti) ions with relatively low electronegativity (1.54) dispersed in
amorphous state without specific pattern rings in FFT image. The author
proposed that the reason for the lack of Ti clusters is induced to its low
electronegativity (1.54) compared to the PDMS atoms (Si: 1.8, H: 2.1, C: 2.5,
O: 3.5). Therefore, Ti binds with the PDMS molecules rather than bind with
itself to crystalline cluster. Based on above hypothesis, it can be suggested that
Ta has preference to bind with PLLA polymer molecule rather than agglomerate
itself into cluster.
Surface stability of S-MII treated polymeric sample
Adhesion stability of the modified surface layer is of vital importance
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in biomedical implant applications. In particular, sufficient interfacial strength
between the coating and substrate can prevent the formation of fragments and
particles on the surface and ensure the performance of implants with prolonged
lifetimes in the implanted physiological environment. Therefore, the adhesion
stability of the modified surface layer of Ta-coated and Ta-implanted PLLA was
qualitatively examined under both dry and wet conditions. In this part, as Taimplanted PLLA sample, the applied negative bias voltage and the implantation
time were fixed at −2kV and 30 sec, respectively, on the basis of surface images
and chemical composition data. In addition, Ta-coated PLLA deposited by
normal Ta sputtering (3 min) was also included in further studies for
comparative purposes.
Figure 2.5A shows the surfaces of both the Ta-coated and Taimplanted PLLA samples after a standard tape peel-off test in dry conditions
[50, 51]. For direct comparison before and after testing, the adhesive tape was
attached to a half-surface of each sample and detached at 90° from the surface.
A 2-kg weight was applied to each specimen for 2 h before detachment to
ensure sufficient adhesion. The Ta coating on the PLLA substrate could not
resist the peeling process and, after peeling, exposed PLLA substrate and cracks
were observed on the surface of the Ta-coated PLLA in the FE-SEM image. In
addition, EDS mapping did not detect any Ta on the half-surface after peeling,
indicating complete loss of the Ta coating. Under wet conditions, the poor
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mechanical and physical stability of the Ta-coated PLLA surface was quite
obvious from optical and FE-SEM images obtained after immersion in 0.9%
NaCl solution for 1, 3, and 7 days (Figure 2.5B). Even though samples were
treated without applying any stress, as immersion time increases many more
cracks and delamination of the Ta coating layers were observed in the Ta-coated
PLLA surface. In contrast, the Ta-implanted PLLA sample exhibited markedly
different behavior upon testing under both dry and wet conditions. After peeloff and immersion, Ta-implanted PLLA exhibited a translucent and colorless
appearance without any visible cracks or surface interface delamination and Ta
was still uniformly distributed over the whole surface in EDS mapping images,
as shown in Figures 2.5A and B. This leads to the formation of modified
surface layer within the substrate material itself with no distinct interfacial
boundary [53].
Crack formation and poor adhesion stability of the Ta coating mainly
originate from the chemical inertness of PLLA, which cannot react with most
metals, as well as a lack of any mechanical interlocking between the thin Ta
coating layer and the PLLA substrate. From the cross-section FE-SEM image
of Ta-coated PLLA (Figure 2.6), the thickness of the deposited Ta coating on
the PLLA substrate is <100 nm, and no physical anchoring effect was evident
in the relatively smooth interfacial grooves. In addition, adhesion properties of
the coating layer are generally weakened in the wet condition because the
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solution can diffuse to the interface of the coating layer and substrate [54].
Therefore, even without any applied stress to the surface, Ta coating layers are
gradually delaminated with increasing immersion time.
The surface stability of Ta-implanted PLLA can be obviously
demonstrated by the measurement of Ta ion release and the observation of
surface morphology as a function of degradation time. From the surface
morphologies of all PLLA surfaces for 8 weeks (Figure 2.7), only tiny
precipitates composed of dissolved ions in PBS were detected on the surface,
but any defects or traces of degradation were hardly observed. In case of bare
PLLA surfaces, the initial smooth surfaces remained unchanged for degradation.
Noticeably, Ta-implanted PLLA surfaces maintained its unique nano-roughness
generated from S-MII treatment even after degradation for 8 weeks. Moreover,
in EDS mapping data, considerable intensity of Ta was clearly and uniformly
detected on the whole surfaces of Ta-implanted PLLA for degradation.
Additionally, according to the Ta ion release behavior from Ta-implanted PLLA
in PBS immersion (Table 2.1), Ta ions were steadily released with a rate of 0.20.3 ng/ml per a week. It is suggested that Ta ions implanted on the PLLA
surfaces was simultaneously released out with the surface hydrolysis of PLLA.
Nevertheless, burst release of Ta was rarely observed in the initial stage and the
total amount of released Ta for 8 weeks was about 2.5 ng/ml; it have been
already reported that such a low amount of the active metal ions rarely cause

32

cytotoxicity, allergy, and other biological influences [55]. Thus, it can be
suggested that the high corrosion resistance of Ta-implanted PLLA surfaces
leads to highly surface stability in physiological condition without any
deformation and defects at least for initial stage of degradation.
Thermal properties of S-MII treated polymeric sample
Thermal properties as a function of degradation times in physiological
condition, including mass change, molecular weights, and thermal properties,
were characterized using GPC and DSC analysis (Table 2.2). Based on the data,
the drastic degradation for both bare and Ta-implanted PLLA samples was
hardly observed in well accordance with above in vivo results. With respect to
mass change rates, there was no severe decrement in both bare and Taimplanted samples without pronounced differences between them for
degradation. Though the molecular weights of all PLLA samples steadily
decreased, induced from chain scission via autocatalytic hydrolysis after water
penetration, noticeable reduction was barely observed. The thermal properties
were corresponded to the previous mass change and molecular weight.
Although glass transition temperature (𝑇𝑔 ) and melting temperature (𝑇𝑚 ) of
both bare and Ta-implanted PLLA also slightly decreased in previously
reported rates due to reduced molecular weights, sudden decrement of thermal
properties was hardly detected in this study. The in-vitro biodegradation results
clearly demonstrated that Ta-implanted PLLA exhibited similar thermal
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behavior and degradation rate with those of bare PLLA, suggesting the effect
of Ta ion implantation on the bulk degradation of PLLA was negligible.
Mechanical properties of S-MII treated polymeric sample
To investigate the change of mechanical properties of bio-polymer
after treatment of S-MII, tensile strength was measured. As shown in the
mechanical test results (Figure 2.8), the tensile strength and elastic modulus of
bare PLLA sample 41.8±2.0 MPa and 3.3±0.1 GPa, while those of the sample
treated with S-MII was 41.2± 2.6 MPa and 3.2± 0.1 GPa. There were no
statistical differences between untreated PLLA and S-MII treated sample,
indicating that severe thermal deformation barely occurred by ion implantation
process.
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2.4. Conclusion
These results demonstrate that Ta atoms were successfully implanted
into the PLLA surface via the S-MII technique despite its extremely short
processing time (30 sec), which makes it possible to minimize the degradation
or deformation of the PLLA substrate. The S-MII technique has numerous
advantages as in the following. In the S-MII system, we can achieve a
considerable metal implantation effect at a markedly high dose and rate with
property opposite to the conventional PIII technique. Given that DC sputtering
is a conventional coating system, a massive amount of target ions can be
generated and the ion implantation can be completed within several minutes,
suggesting short processing time to achieve the suitable performance. Given
that the PIII system is considerably limited to be used for bio-polymer with low
thermal stability due to its severe deformation with long-term exposure of
plasma, the short processing time of S-MII technique makes the entire
procedure of the surface modification easier and more effective. With relatively
short exposure of plasma, the surface properties of not only metallic bioimplants but also polymeric bio-implants, which exhibit low thermal stability,
can be modified without any deformation or damages of their intrinsic bulk
performance, including thermal and mechanical properties. Moreover, in terms
of production yields and manufacturing efficiency, such a short processing time
of S-MII can be an important factor of beneficial process. Furthermore, the cost
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of manufacturing process can be considerably reduced because of the use of
conventional DC sputter system. Previous PIII technique using an ion implanter,
which is quite expensive equipment and costs a lot of maintenance and
operation, has been undesirable to be commercialized for massive production
system. Hence, the S-MII technique has an excellent potential for surface
modification of polymeric bio-implants with respect to their performance and
commercialization.
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Figure 2.1. Schematic of (A) conventional DC magnetron sputtering system
(thin film coating) (B) sputtering-based metal ion implantation (S-MII) system
(metal ion implantation).
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Figure 2.2. Surface morphologies of samples with different substrate bias
voltages (0, 1000, and 2000 V) and processing times (10, 30, 180, and 300 sec)
for the S-MII process. The insets at the top right corner in FE-SEM images are
the macroscopic optical images of the samples. The black and white scale bars
correspond to 5 mm and 2 𝛍m, respectively. Surface chemical compositions
by EDS analysis of each sample are represented in the FE-SEM images.
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Figure 2.3. (a) XPS depth profile of the PLLA samples treated by S-MII with
different negative bias (0.5 kV, 1 kV, 2 kV) and penetration depth was presented
by red arrow in the graph. (b) Ta 4f peaks of PLLA samples treated by S-MII
(2 kV, 2min) as a function of etching times
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Figure 2.4. (a) High-resolution cross-sectional TEM image of the surface of
Ta-implanted PLLA and (b) TEM/EDS composition prolife through the yellow
line from point A to B shown in Figure 2.4a. (c) Higher magnification image
corresponding to the red box shown in Figure 2.4a and (d) fast Fourier
transform (FFT) macrograph of the Ta-implanted region.
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Figure 2.5. (A) Surface morphology and chemical state of samples after peeloff tests conducted on half surfaces: FE-SEM images and EDS mapping results
in which the red color represents Ta element. (B) Representative FE-SEM and
EDS mapping images of Ta-coated and Ta-implanted PLLA samples before and
after immersion in 0.9% NaCl solution for 1, 3, and 7 days. Macroscopic optical
images of the samples are shown in the insets to the FE-SEM images.
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Figure 2.6. High-resolution cross-sectional FE-SEM image of the surface of a
Ta-coated PLLA sample deposited by Ta sputtering for 3 min.
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Degradation
time (weeks)

0~1

1~2

2~4

4~6

4~8

Ta ion
concentration
(ng/mL)

0.46
(±0.12)

0.17
(±0.05)

0.54
(±0.06)

0.37
(±0.03)

0.17
(±0.02)

Table 2.1. Ta ion concentration released from Ta-implanted PLLA samples in
PBS after immersion for different time.
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Figure 2.7. Representative FESEM images of bare and Ta-implanted PLLA
surfaces and EDS mapping (Ta) onto Ta-implanted PLLA surfaces after
immersion for different time. White scale bar is 5 μm and black scale bar is 500
nm.
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Degradation
time (weeks)
0

Mass change
(%)

Molecular
weight
(×1000 g/mol)

𝑻𝒈 (℃)

𝑻𝒎 (℃)

Bare

Ta

Bare

Ta

Bare

Ta

Bare

Ta

-

-

107

101

59.1

60.8

169.5

170.3

1

100.10 100.24

91

95

58.9

61.4

169.4

169.9

2

100.13 100.50

91

88

58.7

59.2

169.1

170.8

4

100.01 99.82

88

84

57.6

58.3

169.8

168.6

6

99.91

99.81

86

79

58.5

58.3

168.5

166.7

8

99.80

99.80

73

66

58.2

58.9

168.5

166.8

Table 2.2. Molecular weights, percent weight change (%), and thermal
properties of bare PLLA (Bare) and Ta-implanted PLLA (Ta) samples as
function of degradation time.
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Figure 2.8. (a) The PLLA sample with dog-bone shape for mechanical test and
(b) tensile strength and elastic modulus of bare and Ta-implanted PLLA
samples.
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Chapter 3.
Enhanced osseointegration ability of
poly(lactic acid) surfaces via tantalum sputteringbased metal ion implantation
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3.1. Introduction
With the increasing demand for improved quality of life,
biodegradable polymers have been considered suitable implantation materials
for the temporary fixation of several types of damaged human tissues. In the
field of bone tissue engineering in particular, biodegradable (or absorbable)
devices have demonstrated the unique advantages of their mechanical, chemical,
and biological properties in fracture fixation, repair, and augmentation. At the
initial stages of bone healing, the biodegradable implant plays a mechanical
supporting role holding the damaged bone tissues in place when external loads
are applied. This role is gradually transferred to the regenerated bone tissue by
the continuous degradation of the implant with time [56]. Therefore, the implant
does not produce a long-term foreign body reaction in the recipient and obviates
the discomfort associated with secondary surgery to remove the implanted
device [57].
Poly(L-lactic acid) (PLLA) is one of the most extensively researched
and utilized biodegradable polymers for bone fixation applications because its
elastic modulus is similar to that of human bone. In addition, it is non-toxic, has
high strength, and is biocompatible compared to other biodegradable polymers
[57]. When implanted in the human body, PLLA hydrolyzes to its constituent
lactic acid, which is a natural byproduct of muscular contraction. It is then
further metabolized via the tricarboxylic acid cycle to be finally excreted as
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carbon dioxide and water [58, 59]. Nevertheless, bare PLLA suffers from a high
risk of early implant failure because of its strong hydrophobic surface
properties and relative biological inertness, which lead to poor osteoblast cell
responses, penetration of soft tissue into the bone/implant interface, and,
eventually, a lack of direct bone-to-implant contact (osseointegration) [60, 61].
To address these issues, various techniques have been introduced to
modify PLLA surfaces for improved osseointegration; these include ionized gas
treatment [62], surface grafting of bioactive molecules [63], apatite
mineralization [64], and bioactive material coating [65]. Although these
techniques have been demonstrated to be effective in improving PLLA’s
bioactivity, they have drawbacks. These include the lack of the mechanical and
adhesion stabilities of the modified surface layers and the need for timeconsuming and complex manufacturing steps. In particular, despite their
excellent biological properties, biometal coatings of PLLA are severely limited
because of the large mismatch in the two materials’ thermal and mechanical
properties with resulting insufficient interfacial strengths. These lead to the
delamination of coating layers and the formation of fragments and particle
debris that result in implant loosening and poor osseointegration [66].
Recently, plasma immersion ion implantation (PIII) has been
investigated as an effective strategy to introduce various biometals onto implant
surfaces while maintaining sufficient interfacial strengths. Metal ions
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accelerated and injected onto the substrate generate localized displacement of
the substrate surface atoms and result in metal ion implantation into the
substrate surface and the formation of a mechanically stable and undetachable
surface layer [46, 67]. In particular, previous PIII studies have shown that the
osteogenic activity of implants is significantly enhanced by implanting
osteoinductive metal elements such as calcium [35, 68], magnesium [69, 70],
and zinc [71] into the implant surfaces. However, despite its obvious
advantages, the utilization of the PIII technique has been limited only to highly
thermally stable polymers such as polyetheretherketone [44, 72]. In general,
surface modification using PIII is a time-consuming process that takes several
tens of minutes to hours. In addition, the heat generated by ion-beam irradiation
easily accumulates and is magnified by the polymer substrate because of its
poor thermal conductivity. Therefore, there is a high risk of thermal
deformation or even degradation of polymer substrates that has relatively low
thermal stability, such as PLLA.
In this study, we report a simple and rapid method for metal ion
implantation onto a PLLA substrate using a conventional DC magnetron
sputtering which is one of the most widely used techniques that enables fast
deposition of various metal types onto substrates. Numerous metal atoms are
initially sputtered from the target surface and immersed in the sputtering plasma
as a consequence of energetic ions bombardment during the sputtering process.
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Concurrently, the application of an extremely high negative bias voltage to a
metal back-plate placed behind the PLLA substrate makes it possible to
accelerate both the target metal ions and neutral atoms to high energies onto the
PLLA surface through energetic collision cascades. These cascades lead to a
considerable metal implantation effect at markedly high dose and rate, which is
not obtained by the conventional PIII technique [53]. Thus, we named this new
method sputtering-based metal ion implantation (S-MII). In this study, we
chose tantalum (Ta) as a target material because of its excellent corrosion
resistance, biocompatibility, and osteogenic/osseointegration abilities [73, 74],
and implanted it onto a PLLA surface using the S-MII method (Ta-implanted
PLLA). We then compared this material with bare PLLA and with PLLA coated
with Ta by conventional sputtering (Ta-coated PLLA) with respect to surface
morphology, chemical composition, structural stability, and pre-osteoblast
cellular response. We also evaluated the osteogenic and osseointegration
properties of Ta-implanted PLLA compared to bare PLLA using a rabbit
femoral defect model.
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3.2. Materials and methods
Sample preparation
Disk-shaped PLLA samples (specific gravity 1.24 g cm−3,
glasstransition temperature Tg = 60°C, Bareco Inc., Korea) with dimensions of
12 mm (diameter) × 1 mm (height) were prepared for surface characterization,
adhesion stability testing, contact angle measurement, and in vitro cellular
response evaluation. All samples were polished with 800–2000 grit SiC
abrasive paper, and then cleaned ultra-sonically in alcohol and deionized water
for 5 min before S-MII processing. A Ta target (diameter 75 mm, thickness 5
mm, purity 99.99%, Kojundo Chemical Lab, Japan) was placed in a DC
magnetron sputter gun housing (Ultech Co. Ltd., Daegu, Korea) and a vacuum
chamber was initially pumped to 5 × 10−4 Pa using rotary and diffusion pumps.
To generate sufficient amount of Ta ions and neutral atoms, 12 W of target
power was applied to the Ta sputtering gun, and a working pressure and
temperature were maintained at 0.6 Pa and 25°C during the process. The PLLA
samples were placed on a stainless steel plate parallel to the Ta target surface
and 60 mm distant. Ta ions and neutral atoms were implanted onto the PLLA
substrate by applying a high negative DC voltage bias (−2000 V) to the metal
back-plate for 30 s. For comparative purposes, Ta-coated PLLA samples were
fabricated by Ta sputtering for 3 min without applying negative bias voltage to
the metal back-plate. For in vivo experiments, cylindrical-shaped PLLA
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samples with dimensions of 4 mm (diameter) × 8 mm (height) were prepared,
and the S-MII was conducted on the side surface of cylinder under a rotating
condition. Other processing conditions kept the same.
Surface characterization
Surface morphology observations were made using field-emission
scanning electron microscopy (FE-SEM; JSM-6330F, JEOL, Japan). Surface
roughness (𝑅𝑎 ) was calculated using atomic force microscopy (AFM; NANO
Station II, Surface Imaging Systems, Germany). Surface chemical
compositions were determined by X-ray photoelectron spectroscopy (XPS;
AXIS-HSi; Shimadzu/Kratos, Kyoto, Japan) using a monochromatic Al 𝐾𝑎
source.
Wettability
The hydrophilicity of the specimens, which is known to correlate
closely with cell behavior, was evaluated using a sessile drop method. A
distilled water droplet was placed onto each specimen surface and
photographed with a charge-coupled device (CCD) camera connected to a
goniometer (Phoenix 300, Surface Electro Optics Co. Ltd., Korea). The contact
angle between the distilled water drop and the surface was calculated using
image analysis software (Image XP, Surface Electro Optics Co. Ltd., Korea).
Protein affinity
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Each PLLA sample was immersed overnight into the green fluorescent
protein (GFP), produced using E. coli, with the concentration of 100 mg/ml for
protein adhesion test. All immersed specimens were taken from the solution
and washed with PBS twice. Subsequently, the post-protein adhered surface
fluorescence was observed with confocal laser scanning microscopy (CLSM;
FluoView FV1000, Olympus, Japan).
In vitro cellular response
The in vitro biocompatibility of bare, Ta-coated, and Ta-implanted
PLLA was evaluated in terms of cell attachment, proliferation, and
differentiation using a pre-osteoblast line (MC3T3-E1, ATCC, CRL-2593).
Cells were seeded onto the specimens at a density of 5 × 104 cells/mL, 3 × 104
cells/mL or 1 × 104 cells/mL for cell attachment, proliferation, and
differentiation assays, respectively. The cells were cultured in alpha-minimum
essential medium (α-MEM, Welgene Co., Ltd., Korea) supplemented with 10%
fetal bovine serum and 1% penicillin–streptomycin in a humidified incubator
with a 5% CO2 atmosphere at 37°C.
The cell attachment to the specimen surface was observed using CLSM.
After culturing for 1 day, cells were fixed with 4% paraformaldehyde (sigma)
and washed in Dulbecco’s phosphate buffered saline (DPBS; WELGENE Inc.,
Korea). They were then permeabilized with 0.1% Trion X-100 (Sigma–Aldrich,
USA) in DBPS for 5 min. Nonspecific binding sites were blocked with 1%
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bovine serum albumin (BSA; albumin bovine, Sigma–Aldrich, USA) in PBS
for 30 min. Finally, F-actin and cell nuclei were stained with fluorescent
phalloidin (Alexa Fluor® 555 phalloidin, Invitrogen, USA) and 4′,6-diamidino2-phenylindole (DAPI; ProLong® Gold antifade reagent with DAPI,
Invitrogen, USA), respectively.
Cell proliferation rate was examined using a methoxyphenyl
tetrazolium

salt

(MTS)

assay

with

3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS, Promega,
Madison, WI) as a substrate for mitochondrial reduction. After 3 and 6 days of
culture, the amount of formazan product, which was directly proportional to the
living cell number in the culture, was measured by light absorbance at 490 nm
using an enzyme-linked immunosorbent assay (ELISA) reader (model 550;
Biorad, USA).
Cell differentiation was studied by measuring alkaline phosphatase
(ALP) activity on day 7 and 14. ALP activity was measured as an early indicator
of osteoblastic phenotype maintenance by measuring the transformation of pnitrophenyl-phosphate (pNPP, SigmaeAldrich, UK) into p-nitrophenol (pNP).
After culturing for 7 and 14 days, cells were lysed in 0.1% Triton X-100 (Sigma)
by using standard freeze–thaw cycling. Fifty microliters of the sample were
mixed with 50 μl of freshly prepared pNPP substrate (1 mg/mL) and incubated
at 37°C for 1 h. The amount of pNP produced was quantified by measuring the
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absorbance at 405 nm in an ELISA reader. Total protein content was measured
using a BCA protein assay kit and normalized to a bovine serum albumin (BSA)
standard curve. Finally, ALP activity was normalized to the total protein content.
In vivo animal experiment
All the in vivo animal procedures including animal selection,
management, surgical protocol, and sacrificial method were approved by the
Ethics Committee on Animal Experimentation of the Institutional Animal Care
and Use Committee of GENOSS (GEN-IACUC, no. 1703-06). In vivo
experiments with Ta-implanted PLLA were conducted using a rabbit femur
defect model in male 8-week-old New Zealand white rabbits (male, body
weight 2.2–2.5 kg, KOSA Bio Inc., Seongnam, Korea) as previously described
[75-77]. Briefly, the rabbits were anesthetized through intramuscular injection
with a general anesthetic mixture of xylazine (1.5 mL, Rompun 2%, Bayer
Korea, Korea), tiletamine (0.5 mL, Zoletil, Virbac Lab, France) and a local
anesthestic, lidocaine (0.5 mL with 1:100 000 epinephrine, Yuhan Corporation,
Korea). A cylindrical hole (4 mm in diameter and 8 mm in length) was created
in each femoral groove parallel to the long axis of the femur using a hand drill
(Figure 3.6). Bare and Ta-implanted PLA implants were individually placed in
each femur defect of each animal. The wounds were sutured carefully using 40 Surgisorb (Samyang, Seoul, Korea), and 0.3 mL of gentamicin (Samu Median,
Korea) in saline solution was injected intramuscularly for 3 days. The rabbits
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were sacrificed after 4 and 8 weeks of implantation.
To evaluate in vivo bone regeneration, harvested bone tissues were
scanned by micro-CT (Skyscan, 1172 micro-tomography System; Skyscan,
Kontich, Belgium) at a resolution of 6 μm operated at a voltage of 130 kV and
a current of 60 μA. The three-dimensional (3D) and 2D images of the specimens
were reconstructed using post-processing software (NRecon and Data Viewer
1.4, Skyscan, USA). The bone volume around the implants was calculated using
reconstruction software (CTAn and CTvox 2.4, Skyscan, USA). Four
specimens were examined to obtain the mean value and standard deviation.
Extraction regions were fixed in a neutral 10% formaldehyde solution
and embedded in resin (Technovit 7200 VLC, Kulzer, Germany). Thin sections
of the blocks (thickness <100 μm) were prepared using an Exact cutting and
grinding system (Exact, Germany) and then stained with Goldner’s trichrome.
Microscopic images of the stained sections were obtained using a panoramic
digital slide scanner (Pannoramic 250 Flash III, 3DHISTECH Ltd., Hungary).
The bone-to-implant contact (BIC) ratio and newly formed bone area (NBA)
were calculated from the histological images using the software program (Case
Viewer, 3DHISTECH Ltd., Hungary).
Statistical analysis
All assays were performed with a minimum of n = 3 per group.
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Statistical package for the social sciences (SPSS 23, SPSS Inc., U.S.A) was
used to perform the statistical analysis. All the numerical data are reported as
mean ± standard deviations. Normality of the variables was tested using the
Shapiro–Wilk test, and the statistical analysis was performed by one-way
analysis of variance (ANOVA) with Tukey post-hoc comparison. A p value
below 0.05 was considered significant in all cases.
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3.3. Results and discussion
Surface characterization
The surface morphologies of bare, Ta-coated, and Ta-implanted PLLA
were characterized using macroscopic optical view, FE-SEM, and AFM, as
shown in Figure 3.1. Macroscopically, there was no significant difference in
the appearances of bare PLLA before or after S-MII treatment for 30 s (Taimplanted PLA; Figure 3.1A); both of these PLLA samples had a translucent
and colorless appearance and their circular shapes were well preserved without
any noticeable changes. In contrast, the surface of the Ta-coated PLLA was
significantly different, with a shiny and grey-colored, glossy metallic
appearance that represented the formation of a distinct Ta coating on the PLLA
substrate surface. The surface microstructures of each PLLA sample are also
shown in Figure 3.1B. Relatively nano-roughened surface morphologies of
both Ta-coated and Ta-implanted PLLA samples were observed in FE-SEM
images, and these displayed tiny and numerous wrinkled structure ranging in
size from 100 to 200 nm. AFM surface topography (Figure 3.1C) confirmed
that Ta ion implantation treatment significantly increased the surface roughness
of PLLA comparison to bare and Ta-coated PLLA; the average surface
roughness (Ra) of Ta-implanted PLLA was 13.8 nm, which was 22 and two
times higher than that of bare (Ra: 0.63 nm) and Ta-coated PLLA (Ra: 6.01 nm)
samples, respectively. In general, ion irradiation and implantation initiate a
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series of collisions and transfer their energy to the surface atoms, which in turn
create a relatively stiff skin layer on the substrate surface via the reduction of
free volume, material compaction, and densification. The newly formed stiff
skin layer results in a mechanical property mismatch between the surface and
substrate, leading to in-plane compressive stress and out-of-plane deformation.
[78, 79].
XPS was used to characterize the surface chemical composition of all
samples and the results are presented in Figure 3.2. Unlike bare PLLA, which
only exhibited C 1s and O 1s peaks (Figure 3.2a), the metallic Ta peaks (Ta 4f,
Ta 4d, and Ta 4p) were obvious in the Ta-coated and Ta-implanted PLLA
samples (Figures 3.2b and c). A considerably intense carbon peak (C 1s) was
also detected on the surface even after ion implantation treatment, which has
higher relative peak intensity than the one from the Ta-coated PLLA.
Quantitative elemental analysis of each surface showed that the Ta-implanted
PLLA contained 49.4% less Ta and 151.5% greater C atomic concentration than
the Ta-coated PLLA surface (Table 3.1). From the high-resolution spectra of Ta
4f shown in insets of Figures 3.2b and c, the peaks at binding energies of 26.3
and 28.3 eV of both Ta-coated and Ta-implanted PLLA surfaces correspond to
the typical Ta chemical state in Ta2O5, which means that the outermost surfaces
of the both Ta-coated and Ta-implanted PLLA substrates are stable and oxidize
with the same stoichiometry after exposure to air [80, 81]. The only difference
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between the Ta-coated and Ta-implanted PLLA samples was the preservation
of metallic Ta on the surface; the Ta-coated surface exhibited broad, low
intensity peaks of Ta0 because of the relatively thick Ta coating on the PLLA
surface [82]. These results clearly demonstrate that the S-MII process generates
a Ta-metallized PLLA surface via ion implantation and not surface coating, and
that the stable Ta2O5 protective layer should provide good corrosion resistance
and biocompatibility in the human body.
Wettability
Wettability is one of the most important properties affecting cell–
material interactions. Hence, before examining cellular responses, each sample
was evaluated by measuring the contact angle formed between a distilled water
droplet and the specimen surface. Although the bare PLLA surface showed
typical near hydrophobicity with a contact angle of 87°, the Ta-coated PLLA
surface had improved hydrophilicity with contact angle of 53°, which matched
well with the results from previous studies (Figure 3.3a) [83, 84]. In particular,
in case of the Ta-implanted PLLA surface, the hydrophilicity further increased
showing the lowest contact angle (47°) of the three materials. This is a result of
the high susceptibility of the ester group in the PLLA polymer chain to plasma,
which can easily create radicals that can be recombined to form oxygen
functionalities [10]. These surface functionalities combining with Ta elemental
species which has better wettability than pristine PLLA makes the PLLA
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surface more hydrophilic than others [85]. In addition, it is well known that the
surface wettability is also strongly dependent on the surface topography [86].
Because the Ta-implanted PLLA has twice the surface roughness of the Tacoated PLLA, this is probably responsible for the slight increase in its surface
wettability. Moreover, the Ta-implanted PLLA has a long-lasting surface
hydrophilicity and contact angle remained almost unchanged for 1 week
(Figure 3.3b), indicating the durability of the surface chemistry and
morphology.
Protein affinity
A moderate hydrophilic surface (with a contact angle of 40 ~ 60°)
generally has preference to protein and cell adhesion compared to the
hydrophobic one (with a contact angle near 90°). ECM molecules combined
with cell adhesion receptors are adsorbed on the hydrophobic surface in a
denatured and rigid state, which are inappropriate conformations for cell
binding and produce less accessible and adhesive environments for cells [87].
According to the GFP affinity test (Figure 3.4A and B), both Ta-coated and Taimplanted PLLA surfaces exhibited significantly higher green fluorescence
intensities than that of the bare one. In general, GFP is used as a visual marker
to monitor the amount of absorbed protein on the material surface, which means
that improved hydrophilicity of the Ta-modified PLLA surfaces allows for a
larger amount of protein to adsorb the PLLA surface, indicating the better pre-
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osteoblast adhesion behaviors.
In vitro cellular response
The effect of Ta-implanted PLLA surfaces on pre-osteoblasts cell
(MC3T3-E1) responses was assessed using cell attachment, proliferation, and
differentiation assays. The initial cell adhesion morphologies after 1 day of
culture are represented in Figure 3.5A with dual staining for actin filaments
(red) and nuclei (blue). The cells on the bare PLLA surface exhibited poor
spreading behavior and uniaxially elongated morphologies with only a few
filopodia at stretched points. In contrast, on both Ta-coated and Ta-implanted
PLLA surfaces, cells were more adherent and spread with multipolar spindle
morphologies because of the abundant formation and extension of filopodia and
lamellipodia. In addition, better expression and organization of F-actin
filaments and cytoskeletal structures are clearly observed on both Ta-coated and
Ta-implanted PLLA surfaces in the high-magnification images in Figure 3.5A.
The development of pseudopodia and actin cytoskeletal structures are generally
the result of active interaction with the cells’ surrounding environment; cells
can recognize an implant’s surface through their filopodia, which contain
various receptors and signaling biomolecules, and the collected signals are
transmitted to the actin filaments of the cell body, resulting in morphological
cell adhesion changes [66, 88]. Therefore, these initial cell adhesion results
indicate that pre-osteoblasts on both Ta-modified PLLA surfaces are actively
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sensing and signaling the surface information compared to those on the bare
PLLA surface, which could stimulate subsequent cell proliferation and
differentiation behaviors.
The proliferation and osteogenic differentiation of pre-osteoblasts on
each sample were examined by MTS and ALP assays, respectively. As
mentioned in chapter 2, the Ta coating layer is easily cracked and delaminated
from the PLLA substrate under wet conditions because of its relatively poor
bonding to the PLLA surface, which can have negative effect to assay results.
Therefore, tissue culture plate (TCP) was also included in MTS and ALP assays
as a positive control for reference. Pre-osteoblast numbers increased on all
samples, including TCP, with the culture time up to 6 days (Figure 3.5B), which
demonstrated that all tested samples exhibited good biocompatibility and lack
of toxicity. However, in terms of their rate of proliferation, there are significant
differences between the samples. After 3 days of culture, cell number on both
Ta-coated and Ta-implanted PLLA surfaces were similar to those on TCP
without any statistical difference. In the case of bare PLLA, a low initial cell
attachment density led to the lowest cell viability value among the samples.
However, during the culture (from day 3 to day 6), the pre-osteoblasts on the
bare PLLA proliferated well and showed approximately 184% of the cell
growth rate, which was similar value with that on TCP (177%) (P > 0.05). In
addition, and noticeably, the cells on the Ta-implanted PLLA exhibited the
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highest growth rate (197%) among all of samples, even TCP, whereas the Tacoated PLLA produced only a 151% cell growth rate. More importantly, the
difference in in vitro cellular responses between the two Ta-modified PLLA
samples grew larger with respect to ALP activity (Figure 3.5C). Although the
Ta-implanted PLLA produced the highest ALP activity, the Ta-coated PLLA
was not significantly different to bare PLLA (p > 0.05). Specifically, the Taimplanted PLLA produced approximately three and two times more ALP
activity than the Ta-coated and bare PLLA surfaces, respectively (p < 0.001).
In general, surface characteristics of implants have been known to play
critical roles in cell growth, survival, and eventual osteogenesis [85, 89]. The
improved surface roughness and wettability, and the formation of reactive
surface oxygen functionalities on the Ta-implanted PLLA led to significantly
better cell–material interactions, including greater cell attachment, proliferation
rate, and differentiation degree compared to the bare PLLA surface [90, 91]. In
addition, the mechanically stable surface properties of the Ta-implanted PLLA
under wet conditions combined with the superior biocompatibility and
osteogenetic properties of Ta should induce synergetic effects on pre-osteoblast
responses in vitro.
In vivo osseointegration
On the basis of the adhesion stability results and the in vitro cellular
responses, bare PLA and Ta-implanted PLA samples were selected for the
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evaluation of osseointegration and new bone formation in vivo. A rabbit distal
femur implantation model was used in this research because it contains
sufficient amounts of cancellous bone within the implantation site, which can
provide numerous close contact points between the implant surface and
surrounding bone tissue. In addition, the weight-loading environment of the
femur was also adopted here [92, 93]. Cylinder-shaped bare and Ta-implanted
PLLA samples were implanted in both sides of the distal femurs of each rabbit
(Figure 3.6), and after 4 and 8 weeks the overall shape and volume of newly
formed bones around the sample were characterized by micro-CT (Figure 3.7).
The 2D coronal images along the central axis of the implanted samples clearly
represent newly formed dense and thin bone layers along the specimen’s
surface (marked by red arrows in Figure 3.7A) and adjacent cancellous bone
tissues. In the case of bare PLLA, new bone was barley formed on the surface
and only slowly covered the specimen’s surface; even after post-implantation
of 8 weeks; the head of femur defect was still open and the position of the
specimen was difficult to be recognized because of the lack of the new bone
formation on its surface. In contrast, the Ta-implanted PLLA showed
substantially higher amounts of newly formed bone around its surface, and after
8 weeks, almost all surfaces were covered, forming a clear rectangular shape of
implanted sample. In addition, the wound generated in the distal epiphysis was
completely sealed by newly formed cancellous bone. The 3D reconstructed
images of new bone adjacent the implanted samples after 4 and 8 weeks of
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surgery also demonstrate the superior osteogenesis property of the Taimplanted PLLA over bare PLLA (Figure 3.7A). More bone was formed on,
and covered the surfaces of, Ta-implanted PLLA than bare PLLA. In particular,
after post-implantation of 8 weeks, the Ta-implanted PLLA surface was almost
fully covered by newly formed bone with an irregular but dense structure over
the entire surface. Quantitative analysis of the bone volume adjacent to the
implanted samples was also performed using the reconstructed micro-CT data
(Figure 3.7B). After post-implantation of 4 weeks, the Ta-implanted PLLA
showed slightly increased new bone volume, but without statistical difference
between the two groups. However, after 8 weeks, the new bone volume of Taimplanted PLLA increased significantly over that of bare PLLA (p < 0.005).
Figure 3.8 shows low-magnification and high-magnification
histological images of transverse cross-sections stained by Goldner’s trichrome,
where the mineralized and unmineralized bone tissues stain blue–green and
red–brown, respectively, and the light-grey areas represent the implanted PLLA
sample. At both 4 and 8 weeks after surgery, the effects of Ta-implanted PLLA
surfaces on bone regeneration and osseointegration are clearly observed in the
histological images. In the case of bare PLLA after 4 weeks, the newly formed
bone layer is discontinuous, and fibrous connective tissues indicated in yellow
arrows covers nearly half of the sample surface (Figure 3.8a). Even at postimplantation of 8 weeks, the PLLA surface was not able to form an intimate
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bone-to-implant contact because of soft tissue formation with a thick and dense
wall structure on the topmost surface of the implant, which generated huge gaps
between the newly formed bone and the PLLA surface from the highmagnification view (Figure 3.8b). However, these phenomena were not
observed on the Ta-implanted PLLA (Figures 3.8c and d); a newly formed
bone layer was almost continuously generated around the implant surface
showing tight and direct bone-bonding at the implant surface at both 4 and 8
weeks after the surgery (indicated in red arrows). The statistical results of the
bone-to-implant contact (BIC) ratio and newly formed bone area (NBA) also
demonstrate the superior osseointegration and osteogenesis properties of the
Ta-implanted PLLA compared to bare PLLA (Figures 3.9A and B). Both BIC
and NBA indices increased significantly from 37% to 57% and 0.81 to 0.95
mm2 on the Ta-implanted PLLA surfaces with increasing time, respectively,
whereas the indices remained almost constant at 30% and 0.60 mm2,
respectively, on bare PLLA. These outstanding osseointegration and new bone
formation capabilities of Ta-implanted PLLA are derived from its favorable
surface characteristics with improved wettability, surface roughness, and
reactive PLLA surface functionalities. Noticeably, elemental Ta existed stably
on the PLLA surface and also plays critical roles when contacting body fluids.
Ta has an ability to form Ta hydroxide groups on its surface in simulated body
fluid solution, which can facilitate the binding of calcium ions first, and then
combine with phosphate ions. Therefore, this surface is effective for the
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attraction and adsorption of large amount of calcium and phosphate ions, and
ultimately the nucleation of apatite on its surface, leading to enhanced
osteoblast affinity, and osteogenic, and osseointegration capabilities [67, 94].
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3.4. Conclusion
In this study, we demonstrated a simple and rapid Ta ion implantation
approach for PLA surfaces that improves their osteogenic and osseointegration
capabilities. The metal ion implantation technique combined with conventional
DC magnetron sputtering, denoted as sputtering-based metal ion implantation
(S-MII), makes it possible to generate a Ta-implanted PLA surface layers
without any noticeable degradation or deformation of overall structure. Owing
to Ta’s smooth integration into the PLA substrate, the Ta-implanted PLA
exhibited superior adhesion stability under physiological conditions than Tacoated PLA. Surface properties after S-MII treatment, such as surface
roughness, chemical composition, and wettability were more favorable for preosteoblast adhesion and produced significantly enhanced proliferation rates and
differentiation indices. In a rabbit femur model, osseointegration and
osteogenesis around the Ta-implanted PLA were also enhanced. These results
indicate that the Ta-implanted PLA is excellent at promoting bone healing and
mechanical fixation, and so has great potential for use in orthopedic implant
applications.
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Figure 3.1. Surface morphologies of bare, Ta-coated, and Ta-implanted PLLA:
(A) macroscopic optical images, (B) top views of representative FE-SEM
image at low (inset) and high magnifications, and (C) representative AFM
topographical 3D maps.
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Atomic concentration (%)
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Ta

Bare PLLA

65

35

–

Ta-coated PLLA

29

53

18

Ta-implanted PLLA

43

48

9

Table 3.1. XPS analysis: Elemental atomic concentrations of samples.
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Figure 3.2. XPS full and high-resolution spectra obtained from (a) bare, (b) Tacoated, and (c) Ta-implanted PLLA samples. The insets at the top right corner
are high-resolution spectra of Ta 4f.
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Figure 3.3. (a) Contact angle of bare, Ta-coated, and Ta-implanted PLLA
samples. Insets are representative optical images of sessile droplets on each
surface. (b) Contact angle of Ta-implanted PLLA as a function of time.
Statistical significance is indicated by *p < 0.001.
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Figure 3.4. (A) Representative CLSM images and (B) green fluorescence
intensity of GFP attached on the surfaces of bare, Ta-coated, and Ta-implanted
PLLA. The statistical significance is indicated by *p < 0.001.
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Figure 3.5. (A) Low and magnifications of fluorescence microscopic images
of MC3T3-E1 cells double stained for actin filaments (red) and for nuclei
(blue) after 1 day of culture on (a) bare, (b) Ta-coated, and (c) Ta-implanted
PLLA. (B) Cell viability and (C) ALP activity of MC3T3-E1 cells after 3 and
6 days, or 7 and 14 days of culture, respectively, on bare, Ta-coated, and Taimplanted PLLA (*p < 0.05, **p < 0.005, and ***p < 0.001).
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Figure 3.6. Implantation procedure in in vivo animal tests. (A) Surgical site and
the implanted sample in a rabbit distal femur. (B) X-ray radiograph of implant
and the surrounding bones by Micro-CT.
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Figure 3.7. Micro-CT characterization of bone regeneration around implanted
regions in a rabbit femur after 4 and 8 weeks of surgery: (A) 2D coronal views
along the central axis of the implanted samples and 3D images of regenerated
bone surrounding implants. (B) Histogram showing the bone volume around
the bare and Ta-implanted PLLA implants. Statistical significance is indicated
by *p < 0.005 compared with bare PLLA.
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Figure 3.8. Representative histological images in the defect of femur for (a, b)
bare PLLA and (c, d) Ta-implanted PLLA after 4 weeks and 8 weeks of healing.
Yellow and red arrows indicate the implant surface not forming and forming
direct bone-to-implant contacts, respectively. Magnified regions are marked
with red and blue colored rectangles in relatively low magnification images.
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Figure 3.9. Quantitative analysis of (A) bone-to-implant contact ratio and (B)
bone area around the surface of bare and Ta-implanted PLLA 4 and 8 weeks
after surgery. Statistical significance is indicated by *p < 0.05 and ** p < 0.005
compared with bare PLLA.
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Chapter 4.
Enhanced hemocompatibility of expanded
polytetrafluoroethylene (ePTFE) surfaces via
tantalum ion implantation
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4.1. Introduction
Recently, cardiovascular diseases (CVD), such as occlusion of
coronary and peripheral arteries, are considered to be one of the serious disease
due to increased diabetes and obesity. The American Heart Association reported
CVD was the most common underlying cause of death in the world in 2013,
accounting for an estimated 17.3 million (95% uncertainty interval, 16.5–18.1
million) of 54 million total deaths, or 31.5% (95% uncertainty interval, 30.3%32.9%) of all global deaths [95]. To treat many of the conditions associated with
CVD, patients with this disease require revascularization surgery, such as the
replacement of diseased and damaged native blood vessels to restore blood flow
to tissue. The suitable options for these surgeries are autologous grafts
(mammary arteries and saphenous veins harvested from the patient's own body),
allografts (donor or cadaveric blood vessel) and xenografts (bovine carotid
arteries). The transplants using autografts and allografts resulted in high patency,
but in case of 30–40% patients, these vessels are reported to be unsuitable for
surgery due to insufficient tissue donor sites and systemic vascular diseases [96].
Besides, xenografts made of natural tissues are also limited to be used for
pediatric patients because of mismatch of life span between human and animal
and lack of precise manufacturing control [97, 98].
To overcome these limited availability of natural biomaterial vessels,
artificial vascular grafts made of biostable synthetic polymer, such as
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polytetrafluoroethylene (PTFE), polyethylene terephthalate (PET) and
polyurethane (PU), have been widely used for vessel transplants. In particular,
expanded form of PTFE (ePTFE) have been utilized clinically for decades due
to merits including the excellent mechanical strength, tunable porosity, and
biostability [99]. Nevertheless, commercial ePTFE grafts are only clinically
successful as replacements of large-diameter vessels. In applications involving
small-diameter vascular grafts (<6 mm), they generally suffer from the poor
long-term patency rate due to poor endothelialization [8]. It has been reported
that the extreme hydrophobicity of ePTFE can suppress not only the activation
of platelets but also growth of endothelial cell (ECs) and therefore fail to meet
rigorous clinical requirements.
In an effort to enhance the performance of ePTFE vascular graft in
small diameter vessels, researchers have developed various surface
modification to reduce graft failure rate. One approach to prevent the frequent
failure of small diameter ePTFE vascular grafts is to facilitate the formation of
a lumenal monolayer of autologous ECs. It has been reported that ECs have
important antiplatelet, anticoagulant, and pro-fibrinolytic properties [100]. To
improve initial endothelialization of ePTFE vascular grafts, many strategies of
bio-functionalization using a variety of biomolecules including DNA [101], cell
adhesion peptide sequences [102] and growth factor [103-105], have been
explored. However, those surface modification using biomolecules had low
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structure stability in physiological condition, like circulation of blood.
Moreover, relatively small pores and low porosity induced by functionalization
of biomolecules can limit cell infiltration into scaffolds and hinder the tissue
regeneration inside grafts. Besides, ePTFE vascular grafts functionalized with
vascular endothelial growth factor (VEGF) exhibited significantly increased
angiographic narrowing at the proximal anastomosis but showed no difference
at the distal anastomosis, suggesting undesirable performance [106]. Other
strategies to enhance the hemocompatibility of ePTFE vascular grafts is to
suppress activation of platelet. Many researches have been performed to inhibit
intrinsic thrombogenicity of ePTFE vascular grafts via surface immobilization
of antithrombotic agents, such as heparin [107-110]. Heparin coated ePTFE has
been adopted commercially but offers relatively modest improvements over
untreated equivalents, leaving ePTFE substantially inferior to autologous
grafting. Moreover, it is reported that the excessively burst release of heparin
can lead to increased risk of heparin-induced thrombocytopenia, which can be
fatal in some circumstances [111, 112]. Although a research team confirmed the
stability of the immobilized heparin after incubation under physiological
conditions in vitro, but in vivo results corresponded to positive in vitro results
have not yet been demonstrated [113]. Therefore, there remains an urgent need
for effective and stable surface modification technique to facilitate the initial
endothelialization and to suppress the thrombus formation of ePTFE surfaces.
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In search of available ingredients for enhanced hemocompatibiliy of
ePTFE, tantalum (Ta) has attracted considerable attention due to its high
anticorrosion and biocompatibility properties. It has been reported that stable
and dense Ta oxide (Ta2 O5) passive layer formed spontaneously in air leads to
its high corrosion resistance and cell affinity. In particular, Ta has shown great
potential for applications of vascular devices by improving ECs affinity. Many
researches have investigated that surface endothelialilization can be facilitated
via Ta coating and ion implantation on biomaterials [114-116]. For example,
Leng et al. demonstrated that growth and proliferation of ECs were noticeably
enhanced on the Ta and Ta oxide films compared to 316L stainless steel and
titanium [114]. Moreover, Ta exhibits the anti-thrombogenic property,
suppressing adhesion and activation of platelets. In a reference [115], platelet
adhesion and activation on nitinol alloy were weakened and the hemolysis rate
was decreased by half after Ta implantation due to the decreased surface energy
and improved corrosion resistance ability, respectively. However, because of
the poor adhesion between metal coating layers and polymer surfaces, direct
clinical application of Ta to biomedical polymer device, particularly vascular
grafts, has been extremely limited. In our best knowledge, comprehensive
evaluation of Ta on ePTFE surface on the in vitro hemocompatibility has not
been reported so far.
In this work, Ta ion implantation was performed onto ePTFE surfaces
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to improve its poor hemocompatibility. Ion implantation is effective surface
modification technique; the high-energy ions are physically injected into
substrate surface, by which the implanted ions dispersed within a certain depth
of substrate surface without forming a new layer, avoiding limitations (e.g.
cracking and detachment) of traditional coatings. We then compared the Tamodified sample with bare ePTFE in terms of surface characterization (surface
structure, chemical composition, wettability). In-vitro and in-vivo performance
(the initial endothelialization and anti-thrombogenic properties were also
systematically investigated.
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4.2. Materials and methods
Sample preparation
ePTFE samples with medical grade were obtained from Advanta™
VXT graft (Maquet Holding, Rastatt, Germany). All samples were cleaned
ultrasonically in alcohol and deionized water for 5 min, and dried in air before
being placed into the vacuum chamber. For Ta ion implantation, the direct
current (DC) magnetron sputter (Ultech Co. Ltd., Korea) chamber was pumped
to 5 × 10−4 Pa using rotary and diffusion pumps. The inner surface of ePTFE
grafts was then subjected to ion bombardment under a negative substrate bias
voltage of 2000 V for 1 min. The working pressure and temperature were
maintained at 0.6 Pa and 25℃ during the ion-bombardment process. The purity
of the Ta target was 99.99%. The distance between the target and the substrate
holder was 60 mm, and the target power was 12 W. As control specimens, bare
ePTFE was analysis without surface modification.
Surface structure and chemical composition
The surface morphology was observed by field-emission scanning
electron microscopy (FE-SEM; JSM-6330F, JEOL, Japan) at different
magnification with Pt conductive coating. For observation of the Ta ion
structure implanted onto ePTFE surface, high-resolution transmission electron
microscopy images were collected using a transmission electron microscope
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(TEM; JEM-2100F, JEOL, Japan) operated at 200 kV. Elemental depth profile
on Ta-implanted ePTFE surface was investigated by energy-dispersive X-ray
spectroscopy (EDX) elemental line scan analysis in the scanning TEM mode.
The surface chemical composition was determined by X-ray photoelectron
spectroscopy (XPS; AXIS SUPRA, Kratos, U.K) equipped with a
monochromatic Al K α source.
Wettability
The wettability of each sample was evaluated by a sessile drop method
[23,24]. A distilled water droplet was placed onto each specimen surface and
photographed with a CCD camera connected to a goniometer (Phoenix 300,
Surface Electro Optics Co. Ltd., Korea). The contact angle between the distilled
water drop and the surface was calculated using an image analysis program
(Image XP, Surface Electro Optics Co. Ltd., Korea).
Ta ion release
Three pieces of Ta-implanted-ePTFE samples were immersed in 10
mL of phosphate buffered saline (PBS, pH 7.4) for 7, 14, 21, and 28 days at
37 ℃ without stirring. At a prescribed time, all the 10 mL solution was taken
and analyzed by inductively-coupled plasma mass spectrometer (ICP-MS,
NexION 350D, Perkin-Elmer, USA) to determine the amount of released
tantalum. The withdrawn solution was replaced by the same volume of fresh
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PBS. To investigate the change of structure morphology and surface chemical
composition, FE-SEM and XPS analysis were performed after immersion in
PBS for 28 days.
Mechanical test
For investigating the tensile strength of each ePTFE sample in the
longitudinal direction, mechanical tensile tests were conducted using a
universal testing machine (Instron 5580, Instron Corp., Canton, MA) under a
fixed loading rate of 10 mm/min until rupture. A piece of ePTFE grafts with
rectangular shape in 40 mm length and 10 mm width were used. Maximum
stress was measured and calculated into tensile strength (MPa). At least 4
samples of each kind of samples were measured.
Suture retention strength was measured using a universal testing
machine setup according to ISO 7198. All samples were equilibrated in a
phosphate buffered saline (PBS) solution for 1 hour before measurement. A
suture (4-0 Surgifit; AILEE Co., Korea) was pierced through the wall of the
scaffold 2.0 mm from the edge and tied to form a loop. The non-sutured end of
the scaffold and the suture loop were each attached to separate clamps in the
universal testing machine and the suture pulled at 50 mm per minute until the
thread was pulled through the scaffold. The maximum load was recorded as the
suture retention strength.
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Adhesion and proliferation of endothelial cells
The in vitro endothelialization of the bare ePTFE and Ta-implanted
ePTFE samples was evaluated via cell attachment and proliferation using
human umbilical vein endothelial cells (HUVECs). Preincubated cells were
seeded onto the specimens at a density of 3 × 104 cells/mL for the cellattachment assay and the cell-proliferation assay. The cells were cultured in an
endothelial cell basal medium-2 (EBM-2; Lonza, Walkersville, MD, USA)
supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin in
a humidified incubator with 5% CO2 at 37 °C. To compare initial adhesion
behavior of HUVECs, the morphologies of the attached cells on the bare and
Ta-implanted ePTFE were observed using FE-SEM. After 1, 6, and 24 hours of
culturing, the cells on the samples were fixed with 2.5% glutaraldehyde and
then dehydrated in a graded ethanol series (75%, 90%, 95%, and 100% ethanol,
in sequence), followed by immersion in hexamethyldisilazane for 10 min.
Furthermore, in order to observe coverage rate of HUVECs, cell
attachment on the specimen surfaces was observed using confocal laser
scanning microscopy (CLSM; FluoView FV1000, Olympus, Japan). After
culturing for 1, 4 and 7 days, the cells were fixed with 4% paraformaldehyde
(sigma) and washed in Dulbecco’s phosphate buffered saline (DPBS;
WELGENE Inc., Korea). They were then permeabilized with 0.1% Trion X100 (Sigma-Aldrich, USA) in DBPS for 5 min. Nonspecific binding sites were
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blocked with 1% bovine serum albumin (BSA; albumin bovine, Sigma-Aldrich,
USA) in PBS for 30 min. Finally, F-actin and nuclei of the cell were stained
with fluorescent phalloidin (Alexa Fluor® 555 phalloidin, Invitrogen, USA)
and 4',6-diamidino-2-phenylindole (DAPI; ProLong® Gold antifade reagent
with DAPI, Invitrogen, USA), respectively. Cell coverage rate of adherent
HUVECs on the samples was calculated by the Image J measurement tool (NIH,
Bethesda, MD). The cell proliferation rate was examined using a
methoxyphenyl tetrazolium salt (MTS) assay with 3-(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

(MTS,

Promega, Madison, WI) for mitochondrial reduction. After 1, 4 and 7 days of
culturing, the quantity of the formazan product, which was measured in terms
of light absorbance at a wavelength of 490 nm using an ELISA reader (model
550; Biorad, USA), was directly proportional to the number of living cells in
the culture.
Platelet adhesion
Platelet rich plasma (PRP, KOREAN Redcross Blood Services, Seoul,
Korea) was obtained from whole blood, donated by healthy volunteers.
Samples of ePTFE were cut into a square shape with 10 mm (length) * 10 mm
(width) and each ePTFE were incubated in PRP diluted in PBS at 37 ℃ for 60
min. After incubation, ePTFE samples gently rinsed with warm PBS. The
morphology of adherent platelets was observed using FE-SEM. In brief,
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adherent platelets on each ePTFE sample were fixed using 2.5% glutaraldehyde
in PBS for 1 h and then dehydrated in a graded series of ethanol, 70, 80, 90, 95,
and 100 % for 10 min. The density of adherent platelets was quantified through
analysis of FE-SEM micrographs using the Image J measurement tool (NIH,
Bethesda, MD). For each sample, four images were taken at 2000 ×
magnification. The number of adherent platelets was counted and was divided
by the area of the FE-SEM micrographs. The adherent platelet density was
averaged and expressed as the number of adherent platelets/mm2 ± standard
deviation.
In-vivo animal experiment
For fabrication of vascular grafts with Ta-implanted inner wall, an
ePTFE vascular graft (6 mm in diameter, 30 mm in length) was carefully turned
inside out to expose the inner wall to outer surfaces, as shown in Figure 4.10a.
Continuously, the inner wall-exposed vascular graft was inserted into stainless
steel holder, followed by Ta ion implantation via S-MII technique with rotation.
For recovery of its original shape, second process of turning the vascular grafts
inside out was carried out.
In order to figure out the in-vivo endothelium formation of the Taimplanted ePTFE vascular grafts, a preliminary animal test was performed
using the artery bypass model of healthy beagle dogs (20-25 kg) in this study.
All the in-vivo experimental procedures were conducted under institutional
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guidelines for animal care and approved by the Animal Ethics Committee of
college of medicine in Seoul National University. For each Beagle dog, bare
and Ta-implanted ePTFE vascular grafts were implanted at both side of artery
as shown in Figure 4.10b and c. At 4 weeks after implantation, the animal was
euthanized, and the implanted grafts were carefully explanted and immediately
fixed with 2.5% glutaraldehyde for morphologic analysis and with 4%
paraformaldehyde for histologic and immunofluorescence analysis.
For morphologic analysis, the explanted grafts were incised
longitudinally and the luminal surfaces were observed in detail using FE-SEM.
For histological examination, the grafts were embedded in paraffin block and
sectioned the block in longitudinal direction. The longitudinal sections were
proceeded with haematoxylin and eosin (H&E), followed by a panoramic
digital slide scanner (Pannoramic 250 Flash III, 3DHISTECH Ltd., Hungary).
For immunofluorescence staining, ECs were identified using rabbit polyclonal
anti-von Willebrand factor (vWF) antibody (ab6994, 1:100; Abcam, Cambridge,
Mass) and an Alexa Fluor 488 donkey anti-rabbit IgG secondary antibody
(ab150073, 1:100; Abcam, Cambridge, Mass), counterstained with DAPI.
Statistical analysis
Statistical package for the social sciences (SPSS 23, SPSS Inc., U.S.A)
was used to perform the statistical analysis. All the numerical data are reported
as mean ± standard deviation (SD). The normality of the variables was tested
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using the Shapiro–Wilk test, and the statistical analysis was performed by oneway analysis of variance (ANOVA) with Tukey post-hoc comparison. A p value
below 0.05 was considered significant in all cases.
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4.3. Results and discussion
Surface Characterization
Surface morphology of bare ePTFE and Ta-implanted ePTFE was
investigated using FE-SEM analysis (Figure 4.1). The bare ePTFE had porous
structure composed of nodes and fibers as presented in other reference (Figure
4.1a). Each nodes with about 5 μm in width and 10 ~ 50 μm in length were
connected with lots of fibers. Ta-implanted ePTFE had also similar morphology
like the bare ePTFE. There was no big difference of surface morphology
between bare ePTFE and Ta-implanted ePTFE surfaces. Even after Ta-ion
implantation, the porous structure with nodes and fibers of ePTFE still
remained unchanged. It means that the surface modification of Ta-ion
implantation is capable of modifying the ePTFE without significantly altering
the original node and fiber structure. From EDS mapping analysis (Figure
4.1b), Ta was barely detected on bare ePTFE surfaces, whereas Ta atoms were
obviously detected onto both nodes and fibers of Ta-implanted ePTFE.
The interface structure of Ta-implanted ePTFE was investigated in
detail by high-resolution TEM, as shown in Figure 4.2a. TEM sample with
around 50 nm thickness was collected on the dense node surfaces of ePTFE due
to its porous structure. Ta-implanted region with around 30 nm thickness was
clearly observed on the ePTFE surface. Ta was definitely distinguished with
low atomic weight-based polymer material due to its high atomic weight. To
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observe the amount of implanted Ta and its distribution in perpendicular
direction to the ePTFE surfaces, the TEM-EDS line scanning profiles was
performed (Figure 4.2b). On the near surface, around 20 atomic % of Ta was
detected and its maximum concentration was detected up to 30 atomic %,
slightly decreasing with increasing depth form the surface. The concentration
of oxygen also was detected approximately twice as much as that of Ta,
resulting from the formation of Ta oxide layer in the air. EDS mapping data, as
shown in Figure 4.2c, demonstrated that the Ta was distinctly implanted on the
ePTFE surfaces. In EDS mapping area, carbon (C) and fluorine (F), which are
main components of ePTFE, as well as Ta were clearly detected inside Taimplanted region, indicating the formation of Ta-implanted layers without
distinct interface between Ta and ePTFE surfaces.
The surface chemical composition and formation of stable Ta oxide on
Ta-implanted ePTFE surface were assessed by XPS analysis. The bare ePTFE
has only two peaks of C 1s and F 1s (Figure 4.3a), whereas representative peaks
of Ta 4f, Ta 4d and Ta 4p are clearly detected onto Ta-implanted ePTFE surface
(Figure 4.3b). From a quantitative analysis, as shown in inset tables, 6.05 % of
Ta was existed on the Ta-implanted ePTFE surface. In the high-resolution
spectra of Ta 4f (Figure 4.3c), Ta-implanted ePTFE sample showed two main
peaks of binding energy at 26.1 and 27.9 eV corresponding to 4f7/2 and 4f5/2
components of Ta5+ in Ta2 O5 [117]. It means that surface oxidation reaction
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occurred in open air. Ta ions on the Ta-implanted ePTFE surface were oxidized
with air, leading to stable state, Ta2 O5.
Wettability
To compare the difference in wettability of surfaces, which is
considered to have a close relationship with cellular behaviors, static water
contact angle measurements were performed on bare ePTFE and Ta-implanted
samples, as shown in Figure 4.4. The water contact angle on bare ePTFE
surfaces was found to be 133.1° because of the highly hydrophobic surface and
porous structure of the fluorinated ePTFE substrate. By contrast, Ta-implanted
ePTFE samples had less hydrophobic surface in contact angle of 96.1°. In terms
of contact angle of ePTFE surface with Ta-ion implantation, approximately 28 %
decrement from 133.1° to 96.1° indicated that the ePTFE samples became
more hydrophilic with increased surface energy. The enhanced hydrophilicity
of Ta-implanted ePTFE can be associated not only with the change of surface
chemical composition but also with incorporation of plasma treatment during
Ta S-MII. The contact angle results indicated that the Ta-implanted surface
could promote cellular response such as endothelial cell adhesion and viability.
Mechanical properties and Ta ion release
Sufficient mechanical properties of surface-modified ePTFE are
required for transplant surgery. To determine the effect of Ta ion implantation
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on mechanical properties of ePTFE grafts, tensile strength and suture retention
strength were measured. From Figure 4.5a, it was found that tensile strength
of Ta-implanted ePTFE was 16.26 ± 1.17 MPa, while that of bare ePTFE was
measured to 17.58 ± 0.70 MPa. In next, the measurement results of suture
retention strength are shown in Figure 4.5b. Suture retention strength of bare
ePTFE was 5.98 ± 1.02 N and Ta-implanted one was 6.33 ± 0.40 N. In terms
of mechanical properties, there was also no significant differences (p > 0.05) in
both tensile strength and suture retention strength between bare ePTFE and Taimplanted ePTFE grafts, indicating that severe thermal deformation rarely
occurred by ion implantation process. From those mechanical tests, it was
found that Ta-implanted ePTFE grafts had high enough mechanical strength to
be utilized for transplant surgery.
The stability of surface structure is important for long-term vascular
grafts performance and patency. To investigate the change of surface stability,
the amount of Ta ion released in physiological condition was measured with
immersion in PBS at 37 ℃. From Table. 4.1, Ta ions were released at extremely
low level; total amount of released Ta ions for 28 days was 0.82 ± 0.17 ng/ml.
No burst release of Ta was observed from the Ta-implanted ePTFE in initial
stage and there was no detection from 21 days to 28 days, indicating that Ta
ions implanted on the surface exhibited high stability, might attributed to the
formation of stable Ta oxide. Moreover, the porous structure of Ta-implanted
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ePTFE still maintained and considerable amount of Ta on the surfaces was
detected even after immersion in PBS for 28 days (Figures 4.6a-c).
In-vitro endothelialization
Because the first step of an artificial blood vessel is excellent
endothelialization, initial attachment of HUVECs at 1, 6 and 24 hours was
assessed by SEM images (Figure 4.7). HUVECs on bare ePTFE remained
barely attached and did not spread on the surface (Figure 4.7a). By contrast,
ECs rapidly attached to and started to spread on the surface of the Ta-implanted
ePTFE surfaces after just culturing of 1h (Figure 4.7b). Adherent HUVECs on
the Ta-implanted ePTFE surfaces had high affinity, showing different cell
morphology with obvious variation in filopodia-like extensions. Longer
culturing time points of 6 and 24 hours showed the increase in cell density on
the Ta-implanted ePTFE surfaces, with cell maintaining a spread-out
morphology. In contrast, HUVECs on bare ePTFE remained poorly attached
even at 24 h culturing.
Colonization of endothelial cells on the ePTFE samples at days 1, 4
and 7 was observed by staining with rhodamine phalloidin and DAPI, as shown
in Figure 4.8A. In case of bare ePTFE surface, the adherent cells with irregular
shape were attached without any spreading activity (Figure 4.8Aa). Even after
culturing of 7 days, the number and morphology of adherent endothelial cells
remained un-changed. On the contrary, the Ta-implanted ePTFE noticeably
99

improved the endothelial cell attachment behavior (Figure 4.8Ab). For
culturing time of 7 days, the number of adherent endothelial cell was rapidly
increased on Ta-implanted ePTFE surfaces. Especially at 7 days culturing,
numerous cells with a typical cobblestone appearance were tightly attached to
adjacent cells, suggesting enhanced initial endothelialization.
The coverage percent of endothelial cells was calculated by
fluorescence microscopy images (Figure 4.8B). Bare ePTFE hardly induced
cellular adhesion or growth even after prolonged incubation (2.73 % for 1 day;
5.15 % for 4 days; 5.29 % for 7 days). However, Ta-implanted ePTFE resulted
in pronounced colonization rate (14.09 % for 1 day; 56.31 % for 4 days; 91.97 %
for 7days). The adherent cells almost completely covered the Ta-implanted
surfaces after culturing of 7 days. The MTS results for quantitative analysis also
demonstrated that Ta-implanted ePTFE samples improved HUVECs
proliferation at a significantly higher rate than does bare ePTFE samples
(Figure 4.8C). The absorbance value of Ta-implanted ePTFE surprisingly
increased with culturing time (500 % increment from 1 day to 7 days). In
contrast, the value of bare ePTFE remained un-changed even after culturing of
7 days (150 % increment from 1 day to 7 days), which was consistent with the
results obtained by previous fluorescence microscopy images. The suppression
of HUVECs proliferation on bare ePTFE is attributed to the intrinsic nonadhesive property of ePTFE from highly hydrophobic surfaces. The results of
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MTS assay indicated that the initial adhesion and proliferation activity of
endothelial cells could be enhanced by the Ta-ion implantation. Since there
were no significant differences in terms of surface structure between bare
ePTFE and Ta-implanted ePTFE, it could be concluded that Ta ion implantation
clearly promoted the endothelialization of ePTFE, enhancing attachment and
proliferation of HUVECs, while untreated ePTFE obviously exhibited antibiofouling property, leading to low cell affinity.
Anti-thrombogenicity
Antithrombogenicity as well as rapid endothelializaiton is one of the
most desirable factor for artificial vascular grafts. To evaluate the
antithrombogenicity of ePTFE samples, platelet adhesion test using plateletrich plasma was performed. Basically, ePTFE is well known as one of an
antithrombogenic material due to its high hydrophobic surface. However, from
platelet adhesion test, there were quite numerous adhered platelets on the nodes
and fibers of bare ePTFE surface (Figure 4.9a). In high magnification image,
tightly adherent platelets with numerous pseudopods were observed. The
platelet morphology with dendrite shape corresponds to initial stage of highly
activated platelets as reported in literature [118]. The activated platelets can
facilitate thrombus formation. By contrast, the activation of platelet was
remarkably suppressed on the Ta-implanted ePTFE. Even after incubation in
platelet-rich plasma for 1 hour, platelets rarely attached on the Ta-implanted
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ePTFE surface. Only platelets with spherical shape was individually adhered
on the nodes. The adherent platelet is similar to resting state morphology with
non-activation. The adherent platelet density was counted in SEM images using
Image J software. The number of adherent platelets on Ta-implanted ePTFE
surfaces was dramatically lower than that of bare ePTFE surfaces as shown in
Figure 4.9b. The density of platelets on bare ePTFE surfaces was 3.7 × 104 ±
7.1 × 103 per mm2. In comparison, the density of platelets on Ta-implanted
ePTFE surfaces was only 6.9 × 103 ± 3.1 × 102 per mm2 . The platelet
adhesion test demonstrates that Ta-implanted ePTFE have antithrombogenic
surface to strongly suppress platelet adhesion even in high concentration of
platelets

(platelet-rich

plasma),

consequently

leading

to

improved

antithrombotic property.
In-vivo affinity of Ta-implanted ePTFE
To investigate in-vivo performance of Ta-implanted ePTFE vascular
grafts, preliminary animal test was performed using an artery bypass model of
dog. After implantation for 4 weeks, the implanted vascular grafts were excised
for FE-SEM and histological analysis. In case of bare ePTFE vascular grafts,
the lumen had been already occluded by thrombus debris, as shown in Figure
4.11a. From FE-SEM images of inner wall, numerous red blood cells (RBCs)
was attached on both proximal and distal area. In particular, on the highresolution images of distal region, the underlying porous structure of bare
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ePTFE was entirely exposed without any regenerated tissues, suggesting poor
endothelialization. In contrast, Ta-implanted ePTFE exhibited better patency
without occluded lumen (Figure 4.11b). Even after implantation for 4 weeks,
the whole luminal surfaces of inner wall, including both proximal and distal
region, were completely covered by tissues. In higher magnification images, a
rough cobblestone structure elongated in the direction of blood flow was clearly
observed on the inner surfaces of Ta-implanted ePTFE vascular grafts.
This tendency was also seen from the high-magnification histological
image with H&E staining. In particular, the Ta-implanted ePTFE showed gross
evidence of uniform luminal cellular lining in its medial region, which was
further confirmed by the high-magnification histological observations. As
shown in Figure 4.12, the Ta-implanted ePTFE exhibited minimal
pseudointima on the luminal surface with development of microvascular
networks into the interstices of the ePTFE graft. In the case of bare ePTFE,
similar cellular infiltration from the host tissue into the intermodal space of
graft was shown but, unlike the case for Ta-implanted ePTFE, excessive
formation of thrombus and local agglutination of red blood cells were observed
inside the luminal surface of the graft. For further analysis of vascular cellular
responses in these regions, the presence of macrophages and endothelial cells
on the graft surfaces were characterized by immunohistochemistry analysis of
CD68 and vWF, respectively. Many macrophages (white arrows indicated in
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Figure 4.12) were observed in the mural thrombus on the bare ePTFE surface
and vWF staining revealed the absence of an endothelial cell lining on its
surface. On the contrary, the Ta-implanted ePTFE exhibited a distinctive green
fluorescent endothelial cell monolayer covering its luminal surface and some
of the cells were even seen inside the interstices of the graft. There was no
evidence of the activation of macrophages.
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4.4. Conclusion
In this work, we show, for the first time, the in-vitro and in-vivo
performance of Ta ion implantation on ePTFE vascular grafts using new
method sputtering-based metal ion implantation (S-MII). From the surface
modification of S-MII, the surface properties of ePTFE, including surface
chemical composition and wettability, were modified without change of its
porous structure and mechanical properties. In vitro initial attachment of
HUVECs revealed that Ta-implanted ePTFE surfaces facilitated cellular
affinity of HUVECs due to stable Ta oxide layers and enhanced hydrophilicity.
Besides, adherent HUVECs on the Ta-implanted ePTFE with fast growth rate
were covered on whole area of the modified ePTFE surfaces even after
culturing time of 7 days, leading to its rapid endothelialization. Moreover, the
Ta-implanted ePTFE exhibits better anti-thrombogenic property even
compared with bare ePTFE, effectively suppressing attachment and activation
of platelets. Our results show the potential for Ta-implanted ePTFE to be used
as small-diameter vascular grafts in clinical use and justify further exploration
with animal models to evaluate in-vivo grafts patency and bio-stability.
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Figure 4.1. (A) FE-SEM and (B) EDS mapping images of bare ePTFE and Taimplanted ePTFE. The insets at the top right corner in Figure 4.1A are the highmagnification images of each sample.
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Figure 4.2. Interfacial structures of Ta-implanted ePTFE surfaces: (a) Highresolution TEM image, (b) EDX line-scanning profile along the yellow line
from point A to point B, and (c) EDX mapping images of each element (C, O,
F and Ta) in Figure. 4.2a.
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Figure 4.3. XPS full spectra obtained from (a) bare ePTFE and (b) Taimplanted ePTFE and (c) high-resolution spectra of Ta 4f for Ta-implanted
ePTFE. The inset tables at the top left corner in (a and b) are surface
composition (atomic %) on bare ePTFE and Ta-implanted ePTFE.
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Figure 4.4. Contact angle of bare ePTFE and Ta-implanted ePTFE. Insets show
representative optical images of sessile droplets on each surface. The statistical
significance indicated by **p<0.005 compared with bare ePTFE.
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Figure 4.5. (a) Tensile strength and (b) suture retention strength of bare ePTFE
and Ta-implanted ePTFE samples.
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Immersion time
(days)

0~7

7~14

14~21

21~28

Ta ion concentration
(ng/mL)

0.32
(±0.02)

0.29
(±0.08)

0.18
(±0.08)

0.03
(±0.02)

Table 4.1. Ta ion concentration of Ta-implanted ePTFE samples in PBS after
immersion for different time.
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Figure 4.6. (a) FE-SEM, (b) XPS full spectra, and (c) surface elemental
composition of Ta-implanted ePTFE after immersion in PBS for 28 days.
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Figure 4.7. FE-SEM images of endothelial cells after 1, 6, and 24 hours of
culturing on (a) bare ePTFE and (b) Ta-implanted ePTFE samples.
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Figure 4.8. (A) Fluorescence microscopy images, (B) cell coverage rates, and
(C) cell viabilities level of endothelial cells that were cultured for 1, 4 and 7
days on (a) bare ePTFE and (b) Ta-implanted ePTFE. The statistical
significance indicated by *p<0.05 and **p<0.005 compared with bare ePTFE.
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Figure 4.9. (a) Representative high- and low-magnified FE-SEM images of
platelet adhesion to bare ePTFE and Ta-implanted ePTFE surfaces. (b) Density
of adherent platelets on bare ePTFE and Ta-implanted ePTFE surfaces. The
statistical significance indicated by **p<0.005 compared with bare ePTFE.
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Figure 4.10. (a) Fabrication procedure of ePTFE vascular grafts with Taimplanted inner wall, (b) schematic image of an artery bypass model, and (c)
surgical image after implantation of bare and Ta-implanted ePTFE vascular
grafts.
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Figure 4.11. Microscopic optical images and FE-SEM images of (a) bare
ePTFE and (b) Ta-implanted ePTFE vascular grafts after implantation for 4
weeks.
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Figure 4.12. Representative histological images with H&E staining and
immunofluorescent visualization with vWF (green: endothelial cells) and
CD68 (red: macrophages) counterstained with DAPI (blue: nuclei).
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Chapter 5.
Reduced foreign body reaction and capsule
formation at nano-textured silicone surfaces via
tantalum ion implantation
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5.1. Introduction
Silicone rubber and silicone-based materials are the biomaterials most
commonly used in medical field due to its high tear strength, low hardness, high
thermal stability, high chemical resistance, and good biostability [119]. For
those reasons, a variety of silicone materials have been widely utilized
extensively in clinical implants, such as catheters, heart valves and neural
conduits [120]. In particular, silicone implants are used as prosthesis in plastic
surgery procedures such as breast augmentation mammaplasty and rhinoplasty.
In some cases, however, considerable failure rate of silicone-based implants has
been reported when it was implanted in our body for long-term period.
Although silicone-based implants possess versatile properties for biomaterials,
they have encountered numerous adverse reactions induced from an
inflammatory response, which can eventually lead to a foreign body reaction
(FBR) [121, 122]. All biomaterials implanted in our body are coated in a layer
of protein from the surrounding implants and inflammatory cells, including
neutrophils, macrophages, and giant cells sequentially accumulate around the
surface of the foreign body. Following those acute and chronic inflammation, a
fibrous capsule is formed to isolate the implants, blocking the direct contact
between host tissue and implant surfaces [123]. When the biocompatibility of
an implant material is poor, excessive FBR around implants causes
development of a thick and dense capsule, consequently leading to structure
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deformation of implants due to capsular contracture. In addition, these capsular
voids also encourage bacterial infection and invasion as well as inflammation
during long-term use [124]. There is increasing evidence suggesting that the
intrinsically bio-inert nature of silicone rubber surface leads to poor cell
adhesion and tissue compatibility between the implant and surrounding tissues.
According to a reference [125], breast capsule contracture has reported
incidence of up to 30–50% in patients undergoing cosmetic breast
augmentation surgery and postmastectomy breast reconstruction surgery using
silicone implants.
In an effort to reduce the adverse reaction of silicone-based materials,
many researchers have explored various surface modifications. To minimize the
FBR of silicone surfaces, immobilization of bio-molecules, including
antibiotics [126, 127] and enzymes [128], has been introduced to modify
silicone surfaces for decades. Additionally, the surface modification of silicone
rubber with functional organic materials has been also researched in purpose of
controlling its surface cellular responses [129]. However, those surface
modification using biomolecules had low structure stability in physiological
condition and burst release of biomolecules can trigger unexpected responses
to host tissue [122]. Recently, a research team revealed that adhesive protein
micro-patterns on silicone surfaces can promote adhesion of fibroblasts and
macrophages by simultaneously suppressing fibrotic activation [130]. With in-
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vivo rat model, they demonstrated that the novel micro-patterns of protein
induced 6-fold lower formation of inflammatory giant cells compared with
uncoated, or even collagen-fully coated silicone implants. Although the in-vivo
performance of protein micro patterns is effective, available sample size is
extremely limited and the fabrication steps are complicated. Besides, the
uniform protein deposition with micro pattern on the curved surfaces using twodimensional micro stencil is technically limited, which restricts its applications
practically in medical field.
In recent years, many researchers have been paying attention to ion
implantation technique for the surface modification of polymeric surface. Ion
implantation is effective surface modification technique; the high-energy ions
are physically injected into substrate surface, by which the implanted ions
dispersed within a certain depth of substrate surface without forming a new
layer, avoiding limitations (e.g. cracking and detachment) of traditional
coatings. It was reported that the chemical and topographical properties of
silicone surfaces can be controlled by plasma immersion ion implantation (PIII)
[131, 132]. Moreover, a research team has investigated that carbon ion
implantation using PIII makes silicone rubber enhanced cellular affinity [133,
134]. They demonstrated that carbon ion-implanted silicone rubber exhibits
high surface roughness and improved wettability, leading to less bacterial
adhesion, less collagen deposition, and thinner and weaker tissue capsules.
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In the study of part 3, we developed new technique of PIII, named
sputtering-based PIII (S-MII) to enhanced the osseointergration of poly-lactic
acid (PLA) using conventional DC magnetron sputtering. The S-MII system is
highly effective surface modification of polymeric materials to tailor the
surface properties, including chemical composition, roughness, and wettability,
even in a short process time (around tens of seconds or a few minutes).
Tantalum (Ta) metal ions, known as one of excellent corrosion resistant and
biocompatible elements [135], were successfully implanted on the PLA
surfaces, leading to enhance its osteogenic affinity. However, although Ta
exhibits attractive potential to improve the performance of biomaterials,
research of Ta effect in fibrotic reaction has not yet been sufficient.
In this work, Ta was implanted on biomedical silicone rubber surfaces
with three different process time using S-MII technique. We evaluated surface
characteristics of Ta-modified silicone rubber, including roughness, chemical
composition, and wettability. Moreover, the effectiveness of Ta ion
implantation was investigated by evaluating in-vitro cell affinity of human
dermal fibroblasts (HDFs) as well as platelet and macrophage adhesion. Finally,
fibrous capsule formation and FBR were compared using in vivo rat model.
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5.2. Materials and methods
Sample preparation
Silicone rubber consisting of clinical grade silicone (SOFTXIL,
Bistool, Korea) with dimensions of 10 × 10 × 1 mm were prepared for surface
characterization, adhesion stability testing, contact angle measurement, and in
vitro cellular response evaluation. All samples were cleaned ultra-sonically in
alcohol and deionized water for 5 min before S-MII processing. A Ta target
(diameter 75 mm, thickness 5 mm, purity 99.99%, Kojundo Chemical Lab,
Japan) was placed in a DC magnetron sputter gun housing (Ultech Co. Ltd.,
Daegu, Korea) and a vacuum chamber was initially pumped to 5 × 10−4 Pa
using rotary and diffusion pumps. To generate sufficient amount of Ta ions and
neutral atoms, 12 W of target power was applied to the Ta sputtering gun, and
a working pressure and temperature were maintained at 0.6 Pa and 25°C during
the process. The silicone rubber samples were placed on a stainless steel plate
parallel to the Ta target surface and 60 mm distant. Ta ions and neutral atoms
were implanted onto the silicone rubber substrate by applying a high negative
DC voltage bias (−2000 V) to the metal back-plate for different times (30s, 60s
and 120s). For comparative purposes, only bare silicone rubber sheets with
smooth surfaces were used for control group. For in vivo experiments,
elliptical-shaped silicone rubber samples with dimensions of 15 mm (diameter)
× 5 mm (height) were prepared, and the S-MII was conducted on the whole
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surfaces under a rotating condition for 2 min. Other processing conditions kept
the same.
Surface characterization
Surface morphology observations were made using field-emission
scanning electron microscopy (FE-SEM; JSM-6330F, JEOL, Japan). Surface
roughness (Ra) was calculated using atomic force microscopy (AFM; NANO
Station II, Surface Imaging Systems, Germany). Surface chemical
compositions and elemental depth profiles were determined by X-ray
photoelectron spectroscopy (XPS; AXIS-HSi; Shimadzu/Kratos, Kyoto, Japan)
using a monochromatic Al Ka source. The Ta depth profiles were acquired by
XPS in conjunction with argon ion bombardment at a sputtering rate of about 4
nm/min.
Wettability
The hydrophilicity of the specimens, which is known to correlate
closely with cell behavior, was evaluated using a sessile drop method. A
distilled water droplet was placed onto each specimen surface and
photographed with a charge-coupled device (CCD) camera connected to a
goniometer (Phoenix 300, Surface Electro Optics Co. Ltd., Korea). The contact
angle between the distilled water drop and the surface was calculated using
image analysis software (Image XP, Surface Electro Optics Co. Ltd., Korea).
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Ta ion release
Three types of Ta-implanted silicone rubber samples were immersed
in 10 mL of phosphate buffered saline (PBS, pH 7.4) for 7, 14, 21 and 28 days
at 37 ℃ without stirring. At a prescribed time, all the 10 mL solution was taken
and analyzed by inductively-coupled plasma mass spectrometer (ICP-MS,
NexION 350D, Perkin-Elmer, USA) to determine the amount of released
tantalum. The withdrawn solution was replaced by the same volume of fresh
PBS. To investigate the change of structure morphology and surface chemical
composition, FE-SEM and XPS analysis were performed after immersion in
PBS for 28 days.
Measurement of mechanical properties
For investigating the effects of Ta S-MII surface modification on
intrinsic mechanical properties of silicone rubber, mechanical tensile tests were
conducted using a universal testing machine (Instron 5543, Instron Corp.,
Canton, MA) under a fixed loading rate of 50 mm/min until rupture. A piece of
silicone rubber with rectangular shape in 40 mm length and 10 mm width were
used. Maximum stress was measured and calculated into tensile strength (MPa).
At least 4 samples of each kind of samples were measured.
In-vitro evaluation of human dermal fibroblasts
The in vitro cell affinity of the bare silicone rubber and Ta-implanted
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silicone rubber samples was evaluated via cell attachment and proliferation
using human dermal fibroblasts (HDFs), as described in previous studies [133,
136, 137]. Preincubated cells were seeded onto the specimens at a density of
3 × 104 cells/mL for the cell-attachment assay and the cell-proliferation assay.
The cells were cultured in alpha-minimum essential medium (α-MEM,
Welgene Co., Ltd., Korea) supplemented with 10% fetal bovine serum and 1%
penicillin–streptomycin in a humidified incubator with a 5% CO2 atmosphere
at 37 °C.
The cell attachment to the specimen surface was observed using
confocal laser scanning microscopy (CLSM; FluoView FV1000, Olympus,
Japan). After culturing for 1 and 4 days, cells were fixed with 4%
paraformaldehyde (sigma) and washed in Dulbecco’s phosphate buffered saline
(DPBS; WELGENE Inc., Korea). They were then permeabilized with 0.1%
Trion X-100 (Sigma–Aldrich, USA) in DBPS for 5 min. Nonspecific binding
sites were blocked with 1% bovine serum albumin (BSA; albumin bovine,
Sigma–Aldrich, USA) in PBS for 30 min. Finally, F-actin and cell nuclei were
stained with fluorescent phalloidin (Alexa Fluor® 555 phalloidin, Invitrogen,
USA) and 4′,6-diamidino-2-phenylindole (DAPI; ProLong® Gold antifade
reagent with DAPI, Invitrogen, USA), respectively. Cell spreading area of
adherent HDFs on the samples was calculated by the Image J measurement tool
(NIH, Bethesda, MD).
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Cell proliferation rate was examined using a methoxyphenyl
tetrazolium

salt

(MTS)

assay

with

3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS, Promega,
Madison, WI) as a substrate for mitochondrial reduction. After 3 and 6 days of
culture, the amount of formazan product, which was directly proportional to the
living cell number in the culture, was measure by light absorbance at 490 nm
using an enzyme-linked immunosorbent assay (ELISA) reader (model 550;
Biorad, USA).
The adhesion and activation of platelets
Platelet rich plasma (PRP, KOREAN Redcross Blood Services, Seoul,
Korea) was obtained from whole blood, donated by healthy volunteers. The
purchase, storage, and use of the PRP were approved by the Institutional
Review Board (IRP) of Seoul National University (IRB No. 18-07-011). All
samples were incubated in PRP diluted in PBS at 37 ℃ for 60 min. After
incubation, silicone rubber samples gently rinsed with warm PBS. The
morphology of adherent platelets was observed using FE-SEM. In brief,
adherent platelets on each silicone rubber sample was fixed using 2.5%
glutaraldehyde in PBS for 1 h and then dehydrated in a graded series of ethanol,
70, 80, 90, 95 and 100 % for 10 min. The density of adherent platelets was
quantified through analysis of FESEM micrographs using the Image J
measurement. For each sample, four images were taken at 2000× magnification.
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The number of adherent platelets was counted and was divided by the area of
the FE-SEM micrographs. The adherent platelet density was averaged and
expressed as the number of adherent platelets/mm2 ± standard deviation.
The adhesion and activation of macrophages
Macrophage cells (RAW 264.7, ATCC TIB-71) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Welgene Co.,Ltd, Korea)
containing 1% penicillin–streptomycin and 10% fetal bovine serum. The testing
condition was maintained at 37 °C with a 5% CO2 atmosphere. The cells were
seeded on each silicone sample (n = 4) at a density of 1 × 104 cells per mL for
the macrophage adhesion test. After being cultured for 5 days, macrophage cells
on the silicone rubber samples were fixed with 2.5% glutaraldehyde in PBS for
1 h and then dehydrated gradually in a series of ethanol (70%, 80%, 90%, 95%,
and 100%) for 10 min. Subsequently, the morphology of adherent macrophages
was observed with FE-SEM.
In-vivo procedures
All surgical procedures were performed under aseptic conditions by a
single surgeon. SD rats were each divided into two groups (bare and Taimplanted silicones treated in Ta S-MII for 120 s, n=7). The surgical field was
prepared using 10% povidone-iodine, and a single dose of cefazolin (60mg/kg)
was administered intramuscularly for prophylaxis of infection. The animals
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were anesthetized using an intraperitoneal injection of Zoletil (30 mg/kg; JiWoo
Pharm, Seoul, Republic of Korea) and Rumpun (5mg/kg; JiWoo Pharm, Seoul,
Republic of Korea). Two subcutaneous pockets for implant insertion were made
on the back of each mouse through two separate 2-cm vertical incisions, which
were started at a lateral position 1.5 cm to the side of the midline and 1 cm
below the shoulder bone (Figure 5.11). We used 0.8-cm diameter smoothsurfaced, solid hemisphere silicone implants, which were sterilized by
autoclaving and exposure to ultraviolet light. The implants were inserted
beneath the panniculus carnosus muscle. The surgical wounds were closed with
successive layers of 4-0 Vicryl and 5-0 Ethilon (Ethicon, Inc., USA).
After 8 weeks, mice were sacrificed using CO2 asphyxiation in
accordance with AVMA (American Veterinary Medical Association)
Guidelines for the Euthanasia of Animals. The capsular tissue around the
silicone implant was retrieved through the previously made incision. The
harvested capsular tissues were fixed in 4% paraformaldehyde for at least 1 d
and then embedded in paraffin. For immunohistochemistry, the extracted tissue
was sectioned at a 4-𝜇m thickness. A portion of the harvested capsule was
stored at −80 ℃ for western blot analysis. The harvested capsule from the
central portions of the upper and lower surfaces of the implant underwent gross
examination.
Histological evaluation
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The paraffin-embedded samples were mounted on coated slides, and
after removing the paraffin, the slides were stained with Sirius red in saturated
picric acid for 1 h at room temperature. After washing the slides with running
tap water, hematoxylin was used to counterstain the nucleus for 1min, followed
by dehydration with 95% alcohol, clearing with dimethylbenzene, and
gummounting for H&E staining. Each stained slide was examined at ×100
magnification using a Leica DM2500 microscope (Leica MicrosystemsSwitzerland, Ltd, Switzerland), and images were captured from three
microscopic fields: right, center, and left. Capsular thickness was measured at
the maximal point using National Institutes of Health Image J 1.36b imaging
software (National Institutes of Health, Bethesda, MD, USA). Thereafter, the
cellularity was examined in each image. The number of cells per unit area was
calculated automatically using the LAS Core Image Program (Leica
Application Suite software, version 2.4.0; Leica Imaging Systems, Ltd,
Cambridge, UK).
For IHC, tissue sections were blocked with phosphate buffered saline
(PBS) containing 0.15% Tween-20, 2% bovine serum albumin (BSA), and 5%
normal donkey serum for 30 min at room temperature. Sections were then
incubated with primary antibodies [rabbit polyclonal to periostin (1 : 500),
rabbit polyclonal to 𝛼-SMA (1 : 400), and rabbit polyclonal collagen I alpha
(COL1A1) (1 : 1,000)] in blocking solution overnight at 4 ℃. After washing

131

three times in PBS, sections were incubated with species-specific HRP
conjugated secondary antibodies for 1.5 h at room temperature. Control
sections were incubated with secondary antibody alone. Immunohistochemical
staining was evaluated in three areas, as with H&E staining. 𝛼-SMA-positive
cells that presented a brown color were manually counted in the unit area
captured from three microscopic fields (right, center, and left), and the results
are presented as the number of cells/mm2. The expression of collagen type I
was measured as the total pixel intensity using Leica Q win image program V
3.2.0 (Leica Imaging Systems, Ltd), and the results are expressed as optical
densities.
Statistical analysis
All assays were performed with a minimum of n = 3 per group.
Statistical package for the social sciences (SPSS 23, SPSS Inc., U.S.A) was
used to perform the statistical analysis. All the numerical data are reported as
mean ± standard deviations. Normality of the variables was tested using the
Shapiro–Wilk test, and the statistical analysis was performed by one-way
analysis of variance (ANOVA) with Tukey post-hoc comparison.
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5.3. Results and discussion
Surface characterization
The surface characterization of bare and three types of Ta-implanted
silicone rubber with different time (30, 60, and 120 sec) were investigated using
macroscopic optical view, FE-SEM and AFM (Figure 5.1). From macroscopic
images, there was no noticeable differences between bare and Ta-implanted
silicone rubber samples, without any defects and deformation on the surface
after S-MII treatment. However, high-resolution images of FE-SEM showed
Ta-implanted silicone rubbers samples exhibited unique roughened surfaces
with nano-scale, which cannot be observed in the bare silicone rubber surfaces.
After surface modification of S-MII, lamella and wrinkle structure clearly
appeared on smooth silicone surface. The distinctive topography was clearly
represented by AFM 3D images; bare silicone rubber exhibited a relatively
smooth surface, whereas wrinkle structure with a number of peaks and valleys
was clearly observed on the Ta-implanted silicone rubber surfaces. Moreover,
as processing time of S-MII increased, surface average roughness (Ra) of Taimplanted samples gradually increased and that of Ta-120s (66.8 nm) was
highest among all three types of Ta-implanted samples (Table 5.1). The average
surface roughness of Ta-120s was about 3.9 times higher than those of the bare
(Ra: 17 ± 4 nm). It is well known that the roughness of polymeric surfaces
changes under energetic ion irradiation and implantation [14]. Generally, the
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higher roughness is reported to be achieved with higher energy and dose of ions,
attributed to the sequential ion bombardment and collisions onto the surface
atoms. In the present study, the roughness of silicone surfaces increased with
the modification time of Ta S-MII, corresponded to the previous research that
the higher surface roughness was created on the silicone surface with higher
processing time of carbon ion implantation under equal energy [134]. However,
the increase rate of surface roughness was not significant after 120 sec of Ta SMII. In case of modification time for 180 and 300 sec, the roughness rarely
increased more than that of Ta-120s (Figure 5.2), suggesting the processing
time of 120 sec is a critical point to increase a roughness of silicone surface.
In order to investigate further surface chemical property of Taimplanted silicone rubber samples, XPS analysis was performed (Figure 5.3).
From wide spectra of XPS results, bare silicone rubber exhibited only C 1s, O
1s, Si 2s and 2p peaks, whereas three types of Ta-implanted samples
additionally showed metallic Ta peaks (Ta 4f and 4d) based on bare silicone
peaks. According to quantitative elemental analysis of each surface (Table 5.2),
with the S-MII treatment time increasing, the composition of Ta detected on the
surface increased up to 2.6 atomic % in treatment time for 120 s. From the highresolution spectra of Ta 4f shown in insets of Figure 5.3, the peaks at binding
energies of 26.2 and 28.3 eV, correspond to the typical Ta chemical state in
Ta2O5 [80], were clearly detected on three types of Ta-implanted silicone rubber
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samples. The detection of Ta oxide layer indicated that the outermost surfaces
of the Ta-implanted surfaces was oxidized to stable chemical state after
exposure to air, suggesting the stable Ta2O5 protective layer lead to enhanced
corrosion resistance and biocompatibility of silicone rubber in the human body.
The element concentration rate from the Ta-implanted surfaces was
investigated using the XPS depth profiles as shown in Figure 5.4. According
to the XPS depth profiles, C and Si concentration rates were slightly decreased
from the near surfaces, whereas the concentration rate of O and Ta was
increased due to the Ta ion implantation and a sequential oxidation of Ta. As
the sputtering depth increased, the concentration rates of main elements in a
silicone rubber (C, Si, and O) were converged into the initial concentration (C,
O: about 35 atomic %, Si: about 25 atomic %), while the Ta concentration
gradually decreased into zero. Furthermore, the Ta concentration rates in all Taimplanted silicone samples were recorded with the highest concentration at the
6 nm depth and the higher peak was detected as a processing time increased
(5.9 % for Ta-30s; 8.2 % for Ta-60s; 12.8 % for Ta-120s).
Wettability
Surface wettability of a biomaterial plays a vital role in cellular affinity,
including cell adhesion and proliferation. It is well known that silicone rubber
is representative hydrophobic material, which has strong interaction with
proteins and restricts its biological applications [138, 139]. Hence, surface
135

modification of silicon rubber is necessary to enhance its poor wettability.
Wettability of each sample was measured through static contact angle
measurement, as shown in Figure 5.5. Bare silicone rubber surface exhibited
relatively hydrophobicity with a contact angle of around 110°, as corresponded
to data of previous studies [140]. However, After S-MII treatment, the contact
angle of Ta-implanted silicone rubber samples significantly decreased with a
contact angle of around 75 ° . In particular, longer time of S-MII process
exhibited the higher hydrophilic surfaces of silicone. The changes of wettability
of silicone surfaces is attributed to the modulation of roughness, morphology,
and chemical composition. It is well accepted that ion implantation with high
energy induces the formation of oxygen-rich groups on the active radicals
generated from breaking the macromolecular chains of outermost polymer
surfaces [10, 14, 141]. It is suggested that these oxygen functionalities reacted
with Ta ions on the surfaces subsequently created Ta-O groups which exhibits
better wettability than bare silicone surfaces. Furthermore, it is reported that the
surface wettability is also affected by the surface topography [86]. The
increment of surface roughness with nano-scales after Ta S-MII is probably
responsible for the enhanced wettability of silicone surfaces.
Stability of Ta-implanted silicone surfaces
In case of surface modification of bio-implants, the stability of modified
surfaces as well as their performances is an important factor, in particular, when
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they are implanted in our body for long-term period. In order to investigate the
stability of Ta-implanted silicone in a physiological condition, the Ta-implanted
silicone samples were immersed PBS at 37 ℃, followed by measurement of Ta
ion release. According to the release behavior of Ta ions as shown in Table 5.3,
the concentration of Ta ions released in PBS solution steadily decreased with
immersion time for 4 weeks. Noticeably, any burst release of Ta was rarely
observed in the initial stage and the total amount of released Ta ions were too
low to occur unexpected adverse effects; 0.42 (± 0.09) ng/ml for Ta-30s, 0.39
(± 0.09) ng/ml for Ta-60s, and 0.48 (± 0.14) ng/ml for Ta-120s. it have been
already reported that such a low amount of the active metal ions hardly causes
cytotoxicity, allergy, and other biological influences [55].
In order to investigate the change of surface structure and chemical
composition during immersion in physiological condition, the surface
properties of Ta-implanted silicone samples immersed in 4 weeks were
analyzed using FE-SEM and XPS. From the surface observation, as shown in
Figure 5.6A, tiny particles were detected on the surfaces. However, the unique
wrinkle structure created from the modification of S-MII still remained.
According to the XPS data of surface composition (Figures 5.6B and C), the
fine particles might be one of precipitates composed of physiological ions in
PBS, such as NaCl and phosphate-based cluster. In particular, the composition
rate of Ta on the surfaces was still detected to 2.06 at %, which is a similar rate
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to an initial value (2.60 at %), as shown in Table. 1. In addition, the surface
roughness of Ta-implanted silicone samples remained unchanged after
immersion of 4 weeks (Figure 5.6D). Above results clearly demonstrated that
the stability of S-MII-modified silicone surfaces was high enough to be exposed
in a physiological condition without any change of topography and chemical
properties, suggesting excellent corrosion resistance of Ta-implanted silicone
rubber due to high chemical resistance of the stable Ta oxide layer.
Mechanical properties
To investigate the effect of Ta ion implantation on the mechanical
properties of silicone rubber, tensile test was performed using rectangularshaped silicone membranes before and after Ta S-MII treatment for 120 sec. A
stress-strain curve of the Ta-implanted silicone was demonstrated to be similar
to that of the bare one. In the quantitative measurement (Figure 5.7A), the
tensile strength of Ta-implanted silicone was slightly increased about 2.5% than
that of bare one (3.7 ± 0.1 MPa for bare silicone, 3.8 ± 0.2 MPa for Ta-implanted
silicone), but they are not statistically different (p > 0.05). This same trend was
observed in the strain at failure between the samples (Figure 5.7B); 9.5 ± 0.2
mm/mm for bare silicone and 9.2 ± 0.2 mm/mm for Ta-implanted silicone were
measured without significant difference. According to above results, it can be
concluded that the extremely short processing time (120 sec) of S-MII
treatment makes the Ta ion implantation possible to minimize the deterioration
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of the mechanical properties of silicone rubber showing enough strengths to be
utilized for a prosthesis in plastic surgery.
In-vitro cellular response of HDFs
The effect of Ta-implanted silicone rubber on HDFs responses was
assessed using cell attachment and proliferation assays. The initial cell adhesion
morphologies after 1 and 4 days of culture are represented in Figure 5.8A with
dual staining for actin filaments (red) and nuclei (blue). The cells adherent on
the bare silicone rubber surfaces exhibited poor spreading behavior after
culturing time for 1 day. The morphology of adherent cells with irregular and
narrow shape were attached even after culturing for 4 days. In contrast, the cell
attachment behavior of Ta-implanted samples was totally different compared
with that of bare one. On Ta-implanted silicone surfaces, cells were more
adherent and spread with multipolar spindle morphologies. In addition, better
expression and organization of F-actin filaments and cytoskeletal structures in
adherent HDFs were clearly observed on Ta-implanted samples after culturing
for 4 days. Moreover, cell spreading area of Ta-implanted samples was twice
higher than that of bare one Figure 5.8B. In particular, Ta-120s after 4 days
culturing exhibited the highest spreading area (5.28×103 μm2) among three
types of Ta-implanted silicone samples, suggesting best cellular affinity.
Proliferation of HDFs on each sample was evaluated by MTS assay, as shown
in Figure 5.8C. On all types of samples, HDFs gradually proliferated up to 7
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days without any toxicity. However, proliferation rates were entirely different
between tested samples. For culturing time (form day 1 to day 7), bare silicone
rubber exhibited the lowest proliferation rate (187 %) among samples due to
poor initial attachment. In contrast, Ta-implanted samples showed much higher
proliferation rate than bare one and Ta-120s, particularly, exhibited the highest
growth rate (367 %) among all of samples. Above results with in-vitro cellular
response of HDFs clearly demonstrated that the growth rate of HDFs cultured
on the surface of Ta-implanted silicones was faster with distinct cytoskeleton
alignment compared to those cultured onto bare silicone. Therefore, it can be
suggested that the Ta-modified surface properties, including moderate
wettability and Ta functionalization, are beneficial to the cell adhesion and
proliferation, consequently leading to enhanced biocompatibility.
Platelet adhesion and activation
Hemocompatibility is an essential property of silicone rubber for use
in contact with blood. In terms of blood-biomaterials interactions, the excessive
reaction of the blood cells such as especially platelets induce fibrin production,
resulting in blood clot formation. Thus, it is desirable not to trigger adhesion
and activation of blood platelets nor activate coagulation factors and
complement factors from the blood plasma. The reaction of human-induced
platelets on all silicone samples in this study was assessed from incubation in
PRP for 45 min and sequential observation by FE-SEM. From the observation
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of adhered platelets (Figure 5.9A), numerous platelets were uniformly attached
on the bare silicone surfaces, whereas the number of adhered platelets was
dramatically reduced on the all Ta-implanted silicone surfaces. In higher
magnification, the rapid activation of adhered platelets with lone pseudopods
were clearly observed on the bare silicone surfaces. The filopodia and
lamellipodia structure of adhered platelets are the morphology of representative
activation state, leading to the aggregation of platelets and severe immune
reaction [142]. On the other hand, it was interesting that each platelet on the all
Ta-implanted silicone surfaces seems to be more isolated and attached with
spherical shape of resting state. The activation of platelets was dramatically
suppressed on all Ta-implanted surfaces. To quantify the platelet adhesion, the
number of adherent platelets on the all silicone surfaces was counted and
compared using the FE-SEM images (Figure 5.9B). It was obvious that the
number of platelets significantly reduced after Ta ion implantation. Noticeably,
Ta-120s samples showed the lowest density of adhered platelets among all
samples with three-fold decrease compared to that of bare silicone samples. The
suppression of adhesion and activation of platelets on the Ta-implanted silicone
surfaces is attributed to the enhanced the hydrophilicity. As has already been
reported, more hydrophobic surfaces are responsible for higher denaturation of
human-platelets in blood [143, 144]. It is well accepted that fibrinogen, a
mediator involved in the response between platelets and artificial bio-implants
surfaces, is generally immobilized onto hydrophobic surfaces, followed by
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denaturation of its conformation [145]. The denatured structure of fibrinogen
subsequently induces the adhesion and activation of platelets in blood plasma.
Thus, it is considered that the enhanced hydrophilicity of Ta-implanted silicone
surfaces successfully prohibited the interaction of platelets to silicone surfaces.
In addition, the insulator behavior of Ta oxide layers generated by Ta ion
implantation might help to prevent the proteins such as fibrinogen from
denaturing by blocking charge transfer from proteins to the artificial biosurfaces [146].
Macrophages adhesion
Inflammatory cells, such as neutrophils and macrophages, act as major
mediators in inflammatory reactions by activating collagen synthesis, secreting
various cytokines and recruiting fibroblasts. Thus, the in vitro behavior of
macrophages adhesion was assessed on the bare and Ta-implanted silicone
samples with different processing times. According to the FESEM images
shown in Figure 5.10A, the results obviously showed substantially lower
macrophage adhesion and aggregation on the Nano/Ta silicone than the bare
silicone. In contrast, a large number of adhered macrophages were clearly
visible on the bare silicone surface with severe aggregation after 5 days of
culturing, which formed countless huge cell clusters on the surface. The
quantified adhesion density of macrophages demonstrated that Ta-120s samples
showed the highest suppression effect of adhesion (Figure 5.10B); the
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macrophage density of Ta-120s decreased by half compared with that of bare
silicone. Although there was no significant difference between Ta-implanted
samples depending on processing times, the tendency that the number of
macrophages decrease as processing time of Ta S-MII increase was clearly
figured out. Above results clearly suggests that the synergistic effect of the
nano-texture as a physical cue and Ta-implanted surface layer as a chemical cue
suppressed an inflammatory response on the silicone surfaces.
In-vivo affinity of Ta-implanted silicone
In order to investigate in-vivo performances, including capsule
formation and immune reaction, a dorsal implantation model using SD rats was
performed. Two types of solid silicone rubber samples (bare and Ta-implanted
silicone treated for 120 s) were inserted below the shoulder bone of rats, as
shown in Figures 5.11A and B. After implantation for 2 weeks, the capsular
tissues generated around the silicone implants were precisely retrieved and the
harvested tissues were used for sequential histological evaluation.
In terms of capsule formation on biomaterials, the capsular thickness
is the most important indicator of evaluating the foreign body reaction and
capsule contraction. In this study, we investigate histological image analysis on
cross-sections of harvested capsule tissues that were stained with hematoxylin
and eosin (H&E) to quantify the thickness and tissue structure of fibrous
capsules surrounding the implants (Figure 5.12). In the gross images of cross143

sectional H&E staining (Figures 5.12A-1 and B-1), skin tissues composed of
epidermis, dermis, subcutis, and skin muscle were observed. In magnified
images (Figures 5.12A-2 and B-2), capsular tissues, mainly composed of
fibrous layers, were formed between the skin muscle and silicone implants
surfaces. In case of bare silicone, thicker and denser fibrous capsules was
observed beneath the skin muscle compared with that of Ta-implanted silicone
sample. In a quantitative measurement, the capsular thickness around Taimplanted silicone rubber samples was 1.7-times lower than that of bare
silicone samples; 898 μm for bare silicone and 507 μm for Ta-implanted
silicone rubber samples.
Moreover, collagen density as well as fibrous capsule thickness is also
an important index of the histological evaluation in biomaterials. Basically, a
fibrous capsule tissue generated around implants is mainly composed of lots of
collagen matrix, thus, the formation of loosen fibrous tissue with reduced
collagen density is also desirable property of bio-implants. According to the
high-magnified images (Figures 5.12A-3 and B-3), lots of collagen fibers (pale
blue) were stained into whole area of the fibrous tissue, whereas the stained
collagen area in Ta-implanted silicone images was thinner than collagen-rich
layer of bare silicone. In the quantified analysis, collagen density generated in
fibrous tissues of Ta-implanted silicone rubbers significantly decreased
compared to that of bare silicone rubbers; 48.2 % for bare silicone and 22.9 %
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for Ta-implanted silicone rubber samples. Above results clearly demonstrated
that Ta ion implantation of silicone rubber led to the formation of thin fibrous
capsule with a loos collagen matrix around the implant, consequently resulting
in suppressed foreign body reaction and enhanced biocompatibility.
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5.4. Conclusion
In an effort to suppress fibrous capsule formation, Ta ion implantation
was performed on the medical grade silicone rubber surfaces via a new method,
denoted as S-MII system. With different processing times (30, 60, 120 sec), the
surface properties of silicone rubber, including surface topography, chemical
composition, and wettability, were controlled without changing their
macroscopic properties. Based on the synergic effect of nano-roughness,
moderate hydrophilicity, and stable Ta functionalization of Ta-implanted
silicone surfaces, the in-vitro biocompatibility of human dermal fibroblast was
significantly enhanced. Accordingly, in vivo immunohistochemical staining and
western blotting analysis clearly demonstrated that Ta ion implantation led to
the suppression of a fibrotic reaction and down-regulation of immune activity
around implants, consequently leading to reduced foreign body reaction and
fibrous capsule formation. The results of this part highlight that the Ta S-MII
technique has great potential for reducing the fibrotic response of implantable
devices and provide important information for the design of reliable and
efficient medical devices.
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Figure 5.1. Representative (A) FE-SEM images and (B) AFM topographical
3D maps of bare and Ta-implanted samples with different time (30 s, 60 s and
120 s). The insets in FE-SEM images are macroscopic optical images of each
sample. Black scale bar is 10 mm and white scale bar is 5 μm.
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Bare
silicone

Ta-30s

Ta-60s

Ta-120s

Maximum (nm)

44.1 (±5.3)

46.8 (±12.1)

130.4 (±12.2)

193.8 (±20.2)

𝑅𝑎 (nm)

17.2 (±4.2)

20.5 (±6.5)

45.5 (±7.2)

66.8 (±5.9)

𝑅𝑞 (nm)

20.2 (±4.6)

23.6 (±7.2)

56.1 (±7.8)

80.9 (±7.7)

𝑅𝑧 (nm)

87.1 (±15.6)

90.9 (±23.0)

252.2 (±25.8)

367.5 (±33.5)

Table 5.1. Results of AFM roughness parameters of bare silicone and Taimplanted samples with different time (30 s, 60 s and 120 s).
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Figure 5.2. Representative (A) FE-SEM images and (B) AFM topographical
2D maps of Ta-implanted samples with different time (180 s and 300 s). The
insets in FE-SEM images are macroscopic optical images of each sample and
the insets in AFM 2D maps are average surface roughness (𝑅𝑎 ). Black scale bar
is 10 mm and white scale bar is 5 μm.
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Figure 5.3. XPS full spectra obtained from bare and Ta-implanted samples with
different time (30 s, 60 s and 120 s). The inset at the top right corner is highsolution spectra of Ta 4f for the Ta-implanted silicone samples.
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Elements

C

O

Si

Ta

Bare silicone

47.5

35.8

16.7

-

Ta-30s

41.34

38.7

17.81

2.15

Ta-60s

46.01

31.26

20.1

2.64

Ta-120s

41.78

39.49

16.29

2.44

Table 5.2. Surface chemical composition (atomic %) of bare and Ta-implanted
samples with different time (30 s, 60 s, and 120 s).
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Figure 5.4. XPS depth profiles of Ta-implanted samples with different time (30
s, 60 s and 120 s).
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Figure 5.5. (A) Contact angle of bare and Ta-implanted samples with different
time (30 s, 60 s and 120 s). Insets show representative optical images of sessile
droplets on each surface. (B) Longevity of contact angle with each sample as a
function of time. The statistical significance indicated by **p<0.005 compared
with bare silicone.
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Immersion time
(days)

0~7

7~14

14~21

21~28

Ta-30s

0.13
(±0.03)

0.14
(±0.04)

0.10
(±0.01)

0.04
(±0.01)

Ta-60s

0.15
(±0.04)

0.12
(±0.03)

0.08
(±0.02)

0.03
(±0.01)

Ta-120s

0.22
(±0.09)

0.14
(±0.06)

0.09
(±0.02)

0.02
(±0.01)

Table 5.3. Ta ion concentration (ng/mL) in PBS after immersion for different
time.
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Figure 5.6. (A) FE-SEM surface morphology, (B) XPS full spectra, (C) surface
chemical composition, and (D) AFM analysis of Ta-implanted silicone (120 s)
after immersion in PBS for 28 days.
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Figure 5.7. (A) Tensile strength and (B) strain at failure of bare and Taimplanted silicone (120 s).
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Figure 5.8. (a) Fluorescence microscopy images of human dermal fibroblasts
(HDFs) double stained with rhodamine phalloidin for actin filaments (red) and
DAPI for nuclei (blue) after 1 and 4 days of culturing on bare and Ta-implanted
samples with different time (30 s, 60 s and 120 s). Scale bar is 50 μm. (b) Cell
spreading area after 1 and 4 days of culturing and (c) proliferation rate after 1,
4 and 7 days of culturing (*p<0.05, **p<0.005).
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Figure 5.9. (A) Representative FESEM images of platelet adhesion to bare
silicone (a) and Ta-implanted silicone; 30s (b), 60s (c), and 120s (d) after 45
min incubation. (B) Density of adherent platelets on bare silicone and Taimplanted silicone surfaces. The statistical significance indicated by *p<0.05
and **p<0.005 compared with bare silicone.
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Figure 5.10. (A) Representative FE-SEM images of macrophages adhesion to
bare silicone (a) and Ta-implanted silicone; 30s (b), 60s (c), and 120s (d) after
culturing of 5 days. (B) Density of adherent macrophages on bare silicone and
Ta-implanted silicone surfaces. The statistical significance indicated by
*p<0.05 and **p<0.005 compared with bare silicone.
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Figure 5.11. (A) A scheme of silicone rubber implants used in the in-vivo
animal test and (B) procedures to obtain the tissues of fibrous capsule
surrounding each silicone implants in 2 weeks after surgery.
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Figure 5.12. Representative immunohistochemical images with H&E staining
of fibrous capsule surrounding the (A) bare and (B) Ta-implanted silicone
samples after implantation for 2 weeks.
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Chapter 6.
Conclusion and future works
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6.1. Conclusion
In this study, we developed a new surface modification technique,
denoted as sputtering-based metal ion implantation (S-MII), by which metal
ions are able to be stably implanted onto the surfaces of polymeric bio-implants,
leading to enhanced biocompatibility of the implants. With the utilization of a
conventional DC magnetron sputtering, numerous metal atoms and ions are
initially sputtered from the target surface and immersed in the sputtering plasma
as a consequence of energetic ions bombardment during the sputtering process.
Concurrently, the application of an extremely high negative bias voltage to a
metal back-plate placed behind the polymer substrate makes it possible to
accelerate both the target metal ions and neutral atoms to high energies onto the
polymeric surface though energetic collision cascades. The S-MII technique
exhibits several advantages as a surface modification of polymeric bio-implants.
First of all, the S-MII system is a cost-effective process due to the use of
conventional DC sputter equipment. The energy of metal ions can be easily
accelerated high enough to implanted onto polymeric surface only applying the
negative bias (~2 kV) on the back-plate. In addition, the energetic collision
cascades in S-MII lead to a considerable metal implantation effect at a markedly
high dose and rate, which is not obtained by the conventional PIII technique.
Accordingly, metal ion-implanted polymeric surfaces can be successfully
fabricated within short process time without any irreversible degradation or

163

deformation of the PLLA substrate. The reduced processing time can decrease
a risk of deformation or damage from long-term exposures of plasma irradiation
and ion bombardment during ion implantation. With the S-MII technique,
biocompatible metals are successfully implanted on various polymeric bioimplants, leading to enhanced bioactivity.
In the first study, tantalum (Ta) ions, which exhibit excellent
biocompatibility and anti-corrosion, were implanted on poly(lactic acid)
(PLLA) surfaces using S-MII system. With S-MII surface modification, Taimplanted PLLA surfaces can be successfully fabricated within short process
time without any tangible degradation or deformation of the PLLA substrate.
Compared to a Ta-coated PLLA surface, the Ta-implanted PLLA showed twice
the surface roughness and substantially enhanced adhesion stability in dry and
wet conditions. The strong hydrophobic surface properties and biologically
relatively inert chemical structure of PLLA were ameliorated by Ta S-MII
treatment, which produced a moderate hydrophilic surface and enhanced cellmaterial interactions. Furthermore, in an in vivo evaluation in a rabbit distal
femur implantation model, Ta-implanted PLLA demonstrated significantly
enhanced osseointegration and osteogenesis compared with bare PLLA. These
results indicate that the Ta-implanted PLLA has great potential for orthopedic
implant applications.
In the second study, we have introduced Ta ion implantation onto
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expanded polytetrafluoroethylene (ePTFE) surfaces with S-MII technique in
order to enhance its hemocompatibility. Using S-MII system, Ta-implanted
ePTFE was successfully fabricated within 1 minute without change of its
porous structure and mechanical properties. With moderate wettability and
stable Ta oxide layers of Ta-implanted ePTFE surfaces, the in-vitro cellular
affinity

of

endothelial

cells

was

noticeably

improved

and

rapid

endothelialization with high coverage rate was achieved even after culturing
time of 7 days. Furthermore, Ta-implanted ePTFE exhibits excellent antithrombogenicity, effectively suppressing attachment and activation of platelets.
Eventually, in-vivo preliminary animal experiment using an artery bypass
model of a dog demonstrated that Ta-implanted ePTFE surfaces facilitate rapid
endothelialization on luminal surfaces, simultaneously suppressing the
thrombus formation. These results prove that Ta-implanted ePTFE has great
potential as small-diameter vascular grafts.
In the final study, we researched that the effect of Ta ion implantation
on foreign body reaction of silicone-based biomaterials. With Ta ion
implantation using S-MII system with different treatment times (30, 60, and
120 sec), Ta-implanted silicone rubbers were successfully fabricated. Based on
moderate hydrophilicity and stable Ta functionalization of Ta-implanted
silicones, the in-vitro biocompatibility of human dermal fibroblast was
significantly enhanced. Furthermore, the foreign body reaction and immune
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response of Ta-implanted silicones was noticeably inhibited, leading from
suppressed adhesion and activation of platelets and macrophages. In-vivo
experiments using a rat dorsal implantation demonstrated that the fibrous
capsule thickness of Ta-implanted silicones was significantly reduced and
inflammatory cells was rarely observed. These results suggest that Ta ion
implantation made the medical silicone rubber surfaces more biocompatible,
followed by reduced foreign body reaction and fibrous capsular formation.
6.2. Future works
In this paper, the new surface modification of S-MII exhibits versatile
and effective potential for biomedical application. Although the research in this
chapter 5 focused on the capsular formation and contracture of breast implants,
severe limitations of other implants have not been still resolved. Various
silicone prosthesis depending on the position of implantation (nasal, malar,
paranasal, chin implants) have been widely utilized for the purpose of
reconstruction after injury or cosmetic surgery. Main failure of those is induced
from the displacement of solid-type implants due to their poor affinity to
adjacent tissues after implantation. In particular, the initial osteoconductivity as
well as the inflammatory response is essential to those implants because of the
direct attachment to the facial bones. In the research of chapter 3 and 5, the
effects of Ta S-MII on rapid osteointegration and reduced capsule formation
have been already demonstrated using in-vitro and in-vivo experiments. Thus,
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the Ta S-MII could be strongly suggested as a developed surface modification
system to the facial implants of plastic surgery. On the commercial silicone
prosthesis, surface treatment of Ta S-MII (2 kV / 2 min) was carried out once
on the front side and the rear side of that and surface composition was
characterized using XPS analysis (Figure 6.1A). Even though the Ta
composition was detected in a range from 1 to 8 atomic % depending on the
position of XPS analysis, those compositions could be enough to show the
improvement of cellular response, avoiding the displacement after implantation.
Recently, dual ion implantation system with different ions has been
attracted attentions for multi-functional surface properties. A research team
reported that magnesium (Mg) and zinc (Zn) ions were implanted into titanium
surfaces using PIII to enhance osteogenic, angiogenic, and antibacterial
properties [40]. They revealed that Mg/Zn-PIII treated implants with
synergistic effects of osteoconductivity, pro-angiogenesis, and antibacterial
property can facilitate rapid osteointegration and sustained biomechanical
fixation. In addition, dual ion implantation technique of Zn and nitrogen into
magnesium alloys has been suggested for enhanced corrosion resistance and
antimicrobial activity [41]. S-MII system developed in this paper could be also
utilized for dual ion implantation. Sequential ion implantation with different
ions using S-MII has potential to make the surface of polymeric bio-implants
multi-functional surfaces presenting with different properties depending on the
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implanted ions. For preliminary test, silver (Ag) and Ta ions were sequentially
implanted into silicone surfaces using S-MII system (Ag: 2 kV / 30 sec, Ta: 2
kV / 2 min). From the XPS depth prolife shown in Figure 6.1B, both Ag and
Ta ions were detected into near surface with maximum composition of 8.9 and
15.4 atomic %, respectively. Although further research including surface
characterization, cellular response, and antibacterial effects is needed, it can be
suggested that the surface modification of S-MII is utilized for dual ion
implantation system of polymeric bio-implants in order to endow the multifunctional and favorable surface in biomedical application.
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Figure 6.1 (A) Prosthesis of facial silicone implants (solid type) and XPS
surface compositions of Ta depending on the position of detection after Ta SMII treatment (2 kV / 2 min). (B) Dual ion implantation system and XPS depth
profiles after sequential ion implantation with Ag and Ta using S-MII (Ag: 2
kV / 30 sec, Ta: 2 kV / 2 min).
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Abstract (Korean)
국문 초록

고분자 생체 임플란트의 생체적합성 증진을
위한 스퍼터링 기반 금속 이온 주입 표면 개질
서울대학교
재료공학부
박 천 일

고분자 의료용 임플란트는 종래 금속 임플란트의 대체재로
써 체내 식립 후 발생되는 응력 차폐 현상과 자기장 이미지 왜곡
현상에 따른 한계를 극복하기 위해 널리 사용되고 있다. 그러나 그
폭넓은 응용 가능성에도 불구하고 기존 금속 소재 대비 낮은 생체
특성으로 인해 고분자 소재는 의료용 임플란트 소재로써 활용이 제
한되어 왔다. 최근에 고분자 소재의 세포 친화성을 향상하고자 다양
한 표면 개질 방법이 활발하게 연구 진행되고 있는데, 그 중에서도
금속 이온 주입 기술이 계면 접합력을 유지하면서 다양한 생체친화
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적 금속 이온들을 임플란트 표면에 주입시키는데 효과적인 표면 처
리 방식으로 주목 받고 있다. 그럼에도 불구하고 기존 금속 이온 주
입 기술은 장기간 플라즈마 노출에 따른 불가피한 표면 열 손상 및
구조 변형으로 인해 현재까지 내열성이 우수한 고분자에만 국한되
어 연구가 진행되어 왔다.
본 연구에서는 기존 금속 박막 증착 방식인 스퍼터링 기술
을 활용하여 보다 더 간단하면서도 신속한 형태의 금속 이온 주입
기술을 확인했다. 스퍼터링 공정을 통해 타겟 표면에서 고밀도의 금
속 타겟 양이온 및 중성 입자들이 방출되는데, 이때 고분자 모재가
놓여진 금속 홀더에 높은 음전압을 인가하여 고분자 표면으로부터
상기 금속 타겟 입자의 에너지를 가속화시킬 수 있으며, 최종 고분
자 표면에 안정적인 이온 주입을 유도할 수 있다. 이러한 기술 원리
를 토대로 본 연구에서 개발한 새로운 형태의 금속 이온 주입 기술
을 “스퍼터링 기반 금속 이온 주입” 기술이라 명명하였으며 이를
활용하여 생체적합성이 우수한 금속 이온을 다양한 고분자 의료용
임플란트 표면에 주입시켜 생체 활성을 증진시키는 연구를 진행했
다.
첫 번째 연구에서는 상기 스퍼터링 기반 금속 이온 주입 기
술을 이용해 내부식성과 생체적합성이 매우 뛰어난 탄탈륨 금속 이
온을 의료용 고분자 소재인 폴리락틱에시드(PLLA) 표면에 주입하여
표면 골유착능을 증진시켰다. PLLA는 생분해성 고분자로써 체내에
식립 후 자연분해되어 주변 재생된 뼈로 대체되는 특성을 가지며
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정형외과 임플란트 소재로 널리 사용되어 왔으나 조골모세포와의
낮은 친화성으로 식립 후 주변 뼈와의 조기 유착을 유도하지 못하
고 2차 염증 반응을 일으키는 등 높은 실패율이 보고되어 이를 해
결하기 위한 안정적이면서 효과적인 표면 개질이 요구되는 실정이
다. 본 연구에서 개발한 스퍼터링 기반 금속 이온 주입 기술을 적용
하게 되면 PLLA 표면에 건조 및 습윤 상태에서 구조 안정성이 우
수한 탄탈륨 금속 이온 주입 층이 형성되며 향상된 표면 친수성과
안정적인 탄탈륨 산화층으로 인해 조골모세포의 친화성을 증진시킬
수 있었다. 나아가 전임상 동물실험을 통해 기존 표면 처리 전 대비
탄탈륨 이온 주입된 폴리락틱에시드의 향상된 골형성능과 유착능을
입증했고, 최종 정형외과용 임플란트 소재로써 적용 가능성을 확인
했다.
두

번째

연구에서는

인장된

폴리테트라플로우르에틸렌

(ePTFE) 소재 기반 인공혈관의 혈액적합성을 향상시키고자 상기
스퍼터링 기반 금속 이온 주입 기술을 이용하여 표면에 탄탈륨 금
속 이온을 주입했다. ePTFE는 그 특유의 기공 구조와 적절한 기계
적 물성으로 인해 인공혈관 소재로써 널리 사용되고 연구되어 왔는
데, 직경이 6mm 이하의 소구경 인공혈관의 경우 낮은 혈액적합성
으로 인해 내벽에 혈전이나 내막과다증식 등의 잦은 부작용을 일으
켜 그 사용이 제한되었다. 본 연구에서 개발한 스퍼터링 기반 금속
이온 주입 기술을 적용하면 1분 이내에 짧은 공정시간에도 기공 구
조의 변형 및 물리적 강도 저하 없이 안정적으로 탄탈륨 이온을 표
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면에 주입시킬 수 있었다. 탄탈륨 이온 주입된 ePTFE 표면의 적절
한 친수성과 안정적인 금속 산화막 형성으로 인해 혈관내피세포의
부착과 증식을 촉진하여 빠른 혈관내피화를 유도하는 결과를 보였
다. 또한 탄탈륨 이온 주입된 ePTFE 표면은 혈전을 야기하는 혈소
판의 부착과 활성을 효과적으로 억제하는 결과을 보여 높은 혈전
저항성도 확인했다. 나아가 개의 경동맥을 이용한 전임상 동물실험
을 통해 표면 처리된 인공혈관 내벽에 심각한 혈전 생성없이 재생
된 혈관내피세포막이 확인되어 소구경 인공혈관을 위한 표면 개질
적용 가능성을 최종 확인하였다.
세 번째 연구에서는 실리콘 계열의 생체재료 표면에서 발생
되는 염증 반응 중 하나인 이물 반응에 대한 탄탈륨 이온 주입 효
과를 연구했다. 지난 수 십년 동안 실리콘 계열의 임플란트는 높은
체내 안정성으로 인해 성형외과 보형물 소재로 널리 사용되었으나
장기간 이식 시 야기되는 조직 수축 현상과 그로 인한 보형물의 구
조 손상 문제가 지속적으로 보고되어 왔다. 이번 연구에서는 공정
시간(30, 60, 120초)을 달리하여 각 공정 시간에 따른 실리콘 표면
구조와 특성을 표면 조도, 친수성, 화학적 조성 변화 등 세밀하게
분석하였다. 스퍼터링 기반 금속 이온 주입 기술로 형성된 나노 조
도와 표면 금속 산화막으로 인해 진피 섬유아세포와의 친화성이 증
진되었으며 혈소판과 대식세포의 활성은 감소되었다. 나아가 전임상
동물실험을 통해 탄탈륨 이온 주입된 실리콘 임플란트 주변에 형성
된 캡슐 조직의 두께와 콜라겐의 밀도가 감소됨을 확인하여 실리콘
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식립 후 발생되는 주변 조직과의 염증반응 및 이물반응이 표면 처
리 전 대비 낮아졌음을 입증했다.
상기 연구 결과들을 종합해보았을 때 본 연구에서 개발한
스퍼터링 기반 금속 이온 주입 기술을 이용하여 생체친화적인 금속
이온을 안정적으로 생체고분자 표면에 주입함으로써 고분자의 낮은
생체 특성을 증진시켰다. 이에 따라 본 연구에서 개발한 스퍼터링
기반 금속 이온 주입 표면처리는 다양한 분야에서 사용되고 있는
의료용 고분자 임플란트의 표면 생체적합성과 체내 안정성을 향상
시키는 효과적인 표면 개질 방식임을 확인할 수 있었다.

주요어(Keywords): 스퍼터링 기반 금속 이온 주입(S-MII), 고분자 의
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