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Abstract

This study discusses thin-film deposition using low-pressure plasma for orthope-
dic applications. Plasma polymerization and sputter deposition were chosen as
methods to modify the surface of artificial bone. Plasma polymerization of amine
groups was performed on surfaces of calcium phosphates e.g., hydroxyapatite (HA)
and [-tricalcium phosphate (S-TCP) surfaces, which are widely used as artificial
bone. The gas mixture of CHy /Ny /He was used to deposit amine groups by plasma-
enhanced chemical vapor deposition (PECVD) with bipolar pulsed plasmas. The
plasma system used for our experiments generates high-voltage (£1.1kV) low-
frequency (5 kHz) pulsed plasmas with a pulse duration of 1 us. Chemical proper-
ties of deposited polymer films were investigated with X-ray photoelectron spec-
troscopy (XPS). Derivatization with 4-trifluoromethyl benzaldehyde (TFBA) was
used to estimate the concentration of primary amines in deposited polymers. For
interconnected porous HA and g-TCP, it was found that plasma polymerization
could take place not only on the outer surfaces of such materials but also on the

surfaces of their inner pores.

The results of in-vitro experiments showed that plasma-treated calcium phos-



Abstract

phate exhibited significantly enhanced hydrophilicity, facilitating the deep infiltra-
tion of cells into interconnected porous calcium phosphate. The cell adhesion and
osteogenic differentiation on the plasma-treated artificial bone surfaces were also
enhanced. The plasma polymerization afforded high bone regeneration capacity
in in-vivo observation. These results suggest that amine modification of artificial
bone by plasma technology can provide high osteogenic ability and represents a
promising strategy for resolving current clinical limitations regarding the use of

artificial bone.

With the PECVD experiments discussed above, it was found that only a small
percentage (about 12 %) of the deposited nitrogen atoms formed primary amine
groups (NHz). To understand how to increase the percentage of primary amines
in the deposited polymer, the interactions between the deposited film surface and
incident precursors were performed using molecular dynamics (MD) simulation.
To evaluate a possible upper limit of the primary amine concentrations in the de-
posited film, simulations of a rather unrealistic process were performed, where all
nitrogen atoms from the plasma were supplied as amino radicals (NHs) together
with other hydrocarbon radicals and ions. If all incident amino radicals were to
stay as NHy in the deposited polymer, the primary amine density would be ex-
tremely high. However, it has been found that, even under such “ideal” conditions
for the maximum primary-amine content, hydrogen atoms of incident NHy radi-
cals tend to be transferred to surrounding C atoms in the polymerization process,
leaving a relatively small amount of primary amine (the concentration ratio of
primary amino groups (NHs) to nitrogen atoms N being approximately 10 %) in

the deposited polymer films. The results indicate that an increase of NHy radicals
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Abstract

in the gas phase of PECVD hardly increases the primary-amine content in the de-
posited films and, therefore, the primary-amine content may not depend strongly
on the plasma conditions as long as a sufficient amount of nitrogen and hydrogen
is supplied during the plasma polymerization process. The primary amine con-
tent predicted by the simulations was found to be in good agreement with earlier

experimental observations.

I also examined the possibility of improving the biocompatibility of differ-
ent types of artificial bone made of Polyetheretherketone (PEEK). In this study,
SrTiO3 (STO) was deposited on PEEK surfaces using an RF magnetron sputtering
plasma under varying conditions. It is known that Sr can significantly enhance
the osseointegration of PEEK implants and surrounding native spinal bone. It
was found that, with simple deposition of STO, Sr can be released to the sur-
rounding tissues (or water contained in such tissues) quickly if the STO-coated
artificial bone is implanted in a human or animal body. This study successfully
demonstrated that multi-layer structures of Ti and STO can control the release
rate of St into surrounding water when the coated film is immersed in water. Such
multi-layer Ti and STO coating is an effective candidate to achieve sustained Sr

release from PEEK implants over an extended period.
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Chapter 1

Introduction

1.1 An overview of surface modification on
artificial bone as biomaterial

The demand for bone replacements (such as hip and knee replacements) con-
tinues to increase globally with millions of surgeries performed annually to treat
damaged or deteriorated bones [1]. Moreover, osteoporosis cases are also growing,
leading to weakened bone structures and lead to bone degeneration. These condi-
tions were affecting approximately 21.7 % of the population in Asia, Europe, and
America [2]. Therefore, this prevalence significantly contributes to the growing

demand for bone replacements such as artificial bone.

Artificial bone materials that are commonly used for bone regeneration or
replacement i.e., titanium alloys [5], zirconia [6], steel [7], bioceramics (HA or hy-

droxyapatite (Cajo(PO4)sOHs), 5-TCP (Caz(POy)s)) [3, 811}, biopolymer (e.g.
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Figure 1.1: Schematic representation of the demand for artificial bone as bone replace-
ment with the development of biomaterial surface modifications.[3, 4]

polyethylene (PE), polyetheretherketone (PEEK), polylactic acid (PLA), etc) and
composite materials [12, 13]. However, current artificial bone products have limita-
tions in promoting biocompatibility and osteogenic potential such, as bone growth.
The study to improve the capabilities of artificial bone ability began around 1940
with the first generation, which focused on biointerness. This was followed by the
second generation, which emphasized bioactivity. Currently, we are in the third
generation, aiming to regenerate functional tissue through surface modification

using various methods as explained in Fig. 1.1.

Plasma-surface modification was applied to biomaterials for biomedical fields
to enhance the surface functionalities with various methods, such as plasma sput-
tering and etching, plasma implantation, plasma deposition, plasma polymeriza-
tion by functional group attachment, laser plasma deposition, plasma spraying,

magnetron sputtering [14-16]. The advantages of plasma-deposited films in bio-
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materials are easy preparation, unique film chemistry, its ability to be coated on
unique substrates with good adhesion, conformal and pin-hole free films, excellent

permeation barriers with low levels of reachable, sterile upon preparation [15].

Plasma surface modification has become widely used to enhance the surface
properties of artificial bone made from ceramics such as porous hydroxyapatite
(HA).[9, 17] HA is commonly used in hard tissue replacement due to its composi-
tion, which is similar to human bones. A previous study has shown that untreated
HA artificial bone exhibit low hydrophilicity and require extended healing peri-
ods when exposed to O, and He gases through dielectric barrier discharge (DBD)
plasmas. However, HA treated with Os/He plasma shows minimal effects in in
vivo, likely due to the instability of the generated hydroxyl groups [9]. Therefore,
further investigation is needed to improve the bone regeneration ability of artificial

bones using low-pressure plasma.

1.2 Fundamental of low-pressure plasma

Although plasma is already well written in several textbooks [18, 19], it is nec-
essary to introduce the basic knowledge of plasma before discussing its application.
Historically, Sir William Crookes discovered DC discharge in a vacuum tube in the
late 19th century. In 1929, this phenomenon was introduced as plasma by Irv-
ing Langmuir, it is known as the fourth state of matter. This state of matter is
generated by the ionization of neutral atoms or molecules, positive ions, and free

electrons with sufficient energy.[18, 19]



1.2.  Fundamental of low-pressure plasma

There are two types of non-thermal plasma or low-temperature plasma i.e., low-
pressure plasma and atmospheric plasma. In low-pressure plasma, the electrons
and other particles rarely collide, therefore the temperature remains low and close
to room temperature. This condition occurs where T; ~ T,, < T.. Low-pressure
plasma can be generated at working pressures below 1 mbar or 100 Pa. Meanwhile,

atmospheric plasma is generated at pressures around 1 bar.[20]

In plasma processing, there are important parameters to obtain desirable plasma
conditions. Low-pressure plasma depends on the flow rate of monomer gases
and plasma pressure (controlled by a vacuum system) to regulate the number
of molecules entering the chamber. The power source commonly used to generate
plasma i.e., direct current (DC) or alternating current (AC), radio frequency (RF
at 13.65 MHz), microwave, and so on.[19-21] The essential parameters of plasma
are potential in plasma and at surfaces, electron temperature, plasma density, and
ion flux. With plasma potential, the electron can adsorb and transfer the energy
from the external circuit to the discharge gas, accelerating and causing collisions
with molecules of gases, which leads to ionization and dissociation. These pro-
cesses continue with increasing electron density, while the chemical reaction in the
plasma are controlled by ions.[20] The general chemical reactions in the gas phase
possibly occur in plasma materials processing such as electron-ion pair production
(1.1), radical production (1.2), negative ion production (1.3), gas-phase chemical
reaction (1.4), ion transport to surfaces (1.5), radical transport to surfaces (1.6),

and surface-phase reactions (1.7).[19]



1.2. Fundamental of low-pressure plasma

e+ AB — AB™ + 2e (1.1)
e+AB—se+A+B (1.2)
e+ AB — A +B (1.3)
A+B——=C+D (1.4)
I =—-D, Vn (1.5)

I'n =—Da Vny (1.6)
A(g) +B(s) — C(g) (1.7)

When the specific chemical reactions occur in the plasma and modify the sur-
face of a substrate, hence, various surface phenomena may take place such as
adsorption, desorption, ion implantation, surface diffusion, surface mixed layers,
collision cascade, etc as shown in Fig. 1.2. The plasma may modify the surface
continuously by fluxes of neutral (reactive atoms and radicals), ions, electrons,
and photons.[22] The interaction between molecule and surface is causing adsorp-
tion such as physisorption (weakly bound due to low attractive van der Waals
force) and chemisorption (covalent bonding between atoms or molecules with the

surface).[19]

Low-pressure plasma has been attracted to modify various surfaces, including
the biomaterials surfaces. The surface modification of biomaterials using low-
pressure plasma will be discussed in the next section, specifically focusing on

plasma polymerization and plasma sputtering.



1.3. Plasma polymerization on biomaterials, including artificial bone implants
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Figure 1.2: Schematic representation of the phenomena in plasma surface interaction at
low pressure. [23]

1.3 Plasma polymerization on biomaterials,
including artificial bone implants

Plasma polymerization or glow discharge polymerization has been studied since
the 1960s and 1970s [24]. Plasma polymerization is defined as a process of thin
film deposition that is performed through plasma to activate a monomer. In
this process, an organic gas or vapor is introduced into electric discharge, where
high-energy electrons efficiently break it down into radicals. Subsequently, these
radicals adsorb onto the surface with high concentrations of trapped radicals and

form a macromolecule of organic polymer [24]. The organic substances created

6



1.3. Plasma polymerization on biomaterials, including artificial bone implants

through this process are referred to as plasma polymers, which exhibit noteworthy
irregular structures in both their chemical and physical properties when compared

to conventional polymers [25].

The crucial of plasma polymer is ultrathin films with minimal flaws from vac-
uum deposition of covalently bonded materials [24]. The properties of plasma
polymer are influenced by the used monomer and discharge parameters. The pro-
cess is typically carried out using a gas mixture that includes a monomer and a
noble or inert gas, such as argon (Ar) or helium (He). The inert gases are able
to reduce the breakdown voltage and enhance the discharge through the metasta-
bles and Penning ionization mechanism [26]. The chemical composition of the
top thin layer can be altered significantly through plasma polymerization, but the

modification does not affect the bulk of the substrate.

The important aspects of plasma polymerization were discussed by Yasuda
[27]. Hegemann also explained using the theory of macroscopic description how to
optimize plasma polymerization [28, 29]. They suggested that the power input is
considered by the parameter of W/(F.M), where W is the electrical input power
(Watt), F is volume flow rate, and M is the molecular weight of the gas [24, 27].
This equation parameter represents the energy in the plasma per unit of monomer
flow and is equivalent to the energy density in the plasma. This following quasi-
Arrhenius’s behavior with activation energy FE, corresponds to plasma chemical

reaction as given by
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R E

=G - 1.8
= Gow (-~ (1)
where G is denoted as a reactor geometrical factor related to the conversion of

monomer into film growth, R, is the mass deposition rate.

The deposition rate in plasma polymerization, which is defined as the mass
of film growth per area and time is dependent solely on the monomer supply.
The deposition rate would be constant near room temperature and decreases with
increasing temperature [28]. The deposition of plasma polymerization is primarily

dominated by radicals.

Plasma polymerization offers the benefits of producing pinhole-free, conformal,
and thin films that can be applied to a variety of substrates using a straightforward,
one-step coating process [30]. Therefore, many researchers were interested in the
application of plasma polymer on biomaterials using low-pressure gas-discharge

plasmas [24, 31-33].

Plasma polymerization has been utilized to introduce various functional groups,
such as amines, hydroxyl, and carboxyl, onto biomaterial surfaces. Among these,
amine functionalization has demonstrated promise in improving bio interfaces on
scaffolds for tissue engineering applications, particularly for fibroblast cells [34—
36], polycaprolactone nanofiber [37-43|, polyethylene [44], and HA on Ti sub-
strate [45]. Amine functionalization of 3D porous scaffold with RF plasma and
microwave-induced plasma has been reported to improve osseointegration and en-

hance osteoblast migration and cellularization, respectively [40, 46]. Plasma poly-

8



1.4. Plasma sputter deposition on artificial bone

merization has been used to induce osteogenesis differentiation of adipose-derived
stem cells in bone tissue engineering [47]. This suggests that plasma polymeriza-
tion with amino functionalization is a promising technique for surface modification

of ceramic calcium phosphate as an artificial bone for orthopedic applications [10].

1.4 Plasma sputter deposition on artificial bone

In plasma sputtering, films are grown through a deposition process whereby
ionized atoms or molecules are accelerated from the target onto the substrate
surface by high-energy ions in a vacuum chamber [48, 49] Typically, Ar* is chosen
for bombardment due to its chemical inertness, low cost, and similar atomic mass

to commonly used metal targets like Ti, Cr, Au, Al, and Cu.

Sputter deposition is a highly advantageous method for metal deposition when
compared to other methods, as it produces high-energy flux with high surface
mobility, resulting in smooth, dense, conformal, and continuous films. Sputtering
is also able to preserve the stoichiometry of the target source, as the physical
bombardment mechanism of particle ejection results in consistent stoichiometry

on the sample surface [48, 49].

There are several sputtering systems used for sputter deposition of thin films
e.g. DC diode plasma, RF plasma, magnetron sputtering plasma, and reactive

sputter deposition [48, 49].

It reported that magnetron sputtering offers several distinct advantages owing

to its specific characteristics when applied to the preparation of thin films on

9



1.4. Plasma sputter deposition on artificial bone

biomaterials [50-52]. This technique includes a vacuum chamber, an RF generator,
a matching network, a magnetron, and a cooling system. RF magnetron sputtering
typically is operated at frequencies of 13.56 MHz. The integration of a matching
network and a controller plays an important role in ensuring that the RF supply
seamlessly aligns with the output impedance of the generator, harmonizing with
the cathode and anode’s impedance. Several key factors influence the quality and
reliability of coatings, such as discharge power, gas flow rate, working pressure,
substrate temperature, deposition duration, post-heat treatment, and the use of

negative substrate bias [53].

Magnetron sputtering offers several unique advantages when it comes to bio-
materials (e.g. hydroxyapatite and Ti alloys) [50-52]. This technique allows for
uniform coating, dense and pore-free coatings, and the coating of substrates with
minimal thermal impact. Additionally, magnetron sputtering enables the depo-
sition of high-purity films, precise control over the coating structure (amorphous
or crystalline), and the capability to tailor the Ca/P ratio. The resulting bond-
ing strength of the coating can exceed 30 MPa, making it well-suited for various
biomaterial applications, particularly in enhancing the biocompatibility and func-

tionality of medical implants [53].

Various dopants including strontium (Sr), silicon (Si), and silver (Ag), have
been found to exert significant effects on the in vitro biological performance of
calcium phosphate coatings (CaPs) [54-56]. In particular, the addition of stron-
tium (at levels ranging from 3% to 7% atomic concentration) in hydroxyapatite

(HA) thin films has shown a pronounced positive impact on HA coatings con-

10
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cerning osteointegration and bone regeneration. When MG63 osteoblast-like cells
were exposed to these Sr-doped HA coatings, notable enhancements in several
key indicators of bone health were observed. This included significantly increased
values for alkaline phosphatase (ALP) activity, osteocalcin, type I collagen, and
the osteoprotegerin related to activation of cytokine receptor ratio [53]. Moreover,
the presence of strontium led to considerable reductions in osteoclast prolifer-
ation, effectively countering undesirable bone resorption processes. The review
paper about the effect of titanium implants with and without Sr-containing also
reported that Sr-modified titanium implants may shorten the healing period, en-
hance osseointegration, and significantly increase bone-implant contact rate (BIC)
[57]. These findings highlight the potential of strontium coatings to promote better

outcomes in terms of bone tissue interactions and regeneration.

1.5 Objective

The goal of this study is to develop surface modification on artificial bone
under various low-pressure plasmas close to room temperature. Calcium phosphate
and polyetheretherketone (PEEK) were used as artificial bone in this study. For
this purpose, we perform both experimental and simulation to understand the

mechanisms and surface reactions during plasma deposition.

This thesis is explained in four main sections. In Chapter 2, we describe the
details of the chemical structure of amine PPs on hydroxyapatite (HA) prepared

from CH4/Ny/He in the bipolar pulsed discharge at 70 and 100 Pa. In Chapter

11



1.5.  Objective

3, we examined the interaction between the amine-containing polymer surfaces
with incident radicals and ions in a simplified plasma polymerization process for
C-based polymers. In Chapter 4, we demonstrate the effects of amine modification
on B-TCP for in vitro cell adhesion, osteogenic differentiation, and in vivo bone
regeneration using a gas mixture of CHy, Ny, and He by low-pressure plasma.
In Chapter 5, we reported the surface modification on PEEK implant through
SrTiO3 deposition using RF magnetron sputtering plasmas. The findings of this
study, which investigated the surface modification of artificial bone under various
low-pressure plasma at room temperature, are presented in the general conclusion

in Chapter 6.
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Chapter 2

Amine Plasma Polymers
Deposited on Porous
Hydroxyapatite Artificial Bone

with Bipolar Pulsed Discharges

2.1 Introduction

Calcium phosphates, such as hydroxyapatite (HA, Caio(POy4)s(OH)s) and f-
tricalcium phosphate (5-TCP, Ca3(PO,),), are widely used as materials for ar-
tificial bones because of their chemical similarity to the mineral components of
human bones. [58-61] Ideal bone grafts require stable ceramic materials with high
biocompatibility, appropriate mechanical properties, high osteoconductivity, and

an interconnected porous structure. [3, 58-63] Because calcium phosphates gener-
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ally lack high biocompatibility, there have been several attempts to modify their
surfaces to improve their biocompatibility and osteoconductivity. For example,
The treatment of artificial bone made of interconnected porous HA with Oy/He
plasma of dielectric barrier discharges increased its hydrophilicity and shortened
the bone growth period in in vivo experiments. [8, 9, 64] The sputter deposition of
a strontium-containing metal[65] can also stimulate bone growth around artificial

bones, as demonstrated for zirconium and titanium alloy implants.[66]

Polymer deposition by plasma-enhanced chemical vapour deposition (PECVD),
i.e., plasma polymerization, has also been used to coat material surfaces with
bioactive thin films containing desired functional groups such as amino and car-
boxyl groups. [28, 47, 67-70] Earlier studies have also shown some positive effects
of amine PPs on biocompatibility and bone regeneration such as improved cell
adhesion, spreading, proliferation, and osteogenic differentiation. [44, 47, 71] Ko-
dama et al. [10] demonstrated in their in vivo study that amine PPs deposited on

interconnected porous S-TCP artificial bone enhanced bone regeneration.

This study aims to discuss details of the chemical and physical properties of
the amine PPs used in Ref. 10. Standard crystalline silicon (Si) and porous HA
were used as substrate materials for plasma polymerization, rather than the -
TCP used in Ref. 10. As expected and discussed later, the same amine PPs are
formed on these substrates, regardless of the substrate material, as long as the
same plasma polymerization method is used. In the in vivo study of Ref. 10, the
amine PP-coated artificial bone samples were sterilized by autoclaving (120 °C for

20 min). Autoclaving can change the chemical nature of the deposited amine PPs,
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which is also discussed in this study. Numerical simulations are used to examine
possible mechanisms of the incorporation of nitriles ( — C=N) into the deposited

films observed in the experiments.

The remainder of this article is organized as follows: Section 2.2 discusses the
materials and methods used in this study. In Sec. 2.3, some general properties of
the depositing plasmas as well as the deposited amine PPs are presented, including
the film stability for up to two months and the effects of sterilization. In Sec. 2.4,
numerical simulations of amine plasma polymerization processes are presented.

Finally, the conclusions are presented in Sec. 2.5.

2.2 Materials and methods

2.2.1 Substrate materials

The calcium-phosphate substrates used in this study were interconnected porous
HA NEOBONE™ samples supplied by Aimedic MMT, Tokyo. The sample was a
2 mm thick disk with a diameter of 5 mm, a porosity of 72-78%, and an average
pore diameter of 150 pm. The pores were nearly spherical and interconnected
through nearly circular holes with an average diameter of 40 pm. The calcium
(Ca), phosphor (P), and oxygen (O) atomic concentration ratios of the samples
were measured with X-ray photoelectron spectroscopy (XPS), as described below,
and found to be Ca:P:O = 31:16:53, which were close to the ideal stoichiometry

of HA of Ca:P:0 = 23.8:14.3:61.9.
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2.2. Materials and methods

Silicon (Si) substrates were also used for film characterization. They were
double-sided polished (111) single crystals, N-type phosphorus-doped, with a re-
sistance of 0.5 Qcm. Before use, samples were cleaned with 99 % ethanol in an

ultrasonic bath for 1 min.

2.2.2 Plasma discharge conditions and optical emission

spectroscopy (OES)

The plasma polymerization system used to deposit amine PPs in this study is
the same as the low-pressure bipolar pulsed discharge system described in Ref. 10,
as shown in Fig. 2.1. The design of the plasma chamber and voltage source was

based on previous plasma studies. [72-74]

The cylindrical vacuum chamber was made of stainless steel with a diameter of
400 mm and a height of 784 mm. The top circular aluminum electrode, 80 mm in
diameter, was grounded, and the bottom circular molybdenum electrode, 190 mm
in diameter, was connected to a high-voltage bipolar pulse generator. The distance
between the two electrodes was 38 mm. The substrates were placed on the bottom
electrode. The positive or negative voltage pulse applied to the bottom electrode
had a width of 1 ps and the voltage was 1.1 kV or —1.1 kV (peak-to-peak voltage
2.2 kV). The positive and negative pulses were applied alternately, with a time
lapse of 100 s between the start of two consecutive positive and negative pulses.
The power, repetition frequency, and duty cycle were typically 15 W, 5 kHz, and

1 %, respectively.
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Prior to discharge, the chamber was evacuated with a turbomolecular pump
at a pressure below 5 x 1072 Pa. The substrates were sputter-cleaned in an Ar
discharge for 10 min at a pressure of 70 Pa sustained by a rotary pump. For the
PP deposition, the discharge was ignited with a CH4, Ny, and He gas mixture at
70 or 100 Pa. The flow rates of CHy, Ny, and He were typically set at 10, 20, and
10 scem, respectively, and the deposition time was typically 30 min unless stated

otherwise.

Optical emission spectroscopy (OES) of the plasma was performed with an OP-
FLAME-T/Ocean Optics spectrometer in the optical wavelength range of 300-700
nm. The resolution was approximately 1 nm for an internal slit width of 5 pm.
The optical emission spectrometer was placed right outside the quartz window and
directly collected part of the optical emission from the plasma passing through the
quartz window. The distance between the quartz window and the center line of

the electrodes was approximately 200 mm.

2.2.3 XPS and chemical derivatization of primary amine

XPS analysis was carried out with a Shimadzu ESCA-850 with a non monochro-
matized Mg-Ka 1253.6 eV X-ray source at Osaka University, Japan, unless other-
wise indicated. The pass energy was 75 eV and the point diameter was 8 mm (90

% uniformity).

The concentration of primary amines (~NHj) on a sample surface was deter-
mined with chemical derivatization, using 4-trifluoromethyl-benzaldehyde (TFBA).

[70, 75, 76] The carbonyl group (C=0) of a TFBA molecule forms an imine bond
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Figure 2.1: Schematic diagram of the bipolar pulsed discharge system used in this study.
It is a parallel plate discharge system and high-voltage bipolar pulses are applied to the
bottom electrode, on which substrates are placed. The top electrode and chamber walls
are grounded. The applied peak-to- peak voltage was 2.2 kV (£1.1 kV) with a repetition
frequency of 5 kHz (i.e., the time lapse between the positive and negative pulses being
100 ps), a pulse duration of 1 ps, and therefore a duty cycle of 1 %. The chamber
was evacuated with a turbomolecular pump (TMP) and a rotary pump. In this study,
plasmas were generated with a CHy, Ns, and He gas mixture at a total pressure of 70
Pa or 100 Pa. The optical emission spectra were measured through a side glass window.

with an NHy group on a polymer surface. The derivatization process started with
a glove box being evacuated with a vacuum pump. It was then filled with Ar
gas at 60 sccm for about one hour. Subsequently, 1 ml of TFBA was added to
50 ml of glass beads in a glass vial. This process was carried out separately for
both untreated samples and PP-coated samples inside the glove box. The reaction
between TFBA vapour and the samples occurred in an Ar atmosphere at room
temperature (25 °C) for four hours inside the glove box. Assuming all primary

amino groups on the sample surface were bonded with TFBA molecules and non-
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bonded TFBA did not remain on the sample surface, we determined the surface
concentration of —CF3 groups of TFBA, using ESCA-850 XPS, to estimate the

concentration of primary amino groups on the sample surface as [77-79]

[NH,] = (2.1)

where [C] and [F] denote the concentrations (i.e., number densities) of C and

fluorine (F') atoms determined by XPS.

2.2.4 Film thickness measurements

The thickness of a deposited PP film was measured on a Si substrate. Before
the film deposition, a rectangular stainless-steel plate (10 mm x 3 mm) with a
thickness of 1 mm was placed on each substrate as a mask. After the film deposition
on the masked sample, the mask was removed, and the step profile of the deposited
film was measured across both coated and uncoated areas of the substrate using a
stylus profilometer (Dektak-XT Bruker). Typically, five measurements at different

locations were conducted on each sample.

2.2.5 Sterilization of PP-coated materials

Sterilization of artificial bone is an essential step before bone graft surgery.
For a better understanding of how a sterilization process affects the functionality
of deposited PPs, surface analyses of deposited PPs were performed also after
sterilization. This study used standard sterilization methods for ethylene oxide

gas (EOG) and autoclave. For autoclave sterilization, the samples were placed in
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an autoclave and heated at a high temperature (120 °C) for 20 min. whereas for

EOG, the samples were exposed to ethylene oxide gas for 24 hours.

2.2.6 MD simulation of film growth

2 NH, 8 CH, 2 C=N
0% o2, *)

) e

Repeat the cycle

Figure 2.2: Schematic description of radical and ion irradiation steps in MD simulations
of this study. Each image represents a single irradiation step with the number of inci-
dent radical or ion species indicated above the image, showing a side view of a C film
model with grey, blue, and white spheres representing C, N, and hydrogen (H) atoms,
respectively.

The film deposition processes were examined with MD simulations under sim-
plified conditions, as in the study of Ref. 80. More specifically, in this study, the

incident radical and ion fluxes were assumed to be NHy, CH,, CN, and CH, " with

flux ratios of NHy:CHy:CN:CH,™ = 2:8:2:1 at a surface temperature of 300 K.

We by no means intend to imply that these are typical incident radical and ion
flux ratios in our experiments. Because we cannot measure the incident radical
and ion fluxes of our experimental system, it is difficult to estimate how close or far
off these flux ratios are to or from the actual radical and ion fluxes. We used the
flux ratios above for the following reasons: Earlier studies indicate that CHy and

CHj; are dominant radical species containing C atoms in typical hydrocarbon plas-
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mas [81-84] and NH and NH; are dominant radical species containing N atoms in
typical nitrogen/hydrogen plasma [85]. Here we select NH, and CH, as represen-
tative species, as in the earlier MD simulation study of Ref. 80, because CHy has
a higher sticking probability than CHjz (due to their numbers of dangling bonds)
and the maximum possible formation of primary amines (—NHy) was sought for in
the earlier study. As to ion species, because C-containing radicals are likely to be
more dominant than N-containing radicals, we select CHy", which has the same
chemical composition as the CH, radical species we selected for this study, so as
not to introduce additional complications. The flux ratios of radicals and ions
were selected such that, in the absence of CN radicals, the atomic concentration
ratio of N to C atoms of the deposited film in the simulation became similar to the
experimentally obtained value. Because the radical-to-ion flux ratio is typically
high, we selected the ratio NHy:CHy:CHy™ = 2:8:1. With these ratios, as shown in
Fig. 6 of Ref. 80, the N-to-C ratio of deposited film in simulation is about 15 %,
which is close to the experimentally observed value of 18 %, as will be discussed

in Subsec. 2.3.2.

As we shall discuss in Sec. 2.4, the goal of the MD simulation study is to clarify
the formation mechanisms of nitriles (—-C=N) in the amine PPs when CN radicals
exist in the depositing plasma. Therefore, we use a (possibly unrealistically) large
CN radical flux to augment the formation of nitriles for easier observation. In this
way, we selected the flux ratios of NHy:CHy:CN: CH,™ = 2:8:2:1 essentially for

consistency and simplicity.

A C film model with a surface area of 2.14 x 2.14 nm? was used as a substrate
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material. A diamond structure of C atoms was used for simplicity, but a sufficiently
dense amorphous C film model would result in essentially the same results for
polymer deposition. The C atoms in the two atomic layers at the bottom were
fixed in position to prevent the downward drift of the film model during simulation
due to the momentum transfer from incident species. Periodic boundary conditions
were applied in the horizontal directions such that the top surface represented an

infinitely wide surface region.

The deposition process was approximated by cyclic deposition of incident species
in the following manner: Each deposition cycle consisted of 4 irradiation steps, as
shown in Fig. 2.2. In the first irradiation step, two NHy radicals were injected
into the top surface of the material at randomly selected surface locations with
predetermined incident kinetic energies. In the second, third, and fourth irradi-
ation steps, 8 CH, radicals, 2 CN radicals, and a single CH,™ ion were injected,

respectively, in a similar manner.

For simplicity, the angle of incidence for each incident species was set to be
normal to the initial C substrate surface (even if the deposited polymer surface
became rough). The incident species were released slightly above the top material
surface in each irradiation step. The kinetic energy of each charge-neutral radical
species was assumed to be 0.2 eV. The energy of 0.2 eV, which is higher than the
thermal energy at room temperature but lower than typical bond energies, was
selected because it reduces the simulation time by speeding up the motion of slow
species without much affecting the properties of deposited films. The ion energy

was varied from 0.2 to 100 eV.

22



2.3. Results and discussions

In each irradiation step, the MD simulation was performed under the constant-
total-energy (i.e., microcanonical or NVE ensemble) condition for an initial dura-
tion of 700 fs. It was then followed by a cooling process for 1,300 fs, with a 1,200 fs
Langevin thermostat [86] and a 100 fs Berendsen thermostat. [87] The cooling pro-
cess was designed to reduce the material temperature gradually to 300 K before the
next irradiation step started. Thus the total duration of each irradiation step was
2.0 ps. The interatomic-potential and force field models for C, N, and H systems
used in this study were essentially the same as those used in the earlier studies of
Refs. 80, 88-91. For further information on the MD simulation method, the reader

is referred to Ref. 80.

2.3 Results and discussions

2.3.1 Optimization of plasma polymerization conditions

The film growth was optimized with Si substrates under various deposition
times, Ny gas flow rates, and gas pressures. Figure 2.3 shows the deposition rate
and N content in the deposited films as functions of the N, flow rate at a total
gas pressure of 100 Pa. It is seen that the deposition rate decreases as the Ny flow
rate increases. This is because the relative amount of C in the gas phase, which
is the main polymer-forming species, decreases as more Ny gas is introduced to
the discharge chamber with a fixed total pressure. The N content in the deposited
film increases with the Ny flow rate. Although not shown here, the films contained

a small amount of O (4-6 % of the total atomic concentrations of C, N, and O),
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Figure 2.3: Deposition rate and N content of amine PP films deposited on Si as functions
of the Ng gas flow rate at 100 Pa. The gas flow rates of CHy and He were both 10
sccm. The deposition time was 30 min. The N content is defined by [N]/([C]4[N]+[O])
evaluated from XPS. The other process conditions were the same as those presented in
Subsec. 2.2.2.

which did not correlate with the Ny flow rate.

Taking into account other practical factors such as discharge stability, we per-
formed the polymerization in this study mostly with CH4, N5, and He flow rates
of 10, 20, and 10 sccm, respectively, and a deposition time of 30 min at a total
pressure of 70 Pa (rather than 100 Pa of Fig. 2.3.) The other process conditions
were the same as those presented in Subsec. 2.2.2. Under these conditions, the
deposition rate and N content were 0.940.1 nm/min, which made the thickness of
the deposited film around 30 nm for 30 min deposition. In the rest of the paper,

these polymerization conditions are used unless indicated otherwise.
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2.3.2 Amine PP deposition on porous HA

With the polymerization conditions discussed above, PP films were deposited
on both Si and porous HA substrates. Figure 2.4 shows the relative atomic com-
positions of Ca, P, C, O, and N on untreated porous HA surfaces and deposited
PP films on HA and Si substrates. The number n in the figure indicates the num-
ber of substrate samples used for the measurements and the error bars represent
their standard deviations. A single measurement was made near the centre of each

sample disk surface (facing the plasma in the case of plasma-treated samples).

As expected, the same PPs were deposited on both Si and porous HA samples.
No Ca or P was observed from the PPs on HA samples, indicating that the films
were thick enough and completely covered the HA substrates. It also indicates that
the observed O signals of amine PP-coated HA samples came from the deposited
PP films, not HA, and therefore are of O impurities. As seen in Fig. 2.4, the

N-to-C concentration ratio of amine PPs was about 18 %.

For porous HA substrates, amine PPs were also deposited on the inner pore
surfaces. Such amine PPs facilitate bone formation inside the pores of artificial
bones. [10] The cross-section of a PP-coated porous HA disk was analyzed with
high-resolution XPS with an Axis Supra (Kratos Analytical) spectrometer at the
Central European Institute of Technology (CEITEC), Brno, Czech Republic, in
the following manner: An amine PP-coated HA disk was cut along the central
axis in half to form two semicircular disks along the central axis of one of the

semicircular disks. During the deposition process, one flat surface of the HA
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Figure 2.4: Atomic compositions of the porous HA substrate surfaces prior to film
deposition and amine PP films deposited on the HA and Si substrate surfaces obtained
by XPS (and, therefore, the H concentrations are not shown here). No N was observed
on the HA substrate prior to the film deposition. No Ca, P, or Si was observed after
the film deposition. The films were deposited at 70 Pa for 30 min. The flow rates of
CH,4, No, and He were 10, 20, and 10 sccm, respectively. The number n represents the
number of measured samples. The measurements of amine PPs were made one day after
the film deposition.

disk faced the plasma while the other was in contact with the powered electrode
surface. For reference, a XPS measurement was also made on a single spot of the

plasma-facing surface of each semicircular disk.

The relative atomic concentrations along the central axis of an amine PP-
coated porous HA disk are presented in Fig. 2.5. On the left-most side (in the
shaded area), the atomic concentrations on the disk’s top surface are presented.
The horizontal axis represents the position along the central axis of the HA disk
measured from the plasma-facing surface. It is seen that the chemical compositions
gradually change towards nearly constant “bulk” values in the depth larger than

approximately 400 pm. The variations of such bulk values (especially those of C
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Figure 2.5: Atomic compositions from the cross-sectional analysis of the amine PP-
coated porous HA disk (2 mm thick) obtained with high-resolution XPS. The X-ray
spot diameter was 110 pm. The amine PP-coated HA disk was cut in half through
its centre, and XPS measurements were taken along the centre axis. The first cross-
sectional measurement point close to the coated HA top surface is marked 0 pm. The
atomic concentrations measured on two different locations of the plasma-exposed HA top
surface of the same HA disk (before the cross-section analysis) are plotted for reference
in the shaded area below 0 pm. The error bars indicate the standard deviation obtained
from Monte Carlo simulations for peak fit in CasaXPS software for a single-point narrow-
scan XPS measurement for each data point. [92] The deposition pressure was 70 Pa and
other deposition conditions are found in Subsec. 2.2.2.

and N) are most likely due to the randomness of the pore sizes and their positions.
It should be noted that when the porous HA disk was cut in half, both HA materials
and some inner pore surfaces were exposed on the cross-section. The relatively high
concentrations of Ca and P in the bulk region of Fig. 2.5 originate from the newly
exposed HA surfaces on the disk cross section. Nevertheless, non-negligible N
signals are seen in a considerable material depth, indicating amine PP deposition
on inner pore surfaces. The C concentration was also much higher than that of

the untreated HA surface shown in Fig. 2.4. Deep penetration of the deposition
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precursors was also observed for a porous S-TCP substrate coated with the same

PP film [10].
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Figure 2.6: Relative concentrations of (a) C, (b) O, and (c) N atoms on amine PP film
surfaces were measured 1, 2, 7, 30, and 65 days after the deposition with XPS. The
samples denoted as “autoclave” and “EOG” were sterilized in an autoclave (120 °C for
20 min) and EOG (with a 24-hour exposure) one day after the film deposition, but
their chemical composition measurements by XPS were performed 9 days after the film
deposition. The films were deposited on interconnected porous HA disk samples with
CH4, Ny and He, flow rates of 10, 20, and 10 sccm, respectively, a gas pressure of 70 Pa,
and a deposition time of 30 min. The error bars were calculated based on data obtained
from 9 different amine PP-coated samples for the measurement denoted as “day 1”7 and
3 different samples for the other measurements.
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Figure 2.7: Relative concentrations of primary amine groups —NHs, defined as
[NHg]/([C]4[N]+[O]), of the amine PP films deposited on porous HA samples, as a
function of time after the film deposition. The chemical derivatization to determine the
primary amine concentration was completed two days (day 2), 7 days (day 7), etc., after
the film deposition, as indicated along the horizontal axis. The samples denoted as “au-
toclave” and “EOG” were sterilized in an autoclave (120 °C for 20 min) and EOG (with
a 24-hour exposure) one day after the deposition and their derivatization was completed
16 days after the deposition. The error bars were calculated based on data obtained from
2 different samples for the measurement denoted as “day 7” and 3 different samples for
the other measurements, except for “day 2” where data from a single sample is plotted.

2.3.3 Film stability

Figure 2.6 shows the changes in chemical compositions of amine PP films over
about two months after the film deposition. After the film deposition, the samples
were placed in sealed plastic bags to avoid dust and kept in a desiccator (with
desiccants) without vacuum. The XPS measurements were performed one day
(day 1), two days (day 2), etc., after the film deposition, as indicated along the
horizontal axes of the figure. Some samples were sterilized in the autoclave or with
EOG one day after the deposition, and their chemical compositions were measured

by XPS 9 days after the film deposition, as indicated by ”Autoclave” and "EOG”
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Figure 2.8: Ratio of the primary amine NHy concentrations to C and N atom concen-
trations on the amine PP films deposited on porous HA samples, obtained from the
derivatization method as functions of time after the film deposition. The empty square
and circle denote the values for the samples sterilized by autoclaving one day after the
film deposition. The deposition conditions and the definition of error bars are the same
as those of Fig. 2.7.

in Fig. 2.6. The chemical compositions hardly changed over two months after the
film deposition. (The O content is relatively small and, therefore, subject to larger
variations, compared to relatively small variations in the C content.) It is seen
that the sterilization also hardly affected the chemical compositions of amine PP

films.

Figure 2.7 shows the relative concentrations of primary amines (—NHs) normal-
ized by the sum of the C, O, and N atomic concentrations, i.e., [NHy]/([N]+[C]+[O]),
evaluated with the chemical derivatization described in Subsec. 2.2.3. The deriva-
tization was completed two days (day 2), 7 days (day 7), etc. after the film
deposition, as indicated along the horizontal axis. It is seen that the relative

concentration of —NHy did not change much for the first week but went down
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significantly over one month and reached a steady value. Other earlier studies also
indicated that PPs containing amine groups are susceptible to oxidation in air,

resulting in the formation of amides and other functional groups. [35, 93-95]

Some samples were sterilized in the autoclave or with EOG one day after the
film deposition and their relative concentrations of primary amines were evalu-
ated 16 days after the film deposition, as indicated by ”Autoclave” and "EOG” in
Fig.2.7. The figure suggests that the sterilization processes reduced the primary
amine concentrations significantly because the loss of the primary amine by air
exposure over 16 days seems much less than that caused by the sterilization. The
relative concentrations of primary amines normalized by the C and N concentra-
tions, i.e., [NHy|/[C] and [NH;]|/[N] are also plotted as a function of time after the
film deposition in Fig. 2.8. It is seen that approximately 20 % of N atoms of the
deposited film formed primary amines immediately after the plasma polymeriza-
tion process. However, this value dropped to approximately 5 % over one month if
the sample was exposed to ambient air. Similarly, after the autoclave sterilization,

approximately 5 % of the total N atoms form primary amines.

The earlier in vivo study by Kodama et al., [10] reported enhanced bone growth
on amine PP-coated porous S-TCP artificial bone after autoclave sterilization.
Figure 2.7 suggests that the primary amine concentration of their artificial bone
surfaces was also reduced by sterilization. However, it has not been clear how much
primary amine is needed for bone growth enhancement as the secondary amine
may also contribute to bone growth. Therefore, the primary amine concentration

in itself may not be a major concern for bone regeneration applications.
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Figure 2.9: Optical emission spectra of a bipolar pulsed discharge of a CHy, Ns, and
He gas mixture with flow rates of 10, 20, and 10 sccm, respectively, at 70 Pa recorded
during plasma polymerization. Other discharge conditions are found in Subsec. 2.2.2.

2.4 MD simulation on the possible formation of
nitriles

Figure 2.9 shows the optical emission spectra observed during the plasma poly-
merization process. The observed strong peaks are those for No™, Ny, CN, He and
H,. The OES peaks of Ny were observed in the wavelength range from 300 to
400 nm. [96] The spectra of Ny exhibit two strong peaks at 391.4 and 427.8 nm.
[97, 98] The CN peaks were observed at 388.3 nm, sufficiently close to the peak
of Ny at around 359 nm. [96-98] Because the resolution of our OES measurement
is not sufficiently high and detailed peak separation is not possible, some signals

may originate from CN radicals.
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Figure 2.10: Atomic compositions of the deposited films obtained from the MD simula-
tions with different kinetic energies (0.2, 10, 50, and 100 V) of the incident CHy ™ ions.
(a) Depth profiles of atomic concentrations of H (black), C (red), and N (blue). The
corresponding ion energy is given above each set of the profiles. (b) The relative atomic

concentrations of H, C, and N atoms averaged over the deposited films as functions of
the CHy™ ion energy.
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2.4. MD simulation on the possible formation of nitriles

Although we did not systematically monitor the OES data in this study, some
CN radicals are likely to be present in the plasma, as discussed above. If there are
some gas-phase CN radicals, they may be incorporated directly into the deposited
PPs. When CN radicals interact with a polymer surface with abundant dangling
bonds and H atoms, however, they are likely to lose some of their unsaturated
bonds by forming new bonds with surface atoms. In general, it is difficult to
evaluate the nitrile concentration in deposited polymers quantitatively. Fourier
transform infrared (FT-IR) spectroscopy can detect the presence of nitriles in
polymer films but typically cannot determine their concentration. In this study,
we use MD simulations to examine how likely the incident gas-phase CN radicals
can be converted to a nitrile (or retain its triple bond) when it is incorporated into

the deposited film.

Following the earlier study of Ref. 80, we performed MD simulations of polymer
deposition by amino and hydrocarbon radicals and ions together with CN radicals.
More specifically, NH,, CH,, and CN radicals and CH,' ions were deposited,
as schematically described in Fig. 2.2. The properties of the virtually deposited
polymer films obtained from MD simulations under the same simulation conditions
without CN radicals are found in Ref. 80. As discussed in Subsec. 2.2.6, the
intention is not to reproduce the experimental deposition conditions with this
simulation study. Indeed the deposited films produced by MD simulations of
this study have higher N concentrations than those of the experimentally obtained
films because additional CN radicals are supplied to the surface in the simulations.
Instead, the purpose of the simulation is to examine how many incident CN radicals

keep their triple bonds under such simple deposition conditions.
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Figure 2.11: Concentrations of single, double, and triple bonds connecting C and N
atoms in the deposited films obtained from the MD simulations with different kinetic
energies (0.2, 10, 50, and 100 eV) of the incident CHy " ions. The concentrations of other
bonds are not shown here. (a) Depth profiles of C—N (blue), C=N (green), and C=N
(red) bond concentrations. The corresponding ion energy is given above each set of the
profiles. (b) Relative concentrations of C—N, C=N, and C=N bonds normalized by the
C atomic concentration averaged over the deposited films as functions of the CHs™ ion
energy.
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2.4. MD simulation on the possible formation of nitriles

Figure 2.10(a) shows the depth profiles of H, C, and N atomic concentrations
in the deposited films, obtained from MD simulations. The vertical axis repre-
sents the depth (or height if the value is positive) of the film measured from the
initial position of the substrate’s top surface. The corresponding deposited film
morphologies obtained from MD simulations are depicted in Fig. S1 of the Sup-
plementary Information. Magnified images of one of the simulated amine PPs are

also given in Fig. S2.

As the ion incident energy increases, the thickness of the film decreases. The
concentrations of all atomic species averaged over the deposited films are given in
Figure 2.10(b), which reveals that the amount of H decreases with increasing ion
energy, as in the simulation results of Ref. 80. The cocentration ratio of N to C
atoms in the deposited films is about 0.37 when the incident ion energy is close to
0, which reflects the fact that the incident flux ratio of N to C atoms is 4:11 (as

shown in Fig. 2.2). The N-to-C ratio decreases with the increasing ion energy.

Figure 2.11(a) shows the depth profiles of the concentrations of C-N, C=N;,
and C=N bonds in the deposited films. The concentration profiles of other bonds
are not shown here for simplicity (but are given in Fig. S3 of the Supplementary
Information). In Figure 2.11(b), the relative concentrations of C—N, C=N, and
C=N bonds normalized by the C atomic concentration averaged over the deposited
films are presented as functions of the CH,™ ion incident energy. If all incident
CN radicals retained their triple bonds in the deposited film, the ratio [C=N]/[C]
would be about 0.18, based on the flux ratios. However, the simulation shows that,

even when the ion incident energy is low, this ratio is about 0.02, indicating that
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2.5. Conclusions

only approximately 10 % of the incident CN radicals form nitriles in the deposited
film.

In our polymerization experiments, the plasma-off time was much longer than
the plasma-on time (with a duty cycle of 1 %). Therefore, CN radicals were likely
to be formed in the recombining plasma. Furthermore, because of this low duty
cycle, the effects of ion impact were overall minimal even if the applied voltage
was high. This corresponds to the case of extremely low ion energy in our MD

simulations.

As the ion energy increases, the surface atoms are mixed with other atoms in
an increasingly wide and deep subsurface region by the ion impacts. This mixing
of atoms increases the probability of incident CN radicals’ reacting with other
atoms and, therefore, breaking their triple bonds. The direct impact of energetic

ions with nitriles on the surface can also break and eliminate their triple bonds.

2.5 Conclusions

Plasma polymerization with amine groups was performed on the surfaces of Si
and porous HA, a model material for artificial bone. A gas mixture of CHy, N,
and He with flow rates of 10, 20, and 10 sccm, respectively, was used to deposit
amine-containing polymers by PECVD with bipolar pulsed discharges. Under the
typical experimental conditions used in this study, the plasma system generated
high-voltage (+1.1kV) low- frequency (5kHz) bipolar pulsed discharges with a

pulse duration of 1pus and a duty cycle of 1 % at a total pressure of 70 Pa. It was
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found that N-containing polymers, referred to as amine PPs, were formed on the
sample surfaces. The chemical derivatization method revealed that approximately
20 % of deposited N atoms formed the primary amine —NH, when they were

deposited.

When the sample was exposed to ambient air in a sealed desiccator without
vacuum for an extended period, the chemical compositions of the amine PPs hardly
changed for up to two months. However, the atomic concentration ratio of pri-
mary amine groups to N atoms, i.e., [NHs]/[N], was reduced to approximately 5
% one month after the film deposition. Sterilization of amine PP-coated samples
in an autoclave or by EOG was also found to reduce the [NH,]/[N] ratio to ap-
proximately 5 %. On the other hand, the earlier in vivo study by Kodama et al.
[10] showed that porous S-TCP artificial bone coated with amine PPs by the same
PECVD enhanced bone regeneration after sterilization by autoclaving. Although
the presence of amines enhances bone regeneration, it is not clear whether the pres-
ence of the primary amine is especially effective in facilitating bone regeneration;

the presence of the secondary amine may also contribute to bone growth.

Because deposition precursors with low sticking probabilities can penetrate
the inner pores of the porous HA samples, amine PPs were also formed on the
surfaces of the inner pores although the amount of deposited polymer was much
less than that on the outer surfaces. These results are consistent with the earlier
observations for porous S-TCP artificial bone samples with the same plasma poly-
merization. [10] The amine PPs deposited on the inner pore surfaces facilitate bone

growth inside the pores of the porous artificial bone, as demonstrated in Ref. 10.
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OES of the high-voltage bipolar pulsed discharges used for the plasma poly-
merization of this study suggested the possible presence of gas-phase CN radicals.
Because the pulsed discharges had a low duty cycle (1 %) in this study, the recom-
bining plasma was likely to allow the formation of CN radicals in the gas phase
while ion impact had a minimal effect on the depositing film surface. The MD
simulations of idealized deposition processes showed that, among all incident CN
radicals from the gas phase, approximately 10 % of such CN radicals formed ni-
triles or retained their triple bonds C=N in the deposited film if the ion impact
effect is negligibly small. However, it was also found that energetic ion impacts

significantly reduced the nitrile content in the deposited film.
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Chapter 3

Molecular dynamics simulation of
amine formation in PECVD with

hydrocarbon and amino radicals

3.1 Introduction

Low-temperature plasmas have been widely used for material surface process
applications [22, 99-107]. Among various processes using such plasmas, plasma-
enhanced chemical vapor deposition (PECVD) is widely used for the deposition
of carbon (C) based polymers. [24, 108, 109], which is also called plasma poly-
merization. PECVD processes often have an advantage over ordinary chemical
vapor deposition (CVD) processes without plasmas because PECVD can be per-
formed at a relatively low surface temperature. This is because, in PECVD), sur-

face reactions are typically initiated by highly reactive free radical species gen-
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3.1. Introduction

erated in the plasma, rather than thermal reactions. Various plasmas generated
by different techniques such as direct current (DC) [110], radio frequency (RF)
[35-37, 70, 111, 112], microwave [32], and high-voltage pulse[10, 72, 74, 113, 114]

plasmas have been used for plasma polymerization.

A recent study [10] used PECVD processes successfully deposited amine-containing
polymers on the surfaces of artificial bones made of interconnected porous beta-
tricalcium phosphate (8-TCP). The porosity of the artificial bone material was 72
~ 78% with an average pore diameter of 150 um and an average diameter of inter-
connected passages of 40 um. Amines (i.e., amino groups) are functional groups
having a form of —NH, (primary amine) or —(NH)— (secondary amine) with N
being bonded with non-hydrogen atoms, typically C atoms in C-based polymers.
Amines are known to have strong biological effects. For example, the presence of
amines on a material surface increases its hydrophilicity and biocompatibility and
promotes cell adhesion, immobilization of certain types of proteins, and accumu-
lation of fibroblasts on its surface. [3, 24, 37, 44, 61, 70, 115-119]. The study of
Ref. [10] has found that the presence of amines on artificial bone surfaces promotes

bone regeneration.

It was also found in Ref. [10]that amine-containing polymers were formed even
on the inner surfaces of interconnected pores of the artificial bone. Therefore
plasma-treated interconnected porous S-TCP artificial bones enhanced the bone
cell growth not only on their outer surfaces but also within their pores. The use
of PECVD for polymerization allows precursor radicals to be transported deep

into interconnected pores. Earlier studies of plasma-treated artificial bones with

42



3.1. Introduction

oxygen (O) containing plasmas [120-122] also showed that the plasma treatment
enhanced the bone cell growth but the surface stability and their effectiveness for

bone growth in vivo were rather limited.

In Ref. [10], plasma-polymerization was performed with bipolar high-voltage
pulsed discharges [72, 74, 113] with a maximum applied voltage of £1.1 kV. The
pulse duration was 1 us at 5 kHz, with a duty cycle of 1 % and a gas pressure of
70 Pa. The discharge gases were CHy, Ny, and He with flow rates of 10, 20, and
10 scem, respectively. Because the applied high-voltage pulses were generated by
an inverter power supply, the plasma generated in the plasma system was called
inverter plasma. Although the applied voltage is high, the duty cycle was small
and, therefore, the surface temperature of the deposited film was considered to
remain close to room temperature. The plasma simulation results (based on an
Ar discharge model) of Ref. [74] shows that the average ion kinetic energy is as
low as 1 eV during a large part of the discharge except for the short pulse period,

where the average ion kinetic energy can rise to about 100 V.

The nature of CH, /N,y /He-based plasmas of Ref. [10] may be different quantita-
tively from such Ar discharges generated under the same pulsed voltage conditions.
However, we expect that ion energy distributions and their time dependence of
CH,4/Ny/He-based plasmas used in the experiments of Ref. [10] are qualitatively
similar to those in the simulations and the ions that dominantly affect the de-

posited film properties are those with kinetic energies up to 100 eV or so.

The amount of primary amine formed in the deposited polymer in the experi-

ments of Ref. [10] was found to be relatively small; the ratio of the primary amine
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concentration (i.e., number density), which we denote [NH;], to the atomic nitro-
gen concentration [N], i.e., [NHy]/[N], was about 8%. Other earlier polymerization
studies with co-deposition of amino groups also show that the amine content in
C-based polymers takes similar values.[76, 123-127] Then the question arises as
to whether we can increase the amount of amine, especially primary amine, by

adjusting plasma conditions, without compromising the film stability.

The goal of this study is to answer this question, at least partially, by examin-
ing the interaction between the amine-containing polymer surfaces with incident
radicals and ions under simplified plasma polymerization process conditions. More
specifically we ask the following question; if all incident nitrogen-containing species
arrive at the surface in the form of amino radicals NHy in a polymer deposition
process, will they remain mostly as NHy in the film, i.e., as primary amine, in
the deposited film? If the answer is yes, the way to increase the primary amine
content in the plasma polymerization process would be to find the discharge con-
ditions that would maximize the concentrations of NH, radicals in the gas phase.

If the answer is no, we must clarify the reason for it.

To perform this study, we use molecular dynamics (MD) simulations. [128, 129]
MD simulations, where the equations of motion for individual atoms are integrated,
have been used to study plasma-surface interactions at the atomic scale, [130] in-
cluding deposition processes of various materials[91, 131-135] and plasma-polymer
interactions. [88-90, 136, 137]. In this study, we irradiate C substrates with NHa,
hydrocarbon, and hydrogen (H) radicals as well as ions, and examine how amine-

containing polymers are deposited. As in Ref. [10], the PECVD system that we
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consider in this study is a bipolar high-voltage pulsed discharge (i.e., inverter
plasma) system, as mentioned above, and therefore the deposition is assumed to

take place at room temperature.

The rest of this article is organized in the following manner: In Sec. 3.2, we
discuss the MD simulation method used in this study. The simulation results are

presented and discussed in Sec. 3.3. The conclusions are given in the final section.

3.2 MD simulation

PECVD processes to deposit amine-containing polymers are modeled with MD
simulation. In MD simulation, the motions of all atomic species are determined by
the solutions of Newton’s equations.[128, 129] The interatomic potential models
for the system consisting of C, N, and H atoms (i.e., C/N/H system) used in
this study are the same as those used in previous studies of Refs. [88-90, 135-138],
which are based on Stillinger-Weber potentials[139-142] that represent multi-body
interactions for covalent bonds among various atomic species. The bond energies

used in our simulation are summarised in the Supplementary Material.

As in earlier MD studies for film deposition and etching of material surfaces, we
use a small substrate irradiated by ions and charge-neutral species emitted from a
plasma. Fig. 3.1 shows the C substrate model used in the study. Periodic bound-
ary conditions are applied in the horizontal directions such that the top surface
represents an infinitely large substrate surface. We used a diamond structure of C

atoms for this substrate for simplicity, but a sufficiently dense amorphous carbon
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1.78 nm

Figure 3.1: 3D rendering of the C substrate model used in our MD simulation. Each
gray sphere represents a carbon atom. In each simulation, the substrate is initially in
thermal equilibrium at 300 K.

Table 3.1: 5 different simulation conditions. Case I is the base case, which we examine
in detail in this study. Cases II ~ V represent different ways of providing additional H
atoms to the system. The second row “Radical species” indicates the number of radical
species supplied to the surface in a single ion injection cycle, as shown in Fig. 3.3. The
third row indicates the total number of H atoms supplied to the surface in a single ion
injection cycle. The kinetic energy of each ion was varied from 0.2 eV to 100 eV. The
kinetic energy of each radical species was set at 0.2 eV. The substrate temperature was
set at 300 K.

Simulation conditions (Cases)

1 11 111 v \Y
Ton species CH,™ CH3™ CH3™ CH,™ CH3™
Radical species 2 NH2:8 CH2 2 NH2:8 CH2 2 NHQZS CH3 2 NH218 CH2:10 H2 NH2:8 CH3:10 H
H atoms 22 23 31 32 41

substrate model would result in essentially the same results for film deposition.
The C atoms in a thin bottom layer (more specifically, the 2 atomic layers at
the bottom of the crystalline structures shown in Fig. 3.1) are fixed in position to
prevent the downward drift of the substrate while it is subject to the momentum

transfer from incident species.

As in earlier MD studies for film deposition and etching of material surfaces, we
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Figure 3.2: Flowchart of MD simulation of this study.

use a small substrate irradiated by ions and charge-neutral species emitted from a
plasma. Fig. 3.1 shows the C substrate model used in the study. Periodic bound-
ary conditions are applied in the horizontal directions such that the top surface
represents an infinitely large substrate surface. We used a diamond structure of C
atoms for this substrate for simplicity, but a sufficiently dense amorphous carbon
substrate model would result in essentially the same results for film deposition.

The C atoms in a thin bottom layer (more specifically, the 2 atomic layers at
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Figure 3.3: The way radicals and ions are injected in each ion injection cycle of MD
simulation in this study. (a) First two NHsy radicals are injected simultaneously, and
then 8 CH, radicals are injected simultaneously, and (b) in some cases, 10 H radicals are
injected simultaneously, all at random horizontal positions. Then a single ion CH,™ is
injected at a random horizontal position. The angle of incidence for all species is normal
to the substrate surface. The injections of different species are performed sequentially
within a relatively short period. (x, y = 2 or 3).

the bottom of the crystalline structures shown in Fig. 3.1) are fixed in position to
prevent the downward drift of the substrate while it is subject to the momentum

transfer from incident species.

The substrate was set in thermal equilibrium at 300 K prior to deposition
simulation. This is because, as we discussed earlier, the PECVD system that
we consider here is a bipolar high-voltage pulsed discharge (i.e., inverter plasma)
system. In this system, the duty cycle is sufficiently small and the temperature of

the deposited film is considered to remain near room temperature.
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Under typical PECVD process conditions, a surface of a small area of 2.14x2.14
nm? shown in Fig. 3.1) hardly receive two ions or radicals nearly simultaneously
because the ion or radical flux is sufficiently small. Therefore, as in earlier MD
studies of plasma-surface interactions, we model the deposition process with a se-
ries of ion or radical injection cycles, in each of which an ion or a charge-neutral
species may be injected into the surface. In this study, in each injection cycle,
during the first 700 fs, the MD simulation was performed under the constant
total-energy (i.e., microcanonical or NVE) conditions, followed by the cooling pro-
cess for 1,300 fs, bringing down the material temperature to 300K. At the end
of each injection cycle, we assume all floating atoms (which are considered to be
sputtered or reflected) above the material surface, assuming they will eventually
return to the gas-phase plasma. In this way, the total injection cycle time was
2 picoseconds. The cooling process consists of 1.2 picoseconds Langevin thermo-
stat [86] and 0.1 picoseconds Berendsen thermostat [87]. The horizontal position
of each ion impact is selected randomly and each ion is emitted from slightly above

the top material surface.

Although two or more radicals are unlikely to arrive in the small area of the
model substrate of Fig. 3.1), when we irradiate the surface with charge-neutral
species, we typically inject multiple radicals or atoms simultaneously at random
positions sufficiently far apart in a single injection cycle to make the simulation
more efficient. This is because low-energy species separated sufficiently from one
another hardly interact among themselves and their kinetic energies are too low to
heat the surface significantly. When we irradiate the surface with ions, we typically

inject a single ion in a single injection cycle. The general MD simulation flowchart
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is illustrated in Fig. 3.2

The model substrate was set thick enough for our deposition process, but if any
of the incident or recoiled species passes through the bottom layer in an injection
cycle of incident species, the simulation automatically abandons the injection cycle,
adds several new layers of the substrate from the bottom, and restarts the injection
cycle. In this way, we ensure that the substrate is always sufficiently thick to keep

all incident species on it or in its inside.

As discussed earlier, the goal of this study is to search PECVD conditions
that maximize the primary amine content in the deposited polymer films when
plasmas are generated with a gas mixture of CHy, Ny, and He. Assuming He
contributes only to generating plasmas and hardly affects surface reactions, we only
consider gas-phase species generated from CH4 and N, as deposition precursors.
(He metastable species can provide sufficient energy to surface reactions, but we

ignore such effects in this study for simplicity.)

Earlier studies [81-84] indicate that CHy and CHj are dominant radical species
in typical hydrocarbon plasmas and they have different sticking probabilities on

the depositing film surface.

In this study, therefore, as one of the simplest possible cases, we only consider
CH,, CH3, NH,, and possibly H radicals as incident radicals. As to ion impact, one
of the most important effects of energetic ion incidence is the momentum transfer
to the deposited film. Therefore, in this study, we only consider relatively heavy

hydrocarbon ions such as CH,"™ or CH3'. As to the supply of N atoms to the
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deposited species, we only supply them in the form of NHy radicals, such that the
process may produce films with the largest content of primary amines if the incident
NH; radicals remain on the surface as they are just by bonding with surface C
atoms without losing their H atoms. The experimental observation of Ref. [10]
showed that the concentration ratio of N atoms to the sum of C and N atoms, i.e.,
[N]/[C+N], of the deposited films was about 12%. In the simulations, we use the
number ratio of incident C and N atoms 9:2, with which we have confirmed that
the values of [N]/[C+N] of the deposited films obtained from the simulation are
close to 12 %. We may also supply additional H atoms in our simulation to ensure
that deposited N atoms in the polymer have a large number of H atoms in their
surroundings and can easily form primary amino groups NHs even if incident NH,

radicals lose some of their H atoms during the deposition process.

Based on the above considerations, we set up 5 different simulation conditions
summarized in Table 3.1. For example, in Case I, the simulation begins with
an injection cycle of 2 NH, radicals to the material surface, followed by another
injection cycle of 8 CH, radicals, and then an injection cycle of a single ion of CHy ™.
This set of 3 injection cycles is then repeated 1,000 times. Therefore the flux ratio
of CHyt, NH,, and CH, is 1:2:8. The sequence of ion and radical injections is
summarized in Fig. 3.3(a)(b). From Cases II to V, we considered different ways

to supply more H atoms to the surface.

In our study, we neglect the effects of electron irradiation and the effects of
ions for the sake of simplicity. Despite the positive ion incidence upon the surface,

electron irradiation can neutralize the surface charge. Indeed incident ions are
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generally considered to be charge-neutralized right before or upon the impact due

to the Auger effect or electron transfer from surrounding atoms.

The angle of incidence for all ions and radicals is assumed to be normal to the
initial substrate top surface (i.e., in the vertical downward direction) for simplicity.
The kinetic energy of each radical species is assumed to be 0.2 eV and the ion energy
is varied from 0.2 eV to 100 eV. We chose 0.2 €V, rather than typical thermal energy
at room temperature of 0.025 eV, to reduce the simulation time by speeding up

the motion of slow species without affecting the properties of deposited films.

3.3 Results and discussion

3.3.1 General properties of deposited films

Fig. 3.10 presents the depth profiles of primary amines (NHy) and secondary
amine (NH) densities. Here a primary atom means an N atom that is bonded with
two H atoms (and bonded with other atoms or no atom) and a secondary amine
means an N atom that is bonded with a single H atom (and bonded with other
atoms or no atom) at various incident ion energies. Compared with the atomic
densities of C and H given in Fig. 3.4, the amine densities are shown to be much

lower.

Overall structures of the deposited films are presented in Fig. 3.4 under the
conditions of I (Case I) given in Table 3.1, at different ion incident energies varying

from 0.2 eV to 100 eV. The dominant precursors for the film deposition are NH,
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Figure 3.4: (a) Depth profiles of atomic concentrations (i.e., number densities) and (b)
representation of MD simulation results with atomic models at different ion incident
energies from 0.2 eV to 100 eV for Case I, i.e., the incident radicals are NHs and CHy
and ions are CHa". The ion dose is 2.18 x 10'6 /cm?. In (a), the black, red, and blue
curves represent the atomic densities of H, C, and N atoms, respectively. In (b), the
gray, blue, and white spheres represent C, N, and H atoms, respectively.

and CH, radicals.

The ion dose was 2.18 x 10'® /ecm? in all cases. The doses of NH, and hydro-

carbon (i.e., CHy or CHj3) radicals are 4.37 x 10! /em? and 1.75 x 10'7 /em? in
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3.3. Results and discussion

all cases.

The depth profiles of atomic concentrations (i.e., number densities) of H (de-
noted by a black curve), C (red), and N (blue) atoms of deposited films are given
in (a). Here the “depth” is defined as the thickness of the deposited film measured
from the original position of the C substrate surface. If the depth value is positive,
the net deposition of a film takes place. The corresponding atomic-model repre-
sentations of the deposited films are given in (b). Here the gray, blue, and white

spheres represent C, N, and H atoms, respectively.
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Figure 3.5: Deposited film thicknesses as functions of the ion incident energy for 5 cases
given in Table 3.1. The lines are guides to the eye.

It is seen that the film thickness decreases with an increasing ion incident
energy, indicating the sputtering of deposited film simultaneously takes place by
energetic ion impact. It is also seen in (a) that the average C density slightly
increases with the increasing ion energy, i.e., the densification of the deposited film

due to the momentum transfer from the incident ions. [132, 133]. It is also seen
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that the interface between the deposited film and the substrate becomes rougher

as the ion energy increases.
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Figure 3.6: The ratio of the atomic concentration (i.e., number density) of N atoms to
that of C atoms in the deposited film as a function of the ion incident energy for each
case given in Table 3.1. The lines are guides to the eye.

Under the other conditions (i.e., Cases II - V) of Table 3.1, more H atoms are
supplied to the surface. Fig. 3.5 compares the deposited film thicknesses among
all 5 cases as functions of the ion incident energy. It is seen that the film thickness
is largest for Case I, indicating that H atoms have detrimental effects on film
deposition, possibly forming volatile hydrocarbon and amino radicals. Desorbed

species will be discussed in Subsec. 3.3.3.

It is also seen that the deposited films are substantially thinner in Cases III and
V. This is because the sticking probability of CHj3 is much lower than that of CH,
(because CH3 has only one dangling bond whereas CH, has two), a larger number
of incident CHj radicals do not stick to the surface and are reflected, compared

with the cases of incident CH, radicals. The sticking probabilities of CHy and CHj
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on a clean C surface of Fig. 3.1 evaluated from our simulation are summarized
in the Supplementary Material. In Cases I, II, and IV, where the deposition of
CHs contributes to the growth of the film, the film thickness decreases with an
increasing ion incident energy due to the sputtering of deposited films by energetic

ion impact, as discussed earlier.

In all five cases, the ratio of the numbers of incident N and C atoms is 2:9
~ 0.22. Fig. 3.6 shows the number ratio of N to C atoms (“N/C ratio”)in the
deposited films as functions of the ion incident energy for all 5 cases of Table 3.1.
It is seen in Cases I, I, and IV, the N/C ratio is lower than 0.22, suggesting that
the sticking probability of NH, is lower than that of CHy. In Cases III and V,
where C is mostly deposited with CHs, whose sticking probability is small, the N/C
ratio can be higher than 0.22. In all cases, as the incident ion energy increases,
the N/C ratio decreases, indicating that N atoms are more easily sputtered off
from the surface than C atoms. This is most likely because a C atom can have
maximum 4 bonds to form networks in the solid phase whereas a N atom can have

maximum 3 bonds and therefore is more weakly bonded with the surface.

The ratio of the number of H atoms to that of all atoms in the deposited film is
shown in Fig.3.7 as a function of the incident ion energy for each case of Table 3.1.
Although the numbers of H atoms supplied to the surface are significantly higher
in Cases IV and V than in other cases, the percentages of H atoms remaining in the
deposited films are shown to be relatively similar. As we saw earlier, H atoms can
form N or C containing volatile species, so an extra supply of H atoms might have

contributed to the additional removal of N and C atoms without increasing their
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Figure 3.7: The ratio of the number of H atoms to that of all atoms in the deposited
film as a function of the ion incident energy for each case is given in Table 3.1. The lines
are guides to the eye.

presence in the deposited films. Fig. 3.7 also shows that, in general, the H hydrogen
content slightly decreases with an increasing ion incident energy, indicating that

H atoms are also prone to sputtering by ion impact.

3.3.2 Formation of amines in the base case

In this section, we focus on Case I and examine how much amine (i.e., NH,
and NH) is formed in the deposited film. The goal of this study is to find out the
optimal conditions for the formation of the primary amine NH, in the deposited
film. Therefore, in our simulation, unlike experiments, we test the conditions where
the number of primary amino groups formed in the film is most likely maximized.
One such condition is that we supply N atoms to the surface only in the form

of NH, radicals. The kinetic energy of radicals is too low to break their N-H
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Figure 3.8: Depth profiles of bond concentrations (i.e., the number densities of chemical
bonds) at different ion incident energies from 0.2 €V to 100 eV for Case I. Here the
profiles of C—C, C-N, C-H, and N—H bonds (all single bonds) are shown. All other
bonds, including double and triple bonds, are practically non-existent in the density
scale of this figure.

bonds. Therefore, if N-H bonds of the incident NH, radicals are broken on the
surface (without subsequent energetic ion impact), it must be caused by surface
chemical reactions. In such simulation, if we observe the majority of the supplied
NH, remain as they are and form primary amino groups, the optimal condition for
the primary-amine containing polymerization would be to maximize the density of
NH, radicals in the CVD plasma. If we observe otherwise, the simulation would
indicate that the primary amine formation is intrinsically limited in such plasma

polymerization due to surface chemical reactions.

Fig. 3.8 plots the depth profiles of the bond densities as functions of the ion

incident energy, obtained from MD simulation. The bonds plotted here are C—C,
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Figure 3.9: Relative bond concentrations averaged over the deposited films as functions
of the ion incident energy. All other bonds are practically non-existent in the scale of
this figure. The curves are guides to the eye.

C—N, C—H, and N—H, which are the dominant bonds observed in the simulations.
These are all single bonds. Other bonds, including double and triple bonds (such

as C=C and C=C), are practically non-existent in the density scale of Fig. 3.8.

Fig. 3.9 shows the relative bond densities averaged over the deposited films

among those shown in Fig. 3.8 as functions of the ion incident energy.

It is seen in both Figs. 3.8 and 3.9 that the dominant bonds are C—-C and
C—H whereas the bond densities of C—H is much smaller than those of C—-N
bonds, suggesting that the number of primary amines is relatively small. In other
words, The majority of incident NHy radicals did not remain as they were in the
material and changed their chemical structures. It is also seen in Fig. 3.8 that, for

high ion incident energies, the density of the C—C bonds increases whereas that
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of the C—H bond decreases, indicating the densification of the deposited polymer

and preferential sputtering of H atoms.
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Figure 3.10: Depth profiles of the atomic concentrations of secondary amines NH and
primary amines NHy at different ion incident energies from 0.2 eV to 100 eV for Case I.

Fig. 3.10 presents the depth profiles of primary amines (NH;) and secondary
amine (NH) densities. Here a primary atom means a N atom that is bonded with
two H atoms (and bonded with other atoms or no atom) and a secondary amine
means a N atom that is bonded with a single H atom (and bonded with other
atoms or no atom) at various incident ion energies. Compared with the atomic
densities of C and H given in Fig. 3.4, the amine densities are shown to be much

lower.

The total number of primary amines NH, normalized by the total number of C

or N atoms in the deposited film is plotted as a function of ion incident energy in
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Figure 3.11: Relative concentrations of primary amines NHg, normalized by the concen-
trations of C and N atoms separately, averaged over the deposited film as functions of
the ion incident energy for Case 1. The lines are guides to the eye.

Fig. 3.11. It is seen that, even at low ion incident energy, the density of primary
amines is rather low although all N atoms are supplied as NHy radicals in the
simulation. It indicates that the surface reactions during the deposition process
cause the decomposition of incident NHs radicals, mostly likely H atoms of incident
NH; radicals preferentially bonding with surrounding C and H atoms. Thus, the
secondary amine -NH is more likely to form on the surface, rather than the primary
amine —NHsy, when a NHj; radical approaches a surface with many dangling bonds.

For example, if the surface consists of carbon atoms only, the reaction

i N
C-C-C-C(s) + NH; (g) C-C-C=C (s)
C C C C

is more likely to take place than

61



3.3. Results and discussion

s
C-C-C-C(s) + NH, (g) C-C-C-C(s)
Cc C Cc C

Here (s) or (g) indicates that the corresponding atoms are on the surface or in the

gas phase.

The polymerization experiments discussed earlier [10] show that the observed
density of primary amines normalized by the number densities of C and N are
approximately 8% and 2%. These values are sufficiently close to the values ob-
tained from the MD simulations although the simulation conditions are far more

favorable for the primary amine formation.
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Figure 3.12: Relative concentrations of (a) primary amines NHy and (b) secondary
amines NH, normalized by the concentrations of C atoms, averaged over the deposited
film as functions of the ion incident energy for all cases listed in Table 3.1. The lines are
guides to the eye.

Although the densities of secondary amines were not measured experimentally,
the numbers of primary and secondary amines normalized by the numbers of C
atoms in the deposited films for all cases of Table 3.1 are presented as functions

of the ion incident energy in Fig. 3.12. The same quantities normalized with the

62



3.3. Results and discussion

——
] —o—1I
0.1+ —A— 111
1Y

\

0.00 T T T T T T 0.0 T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Ion energy [eV] Ion energy [eV]

Figure 3.13: Relative concentrations of (a) primary amines NHy and (b) secondary
amines NH, normalized by the concentrations of N atoms, averaged over the deposited
film as functions of the ion incident energy for all cases listed in Table 3.1. The lines are
guides to the eye.

number of N atoms in the deposited films are shown in Fig. 3.13, In all cases, it is
seen that the number densities of secondary amines NH are much higher than those
of primary amines NH,. Except for some peculiar dependence of these quantities
in Cases III and V, where the deposited films are very thin, the relative densities of
primary and secondary amines are relatively similar among all cases, showing that
incident NHy radicals hardly remain as they are as primary amines. The relative
densities of primary and secondary amines are relatively low when the incident ion
energy is higher than 50 eV. The higher supply of H atoms did not increase the

amine density in general.

3.3.3 Desorbed species during deposition

In the previous subsections, we have seen that supplied amino radicals NHy
hardly remain as they are, even when there is no ion impact (i.e., when the ion

energy was set at 0.2 eV). This suggests that a significant rearrangement of bond
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Figure 3.14: Relative numbers of desorbed species during the deposition process at
different ion incident energies for Case 1. The ratios are relative to the total number
of desorbed species during the process. In (a), all desorbed species in forms of C,H,,
N.H,, C;N,H;, H;, C, (where z, y, z > 1) are listed. Relative numbers of N, and C;N,
species are essentially zero and therefore not listed here. In (b), the relative numbers
of desorbed C,H, species, each of which is normalized by the total number of desorbed
species, are listed. In (c), the relative numbers of desorbed N, H, species, each of which
is normalized by the total number of desorbed species, are listed. In (d), the relative
numbers of desorbed H atoms and Hy molecules, each of which is normalized by the
total number of desorbed species, are listed. It should be noted that reflected species
from the incident radicals and ions are also included as “desorbed species” in this figure.

formation takes place among the incident NH, and hydrocarbon radicals on the
surface. Such surface reactions are often reflected in the desorption species ob-
served during the deposition processes. Fig. 3.14 shows the ratios of desorbed

or reflected species among all observed desorbed species at different incident ion
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energies in Case I of Table 3.1. It is seen that the dominant species leaving the
surface during the deposition processes are CHy and NHy, which are likely to be
the reflection of incident radicals. It should be noted that the next dominant des-
orbed /reflected species are CH3 and NHjs, which may also be reflected species of
incident CHy and NHy radicals picking up additional H atoms from the surface
when they leave the surface. The desorbed C;H, may be formed on the surface
when a weakly bonded CH, radical is bonded with an incident CH, radical or
another weakly bonded CHj radical on the surface. The fact that, unlike CoHy
desorbed species, very few NoHy species are observed as desorbed species indicates
that incident NHy radicals hardly remain as NHy right after they are incorporated
into the surface, possibly passing their H atoms to neighboring C or N atoms.
Because ammonia NHj is volatile, so once NHj is formed, it desorbs from the

surface.

For all of the desorbed species mentioned above, i.e., CHy, CH3, CoHy, NHo,
and NHj, their ratio decreases with the increasing ion energy, indicating that they
are reflected of incident radicals species or formed via surface reactions involving
only radicals. On the other hand, other desorbed species such as CyHy, CoHsg,
H, and H; increase their percentages with increasing ion energy, indicating that
the removal of H atoms from CsHy, preferential sputtering of H atoms, and the

formation of Hy molecules are driven by ion impact.
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3.4 Conclusions

We have performed MD simulation to examine surface reactions during plasma
polymerization by CH4/Ns/He plasmas, as in earlier experiments of Ref. [10]. In
the experimental study of Ref. [10], although a high amine content in plasma poly-
merized films was considered preferable, the observed content of primary amines

in their deposited films was relatively low.

Therefore, the main question of this study is to find out how one can increase
the primary amine content of a plasma polymerized film by adjusting the plasma

conditions.

To answer this question, we performed MD simulations under simplistic con-
ditions. Because the primary amine is a functional group of NHy bonded with a
carbon atom of the polymer, it is natural to assume that, if all N atoms reach the
surface as NH, radicals at low velocities during the plasma polymerization process,
the content of primary amine should be the highest. Therefore, in our simulation,
we irradiated a carbon substrate surface with NHy and hydrocarbon radicals with
occasional ion bombardment at various kinetic energies under 100 eV. If the inci-
dent NH; radicals remain on the surface as they are, we would observe the highest
primary amine content per deposited nitrogen atom. We also examined the cases
with additional H atoms supplied to the surface. With additional H atoms, we
expect that, if some primary amines NHy on the surface lose their H atoms, they

could be replenished easily by surrounding abundant H atoms.
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Based on these ideas, we set up 5 different conditions for MD simulation. The
C to N ratio was selected to be about 4:1 because the concentration ratio of C to
N in experimentally observed films in [10] was about 4:1. The flux ratio of ion to
C or N containing radicals was set at 1/10 for the convenience of numerical simu-
lation. In reality, the ion-to-radical flux ratio under typical plasmas is considered
to be by orders of magnitude smaller. Therefore, the ion impact effects may be

overestimated in our simulations if the ion incident energy is the same.

The main observation of our simulations is that, even if we supply all N atoms
as NHy radicals to the surface at extremely low energy and minimize the ion
incident energy, the maximum concentration of primary amines normalized by the
concentration of all N atoms was about 12 % without ion impact. With an ion
impact of 50 eV or higher, it goes down to about 5%. These values are consistent

with the experimental observation of 8% of Ref. [10].

It is interesting to note that, even without ion impact (i.e., with an ion incident
energy being close to 0), the primary amine content is low although all N atoms
are supplied as NH,. This indicates that, during the polymerization process where
many dangling bonds of C atoms appear dynamically (i.e., many radicals are
formed in the deposited films), dangling bonds of C tend to capture H atoms from
NHs,.

On the other hand, although the experiments of [10] did not verify, the content
of secondary amine NH can be high, as suggested in Fig. 3.13(b); the NH, /N ratio
can be higher 50 % in some cases. Our simulations also indicate that supplying

additional hydrogen during the polymerization process does not promote the for-
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mation of primary amines. It rather impedes the polymer deposition by breaking

C bonds and forming more volatile species.

Based on these observations, we have concluded that the primary amine content
of the experiments in Ref. [10], i.e., the NH,/N ratio being 8%, is probably close
to its maximum value that one could achieve under such experimental conditions.
Even if we could increase the density of NH radicals in the plasma by some means,
we could not expect a significant increase of the primary amines in the deposited

film.
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Chapter 4

Amine modification of calcium
phosphate by low-pressure plasma

for bone regeneration

4.1 Introduction

Autogenous iliac bone grafting remains the gold standard for repairing large
bone defects caused by trauma or tumors or spinal fusion surgeries. However,
the amount of autograft that can be harvested is limited and the harvesting pro-
cedure can cause donor site morbidity [143]. To overcome these limitations, the
use of artificial bone, in combination with autografts is prevalent. However, the
widespread use of artificial bone is hampered by its lack of satisfactory osteogenic

ability, despite its superiority in terms of bone conduction and availability [62].
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To enhance functionality, surface modification on biomaterials mediated by
plasma technology has gained considerable attention. Functional groups created
by plasma polymerization (i.e., polymer formation via plasma discharges) can pro-
vide selected surface properties such as hydrophilicity /hydrophobicity, cytocom-
patibility, and bacterial resistance to meet different clinical needs [144]. It was
previously reported that plasma treatment of interconnected porous hydroxyap-
atite (HA) artificial bone with Oz /He gas could improve surface hydrophilicity and
promote the osteogenic differentiation of rat bone marrow stromal cells (BMSCs)
[8, 9, 64]. However, the Oy/He plasma-treated HA exerted only minimal effects in
vivo, possibly owing to the instability of the generated hydroxyl (-OH) groups. In
the present study, we focused on the addition of amino groups or amines (-NH,
with © = 0-2), which has been suggested to promote cell attachment [40, 44].
Unlike in the earlier studies [9, 64], we used S-TCP, rather than HA. Both are
calcium phosphates widely used for artificial bone, but 5-TCP is known to have
a comparative advantage over HA as being absorbed in vivo (biodegradable) [60].
Using a gas mixture of CHy, Ny, and He for plasma treatment, we successfully gen-
erated amine-containing carbon polymer on the surfaces of S-TCP, including the
surfaces of interconnected inner pores of porous S-TCP artificial bones. Here, we
demonstrate the effects of amine modification on S-TCP by low-pressure plasma
for in vitro cell adhesion, osteogenic differentiation, and in vivo bone regeneration

with a rat calvarial defect model.
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4.2 Materials and methods

4.2.1 Materials and reagents

Dense and porous disks of J-TCP [Ca3(POy)2] were provided by Coors Tek
KK (Tokyo, Japan). All the dense and porous disks used in this study had the
same dimensions of 5mm in diameter and 2 mm in height (¢ 5 mm x h 2 mm).
The porous disks had well-organized interconnected structures with a porosity
of 72-78%, an average pore diameter of 150 pum, and an average diameter of

interconnected passages of 40um [58].

The following culture media were used for in vitro experiments: (1) growth
medium (GM) comprising « Eagle’s minimal essential medium (a-MEM, Gibco,
ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (Sigma-Aldrich, St. Louis, MO, USA) and 1% antibiotic- antimycotic solu-
tion (Sigma-Aldrich); (2) osteogenic differentiation medium (ODM) consisting of
GM supplemented with 50 pug/ml L-ascorbic acid 2-phosphate (Sigma-Aldrich), 10
mM p-glycerol phosphate (Merck KGaA, Frankfurt, Germany), and 10nM dex-

amethasone (Sigma-Aldrich).

Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Kumamoto,
Japan) was used for the cell proliferation assay. LabAssay ALP (FUJIFILM Wako
Pure Chemical Corp., Osaka, Japan) was used for the evaluation of alkaline phos-
phatase (ALP) activity and BCIP/NBT Color Development Substrate (Promega

Corp., Madison, WI, USA) was used for ALP staining. M-PER and Pierce Rapid
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Gold BCA Protein Assay Kits (Thermo Fisher Scientific) were used for total pro-
tein extraction and quantification, respectively. K-CX AT solution (Falma Co.,

Tokyo, Japan) was used for the decalcification of in vivo specimens.

4.2.2 Plasma polymerization of 5-TCP disks

Plasma polymerization was performed with a bipolar pulsed-plasma deposition
system, as shown in Fig. 4.1 (A). The details of the system are described elsewhere
[72-74, 145]. The B-TCP disks were placed on the bottom metal (molybdenum)
electrode, 190 mm in diameter, connected to the bipolar high-voltage power supply.
The applied bipolar pulse voltages were 1.1 and - 1.1 kV (peak-to- peak voltage
of 2.2 kV) and the pulse duration was 1 us for each positive or negative pulse.
The power, repetition frequency, and duty cycle were 15 Watt, 5 kHz, and 1%,
respectively. The time lapse between a positive pulse and the subsequent negative
pulse was 100 ps. The upper metal (aluminum) electrode, 80 mm in diameter,
was grounded and the distance between the two electrodes was 38 mm. For plasma
polymer deposition, the discharge was generated in a CH, /N5 /He gas mixture with
flow rates of 10, 20, and 10 sccm, respectively, and a gas pressure of 70 Pa. For
biological (i.e., in vitro and in vivo) experiments, dense disks were treated only on
one side for 30min whereas porous disks were treated on both sides for 60 min (i.e.,
30 min each). This is because dense disks were used only for in vitro experiments in
this study, where cells were placed only on one side of the disk, whereas porous disks
were used only for in vivo experiments in this study, where all sides of the disk were
exposed to the animal tissues. In either one-side or both-side plasma treatment,

the sidewall of a disk was exposed to the plasma and therefore plasma treated. For
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non-biological experiments (e.g., physical or chemical characterization of plasma-
polymerized films), the disk was plasma treated only on one side for 30min and
the film deposited on the plasma-facing surface or the inner pore surfaces was

examined.

4.2.3 Plasma polymer film characterization

The chemical compositions of untreated or plasma-treated S-TCP surfaces were
analyzed by X-ray photoelectron spectroscopy (XPS) using ESCA-850 (Shimadzu
Co., Kyoto, Japan) with a non-monochromatized Mg-Ka (1253.6 V) X-ray source
at Osaka University, for which the pass energy was 75eV, the photoelectron take-
off angle was 90°, and the spot diameter was 8 mm (90% uniformity), or by high-
resolution XPS using PHI Quantera IT (ULVAC-PHI, Inc., Chigasaki, Japan) with
a monochromatic Al- Ko (1486.6 V) X-ray source at the Foundation for Promotion
of Material Science and Technology of Japan (MST), for which the pass energy
was 112 eV, the photoelectron take-off angle was 45°, and the spot diameter was

100 pm.

The thickness of a deposited polymer film was evaluated by the standard el-
lipsometry [146, 147], using data acquired with the V-VASE Ellipsometer (J.A.
Woolam, Lincoln, NE, USA) at Central European Institute of Technology (CEITEC),
Brno University of Technology, in the spectral range from 0.75 to 6.5 eV at four

angles of incidence 60°, 65°, 70° and 75°.

The detection of primary amine groups (—-NHz) on plasma-treated disk sur-

faces was performed using the standard derivatization with 4-trifluoromethyl-
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benzaldehyde (TFBA), according to the published method [75, 148]. The deriva-
tization reactions of TFBA vapors with plasma-treated disk surfaces were allowed
to occur in an Ar atmosphere (Ar flow rate of 60 scem at atmospheric pressure)
at room temperature (approximately 25°C) for 4 h inside the glove box. The rela-
tive concentrations of primary amines on the sample surfaces were determined by
the detection of fluorine (F) atoms of TFBA with ESCA-850 XPS analysis after
the derivatization reactions. The surface morphologies of untreated and plasma-

treated porous [S-TCP disks were observed with a scanning electron microscope

(SEM) (S-4800, Hitachi, Ltd., Tokyo, Japan) at Osaka University.

4.2.4 Cells

Rat BMSCs were obtained from the bone shafts of the femora of four 3-week-
old green fluorescent protein (GFP)-transgenic male Sprague-Dawley rats (SD-Tg
(CAG-EGFP) rats, Japan SLC, Hamamatsu, Japan). Following the sacrifice of
the rats using CO, inhalation, both ends of the femur were removed from the
epiphysis; the marrow was flushed out using 10 ml of GM expelled from a syringe
through a 21-gauge needle according to the previously described method [148].
The released cells were collected in two 100 mm culture dishes containing 15 ml
of GM. The medium was changed after 24 h to remove hematopoietic cells and
renewed twice weekly. Cultures were maintained in a humidified atmosphere of
95% air with 5% CO4 at 37°C. When the cells reached 80-90% confluency they were
washed with phosphate-buffered saline (PBS) and trypsinized with 1% trypsin-
ethylenediaminetetraacetic acid (EDTA). Following centrifugation for 5 min at

400 g, the cells were resuspended and plated at a density of 3.6 x 10%/cm?. After
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again reaching confluency, cells were collected and stored at - 80°C (Passage 1).
Prior to in vitro experiments, stocked cells were thawed and resuspended in 15 ml

of GM, then plated in a 100 mm dish and cultured for three days to reach 80-90%

confluency (Passage 2).

4.2.5 Cell adhesion assay

A centrifugation cell adhesion assay was performed according to a published
method [149]. Cell suspension (5 x 103 cells/35 ul GM) was gently dropped on
each dense B-TCP disk surface to form a centroclinal water drop and incubated
for 30 min in a 24 well culture plate to initiate adhesion. Then, 1 ml of PBS was
gently added to each well containing a cell-adhered disk and macro fluorescence
photos were taken with the Leica AF6000 Fluorescence Imaging System (Leica
Microsystems, Wetzlar, Germany. Exposure: 1000 ms; Gain: 2.7; Binning 2x2;
Magnification: 12.6x) to quantify the initial adherent cells. After this, the cell
adhered disks were embedded into a 48-well culture plate containing 100 ul of
Vaseline (KENEI Pharmaceutical Co., Ltd., Osaka, Japan) in each well. After
filling each well with PBS, the plate was sealed with a sealing tape and set upside-
down on a centrifuge (PlateSpinII, Kubota Corp., Tokyo, Japan) and centrifuged
at 10 g for 5 min to detach weakly adherent cells. After the centrifugation, the
detached cells were slowly aspirated and each well was carefully filled with 200
ul of PBS. Macro fluorescence photos of the plate were taken again under the
same conditions as those prior to the centrifugation. Automatic cell counting was
performed with the macro fluorescence photos and ImagelJ software [150]. The

adhesion rate is defined as the ratio of the number of cells attached to the surface
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after centrifugation to that before centrifugation.

4.2.6 Morphology analysis of adhered cells

Cell suspension (5 x 10? cells/35 ul GM) was gently dropped on dense 3-TCP
disks and incubated for 3 h in a 24-well culture plate to initiate adhesion. Then,
the wells were slowly filled with 1 ml of GM, and the incubation was continued
for another 24 h. Macro fluorescence photos of random areas of the culture wells
containing incubated cells were then obtained. The open-source software Cell-
Profiler (www.cellprofiler.org) [151] was used for sorting cells and cell morphology
analysis. In particular, the cell area was measured to quantify the spreading of
attached BMSCs. Two cell-shape descriptors (circularity and solidity) were inves-
tigated; the circularity indicates the closeness of the cell shape to a perfect circle,

and the solidity is an index to quantify the amount and size of concavities of the

cell [152]:

4T A
Circularity = ;2 (4.1)

where A is the cell area and P is the perimeter.
Solidity = —— 4.2
oraty ConverA (42)

where ConvezA is the area of the smallest convex hull that contains the cell.
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4.2.7 Cell proliferation assay

To balance the initial cell count of adherent cells on untreated and plasma-
treated 3-TCP disks, two different concentrations (5 x 102 cells/35 ul GM for the
untreated group and 3 x 10 cells/35 ul GM for the plasma-treated group) of cell
suspension were dropped on dense untreated and plasma-treated S-TCP disks in
a 48-well plate. After incubating for 30 min, 500 ul of GM was slowly added to
each well. At days 1, 3, 5, 7, 11, and 14, 50 ul of CCK-8 solution was added to
each well and the plate was incubated for 2 h, then 100 ul of GM from each well
was transferred into a 96-well plate. The optical density at 450 nm was measured

using a spectrophotometer (Multiskan GO, Thermo Fisher Scientific).

4.2.8 Osteogenic differentiation assay

Cell suspension (2 x 10* cells/35 ul GM ) was dropped on dense -TCP disks
and incubated for 30 min in a 48-well plate to initiate adhesion. Then, 500 pl of GM
was slowly added into each well, incubated for 24 h, and the culture medium was
replaced with ODM for osteogenic differentiation. The subculture was maintained
for another four days. After washing the disks twice with PBS, the attached cells
were fixed using 500 pl of 4% paraformaldehyde (PFA) for ALP staining, according
to the manufacturer’s instructions (Promega Corp.). For ALP activity, 60 ul of
M-PER was added to each well and the cells were detached from the disks using
a mini scraper. After lysing the cells for 5 min, the supernatant was collected for
ALP and total protein assays. An ALP activity unit was defined as the release of

1 nmol p-nitrophenol per min of incubation at 37°C for each - TCP disk. The
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total protein content of each sample was measured to standardize the ALP activity

values.

4.2.9 Rat calvarial defect model

A total of 20, 8-week-old male Sprague-Dawley rats (Charles River Laborato-
ries Japan, Yokohama, Japan) were used to generate the calvarial defect model.
Anesthesia was maintained by intraperitoneal injection of a mixture of 0.15 mg/kg
medetomidine, 2.0 mg/kg midazolam, and 2.5 mg/kg butorphanol after introduc-
ing anesthesia by inhalation of 5% isoflurane. A 1.5 cm longitudinal incision was
made at the center of the vertex and two full-thickness bone defects with a diam-
eter of 5 mm were then carefully created using a high-speed trephine burr under
constant irrigation with saline to avoid heat injury of the surrounding tissue. The
plasma-treated and untreated S-TCP disks were implanted in the right and left
defects, respectively. The rats were given free access to water and food after the
surgery. The rats were sacrificed at postoperative 3 (n = 5) and 6 (n = 15) weeks
by COs inhalation. Microfocus computed tomography (micro-CT) and histologi-
cal analyses were performed to evaluate new bone formation in the inner pores of

porous B-TCP disks at 3 and 6 weeks postoperatively.

4.2.10 Microfocus computed tomography (micro-CT)

Harvested specimens were fixed in 10% buffered formalin, dehydrated and de-
greased using a graded ethanol series, and stored in 70% ethanol at 4°C for micro-

CT scanning (Skyscan 1272 micro-CT, Bruker, Kontich, Belgium), which was
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performed with the following parameters: camera binning = 2x2, source voltage
= 80 kV, source current = 125 pA, image pixel size = 4 pm, rotation step =
0.6°, and filter = Al 1 mm. Image analysis was performed using CTAN software
(Version 1.18.8.0+, Brucker). Micro-CT images of the specimens were compared
with the results of histological evaluation of the specimens, discussed below, and
the difference in image intensities between the newly formed bone and residual
B-TCP was identified. Using this information, three-dimensional (3D) images of
newly formed bones inside the porous S-TCP disks were reconstructed from the

Micro-CT images of the specimens.

4.2.11 Histological evaluation

After micro-CT scanning, the specimens were demineralized using K-CX AT
solution at 4°C, cleared in xylene, and embedded in paraffin. Then, several sections
of 4 pum thickness were cut off from the center of each specimen and stained with

hematoxylin and eosin (H and E).

4.2.12 Statistical analysis

Statistical analysis was performed using GraphPad Prism version 7.04 for Win-
dows (GraphPad Software, San Diego, CA, USA) applying the Mann—Whitney
U test for non-parametric data, Student’s or Welch’s t-test for parametric data,
and Wilcoxon matched-pairs signed-rank test for in vivo results. The values are
presented as mean + standard deviation (SD). The differences were considered

statistically significant for p-value < 0.05.
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4.2.13 Ethic declarations

All animal work was approved by The Animal Experimental Committee of Os-
aka University Graduate School of Medicine (01-070-000) and restrictedly followed
ARRIVE guidelines and the National Institutes of Health Guide for the Care and

Use of Laboratory Animals [153].

4.3 Results

4.3.1 Plasma polymerization on S-TCP disks

A bipolar pulsed-plasma deposition system developed at Osaka University was
used to perform plasma polymerization on dense and porous S-TCP disks. The
schematic diagram of the system is given in Fig. 4.1A. The plasma was generated
with a CH, /Ny /He gas mixture with flow rates of 10, 20, and 10 sccm, respectively,
and a gas pressure of 70 Pa. Methane (CH,) was used to form an organic polymer,
nitrogen (N3) was to form amine groups, and helium (He) was to lower the plasma
ignition voltage via Penning ionization. The plasma polymerization conditions
used in this study, including the selection of the discharge gases and their mixing
ratio, were selected to attain stable plasma discharge, a reasonable film deposition
rate, and a relatively high amine concentration in the deposited film, using the
gas species and discharge conditions that the authors are accustomed to operating
the plasma system with for various other plasma polymerization applications [145,

154].  Although the conditions used in this study were locally optimized (i.e.,
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by varying the discharge parameters around those presented in this article), its
global optimization with different combinations of organic and nitrogen-compound
gaseous species has not been performed yet and is beyond the scope of the present

study.

Upper
electrode

N=12% O=3%

Plasma

Untreated

P=14%

NH,/C NH,/N

Figure 4.1: Plasma polymerization system and characterization of plasma-polymerized
films. (A) Schematic diagram of the pulsed-plasma deposition system used in this study.
Samples were placed on the bottom metal electrode, which was powered by high-voltage
bipolar pulse voltages with a peak-to-peak voltage of 2.2 kV. The power, repetition
frequency, and duty cycle were 15 W, 5 kHz, and 1%, respectively. The plasma was
generated from a gas mixture of CHy, N2, and He with flow rates of 10, 20, and 10
sccm, respectively, and a gas pressure of 70 Pa. (B) The atomic concentration ratios
on a plasma-treated dense S-TCP disk surface (top) and those on an untreated dense
B-TCP disk surface (bottom). More precise values are given in the main text. (C) The
relative number of primary amines (-NHjy) among all atoms excluding hydrogen (left)
and the number ratios of primary amines to C or N atoms (right) on the surface of the
plasma-polymerized film deposited on a dense 5-TCP disk. In (B,C), all measurements
were triplicate.
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The chemical compositions of the untreated dense 5-TCP disk obtained from
XPS are Ca: P: O: C =285 + 0.2: 14.0 + 1.5: 44.0 £ 0.6: 13.5 £+ 2.2 (at.%),
and those of the untreated porous -TCP disk are Ca: P: O: C = 18.9 + 1.1:
10.8 £ 0.6: 42.3 + 3.9: 28.0 £ 1.6 (at.%). The measurements were performed
in triplicate, i.e., n = 3. No nitrogen (N) was observed on the disk surfaces. It
should be noted that hydrogen (H) cannot be detected by XPS and carbon (C)
on the surface is essentially a contaminant from ambient air. Compared with the
stoichiometric ideal 5-TCP (Ca:P:O = 23.1:15.4:61.5), both dense S-TCP disk
(Ca:P:O =33.0:16.1:50.9) and porous [-TCP disk (28.8:16.4:54.9) have Ca-rich
compositions. The difference in chemical compositions between dense and porous

B-TCP disks is considered to be caused by their different manufacturing processes.

The chemical compositions of the plasma-treated dense 5-TCP disk obtained
from XPS are Ca: P: O: C:N = 0.0 + 0.0: 0.0 £ 0.0: 2.9 + 0.2: 85.2 + 0.1:11.9
+ 0.1 (at.%, n=3). The N to C ratio of the deposited film is, therefore, N/C =
14.0 %. The fact that neither Ca nor P was observed indicates that the deposited
film was sufficiently thick (thicker than several nm at least). The observed small
amount of O may indicate oxygen incorporated in the deposited film due to oxygen
or water impurities off from the chamber walls of the plasma system during the
plasma discharge or water (H,O) molecules attached to the polymer surfaces when

the sample was exposed to ambient air. The results are summarized in Fig. 4.1B.

It is not easy to measure the thicknesses of deposited polymer films on S-TCP
precisely as the roughness of 5-TCP surfaces is far greater than the deposited film

thickness. However, we surmise that the deposited polymer thickness on the (-
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Figure 4.2: The profiles of relative atomic concentrations along the center axis of a
plasma-treated porous S- TCP disk, indicating plasma polymerization of the inner pore
surfaces due to the penetration of plasma-generated deposition precursors through the
interconnected pores from the plasma-treated disk surface. After a single side of a porous
B-TCP disk was plasma-treated, it was cut in half through its center, and the relative
atomic concentrations were measured at 25 points along the center axis. The horizontal
axis of the figure represents the position along the center axis measured from the plasma-
exposed top surface of the disk. In each case above, the plasma treatment time was 30
min.

TCP disk under the conditions described above (i.e., 30 min polymerization) was
about 40 nm, based on the thickness of the plasma-polymerized film formed on a
crystalline (100) Si surface under the same polymerization conditions, which was

determined to be 44.2 £ 0.1 nm (n=3) by ellipsometry.
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The relative amount of primary amine (-NHs) on a plasma-polymerized film
surface was evaluated by the derivatization method [75, 155]. Fig. 4.1C shows the
relative number of N atoms that form primary amine groups on the surfaces of
plasma-polymerized films deposited on dense 5-TCP disks 2 days after the film
deposition. The left graph shows the atomic percentage of such N atoms among
all surface atoms excluding hydrogen ( i.e., the relative number of primary amines
among all surface atoms excluding hydrogen), which is 1.2 + 0.1 (at.%, n=3).
The right graph shows the number ratios of primary amines to the surface C or
N atoms, i.e., NHy/C=1.6 + 0.1 and NHy/N = 83 + 0.5 (at.%, n =3). It is
seen here that about 8% of all deposited N atoms formed primary amines in the
plasma-polymerized film. The remaining N atoms were most likely to form either
secondary amines (-NH) or tertiary amines, i.e., nitrogen atoms bonded only with

carbon atoms.

To observe whether the polymer depositing plasma penetrated the intercon-
nected pores of artificial bone and coated their inner surfaces, we performed a
cross-section analysis of a plasma-treated porous S-TCP disk. In this analysis,
a single-side treated porous p-TCP disk was cut in half at the center and the
cross sections were scanned with high-resolution XPS. The measurements were
performed on 25 spots with a diameter of 100 m along the center axis of the
cross-section, as presented in Fig. 4.2. The vertical and horizontal axes repre-
sent the percentages of atomic concentrations and the position along the center
axis measured from the plasma-exposed top surface of the disk. We treated only
a single side of the disk such that the penetration direction became clear. The

untreated side of the disk was in direct contact with the electrode surface of the
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plasma system and not directly exposed to the plasma.

As seen in Fig. 4.2, the C and N concentrations are the highest on the plasma-
treated surface (i.e., at position 0) and decrease gradually toward the center. The
fact that their concentrations are slightly higher near the untreated side (i.e.,
near position 2 mm) suggests that some polymerizing gas entered from this side
through a gap between the bottom surface of the disk and the electrode. Because
the porosity of the disk is about 75 % (i.e., 75 % of the disk volume is void), we
expect that the area ratio of the inner pore surface to the 5-TCP bulk on the cross-
section is approximately 752/3: 252/3 = 68: 32. We also note that the variation
of atomic concentration ratios on the cross-section is higher than the SD of the
atomic concentration ratios on the untreated S-TCP surface given above. This is
because of the random spatial distribution of inner pores, whose average diameter

is 150 pm, inside the disk whereas the diameter of each measurement spot is 100

.

As discussed earlier, the atomic concentration ratios of untreated 5-TCP were
about Ca: P: O: C: N = 19: 11: 42: 28: 0 (at. %). Even in a deeper region of
the cross-section (e.g., the region from 800 to 1700 um) of Fig. 4.2, the atomic
concentrations of C and N are higher than those of untreated g- TCP, and those
of Ca and P are lower, which indicates that plasma-polymerized films were also
deposited on the inner pore surfaces of the deep region of the disk. Plasma-treated
porous S-TCP disks used for in vivo experiments of this study were treated on both
sides (for 30 min each), as discussed before, so we expect the inner pores of those

disks are well coated with plasma-polymerized films.
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Untreated

Figure 4.3: SEM images of the outer surfaces of untreated (top) and plasma-treated
(bottom) porous B-TCP disks. Low magnification = x 400 (left). High magnification
= x 1000 (right).

SEM photos of outer surfaces of untreated and plasma-treated porous S-TCP
disks are shown in Fig. 4.3. Plasma polymerization did not cause structural
changes in the porous disks. Typical interconnecting channels are shown in photos
at x 1000 magnification. The deposited polymer is not visible here because its
thickness (about 40 nm, as discussed above) is far smaller than the scales of these

images.

4.4 Effects of plasma treatment on cell
behaviors

First, we confirmed that the plasma treatment enhanced the hydrophilicity of

B-TCP, which was originally hydrophobic. As a result, cell suspension dropped on
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plasma-treated porous disks infiltrated quickly, and the cells therein adhered to the
walls of their deep inner pores. Second, we investigated the effects of the plasma
treatment on cell adhesion. Green fluorescent protein (GFP)- transgenic bone
marrow stromal cells (GFP-BMSCs) were harvested from male GFP-transgenic
rats. We seeded 5 x 10° GFP-BMSCs on the surface of each dense S-TCP disk,
incubated them for 30 min to initiate adhesion, and then detached weakly attached
cells by centrifugation, as shown in Fig. 4.4A. Figure 4.4B shows fluorescence pho-
tos of rat BMSCs attached to dense S-TCP disks before and after centrifugation.
As shown in Fig. 4.4C, both cell counts and adhesion rates were significantly higher

for the plasma- treated disks than those of the untreated disks.

87



4.4. Effects of plasma treatment on cell behaviors

A B Before centrifugation After centrifugation
&%
Y
5x10° GFP-BMSCs
@ o
3
[
-
== <
- > imm imm
30 min for initial cell adhesion
©
£
@
©
o
Centrifugation gmm gIom
Before centrifugation After centrifugation Adhesion rate
250 IR, S, —— 50 —_—
‘g’zou 'g 800 40
o o
S 1501 © 600 0}, 30
° °
© 100 ol O 400 20 S
=
500- 200- 10
0 0
Untreated Plasma Untreated Plasma Untreated Plasma
D Untreated Plasma
500um
—
E Area Circularity Solidity
250 = 10 10
— !
200- 0.8
150- 0.6 0.9-

Pixel2

100

50- 0.2

0. ¥
Untreated Plasma Untreated Plasma Untreated Plasma

Figure 4.4: Cell adhesion and morphology assays. (A) Schematic diagram of the experi-
mental setup for cell adhesion assay. (B) Fluorescence photos of rat BMSCs attached to
untreated (top) and plasma-treated (bottom) dense S-TCP disks before (left) and after
(right) centrifugation. (C) The average numbers of cells attached to each dense 5 disk
after initial adhesion but before centrifugation (left), those after centrifugation (center),
and the adhesion rates (right) for untreated and plasma-treated dense S-TCP disks. The
data for C are expressed as mean + SD (n = 5). *p < 0.05, ** p < 0.01. Mann— Whit-
ney U test. Cell morphologies of rat BMSCs attached to dense 8-TCP disks were also
analyzed after 3 h incubation for the initial adhesion and subsequent 24-h incubation
with additional GM. (D) Fluorescence photos of the rat BMSCs after the incubation
on untreated (left) and plasma-treated (right) dense S-TCP disks. (E) Comparison of
cell areas (left), cell circularities, defined by 4.1 (center), and cell solidities, defined by
4.2 (right), between the untreated and plasma-treated disks. The cell area represents
its size and the cell circularity and solidity characterize its shape. The data of E are
expressed as mean + SD with n = 1860 for “untreated” and n = 1440 for “plasma”.
*%p < 0.0001. T-test.
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Additionally, we also analyzed morphologies of rat BMSCs attached to dense
B-TCP disks. We seeded 5 x 10° GFP-BMSCs on the surface of each dense 3-TCP
disk and incubated them for 3 h for initial adhesion. The cells were then further
incubated with additional GM for 24 h. Fig. 3D shows fluorescence images of the
cells after the 24 h incubation. It is seen there that the morphology of attached
cells on the plasma-treated S-TCP disk exhibits a significant increase in the area
of cytoplasm (shown in green in the images). These images are used to evaluate
the cell areas, cell circularities, defined in 4.1, and cell solidities, defined in 4.2, for
the untreated and plasma-treated disks, which are shown in Fig. 4.4E. It should
be noted that the sample numbers for the untreated and plasma-treated cases
are n = 1884 and n = 1440, respectively, for the analysis of Fig. 4.4E, and the
differences in the mean values are confirmed to be statistically significant with
unpaired t-test analysis. As we visually observed in Fig. 4.4C, Fig. 4.4F shows
that the average area of rat BMSCs is larger on the plasma-treated dense 5-TCP
disk than on the untreated disk (left), suggesting the enhancement of cell spreading
on the plasma-treated surfaces. It also shows that the average circularity (center)
and solidity (right) are lower on the plasma-treated dense 8-TCP disk than on the
untreated disk, indicating the presence of membrane protrusions of rat BMSCs on

the plasma-treated dense - TCP disk.

Third, we performed cell proliferation assays. Considering the difference in
the initial cell adhesion, we made the initial number of cells the same by seeding
different numbers of GFP-BMSCs on plasma-treated and untreated dense 5-TCP
disks and plotted the cell proliferation curves by serial Cell Counting Kit-8 (CCK-

8) assays (Fig. 4.5A). It was found that the plasma treatment did not influence
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Effects of plasma treatment on cell behaviors

Figure 4.5: Proliferation assay for rat BMSCs on untreated and plasma-treated S-TCP
disks. (A) Schematic diagram of the proliferation assay. (B) Cell proliferation curves
for rat BMSCs on untreated (open circles) and plasma-treated (filled squares) S-TCP
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disks. All measurements were triplicate.

cell proliferation (Fig. 4.5B).

and osteogenic differentiation on plasma-treated and untreated dense disks, we
seeded 2 x 104 GFP-BMSCs on the surface of each dense disk and performed
ALP assays after 5 days of osteogenic induction (Fig. 5A). The plasma treatment

significantly improved osteogenesis as demonstrated by ALP staining (Fig. 5B)

Last, to evaluate the overall osteogenesis including cell adhesion, proliferation,

and ALP activity assay (Fig. 5C).
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Figure 4.6: Osteogenic differentiation assay for rat BMSCs on untreated and plasma-
treated 3-TCP disks. (A) Schematic diagram of the osteogenic differentiation assay.
(B) Macro photos of ALP-stained rat BMSCs sub- cultured on untreated (top) and
plasma-treated (bottom) dense S-TCP disks. The black in the image represents the ALP
stain. (C) The ALP activity values, as defined in the section Materials and methods,
for untreated and plasma-treated S-TCP disks. The data here are expressed as mean =+
SD (n = 3). *p < 0.05. T- test.

4.5 Enhancement of in vivo new bone formation
by the plasma treatment

Plasma-treated and untreated porous S-TCP disks were symmetrically trans-
planted into circular bone defects of rat calvarial bones. Histological evaluation and
micro-CT analysis were performed at 3 and 6 weeks postoperatively (Fig. 4.7A).
As seen in Fig. 4.7B, at postoperative 3 weeks, the volume of new bone formed in-
side the plasma- treated porous S-TCP disk was evaluated and found not to differ
essentially from that inside the untreated porous S-TCP disk. However, at postop-
erative 6 weeks, the volume of new bone formed inside the plasma- treated porous
B-TCP disk was significantly higher than that inside the untreated porous g-TCP

disk. The 3D-reconstructed image of new bone along with the host calvarial bone
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Figure 4.7: In vivo experiments on the new bone formation inside porous 5-TCP disks.
(A) Schematic diagram of the in vivo implantation of porous S-TCP disks and post-
operative evaluations. (B) Micro-CT analysis of new bone volumes formed inside the
untreated (open circles) and plasma-treated (filled squares) porous - TCP disks at
postoperative 3 and 6 weeks. (C) The 3D reconstruction of the calvarial bone implanted
with untreated (left) and plasma-treated (right) porous S-TCP disks at postoperative 6
weeks. The gray grain- like structures indicate newly formed bone, and the white plate
or slab-like structure with two circular holes represents the rat calvarial bone. The -
TCP disks are not depicted and therefore the volume occupied by S-TCP is represented
by void space (black) in this image. (D) Micro-CT analysis of residual S-TCP volumes
of the untreated (open circles) and plasma-treated (filled squares) porous S-TCP disks
at postoperative 3 and 6 weeks. The data in B and D are expressed as mean + SD (n =
5 for 3 weeks, n = 15 for 6 weeks). **p < 0.01, ****p < 0.0001. Wilcoxon matched-pairs
signed-rank test.

revealed abundant new bone formation in and around the plasma-treated porous
p-TCP disk (Fig. 4.7C). In both untreated and plasma-treated groups, nearly one-
third of the S-TCP was absorbed for the 3 weeks between the postoperative 3 and
6 weeks (Fig. 4.7D) with similar rates. Because the initial volumes of the -TCP

disks were essentially the same (about 9.8 mm?), the 3-TCP absorption rate was

unaffected by the plasma treatment.

Fig. 4.8 shows micro-CT slices and the corresponding histological sections of
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Figure 4.8: Histological sections at postoperative 6 weeks. (A) A cross-section image of
an untreated porous S-TCP disk transplanted into a rat calvarial bone, reconstructed
from its micro-CT scanning data (left). The white represents -TCP, the gray represents
the rat calvarial bone or newly formed bone, and the black represents soft tissues or the
void of space. The corresponding histological section of the same porous - TCP disk
stained with H and E is shown on the upper right. The bright pink represents bony
tissues, the pale pink represents soft tissues, the white represents the space of decalcified
B-TCP or the void of space, and the nuclei of cells are stained in purple. Magnified images
near the center and right interface region are also listed (bottom). (B) A cross-section
image of a plasma-treated porous S-TCP disk transplanted into a rat calvarial bone,
reconstructed from its micro-CT scanning data (left) and the corresponding histological
section of the same porous -TCP disk stained with H and E (upper right) and their
magnified images (bottom). All images are at postoperative 6 weeks.

(A) untreated and (B) plasma-treated porous S-TCP disks transplanted into a rat
calvarial bone at postoperative 6 weeks. In the micro-CT slices, the white rep-
resents -TCP, the gray represents the rat calvarial bone or newly formed bone,
and the black represents soft tissues or the void of space. In the histological sec-
tions, the bright pink represents bony tissues, the pale pink represents soft tissues,
the white represents the space of decalcified 5-TCP or the void of space, and the
nuclei of cells are stained in purple. Magnified images near the center and right
interface regions of the histological sections are also listed. More bone formation
is observed in the plasma-treated porous S-TCP disk than in the untreated disk.

The magnified histological images of the interface regions also indicate that the
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new bone formed in the plasma-treated S-TCP disk has achieved good interface
union with the host bone whereas, at the interface between the untreated porous
B-TCP disk and the host rat calvarial bone, the host bone is in contact only with

soft tissues and has not achieved solid interface union with new bone.

4.6 Discussion

In this study, we successfully formed amine-containing carbon polymers on
B-TCP artificial bone surfaces by plasma polymerization using a gas mixture of
CHy4, Ng, and He. This amine modification on - TCP artificial bone surfaces
enhanced in vitro cell adhesion and osteogenic differentiation as well as in vivo
bone regeneration. The effects of amine-modified artificial bone surfaces on tissue
ingrowth and enhancement of osteogenic differentiation are considered to be the
main mechanisms underlying this high bone regeneration capacity. In the treat-
ment of large bone defects with artificial bone, the successful introduction of cells
and blood vessels at a substantial distance from the host bone remains challenging
[156, 157]. To treat “critical size” bone defects, pre-loading of bone or vascular-
forming cells or vascular transplantation inside artificial bones has been attempted
[158-161]. These methods usually require long and costly pre-treatment. In the
present study, we instead chose a “chemical modification” approach and formu-
lated amine-containing plasma polymerization on the outer and inner surfaces of
porous artificial bone. The implantation of such plasma-treated artificial bone in
a rat calvarial defect model demonstrated early tissue (cells and vessels) ingrowth.

The enhanced cell infiltration by plasma treatment is considered to contribute to
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this early tissue ingrowth.

Amines, as functional groups, are hydrophilic. This is because, in an aque-
ous medium, amines become protonated and form positively charged functional
groups -NH, " (x = 1-3, depending on how many C atoms the center N atom is
bonded with), which attract highly polarized water molecules. The present study
revealed that amine modification of porous S-TCP surfaces enhanced the infiltra-
tion of cell suspension dropped on its surface. Notably, the plasma-treated 5-TCP
absorbed tissue fluid and rapidly became wet, in contrast to non-treated 5-TCP,
which remained almost completely dry during the implantation (Supplementary
Fig. S3). Although the volumes of new bone formed at postoperative 3 weeks
were observed to be similar between the plasma-treated and untreated porous -
TCP disks (Fig. 4.7B), the histological sections at postoperative 3 weeks revealed

abundant infiltrated cells and tissue formation in the plasma-treated disks.

We demonstrated that g-TCP coated with amine-containing plasma-polymerized
films enhanced in vitro osteoblastic differentiation and increased the volume of
new bone inside the interconnected pores of artificial bones in vivo. Several effects
provided by the amine modification must have contributed to this enhanced bone

formation.

Amine modification of a surface is known to strengthen cell adhesion by enhanc-
ing integrin binding, which is required for osteoblastic differentiation [162-164].
In detail, cell adhesion is mainly mediated by the binding of cellular integrins and
adhesive proteins such as fibronectin in the extra-cellular matrix. The positive

charges of amines can increase the density of fibronectin and change its conforma-
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tion [165]. These changes in fibronectin strengthen the cell adhesion by increas-
ing the binding to integrins [166, 167] and trigger rapid phosphorylation of focal
adhesion-associated tyrosine kinase (FAK) [168], subsequently triggering extra-
cellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK)
signaling to upregulate Runt-related transcription factor 2 (Runx2), which is a

master regulator of osteoblastic differentiation [169-175].

The type of change in cell morphology that we observed on the plasma-treated
B-TCP, i.e., the increase of cell areas and the decrease of circularity and solidity,
is known to facilitate the osteogenic differentiation of rat BMSCs [176]. This is
similar to the earlier observation that human mesenchymal stem cells exhibiting
a spreading, rather than maintaining round shapes, appear inclined toward an
osteogenic lineage [177]. This is considered to be caused by the upregulation of
Ras homolog family member A (RHOA), a transcription factor that regulates the
actin cytoskeleton and increases osteogenesis [176-178]. The basicity of amines
can also improve osteogenesis by increasing the interfacial pH [179]. A high pH
environment around implant materials has been reported to enhance osteoblastic

differentiation [179, 180].

Our study also showed that the plasma treatment enhanced the osteogenic dif-
ferentiation without affecting cellular proliferation (Fig. 4.3B). In general, cellular
proliferation and osteogenic differentiation do not necessarily occur simultane-
ously. Indeed, earlier studies also demonstrated the enhancement of osteogenic
differentiation without enhanced cellular proliferation for different types of cells

under different conditions [9, 47, 181]. The enhanced cell adhesion, change in cell
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morphology, and possibly the increase of interfacial pH due to the presence of
amine groups on -TCP artificial bone surfaces are thus consistent with, and un-
derlie, the high bone regeneration capacity achieved by the plasma polymerization

on the artificial bones.

The major limitation of this study is, however, that we investigated the bone
regeneration capacity only with a rat calvarial defect model. The calvaria has a rich
blood supply and therefore offers a supportive environment for bone regeneration.
A further investigation on bone regeneration under more stringent conditions, e.g.,
that for malunion of fractures, is desirable. Furthermore, as the size of artificial -
TCP bones designed for the rat calvarial defect model was small, we were only able
to evaluate the bone volume with a high-resolution micro-CT, but unable to obtain
other important bone parameters such as trabecular numbers and thicknesses or to
perform biomechanical tests to evaluate mechanical strengths of the regenerated

bone.

Despite such limitations, the findings of this study indicated that the rapid
cell infiltration into the interconnected pores of artificial bones and the enhanced
osteoblastic differentiation capability due to the presence of plasma-polymerized
films on the artificial bone surfaces contributed to the early tissue ingrowth and
high bone regeneration inside and around the plasma-treated artificial bones. Con-
sidering the fact that no commercial artificial bone is currently available that pos-
sesses a satisfactory osteogenic capacity, we expect these characteristics of amine-
modified artificial bones to pave the way to the development of a safe and more

effective treatment of large bone defects.
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Chapter 5

PEEK implant functionalization
with magnetron-sputtered SrTiOg3

for regenerative medicine

5.1 Introduction

Degenerative spine disease and low back pain have been extensively studied be-
cause of their significant impact on millions of people worldwide [182, 183]. These
conditions often lead to chronic pain and loss of functions owing to intervertebral
degeneration, fractures, dislocations, and deformities [184]. One treatment option
for these conditions involves the use of implants to replace or support the damaged
discs. Among various implant materials, polyetheretherketone (PEEK) is a pre-
ferred choice due to its natural radiolucency, magnetic resonance imaging (MRI)

compatibility, and excellent mechanical properties that are comparable to those of

99



5.1. Introduction

human cortical bone [185-187].

PEEK has replaced some conventional metal or ceramic implants for certain
applications [185, 188] and is now widely used for bone implants, such as spinal
cages, owing to its biocompatibility and favorable mechanical properties [189].
However, PEEK exhibits a low affinity for bone tissue and lacks osteoconductivity
and osseointegration [187, 190], which can limit its effectiveness in certain applica-
tions. To address this issue, researchers have explored various strategies to enhance
the osseointegration of PEEK implants [191], including its surface modification by
the coating of bioactive agents [186], which has improved the efficiency of bone

and soft tissue binding [192] and antibacterial properties [193].

Strontium (Sr) shares similar chemical properties with calcium (Ca) [194, 195].
Earlier studies examined the effects of non-radioactive Sr on bone through animal
experiments [196-200]. The presence of St ions (Sr*") in biological environments
is known for their dual effects of stimulating bone growth through osteoblasts and
inhibiting bone resorption through osteoclasts [66]. This unique characteristic of
Sr has led to its potential medical application in treating osteoporosis [198]. For
example, Sr was used to improve osteoblast responses in bone implants such as
bionic zirconia implants [201] and titanium (Ti) implants [202-206] and to enhance

bone-to-implant contact [57].

Some of such studies used strontium titanate (SrTiOs, STO) as a material
that releases Sro™ ions. The combination of SrTiO; and Ti was used to deposit
a film on Ti implants (grade 4 Ti) by DC magnetron sputtering, which improved

the bone-to-implant (BIC) interface up to 53% [202]. The magnetron sputtering
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method was also used to deposit SrTiOs films on alkali-heat treated titanium,
which promoted osteointegration ability in both normal and osteoporotic condi-
tions [207]. In another study, sol-gel was applied to deposit SrTiO3 mesoporous
film on glass, which enhanced surface bioactivity, cell adhesion, and proliferation

208].

Some of such studies used strontium titanate (SrTiOz, STO) as a material that
releases Sty ions. The combined deposition of STO and Ti was used to modify the
surfaces of Ti implants by DC magnetron sputtering, which improved the bone-to-
implant interface by up to 53% [202]. The magnetron sputtering method was also
used to deposit STO films on alkali-heat-treated Ti, which promoted osteointegra-
tion ability in both normal and osteoporotic conditions [207]. In another study,
sol-gel was applied to deposit STO mesoporous films on glass, which enhanced the

surface bioactivity, cell adhesion, and proliferation [208].

Several studies have focused on enhancing the surface properties of PEEK
through the incorporation of Sr-containing materials. For example, one study
formed strontium-containing HA on PEEK with a molding technique to promote
bone mineralization [209]. Another study used pulse electron deposition to de-
posit Sr doped calcium phosphate powders on the surfaces of PEEK implants
to improve the wettability and mechanical properties [210]. The incorporation
of both adiponectin and Sr in PEEK implants was found to enhance cellular re-
sponses for bone regeneration and osteogenic activity [211] and the incorporation
of Sr-doped bioactive glass nanoparticles and polydopamine in PEEK implants

was found to improve their antibacterial properties, reducing the risk of infection
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after surgery [212].

In this study, we formed thin STO films on PEEK surfaces by sputtering de-
position [213-219]. As discussed above, STO has been established as a material
to release Sro™ ions into its surrounding tissues when it is used for implants. On
the other hand, sputtering deposition of STO has been widely used for various
engineering applications [220, 221] and its techniques have been well established.
It can be performed at or near room temperature such that PEEK implants are
hardly affected when they are coated with STO films by sputtering deposition. The
amount of Sr incorporated in the implants can be easily controlled by adjusting

the thickness of the deposited STO film.

The goal of this study is to demonstrate that STO films can be deposited on
PEEK implants by sputtering deposition and examine how Sr can be released from
the deposited STO films to the surrounding environments. While the biological
effects of STO-coated PEEK implants will be discussed in separate publications,
we focus in this study on the physical properties of deposited STO films, including
their ability to release Sr to surrounding water. The amount of Sr release is likely
to increase as the deposited film thickness increases, but how about the rate? If
the rate of Sr release also increases with the film thickness, how can we prolong the
effectiveness of the STO-coated PEEK implants by ensuring a steady Sr release

for an extended period? These are the questions we address in this study.
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Figure 5.1: Chemical structure of PEEK

5.2 Material and methods

5.2.1 Plasma sputter deposition experiment

Disk-like PEEK samples (¢ 12mm x h 2 mm) and single-crystal silicon samples
with (100) surfaces were placed in a magnetron sputtering system (SCV-700LRF)
with an RF generator (13.56 MHz), as illustrated in Figure 5.2, for thin film depo-
sition. Sputter deposition was carried out with an STO (Toshima Manufacturing
Co., Ltd) target or a Ti target, with dimensions of a diameter of ¢ 52.1 mm and
a thickness of 0.5mm. The samples were mounted on a sample holder (anode)
60 mm away from the target. The chamber was evacuated with a turbo-molecular
pump, with a base pressure of the deposition process below 5 x 107*Pa. The
sputter deposition process was performed at a working pressure of 0.2 Pa, a power
of 100 W, and an Ar gas flow rate of 2.7sccm. All the deposition processes were

performed at room temperature without heating the sample holder.

The conditions for sputter deposition are summarized in Table 5.1. The dura-
tion of STO deposition on PEEK was varied between 5, 10, and 30 min, which are
denoted as STO I, STO II, and STO III, respectively. In the cases of two-layer
deposition, an additional Ti layer was deposited on top of the STO layer, with

thickness variations of 5, 10, 30, and 50 nm. In the case of three-layer deposition,
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Table 5.1: Summary of the sputter deposition conditions used in this study. The leftmost
column gives the abbreviated names for deposition conditions. The thicknesses of Ti
films referred to here are those if deposited on the Si (100) surface and not meant to
indicate their actual thicknesses on PEEK or STO surfaces. The Ti deposition time was
the corresponding value given in Fig. 5.2

Deposited layers Number of
Deposition conditions 1st/bottom layer 2nd layer 3rd layer layers
STO I STO 5min - - 1 layer
STO II STO 10 min - - 1 layer
STO II1 STO 30 min - - 1 layer
STO II/Ti 5nm STO 10 min Ti 5nm - 2 layers
STO II/Ti 10 nm STO 10 min Ti 10 nm - 2 layers
STO II/Ti 30 nm STO 10min  Ti 30nm - 2 layers
STO II/Ti 50 nm STO 10 min Ti 50 nm - 2 layers

Ti 30nm/STO II/Ti 5nm  Ti 30nm STO 10min Ti 10nm 3 layers

a 30 nm Ti layer was first deposited on PEEK as the bottom layer, followed by STO
10 min deposition and, finally, thin Ti deposition as the topmost layer. For multi-
layer deposition (i.e., two-layer and three-layer), the top Ti layer was deposited
to control the release of Sr from the STO layer when the sample is immersed in

water solution, as will be discussed later.

It should be noted that the Ti film thickness referred to in Table 5.1 indicates
the Ti film deposition time with which the referred Ti film thickness would be
attained if the deposition took place on the Si substrate; it does not mean the
actual Ti film thickness deposited on a PEEK surface. (The film thickness cannot
be measured accurately on a PEEK surface due to its surface roughness.) For Ti
films, whose deposition time can be very short in our study, the corresponding film
thickness on the Si substrate, rather than the deposition time, is used to express

the deposition conditions for simplicity.
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Figure 5.2: Schematic diagram of the RF magnetron sputtering system used in this
study. The system was connected to a rotary pump and turbo molecular pump (TMP)
for gas evacuation. The PEEK or Si samples were placed on the grounded bottom
electrode. The STO or Ti target was set on the upper electrode connected to the RF
power generator with a frequency of 13.65 MHz. Ar gas was ionized to generate plasma,
which bombarded the target materials and sputtered off the target material. Sputtered
target atoms were then deposited on the sample surface. The substrate temperature was
not controlled and remained close to room temperature. The target-sample distance (d)
was set at 60 mm.

5.2.2 Surface characterization

The thickness of the deposited film on a Si substrate was measured with a
stylus profilometer (Dektak-XT Bruker) with a stylus tip radius of 12.5 ym and a
stylus force of 3mg. For this measurement, we covered part of the Si sample with

a mask to avoid film deposition, and the step depth between the deposited and
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undeposited areas was determined as the film thickness by the profilometer. The
surface roughness of the pristine PEEK sample, before sputter deposition, was also

measured by the stylus profilometer.

The surface morphologies of STO and Ti deposited on PEEK were examined
at room temperature using field-emission scanning electron microscopy (FE-SEM;
JEOL JSM-F100). To minimize the charging effect during high-resolution mag-
nification, a 5nm layer of osmium was coated on the STO films on the PEEK
samples prior to measurement. The acceleration voltage of the FE-SEM was set
to 10kV with a working distance of 10 mm or less and at a low current. Image
analyses to determine the histogram of surface pore distributions from the SEM

images were performed with the ImagelJ software.[222]

The surface chemical states were analyzed by X-ray photoelectron spectroscopy
(XPS; JEOL JPS-9010MC) with an Al-Ka source (photon energy 1486.6¢V) and
a power set to 300 W. The samples were placed on a sample holder with carbon
tape and introduced to a high vacuum with an initial pressure of approximately
1079 Pa. The charge neutralizer was used during analyses. Depth profiling was
performed using Ar etching on the STO film deposited on PEEK with an applied
voltage of 1kV and a current of 23 mA. The peak quantifications are C 1s, O 1s,
Ti 2p, Sr 3d, and Si 2p. The pass energies of the survey spectra and element
core-level spectrum were 50 eV and 20 eV, respectively. Spectra were determined

with Shirley’s background subtraction procedure stored in CasaXPS software.

To evaluate how quickly Sr atoms are released from a deposited STO film into

phosphate-buffered saline (PBS) solution, we soak an STO-coated PEEK sample
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in 1mL of PBS at room temperature for periods of 1, 3, 5, 7, and 14 days. The
amount of Sr atoms accumulated in the solution for a given period was then
detected by inductively coupled plasma atomic emission spectroscopy (ICP-AES;

Shimadzu ICPS-8100).

5.3 Results and discussions

5.3.1 Structure analysis of film deposition on PEEK

Figure 5.3 shows the thicknesses of Ti and STO films deposited on (100) Si
surfaces as functions of the deposition time. Error bars indicate the standard
deviation of 20 measured thicknesses at different locations on the same sample.
It is seen that the deposition rates were 4.9 + 0.1 nm/min for STO and 9.7 +

0.3 nm/min for Ti.
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Figure 5.3: The thicknesses of Ti and STO films deposited on Si (100) surfaces as
functions of the deposition time. In most cases, the error bars are smaller than the sizes
of symbols.
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PEEK (control) STO 1 STO 11 STO 111

STO II/Ti 5 nm STO II/Ti 10 nm STO II/Ti 30 nm STO 1I/Ti 50 nm

(b)

Ti 30 nm/STO II/Ti 10 nm

(©

Figure 5.4: Surface morphologies at high magnification (100,000 x) of (a) PEEK (no
deposition) and STO films deposited directly on PEEK with deposition periods of 5,
10, and 30 min, (b) STO-Ti two-layer films deposited on PEEK with different Ti film
thicknesses, and (c¢) Ti-STO-Ti three-layer film deposited on PEEK, according to the
deposition conditions of Table 5.1

Surface morphologies of a pristine PEEK surface and deposited films are shown
in Fig. 5.4 with a magnification of 100,000x as images taken by FE-SEM. It is
seen that the pristine PEEK surface before sputter deposition is rough with a
roughness of 0.9 yum measured by stylus profiling. It is also seen in Fig. 5.4(a) that
the STO film growth is not uniform over the PEEK substrate when the film is
relatively thin. The formation of elongated holes is observed in an STO single-

layer deposition on PEEK for 5 and 10 min. After 30 min. deposition, such a hole
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was no longer observed.

Ti films were deposited on STO II films (i.e., STO with 10 min. deposition)
with different deposition periods and their surface morphologies are shown in (b).
It seems the Ti film hardly filled in the holes of the underlying STO film; some

holes are still observed even after 50 nm Ti deposition.
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Figure 5.5: Pore size distribution histograms of STO films deposited directly on PEEK
for (a) 5min and (b) 10 min.

To avoid the formation of irregular holes of STO film on PEEK, we deposited a
Ti layer directly on PEEK before an STO film and a subsequent thin Ti film were
deposited. As seen in Fig. 5.4 (c), the three-layer film exhibited no sign of hole
formation on the surface. It suggests that the direct deposition of a sufficiently
thick Ti layer on PEEK allows the relatively uniform formation of an STO film in

the subsequent sputter deposition process.

The pore-size distributions of STO I and STO II films of Fig. 5.4 (a) are given in
Fig. 5.5 based on image processing of the SEM photographs. Because typical holes

are elongated and may be approximated as ellipses, Fig. 5.4 plots the distribution
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of the length of the major (i.e., longer) axes of such holes obtained from images
shown in Fig. 5.4 (a). It is seen that, as the thickness of the STO film increases, the
number of elongated holes decreases without much change in the size of the major
axes. This indicates that the elongated holes become narrower as the deposition

proceeds.

5.3.2 Chemical compositions of deposited films

The XPS measurement of the PEEK surface used in our study confirmed that
the density ratio of carbon (C) to oxygen (O) on the PEEK surface was 6.39, which
is close to that of stoichiometric PEEK of 6.33. The surface atomic concentration
ratios of the deposited films obtained from XPS are summarised in Fig. 5.6, which
lists the relative concentrations of Sr, Ti, and O only. The concentration of C
was ignored because it can result from surface contamination by ambient air after
the deposition. It is seen that the deposited STO film (STO II) has relative
concentrations close to Sr:Ti:O = 1:1:3, i.e., the stoichiometric ratio of STO. As
the thickness of the top Ti layer increases from 5nm to 30nm, the Sr signal is
seen to decrease. For the three-layer (Ti 30 nm/STO II/Ti10 nm), the Sr and O
signals are lower than those for the corresponding two-layer (STO II/Ti10 nm)
film. This is likely because there are many holes in the STO film deposited directly
on PEEK and a thin Ti layer cannot cover the STO film conformally and partially
exposes the underlying STO film. The top Ti layer is also partially oxidized when
the sample is exposed to ambient air for the ez situ XPS measurement or possibly

during sputter deposition due to impurities in the processing chamber.
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Figure 5.6: Relative concentrations of Sr, Ti, and O atoms, obtained from XPS, for
single and multilayer deposition of STO II (10 min) and Ti on PEEK.

The XPS depth profiling results of C, O, Ti, and Sr relative concentrations for
a single-layer STO film (STO III) deposited on Si as well as two-layer (STO II/Ti
10nm) and three-layer (Ti 30 nm/STO II/Ti10 nm) films deposited on PEEK are
presented in Fig. 5.7. The background colors highlight the locations where some
significant changes in atomic concentrations occur as the Ar ion (Ar") etching
time increases and, therefore, they more or less mark the locations of different

materials.

In each case, the C concentration on the top surface (where the Ar™ ion etch-
ing time is 0) simply reflects carbon contamination of the surface. It should be
noted that 1 keV Ar™ ions used for depth profiling can cause significant mixing
of surface atoms and preferential removal of specific atomic species as the etching
proceeds. Therefore one cannot estimate the exact relative atomic concentrations
of the deposited films from Fig. 5.7. For example, in (a), where a single STO film

deposited on Si is examined, the relative concentrations of Sr, Ti, and O seem
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close to Sr: Ti: O = 1:2:3 except for the top surface. Because the relative atomic
concentrations of any surfaces of STO deposited in this study are always observed
to be close to Sr: Ti: O = 1:1:3, the true relative atomic concentrations of STO
should be around Sr: Ti: O = 1:1:3 throughout the deposited STO film, rather

than what is seen in Fig. 5.7.

Although the STO deposition time is the same (10min for STO II) for both
(b) and (c), the Ar* etching time required to remove the STO film is significantly
shorter in (b) than in (c). It indicates that the STO film of (b) is either thinner or
easier to etch due to the presence of holes seen in Fig. 5.4 (b), or both, than the
STO film of (c). Earlier studies [223-227] have reported that a PEEK surface has
lower surface energy or weaker adhesion strength and is more hydrophobic than
a Ti surface, which may cause STO less likely to be formed on a PEEK surface
than on a Ti surface. As seen in the case of three-layer film, the presence of the
bottom Ti film directly deposited on PEEK allowed the deposition of more STO

for the same deposition time in the subsequent STO deposition process.

5.3.3 Control of Sr release to PBS

As discussed earlier, the thin Ti layer placed on the STO film is expected to
slow down the release of Sr when the STO-coated artificial bone is implanted in
vivo. To examine how quickly Sr is released from deposited STO films into its
environment, we placed STO-coated PEEK samples in PBS solution. Assuming
that Sr atoms exist as Sro™ ions in aqueous solution, we measured the released

Sr?* jons by ICP-AES. Figure 5.8 summarizes the measurement method.
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Figure 5.7: Relative concentrations of C, O, Sr, and Ti obtained from XPS depth profiling
with a 1keV Ar™ ion beam for (a) one-layer (STO III) deposition on Si, (b) two-layer
(STO II/Ti10 nm) deposition on PEEK, and (c) three-layer (Ti30nm/STO II/Ti 10 nm)
deposition on PEEK, under the conditions listed in Table 5.1

Figure 5.9 shows the accumulated amounts of Srp™ ions released from various
STO films deposited on PEEK as functions of the immersion time in PBS. The
results for the single-layer STO films are shown in (a), where the thicker STO film
releases more Srp™ but the release rate is also higher, reaching its near maximum
concentration within 2-4 days, regardless of the thickness. In (b), the results of
multilayer samples with the STO films deposited for 10 min are compared with
that of a single-layer sample of STO II. It is seen that, in the case of two-layer
(STO 11/Ti) samples, the rates of Sr** release depend weakly on the thickness of

the top Ti film. This is probably because, as discussed earlier, the top Ti film
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Figure 5.8: Schematic diagram of the Sr measurement in PBS. The STO-coated PEEK
sample (denoted as PEEK+STO in this figure) was immersed in a 1mL PBS for one
day and then moved to a new 1 mL PBS. The concentration of Sr in the former solution
was then measured with ICP-AES. This process was repeated with various immersion
periods and the Sr content in each PBS solution was measured.

could not cover the rough STO surface entirely and some parts of the STO surface

might be exposed directly to the PBS solution.
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Figure 5.9: Accumulated Sr released in PBS for 1, 3, 5, 7, and 14 days from (a) the
single-layer STO films deposited on PEEK for 5, 10, and 30min and (b) the single-,
two-, and three-layer films with STO deposition for 10 min on PEEK.

In the case of the three-layer structure, however, the top Ti film functioned
as a barrier for Sr diffusion to the solution and a steady release of Sr*" ions over

10 days was achieved. Although the data is not shown here, the ICP-AES also
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confirmed that no Ti was dissolved into PBS during the same experiments.

To confirm that the Sr content of the STO film was reduced after it was im-
mersed in PBS solution for an extended period, we observed the ratio of atomic
concentrations of Sr to Ti on the surfaces of single-layer STO films deposited on
PEEK, as shown in Fig. 5.10. It is seen that the amount of Sr decreased compared

with that of Ti after the sample was immersed in PBS solution for 14 days.
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Figure 5.10: Concentration ratios of Sr to Ti of STO I and II surfaces, obtained
from XPS, before and after being immersed in PBS solution for 14 days.

5.4 Conclusion

We have demonstrated STO deposition on PEEK surfaces by magnetron sput-
tering and examined the physical properties of the deposited films. The biological

effects of STO-coated PEEK artificial bone will be discussed in separate publi-
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cations. The target material used for the sputtering process was stoichiometric
SrTiO3 and the sputter-deposited films in our study also exhibited a stoichiome-
try close to that of the target. The sputtering deposition of STO forms a smooth
and uniform film on the Si (100) surface. However, if a relatively thin STO film
is deposited directly on PEEK by the same method, the deposited film exhibits
rough surfaces with many holes. It suggests there is some incubation time for STO
to grow on PEEK and possibly island structures are formed in the early deposition

stage.

St is known to be readily dissolved from STO if the STO is exposed to water
solution, so there is a concern that STO-coated artificial bone may run out of Sr
quickly after it is implanted in vivo. The presence of Sr is known to have positive
effects on bone regeneration, so, in some implant applications, the steady release

of Sr from Sr-coated artificial bone for an extended period may be preferred.

To retard the Sr release from STO to the surrounding water, a thin Ti film was
deposited on the STO surface. However, if the STO film is directly deposited on
PEEK, it is found that the top Ti film hardly affects its Sr release rate. This is
probably because the STO films directly deposited on PEEK have rough surfaces
with many holes and, therefore, the thin top Ti film could not cover the STO

surfaces completely.

On the other hand, we have demonstrated that the three-layer structure ex-
hibits a steady release of Sr. By depositing a Ti film with a reasonable thickness
directly on PEEK first, we were able to deposit a relatively thick STO film on the

Ti film with the same deposition time as that of the STO film deposited directly
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on a similar PEEK surface. This thicker STO film with a smoother surface allowed
a better coverage of the STO surface by a thin Ti film deposited on it. When the
three-layer coated PEEK sample was immersed in PBS solution, the diffusion of
Sr through the thin top Ti film allowed the controlled steady release of Sr from

the underlying STO film to the surrounding solution.
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Chapter 6

General conclusion

In this research, low-pressure plasma e.g. PECVD or bipolar pulsed plasma and
plasma sputtering has been done to modify the surface of artificial bone for ortho-
pedic application. The classical MD simulation also was used to provide insight

into the amine PP growth and formation of amine groups under PECVD.

In Chapter 2, the surface modification of porous hydroxyapatite (HA) as an
artificial bone was performed with amine plasma polymerization by bipolar pulsed
discharge. The stability of nitrogen-containing and primary amine embedded in
the deposited polymer film on porous HA by bipolar pulsed discharge with low-
pressure pulsed was investigated. The porous HA surface was effectively covered
by the primary amine, as confirmed by 4-trifluoromethyl benzaldehyde (TFBA)
derivatization. The experimental results showed that the high ratio of primary
amine to the number of carbon [NHy]/[C] and nitrogen [NHy]/[N] in a plasma-

deposited hydrocarbon film was typically about 0.03 and 0.20 respectively. The
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6. General conclusion

stability of nitrogen-containing was examined on the porous HA surface, and it
was confirmed that nitrogen also existed inside the HA pores through cross-section
analysis of porous HA. The bipolar pulsed discharge was able to carry reactive
species deeply inside the pores and functionalize the inner pores. The stability
of plasma polymer (PP)-coated HA was investigated. It demonstrates the effec-
tiveness and stability of amine plasma polymerization for surface modification of
porous HA, which could have important implications for the development of im-

proved artificial bones.

Chapter 3 explored the use of molecular dynamics (MD) simulations to analyze
the amine formation process in carbon-based polymer films that were deposited
using plasma-enhanced chemical vapor deposition (PECVD) with methane (CHy)
and nitrogen (Ny) gases. The surface of the deposited film and the incident precur-
sors were analyzed, and it was assumed that only amino radicals (NHs) supplied
nitrogen species, so that the maximum amount of primary amine (—NHsy) could be
present in the deposited film. Carbon was supplied to the reaction as either CH,
or CHj radicals, or CHy™ or CH3™ ions with an ion kinetic energy up to 100 eV,
which is typical in PECVD experiments of this type. The study shows that an
increase in the concentration of NH, radicals in the gas phase during PECVD has
a minimal impact on the primary-amine content in the resulting films. It appears
that the primary amine content is not highly influenced by the plasma conditions
as long as there is a sufficient amount of nitrogen and hydrogen during plasma

polymerization.

Chapter 4 describes the process of modifying the surface of calcium phosphate
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6. General conclusion

artificial bone using a bipolar pulsed plasma in the context of plasma amine poly-
merization. The results demonstrate that plasma-treated S-TCP displays a notice-
ably increased hydrophilicity, thereby promoting the extensive infiltration of cells
into the interconnected porous [-TCP, facilitating tissue regeneration. The ad-
hesion and osteogenic differentiation of cells on the plasma-treated artificial bone
surfaces were also improved. In a rat calvarial defect model, the plasma treat-
ment demonstrated high bone regeneration potential. The outcomes imply that
the modification of artificial bone through plasma technology with amine is likely
to demonstrate high osteogenic ability and thus represents a promising approach
for overcoming current clinical restrictions related to the utilization of artificial

bone.

In Chapter 5, a high-performance polymer called PEEK was used to create
artificial spinal cage materials. In this study, the SrTiOg3 thin film was deposited
on PEEK surfaces using RF magnetron sputtering. The film properties and release
of Sty ions into a phosphate-buffered saline (PBS) solution were examined. The
results showed that, in the early stages of the deposition process, STO on a PEEK
surface had irregular structures with many holes. As the film thickness increased,
the amount of Sr stored in the STO film also increased, but the release rate of
Sryt ions from the STO film also increased, limiting the duration of effectiveness
of STO-coated PEEK films. However, a multilayer STO and Ti film allowed for a

steady and slower release of Srp™ ions into the surrounding PBS.

The research has comprehensively examined surface modification for ortho-

pedic applications, including the application of low-pressure plasma techniques,
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6. General conclusion

molecular dynamics simulations, and advanced materials. In particular, this study
has investigated the use of amine plasma polymerization through bipolar pulsed
discharge and plasma-enhanced chemical vapor deposition to effectively function-
alize artificial bone materials, such as porous calcium phosphate (HA and g-TCP),
with primary amine groups. The results demonstrate the effectiveness of amine
plasma polymerization in providing stability and enhanced functionality for arti-
ficial bones. Furthermore, molecular dynamics simulations have provided insights
into the amine formation process in plasma-deposited films and the factors that in-
fluence primary amine content. The artificial bone was successfully modified with
SrTiO3z on the surface of PEEK using plasma sputtering. the deposition of Sr-
containing also could controlled on the PEEK implant with multilayer deposition.
For the current state, our research still focus on amine plasma polymerization for
calcium phospate and SrTiOj3 deposition for PEEK. Further investigations are pos-
sible to expand the modification of biomaterial surfaces using several approaches,
either by changing the deposition methods or using different bone implants, and
finding the potential of these innovative approaches, which pave the way for the

development of next-generation orthopedic materials and implants.
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Appendix A

MD simulation for plasma
polymerization - Supporting

Information

A.1 Interatomic Potential Functions

The mechanisms of amine plasma polymerization during plasma processes
in PECVD can be studied through molecular dynamics (MD) simulation. The
interatomic potential models used in this study (i.e., C/N/H system) are the
same as those used in previous research [88-90, 136—138, 154], which are based
on Stillinger-Weber potentials that consider multi-body interactions for various
atomic species.[139-142] that represent multi-body interactions for covalent bonds
among various atomic species. For the purpose of simplicity, we employ the same

interatomic potential functions for both ions and charge-neutral atoms of the same
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A.1. Interatomic Potential Functions

species. The energetic ions impacting a surface are considered to be energetic neu-

tral atoms of a similar term. The total potential energy ® of the system as

® = ZZ Vij(rij, 0ij) + Z Wik (13,75, 75) + Vidw (745) (A1)

ioi<y j<k
where Vi;, Wiji, Viaw are the two-body, three-body, and van der Waals poten-

tial.

The two-body V;; is the total interaction of repulsive Vi and attractive V4
potential function between the " and 7" atoms with interatomic distance Tij as

given by

Vii(rij, 055) =Vii(rij, 0i5) + Vi (rij, 035). (A.2)

In this system, the function of the two-body function depends on the bond
order o;;. The value of the bond between " and ;" is determined by the presence
of other atoms surrounding them. Our model assumes that these functions are

dependent on both the interatomic distance r;; and the bond order o;;.

Az Dy, v s
Vij(rij, 01j) = —& exp <]> — —Lexp <]> (A.3)

rPij =y 7 r—r

The value of the numerical parameters A7, B, C7, Dy

a o} ag
e v Dy 05, 47y, and i are

determined by the ™ and 7 atoms and the bond order of the 7j bond. The
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A.1. Interatomic Potential Functions

interatomic cutoff length of this potential function is given by r7; where V;; = zero

ifrZ'rfj.

The three-body interaction, denoted as W;;i, describes the angular dependen-

cies of the 7", j'" and k'™ atoms given by

Wz’jk :hjz'k(ﬁjﬂ’im sz'k; Oij, Ujk) + hijk(rjiyrjka ez‘jk; O i, Ujk)

(A.4)

+ Nt (This Thjs Ok Okis O )-
Here 4, j, and k represent the identification number of each atom and their
positions are denoted by 7;;. The bond order o;; is defined as the bond between
@™ and 7™ atoms. oi; is 1, 2, and 3 denoted as single, double, and triple bonds

respectively. The angle 6;;; is the bond angle at the j atom between the ji bond

and the jk bond.

The H, C, and N atoms in this system have different two-body potentials, i.e.,
Vaw, Vue, Van, Voo, Von, and Vyy. The two-body potential functions for the
single, double, and triple bonds used in this study, for example, the bond of V¢
ie., Voo(r, 1), Voe(r, 2), and Vee(r, 3). We used potential function for general

bond order o (1<o<3) for carbon-carbon bond as follows;

(2 - U)Vcc(r, 1) + (O’ — 1)Vcc(7“, 2) ifl<o<2
Voo(r,o) = (A.5)

(3 — O')Vcc(T, 2) + ((T — 2)Vcc(7", 3) if 2 S g S 3

The potential function for carbon-nitrogen (Ve )(ri;, o) and nitrogen-nitrogen
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A.1. Interatomic Potential Functions
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Figure A.1: Two-body interatomic potential functions between (a) two carbon atoms,
(b) carbon and nitrogen atoms, and (c) two nitrogen atoms.

(Vyn)(rij, 0) are determined in similar manner. The bond order is the same as

that given in [88, 228]. Some examples of the two-body interatomic potential

functions used in this study are shown in Fig. A.1.
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A.2. Bond energy and sticking probabilities used in molecular dynamic
simulations

A.2 Bond energy and sticking probabilities
used in molecular dynamic simulations

The chemical bond energy between two atoms is typically close to the (absolute
value of the) minimum energy of the corresponding two-body interatomic potential,
which is listed in Table A.1 under “our simulation” for each bond and compared

with the bond energies from other literature.

Table A.1: Comparison of the bond energies of our simulation with the values from
other literature. The value of bond energy of our simulation is the minimum energy of
the corresponding two-body potential.

Bond energy (eV)
Bond Our simulation Ref.229 Ref.230 Ref.231

H-H 5.00 4.52 4.48 4.48
C-H 4.73 4.28 4.28 4.26
N-H 4.90 4.05 4.05 4.00
C-C 3.68 3.60 3.60 3.58
C=C 6.17 6.37 6.36 6.24
Cc=C 8.40 8.41 8.70 8.66
C-N 4.09 3.02 3.16 3.16
C=N 6.83 6.37 6.37 6.37
C=N 10.31 9.24 9.23 9.19
N-N 3.11 1.67 1.66 1.73 or 2.56
N=N 5.24 4.34 4.33 4.33
N=N 9.51 9.80 9.75 9.76

It is seen that the N-N single-bond energy is especially overestimated in our
simulation model. This is partially because the N-N single-bond energy tends to
vary significantly among different molecules. However, in the present study, N-
N single bonds are hardly observed, as seen in Figs. 8 and 9 of the main text.

Therefore, it is likely that the inaccuracy of the N-N single-bond energy in our
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A.2. Bond energy and sticking probabilities used in molecular dynamic
simulations

Table A.2: The sticking probability of CHy and CHg ion on C surface.

Incident Sticking probability (%)
energy (eV) CH, CH;
C atoms H atoms C atoms H atoms
0.2 94.0 92.8 89.0 82.3
10 90.4 86.5 80.4 73.9
50 57.6 78.8 56.2 68.6
100 63.2 83.0 64.0 73.5

model hardly affects the conclusion of this study. Further improvement of the

interatomic potential functions is a subject of future study.

The sticking probability of CHy and CH3 were examined in 5 different cases
as a function of the incident energy on a clean C substrate as shown in Fig. 1 in
the main text. In our study, the sticking probability is defined as the ratio of the
total number of remaining CH, or CH3 on the C substrate to the total number
of injected ions. The CHs, radicals or ions (in our model, both have the same
interatomic potential functions, as discussed in the manuscript) are more likely
to stick to the surface than CHj for the same incident energy. The results are

summarized in Table A.2.
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Appendix B

MD simulation of amine
formation in PECVD -

Supporting Information

B.1 MD simulation results for amine PPs

In this appendix, the deposition in MD simulation for conditions II, III, IV,
and V in Chapter 3 is presented in Fig. B.1, B.2, B.3, B.4, respectively. The depth
profiles of H, C, and N atomic concentrations in the deposited films, obtained from
MD simulations are shown in Fig. B.5. The depth profiles and relative concentra-
tions of all bonds and N—H bonds densities are shown in Fig. B.7 and Figure B.8.

The ratios of desorbed species are given in Fig. B.9.
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B.1. MD simulation results for amine PPs

02eV 10 eV 50eV 100 eV

Figure B.1: MD simulation results with atomic models at different ion incident energies
from 0.2 eV to 100 eV for Case II, i.e., the incident radicals are NHy and CHs and ions
are CH3™. The gray, blue, and white spheres represent C, N, and H atoms, respectively.

Figure B.2: MD simulation results with atomic models at different ion incident energies
from 0.2 eV to 100 eV for Case III, i.e., the incident radicals are NHs and CHs and ions
are CH3™. The gray, blue, and white spheres represent C, N, and H atoms, respectively.

130



B.1. MD simulation results for amine PPs

0.2eV 10 eV 50eV 100 eV

Figure B.3: MD simulation results with atomic models at different ion incident energies
from 0.2 eV to 100 eV for Case IV, i.e., the incident radicals are NHy, CHy, and H
and ions are CHy". The gray, blue, and white spheres represent C, N, and H atoms,
respectively.

0.2eV 10 eV 50eV 100 eV

Figure B.4: MD simulation results with atomic models at different ion incident energies
from 0.2 eV to 100 eV for Case V, i.e., the incident radicals are NHo, CHg, and H and ions
are CH3™. The gray, blue, and white spheres represent C, N, and H atoms, respectively.
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B.1. MD simulation results for amine PPs
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Figure B.5: Depth profiles of atomic concentrations at different ion incident energies
from 0.2eV to 100eV for Case II, III, IV, and V. The ion dose is 2.18 x 1016 /em?. The

atomic densities of H, C, and N atoms are represented by black, red, and blue curves,
respectively

132



B.1. MD simulation results for amine PPs
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Figure B.6: Depth profiles of atomic concentrations at different ion incident energies
from 0.2eV to 100eV for Case II, III, IV, and V.
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B.1.

MD simulation results for amine PPs
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Figure B.7: Relative concentrations of the bonds listed in B.6 averaged over the deposited
films at different ion incident energies from 0.2 eV to 100 eV for Case II, ITI, IV, and V.
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B.1. MD simulation results for amine PPs
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Figure B.8: Depth profiles of the atomic concentrations of secondary amines NH and
primary amines NHy at different ion incident energies from 0.2 eV to 100 eV for Case 11,

ITI, IV, and V.
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MD simulation results for amine PPs
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Appendix C

Amine PPs Deposited on
Artificial Bone with Bipolar
Pulsed Discharges - Supporting

Information

C.1 Morphologies of the deposited films in MD
simulation

Figure C.1 shows the morphologies of the deposited amine PP films obtained
from MD simulations, corresponding to Fig. 2.10 in Chapter 2. Magnified images

near the top of a deposited film are given in Fig. C.2.
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C.2. The depth profiles of bond densities

Figure C.1: Atomic representations of the deposited films given in Fig. 2.10, obtained
from the MD simulations. The kinetic energy of the incident CHy* ions is indicated at
the bottom of each image. The grey, blue, and white spheres represent C, N, and H
atoms, respectively.

C.2 The depth profiles of bond densities

Corresponding to Fig. 2.11, Fig. C.3 gives all major chemical bonds in the

deposited films given in Figs. 2.10 and C.1.
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C.2. The depth profiles of bond densities

Figure C.2: Magnified images of a top surface region of the deposited film obtained from
the MD simulation, corresponding to the image of Fig. C.1 for a CHy™ ion energy of 10
eV. The grey, blue, and white balls represent C, N, and H atoms, respectively, and the
stick between two atoms represents their covalent bond.
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C.2. The depth profiles of bond densities
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Figure C.3: Concentrations of major chemical (covalent) bonds in the deposited films
obtained from the MD simulations with different kinetic energies (0.2, 10, 50, and 100
eV) of the incident CHs™ ions, corresponding to Fig. 2.11. (a) Depth profiles of the bond
concentrations. The corresponding ion energy is given above each set of the profiles. (b)
Relative concentrations of the bonds listed in (a) averaged over the deposited films as
functions of the CHy™ ion energy. Unlike Fig. 2.11, the bond concentrations are not
normalized by the C atomic concentration here; they are normalized by the total bond
concentration.
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Appendix D

PEEK implant functionalization
with magnetron-sputtered STO -

Supporting Information

D.1 Surface properties of the STO deposited

films on PEEK

In this appendix, the XPS spectra of STO films on the PEEK substrate are
shown in Figs. D.1 as discussed in Chapter 5. The spectra confirm the elemental
composition of Sr; Ti, and O elements in the STO films at different deposition
times. The depth profiling spectra of one-layer, two-layer, and three-layer are

shown in Fig. D.2, D.3, D.4 corresponding to Fig. 5.7.
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D.1. Surface properties of the STO deposited films on PEEK
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Figure D.1: The XPS spectra of Sr, Ti, and O atoms for STO I, II, and III were
deposited on the PEEK substrate (a) wide spectra, (b) C 1s and Sr 3p spectra, and (c)

Sr 3d
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D.1. Surface properties of the STO deposited films on PEEK
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Figure D.2: Depth profiling of C, O, Sr, and Ti obtained from XPS depth profiling with
a 1 keV Art ion beam for one-layer (STO III) deposition on Si substrate.

143



D.1. Surface properties of the STO deposited films on PEEK
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Figure D.3: Depth profiling of C, O, Sr, and Ti obtained from XPS depth profiling with
a 1 keV Ar™ ion beam for two-layer (STO II) deposition on PEEK substrate.
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Figure D.4: Depth profiling of C, O, Sr, and Ti obtained from XPS depth profiling with
a 1 keV Art ion beam for three-layer (STO II) deposition on PEEK substrate.
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