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CHAPTER

1. INTRODUCTION

1.1 Background

The multidisciplinary science of tissue engineering has been developed to address
the issues of transplanted organ shortage and growing demand for tissue repair or
replacement. Tissue engineering principles are based on three key components: the
use of proper cell types, the use of a scaffold for homing cells to attach and grow,
and the use of signaling molecules, such as growth factors, for the induction of cells
to differentiate to desirable tissues [1-3] . Material engineering has a great role to play
in tissue engineering field especially in the scaffold part. The focus of material
scientists could be scaffold material, fabrication technique, or surface modification.
However, it is difficult to deliver the material which has combined excellent physical
and biological properties. The surface modification addresses this issue by improving
the biological properties on the surface of materials which have superb physical
properties but poor biocompatibility.

Sitk fibroin (SF), a promising material for tissue engineering scaffolds, is
biocompatible, biodegradable and mechanically strong. These favorable properties
allow researchers to explore SF application in biomedical fields, such as a scaffold
for bone tissue engineering [4-9], a carrier for controlled drug release [10, 11], and
wound healing mat [12, 13]. SF properties could be enhanced by blending or using
with other materials such as gelatin [4-6, 8-12], chitosan/chito-oliogosacharide [5, 7,
9], hydroxyapatite [6], human bone [8], or bee/shellac/carnauba waxes [13]. These

material systems could be achieved with chemical crosslinking with either EDC/NHS



[6-8, 10, 11, 14] or clutaraldehyde [5, 9, 12, 14], electrostatic blending [4], or simple
coating[13]. However, chemical crosslinking also raises the issue of toxicity, i.e.
glutaraldehyde could induce crosslinking between DNA and protein, resulting in
genotoxic and mutagenic threat [15, 16].

Plasma surface functionalization could be an alternative to chemical
crosslinking. Plasma treatment offers highly energetic active species which are ready
for surface reaction. This reaction is very quick, and leaves no trace chemicals. This
process also does not alter the mechanical properties of material, because it reacts
only with the surface layers of the material. Plasma treatment has been used to
modify surface of various materials in biomedical applications. The treatment
induces the change of surface wettability, introduces selective functional groups, and
changes electrostatic charges of the surface. The treated surface could be ready for
use or further treated to immobilize other bioactive molecules such as basic
fibroblast growth factor [17], collagen [18], cationized gelatin [19], heparin [20], etc.

Beside plasma surface functionalization, plasma treatment could be used to
etch the surface. Plasma etching could provide a similar surface chemistry if oxygen
plasma is employed with hydrocarbon surface and the treatment conditions are
optimized to achieve the perfect oxidation reaction [21]. Other properties related to
surface chemistry such as surface charge, and surface wettability would be affected
minimally. Moreover, plasma treatment affects only few nanometers depth from the
surface [22]. This means the bulk properties (e.g. degree of crystallinity, swelling ratio,
optical properties, etc.) should be similar to the untreated surface. In addition,
plasma etching could alter surface stiffness through crosslinking process by UV
radiation, a common side effect from plasma etching [21].

Few investigators have explored the plasma treatment on silk fibroin surface.
There have been two reports of using microwave argon plasma to treat silk fibroin

surfaces in Biomaterials in the past 10 years. Both reports aimed to enhance



biocompatibility and chondrogenic responses of articular chondrocytes on silk fibroin
surface [23, 24]. Regarding plasma power supplies, radio frequency source at the
frequency of 13.56 MHz has been employed for generating plasma treatment by
many investigators [17, 19, 20, 25-40] whereas the AC power supply have less
frequently been explored [41-43]. In our group, we have successfully used it for
treating crosslinked gelatin surface [42, 43].

Many researchers have been trying to explain the role of surface properties in
improving the biological responses on the plasma-treated surface. The investigations
have focused on surface wettability [17, 19, 20, 22, 24, 27, 30-34, 38, 40, 42-48],
surface chemistry [17, 19, 20, 26, 27, 34-38, 40, 42, 45-49] and surface topography
[17, 24, 31, 35, 37, 42-47]. However, a few important properties of plasma-treated
materials had not been thoroughly investigated, especially swelling properties,
protein adsorption, and surface stiffness. These properties play important role in cell-
substrate interaction. The swelling measurement of material could be used as an
indicator of how well hydrated the material is once it was brought to contact with
fluid. Hydration process is a truly first step and happens before any other processes
in cell-substrate interaction [50, 51]. Protein adsorption happens right after the
material hydration process and has biological effects on cell-substrate interaction [50,
52, 53]. However few researchers have paid attentions to study protein adsorption on
plasma-treated materials [17, 31, 47, 54]. Surface stiffness plays an important role in
cell fate such as adhesion [55] or phenotype expression in case of mesenchymal
stem cell (MSC) [56]. Cells sense the surface stiffness through adhesion sites; this
mechanosensation gives a signal for reinforcement adhesion and growth, or
disassembly of focal adhesion if the surface is either too soft or too stiff [55].

In this study, the preliminary investigations were conducted to evaluate
whether plasma treatment could improve the biocompatibility of silk fibroin surface.

The g¢low discharge plasma was generated by an in-house AC 50Hz power supply.



Nitrogen was used as a plasma gas because it could induce nitrogen species such as
amine on surfaces. Amine has been reported to improve cell adhesion on material
surfaces [48, 57]. The plasma operating conditions were optimized by maximizing
nitrogen active species. Both untreated and plasma-treated surfaces were
characterized in terms of wettability by water contact angle, surface chemistry, bulk
chemistry, and surface topography. L929 mouse fibroblast was employed in cell
culture tests. Early cell adhesion was evaluated by MTT assay along with F-actin
cytoskeleton development.

An in-depth investigation was conducted later to gain a better understanding
of the plasma treated effects on silk fibroin properties. A well-defined planar surface
was prepared as a thin film to meet the requirements of all analytical techniques.
This enables a consistent result interpretation. The characterization of untreated and
plasma-treated materials covered surface chemistry, degree of crystallization, surface
charge, swelling ratio together with optical properties, surface wettability, surface
modulus, and protein adsorption. The effect of surface stiffness on cell-substrate
interaction was then explored using two different cell types: L929 mouse fibroblast
and human mesenchymal stem cell (hMSC), based on their residing on different
microenvironment, which differs in matrix stiffness. The cell studies focused on cell

adhesion behaviors by evaluating stress fiber and focal adhesion formation.

1.2 Objectives

1. To evaluate the biocompatibility of plasma-treated Thai silk fibroin surfaces
using relevant biological response tests such as cell adhesion and

cytoskeleton development.



2.

1.3

To gain a comprehensive understanding of silk fibroin properties such as
surface chemistry, degree of crystallinity, surface charge, swelling degree,
optical property, surface wettability, surface modulus and surface
topography before and after plasma treatment using a well-defined planar

silk fibroin surface.

To investigate the effect of different surface stiffness of silk fibroin on cell-

substrate interaction.

Scopes of Research

Part | - A preliminary study of plasma treatment on Thai silk fibroin surface (Chapter

5)

1.

The setup of plasma machine using AC50Hz power supply for treating

Thai silk fibroin surfaces.

1.1. Nitrogen was used mainly to generate reactive species for plasma
treatment.

1.2. The plasma-generated reactive species were measured by optical
emission spectroscopy (OES) for selecting the suitable plasma
operating conditions such as plasma pressure, input power, electrode

gap, etc.

The untreated and plasma-treated Thai silk fibroin surfaces were
characterized as follows:
2.1. Surface wettability by static water contact angle measurement

2.2. Surface chemistry by X-ray photoelectron spectroscopy (XPS)



2.3. Bulk chemistry by Fourier transform infrared attenuated total
reflection spectroscopy (FTIR-ATR)’

2.4. Surface topography by atomic force microscopy (AFM)

3. In vitro biological response tests of plasma treated Thai silk fibroin
surfaces using L929 mouse fibroblast.
3.1. Cell early adhesion and proliferation by MTT assays

3.2. The cytoskeleton development study by F-actin staining

' FTIR-ATR could be used to detect the change of bulk chemistry of silk fibroin after plasma treatment
because it could go down to several microns of sample depth [22], while plasma treatment affects
only few nanometer scales of outermost layer [23, 126].

6



Part Il - An in-depth investigation of plasma treatment on Thai silk fibroin

surface (Chapter 6)

1.

Comprehensive characterization of untreated Thai silk fibroin surfaces was

conducted as follows:

1.1.

1.2.

1.3.

1.4.

1.5.

1.6.

Surface chemistry by X-ray photoelectron spectroscopy (XPS)

Degree of crystallinity by Fourier transform infrared attenuated total
reflection spectroscopy (FTIR-ATR) together with Fourier self-
deconvolution (FSD) along with peak fitting of amide | region

Surface charge by streaming potential

Swelling ratio and optical property (i.e. refractive index) by
spectroscopic ellipsometry

Surface topography by atomic force microscopy (AFM)

Surface elastic modulus by atomic force microscopy (AFM) based

nano-indentation.

The setup of plasma machine using microwave power supply for treating

Thai silk fibroin surfaces.

2.1.

Oxygen, argon, carbon dioxide, and ammonia were used to generate

reactive species for plasma treatment.

2.2. The plasma operating conditions were optimized for the induction of

desirable functional groups on plasma-treated silk fibroin surface by

using X-ray photoelectron spectroscopy (XPS).



3. The effect of surface stiffness on cell-substrate interaction was studied by
using oxygen plasma etching.

3.1. Both untreated and plasma-treated silk fibroin  films were
characterized by following techniques.
3.1.1.Surface chemistry by X-ray photoelectron spectroscopy (XPS)
3.1.2.Surface wettability by dynamic water contact angle using captive

air bubbles in conjunction with axisymmetric drop shape analysis
(ADSA)
3.1.3.Degree of crystallinity by Fourier transform infrared attenuated
total reflection spectroscopy (FTIR-ATR) together with Fourier
self-deconvolution (FSD) along with peak fitting of amide | region
3.1.4.Surface topography by atomic force microscopy (AFM)
3.1.5.Surface elastic modulus by atomic force microscopy (AFM) based
nano-indentation.
3.1.6.Fibronectin adsorption by quartz crystal microbalance (QCM)

3.2. In vitro cell culture tests were conducted using two different cell
types: L929 mouse fibroblasts and human mesenchymal stem cells
(hMSQ). The cell studies focused on cell adhesion behaviors by using
following techniques
3.2.1. Adhesion study by using optical microscopy
3.2.2.Cytoskeleton development by evaluating stress fiber and focal

adhesion formation using confocal laser scanning microscopy.



1.4 The publication details relating to the research objectives

1.

The biocompatibility of plasma-treated Thai silk fibroin surfaces

The outcome from the first objective was published as a research
paper entitled “Improvement of early cell adhesion on Thai silk fibroin
surface by low energy plasma” in Colloids and Surfaces B: Biointerfaces
journal and was described in the chapter 4 of this thesis.

The study was conducted to investigate whether plasma treatment
could improve the biocompatibility of silk fibroin surface. Low energy plasma

in this article was generated by AC50Hz power supply.

An comprehensive understanding of silk fibroin properties

This outcome of the second objective was summarized as a research
paper entitled “A comprehensive characterization of silk fibroin — Towards
multi-technique studies of surface modification effects” planned for
submission to the journal and was described in the chapter 5 (section 5.3 and
5.4) of this thesis.

The study was conducted after the successful proving that plasma
could improve the biocompatibility of Thai silk fibroin. The study began with
developing a well-defined planar silk fibroin surface, prepared as a thin film
which met all analytical requirements and had a similar surface chemistry to
the theoretical molecular structure of silk fibroin. This approach allowed a
consistent interpretation of all characterization results and enabled to gain a

better understanding of plasma-treated effects.
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3. The effect of silk fibroin surface stiffness on cell-substrate interaction.

This outcome of the third objective was summarized as a research
paper entitled “Oxygen plasma etching of silk fibroin alters surface stiffness: A
cell-substrate interaction study” which was accepted for publication in
Plasma Processes and Polymers journal and was described in the chapter 5
(section 5.3 and 5.6) of this thesis.

This study highlighted the important plasma-treated effect on silk
fibroin surface. An in-depth investigation revealed that plasma etching was
more prominent than plasma surface functionalization on silk fibroin surface.
Plasma etching of silk fibroin increased elastic modulus on silk fibroin
surfaces, while other properties of plasma-treated surface were similar to the
untreated surface properties. This finding provided a perfect foundation for

studying the effects of surface stiffness on cell-substrate interaction.
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2.1

2.1.1

11

CHAPTER

2. RELEVANT THEORY

Plasma

Definition

In a nutshell, plasma is ionized gas. It was also defined as the fourth state of
matter by Sir William Crooks in 1879, but this fourth state of matter was
named “plasma” later by Irving Langmuir in 1928. When the energy keeps
adding into gas (the third state of matter), the gas atoms start to collide with
each other and eventually break apart into electrons and charged ions. The
transition from weakly ionized gas into the plasma state happens when the
ionized gas develops unique properties, such as when it is electrically quasi-

neutral, and capable of responding to electric and magnetic fields [58, 59].

2.1.2 Particle collision

In plasma, there are many collisions which involve electrons, ions and neutral
atoms. The interactions are not only between these particles but also
involving other things which surround the plasma, such as electrodes and

plasma chambers. All important collisions are listed in Table 2.1 [60].
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Table 2-1 The list of important collisions in plasma

12

e+tADe+A*De+A+hv
e+ADA +2e
e+A*+B D2 +A+B
e+AB D2 +A+B
e+ABD>A+B

et+rA+BA+B

Reaction Collision type
Electron
e+tADe+A Elastic scattering

Excitation

lonization

Penning ionization
Dissociative ionization
Dissociative Attachment

Recombination

lons

A+BD>A+B

A+BD>A+B

A+B=2DA + B*QA+ + B + hv
A+B=2>A + Bre

A+BC2 A+B+C
e+A+BDA+B

A+BC = C+AB

Charge exchange
Elastic scattering
Excitation

lonization
Dissociative ionization
Recombination

Chemical reaction

2.1.3

Motion of charges in electric and magnetic fields

One of the unique aspects of plasma is its response to electric and magnetic
fields. In electric fields, electrons will move towards positive polarity, and
conversely, positive charged ions towards negative polarity. In magnetic fields,
electrons will spin counter-clockwise perpendicular to the direction of the
magnetic field while the positive charged ions clockwise [61]. Both electric
and magnetic fields are used to manipulate charged particle movement in

plasma.

12
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CROSSED ELECTRIC AND MAGNETIC FIELDS

Figure 2-1 The motion of positive and negative charges in electric, magnetic, or cross fields
The top two diagrams illustrate the motion of positive and negative charges in electric and magnetic
fields. The lower diagram shows crossed electric and magnetic fields. The magnetic induction points

out of the plane of the diagram. The electric field points vertically upwards (reproduced from [61])

2.14 Plasma generation methods

[58, 59, 62-67]

Plasma is typically generated by imposing electric fields on gas or applying
high frequency waves to the gas. Electric fields or high frequency waves will
knock off electrons from the plasma gas. The knocked off electrons will
participate in electron-atom collision. This cascading process will generate
more electrons and charged ions. However, these generated electrons could
be consumed by the charged ions. The consequence of this recombination
process will release the excess energy as photons. Both electron generation
and the ion recombination process will continue until an equilibrium
between charged ions and electrons is reached.

There are many types of reactors which are used to generate plasma.
Most of them could be grouped by their power sources; direct current (DO),
alternating current (AC), radio frequency (RF), and microwave (MW). The

power frequency starts from power line frequencies (50/60 Hz) to the whole
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of the electromagnetic spectrum (1 kHz - 10 GHz). In summary, plasma
reactors could fall into these following categories.
1) DC electrical discharge plasma
2) AC electrical discharge plasma
3) RF (radio frequency) electrical discharge plasma
a. Inductive RF electrical discharge plasma
b. Capacitive RF electrical discharge plasma
4) Microwave electrical discharge plasma
Each type of plasma reactor has different advantages. The DC and AC power
systems offer the cheapest power supply costs, but they could not generate
high energy plasma. The RF power sources are much more expensive and
complex. However, they deliver higher plasma energy and efficiency. The
distinct advantage of RF power is that it generates plasma by displacement
currents, not real currents. Hence, RF electrodes could be designed outside
of the plasma chamber. The important consequence is the elimination of
potentially serious contamination from electrodes in certain applications. The
plasma chamber could also operate with lower vacuum conditions, because

there are no electrodes penetrating into the plasma chamber.

2.14.1 DC electrical discharge plasma

The DC electrical discharge plasma is generated by applying electric fields
inside the gas chamber. The electrons from the cathode will be accelerated
by electric fields and collide with atoms, resulting in electrons and charged
particles. The knocked off electrons further participate in electron-atom
collision since they still have enough energy from the electric field

acceleration. This cascading process increases the amount of electrons in the
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gap between the cathode and the anode [62-64]. The configuration of the DC

electrical discharge plasma is illustrated in Figure 2.2
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Figure 2-2 The configuration of DC electrical discharge plasma

(reproduced from [63])

To better understand the DC electrical discharge plasma, voltage-current

characteristics (I-V chart) and break-down voltage (V) need to be discussed.

Voltage-Current Characteristic

According to the voltage-current chart of a DC low pressure electrical
discharge, shown in Figure 2.3, the DC electrical discharge is divided into three

regions; dark discharge, glow discharge, and arc discharge.

Dark discharee resions (A-E) [62, 63]

Backeround ionization (A-B):

At very low voltage, ions and electrons are generated by background
radiation, not from tiny electric fields. Examples of surrounding radiation are
cosmic rays, radioactive minerals, etc.

Saturation regime (B-C):

If the voltage between the electrodes is increased far enough,

eventually all the available ions and electrons produced from the
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background ionization will be collected at the electrodes. At this stage, the
electrons do not have sufficient energy to create additional ionization, so the
current remains constant even with an increase of voltage. This is called

‘current saturation regime’.

VOLTAGE,
'

DARK DISCHARGE GLOW DISCHARGE ARC DISCHARGE

|
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SATURATION
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Figure 2-3 Voltage-current characteristics of the DC low pressure electrical discharge plasma

(reproduced from [62])

Townsend regime (C-E):

In the Townsend regime, the electrons have sufficient energy from the
increased electric field to participate in electron-atom collision, resulting in
much higher number of electrons. This results in a very rapid, exponentially
increased current as a function of the voltage.

Corona discharge (D-E):

At this stage, there are accumulations of locally strong electric fields
at sharp points or edges on the surface of the electrodes. These electric
fields exceed the breakdown strength of the surrounding neutral gas. This

point signifies the corona discharge and it is visible to the naked eye. When
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the voltage is increased to the breakdown voltage (Vp), electrical breakdown

will occur.

Glow discharge regions (E-H) [62, 64]

Normal glow discharge (E-G):

When electrical breakdown happens at point E (as illustrated above),
the discharge has high enough current and neutral background gas excitation
to make the plasma visible to the naked eye. This regime is called ‘glow
discharge’. After the transition to point F, the voltage remains constant
despite an increase in current. This makes the plasma covered the whole
cathode surface at point G.

If the current is reversed at point F, the process retracts to point F,
instead of moving to point E. It then makes the transition back to the
Townsend regime, without passing to the corona discharge.

Abnormal glow discharge (G-H):

At point G, the voltage increases again as a function of the current.

Arc discharge regions (H-K) [62]

Non-thermal arc discharge (H-J):

At point H, the current density of the cathode is high enough to heat
it and emit visible light. It causes a disruptive glow-to-arc transition at point I.
The voltage drops while the current increases. This voltage drop is called
‘non-thermal arc discharge’.

Thermal arc discharge (J-K):

Thereafter, thermal arc discharge occurs when the voltage increases as

a function of the current.
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Electrical breakdown [63]

This electrical breakdown is an important parameter which needs an
awareness of all plasma operations, both to achieve it, or not to reach it,
depending on applications. In DC direct discharge as in parallel plate plasma
reactor, the breakdown voltage depends only on the product of pressure and
electrode gap (pd) (@ discovery by Friedrich Paschen (1865-1947)). The
breakdown voltage (V}) is estimated by following equation used to develop

the universal Paschen curve.

pd
pdm"; -~ 2.1)
1+ ln(p dmin)

Where Vp min is the minimal breakdown voltage constant in volt

Vp = Vb,min %

(Nitrogen: 275 volt, Dry air: 360 volt, Oxygen: 450 volt)
and  Pdpin is the minimal pd in torr.cm

(Nitrogen: 0.75 torr.cm, Dry air: 0.57 torr.cm, Oxygen: 0.7 torr.cm)

1E+06

1.E+05

LE+04

Breakdown Voltage [Volt]

1E+03

—— Nitrogen

1.E+02

0.1 1 10 100 1000
pd (Torr.cm)

Figure 2-4 Universal Paschen curve for selected gasses
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2.14.2 AC electrical discharge plasma

This low frequency AC electrical discharge (50/60Hz) does not behave
differently from the DC electrical discharge, in term of plasma phenomena
and theories. The timescale of power frequency change is much longer than
any in the physical plasma process. The only difference from DC electrical
discharge is that AC anode and cathode will alternate with the power

frequency [65].

2.1.4.3 RF (radio frequency) power plasma

[65-67]

Radio frequency power generates plasma from an oscillating magnetic field
by inductive coupling, an oscillating electric field by capacitive coupling. The
high frequency RF waves induce displacement current, rather than real

current, so electrodes could be placed outside of the plasma chamber.

2.1.4.3.1 Inductive RF electrical discharge plasma
The principle of inductive RF electrical discharge plasma is an induction coil
which wraps around or is above the plasma chamber and has running RF

power. The typical configuration is illustrated in Figure 2.5 [65].

Figure 2-5 The typical configuration of RF inductive coupled plasma

(reproduced from [65])

The applied inductive couple RF frequencies are ranged from around 10 kHz

to 30 MHz. The plasma chamber is operated normally between a few torr to
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a few hundred torr”. However, there might be other applications which
operate outside the above conditions e.g. operating near atmospheric
pressure or higher frequency. The use of inductive couple RF plasma is less
frequent than other types of plasma, but it plays an important role for certain

applications, such as plasma torch.

2.1.4.3.2 C(apacitive RF electrical discharge plasma

Capacitive coupled RF plasma is generated by imposing high frequency
oscillating electric fields into a neutral gas. The frequency in typical
applications is from 1 to 100 MHz. The configuration is normally parallel
plates, which have a grounded electrode to achieve a steady state operation.
The contact electrode might have real current but it has little effect on
energy transfer to the plasma. In essence, most capacitive RF plasma reactors
are not modified by magnetic fields. The configuration of RF coupled plasma

reactors is shown in Figure 2.6 [66].

VACUUM BELL JAR
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ELECTRODE
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=
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T
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= RF POWER
= SUPPLY
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L

Figure 2-6 The typical configuration of RF capacitive coupled plasma
The left illustrates the non-contact electrode set up, and the right, the contact
electrode setup (adapted from [66])

The capacitive RF plasma is widely used in industry. The application could

apply to surface treatment, thin film deposition, etching, etc.

2 1 torr = 133.332 Pa or 1.33332 mbar
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2144 Microwave electrical discharge plasma

Microwave frequency (0.3 — 30 GHz) power induces both electric and
magnetic fields in plasma gas, resulting in the gas breakdown. Microwave RF
power supplies typically deliver higher energy plasma than DC, AC, or low
frequency RF power supplies (the electron kinetic temperature is the range of
5 to 15 eV, compared to 1 to 8 eV). The microwave-generated plasma could
be operated under stable conditions in the wide range of gas pressure from
10 mTorr to 1 atm. The higher energy microwave-generated plasma, supplies
a higher fraction of ionization and dissociation than DC or low frequency RF
generated plasma. This provides a significant advantage in chemical surface
treatments. The best utilized system of microwave-generated plasma is

pictured in Figure 2.7 [67].

REACTANTS

l / QUARTZ TUBE

-—- COOLANT

TAPERED
WAVEGUIDE RESONATOR

COOLANT =— PLASMA

PRODUCT

Figure 2-7 The most used system arrangment of microwave-generated plasma

(reproduced from [67])

The operating conditions of major plasma reactor types are demonstrated in

Table 2.2.
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Table 2-2 The operating conditions of major types of plasma reactor.

22

[64, 66, 67]
DC glow discharge Capacitive RF Microwave
Parameter
Low Typical High Low Typical High Low Typical High
Frequency Not applicable 1kHz ~ 13.56MHZ 100MHz 0.3GHz 2.45GHz  30GHz
Gas pressure (Torr) 10° 05 760 10° 0.3 5 2x10° 760
Power (W) 10_2 200 250,000 50 200 500 200 500 50,000
Electrode voltage (V) 100 1,000 50,000 100 300 1,000 No data
Number density
, No data 10°  5x10°  3x10"  10° 10" sx10"
(electron/m”)
Electron kinetic
1 2 5 3) 5 8 5 10 15
temperature (eV)
lon energy (eV) No data ) 50 500 10 30 50

2.1.5

[68-73]

Plasma application

Plasma can be used in various applications. It can add or remove adsorbed

layers on material surface (surface treatment); it can add thin layers on the

surface (thin film deposition); it can inject ions or atoms beneath the surface

(ion implantation); and it can partially remove bulk materials (etching).

2.1.5.1

Plasma surface treatment

Plasma can be used to modify surface properties of solid materials by its

active species. The interaction might be from chemical reaction, or physical

action or surface charge change. Plasma surface treatment only affects the

surface properties such as, surface energy, wettability, charge, printability,

adhesion, etc. The treatment could also be used for surface cleaning and

grafting chemical functional groups on the surface. Normally, low energy

plasma is suitable for this application. For DC direct discharge, it operates in

22



23

the abnormal glow region. The ion energy could be approaching 1 eV, if the

pressure is above 10 torr [69].

2.1.5.2 Plasma ion implantation

lon implantation is the process which injects high energy ions through the
atomic structure of material. The ions then place themselves several atomic
layers beneath the surface. The ion energy for the implantation process
needs to be very high (10-300 keV). The depth of implantation is marginally
less than a micron. The applications of ion implantation are in the fields of
corrosion, wear resistance, surface electrical, and optical properties. The ion
implantation process is complex and involves many types of equipment such
as plasma generator, ion extractors, focus lens, accelerator, deflection plates,

etc. [70].

2.1.5.3 Plasma sputtering process for thin film deposition

Thin film deposition could be done by either plasma sputtering process or
plasma chemical vapor deposition (PCVD). Examples of the applications are
microelectronic  circuit fabrication, optical coatings, recording media,
ornamental brightwork, protective coatings, oxygen barrier coated food
packaging etc. The film thickness is usually from 0.2 to 10 micron. In this
section, only plasma sputtering process will be discussed. The key sputtering
parameter is very low vacuum (1 - 50 mTorr), so that sputtered atoms could
be delivered to the target with almost no collisions. There are two major
types of plasma-assisted sputter deposition; plasma-assisted ion-beam sputter
deposition, and plasma/cathode sputter deposition.

For plasma-assisted ion-beam sputter deposition, the ion beam is

delivered to the target by external ion source. The collisionless ion beam will
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hit the target to generate sputtered atoms for deposition on the work piece.
The glow discharge plasma might be present either around the target and/or
the work piece. The plasma helps to decontaminate the surface or increase
surface energy of the work piece. In the plasma/cathode sputter deposition,
the ions are accelerated to sputter the cathode to generate sputtered atoms
for deposition. The work piece could be either mounted on the anode, or

reside in the plasma [68, 71].

2.1.54 Plasma Chemical Vapor Deposition (PCVD)
(68, 72]

The plasma chemical vapor deposition (PCVD) is heterogeneous chemical
reaction which involves working gas, plasma active species, and the surface of
work piece. This chemical reaction in PCVD differentiates itself from the
purely physical sputter deposition processes. The thin film deposited by
PCVD can be divided into polymeric and non-polymeric deposition. The non-
polymeric PCVD coatings are normally oxides which could be used as
insulating layers, optical coatings, and oxygen barriers for food packaging. The
polymeric PCVD thin films are made by the polymerization of monomers
which are the plasma-generated active species. The polymeric thin films are
normally used as insulating layers in microelectronic chips, as protective
coatings, and as reflective or anti-reflective optical coatings. The typical
plasma reactors are either an electron cyclotron resonance (ECR), or 13.56
MHz RF capacitive plasma. The pressure is not as low as the sputtering

process. It is usually in the range from 100 mTorr to 1 Torr [68, 72].
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2.1.5.5 Plasma etching
[73]

Plasma etching is a technology essential to microelectronic circuit fabrication.
The plasma reactors used in etching are normally RF or microwave glow
discharge plasma. It provides the active species necessary for etching such as
ions, electrons, free radicals, excited states, molecular fragments, atomic
species, and photons. The most active ones are ions. The etched pattern is
generated by a mask which has high resistance of etching. The etched layer is
typically from one-half to a few microns. The operating vacuum is from 50

mTorr to 1 torr.

2.1.6 Plasma characteristic parameters

[60, 62, 74]

The important parameters in plasma characteristics are number of particles

(ng - molecules/m”), plasma potential (V,), electron kinetic temperature (Te’—
eV), electron number density (n, — electrons/mB), ion kinetic temperature
(Tl-’—eV), and Debye shielding length (/1d). From Langmuir probe, V, é, Ti”
and n. could be obtained. Debye shielding length can be calculated from

electron kinetics temperature (Te’) and electron number density (n,).

2.1.6.1 Number of particles (n0)

The number density in particles per cubic meter (n,) could be calculated by

the perfect gas law.

p = nokT (2.2)

where p - pressure in pascal (Pa)
k- Boltzman constant = 1.3806488 x 10~ J/K
T - temperature in Kelvin
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2.1.6.2 Kinetic temperature in electron volt (T)

An electronvolt (eV) is the kinetic energy that an electron (or a singly-charged
ion) which has charge (e) of 1.602 x 10" C, gains when it is accelerated by
electric fields of one volt. The relationship between temperature (K) and the

kinetic temperature (T') in electronvolt units (eV) is shown in equation (2.3).

kT = eT’ (2.3)

where
k is Boltzmann’s constant = 1.3806488 x 10~ J/K
T is the temperature in degrees Kelvin
e is the electron charge = 1.602 x 107 ¢
Note: The degree kelvin (K) unit is too small to measure kinetic temperatures

in plasmas i.e.1 eV is equivalent to 11,604 K.

2.1.6.3 Langmuir probe diagnostics

The Langmuir probe is used for measuring plasma potential (V,), electron
kinetics temperature (Te'—ev), electron number density (n, - eLectrons/mS),
and ion kinetics temperature (Tl-'—eV) in DC and RF glow discharge plasmas at
intermediate and low pressures. The Langmuir probe consists of a bare wire,
connected to the DC power system which supplies bias voltage from negative
to positive values. The current is also measured along with the voltage. The
schematic diagram is illustrated in Figure 2.8 [74].

For accurate reading, the electrons must not have collisions in the
sheath between the plasma and the probe surface. To achieve that
condition, the electron mean free path must be greater than the sheath
thickness (Debye length). For a low pressure plasma process, the electron

mean free path is ranged from a millimeter to centimeters. The sheath
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thickness is in millimeter scale for typical industrial plasma. In short, the

lower vacuum condition, the more accurate reading from Langmuir probes.

WACLLIM TANK

— PROBE TIF

INSULATING SLEEVE

PROBE BIAS DG
POWER SUPPLY

RF BLOCKING FILTER

Figure 2-8 A schematic diagram of Langmuir probe for plasma diagnostics

(reproduced from [74])

2.1.64 Langmuir probe characteristics curve

When the probe bias voltage (V) is applied to the Langmuir probe in the
range which cover the plasma potential (V,), together with the measured
current flow. It generates a Langmuir probe curve, which is shown in Figure

29 [r4] .
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Figure 2-9 An example of Langmuir probe curve for plasma diagnostics

(reproduced from [74])
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lon saturation current

In the ion saturation current region (A- B) in Figure 2.9, the probe potential is
negative, compared to the plasma potential. In this region, only ions are
collected by the probe. However, the ion current is not constant because the
sheath boundary moves away from the probe surface at the increase of
negative potential. Hence, there is more effective surface area of the probe
which draws more positive ions, resulting in higher current at the higher
negative potential. If the voltage is increased and becoming more positive,
the sheath boundary will be closer to the probe which reduces the ion
current. The least ion current at point B is defined as ion saturation current

(0.15 mA in figure 2.9)

Floating potential

If the potential is more positive than point B, the bias potential is now
positive compared to plasma potential. It pushes all ions back to the plasma
and starts to collect more electrons. The potential at point C where there is
no current, is called the floating potential of the plasma. In this region, the

electron current increases exponentially.

Plasma potential
The plasma potential is defined where all plasma available electrons are
collected at the probe (point D). After point D, the system reaches the
electron saturation region.

Like in the ion saturation region, the current is also increased as the
potential. The more positive potential pushes the sheath away from the
probe, thus the probe effective areas are increased, yielding the increased

current. To better determine the plasma potential, the Langmuir curve is
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plotted on the semi-logarithmic scale of the electron current portion. The
plasma potential is defined at the intersection of the electron current
exponential rising and the electron saturation line. This process is graphically
shown in Figure 2.10[74]. The plasma potential (V,) is 2,220 V and the

electron saturation current (/,,) = 2.35 mA for the electron saturation current.

2.1.6.5 Electron kinetic temperature T,

The electron kinetic temperature could be determined from the slope of

electron current rising region (before electron saturation region).

i V N Vp
T! = N
nC/p,)

For the data of Figure 2.10, the electron kinetic temperature (T, ) is 42 eV.

(2.4)

2.1.6.6 Electron number density (n_)

Since the Langmuir probe in electron saturation collects the entire electrons
incident on the plasma-sheath boundary, one may write the total electron
current collected by the probe as

_ 4 [T,
~ ed, |8eT,

Ne

(2.5)

Where A, is the surface area of the probe, m, is the electron mass and (T})
is the electron kinetics temperature. The number of electrons (n,) is equal to
1.75 x 10" electrons/m’ if the electron kinetic temperature (T,)) of 42 eV
and the electron saturation current (Ipg)of 2.35mA are substituted into

equation (2.5).
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Langmuir probe curve in the electron current region

(reproduced from [74])

2.1.6.7 lon kinetic temperature

T’

[74]

30

The ion kinetic temperature from the ion saturation current of equation (2.6),

Ti—
' (eAOnl

)2

(2.6)

Where [, is ion saturation current, M is ion mass, A, is the surface area of the

probe, n; is the number of ion which can be estimated as same amount of

number of electron (n,) for quasi-neutral plasma. If ion saturation current

(Iis)of 0.15 mA is substituted with others previous calculated parameters

into (2.6), the effective ion kinetic temperature for this singly ionized helium

plasma is 1,270 eV.
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2.1.6.8 Debye shielding length
[62]

When electrode or wall or anything in contact with plasma, there will be a
surface sheath formed between plasma and the surrounding which shields
plasma itself from applied electric fields. The Debye shielding distance is the
characteristic thickness which describes this phenomenon. It is graphically

described in Figure 2.11 [62].

PLASMA L i

L SHEATH L s
TEDGE-I TS
S S ELECTRONS

-y w

TO POWER
SUPPLY

SHEATH

Figure 2-11 A graphical illustration of plasma sheath at cathode
(reproduced from [62])

The Debye shielding distance (Ad4) could be estimated from equation 2.7

e

Te
Ag ~ 7434 <n—> (2.7)

Where n, is number of electron and T, is the electron kinetics temperature.
For typical industrial plasma conditions, T, of 5 eV and n, of 10°

electrons/m3, the Debye shielding distance will be approximately 0.17 mm.
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2.2 Silk fibroin

2.2.1 Silk fiber

Silk fiber was first used to produce a fabric in ancient China[75]. In medical
applications, it has been used as a suture material over centuries[76]. Silk
fiber is normally extracted from the cocoons of domesticated silkworms,
Bombyx mori. The raw silk fiber is composed of two parts; fibroin and sericin.
Fibroin is a natural polymer which has a highly repetitive amino acid
sequence. Sericin is an adhesive protein which binds fibroin strands together.
Primarily, fibroin is used more than sericin as a biomaterial. To obtain pure silk
fibroin, the cocoons are boiled in an alkaline solution. The amount of sericin

is approximately twenty-five to thirty percent of the total cocoon mass [76].

fibril bundle

fibroin strands
sericin

raw silk
filament

i

Figure 2-12 The composition of raw silk fiber

(reproduced from [77])

222 Silk fibroin structure

Silk fibroin consists of three parts of protein: the heavy chain (390 kDa) [78],
the light chain (L-chain : 25 kDa), and P25 (30 kDa) [79]. The heavy chain (H-
chain) is the crystalline portion of the silk fibroin. The amino acid sequence is
repetitive, a Glycine (gly) rich protein. It forms a tertiary structure of 3-sheet.

The light chain (L-chain) has standard amino acids with a non-repetitive
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sequence. It contributes to fiber properties. The heavy chain is linked to the
lisht chain with a single disulfide bond [78]. P25 is a glycoprotein containing
Asparagine (Asn)-linked oligosaccharide chains. The hydrophobic part of P25 is
connected to the hydrophobic portion of the heavy chain. This linkage is

called a ‘hydrophobic interaction’; not a covalent bond [79].

— H-chain ﬁ!{ﬂ:ﬂ

ot T b
hydrophobic gy V8 L-chain disulfide bond
interaction =T L{,‘ = AcBer Cys Cys al-cooe

Figure 2-13 The silk fibroin structure which illustrates the linkages between H-chain & L-chain, and
H-chain & P25
(reproduced from [79])

223 The amino acid sequence of the Bombyx moiri silk fibroin

heavy chain

The heavy chain (5,263 residues or 390 kDa) has twelve crystalline domains
which has a majority of glycine-others (Gly-X) dipeptides (94%). X is either
Alanine (Ala:64%), Serine (Ser:22%), Tyrosine (Tyr:10%), Valine (Val:3%), or
Threonine (Thr:1.3%). Besides the crystalline domains, the remaining 6% are
non-repetitive, amorphous regions: N-terminal header (151 residues), eleven
almost identical linkers (43 resides), and C-terminal (58 residues).

'__(;_—_t_en:ninal
N terminal -
Header

Figure 2-14 The domains in the heavy chain of silk fibroin
(The heavy chain composes of the N-terminal header, 12 crystalline domains, 11

linkers, and the C-terminal.)
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In each crystalline domain, the sub-domains of seventy residues are
observed. The sub-domains generally begin with a hexapeptide sequence of
GAGAGS and end with a GAAS tetrapeptide. In the sub-domains, the peptide
sequence strictly follows the pattern of Gly-X. This pattern leads to a (3-sheet
formation where the (-sheets pack on each other in alternating layers of

Gly/Gly and X/X contacts.

[? &

o 9 (f**\g/b"\ ¢.°*~\‘_(v

el b

Figure 2-15 The 3D conformation of silk fibroin heavy chain in -sheet structure

(reproduced from [80])

Zhou et. al. [78] suggested that each sub-domain formed a (3-strand.
The sub-domain f3-strand, packed with another (-strand, formed a (-sheet.
The folding of each 3-strand could have been caused by a GAAS tetrapeptide
at the end of a strand. The strict Gly-X pattern was, therefore, disrupted.
Instead of continuing the zigzag (3-strand, it caused (-turn to a neighboring
sub-domain. N-terminal header, eleven linkers, and C-terminal are the
amorphous regions of fibroin heavy chain. The eleven linkers connect twelve
crystalline domains together. It almost has an identical sequence and
contains twenty-five residues, non-repetitive peptide (boldface character in
Figure 2.16). This is also present in the N-terminal header. This twenty-five
residue peptide contains Proline and charged residues which are not present
in the crystalline domains. In the C-terminal, there are three Cysteines (Cys),

one of which forms disulfide linkage with the light chain, and the rests form
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internal linkage. C-terminal is arginine/lysine-rich and has no hydrophobic

residues.

Header (1,1=151}

MRVETFVILCCALOQYVAYTNANINDFDEDYFQOSDVTVOSENTTDEI IRDASGAVIEEQIT
TEKEMQRENKNHG ILGKNEKMIKTFVITTDSDGNES IVEEDVLMKTLSDGTVAQSYVAADA

GAYSQSCPYVENSGYETHQGYTEDFETEAAY
GXl (152,1=511)

. GALaAAGSGAYGAAS
-GAayGTGAGAyayayavayayGARS
GAYGQGVGIGAAS

CAGAsAAGSaGTyayGCAAS
GTuyGGASaayGTuBRAayCAYCAGYGVYGAGBY sCAAS
GAGSsgses88sGTGAGESYGAYECAAS
55555YGAYGAYCACAGVGY sGAAS

22838382 sGAGVEYSACGVGACGYuysGAAS

Mo e e
IR IS S

[
|

Linker 1 (1=44)
GAGAGAGAGAGTGSSGFGPYVANGGYSREDEYEYAWSSDFGTES

2X2 (706,1=511)

2.1 S85SSYBAGVEVGYuysGRAS
2.2 sS85 8855555CACVESsGACAGVEYGCACAGVGY sGARAS
2.3 25888588 sCACVGYCAGVEAGYuySGAAS
2.4 55855588585 YGAYUYsSGRAAS
2.5 GAGSSsCAsss8EsYGAGYVEAGYuysGAAS
2:6 ss5558sCGACGVEYuysGAAS
Linker 2 (l=43)

GAGAGAGAGAGTGSBYFGPYVAHGGYSGYEYAWSSESDFGTGES

GX3 (1259,1=361)
S58s5UGVEAGYuysGAGS
SSSSSSSSYUYSGAGE
E555553ySAGVEAGYUYSGAGS
58sCAGVESsssyuysGAGSE
SE5Ss58CGAGVEYGACVCAGYuysGAAS

G e B ko
[£ ) SRR N

Linkez 3 (1=43)
GAGAGAGAGAGTGSSGFGPYVANGGYSAYEYAWSSESDFCTCSE

GX4 (1e62,1 =147}

4.1 SS5SYyUysGAGS

4.2 558882 sGAGSESssyGAGVGAGYGVGEYCAYSGAAS
i (1=413}

GAGAGAGAGAGTGSSGFGPYVAHGGYSGYEYAWSSESDFGTGS

GX5 {1853,1=428)
f s8585sYGAGVURAYGAY SCAAS
Sg85ssss8syGAYsSGAGS
5588sGAGEGSssyCGACVEAGY Uy sBAGS
sYGAYUYGAGAGTGAGS
E£s8s5s5s0AGSCEassssyCAyuysGAGS
555yGAGYSGAAS

LRV RURT RU T
[LRE I SN S

Lipker 5 {(1=43)
GAGAGAGAGAGTGSSGFGPYVAHGGYICYEYAWSSESDFOTAS

CXé (2324,1=275)
6.1 2asyCAGVIAGYuUYsGTES
SYGAGVGAGYSGAAF
GAGAssasasyuGVCAGYsGAAS
5855sSYGAGVEAGYuysGAAS
SGAsss8sGACSssyY8CAAS

@A mm
[ SRR

Linker 6 (1=43)
GACAGAGAGAGTGSBGFGPYVANGGYSGYEYAWSSESDFCTCS

g

{2643,1=598)
52s8syYGACVGAGYuysGAGSE
ss5ssssysCAAS
388538 yGAGVGAGYCVCYGAYSGAGS
s3s5sGAGSa55CGAGEsYCVGYGBAYsGAGS
s5s0ACSsseyJAGVGAGYGVGYGAY SGAGS
88588580 AGSs353CA0SessyYGAGVCACYGVGYGAGVGAGY sGAAS
sGASs5sssyuGVUGAGVEYGAY SCAAS
GASCGAGACTsysGAAS

R N L IR |
R T N

Linker 7 (1=43)
GAGAGAGAGAGTCSSGFOPYVANGGYSGYEYAWSSESDFGTGS

13283, 1=494)

E

£5S5sYGAGVGAGY=sGAGS

ss55syeGTGS
555885CGVGACYGVGYGAYGVGYGAYsGTGS
s58ssssyGAGVGAGYCVGYCAYsCAGS
ss5s5sCGAGSsssBAGEsyCVGYGAY aGAGS
s555GAGSsssyYBAGVGAGYGVGYGAY sGAGS
E55555SGAGSsseyGAGVEAGYGVGYGAYSGAAS

o oo Do
[ T W

Linker 8 (1=43)
CAGAGAGACACTCSSGFGPYVANGGYSGYEYAWSSESDFGTGS

2X9 (3821,1=348

SEYUSVuGAGVGYGAY SGAAS

A48eGAaYGAGYGIGVUGAGVEYGAYSGAAS

ssssssyulVuSACVEYCGAYsSARS

. GAasssss55s5sYGAGVUGYGYSGALS

9.5 sg28ayYeGALS

Linker 9 {(1=42)

GAGAGAGAGAGTGSEGFGEPYVNGGYSGYEYAWSSEBDFGTCS

GHIG {4212,1=302)

[Ny
WA b

10.1 ssyGAGVGAGYuysGAAS
10.2 SEssCAGSsSssssyGAGVGAGY Uy sGAAS
10.3 SCASscES8CGAGEEYUGVUGAGVGYGAY8GAAS
10.4 =GSCAGSesGAsSsYSAGY SCGRAS

Linker 18 (1=43)
GAGAGAGAGAGTGSSGFGPYVANGCYSGYEYAWEBSESDFGTGS

GX11 {(4558,1=56%8)

11.1 esyGAGVCACYuysCAGS
11.2 sssssasyuyCAGAGVGYGAYsGAGS
11.3 SGSsOSCAGSsss8ssyYCAGYCICVUGACVEYSAYSCAAS
11.4 SecssssssYGAGACVGY sGAAS
11.5 588955 sGAGSsYUGVGAGYYGAGYSVYSGAGS
11.86 £8555GAGSYGAYGAYSGAAS
11.7 GAGASSsSCAGEsYSGAAS
11.8 sGhassysGAAS
i {1=44)

GACAGAGAGTGSSGFGPYVANGGYSRREGYEYAWSSKEDFETGS

X122 (5183,1=36)
12.1 GAASGAsssss

C-ter {5206,1=58)

VEYGAGRGYGUGAGSAASSVSEASSREYDY SRRNVREKNCGIPRROLVVKFRALPCVNG

Figure 2-16 The amino acid sequence of silk fibroin heavy chain (5263 residues)

The sequence is broken into: N-terminal header, domains, sub-domains and C-terminal. The position

number of the first residue and the length of that domain is shown in brackets. The 25-residue

repeats, found in the header and the linkers, are in boldface characters. The lowercase letters s, v, a,

and u, are commonly found hexapeptides. The number of repeats is shown in brackets after the

hexapeptide sequence. s GAGAGS (433) y GAGAGY (120) a GAGAGA (27) u GAGYGA (39)

(reproduced from [78])
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224 Silk fibroin application in tissue engineering
Silk fibroin is biocompatible, biodegradable and mechanically strong. Its
modulus (15-17 GPa) is much higher than crosslinked collagen (0.4-0.8 GPa) or
polylactic acid (1.2-3 GPa). It could fabricate in different forms such as fibers,
non-woven mats, films, hydrogels, and porous sponges, depending on its
application in tissue engineering. The examples of silk fibroin applications are:
film/sponge for wound dressings, sponge/hydrogel/non-woven mats for bone
tissue engineering, sponge for cartilage tissue engineering, fiber for
lisament/tendon tissue engineering, film for antithrombogenesis/ hepatic
tissue engineering, non-woven mats for connective tissue/endothelial and

blood vessel tissue engineering, etc [76].

2.2.5 Surface modification of silk fibroin

Silk fibroin surface could be modified with either physical adsorption or
chemical immobilization. The surface is hydrophobic. It could either draw or
repel proteins, depending on protein hydrophobicity. The chemical method
in immobilizing functional groups, generally employs amino acid side chain
chemistry. This could be done by glutaraldehyde or carbodiimide chemistry.
Glutaraldehyde chemistry connects the amine group with other amine, while
carbodiimide connects the carboxyl group with the amine group. The
limitation of carbodiimide chemistry for modifying silk fibroin surface is, that
silk fibroin has less available carboxyl side groups (3.3%) than other
biomaterials such as bovine collagen (9.5%). The silk surface could also form
a covalent bond with inorganic materials such as Hydroxyapatite. This is
achieved by using 2-methacryloxyethyl isocyanate to generate vinyl groups to

graft with  poly methacryloxypropyl trimethoxysilane  (polyMPTS).
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Hydroxyapatite particles then could be bonded with alkoxysilyl groups of
MPTS to form siloxane bonds [76].

The alternative to treating the silk fibroin surface is plasma surface
treatment. Plasma offers highly energetic active species which are capable for
surface reaction. This reaction is very quick, and leaves almost no trace
chemicals. This process also does not alter the mechanical properties of silk

fibroin because, it reacts only with the surface layers of the material [69].

Tissue Engineering

Tissue engineering field has been developed to address the issues of
transplanted organ shortage and growing demand for tissue repair or
replacement. To engineer new tissues, three major components are required:
the right types of cells, a scaffold for cells to attach and grow, and signaling
molecules, such as growth factors, for cells to differentiate to the desirable
tissue. Scaffold plays a major role in tissue engineering since it is involved in
every step of tissue formation. Initially, it needs to be biocompatible and has
acceptable foreign body reaction from the body’s immune system. Structural-
wise, it is required to have a high surface area and interconnected pores for
cells to grow in large amounts. These interconnected pores allow nutrient
diffusion to the scaffold core and removal of waste from the scaffold. For
example, woven meshes, hydrogels or sponges could be used to serve this
purpose. Meanwhile, the scaffold should be strong enough for handling
during the implantation process and has the mechanical strength comparable
with implant site. Furthermore, the surface of scaffold needs to enhance cell
attachment. The extra-cellular matrix (ECM) has been imitated in scaffold

design to enhance cell attachment. Finally, the scaffold is preferred to be
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biodegradable when engineered tissue is functional, so it could not
potentially develop unwanted side effects in the long term [1-3].

Materials used in scaffold fabrication fall into three groups: ceramics,
synthetic polymers and natural polymers. Ceramics are used in the majority
for hard tissue regeneration, such as bone because of their hish mechanical
strength. Hydroxyapatite (HA) and tri-calcium phosphate (TCP) are commonly
used for bone scaffolds. However, they do not attract cell adhesion. The
second group is synthetic polymers such as polystyrene, poly-|l-lactic acid
(PLLA), polyglycolic acid (PGA) and poly-d,\-lactic-co-glycolic acid (PLGA). They
are produced with consistent properties and desirable degrading time. Similar
to ceramics, the drawback is cell compatibility. Another issue is the toxicity of
degraded products. For example, lactic acid, the degraded product of PLA,
can cause muscle fatigue. The last group is natural polymers, such as protein
(collagen, gelatin, silk fibroin, etc.), proteoglycans, glycosaminoglycan, and
carbohydrates (chitosan, alginate, etc.). This group has excellent biological
properties such as biocompatibility and biodegradability. Some natural
polymers could promote cell attachment and proliferation. In addition, its
biodegradable products are nontoxic since they are basic amino acids and
sugars. The common major drawback is its weak mechanical strength, which
limits load bearing applications [3]. In addition, some materials are not very
bioactive so their surfaces need to be modified to enhance cell adhesion.

Since this research focuses only on material side, the rest of relevant
theories will be reviewed mainly on cell-surface interaction field such as

protein adsorption, cell adhesion and the effect of surface chemistry.
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2.4 Cell interaction with biomaterial surface

The surface properties of biomaterial have major impacts to the cell fate. The
cell-material interaction starts with protein adsorption on the surface and
subsequently follows by cell adhesion [50, 52]. The quality of adhesion
contributes to later stages of cell life such as spreading, migration,
proliferation and eventually differentiation [50, 52, 81-83].  Thus the
knowledge of cell interaction on material surface is crucial for designing the
suitable scaffolds or implants in tissue engineering. In this section, the protein
adsorption on biomaterial surface will be firstly discussed because it is the
first step of cell interaction with the surface. Then, the topic of cell adhesion

will be reviewed, and followed by the surface chemistry.

24.1 Protein adsorption on biomaterial surface

Cells do not interact directly with material surface. The materials are always
covered by either body fluid or culture medium. Protein adsorption is
suspected to happen on surface before any cell interaction [50, 52, 53]. For
implanting material, proteins such as immunoglobulins, vitronectin, fibrinogen,
and fibronectin (FN), adsorb onto the surfaces immediately once contact with
body fluid and activate the inflammatory responses such as facilitating the
attachment and the activation of inflammatory cells e.g. neutrophils,
macrophages, etc. For culture applications, cell adhesion is facilitated by the
proteins from serum-containing media. The attachment is a starting point for
various cell fates such as proliferation and differentiation [84]. Logically, the
protein adsorption plays its connecting roles between surface and cell
interaction. Consequently, the protein adsorption should be studied in order

to fully understand cell-material interaction.
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24.1.1 Factors controlling protein adsorption

The factors which control protein adsorption are temperature, pH, the ionic
composition and strength of solution, protein properties, and surface

properties.

Influence of external parameters on protein adsorption

Temperature, pH and ionic strength are controlled in physiological condition.
Manipulating these parameters is not the option for the implant material.
However, it is still worth to understand how these parameters have effects on
protein adsorption. Temperature affects protein adsorption in term of
equilibrium and kinetics. The adsorption rate is increased with the elevated
temperature. The equilibrium is shifted toward the adsorption. Higher
temperature also drives the adsorbed water out of the surface which
enhances protein adsorption. In general, protein can be adsorbed more on
the surface at higher temperature [53].

The pH dictates the electrostatic state of proteins. Proteins are in
neutral state when pH equals pl (isoelectric point). When pH is higher than
pl, proteins will have net negative charges. On the other hand, proteins will
have net positive charges if pH is lower than pl. The adsorption rate is high
when there are electrostatic attraction forces of the opposite charge between
proteins and surface. However, there will be the repulsion force between
proteins due to their same charge. The highest protein packing density is
generally at the isoelectric point where there is no electrostatic repulsion
force between proteins [53].

The amount of dissolved ions, ionic strength, plays the role of
dampening the electrostatic interaction among charged particles. It minimizes

both the attraction force between the opposite charges and repulsion force
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from the same charge. In general, higher ionic strength allows higher packed
density of proteins. Apart of damping electrostatic interaction, certain types of
salt ions also have impact on protein precipitation. The ions which cause
protein to precipitate are named kosmotropes (e.g. SOQZ_, F, !\/\g2+ and Ca2+)
while chaotropes are the ions which prevent protein to precipitate (e.g. CLOA_,
SCN', and NH,). The relationship between salt ion type and protein

adsorption is still inconclusive [53].

Influence of protein properties on protein adsorption [51, 53, 85]

Proteins are very complex biopolymers generated from the combination of
20 amino acids with the additional of side chains such as phosphates,
oligosaccharides, or lipids from the translation process. This unique
combination of the protein building blocks is leading to the large variety of
size, shape, structural arrangement, and functionality which adds complexity
to the protein adsorption study. An interesting protein property is its
amphiphillicity. Proteins typically contain both hydrophobic and hydrophilic
regions depending on the local composition of amino acid residues. To
visualize proteins structure, it is needed to segment protein into different
patches of hydrophobic, hydrophilic, positively, or negatively charged nature

as illustrated in Figure 2.17.

Charges in }-Lactoglobulin

. positive residue
. negative residue

BB positive domain

B negative domain

Figure 2-17 Schematic representation of B-Lactoglobulin depicts the distribution of positively
(red spheres) and negatively (blue spheres) charged amino acids

(reproduced from [53])
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In respect to protein size, small and rigid proteins like lysozyme, -
lactoglobulin, or Q-chymotrypsin are considered as ‘hard’ proteins because
they are unlikely to change their structures once they adsorb on the surface.
In contrast, the intermediate size proteins such as albumin, transferrin,
immunoglobulins, etc., could reorient their conformation upon contacting
certain surface. For the high molecular weight proteins such as lipoproteins
and glycoprotein, the adsorption behavior is usually dominated by the
contents of lipids or glycans. Lipoproteins show a strong affinity to
hydrophobic surface and will undergo significant conformational reorientation.
On the other hand, glycoprotein could not be adsorbed on hydrophobic
surface effectively because of its high content of hydrophilic glycans.

In protein mixture, the adsorption process is the series of protein
transportation from bulk, adsorption and desorption. Initially, small and
abundant proteins will be the first ones to diffuse and deposit on surface
since they could diffuse faster. Later on, they will be replaced with larger
proteins which have higher affinity to the surface of material due to their
larger contact areas. The larger ones could even repel the smaller ones
during spreading process. This phenomenon is called competitive protein

adsorption or Vroman effect, as pictured in Figure 2.18.

Surface

Figure 2-18 Vroman effect diagram for competitive protein adsorption

(reproduced from [85])
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Influence of surface properties on protein adsorption

In general, proteins have tendency to adsorb on hydrophobic than
hydrophilic surface, on high surface tension than low surface tension surface
and on charged than uncharged surface. The hydrophobic surface has
interaction with the protein hydrophobic core which results in denaturing
protein conformation. The denatured proteins have more surface area to
anchor on the surface which will lead into stronger protein-surface
interaction. However, the only exception to this rule of thumb is glycoprotein.
It could adsorb on to the hydrophilic surface better than the hydrophobic

one [51, 53, 85].

24.1.2 The process of protein adsorption

The adsorption process starts with the hydration of the surface which
happens almost immediately once there is a contact between surface and
protein solution. The water-surface interface is then formed. Proteins diffuse,
inflate, and fill the interphase to its capacity within milliseconds. After that,
the proteins will remove either the surface-bound water (surface dyhradation
process) or pre-adsorbed protein (competitive protein adsorption). This
process takes much longer time than the interphase inflation. The timescale
is minutes to hours. The strength of the bonding between water and surface
depends on surface wettability. Proteins require more energy to displace
water bound on hydrophilic surface than hydrophobic surface. That is why
hydrophobic surface could adsorb more protein than hydrophilic one. Vogler
[51] defined hydrophilic surface with the advancing water contact angle © <
65° and hydrophobic surface @ >65°. His conclusion was made after the
extensive review of literature which showed the pivotal change of the

biological response at the advancing water contact angle © = 65°. In the last
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step of protein adsorption, the interphase will have a stable layer after the
equilibrium is reached. The protein adsorption process is illustrated in Figure

2-19.

A Instant of solution contact B Interphase Inflation

Expanding
Bulk Interphase
Solution Bulk
Solution
C
4 Shrinkin Interphase at
t Interphage Steady State
Bulk Bulk
Solution Solution
@ = protein molecule ’ = equivalent volume of displaced water
Figure 2-19 The protein adsorption process
(reproduced from [51])
24.1.3 The behavior of adsorbed proteins on the surface

On the surface, the adsorbed proteins undergo several processes start from
the orientation of the initial contacted protein, the conformational change,
the co-operative effect from the already adsorbed proteins, the aggregation

of protein, and the desorption of proteins.

2.4.1.3.1 The orientation of adsorbed protein: Side-on or end-

on
(53]

In most cases, the shapes of proteins are asymmetric and usually in elliptical

form. Some have sophisticated shapes such as heart-like (BSA: Bovine Serum
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Albumin), or Y shaped (IgG: Immunoglobulin G), etc. The orientation of
adsorbed protein is an important issue if adsorbed proteins are designed for
enzymatic reaction, or attracting the cell receptors, or any specific biological
activity. The orientation is determined by the part of protein that interacts
with the surface and the part that is exposed to the bulk solution. The
preferred orientation of a protein is resulted from the minimum free energy
from attractive coulomb and van-der-Waal interactions, and hydrogen bonds.
Net positively or negatively charged protein could also adsorb on a like-
charged surface because it will expose oppositely charged region to the
surface.

If protein structure is not changed from its original shape, the
orientation on the surface could be defined as either ‘side-on” or ‘end-on’.
The ‘end-on’ orientation normally yields higher packed density of protein.
The orientation of already adsorbed protein could be changed due to the
increasing protein density on the surface. The repulsion force between
neighboring adsorbed proteins, could be increasingly unfavorable for original
orientation if the like charged patches are next to each other. Proteins will
re-orient themselves to reach the optimal free energy; however, this process
will go along with desorption process. This re-orientation process is illustrated

in Figure 2-20.
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< attractive forces
4w repulsive forces

Low surface density

2 &

High surface density

re-orientation

Figure 2-20 The re-orientation process at high surface density of adsorbed proteins

(reproduced from [53])

2.4.1.3.2 The conformational change
[51, 53, 85, 86]

Proteins could change their conformations upon adsorption to a solid
interface especially hydrophobic surface. The minimum free energy concept
is still applied for explaining this conformational change. The protein
conformation which yields minimum free energy in solution will not be as
same as the protein conformation on the surface. The structural flexibility of
protein (‘hard” and ‘soft’) allows the extent of the reorganization of protein
on the surface.

The inner hydrophobic core of a protein plays very active role in
structural rearrangement for stronger interaction with a hydrophobic surface.
This will result in a denaturing protein from its native structure. Proteins are
usually bound strongly with the hydrophobic surface. The denatured protein
could have lower biological activity than its native stage.

In case of the hydrophilic surface, the water is bound favorably with
the surface which is creating a barrier for proteins. They need to penetrate

through the hydration layer before adsorbing on the surface.  The
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hydrophobic core of protein does not react with the hydrophilic surface, thus
the tertiary structure is still maintained. The protein is generally adsorbed
weakly and reversibly on the hydrophilic surface.

Browne, et al. [86] have illustrated protein adsorption on different

surfaces as shown in Figure 2-21.

5;885( -hydrophobic region

Figure 2-21 Schematic of protein adsorption to hydrophobic (a) and hydrophilic (b) surface

(reproduced from [86])

2.4.1.3.3 The cooperative effect

The pre-adsorbed protein on the surface could influence the protein
adsorption from the bulk content. If the adsorption is increased by pre-
adsorbed protieins, it is called positive cooperative adsorption. On the other
hand, if the adsorption rate is hindered by the pre-adsorped proteins, it is
called the negative cooperative adsorption. If there is no effect from the
adsorped protein, it is non-cooperative adsorption [53]. The cooperative

effect is illustrated in Figure 2-22.
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Pathway 1 Pathway 2
Non-cooperative Cooperative
adsomtion adsomtion

Figure 2-22 The cooperative effect by pre-adsorbed proteins
(reproduced from [53])

2.4.1.3.4 Experimental precaution in protein adsorption study

In his leading opinions paper, Vogler [51] cautioned the researchers about the
total different experimental approaches about surface rinsing and labeling
protein in the protein adsorption studies.

Researchers believe that strong bound proteins are important for any
biological response, will employ the surface rinsing which eliminates all
loosely bound proteins. However, there are another group of researchers who
insist that all proteins must be taken into account for protein studyins.

Labeled protein is not exactly the same as the protein without label.
The label such as dye of fluorescent could change the structure and
amphilicity of proteins which will affect the adsorption process. At least, it
adds more weight to the original protein. Care must be taken when applying
the results from the labeling protein researches to the studied models.

There are some analytical techniques which have less protrusion into
the protein interphase such as the modern in-situ ellipsometry (adsorbed
thickness in contact with solution), the solution depletion method (mass
balance before-and-after contact with adsorbate), interfacial tensiometry
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(contact angle and wetting techniques), quartz crystal microbalance (QCM),
and various types of spectroscopy (especially including attenuated total

reflection ATR and surface plasmon resonance SPR) [51].

2.4.2 Cell adhesion

Cell adhesion is a foundation step of anchorage dependent cells before any
cell activities such as survival, differentiation and migration. The adhesion
process is highly ordered, dynamic with spatial structure, controlled at the
subcellular level, and responsive to extracellular environment. There are two
types of cell adhesions: cell-extracellular matrix (ECM) adhesion, and cell-cell

adhesion [87, 88].

24.2.1 Cell-extracellular matrix (ECM) adhesion

Cell-ECM adhesion is critical for cell survival and growth. It also has impacts
on cell shape (morphology) and migration. ECM adhesion could be
categorized into five types: Focal Complex (FCX), Focal Adhesion (FA), Fibrillar

Adhesion (FB), Podosome, and Invadopodia.

A. Focal Complex (FCX)
Focal complex adhesion or close contact [89] is a weak and not
stable. The adhesion is formed around cell periphery without stress
fibers. This type of adhesion could be mature and developed into
stronger adhesion like focal adhesion (FA). The separation distance of
the plasma membrane is 30 nanometers (nm) from the surface [88].

B. Focal Adhesion (FA)
The term of focal adhesion (FA) is now commonly used to describe

the strong adhesion to ECM instead of adhesion plaque and focal
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contact. FA is larger and more stable than FC. The stress fibers are
present in the adhesion structure, enabled strong cell anchoring on
the ECM. The adhesions involve many proteins which have roles for
adhesion stability and transmission of traction force from the ECM.
The separation distance of the plasmic membrane is 10-15
nanometers (nm) from the surface [88].

Fibrillar Adhesion (FB)

The distinguish difference between fibrillar adhesions (FBA) and focal
adhesion (FA) is that FB relates with fibronectin (FN), the ECM protein.
The adhesion structures are longitudinal and parallel to fibrillar
bundles of fibronectin. The adhesion sites are also the location of the
matrix deposition.

Podosome & E. Invadopodia

Podosome and Invadopodia are the only adhesions which could
degrade ECM by initiating matrix metalloproteinase (MMP) secretion
process. Podosomes are most commonly found in monocytic
originated cells such as macrophages, or osteoclasts while
invadapodia are apparent in malignant cells. In term of shape,
invadopodia looks like finger protruding into ECM [87, 88]. All types of

cell-ECM adhesions are shown in Figure 2-23.

50



51

A Focal complex B Focal adhesion C  Fibrillar adhesion

Lamellipodium )
s Stress fiber

Figure 2-23 Types of cell-ECM adhesion
(reproduced from [88])

2422 Cell-cell adhesion

Many cell types also adhere with adjacent cells such as epithelial and
endothelial cells. Cell-cell adhesion is fundamental to tissue structure. The
adhesion is facilitated by junctional complexes such as tight junctions (TJs),
adherens junctions (AJs), gap junctions, and desmosomes. These junctions
enable cells to communicate and interact via the signaling molecules and

cytoskeletal proteins [87].
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2423 Formation of Cell-ECM adhesions

Cell-ECM adhesion is formed by bonding between cell adhesion receptors
and ligands or cell binding domain (CBD) of ECM components. The cell
adhesion receptors could be categorized into two groups; integrins and
syndecan-4 (syn4).
Integrin

The majority of cell-ECM adhesion is facilitated by the integrin family of cell-
surface receptors. Integrins do not have their roles only on cell attachment
responses but also serving as a signaling trigger which regulate various cellular
activities such as survival, proliferation, and differentiation [84]. Integrins are
the cell receptors that bind to various ECM ligands. The adhesion receptors
are transmembrane and made up with two different protein chains,
heterodimeric. The two chains are noncovalently linked, and named o and B
subunits. The combinations of 18 a subunits and 8 B subunits, yield 24
different integrins which bind to specific ECM proteins as illustrated in Figure

2-24 (88, 90].
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a7l -~ laminin al[i2 -- ICAML, ICAMZ, ICAM3
aV[i3 -- vitronectin/fibronectin aMp2 -- ICAML
abfil -- fibronectin alfi2 -- ICAML, ICAMZ ICAM3
abfid --laminin ndf2 -- TCAM-3, VCAM-1

alfil-- collagen, laminin
cells-to-extrocellular matrix
leukocytes-to-adherent cells wM[i2 -- C3bi |, fibrinogen, ICAML
adpl-- VCAM-1 wXfi2 -- fibrinogen
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Figure 2-24 The currently identified integrins presented from the combination of QL and
subunits

(reproduced from [90])

52



53

Majority portions of integrins are outside of cell membrane which enables
ECM binding. The cytoplasmic portions are lack of enzymatic activity and
relatively short except 34 subunit. The most studied integrins are asB; and
o, B5 because of their binding to FN and VN. For comparison of their binding
specificity, ;B almost binds only to FN, while a,B5 could bind to FN, VN,

and other ECM proteins [88]. The structure of integrin is shown in Figure 2-25.

integrins -propeller domain repeats
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«
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membrane

pl-domain  hybrid PSI EGF1,2 EGF3 EGF4 BTD
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Figure 2-25 The details of domain structure of integrins (a) example of each subunit (b) one the

most studied integrin (OB 3) which can bind to FN/VN and others ECM proteins
(reproduced from [90])

The integrin binding is a three-step process. Initially, integrins are folded and
inactive. Then, the separation of two subunits (& and {3) R pushes the
extension of integrin domains especially the rotation of the hybrid section of
3 subunit to outside. This movement enables integrins to the primed stage
ready for binding ligand (RGD in case of fibronectin). For the integrin which
contains O-I domain, the activation mechanism is slightly different. The

intrinsic licand of a subunit will bind with the (31 section of 3 subunit which
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will leave room available for ligand bind site. Both binding mechanisms are
illustrated in Figure 2-26 [90].
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Figure 2-26 The binding mechanism of integrin with ECM ligand
(reproduced from [90])

Syndecan-4 (syn4)

Syndecan-4 (synd) is the second type of cell adhesion receptor. It is an
important for the development of mature focal adhesion. Syndecan-4 has a
lot of heparin sulfate proteoglycan in its structure which allows binding

several different ECM proteins. The structure of syn4 is pictured in Figure 2-27.
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Figure 2-27 Syndecan4 structure

(reproduced from [88])

In fibronectin (FN) molecules, there are different regions which could serve as
ligands for binding cell integrins or syndecan-4. The cell binding domain (CBD)
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which has tripeptide RGD sequence is the universal recognition site for

integrin binding. The specific region for binding syndecan-4 is called heparin

binding site (HBD or Hepll) [88].

e TR

 Hepl CBD HBD/Hep Il
Taby | [Syndecana
FN repeats: O Type | ‘ Type Il D Type Il | o3 R

Figure 2-28 Structure of fibronectin (FN)
(reproduced from [88])

Fibronectins (FN), cell-adhesive glycoproteins, could be found as both
soluble (body fluids) and insoluble forms (fibrils in extracellular matrices) [91].
The FN molecule is composed of three different types of repeating domains,
type I, Il, and lll. The integrin binding site is type Ill repeats 9-10 (CBD) also
called cell binding domain (CBD). The location of synd4 adhesion is at type |ll
repeats 12-14 or heparin binding domain (HBD/Hepll) [88]. It is worth to
mention that aisB; integrin binding with fibronectin requires both the PHSRN
sequence in the 9th type Il repeat and the RGD in the 10th type Il repeat of
the molecule. On its own, both sequences could not yield strong binding, but
collectively both sequences enhance binding with excellent adhesion
strength [84]. Besides fibronectin role for facilitating cell adhesion, the
fibronectin matrix is also important for regulating the composition and
stability of the extracellular matrix. Collagen and thrombospondin proteins

are only deposited into fibronectin fibrillar matrix [92].
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24.24 Cytoplasmic network of adhesion molecules

Focal adhesion structures are made of many cytoplasmic proteins. These
proteins could be probed with fluorescent label for studying cell adhesions.
The first protein recruited at the adhesion site is talin connected to the Q-
integrin subunit, before the recruitment of additional proteins in the complex
network such as vinculin, O-actinin, and focal adhesion kinase (FAK). The
vinculin serves as the adaptor between integrin and the actin cytoskeleton.

While FAK is a part of cell signaling pathway [87, 90].
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Figure 2-29 The network of cytoplasmic adhesion proteins: Structural group e.g. Talin, Vinculin, O~
actinin, F-actin (stress fiber) and signaling molecules e.g. Focal Adhesion Kinase (FAK)

(reproduced from [90])

2.4.3 Effect of surface chemistry on cell-substrate interaction

Surface chemistry plays the crucial roles for cell interaction on biomaterials.
First, it has direct impact on surface wettability which controls protein

adsorption capability and could alter protein conformation. The protein
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conformation is critical for activating many biological activities such as
attachment, proliferation and differentiation [53, 84, 85]. The surface
chemistry also has effect on cell adhesion integrins, which cells use to
connect to the surface [87, 88], and cytoplasmic components, which control
cell cytoskeleton and signaling pathway [87]. Here are the summaries of
findings from different investigators about the effects of surface chemistry on
cell interaction. All of them used self-assembled monolayer as a model for
different surface chemistries. Self-assemble monolayer could be either alkane
thiols with thin layer gold coating or organosilane with thin silica coating. Even
the self-assembled monolayer could not be applied directly for in vivo
application. It still provides a good starting point for surface modification with
different surface chemistries.
A. Surface wettability
Surface wettability is an indication of effective bonding between water
and surface. The surface functional groups play the key role of
manifesting surface wettability through developing hydrogen bonding
with water. Hydrophobic functional groups such as CH; do not
effectively bind with water, resulting in high water contact angle (>90°)
of the surface. On the other hand, hydrophilic functional groups such
as OH, NH,, COOH, etc., could form hydrogen bonding with water,
leading to lower water contact angle (< 90°) of the surface. The water
bonding is developed by Lewis acid/base mechanism. Stronger Lewis
acid/base with higher affinity with water, could lower contact angle
more than the weaker one [51].
Keselowsky et al [84], Faucheux et al [92], and Curran J et al

[93] reported similar findings about the decreasing order of water
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contact angle by different surface function groups ie. CHs; >NH,

>COOH > OH as summarized in Table 2-3.

Table 2-3 Surface wettability of different surface chemistry

Self-assembled Contact angle (°)
Investigator
monolayer CHs, OH NH, COOH
Keselowsky B [84] Alkanethiol 107 25 43 28
Faucheux N [92] Silane 90 20 62 48
Curran J [93] Silane 90 60 80 70

B. Protein adsorption capacity
The contribution of surface chemistry to protein adsorption is from its
role of manipulating the surface wettability and surface charge. As
previously mentioned in section 2.4.1.3, the hydrophobic surface
could adsorb more proteins than the hydrophilic one, and the

charged surface adsorbs proteins more than the uncharged surface.

Table 2-4 Protein adsorption capacity on different surface chemistry

Self- Pre- Protein adsorption
Investigator assembled adsorbed Media Investigated items
monolayer protein CH,4 OH NH, COOH
Keselowsky B Alkanethiol  Fibronectin  2mM dextrose FN adsorption at sat 360 110 410 280
[84] in PBS (ng/cm?2)
(serum free)
Faucheux N Silane None DMEM, protein adsorption 100% 50% 110% 90%
[92] 10%FBS from culture media in
1%antibiotic relative to CH3

The findings from both Keselowsky et al [84], and Faucheux et al
[92], support the theory that the hydrophobic surface (CHs) adsorbed
more protein than the hydrophilic surface (OH). The positively charged
surface (NH,) and the negatively charged surface (COOH) adsorbed
more protein than the neutral surface (OH). Fibronectin, net negative

charged protein, adsorbed more on the positively charged surface
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than the hydrophobic and negatively charged surface. The summary

of findings is in the above Table 2-4.

C. Protein conformation
The protein conformation could be evaluated by using monoclonal
antibodies to probe at the cell binding domain of studied protein.
Keselowsky et al [84] used the antibodies 3E3 and HFN7.1 of cell

binding domain of fibronectin.

PHSRN HFMNT.1

—E@}O*M”D{}ﬂﬂ}[ﬁMﬁﬂﬂ{]{}

Hep | D HBD/Hep Il
n | aghy | iSyndecan-4!
FM repeats: U Type | 1 Type Il D Type Ml bagyt
bom ==

Figure 2-30 Location of monoclonal antibodies 3E3 and HFN7.1 probing at cell binding domain of FN
(reproduced from [88])

The results showed that the hydrophobic surface required higher
protein concentration to reach the level of protein binding affinity at
the half of maximum binding. In contrary to the hydrophilic one, they
require less protein concentration. As stated in section 2.4.1.3, the
hydrophobic surface denatures protein conformation; as a result, it
loss the binding affinity [51, 53, 85]. However, at very high density of
protein, the hydrophobic surface could not effectively denature
protein due to protein-protein interaction [53]. The order of the loss
of protein conformation is as same as surface hydrophobicity, i.e. CHs

>NH, >COOH > OH as shown in Table 2-5.
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Table 2-5 Protein conformation on different surface chemistry

Self- Pre- Protein conformation
Investigator assembled adsorbed Media Investigated items
monolayer protein CH,4 OH NH, COOH
Keselowsky B  Alkanethiol  Fibronectin  2mM dextrose  FN density at half of 210 32 180 150
[84] in PBS maximal HFN7.1
(serum free) antibody binding
affinity (ng/cm?2)
FN density at half of 160 24 110 170
maximal 3E3 antibody
binding affinity
(ng/cm2)
D. Cell attachment and cell spreading
The effect of surface chemistry on cell attachment could not be
concluded clearly in comparison with that on hydrophilicity, protein
adsorption and protein conformation. The cells, media, culture time
were totally different. The only thing in agreement is that hydrophobic
surface does not support cell attachment. The summary is shown in
Table 2-6.
Table 2-6 Cell attachment on different surface chemistry
Pre- Cell attachment
Investigator adsorbed Media Cell Investigated items
protein CH, OH NH, COOH
Keselowsky B  Fibronectin =~ 2mM MC3T3-E1 Effective cell adherent + +++ + ++
[84] dextrose in strength (cm2/ng)
PBS
(serum free)
Faucheux N None DMEM, human % cell attachment at 2 h 30%  30% 70% 60%
[92] 10%FBS fibroblast
1%antibiotic
Curran J [93] None MSC basal Human MSC % cell attachment at 1 20%  60% 40% 60%
growth day

medium
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In term of cell spreading as it demonstrated in Table 2-7, the
conclusion couldn’t be drawn from 2 groups of investigators:

Faucheux et al [92], and Curran J et al [93].

Table 2-7 Cell spreading on different surface chemistry

Pre- Cell spreading
Investigator adsorbed Media Cell Investigated items
protein CH,4 OH NH, COOH
Faucheux N None DMEM, human spreading area at 2 h 4,000 5,000 10,000 9,000
[92] 10%FBS fibroblast (um2)
1%antibiotic
Curran J [93] None MSC  basal  Human MSC Cell  morphology at round round  round Mixed
growth dayl between
medium round
&spread

E. Cell integrins and cytoplasmic components.

Keselowsky et al [84, 94] studied cell attachment in details by looking
closer at cell integrins and cell cytoplasmic components. His findings
were in agreement with the cell attachment data. OH functional group
enhanced a5 cell integrin binding affinity. It also enabled the highest
recruitment of talin (the first protein to be recruited at adhesion site
[87]), and Q-actinin (the linkage to stress fiber [87]). The data was
aligned with Curran et al [93] but conflicting with Faucheux et al [92].
The other similar findings between Keselowsky et al [84, 94] and
Curran et al [93] were that NH, surface enhance the highest
recruitment of vinculin (adaptors between integrin and the actin
cytoskeleton [87]). The effects of surface chemistry on cell integrin
characteristics are summarized in Table 2-8, while Table 2-9 shows the

effects of surface chemistry on cell cytoplasmic components.
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Table 2-8 Cell integrin characteristics on different surface chemistry

62

Pre- Cell integrins
Investigator adsorbed Media Cell Investigated items
protein CH, OH NH, COOH
Keselowsky B Fibronectin ~ 2mM MC3T3 FN density at half of 150 15 86 84
[84] dextrose in maximal Ol integrin
PBS binding affinity (ng/cm2)
(serum free)
Location of O integrin very fewer at only at entire
little center but periphery spread
intense at area area
periphery
Location of @l integrin very very little very little entire
little spread
area
Keselowsky B Fibronectin ~ 2mM MC3T3 Effective O integrin + +++ ++ ++
[94] dextrose in binding affinity (cm2/ng)
PBS (serum
free)
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Table 2-9 Cell cytoplasmic components on different surface chemistry
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Pre- Cell cytoplasmic components
Investigated
Investigator adsorbed Media Cell .
items
protein CH, OH NH, COOH
KeselowskyB Fibronectin 2mM MC3T3 Talin + +++ + ++
[94] dextrose in recruitment
PBS
Vinculin + ++ +++ +++
recruitment
Curran J [93] None MSC basal Human Vinculin at almost none minimal well minimal
growth MSC dayl formation developed formation
medium
Vinculin at increased minimal well minimal
day7 coverage formation developed formation
KeselowskyB Fibronectin 2mM MC3T3 Q-actinin + +++ ++ 4
[94] dextrose in recruitment
PBS
Curran J [93] None MSC basal Human Stress fiber (F- not well spread but well define well define
growth MSC actin) at day1 defined, lack of cytoskeleton cytoskeleton
medium clusterin a organization
round shape of fibers
Stress fiber (F- well define spread but well define well define
actin) at day7 cytoskeleton lack of cytoskeleton cytoskeleton
organization
of fibers
KeselowskyB Fibronectin 2mM MC3T3 paxillin + +++ ++ ++
[94] dextrose in recruitment
PBS
tyrosine- + +++ ++ ++
phosphorylated
protein
recruitment
Focal adhesion + ++ +++ ++

kinase (FAK)

F. Cell growth

Faucheux et al [92] and Curran J et al [93] reported similar findings

that NH, functional group enhance cell growth when it was compared

with others. However, there was no explanation why it could do so.

The summary of cell growth on various surface chemistries is

demonstrated in Table 2-10.
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Table 2-10 Cell growth on different surface chemistry
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Pre- Cell growth
Investigator adsorbed Media Cell Investigated items
protein CH, OH NH, COOH
Faucheux N None DMEM, human Growth index at 2 days 1 1 22 2
[92] 10%FBS fibroblast (no. of folds compare
1%antibiotic with seeding)
% cell viability (% living 80% 80% 100% 100%
cells/total cells)
Curran J [93] None MSC  basal  Human MSC Growth index at 7 days 1.9 1.9 2.5 1.7
growth (no. of folds compare
medium with seeding)
Cell differentiation
Both Keselowsky et al [94] and Curran et al [93] reported similar
finding that NH, surface enhanced osteogenic differentiation even they
used different cells. The summary of cell differentiation on different
surface chemistry is shown in Table 2-11.
Table 2-11 Cell differentiation on different surface chemistry
Pre- Cell differentiation
Investigator adsorbed Media Cell Investigated items
protein CH, OH NH, COOH
KeselowskyB Fibronectin O-MEM, MC3T3 % mineralized area 1.0% 12.0% 12.1% 0.4%
[94] FBS, Vit C,
f3-glycerol
phosphate
Curran J [93] None MSC basal Human ODC at day7 - not not not increase not
growth MSC proliferation increase increase increase
medium
CBFAL1 at day7- not not 5.8 fold decrease
osteogenic increase increase increase
differentiation from day1
Collagen1 at day7 not not decrease increase
increase increase
Collagen2 at day7 - not not decrease increase
chondrogenic increase increase

differentiation
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2.4.4 Effect of surface stiffness on cell-substrate interaction

Surface stiffness is an important substrate property which affects the fate of all
anchorage dependent cells since they need to adhere on the surface for survival.
Cells interact with the substrate through their adhesion complexes and actin-myosin

skeletons as shown in Figure 2.31 [56, 88, 95, 96].
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Figure 2-31 The mechanosensory model at focal adhesion through F-actin/Myosin skeleton

(reproduced from [97])

It is also important to note that cells not only adhere to the surface but also
exert a force through the substrate or pull their microenvironment; this phenomenon
was easily observed by the wrinkles caused by cells on a soft substrate. The
resistance of the substrate to the cellular force causes the reorganization of the
adhesion sites, cytoskeleton, and overall cell states. For example, as pictured in
Figure 2.32, the cell adhesion sites are dynamic on the soft substrate, while the

adhesion sites on the stiff substrate are static [95].
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Soft matrix Stiff matrix

dynamic

Figure 2-32 The efffect of substrate stiffness on adhesion structures and cytoskeleton (F-actin)
(Top) The arrows point to dynamic adhesions on soft gels and static, focal adhesions on stiff gels.

(Bottom) F- actin cytoskeleton. (reproduced from [95])

Figure 2.33 illustrates that the surface stiffness could influence the
uncommitted human mesenchymal stem cells (hMSC) to differentiate to the
phenotype of which tissue elasticity is in the same range of the adhered surface.
Engler et al [56] reported that human mesenchymal stem cells (hMSC) adhered to a
very soft matrix (0.1 — 1 kPa), which mimics the brain tissue, differentiated to the
neuron cells. Their stiffer surface matched the elasticity of muscle tissue (8 - 17 kPa),
induced myogenic differentiation on the adhered hMSC and the rigid surface, of
which elasticity is in the same range of osteoid matrix (25 - 40 kPa), enabled hMSC to
transition to osteoblast. On the other hand, if the surface elasticity is far greater than
any of the tissue elasticity (i.e. glass surface - 80 GPa), it would enable the
development of well distributed adhesion sites and F-actin cytoskeleton throughout

the cell spreading area.
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Figure 2-33 Tissue elasticity and differentiation of naive hMSC
(Top panel) the range of tissue stiffness, as measured in the elastic modulus - E, (Bottom panel) the
cytoskeletal orgranization of hMSC on different surface with different substrate stiffness (A) Paxillin-

labeled adhesion sites and (B) F-actin cytoskeleton development (adapted from [56, 96])

In the field of surface stiffness study for cell-substrate interaction, the most
studied substrates are polyacrylamide (PA) gel, of which the flexibility could be
manipulated by adjusting bis-acrylamide components. However, the modulus of this
PA gel was rather low, ranging from 0.002 to about 50 kPa [56, 98-101]. Another stiffer
material is poly(dimethyl siloxane) silicone (modulus:1.5-2,000 kPa) [102-104]. Its
stiffness could be manipulated by adjusting curing agent ratio and baking time [102,
103], using photolithography to generate a micro-pillar pattern surface [104], or
photo-crosslinking with light sensitive chemicals [105]. Hydrogel systems could be
used to study surface stiffness by manipulating crosslinking degree such as
poly(HEMA)  (poly(2-hydroxyethyl ~methacrylate)) [106] and hyaluronic acid
(HA)/poly(ethylene glycol) di-acrylate (PEGDA) [107]. However, the crosslinked

hydrogel has side effects. For example, the swelling ratio of HA/PEGDA was
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decreased, while the modulus was increased when decreasing HA content [107].
Besides hydrogel system, polyelectrolyte multilayer (PEM) could also be used to
study surface stiffness. The stiffness is adjusted either by crosslinking [108] or
changing pH to manipulate the tightness of polyelectrolyte-layer packing during the
assembly [109]. Examples of PEM systems are poly(L-lysine)/ hyaluronan [108] and
poly(acrylic acid) /poly(acrylamide) [109].

The use of plasma to increase surface stiffness has been explored by
Bartalena et al. using air plasma as an intermediate to hydrophilize PDMS surface
before submersing the surface in amino-propyltriethoxysilane (APTES), then UV-
crosslinking with sulfo-SAN-PAH [105]. Their procedure generated a thin and stiff
plasma-assisted-oxidized layer (296 nm thickness and 3.66 MPa elastic modulus) on a
thick PDMS (10 mm thickness and 10.5 kPa elastic modulus). Both unmodified and
plasma-assisted-oxidized PDMS were later used to measure cell stiffness on the
surface based on their own developed method [105]. The increased stiffness in
Bartalena and co-workers report was not totally attributed to the plasma effect since
it involved the crosslinking with other chemicals. Plasma only improved surface

wettability before silanization with APTES.
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CHAPTER

3. LITERATURE REVIEW

3.1 _An introduction to plasma treatment as a surface modification

tool

Plasma treatment is an effective tool to modify surface of various materials
used in the biomedical applications. The treatment induces the change of
surface wettability, introduces the selective functional groups, and changes
electrostatic charges on the surface. The treated surface could be ready for
use or further treated with other techniques. Plasma gas is chosen based on
the desired surface functionality. The plasma is usually generated by radio
frequency power supply at frequency of 13.56 MHz. The AC power supply is
less frequently used. However, in our laboratory, we have successfully used it
for plasma treatment [42, 43]. Apart from our laboratory, there was only one
report published in Biomaterials during the past 10 years. Anderson et al [41]
used phase shifted AC100Hz power supply to generate argon plasma for the
polymerization of 1-vinyl-2-pyrrolidone (VP) on the silicon rubber surface to
reduce the activation of blood coagulation.

The range of investigated materials in plasma treatment covers from
metal, glass, synthetic polymer, biodegradable polymer, and natural polymer.
Most researchers put their efforts to study plasma treatment effects on
synthetic polymers and metals [17-20, 22, 25-27, 30-34, 36, 39-41, 45-49, 52,
54, 86, 87, 93, 110-113]. There were a few reports of using plasma to treat
natural polymers [23, 24, 37, 38, 42-44]. Our laboratory is exploring the use of

plasma to improve biocompatibility of natural polymer [42-44]. There have
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been two reports of using plasma to treat silk fibroin materials in Biomaterials

in the past 10 years. Both reports used microwave argon plasma to treat silk

fibroin surface to improve biocompatibility and chondrogenic responses of

articular chondrocytes on silk fibroin surface [23, 24].

Table 3-1 The selected examples of materials which have been treated with various types of plasma

Plasma generator type

Type of material Material Plasma gas reports AC DC Conventional RF Microwave RF Unidentified
Synthetic Nafion Ar 1 1[25]
Polymers Nylon-6 NH, 1 1 [26]
(non-degradable) PDMS O,, Ar, Ny, NH; 1 1[27]
PE O,, N,, CFy, Ar, NH; 3 3 [27-29]
PEEK-WC-PU’ H,, NH; 1 1 [30]
PET O,, NH; 3 1[31] 2[48, 111]
PHB NH,, H,O 1 1[47]
PP 0y, NH; g 2126, 31]
PS O, Ny CFy Ar, 6 2[28, 29] 4. [45, de, 49, 54]
NH,, (CH,),CO,
(CH5),CHOH
PTFE O, Ar, Ny NHs, 7 4[27, 32-34] 2[22,112] 1[48]
CO,, H,0, H,
PU O,, Ar, Ny, NH; 1 1[27]
silicone rubber Ar 1 11[41]
Total 28 1 17 7 3
Biodegradable PLGA 0,, CO,, 3 3[17, 19, 35]
synthetic polymers PLLA Ar, NH; 2 1[36] 1[113]
Total 5 4 1
Natural Chitosan Ar 1 1[37]
Polymers corn  starch-based 0, 1 1[38]
biomaterials  (SBB)
blend
Gelatin O,, Air, Ny, 3 2[42, 43] 1[44]
Silk fibroin Ar 2 2 (23, 24]
Total 7 2 1 2 2
Others 316L SS NHa,Ar, Allyl- 1 1 [20]
amine
Titania nanotube Allylamine 1 1[39]
Titanium NHs,  Ar,  Allyl- 2 1118] 1[110]
amine
glass slip Allylamine & 1 1 [40]
Hexane
Total 4 3 1 1
Grand total 45 3 1 26 10 5

The selected examples of selected plasma treatment papers which

were published for the past ten years are shown in Table 3-1. Regards to the

type of plasma generators, microwave plasma could generally provide higher

® PEEK-WC-PU modified polyether-ether-ketone with cardo group (PEEK-WC) and polyurethane (PU)
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plasma power in the scale of hundreds of watts, while the AC plasma
provides the lowest plasma power in the single digit of watt. The summary of

plasma power from the selected papers is shown in Table 3-2.

Table 3-2 Summary of operating power conditions of various plasma type from the selected

papers
Plasma operating power (w)
Plasma type Minimum Typical Maximum
AC 2 4 12
[41-43]
Conventional RF 10 30 2,000

[17, 19, 20, 25-40]
Microwave RF 120 400 1,000
[18, 22-24, 45-47, 49, 54, 112]

Besides plasma generator type and operating power, it is worth to
mention base pressure because it could indicate the level of contamination
in the system. Base pressure is the pressure of plasma chamber before the
introduction of plasma gas. Plasma chamber needs to be evacuated to
minimize unwanted gaseous species such as air and moisture. The lower base
pressure gives higher effect from the studied plasma gas. The lowest base
pressure has been reported at 1 x 10° mbarA [29], while the highest was at 1
x 10" mbarA [19]. Most researchers reported the base pressure below 1 x 10”
mbarA [22, 26, 29, 30, 37, 44-47, 49, 54, 112].

Even though the results from different plasma machines could not be
compared due to the different setup and operating conditions, but the intent
of the following discussion was to present a broad overview of plasma

treatment.
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The effects of different plasma gases

Argon

The intention of argon plasma is to create the free radicals on the surface. If
the treated surface is exposed to the air after treatment, it will react with
oxygen and nitrogen. Wu et al [37] reported that the increase of oxygen and
nitrogen atoms, after the argon plasma treatment on the chitosan film. The
results of high-resolution XPS spectra for the Cls region, showed that amine
(C-NHj,), alcohol (C-OH), and carbonyl (-C=0) groups were increased from the
untreated value of 7.3, 21.6, 9.7 to 10.5, 25.6, 21.7% respectively after 20
minutes of argon plasma treatment. Their findings confirmed their hypothesis
about the post-plasma reaction between the surface activated sites and air.
Ding et al [36] also reported an increase of the ratio of oxygen to carbon
(O/C) on PLLA from 0.64 to 0.83 after a 30 second of argon plasma treatment.
They did not notice an increase of nitrogen content after argon plasma
treatment. The differences between Ding et al [36] and Wu et al [37] were
the treatment time and RF frequency. Wu et al used higher RF frequency
13.56 MHz and treatment time of 20 minutes, while Ding et al used 20 kHz
and 30 seconds treatment time. Rhodes et al [27] noted an interesting point
that if the argon plasma treated samples were stored in phosphate buffer
solution (PBS) immediately after treatment, there would only be oxygen
species without any nitrogen species on the samples after air exposure.

Argon plasma is usually employed as a pre-treatment to generate free
radicals for subsequent treatment such as plasma polymerization. Anderson
et al [41] pre-treated silicon rubber with argon plasma for 2 minutes to
activate free radicals, before subsequently 20 minutes treatment with plasma

polymerization of 1-vinyl-2-pyrrolidone (VP) which is a non-toxic compound
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used in polymer blends to increase blood compatibility of dialysis
membranes. Valdes et al [25] pretreated Nafion, a membrane material in
biosensors, with argon plasma for 2 minutes before plasma polymerization of
tetraethylene ¢glycol dimethyl ether (for enhancement of non-fouling
properties) for 18 minutes, and (2) 2-hydroxyethyl methacrylate (HEMA, for
biocompatibility and addition of hydroxyl group content) for 20 minutes.
Argon is also used as a carrier gas in plasma polymerization [18, 20] . The
other use of argon plasma is for covalent fixation of coating material on the
surface. Nitschke et al [49] used argon plasma to covalently fix poly(vinyl
methyl ether-alt-maleic acid) (PVMEMAC) on the polystyrene surface.

In summary, argon plasma generates free radicals on surface without
conjugating itself on the surface. The change of surface chemistry of argon

treated surface is caused by either air exposure or subsequent treatment.

3.2.2 Oxygen

Oxygen plasma has received much attention from researchers [19, 27-29, 31,
34, 35, 38, 42, 43, 111, 112]. Oxygen plasma creates oxygenated species on
the surface such as hydroxyl (-C-OH), carbonyl (-CR=0), and carboxyl (-COOH)
[35, 38]. The same oxygenated species are also on the surface of tissue
culture polystyrene (TCPS) which has approximately 7.4% hydroxyl, 1.8%
carbonyl, and 2.5% carboxyl with the total oxygen content of 11.8% [46].

The oxygen plasma treatment produces a negatively charged surface.
Prasertsung et al [42] demonstrated that the isoelectric point (IEP) of gelatin
was decreased from 8 to 7 after a 30 second treatment of oxygen plasma.
The lower IEP indicated the introduction of negatively charged species on the
surface [112]. Shen et al [19] treated PLGA with oxygen plasma to generate

negatively charged surface before conjugating with cationized gelatin. The XPS
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results showed that the combining oxygen treatment with cationized gelatin
increased the gelatin anchorage on the PLGA surface. The XPS spectra before
and after washing were not greatly different. Qu et al [35] also treated PLGA
with oxygen plasma and then incubated it in a modified simulated body fluid
to prepare a bone-like apatite layer. They expected the negative charge
would draw the positive calcium ions and deposit them on the PLGA. Both
calcium and phosphate depositions were enhanced tremendously compared
with the untreated ones. The calcium content was increased from 3.84 to
15.1% after a 30 minute treatment of oxygen plasma. However, Ca/P ratio

was still much lower than the hydroxy apatite stoichiometric ratio.

3.23 Other gases used for the generation of oxygenated species

A. Carbon dioxide
Shen et al [17] used carbon dioxide as plasma gas because they
expected more carboxylic groups on the surface. The carboxylic
content was increased from 30.2 to 41.0% after a 30 minute
treatment of carbon dioxide plasma on PLGA surface (20W, RF13.56
MHz). They also performed the oxygen plasma treatment on their
PLGA [19] but they did not report the carboxylic content from XPS. Qu
et al [35] also used PLGA but they treated it with an oxygen plasma.
They reported the carboxylic content was increased from 35.6 to
39.7% after a 30 minute treatment of oxygen plasma on PLGA surface
(20W, RF13.56 MHz). The comparison of two papers on same material
(PLGA) with different plasma gases (CO, vs. O,), suggested that carbon
dioxide might be better to enhance carboxylic content. However, the
experiment needs to be set up to verify that carbon dioxide could

provide more carboxylic groups than other gases.
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Isopropyl alcohol and Acetone

Mitchell et al [46] used isopropyl alcohol (IPA) plasma to generate
only hydroxyl and carbonyl on the surface of polystyrene. The
carboxylic groups were not introduced on the surface by this IPA
plasma. The cell attachment and proliferation on IPA plasma treated
surface was comparable with tissue culture PS plate. Mitchell et al
[45] also proved that acetone plasma could also be used to generate
oxygenated compounds such as hydroxyl, carbonyl and carboxyl on

PS surface.

Water vapor

Water vapor plasma could be used to generate oxygenated species on
surfaces. The most significant point about this plasma is its long
sustaining effect on plasma treatment. Konig et al [22] reported that
the effect from H,O plasma treatment still existed after 6 months.
Nitschke et al [112] also reported that no hydrophobic recovery from

H,O plasma treated PTFE was observed in several weeks later.
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Nitrogen containing gases (NH5;, N, and allylamine)

3.24.1 Ammonia and nitrogen

Both ammonia and nitrogen plasmas are designed to implant nitrogen species
such as amine on surfaces [26, 30, 49, 54]. Amine was reported to improve
cell adhesion on material surfaces [48].

Ammonia plasma could be used to create positively charged surface
for subsequent conjugation with negatively charged molecules. Nitschke et al
[112] used ammonia plasma treatment on poly(tetrafluoroethylene-co-
hexafluoropropylene) (FEP) to create a positively charged surface, and then
added anionic poly (sodium 4-styrene sulfonate) (PSS). The attachment
between FEP and PSS was electrostatic interaction.

The free amino from ammonia plasma could also be used to react
with other reactive molecules such as maleic acid to form anhydride. The
anhydride moieties are powerful for covalent bonding with other bioactive
molecules without a crosslinking agent. Nitschke et al [49] used ammonia
plasma to treat polystyrene. The induced free amine on PS surface, then
reacted with poly(ethylene-alt-maleic acid) (PEMAcC) to form anhydride

functionality on the surface.

3.24.2 Allylamine in Plasma polymerization

Allylamine is used as monomer in plasma polymerization process. Plasma
reaction initiates free radicals in allylamine molecules for polymerization
process. The amine-rich polymer layers will be coated on the treated surface.
The additional amine could be further used to increase the conjugation
amount with other bioactive molecules. Plasma polymerization of allylamine

has been investigated by many researchers [18, 20, 39, 40]. Ammonia plasma
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treatment could not alter negatively charged surface to positively charged
surface because NH; plasma treatment could not induce sufficient positive
ions to dampen the negatively charged surface. Plasma polymerization of
allylamine addresses this issue. The thickness could be controlled to ensure

that the outermost layer expresses positive amine species [18].

3.2.5 Hydrogen

Pavlica et al [30] used hydrogen plasma as a pre-treatment to crosslink and
stabilize PEEK-WC-PU* membranes before ammonia plasma treatment. They
believed that the pre-treatment could reduce the hydrophobic recovery of
the final treated sample surface. They reported the stability of water contact
angle for the period of 8 days. The membrane without hydrogen plasma pre-

treatment, returned to its original contact angle within 8 days.

3.3 The introduction of other molecules on surface by plasma

treatment

Plasma treatment could be employed to introduce others molecules on the
surface. The plasma generates either reactive species for the surface reaction
or charged molecules for electrostatic adsorption. There are several methods
to introduce other molecules on the surface such as grafting polymerization
(grafting from), surface reaction (grafting to), plasma immobilization, and
electrostatic adsorption [49, 112].
A. Grafting polymerization (grafting from)
Surface functional groups could be used as initiators for the

polymerization of desired monomer, such as acrylic acid to form

* PEEK-WC-PU modified polyether-ether-ketone with cardo group (PEEK-WC) and polyurethane (PU)
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polyacrylic acid [111, 112]. This grafting polymerization takes place
outside the plasma chamber, whereas plasma polymerization is inside
at the vapor-solid interphase. The thickness of grafted layers could
produce thick layers ranged from a few nanometers up to a few
microns. This process usually generates the swellable and soft surface
[112]. The grafting is graphically shown in Figure 3-1 (a).

surface reaction (Grafting to)

In this ‘“‘grafting to’’ technique [Figure 3-1 (b)], the immobilized
molecules will react with functional groups on the surface. The
reaction could be either with or without crosslinking agents depend
on surface functional groups. For example, Yang et al [20] used
carbodiimide chemistry to crosslink amine, generated by plasma
polymerization of allylamine on 316SS, with heparin. Finke et al [18]
also used carbodiimide chemistry to crosslink amine, generated by
plasma polymerization of allylamine on titanium, with collagen.
Alternatively, the reaction between maleic anhydride and amine/
hydroxyl moieties could be done without using crosslinking agents [49,
54, 112]. The limitation of this technique is the low amount of
immobilized molecules on the surface due to the diffusion limitations
of immobilized molecules into the grafted layers [112].

Plasma immobilization

Argon plasma could be used to crosslink the pre-adsorbed film of
immobilized molecules with the surface. The thickness of pre-
adsorbed film could be up to few tens of nanometers [112]. The

plasma immobilization is pictured in Figure 3-1 (c).
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D. Electrostatic adsorption

Plasma treatment also generates a charged surface [112]. The charged
surface could form electrostatic bonding with oppositely charged
molecules, especially polyelectrolytes or proteins because of its
amphilicity [51, 53, 85]. Nitrogen containing gases such as ammonia,
generate a positively charged surface [39, 47, 112]. In contrast, oxygen
containing gases such as oxygen, water vapor, carbon dioxide, etc.,
generate a negatively charged surface [17, 19, 35, 47]. The

electrostatic adsorption is graphically shown in Figure 3-1 (d).

a) grafting from ” X X X X X
XX X X X S
Y
: W monomer
t
b) grafting to ?
X X X X X

— [— A

plasma polymer

c) plasma
immobilization
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polymer plasma
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I SEEes
plasma polyelectrolyte
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Figure 3-1 The introduction of other molecules on surface by plasma-based techniques

(reproduced from [112])
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Many varieties of bioactive molecules could be immobilized on various surfaces with

different combinations between plasma surface treatment and other techniques. The

summary is in Table 3-3.

Table 3-3 Summary of the introduction of other molecules on the surface by plasma-based technique

from selected papers

Material Bonding type Plasma Introduced molecules Purpose of further treatment
gas
PLGA Electrostatic o, cationized gelatin To improve cell adhesion [19]
Co, basic fibroblast growth factor (bFGF) to control deliver of Basic fibroblast growth factor (bFGF) for
enhancing cell adhesion and growth [17]
0, Gar® PO427 To induce bone-like apatite layer for enhancing the growth of
osteoblast-like cells [35]
PLLA Immobilization Ar Chitosan Not clear [36]
316L SS EDC crosslinking PPAM’ Heparin Prevent blood clotting [20]
Titanium CDI crosslinking PPAM Collagen Enhance cell growth [18]
Titania Grafting to PPAM polyethylene glycol (PEG) Protein resistant surface [39]
nanotube
electrostatic PPAM polystyrene sulphonate (PSS). antithrombogenic properties [39]
Nafion Grafting from Ar tetraethylene glycol dimethyl ether Enhancing non-fouling characteristics
2-hydroxyethyl methacrylate
Enhancing biocompatibility and increasing OH content. [25]
PET Grafting from 0, acrylic acid (AA) generate spacer of polyacrylic acid [111]
Grafting to o, poly(ethylene oxide) (PEO), Insulin,& to produce blood and tissue compatible material [111]
heparin
PHB Electrostatic NHy/ Fibronectin enhance cell matrix adhesion [47]
H,0
PS Grafting to NH; maleic acid To create maleic anhydride platform that could conjugate with
amine or hydroxyl moieties of various biomolecules without
using crosslinking agents. [54]

Grafting to NH; poly(vinyl-methyl-ether-alt-maleic Same as above [49]
acid) (PVMEMAC)

Plasma Ar PVMEMAC Same as above [49]

immobilization

PTFE Grafting to N, Transpoelastin Control cell adhesion with cell adhesive protein [32, 33]

Grafting from H,0 acrylic acid To generate polyacrylic acid surface [112]

Grafing to NH; poly(styrene-co-2,3,4,5,6- To create the chemical responsive surface. Upon treatment
pentafluorostyrene) PSF-COOH, with selective solvents (toluene for PSF and acidic water for
poly(2-vinylpyridine) PVP-COOH PVP), the surface wetting behavior can be reversibly switched

from ultra-hydrophobic to hydrophilic.[112]

Plasma Ar poly(acrylic acid) - PAAC PAAc- to induce negatively charged surface

immobilization poly(ethylene imine) - PEI PEI - to induce positively charged surface [112]

Electrostatic NH; anionic poly (sodium 4- To induce negatively charged surface [112]

styrenesulfonate) (PSS)

° PPAm-plasma polymerization of allylamine

6 .
membrane material
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3.4 Characterization of plasma treatment

The characterization of plasma treatment can be divided into three groups: plasma
diagnostics, surface characterization and biological response test of plasma treated
surface. Most researchers focused on surface characterization and biological response

test of plasma treated surface.

Table 3-4 Summary of all analytical technique performed to characterize plasma treatment from selected

papers

Characterization of plasma treatment References

Plasma diagnostics
Langmuir probe - [29]
- plasma potential (V,),
- electron kinetics temperature (T,),
- electron number density (n,),

- ion kinetics temperature (T;)

Optical Emission Spectroscopy (OES) [22, 29, 42]
- Optical emission from plasma excited

species

Surface characterization

Water contact angle [17, 19, 20, 22, 24, 27, 30-34, 38, 40, 42-48]

Surface chemistry by X-ray photoelectron  [17, 19, 20, 26, 27, 34-38, 40, 42, 45-49]
spectroscopy (XPS)

Surface chemistry by Fourier transform  [20, 22, 24, 28, 29, 31, 33, 37, 38, 43]
infrared spectroscopy (FTIR)

Surface topography by atomic force  [17, 24, 31, 35, 37, 42-47]
microscopy (AFM)

Storage effect — hydrophobic recovery [20, 22, 30, 31, 43, 112]
Surface charge [18, 22, 42,47, 112]
Film thickness [18, 20, 22, 28]

Protein adsorption [17, 31, 47, 54]

Biological response test of plasma treated surface
Cells 25 different cell types
[17-20, 23, 24, 26, 30, 32-38, 40, 42, 43, 45, 46, 48, 54, 110]

Cell adhesion [17-20, 23, 32, 33, 35, 37, 38, 42-44, 46-48, 110]
Cell proliferation [19, 20, 23, 24, 34, 36, 38, 44-46, 48, 110]
Cell differentiation [23, 24, 26, 30, 34, 110]
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3.4.1 Plasma diagnostics

Generated plasma could be characterized in order to determine type,
quantity, and energy of plasma active species. The Langmuir probe could be
used to measure plasma potential (V,), electron kinetics temperature (Tye),
electron number density (n.), and total ion kinetics temperature (T';). Optical
emission spectroscopy identifies the optical emission from plasma excited
species. These plasma diagnostics were hardly performed in plasma treated
biomaterial researches [22, 29, 42]. Most researchers omit the plasma
diagnostics and only pay attention to the surface chemistries of the treated
samples. However, plasma diagnostics are powerful tools which could be
used to understand and manipulate the plasma conditions for treatments e.g.
plasma input power, operating pressure, etc., that yield the highest density of
plasma ions. The Langmuir probe could be used to identify the highest

plasma ions density location in the plasma chamber [29].

342 Surface characterization

3.4.2.1 Surface wettability

Many researchers performed the contact angle measurement [17, 19, 20, 22,
24, 27, 30-34, 38, 40, 42-48]. Most reported the increased hydrophilicity,
except one, Wang et al [34]. They reported the increase of the water contact
angles on PTFE from 107.5° to 127.5 - 153.9° after a 30 minute treatment with
O, plasma even the hydrophilic groups such as hydroxyl and carbonyl were
introduced on the surface. They explained that an increase of surface
roughness contributed to the increase of contact ansles, when the contact
angle of the untreated substrate was above 90°. The finding contradicted

with Rhoads et al [27] who also used O, plasma to treat PTFE. The contact
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angle was decreased from 93° to 62° after 1 minute treatment with O,
plasma. The surface roughness probably was not significantly increased.

Some researchers compared which plasma gases were effective for
wettability improvement. Kénig et al [22] reported that the hydrophilicity of
PTFE was improved in the following order: H,O > H,/H,0 (2%) > CO, plasma.
The water contact angle was reduced from 124° to 84°, 83° and 106° after
treatment with H,O plasma for 60 seconds, Hy/H,O (2%) plasma for 240
seconds, and CO, plasma for 240 seconds, respectively.

Pompe et al [47] found that H,O plasma could better improve the
hydrophilicity of poly(hydroxybutyrate), PHB, than NH; plasma. The water
contact angle of PHB was reduced from 80.9° to 60.3° and 71.2° after a 60
second treatment of H,O plasma and a 300 second treatment of NH; plasma,

respectively.

3.4.22 Surface chemistry

X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (FTIR) are common tools for investigating surface chemistry of
material. The difference between these two is the depth of analysis. XPS
reveals approximately 5 nm of the outermost layer, while FTIR picks up
several microns [22]. XPS [49, 55-57, 59, 61-65, 69-72, 75, 78, 81] is more
popular for measuring the change of surface chemistry than FTIR [20, 22, 24,
28, 29, 31, 33, 37, 38, 43]. If the intended surface chemistries are similar to
the bulk chemistries, FTIR could not be used to detect a change of surface
chemistry. Alves et al [38] reported that no difference of FTIR spectra was
found between untreated and O, plasma treated samples. The samples were
corn starch blend with cellulose acetate, ethylene vinyl alcohol and

polycaprolactone. All samples had carbon-oxygen bonds. The change of
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surface oxygen containing moieties was minimal when they were combined
with bulk chemistry. On the other hand, if the bulk chemistry is totally
different from surface chemistry, FTIR will be an effective tool for detecting
change in plasma treatment. Meichsner et al [29] noticed the difference of
treated polyethylene (PE) with O, plasma using FTIR. PE does not have
carbon to oxygen bond, so oxygen implanted species could be detected on
O, plasma treated PE using FTIR.

There is currently no report to compare which oxygen containing
gases (O,, CO,, H,0, alcohol and acetone) are effective to generate hydroxyl,
carbonyl and carboxyl bonds. Only Mitchell et al [46] reported that isopropyl
alcohol (IPA) plasma could be used to generate only hydroxyl and carbonyl,
without carboxylic group on the surface of polystyrene. However for nitrogen
containing gases (N,, NHs), Meyer-Plath reported that ammonia is more
effective for generating amine on the surface than nitrogen or the mixture

between N, and NH; [57].

3.4.2.3 Surface topography

In most cases, plasma treatment could increase surface roughness less than
10 nanometers. In some cases, there was no difference in surface roughness
before and after treatment [42, 45-47]. Mitchell et al [46] reported that the
change of surface roughness from 3.5 to 9.5 nm was not significant to
influence cellular attachment or proliferation. The summary of plasma effect

on surface topography is shown in Table 3-5.
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Table 3-5 The selected examples of the change of surface topography from plasma treatment

Surface roughness (nm)

Plasma Power Treatment Surface Before After
Material type W) Plasma gas time Ref  Parameter treatment treatment
Chitosan RF 40 Ar 20 min [37] Ra7 1.98+0.7 547 £ 0.9
Gelatin AC50Hz 12 0, 15 sec [43] RMS8 0.5 4.5
4 Air, O,, N, 30 sec [42] RMS 0.48 not change
PICP - N, 1 pulse [44] RMS 0.488 + 0.033 1.075 + .087
PET,PP RF 80 0, 120 sec [31] RMS 3.84 + 0.63 9.59 + 1.06
PHB MwW 400 NH4/H,O 300 sec [47] RMS not change
PLGA RF 20 0, 30 min [35] Ra 0.406 4.937
20 CO, 20 min [17] Ra 0.4 16.8
PS RF 10 isopropyl alcohol 3600 s [46] RMS not change
10 Acetone 600 s [45] RMS not change
34.24 The effect of air exposure after plasma treatment

Some researchers reported the presence of nitrogen (N) or oxygen (O) atoms
which were not supposed to be on the surface because these atoms were
not contained in the plasma gas [26, 27, 37, 38, 42, 48]. The introduction of
these atoms might be either inside or outside plasma chamber. Air remaining
inside plasma chamber could induce N and O atoms on the treated surface
during plasma treatment. On the other hand, the plasma reactive species
might react with air outside plasma chamber after the treatment.

Only Pompe et al [47] did not find the surface moieties which were
not generated from plasma gas. They evacuated the plasma chamber to the
very low vacuum pressure of 1 x 10" mbar. Their findings supported that the
source of the unintended moieties were from the air remaining inside plasma
chamber and there would be no surface reaction after plasma treatment if

the base pressure was at 1 x 10" mbar before the introduction of plasma gas.

7 ) )
Ra - arithmetic mean of surface roughness

8
RMS - root mean square of surface roughness
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Other researchers, who either operated at higher base pressure than 1
x 10" mbar or did not reported base pressure, found the unintended O and N
atoms [26, 27, 36-38, 42, 48]. For example, Mwale et al [26] found oxygen
atoms on NHj; treated BOPP and Nylon-6, even though they operated at a
very low base pressure of 1 x 10° mbar.

Regarding surface reaction after plasma treatment, Koénig et al [22]
found that there was surface reaction, even though the base pressure was at
1 x 10" mbar before the introduction of plasma gas. They introduced nitric
oxide (NO) on H,O plasma treated samples that still were inside plasma
chamber without breaking vacuum. The samples before and after NO
introduction were analyzed with XPS without breaking vacuum. They found
that nitrogen atoms were introduced on the surface. They suspected that the
free radicals from plasma treatment still remained and reacted with NO.

Another notable point from Rhodes et al [27] was that the storage
conditions of the plasma treated samples might contribute to the presence
or absence of air contaminated species. They detected only oxygen atoms
but did not find any nitrogen atom on the O, and Ar plasma treated UHWPE.
They had submersed plasma treated samples in distilled water right away
after plasma treated for 24 hours. The storage in water could not really
confirm the absence of nitrogen atom from the air contamination in plasma
chamber since they might be dissolved during water storage. Meanwhile, the
presence of oxygen atoms might be generated from the reaction between
plasma treated surface and water.

From the currently available reports, it was suggested that there is the
surface reaction after plasma treatment. However, it needs further
investigation of this assumption. The air exposure effect on plasma treated

surface is summarized in Table 3-6.
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Table 3-6 The selected examples of air exposure effect on the surface chemistry change.

87

Nitrogen content

Oxygen content

Plasma Base Operating (% or N/C) (% or O/C)
Plasma Power Treatment pressure pressure Plasma
Material type (watt) time (sec) (mbar) (mbar) gas Before After Before After
Gelatin AC50Hz 4 30 0.3 1 N, 9.5% 15.8% 20.4% 21.4%
(42] o, 9.5% 9.7% 20.4% 30.6%
PET NH, 0.267 0.354
PTFE [48] NH, 0 0.109 0 0.138
PLLA[36]  RF 32 30 - 77x10° Ar 0.64 0.83
UHWPE RF - 60 L 8x10° 0, 0 0 0.02 0.18
(27) Ar 0 0 0.02 0.18
N, 0 0.12 0.02 0.15
NH, 0 0.07 0.02 0.21
88" [38] RF 100 180 267x10° o, 0.07% 1.05% 35.19% 41.37%
Chitosan [37] RF a0 1,200 1x10° 4x10" Ar 3.50% 7.11% 15.12% 25.31%
BoPP" RF 20 30 1x10° 4x10" NH, 0 14% 0 5%
Nylon-6 [26] NH, 9% 17% 15% 20%
PHB™ MW 400 60 1x10" 7x10° H,0 0 0 0.4 0.45
(471 300 NH, 0 0.04 04 032
3425 Stability of plasma treated surface (hydrophobic

recoverzz

The stability of plasma treatment effects depends on the storage ambient

conditions. Both Koénig et al [22] and Chen et al [31]

investigated the

increase of water contact angle (hydrophobic recovery) of plasma treated

surface in different storage mediums (air and water). Konig et al [22]

stored CO, plasma treated PTFE in both air and water. After 2 weeks,

there was complete hydrophobic recovery of PTFE stored in air. However,

if the samples were stored in water, the water contact angle was reduced

from 106° to 77° within 10 days and leveled off afterward.

* The samples were immediately put in distilled water after plasma treatment for 24 hrs.

" SBB - comn starch-based biomaterials (SBB) blend
" BOPP - Biaxially oriented Polypropylene
2 pHB - poly(hydroxybutyrate)
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Chen et al [31] found the contrary results that the storage in water
caused faster hydrophobic recovery than in air. They investigated the
stability of O, plasma treated PET and PP. After storage in water for a
short time (24 hrs), the water contact angle of plasma treated PET was
increased from 36.63 + 1.59° to 49.42 + 0.87° and that plasma treated PP
was increased from 55.63+1.05° to 73.21+1.67°. They explained that water
might dissolve the O, plasma-implanted species on the surface, so the
remaining species on the surface were less than the air storage surface.
After 90 days of storage, the surface of both PET and PP were still more
hydrophilic than the untreated ones. The water contact angles of plasma
treated PET were 59.14 + 2.33° (in water) and 48.43 + 2.58° (in dry air),
while those of plasma treated PP were 81.72+ 2.15° (in water) and 71.20 +
3.49° (in dry air). In comparison to the untreated PET and PP, the water
contact angles were 85.93 +2.11° and 103.22 + 3.46°, respectively.

Presertsung et al [43] investigated the storage temperature effect (5°,
20°, 50° C) on the hydrophobic recovery of O, plasma treated gelatin
films. After 7 days storage in air, they found that the higher storage
temperature condition yielded a higher water contact angle.

Another interesting point which Kénig et al [22] discovered, is that H,0
plasma preserved the treatment effect for over 6 months. Pavlica et al
[30] also reported that pre-treatment hydrogen plasma reduced the
hydrophobic recovery of the ammonia plasma treated PEEK-WC-PU"
membranes. They reported the stability of water contact angle for a
period of 8 days.

Nitschke et al [112] found that electrostatic coating of the

polyelectrolyte helped to reduce the hydrophobic recovery. Poly(sodium

1

® PEEK-WC-PU modified polyether-ether-ketone with cardo group (PEEK-WC) and polyurethane (PU)
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4-styrene- sulfonate) was coated on the ammonia plasma treated poly
(tetrafluoro- ethylene-co-hexafluoropropylene) surface. The water contact
angle of the surface was increased less than 10° in a period of 30 days,
compared with 20° increase for the non-coated ammonia plasma treated

surface.

3.4.26 Surface charge

Surface zeta potential is a tool to investigate the surface charge, little
used by few researchers [18, 22, 47, 112]. As previously mentioned in
section 3.2, oxygen containing gases (H,O, O,, CO,, etc.) could generate a
negatively charged surface, whereas nitrogen containing gases (N,, NH;)
generate a positively charged surface. An example of surface charge (zeta
potential) changes from the untreated surface by plasma treatment or

surface coating, is summarized in Table 3-7.

Table 3-7 Isoelectric point of various material surfaces (untreated and treated surface) from

the zeta potential measurement

Negatively charged induction Positively charged induction
14 15 16
PSS PAAC H,0 co, PEI NH,
Material coating  coating  plasma plasma Untreated coating plasma

PTFE [22] <3 35 4
PTFE [112] <3 3.5 5.6
PHB'" [47] <3 35 6.7
FEP" [112] <3 4 PP

" anionic poly (sodium 4-styrene sulfonate) - PSS

® poly(acrylic acid) - PAAC

N poly(ethylene imine) - PEI

N poly(3-hydroxybutyrate) - PHB

* poly(tetrafluoroethyleneco-hexafluoropropylene) — FEP
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Protein adsorption

Only few researchers [17, 31, 47] included the protein adsorption study on
the plasma treated surface even though the protein adsorption is the first
step of the cell-material interaction process [50, 52, 53]. The protein
adsorption studies could be performed by different methods such as ATR-
FTIR spectra for polymers containing no amide bonds [31], fluorescent
labeling of interested protein [47], or protein immune assay kit [17].

Both Pompe et al [47] and Chen et al [31] reported that untreated
hydrophobic polymer adsorbed more proteins than plasma treated
polymers. Pompe et al [47] used fibronectin as a model protein on H,0O and
NH; plasma treated poly(hydroxy-butyrate) surfaces. While Chen et al [48]
used fibrinogen and human serum albumin on O, plasma treated PET and
PP surfaces. Both reports are not surprising and agree with protein
adsorption theory, that proteins have a tendency to adsorb on a
hydrophobic rather than a hydrophilic surface. The hydrophobic surface has
an interaction with the protein hydrophobic core, which results in
denaturing protein conformation. The denatured proteins have more
surface area to anchor onto the material surface, which leads to stronger
protein-surface interaction [51, 53, 85].

Shen et al [17] found that CO, plasma treatment led to an increase of
basic fibroblast growth factor (bFGF) adsorption on PLGA than the untreated
ones. They explained that the net positive-charge bFGF (pl=10) might form
electrostatic interaction with the negatively charged PLGA induced by CO,
plasma treatment. The CO, plasma treated PLGA could adsorb up to 66.3%
bFGF from 200 ul of 500 ng/ml bFGF solution, while the untreated one

could only achieve 16.1% of bFGF. They explained that the negatively
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charged surface of CO, plasma treated PLGA formed electrostatic
interaction with the positively charged bFGF (Isoelectric point = 10.0).
Pompe et al [47] also reported the effect of charged surface on the
displacement of adsorbed fibronectin. The negatively charged fibronectin
(Isoelectric point = 5) was more difficult to replace on positively charged
NH; plasma treated PHB surface than the negatively charged H,O plasma
treated PHB surface. The untreated PHB still had the strongest affinity with
fibronectin. Their results showed that hydrophobic surface still adsorb more
proteins than the charged surface.

Another important aspect of protein adsorption is protein
conformation on the plasma treated surface. The adsorbed proteins might
lose their biological activities due to the change of the conformation or
orientation. The protein biological activities could be evaluated by using
monoclonal antibodies to probe at the active site of protein. For example,
Keselowsky et al [33] used the antibodies 3E3 and HFN7.1 to probe cell
binding domain of fibronectin for studying of the protein conformation
change. If the protein conformation was changed, the antibodies could not
probe into the cell binding domain. However, this study has not been

performed on plasma treated surface.

In vitro biological response tests of plasma treated

material

3.4.4.1 Choice of cells

Many types of cells have been employed to study biological responses of

plasma treated surface. The summary is shown in Table 3-8.
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Table 3-8 Summary of cells used for biological response test of plasma treated surface

3.4.4.2

Cell References
Mouse 3T3 fibroblasts [17, 19, 40]
929 (mouse fibroblasts) [36, 44]
Human dermal fibroblast [32, 33]
Transformed human fibroblast cells (1BR.3N) [45, 46]
Human umbilical vein endothelial cells (HUVECs) [20, 47, 48, 54]
Mouse bone marrow cell [110]
Rat bone marrow derived stem cell [42]
Human mesenchymal stem cells [26]
MG-63 osteoblastic cells (osteosarcoma cell line) [18, 38]
OCT-1 osteoblast-like cells [35]
Primary Rat calvaria osteoblasts [34]
Immortalized human fetal osteoblastic cell line (hNFOB) [37]
Neonatal human knee articular chondrocytes [23, 24]
Rat embryonic liver (E-17) cell line (RLC-18) [30]
L02 (human hepatocytes) [36]

Cell adhesion

Cell adhesion on plasma treated surface is usually studied within the first
24 hours after cell seeding. Most researchers measured the number of
cells adhered on the surface. They all reported the improvement of cell
adhesion on the plasma treated surfaces [19, 20, 23, 33, 35, 37, 38, 42, 44,
46, 48, 110]. Some researchers investigated the details of cytoskeleton
proteins formation such as focal adhesion kinase, paxillin, vinculin, and
actin [18, 47]. The good development of cell cytoskeleton on the plasma
treated surface was suggested.

Apart from other researchers who studied only cell adhesion in static
conditions, Shen et al [17] investigated the different aspect of cell
adhesion under dynamic condition, by flowing culture medium through
the seeded surface. They reported CO, plasma treatment with the
immobilization of bFGF enhanced 3T3 fibroblasts cell adhesion under

these dynamic conditions.
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The general explanation for the improvement of cell adhesion is that
plasma treatment increases surface wettability or is able to couple

bioactive molecules which have cell adhesive properties.

3.4.4.3 Cell proliferation

All proliferation studies were performed by determining numbers of cell
growth on the surface. Most researchers reported the improvement of
cell proliferation [17, 20, 24, 34, 44-46, 48, 113] except Kawai et al [110].
They reported that the amount of osteoclasts on argon plasma-treated

titanium plates was not increased after 1 week of culture.

3444 Cell differentiation

There are a few reports of cell differentiation on plasma treated
surfaces, including osteogenic differentiation [26, 34, 35, 110],

chondrogenic differentiation [23, 24], and liver cell differentiation [30].

3.4.4.4.1 Osteogenic differentiation

According to the reports by Curan et al [93] and Keselowsky et al [94],
amine functional group enhanced osteogenic differentiation. The
preferred choice of plasma gas should be nitrogen containing gases
such as N, or NHs;. However, some researchers have investigated
oxygen plasma for enhancing osteogenic differentiation [34, 35].

Qu et al [35] used oxygen plasma to create negatively charged
PLGA to draw positive calcium ions. They created apatite layers on the
surface. Even though they could attract lots of calcium deposited on
the surface, but Ca/P ratio was still much lower than hydroxy apatite

stoichiometric ratio. Furthermore, the level of alkaline phosphatase
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(ALP) enzyme, which represents the early marker of osteogenic
differentiation, was not enhanced after 7 days of OCT-1 osteoblast-like
cell culture.

Wang et al [34] used oxygen plasma to treat PTFE. They found
the up-regulate of ALP, osteopontin (OP), osteonectin (ON),
osteocalcin (OCN) after 12 days of culture of primary rat calvaria
osteoblast cells on the O, plasma treated PTFE, compared with the
untreated one.

Mwale et al [26] used ammonia plasma to treat biaxially
oriented polypropylene (BOPP) and Nylon-6. They found that NH;
treated BOPP suppressed osteogenic differentiation of human
mesenchymal stem cells (hMSC). While NH; treated Nylong-6 was not
conclusive for supporting osteogenic differentiation of hMSC. ALP was
up-regulated on day 3, down-regulated on day 7 and back up-
regulated on day 14 of culture. For osteogenic differentiation, the ALP
level needed to be down-regulated at the later stage of
differentiation. The level of siloprotein (BSP) was cyclically up-
regulated on the treated surface, as same as ALP. Lastly, there was a

slight increase in osteocalcin (OC) expression.
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CHAPTER

4. PRELIMINARY STUDY OF PLASMA TREATMENT ON THAI SILK

FIBROIN SURFACE

4.1 Materials

1.

10.

11.

12.

Bombyx mori silkworm cocoon (Nangnoi Srisaketl, Queen Sirikit
Sericulture Center, Thailand)

Sodium carbonate (Na,COs, Ajax Finechem, Australia)

Lithium bromide (LiBr, Sigma-Aldrich, Germany)

Dialysis tube (cellulose membrane in 0.1% sodium azide, MWCO 12,000 —
14,000 Da, Viskase, Japan)

Glass slip (15/20 mm in diameter, (Menzel Glaser, Germany)

Nitrogen gas (N, 99.99 %, MW 28.01 ¢/mol, Thai Industrial Gas, Thailand)
Untreated and treated tissue culture plates (Corning, USA)

Ethanol (C,HsOH, MW 46.04 g/mol)

Phosphate buffer saline (PBS, pH 7.4, Bio Basic Inc., Canada)

Centrifugal tubes (Corning, USA)

Nonpyrogenic serological pipet (Costar®, Corning, U.S.A)

Dulbecco’s modified eagle medium (DMEM, 10%medium + L-glutamine +

AB, Hyclone, Thermo Scientific, USA)
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13. Fetal bovine serum (FBS, Hyclone, Thermo Scientific, USA)
14. Penicillin/streptomycin antibiotic (100 U/ml, Hyclone, Thermo Scientific,
USA)
15. Trypsin-EDTA (0.25% trypsin with EDTA*Na, Gibco BRL, Canada)
16. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-
Aldrich, USA)
17. Dimethylsulfoxide (DMSO, (CH5),SO, MW 78.13 g/mol, Sigma-Aldrich, USA)
18. Glutaraldehyde solution (CH,(CH,CHO),, 25% v/v, MW 100.12 g/mol,
Sigma-Aldrich, USA)
19. Rhodamine phalloidin R415 (Invitrogen, USA)
20. Methanol (CH50H, 99.99%, MW: 32.04 ¢/mol, Acros, Belgium)
21. 1929 mouse fibroblast (faculty of dentistry, Chulalongkorn university,
Thailand)
Equipment
Digital balance (AL204, Mettler Toledo, USA)
Heating oven (ED23, Binder GmbH, Germany)
Magnetic stirrer / Hot plate (RCT Basic, Ika labortechnik, Germany)
Centrifuge (Universal 320R, Hettich, Germany)
Freezer (-20 °C ) (Sandenintercool, Thailand)
Freezer (-40 °C ) (Haier, China)

96



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

4.3

971

Lyophilizer (CHRIST®, Germany)

Autopipette (Eppendrof , Germany)

AC 50Hz plasma apparatus

Optical Emission spectroscope (OceanOptics, USB4000 charge couple
device (CCD) spectrometer

Water contact angle and video contact analyzer (Camplus Micro, Tantec
Inc, USA)

X-ray photoelectron spectroscope (XPS) (ESCALAB 250, VG Scientific, USA)
Fourier transform infrared spectroscope (FT-IR, Spectrum GX, Perkin Elmer,
UK)

Atomic force microscope (MFP-3D Asylum Research, USA)

Water bath (1235 PC, Shel-Lab, Sheldon Manufacturing, Inc., USA)
Laminar Flow (Thermo scientific, USA)

Hematocytometer (Boeco, Germany)

CO, Incubator (HEPA class 100, Steri-Cycle, Thermo scientific, USA)

Micro plate reader (UVM 340, ASYS, Australia)

Digital microscope (Eclipse 80i , Nikon Instruments, USA)

Experimental procedures

The experiments in this chapter were set up to evaluate whether plasma surface

treatment could improve the biocompatibility of Thai silk fibroin (SF) surfaces. SF

surface was a film casted from the SF solution which was prepared from the
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cocoon of Nangnoi Srisaket 1 silkworm. An in-house AC 50 Hz power supply was
used to generate nitrogen plasma. Nitrogen (N,) was selected for a plasma gas
because it could induce nitrogen species such as amine on surfaces. Amine was
reported to improve cell adhesion on material surfaces [48, 57]. The plasma
operating conditions were optimized by maximizing nitrogen active species using
optical emission spectroscopy. The surface characterization included static water
contact angle, surface chemistry by XPS, bulk chemistry by FTIR-ATR, and surface
topography by AFM. Mouse fibroblast L929 cell line was employed in in vitro tests.
Early cell adhesion will be evaluated by MTT assay along with F-actin

cytoskeleton. The experimental setup was illustrated as a diagram in Figure 4-1.

Preparation of Thai silk fibroin Setting up glow discharge using

(SF) solution from the cocoon AC 50Hz system

of Nangnoi Srisaket 1 silkworm

\ Optimization plasma
Preparation of SF conditions by measuring
films using casting plasma active species using

technique optical emission

spectroscopy (OES)

Y

Plasma treatment using AC

50Hz system

¥ 2
ﬂ:haracterization of plasma-treated SF films\ In vitro cell culture test
- Static water contact angle - Early cell adhesion
- Surface chemistry by XPS - Cell cytoskeleton staining

- Bulk chemistry by FTIR-ATR

- Surface topography by AFM

\_ J

Figure 4-1 Diagram of experimental procedures
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4.3.1 Preparation of Thai silk fibroin sample

Thai silk fibroin solution was prepared according to the method
previously described by Kim et al [114]. In brief, cocoons were boiled in an
aqueous solution of 0.02 M Na,CO; and then rinsed thoroughly with
deionized water to remove sericin or silk gum. The degummed Thai silk
fibroin was mixed with 9.3 M LiBr solution with the ratio of 1:3 (by weight).
The mixture was stirred occasionally at 60°C until silk fibroin was completely
dissolved. The solution was dialyzed in deionized water for 2 days. The
dialyzed water was changed regularly until its conductivity was the same as
that of the deionized water. The final concentration of Thai silk fibroin

aqueous solution was about 6-6.5 wt%.

4.3.2 Preparation of Thai silk fibroin casted films
Thai silk fibroin film was prepared by solution casting technique
using 0.5 wt% solution. The solution (100 pl) was dropped onto a glass
cover, and air-dried in clean conditions. After solvent evaporation,
methanol was used to induce the beta-sheet formation of silk fibroin
structure for 30 minutes [115]. The films were then left air-dried overnight

prior to use.

4.3.3 AC50 Hz Glow discharge plasma experimental setup
The plasma treatment was performed in an in-house built plasma
machine using an alternating-current (AC) 50Hz power supply [43]. The
configuration of this system is demonstrated in Figure 4-2. The plasma
chamber was made of cylindrical glass with two inside circular parallel plate
electrodes of 10 cm in diameter. The electrode gap was set at 5 cm. The
maximum power is less than 12 watts. Before plasma treatment, Thai silk

fibroin films were placed inside the plasma apparatus. Then the chamber was
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evacuated to less than 0.1 mbar before the nitrogen was flowed at 5-10 sccm
(standard cubic centimeter per minute). Finally, the glow discharged plasma

was generated. The treatment times were varied from 5 to 160 seconds.

N/

Flow meter

Pressure ‘
Transmitter ‘ %
[

I-I_I—| Volt meter Q
F |
Amp meter
]

& NI
|

AC50Hz power supply

Gas cylinder

Rotary
Vacuum Pump

Figure 4-2 The configuration of plasma machine using AC50Hz power supply

4.3.4 Plasma diagnostics using optical emission spectroscope (OES)
A charge couple device (CCD) spectrometer USB4000 (Ocean Optics,
USA) was used to monitor plasma reactive species of nitrogen glow
discharge plasma in the wavelength range of 200-1000 nm. The optical
emissions were collected using an optical fiber placed in front of the glass
chamber. The fiber was connected to the spectrometer through a 10 pm
entrance slit. The data were acquired with the Ocean Optics’ Spectra Suite

software.
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4.3.5 Characterization of untreated and plasma-treated Thai silk
fibroin films
4.3.5.1 Static water contact angle measurement

Static water contact angle was measured using sessile dropping
technique by a contact angle meter Cam-Plus Miccro (Tantec, USA). The
medium is deionized water at room temperature. The contact angles of

the sample were averaged from 3 measurements at 30 seconds dropped.

4.3.5.2 Surface chemistry

The surface chemistry was examined by X-ray photoelectron
spectroscopy ESCA LAB250 (VG Scientific, USA) using an Al-Kg (1486.6 eV)
X-ray source. The pressure in the sample chamber was controlled at 10 -
10~ Torr. The photo-emitted electrons were collected perpendicular to
the sample surface. The C1s/N1s XPS spectra were deconvoluted by using

OrigninPro8.1 SR3 software (OrigninLab Corporation, MA, USA).

4.3.5.3 Bulk chemistry

To determine bulk chemistry, Fourier transform infrared attenuated
total reflection spectroscopy (FTIR-ATR) spectra were collected by
spectrum GX spectrometer (Perkin Elmer, USA). Each spectrum represents
the ratio against a reference spectrum obtained by recording scans of an

empty ATR cell with uncoated glass cover slip.

4.3.5.4 Surface topography

Surface topography of the plasma-treated and untreated samples was

evaluated using MFP-3D atomic force microscope (Asylum Research, USA) in
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a tapping mode. The surface topography parameter data were calculated by
Gwyddion2.22 software (Czech metrology institute, Czech republic) while
three dimensional images were acquired using Asylum Research ARgyle
software (USA). The surface parameters were averaged from 4 areas of each

sample and expressed as the mean + SD.

In vitro cell culture test

4.3.6.1 Early cell adhesion test

The films were placed into 24-well untreated cell-culture plates
and sterilized in 70 vol% ethanol for 30 min. Then the films were
extensively rinsed with phosphate-buffered saline (PBS). The control
surface was a treated-tissue-culture-polystyrene (TCPS). Mouse fibroblast
(L929) cell line was used as in vitro cell culture model. Cells were seeded
onto the films at 8 x 10" cells/film (417.5 cells/mm?). The cells were
incubated at 37°C in 5% CO, condition using Dulbecco's Modified Eagle
Medium (DMEM) containing 15 vol% of fetal bovine serum (FBS) and 100
U/ml penicillin/ streptomycin as culture media. After cell culture for 1.5, 3,
4.5 and 6 h, the films were transferred to a new plate and rinsed with PBS.
The adhered cells on surface were evaluated by using MTT assay [116]. In
addition, the percentage of adhered cells was calculated according to the

following equation:

% adhered cell = [%] x 100 (4.1)
0

where 11 and N are the number of attached cells at a specific culture time and

seeded cells, respectively.
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4.3.6.2 Cell cytoskeleton staining

After 4 h and 1 day of culture, attached L929 on the films were
fixed in 3 vol% glutaraldehyde solution at 4°C for 30 min. For actin
staining, cells were stained with Rhodamine phalloidin R415 (Invitrogen,
USA) according to supplier staining protocal  which was originally
developed for use with NBD phallacidin [117]. The pictures were taken

with digital microscope Eclipse 80 i (Nikon Instruments, USA).

4.3.7 Statistical Analysis

All statistical calculations were performed using MINITAB release
14.12.0 software (Minitab, USA). Statistically significant levels were confirmed

by the paired t-test at p < 0.05 (n = 3).

4.4 Results and Discussion

4.4.1 Optical Emission Analysis of AC50Hz Plasma

OES was used to determine the plasma operating condition which
provided the highest nitrogen active species. The nitrogen flowrate and the
supplied voltage were varied from 5 to 40 sccm and from 40 to 220 V
respectively, while electrode gap was controlled at 5 cm.

Before OES measurement, the current and voltage across electrodes
were recorded for each nitrogen flowrate during the variation of supplied
voltage (40 — 220V) to develop the voltage-current characteristics of nitrogen
glow discharge plasma (IV chart). Figure 4-3 illustrates IV chart of one flowrate

condition (10 sccm). In this diagram, the supplied voltage was classified
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according to plasma appearance which was labelled with three different
colors: red labels (40 — 100 V) represented the conditions which plasma was
invisible, yellow labels (120 - 140 V) represented the conditions which
plasma was visible but not stable across the whole electrode gaps, and green
labels (160 - 220 V) represented the conditions which plasma was both
visible and stable across the electrode gaps. The data from IV chart provided

the plasma power, ie. the plasma power generated from the supplied

voltage of 220V was 11.6W.

[plasma power = 614V * 27mA = 0.7 power factor = 11.6 W]1°

700

‘ ‘ s00y 210V 220V

” lw—‘—‘ ——
140V
500 4ov 4 LAy

N
o
o

Voltage (V)
g
\

200

100

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Current (mA)

Figure 4-3 Voltage-current characteristics (IV chart) of nitrogen glow discharge plasma at nitrogen

flowrate of 10 sccm, electrode gap of 5 cm, and supplied voltage of 40 — 220 V.

" Power formula is derived from the dot product of vector current and vector voltage. Power factor is the phase
shift between current and power. The data reading from voltmeter and ammeter are in RMS value, not the
amplitude.

SO P = lins*Vims*Power factor
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After IV chart data were collected, OES spectra of each supplied
voltage (40 - 220 V) were captured. The active nitrogen species were
compared among all supplied voltage conditions. Figure 4-4 exemplified the
comparison of nitrogen active species generated from different supplied
voltage with the fixed nitrogen flowrate of 10 sccm and electrode gap of 5
cm. Only 3 supplied voltage conditions were shown for clear illustration
purpose (if all conditions were shown, the graph would not be readable). It
could be observed that 220 V supplied voltage generated the highest
nitrogen active species: nitrogen molecule ions (N2+, 391.44 nm) [118], excited
nitrogen molecule (Nz*, 337.13 nm) [118], excited nitrogen atom (N*, 427.33
nm) [119], and nitrogen atom ions (N, 470.42 nm) [119]. Oxygen atom ions
(O, 357.38 nm) were also observed in this nitrogen glow discharge plasma.

The source of oxygen species could be from slight system leakage.

6.0E+03
N,*

5.0E+03 o —220v of supplied voltage
- am? 10V of supplied voltage
[72]
Q .
O 4.0E+03 - 140V of supplied voltage
2
(7]
[
£ 3.0£403 -
£3
c
0
2 2 0E+03 | *
g N*off ¥

1.0E+03 -

0.0E+00 LA ST TSl S WSS B 12

200 300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 4-4 Optical Emission Spectra of nitrogen glow discharge plasma at various supplied voltage

of 140, 210, and 220 V with nitrogen flowrate of 10 sccmn and electrode gap of 5 cm

105



106

The last step of finding which plasma conditions generated the highest
nitrogen active species was to compare the OES spectra generated from
different nitrogen flowrate (5 - 40 sccm at the highest supplied power of 220
V. Figure 4-5 illustrates only three voltage for clear illustration. The optimum
nitrogen was 10 sccm at the supplied voltage of 220V and electrode gap of 5
cm. When the nitrogen flowrate was increased to 15 sccm, the number of
nitrogen active species was lower. At the higher nitrogen flow (> 15 sccm), the
supplied power might not be able to generate plasma species effectively due

to the higher amount of nitrogen molecules.
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>
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wavelength (nm)

Figure 4-5 Optical Emission Spectra of nitrogen glow discharge plasma at various nitrogen flowrate
of 5, 10, and 15 sccm, with the highest supplied voltage of 220 V and electrode gap of

5cm

4.4.2 Surface wettability

Figure 4-6 shows the water contact angle of untreated and nitrogen

plasma-treated silk fibroin surface. Nitrogen plasma improved the wettability
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of Thai silk fibroin surface as seen in the reduction of water contact angle
from 70° on untreated surface. In Figure 4-6, it could be noticed that the
contact angles of plasma-treated surface were in 2 ranges: one was in the
range of 40° (treatment time of 5 — 40 s) and the other was in the range of
20° (treatment time of 80 — 160 s). The treatment time of 10 and 90 second
were chosen for the rest of experiments to represent two different regions of

contact angle.
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Figure 4-6 The static water contact angle of nitrogen plasma-treated Thai silk fibroin films as a

function of treatment time

4.4.3 Surface chemistry

The high-resolved XPS element spectra of Ci,, Ny, and Oy, and peak
deconvolution of C;. and Ny, of Thai silk fibroin surfaces (untreated, 10
second N, plasma-treated surface, and 90 second N, plasma-treated surface)
are shown in Figure 4-7.
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Figure 4-7 High resolved XPS spectra of Thai silk fibroin surfaces: (1a) Cy spectra w/ peak
deconvolution of untreated silk fibroin surface, (1b) ~of 10 second N, plasma-treated
surface, (1c) ~of 90 second N, plasma-treated surface, (2a) Ny, spectra of untreated
silk fibroin surface, (2b) ~of 10 second N, plasma-treated surface, (2c) ~of 90 second
N, plasma-treated surface, (3a) O, spectra w/ peak deconvolution of untreated silk
fibroin surface, (3b) ~of 10 second N, plasma-treated surface, and (3c) ~of 90 second
N, plasma-treated surface

It could be noticed that nitrogen plasma induced functional groups on
the surface of silk fibroin as observed by the shift of C;y peak to higher
binding energy peak after plasma treatment. The nitrogen and oxygen
contents on silk fibroin surface were increased as noticed by the higher
intensity of Ni; and Oy peaks with increasing treatment time. N atoms were
increased from 1.2% to 4.0% and 5.8%, while the O atoms were increased

from 15.7%, to 21.2% and 24.7% after plasma treatment for 10 and 90

seconds, respectively as shown in Table 4-1. In addition, both N/C and O/C

ratios were also increased in the same direction as %N and %O atoms were

increased. N/C was increased from 0.01 to 0.05 and 0.08 and O/C was
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increased from 0.19 to 0.28 and 0.35 after plasma treatment for 10 and 90

seconds, respectively (Table 4-1).

Table 4-1Surface atomic composition, atomic ratio, and functional groups of Thai silk fibroin

surfaces before and after nitrogen plasma treatment obtained from by XPS

Untreated SF 10 s of N, plasma 90 s of N, plasma
% atomic composition
% carbon atom 83.1% 74.8% 69.5%
% nitrogen atom 1.2% 4.0% 5.8%
% oxygen atom 15.7% 21.2% 24.7%
atomic ratio
N/C 0.01 0.05 0.08
o/c 0.19 0.28 0.35
Functional group
Type lcis : C*—C or C*—H 84.0% 67.0% 65.7%
Type llegs © 0.7% 3.1% 4.9%
Free amine (C*~NH,) 0.0% 0.5% 1.0%
Amide (C*-N-C=0) 0.7% 2.6% 3.9%
Type Ill¢ss : C*-0 8.6% 16.0% 15.1%
Type Ve : 1.7% 9.5% 7.4%
Amide (O=C*-N) 0.7% 2.6% 3.9%
Ether (C*=0) 1.0% 6.9% 3.5%
Type Vcis: O=C*-OH 5.0% 4.4% 6.9%

The source of increased oxygen atoms could be either inside or
outside plasma chamber. Air remaining inside the plasma chamber could
induce O atoms on the treated surface during plasma treatment. On the
other hand, the generated plasma reactive species might react with air
outside plasma chamber after treatment. This phenomena is common, as

other researchers also reported the increase of oxygen atom, even they used
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nitrogen containing plasma gas [17, 18, 27-29, 33, 40]. For example, Mwale et
al [26] found increased oxygen atoms on ammonia treated biaxially-oriented
polypropylene or BOPP (0 to 5%), even though the plasma chamber was
evacuated to the very low base pressure of 1 x 10° mbar before the
introduction of ammonia as a plasma gas.

To understand which functional groups were generated on the
plasma-treated surface, the curve fittings of Cys, and N5 were performed. The
basis of surface functional group deconvolution was based on silk protein
backbone structure. Silk fibroin molecules consist of carbon, oxygen, and
nitrogen. All functional groups could be found in Cy4 spectra, while the types
of nitrogenated carbon functional groups could be found in N1s spectra. In
Cys, there were 5 possible carbon components on silk fibroin surface. The first
carbon group (type Ics) was a carbon atom bonded only to carbon or
hydrogen (C*-~C or C*-H). The second one (type llc;) was a carbon atom
bonded with one nitrogen atom along with carbon or hydrogen atoms (C*-N-
C=0 or C*-NH,). The third one (type lllc;s) was a carbon atom with a single
bond to oxygen atom (C*-O) as in a hydroxyl group. The fourth one (type
Vi) was a carbon from an amide (C-N-C*=0) or ether (C*=0) groups. The
fifth one (type Vi) was a carbon atom from a carboxyl group (O=C*-OH). The
electron binding energy of these five types could be found at following
positions: type Ic;. 284.6-285 eV, type lic;, 285.5-286.5 eV, type lllc;; 286.4-
287 eV, type Vi, 287.0-288.4 eV, and type V. 288.5-289.6 eV [120, 121].

In Nys spectra, there were two types of nitrogenated carbon
functional groups: free amine (type lyis H,N*-C) and amide (type Il O=C-
N*-C). The electron binding energy of these two functional groups could
be found at following peaks: type Iy at 398-398.9 eV [122, 123], and type

llyis at 399.6-400 eV [122-124]. Both type Iyis and type llys contributed to
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type llcis, while type llyis only contributed to type V¢ Oy is typically a
featureless peak [120], so the peak deconvolution was not relevant in this
case. However, the peak height could be used as an indicator of
oxygenated carbon content.

For the deconvolution process, the fitting parameter of full width at
half maximum (FWHM) was set with the same value for all peaks because all
photoelectrons were passing through the same components in the
spectrometer, so the shape of the peak caused by the spectrometer must be
the same, regardless of the origin electron species [125]. In addition, %
atomic of C, N, and O from the deconvoluted Cls needs to be similar to %
atomic of C, N, and O from XPS wide scan data.

Ether =Typech1g—A£ ?:de = Type s

= IPE M e
Type lysy + Typellyy, 20 €58

Type ley Typellly,  Type Ve,

o w17 L Type Iy:s
AL /1\ Free amine = —————————* Type Il

Type !Nis + Type ”le
Type lly,, Type Iy, /
HE deconvolution

Figure 4-8 The list of all possible functional groups of silk fibroin in C;; and N, spectra, and the

illustration diagram of overlapped functional groups calculation

In addition, we proposed a methodology to reveal all functional
groups including the overlapped functional groups at the same Cy; peaks
as illustrated in Figure 4-8 As previously mentioned, type llcis represents
both free amine (C*-NH,) and amide (C*-N-C=0), however, the N,
deconvolution could distinguish these 2 types of nitrogenated carbons:
free amine (type lyis) and amide (type llyis). The amount of these carbons
from Ny, deconvolution could be used to determine free amine (C*~NH,)

and amide (C*~N-C=0) in type lic;5 as shown in equation (4.2) and (4.3).
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Type Iy1s
Free amine = Tvpe I p
Type Iyzs + Type Ilygs . 2L €19 (4.2)
Type 11
Amide = YP€ " ws *Type llc1s  (4.3)

Type Iy,s + Type Iy

Since the amount of amide in type ll¢;s is exactly the same in type V¢, it
could be used to calculate ether amount in type V¢, which represents

both amide (C-N-C*=0) and ether (C=0) as shown in equation (4.4).

Ether = Type IV, — Amide (4.4)

The deconvolution results of XPS high resolution spectra Cls and N1s
of Thai silk fibroin surfaces before and after nitrogen plasma treatment are
summarized in Table 4-1. It was noticed that all samples had very high
aliphatic hydrocarbon (type Icis). The major contribution could be from
residual hydrocarbon which appeared during sample storage and transfer.
These phenomena have been witnessed in other reports [120, 123]. The type
llc1s nitrogenated compounds were increased by nitrogen plasma treatment. A
small amount of free amine was observed (0.5% and 1%) when silk fibroin
films were treated for 10 and 90 seconds, respectively. The type of
oxygenated compounds introduced by nitrogen plasma or subsequent
reaction with air were hydroxyl (type llicis), ether (type IV¢yo), and carboxyl
(type Vcis) groups. The short treatment time of 10 seconds increased both
hydroxyl (from 8.6% to 16.0%) and ether groups (from 1.0% to 6.9%) on the
surface. However, the increased treatment time to 90 seconds droped the
increased level to 15.1% for hydroxyl and 3.5% for ether groups.
Nevertheless, the longer treatment time still induce higher level of both
compounds than untreated surface. The carboxylic groups showed a reversed

pattern. The shorter treatment time of 10 seconds reduced the carboxylic

112



113

content from 5.0% to 4.4%, while the longer treatment time of 90 second
increased the content to 6.9%.

The XPS results indicated that hydrophilic functional groups such as
amine, hydroxyl, ether, and carboxyl groups were induced on Thai silk fibroin
surface through nitrogen plasma treatment. This could improve the surface

wettability as seen in the reduction of water contact angle.

4.4.4 Bulk chemistry

FTIR-ATR could be used to detect the change of bulk chemistry of silk
fibroin after plasma treatment because it could go down to several microns
of sample depth [22], while plasma treatment affects only few nanometer
scales of outermost layer [23, 126]. Figure 4-9 shows FTIR spectra of
untreated SF, 10 s N, plasma-treated SF, 90 s N, plasma-treated SF, and 160 s
N, plasma-treated SF. The spectra revealed that there was no change of bulk
chemistry of silk fibroin caused by nitrogen plasma treatment as observed
from the unaltered shape and peak positions. FTIR could not normally detect
the change of surface chemistry when the intended surface chemistry is
similar to the bulk chemistry. Alves et al [38] reported that no difference of
FTIR spectra was found between untreated and O, plasma treated samples.
The samples were corn starch blended with cellulose acetate, ethylene vinyl
alcohol and polycaprolactone. All samples had carbon-oxygen bonds. The
change of surface oxygen containing moieties induced by plasma was minimal

when they were combined with bulk chemistry.
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160 s N, plasma
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10 s N, plasma
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Figure 4-9 FTIR-ATR spectra of untreated and nitrogen plasma treated Thai silk fibroin surfaces

4.4.5 Surface topography

The surface topography of silk fibroin surfaces before and after the
nitrogen plasma treatment was investigated by AFM as shown in Figure 4-10.
Nitrogen plasma slightly increased the root mean square (RMS) roughness of
untreated silk fibroin surface from 7.1+1.7 nm to 8.9+3.7 nm when the
surface had been treated for 90 seconds. On the other hand, plasma
treatment for 10 seconds could result in a decrease in RMS roughness to
6.2+0.7. However, there was no significant difference among all samples. This
implied that a low energy nitrogen glow discharge plasma did not change the

surface topography of silk fibroin surface.
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Untreated SF 10 sN, plasma 90 sN, plasma
RMS =7.1¥1.7 nm RMS=6.2£0.7 nm RMS=8.9£3.7 nm

Figure 4-10 Surface topography of untreated and nitrogen plasma-treated Thai silk fibroin surfaces

4.4.6 Cell early adhesion and cell cytoskeleton

Figure 4-11 shows the number of L929s cell adhered on untreated
and nitrogen plasma treated silk fibroin surface, compared to control
surface of tissue culture polystyrene (TCPS). The N, plasma treatment time
of 90 seconds, enabled L929 to adhere on silk fibroin surface earlier than
10 second N, plasma-treated surface and untreated surface. At 3 h after
seeding, cell population on 90 second N, plasma-treated surface reached
the seeding level of 80,000 cells, while it took longer for L929 on 10
second N, plasma-treated surface to reach the seeding level. For
untreated surface, the number of adhered L929 was still much lower than
the seeding level. For TCPS, L929 could adhere on this surface as well as

90 second N, plasma-treated surface.
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Figure 4-11 The number of adhered L929 on tissue culture plate polystyrene (TCPS), untreated

silk fibroin, 10 s nitrogen plasma-treated silk fibroin and 90 s nitrogen plasma-treated
silk fibroin for 1.5, 3, 4.5 and 6 h determined by MTT assay (seeding: 8 x10°
cells/sample or 4 x10°* ceLls/cmz). Each letter represents the significant difference (p <
0.05) for all samples (the results with the same alphabet indicate that they are not
significantly different)

The reason that cell adhered well on 90 second N, plasma-treated

surface compared to on the others could be the improved surface

wettability and the higher amount of free amine and carboxylic groups of

90 second N, plasma-treated surface. It is widely known that the

hydrophobic surface does not support cell attachment because it changes

the conformation of adhesive proteins [51, 53, 85, 86]; and untreated silk

fibroin surface is a hydrophobic surface [76]. Amine and carboxyl groups

have been reported that they enabled cell spreading [84, 92, 93].

Faucheux et al [92], reported that human fibroblast could adhere better

on amine (70% cell adhesion) and carboxylic (60% cell adhesion) surfaces
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than hydroxyl (30% cell adhesion) and hydrophobic methyl (30% cell
adhesion) surfaces after 2 h of seeding. Curran J et al [93], reported that
human MSC could adhere better on carboxylic (60% cell adhesion),
hydroxyl (60% cell adhesion), and amine (40% cell adhesion) surfaces than
on hydrophobic methyl (20% cell adhesion) surface after 1 day of seeding.
Keselowsky B et al [84] reported that MC3T3-E1 adhered on the surface in
following preferential order of  hydroxyl > carboxyl > amine >

hydrophobic methyl.

Untreated SF 10 s N, plasma 90 s N, plasma

Figure 4-12 F-actin cell cytoskeleton straining by Rhodamine phalloidin (R415) of L929 on
untreated and plasma treated Thai silk fibroin surface after the culture period of 4 h

and 1 day (the scale bar is 100 micron in length).

Figure 4-12 illustrates the F-actin cytoskeleton of 1929 cell adhered
on untreated and nitrogen plasma treated silk fibroin surface at the culture
time of 4 h and 1 day. After 4 h of cell culture, there was no difference in cell
spreading among all surfaces. However, after 1 day of cell culture, the actin
cytoskeleton developed more prominently on 90 second N, plasma-treated
surface than on 10 second N, plasma-treated surface and untreated surface.

The enhancement of F-actin cytoskeleton development could contribute
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from the higher amount of free amine and carboxylic on 90 second N,
plasma-treated surface. Keselowsky et al [84, 94] and Curran et al [93] found
that amine surface enhanced the highest recruitment of vinculin, the
adaptors between integrin and the F-actin cell cytoskeleton [87]. Curran et al
[93] also reported that F-actin cell cytoskeleton was well developed on
amine and carboxylic surface after 1 day of culture. However, cells were lack
of organization on hydroxyl surface.

It could be concluded that nitrogen glow discharged plasma induced
surface hydrophilic functionalities such as amine and carboxylic groups which
improved surface wettability, accelerated early cell adhesion, and promoted

cell spreading.

Conclusion

The low energy nitrogen plasma sgenerated by AC50Hz power supply was
introduced to modify Thai silk fibroin surface. Nitrogen plasma treatment
improved silk fibroin surface wettability as witnessed by the reduction of
water contact angle because it induced the hydrophilic functional groups
such as free amine, hydroxyl, ether, and carboxylic groups on the modified
silk fibroin surface as revealed by XPS. The treatment did not significantly
change bulk chemistry and surface topography as observed by FTIR and AFM,
respectively. The higher amounts of free amine and carboxylic groups,
induced on 90 s N, plasma-treated silk fibroin surface, accelerated early cell
adhesion on the surface. On 90 s N, plasma-treated silk fibroin surface, L929
took 3 h to reach 100% cell adhesion which was comparable to L929 on
tissue culture plate, but earlier than on other Thai silk fibroin surfaces (10 s N,

plasma-treated and untreated silk fibroin surface). The cell adhesion results
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were in agreement with the cytoskeleton development. 1929 F-actin was
more evident on 90 s N, plasma-treated surface than the others. The results
suggested that the low energy AC50Hz plasma system could be effectively
used to enhance L929 mouse fibroblast early adhesion on Thai silk fibroin
surface without any significant change to surface topography and bulk

chemistry.
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CHAPTER

5. IN-DEPTH INVESTIGATION OF PLASMA TREATMENT ON THAI

5.1

10.

11.

12.

SILK FIBROIN SURFACE

Materials

Bombyx mori silkworm cocoon (Nangnoi Srisaket1, Queen Sirikit Sericulture
Center, Thailand)

Tissue culture plates (Corning, USA)

Ethanol (C,HsOH, MW 46.04 ¢/mol)

Hexafluoroisopropanol (HFIP, C;H2FO, 99%, MW: 168.05 ¢/mol, Aldrich)
PTFE syringe filter with 0.2 um pore size (Carl Roth GmbH, Germany)

Silicon wafer precuts with 30 nm oxide thickness: 15x20 mm2 for
ellipsometry, 7x7 mm’ for XPS, and 20x20 mm’ for contact angle
measurements (Technical University of Dresden, Germany)

Methanol (CH;0H, 99.99%, MW: 32.04 ¢/mol, Acros, Belgium)

Oxygen (O,, 99.99 %, MW 32.00 g¢/mol, Air Liquide, Germany)

Carbon dioxide (CO,, 99.99 %, MW 44.01 g/mol, Air Liquide, Germany)

Argon (Ar, 99.99 %, MW 39.95 ¢/mol, Air Liquide, Germany)

Ammonia (NHs, 99.99 %, MW 17.03 g/mol, Air Liquide, Germany)
A-trifluoromethyl-benzaldehyde (TFBA, CgHsFs0, 98%, MW 174.12 g¢/mol,

Aldrich, Germany)
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.
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Human fibronectin (FN, Roche, Switzerland)

Nonpyrogenic serological pipet (Costar®, Corning, U.S.A)

Roswell Park Memorial Institute 1640 Medium (RPMI 1640 Medium, stable
glutamine, PAN-Biotech GmbH, Germany),

Dulbecco's Modified Eagle Medium (Gibco® DMEM, High Glucose,
GlutaMAX™, Life Technology corp., USA)

Phosphate-buffered saline (PBS; Biochrom AG, Germany)

Phosphate buffer solution with 100 me.l" MeCl,.6H20 and 100 me.l’ CaCl,
(PBS w/ Mg2+/Ca2+; Biochrom AG, Germany)

Fetal bovine serum (FBS, Hyclone, Thermo Scientific, USA)
Penicillin/streptomycin antibiotic (100 U/ml, Hyclone, Thermo Scientific,
USA)

Trypsin-EDTA (0.25% trypsin with EDTA*Na, Gibco BRL, Canada)
Paraformaldehyde (PFA, OH(CH,0),H (n=8-100), Sigma-Aldrich, USA)
TritonX-100 (Sigma-Aldrich, USA)

Hoechst 33342 (Life Technologies, USA)

Goat serum albumin (GSA; 60 mg.ml_1; Dianova GmbH, Germany)
Monoclonal mouse anti-human/mouse paxillin antibody (clone 349/Paxillin;
BD Transduction Laboratories, Germany)

Polyclonal rabbit anti-human/mouse fibronectin antibody (Fibronectin (H-

300) sc-9068; Santa Cruz Biotechnology, Inc, USA.)

121



28.

29.

30.

31.

32.

33.

5.2
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Alexa Fluor®488 goat anti-mouse IgG (Life Technologies, USA)

Alexa Fluor®488 goat anti-rabbit 1¢G (Life Technologies, USA)

Alexa Fluor® 633 phalloidin (Life Technologies, USA)

Anti-fading mounting medium (O. Kindler GmbH, Germany)

L929 mouse fibroblast (Catalog number 85011425, European collection of
cell cultures (ECACC), UK)

Human mesenchymal stem cells (University Clinic, Technical University of

Dresden, Germany)

Equipment

Digital balance (AL204, Mettler Toledo, USA)

Autopipette (Eppendrof , Germany)

Water bath (1235 PC, Shel-Lab, Sheldon Manufacturing, Inc., USA)
Laminar Flow box (Thermo scientific, USA)

CO, Incubator (HEPA class 100, Steri-Cycle, Thermo scientific, USA)

Micro plate reader (UVM 340, ASYS, Australia)

Microwave plasma apparatus (MicroSys, Roth&Rau, Germany)

Dip coater model KSVDC (KSV instruments Ltd., Helsinki, Finland)
Research grade X-ray photoelectron spectrometer (Axis Ultra, Kratos
Analytical, UK) with a monochromatic Al Ky X-ray source (operated at 300

W and 15 kV)
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11.

12.

13.

14.

15.

16.

17.

18.

19.
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General X-ray photoelectron spectrometer using for routine measurement
(Amicus, Kratos Analytical, UK) with a monochromatic Mg Kq X-ray source
(operated at 240 W and 8 kV).

Equinox 55 FTIR spectrometer (Bruker, Germany)

IPF in-house developed electrokinetic set up for streaming potential
(Institute for Polymer Research Dresden-IPF, Germany)

A variable angle spectroscopic ellipsometer M-2000V (J.A. Woollam Co.,
USA).

IPF in-house developed set-up for measuring water contact angle using
captive air bubbles in conjunction with axisymmetric drop shape analysis
(ADSA)

Atomic force microscope (AFM, NanoWizard II, JPK Instruments, Germany)
Quartz crystal microbalance with dissipation monitoring (QCM-D, Q-Sense,
Sweden)

Optical microscope (Olympus IX 50, Olympus GmbH, Hamburg, Germany)
with Hoffman modulation contrast objective HMC10 LWDLCA 0.25 na,
Digital camera AxioCam HR and image analysis software AxioVision 4.7 (Carl
Zeiss Microlmaging GmbH, Gottingen, Germany).

Confocal laser scanning microscopy with a Leica TCS SP5, objective HCX PL
APO Lbd. Bl 63x/1.40-0.60 oil, UV-diode (405 nm), argon laser (488 nm) and

helium-neon laser (633 nm) (Leica Microsystems GmbH, Germany)
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5.3 Experimental procedures

Figure 5-1 summarized the experiments in this chapter. In brief, the experiments
were setup to gain a comprehensive understanding of silk fibroin (SF) properties
and the effects from plasma treatment on the surface. All experiments were
conducted at Institute of Polymer Research (IPF) Dresden, Germany. The surface
model was a well-defined thin film which allows taking an advantage of advanced
surface characterization techniques such as protein adsorption from quartz crystal
microbalance (QCM). The thin film preparation process started from lyophilisation
of SF aqueous solution. Then, the freeze-dried SF was dissolved in
hexafluoroisopropanol (HFIP), a volatile solvent. The thin SF film (70 nm thickness)
was prepared by dip coating substrates.

The comprehensive characterization of untreated SF ensured that SF
thin  film was prepared with consistent properties. X-ray photoelectron
spectroscopy (XPS) was used to determine that the surface chemistry of prepared
SF film had similar chemical components as the theoretical values of SF and to
evaluate the contamination from the solvent. Fourier transform infrared
attenuated total reflection spectroscopy (FTIR-ATR) was employed to ensure that
the SF crystallinity was induced consistently. Spectroscopic ellipsometry was
utilized for evaluating the thickness of thin film and the swelling ratio in various
liquids. The other properties (surface charge, optical property, surface wettability,
surface modulus and surface topography) were also characterized and compared
to the literature reports if there were available.

The plasma conditions suitable for surface functionalization were
investigated by using XPS for desirable surface chemistry and streaming potential
for intended surface charge. Plasma gases (O, Ar, Ar/O,, NHs) were varied to

evaluate their effects on the surface chemistry of SF surface. Gas flow, plasma
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generating power, and treatment time were the main parameters. In addition, the
sample shield was also installed in some cases to minimize the etching effects
from the high energetic plasma-generated species. During the survey of plasma
conditions, oxygen plasma was found that it could etch SF surface without the
significant change of surface chemistry. This finding led to the study of O, plasma
etching to alter SF surface stiffness for a cell-substrate interaction study.

The study of O, plasma etching to alter SF surface stiffness was divided
into two parts: physico-chemical characterization and in vitro cell cultures. The
characterizations were intended to confirm that surface stiffness was a prominent
effect from O, plasma etching, while other properties e.g. surface chemistry,
dynamic water contact angle, degree of crystallinity, and protein adsorption (FN)
were minimally affected. In vitro cell cultures focused on evaluating cytoskeleton
of two different cells, L929 mouse fibroblast and human mesenchymal stem cell

(hMSQC), of which their matrixes were different in stiffness.

125



126

Preparation of Thai silk fibroin
(SF) solution from the cocoon of

Nangnoi Srisaket 1 silkworm

|
Lyophilization of SF solution

Dissolving freeze-dried SF in
HFIP

Preparation of SF films using dip

coating technique (70 nm Setting up microwave (MW)

thickness) plasma for treating SF surface

( \ 0, etching to alter SF surface
Comprehensive

characterization of
untreated SF

- Surface chemistry by XPS

- Degree of cyrstallinity by
FTIR-ATR

- Surface charge by

streaming potential

- Thickness, Swelling ratio,
& optical properties by

ellipsometry

- Surface topography by
AFM

- Surface stiffness by AFM

Qno-indentation j

Finding olf plasma\
conditions for surface
functionalization by
using XPS for
desirable surface
chemistry, and
streaming potential

for surface charge
- plasma gases
(O,, Ar, Ar/O,, NH,)
- gas flow
- plasma power

- ion shield

installation

stiffness A cell-substrate

interaction study

( Characterization of \

plasma-treated SF films

- Surface chemistry by
XPS

- Dynamic water contact

angle using ADSA

\&treatment time )

- Degree of crystallinity
by FTIR-ATR

- Surface topography and
stiffness by AFM

-\FN adsorption by QCM/

In vitro cell culture test

- Cell cytoskeleton staining

Figure 5-1 Diagram of experimental procedures (Part II)
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5.3.1 Preparation of Thai silk fibroin dip-coated films

Thai silk fibroin was extracted by the same method described in 4.3.1.
Freeze-dried SF was obtained from the regenerated aqueous SF solution by
lyophilization. Freeze-dried SF was dissolved in hexafluoroisopropanol (HFIP,
99% Aldrich) to form 1% wt solution. The solution was filtered using a PTFE
syringe filter with 0.2 um pore size (Carl Roth GmbH, Karlsruhe, Germany). SF
thin films were prepared by dip coating on different planar substrates using a
dip coater model KSVDC (KSV instruments Ltd., Helsinki, Finland).

Substrates included silicon wafer precuts with 30 nm oxide thickness
(15x20 mm2 for ellipsometry, 7x7 mm2 for XPS, and 20x20 mm2 for contact
angle measurements), glass cover slips 20 mm diameter (Menzel Glaser,
Braunschweig, Germany) for cell culture tests, internal reflection elements
(IRE, silicon, 52x20x2 mm3, incident angle 45°) for infrared spectroscopy,
special silicon carriers (20x30 mm”) for streaming potential measurements,

and QCM ¢old electrode.

Figure 5-2 Example of SF film on different substrates for all surface characterization
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The desired film thickness (70 nm) was achieved by adjusting the dip
coating speed (45.7 mm/min). In order to ensure the uniformity of the SF film,
any air flow in the dip coating setup was carefully avoided. After the
evaporation of HFIP, the coated substrate was smoothly immersed in
methanol (99.99%, Acros, Geel, Belgium) for 10 s using the same dip coating
device. Subsequently, the sample was placed in a methanol bath for another
1 h to complete (3-sheet formation of the SF structure. Example of SF films

on different substrates was shown in Figure 5-2.

5.3.2 Microwave plasma experimental setup

Plasma treatment was carried out in a computer controlled MicroSys
apparatus by Roth&Rau, Wiastenbrand, Germany. The cylindrical vacuum
chamber, made of stainless steel, has a diameter of 350 mm and a height of
350 mm. The base pressure obtained with a turbomolecular pump is <10”
mbar. On the top of the chamber, a 2.46 GHz electron cyclotron resonance
(ECR) plasma source RR160 by Roth&Rau with a diameter of 160 mm and a
maximum power of 800 W is mounted. Oxygen (99.99 %, Air Liquide,
Dusseldorf, Germany) was introduced into the active volume of the plasma
source via a gas flow control system. Samples were introduced by a load lock
system and placed on a grounded aluminum holder near the center of the
chamber. The distance between the sample and the excitation volume of the

plasma source is about 200 mm.
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5.3.3 Characterization of untreated and plasma-treated Thai
silk fibroin films
5.3.3.1 X ray photoelectron spectroscopy (XPS)

b

XPS was carried out using both an research grade spectrometer (Axis
Ultra, Kratos Analytical, Manchester, UK) with a monochromatic Al Kq X-ray
source (operated at 300 W and 15 kV) and general spectrometer using for
routine measurement (Amicus, Kratos Analytical, Manchester, UK) with a non-
monochromatic Mg Kg X-ray source (operated at 240 W and 8 kV). The photo-
emitted electrons were collected perpendicular to the sample surface. In this
case the information depth is about 8 nm. Spectra were referenced to the C;;
peak of aliphatic carbon at a binding energy of 285.0 eV. For the spectra
obtained from non-monochromatic X-ray source (Amicus), a satellite
subtraction procedure was applied. Quantitative elemental compositions
were determined from peak areas using relative sensitivity factors and the
spectrometer transmission function. C;; spectra were deconvoluted by
CasaXPS (Casa Software Ltd., UK). The fit procedure was allowed to vary the
component binding energies, the component intensities and a common value
for the full width at half maximum (FWHM) for all peaks.

In order to measure free amine, the surface was reacted with the
vapor of TFBA (4-trifluoromethyl-benzaldehyde) for 30 min as shown in

equation (5.1) before XPS measurement of C;; and Fis.

0 \ l? 3 4
C-NH, + \ CF, —> C-N=C—> z EF3+H20 (5.1)
/ | 3 /]

5 6

primary amine TFBA TFBA conjugated on primary amine site
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The percentage of primary amine molecule per total carbon atoms
could be calculated by evaluating F;; and C;; atomic contents. For one
primary amine molecule, there will be three fluorine atoms and eight carbon
atoms. The percentage of primary amine in carbon functionalities could be
derived by the following formula (5.2).

F15/3

% primary amine = ) *100% (5.2)
Cis — 3 Fis

where Fj ¢ is fluorine atomic content of sample

and Cyg is carbon atomic content of sample

5.3.3.2 Fourier transform infrared attenuated total reflection

spectroscopy (FTIR-ATR)

Infrared spectra were obtained with an Equinox 55 FTIR spectrometer
(Bruker, Ettlingen, Germany) equipped with a mercury cadmium telluride
(MCT) detector and an attenuated total reflection accessory according to the
single-beam-sample-reference concept  (OPTISPEC, Zdirich, Switzerland)
[127]. SF films were prepared by dip coating on trapezoidal shaped internal
reflection elements (IRE, silicon, 52x20x2 mm3, incident angle 45°).

Sample spectra (I;) and background spectra (I,) were acquired from a
coated and uncoated lane of the IRE respectively. For each single channel
spectrum, 200 scans at a spectral resolution of 2 cm’ were co-added.
Subsequently, the result spectrum - Log(ls.l[l) was calculated. For the SF film
thickness of about 70 nm, the thin-film case of ATR spectroscopy applies
[128]. In this case, the film thickness limits the sampling depth, i.e., there is
no variation of the sampling depth with wavelength. Consequently,

absorbance units are given instead of ATR units.
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Fourier self-deconvolution (deconvolution factor 10000 and noise
reduction factor 0.5) along with peak fitting of the amide | region 1595 -
1705 cm’’ according to the procedure by Hu et al was conducted to
evaluate the secondary structure of SF (Opus 2.06, Bruker) [129]. The analysis
was based on the following peak assignment: tyrosine side chain (1605-1615
cmfl), R-sheet (1616-1637 cm - and 1697-1703 cmfl), random coil (1638-

1655 cm ), a-helix (1656-1662 cm ), and B-turn (1663-1696 cm ) [129].

5.3.3.3 Electrokinetic measurements

The electrokinetic measurements reveal the surface charge at the
solid/liquid interface. The substrate surface charge plays a critical role in
many adsorption processes such as protein adsorption, the first biological
cell-substrate interaction step before any cell interaction steps [50, 52, 53].

The key principle of this technique is based on the fact that the
streaming flow of liquid through the narrow channel induces the
accumulation of counter ions on the charged surface. The measurements of
streaming current and pressure drop across the channel together with the
known dimension of the channel and liquid properties allow the calculation
of zeta potential based on Smoluchowski equation as illustrated in equation

(5.1) [130].

N Iser L
= — —— 5.2
¢ €o€r Ap bh (5:2)

where ( is zeta potential, 7] is the dynamic viscosity, €q is

the permittivity of vacuum, €, is the dielectric constant of the
liquid, Istr is streaming current, Ap is pressure drop across

the channel, L is the channel-plate lenght, b is the channel-
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plate width, and R is the distance between 2 plates which
formed channel width.

The swollen SF surface is not considered as an electrokinetically ideal
surface (i.e., in the absence of roughness, porosity and swelling of the
samples or a patch-like distribution of chemical properties). Therefore, the
result calculated by using Smoluchowski equation is considered as an
apparent zeta potential for SF surface.

Streaming current measurements were performed across a rectangular
streaming channel (length 20 mm, width 10 mm, height 30 pum) formed by
two SF coated silicon carriers using IPF in-house developed electrokinetic set
up [131]. Aqueous KCl solution of 10_4, 10_3, and 10 mol.l" were used as
background electrolyte. The pH was varied in the range from 9.5 to 2.5 with
the addition of 0.1 mol.l" HCl and KOH solutions. The measurements were
started at an alkaline pH-value. After each titration step, the system was
equilibrated for about 45 minutes. The surface isoelectric point could be

observed at the pH which apparent zeta potential equal zero.

5.3.34 Ellipsometry

Ellipsometry is used to determine the optical properties and thickness
of individual material. Ellipsometric measurements were performed using a
variable angle spectroscopic ellipsometer M-2000V (J.A. Woollam Co., Inc,,
USA). It is a Diode Array Rotating Compensator Ellipsometer (DARCETM)
equipped with a computer-controlled goniometer and a horizontally
mounted sample stage. The light source is a 50 W mercury lamp. For a given
angle of incidence, the instrument measures 400 wavelengths simultaneously

covering the spectral range from 370-1000 nm. Accurate measurements over
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the full phase difference (A) and amplitude ratio (W) range were acquired (A
= 0°-360°% W = 0°-90°).

In case of dry samples, values from three angles of incidence: 65°, 70°,
and 75° were acquired. To investigate swollen layers, a liquid media cell
(angle of incidence 68°) was used.

To calculate the thickness and the optical properties of SF film, fit
procedures based on Cauchy multilayer models were applied. All

measurements were conducted at room temperature (20 °Q).

5.3.3.5 Liquid-fluid contact angle measurements using captive

air bubbles

In general, the water contact angle is characterized with the sessile
dropping technique. To have an accurate measurement, the surface
properties must not be changed during the measurement process [132]. In
the case of silk fibroin, the surface is hydrating and swelling after the sessile
dropping of liquid on the surface. The static water contact angle is changing
during the whole measurement process.

The captive air bubble technique could be used to measure the
wettability of swollen surface. In this technique, the air bubble is injected
onto the swollen surface. The expanding air bubble is driving the dewetting
process and providing the receding water contact angle, while contracting air
bubble represents the wetting process and provides the advancing water
contact angle. Inverse advancing and receding water contact angles were
measured using an IPF in-house developed set-up [133]. The experiments
were performed using captive air bubbles in conjunction with axisymmetric
drop shape analysis (ADSA) to study the wettability of the hydrated SF

surfaces in contact with distilled water. Axisymmetric drop shape analysis
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allows the simultaneous determination of liquid-fluid interfacial tensions and
contact angles from the shape of sessile drops or captive bubbles [133, 134].
SF coated silicon precuts 20x20 mm’ with a central 0.8 mm diameter
hole were fixed in a sample holder and immersed upside down in a glass
chamber containing distilled water. A captive air bubble was created through
the hole using a motorized syringe. Increasing or decreasing the air bubble
volume by pushing or pulling the syringe plunger forces the three phase
contact line at the solid-air-liquid interface to recede (dewetting mode) or
advance (wetting mode) with a velocity of about 0.6 mm.min". The bubble
was imaged continuously using a CCD camera and a microscope. Accurate
profile data were acquired by image analysis. Contact angles were calculated
considering the local gravity, the densities of the liquid and fluid phases, as
well as several arbitrary but accurate coordinate points selected from the
experimental bubble profile. Finally, receding and advancing water contact
angles were obtained as the difference of the measured contact angle value

of the air bubble to 180°.

5.3.3.6 Atomic force microscopy and nano-indentation

The SF surface topography was evaluated using an atomic force
microscope (AFM, NanoWizard I, JPK Instruments, Berlin, Germany) in a
contact mode. All plasma-treated SF were rinsed with DI and dried before all
AFM measurements in air and PBS environments. The surface topographical
parameters were extracted from the recorded images by AFM data processing
software (JPK Instruments). The surface parameters were averaged from a
minimum of 5 areas (10x10 pmz) on each sample and expressed as the mean

+ standard deviation.
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Mechanical properties of SF layers on silicon carriers were determined
by nano-indentation experiments using the same AFM instrument. For this
purpose, colloidal force probes were prepared by attaching glass beads
(diameter 20 um, Kisker Biotech, Germany) to the apex of tipless cantilever
having a nominal spring constant of 0.08 Nm'’ (PNP-TR-TL-Au, Nanoworld,
Switzerland) using a two-component epoxy ¢lue as described by Krieg et al
[135]. Cantilevers were calibrated using the equi-partition theorem [136].
Measurements were performed in phosphate buffered saline (PBS) at room
temperature (20 °C). Force-distance curves were acquired using 500 pN
contact force and 2 pm.s_1 approach/retract velocity. Young’s Modulus was
extracted from approach force distance curves using the Hertz model. At
least 25 individual measurements in a 25x25 pmz area were averaged and

expressed as the mean + standard deviation.

5.3.3.7 Fibronectin adsorption with quartz crystal microbalance

(OCM)

Human fibronectin  (FN; Roche, Switzerland) was prepared in
Dulbecco’s phosphate buffered saline, pH 7.4 (PBS; Biochrom AG, Germany)
with the concentration of 30 pg.mlfl. The adsorption studies were performed
with a quartz crystal microbalance with dissipation monitoring (QCM-D, Q-
Sense, Sweden). Frequency changes and dissipation data were acquired and
further analyzed by the instrument software (QSOFT and QTOOLS). PBS was
injected into the QCM-D chamber. After stable frequency (Af) and dissipation
(d) signals were reached, PBS was exchanged with fibronectin solution.
Subsequently, adsorption amount were taken after the stabilization of Af and
d. After that, the chamber was rinsed with PBS for 2 min every hour during 5

h of desorption measurement. The Sauerbrey equation [137] was used to
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calculate the adsorbed mass per area (ng.cmfz) from the measured 3°
overtone frequency shift (Af at 15 MHz). Even though the surface is non-rigid
and hydrated, the Sauerbrey equation could still be used for the comparison

of different surfaces [138, 139].

534 In vitro cell cultures

Mouse fibroblast (L929) and human mesenchymal stem cell (hMSC)
were used as in vitro culture model. For that purpose, SF coated glass carriers
(untreated and plasma treated) were placed into 12-well suspension cell-
culture plates and sterilized in 70 vol% ethanol for 30 min. Then the films
were extensively rinsed with PBS. The cell culture was incubated at 37°C in
5% CO, condition. L929 medium was Roswell Park Memorial Institute 1640
Medium (PAN-Biotech GmbH, Germany), while hMSC medium was Dulbecco's
Modified Eagle Medium (Life Technology corp., USA). Both media were
supplemented with 10 vol% of fetal bovine serum (Biochrom AG) and 100
umt’ penicillin/streptomycin (Sigma-Aldrich, USA). Cells were seeded onto

the SF samples at 300 cells.mm for L929 and 150 cells.mm” for hMSC.

5.3.4.1 Optical microscopy

The images of cultured cells on SF surfaces at 2 h, 6 h, and 1 d were
captured using an optical microscope (Olympus IX 50, Olympus GmbH,
Germany), with Hoffman modulation contrast objective HMC10 LWDLCA 0.25
n, digital camera AxioCam HR and image analysis software AxioVision 4.7

(Carl Zeiss Microlmaging GmbH, Germany).
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5.34.2 Immunofluorescence microscopy

For immunofluorescence analysis, L929 and hMSC cultured for 1 d on
untreated and plasma treated SF surfaces were rinsed with PBS and fixed in
4% w/v paraformaldehyde (Sigma-Aldrich) in PBS for 15 min. All experiments
were conducted at room temperature (20 °C). Samples were permeabilized
with 0.5% w/v TritonX-100 (Sigma-Aldrich) in PBS for 10 min.

Cell nuclei were stained with 2 pg.mt'l of Hoechst 33342 (Life
Technologies) in PBS for 10 min. Samples were then blocked by three
consecutive incubations in 10% w/v goat serum albumin (GSA, 60 mg.mt_l,
Dianova GmbH, Germany) in PBS for 10 min, followed by 60 min incubation
with @ monoclonal mouse anti-human/mouse paxillin antibody (1:100, BD
Transduction Laboratories, Germany), or a polyclonal rabbit anti-
human/mouse fibronectin antibody (1:200, Santa Cruz Biotechnology, Inc.,
USA.) in a 1% w/v GSA in PBS solution.

Samples were rinsed three times for 10 min with 1% w/v GSA in PBS
and incubated with Alexa Fluor 488 goat anti-mouse IgG or Alexa Fluor 488
goat anti-rabbit 1gG (1:200, Life Technologies) and Alexa Fluor® 633 phalloidin
(1:50, Life Technologies) in a 1% w/v GSA solution in PBS for 45 min in the
dark, in order to visualize antibody binding and F-actin filaments of the
cellular cytoskeleton.

Samples were rinsed with PBS, mounted on object slides, and viewed
by confocal laser scanning microscopy with a Leica TCS SP5, objective HCX PL
APO Lbd. Bl 63x/1.40-0.60 oil, UV-diode (405 nm), argon laser (488 nm) and
helium-neon laser (633 nm) (Leica Microsystems GmbH, Germany). Image

processing was performed with Fiji open-source imaging processing software.
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5.3.5 Statistical Analysis

All statistical calculations were performed using MINITAB release
14.12.0 software (Minitab, USA). Statistically significant levels were confirmed

by the paired t-test at p < 0.05 (n = 3).
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139

Comprehensive characterization of well-defined planar silk

fibroin surface

5.4.1

Results and Discussion

54.1.1 Surface chemistry

The discussion of this section was divided into two parts: the first part
was the calculation of SF theoretical surface chemistry and the second part
was XPS results of the well-defined thin film compared with previous
literature data.

XPS was used to check whether the prepared surface has similar
chemistry to the theoretical value of silk fibroin. The amino acid composition
of silk fibroin is used to calculate the theoretical atomic composition and
carbon functionalities. Based on amino acid composition reported by Asakura
et al. [140], silk fibroin amino acids could be classified into two groups: the
crystalline domain amino acids and the amino acids which can be found
only in the header, amorphous linkers, and c-terminus as illustrated in Figure
5-3.

From Figure 5-3, there are only 4 elements in silk fibroin amino acids:
C, O, N, and S. The derived atomic composition is shown in Table 5-1. For
comparison with other reports, the atomic composition is simplified only for 3
elements (C, O, and N) and summarized in the simplified column of Table 5-
1. Sulfur content is minuscule and simple XPS could not detect such a small

amount.
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Crystalline domain amino acids (also found in other domains)

11, 1CH, 1CH, QH CH,

L] 7 sro” (T “fH /@

O
Gly Ala Ser Tyr Val Thr Phe

42.9% 30.0% 12.2% 4.8% 2.5% 0.9% 0.7%

Amino acids found only in header, linkers and c-terminus (not in crystalline domains)

Asp Glu Lys
1.9% 1.4% _ 0.4%
Negatively charged amino acid Positively charged amino acid

4 4 4
N N/z\[( N/Z\[r N2
H H H H
0 @] 0] @]
Leu lle Met Cys Pro
0.6% 0.6% 0.1% 0.03% 0.5%

Figure 5-3 Molecular structure of amino acids and its relative abundance in silk fibroin according to
Asakura et al [140].
The numbers at the carbon atoms indicate different chemical environments for XPS Cls peak

deconvolution i.e. 1:C-C/C-H, 2: C-N, 3: C-O, 4: N-C=0, 5: HO-C=0, 6: arginine, and 7: C-SH

Table 5-1 Percent theoretical atomic composition of silk fibroin derived from the amino acid composition

reported by Asakura et al [140]

% theoretical atomic composition

Element Full version Simplified version
C 57.65% 57.7%

(0] 23.23% 23.2%

N 19.10% 19.1%

S 0.02% Nil
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The theoretical carbon functionality content was calculated based on
each amino acid carbon functionality. From Figure 5-3, there are seven
carbon functionalities which marked with different number i.e. 1: C-C/C-H, 2:
C-N, 3: C-O, 4: N-C=0, 5: HO-C=0, 6: arginine, and 7: C-SH. However, C-N (2)
and C-O (3) functionalities could not be differentiated by XPS because of their
overlapped binding energies. Moreover, the amount of arginine (6) and thiol
(7) were too small to detect by XPS. In addition, the XPS resolution of binding
energy is approximately at 1.5 eV so peak deconvolution would be more
accurate if the peak separation is at least 1.5 eV. For all reasons setout above,
these seven functionalities need to be simplified before these functionalities
could be used as a reference peak in XPS deconvolution. The C-C/C-H (1) was
maintained as a separate functionality with the center of binding energy at
285 eV. C-N (2) and C-O (3) were combined with the new center of binding
energy at 286.5 eV, and N-C=0 (4) and HO-C=0 (5) were also combined with
the binding energy at 288 eV. After simplification, there were 3 peaks for XPS
deconvolution i.e. C-C/C-H, C-N/C-O, and N-C=0O/HO-C=0 as summarized in
Table 5-2. The amount of 27.7% of C-C/C-H, 38.8% of C-N/C-O, and 33.5% of
N-C=0/HO-C=0 was used as the theoretical composition of SF functionality

for comparison purpose with other SF surfaces.
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Table 5-2 Silk fibroin theoretical carbon functionality composition derived from the amino acid

composition reported by Asakura et al [140]

Number in  carbon Binding energy Amount Simplified  Binding energy Amount
Figure 5-3 functionality (eV) Peak’® (eV)

1 C-C/CH 284.6-285.0 27.66% 1 285 27.7%

2 C-N 285.5-286.5 32.87% 2+3 286.5 38.8%

3 c-O 286.4-287.0 5.78%

4 N-C=0 287.4-288.4 32.39% 4+5 288 33.5%

5 HO-C=0 289.2-289.3 1.07%

6 Arginine 289.0-289.5 0.16% excluded

7 C-SH 285.2 -285.5 0.07% excluded

Table 5-3 summarizes the XPS atomic composition and carbon
functionalities composition (C;; components) of SF obtained from this work,
compared to other literature data and the theoretical values of
atomic/carbon functionalities composition which were described previously.
From the results of this work, the differences of XPS data between the
research grade XPS (first data of the pair) and general XPS using for routine
measurement (last data of the pair), were not large, i.e. C atom: 62.3% vs.
61.2%, N atoms: 18.6% vs. 18.6%, O atoms: 19.1% vs. 20.2%, C-H
functionality: 29.0% vs. 28.7%, C-N/C-O functionalities: 39.0% vs. 38.3%, and
N-C=0/0-C=0 functionalities: 32.0% vs. 33.0% (Table 5-3, surface 2 vs. 3). In
this table, the XPS data of Japanese SF was also presented in order to
additionally compare SF from two silkworm races. Regarding the silkworm
race (Thai vs. Japanese), the XPS data were quite similar between 2 races, i.e.
C atom: 61.2% vs. 62.9%, N atoms: 18.6% vs.19.2%, O atoms: 20.2% vs.
17.9%, C-C/C-H functionality: 28.7% vs. 29.5%, C-N/C-O functionalities: 38.3%
vs 38.3%, and N-C=0/0O-C=0 functionalities: 33.0% vs. 32.2% (Table 5-3,
surface 3 wvs. 4). In addition, Thai SF film was casted from

hexafluoroisopropanol (HFIP) SF solution, while Japanese SF film was casted

“ for comparison purpose with others XPS spectra
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from aqueous SF solution. The difference of solvent used to prepare SF
solution did not affect on aliphatic hydrocarbon contamination. C-H
functionality of both surfaces was similar.
Table 5-3 A summary of XPS atomic compositon and carbon functionalities (C;; components) results of SF
surface from this work compared with previous literatures (theoretical values were % atomic

composition and XPS C,; components based on the amino acid composition according to

Askaura et. al. [140] as shown in Table 5-1 and Table 5-2, respectively)

Surface Atomic composition XPS C,; components Reference
G N (e} other 1 243 4+5

cC C-N N-C=0
C-H c-Oo 0-C=0

21

1 Theoretical SF 57.7% 19.1%  23.2% Nil 26.5%  39.5% 34.0% [140]
2 Thai silk fibroin film” 62.3% 18.6%  19.1% % 29.0%  39.0% 32.0% this work
3 Thai silk fibroin film” 61.2% 18.6%  20.2% b 28.7%  38.3% 33.0% this work
4 Japanese silk fibroin 62.9% 19.2%  17.9% - 29.5%  38.3% 32.2% this work
5 silk fibroin film 64.3% 13.7%  22.0% - 72.7% 4.8% 22.5% [141]
6 degummed silk fabric 60.6% 10.9%  28.5% - - - - [142]
7 degummed silk fiber - - - - 50.0%  26.0% 24.0% [143]
8 silk fibroin film 687%  116% 19.4% 03" - - - [144]
9 silk fibroin film 71.9% 13.7%  14.4% = 1 - - [145]
10 degummed silk fiber 70.0% 13.0% 17.0% - - - - [146]
11 spun silk fiber 67.3% 6.4% 199% 7.0%°  61.8%  22.6% 15.5% [147]
12 silk fibroin film - ; = = 59.3%  17.8% 22.9% [148]
13 silk fibroin nanofiber 75.5% 8.5%  16.0% - - - - [149]

In comparison to the theoretical value and other literature data, the

XPS data of SF surface from this work (Table 5-3, surface 2 — 4) were rather

21

Sulfur content should be around 0.02% if it could be detected by XPS.

22
From research grade XPS, Axis Ultra spectrometer XPS

23
From general XPS using for routine measurement, Amicus spectrometer XPS (18 different measurements)

24 S
25 .
Si
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close to the theoretical value (Table 5-3, surface 1) in terms of atomic and
carbon functionality compositions. The carbon atom contents of SF surface
from this work were ranged from 61.2% and 63.2% which were slightly higher
than the theoretical value of 57.7%. This phenomenon indicates the small
amount of carbon contamination. The literature data of C atom contents
were varied from 60.6% - 75% [141, 142, 144-147, 149], mostly indicated
higher carbon contamination. The type of carbon contamination was aliphatic
hydrocarbon; this could be observed in XPS Cls component of C-C/C-H. In
this work, aliphatic hydrocarbon (C-H) were ranged from 28.7% - 30.5%,
slightly higher than the theoretical value of 26.5%. The literature data
indicated much higher aliphatic hydrocarbon contamination from 50.0% to
72.7% [141, 142, 147, 148], compared to the theoretical value. The
contamination from aliphatic hydrocarbon is a common phenomenon in XPS

measurement [150].

73%

Binding energy (eV)
Thai SF (this work) Demura et al. [141] Selli et al. [143] Hodak et al. [150]

60%

),
i’
/18%
i 17% |
i Iy
L 6% )
\ AN N
L. .
250 288 286 284 282
Binding energ;
Japanese SF (this work) Suanpoot et al. [151] Malkov et al. [147] Chen et al. [148]

Figure 5-4 XPS C 1s spectra from this work (Thai and Japanese silk fibroin) compared with those
reported in the literature
(Note: C-C/C-H peak (285 ev) is the peak which appear on the far right.)
[141, 143, 147, 148, 151, 152]
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The XPS spectra from this work compared to those reported in the
literature are illustrated in Figure 5-4. This figure shows the previously
discussed phenomenon of high aliphatic contamination in other reports as

indicated by the excess of C-C/C-H (Binding energy of 285 eV).

54.1.2 Surface charge

Silk fibroin is known to be a negatively charged surface from its amino
acid composition. Majority of silk fibroin amino acid are uncharged. However,
there were small portion of charged amino acid (4.4%). In that charged amino
acids, the negatively charged ones (3.3%) is higher than the positive ones
(1.1%) [140]. Figure 5-5 shows the streaming current vs. pressure gradient, and
apparent zeta potential of SF in the different ionic strength of the streaming
flow (0.1 mM KCl, 1 mM KCL, and 10 mM KCl). The results confirmed that silk
was negatively charged surface. The higher ionic strength solution dampened
the zeta potential. The zeta potential was closer to the zero value if the ionic
strength of streaming solution was increased, i.e., the absolute value of zeta
potential was lower under 10 mM KCl than 0.1 mM KCl of streaming flow
solution. However, the IEP of SF surfaces was around pH4 and was not

affected by the ionic strength of streaming flow solution (0.1 — 10 mM of KCl).
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Figure 5-5 Streaming current vs. pressure gradient and apparent zeta potential versus pH value of

the silk fibroin surface for 0.1, 1 and 10 mM KCl solution.

54.1.3 Thickness, refractive index, and swelling ratio of SF

Ellipsometry was used to determine the thickness, optical property
(i.e. refractive index), and swelling ratio of silk fibroin film. The thickness data
was used to ensure that the thin film was prepared with the desirable
thickness of 70 nm. The refractive index data was mainly used for the quick
determination of crystalline content in dry SF. The swelling ratio information
indicates the hydration process of SF under various conditions such as liquid
ionic strength or liquid temperature. The hydration process is a first step prior
to other cell-substrate interaction processes [50, 51].

The effects of methanol annealing on SF thickness and refractive
index were studied with the ellipsometry. SF thickness change was slightly
decreased about 1 - 2 nm after methanol annealing regardless of annealing

time. The refractive index of the amorphous SF film (before annealing with
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methanol) was found as 1.531+0.001 and increased upon 60 min of methanol
annealing to 1.563 + 0.001. The observed change of the optical properties is
considered significant and attributed to the formation of the semi-crystalline
structure. This effect is well known for other semi-crystalline polymers like
polypropylene where a 40% increase of the crystalized volume fraction lead
to an increase of the refractive index by 0.02 [153].

The swelling ratio of SF in liquid could be calculated from the
thickness of SF film measured in both dry condition and wet condition (with
the liquid cell). The swelling ratio of SF could be affected by many
parameters such as film thickness, crystalline content, liquid ionic strength,
liquid temperature etc.

Figure 5-6 shows silk fibroin swelling ratio and the refractive index in DI
water as a function of dry film thickness. In order to understand the effects of
dry film thickness on swelling ratio and refractive index, SF films were
prepared with the different dry thickness (8 — 120 nm) by adjusting dip coater
speed. From Figure 5-6, it could conclude that silk fibroin is swelling. For very
thin films (dry thickness < 70 nm), the swelling ratio and refractive index were
a function of film thickness. The swelling ratio was at minimal value (1.15)
with the thinnest film (8 nm). This was also in line for what Wallet et al [154]
reported that that the swelling ratio of SF was minimal (about 1) for the
thickness of 5 nm. In the case of film thickness higher than 70 nm, the
swelling ratio was almost in the same range (1.7 - 1.8) as well as the
refractive index. This was the reason to use SF film at the thickness of 70 nm

thickness for all experiments in this study.
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Figure 5-6 Swelling ratio in DI water and refractive index in dry and wet conditions as a function

of dry film thickness

The annealing time of SF in methanol might induce different
crystalline content in SF structure. In order to find the proper methanol
annealing periods, silk fibroin samples annealed with methanol for different
period (1h, 1d, and 4d) were assessed with ellipsometry to determine the
swelling ratio in DI water and the refractive index in dry and wet conditions as
shown in Figure 5-7. From Figure 5-7, the results suggested that different
annealing time did not change swelling ratio in DI water and the refractive
index of silk fibroin both in air and in DI conditions. The refractive index could
be used to indicate the degree of crystallinity of semi-crystalline polymer.
Since the refractive index is evaluated by the change of light velocity from
one medium (air or DI) to another medium (silk fibroin), the light also travels
with different velocity through different molecular sections (crystalline and
amorphous) [153]. The refractive index data indicated that there was no
change of crystalline content in silk fibroin film with different methanol

annealing time (1h, 1d, and 4d). This finding was contrary to the previous
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report by Hu et al which indicated higher crystallinity of longer methanol
annealed sample, i.e. 4d methanol-annealed SF had higher crystalline
content than 1d methanol-annealed SF [129]. These conflicting results might
be from different film thickness. The film in this study was in nanometer
range while the film studied by Hu et al was in micrometer range. As a result,
the short methanol annealing time (1h) was used in our standard film

preparation.
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Figure 5-7 Swelling ratio in DI water and refractive index in dry and wet conditions of silk fibroin

which had annealed with methanol for different period

The next three experiments focused on the hydration process of the
prepared SF film (70 nm thickness, with 1 h of methanol annealing time) in
various liquid conditions such as liquid ionic strength and liquid temperature.
The understanding of SF hydration behavior could be beneficial to the study

of cell-substrate interaction.
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Figure 5-8 shows silk fibroin thickness change in different media which
have different ionic strength (DI and phosphate buffer solution (PBS1X)) using
measurement mode of insitu thickness monitoring at the same spot. The ions
in PBS definitely enhanced the swelling of SF compared with the swelling in
DI, an almost ion-free condition. The swollen layer in PBS was thicker than in
DI. This effect is reversible as could be observed that when PBS in liquid cell
was replaced with DI, the thickness was gradually decreased back close to
the initial thickness in DI. This slightly higher thickness might be form the trace

PBS remained in the swollen silk fibroin.
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Figure 5-8 Silk fibroin film thickness change in different media which has different ionic strength
(deionized water (DI) and phosphate buffer solution (PBS)) using measurement mode

of in-situ thickness monitoring at the same spot (dry film thickness of 70 nm)

The previous result suggested that the presence of ions promoted the

swelling of SF. However, the effect of ionic strength on SF swelling needed to
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be further investicated. The PBS was then prepared with different ionic

strength (0.1X, 0.25X, 0.5X, 1X, 5X, and 10X) to study this effect.
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Figure 5-9 Silk fibroin film thickness change in deionized water (DI) and phosphate buffer solution
(PBS) with different strength (0.1X - 10X) using measurement mode of in-situ thickness

monitoring at the same spot (dry film thickness of 70 nm)

Figure 5-9 shows silk fibroin thickness change in deionized water (DI)
and phosphate buffer solutions (PBS) with different strength (0.1X — 10X) using
measurement mode of in-situ thickness monitoring at the same spot. The
swelling of silk fibroin was highest in PBS which had the lowest ionic strength
(0.1X). The swelling of silk fibroin was gradually lower when the concentration
(strength) of PBS was continuously increased. At the lowest concentration,
the electrostatic repulsion force might be at maximum between silk fibroin
and ions in PBS solution. When the PBS concentration was increased, the
charge on silk fibroin was dampening by the opposite ions in PBS resulting to
the collapse of swollen layer. This phenomena also was reported in different

system (polystyrene-poly(acrylic acid) brushes; PS-PAAc ) by Currie et al [155].
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They reported that PS-PAAc brushes thickness in sodium chloride solution
had been steadily increased from ionic strength of 0.0001M and reached the
maximum thickness at the ionic strength of 0.1M. When the ionic strength was
further increased beyond 0.1M, the thickness was decreased [155].

Another parameter that affected the swelling of materials was liquid
temperature, as it was normally found in thermally responsive materials. It
should then be worthwhile to confirm whether SF is a thermally responsive
material or not because there has not been any report on this property. In
the experiment, SF thickness was monitored in the liquid cell of which

temperature was controlled by a heating/cooling device.
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Figure 5-10 Silk fibroin film thickness in phosphate buffer solution at various temperature from

12 to 49 degree Celsius (dry film thickness of 70 nm)

Figure 5-10 shows silk fibroin thickness in phosphate buffer solution
(PBS1x) with the variation of temperature from 12 to 49 degree Celsius. It

clearly indicated that SF swelling was not temperature dependent.
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5.4.1.4 Wetting behavior

The swollen SF makes the measurement of surface de-wetting
impossible in the conventional sessile dropping technique because the
surface still adsorbed water; the receding water contact angle is extremely
low. The captive air bubble technique injects air bubble on the swollen
surface of silk fibroin to establish three phase contact point (air-water-silk
fibroin). The expanding air bubble volume facilitates the de-wetting process
on silk fibroin surface. The advancing air bubble contact angle is used to
calculate the receding water contact angle. On the other hand, the collapsing
air bubble volume assimilates the wetting process. The receding air bubble

contact angle is used to calculate the advancing water contact angle.

dewetting wetting dewetting wetting

&= 0,06 &= 0,06

5, 004 \ 5 o

> 0,02 o, > 0,02 / =
. : . : - . : :

T T T T

— 0,20 rate}= 0.37 mm/min 0,20 rate = 0.32 mm/min =y
§ 015 E 0,15
= 0,10 P 2010 /

P wlll

0,05 , : . . . . ¢ . 0,05 4

0,=64.1+04° _ 6,=655404°
-

60 4 — 60 -

= =

= 404 0,=27.2£09° o 404 6,=26.7+£02°
20 -

y [mdim?]

E
H I ? i

T T — T T T — T T . T T T T
0 100 200 300 0 100 200 300

time [s] time [s]

Figure 5-11 Representative data sets of two water contact angle measurements on swollen SF
surfaces using the captive bubble technique and ADSA (V: volume of the bubble; r: contact

radius; 0: water contact angle; Y: liquid surface tension; liquid: MilliQ water).

Figure 5-11 shows two data sets from the measurement of the
receding water contact angle 0, and advancing water contact angle 0.) on

swollen SF surface in contact with DI using the captive air bubbles technique
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in conjunction with axisymmetric drop shape analysis (ADSA). The calculated
data include surface tension, advancing and receding water contact, contact
radius, and bubble volume.

In the de-wetting process, air was injected continuously to expand the
size of bubble as observed in the increased bubble volume and contact
radius (top two panel), while the receding water contact angle, measured
during de-wetting process, was nearly constant (the third panel from top). To
study the wetting process, air was gradually sucked out of the bubble as
noticed by the decreased volume (top panel). However, the contact radius
(second panel from top) was unchanged initially, indicated that the
solid/air/liquid interface was sticking. The contact interface line sticking was
strong on swollen surface. This situation made the measurement of advancing
water contact angle difficult. When the contact radius started to retract and
the contact angle remained constant, this phenomenon signified the
advancing water contact angle (third panel from the top). The hysteresis of
water contact angle is defined as the difference between the advancing and
receding water contact angle (a0= 0, -0, ). The advancing water contact
angles were 64.1+0.4° (left panel) and 65.5+0.4° (right panel), while the
receding water contact angles were 27.2+0.9° (left panel) and 26.7+0.2° (right
panel) on swollen SF.

Table 5-4 summarizes water contact angle on silk fibroin surface which
annealed with methanol from previously reported literatures in comparison
to this work. The water contact angles reported in some previous literatures
were measured using static water contact angle technique. This technique
might provide the result with high variation (20 degree in the report by Seib
et al [156]) because the technique is not suitable for the case of surface

properties changing during the measurement (i.e. swelling in the case of SF)

154



155

[132]. The dynamic water contact angle using sessile dropping could provide

the better results with lower variation (2 degree) as in the report by Motta et

al [157]. However, the receding water contact angle could not be measured.

There is no report of receding water contact angle as no researchers used the

captive air bubble technique. It is clear that the captive air bubble technique

is the right method to measure wettability of swollen surface since it could

provide the important data of contact angle hysteresis, an information for

indicating the surface heterogeneity (chemical or morphological).

Table 5-4 Summary of water contact angle on silk fibroin surface which annealed with methanol

from different literature in comparison to this work

Surface Solvent used Water contact angles Reference
foy/preparztion static advancing receding
silk fibroin fitm HFIP . 66.1+1.7° 26.7+2.8° this work™
silk fibroin film H,0 80° - - [145]
silk fibroin film HFIP - 78+2° not measurable [157]
silk fibroin film H,O - 67+2° not measurable [157]
silk fibroin film H,O 80+20° - - [156]
silk fibroin film H,O 70x1° - - [148]
degummed Thai silk fabric n/a 70+5° - - [158]
5.4.1.5 The degree of crystallinity

FTIR-ATR was used in order to determine the degree of crystallinity by

evaluating the secondary structure of SF protein at the amide | region 1595 -

1705 cm’' [129]. The 3-sheet content represents the crystalline structure in SF

molecules.

26 . L.
average from 7 individual measurements
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Figure 5-12 illustrates the effect of methanol annealing time on FTIR
spectra at amide | region (1600 — 1705 cm_l). Methanol clearly induced the [3-
sheet structure in silk fibroin as observed by the peak shift from 1640 — 1660
e’ (a-helix and random coils) to 1615 — 1640 cm (R-sheet) region [129] for
all annealing time (30 min, 1h, 1d, and 4d). The shape of FTIR absorbance
curve at amide | was similar for all methanol-annealed silk fibroin. Apparently,
the annealing time longer than 30 minutes did not further change the shape

of FTIR curve.
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Figure 5-12 Changes in the FTIR spectra of SF samples upon methanol treatment at amide | (1600
-1
- 1705 cm )

Fourier self deconvolution (FSD) was applied to modify FITR spectrum
for peak fitting according to the procedure by Hu et al with following peak
assignment: tyrosine side chain (1605-1615 cm_l), B-sheet (1616-1637 cm’

and 1697-1703 cm’), random coil (1638-1655 cm ), a-helix (1656-1662 cm )
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, and p-turn (1663-1696 cmfl) [129]. The peak deconvolution results of SF
before R-sheet induction with methanol and SF after B-sheet induction with

methanol for 1 h are illustrated in Figure 5-13.
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Figure 5-13 Fourier self deconvolution along with peak fitting of SF before B-sheet induction with
methanol (top graph) and SF after B-sheet induction with methanol for 1 h (bottom graph) where

B: B-sheet, T: 3-turn, A: a-helix, R: random coil, and SC: tyrosine side chain

From Figure 5-13, it is clear that there were differences in SF protein
secondary structure of SF before and after (3-sheet induction with methanol.
The A-helix (A) and random coil (R) structures were more dominant than the
R-sheet (B) structure in the case of untreated SF before f3-sheet induction
with methanol (top graph). On the contrary, the -sheet (B) structure was
much higher than Q-helix (A) and random coil (R) in the untreated SF after 3-
sheet induction with methanol (bottom graph).

The deconvolution results of SF protein secondary structure (3-sheet,
B-turn, O-helix, random coil, and tyrosine side chain) for all silk fibroin
samples annealed with methanol for different period are summarized in
Table 5-5. The [-sheet contents in all methanol-annealed SFs (35.6% -
39.2%) were much higher than the SF without methanol annealing (9%). The
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crystalline content in methanol-annealed SF in this work was in the same
range as reported by Hu et al. for the silk fibroin annealed in methanol for 1
- 2 days [129]. The longer incubation time of 4 days did not significantly
increase the crystalline content (~55%) as previously reported by Hu et al.

[129].

Table 5-5 Percentage of protein secondary structure based on different Fourier self

deconvolution factor (deconvolution factor 10000 and noise reduction factor 0.5)

% protein secondary structure

Annealing B-sheet B-turn a-helix Random coil Tyrosine

time side chain

No annealing 9.0 314 11.8 46.3 1.4

1h 36.0 19.5 9.9 324 2.2

1d 35.6 20.0 10.3 32.0 2.0

ad 39.2 20.4 9.5 30.0 0.9
54.1.6 Surface topography and stiffness

AFM was used to confirm whether the prepared SF surface was smooth. The
surface topography of SF was evaluated in both air and phosphate buffer
solution (PBS) as shown in Figure 5-14. The AFM images indicated that SF
surface prepared from our standard procedure had a smooth texture. The
RMS of SF in air was very small (0.5 + 0.1 nm) when compared to
conventional tissue culture plate (3.43+0.54) [159]. In PBS, the same SF

surface was swollen, the RMS was slightly increased to 0.9 + 0.2 nm.
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2.29nm 3.479 nm

Figure 5-14 AFM images of silk fibroin with the scan area of 10x10 pm2 in air (left) and phosphate
buffer solution (PBS) (right)

AFM based nano indentation was employed to determine the stiffness
of swollen SF surface. This was to ensure that the prepared SF had a
comparable mechanical property with the literature data. Figure 5-15 shows
the elastic modulus of the swollen SF surface in PBS. An elastic modulus of
approximately 70 kPa was found. From the previous study by Jetbumpenkul

[4], the compressive modulus of swollen SF scaffold was 35 kPa.
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Figure 5-15 Young’s modulus of silk fibroin surface in phosphate buffer solution (no. of sample =3, no. of

scans per sample = 50)
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54.2 Conclusions

The standard procedure was developed to ensure the preparation of a well-
defined thin film which represented SF properties and met the requirements of all
advanced characterization techniques. This standard thin film was well-defined in
terms of surface chemistry as confirmed by XPS, surface charge as determined by
electrokinetic measurement, thickness as measured by ellipsometry, degree of
crystallinity as analyzed by FTIR-ATR, smooth surface topography as evaluated by
AFM, and stiffness as measured by AFM based nano indentation. In addition, the
characterizations of SF surface were performed in order to select the suitable
analytical techniques and understand the properties before surface modification.
Ellipsometry indicated that SF was a swollen material. The swelling degree
depended on liquid ionic strength, but neither on film thickness (if thickness is higher
than >70 nm) nor liquid temperature. The surface wettability of swollen SF needed
to be measured by captive air bubble technique. The preparation procedure of a
well-defined SF thin film, the suitable characterization techniques, and the
understanding of SF properties provide a good framework for the study of plasma

surface modification presented in Chapter 5, section 5.5 and section 5.6.
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5.5 Finding of plasma operating conditions for surface

functionalization

After gaining the knowledge to prepare a well-defined thin film, select
the right characterization techniques, and understand the properties of
untreated SF sufficiently, the study in this section was then geared to find
plasma operating conditions for surface functionalization. The aim of surface
functionalization was to change properties of SF surfaces (i.e. surface charge,
surface wettability, etc.). These changed SF surface properties would later be
evaluated for its effects on cell-substrate interaction. Different plasma gases
were intended to induce different functional groups on SF surface. Oxygen
and Argon/Oxygen plasma gases were intended to induce negatively charged
groups on SF surface. Argon plasma gas was intended to generate free
radicals on SF surface; the radicals would react with nitrogen and oxygen
during air exposure. Ammonia plasma gas was intended to induce positively
charged moieties on SF surface.

The process of finding right plasma operating conditions for surface
functionalization was started from the conditions which generate low
amounts of plasma active species (i.e. high flow of plasma gas to increase
pressure for reducing electron mean free path and low power to generate
stable plasma). The plasma treatment time was varied in order to induce
desirable amount of functional groups on SF surface. This concept would
minimize unwanted etching from high energetic species.

The success of plasma surface functionalization was judged primarily
by the difference in XPS spectra before and after plasma treatment. In
addition, the plasma-treated surface would be rinsed to ensure that these

induced functional groups could stay on the surface in liquid environment
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(i.e. no dissolvable low-molecular weight layer in formed). The surface charge
would also be evaluated by the electrokinetic measurements as another
indicator for successful surface functionalization because XPS could not
indicate all functional groups if binding energy of the plasma-induced
functional groups were in the same range of SF original functional groups.
Moreover, the plasma surface functionalization needed to be more dominant
than plasma etching (i.e. the thickness loss should be less than 20 nm after
the plasma treatment). The effects of each plasma gas on surface chemistry

and surface charge of SF were presented and discussed in the next section.

5.5.1 Results and Discussion

5.5.1.1 Surface chemistry of oxygen plasma-treated SF

The oxygen plasma treatment was intended to generate negatively
charged surface by functionalizing oxygenated moieties such as hydroxyl (C-
0), ether (C=0), and carboxylic (O-C=0) on silk fibroin surface. The first
parameter set of plasma conditions was started from high oxygen flow of 40
scem’ (pressure = 7.2 x 10° mbar), plasma power of 250 W with duty cycle
of 1 millisecond (ms) of power on and 1ms of power off, 125 W of effective
power. Figure 5-16 shows XPS of O, plasma-treated samples before and after

rinsing with DI compared to the untreated one.

27 .
49 sccm was the maximum O, flow
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Figure 5-16 XPS spectra together with oxygen to carbon atomic ratios (O/C) of O, plasma-treated

SF before and after rinsing with DI (O, flow 40 sccm, pressure = 7.2 x 10>3 mbar,

power 250 W, duty cycle (on/off) 1/1 ms)

The Cy; peak deconvolution revealed upto four components: aliphatic

carbon (C-C/C-H) at 285.0 eV, the chemical shifts of 1.5 eV, 3.3 eV, and 4.6
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eV with respect to C-C/C-H [150, 160]. The shift of 1.5 eV represented the
combination of (C-N) and (C-O) bonds due to small separation of their
binding energy compared to XPS resolution [160]. The shift of 3.3 eV
represented amide bond (N-C=0) [160], while the shift of 4.6 eV represented
carboxylic bond (O-C=0) [150]. The result of untreated SF (Figure 5-16a)
showed 3 components: C-C/C-H, C-O/N, and N-C=0. After O, plasma
treatment and before rinsing with DI, the XPS data indicated the extra peak of
carboxylic group and the increase of O/C atomic ratio (Figure 5-16b, 5-16d, &
5-16f), compared to the case of untreated SF. The O/C atomic ratio was
increased from 0.31 (untreated SF: Figure 5-16a) to 0.32 (60 s O, plasma -
before rinsing: Figure 5-16f). The result indicated that O, plasma increased
oxygen content as observed from the higher O/C atomic ratio. The carboxylic
group (HO-C=0), oxygenated functionality, was increased with increasing
treatment time. The 60 s O, plasma-treated SF showed 5.2% carboxylic,
compared to none on the untreated surface.

However, after rinsing with DI, all XPS spectra of O, plasma-treated
surfaces were very similar to that of untreated surface (Figure 5-16c, 5-16e, &
5-16¢). This implied that all plasma-treated SF had lost their oxygen contents
gained from O, plasma treatment. The O/C atomic ratio of the rinsed O,
plasma-treated SF (0.30: Figure 5-16c, 5-16e, & 5-16g) was lower than the
values of untreated SF (0.31: Figure 5-16a). The lower value of O/C atomic
ratio of the rinsed O, plasma-treated SF could be from the contamination
from the aliphatic hydrocarbon during rinsing and drying the samples. The
similar XPS spectra between of O, plasma-treated SF (after rinsing) and
untreated SF indicated unsuccessful functionalization on silk fibroin surface
by oxygen plasma (i.e. a formation of a dissolvable and low molecular weight

layer).
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5.5.1.1.1 The effects of sample shield installation on surface

functionalization by oxygen plasma.

The unsuccessful surface functionalization might cause by the direct

bombardment of high energy ions, so the sample shield, made of silicon

wafer, was installed to protect SF from these high energy ions as illustrated in

Figure 5-17. The ions would lose their kinetic energy when the ions hit the

top of the shield. Nevertheless, active species from O, plasma still could

access to functionalize the surface by entering the side opening of the shield.
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Figure 5-17 An installation of the sample shield for protecting SF high energy plasma ions

Figure 5-18 shows the XPS comparison between untreated SF and 30 s

O, plasma-treated SF with sample shield after rinsing with DI. The plasma

conditions were the same as in previous section (i.e. oxygen flow of 40 sccm

and plasma power of 250 W with duty cycle of (1 ms power on/1ms power

off). It was clear that the installation of sample shield could not improve the
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SF surface functionalization as indicated by the similar XPS spectra between

two surfaces.
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Figure 5-18 XPS spectra together with oxygen to carbon atomic ratios (O/C) of untreated SF and
0O, plasma-treated SF with shielding to prevent direct ion bombardment on the

surface (sample was rinsed before XPS measurement)

5.5.1.1.2 The trial of extremely low energy conditions for
improving the surface functionalization effect by oxygen
plasma

The high energy plasma ions were suspected as a cause of the failed
surface functionalization by oxygen plasma. To reduce the energy of plasma
ions, operating pressure was maximized (i.e. oxygen flow was increased to the
maximum value) while plasma power was minimized.

The first trial of these conditions was that operating pressure was
maximized (1.0 x 10° mbar) by increasing oxygen flow to the maximum at 49
sccm and the plasma power was lowered to the region where plasma started
to be unstable at 65 W. Figure 5-19 revealed the XPS spectra of O, plasma-
treated SF with the above plasma treatment conditions after rinsing with DI,
compared with the untreated SF. At these low power conditions combined

with shorter treatment time, there still were no functionalization of intended
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oxygen moieties on SF surface. The only significant increase was aliphatic
hydrocarbon (C-C/C-H) content as shown in Figure 5-19 especially for shorter
O, plasma treatment time of 3s and 10s (Figure 5-19b and Figure 5-19¢). This
content was increased from the value of 25.4% (untreated SF: Figure 5-19a)
to 48.0% (3 s O, plasma-treated SF: Figure 5-19b) and 43.4% (10 s O, plasma-
treated SF: Figure 5-19¢). The amount of aliphatic hydrocarbon (C-C/C-H) was
reduced with longer oxygen plasma treatment time and reached the
saturation point at around 34.7% - 36.7% for the treatment time of 30 s or
longer (Figure 5-19d & 5-19e). However, there was no sign of carboxylic peak
(the fourth peak with +4.6 eV in binding energy) in any O, plasma-treated SF

after rinsing with DI.
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Figure 5-19 XPS spectra together with oxygen to carbon atomic ratios (O/C) of untreated and O,

plasma-treated SF (after rinsing with DI), the plasma conditions were at highest O,

flow (49 sccm), pressure = 1.0 x 107 mbar and low continuous power (65W)
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For the second trial, the plasma power was lowered further to 10 W
right after successful ignition plasma with the power of 65 W (1 milli-second
after ignition). The XPS results are shown in Figure 5-20.

Before rinsing with DI, the oxygen/carbon atomic ratio was increased
from 0.33 (untreated SF: Figure 5-20a) to 0.37 (all O, plasma-treated SF before
rinsing: Figure 5-20b, 5-20d, 5-20f, & 5-20h). The third peak (N-C=O with 288.3
of binding energy) was also noticeably increased from 34.2% (untreated SF:
Figsure 5-20a) to the value of 37% (60 s/120 s O, plasma-treated SF before
rinsing: Figure 5-20f, & 5-20h). The increase of third peak could be from ether
peak (C=0) due to its closed binding energy to amide (N-C=0) [160].
Moreover, the increased amount of third peak was in line with the increase of
O/C atomic ratio. The fourth peak (O-C=0O with 289.6 eV of binding energy)
was slightly detectable with the content of 2.0 - 2.7% (all O, plasma-treated
SF before rinsing: Figure 5-20b, 5-20d, 5-20f, & 5-20h). The longer treatment
seems to increase the content of ether (C=0) and carboxylic (O-C=0), but not
to O/C atomic ratio.

After rinsing with DI, all O, plasma-treated SF lost their oxygen
contents gained from O, plasma treatment. The O/C atomic ratios of the
rinsed O, plasma-treated SF (0.31/0.32: Figure 5-20c, 5-12e, 5-20¢g, & 5-20i) was
lower than the value of untreated SF (0.33: Figure 5-20a). The third peak
(amide/ether) of all plasma-treated SF was lower than untreated SF. The
fourth peak (carboxylic) disappeared from all plasma-treated SF after rinsing

with DI.
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Figure 5-20 XPS spectra together with oxygen to carbon atomic ratios (O/C) of untreated and O,

plasma-treated SF, the plasma conditions were at highest O, flow (49 sccm),

maximum pressure (1.0 x 107 mbar), and extremely low power (10W)
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From all efforts which had been done to find O, plasma operating
conditions for SF surface functionalization, the results indicated that there
was no surface functionalization after plasma treatment and DI rinsing. This
finding has not been reported in any previous literature. It could be either
that microwave plasma is too destructive to functionalize SF surface or Thai

SF surface is too sensitive for any type of stable plasma functionalization.

5.5.1.1.3 The effect of silk races (Thai vs. Japanese silk) on the

possibility of surface functionalization by oxygen plasma

The unsuccessful surface functionalization on Thai SF surface might be
from the lower molecular weight of Thai SF compared with the most studied
Japanese SF (based on unpublished data). To prove this assumption, the
same oxygen plasma treatments were conducted on both Thai and Japanese
silk fibroin.

Figure 5-21 show XPS spectra of both Thai (a) and Japanese (b)
untreated SF, 30s of O, plasma treatment before rinsing (Thai SF: ¢ and
Japanese SF: d), and 30s of O, plasma treatment after rinsing with DI (Thai SF:
e and Japanese SF: f). The plasma conditions were the same for both types
of SF (i.e. O, flow of 40 sccm, plasma power of 250 W with duty cycle (1
ms/1lms of power on/off). The same phenomenon also happened on
Japanese silk fibroin. The XPS spectra of O, plasma-treated Japanese SF after
rinsing with DI (Figure 5-21f) were similar to the untreated Japanese SF (Figure
5-21b). The results indicated that there was no surface functionalization on

both Thai and Japanese SF surface by O, plasma.
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Figure 5-21 XPS spectra together with oxygen to carbon atomic ratios (O/C) of both Thai silk
fibroin (a, ¢, €) and Japanese silk fibroin (b, d, f): untreated (a & b), O, plasma-treated
SF before rinsing with DI (c & d), and O, plasma-treated SF after rinsing with DI (e & f)
(O, flow 40 sccm, pressure 7.2 x 10° mbar, power 250 W, duty cycle (on/off) 1/1 ms)
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5.5.1.2 Surface chemistry of argon plasma-treated SF

Argon plasma was chosen as an altemnative for surface
functionalization instead of oxygen plasma. Narayanamoorthy et al reported
that argon plasma has less effect of etching on SF, compared with O, plasma
[161]. The surface functionalization would happen after argon plasma
generated the free radicals which would be reactive with air after plasma
chamber was vented. This is a common effect for many polymeric materials
after Ar plasma exposure [36, 37].

Figure 5-21 illustrated XPS spectra of Ar plasma-treated SF after rinsing
with DI compared with untreated SF. For argon plasma conditions, the flow of
40 sccm (pressure = 6.9 X 10° mbar) was used and two plasma power
conditions were tried. The first condition (left panel of Figure 5-21) was
continuous plasma power of 120 W, while the second condition (bottom
three right panel of Figure 5-21) was cyclical plasma power condition of 500
W with duty cycle (1 ms power on/9ms power off), or 50 W effective power.
The treatment time was varied from 15s, 30s, and 60s for both power
conditions.

It could be noticed that the obvious change obtained from argon
plasma treatment for both power conditions, compared to untreated surface,
was the increase of aliphatic hydrocarbon content (C-C/C-H). After rinsing with
DI, the C-C/C-H content was increased from the value of 26% on the
untreated SF (Figure 5-21a) to the value of 29% - 33.7% on Ar-plasma treated
SF (Figure 5-21b - 5-21f). There were no signs of any increase of oxygenated
moieties, i.e. the second peak (C-O) and the third peak (C=0) on plasma-
treated SF were lower than that of untreated SF. There was no fourth peak

(O-C=0) detected from plasma-treated SF. However, the atomic ratio of
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oxygen/carbon of Ar-plasma treated SF (O/C = 0.31 - 0.33) was slightly
increased when compared with the value of untreated SF (O/C=0.31). This
small increment could not be a solid indication for a functionalization with
oxygenated species on SF. It seemed that the longer plasma treatment did
not induce any noticeable effects on XPS spectra of Ar plasma-treated SF
samples. It could conclude from the XPS results that argon plasma could not

introduce oxygenated moieties on SF surface.
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Figure 5-22 XPS spectra together with oxygen to carbon atomic ratios (O/C) of untreated and Ar

plasma-treated SF, plasma conditions were argon flow 40 sccm (pressure = 6.9 x 10°

mbar), left panel: power 120 W, duty cycle (on/off) 1/0 ms and right bottom-three

panels: power 500 W, duty cycle (on/off) 1/9 ms (Note: all plasma-treated samples

were rinsed with DI before XPS measurement)
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5.5.1.3 Surface chemistry of argon/oxygen plasma-treated SF

The rational of using argon and oxygen as a mixed plasma gas was to
generate oxygen species in a lower concentration compared to pure oxygen
plasma. Argon plasma induced free radicals on SF surface, while oxygen
plasma provided reactive oxygen species for functionalization on SF surface.
The combination between plasma gases could be either argon rich or oxygen
rich.

The first experiment was conducted with argon rich plasma gas (Ar=36
sccm, O,=4 sccm, pressure = 7.2 X 10—3 mbar) to minimize effect from the
highly reactive oxygen. The intent was to have small amount of oxygen
species which were ready to react on the surface inside plasma chamber. This
reaction was suspected to be more effective than exposing argon plasma-
treated SF to air outside plasma chamber. The plasma was generated with
power condition of 500 W with duty cycle (1 ms power on/9ms power off), or
50 W effective power. The treatment time was varied from 15s, 30s, and 60s
for both power conditions.

Figure 5-23 showed XPS spectra of Ar/O, plasma-treated SF after
rinsing with DI, compared with untreated SF. It was clearly seen that the same
situation as argon plasma happened again. Ar/O, plasma could not
functionalize SF with oxygenated functional group, but created the surface
with higher aliphatic hydrocarbon (C-C/C-H) content. It seemed that longer
duration of Ar/O, plasma treatment generated higher level of aliphatic
content on the surface. The content of C-C/C-H on SF was increased steadily
from 25.3% (untreated SF: Figure 5-23a) to 34.2%. (60 s Ar/O, plasma-treated
SF: Figure 5-23d). The oxygen/carbon atomic ratios of all plasma-treated

samples (0.31 - 0.33) were not higher than that of untreated SF (0.33).
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Figure 5-23 XPS spectra together with oxygen to carbon atomic ratio (O/C) of Ar/O, plasma-
treated SF (Ar flow 36 sccm, O, flow 4 sccm, pressure = 7.2 X 10>3 mbar, power 500
W, duty cycle (on/off) 1/9 ms (Note: all plasma-treated samples were rinsed with DI

before XPS measurement)
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The second experiment of Ar/O, plasma was performed with oxygen
rich plasma gas (0,=49 sccm, Ar=30 sccm, pressure = 3.3 x 10° mbar). The
higher pressure generated from higher flow of O, and Ar, allowed lower
power to generate plasma. The plasma power could be lowered to 10 W. For
this experiment, the intent was to have much higher oxygen amount for
surface reaction while the argon gas was intended to minimize the effect of
etching.

Figure 5-24 revealed XPS spectra of Ar/O, plasma-treated SF before
and after rinsing with DI, compared with untreated SF. In these extremely low
plasma power conditions, there was no surface functionalization observed
after the samples were rinsed with DI. The oxygen/carbon atomic ratio of all
plasma-treated samples (0.28 - 0.33: Figure 5-24b — 5-24i) were not higher
than untreated SF O/C ratio (0.33: Figure 5-24a). The XPS spectra of Ar/O,
plasma-treated SF after rinsing with DI had higher aliphatic hydrocarbon
content (26.2% - 34.4%) than the untreated SF (25.3%). It seemed that the
treatment for 5 — 240 s did not cause any noticeable effect on XPS spectra of
Ar/O, plasma-treated SF.

After rinsing with DI, the XPS spectra together with O/C atomic ratio of
all Ar/O, plasma-treated SF (except 15 s Ar/O, plasma-treated SF) were
almost identical with the untreated SF except slightly higher aliphatic

contents.
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Figure 5-24 XPS spectra together with oxygen to carbon atomic ratios (O/C) of Ar/O, plasma-
treated SF (Ar flow 30 sccm, O, flow 49 sccm, pressure = 3.3 x 10_2 mbar, power 10 W,
duty cycle (on/off) 1/0 ms (Note: all plasma-treated samples were rinsed with DI

before XPS measurement)
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5.5.14 Surface chemistry of ammonia plasma-treated SF

The ammonia plasma treatment was intended to generate positively
charged surface by introducing amine moieties on silk fibroin surface. The
atomic nitrogen to carbon ratio (N/C) was mainly used for indicating a
successful surface functionalization since the binding energy between the
intended primary amine (C*-NH,) and amide (C*-N-C=0) are at the same
position.

Figure 5-25 shows XPS of NHj; plasma-treated SF with sample shield
installation (as previously described in section 5.5.1.1.1) before and after
rinsing with DI, compared to the untreated one. The plasma conditions were
ammonia flow of 20 sccm (pressure = 8.0 x 10° mbar) and plasma power of
200 W with duty cycle of (1 ms power on/Ims power off), 100 W effective
power. The treatment time was varied from 240s, 300s, and 600s.

Before sample rinsing, the N/C atomic ratios of all NH; plasma-treated
SF (0.33: Figure 5-25b, 5-25d, & 5-25f) were higher than that of untreated SF
(0.31: Figure 5-25a). It seemed that the longer plasma treatment than 240s
(300s & 600s) did not further increase N/C atomic ratio of NH; plasma-treated
SF. Regarding XPS spectra of NH; plasma-treated SF before rinsing with DI, the
spectra were similar to the spectra of untreated SF but the aliphatic
hydrocarbon contents were higher in all NH; plasma-treated SF (26.9% -
30.7%: Figure 5-25b, 5-25d, & 5-25f) than the untreated SF (26%: Figure 5-25a).

After rinsing with DI, N/C ratios of all NH; plasma-treated SF (0.25 -
0.28: Figure 5-25¢, 5-25e, & 5-25¢) was lower than the untreated sample (0.33:
Figure 5-25a). Considering XPS spectra of NH; plasma-treated SF before rinsing
with DI, the spectra were not similar to the spectra of untreated SF. The

aliphatic hydrocarbon contents (C-C/C-H) were much higher in all NH; plasma-
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treated SF after rinsing (32.3% - 40.2%: Figure 5-25c¢, 5-25e, & 5-25¢) than the
untreated SF (26%: Figure 5-25a). It seemed that DI rinsing washed away
significant amount of nitrogenated species induced by plasma and left the
surface with the remaining aliphatic hydrocarbon (C-C/C-H).

The XPS results of NH; plasma-treated SF after rinsing with DI could
not indicate that surface functionalization did happen or not on SF. The N/C
atomic ratios of all NH; plasma-treated SF after rinsing with DI, indicated that
there was no increase of nitrogen content in the plasma-treated SF,
compared with the untreated SF. It was worth to conduct the electrokinetic
measurement on the surface of NH; plasma-treated SF of which XPS
spectrum was so different from the spectra of untreated SF (i.e. 300s NHs
plasma-treated SF after rinsing: Figure 5-25e). The result of electrokinetic
measurement would give information whether NH; plasma could

functionalize SF surface or not, as discussed in the next section.
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Figure 5-25 XPS spectra together with nitrogen to carbon atomic ratio (N/C) of NH; plasma-treated

SF (NH; flow 20 sccm, pressure = 8.0 X 10° mbar, power 200 W, duty cycle (on/off)

1/1 ms with the installation of sample shield to prevent direct bombardment from

the high energy plasma ions
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5.5.1.5 Surface charge

183

Figure 5-26 summarizes the isoelectric point (IEP) of silk fibroin surface

before and after plasma treatment with various plasma gases (O,, Ar/O,, and

NHs). All plasma-treated SFs were rinsed with DI prior to the electrokinetic

measurements. The measurements were conducted with one concentration

of background electrolyte (1 mM of KCl). It is obvious that O, and Ar/O,

plasma failed to shift silk fibroin IEP (point of zero zeta potential) toward

negatively charge direction. The IEP of both O, and Ar/O, plasma-treated

surfaces still be closed to the IEP of untreated SF (IEP=4). On the other hand,

NH; plasma could shift the IEP of silk fibroin surface toward positive direction

—e— untreated SF
—A—30 s O, plasma-treated SF

—=—60 s Ar/O, plasma-treated SF
—v— 300 s NH, plasma-treated SF

(IEP=4.5).
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Figure 5-26 Streaming current to pressure gradient and apparent zeta potential of silk fibroin

surface before and after plasma treatment with various plasma gases (O,, Ar/O,, and

NH3)

The results from the electrokinetic measurement showed that NH;

plasma induced positively charged moieties on SF as the IEP was shifted from
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pH4 to pH4.5. As mentioned earlier, primary amine moieties could not be
detected from XPS by peak deconvolution since its binding energy overlaps
with amide, so the labeling with TFBA (4-trifluoromethyl-benzaldehyde) was
employed to determine the free amine since TFBA only reacts to the primary
amine.

Table5-6 summarizes the primary amine content by TFBA labeling.
The labelling experiments were conducted on the untreated SF and various
NH; plasma-treated SF surfaces. In the case of NH; plasma-treated SF where
IEP was shifted to 4.5 (20 sccm, 200 W (1/1), shield), the TFBA test was
conducted on the plasma-treated surface before and after rinsing with DI
(Table 5-6b, 5-6¢). Low power conditions of NH; plasma were also conducted
on SF surfaces and the plasma-treated SF were rinsed with DI and tested with
TFBA to evaluate primary amine content. These plasma conditions were the
highest ammonia flow of 36 sccm (pressure = 1.5 x 10° mbar) and no sample
shield installation. With the continuous power (1/0) of 40W, the treatment
time was varied from 30s to 600s (Table 5-6d — 5-6h). In addition, the plasma
power was also varied (10W, 40W, and 80W) with the fixed treatment time of
600s (Table 5-6h — 5-6j).

From Table 5-6, it was evident that TFBA method was very specific to
primary amine as there was no primary amine detected on the untreated SF
(Table 5-6a). The primary amine could only be detected in protein if there is
a presence of amino acids which has primary amine side chain such as
arginine. The arginine content in silk fibroin was as low as 0.5% of total amino
acids (Figure 5-3 in section 5.4.1.1) and the primary amine moiety was 0.16%
of carbon moieties (Table 5-2 in section 5.4.1.1). The low primary amine
content of SF was far below XPS detecting limit and could not be detected

by TFBA labeling.
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Table 5-6 Summary of primary amine of NH; plasma-treated SF and untreated SF by TFBA (4-trifluoro

methyl-benzaldehyde) labelling together with nitrogen to carbon atomic ratio (N/C)

Description N/C % primary amine
in C 1S
a) untreated SF 0.32 0.0%
b) 300s NH; plasma-treated SF (20 sccm, 200 W(1/1), shield, before rinsing) 0.34 1.67%
) 300s NH; plasma-treated SF (20 sccm, 200 W(1/1), shield, after rinsing) 0.25 0.12%
d) 30s NH; plasma-treated SF (36 sccm, 40 W(1/0), no shield, after rinsing) 0.18 0.08%
e) 60s NH; plasma-treated SF (36 sccm, 40 W(1/0), no shield, after rinsing) 0.22 0.10%
f) 120s NH3 plasma-treated SF (36 sccm, 40 W(1/0), no shield, after rinsing) 0.23 0.10%
g) 300s NH; plasma-treated SF (36 sccm, 40 W(1/0), no shield, after rinsing) 0.24 0.15%
h) 600s NH; plasma-treated SF (36 sccm, 40 W(1/0), no shield, after rinsing) 0.21 0.14%
i) 600s NH; plasma-treated SF (36 sccm, 10 W(1/0), no shield, after rinsing) 0.24 0.15%
j) 600s NH5 plasma-treated SF (36 sccm, 80 W(1/0), no shield, after rinsing) 0.23 0.11%

The primary amine amount which shifted [EP from pH4 to pH4.5 was
0.12% of carbon moieties (Table 5-6¢). The plasma conditions were 20 sccm
of NH; flow, 200 W (1/1) of power, 300s of treatment time, and with shield
installation. The other low power conditions of NH; plasma could generate
slightly higher amount of primary amine than the high power. The highest
amount of primary was 0.15% of total carbon bonds (C 1s) with plasma
conditions of 36 sccm of NHs; flow, without sample shield installation with
either 300s of NH; plasma generated by continuous power of 40 W (Table 5-
6g) or 600s of NH; plasma generated by power of 10 W (Table 5-6i) .

In summary, NH; plasma could be used to introduce primary amine on
silk fibroin surface as observed by the change of IEP of SF toward positive
direction. However, the effect was rather small and not expected to

modulate protein adsorption and subsequent cell-substrate interaction.
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5.5.2 Conclusions

The finding of plasma operating conditions was not successful for surface
functionalization especially in the case of oxygen, argon, and argon/oxygen
plasma. Even the surface functionalization existed on the plasma-treated
surface before rinsing with DI. However, DI rinsing swept away all plasma-
induced functional groups from SF surface as evidenced from the XPS results.
The plasma operating conditions were adjusted in the direction of lowering
ion energy. The plasma gas flow rate was increased to the maximum value
which flowmeter could measure. Moreover, argon was added to further
increase of pressure to reduce active species energy. The sample shield was
installed to prevent direct bombardment on the silk fibroin surface. The very
short treatment time (<1 - 3 sec) of plasma was also explored. None of these
efforts could bring a successful (stable) functionalization of oxygenated
species on silk fibroin surface. The electrokinetic measurement also
confirmed that O, and Ar/O, plasma could not introduce a charged moieties
on SF as noticed from the similar I[EP compared to untreated SF

For the case of ammonia gas, NH; plasma could functionalize SF as
observed from the shift of IEP from pH4 of the untreated SF to pH 4.5. The
labelling with TFBA confirmed that free amine was still remained on NH,
plasma-treated surface even the rinsing with DI washed most free amine away
from SF. However, the effect was small compared to other polymer treated
with NH5 plasma [57].

Even though the surface functionalization was not successful, the
finding of the similarity of XPS spectra between O, plasma-treated SF and
untreated SF led into an interesting aspect of plasma etching. UV radiation, a

common side effect from plasma etching [21], could be used to alter surface
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stiffness through crosslinking process. The plasma etching could provide a
rather similar surface chemistry if oxygen plasma is employed and the
treatment conditions are optimized to achieve the perfect oxidation reaction
[21]. Other properties related to surface chemistry such as surface charge,
surface wettability, etc., would be minimally affected. Moreover, plasma
treatment affects only few nanometers depth from the surface [22]. That
means the bulk properties should be similar to the untreated surface. This
could be a promising platform for studying the effects of surface stiffness on

cell-substrate interaction that was explored and discussed in section 5.6.
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5.6 Oxygen plasma etching of silk fibroin alters surface stiffness: A

cell-substrate interaction study

In this section, the use of oxygen plasma treatment was investigated
as a tool to increase surface stiffness of SF as evaluated by atomic force
microscopy (AFM) nano-indentation. Other SF properties, including surface
chemistry, degree of crystallization, surface charge, swelling ratio together
with optical properties, surface wettability, and protein adsorption were
characterized in order to demonstrate that these properties were minimally
affected by oxygen plasma etching. Then, the effects of surface stiffness on
cell-substrate interaction were studied with two different cell types: L929
mouse fibroblasts and human mesenchymal stem cells (hMSCs) based on
their residing on different microenvironment, of which differs in matrix
stiffness. In vitro studies focused on cell adhesion behaviors by evaluating

stress fiber and focal adhesion formation.
5.6.1 Results and Discussion

5.6.1.1 Surface chemistry

The XPS results of untreated and O, plasma-treated SF surfaces
before and after rinsing with deionized water (DI) were discussed in the
previous section of 5.5.1.1.1 (Figure 5-16). In brief, all XPS spectra of O,
plasma-treated surfaces after rinsing with DI (Figure 5-16c¢, 5-16, & 5-16¢) were
very similar to that of untreated surface (Figure 5-16a). This indicated that the
surface functionalization was not a major effect from O, plasma as previously

mentioned in section 5.5.1.1.1.
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56.1.2 Degree of crystallinity of untreated and O, plasma-

treated SF

FTIR absorbance at the amide | region (1600-1715 cm™) was used to
determine the degree of crystallinity of SF. Figure 5-27a showed FTIR spectra
of the untreated SF before [3-sheet induction with methanol, the untreated
SF after 3-sheet induction, and 30 s O, plasma-treated SF after rinsing with DI.
Methanol clearly induced the (3-sheet structure in SF structure as observed by
the peak shift from 1655 cm ' (a-helix/random coils) to 1625 cm™ (B-sheet).
Once the amount of f3-sheet structure of SF was induced by methanol, 30 s
O, plasma treatment did not alter the secondary structure of bulk SF proteins
as witnessed by similar FTIR spectra between the untreated SF (after MeOH)
and 30 s O, plasma-treated SF.

To determine the portion of each protein secondary structure, Fourier
self-deconvolution was employed along with peak fitting as shown in Figure
5-27b for untreated before [(-sheet induction with methanol, 5-27c for
untreated after (-sheet induction with methanol, and 5-27d for 30 s O,
plasma-treated SF. The peaks are assigned and labeled with B for 3-sheet, T
for 3-turn, A for a-helix, R for random coil, and SC for tyrosine side chain, as
mentioned in experimental section. The analysis showed that the induction
with methanol markedly increased the amount of crystalline contents (3-
sheet from 8.8% to 36.0%), while other components were reduced (3-turn
from 31.3% to 19.5%, a-helix from 11.9% to 9.9%, and random coil from
46.4% to 32.4%). On the other hand, there were slight differences between
untreated SF after (3-sheet induction and 30 s of O, plasma-treated SF. The
differences were still within the error of curve fitting area. It could conclude

that O, plasma did not affect the degree of crystallization in the bulk of SF.
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Figure 5-27 a) FTIR spectra of untreated SF before/after 3-sheet induction with methanol and 30 s O,
plasma-treated SF at amide | (1600 - 1715 cm-l) and Fourier self deconvolution along with
peak fitting of b) the untreated SF before R-sheet induction with methanol, c) the untreated
SF after R-sheet induction with methanol, and d) 30 s O, plasma-treated SF where B: -sheet,

T: B-turn, A: Ol-helix, R: random coil, and SC: tyrosine side chain

5.6.1.3 Surface charge

Apparent zeta potential graphs of untreated and O, plasma-treated SF
surfaces were shown in Figure 5-28. It suggested that both surfaces were

negatively charged with approximately same isoelectric point (IEP = 4). The
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results suggested that O, plasma treatment did not induce any additional

charged moieties on SF surface.

Apparent zeta potential [mV]

—s=— yuntreated silk fibroin
-80 1 —e—30s O, plasma-treated silk fibroin

2 3 4 5 6 7 8 9 10
pH(1 mM KCI)

Figure 5-28 Apparent zeta potential versus pH value of both untreated and 30 s O, plasma-

treated SF surfaces for 1 mM KCl solution

5.6.1.4 Surface wettability

Table 5-7 summarizes the water contact angle of both untreated and
O, plasma-treated SF using captive air bubbles in conjunction with
axisymmetric drop shape analysis (ADSA). The data suggested that O, plasma
did not increase surface wettability as both advancing and receding water

contact angles remained the same as untreated surface.
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Table 5-7 Advancing and receding water contact angles on untreated and O, plasma treated SF
surfaces using captive air bubbles in conjunction with axisymmetric drop shape

analysis (ADSA)

Advancing water contact angle Receding water contact angle
Samples . o
[’ [’
Untreated SF 58.2+0.5 18.740.6
15s O, plasma treated SF 58.1+1.0 19.04+0.7
30s O, plasma treated SF 54.0+1.9 22.0£0.3
5.6.1.5 Surface topography

Figure 5-29 shows the surface topography of both untreated and O,
plasma-treated SF in both air and wet environments (PBS). The results
revealed that the SF surface was rougher after O, plasma treatment. From
the AFM image in both air and PBS environments, it could be noticed that the
shorter treatment induced a lot of rough features. These features were
disappeared from the surfaces when longer plasma treatment time was
applied. In air environment, the RMS roughness of O, plasma-treated SF was
increased from the untreated SF value of 0.53+0.04 to 1.85+0.49 nm after 15
s treatment time, and then was reduced to 0.98+0.16 nm after 45 s treatment
time. In PBS condition where the roughness should be magnified by swelling,
the RMS was increased from 0.94+0.25 to 3.10+0.17 nm after 5 s treatment
time, and then was reduced to 1.84+0.87 nm after 45 s treatment time. It was
noted that the plasma-induced roughness was very small and the RMS of all
O, plasma-treated SF surfaces was still lower than that of tissue culture plate

(3 -4 nm) [159].
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1 d) 305 O, plasma

le) 4 s O, plasma

in air

[

2d)
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Figure 5-29 AFM surface topography of : a) untreated SF, b) 5 s O, plasma-treated SF, c) 15 s O, plasma-
treated SF, d) 30 s O, plasma-treated SF, and e) 45 s O, plasma-treated SF in 1) air and 2) in
PBS.

The RMS roughness values are shown as below:
1a) 0.531£0.04 nm, 1b) 1.67+£0.33 nm, 1c) 1.85+0.49 nm, 1d) 1.17+0.34 nm, 1e) 0.98+0.16 nm

2a) 0.94+0.25 nm, 2b) 3.10+0.17 nm, 2c) 2.85+0.49 nm, 2d) 1.88+0.58 nm, 2e) 1.84+0.87 nm

5.6.1.6 Swelling, refractive index, and surface stiffness

Table 5-8 summarizes the following properties of SF: thickness,
swelling ratio, refractive index from spectroscopic ellipsometry and elastic
modulus from AFM nano-indentation. The ellipsometric results showed that
thickness loss of SF film was obviously observed after O, plasma treatment.
The thickness decreased as increasing the treatment time recorded in Table
5-8. The results of thickness reduction by O, plasma together with the similar
XPS spectra of O, plasma-treated SF indicated that plasma etching was more
dominant than plasma surface functionalization.

The result of swelling ability of SF in PBS, measured with a liquid cell,
showed that both untreated and O, plasma-treated surfaces had very similar
swelling ratio approximately at 1.6. The results indicated that O, plasma did

not alter the bulk swelling properties of SF.
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The refractive index was evaluated by ellipsometry. If the material
contains different substances with different refractive index such as a semi-
crystalline polymer, the bulk refractive index could be estimated on
volumetric average refractive index [153].

Table 5-8 Summary of thickness, swelling ratio, refractive index and modulus of untreated and O,

plasma treated SF surfaces

Thickness Swelling ratio Dry R.1.% Wet R.L.7” Modulus®
Samples
[nm] [kPa]
Untreated SF 72.7+2.5 1.65+0.02 1.55+0.001 1.47+0.002 62+18°

5s O, plasma treated SF 69.1+2.3 1.60+0.02 1.55+0.001 1.47+0.002 461+151°
15s O, plasma treated SF 66.5+3.1 1.59+0.02 1.55+0.001 1.47+0.002 494+165°
30s O, plasma treated SF 61.23+6.0 1.57+0.02 1.55+0.001 1.47+0.002 506+150°
45s O, plasma treated SF 55.15+7.0 1.57+0.02 1.55+0.001 1.47+0.002 438+144°

In addition, the refractive index change could indicate the change in
degree of crystallinity in the case of semi-crystalline polymer [153]. SF is
considered a semi-crystalline natural polymer which has both crystalline (j3-
sheet) and amorphous (a-helix and random coil) structures. So the refractive
index of SF could be related to the degree of crystallinity. From Table 5.8,
the refractive index (at the wavelength of 632.8 nm) of SF in both air and PBS
environment was not changed by O, plasma. These results supported the
FTIR data that there was no significant change of crystalline content. AFM
nano-indentation revealed the pronounced change of the surface stiffness of
SF. After a short period of O, plasma treatment (5s), the modulus of SF

surface was increased sharply from 62+18 to 461+151 kPa. The longer

% R.l. is Refractive Index @ 632.8 nm

“ R.l. is Refractive Index @ 632.8 nm

* Each letter represents the significant difference (p < 0.05) for all samples (the results with the same alphabet
indicate that they are not significantly different).
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treatment time did not further increase the modulus of SF surface. The
increase of modulus, i.e. the surface stiffness, could be caused by crosslinking
from UV radiation. This phenomenon is a common side effect which could
happen from plasma etching process [21].

In summary, we have proved the concept of using O, plasma etching
to modify the surface stiffness of SF, while there was no difference in XPS
spectra, degree of crystallinity, surface charge, surface wettability and swelling
ratio. Next, the effects of SF surface stiffness on cell-substrate interaction

were present.

5.6.1.7 Adsorption of Fibronectin

The results of fibronectin (FN) adsorption on untreated and O, plasma-
treated SF surfaces, monitored by quartz crystal microbalance (QCM), were
shown in Figure 5-30. FN was chosen as a protein model because it is a major
component of extracellular matrix which contains cell binding domain to
facilitate cell adhesion process [88, 90, 91]. With the FN solution of 30 pg.mtfl,
all surfaces adsorbed almost the same amount of FN (680-760 ng.cmfz)
before they were rinsed with PBS. These adsorbed amounts were much
higher than the saturation surface density or monolayer coverage(250 ng.cmfz)
[47, 162]. The rougher O, plasma-treated SF did not have higher adsorbed FN
amount, compared to the relatively smooth untreated SF, even the higher
adsorption on a rougher surface was expected due to the increased surface
area. The same situation was also reported by Hovgaard. FN adsorptions on
both smooth (RMS=1.01+0.10 nm) and rough (RMS=4.93+0.14) tantalum oxide
were 960+50 and 973+36 ng.cm_2 respectively, from the FN solution of 10

ue.ml’ [163].
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The PBS rinsing after adsorption was conducted to understand the
relationship of surface properties to the FN anchorage strength on the
surface. After rinsing with PBS, the adsorbed amount of FN on all surfaces was
dropped to 350-560 ng.cm_z, indicating the loss of adsorbed FN. All surfaces

retained almost same amount of FN after PBS rinsing (P<0.05).
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Figure5-30 Adsorbed fibronectin on the surfaces of untreated and O, plasma-treated SF by QCM-

D (the adsorbed mass was estimated by Sauerbrey equation after the stabilization of
QCM frequency change (Af) and dissipation (D)) (* represents significant difference
between the untreated SF and O, plasma-treated SF before and after rinsing with PBS)

5.6.1.8 L929 and hMSC adhesion

For cell culture, only untreated SF, 5 s, and 30 s O, plasma-treated SF
surfaces were selected for the study. The untreated SF and O, plasma-
treated (5 s/30 s) SF were paired in order to evaluate the effect of surface
stiffness (62+18 vs. 461+151/506+150 kPa). In addition, the 5 s and 30 s O,

plasma-treated SFs were used to study the side effect of slightly change of
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surface roughness (RMS = 1.67+0.33 vs. 1.17+0.34 nm) while both surfaces

had similar stiffness.

la) Untreated SF 1b) 550, plasma 1¢) 3050, plasma

i

2h

3a) o 3b)

Figure 5-31 L929 mouse fibroblast cultured on the surface of : a) untreated SF, b) 5 s O, plasma-
treated SF, and ¢) 30 s O, plasma-treated SF after various cultivation time: 1) 2 h, 2) 6
h, and 3) 1 d (scale bar = 100 micron)

Figure 5-31 shows L1929 adhesion behavior on untreated and O,
plasma-treated SF. At 2 h of culture, some L929 started to spread on O,
plasma-treated SF while there was no sign of spreading on the untreated SF.
Later on, at 6 h of culture, L929 fully spread on O, plasma-treated SF. Most
L929 on the untreated SF were still in round shape. At 1 d of culture, there
were still a few of L929 in round shape on the untreated SF. It appeared that
L929 preferred to spread on the stiffer surface (5 s/30 s O, plasma-treated SF)
than the softer surface (untreated SF). However, there was no difference in

cell spreading on 5 s and 30 s O, plasma-treated SF surfaces.
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Figure 5-32 Human mesenchymal stem cell (hMSC) cultured on the surface of : a) untreated SF,
b) 5 s O, plasma-treated SF, and c) 30 s O, plasma-treated SF after various
cultivation time: 1) 2 h, 2) 6 h, and 3) 1 d (scale bar = 100 micron)

Figure 5-32 shows hMSC adhesion on untreated and O, plasma-
treated SF. At different culture periods (2 h, 6 h, and 1 d), no difference in
cell spreading among all surfaces could be noticed. hMSC showed no
preference on either soft or stiff surface, as well as on either smooth or rough

surface.
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1 a) untreated SF 1 b) 550, plasma 1¢) 30 s O, plasma

1929

2a) 2b) 2¢)

Figure 5-33 Immunocytochemical staining of adhered cells: 1) L929 mouse fibroblast and 2)
Human mesenchymal stem cell (hMSC) on the surface of: a) untreated SF, b) 5s O,
plasma-treated SF, and c) 30 s O, plasma-treated SF after 1 day of cultivation.
Paxillin, one of focal adhesive proteins, is shown in green, F-actin stressed fibers are

in red (Phalloidin), and the nuclei are in blue (Hoechst33342) (scale bar = 50 micron)

Figure 5-33 illustrates the details of cytoplasmic elements which are
involved in cell adhesion: the cell cytoskeleton (F-actin) shown in red and the
adaptor protein in focal adhesion (paxillin) shown in green, together with
nucleus in blue. The cells shown in Figure 5.35-1a), 1b), & 1c) are L929 while
the cells shown in Figure 5.35-2a), 2b), & 2c) are hMSC. For L929, the stress
fiber and paxillin localization were evident on O, plasma-treated SF,
indicating strong attachment on the stiffer surface. In contrary, the stress fiber
and paxillin localization could not be easily found on the softer untreated SF.
This observation corresponded to previous reports that L929 and other
fibroblasts prefer stiffer surface as summarized in Table 5-9. For the soft
polyacrylamide gel, fibroblast preferred the stiffest gel of the investigated
modulus e.g. 1.09 kPa (0.62-1.09 kPa range), 20 kPa (0.2-20 kPa range), and 18

kPa (0.180 - 18 kPa range) [98, 99, 101]. For a harder system such as PDMS
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and poly(HEMA), fibroblast preferred substrate, of which the modulus was in
the range of 300-500 kPa [102-104, 106].

In the case of hMSC, cells were spread and attached well on all SF
surfaces. The paxillin was localized at the tip of clearly-developed stress
fiber, illustrating the well-developed focal adhesion [95, 164, 165]. The fact
that SF surface stiffness (62-500 kPa) is higher than all of mesenchymal
tissues stiffness (2-40 kPa) [96] might be the reason of no adhesion difference
of hMSC on any SF surface. Furthermore, the hMSC adhesion pattern on all
SF surfaces resembled to that on stiff glass substrate (69 GPa) [166], reported

by Engler et al. [56].
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Table 5-9 An example of different substrate stiffness which is suitable for different cell adhesion

in terms of cell spreading area or growth

Substrate Modulus Suitable Ref
Cell

[kPa] Modulus[kPa]

hyaluronic acid/

1929 fibroblasts 25-28 28 [107]
PEG di-acrylate

1:chondrogenic
hMSC polyacrylamide-collagen 1-15 [100]
15:smooth muscle

1:neurogenic
MSC polyacrylamide 1-34 11:myogenic [56]

3d:0steogenic

NIH 3T3 fibroblasts polyacrylamide 0.62 - 1.09 1.09 [98]
NIH 3T3 fibroblasts polyacrylamide 0.2-20 20 [99]
NIH 3T3 fibroblasts polyacrylamide 0.180 - 18 18 [101]
NIH 3T3 fibroblasts poly(dimethylsiloxane) 40 - 1,800 300 [103]
NIH 3T3 fibroblasts poly(dimethylsiloxane) 1.5-150 >90 [104]
NIH 3T3 fibroblasts | | 500

poly(dimethylsiloxane) 500 - 2,000 [102]
Sal/N fibrosarcomas 500 - 2,000

RMS13 fibroblasts poly(HEMA) 152 - 1,777 241 [106]
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5.6.2 Conclusion
The oxygen plasma etching has been introduced as a tool to manipulate the
surface stiffness of SF for cell-substrate interaction study. This technique
mainly affects the surface stiffness while there were almost no change in XPS
spectra, surface charge, surface wettability, degree of crystallinity, swelling
ratio, and FN adsorption. The RMS roughness of SF was slightly increased after
the plasma treatment. The effects of surface stiffness on the adhesion
behavior of two different cell types, L929 and hMSC, showed that L929
preferred the stiffer SF surface (500 kPa) than softer one (62 kPa), while hMSC
did not show any preference on surface stiffness in the range from 62 to 500

kPa.
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CHAPTER

6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This study investigated the effects of plasma treatment on the physical and
biological properties of Thai silk fibroin (SF). Following conclusions are the important
findings from this work.

The preliminary study using AC50 Hz power supply suggested that nitrogen
glow discharge could improve the biocompatibility of SF surface as observed by the
early cell adhesion tests and F-actin cytoskeleton staining of L929 mouse fibroblast.
L929 took 3 h to reach 100% cell adhesion on 90 s N, plasma-treated SF, which was
earlier than on other Thai SF surfaces (10 s N, plasma-treated SF and untreated SF).
L929 F-actin was more evident on 90 s N, plasma-treated surface than the others.
The characterization results of plasma-treated SF and untreated SF indicated that the
bulk chemistry and surface topography were minimally affected by plasma treatment
as evaluated by FTIR-ATR and AFM, respectively. The major changes of plasma-
treated SF properties were the improved surface wettability and surface chemistry, as
measured by a contact angle meter and XPS, respectively. The XPS data indicated
that hydrophilic functional groups were induced on plasma-treated SF. The success
from this preliminary study that N, plasma could improve SF biocompatibility, led
into an in-depth investigation, conducted at Leibniz Institute of Polymer Research
Dresden.

One of the important learnings from an in-depth investigation was that SF
needed to be prepared in a well-defined way (surface chemistry, surface charge, film

thickness, degree of crystallinity, surface topography, and mechanical property)
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before any plasma surface modification. The consistent surface preparation enabled
a precise analysis of the plasma effects on SF properties. The characterization
techniques should be chosen according to SF properties, for example, the
characterization of surface wettability by captive air bubble technique would be
appropriate to SF due to the swollen nature of SF.

The major revelation from the experiment to find plasma operating
conditions for treating SF surface was that plasma generated from these gases (O,, Ar,
and Ar/O,) could induce oxygenated species on SF surface, but the change of surface
chemistry was not stable. After rinsing with DI, XPS spectra of plasma-treated SF were
either similar to untreated SF or had lower content of oxygenated species. The
streaming potential data indicated that the IEP of SF was not affected by either O, or
Ar/O, plasma. On the other hand, NH; plasma could shift the IEP of SF toward
positive direction (from pH 4 to pH 4.5) even the N/C atomic ratio of NH; plasma-
treated SF was lower than that of untreated SF, as suggested by XPS. The TFBA
labelling revealed that some of free amine, induced by NH; plasma, still remained
on SF surface after rinsing with DI.

In the case of O, plasma treatment, the similarity of XPS spectra between O,
plasma-treated SF and untreated SF implied that plasma surface etching was more
dominant than plasma surface functionalization on SF. The continuous thickness loss
during plasma treatment also suggested the dominant O, plasma etching effects on
SF. The increased elastic modulus of O, plasma-treated SF was the most significant
plasma-treated effect, while other related properties (e.g. XPS spectra, degree of
crystallinity, surface charge, swelling degree, surface wettability, and FN adsorption)
were minimally affected from plasma treatment. These findings could enable the
use of plasma etching of SF to alter surface stiffness for cell-substrate interaction
study. In vitro results suggested that L929 mouse fibroblasts preferred to attach and

spread on the stiffer O, plasma-treated SF (Young modulus of 500 kPa) rather than
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softer untreated SF (62 kPa). On the other hand, human mesenchymal stem cells
(hMSCs) did not show any preference on any surfaces. They could spread well for all
SF surfaces.

In  conclusion, plasma etching was more dominant than plasma
functionalization on SF surface. The prominent effect from oxygen plasma treatment
was the increased surface stiffness of SF. The difference in surface stiffness could

impact the behavior of cell adhesion and spreading, depending on cell types.

6.2 Recommendations

In general, researchers know the unique properties of silk fibroin by heart
that it is biodegradable, biocompatible, and mechanically strong. Most researches
still focus on improving silk fibroin properties with other bioactive molecules for
the use as either tissue engineering scaffolds or drug delivery systems. Following
are the recommendations which could be explored in biomedical research to fully
capitalize all potentials from this unique material, “silk fibroin”.

As found in this study that silk fibroin could be etched easily with plasma
and the etching pattern could be generated in a low micron dimension (20 - 30
um), this finding could enable researchers to generate any pattern on SF surface
for various applications. The plasma etching might be used to generate the micro-
vascular pattern on SF or to generate a pattern on SF substrate in biosensor
applications.

The new applications of implantable devices might be developed from the
fact that the amorphous or low degree of crystallization version of silk fibroin
could be dissolved easily and harmlessly in the body. Following examples might
illustrate for what could be explored from this unique SF property. Silk fibroin

could be used as a major part of biosensor body which makes the devices strong
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enough for handling during implantation processes [167, 168]. The flexibility of silk
fibroin could enable sensing elements conformed to the curvilinear of tissue. And
after the implantation process was finished, the major part of sensors could be
designed to resorb in order to minimize the foreign body reaction. This advantage
could not be found in the conventional silicon-substrate base biosensor. Kim et al.
used the resorbable silk fibroin as a platform for holding 30 gold electrodes array
for brain/computer interface application. After exposing the device to brain, the
device was rinsed with saline to remove silk fibroin, then the device was
conformed to the brain contour texture without any remaining SF [167].

The optical transparence of silk fibroin might be explored for new
biophotonic sensor applications [169, 170]. Following reports showed what had
been done in this research area. The silk fibroin surfaces were modified with either
chemicals [169] or surface patterning [170] to generate a light sensitive surface for

detection the change of pH [169] or glucose concentration [170].
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APPENDIX A: MTT standard curve

Standard curve for MTT assay
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