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CHAPTER |

INTRODUCTION

1.1 Background

Tissue engineering using cell transplantation appears to be the most promising
alternative to exist therapies for restoring tissue and organ function. Tissue substitutes
should restore biological functions of damaged tissues using cells with proliferative
and differentiative potentials.. Cell affinity is..the most important factor to be
concerned with when biodegradable polymeric materials are utilized as cell scaffold
in tissue engineering [1] /Tisste integration is conditioned by the adhesion and
spreading ability of cells on‘traplant surféqlcts. The cell attachment belongs to the first
phase of cell/materialss#interactions and %he quality of this phase will influence the
cell”s capacity to proliferate and differenfiafé itself on contact with the material. The
interaction of cells with the material is a;--result of specific recognition among cell
surface adhesion receptors, which are intég}ins_ and extracellular matrix (ECM) that
have a cell-binding domain ¢entaining thpt!‘Arg-Gly-Asp (RGD) sequence. Cell
behavior on biomaterial surfaces depends upon implant—cell interactions, correlated
with surface properties{2-34

For biomedical application, surface properties including surface charge,
chemical composition, topography and hydrophilicity/hydrophoblicity are very
important becausemmost biological meactions-oecur on surfaces-or interfaces [4]. Many
research groups;have extensively studied the effects of surface properties of substrate
on the interaction of biological species with surfaces. SchakenraadJ.M. et al. reported
that human " fibroblast. cellst spread ~poorly o' hydrophobi¢ "surface but more
extensively on hydrophilic surfaces [5]. Tamada Y. et al. stated that a polymer surface
with a water contact angle of 70° provided the most suitable surface for cell adhesion
[6]. Van Wachem P.B. ef al. found that human endothelial cell could adhere greatly
on the moderate hydrophilicity polymer substrate. Fibroblasts were found to orient
themselves along the length of grooves in a surface, a phenomenon called,,,contact

ceee

guidance™[7,8]. In a comparative study concerning different parallel micro groove

sizes on a poly (L-lactic acid) surface, it was revealed that PLA surface with a groove



depth of 1.0 mm and groove widths of 1 and 2 mm induced formation of the most
mineralized extracellular matrix (ECM) of osteoblast-like [9]. These examples
suggested the surface properties, including wettability, surface chemistry, surface
roughness and surface energy can greatly affect cell response to the nature of
substrate. Therefore, in order to design the scaffold used in tissue engineering, the
surface properties of the substrate must be considered as the important factor.

Biomaterial is one of key consideration for tissue engineering and medical
applications. Usually, materials used to form the scaffolds should be biocompatible
and biodegradable. Furthermore, it should regulate tissue functions correctly. Among
various types of biomaterials; gelatin 1s onc-©f.the most dominant materials in tissue
engineering applications. Gelatin, derived from hydrolysis reaction of collagen, has
been of interest because it issmueh cheaper and easier to obtain solution than collagen.
Gelatin is biocompatiblegbiodegradable, non-immunogenic and non-antigenic [10-
12]. Also, gelatin molgeulg’ contains. Arg-Gly—Asp (RGD)-like sequence that
promotes cell adhesion, migration and pféli_feration [13]. It was reported in previous
study that gelatin can be used as a basle_ material substituting a large portion of
collagen to produce scaffolds without affeéfiﬁig the biological properties [14]. As the
main drawbacks of gelatin @are.iis water éalﬁbji_lity and weak mechanical properties,
these result in high instability of scaffold in vzvo Crosslinking is therefore employed
prior to its use in cell culture and biomédié&i rapplications. However, crosslinked
gelatin films had been reported to have high hydrophobicity and low surface energy
which do not favor to cell adhesion [15-16]. Theretore, to overcome these problems,
the surface modification was introduced.

Many approaches have ‘been developed in-order 'to improve cell affinity of
hydrophobic polymers, including surface and bulk modification. Surface modification
can bedone by incoOrporating-orCodting some biclogically activeymolecules onto the
surface of the materials [17]. Plasma treatment is one of the surface modification
methods that are widely employed for surface modification of materials since it is
versatile, fast and friendly to environment. Surface properties that can be modified by
plasma are wettability, roughness and chemistry. For example, cold plasma such as
radio frequency (RF) generated plasma has been reported to modify the surface of
poly (lactide-co-glycolide) (PLGA) by introducing reactive groups onto the surface as
well as improve cell adhesion [18-20]. Yang J. et al. also reported that the surface

characteristics of poly(l-lactic acid) (PLLA) films is changed dramatically after a



plasma treatment in the presence of various gases. In addition, the adhesion force and
affinity of mouse 3T3 fibroblasts on the PLLA films treated with ammonia plasma
were greatly enhanced by hydrophilicity improvement of the surface [21]. However,
the disadvantage of plasma treatment is storage effect [22]. If the plasma-treated
polymer surface is exposed to atmospheric air, the plasma-activated surface quickly
absorbs the moisture. The radicals which exist on the surface after plasma treatment
would react with oxygen species, storage effect then occurs [23-24]. Therefore, in
order to use the plasma-treated samples, in biomedical applications, the storage effect
must be explored.

In this work, alternating current (AC) glow discharge and pulsed inductively
coupled plasma (PICP), arc introduced to freat gelatin surface. The AC glow
discharge is one of non-thermal plasma systems which could be used to modify the
surface of polymers [25]¢ The design of glow discharge using AC 50Hz is much
simpler than typical induetively coupled RE reactor plasma since a high frequency
power supply is not required. Operating afja_power line frequency (50-60 Hz) requires
only an inexpensive pewer supply. Recér_ltly, Wong C.S. et al, have reported the
adhesion strength of polyimide film that coﬁ;‘ld":be enhanced by polymerization process
using a 50Hz alternating current glow diégﬁagge system [26]. Luigui C. el al, also
found that, AC 50Hz plasma system could be used to improve polypropylene
wettability and adhesion properties [27]. Pulse— ihductively coupled plasma (PICP) is
one of high energy plasma systems which could be used in surface modification due
to the fact that the surface treatment by PICP does not require lengthy treatment
period to achieve desiredreffects [28]. The pulse treatment is more practical where the
design of PICPuis ‘much simpler than typical inductively coupled RF reactor plasma.
In addition, inductively coupled plasma produced in a closed environment provides
clean efiyitonment for treatment:of [biomaterials: Single (pulse plasma minimizes the
thermal load of the sample. Moreover, the PICP system has flexibility in reducing and
rising electron temperature of the plasma through variation of electrical energy stored
and operating gas pressure. Based on our best knowledge, glow discharge using AC
50Hz system and PICP have not been applied to treat natural biopolymers.

The purpose of this research is to apply glow discharge using AC 50Hz and
PICP system to improve the crosslinked gelatin films for in vitro cell culture. The
research is divided into 2 parts. Part I is the study of AC 50Hz plasma effects on the

physical and biological properties of crosslinked gelatin film. Three different types of



gas; nitrogen, oxygen and air, used in AC 50Hz glow discharge were employed to
treat crosslinked gelatin film. Various surface properties of gelatin film, including
surface roughness, wettability and surface chemistry, were investigated. The effects of
storage time and temperature on the surface properties of plasma-treated gelatin were
also investigated. The effects of plasma treatment on in vitro attachment of rat bone
marrow-derived stem cells (MSCs) and L929 mouse fibroblast were explored. The
specific information of gelatin surface properties suitable for the attachment of bone
marrow-derived stem cells (MSCs) and ,1.929 mouse fibroblast was also investigated.
Part II emphasized on the effects of pulsed inductively coupled plasma (PICP) on the
physical and biological properties of gelatin™ films. In this part, the specific
information, i.e. type of gas for best cell attachment obtained from Part I was chosen
to treat crosslinked gelatine”The properties of PICP-treated gelatin film including
water contact angle, degre€ of€rosslinking, surface roughness, and thermal properties
were investigated. In addition, /the’ cell affinity of PICP-treated gelatin films was

evaluated using L929 mouse fibroblast asfé model cell invitro.

1.2 Objectives ¢

a2 Ay

1. To set up the glow discharge using?C-_SOHz and pulsed inductively coupled
plasma (PICP),system and charactefiég _t*h>ej plasmaproduced

2. To investigatc the effects of plasma condition and étorage on the properties of
plasma-treated crosslinked gelatin films

3. To investigate the improvement of crosslinked gelatin for in vitro cell culture
using plasma surface treatment

4. To corrélate specific information of gelatin surface properties suitable for the
attachiment of bofie dnarrow-detived ~stetmn cellsy (MSCs) and L1929 mouse

fibroblast



1.3 Scopes of research

Part I: Plasma treatment of crosslinked gelatin films using AC 50Hz plasma
system

The scopes of research was sub-divided into 2 sub-parts as follows.
A. Effects of plasma condition and storage on the properties of gelatin

l. Set up of glow discharge using AC 50Hz system and its characterization
1.1 Measurement of plasma species by optical emission spectroscopy

1.2 Observation of the uniformitg} of plasma

2. The gelatin films#Wwere /prepared by solution casting and dehydrothermal
crosslinking techniquet The surface of gelatin film was modified by oxygen
glow discharge using: AC, 50 Hz (Parameters“of plasma treatment to be
investigated were
2.1 treatment time,
2.2 gas flow rate,
2.3 plasma pressure, R

2.4 discharge powerf.

3. Characteristics of gelatin films modified by glow discharge using AC 50 Hz
were investigatéd including:
4.1 hydrophilicity/hydrophobicity by water contact angle,
4.2 surface topology by atomic force microscopy (AFM),
4,3 surface chemistryby Foutientransform infrared; specttoscopy (FT-IR),

44"  Storage effects on plasma-treated crosslinked gelatin.



B. Effects of plasma treatment on in vitro biological properties of gelatin

1. The gelatin films were prepared by solution casting and dehydrothermal
crosslinking technique. The surface of gelatin film was modified by glow
discharge using AC 50 Hz. Parameters of plasma treatment to be investigated
were
1.1 treatment time,

1.2 type of gas; nitrogen, oxygen, and dry air.

2. Isolation of rat bone marrow-derived.stem cells (MSCs) from 3-week-old

. o ’ .
Wistar rat was performed using medium selection technique.

3. Characteristics ofsgelatin films i‘jnodiﬁed by glow discharge using AC 50 Hz
were investigated including: . ~ =~ ©
3.1 hydrophilicity/hydrqpﬁobigity;by water contact angle,
3.2 surface energy calculation,i_

33 surface chemistry by X—ray-:_glédfoelectron spectroscopy (XPS),
add v ol ok

3.4 surface topology by AFM,
3.5  invitro biological characteri@ibn.

Y,

Two types of cell :includin‘g- E2§2 mous¢ fibroblast and rat bone

marré\fv—derived stem cells (MSCs) were u_sed The behaviors of cells
on the sﬁ_rface of gelatin films to be invesﬁgated were

3.5.1 é;ttachment and proliferation test b’y DNA assay,

3.5.2 | cell morphology by scanning electron microscopy (SEM),

3.5.3 cell spreading area calculation.



Part I1: Plasma treatment of crosslinked gelatin films using PICP system

1. Set up of glow discharge pulsed inductively coupled plasma system (PICP)

and its characterization.

2. The gelatin films were prepared by casting and dehydrothermal crosslinking
technique. The surface of gelatin film was modified by nitrogen glow

discharge using PICP. Parameter

; ,to be investigated was number of applied

o4 calculation.
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CHAPTER Il

RELEVANT THEORY

2.1 Plasma
2.1.1 Plasma state [29]

Plasma is the forth state of the mati€r-and.constitutes more than 99% of the
universe. It is ionized gas.and consists of ¢lection, ion and neutrons which are
fundamental and excited states. From a macroscopic point of view, plasma is
electrically neutron. ‘However it contains free charge carriers and electrically
conductive. ‘ .

Plasma state can bg divided-in _éwo main categories: hot plasma and cold
plasma. Hot plasma has exteemely high eh_e?gy content, which induces fragmentation
of all organic molecules to atomic level. (i-onS'equently, this plasma can only be used
to generate extremely high calorie energy':tqr to modify thermally stable inorganic
materials (metal, metal oxides, etc.). High gés;t‘.‘é‘mperature in hot plasma is obviously
not suitable for moderate sufface treatmehf‘s"‘ﬁke deposition of films, cleaning, dry
etching, etc. For this purpese;-cold-plasma-is-required: Cold plasma has been widely
used for surface treatment such as surface activation, fictionalization, cleaning and

grafting.
2.1.2 Method.of plasma generation[30]

Different plasma methodsiand plasma source have been reported to modify the
surface and characteristic of materials such as biocompatibility and
mechanical/chemical properties. To produce plasma, electron separation from atoms
or molecules in the gas state, or ionization, is required. When an atom or a molecule
gains enough energy from an outside excitation source or via interaction (collisions)
with one another, ionization occurs. The production processes of plasma usually

depend on the type of plasma generating devices. In this section, DC electrical



discharge, AC electrical discharge, microwave plasma, and pulsed inductively

coupled plasma (PICP) are described in details.
2.1.2.1 DC electrical discharge
21211 Electrical breakdown

Usually, the natural form of gas is an insulator and will not conduct electrical
current. When an electric field is applied acwoss it, stray charges are always present in
the neutral gas. The stray charge is produced bythe ionization of the gas particles by

. o . .
cosmic ray or any other background radiation from the environment.
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Figure 2.1 The simplest configuration of DC electrical discharge [30]

If the electric field is applied to the gas using electrodes, the stray charges
(electrons) can be produced by the photoelectric effect at the cathode surface due to
the absorption of UV photons. The presence of stray electron plays an important role

in electrical discharge. They can be accelerated to high energy to produce ionizing
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collision resulting in new charge particles. Without the presence of stray electrons,
electrical discharge may not occur. The simplest configuration to produce an electrical
discharge through a gas is to apply a potential difference across a pair of parallel
electrodes placed inside a chamber filled with the gas at suitable pressure as shown in
Figure 2.1.

Consider an electron originated from the cathode due to the absorption of UV
photon with the presence of electric field, the collision process between electron and
atom can be generated. The electron will be accelerated to high enough energy for
excitation or ionization. When an ionizing' cellision occurs, the colliding electron
together with the new electron will be further.accelerated by the electric field. They
may produce further ionizing collisions. The number of electrons will be multiplied as

progress from the cathode terthe@anode.

10° £

10% -

10° 1

Breakdown Potential (V)

102 . . .
0.1 1 10 1¢0 1000
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Figure 2.2 The relationship between the breakdown electric field of air and pressure [31]

In general, gaseous plasma is ignited by applying a potential through the gas.
The breakdown potential depends on the pressure and discharge gap width. Figure 2.2
depicts the relationship between the breakdown potential of air and pressure. The

breakdown potential has a minimum value when the pressure is 0.7 Torr, and
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deviation from this value leads to an increase of the critical breakdown electric field

[31].

21.2.1.2 The I-V characteristic of electrical discharge

The variation of the current flowing in the electrical discharge circuit with
applied voltage Vs can be summarized by the /-V characteristic curve as shown in

Figure 2.3. The vertical axis in the figure is the voltage drop across the discharge tube.

Figure 2.3 I-V characteristic curve [30]

The first part of the characteristic,” AB, is“caused by charges produced by
ionization of the gas by environmental stray radiation or photoélectric effect at the
cathod¢ surface /due to UV radiation.~At low voltage,! electrons available may be
accelerated toward the anode to constitute to the current. If no ionizing collision by
electron occurs due to the low potential (and hence low electric field), the maximum
current is determined by the total number of initial electron available. This current is
in the region below nanoampere and increases with applied potential. It reaches a
saturation value corresponding to the maximum number of electron available, section

BC in the /-V characteristic.
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With increasing applied potential, the electrons may be accelerated to have
enough energy to produce the excitation and ionization process. New charge particles,
both ions and electrons, will be produced by ionization. This gives rise to an increase
in the discharge current. As the potential is further increased, the discharge current
will increase and then breakdown will occur. After electrical breakdown is occurred,
electrical discharge is formed at potential Vp.

The region before breakdown, region ABCDE of the -V curve is often
referred to the dark discharge region, It is subdivided into the background current
(ABC), the Townsend region (CDE), and the cerona region (DE). A corona discharge
is maintained by controlling the current at the mi€ro ampere region. The voltage drop
across the discharge tube when the discharge is in the dark discharge region, is
roughly equal to the appliedspotential.

After breakdown,sthesdischargel will try to draw infinite current from the
power supply. It is essential to hayve'a current limiting resistor (Rp) in series between
the source and the discharge. The type of“jdi,,scharge will depend on magnitude of the
discharge current, which'is ¢ontrolled by the combined effect of limiting resistor (Ry)
and the plasma impedanee. After breakd-'o:\x;ﬁ, the plasma resistance is negligible
compared to Rp. This means that the Voltgéé;gyop across the discharge tube will be
zero and the full voltage will be developed afrbés Ri. When Ry is adjusted to limit the
current to be in the région of mA, a Voltagé dro-p across thie discharge tube will occur.
It is roughly constanf/when the discharge current is varicd. This is the normal glow
discharge region (region FG of the /- characteristic) and the voltage across the
electrodes is called glowvoltage, Vg. The normal glow region may be extended down
to 10 A whenthe curtent is/reduced gradually from mA (from)F-F*).

When the current is included from point G, the voltage across the electrodes
will incteasés The glowidiseharge is ichanged andbecomerabriornial. When the current
is increagsed to greater than 1 A (point H), the voltage across the electrodes suddenly
drops to lower than the glow voltage. The discharge has changed into the arc

discharge. As a summary, three types of discharge obtained by controlling the current

are:
107-10°A = Corona discharge
10°-1A = Glow discharge
>1A = Arc discharge
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2.1.2.2 AC (radiofrequency) discharge [30]

When DC power supply is varied from zero up to the breakdown voltage of
the gas discharge and turn down to zero, the discharge will develop following the /-7
characteristic curve (Figure 2.3) from point A to E. Beyond point E the obtained
discharge is a glow discharge with glow voltage and current given by point F. Further
increase in the supply voltage, the discharge current will increase while the glow
voltage remains almost constant. This can be assumed that the voltage will begin to
decrease when it has reached a value where the discharge is operating at point G. On
reducing of the voltage, the path of dischatg€.is*followed by G to F to F* then to D
when the discharge will diSappear and return o the dark discharge condition.

At low frequency, gas discharge powered by an AC source can be considered
not difference from that maintained by a DC source as described above. The criterion
of “low” frequency 1s that the characteristic time of the voltage variation (usually
taken to be the periodic time)should be Targer than the transit time of the ions from
anode to cathode. This i§ normally in the ;gtgion of below 1 kHz. For high frequency,
the discharge behavior begcomes different from the DC source. First, the breakdown
voltage will be lower. In a self-sustained glc—)w discharge, new charged particles are
produced by the ionization of the gas and the :éecary emission. Secary emission can
generate at cathode by ion bombardment. 1.“.}1‘.i_s.~—'i“srbalanced by the loss of electrons at
the anode. For sufficicntly high frequency (probably above 1 MHz) source, the loss of
electrons at the anode will be reduced (or cven becomes zero loss) since the
alternating field may reverse some or all of the electrons before they reach the
electrodes. Although there will be a reduction of the glectton production by ion
bombardment at the cathode surface, this will be compensated by the reduction of loss
of electrons @t the anhode.

In order to ensure that the oscillation time of the electrons caused by the
alternating electric field is shorter than their transit time between the electrodes,
sufficiently high frequency AC power supply must be used. This also depends on the
pressure of the gas. For pressure of a few torr and discharge distance of several cm,
the use of frequency in the radiofrequency range is appropriated. A commonly used
frequency is 13.56 MHz as agreed by international communication authorities. Under
this condition, electron collides many times within one oscillation of the electric field

so it may be able to transfer the energy it absorbs from the field to other particles. For



14

lower pressure, there may not be sufficient collision for the electrons to achieve
equilibrium with other particles. This requires frequency in the range of microwave
region (>GHz).

In RF discharge, electrons are expected to travel back between the electrodes
as the field changes direction. As a result, steady plasma is formed between the
electrodes. The condition of plasma is expected to be similar to that the DC
discharges except that the potential distribution between the electrodes may vary
during each cycle. RF discharge can be produced by using two types of configuration:
capacitively coupled or inductively coupled:s The capacitively coupling can be
implemented with a set of parallel plates sueh.as'those used for the conventional DC
glow discharge. For RF power source, an electrodeless discharge can be obtained by
placing the electrodes outside the plasma chamber, as can be seen in Figure 2.4. This

can eliminate the contamination of the plasma by the electrode materials.

Powder )
o< | ¢ +< ‘Sheath
Central gés | 1 rl gas

RF Electrical
Supply (MHz) >

Magnetic
Coupling

Figure2:4 RF plasma, systen)[29]

2.1.2.3 Microwave plasma [29]

The microwave is the region of electromagnetic spectrum with frequency
above 1 GHz up to 300 GHz corresponding to the wavelength of 30 cm to 1 mm,
respectively. Microwaves are guided along the system and transmitted energy to the
plasma gas electrons. Elastic collisions between electrons and heavy particles occur.

Due to the large mass of heavy particles, the collided electrons rebound whereas the
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heavy particles remain static. The electrons are thus accelerated (they get kinetic
energy) and the heavy particles are slightly heated. After several elastic collisions
(which follow probabilistic laws), the electrons get enough energy to produce inelastic
exciting or even ionizing collisions. The gas is partially ionized and becomes plasma
which supports microwave propagation. The electron density obtained from

microwave plasma is in the range of 1 x 10"’ cm™ to 1 x 10" cm™.
2.1.2.4 Pulsed inductively coupled plasma (PICP)

Pulse inductively couple plasma devicesoriginated from the research in the
field of controlled thermonuclear fusion. The PICP discharge can produce the pulsed
high-density plasma. The “high=density plasma’ here means a fully ionized gas with
density in excess of aboud0 ¥ particles/em’ and with temperature in excess of 10° K
(1 eV=11,600K). PICP device' is- onc of the most useful and effective plasma
processes. For example, this device has Béen utilized in the deposition of thin-films,
including amorphous carbon film, diamonld_-like carbon film, etc. It has also been used
to process the super-conducting films for': lffhography, which reveals its potential
advantages over other methods. Such plaé}i;-l;\a could be used as light sources giving
copious emission of electromagnetic radiati_b_ﬁ :ét short wavelengths. In addition, the
technique associated, with the generati(.).n‘._“afr pulseds high-density plasma has

applications in a broad scope [32].
The dynamic of pulse inductively coupled plasma

The dynamic process of PICP discharge is shown in Figure 2.5. After switch is
closeds“discharges through a=single-turn tcoil are generated by power supply. The
discharge current produces an axial magnetic field in the coil-encircled area (Figure
2.6). The rapidly increasing magnetic field induces an electric field opposite to the
direction of the discharge current in the coil. The electric field in tube produces a
plasma current sheath near the tube wall. The force exerts the plasma current sheath
and rapidly compresses it toward the tube axis. Meanwhile, the plasma particles pass
the surface of fibers and escape from the tube end (end loss). The plasma experiences

shocks wave heating, adiabatic compression heating, and others. [32]
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17

2.2  Surface modification using plasma technique [29]

The plasma technique is a convenient method for modifying surface properties
of a material. There is an advantage to using the plasma technique when treating
surfaces of complex shape because the plasma treatment is conducted in vacuum and
it tends to be pervasive [31]. In this section, the principle and application of plasma
sputtering, etching, implantation, polymerization, and grafting copolymerization are

described.
2.2.1 Plasma sputtering and etching

In plasma sputteringand cleaning processes, materials are removed from the
surface by chemical reactionsfo foum velatile products and physical sputtering. Inert
gases such as neon and aggonsare used for cleaning the surface of materials. Argon is
one of the most common inert gases usead because of its relatively low cost and high
sputtering yield. Plasma sputtering. is a"ls_imple plasma surface treatment method.
During the sputtering progess; a hegative Vdjtége (about 1 to several kV) is applied to
the substrate and argon plasma is genefzttt‘eCL-.‘ by radio frequency glow discharge
(RFGD). The ions are accelerated by the appff_ijegl electric field. Since the energy is not
very high, the argon“ions cannot g0 very déé_;;i}_l intorthe substrate. A big portion of
their energy is transfcired to the surface atoms via elastic’and inelastic collisions with
the materials. Some sutface atoms will acquire cnough energy and escape from the
substrate into the vacuum chamber. After the first layer of atoms has been sputtered
off, the undetlying layers will be exposed and gradually etched. With sufficient
sputtering time, surface contamination will be cleaned off. This process can be used
as a pretreatiment for subsequentiimplantation andydeposition: The weight loss in the
etching process is mainly bond scission of polymers and reactions of the radicals
generated in the polymer chains upon plasma exposure. In addition to the chemical
etching process, physical sputtering occurs frequently as well when polymers are

exposed to plasma.
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2.2.2 Plasma implantation

When a polymer is exposed to plasma with sufficient plasma density and
treatment time, many functionalities will be created near the surface. Crosslinked
polymer chains can be formed. In a typical plasma implantation process, hydrogen is
first abstracted from the polymer chains to create radicals at the midpoint of the
polymer chains. The polymer radicals then recombined with simple radicals created
by the plasma gas to form oxygen or nitrogen functionalities. Radical species are
created in the plasma zone play an important role in the implantation process.
Generally, polymers are hydrephobic, and thes€onversion of these polymers from
being hydrophobic to hydiophilic usually improves adhesion strength,
biocompatibility, and othespetiinent properties. Formation of oxygen functionalities
by ion implantation is one of the most useful and effective processes of surface
modification. In general, soxygen plasma is used, but plasma of other compounds
consisting of carbon dioxide, ¢arbon monxcixide, nitrogen dioxide, and nitric oxide can
make the polymer susface hydrophilic ‘!,as well. Besides oxygen functionalities,
chlorine functionalities that ¢an cdntributé:!' {o an increase in the hydrophilicity are
formed using CF,C and CCly plasmas. On thé other hand, if one wants to improve the
hydrophobic properties of the polymer, higﬁ_ﬁé_rr éiegree fluorinated compounds such as

SFe, CF4, and C,F, ate used as plasma gases. .
2.2.3 Plasma polymerization

In plasma’ polymerization, 'the transformation ‘of low molecular weight
molecules (monomers) into high molecular weight molecules (polymers) occurs with
the assiStafice of\encrgetic-plasma speciessuchas‘electrons] ionsgandiradicals. Plasma
polymerization is chemically different from conventional polymerization involving
radicals and ions. In many cases, polymers formed by plasma polymerization have
different chemical compositions and physical properties compared to conventional
polymerization. This uniqueness results from the reaction mechanism of the polymer-
forming process. Polymer formation in plasma polymerization includes plasma
activation of monomers to radicals, recombination of the formed radicals, and
reactivation of the recombined molecules. Plasma polymers do not comprise repeating

monomer units, but instead complicated units containing crosslinked, fragmented, and
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rearranged units from the monomers. In most cases, plasma polymers have a higher
elastic modulus and do not exhibit a distinct glass transition temperature.
Hydrocarbons such as methane, ethane, ethylene, acetylene, and benzene are widely
used in the synthesis of plasma polymerized hydrogenated carbon films. The
enhanced microhardness, optical refractive index, and impermeability result in good
abrasion resistance. Plasmas of fluorine-containing inorganic gases, such as fluorine,
hydrogen fluoride, nitrogen trifluoride, bromine trifluoride, sulfur tetrafluoride, and
sulfur hexafluoride monomers are used to produce hydrophobic polymers. Plasma
polymers fabricated using organo-silicon imenomers have excellent thermal and
chemical resistance and outstanding electrical, optical, and biomedical properties. The
common organo-silicon precursors include silane, disilane (SiSi), disiloxane (SiOSi),

disilazane (SiNHSi), and disilthiane (SiSSi).

2.2.4 Plasma grafting cepolymerization:

When polymerig materials are exp!,(_)sed to plasma, radicals are created in the
polymer chains. These radicals can initiaf§ Jiaolymerization reactions when put in
contact with monomers in the liguid or gaé_lﬁf]%sge. As a result, grafted copolymers are
formed on the surface. In plasma graftif_ig_r -_éopolymerization, polymers are first
exposed to the plasima to create radicals oﬁ th—e surface. dnielastic collisions between
the electrons in the plasma and polymer surface prodiice radicals in the polymer
chains. Afterwards, the polymers are exposed to a vapor of the monomer or an
aqueous or organic solution of the monomer. Since the plasma produces radicals only
close to the surface of the polymers, plasma grafting copolymerization is restricted to
the near surface. Plasma grafting copolymerization is often employed to alter the
surface”hydtophilicity ofpolymers [26] dtiis“ustally, conducted by first exposing a
polymer to plasmasuch as argon, helium, or nitrogen for a short time (a few second).
The process introduces many radicals to the surface of the polymer and experimental
results reveal that these radicals can survive for several days. Afterwards, the polymer
is brought into contact with the vapor of a monomer at an elevated temperature for a
period of time. Oxygen in the monomer vapor or dissolved in the monomer solution

inhibit the reactions and should be avoided.
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2.3 Gelatin

The selection of biomaterials plays important role in the design and
development of tissue engineering product. A biomaterial must interact with tissue to
repair, rather than act simply as a static replacement. Furthermore, biomaterials used
directly in tissue repair or replacement applications must elicit a desirable cellular
response. The two main material types which have been successfully used in
developing scaffolds for tissue engineering include:

a) Natural polymers, such as collagen, gelatin, glycosaminoglycan, starch,

chitin and chitosan.

b) Synthetic polymers, such as "f;olylactic acid (PLA), polyglycolic acid

(PGA) and theizeo-polymers (PLGA).
’
In this study, the natural ‘polymer such as gelatin is focused for film

- _—

fabrication. ; 4
‘ J

2.3.1 The nature of gelatin[34-35]

J ,J J
Gelatin 1s a protein Wthh does not oCcur in nature. It is derived from collagen,

-

a main component found in connectlve tlssue sk1n and bone of human and animals

such as fish, bovmc_and porcine. Gelatin can be obta{rl_@d by partial hydrolysis of
collagen with subsequef_lt purification, concentration, and-drying operations.
Gelatin is a polypeptide, series of.amino acids joined together by peptide

bonds as shownin Figure 2.7.
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Figure 2.7 Molecular structure of gelatin [34]
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2.3.2 Types of gelatin

Gelatin can be divided into 2 types depending on the production process.

a) Type A gelatin is produced from an acid process. This process is mainly
applied to porcine skin, in which collagen molecule is young. The isoelectric points
(p]) of type A gelatin are in the range of 7-9. High gel strength (bloom strength)
gelatins normally have the higher pl and the low bloom strength gelatins have a pl
closer to 7.

b) Type B gelatin is obtained form an alkaline process. This process is mainly
applied to cattle skin and bone, in which the imple helix collagen molecule is more
densely crosslinked and complex. Type B gelatin has a pl value around 5. The

differences in the propertics«of both gelatin types are shown in Table 2.1.

Table 2.1 Propeities of type A and type B gelatin [35]

TypeA Type A

pH 3.é-_5.5 5.0-7.5
Isoelectric point (PI) | 7090 4.7-5.4
Gel strength (Bloom) 50300= 50-300
Viscosity (cp) 15-75: 7 25-75
Ash (%) 0320 0.5-2.0

2.3.3 Properties of gelatin

Gelatin“is nearly tasteless “and odorless. It is colorless or slightly yellow,
transparent and“brittle. It is soluble in hot water, glycerol, and acetic acid, and
insoluble in organic solvents: Gelatin swells and| absorbs 5-10+times its weight of
water to‘form a gel in aqueous solutions at low temperature. The viscosity of the gel
increases under stress and the gelation are thermally reversible. Gelatin has a unique
protein structure that provides a wide range of functional properties. These proteins
can form a triple helix in aqueous solution.

Gelatin is amphoteric, meaning that it is neither acidic nor alkali, depending
on the nature of the solution. The pH at which charge of gelatin in solution is neutral

is known as isoelectric point (pI). The isoelectric point (plI) of a protein is the pH at
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which the protein will not migrate in an electric field. This is due to the fact that at
that pH the molecule carries an equality of positive and negative charges.

Gelatin, is rather unique as it can have an isoelectric point anywhere between
pH 9 and pH 5, depending upon the source and method of production.

The properties of gelatin from various sources can be different, for example,
fish gelatin is distinguished from bovine or porcine gelatin by its low melting point,

low gelation temperature, and high solution viscosity.
2.3.4 Amino acid composition

Gelatin is a heterogeneous mixtiire of water-soluble proteins of high molecular
weight. On a dry weight basis, gelatin consists of 98 to 99% of protein. The molecular
weight of these large protein structures typically ranges between 20,000 and 250,000.
Coils of amino acids are" joined together by peptide bonds. As a result, gelatin
contains relatively high levels ‘of amirib ;acids, ‘as presented in Table 2.2. The
predominant amino acid'Sequence is Glyci‘ln_e-Proline-Hydroxyproline (Gly-Pro-Hyp).

¥,

2.3.5 Characteristics of gelatin for tissugéhjgineering applications

1. Suitable for cell atéaé.hment, proliféfé‘;i;)n and differentiation.

2. Biodegradable or bioresorbable with a controllable degradation and
resorption rate to match cell/tissue growth in vitro and/or in vivo.

3. Not induce ansinflammatory response or an immune rejection of the tissue.

4. Singe gelatin' derived from' hydrolysis-reaction of collagen, it is much

cheaper and easier to obtain solution than collagen.
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Table 2.2 Amino acid composition in gelatin [35]

Amino acid %
Alanine 8.9
Arginine 7.8

Asperic acid 6.0

Glutamic acid 10.0
Glycine 21.4
Histidine 0.8
Hydroxylysine 1.0
Hydroxyproling 11.9
ISoleucine 1.5
Ieucine ' 33
Methignine -, 0.7
Phenylanine I 24
Proline . 12.4
Sering 3.6
Theronine "':J' = 2.1
Tyrosine = ‘ ‘,'J 0.5
Valine g 22
Total 100

2.4  Crosslinking methods [36]

Touncrease the) biostability) and decreasebiodegradation, rate, gelatin films
have to:be crosslinked.” Crosslinking ‘can” be done by various methods such as
chemical treatment, dehydrothermal treatment, ultraviolet irradiation, or electron
beam irradiation. Two widely used methods including chemical and physical

crosslinking are described as follow.

2.4.1 Chemical crosslinking
Among the chemical crosslinking agents, glutaraldehyde is the most widely

used due to its high efficiency in the stabilization of collagenous materials.
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Crosslinking of collagenous samples with glutaraldehyde involves the reaction of free
amino groups of lysine or hydroxylysine residues of polypeptide chains with the
aldehyde groups of glutaraldehyde. It is likely that glutaraldehyde can crosslink

between the two amino residues of gelatin chains.
2.4.2 Physical crosslinking

2.4.2.1 Dehydrothermal crosslinking

Dehydrothermal treatment (DHT) is a physical method of crosslinking gelatin
molecules that avoid potentially eytotoxic réaetion products. This treatment can be
done in a vacuum oven at the temperature above 100°C. Formation of crosslinks
during DHT treatment is_dependent on|the exhaustive removal of bound water from
gelatin molecule. The removal of water results in condensation reaction between the
amino and carboxyl groups of gelatin molecules. Dehydrothermal crosslinking can
occur only if the amino and carboxyl éfo_ups are close to each other. Thus, it is
possible that dehydrothermal treatment aliqws gelatin molecules to crosslink to a less
extent than glutaraldehyde treatment, -
2.4.2.2 UV irradiation o

UV irradiation generates radicals af .t_lnl—'e“ aromati¢ residues of gelatin amino
acids, such as tyrosinand phenylalanine. The binding of these radicals will react to
each other, resulting in crosslinking formation. The primary limitation to the rate and
exent of crosslinking may be the number of aromatic amino acid residues. The degree
of crosslinkingsof gelatin films can be controlled by the time of treatment and dose of
UV irradiation."When the irradiation time is short, UV irradiation will enable gelatin
to crosslinkfintermolecularly=However, it is possible that irfadigtion for longer time
preferably acts on the chain scission of gelatin molecules. A balance of the
crosslinking and chain scission will result in unchanged density of crosslinking.

Comparing the above crosslinking methods, chemical crosslinking provides
the greatest degree of crosslinking for protein. However, the disadvantage of chemical
crosslinking is that some chemical agents, which are toxic to cells, can be left over
and can cause irritation to patient when using the scaffolds in human bodies. Thus,
dehydrothermal treatment is chosen in this study, since there is no toxicity problem to

cells.
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2.5  Mesenchymal stem cell [37]

Mesenchymal stem cells are defined as self-renewable, multipotent progenitor
cells with the capacity to differentiate into tissues of mesodermal origin such as
adipocytes, osteoblasts, chondrocytes, tenocytes, skeletal myocytes and visceral
stromal cells, tissues of ectodermal origin such as neurons, and tissues of endodermal
origin such as hepatocytes, depending on factors such as cell density, basal nutrients,

spatial organization, growth factors, and cytokines.

2.5.1 Sources of mesenchymal stem cells

Mesenchymal stem cells have been initially identified in bone marrow with
the amount of 1 mesenchymal stem cell per 100,000 nucleated cells. Source of
mesenchymal stem cells issnot.only bone marrow, but also adult tissues such as fat,
hair follicles and scalp subcutangous tissue, periodontal ligament, thymus and spleen,
as well as pre-natal tissuess such/as placenta, umbilical cord blood, fetal bone marrow,

blood, lung, liver and spleen.

2.5.2  Phenotypic characteristics of mesé'héhymal stem cells

When stem cells ate isolated and;_-lﬂt}fl_‘red in vitro, the adherent population
indicating mesenchymal stem celis tends to rf-_(l)rm colonies of spindle-shaped cells
(fibroblast-like) termed as colony-formir.lg._Gflit-ﬁbroblast (CFU-F). The CFC-F
property is frequently used when studying the proliferative capacity of mesenchymal
stem cells in culture. Initially, the cultured fibroblast-like cells are observed to be
ALP-positive, collagen JAV-positive and fibronectin-positive. In addition, type I
collagen and laminin of the basement membrane are found [in the extracellular matrix
surrounding theé' cultured mesenchymal stem cells. A wide range of cell-surface
antigenSiand-peptides, suchassCD105£CD73 as, wellias) other“adhiesion molecules and
growth factor/cytokine receptors including CD29, CD90, CD117, " CD166, CD54,
CD102, CDI121a,b, CD123, CD124, and CD49 have been targeted in these initial

mesenchymal stem cells populations using a wide panel of antibodies.

2.5.3 Growth and differentiation of mesenchymal stem cells
Mesenchymal stem cells and colony forming units-fibroblastic (CFU-F) can
be induced in vitro to expand and differentiate into the osteoblastic lineage using

dexamethasone, ascorbate, and -glycerolphosphate. Under these conditions the cells
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undergo sequential: 1) growth, 2) differentiation, and 3) maturation. Growth or
proliferation is marked by a many-fold increase in cell number. Synthesis of collagen
I and alkaline phosphatise (ALP) indicate differentiation. Maturation is noticed by
formation of multilayer nodules, secretion of osteocalcin and mineralization of the
extracellular matrix (ECM). It has been reported that increase in ALP activity
indicating early osteoblastic differentiation stage can be seen after 4 days, with

activity peaking at 7-10 days and then slowly decreasing. Deposition of calcium and

secretion of osteocalcin defined as 1 steoblastic differentiation stage are usually
quantified after 15 days of the ¢ | %c medium [38].

]
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CHAPTER Il

LITERATURE REVIEWS

In 1991, the cell attachment behavior on plasma-treated polymer surfaces was
examined by lkada Y. et al [6]. Polymer surfaces including polyethylene,
polytetrafluoroethylene, polyethylene terephthalate, polystylene, and polypropylene
were modified by glow discharge in order to study the effect of surface treatment on
cell adhesion. The result showed that the sutface'wettability of all the films, evaluated
by water contact angle, decreased with respeet to the time period of plasma treatment.
The X-ray photoelectronsspectioscopy (XPS) of the plasma-treated surfaces using a
derivatization method.stiggested that hy|dr0xy1 and carboxyl groups were introduced
onto the surface of thepolymerby plasma treatment. The results on mouse fibroblast
cell culture showed thatia different depen;dénce of cell adhesion on the time period of
plasma treatment was observed. They afsfo suggested that the optimal water contact

angle for cell adhesion wasapproximately 700

¥

i

In 1997, Lee J. H. eial [39] h.é__:vé'-." studied the interaction of cells on
chargeable functional group gradicnt surface’.:‘Thefunctional group gradient surface of
polypropylene was prepared by corona discharge treatment' with gradually increasing
power and graft copolymerization of acrylic acid (AA),-sodium p-styrene-sulphonate
(NaSS), and N,N-dimethyl aminopropyl acrylamide (DMAPAA). AA and NaSS are
negatively chargeable .and-DMAPAA. is positively, chargeable in phosphate buffer
saline or cell culture medium at pH' 7.3-7/4. The'functional group gradient surfaces
were characterized by water contact angle, fouriemtransform infrared spectroscopy in
the attenuated totalreflectance mode, and electronspectroscopy for chemical analysis.
The interaction of Chinese hamster ovary cell with the functional group gradient
surface was also investigated. The results showed that the functional groups were
grafted on the surface with gradually increase of their density. The results on in vitro
cell culture indicated that a grater quantity of cells had adhered and grown on the
surface with moderate density of functional groups. This may be related to the
hydrophilicity of the surface. The DMAPAA-grafted surface showed a large amount

of cell attachment probably owing to the positive charge character, while AA and
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NaSS-grafted surface, which are negatively charged, showed poor cell attachment.
These results implied that surface functional group and their charge character as well

as wettability play important roles for cell adhesion, spreading, and growth.

In 1997, Latkany R. et al. [40] have studied plasma surface modification of
artificial cornea for optimal epithelialization. They have demonstrated that the optimal
surface treatment of a polyvinylalcoholcopolymer hydrogel for epithelial cell
migration and proliferation is an argon, radio frequency (RF) plasma treatment. The
surface chemistry of the material was determined prior to each cellular evaluation in
order to compare the biological response with aknown surface chemistry. The results
showed that cells becameé confluent on argon-plasma-treated surfaces under several
different reaction pressuresyrand after 2 weeks they became multilayered. Moreover,
argon plasma-treated sample gould enhance proliferated cells, extracellularmatrix and
adhesion proteins compared to'that acetone- and ammonia-treated surfaces.

In 2001, the enhancement of cell 'ét_fﬁnity of poly (D,L-lactide) by combining
plasma treatment with collagen énéhoragé Was reported by Yang J. ef al. [21]. The
changes of surface properties were charactéﬁi'eﬂ by contact angles, surface energy, X-
ray photoelectron spectra and secanning ?e_léétron microscopy. The mouse 3T3
fibroblasts were usedas fodel cells to eva.lﬁé;‘éé_the cell affinity of poly (D,L-lactide)
before and after modification. Effects of different modification methods including
plasma treatment, collagen coating and combining plasma treatment with collagen
anchorage were investigated and compared. The results showed that the
hydrophilicity swas improved while surface-free -energy was reduced, after each
modification. They revealed that plasma pre-treatment could improve the roughness
as it incorporated the polar groups! and pasitively charged grotipstonto the sample
surface. ([The plasma pre-treated surface would then benefit in anchoring collagen
tightly. As a result, cell affinity of PDLLA modified by combining plasma treatment
with collagen anchorage was greatly improved, which would facilitate further
application when the modified materials were used as cell scaffolds in tissue

engineering.

In 2002, Yang J. et al. [41] fabricated poly(D, L-lactide) films and

investigated the effects of anhydrous ammonia gas plasma treatment on surface
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properties of films. They demonstrated that, O-containing and N-containing groups
such as hydroxyl and amine were incorporated onto the surface of films. The effect of
preserving method for maintaining the hydrophilicity was also investigated. The
results indicated that preserving at low temperature (0-4°C) was sufficient to maintain
the plasma-modified surface properties. Mouse 3T3 fibroblast cells were used as
model to compare cell affinity of modified and neat films. The results revealed that
ammonia plasma treatment could promote the cells attachment and growth. After 4
days culture, the plasma treated films yielded almost two magnitudes cell compared to

the control.

In 2002, the effects of plasma treatiment of poly(L-lactic acid) and poly(L-
lactic-co-glycolic acid) (70/30) scaffolds on human skin fibroblast cells were
examined by Yang J. ef @l [23]s Anhydrous ammonia plasma treatment was used to
modify surface propertiessThe vesults showed that hydrophilicity and surface energy
were improved. The polar N-containing groups and positive charged groups also were
incorporated into the sample surface. A low-temperature treatment was used to
maintain the plasma-moditied surface prope}ties effectively. The plasma-treatment
method also helped to resolve the probl.éfr-l"n(l)_f cell loss during cell seeding. The
negative effects of the ethanol trace on cell Qultﬁre were avoided. They also suggested
that anhydrous amimmonia plasma treatme‘nt'“ér-lhanced the cell affinity of porous

scaffolds.

In 2002, Yang J._et al. [42] studied the effects of collagen-anchored
polylactone ondcell affinity. Poly(l-lactic “acid)(PLLA )/poly(I-lactic-co-glycolic acid)
(PLGA) 85/15 scaffolds were modified by plasma treatment. Then they were collagen
anchored (PT/CA);and: the, cell affinity 'was evaluated|by cell ctltutejunder shear or
shear-free conditions. They also proposed the dyeing method for measuring the
modified depth when plasma treatment is applied for the treatment of porous
scaffolds. The results showed that a porous scaffold could be modified by plasma
treatment and that a depth of about 4.0 mm for this modification can be reached with
ammonia plasma treatment. PT/CA modification is an effective surface modification
method for facilitating cell transplantation and improving the cell affinity of three-
dimensional porous cell scaffolds in tissue engineering. It could solve the problem of

non-uniform cell distribution in most synthetic porous scaffolds. The results on mouse
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3T3 fibroblast cell culture indicated that the quality of cell attachment on PT/CA-
modified PLLA scaffolds is better than that on unmodified PLLA.

In 2004, the surface properties of poly (lactide-co-glycolide) (70/30) modified
by oxygen plasma treatment was reported by Yuqing W. et al. [43]. The surface
structure, topography and surface chemistry of treated PLGA (70/30) films were
characterized by contact angle measurement, scanning electron microscopy
observation, atomic force microscopy,, and X-ray photoelectron spectrum analysis.
The cell affinity of the oxygen plasma treatcd films was evaluated under dynamic
conditions by Parallel Plate Flow Chamber (PPFC). The results showed that the
hydrophilicity increased greatly after oxygen plasma treatment. High quantities of —
C-O groups, such as hydeexylandperoxyl groups could be incorporated into the
surface of PLGA (70/30) by controlling appropriate plasma treatment conditions.
Moreover, the oxygen plasma/treatnient resulted in formation of peaks and valleys on
the sample surfaces. Fhe foughness increased with treatment time. Cells stretched
very well and the ability to endure-the Sl}qear stress was improved greatly after the
PLGA was modified by appropriat‘e plasmé ‘&eatment, i.e. under 50 W for 2 or 10
min. However, when the treatment fime wa§ increased to 20 min, the percentage of
adherent cells on the roughest surface decréﬁzi_sé-_cli because the content of polar groups
incorporated onto the surface decreased.. Thé restilts showed that improved cell
adhesion was attributcd to the combination of surface chémistry and surface topology

of PLGA during plasma etching.

In 20063 the influence of ammonia plasma treatment on the modifying depth
and degradation of scaffolds were investigated by Wan Q. et al. [18]. The results
showed that'the'modifying depth-of the|scaffolds incueased with treatinent time. The
plasma power ranging from 20 to 80W slightly influenced the modifying depth.
However, the degradation of the scaffolds increased with increasing treatment time
and plasma power. The results also showed that the plasma intruded the scaffolds
gradually from top to bottom. For a 4mm thick scaffold, the optimized treatment
condition was 20W of power in a 30 Pa ammonia atmosphere for 30 min of treatment
time. Under this condition, the integrity of scaffold could be relatively well kept. The
results on M3T3 fibroblast cell culture showed that ammonia plasma treatment

enabled the penetration of cells into scaffolds and facilitated the proliferation of cells.
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In 2007, Hong S. et al. [20] investigated the effects of combining oxygen
plasma treatment with anchorage of cationized gelatin on poly (L-lactide-co-
glycolide) (PLGA) surface. The effects of modification method were compared with
other methods including oxygen plasma treatment, cationized gelatin or gelatin
coating and combining oxygen plasma treatment with anchorage of gelatin. The
change of surface property was compared by contact angles, surface energy, X-ray
photoelectron spectra (XPS), attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR) and scanning, electron microscopy (SEM) measurement.
They found that the optimum oxygen pretreatment time determined by surface energy
was 10 min when the power was 50 W and the-oxygen pressure was 20 Pa. Analysis
of the stability of gelatin and cationized gelatin anchored on PLGA by XPS, ATR-
FTIR, contact angles and surface energy measurement indicated the cationized gelatin
was more stable than gelafin /The wesult using mouse NIH 3T3 fibroblasts as model
cells to evaluate cell affinity 4n vitro showed the cationized gelatin-anchored PLGA
(OCG-PLGA) was more Jfayorable forfjce,ll attachment and growth than oxygen
plasma-treated PLGA+ (O-PEGA) an(i-_ gelatin-anchored PLGA (OG-PLGA).
Moreover, cell affinity of 0QG-PLGA couiéi match that of collagen-anchored PLGA
(AC-PLGA). So the surfaceimodification methd combining oxygen plasma treatment
with anchorage of cationized gelatin provid_:e“—_sra; universally effective way to enhance

cell affinity of polylactone-type biodegradablé Eolymers.

In 2007, Qu X. et al. [44] investigated the effects of oxygen plasma treatment
on the formation of bone-like apatite on poly(lactide-co-glycolide) (PLGA)(70/30).
Biodegradable tPLGA(70/30) “films ' and scaffolds ‘were™ first treated with oxygen
plasma and then'incubated in a modified simulated body fluid 1.5SBFO0 to prepare a
bone-like apatite lavers The formation ofithesapatiteiandritsinfliience on osteoblast-
like cells, growth were investigated. They found that the bone-like apatite formability
of PLGA(70/30) was enhanced by plasma pretreatment. The changes of surface
chemistry and surface topography induced by oxygen plasma treatment were both
effective for apatite formation. The apatite formability increased with increasing
plasma-treating time. Under a treating condition of 20W for 30min, oxygen plasma
treatment could penetrate into the inner scaffold. After 6 days of incubation, the
apatite formed in plasma-treated scaffold was better distributed than in untreated

scaffold, and the weight and mechanical strength of the plasma-treated scaffold were
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both enhanced. Compared with PLGA(70/30), the apatite layer formed on oxygen
plasma-treated PLGA(70/30) surface enhanced adhesion and proliferation of MC3-T3
osteoblast-like cell, but had no significant effect on the ALP activity of cells at day 7.

In 2008, Hyun-Uk L. et al [17] reported the surface modification of a
biocompatible poly e-caprolactone (PCL) film treated by atmospheric cold plasma
(ACP) with reactive gases. The change in wettability and surface topology of the PCL
film after the plasma treatment with the reactive gases (Ar, Hy, N, and O,) were
determined using contact angle and surface/roughness measurements. The chemical
bonding states and molecular vibration modes.of'the activated organic groups on the
polymer surface were examined by X-ray photoelectron spectroscopy and Fourier-
transformation infrared technigues. The surface of the ACP-treated PCL films was
also examined for their inwitre cell attachment and proliferation using human prostate
epithelial cells (HPECs)./Fhe¢'increase in the hydrophobicity of the Ar+H, plasma-
treated PCL film resulted in a lower cell-jloading in the initial step of cell culture as
well as a decrease in the leyel of cell attaéhment and proliferation compared with the
pristine film. However, the hydrophlhc propertles of the Ar+N,, Ar and Ar+O,
plasma-treated PCL film improved the adhes1on properties. Therefore, the Ar+N,, Ar
and Ar+O, plasma-treated PCL films showed a better cell distribution and growth
than that of the pristine PCL film. They suggested that” ACP-treated PCL film is
potentially useful as’a suitable scaffold in biophysics and biomedical engineering

applications.

In 2008; Corona discharge-treatment was-applied 'to 'modify the surface of
polyethylene (PE) by Shin Y. N. ef al. [45]. The results showed that the wettability of
PE sunfaceswas gradually«ncréased byipower increase ofia corongditréatment along the
PE length, indicating that the hydrophilicity of PE surface increased gradually. The
adhesion and proliferation behavior of human bone marrow stem cells (hBMSCs) on
the gradient PE surface was also evaluated. They found that h(BMSCs were adhered
and proliferated on better highly hydrophilic than hydrophobic surfaces. The plot of
proliferation rate vs. the water contact angles was parabolic. These results indicated
that surface wettability played an important role in the cell attachment and

proliferation.
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In 2009, Lim J. ef al. [15] examined the effects of plasma treatment of silk
fibroin nanofiber on the cellular activities of normal human keratinocytes and
fibroblasts. Silk fibroin nanofibers were prepared by electrospinning and treated with
plasma in the presence of oxygen or methane gas to modify their surface
characteristics. The surface characteristics of silk fibroin nanofibers after plasma
treatment were examined using contact angle measurements and XPS analysis. They
found that the hydrophilicity of the electrospun silk fibroin nanofibers decreased
slightly by the methane plasma treatment. On the other hand, the hydrophilicity of the
silk fibroin nanofibers increased greatly by oxygen plasma treatment. The oxygen
plasma-treated silk fibroin nanofibers showed*higher cellular activities for both

normal human epidermal keratinocytes and fibroblasts than the untreated ones.

In 2010 Wu Y. C.éf al'[46] treated chitosan film with RF plasma using argon
gas and characterized both its physical and chemical properties. They found that
argon plasma increased nano-scale, roughﬁes_s and introduced a carbonyl group to the
chitosan surface. Meanwhilg, the contact imgles also decreased as the duration of the
plasma treatment on chitgsan was prolonééél,{indicating that the increased roughness
and carbonyl group promote the hydrophiliédify of the chitosan surface. Moreover, the
number of osteoblasts adherlng to plasma—treated chitosan films increased and their
morphology becameflatter w1th longer plasma treatments. They also demonstrated
that plasma treatmenfjon chitosan was capable of trlggerlng the initial attachment of

osteoblasts to chitosan surfaces.
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CHAPTER IV

EXPERIMENTAL WORKS

Materials

1. Type A gelatin (pI 9, Nitta Gelatin Co., Osaka, Japan)

2 Glutaraldehyde solution (25% v/v, MW 100.12 g/mol)

3. B-Alanine (C3H/NO,, MW 89.09 g/mol)

4 2,4,6-trinitrobenzene sulfonicaeid (FNBS, CcH3N3009S, MW 293.17
g/mol) J

5. Sodium hydrogen earbonate (NaHCO;, MW 84.01 g/mol)

6. Sodium chloride(NaCl, MW 58.44 g/mol)

7. Sodiumhydeoxide (N,aOIi, MW 40.00, g/mol)

8. Ethanol(C;HEOM MW 46,04 g/mol)

9. Sodium cifrate (HOC(COOEI:I éi:)(CHQCOONa)2.2H20, MW 294.10
g/mol) B

10.  Sodium dodegylsubfate (sD"S{;f’elgstosmNa, MW 288.38 g/mol)

1. Phosphate buffer'salinc (PBS, pH 7.4)

12.  Dulbecco's- modified cagle medium (DMEM, 10%medium + L-
glutamine + AB, Hyclone, USA)

13. Alpha;modiﬁed Eagle minimal essential me::(iium (a-MEM,
10%medium + L-glutamine + AB, Hyclorie, USA)

14. Fetal bovineserum (FBSsHyclone, USAy)

15.  "Penicillin/stréptomycin antibiotic (100 U/ml, Hyclone, USA)

16. Trypsin-EDTA.(0.25% trypsin with EDTA.- Na, Gibc¢o BRL, Canada)

17. 3-(4,5-dimethylthiazel-2-y1)-2,5-diphenyltetrazoliam bromide (MTT,
USB corporation, USA)

18.  Dimethylsulfoxide (DMSO, (CH3)2SO, MW 78.13 g/mol)

19. bisBenzimide fluorescent dye (Hoechst 33258, C25H24N60.3HCI,
MW 533.88 g/mol)

20. Tissue culture plates (Corning, USA)

21. Centrifugal tubes (Corning, USA)

22. Glass slip (15 mm in diameter, Matsunami, Japan)
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Lint-freed paper (Kimwipe)

4.2  Equipments

1.

2
3
4.
5
6
7

10.

11.

12.
13.
14.
15.
16.
17.

Pulsed inductively coupled plasma apparatus

AC 50Hz plasma apparatus

An OceanOptics USB4000 charge couple device (CCD) spectrometer
Freezer (-40°C, Heto, PowerDry LL3000, USA)

Vacuum drying oven and pump (VD23, Binder, Germany)

Scanning electron microscopy (SEM, Jeol JSM 5400)

UV Spectrophotometer (Versa Max, Molecular Device Japan Co.,
Japan)

Microplate zeader (1420, Perkin Elmer, UK)

Fourier transfosm.dnfrared spectroscopy (FT-IR, Spectrum GX, Perkin
Elmer, UK)

Water eontact angle and Viaeg contact analyzer (Camplus Micro,
Tantec Iu€, USA) f'l;-_

X-ray photoelectrdn Spectr(;;ééoby (XPS) (ESCALAB 250, VG
Scientific, UK) ‘ =l
Atomic force microscopy (Alf_i\/,[_?,iVeeco, Nanoscope IV, USA)
Centrifuge (AG 2233 It Eppendo}f, Germany)

Digital’balance V

Water bath

Auto-pipettes (10, 100, 1000, 5000 pl)

Multi-channel pipette

4.3 rPreparationoficrosslinked gelatinifilms

4.3.1 Preparation of gelatin film on teflon mold

Type A Gelatin was dissolved in deionized water to achieve 10 wt.-% solution.

2.5 ml of the solution was cast on a teflon mold. After solvent evaporation at room

temperature, the film with the thickness of 0.12 mm was removed and crosslinked

using dehydrothermal treatment in a vacuum oven at 140°C for 48 hr [16].
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4.3.2 Preparation of gelatin film on glass slip using casting technique
100 pl of 0.05 wt.-% gelatin solution was used to prepare film on a glass cover
slip (diameter = 15 mm.). After solvent evaporation for overnight, the film was

crosslinked using dehydrothermal treatment in a vacuum oven at 140°C for 48 hr [47].

4.4  Set up and characterization of plasma system

In this work, two types of plasma systems including AC 50Hz plasma and
pulsed inductively coupled plasma P) were used. The setup of both plasma
systems and their characteristics. Wé{é‘ /as follows.

4.4.1 Set up of glo e using A@tem
The setup of AC plasn Opﬁx loWge using alternating-current

(AC) system was shown in'Figt N,
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Figure 4.1 Schematic diagram of glow discharge using AC 50Hz system

The system consisted of a chamber connected with an AC 50Hz power supply,
a cylinder of operating gas and a rotary pump. The plasma chamber was made of

cylindrical glass. The plasma deposition process occurred between two circular
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parallel plate electrodes of 8 cm in diameter with an inter-electrode distance of 6 cm.
The 50 Hz sinusoidal high voltage was applied to one electrode while the other was
connected to the ground. The applied voltage was generated from a power supply
consisting of a variac and a transformer. The voltage across the electrodes ranged
from 3 to 15 kV. Before operation, the chamber was evacuated to less than 0.3 mbar
before the operating gas was filled to a required pressure. After the pressure was
stabilized at 1 mbar, glow discharge plasma was produced by applying the AC power.
The applied voltage was measured HSSV high-voltage probe. The discharge current

was determined using an AC a

\’l\\ w average power (W) was calculated
according to equation (1). é

% n

rge current (mA); V is the

Diffusion

189 NSNS

@ Speedivalve
1 Coupling

Figure 4.2 Schematic diagram of pulsed inductively coupled plasma (PICP) system.
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4.4.2 Set up of pulsed inductively coupled plasma (PICP) system

A pulse inductively couple plasma (PICP) was setup as shown in Figure 4.2,
where a 12 cm long cylindrical quartz tube was used to enclose gelatin films in a
vacuum. PICP was driven by discharging 130 kA of current from three 4 uF capacitor
bank. The initial store energy of the system was 2.4 kJ when the charging potential is
20 kV. For each operation, operating gas was filled at low pressure of 5 Pa after a pre-
evacuation of the quartz tube below 2 Pa by a system of diffusion and rotary pump.
When operating, the current was discharged through a single turn steel coil around the
quartz tube producing plasma inside through clectromagnetic induction process. The

plasma produced was in single shott pulse whcie'the duration was 12 ps.

4.4.3 Characterizationof plasma species
In order to characterize’N and O species of plasma produced, an OceanOptics
USB4000 charge couple device (CCD) spectrometer was used to monitor the light
emitted from the plasma jn the Wavelefig‘gh of 200 nm — 1,000 nm. The plasma
emissions were collected using @n optical f'lﬁ_ber placed about 1 cm in front of the glass
chamber. The fiber was connected to. the éﬁé&rometer through a 10 um entrance slit.

The data were acquired with'the OceanOptiG‘_dST Spectra Suite software.

45  Plasma treatment of éfbéslinked g-e‘.l-éifthfilms

Plasma treatment of crosslinked gelatin films was divided into two parts. Part I
was the study of AC 50Hz plasma effects on the physical and biological properties of
crosslinked gelatin film, This part consists of the effects of plasma condition and
storage on the properties of gelatin film andjthe effects of plasma on the improvement
of in vitro biocompatibility of gelatin film. Part II was the investigation on the effects
of pulsed inductively coupled:plasmai(PICP) on theipropértiesOf gelatin films. The
schematic diagrams of plasma treatment in part I and Il were summarized in Figure

4.3 and 4.4, respectively.
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Part I: Plasma treatment of crosslinked gelatin films using AC 50Hz plasma

system

Setting up glow discharge
using AC 50Hz system

Preparation of crosslinked
gelatin films using casting and
dehydrothermal techniques

A4

Plasma treatmeniusingsAC

50Hz system

Measurement of plasma
species using optical
emission spectroscopy

A. Effects of plasma condition and siorage B. Effects of plasma treatment on in vitro
on the properties of gelatin biological properties of gelatin
A 4
Varying Varying
- Treatment time - Treatment time
- Discharge power - Types of gas (Na,
- Plasma pressure 0O,, and air)
- Gas flow rate

A 4

Observation of storage
effects on plasma-tieated
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Part I: Plasma treatment of crosslinked gelatin films using AC 50Hz plasma
system

The experimental in this part was divided into two sub-parts. The first part
focused on the effects of plasma condition and storage behavior on the properties of
crosslinked gelatin films. In the second part, the effects of plasma treatment on the in

vitro biocompatibility of crosslinked gelatin were investigated.

A. Effects of plasma condition and storage on the properties of gelatin

Crosslinked gelatin film prepared insseetion 4.3.1 was cut into pieces with a
dimension of 2.5x2.5 cm?® and placed inside’a evlindrical tube of plasma apparatus.
The film was treated with oxygen glow discharge using AC 50Hz system. The
electrical discharge, pressuse, and oxygen flow rate were varied in the range of 3-12
watt, 0.4-2 mbar, and 3-10'Scem respectively.

After plasma treatmient, the oxygen plasma-treated crosslinked gelatin samples
(at 6 watt, 5 sccm of oXygen flow rate, arfd 1 mbar for 13 sec) were stored at different
conditions in order to explore the storage é:-ffect on the properties of gelatin films. The
plasma-treated crosslinked gelatih Samples Were kept at various storage temperatures
of 50°C, 25°C, and 5°C with the controlle-(i‘::rfelﬂtive humidity of 30+1%. The storage
effect was studied over the period of 1673 hr (7 days) via water contact angle

measurement and FTIR-ATR anélysis.

B. Effects of plasma treatment on in vitro biological properties of gelatin

In this sub-part, the crosslinked gelatin film prepared in section 4.3.2 were
plasma treated with three different types of gasses including nitrogen, oxygen and dry
air, prior to in vitro cell culture. The film was placed inside the cylindrical tube of the
plasma“apparatts and treatedswithithetglow dischangel The presstte and the discharge
power were fixed at 1 mbar and 4 watt, respectively, while the treatment times were
varied from 3 to 30 sec. The set of the investigated samples were summarized in

Table 4.1. The details of in vitro test were described in section 4.7.2.
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Table 4.1 The set of AC 50Hz plasma-treated and untreated gelatin samples

Samples Type of gas plasma Treatment time (sec)
Untreated - -
N-3 Nitrogen 3
N-9 Nitrogen 9
N-15 Nitrogen 15
N-30 Nitrogen 30
0O-3 Oxygen 3
0-9 Oxygen 9
O-15 Oxygeén 15
0-30 Oxygen 30
A-3 Air 3
A9 | Al 9
A-15 : Alir 15
A-30 _. _,x;iir_.‘ 30

Part I1: Plasma treatment of crossllnked gelatln films using PICP system
Crosslinked gelatin ﬁlm was. cut 151;6 pleces with a diameter of 14 mm and
placed inside a cylindrical quartz fube of PICP apparatus The film was PICP-treated
by a single pulse dlscharge generated by electrlcal energy storage The repeated pulse
discharge for 10 and 20 times was apphed to the samples, in order to investigate the
accumulating effect on;the biological and physical properties of the gelatin films. The

set of tested samples were summarized in Table 4.2

Table 4.2 The set of PICP-treated and untreated gelatin samples

Sainples Number ofirépeated pulsed
G-0 0
G-1 1
G-10 10

G-20 20
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4.6  Characterization of plasma-treated gelatin films

4.6.1 Wettability
Contact angles of crosslinked gelatin films were measured by sessile dropping
technique at room temperature. Deionized water and ethylene glycol were used as
liquid media. After 30 sec of dropping, the contact angle of the samples was measured
and averaged from 5 measurements (+standard deviation). The surface free energy

was calculated according to Young™s equations as follows [21]:

(1+cos )y, = 2((7?72{1 )1/2 b (75]‘?751 )l/ZJ )

(1 +cos &, )7L2 = 2((7?72[2 )1/2 T (7{]9)752 )l/zj (3)

where yds is the surface’€nesgy Of dispe;‘sive compornent; ’s is the surface energy of
polar component; ¢; is the contact angle Qf water; and 6, is contact angle of ethylene
glycol. For water, y,; = 72.§ mJ/mz, ydu-j,.="22.1 mJ/mz, and Y’1; = 50.7 mJ/m>. For
ethylene glycol, y;, = 48.0 mJ/m’, qug = 290 mJ/mz, and 1, = 19.0 mJ/m’.

¥

i

4.6.2  Surface topology 2224
Surface topography -of the plasrﬁé4ﬁeated and untreated samples was
examined using atomic force microscopy (AFM.  Veeco, Nanoscope IV, USA) in a
tapping mode. In ord€r to ensure that the crosslinked gelatin films were not altered by
scanning tip, the speciimens were kept at 80°C for 2 hr-prior to AFM measurement.
Three-dimensional images-and_surface topography parameter data were acquired
using Nanoscope image-pracessing.softwate. Thel.surface patameters were averaged

from 4 area points of each sample and reported as-the mean + standard deviation (n =

4).

4.6.3 Surface chemistry
Fourier transform infrared attenuated total reflection spectroscopy (FTIR-ATR)
FTIR-ATR spectra were collected on a Bruker Tensor-27 FTIR single beam
spectrometer. A KRS-5 crystal with a dimension of 50 x 20 x 5 mm® was used. Each
spectrum represents 32 scans ratio against a reference spectrum obtained by recording

scans of an empty ATR cell.



44

X-ray photoelectron spectroscopy
The chemical bonding states and atomic ratio of untreated and plasma-treated
crosslinked gelatin surfaces were examined by X-ray photoelectron spectroscopy
(XPS: VG Scientific, ESCALAB250, UK) using Al-K, (1486.6 e¢V) X-ray source.
The pressure in the sample chamber was controlled at 10® - 10” Torr. The photo-
emitted electrons were collected at a take-off angle of 90°. The deconvolution process

was performed by the curve fitting of Cls, Ols and N1s peaks.

4.6.4 Thermal property

The thermal properties of gelatin filts#*were examined using a differential
scanning calorimeter (NETZSCII DSC 204 F1, Germany). 5 mg of gelatin film was
sealed in an aluminum pan”and then heated at the rate of 10°C/min from room

temperature up to 250°C, |

4.6.5 Degree‘of crosslinking

The determination of degree ofll_crosslinking was carried out by modifying
the method of Bubins er a@/.[48]. The conééi)t-"-of this method was to react free amino
groups of gelatin, which indicated uncrosé_iifllgipg groups, with 2,4,6-trinitrobenzene
sulphonic acid (TNBS). Briefly, about 5 mg_ Qf gelatin films was weighed into a test
tube where 1 ml of 05 4Wil/vol.% TNBS solutionléiid. 1¢inl of 4 wt./vol.% sodium
hydrogen carbonate (NaHCO;, pHS8.5) were added. It was then heated at 40°C for 2 hr.
The uncrosslinked primary amino groups of gelatin would react with TNBS and form
a yellow soluble complex. This solution was further treated with 2 ml of 6 N HCI at
60°C for 1.5 hr. The absorbance of the solutions- was determined at 415 nm after
suitable dilution spectrophotometrically. The degree of crosslinking was then

calculated tnising the, following:equation fand «the Gyalues “wer®, éxpressed as the

meanztstandard deviation (n=4).

Degree of crosslinking (%) = 1- | Absorbance of crosslinked films x 100 (4)

Absorbance of uncrosslinked films
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4.7  Invitro cell culture
In order to investigate the effects of plasma treatment on the biological
properties of gelatin films, both L.929 mouse fibroblast and rat bone marrow-derived

stem cell were used. The details of in vitro cell culture are described as follow.

4.7.1 Invitro cell culture using L929 mouse fibroblast

Plasma-treated and untreated gelatin films were placed into 24-well plates and
sterilized in 70 vol.-% ethanol for 30 min. To remove ethanol, the samples were
extensively rinsed with phosphate-bufferd saline (PBS). L929 mouse fibroblast cells
were seeded at a density of 2x10” cells per filtusin DMEM containing 10 vol.-% fetal
bovine serum and incubated at 37°C in a 5 vol.-% CO, incubator. After cultured for 3,
6, 24 and 72 hr, the culturesmedia was then removed and the films were rinsed with
PBS. Cell morphology was observed under an optical microscope. The spreading area
of cells after cultured for,24 hr was determined using Image J-Analysis software. A
minimum of 80 cells werg'examined for-_feagh sample. Cell viability was determined
using MTT assay [49)¢ Buiefly, 3-(4,S-éi_methylthiazolyl)-Z,S-diphenyltetra zolium
bromide (MTT) was added and-iﬁcubated-':f(;f 30 min. Dimethylsulfoxide (DMSO)
was used to elute complex €rystals and thé ab!‘s_‘orbance of solution was measured at
570 nm using a spectrophotometer. 1he res_ﬁ_ltzs-_l were reported as the number of cells
using a standard curve prepared‘ from L92.9‘ m(;use fibroblast. The same treatment of
the films without ¢ells was used as control. All data “were expressed as mean +
standard deviation (n=3). The population doubling time (PDT) was calculated from
logarithmic of cell proliferation from 24 to,72 hr according to the following equation

[50].

Multiplicationate (r) £ 3132x(log N5:logNj ) 7y(t5°t) ) %)
PDT = 1/r (6)

where N; and N, are the number of cells at the culture time of t; and t,, respectively.

4.7.2 Invitro cell culture using rat bone marrow-derived stem cell
4.7.2.1 Isolation of rat bone marrow derived stem cells (MSCs)
Rat bone marrow-derived stem cells (MSCs) employed for biocompatibility
test of untreated and plasma-treated films were isolated from the bone shaft of femurs

of 3-week-old female Wistar rats according to the technique reported by Takahashi Y.
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et al. [12]. After sacrify and sterilization, both ends of rat femurs were cut away
from the epiphysis and the bone marrow was flushed out by a syringe (16-gauge
needle) with 1 ml of medium. The cell suspension was then cultured in tissue culture
plates containing Alpha-modified Eagle minimal essential medium (a-MEM)
supplemented with 15 vol.-% fetal bovine serums (FBS) and 100 U/ml
penicillin/streptomycin at 37°C, 5% CO,. The medium was changed on the 4t day
after isolation and every 3 days thereafter. When the proliferated cells become
subconfluent, usually for 7 to 10 days, the cells were trypsinized using 0.25 wt.-%

trypsin-EDTA. The cells of the sec- and third-passage at sub-confluence were used.

4.7.2.2 Cellculture

Plasma-treated andetiniréated gelatin films were placed into 24-well cell
culture plates and sterilized in/70 vol.-% ethanol for 30 minutes. To remove ethanol,
the samples were extensively rinsed with phosphate-bufter saline (PBS). MSCs in a-
MEM containing 15 vol.-% fetal bovine -sérpm and 100 U/ml penicillin/streptomycin
were seeded onto the films at 2 x 10 celis_/ﬁlm and incubated at 37°C in a 5 % CO;
incubator. After cell culture for 3, 6, 12 and 18 hr, the culture media were removed
and the films were then rinsed. twice witﬁ_ij)i}% Cell viability was determined using
DNA assay [12]. Briefly, the cell samples W_.Tc_r,:éjlysed in 30 mM sodium citrate-buffer
saline solution (SSC;pH 7.4) cbntaining 02 rﬁg/ml soditim dodecylsulfate (SDS) at
37°C for overnight) Cell lysates were then mixed with a fluorescent dye solution
(Hoechst 33258 dye) in black 96-well plate. The fluorescent intensities of mixed
solution were immediately measured at the excitation and emission wavelength of 355
and 460 nm, respectively. The results were reported as the number of cells using a
standard curve prepared from MSCs. The same treatment of the films without cell
was used astcontrely All dataswete expressed as medan 't standardydeviation (n=3). In
additiony the percentage of cell attachment was calculated according to the following
equation:

Yoattachment = ixl 00 (7)

NO

where N, and Ny were the number of attached cells at a specific culture time and

seeded cells, respectively.
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4.7.2.3 Cell morphology and spreading observation
After 6 hr of culture, attached MSC on the films were fixed in 2.5 vol.-%
glutaraldehyde solution at 4°C for 1 hr. Gelatin films were then serially dehydrated by
series of ethanol 30, 50, 70, 80, 90, 95 and 100 vol.-% for 5 minutes at each
concentration. Hexamethyldisilazane (HMDS) was added to dry the dehydrated
gelatin films at room temperature. The morphology of cell attached was observed
using scanning electron microscopy (SEM, JEOL, JSM-6400). The dry gelatin films

were carefully fixed on stubs and gold ted using JEOL JFC-1100 sputtering device

prior to SEM observation. In additio aphs of cell attached on each film
were taken at 10X magnificatio: \% glicroscope. Cells spreading area

was determined using [Magse J-Analys %minimum of 40 cells were
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CHAPTER V

RESULTS AND DISCUSSION

5.1  AC 50Hz plasma characterization

Optical emission spectroscopy was used to monitor the excited plasma
reactive species generated by AC 50Hz plasma. The optical emission analysis is
expected to explicate the reaction of reactive.speeies that may contribute to plasma
surface modification. The.emission spectra of AC.50Hz plasmas generated using
nitrogen, oxygen, and dry air,were presented m Figure 5.1. The results showed that
nitrogen plasma mainly consisted of n‘itrogen molecule radical (N;) and nitrogen
molecule ion (N,") as'indicated by_ the. strong peaks at the wavelengths of 315.9,
337.13 and 357.8, 391 44 nm, respectlvel-y [51] For oxygen plasma, the strong peaks
were observed at the wayelengths o777 -42 ‘and 844.56 nm corresponding to oxygen
radical (O") [52]. For air plasma; both mtrogen and oxygen species were observed. In

addition, the hydrogen radical (H )Was ndt{eed at the wavelength of 656.30 nm when
,J J
all types of plasma were generated The?e’sults on optical emission spectroscopy

.,..

reactive SpCClCS on thC surface of crosslinked gelatm films. |
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Part I: Plasma treatment of crosslinked gelatin films using AC 50Hz plasma
system

In this part, the results were presented and discussed into two sub-parts; A: the
effects of plasma condition and storage on the properties of crosslinked gelatin films,
and B: the effects of plasma treatment on the enhancement of in vitro biocompatibility

of crosslinked gelatin films, as described in section 4.5.

A. Effects of plasma condition and storage on the properties of gelatin

AC 50Hz oxygen plasma was introduced to treat crosslinked gelatin films. The
effects of plasma conditions including treatiment time, discharge power, plasma
pressure, and gas flow rate on the properties of crosslinked gelatin were reported.
Also, storage effects of plasma-ireated crosslinked gelatin films were discussed.

5.2  Wettabilityof grosslinked gelatin films

The wettability of /the plasma-tréét@d substrate is known to be affected by
plasma operating conditions'such as treattill_ent time, discharge power, plasma pressure,
and gas flow rate [53]. Figure 5.2 depicted f}'le-"-water contact angle measured from the
plasma-treated and untreated crosslinked-_‘.g;éle}-‘gin films as a function of discharge
power and treatment time. The oxygen ﬂov_? ff;te and pressure were fixed at 5 sccm
and 1 mbar, respectively. It could be noticéd:t_}_l-é_t the watef contact angle of untreated
crosslinked gelatin films was 86.9°. After plasma treatment for 1 sec, the water
contact angle of crosslinked gelatin was significantly decreased compared to untreated
film. Increasing treatment time resulted in continuous decreasing of water contact
angle. When the crosslinked gelatin films were treated longer than 13 sec, the contact
angle seemed t0 be consistent. This implied that the hydrophilicity of plasma-
crosslinked gelatin~films wascsattrated by)plasma“tréatment. The decreasing of water
contact angle after plasma treatment revealed the strongly increased hydrophilicity of
crosslinked gelatin surface induced by oxygen glow discharge. This could be
attributed to the oxygen-containing functional groups that were incorporated onto the
surface during plasma treatment [54]. As reported by Morent R. et al, treatment of
oxygen-containing plasma could introduce C=0O and O-C=O polar groups on the
surface of polyethylene terephthalate (PET), resulting in enhanced surface

hydrophlicity [53].
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When discharge power was increased from 3 to 9 watt, the water contact angle
of crosslinked gelatin films was faster decreased than that of discharge power 3 watt.
However, when discharge power was increased from 9 to 12 watt, the water contact
angle of crosslinked gelatin films was unchanged, as seen in Figure 5.2. This could be
explained that the increasing of discharge power could promote the amount of
reactive oxygen species. This led to more incorporation of oxygen-containing polar

groups, resulting in faster decrease in contact angle [53].
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-o- OWatt
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0 1 2 3 4 S 6 7 8 9 10 11 12 13 14 15
Treatment time(second)
Figure 5.2. The water-contact-angle-of-oxygeinplasia-treated crosslinked gelatin

films as a function ot discharge power and treatment time.

The effectpof eperatingnpressure .on swater jcontaet .angle of plasma-treated
crosslinked gelatin “films was shown in “Figure=5.3." The ‘oxygen flow rate and
discharge power were fixed at 5 sccm and 6 watt;-respectively while the pressure was
varied from 0.4 tay2 mbar., Theresult~showed that when the plasma treatment was
performed at high operating pressure, the water contact angle of plasma-treated
crosslinked gelatin films were sharply decreased compared to that at low operating
pressure. The water contact angle of crosslinked geatin films at the operating pressure
of 0.8, 1, and 2 mbar reached the saturation value after treated with plasma for 9 sec,
while at the operating pressure of 0.4 mbar, the water contact angle was unchanged
after treated with plasma for 11 sec. This behavior could be attributed to the great

number of active oxygen species at high operating pressure [53]. High concentration
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of active species could easily incorporate onto the crosslinked gelatin surface, leading

to a much lower contact angle.
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Figure 5.3. The water gontact angle of ;‘oi-ygen plasma-treated crosslinked gelatin

films as a function of operating pressure and treatment time.
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films as a function of oxygen flow rate and treatment time.
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The effect of oxygen flow rate on water contact angle of plasma-treated
crosslinked gelatin was presented in Figure 5.4. The pressure and discharge power
were fixed at 1 mbar and 6 watt, respectively. It could be noticed that the water
contact angle of plasma-treated crosslinked gelatin films at high oxygen flow rate was
slowly decreased compared to that at low oxygen flow rate. For the treatment period
of 1-13 sec, the water contact angle of film treated by plasma at the oxygen flow rate
of 3 sccm was noticed to be significantly lower than those at 10 sccm. At higher
oxygen flow rate, the number of reactive oxygen-containing species in the plasma
region decreases, leading to slower decrease in water contact angle [53]. The result
suggested that, to enhance hydrophilicity of €rosslinked gelatin surface, the used gas

flow rate should be as low as possible.

5.3  Surface tgpography of crossliked gelatin film

The surface topography of erosslinked gelatin films before and after oxygen
glow discharge treatment anvestigated bg{a AFM was shown in Figure 5.5 while the
calculated mean surfacé rouighness (Rm"ls_) of surface roughness was presented in
Figure 5.6. The surface of unireated crossliﬁkéﬂ gelatin was smooth (Figure 5.5a) and
the mean surface roughness was 0.53 nm;ﬁ’te‘r treated with oxygen glow discharge,
the gelatin surface became obvieusly roug__f_l,: e}nd irregular (Figure 5.5b-5.5f). The
mean surface roughness was sighiﬁcantly i.ri(;r_é-!a_séd with dricreasing plasma treatment
period from 3 to 15 sec. The maximum mean surfacé roughness, obtained from
plasma-treated gelatin film for 15 sec, was 4.63 nm. In general, oxygen plasma
treatment is known tos have etching effect on polymer surface and produce
nanostructure 'surface topography {44]. 'Enhanced- roughnessijof crosslinked gelatin
surface could be obtained when increasing the plasma treatment period. From the
result oty stifface, ranghness,and waterfcontact-angle, dt'conldbe foticed that when the
contact angle was decreased, the surface roughness was increased. This trend
corresponded to the previous study reported by Litte U. ef al. [55]. This suggested that
plasma treatment could affect both water contact angle and surface roughness of
crosslinked gelatin films. The alteration of water contact angle of plasma-treated

gelatin film could be affected by the change of surface roughness.
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Figure 5.5. Surface topograRhy of (a) untreated crossh?ked gelatm film and oxygen
plasma-treated crosshnked gelatln films at the treatment time of (b) 3 sec, (c) 5 sec,
(d9 see, (e) 13"sec and @), 15;:see (plasma operatlng COIIdlthIl 6 watt, 5 sccm and 1

mbar) (data scale 10 nm. ).
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Figure 5.6. The calculated mean/surface rpughness (Rms) of oxygen plasma-treated
crosslinked gelatin filmsas a function-of greatment time.

5.4  Storage effgct on plasma-trjéated crosslinked gelatin films

To investigate the effect of storagé:é fthg oxygen plasma-treated gelatin film
was stored at different time periods and teii;ﬁé}atures. Figure 5.7 showed the water
contact angle of oxygen plasma-treated crossliriked gelatin films as a function of
storage time and tempeiatuietioi-the-iesuli-it-was-evident that the contact angle of
plasma-treated crosslinked gelatin films was increased after storage at all storage
temperatures. After storage for 72 hr, the contact angle of the plasma-treated gelatin
films reached the saturation, values The filmsraged at-high, temperature (20°C, 50°C)
exhibited a faster recovery of contact angle compared to that at low temperature (5°C).
Especially at 50°C, the contact angle of the plaSma-treated crosslinked gelatin film
approached the value of the untreated crosslinked gelatin/surface: It has been reported
that increasing the storage temperature could enhance the polymer chain mobility and
surface rearrangement [53]. This led to a decrease in the polar groups on the surface
of gelatin films [26]. At the storage temperature of 5°C which was far below the glass
transition temperature (7,) of gelatin, the low mobility of polymer chain occurred

resulting in less hydrophobic recovery of plasma-treated crosslinked gelatin films.
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Figure 5.7. The water contact angle of oxygen plasma-treated crosslinked gelatin

films after storage at diffcrent storage-time and temperature.

After storage at 25°C and 3°C for::'-1'68 hr (7 days), the alteration of surface
chemistry was examined by FTIR-ATR. 'Fhe results in Figure 5.8 showed that the
characteristic peaks of crosslinked gelatig ﬁlms were at 1655 and 1537 cm’™,
corresponded to COQ-asymmiétric stretching and amide 11 of gelatin, respectively [56].
After treated with plasiias-ai-obvious-transiittance-band af 3293 cm™, corresponded
to OH group vibration-{57], was observed. This suggested that the oxygen-containing
groups such as OH could be incorporated into the crosslinked gelatin surface during
plasma process:{ After storage ratsthestemperature 0f-25°€ and 5°C for 168 hr, the
transmittance peak of plasma-treated crosslinked gelatin films“at 3293 cm™ tended to
slightly decrease. The characteristic peak of the samples stored at25°C seemed to be
similar 1o that of untreated film. The results from FTIR-ATR revealed that, storage at
high temperature could recover the surface chemistry of plasma-treated crosslinked
gelatin.

In Figure 5.9, the calculated mean surface roughness (Rms) of plasma-treated
crosslinked gelatin films after storage at 25°C for 3 months was compared to that
without storage. This depicted that the surface roughness of films caused by plasma
treatment was not recovered. The results suggested that the hydrophobic recovery

during storage process could be likely due to the recovery of surface chemistry, not
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the surface roughness [55,58]. In the other words, the surface roughness of gelatin

films obtained from plasma treatment was a non-recovery effect.
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Figure 5.8. The FTIR=ATR spéctra of “untreated  and oxygen plasma-treated

crosslinked gelatin films after storage process:
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Figure 5.9. The calculated mean surface roughness (Rms) of storage and non-storage

oxygen plasma-treated crosslinked gelatin films.
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55  Summary

Oxygen glow discharge using AC 50Hz was being introduced to treat gelatin,
one of the widely used biomaterials. The hydrophilicity of plasma-treated crosslinked
gelatin was promoted in comparison to untreated samples. The surface roughness of
gelatin film was noticed after plasma treatment. The roughness was further increased
with increasing plasma treatment period. We have demonstrated that the reduction in
contact angle of plasma-treated crosslinked gelatin films, which indicated the

improvement of hydrophilicity, could ue to the cumulative effects of changes in

the surface chemistry and s ’ s. The storage process at various
temperatures was found to recoy 1 x,of the film at different rates, due
to the recovery of surfw ated crosslinked gelatin film. It
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B. Effects of plasma treatment on in vitro biological properties of gelatin

In this part, three different types of gas plasmas including nitrogen, oxygen,
and air plasma were introduced to treat the crosslinked gelatin films. The effects of
plasma treatment on the wettability, surface roughness, and surface chemistry of
crosslinked gelatin were elucidated. Lastly, the behavior of rat bone marrow-derived
stem cell and L929 mouse fibroblast on plasma-treated gelatin surface were reported,

compared to that on untreated surface.

5.6  Wettability and surface energy of crosslinked gelatin films

The water contact angle and surface ire€ energy of untreated and plasma-
treated crosslinked gelatin films as a function of freatment time and type of gas were
shown in Figure 5.10 and Figuze 5.1 L, tespectively. It could be noticed that the water
contact angle of untreated crosslinked! gelatin films was 84.3+£5.2°. After plasma
treatment for 3 sec, the avatér /contact angle was sharply decreased to 55.6+4.4°,
Longer treatment time‘resulted in a further decrease till the water contact angle of the
crosslinked gelatin film§ reached 23.4i1‘!.,6° at the treatment time of 15 sec for all
gases used. The decreasg of water contact':aﬁ-gle as a function of plasma treatment
time did not significantly alter when vario.{i_-sr— gases were used. The total surface free
energy of untreated crosslinked gelatin Was :l38.6i2.1 mJ/m®. After treated with
plasma for 3 sec, the'total surface free ener.gil_;léé significantly increased to 47.5+1.7
mJ/m’>. However, affer treated with plasma for 15 sec, the surface free energy of
gelatin film seemed to be consistent at 70.0£1.1 mJ/m” for all gases used. Comparing
the variation in polar and-dispersive components of surface free energy (Figure 5.11),
it was shown that ‘after treated with plasmaj the polar compornent of gelatin film was
increased, whilé the dispersive component of the surface was decreased. Similar trend
was observed for all\gasSes used.

Erom the results, it was obvious that the polar groups could be incorporated
onto the surface of gelatin during plasma treatment, resulting in highly hydrophilic
gelatin surface. In addition to the introduction of polar groups, the wettability of
polymer surface was reported to be possibly caused by material crosslinking, surface
roughness, and surface chemistry [55,59]. However, our previous study found that
short time treatment of plasma had no effect on the degree of crosslinking of gelatin
film [16]. Therefore, the decreasing in water contact angle might be resulted from the

change of surface roughness and surface chemistry. In order to observe whether the
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alteration of surface roughness and chemistry of plasma-treated gelatin surface were
the reasons of increased hydrophilicy, the observation of surface topology and
chemistry of the gelatin film treated by nitrogen, oxygen, and air plasma must be

considered.
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Figure 5.11 The surface energy, polar component and dispersive component of (a)

nitrogen plasma-treated gelatin film, (b) oxygen plasma-treated gelatin film and (c) air

plasma-treated gelatin film. *represented a significant difference at p<0.05 relative to

untreated films.
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Figure 5.12 Surface topology of (a) untreated crosslinked gelatin films, and oxygen
plasma-treated crosslinked gelatin films at 4 watt and 1 mbar for (b) 3 sec, (c) 9 sec,

(d) 15 sec and (e) 30 sec (data scale 10 nm.).
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5.7  Surface topology of crosslinked gelatin films

As mentioned earlier that surface topology could affect the wettability of the
polymer surface. So the effect of plasma treatment on the surface topology of
crosslinked gelatin films was investigated. The surface topology and the quantitative
parameters of surface roughness of crosslinked gelatin films before and after oxygen
plasma treatment investigated by AFM were shown in Figure 5.12. The surface of the
untreated crosslinked gelatin was smooth (Figure 5.12a) with the calculated mean
surface roughness (Rms) of 0.654+0.60 nm. After treated with oxygen plasma for 3 to
30 sec, the surface topology was unchanged:(Figure 5.12b-5.12d). No significant
difference between the Rms of untreated and plasma-treated crosslinked gelatin films
was noticed. The results on surface topology of plasma-treated gelatin films using
nitrogen and dry air were similarto those using oxygen (data not shown).

The observation ofSutface topology in Figure 5.12 revealed that the surface of
gelatin films remained umchange after nitrogen, oxygen, and air plasma treatments
were applied. Generally, the enhanceme}it of surface roughness caused by plasma
treatment depended onuthe ©Operating cori!d_itions such as discharge power, pressure,
and treatment time [60]. JIn this study. the-':!ép‘iolied AC 50Hz plasma at the operating
discharge power of 4 watt could nof alter tﬁ:_ér—sg_rface roughness of crosslinked gelatin
films since the low density of high energy actlve species could not physically etch the
surface of gelatin film [60]. These results ensufed that the alteration of the wettability
of plasma-treated ctosslinked gelatin films was not affected by surface topology of

films.

5.8 [Surface chemistry of crosslinked gelatin fiims

In order'to observe whether the alteration of surface chemistry of plasma-
treated-gelatin Surface aused-higher hydrophilicity of|surface, fve have investigated
the surface chemistry by XPS. The survey spectra of plasma-treated and untreated
were showed in Figure 5.13. It could be seen that after treated with nitrogen, oxygen,
and air plasmas, the N1s, Ols and Cls spectra were presented at the same binding
energies as observed in the case of untreated film. In order to quantify the
composition of gelatin surface, the deconvolution of the N1s, Ols and Cls spectra of
nitrogen plasma-treated and untreated crosslinked gelatin films were performed as
showed in Figure 5.14. Four peaks corresponding to N1s (400 eV), Ols (532 eV),
Cls (285 eV) and Cls (288 eV) were observed. Based on the peak-fitting, N1s spectra
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represents C-NH, Ols represents —-COOH or —OH, Cls at 285 eV represents C-CH
and Cls at 288 eV represents C-O-O [17]. The same Nls, Ols and Cls spectra of
gelatin films were also obtained after treated with oxygen and air plasma.

To quantitatively compare the change of the film before and after plasma
treatment, the relative ratios of O/C, N/C and O/N were calculated and summarized in
Table 5.1. The result showed that O/C, N/C, and O/N ratios of untreated film were
0.29, 0.14 and 2.1, respectively. After treated with nitrogen plasma for 30 sec, O/C
and N/C ratios were increased up to 0.34 and 0.25, respectively, while O/N ratio was
decreased to 1.4. Similar phenomena were also observed in air plasma treatment.
After treated with air plasma for 30 sec, O/C.and N/C ratios of gelatin films were
increased up to 0.40 and 0.19, respectix?ély, while O/N ratio was slightly increased to
2.2. When gelatin films were ireated with oxygen plasma, the O/C and O/N ratios
were continuously increaseéd with increasing treatment time, resulting in the highest
O/C and O/N ratios at 0.52'and 2.9, respectively, after 30 sec of treatment.

It is well known that the‘functfgf)ngl groups such as N-containing and O-
containing groups could be generated oflLt_o the surface of substrate during plasma
treatment [17]. These functional groups m}ght be performed by the formation of N
and O species obtained from nitrogen, oxygen,, and air plasma. As seen in Table 5.1
that the N/C ratio generated by nltrogen pl_ma and O/C ratio generated by oxygen
plasma was increased with 1 1ncreas1ng treatment tlme This suggested that hydrophilic
functional groups such as NH, and COOH might be 1ncorp0rated onto the surface of
gelatin films. The increase of N/C and O/C ratios of plasma-treated gelatin films
could result in the decfease of water contact angle. It could be concluded that plasma
treatment by A€ 50Hz using all three gases was able to quantitatively alter the surface

chemistry of thé films resulting in the change of wettability of gelatin surface films.
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Table 5.1 Atomic compositions and relative ratios of C, N, and O calculated from

XPS spectrum of plasma-treated and untreated crosslinked gelatin surface.

Atomic compositions (%) Atomic ratio

Samples

C O N o/C N/C O/N
Untreated 0.14 2.1
N-3 0.16 2.2
N-9 0.20 1.7
N-15 0.27 1.4
N-30 0.25 1.4
0-3 0.13 2.6
0-9 0.15 2.7
O-15 0.17 2.7
0-30 0.18 2.9
A-3 0.16 24
A-9 0.16 2.5
A-15 62.5 ¢ 26.6 10.8 0.43 0.17 24
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5.9  Biocompatibility test

The biocompatibility of untreated and plasma-treated crosslinked gelatin films
using MSCs and 1929 fibroblast was presented in this section. Due to a limit in cell
number, MSCs was used to emphasize on the effects of plasma treatment on the

attachment, while L929 was used to investigate the cell proliferation.

5.9.1 MSC cell culture

Attachment of MSC on crosslinked gelatin films

The number of MSCs attached on untreated and plasma-treated gelatin films
after cultured for 3, 6, 12, and 18 hr werc.shown in Figure 5.15. At early stage of
attachment (after cultured for 3 ki), the fumbers of cells attached on nitrogen, oxygen,
and air plasma-treated gelatin films were observed to be more than that on untreated
sample. Especially the samples freated with nitrogen plasma for 9 to 30 sec, with
oxygen plasma for 3 sec, andwith air plasma for 9 sec, significant differences on the
number of cells attached were observed; as compared to that on untreated sample.
After longer period of gulture, it was evicient that treatment by nitrogen plasma for 9
to 30 sec, oxygen plasma for 3 séc, and air, ﬁlaiéma for 9 sec could greatly enhance the
attachment of cells on the gelatin films. Hg\;lgxer, longer treatment by O-containing
plasma such as oxygen and air could not ﬁTrther enhance cell attachment on gelatin
surface. The number'of célls attached on oxygén and air plasma-treated gelatin films

tended to decrease wlien longer treatment was applied.

Morphology and spreading area of MSCs attached on gelatin film

After 6/hr of cell seeding, the spreading areas of MSCs attached on untreated
and plasma-treated crosslinked gelatin were observed as presented in Table 5.2. A
significantly-larger spreading=area 0f:MSCs was néticed onthcysurface of plasma-
treated gelatin films compared to that on untreated surface. The maXimum spreading
area of MSCs on gelatin surface was obtained when the nitrogen, oxygen, and air
plasmas were applied for 15 to 30 sec, 3 sec, and 3 sec, respectively. The
corresponding morphology of maximum spread MSCs attached on gelatin film treated
with each type of plasma was shown in Figure 5.16. The cells attached on plasma-
treated surface were more elongated and flattened compared to rounded shape of cell

on the untreated sample (Figure 5.16a).
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Figure 5.15 Number of MSCs attached on (a) nitrogen plasma-treated gelatin films,

(b) oxygen plasma-treated gelatin films, and (c) air plasma-treated gelatin films,
determined by DNA assay. * represented a significant difference at p<0.05 relative to
untreated samples. ¢ represented a significant difference at p<0.05 relative to N-15
and N-30. ° represented a significant difference at p<0.05 relative to O-3.

trepresented a significant difference at p<0.05 relative to A-9.



Table 5.2 The spreading area of MSCs, and percentage of cell attachment after 6 hr
cultured on plasma-treated and untreated gelatin films. * represented a significant

difference at p<0.05 relative to untreated films.

Samples Cell spreading  Percentage of cell attachment
area (um?) (%)

untreated

0-3 64+13*
0-9 4810
0-15 2743 %
0-30 2745 *
A-3 43110
A-9 m6:|:4*
A-15 ¢ 2000% 30+13
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Figure 5.16 Morphology of Sﬁl'se_ell att@fte\ 6 hr of culture on (a) untreated
gelatin film, and plasma-treated ’ge-l?ftm ﬁh@,&gﬁ_g (b) nitrogen for 15 sec, (c) oxygen
for 3 sec, and (d) alr_fbr 9 sec. ) [

Y] f J

The results fI‘Q[Jl in vitro cell culture using MSCS ensured that the plasma-
treated gelatin film indu€edscell to attach with large spreading area as elucidated in
iria]t

Table 5.2 and@jgﬁ;é jg_ﬂga'hn ﬂylcﬁhwhg r@ted gelatin films were

more favorable to cell attachment than untre&ed gelatin ﬁla}s This could be
explalﬂl Wqﬂa 1&: ﬂ'ﬁ Wp%’wbﬁ}’gr%bgy’}aﬁrﬂmtable for cell
attachmént. Many studies have reported the interaction of different types of cells with
various substrates having different wettability. Tamada Y. et al. stated that a polymer
surface with a water contact angle of 70° provided the most suitable surface for cell
adhesion [6]. However, the surface used in their report was not well controlled in term
of roughness, ionic charge, etc. Lee J. H. ef al. also reported the adhesion of fibroblast
and endothelial cells on polyethylene surface with wettability gradient produced by

corona discharge. They found the maximum cell adhesion on the surface with the



72

water contact angle of 55°[39]. According to our results, it was shown that the water
contact angle of gelatin surface suitable for MSCs cell attachment depended on the
type of gas used to generate plasma. In other words, differences in surface chemistry
introduced by various types of gas plasmas provided different specific water contact
angle suitable for MSCs attachment. In the case of nitrogen plasma treatment, it was
obvious that MSCs could greatly adhere on the highly hydrophilic gelatin surface.
The maximum attachment of MSC on gelatin surface appeared at the film plasma-
treated for 15 and 30 sec (water contact angle = 27° to 28°). It was also reported in our
previous study that gelatin surface treated with nitrogen pulse inductively coupled
plasma (PICP), having the contact angle”0f*27° to 28° provided the greatest
attachment of 1L929 mouse fibroblast [16]. The greater attachment behavior could be
attributed to the increase.of N-=containing functional groups such as NH; on the
surface of gelatin during mitrogen plasma treatment. Since the adhesive glycoproteins
such as fibronectin and vitronectin'played important roles in the initial cell attachment,
the N-containing groups swere capablefj of efficient interaction with protein by
hydrogen bonding, whigh could affect the‘la_dsorption of serum adhesive glycoproteins
[61]. In addition, N-containing functional gibﬁps mcorporated into the gelatin surface
could provide positively charged surfaég r—a_:c_‘ physiological pH, inducing better

interaction with negatively charged cell surface {47,62].

Considering the plasma treatment usmg giygen-containing gas such as oxygen
and air, it was cleatly observed that as the surface wettability of gelatin films was
continuously increased with increasing treatment time, the number of adhered cells
was increased and thenr decreased at longer treatment time. This suggested that
moderately hydrophilic surface of type A gelatin film was most favorable to MSCs
attachment. The maximum attachment was observed at the treatment time of 3 sec
(water/Contact angle=55°)foroxygen plasma treatment) and at thetrgatment time of 9
sec (water contact angle=40°) for air plasma treatment, as summarized in Table 5.3.
The increase of cells attachment on oxygen and air plasma-treated gelatin surfaces
with moderate hydrophilicity could be attributed to the hydrophilic part of protein
existing in the outer region of cell membrane due to the repulsion of hydrophobic part
of protein and phospholipids in the inner region of cell membrane [62]. Therefore, the
hydrophilic property of the plasma-treated gelatin surface could promote cell
attachment by increasing the affinity between the protein and gelatin surface. This

corresponded to the previous report by Shin Y. N. et al. [45]. They examined human
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bone marrow derived stem cells (hBMSCs) adhesion to polyethylene surface with a
gradient of wettability prepared by oxygen-containing gas corona discharge. It was
reported the maximum cell adhesion on substrate with moderate hydrophilicity at
water contact angle of 57°.

Interestingly, as observed in Figures 5.15b-5.15c, high hydrophilicity of
oxygen and air plasma-treated gelatin surface could not further enhance cell
attachment. The highly hydrophilicity could be resulted from the high O/C ratio
introduced onto gelatin surface. Daw R. et al. reported that an increase of O/C ratio
and carboxylic acid reduced the number of attached osteoblast-like cell. In addition,
increase of O/C ratio led to highly negative ¢harge of the gelatin surface [63], which
prohibited the adhesion of negatively cHarged cell through electrostatic repulsion [64].

From each gas plasma _ireatment, suitable surface properties of gelatin films
for maximum attachmentsof MSCs after 6 hr of seeding were summarized in Table
5.3. There were more MSCs attached on plasma treated surface (64-76%) compared
to untreated films (38%). It was obvious t-flajc: the types of gas used to generate plasma
greatly affect the attachment behavior ofll‘ MSCs. Among the plasma treated surface
using various types of gas, gelatln surface treated with nitrogen plasma for 15 to 30
sec could best enhance the attachment of MSCs (69-76%). Corresponding water
contact angle and O/N ratio- of mtrogen plasma -treated gelatin film for best

attachment of MSCs 'were 27- 28° and 1.4, respectlvely
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Table 5.3 Summary of the conditions of plasma treatment at which maximum %attachment of MSCs on gelatin films was noticed

and their corresponding surface properties.

Type of gas  %attachment = Treatment period o/C N/C O/N

(sec) . " ratio ratio ratio
Untreated 38 - 0.29 0.14 2.1
Nitrogen 69-76 15,30 32728 & .34-0.36 0.25-0.27 1.4
Oxygen 64 3 28 0.34 0.13 2.6
Air 66 9 D U 0.41 0.16 25
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5.9.2 L929 fibroblast cell culture

The number of L929 attached and proliferated on untreated and plasma-treated
gelatin films after cultured for 6, 24, and 72 hr was shown in Figure 5.17. After
cultured for 6 and 24 hr, the numbers of cells attached on nitrogen, oxygen and air
plasma-treated gelatin films were observed to be more than that on untreated sample.
Especially the samples treated with nitrogen plasma for 6 to 15 sec, with oxygen
plasma for 3 to 9 sec and with air plasma for 6 sec, significant differences in the
number of cells attached were observed, as compared to that on untreated sample.
The %attachment of cell on nitrogen, oxycen and air plasma-treated films were
significantly increased compared to that on untieated samples, as showed in Table 5.4.
However, longer treatmenif by oxygen and air plasma could not further enhance cell
attachment on gelatin surfaee. The number of cells attached on plasma-treated gelatin
film, when oxygen and air plasma was applied for 12 to 15 sec, seemed to decrease
compared to that on untrgated saraple. This corresponded to the result obtained from
the attachment of MSC on plasma-treate-d gelatin film as described in section 5.9.1.
After 72 hr of culture, itWwag evident.that flte_tatment by nitrogen plasma for 6 to 15 sec,
with oxygen plasma for 3 to 9 sec and w1th air plasma for 3 to 6 sec could greatly
enhance the growth of cells on the gelatin ﬁ_i_-nils.‘.-_‘The population doubling time of cells
on nitrogen, oxygen and air plasma-treated §_eia;tin samples were decreased compared
to that untreated sample, as seen in Table 54 e

Considering the proliferation of L929 after 72 hr 6f culture, it was evident that
more proliferated cells on plasma-treated films were remarkably observed. The
shorter population doubling time of cells cultured on plasma-treated film indicated the
higher growth of cells, compared to ones on untreated films. These revealed that the
plasma-treated gelatin films were more favorable for cell proliferation than untreated
gelatin“filmsy dn addition,) the maximum fin~the namber | of| proliferated cell were
observed at the treatment time of 6 to 15 sec for nitrogen gas, 3 to 9 sec for oxygen
gas, and 3 to 6 sec for air. This could be the results from more adhered L929 on

plasma-treated surface after culture for 6 hr.
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Figure 5.17 Number of L929 attached on (a) nitrogen plasma-treated gelatin films, (b)
oxygen plasma-treated gelatin films, and (c) air plasma-treated gelatin films,
determined by MTT assay. * represented a significant difference at p<0.05 relative to

untreated samples.
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Table 5.4 The spreading area, percentage of cell attachment after 6 hr of culture and
population doubling time of L929 fibroblast on plasma-treated and untreated gelatin

films. * represented a significant difference at p<0.05 relative to untreated films.

Samples Cell spreading Percentage of cell Population doubling time
area attachment (hr)
(um?) (o)
untreated 126+20 407 29.5
N-3 149+26 40+4 24.5
N-6 195+28* 549 25.5
N-9 221+34F* 56:£4 * 26.6
N-12 235£21% 5315 * 21.5
N-15 25831 6845 * 232
0-3 246+25 69£3* 25.5
0-6 28 37 I 253
0-9 236426 * 6342 * 26.7
O-12 139+30 3349 26.6
O-15 147431 3347 24.2
A-3 206+£20:% 5343, % 23.6
A-6 241£27 * 41+4 24.2
A-9 226426 * 3642 242
A-12 149430 3749 27.2

A-15 147+31 39+7 28.0
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510 Summary

AC 50Hz plasma is being introduced to treat gelatin, one of the widely used
biomaterials, in this study. The hydrophilicity and surface energy of plasma-treated
gelatin was promoted in comparison with untreated sample. AC 50Hz glow discharge
could alter the surface chemistry, but not surface roughness, of gelatin film. From in
vitro MSCs and 1929 fibroblast cell culture, the results revealed that cells could
adhere and proliferate on plasma-treated samples better than untreated samples. In this

work, we first reported the specific wat

er contact angle and oxygen to nitrogen (O/N)
, ] le for MSCs and L1929 fibroblast

es used and the treatment time.
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Part I1: Plasma treatment of crosslinked gelatin films using PICP system

PICP plasma was introduced to treat crosslinked gelatin films. Nitrogen was
selected to generate PICP plasma since it induced best cell attachment as found in Part
I. The properties of PICP-treated gelatin film including water contact angle, degree of
crosslinking, surface roughness, and thermal properties were reported. In addition, the
cell affinity of PICP-treated gelatin films was evaluated using L.929 mouse fibroblast

as a model cell in vitro.

5.11 PICP plasma characterization

The emission spectrum of PICP plasma generated using nitrogen was
presented in Figure 5.18. The results showed that the spectrum mainly consisted of
nitrogen molecule radical (N>)); nitrogen atom radical (N°), nitrogen molecule ion
(N,"), nitrogen atom ion (N"),/as indicated by the strong peaks at the wavelengths of
567.75 nm, 746.83 nm, 391.44 am, and 491.03 nm respectively [51]. Moreover, the
hydrogen radicals at the wavelength of 65_7 .08 nm and 485.96 nm were also observed.
This result was similarsfo the spectrum f)‘eak obtained from the use of nitrogen AC
50Hz plasma system. However, the’ mtens1ty of the spectrum obtained when PICP was
applied, was much higher than that AC SOHZ system The results on optical emission
spectroscopy implied that the N-contammgﬁhnctlonal groups were performed by N

reactive species on the surface of crosslinked gelatln films durlng PICP treatment.
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Figure 5.18 Optical emission spectrum of nitrogen plasma generated by PICP system.
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5.12  Wettability of crosslinked gelatin films

A comparison of contact angles of untreated and PICP-treated gelatin films
was shown in Figure 5.19. It could be noticed that the contact angles to water and
ethylene glycol of PICP-treated gelatin films were lower than those of untreated
samples. The contact angle to water and ethylene glycol of PICP-treated gelatin films

was decreased with increasing the number of repeated discharges.

110
101 1
90 i
80 1

B Water
& Ethylene glveol

70 +
6l {
s0 4
40 1

Contact angle (degree)

30+

20 +

10

2 2
S8 F8D

L e

0

Figure 5.19 Water and ethylene-glycol coﬁiﬁ‘(‘fﬁ*&ngle on PICP-treated and untreated
A e | .
gelatin films. * and J_ep#esented—a—sigmﬁeam—diﬁfenenceﬂa’p<0.05 relative to G-0.
wd 9

The calculated?ﬁrface free energy of untreated and PICP-treated gelatin films
was compared-ih (Figure 5:20:/The|surface free genergy«of.crosslinked gelatin was
significantly increased from36.5%1.5 to 53.8+2.1 fmd/m” after a single pulse discharge
of PICP, When the pulse discharge was repeated 16 10 and 20 times, the surface free
energy of crosslinked ‘gelatintfilmtwas: slightly ificreased 'to 60:0+1.5 and 60.2+1.8
mJ/m?, respectively.

The results revealed that the crosslinked gelatin film was more hydrophilic
after PICP treatment. Hydrophilic functional groups were possibly introduced.
Suggestions were made by Yang J., et al. where surface of hydrophobic materials,
such as poly (D,L-lactide), treated by nitrogen gas plasma yielded hydrophilic
functional groups [21]. This might be attributed to the increase in polar components

after the nitrogen plasma treatment was introduced [23].
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5.13 Thermalp pafty-of crosslinke
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examined using differential scan-r-@ calorimet y technique was presented in Figure
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eated gelatin showed an
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previous work reporic inking of Type A gelatin by
dehydrothermal techniqu‘(; [13]. After a single and repeated pulse PICP treatment, the
=¥

degree of crossli (ﬂa%t fj‘r iEJl xﬂ e, implying that the
application of@?ﬁ}@ment on the s?llce ;Tjrossli ed gelatin did not induce any
further inking.in in-fi ,s‘ IS TeV: ﬁt P ﬁ t create further
crossliﬂiﬁ:‘[ﬁiﬁmjm ﬁsjy mﬂz‘] Ejposure time in

PICP treatment.
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Figure 5.22 Degree of cresslinking .of PICP-treated and untreated gelatin films.
*represented a significant difference al p<LO'.05.

5.15 Surface topology of crosslieked gelatin films

The surface topography of crosshnked gelatm films before and after nitrogen
PICP treatment investigated by AFM was shown in Figure 5.23 while the quantitative
parameters of surface roughfiess were presented in_Table 5.5. The surface of the
untreated gelatin Wwas—siooth-—(Figuie—5:23a)—and-—the ‘calculated mean surface
roughness Ra and Rms were 0.390+0.026 and 0.488+0.033 nm, respectively.
However, after a singlé PICP discharge, the sample surface became obviously rough
and irregular (Figure; 5:23b), The mean surface moughness-was-significantly increased
to Ra = 0.838+0.031 nm and Rms= 1.075+0.087'nm. Many Targe valleys and peaks
with nano-scale were produced. When the PICP discharge was repeated in succession
for 10 ‘and 20 times, the roughness of+the gelatin film decreased (Figure 5.23c¢ and
5.23d). The mean surface roughness was slightly decreased to Ra = 0.683+0.071 nm
and Rms = 0.868+0.101 nm after 10 discharges, and Ra = 0.577+0.044 nm, and Rms
=0.710%0.087 nm for 20 discharges.

The AFM results on surface topography shown in Figure 5.23 indicated that
the surface roughness of gelatin films occurred after treated with a single PICP
discharge. In general, plasma treatment is known to have etching effect on polymer

surface and produce nanostructure surface topography [18,44]. However, in this case,
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repeating number of discharges did not further enhance the surface roughness of
gelatin film. Large cavities on the polymer surface were observed, resulting in the low

surface roughness when increasing number of repeated PICP discharges was applied.

¢
Figure 5.23 sﬁ %&Jg '?h%%r%:ewr%}ﬂeﬁ}ﬁelaﬁn films: a) G-0, b)

G-1, ¢) G-10, and d) G-20 (data scalg 5 nm.).
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Table 5.5 Surface parameters and the spreading area of cells after 24 hr cultured on
PICP-treated and untreated gelatin films. (* represented a significant difference at

p<0.05 relative to G-0).

Samples G-0 G-1 G-10 G-20

Surface parameters

Ra (nm) 0.390+0.026  0.838+0.031°  0.683£0.071*  0.557+0.044 "
Rms (nm) 0.488+0.033 ' 1.075£0,087% 0. 868+0.101° 0.710+0.087*
Cell spreading area

(Lm?) 143:83+28.42 280.88+53:42% 259.71+62.73* 274.00+71.27*
Population

doubling time (hr) 27.02 2.2 24.39 24.93

5.16 Invitrocell culture

Figure 5.24 presénted the number of 1929 mouse fibroblasts attached and
proliferated on untreated and PICP-treated- gelatin films after cultured for 6, 24, and
72 hr. After 6 hr of culture, the number of Eéllslattached on PICP-treated gelatin films
tended to be higher than that on untreatedj‘sanriaple. No significant difference in the
number of cells on various films was obseﬁéd. ‘However, the more elongated shape of
cells was remarkably observed on PICP-freateéd sutface; compared to those on the
untreated gelatin films, as observed in Figure 5.25. After 24 hr of culture, it was
obvious that introducing of PICP treatment could enhance the number of cells on the
film surface. The*motphology /of celis on,both PICP:treatéd and untreated gelatin
films exhibitedaspindle shape and elongated form, but a significantly larger spread
cells weresobserved on the surfacesq of PICP-treatedgelatin films, as presented in
Table 5.5. ‘After' 72" hr of culture, the number of proliferated cells-on PICP-treated
gelatins films was significantly higher than that on untreated samples. No significant
difference in the number of cells on gelatin films treated with a single or repeated
discharges were observed. As seen in Table 5.5, the population doubling time of cells
on untreated and PICP-treated gelatin films for 1, 10 and 20 repeated discharges was
found to be 27.02, 22.22, 24.39 and 24.93, respectively,.
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J

plasma-treated and untr€at r sshnkeg gelatm film. * represented a significant

difference at p<0.05 relative

The results from in itro;c‘e-lll culfixﬁg_using [£929 mouse fibroblasts implied
that the cells well adhered on’@@?—treat@rface, resulting in great proliferation
observed after 24 and 72 hr of. -cel'['culturé?—T‘hE%horter population doubling time of
cells cultured on PICﬁ j_Qajg_dMal_e_d_tMgmqémwth of cells, compared to
ones on untreated ﬁfm& These revealed that the PICP-t]:extJéd gelatin films were more
favorable for cell prolrf"eratlon than untreated gelatin films. This could be attributed to
the changes in.surface.properties caused by PICP.treatment as previously discussed,
i.e. more hydrophilicity;-higher surface enetgy and'surface roughness. As discussed in
Part 1 that hydrophilicity of matérial surfaceseould facilitatergreater MSC cell
attachment, it might be attributed fo the protein .of cell membranes, which contain
hydrophilic amino acids, existing in the outer region due to the repulsion caused by
the protein and hydrophobic components at the inner region. Therefore, the
hydrophilic property of the PICP-treated gelatin surface could promote cell
attachment by increasing the affinity between the protein and polymer surface. In
addition N-containing groups could be incorporated into PICP-treated crosslinked
gelatin surface by nitrogen plasma treatment. Since the adhesive glycoproteins such as

fibronectin and vitronectin play important roles in the initial cell attachment, the N-
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containing groups were capable of efficient interaction with protein by hydrogen
bonding, which could affect the adsorption of serum adhesive glycoprotiens [61].
Finally, roughness of gelatin film could provide more surface area which was known

to support cell attachment.

G-0 G-1 G-10 G-20

3hr

6hr

24 hr

72 hr

s : :
Figure 5.25 Morpholﬂr of 1929 cells after 3, 6, 24 4 d 72 hr of seeding on the

I Wen
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5.17 Summary

In this study, the gelatin film was treated by PICP plasma system. PICP could
alter the surface properties of gelatin film but does not influence the thermal property
and the degree of crosslinking of the film. The hydrophilicity and surface energy of
PICP-treated gelatin was promoted in comparison to untreated sample. This was
similar to the result obtained when AC 50Hz plasma was applied to treat gelatin films.
The surface roughness of gelatin film occurred after a single PICP discharge.
However, increasing in the number of repeated discharge could not further enhance
surface roughness of gelatin film. From in vifro 1.929 cell culture, the results revealed
that cells could adhere and proliferate on PICP=treated samples better than that on
untreated samples. This corresponded to the MSC attachment on the AC 50Hz
plasma-treated gelatin filmag*as.found in Part I. This study has indicated that PICP
treatment could be a potentialsSurface modification method of crosslinked gelatin for

future tissue engineering application.



CHAPTER VI

CONCLUSION AND RECOMMENDATIONS

51  Conclusions

This research successfully investigated the effects of plasma treatment using
AC 50Hz and PICP on the physical and biological properties of gelatin films. It was
discovered from the first part of study that physical and biological properties of
crosslinked gelatin films were affected byA€ 50Hz plasma parameters such as
treatment time and type of gases. We have demonstrated that the reduction in the
contact angle of plasma=freated crosslinked gelatin film, which indicated the
improvement of hydrephilicity,was du|e to the combined effect of changes in the
surface chemistry and stirfagé roughness. T_he degree of surface roughness was found
to increase with increasing plagma treatrrl;eﬁt time. In order to maintain the properties
of plasma-treated gelatin surface” for lo-fng’ér period, the gelatin samples must be
preserved at low temperature. We also fou}l__d that the change in hydrophilicity during
storage process was mainly due to the recdﬁzery of surface chemistry, not the surface
roughness. Biocompatibility test'revealed tﬁ__étt the percentage of MSC and L1929 cell
attachment on plasma-treated-gelatin ﬁlms"‘déi)ended on type of gas and treatment
time. Among the three types of plasmas used including @itrogen, oxygen, and air,
nitrogen plasma treatment could best enhance the biocompatibility of crosslinked
gelatin films. The treatment time, water contact angle and O/N ratio of nitrogen
plasma-treated. gelatin film-for. best attachment of MSCs were.15-30 sec, 27-28°, and
1.4, respectively. The.results ensured that'the surface propetties such as wettability
and surface chemistry of materials strongly affected and regulatedicell response.

In the second ‘part of-this woik, PICP, plasma system;,one of high energy
plasma system, was introduced to treat gelatin films. Nitrogen was selected to
generate PICP plasma since it induced best cell attachment as found in the first part.
We have demonstrated that PICP could alter the surface properties of gelatin film but
does not influence the thermal property and the degree of crosslinking of the film. The
hydrophilicity, surface energy, and surface roughness of gelatin films were promoted

by increasing the number of applied pulses of PICP. Biocompatibility test showed that
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PICP treatment could enhance 1.929 attachment on the surface of gelatin film, similar
to the use of AC 50Hz plasma system.

In conclusion, the use of AC 50Hz and PICP system could change the surface
properties of crosslinked gelatin film including wettability, surface roughness and
surface chemistry which strongly affected and regulated the behaviour of cell. The
attachment and proliferation of cells were enhanced by AC 50Hz plasma treatment as
well as PICP. Considering the plasma system generation, AC 50Hz plasma provided
the advantage in term of cost reduction, time saving and ease of handling, compared
to PICP system. Thus, it could be concluded that both AC 50Hz and PICP plasma
systems can be employed to improve in vitro_biocompatibility of crosslinked gelatin

film.

5.2  Recommendations

In this work, the strface roughness of material did not change after plasma
treatment under the  desired wariable :‘parameters of plasma generation. Only
wettability and surface ¢hemistry were sh:)wn to alter after plasma treatment, causing
differences in cell growthi However.. the sqrface roughness of the material has been
reported as an important fagtor that inﬂuehgg;s: gell behavior. Therefore, the effects of
surface roughness of film on the behavior!ﬁ_? c;ells should be further investigated in
order to obtain the comparablqe ff.e-sults. In addlt;on, the effects of plasma treatment on

the differentiation of Cells should be explored in further Study.
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APPENDIX C

Standard curve for DNA assay
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