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Abstract

THICKNESS AND UNIFORMITY OF SPIN COATING POLY (N-
ISOPROPYLACRYLAMIDE-co-ACRYLAMIDE) GRAFTED CULTURE
SURFACE FOR CELL SHEET ENGINEERING

by

PHONGPHOT SAKULAUE

B.Eng, Sirindhorn International Institute of Technology, 2011

Poly (N-isopropylacrylamide-co-acrylamide) (PNIAM-co-AM) is known as
temperature-responsive polymer that is used for collecting the cell sheet by using its
phase transition property instead of using enzymes. In this study, PNIAM-co-AM is
grafted onto tissue culture polystyrene surface (TCPS). Thermal polymerization and
UV irradiation are developed in order to optimize a technique for preparation process.
Other techniques such as evaporation method and spin-coating method are also
examined for improving the preparation process. The uniformity of surface and
thickness on copolymer layer are determined to improve the ability of cell sheet
detachment and to make the process repeatable with reliable results. The physical
properties of the grafted surfaces are confirmed by Fourier Transform Infrared
Spectroscopy (FTIR), contact angle measurement and Atomic Force Microscopy
(AFM). FTIR is used to observe the secondary amide group at 1650 cm™. Contact
angle measurement results show that the hydrophobic to hydrophilic transition is
found in spin-coated copolymer dish. The surface hydrophilicity of spin-coated
sample is higher than that of the samples prepared by other conditions. The
topography of spin-coated copolymer shows flatter surface in contrast with ungrafted
PS. It can confirm the uniform PNIAM grafted layer on substrate. Ellipsometry is
used to derive models of both polystyrene and PNIAM-co-AM layer. From thickness



measurement, spin-coated PNIAM-co-AM grafted PS samples obtain the thickness
less than 30 nm. PNIAM-co-AM grafted PS samples are tested with mouse
preosteoblast MC3T3-E1 cells. The results show that spin-coated copolymer is the
most suitable surface for cell adhesion and detachment due to its uniform surface with

optimum thickness.

Keywords: Temperature responsive polymer, Poly (N-isopropylacrylamide-co-

acrylamide), UV grafting, Thickness measurement, cell sheet engineering
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Chapter 1

Introduction

In the field of cell sheet engineering, temperature responsive polymer,
especially poly (N-isopropylacrylamide) (PNIAM) and its copolymers, has been
widely used for fabricating cell sheets [1-5]. Because of its lower critical solution
temperature (LCST) around human body temperature [6], cell are allowed to adhere,
proliferate and detach well from surface [7, 8]. Above the LCST, PNIAM chains
show a compact structure, which allows cell for adhesion. When the temperature is
decreased below 32°C, the surface changes to hydrophilic [9]. PNIAM chains extend
and cell sheet can detach from the surface without using of proteolytic enzymes that

can damage the cell structures which cause disintegration of cell sheets [10, 11].

Several methods such as electron beam, plasma polymerization and UV
polymerization have been used to graft PNIAM on tissue culture polystyrene (TCPS)
surface. Electron beam (EB) polymerization is a successful technique to polymerize
PNIAM homopolymer [12]. However, electron beam irradiation requires expensive
equipment [13, 14]. So, plasma polymerization has been developed as an alternative.
This technique is a one-step method to fabricate the thermal responsive PNIAM on
the tissue culture surface. Nonetheless, this method cannot support large-scale
production [15]. UV polymerization is proposed as a simple and inexpensive

alternative to the two methods [16].

In our previous research, poly (N-isopropylacrylamide-co-acrylamide) or
PNIAM-co-AM is grafted onto TCPS substrate by UV polymerization in order to
manipulate single and multilayered mouse preosteoblast MC3T3-E1 sheets. The
results show that mouse preosteoblast MC3T3-E1 sheets can detach 100 percent from
Upcell® after lowering temperature to 10°C for 30 min. On the other hand, 85.80
percent of cells are detached from copolymer grafted surface after lowering
temperature to 10°C for 30 minutes, followed by 20°C for 60 minutes. PNIAM-co-
AM grafted surface is not much effective for cell sheet detachment compared with

Upcell® due to non-uniform coverage of polymer grafted on the surface [2, 17]. To



overcome this problem, we propose the use of a spin-coating machine to achieve a

uniform surface, stability and repeatability [13].

One factor that affects the cell sheet detachment outcome is the thickness of
the grafted-polymer [18]. It has been found out that cells cannot attach to the film with
thickness more than 30 nm because of the thicker layer reduces the ability of cell
restriction [19-21]. To evaluate film thickness, ellipsometry is used to construct a
model of very thin film to measure the physical properties such as refractive index,
surface roughness and thickness due to its non-destructive and requirement of
sensitive measurement in nanoscale [22, 23]. In micro-electronics and semiconductor
field, ellipsometry is often used to determine a thin layer of silicon dioxide on a
silicon wafer [13, 24, 25].

In this study, we developed an ellipsometry technique to construct a new
model for PNIAM-co-AM thin film in order to determine the thickness of the
copolymer. We also focused on the grafting process by spin coating to control the
uniformity and thickness of the copolymer film the spin speed and the solution
viscosity are crucial parameters to contribute the uniform thickness [13, 26]. In this
case, the viscosity of monomer solution is determined by visible observing to the
monomer concentration in the solution. For this purpose, the relationship between the
polymer concentration, spin speed, and the film thickness were investigated. The
physical properties of the grafted surfaces were characterized by Fourier Transform
Infrared Spectroscopy (FTIR), water contact angle measurement, and Atomic Force
Microscopy (AFM). Cell study is carried out in order to examine the effect of film

thickness on cell sheet detachment.



Chapter 2

Literature Review
2.1 The lower critical solution temperature (LCST) behavior of PNIAM.

PNIAM has a phase transition at a specific temperature, which is called as
lower critical solution temperature (LCST). When PNIAM is dissolved in water, three
interactions occur which are polymer-polymer, water-water and polymer-water
interactions. Above LCST, the interaction between polymer and water is weak.
Therefore, PNIAM displays like a globular structure because polymer chains collapse.
Below LCST, the interaction between hydrophilic amide group and water molecule
become stronger so that the hydrophilic interaction increases. Therefore, the PNIAM
chain changes from the globular structure to flexible and extends chain conformation
[27, 28]. As a result of changing temperature, the surface can change from
hydrophobic property above LCST to hydrophilic property below LCST.

a)

PNIPAM

Water
w

Soluble

b)

c) 100F ."0.90001
4 CH,—CH)- _ -
| £ go} .
c=0 g LEST=32°C
| o 60 + (inwater)
NH £
CIH § 40} 1
/N %,
H,C CH; 3 20 1
0 L]
poly(N-isopropylacrylamide) 20 25 30 35 40
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Temperature (°C)

Figure 2.1 Temperature-responsive properties of aqueous poly ( N-isopropylacrylamide) (PNIAM) solutions; (a)
above and below LCST; (b) chemical structure of the repeat unit of PNIAM; (c) the wettability change from vary
temperature of PNAM [29].



Figure 2.1a and 1c show the LCST property of PNIAM at temperature around
32°C. The structure of PNIAM and the content of amide group are shown in figure
2.1b. The increasing in the content of amide group can increase the overall
hydrophilicity of the surface [30, 31] .

2.2 The effect of PNIAM film thickness on cell attachment and detachment

Generally, cells are cultured by attaching them to scaffold proteins. This
scaffold protein has a main function as a temporary structure for cell proliferation.
After the cells grow to form a layer, cell detachment needs enzymes such as trypsin
and dipase to remove the cells. Using enzymes for cell detachment can cause damages
to the netted proteins which are associated to the cell surface. So, the cells cannot be
reassembled into layers [11, 32, 33]. In addition, large scaffold structure can cause
death cell at the center due to insufficient nutrients and oxygen [2, 11, 34]. So, cell

sheet engineering can provide all advantage over the traditional cell culture method.

Cell sheet engineering consists of temperature-responsive surface, which can
control cell attachment and detachment from the culture surface by changing
temperature [2, 19]. At temperature higher than 32°C, the mechanism of cell adhesion
on the surface can be explained into two steps which are passive adhesion and active
adhesion. In passive adhesion step, the physicochemical interactions involve
hydrophobic, columbic and van der Waals forces that occur between the cell
membrane and the culture surface without requirement of energy. In addition, in
active adhesion step, metabolic processes occur inside the cells which require energy
such as ATP (Adenosine triphosphate). Cell shape is changed while consuming
energy and it leads to the optimization of interactions between cell and culture
surface. Then, after lowering the temperature below 32°C, cell sheet and surface
interaction are turned to be hydrated and then, cell sheet can detach spontaneously
[29, 32].



However, there are some controlling factors that affect the cell adhesion and
detachment properties. For the adhesion process, cells cannot attach on the surface if
the thickness of PNIAM grafted surface is higher than 30 nm. Kikuchi et al. (2004)
observed the height different between PNIAM surface and PS surface by using AFM.

Table 2.1 PNIAM grafted surface properties by changing its grafting density (thickness) [19]

Density of grafted 1.4+0.1 2.9+0.1 1,080
PNIAM (ug cm™)

Thickness of the 15.5+7.2 29.3+8.4 5,000
grafted PNIAM (nm)

Contact Angle 37°C 77.91£0.6 69.5+1.2 49.6 (40°C)
(degrees) 20°C 65.2+1.2 60.0+0.1 11.4 (10°C)
Cell adhesion 37°C Yes No adhesion  No adhesion
Cell detachment 20°C Yes - -

From table 2.1, the proper thickness of PNIAM-co-AM grafted surface must
be around 15-20 nm. Cell adhesion and detachment can occur at temperature 37 °C
and 20 °C respectively. As PNIAM grafted surface are formed as layer by layer, these
layers are separated into aggregated layer, restricted layer and relaxed layer depending
on the chain mobility of PNIAM. Aggregated layer allows strong fixation of the
PNIAM chain and surface which limit the chain mobility and produce strong
hydrophobic surface. Therefore, the adhered cells cannot detach from the surface.
From the restricted layer, cells can adhere and detach from the surface due to suitable
polymer chain mobility. However, if the thickness of PNIAM is too high, it can
generate the relaxed layer on which cells cannot strongly attach to the PNIAM chains
for adhesion (figure 2.2 B). Although the relaxed layer is still dehydrated, it has less
restricted PNIAM chains to support cell adhesion. Therefore, cell can adhere on the

surface with the thickness of about 30 nm [19].
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Figure 2.2 (A) the thickness of PNIAM-co-AM around 15-20nm and (B) the thickness of PNIAM-co-AM around
30 nm [19].

2.3 Grafting Technique

PNIAM can be grafted onto a surface by various techniques. There are two
main approaches: ‘Grafted to’ and ‘Grafted from’ approach. End-functionalized
PNIAM is prepared and then, grafted on a reactive surface in ‘Grafted to’ approach
[35, 36]. Takai et al. (1993) has synthesized PNIAM with carboxyl end group. This
carboxyl end group is grafted with amino group on a glass cover-slip [37]. In *Grafted
from’ approach, an initiator is immobilized on the surface before monomer is initiated
and polymerized on the surface [38]. The most widely used technique for grafting
PNIAM on a tissue culture polystyrene (TCPS) surface is radiation-induced graft
polymerization [39].

The mechanism of radiation-induced polymerization approach includes four
steps: ionization, initiation, propagation and termination. lonization is the process that
the molecules collide with beta radiation and eject electron. The resulting molecule is
changed to reactive molecules such as cations and anions. In initiation step, the
molecules in the excited state start to react with neighboring molecules and then, the
propagation process continues. Termination of this propagation process is occurred by
combination with oxygen or another propagation radical [40]. This type of technique
can be classified by the source of radiation.

First source of radiation is electron beam. According to the work by Okano et
al (1993), they have produced the PNIAM grafted TCP surfaces by using electron
beam (EB). With this technique cell recovery rate of almost 100% can be achieved
[41]. Also, the direction of detachment can be controlled by using electron beam

lithography [42]. EB is suitable for large-scale production but it is expensive. The



production of commercial Nunc™ Dishes with UpCell® Surface also uses EB
technique [32].

Some research has been done by using plasma as a radiation source. Plasma
polymerization is a way to polymerize monomers in gas phase [43]. The general idea
of plasma polymerization is to produce a pinhole-free polymer layer of variable
composite. This method has been introduced since 1874. Grafting of PNIAM using
plasma polymerization has been done on silicon, glass [44] and TCPS surfaces [45,
46]. However, this method is still complicated due to the complexity of plasma
process and not suitable for large-scale production due to difficulties related to
continuous treatment and size.

Another technique is thermal polymerization. It is illustrated as a simple and
efficient method for surface coating. Thermal polymerization can be done by mixing
solution with initiator and cross-linker and then, heating at high temperature.
However, polymer grafted by thermal polymerization forms a thick layer which is not
suitable for cell growth [47, 48].

The last technique is UV irradiation. This approach draws the attention of
many researchers because it is cheaper and simpler than EB technique [49]. Graft
polymerization of NIAM monomer by using UV can be done in various ways. The
common way is pouring solution of monomer, initiator, and cross-linker onto the
surface and then, applying UV [2, 49]. Other ways are applying UV directly to the
monomer solution in a separate container and pouring it on the surface for
precipitation [47], and applying UV to the substrate films after immersing them into
the monomer solution [50, 51]. Although UV is as much cheaper radiation source
than EB, the grafted substrate prepared by UV can obtain only lower cell recovery

and lack of consistency of quality from each batch [2]

2.4 Thin film characterization method

2.4.1 Fourier Transform Infrared Spectroscopy (FTIR)

The main purpose of Fourier Transform Infrared Spectroscopy (FTIR) is to
identify unknown materials, quality and consistency of a sample and also determine

the amount of component in mixtures. It uses the ability of absorption and

7



transmission of infrared radiation through sample. Different molecular fingerprints of
the sample can be figured out by determining vibration frequencies of atom bonding.
Each material has a unique combination of atom, so the results represent different
types of functional group [52].

Attenuated Total Reflectance (ATR) spectroscopy mode is a reflectance
technique of FTIR which is used instead of the normal transmittance methods.
Because of IR radiation transmittance methods are difficult to analyze in some
samples [53]. ATR mode can improve reproducibility which leads to more precise

material identification [54].

Sample Crystal
9 ,1:_/ \ ;\ / \'f;" \\/
Sample

Figure 2.3 Schematic of a typical attenuated total reflectance system [52].

In Figure 2.3, the sample is simply measured by placing in close contact with
an ATR crystal. A radiation beam coming into the ATR crystal will contact with the
sample. If the refractive index of the ATR crystal is greater than the sample, total
internal reflection process can occur [55]. When the surface absorbs radiation, the
result from ATR-FTIR comes out as a absorption spectrum with a function of

wavelength and gives rise to the characteristic peaks of the sample [53, 55].

2.4.2 Contact Angle Measurement
The wettability is characterized by measuring the angle between water droplet
and the solid surface. The contact angles represent hydrophobic or hydrophilic

characteristic.



Figure 2.4 Temperature-dependent wettability changes for PNIAM grafted surfaces at 10°C and 37°C [29].

The contact angle can determine the hydrophobicity of the temperature-
responsive polymer by varying the temperature of the surface ranging from 10°C to
45°C [17]. From figure 2.4a, at lower temperature, the PNIAM chains are extended
and make the surface hydrophilic. Therefore, the water droplet spreads over the
surface. On the other hand, at high temperature, the collapsing of PNIAM chains
occurs and makes the surface hydrophobic. Figure 2.4b shows that the water droplet
on PNIAM grafted surface does not spread [50]. Yamada, Okano et al. (1990) studied
the wettability of PNIAM grafted on the PS surface. Contact angle measurement is

used to observe the droplet angle change at 10°C and 37°C.
Table 2.2 Contact angle measurement of PNIAM grafted and control dish [56].

Contact angle
37°C 10°C
PNIAM grafted dish 48° 30°
Polystyrene surface 54° 54°

After lowering temperature to 10°C, the contact angle of the PNIAM grafted PS dish
decreases from 48° to 30° while it remains at 54° in the control sample [56].

2.4.3 Atomic Force Microscopic (AFM)

Atomic Force Spectroscopy (AFM) is a method established for high resolution
surface imaging [57]. AFM measurements can be measured both in air and in liquid
sample [58]. The basic elements of an AFM are shown in figure 2.5. It consists of a

cantilever with a sharp tip (probe), photo detector and a laser with photo-diodes [59].

9
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Figure 2.5 Schematic representation of the AFM [59] .

When the probe scans over the surface, the interaction force is generated by
the tip and the sample. At the same time, the laser light is reflected its light from the
cantilever into four segments photodiode and the deflections of cantilever can be
monitored at every point. The whole procedure is monitored by the software in a
computer which creates three dimensional topographical images of the sample surface
[59, 60].

Wong-in, Thuyen et al. (2011) shows the topography of PNIAM-co-AM grafted on
PS surface at different temperatures in figure 2.6.

[#m]

Figure 2.6 TM- AFM images of PNIAM-co-AM grafted TCP at 45°C (a) and at 5°C (b) [2]

The measurements create topography for both PNIAM-co-AM grafted and
ungrafted surfaces of the petri dishes. This 3-D topography can be used to determine
the roughness of the surface. Then, the roughness along the surface is 9.35 nm and
14.8 nm at 45 and 5°C, respectively [61].

10



2.5 Surface Uniformity

For cell sheet detachment, the property such as even surface, uniformity and
repeatable surfaces are crucial. Several techniques such as plasma deposition,
brushing and spray coating are developed. But, it is difficult to control ultra-thin film
which uniform surface in the nanoscale [62]. Many researches uses dip coating to coat
polymers onto substrates because of high coverage. However, the grafted polymer is
not stable and forms multilayer film [63]. To overcome this drawback, spin coating is
used for preparing PNIAM-grafted surface. The use of spin coating can achieve good
control of uniform surface, stability and repeatable process. It is indicated that
PNIAM film spin coated at a speed more than 1000 rpm is proved as suitable for cell
culture and cell sheet harvesting [1, 13, 64].

In spin coating, solution is dropped into the center of substrate and then
rapidly rotated at a desire speed. Solution is uniformly spread with centrifugal force to
form thin film on a planar substrate [65]. Thickness of the film is modeled by fluid

rheology behavior. Thickness of the film is proportional to the inverse of the square
root of the spin speed squared (t % ) where t is thickness and o is angular velocity

[66].
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Figure 2.7 Example spin curve for a solution

Viscosity is an important factor that affects spin coating process. The viscosity
increased by solvent evaporation. The film is continues to thin slowly until it turns to

solid-like structure due to dramatic rise of viscosity [67]. Therefore, high initial
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viscosity of the solution can considerably create the thicker film layer than low initial

viscosity solution.

2.6 Thickness measurement of thin film surface

Two methods have been proposed in order to characterize the thickness of thin
film such as ellipsometry [68] and atomic force microscopic (AFM).

Ellipsometry is often used to determine the thickness of thin films on a
substrate. This technique is done by projecting the linearly polarized light through the
substrate and scattered as elliptically light [69]. The change of polarized light from
linear to elliptical light generates ellipsometric light angle (v, A)

p =L = tan(y) e
Po
Where; tan(y) The ratio of the reflection coefficient of the polarized light.

Pr The reflection coefficient of the light parallel.

Po The reflection coefficient of the light perpendicular.

A The change of phase shift that occur from E-vector move in an

ellipse.

Then, measured v and A are converted into optical constants and layer thickness by
fitting to the function [22, 68].

Although ellipsometry is a non-destructive technique, this technique is
difficult to measure the thickness of the film below 50 nm. They lose their sensitivity
in the very thin film or fail to provide an independent measurement of film thickness.
Many physical parameters are needed before determining the sample thickness. For
example, ellipsometry needs to find the refractive index before calculation [70]. In
order to overcome this problem, AFM is used to measure the thickness of thin film
surface. It is worked by scanning the z-axis height different area between the polymer
surface and underlying substratum surface. AFM can scan the edge between PNIAM
side and underlying PS side Therefore, this different height needs to be prepared
before AFM measurement [71].
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Akiyama, Kikuchi et al. (2004) analyzed the PNIAM grafted polystyrene
surface by using AFM. They modified thin film surface by using an excimer laser to
create a groove on the surface.
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Figure 2.8 Tapping mode of AFM observation for the laser-ablated domains on PNIAM [1].

From figure 2.8, when PNIAM surface is exposed to pulse excimer laser beam
above the energy threshold, PNIAM is ablated. Then, AFM can probe through
baseline and bottom line to measure the height different between PNIAM and PS
surface. In addition, the root-mean-square (RMS) value of the surface roughness from
AFM is used in order to confirm the RMS value of PNIAM before exposed by laser.
The RMS value is approximately 7.7 nm while that of the non-ablated area is 6.0 nm.
The equivalent RMS values before and after laser ablation confirm that surfaces of
non-ablated PNIAM are not contaminated [18].

In addition, Cheng, et al. (2005) determined the mechanical properties of
plasma-polymerized PNIAM coating on Silicon. The thickness of PNIAM coating is
observed by using AFM. In order to measure the thickness, surface is modified by
applying a mask onto the silicon chip before coating PNIAM on the surface. To
prepare the mask, lactic acid (PLA) is dissolved in acetone to make 10% (w/v)
solution. This solution is pipetted onto the silicon surface and air dried for 5 minute
before plasma polymerization.
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Figure 2.9 AFM scan in each image are shown in (a) for 25 °C and (b) for 37 °C, which yields the thickness of
74.2 and 63.1 nm, respectively [20].

To determine the film thickness in water at different temperatures, PNIAM is
polymerized by plasma deposition over a partially masked sample. After the PLA
mask is removed, the film edge is observed by AFM. As shown in figure 2.9, the
thickness can be observed by the height difference between PNIAM and the silicon
surface [20].

Even though, Kikuchi et al. (2004) has used ellipsometry to measure the
thickness of PNIAM grafted on PS. The sample cannot be obtained because the
similar refractive index between PNIAM and PS surface [18], Mizutani, kikuchi et al.
(2008) are successful in using ellipsometry to determine the thickness of PNIAM
layer. In this work, PNIAM is grafted on polystyrene by using surface initiated atom
transfer radical polymerization (ATRP). In order to preparation PNIAM grafted on
surface, polystyrene surfaces are initiated by poly (4-vinyl-benzyl chloride) as the
ATRP initiator. Then, the different amounts of PNIAM are grafted on polystyrene
coated with poly (4-vinyl-benzyl chloride) surface [22].

Table 2.3 Amounts of surface-grafted PNIAM and thickness measurement by ellipsometry [22].

Sample Amount of grafted PNIAM (pg/cm?) PNIAM dry layer
thickness (nm)
Brush-10-1 0.4+0.1 1.8
Brush-200-0.5 2.1+0.2 10.9
Brush-300-0.5 5.240.3 304
Brush-300-1 5.6+£0.3 36.9
Brush-300-3 7.940.3 50.7
Brush-300-6 8.2+0.2 64.7
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The thickness can be determined from three different layers which are
polystyrene surface, polystyrene coated with poly (4-vinyl-benzyl chloride) layer and
PNIAM brush layer. They found out that the refractive indices of polystyrene surface,
polystyrene coated with poly (4-vinyl-benzyl chloride) layer and PNIAM brush layer
are 1.582, 1.595 and 1.49, respectively.
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Chapter 3
Methodology

3.1 Materials and Equipment

3.1.1 Materials and Chemicals

Monomer : Acrylamide (AM), Re-crystallized N-isopropylacrylamide
(NIAM)

Crosslinking agent : Methylene-bis-acrylamide (MBAM)

Photo initiator : KIO,4

Thermal initiator: Ammonium persulfate (APS)

N-hexane: PNIAM Crystallization

Ethanol: Rinse excess monomers

35mm x 10 mm TCPS dishes

3.1.2 Equipment

UV lamps for photo polymerization: 6W (254nm)
Spin Coater
Vacuum oven

3.1.3 Spin Coater model

A spin coater is modified to apply copolymer film grafted on surface. Spin
coater model is simply constructed by using s cooling fan (CORSAIR® C0-9050007-

WW) [72, 73]. The cooling fan needs to be connected with a power supply. The

diagram is showed in figure 3.1. The battery supply (12V, DC power) is connected in

a serial circuit with a potentiometer and a switch. The maximum speed is

approximately 1900 rpm. The operational speed is measured using a tachometer
(HS2234 Digital laser tachometer)
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Figure 3.1 Spin coater model

To operate, the polystyrene substrate is placed at the center of the fan. The fan speed
is controlled by the potentiometer. The monomer solution is dropped at the center of

polystyrene substrate then, turning on switch to start spinning.

3.2 Experimental Procedure

3.2.1 Preparation of PNIAM-co-AM grafted PS by Thermal polymerization

Mole ratio between NIAM and AM was kept at 1:1 to observe grafting
efficiency on TCPS. First of all, polystyrene culture dish was irradiated by UV lamp
(6W, 254 nm) for 30 minutes to activate the surface. Monomers were dissolved in de-
ionized water under nitrogen atmosphere. At 25 minute while purging N, 300ul and
500ul of aqueous solution containing NIAM, AM and crosslinker MBAM were
added. Monomer conditions were differently prepared by decreasing the amount of
NIAM monomer from 1 time to 0.5 times follow table 3.1. After all monomers were
completely dissolved, ammonium persulfate was added as a thermal initiator.
Copolymers of PNIAM-co-Am were prepared by heating the polymer at 60°C in
vacuum oven for two hours. Samples were dried at room temperature under vacuum
condition for 24 hours and washed with ethanol three times to remove unreacted

monomers. Finally, the dishes were dried in vacuum oven for 24 hours.
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Table 3.1 Outlines the parameters used in synthesis of each thermal polymerization PNIAM-co-AM samples.

NIAM concentration |  Amount of Chemicals composition (gram) in water 1ml
(mol/L) solution (ul) NIAM AM MBAM APS

1 300 0.1132 0.0734 0.0031 0.0011

1 500 0.1132 0.0734 0.0031 0.0011

05 500 0.0566 0.0367 0.0015 0.0006

3.2.2 Preparation of PNIAM-co-AM grafted PS by UV polymerization

Mole ratio between NIAM and AM was kept at 1:1 to observe grafting
efficiency on TCPS. This modified dish was first pre-irradiated by UV lamp (6W, 254

nm) for 30 minutes to activate the surface. Three different methods were prepared as

follow;

1. PNIAM-co-AM preparation, 500uL of aqueous solution containing 0.0566

g monomer PNIAM (1 mol L™?), 0.0370 g monomer AM (1.04 mol L™),
0.00154 g crosslinker MBAM (20 mmol L), and 0.000575 g photo
initiator KIO, (5 mmol L™) were added to each TCPS dish, and left
overnight at room temperature to equilibrate. Then, the solution was
discarded.

Evaporation (evp) method, evaporation was used instead of solution
discarded in method 1 to control the amount of solution left on TCPS
substrate. For evpPNIAM-co-AM preparation, 500uL of aqueous solution
containing 0.0566g monomer PNIAM (1 mol L™), 0.0370g monomer AM
(1.04 mol L%, 0.00154g crosslinker MBAM (20 mmol L%, and
0.000575g photo initiator KIO4 (5 mmol L) were added to each TCPS
dish, covered with aluminium foil and left overnight at room temperature
to equilibrate. After 24 hours, the solution was removed under a vacuum
condition to evaporate solution.

. Spin-coated (sp) method, spPNIAM-co-AM preparation, monomer
conditions were differently prepared by increasing the amount of NIAM
monomer from 1 time to 3 times and 5 times follow table 3.2. 30 pL of
solution from each condition was added to each TCPS dish and spun for 5

minute at three different speeds which were 500, 1000 and 1500 rpm.
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Table 3.2 Different mole concentration grafted conditions for spin-coated method

Chemicals composition in water 1ml

Spin-coated Condition
NIAM AM MBAM KIO,

NIAM Concentration mol/L L 1.04 0.02 0.005
1 mol/L gram  0.1132  0.0734 0.0031 0.0012
NIAM Concentration mol/L 3 3.10 0.06 0.015
3 mol/L gram 03395  0.2202 0.0093 00035
NIAM Concentration mol/L 5 5.16 0.10 0.025
5 mol/L gram  0.5658  0.3670 0.0154 0.0058

Then, all samples prepared by these three methods were exposed to UV light
(6 W, 254 nm) for one hour. The PNIAM-co-Am grafted on TCPS dish was dried at
room temperature under vacuum condition for 24 hours washed with ethanol three
times to remove unreacted monomer. Finally, the dish was kept in the vacuum again

for 24 hours to let it dry.

UV and thermal polymerization of PNIAM-co-AM grafted TCPS were
synthesized with several conditions which samples are summarized in Table 3.3.

Table 3.3 Outlines the parameters used in synthesis of each PNIAM-co-AM samples.

Code?® NIAM/AM Eyaporation Amqunt of

(mol/L) time (hour) solution (pl)
tpPNIAM-AM1-300 1:1 - 300
Pol;:‘]eerr?;?ﬁon tpPNIAM-AM1-500 11 i 500
tpPNIAM-AMO0.5-500 0.5:05 - 500
PNIAM-co-Am 1:1 - 500
evpPNIAM-AM3hr 1:1 3 500
uv evpPNIAM-AM5hr 1:1 5 500
polymerization | spPNIAM-AM1 1:1 - 30
SpPNIAM-AM3 3:3 - 30
SPPNIAM-AM5 5:5 - 30

2Sample code of thermal polymerization tpPNIAM-AMX-Y denotes PNIAM-co-AM grafted dishes with
concentration mole ratio (X is NIAM/AM in mol/L) and amount of solution (Y in pl). *Sample code of
evaporization evpPNIAM-AMX denotes PNIAM-co-AM grafted dishes with evaporization time (X in hour).
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“Sample code of spin coated spPNIAM-AMX denotes PNIAM-co-AM grafted dishes with concentration mole
ratio (X is NIAM/AM in mol/L)

3.2.3 Modification of PNIAM-co-AM grafted surface for thickness measurement
by AFM

In order to use AFM to measure the thickness of PNIAM-co-AM grafted PS,
the z-axis height different between polymer film and substrate must be constructed.
Therefore, ungrafed PS surfaces are modified by applying covered film onto TCPS
before grafting PNIAM-co-AM on the surface. The procedure to prepare PNIAM-co-

AM grafted with modified TCPS surface is shown in the scheme below.

Half of the TCPS dish is coverved by film
2
Apply UV light to the TCPS for 30 mins
SZ
Add the solution of NIAM, AM, MBAM and KIO, on TCPS
N7
Cover with the Al foil and leave it overnight
SZ
Remove Solution and Polymerization by UV light 1 hr.
2
Dry at room temperature under vacuum condition for 24 Hr
2
Remove the covered film out from TCPS surface
2
Wash with ethanol 3 times and dry in vaccum for 24 hr

3.3 Characterization Poly (N-isopropylacrylamide-co-acrylamide) grafted TCP
3.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

Attenuated Total Reflection (ATR) in combination with FTIR was also
applied to investigate the surfaces. The ATR accessory was equipped with a ZnSe
ATR crystal. The surfaces were placed over the ATR crystal and maximum pressure

was applied. The FT-IR spectrometer was equipped with a KBr beam splitter. No
further preparation was needed for surface samples in the ATR-FTIR technique.
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3.3.2 Contact angle Measurement

The dynamic contact angle measurement was used to examine the thermo-
responsive nature of the PNIAM-co-AM grafted surfaces by observing the change in
surface wettability as a function of temperature. Ungrafted polystyrene surface and
Upcell® were used as a control. The samples were kept on an aluminum plate to
control temperature at 40°C and 10°C by flowing hot and cold water into aluminum
plate. The samples were allowed to equilibrate 15 minutes before each measurement.
The image of water droplet on each sample was captured at three different positions
and the contact angles were measured by using ImageJ program. Then, the average

angle of each sample was calculated.

Temperature dependence of spin-coated PNIAM-co-AM grafted surface was
examined by using OCA 40 Video-Based Contact Angle Meter. A grafted copolymer
was kept in temperature controlled device with temperature ranging from 10-40°C.
The samples were allowed to equilibrate 15 minutes before each measurement. The
average angle of each sample was calculated.

3.3.3 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) machine was used to examine uniformity of
the grafted surface by observing roughness and the topography of PNIAM-co-AM
grafted samples. Ungrafted TCPS and Upcell® were used as control. Atomic Force
Seiko Instrument SPA 400 microscope measured the samples in air condition. A long
cantilever with a spring constant of 0.06 Nm™ and a resonant frequency of 10 kHz
was used to attach with silicon nitride AFM probe. The surface images were taken by
using the tapping mode with a scan rate of 0.5 Hz.
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3.4 Thickness measurement of Poly (N-isopropylacrylamide-co-acrylamide)
grafted PS

3.4.1 Thickness measurement by AFM

Thickness measurement of PNIAM-co-AM grafted on modified polystyrene
surface was measured by Atomic Force Seiko Instrument SPA 400 microscope. The
thickness were measured the thickness by using tapping mode AFM scans the edge
between PNIAM side and ungrafted PS side at ambient condition. The scan area was
100pum x 100pum and scan rate of 0.3-1 Hz. The effect of covered film was observed
by using AFM compare roughness between the ungrafted PS and the surface after

detaching the covered film from surface.

3.4.2 Thickness measurement by ellipsometry

The thickness of PNIAM-co-NIAM was characterized by the rotating-analyser
spectroscopic ellipsometer (J.A. Woollam Co. VASE2000). The measurements were
performed at an incidence angle of 55° in the wavelength range of 300 to 1200 nm at
10 nm intervals. The values of { and A were measured and described in the

ellipsometric ratio, p, as:

p =2 = tan(y) e
Po
Where; p, andp,are the complex reflection coefficients of the parallel and
perpendicular polarized light components, respectively. The optical model based on

i—f) was used to extract the information of PNIAM-

3 Bn
Cauchy function (n = An + o T
co-NIAM thickness and refractive index with the regression analysis method. In
addition, the samples require a preparation step of roughening their backside by using

a piece of sandblast to remove the effect of reflection by the backside of substrate.

3.5 Cell Detachment Analysis

Cells line of Mouse preosteoblast MC3T3-E1 (Faculty of Medicine,
Chulalongkorn University, Thailand) in the passage 10 -15 were maintained in MEM
medium with 10% fetal bovine serum and 1% of antibiotic-antimycotic at 37°C, 5%
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CO,. The morphology of cell was observed by inverted microscope (Sundrew
MCXI1600, Vienna, Austria).

To construct a monolayer cell sheet, MC3T3-E1 was seeded at a density of
3.5x10° cell/cm? into commercial UpCell® dish and modified PNIAM-co-AM grafted
plate. To sterilize, PNIAM-co-AM grafted surface was washed twice with acidic
ethanol (70% EtOH) and rinsed 3 times by phosphate buffered saline (PBS). Cells
were cultured up for 2-3 days until it reached 100% confluency. Unattached cells
were removed by aspirating the old medium and adding the fresh warm medium. To
detach the cells from the UpCell® surface, copolymer dishes were incubated at 20°C
for 30 minutes. On the other hand, the cells on copolymer grafted surface were
incubated at 10°C for 30 minutes, followed by 20°C for 60 minutes [2]. Monolayer
layer of MC3T3-E1 was harvested by a pipette and transferred to a non-coated plate.

The areas of the cell attachment and detachment were determined by ImageJ software.
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Chapter 4

Result and Discussion

4.1 Characterization of Thermal Polymerization tpPNIAM-co-AM grafted TCPS
The characterization results of thermal polymerization tpPNIAM-co-AM
grafted surface are shown in appendix A. Briefly, ATR-FTIR spectrum can detect

secondary amide group at wavenumber of 1652 cm™.

| 1680-1630 cm™due to C=0
»: stretching vibration secondary
| amide aroup (-CONH-)
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Figure 4.1 ATR-FTIR spectra of PNIAM-co-AM grafted on TCPS by thermal polymerization which varying
the amount of PNIAM-co-AM solution at wavelength 1400-2000 cm™

However, contact angle measurement exhibits the significant change in
wettability in only tpPNIAM-AM1-500 but not well in tpPNIAM-AMO0.5-500 as
temperature changes. In addition, poor grafting results are confirmed by AFM. The
appearing of fiber-like surface structure from PS substrate can be seen on every
PNIAM-co-AM grafted surface by thermal polymerization. The characterization
results indicate that thermal polymerization technique might not be a suitable

technique for uniform grafting PNIAM-co-AM on PS substrate.
4.2 Characterization of UV Polymerization PNIAM-co-AM grafted TCPS

4.2.1 Fourier Transform Infrared Spectroscopy (FTIR)

Figure 4.2 shows the ATR-FITR spectrum of un-grafted polystyrene, evpPNIAM-co-
AM evaporation of 3 and 5 hours.
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Figure 4.2 ATR-FTIR spectra of PNIAM-co-AM grafted on TCPS by UV polymerization at wavelength 1100-2000 cm™.

From this study, ATR results show secondary amide group in spin-coated copolymer

when compared with ungrafted PS spectrum. However, the secondary amide peak is

barely observed on both 3 and 5 hour evaporated samples. This result indicates that

evaporation method might be inefficient for grafting uniform copolymer layer.

4.2.2 Contact Angle Measurement

In Table 4.1, the contact angle of ungrafted polystyrene surface exhibits hydrophobic

characteristic at both 10°C and 40°C. The contact angles of ungrafted PS surface were

60° and 56° at 10°C and 40°C respectively. Ungrafted polystyrene is used as a control

surface for comparison.

Table 4.1 Example of PNIAM-co-AM surface wettability changing as a function of temperature

At40°C

At10°C

SPPNIAM-AM | oo
Conc. 1mol/L
Spin speed
1500

67.85£1.65°

CAlLeft= 44 464 Right = 45314

44.95+0.97 ©
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Table 4.2 Contact angles measurement of polystyrene, PNIAM-co-AM, evpPNIAM-co-AM and spin-coated
PNIAM-co-AM. Data are expressed as standard deviation; n =6.

Contact angle of spin-coated PNIAM-co-AM at different condition®

NIAM Spin speed (rpm)
) Temperature
Concentration
(°C) 500 1000 1500
(mol/L)
40°C 64.03+£1.23° 64.47+2.21° 66.75+1.81°
1 mol/L
10°C 42.45+0.64° 44.05+0.89° 44.34+1.25°
40°C 64.51+1.56° 64.26+1.13° 63.74+0.77°
3 mol/L
10°C 40.11+1.08° 40.25+0.61° 42.90+1.19°
40°C 55.64+1.86° 59.74£1.82° 55.96£0.95°
5 mol/L
10°C 34.23+1.53° 36.28+1.13° 38.32+0.94°
Contact angle measurement Temp.=40°C? Temp.= 10°C*
Polystyrene 60.83+1.31° 56.41+1.05 °
PNIAM-co-Am 66.19+1.48 ° 47.75+4.65 °
evpPNIAM-AM3hr 64.74+0.85 ° 48.06+2.91 °
evpPNIAM-AM5hr 61.26+1.61 ° 47.98+1.95°

The contact angles of the control surface exhibit a hydrophobic characteristic
at both 10°C and 40°C. Both evaporated PNIAM-co-AM surfaces and spin-coated
PNIAM-co-AM grafted surfaces show the changing of droplet angle while decreasing
temperature. These results reveal the existence of copolymer grafted on TCPS
surface. For spin-coated conditions, 5 mol/L of NIAM concentration sample shows
more hydrophobic ability than 1 and 3 mol/L. It is because increasing acrylamide
(AM) concentration can increase the overall hydrophilicity due to the increase in the
content of amide groups [28]. Different spin speeds are not affected to the surface.

In addition, PNIAM-co-AM spin-coated at speed 1500 rpm is tested the ability
of phase transition by varying temperature. The results show that contact angle of
ungrafted polystyrene surface exhibits hydrophobic characteristic 66.33° and 73.88°
at 10°C and 40°C. On the other hand, the wettability of copolymer is changed as the

temperature varied. From figure 4.3, the water droplet angle of grafted surfaces
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suddenly decreases at the temperature below 32°C which is the LCST of PNIAM-co-
AM.
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Figure 4.3 Contact angles measurement of polystyrene and spPNIAM-AM1 at speed 1500 rpm which varied
temperature. Data are expressed as standard deviation; n =3.

4.2.3 Atomic Force Microscopy
Surface topography is investigated by AFM which can be used to determine

the copolymer grafted surface in three-dimensional information. Surface roughness
and structure images are used to prove the uniform grafted surface. Ungrafted

polystyrene and Upcell® dish are used as comparison.

[wm] [km]

Root mean square:5.30£0.17 nm Root mean square:4.290.31 nm
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Root mean square:3.08 £0.30 nm Root mean square:6.79+1.94 nm
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Figure 4.4 AFM images of (A) ungrafted TCP (B) Upcell®, (C) PNIAM-co-Am, (D) evpPNIAM-AM3hr, (E)
evpPNIAM-AMShr, (F) spPNIAM-AM1 with speed 500 rpm, (G) spPNIAM-AM1 with speed 1500 rpm, (H)
SpPNIAM-AM3 with speed 500 rpm, (1) SpPNIAM-AM5 with speed 500 rpm, (J) SpPNIAM-AMS5 with speed
1500 rpm

From Upcell® dishes, smoother surface topography is observed in contrast with the
ungrafted PS. After grafting, PNIAM-co-AM, evpPNIAM-AM3hr, evpPNIAM-
AMDb5hr, spPNIAM-AM1, spPNIAM-AM3 and spPNIAM-AMS prepared at rotational
speed 500 rpm show spot-to-spot variation on fiber-like structure PS surface which
support the results from contact angle measurement. These spots can be determined as
the non-uniformity of PNIAM-co-AM grafted on PS surface. Both spPNIAM-AM1
and spPNIAM-AMS5 spin-coated at rotational speed 1500 rpm show less roughness,
uniformly grafted and covering all of fiber-like PS surface topography similar to
Upcell® dishes.

Lower standard deviation of RMS roughness in spPNIAM-AM1 and spPNIAM-AMb5
with rotational speed of 1500 rpm also proves that their surfaces are smoother than the
surfaces of PNIAM-co-AM. This result indicates that spin coating technique can
provide the grafted copolymer with more uniform surface and maintain the

consistency of process.

4.3 Thickness of PNIAM-co-AM grafted TCPS analysis

4.3.1 Atomic Force Microscopy (AFM) and thickness measurement
The surface of PNIAM-co-AM grafted on polystyrene surface is examined at

room temperature by Atomic Force Microscopy (AFM). Half of the PS surface is
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covered by film before grafting PNIAM-co-AM. AFM technique is applied in tapping

mode to investigate the thickness between the actual substrate surface and PNIAM-

co-AM surface. The sample is measured three different points by using scan area

20um x 20um. The thickness difference between the actual substrate surface and

PNIAM-co-AM surface is shown in Table 4.3.
Table 4.3 Thickness different between PS substance surface and PNIAM-co-AM surface.

1% measurement

PNIAM-co-Am area PS substrate area
74.38
[nm]
o s g 0 [nm] 19296.40
1% position Thickness different is 0.76+3.59 nm

111,59

[nm]

1 64.07

o 5 10 15

[um]

2" position

0 [nm] 19296.40

Thickness different is 25.40+6.56 nm

[t} 5 10 15

[um]

3" position

0 [nm] 19296.40

Thickness different is 26.35+4.81 nm

146.26

[nm]

36.87




By calculating the average thickness from position 2 and 3, the thickness of
copolymer layer obtains 21.21+7.34 nm. However, from position 1, the thickness
between 2 sides is not too much different (All results are shown in Appendix D). It

may be occurred from ineffective grafting process leading to non-uniformity surface.

4.3.2 Ellipsometer and thickness measurement

4.3.2.1 Polystyrene model
A model of PS substrates is first constructed by using ellipsometry. The sample is
measured data at wavelength 400 to 1000 nm. The optical parameters of polystyrene

substrate are observed by measuring 3 ungrafted polystyrene surfaces.

Table 4.4 Optical parameter of polystyrene substrate from 3 different samples.

Parameter Ungrafted PS 1 Ungrafted PS 2 Ungrafted PS 3
An 1.5762+0.0006 1.5760%0.0070 1.5756+0.0007
Bn 0.0071+0.0005 0.0072+0.0006 0.0063+0.0006
Cn 0.0004 0.0004 0.0006
Refractive Index | 1.60 1.60 1.60
Roughness (nm) 0.68+0.02 0.70£0.02 0.70+0.03

As a result from table 4.4, An, Bn and Cn are represent the refractive index of

j—f). It can be concluded that

polystyrene by using Cauchy equation (n = An + % +
the refractive indices of 3 ungrafted polystyrene samples are approximately 1.60 (

reference refractive index ~ 1.59-1.60) at 550 nm [74].

4.3.2.2 PNIAM-co-AM grafted surface model

PNIAM-co-AM grafted on the PS surfaces is examined step-by-step by
ellipsometry. In the first step, after the sample is tested, the measurement of beam
intensities such as reflectance, transmittance or polarization states (A and ¥) is made
in accordance with the angle of incidence of light beam, the wavelength of light and
polarization state. In the second step, the model construction of PS and PNIAM-co-
AM is determined by observing from the optical measurements. In third step,
regression analysis is used for fitting data to the constructed model. In the final step, a

set of the best-fit parameters are established. The constructed model is said to be
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suitable if the parameters are unique, physically reasonable and not strongly
correlated.

Thickness of spPNIAM-co-AM is evaluated by ellipsometry measurement.
Grafted surfaces have two layer which are polystyrene substrate layer and copolymer
layer. Thickness and optical parameters of both layers are modelled and obtain the
refractive indexes of copolymer layer about 1.56 at the wavelength of 550 nm. The
reference for the refractive index of PNIAM brush layer is 1.49 at the wavelength of
589 nm. The results of spPNIAM-co-AM thickness with different concentrations and

spinning speeds are shown in table 4.5.
Table 4.5 Film thickness of spPNIAM-co-AM grafted surface under different condition

Thickness of spPNIAM-co-AM at different condition

(nm)*

Concentration Spin speed (rpm)
(mol/L) 500 1000 1500
NIAM:AM 1:1 2177507 16.52+4.68 14.93%=3.69

NIAM:AM 3:3 2447562 1641+494 12.66*2.28
NIAM:AM 5:5 21.04£6.60 14.35+6.17 11.89%2.99
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The variation of thickness can be observed with different the spin speeds and the
concentrations. Increasing concentration does not affect the thickness of grafted
copolymer. By visible observing the flow of solution after increasing the monomer
concentration, it can be said that the viscosity of solution does not change much. On
the other hand, an increase in spin speed reduces the copolymer film thickness which
is consistent with the theory [66]. In addition, a decrease in standard deviation of
thickness data shows that grafted copolymer surfaces are more uniform when
increasing the spin speed. Furthermore, it can be suggested that spPNIAM-co-AM
grafted surface at speed above 1000 rpm is suitable for cell culture because the
thickness is less than 30 nm [19].

4.4 Cell analysis

Mouse pre-osteoblast MC3T3-E1 cells are cultured to achieve strong cell-cell
junctions at 37°C. The cell detachment is performed by lowering temperature. The
morphology of cells detachment is determined on different conditions. Upcell® and
ungrafted PS dishes are used as a comparison.

For thermal polymerization, PNIAM-AM1-500 and PNIAM-AMO0.5-500
grafted on PS substrate are prepared in 6 well plates.

Table 4.6 The morphology of MC3T3-E1 grafted on thermal polymerization samples A) cell attachment on
copolymer substrate and B) cell detachment.

PS Dish tpPNIAM-AM1-500 tpPNIAM-AMO0.5-500
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Polystyrene control dish exhibits cell sheet attachment at both temperatures
above 37°C and after incubation temperature below 32°C. During cell growth on the
dish, MC3T3 cells are grafted well on control polystyrene substrate but not well
uniformly grafted on both thermal polymerization samples. The cells cannot graft at
the edge of PNIAM-co-AM substrate. This problem can be occurred from unable to
control solution evaporation while using high temperature to polymerization. After,
samples are incubated below at 10°C and 20°C for 30 minutes and 60 minutes,
respectively. Cell sheet cannot detach from the surface which can be caused by the
problem due to uncontrollable evaporation of solution using the high temperature in
polymerization process.

For UV polymerization, two conditions of evaporation method are determined in 6
well plates which are PNIAM-AM3hr and PNIAM-AM5hr.

Table 4.7 The morphology of MC3T3-E1 grafted on UV polymerization and evaporation samples A) cell
attachment on copolymer substrate and B) cell detachment.

PS Dish evpPNIAM-AM3hr evpPNIAM-AMb5hr
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After temperature reduction, few MC3T3 cells are detached from 5 hour

evaporation sample, but there is no cell detachment in PS control surface and 3 hour

evaporation time. Although cell sheet can detach in PNIAM-AMb5hr sample, repeated

results of cell sheet detachment do not obtain in other batches. It can be said that

evaporation method is not efficient for preparing uniform surface and thickness, and it

leads to unstable cell detachment results.

From spin-coated method, cells are cultured to achieve strong cell-cell

junctions at 37°C. The cell detachment is performed by lowering temperature. The

morphology of cell sheet detachment is determined for the samples with different spin

speeds. Upcell® dishes are used as a comparison.

Table 4.8 The morphology of MC3T3-E1 A) cell attachment on copolymer substrate and B) cell detachment.

Upcell® Dish SpPNIAM-AM1

500 rpm

spPNIAM-AM1

1500 rpm

PNIAM-co-AM
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After lowering temperature, cell layers automatically detach from Upcell®. From
grafted copolymer sample, MC3T3 cell layers are harvested by gently flushing the
surface with culture medium. The results show 100% cell sheet detachment in
Upcell® and spPNIAM-AM with the speed of 1500 rpm. Unlike spPNIAM-AM with
the speed of 500rpm and PNIAM-co-AM, cell sheet is detached but it cannot form
like a cell sheet. Different spinning speeds used for grafting copolymer show the
similar result with the previous research. It indicates that spin coated copolymer
sample with the speed more than 1000 rpm is suitable for cell culture and cell sheet
harvesting [1, 64].

4.5 Result discussion

In summary, PNIAM-co-AM is grafted on TCPS surface by two different
polymerization methods. Copolymer grafted by thermal polymerization indicates that
copolymer is not well grafted on the surface due to the formation of linear and
crosslinked copolymer. In addition, the grafted surface obtained by thermal
polymerization is not uniform which shows the fiber-like surface topography similar
to the polystyrene surface topography.

plate formed a linear PNIAM-co-AM.
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From UV polymerization, the copolymer grafted surface obtained by evaporation
technique shows the existence of secondary amide group by FTIR. However, AFM
results indicate that the grafted surface is not uniform due to the spot-to-spot variation
surface. This unstable grafted might be occurred from uncontrollable evaporation of
monomer solution in polymerization process.

Spin-coating is the best technique for preparing PNIAM-co-AM grafted surfaces.
From overall results, spin coated samples show the existence of secondary amide
group by FTIR, hydrophobic to hydrophilic behavior in contact angle measurement
and smooth surface in AFM topography. It can be reported that the suitable spin speed
is 1500 rpm because the roughness data in AFM results show the smooth surface.
From thickness measurement, the thickness of modified PNIAM-co-AM grafted
surface is measured by determining the height difference between actual PS substance
and copolymer thin film surface. The results show that some positions of modified
copolymer exhibit imprecise height difference between two sides. It may be occurred
from the leakage of monomer solution into covered area during preparation process.
Uneven distribution of grafted layer is observed by showing the appearance of white
spot valleys along the grafted area. From ellipsometry measurement, the suitable
models of PS substrate and spin-coating PNIAM-co-AM layer are constructed. The
results indicate that increasing the rotational speed decreases the film thickness. In
addition, more uniform grafted copolymer surfaces are obtained when increasing the
spin speed.

The application of PNIAM-co-AM qgrafted surface is confirmed by using MC3T3-E1.
The results are also consistent with the characterization results. Thermal
polymerization samples cannot detach as a cell sheet from the surface. However, spin-
coated samples with the speed of 1500 rpm show the cell detachment results after
lowering temperature to 10°C for 30 minutes then 20°C for 60 minutes in cell

harvesting process.
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Chapter 5

Conclusions and Recommendations

In this research, PNIAM-co-AM was grafted on the polystyrene culture
surface. The uniformity of surface and thickness on copolymer layer were determined
in order to improve the ability of cell sheet detachment and maintain the consistency
of results. Thermal polymerization and UV irradiation were developed in order to
optimize the preparation process. Other techniques such as evaporation method and
spin-coated method were also applied in the preparation process to improve the
process stability. The results from contact angle measurement showed that the
obvious hydrophobic to hydrophilic transition was found out in the spin-coated
copolymer surfaces. The hydrophilicity of the spin-coated samples was higher than
that of the samples prepared by other techniques. FTIR results showed the exsitence

of secondary amide group in the copolymer grafted surfaces prepared by both thermal

polymerization and UV polymerization. The secondary aminde peaks was barely
observed in the samples prepared by evaporation technique in UV polymerization
method. From AFM results, thermo polymerization and evaporation technique
showed spot-to-spot variation on fibre-like surface topography which is similar to
ungrafed PS surface. It can be said that grafted copolymer layers were unstable and
lack of uniformity. The topography of spin-coated copolymer showed the
disappearance of fibre-like structure and it is similar to the topography of Upcell®
surface. This confirmed the uniform PNIAM-co-AM grafted layer on substrate. RMS
roughness of spin-coated copolymer surface and Upcell® decreased when compared
to ungrafted PS. The thickness measurement of PNIAM-co-AM was done by AFM
and ellipsometry. However, the samples with partially covered film on the substrate
were unable to determine different in thickness because the range of actual height is
too small (in nanoscale) and also the leakage of solution through the covered parts
interrupted during preparation. From ellipsometry, models of PS substrate and
PNIAM-co-AM layer were constructed and used to observe the thickness of spin-
coated copolymer. The refractive index of PS and PNIAM-co-AM layer are found to
be 1.60 and 1.56 at the wavelength of 550 nm, respectively. The thickness of PNIAM-
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co-AM layer was investigated together with effect of spin speed and monomer
concentration. Ellipsometry results also showed that grafted copolymer surfaces were
more uniform when increasing the spin speed. Furthermore, it can be suggested that
SpPNIAM-co-AM grafted surface with the speed above 1000 rpm is suitable for cell
culture because the thickness was less than 30 nm. For the cell study analysis, the
results proved that spin-coating was the best suitable method for preparing the
copolymer grafted layer for cell sheet detachment because spin-coated samples can
provide the suitable thickness, uniform surface for cell culture and maintain the

consistency of results.
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Appendix A
Characterization of Thermal polymerization tpPNIAM-co-AM
grafted TCPS

A.1 Fourier Transform Infrared Spectroscopy (FTIR)

In ATR-FTIR, secondary amide group (-CONH-) is used to identify PNIAM.
This group is a type of amide | band which has a strong absorption at 1680-1630 cm’
due to C-O stretching vibration [75]. The spectrum of un-grafted polystyrene is used
as a comparison to observe the appearance of secondary amide group peak in the
samples. Figure A.1 shows the ATR-FITR spectrum of un-grafted polystyrene and
PNIAM-co-with thermal polymerization at 60°C for 2 hours. The samples are
additional washing with ethanol for 2 hour to remove unreacted monomer and
hydrogel before ATR-FTIR measurement. The samples are filled in different amount
of monomer solution with 300and 500 pl. The ATR result can be seen the
wavenumber of 1652 cm™ which refers to secondary amide group (-CONH-).This

peak is clearly seen when compare with the ungrafted PS spectrum.

L°FS_faloon
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Figure A.1 ATR-FTIR spectra of PNIAM-co-AM grafted on TCPS by thermal polymerization which
varying the amount of PNIAM-co-AM solution at wavelength 1400-2000 cm™
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A.2 Contact Angle Measurement

The surface wettability is used to observe the phase transition of PNIAM-co-
AM grafted on the PS surface. The hydrophobic-hydrophilic transition is studied at
two different temperatures.
The contact angle of the ungrafted polystyrene surface exhibits hydrophobic
characteristic at both 10°C and 40°C in figure A.2. The contract angle of ungrafted PS
surface is 61° and 56° at 40°C and 10°C respectively.

90
80
70
60
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40 -
30 -
20 -
10 +
0

m40°C
| - 10°C

Ungrafted PS  tpPNIAM-AM1-500 tpPNIAM-AMO.5-
500

Figure A.2 Contact angles measurement of polystyrene and thermal polymerization PNIAM-co-AM. Data are
expressed as standard deviation; n =6.

The results suggest that tpPNIAM-AM1-500 exhibits the most significant change in
wettability as temperature changes. Decreasing the amount of mole concentration
from 1 to 0.5 mol/L decreases the ability of phase transition because the wettability is
slightly change while lowering temperature. This might be occurred from fewer

amount of monomer spread on substrate.

A.3 Atomic Force Microscopy
AFM images of the ungrafted and PNIAM-co-AM grafted TCP surfaces at different
condition are shown in Figure A.3 (a-d). Ungrafted TCP surface and Upcell® dishes

are used as a control surface.
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Root mean square: 3.590.88 nm Root mean square: 6.130.47 nm

Figure A.3 AFM images of (A) ungrafted TCP (B) Upcell®, (C) tpPNIAM-AM1-300 and (D) tpPNIAM-AM1-
500.

RMS roughness of all samples is calculated from three positions tested on the sample.
The RMS results show a decrease in the surface roughness value compared between
Upcell® and the ungrafted surface. Ungrafed PS dish’s surface has an RMS value of
5.30 nm while Upcell® is 4.29 nm. The lowest value of 3.59 nm belongs to the 300 pl
PNIAM-co-Am sample. From 500 pl PNIAM-co-Am sample shows the highest RMS

value of 6.13 nm.

According to topography of the surface, the ungrafted PS surfaces have fiber-
like surface structure due to the manufacturing process such as injection moulding[31,
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76]. Upcell® can observe a layer of grafted PNIAM. The surface topography of
thermal polymerization PNIAM-co-AM grafted surfaces demonstrates the existence
of copolymers which are confirmed by the white spots on the grafted TCP surface.
However, the surface structure show uneven grafted surface due to the appearing of
fiber-like surface structure. The poor grafting results could be occurred from the
ineffective grafting process of thermal polymerization method where the amount of

polymer left on the surface is difficult to control.
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Appendix B
Contact angles of polystyrene surfaces and PNIAM-co-AM grafted
PS surfaces

Table B.1 Contact angles measurement of polystyrene surface and Thermal polymerization PNIAM-co-AM
grafted surfaces at different conditions.

At 40 °C? At 10 °C?
Average + SD Average + SD

Un-grafted PS

CALeft= 55 452 Right = 55 394

60.833 £1.31° 56.406 = 1.05°

PNIAM
Upcel I® CA Left=71.055 Right= 72 692 — 34 568 Right= 35.727

71.76+0.72 ° 35.67+0.79 °

tpPNIAM-co- |
Am

Conc. 1mol/L
Amount of
solution 500

pl

78.20£2.19 ° 48.79+1.93°
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tpPNIAM-co-
Am

Conc. 0.5
mol/L
Amount of
solution 500

pl

CALeft=82.576 Right= 81.136

82.31+0.90 °

70.51+1.31°

Table B.2 Contact angles measurement of polystyrene surfaces, Upcell®

c0-AM grafted surfac

es at different conditions.

surface and UV polymerization PNIAM-

At 40 °C?

At 10 °C?

Average + SD

Un-grafted PS

Average + SD

509 Rig

CALeft= 55452 Right = 55394

60.833 + 1.31°

56.406 = 1.05°

PNIAM
Upcell®

CA Left=T1,955 Right= 72 692

71.76x0.72 °

A = 34.568 Right = 35.727

35.67£0.79 °

PNIAM-co-
Am

(old condition)
Sample 1

CALeft= 65102 Right = 65.029

66.05+1.89 °

CALeft= 49.930 Right= 48.005

50.48+2.40 °

51



PNIAM-co- CALeR= 05127 ight= 0991 o Let= 46,595 Rioni= 45,068
Am

(old condition)
Sample 2

66.32+1.09 ° 45.01+4.89 °

evpPNIAM- _ 4
Am -

Evaporation
3 hour

64.74+0.84 ° 48.06+2.91 °

eVPPNIAM- | oo T r——
Am o " !

Evaporation
5 hour

61.26+1.61° 47.98+1.95°

SpPNIAM-Am
Conc. 1mol/L
Spin speed
500

Sample 1

63.26x£1.31° 42.75+059 °
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SPPNIAM-Am | s
Conc. 1mol/L
Spin speed
500

Sample 2

64.80+£0.47 ° 42.15£0.59 °

SPPNIAM-AM | et mossranae R e
Conc. 1mol/L }

Spin speed
1000
Sample 1

63.83+1.650 ° 43.73+1.19°°

SpPNIAM-Am [ T
Conc. 1mol/L -

Spin speed
1000

Sample 2

65.11+2.75° 44.36+0.29 °

SPPNIAM-AM | e monerae
Conc. 1mol/L
Spin speed
1500

Sample 1

67.85£1.65° 44.95+0.97 °©
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SpPNIAM-Am
Conc. 1mol/L
Spin speed
1500

Sample 2

CALefl= 65.238 Rignht= 65364 = CALefi= 44 534 Right= 43168

65.65+1.264 °

43.74+£1.26 °

SpPNIAM-Am
Conc. 3mol/L
Spin speed
500

Sample 1

187 Right= 65.751

65.27+0.79 °

SpPNIAM-Am
Conc. 3mol/L
Spin speed
500

Sample 2

SpPNIAM-Am
Conc. 3mol/L
Spin speed
1000

Sample 1

63.74+1.82° 40.341+0.87 °

64.37£1.40 ° 40.35+0.62 °
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SpPNIAM-Am
Conc. 3mol/L
Spin speed
1000

Sample 2

CALefl= 64542 Right= 63483

64.15+091 °

SpPNIAM-Am
Conc. 3mol/L
Spin speed
1500

Sample 1

40.15+£0.63 °

F

63.41£0.91°

CA Left = 43.955 Right= 42156

43.14+1.11 °

SpPNIAM-Am
Conc. 3mol/L
Spin speed
1500

Sample 2

SR

64.07+0.46 °

CAlLeft= 41 623 Right= 41.233

42.65£1.32°

SpPNIAM-Am
Conc. 5mol/L
Spin speed
500

Sample 1

‘&%"55712

56.10£2.12°

CALeft= 33106 Right = 34.605

34.61+1.82°
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SpPNIAM-Am
Conc. 5mol/L
Spin speed
500

Sample 2

CALeft= 56,830 Right= 55.571

4

55.18+1.62°

CALeft= 32256 Right= 32.474

33.85+1.22°

SpPNIAM-Am
Conc. 5mol/L
Spin speed
1000

Sample 1

SpPNIAM-Am
Conc. 5mol/L
Spin speed
1000

Sample 2

SpPNIAM-Am
Conc. 5mol/L
Spin speed
1500

Sample 1

Left= 61.229 Right = 61.600

e

CALeft=36.011 Right=37.138

36.81+0.78 °

58.46+0.83 °

CA Left=35.009 Right = 35.481

35.76+x1.25°

B4 Right= 54.215

55.96£1.26 °

CA Left= 38.028 Right= 37632

37.62+0.78 °
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CA Left = 38 639 Right = 39.570

SpPNIAM-Am
Conc. 5mol/L
Spin speed
1500

Sample 2

55.96+0.61 ° 39.02+0.39 °

% Data are expressed as mean * standard deviation; n =3.
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Appendix C
AFM topography and roughness of polystyrene surfaces and PNIAM-

co-AM grafted PS surfaces in different conditions.

AFM measurement was analyzed to investigate the surface topography of PNIAM-co-
AM grafted surfaces. AFM topography of PNIAM-co-AM grafted PS surfaces was observed
in room temperature. The scan area was 10pm x 10um. The sample was measured by three
different positions. The grafted surfaces were compared with the ungrafted polystyrene and
Upcell® dish. Table C.1 shows the different topography between PS substrate, Upcell®
commercial dish, PNIAM-co-AM grafted with non-spin coated technique (old protocol),
thermal polymerization PNIAM-co-AM, evaporation PNIAM-co-AM and PNIAM-co-AM
grafted with spin coated techniques.
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Table C.1 Topography of PS substrate and PNIAM-co-AM grafted PS surface.

1% position 2" position 3" position

Polystyrene

[m] [wm]

PNIAM (Upcell®)

[um] [wm]

Root mean square: 4.01 nm Root mean square: 4.23 nm Root mean square: 4.63 nm
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PNIAM-co-Am
(old condition)

[bm]

tpPNIAM-AM1-300
Conc. 1 mol/L
Amount of solution
300 pl

[#m]

Root mean square: 3.89 nm

Root mean square: 3.81 nm

Root mean square: 3.67 nm
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tpPNIAM-AM1-500
Conc. 1 mol/L
Amount of solution
500 pl

Root mean square: 6.60 nm

evpPNIAM-AM3hr
Conc. 1 mol/L
Evaporation time 3
hr.

[rm]

Root mean square: 3.66 nm

[km]

Root mean square: 4.24 nm

[m]

Root mean square: 12.30 nm
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evpPNIAM-AMb5hr
Conc. 1 mol/L
Evaporation time 5
hr.

[km]

[wm]

SpPNIAM-Am
Conc. 1 mol/L
Spin speed: 1500

[¥m]

Root mean square: 3.47 nm

[um]

Root mean square: 3.47 nm

Root mean square: 3.16 nm
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SpPNIAM-Am
Conc. 1 mol/L
Spin speed: 1500
Repeated
experiment

[#m]

Root mean square: 3.02 nm

[wm]

SpPNIAM-Am
Conc. 1 mol/L
Spin speed: 500

[wen]

Root mean square: 14.99 nm

[m]

Root mean square: 4.61 nm

[wm]

Root mean square: 14.38 nm
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SpPNIAM-Am
Conc. 3 mol/L
Spin speed: 500

SpPNIAM-Am
Conc. 5 mol/L
Spin speed: 500

Root mean square: 6.25 nm

Root mean square: 4.70 nm

[wm]

Root mean square: 5.57nm
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SpPNIAM-Am
Conc. 5 mol/L
Spin speed: 1500

Root mean square: 3.67 nm

Root mean square: 3.73 nm

[wm]

Root mean square: 4.52 nm
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Appendix D

Thickness measurement by AFM

The surface of PNIAM-co-AM grafted on polystyrene surface was examined
at room temperature by Atomic Force Microscopy (AFM). Half of PS surface was
covered by film before grafted PNIAM-co-AM. AFM technique was applied in
tapping mode to investigate the thickness between actual substance surface and
PNIAM-co-AM surface. The sample is measured three different points by using scan
area 20um x 20pum. The thickness different between actual substance surface and
PNIAM-co-AM surface are determine by observing 10 different points (AZ) which
shown in table D.1 to D.3.

Table D.1 Thickness different between actual substance surface and PNIAM-co-AM surface at first point
measurement.

1% point measurement PNIAM-co-Am  Cover with Thickness
area (Z,) film area (Z;) different (AZ)

70.72

[nm]

0 [nm] 19921.39

a 5 F Thickness different is 2.53+1.84nm
1* position

1* Position of PNIAM-co- 25.88 24.4 1.48
AM 23.98 27.42 -3.44

18.12 22.20 -4.08

21.66 23.37 -1.71

23.01 24.30 -1.29

21.71 22.97 -1.26

25.42 28.16 -2.74

23.31 25.32 -2.01

15.72 22.50 -6.78

23.46 22.93 0.53
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73.78

[nm]

|

0 [nm] 19921.39

Thickness different is 4.05+3.00 nm

2" position

2" Position of PNIAM-co- 27.41 26.03 1.38
AM 20.39 29.32 -8.93
26.94 22.05 4.89

23.36 15.40 7.96

20.41 21.49 -1.08

22.45 22.04 0.41

24.63 21.78 2.85

23.79 18.12 5.67

24.42 26.15 -1.73

20.83 26.44 -5.61

89.07

[nm]

TORY TV L e )
0 [nm] 19921.39

Thickness different is 1.70+£1.61 nm

3" position
3 Position of PNIAM-co- 22.27 23.28 -1.01
AM 19.91 20.28 -0.37
19.68 21.01 -1.33
22.33 22.03 0.3
21.43 26.87 -5.44
27.97 26.22 1.75
25.23 23.13 2.1
19.34 22.65 -3.31
23.31 22.56 0.75
20.53 21.13 -0.6
Total Average 22.63 23.385 -0.755
Sb 2.78 2.94 3.59
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Table D.2 Thickness different between actual substance surface and PNIAM-co-AM surface at second point

measurement.

2" point measurement

PNIAM-co-Am

area (Z1)

Cover with

film area (Z,)

Thickness
different (AZ)

185.86

E [nm]
0 i ' [nm] 1092130 e
V/ As™ 7 Thickness different is 22.17+8.08 nm
1% position
1% Position of PNIAM-co- 96.27 76.87 19.40
AM 96.02 76.62 19.40
98.04 78.70 19.34
95.23 79.57 15.66
112.74 73.37 39.37
95.61 82.97 12.64
103.42 75.25 28.17
97.04 79.05 17.99
96.33 77.27 19.06
106.21 75.55 30.66

111.48

[nm]
[nm] . 19608‘:90 B

Thickness different is 25.66+4.25 nm

2" position

2" Position of PNIAM-co- 97.06 71.18 25.88
AM 93.42 68.13 25.29
100.57 70.58 29.99
90.84 71.95 18.89
89.87 67.03 22.84
91.13 71.18 19.95
97.75 72.09 25.66
94.54 68.26 26.28
99.94 68.07 31.87
94.26 64.32 29.94
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145.16

[nm]

0 [nm] 19608.90

Thickness different is 28.36+5.82 nm

3" position
3" Position of PNIAM-co- 78.05 55.68 22.37
AM 78.50 59.28 19.22
82.79 50.06 32.73
76.82 45.37 31.45
73.55 47.05 26.50
80.09 59.85 20.24
78.28 44.92 33.36
78.02 47.86 30.16
79.77 46.38 33.39
78.98 44.78 34.20
Total Average 91.038 65.641 25.397
SD 10.113 12.305 6.560

Table D.3 Thickness different between actual substance surface and PNIAM-co-AM surface at third point

measurement.

3" point measurement Cover with PNIAM-co- Thickness
filmarea (Z;) Amarea(Z;) different (AZ)

l 120.08

[nm]

b - 278
0 [nm] 19608.90

Thickness different is 28.20+3.94 nm

1% position
1% Position of PNIAM-co- 33.62 63.66 30.04
AM 34.91 59.94 25.03
45.88 75.67 29.79
45.04 71.61 26.57
45.86 67.78 21.92
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44.52 73.25 28.73

47.36 81.75 34.39
35.17 65.21 30.04
48.44 71.76 23.32
29.62 61.81 32.19

187.05

[nm]

P : 3 - 4225
0 [nm] 19843.27

Thickness different is 28.04+4.37 nm

2" position

2" Position of PNIAM-co- 55.68 89.60 33.92
AM 55.68 89.60 33.92
51.89 75.08 23.19

50.83 77.15 26.32

48.07 82.71 34.64

48.63 71.71 23.08

56.35 88.01 31.66

55.92 85.34 29.42

49.32 76.39 27.07

48.98 77.15 28.17

138.68

[nm]

; 5 - 2158
0 [nm] 19843.27

Thickness different is 22.80+4.34 nm

3" position

3" Position of PNIAM-co- 38.68 63.22 24.54
AM 48.91 64.46 15.55
41.61 59.81 18.20

26.69 54.65 27.96

25.10 51.50 26.40

45.29 65.36 20.07

49.83 69.13 19.30

29.19 51.87 22.68

31.39 59.47 28.08

23.29 48.49 25.20
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Total Average 42.906 69.251 26.345

SD 9.681 10.799 4.807
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