
C H A P T E R  IV

Results and D iscussion

เท this chapter, the results are divided into three sections. The first section 

mainly focuses on the synthesis and characterization of random and block 

copolymers of poly(/V-isopropylacrylmide) (PNIPAAm) having multiple reactive units 

along their backbone such as N-acryloxysuccinimide (NAS) and 

pentafluorophenylacrylate (PFPA) by RAFT polymerization. The second section 

explains the ability of random and blocks copolymers to form fibers and micelles, 

respectively. The last section is dedicated to the evaluation of cellular response of 

the fiber mats.

4.1 Preparation of P(NIPAAm-r-NAS) by RAFT polymerization

The synthesis of P(NIPAAm-r-NAS) was performed by RAFT polymerization in 

anh. DMF at 7 0 ° c  using CPADB as a chain transfer agent (CTA) and ACVA as a radical 

initiator (Figure 4.1). Table 4.1 gives an overview of the reaction conditions and the 

molecular weight information of copolymers prepared by RAFT polymerizations 

under different conditions. A ratio of [CTA]/[I] was fixed at 4/1, while the ratios of 

[M]/[CTA] and comonomer ratios were varied. As demonstrated in Table 4.1 , the 

copolymer composition ratio between NIPAAm and NAS can be precisely controlled 

as a function of the comonomer in the feed. The molecular weight of the 

copolymers could be raised by an increment of the [M]/[CTA] ratio. Moreover, the

P (N IPA A m -r-N A S)

Figure 4.1. Synthetic pathway of P(NIPAAm-r-NAS) by RAFT polymerization.
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ratio of [CTA]/[I] played an important role in controlling molecular weight and PDI as 

shown in Table 4.2. PDI decreased with an increasing [CTA]/[I] ratio from 3/1 to 4/1. เท 

all cases, the molecular weights were ranging from 16.8 to 44.8 and the PDI of the 

copolymers was between 1.11 and 1.28.

Table 4.1 Summary of reaction conditions and molecular weight information of 

P(NIPAAm-r-NAS) copolymers synthesized by RAFT polymerization.

[M]/[CTA]
Molar ratio 

[NIPAAmMNAS]
[CTAMI]

Mn
(kDa)

Mw
(kDa)

PDI
Copolymer 

composition of 
PNIPAAm:PNAS

90:10 43.9 55.6 1.27 91:9
80:20 47.8 66.0 1.38 82:18

400
70:30 4 ND ND ND 73:27
60:40 ND ND ND 64:36

600 90:10 74.6 97.0 1.30 91:9
*ND = N o t D e te c ta b le  b y  GPC  m e a su re m e n t

T ab le  4.2 Characteristics of the synthesized copolymers (target DP = 400, 

comonomer feed ratio of [NIPAAmMNAS] = 90:10) as a function of [CTA]/[I] ratio.

[CTA]/[I] = 3 [CTA]/[I] = 4
Time (h) ---------------------------------------------------------------------------

Mn (kDa) Mw (kDa) PDI Mn (kDa) Mw (kDa) PDI

2 19.3 22.4 1.16 16.8 19.2 1.14

4 32.8 39.5 1.20 37.7 42.0 1.11

6 37.3 46.1 1.24 42.6 47.8 1.12

8 42.6 52.8 1.24 44.8 51.9 1.16

10 42.5 54.2 1.28 44.1 51.9 1.18

The kinetic plots for the RAFT polymerization of P(NIPAAm-r-NAS) 

(Figure 4.2) shows that molecular weight increases linearly with polymerization time 

within the first 6 h implying that a constant number of propagating radicals or chain 

transfer equilibrium condition was maintained throughout the duration of 

polymerization for 6 h.
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P o ly m e r iz a t io n  t im e  (h)

F ig u re  4 .2. Plots of molecular weight (Mn) and PDI versus polymerization time for 

molar ratio of [M]/[CTA] = 400, and [CTA]/[I] = 4 in the polymerization of P(NIPAAm-r- 

NAS) (90/10) in anh. DMF at 70 °c .

The success of P(NIPAAm-r-NAS) formation was also confirmed by !แ NMR and 

FT-IR analyses as shown in Figure 4.3 and 4.4, respectively. The characteristic signals 

of both PNIPAAm (the proton on isopropyl group [-CH-(CH3)2] at Ô ~3.6-4.0 ppm) and 

PNAS segments (four protons of succinimide group at Ô ~2.6-3.0 ppm) appear in the 

spectrum of the copolymer as shown in Figure 4.3. The characteristic bands of both 

NAS unit (succinimide groups at 1810, 1781, and, 1733 cm ') and NIPAAm unit (c=0 

stretching (Amide I) at 1658, N-H stretching (Amide II) at 1549 cm J) appeared clearly 

in the FT-IR spectrum of the P(NIPAAm-r-NAS) copolymer (Figure 4.4).

i  2 " ' i  1 i 0 9 ' 8 7 6 5 4 3 2 1

F ig u re  4 .3 . 'h NMR spectrum of P(NIPAAm-r-NAS) copolymer.
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Succinimide g r o u p ------1 I-------------  c=0 stretching (1658 cm'1)

Wavenumbers (cm'1)

Figure 4.4. FT-IR spectra of (a) PNIPAAm, (b) PNAS, and (c) P(NIPAAm-r-NAS) 

copolymer.

4.2 Preparation of PPFPA by RAFT polymerization

C P A D B

P F P A

P P F P A

Figure 4.5. Synthetic pathway of PPFPA by RAFT polymerization.

PPFPA homopolymer was synthesized by RAFT polymerization utilizing CPADB 

as a CTA and AIBN as an initiator in dry 1,4-dioxane at 7 0 ° c  (Figure 4.5). เท this study, 

ratios of [M]/[CTA] and [CTA]/[I] were fixed at 500/1 and 10/1, respectively. Figure 4.6 

shows the relationships between molecular weight and monomer conversion of 

PPFPA in this experiment. The molecular weight of polymer linearly increased with
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monomer conversion. These results fully confirm that the polymerization process 

proceeded via a controlled mechanism. Moreover, the success of PPFPA synthesis 

could also be verified by the appearance of c = 0  stretching band at 1783  cm 1 

corresponding to the reactive ester, o c  bending band at 1515 cm 1 corresponding to 

aromatic ring, and C-0 ester band at 1090  cm 1 as shown in Figure 4.7.

F ig u re  4 .6 . Plots of molecular weight (Mn) and PDI as a function of monomer 

conversion for the RAFT polymerization of PFPA.

F ig u re  4 .7 . FT IR spectrum of PPFPA.
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4.3 Preparation of PPFPA-b-PNIPAAm by RAFT polymerization

Figure 4.8. Synthetic pathway of PPFPA-b-PNIPAAm by RAFT polymerization.

For the synthesis of diblock copolymers of PPFPA-b-PNIPAAm using RAFT 

polymerization, it is advisable to start with the monomer that shows higher transfer 

ability for the selected CTA. เท this case, PFPA was first synthesized and used as a 

macro CTA for PNIPAAm synthesis [29] (Figure 4.8). The PPFPA macro-CTAs with two 

molecular weights of 6.5 and 22.1 kDa were prepared (see Table 4.3). GPC 

chromatograms of the PPFPA and diblock copolymers are shown in Figure 4.9. A 

single peak was observed for each of the polymers, and a decrease in retention time 

as well as progressive peak broadening is seen with each block addition. The PPFPA 

with the two molecular weights of 6.5 and 22.1 kDa showed a good control of PDI 

and yielded block copolymer of the PPFPA-b-PNIPAAm with molecular weights of

11.5 kDa and 30.4, respectively. Plowever, the GPC chromatogram of the resulting 

block copolymer having the molecular weight of 30.4 kDa has a slight shoulder as a 

result of terminated chains. Additionally, Table 4.3 gives an overview of the 

molecular weight information of the block copolymers prepared by RAFT 

polymerizations. The molecular weight (Mn) of the block increased with increasing 

[ทาonomer]/[PPFPA macro-CTA] ratio. The content of the NIPAAm in the block 

copolymer was determined from ^  NMR data by selecting the areas of the signals at

4.10 ppm (for methine proton of NIPAAm) in relation to the area of the signal at 3.10 

ppm of the PPFPA polymer backbone. The contents of NIPAAm in the block 

copolymers were 74 and 77 ทา๐1% for the PPFPA-CTA with Mn of 6.5 and 22.1 kDa, 

respectively.
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PPFPA, M n = 6.5 kDa, PDI = 1.10 PPFPA, M n = 22.1 kDa, PDI = 1.30

PPFPA-è-PNIPAAm , M n = 11.5 kDa, PDI = 1.30 PPFPA-6-PNIPAAm , M n = 30.4 kDa, PDI = 1.36

F ig u re  4 .9 . GPC traces of PPFPA molecular weights of 6.5 kDa (a) and 22.1 kDa (b) 

and their corresponding block copolymers.

T a b le  4 .3  Molecular weight information of PPFPA-b-PNIPAAm copolymers

synthesized by RAFT polymerization.

First block PPFPA-b-PNIPAAm

Mn M w Mn Mw NIPAAm PPFPA
Macro-CTA

(kDa) (kDa)
PDI

(kDa) (kDa)
PDI

(mol-%) (mol-%)

6.5 7.1 1.10 11.5 14.9 1.30 74 26
PPFPA-CTA

22.1 28.7 1.30 30.4 41.3 1.36 77 23

NMR measurement proved a successful formation of the block copolymers 

as shown in Figure 4.10. The characteristic proton signals of PPFPA at 3.10, 2.50, and

2.12 ppm attributed to CH  and C H 2 groups of polymer backbone. The chain 

extension of the second block of PNIPAAm was confirmed by the appearance of a 

new signal at 4.10 ppm attributed to —CH(CFH3)2 of the methine proton of NIPAAm. 

The combination of a single GPC peak and the presence of characteristic protons for 

both PPFPA and PNIPAAm lead to the conclusion that diblock PPFPA-b-PNIPAAm 

copolymers were successfully synthesized.
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Figure 4.10. *H NMR spectrum of PPFPA-b-PNIPAAm in CDCl3.

4.4 Post polymerization modification of activated ester copolymers with ONB- 

protected diamine

Figure 4.11. Schematic representation of the nucleophilic substitution of activated 

ester copolymers with ONB-protected diamine.

Herein, light responsive moieties of ONB containing random and block 

copolymers were prepared via post polymerization modification of activated ester 

parts (NAS and PFPA unit) with a mono ONB-protected diamine. Upon u v  irradiation 

at 365 nm, the ONB protected amine group should be released, which can 

subsequently induce cross-linking via activated ester-amine chemistry resulting in a 

network formation as shown in Figure 4.11. A successful reaction can be 

demonstrated by the results from NMR and FTIR analysis.
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The ONB containing P(NIPAAm-r-NAS) copolymer was synthesized via post 

polymerization modification of ONB-protected diamine with NAS moieties. เท this 

study, the precursor copolymer, P(NIPAAm-r-NAS) was first synthesized by RAFT 

polymerization. The mole ratio of [M]/[CTA], [NIPAAm]/[NAS], and [CTA]/[I] were fixed 

at 1000/1, 500/500, and 4/1, respectively in order to get the copolymer with high 

molecular weight in order to assure electrospinnability. As calculated from NMR of 

which spectrum is displayed in Figure 4.12 (a), the theoretical molecular weight (Mn th) 

of the precursor copolymer was 133.6 kDa and the copolymer composition ratio 

between NIPAAm and NAS (50:50) closely resembled to the comonomer in the feed 

(50:50). The conversion of the parent PNAS in the copolymer to the corresponding 

ONB-protected amine was also determined by 'hi NMR (Figure 4.12 (b)). The 

characteristic signal of the four aromatic protons of the ONB moieties in a range of 

0=7.49-7.85 ppm clearly confirmed the attachment of the ONB groups to the 

random copolymer. The amount of the incorporated ONB-protected groups onto the 

copolymer was found to be 21.9%.

F ig u re  4 .1 2 . NMR spectra of P(NIPAAm-r-NAS) copolymer in DMSO-d6 (a) before 

and (b) after a reaction with ONB-protected diamine.

The ONB containing PPFPA-b-PNIPAAm copolymer was also synthesized via 

post polymerization modification of PFPA moieties. Figure 4.16 (b) represents 'hi NMR
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spectrum of ONB containing block copolymer of PPFPA-b-PNIPAAm. The signals of 

the four aromatic protons of the ONB moieties in a range of 0=7.52-8.09 ppm clearly 

confirmed the attachment of the ONB groups to the block copolymer. The amount 

of incorporated ONB-protected amine in the copolymer can be calculated by 

' h NMR from the relative ratio between the peak integration of the four aromatic 

protons and the peak integration of one proton at 3.10 ppm of the PPFPA polymer 

backbone. The amount of the incorporated ONB amine onto PPFPA-b-PNIPAAm was 

found to be 20.7%. Additionally, the successful conversion of the parent PPFPA in 

the copolymer to the corresponding ONB-protected group was also confirmed by 

FTIR analysis from the decrement of c = 0  peak at 1782 cm 'of PPFPA and the 

increment of the amide carbonyl group at 1645 cm 1 (Figure 4.17 (b)). After the post 

polymerization modification, the molecular weight of the ONB containing block 

copolymer was slightly shifted to higher molecular weight in comparison to the GPC 

trace of the precursor block copolymer due to the increment of molecular weight 

per repeating unit (See Appendices Figure B-l).

4.5 Preparation of cross-linked polymeric micelles of PPFPA-b-PNIPAAm

เท this part, we introduce a new methodology for polymeric micelles 

preparation from diblock copolymer having PPFPA moieties as hydrophobic parts, 

PNIPAAm as hydrophilic part, and ONB-protected diamine as a photo-induced cross­

linker molecule of which the strategy is shown in Figure 4.13. The molecular weight 

of PPFPA-b-PNIPAAm block copolymers and the cross-linked density were fixed at 

around 30 kDa, and 20%, respectively, while the copolymer compositions of PPFPA: 

PNIPAAm were varied from 23:77 and 71:29.
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PPFPA PNIPAM
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polymeric micelle cross-linked micelle
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F

PPFPA-ÜJ-PNIPAM

F 'Y '  F 
F

ONB-containing copolymer

F %  \

V ^ r
cross-linked copolymer

F ig u re  4 .1 3 . Schematic representation of the partial substitution of PPFPA-b-PNIPAM 

copolymers with ONB-protected diamine.

PPFPA-b-PNIPAM cross-linked micelle loaded
with pyrene dye

F ig u re  4 .1 4 . Schematic representation of design and synthesis of NBD dye cross- 

linked polymeric micelles and cross-linked micelle loaded with pyrene dye.

Micellization of the diblock copolymers in aqueous solution was 

characterized by dynamic laser scattering (DLS) and transmission electron microscopy 

(TEM). DLS studies (Table 4.4) revealed that the size of both uncross-linked and 

cross-linked micelles above the lower critical solution temperature (LCST) became 

smaller than that below the LCST due to the outer shell of PNIPAM dehydrated and 

collapsed. After uv irradiation at 365 nm, the average size of the cross-linked 

micelles were found to be slightly smaller than those of uncross-linked micelles
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implying that covalently cross-linked network of ONB-protected amine with the 

PPFPA part in the core were formed. Moreover, the average size of the micelles 

having a copolymer composition of PPFPA: PNIPAAm of 71:29 is smaller than that 

with the ratio of PPFPA:PNIPAAm of 23:77 implying that the size of the micelles 

corresponds with the length of the PNIPPAm outer shell. เท addition, size distribution 

profiles measured by DLS showed that all of the micelles have a unimodal size 

distribution. The micelles did not precipitate above the LCST because the DLS 

measurement was carried out at a very low concentration (1 mg/mL) allowing US to 

determine their size by DLS. TEM images revealed well-defined spherical shapes with 

slightly smaller diameters than those observed in DLS, which is attributed to the 

shrinkage of the micelles after solvent evaporation during TEM sample preparation 

(Figure 4.15). NBD dye conjugate was incorporated onto the residual PFPA moiety in 

the core of the cross-linked micelles to demonstrate the possibility for additional 

post functionalization modification (Figure 4.14). A successful incorporation of NBD 

dye was confirmed by ' fi NMR and FTIR as shown in Figure 4.16 (c) and 4.17 (c), 

respectively. The disappearance of activated carbonyl group at 1782 cm 1 and 

appearance of amide carbonyl group at 1646 cm 1 suggest that the PFPA unit was 

completely converted to amide when NBD dye was reacted with PFPA. Similar 

explanation can also be applied for the 'hi NMR spectrum. The signals of the two 

aromatic protons of the NBD in a range of 5=7.29-8.20 ppm clearly confirmed the 

attachment of the NBD to the block copolymer.

T a b le  4 .4  Summary of average sizes of PFPA-b-PNIPAAm, cross-linked PFPA-b- 

PNIPAAm, and NBD dye cross-linked PFPA-b-PNIPAAm micelles.

PPFPA:PN IPAAm  

(% m o l ratio)

Ave rage  s ize  (nm)

PPFPA -b -PN IPAAm
C ro ss- lin ked

PPFPA -b -PN IPAAm

NBD d ye  c ro ss -lin ked  

PPFPA -b -PN IPAAm

o
๐

ท 40°c

น๐๐

40°c ๐
๐

ท 40cC

23:77

(M n= 30.4 kDa)
257 .2314 .59 178.1512.21 183.2311 .85 128 .9711 .10 211 .5712 .74 162.9010 .62

71:29

(M n= 32.5 kDa)
122.4013 .04 81 .2210 .17 75 .1912 .12 64 .4810.31 82 .1911 .02 51.2310 .81
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Figure 4.15. Size distribution profiles evaluated by DLS (left column) and TEM images 

(right column) of the PPFPA-b-PNIPAAm micelles and the NBD dye cross-linked 

micelles formulated from the copolymer with PPFPA:PNIPAAm composition of (a) 

23:77, and (b) 71:29. DLS measurements were carried out at 10°c and a micelle 

concentration of 1 mg/mL.
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F ig u re  4 .1 6 . *แ NMR spectra of (a) PPFPA-b-PNIPAAm, (b) ONB containing the PPFPA- 

b-PNIPAAm, and (c) NBD dye cross-linked PPFPA-b-PNIPAAm in CDCl3.

F ig u re  4 .1 7 . FTIR spectra of (a) PPFPA-b-PNIPAAm, (b) ONB containing the PPFPA-b- 

PNIPAAm, and (c) NBD dye cross-linked the PPFPA-b-PNIPAAm.

UV-Vis spectroscopy was used to confirm the addition of NBD dye into the 

core of micelles via post functionalization modification of the residual PPFPA units. 

As seen in Figure 4.18, an absorbance of free NBD appears at ^max= 478 nm, which is 

corresponding to an absorbance of NBD cross-linked micelles. Furthermore, the
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lo a d in g  o f  p y re n e  d y e  in to  t h e  c o re  o f  t h e  c ro s s - l in k e d  m ic e l le s  w a s  a ls o  d e te rm in e d  

as s h o w n  in F ig u re  4 .19. T h e  t y p ic a l U V -V is  s p e c t ru m  o f  p y r e n e - lo a d e d  m ic e l le s  is 

s im ila r  t o  th a t  o f  f re e  p y re n e , su gg e st in g  n o  s ig n if ic a n t  c h a n g e  in t h e  s t ru c tu re  o f  

p y re n e  e n c a p s u la t e d  in t h e  c o re  c ro s s - l in k e d  m ic e l le s .

Figure 4.18. A b s o rb a n c e  o f  N BD  d y e  a n d  th e  N BD  d y e - c ro s s - l in k e d  m ic e l le s .

Figure 4.19. A b s o rb a n c e  o f  p y re n e  d y e  a n d  th e  c ro s s - l in k e d  m ic e l le s  lo a d e d  w ith  

p y re n e  d ye .
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4.6 Formation of fiber by electrospinning technique

เท th is  pa rt, r a n d o m  c o p o ly m e r s  o f  P (N IP A A m -r-P P FP A ) a n d  P (N IPA A m -r-N A S ) 

w e re  fa b r ic a te d  as f ib e rs  b y  e le c t r o s p in n in g  t e c h n iq u e .  T h e  e f fe c t  o f  p o ly m e r  

s o lu t io n  c o n c e n t ra t io n ,  m o le c u la r  w e ig h t, s o lv e n t ,  n e e d le  d ia m e te r  w a s  e v a lu a te d  in 

o rd e r  to  ge t u n ifo rm e d  f ib e rs  fo r  fu r th e r  c e l l  s tu d y  in th e  n e x t  pa rt.

4.6.1 Electrospinning of P(PPFPA-r-NIPAAm) copolymer

4.6.1.1 Effect of solvent

เท th is  s tu d y , P (N IP A A m -r-P P FP A ) c o p o ly m e r  h a v in g  M n o f  47  kDa w as 

e le c t r o s p u n  f ro m  T H F  a n d  a b in a ry  s o lv e n t  m ix tu re s  o f  T H F /D M F  (3:1 v /v )  t o  s tu d y  

th e  e f fe c t  o f  s o lv e n t  to w a rd s  t h e  fo rm a t io n  o f  f ib e rs  (F ig u re  4.20). F o r  e a c h  s o lv e n t  

sy s te m , th e  p o ly m e r  s o lu t io n  c o n c e n t r a t io n  w a s  v a r ie d  f ro m  10 t o  30%  (w /v). T h e  

f ib e rs  e le c t r o s p u n  f ro m  T H F  s h o w e d  o n ly  b e a d s  a n d  b e a d  w ith  s o m e  f ib e rs  o n  th e  

c o l le c t o r  a t  p o ly m e r  s o lu t io n  c o n c e n t r a t io n  o f  10 a n d  20%  w /v , r e s p e c t iv e ly .  T h e  

a v e ra g e  d ia m e te r  o f  t h e  f ib e rs  e le c t r o s p u n  f ro m  T H F  a t 30%  w /v  w a s  2 .02  ± 0 .84  pm . 

T h e  f ib e rs  e le c t r o s p u n  f r o m  th e  b in a ry  s o lv e n t  m ix tu re s  o f  T H F /D M F  (3:1 v /v )  fo rm e d  

b e a d s  w ith  f ib e rs  a t a p o ly m e r  s o lu t io n  c o n c e n t r a t io n  o f  30%  w /v . M o re o v e r ,  th e  

a v e ra g e  d ia m e te r  f ib e rs  s p u n  f ro m  th e  T H F /D M F  h a d  s m a lle r  d ia m e te r  th a n  th a t  o f  

t h e  f ib e rs  s p u n  fro m  TH F . D M F  is a p o ly e le c t r o ly t ic  s o lv e n t  w ith  r e la t iv e ly  h igh 

d ie le c t r ic  c o n s ta n t  (36.4) as c o m p a re d  t o  th a t  o f  T H F  (7.6). T h e  p r im a ry  e f fe c t  o f  

u s ing  D M F  in s te a d  o f  o th e r  e le c t r ic a l ly  p o o r  s o lv e n ts  is t h e  r e d u c t io n  in f ib e r  

d ia m e te r  d u e  t o  in c re a s e d  e lo n g a t io n a l fo r c e  w ith in  th e  s o lu t io n  je t  [30], T h e re fo re , 

t h e  b in a ry  s o lv e n t  m ix tu re s  o f  T H F /D M F  (3:1 v /v )  w e re  u s e d  fo r  fu r th e r  

e le c t r o s p in n in g  o f  th e  P (N IPA A m -r-P PFPA ).
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10%  w /v  2 0 %  w /v  3 0 %  w /v

b e a d s  b e a d s  2 .0 2  ± 0 .8 4  |am

b e a d s  0 .1 8  ± 0 .0 7  ( iin  0 .2 9  ± 0 .1 0  เนกา

Figure 4.20. SE M  m ic ro g ra p h s  o f  P (N IPA A m -r-P P FPA ) f ib e rs  e le c t r o s p u n  f r o m  T H F  a n d  

a b in a ry  m ix tu re  o f  T H F /D M F  (3:1) w ith  d if fe re n t  p o ly m e r  c o n c e n t r a t io n s  f ro m  10 to  

30% w /v  a t a c o n s ta n t  v o lta g e  o f  20 kv, a f lo w  ra te  o f  3 m l_/h. N u m b e r  a p p e a r in g  

b e lo w  e a c h  m ic ro g ra p h  is an  a ve ra g e  d ia m e te r  o f  t h e  e le c t r o s p u n  f ib e rs .

4.6.1.2 Effect of molecular weight and polymer solution concentration

T h e  m o le c u la r  w e ig h t  a n d  p o ly m e r  s o lu t io n  c o n c e n t r a t io n  a re  th e  

im p o r ta n t  p a ra m e te r s  th a t  p o s e  s tro n g  im p a c t  o n  f ib e r  fo rm a t io n . F ig u re  4.21 sh o w s  

S E M  m ic ro g ra p h s  o f  P (N IPA A m -r-P P FPA ) e le c t r o s p u n  f ib e rs  fa b r ic a te d  f r o m  tw o  

m o le c u la r  w e ig h ts  (47 kDa a n d  60  kDa) w ith  d if fe re n t  p o ly m e r  c o n c e n t r a t io n s  (10 to  

30%  w /v ) a t a c o n s ta n t  v o lta g e  o f  20  k v  a n d  a f lo w  ra te  o f  3 m L /h . A s ca n  b e  se e n , 

t h e  fo rm a t io n  o f  f ib e rs  in c re a s e d  w ith  e le v a te d  p o ly m e r  c o n c e n t r a t io n s  a n d  

m o le c u la r  w e ig h t  o f  t h e  p o ly m e r s .  A t  10%  w /v  o f  p o ly m e r  c o n c e n t r a t io n  a n d  M n o f  

47  kDa, o n ly  b e a d s  w e re  fo rm e d  o n  th e  c o l le c t o r  d u e  t o  l i t t le  c h a in  e n ta n g le m e n t  

a n d  lo w  v is c o s ity ,  w h i le  b e a d s  w ith  s o m e  f ib e rs  a p p e a r e d  fo r  t h e  p o ly m e r  w ith  M n o f  

60  kDa. A t  20%  w /v  a n d  M n o f  47  kDa, b e a d e d  f ib e rs  w e re  fo rm e d  a n d  th e  f ib e r  

d ia m e te r  w a s  0 .18  ± 0 .07  ) im . เท c o n tra s t , th e  f ib e rs  w ith  fe w e r  b e a d s  w e re  fo rm e d  

fo r  t h e  p o ly m e r  w ith  M n o f  60  kDa. As t h e  c o n c e n t r a t io n  o f  p o ly m e r  in s o lu t io n  w as  

in c re a s e d , c h a in  e n ta n g le m e n t  a ls o  in c re a s e d  a n d  th e r e fo re  e n a b le d  th e  p o ly m e r  to
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b e  e le c t r o s p u n .  T h e re fo re , t h e  o p t im a l m o le c u la r  w e ig h t  a n d  p o ly m e r  c o n c e n t r a t io n  

o f  th e  P lP P P P A -r-N IP A A m ) a re  60  kDa a n d  30  w /v% , re s p e c t iv e ly .  M o re o v e r ,  t h e  f ib e r  

d ia m e te r s  o f  t h e  P (N IP A A m -r-P P FP A ) w e re  in c re a s e d  w ith  in c re a s in g  p o ly m e r  

c o n c e n t r a t io n  f ro m  10 t o  30%  w /v  range  f ro m  0 .33  ± 0 .13  to  0 .62  ± 0 .16  jam .

M n 10%  w /v 20%  w /v 30%  w/v

b e a d s  0 .1 8  ± 0 .07  |im  0 .2 9  + 0 .1 0  แโฑ

0 .1 6  ± 0 .0 5  |im  0 .3 3  ± 0 .13  (J.m 0 .6 2  ± 0 .1 6  แทา

Figure 4.21. SE M  m ic ro g ra p h s  o f  P (N IP A A m -r-P P FP A ) f ib e rs  e le c t r o s p u n  f ro m  tw o  

m o le c u la r  w e ig h ts  (47 kDa a n d  60  kDa) w ith  d if fe re n t  p o ly m e r  c o n c e n t r a t io n s  f ro m  

10 to  30%  w /v  a t a c o n s ta n t  v o lt a g e  o f  20  kv, a f lo w  ra te  o f  3 m L /h . N u m b e r  

a p p e a r in g  b e lo w  e a c h  m ic ro g ra p h  is an  a v e ra g e  d ia m e te r  o f  t h e  e le c t r o s p u n  f ib e rs .

4.6.1.3 Stability of uncross-linked and cross-linked P(PPFPA-r- 

NIPAAm) fibers

T h e  s ta b i l i t y  o f  t h e  c ro s s - l in k e d  a n d  u n c ro s s - lin k e d  P (N IP A A m -r-P P FP A ) 

e le c t r o s p u n  f ib e r  m a ts  w e re  s tu d ie d  in BSA -FITC  s o lu t io n  o r  p h o s p h a te -b u f fe r e d  

s a lin e  (10 ทาM  PBS, pH  7.4). S a m p le s  w e re  im m e rs e d  in t h e  s o lu t io n s  fo r  24  h a t 

ro o m  te m p e ra tu r e  a n d  th e n  w a s h e d  w ith  d is t i l le d  w a te r  tw ic e , f o l lo w e d  b y  d ry in g  

o v e rn ig h t  u n d e r  a m b ie n t  c o n d it io n s  a n d  th e n  v a c u u m  d r ie d  fo r  a n o th e r  2 4  h. T h e  

m o rp h o lo g ic a l c h a n g e s  in t h e  s a m p le s  w e re  o b s e r v e d  b y  SEM . T h e  f ib e r  d ia m e te r s  

w e re  m e a su re d  o n  a t le a s t  50  s a m p le s  to  e v a lu a te  s w e ll in g  o f  t h e  f ib e rs . T h e  

m o rp h o lo g ic a l c h a n g e s  a n d  t h e  d ia m e te r s  o f  th e  e le c t r o s p u n  f ib e rs  b e fo re  a n d  a fte r
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t r e a tm e n t  w ith  t h e  s o lu t io n s  a re  s h o w n  in F igu re  4 .22. B e fo re  im m e rs io n , a l l  t h e  

s a m p le s  w e re  o f  s im ila r  d ia m e te r s  (a ro u n d  6 0 0 -7 0 0  nm ). A fte r  im m e rs io n  in th e  

s o lu t io n s  fo r  24  h, b o th  o f  t h e  u n c ro s s - lin k e d  a n d  c ro s s - l in k e d  e le c t r o s p u n  f ib e r  

c o u ld  m a in ta in  th e ir  f ib ro u s  s t ru c tu re , a lth o u g h  th e  d ia m e te r s  o f  b o th  f ib e rs  s l ig h t ly  

in c re a s e d  as a r e s u lt  f r o m  s w e ll in g  o f  PN IPA A m .

B e fo re  im m e rs io n  

in P B S

A fte r  im m e rs io n  

in P B S

A fte r  im m e rs io n  

in B S A - F I T C

U n c r o s s - lin k e d  C r o s s - l in k e d

P ( P P F P A - r - N I P A A m )  P ( P P F P A - r - N I P A A m )

0.81 ± 0.24 nm 0.91 ± 0.22 film

Figure 4.22. S E M  m ic ro g ra p h s  o f  u n c ro s s - lin k e d  a n d  c ro s s - l in k e d  P (N IP A A m -r-P P FP A ) 

f ib e rs  b e fo re  a n d  a fte r  im m e rs io n  in PBS a n d  BSA -FITC  fo r  24  h.

4.6.2 Electrospinning of P(NIPAAm-r-NAS)

4.6.2.1 Effect of polymer concentration and needle diameter

T h e  e f fe c t s  o f  p o ly m e r  s o lu t io n  c o n c e n t r a t io n  a n d  n e e d le  d ia m e te r  

o n  t h e  re su lt in g  e le c t r o s p u n  P (N IPA A m -r-N A S ) h a v in g  M nth o f  133 kDa w e re  e v a lu a te d  

a n d  re p o r te d  in th is  s e c t io n . F ig u re  4 .23  sh o w s  SEM  im a g e s  o f  t h e  e le c t r o s p u n  

P (N IPA A m -r-N A S ) f ib e rs  o b ta in e d  w ith  d if fe re n t  p ro c e s s in g  c o n d it io n s .  A t  th e  p o ly m e r
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c o n c e n t r a t io n s  o f  10 % (w /v), d e fe c ts  in t h e  fo rm  o f  b e a d s  w e re  o b s e rv e d . In c reas ing  

th e  s o lu t io n  v is c o s it y  so  as t h e  c h a in  e n ta n g le m e n t  b y  in c re a s in g  th e  p o ly m e r  

c o n c e n t r a t io n  to  20%  (w /v) y ie ld e d  f ib e rs  w ith  fe w e r  b e a d s . A t  a c o n c e n t r a t io n  o f  

30%  (w /v), f ib e rs  e x h ib ite d  f la t  s u r fa c e  m o rp h o lo g ie s .  T h e  a v e ra g e  f ib e r  d ia m e te r s  at 

a c o n c e n t r a t io n  o f  30%  (w /v) w e re  c a lc u la t e d  as 4 .03  ± 1.20 J im  a n d  2 .20  ± 0 .72  J im  

fo r  t h e  n e e d le  d ia m e te r  o f  0.7 a n d  0.5 m m , r e s p e c t iv e ly ,  w h ic h  c le a r ly  c o n f irm e d  

th a t  f ib e r  d ia m e te r  s ig n if ic a n t ly  d e c re a s e  w ith  t h e  d e c re a s e  o f  n e e d le  d ia m e te r .

bead s  0 .44 ± 0 .35  แทา 4 .03  ± 1.20 แกา

0.16  ± 0 .0 5  แทา 0 .48  ± 0 .23 แกา 2 .20  ± 0 .72 แโฑ

Figure 4.23. SE M  m ic ro g ra p h s  o f  P (N IPA A m -r-N A S ) f ib e rs  e le c t r o s p u n  f r o m  n e e d le  

h a v in g  tw o  d if fe re n t  d ia m e te r s  (0.5 a n d  0.7 m m ) o f  p o ly m e r  s o lu t io n  h a v in g  v a r ie d  

c o n c e n t r a t io n  f r o m  10 to  20  a n d  30%  (w /v) a t  a c o n s ta n t  v o lt a g e  o f  20  k v  a n d  a f lo w  

ra te  o f  3 ทา L /h .

4.6.2.2 Cross-linked P(NIPAAm-r-NAS) fibers

H e re in , lig h t r e s p o n s iv e  m o ie t ie s  o f  O N B  c o n ta in in g  r a n d o m  P (N IPA A m - 

r-N AS ) h a v in g  t h e  O N B  g ro u p  s u b s t itu t io n  o f  21 .9%  w e re  e le c t r o s p u n  as f ib e rs . 

F igu re  4 .24  sh o w s  SEM  im a g e s  o f  t h e  O N B  c o n ta in in g  P (N IPA A m -r-N A S ) f ib e rs  b e fo re  

a n d  a fte r  u v  ir ra d ia t io n  a t 365  nm . A t  30%  (w /v), f ib e rs  w e re  fo rm e d  a n d  th e  a ve ra g e  

f ib e r  d ia m e te r  o f  u n c ro s s - lin k e d  f ib e rs  w as  0 .75  ± 0 .36  J im , w h i le  t h e  c ro s s - l in k e d  

f ib e rs  h a d  a v e ra g e  d ia m e te r s  o f  0 .56  ± 0 .27  เแทา. A fte r  u v  ir ra d ia t io n , t h e  d ia m e te r  o f  

t h e  c ro s s - l in k e d  f ib e rs  w e re  fo u n d  to  b e  s m a lle r  th a n  th o s e  o f  t h e  u n c ro s s - lin k e d
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f ib e rs  im p ly in g  th a t  c o v a le n t ly  c ro s s - l in k e d  n e tw o rk  o f  O N B -p ro te c te d  a m in e  w ith  t h e  

N AS  p a r t  w e re  fo rm e d .

O N B -P (N IP A A m -r -N A S )  f ib e rs  (be fore  U V )_________ c ro s s - lin k e d  fib e rs

20% w/v 30% w/v (after UV)

0.15 + 0.06 แกา 0.75 ± 0.36 (am 0.56 ± 0.27 แทา

Figure 4.24. S E M  m ic ro g ra p h s  o f  P (N IPA A m -r-N A S ) f ib e rs  e le c t r o s p u n  f ro m  th e  

p o ly m e r  s o lu t io n  o f  30%  (w /v) a t a c o n s ta n t  v o lt a g e  o f  20  k v  a n d  a f lo w  ra te  o f  3 

m L /h .

4.6.2.3 Stability of uncross-linked and cross-linked P(NIPAAm-r-

NAS) fibers

T h e  p h y s ic a l s ta b i li t y  o f  t h e  u n c ro s s - lin k e d  a n d  c ro s s - l in k e d  

e le c t r o s p u n  P (N IPA A m -r-N A S ) f ib e rs  w e re  s tu d ie d  in b o th  o f  BSA -F ITC  s o lu t io n  a n d  

p h o s p h a te -b u f fe r e d  s a lin e  (10 ทาM  PBS, pH  7.4). S a m p le s  w e re  im m e rs e d  in th e  

s o lu t io n s  fo r  2 4  h a t ro o m  te m p e ra tu re .  T h e  m o rp h o lo g ic a l c h a n g e s  a n d  th e  

d ia m e te r s  o f  t h e  e le c t r o s p u n  f ib e rs  b e fo re  a n d  a fte r  t h e  t r e a tm e n t  a re  s h o w n  in 

F ig u re  4 .25 . A s c a n  b e  se e n , t h e  c ro s s - l in k e d  P (N IPA A m -r-N A S ) f ib e rs  b e c a m e  

in te r c o n n e c t e d  f ib e rs , w h e re a s  th e  u n c ro s s - lin k e d  P (N IPA A m -r-N A S ) f ib e rs  c o u ld  n o t  

m a in ta in  th e ir  f ib ro u s  s t ru c tu re , su gg e st in g  th a t  b o th  o f  u n c ro s s - lin k e d  a n d  c ro s s -  

l in k e d  P (N IPA A m -r-N A S ) f ib e rs  a re  n o t  s u it a b le  fo r  p r a c t ic a l u sage  d u e  t o  th e  

h y d ro ly t ic  u n s ta b il it y  o f  t h e  N A S  g roup s.
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U n c r o s s - l in k e d  C r o s s - l in k e d

P ( N I P A A m - r - N A S )  P ( N I P A A m - r - N A S )

s o lu b le  in t e r c o n n e c t e d  f ib e rs

Figure 4.25. SE M  m ic ro g ra p h s  o f  u n c ro s s - lin k e d  a n d  c ro s s - l in k e d  P (N IPA A m -r-N A S ) 

f ib e rs  b e fo re  a n d  a fte r  im m e rs io n  in PBS  a n d  BSA -FITC  fo r  2 4  h.

4.7 Immobilization of GRGDS peptide on the P(NIPAAm-r-PPFPA) fibers

P r io r to  im m o b il iz a t io n  o f  G RG D S  p e p t id e  o n  b o th  u n c ro s s - lin k e d  a n d  c ro s s -  

l in k e d  f ib ro u s  su rfa ce s , A lb u m in - f lu o r e s c e in  is o th io c y a n a te  c o n ju g a te  (BSA -FITC) w a s  

u s e d  as a f lu o r e s c e n t - la b e le d  b io m o le c u le  m o d e l t o  p ro v e  w h e th e r  o r  n o t  a m in o -  

c o n ta in in g  m o le c u le s  c a n  re a c t  w ith  t h e  a c t iv e  e s te r  g ro u p s  o f  P F P A  u n its  in th e  

c o p o ly m e r .  F ig u re  4 .26  sh o w s  f lu o r e s c e n c e  im ag e s  o f  u n c ro s s - lin k e d  a n d  c ro s s - l in k e d  

P (N IP A A m -r-P P FP A ) f ib e rs  im p ly in g  th e  s u c c e s s fu l im m o b il iz a t io n  o f  t h e  B SA -F ITC  o n to  

t h e  f ib e rs . D ye  d is t r ib u t io n  w a s  h o m o g e n e o u s  a lo n g  th e  f ib e rs . T h is  r e s u lt  a ls o  

im p lie s  a h o m o g e n e o u s  d is t r ib u t io n  o f  P P F P A  m o ie t ie s  o f  t h e  P (N IP A A m -r-P P FP A ) 

r a n d o m  c o p o ly m e r  o n  th e  f ib e r  su rfa ce s . F u r th e rm o re , t h e  o b v io u s  c h a n g e  o f  w a te r



48

c o n ta c t  a n g le  d u r in g  fu n c t io n a l iz a t io n  o f  t h e  G R G D S  p e p t id e  o n  t h e  f ib ro u s  su r fa c e s  

w a s  c o n f irm e d  b y  w a te r  c o n ta c t  a n g le  m e a s u re m e n t .  A s e x p e c te d ,  t h e  w a te r  c o n ta c t  

a n g le s  o f  b o th  u n c ro s s - lin k e d  a n d  c ro s s - l in k e d  f ib e rs  (s h o w n  in T a b le  4.5) s ig n if ic a n t ly  

d e c re a s e d  a fte r  re a c t in g  w ith  G R G D S  p e p t id e ,  in d ic a t in g  th a t  s o m e  o f  h y d r o p h o b ic  

m o ie t ie s  o f  P F P A  u n its  h a v e  b e e n  r e p la c e d  b y  th e  m o re  h y d r o p h il ic  G R G D S  p e p t id e .

U n cro ss-lin k e d  fib ers  C ro ss-lin k e d  fibers

Figure 4.26. F lu o r e s c e n c e  m ic ro g ra p h s  o f  u n c ro s s - l in k e d  a n d  c ro s s - l in k e d  P (N IPA A m - 

r -P P F P A ) f ib e rs  b e fo re  a n d  a fte r  im m o b il iz a t io n  w ith  BSA -FITC .

Table 4.5 W a te r  c o n ta c t  a n g le s  o f  u n c ro s s - l in k e d  a n d  c ro s s - l in k e d  P (N IP A A m -r-P P FP A ) 

b e fo re  a n d  a fte r  im m o b il iz a t io n  o f  G R G D S  p e p t id e .

W a te r  c o n ta c t  a n g le  b e fo re W a te r  c o n ta c t  a n g le  a fte r

S a m p le  n a m e im m o b il iz a t io n  o f  G RG D S im m o b il iz a t io n  o f  G RG D S

(d eg ree ) (d eg ree )

U n c ro s s - l in k e d  f ib e rs 157.6  ± 8 .33 105 .6  ± 4 .16

C ro s s - lin k e d  f ib e rs 129 .2  ± 6 .29 80 .3  ± 2 .93

4.8 Cytocoทา patibility test

T h e  A rg -G ly -A sp  (R G D )-co n ta in in g  p e p t id e  is w e l l  k n o w n  fo r  its a b i l it y  to  

p r o m o te  c e l lu la r  a t t a c h m e n t  b y  b in d in g  t o  in te g r in  re c e p to r s  o n  c e l l  su rfa ce . T h e
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p e p t id e  s e q u e n c e  RGD fo u n d  in f ib ro n e c t in ,  t y p e  I c o lla g e n ,  a n d  o th e r  e x t r a c e l lu la r  

m a tr ix  (ECM ) p ro te in s  has b e e n  w id e ly  s tu d ie d  as an  im m o b il iz e d  c e l l  a d h e s io n  

lig a n d  s p e c if ic  fo r  in te g r in -m e d ia te d  c e l l  a d h e s io n . T h is  in te ra c t io n  w a s  a ls o  s h o w n  to  

p la y  an  im p o r ta n t  r o le  in c e l l  g ro w th , d if fe re n t ia t io n , a n d  o v e r a l l  re g u la t io n  o f  c e l l  

fu n c t io n s  [31].

C e l l  a d h e s io n , s p re a d in g  a n d  m ig ra t io n  o n  s u b s t ra te s  a re  t h e  firs t s e q u e n t ia l 

r e a c t io n s  w h e n  c o m in g  in to  c o n ta c t  w ith  a m a te r ia l su rfa ce , w h ic h  is c ru c ia l fo r  c e l l  

s u rv iv a l. T h e  c e l lu la r  b e h a v io r  o n  b io m a te r ia ls  is an  im p o r ta n t  fa c to r  fo r  e v a lu a t io n  o f  

t h e  b io c o m p a t ib i l i t y  o f  b io m a te r ia l.  F ib ro b la s t  is a t y p e  o f  c e l l ,  w h ic h  s y n th e s iz e s  th e  

EC M  a n d  c o lla g e n ,  w h ic h  is t h e  s t ru c tu ra l f r a m e w o rk  fo r  a n im a l t is su e s .

เท th is  re se a rch , t h e  in vitro c y to c o m p a t ib i l i t y  o f  G R G D S - im m o b iliz e d  u n c ro s s -  

l in k e d  ( a b b re v ia te d  as G R G D S -U C ) a n d  G R G D S - im m o b iliz e d  c ro s s - l in k e d  (a b b re v ia te d  

as G R G D S -C ) o f  P (N IP A A m -r-P P FP A ) f ib e rs  w a s  c a r r ie d  o u t  a g a in s t m ic e  L9 2 9  f ib r o b la s t  

c e l l  lin e . T o  in v e s t ig a te  t h e  m ito c h o n d r ia l  fu n c t io n s  o f  t h e  c u lt u r e d  L929 , r e d u c t io n  

o f  M T T  re a g e n t  w a s  u s e d  as an  a ssa y  o f  m ito c h o n d r ia l  r e d o x  a c t iv ity . M T T  re a g e n t  is 

a p a le  y e l lo w  s u b s ta n c e  th a t  is r e d u c e d  to  a d a rk  b lu e  fo rm a z a n  p r o d u c t  w h e n  

in c u b a t in g  w ith  v ia b le  c e l ls  b y  m ito c h o n d r ia l  s u c c in a te  d e h y d ro g e n a s e  in  c o m p le x  II, 

w h ic h  p la y s  a c r it ic a l r o le  in  b o th  o x id a t iv e  p h o s p h o r y la t io n  a n d  t r ic a rb o x y l ic  a c id  

c y c le .  T h e re fo re , t h e  p r o d u c t io n  o f  fo rm a z a n  c a n  r e f le c t  t h e  le v e l  o f  c e l l  v ia b il ity .

Fo r c e l l  c u ltu r e  a ssay , t h e  f ib e rs  w e re  t re a te d  w ith  uv l ig h t b e fo re  c e l l  

s e e d in g  fo r  12 h. 2 x l0 4 c e l ls  w e re  d ir e c t ly  s e e d in g  o n  e a c h  f ib e rs  s u r fa c e  in 2 4 -w e ll 

t is s u e  c u ltu r e  p la te .  T h e  t is s u e  c u lt u r e  p la te  a f te r  c e l l  s e e d in g  w a s  in c u b a te d  in  a 

h u m id if ie d  e n v ir o n m e n t  a t 37°c a n d  w ith  5%  C02 s u p p ly .  T h e  c e l l  a d h e s io n  w a s  

d e te rm in e d  a t 6 h a n d  c e l l  p ro l ife r a t io n  w a s  e v a lu a te d  a t 1 d a y , 3 d a y s  a n d  5 d a y s  o f  

c e l l  c u ltu r e .  T h e  re s u lt s  a re  re p o r te d  in te rm s  o f  t h e  c e l l  a d h e s io n  a n d  p ro l ife r a t io n  

ra t io  (% re la t iv e  t o  T C P S ) w h ic h  is d ir e c t ly  c o r r e la te d  t o  t h e  n u m b e r  o f  v ia b le  c e l ls .

A fte r  6 h o f  c e l l  c u ltu r e ,  t h e  c e l l  a d h e s io n  ra t io  (% re la t iv e  t o  T C P S ) o n  

G R G D S -U C , a n d  G R G D S -C  f ib e rs  w e re  60  a n d  109% , re s p e c t iv e ly .  T h e  p e r c e n t  c e l l  

a d h e s io n  ra t io  b e c a m e  h ig h e r a f te r  t h e  f ib e rs  w e re  im m o b il iz e d  w ith  t h e  G RG D S  

in d ic a t in g  th a t  th e  G R G D S  p e p t id e  s u p p o r t  c e l l  a d h e s io n  a t 6 h (F igu re  4.27). W e  

e x p la in  th e  in fe r io r  c e l lu la r  a d h e s io n  in b o th  u n - c ro s s - lin k e d  a n d  c ro s s - l in k e d  f ib e rs
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b e fo re  p e p t id e  im m o b il iz a t io n  as a c o n s e q u e n c e  o f  t h e  h y d r o p h o b ic  n a tu re  o f  th e  

f ib e rs  as o p p o s e d  to  th e  T C P S  a n d  th e  f ib e rs  a f te r  p e p t id e  im m o b il iz a t io n .  

A p p a re n t ly ,  t h e  d e g re e  o f  c e l l  a d h e s io n  c o r r e s p o n d e d  w e l l  w ith  t h e  h y d ro p h o b ic it y  

o f  t h e  f ib e rs  (S ee  w a te r  c o n ta c t  a n g le  d a ta  in T a b le  4.5)
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Figure 4.27. C e l l  a d h e s io n  ra t io s  (% re la t iv e  t o  T C P S ) o f  L 929  c e l ls  a t  6 h w ith  a 

s e e d in g  d e n s ity  o f  2 .0 X 103 c e l ls / w e l l  o n  u n c ro s s - lin k e d  (UC), c ro s s - l in k e d  (c), 

G R G D S - im m o b iliz e d  u n c ro s s - lin k e d  (G RG D S-U C ) a n d  c ro s s - l in k e d  f ib e rs  (GRGDS-C), a n d  

T C P S . *p < 0 .05  ( c o m p a re d  to  c o n t ro l:  U C  a n d  c).

C e l l  p ro l ife ra t io n  w a s  c h e c k e d  o n  1 day , 3 d a y s , a n d  5 d a y s  o f  c e l l  c u ltu re .  

T h e  d a ta  o f  c e l l  p ro l ife r a t io n  ra t io  (% re la t iv e  to  T C P S ) a re  d is p la y e d  in F ig u re  4.28. 

T h e  p e rc e n t  o f  l iv e  c e l ls  in c re a s e s  w ith  an  in c re a s e  in c e l l  c u ltu r e  t im e . T h e  p e rc e n t  

o f  l iv e  c e l ls  fo r  G R G D S -C  f ib e rs  w a s  h ig h e r th a n  th o s e  o f  G R G D S -U C  f ib e rs . T h is  

o u t c o m e  su g g e s te d  th a t  n o t  o n ly  p e p t id e  b u t  a ls o  h y d ro p h il ic i t y  o f  su r fa c e s  an  

im p o r ta n t  p a ra m e te r  th a t  d ic ta te s  c e l l  g row th .
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140
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Figure 4.28. C e l l  p ro l ife r a t io n  ra t io s  (% re la t iv e  t o  T C P S ) o f  L 9 2 9  c e l ls  a t  1, 3, a n d  5 

d a y s  w ith  a se e d in g  d e n s ity  o f  2 .0  X 10 3 c e l ls / w e l l  o n  u n c ro s s - lin k e d  ( บ c) ,  c ro s s -  

l in k e d  (C), G R G D S -U C  a n d  G R G D S -C  f ib e rs , a n d  TC PS . *p < 0 .05  ( c o m p a re d  t o  c o n t ro l:  

uc a n d  c).

F o r c e l l  d e ta c h m e n t  t r e a tm e n t ,  s p re a d  c e l ls  w e re  t ra n s fe r re d  to  an  in c u b a to r  

e q u ip p e d  w ith  a c o o lin g  u n it  f ix e d  a t 20°c. T h e  m o rp h o lo g y  o f  b o th  a t ta c h e d  a n d  

d e ta c h e d  c e l ls  w e re  o b s e r v e d  b y  SEM . W h e n  th e  c u ltu r e  t e m p e ra tu r e  w a s  r e d u c e d  

t o  20°c a fte r  in c u b a t io n  a t 3 7 ° c  fo r  a se t  o f  t im e , t h e  s p re a d  c e l ls  b e c a m e  r o u n d e d  

a n d  d e ta c h e d  f ro m  b o th  G R G D S -U C  a n d  G R G D S -C  su rfa ce s . S p re a d  c e l ls  w e re  m o re  

s l ig h t ly  d e ta c h e d  fro m  G R G D S -C  su r fa c e s  th a n  G R G D S -U C  su rfa ce s . T h is  is b e c a u s e  

th e  G R G D S -C  su r fa c e s  a re  m o re  h y d ro p h il ic  th a n  th a t  o f  t h e  G R G D S -U C  su rfa ce s . เท 

a d d it io n ,  E ba ra  et ๗ .[32 ], r e p o r te d  th a t  a t  t e m p e ra tu re s  b e lo w  th e  g ra fte d  p o ly m e r ’ s 

LCST , in te g r in -R G D S  a s s o c ia t io n  d e c re a s e s  d u e  t o  lo s s  o f  c e l l  t e n s io n  a n d  su r fa c e  

a n c h o r in g , p ro m p t in g  c e l ls  t o  r o u n d  a n d  th e n  d e ta c h . T h is  su r fa c e  p ro p e r t y  c h a n g e s  

w e a k e n e d  c e l lu la r  a d h e s io n ,  r e s u lt in g  in s p o n ta n e o u s  c e l l  d e ta c h m e n t  as s h o w n  in 

F ig u re  4 .29 -4 .30 .

B io c o m p a t ib il it y  is t h e  m a in  r e q u ir e m e n t  fo r  a n y  p o ly m e r ic  s y n th e t ic  

m a te r ia ls  t o  b e  u s e fu l in  t is s u e  e n g in e e r in g . It s h o u ld  n o t  le a c h  a n y  to x ic  s u b s ta n c e s  

th a t  m a y  c a u s e  h a rm  t o  c e l ls  o r  o th e rw is e  in te r fe re  w ith  t h e  p h y s io lo g ic a l re s p o n s e s
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o f  t h e  c e l ls  t h a t  c o m e  in c o n ta c t  w ith  t h e s e  su b s ta n c e s . M o re o v e r ,  in it ia l c e l l  

a t ta c h m e n t ,  ra p id  p ro l ife ra t io n ,  a n d  ra p id  in ta c t  c e l l  r e c o v e ry  a re  im p o r ta n t  to  

m a in ta in  b io lo g ic a l fu n c t io n s  a n d  v ia b il it y  o f  c e l l  s o u rc e  fo r  t h e  f ie ld s  o f  r e g e n e ra t iv e  

m e d ic in e .  F ro m  th is  v ie w  p o in t ,  t h e  G R G D S -C  f ib e rs  c o u ld  b e  a p ro m is in g  b io m a te r ia l 

t o  re c o v e r  in ta c t  c u ltu r e d  c e l ls  fo r  c e l l  c u ltu r e  a n d  t is s u e  e n g in e e r in g  a p p lic a t io n s .

GRGDS-UC fibers

1 day

3 days

5 days

F ig u re  4 .2 9 . 5 E M  m ic ro g ra p h s  o f  f ib r o b la s t s  o n  t h e  G R G D S -U C  fib e rs :  a t t a c h m e n t  a t 

37°c ( le f t  c o lu m n )  a n d  d e ta c h m e n t  a t 20°c (r igh t c o lu m n )  fo r  a se t  c u lt u r e  t im e .
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GRGDS-C fibers
Culture time ----------------------------
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Figure 4.30. SEM  m ic ro g ra p h s  o f  f ib r o b la s t s  o n  t h e  G R G D S -C  fib e rs :  a t t a c h m e n t  a t 

37°c ( le f t  c o lu m n )  a n d  d e ta c h m e n t  a t 2 0 ° c  (r igh t c o lu m n )  fo r  a s e t  c u l t u r e  t im e .
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