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Abstract

In recent years, biomaterials are developed for the purposes of expansion to the medical and 

biotechnology fields.  Physical-chemical property with wettability, charge, architecture and hardness

of materials surfaces are regulated in biomaterials fields. In addition, these materials are widely 

applied for cell culture technique, medical devices, diagnostic products, biological analysis and 

implantation techniques. Among such materials, stimuli-responsive polymers have received of 

great attention as intelligent materials, those possessing property alterations in response to variety of

stimuli at the molecular level.  Such unique materials are responding to the surrounding 

environmental changes (e.g. temperature, light, pH, and biomolecules), and these property alterations 

and molecular architecture are applied to various biomedical applications such as controlled drug 

delivery systems, bioseparation and enzyme conjugation.  Nowadays, stimuli-responsive polymers

are applied to regenerative medicine for producing tissue reassembly with cells.  Regenerative 

medicine is recognized as one of the medical treatments to regenerate tissues and to restore body 

function of incompetence to nonfunctioning tissues accompanied by accidents or diseases.  A type 

of regenerative medicine research, there is a study on the technology of transplantation of cells 

cultured on matrices to organs.  This technique has been proposed as “tissue engineering”.  In this 

method, the biodegradable polymers are commonly used as a scaffold of the molded cell culture to 

suite the nature and shape of the tissue.  However, biodegradable materials have some problems 

with regeneration of complex organs and inflammatory reaction of the implantation site due to 

decomposition process.  Therefore, Okano et al. has suggested a new field in regenerative medicine 

using a unique strategy for establishing a tissue reconstruction technology without any scaffold

materials, “cell-sheet engineering”.  Cell-sheet engineering using thermoresponsive cell culture 

dishes are chemically bound poly(N-isopropylacrylamide) (PNIPAAm) with lower critical solution 

temperature (LCST) at 32°C.  By using the PNIPAAm-grafted surfaces, confluent cultured cells can 

be harvested as an intact tissue-like cellular architecture, “cell sheet” with extracellular matrix (ECM) 

at the basal side of cells by solely reducing temperature, and then cell sheets-based human clinical 



investigations have already started for treatment of several tissues.

Thermoresponsive cell culture surfaces are generally prepared by electron beam (EB)-irradiated

graft polymerization of monomer, NIPAAm, and it can be producing nanoscale PNIPAAm layers

with a cross-linked structure.  However, in this method it is often difficult to precise control of the 

chain length, density and chemical structure of grafted PNIPAAm.  Therefore, I focused on the 

living radical polymerization (LRP), which can be manufactured PNIPAAm brush surfaces with a 

defined structure of PNIPAAm. Surface-initiated reversible addition-fragmentation chain transfer 

(SI-RAFT) radical polymerization as one of LRP techniques, was utilized in this thesis, since this 

polymerization technique has feasible characteristics, such as controlled chain length of formed on 

the matrix surfaces, high grafting densities, and the chains possessing terminal functional groups 

arising from the chain transfer agent, which will further be used in additional polymer synthesis, 

and/or terminal functionality alterations. Thus, in this thesis, PNIPAAm brush surfaces were prepared

using SI-RAFT method to produce well-controlled chain lengths, graft density, the terminal 

functional groups and molecular architectures.  In addition, PNIPAAm-brush surfaces have been 

pursuing the basic assessment of cell adhesion/detachment behavior.  SI-RAFT polymerization 

exhibits end functional groups derived from the chain transfer agent (CTA)-derived terminal groups.  

Therefore, this method is possible to control the chemical structure such as block copolymer brush 

structure and/or introduce functional groups at the terminal group on polymer brushes.  In this study, 

molecular design of the polymer brush surface investigated that it is controlled cell 

adhesion/detachment behavior as the situation demands by SI-RAFT polymerization.

In capture 2, heterogeneous polymer underlayers of block copolymer brush surfaces were intended 

to examine influencing for both cell adhesion/detachment behavior and cell sheet harvest, compared 

with homo-PNIPAAm brush surfaces.  Thermoresponsive block copolymer brush surfaces were 

prepared by two-step SI-RAFT polymerization, first-layer hydrophobic poly(benzyl methacrylate) 

(PBzMA) and second-layer PNIPAAm.  The grafted amounts of PBzMA and PNIPAAm were 

determined by ATR/FT-IR analysis, and PBzMA with monomer concentration 250 mmol and 750 

mmol achieved the construction of sBz(S) and sBz(L) with different grafting amount.  In addition, 



both homo-PNIPAAm brush surfaces (sIP) and block copolymer brush surfaces (sBz(S)-IP and 

sBz(L)-IP) were exhibited equivalent grafted PNIPAAm.  The surface wettability of various 

polymer-grafted surfaces was characterized by static water contact angle measurements, and then sIP 

and both sBz-IP suggested temperature dependent changes in contact angles across PNIPAAm’s 

LCST of 32°C.  Bovine carotid artery endothelial cells (ECs) were seeded at 1 105 cells/cm2 on

various polymer-grafted surfaces at 37°C, and then were cultured confluently.  Adherent cells on 

both sIP and sBz(S)-IP were proliferously reached to confluent within 5 days.  In contrast, sBz(L)-IP 

was difficult to proliferate to confluent.  In addition, cell sheets detached from sBz(S)-IP and sIP 

within approximately 20 min and 60 min, respectively, by reducing temperature to 20 °C.

Compared sBz(S)-IP and sBz(L)-IP, these results indicated that interaction of adhesion cells and 

proteins were decreased by the increase in the PBzMA chain length.  Therefore, the accelerated cell

sheet harvest of sBz(S)-IP was probably attributed to introducing cell-repellent PBzMA basal layers 

in the block copolymer brush structures. In this capture, block copolymer brush surfaces have been 

successfully achieved accelerating cell sheet harvest without altering cell adhesion and proliferation 

by controlled amount of grafted PBzMA of under layer.

In capture 3, terminal-functional groups of PNIPAAm-brush surfaces were intended to examine the 

effect of cell adhesion/detachment behavior.  PNIPAAm chains with CTA-derived terminal groups 

through SI-RAFT polymerization possessed various functional groups by substitution reaction.  In a 

previous study, thermal phase transitions of PNIPAAm were shifted to low and/or high temperature 

by differing terminal groups with hydrophobic/hydrophilic properties.  Therefore, PNIPAAm-brush 

surfaces with terminal hydrophobic dodecyl groups (sIP-D) were prepared by SI-RAFT 

polymerization.  Secondly, hydrophilic maleimide-terminated PNIPAAm-brush surfaces (sIP-M) 

were obtained via the terminal reduction and coupling reaction.  The grafted amounts of PNIPAAm 

on each PNIPAAm-grafted surface were exhibited equivalent value by ATR/FT-IR analysis.

Temperature dependent surface wettability changes of sIP-D and sIP-M were varied 30 °C and 31 °C

by static water contact angle measurements.  ECs were seeded at 5 103 cells/cm2 on each 

PNIPAAm-brush surface at range of 25 to 37 °C for the influence of terminal functionality on cell 



adhesion temperature. After 24h incubation, cell adhesion on sIP-D and sIP-M were initiated 

culture-temperature above 31 °C and 33 °C.  These cellular adhesion behaviors conformed highly to 

the surface property of PNIPAAm-brush surfaces with terminal hydrophobic/hydrophilic groups, 

from which was ascertained by the surface wettability investigation.  In addition, linear-PNIPAAm

was prepared by equal molecular weights to PNIPAAm-brushs for determinate phase transition 

temperature of PNIPAAm.  Linear-PNIPAAm was exhibited dodecyl-terminated PNIPAAm at 

29.0 °C and maleimide-terminated PNIPAAm at 29.6 °C by heating process of solution turbidity 

method.  These results indicated that difference between surface wettability and turbidity 

temperature was effect of grafted PNIPAAm density on phase transition temperature.  The grafted 

PNIPAAm density on surfaces was calculated to be approximately 0.16 chains/nm2.  Hydrophobic 

dodecyl groups on sIP-D were aggregated as a polymeric micelle by hydrophobic interaction, and 

then it was considered that LCST was more shifted to the low temperature.  In contrast, 

temperature-dependent cell detachment was hardly effected by terminal groups on PNIPAAm-brush.  

In this capture, cell adhesion on PNIPAAm brushes at unique temperatures was proficiently 

controlled in spite of chemical composition of PNIPAAm brushes and molecular weight were 

equality anticipate for terminal groups.

In conclusion, these results succeeded that these methods has become possible to alter the surface 

property by molecular design of polymer brush structure with selection of heterogeneous polymer 

layer and terminal hydrophobic/hydrophilic groups.  Therefore, it is expected as a thermoresponsive 

surface which can be situationally prepared the brush structure.  By means of the unique system, 

construction of PNIPAAm brushes can be applied to corresponding to the various cells and condition,

and then subsequently composed high-functional cell sheets.
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Figure 1.1 Incubated cells are detached from TCPS by different methods. Upside: 

Culture-cells on TCPS are detached by enzyme treatment.  Downside: Adherent 

cells on thermoresponsive culture dish are harvested by low-temperature treatment.
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2.1

poly(N-isopropylacrylamide) (PNIPAAm) 20 nm

(LCST)32°C
1) LCST

(ECM)
1)

PNIPAAm

PNIPAAm

-

(Surface-initiated reversible addition-fragmentation chain transfer: SI-RAFT)
2)

2)

(CTA)

PNIPAAm

PNIPAAm

PNIPAAm

2

CTA

poly(benzyl methacrylate) (PBzMA)

PNIPAAm
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3) PBzMA

BzMA PBzMA

ATR/FT-IR XPS

PBzMA

(BAEC)

PBzMA PBzMA

sDTB BAEC

2.2

2.2.1

(1) N- (N-isopropylacrylamide, NIPAAm)

( ) 40 °C 10 wt%

(2) (benzyl methacrylate, BzMA)

( ) 4.0 10-1 kPa bp: 75 °C

(3) 3- (3-aminopropyltriethoxysilane)

( )

(4) 4,4’- (4- ) (4,4’-azobis(4-cyanovaleric acid))

( )

(5) 1- -2- -1,2-
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(1- Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline)

( )

(6) (methanol)

( )

(7) n- (n-hexane)

( )

(8) (acetone)

( )

(9) N,N- ( ) (N,N-dimethylformamide, Dehydrated)

( )

(10) 1,4- (1,4-dioxane)

( )

(11) ( ) (Toluene, Dehydrated)

( )

(12) 2- (2-propanol)

( )

(13) (2M in THF) (phenylmagnesium bromide 2M in THF)

( )

(14) ( ) (potassium hexacyanoferrate)

( )

(15) (carbon disulfide)

( )

(16) (hydrochloric acid)

( )

(17) (sodium hydroxide)

( )
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(18) (diethyl ether)

( )

(19) (ethyl acetate)

( )

(20) (magnesium sulfate anhydrous)

( )

(21) (lithium chloride)

( )

(22) (chloroform-d, CDCl3)

( )

(23) (Dulbecco’s phosphate buffered saline, PBS)

Sigma-Aldrich (St. Louis, MO, USA) PBS( ) 10

(24) EDTA (trypsin-EDTA solution: 0.1 % trypsin-1.1mM EDTA)

Sigma-Aldrich (St. Louis, MO, USA) PBS 10

(25) (Dulbecco’s modified eagle’s medium, DMEM)

Sigma-Aldrich (St. Louis, MO, USA) 

(26) (penicillin-streptomycin solution, AB: 100 unit/mL 

penicillin, 100 g/mL streptomycin)

Sigma-Aldrich (St. Louis, MO, USA) 

(27) (fetal bovine serum, FBS)

Bioserum ( )

(28) (bovine carotid endothelial cells, EC, JCRB0099)

( )

20 25

(29) (tissue culture dish, polystyrene, Falcon 353003, 100 x 20 mm, 
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TCPS)

BD Biosciences (Franklin Lakes, NJ, USA) 

(30) (Petri dish, Falcon 351008, 35 x 10 mm)

BD Biosciences (Franklin Lakes, NJ, USA) 

(31) ®C-200(WAKO-gel® C-200)

( )

(32) (glass coverslip, 24×50 mm, 0.2 mm in thickness)

( )

2.2.2

(1) (plasma dry cleaner, PX-1000), ( )

: : 0.1 mmHg, : 400 W, : 180

(2) (nuclear magnetic resonance, NMR, Unity INOVA 400), Varian (Palo Alto, CA, 

USA)

: 1H-NMR , : (chloroform-d, CDCl3)

(3) (gel permeation chromatography, HLC-8320GPC), 

( )

: : TSKgel Super AW2500, TSKgel Super AW3000, TSKgel Super AW4000, 

: 0.6 mL/min, : 40°C, : DMF(50 mM LiCl ), : poly(ethylene 

glycol (PEG), polystyrene (PSt), ( , : 1.05 )

(4) (attenuated total reflection Fourier transform infrared 

spectroscopy, ATR/FT-IR, Nicolet 6700), (

)

: : 128 , : 4, : 60°, : 4000 650 cm-1,

: MCT/A, : KBr, : IR, : Ge

(5) X (x-ray photoelectron spectroscopy, K-Alpha), 

( )
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: X monochromatic Al K 1,2 (1486.6 eV), (Take-off 

angle): 15°, X : 100 m, ( ): 1400 0 eV

(6) (contact angle meter, DSA100S), KRUSS(Germany)

: , : 5 L

(7) (5910), ( )

: : 4°C, : 800 rpm

(8) (MCV-131BNF), ( )

(9) (BNR-110M), Espec corp( )

(10) ( ) (ECLIPSE TE2000-U), AxioVision 4.6 software,

( )

: : 100 , 200 , 400 , : CFI 10 /22

(11) (Lumix DMC-FX66), ( )

2.2.3 4-cyanopentanoic acid dithiobenzoate (CPDTB)

2.2.3.1 Bis(thiobenzoyl)disulfide

500 mL 2M phenylmagnesium bromide (THF ) (0.5 

mol, 250 mL) carbon disulfide (0.6 mol, 45 

mL)

2

diethyl ether 100 mL 1 M HCl 200 mL

1000 mL

100 mL

2 M NaOH 300 mL

500 mL potassium hexacyanoferrate 

165 g 1 L 15

2 Bis(thiobenzoyl)disulfide (Scheme 2.1)
4), 5) 1H-NMR
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2.2.3.2 4-cyanopentanoic acid dithiobenzoate

bis(thiobenzoyl)disulfide (0.0489 mol, 15 g) 4,4’-azobis(4-cyanovaleric 

acid) (V501, 0.0916 mol, 25.69 g) (350 mL)

1.5 N2 80°C 24

/ (2/1, v/v) (
®200) (Rf : 0.24)

4-cyanopentanoic acid dithiobenzoate (CPDTB)

(Scheme 2.2) 4), 5) 1H-NMR

Scheme 2.1 Synthesis of bis(thiobenzoyl)disulfide.

Scheme 2.2 Synthesis of 4-cyanopentanoic acid dithiobenzoate (CPDTB).
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2.2.4

( : 0.1 mmHg, : 400 W, : 180 )

(glass coverslip, 24 50 mm, 0.2 mm in thickness)

-SiOH

62 -

3-aminopropyltriethoxysilane (APTES)

2.5 L 0.5 mL 150°C 20

3

(APTES ) (Scheme 2.3)

2.2.5

APTES 18

V-501(9.38 mmol, 7.4 g) 1-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline 

(EEDQ: 18.75 mmol, 12.8 g) DMF(700 mL) 20

DMF(250 mL) (250 mL) 3

(

: sInit) (Scheme 2.4)

Scheme 2.3 Immobilization of APTES on glass surface.

Scheme 2.4 Immobilization of azoinitiator on APTES immobilized surfaces.
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2.2.6 SI-RAFT PBzMA

PBzMA BzMA

PBzMA

BzMA(0.25 mol: 42.36 mL, 0.75 mol: 127.08 mL) CPDTB(1.25 mmol, 349 mg) V-501(0.25 mmol, 

70 mg) 1,4- (250 mL) sInit 18

1

70°C 20 SI-RAFT

250 mL 1

3 sInit PBzMA 0.25 mol

sBz(Short: S) PBzMA 0.75 mol sBz(Long: L)

(Scheme 2.5) 10

mL (300 mL) PBzMA

PBzMA 3

PBzMA

2.2.7 CPDTB

CPDTB(1.25 mmol, 349 mg) V-501(0.25 mmol, 70 mg)

1,4- (250 mL)

1 V-501

2.2.6 PBzMA BzMA 0 mol

70°C 20 CPDTB

Scheme 2.5 PBzMA grafting through RAFT polymerization on sInit.
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SI-RAFT (250 mL)

3 CPDTB

sDTB (Scheme 2.6)

2.2.8 PBzMA-b-PNIPAAm PNIPAAm

NIPAAm(0.25 mol, 28.28 g) CPDTB(0.06 mmol, 18 mg) V-501(0.25 mmol, 70 mg) 1,4-

(250 mL) sDTB sBz(S or L)

1

70°C 20 SI-RAFT

250 mL 1

PNIPAAm

3 sDTB PNIPAAm sIP PNIPAAm

sBz(S) sBs(S)-IP PNIPAAm sBz(L)

sBz(L)-IP (Scheme 2.7)

10 mL (200 mL) PNIPAAm

PNIPAAm 3

PNIPAAm

Scheme 2.6 Imobillization of CPDTB on sInit.
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2.3

2.3.1

GPC ( : ( ) (PSt), ( , : 1.05 ))

1 PBzMA

PBzMA 10 mg 50 mM LiCl

DMF 3 mL GPC 30 L

(Mn) (Mw/Mn)

GPC ( : ( ) (PEG) ( , Mw/Mn: 1.05

)) (Mn) (Mw/Mn)

2 PNIPAAm PNIPAAm 10 mg

50 mM LiCl DMF 3 mL

GPC 30 L

(Mn) (Mw/Mn)

Scheme 2.7 PNIPAAm grafting through RAFT polymerization on sDTB, sBz(S) and sBz(L).
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2.3.2 X (XPS)

XPS 6), 7)

(1)

(2)

X monochromatic Al K 1,2 (1486.6 eV)

(Take-off angle) 15° ( ) 1400 0 eV X

100 m

2.3.3 (ATR/FT-IR)

2.2.6 2.2.8 PNIPAAm ATR/FT-IR

ATR/FT-IR

PNIPAAm PNIPAAm PNIPAAm 2-

18 L

ATR/FT-IR Figure 2.1 (A) 1650 cm-1 PNIPAAm

amide 1000 cm-1 Si-O-Si
2), 8) (I1650/I1000)

PNIPAAm (Figure 2.1 (B))

(I1650/I1000) = 0.0030 x (PNIPAAm amount) (1)

PNIPAAm 3

(Standard deviation, SD) (n=3)
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2.2.6 2.2.8 PBzMA ATR/FT-IR

PBzMA PBzMA

PBzMA 36 L

ATR/FT-IR Figure 2.2 (A) 1725 cm-1

PBzMA 8)-10)

(I1725/I1000) PBzMA

(Figure 2.2 (B))

(I1725/I1000) = 0.0070 x (PBzMA amount) (2)

PBzMA 3

SD

Figure 2.1 (A) ATR/FT-IR spectra of PNIPAAm-grafteed surface. (B) Calibration 

curve for the grafted amount of PNIPAAm on the glass surface. x; Grafted amount 

of PNIPAAm, y; I1650/I1000.
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2.3.4

2.2.6 2.2.8 (captive bubble method)

( g) 11)

20°C 50°C 11

1 6 3

SD (n=3)

2.3.5

2.3.5.1 (BAEC)

(bovine caroid endothelial cells, BAEC)

(DMEM) (FBS: 10%, 

penicillin-streptomycin solution: 1% ) (TCPS) ( 100

mm)

Figure 2.2 (A) ATR/FT-IR spectra of PBzMA-grafteed surface. (B) Calibration 

curve for the grafted amount of PBzMA on the glass surface. x; Grafted amount 

of PBzMA, y; I1650/I1000.
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BAEC

TCPS BAEC

PBS -EDTA 3 mL 37°C

5%CO2 2 TCPS

TCPS DMEM6 mL

4°C 800 rpm 5

DMEM

100 mmTCPS

2.3.5.2

2.2.6 2.2.8 24 25 mm

30 mm

2.3.5.1 3 mL

1.0 104 cells/cm2 3

mL 5%CO2 37°C 24

5% CO2 20°C

2

2.2.7 sDTB

2.3.5.3

2.3.5.2 2.3.5.1

3 mL 5.0 103 cells/cm2

3 mL 5%CO2
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37°C 72

2.2.7 sDTB

(Doubling time, DT)

DT= (t2-t1) log2 / (logN2-logN1) (3)

t1 37°C 48 t2 37°C 72 ( 2 )

N1 t1 N2 t2

2.3.5.4 PNIPAAm

2.3.5.2 2.3.5.1

3 mL 1.0 105 cells/cm2

3 mL 5%CO2

37°C

37°C 5

5 37°C

5% CO2 20°C

37°C 7

sDTB
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2.4

2.4.1 4-cyanopentanoic acid dithiobenzoate 1H-NMR

Bis(thiobenzoyl)disulfide 4-cyanopentanoic acid dithiobenzoate 1H-NMR

Figure 2.3 Figure 2.4 Figure 2.3 7.2 7.4 7.9 ppm

2 1 3

Figure2.4 1.9 2.5

2.8 ppm 4-cyanopentanoic

Figure 2.3 1H-NMR spectrum of Bis(thiobenzoyl)disulfide, in CDCl3.

Figure 2.4 1H-NMR spectrum of 4-cyanopentanoic acid dithiobenzoate, in CDCl3.
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2.4.2

2.4.2.1

PBzMA PNIPAAm

(Mn) (Mw/Mn) Table 2.1

PBzMA

0.75 mol

0.25 mol 3 2)

PNIPAAm

PBzMA PBzMA PNIPAAm

12)

2.4.2.2

RAFT PBzMA

1:5

Table 2.1 Characterization of PBzMAs and PNIPAAm obtained from the reaction solutions.

Sample(number of monomer unit)a
Molecular weights of free polymers

Mn
d PDId,e

PBzMA (250)b 22000 1.14

PBzMA (750)b 70000 1.13

PNIPAAm (250)c 51000 2.25
a Number in parenthesis was number of monomer unit.
b Initial feeds of BzMA for PBzMA(250) and PBzMA(750) were 1 M for and 3 M, respectively. 
CPDTB: 5 mM, V-501: 1 mM.
c Initial feeds of IPAAm, CPDTB, and V-501 were 1 M, 0.25 mM, and 1 mM, respectively.
d Determined by GPC using DMF with 50 mM LiCl.
e PDI: polydispersity index.
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PBzMA

CTA

PBzMA 2), 12)

PNIPAAm 2.25

25:6

RAFT

5

PNIPAAm

PNIPAAm

PNIPAAm

PBzMA

PNIPAAm XPS ATR/FT-IR

2.4.3 XPS

XPS Table 2.2

CPDTB sDTB PBzMA sBz

C Si

PNIPAAm sDTB PNIPAAm C N

Si PBzMA PNIPAAm

O O

sDTB Si

28.7% O O

O
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O

N C N/C Table

2.2 (sIP: N/C=0.17, 

sBz-IP: N/C=0.06) sBz BzMA N N

1atomic% N/C 0.03 CPDTB sDTB

sDTB N 1atomic% V-501

CPDTB N PNIPAAm

sIP N/C 0.08 C N

PNIPAAm sDTB

Si PNIPAAm

XPS

PBzMA PNIPAAm ATR/FT-IR

Table 2.2 Elemental analysis on various surfaces by XPS.

Sample
Element (atomic%) c

N/C c
Calculated 

value of N/CC N O Si
sDTB 30.0 1.0 40.3 28.7 - -

sBz(S) a 35.8 1.1 37.2 25.9 0.03 -
sBz(L) a 39.2 1.1 33.7 26.0 0.03 -

sIP b 44.6 3.7 28.5 23.2 0.08 0.17
sBz(S)-IP a, b 51.1 3.6 26.0 19.3 0.07 0.06
sBz(L)-IP a, b 69.2 5.0 17.1 8.7 0.07 0.06

a Initial feeds of BzMA for sBz(S) and sBz(L) were 1 M for and 3 M, respectively.  CPDTB: 5 
mM, V-501: 1 mM.
b Initial feeds of IPAAm, CPDTB, and V-501 were 1 M, 0.25 mM, and 1 mM, respectively.
c Determined by XPS, take-off angle 15°.
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2.4.4 ATR/FT-IR

ATR/FT-IR PBzMA PNIPAAm

Table 2.3

PBzMA ATR/FT-IR PBzMA

3 sBz(S) 0.28 0.02 g/cm2 sBz(L) 0.50

0.01 g/cm2 S 0.25 mol L 0.75 mol 3

PBzMA 2

PNIPAAm ATR/FT-IR PNIPAAm

3 sIP 0.81 0.01 g/cm2 sBz(S)-IP

0.93 0.05 g/cm2 sBz(L)-IP 0.90 0.07 g/cm2 3

BzMA (0 mol, 0.25 mol, 0.75 mol) PNIPAAm

PNIPAAm

PBzMA PNIPAAm
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2.4.5

20°C 50°C

Figure 2.5 cos

0 1

PNIPAAm sDTB sBz(S) sBz(L) Figure 2.5 (A)

CTA sDTB sBz(S)

PBzMA sBz(L)

sBz(S) PBzMA

sDTB sBz(S) sBz(L) 20°C 50°C

PNIPAAm

PBzMA

PBzMA

PNIPAAm sIP sBz(S)-IP sBz(L)-IP Figure 2.5 (B)

20°C PNIPAAm cos 0.86 0.02

PNIPAAm PNIPAAm LCST

Table 2.3 Grafted amounts of various polymers on the glass surface.

Sample
Amount of grafted polymer ( g/cm2) c

PBzMA PNIPAAm
sBz(S) a 0.28 0.02 -
sBz(L) a 0.50 0.01 -

sIP b - 0.81 0.01
sBz(S)-IP a, b 0.26 0.05 0.93 0.05
sBz(L)-IP a, b 0.50 0.02 0.90 0.07

a Initial feeds of BzMA for sBz(S) and sBz(L) were 1 M for and 3 M, respectively.  
CPDTB: 5 mM, V-501: 1 mM.
b Initial feeds of IPAAm, CPDTB, and V-501 were 1 M, 0.25 mM, and 1 mM, 
respectively.
c Determined by ATR/FT-IR, mean ± SD (n = 3).
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PNIPAAm PBzMA

PNIPAAm

20°C 50°C

PNIPAAm 34°C 0.78 0.02

50°C 0.77 0.02

32°C

PNIPAAm 32°C

PNIPAAm

LCST

sIP

PNIPAAm 13)

Okano PNIPAAm

LCST PNIPAAm

PNIPAAm LCST

PNIPAAm 32°C LCST 14) PNIPAAm

LCST
15) PNIPAAm PNIPAAm

PNIPAAm

PNIPAAm PNIPAAm

LCST

PBzMA

PBzMA

PNIPAAm LCST32°C PNIPAAm
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Figure 2.5 (A) Static water contact angle measurements for sBz(L), sBz(S) and 

sDTB at various temperatures. (B) Static water contact angle measurements 

for sBz(L)-IP, sBz(S)-IP and sIP at various temperatures.
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2.4.6

CPDTB

( )

37°C 24 Figure 2.6

20°C

Figure 2.7

Figure2.6 37°C 24

sDTB sBz(S)-IP sBz(S) sIP

6 70 90% 24

sDTB

sBz(S)-IP sBz(S) sIP

Figure2.7 sBz(S)-IP sIP PBzMA

sBz(S) PBzMA sBz(L) 24

60% sBz(L) PNIPAAm sBz(L)-IP 24

20% sBz(L)

sBz(S) 2 PBzMA

PBzMA 0.28 g/cm2

PBzMA

sBz(S) sBz(L)

PBzMA



48

sBz(L)-IP

sBz(L) PNIPAAm

NIH-3T3 C2C12

16)-19)

25 nm

20), 21)

sBz(L)-IP PNIPAAm PBzMA

PNIPAAm 3 nm

PBzMA
22)

20°C

sDTB sBz(S) sBz(L) PNIPAAm 2

20°C

PNIPAAm sBz-IP 30 sIP

2 PNIPAAm

PBzMA PNIPAAm

sIP

PNIPAAm

PNIPAAm PBzMA

PNIPAAm
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PBzMA PNIPAAm
12), 22)

PBzMA PNIPAAm

Figure 2.6 (A) Cell adhesion behavior on various surfaces, and (B) cell 

detachment behavior from various surfaces.  Cells were incubated at 37°C for 

24h (A) and then at 20°C for 2h (B).
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Figure 2.7 Cell morphologies at 37°C for 24h and 20°C for 2h on various surfaces.

Scale bar: 100 m.
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2.4.7

CPDTB

37°C 72

Figure 2.8 Figure 2.9

2

2.4.6 Figure2.6 sDTB sBz(S) sIP sBz(S)-IP

24 1.0 1.1 104 cells/cm2

sDTB sBz sIP sBz(S)-IP

sDTB 34 34 39 35

sBz(S)-IP PNIPAAm sIP

PBzMA

sBz(L)

sBz(L)-IP 2.4.6 Figure2.6 37°C 72

sBz(L)

55 sBz(L)-IP 363

sBz(L) PBzMA

sBz(L)

sBz(L)-IP

PNIPAAm sBz(L)

PBzMA

PNIPAAm sIP
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Figure 2.8 Cell morphologies at 37°C for 72h cultures on various 

surfaces. Scale bar: 100 m.
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2.4.8 PNIPAAm

1 105 cells/cm2 37°C 5 7

Figure 2.10 PNIPAAm

20°C

Figure 2.11 20°C

Figure 2.12

sDTB sBz(S) 2 sDTB sBz(S) PNIPAAm

sIP sBz(S)-IP 3 5

PNIPAAm

2.4.7 Figure2.9 4 5

PNIPAAm
2)

sBz(L) sBz(L)-IP 7

2.4.6 Figure2.6 (A) 2.4.7 Figure2.9 sBz(L)

sBz(L)-IP sBz(L) sBz(L)-IP

Figure 2.9 Cell adhesion and growth behavior at 37°C for 72h on various surfaces.
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7

PBzMA

20°C

PNIPAAm sDTB sBz(S) 24

PNIPAAm

sBz(S)-IP 10 sIP 35

sBz(S)-IP 21 sIP 62

sBz(S)-IP 10 sIP 30 2.4.6 Figure2.6 (A)

PBzMA

PNIPAAm

( F)

F

2.4.6 Figure2.6 (A)
24), 25)

PNIPAAm sIP



55

Figure 2.10 Microscopic photographs of cultured cells at 37°C for 5 days after cell seeding on (A) 

sDTB, (B) sBz(S), (C) sBz(L), (D) sIP, (E) sBz(S)-IP, and (F) sBz(L)-IP.  Scale bar: 100 m.

Figure 2.11 Spontaneous cell sheets harvesting from sIP and sBz(S)-IP.  

Harvesting initiated at 35 ± 6 min (sIP) and 10 ± 5 min (sBz(S)-IP).  Harvesting 

were completed after 62 ± 12 min (sIP) and 21 ± 2 min (sBz(S)-IP) (n=3).  

White-dashed lines indicate the edges of glass surfaces.  Scale bars: 1 cm.
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2.5

SI-RAFT

BzMA

PBzMA

PNIPAAm

LCST32°C

BAEC PBzMA

PBzMA

PBzMA

CTA sDTB

PBzMA PNIPAAm

PBzMA

PBzMA

sBz(S)-IP PNIPAAm sIP

Figure 2.12 Average harvested areas for cell sheets recovered from sIP 

and sBz(S)-IP with culture area of 6.3 cm2 as a function of incubation 

time. Incubation temperature: 20°C.
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3.1

2 SI-RAFT

PBzMA PNIPAAm

PNIPAAm

PBzMA CTA

PBzMA PNIPAAm

1)-6)

PNIPAAm LCST PNIPAAm

/

LCST 7)-12)

SI-RAFT PNIPAAm

PNIPAAm

LCST PNIPAAm LCST

3 CTA

SI-RAFT PNIPAAm

PNIPAAm

3.2

3.2.1

(1) N- (N-isopropylacrylamide, NIPAAm)
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( ) 2 2.2.1 (1)

(2) 3- (3-aminopropyltriethoxysilane)

( )

(3) 4,4’- (4- ) (4,4’-azobis(4-cyanovaleric acid))

( )

(4) 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (97%) (trithiocarbonate-based 

CTA, CTA )

Sigma-Aldrich (St. Louis, MO, USA) 

(5) (Maleimide)

( )

(6) N- (N-hydroxysuccinimide, NHS)

( )

(7) N, N’- (N, N’-dicyclohexylcarbodiimide, DCC)

( )

(8) (sodium borohydride, NaBH4)

( )

(9) (sodium Hypodisulfite, Na2S2O4)

( )

(10) (methanol)

( )

(11) n- (n-hexane)

( )

(12) (acetone)

( )

(13) N,N- ( ) (N,N-dimethylformamide, Dehydrated)

( )
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(14) 1,4- (1,4-dioxane)

( )

(15) ( ) (Toluene, Dehydrated)

( )

(16) ( ) (Dichloromethane, Dehydrated)

( )

(17) (hydrochloric acid)

( )

(18) (sodium hydroxide)

( )

(19) (diethyl ether)

( )

(20) (Dulbecco’s phosphate buffered saline, PBS)

Sigma-Aldrich (St. Louis, MO, USA) PBS( ) 10

(21) EDTA (trypsin-EDTA solution: 0.1 % trypsin-1.1mM EDTA)

Sigma-Aldrich (St. Louis, MO, USA) PBS 10

(22) (Dulbecco’s modified eagle’s medium, DMEM)

Sigma-Aldrich (St. Louis, MO, USA) 

(23) (penicillin-streptomycin solution, AB: 100 unit/mL 

penicillin, 100 g/mL streptomycin)

Sigma-Aldrich (St. Louis, MO, USA) 

(24) (fetal bovine serum, Mexico origin, FBS)

Bioserum (Victoria, Australia)

(25) (bovine carotid endothelial cells, EC, JCRB0099)

( )
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20 25

(26) (Rhodamine-labeled fibronectin, FN)

Cytoskeleton (Denver, CO, USA)

(27) (tissue culture dish, polystyrene, Falcon 353003, 100 x 20 mm, 

TCPS)

BD Biosciences (Franklin Lakes, NJ, USA) 

(28) (Petri dish, Falcon 351008, 35 x 10 mm)

BD Biosciences (Franklin Lakes, NJ, USA) 

(29) 1,000 (Spectra/Por 6) (dialysis membrance)

Spectrum Laboratories (Rancho Dominguez, CA, USA) 

(30) (glass coverslip, 24×50 mm, 0.2 mm in thickness)

( )

3.2.2

(1) (plasma dry cleaner, PX-1000), ( )

: : 0.1 mmHg, : 400 W, : 180

(2) (gel permeation chromatography, HLC-8320GPC), 

( )

: : TSKgel Super AW2500, TSKgel Super AW3000, TSKgel Super AW4000, 

: 0.6 mL/min, : 40°C, : DMF(50 mM LiCl ), : poly(ethylene 

glycol (PEG), polystyrene (PSt), ( , : 1.05 )

(3) (attenuated total reflection Fourier transform infrared 

spectroscopy, ATR/FT-IR, Nicolet 6700), (

)

: : 128 , : 4, : 60°, : 4000 650 cm-1,

: MCT/A, : KBr, : IR, : Ge
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(4) X (x-ray photoelectron spectroscopy, K-Alpha), 

( )

: X monochromatic Al K 1,2 (1486.6 eV), (Take-off 

angle): 15°, X : 100 m, ( ): 1400 0 eV

(5) (contact angle meter, DSA100S), KRUSS(Germany)

: , : 5 L

(6) (UV-vis) (V-660), ( )

: : 600 nm, : 0.1 °C/min, :

EHC-477S, LCST : 50%

(7) (ETC-717), ( )

(8) (5910), ( )

: : 4°C, : 800 rpm

(9) (MCV-131BNF)

( )

(10) (BNR-110M)

Espec corp( )

( ) (ECLIPSE TE2000-U), AxioVision 4.6 software,

( )

: : 100 , 200 , 400 , : CFI 10 /22

(11) (Lumix DMC-FX66)

( )

3.2.3

( : 0.1 mmHg, : 400 W, : 180 )

-SiOH
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-
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3-aminopropyltriethoxysilane (APTES) 2.5 L 0.5 mL

150°C 20

3

(APTES )

3.2.4

3.2.4.1

4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CTA: 1.25 mmol, 1413 mg)

N- (NHS) (1.88 mmol, 604 mg) 500 mL

(DCM) (195 mL)

N, N’- (DCC) (1.88 mmol, 1083 mg) DCM (5 mL)

500 mL 30

20

N, N-

CTA

3.2.4.2 CTA

APTES DCM (500 mL)

3.2.4.1 CTA DCM (200mL)

24 DCM (250 

mL) (250 mL) 3 APTES

CTA CTA (sCTA) (Scheme 3.1)

Scheme 3.1 Immobilization of CTA on amino-functionalized glass coverslips.
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3.2.5 SI-RAFT PNIPAAm

NIPAAm(0.30 mol, 33.94 g) CTA(0.25 mmol, 101 mg) V-501(0.05 mmol, 14 mg)

1,4- (250 mL) sCTA

1

70°C 6 250 mL

1

3 PNIPAAm (sIP-D)

(Scheme 3.2)

3.2.6 PNIPAAm

PNIPAAm

(6 mmol, 730 mg) NaBH4 (100 mmol, 4730 mg) Na2S2O4 (0.2 mmol, 35 

mg) (200 mL, pH 9.0) sIP-D 4

(250 mL) (250 mL) 3

PNIPAAm (sIP-M) (Scheme 3.3)

Scheme 3.2 PNIPAAm grafting via RAFT polymerization on the glass surfaces.

Scheme 3.3 Inntroduction of maleimide groups via reduction reaction on 

terminal groups.
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3.2.7 PNIPAAm

PNIPAAm LCST PNIPAAm

PNIPAAm PNIPAAm LCST

PNIPAAm 50 m

PNIPAAm PNIPAAm GPC

3.2.7.1 APTES

( 50 m, 60 g) (12 mol/L) 90°C 3h

APTES 0.5 v/v%

(200 mL) 20h

(200 mL) (200 mL)

3 APTES

3.2.7.2 CTA

APTES 3.2.4.1

CTA DCM (200mL) 24

DCM (250 mL) (250 mL)

3 CTA (Scheme 3.4)

Scheme 3.4 Immobilization of CTA on amino-functionalized glass beads.
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3.2.7.3 PNIPAAm

CTA (20 g) NIPAAm(0.30 mol, 27.16 g) CTA(0.25 mmol, 80 mg)

V-501(0.05 mmol, 12 mg) 1,4- (200 mL) 1

70 °C 6

(200 mL) 1

3 CTA PNIPAAm

PNIPAAm 10 mL

PNIPAAm PNIPAAm

3h PNIPAAm (Scheme 3.5)

3.2.7.4 PNIPAAm

(6 mmol, 730 mg) NaBH4 (100 mmol, 4730 mg) Na2S2O4 (0.2 mmol, 35 mg)

(200 mL, 0.1 M, pH 9.0) PNIPAAm

(20 g) 4 (200 mL)

(200 mL) 3 PNIPAAm

(Scheme 3.6)

Scheme 3.5 PNIPAAm grafting via RAFT polymerization on the glass beads.
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3.2.7.5 PNIPAAm PNIPAAm

(10 M) PNIPAAm

(20 g) 24

(12 N) (200 mL) (200 mL)

1

PNIPAAm PNIPAAm

3.3 PNIPAAm

3.3.1 XPS PNIPAAm

XPS

PNIPAAm

X monochromatic Al K 1,2 (1486.6 eV)

Scheme 3.6 Introduction of maleimide groups via reduction reaction at 

terminal groups.
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(Take-off angle) 10° X 100 m

3.3.2 ATR/FT-IR PNIPAAm

PNIPAAm ATR/FT-IR PNIPAAm

2.3.3 PNIPAAm

PNIPAAm

(Standard deviation, SD) (n=3)

3.3.3 PNIPAAm

PNIPAAm

PNIPAAm 50 mM LiCl DMF 300 

L GPC ( ( ) (PEG) (

, : 1.05 ) PEG

GPC 30 L

(Mn) (Mw/Mn) 3.3.2

ATR/FT-IR PNIPAAm

PNIPAAm

n

ApdensityGraft
M

Nm
(1)

mp PNIPAAm ( g/cm2) NA (6.02 1023 mol-1)

Mn PNIPAAm (Mn)

3.3.4 PNIPAAm LCST

PNIPAAm PNIPAAm

PNIPAAm LCST
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PNIPAAm 10.0 mg/mL PBS UV-vis

600 nm 0.1 °C/min

LCST 100%

50% LCST

3.3.5 PNIPAAm

3.2.4.2 3.2.6 20°C 37°C

PBS

20°C 1 37°C

1 6

SD (n=3)

3.3.6 PNIPAAm

3.3.6.1 PNIPAAm

3.2.4.2 3.2.6 24 25 mm

2.3.5.1

5.0 103 cells/cm2 3 mL

5%CO2 25 29 31 33 37°C

24 24

(n=3)

3.3.6.2 PNIPAAm

24 25 mm

1 cm

PBS 5 g/mL
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500 L 5%CO2

29 31 33°C 3 3

37°C PBS

3.3.6.3 PNIPAAm

24 25 mm

2.3.5.1

5.0 103 cells/cm2

3 mL 5%CO2

37°C 24

5% CO2 20 28 29°C

12

(n=3)

3.3.6.4 PNIPAAm

24 25 mm

2.3.5.1

1.0 105 cells/cm2

3 mL 5%CO2 37°C

5% CO2 20°C

(n=3)
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3.4

3.4.1 XPS PNIPAAm

XPS Table 3.1

CTA sCTA CTA C N

S CTA

PNIPAAm sCTA

PNIPAAm C N Si

2.2.8 PNIPAAm

O PNIPAAm sCTA Si

23.6% O O

PNIPAAm

O

sIP-D sIP-M N/C 0.13 0.12

PNIPAAm

XPS PNIPAAm

3.4.2 ATR/FT-IR PNIPAAm

PNIPAAm ATR/FT-IR

Table 3.1

Sample
Element (atomic%)a Grafted 

PNIPAAm 
amount 

( g/cm2)b

Graft density 
(Chains/nm2)C N O S Si

sCTA 27.6 3.7 44.0 1.1 23.6 - -

sIP-D 65.4 8.5 17.9 0.1 8.1 1.02 0.10 0.16

sIP-M 61.9 7.3 20.9 0.0 9.9 0.95 0.12 0.15

Table 3.1 Elemental analysis and amount of grafted PNIPAAm on glass surfaces.

a Determined by XPS, take-off angle 10°.
b Determined by ATR/FT-IR, mean ± SD (n = 3).
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PNIPAAm sIP-D 1.02 0.10 g/cm2 sIP-M 0.95 0.12 g/cm2

sIP-M sIP-D

PNIPAAm 3.4.1 3.4.2

PNIPAAm

PNIPAAm

PNIPAAm

3.4.3 PNIPAAm

PNIPAAm

PNIPAAm Mn 3.8 104

PNIPAAm

Mw/Mn 1.52

CTA

PNIPAAm LCST

PNIPAAm

PNIPAAm PNIPAAm LCST

3.3.4 PNIPAAm

PNIPAAm 4.0 104 1.62

1.69 PNIPAAm

PNIPAAm PNIPAAm

PNIPAAm 3.3.3 (1)

sIP-D 0.16 chains/nm2 sIP-M 0.15 chains/nm2

>0.10 chains/nm2

13) PNIPAAm
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3.4.4 PNIPAAm LCST

3.3.4 PNIPAAm

600 nm LCST Table 3.2

PNIPAAm LCST 29.0°C 29.6°C

PBS PNIPAAm PBS

PNIPAAm LCST

PNIPAAm 32°C 14)

PNIPAAm PNIPAAm LCST

PNIPAAm

PNIPAAm

LCST

LCST 0.6°C PNIPAAm LCST

(Mn)3.0 104

PNIPAAm 4.0 104

11), 12) PNIPAAm

LCST 28.0°C

LCST PNIPAAm LCST

PNIPAAm C=O H-N

LCST PNIPAAm

C=O H-N

LCST LCST
15) H-N

PNIPAAm

LCST

PNIPAAm

LCST LCST
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PNIPAAm

PNIPAAm PNIPAAm

LCST 16)

PNIPAAm LCST

3.4.5 PNIPAAm

20°C 37°C

Figure 3.1 (A) (B) cos

CTA

PNIPAAm sIP-D sIP-M

31°C sIP-D cos 0.79 0.02 (n=3)

sIP-M cos 0.84 0.02 (n=3)

PNIPAAm

/ 3.4.4 sIP-D

PNIPAAm

sIP-D sIP-M

3.4.4 C=O H-N

PNIPAAm

Sample Mn
a Mw/Mn

a LCST (°C)b

Heating Cooling
Dodecyl-PNIPAAm 4.0 104 1.62 29.0 28.0

Maleimide-PNIPAAm 4.0 104 1.69 29.6 27.9

Table 3.2 Characterization of linear semitelechelic PNIPAAms.

a Determined by GPC using DMF with 50 mM LiCl.
b LCST profiles were determined by optical transmittance changes at 600nm in PBS 
at a healing /cooling rate of 0.1 °C/min and a polymer concentration of 10 mg/mL.
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15), 17)

PNIPAAm

PNIPAAm LCST

PNIPAAm

Figure 3.1 Temperature-dependent surface wettability changes of sIP-D, sIP-M

and sCTA in the heating process (A) and the cooling process (B).
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3.4.6 PNIPAAm

PNIPAAm CTA

25 37°C 24

Figure 3.2

PNIPAAm sCTA

PNIPAAm 37°C

29°C LCST

PNIPAAm /

sIP-D sIP-M 31°C

sIP-M 33°C

3.4.5

PNIPAAm

LCST

PNIPAAm LCST 0.6°C

2°C

18)

PNIPAAm (0.16 chains/nm2) PNIPAAm

PNIPAAm

sIP-D sIP-M LCST 0.6°C

PNIPAAm
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3.4.7 PNIPAAm

PNIPAAm

PNIPAAm CTA

29 31 33°C 29 31 33°C

3 Figure 3.3

PNIPAAm CTA

PNIPAAm sIP-D sIP-M 29°C

33°C

Figure 3.2 Cell adhesion behavior depending on temperature to sIP-D, 

sIP-M and sCTA for after 24h incubation at various temperature.
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29°C PNIPAAm

33°C PNIPAAm

31°C sIP-M

sIP-D 3.4.5

31°C sIP-D sIP-M

PNIPAAm / 19)

3.4.6

PNIPAAm

3.4.6
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Figure 3.3 (A) Microscopic photograhs of adherent cells on sIP-D, 

sIP-M and sCTA at various temperatures for 24h.  (B) Fluorescent 

microscopic images of adsorption of Rhodamine-labeled fibronectin on 

sIP-D, sIP-M and sCTA at various temperatures for 3h.
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3.4.8 PNIPAAm

PNIPAAm

37°C 24 20 28 29°C

Figure 3.4 Figure 3.5

20°C sIP-D sIP-M 2

28°C sIP-D

sIP-M 24 80%

PNIPAAm LCST PNIPAAm

29°C sIP-D sIP-M

24 PNIPAAm

LCST PNIPAAm

3.4.5 PNIPAAm

PNIPAAm

28°C

PNIPAAm

PNIPAAm 28°C 20°C

sIP-D sIP-M
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Figure 3.4 Cell detachment behavior depending on temprature from 

sIP-D and sIP-M at temperatures 20°C, 28°C and 29 °C, respectively.

Figure 3.5 Schematic illustrations of cell adhesion/detachment 

behavior depending on temperatures on/from sIP-D and sIP-M.
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3.4.9 PNIPAAm

1 105 cells/cm2 37°C

20°C

Figure 3.6

PNIPAAm CTA 3 PNIPAAm

5

20°C PNIPAAm sCTA

PNIPAAm

sIP-D 29 2 (n=3) sIP-M

23 2 (n=3) p < 0.05 sIP-D

sIP-M

Figure 3.6 Spontaneous cell sheets harvesting from sIP-D and sIP-M.  

White dashed lines shows the edges of glass surfaces.  Scale bars: 1cm.
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3.5

PNIPAAm

31°C

31°C sIP-D

sIP-M

33°C LCST

PNIPAAm

sIP-D sIP-M 28°C

PNIPAAm

PNIPAAm
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