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ABSTRACT

Preparation and Characterization of Adhesive Materials based on
Biomimetic Copolymers

by Na, Haeng-Yo

Advisor : Prof. Sohn, Jeong-Sun, Ph.D.
Co-Advisor : Prof. Kim, Joon-Seop, Ph.D.
Department of Advanced Materials Engineering,

Graduate School of Chosun University

Tissue adhesives, hemostatic agents and tissue sealants are used as bio-adhesives
for wound closure, hemostasis, and tissue sealants. Bio-adhesives have been
intensively studied and developed as an alternative to sutures and staples for wound
closure and hemostasis due to potential advantages including ease of use, and
minimal tissue damage. However, there are many challenges that still must be
overcome, and as such there are no bio-adhesives that are suitable for practical
applications. Because it has many problems such as leaving scars and difficult to
maintain adhesion on wet surfaces, cytotoxic, and probability for infection.
Recently, several bio-adhesives have been studied to overcome these problems,
including mussel-inspired adhesives, nanoparticle solutions, tough-adhesive hydrogel,
ultraviolet(UV)-curable tissue adhesive glues.

Marine mussels are mediated by the byssus, a proteinaceous holdfast that is
formed by secretion and solidification of unique adhesive proteins. One of the
unique structural differences of mussel foot proteins(Mfps), is the presence of
L-3,4-dihyrdoxyphenylalanine(DOPA), that contains two hydroxy groups, -called
catechol. The catechol groups can physically interact with various substrates through
n-m stacking, cation-m interaction, and hydrogen bonding. These are recognized for

their properties of adhesion and cohesion.
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Generally, it is well known that the complex coacervate can form on mixing
oppositely charged polyelectrolytes in aqueous solutions, due to -electrostatic
attraction between the oppositely charged polymers. However, the strong short-range
cation—m interactions induce the like-charged coacervate by overcoming repulsive
electrostatic interactions. This often leads to liquid-liquid phase separation, called
complex coacervation, that is the appearance of a dense polyelectrolyte-rich liquid
phase (coacervate phase) and a more dilute solution phase (aqueous phase) without
dissolving. Interestingly, the cation-m interaction could serve as a driving force for
the formation of complex coacervate in mussel adhesion proteins, which aromatic
and cationic residues coexist. The cation—m interactions can lead to complex
coacervation with low interfacial energy underwater, it is due to this that they have
been studied and applied in biomedical applications such as cell encapsulant,
emulsifiers, and bio-adhesives.

The objection of this study is to prepare and characterize the bio-adhesion
materials based on DOPA biomimetic copolymers in relation to the adhesive
mechanics of marine mussels. In this study, the DOPA-modified derivatives are
chemically synthesized by various acrylic monomers, which methacrylate,
2-ethylcyanoacrylate, and  2-hydroxyethyl = methacrylate, via free radical
polymerization for improving their adhesion properties. Cation-n interaction was
induced by blending with different types and different blend ratio of cations (Mg”',
Ca®, Fe&*, V) into the synthesized DOPA derivatives copolymer and
PEO-PPO-PEO triblock copolymers solutions. They have been prepared by solution
blending in order to induce the formation of complex coacervate. The complex
coacervate was characterized and evaluated by various analytical methods such as
FT-IR, Universal technical machine(UTM), Contact angle, and SEM. Considering
the results from these studies, the complex coacervate between DOPA derivatives
and various type of cation showed that adhesion strength is effectively increased

even in wet conditions.
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Hydrogels are three-dimensional network structures, which consists hydrophilic
polymer networks with high water content without dissolving and a structural
resemblance to extra matrix cellular(ECM). Therefore, hydrogel is used as scaffolds
for tissue engineering such as drug delivery vehicles, actuators, and wound healing.
However, most hydrogels do not exhibit with both adequate high stretchability and
adhesive properties. Numerous attempts have been made to overcome the problems
of poor mechanical properties and adhesive property, such as nanocomposite
hydrogels, macromolecular microsphere composite hydrogels, polyampholyte
hydrogels, and interpenetrating polymer network(IPN) hydrogel. Among them, IPN
hydrogel is known to be the most promising.

The IPN have been studied extensively to improve the mechanical properties of
general hydrogels. IPN hydrogels brought distinct benefits compared to single
network hydrogels like more widely controllable physical properties, and it provides
better thermal stability, mechanical properties, and chemical resistance. Also, it
consists of two (or more) polymer networks, at least one of them being synthesized
physciallly/chemically crosslinked.

In this work, bio-inspired adhesive IPN hydrogels were prepared by the
L-3,4-dihydroxyphenylalanine derivatives and Polyacrylamide(PAAm) that can be
efficiently and rapidly activated with an initiator and a cross-linker without the
external stimuli such as UV, pH, and temperature. Also, the high elasticity and
adhesive hydrogels were prepared with Polyacrylamide(PAAm) and bio mimetic
copolymers, that catechol moieties can form strong covalent bonds in the hydrogel
networks via the IPN. The IPN hydrogels were characterized and evaluated by
various analytical methods such as FT-IR, UTM, Thermal gravimetric
analysis(TGA), Contact angle, and SEM. IPN hydrogels based on PAAm with
DOPA derivative copolymers endow the hydrogel with strong adhesion on various
substrates including rough surfaces, smooth surfaces, and porcine skin even wet
condition.

The cytotoxicity of IPN hydrogels were evaluated by the CCK-8 assay. The

Collection @ chosun



results of cell viability of IPN hydrogels were over 100%. These results suggest
that the IPN-structred PAAmM/DOPA inspired copolymer hydrogels are promising
functional materials in the field of biomedical engineering. This study not only
offers a promising adhesive materials for bio-material with superior performances
but also, advances the understanding of adhesion mechanism of DOPA for the

development of future bio-adhesives underwater.

Keywords : Biomimetic, marine mussel, mussel foot protein(Mfp), DOPA,
catechol, complex coacervate, cation-m interaction, bioadhesive, IPN hydrogel, tough

hydrogel, adhesive hydrogel
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Mfp-2,6
Mfp-3,5

(b)

HO

OH

NH
HO 2

L-3,4-dihydroxyphenylalanine (DOFA)

OH
OH

Catechol

Figure 1-1. (a) Attachment of mussel to other mussel using byssal threads and
plague, (b) Chemical structure of L-3,4-dihydroxyphenylalanine

and catechol.

Table 1-3. Mussel foot proteins in the plague and characteristics.
Protein Location (Role) Molecular weight Modifications
(kDa) (%)
Mifp—1 Cuticle (Cohesion) ~115 10—-15
Mfp—2 Plaque matrix (Cohesion) 45 2—-3
Mfp—3 Plaque interface (Adhesion) 4-17 20—25
Mfp—4 Plague/thread junction (Cohesion) 90 4
Mfp—5 Plaque interface (Adhesion) 11 30
Mfp—6 Plaque matrix (Cohesion) 12 4
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complexation coupling

Michael-type J—‘—\
addition reactiol N

~ .
MH, SH ( / Metal_ om_de
| | HN coordination
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Q’QD
/34,

Figure 1-2. Mechanism of DOPA for

underwater surface adhesion and cohesion.
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2.1 AlF & J|J]
Jb. Al

2 A0 AlEE A2 s Z2CH Dopamine hydrochloride, methacrylic

2-hydroxyethy| methacrylate2t 2-methoxyethyl methacrylates= ©+& XD}

monomethy! ether hydroquinone(MEHQ)S HIHGHD| <ot  inhibitor

anhydride & 2-ethyl cyanoacrylate= Sigma Aldrich Al2] ME32 AIE06I SO,

ZerE

remover

columez AN AIZS6IUCH. 002! N,N-dimethy! formamide= JUNSEI Ab A

Iz

Z, methanol 2 tetrahydrofuran(THF)2 Aldrich Ab HIZS A20tYH
HPLC S222 EX9 HA 20l AI=2ot L.

L. J1 2l

= HF0A A8 242 Adl AtEE JDI= T

0l0

ot 2.

Rotary evaporator : R-205 (BUCHI Labortechnik, Switzer land)
Vacuum dry oven : HB-501VS (HANBAEK Co.Korea)

Fourier Transform Infrared Spectroscopy (FT-IR spectrometer) : Nicolet6700 (Thermo,
Nuclear Magnetic Resonance Spectroscopy (H-NVR spectrometer) @ JNWHAL300 (JEOL,
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2.2 &=IMY 4

2 AF0AM AEE SR = dopamine methacrylamide(OMA)OICt. Dopamine HCI
JF methacrylic anhydrideE BHEAIHA ZHZ vinyl grop@& Bt=0 DOPA =
HE &SHGIACH25,26,46]. A=20 M Ot=22 IJtAZ HAS BESII0 sodium
tetraborate 0.013 mol2t sodium hydrogen carbonate 0.02 mol& £ deionized
water 20 mLet ZZESHA 3 Al2b wWEr ST 2&#&G| Al MU dopamine HCI
0.0015 molS ¥ WEHAIZIHA, dropping funnelS OIE6tNM tetrahydrofuran

12.5 mLOl methacrylic anhydride(0.015 mol)E =0 2Hs MM HSIAIZIC.

HMotet SAIG 1 M NaOH SHO 2 BIE22| pHE 8-9 &2 X HOIHA 24Al2t
BISAIZICH. BtS = 0| BtS28& UGt, MRS (HHHS 350 6 M HCI=2
pHE ZMEoE XZEELH pHIE XEE ENES ethyl acetate2 3 3| F=06HH
21 E0H 2= 3l+56t10, magnesium sulfate anhydrousZ2 BtS= UWel ===
HASCH, S22 AFESLIIE 0I80tH ==AlI21 §I XIHE hexanetll EHE
d AAZESES d=lh. XS ME2S2 249 N2 IIRH EHZ 12A12F S0 A2
of ME QEMNAM HESHC

H G
Na;B,0;, NaHCO HO. N
SO el e oo,
THF/H 0, 24hr, R.T. fe)
HO
Dopamine HC1 Methacwlate anhydude Dopamine methacrylamide
(DMA)

Scheme 1. Synthesis of Dopamine methacrylate (DMA)
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Poly(DMA-co-MEA) (POM)= DOMARF 2-methoxy ethylacrylate(MEA)S Xt Z2tCl
=& BtS2 01200 =SEotRACH26,29]. Ot22 2LII2 UHEAHE 8IS
dopamine methacrylate 0.009 mollt N,N-dimethylformamide 30 mLE €E&
dopamine methacrylateE =0W=Ct. SHS WEHAIIIH 2-methoxy ethylacrylate
0.046 molS €10 JHAIMIQ! N,N-azobisisobutyronitrile 63 mg (7.715x 10 mol)
£ E2 F 24AI2F, 68TCOHA BISAIHAZTC BIS I8 &, BISE2 4222 4
61, methanolS A g &EIIotH BFES=2 Fol=Lh. XIHE2 diethyl etherE ol

PN

= S
Howet AN, s6A gtESsS SAIZIG. ZESE8 2|+=0t0 methylene

nw

s

2

l‘
o

AIBN NH

(o]
A

DMF, 60°C, 24 hr

Dopamine methacrylamide 2- methoxy ethyl acrylate

(DMA) (MEA) e oH

Poly(DMA-co-MEA)

Scheme 2. Synthesis of Poly(DMA-co-MEA) (PDM)
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L}. Poly(DMA-co-MEA-co—ECA) S| &4
Poly(DMA-co-MEA-co-ECA) (POMC)= OMA, 2-methoxy ehtylacrylate 2t 2-ethyl
cyanoacrylateE Atem ciCl2 S&2 0/20t0f SZEoIRUCH26]. 0t22 S<I0|12 2F
S0 E S0l dopamine methacrylate 0.01 mol2t 13 mL2l N,N-dimethy|formamideE
< 2-methoxy ethylacrylate 0.01 mol, 2-ethyl cyanoacrylate 0.02 molS Xtdil
2 20 wWEHAI2ICH. JHAIMIC! N,N-azobis-isobutyronitrile 8.2 mg (5.024x 107 mol)

22 Tl 4BAIZF BISAIAEL. BIES S8 = BIES=S XIH2 diethyl etherOl &
&5l BHAIA & 7, BISS2E 30t a=201A 24 Al2E MZ A8
NG
CH, - o
H o] (o] 0= "0 G
HO NT(K AIBN W 0 o
CH; 4+ CH OCH, *+ H.C E—
@/\/ o 2§)J\O/\/ ¢ 2 (S ——— g k
HO CN
O\
Dopamine methacrylamide 2- Methoxy ethyl acrylate 2- Ethyl cyanoacrylate
(DMA) (MEA) (ECA) HO  OH

Poly(DMA-co-MEA-co-ECA)

Scheme 3. Synthesis of Poly(DMA-co-MEA-co—ECA) (POMC)
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Ct. Poly(DMA-co-HEMA) S| & 4

Poly(DMA—co—HEMA) (PODH)= DMA, 2-hydroxyethy! methacrylate(HEMA)S Xt ctClZ

S 0I=ol 238 b, o2z 2012 2S0E eHSII00l  dopamine

methacrylate 0.02 molOll 13 mL2
, N,N-azobis-isobutyronitrile 0.122

xE gts=2 X

methacrylate 0.01 mol2t 2-hydroxyethyl

N,N-dimethy|formamideE 2O Wbt A|AHAZE &
g (7.42x10* mol)2 JHAINIE ©2 5 24A12t S0 BI2AI2IC}.
ANA &= FH B2 LEWA HE

JI2 diethyl etherOfl &3] B0 FHA =
S 2 methanol 0l F3= H

2

IR deionized waterE

=
= X
S=US 20t 24A12¢

ANAHZCLH HAX = 3|8t BtS

2o wet AIDIH erESEs FHAAHASO. B B
SO A20M &Z AXSEHC
CH, cH o=c= ™
HO N o ’ AIBN NH O
CHy + o™ CH e
0 3 DMEF, 70°C, 24 hr
HO (0] HO
Dopamine methacrylamide 2-hydroxyethylmethacrylate wd  om
(DMA) (HEMA)
Poly(DMA-co-HEMA)

Scheme 4. Synthesis of Poly(DMA-co—HEMA) (PDH)
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&AM A8 Uz =&
JIHIZ *=E ssf®e

igure 1-33F 1-40 LIEHHSA
hydroxy| (-OH) ZZ2J|2t amide(-NH) H=ZDI|5

SO0, 3033-2900 cmOIA OF2E &&EJ|2

XS 1749 e 'OIA Ot =

D U0 HEHOZ S BHEUS

ring proton2 LIEIHW= NMR II3JF 6.40
meta I X2 CHs,) proton 1.83 ppm & OIS

ppmOilAl L2 =2 HEHIE Solil SEH 2

Collection @ chosun
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Absorbance

T T T
4000 3000 2000 1000

Wavenumbers {cm'1)

Figure 1-3. FT-IR spectrum of dopamine methacrylamide(DMA) (KBr powder).

N | M H J\kﬁ

ppm
Figure 1-4. 'H-NMR spectrum of dopamine methacrylamide(DMA) (DMSO-ds) .

_18_

Collection @ chosun



FT-IR spectrum (KBr):
1750 cm™' (C=0 stretching)
3033-2900 cm™' (C-H stretching)
3200 cm™' (N-H stretching)
32003400 cm™' (-OH stretching)

H-NMR spectrum (DMSO-ds):
8§ 7.93-7.93 ppm

6.63-6.60 ppm

6.57-6.56 ppm (s, Hf, 1H, J=6, 10 Hz)

6.43-6.40 ppm (d, He, 1H, J=6, 10 Hz)

5.61 ppm (s, Hy, 2H, trans)

5.28 ppm (s, Hy, 2H, cis)

3.25-3.18 ppm (m, Hs, 2H)

2.91-2.50 ppm (m, H,, 2H)

1.83 ppm (s, Ha, 3H)

t, NH, 1H)

(
(d, Hy, 1H)
(
(

_19_

Collection @ chosun



3.2 2=&tHle g4

J}. Poly(DMA-co—-MEA) S| &4

DMAR} 2-methoxy ethylacrylate(MEA)S Z=8&Hét pol
At

MH2S BEHOI= BS ZMo BN

<
o
=
T
o

9

=
m
p
%
o
=
10
el
OB

FT-IR 24 ZZ Figure 1-501 LIEILHQACH. SHZHICI DMA S4 BHZ=Q1 3200 cm™’
Ol A amide(-NH) &=Z21JF 2ECJAD, O &HEJ|el 4 BH=Q2l 3033-2760
o '0lAl apliphatic C-HSl AIZZXIS .

=0 AEXSO 25t YWEDIF 1750 cm 'OlAl 1639 cm 22 01 [¢]

8, MEAOI 28t C=0 BHE=Dt 1732 om 'OIAl MSH ZHELJACH. SSEM X
H-NVRZ2 =4 StUCHFigure 1-6). 1 Z 1t JHIZ 2 benzene ring2l proton0il
St NMR T332l 6.58-6.79 ppm2t meta I X2l CHyg)2l protonE 1.92 ppmUHlA 1

(@p]

-

|0

u

|0 CHyp.)2 proton2 1.68 ppmOIAM =QIg = UAUCH. Acryl HEI| 22
CHoy2F 3.56 ppmOlAl, methoxy ZZIJ| 2 X2 CHxg) Ot 3.34 ppmOilAl EIEAD

0|E proton? E=2HIE Soll POMS X
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Absorbance

T
4000 3000 2000 1000

Wavenembers {crn'1)

Figure 1-5. FT-IR spectrum of Poly(DMA-co-MEA)(POM) (KBr powder).

@]
/\/\\Q

=

ppm
Figure 1-6. 'H-NMR spectrum of Poly(DMA-co—MEA)(POM) (DMSO-ds) .
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FT-IR spectrum (KBr):
1639 cm™' (amide C=0 stretching)
1732 cm™' (ester C=0 stretching)
3033-2760 cm™' (sp® C-H stretching)
3200 cm' (N-H stretching)
3200-3400 cm' (-OH stretching)

H-NMR spectrum (DMSO-ds)

& 6.79-6.74 ppm (m, Hc, 2H)
& 6.58 ppm (s, H;, 1H)
& 4.19 ppm (s, Hi, 2H)
& 3.56 ppm (d, Hn, 2H)
& 3.34 ppm (s, Hy, 2H)
& 2.69 ppm (s, Hi, 3H)
8 ( )
8 ( )
8 (
8 (

(%) (@R )]

(%)

2.38 ppm He, 1H
1.92 ppm Hy, 2H
1.68 ppm Ho.c, 4H)
0.98 ppm (s, Ha, 3H)

3 3

v
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L}. Poly(DMA-co-MEA-co—ECA) S| &4

Poly(DMA-co-MEA-co-ECA) (PDMC) =  DMA,
cyanoacrylateE A& ctllZ2 =g Bt
H0l= 22 ZA9] BHOHOIN 89%2 == =

SME STEM S48 HEE FT-IRY H-NWRS Soll 20IotRom, alg A=
EYE 22 Figure 1-71 1-8011 LIEHLHRACH. DMASl S& X EDIQI amide(-NH) 2t
hydroxy| (-0H) =&J|2 LIEILHE X0l |R BH=DI} 3400-3200 cm 'OIA 2E
A0, MEAS C=0 AE=ZXS0 98 IR WWEES 1746 om 'OIA &8 & QUACH
(Figure 1-7). Ethyl-2-cyanoacrylateOl 2|8t cyano(-CN) ZZJl= 2252 cm 0l A
EM BHEZ UEIHQAUCH. SHE Z2FHIS PEE H-NRZ 2A46HACHFigure
1-8). 1 2t ItHIZSl benzene ring2 proton2 6.63-6.86 ppmOlA 2l
catechol &&J| 2H2l -CHxp) protone 2.72 ppml A E4 TZAE LIEILHULCE.
258 = acryl &I 22X -CHusny protontl 28t O3 = 4.22-4.20 ppm Ofl
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Absorbance

M e

T T T
4000 3000 2000 1000

Wavenumber {cm”}

Figure 1-7. FT-IR spectrum of Poly(DMA-co-MEA-co—-ECA) (PDMC) (KBr powder).

e c+d
)
Ho  ©OH
-NH
i+o
n
f+h b+k+m .
_OH a i+l
PV Ao ¥
T T T T 1
8 6 4 2 0

Ppm
Figure 1-8. 'H-NMR spectrum of Poly(DMA-co-MEA-co—ECA)(POMC) (COCls).
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FT-IR spectrum (KBr):
1620 cm™' (amide C=0 stretching)
1669 cm' (ECA, ester C=0 stretching)
1746 cm™' (MEA, ester C=0 stretching)
2252 cm' (cyano CN stretching)
3033-2760 cm™' (sp® C-H stretching)
3200-3400 cm™' (NH, -OH stretching)

'H-NMR spectrum (COCls):
8 6.63-6.56 ppm (m, Ha, 2H)

& 6.42 ppm (s, Ha, 1H)

& 4.22-4.20 ppm (m, Hipn, 4H)
& 3.56 ppm (s, Hn, 1H)

& 3.26 ppm (s, He, 2H)

& 2.88 ppm (s, He.q, 4H)

& 2.72 ppm (m, Hy, 2H)

& 2.54-2.5 ppm (m, Hcn, 2H)
& 1.83 ppm (s, Hj.i, 4H)

8 0.98 ppm (t, Hig, 6H)
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Ct. Poly(DMA-co-HEMA) S| & 4
Poly(DMA—-co-HEMA) (PDH)= DMA, 2-hydroxyethyl methacrylate(HEMA)

i
P
0
o

ClZ =82 026t Z=&olAl. s Mas2 ZMo BI&Ql= 1DHIO0IN
50%2 =SE2 <UL, SHd=E =M 4 HFEE FT-IR Soll E0oIgtF 2
04, Figure 1-90l LIEFLHRACH. OMASl amide(-NH) IR BHEZ 3200 cm 'OIlA =tolst

2 AASM, 30332760 cn 'OIA Ol &I S4 YHEQl apliphatic C-HS
AM=XS0 28t IR WWEZE 12l 1655 cm '0lAl C=0 AISXIS0l 28t IR HWEE
SOISHRHCH. HEMAOI 918+ ester C-OH AIZZISO0| 1074 om 'OlA 2AEEACH A
= BEEHC FXE=E H-NWRZ 245HACHFigure 1-10). IHEIZ2l benzene ring
Ol protonOil oHEot= NMR ILI=Jt 6.58-6.79 ppmUl A SCITIA D, HEMAGI <&t
CHo(e)=CHz(q)~0OH 3.89 ppm, 3.56 ppmUI M2l proton=2l HZHIE Soll POHS RXE

= 4ot ALt

—=0
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Absorbance

T T T
4000 3000 2000 1000

Wavenumbers {cm‘1)

Figure 1-9. FT-IR spectrum of Poly(DMA-co—HEMA) (PDH)(KBr powder).

ppm
Figure 1-10. H-NMR spectrum of Poly(DMA-co—HEMA)(PDH) (DMSO-ds) .
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FT-IR spectrum (KBr):
1158 cm™' (amide C-0-H stretching)
1074 cm™' (ester C-0-H stretching)
1655 cm™' (amide C=0 stretching)
1728 cm™" (

3033-2760 cm™' (sp® C-H stretching)

3200-3500 cm™" (NH, -OH stretching)

ester C=0 stretching)

H-NMR spectrum (DMSO-ds):

& 6.63-6.43 ppm (m, Ha, 3H)
3.89 ppm (s, He, 2H
3.58 ppm (s, Hg, 2H
2.88 ppm (s, Hs, 2H
2.72 ppm (s, H,, 2H
1.88-1.83 ppm (d, Hnf, 4H)
0.94-0.77 ppm (d, Hi g4, 6H)

AN

( )
( )
( )
( )
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H4E 28

FR HE J|lss s A 212 224 & DOPA(L-dihydroxypheny |
)2l

216t DOPA ST Ml dopamine

=2 0
<
S
=<
Q@
o
_
S
i
i

2. DMARF 22 HEHC RHS &Fot= 30HA Ol SEXMQ! metahcarylate,
2-ethylcyanoacrylate, 2-hydroxyethy!| methacrylat

Q)
('D
Il
N
N
>
10
ol
o
nw
of

(_)'ﬂ

=
TdEHOZ SSEol, dAZ2Y PEE L= SSEHE d3H2=z 4ot

o

w
o
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rr

|y (DMA—-co-MEA) (PDM) = DMA2Q} 2-methoxy ethylacrylate(MEA)E Xt ct

Sol SSEotULt. zE ddE22 2H0ls &2 249 ¢

o
o

o o
0

stXel &4 OREs FT-IRD H-NMRS Soll ol

o
3
=
o
O [
OiH
o

o

2 HU O

s
Jn
Wy 0l0

4. Poly(DMA-co-MEA-co-ECA) (PDMC) = DMA2} 2-methoxy ehtylacrylate(MEA)OI & A
HEHZ AF2Z= cyanoacrylate &EJ|E JIEl 2-ethyl cyanoacrylateE At
B Eoll 2=EoIL. 2SS MEE2 2H0|l= 22 2M

[

89%0ICH. SSEHa gd oF E F2XE FT-IRL

=

5. Poly(DMA-co—HEMA) (PDH) = DMAOI 2-hydroxyethyl methacrylate(HEMA)E Xt

ctllZ =S B2 0186t =g oLt =S ddE=s 249 B
DHE =SE2 59%0ICH. =M &4 HR= FT-IRS Sofl &elotA2H
H-NVRE =&D19 4S8 EHOI6HAULE.
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Complex coacervate with DOPA derivative
copolymers
1.1 Coacervate2 &9
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Dilute phase

Polymer rich phase

Polycation Polyanion Complex
solution solution coacervate

Figure 2-1. Conceptual figure of complex coacervate.
oo  Fe-Of
Charge-Charge

}o-o-o

Cation-tt

/‘} ,5_
\ -

s

Dipole-Dipole Ligand-Bridging

A
©- A 9w

Hydrogen bonds T1-17 stacking

Figure 2-2. Various interactions of peptide-base coacervate.
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1.2 Coacervate2 &

R R KA 530 ool 4 WMot < 5 = m o
R & _ z . 3 o i
w — = W3S = oORC Sty W ® 38 ol
oo &gy AT w A R A A
F KA L - <+ ol 1 > S W - = XS
] T o om N o 2 ok w__ oy B = o) = =
B > K0 B w4 w ™ =2 DE&E&“MEOJ“E__‘JH
RO U~ o B o5 © W o = = R o5 E W =
H ~ o T AR YK MK 22U 5o
utn_gﬁawé%al_ wmzo_a:x?_.mﬂ ™
D)oy B B® ol o - ™ o - = RO | s = =
Hr ol = B0 = K B2 oo Ol — 8 < =
g7  YasrgSou wmZsWywmASE o owW
203 9 oz om 2 K S W = g R0 KB ol of
R ™oL oS oK T oo -
SHE®MBR 4 T UOSHW o wmSezwms
w2 s Aoy = oS NMNB W LT WHyp _TA
ol oo nt ol =y ® DX @y U - =
K 8 g 0 3 w_aU=ET 20w s
m o = © B N5 W — = O
Worooar 2 WS OOHONW_RM%O%OMWQ%].
2 /3 & WMo 5K B Omo G =35 ¢ & @ 3
IS T B o o1 & A 2 = W -
c ey =5 35 oo XTHSIEWDS TR
gono W -y Ylss_ kowl o w3
g n 3 A2 MR T ol =
SmwME 3 8y moD W DS g oo o
o . £ x oo i oy U = 0%
s 2 orr = WX = WS T R0 Lo
s _c=z2"2aw sy d T _omw ot lL
sZw Ty 3. Wy dy w, Ko
S 3 o X 23 P S VR = <+
I = W33 8 5 W2 g N G
Sz 0 ™2 5 & = o WA = =
& 3l " s <0 o0 wr o7 = _IT.Noo_uOO
] 0 W o ™R Hio Wz 2 @ =
X BRR gy 5K W T TR -
S o o 1M PSS [ m oo = Mo 7 3 2 & 3 =
W= 2 . - . [0 CYITCRN : O = s s®ag"
S ~ O E.._ = =t @1 < o_:_ (@] _._
L.I._._n_._rDml — K o KI = = 010
oD KU RM = > ) < ok S Al =5 ar P [0
W s ~ 0 5 W B 5 of B oW O R X 6 = o
R & ool o3 & H o1 © o oo W 2RSS M oor

H Table 2-10l LIEFHLHRACE.
— 32 —

0l

SOl CH
Collection @ chosun



Table 2-1. Applications of complex coacervate.

Application Target materials Objectives

Bio—materials — Adhesive Bio—mimetic adhesive

Food industry - Food oi | Micro—encapsulation
- Milk fat

- Food ingredient

Pharmaceutics and cosmetics - | ipophilic drugs Micro—encapsulation

- Antibiotics
- Drugs
- Insecticide
— Cosmetic oil
Bio—process engineering - Proteins Purification of macromolecules
Stabilization of- macromolecules
_33_
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1.3 Cation—-1t

ct

X X
= =

Hek =IIH 2l

0

Iof

o

Cation-1

SHE
tH,

At
S

1O Z (Cation-1t
n HlE AOIOIAM &

LTS

jild

Rr
or

110
20

H

51

Rr

KJ
R0

0l

A0

Kir
o0
0

OF

E0I8§HT Cation-m &

2-3 (a),(b)).

S0lA

il

B

SIIHOAN delgdol Z2=X0ICH71].

=
[a—

e
1

CHEHE Ot o)

Xzt
= T

Heh =I1M<

1o

=

Trp)

(Phe, Tyr,

11

Ct[72-74].

i0J

ol 2104

HOd

Figure 2-32| (c),(d)0ll LIEFLHRACE.

ioll

00

Ju

ObAHIOI

&

AHOI 01l A

}BH X
=

| Cc
[

11
s}
KJ

SOlA

_34_

Collection @ chosun



(a)

PLL

@ 0 o)
OH ’ OH
HO NH; HN NH,
L-Tyrosine(Tyr) L-Tryptophan (Trp)
(d)
O NH (@)
HoN
2 \/\/H)'LOH HoN ﬁ OH
NH, NH;
Lysine(Lys) Arginine(Arg)

Figure 2-3. Aqueous cation-it interaction. (a) Effect of aromatic groups on
cation-1 interaction, (b) Effect of hydrated cations on cation-it
interaction, (c) Chemical structure of L-Tyrosine and L-Tryptophan,
and (d) Chemical structure of cationic polymers[52].
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H2& &8
2.1. Al & J[D]
b, Al
2 0| AFRE Al2%2 TS ZCH Pluronic®™ F1272 Sigma AlSl RIZS &
M 8lol 2 AtSots
)

JUNSEI A}, iron(ll
S ME0IULCEH.

Ct. Calcium chloride, magnesium sulfate anhydrouse=

nitrate, sodium metavanadate = Sigma Aldrich A2 HE

L. D121

Z AF0AM A8l 2AS ol ALEE JDle st 20,

Optical microscopy : Eclipse E100 (Nikon, Japan)

Fourier Transform Infrared Spectroscapy (FT-IR spectrometer) : Nicolet6700 (Thermo, Inc. USA)
UV/VIS-NIR microspectrometer : Cary 5000(Agilent Tech, USA)

Universal Testing Machine(UTM) : GS-10kNX (Shimadzu. Co. Japan)

Contact Angle Analyzer : Phoenix-MT(M) (SEO. Co. Korea)

Oynamic Light Scattering (OLS) : Nano-S (Malvern inc. UK)

_37_

Collection @ chosun



2.2. MAI2E BZetHE 2= complex coacervatel M=

.,_
|

2 AJ70AMd MEEH =R Sl POM, POMC, POHE 1&EO0IA DOPASl F2EXE
MU 25t Chest otRd K& (2-methoxy  ehtylacrylate,  2-ethyl
cyanoacrylate, 2-hydroxyethyl methacrylate)E X ciCl2 S& 2goz 4
st ZSEHMOICE. 0 =S EN SHEE Aot CHLst Z0H0l et 8
oHEE Eotet Zt POM, PDH= methanol GIA & H EoHEIR D, POMC= methanol

ol EolT Xl 20 =204 dimethylformamideE Ol&a6l0d ol oIUCH. 2 22
=

k) 02

oS
SHHE 20 w/v%e2 2 501 =HIGIY D, LMY 22 BEeHe 20HE
methanol 2 SHOl MY Z2YUSE ZZSHA 22 sE2 2 SIACH. 49tX12 2=
2%0l2(Mg™, Ca**, Fe¥, V)2 2% 3X BSF/LE A5 sTE€(0.1, 1.0, 3.0
W/Vh) 2 EHIGIHCH, 0ISS 22xCz S/CSsH =28 IOMHIESE |&
SIUCH. Figure 2-401 =& DOIMHIOIE US| HX wWHS LIEIHD, Table
2-29| ZHOR B SRCSEIACE
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Cation

&34‘
Figure 2-4. Preparation of complex coacervate solution with DOPA derivative
copolymers and various cations.

Table 2-2. Blend ratio of complex coacervate solution.

No. POM POMC POH EPE Cations
1-1 Mg®*
1-2 Ca®*
13 1 1 1 Fo 1
1-4 Vo
2-1 Mg®*
2-2 Ca®'
o3 1 2 1 Fo 1
2-4 Vo
3-1 Mg®*
3-2 Ca®!
33 1 1 1 1 Fo* 1
3-4 Vo
4~1 Mg®*
4-2 Ca®!
4.3 1 2 1 1 Fod 1
4-4 Vo
— 39 —
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k0|2 (Mg®, Ca®f, Fe**, Vo
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Figure 2-5. Preparation of lap—shear test for epoxy substrate by UTM.
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H3E Zu & NFE

3.1 Complex coacervatel| «bt® MHZ&

Z& Ml (POM, POMC, POH)2t 2H0I20i 2ol cation-n &S & &0I
CH, S8 DOMHI0IEI dE0 &=22lJt 20Ltks A= Figure 2-70i U

30

LI

_|
©

o
®

"
N
ro
my

2 gz MY SZEMY XY E5 SSEHME =
Col0 =4 ZEW 22 NEX AS 28 4SEEZ2 REo6tD, o201 2t
cation-t ASEHZN Ot =& IOAHIOIEIN REECH. O 20 = = WE
M- AZcldt dole AS =g &= JUR/UCH E. Kizilay et al. 0l &5t
o =& DOIMHIOIEI EHEHH =& 02X &A(polymer rich phase)dt 34

&t (dilute phase)22 HH-MH & =Zc| 40 2ELH, 2l 2 &2 M
2 40K 2=l AN UCHSL7]. £ ==& N2X &2 0told 2XE 0
S FABIOIECH StCt.

E

Figure 2-7. Complex coacervate solution (a) POM:PDMC:EPE:Mg?*, (b) POM:POMC:EPE:Ca®,
(c) PDM:PDMC:EPE:Fe*, and (d) POM:PDOMC:EPE:\V5.
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Figure 2-8. Optical microscopy images of complex coacervate solution with

various cations (a) POM:POMC:EPE, (b)PDM:POMC:EPE:Mg®, (c)
POM:POMC:EPE:Ca®*, (d) POM:POMC:EPE:Fe®, and (e) POM:PDMG:EPE: Vo
(Blend ratio 1:1:1:1).

Figure 2-9. Optical microscopy images of complex coacervate solution with
various cations (a) POM:POMC:PDH:EPE, (b)POM:POMC:PDH:EPE: Mg,
(c) POM:PDMC:PDH:EPE:Ca®, (d) POM:POMC:PDH:EPE/Fe*, and (e)
PDM:PDMC: PDH:EPE:V°* (Blend ratio 1:1:1:1:1).

_46_

{“/Collection @ chosun



40t X 2012(Ca%", Mg™, Fe*, V*)0il 2IdH cation-1n ASHE &
Ol 2ol DOPA-metal chelation, JtEIZSl Atg-2t3 BIS 22
AL =CH Metd 20IRo sl et =28 20tAHI
M, StEHIZ2S XXl HE} otJl {150 FT-IRIE UV-Vi
DOIMHIOIES 4 YL |SRE 2AGIACH. Ol 28 ZDHE Figure 2-10t
-1101l LIEFLHRACE.
Ed(Figure 2-10)0IA Z0I=20 2l6H cation-1
L JHIZ2 HEI|JF A= EHZ MSEHHEA L2Al I}
= =9t 1340 cm 'Ol Al phenol C-0 ZEIIE LIEtUE
ol 20122 =%t 0.1 w/vkOlA 3.0 w/ve= St
Ol &tolE Xez 20F 2020 25t =8 2OLMHIOIEI REEHMHAM 35 20|
1

21 JtH=2 AZE0 g =5 20l=20 JtHIZ U2l metal chelationOl &

=13

e

40w

0r
ol
I
00
=)
10
n
[l

0y

rr
iz g
n a
S o

B|
W
o Jm

0
4 Jn A
Jox

s

ol

Lutl]
E=
In
1o

I
=)
O

n

EsH, Figure 2-11(a), (b), (c)2 UW-Visible AHEZ 2AM 2D, 323 nmlil Al

2 030t 2ZF-HA=0 0l =5 0l20 JHHIZHE 4SHE0N 28t It

M

29| &t3t2 metal-chealationOl SAEIHAM MAHE O3etd BHECH L8,
400 nmOl Al &tSEEL JHEIZ Sl = HEWDF 2 HENQ T2 SIS ACH. CHet
Figure 2-11(d)= POM:POMC:EPEOIl V> S=st 22 n XX EL6 JHHS
ot 20l ALOIOIA cation-1t ASXEZ0 2ol ==2t2 2014801 ZotH 4
TR, 2IE0AN 35222 Mot 01s0l 2HUEHA 630 nmOllA &2 I3t

_47_

Collection @ chosun



(a) (b)

Phenol
c-0
_""""--...I"_ e
alkoxy
g 53
= g
=2 =
B 5
= =
T T T T . :
2000 2000 1000 2000 2000 1000
Wavelength (cm ") Wavelength (cm’)
(© (@)
Phenol
c-0
-'_-\""h_f-_
alkoxy

) £
@ L
3 8
= c
ol 3
= £
E E
w o
= c
5 i
I S

—— PDMFOMC

—— PDMFDMC/EPEN®" (0.1 wtivie)

—— PDMFDMC/EREN" (10 wtivi)

—— pomipoMcEPEN (2.0WHHE)

T T T r - "
3000 2000 1000 3000 2000 1000
wavelength (cm”) Wavelength {cm™)

Figure 2-10. FT-IR spectra of complex coacervate solution with various cations
and concentrations (a) POM:PDMC:EPE:Mg®*, (b) POM:POMC:EPE:Ca®, (c)
PDM:POMC:EPE:Fe*, and (d) PDM:POMC:EPE: V5",
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Figure 2-11. UV-vis absorption spectra of blended DOPA derivative copolymers
with different types of cations (a) PDM:PDM:EPE:Mg®*, (b)
PDM: POMC:EPE:Ca®*, (c) POM:POMC:EPE:Fe®, and (d) POM:PDMC:EPE:V5*
(Blend ratio 1:1:1:1).
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Figure 2-12. Size distribution by DLS (a) DOPA derivatives copolymers and EPE
with Mg?, (b) DOPA derivatives copolymers and EPE with Ca?*, (c)
DOPA derivatives copolymers and EPE with Fe*, and (d) DOPA
derivatives copolymers and EPE with V°* (PDM:PDMC:EPE:Cations
1:1:1:1(red), PDM:POMC:PDH:EPE:Cations 1:1:1:1:1(blue)).

Table 2-3. Size distribution by DLS-zetasizer.

Size (d.nm)
Cations POM:POMC:EPE:Cat ions POM: POMC:PDH:EPE:Cat ions
(1:1:1:1) (1:1:1:1:1)
Mg®* 11.58 5.615
Ca®t 11.78 11.70
Fe® 5.330 3.120
o 36.14 10.10
—_ 51 —_
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Figure 2-13. Adhesion strength of blended DOPA derivative copolymers with
different types of cations (a) POM:PDMC:EPE:Cations (blend ratio
1:1:1:1), and (b) PDM:PDMC:EPE:Cations (blend ratio 1:2:1:1).

Table 2-4. Adhesion strength of PDM:PDMC:EPE:Cations (blend ratio 1:1:1:1).

Adhesion strength [MPal
Concentration of cations (w/v%)

Samp|

anple name 0.0 0.1 1.0 3.0
PON: PONC - EPE N 0.316 0.343 0.600
POM: PONC : EPE : Ca?* 0.327 0.833 0.891
POM:PONC:EPE:Fe® 0219 0.254 0.240 1.320
POM: PONC: EPE V5 0.830 1.431 2.096

Table 2-5. Adhesion strength of PDM:PDMC:EPE:Cations (blend ratio 1:2:1:1).

Adhesion strength [MPal
Concentration of cations (w/v%)

Samp|

anple name 0.0 0.1 1.0 3.0
PON: PONC : EPE N 0.566 0.399 1,048
POM: PONC : EPE : Ca? 0.940 {.230 {761
POM:PONC:EPE:Fe® 038 0.349 0.426 0.740
POM: PONC: EPE V% 1,034 .241 2127
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Figure 2-14. Adhesion strength of blended DOPA derivative copolymers with different
types of cations (a) POM:PDMC:POH:EPE:Cations (1:1:1:1:1), and (b)
POM:PDMC:PDH:EPE:Cations (1:2:1:1:1).

Table 2-6. Adhesion strength of POM:POMC:PDH:EPE:Cations (blend ratio 1:1:1:1:1).

Adhesion strength [MPal
Concentration of cations (w/v%)

Sample name

0.0 0.1 1.0 3.0
PDM: PDMC : EPE : Mg 0.252 0.175 0.107
POM: PDMC : EPE : Ca™ 0.406 0.479 0.640
PDM: PDMC : EPE : Fe™* 0.310 0'246 0'231 0'033
PDM: PDMC : EPE : V>* 0.797 1.552 2.122

Table 2-7. Adnhesion strength of POM:POMC:PDH:EPE:Cations (blend ratio 1:2:1:1:1).

Adhesion strength [MPal
Concentration of cations (w/v%)

Samp|

anple name 0.0 0.1 1.0 3.0
POV PONG - EPE NgZ 0.767 0.831 0.990
POM: PDNC : EPE : Ca?* 0.954 1,135 1,324
POM:PONC:EPE:Fe® 0290 0.036 0.136 0.161
POM: PONC: EPE V5 1.160 {082 {849
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Figure 2-15. Adnesion strength of PDM:PDMC:EPE:Cations under water (blend ratio 1:1:1:1).

Table 2-8. Adhesion strength of POM:POMC:EPE:Cations under water (blend ratio 1:1:1:1).

Adhesion strength [MPal]
Sample name - - -
0 min 60 min 180 min
Control (Cyanoacrylate) 1.718 1.019 0.414
PDM: PDMC : EPE : Mg?* 0.556 0.550 0.308
PDM: PDMC : EPE : Ca®* 0.891 0.664 0.624
PDM: PDMC : EPE : Fe®* 1.329 0.336 0.304
PDM: PDMC : EPE : V°* 1.641 0.979 0.855
_ 58 -
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Figure 2-16. Adhesion strength of

Mg

Ca®* Fe**

(blend ratio 1:1:1:1:1).

\lrj'+

POM:PDMC : POH:EPE:Cations under

Table 2-9. Adhesion strength of POM:PDMC:PDH:EPE:Cations under water

(blend ratio 1:1:1:1:1).

water

Adhesion strength [MPal

Sample name
0 min 60 min 180 min
Control(Cyanoacrylate) 1.718 1.019 0.414
PDM: PDMC : PDH: EPE : Mg®* 0.107 0.259 0.148
PDM: PDMC : PDH: EPE : Ca®* 0.640 0.344 0.334
PDM: PDMC : PDH: EPE : Fe®* 0.033 0.257 0.148
PDM: PDMC : PDH: EPE : \°* 2.122 2.281 2.169
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(b)

- A

(d) (e)

50 N

Figure 2-17. Contact angles of POM:PDMC:EPE:Cations (a) POM:POMC:EPE, (b)PDM:
POMC: EPE :Mg®*, (c) POM:PDMC:EPE:Ca®, (d) POM:POMC:EPE:Fe*, and
(e) POM:POMC:EPE:V°**(blend ratio 1:1:1:1).

Table 2-10. Contact angles of POM:PDMC:EPE:Cations (blend ratio 1:1:1:1).

Cations POM POMC EPE Average contact angle (Deg. °)
- 1 1 1 60.8
Mg®* 1 1 1 37.6
ca® 1 1 1 38.0
Fe¥ 1 1 1 48 .4
Vor 1 1 1 32.0
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Figure 2-18. Contact angles of POM:PDMC:POH:EPE:Cations (a) PDM:POMC:POH:EPE,
(b) PDM:POMC:PDH:EPE:Mg®*, (c) PDM:POMC:PDH: EPE Ca®,
(d) PDM:PDMC:PDH: EPE:Fe®*, and (e) POM:PDMC:PDH:EPE:V* (blend ratio
1:1:1:1:1).

Table 2-11. Contact angles of PDM:PDMC:PDH:EPE:Cations(blend ratio 1:1:1:1:1).

Cations POM POMC PDH EPE Average contact angle (Deg. °)
- 1 1 1 1 33.9
Mg®* 1 1 1 1 50.7
Ca® 1 1 1 1 52.7
Fe¥ 1 1 1 1 49 .4
Vot 1 1 1 1 33.3
—_ 62 —_
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3.5 Morphology

Figure 2-19, 2-20= POM:PDMC:EPE, POM:POMC:POH:EPEE 1:1:1, 1:1:1:12 =&l
Cot MH2Y 2ESH 2H0 =TI 3.0 w/vk! 4JHX 2012 Mg*, Ca*, Fe*,
Col =g DOIMHIOIEE S&& = HFe HH HHE AL 8T
& 0l& (scanning electron microscopy, SEM)2 2 2t& 5t 2 Dt0|Ct.
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Figure 2-19. SEM images of cross—section of PDM:PDMC:EPE:Cations
(a) POM:PDMC:EPE:Mg®, (b) POM:PDMC:EPE:Ca®*, (c) PDM:POMC:EPE:Fe®,
and (d) PDM:PDMC:EPE:V°**(blend ratio 1:1:1:1).
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Figure 2-20. SEM images of cross—section of POM:PDMC:PDOH:EPE:Cations
(a) POM:POMC:PDH:EPE:Mg?", (b) POM:PDOMC:PDH:EPE:Ca®, (c) POM:PDMC:
PDH:EPE:Fe*, and (d) POM:POMC:PDH:EPE:V** (blend ratio 1:1:1:1:1).
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HI3& IPN hydrogels based on DOPA derivative copolymers

H1E A&

1.1 Tissue engineering
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Table 3-1. Application of biomaterials to tissue and organ.

Tissue/Organ Biomaterials
Bone - PLA

- Fibrin/PLGA

- Alginate

- Fibrin

- Gelatin
Cardiovascular - PGA/PLA/Col lagen
(Heart and vessel) - Collagen

- Alginate
Cartilage - PGA

- Gollagen
Muscle - Col lagen
Periodontal Tissue - Collagen

- PLGA
Skin - Chitosan
Tendon - Col lagen/PGA
Stomach - Silk/collagen

- PGA/HA
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1.3 Hydrogel
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Table 3-2. Relationships between hydrogel structures and effect on the
properties of hydrogel.

Structural Parameter

Effect on the properties of hydrogel

Cross—1ink density

Swelling property
Elasticity modulus and strength
Permeability

Hydro—philicity

Swelling property

Hydrophobic monomer

Swelling property
Mechanical property

Charge

Swelling property
Charged solute binding capacity
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1.4 Interpenetrating polymer network(IPN)
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IPN

(Interpenetrating polymer network)
Figure 3-3. Structure of inter penetrating polymer networks(IPN).
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Figure 3-4. Schematic representation of hydrogel actuator that mimics
ear thworm[ 139] .

Table 3-3. Materials of hydrogel actuator.

an

Materials Characteristics
Gold nanoparticle (AuNP) 29 sA e
Iron oxide nanoparticle (IONP) 29 sA e

2N A 2¥E E
Carbon nanotube (CNT)

=2 MIIFEA
polydopamine nanoparticle (PDA-NP) Zg SA& Yt
Graphene oxide (GO) HIINHEHS

=2 W Mo U os Ast HA
Titanium nanosheet (TiNS)

DJESINCIY-Ta=
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H2&2 &8

2.1 A2 & DJ[D]
b, Al &
2 H20M AIEE A2 Gt 2L,
Polyacrylamide, bis-acrylamide, JHAIMIZ AtEE& ammonium persul fate(APS), =
2 ALEE tetramethylethylenediamine(TEMED)= Sigma Aldrich Atel M2 &
Ml S0l AtESHRULE.

L. J1 2l

= HF0A A8 242 Adl AtEE JDI= T

0l0

ot 2.

ol

Fourier Transform Infrared Spectroscopy (FT-IR spectrometer) : Nicolet6700 (Thermo, Inc. USA)
UTM (Universal Testing Machine) : GS-10kNX (Shimadzu. Co. Japan)

Contact Angle Analyzer : Phoenix-MT(M) (SEO. Co. Korea)

Thermogravimetric Analyzer (TGA) : TGA2050 (TA. Co. USA)

Scanning Electron Microscope (SEM) : S-4800 ( HITACHI. Co. Japan)

Centrifuge : Centrifuge 5910R (Eppendorf, Germany)

Enzyme-Ilinked immunosorbent assay(ELISA) : Micro-plate reader (VersaMax, USA)

Confocal laser scanning microscope : Leica TCS STED CW (Leica Camera AG, Germany)
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2.2 Hydrogel 2 HIZX

2 AF0ME MUY 23
X2 polyacrylamide(PAAM)E ArE
FACH, E£8F JHHIZ IPNS REot)| fIotH MMM &4 M
Xl POM, POMC, POHE AtESHACH MHUL2Y S SEH2 polyacrylamide(PAAm)
IPN St0I&=Z 2= PAAm/POM/POMC, PAAm/POM/POH, PAAm/POMC/PDHZ MIZE 2&e Ch
S ZCH(Scheme 5).
PAAM 40 w/v%, bis-acrylamide 2 w/v%Z 3xt &SF =0 22 =0 ZHISCH. A
M2Y Z=eHAl POM, POMC, POHE 10 w/v%= GtOd PAAmDt bis—acrylamide 240l
&gt 2IOIHI2 voltexing mixerE 0l&of ==0l =&&S Gt, JHAIHC

g HMel IPNS REolJl oK, = Al=0l e 1
bi =

IR, bis—acrylamide2 Jtn &

HI
ol

ol

i ]

ammonium persulfate(APS)2t tetramethylethylenediamine(TEMED)S =0HZ ot
SC0A HAEGID A20 M BF2AIZICH

o 0 0
\)J\NHZ \\\_)I\N/\NJJ\/

H H
Acrylamide Bis-acrylamide
APS, TEMED
—
CN Room temperature
. NH go . NH O z NH SO
o og HO
28 &
HO' OH HO  OH HO  ©OH

Poly(DMA-co-MEA)  Poly(DMA-co-MEA-co-ECA)  Poly(DMA-co-HEMA)

Scheme 5. Preparation of IPN hydrogel based on DOPA derivatives copolymers
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2.3 Hydrogel 2o &gt MH&A

[ 4

S8 FE GO DOPAS SHEHIZ REIIS M

g SEAHC metahcarylate, 2-ethylcyanoacrylate,
acryl &&J1JF 28 0{U= POM, POMC, POHE PAAm1}t PN

Jb. Hydrogel2 &£&
IPN SIOIEZ2Z2 HE Hs % Jtn E4HS
(Equilibrium moisture contents, EMC)S =& =
2 37TC9 PBS buffer(pH 7.4)0lA 24 Al2F & XA,
o 2I|1E JIgAH SoF 2HW,)SE =SHEHCH. 23st=l of
20M12 HAX A2l &, AXE SI0IEZE 2HWHE =
UL Y 42 =FHAL2 s 2.
EMC(%) = I;/ 2 %100
EMC : HE st48 (%)
Ws : ==3t=l hydrogel SH (
Wy : AXE hydrogel A (
— 80 —
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OI=E2 20l THOtK FT-IRE &s712 HstE

(]
T

gt 5t

2-hydroxyethy|

DOPA S X0 3JtXl O3
methacrylate
FOE HIZES B



tSel JEXNE MIAGH)| ®Iot0 37C2 PBS
IHAHZCH. CHAl 607

Gel fraction(%) = VVI X 100

d

Wi © =J| hydrogel 2
Wy @ 2E= hydrogel A

Ct. Hydrogel 2 OI&2AE
SHOIEZ22 JIAHA 2UAEE =Hot)| <ol ZtsAIE)d

machine, UTM)C 2 A ES =FoIQLE. ol0IEZZ AIE A= EMW 2 mm, = 10

Z 0l 50 mmOIH, E& Hel= 20 mmOICt.

[(Universal testing

ol

mm,
(1), &l (2)2F 2Ct.
Stress(cT,MPa):FOL%N)2 SR (1)
Area (mm?)
Strain (e, %) = % X 100 % s (2)
0
ct. HydrogelQ €& £4
=& Z4D|9 TGAE 0|=Sdld SI0IEZ 2O 26 Hs &€ AHHAHZ2 XA
SCH. SlOIEZ2 2o €8 EMH4Z2 HItol)| /ot d0IEZ2E2 60T &3 220
AN 24 A2t 206l HX0H0 =HIGHRICH. TGA 42 A 22| otolM XIS
D, A2 25T 2H 450C DA 10C/min2 &2 52 SHEIRUCH
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2.4 Hydrogel &

X Xt
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iy
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methacrylate acryl
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il
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SZHel
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lap-shear strength[MPalE H
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CEUHA 6 AlIZF AHZXZ AIXLCH.

S
=
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2.5 Hydrogel 2 morphology

PAAMZt 2 &Hel 20 HIE=Z
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ol ctHE Scanning Electron Microscopy(SEM)S Al
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2.6 Hydrogel2 MA&EgtHd EHI}
Jb. CCK-8 assay
Ol0|EZ 2o MHAEgtd HIIE <ol CCK-8 assayE =4otQILCH. olo|EZ2&2

HS 0|25t HIIE RHGFHOD, WE2L Positive control (PC)(medium

&N

+ PBS buffer solution)t Negative control(NC)(15% DMSO)Z &t0d Hlw A&dHA
Ct. MHMZEEtY IS <ol mouse fibroblast Z&Q!I NIH-3T3 cell line NIZE
2.0x10% cells/wel |2 37°C, 5% CO, HHDI| COIIA 72 Al2F SQF HHSHCH. SHOIE
22U ZEHS 70% OIES0H E0 3 Al2F UV(254 nm) olOIAl Z =5t} D, DPBS &
MOZ 23|, DMEM HHKIZ 3 & =0eF A= 37C, 5% CO, BHEII0A 24 Al2H &

XIotd Z=H|stCt. BI0IEZZ E2FHZ2 NIH-3T3 MEII SHU= 96 wel 0 <
37C, 5% CO, BHRFD| QUM 72 AlZ2F SQOF BHLSEICH. Mo MESS HIloH| €
old CCK-8 AlZ=2 &Gt 3 Al2F incubation

Immunosorbent Assay(ELSIA)S OI=20t0H =& oL,

=
ZHEE Enzyme Linked

ro
o

F
=,

Lt. Live/Dead assay

stolEzdo  MHMZ 3A& 2 MEZS  ZEIlob)l Gt Live/Dead
assay(Invitrogen, USA)E O0I&dt0{ 2&EGIRUCE. Calcein-acetoxymethyl(=44),
Ethyidium homodimer (H44)E2 ZSIH Z&otd, ME0N Helsttd 30 & =¢
incubation StO{Z=Ct. Confocal laser scanning microscope (Leica TCS STED CW,

FO4 Mol MZEN AFZES 2HEGHALH

0P
Ol

Leica Camera AG, Germany)E Ol
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H3Z2 2 & 1

1]

3.1 Hydrogel 2 HI=X

ULIMOl BlO|EZ2US 44 DEXNZ 0I20HM UM G 25 548
2= AUD, HERAIIZ(ECM) D SAIGHH MM M2 2 2AS &0 QUCH oFXICH THE
Zo SIOIEZZ2 JIAE 250t ool g HADL MStECH olol CHet thetez
ASEE DI YARI(IPN)IF =20 JUCH 2 AU A= DOPA L JHHIZS
LZEoln, 8% S48 Ze 0138 HEI|Jt S5 = MUY SSEX POM,
POMC, PDHE &4 DE2XtQl polyacrylamide(PAAm) 2t IPN S RS0 JIHE 2
d2 &AL, SA0H B EH4=2 H= ol0lE2H MZESt DX St CH

POM, POMC, POH = 10 w/v%= 3Gt0d PAAm, bis-acrylamide &4
St1), ammonium persulfate(APS), tetramethylethylenediamine(TEMED)
£ 22 JIWHS FMHE ALBoHH &420Ad BESAIA 3 3 S (PAAm/POM/PONC,
PAAm/POM/PDH, PAAmM/POMC/PDH IPN StOIE22!)2 PN hydrogel 2 MIZ=GHRUCH. 1
oty SHEH ZMO| BIOIEZ A0 ABHCZ MIEIU2H HZE 6t

o o -/
C22ES Figure 3501 LIEHUHRATH. OlS2 BHSH) Het gdds 2= A= &

9=
In

Figure 3-5. IPN hydrogel with PAAm/DOPA derivatives copolymers.
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3.2 Hydrogel 2| ut& H&

IPN Ol 25t M= stolE22 2 2%

IPN O 28t JI=2HQl 2sJ|9 H

StE =0oloH)| ®IotH FT-IRZ2 24 OFOE'EHFIQUI’G 3-6).

PAAM GHOIS 222 3200 cm'0lAl E2 0-H AFAS BHEDL LIEIS SO, 01010l
SOl 28t C=0 &I N-H MFEXSES LiEtE SHWMSIE 228 1650 om'!
1600 o 'OIA ZHEZIQACH MHUL2HSE ZSEHMt IPN € 6I0|S2 29 AHMEF
2 HY PAAm SIOIEZZCS =2 HEIIE LiEHH= IR BHES FALSE IHEOA
HELXCH, R AEIISS IR HHE 0/=s0] LIEIRSH MUNE2HE IS MOt
JHXID Ues SHHIZ =2I19 ¢=C TAIJ+ 1400 om '0IA 2EZACH. 0l SeI=
O Jtu E FXE 2= IPN otolEZA2 U249 DE2AS0| SEEHSZ =M
ot 20 PAAm & SIOIEZ A NS ABES SO Z LIEHHCE

) i (1?2}{;:;:1-1)

Figure 3-6.

i NNy
ihoc=Cst |
—— o | | (1460cm) |

Transmittance %

— PAAM
— PAAM/PDMIPDMC

C=0st N-H st
— PAAM/PDM/PDH 5 !
PAAM/PDMC/PDH (1650 cmrt) (1600 cm™) |
3500 3000 2500 2000 1500 1000

Wavelength (cm'1)

FT-IR spectra of PAAm hydrogel and IPN hydrogels based on PAAm
with DOPA derivative copolymers.
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Hydrogel 2 &+
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L}. Hydrogel2 2 =22(Gel fraction)
SIOIEZZ UWIEXKZAWAM IPNOI 2ol &§4de Jin 3%

F22 X AOHRIC

w,
Gel fraction(%) = i %100

d
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Figure 3-801 LIEFLHRULCE.

olOI=2 20| of 35%= It =2 & E8= LERL, 42
 —

=
=)

22 16.55%, PAAm/POM/POH IPN GtOI
15.98%, PAAm/POMC/POH IPN SIOIEZZZ2 14.91%=2 PAAm &2 oGIOIE=Z
EE20] 28 2 = 2A0. 0= PAAm GtOIE22Z2 UWIERZ WUHA



20000.0%

15000.0%

10000.0%

Swelling ratio [%]

3000.0%

0.0%

PAAM PAAM/PDM/PDMC  PAAM/PDM/PDH  PAAM/PDMC/PDH

Figure 3-7. Equilibrium moisture contents of PAAm hydrogel and IPN hydrogels

based on PAAm with DOPA derivative copolymers in PBS buffer(pH
7.4) for 24 hrs.

40.0%
r
30.0%
®
C
[s]
B 20.0%
i
T
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10.0%
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PAAM PAAM/PDM/PDMC  PAAM/PDM/PDH  PAAm/PDMC/PDH

Figure 3-8. Gel fraction of PAAm hydrogel and IPN hydrogels based on PAAm
with DOPA derivative copolymers in PBS buffer(pH 7.4) for 48 hrs.
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Table 3-4. Equilibrium moisture contents and gel fraction of PAAm hydrogel
and IPN hydrogels based on PAAm with DOPA derivative copolymers.

Hydrogel Equil ibrium moisture contents [%] Gel fraction [%]
PAAM 6652.10 % 34.23 %
PAAm/PDM/PDMC 15972.20 % 16.55 %
PAAm/PDM/PDH 8453.21 % 15.98 %
PAAm/PDMC/PDH 5933.30 % 14.91 %
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Figure 3-9. Stress-strain curves of PAAm hydrogel and IPN hydrogels based on
PAAm with DOPA derivative copolymers.

Table 3-5. Maximum stress and strain at break of the PAAm hydrogel and IPN
hydrogels based on PAAm with DOPA derivative copolymers.

Hydrogels Maximum Stress [MPa] Strain at break (%)
PAAM 0.0356 249.695
PAAm/POM/POMC 0.6490 107.346
PAAm/PDM/PDH 0.6158 221.144
PAAm/PDMC/PDH 0.5314 146.522
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Figure 3-10. (a) TGA curves of PAAm hydrogel and IPN hydrogels based on PAAm
with DOPA derivative copolymers, (b) TGA curves of degradation
temperature ranges.

Table 3-6. TGA results of PAAm hydrogel and IPN hydrogels based on PAAm with
DOPA derivative copolymers.

Hydroge! MTonset (T) PToeax (T) W (%) Weesiaue (%)
PAAM 219.78 245.06 78.45 66.96
PAAm/PDM/PDMC 220.81 299.31 75.87 60.53
PAAm/PDM/PDH 221.42 266.74 82.17 72.15
PAAm/PDMC/PDH 228.99 308.28 78.45 63.56

& The onset temperature of the decomposition
® Thermal degradation peak temperatures of the decomposition
¢ Mass loss

4 Mass remained after the decomposition process
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@ (b)

Figure 3—-11. Contact angle of PAAm hydrogel and IPN hydrogels based on PAAm
with DOPA derivative copolymers (a) PAAm hydrogel, (b) PAAm/POM/
POMC IPN hydrogel, (c) PAAm/POM/PDH IPN hydrogel, and (d) PAAm/P
DMC/PDH IPN hydrogel .

Table 3-7. Contact angle of PAAm hydrogel and IPN hydrogels based on PAAm
with DOPA derivative copolymers.

PAAm  PAAm/POM/POMC  PAAm/POM/POH  PAAm/PDMC/POH

Contact angle [Deg,"] 37.29 35.27 35.55 33.08

Drop volume [ulL] 6.61 6.53 7.25 5.88

Work of Adhesion [mM/m] 130.7 128.0 132.0 133.8
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3.3 Hydrogel 2 &= E4
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Figure 3-12. Adhesion properties of IPN hydrogel based on DOPA derivative
copolymers on the various substrates.
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Figure 3-13. Adhesion strength of PAAm hydrogel and IPN hydrogel based on
PAAm with DOPA derivative copolymers on various substrates (a)
PAAmM/POM/PDMC IPN hydroge!l, (b) PAAm/PDM/PODH IPN hydrogel, and
(c) PAAm/PDMC/PDH IPN hydrogel .

o

Table 3-8. Adhesion strength of PAAm hydrogel and IPN hydrogel based on PAAm
with DOPA derivative copolymers on various substrates.

Adhesion strength [MPa]

Hydrogels
substrate
PAAm PAAm/POM/PDMC PAAm/POM/PDH PAAm/POMC/PDH
Epoxy 0.867 8.793 2.702 3.977
Glass - 0.531 0.437 0.306
Porcine skin - 0.296 0.233 0.346
Titanium - 2.904 0.418 0.4083
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Figure 3-14. Adhesion strength of PAAm hydrogel and IPN hydrogel based on PAAm
with DOPA derivative copolymers for different condition(Air/Water).

Table 3-9. Adhesion strength for different condition (Air/Water).

Adhesion strength[MPal]

Hydrogel
In air Under-water
PAAM 0.867 0.320
PAAm/PDM/PDMC 8.793 4.233
PAAm/PDM/PDH 2.702 1.248
PAAM/PDMC/PDH 3.977 1.568
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3.4 Hydrogel 2 Morphology
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Z 1, DOPAE MAMIEStD ot HEIIE Tt MY IS POM
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Figure 3-16. Cytotoxic test(CCK-8 assay) for PAAm hydrogel and IPN hydrogel
based on PAAm with DOPA derivative copolymers (#1. PAAm/PDM/PDMC
IPN hydrogel, #2. PAAm/POM/POH IPN hydrogel, and #3. PAAm/PDMC/PDH
IPN hydrogel ).

Table 3-10. Cell viability of PAAm hydrogel and IPN hydrogel based on PAAm
with DOPA derivative copolymers(CCK-8 assay).

No. Sample name Cell viability [%]
PC Positive control 100 %

Control PAAm hydroge! 47.75 %

#1 PAAm/POM/POMC hydroge 106. 12%

#2 PAAm/POM/POH hydrogel 117.05%

#3 PAAm/POMC/PDH hydroge 112.56%

NC Negative control 14.03 %
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Lt. Live/Dead assay
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Figure 3-17. Live/Dead assay PAAm hydrogel and IPN hydrogel based on PAAm
with DOPA derivative copolymers.
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