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Abstract: Mucoadhesive property is the major function as an adhesive for medical devices, and therefore, these days
many researches have conducted to develop polymers having this property. Recently, biomimetic technology has been
used for developing mucoadhesive polymers. Among many technologies, mussel-inspired approaches have received
noticeable attention because of its thread’s strong adhesive characteristics. In this study, we synthesized mucoadhesive
biomimetic polymers employing catechol structures which are abundant in mussel adhesive proteins, and their structures
and molecular weights were characterized by using nuclear magnetic resonance spectroscopy and gel permeation chro-
matography. To evaluate in vitro mucoadhesive strength, the sheet type of the small intestinal porcine submucosa was pre-
pared. Compared to commercial fibrin glue adhesives, catechol-containing mucoadhesive polymers showed enhanced
adhesive strength. The study of adhesive strength with considering diverse factors, such as temperature, pressure, and oxi-
dant amount indicated that mussel-inspired mucoadhesive polymer could be a promising candidate for an adhesive in var-
ious biomedical applications.

Keywords: mussel, biomimetic, mucoadhesive, catechol.
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of ¥ 3d] HAst=d o] 4E-2 34-dihydroxy-L-phenyl-
alanine(DOPA) 71E1Z AFAE @o] &3l Ur}ts o]y
gk o= TS o] &3 A=A =X DOPAE A
A g BAFRAZ AAA Sht® =3 DOPAE Q1A
Falaty WSS A frrskA Ferthar dEA ek’

5ol do] Tdste J&A7]sol e Hed vy
oal= o}z o] Fo|x|A] el o, Holl ol EX)st=
DOPA =io] AtshAut g4l ofste] 3% A3 Ag el ¢
3 HatEo] A7tk Bars o] gt o

B AFelM s ol A4 5448 =g DOPAS] 7}
EllE (catechol) 727 =UE HAY LEAE /Hdelet] =
& FUTh DOPA 27 el Haeke @S 944
o® T Ul 7HEIEe] 7 S1=5A (hydroxyly17F S B¥
of AgtetaL, 2 F Atstel] el F=(quinone) = H ™

= B2 3184% 9 DOPAS] dxjolvlz) F=zte] <
AN VIEY A FANHE-S B3l o] Fo XInh. =& H 7
HE 259 F hydroxyl 252 H9e] Sefe|ZZ2H|Q19
ST .29 7FE e multiple 7223 the AFRI
7F AATH? wEbs TS 7 B9 AR AEe
AR FE S 7Rk o2 Qg FudRbsge] 3
’$E 71UE 5 Sl 5 QIAA 8-S Hls Eofl 837} 7t
9 R FEE Jhehe Aol Fask, A8 5 T
Z Asto) ofsf 7l B JREA o] HEEHES AAE
A7F ghrEofof gitt, whebA] Fide] FolE THIE S
RS S1El AR DA poly(ethylene glycol) (PEG)E 3L
A 2ol F ARoR wfshke Zlo] AHEHUTH

2 AT E 7HIE 27 EYE 9 AR
T ARAE S ol E A FEEE B AR
AgvtET 2 BT T3 X e] el
(SIS, small intestinal submucosa)S sheet HENE 713}
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Alef. Dopamine hydrochloride, sodium borate(Na,B,0,),
sodium bicarbonate(NaHCO;), methacrylate anhydride, PEG
methyl ether methacrylate(M.W.: 1100) (PEG-MA), sodium
periodate (NalO,), ferric nitrate, 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride(EDC)+=  AldrichA}
(Milwaukee, WIIIA] F4gk $ F712Q1 AR glo] A}
4319t} Azobisisobutyronitrile(AIBN)2 AldrichAFollA] -

Zan, 43748 A55, 20133

g % methanolol|A] A AA s & ARSI Ao ARE-
=2 MilliQ Plus 71715 “g&3l] SRHsIAL, & o3}
71 5, o AHFSE Hell oJal] ABAISHATE. Ethyl acetate(EA),
hexane, tetrahydrofuran(THF), methanol, N,N-dimethylform-
amide(DMF) 5] &vlE &=l AFS flsix 2418 5+
o] AJokS ARGSISATE. FEAIF= Baxterol| A YA A
&3kt

Hats =84 112Kt 8. Catechol Monomer(Catechol-
MA)2| &HM: F3to] 7153t catechol 3= A 9
3] catechol methacrylamide(Catechol-MA)E 373 3153 t}."
Dopamine hydrochloride(50 g), Na,B,0,(100 g), NaHCO;(80 g)
S ZF(D.W) 500 mLell 3 f3iA1H T AATFARE 20
s HEFS & F, 78 methacrylate anhydride
(49 2)°] THF(250 mL) 8248 %1313] "Hoj=glr}. 1 M NaOH
£ A3 pH 82 BHE & 147 Bt A4 7R Bl
2ol|A HESAIH L A ES filteringS- F3lo] vk &2
E2 AASIAZ, EAR5 mL)E washing 3IAtH A4ES 6 M
HCIE ARE-3le] pH 22 RE=9] & % EA(1000 mL)E F&
sttt 77 MgSO,E #Eshe a5 A A% 5 rotary
evaporator®. EAE- A 78l HZH9]E 500 mLE THEQATH
1§ AJES hexaneol| IHOE Aof, WAHAA A AA S}
NATH AAES filtering® 2 Lol T EA400 mL)ol| 5
o] 3 ThA] ¥ hexaneo] A AA AT Lol A ES
filtering §- “g-2ollA 213 ZAZAIA HE A/3E<S] catechol-
MA &3t

Catechol-MA2t PEG-MA2| E&&! BFS: Catechots: 3+t
st dubd ke 4489 A} poly(catechol methacrylamide-
co-EG methacrylate) (CA-PEG)E &/ 3l7] $130 catechol-
MA®} PEG-MAS etz S0 2 F5 A AT
PEG-MA<S DMFe] £3A171 3, catechol-MAZ 37 &3
AR 1 F 255 60°CE T & UL AA
AIBNE #7138l 3A17F &< 600 rpmo-2 stirringS- 5153t
kg S0 228 A207 Y & vHS-E-S diethyl ether
oA Fx o= Ao filtering Tl AollA] FFg7Zsd F
% 7382 CA-PEG 2EAE At).

TASX | SHEEY. T4 catechol-MAS} CA-PEGS]
T2 A 2 o= proton nuclear magnetic resonance
('"H NMR) =8 EHS F3l] It 48 A& I
2} 10 mg dimethyl sulfoxide-d, 1 mLoll &3jA]# F1]s}
%3 400 MHz NMR spectroscope(Bruker Avance 400)E ©]
&otd SAsAT

MENF20ETMHE(GPC). AFAIZvETHAE 5
3l CA-PEG®] A BAF BAwE S4 61810 GPC
fr57d &l THFE ARS-3FAAL, A& A 30 mgs
THF 1 mLell &3fste] Frlal EA%F 54 T3ttt
GPC #41& Waters® 2414 refractive index detector, 515

> o
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high performance liquid chromatography(HPLC) pump, and
Styragel® high-resolution(HR) columns(HR1, HR2, and HR4)
o] F=HE GPC 71715 AHE-3ISAAL, THFE 6302 slo]
1 mL/min®] §4-& ol-§3td A6t £ 2 B
e FPAEE 2t eE ARt s

CA-PEGS| 7t 4 It 7t 545 H7iehr] <18l
CA-PEGE D.W.9l 600 mg/mL &%=2 &3l|A| 7|3, L&A}
F&0] NalO,20 mL, 500 mM)S Hol& 5 4Jo]FAt}.
I % 50°C 8] 3A17F 5t WolEth 3417 § 7o
IEA} ~g-do] 7 vialS vertical X2 FHo] EF0]
AE AARIA = f-540] gle A (gelation)F “JEIR]
A5 ARSI

IEXto| MEZT TIL SIS Sheete] FH|: Hx] ¢
jejunums 92 & Ao 2 XS AASIAL 10cm 7|2
22l 3 saline solution® 2 A &tct Aata} 28-S
A|A3IAL saline solution® & TRA] A& gk T -55°CollA 48
A7 &%t TAAZXE ST FA7E g $of freezer mil
Z -198°CollA 10~20 um Z71E THE ¥, 10 mL vial*l] 3%
acetic acid?} 0.1% pepsin®] 3 A= 48417F ¢ stirring
shaA Zeple] v uUAT2E Al AT SIS solution
< silicone HEE o] 834 Yshe BRYOE RE & F
10 mM EDC7} 37Fel D.W.&} ethanol(5/95, viv) &3+
A 24A7F BF 7h WS SIGITE EEE 40°C B &
=+ ¥ 54 7AzsE AZzH SIS sheete ATAIH A2HS
$18 Figure 13 7ro] 1x0.5 cm =712 Z&} 0] H ATk

ek A|E2| HIZf: Titanium(Ti) plateZ o]-&-df] wE-A1e]
=S W7reb] S1sk AR AlFsisit. 41, Ti plate
£ 5x0.5cm Z7|& 23 SISE Figure 28} 7o) ] o}
Ti¢] 8k 2 Eoll cyanoacrylaterl] H&AI91 Krazy Glue(Elmer's

_Q

Figure 1. Preparation of SIS sheet.
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Ti /|
Cyanoacrylate —7| Z0.5 em
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| Ti
4 cm 1cm

Figure 2. Preparation of lab shear joint.

Products Inc., Columbus, OH)Z A 3}A| Zt}. §] o}

£
=

platesl] FZHE SIS Aolo] HHY Aol 52 =Y
T UTME AFgala] teret 204 1t 13 e w7ls)

At

HaZ= £8: CA-PEGE 600 mgmL == D.Wo &
aA1A 15 uLS F3F 5 4289 0.3 M NalO,, 0.3 M ferric
nitrate, D.W.E Z}Z} 3 LA o] M71A] 2719 Egds
A Z5FA T . Ti substrated] SISE &2 A]H 271 Alolo Al
7HA] Z272] &3t E= fibrin adhesive 18 uLE 9ol &
38°C 2Eof 3A7F &<t Btk AlxE v 7KK F2EE
() I E-—AZF, (i) CA-PEG + D.W,, (iii) CA-PEG + Fe**,
(iv) CA-PEG polymer + 10,)°] =¥ A]H-L universal
testing machine(Instron 5544, norwood, MA)S & Ath3-2lS
7kt ASTM D1002 standard methodZ ©]-&3) =4
silom Zbzke] AlEE 8AIZ] F 2 mm/mind] S22 A
A ZHTHN=3).

Clkst I} Hsto e HMAYE 3. 25 Hslof
£ HEZT &8: CA-PEGE 600 mg/mL -2 D.Wol| §
AR &, 15 ulA Al A1ES #3803 M NalO, =8 7t
ZF 3uly wol ES AZ3I T Ti substratedl] SISE
Krazy GlueZ HZAZ1 § Al 37 Az Al 7] =7
o] &3t 18 uLE ¥ %, 25, 37, 45°C QB9 377§
QF FAT). o]FA Az Al 7HA] H2EH(CA-PEG + 10,
at 25 °C (i), 37°C (ii), 45°C (ii))°o] EYE A|HS UTMS
2 ASgEs Frlsiaitt. 27+ Al 2784171 3 2 mm/
min?] £EZ ARAATHN=3).

ot slof wE HAUT It A7) AFE A}
stAl S & E 5, A1A el Az 7HA
3 18 uLE HolF F 37°C LB 347k ok ¥lrh.
olgA Az vl 714 H2EZ(CA-PEG without pressure
(i), CA-PEG with pressure(300 g) (ii), CA-PEG + 10,
without pressure (iii), CA-PEG + 10, with pressure(300 g)
(iv))°] =48 AAHE UTMS Z Aths3S #rtsleict 7t
Ze] Al S TAAIZ F 2mm/ming] £E2 AXNA| AT
(n=3).

LhStH| o HStof| M2 MEZT "It CA-PEGE 600
mg/mL FEZ D.Well 521 &, 15 ul¥ o] A5 F3) 50,
100, 200, 300, 500 mM &0 2 HIIAA 7HH NalO, &
Mg 77t 3 ul wol E9telE A|xsIATt. Ti substrateo]
SISE Krazy GlueZ H&AIZ] 5 AlA s7ljof] Alzg oAl 7}
A 270 A 18 g Foli F 37°C 220 3A7F &
QF B3I} oA Az oA 7R HEHEH (CA-PEG with
50 mM NalO, (i), 100 mM NalO, (i), 200 mM NalO; (iii),
300 mM NalO, (iv), 500 mM NalO, (v))°] =4 % A|HS
UTMO. &2 HehgeS wrtstint. 712+e] A As g Az1
¥ 2mm/min?] =2 AAAIHHN=3).
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Catechol &t T& T84 =Xt &4, Catechol-MA
o e A 2Y: FF L—Er*ét% Zh= catecholS -84 &
kel PEGS} S 3A1A CA-PEG polymerES A|Z23517] 913,
4 dopamine methacrylate anhydrideQ]- HESATA catechol-
MAZ 3190 WEEE-8 80%E Aot Catechol-MA
i dopamine WlAl9] 3 9 49 X9 J=FA I1FS
boron® 2 Z2EA5le] X3S A AT &, basicst 27190
2] dopamine®] Yx}oF1¢] methacrylate anhydrideE &2 3}
= FE 53l FA= A Figure 3).

Dopamine> &Z+2] pHOlA catechol 31 =224 15| 7
=o 2 W= s8-8 B3l self-crosslinking®] Yojut
= EAo] 3o E Na,B,0,2 AHE-31] catechol 3] =24
259 AkstE A F REgsk= Aol Faskith
Catechol-MA2] +ZEAS 'H NMRS 53l 3431t 2
ZA 3} catechol benzene ring(6.21~6.81 ppm)3 metha$] %] 2]
CH; (1.81 ppm) & o]5ZA% 4521 2 5.72 ppm)<] A&
S 53l catechol-MA2] -2 &It}

CA-PEGZe| & é‘,‘ U 2AM: Catechol-MA ©&3 ¢} PEG-
MAS] 2t 5532 53l CA-PEGE 433191t} Catechol-
MAS$} PEG-MA:= 01'57-%1 o|FAYLRE o]FolA U7 wiE
o] 60°CollX] AIBNE AMg-st Aet]Z S3o= 9ol
7Fs8FH(Figure 3). Catechol-MA®} PEG-MAZE AIBNS &
8l =&s & 'H NMRS 538l 725 & ﬁﬁPoiE}(Flgure 4).
1 A3} catecholZ} PEGE 1FAE IEA 725 RISHA

32, catechol®] benzene ring-‘l] T42(6.24~6.78 ppm)2} PEGS]
T _,_(3 55 ppmH s H E&‘;H -Eﬂ-x—] -8]- _/,:Q.H 7}(;1‘ il_jr_ﬁ_x}
9] catechol &AJo] 27 wt% ds FRIEHATE HEREAdo] H
oft F-eehy Z‘P% T8 5 catechol 37} ‘z,k 30 wt%
A% FHEY] e AoR dEA ok’ FEEES w¥shks
o catechol %7} & J&S ez, 34 T—vtr"x}* Az
] Stk Aol E-3-% catechol =M catechol T35
HelES tARI sk Aol F8sital & 4 Utk 2 A
To|A= DOPA 7% 7|Z2 = 27 wt%ZHA] S Z714]

HO.
jij\/\HCl NaZBAO”NaHCOQ ]ij\/\
HO NH, )H( WKL )H'/

o Yo
_DMF, 60°C _
be 7
)K’( (ol e~ 5
o
HO
OH

Figure 3. Synthetic scheme of CA-PEG.
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Figure 4. '"H NMR spectrum of CA-PEG.

4 F AT 7]*01] star & PEG @tto] DOPA %2 &
913 A7 YA}, DOPASHEC] 6 wi% T 1 o]8t=
)6]- »3] 1,1-0):1;]_ 15,16 ;q.a_/\i A=k o:]:,qu ‘g—k]ahﬂ%o] =0 ;Hzl—
go] JEAE A=t f-&skelet AlsET
GPC 4% &3l CA-PEGS] A 2 ¥4t 2 & &
13IA T}, CA-PEGE S3H+ A (M, )°] 32000 g/mol=
ZAEom B B (M/M)= 3218 1=k
CA-PEGQ| 7t §M I}t +894 ol CA-PEGE AF
shAl EA) st 7tank-g-o] 7HsskA €k BEE NalO,,
Fe(NO,); 59| 2FHAIE #7181 catechol 252 =54
IF0] e 1= vHHA ‘-‘MVLE 7tal vhgo] U
oAUA Ett. webA] EARe] TR B2 Al AAIE A
7Vl =9 skl jEgol °‘°1Ur‘34*1 slo|l=2A 27}
A=A F}. Figure 55 AHsHAQ] Nalo, 371 A 2 7<47}
Fo] CA-PEG 899 758 ZAF 298|t} Nalo, 3
7F Al 7h 7t e fE/dol fle AsE dojuA H
), HEshes FHol Agk HEtol °‘°1Ur7ﬂ 2 Ao 2 7Y
o}, o, ASkAE ool o R g YA =W PR
E2d0] Q= catechol 3tO]E5A T1F0] =02 100% W
Sh=lAl Aok whEbA] o] A= 3H JREAo] dEA
Botar, AaEAE g oA R 7kt dojube Aol

>

Figure 5. Formation of adhesive gels: before (a); after (b) oxidation.
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Jojdt}. weba] HA o] JHAEALS B F Ue Ak
TS AR Aol TRt meta 2 Aftelx= HET
= g7t A] Al & "slel wE AES st
IEXfe| MEAZT WIL CA-PEG| HMut™at EM HI}:
CA-PEG®] AUtz 548 H7tst7] Slall, 3= 2
ol= HEAQ HEAITF| FupgRtew) v)awef Bokeh A
L lab shear tensile stressE =734 adhesive forces
ZAsro2H vl H718kA thFigure 6). 54 71Tl 2=
ASTM D1002 7 WS o83ttt = 7H¢] Ti-SIS plate
Al Aol AgE= JAEAR 9 BYZFF, CA-PEG +
D.W, CA-PEG + Fe** & CA-PEG + 10, 44 A EEZ ol&
s A3 o714 10, catechol?] I =2X71E &8
o2 ASIAAX 71 A3k HRES RO, Fe't B
Sk catechol®] S =FA7E AMSAIFI S 24 TtwAlA 1 th
& st HAS JERTE AAH AR 2ol FEAF
F, "o R ASHAIE IS 2 CA-PEGO] 7 %

T

0.0-] . I . I
o
<@

A

@)

o -
[ ()
) )

Adhesive Strength (MPa)
o
»

e W- o
. Q\\) X0 x G"\ »
“0‘\0 @G <O <
<« oP‘? C,PX C;‘x?
& Fibrin glue | *° CA-PEG + D.W.

z
b} o
20
820 ‘/\\7 .
- - N
0 0
04 0.6

0.2
Extension (mm )
-PEG +10,"

0.0 0.6 0.0

0.2 04
Extension (mm )
CA-PEG + Fe”"

0.0 0.2 0.4 06 0.0 06

02 04
Extension (mm ) Extension (mm )

()

Fibrin glue | CA-PEG + DW | CA-PEG + Fe** | CA-PEG +10,

Adhesive

strength (MPa) 0.52 0.29 0.78 1.19

Figure 6. Adhesive strength of mucoadhesive polymer in various
conditions (a); load-extension plots of the samples’ adhesive
strength (MPa) tests (b).

< HFE S Y SR A2 A AR e
—‘?—ET:]- =M o] 100% o])g SEALE A ul-zqile;ﬂ'%
Zx

H
2
)
g

i=Iom B | O O™ |1 TIHTI
CA-PEG7} Bthe Holt}. 3], Akl S/l wa A&
g Wsls A 5 e, AkslE o] okt Fe't o] &
Al A CA-PEG ZHA9] H2EE oF 170% 7AW, 7
gk Akl 10,5 M-S 739, CA-PEG #HA19] F&E R
o 78 310% o S/ 2ol A=

25 Halo| me2 HAUE 58 7427y Ak de
(25 °CllA o] HAFEAJURE ofufg}, AA| A A 8A9] %
(37°C) B 45°CollA o] HAEA S H7IsIsiTh. TiSIS plate
Al Apolol] 2rol= HAEAR 10,71 F7HE HEAE A
A} &N (CA-PEG + 10,)= AH&ste] A4S st
Figure 791 2.9F¥ nje} 7ho] 217} A5glol we}l HuH
e Ao g PddThe dH4E Aotk o] A3 2
T sl THEFE sleEAr9 Alsle EXAMA HAEALS
S7HIR o2 AR ETh AF-A]] A1 Ad2ellA FHE
Ao HAEA B, Al 27lolA ] HAEo] P
Ao AA F Ae Al Aol A E 5L US
71 02 g EFHr
ot Hstof mE MEUT = H3
Al A Eojof 3 FL A& T 958 7|4 XHe =
JE HZA L A AE T A He HESH| o=
sl T 2 ARG o S7F Al HE 5L St
oz FANEE vwE 5 Utk b AegaE 3
B2} 2] sl mE AT 7 3 AR 10,
A Al A A Ak srERiste] e HAE 3
7VE 3T Ti-SIS plate A1 Alo]ol] 2r0]& FH2Hed
2 CA-PEG+D.W. (no weight), CA-PEG + D.W. (weighted),
CA-PEG + 10, (no weight), CA-PEG + 10, (weighted) 4
7 NEE o83l APkt

=

ofN rr

- -
N o
L )

Adhesive Strength (MPa)
o
(o]

0.4
0.0
25 °C 37 °oC 45 °C
Temperature
CA-PEG + 10,
25 °C 37 °oC 45 °C
Adhesive
strength (MPa) 119 125 141

Figure 7. Adhesive strength of mucoadhesive polymer at various
temperature.
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630 as3l -
-Applied pressure (300 g)-
2.04
& 1.6
2
S 1.2
<)
C
g
& 08
)
=
8 0.4
5
<
0.0
CA-PEG CA-PEG +10," CA-PEG CA-PEG +10,"
CA-PEG CA-PEG | CA-PEG + 10, [ CA-PEG + 10,
(No weight) | (Weighted) | (No weight) | (Weighted)
Adhesive
strength (MPa) 0.29 0.52 1.19 1.69

Figure 8. Adhesive strength of mucoadhesive polymer with or with-
out applied pressure.

T=
AE Ti-SIS plate FH| 147} B9t 3152 715
. Figure 8o S.9F ule} 7ro], AslAI7F Arhe)x] oke
Ake] % HA7FEIE 029 MPaRd o1} ko] 7t
2He] 739 0.52 MPaZ 79.3%2] 57 A =S
A7 7R A9 dES Tl wek 3ol &
E fAsE A Bk A7 "ok aEape] 4
27327} 1.19 MPagl oLt Sz A0 8o 71siA
2te] 7 1.69 MPa 42%¢°] 571 JAPEE B

o] A= in v HEHARE AAT A9 SHHE

)

By

57+ 913l 300 g2

= ol g3l HHY B
=

7F
1

[¢

o

—=
-

¢

=

o
R

A

[¢]

R A R
e

38 K fd 38 op

i

N

K Ho ox
L

Fr

D
N =

YA A4 ORE 717E B A4 A8 A 4%
FHAYEE DY AYL AN AY A2 AlmE.

LHSbA| 2 Fotof| ME HMEAZE LIk HubgAd
7] JARAEL S AR JHE a5l FIesd 1
ol Aute] Flo|FzRER1e] FFA 0 7St multiple

=2 T -3

FAARE B F, HY 2R dolA] AHE 25 2

s 1% shae WS Gk web AsAe] 5 2
AskA] ol WE FAYE Sl 2 GFL WA drk
A AP B3} 10,5 AT B0 58 HAYEA
WARYODZ, 10,] Fsle] WME WAYES) WS
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