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Abstract: This study focused on immobilizing bone morphogenetic protein-2 (BMP-2) onto a 3D-printed poly(glycolic
acid) (PGA) scaffold to develop a biodegradable scaffold for continuous bone formation stimulation in bone tissue engi-
neering. BMP-2 immobilization was achieved using the UV irradiation method and confirmed through ATR-FTIR and
XPS analyses. The scaffold's structure, hydrolytic degradation behavior, and in vitro cell viability were analyzed. Fur-
thermore, the BMP-2 release behavior and calcification performance of the scaffold were evaluated for osteogenic tissue
engineering applications. Results from in vivo animal model experiments and histological analyses demonstrated that the
BMP-2 immobilized PGA scaffold exhibited superior bone tissue regeneration ability compared to the control group.
And, It suggests potential as a scaffold in bone tissue engineering.
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Z2212 A Wellx] sk thgh tiab 2R st
= - B Aol Fx2A A #AG A= tE
Sl vlal R gfolrt.
22 giA & AAS FX57] A3 o=
ANFE o]lsk= Wigol Uth. oA Ee AE=
A Ao S-rstelof shH, 54, Wk, dHAl, 95
2 o]EREE T FIAITIA] edotof gt I oA AR AL
45 = AEEZ= A7 (autograft), 55 (allograft), ©15ZF
(xenograft), 39 (alloplastic material) & 7 4= At} A}
71 oA At g HR|2HE e FRE S oA ek
WHo g & AT A vk HellA 7 Pg A<l
o]z wiiel] Tt o]2Aje}l Bl w S uf, We] Aol 7t
7 EEs] dojg 7 Ue FHE WE = T Ak A
W A RrE AFHSRE el F7HAQ1 23F o] dast
e g3 Faol Algkolgte EAlo] M E . 919
A S siAstr] S8l AR 715Ae] QA Z2A e o
AEAL 715 A 23S FAlgo] e 27 2944 g5
ste] o]Xete TEEH, FEXES oY she olFE oA
WRo] EE o), ST e HYATNRS: fwt
7 5ol A2 TAEJTE v FE5AIE, Algkd, aiEat
AR 5L o2t FAZ ol tdst Felet dre=
A5l Az7t 7hsstal, ti@Aste] 7hssh AAARL =
Holl M A4S 7HA7] wiitol] dAl = o] AAE )&
ot o]2o] da] A= Q= FAlolth FEAlEE 1829¢
H. Levert HAP S5A5E & o2& AERE o] &3 AF-E
A2 BAANER =7 A2 = A 21582 A
i Z7]olle T2 S5 AEE ol&s & tA 7]Eo] o)F
of AR, F-2], 54 59 o] WAEAT] vl A
A3Hdo] 478k ceramic Al #3E A7 ZHFH AT Al
g Ass HEE 771 AREA Ods 2488 7,
71A7 543 BEsH BAo] mlg- 9] wiEel] & o]
2= de] 8= Q) 7|2ole 2249 s8] S
7V frAkeE FARsRRIS|A el gt AT =2 o] Fo] HA
T AR Y] Fade] tiFEAEA Aol =& B
tricalcium phosphate(8-TCP)E &3t M2t ZA|x]A|of o
Sk Aqt7F Ee] Y= AL QI o] 4% FRARe R
o] Folxl Mgt MFE= 71AA ZFE7E AR o] A g o]
Zh= 52991 F4 (brittless)e] w5 =0} T4 Fal7] witol]
Alete A 8-S AREEHH skeg W 9]0l StHAIA =
Ag3l7] ot B 7RIt ARk dRATeE o
A" AR o]FoRl f7ISE R, HF AFCE &8
4 2 e SHS T o A Ee] ek &8st
&H4] 7fdo] goldte] ol 7] 715E =Y AL, 7F
Zo| Agshr| wiZel |58 AAANER de] &= A=
Aol 58] A ) B ARA $73 slolla] 222 )
e AR 1A 58S FHoRE e ARHY
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Itk ARARE BEHE TEAE A BATEAS} §
HIRAZ U 4 T AATEARE A%, BE, Ee Q)
DoRRE fAHE TEARA 0 S5 AAATAE
AT Qe e A TRAR A2 Az A ol
4 % 9% whgol g Wk ozl Holuk 44 7154
BRI 5 ATE 5 2o} oAl o)Az Brhw
UTEE o] AR 2 ARG-El= LA o 2= chitosan,
alginate, collagen, fibrin, hyaluronic acid 5°¢] o™ &2
bioactivitys 7F<7] wjiel] AAAEZ de] &85 S}
349l AR A ALEA= TA lactic acid(LA), glycolic
acid(GA), e-caprolactone(CL)S] ©HAE 71 IEAZ U=
= 9e™ poly(glycolic aid) (PGA), poly(lactic acid) (PLA),
poly(DL-lactic acid) (PDLA), poly(e-caprolactone) (PCL)%5-©|
2 dlof] 3 Hck 9] A8 5 PGAE FAKE| SAlek= 9
ZH|2 AY witol] 7l E T8 AwsivE X1 "k &
Zol|A WS 715 EellE PGA FAHES F540H, &
4 o)itste A wjdE Y AR = Ave R widET PGA
SRR oF 6-8F 717 Wiell 1Al sl k8] Alg
Hrh. PGAE 2789 A EEMN HH Ao JuE
zb=d) 2 U7l 1.605 g/em’e 2 I e TEAES UE
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o FHE Al 2 s AY 7 U UEE 7

A& REE-S AT tiEAQ] BRAE] 7He R
= AE Sl A 24 B-Q] AAIAE A8she ol
UTH AR FREE ARl E 47 Q1AK(fibroblast
growth factor), 33 A3 437 A} (epidermal growth factor),
a0 f5 AR (platelet-derived growth factor), 21&3
A A7 21 AH(insulin-like growth factor), = ¥/ w2
(bone morphogenetic protein, BMPYs tist 5771 &4 3t
o} 53] BMP= =3 8] I8 AS frieske 24
Q1211 transforming growth factor-B(TGF-f) superfamily©l]
ok B37159 4RIkt BMPE 4 e o]
Ze] = 719 peptide chain®] 7712 disulfide bondZ dimersS
PAdstar o, o]Hg dimerization®] & =0 21
AES sk ZloR etk BMPE $7H VM EES
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o F JAE FTIe 9 o, 22AEE A=3t
o] alkaline phosphatase(ALP) &4 =& S7MA17]aL Szl
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ey BMP2E A|Fol 283l SlojA] of2] 71A] AlEHA
<7 WE} BMP-2¢} 7H2 A7zl B3 &, F gt
771, gAte] A ERLEHEe] e o W E8) 5o &
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SAF o] S 9 2 ofpliat A ho] egEqt ATy
o] $t3, I A3 FAKE 12 T oo diEE 74dH o
Jom FAE T O}Ulié} Mg 542 34
dihydroxyphenyl-L-alanine(DOPA), 2to|Ale]gl= M o}
lqto] FHsitkE Zlo] WAtk S3¢] &5l DOPA
o} glolile] Fagh oS givke Aol 2jbete], DOPAS
F8 28712 7162719} Bolale] ofwlrlE FAl) T
| Zoba 7L AE 3 9Tk thEAQ Sl oful)
=& 2oe B 5 dbd S okt 48718
soflo] Wk & 43 SUT 714 pH 8591 891
b 3] SREthe Zlo] WAHNT Asa
A sk E%l% Ggolol T A9, motEle] 89 o

ﬂ-ii
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= AN
vio] 98 F2enule oflol} B8 28719 FHAT
9 F 24 wele) ks

2AFE2 3 2] Al 3 A8E HRE ke o
8] A FEA 7P T WAL Qe Tk, Al

A3 FARE A71E T T

8k ]| A (scaffold)2] A|Z}o]
ZAY 7led 2AFE AXA Az 288 7
_C’l _g_ = }\«"_L:G]-A—LQ =9l &= 017]
wj3Zell micro-environment Z% o] 7Fso| 7Fs3to a%%j 5|
T7F BED] o] FoJX|AL Q= FAOIH N F AME =
22384 $-8-S ¢lsl BMP-27F 228 8kE 3D PGA AA|
AE Azstsint. A A3 3D PGA AAA| A== #Ist
o] 3D =¥ 7]&< o183kt 3D Z3F 7]e FA]
2 Ao ot & 23| 5% 3D AAA| AAE 7Fs
SHA s TE 2748 7H= PGA AAA= dopamine =
gS B8l 298 =9 ook I ATE 5] 2
2} el 7Fsgh F 7L siteE oI5k & A
FIN7N7] Aste], 2@ SRIAK] BMP2E UV ZARIS:
ol-g&sto] AP 9 GRS ©]8-3te] BMP-27} burst
release §10] Q8 7|7k XA A ¥wo] A E o] x|L&H el 2
AE 2SS Foto] RS freske Zié SRE skl

AZE Z in virro AT E3)] AAAQ] ZAodH- 2 osteoblast
o] B3les Hrigho =z AZFE 2|A|A| 2] %:3‘—31]%@”—1 8
7k Bdsiad
Al =]
[ =]

3D =ZE J|&=2 0|88t PGA XIX|H2] H=. Ze]Z¢]
ZH(poly(glycolic acid), PGA, pellets, M, 80000, Meta
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Biomed Co., Ltd., Korea) A| A A = 3D ZHE(SHOTMASTER
200DS, Musashi Engineering, Inc., Japan)& ©]-8-3lo #|<}s}
StkFigure 1). 3D ZHHE 3 = x-y-z °]5 ZH°]A], t]X
HA, =2, 25 Alo)7] B dExd7] FEo = 7481
A|AA= 3D YAR] Z2 73 (MuCAD"V, Musashi Engineering,
Inc., Japan)S- ¢85l =°] 1 mm, AI¥ 8 mm, pore length
400 pm 2] strand 217 200 pm X5E 7= 9 4
7+ Feje] 9 R o= trilsieint.

AAA o] AP 2= 3D 2 S dAE] e Al
dx]ol] PGA 10 g& T F, 240 CT7HA] 252 715t A
55 88313 0.03 MPa®] 3714 Fate] EZstm oA
CARIE AXA] 2|<pel] whet Mg FH 2 slsle] 238t
AlzE PGA ARG} TR 7ke] AAdS ERIsh] fl8ted]
scanning electron microscope(SEM, JSM-6380, JEOL Ltd.,
Japan)E o]&3sfle] 25 &3 % image analysis program
(i-SOLUTION, iMTechnology, Canada)® & 238 21883}3ic}.

Z2|=opio] IEE PGA X|X|H| M=(PDA-PGA). L
2773 AEAR] PGAE o83l AlZtE AR A= 2
HRE717F 23 Apido] ol 11 Z3Ado] Yt o)) 7
o=, B AFore Z =37 (dopamine hydrochloride,
M,, 189.64, white powder, Trizma®base, Sigma-Aldrich, USA)
FAYg o]gstd F1 AAS ST ZEE EEe
el 7M1 AR A4S S7HE B ofy
nlo] 2 7MEgol ot FHAHS FAHAA ofIZ T E
7= azido7]9] 22} EHNE 28712 =T AF
WO 2= WA, PGA ARA7F Eafrl ggollel] 2 X=E 4
ANEF 99% AEhE &dof| 60z, A5l 357 Hof &l
WSS AT I T o' it & S5} Fde |
7144 pH 852 7FX+&= 10 mM Tris-HCI buffer -89-S o]-8-3}]
2 mg/mL F=o] =] g8 A|xslal, PGA AAAE
A &, HESAE S FAE T 4817 FRE Aol A
st EENES Fetdt vkg- 4B A= FA0l
2 7] BAFE ol8-sle] AlFgE & AfRolx AZAIZAT

Azido group0| =&lEl X[X|H| M|=(Azido-PDA-PGA) %
H7tnE S8t BMP-2 18 X|X[H| H|=(BMP-2-PDA-PGA).
o] 3 vASEE flEiME UV v 2H87] =Yo] E
Qafth 2 dAeAs UV ¥h84 28712 e o §5H
azido group= 7FA3L &= 1,1-azido-3,6,9-trioxaundecan-1-
amine(Sigam-Aldrich, USAYS- =3It Aguhe o234
7t} WA, wulvle] F8 ¥ PDA-PGA AAA|S pH 8.5
7FA& 10 mM Tris-HCI buffer&2o] £Y4319t}. = o,
11-azido-3,6,9-trioxaunedcan-1-amine solutionS 2o & %
S FASH 248 7F FRE AF2oll A HEEAIA T3
o} ¥ES-AIZ1 azido solution®] 2 ZH2} 30, 60, 90 L= 2
31437, attenuated total reflectance-Fourier transform infrared
spectroscopy(ATR-FTIR, Vertex 80v, Bruker, USA)S- ©]8-5
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PDA-PGA A A|A9l] === azido peak?] intensitys Y]l
ste] #F azido solution®] FS AT

1 % Azido-PDA-PGA AAJA|o] BMP-2(CHO cell derived,
PeproTech Inc., KoreayS UV FHF3-S o]-8-3lo] ZHA AT
AubH o 2= 5]4%E BMP-2 solution(500 ng/mL)S azido-
PDA-PGA A A A 50 pLE #AFEE T air-dryingAlAFT
AZH sample> UV 73 37|(SMCM-MI1K1, SEMYUNG
VACTRON Co., Ltd., Korea)E ©]-&3}ld A7 10 ecm 271
02 F7hE IPAIA FUt UV A} ¥ A7 25,
35, 38 22 AA UL, ATR-FTIRS ©]&3}o] azido peak
o] 24l o F-E whdsie] HAe] UV ARIRS A4saitt.

XX[HI2| el 2. Azt ZAA 2] P+ A5 B4
al7] 913 SEME o]-&3te] w48ttt SEM aHl&
ole} 10-100u12] Aulg o= AR = 7] wol
Ao ¥ 2 chHe] Hzkel fgaith Ajde] ¥ A
7 180z 52 SEMS ARg-sto] Wig Y-S asigion,
2ol AR3E AR 15 kVE TAl] 48 Xasisit.

XXH ZHe| sty =M BM. /s 47E4] A=A <]
sleba 25 Flslr] fls] ATR-FTIRS ©]-8-5td A|A|A|
xHe] geE EdustE HESITh ATRS ZE5S &
3 AR HejMo] Z|Ee] A WAL dojdel]
2 ZE|Fol EatE o] e AFE FHe kst slstAEte)

=

Al

RN
o
27 A5 5 38 A T ARE ATt o
24 ATR-FTIRS A|82] = xHe] tigh s}t el
skt &3k gHlet & < stk
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™, rlo
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S
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S
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S0l JAAAE ol Y& P 2FAUA
Fomm, AR Ny 2 SGd ATINE 2
ST}, ARF AIAE e XA AR ERe 2l

o}
XX|H FHel & =M BM. A5 g XAS It
=
J‘
X

I8l 23k old=]Ql binding energys & 4= Utk E AT
ol A= PGA, PDA-PGA, Azido-PDA-PGA 12|31 BMP-2-
PDA-PGA AAA|2] S X-ray photoelectron spectroscope
(Quantera, ULVAC-PHI, Japan)& ©]-83l] survey scang 3}
of 74 X|A|A| FHe| s} dazxds s} i
BMP-2 Hzk A WESQI. 1 AMollA= sandwich enzyme-
linked immunosorbent assay(ELISA) W' S ©]-&3F BMP-2
Human ELISA Kit(Abcam®, UK)S ©]-8-3}o] A2kt x]x] 4] 2]
BMP-2¢] 4315 g1kt A8 g BMP2E XX
A ol st Akt A2AIZ] ¥, 1 mL ZAFE ©]
&3lo] Holl= BMP y8te] 27| s gRlsisict
o 24S 2182171 BMP-2-PDA-PGA AAAE 2 mL &
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Aol 5] MAH F 3] I EA %2> BMP-2E Al
Aot AF A FS =469 BMP-2 antibody”} # 2]
Ho] JE 96 well plateell 100 pL sample &S ¥ 37T
Z71001A 90 &<t incubation AIATTE TR 1:100°Z 3]
2 A1Z1 biotinylated anti-BMP-2E 100 uL® Fd&)+=
37 CollA] 3 A]7F E<E incubation A|A U} PBSE ©]85
o] 337+ MHAIA £ F Avidin-Biotin-PeroxidaseZ 100 uL
gojgo] 37 C 27104 3087k WHeAlA FT}. PBSE ©]
43le] 28] o] Mg F 90 uL Trimethoprim(TMP) 8-
S olgate] AS BANT F FeFelA] 37 C 2oR
20 &<t incubation AAFTE PEAEC R TMP 4 &S
100 pL 745t 9h8-8 FAAIA = 5 ELISA reader(PHOmo,
Autobio Labtec Instruments Co., Ltd., China)E ©]-8-3}¢] 450
nmellH FBES S50

A= BMP-2-PDA-PGA AA A 258 WZ 5= BMP-2
&S ERlst7] 938l BMP-2 Human ELISA KitE A3t
% 7Fett. BMP-2-PDA-PGA A AAE 5 mL Aol A]
FHuf 284 F<t 37 Cellx] 31x438] shaking AIAFCE. W&
1,3,5,7, 14, 21, 28 9] o= SAa F3Uct. 2t A}
oA A 5 2 mLE FRse] FEEA] ¢8> BMP-2
Fe A WUE ATS Wi em, 892 deep freezer
o BAsle] =4} ELISA kits o83 A
AP gl AR FLsitt

In vitro MESM "I} Az AAAS Aelr] ARR-3}
7] Q1B = AIEZE] viability gR1o] st 2 Aox=
MTT(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assayS 53l Aol et MEANEES H7T 51
o A% WO 2= WA PGA, PDA-PGA, Azido-PDA-PGA
£ 15 mL conical tubed]] FY3}22 5 mL Dulbecco Modified
Eagle’s Medium(DMEM, Welgene Inc. Korea)d] X & 2 o]
24071 53E QIsplolE] tollX] BEAIA Fot A0l 96 wellol
Pre-osteoblasts(MC3T3-E1, mouse calvarias, American Type
Culture Collection, USAYE 1x10* cells/well == IEs)5
52407 WA A 3t S AHET 24007 & &
= DMEM HjZ| ¢} §-EA171 A& wiA & wekeh & Q15
HloE] QlollA] 244 7F <t ThA]l Ml A A ok wiAIE A
Ast T S A PBS(-el =21 5 mg/mL MTT solutionS:
50 uL H2 & 4AI7F B BAIZITE MTT solutions A A
gk 3 100 uL gl g8l H 540 nm oA FHEE
microplate reader(PHOmo, Autobio Labtec Instruments Co.,
Ltd., China)Z =743} t}.

Alizarin red staining. A %3+ 22| Ao 953 MC3T3-
El Al3e] Z=r, 7714 312 B7EE Slsf Al wig £ 7, 14,
2199 alizarin red 34 (alizarin red-S reagent, 3,4-dihydroxy-
9,10-dioxo-2-anthracenesulfonic acid sodium salt, Sigma-Aldrich,

USAYS AAlsiieh. Q7210 Zx4ele Alzel71doe] @

Zan, A|4848 A45, 20243

P5g - A0

Jul=dl, o] MEL]7|dA A3]shrt s E ). ofH A3
st 2 71d A e AS5e 23Alxe] 4 AR
A Ao} Alizarin red= 24013 A= ZEolE
Hhg-oll ©]3]] alizarin red-Z5<S 343t HAFE FA 4
]

b

>

o
ne

11t

3 Wi o 2= AFs PGA, BMP-2-PDA-PGA AR A&
24 well platel] ¥ F MC3T3-El 5x10* cel/mLE 355
th. 37 C, 5% CO, Z70A 4r17F St wiAIA 27
S YA AFE F wiAE FolFo] 7, 14, 219 <L vk
AZITh M E7} 255 Z42e] AA]A= PBSE of-8ato] + H
A Zoll 3.7% formaldehyde® 205 &9+ 4 T AN 2
Atk AlE7F 24E AAAE pH 422 2HE 40 mM
alizarin red staining solutiong ©]-&-s}o] 307t 37 C, CO,
Z7o A incubation AlAFTE 30 & solutionS A A3l
T BATE ol&st] ZAEHA 2 A st FA
GAlol| ofgt Zg 2 o] AF7F #42 10% acetic acidE
ol g3lo] AL T 96 wellell 53 7| NaOH -89-S
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ELISA reader® =742 #3y&}3ict.
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Z22]] AAY el ARl Elo] WeH ARAA2ZH 0] JTS
S TSl =Har, = Aol AREHJARE o8] Ajel] P
o AthH HFFRES s wiZel 2dst Al A5
7H A g delo] FQ3it) £ At A e AEE PGA
A A 7F A Agret AERIAE dolr 7] 93t in
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cornical tube®| FA7} S E A A A

AZNA TS S TFLES AEsIATH
In vivo 2Z%| MMs SEAE. FNF 24 42 A
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=X MM Y =HEE HIL Invivo AT T, AE

=27 3#E0 Fejof T @A AdEE Fo] W)= micro-
CT(Sky Scan 1173TM, Bruker Corp., Belgium, 20-100 kV,
5 um 2:3t 271, 50 mm Aok}, 128]E CCD 7hlghE A}
&3t £ eH, AAE 23
densitys 4 A 3HATE
ANFHG ZxA 2 HEHE
hematoxylin-eosin(H&E) % Masson’s trichrome 442
Stk WA, FHE 224E 10% Z2T FHoE THA|
71 & A &, QYo R GujE Xghsiitt. 2E|al &
s s oR ugk &, 2HHAYE ol8ste] 5 um
Lo FAR At UXRZS Egol= ZTR Sl
sl AAEE g & G4 2 Tyt dE =7
s48F& n| 7 (ECLIPSE TS100, Nikon Corp., Japan)S
2 At XY HekE olgste] st
SHEN. AFH SATA S FoA Brhe TR
AX E o] (KyPlot version 2.0, KyensLab, Inc., Japan)E A}
gato] EAEIT. 2t A= W + EFAAE F71808
™ significance level> parametric Student’s t-test®} one-way
ANOVA(analysis of variance)2] Tukey AFF-HSHOoE
Stk FAA o482 p<0.059] 3o A3

23] 2 bone mineral

=i
=

HSHE EEE Hrsl] S8l
S AR

Ay =2

3D =ZIE J7|&2 0|88t PGA XXIH M=. & =4 A
S IA717] S8l Y-S pore sizegE 7HA= 3D A
Z9] A AAAE A xsHA tHFigure 1). ZAHIE7F A]A]
A WHEZ 2 2k} Sojof Ml o] Eids] o] FolR=
pore F73L 380-400 pmEteE =8 AAES Fuste] ZX|
A2l pore lengths 400 um= A7 3Tt gk 2 Ao
Ae AAAY 2715 AF 8§ mm, =°] 1 mmE 7= €
I mgor Azxadet ol B7] Flge] AdH R
A o] & critical defect sizeo]”7] wit-o]t}, Bgh ZA) A8
Al g ARgshe Bt 87% E7] FE] Bt 7
o] A= Bt 1.9 mmE AF9le] ofEle AS At
o= 1 mmzZ AZ3FATEH S

3D ZHEE o|&ato] AAA A& Al AbE 9] &%,

EE 4 % &ieol 9J8) poredt strand®] Al <
27F AE7] wzel] Tl 2d B Aol mg-
9 st} tRRISE A R|A| pore} strand 7S WA T =
2212 Al PGA AAAIE Alsint. 3D ZHEE ©f
83fo] A|lxg PGA AAA= S04 H71), pore E - strand
sizes SEME F3l #Z38I3laL o|vA] £4 Z2Ia9S o]
-3l pore length®} strand size ¥4 Z3}E Figure 20 1
B AT AR A= 3001 ] wiEollA S8 8k o™ pore2t
strand 527 1714 S48k Btgks AXtsiict. A2 A3

-
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=
=2,

=AY PGA AAAe] Az R 547} 431
3D printed PGA %R PDA-PGA
l azido group
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;UV II\I+ |?P ]I\]|+
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Figure 1. Fabrication schematic of a BMP-2 immobilized PGA scaffold.
3D printed PGA scaffold was modified with dopamine coating and
azido group before immobilizing BMP-2 by UV irradiation.

8 mm A5 7HAH 1 mm ¥0]E 7= 9932 PGA
AAAE BFZT 4= AR o, SEMS 53] AT pore}
strandE 7H = AAA £AHE #EE F AAJT) orA] &
Az 34 A3 HiF pore length= 399.4+13.9 pum
AL, Het strand 273 199.1+£359 ym= LA 3 RS
FrAls AAA 7 AxE RS #FHS F A A A=
=3 3D ZYEIE o] &3le] A|x3F PGA AAAE A E7}
J7d3t71e Aeket 3-8 7= A719] W+ porest strand
A7)E 7= AASH dAg FEHIE UElle RS IR 7
AATE.

EZ2|=mlelo| IEE PGA XIX[HQ| M=(PDA-PGA). 3L
A7d SLEEARD PGA Rl 21978 Fof F 23 FHNE
28-7] =92 S8 S =aRE o83t PGA A|X]A|<]
FEANES A8YATHPDA-PGA). 7H2E PDA-PGA A4
A= 5914 B7tet SEME o] &3t EHA W3t} pore,
strand =712, Z12]3L ATR-FTIRE ©]-831] PGA, PDA-PGA
o] slet4] At WskE Ak th(Figure 2, 3). WA PDA-
PGA AAAE §to= Aast Adxf, Ze|eal -0 9
& HoMo 2 sEF PDA-PGA AAASE A= + 9IS
T} SEM 2 9 pore, strand 7] #4143} 4 3593 +133
pm pore length®} 238.4+19.8 um strand Z7|& VERES &
Qe = AATE PGA A XA of] H]5le] 2F 40 yumB = 772
strand sizeE Zh= S Q1T = Q=M ol IHE =
=T oF 40 um FA] FH F& FAE] witel
EluE Aoz AzbEh T3k dopamine powder?] ATR-
FTIR 443}, 9719 slek7x2] 7H| &7 &A=
O-Het N-H71°ll ¢Jall 3400-3600 cm™lA] broaddt peakr}
ZE o, WA o EA)st= C=Ce C=N9| peakE
1512, 1620 cm'ollA] A& 5 UAT}. PDA-PGA A A A=
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Figure 2. Photomicrographs of PGA (A-D) and dopamine coated PGA (E-H) scaffolds (A, B, E, F; top / C, G; side / D, H; cross section).
Mean strand diameters and pore lengths of PGA and dopamine coated PGA scaffolds were 199 + 36 um, 400 + 14 um and 238 + 20 um,

359 + 13 um, respectively.

PGA #H0l| =317 Alsto) o3t Zejeunl 5y Fo] g4
H 7] W&ol PGA 54 peak¢! C=0, CH, bending, CH,
wagging peak (1750, 1400, 1440 cm™)2} =371 54 peak
%l O-H, C=C, C=N peak’} A=A Uepsitt. 9 2345 vt
oz ZelEoule o] g3 PGA AAA ] ErA L] 4
FHOE o]FoHTS & T AUMTH

Azido group0| EQIEl X[X|F2| M (Azido-PDA-PGA).
BMP-2¢] 3 28s}E 9Igk UV REgA 2H87] =9 <8l
azido group2 7FA|ZZ U= 11-azido-3,6,9-trioxaundecan-1-
amine2 =Y3ISIt. Tris buffer solution(pH 8.5)°1 11-azido-
3,6,9-trioxaundecan-1-amine®] amine &2 ¥o] PDA-PGA
ARASE ZEAIZT}. 11-azido-3,6,9-trioxaundecan-1-amine®]
amine”|= A& FHol| SAcks =9wl 7HE|E7]9} rlol&
A7k 8l 8 H T EU4AIR] azido groupe FAKSHE
Uvell ozl gt Z-& st o]F BMP-2 2§ A|EE
Al B3I}, ¥-g-A17] azido solution®] A& ZFz} 30, 60, 90 pLZ
AX 33, ATR-FTIRS ©]8-3}o] PDA-PGA A A Aol =
=)= azido peake] Z71E Wl ale] % azido solution®]
FE AAsIsl

ATR-FTIR 4 A3, azido”]17F EY ¥ azido-PDA-PGA
AAA A 2116 em™ F<2ellA] azido 54 peaks H&L
AR THFigure 3C). =Y EE azido”]2] TS ¥wdl] 9
3l PGASIIA 7P FESAA UeRts 1750 em™ 2ol
ERtE C=0 peak 715 SL3HA st Hlasiitt. 2 A3
30 uL azido soution®] F7}E XX 9] azido peak= vl-$-
oket A& I = AT ¥HH 60, 90 uL7t H7FE A)A]
A= FAFSE A= azido peaks YER= A2 ERISINTH
olF T3l EHAR] W7 =YL 98 azido solution®] Y-S

60 pL= A3

ZaH, A|489 A4, 20243

Transmittance (%)

M
C=N
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Wavenumber (cm™)

Figure 3. ATR-FTIR spectra of PGA (A), dopamine coated PGA
(B), Azido-PGA (C), and BMP-2-PDA-PGA (D) scaffolds.

Z7InE S8t BMP-2 108 X|X|H|2] M|=(BMP-2-PDA-
PGA). 34 £3121x¢] BMP-2Z A2 Azido-PDA-PGA
AR Al A5 gk AL B Are] dAol), F gk
$4S 7 E Azido-PDA-PGA A A Ao UVE ZAlsHH
nitrene®] A= +=H], A F nitreneS BMP-2¢] C-H, N-H
o} 4] WHe-& B3l Al k. Azido71E ©&-5F AA|
A 31782 7)o BAIgle] gt Fskel whgof s
Adtsle AEE 2] wiol| vlg- 7hetEA s {83 v
olgl & 4=t} F g WL F g TERE F
ST HAH o] AslE fg W A= wlg- Foslt)
B odolM= ATR-FTIR 23S
38z W 3t Fx WIE HEsIT

ATR-FTIR 2% A3} UVel 25% =217 AAAE 2116
em oA azido peak7} o1H3] Hol A= AS AFE F 3
Ak =E3ARS 59 35% 59 UV 2A1E Jae A x)A1E
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1650 cm™ 2ol X YER-hR= peakrt S7HE S AESIA=T
o]+ BMP-2¢] amide I peaki”‘/ﬂ BMP-2 Aol oJ3t peak
Z7HS & 4 Ak ST 2116 em™! F2ollA] Holle
azido 579 peak7} IZE Q7] wlZol] UV ZAMFo] TH-3}
A S & 4 ATk whE 38% WAl AX|A= azido
EA4 peak’t BF ARRES #EE = UL, 1650 cm|
YER}= amide 1 peakZ} 35% WHSAIZI XX Aol &l S7}
H 7S #EEATE o= BMP-2 =900 Q3 Fukg A
4,

[e]

tlo

A H
Fe 38%™ FEehE YERE 2 oo AlZtel A= 3 b
7171 §lof O o1de] BMP-27F EYE7] oHR-S oJmgh
th. ATR-FTIR 235 EUZ UVE] E3A7ke F4s] 31H
A 7P 2 IAZAE UERd e IGAE 8RR
Aste] AEE FEsisi.

ATR-FTIRZ 0|28} 3D X|X|H|e| &}5tx PxE&
A 4784 3D A A 9] s}ekH 2 ¥skE AEs
3l ATR-FTIRS Z43I9th #4 23, PGAE ©]&-31 A
21t PGA AAAE wd @ YR8k 2827 Yehvs=
2L A 5= A} 1750 emolA w9 733 C=0 peak
7} VFEREIL, 1400, 1440 cm oA ¥-2]%E CH, 337}
ERo ] 1095 em'ol A C-O-C i3 peak’} 542 o= #
2= th(Figure 3). Z2]=91Rlo] ¥ ¥ PDA-PGA XA
olM= ZHIZ7]o] EA5l= O-HeF N-H7] wjiZell PGA #|
A A E AT R] LU broaddt EUFe] =T 7} 3600-
3400 cmol|A] FEER oM, FHEIZ7]2] wiAlaE]ol] EAljskE
C=C9} C=N9] peak 4] 1512, 1620 cmol|A] A&A A=
HA o= =9k ”o] PGA AA| A FdsHAl 21
FENS & T AUTH(Figure 3B).

Azido solutiong: ©]-8-3t FikgAdo] 7hsst 28718 =
A3+ Azido-PDA-PGA A A A| = azido &4 peak”}F 2100
em 2ol A ZEE ATH(Figure 3C). ¢ 3= BMP-
2% IS A azido?19] EYol 2 FPEHAS v e
o}, upR|Eto 2 BMP-2E 28 A1Z1 BMP-2-PDA-PGA A
A= UV ZAE 18 2100 em™? 22 azido 54 peak
= AERE A #EE 5 A A 1650 em” 2
oA peak’t S718I=H o= BMP-29l| EA)|3l= amide I
EA4 peak® UV 7[E E38) BMP-27F 2 H U< Yt
WA Th(Figure 3D).

XPSE 0|88t 3D X|X|H|2| S&ty R=EAM. 3 720
WE 47FA] 3D AAA 9] seHA 4 24 zfolE sl
A8l XPS ¥AtAS X183tk Supplementary Data 19]]
survey scan A3} Table 19 T3] €4 A0 #4235
Yep St A A3 19 AR -2 PGA AA|AH oA
£ PGA T%E ©o|F1 & C, H, 0 7 94 2A40S
Heil= A& glsidith. 8l 9ilo] 9% PDA-PGA
AR A M E FHZ7)0] EA)8= N-H wol] 398 eVellA]
N €94:9] binding energy”F A&l HZAEJSL oF 3.2%°] %

iz
o

Ll
<

3D ZeE PGA AX|AQ] Az 2 EAH}
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Table 1. Surface Chemical Composition of PGA, PDA-PGA,
Azido-PDA-PGA, BMP-2-PDA-PGA Scaffolds

Atomic compositions (%)

Element
PGA PDA-PGA Azido-PDA-PGA BMP-2-PDA-PGA
C 62.85 56.21 71.10 64.11
N 0.00 3.20 7.65 13.50
(0] 37.15 40.57 21.25 20.50
S 0.00 0.00 0.00 1.89

3 24HE YRS Azido-PDA-PGA AAA 44
azido”]9l 2J3] N ¥4:2] binding energy’} &
He As A = o A A4 29H] 23 7.65%
2 2719tk BMP-27} 24 ¥ BMP-2-PDA-PGA A A A
£ 398 eVollA &AtE N €4:9] binding energy} 150 eV
oA MZ& S ¥A9] binding energys #H&T 5 UATH
BMP2%= o8] F/F2 ofn|=ito 2 o]Fo]3l whulldolt),
BMP-2 sequence & cysteineZ} methionine> E] 27|15 X3t
= ofu]izgto] 7] wiEell, 1.89%2] S Y4 2AV7T AlE
Al BEE AL, BMP-29 EA18H= amide bond= N 429
AA 244 E 13.5%2 5712t wWEka, PDA-PGA,
Azido-PDA-PGA AAA ZHAA MFA YePd N Hae
Tapnl Aol o FHNH] AFH R o] FojFl o,
azido”] =Yo] o|=¥ WO R o] TS on|gitt. &
&t BMP-2-PDA-PGA AA A o)A AFA #ad S Ao}
Z7H N 94 3¥ol =¥ BMP-2 sequences 33}
I e opu]iAbel] 9]t AxE BMP-27}F AR R0l 2
BEo] sl 2SI 5 U8l o172 e ATR-FTIR
EXollA ] Azfe}l AR o A|ZH 3D RAA Q] 471A]
WA A7} Estaiat she Weko 7 X E S-S IRl
o)

_‘
§
)

k

SavioiMzue S8 1NsIE BMP-2o| B U U

ELISA #41Z F3f 3543 BMP-2 34
Itk Aee X x| BMP-2 £ =5l
drying A7 & o] =9F BMP-2¢] ¥ AH3I0L, UV
ZARE Fl AT T AA ol MAg sk, YA e
BMP-25 sl HF HAES IRIsIATH(Supplementary

o M

2% A3} Azido-PDA-PGA A|A|Aol] =918+ BMP-2¢] °F
90.04%7} A E3xH ZRE AT AxE A A= M E9
28 918l 400 um =719] pore lengths 7= thy
A W F o= B31aL BMP-29] =9 E°] Gttt
T3 A E FH =¥ BMP-29] & thH] UV ZA| 9
& FF vA43kE 8-S 9F 7934%E 9F 10.70%2] A7t
o3-S BT = A= o= UV AL & A=A
Rt AY kst Adtel o3l mlEe] BMP-27F A8 g ol A
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Figure 4. Accumalated release amount of BMP-2 from BMP-2-
PDA-PGA scaffolds in PBS solution (n=3).
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Figure 5. Cell viability of PGA, PDA-PGA, and BMP-2-PDA-PGA
scaffold groups (n=3, NS means not significant).

25te] ARSI 5448 YERA] efom AMlate] 4l o
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Alizarin Red 4. A|xH AA|A|¢] & £3} &4 F7HEe
&) alizarin red G212 P T MC3T3-El1 M7} =
MEZ BEolEH Zdgo] AAE=H alizarin red staining
ARE g F 54 2 Aol 7Hssith AF 2 PGA,
BMP-2-PDA-PGA AAAZ o] Z18dstsom, 7}k 7, 14,
21430 HAS R18)ste] Bzl thFigure 6). H71HE3 A
W 0 2 27ER] A 25 A7) Aol wet A=
Zgdol 7t AE FAT = U 53], A A9
BMP-2E =Yoo =x Fr|ske Zee] o] dA3] 7t
He A G 5 U, £ AFelA] AlEs BMP-2-PDA-PGA
AAA7F MC3T3-E1 Al2e] = 34 £3k5 S3AZ & 2
oS YERAT

In vitro 71525 7S 24, A|%¥ BMP-2-PDA-PGA A
AA ] 7] A B7HE JgEAnh AE2 1, 3,5, 7,
14, 21, 28, 42, 564 &<t 25199 SEM oln|#] HEe
Fall AAA L] A Wske $7 #Esth(Figure 7). XA
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Figure 6. Absorption of alizarin red in PGA and BMP-2-PDA-PGA
scaffolds by the calcium salt produced by the MC3T3-El cells.
Immobilized BMP-2 promotes calcification of pre-osteoblasts (n=3,
**¥p <0.001).
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Figure 7. (A) Weight loss profile (n=3); (B) photomicrographs of BMP-2-PDA-PGA scaffolds depend on hydrolytic degradation time

(37 C, PBS).
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Figure 8. Micro-CT images of the top surfaces (A1-C1); the perpendicular and horizontal sections (A2—C2) of the control (A); PGA (B);
BMP-2-PDA-PGA; (C) scaffold groups after 4 and 8 weeks after rabbit calvarial defect model surgery (defect diameter =8 mm, n = 3).
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Figure 9. Photomicrographs of hematoxylin-eosin (A1-C1) and Masson’s trichrome (A2—C2) staining of the control (A); PGA (B); the BMP-
2-PDA-PGA (C) scaffold groups at 4 and 8 weeks after rabbit calvarial defect model surgery. Dark blue represents the original bone and light
blue represents the regenerated bone. The white irregular circles represent the scaffolds. The red dotted rectangles (A1, B1) indicate inflam-

matory cell area.
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Table 2. Regenerated Rabbit Calvarial Tissue Volumes and Bone
Mineral Densities on PGA, BMP-2-PDA-PGA Scaffold, and Controls
by Performing an in vivo Animal Test (n=3)

Regenerated bone volume (v/v%)

Bone mineral density (g/cm?)

Period (weeks) Control PGA BMP-2-PDA-PGA
521 +4.90 9.95 £ 5.74 13.78 £ 3.24
0.024 £ 0.013 0.052 £ 0.013  0.063 + 0.011
1125 +422 1509 £7.03 3025 £ 18.59
0.029 £ 0.010 0.061 + 0.023 0.092 + 0.075
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