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Abstract: To provide adequate conditions for the regeneration of damaged bone, it is necessary to develop porous mem-
branes with anti-oxidant and anti-inflammatory activities. In this study, we fabricated composite membranes comprising
polycaprolactone (PCL) and epigallocatechin gallate (EGCG)-introduced hydroxyapatite (HA) (HAE) nanoparticles using
an electrospinning process. The resulting composite membranes exhibited completely interconnected pore structures. The
average diameter of the composite membranes was slightly decreased by the addition of the HAE nanoparticles. Cyto-
compatibility test results revealed that the proliferation and differentiation of osteoblasts (MC3T3-E1) on the membranes
increased with the high content of HAE nanoparticles because of the improved anti-oxidant and anti-inflammatory prop-
erties of the membranes. These results suggest that the PCL composite membranes are an ideal biomaterial for bone tissue
regeneration.

Keywords: polycaprolactone, hydroxyapatite, epigallocatechin gallate, composite membrane, bone regeneration.
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A%k 22} o]l BQsly] "o HZde EEggit
(polylactic acid, PLA), &=2]< 2] 1Hpolyglycolic acid,
PGA), 2|7} 2 2= (polycaprolactone, PCL) 53} 722 A
234 FAATEAE ]8435 GBR WEH S| /o] wol
AE I k¢ 53], PCLE WHARA A¥rze & &
S 7R ARSI ERlSHEREA S 71A1A e
of A FAE S Ho|BR FEHdIA Y 23 FE AAA|
E2A] Bol AFE ATE 22y o]F Aeld Y aER
= AlZXISPd o] B3l HHE] ApAo = Qlal] 7] Al
FRA 9 JAE] Ythe 9ol vk oy gk v

s7] f18liA Stz e updg o] 85 HEY
WA, B 715E 7 AAwAE el 2%
2] 9 AR S TR FIERE] 53AE 84
W Fol AlEEAL UTh

ARG ES 7= vfFet 718 AR FolM 2
E2FO)|E(CaP)e] & THY Sto]=FAlotutElo] E(HANE
e ALY R QA B IS W ! 5§
HA= 22248 331 Qe F71E s 4R 2 &
o] frAkslaL, Aolle 22 #e sk ARE ThsstEE
A9l B A3 oA A FxF o] A S
oAl ==A Hol o-8= L Ut 53] HASL Aald L
Az o] Fo)zl Het AAA ] 735 gk ZAIA B
o uk opel FAIES A B w3kE XM Al
HIEL QAL o]E 5 AAA= HA Y=dAkel Atz
£ Bddske o E A AxE 5 Ukt

24 FEulEe AEAdl e X5 e 23} thAt
AREEA B3l ofsl AdE AES] MAel E5ks Y=
diolm AEAxe] A B FAstel] FEFE Frh 2 5
o SHRolERE EREH 20| Fo & Ao
dH%l e ZR271E7] 2o E(EGCG)y= Jtshd, <
4 2 FATA T 2 v o 715E THRIE A
o8 By JrhPE 58] FtiAtll EGCGe BlEThd
F(LPS)l o3+ ul=ZA ¥ (osteoclast)2] H&+ 2 = wkS-
o &gt T &S AANAIZITE S BEgh Z23A| X (osteoblast)
o] 473} alkaline phosphatase(ALP) &4 3l =5 Z7HA]#A
IS T AR dEA okt

whEhA], E AFollA = AR aEAke] TRl 2719
e A2 BRET AAES NAdsta, s B 39S
A Fofete] A2 A% B E3kE SXIA717] Sl
A kst FASAol 7t AeA EElsl=E?] EGCG
7} EYE HA =SR-S @68t AlEEA ol vhie
ARt} A LEAR] PCLE o]85te] A7 Ao =
23 mHgels Az AxE 23 WEgele] ¥H
Fel 2 54 WSt il AL, B =YE e
URF] Fo] 2zA 2] 3% A Esll mX= IS Bt
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AleF 2l MZ. Z|7FZ 2= (PCL, M,=80000 Da), €71
2F Y EF, epigallocatechin gallate(EGCG), calcium nitrate
tetrahydrate(Ca(NOs),"4H,0), ammonium phosphate dibasic
((NH,),HPOy,), solution(NH,OH),
alizarin red S(ARS), cetylpyridinium chloride, dimethyl
sulfoxide(DMSO), methylene chloride(MC), isopropyl alcohol
(IPA)3} 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium-
bromide(MTT)= Sigma-Aldrich Co.(USA) A& Y3l
A1-8-3}5 Th Alpha minimum essential medium(a-MEM),
Dulbecco’s modified Eagle’s medium(DMEM), fetal bovine
serum(FBS), penicillin-streptomycin®} Dulbecco’s phosphate
buffered saline(DPBS, pH 7.4)2 Gibco BRL(USA)| A
A3 TE. Mouse calvaria preosteoblast cell line(MMC3T3-El)
2 American Type Culture Collection(ATCC, USA)e A
A3+ 32, QuantiChrom™ alkaline phosphatase(ALP) assay
kit(DALP-250)= BioAssay Systems(USA)AIA] s} A}
Sskrh. 2 99 AREE Akt Srlile URE S|AtoA
datlom, F7H<Q1 A glo] A&kt

Z2|mizol =UE HA LE-IX}t 8. Z]9=2] EGCG
7} E9¥ HAHAE) WedAE @dsk7] f1aiA |14 2w/
v%2] EGCG F84< 0.05 wiv% 471t UEF 899
A7rete] e T 714 Qs o]&sle] AEA-EGCG
E3AE JAPA AT ASEEIA, 35mLe] 0.1 M Ca(NO;),:
4H,0 8§95 A3kek % 25 wiv% NH,OH 890 = vhg-
842 pHE 100 ZH53Utt. o] Whg- §-Ao] CaP HF Hl
€] 1.67°] F== 0.1 M(NH,),HPO, =& N4& 24|17+ &<t
Asletth HEH 22 EGCGY s ¢k YEFH
HA®| 274 (Ca(NOs),-4H,09F (NH,),HPO,)E #3174 o)
U] 1 wit%s} 2 wi%es TSI Ast ek Fol] 40 °CollA
2407F R WREAIZAL, A ES 2407 BRI B &
o AIH# sA71%E FaiA AT

HAE LE-@IXt S 24, HAE YiedAle] 82 field-
emission scanning electron microscope(FE-SEM, JSM-
6335F, JEOL, Japan)E ©|-8-3le] B4319 2, U=xte] ¢
A} A7) X = Zetasizer Nano ZS(Malvern Instruments,
UK)E °|-&3l &4 Z4HKDLS) WS o]&3ste] S35}
Atk Y=g Ate] 8}e 2= attenuated total reflectance
Fourier transform infrared(ATR-FTIR, ALPHA, Bruker
Optics, USA)E ©o]&-3lo] 133 34 =(spectral resolution)Z
4 cm'2 7738} v (wavenumber)E 400-4000 cm” ¢
oM ZFAEATH E3 Y=dAte] AHFEFE Xray
diffractometer(XRD, X’Pert Pro, Panalytical B.V., The
Netherlands)E ©]-8-3Fo] A TE XRD 41| A X-ray
tubet Cu KoE AFE-3}e] 40 kV, 30 mAS] 2702 ZA}

ammonium  hydroxide
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3} T}, Diffractograme 20-60°2] ¥ 912] 205 2°/min®] <
T2 3T =gt =9E EGCGE] 42 A&
0.1 N HCI 8of] =<1 Fof] UV-visible spectrometer(U-2900,
Hitachi, Japan)S ©]-&3}] 278 nmollA ] FH=E =743}
HAE WHe=9iAke] FAoH] Edwko = Allsiitt. vieizt
©] Ca/P molar ratio= X-ray fluorescence srectroscopy(XRF,
ZSX Primus II, Rigaku. Japan)& ©]-8-3}o] #4131t
PCL & fe=ael M=, PCL 53 WE s Alxsh]
el AR AZPIAREAE 0-40 kVE] AdFFo] 7Fssh
A} T X (high voltage DC power supply unit, 7 3}
EMT, 3=), H33E](200x200 mm, stainless steel)2] 3+
(collector), AFAREN S A BEES| & 5 A= FAVI
3 X (syringe pump, KDS100, USA), FA}7](gastight and
needle lock type 10 mL, Hamilton, USA), &%FA7] vls
(ID=0.41 mm) 522 /3sI3tt. 53 WHH Qo] A7HA
£ fleliM WA PCLE MCS} IPA 4:19] E5HEfol] ¢-d3]
=0]aL, of7]o]l HAE W=SJAE F7kete] 2ol 124]7F
B wRkete] PCLY HFE =7 15 wiv%©]al, HAE Y=
YAR= PCL 7A| diH] 5, 10, 2 15 wt%7F 71 AR
S Axsiant. 53 WEgRle] Axzae AT 15 em,
A7RARE 17KV, FAIEE 2 mLh=2 GA7)AL, A2oA A
HFE 60% ©late] Z200A 53 HWEH IS A=s3
WAL e Fol] vl 2o e B WHEYRIES A
o] 40°CellA] 24M7F RFIFEL ZEdhe BAlE BF A

PCL =& #=2elel S4 &4. PCLZ HAE =7t
£ fpete B3 wHgele] ¥ 5418 FE-SEM3} ©]u]
A ¥ Z 2 73 (Image-Pro Plus, Media Cybernetics Inc.,
USA)S o831t} WA FE-SEMZ &3l dojxl 53 jlH
glle] A oJu|R]| & o|n|z] B 23S o] gsle]
A7, BEUA 52 oUlSiT. FE-SEME o83t &
g wBgole] xS #Esy] o wiF Py olgske] %
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ol e ZHYsr BEEE energy disperse X-ray
spectroscopy(EDX)E ©|-&st] #A]stdtt. =8 PCL 5§
mBgele] ¥ 3}8}%= ATR-FTIRZ X-ray photoelectron
spectroscopy(XPS, Quantera SXM, ULVAC-PHI Inc., Japan)
£ o] g3t B4t XPSol AFEE Xeray oY A&
monochromated Al Ko radiation(1486 eV)o|th. &3 w1l E.g
ole] ¥4 542 thermogravimetric analysis(TGA, Q500,
TA Instruments, USA)E ©]&3}o] 4757 sl 5°C/min
9] F2ETR A2olA] 800 °C7IAI2] W] UlellM S7g3SiT).

MZE dZEE Lot PCL 59 WEHIE] in viro AE =
e gohny] flai =FAEL MC3T3-El AlEE A3}

Fhohs TAYE SephraeiE B3 Wueel 339

Atk RE AEZEFNE 10% FBSSF 0.5% penicillin-
streptomycing -3t U= a-MEMS ARE-3H 3L, H-3F
wHEoloA ] A AYEES MIT assays ©]-&51o] E4
stttk Al Aol 53 HEH NS #e)Als o]&sted
3AIZF FRF HitAl7)AL, AlEEiA DPBSSE o-MEMS ©]-&-
sle] 7z} 3314 ATt 2 3 Ml Euldg 24-well plateo]
3 {BERLE Yol 72, 7]9] MC3T3-El A5 5x10°
cells/well= J}E3to] 37°CollA 79 &t vl Iz Al
AEES Hrkslr] YA MTT &S 24zke] Bt wlH g
Q1 dollA e Al 3zol] oy FaL 4A7E F7F vl sl
NS AASKL JAES DMSOZ §3llAIAA mlolaz
Zd°|E 2]67](OPSYS-MR, Dynex Technology Inc., USA)
£ o]&ste] 570 nmol|A 9] FE=E S5t Hrlsisith

ALP &MstE o ZEst UtS FIL 53 WE Aol
¢l MC3T3-El A|EZ9| #3ksS dobir] flaix 27] =
ZAE B3l BAZEA ALP A3I=E ALP assay kit ©]
3to] =435I TE MC3T3-El Al ZE(5x10* cells/wel)S 14
A7F w ek ol A EZ T 3573k 0.2% Triton X-1002
o]gste] Zo]ar, o] &Hg 4°C ¥ 5000 rpme] RO =
1047+ el sle] ASdue Bl EeE Ao
’FEHel EAlsk= ALPRF 7]12R1 p-nitrophenyl phosphates
HES-A1Z 749 ALP €3 A] p-nitrophenyl phosphate”} p-
nitrophenol= BT}, ©] W] AJE= p-nitrophenol®] E=
£ 405 nmel|A] 293J0] ALP activityS 78It} T3k &
g WHg|ol Aol|He] MC3T3-El Al E2] Eils-S A ekels)
7] S18iA Al A3 $o] 3ES v =S ARS 9
S o] &3te] H71EFI T MC3T3-E1 Al 3E(5x10* cells/well)
£ 1497 wigE Sofl Wi E A A3 DPBSE o831
33] AlH3tTh 2L § 4% paraformaldehyde &4 2 158
7F 143} 2GS L ARS £H(40mM, pH 4.2) 1 mL
£ 7} wellel]l B2 2710 F7] 4] 20827 REEAIH T
S 8 Fof muks- ARS £9S AFSIE L 10 wiv%
cetylpyridinium chloride §H 22 A7t B9 HESAIZ] Fo]
o|5 99| FF= WHEE 540 nmolM Z3le] FES) ut
€ AEE Wrsiaith

UEM AlO|EFOl Mk PCL B WEgclo] 454 A}
o]|&7}1Ql interleukin-6(IL-6)2] ¥r&ol = 93-S murine
macrophage cell line RAW 264.7(Korean cell line bank,
Korea)E ©]-&ste] L8l om, A5 flslix WA RAW
2647 MEE 10%°] A2 ¥E FBS® 0.5% penicillin-
streptomycine EH+-513L = DMEM v <]of|A] v Fs$ich.
Al&elA ©]E RAW 264.7 AIZZ PCL £ WHg]¢lo] &
o7} = 24-well platedl] 2x10* cells/well2 F53}aL 37 °C
ol 4] 24A17F wj S Foll 1 pg/mLe] LPSE A7} vk
3 e A o] PoFa 24417 7t v S STt
Bt g elo] X RAW 264.7 A7} WEsh= 1L-62] 3
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340 VaL=1P I

-2 enzyme-linked immusorbent assay(ELISA) kits(R&D
Systems, USA)E- ©]&-35}%]

SAXME]. BE 243 A7e] FAA2= one-way ANOVA
(Turkey test) *'H-E o]-&3to] 22te] MEZo) theh Het+k
T2 JERITE thatol] thek AEe] ol Alol=
SigmaPlot 13.0(Systat Software, USA)S ©]-8-3Fo] p*<0.05
o] FEollA sk

a1 { EE

HAE L@t 8 & Sd 24, AwsiA a4 PCL
o] MEZIsPIE =ol7] flalir ABAIA o] FrstaL o
T8 74w HAOl aAtsd st ddsAdol e 2o
2 4HA e AEA EEEER] EGCE =9E Yiey
S 2EAL EajEo} e 89 AolM Adgow g
etttk A E d=YAE EGCGE Aol mHebA]
HAEO, HAE1 ¥ HAE2Z %713} tH(Table 1).

HAE W=izke] 91 97442 FE-SEMS- 0|83l a3t
A}, Figure 1914 & = e AAE H+ 27171 100 nm
olato]al o] F4E 7= AL IIT & AUATE =
g ieQiRte] A7) EGCGE & 71l met ot 571
sk 4eg H3lth HAE W=9iAke] A4 wiAYESS w4
WA YEFI EGCG7T a2l 23t 2412 gAst
3, A& G YEFC] 7HEA719) Cat ofo] gk
o] 2As FalA YAl miES A Ho Ca*
o] o] FHg HHAE HEH R JAsH k. o5 &
Aol PO o] 25 WHEAIZ7IH HAE W=SiA7F A€t
webA o5 HAE WHedAte] &4 2 271= @4 Alell A
4% EGCG A ¥ Ca** o]0 FAa4% Ee o]24%S
S3M gak EFH BFAE FAs] I YEFS]
7HFA7] 910l EGCG #A4F % Ca™* o]2¢] $&=& =97
Al AAsFEHAR] B ES FAAF 711

AE3NA olE HJAES PO, o) ZsiAl Adste]
HAE W=izks 771 13 394 (nucleation)S A12H4it}
= We=gdAte] 27l AP s 71R18kaL, EGCG
o] Fhepo] SIS AP o] mEA dojur g
HFA4 &1 HAE Wi Ake] 2717t S7kshe 2o s
e e 2k PHAE 92he] A71= 100 nm ©]s)
ojAWF U7 YEFC] EA) spellA] 3E HAES 7%
W UerlE 2719 59 (aggregate, 22F $AHE B8k
A HFES AT wEbA, JEA ] Aol BolAl L
717} 7VEEE AA 53 By 1] Az 42 A
3} 59 olf=E AMgo] Ak F JSEZ, HAE @S
o]g-3le] DLS WH=E Aol 2718 S4% A3} EGCG
shake] Z7tol| oA 189+45 nmoll A 33676 nmE Z715}
Ath(Figure 1).

Zan, 414378 A35, 201939

Table 1. Characteristics of EGCG-loaded HA Nanoparticles
with Different EGCG Contents

Sample EGCG fee(i ratio Loading cobntent Ca/P rpolar
(Wt%) (Wt%) ratio
HAEO - - 1.68+0.01
HAE1 1 0.9+0.05 1.72+0.03
HAE2 2 1.7+0.08 1.70+0.02

“Weight feed ratio of EGCG to polymer and HA precursors. "Weight
content of EGCG in HAE nanoparticles, determined by UV-visible
spectrophotometer.

A0 a0 0o R
Parick sea inm}

Figure 1. SEM micrographs of (a) HAEO; (b) HAE1; (c) HAE2
nanoparticles. (d) Particle size distribution of HAE nanoparticles
determined by DLS technique.

HAE Yi=#te] g8t 725 dolrr] $lsiA ATR-
FTIRS ©|-&3le] 400-4000 cm™ oA £235139T}. Figure
202PM B = = AAE ZE AZoA PO, stretching
vibration®] 7]¢18R= EAIT =7} 1021, 602 2 557 cm'ol| 4]
RIHIL, U YEFH S8 =9 -OHol| 7193k=
¥|=7} 3330 em oA AT S 1610 em ol COO
] asymmetric stretching®l] 7|Q18k= 5439 A7 HE= AL,
14203} 876 cm oA PO, 2] #}2lol] X$HE CO>ol 71213}
£ 9327t FRlEATE o]E COy” o] Hhg &9 F9
OH °]&3} t)7] 2] CO,o| kel 9jslA AAE o=
ket 2y EGCGel 719lshe gae te §49a

50| Ho] glo] Erlsslsith.

T3 HAE Y=g Ale] 44425 XRDE o835t 2A}
SIS THFigure 2(b)). HAE Y=%I#Fe] XRD spectracl|A] HA
o] AAFZ 712181 H=7} 25.9°, 28.6° 31.9°, 39.6°, 46.6°,
49.6° & 53.3%0A4] ERlo] HYAL, o] A= (002), (210),
(211), (310), (222), (213) & (004)2] AHH] EAS YE}
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Figure 2. (a) ATR-FTIR; (b) XRD spectra of commercial HA (high
crystallinity), HAEO, HAE1, and HAE2 nanoparticles.

We Zo|th2 ey 2E 3 (diffraction) HElo] W ¥
FER FAE] 9lor, ol W AXAe] HA Ao] ¥
AEJTHE AL ougit), & HAS Bl A A e wEAle] &
A FA = PO AElel COS R 2]gho] oJajA HF
A7 E2l HARS] ZAA skt 7has Ao vhds|o] Zth
A8 Aol osti W A4S 7= CaPrt =2 23
/e 71 CaPoll HIsIA 1 Hold MlZ H2=S Hole= A
oz d#A Aot.?

HF AHESQ] HAE W=9dAtel 5o 2= EGCGE
8FaFS UV-visible spectrophotometer® 7 ZF3l A Th. A
EGCGS] HAE W=tz 2] =9 o35 gelslr] e
0.1 N HCl €99 HAE Y=9# 2 EGCGE &35t &
FEE AR A3 HAE09] Z-9+= 278 nmellA] 55 3
£ HolA] ¢ATH HAE29} EGCGE 278 nmeollA Ho| &=¢
I35 Hole ASZHE HAE Yx=YAke EGCG7T =4
d A& 2913} thFigure 3). Table 19 VERA 2 &
EGCG®] =Y 7S A=Fet A7 HAE1= 0.9£0.05 wt%7}

Fhohs TAYE SephraeiE B3 Wueel 341

1.2
—— HAED
—— HAE2
e — EGCG

0.8

06 4

Absorbance

0.4 1

821 HAE2

0.0 T T EGC:G T T

200 250 300 350 400 450 500
Wavelength (nm)

Figure 3. UV-visible spectra of EGCG (18 pg/mL) and HAE

nanoparticles (1 mg/mL) synthesized with different EGCG contents.

HaEo] 917, HAE29IE 1.7+0.08 wi% 7} e-rEo] JSith.
IE3}F o]5 HAE WY Ake] Ca/P molar ratics XRFE 54
3l A} 1.68+0.019014 1.72+£0.0322 EGCG2] =l w2
Ca/P molar ratio®] 2lol= A9 fl= AC=E SRIFUTH Table
1.

PCL Sgt #l=aQlo] &t 2Hah H7ALH IL=N
Zole A WollA 33 EYaE It JE A=
28] A 2271 (ECM)H frAsh7] wiiol] Z24]
ollA Z71AIA AAA G 3 Wk ol -3k A
ANAFA FHAEAES Hole Aoz vy ok uf
b, B Ao e 1.7+0.08 wt%2] EGCG7T =Y4¥ HAE2

RS U T2 PCLY Este] M7[HAez
PCL 23} W QS A %39, AH-E HAE2 L= Ak
e PCL F7 ti¥] 0(PCL), S(PHAEO05), 10(PHAE10) %
15 wt%(PHAE15)°|t}. B8 D20 2 HAEO Y=Y}
15 wt%(PHA15) 3+ &5 WHHRIE Azt A7
AFEL PCL 53 flH 91| ¥4 SEMS o|-8-sle] #arsh
A3}, Figure 404 & = e AAE 3319207 AZ4H 7)
TTZE 7HAA AR, WEE Y] THAA HAE Y
A7t Bl oz B3 WBgole] FA oz AxEUrh
= A& RIS ol5 WEHRS AL e A
B A7 PCLo] 3.16£0.22 um, PHAE057} 2.360.34 ym,
PHAE10°] 222+031 um, PHAEI57} 1.92+043 ym 2
PHA157} 1.96+0.48 ym= W=dzke] 7ol Slair] A-h<
Z73o] ok ZHashe Zlo] ERIFI ol WedAte] At
8ol ©J3A] Bl =(beady’} Y- A=A, ©]= 4] A
frol o] "olxlz] wiieltt.

HAE WW=327F PCL 5§ E Rl 4kEo] =
E|E EDX Ca- ¥ P-mapping W< ©]8-3t] E13131
Figure 59| H2 A AE0°] HAE Y= YAte] Ca Y45

2
oz
[

\

T o

kv
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Figure 4. SEM micrographs of electrospun (a) PCL; (b) PHAEOS; (c) PHAE10; (d) PHAE1S; (e) PHA15 composite membranes. (f) Average

fiber diameter of the PCL composite membranes.

Figure 5. EDX Ca-P mapping micrographs of (a) PHAEOS; (b) PHAE10; (c) PHAELS; (d) PHA1S composite membranes.

Eli= ZloH, A1) dE°] HAE Wedke] P 948 o
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Figure 8. SEM micrographs of the MC3T3-E1 cells grown on (a) PCL; (b) PHAEOS; (c) PHAE10; (d) PHAE1S; (e) PHA15 composite membranes

for different time durations.
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Figure 9. (a) ALP activity; (b) calcium deposition for MC3T3-E1
cells incubated on the PCL composite membranes measured after
14 days (n=6). p*<0.05 denotes a statistically significant difference
from the pure PCL membrane.
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Figure 10. Levels of IL-6 from the RAW 264.7 cells after incuba-
tion for 24 h on the PCL composite membranes (#=5). p*<0.05
denotes a statistically significant difference from the pure PCL
membrane.
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