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Abstract: Silk fibroin (SF) has been widely used as an artificial bone material due to the good mechanical properties and
cell compatibility. Recently it have been studied as hybrid silk scaffold with the addition of various materials because it
has vulnerability. In this study, we manufactured hydroxyapatite (HAp)/SF hybrid scaffolds to complement the dis-
advantage of the SF. HAp/SF hybrid scaffolds were measured to study the mechanical/biological characteristics through
SEM, EDS, measurement of water uptake, porosity, compressive strength, MTT assay, ALP activity and mRNAs expres-
sion. These results showed HAp/SF hybrid scaffold has excellent properties as a scaffold for bone tissue engineering and

potential for inducing osteogenesis from rabbit bone marrow-mesenchymal stem cells (rBMSCs).

Keywords: silk fibroin, hydroxyapatite, rabbit bone marrow-mesenchymal stem cells, osteogenesis.
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AAAE A =AU

= Al slolr Fo WA EE sto]=FAlolutete | E
(hydroxyapatite, HAp; Ca;o(PO,)s(OH),)2t A 391225 (tri-
calcium phosphate, TCP) 52 2> Algfo|t}. o]= ¥ &
A5 JefA 71 ZiEE AEE de] AFE L ATHY
7P HEA O 2 AR = QA SIRHER] Sto| =5 A
otuteto| E= QlhbAe] 7HE QY ARl FHl 5 shutelth
ol Ax W FHF 70%E A5k, A We] Fr)E F
3 wg- Hls=g AR F2E 7RG o] o] FEHE
o) g itofol] ARG-E AL QlTt. Bk Slo| =S Aot | E= A
A=A AR o] Sstar, o2 & Hx} Eafjo] w
of efaf thAlEle & A=A I FdS 7H7] vl 4
o, A 55 EFete] ofEofollA thefsiAl ARg-st
3L QITh wEbA slo| =S AlolulElo| ES of2lgh B0 <l
sto] & 22 FEA o)Al QT & AEEN AW
Nom, A gl QoA A7t &) Xl E| L ek

2 Aol e 23 FEQ ARAARA sto|=FAlotut
Elo|ERA B AAA 9] A8 7Fs/de ERlsh] flsl st
o|EFA|oluElo] E o] A2 AR theket ghko® e
AAH 2RI AX|A ] E7] 5 E71MEE v gFate]
AAA A ] FiEst BEE o8] 7] 54EAS T8l &

skt

Al &

AeF U ME. AR-E AA(B. mori silkkworm)y= tehl=t
AAEE &3 T U392, HFIP(hexafluoro-
isopropanol, Sigma, USA) & ©]9]9] & gl&ekEs §7]
g1l= HPLC 555 AHE-3HITh.

A7 O=EH29l =294 M=, T ZXE 1 cmx]l cm 27]
2 A A& F, 0.02 M Na,CO; 57890 &3 3087+ 7F
gato] AFA Alg|ile] FZohdeA sttt Folhe Al
FAlE AAS] fl8l SF7ol 33 Ald &, A3 gE29]
S 2 oA SHF B XSS o] AA THE]
£ CaCl, oe-s 9 S/HTE 1:2: 89 HEE WHE &9
of Yo A=A HEQ] F&do] HA st A=A E=E
ol g-9-g n]gFZE 2 (Miracloth, Calbiochem, USAYE A}
g3l Al 7, AE2 22 $k9] 4J79H(3500 M,, Thermo,
USA)S AH&3ete] S/TE FA Y eE T8t 27t
8 wit%] TE&NS AT} o] §ALE ARE- HA7EA] 4 °CellA
B

Al3 OjE29l XXX M=, 8% A3 JHZol =80
20 nm =71¢] &lo]=ZA]olulele] E(CG bio co., Korea)s 0,
10, 30, 50% Bl&H = H7FstaL, 300~400 pm Z7]<] NaCl
(Showa, Japan)E 713+ F, 8 cmx8 cm Az} Z| el H-of
AZANHS Az §, SR F7F 255 AAS H, 745

ai -]
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o] T3] AXA 3L W 6 mm A5 A2 AU
el A3 HEQ] AXAE F2olA g ekl Ed
g F, 7 glo] Basisith

24 g F/IMEel 22| U e 25 A Z/E
£ 45 A RN solE E7le] el 2se]

ARSI B71E BAAIR] 7, T2 Ee ASlL e

18-Al°|1A] AHAE AREsl] 5 AF A AFH 3 =
5 27} ficoll-hypaque centrifugations ©]-83}] HHTLE
223 th2, 10% FBS(Lonza, USA)9} 100 unit/mL2] 1%
penicillin-streptomycin(Gibco, USA)°] 3Z&E a-MEM(Gibco)
ujFle- F53le] CO, incubator(5% CO,, humidified, 37 °C)
oA wjFetdet. o] AlEEe] T2 Zlo] SRIH ulek
NS W vhe, wf 2Ywie} wieell s weksiSith A7}
80~90% H = l8-7] ni=tel] A2hA =W 0.25% trypsin/l
mM EDTA(Gibco)2 A 2|ste] MEZ Fa]slal tfE ujdkg
710l Al wF3te] Passage 22] AIEZE XR|AA] 1x10° cell/
mLE IFFA T},

SEM, FE-SEM & EDS . slo|==A|olutElo] E/4
= AAA 9] thy Z718F AAA Y] FHE HFal] 9]t
SEM S54& AAEIGth AAAE of=2:27t2 sfellx] E2
Zu} 23 (Emscope, Model SC500K, UK)E ©]&35}o] )
= IYIARL FARIA dr)7d (Hitachi Co, Model S-2250N,
Japan)S o]-&-sto] FHS TSI S HAAMAR FAL
A v 7 (field emission scanning electron microscope,
FESEM; SN-SUPRA 40VP, Carl Zeiss, Germany)Z} ¥4+ X
A H-3FE4] 7] (energy-dispersive X-ray spectroscopy, EDS;
JSM-5900)E ©]&-3ted AAA BH 9 ddae] 248 &
&kt

= ARY. Alxd AAAY & T s9& SV
atod AAA| 9] 271 FA(Wyy)E 57858k 10 mLe] 32}
ol wol 37°Ce] AtHolElelA 4Y7t Wkl =
S ARA 2] ES AAS &, FAW,DE S

Atk

0/ — (Wwet_ Wdry)
Water uptake(%) = ————=x 100 (1)
Wdry

AT 27 B R ()2} B PRI AAR 2]
()8 Z3590m, B BRE AN AANL G B
o RIS NS 2 T, et 2e 4L B o

TEE AT

Vi3 1
x 100 2

P ity =
orosity 7,7,

AR FLS 27olA Al | Faste] FA AT
UFUE FH. H|EHE slo|=FA|oluteto| E/d = A|A]A
o] BA=E FA4s17] St s EA S 71(TMS-Pro, food
technology corporation, sterling, Virginia, USA)E ©]-& 3}
ok AF 6 mm, E°] 3 mme| AAAE ARSI o, vbs
454719 AR E SAHAYE 2mm, 3 H=s
20 mm/sec, =74 32 1 N2 315t}

SlO|==A|OLIIEIO|EA T XXMM S7Fe2H E7IM
Z B2k 10 pLe] FAd E71A1E(5%10* cells)E A|A] A
9] FYol FF3 F, 37°C, 5% CO2 27X 1X7 &
Qb FAXA AEZ7F AAA W= 2HEA 3 T, 20% 5
efo}& % (FBS, fetal bovine serum, Gibco, USA) 2 100 unit/
mLe] 1% 3 A H/EE- Ewto] Al (Gibeo)o] E3HE a-
MEM(alpha modification of eagle’s minimum essential
media, Lonza, USA)YS #jg o8 Y3 37°C, 5% CO, &
7oA vl st slokel-e Aol Al W wAS| FAct.
Eshe o il ARAREC R b} HEs i3l

MTT 4. A Aol 353 2478 S7IHNE] AES
< A3 918k MTTG-[4,5-Hvl g x]ol&-2-d]-2,5-E] =
JHEZE S BErpe|m)AS 22} 1, 3,7, 14 3 28Y
A A8Y3H9 k. MTT(Sigma, USA) -89(50 mg/mL) 100 uL
S HolE F, N7F 3 37°C AHIolE oA wlj SISt
Hepd Axo] AW tH e ZALe] E(DMSO, Sigma)s
I mL #7Fste] 24& 3] =21 &, 2+ 100 ul” 2F 3}
o] microplate reader(Thermolex, Molecular Device Co.
USA)E 570 nm®] 3= dX 73Tt

ALP EHE BEM. XAl st S7fdl S7141 29
alkaline phosphatase(ALP)S =743l A|xe] E3le} n|&Es}
£ sk ALP 242 35 1,5, 7, 10 3 14 A<
Alg ettt 4 TRACP & ALP Assay kit(TaKaRa,
Japan)E A3 TE A AA)| o|A] vjFd-& A7 B PBSE
33] MA3FL 0.02% extraction solution® & A|EURS- g3j|A]
At} o] &aA171 FE ol ALP buffer(pH 9.2)0 =<1
nNPPE %32, 37°ColA 1A7F REGAIA 0.9 No| NaOH=
W8-S AAAZ F, 405 nme] $3=00A S et 3
= At

mRNA 8T ol v slo|==A|olulelo| E/4 A
AAA AN ZEsHE Al 2] 54 mRNA LTS dot
17] 918 RT-PCRS 34313t} w5 1, 7, 14 2 28979
3|5 slo|=ESAlolutElo| EAAL AAAE PBSE F W Al
23 & 1mL9 trizol(Invitrogen™ Life Technologies Co.,
Groningen, NetherlandsyS 3 7}sle] 55 5ot oliuo] st
O, 1.5mLe] EP FHo| ¥o] 02mLe] E22¥ES 3
7}8lal 4°C, 12000 goll Al 15% &<t 4] #2]5ke] mRNA
& 2kt 2" RNAE TOPscript™ One-step RT-
PCR DryMIX(+Dye) (Enzynomix, Korea)E AF-&3}¢], pB-
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actin, Runx2, osteocalcin & collagen type Il th3ll RT-PCR
< FYEAT. FFE DNAS 1.5%(wiv) o7kl
7195 & §, 4A LdL EBr(Sigma, USA)S AHE-3
o AlZsketal oM, 365 nm A2l FAPE ARIEG S 3§
of Mi=d] BHY S gRI6HL, Image J SZES OIS AR
slo] 78 HEROE Atslale] Al #ke vlwsisict.

&N Wit IR EEINEE IS AXAE
HAAY F o] Fslel o]2g ¥, 1, 45 F 353t 10%
F29(Sigma) &0l AT 1§ 23S @Al
5, v B0 Azlsle] 4ume] AR e} SElol=
Zefro 1At 248 HrkE 9)8le] H&E, Alizarin
red S ¥ Von Kossa G2 253 Th.

H&E @42 SEfol= Zafzo] AdAle st o
A4S AX F, dvtEdd A 2@ A 2 5 o
oA AE 9 MHsa @S AR &, AdAS A
Sl A8 VRS Holme] i 2AEES AEselth

Alizarin Red S 4, 9A] H&E 943} FU A sheat
oz A2)g ¥, Alizarin Red £4& #2|3laL olHlECR
G S AR 2 F oplER AdES 11 ¥EE 4]
o] st AAAg Mttt riA e R S &)
3 2AEHEE AESI9

Von Kossa GA-& 23, ok £9o] sthea4d S 73l
T, 5% AR A2 9 SHTE AR stk =8 5% A
ol YEF A2l ¥ ST AIFS S8lth L §, nuclear
fast red2 FA H FHT AHS Sl 784 vRREOE &
Yate] A3

SA. 7 A3 e] AT 42 student’s t-testE A5}
o p grel 0.05 PTHd W FAIHSE {3t AoR st

di g EE

Fot ZEL vEHE slo|=EAoluElo|E A AAAE A
Zhek 7, du)g oz XA 1HE AEste] tRE7|
2H(Nicone, SMZ645, Japan)Z 29 3t] ¥HS #2sch
(Figure 1).
o, Arleld Agoz JAE e Al
Ak thgo] Wol A=) S-S ERlskt.

OjMT= 2. v R slo|=SA|olulelo| EV} 71
RS o, FHE thd Al WskE ER1staIAl SEM
S Bl EHS AEEAh(Figure 2). BE AAA A
ol 2 JAEAL Wk ofg} vk Alole] Hoj & w]A|
o] FAEATE 0% AAA = vAl FHo] de] HAU
A RE st BHS FAE 2SR F Ao, ol
TEAoLutEle| EVE H7PE RS AAA] o] A4 AHo
A= AL AFSIGAT. 3 slo|=FAlolgElo| EVF H7HE
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30% 50%
Figure 1. Microscope images showing porosity of silk fibroin scaf-

fold loaded with various ratios of hydroxyapatite, scale bar indicates
300 um.

30%

Figure 2. SEM images of surfaces of silk fibroin scaffolds loaded
with various ratios of hydroxyapatite.

5% Aol B4 Be-e Slskr. ol2H 4= A4
Aol sfol=EAjolsietol =t WK AL, HE ALNE A
Fon v THE GNP, MEe] AP B2
2 A Wt ohieh thgrte] BT HAEL TFe)
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Al & Zlolgtal AlEHTh

EDS ME E4. FESEMS 53] 7t AAAle] E¥ale
Q2] FFES =461 th(Figure 3). A3 B]H 2218 {7
EZZMN C, 0, ¥ N ¥slel= EZo|t}. a8 sfol==
Alotateto] E= AA G g2l 024 2 Ca, P ¥ 09
HAag o] FofA ATHEAREA: Cao(PO,)(OH),). ©I5 Ht
goz A4AE SHIE A3} 0% AAAANME 24 C, O,
223 NRke] S E U, sto]=EA|olgelo] EvL 7ty
WA Caol P Y4E BAT 5 ATt 53] slo|=FAlolut
Elo]|EZ}F M7 Hl&o| F7Istol wheba] Pet Ca ¥4 3
Fol A S7FS & 4 Uk olHe A2 & uj, 2 A
oA AREE A3 XA Ao fo|=FA|olutElo| EV} H]&
of wpe} & H7bE g & F Jom, 9 FFe] Mt
Zislo] AHAA FFS vxl AR ofAfet 4 Sl

Element | Wit% | At%
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Figure 3. EDS of silk fibroin scaffolds loaded with various ratios of
hydroxyapatite.

£ ZFY. v&E slo|=SAlolutElel EAIA A A1) &
AFRE SA st AAA o] 5AE Lol hth(Figure 4).

0% AAA A 87.61%, 10% AAAAA 87.85%, 30% Al
AN 85.46% TR AL 50% AAANA 82.61%= 717t =
A=) sto|=FAlolatele] EZF 10% H7HEAS W, H7t
HA] %e WEt = JFAo] 024% W =JA T F A
o]F Holx| et e sto|=FAlolTtEIETL 30% ©]
o H7HESTE £ AFo] dAsH £t o= Algt
9 Fejo] &579Q1 Slo|=FAlolulElo| EL Hlgo] Fts)
3 2157921 A A vl go] 7hAsr] wiitel], A A|A L] HA
Q1 Hl&o] sfo|=EAoluEl|ES AA ¥WS WET &
Fdo] S7tste] AR A Q] & HEFAo] 1Aag o2 AlR
?_]1:]-'29

CIBE. sto|=EAoluteto] EVF HISHE H7HE A4 A
A ] s SAgste] 27 F8H ARAAEMN ] 71
< 7hssl B TH(Figure 5).

FEE 0% ARAA 67.5, 10% ARFNA 76.8, 30%

04

1| 0%
92-H|C110%
1|0 30%]
904|[150%

88 - T

86

84

Water uptake (%)

—— %

82

80+

78 -

Figure 4. Water uptake of the silk fibroin scaffold loaded with var-
ious ratios of hydroxyapatite (*p<0.05, **<0.01).
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Figure 5. Porosity of silk fibroin scaffolds loaded with various
ratios of hydroxyapatite.
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AR AN 78.4% LB 3L 50% AAAE 77.6%2 S =
o} A3 ARA Y slo]=FAolutete] E7F H7HE AA|A]
o] R Z7HIN ol slo|=EA|olulele| Evt 37t
A AAA drrt S7ksle] gl MR A4, o
Fo] BHHUA v Hol FAYAL, 30% o] =i 2
=7t Y SRR, taTh Akl wiolghal AR

H-&HE sfo|=EA|olalElo| E/A A AXAE vl A ol ¥
FE3) X E F5A) H, 95 A9 27 F5REE71A4
TE 95 14 Fol AEHEE SAHSALE I A9 0%
AAAE 18N, 10% AAAE 22.5N, 30% AAAE 275N
283 50% AAAE 33NeE AT} 3 A|ES 3}
T3] SANZL F SAg A= 0% AAA A 26N,
10% A A A A 39N, 30% AA| A A 42N Z2] 3L 50%
AAA A 46 Ne2 S =T v A} $9] 5=
A & o, slo|=EAjolutele| EvY ArbE | wef of
A7t 22E & ¢ Jodth 2y v Ad 59 =
dE S7HES s 2w, 0% RAA = 14480, 10% A
AAE 1734, 30% A A= 1.538) Z8]3L 50% AR A=
1398 S71st A2 gRIFUTE BE AAA A NEZE
HjFetol] wet ST STISIAAIT 10% AA|A A 2
S7HEo] 53] £2 AL ¢ F U o= MEI} F25
WA AR A 9} AL 2 HE HFEE FoRA g e
2, o]yt AFZ nFo] B o], 10% AAA| AZE TF
3t in vivodll A& Al 7Y 98 A9E E Z10 R o4
1=

ME 22 2 B4 w18 slo]=sAlolslele] 42 A

AN

N

55

1|—=— 0%
50 o |---@--- 10%)
A 30% *
45 v~ 50%
—~ 1 *
Z 404
123 4
]
Q 354
k<] J
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Figure 6. Compression strength of silk fibroin scaffolds loaded with
various ratios of hydroxyapatite cultured tBMSCs (*p<0.05).
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Figure 7. Cell proliferation and adhesion of silk fibroin scaffolds
loaded with various ratios of hydroxyapatite via MTT assay (***p
<0.001).

A A A BollA gt i Ee] #3F 9 F2
< Yol XA AEE vEe H 1, 3,7, 14 2 28
o Ao MTT 415 A SFATHFigure 7).

agjze] AFS HH, A7F] S5 webr] BE AP
A 22 sES 2 FAES RIS 53] 10% A
AN 71 B2 F2lo] 258 ERIsTh 18]l 0,
30, B 50% o= AF7F SAHEATE 10% AR A ANA 7}
Z MTT A37F =4 e 212 215780] & A=Al 10%
sto|=EAlolutelo| EVF Ast AT E Algste] Al
B2 S gAste] 3, SAS Ao r s g
gate] Alxe] Fake Welshs A3 AR ARt AR F
S FAREe) S48 Bl ZoE AARHEY 28 30% ©]
3

st M2zt Farstal SAlsked YA I3 rHeS
slolst =t} o]|Z4 A=) slo]=2Ajolulele] EV} 10%
A7HAS o, A9s AV E F2AHS At Alxe
F2 F2o] SAA S VRS & F ATk

ALP B, ¥ slo|=EA|olutEto] E /A AR Ao
get FhE VA2 gl Xauo|lER S48}
o] Alxze] 3} AEE AT ALPE 253 Al F5
Axe] Se=s IRIT = = Uxd 27 TAAZ 4H
A ok 2eu 2 SF P2 717ke] HEekA] e, Tt
sl Y AFe] 2 =) HulghS veRdth? 2
Hog B AT e Al 355§, 149 7F ALP 4%
= Z45] Alxe] #3} A=E YolHkth(Figure 8).

F 19 Alole o] A &S AEE BE A o
A H)g FAE BATE 28y Al7te] Xl nfet 4
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Figure 8. ALP assay of silk fibroin scaffolds loaded with various
ratios of hydroxyapatite.
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Figure 9. Gene expression profiles of Runx2, osteocalcin and col-
lagen type I as analyzed by RT-PCR on day 1, 7, 14 and 28. The
results of agarose gel electrophoresis normalization of by (a)
Runx2; (b) Osteocalcin; (c) Collagen type I by B-actin (p**<0.01,
#%%0.001).

FsIATE FRAZES w3} A w3t 2] dEE A
olEF919) Rums} 75w QP el FRA oA el
%= osteocalcin F W o] T FE-FES o] F+= Al 13 collagen
type 19 TAE ERISIATH BE AT FoAA UF tizd
B-actin®] ®&A = Q.S Runx2, osteocalcin 22| 3L collagen

Polymer(Korea), Vol. 40, No. 6, 2016



922 Arzr - A9 - AT - A

type 1] tigt YHAEE B-actin® = AF3}sted YERY AT
(Figure 9). Runx2&= &3} Al 440 &3} 27] HARIA}
olm, FEAM X HPH o= HAHH osteocalcin H collagen
type 1 5¢] 2k AP 02 AAE FH3tha g4
AT HESE FH2o] B2 AFE B3] Runx27t o2 = &
d A ZAM ZEAERS] Fslehe Al IS 7IZITkL
A ot 2HEE E AFEHS Runx2e] LS 53l &
sto] Ars eI} FAl0 EFFeiEr M= SRAE
2 E3lel7] 98k H29 sto|=EAlolutEle| E A A AA|
o H&S At st 2 Ad wi 19Aoll= le] A
Yt BFolA] wdo] =R edrom, uie 7dAl el 1494
of wrdo] Ftk 2y 10% AAAE A28 o2 A
oA = 2 o] v Ao ALP| Ao} F§sie]
10, 30, 50 2 0% =02 1 Wo] Yelyt) T3 0% A
AN = 2 o] SRIEA] b=t olafst Ao 4
A AAA AA RO R = S ofHbes AE IRIAIA
FAOH, 10% to] =EA|olatEto] E/d A AR A A 2
st 7P A FXAE A ARNS FR153ATE Osteocalein
2 ] Ao FQ ol AR oR B AFHA=
2 A2 FEskE ERlske vAE ARSI
Osteocalcine 9]2] Runx27} ZA} ZHIAZ 2H4-51o] e}
e 23t 7] 9 9] ZARE 2 A s 74
F HAEATTE 4L T v SR E o, 28U =
2 Fe FAE 2eg2 T HEEE fA ST
Osteocalcinol] W&ol QoA 0% XA A= LdHo] AF
e A2 oot ARl dRdo] w9 Ao, 10%

50%

XA oM FiF oz = THw=rt YeRE 30, 50 28]
0% o= ATt sl A1g SRIEITE 53] 10%
AAA A 72 1449 HHE NS wf, 14U oF
3] F7hE HAEE B ol AME B o slo|=F
Alotateto| EA AL AAA M el E71427T 144 ©]
o] HH ZRMEZ PFH o T F3lst AdeEtal o4
ok S 10% A A AA 7S g Aol 77kt el &
AL Lo 2 ALFHET} Collagen type 1 F7]18l2 <]
Ao wol ok = o] 1o osteocalcint FHA EiE
3le] F7] @ 37] FAAE AFR-E T} Collagen type I
osteocalcin®} H]523HA] Runx27} AAF - Q1xt=2 Z-g-5f]
W 5= Ao E7lo]t), Collagen type I SAl 10% A X]A]
AN 2 HAErt 7P Fetion o AdddM s =
7 o] Ak 0% A AAA M= 3 Sk
AxE Rk g5 1949} 28UA o] BHEE W] w5}
2w, 0% AR A= oF 2.868], 30% AR A = oF 4.494),
50% AAA= 3.538) 223 10% ARAAN = oF 5680 F
7t HHAEE SRISIATE o124 10% dto] =FA]otalEle]
EAA AAA NN F553 S 27 7P R8s &
FREP o, 7P Ao R FRAX] EHS Wi 3l
S =

ZX|EN ™It In vivo 373004 2] F43} FE 3} Wh-S

s

=

i}

SR15L7] ke, HIEE slo| =S A|olutElo| ES A7 &)
o|EFAolutElo| E/ AT HER] AAAE FErk-20] 1
stef] o]2] 1, 45 &, AAAE &3] H&E, Alizarin red
S 28] 3 Von Kossa G2-S A A3} th(Figure 10). Figure

Figure 10. Histochemistry staining in aqueous-derived silk fibroin scaffolds loaded with various ratios of HAp with rBMSCs after 1 and 4
weeks of implantation in vivo: (a) H&E; (b) Alizarin red S; (c) Von Kossa (magnification with X200, scale bar = 200 pum) (red arrows: osteo-

cyte in lacuna, black arrows: mineral).
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