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The effect of silk fibroin and rhBMP-2 on bone regeneration in rat calvarial defect model

Jeong-Hun Nam*?, Kyung-Lok Noh*?, Eun-O Pang*?, Woo-Geun Yu'?, Eung-Sun Kang*?,
Hae-Yong Kweon?®, Seong-Gon Kim*, Young-Ju Park*?
'Department of Oral and Maxillofacial Surgery, Kangnam Sacred Heart Hospital, College of Medicine
’Department of Oral and Maxillofacial Implantology, Clinical Graduate School of Dentistry, Hallym University
‘National Academy of Agricultural Science, Rural Development Administration

*Department of Oral and Maxillofacial Surgery, College of Dentistry, Gangneung-Wonju National University

Introduction: This study evaluated the capability of silk fibroin (SF) and recombinant human bone morphogenetic protein-2 loaded SF{SF-BMP)

a bone defect replacement matrix when grafted in a calvarial bone defecirof/iads

Materials and Methods: A total 70 calvarial critical size defects (5.0 mm in diameter) made on 35 adult female Sprague-Dawley rats were used in
this study. The defects were transplanted with (1) rhBMP-2 loaded silk fibroin graft (SF-BMP: f+1®) Silk fibroin (SF: 1Q«g), and (3) no
graft material (Raw). The samples were evaluated with soft x-rays, alkaline phosphatase activity, calcium/phosphatdayyansfaagical and

histomorphometric analysis at postoperative 4 and 8 weeks.
Results: The SF-BMP group (48.8614.92%) had a significantly higher mean percentage bone area than the SF group12409%) at

the SF group (0.6£0.09) at postoperative 8 weeks. These differences were not statistically sigrifi€aa6@ andP=0.243, respectively)

The ratio of the calcium and phosphate contents of the SF-BMP+0.22) group was lower than that of the SF (13042) group at postoperative
differences
were not statistically significanP£0.126 andP=0.627, respectively) For the bone-specific alkaline phosphatase (ALP) activity, which is recognized
as a reliable indicator of the osteoblast function, the SF-BMP (288D U/L) groups had a significantly higher value than the SF group (2.65
6.47 U/L) at postoperative 4 weel(0.05) At postoperative 8 weeks, the SF-BMP (2£&8.02 U/L) group had a lower bone-specific ALP activi-

ty than the SF group (16.727.35 U/L). This difference was not statistically significat{.263) For the histological evaluation, the SF-BMP group
revealed less inflammation, lower foreign body reactions and higher bone healing than the SF group at postoperative ksaffth@® Slegroup
revealed more foreign body reactions at postoperative 4 weeks. However, this immunogenic reaction decreased and theneftedamtatérial

was observed at postoperative 8 weeks. For histomorphometric analysis, the SF-BMP group had a significantly longer bmtetdétegtpth ratio

4 weeks. However, the SF-BMP group (0£531) had a higher Ca/R@tio than the SF (0.680.04) at postoperative 8 weeks. These

than those of the SF group at postoperative 4 and 8 weeB<£6)

Conclusion: The rhBMP-2 loaded silk fibroin graft revealed fewer immunoreactions and inflammation as well as more new bone formdtéon than t

pure silk fibroin graft. Therefore, silk fibroin may be a candidate scaffold for tissue engineered bone regeneration.

Key words: Silk, Fibroins, Recombinant human bone morphogenetic protein-2, Bone regeneration, Tissue scaffolds

postop-
erative 4 weekd3<0.05) In addition, the SF-BMP group (40:812.43%) had a higher % bone area at postoperative 8 weeks than the SF group
(33.2615.15%). The mean ratio of gray scale levels to the host bone showed that the SF-BMP greu@.@8)d7ad a higher mean ratio level than

[paper submitted 2010. 6. 7 / revised 2010. 10.15 / accepted 2010. 10. 19 ]
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(BMP) Uristt7} &7 35152, M|zutan|9} Urist= Q1 7k9]
T TMEEFE BMPE £838t &5 Eil skt Sato
9} Uristi= BMP2] olu| - Al 7| ES B89 24
wj Fell A BMPE R B F2¥ A& vl gt o,

mkﬂ m&n

Wozney 549l ]3] recombinant BMP} &# XAl = %]

Aol Aol wE BMPE E5fe) 224, T4E
M E, Aote] x4 T B F2H ACr 155
of Agslol Yom Y Ea Bk Te A2
o etM = FHA 227 s WEZ thgFe BMPE THE
% QU St BMPE the ) 914 vl 2ol vl she] 2

% A5 F05014 2 A4 wEths 540 ok

S, - =
BMP:= n| B3l 7 M L& AZAN ZU ZZAEZ BEIA

A WAFE= Ao F Equ ] 9] 37, recombinant human BMP-

2 (hBMP-2)= 214 gk &k w7h A o 7 2= o =
AES A gsked frdeto A o] 1 23t
ojv] & <&zl F rhBMP-29] X WE o] 7H5 3k A A A
o] AF7F Bol AleH I gl

ZAZG A AAAE MELY7)FDY X D AHESH
53t fAbsl oF Bk F, AN AH 07 S AA S 5
ol GERAL AL Surshn A8 BAE 24
o x¢l 715 S 2AS ok Brh. H2 oG AYA R
polymer (hydroxyapatite, hyaluronic acigte] A A 54
polylactide-co-glycolide acid, polylactide a&e?] 3+4] poly-
mer)} hydrogel 5 2ol 58 AA 84, 443
AAH B4, AR R B3 5 scaffold’} 23S
uky 9] THe,

Foll 2z o] Ao A F
QA AAAZA B o] T
T A77F 2] AP H A ok SR A

5

S, 449 7)A4 42

= =y

w2 9l silk fibroin (SF)
[e}

=
11 AL, 015 o] &7

1-)4 m{w
r.VL

M
ol

d e e EE 4E A bone morphogenetic protein

s SHSZLLLOIN YILT SHYE OMHIF SYLO DIFE

2 M2 QR B0 sikE £& BEAY AE, 8
E 52 VSEd Ao, el At 4
FrobAE W EL FAH AT, A2 AAA Y A
9 ZohTul AHE BIHL gOrnn Fyol e
A7k BEste] 4 b AAAE o) §8 SAA o)
& 837} g gepn

B AT WA FA2AE RS B SFR
thBMP-228-9] 24145 < %% 3he] thBMP-22] 3t
24 SFe| £44€ B7HLA el n

1. SIFCHAL 2 ey

1. SFe| M=

Sk g5 E715 % AL Biogreert o1 -+ (Suwon,
Koreapl| A A 5wt okth. Al 2214 & 2. oFsl, 7ol 23] o]
NANAE FE5, A= AFS A A8 2 4
o 719 Al AL A A fibroingt YA AvbEE, =
AR, 2a7t5Ed & sy, d71g9 39
AARGAR TN, TAAZGA G TFAZ2

Al

2. rhBMP-22| ZH|

A g AL rhBMP-2 (R&D systems Inc., Minneapolis,
MN, USA)= T #2H 9 daA A 2dH o
human BMP-Z 32 A 235 Aoz, Al ZALe] A1

o ek ALg 3Tk

A = 250-300 gn®] 85 % ¥ Sprague-DawleyH A
(Oriental Bio Co., Seoul, Korea) 8] = Al&3lg o, 9
AA| o A7) kel Mt 3 OB EFHEte] AP
SF-BMP:, S, Rawet 2 7t 12 vhg]o|m, & 45, 8
Z 7)7+0 2 6ube] 4wk 51 9] th.(Table 1)

A8 E &5 Xylazine 20 mg/mL (Rompun, Bayer korea
Ltd., Seoul, Koreaj} Tiletamine 25 mg/mkz} Zolazepam 25
mg/mL (Zoletil 50, Virbac Laboratories, Carros, Frarsge}
Fol(1:3 323)v], 0.4 co, 87 W) AL AHE-3to] kA 3
ATk AR E ARIT T E $O2 253 5, 1) Fo
}\1 ‘6“:5'_. /\]_o],] _’_7H»:_}\]}\]-£?51—_0_ T,q-i]- ok 2 Cm7]-E]:9]
ANE 7he the 29 TP WS AT FA
Z7HA =& A1 A tF. 5 mm trephine bur (Ace Surgical supply
Co., Brockton, USA3} Max. 32,000 rpnd] A& =3 J| E
(Sae Yang Machinery Co., Daegu, Korgay} & &lo] &4 £
o 47 5 mme] AHAERES F=o] 2744 A AT
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< oxidized cellulose (Surgicel, Johnson & Johnson Medical,
New Brunswick, NJ, USAE o] &35l X835ttt 24&
H-oll = 10 4g©] SF4 0.849¢] rhBMP-25- 0] &3} 7t €]

o utA| o] &3} 2L, ¥ ¥+ 5-0 nylon (Ethicon, Johnson
& Johnson Medical, New Brunswmk NJ, USSAE 2ol

1;}_ /\1—54 4‘!‘ 8_,7: kel 71— /\]6—] T

ek

x4

AHE 24L& 74828 soft x-ray (CMB-2, Softex Co.,
Tokyo, Japang &A% 20 kVp, FAF 2 mA, &A1 7F 2
o 7)oz PAAAAS ASatgch AN LE
(Biomax, Kodak, Rochester, NY, US&) tjx & ~7 4
(Cannon, Tokyo, Japa#) o] &3l tjxjgd Ao 2 W3l
saoH, FAYFAA FAZ FE367] Ao PArA
YT E g AE A7 (OPTIMAS, version 6.51.199, Media
Cybernetics, L.P., Silver Spring, MD, US&) ¢| &3}« &3}
(gray scaley] BF A& 24k £ F5 ¢ o] 0]
of Ayl g WA M2 AT 29 9L v
shel A R <) 1] &S A SR

5. ZAZ==z2k alkaline phosphatase (ALP) &AM 4l
Ca/PO: MEEN
Soft x-raygd &, 223t g =AY A £4S 93|
+HZ A e Aukg sty T U A A E ALP
A% 9 CalPQ Ao o] &3ttt 5 mma 7 o] ¢
JYAERE F&& 72 Aty 259 98 A A

3}7] $13 phosphate buffered saline (PBB)a 0] 4C, 72
A E BB AS FEa AT BEA BAS A A 5]
98] 4C, 13,000 rpm, 18- St QAR 23 TS EAAZ
7](Labconco Co., KC, USA) ¥ o overnightt & A %]

TS AR AxFEE S48

1) ALP &4 & &4

ALP &7 = = para-nitrophenyl phosphate (pNEP) €
p-nitrophenolate] A7+ ] &2 <l 4o <& 37 (405 nm
o 4 "o Fd &)=+ QuantiChrom alkaline phosphatase
assay kit (Bioassay Systems, Hayward, CA, USA)} £ 35} %
t}. 96 microtiter plate wedll W ==& 30uLE 715} )
Hhe5 Al&ekz] 98 A S wellell A A wh-g- gFol 200 pL
7} = =& working solution (assay buffer, pH 10.5, 5 mM Mg

368

acetate, 10 mM pNPR) A1 &3] H7lsly & ol Foh
405 nnvl| Al 7] T35 9} 45 A3 T T35 2 microtiter
plate reader (Powerwave X340, Bio-Tek instruments, Inc.,
Winooski, VT, USA)E o] &3] =33t ALP &4 &
EUMmgm AxZFOZ A2 on, 1Us Ao 1
37148 Lemole] =20 Ao g7 7 ot

2) Cazt PQ.9] A

Ca 3} PQe &4 2 QuantiChrom calcium phosphate assay
kit (Bioassay Systems, Hayward, CA, USAW}-&-35}o] £
stk Az H W E 3|5t Yo 700C, 277+ 53t 54
A7F 2 W 7hA] B9 Cat AGe F71= A& A A

Yo} 4C overnight

) 4

th 337 Bd A BE6NGA3ImMLS
A7 th&, Whatman paper #1 filtering &} ¢t} CaeyS 10

w2 343 A|5 5ulE 96 well platel 3 7}3}2 working
reagent 2001L H7F & AL A 3R v A o H, 612
nmell A} &3 % Z microtiter plates o] &3] =435
PQo} =4S 93] 1004 348 A & 50 pLZ 96 well plate
o M 7133 reagent 10QL A7} 3 A 20 A 30& 7+ W&
AlZ713L FEE 620 nel| A F3EE 53 & of 7 stan-
dard®] =& Hlalste] 59 F L& AFESHS T
6. Z2st &l ZAHE S BN

Soft x-ray &) ¥, 7 N 2o A 2t g 24 Y
g4 EA S flal AFstAn 7 10% buffered
formaldehydel] 327311 2™, 10% formic acid &3]3} %1
1;]. /\]/\}Hsl—oﬂ ;<17_}oi ﬁ/\lﬂ/] 141:2 _L—c;;j].g]_o:] oo]:
-9 trimming g 5 stetAel] Eejetdth. BS54 mm
S 2 A3k & hematoxylin and eosin (H&EJ Massons
trichrome (MT) Z12] 2 osteocalcind & & A & 3}l th. MT
A AP Eelol= g A ArtixScan 4000TF
(Microtek, Columbia, MD, USAY 2 <A} Al(scanpl &
SPOT version 4.6 (Diagnostic Instrument, Inc, Sterling. Heights,

‘%—Z—]’L

Fig. 1. Midsagittal reference line for histomorphometric
analysis. A. Harvested calvaria, B. Soft X-ray image.



MI, USA) S = s}/ sH(capturelt S th. 22 F Bl H2] 4 2
1.251 o] v &= o] 2] §-9] ol A] ng#_q zg_o]g} HAL A
S35, A Aol 3 Ao o g A A Z o] H] &S Optimas
AZEgel 22 IS T3 4, Atet A th(Fig. 1)
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7. SA
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}_;glaggﬂtﬂ-x% u},\}/\ﬂzﬂ-x% 14 ak;ﬂ H/& O EOH g

I+ Statview version 5.0.1 (SAS Institute Inc, Cray, NC,
USA) B4 Z2 195 o] £35}4] one-way analysis of vari-
ance (ANOVA) testz 4 5t5ith. %14 9l Astr} 2
2™ a pairwise multiple test Fisher s protected least sig-
nificant difference (PLSDE ©] & 35to 7} ++& ¥ &5t
P-valuert 0.050] 31 A S 594 A= zpo) 2 74314t

EEFES 5% 4F 355901} Rawg 873} 1te]
A AT e 2 29 AP E RS SF-

Raw SF SF-BMP

YA FHEZ L2 AT BT Y B O[AA7E SAe40f O]

rIr
0Q
%

gl ot N BE 24N wARA g
t}.(Table 1)

S|

-

M
A

2. HFARM

Job
HI

FEA4F AN N Z A S SF-BMP(48.86+
14.92%)] SF(24.96+ 11.01%)&@ EAAS R &9
B okth.(Fig. 2,P<0.05)F 2 Lo JAA ¥ Fd=ol of
3 A Z o] 1] &S SF-BMP#(0.70+0.07)7 SF+(0.70+
0.09)] Raw(0.67+0.12)5 t} th & =9ko ) §o 4L ¢l
2 th.(Fig. 3,P=0.418} P=0.424) 5485210 Al = A1) =
& 4 o] SF-BMP(40.01:£12.43%)] SF(33.26+5.15%)
2o gotoy BAHCE fod Aol AN, (Fig. 2,
P=0.168)FH AAZ 3 AN Fo FIUE H & BA QAT
SF-BMP:£(0.67+0.08)°] SF£(0.61+0.09)5 T} =9kA] ot
AL gl9lth.(Fig. 3,P=0.243)

3. Dry weight, ALP M 2l Ca/P0O, MZFEM

1) Dry weight

S 4F R}, 8F A A 7t *“594 dry weight> SF-BMP
T, Rawg, SFE 0|31tk % 4574, 853} BFo|A
SF-BMP:-o] SFZol Hla| FAA =2 #94 A =3

45_ -
40
%_
30 4
25
20
15 -
10
5_
0_

Raw SF SF-BMP

Fig. 2. % bone area of densitometric analysis. A. The SF-BMP group (48.86+14.92%) had a significant higher value than that
of SF group (24.96+£11.01%, *P(0.05) at postoperative 4 weeks. B. The SF-BMP group (40.01£12.43%) had a higher
%bone area than that of SF group (33.26£5.15%) at postoperative 8 weeks. This difference was not, however, statistically

significant.(P=0.168)

(SF: silk fibroin, SF-BMP: recombinant human bone morphogenetic protein-2 loaded SF)

Table 1. Animal grouping

N (sites/animals)

Groups A weeks 8 weeks Composition Graft
SF-BMP 12 (6) 10 (6) rhBMP-2 loaded silk fibroin 0.8+49
SF 12 (6) 12 (6) Silk fibroin 1@g

Raw 12 (6) 12 (5) Raw defect None

(SF: silk fibroin, SF-BMP: recombinant human bone morphogenetic protein-2 loaded SF)
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A

Raw SF

SF-BMP

Raw SF

SF-BMP

Fig. 3. Gray scale ratio to host bone. A. The SF-BMP group (0.70£0.07) and SF group (0.70£0.09) had a higher value than

that of the Raw group (0.67+0.12) at postoperative 4 weeks. These differences were not,

however, statistically

significant.(P=0.418 and P=0.424, respectively) B. At postoperative 8 weeks, the SF-BMP group (0.67%0.08) had a higher
value than that of the SF group (0.61%0.09), however, it was not statistically significant.(P=0.243)
(SF: silk fibroin, SF-BMP: recombinant human bone morphogenetic protein-2 loaded SF)

Table 2. Dry weight

Groups 4 weeks (mg) 8 weeks (mg)

SF-BMP 635.8321.09 32.1%23.05
SF 611.75-4.03 7.00£2.83
Raw 616.83-13.35 28.1%13.47

(SF: silk fibroin, SF-BMP: recombinant human bone morphogenetic

protein-2 loaded SF)

t}.(Table 2,P<0.05)

2)ALP &4 =
S %ol 545 PQE substrate] hydrolysiss <7}
Al A orthophosphaté s Cags AN A ZA
Aol F2 Ax7F He ALPZA == 4520l 4 SF-BMP
;}(23.7]_8.60 U/L)e] SF#(12.65+6.47 U/L)E o} <] 3}
Al ERXIL(P<0.05), Sl M= AR 723 Apo]
= 9191} SF-BMP#(21.65+10.02 U/L)Y] SF(16.72+
7.35 U/L)E. t} =Skt (Fig. 4,P=0.263)

3) Cagl PQ:e] % 244

Ca?l 7 4% }o] A SF-BMPZ(28.67+14.28 mg/dLy|
SF(12.53+5.01 mg/dLy} Raws(12.16+4.63 mg/dL) .o
49317 =9 7.(P<0.05), §=3}ol) A = SF-BMP: (28.56+
20.44 mg/dLy] SF(2.83+1.38 mg/dLyt} 2] a7 =5t

Table 3. Histomorphometric analysis

t}h.(Fig. 5,P<0.05) PQ2] A 43 x}e| A SF-BMP(30.77
+12.52 mg/dLp] SF#(12.28+11.87 mg/dL)3 Raws*
(12.06+6.99 mg/dLY o} 2] 514 =9 77.(P<0.05), 8 2}o]
A= SF-BMPZ(34.09+12.37 mg/dLy| SF(4.25+2.34
mg/dL)E o} EAH 0 2§94 AA =%t}.(Fig. 6,P<0.05)
T2 71 =54 maturation level] =2 =343} = (degree of
matrix mineralizationfg W}t = Caz} PQR| & (Ca/PQ) 9
7S 47 z}e] SF#(1.90+1.42), Raw(1.15+0.36), SF-
BMP=(0.93+0.22) 2=0] ¢1 7, 8% 2} A= SF-BMP(0.75
+0. 31) Rawz(0.71+0.14), SF(0.68+0.04) <=0] 3 o 1}
EAH &9 4L 92 th(P=0.1262} P=0.627)

*OM Wﬂ* 7.4_01” 4T7<}°ﬂ
SF-BMP o] SFo Hlaﬂ Fo)A AA =% (P<0.05), &
2ol = SF-BMP:Lo] Sk} Rawgtoll b3l f2skA =%
T} (P<0.05) 21 A} 2 H A o] A = 452} 9} 85 2} B Fo] A] SF-
BMP#o] Tt & #H T 2 A& HAAT TAXCE &
o]t ako] = 1%l th.(Table 3)

Bone length (mm)

Bone area (rfjm

Groups 4 weeks 8 weeks 4 weeks 8 weeks
SF-BMP 0.36+0.26 0.45:0.44 0.013:0.013 0.0270.041
SF 0.24+0.82 0.13t0.16 0.002+0.007 0.008-0.009
Raw 0.16+0.20 0.9A40.14 0.0110.018 0.002:0.002

(SF: silk fibroin, SF-BMP: recombinant human bone morphogenetic protein-2 loaded SF)
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YA FHEZ L2 oA AT e T SYY B OJAA7E SR O/X]= S

25
225
20

15
125
10
75

25

SF SF-BMP R SF SF-BMP R

Fig. 4. ALP activity. A. The SF-BMP group (23.71£8.60 U/L) had a significant higher value than that of the SF group (12.65%
6.47 U/L) at postoperative 4 weeks. (*P(0.05) B. The SF-BMP group (21.65+10.02 U/L) had a higher value than that of the
SF group (16.72£7.35 U/L) at postoperative 8 weeks. However, there was not statistically significant difference.(P=0.263)
(ALP: alkaline phosphatase, SF: silk fibroin, SF-BMP: recombinant human bone morphogenetic protein-2 loaded SF)

A . B
30 % : % 407
1 35
25 i ]
] 20
20 : o5
15 - 207
15
101 - 1
107
5_ -
O_

SF SF-BMP Raw SF SF-BMP R

Fig. 5. Ca®" quantification. A. The SF-BMP group (28.67£14.28 mg/dL) had a significant higher value than that of the SF
group (12.53+£5.01 mg/dL) at postoperative 4 weeks. (*€0.05) B. The SF-BMP group (28.56%+20.44 mg/dL) had a signifi-
cant higher value than that of the SF group (2.83+1.38 mg/dL) at postoperative 8 weeks. (*P(0.05)

(SF: silk fibroin, SF-BMP: recombinant human bone morphogenetic protein-2 loaded SF)

A B

45

40 7

35‘_
30'_
25
20

15 A
10 1

5

O =
SF SF-BMP Raw SF SF-BMP R

Fig. 6. PO+ quantification. A. The SF-BMP group (30.77£12.52 mg/dL) had a significant higher value than that of the SF
group (12.28+11.87 mg/dL) at postoperative 4 weeks. (*P(0.05) B. The SF-BMP group(34.09+12.37 mg/dL) had a signifi-
cant higher value than that of the SF group (4.25+2.34 mg/dL)at postoperative 8 weeks. (*£(0.05)

(SF: silk fibroin, SF-BMP: recombinant human bone morphogenetic protein-2 loaded SF)
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Fig. 7. A. Postoperative 4 weeks.(H&E staining,
original magnification x100) B. Postoperative 8
weeks. (H&E staining, original magnification
x100) C. Postoperative 4 weeks.(Masson's
trichrome staining, original magnification x100)
D. Postoperative 8 weeks.(Masson’s trichrome
staining, original magnification x100) E.
Postoperative 4 weeks. (Osteocalcin immunoreac-
tive staining, original magnification x100) F.
Postoperative 8 weeks. (Osteocalcin immunoreac-
tive staining, original magnification x100) (rhBMP-
2: recombinant human bone morphogenetic pro-
tein-2, SF: silk fibroin, SF-BMP: recombinant
human bone morphogenetic protein-2 loaded SF)

Fig. 8. A. Postoperative 4 weeks.(H&E staining,
original magnification x100) B. Postoperative 8
weeks. (H&E staining, original magnification
x100) C. Postoperative 4 weeks.(Masson's
trichrome staining, original magnification x100)
D. Postoperative 8 weeks.(Masson’s trichrome
staining, original magnification x100) E.
Postoperative 4 weeks. (Osteocalcin immunoreac-
tive staining, original magnification x100) F.
Postoperative 8 weeks. (Osteocalcin immunoreac-
tive staining, original magnification x100) (rhBMP-
2: recombinant human bone morphogenetic pro-
tein-2, SF: silk fibroin)
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