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Abstract: Thermo-responsive hydrogels consisted of methylcellulose (MC) and xanthan gum (XT) could be used as an
injectable reparing material to regenerate bone defect. In this study, the hydrogel containing xenogenic bone graft mate-
rials (BGM) was investigated for enhancement of bone defect regeneration in vivo. MC-XT aqueous solution containing
BGM exhibited sol-to-gel transition at physiological temperature. In a cranial defect animal model studies, the hydrogel
containing BGM improved the bone regeneration significantly in comparision with the untreated group and the hydrogel
only group. As shown in the result of micro-CT and immunohistochemical staining, newly formed bone tissues were
clearly observed at 4 weeks post-treatment in the hydrogel containing BGM group. The results indicate that the thermo-
responsive MC-XT hydrogel containing BGM was an useful injectable material for bone defect regeneration in vivo.

Keywords: xenogenic bone graft material, methylcellulose, thermo-responsive, sol-gel, bone regeneration.
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Alet 3 X E. Methylcellulose(MC, 4000CP), xanthan
gum(XT, 800-1200CP), alkaline phosphatase yellow
(pPNPP), Na,HPO,= Simga*}(St. Louis, MO, USA)°|A]
date] AEstTh ARo] AFEE ©]FE2 Mega-Oss
Bovine(Megagen, KoreayS AH&-3t3ith. MC3T3-E1 M2
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< g AEF 23000 Fdsted ARSI widgstr] €
3t Dulbeco’s modified eagle’s medium(DMEM)3} trypsin-
ethylene diaminetetra acetic acid(EDTA)= Gibco laboratories
(Grand Island, NY, USA) A F+9) 3} 2™, fetal bovine
serum(FBS)< hyclone laboratories(Logan, UT, USA)®ll 4],
ninety-six well tissue culture plates 2 tissue culture dish©
Nunc Inc.(North Aurora Road, IL, USAPIA 22} 435K3
Tk 1 9] BE AR 1§ B 552 ARSI

O|ZZ & & M=. o]d A9 WS &3t MC/
XT 24 25783 sto|=248 Azsdnt” MC2 XT
S SFl 41 &= £8)A17]22 0.1 M Na,HPO,S 7}
alod 50 °Collx] 4x17F Bt wRksIATh, wnkel -g-elol] 0.1%
©] EDTAS} 1%2] BGMS 7Fste] ThA] 50 °CollA] 4A]7
Bt Wkt MC/XT-BGM 484 (Z)S 4~8 °C2] A
2o 24A17F wHkEE T A3 0] K EE 915 A
Z T AAZE FSE 4 0ol BRI Al 2 E MC/XT-
BGM &3 2485 25 °C9} 37 °C 2=2 fAHE &2
FZoM ARSI &5} 37 °)CUW] gelation®= & A& &
ko2 FRISALE MC/XTRA &9] g-7l0] A% &=
5 25°CollA 40°CE Az} F7HA71HA 3 F3-&(light
transmittance)yS UV-vis spectrophotometer® =431t} z+
25 AFoA &2 HolHE 4357 el Ha 1027 wf
& F, 350 nmollx S48kt

FTIR 84. ol5= i =2 3t 7xo] Wsls &
HR7] flsle] A e}aFd-d A (FTIR spectroscopy, Shimadzu-
IR Prestige-21, Japan)g ©|-&3te] 43} th. BGM, MC/
XT 28|32 MC/XT-BGM slol=24S 747t 34 1238190
Th KBr pelletS RFso] AlHE Al xst90H, A5 KBr
< FAM] 1:1000% 2 &35t pelletS AZ3FL 60 °COl
A 12N ZE F9E A ARE o] &ete] FiEE AA &
4000~500 cm™ oA AT

EUFENHISEM). 7+ Al 5o W FEE Ras) 9
3l A&E Evlskinh. A3l AH-' BGM, BGMe| 37}
A 938 MC/XT 2832 MC/XT-BGM 3lo| =24 Y30
EA = BGM= #Est] 93l = dEle] AlEE 6 well
petri dishll casting & 37 °Col|A] slo|=24 o] AlEE
ZALYEIL(-80 C)ollA AT WA 5 SAAZSIA
FA7Z% AE+ automatic coater(Sputter Coater 108auto,
Cressington Scientific Instruments Inc.)& ©]-83}%] Au-Pd=
60% &<t 1F ZH g o scanning electron microscope
(SEM, JSM-5400A, JEOL, Japan)E ©|-&3l>] 15 kVellr &
B A3t

$IXI24340|A (Atomic Force Microscopy, AFM) &4, 7}
AlES] 7IAA FEH BAE flat] E AdEe] AIEE 6 well
petri dishll casting 3 37 °Col|A] slo|=24 o] AlEE
ZA LY EIL(-80 C)ollA AT WA - SAAZSI3 T
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FAIEE 2ecmx2 cm® A Hste] 08 3 o 3329
FY3 WA (30 umx30 um)yS A3k AFM(XE-100, Park
systems Corp., Santa Clara, CA, USA)S o|-835}>] THE|
(surface morphology), 3™ 3L%=(R,: Max. roughness profile
height), % 712 7](RMS: root mean square)= #2313t}

XRD 4. XA SJEEA2 8 AlHe] WA 3]s
HE At aAl|e] AAFRE AR W olth. BGM
3} FAAZE MC/XT 2 MC/XT-BGM Al 55
15 mm% A3 & Xoray diffractogramsS wide-angle X-
ray diffractometer(WAXD; Rigaku Dmac 2000 V)(Rigaku,
Tokyo, Japan)®] Cu KR¥EAFA-S o] &3te] 40 kV, 30 mA
Z730A 20=5-40°¢] W92 A3

M=ZSYM "7t os57)7] 44 "ﬂ—LE’H =4 Wy
109939 AAJE WHOo =2 Frlsth HE A&
MTT assay HOo2 A3 H. s 2471x% & 4 MC/XTQF
MC/XT-BMG A& 7} 1%E Al 28] 4 (DMEMGibco) 2 2
25 °C o]3fellA] 24A|7F o)/ wntete] 48 AT
96 well platecl] Z} welld MC3T3-E1 A2 5x10* cells/well
S EF33 MCO/XTS MC/XT-BMG £&98 343+
DMEM #j o) 0 2 Zrol - 24A]7F %e& 37 °C, 5% CO,
Z7004 vjFatdTh Welld 20 uLe] MTT &4 73}
o] 37 °C, 5% CO, 27004 4A17F &<F WESAIZL & vl
e #Z]3Z DMSO 100 uL¥ o] formazans &35t &
ELISA =7 7](ELX 808, Biotek Instruments, Vermont,
USA)E o]&3lo] 570 nmollA =439 ch.

ALPEN HJL. 24 well plated] MC3T3-El cellsS 2x10°
cel/mLe| =5 B3 T 10% FBS7} 371 DMEM Hj
AllA 37 °C, 5% CO, ZZ1olA vigFataict. 24117k vl
& B3 =uiA (50 pg/mL  ascorbic acid, 10mM f-
glycerophosphate, 10”7 M dexamethasone 3<% DMEM)=
wghste] 241170 wj g3t the A8 E ATt 0.2 gmL
o] MRS APsie] widet - 2, 79 F Wik MC3T3-
El cellse PBSE 23] Al &3t 13 WY 5/3) 5 (freezing/
thawing) cycle ¥~ 200 uL 0.1% Triton X- IOOE— A7sle] &
WA S3AIH T F 50 uLe] AlZ 8352 96 well plate
2 273, 150 uL pNPPS A 204 7t welloﬂ A7¥skAt
ELISA reader® 405 nm«] oM FHE( =02 =3+
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g FI= MW OH of 8% FI= we W we A

3} T}, Bicinchoninic acid(BCA) protein assay kit (Pierce,
USA)E ARg-3te] AA] @l A=} ALP =& A% 3H
ALP activity 2 ALt

M3lal A M =™ MC3T3-El cellsS 6 well plateo]]
ZF welld Ix10°714 BEF31a, 3-8l X (50 pg/mL
ascorbic acid, 10mM P-glycerophosphate, 107 M dexa-
methasone®] X3 DMEM)°l 2} 0.2 g/mL 5=2] Al&E5
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A7rste] 7+ wellel]l Foatgint. 29 nit} A 55 X5 A
WA 2 wSkslH A v FatdTt v & wiR & A A kAL
PBSZ 71HA A&t & 70% ethanolS 7181 4 °ColA 1
AlZE ER St A2 E SFFE A A S 40 mM
alizarin red solution(pH 4.2)(Sigma-Aldrich)S. 2 4 -2-of| A
1027 ATt H 5ol HAS Zo)7] Sl S/
Z 59 A& & PBSE 71slal 158 WX st PBSE
A AT T 10%(W/v) cetylpyridinium chloride(Sigma-Aldrich)
£ #7133 10mM sodium phosphate(pH 7.0) &S z}
wellell F7Fslal Ao 1587 BESAIAA A2 alizarin
red FEHE 96-well plate® %7132 562 nmol|H FE=E S

g3kt

SEAME. & d7= Addign FE&E 9193 (CNU-
IACUC)ZHH #8Hd3 el tigh AAME AX 52
(FQIW S CNU-YB-2016-40)ro} =8 &ttt Aol ALS-
| SDY (105%, +7)2 F)edE HP°1+(K0rea)iT
B gt B3 AR E A5 FAFEE sk =
FEAYL 12479 }_%—?7](08.0040.00)% spe(nﬁed
pathogen-free(SPF) “JE] oA 2% 2241 °C, Jt&FE 50+
5%°] 27102 AejEe Adtith FPAE 5 EAE (CNU-
Laboratory Animal Resources Center)?l|X] ARS3ISITH & A
T 2E AXREHE zoletil(30 mg/kg), rumpun(10 mg/kg)
< EFetal 25 FARKASH wEAl 79 T, He] T
Alofgti el Ftd FES S st A7HMET]E o8-8t
of A7l F919] €& A=} Povidon-iodine &3} 70%
ethyl alcohol&. 2 A+#3t3l =595 At 2%
lidocaine© & =A2mbF] e & He] Frize] A TS
uet FFel ANE ekl 1AM 013‘3}04 =9
AxFelar vtk 4 MC/XT-BGM &2 A28
AE=E FHZE F83) =2 A Trephme bur(W 7
5mm)E ©]-&3t] T7H% AP BgAdel 7 e A%
< 9 MC/XT-BGM & A EES %‘Q ¥ 12 s
Betal 222 9 E ¥ 3} AT S92 #3237} micro
CT(Quantume GX Uct, Perkin Elmer, USA)E <3} T}.

O|32 CT #Ad. 43I} 457 Foll micro CT(Perkin
Elmen)E ©]&3t A3 F91& Gt CTES A &
2 90kV, HHF+= 88 pAole™ I mm EFvH 2
HE ARSI 7Hlet ska A7) 12.56 umSTh. A
7He 2Fo] AQFHTH CT-Vol 4 2238 o]-8-3)
AR F AR 3294 A 2 2=
ASBMRe] 758t 4513t

ZREN Wb T 4ER99) 452 4D T AYEE
& BABARTA Agg95e] APEE el AR Fol
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Figure 1. Temperature dependent changes of MC/XT-BGM sol-to-
gel image. The sol state at 25 °C; the gel state at 37 °C.
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Figure 2. FTIR spectra of the BGM (a); MC/XT gel (b); MC/XT-
BGM gel (c) after freezing dry.

= 7‘/\}53 278 ZolAAlelt). Figure 12 %ol o}
£ MC/XT-BGM 3lo| =240 2.4 o) Yeple 1)
ot}

FTIR 4. 3ol ARE-E S-ZellA] Tl g A A o]

ZZ ol4A BGMS 3000-3570 cm™ 2914 OH stretching
4 M=E FESSITE 53], 940~1120, 560~603 cm'ollA]
orthophosphate(PO,)E 2T}, /gl Blsl| 28st=7}
w2 o]FZe] olXAl= 1110 em™ FellA HPO,S H]stst
YE2]2 hydroxyapatite 735 &2 5 AATE!" Figure
2(bye] A7 MC2F XT %A sto]l=2A o)A 3500 cm™
F-Zo| A hydroxyl(-OH), 1000 cm™ |4 ester(-COO-)
o] EAIE I o}Oir:} BGMZ- $-5-A171 MC/XT so|=24
oA 7zl If- I3 BGM2] OH stretching, orthophosphate
(PO,), HPO,2} MC/XTA 2] hydroxyl(-OH), ester(-COO-)
FTTNEE BEE 7 A TH(Figure 2(c)).

TH el WL Aol A8 BGM MC/XT 3 MC/
XT-BGM 3slo|=2AS =74 7Azsle] THS #3519t
BGMS| thgd vA|+2E #ae 9l th(Figure 3(a)).”
MC/XT 274 A Ee ek Fo] HHol 2o S= A4S #&
a1tk BGMo] 37H MC/XT Al EolME BGME| A7t
MC/XT 274 stol=24 Yol 2 &3] = 28 gl

= A TH(Figure 3(c)).
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Figure 4. AFM images of the BGM (a); MC/XT gel (b); MC/XT-BGM gel (c) after freezing dry.

Table 1. The Morphological Characteristics of R; and RMS
Using AFM Measurement

Samples R, (nm) RMS (um)
BGM 774+32.5 54.05£5.3
MC/XT 537+12.26 8.445+2.3
MC/XT-BGM 413.6+9.78 33.26+1.2

R,: Max. roughness profile height.
RMS: Root mean square.

71E A8 th(Figure 4). 7L A3}, W] FEE FE3
gle] BGMe| H7Hgel wet AR7|7t EolAe Ae &
st EH I EE BGM 774 nm, MC/XTS 537 nmo©]
MC/XT-BGM slo] =24 ] A% 413.6nme] #g &<l
 JSt. EHAZZ|(RMS)y= BGM 54.05 um, MC/XT 3}
o|=2412 8445 ume|® MC/XT-BGM slo|=g24¢] 7$-
33.26 um®] #E 1T F AT ol2d A¥= BGME]
Hieo|A] mpo]a® o] Botddt A71¢] YAt 9 AE9
e TSI, MC/XT 2/39] G~8Hol| H7MAA Azt MC/
XT-BGM alo|=24 3w 7127]9] 71 BGMo] $-&-)
A Yol FEo] A2 & 5 AATKTable 1).

XRD E4. XRD 7]=1.9] Lﬂﬂm Hars A28 (low
crystallinity)°]™ F255 3247/ (high crystallinity)= Y+
ehdi Tk 2] wolA ¥ BGM| XRD 33| A=

hydroxyapatite 5= 3 =1 203k (002), (211), (112), (300)°l]

Zg ), A42H A2%, 20183

(2)BGM

=50 211

002

(b)MC/XT

Intensity (a.u.)

(¢)BGM-MC/XT

2‘0 4‘0 6’0 BIO
20 ()

Figure 5. XRD patterns of the BGM (a); MC/XT gel (b); MC/XT-
BGM gel (c) after freezing dry.
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Figure 6. Cell viability in vitro in the presence of MC/XT and MC/
XT-BGM solutions of different concentrations.

NESEEIL M AEE % JS MTT assay™ =
AsA(Th A HrF Ay RE 25004 80%7F 9= AlE

AEES IRIE 4= IS tH(Figure 6). Aprilia
xenograft, hydroxyapatite ~Z2] 32 hydroxyapatite-chitosan2-
Z]2] 3} osteoblastic cell lineol|A AIE F2]58 233 A3}
AEA7T A% hydroxyapatite-chitosan 2594 All
21E0] =A YERTE 3 hydroxyapatite= A| 22352
7R S Slths ATFRIIE QTR

ALPEH "It LWHARl & ZF oAM= gzAl 2ol 9
= 57 T 2ZAE o3 A2 2] FAEE A
F71ds A 5 = A Bolste 249l alkaline
phosphatase(ALP)7} €/d8}="A] 7] 4 SH(mineralization)
A o] Zeglo] vHEZA o 7 Yojdr) o

MC/XT-BGM A& A5l #3231 lyoplant(bovin
collagen)? 23t 2 KW T} o] & ALP &4 7+ &
A3k tH(Figure 7). BGM2 & A ZES AP o] 4

SHERE oXAR AT F4E0 S gt wg
MCE AMlZoA F2H 9 24, A2 FA4o] =0} hydroxy-
propyl methylcellulose(HPMC), carboxyl metylcellulose
(CMC) 5o] AA| Woll S8=3 ik Al Zef 322 5
M3Zo] oJokio] Hle= MC/XT AL F7133) Ao 3k
< Fv A AFAT AR o]FZo] THirE MCXT-
BGM A|F2A] 2 o)|= 5.1+0.5(nmol/min/mg), 7¥ Foll=
6.65+£0.2(nmol/min/mg)2] kS <1l o] Aae= dfol
=24 Yo gf" BGMe| ZEA¥E ¥8 3 (phenotype) &
AS I 9IS F= AL & T A =
< sk A 715S 7 24
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O
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Figure 7. Analysis of alkaline phosphatase activity of cells on MC/
XT and MC/XT-BGM solutions. *p<0.01, **p<0.05 as compared
with control and experiment.

AZL el A2l 2go] 38 ol ALP #4¢] =&

lﬂ(}—]t} 19,20

Ms|st Z2HE M &H. 433t 44 IS 22AIEY
7] #3} @A2] biomarker A alizarin red S(ARS) G~
HE o]&ste] g1 & om, alizarin 77|42 3sHE Al
Z 71349 AFS Gsieg X33 A-S A Are)
A F =7} vlEste). type 1 2R +2E 712 lyoplant
Ho} o]FFo] FrE MC/XT BGM il o =2 4

N

°]

H

3|3} Axfo] FAEATHFigure 8). MC/XT 249 7144
oAl BGM I A4 Ade] A S5 71EsiAzInh?

= AABE 213 Becker 52 A7 type [ EEHIoR 5
g9 Helg S Aa] gk FolAl (osteoblastic)?] Z2]¢]
A E ZEpA e E7Fo) Wt osteoblastic A Eol A
2} S0 S T4 Fevhe A7 Bk EREd
ﬂ_'zz

Micro-CT 7}, MC/XT- BGM sto|=2Als I Ao
X T e gAdd) 45 5 Micro-CTE #4131tk MC/

Polymer(Korea), Vol. 42, No. 2, 2018



286 A T - Bl IR b s e i

5
S 041
o
kel
S
T 03
iel
.‘g *%
T o Figure 10. Histologic observation of the MC/XT gel in rat calvarial
é defects: photograph of control group at 4 weeks (10x) (a); photo-
graph of MC/XT gel implanted group at 4 weeks (10x) (b); pho-
011 tograph of MC/XT-BGM gel implanted group at 4 weeks (10x) (¢);
NB: new bone; OB: old bone; CT (connective tissue), Arrow:
0.0 - wound edge.

Control Lyoplant MC/XT MC/XT-BGM
Figure 8. Effects of MC/XT and MC/XT-BGM solutions on bone
mineralizatiqn in 3T3-E1l osteobla?ts-like cell. ¥p<0.01, **p<0.05 as &R & BAo] 9= AL AAT 4 QS T o))
compared with control and experiment. A2 A7reA] ke FoAl= 521 N I
THFigure 9(a), 9(b)). A& F & (volume rendering) 23} =
XT-BGM 3slo|=24d S X%Z]f‘f} I&014¢ BGMe] 53 oA A7F A7 A & 1w & F-3(bone volume)i=

o|x] &1 & IAH] = AE GRS E‘r(Flg;ure 9(c)). 18.86+5.86 %] 3L, o]2 A s ZFAME 61.46£13.53%
53] Ax s A2 %4011 FFEFe MUt A ol AEENU:

0 day

a)/m-m

16 dd\

in vivo animal model

Figure 9. Micro-CT evaluation of bone regeneration in the rat calvarial defects implanted with the non-treatment (a); MC/XT gel (b); MC/
XT-BGM gel (c) at 0 and 4 weeks post-implantation. Cross-sectional views of reconstructed images.
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