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Abstract: Nanofibrous scaffolds for tissue regeneration need to be three-dimensional and highly porous to support uni-
form cell attachment and proliferation, and need to have an interconnected and permeable pore network to promote nutri-
ent and waste exchange. Our laboratory recently developed heparin and 2-aminoethyl methacrylate (AEMA) immobilized
bacterial cellulose (BC) scaffolds for tissue engineering using gamma-irradiation and EDC/NHS chemistry. Here, we
examined in vivo efficiency of a heparin immobilized AEMA-BC nanofibrous scaffolds under the condition of with or
without recombinant human bone morphogenic protein-2 (hBMP-2) for a therapeutic substrate in bone healing. To eval-
uate the bone healing effect of the scaffolds, they were evaluated at 8 weeks post-operatively according to the following
criteria: size of residual defect area, speed of new bone formation, inflammation, and clinical applicability of the material.
This heparin immobilized AEMA-BC scaffolds and rhBMP-2 independently facilitated a bone healing of the calvarial
defect for its good biocompatibility. It holds a great potential for a clinical application and tissue engineering.
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Figure 1. Schematic diagram of heparin immobilized AEBC nanofibrous scaffolds using gamma-irradiation and EDC/NHS reaction methods.
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Sprague-Dawley ¥ 4](A] 5 250-300 g, Oriental Bio Co,
Charles River Korea, Korea) 187}2]E AR8-3191.01, o]2]A|
(UBC, n=6; UBC loaded BMP-2, n=6; HAEBC loaded
BMP-2, n=6; diameter: 8 mm)®l| we} 37 o2 E-Fale
A3ttt 5ES xylazine(Rompun, Bayer Korea Ltd,
Korea)3} tiletamin-zolazepam(Zoletil, Vibac Laboratories,
Carros, France)?] &3S ARE-3to] w33t Sprague-
Dawley WA 55| €& 2R3l XH|E F07 A=SH
%, 2% lidocaine HCL(Yu-Han Co., Gunpo, Korea)o 2 F-i-
v} Fol BIZoIN FEZ Aole] FAF ARIS vt
°F 5em 7HE ANE 7K vhe 2 Edehe AEE A
st FAZ7IA =E2AIZT WA FA5 ol 8 mm trephine
bur(3i Implant Innovation, Palm Beach Garden, Fl, USA)<
4% Aol BeE o] T Fol A% =8 e
Aol 273 smmel 93 AEVE BASIA BALY
of &= rhBMP-2(25 pg)+UBC, thBMP-2(25 ug)+HAEBC, —L
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Figure 2. In vivo operation procedure of full-thickness rat calvarial
defects: (a) The 8 mm-diameter defect of cranium was created with
a trephine bur; (b) The defect site enclosed with BC scaffolds.
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Figure 3. Scanning electron micrographs (SEM) of top surface of (a, d) unmodified bacterial cellulose (UBC); (b, €) AEMA-modified bac-
terial cellulose (AEBC) at 25 kGy; (¢, ) heparin-rAEMA-modified bacterial cellulose (HAEBC) nanofibrous scaffolds.

uB

Figure 4. Scanning electron micrographs (SEM) of cross-section of (a, d) unmodified bacterial cellulose (UBC); (b, €) AEMA-modified bac-
terial cellulose (AEBC) at 25 kGy; (¢, f) heparin-rAEMA-modified bacterial cellulose (HAEBC) nanofibrous scaffolds.

A5re] FF ARlZ poly(AEMA) A0 2 FFo] usle &
go] dojdtt, SIAITE 2 A 2 Wgko] 52 5wi%
AEMAS} 7HpA A3k 25 kGye] 2914 poly(AEMA) 3}
ol=gA S MAEA] ek BC ¥Hd| #U3A AEMA7}
NEE RAoz AlgHET B3k AEBCF HAEBC?| Hejoll=
Jgo| Qe Ao F Hol, EDC/NHS WH-S %3 slael &=
Yol w2 Feje] wsh= FFo] gloS AT F AU

Figure 40|41 H= nvpe} o] A=A -2 UBCt

Z2 9, 414 A|2%, 201743

AEMAE 7 ZAbste] 1H 712 € AEBC) 3l 9t
EDC/NHS %+8o] 2J8] =% HAEBCS] @i x&= #A}
3 Feeks] 2= AFEAT o= BH A2 AEMASH
o7t el fol o} gk Fo 2 A HA7] wlFolzt
I ALEEL B3 BE AR AY] delA] ¥y P22 Y
AE ol T4 AXA] BCO gHrE Eo] T4 o8 &
o Eo] AAo] FolEHA F7to] AAEE 2o YRk
AATEAC Agjel, A7 N EA 58 SRS 54

o




w2 Aemdel ZYeide) $ag sl 2

N
~ 1%

&

o2 Az AAA ] FejshA] Lzt fAkthE A
AATE olH FERE AE JER o wE =
Q&3 714 2 AA L w5 e FR2E gk
15-8h8 AR A=A 9] RS 7HAAL Ut

24| MUIAL Heo|M EZHATR-FTIR) 4. ATR-FTIRS
o] &3}o] UBC, AEBC, HAEBC%} thBMP-2E 3649
HAEBCS]| 3}eH4] 54 48 AAsIth(Figure 5). ®AM
ZAF o] UBCS thBMP-2, AEMA, &3k o] =49 vt
Hlgo} AZE 020 AL 1659 cm™o|A 7HRE &) =AY
ke AS R F Ak Aekd A= 25 kGyelldl AEMA
7} £ AEBCO|A] AEMAS] 7hEY 280] 1724 cm™ 9l
A 735 SrEE Zog Hol 7mpA ZALE AEMAS] o}
A7)0 o]FAY0e| o]shE|o] & AollA ME TS
&3 UBC ¥4 AEMA7F == AT A& IRIsH
o} gk EDC/NHS RH-2 53 AEBC] o}17]¢} dukd
o] 7HgA o] Aol w1724 em o|X] AEMAS] 7+
B TFo] AREAH 1543 em'el|A] ofrto] = o] &1l
= ATk2 o] F 3 7wkl AR EDC/NHS WH8-5 531

b

rr % tlo Y
O:
o 12
:i

B
iy

1724
C=0 stretch
(AEMA)

(a)

*

1659
C=0 stretch
(BC)

L} L}
1500 1000
Wavenumber(cm™)

Figure 5. Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) spectrum of (a) unmodified bacterial cel-
lulose (UBC); (b) AEMA-modified bacterial cellulose (AEBC) at
25 kGy; (c) heparin-AEMA-modified bacterial cellulose (HAEBC)
nanofibrous scaffolds.
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Figure 6. Soft X-ray and micro-CT images of rat skulls treated by
(a, d) UBC; (b, e) UBC loaded rhBMP-2; (c, f) HAEBC loaded
rhBMP-2 scaffolds at 8 weeks.
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Figure 7. H&E staining of histological sections of rat skulls treated by (a) UBC; (b) UBC loaded thBMP-2; (c) HAEBC loaded rhBMP-2

scaffolds at 8 weeks.

Figure 8. M-T staining of histological sections of rat skulls treated by (a) UBC; (b) UBC loaded rhBMP-2; (c) HAEBC loaded rhBMP-2

scaffolds at 8 weeks.

Al F2le dgo] gle Azt AlEHh

ZX|&H BM, x7] dHE H&ES M-T 9415 538 &
n7 o & AAsATHFigure 7, 8). FAEN-0] AA RIS &
25k A3} thBMP-27F 88l HAEBC oA v 840
AL A3, thBMP-27}F 3H+E UBCSF rhBMP-27} S5
252 UBCwollX= Aol 3/do] =R it & 4
Ftoll A HallEA] 9oL 2 BC XA 7F #E AL o]
o thst A¢1S Az B UBC2F HAEBC A A A7} A&
3l 717ke] Aoj §F /A= FalEA] kol Aol ol
g} 5o F7ko] HEsiA 23S WeleliS 7HsA S
AZbs B 4 Utk 5 AFolAE UBC %= HAEBC A

Yoy

ZEd, A419 A2%, 20173

A A o] AR S 24T F Je A7 Dasitar Az
31t} thBMP-27}F % UBC® thBMP-27} SHi-5R] &F&
UBC:te] A&RE gk A7 B3 4744 2842
2 QA dor, 28 9 SolxFo] AFHEL ANZS
T2 AET WA spd A F9lol F3kEo] e, =
ZA x| o8 EEAe] AL FE GSAH 27 BEES
o}, AT, thBMP-27} 832l HAEBC A XA 9] A3-F
oAl ZEo0] o|Fste] 1 IS AAstaL glom, n|Fe] 4l
AFo] A& AAFolA A A& T A4
=900 ot i 23A|EEe] FEEHI o A
T A3}, thBMP-27} §++¥ HAEBC o4+ thBMP-27}



w12 Aewde 2R o) S48 sl 2

e

¥ UBC it AAEFR /o] F=AA Yebsttt. st
Z|RE, BCO] AEal] 7|7ko] 2= Azl Blsl =A A
Hal|=]7] wjEol 85 otole BC AAA| ¢ro g Al A
o] x| ¢koith wetA BCE 24 35H8 AR A2 AR5}
7] flEiM = ARE71E o] 83 TRl Be AR ] =2
ANUAE o835 BC 24+ Ales Az o 24 Aitald
o] F7te= A77F F dQsital AARET? off= A
oAl BC W AEMAE 71317 fIsiA] A8 7m
A A#o] 25kGye! Ao 2 Hol, thBMP-27} g+ UB
AA A Btk HAEBC A AAA Z@ 0] B He A
st 4= 9)9lt}. o= HAEBCY} 8| 3}3o| Z2%3t thBMP-2
wiEQ1A] o™ Zhepide ozl BC7} el =] A=Al gk
A7} Add = ofof grhar Azt

a —

-
gl

# B

2 AFolM e A Tl dE Bde] ZRAY AgolA
thBMP-20] 352 3l|ulelo] =% vhegjo} AEZ 0 X
AA 7 A FA mA= A= thBMP2E A7+
HAEBC AR|AZ ©]23F 3¢ thBMP-2Z #7}8 UBC &
£ UBC ©502 ARSH XXAE Hof F3lsh Z34do] &
2=k 35U HAEBCE &4 71491 717k &
& A3& F3l HAEBCO] AEal7} las]= 2 5t =
A wE S| Be Zo] . ashH, HAEBCS] 423l
7F F6 wEA K" 7 A YA 2ARE 3 AR
H A7 o AFEojol & Aolth. A8 OE, HAMIS
olg3te sufgle] =QE glegjol AEE 0 A= ZANS
et 24F8HE ARXAZ AR 7FsA0] Arkal AlsEn)

AR 2: 2 Ate vz Faske 94t
AL/ IAIR] (2012M2A2A6013196)2] Aol e]af] o] Fo]
AR, o]d] AL EYUT]

F

I
o
ror

i

1. W. F. Mckay, S. M. Peckham, and J. M. Badura, Int. Orthop., 31,
729 (2007).

2. A. Nohe, S. Hassel, M. Ehrlich, F. Neubauer, W. Sebald, Y. I.
Henis, and P. Knaus, J. Biol. Chem., 277, 5330 (2002).

3. H. M. Ryoo, M. H. Lee, and Y. J. Kim, Gene, 366, 51 (2006).

4. S. E. Kim, S. H. Song, Y. P. Yun, B. J. Choi, I. K. Kwon, M. S.
Bae, H. J. Moon, and Y. D. Kwon, Biomaterials, 32, 366 (2011).

H

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

3 wlElol A8 o AAAZE ZAEN nAE 9%

345

. 0. Jeon, S. J. Song, S. W. Kang, A. J. Putnam, and B. S. Kim,
Biomaterials, 28, 2763 (2007).

. C. Li, C. Vepari, H. J. Jin, H. J. Kim, and D. L. Kaplan,
Biomaterials, 27, 3115 (2006).

. 0. Jeon, C. Powell, L. D. Solorio, M. D. Krebs, and E. Alsberg,
J. Control. Release., 154, 258 (2011).

. 0. Jeon, S. J. Song, S. W. Kang, A. J. Putnam, and B. S. Kim,
Biomaterials, 28, 2763 (2007).

. S. L. Jeong, O. Jeon, M. D. Krebs, M. C. Hill, and E. Alsberg,

Eur. Cell. Mater., 24, 331 (2012).

T. Gao, W. Cui, Z. Wang, Y. Wang, Y. Liu, P. S. Malliappan, Y.

Ito, and P. Zhang, RSC Advances, 6, 20202 (2016).

Y. M. Shin, K. S. Kim, Y. M. Lim, Y. C. Nho, and H. Shin,

Biomacromolecules, 9, 1772 (2008).

E. N. Bolbasov, M. Rybachuk, A. S. Golovkin, L. V. Antonova,

E. V. Shesterikov, A. I. Malchikhina, V. A. Novikov, Y. G.

Anissimov, and S. 1. Tverdokhlebov, Mater. Lett., 132, 281

(2014).

Y. M. Shin, W. G. La, M. S. Lee, H. S. Yang, and Y. M. Lim, J.

Mater. Chem. B, 3, 8375 (2015).

Y. M. Shin, J. Y. Lim, J. S. Park, H. J. Gwon, S. 1. Jeong, S. J.

Ahn, H. Shin, and Y. M. Lim, RSC Advances, 5, 55948 (2015).

M. E. Embuscado, J. S. Marks, and J. N. BeMiller, Food

Hydrocoll., 8, 419 (1994).

S. I. Jeong, J. O. Jeong, J. B. Choi, Y. M. Shin, J. S. Park, H. J.

Gwon, Y. C. Nho, S. J. Ahn, M. Y. Park, and Y. M. Lim, Tissue

Eng. Regen. Med., 11, 56 (2014).

S. H. Lee, Y. M. Lim, S. L. Jeong, S. J. Ahn, S. S. Kang, C. M.

Jeong, and J. B. Huh, J. Adv. Prosthodont, 7, 484 (2015).

W. K. Czaja, D. J. Young, M. Kawecki, and R. M. Brown,

Biomacromolecules, 8, 1 (2007).

F. A. Muller, L. Muller, 1. Hofmann, P. Greil, M. M. Wenzel, and

R. Staudenmaier, Biomaterials, 27, 3955 (2006).

C. Zhou, Q. Shi, W. Guo, L. Terrell, A. T. Qureshi, D. J. Hayes,

and Q. Wu, ACS Appl. Mater. Inter., S, 3847 (2013).

J. Kadokawa, S. Saitou, and S. Shoda, Carbohyd. Polym., 60, 253

(2005).

A. R. P. Figueiredo, A. G. P. R. Figueiredo, N. H. C. S. Silva, A.

Barros-Timmons, A. Almeida, A. J. D. Silvestre, and C. S. R.

Freire, Carbohyd. Polym., 123, 443 (2015).

O. Topfer and G. Schmidt-Naake, Macromol. Symposia, 248, 239

(2007).

S. E. Kim, S.-H. Song, Y. P. Yun, B.-J. Choi, I. K. Kwon, M. S.

Bae, H.-J. Moon, and Y.-D. Kwon, Biomaterials, 32, 366 (2011).

D. Darwis, T. Khusniya, L. Hardiningsih, F. Nurlidar, and H.

Winarno, Atom Indonesia, 38, 78 (2012).

Polymer(Korea), Vol. 41, No. 2, 2017



