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BONE REGENERATION WITH MMP SENSITIVE HYALURONIC ACID-BASED HYDROGEL, rhBMP-2 AND
NANOPARTICLES IN RAT CALVARIAL CRITICAL SIZE DEFECT(CSD) MODEL

Jeong Hun Nam®*, Jong Chul Park?, Sang Bae Yu?, Yong Il Chung?,
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As an efficient controlled release system for rhBMP-2, a functional nanoparticle-hydrogel complex, incorporated with matrix metallo-
proteinase(MMP) sensitive peptide cross-linker, was devel oped and used as a bone transplant. In vivo bone formation was evaluated by soft x-ray, his-
tology, alkaline phosphatase(ALP) activity and mineral contents analysis, based on the rat calvarial critical size defect(8mm in diameter) model.

Significantly, effective bone regeneration was achieved with the rhBMP-2 loaded MMP sensitive hyaluronic acid(HA) based hydrogel-
Nanoparticles(NP) complex, as compared to only MMP HA, the MMP HA-NP without rhBMP-2, or even with the rhBMP-2. These improvements
included the formation pattern of bone and functional marrow, the degree of calcium quantification, and the ALP activity.

These results indicate that the MMP sensitive HA with nano-particle complex can be a promising candidate for a new bone defect replacement
matrix, and an enhanced rhBMP-2 scaffold.
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2.1 MMP sensitive hydrogel2| X|Z=

Hyaluronic acid (MW 50kDa)+= Lifecore Biomedical Co.
(Chaska, MN, USA)el A, 1-hydroxybenzotriazole hydrate
(HOBT)+= Fluka Chemica Co. (Buchs, Switzerland)ol] A, 1-
ethyl-3-(3-dimethylaminopropyl) carbodimide2} adipic acid
dihydrazide(AAD) ¥ triethanolaming(TEA)+= Sigma-Aldrich
Inc. (St. Louis, MO, USA)ol| A z+z} £uj 5} ¢4 t}. N-acry-
loxysuccinimide(NAS)= Acros organics (New Jersey, USA)
ol A1, Poly(ethylene glycol) (PEG) tetra-thiols (PEG-SH¥)
(MW 10kDa)+= Sun Bio Inc.(Orinda, CA, USA)oll A T+ 3}
A th RGD # Bl = ¢ MMP 234 3 MMP 1] 757 3 ¥
= = AnyGen. Co. Ltd (Gwang-ju, Korea)ol] A} & 3+ 9) T}

o] 422k oA o] A AT N HIH vhe} 2
o] sto]YFE ke ofaA P WA O Z A 3T
10%wt MMP sensitive 50kDa 3} o] &FEAF 43} o #)| 2
£ 913l 4], ot E 3k sho] &7 2 4H50kDa)S TEA buffer
(0.3M, pH 8)ell &8 A1 715, 7k A S E =0 MMP 7434
% €] = (GCRDGPQGIWGQDRCG)WE o}z ¥ 7] 8} E] 27|
Z 7+2 molar ratiod] &S 712 JtRAE A 7FE R 202,
Hyaluronic acid-based hydrogel -2 Michael-type2] 3 7}dt-&
o= JAgstau®.

2.2 Nanoparticle M|Z=

Poly(DL-lactide-co-glycolide) (PLGA, 75 mol% of lactide,
MW 90,000)+= Boehringer Ingelheim(Ingelheim, Germany)ei|
], Heparin sodium(189 IU/mg, MW 12,500)< Celsus
L aboratories(Cincinnati, OH, USA) ¢l ] 7}z} A 21k okt

o] o Aol A A 3tA o] 7] % 3tH Nanoparti-
CleNP) ] A 9} o] & o] &3t AF 5 B g v glon, o
= 2579 F(PLGA)E 7HA I, heparing § A 71
hydrogel 3 H = (Pluronic F-127)0.2 1A H & 38 7] =3}
U zFo] T+, 40mge] PLGAE 2ml DMSOe| £-3] A] 71
&, 120mg &l 3} 2 o] $F-f= 5% (wi/v) Pluronic agueous solu-
tionoll 3] H7tste] &9t 7153 Y dAE Al x5}
k.

NP+ 9 3 € 2] 2](0.45¢m, Whatman, UK) 3}$1 37, 1A]
7F F9F 12,000rpme] &= 2 44 £ 7](Supra 22K, Hanil
Science Industrial Co., Korea)Z 3 2§+ %, phosphate
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buffered saling(PBS) 40ul ol A H- - =74 S 7 3 tp9.

2.3 rhBMP-2 &7 MMP sensitive hydrogel-nanoparticle
O|AIA| Z=H|

A H5 3 E NP2} 2ug rhBMP-22] 314 £ 4H7] ¢ MMP
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=
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8% (A % 250-300g) Sprague-Dawley ¥} 4] (Orienta Bio
Co, Charles River Korea, Korea) 48v}&] & AF£35}1% 0.1, 9]
Aol et 47 o2 F7ste] A sk (Table 1.
mmp HA-NP-BMP<, n=12; mmp HA-BMP+, n=12; mmp
HA-NP, n=12; mmp HA#, n=12). 5 &< xylazine
(Rompun®, 20mg/ml, Bayer Korea Ltd, Korea)#} ketamine
hydrochloride(K etara®, 50mg/ml, Y uhan Corp, Korea) &] =%t
9 (1:4 %9 4], dosage 0.15mi/100g, &7} FAH)S A& 3}
of B SeTh AFRE AR EHE 02 25
T, HZo N FRE Alold TAE A %
2em 7hFel BAE be O B 2
ekl £ BAA wE A

8mm trephine bure} 43 Jhutol &= = ¥ (6R, SS
White, USA) 1812 A< =€ 7] E (Max. 450 rpm. Hyup
Sung, Korea) 2 AH-§-3lo] 4 5o 27 8mme] 918 A<
2 A8 F&& A n 7 (Zeiss, Germany)s o] &
of TN Z FAS L AGS Algsision %
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o A} 2] 3k &8-S bipolar coagulation(Martin, Germany)
7} oxidized cellulose (Surgicel®, Johnson & Johnson, USA)S
ol &3t NPttt FAEH o = rhBMP-2(2¢9)+
Nanoparticlet MMP HA hydrogel, rhBMP-2(2¢g)+ MMP HA
hydrogel, Nanoparticle + MMP HA hydrogel, Z12] 22 MMP
HA hydrogel & 7 ] & & (n=12)°] o] 4} 53l o v (Table 1,
Fig. 1), ¥ ¥+ 5-0 nylon (Ethicon®, Johnson & Johnson,
USA)E Ab&-stod & skttt

Table 1. Experimental grouping.

Group N  Composition

mmp HA 12 mmp Hyauronic Acid Hydrogel only

mmp HA-NP 12 Nanoparticle+tmmp Hyaluronic Acid
Hydrogel

mmp HA-BMP 12 rhBMP-2(2¢g)+mmp Hyaluronic Acid
Hydrogel

mmp HA-BMP-NP 12 rhBMP-2(2ug)+Nanoparticletmmp
Hyaluronic Acid Hydrogel
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Fig. 1. Intraoperative photographs showing 8mm CSD and
transplanted mmp HA-NP-BMP complex.
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Soft x-ray &4 §, 2t Alg o] AwhE 243 8 24
A £ = Sl Aelshan. 7 242 10% buffered
formaldehydeol 324 5} % © ™, 10% formic acidZ & 3] 3}
ARGl Ao R F Aere) AEg Rgetel
95 trimminggt 5 stebd o] Eujsiglvh. 5L 4um
FAR A F dupE A - 2 7 (H&E) ¥} Masson
Trichrome(MT) 442 stk MTE A = Al gk S 2tol
= 9JAFe ArtiScan 4000TF (Microtek, USA) S 2 & AFF AL
gk %, SPOT(version 4.6, Diagnostic Instrument, Inc, USA) 2.
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] overnight 3 &, 1ml 2] extraction buffer <25mM NaHCO;
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(Labconco, USA)ell 2 o] overnight3t & A 2 & & & AF-&3
AxTHs FAsA
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ALP &4 = = paranitrophenyl phosphate (pNPP)Z 4 &
p-nitrophenolate®] AJ 7+ o] &2 Q1 & ol olsf =7 (405nm
ol A W] ) &)= = ALP kit (QuantiChrom™ alkaline
phosphatse assay kit, Bioassay Systems, CA, USA)E A}&-35}
%1t} 96 microtiter plate well o] W FZ & 30u & #7135
ok ih3- Al 2Ee7) 918 A E well of) Z A wE-g-9F o] 200
7} ¥ &= & working solution (Assay buffer, pH 10.5, 5mM Mg
acetate, 10mM pNPP)& A14:3] 3 7hata 2 4101+t
405nmol| A %7] F33 =9 48 A 35 &= E mictotiter
plate reader (Powerwave X340, Bio-Tek instruments, VT,
USA)E o] &3te] A3t %t ALP &4 %= Units(U)/mg
W AZxFFOR A on, LUs A&dA 1&F 7]
A 1pmol o] 222 o) Ao 7 Aot

272773 1A B FE

g Qe AFE4 L & kit (QuantiChrom™
Calcium, Phosphate assay kit, Bioassay Systems, CA, USA) &
AbEEte] AT 1xE M E 3|3t Yo] 700C,
2N s SIMA 7 E W kA B ZAE 3 AT f71
EAES AAGA 35t ¢ AlE = 6N 94 3mlS
2 o] 4C overnight A1 71 th-2-, Whatman paper #12 filtering
st ZE g 108 E 3|4l A5 5ulE 96-well plate
o A 7}s}a working reagent 200u 3 713 A 20| A 38 7F
HF2 A1 0 1 612nmef| A &34 = & mictotiter plate reader
(Powerwave X340, Bio-Tek instruments, VT, USA) & o] &
shel AT ARF FHL 93 1000 349 AR
50u £ 96-well platee] & 7}3} 77 Reagent 1004 715 A&

1%

T L
o A 3087+ BFe A 7] 7 B E 620nmo A FF TS =
3 & ol standard?] F & vwstd ME] FE A

ZA e ok, AL, YA S B 4 2
7= Stat View [ program (version 5.01, The SAS Institute,
USA)S o] &3} one-way analysis of variance (ANOVA)

test® 57 AR 24 AE 23t B2EH a
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pairwise multiple test (Fisher' s PLSD)E o] £
¥ 359l o pvaluert 0.0 ol 3k B¢ 5914 9l
2 P89

32. ARSI EM (st E4M)

Zb -9 Soft X-raygd Ao A= Fs=el os) mmp
HA-NP-BMPol| A= A A 1270 9] 7§A = 87 ol A, 28 2
mmp HA-BMP<- ol A = 107) 5= Dl ol A ¥F =8 Ad o] -2y
&322, mmp HA-NP£oll A & 127§ = 771, mmp HAZ ol A+
=g BFHA Bth(Fig. 2). wekA F =9} %bone
fill 2 AR Aol A 2 A o] A == 7 Ao A ek Al
AT FAA B A3, 2 AT g2 A=A
6 dolAe] Hit AMME E = FU o 9lof A mmp HA-
NP-BMP:*(90.056+7.297)0] Al =%t S 1} mmp HA-BMP
(68.800+9.728)0l] H] 3l &< wHek Zpo] & WA ok
o, mmp HA< ol Hls A= A A1 3] = *ek(Fig. 3).

mmp HA-NP-BMP+- 2] bonefillo] 7} &=k o ™ (30.678
+4.691%), 71 T2 © 2= mmp HA-NP 0] 9] t}(22.005+
4.453 mm?). mmp HA+ = 20.114+3.918%% o™, A
A 7kl 2l gk zkol = gl A TH(Fig. 4).

mmp HA mmp HA-NP

mmp HA-BMP mp HA-BMP-NP

Fig. 2. Images of the Soft x-ray. Some new bone formation can be seen in the
center area of CSD defect from mmp HA-NP-BMP and mmp HA-NP group.
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Fig. 3. Comparison of the radiodensity, the gray level in the
regenerated bone area. mmp HA-NP-BMP group has high-
er bone density than mmp HA group with statistical signifi-
cant differences.
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Fig. 4. Bone regeneration area of bone defect. mmp HA-
NP-BMP group has more bone regeneration area than other
groups. But there were no statistical significant differences
between the groups.
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33. Z=X|&t 9l mRISEYEIR 2AM

mmp HA-NP-BMP ol A o} ko] A= &/ o] &
AthFig. 5). FE5 JYANZ A §AH o2 =7
mEe Aoz pAEgoy
A wEtA A Zo] P4 H
acid base?] scaffold= A4
ojgt AL o] AATF AWMAORE FFEE
mentations] ¥ 4] o] 215 Abo] ko] & A4} Zo]
doldth

7} 9] HIE 94 % 2.0 ] & mmp HA-NP-BMPz- ol 4] &=
H A F3/do] & o] 1oy hyauronic acid®] &2
o] 78 #2353 3 THFig. 6). mmp HA-BMPo A& 21
A2 gadol et o, oA & et saffolds #2
= A TH(Fig. 7). mmp HA ol A &= =3 o] #2E 2] o4 gt
3, scaffold7} @o) 233 9l A Th(Fig. 8).

Z} #ol A1 new bone length% <} new bone formation area
(Mm?) 2 RE HA RAEA e 24gHstgee
mmp HA-NP-BMPz2ol| A i o] A Y =74 #ZEHALS
™ (new bone length%: 18.582+ 11.635%), mmp HA-BMP-
e =30l #FEHA % tH0.000+0.000%). mmp

%0
32
2
[
o,
3o g 1l
2 > o
oS
- - o
& o 2

N
ot 1T
oz

o
i
o2

Fig. 5. Histological image of bone regeneration in defect
(MT staining, from above (a) mmp HA, (b) mmp HA-BMP,
(c) mmp HA-NP and (d) mmp HA-NP-BMP group, x10
magnification with full specimen image). New bone forma-
tion through fragmentation of hydrogel can be seen in mmp
HA-NP-BMP group. There is no new bone formation in
center of defect in other groups.

HAZ 3 mmp HA-NPZ S| M = F ol Hg 8 & A4 o]
Z# 5 AtH(10.272+£5.177%; 11.033+7.528%). = A H
22 mmp HA-NP-BMP+-o] Al 9 w377 (0.308+0.196
mm?), mmp HA-BMP ol A = &3 4J o] o} m]m| s} ¢t
TAET Aol A 4 522 hyauronic acid o] 4 A
7h ol A=t o] A A& mmp HA-NP-BMP- ¢l A
0.692+ 0.230mm?, mmp HA-BMP o) A = 0.656+
0.428mm?, mmp HA-NP-2 0.614+0.273 mm? 18] 22 mmp
HA o A & 0.327+0.169 mm?o] 1 th(Table. 2, Fig. 9-11).

& = e P J -
Fig. 6. H/E staining histological images of mmp HA-NP-BMP
group (Left side: x40 magnification, Right side: x100 mag-
nification). There is new bone formation along margin of
grafted materials with homogeneous fragmented degrada-

tion of hyaluronic acid scaffold.

Fig. 7. H/E staining histological images of mmp HA-BMP
group (Left side: x40 magnification, Right side: x100 mag-
nification). There is little new bone formation along margin
of grafted materials, but homogeneous fragmented degra-
dation of hyaluronic acid scaffold is seen similary to mmp
HA-BMP-NP group.
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Fig. 8. H/E staining histological images of mmp HA group
(Left side: x40 magnification, Right side: x100 magnifica-
tion). There is no new bone formation along margin of
grafted materials with more homogeneous fragmented
degradation of hyaluronic acid scaffold.
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Fig. 10. New bone area(mm?) analysis. mmp HA-NP-BMP
group has higher tendency of new bone formation area in
defect area than other groups.
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Fig. 9. New bone length(%) analysis. Histomorphometrically,

mmp HA-NP-BMP group has higher tendency of bone
regeneration length in defect area than other groups.
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Fig. 11. HA scaffold degradation analysis. Histomorpho-
metrically, although mmp HA group showed high level of
hyaluronic acid gel resorption, there is no statistical signifi-

cancy among all groups.

Table 2. Bone regeneration length, new bone formation area, remained mmp HA area.

Group % length Area (mm?) remained mmp HA area
mmp HA 10.272+5.177 0.072+0.037 0.327+£0.169

mmp HA-NP 11.033+7.528 0.028+0.028 0.614+0.273

mmp HA-BMP 0.000+0.000 0.000+0.000 0.656+0.428

mmp HA-NP-BMP 18.582+11.635 0.308+0.196 0.692+0.230

(thereis no statistical significant differences among all groups.)

3.4. Dry weight, ALP %! Ca/PO. A2k
mmp HA-NP<* %Oﬂ A AxF o] tha gol FAE] Jd

3.4.1 Dry weight
Zo AZ

7L AH

2% A= mmp HA-NP-BMP#(7.10+2.83

mg), mmp HA-NP:(5.720.93 mg), mmp HA(2.74+0.66

mg), mmp HA-BMP<+(1.40+0.24 mg) <= 4] ] ]
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tH(Table. 3).
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%o, mmp HA-
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342ALPEA T

Biomineraization®] A A =83 & 4= slvkel ALPE=
kol L4 < AgHf substrate?] hydrolysisE 57141 A
orthophosphateE A&t ZH¢S4E /A 7| B2 ZA

Aol £ ARV 5 Jdoh® ALP &4 == mmp HA-
NP 2 mmp HA-NP-BMP£ o] th& o B3] E9kont,

SAA atel & BolA = & %rhFig. 12).
343243} Ae] A HRA
Z+ A 2 (Cacontent)< mmp HA-NP-BMP+- o] mmp HA-
BMPell vt} BA A O R F oA 7t o] AUt
3lA gt ¢l 4k A 2F(Pi content)-2 mmp HA -2} mmp HA-NP
o] MMP HA-BMP) v]3ke] f2]5HA) %71510] 93
t}(Fig. 13).

Table 3. Dry weight of regenerated tissue within the criti-
cal size defect.

Group N Dry weight (mg)
mmp HA 5 2.741+0.66
mmp HA-NP 6 5.72+0.93
mmp HA-BMP 5 1.40+0.24
mmp HA-NP-BMP 6 7.10+2.83

(thereis no statistical significant differences among all groups.)

SHAAAE F 2ANF S Boks BaA sk
AAAE A7) A A7 AEF 4D A A

A AZAZFAA Y F 0 SGAstEE AN 3 2
£=09] 840 2 hyauronic acid= 1 A5 ol
N o] o] &5 o] A
L3 (XA ZA L WESHH EA 7 22 2EE &84
S gL 7}astr] 98l amino”|, ddehyde”] &+ methacry-
late7] S o] &3k 3}8H4 7|sHstE FH ¢4 A<l cross-
linked network & & AJ 5= Al Z X2 o] F0] A3 gl ).
ZANFE o2t AAA Y 4H G BAFE 2=

Z R

Lo 3l
2AFEA =

N

9

S Aol oM Fod QA7 EF JoH, 2N F
of wet A A A 2] £l Tol AAs 2HHE= Ao] o)A
¢l stimulus responsive degradatione] & A o] & Z o]t}
H Ao A& " MMP-sensitive M E| =& 7oA 2 7}
©° 23

A= Hyaluronic acid based hydrogel = oA BEug=
hyaluronidases] ¢)&f E& ¥ At = AT A EH 5=
MMPeo)| 98] 7] %538 MMP-sensitive S| Bl = 714 7} £
5= 71-E 7HA S AT
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Fig. 12. Quantification of alkaline phosphatase (ALP) activity of
regenerated tissue.

_I'I'I'lﬂ!ll'l..i
0 mamp HA NP
=S mamp HA-B NP
s Ha-HP-BRP
Ca corntent o4
L
F.5q L]
L]
§ 1 . reed
404 - L
% 4.0
i
£ £
3 T
-
o
.0
rTrEiE eerp kR R wwepiik DeF rerpba- WP SED T [E T TE T P T e e

|EEF‘-= 001, P = DG |

Fig. 13. Quantification of Ca/PQ:of the regenerated tissue.
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