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[#Z] B89 - &M HEEEERZAEEN 2 (bone morphogenetic protein-2, BMP-2) fER i B v Al TE S /KBS, A8 D L 2R
YA, PUATIR SRR, J5E - RS E AR B & gk BMP-2 DGR IARER , i ik 5 3 ALY 58 & 8% [4-arm thiol-
terminated poly (ethylene glycol), 4SH-PEG] iy, F Ag' Wk 4SH-PEG, 4% & A M ER 89 7] 1 5 4SH-PEG & & K &ElE (BMP/Gel/
SH-Ag), Y2 B s fna i i+ B 5% % (scanning electron microscope, SEM) W22 {3 BR Fn 7k &S W) WK 2% 5 £E 100 %% /min, 37 'CHY
FRIR th BT 25 RS g s AE B SK B 0.5 mm Y 5 23 1 4 BMP/Gel/SH-Ag, PR H nl 401 @il Bl b8 S 9 vF fr BMP/
Gel/SH-Ag X} 4 # i BERE  (Staphylococcus aureus, S. aureus) FURWBIRATH (Escherichia coli, E. coli) WIHL# TEfE; @it CCK-8
S0 % %% BMP/Gel/SH-Ag 1 = Wy fH 25 P @ ik B 86 a3 )% T 402 (bone marrow mesenchymal stem cells, BMSCs) [ i 7 5% [i% fifi
(alkaline phosphatase, ALP) ZeftfngGss {5 4 it i AR i it &R - WIRRERINEEE, BnAii s (~ 350 um) ; BMP/Gel/
SH-Ag S FLIAR P OWEE A s TEIRIR I E 8 d , BMP/Gel/SH-Ag 1) BMP-2 RFABjfc iy (81.8+3.6) %; BMP/Gel/SH-Ag ]
PUHBEA/NE 0.5 mm F9TESH e 5 Ikt at, DA R BENE 4122 s BMP/Gel/SH-Ag %} S. aureus F1 E. coli M /EH ; CCKS8 &5 $: %1,
BMP/Gel/SH-Ag H. 45 B 4F (975 ¥ M 28 Pk ; BMP/Gel/SH-Ag 1l 2 & BMSCs [f) ALP [l ik fss &5 i &=, 4518 - i% BMP/Gel/SH-Ag
TR G AE AL HE J B F i i G 75 A R B,

[ RSIA) ] Pt s PR DUid s PITESTREENS s MR nH
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Injectable hydrogel loaded with bone morphogenetic protein-2 microspheres for bacteriostasis and
osteogenesis

LIU Li-li', CUI Wen-guo™*
1. College of Pharmaceutical Sciences, Soochow University, Suzhou 215000, China; 2. Shanghai Key Laboratory for Prevention and Treatment of Bone and Joint Disease,
Shanghai Institute of Traumatology and Orthopaedics, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai 200025, China

[Abstract] Objective - To construct a novel antibacterial and injectable hydrogel (BMP/Gel/SH-Ag) loaded with bone morphogenetic protein-2 (BMP-
2) microspheres, and investigate its biocompatibility, antibacterial properties and bone-promoting properties. Methods - The photocrosslinked gelatin
microspheres loaded with BMP-2 were prepared by microfluidics. The microspheres were mixed with 4-arm thiol-terminated poly (ethylene glycol)
(4SH-PEG) and crosslinked with Ag" to prepare injectable sulfhydrylated PEG hydrogels (BMP/Gel/SH-Ag). The micromorphology of microspheres and
hydrogels was observed by light microscope and scanning electron microscope. The drug release profile was investigated at 37 C in a shaker (100 r/min).
The injectability of BMP/Gel/SH-Ag was evaluated by injecting hydrogel using a syringe with a tip diameter of 0.5 mm. The antibacterial activity of BMP/
Gel/SH-Ag against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) was evaluated by agar diffusion test. The biocompatibility of BMP/
Gel/SH-Ag was verified by CCK-8, and the bone-promoting activity was evaluated by alkaline phosphatase (ALP) assay and calcium nodule staining
in bone marrow mesenchymal stem cells (BMSCs). Results - Gelatin microspheres had smooth appearance and uniform particle size distribution ( ~
350 pm). BMP/Gel/SH-Ag had porous microstructure and can be injected with a syringe needle with a diameter of up to 0.5 mm in diameter to produce
hydrogel filament. The cumulative release of BMP-2 from BMP/Gel/SH-Ag was (81.8+3.6)% after being incubated for 8 d. BMP/Gel/SH-Ag had obvious
inhibitory effect on S. aureus and E. coli. CCK-8 results showed that BMP/Gel/SH-Ag had good biocompatibility. BMP/Gel/SH-Ag can increase the
expression of ALP and the content of calcium nodules in rat BMSCs. Conclusion - The BMP/Gel/SH-Ag has good performance in promoting osteogenesis
and anti-infection.

[Key words] microfluidics; microsphere; bacteriostasis; injectable hydrogel; promoting osteogenesis
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HHER B FRAN R BB, TR, B —
A B S R R . AR R
05 SE TR S 51 R RS Y, BIKIER, S
HEITEAME TR KA., BT R AL
il BRI A, PSR RE R R AELIETT, MR8
HRA SRR, BT, WK WAy RN HbES
BRI E G, HHUAESRR) I R HRAE 1T F A PG b 4
64 TR T R 25 R B Y, i T bk A RE
FERRGEMZG A, B AR B0 @ b A: AU A MRHE
BIT R R E AR . R, TR —RRE 20
BAPUHE KR A FT BB A B B iR T B8 1)

KB A m &7k R, RAIAYAR R T JRRIAL
PRVERE S i, PR AP IR LS A S bR T, &
FhIhRe MK B ) CoF R FA R TE R, andiihEst
RokUERE ™. BRI . BEPRMEKEE R L ATEE S
AkuERE ", A A kB " 4, B8 [poly (ethylene
glycol), PEG] 7Kk i A A& T 32 [l £ i 25 0 45 B R L
ROZEEHRY), BT HAARGAYHREMETYEZ
BT A R OB & Y Ag” A BRI PEG Jk Bk i
AARRPLHEPERE. A1, 4 PEG JKBE R BEAE AL
& BCE G PR, MDA R R
B, AR T B A iE o FI AR B, (R
HEMZE, HSECT Bt scE A id o it
b, A YBEI R PRI B AR L b A s TR
PERIIKEEIL .

BT, ARBFREFIN AgT ik (-SH) AYBCLAL 5K
JRER, R —FCTE A AR RIS PUEFE @A
PEG k&, MR isE AR Gl fEEHNT ISR
& 2 (bone morphogenetic protein-2, BMP-2) FJJE%8
Rk, 1 PR 2B & AT 29 3t £ 8 BMIP-2 f Bk iy v
{EST 7K EE ik BMP/Gel/SH-Ag, JPEAf Ho bt B A BeE M BE
%k 2 BA R . © BMP/Gel/SH-Ag i) Ag” B A
JUHEBUE YRR R PR PERE, IR —E R R RhL
A A, @i BMP-2 (W ko i 25 B
KIAAE R R 25 iR 5, FREER IR BCR1E . Rk,
BMP/Gel/SH-Ag (1325 RGAENE BB TIPTS5 1A R4
HIZREN, FHA R BHE RATE Hh RAE1E .

1 #HHSRHE
L1 SRR 2%
111 R F W (LS 180LBS, B e ik W kA PR
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nwEl), W PRIEEREF (CAS 5 760-93-0, Bl fi T K 7
HIRAT), 2- 8%k 4- 2-BIECHEKE) 2- FEFEN
fil (CAS 5 106797-53-9, bl H RIEFHE AR A F),
i #& L 1Y 2 ¢ — [ [4-arm thiol-terminated poly (ethylene
glycol), 4SH-PEG] ( #t 5 TZQ09095, =% Creative
PEG Works; #H%t 4> Jfi & 20 000), fHFREIAHK (H#L5
20170808, [E L AL FHRXFI AR F), LLEAMHESE
k(535 204, LilgdesfiAPR2yw]), BMP-2 (dit'5 10426-
HNAE, JbmZEERHEARAR]), ELISAIKHAIE (Tt
70-EK1108-48, HUMIKEHEME AR i A2 w]), CCK-8
K& (575 CKO4, H A Dojindo), 5t i 2 PU 5
W/ S A T Y & We 15 (nitrobluete trazolium chloride/5-
bromo-4-chloro-3-indolyl phosphate, BCIP/NBT) i 4: filf fis
fig (alkaline phosphatase, ALP) X #l& (#t'5 C3206, I
R R REYHARFRAF), SD KA R 76 5T 41
(bone marrow mesenchymal stem cells, BMSCs) K& %55
B (555 RASMX-90021, 35 2k #4724 1),
o-MEN #7735 ($¢5 30265.01, ZE[E Hyclone),

1.1.2 R KB BMSCs (85465 = H 48 B
SN E), O EKE (Staphylococcus aureus,
S. aureus) M KMIBRAE (Escherichia coli, E. coli) (1%
5 Atccd3300, Atecl1229, Abaibitfti ARG ARA ),
113 % WIRREE (R kR AR ),
90 B (FE [ Zeiss), 44 L B i Bi (scanning
electron microscope, SEM) ( H #s Hitachi), EgFr{L (3£
[%] BioTek) .

1.2 BMP/Gel/SH-Ag i1yl $5 B #e4ik

1.2.1 BRIl % 10 g BARIARR(E 100 mL
M 2% ih £h 1% % (phosphate buffer saline, PBS), £ K52
SVEMRNG, {E60 CT, [al e M N & i i A 8 mL Hi &
IRERET, hnit FR%4E 0.5 h, hnsE & 2 h )5, J5Witk
% 50 ‘C iy 400 mL PBS Jin A H JE A o #f B T i LIS 1 I
Bz, FRREEERBERE 30 min, 2 Ji5 R T N AR IR BAGE
Pralvh (58 A%y 1R 8 000 ~ 14 000), &EHT 2 J& .,
W 2 3% M 22 NI I, 14 O 08 A BAE T 5 1 06 28
B,

1.2.2 e HRWARER A SR e H AR A Tl % f
#H BMP-2 [l 2 W e sk (/1 1), ®imis 2, il
W GER, 10 10.0% (0T R4y %50) 19658 1k W s e
A 2.5% ) BMP-2, FEA 1.0% 2- 23k -4- (2- M T
k) -2- FELFPNER (BB %) F10.25% 19 5 e B
VEA 5y 8AH, & 15.0% L ZLEE I 4 3 R TR 110 1) o e R
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SERERIE R ESA, K 2 B BITE A RGEE, 5 HOH
T BB 4y BB o R TT 40 WEORE R S AH 1 T o DA SR A5 L
2 350 um [ . W B 1 T A 7Kk B FLAR T A R A
(365 nm) Mt 15s R A BOCRPEIARRER (& 1),

1.2.3 BMP/Gel/SH-Ag 1y il %  # Bt 4SH-PEG 10 mg,
U T S0 L 25 B -7k, B A 40 uL 47 3 BMP-2 i1y

BMP-2 in
photocrosslinked

gelatin
P
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JEA I R B Bk, K 30 L AR B A i (0.1 mol/L)
20 uL KB FOKMRE, 8 2 MRIAIR &, KBRS IE R
B 28 1 WA i Bk A 7K € ik BMP/Gel/SH-Ag (& 1),
PRELU 4SH-PEG 10 mg, {#f#T 50 uL &4 1 mg BMP-2 |
BT, FSHRREIARRIR A, DAL il gk
BMP-2 [k #E ik BMP/SH-Ag,

5"‘ (WAY

d_v e
BMP-2-laden
photocrosslinked
gelatin microsphere

] BMP-2

DL, 4sHPEG

BMP/Gel/'SH-Ag o Ag'

Note: UV—ultraviolet.

1 BMP/Gel/SH-Ag 2RI RE B
Fig 1 Schematic formation of BMP/Gel/SH-Ag

1.2.4 BMP/Gel/SH-Ag (ZFAE  FIH SEM &% T4 5
A K BE AT PR . DIERIA PR T4 2 d BYJE A 2 mm 1y
REEIE R, BEEAE SR b, R B DS OO AT
45 s WA PR, FfEFIH SEM REEIR . A T %% BMP/
Gel/SH-Ag 11 BMP/SH-Ag B 2547, #5234
2T PBS i, TA63d0h 100 % /min, 37 CHUHE IR it
TR RS, TRE 1. 2, 4, 6, 8 d HUBEIUT L, W
ELISA I & ME BMP-2 kit , H 1 mL Egfas (&
SLE A2 0.5 mm) 5 HEA AT (2 4K 22 2K [l BMP/Gel/SH-
Ag, W5t BMP/Gel/SH-Ag iyl vEGHE: . FHE Y Wkl
KB BT ERE . FF 100 uL S. aureus F1 100 uL E. coli [ W
JCEE(E D (600 nm) £ 0.07] 53 5153 i F LB BifgFk k.
4y 34 BMP/Gel/SH-Ag Fi1 BMP/SH-Ag & T-Eil5 FARk I
fE37 C T eE 24h, 4 3 HEA, WS KEERHE & JH
FEIVAHBEEAFET 24 h PIEM R ER.

1.3 4l seis

1.3.1 CCK-8 it & BMP/Gel/SH-Ag Fil BMP/SH-Ag [V i
i, JnE5H4A BMSCs (19 96 fLEH (5000 4~/ 4L), 2331
T4 1, 3. 5 HERREFHM, B PBS #Eik 2k, SILIMA
100 pL B2 360 10 pL CCK-8 it #1, AR FHFIMLIT &
2 h, FEHRIL 450 nm PRSI G EE [D (450 nm) ],

http://xuebao.shsmu.edu.cn

PMEN o-MEM 85372k 55 5510 BMSCs {4 fi2H, 4 3
A

132 iG/%b4Mi g {§ JH BMP/Gel/SH-Ag F1 BMP/
SH-Ag 1 #= tH i T 24 4L #x Hh £ 78 BMSCs (30000 /> /
L) DAEH] o-MEM £33k 5555719 BMSCs {E At BigH., 43
H3AFES, R L d G, HEREESRIE, HPBS PRk 3 k.
S uL FHE LR 20 uL R CAERE 525 R IR o BmA
10 mL PBS, it fill i / SE AN G A iA iR. # 200 pL i /
LRI IR A AL, SEEEDCHEE 30 min, 2Bk
Quta i, PBS PRk 2 1k, Mot BeRERIG,

1.3.3 ALPIE Kkl BMSCs £ 7E 24 fL Transwell
Bt (30 000 4~/ 4L), FHAMA o-MEM 855 b4 78 75
1d )5, % %% BMP/Gel/SH-Ag, BMP/SH-Ag ji |- Trans-
well #ify B, A A K EE AR BMSCs {8 X i
2, A3 AR, JFHECE S SRR AR o-MEM B
Fedk, 14dJ5, PBS ¥Ldk 2 ik, JoKCBET iR T 1E 2 4
fg 30 min, B FkPEH 3k, IMA ALP Qe tiik, fE5E
i FEEEWEE 30 min J5, KB, HDCY RS
FEER,

1.3.4 PEHELLS et fF KA BMSCs #F(E 24 4L Trans-
well flerfr (30 000 4~/ 4L), FEAMA o-MEM 5556 175
¥i. 1d )5, % BMP/Gel/SH-Ag, BMP/SH-Ag ji T Trans-

SR (BN . 2020, 409) (@)
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well #i Y B S, AV KEE B AR BMSCs {2kt
H, B3R, ISR R R o-MEM B
Fedk. 21 dJ5, PBS PRI 2 ik, kOB T30 T E 4
A 30 min, K ESFORPED 3 Ik, MMAVEZRLL S Yeailk, 1E
i P F 10min J5, RKEFRUER 2K, HRMBER
EREIG.

L4 ZEilForbr

R Origin B (R AT BRI SE T 220 . E TR
M xts Fone 24 M ELRCR M AR, 3 4 LLBCR A
ANOVA #45. P<0.05 ZoRZEm A Gt £ L.

2.1 BMP/Gel/SH-Ag [f)%%%

2.1.1 BMP/Gel/SH-Ag [N, TR S5t fn 2o kEise ot
R BRI ey, Rty A %) (~ 350 um) (&
2A), ¥ 7 BE G R B IR B VA UR I A 4SH-PEG A IR
2 PRI AEBORD o T IR 25 (4 1) BMP/Gel/SH-Ag (15| 2B),
SEM £ i 1§ 7k, BMP/Gel/SH-Ag 11 BMP/SH-Ag %[ 5 1 4L
TR EER, FLIR A 50 ~ 150 um (| 2C. 2D), 7E25
WL sE T, BMP/Gel/SH-Ag 11 BMP/SH-Ag {£45 8 H 4y
BB (81.8+3.6) % Fl (84.4+32) % (& 2E), #IKT
BMP/SH-Ag, BMP/Gel/SH-Ag HA5  4F1IE B

100 p——BMP/GelSH-Ag E

& ——BMP/SH-Ag

g, 80f

E

5 60F

£

bl 11 2

&

2 20¢

=

0 2 4 6 b3

td

Note: A. Morphology of photocrosslinked gelatin microspheres. B. Morphology of BMP/Gel/SH-Ag. C. SEM image of BMP/Gel/SH-Ag. D. SEM image of BMP/SH-Ag.

E. Drug release of BMP/Gel/SH-Ag and BMP/SH-Ag.
2 FERBEARREK K BMP/Gel/SH-Ag 25 FIZa IR

Fig 2 Morphology of photocrosslinked gelatin microspheres and BMP/Gel/SH-Ag and the drug release profile

2.1.2 BMP/Gel/SH-Ag [ A {#: 4 = BMP/Gel/SH-Ag w]
PIHER K B2/ 0.5 mm (1) 1 mL 564 88 R 5, D=4

AkEAZZ (18 3), M REASEAT I 7E B R AL X I

Afler injection

3 Bk ER) BMP/Gel/SH-Ag /K BERTHYIE ST %
Fig 3 Injectability of red ink-dyed BMP/Gel/SH-Ag

@ JOURNAL OF SHANGHAI JIAO TONG UNIVERSITY (MEDICAL SCIENCE)

2s 5s

Vol.40 No.9 Sep. 2020



iz, F FERE AR AR B 1 2 GUER A AT G K BRI A 400 A B 1k RE P4 | 1189

2.1.3 BMP/Gel/SH-Ag bt i 1 iE  BMP/Gel/SH-Ag 1 SH-Ag X S. aureus (B 4A. B) FOE. coli (14D, E) A
BMP/SH-Ag 4y Bl & T4 S. aureus F1 E. coli I #  #HITEH. BMP/SH-Ag [T E 44 5 BMP/Gel/SH-Ag #H
1d )5, HHBL TR, 70 BMP/Gel/SH-Ag #1 BMP/ 24, MBI HR LRSI E L (K 4C, F),

C
153F
] I
5k
(

1
BMP/Gel/SH-Ag BMP/SH-Ag

Diameter of
bacteriostatic ring/mm

0r F

Diameter of
bacteriostatic ring/mm
=
-

0
BMP/Gel/SH-Ag BMPSH-Ag

Note: A. Bacteriostatic ring of BMP/Gel/SH-Ag against S. aureus. B. Bacteriostatic ring of BMP/SH-Ag against S. aureus. C. Diameter of bacteriostatic ring of BMP/Gel/
SH-Ag and BMP/SH-Ag against S. aureus. D. Bacteriostatic ring of BMP/Gel/SH-Ag against E. coli. E. Bacteriostatic ring of BMP/SH-Ag against E. coli. F. Diameter of
bacteriostatic ring of BMP/Gel/SH-Ag and BMP/SH-Ag against E. coli.

4 BMP/Gel/SH-Ag ¥ BMP/SH-Ag I3 E 1E8E
Fig 4 Antibacterial properties of BMP/Gel/SH-Ag and BMP/SH-Ag

2.2 BMP/Gel/SH-Ag [y =Ptz TxHRA, HEHABSCEE 2 ZERTGEFE (E
J T W 5C BMP/Gel/SH-Ag Y A= 4 #H %5 1, 7 5A), W% BMSCs f£i% 1§ UL, % B BMP/Gel/SH-Ag 4,

CCK-8 5: I 7% %% BMP/Gel/SH-Ag 11 BMP/SH-Ag i= tH ik~ BMP/SH-Ag 2 Fnxt BUZH o an i A= KR & R 4F (18] 5B),

Xt BMSCs HFH 520, CCK-8 £5 R Won, 128 1, 3. 5 #F—iEW T BMP/Gel/SH-Ag A M2 a1k,

H, BMP/Gel/SH-Ag £ F1 BMP/SH-Ag £H Y W ot B (B i A1

A B
Live Dead Merge

al

'lT.:'_

z

i <
R M PiGelSH-Ag &

-

B cnesH-Ag @

31 Conol

BMP/SH-Ag

Note: A. Proliferation of BMSCs cultured with the extracts of BMP/Gel/SH-Ag and BMP/SH-Ag. B. Live/dead staining of BMSCs.

5 BMP/Gel/SH-Ag % BMP/SH-Ag B4 ¥1tER 14
Fig 5 Biocompatibility of BMP/Gel/SH-Ag and BMP/SH-Ag

D (450 nm)
b3

Control

1 3 3
td
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2.3 BMP/Gel/SH-Ag {24551k

FJH ALP 4t o fnph 2541 S 4 ok} BMP/Gel/SH-Ag i1
BMP/SH-Ag W B H 5 (LR D #EATPFMY . ALP 4 ki,
FOoRHAT R . BMSCs fE U 1 S R AL b 55 14 d
J&, BMP/Gel/SH-Ag 4H 1) ALP i 14 & T BMP/SH-Ag 2
Fixt MR (F 6),
3T BMP/SH-Ag,

W] BMP/Gel/SH-Ag [ B 5 i H

6 BMSCs #J ALP a5
Fig 6 ALP staining images of the BMSCs

TERCE LRI, B A T A BT, T RS
SEAT Al P pE RS Ye L (4., BMSCs ££ B 15 315 57
Hd ¥ 21 d J§, BMP/Gel/SH-Ag 41 1955 451 K °F- & T
BMP/SH-Ag 4 Fxt B4 (& 7), W] BMP/Gel/SH-Ag )
TR 4> L RE & T BMP/SH-Ag,

BMPGel/SH-Ag BMPSH-Ag Control

7 BMSCs HIE R4 S L EFR
Fig 7 Alizarin red staining images of the BMSCs

AW T Agh fN-SH Z IR BC oz [ Bz, il 1 —
it 4ASH-PEG Fl Ag" 22 IEHY PEG /kBEfK, #Rif0, Fafifh
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BMP-2 {7k &t ik TC i 4E 2 BMP-2 B i, T3 BMP-2 ffy
R AR, Rk, 76 PEG KEERH R A THEE
BMP-2 fJeac Bk, R koK B e i 22 B HIAE
JAi RSk BMP-2 DUig gt Begu itk & #ifh e &

TR AL 259 50 BE BCER AR, T A B 42 R0 5N
BRI GORL, ATCABETE S, FOBR. i s T B Y,
HRAEH AN A BHAR], oA RARE k. & o
TRERFCHUER. BT zZom T AAN HEA R
HIAEPARZ I, RER & 40 - A B SE MG il 25 Tk b
B WHRARSE R 20, Bk, KRB R
M. RER. Ry, WISl an S8Rk iR 4 i
o2 SR B R =, B AR AR PTRE  ar T IR
BEERHEAR - HARK - RAZA# (Arg-Gly-Asp, RGD)
FEAI, AR LR AT A A R VE A . R, IR
TUERAME T DL R AE 25 3 A I E T, 38 wT LAIE 2R 40 i &
MHFERS, B, BIRGMER TR, K E T
AR, Kudva " 5@ it B Ik 7 38 4% 1 A4 K IR 1 B
(transforming growth factor-B1, TGF-B1) FEFAIMEREH
K. Zhao %5 " i it il & 1 4% BMSCs [y W Jie fi R {12 18t
B s BBk mT A2 S50 A0 B i 32 BMSCs,  F-fie it H 4>
fe. Wk, BIRRHER A Rh— Rk B s i L 1
M,

RS H A LU A% GERI ML B R FL A AR S AR R
AHEZE I B IR IR 5 B R b i B AR A T R L, A
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