Bl T MM OB AR Vol. * No.*

A ] Journal of Inorganic Materials *

AR DOI: 10.15541/jim20250433
BEREZ/NFLEMEHHESESMANEIER
SMAER R E{ER AR

4 1,2 — 3 = = 1,2
42, I, R A
(1. FHXFGEMREFR LALAESTRREGEMAETLZRE, #85 266071; 2. FHXF FHRFWEEREFH
TR, FH 266000; 3. FHREHEFHTORER, 5 266001)

8 E: man. BRPECE R 51 R B IR R E KB, TR RE A R A S A B AR AR
NEE., MEHLAHER—MCANER. 2B, IE AR RS ERRNENER, uH
SO 1 A T R C 3k R R T BT 2 A AR . ASHIE F Bl V8 - v 4 T A ALAE I B (MBG) , Rl
PIERWR IR T VAR R T IR R (Pue) 1) Pue/MBG R A M KL, BT, Bl &1 MBG E A 5 = ) H R 1 AR
HFENILEER, RINEZIL T Pue R RIZERE . PRAMSZIG45 B W, Pue/MBG H &+ EHREA R HE/IN B A AT A%
4 PR O BB O 70 T A PR A 3G T, (R R R LR G RE T, BRI, SR 5k 1 e ) 4 e
W AR A0 S5 55 T B3 5, JF SR A LA e BB S B AR R Bl A FAE . 45 b, AREETE RN T
—Fh T Pue 5 MBG W FIEH BB R AR, H R0 R #8076 B 420 TR b HAT RAF R A5 .
x #O9E: ALY BRE; Btk SR YA

FE 2 S: R318.08 XERFRERE: A

Puerarin/Mesoporous Bioactive Glass Composites: Preparation and In Vitro Synergistic
Osteogenic-promotion

XU Ming'?, WANG Yuanfei’, WU Tong'?

(1. Shandong Key Laboratory of Medical and Health Textile Materials, College of Textiles and Clothing, Qingdao University,
Qingdao 266071, China; 2. Medical Research Center, The Affiliated Hospital of Qingdao University, Qingdao University,
Qingdao 266000, China; 3. Qingdao Stomatological Hospital Affiliated to Qingdao University, Qingdao 266001, China)

Abstract: Bone defects caused by trauma, infection, or osteoporosis pose significant clinical challenges. Developing
bioactive materials to effectively promote bone regeneration is particularly important. However, osteogenesis is a com-
plex process influenced by multiple factors. Existing bone biomaterials only focus on the effects of limited factors,
leading to an urgent need to develop novel composite materials that can synergistically promote osteogenesis. In this
study, mesoporous bioactive glass (MBG) was prepared via sol-gel method, and puerarin (Pue)-loaded MBG composites
(Pue/MBG) were constructed through physical adsorption. The results show that the prepared MBG exhibits high spe-
cific surface area and ordered mesoporous structure, successfully achieving Pue loading and sustained release. In vitro
experiments demonstrate that Pue/MBG composites effectively promote the proliferation of mouse embryonic osteoblast
precursor cells and bone mesenchymal stem cells, while enhancing their osteogenic differentiation capabilities. This is
evidenced by increased early-stage alkaline phosphatase activity and enhanced late-stage mineralization nodule for-
mation, showing synergistic effect of Pue and MBG. In conclusion, this study successfully develops an efficient bone-
repair composite material based on the synergistic effect of Pue and MBG, exhibiting excellent osteogenic capacity and

promising applications in bone tissue engineering.
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(Mesoporous Bioactive Glass, MBG) EH & A 7
TGN FLES K, XA L B 245 /A A IR 7 g 2 AR
PR, AR, HE G R &RE N RCE A
PEW, BT R, MBG 15 A BEER S b n] A O R 4k
FORRE . 85, BESEAEVNEIEE T, XLEE TR SE
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R 2 (Puerarin, Pue) 1EN—Ff KR T HEEHED), B
UESEREME I 1% 2 545 T, BERD R
HIECH 418 (Mouse Embryonic Osteoblast Precursor
Cells, MC3T3-E1) (M358, /-y Pl %
T FEAESE Pue BEF] LA mBMSCs (I RUIE 701L
SCRT DM BE LG 5E I ) s A ok, TR
AR RN AEH5 B 25 M A vl R LA AUOBI, R
EIHNFHATRTRE, {5 Pue I/KIEMEZE . AN
SR A5 e PR T B R R T e E N L (R,
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AWHIT B M — M R R R N LA
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JB2- Bk IR 5 A G MBG, I % 400 B R B 2% 1) %
Pue/MBG H &KL B /G R G RAE L FR AR5
PR SRR RE s A Ja il — R PS4 s
%, Zia WO T IZE S MEX MC3T3-E1
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Fig.1 Preparation and osteogenic-promoting mechanism of
Pue/MBG composites. DDW: Double distilled water; MBG:
Mesoporous bioactive glass; Pue: Puerarin
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1.1 #RNERSHIF
1.1.1 MBG Eo$I&

WIRTARIENS), MBG R FH i B % - i v il 4%
DL 75 be 2k = R YR 4k & (Cetyltrimethylammonium
Bromide, CTAB, > 99.99%, il | A ARG B4
AIRATD MR BAREBCEBRUR: % 0.7¢
CTAB %1 33 mL 25 & F/K P Fraiife, B A
W77 A 10 mL 42 .18 (Ethyl Acetate, EA,
>99.0%, 254 BL 2=l A R A ] . 4 30 min
Jg, MM 7mL #EN 1 mol/L @ 7K (Ammonia so-
lution, 16.0%~18.0%, Bi+; T MBI A AR A
")) VEWOT RS RE 15 min. BEJS AERE 30 min KK
B 3.6 mL IEREER £ 15 ( Tetracthoxysilane, TEOS,
98.0%, Z WM AENEHL M AR 27D, 0.36 mL
% = Z. W& (Triethyl Phosphate, TEP, 99.5%, # 7t
MRAAL B B A IR A 5D A 2.2 g i BR4S (Calcium
Nitrate, CaN, > 98.5%, & 2441k iH G R A
") PRSI 4h )5, BEOWEAATE, H
MFE /KA TG/K .8 (Anhydrous Ethanol, ETOH, >
99.7%, H 254 ik 2E R A R A FD MATHR. ¥
FEYIIE 60 °CT SR )G, BT 53k gbe
(650 °C, JHEEZ 2 °C/min) 3 h FFREHR 7155
MBG.
1.1.2 Pue/MBG Hi%$1&

K W EE Y B 7R ) % Pue/MBG B &4k A
BB . #4300 mg Pue (>98%, By | A4k k}
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B ERATD T 6 mLETOH #, J55 80mg
MBG R &, FIH#E 4 bE 28 B 2444 24 he 8 S
0IRAF Pue/MBG JLIE, FFFIH ETOH AURZE/K ik
B, EBRWEA BN L T ) B Pue.
1.2 RAES T
1.2.1 M RERAE

FI 5 H ¥ 248 (Scanning Electron Micro-
scope, SEM, S4800, Hitach, HA&) X4 KM E
FEAT W82, H RE1E 1 (Energy Dispersive Spectrom-
eter, EDS) 7» ARl e R By o i 32 5 oL T Ak
5% ( Transmission Electron Microscope, TEM, HT7700,
Hitach, HA) XFFE &b R FLIE 2544 34T 73 A o R FHRL
ZHr{ (Nicolet 6700, Thermo Scientific, J&[E)
X APRPRLAR HEAT 0B o K BE SR T AR K L B 73 B
1% (ASAP2460, Micromeritics, FE[E) X FF il 1)
B fLR DA LR I AR AT RAE . R R
HAF 21 A3 e 6 FE T (Fourier Transform Infrared
Spectrometer, FTIR, Nicolet 6700, Thermo Scientific,
FED R AL A S HEAT IR AE . 8T X B4R
FTHHX (X-ray Diffractometer, XRD, D8 Advance,
Bruker, fE[ED 7 Hr AR IYIAH A R
1.2.2 MG E TR 04T

Pue/MBG H & KBHIEZ R ) 5 G ¥R 8
AR WL R E , BAROTEI R #1
mg Pue/MBG 21T 2 mL ETOH ', 37 °C N /)
PEFE 24 h J5 LA 2000 r/min BS540 5 min, i EAMAT
D43 9696 & 11 (Varioskan LUX, Thermo Scientific,
FEED £ 305 nm K AANE HIEHRBOGE, R E
AN [FI A FE IR Pue/ETOH. 3 RTE AR 7] 4 T 0 5E MR
T Ll bR e i 2, &l ARG E

(Drug Loading Capacity, DLC). #%j*: (Drug Load-

ing Rate, DLR) F1f0 35} % ( Encapsulation Efficiency,
EE).

Pue MRS REAE 120 r/min PR 264+ T
HEAT. ¥ 1 mg Pue/MBG 7E 3 mL TR ZZ 1P £L 5

(Phosphate Buffered Saline, PBS) Hizif, fEFiik

I 18] SCURE S BA 2000 r/min 5.0 5 min, BJSEL 1
mL FJE I E P A 305 nm AL RO FE b e S5 44
L PBS, i Wl & AN [F] L Pue PBS ¥R AE 305 nm
Qb BT R 2 A A 2, bR AR AR T AR
Pue M RFURETBOREE . BLAh, XHARSMBE A 247
T B G AT

1.3 (RSN E Y ZE M RETRAN
1.3.1 4HpEIESE

AL AT FH A MC3T3-E1 B 5 K24 I & = B
CEs s E R4, mBMSCs M 4-6 1 SD KR 1)
J& w54 B 5. MC3T3-El fE5H 10%/h
A I35 FT 1% 75 55 25 -5 5% 2 P14E = 1 Dulbecco i R
B! Bagle e 43577 15 9%, mBMSCs 75K RUE i
[ 78 T e i e sk i 9%, DL B3R IR
N 37 °Cy 5%CO2. 70-80%RH.
1.3.2 ZAREIETEE

W4T 5 B4 K B MC3T3-E1 Al mBMSCs LA
5x10° cells/well FIIREIS1 R T 96 FLAR P RE 771
W, BEJE, KduBaBabLs R PY 44T T Control
H UFEEREFRE). Pue 4 (% 200 umol/L Pue
5e 4773 ). MBG 41 (% 0.25 mg/mL MBG )
SEA IR LU Pue/MBG 4 (% 0.25 mg/mL
Pue/MBG E &M EARFRE), 7 hl 5 4 M3t
F5 1. 3. 5d. 1% CCK-8 Rl& (EnRAEME
R ARAR, HE R MEEETEs, 7
450 nm A AL I A0 HE T
1.3.3 AR SRe

W4T 5 B K I MC3T3-E1 fl mBMSCs %
5x103 cells/well I E 21800 2] 24 FLARH, 5 E
A R R LR 9% 3 de ] 4% 2 58 F I [
FEAML 15 min, PBS k. )5, =il A 0.1%
Triton X-100 #% X 10 min, FH PBS pik. HMRE
JE i) Alexa Fluor 488™VWZEINR YL i, B H
1 h, PBS iF¥t 3 &K TN 4',6- — REE-2- IR 0y b

(Dilactate, DAPD) #EYEHFE 10 min. %6 W ilER

NREERK.
1.3.4 RRE SN

H 38 B KR FE ) mBMSCs ) 51 R 7E 24 FLE
R A K2 80%~90%, I+ XIHMIEEFRIE. b5,
B AL 2 9 DU 2H 3547 Tl: Control 2H ([ Rk
HiFEFRIFRE). Pue 41 (& 200 umol/L Pue
FHSEIEI). MBG 4 (% 0.25 mg/mL MBG i
HiFE SR #E) LK Pue/MBG 41 (4 0.25 mg/mL
Pue/MBG &M SE B SFEFRE. & 2 d Bt
BRI, WE 7d. I EREFRAE, H PBS EVE 3 K,
H 4%Z RHEERE. KA ALP Bailfla (Ea
RAEDHEARBODARAF, FE g X 4iiEdtiT
Jutt, XFKIEVEZ RIGLEIEI, R EGD A
U R B AT WSS . A ALP Rl 7] & (A
SKIERFAGIRAR, FEILF) E&E ALP &,
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7E 405 nm I A I 5 IR B AR @ e A il 2R 1
B OALP 351k
1.3.5 &M Al

e, B5IE o dlA 1.3.4, 1 FE 14d. 7%
Bigr%k, H PBS iEE 3 K, H 4% EHEERE E.
KA EL S (AlizarinRed S, ARS, i 2 AWFHE
BIRAR, HHETFND EROTAM AT e, W
IKIE B2 RO YL VA, R S REAE LA 2 6 BR
BATME . BEJG, R 1% kst (REsR
BARAR, PEILE EROEEEY, £ 560
nm KR PR O
1.4 Zit 5 h

BT B 25 LT 8 B+ bR e 22 (x+SD) Ko, FF
{§iH GraphPad Prism 9.0 X {4 X S50 4T G it 0 #r
] Student’s t K36 FLAT 4 2 [ 1) 22 57, A
K5 ZE W1 755001 3 A Je 3 AL S AT RE il 5L
W ZE S5, 8 P OUR 207 22 95 W i O, DA
K9 A R AL A A2 AR IR ZE TR BEYL 3 LA
IR bR 2, R Turkey #8530 1E NS 5 43
Mr i * N p<0.05,** 8 p<0.01, ***y p <0.001,
BRPEREFEE. WEERRRESZRNS%

TR
2 HR5HE

2.1 MBG #A Pue/MBG HU$I& 53R4T
AW E S X MBG K& Pue/MBG M TE ST 5
CEMIHT ARG RAE. UL BoR S HHEAG,
AMILTE ] 2 5 (& 2(a, d) . SEM R % B, MBG
RIS — BRI BOE BRI S50, R 1A 355
FLBR (B 2(b))s MEEREK)G, Pue/MBG 15 IRHF R
BIESE Bk, KWL REZ R m %,
BB A (& 2(e)). TEM #t—H IR,
MBG EA&SEAFRNLEW (B 2(c)), 1M
Pue/MBG [ FLIE e FEIE5 10 58 (B 2(H). LA
5 RKH Pue CIIHE NI TFLE A E. It
Ah, RiAE B 45 5 o8 MBG 5 Pue/MBG HIRLAR 7
AN 126.124+62.87 nm 5 126.74+62.13 nm, 1%
BRI K AE B (B 2(g, h))-.

(@)
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Fig.2 Surface morphology and particle size analysis of MBG and
Pue/MBG

(a, d) Digital photos; (b, €) SEM; (c, f) TEM; (g, h) Particle size distri-
bution diagram

NEEA R FLES R, SR N R B - Bt B
MAREAT 30T G5 R BN, MBG %50 2% 5 300 i 7Y
() IV BURRME, FEEE HI B4 530, RPHLEEM
BN FLEER (B 3(a)). 113 Pue J5, Pue/MBG [1]
SRR TR, Ny R TR, HEERS
LB MBG A —8(, L4 R, Pue I
7T MBG fLIE N &, LB 2R A5 M AR R A
BIH L2 i £k B78, MBG 7£4] 4.5 nm b3
KRB A, R\ H B & EY— LA .
1% Pue J5, Pue/MBG [/ AilEREAR /278, ] L
AR N, BAE/NT 3 nm VS A EFLE BN, 3
—PUESE T Pue I T A fLALIE (B 3(b)). &
1 B¥i N B Pue BYRCDN 51 305 2 BEHLII SR AL T 1K
P& . 156, MBG #4k =ik 373.28 m? /g [ EL R T AR,
a7 HAR A2 RE S AT, gk s LR
MUSRI %% 151.02m? /g, H J1IESE Pue 2 F LK
BEHAFEETALAE. Hk, BIH Hrdt—35
o~ T ALIEWAE AT UG T T LFLAR IR
INGEERR TR, Pue AMYUIR T2 0,
MRS T FLIE 3B . axuegh RALFEER, &
TR DA 3 T — P 5 T A FL R 08 1 24 4 i ik
Gr, TR G B0 8 B AT RS 2 YR U T
ki e i
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Fig.3 N2 adsorption-desorption isotherms and corresponding
pore size distribution of MBG and Pue/MBG

(a) N, adsorption-desorption isotherms; (b) Pore size distributions

%=1 MBG #1 Pue/MBG WL REIR SN LR

Table 1 Specific surface area and mesoporous analysis of
MBG and Pue/MBG

00 02 04 06 08 1.0 12
Relative Pressure (P/P)

Sample BET surface Pore vol- BJH pore

P area/(m*>g?!) ume/(cm’-g!) Size/nm
MBG 373.28 0.70 12.93
Pue/MBG 151.02 0.45 8.84

K XRD XA B} b R S5 /4 347 73 4 o XRD
7~ MBG 1E 15-35 °J6 [l 9 2 30 9612 vR B, R
HONAER M (B 4(a)) . /A XRD B,
MBG 7EZ] 0.64 °4bH LR T (100) & 1 i 58 AT
Wi, RSB S A T 4N T e fLEE U,
1% Pue 5, Pue/MBG MIATH G B A RFFAL,
H AR 98 B PR (] 4(b, ¢))» TEBH Pue 23K
T AFLAEE, FRAC T FLEE 5 LI (8] (1) H 1 25 FE X
Lo, RBEIAA R ZEAR NI GG, B UE i N
VIERE TG o

(a) (b) — MBG {c) MBG

‘qui lllll n —— Puc/MBG — Pue/MBG
I

wwwm | l

10 1

61

Intensity (a.u.)

Intensity (a.u.)

0 A 4p S0 3,
2-Theta (degree) 3

K 4 MBG 1 Pue/MBG [ XRD 3£ [&]

Fig.4 XRD patterns of MBG and Pue/MBG

(a) Wide-angle XRD spectrum of MBG; (b, ¢) Small-angle XRD pat-
terns of MBG and Pue/MBG, along with their enlarged views

NN EME SRR, ARSI XM ORHEAT T
EDS JGE T 4R %R, MBG £ZH Si. O. Ca
AP ICEAM (B 5(a, b)), Hr Sifl oA
B2, Ca§ P B N T I AEDEPERO, Al
BT C U, AT RESR IR T 5k B RAR 1) B 5 IR
TR R G, Pue/MBG H C LR KIME S50 E 5 R
THE LR R, 1 Siv Ca A1 P AR T 1 2 LLAH
X B (B 5(c, d)) o iZZ A H Pue 431 (C21H2000)
FIANKE C RN “FBAR” 53, KW

2 3 4 5 15 20 25
2-Theta (degrec) 2-Theta (degree)

Intensity (a.u)

Energys(kc\')
& 5 MBG #1 Pue/MBG HJ EDS 43 #t

Fig.5 EDS analysis of MBG and Pue/MBG
(a, ¢) EDS elemental mapping; (b, d) EDS point scan

Aspig i@l FTIR 47 T Pue. MBG K&
Pue/MBG [H)4r ¥ 4t 5% B el (B 6). Pue £
1600~1700 cm™ A1 1000~1200 cm™ 4t 43 5 i B
C=0/C=C 75 & BRI C-0-C FEFF BAFFIEIRIL
U, FFA IR R LS M REERY. MBG 7E 10001100
em b2 Si-O-Si FEERIRUL T, 800 cm Al 450
em T 23 BN Si—O SRR 4E 52 dh IR Eh, 2 H
A SE R TR £ W 4% 45 #4122, Pue/MBG L 4P 61
SEIPHH D RAEER S, Hd Pue /0 FRIEUE K
AR EGRE RN, RS MBG RHAFE
VIERR B B SS A BAE s T MBG 1) Si-O-Si EWK
WY R AR B AR, i B L 2R AE R S R AR
FRAROE o AR B8 A B AR AE W i, i — PR
B Pue 32 Z DAY ERIR B A7 7E T MBG fLiEF .

Rl S
Pue/MBG

MBG

1397

Pue .. WO WL Y
7 Hameie 11

1629 1564, /o

toss X

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

&l 6 Pue. MBG Al Pue/MBG ] FTIR H
Fig.6 FTIR spectra of Pue, MBG and Pue/MBG

N TV MBG BN Pue 2R HIERE, FRATTXS
H DLC. DLR M EE #47 7 E, JFt—DHis 1
HAERSM AT 2R TAT N . R 2 Fhow,
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Pue/MBG EE&MEL RGN FHE L[ /), DLC &
(338.38+16.05) pg, DLR “A(33.84+1.61)%. #R1M, H
EE 5(9.02+0.43)%, FHXTEAK. HATiESEINEER
FEM T — R S5W - EhA P <. PR
Bt — AT AT R IR, Pue 57T
1£ MBG FLIE A I Bt 5 2198 9 B g ak 2111 o
ek MBG SR 4 i S 8885 S
(1) Pue BS54k . 2 5 FLE M W] AW R
[H]7 9% . Pue/MBG & &M BHR & (1325 F R B FL1E
WEHA T KEZY, {H MBG fLiE 1A AR 2
HIRM . #ILEMAK Pue &2 fEEHE MBG A Y
(B K B B, ANTTTE TH RS A b 3 3 7RI A
B,

Pue/MBG 525 Rt Ze a1 7 Firs s 4
46 24 h N EIPOERE, B 57 9T R R SRS
B, WIRFSA 10 do R IMRREAE, 21T 7
SRR A . SR A RUL, Pue/MBG & &4 BRI
1T N5 4 Higuchi 7, X £ W, MBG A F
FLEEH A SEI Pue ZERAT AR BRI 2K, Pue 1)
BTN 2 Fickian ¥ #OMLHI r 32, X5 MBG B
JRZ AR 5 SCHR BT iR E A — 22270 ek, A
A B 2 I TE] PO HE RS, Pue M FLIE PR8I RIS
MBG i SR FE AR b 1 22 18 1 vt e 2] 1 Py [F) 412 23k
ZIVIRE TR 20,

2 Pue/MBG AR . HAXRMEHERSW
Table 2 Drug loading capacity, drug loading rate and en-
capsulation efficiency of Pue/MBG

Sample DLC/pg DLR/% EE/%

Pue/MBG 338.38+16.05 33.84+1.61 9.02+0.43

—— Pue/MBG

—
& 4

releas
L7 - N
[—I—1

Pl
i

lll 2I5 SlIJ 7|5 l[.l(l 155 léﬂ 15'5 2(.10 255 250
Time (h)
Kl 7 Pue/MBG 2R Tl h 2%
Fig.7 Drug release curve of Pue/MBG

2.2 FIMNEIEMEETRN
N T VA Pue/MBG AW 22 41, F-ATT 49 il ek

Fl MC3T3-E1 Al mBMSCs 1 1 48 il 75 P4 F0 40 g F
BT, CCK-8 256 W, #HE T Control 4,
MBG EZ i 7T MC3T3-E1 4if s s iste (.
8(a)). dHfRIEAEMELH — P BIR, Pue/MBG 44H
M 245 Control AAHML, ARMHE RLF, 2%
MG, O e 5 BAH BRI R 4R 2%,
FUIM LA [T (0 20 B AH 25 1 (0 0 5 30 4 e 86
B 8(b)). 7E mBMSCs H {5256 45 Stk — 556
iE T Pue/MBG MIAEY)¥ 88 . CCK-8 il i,
F# T Control 4H, Pue/MBG &£ T mBMSCs
f38sE, HCR T MBG B EE (] 8(c)). 4
MR A ME R R, %4 mBMSCs 4518 K47 19 25t
HWREES, RYEEsE RN, =&
Pue/MBG T F-4H f - BARI BT 597 &, nTResEf
T mBMSCs 15 84422478 (B 8(d))s

N T iFAE Pue/MBG X mBMSCs E 0155
SREST, FRATRTI 1 R A A ARG S OB b
HEW. ALP WGV E 40510 20 1b D Th e v PE 11
HEARERY, 57 Rk ALP WEH T 5o, Pue 4
wHEZE ST Control 4, iFSZHALHE S M
MBG 45 Control AR 1T #2257 JEFERENZ,
Pue/MBG 41ff] ALP 3% 1% & 2 LT Control 2 MBG
M, ROIEMR R F SR OAT REAE AR L 43
et R Rk T EREEE R (T 9(a, b)) . Al
BRI AR BCE 53 R ) e & BB 14 R
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(a, ¢) Cell viability assay of MC3T3-E1(a) and mBMSCs (c) after being cultured for different periods; (b, d) Cell morphology staining of
MC3T3-E1(b) and mBMSCs (d) after being cultured for 3 days
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Fig.9 Osteogenic differentiation effects of Pue/MBG
(a, b) ALP activity assay (a) and ALP staining images (b) on day 7; (c, d) ARS quantitative analysis (c) and ARS staining images on day 14 (d)
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