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Osteogenic Effect of Borosilicate Bioactive Glass In Vitro and In Vivo

CHEN Tingli!, DU Ping', LI Xian!, SU Kun', LI Shuaijie', CUI Xu', PAN Haobo'*
(1. Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, Guangdong, China; 2. Shenzhen
Healthemes Biotechnology Co., Ltd., Shenzhen 518055, Guangdong, China)

Abstract: In recent years, borosilicate bioactive glass (BBG) is widely studied due to its osteoinductive activities. However, the ions
accumulated in the extracts can induce cytotoxicity and hemolysis when evaluating the biological properties of the degradable
materials using the extracts of the materials. In this paper, the BBGs were prepared at different ratios of B,O; (0B, 1.5B, and 3.0B
samples), and bone cements were fabricated by mixing the BBGs with 30% (in mass fraction) citric acid. The cytotoxic and
osteogenic effects of the bone cements extracts were evaluated using human bone marrow mesenchymal stem cells (hBMSCs), and
the bone healing effects of the bone cements were evaluated using a rat femoral defect model, respectively. The results show that the
extracts of bone cement formed at a greatest ratio of B,O; in the bioactive glass can induce a maximum inhibitive effect on the
proliferation and osteogenesis of hBMSCs in vitro. However, the degradation and bone healing effect of the bone cement increase
directly with the ratio of B,O3 in BBG upon transplantation. Also, there is a huge discrepancy with the in vivo and in vitro evaluation
systems for the biodegradable biomaterials. Understanding the mechanisms of the different biological effects of BBG in vitro and in
vivo will provide some guidance for the design of a more effective borate-containing bioactive materials and the construction of a
better evaluation system for bioactive materials in vitro, thus facilitating the clinical applications of BBG.
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{2 ERAGFE B R, A B S S AR B & 2
HEEEY, B —RAEWA R Jonathan Cohen 18
7E 1967 45 XY, phSFbREE ALY A R
WEKA 4 REP[W 5B NG RR F BB (PMMA)]
s B AR R A A iE S AT B, 0
RS . RIEE AR, B =AM EETE
AR b, I8 S IS R TS YR
T RANEHNARG 4. 20 4 70 ££4X, Hench
IOV B I L 4585 AEMBEIE, BEE T AT
KRR BEE X AR YIS SR, A
H 2Rk 2 5 R F O G 26 56 4 B0 B AR S AR
HF R IR IR B AR S ME B S (BBG) . M S5RERA
AN E T, FF AR A 2 AL AR ) = 308
W PUEALRE D AGE R RS PSS, R
BBG A 5 A Rt B T 4 4e 2 S ohRg E
BT 7T 1 B, BBG 7EMK N B AT
HAMRE, X2~ B uR IR g S
WA R PR, AR, K HURANIT T
RIL, R A B R R, AEER
il £ AN [V A LU R 2R v M B 38, ) &5 FLIR SRR
AT RAVFERE, LEARSMIEFEAS [RIHR BEIR P00 B B
() 78 T4 M i . 36 RCE o AR A
SOMA, R AN RV A L 3 185 8 P T K BB B s 1
69T, BELLRASFIBEE L BBG FE4K A AN ) B 2%
N, BHERIIRAR R AE IR RUR IR VSR, &N
BBG IR & =il R SEHe it de 5o

1.1 REREEL E 4RI A%

SR FH s Ry o) £ B, F LR Bl(R DRI
3 I B (Na,COs - KoCO;s Al UK IR EE - CaCOs+ Si0s
NaH,PO,2H,0, 0T EZ5 LR, NSy, #
il OB FIEESH 1.5B £ 1300 °C, FE&h 3B 76 1350 CHk
FeIEA 2h, VKKK, BRES 4h, 1T 380 H i,
BENER/ANT 40 um [ 3 FHEFERI AR . F R /2
N 30%FTIE B A IE AT AR, AR A S [ A,
B R =45 (o-TCPY AR (W T3 [ Aladdin 2 =])H
VESZIG WA . AR OB. #ESL 1.5B. FE5 3B 3%
T RFN a-TCP 43 R 735l 5 30% 4745 BR 1 Wi 4 HE
= 2:1 MEELRES, BREMEABE, KT
24h, FASELN Smm, BN Smm FEKERA
1.2 FKRREGH%E

e I8 ] BRARAE B2 I7 2 AR 22 VPN B S 55
AN B B PR B (1SO 10993-5) i £ i2 $2 . Bl 1 g

#1 HHOB. & 1.5B. #5 3B HERSH
Table 1 Mole fraction (X) of 0B, 1.5B, 3B samples Xx/%

Samle No. Na,O K,O

MgO CaO B203 PzOs SIOZ

0B 6 8 8 22 0 2 54
1.5B 6 8 8 22 27 2 27
3B 6 8 8 22 54 2 0

PR B KRR R T 5 mL ST R IE I (a-MEM)
i, 37°C/E¥ 24h, 30001r/min &> S5min, 0.22 pm
JEE L UE, 1325 EKEE N 200 mg/mL FH KRR
PV B SRR o-MEM 15 32 5 5B KB IR IR 7S
ITIR A IR 1/2 UK (100 mg/mL)H /K6 IR 11
W, ¥ 12 FEIREERNIREBRIR DL E vkt Ar
2 1 REVFRE, FAFFRE 4 £52] 64 510 =IKFEELE
3.125~50.000 mg/mL 5 [l A IRVRF2 R, [ B P | i e
100 £ BB IR N 2 mg/mL (BRI AR, ) s
Ao B TR R SHERE (ICP-OES)R I B IR FE(3E
Agilent A#] 720 &), FHRIH TG SEM4HMRE 7%
1.3 MRRREERSE

N H i 18] 78 53 T 40 i (\BMSCs) (7 M 28,
HUXMF-01001)# 7% T8 10% (AR5 %06 4 ik
(FBSYHI 1% (IR E)PIAEZT o-MEM. 435 17]
o-MEM FIRRE S5 RS2V N 50 pg/mL HLIA MR
10 mmol/L B-H /i BREAAT 10 nmol/L b F& K AL ]
BRE T SRR . AU E T 37 CEIR. R ECN
5%I1) CO, Hi FRAMNEEF%, B RIS T HUE 734K .
1.4 ZHREIESEEME S SN

% hBMSCs % 1600 M4 / FLEFPT 96 FLIR
(n=6), FFLINA 100 pL Brrdk, AMAufasE Jm BNy
AN FI R B M BHZ R R 770, AR AR
BEnhBE IR A BEFR 1L 3d M Sd e, HUR
FURFE R R, FHEH 10% (RS E0 i
PRI CCK-8 ((ifEFE = K CO038) i 55 77
B, BEH 2h, BONBEFR R 450 nm &b HIR O

TE A B4 RE IR 52 9006 40 PR 1 B MR, K
hBMSCs #% 10 000 41 g/ fL4 &2 24 fLAR, 2H
MRS J5 IS IR RE 32 A5 M RNR 3R, RIS BATG
RS SERE S TR IEAE N R, 559% 5 d JEHEAT
Calcein-AM/PI (i Yesen40274ES60)2H il i AL 42
t, AP RIS I,
1.5 WMSBEREBALP) AR S EEKEN

¥ hBMSCs $% 10 000 4 i/ FLE A 22 24 FLAR,
e R o BN R 5 S R IR (32 R R R
BHE PRSI e 75 S8 7 Bl T Ay, 55 7 d A
14 d JGi#H4T ALP 35 G0 B 2K C3206) /%
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BT WS IE . [RIINFI B RIPA 4fss % 7d Al 14d
AR, BEOECETEN AT ALP e s i
2R PO321S)THAE A & 50 8 [ (mg) ) ALP [ B8
IR (n=3).
1.6 BHRAFEEFETEXW

¥ hBMSCs $% 10 000 4/ FLEE A 22 24 FLAR,
R 40 M AR e 5 S 4 Bl 15 5 B IR R (M BHR S R
B 32 fE RV IMEC R 15 5 R RO RR), BE9% 14 d
M21d 5, R 1% (5iE 7 %) 7 2 £0(Tris-HCL ¥
FCHil, pH=4.1~43)AT QB RIdR, REMA
10% (AR H) &AM+ b dkntng (CPC) PBS %
W, FESEVEML 1 h T 562 nm ASASI G i RO B FE
1.7 LKA EEREER KRB (qPCR)

¥ hBMSCs #% 10000 N4/ FLFF 5 24 FLAR
Ry a0 A e Jo 4R R S S IR R (M RHR 1R T
PR 32 £ 5 VN IO 175 5 R 7 e i i R ), 8597 3d
7 d JaHIRAFI &L Magen R4114-03)F2HUE
RNA, HH@ME G THEEE Thermo Fisher
Nanodrop 2000)1'Ff RNA 4iifE: 44 RNA FEAR
A260:A280 LR KT 1.8, H A260:A230 KT 1.0,
FIFH [ #5487 & (H A< Takara RRO37A)EF mRNA %
B4 cDNA, FIF qPCR A& BB AH 2% 3 X
Collal. g-catenin. Alpl il Runx2 [{#Es% /K. id3%
RAER Y IG5, DR Gapdh AN S, K
F ddCT 345 B H5E B A XA (29T,

*2 5149F%
Table 2 Primer sequences
Gene Primer sequences
Forward GGCTCTCCAGAACATCATCC
Gapdh Reverse TTTCTAGACGGCAGGTCAGG
Forward CTGGATGCCATCAAAGTCTTC
Collal Reverse AATCCATCGGTCATGCTCTC
Forward CCACGTCTTCACATTTGGTG
Alpl Reverse CAGACTGCGCCTGGTAGTTG
Forward TGCACTGGGTCATGTGTTTG
Runx2 Reverse TGGCTGCATTGAAAAGACTG
Forward GGTCCTCTGTGAACTTGC
A-catenin Reverse GTAATCCTGTGGCTTGTCC

1.8 % JZENE(WB)

5 1.7 MER 775755 hBMSCs leE 1k, 7d
A1 14 d J5FIH RIPA W20, B0 BiE T
WB 258, s 7 ehsic & COL1AL. OPN.
OCN. B-catenin 7EAS B [A] SR L K F-.
1.9 RERERINEEIEMEE

EHL 8~10 JAl O MENE K B8 T ZR 4B @ ) e

Al), PRS2 FE RCE R, Al B 2 mm (7R
o 3 I B SR A AR AL (B AR B4 5 . SIAT-IACUC-
20230216-YYS-TXXZX-PHB-A2149-01). ¥ FA J5 )
KEBENL N 4 H, SRBEAFI S 0B, Ff 5
1.5B FE il 3B ALV B RS A TCP 4 FhARHT EERC H1 1
HKJ(=4), G&E0 DIEHEFAERE, TR A] 5
MELE B ERBIR .

1.10 ROItEHEE i3 Micro-CT)

BOR BB R AR o & 50 H 4% 2 K g
(PFA)[# 52 J5 #4T Micro-CT H4(Fi+ SCANCO 2
"], UCT100, BEHEN 70KV, HI 200 pA 73
HEE 9 pm. BROG 230 ms), KRS R R EE
F SkyScan 353 #r Ab 3
.11 #RARYRRRACEESTE

VB LR S F LR 80N 4% I 22 58 e [
SE 24h Ja, PRS0 10% £ &0 LR
AT, Ry 2 2K S A R AR B R
(75%- 85%- 90%- 100%)BEAT /K A i HE & 1)
Fo WY1 R it 27K J5 384T COL1A1. OCN 1 OPN
SEAN AN, BRGeEIERTIEER
%5 (H A< Jé B, NIKON ECLIPSE CI) I W& i &
PELLE:, FFFIF Image J 3AFXEAS IR RIS AE IS 1)
Wl A ORI B S DU AT S =
1.12 SitEFErHEE

KH Graphpad Prism 8 AFi#EAT Gt 4, £
PR (B hr e 22) R, 24 1A HUBCR H #
R 2T p<0.05 MW ZE 7 BAH St 5 .

2 ZER54%

2.1 MRIZREHBEHRRERE B B FREEREN
hBMSCs 585 M IR0

ICP-OES 5 R %8, ARSI RER T B 55
THEERGEENZER, Hd, 3B EEE/KER
R BB TFERERS, BES T TCP. FE&
0B AIFEs 1.5B 41K 1).

CCK-8 frillz5 LM, SXTHEZAHLL, F£4 0B
HIFE i TCP & 7K e iz 3 O hBMSCs (13858 F
A REEIDEIEF, AR IS IR SO0 4 M 1 e G
BER; FEA 1LSB RSETRE R LR 2 5, &
FM A EEAET, FESL 3B IRARIRRE 1~4 1551
AP AERAET s RS 1.5B FIFES: 3B IR LR
F 8~100 55 1% hBMSC 35 B A 3 4 /e
o T WRE IR hBMSCs #5850 i 2
R RCR (B 2a).
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Statistical differences are expressed as ** (p<0.01), and **** (p<0.000 1), respectively; TCP is tricalcium phosphate.

K1 AR ERR ISR R G B 7K 1 ICP-OES 3l

Fig. 1
spectrometer (ICP—OES)

Boron ions concentrations in the diluted material extracts detected by inductively coupled plasma—optical emission

(a) CCK-8 assay of hBMSCs cultured in the diluted materials extracts for 1,3 d and 5d

(b) Live & dead stained images of hBMSCs cultured in the 32-folds diluted material extracts for 5d

B2 AN[ER DR B0 hBMSCs 358 i P4 1 52 R

Fig. 2 Proliferation and viability tests of human bone marrow mesenchymal stem cells (1(BMSCs) cultured in the diluted materials

extracts

BT R IERT A R EAE A, K AR
32 5T 1595 hBMSCs, 5d GG gett, 45
B RAHE A T hBMSCs A KRS BIF, HiAi B
TANUAET s FEdh TCP A /D VFFET-4iie, 40ptk
AR, HEPVBCNE S . 5 0B. FEfh 1.5B
RS 3B AWiE PR IR SR AR T4l i 1 2 H
BE B &2k g n& 2b), x5 CCK-8

R aE R —5, HENEERERH B ixsEd ST
B0 R
2.2 HIERIBEHEERYT hBMSCs BE 7L FnE
IR A=A NS T iy
N T RFA FIBIIR PO s SR,
PRI 32 5ol dl s i SR e N T
hBMSCs [ 7. #5304k 7d J5, ALP Bt A
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B, Hob, B OB FIEES: TCP 41 ALP 4e(h [
PEOEEE)MMEER L, K2 TXHRA, mee
1.5B FIFf i 3B A MG s b . ied
%S 14d )5, ALP HMEXIRE EW L, 8k
557 d Jeta g5 FAHI, BUAES OB FE S 1.5B Al
FE i 3B ZHH ALP PHPEX SBE B3 B & = (13
T (B 3a). ALP & & 45 B it — 5 R FE 5
1.5B FIFE it 3B B IR SR AEMRE 32 )5, Thxt
ALP 5 M B A B0 1 #0 /E H (B 3b). ALP AR
SR AR i) T el N SR e 2 1 B S A
VBLE BB 32 48 5 156 hBMSCs i B 2 4k B A5 3101 ]

(a) ALP-stained images

hBMSCs 7EA [F BCH 175 G 7 A 5 9% 14 d
Jei» PE R YL IR B AR R PR AR S 45 5 21d
JG, RGO RAPEX (R AL () W21, o,
FE & TCP ZH RS 1 25 20 Pt B T2 5 16 B A 2% € T A
WK, FEA OB Ak, SRJERFEM 1.5B 4, 1hift
it 3B 40 MR TE BB 2 1S 45 15 (B 4a).

o} Y e 56 AT EURT IR, ' 5 G 2 B e &%
R geta i L —8 (B 4b). K3 R 4 5%
B, A T4 i TCP IR 323, BBG IR &R hBMSCs
(A4 0 BB 23 A RIS 25 45 TF i3 B B 35 A
. I HAZMEIOR S B IR IEADE, BD k] RUR
B FMAR UCARE S 3B FEM 1.5B. K5 0B.

(b) ALP quantitative results

B3 hBMSCs fEA R ERZ AR E V5 197 7. 14d ALP ett 5% &0
Fig. 3 Alkaline phosphatase (ALP) staining and quantitative results of hBMSCs cultured in osteogenic media with different material

extracts for 7 d and 14 d, respectively

(a) Alizarin red-stained images

(b) Semi-quantitative of Alizarin Red S

K 4 hBMSCs 7EARIMERZ PR T 7 S8 5F 14 21 d i Raptasleads R

Fig. 4 Alizarin red-stained images and semi-quantitative results of the stained hHBMSCs cultured in osteogenic media with different

material extracts for 14 d and 21 d, respectively
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WEBES 3d J5, FrAMERRIEMRX Collal
mRNA [RGB ARIEEM; 7d )5, Fri TCP A
Collal FFIA/KF- 52 m THEM 0By K 1.5B Al
Ffii 3B (K Sa). Runx2 1] mRNA /KFAEA[F G 77
ZAFRBERT ] O, 25 7 RETRES OB 20538 & Tt
RRZH, TfAES 1.5B FIRESD 3B AR T0 R AL ANAE
il TCP Z1(F 5b). TCP 41 p-catenin f¥) mRNA 7KF

(a) Relative expression of Collal

(c) Relative expression of S-catenin

TR 3 RN e JE 02 i T HA A, e S 7 Rk
HAh2H T 2 2 2 (B 5¢). B 1.5B IR 3B 4
Alpl ) mRNA 7K-F-7E 25 3 F15F 7 K58 KT control
HFEE S TCP (K 5d). 25 I, FEi 1.5B FIFE s 3B
BINR LA hBMSCs B b hric 2 5 Collal.
Runx2. B-catenin Al Alpl 157K BAT 2 2 0 2%
F, I EAES 3B AR R B

(b) Relative expression of Runx2

(d) Relative expression of Alpl

* indicates statistical differences between a-MEM media and materials extracts; & indicates statistical differences between TCP extracts and other test group.

Bl'5 hBMSCs fEA R NS R H RCE 5 S35 % 3. 7d JG BUE FH DG BE BRI 4 3 KT
Fig. 5 Real-time quantitative polymerase chain reaction (JQPCR) examination the relative expression levels of osteogenic genes in
hBMSCs cultured in osteogenic media with different material extracts for 3 d and 7 d, respectively

BE%S 7d J5, COL1AL #1 OPN & A& IATE
FLIA T 5 2 25 5, OCN 2K AR IE /K FAEREh 1.5B
Hix i, B-catenin & LI HR P IRALAH X HLAG
M-Sk 14d J5, hBMSCs & 288 A £ iA M
XEHghn, e OPN & LR R, A 0B
FRER 1.5B 4182 = TX 4. TCP 411 3B 41;
F£ &b 0B~ B TCP X REZH OCN i [ R IA K F 2
T RER 1.5B RIKE S 3B 41 FE & OB ATFE A 1.5B
1 B-catenin Al COL1A1 [k 35 T HoAh % 41

(Bl 6). &k, midsrfbbric g = OPN F1 OCN (]
FIB K-t B AR 0B 41, FF4h 1.5B 4.
FEdh 3B 4.
23 MRMAABERNEEENR. KRN E R
MESIIEREREY
CT HAfs R B R"MEEHE 4 )5, FE 0B,
FESL 1.5B FESh 3B TCHH R %A%, TIREM TCP B
B BT B AL, BhAh, TERES 1.5B. FF
an 3B A TCP o] B &2 21 B B R B A2 il 8 Al
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6 hBMSCs FEAFM BN P E HSHER 7. 14 d
J& COL1ALl. B-catenin. OPN Il OCN & [ ) 5 BNl
2553 #r
Western blotting (WB) examination of COL1AIl,
B-catenin, OPN, and OCN proteins levels in hBMSCs
cultured in osteogenic media with different material

Fig. 6

extracts for 7 d and 14 d, respectively

B, TCP MEHLFAx AR, EAPRLE BlE
FCAEXS 4 JE B S EE R0 MRS 0B FIFE S 1.5B 76
BB AR IR G, MR B R A ARG 4 I 6
HISRIEN; FF 5 3B 25 ReAR, HILE U A ik
AT 4 RS S35 (K 7a). XF CT $9# 45 Rtk iT &
BN RIL, PR 4 S, TCP 4k RIE 4
HOHBV/TV H) 2 & T 0B, £ 1.5B Al
FEGh 3B 4 AR 8 FlJE, FESL 3B A KE
BV/TV EAHLT 4 JB A B30, & TR & TCP
HETG% R, HHFEM 3B 45 TCP 41K
B BV/TV {HE 3 &= T#E 5 0B 584 1.5B 4(KE 7b).

(a) Micro-CT scanning images of the bone defect area

TGt S e B R N, MRS 4
J&, FEd TCP 41 COL1A1 M6k B2 m THE4 OB
41, ¥Fih 3B 41 OPN FIRIAEE =T HEd 0B 2. 8 &
INF, FEf TCP 41 545 3B 41 COL1A1 KIFEIEKF
PR I8 2 = T RE S OB FIEE S 1.5B 41 k45 3B
4 OPN KIS m THEs TCP MFES 0B 4.
OCN [IFIALE 4 F1 8 JE iy #-2H [\ e il 25 14 22 (141 8) o
Zx b, 10 3B 75 8 JHIN B 2/t ik COL1A1 A1 OPN
HAKFRE, BARIFNEBEESHENR.

BBG & — 28 BY o] B 7 8 45 40 i T B I gk
A R AT R A S AR AR R R DU R
L B () BBG TE 4K 4% hBMSC 40 i BB 204k 1 5%
Wi 5 FAEAR N BB E R A — 8. FLER R AT e L
A% G 20 B B ARSI 751 R 2 RE R R Ak Py B A A
AR 0 BH 25 T 17 S AZa FE X 40 i 3 B AR s e 1 4% 5
[, AT B AR A YA RNR SRV & 25 7 i 73 1 2R
FUBOR T MR 4 M B 1 IR 20 7 Holm IR ks itk
Gb, MOEMENAR N BTIE OO S T R 4%, Rk 4h
B Y 1) 4R IR AE DL A TH R I R 5 5 B g
S 22 o 2 455 4 M 1 I R ) R

EIX) BBG FEMR A AU SO 1) ¥ 3 2 5, AR T
PEXS FACRIAF TR AR 2 il Bk, RE
i — DI FEAS ) 2H G B 70 A & 0 i AR 1) i 52 3k
JEE R P 2 e B, AR 45 SR ARG BBG HH IR 145
NIREE, (A I8 SR ) 4 T 288 N AR 55
R BT PR SL 1% 88 TBCER 2 LA A AR AR 4 M 2 12k 1) ] B
SO T RE M . R, EETEARAN R 2R

(b) Semi-quantitative analysis of bone volume/tissue volume
(BV/TV) based on the micro-CT images

K7 FORMEN K BB 45 4. 8 JiJG Micro-CT 33t 5 3 AL &R AR 7> o i

Fig. 7 Micro-CT scanning images of the bone defect area and oseogenesis volume fraction analysis after material implantation for

4 weeks and 8 weeks
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(a) Immunohistochemical staining images of the bone defect area

(b) Semi-quantitative analysis of COL1A1

(c) Semi-quantitative analysis of OCN

(d) Semi-quantitative analysis of OPN

# indicates statistical differences between 0B and other test groups, & indicates statistical differences between TCP and other test groups.

8 MRS K BB SABRAL 4. 8 JA G s Ak Yt 5 58 & o

Fig. 8 Immunohistochemistry staining and semi-quantitative analysis after material implantation for 4 weeks and 8 weeks

B O RO RS 8 — BB B ) AR T A
BRFOR R, b, 88 H O R FTRLULR A 4% 5
ARG, WHNEBRIAR R AR 25k . 2121
KB AP EEIT J7 58 MT 55 P A2 B2 2 Uk A
A E RN )5 BT RO BRI R sh A 4
B IR Z AT 9 4 A A O AR AR R AR R AL R
(IFREE, A BT ek G bR B A = B B £ 1 el
A [RIE, MY Bh A = 4R 40 i 15 7744 2 T DUSE 47
BRAURERE AR A BB AL AR L S A 0 240 2
REFIIATESE, N BUREI SR AT I R AT HF 7T 52
I

3

T8 I 1) 25 AN [V EL ) 2R s 1 3, R L
RN B ERE £ R . RS, NHEBIER IR
AT hBMSCs FUMEFETE 1, 0T RCE 73 AH S HE [A] |
HHMERE LAY ESEEEMHER, HA
B & A R, B s BN 3B
FEdh 1.5B. FEdL OBs TMAEARN, AN[ABEEN KR
e g 5aHAats B SEAMER, BH
REIF AR OB. FESL 1.5B. KRS 3B, iXEW B
TCER MBS T LR S5 2R B B AR N 1R Bk
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