HREZ PEEATERSR @72

(<2
Chinese Journal of Tissue Engineering Research  www.CITER.com

DN FLEMEE KBRS AL E R B 1 AE

B E"C, WM, HIEE Y, BEE, EewC

https://doi.org/10.12307/2025.472
ps:/fdolore/ ! CERE I 4400 AL 6t A R o ) R A 8 5
RASER: 2024-05-29 B SRS M TE IR
KXFBHEA: 2024-07-26 % | 1
EBEIB8]: 2024-09-04 R RAE EFREmehsk
F4BHA. 2024-09-28 g ' T L 7
hEHES: A dpAa sk PRI AR 5 1 RSN A
R459.9; R318.08; R683 2 oo A
e o LLE, ® Transwell 2 fieLif 4% 52 1 o HELULE
NEmS: o CCK-8 523 o XREH o BB 6,
2095-4344(2025)28-05941-09 e CD31 % & 5 b &
NEFRRIG: A ' i '
BAANTLA M E M IR I A R R LA A R ARE b A

MR :

TMERETF: NEVM R RS RI RN, WHE NSRS T A F RN KETERE. M. #5RHETR, €
AR A R L b i G A O SRR TN S AR &, L G208 R 8 T (et i LR B A A O (et 1 T8
AEM T BB LS H R TR

MFLEMEMIIE: M EARIRE DI REAEDIRRL, T2 i . AP A T — RS A, EERF R B R
WA FLIBIESE K, FLARAE5-20 nmitiFl. A fLAENDIE PEBOE BAT BORIO LLAR AR . PRI BV is PE AN 25 ik Thisg, DY R AF (K 2E AR
BEPEAN L RE R AR R AL B L AR GUAS B2 R

LS

B MIUVEMIE RSB ICR AER R R IE TEAE EE Em EA EOREI NI A1, KR T R T RN FLAE i M S R
PR R R 3 A A A 2R

B89 GEGE TN LEYIE RSO, F AR OME S T SR ke .

FaiE e R WA R - BRI & A FLAE D B 5 B A FLAE S PR B, S R LT BT LB ARG A XN LT S
ETERRAMERITES . S5 M BB T B R RE o RN FLAEMIR RS R & A FLA 0 PR ST IR B 20 700 5/ B 4T 2
HBL929 LR 5%, M IRFER . CCK-8SEIRTFMN AL BRI LA A NE « KPR EHZ AR 200 5 N ik N B 40 i 335 97, il Transwellsk
5. RIJRSEISANCD3LH e e Qe AN AP R R U TR IR PR RE o RS PIRIADRHR B 70 30 55 /0 BB BB 1R 78 ot T A L AR % e e el 1 R
B O RIS 5 300 9 RS O i 5 3 ) PP A A4 R (2 B PR RE

HREL5: ORMLERER, N FLEYIEIEBIEA &N LAY MR EIVE S BRLIRES, WEAFLES AL, S AL
A PR BT T R SR T OWE SRR L COK-8SIR S AR B OR, AR T A LA VRS, S A FLAE A PR B v e L9294 i
P sE, B RIFEEDAANE: GTranswell 286 . MPRSZIGAICO3 i v e e (A R EIR, MIECT AN FLAEYNG MRS, S LA
1k 33 TR R N i K N B A RAE B 5 CO31 R F s, (R BEMAE T B @B BERR AR A (1 i SR AL A (S5 R B OR, SN LA
BB R EVERE SR T A fLAE S VE B . G5 5RARWT: S A AL AW 1 B 0 0 A A A P R L T B B TR AR
KR A SLEVIE RS, B BRI RE s ENUVERE T AR EWIAR BVt DR R

In vitro angiogenesis and osteogenesis properties of copper-doped mesoporous bioactive glass

Zeng Yu"?, Xie Chengwei®, Hong Yuangi**, Su Shenghui’, Dong Xieping®

!Jiangxi University of Chinese Medicine, Nanchang 330004, Jiangxi Province, China; “Jiangxi Provincial People’s Hospital (First Affiliated Hospital of Nanchang
Medical College), Key Laboratory of Digital Orthopedics of Jiangxi Provincial Health Commission, Nanchang 330006, Jiangxi Province, China; *Department of
Orthopedics II, Anxi County Hospital, Quanzhou 362400, Fujian Province, China; “Shaanxi University of Science and Technology, Xi’an 710021, Shaanxi Province,
China

VIHPEHRE, IHEH T 330004; IHEARER (HIEFRS—MBER), THELAREXKFHAETEELEE, THEHIT
330006; &AL RN T AL ERE A, dAEa R T 362400; ‘R EmAEKF, REHEHETH 710021

E—EE: ¥x, &, 199954, ZHELSRTA, Rk, THYEHKRFAEME, TEAEFALRIARHT,

HEIE—EE: #ath, B, 1983 F4, BEERMNTA, Rk, S)IMAEFH, T EREFTHEL TAEMTATHIERFR.

BIEE: EM-F, WMEAH, AR, R, THEARER (HIEFRE—WERER), ZHE LARRKFFHTLEZRE, 1HY
# g 330006

BIVEE: #28%, HtE, THAARER (HIEFRFE—WEER), THALARRUFTHELERE, THEH S
# 330006

https://orcid.org/0009-0006-3416-9973( ¥ % ); https://orcid.org/0009-0005-1981-8544( #t . f% )

SIAASE: § &, #iAfh, sstsl, FAUE, TP . SANILANEHILIE GRS R E BRI EE ()], T E AR TRHAR,
2025, 29(28):5941-5949.

Chinese Journal of Tissue Engineering Research | Vol 29 | No.28 | October 2025 | 5941



@7 TPEEATERR

www.CITER.com Chinese Journal of Tissue Engineering Research

MREZE

Zeng Yu, Master candidate, Jiangxi University of Chinese Medicine, Nanchang 330004, Jiangxi Province, China; Jiangxi Provincial People’s Hospital (First Affiliated
Hospital of Nanchang Medical College), Key Laboratory of Digital Orthopedics of Jiangxi Provincial Health Commission, Nanchang 330006, Jiangxi Province,

China

Xie Chengwei, Associate chief physician, Department of Orthopedics Il, Anxi County Hospital, Quanzhou 362400, Fujian Province, China

Zeng Yu and Xie Chengwei contributed equally to this article.

Corresponding author: Dong Xieping, Doctoral supervisor, Chief physician, Professor, Jiangxi Provincial People’s Hospital (First Affiliated Hospital of Nanchang
Medical College), Key Laboratory of Digital Orthopedics of Jiangxi Provincial Health Commission, Nanchang 330006, Jiangxi Province, China

Corresponding author: Su Shenghui, MD, Jiangxi Provincial People’s Hospital (First Affiliated Hospital of Nanchang Medical College), Key Laboratory of Digital
Orthopedics of Jiangxi Provincial Health Commission, Nanchang 330006, Jiangxi Province, China

Abstract

BACKGROUND: Mesoporous bioactive glass has great application potential in bone repair due to its excellent biocompatibility and osteoinductive activity.
Incorporating therapeutic ions into mesoporous bioactive glass particles can give the material more ideal biological properties.

OBIJECTIVE: To synthesize copper-doped mesoporous bioactive glass and investigate its in vitro angiogenesis and osteogenic differentiation properties.
METHODS: Mesoporous bioactive glass and copper-doped mesoporous bioactive glass were synthesized by microemulsion-assisted sol-gel method. The
morphology, structure, composition, and ion release performance of the materials were characterized by scanning electron microscopy, transmission electron
microscopy, energy dispersive spectroscopy, and X-ray diffraction. The extracts of mesoporous bioactive glass and copper-doped mesoporous bioactive glass
were co-cultured with mouse fibroblasts L929. Biocompatibility of the materials was evaluated by live/dead staining and CCK-8 assay. The extracts of the two
materials were co-cultured with human umbilical vein endothelial cells. The angiogenesis-promoting properties of the materials were evaluated by Transwell
assay, scratch assay, and CD31 immunofluorescence staining. The extracts of the two materials were co-cultured with mouse bone marrow mesenchymal stem
cells. The osteogenic properties of the materials were evaluated by alkaline phosphatase staining (without osteogenic induction solution) and Alizarin red

staining (with osteogenic induction solution).

RESULTS AND CONCLUSION: (1) The characterization results exhibited that both mesoporous bioactive glass and copper-doped mesoporous bioactive

glass presented a tightly packed granular morphology with similar internal mesoporous structures, and copper-doped mesoporous bioactive glass could
continuously release copper ions. (2) The live/dead staining and CCK-8 assay results showed that compared with mesoporous bioactive glass, copper-doped
mesoporous bioactive glass could promote the proliferation of L929 cells and had good biocompatibility. (3) The results of Transwell assay, scratch assay, and
CD31 immunofluorescence staining exhibited that compared with mesoporous bioactive glass, copper-doped mesoporous bioactive glass could promote the
migration of human umbilical vein endothelial cells and the expression of CD31 protein, and promote angiogenesis. (4) The results of alkaline phosphatase
staining and alizarin red staining demonstrated that the osteogenic performance of copper-doped mesoporous bioactive glass was stronger than that of
mesoporous bioactive glass. The results indicate that copper-doped mesoporous bioactive glass has excellent biocompatibility and the potential to promote

angiogenesis and bone regeneration.

Key words: mesoporous bioactive glass; copper; angiogenesis; osteogenesis; inorganic growth factor; tissue engineering; biomaterial; bioactivity; engineered

bone material
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VIR ABR AR, BT, ) /N BCEBE R 78 5 T 40
(CRL-12424, ATCC, %[H ).

132 FERF CROEE. BHR = . VIKHRES.
IERERR OlE. SAGH . 2K (B K& B A R A
A, b, RE); #h4E X100, o8k = H IR AL
B (BThr T AR R A R AR, Big, E); PBS.
I BE R 7R 4 (GIBCO, £ ); CD31 —¥i (Abcam A 7],
H); CCk-8 ikl =Pt bl ( Ho REVREA R
AF, B, E); N EGHRE IR (ScienCell, £[H );
Calcein-AM/PI 3% 4H i / E 248 i XU 4% ik 77 & (40747ES76,
BXAEVREARAR, B, HE); ZRPEER(E
WRAEDRHA R AR, dbnt, hE ) BRAOPEOHR. |
b+ 7N f5e L itk iE (Sigma-Aldrich, St. Louis, MO, USA);
BCIP/NBT fi 11 i &2 1 Iy S €20 X 701 s ek e T I A ) 4o
R AR R AR 1 A R N E ) & (C3206, PO321S,
P0012, HuREMHARAWRAR, bilg, HH).

1.3.3 ETUE WOLHRIL R A R (TCs-SP8, k1,
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E); 5 48F H%8% JEM-2100HR, H A ); Hi T 8 A ik X
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s = KL E AN, 43 ) DABERR = R DY7KAH
FRAS . IERERR SR AN AR BRI . A5 U5 T A Y o
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Jett, 5 min, FHEBFKMPEHE R, BT BMEN
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FIvEgn s i %, WES, FESHANFLAY ST
FEARIE P Bz 240 B 0 A AE B T B A 2 B3
2.5 NIUAE M FE MBS BoF B R T el L
SEER B 14d R RAREEIGE R, 3 A HI
YA, SXTRRARMAFLAEYE ER A, S8
LA EE A ST RO ERS, HRARAET
K. iR (B 6A). PR Gt BT RN 5%
PESTHTAR E] (18 %5 ( [ 6B).

B 7% 14 d SRR R O (0 KU B, S LA
W3t P 3 2L 1 O T Nl s B R AL AL AR E
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Wi, SRR A SR ®Y. e & L Cuo [T R
BB N B FLA IS PR F b, HUAR T A FLAE 3t M 3
LR I A e 3R, FARG A RE B F s BB R,
A0 FUAE P i 1 3 3 R 25 R A LA v T B FE I —
SRR GUR BRI BORFE A, 10 e AT P 30 PR A FL &5 4 )
SO HIREF. W ANILEHES, W ol K5
NBEEAE MRS, S SN fLE W, X5
HAN 25 B (OB FEARSE . XA A FLES IO T A 3 B2
E 82K 70 Bl P i SR A R U HE AR (3% ) LA L - AL
YR R 50 40 A5 B B . b T A FLAE YIS M T S
52 1o P B 2 T AR A R A i 5 B3 4 THD AT B 4 1Y)
FIEAEF, AT AN T B A B b a7 B R B
MBEEAX 23 47 25 BT LA B cu™ Bl 3l A B FLAY
BT, HMCERMNSERE, ENLEYENSE
PR AN A AL A S M R A R R R, SRR A )
5y Lo 5 TR LA AR AN 22 e, OB 22 S T BE VR T R
VIR R A A2 B, MRHR A b 1 e 1)
BB 8] [ SRR 23 B 1 S B0 A AN 8. Rk Ak, HLAREE
WA AR T LUK 5% 4R S AT 0 R SR T RO T
EME AR FE =R, KA, FprS R
BEfPE—E w2z .

AR A A A F R G 3 LA (R A R R
O B FEAESE, S 4 FLAE 3 M 3 3 v i cu™ it 3k
TEHATE TN 7 Lo 5 5@ B 3k 1A AR N 3R, M
T 2 34k N i Jk 9 R A 2B 30 S P . ALASVAND
25 W@ 45 4 3D T BRI BT L2 B R Rl 4% 7 A4
AYEE B R A TR N E AR S R R, R Py
AT PRARKE - AHZL B R CD31 Ho g% e et g
SR, S R IR A A AN S A AT T I (R R
HRSRI R BN, SAAEYEEBEAMEL, SHAN
FLAE W3 T B 3 EL A O A I I AR R T, R 4 R
7E HAN FHBA B f it 7o rh A5 BE S . 10 85 26 R B 2 1)

Chinese Journal of Tissue Engineering Research | Vol 29 | No.28 | October 2025 | 5945



@7 TPEEATERR

www.CITER.com Chinese Journal of Tissue Engineering Research

MREZE

A

AL

B AL P B

200 nm

| Cu0l Ca0 | Si0, | PO, |

ﬁ@"%%#& 9.65% 89.39% 0.96%
Efggi;%;% 4.61% 7.80% 86.53% 1.06%
F — LRI Al
ST TLAE I B A
0 10 20 30 40 50 60 70 80 90
2 Theta (°)

EE: BA, B BN LAY S B 5 A A LA S TE B s i
B R, YIONEEWER E’Jémﬂéﬂ%ﬂ/%ﬁiu i‘:ﬂﬂ W2, B R =

200 nm; C, D 43 R LA s P 33 5 2 A A LA W VR I 15

%T BB EIR, N ALILETE WA, RS e A R, LR =100 nm; E
BT R, R TT R PR IMAN L LSRR F oy

X SHERATS AT dE A, SR S A S LA TS VE SR TR 45 4 5 R B & o

Bl 1 | AFLEMEMIRBR S E N FLE YR RIE M R R

Figure 1 | Material characterization of mesoporous bioactive glass and

copper-doped mesoporous bioactive glass nanoparticles

A B
60 160 | — A LA B
3 =) — AL AL
£ ‘é‘) 150
# 40 F bt
® 2 140
I e
g ‘[g 130
5 20} = r
]‘T +H_ 1204
3 3
0 110t T T T 1
01 3 5 7 0 2 4 6 8

I ] (d) I (d)

KvE: A S SLAED S R PR T R, AR R, B
PR FEZZ0 LIRS B Iy fLAIE 1 S5 B A0 2 A £ A 03 P 35
WP TR, S d TR

B2 | ALEMERBS SE N FLEYE B EENRTIRERE
BB TR

Figure 2 | lon release of mesoporous bioactive glass and copper-doped
mesoporous bioactive glass after immersion in simulated body fluid

5946 | PEHERTIEHR | 5529% | 55288 | 20255104

FLEDNE TR A A FLAENE TR A

A A

B m it
101 b O A FLAEYE DL R
[ - %ﬂ’??Li%«Eﬁiﬁ%‘éﬂ
'g\ 0.8 b b
2 osf b
5 [
S oaf 2
EE
=

o
N
T

o

BIR

1R
BIE: B A &4 1929 20 M s FR AN R I (] s 3 / JE Qe MG, ¥k

EWEN

JLHIE AR, R
gk, °P<0.01, °P<0.001.
B3 | MALEYEERES SR AL IEN £ A

Figure 3 | Biocompatibility of mesoporous bioactive glass and copper-

=200 pm; B N&-41 L1929 4 CCK-8 SIZug & My

doped mesoporous bioactive glass

156 R OB TIREAIESE “*, M URE Y B
%mﬁ%ﬂﬁﬂ@%iﬁm%%%ﬁ%a [URERERI N
5 AR AE S  FOrTH R S A T, W
b, AR A A R R R AR U R R —
T (AR B A B, VRS AR R, 4 i
R S A DX 3k R 3028 AN 8 R 40 i A S5 SR AT A R AR 3
G4k W FIERN B LA T A B R R R, 5 R B Ak
ARG VE B EE AR B, R 5 2% 1 A 0 T B R
[F1) 78 J57 1 440 e B 0 i o1k LA B R VE L, R IR
B ZRAE mRNA K- B EE AR EAKF A&, QU
2 W R R, 5ARGA R REEEAI b, SRR 1R
AL T OF IS0 PR Bl A PG Y RunX K S 28 3[R 7 2.
8 2ORE A AR S CE ORI ARk b, B
B HE 4 A B B R S M AR 2 (P RO e A
WALEs AT, WF R, M@ & S Wit {5508
S8 5 ) ) 7 J57 - 200 0 40 DA B R 40 ) R AL
MG A, 4 g Rt b R EEER 5. wat



HARE PEAATERE @72
Chinese Journal of Tissue Engineering Research  www.CITER.com
A xR AL B SR FLAE P P S AL B D <
d b
400 3 50 1
& 40 .}
a = +
= N K 301
2 00} 2 = _]:_
2 % 20 +
= 100 | ! 2
g [ FE
o — — . 0
S S R R\
g NS '@;\&%&& *
B e - >
LR %&\%\ﬁ ’T\%@R

BIE: A Transwell /)N =5 5256 v A6 K 1 Bz 240 i 4% o 55 e €1 5 1
EIUZ, LEBIR =100 um; B A4S SR QL (g B AT 45 s C R RIIR SEa
rPONJBE K A 4R LR 5 PE R, LB R =200 um; D ARIR SEEG b
NS ik P 1 20 I s T AR 5 B 43 W46 . °P < 0,05, °P < 0.01, °P < 0.001,
‘P <0.0001,

4 | NFLEMEMIIBS SR N FLEYIEESEIEXT A BFE80k A & 4R
TR ST
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