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[ Abstract] Objective: To prepare nanocomposite artificial periosteum loaded with black phosphorus (BP) and vascular endo-
thelial growth factor (VEGF) by electrostatic spinning technology, and to investigate its physicochemical properties, biocompati-
bility, and in vivo and in vitro vasculogenic osteogenic properties. Methods: A certain amount of solid particles of poly-L-lactic ac-
id (PLLA) was weighed and dissolved in dichloromethane and N, N-dimethylamine to prepare the electrostatic spinning solution,
and then the four nanocomposite artificial osteosynthesis membranes: PLLA fiber membrane, BP/PLLA fiber membrane,
VEGF/PLLA fiber membrane, and BP/VEGF/PLLA iber membrane were prepared by the electrostatic spinning technique. Af-
terward, the physicochemical properties and in vitro studies of each group of artificial periosteum were carried out, and the ability

of the materials to promote osteogenic differentiation in animals was investigated by in situ repair experiments of cranial defects in
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SD rats. Results: (1) Characterization: The membranes of each group showed a porous mesh structure, and the loading of BP
and VEGF improved the hydrophilicity of the fiber membranes; (2) Growth factor slow-release properties: ELISA results
showed that the BP/VEGF/PLLA and VEGF/PLLA groups were able to release VEGF slowly and continuously; (3) Biocom-
patibility : The results of live-dead fluorescence staining and CCK-8 showed that the fiber membrane of each group had good bio-
compatibility; (4) In vitro osteogenic differentiation: The results of ALP and ARS staining and qRT-PCR showed that fiber mem-
branes loaded with BP and VEGF could significantly promote the osteogenic differentiation of BMSCs. (5) Construction of rat de-
fect model and composite membrane replantation: Micro-CT results showed that there was significant new bone formation in the
bone defect area of the experimental groups compared to that of the control group at 4 weeks after surgery. Conclusion: The elec-

trostatically spun artificial periosteum loaded with BP and VEGF has better performance in promoting osteogenesis and mineraliza-

tion, which can provide a certain research basis for the progress of periosteal tissue engineering.

[Key words | Electrostatic spinning; Artificial periosteum; Tissue engineering; Osteogenesis; Vascularization
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Fig 1 Establishment of experimental animal models
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Fig 2 Observation results of artificial periosteum under scanning electron microscope of each group
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Fig 9 Osteogenic effects of artificial periosteum in the repair of cranial bone defects in rats of each group

3 itig
TEEHAFABE LR, Trae vk i 4 W 2%
B R B F e A R Y, 1"13%9E%”\T

PR B B A ey 47 BT AR LA R GO i 2
IR AL T T B SR ) B K E é%ﬁ)%?mlz
BT 2 A S8R L AE T I R A R A B B

fE i, B T A R A B, fe T BOE P AR R ek
T LT e A AE S 55 i IR S A 40 1 R A K R

T AT AR AL S S5 S SO A i A UL o A A
Aol B v R HE G HRAE T L PR g A A 2

ATREWEREES X EHEI KRG ALNL
1 -2y g — AL R .

VEGF g & [ 43 Wb 5 5% 43 i i 75 =, 5 1 4
DAL 20 Y TR ) A S PR 2 AR A R Ak R — R )
5o AR T AR HE N R 20 G B 5 SR OR AR LA
Ry JRy B B AR B ARG 2 AL A R AR . Xu
G ) — AN K AT 4 AR A BT R
K F-1/VEGF {5 %5 i f§ AR oF i 8 . 1B —Fh
e JIE R S B 08 LA PN R A A R A A R
VEGF 76 I8 48 i A ¥ KR B b A ¥ 5 &



1222w ER K224 Vol. 32 No. 16 Aug. 2026

oG B /E Y . Largo U HEIY KA, IR
VEGF M A SEBL T 8 Gl 450 8 A8 b et 57 300 i v
H 54 FHA . Byambaa 2575 F 3D 4T ENH R #
e R N R = N AR IR g N o DTN R €]
hBMSCs FlhUVECs iy H 3 P4 45 B 58 i 1, 78 9 s
JA [ 6058 VEGFE, 3697 Il A s 451 09 1 45 A T/
iR TR

UEAE K, BP PR H b A 0 FEAR P 7 B 418 T
R Z B 7 i, Ak 5 AR B 2 h R
SRAFAE 1 TC AL W R 2 B A B2 IR R 7 L R 47
M A4 P FE 25 M SR AL SR T T 7R B AR
A, BP & AL B B R AR B T 6E 5 R O 4
TS B R A G ER L RS B E G ot it —
AT, 33X B0 % -0 AL RR A AL AT B 0 ok R
BB LR E R B B R S PR R TR A
KA A FRIL A AR HE ] 78 T 40 s o Ak,
T S B X AR R ST REE . W
FE MR BP AR KRR 2 AR 5 R LA v AR T
SR, 5 15 R 25 W sk, B L AE 30 5y s R
M E R T1.

AR S5 SR i HL 2 22 FOR A — o LA
TH B, % BP .VEGF #l PLLA il iR & 1 Wi, i i
TR B v 25 24 1) 4% 3 2 AT A S 4 R R AR - I
F o AR T OB T A AN T R AT 4 5 R
PUIBCIAT, T W] e R Bk 454, BP/VEGE /PLLA 4 4F
YE AR BT 3 A WG K, HE IO R R R E I
HI 3 2H i , 7R 25k A rh 5 22 W B B ORI R
RYESIRERT B S NS e o /K- NS A G =
K. BP X VEGF it #dkcs T N T& B oK
PE A AT N T REEA 4 L f) 26 B A R D KOS 220 B
REVERINFEAL T 47 (9 & 0 DA HD 4t L 52 30 45
i ZE G MR B B W AR Y e TE W
Y B Pk . KA BMSCs H 15 S (L s2 i & B,
PLLA 41 W% 8 % 3 M 6 5 Control 4141 Fb 22 5% JC 48
itepE X, W 2k BP . VEGF J 1 w5 #% 6 1% 1 0
G BP/VEGE/PLLA 4454545 ik £ , R
R AE A R AR PERE LI AT RE S BP 7E AR B R A
TSP fRRRBERREE E T, S SRR A
UL e B e G, TS s h R
J& 4 J8 Micro-CT 7R & 52 40 20 A7 B W & x5 4 18
S OEAA AR RE SRR LR LA E,FIE
24T X A 2% (10 44 9 3R B8 I, i FL 5 24 £ 2 5 o
JH T 170 i 0 18 8 B A8 A I B = — i Y S AL R
191 S 55 4 B — 20 W 98 0 % M REY D 2 P g S B
TR g -

L5 LT RS R R R Y 22 N T i AA
B L M A BB 2% 18 R 2L BRI VEGF, it —
A BB A, B AR TR R R T
—E BB

((Eai NS Y

IR 2 H IR FORME B o B B 1ELR
i« By By 52 S B IE T R R 4 B o A s TEAR AR 5B - B2 5T
SRV AL LR 2 .

P AEE AR TE R 2 i R AR .

S 2% 3k

1 Verrier S, Alini M, Alsberg E, et al. Tissue engineer-
ing and regenerative approaches to improving the healing
of large bone defects [J]. Eur Cell Mater, 2016, 32:
87-110.

2 Alonzo M, Primo FA, Kumar SA, et al. Bone tissue en-
gineering techniques, advances, and scaffolds for treat-
ment of bone defects[ J]. Curr Opin Biomed Eng, 2021,
17:100248.

3 Tang D, Tare RS, Yang LY, et al. Biofabrication of
bone tissue: Approaches, challenges and translation for
bone regeneration[ J]. Biomaterials, 2016, 83: 363-382.

4 Badylak SF, Nerem RM. Progress in tissue engineering
and regenerative medicine [J]. PNAS, 2010, 107 (8) :
3285-3286.

5 Bombaldi de Souza RF, Bombaldi de Souza FC, Thor-
pe A, et al. Phosphorylation of chitosan to improve o0s-
teoinduction of chitosan/xanthan-based scaffolds for peri-
osteal tissue engineering[ J]. Int J Biol Macromol, 2020,
143: 619-632.

6 Bohner M, Gbureck U, Barralet JE. Technological is-
sues for the development of more efficient calcium phos-
phate bone cements: A critical assessment[J]. Biomate-
rials, 2005, 26(33): 6423-6429.

7 WuA, MaG, Chen Y, et al. Improved black phospho-
rus nanocomposite hydrogel for bone defect repairing:
Mechanisms for advancing osteogenesis[J]. Adv Healthc
Mater, 2025, 14(7): e2404934.

8 LongJ, Yao Z, Zhang W, et al. Regulation of osteoim-
mune microenvironment and osteogenesis by 3D -printed
PLAG/black phosphorus scaffolds for bone regeneration
[J]. Adv Sci (Weinh), 2023, 10(28): €2302539.

9 TE MW . 8K B AL A A W K B R Y A R AR
BEMHFID] M AER LT R, 2021,

Miao YL. Construction of black phosphorus nano-
composite hydrogel for bone regeneration[D]. Guangzhou:

South China University of Technology, 2021.



05 AR A e 2 TR B A 5 S R A A 5T 1223

10

11

12

13

14

15

16

17

18

19

Street J, Bao M, deGuzman L, et al. Vascular endothe-
lial growth factor stimulates bone repair by promoting an-
giogenesis and bone turnover [J]. PNAS, 2002, 99
(15): 9656-9661.

AR g AR R B A S A I SR B
A E BT T B BB A E AT SE (D] 5 & R KR
2%, 2024,

Zhao YH. Study on the impact of bionic periosteum
reinforced by electrospun hydroxyapatite and magnesium
oxide on bone defect repair [D]. Qingdao: Qingdao
University, 2024.

Roseti L, Parisi V, Petretta M, et al. Scaffolds for bone
tissue engineering: State of the art and new perspectives
[J]. Mater Sci Eng C Mater Biol Appl, 2017, 78:
1246-1262.

X R ST A 0K P 2 2 I R A o e B RGBT Bl o 1 A
P ERR (D] AW F . AW F KRS, 2022,

Zhao WT. Preparation of black phosphorus nanosheets
drug delivery system and its effect on ischemic brain
injury[ D ]. Shihezi: Shihezi University, 2022.

Xing F, Xiang Z, Rommens PM, et al. 3D bioprinting
for vascularized tissue-engineered bone fabrication [J].
Materials (Basel), 2020, 13(10): 2278.

Almubarak S, Nethercott H, Freeberg M, et al. Tissue
engineering strategies for promoting vascularized bone re-
generation[ J]. Bone, 2016, 83: 197-209.

WL, BN, IhBESE, AR N LA R AR L, B
W R AW AT Re [T, T E A2 TRV, 2021,
25(4): 600-606.

Chang WL, Zhao J, Sun XL, et al. Material selection,
theoretical design and biomimetic function of artificial
periosteum [ J]. Chin J Tissue Eng Res, 2021, 25(4) :
600-606.

AN, %, EEM, % 3D AW TEIE B A2
ERETE M TR (T] A LA S AR
2023, 19(3): 298-301.

Zhai CX, Wang ZM, Wang GD, et al. Research
progress of three dimensional bio-printing technology for
formation of vascular network in bone tissue[J]. J Tissue
Eng Reconstruct Surg, 2023, 19(3): 298-301.
Shahabipour F, Ashammakhi N, Oskuee RK, et al. Key
components of engineering vascularized 3-dimensional
bioprinted bone constructs[J]. Transl Res, 2020, 216:
57-76.

Xu C, Kang Y, Guan S, et al. Iron-based metal-organic
framework as a dual cooperative release system for en-

hanced vascularization and bone regeneration [J]. Chin

20

21

22

23

24

26

27

28

29

30

Chem Lett, 2023, 34(5): 107825.

Gianni-Barrera R, Di Maggio N, Melly L, et al. Thera-
peutic vascularization in regenerative medicine[J]. Stem
Cells Transl Med, 2020, 9(4): 433-444.

Largo RD, Burger MG, Harschnitz O, et al. VEGF
over-expression by engineered BMSC accelerates func-
tional perfusion, improving tissue density and in-growth
in clinical-size osteogenic grafts [J]. Front Bioeng Bio-
technol, 2020, 8: 755.

Byambaa B, Annabi N, Yue K, et al. Bioprinted osteo-
genic and vasculogenic patterns for engineering 3D bone
tissue[ J]. Adv Healthc Mater, 2017, 6: 1700015.
Nowsherwan GA, Khan M, Igbal MA, et al. Review-
ing black phosphorus for biomedical and optoelectronic
applications [J]. Inorgan Chem Commun, 2024, 160:
111912.

Ma S, Wei Y, Sun R, et al. Calcium phosphate bone ce-
ments incorporated with black phosphorus nanosheets en-
hanced osteogenesis[J]. ACS Biomater Sci Eng, 2023,
9(1): 292-302.

Jing X, Xiong Z, Lin Z, et al. The application of black
phosphorus nanomaterials in bone tissue engineering[J].
Pharmaceutics, 2022, 14(12): 2634.

XF8, Bk, R, AF . B RIS 2 Rt ik
MR BB T N B, SRR S HARLT]. £
FHREEES IR RBESE , 2023, 20(6) : 66-72.

Liu ZY, Shan S, Zhou H, et al. Bioactive poly-
phosphate biomaterials for bone regeneration: Funda-
mental, progress and challenge [J]. Orthop Biomechan
Mater Clin Study, 2023, 20(6): 66-72.

Cheng L., Cai Z, Zhao J, et al. Black phosphorus-based
2D materials for bone therapy[J]. Bioact Mater, 2020, 5
(4): 1026-1043.

Zhang L, You J, Lv H, et al. Black phosphorus-A ris-
ing star in the antibacterial materials[J]. Int J Nanomedi-
cine, 2023, 18: 6563-6584.

Pandey A, Nikam AN, Fernandes G, et al. Black phos-
phorus as multifaceted advanced material nanoplatforms
for potential biomedical applications [J]. Nanomaterials
(Basel), 2020, 11(1): 13.

Zhang F, Peng F, Qin L, et al. pH/near infrared
dual-triggered drug delivery system based black phospho-
rus nanosheets for targeted cancer chemo-photothermal
therapy [J]. Colloids Surf B Biointerfaces, 2019, 180:
353-361.

(AXXHRE] PR



