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Abstract

BACKGROUND: Autologous bone, allogeneic bone or artificial bone has been used to promote bone defect repair in the clinic, but the rate of non-healing is
still high. The key is to ignore the importance of periosteum in the bone healing process. In the early stage of the project, the project team constructed an
electrospinning membrane loaded with vascular endothelial growth factor to highly simulate the intramembranous osteogenesis of natural periosteum at the
bone defect site, which promoted bone regeneration to a certain extent. However, the injured area often faces the dilemma of severe inflammatory response
mediated by macrophages and lack of seed cells, resulting in the risk of inactivation or diffusion of delivered biological factors. Therefore, it is necessary to
further optimize and coordinate the immune regulation and angiogenesis functions of biomimetic periosteum to promote bone repair.

OBJECTIVE: To investigate the physicochemical properties of stem cell-engineered bionic periosteum and its role in regulating the inflammatory
microenvironment to promote bone repair.

METHODS: By combining L-polylactic acid-based microsol electrospinning, type | collagen self-assembly and gel stem cell transplantation technology, a bionic
periosteum (M@C-B) was constructed, in which the core layer loaded with vascular endothelial growth factor and the shell layer delivered bone marrow
mesenchymal stem cells to regulate the immune microenvironment of bone defects. The physicochemical properties of the periosteum were characterized by
scanning electron microscopy, transmission electron microscopy, and Fourier transform infrared spectroscopy. A co-culture system was established between
the bionic periosteum and macrophages, bone marrow mesenchymal stem cells and human umbilical vein endothelial cells to explore immune regulation

and in vitro osteogenic and angiogenic abilities. Finally, the osteogenic properties of the stem cell engineered bionic periosteum were further verified in a rat
femoral condyle defect model.

RESULTS AND CONCLUSION: (1) Transmission electron microscopy results showed that the micro-sol electrospinning (MS) formed a distinct core-shell structure.
Scanning electron microscopy indicated that after the assembly of the collagen-I artificial periosteum (M@C) on the surface of the vascular endothelial growth
factor-loaded micro-sol, a distinct “spider web-like” fibrous structure was deposited. Infrared spectroscopy further confirmed the successful self-assembly of
collagen-I. Release experiments demonstrated that the M@C group mitigated the burst release phenomenon compared to the MS group, maintaining internal
vascular endothelial growth factor activity and sustained release. (2) Live/dead cell staining and CCK-8 assay showed that bone marrow mesenchymal stem cells
proliferated well and survived on three types of artificial periosteum: MS, purely aligned poly(L-lactic acid) (PLLA) surface self-assembled collagen-I artificial
periosteum (PLLA@C), and vascular endothelial growth factor-loaded micro-sol fiber surface self-assembled collagen-I-bone marrow mesenchymal stem cells
artificial periosteum (M@C-B). Among them, the M@C-B group had the highest number of live cells and the fastest proliferation rate. (3) Alkaline phosphatase
staining, alizarin red staining, and osteopontin immunofluorescence staining showed that the PLLA@C and M@C-B groups significantly promoted osteogenic
differentiation of bone marrow mesenchymal stem cells. Angiogenesis experiments demonstrated that the vascular endothelial growth factor-loaded groups (MS
and M@C-B) had longer blood vessel lengths and more reticular vascular-like structures with more cross-linked nodes, with the M@C-B group being the most
prominent. (4) Immunofluorescence and flow cytometry showed that artificial periosteum in the M@C-B group significantly inhibited the pro-inflammatory
macrophage phenotype and promoted the polarization of macrophages towards the anti-inflammatory M2 phenotype. (5) In vivo studies further confirmed
that the M@C-B group showed superior bone mineral density, trabecular thickness, relative bone volume, and trabecular spacing compared to other groups.
(6) These results indicate that bone marrow mesenchymal stem cell-engineered artificial periosteum, through the rapid regulation of the bone defect immune
microenvironment by the collagen-I-bone marrow mesenchymal stem cells outer phase and the sustained release of vascular endothelial growth factor by the
micro-sol electrospinning core-shell structure of the inner phase, synergistically promotes bone healing.

Key words: bone defect repair; bionic periosteum; electrospinning; vascular endothelial growth factor; bone marrow mesenchymal stem cell; macrophage;
engineered stem cell
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S,
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1 #EF153%E Materials and methods
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1.2 BflE AL SZEGT 2023 4E 5 H & 2024 4E 5 A AE SN
KB B FC AT 56 A

1.3 ##

131 FEMR . W8 BV (PG IR K
ARAF ) AERAR (M EEMRHEARAR ), =
ARG (LI R R R AR AR ) N, N- ZHIE
FRIE I (s A =X 0 A BR A 7] ): #)3E 80(span-80)( %
Sigma A# ); LB ( EZER Bilg Al A RA R );
ToK g (E 2 HER B, A G R AR ) M P4
M AR 7 (321 R&D 2] ); K BRCEBE ) 70 00 T 40 A (5
MR BRI AT ) NSk P9 B 48 ( Hif = i 4
M ); BB SREIRE (M BRI AR ) N
B Az A PRI ELISA 71 & ( 35 [ R&D /A 7] ); 10xPBS( 3£ [H
Hyclone 23 & ); a-MEM % 3% %t ( 2£ [H Gibco 2 7] ); 40 g/L
% W (L Biosharp A 7] ); CCK-8 A& ( H AR AL
SEHEFURT ) LIVE/DEAD % 8385 & ( 32 [ Invitrogen ZE fiy
AREWRAT ); BEBERRE G R & ( LEE R RAH )
FRAROENE (S REEAR ), BEE—d (EE
R&D A #]); KR > B (3£ [ Corning A F] )
FITC WAEINIK. F P EIFBK ( 55 [ Cytoskeleton A 7] );
DAPI( Z£ [E Abcam /A &] ); CD11b #ifA (BD Pharmingen, & [H );

CD86 #1i & (BD Pharmingen); CD206 #ii {4 (Santa Cruz, 3£
); &£ ¥ (2£E Thermo Fisher Scientific A ®] ); T Bk
HE (fEE MERCK AH] ).
132 FEALASwA BYTLYERIRE (T30 R H BTS2
EHEM ) BERRT RS (FEE Christ A %] ): #7m#Ad
FEOC(FEE IKA A7) ) K% B A R (Rl RG] )
AR TR (DA RS AR ) B s (£ E FELA A )
fE E 204 GRS A ( 55 [ Nicolet A ] ): J3#IHANL (L ik
BOEBEAER AR AT ) 83 LAES (TR &) )
BB B (EEERIAR ) MIREFRA (Fmk 2 A s
BAMWRAT ) M (EEMBBAEARAR ) RIGRH
B (fH[E Carl Zeiss A ); Transwell ¥z ( 22 [E Corning A );
W gm X ( 2 [E Beckman-Coulter A ] ); Micro-CT( LL RIS,
SkyScan AH] ).
133 sKER#hY)  HEME SD KER 30 X, 4-8 A&, SPF 2K, 1k
Jii £ (200£20) g, I 1 5 M EATHE 7 O A IRA |, VFATHIES:
SCXK( 75 )2018-0006, 15|37 T 75 M K 27 B BHIT 78 Bt SPF 43
YRR . A T AR ROR 5 A B4 28 55 0 K 2 B A B2
ZE i flkitE, i 4lk'5 )y SUDA20240619A01 . SEEG IS FRIETE T
[ B S5 B= 2 i b o COR TS0 B S5 48 R AR & Fe m 5D
A e E ZVER . SIS P E BRI T 3EAT T A TR, JF
Z N SR IN AR L ST I e 1 T
1.4 £k
141 EHER T B HH R 3 H 4-8 JAik SD K
B, GRS 2% S L 24 (40 mg/kg) Jo BUME Mt F Ab BE,
I BN B AR, AEARRR 7340 75% LR 5 min J5
BT W PBS H, Tl & LW &M T I LK E M, M
5 mLiE ST AR a-MEM 55 % 2 i B B 1 2 o e AR T 5
WAE LI BT 37 “C. 1200 r/min B0 5 min, 3£ -G,
H o-MEM }5 7R 3L B8 5 T 37 'C. A4 $ 5% CO, H5 7748
FiI% 24 h, JRBEEACS EATHER TER IR, 49 20 A BE
A 78 5 F 4, P =R 1R, Frfil A 3 % 80%-90% I
AR
142 1 BURIRERE / F #8078 511240 M s i &
(1) T RRFEEABEROEE: & 1 MREEBGTH
7T 0.02 mol/L ZgH, fRAF BRI LN 5 mg/mL. {3 H Al
5 BC i B 3 me/mL I JE AW, BARPIR N AE 1.5 mLEP
B AR I ON TE T T4 9 10x PBS 120 pL. 1 mol/L NaOH ¥
W17 L, ZETEK 343 uL, RAIE TUK L, A S mg/mL |
TR SR A5 1A 720 pL, JRA). FEOK LERAE, ECHI e
WL R B AT LE UK TBCE PR =N /N

(2) 1 AR &R E /o868 78 51+ 40 i A e &

i i
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70 et 258 3 4%, 7 LG EA LI T B E & A%
WE R, B3Ry 1x10° L i 1 BUR R & /B
F0 5 A A

1.43 N TH R4

(1) ZE N RABAN TH MR H . RARE BY LB
¥ 05 g LAY 4.0 g “H P HisE 2 h, 75k
TEAVEMIG I 20 g N, N- —HIE LR IL E 5 PE 1 h T
Pt WA NERIARY LM 10 mLEST 38, HHNEN
9 mm [PREGIEESANET, B R BRI I FU s il Sk
BB, WHESR 15k, BUREES N 15cm, RH
2 WSPAT IR N R B, A 2449 3158 ) Ao e R AR
THE (PLLA 41 ).

(2) TV IR B LT 22 N LA Bl 4. VA IR F LT 22
TN 50 b 7 W R R /K VAR (1.2%) 10 pL I Y B AR K
(A7 7K %5 (100 pg/mL) 55 0.01 g Span-80 i A /- T- 4.0 g —
SH B, AR5 ORI 0.5 g 77 e T LR AL Hi
2 h B[R WM, BN 2.0 gN, N- FFJE R et
FEIFEEE 1 h T3R5 . T 10 mL 3 56 28 I RO e e . 475 2200
fER AR 9 mm RGBSR EE, K BRI IR, ik
DA SGE . BICEEME, WITREE 15k, BIEEN
15 cm, SRH 2 iCPAT IRBUVE ARG B, R 245 3058 MY
Y 22 N T (MS 41).

B) AREAR @ | BRFEEAN THREMG & ¥
1.43(1) PR A e R AR S 4 E T 24 FLBR P, FAAR
SN T5% LRI 1 h, BB TOKIRG 3 IRLAEBRIRE 1
LT, 45 1.4.2(1) b T 24 5B VA MR RS 35 50 T INAE /e e
BAMYT LR, BN 37 C. K 5%C0, 534t
30 min, 57850 H AR5 28T KB 3k, MBI EREL
@ 1B REANTHE (PLA@C 4L ).

(4) Ay @ 1 B JE B AN TE B il &
W Bk 1.4.3(2) e A IEF BT 2 I E T 24 FLtich, M
TR R 75% SRR 1 h, 25 BT /KB 3 L BBk
B OB B 1.4.2(1) T T BUR S AV R RS 35 51 INTE
WA Y L R, BN 37 C. AR5 $ 5%C0, 1 7%
30 min, sy AR EE 7K 3k, H3IHE
RFHYi2 @ 1 RREEANTHE (M@C 4 ).

(5) T4 f ARG 7 26 I ) 4% o Ik 1.4.3(2)
SE 1) WO I e FEL T 22 J B T 24 FLACH, AR AR BOR 75%
LFHRW 1 h, EB KGR 3R EBRRER AR, B
1.4.2(2) v T BURJELEE 1/ - fif ) 70 51 200 2R e
WA E g 2 R, BN 37 C. B % 5%C0, 1 7%
Frh 30 min, fF7asr HALRE 2B FKBEG 3 IR, 1936k

24 | DEHRTEAR | 55305 | 5518 | 20265F18

HRE IR TET A ) U 2 B (M@C-B 41 ).
WA FE T % 5 HNTAHRE, BAADHInER 1R,

#1 | AIBRS4E

Table 1 | Group assignment of artificial periosteum

| il P

PLLA 41 B i) e e R LR A

Ms 41 BRI P B B TR T ARG e N T

PLLA@C 41 FLAE i) e e SR LR R 2% T RIS R A A T

M@C 4. B P R A TR T O RG IRe i A T R R AL
R

M@C-B 41 BRI Y R AR A IR I R I T L T AR e/

HE 7 78 BT 4N

1.5 Mg

1.5.1 HHEEBE ST AWEL PLLA 41, MS ZHF1 M@C 2
gis RS, ¥ 3 Aifmgiziad FHaRECERY &
b, BT E TSR GV BRI S 45 s, R)5
R B B NS R O S5 4 BEALIZEL 5 AL b
20 #Yizz, H Image ) IS5 HT - EHAE.

1.5.2 FESEE T RO E S AR PLLA 41 5% MS 44,
g, BT EMBETUERIILE, WEMS Ak
gize hix e gt .

1.5.3 fHEMHARBIAMEIENE K PLLA L, MS 4. M@C
HEF YT 2 BTHE 1 emxd cm K/, B F LA I,
IG5 VR AL SR PE W B T B ot oK, e e vl Al LA
1 em K/NE R BT AEAEERTE 4 eom™ IR T
4 128 ¥k, VLRI 400-4 000 cm™,

1.6 g AKRAKEFERENL B MS 4L M@C AEHE
Yjet % 10 mg(M@C 41 L4 22 NS e R R I RTAR T & ),
A3 IE TR 10 mL 27 1%BSA (1] PBS(1x) [ 50 mL 550045 1,
THEIRARZ AL 37 C 26T 100 r/min 7853 4R3% , 7£55 0.5, 1, 2,
4, 6, 8, 10, 14, 18, 23, 28 RN .0 & FIEWIT B
1] 10 mL £ 1%BSA (1] PBS 5 #5900 B v A4, BRI
T -20 CAVEARAT, FI ELISA 3 52 b3 4% e i) A v o
MmN EAEKEFEE.

1.7 ARSI mpe L

1.7.1 BHEEMEARM B SR I3 H 4-8 A SD K,
JELIE 5 2% TR S EE 24 (40 mg/kg) Jo SIUHE N F1 AL 5E, 7)1
XU A1 A, AEARAR 40 75% L rRiRiE 5 min J5 BT
JoBE PBS t, TR G LW R P BT R KB P, B S mL
TS 23R a-MEM $5 77 5 i e 8 i 28 o e R TS . Kl
BEME R Y AU E T 15 mL B0 I\ 2040 i 4 1
W, 1200 r/min 80> 5 min, % EJE, 2 mLoa-MEM 553558
HREHEBEEFRIL, $h7E a-MEM BiFREE % 10 mL, K7
Fah R E 12-16 h 5L 2 BRI, A A 6 fLBUT 7%,
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BN 30 pg/L AR V& FIA 7 1) a-MEM 35 727 2 mL, 4k 4
Br9% 3 d Ja 19258 B g A T 5 2SR .

1.7.2 ZHPIE SE ¥ PLLA ZH. MS 41, PLLA@C A1 M@
C-B N T H s A B T 24 LR H, BAZS IR nt 4,
FEFLM R ENE L T A 1x10° AN 86 78 R T4, BT
MpuREFRAE IR 3 d J5, FEERE IR, HIJGHE PBS Mk 31K,
FEFLINN 300 pL i / SEAHMI G, 37 CHRAL 1 h J5M 25 Guiil,
TG PBS v 3 ¢k, BT IEE BHEE FWE, FIH Image
VAT ROGHREE - € BT

1.7.3 HUAEEAESELS K PLLA 4H. MS 41, PLLA@C A1 M@
C-BZH N TH A E T 24 fLARH, PLANCH 0TI, &
FURPRL BRI 26 4 b 5x10* /N8 1) 78 0 T4, & T4
MG FRM TR IR 1, 3, 5, 7 RFFLEFIRIE, IO PBS
M 3 I N 10%CCK-8 1735 7R B SL AR5 7% 2 h, T}
W EIEWCT 96 FLAR T, FHEE AR E 450 nm AL IO FE(E .
1.7.4 fRAMEERHE K PLLAZL, MS 4. PLLA@C 41F1 M@
C-BZH N TH A E T 24 fLARH, DL ANCH 0TI, &
FURDRIERIE Fr 26 D 2x10* /N 8610 78 0 T4, & T4
MR SR A Th R R B R A L 60%, FF BT, MAREES
IR, T 7 d JE B TR I K & U E B
PEBERREE &5, 5T 14 d J5 R e 5 g (ol 52 B R
PEARICEM R A RS, 5 21d FHE R ERTE
S S5 T SOt o

1.7.5 ARAMERIMAE 25 1) 24 FLILEE SR A0 AR TR A FL N
100 pb A K PR - a2 8 B O e T A 2 R AL . K PLLA 4.
MS 41, M@C-B 4 N\ T IR A a-MEM 15 72 55, T~ 0.4 pum
24 LI R AR EEIE R, DA 10 ng/mL L A R AR K
K71 a-MEM 55 FREAE Y BIYEXS B2, o R = fp L
5x10° AN NS bk P9 R 4 A, BT 37 'CL RS B 5% Co,
FiRfa. Big 3h fie hink, Z3 3l F 40 g/L 2 5% P 5 A ]
NIk 240 A, FH PBS ik 3 Wk, HIZ FHIARIC I
SEIR KA DAPI L 5 41 i L2 R A FT A k%, FH 98O0 R
XIFRAC I GE K N B At AT 40, JFF Image ) 3iE% 6
ANBEATL DX A2 PR PR 85 48 1)K B R IR Y s 2 H AT &4k
1.7.6 GEWTELE U EMKICAR S A A,
MS 1. M@C-B H A T JE 4 7] 5 30 ng/mL fis 2 ¥ 5
3d 1 HE E A 24 L Transwell fR3L3E 9%, E=MA
Ix10*AVE B EWELIAL, R = 2 BN 2 AU F K MS 4.
M@C-B 4L N &, ®ALAIIA 1 mLo-MEM 3 77 B St 35 5%
3d /5, 40g/L 2% HE % T [ E 30 ming 5%BSA Hf 41k
R R R, H R BT F4/80 [ —Hibric & BE B 4n i,
4y Pt CD86(M1 &Y ) [ —FHi AL CD206(M2 A ) [ — it

G AR IC A [F) 573 (1) W A L, T L PR PR RN
o F DAPI XA BAZ EAT G (5, 7E IR B U6 e F WS,
H Image J BRAFRF 3 5 B BEJEAT 2 58 B 2047
1.8 ARA EIIFN R E A LR B R BRERAR 6996 97 2R
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Figure 1 | Mrophology of artificial periosteum in each group under
transmission electron microscope and scanning electron microscope
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Figure 2 | Infrared spectra of artificial periosteum in each group
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Figure 3 | Invitro release of vascular endothelial growth factor from
artificial periosteum in each group
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Figure 4 | Viability and proliferation of bone marrow mesenchymal stem
cells on artificial periosteum in each group
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Figure 5 | In vitro osteogenic indexes of artificial periosteum of each group
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Figure 6 | Angiogenesis capacity in vitro of
artificial periosteum of each group
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Figure 7 | Polarization of macrophages cultured on artificial periosteum
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Figure 8 | Osteogenic effect of different artificial periosteum in rats with femoral condyle defect model
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