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(RS SRIRARIESDK BB 750G T4, 3155 KRR BIKIE(2S, 50, 75, 100, 125 ug/mLifiFe,0,@2IF- 84 K HTkLE ML Hi
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Abstract

BACKGROUND: Bone marrow mesenchymal stem cells play a pivotal role in tissue engineering and bone regeneration. However, promoting the osteogenic
differentiation of bone marrow mesenchymal stem cells poses a significant challenge.

OBJECTIVE: To examine the influence of Fe,0,@ZIF-8 nanoparticles on the osteogenic differentiation of bone marrow mesenchymal stem cells under magnetic
stimulation.

METHODS: Zeolite imidazolate skeleton (ZIF-8) was synthesized by hydrothermal method, and magnetic Fe,0,@ZIF-8 nanoparticles were synthesized by
one-pot method (2.5, 5, 10, and 20 pg Fe,O, were added to the preparation materials, respectively). The Fe,0,@ZIF-8 nanoparticles were characterized by
scanning electron microscopy, X-ray photoelectron spectroscopy, X-ray diffraction, and vibration sample magnetometer detection, and suitable materials

were selected for subsequent experiments. Bone marrow mesenchymal stem cells of 4-week-old SD rats were extracted and co-cultured with Fe,0,@ZIF-8
nanoparticle solution with different mass concentrations (25, 50, 75, 100, and 125 ug/mL), respectively. Cell proliferation was detected by CCK-8 assay, and
the optimal material solution mass concentration was selected. After the mass concentration of the material solution was screened, magnetic stimulation was
applied (magnetic field intensity was 0, 50, 100, and 150 MT, respectively). Cell proliferation was detected by CCK-8 assay, and the best magnetic field intensity
and Fe,0,@ZIF-8 nanoparticles were selected for the experiment of induced differentiation of bone marrow mesenchymal stem cells. SD rat bone marrow
mesenchymal stem cells were co-cultured with ZIF-8, Fe,0,@ZIF-8, and Fe,0,@ZIF-8 (magnetic field intervention) nanoparticle solution, respectively. The single
cultured cells were used as blank controls. Lipid induction was followed by oil red O staining. After osteogenesis induction, alkaline phosphatase, alizarin red
staining and Runx2 protein concentration were detected.

RESULTS AND CONCLUSION: (1) Under scanning electron microscopy, Fe,O,@ZIF-8 nanoparticles showed a dodecahedral structure. With the increase of Fe,0,
content in the material, the particle size of the nanoparticles increased. Fe,0,@ZIF-8 nanoparticles (5 and 10 pg Fe,0, was added to the material preparation)
with a particle size of about 250 nm (stable functional and biosafety of nanoparticles at this particle size) were selected. (2) The results of CCK-8 assay

showed that 50 pg/mL Fe,0,@ZIF-8 nanoparticles (with 10 pg Fe,0, added to the preparation of the material) could significantly promote the proliferation

of bone marrow mesenchymal stem cells under a 100 MT magnetic field. The nanoparticles under this condition were selected for the osteogenic induction
differentiation experiment of bone marrow mesenchymal stem cells. (3) After osteogenic induction, the alkaline phosphatase activity, extracellular matrix
mineralization degree, and Runx2 protein mass concentration of bone marrow mesenchymal stem cells in Fe,0,@ZIF-8 (magnetic field intervention) group
were higher than those in other three groups (P < 0.05). After adipogenic induction, the lipid droplet formation of bone marrow mesenchymal stem cells in
Fe,0,@ZIF-8 (magnetic field intervention) group was lower than that in the other three groups (P < 0.05). (4) The results show that Fe,0,@ZIF-8 nanoparticles
can promote osteogenic differentiation of bone marrow mesenchymal stem cells under specific magnetic field conditions.

Key words: Fe,0,@ZIF-8; magnetic nanoparticle; magnetic stimulation; bone marrow mesenchymal stem cell; osteogenic differentiation
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BT,

1 #EF1753E Materials and methods

1.1 &kt GOKRORIH & 5 RAERE, Ao dfistis, A
() E AR AT XU 35 75 %2 73 M (Two-Way ANOVA). Dunnett’
Multiple comparisons test f& 4 .

1.2 BF A Ab,E S2E6 T 2023-01-01/12-31 £EPU 1|48 W
It DX T B 2 0 SE

1.3 M4t

131 sk zhY 4 ke HMEMESD K4 X, i &E
(100£10) g, W [ B 5 i bl 5256 B W) A W\, VF AT E 5
SCXK( /1] )2020-0030. Si4% 5 G 3R 45 U 1 K 2% A6 7 1 s 1=
e 122 2446 2% 53 2> ik ik (WCHSIRB-D-2023-669)

1.3.2 JEk KA 5ACEE R R RR M oK LB
10% S AT N fe ke (BT T, S HE); ANKE MR
PE(ERE, FE); o-MEM B3, JRE NG RS
PBS(pH=7.2) 2z i ¥l fI 75 %% 2 / % 55 2 W T Gibco i 5f| &
A (3£ ); 50 nm Fe,0, i Njiff 14 S A0 Bk 4N K FIORL VA ( it
wAY), ) FREE st (R1E TD8620, Hi[H );
K Fh S F O MY R (12 mmx3 mm., 15 mmx3 mm,
18 mmx3mm, A, EH); CCK-8 & (APEXBIO,
) B- HUMBERRMY (K E, PHE); JUAMEKR. H
FEKIAL 0.2% B8 ALY (pH=4.2)( PhA% F L4l B 3, 56
); TEEAN G T B MR B R & R
PERERREE R IR &, BCARA & (B =R, THE), X
SFARATHHAX ( H AR Byidt 6100); 44 KRLAR 23 BT A (5% [l A
B0 )s IRBFE S RESE T ( 55 E Lakeshore7404);
L TR (P E LA ).

14 Fix

1.4.1 Fe,0,@ZIF-8 YK Tk 114 ik

ZIF-8 KRB RIS A : KK LG i ZIF-8 K i
fio FRE 384 mg FIERKME, 38.4 mg N/KEHEIREE,
AET 1.2, 1 mL4igkdr, 152035057 R . 5L 150 plL
TR R VR S 12 NN 125 uL S KA R R T
t, 37 ‘CHEIAE KM TIRA 30 min, HIJG/K OEEFR - Vel
JFHE K 3 K, 10000 r/min Z.0> 2 min, 3 FiE EUSEEDTE,
B TS5 ZIF-8 KR,

Fe,0,@ZIF-8 K TR B & A: K — ik &
Fe,0,@ZIF-8 g K Wiki, Fri: 384 mg — FHAERKIE, 38.4 mg
NGRS, AT 1.2, 1mLaikd, 53555
WA . BUAS R AA AN (10, 20, 40, 80 i) i 2.5 mg/mL
Fe,O, AW 5 — W RE K ML VA W (140, 130, 110, 70 pl) iR
A 193] 150 UL LA, BRI 125 uL AN /K A R

BRI, 37 CHEEIFA/KIE NIRE 30 min, AG/KLEEAR
IR E A 3 7K, 10000 r/min B0 2 min, F i A
WEETTVE, L2 T-1:15 3 Fe,0,@ZIF-8 K (o iR iR K,
43 130 N Fe,0,@ZIF-8(10). Fe,0,@ZIF-8(20). Fe,0,@ZIF-8
(40). Fe,0,@ZIF-8(80).

1.4.2 Fe,0,@ZIF-8 4 oK i KL 19 & fF ¥4 ZIF-8 ¥y K
Fe,0,@ZIF-8 ¥ K 73 HU{E Jo/K L BE I i 7 4k 3% 2 min,
T s, o 6 T B A O 2 R T ) AR T S
A8 X IR 2R AT A AT X S AT AU, SR AR ZIF-8
Fe,0,@ZIF-8 M} A [ il A« &5 A X 7] A &5 & 5, WD IR W
MEHR D& i, RS 4 (20 YuE: 5°-80°; A%k .
B4 ). {F 26.85 C. 1989.4-2 387.3 A/m HRHE 1T,
15 FHHR SRR S G SRR I Fe,0,@ZIF-8 44 K Sk [ Rk 1t o
BB A RE o BOEE Al KIS h AT R IR, (K
K42 53 BT AT A ZIF-8 FT Fe,0,@ZIF-8 4K Sk [ R 4% 43
iy BRI AR e M

IS RER ARSI 45 R, Tk A IE ) Fe,0,@2ZIF-8
YRR FH T J5 22555
1.43 HHfiF R TAME > ER TR S EE B4 JiE sD
KE 4R, TR VE BRIV 5 200ME i 7 4b B8, Jo 18 2% 1
TNHEURE . RE, BIRME TE ERHARHL, £ 1%
ML ( R/ BEF R ) (0 PBS bk 3 38,  BY B i i
Fa A REN, F 5 mL S 2SS AR HCh 10% fi 4
B 1% ST o-MEM( 58 4 35 77 JE ) it i B v 1)
HRE, PR T25 JEFEM, WA 2 d e 1, HE
20 A 80%-90% H FF 4R AR .

W B B8R 78 T 40 AL B =00, R
ek 3 %, IR THT AR U B A5 1R b o AP R AL HE 40 A
T HIRAE b, R G MRS B 48 M 2 T i
J CD45, CD11b, CD29, CD90 [HZik .

144 W E RETHEIE SRR A (12 mmx
3 mm. 15 mmx3 mm. 18 mmx3 mm) % 5 [# & £ 12,
24, 48 fLMH, BT RFRMMILRT, T 37 C. #HF4
Hr 5%CO, 15 F= 0 v 3L G . A I Y S0,
100, 150 MT Wz K/, DL ORA0 M5 77 2 T AR 52 3
A R B R 3 R, 3 T A R 3% 5 B AT S Bk b
SE . A, SRAECTL 3D FTERHEARHIE R A 1)
WIRE 76, A TR A [R) 1 37 i FE T) 50 TR W 2k v v PEAS — HH B
AEWRCAF R 1) . {E 0 e H HER AU S, eSSt B
TEFLIR A IEATRITT .

1.4.5 Fe,0,@ZIF-8 YN K UL X - i 7] 78 o3 T 24H i v 1 1)
Al

CCK-8 M4 ApRIETE: FREL 10 mg ZIF-8 45K, 10 mg
Fe,0,@ZIF-8 ¥y K, 7 HIVA T 1mL g &g rdkd, A
IR % J5 15 2 10 mg/mL R R E W,  HEIERE 1 pl ARk
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AT 43 10 pg A oK, % BRI BR E 25, 50, 75, 100,
125 pg/mL Fl B B AR R 1 mL [ 58 5575 B AEKIR
0, B 1) i B) 70 0 T A e mh T 48 FLAR b, i A R
1x10%/ L, Zr@HEFFE: ZIF-8 AN S AN A i =K (25,
50, 75, 100, 125 pg/mL)ZIF-8 [ 58 4> £ &= X 1 mL,
Fe,0,@ZIF-8 ZH I A& AN [A] Joi #: 9K & (25, 50, 75, 100,
125 pg/mL)Fe,0,@ZIF-8 [ 55 Az 55 72 45 1 mL, DL [ X HR
H(INRLlf) e 4R gL 1 mL) AS IR, FH 4N E L.
971, 3, 5d )5, BEFLINA 200 pL 7 10%CCK-8 13577 4,
BTHFRMETRE 2h, B E 450 nm 63 Il
SEWROG AR, G H S B I R VR T B

i 28 AT RHE U SR S, R AR R R A R
B 1) 70 JoR T 20 B Ak T 48 AR, 4N B 1x10°/ FL,
ARG ZIF-8 4L E 50 pg/mlL ZIF-8 ) 58 4x K 77 5k
1 mL Jf # BRI T (Wi E 73 %)y 0, 50, 100,
150 MT), Fe;0,@ZIF-8 ZH i A\ 7% 50 pg/mL Fe,0,@ZIF-8 [
FERRGTRAE 1 mL IR RERAEFHIS T (W7 7378 O,
50, 100, 150 MT), L= (xR4T ( DN BRaliffy s 4 ks 5%
HEiml) A, BHAANE. HFF L 3, 5d)5F, 7
Z BIEW, B 200 pL £ 10%CCK-8 iz 74k, BT
BFRFATh I E 2 h, (8 HBEAROCEE 450 nm St I E
JoREAE . ik B FE 1Y) Fe,0,@2ZIF-8 YK kL S5 Wi i s
AT B B 1) 78 o T 40 BRE AU R B e 5 515 T A S8

SEFRHR R R A KOIR L R A R B 1A 78 5T T
o0 B AT 48 FLAR F, 40 M FE 1x10%/ fL, Sy 8
F: ZIF-8 4 iIi N5 50 pug/mL ZIF-8 {5 A K5 77 3L 1 mL,
Fe,0,@ZIF-8 # in \ 7 50 pg/mL Fe,0,@ZIF-8 [ 58 4> 1% 7%
1 mL, Fe,0,@ZIF-8+ T 3 41 hn A\ & 50 ug/mL Fe,0,@
ZIF-8 [ 58 &R 7R 4L 1 mL JF G2 7E 100 MT i3 F, LA
XA (A RAEERERE 1 mY) SR, G4
ANEAL. #5351, 3, 5d 5, ¥4 5 UL 5 42 (Calcein-AM)
F115 uL Ak %€ (P1) i\ 5 mL PBS HH 757318 &, HX 200 pL
REWBIOMAALR N, BT RE ML E 20 min,
f8 H 490 nm BUR IR EEE 4017, 542 nm UK
KN LR FEAN M 5 o
1.4.6 Fe,0,@ZIF-8 244K FU xtH i (] 76 - 4H i 4 1L 1) 5
M

(1) B FEF L B 3 A BEA 78 57 T 40 B b
F 6 FLAR Y, 4% B 5x10°/ 7L, FR4H k& 4 70% i
GG TE: AN R T A R R R R (a-MEM B
7% 3L RN 10 mmol/L f B— H i B BR 44, 0.25 mmol/L
[ 370 3 1 R A 10 nmol/L Mt ZE K Fa ), ZIF-8 41 i o
50 pg/mL ZIF-8 (Ml 15 55 7 dE, Fe,0,@ZIF-8 ZHF iy
% 50 pg/mL Fe,0,@ZIF-8(40) [¥] hl B /5 345 77 &£, Fe,0,@

4844 | PERKTIEHAR | 852945 | 882347 | 2025488

ZIF-8+ T 3 41 ¥ ¥ 4 % 50 ug/mL Fe,0,@ZIF-8(40) 1] B
HHESREIFREIFRFE AL 100 MT H i N, B 2d B
1IRE ARG TR 4R (SAR ). B539% 7 d JR ATt
BERR G 44 . Runx2 &5 R IRFER I, £59% 14d 5
TP RO YA,

W MEREERESLE . KA 40g/L Z R T EET
€ 15 min, F PBS & e, Fi A H 1 BRI 2 (2 il 7R & Y
BCIP/NBT TAE W4T Y tt, 30 min J5 4k 3 B 1 N &
G5 o SRR R 2 R Il e 00 1K R 5 O R A v 2D
BRI REAHEAT AO 3, FH AR G 72 P R 405 nm I 1)
WG EME, B4 G BCARFI MBS EARE, HH
HH 5% 2L ) e Tl G Tl 4 12

Runx2 EHRERERM: 1000 r/min .0 5 min,
W gk b3, KA Elisa X7 Gk I Runx2 25 i 9K .
B BRI S ] R .

ERAEE: K400 €/ 40g/L £ KW g
30 min, A 0.2% # LIRSS 5 min, F PBS A EIG YL
e FE i LLERR Z RO Gk}, EARRL RS TR &,
1 10% EAL 7N e Sk iE TS 0 B AR AL US R GeRE, R
PREZ12HR Y 30 min, A HEg ARG & 542 nm &b RO FE
H.

(2) AR T4k K528 3 A i 1] 70 o 1 40 1 42 Fof
T 6 FLIR P9, 40 % % 5x10°/ L, 740 fl & & 70%-
80% I} 73 2H B % 25 0T B 2H B 4 o TR i 5 8 R
(a-MEM %323 71 i A\ 200 umol/L 18| L2432, 0.5 mmol/L
3- S TR -1- FILEENENS 10 pug/mL RS R AT 1 umol/L
HZEK KR ), ZIF-8 4y F 50 pg/mL ZIF-8 (1 il IE 15 5
}i 7% %, Fe,0,@ZIF-8 2H 1 4 24 1% 50 pg/ml Fe,0,@ZIF-8
(40) I R MG % SR R 5L, Fe,0,@ZIF-8+ T4 17 2 e &
50 pg/mL Fe,0,@ZIF-8(40) 1) BY i 75 7 55 7% 5 JF # 8% £
100 MT i3 o B 2 d BT L ISR S s 70 2 (&
MEL). KigE 7d JERHTIMA O eth,

ML O M ffE40g/L 2 W B b [ €
15 min, A PBSi&EVE, %ML O YettilFfl & vl Wl bR
HED BRI AT A3, bt fE 5 R 60% S TR i A 38 e £
FE it 30 min, 58 F B AR OGI & 510 nm AR FIIEOL AR
1.5 T ZARIEH WORBECT Fe,0,@ZIF-8 4K HURL X &
i 1) 70 1 T 0 MG i S IR RCR o A  ER
1.6 St Foar A SE R 23T T 3 MRS
(n = 3). ##EKH Origin pro 2022 AT XU R J7 24>
#T (Two-Way ANOVA) 5 Dunnett’ Multiple comparisons test
Kk, DLxts Ko, P<0.05 HEFHEEMEE ., %L
Guit ST O AN KZHETE AL B2 B A Sit %
LXK FH o
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2 Z58R Results

2.1 ZIF-8 = Fe,0,@ZIF-8 2 K F4i ¢ T 30 B i 12 o AT 4
RS SR K HGE S R ZIF-8 gk R, 4 B 52
HIEA, ZIF-8 9Kk 2 220 nm [+ AL H, WLE
1A fliore R — 8k G A A LU 4 1) Fe,0,@ ZIF-8 44K
WKL, BEAE Fe,O, KBRS G N, Fe,0,@ZIF-8 44
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Figure 1 | Morphological characterization of ZIF-8 and Fe,0,@ZIF-8
nanoparticles
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Figure 2 | Validation of successful synthesis of ZIF-8 and Fe,0,@ZIF-8 nanoparticles
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Figure 3 | Flow cytometry identification of bone marrow mesenchymal stem cells
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Figure 4 | Mass concentration and magnetic stimulation intensity suitable
for ZIF-8 and Fe,0,@ZIF-8 nanoparticles screened by CCK-8 assay
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Figure 6 | Effects of ZIF-8 and Fe,0,@ZIF-8 nanoparticles on osteogenic and adipogenic differentiation of bone marrow mesenchymal stem cells
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