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Prussian blue nanozyme promotes osteogenic differentiation of MC3T3-E1 cells in an
oxidative microenvironment
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[Abstract] Objective: This study aims to explore the effect of Prussian blue nanozyme on osteogenic differentiation of MC3T3-E1
cells in an oxidative microenvironment. Methods : Biocompatibility of different concentrations of Prussian blue nanozymes was detected
by CCK-8 assay and flow cytometry ; mimetic enzyme activity of Prussian blue nanozymes at different concentrations was measured by
xylenol orange assay and WST-8 assay, and intracellular reactive oxygen species scavenging activity of Prussian blue nanozymes was
detected by DCFH - DA probe immunofluorescence assay; and the osteogenesis differentiation of MC3T3-E1 cells under oxidative
microenvironment was evaluated by alkaline phosphatase (ALP) staining and activity assay, alizarin red staining and real - time
{luorescence quantitative reverse transcription PCR. Results: CCK-8 and flow cytometry showed good biocompatibility of Prussian blue
nanozyme between 0-100 pg/mL concentrations; xylenol orange assay and WST-8 assay showed good mimetic enzymatic activity of
Prussian blue nanozyme in a concentration and time-dependent manner; DCFH-DA probe immunofluorescence showed that Prussian
blue nanozyme also had good ability to scavenge intracellular reactive oxygen species; ALP staining and activity assay, alizarin red
staining and real - time fluorescence quantitative reverse transcription PCR showed that Prussian blue nanozyme can significantly

enhance osteogenesis differentiation of MC3T3-E1 cells in oxidative microenvironment. Conclusion: Prussian blue nanozyme can
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enhance the antioxidant activity of MC3T3-E1 cells and promotes the osteogenic differentiation of cells in an oxidative environment.
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PVP ALY PB (R S AR AEYIRHECA R A H] ) 5
1% i HL 2 4UBE (transmission electron microscopy,
TEM, FEI Tecnai G2 F30, 3¢ [ ) ; 49 4 AL 7~ 2 f B2
(scanning electron microscope , SEM, TESCAN MATA3
ONF]LBETE) s AR I Zeta BASIAMTX(ZS90 NANO
ONE, B E ) R 20 AR B 12 Y (Fourier trans-
formed infrared , FTIR , Thermo Scientific 2y &) , 2 [H ) 5
8 2 6 0 3UBE (Leica 28 Al , 75 [5] ) 5 Spectra Max
190 FtFFRAY (Molecular device 23 F] , S ) 5 /1N Ui
JE A0 FR MC3T3-E 1 (b1 v B2 g 40 L ) 5

5245 135 (1 Cyagen A F] ) s a-MEM Sl 15 77 3t

(Gibeo A A, 21 ) s MC3T3-E1 40 i i H 75 3 01k
i g2 3 (L Cyagen A W) 50.25% M0 (Gibeo A H]
) s BEMR £5 2% W (phosphate buffered solution,
PBS, i Servicebio 23 Fl ) 5 CCK-8 15 & (45 L
Biosharp 23 7] ) 3 HoOo A 50 & ( FFE 2 K ) 5 &
SOD {ifi PEAG 3L 57) & (WST-8 ¥, EiEHE &K ) ;
DCFH-DA 4} (463 Solarbio 24 1) ; ROS IR 7 £ (b
5 Solarbio 22 7] ) s BRI (ALP) 3 & ( 112
ZR);BCAEHEREH G ( LIEFE AR ) PR
Yett i (1 Cyagen 23 Al ) s RNA $2 00050 & (b st
KIRAEACRHA R 7)) 3 RT-PCR 945 5738050 &
SYBR Green Premix Ex Taq Il (TaKaRaZNH], HAS) ;s
QuantStudio7 ¢ ¢ 5E 7 PCR I (ABI A ], S5 5 244
M 746 (Heraeus A A, 2 )
1.2 Fik
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A 1 23 AR N L T S BB LS PB SR T A 5 i
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2.5% ) eI RE e J5 2 5 FL BT T LS 20 i P 45
TR PB LA L

Wt PB (1422 8- AT DLOGM BSOS (UV-VIS) B
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FE PB e KW K 5 300 3 4N KR I Zeta FLOES3HT
A5 PB (1% 2 T8 H fmr 7K 80 7 R s L 2T 4
TEARTS PB LMD (FTIR) .

1.2.2 PB4k AR S

Hs MC3T3-E1 i g LA BEFL 5x10° 4 1) 25 B 4
F 96 FLAR 1, 5557 24 h 5, I PB W4 S 45FL
PB & 4 0.10,20.50.100,150 pg/mL, Hrf, £
0 pg/mL PB [ 58 4> 15 57 HE 55 5% 10 20 L 2H 1 O =5
FIXIRZH . 155524 h M 48 h )5, F s 85 350, B fL
FIA 100 WL B9 TAE# (CCK-8 558 R 77354 1: 10
RATTHE),37 C.5% COERIEFRFEHIEE 2 h, 5
FLIE 80 WL A4 2 55 — B 96 FLAR 1, Spectra Max
190 FEFhRAIN 450 nm I KAk B WG RE

4 MC3T3-E1 4 g LAREFL 1x10° A1) 25 3 42
T 12 FLAR T, 24 h 575 0~150 pg/mL AR B2 PB
PG R A ARSI 55 24 b, JEERE AL, AR 4, 2%
Y62 (FITC . Alexa Fluor488 5% ) #1ric ) Annexin-V
AL A BE (propidine iodide , PD/E A #EEL , i 241 i
ASCHSE I 240 M 0 T ) A
1.2.3 PB#RINR A E L
1.2.3.1 PBAEHLCAT /&M

8 1108 HLOL ARG 3 750 &, 300 e 3000 2 1z Y
B W 4y HLO, (4 ¥ BE SR A PB (A4 CAT
PEo 54 1.5 mLAYELLAE T, A 800 pL 100 umol/L
e B2 0 H0. 0, F5 43 0 I AN [A] & 1% PB I W
(250 pg/mL) ,fHLHKRE 5354 0,10,20,50,100 pg/ml.
(n=3)., IRAJ5, 7637 CIR % (100 r/min) .
b — 2B 1E] (15,30 .60 .90 120 min) , NV IR A
Yy B RS0 L, $ 5 B 1 B A 0 FH Y
PRI R A HLO R . BIE 50 WL IO RE SRS
100 wL 1 HO, K MR &, 76 % i T % F 30 min,
S J5 1 Spectra Max 190 B3 A I 560 nm A& 1 W 't
FE(D)E . AR SEHT TR H.0. 06 BEFRAE 26, K
D E 45 R H O, 4R B
1.2.32 PBAE#SOD W&

1 WST-8 %5 , A4k = SOD i PEAG IR 7] £ i
FHUEHA AT, 4317 PB 40K J0RL i) 8 S Ae P s B 0
ZME T, F v RS W A ALl S 0 R 8 7 A 1Y)
AR B 1, AT 5 WST-8 a7 Sz oy 77 A= s il R
79, 18 1] Spectra Max 190 B FR{XAE 450 nm &0 1
A Y DAE

AL BRIE = (D =D sam /D wwm |¥
100% .,

BUSAN15 mL B0 3 1:8 B LU 43 I AR

[ ¥ £ PB4 (0.10.,20.,50,100 pg/mL) A1 WST-8/
Wil TR . RS 76 37°CHR % (100 v/min) BT .
FEBE— EIHE] (30.60.,90 ., 120 min) , M B IRA )
FRECHT AR 180 L 120 WL A B SN R 3 T A
WIR ), 37 CH%H 30 min, H Spectra Max 190 i x
A E 450 nm AL ) DAE (n=3) .
1.2.3.3 PB4t ROS 9 7 sk &

fifi 1 DCFH-DA 2 EHREHRic MC3T3-E1 4L,
{5 8 9O 1 i N W EE AN ROS K- o 44 %t
B2 PB 2 . Rosup FHYEXT FEZH | Rosup+PB 4H .,
MC3T3-E1 48 LA 1x10°/FLER T 12 FLAY , 24 h
J& , BTG I T B B R SR Ak L 1 5R , Hoh PB 41
Rosup+PB 4 A9 [ 0 20 wg/mL Y PB, 24 h
J& » Rosup 21 Fl Rosup+PB ZH Jill A FH 1 Rosup 12751 3]
PAARAR 15 min, PBS Yk 3 3 , 4521 20 i 34 fin A T 56 HH
T35 15 35 BLC 4719 DCFH-DA 454F (20 nmol/L) ,
37 CHEEIFE 30 min, {58 2 W flsE T UL .

MC3T3-E1 Ziffa L 5} 10 FLEERD T 24 LA,
24 h J& AL % 19 20 nmol/L ¥ J¥ i DCFH-DA #
£1,37 CHEEIFE 30 min, FHPBSVE 33k . K5 & fL
T A |19 FE 19 H,0,(0.10.25 .50, 100,200 wmol/L)
BN M o 45 ALy B A L4k B R 20 pg/mlL 1)
PB,IRA], B E 4 h, MZEEHRE (EX=504 nm) .

4 MC3T3-E1 4 g LR L 1104 1) 25 B 42
T 12 LA, 24 hJ5 —4LHA 7 PB A5 3R 3L 4k 21
RigE S —4H 5 20 we/mL PB 85 5 L4k 4 5 55
24 hJEFRIREEFR AL PBS 1 33k , 49% 22 58 W 1t 2 L[]
7€ 30 min, PBS ¥k, 0.5% Triton X-100 #% 7 10 min,
PBSEWE S Ko A LB R IR E R A5 1 T 41 20
min, PBS #9E 5 YK J5 T DAPLEE i % 30 s, {31 ¥ 2%
B RTAT G U A ] ] 27
124 BACHIRE T PB B4 3k MC3T3-E1 2 il
PR AR A
1.2.4.1 ALP % &2 & Aan|

MC3T3-E1 41 Jifg LA 1x10° 4> /4L i %5 B R /b T
12 FLA 5 H Rl A 2 60%~70% , 38 535 35 5 N
ABCH SR EEE T T d,2~3 d3 , Bk
T HB F T A H,0, F1 PB4 20« X BR 4 H,0, 21
(200 wmol/L) . H,0,+PB(20 pg/mL)ZH . #% ALP i {7
A G UL B IS BALIMA 1 mL 49K, =
B G F 30 min, PBS 560k 2 38 , FHEA IR, 5]
B T AR,

BRI RE B S 7 d S g, LA
120 L 0.5% TritonX-100 7K _E 244 20 min, #7555
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L WA BIE TR, 3 il B BCA B PRI & R ALP
AR R G A8 W AN SR R BE AT ALP ISk
1242 #HFaiké

MR RN SR S R R . i 21 d
J& W SR R AR R R 3K, T 4% 2 5
S/ 230 R 2 40 30 min, BRI 2, 4tk
RV 3 U BAUMAPE R S YL 1 mL, i T
Yef6,20~30 min, FIREIGTIIR B WA gL,

BEALINA 10% FE AL+ 7S LEMEIE (cetyl pyridini-
um chloride,, CPC) ¥ ¥ , T4 ¥5 K 4L ¥ f# /5 , Spectra
Max 190 BEEFRAIN 560 nm 2k DAH
1243 AR AZZPCR

A AT Ik R 1.2.4.10 AT
T ORI, SRR R AL O 0, ff ] RNA 2
BRG] 653 15 50 RNA K 0 5% 515 < DNA . SR
TaKaRa SYBR Premix Ex Taq Il i3] & Fc 5 10 wL &2
N A R 7E QuantStudio7 % Y2 & PCRAY - #E 1 752

DL PCR AN A 73 2R A Runt AHSCH SR A
¥~ 2 (Runt-related transcription factor 2, Runx-2) . |
AU JE A H (collagen type- 1 ,Col- 1 ) JALP ‘H 453
(osteocalcin, OCN) BYZRIR, T LA TAY T
FEABRA A GG H W 1) o BEHEP AT
TR 2 A
13 %it¥7ik

JIT A S S BEYER FH SPSS 22.0 #7481 153 #r
Graphpad Prism 7 #EA71E &l , 45 R DL B pn e 22 (x
+5) 3, ] LU ORI B R 3R 07 22 70 A, I TR LB A
K B/ B 5 P 22 57 (least-significant difference,
LSD)Ka5:, P < 0.05 N2 A Gei=2 R 3

2 # R

2.1 PB#EAE
ST R4 & BE T2 9 K ek e 1 S B TR K
TEM EM& 2R, PB AL T R IEZS 9 K R, A%

*1 qPCRHISIMFT
Table 1 Primer sequences of gPCR

e B FEFI(5'—3") T TS5 —3")
B-actin CATCCGTAAAGACCTCTAGCCAAC ATGGAGCCACCGATCCACA
Runx-2 TGCAAGCAGTATTTACAACAGAGG GGCTCACGTCGCTCATCTT

Col- 1 GACATGTTCAGCTTTGTGGACCTC GGGACCCTTAGGCCATTGTGTA
ALP GCAGTATGAATTGAATCGGAACAAC ATGGCCTGGTCCATCTCCAC
OCN AGCAGCTTGGCCCAGACCTA TAGCGCCGGAGTCTGTTCACTAC

25747100 nm (B 1A ) ; 55 73 75 560 HL B3 150005 T fnd
7R T PB RS SRS (1B, 2 PB HAT Bt 1)
45 W s SEM EIG s PBORLAR 34— , 28 T 5 ik
AR, AR BT PVP BAFLE (& 1C) ; MC3T3-E1
21 it 1 375 S P B PRI IE S T PB AT A A 2R A 4T
F(E D), 3% A FF PB B i1 K 45 H I RBAVE

20.50.250 wg/mL (¥ PB 28 4h-A] WG IS G
(UV-VIS) ¥ 2 3 PB () LRG3 BV T Fe (1) Al
Fe (Il ) Z [0) 4776 0 25 M A 4% % I {ELHE 700 nm /2
1 (BIE) ; Zeta R AF-2412 -21.8 mV, E T4 1 H
far (1R 5 7K 3l 3 #4000 42 4 130.9 nm (] 1G) 5
FTIR Y% W8 T PB 25 f A il (& 1H) , &b F
2 086 cm™ [ W Wl H & T PB H Fe( 11 )-CN-Fe
(1) C=N BEAFLEHREN , 1 639 cm™ 4b Ay I AL
A& F PVP Bk 3 A 1) C—0 M 45 Pk ol , & 1A
PVP B D)L 5 F 40Kk 1, 3 443 em™ A2 1Y 8
WS 0 U1 g T 32 35 (0-H) , B PB 45 44 rh 77 78 1]
BiK o

2.2 PB#RSN A Aa

W AN TRk B 1Y PB ¥ W (0.10.20.50, 100 .
150 pg/mL) 5 MC3T3-E1 40 i 8555 . CCK-8 4%
R W R T 20 we/mL 2 ) , 40 035 1 B %5 PB
T B3 0 v s (PR 2A) o 3 2 200 R SUAS AR ]
#eJZ PB(0.10,20.50,100,150 wg/mL)*%F MC3T3-E1
S RELYR T A2 A AR AL B4 A A e R o ]
150 pg/mL B, TE 5 15 PR A B R 3 76% , BT
YA N3 20.7% (K1 2B) o 505 SEdT A AL G 5L 56
FH0~100 pg/mL & () PB.,
2.3 PBEMILA SN ROS &
2.3.1 PBTmfstROS 84 & i

HLO, IR S0 BH 15 12 B0 473 0 [ 400 it v = A= 1)
BeoE W AITE TR ZE . Tk T I RE e T
PB 4 5 HO, P& AR AE 1. 45 521, PB X HLO, FY [
fiffe EAT Bsf 1) R v B AR (11 3A) |, I H. 20 pug/mL
PBZEAE ] 120 min B, #1d 509% 9 HL0, B 28 1 A .

3 o 0 M MR NS S ALl S N R A
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A BRI PBIE A (X300 000) ; B: 5 43 HER 5 S LA WLAS PB 45 A2 (B 2 nm) 5 C: F3H L LAS PBIB A RIZR HDE A (X500 000) 5
DB I H B PB AR B0 (x20 000, ZL G K BI PB FT/ERLE ) s E: PB AYSEIMRIBOLIE L F (G KA E K Zeta FUALSMHTALS3HT PB Y
FEAT (F) K30 RS (G) s H AR AR &L PB 4374544
El1 PBHRIE

Figure 1 Characterizations of PB nanozyme
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A: CCK-8 KM A ] v £ PB X MC3T3-E 1 21/} 35 58 (1 5200 5 B« i =0 200 B ASAS: AN [+ B2 PB X MC3T3-E1 AL JA T AU 0 (24 h) . 5
0 pmol/L LL#,"P < 0.001 (n=3).,

150 pg/mL

2 PBRIEMHEEMN

Figure 2 Biocompatibility of PB nanozyme

) SR P B 1R 22 1 PB R AL WD bR TE . 5
HLO, FEFF#ZSARL, PB 1 S T B BB ) -t 22 75 et R s
[ (& 3B) , 3 H.20 pg/mL PB ZEAEFH 120 min
B, A 2k 50% R A AL B B . Rtk 2 5
BT A B 525G, SR EL 20 we/mlL YR FE R PBIEF T,
232 PBxtami A ROS &9 7F IRk

8 I DCFH-DA 28 Y6HR4H AR ic MC3T3-E1 i,

BB WA T ISR N ROS 7KF-, FTIR %5t
g, AR ML N ROS /K85 . AT VAR B, IE R
MC3T3-E1 3% 41 i N B ROS 7K AR, i A Rosup BH
PRI A 2, FITC 26 6 38 B 1 2 38 5, B 4 i 9
ROS KV 4. MMA 20 wg/mL PBAS 2 ffi4]
MY ROS H LR 2 T+ A0, PBIAEAE AT LA
32 3 BHPE R A MC3T3-E1 20 P 19 ROS 7K SR
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1004 v v v v v 0 pg/mL 110 pg/mL s
» 10 pg/mL 1004 20 pg/mL 5
%0 i + 20 pg/mlL 350 pg/ml.
I « 50 pg/ml ~ g0 EH 100 pg/mL
—~ i i 3 100 pg/mL s
X 604 = i I H 60
S I * o
= . 2 40-
jun}
401 i 2
i I 20-
z *
20 : ; ol
. 30 min 60 min 90 min 120 min
¥

30 min 60 min 90 min 120 min

A AR PB B CATIHE, 55 0 pg/mL HEER, P < 0.001(n=3) ; B: ANk PB (AT SOD 1& 4, PR LA, "P < 0.001(n=3),

E3

EE T IEMRERRT AN ROS HYIBRR R

Figure 3 Extracellular ROS scavenging activity of PB

(4A).

38 5 AR A T A P ROS 7K, AR
e 1Y H,0,(0,10,25.50, 100, 200 wmol/L) #i #
MC3T3-E1 4 il 5 , DCF %% 65 B Bl & H.0. ¥R FE 1Y
RIS 0 PB Y AETE AT DL S R ARG 4 AR PN
DCF 2658 B B ROS 7KF-, 32 B PB X4 S A ) ROS
WA BRI BRI T (1 4B)

UL, 8 i LA ARG €, {5 e T aE—
I T 20 pg/mL PB X240 B SERIZEH4 A 5200, ¢
FeE R 20 pg/mL PB AR MC3T3-E1 4HAE A&
BRFEASTCH S0k 28 (1 4C) o BRI 20 pg/mL e
(1) PB A THT B A 50 i S 5
2.4  BALHIRIE T PB 3 MC3T3-E1 2 i %, 5 5-1%
A
2.4.1 PB*MC3T3-E1 40/ ALP 7% 1 04 % vk
R T HESE PB AR AL TSR T X MC3T3-E1 4
LR R A AR R s, X S S T d R
MC3T3-E1 443 38 17 ALP Yo (8] SA) A ALP 7%
PEE A (] 5B) o 255 IR, 7E 200 pumol/L H,0,
A BHPE ISR , MC3T3-E1 400y i 4tk 3%
REALR, 17 PB A7 T LA A0 b S AL RE T, A1 41
AT , (4B 1 o TR RE T 4ERR TE H /K-
242 PBFMC3T3-E1 Zufesh 2 i 57 4L i b 04 % v

b T WEE PB 1E AL TR T X MC3T3-E1 41
it B 300 B i A Ak B s B A F 21 AR Y
MC3T3-E1 A7 795 R LY (P R L0 ot
R, S5 R, BB SR 21 d 5 X IR R PB 418
A APTOR, PE R LY AR, 117 200 pmol/L H,0,
MRy b e R TR 4 O AR R S el SRR
R (E 6A) o 2 Bk 25 1 5 e o 25 A ) (&

6B) , 72 W PB X MC3T3-E1 41 i it 4t Ak A ] LA
FREL 2 BB il
243 PB*FMC3T3-E1 28 it i, B 48 % A B & ik 4
R T PR R AR T PB X MC3T3-E1
i B AR, 85 3 4H MC3T3-E1 40 it B i S
7 dJi , 18 92 98 6 5E 11 PCR 43 5 43 Ar i o4k
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Figure 4 Intracellular ROS scavenging activity of PB
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Figure 7 Gene expression of osteogenesis-related markers evaluated by qRT-PCR
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