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Abstract

BACKGROUND: Adjustable piezoelectric effect can promote tissue regeneration and repair. Piezoelectric materials are widely used in weight-bearing tissue

engineering.

OBJECTIVE: To prepare a piezoelectric film material that can promote bone regeneration, and to explore its structural characterization, electrical output
performance, biocompatibility, and effect of electrical output on osteogenic differentiation of rabbit bone marrow mesenchymal stem cells.

METHODS: Using poly-3-hydroxybutyrateco/4-hydroxybutyrate (P34HB) as raw material, barium calcium stannate titanate powder (Ba4,Ca065N0 05 Ti0.9:03,
BCST) was added according to mass ratios of 0%, 5%, 10%, 15%, and 20%. Dichloromethane was added to solve P34HB, and the thickness of 150-200 um
BCST/P34HB piezoelectric film was prepared by vacuum drying method. After polarization in the oil bath, the surface morphology, crystal phase composition,
piezoelectric coefficient and open circuit voltage were tested. The effect of BCST/P34HB electrical output at 110 Hz and 0.25 N force on the proliferation and
osteogenic differentiation of rabbit bone marrow mesenchymal stem cells was tested.

RESULTS AND CONCLUSION: (1) Scanning electron microscopy, X-ray diffraction, water contact angle, piezoelectric coefficient and electrical output
performance tests showed that when the mass ratio of BCST increased to 20%, the BCST/P34HB piezoelectric film had good piezoelectric properties (d;;,=5.9
pC/N) and electrical output performance (180 mV), which was closer to the suitable range of 500 mV for electrical stimulation. (2) Live and dead staining
showed that on the first day of co-culture, 15% group and 20% group showed less red fluorescence. On the 5" day of culture, the number of green fluorescence
in each group was significantly higher than that on the first day, and the red fluorescence was not observed in the 10%, 15% and 20% groups, and only a small
amount of red fluorescence was observed in the 0% and 5% groups. (3) On the 1%, 3™ and 5" days of co-culture with rabbit bone marrow mesenchymal stem
cells, Almar blue staining exhibited that the number of cells in each group showed an increasing trend with the increase of time. On the 5" day of culture,

the number of cells in the 20% group was significantly more than that in the 0% group (P < 0.05). (4) On day 10 of osteogenic induction, alkaline phosphatase
staining results showed that the positive rate of the 20% group was significantly higher than that of the 0% group (P=0.000 1). On day 21, alizarin red staining
and quantitative analysis of calcium nodules showed a similar trend to alkaline phosphatase staining. Compared with the 0% group, the 15% group and 20%
group showed significant differences (P < 0.01, P < 0.000 1). (5) The results showed that 20% BCST/P34HB films had good piezoelectric properties, electrical
output properties, biocompatibility and the ability of promoting osteogenic differentiation of bone marrow mesenchymal stem cells.
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0 35|= Introduction

i 7 TR SRR T R T R IE SR AR B A i A AR R
Wy, BRI TR RHE Bt B 7 T S L g
A REFZREIGWITRTE ML 3- B R T RRE 4- R T RAR
(poly-3-hydroxybutyrateco/4-hydroxybutyrate, P34HB) H 5 K
TFI AV . A PR PE N SO BE ). P34HB F LY 42
HIEE R I AEY AR RS 88/, M2 E SD KR M
HE L R, BK BB R (16 F ) iR R
TP RA BRI T [H

& FUARLRERE M LB BE AT PR RE FL AR A% 6, HC rh H o s A
Hil & T2 BRAMREE. MEREIL SRR S, O 2
FREL Tolk. FF, B KHEERS Y ETRRM
JRHEFEEREE ARG RSN B Rk atte, £T
KRR A OO T RS R0 AR L 2R 4 7
i B0 ARSI EAT RAFRE IR A, AR A ATk AR
JzZ N, AR T AR R 5 R B I PR e e A . T
TR AR T8 LR A e AR B,

NARII R IR B B 48 21 SR 5 A B il — /N R LA,
HARZ W OL T 2 B s W ey, WOKs e Fb Rk R 7R 20
HTTRIAES M™Y. WANG 25 M i ik &5 v 45 22 J7 104 58
P98 £ ) = £ [P(VDF-TrFE)] il BN K LT 4L, 1%
JEAE 0.5 N 1 Hz HUBR R 30 F FH N AT £ 2 20 nA (56 i H
A1 500 mV [T U, 4 0 B AR A i 1.6 £, 7E KRR
B B AR R p A R HE T B A JIN 25 S —
TR Y () BEHE / IR G AR R AESS S K 2 AL & R 4R
FAE— T, 7oA — R AR B R T I HLE 5 (physiologically
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self-regulated electrical signal, PSR-ES), VIHJit— 524t
A 25 HL I (fully implantable neural electrical stimulation,
FI-NES) & 4t, H T1EE kN K B JE Bl # 4 415 (peripheral
nerve injury, PNI). LIU 25 20048 B fire L R ] ol s Pl 2T 4 v st
TN PR ARG 1B SR RO A, SR TTE
WE AR, (H2 R E MR TR T = AR T s
ST IR B T i, IR BRI T 57 e LG I P 4 4 v ot
TEE AT RN

BRI IS (BagsCag0sSNo.0s Tlos203» BCST) s LM BE 2 £
BaTio, F:fA 45 N\ Ca Al Sn [+ (1) [ A& R A4 RE,  He L 4
32N $ETt, =ik 460 pC/N. FIHHHIT 7L+ CIF 52 BCST 7E 44 4b
BA RIFAEYAENE, SCHEMEILE 1. SR RIEE S
FRER 5N T B R HORL T LUK TR e b e P R
¥ s HL M BRI B 1 BCST 555 P34HB i) pltJ& ML T i, DA F
P34HB 1L A=W P AT SR A5 SE 2 1 BB BB LA P34HB Jy =
MORE, 845 N AN [E) 5t & 43 %1 BCST, 5T BCST/P34HB 1)
KIFORIEI K PE B R i R E . B o 3 o 75 7 s
R LU P, 2 p B A KU B R A 0 R PR R AT
et e P EFE ARG A EE LN, 8T CEE Y YE2730A
HEFRAS dag W& O 0 28 A= W) WL B 7 ¥ K BCST/P34HB [ [
RO, R AT G R R i B i TR) 78 5T T 48 2 (rabbit bone

marrow mesenchymal stem cells, rBMSCs) & 734k FI 540 o

1 #EIF753E Materials and methods
1.1 3%t BT HesEAI 45 BCST/P34HB R HELH R, fR4M4N
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1.2 BFEA3bE S2IGT 2021 4 10 H & 2022 4F 12 AT
M EERF RS2 23 T S 20 S0 56 =5 58 A
1.3 #H# P34HB( M,, 350 000, BRifgZ13 R AEMFHIE A
BRAW], thE ) BCST Ry AR (SR AR R 516 8526, T ).

SEIENY: 1 A 4 FETE =40 %, AR 1.0kg A4,
MEMEASHT, BN EERER 3P s e o g i, VERTE S
SYXK( #4)2018-0001. )44 sk i 3k 53 M 22 B} K 27 SL4e Zh e
P Ao, it 2201606.

T FERF AL : & P ( REEE AR A
Al ) MR ( g RIEFAEMPRERAR ) #oLItE
4= B 445% LSM5 Excitor(Carl Zeiss) 42l /1 M3{X (DropMaster,
DMo-501); 7~yk#s (TBS1102X, tektronix, USA); YE2730A
FAS oy WEA ( BEXUERBEFARAR, FE ) sk
16 (PZT-FIH20/3 & Ak 38 B, T ); 2 DI REREAR X
(SpectraMax M5, Molecular Devices, Sunnyvale, CA); Alamar
Blue il 7& & 71 & (b 5 KK T A £ A IR A # ); rBMSCs
B S (TLI5 R YRR R AR ) o8 ke kg
( B ORI A IR A ] ); A 22 B (Scientz-
2400F, T Y% ); 9 4% B 4% (Sigma 300, ZISS, Germany);
X FF 247 55X (Miniflex600, ¥ 2% Rigaku Ultima IV, Japan);
LAt 73 A 2 A 2 3R ANV 770 35 R 1 A Pl R A ) B 2 R [
FHTTHE TR = ( SRR, 5ifH, E ).
1.4 FE¥7ik
1.4.1 BCST/P34HB JLHEER 2% HRUGTEEAS Bl BCST L5 P34HB
& AN [F 2> 5 4 (n=4): 0% 41, BCST/P34HB=0/100;
5% #H, BCST/P34HB=5/95; 10% #H, BCST/P34HB=10/90; 15% 2H.,
BCST/P34HB=15/85; 20% 4, BCST/P34HB=20/80,

H 5 03 BTE N 0.6 g 1) P34HB M RVE T 5 4y 10 mL 5
e 193] 6% P34HB VAR, ML uHHEVEME 2 h, 12ME FIREL
N5 &4 %1~ 0, 0.031 6, 0.067, 0.106, 0.150 g BCST ;K ,
B HF Ik 6% P34HB WA, RIEEGE S 401 3 h,
DIZ9 2400 W SRR IR IR G e o T 1 AR
H (20 mmx20 mm) v, EZAETHE 12 h HAREUE, 193] BCST/
P34HB [ FiL I, J5 0 150-200 pm. A8 il A A A0 A B
X &S G A R BT s AR Ak, DL v (d=0.2 mm, R=
10 mm) R, ARAGHLE 0.9 kV, ARALIS[E] Y 30 min.
1.4.2 BCST/P34HB Jf H IR T A S/ A e T8k BT e
Ky 15 mm §77 Fr, SR F B UL S AR B R T
PO ISR ( nis L [k 2y 0.02-30 kV) JE 47 B2 1 70 # (energy
spectrum analysis, EDS),
143 X SFZRATH 70 A F B BT i K O 15 mm (175
Fio SR X AR AT X (X-Ray Diffraction, XRD) 447 b9
PIRHEL G TR R Cu BE Ko 48 (A=1.540 6 A, 1 A=
0.1nm), & HJE A0k, & HIA A0 mA, HEEHE AN
20, Ly 10°-80°, 0.02 (°)/ 2 K 2 (°)/min, fi7if Kl
origin Pro 2016 2.
1.4.4 BCST/P34HB J FL ISRk MEREATIN > FH B £ U B

BT RHRISE K I e, R R B e T8y b, il R
TS BT 3 pL B FOKVETEME b, Sk AR e
JE4 i, FIH Image J 11 Contact angle 5 bl & H £ fil 1,
FEAFEMEL S AN pUll &, BAHE 3 NEER.

1.4.5 BCST/P34HB & HLHiR dyy REEI  FHERH dyy MK
ACHE AR - 2H VR 1) P B, RN RE R 5 A AT
&, 10, BCPE.

1.4.6 BCST/P34HB Jf F i fi5% Fi % H M REASIIN o 2% 4L VR 4
38 ok A 2R B N R B AR, B A R A [ e nE 1, R
FH o525 1) YE2730A i 5 45 dyy W 52 43 K 98 JB i N 110 Hz,
0.25 N 177, I ) F 2 F 1 o

1.4.7 rBMSCs [f17) B35 7% N4 40 i S 8 R 247 %2 R IE,
AERE. BE KR, SRR 2 RKHZR T AR
Gy R 75% 5 FH CBREN 3-5 min, B RS A RNF TAES MR
fE. FIJCHE PBS R GTEVESI e, KBRRIMKR O, Bk
Oy JE K — M BRBT T, 5 mL R 2R — E R
PBS, FfE RfiTE O B IR LA, K4 2 LA 1 000 r/min
20 5 min, 2 LiE, H DMEM 5E4-kr o 5L i B, SR8
rBMSCs, BT 37 'C. AR5 5%CO, B =R =y 1 2
%3 K.

1.4.8  JHJEL (1) £ P 228 P 52

YHBEIETE SE0E: o 5 HWEE L BT AL 15 mmx15 mm KN E
F 24 L Transwell #R/NEH, HFLIRJEE:FT 1x10* /> rBMSCs
(2.5x107 L"), ¥23% 1, 3, 5 d Ji5, #R¥E Alamar Blue iR 7 & it B 15,
BB SRR TR DAL 1 0 10 REE, B
A 200 pL VAWK, 37 CHEE 2 ho HUREANFE & VR G
100 L A 96 FLAR H, i 2 D) REREFR (X FE 544 nm/590 nm
IR [ RS T D58 e .

Live/Dead S : i Al £ 4H Mo Fh ki i 2 55 4 4 s
AHE, 4 AITE 1, 3, 5d B Live/Dead %y 871 & il Y+ 2
1h; PBS PPk 2 ¥k, BRI 5 ming 7EILRAEWEOE RS T,
LT ONIEAM, SRV NS T .

1.4.9 ZHHRRCE 7 BE TR

WM ERER R & r R 7 50 L P R A
A, HU6 LM, BEFL IR T 2 240, SARLERE R
M & g, W 1E, 45 FLEEFN 5x10* 4 (1x10° LY)rBMSCs,
BEALINN 2 mL SR 5 R, RIS XS JERR RGN 110 Hz, 0.25 N
JE77, BRI 30 min, $53% 10 d 5TV BERR B UL 6 .
K65 BB I aR Gl o, BEALIE LT 31T MG CR AR,
J:LA Image pro 6.0 (Rockville, MD, USA) 1% H: gy £ [X 358 i FH

WRALE: TH SR M, 55T
%521 RiF, 40 g/L ZRFRER E, FILIMA 2 mL RS
G 3 min, PBS JHUE 3 IR, L RARB L 1B L .

HRALBEENT: FHRAPELERURLE NS,
LI 500 pl 10% 75 kebntng, =iRE TRIK1h, B
F3H 100 pL N 96 FLAR HF,  FH AR ACTE K 570 nm AR
TEREAR G EAE
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. & A-C Jy BCST/P34HB JE HUEAE LG, Horh (55 Sk it Jy BCST/
P34HB H ML, 2L Sk Firs A A 24T ol D i
AR 5 1R Ty e Bon s 8, Forh YE2730A ke E ity n et B

E R Mg 7R3 B, b SREE LI a ANAT 2 S50 I 5
FRlll, BCST: fH%KMRHI4S, P34HB: 3- JRJL TRl 4- 2RI T e

1 | BCST/P34HB [FEEEEE T, HMBEE, BAENKKERMAM
ERNEE

Figure 1 | Schematic diagram of the BCST/P34HB piezoelectric film unit,
force loading device, electrical test device, and cell culture

15 EZAEIEAF 5 AWK RTERE. &E A%
RURIH S AR B AR R R

16 titFatr iR SPSS 26.0 B HEATALHE, Fir A sk
Sz /bakT 3 0 EEHIE DL xts Fox. RMBEERTTZ9
Hr (ANOVA) H1 Tukey 5 46 347 % d L. %X 4ETH 2257k
LPMNER A EM G B R H .

2 258 Results

2.1 Asp)R v E R e R @M 5 B 2A SR, 24 BCST &
AR KIG I, W] LA B SR TR 85 T B ROREL 35 5] B iR A
P34HB 5 [, 44 B IAF] 20% I, 0k HL B B 4
2B 7N, BN BCST J&, fedls )ik i3l Ba, Ca, Sn K& TiJG
FAITGT R, 58 IR I N F BCST s FL P 72

0% 41

5% ¢H 10% H 15% 4 20% 4H

>

x3 000

x10 000
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5004 &
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T L5 HE (keV)
Blvz: 18] A 954 BCST/P34HB & HI M R T MM 3, 2L i Sk i 4R
4 BCST ki, 0%, 5%, 10%, 15%, 20% f{3% BCST 5 P34HB [ & Lt
43|24 0/100, 5/95, 10/90, 15/85, 20/80; B >}y BCST/P34HB Jf Hi jiifik
AETE 3T, BCST: #4KMRH4Y: P34HB: 3- FJE T WRIMG 4- F2 5L TR 1E
[& 2 | %&%H BCST/P34HB & B AR AR FL R EIR R BG4
Figure 2 | Scanning electron microscopy images and energy dispersive
spectroscopy analysis of BCST/P34HB piezoelectric films in each group
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22 BMEREEN XHEATHER B3 PR RRN
VU7 & SR AR HE I (PDF 79-2264), [ifi% BCST & &AM,
P34HB U ¥ 9 LIk /Iy, M PP B e ) SR FE S A0, 20% ZHRF i
1 LF-AR L P34HB U4

VP34HB v BCST

voele d 1 . FeliE: POF 79-2264 Jy SRRy i
3 : o 1 b fE . 0%, 5%, 10%, 15%,
v o 20% f{ % BCST 5 P34HB {) i it [t 4
& T, i % 4 0/100, 5/95, 10/90, 15/85,
=AM MA i 20/80. BCST: #EARRHIFY: P34HB: 3-

P o i RIE TG 4- B T MR

ol : { POF 702264 |

10 20 30 40 50 60 70 80

26 (°)
3 | %A BCST/P34HB R HEERRAT X 5T T4 &
Figure 3 | X-ray diffraction pattern of BCST/P34HB piezoelectric films in
each group

23 BEREEGKEMANBLER 0% 4, 5% 4,
10% 20, 15% 2H % 20% ZH 3 JE (1) 7K F A 71 43 ) H (65.9+2.4)°,
(67.8+1.8)°, (64.4+4.5)°, (64.3+3.1)°, (67.7+1.8)°, #H|a] % i
T FE MR X (P>0.05), WE 4.

A 0% 4. 5% 41 10% 41 15% 41 20% 4
8 v 8 L] ]

B‘-‘-‘-‘-‘_

B PEA K A f D 1R B Dl K2 i £
R & (n=4). 0%, 5%, 10%, 15%, 20% Xt %
BCST 5 P34HB [ Jiii &= Lt 43 %] & 0/100, 5/95,
0 10/90, 15/85, 20/80. BCST: 4 %k g 4 45;
P34HB: 3- JRJHE T TRMG 4- Fdt T Rl

(=}

S 6;\0’\90‘9 610,\90\9

4 | BCST/P34HB & F8 S IR A7k $3ef A it
Figure 4 | Water contact angle test of the BCST/P34HB piezoelectric films

24 ZAEWENE GG E Y E A 2 BCST FEAE 0%, 5% fll
10% 5, BCST/P34HB JE Hi i JL P A Y dyys 24 BCST &
0% 15%, dy o4 (1.0£0.37) pC/N; 4k 432 T| BCST S &
20%, dy A7 7 B EIRTF (P<0.000 1), dg, A (5.941.23) pC/N,
L& 5,

S %e\o@\n @:‘oq}@lﬁ

BlE: [ A iy BCST/P34HB [ Hi i 5 e o R KL W SR B oA 4%
S H I ) R BOR R I (n=3, P < 0.000 1), 0%, 5%, 10%, 15%,
20% {3 BCST &5 P34HB [ i & L. /) 0/100, 5/95, 10/90, 15/85,
20/80. BCST: FEKMRIES; P34HB: 3- FRJL [ IRMNE 4- F2kk | TR

5 | BCST/P34HB [EHERAIER RE d.; 425

Figure 5 | Detection of the piezoelectric coefficient d,; of the BCST/P34HB
piezoelectric films
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2.5 ALAEWEEG B HLR  E 110 Hz, 0.25 N [RIHLIK
EET, 0%, 5%, 10% 2K fon e B LR i ), 4 BCST
ST R 15% I, IR 5 080 (110 Hz) AHBLR B3R 330,
2780 mV; ZkZE4RTI BCST & & 3 20% I, ik & id s 2 W]
R ER RS, AL 180 mV, JLE 6.

10% 41

BVE: HHBOE BRI, RAEIZ 1 Gs/s. 0%, 5%, 10%, 15%,
20% {3 BCST 5 P34HB (1) Jii & Ltk 431 & 0/100, 5/95, 10/90, 15/85,
20/80. BCST: #%kMet4T; P34HB: 3- 3L THRNS 4- F3L T M

[# 6 | BCST/P34HB [EHL#FE B T #E 110 Hz, 0.25 N ImMEHAEA THF
ERHE

Figure 6 | Open-circuit voltage of the BCST/P34HB piezoelectric film unit
under a force loading of 110 Hz and 0.25 N

2.6 #%-#H BCST/P34HB /& J I 69 A A0 b FEIG LY ST
b, 5 rBMSCs HLEGFRES 1K, #%4H BCST/P34HB J% Hi i i
BIH LA BT  (FE4HM ), A BCST & MIHeTt, 15% 41
55 20% H R UL B MR FREIE 5 R, KA
SRS (AN ) BEBCE 1 R R, HAMREE,
10% 2H. 15% ZHA1 20% ZH R WAL 75, 1L 0% A1 5% HA/D
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