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a b s t r a c t 

Cell sheet harvesting has recently emerged as a promising strategy for scaffold-free cell transplantation 

and tissue engineering. It is critical to achieve the disconnection between cell and its adherent support 

while maintaining the availability of cell sheet. Hence, the regulation of cell adhesion behavior often 

becomes the primary consideration for designing biomaterials used for cell sheet harvesting. The stimuli- 

responsive biomaterials can rationally modulate cell behaviors, especially adhesion performance. How- 

ever, modulation of cell adhesion through noninvasive and highly efficient method is still greatly needed. 

Herein, a noninvasive low-intensity ultrasound-mediated cell harvesting is demonstrated based on the 

piezoelectric effect of polyvinylidene fluoride (PVDF)/barium titanate (BaTiO 3 , BTO) composite film with 

superior electromechanical conversion ability. We found that the piezoelectric effect triggered by ultra- 

sound (US) can modulate the absorption and secondary structure of adhesive protein fibronectin (FN) 

on the composite film, which further influenced cell adhesion force to finally obtain free-standing cell 

sheets. The detached cell sheets with accurate comtrol retained their viability and excellent proliferative 

capability. These findings highlight the ability of the piezoelectric biomaterials for cell sheet engineering 

to serve as a noninvasive and accurately controllable platform via regulating surface protein adsorption 

and conformation, which indicates great application prospect of this piezoelectricity-based cell harvesting 

method in regenerative medicine. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Enlightened by the physicochemical properties of natural extra- 

ellular matrix (ECM), designing of biomimetic materials that can 

eproduce the unique properties of ECM has become one of the 

ost attractive strategies for regulating cell behaviors and even 

irecting cell fate [1–4] . Among different applications of these 

iomaterials, harvesting of functional cells, cell aggregates or cell 

heets have attracted great interest for their applications in cell- 

ased therapy [5] . This free-standing cell monolayer can be trans- 

lanted directly or integrated into tissue-like construction to the 

efective sites for simplifying the operation and avoiding cell loss 

6–8] , which have potential applications in wound healing [9] , 

ell therapy [10] , tissue regeneration [11] , and bio-actuator [12] . 

n effective cell harvesting method largely depends on the pre- 
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ise modulation of cell detachement from the supports. Recently, 

timuli-responsive biomaterials that possess the switchable phys- 

ochemical properties in response to external stimulations have 

een developed to regulate cell adhesion behavior [13–15] . For ex- 

mple, a potential-responsive self-assembled monolayer was re- 

orted to reversibly regulate cell attachment via switching the ex- 

osure of RGD peptide that is responsible for cell adhesion [2] . 

oly(3,4-ethylenedioxythiophene) (PEDOT) with photothermal con- 

ersion ability was investigated to harvest intact cell monolayer 

ia heat-induced decomposition of the collagen between the cells 

nd the PEDOT [ 16 , 17 ]. Other tunable platforms that have been

xploited for cell harvesting include magnet-responsive compos- 

tes [ 11 , 18 ], photo/electro-cleavable chemical bonds modification 

 19 , 20 ], and ion regulation to either promote or suppress cell ad-

esion, etc [9] . However, most of these methods have cumbersome 

rocedure, need repeated stimulation to achieve the overall cell 

arvesting, or/and have high cell damage during the manipulation 

rocess [21] . Recently, it has been reported that the electrical po- 

ential can regulate the conformation of cell adhesive proteins and 

https://doi.org/10.1016/j.apmt.2021.101218
http://www.ScienceDirect.com
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ltimately lead to the disconnection of cell-material interaction to 

btain cell sheets [ 19 , 22 , 23 ]. Nonetheless, these electrical signals

re generally transmitted to the interface through electrical stimu- 

ators with additional wires and power supply, which may induce 

nwanted cell damage and great inconvenience [ 24 , 25 ]. 

Piezoelectric materials, including natural components such as 

ollagen, deoxyribonucleic acids (DNA), and bone tissue [26] , have 

on-centrosymmetric structures, which bring forth their unique 

iezoelectric property of accumulating electrical charges under 

pplied mechanical force or deformation [27] . The unique stimuli- 

esponsive piezoelectric biomaterials have recently attracted 

xtensive attention and been widely applied in biosensors [28] , ac- 

uators [29] , diagnosis [30] , and noninvasive biological electrostim- 

lation [31–33] . Owing to the mechano-electrical conversion capa- 

ility, piezoelectric materials can realize noninvasive in-situ elec- 

rostimulation under internal or external mechanical stress [ 31 , 34 ]. 

oreover, it was found that the surface charge of piezoelectric 

aterials can affect the adsorption behavior of proteins [35] . These 

ndings inspire us that the surface piezoelectricity of piezoelectric 

iomaterials might be locally transduced to the cell-biomaterial 

nterface, through which noninvasive in-situ regulation of cell 

dhesion can be realized to overcome the shortcoming of current 

ired electrostimulation and finally obtain continuous cell sheet. 

In this work, we have fabricated piezoelectric PVDF/BaTiO 3 

omposite film with remarkable mechanoelectrical performance 

nd developed an innovative method for modulation of cell adhe- 

ion and cell harvesting. The addition of BaTiO 3 , a promising mul- 

ifunctional nanomaterials in biomedicine [36] , endowed the PVDF 

ith enhanced piezoelectricity. Under the remote and noninvasive 

ltrasound (US)-induced mechanical stimulation, the piezoelectric 

ignal generated at the interface of the films/cells can regulate the 

dsorption and protein secondary structure of adhesive protein fi- 

ronectin (FN), which further modulated the cell adhesion force. 

ased on this mechanism, targeted and precision-controlled cell 

etachment is obtained for harvesting free-standing cell sheets of 

wo different cell lines. 

. Materials and methods 

.1. Fabrication of PVDF and PVDF/BTO films 

The BaTiO 3 nanoparticles were synthesized by a hydrother- 

al method. Briefly, 18 mmol Ba(OH) 2 •8H 2 O (98%, Aladdin) and 

 mmol TiO 2 (Aladdin) were dissolved in 5 mL deionized water 

nd heated in a Teflon-autoclave at 200 °C for 5 days. The final 

roducts were washed in hydrochloride acid, ethanol and deion- 

zed water successively until the pH value was 7 and dried at 60 °C 

vernight. For preparation of PVDF film, 0.5 g PVDF (5.34 × 10 5 

a, Aldrich) was dispersed in 5 mL N, N-dimethylformamide (DMF, 

acklin) and stirred for 30 min. For preparation of BTO doped 

omposite films, PVDF and BTO powders with different weight ra- 

io were blended in 5 mL of DMF. Then the suspension was ho- 

ogenized through robust stirring after sonication for at least 30 

in. All films were fabricated by casting 400 μL solution on round 

lass slides (2 cm in diameter) and annealing at 40 °C for 4 h to

emove the solvent. For cell culture, all films were cut into right 

ize pieces suited in the 24-well plate. 

.2. Characterization of nanoparticles and films 

The phase structure of BTO NPs and the crystallinity of the films 

ere determined by X-ray diffractometry (XRD, PANalytical Ltd., 

etherland) with Cu K α radiation ( λ= 1.5406 Å, 2 θ= 10 °–80 °). Mor-

hological feature of BTO NPs and the films was characterized with 

canning electron microscopy (SEM SU8020, Hitachi, Japan) by ap- 

lying a 10 kV acceleration and an 80 pA current. Prior to imag- 
2 
ng, the samples were gold sputtered under 40 mA for 20 s. Mi- 

rostructures of BTO were observed by a transmission electron mi- 

roscopy (TEM) and a field-emission high-resolution transmission 

lectron microscopy (HRTEM, 2100F). Fourier transform infrared 

FTIR) spectra was performed on Veraex80V (Bruner Corp., USA) 

ithin the range of 40 0-20 0 0 cm 

−1 . The proportion of β phase

an be calculated by the Equation (1). 

 ( β) = 

A β(
K α
K β

)
A α + A β

(1) 

here A α and A β represent the absorbance at 763 cm 

−1 and 840 

m 

−1 , respectively. And K α and K β represent the absorption coeffi- 

ients at these two wavenumbers, of which the values are 6.1 ×10 4 

nd 7.7 ×10 4 cm 

2 mol −1 , respectively [37] . The surface roughness 

f films was determined with a surface roughness tester (MarSurf, 

CR20, Germany), n = 5 for each group. 

.3. Electrical properties 

Aluminum (Al) electrodes with a thickness of 500 nm were 

puttered on both sides of the PVDF and PVDF/BTO films via 

agnetron sputtering. After that, the samples were polarized un- 

er conditions of 90 °C, 4 kV for 60 min. Ferroelectric property 

as characterized via a commercial ferroelectric test setup (RTI- 

ultiFerroic, USA) with maximum field amplitude of 4 kV mm 

−1 

t a frequency of 1 Hz. The electrical outputs were recorede by 

n electrometer system (Keithley 6514). A linear motor with mo- 

ive hammer was employed to generate periodical pressure while 

 commercial ultrasound transducer (Chattanooga Co., USA) was 

sed to generate ultrasound at frequency of 1 MHz. Before mea- 

urements, the Al-coated films were encapsulated in Kapton tape 

o isolate the Al electrode from air and liquid. Zetasizer Nano ZS 

nstrument (ZEN3600, Malvern Instruments Ltd, UK) was used to 

easure the surface potential of the films. The resultant mean 

alue of surface potential was calculated from three parallel sam- 

les.Piezoelectricity of the PVDF and PVDF/BTO films was charac- 

erized by PFM (MFP-3D, Asylum Research) using a contact mode. 

he piezoelectric coefficients ( d 33 ) of the films were evaluated by 

he piezoelectric coefficient meter (ZJ-3AN). 

.4. Bulk properties 

The bulk property of films was investigated with extensom- 

try by using a dual column universal testing machine (Instron 

P30 0 0, USA). Film thickness was measured in advance by a thick- 

ess tester ( CH-10-A, Grows, Shanghai). For uniaxial tensile tests, 

he films were cut into 20 mm × 8 mm strips and loaded on the 

lamps. Displacement was applied with the rate of 2 mm min 

−1 . 

.5. Surface pre-treatment 

All the films were treated with oxygen plasma for realizing a 

ydrophilic surface under the following conditions: 100 W; 0.8 

bar; gas flow of 50 sccm O 2 ; 2 min for each group. The distance

rom the plasma glow to the sample surface was 10 cm. Water 

ontact angle of the films was tested by the contact angle mea- 

urement (XG-CAMB1, XUANYI). For surface coating of adhesion 

rotein, the films were immersed in fibronectin dissolved in phos- 

hate buffer saline (PBS) for 24 h at 37 °C. After rinsing three times 

ith PBS to remove the unassociated proteins, the level of pro- 

ein adsorption was quantified using the bicinchoninic acid (BCA) 

rotein kit (Beyotime, Shanghai). The structural information of the 

dsorbed protein was obtained by a circular dichroism (CD) spec- 

ropolarimeter (JASCO, J-1500, Japan) within the range from 190 

m to 250 nm. Quantitative analysis of the secondary structure 
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f FN was conducted using the Bestsel tool ( http://bestsel.elte.hu ) 

 38 , 39 ]. 

.6. Cell isolation and culture 

Adult rats (Wistar, male, 4 weeks old) were purchased from Vi- 

al River Company. The whole procedures for handling the animals 

rmly stick to the “Beijing Administration Rule of Laboratory Ani- 

als” and the national standards “Laboratory Animal Requirements 

f Environment and Housing Facilities (GB 14925-2001)”. Rat bone 

esenchymal stem cells (rbMSCs) were obtained from femurs and 

ibias of rats according to our previous reports [ 40 , 41 ]. The puri-

ed cells were then seeded on the TCP in low-glucose Dulbecco’s 

odified Eagle medium (1.0 g L −1 ) (DMEM, Gibco) supplemented 

ith 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin 

Gibco). The rbMSCs were passaged when the cell density reached 

0-80% of the dish area. The cells in four passages were used for 

he following experiments. NIH3T3 mouse fibroblasts were pur- 

hased from American Type Culture Collection and cultured in 

igh-glucose DMEM (4.5 g L −1 , Gibco) supplemented with 10% fe- 

al bovine serum (Gibco) and 1% penicillin/streptomycin (Gibco). 

ll the cells were cultured at 37 °C in a humidified incubator with 

% CO 2 . The culture medium was refreshed every 48 hours. 

.7. Biocompatibility and cell proliferation 

All the samples were cut into round shape with diameter of 1 

m to fit the size of 24-well culture plate. Then, they were steril- 

zed in 75% alcohol for 30 min, followed by the ultraviolet irradia- 

ion for 1 h on two sides of the films, respectively. A cell counting 

it-8 assay (CCK-8, Dojindo Molecular Technology) was used for 

valuating biocompatibility and the effect on cell proliferation. The 

iability of rbMSCs at the 4 th passage and NIH3T3 was assessed 

t the 1 st , 3 rd , and 5 th day after culturing on the films (n = 6 for

ach group). After incubation for different times, the original me- 

ia were replaced by the fresh DMEM containing 10% CCK-8 work- 

ng solution. After 4 h incubation at 37 °C, the final production of 

ater-soluble formazan dye was evaluated at a wavelength of 450 

m by a microplate reader (BIO-RAD, iMark). 

.8. Morphology of cells on the films 

The morphology of rbMSCs on different films were observed 

y SEM after gradient dehydration. In brief, cells seeded on dif- 

erent films were fixed with 2.5% glutaraldehyde for 30 min and 

mmersed in a graded ethanol series (30%, 50%, 70%, 80%, 90%, 95%, 

nd 100%) in sequence for 30 min, respectively. Then, the samples 

ere dried in an oven, followed by gold sputtered before imaging 

ia SEM. 

.9. Ultrasound-induced cell stimulation 

Before stimulation, the influence of US on cell viability was con- 

ucted via CCK-8 assay to determine an optimal ultrasound condi- 

ion. A series of parameters (power intensity: 0, 0.2, 0.4, 0.8, 1.2, 

.5, 1.8, and 2 W cm 

−2 ; duration: 0, 5, 10, 15, 20, 30, 60, and 90 s)

ere detected to determine their influence on cell viability. Upon 

he rbMSCs proliferated and spread to form a monolayer cell sheet 

n the films, US stimulation was applied at different power den- 

ity (0-1.0 W cm 

−2 ) and lasted for 20 s using an ultrasound plat-

orm (Chattanooga Co., USA) at a constant frequency 1 MHz and 

0% duty cycle. Similarly, the NIH3T3 cells were plated on differ- 

nt films and treated to detach via the same ultrasonic procedure. 

ll the experiments were replicated in triplicate. 
3 
.10. Cell adhesion force assessment 

The adhesive force of cells before and after US stimulation was 

easured via a centrifugation assay in the 96-well plates [42] . 

riefly, a certain number of targeted cells (10 0 0 0 cells cm 

−2 ) were

eeded on the FN-coated films and the percentage of cells re- 

ained on the surface of the films under different centrifugal 

peed was utilized to calculate the cell adhesion forces. Calcein-AM 

as used to label live cells for determining the cell number before 

nd after ultrasound treatment. After 1 d of culture to form a cell 

onolayer, the number of the cells attached on the film surface 

ithout any stimulation was measured as a total number basically. 

ext, the piezoelectric films were exposed to ultrasound beneath 

or 20 s with different intensities. Then, the 96-well plates contain- 

ng the films were upturned and centrifuged at different speeds of 

0 0 0, 20 0 0 and 30 0 0 rpm (corresponding g value was 101, 406,

nd 915 cm s −2 , respectively) for 5 min. Ultimately, the number of 

emaining cells was assessed to quantity cell adhesion force. 

.11. Immunostaining 

Immunofluorescent staining of cells was conducted as previ- 

usly described [41] . Briefly, the confluent rbMSCs and NIH3T3 and 

he remaining cells before and after US-induced detachment were 

ashed with PBS for three times, fixed with 4% paraformaldehyde 

or 20 min, extracted with 0.1% Triton X-100 (Sigma) for 10 min, 

nd blocked with 10% goat serum for 1 h at room temperature 

RT). F-actin cytoskeleton was stained with phalloidin-Alexa Fluor 

88 (A12379, 1:200, Invitrogen) and phalloidin-Alexa Fluor 594 

A12381, 1:200, Invitrogen) for 4 h at RT for rbMSCs and NIH3T3, 

espectively. Cellular nuclei were stained with DAPI for 10 min be- 

ore imaging. All fluorescence images were capture using a laser 

canning confocal microscope (SP8, Leica). For identifying the ef- 

ect of US-induced piezoelectricity on cell adhesion, the cells were 

mmersed with the primary vinculin antibodies (mouse polyclonal, 

:200, Abcam) overnight at 4 °C and then incubated with the Cy3- 

onjugated goat antimouse IgG secondary antibody (1:250, Bey- 

time) for 4 h at RT. 

.12. Cell sheet harvesting and viability assessment 

After US stimulation, the cell sheets on the stimulating spot 

oating in the medium were transferred onto a new tissue cul- 

ure plate (TCP) using tip-removed pipettes. The detached cell 

heets were observed using an Olympus inverted research mi- 

roscope (Olympus IX71, Japan) and immunostained to visualize 

-actin and nuclei. The cell survival of the resultant cell sheets 

as determined via a live/dead assay and quantified by Image J 

oftware. Additionally, cell viability and proliferation were evalu- 

ted using a PicoGreen assay kit (P11496, Invitrogen) to quantify 

he double-stranded DNA (dsDNA) content following the manufac- 

urer’s instructions. Harvested cell sheets and cell suspension as 

ontrol groups were cultured on TCP for 1, 2, 3, 4, and 5 days and

ysed with lysis solution (0.1% Triton-100, 10 mM Tris-HCl, 1 mM 

thylenediaminetetraacetic acid (EDTA), pH 7.5). The DNA content 

as determined by adding 1 mL of PicoGreen reagent into 1 mL of 

ell lysate (n = 3). The mixed solution was incubated for 5 min in 

ark. The fluorescence of the samples was measured using a spec- 

rofluorometer microplate reader (Victor X3, Perkin Elmer) at fluo- 

escein wavelengths (excitation: ∼480 nm, emission: ∼520 nm). A 

tandard curve was prepared using different concentration of DNA 

tock solution (1, 10, 100, 200, 500, 750, and 1000 ng ml −1 ). 

.13. Statistics 

All quantitative values shown in figures suggest the mean stan- 

ard deviation (S.D.). The significant differences were determined 

http://bestsel.elte.hu
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Fig. 1. Characterization of the tetragonal BTO NPs. (a) SEM image of BTO NPs. Insets show the size distribution of BTO NPs. (b) TEM image of BTO NPs. (c) HRTEM image and 

corresponding SAED of BTO NPs. (d) EDS mapping of Ba (yellow), Ti (blue), and O (red) element distribution in one BTO NP shown in the dark-field TEM image (top-left). (e) 

XRD pattern of BTO NPs and the enlarged (002, 200) characteristic peaks (inset). f) Raman spectrum of the BTO NPs. 
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sing one-way ANOVA. Statistical differences between groups of ∗

 0.1 means p < 0.1, ∗∗ means p < 0.05, and 

∗∗∗ represents p < 0.01

hich indicates highly significant. 

. Results and discussion 

.1. Fabrication and characterization of PVDF/BTO films 

The tetragonal BaTiO 3 nanoparticles (BTO NPs) synthesized via 

 one-step hydrothermal process had a near-cube structure with 

ounded edges, smooth surface, and even size distribution ( Fig. 1 a 

nd b). Inset ( Figure 1 a) showed the average diameter was 160.81 

38.19 nm. The interplanar spacing from high-resolution TEM 

HRTEM) image and selected area electron diffraction (SAED) were 

.382 nm and 0.404 nm, corresponding to the (100) and (001) 

lane, respectively. The subtle difference in crystal structural pa- 

ameters confirmed the tetragonal symmetry of BTO NPs ( Fig. 1 c 

nd inset). To visualize the distribution of elements and confirm 

he chemical component of BTO NPs, energy-dispersive spectrom- 

ter (EDS) elemental analysis of Ba, Ti and O was obtained. The 

DS mapping showed that the three elements were uniformly dis- 

ributed in the nanoparticle ( Fig. 1 d and S1). In the XRD pat-

ern ( Fig. 1 e), there was a splitting peak at 2 θ = 44.8 ° and 45.4 °,
hich corresponded to the separated (002) and (200) diffractions 

f piezoelectric tetragonal crystalline phase ( Fig. 1 e and inset). Ra- 

an spectroscopy is another feasible approach to analyze the lo- 

al distortions of the tetragonal-cubic symmetric structure of BTO 

Ps [ 43 , 44 ]. As shown in Fig. 1 f, the predominant signals centered

t near 250, 307, 515, and 715 cm 

−1 represented Raman scatter- 

ng mode of the tetragonal BTO NPs. The characteristic peak at 715 

m 

−1 indicated an asymmetric vibration of [TiO 6 ] octahedra, thus 

iving rise to the piezoelectricity of the synthesized BTO NPs [45] . 

.2. Characterization of PVDF and PVDF/BTO composite film 

A facile solution casting method was utilized to fabricate the 

VDF and PVDF/BTO composite films ( Fig. 2 a) [46] . By adjusting 
4 
he content of the doped BTO NPs, a series of films with 0, 5, 10,

5 and 20 wt% BTO, denoted as PVDF, PVDF/BTO-5, PVDF/BTO-10, 

VDF/BTO-15, and PVDF/BTO-20, respectively, were fabricated with 

 similar thickness of ∼ 50 μm (Fig. S2). When the mass fraction 

f BTO was no more than 15 wt%, the surface of all the films were

elatively plain (Fig. S3a). However, it was observed that the over- 

oaded BTO contents of 20 wt% induced shrinkage of the compos- 

te film and aggregation of the nanoparticles, which was not suit- 

ble for the following research (Fig. S3b). To enhance the piezo- 

lectricity, electric poling treatment was carried out on the films 

45] . From the SEM image of different PVDF/BTO com posite films 

 Fig. 2 b and S3a), the BTO NPs were uniformly dispersed in the 

VDF matrix and no obvious nanoparticle aggregation or interfa- 

ial defects were observed. The addition of BTO NPs endowed the 

omposite films with remarkable surface nanoroughness ( Fig. 2 c), 

hich provides instructive topological information to guide cell 

ttachment and growth [ 31 , 47 ]. The phase structure of different 

omposite films were compared via XRD pattern and FTIR spec- 

roscopy. Generally, PVDF contains five crystal phases, α, β , γ , δ
nd ε, among which β phase as the important crystalline con- 

ributes to the piezoelectricity [48] . In the XRD patterns ( Fig. 2 d),

he typical peaks at 17.9 ° and 19.9 ° in the enlarged view were cor- 

esponding to α- and β- phase of PVDF, respectively. With the in- 

rease of BTO contents, the intensity of all the characteristic peaks 

f BTO especially the peak at 2 θ = 31.5 ° increased accordingly, con- 

rming the successful introduction of BTO NPs. Furthermore, in the 

TIR spectra ( Fig. 2 e), the increase of BTO contents enhanced the 

-phase percent of PVDF, which was reflected by the intensity of 

haracteristic peak at 840 cm 

−1 and 763 cm 

−1 . The quantitative 

tatistics of the polar phase content F( β) and the crystallinity (X c ) 

urther confirmed that the doping of BTO NPs could enhance both 

iezoelectric phase and crystallinity of PVDF (Fig. S4). A low BTO 

ontent in PVDF/BTO-5 did not significantly increase β-phase per- 

ent of PVDF (41.13%, compared with 39.06% of PVDF) and had 

elatively low crystallinity (58.4%, compared with 50.4% of pure 

VDF). Optimally, 15 wt% BTO doping in PVDF/BTO-15 exhibited 

he highest proportion of β-phase that reached 92.48%. However, 
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Fig. 2. Preparation and structural characterization of the PVDF/BTO composite films. (a) Schematic illustration for the fabrication of pure PVDF and PVDF/BTO composite films. 

(b) Representative SEM images of the composite films with different BTO contents of 0, 5, 10, and 15 wt%. Insets are the enlarged scanned images. (c) Three-dimensional 

AFM image of the PVDF/BTO-15 composite film. (d) X-Ray diffraction pattern of the films with different BTO contents and the enlarged region from 17 ° to 21 ° circled by the 

red line. (e) FTIR spectra of the films. The blue and red dash lines denote characteristic peaks of α and β phase of PVDF. Extensometry of PVDF/BTO composite films: (f) 

stress-strain curves, (g) tensile strength, and (h) Young’s modulus. 
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0 wt% BTO induced a decreased β-phase content compared with 

he others ( Fig. 2 e, Fig. S4). It was suggeated that the excessive

anoparticles interrupted the intrinsic structure of PVDF and hin- 

ered the crystal growth along the β-phase direction, thus causing 

n attenuated piezoelectric phase content [49] . 

Suitable mechanical properties of an objective material are 

ighly needed to construct a support for maintaining normal cell 

ehaviors. The stress-strain curve of the PVDF and PVDF/BTO com- 

osite films are presented in Fig. 2 f, from which Young’s modu- 

us and tensile strength are calculated ( Fig. 2 g and h). The Young’s 
5 
odulus of PVDF, PVDF/BTO-5, PVDF/BTO-10, and PVDF/BTO-15 

lms were 370 ± 30 MPa, 450 ± 78 MPa, 504 ± 83 MPa and 576 

103 MPa, respectively ( Fig. 2 h). It was deduced that BTO doping 

ncreased PVDF crystallinity and remarkably improved stiffness of 

he film. In addition, the break of the composite films was more 

ikely to occur at a lower strain compared with PVDF film. These 

echanical parameters jointly showed that the original mechani- 

al properties of PVDF was completely changed in the presence of 

TO NPs and a suitable doping content could optimize the capabil- 

ty of the materials to perceive mechanical stimulus and transmit 
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Fig. 3. Characterization of electrical properties of the films. (a) The hysteresis loops of the PVDF, PVDF/BTO-5, PVDF/BTO-10, and PVDF/BTO-15. (b) The surface potential of 

the films with increased contents of BTO NPs. Piezoresponse force microscopy maps and measurements of (c)-(f) PVDF and (g)-(j) PVDF/BTO-15 composite film. (c), (g) AFM 

topography of PVDF and PVDF/BTO-15. (d), (h) Amplitude images and (e), (i) phase images corresponding with the points of the black arrows in PVDF and PVDF/BTO-15 

films, respectively. (f)-(1), (j)-(1) Amplitude, and (f)-(2), (j)-(2) phase hysteresis loops of PVDF and PVDF/BTO-15 films. Output performance of (k) short-circuit current and 

(l) open-circuit voltage of the composite films. (m, n) Ultrasound-induced piezoelectric output voltage and current of PVDF, PVDF/c-BTO and PVDF/BTO films and (o, p) the 

corresponding enlarged views of red dot circle. 
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n external strain thoroughly. Besides, the stiffness of the resultant 

omposite films was much closer to that of ECM in cartilage or 

one (100-1000 MPa), which would provide a desirable condition 

or the cells to growth and development [50] . 

.3. Piezoelectric performance of PVDF/BTO composite film 

We further detected the electrical properties of different films. 

efore electrical testing, all the samples were sputtered with alu- 

inum electrodes on both side of the films, followed by an elec- 

rical poling treatment. In the hysteresis loops, after poling at the 

ame condition, the residual polarization of the films increased 

ith the increased contents of BTO NPs, indicating the enhanced 

olarization capability of the films responsive to an external elec- 

ric field ( Fig. 3 a). Compared with PVDF film, the electrical polar- 

zation of the PVDF/BTO-15 film increased by nearly 6-folds, which 
6 
ould further improve the ability of force-electric conversion of 

he film. The surface negative Zeta potential of the films gradu- 

lly increased with increased BTO doping ( Fig. 3 b). Considering the 

anometer size of BTO NPs, the surface area of the composite films 

as increased after BTO doping, which was in proportion to the 

olid-liquid interfacial polarization. Therefore, the surface potential 

f the PVDF/BTO composite films displayed an obviously increasing 

endency with increased BTO NPs [51] . Macroscopically, the signif- 

cantly augmented electrical polarization of the film was observed. 

hese results suggested that the PVDF/BTO films had better piezo- 

lectricity than the pure PVDF film and the best performance was 

chieved when the BTO NPs doping was 15 wt%. 

This argument was further verified by piezoresponse force mi- 

roscopy (PFM) as well as the electrical output of the two kinds 

f films ( Fig. 3 c-l). The atomic force microscope (AFM) topogra- 

hy, phase and amplitude images of both the pure PVDF and the 
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VDF/BTO-15 were synchronously acquired by conducting PFM in 

 contact mode. The surface topographic images ( Fig. 3 c and g) ex- 

ibited distinct surface morphology and roughness of the two sam- 

les, in consistent with the SEM images. More significantly, phase 

urve and amplitude of the hysteresis loops, as a result of applying 

C voltage from -20 V to + 20 V, showed distinct piezoelectricity of 

hese two kinds of films ( Fig. 3 d-e for PVDF, and h-i for PVDF/BTO).

or the PVDF film, both phase curve and amplitude hysteresis loops 

ndicated a low piezoelectricity ( Fig. 3 f). In contrast, the maximum 

mplitude of the PVDF/BTO-15 film reached 0.65 nm and 0.85 nm 

t the highest positive ( + 20 V) and negative tip bias (-20 V), re-

pectively ( Fig. 3 j). The near 180 ° change of phase curve from -20

 to + 20 V suggested a successful polarization switched triggered 

y the electric field. Piezoelectric coefficient ( d 33 ), a direct index 

eflecting the linear coupling relationship between the mechanical 

nd electrical properties of piezoelectric materials, was also evalu- 

ted (Fig. S5). It was found that the d 33 value also increased with 

he increase of BTO content and reached the maximum of 15.7 

C N 

−1 for PVDF/BTO-15. It indicated the enhanced piezoelectricity 

as due to the increased contents of BTO NPs. 

For measuring the electrical output performance, the films were 

rst cyclically stroked by a slidable hammer with a constant force 

 ∼15 N). As for the unpoled samples, the electric output perfor- 

ance was relatively unsatisfactory despite that the addition of 

TO NPs increased the electric output to some degree, suggest- 

ng the necessity of electrical poling to enhance the piezoelec- 

ricity (Fig. S6). After the electrical poling, the PVDF/BTO compos- 

te films delivered much higher current and voltage output than 

hat of PVDF film ( Fig. 3 k and l). Meanwhile, the increased BTO 

ontents significantly improved the electric output and reached 

 maximum of 110 μA and 9 V when the BTO content was 15

t%. Considering the feasibility and practicability of US to acti- 

ate the mechanical-electrical conversion of piezoelectric materi- 

ls [ 32 , 45 , 52 ], the piezoelectric outputs under US stimulation were

lso conducted. To better illustrate the influence of doped tetrag- 

nal BTO NPs on piezoelectricity of PVDF matrix, the composite 

lms doped with non-piezoelectric cubic BTO NPs (c-BTO), de- 

oted as PVDF/c-BTO, were also prepared as a control. Under the 

ame US condition (0.8 W cm 

−2 ), PVDF/BTO films showed the 

argest output voltage ( ∼100 mV) and current (0.19 nA), which 

ere 2.5 and 7.6 times of that of PVDF and PVDF/c-BTO films, 

espectively ( Fig. 3 m-p). Furthermore, signals from the PVDF/BTO 

lms increased as the US intensity increased, exhibiting a poten- 

ial ability to tailor the piezoelectric output by controlling the ap- 

lied US (Fig. S7). These results suggested that the tetragonal BTO 

as essential for the high ultrasonic-driven piezoelectricity of the 

omposite films. 

.4. Surface properties and protein absorption on the PVDF/BTO 

omposite film 

Based on the remarkable piezoelectricity and suitable mechan- 

cal properties, the PVDF/BTO-15 composite film was selected for 

urther assay. It was shortened as PVDF/BTO as no other composite 

lms were used in the following parts. The PVDF and PVDF/c-BTO 

lm were set as the low-piezoelectric group, and non-piezoelectric 

olyvinyl chloride (PVC) film with similar chemical and surface 

roperties was used as a negative control for discerning the dom- 

nant influence factors including surface roughness and piezoelec- 

ricity. Both the PVC and PVDF/c-BTO film showed a similar sur- 

ace morphology as the PVDF and PVDF/BTO film (Fig. S8). Mean- 

hile, similar surface roughness of the PVDF/c-BTO and PVDF/BTO 

lms could further exclude the influence of topological structure 

 Fig. 4 a). Due to the intrinsic hydrophobicity, all the films were 

urface pre-treated with oxygen plasma to increase hydrophilicity 

or promoted cell adhesion. After treatment, the hydrophilicity was 
7 
fficiently enhanced and the water contact angle (WCA) was de- 

reased from nearly 120 ° to about 75 ° for all the films ( Fig. 4 b).

he similar WCA of the films ensured that when researching the 

nfluence of the films on cell attachment and spreading, the factor 

f surface energy could be excluded. 

Given that the adsorbed protein on biomaterials can regulate 

ellular adhesive behaviors via affecting the cell interaction with 

CM components, we studied the protein adsorption capacity of 

he films. As a major anchor protein of ECM, FN can mediate the 

arly cell adhesion, which profoundly impacts on subsequent cell 

ehavior including migration, spreading, proliferation and differen- 

iation [ 53 , 54 ]. The adsorption and conformation of FN is critical 

or mediating the interaction between adherent cells and the sup- 

orting biomaterials. After the oxygen plasmad treatment and a 

4 h soaking in FN solution, the protein content on the PVDF/BTO 

lms showed no obvious difference from PVDF/c-BTO, but was 2.0- 

old and 1.3-fold of that of the pure PVDF and PVC film, respec- 

ively ( Fig. 4 b). It can be attributed to the increased roughness 

nd the enhanced polarization of the PVDF/BTO composite film 

51] . Meanwhile, the protein adsorption on the PVDF/BTO com- 

osite film decreased after the exposure of the film to US, while 

t remained unchanged for PVC, PVDF, and PVDF/c-BTO film at 

he same applied US ( Fig. 4 c). The attenuate protein adsorption 

evel was also confirmed by the changed value of WCA ( Fig. 4 d).

ompared with the low piezoelectricity samples, the hydropho- 

icity of the composite films increased regardless of BTO con- 

ents. To further investigate the surface property of the piezoelec- 

ric PVDF/BTO films under US stimulation, the surface potential of 

he films with different BTO contents was evaluated immediately 

fter ultrasound. As shown in Fig. 4 e, after US treatment (0.8 W 

m 

−2 , 20 s), the surface electrical potential became more nega- 

ive for the piezoelectric PVDF/BTO films when compared to the 

VDF film. These results implied that the piezoelectric effect trig- 

ered by the US stimulation would influence the amount of FN ad- 

orption on the composite film, thus regulating the surface prop- 

rties to manipulate cell adhesive behavior. Given that the changes 

f FN conformation will change the binding affinity to cells and 

hus alternate the cell adhesion, we speculated that the piezo- 

esponsive PVDF/BTO films would reconstruct the conformation of 

N molecule under US stimulation [ 2 , 55 , 56 ]. It may affect cell ad-

esion behavior because the switchable surface hydrophilicity can 

everse cell attachment through changing the adsorption of the ad- 

esive proteins [57] . 

Circular dichroism (CD) was utilized to investigate the sec- 

ndary structure of the FN molecule after US stimulation [38] . 

t was obvious that the intact FN had a typical β-sheet en- 

iched spectrum. When FN was adsorbed on the PVDF/BTO films, 

here was a slight difference of peak intensity appeared at 195 

m and 205 nm. Upon US, the peak pattern of FN in the spec- 

rum significantly changed ( Fig. 4 f). The quantitative analysis con- 

rmed that the secondary structure of the protein responded 

o piezoelectricity-triggered change of material surface potential 

 Fig. 4 g, Fig. S9 and S10). When being naturally adsorbed on 

he surface of the PVDF/BTO composite film, FN exhibited confor- 

ation enriching β-sheet. Upon US, the activated piezoelectricity 

rom the PVDF/BTO film reduced β-sheet percent and the propor- 

ion of α-helix increased, whereas the FN structure had almost 

egeligible change in the solution with US treatment. These results 

ndicated that piezoelectric effect could interfere with the FN con- 

ormation. This conclusion was also consistent with a previous re- 

ort that the interfacial interaction between the material and the 

dsorbed proteins influenced the β-sheet secondary structure [58] . 

lso, the conformation change of the adhesive protein has been re- 

orted to decrease the molecule deposition on the polyelectrolyte 

lm, thus leading to the insufficient interaction between adhesive 

rotein ligands and integrin receptors to ultimately weaken cell 
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Fig. 4. Evaluation of the ultrasound-induced surface properties and alteration of FN conformation. (a) Surface roughness of different films. (b) Contact angles of different 

films before and after oxygen plasma treatment. (c) Quantitative statistic of protein content on the PVC, PVDF, PVDF/c-BTO and PVDF/BTO films before and after US. (d) 

Changes of contact angle upon ultrasound stimulation with and without FN absorption. (e) Surface potential before and after US treatment. (f) CD spectra of FN protein 

coated on the PVDF/BTO films after different treatment with (0.4 or 0.8 W cm 

−2 , 20 s) or without ultrasound. (g) Main content of α-helix and β-sheet in different samples. 

(A: FN solution in PBS; B: FN adsorbed on the PVDF/BTO film without US stimulation; C: FN solution with US stimulation; D: FN adsorbed on the PVDF/BTO film with 0.4 

W cm 

−2 US stimulation; E: FN adsorbed on the PVDF/BTO film with 0.8 W cm 

−2 US stimulation. 
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dhesion [59] . These results implied that the US-triggered piezo- 

lectricity of the PVDF/BTO composite film weakened the interfa- 

ial protein interaction via changing the conformational structure 

f FN. 

To precisely illustrate whether the piezo-potential actived by US 

as enough to activate the change of FN conformation, theoretical 

alculation was furhter conducted to determine the surface piezo- 

lectric potential triggered by the US at 0.8 W cm 

−2 . The detailed 

alculation process was given in Supporting Information. The sur- 

ace piezoelectric potential of the PVDF/BTO film could reach about 

89.1 mV, which fitted well with the measured surface potential 

 Fig. 4 d) and the US-driven output ( Fig. 3 m). It was sufficient for

N to undergo a structural change according to previous reports 

 22 , 60 ]. 

.5. Biocompatibility and cell adhesion 

CCK-8 assay was used to evaluate the biocompatibility of the 

pplied US and the piezoelectric films on rbMSCs and NIH3T3 
8 
ells. Under US condition of power density ≤0.8 W cm 

−2 and last- 

ng time ≤20 s, cell viability was over 90%. Further increase of the 

ower density and prolonging of time might induce decreased cell 

iability, which finally remained at about 70% ( Fig. 5 a). Thereby, 

e chose 0.8 W cm 

−2 and 20 s as the maximum US condition for 

he following US-involved assays. Also, this US condition did not 

ffect cell proliferation within 7 days (Figre 5b). After a 5-days 

ulture, a similar proliferation rate of rbMSCs and NIH3T3 was 

bserved on PVC, PVDF, PVDF/c-BTO and PVDF/BTO films ( Fig. 5 c), 

lthough proliferation rate on the PVDF/BTO film was slightly 

igher than the other groups. Live/dead assay also suggested a 

igh biocompatibility of the four kinds of films (Fig. S11). The 

ell morphology observed from SEM directly reflected that the 

umber of extended pseudopodia of rbMSCs on the PVC and 

VDF films was quite few, mainly due to the lack of superficial 

icro-nano structure for the cells to anchor and attach ( Fig. 5 d, 

-2 ). Conversely, the cells elongated more and longer filopodia 

r protrusion on the PVDF/c-BTO and PVDF/BTO films ( Fig. 5 d, 

-4 ), which presented surface nanoroughness and offered more 
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Fig. 5. Cytocompatibility and cell adhesion behavior. (a) Cell viability under different US conditions. (b) Cellular proliferation with or without US stimulation for 7 days (0.8 

W cm 

−2 , 20 s). (c) Histogram of the statistical results of the rbMSCs and NIH3T3 proliferation rate. Values are normalized against that grown for 1 day of the control group. 

(d) Representative SEM images of rbMSCs after culturing for 3 days on (1) PVC, (2) PVDF, (3) PVDF/c-BTO and (4 ) PVDF/BTO film. Scale bar = 20 μm. Immunostaining of 

rbMSCs on (e) PVC, (f) PVDF, (g) PVDF/c-BTO and (h) PVDF/BTO composite film. Cells were stained for F-actin cytoskeleton (green), vinculin (red), and nuclei (blue). Scale 

bar = 250 μm. The corresponding quantitative analysis of (i) the number of FAs, (j) mean FAs area per cell, (k) total FAs area on day 1 and day 3, and (l) mean fluorescence 

intensity of FAs on the films after incubation for 3 days. Data are presented as the mean ± SD (n = 5). Group A, B, C, and D in (i)-(j) represent PVC, PVDF, PVDF/c-BTO and 

PVD/BTO films, respectively. 
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nchoring sites for cells to hold. The cellular stress fiber and 

ocal adhesion (FA) distribution on different films were further 

nvestigated via immunofluorescent staining of filamentous actin 

F-actin) cytoskeleton and vinculin expression ( Fig. 5 e-h), which 

ight be further used to predict cellular mechanotransduction 

 61 , 62 ]. It was found that rbMSCs on the composite PVDF/c-BTO 

nd PVDF/BTO films presented more regular stress fiber and re- 

arkable ambient vinculin ( Fig. 5 g and h). Moreover, quantitative 

tatistics of FAs within the first 24 h showed that rbMSCs on the 

omposite films had enriched FAs. The FAs area per cell on the 

omposite films was 1.26-1.27-fold of those on the PVC and PVDF 

lms ( Fig. 5 i and j). After culturing for 3 days, the cells began

o be connected with each other to form a confluent layer (Fig. 

12), and no remarkable difference in total FA area was detected 

n different films ( Fig. 5 k), whereas higher intensity of FAs was 

bserved on the composite films with larger surface roughness 

 Fig. 5 l). These results provided instructions for distinguishing the 

unction of piezoelectricity from surface properties on cell adhe- 
9 
ion, which proved the predominent role of piezoelectricity in cell 

etachment. 

As being discussed above, the US-triggered piezoelectric effect 

an adjust the conformation of FN adsorbed on the PVDF/BTO film 

o a low-adhesive state, thus weakening the connection between 

he cells and the films. Thereby, to prove the US-induced film- 

N-cell interfacial changes through piezoelectric effec, a centrifu- 

ation cell adhesion assay for both rbMSCs and NIH3T3 cells was 

onducted to measure cell detachment force before and after US 

timulation [42] . The cell adhesion force was estimated through 

he proportion of residual cells relative to centrifugal forces after 

S. It was found that under a specific centrifugation speed, the 

ell adhesion force decreased after the US exposure of the FN- 

oated PVDF/BTO film ( Fig. 6 a). Moreover, increased intensity of US 

rought about the weaker cell adhesion force. Specifically, under 

 centrifugation speed of 30 0 0 rpm, the adhesion forces of rbM- 

Cs on PVDF/BTO were calculated to be 0.196, 0.120 and 0.081 nN 

ithout US, with 0.4 W cm 

−2 US, and 0.8 W cm 

−2 US treatment, 
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Fig. 6. Cell adhesion force of rbMSCs and NIH3T3 cells on the films. (a) Measured cell adhesion force of rbMSCs and NIH3T3 cells on the PVDF/BTO composite films before 

and after ultrasound (0.4; 0.8 W cm 

−2 ) via centrifugation cell adhesion assay. Cell adhesion force measured at 3 levels of centrifugal speeds: 10 0 0, 20 0 0, and 30 0 0 rpm. (b) 

The difference of adhesive force ( 	F ) quantified from a) before and after different intensities of ultrasound (0.4, 0.8 W cm 

−2 ). The legends of 0-0.4 W cm 

−2 and 0-0.8 W 

cm 

−2 represent the change of adhesion force on the surface of PVDF/BTO films at different centrifugal speeds under the 0.4 and 0.8 W cm 

−2 ultrasound, respectively. 
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espectively ( Fig. 6 a). In comparison, rbMSCs on the PVDF/BTO 

ith 0.4 and 0.8 W cm 

−2 US had 36.8% and 58.7% decreased cell 

dhesion force, respectively, when compared to the US-free case 

 Fig. 6 b). Consistently, similar results appeared when the centrifu- 

al speeds were at 10 0 0 and 20 0 0 rpm and also for NIH3T3 cells

 Fig. 6 a). These results suggested that the US-induced piezoelec- 

ric effect could regulate the surface properties of the films and 

ynergistically alter the FN conformation to weaken the cell-film 

nteraction. 

.6. Cell harvesting upon ultrasound-induced piezoelectricity 

To further realize cell detachment via the piezoelectric effect, a 

ell detachment assay was carried out. PVC, PVDF and PVDF/c-BTO 

ere used as the negative controls. After 3 days of culture, rbM- 

Cs on the piezoelectric PVDF/BTO films formed a confluent mono- 

ayer (Fig. S13). After US stimulation (0.8 W cm 

−2 , 20 s), rbMSCs 

apidly separated from the PVDF/BTO film as a monolayer and a re- 

aining cavity was visualized by fluorescence staining of the cells 

 Fig. 7 a). The curled cells in the marginal region of the cavity were

aused by the US stimulation and decreased cell adhesion force. 

he staining results showed that the F-actin and vinculin was only 

ollasped in the marginal region of the detached area. Cells away 

rom the detachment region without US exposure still maintained 

ntact morphology, further implying that the cell detachment was 

ctivated by the US-triggered piezoelectric effect. In contrast, un- 

er the same US condition, cells were still tightly attached on the 

ow piezoelectric PVDF and PVDF/c-BTO, and the non-piezoelectric 

VC films, as well as the normal tissue culture plate (TCP), respec- 

ively (Fig. S14). Similarly, this US-triggered cell detachment on the 

iezoelectric film was also applicable to NIH3T3 (Fig. S15). Thus, 

he distinct cellular response can be attributed to the high piezo- 

lectricity of the PVDF/BTO nanocomposite films triggered by US. 

The live/dead assay confirmed the viability of the cells on the 

omposite films before and after US-induced detachment were 

oth higher than 95%, indicating that this method did not cause 

bvious cell damage ( Fig. 7 b). Besides, the viability of the newly 

arvested cell sheets reached 92.7% and remained 94.8% after incu- 

ation in the medium for 2 h ( Fig. 7 b). Therefore, the US-triggered

iezoelectric effect disrupted the linkage between films and the 

dhesive proteins responsible for cell adhesion, which ultimately 

chieved the harvesting and potential reuse of the detached cell 

ggregates ( Fig. 7 c). 
10 
The morphology of the harvested cell sheet of rbMSCs and 

IH3T3 cells was further visualized via immunestaining. Images 

isplayed connected cell cytoskeleton with structral stability and 

ntegrity ( Fig. 7 d). Interestingly, we noticed that the shape of the 

xfoliated cell aggregates did not match well with the size and 

hape of the ultrasonic probe, which might contribute to the het- 

rogeneous distribution of the acoustic waves emitted from the 

robe. 

Particularly, we found that with the increased ultrasound power 

ensity from 0.2 to 0.8 W cm 

−2 , an increasing area of rbMSCs was

hed off in-situ from the surface of the PVDF/BTO film (Fig. S16). 

his intendency might be relative to the enhaced piezoelectricity 

nder increased US intensity as the signal outputs were shown. 

he maximum cell detachment area can reach 53.7% of the total 

ttached cell area under the US condition of 0.8 W cm 

−2 for 20 s

 Fig. 7 e). Of note, US itself beyond a power density threshold might 

ffect cells negatively. During the experiment, we noticed that the 

ell connection was inevitably interrupted accompanied by the dis- 

ntegration of cell monolayer when 1 W cm 

−2 US was imposed on 

ells for 20 s (Fig. S17 and S18). The phenomenon might accounted 

or the reason that the excessive US intensity might generate ex- 

ra heat, and US cavitation and vibration became the predomi- 

ant factors, whereas the mechanical-induced piezoelectric effect 

n the films was concealed, which was not expected in the exper- 

ment. Therefore, cooperative control of the ultrasound condition 

nd properties of the piezoelectric film is essential to realize a de- 

irable outcome. 

In addition, the exfoliated rbMSCs and NIH3T3 sheet retained 

heir proliferation capacity in a manner that was comparable to 

hose on TCP control group within 5 days, as confirmed by a 

icoGreen assay ( Fig. 7 f and g). The total content of DNA in the cell

heets significantly increased, which implied the increase of cell 

umber. It is acknowledged that rbMSCs can serve as a feasible cell 

ource for tissue regeneration and cell therapy due to their abun- 

ant sources [ 63 , 64 ]. Exploitation of novel pathways to harvest 

he cells with cell integrity and sustained activity are urgently re- 

uired for practical applications. Therefore, the piezo-induced cell 

ggregate haversting showed great potential in biomedical engi- 

eering and regenerative medicine. The rbMSCs and NIH3T3 cell 

heets were stained via live/dead assay after additional short-time 

2 h) and long-term (3 d) culture (Fig. S19 and S20). These results 

uggested that both kinds of the cell sheets maintained excellent 

ibaility once harvested immediatedly, and proliferation normally. 
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Fig. 7. Immunofluorescent images of remaining cells on the PVDF/BTO composite film before and after 20 s of ultrasound. To the right of each group is enlarged view of 

white circle. Scale bar = 500 and 25 μm. (b) Live/dead staining results of rbMSCs on the piezoelectric films before and after cell harvesting (the top row). Representative 

live/dead assay of cell sheet harvested immediately and after 2 h (the bottom row). Scale bar = 250 μm. (c) Schematic illustration of the piezoelectricity-induced cell 

detachment. (d) Cytoskeleton staining of detached rbMSCs and NIH3T3. Scale bar = 250 μm. (e) Ultrasound-induced piezoelectricity affected the paxillin located at the 

marginal region of the detached cells at the single-cell level and cell-sheet level. Scale bar = 250 μm. (f, g) DNA content reflecting cell number via PicoGreen assay in 

rbMSCs and NIH3T3 sheet compared with cell culture on TCP at day 1 to 5 (n = 3). 
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hese results strongly indicated that the piezoelectricity-induced 

ell harvesting under low-power US is an efficient, universal, and 

oninvasive pathway. It can be developed as an alternative and 

how promising in replenishing existing tissue engineering, cell 

herapy, and build scaffold-free 3D tissue-like constructs. 

. Conclusion 

In conclusion, we have fabricated a series of piezoelectric com- 

osite films composed of PVDF and BTO NPs with different BTO 

ontents. A 15 wt% doping of PVDF/BTO film exhibited the highest 

echanical-electrical conversion capacity and proper mechanical 

roperty for cell harvesting. The ultrasound-triggered piezoelec- 

ricity led to the conformational change of the adsorbed FN pro- 

ein, thus changing the adhesion force at the interface between the 

ells and the composite films. By utilizing the piezoelectric films 

nder remote ultrasound stimulation, both stem cell and fibroblast 

ell sheets were noninvasively harvested without damaging their 

iability and proliferation capacity. This work provides an inno- 

ative approach for the construction of intact cell sheet without 

egative damage and exploits a new applicable direction for the 

urther development of piezoelectric materials in biomedical field. 

urther work will deeply focus on how to refine material perfor- 

ance to achieve more precise cell harvesting and exploring mul- 

ifunctions of harvested cell sheets. 
11 
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