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ABSTRACT
Herein, electrospun zinc oxide nanoparticle/poly (vinylidene fluoride) (ZnONP/PVDF) composite fiber
membranes were designed, fabricated, and tested for improved orthopedic applications. A single fac-
tor screening study was conducted to determine the optimal ZnONP/PVDF formulation based on
osteoblast (bone forming cells) proliferation and antibacterial properties. Further, ZnONP/PVDF materi-
als were characterized for their morphology, crystallinity, roughness, piezoelectric properties, and
chemistry to understand such cell results. The optimal concentration of high molecular weight PVDF
(18%, w/v) and a low concentration of ZnONPs (1mg/ml) were identified for electrospinning at room
temperature in order to inhibit bacterial colonization (without resorting to antibiotic use) and promote
osteoblast proliferation. Compared to no ZnO/PVDF scaffold without Piezo-excited group,the study
showed that on the 1mg/ml ZnO/PVDF scaffolds with piezo-excitation, the density of SA and E.coli
decreased by 68% and 56%.The density of osteoblasts doubled within three days(compared to the
control). In summary, ZnONP/PVDF composite fiber membranes were formulated by electrospinning
showing an exceptional ability to eliminate bacteria colonization while at the same time promote
osteoblast functions and, thus, they should be further studied for a wide range of orthopedic
applications.

ARTICLE HISTORY
Received 5 August 2020
Revised 17 September 2020
Accepted 17 September 2020

KEYWORDS
Electrospinning; zinc oxide/
polyvinylidene; nanopar-
ticles; fluoride composite
fiber membrane;
piezoelectricity

1. Introduction

With an increasing aging world population, the treatment of
orthopedic problems has become a major challenge.
Research in orthopedics not only includes healing of muscles,
ligaments or bone, but increasing reducing staphylococcal
infections as a result of orthopedic implants (Ribeiro et al.,
2012). It is difficult to identify orthopedic materials which
can both eliminate bacteria colonization and promote osteo-
blast functions in the same materials without the use of anti-
biotics or pharmaceutical agents (which can have a wide
range of side effects in the body, such as the development
of antibiotic resistant bacteria). In fact, the extensive over
use of antibiotics in orthopedics has become such a problem
that the Centers for Disease Control in the U.S. have pre-
dicted that more people will die from antibiotic-resistant
infections than all cancer combined by 2050. To avoid this
healthcare epidemic, it is clear that we need new materials

which can both improve bone cell functions and inhibit bac-
teria without resorting to antibiotic use.

So far, there exists no natural material with all these prop-
erties, but there is promise. Polyvinylidene fluoride (PVDF)
possessed good resistance to chemical corrosion, high tem-
perature, oxidation, radiation and it also has piezoelectric,
dielectric, thermoelectric and other special properties making
it suitable for orthopedic applications. Moreover, the trans-
formation among various PVDF crystal shapes can be
achieved (Agarwal et al., 2008; Noriega et al., 2012) so that
the PVDF materials with optimal crystal shapes can be pre-
pared according to implant needs (Kumar & Periman, 1993;
Lin et al., 2004). PVDF is considered as a potential bone tis-
sue engineering material because of its piezoelectricity (just
like bone) and biocompatibility, however, its applications in
the body have been limited in that it has no ability to resist
bacteria growth or infection (Rim et al., 2013).
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ZnO nanoparticles (ZnONPs) are an ideal choice to reduce
bacteria function and resulting infections because ZnO has
good antibacterial activity and nanoparticles of Zn promote
surface exposure of Zn to further reduce bacteria functions
(Jones et al., 2008; Zhang et al., 2010; Azizi et al., 2017). ZnO
can decompose free electrons and holes upon exposure to
light, which can in turn form reactive oxygen species to kill
bacteria. In addition, for the ZnO structure, four equivalent
atomic orbitals are formed between Zn and O through sp3
hybridization (Yamamoto, 2001), forming tetrahedral coordin-
ation configuration, which provides ZnO with piezoelectric
characteristics similar to bone (Lee et al., 2015).

As is well-known, the piezoelectric constant of a polymer
is usually lower than inorganic materials (Bar-Cohen &
Zhang, 2008) which limits the use of polymers as piezoelec-
tric mimicking orthopedic materials. However, a high piezo-
electric simulation can be provided by a composite of PVDF
and nanometer ZnO, thus, a ZnO/PVDF composite fiber
membrane may possess good biocompatibility (Sultana et al.,
2015), piezoelectricity, and antibacterial protpeties suitable
for orthopedic applications (Li et al., 2015).

Further, ZnO/PVDF has a wide range of applications.
ZnONP/PVDF nanofiber membranes can be formulated into a
porous three-dimensional scaffold promoting bone cell infil-
tration and improved bone growth (Li et al., 2018). The out-
put power of the ZnO/PVDF hybrid structure was found to
be enhanced compared to pristine ZnO nanorods and PVDF
nanofibers nanogenerators (Fakhri et al., 2019). Maria Kitsara
et.al (Kitsara et al., 2019) found that the combination of a
highly b-phase electrospun PVDF with oxygen plasma treat-
ment can result in a functional and stable hydrophilic scaf-
fold, which can stimulate excitable cells, like osteoblasts,
without the need of an external power source. These find-
ings can lead to new venues in tissue engineering, based on
biomimetic 3D scaffold-electromechanical stimulation fash-
ion. Studies also have shown that the nanocomposite were
produced using electrospinning technique in order to have
the benefit of piezoelectric properties and non-brittle behav-
ior of ZnO and PVDF for the application in wearable elec-
tronic devices (Bafqi et al., 2015).

In this study, PVDF was mixed with ZnONP through elec-
trostatic spinning technology to prepare an ideal composite
material with excellent piezoelectric and biocompatibility
properties. The resulting ZnONP/PVDF scaffolds were charac-
terized for material properties and their ability to reduce
bacteria colonization and at the same time promote osteo-
blast functions.

2. Materials and methods

2.1. Materials

PVDF particles, dimethyl formamide and ZnO nanoparticles
were purchased from Sigma Aldrich (China). Human osteo-
blasts were provided by ATCC(China). Escherichia coli (E.coli)
and Staphylococcus aureus (SA) were provided by
ATCC(China). Cell proliferation assay kit was provided by
Colorimetric (China).

2.2. Preparation of composite fiber membrane

PVDF particles (275,000MW) were dissolved in 9ml of acet-
one and 6ml of dimethyl formamide (DMF). The solution
was then stirred at 55 �C for 12 h to be clear and
transparent.

15mg of ZnO nanoparticles (<50 nm) were then added to
the solution and sonicated for one hour. The ZnO/PVDF solu-
tion was transferred to a 10ml syringe, mounted on the elec-
trospinning pump syringe (Elite, Beijing Yongkang, China),
and samples prepared at a speed of 0.2mm/min with a 22 g
needle under the conditions of 15 kV, a 22G gun head and a
20 cm receiving distance.

2.3. Single factor screening experiments

Four single factor screening experiments were conducted.
Four experiments were examined the effect of (1) molecular
weight of PVDF;(2) PVDF mass fraction; (3) concentration of
ZnO; (4) electrostatic spinning temperature and receiving
mode on the content of b crystal.

2.3.1. Effect of molecular weight of PVDF on the content
of b crystal

In addition to replacing PVDF with 300,000–400,000 molecu-
lar weight, electrospinning samples were prepared again
according to the experimental conditions and parameters
of above.

The composite fiber membrane prepared above was
determined by infrared spectrum, and the content of b crys-
tal in each fiber membrane was calculated.

2.3.2. Effect of PVDF mass fraction on the crystal content
of b

The concentration of PVDF may affect the crystallite
content.In this experiment, we prepared composite fiber
membrane with different PVDF mass fractions.Other experi-
mental parameters are the same.2.1g, 2.7 g and 3.3 g
PVDF(275,000) were added in the same preparation method
as above, and the rest steps were the same.

2.3.3. Effects of different concentrations of ZnO on the
crystal content of b

In this experiment, 0.5, 1, 2, 10mg/ml ZnONPs and PVDF sus-
pension with mass fraction of 18% (275,000 molecular
weight) were prepared for electrostatic spinning under the
conditions of 15 kv, 22 G gun head and 20 cm receiving dis-
tance (the same method as 2.2.1). The composite fiber mem-
brane prepared was determined by infrared spectrum and
the respective crystal content was calculated.

2.3.4. Influence of electrostatic spinning temperature and
receiving mode on the content of b crystal

Under the conditions of normal temperature, 70 �C plate
heating and 70 �C axis heating, 1mg/ml ZnONPs and PVDF
with mass fraction of 18% (275,000 molecular weight) were
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investigated in the same way as the preparation of the crys-
tal content of composite fiber membrane prepared by elec-
trostatic spinning at 15 kv, 22 G gun head and 20 cm
receiving distance.

2.4. IR analysis for b crystal content

b crystals show strong piezoelectricity. Therefore, in electro-
spinning, the best conditions need to be explored so that
PVDF can exhibit maximal piezoelectric properties from the b
crystal form. The three main characteristic peaks of the b
crystal form appeared in the fiber films at 1431, 1276 and
840 cm�1 (Martins et al., 2014; Karan et al., 2015). In order to
study the influence of the different factors on the PVDF crys-
tal form, the content of electroactive b crystals in PVDF were
calculated as follows (Andrew & Clarke, 2008):

Fb ¼ Ab
Kb=Kað ÞAaþ Abð Þ

� �

A represents the absorbance value of the A crystal at
840,740 cm�1, K represents the absorption coefficient of
each, and K A and K b are 6.1� 104 and 7.7� 104 cm2/mol,
respectively.

PVDF with different molecular weights (275,000,
300,000–400,000), mass fractions, concentrations of ZnONPs
(0.5, 1, 2, 10mg/ml), electrostatic spinning temperatures and
receiving mode on the formation of b crystals was used dur-
ing the electrospinning system to optimize the following
properties important for orthopedic implants.

2.5. Characterization of the optimal ZnO/PVDF scaffolds

2.5.1. XRD characterization
In order to determine the optimal PVDF crystallinity, a D8
Advance X-ray Diffractometer (XRD-6100, SHIMADZU, Japan)
was used to scan PVDF (solid powder), PVDF spinning, and
ZnONP-PVDF (18%, w/v) spinning. The scanning voltage was
40 kV and the current was 40mA. The scanning range was
set to start at an angle of 3.00�, end angle of 80.00�, scan-
ning step 0.02�, and each step time was 0.30 s. Among them,
No. 7, 8 and 9 correspond to PVDF (solid powder), PVDF
spinning and ZnONP-PVDF (18%, w/v) spinning, respectively.

2.5.2. Morphological analysis by SEM
Scanning electron microscopy (SEM, Hitachi S4800, Japan)
was used to investigate the scaffold morphology. Scaffolds
were coated with 5 nm of platinum and viewed using an
accelerating voltage of 3 kV, current 10mA and a working dis-
tance of ca. 8mm. Image J software was used to calculate
the average fiber diameter of the scaffolds.

2.5.3. FTIR analysis
3mg of the obtained composite fiber membrane was pre-
cisely torn and was mixed with 100mg of dried KBr after
overnight drying. This process lasted at least 30min. After
grinding uniformly, the materials were poured into a tablet-
ing device for tableting for 3min. The pressure was

controlled below 10 kPa to prevent chipping due to exces-
sive pressure. After pressing the tablet, it can be put into the
FTIR spectroscopy (Perkin Elmer Spectrometer, USA)
for testing.

2.6. In vitro cell studies

2.6.1. Cell culture
Human osteoblasts were used in this experiment. Human
osteoblasts were seeded and cultured at 37 �C 5%/95% CO2/
air in a mixed medium consisting of Osteoblast Basal
Medium supplemented with 10% Osteoblast Supplement Mix
and 1% Penicillin-Streptomycin.

2.6.2. Antibacterial tests
The ZnONP/PVDF composite fiber membrane was cut into
1 cm2 squares and then was flattened on a glass sheet. After
sterilizing under UV for 60min, the samples were placed in a
24-well culture plate. Escherichia coli(E.coli) and
Staphylococcus aureus (SA) at 1� 106 cells/ml concentration
were inoculated at 37 �C in 5%/95% CO2/air in 30 g/L Tryptic
Soy Broth (TSB) medium in a 24 Non-Tissue Culture Well
plate for 6 h. Prior to cell seeding, the plates of piezo-excited
groups were transferred into the mechanical stretching
machine (MSM) (P1000, WPI, China) for piezoelectric stimula-
tion. The mechanical stretching stimulation was set at a 1Hz
frequency and 10mm strain. The control group was not
treated. After 6 h of culture, the scaffolds and silicone bottom
were cut out, put into 3ml PBS solution and ultra-sonicated
(KQ-250, Kunshan, China) for 5min. After sonication, the elu-
ant solution was diluted 1000 times, and the diluted solution
was dropped into an agar plate 3 times to form a colony
group. The agar plates were cultured in the incubator for
12 h and taken out for colony counting (n¼ 3).

2.6.3. Osteoblast proliferation tests
The scaffolds were cut into 0.49 cm2 squares and attached by
a silicone tissue adhesive onto 24-well silicone well plates.
The samples and silicone well plates were then sterilized in
UV light for 60min and later rinsed with PBS for 10min. In
the piezoelectric-treatment groups, prior to cell seeding, the
well plates with scaffolds attached were transferred into a
MSM for piezoelectric stimulation. The mechanical stretching
stimulation was set at a 1Hz frequency and 10mm strain.
The sterilized ZnO/PVDF composite fiber membrane was
then placed into the 24-well cell culture plate. Human osteo-
blasts were seeded at 15,000 cells/cm2 in the wells and cul-
tured for 1–3 days. After the incubation, a cell proliferation
assay kit (Colorimetric, China) (MTS) was used to assess
cell growth.

2.7. Statistical analysis

All experiments were conducted a minimum of 4 times with
3 repeats each. All analyzed data are presented as the
mean± SD. The results were analyzed using a Student’s t-test
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with an alpha value of 0.05 (SPSS 25.0) (�p< .05,
��p< .01, ���p< .001).

3. Results

3.1. Preparation optimization and characterization

As shown in Figure 1(A), when the molecular weight of PVDF
increased, the relative content of b crystal in the composite
fiber membrane increased from 80% to 90%. Because the

molecular weight increased from 2.75� 105 to 3–4� 105, the
PVDF molecules stretched between the chains which are
more likely to form the b type crystal. The effect of different
concentrations of PVDF on b crystal content is shown in
Figure 1(B). The results showed that with the fixed ZnONPs
concentration, the relative content of electroactive b crystal
formed in PVDF composite fiber membrane increased with
PVDF mass fraction increasing from 14% to 22%. The main
reason is that the interaction between the PVDF dipole and
the surface charge on the surface of ZnONP induced b-phase

Figure 1. (A) The content of b crystal forms in composite fiber membranes with different molecular weight PVDF. (B) The content of b crystals in the composite
fiber membranes with different concentrations of PVDF. (C) The content of b crystals in composite fiber membranes with different concentrations of ZnO. (D) b
crystal content of PVDF fiber membrane at different spinning temperatures; Values are mean ± STDEV, N¼ 3, �p< 0.05. (E) The structure of electrospinning.
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crystallization, which increased crystal content. In addition,
increased PVDF will increase the stretching of its macromol-
ecular chains, making it easier to form b-type crystals (Mao
et al., 2014).

The effect of different concentrations of ZnONP on the b
crystal form content is shown in Figure 1(C). At a fixed PVDF
concentration, as the ZnONPs concentration increased, the
relative content of the electroactive b crystal form in the
PVDF composite fiber membrane first increased from
60.33%±5.14% to 83.4%±2.28%, and then decreased to
56.53%±3.69%. The main reason for the reduction may be
due to formulation of larger particles or particle aggolmera-
tions when higher concentrations of ZnONP were added.
Therefore, the nucleation of PVDF was affected, resulting in
reduced nucleation, which reduced the crystallinity of the
composite fiber membrane (Wu et al., 2012; Aepuru &
Panda, 2014).

Figure 1(D) showed the influence of the electrostatic spin-
ning temperature and receiving mode on b crystal form con-
tent. It showed that the most b crystals formed on the fiber
membrane at room temperature, but under higher tempera-
tures, the b content of the electroactivity decreased to
64.77%±5.41%. The reason may be due to that the solvent
evaporated faster and the amount of fibers decreased when
heating, which may result in a relative decrease in the beta
crystal form.

3.2. XRD and SME characterization

The Figure 2(A) shows that the crystallinity (Xc) of PVDF
(300,000–400,000MW) after electrospinning increased com-
pared with the PVDF (300,000–400,000MW) powder. For the
scanning electron microscope images of pure PVDF, the fiber
surface was relatively smooth and after adding the ZnO
nanoparticles, the fiber surface showed slight particle bulges,
as shown in the Figure 2(B).

3.3. FTIR analysis

Figure 2(C,D) show the infrared spectrum of the PVDF and
ZnONP/18%PVDF (300,000–400,000 molecular weight) fiber
membrane, with the highest content of b crystals as calcu-
lated as 88.42%.

3.4. Bacteria density

The bacteriostatic results of ZnO/PVDF composite fibers on
E.coli and SA bacteria are shown in Figure 3. Compared to
no ZnO/PVDF scaffold without Piezo-excited group, ZnO/
PVDF scaffold without Piezo-excited group inhibited bacterial
growth, reducing SA and E. coli density by 20%, 30%,
respectively, and ZnO/PVDF scaffold with Piezo-excited group
inhibited bacterial growth, reducing SA and E. coli density by
68%, 56%, respectively. It is noted that ZnO NPs can provide
antibacterial properties to scaffolds, even without piezoelec-
tric treatment.

3.5. Osteoblast proliferation tests

Figure 4 indicates that the osteoblast density on all groups
increased from day 1 to day 3. Compared with the control
group, the 1mg/mL ZnO/PVDF NPs without piezoelectric
treatment did not significantly promote osteoblast prolifer-
ation. With piezoelectric treatment, 1mg/mL of ZnO/PVDF
scaffolds significantly improved osteoblast cell density after
day 1 and day 3. The density of osteoblasts doubled within 3
days (compared to the control). Bone is a piezoelectric
material that exhibits electricity (Halperin et al., 2004), which
can stimulate various biochemical reactions, and energy con-
version can be achieved in the process during these bio-
chemical reactions (Tang et al., 2017). Electricity in
biosystems (bio-electricity) also promotes growth factor activ-
ity and the formation of an extracellular matrix (ECM), which
can induce bone reconstruction (Sundelacruz et al., 2013). It
was proven that ultrasound-driven piezoelectric stimulation
was able to induce calcium influx in neurons, which medi-
ated the enhancement of neurite outgrowth and neural dif-
ferentiation (Marino et al., 2015). A previous study observed
that osteoblasts grown on electrospun PVDF scaffolds
showed intracellular calcium concentration transients, sug-
gest that piezoelectric PVDF scaffolds are able to generate a
local electric field that activates the osteoblasts (Kitsara et al.,
2019). The results indicated that osteoblast proliferation was
stimulated by the piezoelectricity generated by the ZnO/
PVDF scaffolds.

4. Discussion

For treatment of orthopedic problems, the ZnO/poly (vinyli-
dene fluoride (ZnO/PVDF) composite fiber film was prepared
by the electrostatic spinning method. Through a series of
related single factor optimization, it was found that the
higher molecular weight (300,000–400,000) and mass fraction
of 18% of PVDF had a great influence on the increasement
of b crystal content in ZnO/PVDF composite fiber. In add-
ition, the addition of ZnONPs could not only improve the
antibacterial property of the composite, but also increase the
content of b crystal in the product PVDF, thus improving the
piezoelectric property of the composite. The 1mg/ml
ZnONPs lead b crystal to reach 83.7% as the optimal
concentration.

Adding ZnO NPs into the electrospun solution increased
the conductivity and charge density of the scaffolds.
Increased charge density of the polymer solution could cause
a greater repulsion and a greater bending instability during
electrospinning, which caused stretching of the fibers,result-
ing in a smaller diameter and reducing the total number of
beads.The b phase PVDF can be formed in a strict electrical
situation (Bhang et al., 2017) (always over 10 kV), increasing
the charging density assisted crystal phase changes raised
the b phase percentage.

To demonstrate the effects of ZnO NPs on the ratio of the
b phase in PVDF scaffolds, the applied voltage was chosen
as the middle voltage (15 kV) to avoid an extremely high and
low b phase PVDF ratio. Moreover, when the concentration
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of ZnO NPs increased from 0 to 2mg/ml, the percentage of
PVDF b phase increased by >10%. Compared to a previous
study, Damarju et al. showed that by increasing the applied
voltage from 15 kV to 25 kV, the b phase of PVDF improved
to about 5% (Damaraju et al., 2013). It is believed that the

increased charging density was able to affect the b phase
ratio. Previous research showed that by adding conductive
materials, one can increase the conductivity of the electro-
spun solution and increase the charging density of the elec-
trospun solution during electrospinning (Zong et al., 2002;

Figure 2. (A) XRD patterns of the three prescriptions, No.7, 8 and 9 correspond to PVDF (solid powder), PVDF spinning and ZnO-PVDF (18%) spinning. (B) Scanning
electron microscopy of pure PVDF (left) and PVDF/ZnO (right). (C) Infrared spectrum of PVDF. (D) Infrared spectrum of PVDF fiber membrane.
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Lin et al., 2004). Owing that the b phase PVDF can be
formed in a strict electrical situation (Bhang et al., 2017),
increasing the charging density assisted crystal phase
changes raised the b phase percentage, which matched pre-
vious studies.

The reason why piezoelectricity can help inhibit bacteria
growth may be the following reason. When piezoexcited, the
two sides of the scaffold were charged, then one side
become cationic and the other side become anionic. Because
almost all bacteria have negative charges on their surface
due to their membrane proteins, acids and lipids, it is
believed that the cationic scaffold surface could attract bac-
teria, then allow for their interaction with a high concentra-
tion ZnO NPs (because they are near to the scaffold) and be

killed by ZnO NPs. Additionally, according to a previous
study (Gottenbos et al., 2001), an anionic surface could slow
down the initial adhesion rate of bacteria, but it would not
inhibit bacteria growth after adhesion. Also, according to the
piezoelectric coefficient of materials, it is possible to control
which side is cationic or anionic by deforming the shape of
the material. Thus, it is necessary to allow the anionic surface
to attach to the bottom and allow the cationic surface to
face the medium and bacteria (to get a better antimicrobial
ability).Moreover, the results from piezoelectric excitation
tests without piezoelectric scaffolds also showed that the
stimulation method (dynamic stretching) can lead to silicone
well plate bottom movement, inhibiting bacterial attachment
to the surface, making it difficult to form a biofilm. This
dynamic stimulation method can also accelerate ZnO NPs
diffusion, which can help to inhibit bacterial growth.

Moreover, ZnO/PVDF scaffolds not only inhibit the growth
of E.coli and SA bacteria, but also stimulate osteoblast prolif-
eration under piezoexcitation. All of the characteristics of this
(ZnO/PVDF) composite fiber would enhance the develop-
ment of orthopedics in the future.

Disclosure statement

The authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a
potential conflict of interest.

Funding

This research was supported by Key Technologies of Prevention and
Control for Infectious Diseases of Suzhou [GWZX201604], Youth Medical
Talent Project of Jiangsu [QNRC2016214], Shanghai Natural Science
funding [19ZR1456800], Shanghai Changzheng Hospital Funding
[2017CZQN05], Taishan Scholar Program [qnts20161035], Shandong
Provincial Natural Science Foundation [ZR2019ZD24, ZR2019YQ30]. I
would like to thank Xiaofang Sha from Jiangsu University for her help to
electrostatic spraying operation.

ORCID

Daquan Chen http://orcid.org/0000-0002-6796-0204

References

Gottenbos B, Grijpma DW, van der Mei HC, et al. (2001). Antimicrobial
effects of positively charged surfaces on adhering Gram-positive and
Gram-negative bacteria. J Antimicrob Chemother 48:7–13.

Aepuru R, Panda HS. (2014). Adsorption of charge carriers on radial zinc
oxide and the study of their stability and dielectric behavior in poly(-
vinylidene fluoride). J Phys Chem C 118:18868–77.

Agarwal S, Wendorff JH, Greiner A. (2008). Use of electrospinning tech-
nique for biomedical applications. Polymer 49:5603–21.

Andrew JS, Clarke DR. (2008). Effect of electrospinning on the ferroelec-
tric phase content of polyvinylidene difluoride fibers. Langmuir 24:
670–2.

Azizi S, Mohamad R, Shahri MM. (2017). Green microwave-assisted com-
bustion synthesis of zinc oxide nanoparticles with Citrullus colocynthis
(L.) Schrad: characterization and biomedical applications. Molecules
22:301.

Figure 3. Antibacterial experiment of composite fiber membrane; (Control
group (�): No ZnO/PVDF scaffold without piezo-excited, Control group (þ):
1mg/ml ZnO/PVDF scaffold without piezo-excited). Values are mean ± STDEV;
N¼ 3, �p< 0.05.

Figure 4. The effect of piezoelectric treatment on osteoblast (OB) density for
1–3 days when cultured on ZnO/PVDF scaffolds (Control group: OB cell Density
of Day1); Values are mean ± STDEV N¼ 6, �p< 0.05.

1384 Y. XI ET AL.



Bafqi MSS, Bagherzadeh R, Latifi M. (2015). Fabrication of composite
PVDF-ZnO nanofiber mats by electrospinning for energy scavenging
application with enhanced efficiency. J Polym Res 22:130.

Bar-Cohen Y, Zhang Q. (2008). Electroactive polymer actuators and sen-
sors. MRS Bull 33:173–81.

Bhang SH, Jang WS, Han J, et al. (2017). Zinc oxide nanorod-based
piezoelectric dermal patch for wound healing. Adv Funct Mater 27:
1603497.

Damaraju SM, Wu S, Jaffe M, Arinzeh TL. (2013). Structural changes in
PVDF fibers due to electrospinning and its effect on biological func-
tion. Biomed Mater 8:045007.

Fakhri P, Amini B, Bagherzadeh R, et al. (2019). Flexible hybrid structure
piezoelectric nanogenerator based on ZnO nanorod/PVDF nanofibers
with improved output. RSC Adv 9:10117–23.

Halperin C, Mutchnik S, Agronin A, et al. (2004). Piezoelectric effect in
human bones studied in nanometer scale. Nano Lett 4:1253–6.

Jones N, Ray B, Ranjit KT, Manna AC. (2008). Antibacterial activity of ZnO
nanoparticle suspensions on a broad spectrum of microorganisms.
FEMS Microbiol Lett 279:71–6.

Karan SK, Mandal D, Khatua BB. (2015). Self-powered flexible Fe-doped
RGO/PVDF nanocomposite: an excellent material for a piezoelectric
energy harvester. Nanoscale 7:10655–66.

Kitsara M, Blanquer A, Murillo G, et al. (2019). Permanently hydrophilic,
piezoelectric PVDF nanofibrous scaffolds promoting unaided electro-
mechanical stimulation on osteoblasts. Nanoscale 11:8906–17.

Kumar A, Periman MM. (1993). Simultaneous stretching and corona
poling of PVDF and P(Vdf-TriFE) films.2. J Phys D: Appl Phys 26:
469–73.

Lee JK, Kang SM, Yang SH, Cho WK. (2015). Micro/nanostructured films
and adhesives for biomedical applications. J Biomed Nanotechnol 11:
2081–110.

Li X, Chen Y, Kumar A, et al. (2015). Sponge-templated macroporous gra-
phene network for piezoelectric ZnO nanogenerator. ACS Appl Mater
Interfaces 7:20753–60.

Li Y, Sun L, Webster TJ. (2018). The investigation of ZnO/Poly(vinylidene
fluoride) nanocomposites with improved mechanical, piezoelectric,
and antimicrobial properties for orthopedic applications. J Biomed
Nanotechnol 14:536–45.

Lin T, Wang HX, Wang HM, Wang XG. (2004). The charge effect of cat-
ionic surfactants on the elimination of fibre beads in the electrospin-
ning of polystyrene. Nanotechnology 15:1375–81.

Mao Y, Zhao P, McConohy G, et al. (2014). Sponge-like piezoelectric
polymer films for scalable and integratable nanogenerators and self-
powered electronic systems. Adv Energy Mater 4:1301624.

Marino A, Arai S, Hou Y, et al. (2015). Piezoelectric nanoparticle-assisted
wireless neuronal stimulation. ACS Nano 9:7678–89.

Martins P, Lopes AC, Lanceros-Mendez S. (2014). Electroactive phases of
poly(vinylidene fluoride): determination, processing and applications.
Prog Polym Sci 39:683–706.

Noriega S, Hasanova G, Schneider MJ, et al. (2012). Effect of fiber diam-
eter on the spreading, proliferation and differentiation of chondro-
cytes on electrospun chitosan matrices. Cells Tissues Organs 195:
207–21.

Ribeiro M, Monteiro FJ, Ferraz MP. (2012). Infection of orthopedic
implants with emphasis on bacterial adhesion process and techniques
used in studying bacterial-material interactions. Biomatter 2:176–94.

Rim NG, Shin CS, Shin H. (2013). Current approaches to electrospun
nanofibers for tissue engineering. Biomed Mater 8:014102.

Sultana A, Alam MM, Garain S, et al. (2015). An effective electrical
throughput from PANI supplement ZnS nanorods and PDMS-based
flexible piezoelectric nanogenerator for power up portable electronic
devices: an alternative of MWCNT filler. ACS Appl Mater Interfaces 7:
19091–7.

Sundelacruz S, Li C, Choi YJ, et al. (2013). Bioelectric modulation of
wound healing in a 3D in vitro model of tissue-engineered bone.
Biomaterials 34:6695–705.

Tang Y, Wu C, Wu Z, et al. (2017). Fabrication and in vitro biological
properties of piezoelectric bioceramics for bone regeneration. Sci Rep
7:43360

Wu W, Huang X, Li S, et al. (2012). Novel three-dimensional zinc oxide
superstructures for high dielectric constant polymer composites cap-
able of withstanding high electric field. J Phys Chem C 116:24887–95.

Yamamoto O. (2001). Influence of particle size on the antibacterial activ-
ity of zinc oxide. Int J Inorg Mater 3:643–6.

Zhang L, Jiang Y, Ding Y, et al. (2010). Mechanistic investigation into
antibacterial behaviour of suspensions of ZnO nanoparticles against E.
coli. J Nanopart Res 12:1625–36.

Zong X, Kim K, Fang D, et al. (2002). Structure and process relationship
of electrospun bioabsorbable nanofiber membranes. Polymer 43:
4403–12.

DRUG DELIVERY 1385


	Abstract
	Introduction
	Materials and methods
	Materials
	Preparation of composite fiber membrane
	Single factor screening experiments
	Effect of molecular weight of PVDF on the content of β crystal
	Effect of PVDF mass fraction on the crystal content of β
	Effects of different concentrations of ZnO on the crystal content of β
	Influence of electrostatic spinning temperature and receiving mode on the content of β crystal

	IR analysis for β crystal content
	Characterization of the optimal ZnO/PVDF scaffolds
	XRD characterization
	Morphological analysis by SEM
	FTIR analysis

	In vitro cell studies
	Cell culture
	Antibacterial tests
	Osteoblast proliferation tests

	Statistical analysis

	Results
	Preparation optimization and characterization
	XRD and SME characterization
	FTIR analysis
	Bacteria density
	Osteoblast proliferation tests

	Discussion
	Disclosure statement
	Funding
	Orcid
	References


