
Materials Today Bio 20 (2023) 100665
Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio
Ultrasonic/electrical dual stimulation response nanocomposite bioelectret
for controlled precision drug release

Junfei Li a, Yajie Xie a, Xiaoran Zou a, Zhengze Li a, Wenbo Liu a,b, Guodong Liu a, Mengjiao Ma a,
Yudong Zheng a,*

a School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing, 100083, China
b Center for Medical Device Evaluation, National Medical Products Administration, Intellectual Property Publishing House Mansion, Qixiang Road, Haidian District, Beijing,
China
A R T I C L E I N F O

Keywords:
Flexible bioelectret
Charge density
Double stimulation response
Drug release
* Corresponding author.
E-mail address: zhengyudong@mater.ustb.edu.cn

https://doi.org/10.1016/j.mtbio.2023.100665
Received 11 February 2023; Received in revised fo
Available online 13 May 2023
2590-0064/© 2023 Published by Elsevier Ltd. This
A B S T R A C T

Electret materials have attracted extensive attention because of their permanent polarization and electrostatic
effect. However, it is one of problem that needs to be solved in biological application to manipulate the change of
surface charge of electret by external stimulation. In this work, a drug-loaded electret with flexibility and no
cytotoxicity was prepared under relatively mild conditions. The electret can release the charge through stress
change and ultrasonic stimulation, and the drug release can be accurately controlled with the help of ultrasonic
and electric double stimulation response. Here, the dipoles like particles of carnauba wax nanoparticles (nCW) are
fixed in the matrix based on the interpenetrating polymer network structure, and “frozen” oriented dipolar
particles that are treated by thermal polarization and cooled at high field strength. Subsequently, the charge
density of the prepared composite electret can reach 101.1 nC/m2 at the initial stage of polarization and 21.1 nC/
m2 after 3 weeks. In addition, the stimulated change of electret surface charge flow under cyclic tensile stress and
cyclic compressive stress can generate a current of 0.187 nA and 0.105 nA at most. The ultrasonic stimulation
results show that when the ultrasonic emission power was 90% (Pmax ¼ 1200 W), the current of 0.472 nA can be
generated. Finally, the drug release characteristics and biocompatibility of the nCW composite electret containing
curcumin were tested. The results showed that it not only had the ability to accurately control the release by
ultrasound, but also triggered the electrical effect of the material. The prepared drug loaded composite bioelectret
provides a new way for the construction, design and testing of the bioelectret. Its ultrasonic and electrical double
stimulation response can be accurately controlled and released as required, and it has broad application prospects.
1. Introduction

In 1732, Gray predicated that there might be a kind of “permanent
attraction” material in the dielectric [1]. In 1892, similar to magnetic
materials, Oliver Heaviside referred to dielectric materials capable of
exhibiting permanent polarization as “electrets” [2]. Since the artificial
electret (carnauba wax electret) was first manufactured by thermal po-
larization method in 1919 [3], electrets have been applied to the fields of
dielectric physics, sensor engineering and biomedicine [4–11]. At pre-
sent, the research of electret materials, the development of devices and
their application in various fields have entered a period of diversification
of organic materials, inorganic materials, composite materials and bio-
materials [12–14].

Similar to many functional materials, in many cases, biomaterials are
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subjected to an electrode treatment to obtain a bioelectret. The biological
effects produced by electrets (piezoelectric, pyroelectric and ferroelectric
effects) have beenwidely used in the fields as tissue repair [8], biosensors
[5,15] and intelligent biomedical equipment [16]. Here, the electret, as
an external electrical stimulation, mainly uses piezoelectric effect, elec-
trostatic effect and local micro-current to play its role. The electrostatic
field of electret mainly comes from the electric field generated by the
external space charge of the material and the electric field generated by
the internal dipole charge inside the material [17]. The piezoelectric
effect of electret is mainly due to the change of induced charge density at
both ends of the material due to the strain when the material is subjected
to tensile stress and compressive stress, which leads to the change of
electric field [18]. Since 1950s, many studies have introduced bioelectret
as external electrical stimulation, which can compensate or regulate the
y 2023
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electret state of human microenvironment by spontaneously generating
micro-electric fields and micro-currents, thus improving blood micro-
circulation, anti-thrombosis, improving blood vessel wall permeability,
promoting bone growth and fracture healing [19,20], promoting percu-
taneous absorption of drugs [21], and controlling drug release in vitro
[22], and so on.

Polymer electret materials have the advantages of flexibility, low
density, low cost, and easy structure regulation, which have been paid
extensive attention in recent years [23], especially the design, develop-
ment and research of bio-based electret. Bio-based electret, such as chi-
tosan [24], hyaluronic acid [25], polylactic acid [26], hydroxyapatite
[27,28], natural cellulose and so on, have attracted much attention
because of their better biocompatibility. However, bio-based electret
polarization has some defects, such as low charge density, short life and
fast discharge, which often cannot meet its application requirements.

Doping nano-fillers into polymer matrix can improve the charge
storage trap [29]. The method is effective and easy to operate, and has
great research value and application prospects in improving the charge
density of electret storage. The addition of nanoparticles will lead to
more hole charge traps at the junction of crystalline and amorphous re-
gions [30–32]. Secondly, there will be chain entanglement and chain curl
between nano-particles and polymer molecular chains, which will pro-
duce physical defects at the interface and form a large number of inter-
face cavity traps [33]. In addition, chemical bonds on the surface of
nano-fillers can also produce traps, including covalent bonds, ionic
bonds, coordination bonds, hydrogen bonds, electrostatic interactions,
hydrophobic and hydrophilic balances and Van der Waals forces. The
doping of nano-fillers can provide more charge traps, thus improving the
charge density. However, nano-fillers, such as barium titanate, calcium
copper titanate, titanium dioxide, carbon nanotubes, graphene, boron
nitride and so on, are widely used [34,35]. However, the biological safety
of inorganic nano-materials represented by carbon, metal, ceramics and
semiconductor in clinical application has become a big problem. Most of
these materials will show acute and chronic cytotoxicity. For example,
the integrity of cell membrane and organelle is destroyed, the genetic
toxicity of cell nucleus and the production of reactive oxygen species
(ROS) in cells [36].

Carnauba wax (CW) is a classical electret material, but its application
is limited due to its inherent irresistible shortcomings (such as low
working temperature, large volume, etc.). In this paper, we reported a
drug loaded composite polymer electret that uses carnauba wax nano-
particles (nCW) as a dipole, which is flexible and non-toxic, and can
stimulate change of electret surface charge through stress changes and
ultrasound, and can accurately regulate drug release by ultrasonic elec-
trical double stimulation response. Firstly, the nCW was prepared by
emulsion phase separation method, and it was “locked” in the inter-
penetrating network structure matrix composed of polyvinyl alcohol
(PVA) and polyacrylamide (PAAm). Then, the nCW dipole like in the
“frozen” orientation matrix were by the thermal polarization method to
prepare a composite bioelectret. The nanoparticle effect in the composite
increases the charge trap density, thus increasing the charge storage
density. The nano-scale polymer network structure “locks” the dipole and
improves the charge stability. Continuous and stable electrical signals
can be generated under different cyclic stress driving stimuli and ultra-
sonic (US) driving stimuli with different power. Finally, the drug release
characteristics of the composite electret containing nCW/Curcumin
(nCW/Cur) were studied. The results showed that the drug release could
be controlled accurately under the action of ultrasonic and electric
double stimulation. The prepared drug loaded composite electret pro-
vides a new way for the construction and application of the electret, and
it is expected to achieve accurate drug delivery/release on demand due to
its ultrasonic electric double stimulation response.
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2. Experimental

2.1. Materials

Acrylamide (AAm, AR), N, N0-methylenebisacrylamide (MBAA),
tetramethyl-ethylenediamine (TEMED) and ammonium persulfate (APS)
in this sequence. Polyvinyl alcohol powder (PVA, polymerization degree
of 1750, hydrolysis >99%) were purchased from Sinopharm Group Co.,
Ltd (China). Carnauba wax (food grade, flake) was provided Shanghai
yiba Chemical Raw Materials Co., LTD. Cell Counting Kit-8 (CCK-8), LG-
DMEM and Calcein AM⋅PI were purchased from Dojindo (Japan),
Shanghai yuanye biotechnology Co., Ltd and Shanghai yaji biotech-
nology Co., Ltd, respectively. Deionized water was offered by University
of Science and Technology Beijing. All other reagents were analytical
grade and used as received. Curcumin; Span-80.

2.2. Reparation of carnauba wax nanospheres

Solid lipid particles were obtained by slight modification according to
the method of Gonzalez Mira [37]. Firstly, an aqueous solution con-
taining 2 wt% emulsifier Span-80was configured as the continuous phase
(water phase). The carnauba wax (1.0000 g) and a certain amount of
curcumin heated gently at 85 �C until completely melted, which acted as
a dispersed phase (oil phase). Subsequently, the system was added to the
water phase (50 mL) under high-speed mechanical stirring and emulsi-
fied for 30 min at 85 �C, and rapidly cooled to below normal temperature
under stirring conditions, carnauba wax loaded with curcumin gradually
solidified into microparticles. Curcumin free solid lipid microparticles
were prepared according to the same method and materials. Finally, a
series of nanospheres loaded and unloaded with curcumin with different
particle sizes were obtained by standing, precipitation, washing and
freeze-drying. Table S1 shows that encapsulation and loading rates of
curcumin-loaded carnauba wax nanospheres (nCW/Cur).

The encapsulation efficiency and drug loading rate of microspheres
were tested by ultraviolet spectrophotometer ultraviolet (UV) spectros-
copy (Agilent HP 8453, United States), and then the standard curve of
curcumin in water-alcohol solution (v/v ¼ 50:50) at the absorbance of
431.5 nm was obtained (Fig. S4). The equation of the standard curve was
y ¼ 0.06394x þ 0.01685, (R2 ¼ 0.999).

The prepared sample was divided into three parts: In a vacuum filter,
the particles were washed three time with ethanol, and the unencapsu-
lated curcumin on the surface of the particles was removed with ethanol,
then drying at 60 �C for 6 h. The sample was dissolved in 10 mL meth-
ylene chloride and sealed. Meanwhile the encapsulated curcumin was
extracted by stirring at room temperature for 24 h. Then, the sample is
filtered and dissolved in a certain volume (V) of water and ethanol so-
lution (volume ratio 50:50) through Amicon ultrafiltration filters (Mil-
lipore, 100 kDa). The concentration of encapsulated curcumin (C1) was
determined by ultraviolet spectroscopy (Agilent HP 8453, United States)
at 431.5 nm. The same process was performed for the unwashed particles
to determine the total amount of curcumin (both encapsulated and
unencapsulated, C2). The encapsulation efficiency (EE%) and Loading
rate (LR) is determined by equations (1) and (2), respectively:

EE%¼C1 �V
C2 �V � 100% (1)

LR%¼EE� m
M

� 100% (2)

where m is the amount of curcumin added to the preparation; M is the
amount of solid lipid matrix carnauba wax added, EE is the encapsulation
efficiency calculated by formula (1).
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2.3. Preparation of DN-gel and DN-gel@nCW composites

The preparation method of PVA/PAAm interpenetrating double gel
(DN-gel) is similar to that reported in literature [38], and has been
improved based on this method. Firstly, 10 g polyvinyl alcohol was dis-
solved in 90mL deionized water and stirred at 90 �C for 3 h to completely
dissolve PVA to obtain 10 wt% PVA aqueous solution. After the PVA
solution was cooled to room temperature, AAM was added and
completely dissolved to obtain homogeneous solutions with mass ratios
of PVA and AAm of 1: 8, 3: 8, 5: 8, and 8: 8, respectively. Then ammo-
nium persulfate (APS, 0.007 times), N, N0-methylenebisacrylamide
(MBAA, 0.01 times) and tetramethyl-ethylenediamine (TEMED, 0.007
times) were added as initiator, crosslinker and catalyst of AAm respec-
tively in the sequence. Pour the mixed solution into the polytetra-
fluoroethylene mold for static forming to obtain the pre gel, and put it
into the �80 �C refrigerator for quick freezing treatment, and finally
freeze-drying for 24 h to form and remove water. The above PVA solution
and nCW were stirred evenly, and the DN-gel and nCW of composite
material (DN-gel@nCW) was obtained according to the above method in
other steps. The composite double network gel with different proportions
were prepared and named DN-gel-1, DN-gel-2, DN-gel-3, DN-gel-4, and
Fig. 1. Preparation of DN-gel@nCW flexible bioelectret. (a) The synthetic scheme of

3

DN-gel-3@nCW respectively. Table S3 shows that formulations con-
taining different additive levels. The schematic diagram of synthesis is
shown in Fig. 1a.
2.4. Breakdown test and thermal poling

The high temperature piezoelectric polarization device (HYJH-
G1200-20 kV) is provided by Shaanxi Huiyan New Material Technology
Co., LTD. The temperature is maintained by a heat plate, and the poling
electric field is applied using a Dc high voltage power supply. Poling
electrodes are copper films with 3.0 cm� 3.0 cm� 0.5 cm. The principle
diagram of the polarization device is shown in Fig. 1b.
2.5. Characterization and measurement

2.5.1. The fourier transform infrared (FTIR) spectrum
The sample was put into an infrared spectrometer (a TENSOR II

spectrometer, Bruker, Germany) for measurement. The spectra were
recorded with 32 scans and were calculated in the wavenumber ranging
from 4000 to 600 cm�1.
DN-gel@nCW composites. (b) Polarization of DN-gel@nCW flexible bioelectret.
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2.5.2. X-ray diffraction (XRD)
Crystalline state of the different samples was carried out with an X-ray

diffractometer (Rigaku, RAD-3C). We used Cu Kα radiation (Kα ¼
1.54059 Å) operating at 40 kV and 40 mA. Scanning rate was 4�/min in
the scope of 10–50�.

2.5.3. Scanning electron microscopy (SEM)
The surface elemental analysis of composites was studied by an

energy-dispersive X-ray spectrometer (EDS, Ns-7 Thermo Fisher Scien-
tific, USA) equipped with AURIGA Cross Beam FIB/SEM field emission
electron microscopy. And, SEM was also used to analyze microscopic
morphology of the samples was observed.

2.5.4. Differential scanning calorimetry (DSC)
The melting and crystallization processes of nCW, nCW/Cur, Cur, and

physical mixture (CW and Cur) were observed by differential scanning
calorimeter. The measurement condition are as follows: firstly, the
temperature is raised from 25 �C to 400 �C, the melting process of the
sample is observed, the temperature is kept for 5 min, and then the
temperature is lowered to 25 �C, and the crystallization process of the
sample is observed. The protective atmosphere is nitrogen, the mass of
the sample is about 10 mg, and the heating speed is 10 �C/min.

2.5.5. Mechanical property
Tensile tests were measured on a CMT4204 microcomputer control

electronic universal testing machine (Shenzhen century tianyuan in-
strument Co. LTD, China) according to GB/T 16,491–2008 at a crosshead
speed of 10 mm min�1. Test at least three samples per sample and report
average results.

2.5.6. Electrical measurement
The charge was measured by a charge amplifier (Kistler 5018A,

Germany), whose amplification ratio is set to be 500 pC V�1. An oscil-
loscope (KEYSIGHT DSO1004A, America) is connected in series to detect
the charge flow.

2.5.7. Dielectric performance measurements
A broad frequency dielectric spectrometer Agilent4294A (Novocon-

trol, the United States) was used to measure the dielectric properties of
the composites. The measurements were carried out at room tempera-
ture, a frequency range of 40–107 Hz and an operating voltage of 220 V.
The circular sample was cut from the compression molded slice and it
had a diameter of 10 mm and a thickness of 0.7 mm. Before measure-
ment, the top and lower surfaces of sample were coated by gold, which
acted as the electrodes during the measurements.

2.5.8. Output charge signal measurement by mechanical and ultrasonic
stimuli

To measure output charge signal by mechanical stimuli, we use car-
bon conductive adhesive as a stretchable electrode, which is plated on
the bottom of the flexible electret and sealed in Ecoflex (0030) insulating
silica gel. Then, connect the electrode end of the encapsulated sample
with one end of the charge amplifier (Kistler 5018A), and the other end is
grounded. Connect the output of the charge amplifier to an oscilloscope
(KEYSIGHT DSO1004A). Set different cyclic stretching or cyclic
compression rates with mechanical instruments, and observe the change
of electric charge.

Similarly, copper electrodes are plated on the bottom of the flexible
electret and sealed in Ecoflex insulating silica gel. The output charge
signal of the flexible bioelectret were measured by a charge amplifier.
The intensity of ultrasound waves was measured using an ultrasonic
power meter (Ultrasonic Equipment, JY98-IIIN, China) in water. The
ultrasound waves were generated by tip-sonicator (Ningbo Scientz
Biotechnology co., LTD, diameter of the tip is 15 mm) with a power
amplitude of 10%, 30%, 50%, and 90% (Pmax ¼ 1200 W), respectively.
4

2.5.9. Biocompatibility
Using cell culture method to evaluate the cytotoxicity and cell

adhesion of medical biomaterials is a widely used method, which has the
advantages of simplicity, rapidness and resource saving. The chemically
enhanced double cross-linked hydrogel material was co-cultured with
mouse fibroblasts (L929), and the cellular compatibility of the material
was studied by CCK-8 method, observation of cell growth morphology
and fluorescent staining.

3. Results and discussion

3.1. Preparation and characterization of carnauba wax nanoparticles

Table S1 and Fig. 2 shows the influence of different stirring speeds on
the particle size distribution, polydispersity index and Zeta potential of
carnauba wax microcapsules. It can be seen that the average particle size
of nanospheres decreases with the increase of stirring speed, and the
average particle size of nCW-1, nCW-2, nCW-3 and nCW-4 are 420 � 15
nm, 361 � 8 nm, 299 � 11 nm and 272 � 7 nm, respectively. According
to the grain size distribution diagrams of Fig. 2b and c, the grain size
distribution range of nCW-1 and nCW-2 is wide, while that of nCW-3 (see
Fig. 2d) and nCW-4 (see Fig. 2e) is narrow and relatively uniform. This is
mainly that due to the low cohesive energy of carnauba wax to form
stable and uniform wax drops under the action of high-speed mechanical
shearing force. However, at 1000 rpm, the average particle size of nCW-5
emulsified for 60 min is slightly smaller than that of nCW-4, and the
particle size distribution range is wider (see Fig. 2f). This is because long-
term emulsification increasing the collision between particles, resulting
in particle agglomeration. The zeta potential of carnauba wax nano-
spheres was approximately around �40 mV, and the emulsion stability
was enhanced when the rotation speed increased. The absolute value of
zeta potential increased, and the inter particle electrostatic repulsion
increased.

3.2. Characterization for DN-gel and DN-gel@nCW composites

The manufacturing process of DN-gel with double interpenetrating
network structure is shown in Fig. 1a. AAmmonomers were polymerized
by free radical polymerization, forming a chemically crosslinked first-
order PAAm polymer crosslinked network structures. Meanwhile,
based on the hydrogen bonding interactions between the amide groups in
the PAAm polymer chains and the hydroxyl groups of PVA and glycerol
molecules, a second physical cross-linked network structure inter-
penetrating with the PAAm polymer network structure was formed inside
the gel, thus constructing a gel with a double network interpenetrating
structure. Among them, chemically crosslinked PAAm network structure
endows the composite gel with excellent mechanical properties, while its
dynamic and reversible physical crosslinked network structure endows
the composite gel with excellent elasticity and recovery ability.

Cold field emission scanning electron microscopy is used to provide
the morphological and structural characteristics of hydrogel electrolytes.
Fig. 3a show the macro and micro morphology and EDS spectra of
different gel complexes. With the increase of PVA content, the trans-
parency of the composite gel decreases, which may be the result from the
formation of microcrystalline structure of PVA network in the composite
gel. Observation of the composite gels using cold field scanning electron
microscopy showed that all hydrogels exhibited typical three-
dimensional honeycomb-like structures. Among them, DN-gel-1 has the
largest and uneven average pore diameter; Compared with DN-gel-1,
with the increase of PVA content, the micropores of DN-gel-2, DN-gel-3
and DN-gel-4 composite gels are more uniform and compact. This
mechanism is also considered to reduce the distance between PVA chains
and promote the formation of hydrogen bonds and crystallization. This
change of network structure can effectively maintain the stability of the
sample and reduce the slip between chain segments [39]. In addition, by
scanning the energy spectrum of elements, it can be observed that C, N,



Fig. 2. (a) Preparation of carnauba wax microcapsule. The particle size and zeta potential of (b) nCW-1, (c) nCW-2, (d) nCW-3, (e) nCW-4, and (f) nCW-5 respectively.
(g) The SEM microscopic image of the morphology of nCW.
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and O elements are uniformly dispersed on the surface of DN-gel-3
sample, which also indicates that the PVA network and PAAM network
are well entangled and crosslinked, and their cross-network structure is
stable.

The infrared spectra of DN-gel composites are shown in Fig. 3b. In
DN-gel composites, N–H asymmetric stretching peak is found at 3395
cm�1, and the symmetric stretching peak for N–H is at 3197 cm�1. The
stretching vibration peak of C––O in the amide bond is at 1672 cm�1,
while the absorption peak at 1613 cm�1 is caused by the deformation
vibration of N–H [40]. The peak of 846 cm�1 is the characteristic peak of
PVA isotactic sequence, the intensity of this peak weakened in PVA/-
PAAM composite gel, indicating that PVA was in a disordered state in
DN-gel composites, entangled with PAAM network and partially copo-
lymerized. The peak of 1096 cm�1 is the absorption peak of C–O single
bond contraction and O–H bending vibration [41]. The strength weak-
ening of this peak in DN-gel composites, which is due to the free radical
graft copolymerization of PVA and PAAm monomers. This result shows
that PVA and PAAM are not simply mixed, but form hydrogen bond
stable entanglement in their respective molecular networks.

Different amount of PVA and PAAM double network gel have very
similar diffraction patterns. It can be seen from Fig. 3c that the sample
has a large diffraction peak at 2θ ¼ 19.4� and a shoulder peak at 2θ ¼
22.6�, corresponding to (101) and (200) planes of PVA crystal respec-
tively. The absorption peak appears at 2θ ¼ 41�, indicating the internal
hydrogen bond reconstruction of the sample [42]. In DN-gel sample, with
the increase of PVA content, the intensity of diffraction peaks at (101)
and (200) planes gradually increased, indicating that acrylamide
monomer had no effect on the crystallinity of PVA in the process of
forming polymer network.
5

In addition, the swelling properties of DN-gel with different PVA
contents were measured (Fig. 3d). DN-gel composite crosslinking
network reached water retention state after soaking for about 24h, and
reached swelling equilibrium after soaking for 72h. As expected, DN-gel
with high PVA content showed a lower equilibrium swelling rate, indi-
cating an increase in network density. This result is consistent with the
microstructure of DN-gel under electron microscope. Meanwhile, the test
results of contact angles of different composite gels are shown in Fig. 3e.
The results showed that the contact Angle decreased and the hydrophi-
licity increased with the increase of PVA content.

Based on the above analysis of the properties of the composite gel, it
can be seen that the interpenetrating network structure of DN-gel-3 and
DN-gel-4 gels was stable. In addition, Fig. S1 shows the 3D network pore
size distribution of the composite gel. It can be seen that the average
Cross-linking network pore size of DN-gel-3 was 1.01 μm, and most of the
pore size are distributed in the range of 0.5–1.5 μm. In order to stabilize
the CW nanospheres in the gel network structure, combined with the
particle size of nCW microspheres, the obtained nCW-4 and DN-gel-3
were compounded to obtain DN-gel-3@nCW composite gel. Subse-
quently, the structure and characteristics of DN-gel-3@nCW were char-
acterized. As shown in Fig. S2, effects of different amounts of nCW added
on the mechanical and hydrophilic properties of composite matrix. Based
on this, we chose to add 0.2 g of nCW particles to the matrix DN-gel-3
(i.e., DN-gel-3@nCW sample). Fig. 3a show that DN-gel-3@nCW the
physical and SEM images of the composite gel can be seen to be trans-
lucent, and the carnauba wax nanospheres are uniformly dispersed in the
gel network structure. As shown in Fig. 3c, DN-gel-3@nCW the com-
posite gel has new characteristic peaks at 21.5� and 23.8�, which are
characteristic peaks of carnauba wax nanospheres by X-ray diffraction



Fig. 3. Characterization for DN-gel composites. (a) Macroscopic, microscopic SEM images and EDS, (b) FTIR, (c) XRD, (d) The water holding ratio, (e) Contact angle
(f) Tensile stress-strain curve and (g) Compression stress-strain curve, (h) Young's modulus and Compression modulus of DN-gel-1, DN-gel-2, DN-gel-3, DN-gel-4, and
DN-gel-3@nCW composite.
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[43]. In addition, compared with DN-gel-3, it also reduced the swelling
ratio and water absorption of the gel after adding carnauba wax nano-
spheres (see Fig. 3d) at the same time, the contact angle increases and
hydrophilicity decreased.

Mechanical properties of DN-gel composites: Tensile and compressive
properties of different the DN-gel sample and its composites were tested,
and the obtained tensile stress-strain curves and compressive stress-strain
curves are shown in Fig. 3f and g. Fig. 3h shows the key parameters of the
tensile and compression curves and Young's modulus and compression
modulus. With the increase of PVA content, the mechanical tensile
strength increases gradually, but the elongation at break decreases, and
the Young's modulus increases gradually. It shows that PVA makes the
composite double network gel gradually change from “soft and tough” to
“hard and brittle”, so the mechanical properties of gel can be adjusted by
adjusting different proportions. Although the tensile strength of DN-gel-4
was increased by 285.3% compared with that of DN-gel-1 sample, the
elongation at break decreased by 76.4%. The tensile strength of DN-gel-3
increased by 204.9%, and the elongation at break decreased by 54.3%
compared with DN-gel-1, but the Young's modulus increased by
1115.8%. The results showed that the increase of the density of PVA
PAAM interpenetrating network made the gel hard and brittle. In addi-
tion, the compression performance test results show that the compression
strengths of DN-gel-1, DN-gel-2, DN-gel-3 and DN-gel-4 under 60% strain
6

are respectively 526.1 kPa, 535.9 kPa, 641.3 kPa and 1005.2 kPa
(increased by 91.1%), showing a similar law to the tensile strength. This
is due to the increase of crosslinking density caused by the increase of
PVA content [38].

On the basis of the mass ratio of PVA to AAm DN-gel-3@nCW com-
posite gel of 5: 8, the nCW composite was obtained in cross-linked
network. The results showed that the tensile strength and elongation at
break increase from 2657.1 kPa to 262.0% to 2935.2 kPa and 282.8%,
respectively, while the Young's modulus decreases from 69.3 kPa to 52.2
kPa. This situation is mainly due to the gel network structure under the
mass ratio of PVA to AAM of 5: 8, which has a good combination effect on
carnauba wax nanospheres. When the carnauba wax nanospheres are
broken under tension, they will hinder the cracks propagation, thus
improving the tensile strength and elongation at break. The decrease of
Young's modulus is mainly due to the stress concentration of particles in
the matrix during the stretching process, and a large amount of defor-
mation work is absorbed during the yield process, thus resulting in
toughening [44]. Compared with DN-gel-3 samples, the compressive
strength and elastic modulus of composite carnauba wax nanospheres
under 60% strain decreased by 5.1% and 9.0%, respectively. This is
because in the process of compression, the compressive strength of
carnauba wax nanospheres is lower than that of the matrix, and the
nanospheres occupy a certain proportion in the matrix, thus reducing the
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compressibility of the material. It can be seen that the composite of
carnauba wax nanospheres has a positive effect on the tensile mechanical
properties of the matrix material and a negative effect on the compressive
mechanical properties, but it is only slightly lower than before.

3.3. Polarization characteristics of the polarized DN-gel composites

Materials in the environment of electric field will have the possibility
of breakdown, so it is very necessary to understand the breakdown
mechanism of materials. When the electric field intensity applied by the
dielectric reaches a critical value, the dielectric will change from
dielectric state to conductive state, which is called dielectric breakdown.
Fig. 4a shows the schematic diagram of breakdown test and test results.
The breakdown voltage test results show that the voltage resistance in-
creases gradually with the increase of PVA content, which may be due to
the more uniform and dense structure of PVA network and PAAm
network, which is not easy to be breakdown. Secondly, the breakdown
strength of DN-gel-3@nCW reached 238 kV/m after the addition of nCW,
which was slightly higher than that of DN-gel-3. Higher withstand
voltage can be used as a good reference for the selection of polarization
voltage, which is beneficial to the polarization of dipoles and the capture
Fig. 4. Poling characteristics. (a) Diagram of breakdown test device for composite ge
surface charge density measurement. When the upper plate is near or away from the
the upper and lower electrodes. (c) Charge density of pDN-gel-3 and pDN-gel-3@nCW
different pDN-gel composites after polarization, data is obtained after 24h test. (e) C
lines) and dielectric loss (dashed lines) of nCW, DN-gel-3, and DN-gel-3@nCW as a
polarization-oriented freezing dipole. (h) Polarization charge distribution and charg
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and storage of deep-well charge in polymers.
Based on the mechanism of electrostatic induction, we designed de-

vices as shown in Fig. 4b to characterize the charge density and charge
retention rate of flexible bioelectrets. The electret, thickness H, is
attached with a bottom electrode. The top electrode is not attached to the
electret. As the top electrode moves down and up, we record the charge
flowing between the two electrodes as a function of time, using a charge
meter (Kistler 5018) and an oscilloscope (KEYSIGHT DSO1004A). Ac-
cording to the test results of breakdown voltage, the polarization field
strength was set as 200 kV/m, and the effects of different temperatures
on DN-gel-3 and DN-gel-3@nCW electret were studied. It can be seen
from Fig. 4c, the surface charge density of DN-gel-3 and DN-gel-3@nCW
increases with increasing polarization temperature, which could be due
to having the same base material. However, too high temperature will
destroy the structure of carnauba wax microspheres. As can be seen from
the microscopic diagram in Fig. S5, the internal structure of the 70 �C and
80 �C composites changes significantly. In addition, according to DSC
analysis of CW, softening and gradual phase transformation begin at
about 60 �C (as shown in Fig. S3c), and the continuous increase of
temperature in the process of polarization caused serious damage to the
microsphere structure. Thus, the structure of nCW is destroyed when the
ls and breakdown voltage for different composite gels. (b) Schematic diagram of
film, the charge is captured and passed through a charge amplifier connected to
at different polarization temperatures under 200 kV/m. (d) Charge density of

harge attenuation of different pDN-gel composites. (f) Dielectric constant (solid
function of frequency at room temperature. (g) Schematic diagram of a thermal
e conduction mechanism in pDN-gel flexible bioelectret.
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temperature is higher than 60 �C, so 60 �C is selected as the polarization
temperature. Fig. 4g shows the thermal polarization conditions and the
thermal polarization directional freezing dipole schematic diagram. As
shown in Fig. 4d, charge density of different the polarized DN-gel (pDN-
gel) composites after polarization (data is obtained after 24h test), and
Fig. 4e show that charge attenuation of different pDN-gel composites. In
the pDN-gel-1 sample, due to the low content of PVA, the internal pores
of the composite material are large (see Fig. 2a of SEM image). There are
many shallow traps in the pDN-gel-1 composite, and after polarization,
more shallow trap charges are produced, which makes the surface
charge. However, with the passage of time, the shallow trap charges will
be released rapidly and it is not easy to keep it. However, with the in-
crease of PVA content, the holes in the composites decrease, the shallow
trap charges decrease and the deep trap charges increase. On the other
hand, under the action of high-voltage electric field, the interface po-
larization will also occur in the crystalline region of PVA structure, which
will also enhance the internal polarization. However, the long-term
charge retention rate of compound DN-gel is not ideal. After a week, it
decreased by less than 50%, and after three weeks, the charge density
retention rate is only 3.2 nC/m2 (see Fig. 4e). The dielectric properties of
inorganic nano-filler and high insulating inorganic filler doped into the
polymer matrix can be higher than those of pure polymer nano-
composites [4,45,46]. This method is effective and easy to operate, and it
has great research value and application prospects for improving the
polarization properties of materials. Therefore, in order to improve the
electret performance of flexible DN-gel, carnauba wax emulsion nano-
spheres were added to the matrix as insulation filler to improve the
electret performance of the matrix. It can be seen from Fig. 4e that the
composite material after adding nCW surface charge density of the
polarized DN-gel-3@nCW (pDN-gel-3@nCW) sample is further increased
by 9% compared with that of the DN-gel-3 sample. This is due to the
electret characteristics of carnauba wax itself [3], and after microsphere
treatment, the properties of nanocomposites can be controlled by con-
trolling the particle size in the composite network structure.

Thermally stimulating discharge (TSD) is an important method to
study charge-trapping characteristics in dielectrics [47–49]. Similarly,
using the principle of electrostatic induction, the cumulative discharge
curve of depolarized charges from electret thermal stimulation was
tested. Firstly, one side of the electret is coated with a graphite electrode,
and then sealed in insulating silica gel. Then, it is fixed on a hot stage
temperature controller (XPS-330, Shanghai JiaHang Instruments Co.
LTD) at 0.5 �C/min. The electrode output signal is received by a charge
amplifier, and the oscilloscope collects data (see Fig. S6a). As can be seen
from Fig. S6a, with the increase of temperature, the induced positive
charge accumulated on the surface of the electrode gradually increases.
When the two electrets are near 60 �C, the induced positive charge in-
creases to the maximum, and after 60 �C, the internal depolarization of
the material begins to produce negative charge on the electrode surface.
For the pDN-gel-3 sample, it can be seen that after 60 �C, the molecular
chain motion of continuous endothermic polymer increases (Fig. S6b),
which may aggravate the space charge trap and dipole charge relaxation
in the polymer. For the pDN-gel-3@nCW sample, the DSC results show
that the movement of polymer chain slows down at 60�C–85 �C due to
the existence of nCW. As can also be seen from Fig. S5b, the space charge
trap and dipole charge relaxation of the sample obviously slow down at
this temperature. After nCW was completely melted at 85 �C, the loss of
molecular chain motion hindered the motion, induced negative charge to
increase linearly and accelerated the depolarization.

Dielectric spectra provide information on dielectric relaxation. There
are α-, β- and γ-relaxation in the dielectric, corresponding to the low
frequency, medium frequency and high frequency respectively [48].
Fig. 4f shows the dielectric constant and dielectric loss of nCW, DN-gel-3,
and DN-gel-3 varying with frequency from 40 Hz to 107 Hz. It is clear that
the dielectric constant of all samples slowly decreases as the frequency
increases from 40 Hz to 10 MHz. In addition, although the dielectric
constant of nCW is very low, the dielectric constant of DN-gel added with
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nCW increases from 3.1 to 10.7. For DN-gel-3@nCW samples, large
dielectric constant values can be observed in the low frequency region.
This is because nCW increases the movement of two-phase space charges
under this electric field and is trapped at the interface between defects,
forming many dipole moments. Space charge polarization dominates in
the low frequency region, and this polarization mechanism can be
explained by the Maxwell Wagner model of dielectric behavior. Dielec-
tric peaks appear in the DN-gel-3 and DN-gel-3@nCW samples at low
frequencies. Here, the dielectric loss at low frequencies is mainly caused
by the migration of space charges generated by interface polarization.
Due to the composite of nCW particles in the matrix of DN-gel-3@nCW,
the interface polarization is weakened and the motion of charges is
suppressed, thereby reducing its dielectric loss at low frequencies. These
dielectric results indicate that the addition of nCW increases the stability
of the space charge.

Fig. 4h shows composite materials pDN-gel-3@nCW schematic dia-
gram of internal trapped charge distribution: i) there are crystals and
amorphous regions in the composite gel. Under the action of the applied
electric field, the opposite sign charges are generated at both ends of the
interface of PVA microcrystal area. The traps at the interface will capture
the deposited charges, which can be similar to the charge of impurity
particles in the dipolar oriented polarization material in the electret
material, and will move directionally along the direction of the electric
field [50]. Secondly, under the action of the external electric field, the
impurity particles (free dipoles) in the substance will migrate in a certain
direction, generally moving in the direction of the electric field, so they
will be captured by the captured charge in the substance, which is
generally different signal charges. ii) Under the double action of electric
field and temperature field, the impurity ions in the particle medium of
carnauba wax producemacroscopic displacement, and the free charges in
the matrix are captured by traps near the particles, forming a space
charge of different symbols, thus accumulating charges around the par-
ticles. In particular, two adjacent carnauba wax particles can be
compared to local miniature capacitors [51].

3.4. Output charge signal of pDN-gel-3@nCWmeasurement by mechanical
and ultrasonic stimuli

Like any dipole electret, the electret can generate electromechanical
conduction through piezoelectric contact and electrostatic non-contact.
For dipole electret, the change of electrical signal can be caused by
stretching or compressing. Such electret can control the surface charge
change through external physical and mechanical stimuli. We use carbon
conductive adhesive as a stretchable electrode, which is plated on the
bottom of the electret and sealed in Ecoflex (0030) insulating silica gel.
The pDN-gel-3@nCW) electret film, 3.0 cm � 1.0 cm � 0.5 mm in size,
and the bottom electrode is connected with charge amplifier. Here, the
charge distribution inside the electret is changed through deformation,
resulting in induced charges on the electrode surface. The induced charge
flow is captured by the charge amplifier and recorded, which is the
change in surface charge of the electret. Fig. 5a and d are schematic di-
agrams of electret surface charge testing devices by stretching and
compressing, respectively. As shown in Fig. 5b observe the change of
induced charges at different stretching rates. The results show that the
unpolarized DN-gel-3@nCW is almost no charge change during cyclic
stretching. Fig. 5c shows that the pDN-gel-3@nCW is an obvious induced
charges change process. With the increase of stretching speed, the cu-
mulative induced charge flow and curve of electric charges are collected
by a charge amplifier and recorded by an oscilloscope. The fitted cu-
mulative charge change curve is shown in Fig. 5g, when the stretching
speed is 1.5 mm/s, the maximum cumulative charge change reaches
14.92 nC, which can generate an output current of 0.187 nA (see
Table 1). Similarly, we also carried out comparative tests under cyclic
compression, as shown in Fig. 5d. The unpolarized DN-gel-3@nCW is
almost charge change during the experiment, and only a charge changes
of about 1 nC is generated during the friction between the electrode and



Fig. 5. External stimuli control mechanical and electrical conduction of the flexible bioelectret. Schematic diagram of electret surface charge test device (a) under
stretch and (d) under compression. Electret surface charge of (b) unpolarized and (c) polarized DN-gel-3@nCW at different stretching frequencies. Electret surface
charge of (e) unpolarized and (f) polarized DN-gel-3@nCW at different compression frequencies. Linear fit to charge change of pDN-gel-3@nCW under (g) stretching
or (h) compression conditions. (i) Output current as a function of the frequency of stretching or compression.

Table 1
Electret charge change parameter of pDN-gel-3@nCW in electromechanical conduction under different cyclic stretching and cyclic compression.

Cyclic stretching rate
(mm/s)

Cumulative charge
flowa (nC)

Output current under cyclic
stretchinga (nA)

Cyclic compression rate
(mm/s)

Cumulative charge
flowb (nC)

Output current under cyclic
compressionb (nA)

0.5 6.92 0.087 0.1 7.80 0.065
1.0 8.49 0.106 0.25 9.48 0.079
1.5 14.92 0.187 0.5 12.60 0.105
2.0 12.51 0.156 1.0 6.84 0.057

a Linear fitting curve of change of electret surface charge from pDN-gel-3@nCW under cyclic stretching.
b Linear fitting curve of change of electret surface charge from pDN-gel-3@nCW under cyclic compression.
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the material during the compression process for DN-gel-3@nCW. How-
ever, for pDN-gel-3@nCW, there is a similar rule as cyclic stretching, not
that the faster the speed, the more charge is released. Through the linear
fitting of pDN-gel-3@nCW cyclic compression charge change, in Fig. 5h,
as can be seen that when the compression speed is 0.5 mm/s, the
maximum accumulated charge flow amount reaches 12.60 nC, which can
generate an output current of 0.105 nA. As can be seen from the above
9

experimental results, the flexibility can be adjusted by stretching and
compressing pDN-gel-3@nCW. During the process of under different
cyclic stretching or cyclic compression, the change of the electret surface
charge is relatively stable and continuously released.

In order to further explore the performance of physical stimulation on
the surface charge of flexible electret, the electrical signal changes under
different transmission powers of the oscillator (20 kHz, Pmax ¼ 1200 W)



Fig. 6. Electric power generation by ultrasound propagation in pDN-gel-3@nCW. (a) Schematic diagram of ultrasonic stimulation electromechanical conduction
device and the effect of ultrasonic on shear and longitudinal waves generated by pDN-gel-3@nCW. (b) Effect of different ultrasonic power on surface charge of
unpolarized and polarized DN-gel-3@nCW. (c) The charge change rate and (d) output current as a function of ultrasonic power.
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using ultrasonic as the stimulus source are shown in Fig. 6a. Fig. 6a shows
the transverse wave and longitudinal wave generated by the emitted
ultrasonic wave on the material. The transverse wave mainly generates
tension similar to the horizontal direction on the material, while the
longitudinal wave generates pressure in the vertical direction on the
material. Fig. 6c shows the charge change rate curve of flexible electret
under different ultrasonic emission power. The control group was under
the action of ultrasound without electrodes. It can be seen that the ul-
trasonic stimulation did not produce changes in electrical signals, which
ruled out the influence of friction electricity generation between mate-
rials and silica gel. For unpolarized DN-gel-3@nCW is charge change
under the action of ultrasonic, but the charge change rate under different
power is around �250 pC/s, which due to the electrical signal generated
by the friction between the electrode and the material. Here, at 50%
transmission power, the decrease in charge change rate may be caused by
poor contact between the ultrasonic probe and the material. As shown in
Fig. 6d, polarized DN-gel-3@nCW with the increase of ultrasonic power,
the charge change rate increases gradually. When the ultrasonic power is
90%, the charge change rate reaches �472 pC/s, that is, the current of
�0.472 nA is generated. It can be seen that flexible pDN-gel-3@nCW has
ultrasonic electrical response, and change of electret surface charge can
be controlled by adjusting ultrasonic emission power.
3.5. Effects of ultrasonic stimulation of DN-gel-3@nCW bioelectret on drug
release

In the past thirty years, three kinds of electrically responsive drug
delivery system (DDS) [52–54] have been developed: electrically
10
responsive hydrogel, electrically conductive polymer and electrically
responsive layer by layer (LBL) films. Hydrogel is made of poly-
electrolyte, which usually expands or erodes under electric stimulation to
release drugs. Conductive polymer can release charged drugs through
partial oxidation or reduction. When stimulated and accompanied by
drug release, LBL films was induced to dissolve or become unstable.
Although great progress has been made in the field of electroactive drug
delivery, there are still some shortcomings, which hinder its clinical
transformation potential. Response hydrogel usually requires a relatively
high voltage to trigger drug release, and long-term stimulation will cause
adverse reactions (such as local inflammation). We innovatively put
forward a gel material with long-term electret state as the drug carrier,
which can stimulate drug release by ultrasonic wave on demand.

The material is polarized to keep it in a long-term electret state, and
the drug release is regulated through ultrasonic stimulation, which also
caused the change of local micro-electric field of the material. This
feature will make it possible to develop drug delivery devices in the
treatment of chronic diseases. Curcumin has a wide range of pharma-
cological activities. At present, curcumin reported in the literature has
anti-inflammatory, anti-fibrosis, anti-oxidation, anti-depression, inhibi-
tion of renal vesicle formation, prevention and treatment of cancer and so
on [55]. First, curcumin loaded nCW/Cur was obtained by lotion phase
separation. As shown in Fig. S4, the characterization and analysis of
FTIR, XRD, and DSC of nCW (no curcumin added), nCW/Cur, Cur, and
physical mixture (carnauba wax and curcumin manually mixed) showed
that curcumin was effectively encapsulated in a lipid matrix to obtain
curcumin loaded particles. At the same time, the liposome loading rate
can be regulated by controlling the ratio of curcumin to lipid matrix. As
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shown in Table S2, with the increase of curcumin content, the loading
rate gradually increases. Curcumin was loaded into carnauba wax
nanospheres to construct a sustained-release drug system, and then
pDN-gel-3@nCW/Cur was treated by thermal polarization. Here, the
drug loading and stimulation parameters do not optimize the specific
release amount at a specific time. On the contrary, we are concerned
about the feasibility of regulating the release of curcumin from
drug-loaded electrons by ultrasonic stimulation. In the above results,
both physical and mechanical stimulation and ultrasonic stimulation
Fig. 7. Ultrasonic/electrical dual stimulation response for controlled drug release
membrane at different time points. (c) Cumulative release curve and (d) Cur relea
points. (e) Mechanism of accelerating Cur release from drug-loaded membranes by
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have proved that the function of electret can regulate the release of
electret electric signal. So, we use ultrasound to adjust the electrical
signals and control drug release.

The in vitro release performance of Cur drug loaded membrane was
evaluated in PBS buffer solution at 37 �C. As shown in Fig. 7a and b,
curcumin is the drug release curve and Cur release rate curve at different
time points without external stimulation. It can be seen that curcumin is
released very quickly in the samples without carnauba wax nanospheres.
The average release rate was 16%/h in the first 4 h, and the cumulative
. (a) Cumulative release curve and (b) Cur release rate curve of drug-loaded
se rate curve of drug-loaded membrane at different ultrasonic treatment time
ultrasonic treatment.
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release rate was 80% in the first 6 h. Curcumin was completely released
within 24 h, which failed to achieve the desired effect in many practical
applications. After being coated by carnauba wax nanospheres, the
release rate of curcumin was higher in the first 2 h, which was due to the
joint release of curcumin attached to the surface of the nanospheres and
the shallow layer. After 6 h, the cumulative release rate was only 23%,
and after 6 h, the release rate tended to be stable, with an average release
rate of 6%/h, and no sudden release. The sustained release effect was
good. In order to improve the utilization rate of drugs, the sustained
release rate of organisms, such as the sustained release system of pain-
killers and local anesthetics [56,57], and the sustained release of drugs
used for chronic inflammatory diseases (multiple sclerosis [58], arthritis
[59] and wounds that are difficult to heal [60]) have been accepted. It
can be seen that curcumin loaded on carnauba wax nanospheres can
achieve long-term drug release, which not only reduces the side effects of
drug burst, but also can achieve better therapeutic effect.

In order to study the release behavior of Cur carrier materials trig-
gered by ultrasound, we used ultrasound as stimulation to treat Cur drug
carrier membranes. Fig. 7c and d shows the cumulative release Curve of
Cur after ultrasonic treatment and the release speed of cur at different
ultrasonic time points. It can be seen that without ultrasonic treatment,
Fig. 8. Biocompatibility properties. (a) Calcein AM staining for live cells. Results of C
control, **P < 0.01 compared with blank control.
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the release amount of Cur is very low within 30 min, but after ultrasonic
treatment for 10 min, the release amount of Cur suddenly increases. After
ultrasonic treatment, the amount of release increased slowly. Therefore,
composite drug-loaded membranes have the characteristics of ultrasonic
response and is sensitive to ultrasonic signal. Ultrasonic treatment can
effectively trigger the release of Cur from the matrix material. As can be
seen from Fig. 8d that when the ultrasound is turned on, the release rate
of Cur increases rapidly, and when the ultrasound is turned off, the
release rate of Cur decreases significantly, indicating that the drug carrier
film has ultrasonic response characteristics. Cur attached to the surface
and shallow layer of drug-loaded nanospheres was released rapidly after
the first ultrasonic treatment, and the release rate reached 1.06%/min. At
the subsequent ultrasonic time point, the average release rate was
0.52%/min, and it had stable ultrasonic response release. Therefore, the
release rate of Cur can be accurately controlled by controlling the time
when the ultrasonic wave is turned on. Fig. 7e show mechanism of
accelerating Cur release from drug-loaded membranes by ultrasonic
treatment. Mechanical thermal effect caused by ultrasound and the
accelerated degradation of matrix materials are the main reasons for
accelerated release of Cur [61]. Moreover, in Fig. S7, a micro-electronic
picture of the nCW particle state before and after ultrasonic treatment for
CK-8 assay: OD values (b) and cell viability (c). *P < 0.05 compared with blank
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10min is reflected. It can be seen that under the action of ultrasound,
some nCW particles are cracked. At the same time, the mechanical effects
of ultrasound will produce electrical signals on flexible electronics (the
above experiments have proved). Previous studies have shown that the
electrical signals of electrons may cause the polarization of drug mole-
cules, change the electrification of drug molecules, and thus change the
fluidity and release rate [62]. Ultrasonic as a means to stimulate the
drug-carrying film to release drugs, coupled with the electret material's
unique electrical signal, here ultrasonic as an incentive of electret elec-
trical signal release to produce a unique ultrasonic/electrical dual stim-
ulation effect to achieve controllable and accurate release of drugs.

3.6. In vitro cytotoxicity of drug loading composites

Excellent biocompatibility and low cytotoxicity are also the important
basis of biological applications of material. Calcein-AM staining and CCK-
8 assay were conducted to evaluatethe potential cytotoxicity of DN-gel-3
composites on CCC-ESF-1. Fig. 8a exhibits live cells of different groups
during the five days’ incubation. On day 1, the number of living cells
treated with DN-gel-3, DN-gel-3@Cur, DN-gel-3@nCW and DN-gel-
3@nCW/Cur samples is almost the same as that of controls group. On
day 3, the number of live cells treated with the extracts of DN-gel-3 and
DN-gel-3@Cur decreased compared with other groups. The trends almost
kept the same on day 5. DN-gel-3@Cur group showed the smallest cell
number, DN-gel-3, DN-gel-3@nCW and DN-gel-3@nCW/Cur composites
revealed lower cytotoxicity on CCC-ESF-1. Fig. 8b displays the OD value
at 450 nm detected by CCK-8 assay, and Fig. 8c depicts cell viability
calculated by normalizing OD to that of the control. Fig. 8b displays that
all groups of cells showed linear growth during culture. On day 1, the
treatment of DN-gel-3, DN-gel-3@Cur and DN-gel-3@nCW extracts
decreased cell viability to 88%, 91% and 93%, respectively. Treatment
with extracts of DN-gel-3@nCW/Cur did not significantly reduce cell
viability compared with control. As treatment time prolonged, cell
viability decreased for all the experimental groups, but the cell viability
was not lower than 85%.

4. Conclusion

In summary, a flexible and biocompatible drug loaded composite
electret was successfully prepared by thermal polarization method. The
double network structure of polymer nano size can stably “lock” the
dipole like (nCW). The nano effect of nCW increases the charge trap
density, and the “lock” dipole structure of polymer matrix improves the
charge stability. This design based on double network polymer matrix
locking dipole particles opens a new idea for the construction of polymer
based bioelectret. At the same time, the stable output of different elec-
trical signals is realized by using different driving stimulation methods,
which provides a basis for the regulation of electrical signals in its
practical application. On this basis, the continuous and stable release of
drugs was achieved through the electrical effect and ultrasonic syner-
gistic stimulation generated by ultrasound, and the precise and control-
lable release was achieved. This shows that the ultrasound electric
double stimulus responsive electret has great potential for application in
on-demand precise drug delivery/release.
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