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Abstract

Our feet are often subjected to moist and warm environments, which can

promote the growth of harmful bacteria and the development of severe

infection in wounds located in the foot. As a result, there is a need for new and

innovative strategies to safely sterilize feet, when shoes are worn, to prevent

any potential foot‐related diseases. In this paper, we have produced a non‐
destructive, biocompatible and convenient‐to‐use insole by embedding a

BaTiO3 (BT) ferroelectric material into a conventional polydimethylsilane

(PDMS) insole material to exploit a ferroelectric catalytic effect to promote the

antibacterial and healing of infected wounds via the ferroelectric charges

generated during walking. The formation of reactive oxygen species generated

through a ferroelectric catalytic effect in the PDMS‐BT composite is shown to

increase the oxidative stress on bacteria and decrease both the activity of

bacteria and the rate of formation of bacterial biofilms. In addition, the

ferroelectric field generated by the PDMS‐BT insole can enhance the level of

transforming growth factor‐beta and CD31 by influencing the endogenous

electric field of a wound, thereby promoting the proliferation, differentiation

of fibroblasts and angiogenesis. This work therefore provides a new route for

antimicrobial and tissue reconstruction by integrating a ferroelectric

biomaterial into a shoe insole, with significant potential for health‐related
applications.
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1 | INTRODUCTION

Wound healing has emerged as one of the fundamental
challenges confronting the medical community, given
that skin wounds are often accompanied by bacterial
infections.[1] Feet are frequently in contact with the
ground and footwear and are often situated in a warm,
humid, and relatively sealed environment, making them
prone to significant bacterial growth. As a result, any
wounds of the foot are often susceptible to infection. In
addition, patients with certain diseases, such as periph-
eral artery disease, can experience impaired blood
circulation in the feet, thereby leading to reduced wound
healing capacity and a higher probability of infection and
severe complications.[2,3]

In terms of wound healing, the correlation between
infected skin wounds and the inherent endogenous
electric fields of the skin is widely regarded as an
important regulatory factor in the process of cell and
tissue repair. During skin injury and infection, a complex
series of biological potential changes occur in the body,
including the formation of molecules and cell tissues that
create internal electric fields.[4,5] In the human skin, the
epidermis maintains a trans‐epidermal potential of
approximately 20–50mV due to the Na+/K+ pump.[6]

When the skin is subjected to trauma, a short circuit is
created at the wound site, thereby resulting in a lower
local wound potential than at the surrounding intact
skin; this can lead to the formation of a lateral electric
field that is directed from the surrounding intact and
healthy skin towards the center of the wound.[7] This
natural biological electric field has been shown to
promote cell migration and the secretion of growth
factors, thereby enhancing wound healing.[8] However,
for patients with infected wounds, infection can lead to
an inflammatory response that activates aerobic respira-
tion and produces the release of electrons, which leads to
changes in the electrical potential at the site of
infection.[9] The lateral electric field at the wound site
diminishes or even collapses, leading to an extended
inflammatory phase of wound repair and ultimately a
slowing down of the wound healing process.[10]

In this regard, the deformation of a ferroelectric material
when subjected to an external force also leads to the
generation of charge and an internal electric field. The
ferroelectric charge can also lead to and the production of
reactive oxygen species (ROS) if the charge can react with
water molecules in the environment.[11–13] These ROS have

been shown to exhibit antibacterial and anti‐inflammatory
effects, to aid in the suppression of infections and a
promotion of the wound healing process.[14,15]

BaTiO3 (barium titanate, BT) is a common lead‐free
ferroelectric and piezoelectric material with remarkable
ferroelectric properties and high piezoelectric constants
at room temperature; this is also coupled with no
biological toxicity.[16–18] Polydimethylsiloxane (PDMS)
is a common material used in conventional insoles,
which has good chemical stability, anti‐shear ability, and
can be used for long periods at temperatures between
−50°C and 200°C.[19,20] Combining these two materials
therefore provides a route to create a piezoelectric insole
that can generate charge during walking to produce ROS
or an electric field.

In this paper, a BT piezoelectric material was added
as a filler into a PDMS matrix to create biocompatible
PDMS‐BT composite insoles. When the ferroelectric
composite insole is squeezed by the foot during human
movement, it is able to produce electrons and holes.[16,21]

By using the electrons and holes generated by the
ferroelectric effect, self‐antibacterial and self‐sterilization
properties can be realized on the insole, to reduce
bacterial activity and effectively slow down biofilm
formation. In addition, the regulatory role of electric
field produced by the ferroelectric effect on wound
healing has potential to lead to a variety of molecular and
cellular interactions, and the mechanism of the impact of
the electric field on infected wound healing was studied
in detail. This novel concept of a ferroelectric insole
provides a new approach for future therapeutic strategies
related to antibacterial efficacy and angiogenesis.

2 | RESULTS AND DISCUSSION

A scanning electron microscopy (SEM) image of the
microstructure of prepared PDMS insole is shown in
Figure 1A, where the surface is a rough and exhibits a
ridge‐like structure. The BT nanoparticles, which are
encapsulated in the PDMSmatrix, mainly consist of irregular
spherical particles with an average size of 0.6–1.0 µm, as
shown in Figure 1B. The X‐ray diffraction (XRD) data in
Figure 1C shows the diffraction patterns of the synthesized
PDMS and the PDMS‐BT composite. The XRD pattern of the
PDMS‐BT mixture indicates that the peaks observed are in
good agreement with those associated with the tetragonal
structure of barium titanate (PDF #81‐2203).[22] The BT
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appears to be a single phase with no secondary peaks, while
the slight peak at approximately 12° can be indexed to the
PDMS phase.[19] Furthermore, the phase structure of the BT
is maintained after being introduced into the PDMS matrix.

High‐resolution X‐ray photoelectron spectroscopy
(XPS) data of the PDMS‐BT mixture are illustrated in
Figure 1D,E. Due to the low content of BT on the surface
of PDMS, the high‐resolution spectra of Ba 3d and Ti 2p
are difficult to observe. In Figure 1D, the peak of C 1s at
approximately 284.91 eV belongs to carbon in the PDMS

material. The Si 2p peak can be deconvoluted into four
components, one at approximately 103.74 eV, which is
related to the Si–O bond, and another two peaks at
approximately 102.30 and 102.87 eV, which can be
assigned to the Si–N bond; the final peak at 101.77 eV
correspondings to SiOx.

[23,24] The peak located at
532.76 eV can be assigned to O 1s in PDMS.[25]

Figure 1E shows the full XPS spectrum of the PDMS‐
BT composite, which indicates that the material is free of
other impurities.

FIGURE 1 Scanning electron microscopy (SEM) images of (A) polydimethylsilane (PDMS) and (B) PDMS‐BT. (C) X‐ray diffraction
(XRD) patterns of PDMS and PDMS‐BT. (D) High resolution X‐ray photoelectron spectroscopy (XPS) spectra of C 1s, Si 2p, O 1s and (E) full
spectrum of PDMS‐BT. (F) Fourier transform infrared spectroscopy (FTIR) spectra of PDMS, barium titanate (BT) and PDMS‐BT.

LIU ET AL. | 759

 2767441x, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/idm

2.12194 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

 N
G

 H
O

M
, W

iley O
nline L

ibrary on [25/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Fourier transform infrared spectroscopy (FTIR) was
also carried out to accurately determine the structure of
PDMS and the PDMS‐BT composite. In the region from
4000 to 400 cm−1, the bands located at approximately
788, 1009, and 1257 cm−1 are assigned to the PDMS
phase. After BT has been added to the PDMS matrix,
there is a new peak formed at approximately 500 cm−1,
which belongs to BT. No other impurity peaks were
observed.

2.1 | Biocompatibility in vitro and
in vivo

Understanding the biocompatibility of ferroelectric ma-
terials is crucial for their applications in the fields of
medicine and bioengineering, especially in applications

that make direct contact with human skin. When
evaluating the cytotoxicity of PDMS‐BT, we selected
human skin epithelial cell lines HaCat cells and the
mouse fibrosis cell lines L929 cells. We used a live/dead
staining assay to evaluate the cytotoxicity of PDMS‐BT.
In this experiment, by observing the number and
proportion of stained cells under a fluorescence micro-
scope, we are able to assess the survival and death of
cells. As shown in Figure 2A,B, after 48 h of co‐
incubation, the HaCat cells and L929 cells in the control
group, PDMS group, and PDMS‐BT group all exhibited a
healthy morphology, and only a small amount of dead
red cells. The cytotoxicity of all groups to cells can be
neglected, indicating that these materials have good
biocompatibility. Then, the number of viable cells was
calculated using ImageJ, where the results showed that
the cell vitality of all groups remained above 95%.

FIGURE 2 Cytotoxicity and skin irritation. Live/dead staining of (A) HaCat cells and (B) L929 cells treated with different groups. Cell
viability assay with CCK‐8 for (C) HaCat cells and (D) L929 cells. Following the application of the PDMS‐BT membrane to the hairless
skin surface of rats and ultrasonic stimulation, (E) representative skin images were acquired, and (F) the pathological assessment was
conducted after 72 h. Data represent mean ± SD. BT, barium titanate; DMSO, dimethylsulfoxide; ns, no statistical significance; PDMS,
polydimethylsilane.
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To quantitatively evaluate the cytotoxicity, we used a
commonly used CCK‐8 assay. As shown in the CCK‐8
data in Figure 2C,D, both the HaCat cells and L929 cells
showed no significant difference in cell viability after 1,
3, and 5 days of culture in the PDMS‐BT group compared
with the group and the PDMS group, and the cell
viability was over 80%. This indicates that the cytotoxicity
of PDMS‐BT to these two types of cells can be neglected,
and this is consistent with the results of the live/dead
staining assay, further confirming that PDMS‐BT has low
cytotoxicity. In this experiment, dimethylsulfoxide
(DMSO) was used as a positive control group, which
showed significant cytotoxicity to verify the normal
performance of the cells used in the experiment in terms
of both sensitivity and reactivity. The low cytotoxicity
exhibited by PDMS‐BT material can be attributed to the
good biocompatibility of both PDMS and BT materials in
its composition.[26,27]

To evaluate the skin irritation characteristics of
PDMS‐BT, we conducted a skin irritation experiment
(Supporting Information S1: Figure S1). As shown in

Figure 2E, neither the control group nor the test area
covered with the PDMS‐BT material showed any signs of
erythema or edema on the skin. When we removed the
sample, and the skin erythema and edema scores were
close to zero. In addition, the hematoxylin and eosin
(H&E) staining and Masson staining images of the
evaluation area showed no inflammatory lesions or
significant histopathological abnormalities (Figure 2F).
These systematic experimental results indicate that the
PDMS‐BT has biological safety for skin contact.

2.2 | Cell migration and angiogenesis in
vitro

To investigate the migration ability of L929 cells cocultured
with different samples, a scratch test was applied
(Figure 3A). As Figure 3B shows, after co‐incubation of
24 h, the percentage healing of cells for the control, PDMS,
and PDMS‐BT groups were 69.40 ± 4.32%, 72.07 ± 6.70%,
89.72± 2.26%, respectively. A tubule formation assay was

FIGURE 3 Migration and angiogenesis in vitro. (A) Representative images of wound scratch healing assay for L929 at different times.
(B) Quantification of L929 cells migration. (C) Tube formation of HUVECs on Matrigel after incubation with different groups for 4 h.
(D) Number of tubules and number of junctions in randomly selected fields. Data represent mean ± SD. BT, barium titanate; DMSO,
dimethylsulfoxide; PDMS, polydimethylsilane. *p< .05; **p< .01.
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conducted to evaluate the effects of different samples on the
angiogenic potential of HUVECs (Figure 3C). The number
of tubules and number of junctions, Figure 3D, were used
to quantify the formed tube network. Compared with the
control group and PDMS group, the HUVEC incubated
with PDMS‐BT exhibited enhanced activity in terms of new
vessel formation, with a significant increase in angiogenesis
of more than 20%. The results suggest that PDMS‐BT under
ultrasonic (US) stimulation not only has a high bio-
compatibility for cell viability but also exhibits high
biological activity for promoting the migration of L929
and the angiogenesis of HUVEC in vitro.

These are resulted from the small electric fields
generated by the PDMS‐BT composite when subjected to
dynamic external forces. This electric field can act directly on
surrounding cells, thereby affecting ion channels and
receptors on the cell membrane, and altering the intra-
cellular potentials.[28] The effect of this electric field can
regulate the activity, polarity, and migration of cells, thus
affecting cell migration and angiogenesis.[29]

2.3 | Antibacterial activity evaluation in
vitro

To evaluate the antibacterial activity of the PDMS‐BT
material, we selected Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) as model strains of
Gram‐negative and Gram‐positive bacteria, respectively.
An agar plate counting method was employed to assess
the bacterial colony count. The antibacterial performance
of the different samples is shown in Figure 4. Notably, in
the PDMS‐BT group treated with ultrasound for 20min,
the viability of E. coli was only 44.7%, and that of S.
aureus was lower at 24.0%. In contrast, there was no
significant difference between the PDMS group and the
control group (Figure 4A). This suggests that the
application of ultrasound can stimulate the antibacterial
properties of PDMS‐BT, which is associated with the
addition of BT filler. Furthermore, we subjected the
ferroelectric PDMS‐BT material to mechanical impacts
using a reciprocating machine to simulate the mechani-
cal stress encountered by insoles during real‐time
walking. As evident from Figure 4B, there was a positive
correlation between the duration of impact and the
antibacterial efficacy. After 1 h of mechanical impacts,
the viability of S. aureus was only 28.2%, and after 2 h of
impact, its viability significantly decreased to 11.1%.
Similar trends were observed for E. coli. This indicates
that the antibacterial properties of the PDMS‐BT material
are effectively stimulated under simulated insole com-
pressive impacts. Notably, after 60 h of impact on the
material, we conducted the same antibacterial testing

procedure, and the resulting bacterial colony count is
shown in Supporting Information S1: Figure S2. Under
the applications of repeated impacts, the bacterial colony
count of E. coli and S. aureus co‐cultured with PDMS‐BT
for 2 h was significantly lower than in control and PDMS.
This suggests that the PDMS‐BT maintains its antibac-
terial effect even after prolonged mechanical stress. A
purely US treatment only exhibited a minor antibacterial
effect, which was attributed to its mechanical damage
and cavitation effects. In contrast, PDMS‐BT exhibited a
stronger antibacterial capability compared to control and
PDMS and is attributed to its ferroelectric charge and
catalytic effects after mechanical stimulation.

Subsequently, to evaluate the antibacterial biofilm
resistance of the PDMS‐BT material, crystal violet staining
was employed on biofilms of E. coli and S. aureus to
quantifying the anti‐biofilm activity of PDMS‐BT. Figure 4C
shows the microscopic images of these biofilms after US
treatment under co‐cultivation with different materials, with
a positive correlation between bacterial biomass and staining
depth. In the control group and the PDMS group, deeper‐
stained biofilms were observed. In contrast, only minor
biofilm fragments were observed in the PDMS‐BT group.
Through quantitative analysis of the stained biomass, it was
found that nearly 80% of the E. coli biofilm was disrupted
after treatment with PDMS‐BT (Figure 4G). To detect the
bacterial viability on the material surface, further Alamar
Blue staining was conducted, where the viability of both
bacteria decreased by approximately 75% (Figure 4H). These
staining results indicate that the PDMS‐BT composite can
reduce bacterial activity and effectively slow down biofilm
formation during ultrasound stimulation. It can be inferred
that the surface charge separation and distribution of the
electric potential on the PDMS‐BT surface after the
application of a mechanical stress may break the balance
and stability of bacterial surface charges, and disrupt the
charge balance between bacteria and the surrounding
environment; this can therefore affect the bacterial adhesion
properties and the survival environment, ultimately leading
to difficulties in biofilm formation and a reduced bacterial
viability on the material surface.[30]

To further determine whether the death and suppres-
sion of bacteria are related to ROS, we utilized an active
oxygen detection kit (reactive oxygen species assay kit) to
examine the bacterial biofilms post‐experiment, where the
bacteria with reactive oxygen is detected via green
fluorescence. As shown in Figure 4D, the PDMS‐BT
group exhibited a more scattered distribution of green
fluorescent regions, while for the control group, almost no
fluorescence was detected. We have included high‐
resolution images in Supporting Information S1:
Figures S3 and S4 to provide a clear visualization of the
ROS generation. This suggests that ROS are generated and
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FIGURE 4 Antibacterial activity of PDMS‐BT in vitro. (A) Representative images of Escherichia coli (E. coli) and Staphylococcus aureus

(S. aureus) colonies with different treatment with ultrasonic (US) irradiation. (B) Representative images of E. coli and S. aureus colonies
after 1 h/2 h mechanical impacting of different samples using a reciprocating machine. (C) Representative images of crystal violet‐stained
biofilm and (G) biofilm biomass of E. coli and S. aureus. (D) Fluorescence detection of reactive oxygen species in bacterial biofilms.
(E) Quantitative analysis of bacterial survival rate in (A). (F) Quantitative analysis of bacterial survival rate in (B). (H) Activity of S. aureus
and E. coli on the surface. To enhance the visual effect, the bacterial colonies images have been color‐modified. Data represent mean ± SD.
BT, barium titanate; PDMS, polydimethylsilane. *p< .05; **p< .01; ***p< .001.
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accumulated within the bacteria for the PDMS‐BT group.
In addition, 5,5‐dimethyl‐1‐pyrroline‐N‐oxide (DMPO)
was selected as the free radical trapping agent to further
confirm the existence of ROS during the ferroelectric
catalytic process. Supporting Information S1: Figure S5
illustrates a standard equidistant and quadrupled peak
with the peak height of 1:2:2:1, which belongs to a typical
electron spin resonance (ESR) spectrum for DMPO‐•OH.[31]

Supporting Information S1: Figure S6 shows a typical ESR
diagram of DMPO‐•O2

− with a sixfold peak, which is
produced by the PDMS‐BT and PDMS. The peak height of
both DMPO‐•OH and DMPO‐•O2

− produced by PDMS‐
BT is significantly higher than that of PDMS, and there is
no peak produced for the pure water, which further
verified the better antibacterial performance of PDMS‐BT.
The antibacterial effects of reactive oxygen have been
described through oxidation of bacterial cell wall poly-
saccharides and proteins, damage to bacterial membrane
lipids, and disruption of the structural and functional
integrity of bacterial proteins.[32,33] The marginally supe-
rior antibacterial effect observed in S. aureus compared to
E. coli can be ascribed to two main aspects: firstly, the
differential reactivity of •O2

− and •OH with biomolecules,
and secondly, the structural differences between Gram‐
positive and Gram‐negative bacteria. Gram‐negative

bacteria are characterized by the presence of an outer
membrane and a peptidoglycan layer, whereas Gram‐
positive bacteria lack such an outer membrane. This
discrepancy may influence their sensitivity to ROS,
rendering them more prone to ROS‐induced damage.

In the antibacterial portion of this experiment, the
most common strains were selected to evaluate the
efficacy of our ferroelectric system, and the effects were
notably substantial. Bacteria differ among various human
body sites. In future research, special strains from
different areas will be tested using this antimicrobial
system, thus providing a greater data foundation to
support clinical antibacterial efforts.

2.4 | In vivo infected wound healing

The model of wound healing in the back of rats is
selected and designed to simulate the clinical conditions
of wound infection in humans. By creating wounds on
the back of rats and allowing them to become infected,
this experimental model enabled the evaluation of the
antibacterial properties of the materials to study the
wound healing process (Figure 5A). In this study, we
successfully established a rat full‐thickness skin wound

FIGURE 5 (A) Schematic of PDMS‐BT for treating infectious wounds in rats. (B) Representative photographs of infected wounds at
different times during the treatment. (C) Schematic of wound closure trace during 9 days period. (D) Quantitative data of relative wound
area at different time points. Data represent mean ± SD. BT, barium titanate; PDMS, polydimethylsilane. *p< .05.
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model that was infected with S. aureus to investigate the
in vivo anti‐infective potential of PDMS‐BT and its effects
on wound healing. After 24 h of wound modeling,
distinct yellow pus and a pseudomembrane were
observed, indicating the successful establishment of the
wound infection model (Supporting Information S1:
Figure S7a). All groups were subjected to smear
preparation of a wound exudate after 1 day of contact
with the wound. The results indicate that bacterial
infections in the wounds were detected in all groups, but
the suppurative inflammation essentially vanished, and
this is likely to be attributed to the strong self‐healing
properties of the rats. The PDMS‐BT group exhibited an
antibacterial function during US stimulation, demon-
strating in vivo anti‐infective properties, significantly
alleviating wound infection, as confirmed by standard
swab culture and agar plate count (Supporting Informa-
tion S1: Figure S7b). On Days 0, 1, 3, 6, and 9, images of
these wounds were taken to observe the progress of
repair (Figure 5B). On Day 9, the wound defects in the
PDMS‐BT group were almost healed, and a shallow pink
scar appeared. Meanwhile, the control group and the
PDMS group still had prominent dark blood scabs,
suggesting persistent inflammatory infiltration and the
absence of interstitial filling. The wound closure simula-
tion diagram, Figure 5C, drawn based on the digital
images of the healed wounds shows that skin regenera-
tion in the PDMS‐BT group was significantly faster than
that in the control group. We have recorded and analyzed
the process of wound healing area changes (Figure 5D),
where the average wound area of the PDMS‐BT group on
Day 3 is approximately 27.8%, which is smaller than the
control (49.4%) and PDMS group (47.6%). As the time
increases to Day 9, the PDMS‐BT group maintains the
best condition with the wound area reaching 6.0 ± 2.5%,
while the PDMS group and control group have larger
areas of 18.9 ± 2.6% and 20.3 ± 3.6%, respectively. The
wounds treated with PDMS‐BT healed the fastest, with a
noticeable difference from the other two groups on
Day 3. By Day 9, the wound contraction reached
approximately 7.3 ± 2.5% for the PDMS‐BT group, and
this is likely to be due to the onset of antibacterial effects,
which accelerated the removal of bacteria from the
wound site, thereby initiating the tissue reconstruction
process more rapidly. In contrast, the wound healing
rates of the control group and the PDMS group were
slower, with a maximum relative wound area on Day 9,
and the contraction reaching approximately 20%. Statis-
tical comparisons between the control group and the
PDMS group showed no significant differences in healing
rates (p> .05). In addition, the SEM and XRD of PDMS‐
BT after hammer and US experiments have no obvious
difference with the original PDMS‐BT as shown in

Supporting Information S1: Figures S8 and S9, which
indicates the excellent structural stability of PDMS‐BT
insoles.

2.5 | Histopathologic evaluations of
collagen deposition and angiogenesis

To further analyze the epidermal regeneration and
wound repair processes, we conducted H&E staining
on the newly formed tissue at the wound site
(Figure 6A). The scars formed by skin wounds are often
considered failures of regeneration if there is no
functional reconstruction, such as the presence of newly
formed hair follicles. We observed that the subcutaneous
tissue in the PDMS‐BT group contained abundant hair
follicles, as indicated by the yellow stars in Figure 6. On
Day 9, the epidermal thickness in the PDMS‐BT group
was deeper than those in other groups. In terms of the
rate of wound healing, the regenerated epithelial tissue
in the PDMS‐BT group was thicker and more regular,
with a significant number of newly formed hair follicles
(Figure 6C). This suggests that it possesses good
antibacterial properties and can improve the micro-
environment for wound healing. In contrast, the control
group and PDMS group exhibited incomplete epithelial
structures, and the skin architecture was not clearly
established.

We utilized the Masson staining method to assess the
distribution of collagen in the wound area (Figure 6B).
The gaps between the granulation tissues are denoted by
red arrows, and it was observed that the width of the
granulation tissue in the PDMS‐BT group was significantly
narrower than that in the control group and PDMS group,
with no significant statistical differences observed between
them (Figure 6D). Collagen, as a crucial component of the
skin, plays a pivotal role in wound healing, where its
synthesis, deposition, and direction of arrangement are
crucial for the healing process. As shown in Figure 6E, the
PDMS‐BT group exhibited greater collagen deposition,
presenting a distribution of numerous dark blue fibers. On
Day 9, the collagen deposition rate in the PDMS‐BT group
reached 44.3 ± 8.0%, with a more organized arrangement.
This phenomenon suggests that the PDMS‐BT group is
more capable of reshaping the extracellular matrix and
promoting the reconstruction of the epithelial tissue. In
contrast, there were no significant differences between the
control group and PDMS group, with incomplete epithe-
lialization and the presence of a large area of immature
granulation tissue deposition around the wound. The
collagen deposition rates for the control and PDMS groups
were lower than PDMS‐BT groups at 23.8 ± 8.1% and
25.8 ± 3.3%, respectively.
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The infection of wounds can inhibit the proliferation
and migration of fibroblasts, thereby delaying the healing
rate of the wound. Furthermore, bacterial infection can
also hinder the formation of new blood vessels, thereby
affecting the blood supply and oxygen delivery to the
wound, and negatively impacting the healing process. To
investigate the biological mechanisms of PDMS‐BT in
wound repair, the protein expression levels of

transforming growth factor‐beta (TGF‐β) and CD31 were
selected as evaluation indicators. TGF‐β is an important
cytokine that can promote the activation and prolifera-
tion of fibroblasts, and can stimulate collagen synthesis
and epithelial cell proliferation, which is beneficial for
wound repair and tissue regeneration processes. In
contrast, CD31 is a marker for vascular endothelial cells,
which are involved in regulating the angiogenesis

FIGURE 6 In vivo study on the effects of PDMS‐BT on collagen deposition and angiogenesis. (A) Representative images of wound tissue
sections in different groups stained by hematoxylin and eosin. (B) Representative images of wound tissue sections in different groups stained
by Masson. Hair follicles are marked with yellow stars, and the two red arrows represent the granulation tissue gaps. Quantification of (C) hair
follicle count, (D) granulation tissue gap, and (E) collagen deposition. (F) Representative immunohistochemical images of TGF‐β and
CD31. Quantitative data of the relative area coverage of (G) TNF‐β and (H) CD31. All data are sourced from the ninth day of wound healing. Data
represent mean±SD. BT, barium titanate; PDMS, polydimethylsilane; TGF‐β, transforming growth factor‐beta. *p< .05; **p< .01; ***p< .001.
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process and promoting the formation and growth of new
blood vessels. Through immunohisto‐chemical staining
images, as shown in Figure 6F, we observed a significant
increase in the immunohisto‐chemical staining intensity
and expression level of TGF‐β in the dermal cell layer in
the PDMS‐BT group, which shows a statistical difference
from the control groups and PDMS groups in Figure 6G.
This suggests that PDMS‐BT may promote the activation
and proliferation of fibroblasts by regulating the TGF‐β
signaling pathway. In addition, in the tissue samples of
the PDMS‐BT group, we observed a significant increase
in the number of vascular endothelial cells positive for
CD31. This indicates that PDMS‐BT promotes the
process of angiogenesis and is consistent with our
previous in vitro cell experiments.

Lastly, morphological observations were conducted
on major organs such as the heart, liver, spleen, lung,
and kidney to assess the long‐term biological safety of
PDMS‐BT (Supporting Information S1: Figure S10).
Similar to the control group, no significant lesions or
other histopathological abnormalities were observed in
the tissue sections from the PDMS‐BT group.

To summarize, the healing of infected wounds is a
complex biological process, which is closely linked to the
regulation of bacterial infection in wounds and the
promotion of cell proliferation, differentiation, and migration
around the wound site.[34–36] First, the PDMS‐BT exhibits
antibacterial properties under the action of mechanical stress
to inhibit bacterial growth in wounds, thereby reducing
bacterial vitality. This effect helps mitigate the negative
impact of infection on wounds and creates favorable
conditions for wound healing.[37] Second, the PDMS‐BT
composite can also regulate the electrical microenvironment
of skin wounds, thereby enhancing the expression and
secretion of TGF‐β and CD31 in the wound, accelerating the
proliferation and migration of fibroblasts, promoting re‐
epithelialization and granulation formation, as well as
promoting the formation of new blood vessels and collagen
deposition.[38,39] Ultimately, these actions accelerate the
overall wound healing process.

Images of the PDMS‐BT flexible insole are shown in
Supporting Information S1: Figure S11, which has a
length of 240mm, a largest width of 100mm and a
thickness of 10mm. The insole possesses mechanical
properties that are appropriate to allow it to be flattened
and then return to its original shape under repeated
mechanical squeezing during loads similar to walking.
Finite element modeling (FEM) was used to predict the
ferroelectric potential produced by PDMS‐BT insole
during conditions associated with walking. Figure 7A
shows the distribution of stress in the PDMS‐BT insole
when a mechanical force (based on a force of 300 N,
assuming a body mass of 60 kg distributed over two feet)

is applied along the negative z axis. As can be seen from
Figure 7A, in the case of uniform force applied to the
insole surface, the BT nanoparticles near the edge of the
insole are affected by the fixed soles, and the surface
stress on the BT nanoparticles in the center is relatively
small since PDMS is a highly flexible and compliant
material. Figure 7B illustrates the distribution direction
of the internal stress field between the upper and lower
surfaces of pristine PDMS‐BT. Figure 7C shows FEM
results of the ferroelectric voltage based on the direction
of the polarization electric field is along the z axis, which
is approximately 14.4 V during a walking condition
during total bottom‐face contact.

To directly measure the ferroelectric response of the BT
particles, the ferroelectric properties of the BT nanoparticles
was verified by atomic force microscopy (AFM) with a
piezoresponse force microscopy (PFM) module, as shown
in Figure 7D–I, and the short‐circuit transfer charge, output
voltage and current of PDMS‐BT under 100N at 1Hz are
shown in Supporting Information S1: Figures S12 and S13.
The three‐dimensional (3D) AFM morphology of BT is
irregular shape, and the corresponding height curve
matches well the SEM results shown in Figure 1B, which
is approximately 800 nm in diameter. To verify the
enhancement of catalytic performance due to the addition
of BT to PDMS, Kelvin probe force microscopy was
employed to identify the piezoelectric potential of the pure
BT nanoparticles. An inhomogeneous potential distribution
is displayed on BaTiO3, and the contact potential difference
between the nanoparticle and the tip is approximately
8.0–10.2 µV, the corresponding surface potential along the
white line in Figure 7F is shown in Figure 7G. As shown in
Figure 7H, the strain‐electric field (S‐E) response of BT is
related to the variation of PFM amplitude with tip bias
voltage. The maximum amplitude of the deformations in
BT is approximately 6.5 pm, and the hysteresis loop is a
well‐defined PFM butterfly loop that exhibits a clear
variation in amplitude. The phase angle, as shown in
Figure 7I, in the local hysteresis loop changes by 160° and
reveals the non‐zero remnant polarization or ferroelectric
nature of BT,[40] which originates from the displacement of
the Ti4+ cation from the center of the oxygen octahedron
in BT.[41]

Figure 8 illustrates the synthesis procedure and
application of the PDMS‐BT material and insole, and
the mechanism for ferroelectric‐catalysis promoting
infected wound healing with PDMS‐BT insole. When
the skin surface is not injured, the intact epidermis
primarily relies on the active inflow of Na+ to form a
positive transepithelial potential difference on the basal
layer side and a negative potential on the stratum
corneum side. When the skin is damaged, the high
resistance of the injured epidermis is destroyed, resulting
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in a local epidermal current short circuit, and the
transepithelial potential difference at the injured site is
reduced to 0mV.[42] The transepithelial potential differ-
ence of the epidermis near the injury remains at a normal
level, so that a stable lateral potential gradient and
subepidermal injury current is generated along the
epidermal plane to promote wound healing. However,
for patients with infected wounds, the lateral electric
field of the wound is weakened or even tends to vanish,
which leads to a prolonged inflammatory period of
wound repair and slows down the rate of wound repair.
The electric field generated by the PDMS‐BT during
walking can induce the formation of electric charge
through ferroelectric effect, so that it can react with
water molecules to generate ROS group for antibacterial,

which can limit wound infection and promote wound
healing. On the other hand, the formation of
ferroelectric‐based electric field is equivalent to applying
an external electric field on both sides of the surface skin.
When the direction of the applied electric field is
consistent with the direction of the wound endogenous
electric field, the rate of cell migration around the wound
is accelerated, thus accelerating the wound healing.

3 | CONCLUSION

In summary, we have developed a novel antibacterial
insole which promotes the healing of infected wounds by
exploiting the ferroelectric catalytic effect. Detailed

FIGURE 7 (A) Finite element model simulation result of PDMS‐BT under the application of force in the z‐direction. (B) Corresponding
boundary load spectra and (C) piezoelectric voltage formed at the insole. Piezoelectric and ferroelectric characterization of barium titanate
(BT): (D) three‐dimensional topology image of atomic force microscopy and (E) the corresponding height curve, (F) Kelvin probe force
microscopy phase image and (G) the corresponding surface potential distribution, (H) piezoresponse force microscopy (PFM) amplitude
butterfly loops and (I) PFM phase hysteresis loops of BT nanoparticles. PDMS, polydimethylsilane.
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material and biological studies have shown that the insole
is biocompatible, exhibits stable performance, is cost‐
effective, and can improve the antibacterial and healing of
infected wounds. The application of ultrasound and
reciprocating machine impacts (to simulate walking) both
serve as effective stress sources to stimulate the ferro-
electric material within the insole to generate charge and
an electric field. First, the use of the PDMS‐BT ferro-
electric composites effectively generates ROS (•OH, •O2

−)
through a ferroelectric‐catalytic effect to increase the
bacterial oxidative stress, reduce bacterial activity by
nearly 80% and limit bacterial biofilm formation by nearly
75%. In addition, the ferroelectric field generated by the
PDMS‐BT, by affecting the endogenous electrical field
within a wound, enhances the expression and secretion of
TGF‐β and CD31, thereby accelerating the migration of
fibroblasts and angiogenesis, leading to an average wound
healing area of 94% after 9 days. Unlike existing
technologies, the performance of the ferroelectric antibac-
terial insole can be responsive to mechanical loads
associated with foot pressure during walking, thereby
eliminating the need for consumers to invest heavily in

both time and resources. As a result, this work can inspire
the design of other ferroelectric‐based biomaterials used
for antibacterial and tissue reconstruction.

4 | EXPERIMENTAL SECTION

4.1 | Reagents

Barium titanate (BaTiO3, 99.9%; Macklin) was used as
the raw ferroelectric material. PDMS and a curing agent
were purchased from Dow Corning DC184 and used as
the matrix material of the insole. The reagents involved
in in vitro cell experiments include: HaCats and L929
cells were obtained from Xiangya Stomatological Hospi-
tal, human umbilical vein endothelial cells (HUVECs)
were purchased from Chuanqiu Biotechnology Co., Ltd.
Fetal bovine serum, Dulbecco's Modified Eagle Medium
(DMEM) medium, RPMI1640, phosphate‐buffered saline
(PBS) and penicillin‐streptomycin were purchased from
VivaCell. A cell counting kit‐8 (CCK‐8) assay was used
with the Elephant Innovation Center (EIC001A2351),

FIGURE 8 Schematic of the design and preparation of piezoelectric catalytic antibacterial insole for wound healing.
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Calcein‐acetoxymethyl ester/Propidium iodide (Calcei-
nAM/PI, E‐CK‐A354; Elabscience), Transwell cell cul-
ture plate (725001; NEST Biotechnology), Matrigel
matrix (356234, Corning). E. coli strain (ATCC 25922;
Beijing Biological Preservation Center), S. aureus (ATCC
25923; Beijing Biological Preservation Center) and
Nutritional AGAR plate (HBPM003‐6; HopeBio) were
applied to the antibacterial experiments, Alamar Blue
staining (A7631; Solarbio), ROS Assay Kit via DCFH‐DA
(Beyotime), crystal violet solution (G1062; Solarbio). In
relation to animal experiments and histopathological
studies, the following are relevant: Sprague Dawley (SD)
rats purchased from TianQin Biotechnology, isoflurane
(R510‐22; RWD), TNF‐β antibodies (WL02193; Wanlei-
bio), and CD‐31 antibodies (Abcam). All reagents unless
otherwise stated were of the highest commercial grade
available and were used directly without further
purification.

4.2 | Fabrication of PDMS insole and
PDMS/BaTiO3 composite insole
(PDMS‐BT)

A mass of 0.4 g of curing agent was added to 10 g of
PDMS, a mass fraction of 20% of barium titanate was
used as the ferroelectric ceramic filler and mixed with
PDMS evenly, where a homogeneous mixture was
poured into the insole mould. The mould was placed
into a vacuum drying oven and evacuated three to five
times at room temperature to remove any air bubbles in
the mixture. Finally, the mould was placed into a 60°C
oven and cured for 2 h to obtain a ferroelectric ceramic‐
based antibacterial PDMS‐BT insole with suitable hard-
ness. The pure ferroelectric‐free PDMS insoles were
synthesized with the same method, but without BaTiO3

added, as a control sample.

4.3 | Characterization

The specific details of characterization via SEM, XRD,
infrared spectroscopy, XPS, FTIR and PFM of the
samples are provided in the supporting materials.

4.4 | Cell experiment in vitro

4.4.1 | Cell culture and viability

HaCats and L929 cells were obtained from Xiangya
Stomatological Hospital and cultured in high glucose
DMEM medium with 10% fetal bovine serum (VivaCell)

and 1% penicillin‐streptomycin (VivaCell) in a humidi-
fied atmosphere containing 5% CO2. The cells were
seeded onto a transwell cell culture plate (725001; NEST
Biotechnology), samples were cocultured in the lower
chamber to evaluate the cytotoxicity in vitro. Ultrasound
was applied to apply a high frequency mechanical load
and produce a ferroelectric charge. The time for the
groups to be exposed to US radiation was 10min (1MHz,
1.5W cm−2, WED‐100; Shenzhen Well. d Medical Elec-
tronics Co., Ltd.). A cell counting kit‐8 (CCK‐8) assay
was used with the Elephant Innovation Center
(EIC001A2351) in accordance with the product specifi-
cation to measure cell proliferation after 1, 3, and 5 days
of coculture. The absorbance values were measured at
450 nm (OD450) using a microplate reader (BioTek).

In addition, the biocompatibility was further evalu-
ated by live and dead cell staining. Briefly, HaCats and
L929 cells were seeded in 24‐well culture plates at the
density of 2 × 104 cells per well, incubated for 24 h, and
then cocultured with the samples for another 24 h.
Afterward, the cells were stained with calcein‐acetox-
ymethyl ester/propidium iodide for 30 min in the dark at
37°C and visualized by the inverted fluorescence micro-
scope (Leica).

4.4.2 | Scratch assay

The effect of ultrasound exposure on cell migration was
investigated by scratch assay according to standard
protocols. Briefly, L929 cells were implanted into a six‐
well plate with a concentration of approximately 106/well
and placed in an incubator for 24 h to reach 80%∼90%
confluence. After cell planking, a scratch was made with
a sterilized 200 µL pipette tip. To make the remaining gap
clearly visible, PBS was used to rinse the plates for three
times to remove the falling cells. Then, the previous
culture medium was replaced by serum‐free RPMI‐1640
after corresponding intervention (10min US irradiation
for the groups with ultrasound applied at 1MHz,
1.5W cm−2). Experimental images were observed and
captured with a microscope (Leica) after 0, 12, and 24 h
of incubation, respectively. With the use of ImageJ
Software, the scratch healing rate was determined by
comparing the cell coverage at matching time periods in
scratch.

4.4.3 | Angiogenesis

The angiogenic ability of HUVECs (Shanghai Chuanqiu
Biotechnology Co.) in the different groups was evaluated
by seeding cells on the Matrigel matrix (356234;
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Corning). Briefly, the matrix was spread in a pre‐cooled
96‐well plate using precooled tips and solidified at
37°C for 30 min. Then 100 µL HUVECs suspension
(2 × 105 cells mL−1) was seeded on the matrix and incubated
for 4 h. The number of tubules and number of junctions
were measured by ImageJ with the Angiogenesis Analyzer
plugin to assess the tubule formation ability.

4.5 | Antibacterial studies in vitro

4.5.1 | Plate‐counting method

Gram‐negative E. coli (ATCC 25922) and Gram‐
positive S. aureus (ATCC 25923) were used to test
the antibacterial ability of the PDMS‐BT. A plate‐
counting method was used to evaluate the antibacter-
ial properties of different catalysts. Briefly, the PDMS‐
BT membrane was dispersed in 1 mL bacterial
suspension (1 × 107 CFU mL−1). After that, two
methods were used to evaluate the antibacterial
ability of materials by the application of a mechanical
load. First, the bacterial suspension was subject to
high frequency ultrasound (1 MHz, 2 W cm−2, WED‐
100; Shenzhen Well. d Medical Electronics Co., Ltd.)
for 20 min. Second, to more closely simulate the
loading of the insole material during walking, the
material and bacterial suspension were transferred to
a sterile sealed bag, and then the hammer of the
reciprocating machine (SYGFFK) was used to apply a
mechanical load (1 Hz, 300 N). After gradient dilu-
tion, the bacterial suspensions were evenly coated on
the agar plate (HBPM003‐6; HopeBio) and cultured at
37°C for 24 h. And survival rate of bacteria were
calculated by the following equation:

C CBacteria survival rate (%) = ( / ) × 100,0

where C was the bacteria colonies of the experiment
groups, and C0 was the number of the control group.

4.5.2 | Bacterial activity on material surface

The activity of S. aureus and E. coli on the surface of
samples in each group was detected by Alamar Blue
staining. After mixing the material with bacterial
suspension for 24 h, US stimulation was used for
20 min, and then PBS was used to moisten and wash
for three times. The test reagent was diluted 10 times and
placed on a 24 well plate with the sample, incubated in
an incubator at 37°C for 4 h, and tested at 590 nm with a
microplate reader.

4.5.3 | Crystal violet biofilm staining

The sample was placed into each well of a 24‐well plate
that had 300 µL of 106 CFU mL−1 bacterial solution in it.
Following a 10‐min US stimulation session, the mixture
was incubated for 24 h at 37°C. After removing the
planktonic bacteria from the supernatant, the biofilm
was washed three times with PBS. Subsequently, each
well received 300 µL of methanol to fix the biofilm for
15min. After the methanol was eliminated, the sample
was dried in an oven set at 60°C. Subsequently, the
biofilm was cultivated for 15min using 200 µL of 1%
crystal violet solution. Three PBS washes were used to
remove excess crystal violet. Using a stereomicroscope,
images were captured of the outcomes once they had
dried at 60°C. Then, 200 µL of ethanol was added to each
hole and shaken for 30 min using a shaker. The
absorbance of each well bath solution at 570 nm
(OD570) was measured by a microplate reader.

4.5.4 | Detection of ROS in bacteria

A 2′,7′‐dichlorodihydrofluorescein diacetate (DCFH‐DA)
probe was used to investigate the level of ROS in bacteria.
The bacteria after different treatments were stained with
DCFH‐DA (10 µM) for 0.5 h, followed by washing three
times using PBS. After that, green fluorescence was
observed using a fluorescence microscope (Leica) to
examine the generation of ROS.

4.6 | In vivo antibacterial and wound
healing

All surgical procedures were performed in strict accord-
ance with Central South University guidelines for the
care and use of laboratory animals and approved by the
Animal Ethics Committee of Central South University
(approval number: CSU‐2023‐0384). To assess the impact
of PDMS‐BT with US on infected wound healing, a full‐
thickness S. aureus‐infected wound rat model (Sprague
Dawley rats, 250–280 g, male) was used. Briefly, after
continuous gas inhalation anaesthetization with 4%
isoflurane using a noninvasive anesthesia apparatus
(Beijing Zhongshi Dichuang Technology Development
Co., Ltd.), each SD rat had a round skin ring drill‐
induced 8mm diameter full‐thickness cutaneous wound
made on its back. In the next step, 10 μL of S. aureus
suspensions (106 CFU mL−1) were injected into the
defected area to cause infection. After 24 h (recorded as
Day 0), a routine swab culture and spread solid agar plate
operation were performed to confirm wound infection.
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Three groups were prepared, which were abbreviated as
(i) control (US only), (ii) PDMS+US, and (iii) (PDMS‐
BT) +US respectively; where US is ultrasound. The
wounds treated with only medical applications (i.e.,
medical dressing) and ultrasound represented the nega-
tive control group. For the other groups, the material was
attached to the inner side of the medical dressing, which
has an adhesive quality, allowing them to be applied to
the wound as a single unit. Throughout this process, the
material was in close contact with the surface of the
wound while avoiding the application of excessive
pressure. A low‐sensitivity bandage (3M) was wound
around the rat body for reinforcement. Different inter-
ventions were carried out on each wound (10min US
irradiation for the all groups with ultrasound, 1 MHz,
1.5W cm−2). We photographed the wound area on Days
0, 1, 3, 6, and 9 to monitor the healing process of an
infected wound. The wound size was calculated by the
following equation with ImageJ: The wound size
(%) = (wound area on a specific day)/(wound area on
Day 0) × 100%. Importantly, to ensure the objectivity of
our analysis, all images were evaluated in a blinded
manner by investigators who were not informed of the
treatment groups, thereby minimizing any subjective bias
in the wound size assessment.

4.7 | Histological analysis

To assess the healing of wounds and the regeneration of
epidermis, sliced skin tissues were collected 9 days after
treatment and processed for histological analysis. Specif-
ically, the tissue samples were taken out, fixed with 4%
paraformaldehyde for 1 h and then embedded in paraffin
after dehydration. Serial sections with a thickness of
5 μm were obtained by microtome for H&E staining and
Masson trichrome staining. The immunohistochemistry
of TNF‐β antibodies and CD‐31 antibodies were per-
formed following the manufacturer's instructions. In
addition, to estimate the biocompatibility of the PDMS‐
BT in vivo, the major organs, including lung, liver,
spleen, kidney and heart of SD rats were also obtained
and sectioned for H&E staining. All images obtained
from the above sections were recorded by a fluorescence
microscope (Leica).

Quantitative data are expressed as means± SDs. Statisti-
cal analyses were conducted using GraphPad Prism 9, with a
minimum of three replicates per experiment to bolster the
results’ reliability. We employed the Student's t‐test and one‐
way ANOVA for analyzing two and multiple group
comparisons, respectively, after ensuring data normality
and homogeneity of variances via the Shapiro‐Wilk and
Levene's tests. Tukey's post hoc test was utilized to discern

intergroup differences. We determined statistical significance
at levels of *p< .05, **p< .01, and ***p< .001, and also
reported effect sizes to provide insight into the magnitude of
observed differences.

4.8 | 3D FEM simulation

A 3D finite‐element model was set up in COMSOL
Multiphysics®. In this model, the piezoelectric interface
was constructed via a “Structural Mechanics Module”
and contained both the BT domain and PDMS domain.
The shape of the model was matched to the dimensions
of the insole, and the BT particles were assumed to be
fully embedded in the PDMS matrix.
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