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Flexible Stretchable Piezoelectric Films for Tissue Repair
and Health Detection

Yujie Xiong, Ruizeng Luo, Yilin Qi, Longfei Li, Qiao Yu, Yuan Bai, Lingling Xu, Xiong Guo,
Xi Cui, Haochen Xie, Weina Li,* Daidi Fan,* Hongyu Meng,* and Zhou Li*

In the context of deepening interdisciplinary research and increasing public
health awareness, self-powered technology based on piezoelectric materials
has gradually attracted attention in the field of health monitoring and
treatment owing to its wireless and passive nature. Sustainable development
has prompted the development of degradable piezoelectric materials.
However, most degradable piezoelectric materials cannot be applied
to active parts of the human body because of their poor strain capacity and
toughness. In this study, based on poly (L-lactic acid) (PLLA) and recombinant
human type I collagen (Col I), a biodegradable, stretchable d-PLLA/Col
piezoelectric film is prepared using electrospinning technology. Cross-linked
Col I provides d-PLLA/Col with better flexibility and stretchability, which
can adapt to low-frequency tissue deformation or activity, thus improving fit
stability and electromechanical sensing performance in wearable applications.
Furthermore, under a high-frequency ultrasonic drive, electrical stimulation
generated by d-PLLA/Col synergistically promotes wound healing in rats
with a biomimetic extracellular matrix and structure. This study provides new
insights into the development of degradable piezoelectric materials and offers
a feasible strategy for next-generation health diagnostic and treatment devices.

1. Introduction

Flexible electronics have emerged as promising solutions for
therapeutic and health monitoring applications.[1–4] The com-
bination of flexible electronics and self-powered technologies
has resulted in lightweight and comfortable devices that do
not require external power and can monitor and intelligently
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provide a patient’s physiological status
in real time for health diagnosis and
treatment.[5,6] Self-powered technol-
ogy based on piezoelectric materials,
which generate electrical charges under
mechanical deformation and convert
mechanical energy into electrical energy,
are vital for the development of health
monitoring and therapeutic devices.[7–10]

However, conventional nonbiodegrad-
able piezoelectric materials, such as
lead zirconate titanate ceramics, pose
significant challenges owing to their
poor biosafety and the potential envi-
ronmental risks associated with their
production and disposal.[11,12] In re-
sponse, biodegradable bio-piezoelectric
materials have gained significant atten-
tion due to their superior biosafety and
biodegradability.[13,14]

Degradable bio-piezoelectric materials
are typically classified into two categories:
small-molecule, crystal-based materials
(e.g., amino acids and short peptides)

and polymer-based materials.[15,16] While small molecule piezo-
electric materials, including amino acids, are often brittle
and difficult to adapt for flexible applications,[15] polymer-
based degradable piezoelectric materials generally exhibit
greater flexibility.[17,18] Among these, poly(L-lactic acid) (PLLA)
has emerged as a leading biopolymer owing to its excep-
tional piezoelectric properties, flexibility, and processability.[19]
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Figure 1. PLLA and recombinant collagen composite film preparation process and application demonstration.

Electrospinning further enhances the piezoelectricity and flex-
ibility of PLLA by optimizing its mechanical and electrical
properties, thereby broadening its applicability in health moni-
toring and tissue repair.[20] For tissue repair, a single electrical
stimulation treatment may not always yield optimal results.
To address this, recombinant humanized type I collagen has
been incorporated as it has been shown to be effective in tissue
regeneration.[21,22] As a key component of the extracellular
matrix, recombinant collagen promotes cell attachment and
proliferation, whereas the humanized version reduces the risks
of immune rejection and pathogen transmission associated with
animal-derived collagen.[23,24] The interfacial interaction between
recombinant collagen and PLLA, along with the cross-linking
of collagen, further enhances the mechanical properties of the
film, including flexibility and tensile strength. This synergy
accelerates tissue repair and expands the potential applications

of this material for wearable health detection, highlighting its
promising prospects.
This paper presents a flexible and stretchable piezoelectric film

fabricated via electrospinning that is suitable for wound repair
and healthmonitoring (Figure 1). Composed of PLLA and recom-
binant collagen, the composite membrane scaffold features uni-
formly dispersed nanofibers achieved through a two-tube com-
posite spinning process. The physicochemical properties of the
PLLA-recombinant collagen scaffold, such as its morphology,
hydrophilicity, electrical output, and mechanical strength, were
comprehensively characterized. The potential of the film for in
vitro health monitoring was also explored, along with an evalua-
tion of its biocompatibility and the directed growth and prolifera-
tion of cells on the scaffolds. Furthermore, the synergistic effects
of PLLA-recombinant collagen scaffolds on tissue repair were as-
sessed in a rat whole-skin wound model.
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Figure 2. Scanning electron microscopy images of the surface morphology of a) PLLA, b) d-PLLA, c) Col, and d) d-PLLA/Col films. e–h) Nanofiber
orientations of PLLA, d-PLLA, Col, and d-PLLA/Col films, with 0° being perpendicular to the direction of the receiver rotation. i) ATR-FTIR spectra of
PLLA and unannealed PLLA. j) ATR-FTIR spectra of Col with different cross-linking times. k) XRD patterns of PLLA, unannealed PLLA, PLLA/Col, and
unannealed PLLA/Col. l) XRD patterns of PLLA/Col at various annealing temperatures.

2. Results and Discussion

2.1. Preparation and Characterization of PLLA/Col Nanofiber
Film Scaffolds

Electrospinning has been widely used in the preparation of
nanofiber films owing to its simple operation and excellent
tunability of the material structure.[25] By adjusting the rota-
tional speed of the electrostatic spinning collector, the coarse-
ness and orientation of the fibers can be controlled to meet the
needs of different applications.[26,27] Directed PLLA nanofibers,
which can provide excellent electrical output, have also shown
advantages in tissue repair applications.[28] Figure 2a–d de-
picts the microscopic morphologies of the annealed PLLA films
at 500 and 2500 rpm, cross-linked Col films at 2500 rpm,
and cross-linked annealed PLLA/collagen (d-PLLA/Col) com-
posite nanofiber films at 2500 rpm. These were referred to
as PLLA, d-PLLA, Col, and d-PLLA/Col, respectively. For bet-
ter comparison, the morphologies of the unannealed films at
500 rpm for PLLA, 2500 rpm for PLLA, 2500 rpm for Col, and
2500 rpm for PLLA/Col composite nanofibers without anneal-
ing or cross-linking treatments are shown in Figure S1 (Sup-
porting Information). To visualize the orientation of the electro-
spun nanofibers, the distribution angle of the fibers at differ-
ent collector rotational speeds was quantified using microscopic
morphology maps, as shown in Figure 2e,f and Figure S2 (Sup-

porting Information). At 500 rpm, the fiber distribution in the
70°–110° range accounted for 37.5%, whereas the fiber angle
distribution in the 80°–100° range was 25%. At 2500 rpm, the
fiber distribution in the 70°–110° range reached 100%, with 75%
of the fiber angles concentrated in the 80°–100° range. In addi-
tion, at an intermediate rotational speed (1000 rpm), as shown in
Figure S3 (Supporting Information), the fiber films showed sig-
nificant improvements in both orientation and alignment com-
pared to those prepared at 500 rpm, whereas the films prepared at
2500 rpm showed further improvements in both orientation and
alignment, thus verifying that higher spinning speeds can im-
prove fiber alignment. This result aligns with the expectation that
higher rotational speeds during electrospinning increase theme-
chanical stretching force on the fibers prior to deposition, thereby
promoting elongation and better alignment. Furthermore, the
fast-rotating receiver helped to align the fibers consistently along
the rotational direction, thereby reducing the chances of fiber
crossing and tangling. This not only improved the orientation
of the fibers but also enhanced the uniformity and mechani-
cal properties of the resulting fiber film. Despite the increased
speed, the Col fiber membrane still displayed an irregular ori-
entation at 2500 rpm, as shown in Figure 2g. This irregularity
arises primarily from the low inertia and mass of the Col fibers,
making them more susceptible to random motion in air, which
complicates the effective orientation through receiver rotation.
Additionally, electrostatic charges on the fiber surface may cause
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repulsion between the fibers, especially for finer fibers, further
impeding alignment. By contrast, after electrostatic spinning, the
d-PLLA/Col fiber membrane retained a high degree of orienta-
tion, with the fiber distribution angle consistently concentrated
between 80° and 100° (Figure 2h). These results suggest that the
d-PLLA/Col fiber films exhibited excellent morphological charac-
teristics, spatial structure, and superior fiber alignment.
The diameter range of the nanofibers is shown in Figure S4

(Supporting Information). The difference in fiber diameters be-
tween the d-PLLA and PLLA fibers can be attributed to the high
rotational speed of the receiver during the electrospinning pro-
cess, which induces a strong traction force on the deposited
fibers. This force pulls the undeposited fibers onto the receiver,
resulting in finer d-PLLA fibers than those of PLLA. Meanwhile,
the EDS of d-PLLA/Col (Figure S5, Supporting Information) in-
dicates that Col was uniformly doped with PLLA.
Fourier-transform infrared (FTIR) spectroscopy was used to

analyze the chemical composition of the PLLA nanofiber scaf-
folds (Figure 2i). The FTIR spectrum of pure PLLA exhibited
a distinctive peak at 1750 cm−1, corresponding to the symmet-
ric elongation of the ester group (𝜐sC═O). The 1181 cm−1 band
observed for PLLA was assigned to the asymmetric C─O─C
stretching mode of the ester groups.[29] Importantly, the FTIR
spectra of both annealed and non-annealed PLLA showed no
shifts, confirming that both types of PLLA nanofiber scaffolds
share the same chemical composition. Collagen is a water-
soluble material that requires cross-linking prior to implanta-
tion. The cross-linking states were analyzed using FTIR spec-
troscopy. The corresponding reaction schemes and FTIR spec-
tra are shown in Figure 2j and Figure S6 (Supporting Informa-
tion). The EDC/NHS-mediated cross-linking reaction proceeds
through covalent amide bond (─CONH─) formation between
the carboxyl (─COOH) and amino (─NH2) groups of collagen
(Figure S6, Supporting Information).[30] The infrared spectra
in Figure 2j display five characteristic bands corresponding to
amides A, B, I, II, and III for both Col (uncrosslinked) and
Col, indicating that the basic molecular structure remained in-
tact. For uncrosslinked collagen, the main peak of its amide I
band was located at ≈1655 cm−1 (dominated by the 𝛼-helix struc-
ture). After 12 h of cross-linking, its peak position was offset to
1648 cm−1 as the 𝛽-sheet structure was increased, and cross-
linking leads to a more orderly arrangement of molecular chains.
As the cross-linking time increased to 24 h, the degree of cross-
linking increased, and its 𝛽-sheet structure was further increased,
resulting in the main peak of the amide I band being shifted to
1630 cm−1. When the cross-linking time was extended to 36 h,
the position of the amide I band was essentially the same as
that observed after 24 h. This indicates that the degree of cross-
linking was almost the same for these two periods. Moreover, af-
ter cross-linking, the absorbance of the amide II band was en-
hanced, and the intensity ratio (Amide II/Amide I) increased,
with larger ratios indicating a higher degree of cross-linking. A
redshift in amide II was also observed after the EDC/NHS treat-
ment, which was associated with the coupling of the N─H bend-
ing vibration and the C─N stretching vibration, further confirm-
ing the enhancement of hydrogen bonding.[31] After 24 and 36 h
of cross-linking, these values were almost identical. These find-
ings confirmed that the recombinant collagen membranes were
successfully cross-linked and had a good degree of cross-linking

after 24 h of cross-linking. For PLLA nanofibers, the 𝛽-form crys-
talline structure and crystallinity are key parameters influenc-
ing piezoelectric performance.[32] To assess these properties, 1D
XRDanalysis was performed on the film scaffolds, and the results
are shown in Figure 2k,l. Upon post-annealing, both PLLA and
PLLA/Col films exhibited peaks at the (200) and (110) planes, in-
dicating the presence of a 𝛽-form structure and confirming their
piezoelectric properties. An investigation of the annealing tem-
perature gradient for PLLA/Col films revealed that increasing
the annealing temperature enhanced crystallinity, demonstrat-
ing similar peak intensities at 120 and 140 °C and suggesting
a small difference in crystallinity. Many studies have confirmed
that high annealing temperatures impair the mechanical prop-
erties of PLLA materials. Increasing the annealing temperature
to ≥ 115 °C resulted in a slight increase in the piezoelectric co-
efficient but a significant decrease in the elongation at break.[33]

Based on the results of these studies and considering energy and
resource efficiency, an annealing temperature of 120 °C is opti-
mal. The necessity of annealing the nanofiber thin-film material
was confirmed, and an optimal annealing temperature of 120 °C
was determined.
In addition, the swelling rates of the scaffolds were measured

to quantify their hygroscopicity. The results are shown in Figure
S7 (Supporting Information). Swelling rate measurements in-
dicated that the respective water absorptions of PLLA and d-
PLLA were ≈15.23% and 16.14% of their respective masses.
By contrast, the water absorption of PLLA/Col and d-PLLA/Col,
which contained recombinant collagen, reached 124.79% and
120.89% of their masses, respectively, which were significantly
higher than that of PLLA alone. The excellent hygroscopicity of
the d-PLLA/Col films was further confirmed by swelling experi-
ments. The d-PLLA/Col film effectively absorbed moisture from
the wound, preventing cellular hypoxia and excessive fluid accu-
mulation, thereby promoting efficient wound healing.[34] Addi-
tionally, the enhanced hygroscopicity significantly improved the
extensibility and flexibility of the material.

2.2. Mechanical and Sensing Testing

To examine the impact of varying PLLA and Col ratios on electri-
cal output and strain capacity, we investigated PLLA:Col ratios of
9:1, 8:2, 7:3, 6:4, and 5:5. The optical images of d-PLLA/Col be-
fore and after stretching and at the point of fracture are shown
in Figure 2a. The mechanical properties of the films with differ-
ent ratios, including the stress–strain curves and Young’s mod-
uli, are shown in Figure 3b,c, respectively. Upon the incorpo-
ration of Col, the strain of the films was enhanced, and the
ductility improved with increasing Col content. However, once
the PLLA/Col ratio reached 8:2, the strain capacity approached
saturation, with minimal changes observed in the stress–strain
curve. Additionally, Young’s modulus decreased as the Col dop-
ing ratio increased, demonstrating the following values: d-PLLA:
64.9MPa; d-PLLA/Col (9:1): 37.5MPa; d-PLLA/Col (8:2): 3.6MPa;
d-PLLA/Col (7:3): 2.8 MPa; d-PLLA/Col (6:4): 2.3 MPa; and d-
PLLA/Col (5:5): 2.1 MPa. The improved ductility of the compos-
ite films enables a better conformance to the curves of the hu-
man body, thereby expanding their potential applications. This
enhancement also contributes to greater comfort by reducing
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Figure 3. a) Photograph of the tensile test of the composite film. From left to right: the fracture point, stretching process, and starting state. b) Stress–
strain curves of the composite films. c) Young’s modulus of the composite films (n = 3 independent samples. *p < 0.05, **p < 0.01, and ***p < 0.001.
All statistical analyses were performed by one-way ANOVA. Data are presented as mean ± S.E.M.). d) Output voltage of the composite films. e) Output
current of the composite films. f) Output charge of the composite films. g) Output voltage of d-PLLA/Col (8:2) versus the frequency. h) Output current
of d-PLLA/Col (8:2) versus the frequency. i) Output charge of d-PLLA/Col (8:2) versus the frequency. j) Output signals during finger bending. k) Output
signals during wrist bending. l) Output signals during swallowing.

the friction and discomfort between the device and the skin.[35]

Moreover, the decreased Young’s modulus indicates that the ma-
terial is softer and more flexible, allowing the sensors to respond
more sensitively to changes in body movements and physiol-
ogy. This results in more accurate and reliable data collection

while distributing pressure more evenly when applied to wounds
and minimizing irritation and stress concentrations, which ul-
timately facilitates a faster and more comfortable healing pro-
cess. The specific electrical outputs are shown in Figure 3d–f.
The unannealed d-PLLA generated negligible piezoelectric

Small Methods 2025, e00247 © 2025 Wiley-VCH GmbHe00247 (5 of 11)
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signals, which is consistent with previous reports. d-PLLA exhib-
ited outputs of ≈3.1 V, 12.1 nA, and 1.1 nC. However, upon the
addition of Col nanofibers, a reduction in electrical output was
observed: d-PLLA/Col (9:1) produced ≈2.3 V, 6.9 nA, and 0.79
nC; d-PLLA/Col (8:2) yielded ≈1.7 V, 4.1 nA, and 0.45 nC; and d-
PLLA/Col (7:3) showed a significant decrease to ≈0.56 V, 1.7 nA,
and 0.18 nC, producing only a weak electrical signal as the Col
content increased. Figure S8 (Supporting Information) shows the
electrical signals of some body movements for d-PLLA/Col (7:3).
No effective signal could be transmitted at this ratio. Based on
these results, d-PLLA/Col (8:2) was determined to be most suit-
able for maximizing the strain while reducing the Young’s mod-
ulus of the composite film, thus ensuring sufficient piezoelec-
tricity for enhanced performance in health-monitoring applica-
tions. Additionally, the output voltage, current, and charge of the
d-PLLA/Col (8:2) thin-film scaffold were evaluated as functions of
the frequency. Figure 3g–i illustrates the marked enhancement
in the measured electrical signals as the frequency increased
from 1 to 5 Hz. This observation indicated that the thin-film
scaffold responded effectively to rapid mechanical action, sug-
gesting its potential for use in frequency-responsive devices. To
further assess the practical applicability of the d-PLLA/Col (8:2)
nanofiber film as a portable wearable sensing device, the output
signals were captured during various human activities. The volt-
age values were used to reflect the performance of the sensors
because the open-circuit voltage exhibits a lower susceptibility
to interference, resulting in more stable signal outputs.[36] Fur-
thermore, voltage signals can be directly measured using a high-
impedance voltmeter or a simple amplification circuit without re-
quiring a charge amplifier, thereby reducing hardware costs.[37]

As shown in Figure 3j, the device was mounted on a volunteer’s
finger, and significant signal variations were observed during
finger-bending movements. Similarly, Figure 3k,l show the out-
put signals from the device affixed to the wrist and throat, re-
spectively, showing notable differences during wrist bending and
throat swallowing movements. Figure S9 (Supporting Informa-
tion) shows the output signal of the device affixed to the elbow,
which indicates that the sensor is highly sensitive to body move-
ments, confirming its suitability for the real-time monitoring
of dynamic physiological states. We further verified several key
performance parameters including signal-to-noise ratio calcula-
tions, frequency response analysis, and durability. The results are
shown in Tables S1 and S2 and Figures S10 and S11 (Supporting
Information). We compared the output performance, signal-to-
noise ratio, strain capacity, degradability, biocompatibility, and
multifunctionality of the investigated systems. The results are
summarized in Table S3 (Supporting Information). These com-
parisons clearly demonstrate the advantages of the strain capac-
ity, degradability, biocompatibility, and multifunctionality of our
device. In summary, the experiments demonstrated the capabil-
ity of d-PLLA/Col (8:2) nanofiber thin-film sensors for real-time
transmission, confirming their potential for intelligent monitor-
ing and human health assessment applications.

2.3. Evaluation of Cellular Experiments

The d-PLLA/Col nanofiber film was also capable of generat-
ing electrical stimulation driven by high-frequency ultrasound,

which is promising for tissue-engineering applications.[38] The
ultrasonically driven electrical output, as shown in Figure 4a, re-
veals that the unannealed d-PLLA exhibited a negligible piezo-
electric signal, which is consistent with prior theoretical pre-
dictions. Upon incorporation of the Col nanofibers, a reduction
in the electrical output was observed as d-PLLA/Col (9:1), d-
PLLA/Col (8:2), and d-PLLA/Col (7:3) produced values of 0.67,
0.62, and 0.29 V. The remaining composite film ratios gener-
ated almost no electrical output. Based on these results, along
with the mechanical properties observed from the stress–strain
curves, the 8:2 ratio of PLLA to Col was selected for further cel-
lular and animal experiments. This ratio optimized both the me-
chanical properties of the film and its electrical output under ul-
trasonic stimulation, thereby enhancing its potential to promote
cell growth.
The potential toxicity of nanofibers may be attributed to their

small size.[39] Fibers with diameters of >200 nm may exhibit
enhanced toxicity because such nanoscale fibers can enter cells
via endocytosis and subsequently induce cytotoxic effects.[40] By
contrast, the PLLA fibers in this study had diameters exceed-
ing 1000 nm, which prevented direct cellular endocytosis. Ad-
ditionally, collagen nanofibers immediately transform into hy-
drogels when they encounter tissue fluids. Furthermore, colla-
gen and PLLA are degraded into biocompatiblemolecules during
metabolism, eliminating concerns regarding degradation-related
toxicity. Cell biocompatibility experiments were conducted to sys-
tematically evaluate biosafety. Biocompatibility testing was per-
formed using NIH3T3 (fibroblasts), which are key cells involved
in wound healing. On day 3, the relative cell viabilities of the
PLLA, Col, and PLLA/Col membranes were 91.2%, 98.4%, and
93.0%, respectively (Figure 4b), indicating that these films were
noncytotoxic. In vitro cellular experiments were conducted to
evaluate the ability of the film scaffolds to induce directional
cell growth and promote wound healing. Directed cell growth
is crucial for wound healing because it enhances cell migra-
tion, tissue mechanical properties, structural integrity, and the
local microenvironment. Regulating the directionality of fibrob-
last growth can increase wound-healing efficiency, shorten heal-
ing time, and reduce the risk of complications.[28] The effects of
different membrane orientations and ultrasound treatments on
the directional growth of fibroblasts were examined. As shown in
Figure 4c,d, the control groups (non-ultrasound and ultrasound-
treated), along with the PLLA and PLLA/Col membranes, ex-
hibited network patterns with random cell growth and no clear
alignment. By contrast, both the non-ultrasound- and ultrasound-
treated d-PLLA and d-PLLA/Col membranes promoted an elon-
gated cell morphology, with cells aligned parallel to the fiber
orientation.
The distribution of cell orientation (Figure 4e) reveals that both

sonicated and untreated d-PLLA and d-PLLA/Col membranes
primarily exhibit cell growth angles within ±10°. By contrast,
the ultrasound-treated and untreated blank control, PLLA, and
PLLA/Col groups exhibited cell angles ranging from 0° to 180°,
indicating a lack of directional growth. These findings further val-
idate that the aligned nanofibers are the most effective in guid-
ing directional cell growth, which is consistent with the results
of previous studies.
Based on the cell orientation experimental results, four

groups, d-PLLA, d-PLLA/US, d-PLLA/Col, and d-PLLA/Col/US,

Small Methods 2025, e00247 © 2025 Wiley-VCH GmbHe00247 (6 of 11)
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Figure 4. a) Electrical output of ultrasound-driven systems. b) Biocompatibility of PLLA, Col, and PLLA/Col materials (n = 5 independent samples. *p
< 0.05, **p < 0.01, and ***p < 0.001. All statistical analyses were performed by one-way ANOVA. Data are presented as mean± S.E.M.). c) Cell staining
images for the blank control, PLLA, PLLA/Col, d-PLLA, and d-PLLA/Col groups under non-ultrasonication conditions. d) Cell staining images for the
blank control, PLLA, PLLA/Col, d-PLLA, and d-PLLA/Col groups under ultrasound conditions. e) Cell growth orientation diagrams for the blank control,
PLLA, PLLA/Col, d-PLLA, and d-PLLA/Col groups without and with ultrasound. f) Cell proliferation data for the d-PLLA, d-PLLA/US, d-PLLA/Col, and
d-PLLA/Col/US groups (n = 5 independent samples. *p < 0.05, **p < 0.01, and ***p < 0.001. All statistical analyses were performed by one-way ANOVA.
Data are presented as mean ± S.E.M.).

were selected for subsequent cell proliferation experiments. Ex-
ogenous electrical stimulation has been shown to accelerate
wound edge closure and new tissue formation by altering cell
membrane potential, enhancing intercellular signaling, and pro-
moting cell proliferation and migration.[41] The composite film
creates an optimal environment for cell growth, supporting pro-

liferation through its physical properties such as stiffness, flexi-
bility, and a collagen fiber arrangement that resembles the nat-
ural extracellular matrix (ECM). The proliferation results, pre-
sented in Figure 4f, indicate that d-PLLA/Col/US significantly
enhanced cell proliferation on day 3 compared with the other
groups. This observation is consistent with previous reports that

Small Methods 2025, e00247 © 2025 Wiley-VCH GmbHe00247 (7 of 11)
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Figure 5. a) Simplified schematic of the in vivo experiment. b) Schematic of wound healing in rats. c) Representative photographs of wound closure over
time for different groups. d) Healing traces of skin wound tissues at 10 days postoperatively for each group. e) Quantitative representation of wound
sizes at various time points and graphical comparisons between groups. f,g) H&E staining on days 7 and 14 and Masson’s trichrome staining on day
14. H&E staining of wound healing tissue show new epithelium (NE), new granulation tissue (GT), new hair follicles (HF), and new vessels (NVs).
h) Re-epithelialization length on day 7. i) Number of regenerated blood vessels on day 14. j) Number of regenerated hair follicles on day 14. k) Collagen
volume fraction. n ≥ 3 independent samples. *p < 0.05, **p < 0.01, and ***p < 0.001. All statistical analyses were performed by one-way ANOVA. Data
are presented as mean ± S.E.M.

ultrasound-induced electrical stimulation combined with recom-
binant collagen promotes cell proliferation.

2.4. Animal Experimental Validation

To further validate the pro-wound healing efficacy of the d-
PLLA/Col films, an in vivo study using rats was conducted.
Figure 5a,b present an overview of the experimental setup and
the rat wound model. Wound healing and new skin formation
were monitored by capturing photographs of the entire wound
area on days 0, 3, 7, and 10 (Figure 5c). The results shown in
Figure 5d,e demonstrate that the d-PLLA/Col/US film-dressing
group exhibited themost pronounced therapeutic effect, followed
by the d-PLLA/US film-dressing group. By day 3, the d-PLLA/US
group showed a 66.4% reduction in wound size, with an average

healing rate of 11.2% per day, significantly surpassing those of
the blank control group (7.9%), ultrasound control group (8.5%),
and d-PLLA control group (6.4%). The d-PLLA/Col/US group dis-
played the most favorable outcomes, with 57.1% wound closure
by day 3 and an average healing rate of 14.3%. By day 7, the
wound size in the d-PLLA/Col/US group was reduced to 19.4%,
a substantial improvement compared to that in the blank con-
trol group (34.3%), ultrasound control group (30.4%), d-PLLA
control group (33.7%), and d-PLLA/US group (28.0%). By day
10, the wound area in the d-PLLA/Col/US group had reduced
to 6.2% of its original size, indicating near-complete healing,
whereas the other control groups exhibited larger wounds with
closures of 15.6%, 15.2%, 17.6%, and 11.3% of their original
size, respectively. These results clearly demonstrate the superior
wound healing efficacy of the d-PLLA/US group compared to
that of the blank control, ultrasound (US), and d-PLLA groups.

Small Methods 2025, e00247 © 2025 Wiley-VCH GmbHe00247 (8 of 11)
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This enhanced therapeutic effect can be attributed to the ben-
eficial effects of ultrasound-induced electrical stimulation on
wound healing. The d-PLLA/Col/US group yielded the most fa-
vorable outcomes owing to the microstructural advantages pro-
vided by the composite recombinant collagen, which was more
effectively aligned with the biomechanical properties of skin
wound tissues, thereby improving healing. Moreover, compared
with the blank control group, the d-PLLA/Col/US group gener-
ated electrical signals in the piezoelectric layer through external
ultrasonic stimulation. These signals are transmitted to the sur-
rounding skin tissues via the film dressing, thereby promoting
cell migration and re-epithelialization, while also stimulating cell
proliferation.[42] Additionally, the incorporation of recombinant
collagen endows the structure with enhanced bionic characteris-
tics and mechanical properties, facilitating the creation of an op-
timal healing environment and accelerating the wound-healing
process through synergistic effects.[43]

The skin surrounding the rat wounds was excised for histo-
logical analysis using H&E staining on days 7 and 14, and Mas-
son staining on day 7. The results are shown in Figures 5f,g.
Changes in wound healing were first observed by H&E stain-
ing on days 7 and 14. On postoperative day 7, the wound was
in the proliferative phase, characterized by fibroblast migra-
tion to the injury site and active re-epithelialization (Figure 5h).
Notably, the d-PLLA/Col/US group demonstrated the highest
degree of re-epithelialization, with a new epithelial length of
≈2.87 mm, significantly surpassing those of the blank control
(1.58 mm), ultrasound (1.78 mm), and d-PLLA (1.7 mm) groups.
By day 14, complete re-epithelialization was observed in the d-
PLLA/Col/US group along with the highest level of vascular
regeneration (Figure 5i). The density of new blood vessels in
this group reached 19.33 vessels/0.1 mm2, which was signifi-
cantly higher than the blank control (9.67 vessels/0.1 mm2), ul-
trasound (8.33 vessels/0.1 mm2), and d-PLLA (13.33 vessels/0.1
mm2) groups. Additionally, the d-PLLA/Col/US group exhibited
the highest number of regenerated hair follicles on day 14, with
21.33 follicles, significantly surpassing the blank control (7.67 fol-
licles), ultrasound (4.67 follicles), d-PLLA (5.33 follicles), and d-
PLLA/US (7.67 follicles) groups (Figure 5j). These results under-
score the potent therapeutic effects of d-PLLA/Col/US on skin
regeneration.
Collagen synthesis, an indicator of fibroblast migration and

skin remodeling, was also assessed. As shown in Figure 5g,
the d-PLLA/Col/US group exhibited significantly higher colla-
gen synthesis than the control group. Figure 5k shows that the
d-PLLA/Col/US group had the highest collagen deposition, with
a collagen volume fraction of 54%, which was markedly higher
than that of the other groups. This suggests that the inclusion of
recombinant collagen combined with electrical stimulation gen-
erated by the piezoelectric effect effectively enhanced collagen
synthesis and fibroblast migration into the wound, thereby pro-
moting more efficient wound healing.

3. Conclusion

We successfully developed a flexible and stretchable piezoelectric
film based on PLLA and recombinant humanized type I collagen
with a homogeneous composite achieved through electrostatic
spinning. The composite films exhibited outstanding physico-

chemical properties, including favorablemorphologies, electrical
outputs, and mechanical strengths. These properties allow it to
accommodate low-frequency tissue deformation or activity, thus
validating its ability for sensing and monitoring. Driven by high-
frequency ultrasound, biocompatibility assessments and in vitro
cell proliferation tests demonstrated the ability of the material
to promote targeted cell growth and proliferation. Additionally,
in vivo experiments using a rat skin wound model highlighted
the synergistic effects of the composite film in enhancing wound
healing, thereby highlighting its therapeutic potential.
The significance of this study can be summarized via twomain

aspects. First, the proposed system overcame the performance
limitations of traditional biological piezoelectric materials. Al-
though traditional biodegradable piezoelectric PLLA possesses
excellent piezoelectric properties, it has a high Young’s modu-
lus and low elongation at break, resulting in a mechanical mis-
match with biological tissues.We achieved a directionally aligned
fiber-interpenetrating network using a composite strategy of re-
combinant human-derived type I collagen (Col I) and PLLA to
optimize the mechanical properties. The Young’s modulus of
the composite film was reduced to ≈3.6 MPa, and the elonga-
tion at break increased to 200–250%, achieving the coexistence
of high piezoelectricity and flexibility. Second, the incorporation
of recombinant Col I not only optimized the mechanical proper-
ties, but also demonstrated effectiveness and safety during tis-
sue repair. As a major component of the extracellular matrix,
it promotes cell adhesion and proliferation, thereby expanding
the scope of applications of biological piezoelectric materials. Re-
combinant Col I exhibits excellent biological characteristics and
pro-proliferative capacity while avoiding the risks associated with
animal-derived collagen proteins, such as immune rejection and
pathogen infection. Furthermore, this study achieved multifunc-
tional applications in bothwound healing and healthmonitoring.
The proposedmaterial system integrates wound repair treatment
and monitoring functions. The excellent flexibility and stretcha-
bility of the composite piezoelectric film enable its adaptation to
low-frequency tissue deformation or movement, suggesting its
promising potential in wearable sensing applications.

4. Experimental Section
Materials: PLLA (characteristic viscosity 1.2–1.5 dL g−1) was ob-

tained from Esunmed, while recombinant collagen CF-1552 was sup-
plied by Shaanxi Giant Biotechnology Co. Ltd. Hexafluoroisopropanol
(C3H2F6O)was purchased fromAladdin, and n-(3-Dimethylaminopropyl)-
N-ethylcarbodiimide (EDC) and N-Hydroxysuccinimide (NHS) were ac-
quired from MACKLIN.

Preparation of Nanofiber Film Scaffolds: Piezoelectric PLLA nanofiber
films were fabricated via electrostatic spinning. A 20% PLLA solution
was dissolved in hexafluoroisopropanol and electrospun at a flow rate
of 0.8 mL h−1 through a 22-gauge needle. Voltages of 12 kV were ap-
plied to the needle and –3 kV to the collector. The rotating receiver was
set at 500–2500 rpm and fiber formation occurred at 30% relative hu-
midity. The films were annealed at 60–120 °C for 8 h, then cooled to
room-temperature.

Recombinant collagen (Col) nanofiber films were prepared using a sim-
ilar electrospinning method. A 20% Col solution was dissolved in 90%
acetic acid and spun at a flow rate of 0.2 mL h−1 under the same param-
eters as for PLLA. After spinning, the films were immersed in a 95 wt.%
ethanol solution containing 25 mm EDC and 10 mm NHS for 48 h for col-
lagen cross-linking.

Small Methods 2025, e00247 © 2025 Wiley-VCH GmbHe00247 (9 of 11)
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The PLLA/Col composite nanofiber films were produced using the
double-tube electrospinning method. PLLA and Col solutions were placed
on opposite sides of syringe pumps, with flow rates of 0.8 mL h−1 for PLLA
and 0.2 mL h−1 for Col, respectively. The other parameters were identical
to those used for PLLA. After spinning, the composite films were subjected
to the same cross-linking and annealing treatments as the individual PLLA
and Col films, resulting in the final PLLA/Col film scaffolds.

Characterization of Materials: The microstructures of the nanofiber
films were examined using a scanning electronmicroscope (SU8020), and
the fiber diameter distribution and orientation were analyzed. Optical im-
ages were captured for preliminary morphological assessment and flexi-
bility evaluation. Fourier-transform infrared (FTIR) spectra were obtained
using a VERTEX80v spectrometer (Bruker, Karlsruhe, Germany) to ana-
lyze the chemical composition and cross-linking status of the films. X-ray
diffraction (XRD) analysis was performed to assess the crystallinity of the
films. The hydrophilic and water-retention properties were evaluated by
measuring the contact angle and swelling rate. For the contact angle test,
the films were cut into squares, and water droplets were applied to the
surface using a contact angle tester. To determine the swelling rate, dried
films were weighed (W0), then soaked in 1 × PBS at 37 °C for 30 min,
dried again, and weighed (W1). The swelling rate was calculated as (W1 –
W0)/W0 × 100%. The mechanical properties of the nanofiber films were
evaluated via tensile testing using an ESM301/Mark-10 tensile testing sys-
tem (Mark-10 Company, New York, NY, USA).

Sensor Testing: All human research participants experiments were ap-
proved by the Committee on Ethics of Beijing Institute of Nanoenergy and
Nanosystems (2025016LZ). Informed written consent was obtained from
all participants prior to their inclusion in the study.

A conductive spray paint was applied to both sides of the nanofiber
membrane to serve as electrodes, after which the membrane was cut into
a rectangular shape measuring 2.0 × 1.0 cm. Copper wires were attached
to the electrodes on either side and the entire device was sealed with poly-
tetrafluoroethylene (PTFE) tape to form a piezoelectric sensor. The output
electrical signal was directly measured using an electrostatic meter (Keith-
ley 6517) and an oscilloscope (HDO 6104).

Measurement of the Open-Circuit Output Voltage Under Ultrasound: To
evaluate the electrical output characteristics of the nanofiber film under
ultrasound, the film was fabricated into a piezoelectric sensor following
the procedure outlined in Section 4.4. An oscilloscope (HDO 6104) was
connected to both sides of the film using wires, and ultrasound waves
with an intensity of 1 W cm−2 and a frequency of 1 MHz were applied via
an ultrasound probe to induce the piezoelectric effect. The piezoelectric
voltage outputs of the films were recorded.

Cell Culture: NIH3T3 cells were used for in vitro assays and cultured in
high-glucoseDMEM. Themedium (Solarbio) was supplementedwith 10%
fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (GA3502,
Genview).

Biocompatibility Evaluation: The cytotoxicity of various films was as-
sessed using the CCK-8 (Solarbio) assay. Prior to cell inoculation, the sam-
ples were sterilized with ethanol and UV light. The samples were then im-
mersed in high-glucose DMEM for 72 h. NIH3T3 cells were seeded at a
density of 1 × 105 cells in both the material-impregnated and standard
high-glucose DMEM media, and cultured for 72 h. Cell viability was eval-
uated using the CCK-8 assay.

In Vitro Wound Healing Assays—Directed Cell Growth: Following ster-
ilization with ethanol and UV light, the sterile membrane was evenly ad-
hered to a cell culture dish containing PDMS and placed in 24-well plates
for the NIH3T3 cell culture. At 12 h, the samples in the well plates were
subjected to sonication using an ultrasound physiotherapy instrument at
a frequency of 1 MHz and power of 0.5 W cm−2 for 3 min daily. After 72 h,
the cells were collected for staining and immunofluorescence imaging was
performed using a Leica confocal fluorescence microscope (LEICA TCS
SP8) to observe directed cell growth.

In Vitro Wound Healing Assays—Cell Proliferation: The samples were
sterilized with ethanol and UV light, placed in 24-well plates, and im-
mersed in 1x PBS for 1 h. NIH3T3 cells were cultured in the plates, and
sonication of the samples was performed after 12 h of cell culturing, fol-
lowing the sonication parameters described in Section 4.8.1. Sonication

was repeated every 24 h, and the cells were collected at 24, 48, and 72 h
for the CCK-8 assay. Cell proliferation on the membrane was assessed by
measuring absorbance using an enzyme marker (Thermo Fisher Multi-
skan FC, Milton Freewater, OR, USA).

In Vivo Wound Healing Studies—Film Scaffold Implantation: Six-week-
old male SD rats were purchased from Vital River (Beijing, China). All an-
imal experiments were approved by the Committee on Ethics of Beijing
Institute of Nanoenergy and Nanosystems (2024007LZ).

Film samples with diameters of 10 mm were sterilized with ethanol
and UV light prior to the implantation experiments. The groups were
designated as blank control, ultrasound, d-PLLA, d-PLLA/US, and d-
PLLA/COL/US, each with six wounds. After anesthetizing the rats, two
circular wounds were created on each side of the dorsal midline using
a 9 mm skin punch, removing the entire dermal layer. Film samples were
placed over the wounds, covered with a non-adhesive gauze, and secured
with self-adhesive bandages.

In Vivo Wound Healing Studies—Ultrasound Treatment: Ultrasound
treatments were applied to SD rats using an ultrasound physiotherapy in-
strument set at a frequency of 1 MHz frequency and 0.5 W cm−2 power for
10 min daily. Each session consisted of two intervals, separated by 30 min,
and conducted five days a week for a duration of two weeks. The rats were
anesthetized and covered with Tegaderm dressing (3 m; Tegaderm) to pre-
vent wound contamination during the ultrasound procedure. The rats were
positioned using an ultrasound physiotherapy instrument. The animals in
the control group, which did not receive ultrasound treatment, were anes-
thetized for the same duration to maintain consistency. Photographs of
the wounds were taken on days 0, 3, 7, 10, and 14, and the wound areas
were measured.

Histological Analysis: To assess skin tissue regeneration, wound tis-
sues were collected on days 7 and 14 for histological staining, including
Hematoxylin-Eosin (H&E) and Masson’s trichrome staining. Parameters
such as collagen deposition, epithelial regeneration length, hair follicle re-
generation, and vascularization were quantified using ImageJ software.

Statistical Analysis: The statistical significance of the differences was
determined by one-way analysis of variance (ANOVA). Data were analyzed
as mean ± standard error of mean (S.E.M.) in GraphPad Prism v. 6. All
results were replicated at least three times (n≥ 3). Image-Pro Plus 6.0,
Origin 2019, and GraphPad Prism v. 6 were used for data plotting. *p <

0.05, **p < 0.01, and ***p < 0.001 were considered statistically significant.
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