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A bioabsorbable mechanoelectric fiber as
electrical stimulation suture

Zhouquan Sun1,6, Yuefan Jin2,6, Jiabei Luo1, Linpeng Li 2 , Yue Ding3, Yu Luo4,
YanQi5, Yaogang Li1, Qinghong Zhang 1, Kerui Li 1, Haibo Shi 2, Shankai Yin2,
Hongzhi Wang 1 , Hui Wang2 & Chengyi Hou 1

In surgical medicine, suturing is the standard treatment for large incisions, yet
traditional sutures are limited in functionality. Electrical stimulation is a non-
pharmacological therapy that promotes wound healing. In this context, we
designed a passive and biodegradable mechanoelectric suture. The suture
consists of multi-layer coaxial structure composed of (poly(lactic-co-glycolic
acid), polycaprolactone) andmagnesium to allow safe degradation. In addition
to the excellent mechanical properties, the mechanoelectrical nature of the
suture grants the generation of electric fields in response to movement and
stretching. This is shown to speed up wound healing by 50% and reduce the
risk of infection. This work presents an evolution of the conventional wound
closure procedures, using a safe and degradable device ready to be translated
into clinical practice.

Acute and chronic surgical wounds are prevalent in clinical practice
worldwide1. Millions of people require varying levels of therapy each
year, ranging from basic wound care to internal repair2. Especially for
incisional wounds caused by trauma or surgery, it is crucial to com-
pletely seal the opened tissue to facilitate the healing process and
minimize complications, including infection and inflammation. His-
torically, suture fibers have been the primary medical device used for
wound closure3–5. Currently, the basic requirement for sutures used in
clinical surgery is that they are bioabsorbable, as this avoids damage to
the healing site from secondary suture removal6,7. However, despite
the fact that synthetic absorbable sutures are biocompatible and cause
minimal tissue reaction, they still fail to accelerate wound healing to
reduce the risk of infection.

The reported intelligent sutures are almost designed to accelerate
wound healing by surface-loading drugs or growth factors for slow-
release therapy8,9. However, most drugs either exert insignificant

effects on wound healing or cause serious side effects such as allergies
and nausea10. Simultaneously, growth factor-mediated therapy faces
the challenge of being susceptible to contamination, inactivation and
degradation11. In addition, other reported intelligent sutures are
mostly used for sensing andmonitoring the recovery of thewound site
and have no therapeutic capability12. In contrast, electrical stimulation
(ES) has been proven to be an effective strategy for wound care in non-
pharmacological therapies, since it mimics the natural healing
mechanism of endogenous electric field13. ES promotes the migration
of Na+/K+ between tissues, stimulates the production and reception of
growth factors, directs the neurite growth, and further induces cell
migration and proliferation14.

Typically, active electrical stimulation devices have limitations in
wound therapy due to the need for an external power source15. On the
contrary, state-of-the-art self-powered ESdeviceswhichwere prepared
on the basis of triboelectric16–18 and piezoelectric19,20 effects have been
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widely reported, and these devices significantly accelerated wound
healing. Nevertheless, these ES devices are almost two- or three-
dimensional21–24 and mainly targeted for microtrauma25,26, nerve27,28 or
bone repair29,30, etc., and cannot be applied in the face of an injury site
that requires suturing, e.g., large incisions. In addition, Part of the
devices cannot be degraded and absorbed in human body system31,32.
On the other hand, producing one-dimensional bioabsorbable ES
sutures remains a challenge because (1) one-dimensional devices
commonly face interfacial problems since they usually perform large
deformations to generate sufficient electrical output33–35, and (2)
degradable materials are difficult to process on a one-dimensional
scale due to brittleness issues36,37. Therefore, the creation of cutting-
edge intelligent medical sutures would further advance the field of
biomedicine.

Here, we developed a continuous, bioabsorbable core-sheath
structured mechanoelectric fiber as an electrical stimulation suture
(BioES-suture). The design of fibrous structure which consists of bio-
degradable polymers (poly(lactic-co-glycolic acid), polycaprolactone)
and resorbable metal (magnesium) enables BioES-suture to be degra-
ded and resorbed in living organisms after completing its therapeutic
work. BioES-suture could generate sufficient ES at the site of wound
injury through natural movement to aid cell proliferation and migra-
tion, accelerating wound healing. Moreover, we verified the behavior
of wound accelerated healing under electrical stimulation by scratch
assays in vitro and rat muscle wound experiments in vivo, and a cor-
responding possible mechanism for accelerated wound repair was

proposed. This work provides an advanced solution for the creation of
intelligent surgical sutures.

Results
Overview concept and material design of the bioabsorbable
electrical stimulation suture
Skin and muscle cover almost the whole body, and their post-
operative repair is crucial in clinical surgery25. Especially when deal-
ing with internal postoperative gashes, patch-type electrical
stimulation devices cannot provide effective wound closure and can
only be treated by suturing (Fig. 1a). We demonstrated the unique
usefulness of electrical stimulation suture by comparing it with other
state of the art therapeutic devices (Supplementary Table 1). For such
gashes in vivo, the desired recovery process is as follows: the wound
is tightly closed by using a suture, while the suture can provide
electrical stimulation (ES) to accelerate the wound repair by pro-
moting tissue regeneration, ECM deposition and vascularization, and
the suture can be degraded and absorbed in vivo after the recovery.
To address these needs, we designed a completely bioabsorbable
mechanoelectric fiber as electrical stimulation suture (BioES-suture).
The suture consists of a core-sheath structure: the core layer is a
bioabsorbable PLGA nanofiber-wrapped Mg filament, and the sheath
layer is a biodegradable thermoplastic material, PCL. The suture
generated electrical energy through triboelectric mechanism during
contraction-diastole process of muscle, which created an electric
field at the wound for ES.

Fig. 1 | Overview concept and material design of the bioabsorbable electrical
stimulation suture (BioES-suture) for treating muscle gashes. a The desired
tissue recovery process when treating the gashes, including suturing the wound,
electrical stimulation to accelerate healing, and in vivo absorption of suture. The
BioES-suture generated electric field through themuscle deformation at thewound
for electrical stimulation. Accelerated wound healing by promoting tissue regen-
eration, ECM deposition and vascularization under the synergistic effect of

mechanical suturing and electrical stimulation.bAphoto of the BioES-suture. Scale
bar: 2 cm. c The mciroscale morphology of the (i) pre-assembled core fiber, (ii)
PLGA nanofibers and (iii) BioES-suture. Scale bar: 250 µm in optical photographs
and 2 µm in scanning electron microscope (SEM) image. d Comparison of nor-
malized cell viability for 7 days showing excellent biocompatibility of the BioES-
suture. n = 3 independent samples for each group, data represent mean ± standard
deviation.
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BioES-suture can be prepared by a continuous process (Sup-
plementary Fig. 1a). First, PLGA nanofibers were twisted onto the
surface of Mg filament electrode using Fermat spinning to form pre-
assembled core fiber (Mg@PLGA). Subsequently, we extracted the
pre-assembled core fiber from the PCL melt using a modified melt-
spinning method (Supplementary Note 1). As a result of the low
melting point of PCL ( ~ 65 °C), it can be rapidly cooled in air and
wrapped around the pre-assembled core fiber to obtain the BioES-
suture. The photographs and microscopic morphology of the BioES-
suture are illustrated in Fig. 1b and c and Supplementary Fig. 1b, the
diameters of the BioES-suture and PLGA nanofibers are 354 ± 12μm
and 500–1000 nm, respectively. The thickness of the PLGA layer was
calculated from the diameter of the pre-assembled core fiber
(Mg@PLGA) minus the diameter of the Mg filament and was
67 ± 10 μm. The thickness of the PCL was calculated from the dia-
meter of the BioES-suture minus the diameter of the pre-assembled
core fiber and was 87 ± 10μm. The PLGA nanofiber layer and the PCL
melt-spinning layer constitute the power generation unit. Among
them, the Fermat twisted nanostructures can provide high specific
surface area for the pre-assembled core fiber to enhance the tribo-
electric performance of the suture. Meanwhile, the Mg filament
serves as the electrical energy harvesting unit to provide electrical
stimulation.

We further measured the strength of the BioES-suture to prove
that it could achieve the requirements for suture. Compared with
commercial sutures, including both bioabsorbable and non-
absorbable sutures, the BioES-suture has a higher tensile strength
(265MPa, Supplementary Fig. 2a-d). In addition, BioES-suture pre-
pared by using PLGA with different monomer ratios and PCL with
different molecular weights all possessed a tensile strength of more
than 250MPa (Supplementary Fig. 2e,f). After bending BioES-suture
for 1000 times, the strength was maintained at 239MPa and elonga-
tion at break was 9.8%, and this high strength and low strain proved
that it had good suturing properties (Supplementary Fig. 2g). In
addition, we have demonstrated through comparison and optimiza-
tion of dielectric materials that the triboelectric fibers consisting of
PLGA and PCL exhibits the optimal electrical performance (Supple-
mentary Fig. 3).

In order to demonstrate that BioES-suture can be used as an
implantable device, we tested the biocompatibility of the con-
stituent materials. Sheared Mg filaments, Mg@PLGA fibers and
BioES-suture were used to culture fibroblasts (L929), respectively.
The biocompatibility of BioES-suture was assessed by comparing
the morphology and proliferation of fibroblasts cultured for 7d in
the experimental and control groups (standard petri dishes). Simi-
lar densities were observed for consecutive 7 days of cell culture
(Supplementary Fig. 4a,b). Cell Counting Kit-8 (CCK-8) method was
used to characterize the viability of L929 cells in each group (Fig. 1d
and Supplementary Fig. 4c)38. The relative viability of the three
groups was not significantly different from that of the control group
when compared to the normalized reference value in the culture
dish (above 90% within 7 days). The normal spreading and non-
stagnant proliferation of fibroblasts demonstrated the non-toxicity
and biocompatibility of BioES-suture.

Electrical performance and degradative characteristics of the
BioES-suture
Since BioES-suture exists in the body fluid microenvironment after
implantation, we measured the power generation performance of
BioES-suture in the liquid medium (Fig. 2a). BioES-suture was wound
onto an artificial muscle fiber (polyurethane elastomer with 0.5 cm
diameter) and tightly adhered to this fiber, preventing the contact-
separation of the suture from the fiber to interfere with the tribo-
electric output. The electrical output of BioES-suture was measured
by subjecting the fiber to a stretch-recovery step to simulate muscle

contraction-diastole. The combined device was placed underwater to
generate electricity by inducing a potential difference of contact-
separation between the PLGA nanofiber and the PCL sheath in the
suture during the stretch-recovery process (triboelectric effect)
(Supplementary Fig. 5a). The electrical output of the BioES-suture
could light up an LCD screen (SupplementaryMovie 1). We compared
the electrical output of BioES-suture in air and underwater. As shown
in Fig. 2b, the output voltage increases by 1.39 V underwater than in
air, which is due to that the surface potential from triboelectrification
induces the polarization of surrounding bulk water to increase the
amount of friction charge generated (Supplementary Fig. 5b,c)39. It is
also noteworthy that even at small tensile strains (10 %), the BioES-
suture can still generate output voltages in excess of 2 V (Supple-
mentary Fig. 6a), which is highly favorable for implantable electrical
stimulation devices. This sensitive power generation property stems
from improvements to melt-spinning (Supplementary Note 1), which
allows for a narrower gap between the PCL sheath and the PLGA
nanofibers (Supplementary Fig. 6b), and the PLGA nanofibrous
structure is not disrupted due to the low melting point of the PCL
than that of PLGA. Following this, we systematically measured the
electrical properties at different frequencies. The output voltage of
the BioES-suture remains stable (~5.6 V) at different frequencies
(Supplementary Fig. 6c).

For electrical stimulation ofwoundhealing, negative charges tend
to promote cellular gene expression more than positive charges29. We
measured the surface potential of the PCL sheath before and after
contact with PLGA by using Kelvin Probe Force Microscopy (KPFM)
(Fig. 2c). The surface potential of the PCL decreased by 117.2mV from
51.8mV to −65.4mV, suggesting that electrons are transferred from
the PLGA nanofibers to the PCL sheath after friction, and thus negative
potential stimulation can be generated in the electrode. We further
developed a model of muscle stitching to illustrate the trend of the EF
due to the negative potentials generated by BioES-suture. The direc-
tion of the EF generated by the BioES-suture is consistent with the
direction of the endogenous EF to generate an EF from the intact tissue
around the wound to the wound site (Supplementary Fig. 7). In addi-
tion, COMSOL simulation results showed that BioES-suture could
generate an electric field of more than 100mV/mm in the direction
from the surrounding normal muscle to wound within the suture
region (Fig. 2d, Supplementary Fig. 8). Therefore, the BioES-suture
could implement stable and effective electric field stimulation into the
wound when sutured around the gash area40.

The in vitro degradation behavior of BioES-suture was then
investigated. The Mg electrode and BioES-suture were immersed in
phosphate-buffered saline solution (PBS, pH 7.4) and placed in a
constant temperature oscillating incubator for degradation (Sup-
plementary Fig. 9a)41. The degradation mechanism of each compo-
nent is shown in Supplementary Fig. 9b. The Mg electrode and pre-
assembled core fiber (Mg@PLGA nanofibers) were completely
destroyed within 14 days (muscle recovery period)42, whereas there
were no obvious etching traces on the surface of the BioES-suture
(Fig. 2e and Supplementary Fig. 9c), indicating that PCL could serve
as a good protective layer during the muscle recovery period. After
24 weeks of degradation, no obvious BioES-suture could be observed
in PBS (Supplementary Fig. 9d). For the electrical properties of BioES-
suture during the degradation period, it exhibited a stable electrical
output of about 2.8 V within 14 days (Supplementary Fig. 10a). After
13 weeks of degradation, BioES-suture lost its electrical generation
performance, which was attributed to the fact that a portion of the
PCL sheath on the surface was degraded and etched, and water
penetrated into the interior of BioES-suture, causing it to lose tri-
boelectrification capability (Supplementary Fig. 10b,c). We further
conducted cytotoxicity tests in vitro using the degradation solution
of Mg electrode and BioES-suture to verify the biocompatibility of
the degradation products. As shown in Supplementary Fig. 11, there
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was no significant statistical difference in the proportion of live cells
(green) in the experimental group treated with the degradation
solutions of Mg electrode (91.3 %) and BioES-suture (92.7 %) com-
pared to the control group (93.8 %). This demonstrates that the
degradation products of BioES-suture are not significantly toxic to
cell growth.

BioES-suture was further sutured into the leg musculature of rats
tomonitor their power generation capacity in vivo (Fig. 2f). During the
muscle recovery period, the voltage output of the BioES-suture at
normal activity of the rat was shown in Supplementary Fig. 12. It was
revealed that the output voltage value during normal exercise in rats
was about 2.3 V, whichwas similar to the output induced by the in vitro
simulation (stretching 10 %) (Fig. 2g). This comparison confirms that
our BioES-suture can effectively convert random body movements
into stable electrical impulses. After 14 days, the implanted BioES-
suture was removed and its strength wasmeasured to be 234MPa, still
maintaining more than 90 % of its initial strength (Fig. 2h). All of these
results indicate that the BioES-suture can be used for muscle suturing
and can provide adequate sewing strength and electrical stimulation
during the muscle recovery period.

Assessment of the effects of electrical stimulation on behaviors
of fibroblasts
Next, we established an in vitro wound model to assess the effective-
ness of ES that was produced by BioES-suture in promoting simulated
wound healing (referred to as the BioES group) (Fig. 3a and Supple-
mentary Fig. 13)43. NIH 3T3 fibroblasts were chosen as the model cell
line since fibroblasts play a crucial role in wound migration and tissue
remodeling. For the BioES group, the electrical signal which was gen-
erated by BioES-suture provided continuous and stable ES to the sti-
mulation electrode at the bottom of the petri dish, and no ES was
applied to the control group. In the BioES group, efficient migration of
NIH 3T3 cells could be achieved within 24 h, which was significantly
faster than that of the control group (Fig. 3b and Supplementary
Fig. 14). Quantitative analysis also confirmed that the cells exposed to
ES exhibited a significantly higher rate of migration (Fig. 3c). Image J
was used to calculate the cell-free area in the microscope images. The
original relative wound area was approximately 69.3%, but 24 h later,
due to the imposed ES effect, the cells in the BioES group migrated
faster, with a wound coverage of approximately 10.8 % compared to
32.6 % in the control group (Fig. 3d).

Fig. 2 | Electrical performance and degradative characteristics of the BioES-
suture. a Side view of the experimental setup to measure the output performance
of the BioES-suture (white color) in water. Scale bar: 2 cm. b Voltage output of the
BioES-suturemeasured in air andwater, respectively. cKPFM images describing the
difference in surface potential of the PCL layer before and after contact with PLGA
layer. d COMSOL simulation of the distribution of the electric potential generated
by the suture at the wound site. The circles represent BioES-sutures, the rectangle
represents the incision and the white lines represent the EF of the BioES-suture.

e SEM images of the natural degradation process ofMg electrode and BioES-suture
during the muscle recovery period. Scale bar: 40μm. f Optical image of the BioES-
suture at the implanted site of an SD rat (red dotted frame). Scale bar: 3 cm.
gVoltage output recorded from the BioES-suture in vitro (top) and in vivo (bottom)
for 14 days, respectively. n = 3 independent samples, data represent mean ±
standard deviation. (h) Tensile strength of the BioES-suture before and after
implantation for 14 days.
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Furthermore, the proliferation of fibroblasts in the BioES group
and the control group was investigated. The same concentration of
cells was cultured in the two experimental setups. After 72 hours of
incubation, we performed immunofluorescence staining for Ki67
(Fig. 3e) and quantified the proportion of Ki67-positive cells and the
relative fluorescence intensity of Ki67 in each group (Fig. 3f). The cell
nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) and
examined using confocal laser scanning microscopy (CLSM). The
results indicated that the BioES group had a significantly higher
proportion of Ki67-positive cells (56.8%) and relative fluorescence
intensity of Ki67 compared to the control group (39.5%). This sug-
gests that BioES-suture enhanced cell proliferation, thereby pro-
moting wound healing. In addition, CCK-8 was used to detect the
absorbance at 450 nm at different time points. With the increase of
stimulation duration, the variation in absorbance between the two
groups became more significant, indicating enhanced cell viability
and proliferation (Supplementary Fig. 15). The changes in cell
metabolism were further detected by ELISA assay. Three growth
factors, including epidermal growth factor (EGF), vascular endothe-
lial growth factor-A (VEGF-A), and transforming growth factor-beta
(TGF-β), were tested in the supernatants of cell culture solutions at
24 h, 48 h, and 72 h after applying the ES, respectively (Supplemen-
tary Fig. 16). Compared with the control group, the expression of the

three growth factors was significantly enhanced in the cells of the
BioES group. As a conclusion, the results of the in vitro traumamodel
suggest that the electrical output generated by BioES-suture can be
applied by stimulating (Mg) electrodes on the injured tissue. This
electrical stimulation can accelerate cell migration and proliferation
by promoting the expression of growth factors and thus providing a
strong contractile force for acute wound healing.

We further conducted in vitro experiments to verify the
antibacterial capabilities of the sutures by immersing ordinary
surgical sutures (control group), BioES-suture (Bio group) and
electricity-producing BioES-suture (BioES group) in Staphylo-
coccus aureus and Escherichia coli cultures for 24 h. After incu-
bation, these sutures were stained with Calcein-AM/PI dyes to
label live bacteria (green) and dead bacteria (red), thus verifying
the in vitro bacterial inhibition capabilities of the different groups
(Supplementary Fig. 17a). The relative fluorescence intensity of
dead S. aureus and E. coli on BioES-suture showed no significant
statistical difference compared to the ordinary surgical sutures
(Supplementary Fig. 17b). However, electricity-producing BioES-
suture exhibited a significant inhibitory effect on bacterial
growth, suggesting that the electrical stimulation provided by the
BioES-suture has the potential to provide an antimicrobial effect
during the wound healing process.

Fig. 3 | Assessment of the effects of electrical stimulation on behaviors of
fibroblasts. a Schematic diagram of BioES-suture generating ES to promote cell
migration and proliferation. b Microscopic images of the scratch assay. The cells
were stimulated with or without ES. The cells were stimulated for 1 h, and images
from two group were captured 24 h later. Scale bar: 100μm. c Cell migration dis-
tances at different time points after performing the scratch assay. n = 3 indepen-
dent samples. (d) Relative wound area from the group with and without ES in the

scratch assay. n = 3 independent samples. (e) The immunofluorescence images of
Ki67-stained fibroblasts show the proliferation status of two groups. The cells were
stimulated for 1 h at 12 h intervals and were captured 72 h later. Scale bar: 100 μm.
(f) The relative fluorescence intensity of Ki67 and proportion of Ki67-positive cells
in each group. All statistical analyzes were performed by one-way ANOVA, data
represent mean± standard deviation, *p <0.05, ***p < 0.001.
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Verification of BioES-suture in accelerating wound healing
in vivo
To evaluate the therapeutic effect of BioES-suture in vivo, we used
Sprague-Dawley rats as the animal model. BioES-suture was used to
treat bleeding muscle incisions of rats, promoting injury repair
through tight suturing as well as ES action (Fig. 4a). The other two
groups were treated with bioabsorbable suture (Bio-suture) and no
suture (control). To further understand the role of ES onmuscle repair,
we measured electromyographic (EMG) signals in the three groups
(Supplementary Fig. 18a, Supplementary Movie S2). The results
showed that the intervention of ES significantly elevated the signal
intensity of EMG, while the signal intensity was basically the same in
the Bio-suture and control groups (Fig. 4b and Supplementary
Fig. 18b). This demonstrated that BioES-suture generated electrical
stimulation under the mechanical movement state, which activated
calcium signaling (VGCC) and triggered Ca2+ influx via voltage-gated
ion channels44, thus generating stronger EMG signals and promoting
cellular secretion of endogenous growth factors (Supplementary
Fig. 19 and Supplementary Note 2). The recovery was observed by
detaching the sutures and extracting traumatizedmuscles of the three

groups after 10 days (Fig. 4c). The muscles of the control group
showed an abnormal blood-red color, indicating that themuscle tissue
was severely infected. indicating that thewoundhadbeen tightenedby
the sutures to halt the bleeding.

To further confirm the efficacy of BioES-suture in the wound
regeneration and tissue remodeling processes, we stained the
muscle trauma tissues of the three groups with hematoxylin eosin
(H&E) and Masson trichrome (Masson) (Fig. 4d). As the results
showed that there were still muscle deficiencies on the traumas of
the control and Bio-suture groups, especially the control group
still had clear scratches. Compared with the other two groups,
BioES-suture improved tissue migration from the wound bed,
with faster wound regeneration and almost complete wound
healing throughout the experiment, which was consistent with
the scratch assay in vitro. In Masson staining, collagen deposition
was evident in the BioES-suture group, with most of the recon-
struction being normal muscle, indicating that it was in the
remodeling phase of the normal wound healing process. In
addition, the healed muscle tissue in the BioES-suture group did
not show significant fibrosis, whereas the Bio-suture group

Fig. 4 | Verification of BioES-suture in accelerating wound healing in vivo.
a Schematic showing how BioES-suture promoted muscle wound healing.
b Comparison of electromyography (EMG) signals in three groups. Including the
unsutured (control) group, the bioabsorbable suture (Bio-suture) group and the
BioES-suture group. c Representative optical images of wound areas after 10 days
of recovery in each group. Scale bar: 500μm.dH&E andMasson staining images of
tissue sections the wounds and adjacent muscle areas. Scale bar: 100μm.
e Immunohistochemistry staining images ofmultiple growth factors including EGF,

TGF-β, and VEGF-A. Scale bar: 100μm. f Analysis of the wound closure rate after
10 days of recovery in each group. n = 4 independent samples. The box represents
the 25–75% confidence interval, the triangle represents the mean, the error bars
represent the standard deviation, and the horizontal line in the box represents the
median. g Immunofluorescence score of the various growth factors expressed in
each group. n = 4 independent samples. All statistical analyzes were performed by
one-way ANOVA, data representmean± standard deviation, **p <0.01, ***p <0.001.
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proliferated fibrotic tissue (Supplementary Note 3). The wound
closure was compared with the original size of the wound
(Fig. 4f). The wound closure rates (%) were 60.4%, 82.2% and
96.5% for the control, Bio-suture, and BioES-suture groups,
respectively. These results confirm the effectiveness of BioES-
suture in promoting tissue regeneration and repair for acute
wounds and the applied electrical stimulation could reduce the
tendency of fibrosis in the healed tissue to some extent.

To understand the changes in cellular metabolism during the
recovery period ofmuscle wounds, we investigated a variety of growth
factors associated with wound healing, including EGF, TGF-β and
VEGF-A. The distribution of these key growth factors was assessed by
immunohistochemistry (IHC) (Fig. 4e). IHC staining images showed
the overall expression distribution of the various growth factors,
indicated in dark brown color. In general, the IHC results indicated
significantly enhanced secretion of EGF, TGF-β and VEGF-A in the
BioES-suture group compared to the other two groups. Integrated
optical density (IOD) curve analysis was subsequently performed to
quantify the intensity of growth factor expression (Fig. 4g). The aver-
age IOD of EGF, TGF-β and VEGF-A in the BioES-suture group was 0.41,
0.39 and 0.33, respectively, which was higher than that in the Bio-
suture group (0.30, 0.32 and 0.29) and the control group (0.25, 0.27
and 0.22). In addition, the expression of the three growth factors was
higher in the Bio-suture group than that of the control group, sug-
gesting that mechanical regulation could also promote tissue regen-
eration as well as play an essential role in angiogenesis and healing
metabolism. These findings illustrate that the electromechanical
synergistic effects of BioES-suture have amore extraordinary ability to
remodel new tissue and accelerate healing metabolism for effective
wound healing.

Intervention mechanisms and recovery evaluation of
wound repair
The mechanism of accelerated wound healing by BioES-suture inter-
vention was exploited. Immunofluorescence (Supplementary Fig. 20,
21 and 22) and real-time quantitative polymerase chain reaction (RT-
qPCR) of healing muscle tissue (Supplementary Fig. 23) further
revealed higher expression levels of the three growth factors in the
BioES-suture group. Simultaneously, the phosphorylation levels of
PI3K, ERK, and Akt were elevated in the BioES-suture group (Supple-
mentary Fig. 24, 25, and 26), which was attributed to the fact that
electrical stimulation elevated the expression of growth factors and
thus increased the phosphorylation of downstream Shc-Grb-Sos
complex and PI3K to enhance the phosphorylation levels of ERK and
Akt45. Moreover, RT-qPCR of fibroblasts further showed the regulation
of three growth factor secretion by calcium channels, suggesting that
electrical stimulation may promote tissue repair by affecting the
opening of calcium channels to enhance expression of relevant growth
factors (Supplementary Note 2). Therefore, the mechanism of accel-
erated wound healing by BioES-suture could be summarized in the
following two aspects: firstly, BioES-suture generates an applied elec-
tric field along the direction of the endogenous electric field for elec-
trical stimulation (Supplementary Note 4), which enhances the
secretion of the three growth factors at the wound site (Fig. 5a). Sec-
ondly, the enhanced expression of growth factors in response to
electrical stimulation upregulated the PI3K/Akt/mTOR and MAPK sig-
naling pathways, thereby promoting cell migration, proliferation and
extracellular matrix (ECM) deposition to accelerate wound heal-
ing (Fig. 5b).

Subsequently, we assessed the status of wound healing. Angio-
genesis and inflammatory cell infiltration were verified in vivo using
CD31/α-smooth muscle actin (α-SMA) and CD3/CD20 immuno-
fluorescence staining. Immunofluorescence staining of α-SMA-
positive (green) and CD31-positive (red) tissues showed that angio-
genic areas were significantly enhanced in the BioES-suture group

compared to the other groups (Fig. 5c). The percentage of CD31- or
α-SMA-positive areas were highest in the BioES-suture group, sug-
gesting an increased level of vessel formation during the healing
period (Fig. 5d). Double immunofluorescence staining by t-cells
marked CD3 (red fluorescence) and b-cells marked CD79α (green
fluorescence) revealed that BioES-suture group had less inflamma-
tion infiltration of the healing muscle tissues than the other groups
(Fig. 5e and Supplementary Fig. 27). In particular, the infiltration of
t-cells and b-cells decreased by 85.4% and 73.7%, respectively, com-
pared with the control group. These results indicated that the BioES-
suture group passed through the inflammatory phase faster than the
other groups and rapidly transitioned to the migration and
remodeling phase.

Furthermore, we established a rat infected wound model to vali-
date the antimicrobial properties of BioES-suture. The wounds were
stitched with ordinary surgical sutures and BioES-suture, respectively
(Supplementary Fig. 28a). After one week, we observed the wound
healing outcomes and collected wound tissues for bacterial culture
and counting. We found that compared to wounds stitched with
ordinary surgical sutures, those stitched with BioES-suture exhibited
better healing outcomes, with significantly lower bacterial culture
counts in the wound tissues. To compare with other clinical methods
for preventing postoperative infections, we created another batch of
rat models using the same approach. We employed one of the most
common measures for postoperative infection prevention-wound
disinfection-by disinfecting the wounds daily. After one week, we
observed the wound healing outcomes and quantified the bacteria in
the wound tissues. We found that in rats treated with BioES-suture,
even without daily wound disinfection, the bacterial count in the
infected tissue remained at a low level, comparable to the bacterial
count in the wound tissue of rats sutured with ordinary sutures and
subjected to daily wound disinfection (Supplementary Fig. 28b). This
indicated that BioES-suture could effectively reduce the severity of
postoperative infections, thereby reducing the risk of postoperative
infections.

Discussion
In conclusion, we present a bioabsorbable electrical stimulation
suture (BioES-suture) that accelerates muscle gashes healing by
converting the mechanical energy of movement into effective elec-
trical stimulation. The suture was mechanically tested to exhibit
sewing strength up to the standard of commercial sutures. Simulta-
neously, the modified melt-spinning allowed the sheath to tightly
encapsulate the pre-assembled core fiber, enabling BioES-suture to
produce a sensitive electrical output during the healing period.
Therapeutic experiments in vivo and in vitro have demonstrated that
the suture can generate the endogenous electric field at the wound
for electrical stimulation, thereby promoting cell proliferation and
migration to accelerate wound repair and reduce the risk of infec-
tion. In addition, the component units of BioES-suture are fabricated
from biocompatible and biodegradable materials, and can be safely
applied to suture in vivo without the need for secondary surgical
removal. Therefore, BioES-suture is expected to be applied to other
injuries in vivo other than muscle wounds, further boosting the
development of biomedical field.

Methods
Materials
Mg filament (200μm) was bought from Suzhou JingJun Materials
Technology Co. Ltd., China. Poly(lactic-co-glycolic acid) (PLGA, 75:25)
masterbatch was purchased from Nature Works, USA. Poly-
caprolactone (PCL, Mw= 45000g/mol) masterbatch was purchased
from Shanghai Macklin Biochemical Technology Co. Ltd., China.
Hexafluoroisopropanol (HFIP) was purchased from Shanghai Aladdin
Reagent Co. Ltd., China.
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Fabrication of biodegradable electrical stimulation suture
First, for preparation of PLGA precursor solution, PLGA masterbatch
was dissolved in HFIP with 12wt% at 60 °C and stirred for 20min to
obtain a uniform spinning solution. Second, using the Fermat spinning
equipment (TFS-700, Beijing Xinrui Baina Technology Co., Ltd., China)
to fabricate PLGA nanofibers. The applied positive and negative vol-
tage were 8 ±0.5 kV, the distance between positive and negative poles
of the needle (inner diameter 0.5 cm) was 16 cm, and the feed rate of
spinning solution was 0.015mL/h. The rotating speed of metal funnel
was 400 rpm, and the winder roller was rotated at 11 rpm. The PLGA
nanofibers were twisted around the Mg filament to produce the pre-
assemble core fiber (Mg@PLGA). Third, the fabrication of PCL sheath
was performed bymodifiedmelt-spinning. Before processing, the PCL
masterbatch was as placed in an oven (50 °C) for 4 h for removing the
moisture. At a processing temperature of about 90 °C, the pre-
assembled corefiberwasdrafted into the PCLmelt anddrawn from the
spinning needle at a drafting rate of 3m/min. After cooling, the
bioabsorbable passive electrical stimulation suture (BioES-suture) was
obtained.

Characterizationof structure, physical and electrical properties,
and degradation behavior of BioES-suture
Themorphologies of BioES-suturewereobservedusing anultra-depth-
of-field microscope (Leica DVM6, Germany) and scanning electron

microscopy (Hitachi SU8000, Japan). Mechanical properties were
measured with an electronic universal testing machine (Instron 5969,
from Instron Corporation, USA) at a tensile rate of 100mm/min.

The Keithley 6514 (from Keithley Instruments, USA) and
oscilloscope (Keysight DSOX3012T, USA) were used to test the
electrical output performance of BioES-suture in vitro and in vivo.
The process in vitro is as follows: BioES-suture was wrapped
around an artificial muscle fiber and its ends were fixed on a
stretching machine (Yangyi Machinery Manufacturing Co. Ltd.,
China). The stretcher enables the adjustment of different
stretching ratios to accurately measure the electrical signals at
different levels of contraction. Then, it was placed in different
media and measured by stretch-recovery cycle. The process
in vivo is as follows: BioES-suture was stitched into the leg mus-
cles of rats with one end of the suture exposed and connected to
an oscilloscope, and the electrical output of BioES-suture induced
by contraction-diastole of the muscle was measured during the
normal activity of the rats.

Kelvin probe force microscopy (Park NX20, South Korea) was
applied to measure the surface potential of PCL film before and after
contacting PLGA nanofibers membrane. PCL film was formed by
spreading the PCL melt in a polytetrafluoroethylene mold and cooled,
and PLGA nanofiber membrane was prepared by using an electro-
spinning machine (TEADFS-700, China).

Fig. 5 | Intervention mechanisms and recovery evaluation of wound repair.
a Wound-healing mechanism between endogenous EF and applied EF. b Electrical
stimulation activates PI3K/Akt/mTOR and MAPK signaling pathways, which pro-
motes cell migration and proliferation to accelerate wound healing.
c Immunofluorescence observation and quantification d of CD31 and α-SMA
staining in each group. CD31 and α-SMA both indicated increased angiogenesis.

Scale bar: 100μm. n = 4 independent samples. e Quantification of CD20 and CD3
positive signals, biomarkers of B and T cells, respectively, at the wound areas in
each group. n = 4 independent samples. All statistical analyzes were performed by
one-way ANOVA, data represent mean ± standard deviation, *p <0.05,
**p <0.01, ***p <0.001.
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FEM simulations of the electric field which was generated at the
suture wound were performed using COMSOL Multiphysics. Firstly, a
three-dimensional muscle suture model was modeled by COMSOL
software. Then, electrical parameters (Supplementary Table 2) were
set for different tissues or materials. After electrical field simulation
calculation, the electric field intensity across BioES-suture and wounds
was obtained.

The in vitro degradation behavior of BioES-suture was studied
using a thermostatic shaking incubator (HZQ-F100, China) with the
following conditions: PBS buffer (pH = 7.4), 37 °C, 150 rpm. Fresh PBS
was changed every three days.

Cell culture
NIH 3T3 fibroblasts (Chinese Academy of Science Cell Bank, Shanghai,
China) were cultured in Dulbecco’s modified eagle high glucose
medium (DMEM-HG, Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, USA) and 1 % penicillin/streptomycin (Gibico, USA).
L929 fibroblasts (Chinese Academy of Science Cell Bank, Shanghai,
China) were cultured in DMEM-HGmedium containing 10 % FBS and 1
% penicillin/streptomycin. The cell culture conditions were humid
incubator with 5% CO2 at 37 °C.

Biocompatibility test
All materials of BioES-suture were tested for biocompatibility. The
L929 fibroblasts were seeded into 96-well plates, 200μL per well, and
placed in a constant temperature incubator for 24 h. After removing
the culture medium, three sutures (Mg filament, Mg@PLGA fiber and
BioES-suture) were cut into 1 cm segments, and cells in different wells
were separately added different sutures. At specific time points (1 day,
3 days or 7 days), 22μL of Cell Counting Kit-8 (CCK-8, Solarbio, China)
was added to thewells to be tested, and then incubated at 37 °C for 1 h.
The absorbance was measured at 450nm to assess cell activity
according to the optical density (OD) values. The biocompatibility of
BioES-suture on L929 fibroblasts was also tested with Live/Dead
staining. Briefly, at the above specific time points, Live/Dead staining
solutions were added to the samples to be tested, and then these
samples were observed under a fluorescence microscope (BX-51,
Japan) after incubation for 15min. Moreover, the degradation solu-
tions of Mg and BioES-suture were added to the cell culture medium,
and after 24 h of incubation, Calcein/PI staining was employed to dis-
tinguish live cells from dead cells to measure the biocompatibility of
the degradation products.

Scratch assay
The NIH 3T3 fibroblasts were cultured in 6-well cell plate for 48 h. The
BioES-suture was wound around an artificial muscle fiber to generate
electricity through the stretch-recovery cycles (simulating
contraction-diastole of muscle). The other end of the suture was
placed on the bottom of a six-well plate containing NIH 3T3 fibroblasts
for electrical stimulation. Thereafter, a scratch about 500μmwidewas
made on the fibroblasts that covered the 6-well cell plate using the tip
of the pipette. The cells are intervened under different conditions. The
fibroblasts were treated by the 2.5 V ES generated by BioES-suture. The
ES were performed for 1 h at 12 h intervals.

Cell proliferation test
The NIH 3T3 fibroblasts (ATCC, CRL-1658) were cultured in 12-well
cell plate for 24 h. The 12-well cells were randomly assigned to two
groups, namely control group and ES group. The fibroblasts in con-
trol group received no intervention. The fibroblasts were treated
with the BioES-suture at voltage of 2.5 V in the ES group. The fibro-
blasts of ES group were stimulated for 1 h at 12 h intervals. After 72 h
of incubation in the cell culture incubator, cells were washed three
timeswith PBS and fixedwith 4% paraformaldehyde (Sangon Biotech,
China) at room temperature for 20min. The cells were then

permeabilized with 0.05% Triton X-100 (Sangon Biotech, China) for
10minutes and blocked with 10% BSA (Solarbio, China) for 30min.
Subsequently, the cells were incubated overnight at 4 °C with rabbit
anti-Ki-67 antibody (1:400, Abcam). On the following day, unbound
antibodies were washed off by rinsing the cells three times for 10min
each with PBS. The cells were then incubated with Goat Anti-Rabbit
IgG H&L (Alexa Fluor® 488) (1:500, Abcam) at room temperature for
1 h. Ki67 was used for immunofluorescence staining and quantified
the proportion of Ki67-positive cells and the relative fluorescence
intensity of Ki67 in each group. Finally, DAPI (Sigma-Aldrich, USA)
was applied to label nuclei and preserve fluorescence. All images
were acquired using a confocal microscope (LSM 710, ZEISS, Ger-
many). The percentage of Ki-67 positive cells was determined by
randomly counting five fields of view. At least 500 DAPI+ positive
cells were analyzed using Image J software (NIH, Bethesda, MD, USA).
CCK-8 was used to assess the viability of NIH 3T3 fibroblasts at dif-
ferent time points.

ELISA assay
For EGF, TGF-β, VEGF-A ELISA tests (Abcam, UK), samples were col-
lected from cell culture supernatant at various time points (1 day,
2 days or 3 days). All ELISA tests were performed according to proto-
cols recommended by vendors. The absorbance at 450nm was mea-
sured by microplate readers.

Bacterial Live/Dead assay
Staphylococcus aureus (S. aureus, ATCC 43300) and Escherichia coli
(E. coli, ATCC 25922) were cultured in tryptic soy broth (TSB) med-
ium for 24 h at 37 °C. Each bacterial culture was divided into three
groups, where ordinary surgical sutures, BioES-suture and electricity-
producing BioES-suture were immersed in the respective cultures.
After incubation at 37 °C for 6 h, the sutures were removed and
washed twice with PBS. The sutures were then stained in the dark for
30min with a Live/Dead™ BacLight™ Bacterial Viability Kit (Invitro-
gen, USA) containing propidium iodide (PI, 3 μL/mL) and Syto-9 (1:1).
The stained sutures were placed on microscope slides, and the
fluorescence of live and dead bacteria was observed using a fluor-
escence microscope (Ts2R, Nikon, Japan). The fluorescence intensity
of dead bacteria was measured using Image J software (NIH,
Bethesda, MD, USA).

Animal experiment
All animal experiments were performed according to protocols
approved by approved by Committee on Ethics of Donghua University
(DHUEC-NSFC-2022-43). Purchased from SiPeiFu Biotechnology Co.,
LTD (Suzhou, China), twelve six-eight-weeks-old Sprague-Dawley
female rats with an average weight of 250–300g were kept in a certi-
fied animal facility. Mice were group-housed if same sex little-mates
were available. All the samples were sterilized by UV before initiating
the experiments.

In vivo therapeutic test
Female Sprague−Dawley rats were selected for the rat experiments.
They were anesthetized with isoflurane inhalation (1.5 L/min). The leg
hair of rats was removed with an electrical hair cutter. A scalpel was
used to cut the skin of the thigh area of the rats to expose themuscles.
The muscle was then incised with a linear bleeding incision of 2 cm in
length and 0.5 cm in depth. The muscle wounds were divided into
three groups treated with different conditions: untreated (control),
bioabsorbable suture (Bio-suture) and BioES-suture. Three stitches
were performed in the muscle wound of the suture group. Skin
wounds in all groups were closed using normal commercial sutures.
During 14 days of treatment, the electromyography (EMG) signals were
recordedwith time byNeusen.U16 (ChangzhouBoruikang Technology
Co. Ltd., China).
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Histology evaluation
After 10 days of recovery, digital photographs of each wound were
captured with sutures removed to analyze the wound healing. Muscle
wounds were removed and immersed in a 10 % formalin solution,
thewound tissue with surrounding un-woundedmuscle was fixed. The
samples then underwent a general procedure (dehydration, clearing,
and embedding) for histopathological analysis. Paraffin sections
with 4 μm thickness were processed with H&E and Masson stain.
Histology images were collected on an inverted optical microscope.
Image J was used to measure areas of the wounds and to analyze the
positive expressions. Wound healing rate (%) = (wound area at day 0 –

wound area remaining wound)/(wound area at day 0) × 100 %.

Immunofluorescence staining
Serial tissue sections were processed according to the standard
immunofluorescence staining procedures, including deparaffiniza-
tion, antigen-retrieval (citrated buffer, heat-induced), permeabiliza-
tion (0.3% Triton PBST), and antigen blocking (goat serum, Cell
Signaling Technology, USA). Then, as-prepared sections were incu-
bated with antibodies, including mouse monoclonal α-SMA primary
antibody (1:200; Novus Biologicals, USA), rabbit polyclonal CD31
primary antibody (1:200; Abcam, UK), rabbit monoclonal CD3 pri-
mary antibody (1:200; Abcam, UK), and mouse monoclonal CD79A
primary antibody (1:200; Santa Cruz Biotechnology, USA).
Then the sections were PBST-washed twice and incubated with sec-
ondary antibodies (goat anti-mouse Alexa 488, donkey anti-rabbit
Alexa 555, Thermo Fisher) at room temperature before counter-
staining with DAPI. Fluorescent images were captured via Zeiss Axio
Observer 5 Inverted Phase Contrast Fluorescent Microscope. Fluor-
escence intensity was analyzed and calculated using Image J
(n = 4/group).

Calcium imaging
The changes in intracellular Ca2+ concentration were evaluated using
the calciumprobeFura-4AM.The cells were stained for 30min at 37 °C
with the probe (working concentration 3 µM) dissolved in Hank’s
balanced salt solution. Rat cardiac muscle cells were dissociated from
neonatal rats (P0-2). Images were acquired on a confocal microscope
(LSM 710, ZEISS, Germany) with a 20× objective for long-term imaging
of live cells. Time series images were acquired every 2 s for 200 cycles,
with a spatial resolution of 512 × 512 pixels over approximately 430 s.
The fluorescence intensity changes over time for each cell’s region of
interest (ROI) and background were extracted using Image J software
(Bethesda,MD,USA). In the calcium signal data presented in this study,
relative fluorescence changes (ΔF/F0) were used. ΔF/F0 = (F−F0)/F0,
where F is the current fluorescence intensity of the ROI, and the
baseline fluorescence value F0 is the average of the lowest 25% of all
fluorescence signals.

Real-time quantitative polymerase chain reaction (RT-
qPCR) assay
For in vitro experiments, NIH 3T3 fibroblasts were seeded into cul-
ture plates and divided into three groups: control group, BioES-
suture group, and BioES-suture+Verapamil group. After 24 h of cul-
tivation, the groups were treated under different conditions: no
additional treatment, treatment with BioES-suture, and treatment
with BioES-suture combined with verapamil (10 μM). After three days
of treatment, the cells were prepared for subsequent experiments.
For in vivo experiments, rats were divided into two groups. After
making surgical incisions, the wounds were closed using either
ordinary surgical sutures or BioES-suture. One week later, the rats
were sacrificed, and tissues surrounding the wound were collected
for subsequent experiments. Total RNA was extracted from the cells
and tissues according to the protocol provided by the supplier
(EZBio-science, USA). First-strand cDNA was synthesized using the

HiScript III All-in-one RT SuperMix Perfect for qPCR kit (Vazyme,
China) following the manufacturer’s instructions. The following
qPCR reactions were performed using the ChamQ Universal SYBR
qPCR Master Mix kit (Vazyme, China) in ABI PRISM 9700 PCR
machine (ABI, USA). Each RT-qPCR reaction was conducted in
quadruplicate. The resulting CT values were normalized to Gapdh
(internal control) using the 2-ΔΔCT method to analyze the
relative quantification of gene expression. RT-qPCR primer sequen-
ces are provided in Supplementary Table 3 of the supporting
information.

Infected wound model creation
Female Sprague-Dawley rats (8 weeks old, 200–300 g) were used for
the experiment. After anesthesia, a 3 cm incisionwasmade on the back
of each rat, and the wound was inoculated with 1mL of S.aureus sus-
pension (1 × 108 CFU/mL). Two days post-surgery, the wounds showed
signs of redness and swelling. The wounds were then sutured with
either ordinary surgical sutures or BioES-suture. The rats were divided
into two groups, each containing six rats, with three rats sutured using
ordinary surgical sutures and three rats sutured using BioES-suture.
One group of rats underwent routine feeding and daily activity mon-
itoring, while the other group, in addition to routine care, had their
wounds disinfected daily with povidone-iodine. All animals had free
access towater and food. After oneweek, thewoundhealingoutcomes
were observed. The rats were euthanized using an overdose of anes-
thesia, and a 2 cm× 1 cm tissue sample was excised from the incision
site. Under sterile conditions, the tissue wasminced and homogenized
in 1mL of PBS. A 100 µL of the supernatant were serially diluted 1000-
fold and evenly spread onto agar culture plates. The plates were
incubated at 37 °C for 24 h, after which bacterial colonies were
counted.

Statistical analysis and reproducibility
At least three independent experiments of each type have been done
and produced consistent results. All analysis data were expressed as
mean ± standard deviation (at least three or more independent
sample). The statistical difference among different groups was
accessed via one-way analysis of variance (ANOVA)methods. Image J,
Origin 2018b and Excel were used for data analysis and plotting.
Differences of *p < 0.05 denote significance, while differences of
**p < 0.01 and ***p < 0.001 denote high significance compared with
other groups.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
article and its Supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.
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