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Electrostimulation has been recognized as a promising nonphar-
macological treatment in orthopedics to promote bone fracture
healing. However, clinical applications have been largely limited
by the complexity of equipment operation and stimulation imple-
mentation. Here, we present a self-powered implantable and biore-
sorbable bone fracture electrostimulation device, which consists of a
triboelectric nanogenerator for electricity generation and a pair of
dressing electrodes for applying electrostimulations directly toward
the fracture. The device can be attached to irregular tissue surfaces
and provide biphasic electric pulses in response to nearby body
movements. We demonstrated the operation of this device on rats
and achieved effective bone fracture healing in as short as 6 wk
versus the controls for more than 10 wk to reach the same healing
result. The optimized electrical field could activate relevant growth
factors to regulate bone microenvironment for promoting bone for-
mation and bone remodeling to accelerate bone regeneration and
maturation, with statistically significant 27% and 83% improvement
over the control groups in mineral density and flexural strength,
respectively. This work provided an effective implantable fracture
therapy device that is self-responsive, battery free, and requires no
surgical removal after fulfilling the biomedical intervention.

nanogenerator | biofeedback therapeutics | closed-loop
electrostimulation | bone fracture healing | bioresorbable electronics

Bone fracture, a typical musculoskeletal disorder, represents a
significant problem in public health (1-3). High force impact
or stress greater than the bone bearing capacity can cause frac-
tures, while minimal trauma injury can also lead to fragility frac-
ture under certain pathologic conditions, such as osteoporosis and
osteogenesis imperfect (4, 5). Millions of people have suffered
from bone fractures, and around 6 million people each year broke
a bone in the United States alone. Fracture incidence increased
with age in both sexes, where around 9 million fractures (more
than 2 million in the United States) were related to age-related
bone fragility each year worldwide (1). The bone fragility asso-
ciated with age is a result of lower-than-normal maximum bone
mass and greater-than-normal bone loss, which increases the dif-
ficulty of self-healing after fracture and the risk of nonunion (6). In
addition, age-adjusted rates were 49% greater among women due
to the decrease in bone density occurring after the menopause
(1, 7). Bone fractures also incur tremendous costs; for example, the
costs of fragility fractures in 2005 for the United States was $16.91
billion and projected worldwide expenditure would rise to $131.5
billion for the year of 2050 (8, 9). Numerous drugs and treatments
have been developed to achieve regeneration and reproduction of
bone tissue, preventing fracture and promoting effective fracture
healing. Nevertheless, common drugs such as vitamin D and cal-
cium supplements have insignificant impacts (10), while pharma-
cological drugs (e.g., bisphosphonates, antibody romosozumab) or
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hormone therapy all have side effects and require long-term con-
tinuous treatment (11, 12). Stem cell therapy has now been showing
a big impact to nonunion bone fracture, which is still in the pre-
clinical stage and can be very costly (13, 14).

Electrostimulation (ES), simulating the endogenous electric
fields to modulate the bioelectric state and accelerate fracture heal-
ing, comes to the fore as a promising nonpharmacological treatment
in clinical practice and has been approved by the US Food and
Drug Administration (15). Pulsing electric fields with appropriate
strength and frequency can activate cell-related gene expression,
promote the proliferation and differentiation of injured tissue cells,
and actively stimulate tissue regeneration (16). However, clinically
available electrical interventions rely on large and complex equip-
ment, which require frequent clinic visits and professionally trained
clinicians to operate. State-of-the-art clinical study demonstrated
that by correlating the stimulation amplitude and frequency di-
rectly to dynamic locomotion, biofeedback ES therapy is particularly
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effective compared to conventional continuous ES for postop-
erative therapy and rehabilitation after musculoskeletal injury
(17-19). To make this approach more accessible to patients with
broken bones, implantable materials, such as bendable piezoelec-
tric bone scaffolds, have been extensively investigated for fracture
healing (14). Although these materials were found being able to
promote cell proliferation and differentiation, their electric polari-
zation came from the intrinsic material structures. Once screened,
the electric potential would not be sensed further. Therefore, these
materials were not able to actively provide pulsed ES as those re-
ceived in regular clinical treatments (20, 21). Besides, these mate-
rials are not degradable and require additional surgery to remove,
further limiting their practical application potential in fracture
healing (22, 23). Recent studies revealed that the implantable
nanogenerator (NG) could directly correlate biomedical ES to
biomechanical motions and thus achieve self-powered and self-
responsive ES with superb therapeutic results (24, 25). In vitro

study also showed that ES from an NG could offer positive ef-
fects to promote osteoblast (OB) cell proliferation and differenti-
ation (26). Herein, we present an implantable and ultraflexible
bone fracture ES device (FED) completely made of biodegradable
and bioresorbable soft and metallic materials. The triboelectric NG
(TENG) component was configured with island-bridge electrodes
and pyramidal microstructure arrays, offering excellent flexibility
and appreciable electrical output. The FED was able to attach on
irregular tissue surfaces and produce stable biphasic electric pulses
in response to the movement of the knee joint. In vivo studies on
rats showed a significantly accelerated bone fracture healing as
short as 6 wk under FED treatment. Compared to control groups,
the bone mineral density and flexural strength of the stimulation
group were improved by 27% and 83%, respectively, which was
comparable to the treatment results by clinical ES. Mechanism
study revealed that the electric field generated by FED could
simulate the secretion of multiple growth factors, facilitate OB
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Fig. 1.

Design and structural characterization of an FED. (A) Schematics of the overall FED structure (Left) and enlarged illustration of the device compo-

nents, key materials, and multilayer structures (Right). (B) Optical image of an FED (Top) being fully bended at a finger joint (Middle) and being twisted
(Bottom). (C) Top- and side-view scanning electron microscope images of the pyramid microstructures on the PLGA surface. Insets show enlarged views of a
single pyramid. (D) Three-dimensional microscope photograph showing the uniform distribution of micropyramid arrays over a large PLGA surface. (E) Height
profile along the top line of the PLGA micropyramids showing the good height uniformity. (F) FEA and experimental results of the island-bridge Mg electrode
under different pressing height. (G) Optical image of water (pink dotted frame) droplet on the hydrophobic TENG with the pressing height of 10 mm.
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proliferation, and thus promote bone formation, remodeling,
maturation, and mineralization.

Results and Discussion

Design and Characterization of the FED. As shown in Fig. 14, the
FED consisted of two modules: a TENG for electric pulse gen-
eration and a pair of interdigitated dressing electrodes providing
a spatially distributed electric field. The detailed fabrication proce-
dures of an FED are included in SI Appendix, Fig. S1. Both TENG
and the dressing electrode components were built on the same piece
of PLGA substrate. The TENG component had an island-bridge Mg
bottom electrode, on top of which the micropyramid-structured
PLGA (P-PLGA) layer was affixed with the pyramids pointing
upwards. Together, they formed the bottom triboelectric layer.
Another island-bridge Mg electrode-coated PLGA layer was cap-
ped and thermoplastically sealed on top of the P-PLGA layer,
acting as the top triboelectric layer. The micropyramid structure of
the P-PLGA could enhance the sensitivity and power generation
density of the TENG due to improvement of the contacting inter-
faces (27, 28). A pair of interdigitated Mg dressing electrodes with a
serpentine geometry was deposited 0.9 cm apart from the TENG
component and connected via two serpentine lines. The overall
dimensions of an FED were ~35 x 15 x 0.45 (L x W x T) mm®.
The island bridge and serpentine geometry can effectively pro-
mote the structure robustness, reduce the overall modulus, and
minimize constraints on the flexibility of the FED. Therefore, the
FED could be attached to irregular surfaces while subject to very
large strains, such as on a fully bended finger joint or being twisted
multiple turns (Fig. 1B).

The micropyramid structure on the PLGA surface was examined
by scanning electron microscope, as shown by the top- and side-
view images in Fig. 1C. All the micropyramids exhibited a uniform
10.5 x 10.5-um? square base with a sharp pointing tip and were
spaced 9.5 pm from each other. The large-scale uniformity of the
micropyramid array was shown by a three-dimensional microscope
scan of the P-PLGA film surface. It revealed that the height was
~8 pm with a small variation of + 0.2 pm over a 0.85 x 0.85-mm?
area (Fig. 1D). The cross-sectional height profile taken along one
scanning line further quantified the geometry of the micropyramid
array (Fig. 1E). The angle between the side and bottom surfaces
was around 59°, confirming the perfect pyramid shape. The iden-
tical and uniform micropyramid structure is critical to achieve sta-
ble performance of the TENG (29, 30).

The mechanical robustness of the flexible island-bridge Mg elec-
trode was first tested by a pressing system using a spherical plastic
ball with a radius of 4 mm (SI Appendix, Fig. S2 A-C), where the
length of Mg electrode islands (L) and their spacing in between
were both designed as 800 pm. Finite element analysis (FEA)
results of the Mg electrode under a series of tensile stresses con-
sistently demonstrated that the strain was primarily distributed on
the serpentine lines, and similar deformation behaviors were ob-
served in FEA and experimental results (Fig. 1F and SI Appendix,
Fig. S2 D and E). The strain (0.3%) subjected by the serpentine
lines was consistently smaller than the failure strain (5%) even
when the island-bridge Mg electrode film was pressed up to 10 mm,
showing its excellent stretchability. In addition, the TENG encap-
sulated by the hydrophobic PLGA layer was also repeatedly pressed
from 0 to 10 mm without any damage, which further confirmed the
excellent mechanical robustness of the TENG component while
maintaining a contact angle of 114.6° to act as a hydrophobic barrier
from body fluids (Fig. 1G and SI Appendix, Figs. S2F and S3).

Working Principle and Bioresorbable Behavior of the FED. The elec-
tricity generation mechanism of the TENG followed the vertical
contact-separation mode between the bottom P-PLGA and top Mg
triboelectric layers (31, 32), and the corresponding motion cycle
is depicted in Fig. 24. The open-circuit peak-to-peak voltages
between the top and bottom electrodes is defined as V7,,. At the
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initial stage, as the triboelectric layer is being separated, different
electronegativity between bottom Mg and PLGA could induce
positive and negative charges in Mg and PLGA, respectively
(stage i). As the device was compressed, the micropyramids were
deformed, yielding more contact area with the top Mg electrode.
The closer contact depleted more electrons from the top Mg elec-
trode and raised its electric potential (stage ii). As the deformation
maximized (stage iii), the system reached a new equilibrium, where
Vpp = 0. When the pressure was released, the pyramid structure
started to recover its original shape and thus lowered the contact
area with the top Mg electrode. Therefore, the electron depletion
strength was reduced, and an electric field was built with Vpp <
0 (stage iv). When the top Mg electrode was fully released from the
P-PLGA, a new balanced charge distribution could be built again
(Vpp = 0). Owing to the high flexible and sharp micropyramid
design, this contact-separation motion for electric pulse gener-
ation could be activated by many types of body movements, such
as muscle stretching and knee bending. This allowed us to implant
the FEDs near the fracture site providing ES to bone healing.

A mechanical linear motor was first employed to test the output
performance of the TENG at low frequencies to simulate normal
biomechanical motions. The FEDs made with different Mg island
length L (SI Appendix, Fig. S4) were tested at 1 Hz to reveal
electrode design effect. As shown in Fig. 2B, Vpp increased as L
increased from 200 to 600 pm and reached the maximum of 4.5 V
when L = 800 and 1,000 pm, then the Vpp declined to 3.2 and 1.2 V
as L further increased to 2,000 and 4,000 pm, respectively. The
decrease of Vpp could be attributed to the limited area of ball
pressing that might not activate all surface areas for charge col-
lection at large L. Taking into account the output performance and
flexibility together, the TENG with a Mg electrode size of L =
800 pm was chosen for further animal studies. The output per-
formance of this TENG was further characterized at a series of
frequencies of 0.3, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 Hz (Fig. 2C). V,,
amplitudes increased monotonically from 0.5 to 6.8 V following the
frequency increase, which could be attributed to the higher dis-
placement rate leading to more rapid charge transfer. A lifetime
test on an as-prepared FED was conducted for over 1,200 cycles
(Fig. 2D and Movie S1). The nearly constant voltage output con-
firmed the good stability of ES generation over desired operation
periods.

The FED was then implanted under the skin to test the in vivo
voltage generation capability, with the TENG fixed at the site be-
tween the knee joint and the hip (Fig. 2E). The voltage output was
monitored when the rat was at its normal activity (Fig. 2F, SI Ap-
pendix, Fig. S5 and Movie S2). It was found that the Vpp during the
rat’s normal movements had a value of ~4 V, similar to the output
induced by the mechanical actuator. This comparison confirmed
that our FED could effectively convert random body motions into
stable electric pulses. To evaluate the effectiveness of electric field
penetration, Ansys Maxwell finite element solver (AMFES) was
employed to estimate the electric field strength at the fracture site.
AMEES simulation result showed that the interdigitated electrodes
could generate a uniform electric field in its covered area (Fig. 2G).
The electric field rapidly attenuated within the first 2 mm into
the bone/tissue and slowly decayed to a low value of ~0.2 V/cm at
10-mm deep inside (Fig. 2H). The AMFES simulation suggested
that the FED could implement stable and effective electric field
stimulations into the bone when wrapped around the fractured
area. In addition, since the thickness of insulating PLGA film was
only ~200 pm, it would not induce any significant impacts to the
electric field intensity applied to the fracture site.

The degradation and bioresorption behavior of FED was then
studied in vitro and in vivo. First, the FED was immersed in a
phosphate-buffered saline solution (pH 7.4) at 37 °C to investigate
the degradation in vitro (Fig. 2I). The PLGA-encapsulated FED
was relatively resistant to water uptake and mass loss during the
first 12 wk. A remarkable mass loss and surface erosion took place
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Fig. 2. Working principle, output performance, and degradation of FEDs. (A) Schematics of the working principle of the FED device under different knee
joint motion stages. (B) Voltage output comparison of FEDs with different island length L at a frequency of 1 Hz. (C) Voltage output of FED with island length
L = 800 um at different frequencies. (D) Long-term stability test of TENG for over 1,200 cycles. (E) Optical image of an FED at the implanted site of an SD rat
(pink dotted frame). (F) Voltage output recorded from the FED driven by a mechanical linear motor (Top) and on a rat in vivo (Bottom), respectively. (G)
AMFES-simulated electrical field distribution inside a tissue (V,, = 4V at an electrode gap width of 1 mm). (H) AMFES-simulated EF strength as a function of
the depth into the tissue extrapolated from G. (/) Optical images of an FED in phosphate-buffered saline solution at 37 °C over 18 wk showing its natural

degradation process.

at the 13th week when water infiltrated into the inner structure
of the FED, followed by rapid autocatalytic hydrolysis and bulk
degradation. The entire device disappeared after 18 wk. The in vivo
biodegradation and resorption went through a similar process,
where the FED appeared stable and unchanged during the first 8
wk and then degraded and resorbed quickly within 14 wk (S Ap-
pendix, Fig. S6A4). The in vivo degradation rate was relatively faster
than in vitro, which might be related to the dynamic environment
in the animal body. To reveal the stable functional period of the
FED during implantation, voltage outputs were tested at different
time points by harvesting the implanted FEDs from the rats (ST Ap-
pendix, Fig. S6 B and C). During the first 8 wk, the implanted FED
showed a stable voltage output while the devices retained a good
structural integrity in vivo. Compared to previous reports, our device
exhibited a stable voltage output during a longer degradation time
(33, 34). This could be attributed to the island-bridge configuration,
thicker PLGA encapsulation, and the thermoplastic encapsulation
strategy. Together, they could avoid the output attenuation caused
by the encapsulation layer swelling, as well as eliminate bubbles or
defects introduced during packaging. The 8 wk of stable function
could provide sufficient ES intervention without the need of an in-
vasive surgical removal process.
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Fracture Healing by FED Intervention and Mechanism Studies. Before
the intervention test, it is critical to ensure that the encapsulation
material has an irritation-free contact with body tissue. Cytocompat-
ibility of the FED was evaluated by comparing the morphology and
proliferation of mouse fibroblast 3T3 cells cultured on an FED
encapsulated by a PLGA layer and in a reference cultural dish
for 3 d. Similar density and morphology were observed during 3
consecutive days of cell culture. Fluorescent staining images showed
that the 3T3 cellular morphology spread from single cell to cell
clusters on the encapsulation layer and the cultural dish (Fig. 34). A
3-{4,5-dimethylthiazol-2-thiazolyl }-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay was employed to characterize the viability of 3T3
cells in both groups (Fig. 3B). Compared to the normalized refer-
ence value in the culture dish, the relative viability on the PLGA
layer was higher than 90% within 3 d and reached 96% on the third
day. The normal spread and nonstagnation proliferation of 3T3
cells evidenced the nontoxicity and biocompatibility of the implanted
FED.

The in vivo FED intervention study was focused on the right
tibia of SD rats, which was fractured by three-point bending and
stabilized by an intramedullary compression screw as reported
previously (35, 36). This closed-fracture model was associated with
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only minor soft tissue trauma and could provide a stable fixation
of a standardized midshaft fracture of the tibia without affecting
normal daily activity (Movie S3). The FED was implanted in the
SD rats with working electrode wrapped around the fracture foci
of the tibia and the TENG fixed at the site between the knee joint
and the hip. The TENG harvested the knee joint motion energy to
generate biphasic voltage pulses for fracture healing. The detailed
fracture modeling and surgical procedures are shown in SI Ap-
pendix, Fig. S7. Whole-blood and chemical analysis were conducted
on rats to evaluate the biosafety of FEDs during a 4-wk implantation
period. The I group and Mg-implant group (M) were implanted by
an FED and a piece of Mg film electrode, respectively (S Appendix,
Fig. S84). The indicators of infection and immunity such as white
blood cell (Fig. 3C), hematopoietic function such as red blood cell
(Fig. 3D), and hemoglobin (SI Appendix, Fig. S8B), hepatological
function such as alanine aminotransferase (Fig. 3E) and alkaline
phosphatase (SI Appendix, Fig. S8C), and renal function such as
creatinine (Fig. 3F) and blood urea nitrogen (SI Appendix, Fig.

>
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S8D) all remained steady during the entire implantation period.
In general, all the blood testing results were within the normal
range after the device implantation and did not show any abnor-
mality (37, 38), suggesting that the FEDs and Mg electrodes are
highly biocompatible and safe. In addition, the histological re-
sponse of body tissue was investigated to evaluate the systemic
influence of the implanted device. Skin at the fracture site of the
tibia and tissues from important viscera including heart, liver, spleen,
kidney, and lung were collected at 1, 2, 4, and 6 wk postimplantation
for histological examination by hematoxylin-eosin (H&E) stain-
ing (Fig. 3G). H&E staining images of the I group and M group
(SI Appendix, Fig. S8E) showed no signs of pathological inflam-
mations or systemic immune responses such as abnormal lymphatic
cells invasion in vital organs, excluding the risks of functional dis-
order and organic lesions. Therefore, the blood analyses and H&E
results confirmed the good biosafety of the implanted FED, and
there was no adverse local response during the ES intervention by
the FED.
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Fig. 3. Biocompatibility and long-term biosafety of the FEDs. (A) Fluorescence images of stained 3T3 cells that were cultured on a regular cell culture dish
(Top) and on the surface of a PLGA-packaged FED (Bottom). (B) Comparison of normalized cell viability for 3 d showing excellent biocompatibility of the FEDs
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The bone fracture healing performance was then investigated
in three groups of rats that were fed and grown under the same
conditions. As schematically displayed in Fig. 44, Left, the rats in
intervention (I) group were stimulated by an implanted FED.
Rats in sham (S) group were implanted with a deactivated FED
device, where the dressing electrodes were disconnected from the
TENG component. The false-implant (F) group had no implanted
device. Both S and F groups were collectively referred as the
control groups. All groups were subjected the same fracture sur-
gery procedure. Clear fracture lines were observed in X-ray ra-
diographs, indicating a closed-fracture model of right tibia was
successfully created in all groups (Fig. 44, Middle). After surgery,
as well as before being euthanized, the rats were documented by
X-ray scanning to monitor the fracture healing process. Enlarged
X-ray radiographs at the fracture site from each group were recor-
ded to analyze the intervention effect at different time points, and
the rats were labeled as I, S, and F,, (n =1, 2, 3, 4, 5, 6, 7) (Fig. 44,
Right and SI Appendix, Fig. S9A).

Pathologically, the callus can be divided into the external callus
produced by the periosteum and the internal callus produced by
the fractured end and medullary cavity tissue during the process of

fracture healing. The external callus close to the bone cortex at the
broken front forms a short fusiform tube, which gradually merges
to the fracture site and forms woven bone components through
mineralization. Meanwhile, internal callus gradually transforms
into cartilage tissue and then undergoes endochondral ossifica-
tion to form cartilage internalized bone and dredge the marrow
cavity. In the X-ray radiographs, the thickening of the fusiform
short tube at the fracture and the blurring of the fracture line
reflected the formation of external callus and internal callus, re-
spectively. For group I, the fracture line started to blur at week 2,
indicating internal and external callus gradually began to form.
With the obvious increase of external callus, bridging callus was
formed in the third week. The fracture line gradually disappeared,
and the external callus maximized at week 4, which suggested the
complete infiltration of new internal callus and the simultaneous
dredging of the bone marrow. The bone remodeling phase started
at week 5, marked by the gradual decrease of the external callus,
which was gradually converted to normal compact bone from
week 5 to week 6. Similar fracture healing processes were ob-
served from both group S and F, indicating that the implantation
of FED did not alter the natural fracture healing procedure.
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Fig. 4. Bone fracture healing analyses during FED intervention. (A) A series of X-ray radiographs on the bone fracture area over time of the Intervention
group (1), sham group (S), and false-implant group (F) (n = 7). Schematics on the Left show the device setup of each group. (B) Mineral density of the fracture
area from normal (N), I, S, and F groups after sacrifice in 6 wk (n = 4). (C) Three-point bending flexural stress measurement for different groups after sacrifice
in 6 wk (n = 4). (D) Relative enhancement ratio of mineral density and bending performance in comparison to the reported results by electric intervention
(pattern, frequency, and time were shown in the black wireframe, D represents days and W represents weeks). In box plots (B and C), dot is the mean, center
line is the median, box limits are the lower quartile (Q1) and upper quartile (Q3), and whiskers are the most extreme data points that are no more than 1.5 x
(Q3 — Q1) from the box limits. n.s, **, and *** represent nonsignificant (P > 0.05), P < 0.01, and P < 0.001, respectively.
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In both control groups, the external callus began to form at week
3 and slowly evolved until week 6. However, the fracture line
persisted, and bone marrow was not dredged throughout the en-
tire 6-wk monitoring period. In addition, in the absence of elec-
trical intervention, the fracture line did not completely disappear
at week 10 and may even cause nonunion (SI Appendix, Fig. SO B
and C). It was obvious that the implanted FED significantly
accelerated fractural healing by promoting bone callus formation
and bone marrow dredging compared to the control (S and
F) groups.

To further evaluate the healing results by FED intervention,
the mineral density of the right tibia after 6 wk in I, S, and F
groups was assessed and compared to a normal (N) group that
did not receive any fracture surgery. The average mineral density
of rats in N, I, S, and F groups is 0.199 and 0.186, 0.143, and
0.147 g/em?, respectively (Fig. 4B and SI Appendix, Fig. $10). No
statistically significant mineral density was observed between
groups I and N and between groups S and F. Group I also showed
a statistically significant (P < 0.05) 27% improvement over both
control groups in mineral density. The average flexural stresses of
the tibia bone were measured from the N, I, S, and F groups by
three-point bending to reveal their mechanical property (Fig. 4C
and SI Appendix, Fig. S11). Similarly, statistically significant (P <
0.001) 83% improvement in group I (13.48 MPa) over the control
groups (7.63 and 7.36 MPa for group S and F, respectively) was
observed. Group I also did not show statistically significant dif-
ference compared to the normal group (14.31 MPa). Both results
confirmed that FED intervention could rapidly bring the fractured
bone to a healthy bone level in both bone mineral density and
bone strength, significantly superior to the natural healing results.
The fracture healing effect was further compared to other reported
results by electrical intervention based on rat fracture models
(Fig. 4D). The relative enhancement ratios of mineral density and
bending performance were calculated from the difference between
the intervention (I) and nonintervention fracture (F) groups. The
comparison showed that our implanted FED intervention largely
surpassed the performance of most previous ES methods (39-43).

To understand the accelerated fracture healing mechanism
driven by FED intervention, multiple growth factors and cells
related to bone growth were studied. Fracture healing is a unique
cascade process that reinitiates morphogenetic processes of bone
generation and mirrors the ontological events during embryolog-
ical development of the skeleton. As shown in Fig. 54, it typically
occurs in four phases: 1) the hematoma formation and inflam-
matory phase, 2) callus generation, 3) primary bone formation,
and 4) secondary bone remodeling (44, 45). In the bone fracture
healing process, OB and osteoclast cells (OC) ensure normal
bone metabolism and fracture healing through antagonistic syn-
ergy, accompanied by cell-related growth factors/cytokines regu-
lation (SI Appendix, Fig. S12). Many growth factors/cytokines,
expressed during fetal skeletal development and induced in re-
sponse to injury, were believed to have a significant role in the
process of fracture healing. These include members of the vas-
cular endothelial growth factor (VEGF), fibroblast growth factor
(FGF), transforming growth factor (TGF-f), as well as bone mor-
phogenetic protein (BMP). At the end of week 6, bones in different
groups were collected and measured by immunohistochemistry
(IHC) and immunofluorescence to evaluate the distribution of
these key growth factors to understand the FED intervention
mechanism (Fig. 5 B and C). The growth factors, blood vessels,
OB and OC were marked in 10x and 40x IHC staining images
(Fig. 5B, i through iv, SI Appendix, Fig. S13). IHC staining im-
ages (10x) displayed an overall expression distribution of various
growth factors and blood vessels (SI Appendix, Fig. S13). The cell
types and growth factor expressions were marked in 40x THC
images, where dark brown color represented the expression of
corresponding growth factors and cells were identified by colored
circles based on their distinguishing morphologies. In general, the
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IHC results showed the secretion of VEGF, FGF1, TGF-, and
BMP2 in group I were significantly enhanced compared to the
control groups (S and F groups), while there were no signs of any
growth factor expression in group N. VEGF and FGF is a major
mechanism by which angiogenesis and osteogenesis are tightly
coupled, acting as metabolic supplier and well-characterized driv-
ers during bone healing. Besides, more vascular vessels were found
around the stronger expression area of VEGF and FGF1 in group
I, indicating FED intervention could accelerate vascularization in
fracture healing process (Fig. 5B, i and ii). The synergistic se-
cretion enhancement of TGF-p and BMP2 could accelerate bone
regeneration, and thus largely enhanced OB density was observed
in group I, which could quickly start the bone remodeling phase,
leading to a higher bone mineral density and a higher bone fracture
strength (Fig. 5B, iii and iv). OC is another important sign of bone
entering the remodeling phase along with the replacement of large
fracture spongy callus by compact bone. The appearance of OC
in group I further confirmed that the fracture healing reached
the remodeling phase, while the control groups (S and F) were
still in the primary bone formation stage without the present of

Finally, receiver operating characteristic curve analysis was
conducted to quantify the expression intensity of growth factors
(46) (Fig. 5D). IHC scores were calculated by multiplying the
percentage of stained cells (0 to 100%) by the intensity of the IHC
staining (low, 1; medium, 2; and strong, 3). The average IHC
scores of group [ were 2.97, 2.98, 2.95, and 2.96 for VEGF, FGF1,
TGF-p, and BMP2, respectively, which were statistically signifi-
cantly higher than those of groups S (0.92, 0.88, 0.97, and 0.90)
and F (0.90, 0.78, 0.83, and 0.88). Similarly, the immunofluores-
cence staining images (Fig. 5C and SI Appendix, Fig. S14) showed
the secretion of VEGF (green), TGF-p (green), and BMP2 (red)
in group I were significantly enhanced compared to the control
groups (S and F groups), while there were no signs of any growth
factor expression in group N. Imagel] software was used to
quantify the expression levels of VEGF, TGF-f, and BMP based
on their fluorescent intensities (Fig. 5E). The average fluores-
cent intensities of group I were 6.1E6, 6.5E6, and 6E6 for VEGF,
TGF-, and BMP2, respectively, which were statistically signifi-
cantly higher than those of groups S (2.8E6, 2.6E6, and 2.8E6)
and F (1.9E6, 1.7E6, and 1.8E6). It is worth noting that both the
IHC scores from IHC staining and fluorescent intensities from
immunofluorescence staining of the S group is slightly higher than
those of the F group. This may be attributed to the slow degra-
dation of bioactive Mg electrode from open gaps of the discon-
nected FEDs, where the presence of Mg ions could enhance
expression of calcitonin gene related peptide and related growth
factors. As the most important cell for fracture healing and bone
regeneration, the number of active OB were counted from 40x
IHC images (Fig. 5F). The average OB counts were 125, 121,
133, and 129 in VEGF, FGF1, TGF-p, and BMP2 staining im-
ages, respectively, which were about twice those of the group S
(50, 50, 62, and 64) and group F (50, 62, 73, and 59). Meanwhile,
there were no obvious signs of any OB in group N, which only
had signs of osteocyte cells, representing the static period of bone
growth. It should be noted that although individual growth factors
have specific signal transduction mechanisms and associated re-
ceptors for realization of unique functions, fracture healing is a
complex physiological process involving multiple cells and growth
factors, and the bone tissue metabolism is cooperatively regulated
and signaled by multiple factors.

Conclusion

In this paper, we developed an effective fracture therapeutic strat-
egy with an implanted flexible and bioresorbable FED. It could
generate biphasic electric pulses in response to body movements,
such as knee bending. The TENG component in FED had an
island-bridge electrode and micropyramid structure, which rendered
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Fig. 5. Biological intervention mechanism of the FED. (A) Stages in fracture healing including a hematoma formation and inflammatory phase (i), callus
generation (ii), primary bone formation (iii), and bone remodeling (iv). (B) IHC staining images (10x and 40x) of multiple growth factors including VEGF (i),
FGF1 (i), TGF-B (iii), and BMP2 (iv). (C) Immunofluorescence staining images of VEGF, TGF-B, and BMP2. (D) IHC score of the various growth factors expressed in
different groups (n = 4). (E) Fluorescence intensity of growth factors expressed in different groups (n = 3). (F) Number of OB counted from 40x IHC staining
images (n = 4). In box plots (D and F), dot is the mean, center line is the median, box limits are the lower quartile (Q1) and upper quartile (Q3), and whiskers
are the most extreme data points that are no more than 1.5 x (Q3 — Q1) from the box limits. n.s, **, and *** represent nonsignificant (P > 0.05), P < 0.01, and

P < 0.001, respectively.

a seamless and stable contact with irregular tissue surface for
efficient biomechanical energy conversion. By optimizing the ge-
ometry of the Mg electrodes, the FED could provide 4.5 V voltage
output based on contact-separation movements, which were suffi-
cient to provide ES intervention to attached tissues to the depth of
10 mm. The entire FED was built based on biodegradable PLGA
material. It showed excellent biocompatibility and biosafety to the
biological system. When implanted at the fracture foci site of the
tibia, the FED showed a stable electrical output of 4 V for over 6
wk. Afterward, the device could gradually degrade and be resorbed
in the implantation environment without the requirement of in-
vasive surgical removal. Through in vivo rat study, we confirmed
that the FED intervention could largely accelerate the healing of
tibia fractures. FED-dressed fractures exhibited a complete recovery
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in as short as 6 wk, with statistically significant 27% and 83%
improvements over the nonintervention groups in mineral den-
sity and flexural strength, respectively. This outstanding fracture
therapeutic effect surpassed most other reported ES methods. The
enhanced secretion of VEGF and FGF1 could accelerated vas-
cularization for nutritional supply and metabolic transportation,
while more TGF- and BMP2 led to cell differentiation, bone
formation, and mineralization. Together, they promoted a rapid
bone regrowth with synergistically raised bone mineral density and
bone strength. The FED shown in this work represents a promising
example of self-responsive closed-loop ES for biomedical applica-
tions. It holds great potential toward a convenient and effective ES
therapeutic treatment for fracture healing, which may largely re-
duce the suffering of bone fracture patients.
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Materials and Methods

Details of fabrications and characterizations of the FED and the in vitro and
in vivo experiments all appear in S/ Appendix. All animal experiments were
performed following the standard protocol approved by the University of
Wisconsin Institutional Animal Care and Use Committee and the Institutional
Animal Care and Use Committee in Peking University First Hospital (201822).

Data Availability. All study data are included in the article and/or supporting
information.
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