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ABSTRACT: Implantable sensors with the abilities of real-time
healthcare monitoring and auxiliary training are important for
exercise-induced or disease-induced muscle and ligament
injuries. However, some of these implantable sensors have
some shortcomings, such as requiring an external power supply
or poor flexibility and stability. Herein, an organogel/silicone
fiber-helical sensor based on a triboelectric nanogenerator (OFS-
TENG) is developed for power-free and sutureable implantation
ligament strain monitoring. The OFS-TENG with high stability
and ultrastretchability is composed of an organogel fiber and a
silicone fiber intertwined with a double helix structure. The
organogel fiber possesses the merits of rapid preparation (1S5 s),
good transparency (>95%), high stretchability (600%), and
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favorable stability (over 6 months). The OFS-TENG is successfully implanted on the patellar ligament of the rabbit knee
for the real-time monitoring of knee ligament stretch and muscle stress, which is expected to provide a solution for real-time
diagnosis of muscle and ligament injuries. The prepared self-powered OFS-TENG can monitor data on human muscles and

ligaments in real-time.
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1. INTRODUCTION

The soft tissues in the ever-moving human body, such as
muscles, tendons, and ligaments are easily damaged in vigorous
outdoor activities.' In the absence of effective monitoring of
these injuries, physical recovery may be compromised. In severe
cases, bodily functions may be impaired. Therefore, sensors that
can continuously monitor physical properties such as pressure
and strain of human muscles and ligaments in a fast, low-cost,
and straightforward manner are essential. In this way,
individualized treatments can be developed for different injuries,
while continuous monitoring of the mechanical behavior of
tissue repair is also significant for human soft tissue
rehabilitation.” Currently, the extent of muscles and ligaments
injuries can be assessed using imaging and spectroscopy
techniques in hospitals.”® However, these instruments are
bulky, power-wasting, and limited in continuous monitoring.7
The desire for a better solution drives research into implantable
sensors for continuous and real-time healthcare monitoring.®
Traditional implantable devices require surgical implantation
of bulky devices and regular battery replacement.”'® However,
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rigid power modules including sensing units and control
electronics may result in some mechanical mismatches between
devices and body tissue. Adverse effects such as scarring or
inflammation in severe cases may occur.' ~'* The operational
life of an implantable sensor is usually determined by the battery
life.'"'® Therefore, self-powered methods are needed to
optimize some implantable sensors.

It is necessary to choose a stretchable material to integrate the
devices into soft biological structures.'” In recent years, soft and
stretchable polymeric materials have been utilized in flexible
implantable sensors.'*™>' Many flexible implantable medical
devices have been developed to rapidly diagnose and
continuously monitor critical vital signs, which can provide
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Figure 1. Application and architecture of the OFS-TENG. (a) Concept of applying OFS-TENGs implants in the human body. (b) Magnified
schematic of the sensor implantable in the knee. (c) Architecture of the OFS-TENG. (d) Images of the OFS-TENG and the inner core structure

and stretching.

important medical information about various related dis-
eases.'“>™>” However, many other challenges need to be
overcome to make implantable sensors suitable for widespread
applications. For example, innovations in material and device
design must enable flexible implantable sensors to be volume-
controllable, energy autonomous, and sutureable.”* The
accuracy and precision of the data during the measurement
process also need to be improved.”® Moreover, some concerns
still exist in the cost, biocompatibility, and stability of
materials.”” Therefore, a stretchable, power-free, and stable
sensor system is urgent for continuous healthcare monitoring,*

The triboelectric nanogenerator (TENG) originating from
Maxwell’s displacement currents is based on the coupling effect
of triboelectrification and electrostatic induction.” ~>* Tt can
convert external mechanical signals into electrical signals.*>*®
The wide range of material options and simple design structures
of TENG provide a platform for flexible and stretchable self-
powered sensors.””*" The selection of stable and stretchable
electrodes is crucial in self-powered implantable sensors based
on flexible TENG.?” As a widely used electrode materials in
flexible and stretchable TENG, ion gel electrodes exhibit both
high conductivity and high stretchability.**~** However, most of
the reported hydrogels cannot meet the long-term stability
requirements due to the volatilization of water from the
hydrogels, which will further degrade the performance of the
devices.*”**™* In addition, when the hydrogel is combined with
metal wires, the presence of water and oxygen can accelerate the
corrosion of these metals and reduce the service life.*’
Therefore, it is necessary to design stable, stretchable, and
conductive gels as the electrode for flexible and stretchable
implantable sensors.

In this study, an organogel/silicone fiber-helical sensor based
on TENG (OFS-TENG) with stability and stretchability are
constructed for implanted real-time ligament strain monitoring.
The functional organogel fiber as the electrode is obtained under
ultraviolet (UV) light irradiation.*® The preparation conditions
are straightforward and fast, and the organogel has good
properties. Furthermore, systematic ex vivo and in vivo tests
demonstrate that the OFS-TENG is biocompatible. The OFS-
TENG is successfully implanted on the patellar ligament of a

rabbit knee. The output of different frequencies and bending
angles is continuously monitored when the rabbit bends the
knee. The OFS-TENG shows good sensitivity and stability,
which provides a broad platform and prospect for implantable
self-powered sensors, wearables, and health monitoring.

2. RESULTS AND DISCUSSION

2.1. Application Outlook and Architecture of the OFS-
TENG. The self-powered implantable ligament strain sensor is
fabricated based on the TENG technology."” Benefiting from
the stability and stretchability of the organogel, the sensor can be
well sutured to the muscles and ligaments. The movement of the
muscle and ligament in the body can be monitored in real-time,
which affects the rehabilitation training of the injured ligaments.
Figure 1a indicates that the OFS-TENG can be used for muscle
and ligament stress and stretch monitoring in various parts of the
human body. As shown in the enlarged view of Figure 1b, the
sensor can be implanted on the patellar ligament to output
electrical signals under the movement of the human body. The
sensor is compressed and stretched by the quadriceps and
patellar tendons, and the quadriceps femoris and ligaments,
respectively. Under the joint action of the muscle tissue, the
sensor can finally obtain a real-time sensing signal which can be
used to assess damage of muscle or ligament.

Figure 1 panels ¢ and d show the detailed structural
information on the OFS-TENG. The experimental section and
Supporting Information, Figure S1 show the specific preparation
process of the OFS-TENG. The helical inner core of the OFS-
TENG consists of organogel fiber (as a conductive electrode)
and silicone fiber (as a dielectric layer). The organogel and
silicone fibers with the same diameter are helically wound and
encapsulated in a silicone tube (eco-flex). Eco-flex is verified as
the encapsulation tube due to its outstanding stretchability,
good waterproofness, and biocompatibility.”* The combined
effect of triboelectrification and electrostatic induction occurs
during the contact and extrusion of the two fibers inside the
sensor. The movement of ligaments, muscles and soft tissue
surrounding the sensor can be sensitively monitored.

2.2, Characterization of the Organogel and OFS-TENG.
As an essential electrode of the OFS-TENG, a conductive,
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Figure 2. Characterization of the organogel and OFS-TENG. (a) Reactants required for organogel preparation. (b) Electrochemical impedance
spectroscopy of organogel. Inset photograph is the conductivity of organogel. (c) Real-time resistance variation of organogel under different
tensile strains. (d) Solvent retaining property of organogel after six months. The inset photo compares the conductivity of the organogel after six
months. (e) A comparison of ultraviolet—visible transmittance spectra of the organogel after six months. The inset is a photo of the organogel
after six months. (f) Tensile stress—strain curves at different strain rates of the organogel. (g) The tensile curve of the OFS-TENG. Arrow
indicating part is the tensile failure of organogel fiber inside the OFS-TENG. The stretching rate is fixed at 50 mm min™". (h) Loading—
unloading tensile curves of OFS-TENG at 25—150% strains. (i) Correlation between Young’s modulus and strain rate of the OFS-TENG.

stable, and ultrastretchable organogel is prepared. As shown in
Figure 2a, the 4-acryloylmorpholine monomer (ACMO) and
the solvent propylene carbonate (PC) are mixed in a particular
proportion. Then, the mixed solution is cured in the mold by UV
light irradiation (365 nm, 48 W) for 15 s after adding
photoinitiator (184) and cross-linking agent (PEGDA). The
addition of the ionic conductor lithium bis-
(trifluoromethylsulfonyl)imide (LiTFSI) increases the con-
ductivity of the organogel. Figure 2b shows a lower impedance
of the organogel. Moreover, the insets in Figure 2b show that the
organogel can act as a wire to form a complete circuit to light an
LED in the presence of an external power source which also
demonstrates the good conductivity of the organogel. The
output stability during the stretching process of the OFS-TENG
is essential. Therefore, it is necessary to monitor the real-time
resistance change of the organogel under tensile strain. As shown
in Figure 2c, the organogel is stretched to 600% with a resistance
change rate of 2. Therefore, resistance change rate can be
ignored in the human body, where the stretching range is
relatively limited."”

Here, the organogel is used to evaluate stability of the OFS-
TENG. The stability is obtained by changing the ratio of ACMO
to PC and photocuring time (Figure S2a,b). As shown in Figure
2d, the change rate of organogels’ solvent of propylene
carbonate (water-free) content within half a year is compared.
Here, the propylene carbonate is an organic solvent with a high
absorption capacity for carbon dioxide.”” The organogel can
absorb the water vapor in the air. 305! Therefore, during the first
few months, the organogel gains some weight due to the

absorption of moisture and carbon dioxide from the air. In the
sixth month, the water absorbed in the organogel and some
solvents start to evaporate leading to a decreasing trend in the
weight of the organogel. The weight can still be maintained at
more than 95%. The results show that the organogel has good
organic solvent retaining ability. The inset in Figure 2d shows
that the conductivity of the organogel decreases about 10-fold
after six months. As shown in Figure S3, the stress—strain
properties of the organogels after 15 days are compared.
Furthermore, the stretchability of the organogel after three
months is demonstrated (Movie S1), which suggests that the
mechanical properties of the organogel are relatively stable.
More applications can be developed when the organogel is more
transparent. Here, the transparency of the organogel is
compared after half a year. The transmittance of the organogel
decreases in the range of 400—550 nm (Figure 2e), which may
be attributed to the photoinitiator in the organogel responding
to the light below the wavelength of 400 nm. Moreover, it can be
seen from the inset that the organogel has only a slight yellowing
after half a year.

In practical applications, the strain rates have great influence
on the Young’s modulus and the strain of the organogels.
Therefore, the mechanical behaviors of the organogels at
different strain rates ranging from 0.049 s™' to 4.762 s™" are
investigated (Figure 2f and Figure S4a). The Young’s modulus
shows an increasing trend in the strain range even at high strain
rates. In other words, the tensile stress and strain of the
organogel increase linearly within a specific stretching range,
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Figure 3. Mechanism and performance of the OFS-TENG. (a) Schematic diagram showing the two states of a double helix structure fibers when
stretched. (b) Microscopic images of the two states of the double helix structure fibers under stretching corresponding to the fiber behaviors in
panel a. Working mechanism of the OFS-TENG in stretching (c) and compressing (d) mode. (e) Output comparison of the sensor under
different stretching states. (f) Stability of the OFS-TENG with stretching at 50%. (g) Different voltages of OFS-TENG under different force
loads. (h) Comparison of the output of the OFS-TENG under different bending angles. (i) Output of OFS-TENG bending at 90° under different
frequencies (0.5—3 Hz). (i) Stability of the OFS-TENG under the bending angle of 180°.

which indicates the obvious elastic deformation of the
organogel.

As shown in Figure 2g, the mechanical properties of the OFS-
TENG are investigated through the stress—strain curves. It can
be seen that the fracture strain of the internal organogel is about
600% at the position marked by the arrow, which corresponds to
Figure S2a. Therefore, the maximum strain of the sensor is
limited at 600%. Figure 2h shows the stretching and releasing
process of the sensor under different tensile strains ranging from
25% to 150% at a strain rate of SO mm min~". The self-recovery
properties of the sensor are quantitatively evaluated. It can be
seen that the stretching curve of the sensor has a small hysteresis
loop and can quickly return to its initial state, which verifies that
the sensor has a good recovery within a specific stretching range.
The strain and the Young’s modulus of the OFS-TENG are
verified at different strain rates stretched at 300% (Figure 2i and
Figure S4b). It is proven that the sensor has good mechanical
properties within a certain strain range.

2.3. Mechanism and Performance of the OFS-TENG.
Figure 3 panels a—d show the interaction mechanism of the
OFS-TENG during the stretching and compressing process.
The OFS-TENG is stretched from the initial diameter r, to a
certain diameter r (r < r,) along the x-axis direction (Figure 3a,b
and Movie S2). Moreover, the two double helical fibers are

gradually straightened out and become closer to each other,
which decreases the distance of the initial clearance from A, to 4,
finally becoming 0, as shown in Figure 3a,b (state i, ii). For better
understanding, the entire stretching process is divided into three
stages in more detail. The schematic diagrams of the cross-
section of the two lines during the stretching process are shown
in Figure SSa. The two fibers are gradually straightened and
drawn closer together in the process of stretching, leading to the
gradually increase of the contact area. The mechanism of the
compression process is similar to the stretching process. Figure
SSb shows the gradual compressive process of the two fibers
along the y-axis direction. The cross-sectional area does not
change (S,), but the contact area gradually increases. To support
the proposed mechanism of the force-bearing process, the
pressure between the organogel and the silicon fiber is simulated
by COMSOL software (Figure S6a,b).

As shown in Figure 3c,d, the mechanism of charge generation
of the two operating modes is discussed. There is a small gap
between the organogel fiber and the silicone fiber. As shown in
Figure 3¢, once the OFS-TENG is stretched to the maximum,
the organogel fiber ultimately contacts with the silicone fiber,
and a positive charge is generated at the interface. The same
amount of negative charges in the silicone fiber are generated.
Due to electrostatic balance, no electrons flow in the external
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Figure 4. Biocompatibility and demonstration of the OFS-TENG ex vivo. (a) Fluorescence images of cardiomyocytes. Scale bars: 100 ym. (b)
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TENG under repeated bending and stretching cycles of the pork meat at a different frequency. (e) Output of the embedded OFS-TENG under

different implanted depths.

circuit, as shown in Figure 3c(i). The eco-flex and organogel are
moved away from each other after the tensile force is released.
The positive charges of the conductive organogel reduce to
compensate for the electrostatic charge on the silicone fiber
surface, balancing the negative charge and reaching an electrical
equilibrium state. During this period, electrons flow from the
conductive copper wire to the organogel, generating an
instantaneous current (Figure 3c, from (i) to (ii)). When the
stretching state is wholly released, eco-flex and organogel are
completely separate. Equilibrium is re-established, and the
electrons will stop moving (Figure 3c (iii) ). The positive charges
induced on the copper are decreased after restretching, causing
the electrons flowing to the ground (Figure 3c, from (iii) to
(iv)). The OFS-TENG continuously generates alternating
current by repeated stretching and releasing, resulting from
the periodic operation of eco-flex and organogel contact
separation process. Likewise, the working mechanism of the
current generated by the compression process is similar to the
stretching process (Figure 3d).

A series of optimization experiments are conducted (Figures
S7-S9). Figure S7 shows that the sensors with 0, 1, 2, and 3
turns per centimeter of the two helical fibers are tested to
evaluate the electrical performance according to the applied
strain at 100%. The electrical performance of the sensor with 3
turns per centimeter of the two helical fibers is relatively better,
which may be due to its largest effective contact area during
tensile contact process. It is verified that the output of the
internal fiber structure is optimal at the double helical design
(Figure S8). The contact area becomes larger with an increasing
diameter under the same applied load, resulting in an increased
output of the OFS-TENG (Figure S9). The specific structure
can be selected according to the later application and the
particular implantation site. The organogel fiber with a diameter
of 0.8 mm and a silicone tube with an inner diameter of 1.8 mm
are chosen as the inner core and encapsulation tube of the final
OFS-TENG structure for implantation into the rabbit patellar
ligament.

As shown in Figure 3e, the electrical output of the OFS-
TENG gradually increases as the tensile strains increase from
25% to 150%. The voltage increases from 0.05 to 0.7 V, which
may be due to the contact area gradually increasing as the tensile
strains increase. The electrical output of the OFS-TENG is
tested to evaluate the stretched stability of the sensor. The
electrical output remains stable after stretching to 50% for
30000 cycles (Figure 3f). The electrical output of the OFS-
TENG is investigated under different loading forces (Figure 3g).
The electrical output shows an increasing trend with the increase
of the external force. Furthermore, as shown in Figure 3h,j and
Figures S13 and S14, the output and stability of the OFS-TENG
under different bending angles are investigated. The primary
mechanism of the OFS-TENG at a small bending angle is the
tensile mode. The upper and lower tube walls with a sizable
bending angle have a compressive force on the electrodes,
resulting in a greater increase in electrical output. As shown in
Figure 3i, there is no significant output change when the bending
frequency is varied from 0.5 to 3 Hz. The stability of the sensor is
tested more than 30 000 times. Figure 3j shows that the OFS-
TENG still performs well even after multiple bending at 180°.
The output of OFS-TENG after six months has been tested. The
organogel was put at room temperature for six months, after
which it was prepared and stretched at 50%, and the OFS-TENG
electrical properties were tested. It can be seen from Figure S15
that the electrical output can maintain nearly 90% of its original
output performance, verifying the good stability property of the
organogel again.

2.4. Biocompatibility and Demonstration of the OFS-
TENG Ex Vivo. The biocompatibility of the sensor and its
electrical performance for implantation ex vivo is demonstrated.
The proliferation of cardiomyocytes is investigated by
fluorescent microscopy.”” Figure 4a shows the fluorescent
images of living cardiomyocytes that are cultured on the sensor
for 1, 3, 5, and 7 days stained with FDA. The comparison chart
shows that the OFS-TENG provides many adhesion sites for
cells. The cardiomyocytes are adhered to the sensor surface and
have a good tendency to proliferate. It can be seen that the cell
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Figure S. Application demonstration of the OFS-TENG in vivo. (a) Flow diagram of data acquisition and processing for strain monitoring in
rabbits with the implanted sensor. (b) Photos of the OFS-TENG implanted on the patellar ligament of the rabbit knee and (c) after suturing. (d)
The output of the implanted OFS-TENG under repeated bending and stretching cycles of the rabbit leg at a different frequency (~0.4 and 1.5
Hz). (e) Comparison of the output of the implanted OFS-TENG under repeated bending and stretching cycles of the rabbit leg at different
bending angles. (f) Stability of the implanted OFS-TENG after 7 days. (g) Photographs and (h) quantitative analysis of H&E staining of
biological tissue implanted in rabbit after 4 weeks. (i) Photographs and (j) quantitative data of immunofluorescence analysis of biological tissue

implanted in rabbit after 4 weeks.

density gradually increases. The good cytocompatibility of the
OFS-TENG is verified. The sensor can provide a suitable
microenvironment for cell adhesion and proliferation. In
addition, metabolic CCK-8 assay is further used to measure
the cell proliferation of cardiomyocytes in the presence of the
sensor, which further compares with that of the positive control
group. As can be seen from Figure 4b, cardiomyocytes
constantly proliferate well on the sensor surface within 7 days.
The observation of fluorescence images and CCK-8 assay results
show no cytotoxicity of the OFS-TENG.

To demonstrate the stability of the OFS-TENG in water and
ex vivo. Figure S16 shows that the sensor has a stable voltage
output underwater. The output of the sensor decreases with the
increasing of depth underwater. The pressure of water only
reduces the gap between the two fibers inside the sensor,
resulting in that the electrical performance remains stable. The
pressure on the sensor increases with the increasing of depth of
the water, which gradually reduces the distance between the two
friction materials inside the sensor. Therefore, the output under
the same tensile force becomes smaller with the increasing of
depth underwater.

As shown in Figure 4c—e, the OFS-TENG is sutured with
both ends embedded in a piece of pork for the ex vivo
demonstration. The stable sensing performance under different
frequencies with the same bending angle at 60° of the pork is
obtained (Figure 4d). When the pork is at the same bending
angle, the bending angle of the sensor will increase with
increasing implanted depth, which will result in a better

performance (Figure 4e). The final output shows an increasing
trend which corresponds to the results in Figure 3h. The output
of the OFS-TENG embedded in a piece of pork is 2 V, and its
experimental result is significantly greater than 0.08 V when
compared with Figure 3h. This may occur because the sensor is
completely wrapped in the pork and the internal fiber structure is
subjected to compression force during the bending process. The
upper and lower tube walls exerted a large compressive force on
the electrodes, resulting in a sharp increase in electrical output.

2.5. Application Demonstration of the OFS-TENG In
Vivo. The stretchability of human ligaments has a specific range
(<20%),>* and the li§aments are normal without damage within
the stretched range.”*>* The performance of ligaments can be
assessed by the output of the sensor. To validate the potential of
the OFS-TENG in the implantable applications, we demon-
strate the ability of the OFS-TENG to monitor mechanical
strains generated by the patellar ligament of a rabbit. Similar to
the ex vivo demonstration, the output of the sensor is
continuously measured during bending and stretching of the
rabbit’s leg. The muscle and ligament parts have compressive
and tensile effect on the sensor. The sensing data processing of
the OFS-TENG is shown in Figure Sa. The electrical signal is
acquired and converted by the electrometer and the acquisition
card, respectively. Then, the signal is adjusted and processed
through the LABVIEW software to obtain a visual real-time
motion data on the computer.””>> Thus, the stretching and
stressing of ligaments can be monitored in real-time during
exercise. The photographs in Figure S panels b and ¢ show the
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OFS-TENG implanted and sutured on the patellar ligament of
the rabbit knee, respectively. Figure 5d shows the different
frequencies (~0.4 and 1.5 Hz) of the OFS-TENG under
repeated stretching and bending cycles of the rabbit leg at
different speeds (Movie S3). Figure Se shows the electrical
output signals obtained by the sensor with different bending
angles (~125° and 65°) during repeated stretching and bending
of the rabbit leg at the same speed (Supporting Information).
Therefore, the degree of ligament injury can be assessed
according to the output performance signals of the OFS-TENG.

The self-powered sensor exhibits stable response and good
repeatability on the ligament during multiple flexion-stretching
sessions. As shown in Figure 5f, the electrical output of the OFS-
TENG after 7 days implantation is similar to the initial one,
demonstrating the long-term stability of the OFS-TENG. As
shown in Figure S17, the output of OFS-TENG decreases
slightly after one month of storage in PBS buffer, demonstrating
the good stability of the OFS-TENG.

The long-term monitoring and biocompatibility of the sensor
are also evaluated in vivo. The sensors are implanted in the
patellar ligament of a male New Zealand white rabbit for 4
weeks. The biocompatibility of the OFS-TENG is further
performed by in situ signal detection. The thickness of the
fibrous capsule indicates the histocompatibility and inflamma-
tory response of the sensor.””*” After 4 weeks of implantation,
the tissue surrounding the surface of the OFS-TENG has milder
inflammatory cells infiltration and thinner fibrous capsules
(187.57 + 14.72 nm), compared with a stainless steel control
group (341.27 +27.92 nm) according to the quantitative results
of hematoxylin-eosin (H&E) staining (Figure Sg,h). In addition,
the expression level of CD68 in the OFS-TENG group (0.011 +
0.0015) is lower than that in the control group (0.031 =+ 0.0040)
(Figure 5i;j). The OFS-TENG shows less inflammation after
one month implantation in rabbits, further demonstrating the
good biocompatibility of the sensor. Therefore, our OFS-TENG
has good stretchability, stability, and biocompatibility, which is
available for fast real-time human—computer interaction to
monitor signals of ligament stretching.

3. CONCLUSIONS

In summary, organogels with rapid preparation (1S s), good
transparency (>95%), high stretchability (600%), and favorable
stability (over 6 months) are developed. And a self-powered,
stretchable, and stable OFS-TENG is successfully fabricated
based on this functional organogel. The OFS-TENG is able to
generate a stable electrical signal even in water or tissue fluid,
which is successfully implanted in the patellar ligament of a
rabbit’s knee for real-time monitoring of cyclical ligament
stretching motion. In addition, it shows stable output and
biocompatibility after being kept in the rabbit body for a week.
Histomorphometry analysis indicates that the OFS-TENG
induces only a mild inflammation reaction and has good
histocompatibility. These promising results show that the OFS-
TENG has great application potential in multidirectional or
multipoint ligament monitoring and rehabilitation training. We
envision that the OFS-TENG can provide a meaningful
approach for a smart, implantable, wireless, and self-powered
sensing system if it is combined with a wireless Bluetooth low
energy device.

4. MATERIALS AND METHODS

4.1. Materials. 4-Acryloylmorpholine (ACMO), propylene carbo-
nate (PC), lithium bis(trifluoromethylsulfonyl)imide (LiTFSI), poly-

(ethylene glycol) diacrylate) (PEGDA), 1-hydroxycyclohexyl phenyl
ketone (photoinitiator 184). All reagents were purchased from Aladdin
Chemical Co., Ltd.

4.2. Preparation of Organogels. Monomer ACMO and LiTEST’s
PC solution were mixed at the volume ratio of 2:1.5. LiTFSI was
dissolved in solvent PC at a concentration of 0.5 M. Cross-linker
PEGDA and photoinitiator 184 were then added to the mixed solution
at a molar ratio of 0.1% and 1% to monomer, respectively. Precursor
solution was injected into a silicon tube (diameter = 0.8 mm) after the
mixed solution was thoroughly stirred. The silicon tube which
contained precursor solution was cured for 15 s under a UV lamp
(365 nm, 48 W) with the maximum energy, and then an organogel fiber
was obtained.

4.3. Fabrication of OFS-TENG. The prepared organogel fiber and
silicone fiber (Ecoflex-0010, diameter = 0.8 mm) were twisted into a
spiral for 3 turns per centimeter. One copper wire was fixed at the end of
the organogel. The helical fibers were put into a silicone tube (Ecoflex-
0010, diameter = 2.5 mm, inner diameter = 1.8 mm, thickness = 0.5
mm, length = 3 cm), and then the fibers were pulled out of tube, and the
two ends were packaged with silicone (Ecoflex-0010). The OFS-TENG
device was obtained after curing (Figure S1).

4.4. Biocompatibility Experiments of the OFS-TENG. H9C2
cardiomyocytes were cultured in a DMEM medium containing 10%
fetal bovine serum at 37 °C and 5% CO,. Cells were passaged when the
degree of confluency was 80% to 90%. And cells in the logarithmic
growth phase were selected for experimental research. A well-
biocompatible polystyrene medium-well plate was used as a positive
control group to detect the cell adhesion, proliferation, and morphology
of the sensor. One mL of cardiomyocytes at a concentration of 2 X 10*
cells mL™! were seeded onto the sensor. Cardiomyocytes were stained
with fluorescein diacetate (FDA) for 5 min at room temperature after
being cultured for 1, 3, 5, and 7 days. After being washed with serum-
free medium, the cell adhesion was observed immediately by an
inverted fluorescence microscope.

The Cell Counting Kit-8 kit (CCK-8, Japan, Dojindo; Cell Counting
Kit) was used to detect the absorbance of cells at 1, 3, S, and 7 days. The
proliferation activity of cells was evaluated quantitatively. A 1 mL
aliquot of cardiomyocytes with a concentration of 2 X 10* cells mL™"
was seeded on the sensor. The samples need to be transplanted to a new
24-well plate to avoid the cells accidentally touching the sensor and
being disturbed before the experimental detection. CCK-8 (100 uL)
and serum-free medium (900 pL) were added to each well and
incubated at 37 °C for an additional 4 h. The absorbance value of each
well at a wavelength of 450 nm was recorded by a microplate reader.

4.5. Animal Surgery and Demonstration In Vivo. All surgical
procedures were approved according to the Animal Experiment
Guidelines of Huaxi Laboratory Animal Center of Sichuan University
for the care and use of animals during the experiment. New Zealand
white rabbits (male; n = 6; age, 3 months; body weight, 2.5—3 kg) were
selected for the experiment and anesthetized by ear vein injection of 3%
pentobarbital (0.75 mL kg™ body weight). The rabbit’s knee was
shaved and sterilized with iodophor and 75% alcohol. Then 0.5%
lidocaine was injected locally into the knee joint tissue. A 5 mm incision
was made longitudinally at 1.5 cm above the knee joint. The sensor was
insert to the incision after separating the muscle tissue and fascia. The
sensor and conductive wire were pulled out, and the fascia completely
covered the sensor. The total depth was 7 mm. Both ends of the sensor
were fixed on the tissue by degradable surgical wire, and the skin was
sutured after the conductive wire on the sensor was set aside.
Postoperatively, intramuscular injections of gentamicin (10 mg kg™")
and penicillin sodium (10 mg kg™') were administered for 3 days.

4.6. Inflammation Response. The implant and surrounding tissue
were removed and prepared for histological observation one month
after surgery. The sensor samples with hyperplastic tissue were fixed in
4% paraformaldehyde for S days. Then, the surrounding tissue was
separated from the sensor. The hyperplastic tissue was embedded with
paraffin after being gradually dehydrated through a series of graded
ethanolic solutions and infiltrated. Subsequently, the samples were cut
to obtain sections (S ym). Finally, the prepared sections were stained
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with H&E and CD68 to evaluate tissue biocompatibility and
inflammatory response.

4.7. Statistical Analysis. All quantitative results were obtained
from three independent experiments. The data were analyzed using
SPSS version 11.5 and shown as mean + standard deviation. Statistical
significance was determined using a one-way analysis of variance.
Differences were considered significant at P < 0.0S (*P < 0.05, **P <
0.01, and ***P < 0.001).

4.8. Characterization and Measurements. Organogels were
prepared using a UV cross-linker CL-3000L (365 nm). FTIR spectra
were studied in the 400—4000 cm ™' range using a Nicolet 5700 FTIR
instrument at room temperature. The UV—vis—NIR spectra of the
organogels were tested using a Shimadzu UV-3600 spectrophotometer
at room temperature. Stress—strain testing of the organogel and OFS-
TENG was performed using an Instron EP3000 system. All stretching
rates were fixed at S0 mm-min~" unless otherwise stated. Real-time
resistance was collected using a precision LCR meter (KEYSIGHT
E4980AL). The organogel impedance was tested using Chenhua CHI-
660E electrochemical workstation. When external force drives the OFS-
TENG, a linear motor (LinMot E1100) provides mechanical motion
input. The electrical outputs were collected using a Keithley
Electrometer 6514.
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