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and Hyojung J. Choo*

Skeletal muscle has a remarkable regeneration capacity to recover its
structure and function after injury, except for the traumatic loss of critical
muscle volume, called volumetric muscle loss (VML). Although many
extremity VML models have been conducted, craniofacial VML has not been
well-studied due to unavailable in vivo assay tools. Here, this paper reports a
wireless, noninvasive nanomembrane system that integrates skin-wearable
printed sensors and electronics for real-time, continuous monitoring of VML
on craniofacial muscles. The craniofacial VML model, using biopsy

punch-induced masseter muscle injury, shows impaired muscle regeneration.

To measure the electrophysiology of small and round masseter muscles of
active mice during mastication, a wearable nanomembrane system with
stretchable graphene sensors that can be laminated to the skin over target
muscles is utilized. The noninvasive system provides highly sensitive
electromyogram detection on masseter muscles with or without VML injury.
Furthermore, it is demonstrated that the wireless sensor can monitor the
recovery after transplantation surgery for craniofacial VML. Overall, the
presented study shows the enormous potential of the masseter muscle VML
injury model and wearable assay tool for the mechanism study and the

1. Introduction

The craniofacial region contains about 60
muscles that are vital for daily life func-
tions, including eye movements, food up-
take, respiration, and facial expressions.!"?!
Although head and limb muscles are com-
parable to contractile organs, head mus-
cles have several unique features compared
to limb muscles, including distinctive em-
bryonic origins,!'*~! and differential sus-
ceptibility to different types of muscular
dystrophies.[®] Even though skeletal muscle
is capable of regenerating damaged mus-
cles via activation of muscle-specific stem
cells, called satellite cells,”! regeneration
capacity varies between muscles. For ex-
ample, masseter muscles that are critical
for mastication have less regenerative ca-
pacity than tibialis anterior (TA) muscles!®!
because masseter muscles contain fewer
satellite cells that show delayed differen-

therapeutic development of craniofacial VML.

tiation compared to satellite cells of limb
muscles.’) In contrast, satellite cells of
other craniofacial muscles, such as extraoc-
ular muscles, show increased regenerative
capacities relative to limb satellite cells.[*%11]
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Therefore, understanding the unique features of specific muscles
could lead to the development of targeted therapeutic approaches
for the treatment of muscle injury.

Volumetric muscle loss (VML) refers to the traumatic or surgi-
cal loss of skeletal muscle tissues, which leads to chronic muscle
weakness and impaired muscle function.'?l VML is often associ-
ated with military casualties as well as civilian vehicle accidents or
gunshot injuries. VML is a clinically challenging problem since
it requires surgical autologous muscle transplantation, which
causes significant donor site morbidity.['*! Therefore, many re-
search groups have been focused on muscle regeneration using
myogenic cell therapies and extracellular matrix development in
an animal extremity VML model.'*"'] Among the injury-caused
VML, craniofacial injury with soft tissue penetration is a signifi-
cant portion of battlefield injury!'®! and civilian trauma injury.!*°!
Craniofacial VML causes loss of muscle function and severe cos-
metic deformities, which may lead to social isolation and psy-
chological depression.[1?2] Several works have investigated VML
of sheet-like muscles, which resemble the architecture of cranio-
facial muscles, using thin trunk muscles, including rat abdomi-
nal muscles!?!~2%] and rat latissimus dorsi.l?*?*] Studies have been
conducted on VML on craniofacial muscles of large animals,
such as zygomaticus muscles of sheep, emphasizing the patho-
physiological differences between limb and craniofacial VML.[%!
However, a craniofacial VML mouse model using actual cranio-
facial muscles has not been reported yet due to the small size
of the craniofacial muscles of a mouse. A potential challenge in
developing the craniofacial VML mouse model is the lack of func-
tional assay tools that can monitor the regeneration and recovery
of injured craniofacial muscles in the active mouse in a noninva-
sive manner. Current existing electromyogram (EMG) systems
have limitations for longitudinal study using mouse models due
to the bulky system, which requires invasive metal sensors, wires,
and multiple electronic components.[?*-28] Recent advances in
wearable electronics have enabled wireless monitoring of vari-
ous physiological signals that can be measured on the skin.[2°71]
Compact device integration on a soft elastomeric platform can
provide comfortable wearability without motion artifacts caused
by cumbersome wires and rigid systems.[3233] The use of non-
invasive and ergonomic factors in the monitoring system/device
prevents restriction of movement during measurement, thus al-
lowing us to monitor the physiological response in a natural am-
bulatory environment.

Here, this paper introduces nanomembrane electronics to
measure real-time muscle EMG on the skin of mouse masseter
muscles with or without biopsy punch-induced VML. We con-
firm that the masseter VML model shows the impaired muscle
regeneration. To measure the function of VML-injured masseter
muscles in active mice, we use a wireless and wearable electronic
system to provide real-time EMG monitoring. This system in-
cludes ultrathin, low-profile, lightweight, and stretchable mem-
brane sensors based on biocompatible graphene and thin-film
soft circuits for data processing, which offers seamless mount-
ing on the skin of mice without disrupting their natural behav-
ior. In vivo demonstration of the EMG recording on the masseter
muscles of mice validates the functionality of the wearable sys-
tem that can clearly distinguish the signal difference between
mice with and without craniofacial VML. To our knowledge, this
work is the first report to use a wireless, noninvasive, soft EMG
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system in active and moving mice. Table 1 captures the novelty
of our work compared to the prior reports in terms of electrode
type, measurement type, recording system, target muscle, and
data recording condition.l?%%73*%8] I addition, this system mon-
itors the functional recovery after transplantation surgery to treat
VML. We show that there is increased fibrosis and reduced EMG
activities of VML-injured muscles following transplantation, re-
gardless of the source of donor’s muscles.

2. Results and Discussion

2.1. Overview of Real-Time Functional Assay of Craniofacial VML
in Mouse Using Wireless Nanomembrane Electronics

To monitor the change of muscle activities during mastication in
active mice, we developed a wireless, nanomembrane electronic
system (Figure 1A). This device includes noninvasive, stretch-
able electrodes to apply directly on the cheek skin of a mouse
and a miniaturized, wireless, soft circuit to attach to the back of a
mouse. During mastication, EMG data are measured by the elec-
trodes on the mouse cheek skin and delivered to the microproces-
sor in the circuit for data processing. The signals are then wire-
lessly transmitted to an external mobile device for real-time, con-
tinuous data monitoring and saving. To establish VML on mas-
seter muscles, a normal masseter muscle is injured by a 3 mm
diameter biopsy punch. The injured muscle area is transplanted
with 3 mm biopsied TA or masseter muscle (inset of Figure 1A).
Figure 1B presents a schematic illustration of a multilayered soft
circuit architecture (left image) and serpentine-patterned elec-
trodes (right image) on a soft elastomeric substrate, allowing for a
conformal lamination on the mouse skin. Figure 1C displays the
muscle biopsy used to produce masseter VML, while Figure 1D
shows that movement remains unhindered during monitoring.
The flow chart shown in Figure 1E denotes the quantitative met-
rics for wireless EMG measurement and analyzing muscle func-
tion. This wearable electronic system can monitor EMG activi-
ties in each of the three different craniofacial muscle conditions
(normal, VML, treated VML by transplant) in our rodent model.
Also, the motion sensor package using a sensitive accelerometer
and gyroscope, which identifies the mouse movements to distin-
guish mastication motions. A mobile device embeds a custom-
designed app to offer real-time signal displaying and data storing
to analyze muscle functions.

2.2. Characterization of Graphene Membrane Electrodes and Soft
Wireless Circuits

To quantify the muscle function of our craniofacial VML model,
we monitored EMG signals with a wearable wireless system.
Conventional EMG systems in animal studies!**3#3*] use bulky,
invasive, needle-type-wired electrodes that penetrate into tar-
get muscle. The main issue of this system is that it is unsuit-
able for use in small mice with active movements. This study
developed a noninvasive, miniaturized, soft electronic system
to offer a wireless, high-fidelity recording of muscle functions
with naturally moving mice. Figure 2A shows an example of
printed stretchable electrodes on a soft elastomeric substrate.

2101037 (2 0f11) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. Overview of real-time functional assay of craniofacial VML in mouse using wireless nanomembrane electronics. A) Schematic illustration of a
wireless electronic system on the skin of a mouse for a functional quantification of craniofacial VML of the masseter muscle. The mouse’s EMG of the
cheek area is continuously monitored on the mobile device. Inset shows the process of punch-induced VML of masseter and transplantation to treat
VML of the masseter. Masseter muscle was injured by biopsy punching as a model of craniofacial VML. VML-injured masseter muscles are transplanted
with a biopsied piece of tibialis anterior (TA) or masseter muscles to fill the injured area. B) Schematic illustration of a multilayered structure of a soft
circuit (left) and stretchable sensor (right). C) Muscle biopsy to create VML in masseter muscles. The middle of the masseter muscles is biopsied by a
3 mm biopsy punch. Arrow indicates a muscle piece from a biopsy. D) Optical image of an active mouse with the device during mastication. E) Flow

chart capturing the quantitative metrics of analyzing muscle function.

We utilized a nanomanufacturing process to fabricate the skin-
wearable electrodes. Two electrodes are manufactured by aerosol
jet printing (AJP) in a serpentine shape to maximize stretcha-
bility. Conductive flexible films make connections between the
sensor and the soft circuit. The width of the printed graphene
membranes was 0.55 mm. Printed graphene and polyimide (PI)
membranes are well-stacked on the elastomer (left image in
Figure 2B), and graphene sheets form a complete film with-
out boundaries for enhanced conductivity (right image in Fig-

Adv. Sci. 2021, 8, 2101037

ure 2B). With the low-profile graphene membrane and PI layer
inserted under the graphene, the electrodes can endure mechan-
ical deformation during the fabrication and measurement pro-
cess. We confirmed that there are no film damages or cracks
on the graphene film. The image from atomic force microscopy
(AFM) captures the printed graphene layer’s uniform morphol-
ogy (Figure 2C). The details of the printing process are shown
in Figure S1 (Supporting Information). The biocompatibility of
a tissue-mounted sensor is a critical feature to guarantee safe

2101037 (3 of 11)  © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Characterization of graphene membrane electrodes and wireless soft circuits. A) Photo of stretchable printed electrodes on an elastomeric
membrane. B) Cross-sectional (left) and top-view (right) SEM image of the multilayered electrodes. C) AFM image indicating the surface roughness of the
printed graphene. The average RMS is 72.9 nm, which captures the uniformity in the printed graphene layer. D) Comparison of cell absorbance (left) and
fluorescence (right) of cultured cells on the control and graphene. Data is analyzed 1-way analysis of variance (ANOVA) (ns = not statistically significant).
Error bars represent standard error. E) Graph representing relative resistance variation (top) according to the 60% of tensile strain change (bottom)
for 100 cycles. F) Optical image that captures a miniaturized, lightweight, soft circuit (left). The circuit’s total weight is 3.17 g, including a rechargeable
battery (40 mAh capacity) with a slide switch (right image). G) Illustration of the circuit design with multiple functional electronic components. H) RSSI
response according to the Bluetooth communicating distance, showing maintained data transmission rate 1104 bytes s~". 1) Mobile device application
interface that displays real-time, continuous motion (accelerometer and gyroscope) and EMG signals from a wearable sensor system. ]) Resistance
change of the flexible circuit upon cyclic loading (100 times with 180° bending at 1.5 mm radius of curvature), showing a negligible change of resistance.
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Table 1. Comparison of rodent model study with EMG measurements.
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and continuous use with adverse effects.***!] In addition, cyto-

toxicity of the electrode can damage the skin cells of the VML-
injured region when measuring muscle activities. Biocompati-
ble characterizations for the printed graphene electrodes were
conducted with human keratinocyte cells. The number of live
cells on the graphene and control (polystyrene cell culture dish)
was determined via fluorescence intensity (Figure S2, Support-
ing Information). The absorbance (left graph) and fluorescence
(right graph) of cultured cells in Figure 2D reveal that the printed
graphene electrodes have a negligible influence on cell viability.
Figure 2E represents the relative resistance variation of the elec-
trodes (top) according to the 60% of tensile strain change (bot-
tom) for 100 cycles, showing a reliable mechanical performance
under strain. Figure 2F shows optical images that capture minia-
turized, lightweight structures of a soft circuit (left image). The
circuit has a small dimension (6 cm?) and thickness (< 2 mm)
and is extremely lightweight (1.63 g). After integrating with a
rechargeable battery (40 mAh capacity) with a slide switch, the
total weight of the circuit becomes 3.17 g. The small battery al-
lows the active wireless system to record multiple signals over 6
h continuously (Figure S3, Supporting Information). Figure 2G
shows the circuit design with integrated functional components,
including a Bluetooth microprocessor that can deliver the mea-
sured EMG and motion signals to a mobile device. A detailed
description of the components is shown in Figure S4 (Support-
ing Information). Analysis of received signal strength indication
(RSSI) shows a successful wireless communicating distance of 5
m with a maintained data transmission rate of 1104 bytes s~! (Fig-
ure 2H). The transmitted EMG and motion signals are displayed
and stored in a mobile device with a customized app (Figure 2I).
The soft, flexible circuit demonstrates mechanical reliability even
under complete folding (180° with 1.5 mm radius of curvature)
during the cyclic loading (100 cycles; Figure 2J), which agrees
with the results from the computational modeling data (Figure
S5, Supporting Information).

2.3. Establishment of Craniofacial VML and Defective Masseter
Muscle Regeneration

To establish craniofacial VML, we chose masseter muscles that
are key muscles for mastication by pulling the mandible up-
ward. Masseter muscles are composed of superficial and deep
masseter muscles. The superficial masseter muscle is the thick
and tendon-like portion and connects to the cheekbone, while
the deep masseter muscle is smaller and connects to the
mandible.[*?! We injured superficial masseter muscles using a
3 mm biopsy punch (Figure 3A), which can generate about 8.5%
and 15% loss of masseter muscle tissues by losing 8.5 + 2.3 and
7.9 + 1.2 g of muscle masses from 6 months-old male and fe-
male mice, respectively (Figure 3B). Masseter VML injury using
a 3 mm biopsy on female mice presented a similar critical in-
jury size (loss of 15%) volume compared to mouse limb VML
injury,['®) which was not the case for male mice, although 3 mm
biopsy on masseter muscles of male mice would be possible to
induce functional impairment, we decided to use female mice
for the remainder of the experiments. To validate whether mus-
cle regeneration occurs post-3 mm muscle biopsy induced injury
in a craniofacial VML model, we sectioned masseter muscles at

2101037 (5 0f11) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Establishment of craniofacial VML and defective masseter muscle regeneration. A) Illustration of craniofacial VML of masseter muscle of a
mouse. B) 3 mm biopsy punches induce different degree of muscle loss between 6-month-old male and females. n = 4 for each sex. C) Histology of
masseter muscle after 7 days (left) and 28 days (right) post VML injury (dpi). Muscle sections were stained with Hematoxylin and Eosin to visualize
nucleus (purple) and cytosol (red). Dotted area indicates nonmuscle area. Small squared images are enlarged at the lower panels to show cellular
elements of muscle tissues. Arrows in lower panel indicate muscle fiber containing central nucleus, which is a feature of regenerating muscle fiber. D)
Non-muscle area occupies majority of masseter muscles at 7 and 28 days postinjury. Error bars represent standard error of the mean (SEM). E) Number
of regenerated muscle fibers is very low at 7 and 28 days postinjury. Data are analyzed by Student t-test. ns = not significant statistically. F) Fibrosis of
masseter muscle after 7 (left) and 28 days (right) post VML injury. Muscle sections were stained with Massion’s Trichrome staining to visualize fibrotic

area (blue) from muscle tissues (brown).

7 and 28 days of the post-VML injury. Figure 3C shows histology
data of a midpoint of the VML injury of masseter muscles col-
ored through Hematoxylin and Eosin staining, which shows that
nonmuscle areas (dotted lines in Figure 3C) are filled with non-
muscle cells, maybe immune cells, and fibrosis. The nonmus-
cle area occupied around 40% of injured masseter muscles at 7
days postinjury (dpi) and remained at 28 dpi (Figure 3D). We also
observed very limited muscle regeneration at the rim of injured
areas by measuring the cross-sectioned area of muscle fibers con-
taining central nuclei, a feature of regenerated muscles (arrows
in the bottom image of Figure 3C). The regenerated muscle fiber
number was about 2% of total muscle fibers in masseter mus-
cles in 7 and 28 dpi (Figure 3E). Additionally, fibrosis in nonmus-
cle areas of masseter muscles postday 7 and day 28 VML injury
was detected by Massion’s Trichrome staining (Figure 3F). Defec-
tive muscle regeneration after VML was supported by reduced
satellite cells of masseter muscles with VML (Figure S6, Sup-
porting Information), which are essential muscle stem cells for

Adv. Sci. 2021, 8, 2101037

muscle regeneration upon injury!’) compared to ones of freeze-
induced masseter muscle injury. In addition, fibroadipose pro-
genitor cells, a muscle mesenchymal stem cell which mediates
fibrosis and fat deposit in chronic muscle injury,[***4! were highly
increased in VML masseter muscles than freeze-induced mas-
seter muscle injury (Figure S7, Supporting Information), which
may induce fibrosis in VML masseter muscles. These results
prove that craniofacial VML generated by a 3 mm biopsy injury
results in defective muscle regeneration similar to what is seen
in limb VML experiments using the same method.!*®]

2.4. Demonstration of a Wireless, Wearable EMG System to
Assess the Functionality of VML-Injured Masseter Muscles

Figure 4A represents an integrated, ultrathin wearable electronic
system for the noninvasive diagnosis of VML in mice. The device
is fully covered with a thin-film patch to easily mount on the skin

2101037 (6 of 11)  © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Wireless, wearable EMG system to assess the functionality of VML-injured masseter muscles. A) Fully integrated wireless wearable electronics
on a thin-film medical patch. B) Photos showing an ultrathin stretchable EMG sensor attached on the cheek (left) and a soft circuit on the back (right)
of a nude mouse. C) Photo of the experimental setup with a mouse in a cage. Real-time, continuous motion, and EMG data are monitored and recorded
by a mobile device with an embedded application. Movie S1 (Supporting Information) shows an example of wireless, real-time EMG monitoring with
wearable electronics. D) Comparison of real-time EMG signals, measured with an uninjured mouse, during resting state (top) and mastication phase
(bottom), which shows clear signal differences. E) Photos of an uninjured mouse (top) and post-VML-injured mouse after 30 days (bottom). Arrow
indicates the location of the VML-injured area. F) Representative RMS EMG signals during mastication corresponding to two cases in E). A clear signal
difference is observed between the uninjured case (top) and VML-injured masseter muscles (bottom) at 30 days postinjury. G) Summarized EMG SNR
data between the uninjured and post-VML-injured masseter muscles during mastication. Data were analyzed by the unpaired two-tailed student t-test.

#4p < 0.01.

of a target mouse (Figure 4B). Stretchable EMG electrodes are
directly attached to the mouse’s cheek (left image in Figure 4B),
while the soft wireless circuit is mounted on the back of the body
(rightimage in Figure 4B). During the mouse’s natural activities,
including eating and roaming in the cage, real-time, continuous
muscle functions are monitored by the wearable device and tablet
(Figure 4C). Figure 4D captures real-time EMG data, recorded
from a normal mouse during the resting state (top) and masti-
cation (bottom), which displays an increased peak-to-peak volt-
age. The amplitude of mastication EMG signals is much smaller
compared to typical intermittent motion artifacts measured by
the mouse (Figure S8, Supporting Information). To quantify the
function of post-VML-injured muscle, we measured the EMG ac-
tivity of masseter muscle at 30 days post-VML injury (Figure 4E).
Results show that during both resting and mastication, post-VML
mice have smaller EMG signals than uninjured mice (Figure S8,

Adv. Sci. 2021, 8, 2101037

Supporting Information). In addition, both root-mean-squared
(RMS) EMG signals (Figure 4F) and their signal-to-noise ratio
(SNR) values (Figure 4G) indicate a large significance (p-value
< 0.01) between the two groups, suggesting that the VML-injured
muscle has not recovered a month after injury, which is consis-
tent with our histology study results in Figure 3.

2.5. Functional Recovery Monitoring of Post-Transplantation of
VML-Injured Masseter Muscles

Craniofacial VML has been treated with autologous limb muscle
transplantation in the clinic.[***7] To evaluate the origins of trans-
planted muscles for craniofacial VML treatment, we performed
transplantation of masseter or TA muscles to the VML area
of masseter muscles (Figure 5A). We biopsied masseter or TA

2101037 (7 of 11)  © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Monitoring of the functional recovery of VML-injured masseter muscles post-transplantation. A-B) Experimental scheme showing biopsy-punch
induced VML area (A) of masseter muscles of immuno-deficient mice (NRG) filled with a biopsied piece from TA (blue) or masseter (red) muscles of
wild-type mice (B). EMG measurement and fibrosis analysis are conducted at 30 days of post-VML injury/transplantation. C) Uninjured and VML-injured
masseter muscles with TA and masseter muscle transplantation are sectioned and labeled with Col VI antibodies (red) to measure fibrosis. DAPI staining
is used to label nuclei of muscle sections. D) The averaged intensity of Col VI staining indicates that transplantation of TA or masseter muscle produced
a comparable level of fibrosis in transplanted VML-injured masseter muscle. n = 3 for each group, and error bars represent the standard error of the
mean. Data are analyzed with 2-way ANOVA. p** < 0.01. E) Comparison of filtered EMG of uninjured (top) and the VML-injured masseter muscles with
TA (middle) or masseter (bottom) muscles transplant. F) RMS-EMG signals measured from TA (left) and masseter (right) muscle-transplanted masseter
muscles. G) SNR values are decreased in VML with transplantation muscle group compared with uninjured muscles (n = 3). TA or masseter muscle
transplantation produces similar levels of functional recovery of VML-injured masseter muscles. Data are analyzed with 2-way ANOVA. p* < 0.05.

muscles from wild-type mice using 3 mm biopsy punch and
transplanted them into VML (3 mm biopsied area to ensure
1:1 volume match (Figure 5B; and Figure S9, Supporting In-
formation)) of the masseter of severely immune-deficient mice.
These mice have been used in this transplant study due to the
minimal likelihood of transplant rejection from the host’s im-

Adv. Sci. 2021, 8, 2101037

mune system.[*!] Whole biopsied masseter or TA muscles were
placed to align fibers between donors and recipients muscles to
ensure proper muscle contractility. EMG activity of the trans-
planted masseter muscles was measured 30 days after surgery.
To measure fibrosis, muscle sections from uninjured and
VML-injured masseter muscles with TA and masseter muscle

2101037 (8 0f11) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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transplantation were labeled with anti-collagen VI (Col VI) an-
tibodies (red) (Figure 5C). The intensity of Col VI signals was
measured to estimate the degree of fibrosis in uninjured (con-
tralateral) and VML-injured masseter muscle with transplanta-
tion (Figure 5D). Fibrosis level is significantly higher in VML
with transplanted masseter muscles compared to uninjured con-
tralateral masseter muscles. However, transplantation of TA or
masseter muscle does not produce a different level of fibrosis in
transplanted VML-injured masseter muscle. Also, EMG activity
is monitored with wearable membrane electronics to identify the
functional recovery of masseter muscles after different muscle
transplantation (Figure S9, Supporting Information). Decreased
EMG responses were seen in both transplanted muscles com-
pared to contralateral muscles during mastication (Figure 5E).
The signal amplitude of both transplanted muscles appears com-
parable (Figure 5F). The summarized SNR values in Figure 5G
show that muscle function in both VML/transplanted masseter
muscles is partially recovered compared to the uninjured con-
tralateral masseter muscles. Taken together, TA or masseter mus-
cle transplantation produces similar levels of fibrosis and func-
tional recovery of VML-injured masseter muscles.

3. Discussion

Although the current study achieved meaningful continuous
EMG monitoring in mice, motion artifacts affected signal anal-
ysis. Despite the low-profile and soft membrane electrodes, the
device’s size was slightly bigger than the target muscle. Also, we
observed that a testing mouse occasionally attempted to scratch
the device, which can be resolved by further miniaturizing a
circuit and sensor for the 2nd-generation device.[*°% Addition-
ally, we introduced a motion sensor to exclude EMG signals at
high motion activity to collect the EMG activity during mastica-
tion. An algorithm based on machine learning could offer au-
tomated signal discrimination and behavioral classification for
further study.>»5?! Since the EMG signal could be slightly differ-
ent depending on the area to which the electrode was attached,
constant localization with increasing the number of samples was
demanded accurate results. Nevertheless, the newly developed
wireless EMG system demonstrated enough sensitivity to deter-
mine the function of masseter muscles. We performed transplant
experiments to verify the effectiveness of the craniofacial recon-
stitution surgery with autologous limb muscle graft>*’I using
EMG sensors. Although we expected to obtain better outcomes
(such as higher EMG), if VML of masseter muscles were trans-
planted with masseter muscles due to recovery of original muscle
type (type I for masseter) as well as resident stem cells, veins, and
nerves, the results are comparable when VML of masseter mus-
cles were transplanted with limb muscles (TA, majority of muscle
is type I1a/b). However, the fibrotic tissues around transplanted
muscle tissues or cellulose tissues of the skin incision area would
be huddles of accurate EMG measurements. This result again
emphasized that precise sensor localization and increasing the
number of samples are necessary for more accurate results. Over-
all, the device produced statistically different signals to distin-
guish between normal, the VML injured, and transplanted VML
injured masseter muscles.
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4, Conclusion

Collectively, the presented work introduces the development of
a small rodent craniofacial VML model using biopsy punch and
validated muscle functions with a noninvasive wearable sensor
system. To detect the function of masseter muscles with active
mice, we developed a fully portable, wireless electronic system
that allowed for continuous EMG activity monitoring in mouse
muscles, which is a widely used vertebrate animal model in mus-
cle biology. Ultrathin, low-profile, biocompatible nanomaterials
integrated with a soft, lightweight platform mounted on the skin
of mice allowed for seamless muscle function analysis without
behavioral restriction. Furthermore, the miniaturized wireless
system proved its potential for noninvasive and continuous diag-
nosis of surgical treatment in a microscale domain. To evaluate
the device with a mouse model, we demonstrated that mice with
craniofacial VML from a 3 mm biopsy injury in their masseter
muscle displayed completely defective muscle function as well
as muscle regeneration. We successfully validated the ability of
this EMG monitoring system to detect defective muscle function
of VML-injured muscles as well as functional recovery of trans-
planted VML-injured muscles of free-moving mice.

5. Experimental Section

Mice Used in the Study: C57BL/6) mice (Jax000664) (female n =6 and
male n =4), Pax JCreERT2/CreERT2 e (Jax017763), RosgtdTomato/tdTomato (td-
Tomato) (Jax007909), NU/J (Jax002019) (female n = 7), NRG (NOD.Cg-
Rag1tmIMom ||2pgtmIWil 571 12x007799) (female n = 6) were purchased
from Jackson Laboratories (Bar Harbor, ME; www.jax.org). Five to six
months old mice were used, as noted in the figure legend. Homozy-
gous Pax7<eERT2/CreERTZ male mice were crossed with homozygous
Rosathomato/thomato (thomato) to obtain PaX7CreERT2/+; Rosathomato/+
(Pax7 Cre®R"2-tdTomato) mice (female n = 12). To label satellite cells with
red fluorescence (tdTomato), tamoxifen, 1 mg (Sigma-Aldrich, St. Louis,
MO) per 10 g body weight, was injected intraperitoneally once daily for
5 days. Experiments were performed in accordance with approved guide-
lines and ethical approval from Emory University’s Institutional Animal
Care and Use Committee and in compliance with the National Institutes
of Health.

Muscle Tissue Injury and Preparation for Histology Analysis:  Mice were
anesthetized by 2.5% isoflurane inhalation using a nose cone. For analge-
sia, mice were injected subcutaneously with 0.1 mg kg™' buprenorphine
SR (sustained release for 3 days) before muscle injury. The target injury
area is an upper part of the superficial masseter muscle. For VML injury,
masseter muscle was punched by 3 mm muscle biopsy punch, which was
used to generate a critical size of VML in quadriceps muscles of mouse,[1¢]
by pushing biopsy punch down until it touched with a mandible bone. To
avoid bleeding, the injury area was selected to avoid cutting the external
carotid artery or posterior facial vein, both of which surround the upper
and lower parts of deep and superficial masseter muscles, respectively.
For freeze injury, a dry ice-cooled 4 mm metal probe was placed on the
masseter muscles for 5 s as described previously.[®! For transplantation
surgery, the masseter muscles of NRG mice (recipient) were punched by
a 3 mm muscle biopsy punch. Then, the biopsied area was filled with a
biopsied piece of TA or masseter muscles from C57BL/6 mice (donor).
Mass of biopsied pieces of TA and master muscles were equivalent. After
injury or surgery, the skin was closed using absorbable suture. Animals
were euthanized by an overdose of isoflurane at the indicated time points.
Superficial masseter muscle tissues were dissected and frozen in Tissue
Freezing Medium (Triangle Biomedical Sciences) and stored at —80 °C.
Tissue cross-sections of 10 um thickness were collected every 200 um
using a Leica CM1850 cryostat. To observe muscle histology, muscle
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sections were stained with hematoxylin and eosin (H&E) following the
manufacture’s instruction, imaged with Echo Revolve widefield micro-
scope and analyzed using Image]. To detect fibrosis of muscle section,
slides were stained using Massion’s Trichrome Staining kit (Thermo Scien-
tific) following the manufacture’s instruction (Advanced Microwave Stain-
ing Protocol). Slides were rehydrated in PBS before staining and imaged
using Echo Revolve widefield microscope. To measure fibrosis in muscle
tissues, muscle sections were immunostained with anti-collagen VI anti-
bodies (Fitzgerald Industries International, 70R-CR009X, 1:300) and visu-
alized AF594-conjugated donkey anti-rabbit antibodies. 4',6-diamidino-2-
phenylindole (DAPI) was used for nuclear staining.

Flow Cytometry for Cell Analysis:  To analyze the number of satellite cells
and fibroadipose progenitor cells (FAPs) in injured muscles, muscles were
dissected and digested with dispase Il and collagenase Il as previously
described.I>3] Isolated mononucleated cells were immunostained with
the following antibodies: 1:400 CD45-PE (clone 30-F11; BD Biosciences),
1:4000 Sca-1-PE-Cy7 (clone D7, BD Biosciences), 1:400 CD31-PE (clone
390; eBiosciences). Fibroadipose progenitor cells were counted using the
following criteria: CD317/CD457 /Sca1* and satellite cells are counted by
tdTomato™ using BD LSR Il cytometry analyzer and analyzed using FCS
Expression 6 Flow software 6.01.

Fabrication of a Nanomembrane Electronic System: The integration
of a soft platform with a microfabrication technique enabled all-in-one,
wireless, and portable electronics. The device fabrication utilized multi-
ple nanomanufacturing techniques, including a high-resolution printing
process for graphene membrane electrodes[®>°4] and conventional pho-
tolithography, a metallization process for a thin-film-based circuit.[>>]
Detailed description for the entire fabrication process was introduced
in Note S1 and Figure S10 (Supporting Information). For electrode fab-
rication, Pl and graphene membranes were sequentially printed as a
serpentine-patterned shape via AJP (Aerosol Jet 200, Optomec) on the
polymethyl methacrylate (PMMA)-coated glass slide. For the circuit con-
struction, PI—Cu—PI—Cu—PI multilayers were stacked on a polydimethyl-
siloxane (PDMS)-coated 4 in. wafer. The fabricated circuit and electrodes
were retrieved from the carrier substrates and transferred to a soft silicone
elastomer (1:1 mixture of Ecoflex 00-30 and Gels, Smooth-On). Functional
microchips were soldered on the exposed Cu pads on the circuit and cov-
ered with the elastomer. A rechargeable LiPo battery (40 mAh, Adafruit)
was integrated to the circuit. The electrodes and the circuit were linked
with a flexible conductive film. A medical film (Tegaderm, 3M) was uti-
lized to cover the device, which not only helped fix it onto a mouse’s skin
but also prevented external damages.

Mouse Preparation to Use Wearable Electronics: To acclimate mice to
wearing the device, mice carried dummy circuits for 2—4 h on their back
a day before the experiment. To stimulate food consumption, food and
water were removed for 18 h before the experiment. On experiment day,
mice were anesthetized with 2.5% isoflurane inhalation using a nose cone.
If necessary, hair from the cheek and back area was removed with hair-
removing lotion and wiped with alcohol pads to ensure alignment of mem-
brane sensor or device with skin. Mice recovered on a heating pad after
wearing the sensor and device. Three food pellets were provided when
mice are active. The eating activity was recorded as a reference to EMG
signals.

Signal Processing and Quantifying EMG Signals: Masseter muscle EMG
activity during mastication was selected for analysis. The EMG activity with
a high motion signal was excluded from motion artifacts. Raw EMG sig-
nal was filtered by second-order Butterworth bandpass filter at a cutoff
frequency from 10 to 30 Hz. The filtered EMG was converted to the RMS
signal to determine the peak amplitude and noise. The SNR was calculated

as follows!32°7]
Asignal >Z )
Anoise

where Ago, is the amplitude of RMS EMG at chewing and A, s is the
amplitude during noneating. The SNR was collected at 5 times and aver-
aged for analysis.

SNR,g = 10log,, [(
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Statistical Analyses: Statistical analysis was performed using Prism
8.0. Results are expressed as the means + SEM. Experiments were re-
peated at least three times unless a different number of repeats is stated
in the legend. Statistical testing was performed using the unpaired t-test
(Welch’s t-test) if two groups were compared, 1-way ANOVA analysis and
Kruskal-Wallis method for posthoc comparison, if more than two groups
were compared, or 2-way ANOVA analysis if samples with 2 independent
variables were compared, as stated in the figure legends. p < 0.05 was
considered statistically significant. The statistical method, p-values, and
sample numbers are indicated in the figure legends. Power analysis of an-
imal experiments was performed (Table S1, Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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