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A fully biodegradable and self-electrified device

for neuroregenerative medicine
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Peripheral nerve regeneration remains one of the greatest challenges in regenerative medicine. Deprivation of
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sensory and/or motor functions often occurs with severe injuries even treated by the most advanced microsurgi-
cal intervention. Although electrical stimulation represents an essential nonpharmacological therapy that proved
to be beneficial for nerve regeneration, the postoperative delivery at surgical sites remains daunting. Here, a fully
biodegradable, self-electrified, and miniaturized device composed of dissolvable galvanic cells on a biodegrad-
able scaffold is achieved, which can offer both structural guidance and electrical cues for peripheral nerve regen-
eration. The electroactive device can provide sustained electrical stimuli beyond intraoperative window, which
can promote calcium activity, repopulation of Schwann cells, and neurotrophic factors. Successful motor func-
tional recovery is accomplished with the electroactive device in behaving rodent models. The presented materials
options and device schemes provide important insights into self-powered electronic medicine that can be critical

for various types of tissue regeneration and functional restoration.

INTRODUCTION

Peripheral nerve injuries constitute ~2.8% of all trauma cases, af-
fecting more than 1 million of people annually in the world and often
leading to severe sensory deficits and/or impaired motor functions,
which can have devastating impacts on patients’ daily activities
(1, 2). For repairing large lesion gaps (>1 cm), surgical interventions
based on reconstructive grafting are usually necessary to bridge the
nerve defects (3, 4). Currently, autologous nerve grafting (autograft)
remains the most common and the standard solution for clinical
treatments (5); however, full functional recovery can only be achieved
for ~50% of patients, and the treatment suffers from inherent draw-
backs, such as donor site morbidity, limited sources of donor nerves,
mismatch between injured nerves and donor nerves, and the neces-
sity of additional surgeries to obtain donor nerves (4, 6). Alternatively,
tremendous efforts have been dedicated to develop bioartificial
nerve grafts (or conduits) to guide neural growth. Explored materials
are mostly based on biodegradable polymers that eliminate retrieval
procedures after tissue regeneration, including both nature-derived
materials (7) and synthetic polymers (7, 8). Bioactive cues can be
incorporated with bioscaffolds to facilitate cell growth and enhance
therapeutic effects. For example, pharmacological approaches in-
cluding growth-promoting cells (8, 9) and/or growth factors (10, 11)
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have been proposed to create a biologically and/or chemically active
microenvironment (12).

Physical stimulations and electrical stimulations, in particular,
are capable of delivering nonpharmacological therapies for restor-
ing functions of impaired tissues and organs. Electrical signals have
been proven to offer critical bioactive cues to promote neurite ex-
tension and accelerate nerve functional recovery (13-16). For ex-
ample, Al-Majed et al. and other researchers have shown that electrical
stimulations [alternating current (ac) or direct current (dc) electric
fields] can accelerate the nerve outgrowth and functional recovery
in rodents for several types of nerves, including sciatic nerves and
facial nerves (13, 17-21); the neuronal differentiation of PC12 cells,
neurite outgrowth of dorsal root ganglion (DRG) neurons, and
neurotrophic factors released by Schwann cells could be promoted
by ac or dc electric fields (22-25). The efficacy of electrical stimula-
tion has also been identified to attenuate pain and accelerate axonal
regeneration and target reinnervation in human subjects who suffer
from carpal tunnel syndrome (26, 27). Despite the above advances,
the effective delivery of postoperative electrical stimulation directly
at surgical sites remains a daunting challenge. Enhanced therapeu-
tic effects have been reported with multiple days of short-term electrical
stimulation (28), suggesting the importance of delivering electrical
stimulation beyond the intraoperative window. Currently avail-
able clinical treatments are limited to be within the intraoperative
period or transcutaneous stimulations after index of surgical proce-
dure, which constrains the operational time window. Precise trans-
cutaneous electrical stimulation at the injury sites could also be
challenging with possible infection risks. Recently proposed im-
plantable electrical stimulation devices could potentially address these
issues, e.g., wirelessly powered cuff electrodes have been proposed
to promote sciatic nerve repair (29), nondegradable self-powered
scaffolds based on glucose fuel cells have been shown to improve
axonal growth (30), and bioresorbable wireless electrical stimulators
via inductive coupling have been achieved to enhance the regenera-
tion of transected nerves (28). Nevertheless, further advancements
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on materials strategies and device schemes are desirable to facilitate
postoperative electrical therapy and enhance therapeutic effects, as
ideal device systems would prefer additional miniaturization, sim-
plified fabrication processes, all biodegradable components to elim-
inate surgical retrieval, and operation without the use of external
equipment for power delivery.

Here, we report a biodegradable, self-electrified, and ultraminia-
turized conduit device for promoting peripheral nerve regenera-
tion, which simultaneously offers structural guidance and sustained
electrical cues in the biological systems without additional surgical
complications. The electroactive microscale conduit device consists
of dissolvable galvanic cells made of thin-film magnesium (Mg) and
iron-manganese alloy (FeMn) electrodes on a polymer-based bio-
degradable scaffold. For cultured cells in vitro, the electroactive
galvanic cells are shown to not only stimulate calcium activity and
neurite outgrowth of DRG neurons but also promote the prolifera-
tion of Schwann cells and the up-regulation of neurotrophic factors.
The implantable devices are used to treat transected sciatic nerve
injuries (with 10-mm gaps) in Sprague-Dawley (SD) rats, demonstrat-
ing accelerated neuroregeneration and enhanced functional recovery
in vivo. The entire device is fully biocompatible and biodegradable
in physiological environments, eliminating secondary surgeries for
retrieval. The materials options and device strategies provide new
routes to exploit effective postoperative electrical therapy through
biodegradable, self-powered, and miniaturized implants that can be
critical for the function recovery of target tissues and organs.

RESULTS AND DISCUSSION

Materials strategies and device fabrication

Schematic structures of the fully biodegradable and self-electrified
conduit appear in Fig. 1A, and the exploded illustration of each lay-
er is given in Fig. 1B, with the fabrication process given in Fig. 1C.
The device is composed of a dissolvable galvanic cell consisting of
thin-film metallic electrodes embedded in a biodegradable nerve
guidance conduit, which has a bilayer structure comprising porous
polycaprolactone (PCL) and copolymer of poly(r-lactic acid) and
poly(trimethylene carbonate) (PLLA-PTMC). Serving as the inner
layer of the conduit, a flexible and highly stretchable PLLA-PTMC
film (thickness, ~300 um) is used to provide desirable interface for
nerve tissues. Formed via a salt-etching method (Fig. 1C), the po-
rous PCL film (thickness, ~350 um) serves as the outer layer of the
conduit, which not only provides the mechanical support against
deformation induced by the surgical procedure and surrounding
tissues but also ensures permeability of nutrition factors. Figure 1D
shows the microstructure of porous PCL films with the internal
pore diameters ranging from 20 to 40 pm, determined by the size
of sodium chloride particles used in the salt-etching process.
Stacking the separately formed porous PCL and PLLA-PTMC films
yields the bilayer conduit structure (Fig. 1C). The mechanical properties
of porous PCL, PLLA-PTMC, and the bilayer structure are given
in fig. S1.

Magnesium (Mg; thickness, 3.5 pm) and iron-manganese alloy
(FeMn; thickness, 1.5 um) thin films are deposited through magne-
tron sputtering (Fig. 1C), serving as water-soluble electrodes on
each side of the conduit to form a galvanic cell that can provide
sustained electric fields using body fluids as the electrolyte. Mg and
FeMn are adopted as the anode and the cathode, respectively, because
of their suitable electrochemical potential (31, 32), ideal biocompat-
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ibility (33-35), and the desirable degradation rates in biological en-
vironments (36, 37). As necessary trace elements in the human body
(34, 38), Mg has been adopted as stimulation electrodes at the nerve
interface for nerve regeneration showing minimal toxicity (28), and
Fe and Mn have been considered as biocompatible materials for
cardiovascular stents (35, 39). It has been reported that the degrada-
tion rate of FeMn alloys [35 weight % (wt %) Mn] could be about
three times higher than that of pure Fe (37). In addition, the antifer-
romagnetic character of FeMn alloys with Mn > 29 wt % can offer
ideal compatibility with magnetic resonance imaging (MRI) and
magnetron sputtering techniques (39). The structural morphologies
of the deposited Mg and FeMn thin films are provided in figs. S2
and S3A, and the energy-dispersive x-ray spectroscopy (EDS) results
show that the composition of Mn is ~32 wt % in sputtered FeMn
thin films (fig. S3A). The comparison of electrochemical character-
istics of Fe and FeMn (fig. S3, B and C) suggests that the FeMn thin
film holds a smaller charge transfer resistance, a more negative cor-
rosion potential, and a larger corrosion current than those of Fe
films, indicating a faster corrosion rate (estimated to be ~2.5 times
faster than that of the pure Fe film based on the corrosion current).

To topographically guide axonal outgrowth of nerve tissues,
electrospun PCL nanofibers (thickness, ~30 um) are coated on the
metallic thin-film electrodes on the conduit (Fig. 1D). Figure 1E
highlights the morphologies of DRG neurons cultured on PCL fibers
(day 7), which exhibits extensive axonal sprouting and a highly
aligned feature. The conduit materials and metallic thin films are
fabricated in a planar format, and the subsequent rolling of the mul-
tilayer structure yields a three-dimensional (3D) miniaturized and
electroactive conduit device, as shown in Fig. 1 (C and G).

The electrical performance of the Mg-FeMn galvanic cell is eval-
uated both in vivo and in vitro. Figure 1H presents the operating
voltages of the electroactive conduit measured in an SD rat, 1,2, and
3 days after implantation (the measurement setup is provided in fig.
S4). With body fluids as the electrolyte, an average output open cir-
cuit voltage (OCV) 0f 0.984 V can be sustained after day 1, followed
by 0.450 V on day 2, and then 0.068 V on day 3. The decreased
voltage results from the gradual degradation of Mg metallic electrodes,
indicating an electroactive life span of around 2 to 3 days in vivo.
The anodic reaction proceeds with metal dissolution (Mg <> Mg** +
2¢e7), while the cathodic reaction involves either reduction of dis-
solved oxygen (O + 2H,O + 4e” <> 40H") or hydrogen evolution
(2H" + 2e™ « H,) (32, 40). On the basis of the measured voltages,
electric field distributions around the conduit device are simulated
via finite element analysis, with the result on day 1 in Fig. 1T and
more results in fig. S5. The generated electric field is predominantly
distributed along the conduit in the range of ~20 to 250 mV/mm,
which is in accordance with the effective dc electric field intensity to
enhance DRG neurite outgrowth, neurotrophic factors released by
Schwann cells, and PC12 cell differentiation previously reported
(4, 22-24). The electroactive galvanic cells are expected to stimulate
surrounding nerve tissues that can be considered as a high imped-
ance load (41) and promote regeneration and functional recovery.
The in vitro discharge behaviors of Mg-FeMn galvanic cells are in-
vestigated in culture media with varied current densities and external
loads (fig. S6). Decreased current densities and increased external
resistances result in higher voltages. The OCV is measured tobe ~1.0 V
in culture media, similar to the in vivo operational voltage on day 1.
The in vivo operational time frame is longer than that obtained
during in vitro tests, which is likely attributed to the difference in
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Fig. 1. A biodegradable, self-electrified, and miniaturized conduit device for neuroregenerative medicine. (A) Schematic illustration of the device for sciatic nerve
regeneration. The device is composed of porous PCL (~350 um, 4.7 x 10 mm), PLLA-PTMC (~300 um, 4.7 X 10 mm), a Mg-FeMn galvanic cell (Mg ~3.5 um, 4.7 x 3 mm; FeMn
~1.5 um, 4.7 x 3 mm), and electrospun PCL fibers (~30 um, 4.7 x 10 mm). (B) Schematic exploded illustration of the device. (C) Fabrication process of the device. (D) SEM
image of porous PCL. (E) SEM image of electrospun directional PCL fibers. (F) Confocal image of the guided neurite outgrowth of DRG neurons cultured on directional PCL
fibers (day 7). Inmunohistochemical staining: axons (B-tubulin, red), Schwann cells (5100, green), and nuclei (DAPI, blue). (G) Image of the electroactive device: front view
(left) and side view (right). (H) In vivo measured OCV of an implanted device. () Finite element analysis of voltage (left) and electric field (right) distribution around the
device on day 1 postoperatively. (J) Images collected at various stages of the accelerated dissolution of the device (planar state) in PBS (pH 7.4, 60°C). Photo credit: Liu
Wang, Tsinghua University.

the electrolyte environments. There could be less amount of fluids  rates and longer lifetime of Mg-FeMn galvanic cells. Moreover, the
in the in vivo environment, and the presence of proteins could po- lifetime of biodegradable galvanic cells could be extended by in-
tentially deposit on the electrode surface and limit the contact of  creasing the thickness of electrodes or adopting thicker encapsula-
body fluids to a certain extent, resulting in decreased dissolution tion layers on the electrode surface.
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To assess the degradation behavior of the miniaturized and
self-powered conduit, the accelerated hydrolysis is observed in
phosphate-buffered saline (PBS) solutions (pH 7.4, 60°C) at various
stages (Fig. 1]). The results show that thin-film Mg electrodes disap-
pear within 1 day, followed by complete dissolution of FeMn thin
films after ~34 days, while polymeric conduit materials completely
degrade after ~56 days.

In vitro cell growth behavior with galvanic cells

To investigate the biocompatibility of the electrode materials of Mg-
FeMn galvanic cells, PC12 and Schwann cells are cocultured with
metallic thin films (Mg and FeMn) in culture media with experi-
mental setup given in fig. S7. The results are shown in figs. S8 and S9.
There is no significant difference of cell viability between the
E-active group and the control group, indicating excellent biocom-
patibility. Growth behaviors of DRGs and Schwann cells are then
investigated in vitro to evaluate the effects of the electric field provid-
ed by Mg-FeMn galvanic cells on nerve regeneration, with the same
experimental setup given in fig. S7. Studies are performed with the
control (no metallic films) and E-active (Mg-FeMn galvanic cells)
groups, as well as the Mg (only Mg films) and FeMn groups (only
FeMn films) to reveal the possible influence of individual metallic
electrodes. The immunofluorescent images of DRG neurons after
7 days of culturing appear in Fig. 2A and fig. S10 (A and B). A greatly
enhanced axonal outgrowth of DRGs is observed, with some neurites
parallel to the electric field of Mg-FeMn galvanic cells. On the con-
trary, much shorter neurites of DRGs are observed in the control
group (no electric field), and similar growth patterns are detected in
both the Mg and FeMn groups (fig. S10, A and B). Quantitative analysis
of the average neurite length of DRG neurons is summarized in fig.
S10C. The results suggest that the average neurite length of DRGs is
significantly longer in the E-active group than in the other groups
(P < 0.01), indicating that the electric field provided by Mg-FeMn
galvanic cells plays an important role in promoting neurite extension.
These results further support the biocompatibility of the electrode
materials of Mg-FeMn galvanic cells. As the modulation of the elec-
tric field on neuronal growth is closely associated with the cellular
calcium (Ca®") signaling (42), the excitability of DRG neurons in both
the E-active and control groups is further evaluated by monitoring
spontaneous intracellular calcium signals in the cell soma (movies S1
and S2). Time-series fluorescent images of spontaneous intracellular
calcium waves and quantitative analysis of the fluorescence intensi-
ties over time in the E-active group are illustrated in Fig. 2B. To
quantify the observed calcium activity, the firing number and
amplitude of calcium waves of individual neurons (cell number:
57 in the control group and 80 in the E-active group) within 250 s are
analyzed and the results are given in Fig. 2C. The quantitative analy-
sis indicates that the presence of the galvanic cell promotes more and
stronger calcium waves compared to that in the control group, sug-
gesting an enhanced calcium activity, which could activate effector
proteins and elevate the level of neuronal cyclic adenosine mono-
phosphate (cAMP) to provoke neurite outgrowth (42, 43). Moreover,
Schwann cells respond to the electric field with faster proliferation,
as compared with the control, Mg, and FeMn groups (Fig. 3A and
fig. S11, A and B). Quantitative analysis of the number of Schwann
cells (in the area of 500 pm x 500 um) reveals that the presence of
galvanic cells significantly promotes cell proliferation compared to
the other groups (P < 0.01) (fig. S11C). The level of four neurotrophic
factors, including nerve growth factor (NGF), brain-derived neuro-
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trophic factor (BDNF), ciliary neurotrophic factor (CNTF), and vas-
cular endothelial growth factor (VEGF), in supernatants of Schwann
cells is measured by enzyme-linked immunosorbent assay (ELISA),
and the results appear in Fig. 3B, fig. S11D, and table S1. The results
suggest that the production of the four neurotrophic factors is boost-
ed in the E-active, Mg, and FeMn groups relative to the control
group (P < 0.01; Fig. 3B and fig. S11D). The concentrations of CNTF,
NGF, and VEGF in the E-active group are significantly higher than
those in the Mg and FeMn groups (P < 0.01; fig. S11D), probably due
to the greatly enhanced proliferation of Schwann cells under the
electric field. The concentration of BDNF in the E-active group is
enhanced compared to that of the FeMn group (P < 0.05), while no
obvious difference is observed relative to the Mg group (fig. S11D).
The enhanced expression of neurotrophic factors under the pres-
ence of electric field is consistent with the previous reports (44, 45).
In all, the in vitro results indicate that Mg-FeMn galvanic cells are
biocompatible and promote axonal outgrowth, calcium activities,
Schwann cell proliferation, and neurotrophic factors that are all ben-
eficial for nerve regeneration.

In vivo nerve tissue regeneration with biodegradable

and self-electrified conduit devices

Nerve grafts of the E-active (electroactive conduit), autograft, and
hollow (conduit without metallic films) groups are implanted to
bridge a 10-mm transected sciatic nerve gap in SD rats to evaluate
the efficacy of electroactive conduits on nerve regeneration, as
shown in Fig. 4A. The detailed process of the surgical procedure is
given in movie S3. Studies are also performed with Mg (conduit with
only Mg films) and FeMn (conduit with only FeMn films) groups to
assess the potential influence of individual metallic electrodes. It is
noted that the electrospun PCL layer is also present on the inner
surface of the conduits of the hollow, Mg, and FeMn groups, and
the only difference between the hollow and E-active groups is the
absence of galvanic cells. MRI is frequently involved in clinical diag-
nosis, and conductive components of biomedical implants could
interact with electromagnetic fields, causing device heating and im-
age distortion. The MRI images with and without implanted elec-
troactive devices appear in Fig. 4B. Sciatic nerves and the location of
the electroactive conduit can be clearly identified, where the white
contrast at the transected nerves indicates the presence of fluids in-
side the conduit probably due to potential inflammation and swell-
ing induced by surgery. The absence of image distortion suggests
low magnetic susceptibility of Mg and FeMn thin films in the elec-
troactive device. Micro-computed tomography (micro-CT) is an
alternative technique to complement evaluation of nerve regenera-
tion and track the degradation process of metallic thin films of im-
planted devices. An example of micro-CT image is given in Fig. 4C,
where the location of the implanted conduit device (dark tube-like
area) and the FeMn thin film (white contrast) can be captured.
Time-series micro-CT images taken at different stages of the E-
active group appear in fig. S12, and results suggest that tissues have
grown into the conduit area and FeMn thin films remain after 12 days
of implantation. As micro-CT images cannot differentiate the types
of tissues in the conduit, immunohistochemical studies of the cross-
sectional nerve tissues are used to evaluate the regrowth of nerve
tissues. It is noted that the immunofluorescent staining of the trans-
verse sections is often adopted for evaluation especially at the later
stage of nerve regeneration (10, 21), as it is important to investigate
the degree of nerve fiber myelination and axonal maturity through
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Fig. 2. In vitro DRG neuron growth behavior with Mg-FeMn galvanic cells. (A) Confocal microscope images of DRG neurons cultured with galvanic cells (the E-active
group) and no metallic films (the control group) on day 7. The white arrow indicates the direction of the electric field. Immunohistochemical staining: axons (NF200,
green), Schwann cells (5100, red), and nuclei (DAPI, blue). (B) Calcium dynamics within the DRG neurons in the E-active group (calcium, green). Left: Photo of DRG neurons
after calcium dye loading. Right: Example showing the time-series imaging of calcium dynamics of the neuron in the red dashed box from the left. The cell soma was
chosen as the region of interest for drawing the trace. Three images at designated time show the fluorescent intensity change. (C) Quantification of the number (left) and
amplitude (right) of calcium waves within 250 s of individual neuron of the E-active and control groups (cell number: 57 in the control group; 80 in the E-active group).
GraphPad Prism (version 6.0) was used for the statistical analysis, followed by unpaired t test (**P < 0.01).

the cross-sectional sections of regenerated nerves. Together with a
series of systematic evaluations of functional recovery through elec-
trophysiological evaluation, gastrocnemius muscle assessment, and
walking track analysis at 12 weeks after implantation, the therapeu-
tic effects of the electroactive devices will be critically assessed.
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To obtain consistent results, the transverse sections of regenerat-
ed tissues are investigated at 3, 9, and 12 weeks after implantation,
and the locations of different sections are summarized in fig. S13. At
each time point, the same locations of transverse section are obtained
to compare among different groups, and representative results are
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Fig. 3. In vitro Schwann cell growth behavior with Mg-FeMn galvanic cells.
(A) Confocal microscope images of Schwann cells of the E-active and control groups
on day 3. (B) ELISA of BDNF, CNTF, NGF, and VEGF production in Schwann cells of
the E-active and control groups. Data are mean + SD. Immunohistochemical stain-
ing: Schwann cells [glial fibrillary acidic protein (GFAP), green], Schwann cells
(5100, red), and nuclei (DAPI, blue). n = 3 independent experiments per group. The
SPSS software package (version 23.0) was used for the statistical analysis, followed
by one-way ANOVA (**P < 0.01).

given. To evaluate the effects of the electroactive conduit devices on
nerve regeneration at the early stage, immunofluorescent images of
transverse sections at the middle of the nerve segment (one-half
section) at 3 weeks after implantation are given in Fig. 4D and fig.
S14. Figure S15 summarizes the full cross-sectional view of regener-
ated nerve tissues of all the groups. The area of regenerated axons
and Schwann cells in the E-active group is much larger than that in
the hollow group (Fig. 4D and fig. S15), indicating a much higher
nerve regeneration rate facilitated by the presence of galvanic cells.
The axonal density in the E-active group is higher relative to the Mg
and FeMn groups (Fig. 4D and fig. S14), indicating the positive ef-
fects of electric field introduced by the galvanic cells. It is noted that
the area of regenerated nerve tissues in the autograft group appears
to be the greatest compared to the other groups, which is expected
due to the presence of proper axonal and Schwann cells immediately
after surgery. Hematoxylin and eosin (H&E) staining images ap-
pear in fig. S16, indicating no significant inflammations. As the
formation of new blood vessels is closely associated with nerve re-
generation at the early stage, the immunofluorescent staining of
endothelial cells (ECs) of the transverse sections is also performed
(fig. S17), and the density of ECs exhibits a consistent trend with
that of the regenerated nerve tissues.
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The immunofluorescent images of transverse sections of nerve
tissues (two-third section and distal section of the nerve segment) at
9 weeks after implantation appear in figs. S18 to S20, and H&E stain-
ing images are given in fig. S21. These results represent the middle
stage of nerve regeneration, and regenerated nerve tissues are found
to regrow beyond two-thirds of transected gaps in all groups. Com-
parable with the autograft group, the E-active group demonstrates
larger area of regenerated nerve tissue at the two-third sections
compared to that of the hollow, Mg, and FeMn groups. These re-
sults are virtually consistent with the trend observed at 3 weeks after
implantation, indicating the improved therapeutic effects of elec-
troactive devices at both early stage and middle stage of nerve re-
generation. It is noted that the observed tissues at the distal sections
are likely the residual transected nerve stumps, as the cross-sectional
area is larger than that at the two-third sections in all the treated
groups except the autograft one. Nevertheless, the H&E results (fig.
S21) at both the two-third and distal sections indicate no significant
inflammations.

The evaluation of sciatic nerve regeneration at the later stage is
performed through immunohistochemical staining and transmis-
sion electron microscopy (TEM) techniques at 12 weeks postopera-
tively. The immunofluorescent images of transverse sections at the
middle of regenerated nerve segment (one-half section) are given in
Fig. 5A and fig. S22A. The TEM images of the regenerated nerves
further reveal more details of the degree of nerve fiber myelination
and axonal maturity (Fig. 5B and fig. S22B). The quantitative anal-
ysis of g-ratio (area-based), the diameters of myelinated nerve fi-
bers, and the thickness of myelin sheath based on TEM images is
summarized in Fig. 5 (C and D) and fig. S22 (C to E). The average
g-ratio is an indicator of the degree of axonal myelination, and the
results suggest that the g-ratio is similar among the E-active, auto-
graft, and Mg groups, and a lower degree of myelination is observed
in the hollow and FeMn groups (P < 0.01) (Fig. 5C and fig. S22C).
The average diameters of myelinated nerve fibers in the E-active
group are greater than those in the hollow, Mg, and FeMn groups
(P < 0.01) (Fig. 5D and fig. S22D), implying a greater axonal
maturity. In addition, the average thickness of myelin sheath in the
E-active group is similar to that in the Mg group, and it is greater
relative to the hollow (P < 0.01) and FeMn groups (P < 0.05) (fig.
S22E). The greatest myelinated fiber diameter and myelin sheath
thickness are found in the autograft group (P < 0.01), which is ex-
pected because of the cellular scaffold and the presence of bioactive
cues such as Schwann cell basal lamina and growth factors. These
results suggest that the electric field offered by the electroactive
conduit devices endow positive effects in remyelination of the re-
generated nerves.

Functional recovery with biodegradable and self-electrified
conduit devices

As function recovery is the key assessment of peripheral nerve re-
generation, studies have been performed through electrophysiological
evaluation, gastrocnemius muscle assessment, and walking track
analysis at 12 weeks after implantation. Electrophysiological tests
are used to evaluate nerve conduction recovery. The compound
motor action potential (CMAP) is measured by recording the action
potential of target gastrocnemius muscles after electrically stimulating
the proximal sciatic nerve stumps at the injured side. The represent-
ative CMAP curves appear in Fig. 6A and fig. S23A. Although sta-
tistical analysis suggests no significant difference in CMAP latency
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Fig. 4. Sciatic nerve regeneration with biodegradable and electroactive conduit devices. (A) Surgical images of the implantation of electroactive conduit devices at
the sciatic nerves of SD rats. Left: Sciatic nerves. Middle: Implantation with an autograft. Right: Implantation with an electroactive conduit device. (B) MRI images of sciatic
nerves (left, no implantation) and an electroactive conduit device (right, day 7 after implantation). The white contrast at the implantation site results from swelling after
surgery. (C) Micro-CT image of an electroactive conduit device (day 1 postoperatively). The black tube-like region indicates the location of the electroactive device
(marked with blue lines). The white contrast on the electroactive device indicates FeMn thin films (marked with yellow dotted lines). (D) Immunofluorescentimages of the
transverse sections of regenerated tissues at the middle of the nerve segment at 3 weeks after implantation of the autograft, hollow, and E-active groups. The immuno-
fluorescent images at lower magnification in the insets give the full view of regenerated tissues. Immunohistochemical staining: axons (NF200, green), Schwann cells
(5100, red), and nuclei (DAPI, blue). Photo credit: Liu Wang, Tsinghua University.

for all the groups (Fig. 6E and fig. S23C), the CMAP amplitude of
the E-active group is improved relative to the hollow (Fig. 6D) and
Mg groups (P < 0.05) (fig. S23B), suggesting that much more inner-
vated muscle fibers and regenerated motor units are achieved by using
electroactive devices. It is noted that the autograft group demon-
strates higher CMAP amplitude than all the other groups (Fig. 6D
and fig. S23B).

Wang et al., Sci. Adv. 2020; 6 : eabc6686 11 December 2020

Sciatic nerve transection results in the loss of innervation in gas-
trocnemius muscles that often leads to atrophy if reinnervation cannot
be achieved properly after motor nerve regeneration. To investigate
the degree of muscle atrophy at the injured hindlimb, which is
an important index of functional recovery, analysis of ultrasound
images, muscle wet weight ratios, and Masson trichrome staining
of the transverse gastrocnemius muscle sections at 12 weeks after
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Fig. 5. Evaluations of regenerated nerve fibers at 12 weeks after implantation of the autograft, hollow, and E-active groups. (A) Immunofluorescentimages of the
transverse section at the middle of the nerve segment (one-half section). Immunohistochemical staining: axons (NF200, green), Schwann cells (5100, red), and nuclei
(DAPI, blue). (B) TEM images of the transverse sections (one-half section) of regenerated sciatic nerves. (C) Average area-based g-ratio. (D) Average diameters of myelin-
ated axons. n =5 independent animals per group. The SPSS software package (version 23.0) was used for the statistical analysis, followed by one-way ANOVA (**P < 0.01).

implantation are performed. Ultrasound imaging is a noninvasive
technique to examine the elasticity of gastrocnemius muscles.
Quantitative analysis of ultrasound results (Fig. 6F and fig. S24) re-
veals that the muscle elasticity in the E-active group is slightly higher
than that in the autograft group (P < 0.05), and it is lower compared
to the results in the hollow, Mg, and FeMn groups (P < 0.01), indi-
cating improved muscle reinnervation and the recovery of muscle
atrophy with electroactive devices. Representative gross images of
gastrocnemius muscles isolated from both the injured and contra-
lateral (unoperated) hindlimbs (Fig. 6B and fig. S25A) suggest ap-
parent atrophy in the hollow, Mg, and FeMn groups compared to
that of the E-active and autograft groups. To quantitatively evaluate
muscle atrophy, the gastrocnemius muscles on the operated legs are
compared to the healthy ones to calculate the muscle wet weight ratio,
and the results appear in Fig. 6G and fig. S25B. The results indicate
that the wet weight ratio of the E-active and autograft groups is
close (P < 0.05), and it is significantly higher than that of the hollow,
Mg, and FeMn groups (P < 0.01), consistent with the ultrasound
results. The Masson’s trichrome staining images of the transverse
sections of gastrocnemius muscles from the injured limbs are given
in Fig. 6C and fig. S26A. Significantly less collagenous deposits and
larger average cross-sectional muscle fiber area are found in the
E-active and autograft groups, suggesting a better muscle reinner-
vation. Statistical analysis of the cross-sectional area of muscle fibers
(Fig. 6H and fig. S26B) shows that the muscle fiber area in the E-active
group is slightly lower than that in the autograft group (P < 0.01),
and it is greater than that in the hollow, Mg, and FeMn groups
(P < 0.01). These results further suggest the positive therapeutic ef-
fects in muscle reinnervation promoted by the electrical field of
electroactive devices.

To assess the recovery of motor functions along nerve regenera-
tion, the CatWalk system is used to evaluate walking track every 2
weeks postoperatively. Figure 7A and fig. S27A illustrate the 3D
plantar pressure distributions of the contralateral (unoperated)

Wang et al., Sci. Adv. 2020; 6 : eabc6686 11 December 2020

hindlimb and right hindlimb (injured side) obtained at 12 weeks after
implantation. The y axis of the 3D plantar pressure distribution dis-
plays the relative intensity of the scattered light brightness in arbi-
trary units, which implies the corresponding relative pressure of the
plantar. The results indicate that both the print area and the plantar
pressure of the E-active group are comparable to those of the auto-
graft group. The statistical results of sciatic function index (SFI), a
measure of sciatic nerve function, are calculated by four different
parameters of footprints, and the results appear in Fig. 7B and fig.
S27B. SFI values close to 0 suggest normal motor function, while
SFI values close to —100 indicate severe dysfunction. In all cases, SFI
values demonstrate a decreasing trend at the initial 4 weeks after
implantation, which indicates the impaired motor function induced
by sciatic nerve transection, followed by an increasing trend in a
time-dependent manner afterward, suggesting the gradual recovery
of motor function due to nerve regeneration. Although there is no
significant difference of SFI values in all groups at 2 and 4 weeks, the
E-active group demonstrates greatly higher SFI values after 4 weeks
compared to the hollow, Mg, and FeMn groups (P < 0.01) (Fig. 7B
and fig. S27B). The SFI values at 12 weeks after implantation of
the hollow, E-active, and autograft groups are —69.82 + 3.06,
—41.51 + 5.47,and —37.71 £ 3.13, respectively. There is no statistical
difference of the SFI values between the E-active and autograft
groups at 10 and 12 weeks after implantation (Fig. 7B), indicating
excellent motor function recovery with the electrical cue provided
by the electroactive conduit. The walking track of SD rats at 12 weeks
after implantation of the hollow, E-active, and autograft groups is
given in movie S4 to demonstrate the enhanced functional recovery
in the E-active and autograft groups.

These combined results of immunohistochemistry, electrophys-
iology, muscle atrophy evaluation, and functional assessment prove
the therapeutic efficacy of the biodegradable and self-electrified
conduits, with equivalent outcomes of the improved axonal remye-
lination and motor function recovery as compared to the autograft
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Fig. 6. Evaluation of gastrocnemius muscles at 12 weeks after implantation of the autograft, hollow, and E-active groups. (A) Representative CMAP at the injured
side. Electrical stimulation (3.0 mA, 1 Hz, 0.1 ms) is applied at the proximal and distal nerve stumps. (B) Gross images of the isolated gastrocnemius muscles of the contra-
lateral (unoperated, left) and injured side (right). (C) Masson’s trichrome staining images of the transverse sections of muscles from the injured limb. (D) Statistical analysis
of CMAP amplitude at the injured side. (E) Statistical analysis of CMAP latency at the injured side. (F) Statistical analysis of the ultrasound elasticity of gastrocnemius
muscles from the injured limb. (G) Statistical analysis of the wet weight ratio of the gastrocnemius muscles from the injured limb. (H) Statistical analysis of the area of
muscle fibers from the injured limb quantified from Masson'’s trichrome staining images. n =5 independent animals per group. The SPSS software package (version 23.0)
was used for the statistical analysis, followed by ANOVA (*P < 0.05 and **P < 0.01). Photo credit: Changfeng Lu, Chinese PLA General Hospital.

treatment. The results of functional recovery (SFI) are comparable
with the previous report, where transcutaneous low-frequency elec-
trical stimulation (1 hour every 2 days for seven times) was applied
through nondegradable conductive scaffolds (21). The enhanced
therapeutic effects suggest that the presence of the electric field in-
duced by the self-electrified conduit at the early stage of nerve re-

Wang et al., Sci. Adv. 2020; 6 : eabc6686 11 December 2020

generation (first 2 to 3 days) could be crucial for motor function
recovery, as it could assist faster axonal regrowth and reduce the
total time of distal muscle denervation, improving functional recov-
ery quality. It is noted that the previously reported electrical stimu-
lation spans a variety of parameters, including low-frequency pulse
ac stimulation (monophasic or biphasic) (20, 28) and dc electric
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Fig. 7. Evaluation of the motor functional recovery of the autograft, hollow,
and E-active groups. (A) 3D plantar pressure distribution of walking tack of SD rats
at 12 weeks after implantation. A.U., arbitrary units. (B) SFl values close to 0 suggest
normal motor function, while SFI values close to —100 indicate severe dysfunction.
Data are mean + SD. For each group, n=11 for week 2; n=8 for weeks 4, 6, and 8;
and n=5 for weeks 10 and 12. The SPSS software package (version 23.0) was used
for the statistical analysis, followed by ANOVA (**P < 0.01 versus E-active group).

field (19), with stimulation time ranging from a few hours to repeat-
ed short-term daily stimulation, and their beneficial effects at the
early stage of nerve regeneration are believed to be associated with
elevated cAMP and up-regulation of neurotrophic factors (45, 46).
Faster elongation and directional growth of neurites have been
observed under dc electric field, which could be mediated by cyto-
plasmic calcium and cAMP (47-49). Combined with the in vitro
results in the current work, the beneficial effects of the dc electric
field provided by the galvanic cell could be attributed to the stimu-
lation of Schwann cell repopulation, up-regulation of neurosup-
portive growth factors, and enhanced calcium activity that could
activate effector proteins and enhance cAMP levels promoting
neuronal outgrowth (4, 24, 42). It is worth mentioning that although
dc electrical stimulations could be of concern for conventional non-
degradable electrical stimulators because of potential dissolution of
electrodes, materials in the electroactive device are designed to be
biocompatible and biodegradable and will not likely cause signifi-
cant tissue toxicity.

Wang et al., Sci. Adv. 2020; 6 : eabc6686 11 December 2020

In summary, we report a biodegradable, self-electrified, and
miniaturized therapeutic conduit device coupling galvanic cells and
nerve guidance conduit that can provide both structural guidance
and self-sustained electrical stimulation beyond intraoperative win-
dow to promote peripheral nerve regeneration (10-mm nerve gap).
The self-powered nature of the device avoids the dependence of
external equipment for power delivery, ensuring operational conve-
nience. The entire device is biocompatible and fully biodegradable
in physiological solutions, eliminating a second surgery for device
retraction. As the key electroactive component of the devices, the
Mg-FeMn galvanic cell has been shown to prominently facilitate
axonal outgrowth and calcium activity of DRG neurons and pro-
mote proliferation and neurotrophic factor production of Schwann
cells. The biodegradable and electroactive device demonstrates effi-
cacy in promoting sciatic nerve regeneration in rodents by enhanc-
ing the growth of nerve tissues and accelerating recovery of motor
functions. Restored motor functions facilitated by the electroactive
devices are comparable with that of autografts, which are often in-
volved in clinical treatments, shedding light on potential novel non-
pharmacological self-powered electronic medicine treating peripheral
nerve injuries without additional surgical complications such as
second surgeries and donor site morbidity.

Materials strategies and device schemes proposed in the current
work establish essential baselines for biodegradable, self-powered,
and miniaturized devices that can deliver postoperative electrical
therapies inside the human body without requiring external sourc-
es. Future directions include optimization of the operational life-
times and electric field intensity of the self-electrified device and
development of alternative electrical signals with pulse modes. In-
corporation of multifaceted cues will also be critical to further
encourage nerve regrowth, such as biomimetic luminal fillers, bio-
degradable and conductive coating pathways, and neurotrophic fac-
tors. Combining the electroactive conduit with autografts that have
excellent biological cues represents another possibility to further
promote nerve regeneration, as clinical treatments have demon-
strated positive effects by adding electrical cues with autologous
nerve grafting. Moreover, as large-gap (>2 to 3 cm) injury repair
remains a great challenge using artificial conduits, assessment of nerve
regeneration by the electroactive device with comparable size on large
animal models is crucial. Collectively, the biodegradable and self-
electrified conduit devices may potentially be applied to various target
tissues and organs where electrical fields are necessary to intervene
biological functions, enabling innovative approach to tackle the
hurdles in regenerative medicine.

MATERIALS AND METHODS

Fabrication of biodegradable and electroactive

therapeutic devices

PLLA-PTMC films (thickness, ~300 um; size, ~4.7 mm x 10 mm)
were achieved by dissolving PLLA-PTMC (60:40, viscosity of 2.2 mPa-s;
Jinan Daigang Biomaterial Co. Ltd., China) into trichloromethane
(CHCl3) (Beijing Tongguang Chemical Co. Ltd., China) with a
weight-to-volume (w/v) ratio of 1:10, followed by drop-casting and
curing for 12 hours at 4°C to avoid bubble formation. Concentrations
of chemicals in the current work are all reported in a w/v ratio
unless otherwise noted. Porous PCL films (thickness, ~350 um; size,
~4.7 mm x 10 mm) were fabricated by mixing PCL (average molecular
weight of ~80,000; Beijing Dibaier Biotechnology Co. Ltd., China)
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and sodium chloride (NaCl) with dimethylformamide (Sigma-Aldrich
Inc., USA) at concentrations of 15% and 4% solutions at 45°C. The
mixture was then casted on glass substrates, and the resulting films
were soaked in distilled water to remove NaCl particles, allowing the
formation of porous PCL films. A bilayer conduit material was pre-
pared by laminating PLLA-PTMC to the porous PCL using a small
amount of CHCl; solution. Mg thin-film anodes (thickness, ~3.5 um;
size, ~4.7 mm x 3 mm) were deposited on one side of the bilayer
material through a shadow mask in a magnetron sputter (Beijing
Zhongjingkeyi Co. Ltd., China) with a deposition speed of 1.8 A s™"
(280 V, 0.23 A) through patterned shadow masks. Similarly, FeMn
alloy thin films (thickness, ~1.5 um; size, ~4.7 mm x 3 mm) used as the
cathodes were fabricated on the other side of the conduit through
magnetron sputtering, using a customized target made of FeMn
alloy with 30 wt % Mn, with a deposition speed of 1.1 A s™ (340 V,
0.25 A). The electrospinning solution used to fabricate directional
PCL fibers was obtained by dissolving PCL particles into hexafluoroiso-
propanol (Shanghai Aladdin Biochemical Co. Ltd., China) with a w/v
ratio of 1:14. The PCL solution was then electrostatically drawn from
the tip of a 10-ml syringe onto the surface of the metallic thin-film
electrodes at a mass flow rate of 0.3 mm min~' by applying a high
voltage of 15 kV between the electrode and a rotating collector (850
rpm) to achieve a layer of directional electrospun PCL fibers (thick-
ness, ~30 um; size, ~4.7 mm X 10 mm). A 3D electroactive device was
achieved by rolling up the planar multilayer structure on a needle
(diameter, 1.5 mm), which determined the inner diameter of the de-
vice. Given the tackiness, a freshly prepared thin layer of electrospun
PCL (~20 um) was wrapped around the conduit to fix the shape.

Evaluations of materials morphology, mechanical
properties, and biodegradability

Material surface morphology was investigated by a field-emission
scanning electron microscopy (SEM) system (Zeiss, Belin, Germany),
and EDS technique was used to investigate the composition of
sputtered thin films. Tensile tests were carried out using a universal
testing machine (WDW3020, Kexin Co. Ltd., China) with a speci-
men size of 10 mm x 0.35 mm x 50 mm at a strain rate of 0.002 s~
The elastic modulus and tensile strength are calculated by the soft-
ware (three measurements for each material), and the results are
shown as mean + SD. The degradation experiments were performed
by soaking the electroactive devices (in the planar state) in PBS (re-
placed every day) at 60°C using a water bath, and time-series images
are taken by an optical microscope at various stages.

Electrochemical measurements

For in vitro evaluation, Mg-FeMn galvanic cells were fabricated
by sputtering metallic thin films (size, 0.5 cm x 9 c¢m; thickness,
Mg, 3.5 um, and FeMn, 1.5 um) on polyethylene terephthalate
substrates with encapsulation of a layer of PLLA-PTMC (~50 um).
The discharge behavior of Mg-FeMn galvanic cells (electrode surface
area, 1 cm?) with culture media (RPMI 1640 medium, Thermo Fisher
Scientific Co. Ltd., Hampton, NH, USA) as the electrolyte was in-
vestigated with various current densities and external loads using a
battery tester (Neware Electronic Corporation, Shenzhen, China).
Three measurements per discharge condition were performed, and
representative curves were given as the results. The OCV of galvanic
cells was measured by a potentiostat (Interface 1000E, Gamry, USA).
For in vivo evaluation, electroactive devices were fabricated following
the aforementioned process. Mg and FeMn alloy thin-film electrodes
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were connected to copper wires through a biodegradable conductive
paste made of PLLA-PTMC and Mo particles. The connection was
encapsulated by 3140 adhesive (Dow Corning Corp., MI, USA) and
poly(dimethyl siloxane) to ensure durable electrical contact. The OCV
was measured by a potentiostat for 1 hour every day until it drops to
zero. Three independent experiments were performed (n = 3), and
representative curves were given as the results. The galvanodynamic
polarization curves and electrochemical impedance of Fe and FeMn
alloy were measured by a potentiostat (Interface 1000E, Gamry, USA)
in PBS using a three-electrode configuration with Fe or FeMn alloy
as the working electrode, Ag/AgCl as the reference electrode, and plat-
inum as the counter electrode. Three measurements were performed for
each sample. Galvanodynamic polarization curves were measured at a scan-
ning rate of 0.2 mV s~ and a varying potential of +0.25 V. Electro-
chemical impedance spectroscopy measurements were performed from
1 Hz to 1 MHz with an amplitude of 5 mV and 0 V bias from the OCV.

Simulation of the electric field

The simulations of voltage and electric field distribution around the
electroactive conduit were performed by finite element methods in
COMSOL Multiphysics using the ac/dc module. The conduit was
defined as a hollow cylinder, with an inner diameter of 1.5 mm, an
outer diameter of 2 mm, and a height of 10 mm. Tissue around the
conduit was modeled as a cylinder with a diameter of 50 mm and a
height of 40 mm. The conduit materials were assumed as electrical-
ly insulating with a relative permittivity of 2.75 (50). PBS solution
was used as the electrical equivalent to tissue around the conduit
with a conductivity of 1.5 $ m™ (51-53) and a relative permittivity
of 80 (52, 53). The galvanic cells (FeMn cathodes and Mg anodes,
3 mm in height each) were defined to have constant voltages, the values
of which were acquired from in vivo experiments. The cross-sectional
plane of calculated voltages and electric fields was plotted.

Cytotoxicity tests

Cytotoxicity tests were performed by coculturing galvanic cells (Mg
and FeMn thin films with a distance of ~3 mm) with Schwann cells
and PC12 cell lines. Three independent experiments were conduct-
ed for each type of cells (n = 3). PC12 cell lines (Tiandz Inc., China)
were cultured in 1640 medium supplemented with 10% horse se-
rum and 5% fetal bovine serum (FBS) for 7 days. Schwann cells were
harvested and purified as described previously (54, 55). Briefly, the
sciatic nerves of 3-day-old SD rats were enzymatically dissociated
with 1 ml of 0.2% collagenase. Next, the mixtures were stirred at
37°C for 10 min, centrifuged, and resuspended in Dulbecco’s mod-
ified Eagle’s medium and nutrient mixture F-12 (DMEM/F12) sup-
plemented with 10% (v/v) FBS NB4 (Sigma-Aldrich) after trituration
for 5 min. The purified Schwann cells were cultured with nutrient
mixture F-12 (DMEM/F12) supplemented with 10% FBS, 2 uM
GlutaMAX, 2% double antibody, epidermal growth factor (10 ng ml™),
and 2 uM forskolin for 7 days. After culturing, the medium was re-
moved and the cells were washed three times and then stained with
calcein-AM/ethidium homodimer-1 (Thermo Fisher Scientific Co.
Ltd., Hampton, NH). The fluorescent images were obtained with flu-
orescent microscopy (Ni-U, Nikon Co., Japan).

In vitro cell growth behavior and immunohistochemical

and ELISA analysis

DRG neurons were isolated from postnatal day 1 rat pups following
a previously described procedure (56). They were then cocultured
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with deposited metallic films (thickness, Mg, 3.5 um, and FeMn,
1.5 um, with a distance of ~3 cm) in different experimental groups
incubated in a constant temperature incubator (5% CO,, 37°C) for
7 days. The investigation was performed with four groups: control
(no metallic films), E-active (Mg-FeMn galvanic cells), Mg (only
Mg films on both ends), and FeMn (only FeMn films on both ends).
Three independent experiments were conducted for each group
(n =3). The culture medium is DMEM/F12 (Gibco, USA) with B-27
(2%; Gibco, USA) and penicillin-streptomycin (1%). The solutions
were changed every 2 days. After culturing, DRGs were fixed in
paraformaldehyde (4%) for 30 min, permeabilized with Triton
X-100 (0.3%) for 5 min, and incubated with normal goat serum
(10%; Solarbio, China) for 30 min at room temperature. Next,
DRGs were incubated with mouse anti-NF200 antibodies (Sigma-
Aldrich, USA) and rabbit anti-S100 antibodies (Sigma-Aldrich,
USA) at 4°C overnight and then secondary antibodies with the goat
anti-rabbit antibodies (IgG H+L, Alexa Fluor 594, Abcam, USA)and
goat anti-mouse antibodies (IgG H+L, Alexa Fluor 488, Abcam, USA)
for 1 hour in the dark at room temperature. After washing three
times with PBS, the samples were stained with 4’,6-diamidino-2-
phenylindole (DAPI; 1:200) for 5 min, washed three times with PBS,
and observed via confocal laser scanning microscopy (LSM 780, Zeiss,
Oberkochen, Germany), and five images were taken for each group.
Schwann cells were cultured with deposited metallic films in different
experimental groups for 3 days. The investigation was performed
with the same groups as those for the DRGs, and three independent
experiments were conducted for each group (n = 3). Schwann cells
were then immunostained and investigated following the same pro-
cedures as those of DRGs, except that the Schwann cells were im-
munostained with rabbit anti-NGFp75 antibodies (Sigma-Aldrich,
USA) instead of mouse anti-NF200. The length of neurites and the
number of Schwann cells are quantified using Image-Pro Plus 6.0
software, and the results are shown as mean + SD. The supernatants
of Schwann cell culture solutions were collected (three measure-
ments per group), and the concentrations of neurotrophic factors
(CNTF, NGF, VEGF, and BDNF) were analyzed through ELISA
kits (Shanghai Jianglai Industrial Co. Ltd., China).

Calcium imaging of DRG neurons

Rat DRG neurons were dissociated and cultured for 2 weeks as pre-
viously described (57). Before imaging, DRG neurons were incubated
in loading solution for 30 min and then washed twice in recording
solution for 2 min each time, covered by a dark box. Loading solu-
tion was made by adding 5 uM Fluo-8 AM (AAT Bioquest, Sunny-
vale, CA, USA) in recording solution (145 mM NaCl, 3.6 mM KClI,
1.3 mM CaCl,, 10 mM H-Hepes, and 10 mM glucose). Then, the
cells were transferred in a recording chamber and imaged with a
fluorescence microscope (BX51WI, Olympus, Tokyo, Japan) equipped
with a 60x water-immersion objective and an sCMOS (scientific
complementary metal-oxide semiconductor) camera (ORCA Flash
4.0, Hamamatsu, Hamamatsu-shi, Japan). A fluorescent light source
(Lambda HPX-L5, Sutter Instrument, Novato, CA, USA) was con-
trolled, and the images were acquired using Micro-Manager software
(National Institutes of Health, version 1.6) (58), with an exposure
time of 50 ms and a sample interval of 5 s. The spontaneous calcium
signals in the cell soma were monitored to evaluate the excitability
of the DRG neurons by investigating the number and amplitude of
calcium waves within 250 s for individual neurons. The investigated
cell number is 57 and 80 for the control and E-active groups, respec-
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tively. The amplitude (relative change) of calcium waves was calculated
with the following equation: AF/Fy = (F — F;)/F,. Data were man-
aged and analyzed using Excel 2016 (Microsoft, Seattle, WA, USA)
and Prism 6 (GraphPad Software, San Diego, CA, USA). The statistical
difference was justified by unpaired ¢ test (*P < 0.05 and **P < 0.01).

Surgical procedure

All procedures associated with the animal studies are in accordance
with the institutional guidelines of the Chinese PLA General Hospi-
tal, Beijing, China. The experimental protocol was reviewed and
approved by the institutional animal care and use committee at the
Chinese PLA General Hospital, Beijing, China (approval number
2016-x9-07). A total of 55 healthy male SD rats (aged 8 weeks, 150 to
180 g) were kept in the experimental animal center of the Chinese
PLA General Hospital. The rats were randomly divided into five ex-
perimental groups: E-active (electroactive device, conduit with gal-
vanic cells), autograft, hollow (conduit without metallic films), Mg
(conduit with only Mg films on both sides), and FeMn (conduit with
only FeMn films on both sides). Electrospun PCL layer was present
on the inner surface of the conduits of the hollow, Mg, and FeMn
groups, and the only difference between the hollow and E-active
groups was the absence of galvanic cells. As the gold standard for
nerve repair, autograft was used as a reference to assess the therapeu-
tic effects of electroactive conduit devices and to compare with other
reported works. During surgery, all rats were anesthetized via injec-
tion of sodium pentobarbital solution (1%, 0.3 ml/100 g body weight),
and the hair of the right femur was removed. Next, the sciatic nerve of
the right hind leg was exposed by making a skin incision and splitting
the muscles, and a segment of the nerve was sharply cut and removed
under a surgical microscope, creating a 10-mm gap after the retrac-
tion of the nerve ends. In the autograft group, the gaps were bridged
by the reversed excised nerves. In the other groups, the gaps were
bridged using various conduits. The autologous nerves and conduits
were coapted proximally and distally using 8-0 surgical sutures, and
the muscle and skin were then closed with sutures. All rats were then
housed and fed with food and water, and all changes were monitored.

MRI and micro-CT imaging

MRI of anesthetized rats was performed on a 7.0 T MRI system
(Bruker BioSpec 70/20 USR, Germany) with body temperature main-
tained at 37°C by a circulating water tank, and respiratory rates were
monitored together with an electrocardiogram module during the
experiments. MRI imaging was performed with rats implanted with
electroactive conduit device for 7 days. The T2-weighted images were
obtained with a fast spin echo (T2_TurboRARE) sequence using the
following parameters: repetition time/echo time = 3500/40 ms, flip
angle = 90, field of view = 50 x 40 mm, matrix = 200 x 160, number
of excitation = 10, slice thickness = 1 mm, slice = 30, and acqui-
sition time = 9 min and 20 s. Monitoring of nerve regeneration was
also performed using the Quantum GX puCT System (PerkinElmer,
Waltham, USA). Images were acquired with 70 kV, and the projection
data were reconstructed with the Quantum GX uCT Workstation
(PerkinElmer, Waltham, USA). Monitoring of rats implanted with
electroactive conduit devices was performed for 12 days.

Immunohistochemical and historical assessment

of regenerated nerve tissues

Three to five SD rats were randomly selected from each group at 3,
9, and 12 weeks postoperatively and sacrificed by intra-abdominal
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injection of excessive pentobarbital sodium solution (n = 3 for each
group at 3 and 9 weeks and # = 5 for each group at 12 weeks). Nerve
tissues were removed, and these specimens were fixed in parafor-
maldehyde solutions (4%) for 12 hours, followed by soaking in su-
crose solutions (30%) for 48 hours. By using a frozen slicer (Leica,
Wetzlar, Germany), nerve tissues were cut transversely into 10-um
sections at different locations (fig. S13): one-half section (3 weeks),
two-third and distal sections (9 weeks), and one-half section
(12 weeks). The sections are randomly divided into two groups: one
for immunofluorescent staining and the other for H&E staining.
For immunofluorescent staining, sections were washed with PBS
for three times and incubated with normal goat serum (10%; Solar-
bio, China) at room temperature for 30 min. They were then stained
with mouse anti-NF200 antibodies (Sigma-Aldrich Inc., USA) and
rabbit anti-S100 antibodies (Sigma-Aldrich Inc., USA) overnight at
4°C and then with secondary antibodies goat anti-rabbit (IgG H+L,
Alexa Fluor 594, Abcam, USA) and goat anti-mouse (IgG H+L, Al-
exa Fluor 488, Abcam, USA) at room temperature for 1 hour in the
dark. After washing with PBS, the sections were stained with DAPI
and incubated at room temperature for 5 min. The stained sections
were rinsed with water and sealed with water-based sealants. The
other sections are used for H&E staining. The H&E-stained sections
were observed under a slide scanning system (Pannoramic SCAN,
3DHISTECH, Budapest, Hungary), and the other stained sections
were observed (five images for each group) under a laser confocal
microscope (LSM 710, Zeiss, Oberkochen, Germany).

TEM investigation of myelinated nerve fibers

Regenerated nerves at 12 weeks postoperatively were collected at
the distal end. They were cold-fixed with glutaraldehyde (2.5%) for
3 hours and post-fixed in an osmium tetraoxide solution (1%) for 1
hour, followed by washing, dehydration, and embedding in Epon
812 epoxy resin. Ultrathin sections (70 nm) were then prepared for
TEM observation. Ten images were collected for each sample, and
Image-Pro Plus 6.0 software was used to quantify the average g-ra-
tio (area-based), the average diameter of myelinated nerve fibers,
and the average thickness of myelin sheath.

Gastrocnemius muscle evaluation

Five SD rats of each group were selected for investigation of electro-
physiological response, elasticity, wet weight ratio, and muscle fiber
area of gastrocnemius at 12 weeks postoperatively. Motor nerve
function was evaluated by electrophysiological assessment through
a PowerLab 4SP distal data acquisition system (Keypoint 3.02, Den-
mark). The sciatic nerves at the injured side were carefully exposed
under anesthesia with sodium phenobarbital (1%). Electrical stimu-
lation (3.0 mA, 1 Hz) was applied at the proximal and distal nerve
stumps, and the CMAPs were recorded at the gastrocnemius mus-
cle. The peak amplitudes and latencies of CMAP were calculated
and compared among different groups. Ultrasonography was per-
formed to assess the elasticity of gastrocnemius muscle at the in-
jured side, using an Aplio 500 instrument (2 to 10 MHz, Toshiba,
Japan) fitted with a linear array probe. Shear wave elasticity was
performed to measure changes in the stiffness of gastrocnemius
muscles. Briefly, the system was switched to the speed propagation
graph mode as images were stabilized and frozen in continuous ex-
citation mode. The elastic modulus was then calculated for images
exhibiting good timelines. Three data points were obtained for each
sample. Gastrocnemius muscles of both the injured and contralat-
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eral hindlimbs were removed and weighted immediately to calcu-
late the wet weight ratio. Gastrocnemius muscles were then fixed
with paraformaldehyde (4%) for 12 hours at 4°C and then cut trans-
versely to obtain paraffin sections (thickness, 5 um) for Masson’s
trichrome staining. The stained sections were observed with a light
microscope (BX51, Olympus, Tokyo, Japan), and 10 images were
taken for each sample. Image-Pro Plus 6.0 software was used to
quantify the cross-sectional area of gastrocnemius fibers.

CatWalk gait analysis system

The CatWalk XT 10.6 gait analysis system (Noldus, Wageningen,
The Netherlands) was used to assess the motor function recovery at
2,4, 6, 8, 10, and 12 weeks postoperatively (the number of SD rats
for each group at each time point was 11, 8, 8, 8, 5, and 5, respective-
ly). The walking track was captured as each rat passed the runway
by a high-speed camera under the runaway, and the contact area,
stand time, and impact intensities of the right injured hind paw and
the normal left hind paw were recorded by the CatWalk XT 10.6
analysis software (Noldus, Wageningen, The Netherlands). The 3D
plantar pressure distribution was also obtained by measuring the
relative intensity of the scattered light brightness in the CatWalk XT
10.6 gait analysis system. Analyses were performed with the same
software. The SFI was calculated using the following formula as de-
scribed previously (56)

SFI =
109.5(ETS — NTS)  38.3(EPL — NPL) + 13.3(EIT — NIT)
NTS NPL NIT

where ETS indicates the experimental toe spread (distance between
the first and fifth toes), NTS indicates the normal toe spread, EIT
indicates the experimental intertoe spread (the distance between the
second and fourth toes), NIT indicates the normal intertoe spread,
EPL indicates the experimental print length, and NPL indicates the
normal print length. Evaluations were performed by an investigator
blinded to the experimental group.

-8.8(1)

Statistical analysis

GraphPad Prism (version 6.0) was used for the statistical analysis
followed by unpaired ¢t test (*P < 0.05 and **P < 0.01) for calcium
activity. The SPSS software package (version 23.0) was used for the
other statistical analysis, followed by one-way analysis of variance
(ANOVA) (*P < 0.05 and **P < 0.01). Data are given in boxplots,
where the center line is the median, the upper and lower edges of
the box are the third and first quartiles, respectively, and the limits
of the upper and lower whiskers are the largest and smallest values that
are equal or less than 1.5 times of the interquartile range, respectively.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/50/eabc6686/DC1
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Figure S1. Tensile tests of PLLA-PTMC (elastic modulus: 1.45 £ 0.27 MPa), porous PCL (elastic
modulus: 5.73 + 0.95 MPa) and porous PCL/PLLA-PTMC bilayer films (elastic modulus: 3.08

+ 0.50 MPa).



Figure S2. SEM image of Mg thin films deposited through magnetron sputtering.
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Figure S3. Characterizations of FeMn thin films. a. SEM image and the energy-dispersive X-ray
spectroscopy (EDS) result of FeMn thin film deposited through magnetron sputtering using a
customized target (Fe-30 wt% Mn alloy). b. Electrochemical impedance spectra of Fe and FeMn alloy
in phosphate buffered saline (PBS). (Amplitude: 5 mV, 0 V bias from the open circuit voltage (OCV)) c.
Galvanodynamic polarization curves of Fe and FeMn alloy in PBS. (scan rate: 0.2 mV/s)
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Figure S4. Setup for in vivo evaluation of the electric field provided by the biodegradable and
electroactive conduit device in Sprague-Dawley (SD) rats. Photo Credit: Liu Wang, Tsinghua
University.
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Figure S5. Finite element analysis of in vivo electric field distribution around the electroactive
conduit, with input from the measured OCV. a—c. Voltage distribution, after a. 1 day, b. 2 days and
c. 3 days. Zero voltage is defined at plane z = 0, and the voltage drops with time due to the degradation
of the electrodes. d—f. Simulated electric field distribution after d. 1 day, e. 2 days and f. 3 days. Black
arrows indicate that the electric field dominantly lies on -z direction inside the conduit (the maximum
electric field is confined within the conduit wall). Color contour plots are sectional views of the
cylindrical tube crossing the axis, and the black dashed rectangles indicate the inner surface of the
electroactive nerve conduit. FeMn cathodes are at the top and Mg anodes are at the bottom.
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Figure S6. Representative discharge behavior of a Mg-FeMn galvanic cell in culture media with
different current densities and external loads. a. Discharge behavior with different current densities.
b. discharge behavior with different external loads. Metallic thin-film electrodes are deposited on PET
films, with PLLA-PTMC (~ 50 um) as the encapsulation layer.
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Figure S7. Experimental setup of in vitro cell studies to evaluate cytotoxicity and the effects of the
electric field provided by Mg-FeMn galvanic cells. Metallic thin films (with a distance ~ 3 mm)
are deposited on petri dish with an encapsulation layer of PLLA-PTMC (~ 50 um). Cells are co-
cultured with metallic films. The outgrowth behavior of cells are investigated by
immunofluorescent staining and observation is performed with a confocal microscope.
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Figure S8. Cytotoxicity tests of PC12 cells co-cultured with Mg-FeMn galvanic cells. a.
Fluorescent image of the control group. b. Fluorescent image at the edge of the FeMn electrode of the
E-active group. c. Fluorescent image at the edge of the Mg electrode of the E-active group. Green
(Calcein-AM) for live cells and red (ethidium homodimer-1, EthD-1) for dead cells. d. Cell viability on
day 7. n = 3 independent experiments per group.
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Figure S9. Cytotoxicity tests of Schwann cells co-cultured with Mg-FeMn galvanic cells. a.
Fluorescent image of the control group. b. Fluorescent image at the edge of the FeMn electrode of the
E-active group. c. Fluorescent image at the edge of the Mg electrode of the E-active group. Green
(Calcein-AM) for live cells and red (EthD-1) for dead cells. d. Cell viability on day 7. n = 3
independent experiments per group.
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Figure S10. Influence of Mg-FeMn galvanic cells on the growth behavior of dorsal root ganglion
(DRG) neurons. a. Immunofluorescent images of the FeMn group. b. Immunofluorescent images of
the Mg group. Immunohistochemical staining: axons (NF200, green), Schwann cells (S100, red), and
nuclei (4',6-diamidino-2-phenylindole (DAPI), blue). c. Statistical analysis of the neurite length of
DRGs. (data are mean + s.d.). n = 3 independent experiments per group. The SPSS software package
(version 23.0) was used for the statistical analysis followed by one-way analysis of variance (ANOVA)
(** p<0.01).
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Figure S11. Influence of Mg-FeMn galvanic cells on the growth behavior of Schwann cells. a.
Confocal microscope images of Schwann cells in the FeMn group. b. Confocal microscope images of
Schwann cells in the Mg group. Immunohistochemical staining: Schwann cells (glial fibrillary acidic
protein (GFAP, green) Schwann cells (S100, red), and nuclei (DAPI, blue). c. Statistical analysis of the
number of Schwann cells (500 x 500 um?). d. ELISA of neurotrophic factors: the concentrations of
BDNF, CNTF, NGF and VEGEF in the supernatants of Schwann cells of all groups. (data are mean + s.d.)
n = 3 independent experiments per group. The SPSS software package (version 23.0) was used for the
statistical analysis followed by ANOVA (* p<0.05, ** p<0.01).
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Figure S12. Micro-CT images of the E-active group collected at different stages of the nerve
regeneration process. The black tube-like region resulting from density difference between the
surrounding tissues and empty conduits indicates the location of electroactive devices (marked
with blue lines). The white contrast on the electroactive device indicates FeMn thin films (marked
with yellow dotted lines).
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Figure S13. Schematic of transverse sections at different stages of the nerve regeneration

process.
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Figure S14. Immunofluorescent images of the transverse sections of regenerated tissues at the
middle of the nerve segment at 3 weeks postimplantation. a. The FeMn group. b. The Mg group.
Immunohistochemical staining: axons (NF200, green), Schwann cells (S100, red), and nuclei (DAPI,

blue).
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Figure S15. Immunofluorescent images of the transverse sections of regenerated tissues at the
middle of the nerve segment at 3 weeks postimplantation. Immunohistochemical staining: axons
(NF200, green), Schwann cells (S100, red), and nuclei (DAPI, blue).



Autograft Hollow

E-active

Figure S16. H&E staining images of the transverse sections of regenerated tissues at the middle of
the nerve segment at 3 weeks postimplantation.
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Figure S17. Immunofluorescent staining images of endothelia cells of the transverse sections of
regenerated tissues at the middle of the nerve segment at 3 weeks postimplantation.
Immunohistochemical staining: vascular endothelia (Endothelia, green), and nuclei (DAPI, blue).
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Figure S18. Immunofluorescent images of the transverse sections of regenerated tissues at 9
weeks postimplantation (2/3 section). Immunohistochemical staining: axons (NF200, green),
Schwann cells (S100, red), and nuclei (DAPI, blue).
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Figure S19. Immunofluorescent images of the transverse sections of regenerated tissues at 9
weeks postimplantation (distal section). Immunohistochemical staining: axons (NF200, green),
Schwann cells (S100, red), and nuclei (DAPI, blue).



Autograft

Mg E-active

Figure S20. Immunofluorescent images of the transverse sections of regenerated tissues at 9
weeks postimplantation. (Top: 2/3 section; bottom: distal section). Immunohistochemical staining:
axons (NF200, green), Schwann cells (S100, red), and nuclei (DAPI, blue).
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Figure S21. H&E staining images of the transverse sections of regenerated tissues at 9 weeks
postimplantation. (Top: 2/3 section; bottom: distal section).
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Figure S22. Evaluation of regenerated nerve tissues at 12 weeks postimplantation. a.
Immunofluorescent images of the transverse section at the middle of the nerve segment (1/2 section) of
the Mg and FeMn groups. Immunohistochemical staining: axons (NF200, green), Schwann cells (S100,
red), and nuclei (DAPI, blue). b. TEM images of regenerated nerve tissues. c. Statistical results of the
average area-based g-ratio. d. Statistical results of the average diameters of myelinated nerve fibers. e.
Statistical results of the average thickness of myelin sheath. n = 5 independent animals per group. The
SPSS software package (version 23.0) was used for the statistical analysis followed by ANOVA (*
p<0.05, ** p<0.01).
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Figure S23. Electrophysiological tests at 12 weeks postimplantation. a. Representative CMAP
recording at the injured side in the FeMn and Mg groups. b. CMAP amplitude at the injured side. c.
CMAP latency at the injured side. n = 5 independent animals per group. The SPSS software package
(version 23.0) was used for the statistical analysis followed by ANOVA (* p <0.05, ** p<0.01).
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Figure S24. Ultrasound elasticity of gastrocnemius muscles from the injured limb at 12 weeks
postimplantation. n = 5 independent animals per group. The SPSS software package (version 23.0)
was used for the statistical analysis followed by ANOVA (* p <0.05, ** p<0.01).
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Figure S25. Evaluation of the gastrocnemius muscle at 12 weeks postimplantation. a. Gross images
of the isolated gastrocnemius muscles of the FeMn and Mg groups. b. Gastrocnemius muscle wet
weight ratio from the injured limb. n = 5 independent animals per group. The SPSS software package
(version 23.0) was used for the statistical analysis followed by ANOVA (* p <0.05, ** p <0.01). Photo
Credit: Changfeng Lu, Chinese PLA General Hospital.
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Figure S26. Evaluation of the gastrocnemius muscle at 12 weeks postimplantation. a. Masson’s
trichrome staining images of the transverse sections of the muscles from the injured limb of the FeMn
and Mg groups. b. Cross-sectional area of muscle fiber from the injured limb. n = 5 independent
animals per group. The SPSS software package (version 23.0) was used for the statistical analysis
followed by ANOVA (** p<0.01).
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Figure S27. Motor functional recovery. a. 3D plantar pressure distribution at 12 weeks
postimplantation of the FeMn and Mg groups. b. Sciatic functional index values. (data are mean £ s. d.)
For each group, n = 11 for week 2, n = 8 for week 4, 6 and 8, and n = 5 for week 10 and 12. The SPSS
software package (version 23.0) was used for the statistical analysis followed by ANOVA (** p<0.01
versus E-active group).



Table S1. ELISA of neurotrophic factors: the concentrations of BDNF, CNTF, NGF and VEGF in
the supernatants of Schwann cells of all groups.

Group BDNF CNTF NGF VEGF
(ng/ml) (ng/ml) (pg/ml) (pg/ml)

Control 6.3+ 1.06 8.8+0.78 97.5+4.17 103.3 + 2.57
FeMn 15.8+130 153+0.35 230.5+9.45 160.3+ 2.4
Mg 18.0+1.21 164+0.53 2324+7.51 167.2+6.9
E-active 19.5+£0.37 23.7£1.40  351.1+1291 202.9+13.30




Movie S1. Calcium dynamics of DRG neurons in the control group.
Movie S2. Calcium dynamics of DRG neurons in the E-active group.

Movie S3. Surgical procedure of the implantation of an electroactive conduit device
at the sciatic nerves of an SD rat.

Movie S4. Motor functional recovery: walking track of SD rats at 12 weeks
postimplantation. Right hind (RH) limb is the injured side.
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