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 Peripheral nerve lesions are estimated to be 2.8% of all trauma 
cases and may result in permanent loss of motor and sensory 
function. [  1  ]  In the United States, approximately 360 000 people 
suffer from peripheral nerve trauma. [  2  ]  Most severe injuries are 
associated with nerve gaps, which prevent regenerating axons 
from effectively innervating the distal motor and sensory end 
organs. Autografts are the clinical “gold standard” for bridging 
peripheral nerve gaps and have been widely used experimen-
tally and clinically for reconstruction. [  3  ]  The disadvantages of 
this technique include a limited supply of donor nerve making 
it impossible to reconstruct complex nerve gaps, sensory defi -
cits in the distribution of the donor nerve, painful dysesthesias 
following sensory nerve harvest, and structural/ultrastructural 
nerve mismatch. [  4  ]  

 To overcome the limitations associated with peripheral nerve 
autografts, artifi cial conduits that provide a suitable environ-
ment for axonal regeneration have been developed. [  5  ]  Artifi cial 
conduits have been constructed and clinically used for repairing 
peripheral nerve gaps [  6  ]  from biodegradable materials [  7  ]  and non-
biodegradable materials. [  8  ]  Nerve conduits must fulfi ll several 
requirements: i) they should be biocompatible, ii) have suffi cient 
mechanical stability during nerve regeneration, and iii) allow 
transport of nutrients and waste product. [  4  ,  5  ,  9  ,  10  ]  Hydrogels are 
promising candidate materials for nerve conduits [  11–16  ]  because 
these materials are biocompatible, permeable, and exhibit 
physical characteristics similar to those of soft tissue. [  17  ,  18  ]  Aga-
rose hydrogel, a natural biocompatible polysaccharide, has been 
considered for fabrication of nerve conduits. [  19  ]  In vitro studies 
have shown that agarose promotes adhesion, survival, and 
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neurite outgrowth of nerve cells. [  20  ]  Moreover, agarose nerve 
conduits support axon elongation and functional improve-
ment during nerve regeneration in a 2 mm spinal cord lesion 
in rats. [  21  ]  However, a drawback of hydrogel conduits for longer 
nerve gaps is their lack of mechanical integrity (strength) under 
physiological conditions. [  18  ,  22  ]  Swelling of hydrogels has been 
shown in both  in vitro  and  in vivo  studies to close the con-
duit cavities and block axonal growth over a long-term study 
(12 weeks) and larger gap sizes (10 mm). [  11  ,  23  ,  24  ]  Belkas  et al.  
reported that synthetic hydrogel poly(2-hydroxyethyl methacr-
ylate- co -methyl methacrylate) (PHEMA–MMA) tubes implanted 
in 10 mm rat sciatic nerve gaps after 16 weeks collapsed and 
prevented successful axonal regeneration and elongation. Four 
of ten reconstructed nerve gaps lacked a regenerating cable at 
16 weeks likely because the PHEMA–MMA conduits collapsed, 
physically obstructing axonal regeneration. [  11  ]  To overcome this 
issue, Katayama  et al.  designed PHEMA–MMA coil-reinforced 
composite tubes and demonstrated a signifi cant improvement 
in the long term performance of modifi ed tubes in a rat sciatic 
nerve gap model. [  25  ]  

 Conducting polymers such as poly(pyrrole) (PPy) and 
poly(3,4-ethylenedioxythiophene) (PEDOT) have been con-
sidered for biomedical applications, [  26  ,  27  ]  in particular, neural 
interfaces [  28–33  ]  due to the following four characteristics: 
1) their organic nature, [  26  ]  2) their response to electrical stimuli 
(volume, color, and wettability changes), [  34  ]  3) their ability to 
be functionalized with biomolecules, [  35  ]  and 4) their ionic and 
electronic conductivity. [  26  ,  36  ,  37  ]  PEDOT has an excellent chem-
ical stability in aqueous solution at room temperature even at 
higher temperature, which originates from the stabilizing effect 
on the positive charges by sulfur and oxygen. [  38  ]  Due to the lack 
of biodegradability of conducting polymers, development of 
methods to introduce biodegradability to conducting polymers 
is a very important and challenging task for the fabrication of 
tissue engineering scaffolds. These methods include addition 
of hydrolyzable side groups to the monomer [  39  ]  and creation of 
conducting polymer–biodegradable polymer composites. [  40–42  ]

  In vitro  studies have demonstrated that PPy and PEDOT can 
promote neurite outgrowth by providing physical and/or elec-
trical growth cues. [  43–47  ]  To evaluate the biocompatibility of PPy 
and PEDOT with neural tissue, recently we cultured primary 
dorsal root ganglion (DRG) explants on PPy and PEDOT fi lms 
and their nanotube counterparts. [  48  ]  DRG explants successfully 
attached and grew neurites on all conducting polymer sub-
strates. All substrates supported neurite outgrowth in a radial 
direction away from the ganglia, however, neurites appeared 
qualitatively longer, thinner, and less branched on a PEDOT 
bH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2012, 1, 762–767
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     Figure  1 .     Schematic illustration of fabrication process and optical micrographs of FPEDOTA 
and PPEDOTA conduits. FPEDOTA: A) PS template fi ber (gray color in cross section (a)). 
B) Sputter coating the PS fi ber with thin layer of AuPd (yellow color in cross section (b)). 
C) Dipping into the agarose solution (blue color in cross section (c)). D) Formation of agarose 
layer (blue color in cross section (d)). E) Electropolymerization of PEDOT on the surface of the 
AuPd-coated PS fi bers (black color in cross section (e)). F) Dissolving the PS fi ber (white color 
in cross section (f)). G) Electropolymerization of PEDOT on the surface of AuPd within the 
inner lumen (black color in cross section (g)). PPEDOTA: H) PS template fi ber (gray color in 
cross section (h,i)). I) Wrapping of masking tape in spiral fashion around the PS fi ber. J) Sputter 
coating the PS fi ber with thin layer of AuPd (yellow color in cross section (j,k)). K) Removal of 
masking tape. L) Dipping into the agarose solution (blue color in cross section (l)). M) Forma-
tion of agarose layer (blue color in cross section (m). N) Electropolymerization of PEDOT on 
the surface of the AuPd-coated PS fi bers (black color in cross section (n)). O) Dissolving the 
PS fi ber (white color in cross section (o)). P) Electropolymerization of PEDOT on the surface 
of AuPd within the inner lumen (black color in cross section (p)). Q–R) Optical micrographs 
of FPEDOTA conduits with different magnifi cations. Red arrows show growth of PEDOT within 
the agarose hydrogel (R). S–T) Optical micrographs of PPEDOTA conduits with different mag-
nifi cations before electrodeposition PEDOT on the surface of AuPd within the inner lumen.  
www.MaterialsViews.com

fi lm and nanotubes. Various attempts have 
been made to develop conductive conduits 
using PPy and biodegradable polymers. 
Some examples include PPy–chitosan–
polycaprolactone membrane [  49  ]  and PPy–
polycaprolactone fumarate composite con-
duits. [  41  ]  PPy conduits have also been used 
for  in vivo  studies. [  50  ,  51  ]  For example Zheng 
 et al.  fabricated PPy–poly( D,L -lactide- co -capro-
lactone) conduits and implanted them in 
8 mm sciatic nerve gaps. Their animal exper-
iments demonstrated that the sciatic nerves 
were regenerated in the PPy composite con-
duits and the regenerated nerve tissue dis-
played a structure typical of normal sciatic 
nerves with myelinated and unmyelinate 
axons and Schwann cells. [  51  ]  

 Here we report for the fi rst time an appli-
cation of PEDOT traces within hydrogel 
nerve conduits for axonal regeneration. 
This study describes a novel method for the 
preparation of mechanically reinforced aga-
rose nerve conduits that are further made 
conductive by use of a thin layer of PEDOT. 
We hypothesize that PEDOT-modifi ed aga-
rose conduits support superior neural 
regeneration as compared to the plain aga-
rose conduits. PEDOT has emerged as the 
most promising conducting polymer for 
neural interfaces since it exhibits a very high 
conductivity and stability in the oxidized 

state. [  38  ,  52  ]  To investigate the infl uence of PEDOT on the axonal 
regeneration across nerve tubes we developed an innovative 
hybrid conduit consisting of electrically polymerized PEDOT 
and agarose hydrogel. PEDOT was electrodeposited inside the 
lumen to create a fully coated-PEDOT agarose (FPEDOTA) 
conduit and a partially coated-PEDOT agarose (PPEDOTA) con-
duit. PEDOT polymerization within a hydrogel has been shown 
to mechanically strengthen the combination. [  53  ]  Three animal 
groups (fi ve rats each) were compared with autograft controls: 
animals that received plain agarose (PA), FPEDOTA, and PPE-
DOTA conduits. Experimental conduits were implanted in 
10 mm peroneal nerve gaps in rats using mechanically sup-
portive stents and were evaluated 12 weeks postoperatively. The 
outcome measures utilized included extensor digitorum longus 
(EDL) muscle contractile force measurements, a muscle inner-
vated by the peroneal nerve, and nerve histomorphometry. We 
demonstrated that the hybrid conducting polymer–hydrogel 
conduits (FPEDOTA and PPEDOTA) supported superior neural 
regeneration as compared to the plain hydrogel conduits (PA). 

 In this study, we used a soft thermosensitive agarose 
hydrogel because it is optically transparent and permeable to 
the surrounding tissue medium, and has been used as a spinal 
cord surrogate. [  54  ]  General schemes for producing FPEDOTA 
and PPEDOTA conduits are illustrated in  Figure    1  . Briefl y, the 
fabrication process begins with 800  μ m diameter polystyrene 
(PS) template fi bers (Figure  1 A, H). PS fi bers were then sputter 
coated with a very thin layer ( ∼ 100 Å) of gold–palladium (AuPd) 
(Figure  1 B). In the case of PPEDOTA, strips of 1 mm width 
© 2012 WILEY-VCH Verlag GAdv. Healthcare Mater. 2012, 1, 762–767
masking tape were wrapped in a spiral fashion around the PS 
fi bers (Figure  1 I), they were then sputter coated with AuPd 
(Figure  1 J) and the masking tape was removed (Figure  1 K). 
Agarose hydrogel is a soft and permeable material but is not 
fl exible and may break apart when suturing. Therefore two 
stainless steel stents were placed at both the proximal and distal 
ends of the PS fi ber to provide suturing support of the conduit 
(see Supporting Information, Figure S1). The AuPd-coated PS 
template fi bers were then dipped into the agarose solution 
(Figure  1 C, L). The agarose gelled quickly at room temperature 
to create a thin layer of hydrogel (Figure  1 D, M). This dipping 
process was repeated until the conduit achieved adequate thick-
ness. The thickness of the agarose was controlled in the range 
of 0.85  ±  0.27 mm. The length of the conduit was controlled by 
how much of the template fi ber was submerged in the agarose 
solution.  

 Once the hydrogel was formed on the coated template 
fi ber, PEDOT was grown on the surface of the AuPd-coated 
PS fi bers by an electrochemical deposition process at a cur-
rent density of 0.5 mA cm  − 2  for 30 min (Figure  1 E, N). In this 
stage, the thickness of the PEDOT layer was measured at 6  ±  
1  μ m for FPEDOTA and 10  ±  2  μ m for PPEDOTA (deposi-
tion charge density 900 mC cm  − 2 ). We initially electrodepos-
ited PEDOT on the surface of AuPd before removing the PS 
fi bers (Figure  1 E, N). Since the agarose hydrogel is porous 
and permeable, EDOT monomers were available for polymeri-
zation at the metal surface of the template fi ber and through 
the hydrogel. [  29  ,  55  ]  Dissolving the PS fi bers before PEDOT 
mbH & Co. KGaA, Weinheim wileyonlinelibrary.com 763
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     Figure  2 .     Optical micrographs of implanted conduits, EDL muscle mass and EDL maximal 
specifi c muscle force. A,B) Optical images of implanted FPEDOTA conduits in 10 mm peroneal 
nerve gap in rats. C,D) Optical images of implanted PA conduits in 10 mm peroneal nerve gap 
in rats. E) Bar graph EDL muscle mass. F) Bar graph maximal specifi c muscle force. Column 
height represents the mean while error bars refl ect the standard deviation of the mean (n  =  5). 
The arrows show the location of stents.  
deposition would result in cracking in the 
thin AuPd fi lm. We found that the initial 
electrodeposition of PEDOT on AuPd pro-
vided physical support for the thin layer of 
AuPd and remained intact after the sub-
sequent dissolving process of the PS core 
fi bers. This layer also resulted in a conduc-
tive pathway through the length of the tube. 
The PS template fi bers were dissolved to the 
length of the hydrogel tube by soaking in a 
tetrahydrofuran bath overnight (Figure  1 F, 
O). Dissolving the template fi ber opened the 
lumen of the tube for electrodeposition of 
PEDOT on the surface of AuPd within the 
inner lumen with the same deposition charge 
density (Figure  1 G, P). Figure  1 Q,R and 
Figure  1 S,T are optical micrographs of FPE-
DOTA and PPEDOTA conduits, respectively. 
Red arrows shown in Figure  1 R indicate the 
cloudy-like growth of PEDOT within the 
agarose scaffold. We have previously demon-
strated that PEDOT could be grown through 
the alginate-coated neural electrodes. [  29  ]  
The total thickness of the PEDOT layer was 
measured 11  ±  2  μ m for FPEDOTA and 18  ±  
2  μ m for PPEDOTA (total charge deposition 
of 1800 mC cm  − 2 ). All of the peripheral nerve 
conduits were prepared according to the 
above fabrication process. The total length of 
the conduits was selected as 12 mm, 10 mm 
gap length, with 1 mm of overlap at the prox-
imal and distal coaptation site. 

 The nerve guidance channels were 
implanted in 10 mm peroneal nerve gaps in 
a total 15 rats (each 5 rats) ( Figure    2  A–D) 
and evaluated 12 weeks postoperatively. In 
Figure  2 E and Figure  2 F, we compared the 
functional recovery of the nerve gap con-
duits using EDL muscle mass and EDL 
maximal specifi c muscle force (maximal 
muscle force normalized to muscle mass) 

measurements. EDL muscles reinnervated by peroneal nerve 
autografts had the maximal muscle mass (107  ±  30 mg). 
There was a decline in reinnervated EDL muscle mass when 
reinnervated by one of the synthetic conduits, however, EDL 
muscle mass was 60  ±  11 and 54  ±  6 mg for PPEDOTA and 
FPEDOTA, respectively; signifi cantly higher than PA (26  ±  
4 mg,  P   <  0.05) (Figure  2 E). Under optimal conditions, using 
a peripheral nerve autograft, the reinnervated EDL muscle 
generated a specifi c force of 19.7  ±  7.2 N g  − 1  of maximum 
tetanic isometric force. There was a substantial decline in 
the EDL maximal specifi c muscle force when the nerve gaps 
were reconstructed with either FPEDOTA or PPEDOTA (2.4  ±  
3.3 and 4.2  ±  9.2 N g  − 1 , respectively), however, there was still 
evidence of end organ reinnervation and force generation, 
demonstrating the utility of this hybrid conduit for functional 
reconstruction of nerve gaps. Interestingly, there was no func-
tional reinnervation of the EDL when nerve gaps were recon-
structed with PA conduits (Figure  2 F).  
© 2012 WILEY-VCH Verlagwileyonlinelibrary.com
 Evaluation of the axonal sprouting and elongation within 
the nerve conduits following nerve gap reconstruction demon-
strated outstanding neural regeneration in the nerve autograft 
group with large numbers of myelinated axons, a high per-
centage of neural tissue, and large diameter axons ( Figure    3  A, 
E). No nerve fi bers were seen at midgraft in the PA group 
(Figure  3 B, F), which was consistent with the low EDL specifi c 
muscle force measurements in this group. In the FPEDOTA 
and PPEDOTA groups, the axonal regeneration appeared robust 
with mature, large diameter, myelinated axons. Regeneration 
in the PPEDOTA group (Figure  3 D, H) appeared slightly more 
extensive than the FPEDOTA group (Figure  3 C, G). As shown 
in  Table    1  , the ratio of the axoplasm to nerve fi ber area indicates 
that nerve fi bers were growing through the synthetic grafts 
with normal proportions of axoplasm and myelin (Schwann cell 
size) for all but the PA group. Nerve fi ber diameter, axoplasm 
diameter, and myelin thickness measurements indicate that the 
FPEDOTA groups have signifi cantly ( p  ≤ 0.05) smaller nerve 
 GmbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2012, 1, 762–767
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     Figure  3 .     Optical micrographs of peripheral nerves at midgraft. A, E) Autograft. B, F) PA. C, G) 
FPEDOTA. D, H) PPEDOTA. Scale bars are 50  μ m.  
fi bers, less axoplasm, and less myelin around nerve fi bers. On 
the other hand, the PPEDOTA group nerve fi bers displayed a 
similar morphology to the autograft group (Table  1 ).   

 Although the type of hydrogel we used as a conduit material 
for peripheral nerve regeneration is different from those pre-
viously reported by others, [  56  ,  57  ]  we noted no axonal regenera-
tion in the PA group, consistent with the fi ndings of Shoichet’s 
group. [  3  ,  11  ]  In fact, similarly we observed that the PA conduits 
had collapsed, physically blocking axonal regeneration due to the 
swelling of the agarose hydrogel. Therefore, we electrodeposited 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Healthcare Mater. 2012, 1, 762–767
two layers of PEDOT (Figure  1 E and G for 
FPEDOTA and Figure  1 N and P for PPE-
DOTA), to enhance the conduit strength 
and rigidity to maintain the integrity of 
the conduit lumen, thus avoiding physical 
obstruction of axonal elongation. It has been 
demonstrated that PEDOT growth within 
the hydrogel could signifi cantly improve the 
mechanical property of the hydrogel. [  53  ]  This 
can also explain the superior performance of 
our conductive hydrogels. 

 In our study we did not observe PEDOT 
degradation and delamination from the thin 
AuPd layer. Histology results confi rmed that 
PEDOT fi lms remained intact and adherent 
after 12 weeks of implantation, consistent 
with that previously reported for  in vivo  
assessments [  50  ]  and under simulated physio-
logical conditions  in vitro . [  58  ]  In combination, 
the EDL muscle force measurements and 
histomorphometric analysis of axonal regen-
eration demonstrated that the novel hybrid 
conducting polymer–hydrogel conduits sup-
port neural regeneration across 10 mm pero-
neal nerve gaps. Although we did not observe 
any negative effect on the regenerated nerves 
by using non-degradable stents, we suggest 
biodegradable stents for the design of degra-
dable conductive–hydrogel conduits for long-
term nerve regeneration. 

 The novel nerve construct presented here 
demonstrates for the fi rst time the use of 
hybrid conducting polymer–hydrogel con-
duits (PEDOT–agarose) for axonal regen-
eration. In this study, we investigated the 
infl uence of a PEDOT coating layer on the 
axonal regeneration in a 10 mm nerve gap 
in rats. Although both FPEDOTA and PPE-
DOTA conduits supported axonal growth, 
PPEDOTA demonstrated slightly better per-
formance presumably due to better diffu-
sion of nutrients and biomolecules into and 
within the lumen of the conduits. In longer 
peripheral nerve gaps, axonal regeneration is 
limited by the lack of neurotrophic support 
and appropriate adhesion molecules, which 
are essential for migration of Schwann cells 
into the nerve gap to support axon elongation 
and myelination. [  59  ,  60  ]  Several strategies have 
been developed to stimulate Schwann cell migration and axonal 
growth. These strategies focus on utilizing topographical cues 
such as extracellular matrix (ECM) protein and biodegradable 
fi bers, [  61  ,  62  ]  biochemical factors such as growth factors and ECM 
molecules, [  63  ,  64  ]  electrical stimulation, [  65  ,  66  ]  and cell transplanta-
tions such as Schwann cells or stem cells. [  67  ,  68  ]  Since previous 
studies have demonstrated the benefi ts of conducting polymers 
for  in vitro  neurite outgrowth by providing electrical, physical, 
and biochemical cues, [  43  ,  45–47  ,  69  ,  70  ]  this study paves the way for 
the design of a three-dimensional conductive hydrogel scaffold 
eim wileyonlinelibrary.com 765
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   Table  1.     Summary data for nerve conduit cross section morphology at 
midgraft. 

Dependent Nerve 
Variables

Type of Conduit a)  

Autograft PA b)  PPEDOTA FPEDOTA

Axoplasm/nerve fi ber area 0.53  ±  0.09 — 0.41  ±  0.02 0.45  ±  0.05

Nerve fi ber diameter [ μ m] 8.85  ±  3.09 — 4.01  ±  0.31 3.34  ±  0.61 c) 

Axoplasm diameter [ μ m] 4.72  ±  2.02 — 1.64  ±  0.06 1.53  ±  0.41 c) 

Myelin thickness [ μ m] 2.06  ±  0.74 — 1.18  ±  0.12 0.91  ±  0.13 c) 

    a) Mean  ±  standard deviation. GLM statistic with Tukey multiple comparison correc-
tion when main effect was signifi cant. Signifi cance set a priori at 0.10;  b) No nerve 
fi bers were seen at midgraft in the PA group;  c) Different from autograft group.   
for accelerated, directional, and controlled axonal growth in 
the peripheral nervous systems. PEDOT is not degradable, 
and materials that remain in the body long-term may induce 
chronic infl ammation and require surgical removal. With devel-
opment of biodegradable conducting polymers [  71  ]  and applica-
tion of biodegradable hydrogels and stents, the hybrid conduit 
presented here can ultimately be used for neural tissue regen-
eration. Another potential application of this hybrid conductive 
construct is in designing a more biocompatible and seamless 
biotic–abiotic peripheral nerve interface for motor control and 
sensory feedback from advanced neural prosthetic devices. The 
ability of mixed ionic–electronic conduction of conducting poly-
mers can facilitate the signal transduction between the ionically 
conductive biologic tissues and the electronically conductive 
electrodes. The PEDOT lining may be used to facilitate future 
studies using electrical stimulation and/or controlled release 
of neurotrophins. In addition to promoting axonal growth, the 
conductive lining may be used as an effective interface between 
the electronic circuitry of neural prosthetic devices and the 
peripheral nervous system.  

 Experimental Section 
  Materials : 3,4-Ethylenedioxythiophene (EDOT, BAYTRON® M) with 

molecular weight 142.17 g mol  − 1  was received from H.C. Starck Inc. 
(Newton, MA). Lithium perchlorate (LiClO 4 ), tetrahydrofuran (THF), 
and agarose type VII were purchased from Sigma-Aldrich. Polystyrene 
(PS) fi bers with a diameter of 800  μ m were prepared by Paradigm Optics 
(Vancouver, WA). Stainless steel surgical stents were purchased from 
Pulse Systems Inc. (Concord, CA). 

  Fabrication of Fully Coated PEDOT Agarose Conduit : The templating 
process began with 800  μ m diameter PS fi bers. PS fi bers were cut to a 
length of approximately 3–4 cm and were then sputter coated with AuPd. 
The body of the tube was created using an agarose hydrogel. Powered 
agarose (1.9 g) and 40 mL of deionized water was heated until boiling, 
while mixing to ensure all agarose had been dissolved to create a 4.5% 
hydrogel solution. This solution was degassed under vacuum before 
it was used further. The coated template fi bers were then dipped into 
the agarose solution and removed. The agarose gelled quickly at room 
temperature to create a thin layer of hydrogel. This dipping process 
was repeated until the tube achieved adequate thickness and length. 
The length of the tube is controlled by how much of the template fi ber 
was submerged in the agarose solution. Once the hydrogel was formed 
on the coated template fi ber, a conducting polymer could be grown 
on the inner surface of the tube. The electrochemical deposition was 
performed by an Autolab PGSTAT-12 (EcoChemie, Utrecht, Netherlands) 
© 2012 WILEY-VCH Verlag Gwileyonlinelibrary.com
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in galvanostatic mode with a conventional two electrode confi guration 
at room temperature. Conducting polymer deposition was carried 
out in a 0.01  M  EDOT and 0.1  M  LiClO 4  aqueous solution at a current 
density of 0.5 mA cm  − 2  for 30 min. The amount of polymer coated 
on the inner tube was controlled by the total charge passed during 
polymerization. The working and sensing electrodes were connected to 
the AuPd-coated PS fi ber while the reference and counter electrodes were 
connected to a platinum wire within the EDOT/LiClO 4  solution. After 
electropolymerization of the PEDOT, the template fi ber was trimmed 
to the length of the hydrogel tube. The tube was placed in a THF bath 
overnight in order to dissolve the template fi ber. Dissolving the template 
fi ber opened the lumen of the tube. 

  Animal Model, Measurement of Contractile Properties, Nerve Histology, 
and Statistical Analysis  are given in the Supporting Information. All animal 
procedures were approved by The University of Michigan’s University 
Committee on Use and Care of Animals and were in accordance with the 
National Institute of Health guidelines.   

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