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Abstract

Treatment of large peripheral nerve damages ranges from the use of an autologous nerve graft to a 

synthetic nerve growth conduit. Biological grafts, in spite of many merits, show several limitations 

in terms of availability and donor site morbidity, and outcomes are suboptimal due to fascicle 

mismatch, scarring, and fibrosis. Tissue engineered nerve graft substitutes utilize polymeric 

conduits in conjunction with cues both chemical and physical, cells alone and or in combination. 

The chemical and physical cues delivered through polymeric conduits play an important role and 

drive tissue regeneration. Electrical stimulation (ES) has been applied toward the repair and 

regeneration of various tissues such as muscle, tendon, nerve, and articular tissue both in 

laboratory and clinical settings. The underlying mechanisms that regulate cellular activities such as 

cell adhesion, proliferation, cell migration, protein production, and tissue regeneration following 

ES is not fully understood. Polymeric constructs that can carry the electrical stimulation along the 

length of the scaffold have been developed and characterized for possible nerve regeneration 

applications. We discuss the use of electrically conductive polymers and associated cell 

interaction, biocompatibility, tissue regeneration, and recent basic research for nerve regeneration. 

In conclusion, a multifunctional combinatorial device comprised of biomaterial, structural, 

functional, cellular, and molecular aspects may be the best way forward for effective peripheral 

nerve regeneration.
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I. INTRODUCTION

Peripheral nerve damage is a common injury affecting as many as 1.8% of trauma patients1 

and an estimated 20 million Americans,2 many of who sustain associated lifelong 

disabilities. Nerve injuries are a significant burden on the health-care system, resulting in 

$150 billion of annual health-care dollars spent in the United States alone.2 Although certain 

nerve gaps can spontaneously repair through the body’s natural repair mechanisms, many 

injuries must be repaired surgically in order to reconstruct a damaged nerve. If unrepaired 

within a certain time, these injuries can block communication via the sensory and motor 

nerves of the peripheral nervous system (PNS) to the brain and spinal cord. As such, the 

proximal stump forms a neuroma and the muscle that had been previously innervated by the 

nerve becomes atrophic.3 Furthermore, failure of these nerves to regenerate can cause 

painful neuropathies, which affect a patient’s daily activities.3 Thus, proper and full 

regenerative efforts must be sought to avoid these morbidities. The present manuscript 

provides an in-depth, state-of-the-art review of past, present, and avenues for future research 

associated with peripheral nerve regeneration using various tissue engineering strategies 

including advanced nerve growth conduits (NGCs) using traditional electrically stimulating 

polymers and ideas for the use of ionically conducting polymers for incorporation into 

NGCs.

To better understand the repair of the PNS, it is necessary to explain the neurophysiology of 

the PNS. The PNS lies outside of the central nervous system (brain and spinal cord). It is 

made up of bundles of axons that transmit information to and from the central nervous 

system via action potentials, which are electrical impulses.4 Each axon is a part of a neuron, 

which is made up of dendrites, a cell body, and an axon. Dendrites are small spines on the 

cell body that receive electrical input from other neurons. The cell body contains the nucleus 

in which the proteins, hormones, and neurotransmitters produced by the neuron are 

produced. The axon is the portion of the neuron that communicates with other neurons and 

is often surrounded by a protective layer called myelin. The initial segment of the axon is the 

axon hillock, at which both inhibitory and excitatory input to the neuron are summed up and 

the decision on whether or not to send an action potential through the axon is made. Once 

the decision to send an action potential is made, the electrical impulse is transmitted down 

the axon to the synapse. Here, there is a cascade of signal events that release 

neurotransmitters into the synapse, the space between two communicating neurons, and the 

neuron is thus able to communicate with surrounding neurons or target organs to convey a 

signal. When a peripheral nerve is injured, it is the bundle of axons that is damaged and thus 

the communication between target organs and the nervous system is lost at that injury site. 

While the PNS has the capacity to regenerate injured nerves, there are multiple factors (i.e., 

size and location of the defect and age of the patient) that determine the quality of functional 
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regeneration.5 When the size of the injury is too large for tension-free, end-to-end 

anastomosis, there are various treatment options that can be considered.

Currently, the gold standard for peripheral nerve reconstruction is direct end-to-end repair or 

interposition of an autologous nerve graft (autograft), if there is excessive tension.2 

However, use of such autografts presents several drawbacks such as sensory loss at the donor 

site as well as risk for neuroma.2 Furthermore, at the repair site, there is often fascicle 

mismatch, scarring, and fibrosis, which limit the regenerative benefits of biological grafting 

procedure.2 Limitations of current treatments in the clinical setting call for a need for novel 

methods of repairing injured nerves. One alternative is the development of NGCs that serve 

to guide the regenerating axon to the distal stump.6 Initial studies focused on the use of 

biostable and bioinert materials such as silicone to overcome the mechanical property 

requirements associated with autografts.7 These growth conduits were used to house only 

the cells and tissue that were native to the regenerating peripheral nerve.7 Initially, the use of 

silicone and other synthetic materials was attractive for developing NGCs because of the 

relative ease of manipulating their physical and chemical properties through various 

chemical means.8 Many studies reported the possibility of nerve regeneration through 

synthetic nerve growth tubes.9, 10 As these silicone growth conduits were improved on, 

conduits made of silicone and poly(tetrafluoroethylene) (PTFE) became frequently used 

polymers for use in NGCs.6 These polymers, however, are non-resorbable, which led to 

drawbacks, such as chronic foreign body reaction, resulting in excessive scarring and 

ultimately limiting a full recovery of the nerve function.6, 7, 11, 12 The next generation of 

nerve growth tubes used biodegradable polymers. The early set of polymers adopted for 

these applications included the use of polyesters such as polyglycolic acid (PGA), polylactic 

acid (PLA), and their copolymer poly(lactic-co-glycolic acid) (PLGA) for NGCs, and the 

concept of tissue engineering gained momentum in the field of neural tissue engineering.8 

Over the past two decades, tissue engineering has emerged as an innovative method to assist 

in peripheral nerve regeneration using synthetic biomaterials, and continued research may 

overcome many of the drawbacks associated with biological grafts.13–21

Tissue engineering combines cells, scaffolds, and signals (growth factors and/or chemotactic 

factors and external stimulus in the form of physical forces) to repair or replace a damaged 

or missing tissue. The overall goal of tissue engineering is to use the combination of these 

three factors to make use of the cellular capacity to generate new functional tissue.22, 23 In 

peripheral nerve regeneration, various cell types have been utilized including skeletal 

muscle-derived multipotent stem cells24 and Schwann cells.25 Additional efforts take 

advantage of cell signaling to stimulate nerve growth such as nerve growth factor 

(NGF),26–28 topographical cues,29 and electrical stimulation (ES),30–33 all of which may 

serve to enhance the rate of nerve regeneration. Biodegradable scaffolds derived from the 

materials of both natural and synthetic origin including PLA, PGA, PLGA, polycaprolactone 

(PCL), collagen, chitosan, and different material compositions have been used for the 

fabrication of nerve conduits and as well as other tissue regenerative techniques.23, 34, 35 

These nerve conduits were designed to provide optimal mechanical strength, degradation 

properties, and porosity to support regeneration. In the tissue engineering approach, efforts 

are also made to incorporate and release biological factors from scaffolds alone or in 

combination with cells to regain some degree of functional recovery.36 Growth factors, such 

Anderson et al. Page 3

Crit Rev Biomed Eng. Author manuscript; available in PMC 2017 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as NGF, brain-derived neurotrophic factor (BDNF), and Neurotrophin-3 (NT-3), have also 

been used to stimulate nerve growth.5, 26–28 These bioactive factors were physically 

incorporated into scaffolds or chemically conjugated.5, 26–28 These factors were able to 

stimulate proliferation and differentiation of various cell types that aid in nerve 

regeneration.5 However, growth factors can be challenging to work with due to their 

relatively short half-life, poor stability, and potential for spreading to other areas of the body. 

The latter part of this review discusses some of these growth factor strategies in detail.

More recent efforts take advantage of external stimuli such as electrical, magnetic, and 

mechanical loading to enhance the rate of nerve regeneration.30–33 The benefits of ES for the 

regeneration of bone, cartilage, skin, spinal nerves, and peripheral nerves have been widely 

documented and demonstrated in the literature.37 Electrical stimulation is a commonly used 

therapy to promote functional recovery of muscle and nerve tissue following injury that can 

result in enhanced tissue regeneration.38, 39 In general, ES has been shown to enhance cell 

multiplication in connective tissue and formation of new collagen in injured tendons.40–45 

These studies suggest that increased collagen biosynthesis is due to an increased number of 

collagen producing cells at the injured site. ES also results in accelerated healing of ligament 

and tendon injuries, with increased rat tendon healing by >250% histologically.46 When 

severed dog tendons were treated with implantable electrodes (20 µA direct current), the 

tendons showed a 92% return to normal strength in eight weeks, compared to 50% in control 

animals.46, 47 These studies also demonstrated an increase in capillary and fibroblast number 

at the wound site that preceded collagen synthesis. Electrical stimulation and exercise has 

been shown to improve blood vessel growth via expression of vascular endothelial growth 

factor (VEGF).48–50 For instance, expression of VEGF protein was observed in rabbit 

skeletal muscles after three days and up to eight weeks of ES.51 Exercise and ES increases 

blood flow, which has been suggested to release nitric oxide-like humoral agents that are 

critical regulatory molecules for angiogenesis.52–54 In studies where the right tibialis 

anterior (TA) and extensor digitorum longus (EDL) muscles of Sprague-Dawley rats were 

stimulated for 8 h/day for seven days, chronic ES induced vessel proliferation (increased 

vessel density) and increased expression of VEGF protein in the stimulated skeletal 

muscle.48 Many recent publications report the use of electrically conductive polymer derived 

conduits to enable ES locally, at the repair site, to promote tissue regeneration.13–21, 55–66 

Polymers such as polyaniline (PANI), poly(3,4-ethylenedioxythiophene) (PEDOT), 

poly(pyrrole) (PPY), and their copolymers were presented in the forms of sheets, fibers, 

hydrogels, and 3D porous matrices as scaffolds.67, 68 Application of electrical stimulation to 

scaffolds derived from these materials alters certain of their properties in terms of volume or 

wettability in the biological environment, enabling them to conduct electrical charges along 

the length of a scaffold.69, 70

II. CHARACTERISTICS OF A GOOD NERVE GROWTH CONDUIT

A nerve growth conduit (NGC), also referred to as a nerve guidance conduit or nerve graft 

substitute, is an artificial means to guide the regeneration and regrowth of nerve axons to 

facilitate more complete nerve regeneration. When a nerve is severed in the PNS, the distal 

portion of the nerve begins to degenerate, the cytoskeleton breaks down, and there is 

dissolution of the cell membrane.71 Next, the Schwann cells and macrophages begin to clear 
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myelin and axonal debris.71 Eventually, Schwann cells and macrophages release cytokines, 

which lead to enhancement of axonal growth beginning at the proximal end (the end closer 

to the body) and continues toward the distal stump,71 a process known as Wallerian 

degeneration (Fig. 1). The goal of NGCs is to improve on the regeneration process, thus 

promoting better recovery from injury. As seen in Fig. 2, the NGC is a hollow tube that 

connects the proximal nerve stump to the distal nerve stump, designed to bridge the gap 

between the two ends. Other functions of the conduit include: reducing infiltration of fibrous 

tissue, presenting a barrier for selective diffusion of macromolecules and neurotrophic 

factors between the device and the surroundings, and increasing the concentration of 

endogenous proteins/neurotrophic factors inside the conduit.6, 72 Furthermore, these 

channels prevent neuroma formation and excessive branching. While these are the primary 

functions of the NGC, there are many other factors that go into optimizing its function that 

allow it to play a role in the stimulation of nerve growth (Fig. 3).

Besides being biodegradable and biocompatible, it is also essential that NGCs have other 

qualities, such as (i) permeability, (ii) flexibility, and (iii) minimal swelling, to be effective.73 

Permeability allows nutrients and oxygen exchange that can properly diffuse on both sides 

through the tube before it becomes vascularized, which is needed for the beginning of the 

regeneration process.73 Vascularization of NGCs also improves the Wallerian degeneration 

process, which leads to greater axonal growth with more rapid and complete myelination.11 

Making the conduit porous can also encourage quick and abundant revascularization.11 

Flexibility becomes increasingly important as the size of the nerve gap increases, which is 

most relevant in areas of extensive movement, such as joints. Increasing flexibility of the 

nerve conduit will allow the conduit to comply with critical tensile and bending stress, thus 

ensuring the stability of the conduit and the regenerating nerve.73, 74 Flexibility, however, 

must be balanced with the ability to withstand pulling forces that will be exerted by sutures 

inserted into the tube during surgery.74 Additionally, the structural mechanics of the NGC 

should enable it to remain intact during the regenerative process with minimal swelling, so 

as not to block the progression of the regenerative process.73 Figure 3 summarizes various 

aspects of NGCs and their benefits.

Another aspect that should be considered in the design of a NGC is the form of internal 

structures. These include features such as filaments, collagen sponges, and multichannel 

nerve tubes, which may enhance regeneration by stabilizing the fibrin matrix to more 

precisely guide the regenerating nerve.73 Examples of intrinsic frameworks previously 

investigated include incorporation of filaments, collagen sponges, and multiple channels.73 

Intrinsic structures can be advantageous through providing increased surface area for cell 

attachment, better stabilization of fibrin matrix formed inside the nerve tube, and better 

contact guidance of the regenerating nerve.73 The hydrophilic nature of the polymeric NGC 

results in swelling and dimensional changes following its implantation at the defect site due 

to absorption of biological fluids.11 The internal diameter and wall thickness of the NGC are 

also important design parameters; the conduit should have an internal diameter that is large 

enough to easily place the nerve stumps inside the lumen of the growth conduit, and the 

conduit wall should be thin enough to account for swelling that will lead to compression of 

the regenerating nerve.11
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Careful design of biodegradable scaffolds is necessary in order to produce a scaffold that 

will provide an optimal regeneration environment.6 A major parameter that must be taken 

into consideration with biodegradable scaffolds is determination of the timing of degradation 

such that the scaffolds degrade at the same rate as nerve growth. If the scaffold degrades too 

fast, the guidance properties of the scaffold are lost and nerve regrowth is impaired. If, 

however, the nerve conduit does not degrade fast enough, there is compression of the 

regrowing nerve and nerve regeneration is again impaired. Currently marketed NGCs 

include Neurotube (Synovis Surgical Innovations, Deerfield, Illinois), Neurolac (Ascension 

Orthopedics, Plainsboro, New Jersey), and NeuraGen (Integra LifeSciences, Plainsboro, 

New Jersey).6 These products are used only for treating short nerve defects that are greater 

than or equal to 8 mm, but less than or equal to 30 mm, and thus serve a limited patient 

population.

Various studies have incorporated growth factors into their scaffold design to promote nerve 

growth.5, 26–28, 75–77 Growth factors can be incorporated in solution inside of the lumen12 or 

entrapped into a matrix that is loaded into the lumen,78–80 or they can be embedded in the 

conduit wall using microspheres.81 Some of the drawbacks of using growth factors include: 

short half-life, diffusion of the growth factor out of the intended site, and variable release 

rates of the growth factor.64, 82, 83 Thus, while using growth factors can be helpful, there are 

aspects of their use that need to be addressed in order to best take advantage of their 

potential.

Another modification to the single-lumen NGC that has been explored is the use of Schwann 

cells.73 It is thought that because Schwann cells are involved in the natural regenerative 

process in the PNS, they will encourage regeneration over longer nerve gaps,73 as evidenced 

through several studies that show that Schwann cells enhance neurite (axons and dendrites) 

growth.84, 85 Clinically, however, it is difficult to translate the benefits of Schwann cells to 

meaningful gains due to limited tissue availability, long cell culture times, and donor site 

morbidity.86 Other cell types that have been used include bone marrow stromal cells,87 

adipose tissue-derived stem cells,88, 89 and human mesenchymal stem cells (hMSCs).90 

Working with these cells is challenging for the aforementioned reasons. A clinically relevant 

cell population, seeding density, and cell culture design need to be optimized to translate to 

better clinical relevance. Another conduit modification that has emerged over the past few 

decades is ES enabled through the incorporation of electrically conducting polymers into 

NGCs.73 Because the nervous system is highly influenced by the electrical stimuli,31 it is 

understandable that NGC technology has become invested in incorporating and optimizing 

such a stimulus. The optimization of electrical conductivity in NGCs will be further 

discussed throughout this review. The various methods that have been used to optimize NGC 

function are reviewed in Table 1 and Fig. 3.

III. EFFECT OF ELECTRICAL STIMULATION ON NEURONS

The nervous system (both central and peripheral) is highly influenced by electrical stimuli 

that serve as the primary means of communication. The goal of ES is to depolarize the 

membrane resulting in an action potential.31 Electrical stimulation methods seek to take 

advantage of the electrical properties that are inherent within the nervous system to better 
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promote cell differentiation and axonal outgrowth. While the mechanism of ES-promoted 

neuronal growth is not fully understood, several different theories exist. Electrical 

stimulation has been shown to regulate cellular activities such as cell adhesion,91, 92 

proliferation,93 cell migration,76, 77, 94 and protein production.75, 76 ES might augment 

natural neuroregeneration through the promotion of neural stem cell migration. Studies of 

the central nervous system (CNS) have shown neurite extension to be essential in the process 

of neuron regeneration.64 Research suggests that electric fields redistribute receptors on cell 

surfaces, leading to downstream signaling in cellular pathways that are linked to the 

cytoskeleton and various organelles;95 signaling through these pathways encourages 

directional sensing and motility, causing cells to migrate toward the source of electrical 

current.95 It has been hypothesized that ES is guiding the regenerating proximal nerve stump 

by stimulating various cellular pathways that lead to cytoskeletal changes and redistribution 

of cellular organelles.

Electrical stimulation has been shown to aid in the process of neurite extension, and, when 

compared to topographical cues, neurite length measurements were larger in the electrically 

stimulated group.64 Yan et al. have carried out a series of experiments to elucidate the direct 

effect of ES on neurite outgrowth.95 From these studies it is evident that ES induces neurite 

outgrowth through calcium pathway signaling. For these studies, dorsal root ganglion 

neurons (DRGNs) were grown on electrically conductive glass. These cells were then 

electrically stimulated for 30 min intervals under a 10Hz/5V electric field, which led to a 

1.7-fold increase in neurite outgrowth as compared to controls without ES. The authors 

hypothesized the role of voltage-dependent calcium channels in causing the enhanced 

neurite outgrowth. Through various drug interventions, it was shown that depletion of both 

intracellular and extracellular calcium eliminated the benefits of ES on neurite outgrowth, 

indicating that ES may work via voltage-dependent calcium channels.95 Additionally, it was 

determined that the voltage and frequency of ES was important to the mechanism of 

electrically stimulated neuron differentiation. Duration and frequency of ES is also a factor 

that can have dramatic effects on peripheral nerve regeneration. A study by Chen et al. 

showed accelerated maturation of regenerated nerves following ES.21 Application of ES 

resulted in a larger mean number of axons, endoneurial area, and total nerve area, and 

increased blood vessel number and increased blood vessel area over controls. These findings 

were in contrast to an earlier study by the same group that showed that ES significantly 

suppressed the formation of nerve cables across a nerve.21 These two studies were 

performed using different electrical signals and timings for application of ES. To unravel the 

role of ES and ideal timing of ES, a series of studies was performed.21 It was concluded that 

increasing the intensity of the electrical signal led to decreased function of the regenerated 

nerve.96 Previous studies reported that the immediate application of ES following injury led 

to better nerve regeneration.97 The intensity of applied ES, frequency, duration, and timing 

following nerve injury plays an important role in determining tissue healing. It was 

discovered that introducing a seven-day incubation (delayed ES) period following cell 

seeding led to an increased rate of regeneration and resulted in enhanced maturity of the 

neural components within the growth conduit.98 The number of myelinated axons that 

successfully grew across the 10 mm nerve gap was twofold greater in the delayed ES group 

than in the immediate ES group.98 The same study also showed that the nerves were larger 
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and the amount of blood vessels and revascularization was greater in the delayed ES group 

than in the immediate ES group.98 These accounts highlight the importance of temporal 

relationships in ES experimental design in the optimization of NGCs.

The effect of ES on growth factors is another means by which ES has been shown to 

enhance neurite outgrowth. Application of ES through polypyrrole NGCs increased 

fibronectin adsorption on immediate stimulation, leading to enhanced neurite outgrowth,17 

Huang et al. examined the impact of BDNF on the ES pathway leading to increased nerve 

regeneration and functional recovery.99 Stimulation using 3V, 20 Hz for 20 min led to 

improved motor functional recovery and reduced muscle atrophy.99 In a delayed sciatic 

nerve injury rat model, a defect was left untreated for a period ranging from two to 24 weeks 

with or without ES stimulation.99 The electrically stimulated group had better axonal 

recovery (increased diameter of myelinated axons, increased number of myelinated axons, 

and increased thickness of myelin sheath) and better functional outcomes (increased wet 

weight of gastrocnemius muscle and increased area of muscle fiber).99 Decreasing 

concentrations of BDNF in the healing nerves were observed through 

immunohistochemistry over time that suggested an inverse relationship between age of nerve 

injury and the effect of ES on factor release.99 Furthermore, an upregulation of BDNF was 

observed in the anterior horn of the spinal cord when proximal nerve stumps in the delayed 

nerve lesions were electrically stimulated. The findings of these studies are highlighted in 

Fig. 4. By creating NGCs that are able to conduct electricity, the benefits of ES can be 

utilized. Many electrically conducting polymers alone or in combination with other 

degradable polymers as well as different anionic dopants have been fabricated into tubular 

conduits for nerve regeneration applications. The present review aims to highlight the 

application of electrically conductive polymers for nerve growth and innovative ways to 

improve their performance in conjunction with ES.

IV. CONDUCTIVE POLYMERS FOR NERVE GROWTH CONDUITS

Conductive polymers have been studied for many years. The first major breakthrough came 

in 1978 when it was shown that polyacetylene exhibits a dramatic increase in electrical 

conductivity when it is oxidized (loses electrons) or reduced (accepts electrons).100, 101 

Many other electrically conductive polymers such as polypyrrole, polyaniline, and poly(3,4-

ethylenedioxythiophene) (Fig. 5) were discovered.101 In certain polymer chains, molecular 

distortion is energetically favored over molecular ionization in the presence of a dopant, 

leading to distortion of the polymer lattice and charge localization.101 In such a scenario, 

there is a localized distortion of the molecule lattice structure and an accompanying radical 

ion, or polaron, which comes from localization of the charge.101 When there is an electrical 

stimulus applied to the conductive polymer, dopants are able to move throughout the 

structure, creating polarons and allowing charge to flow through.68 Schmidt et al. were the 

first to show an increase in neurite outgrowth on the cells cultured on PPY scaffold 

following ES that triggered immense interest in using conductive polymers to promote 

peripheral nerve regeneration.102 These conductive polymers, along with various innovative 

scaffolds, and methodologies have been adopted to promote neural tissue regeneration. 

These studies are focused on identifying specific polymer compositions, scaffold design, and 
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identifying appropriate ES parameters to promote nerve regeneration. The following sections 

summarize these efforts and provide an overview of the research in the laboratory setting.

A. Polypyrrole

Polypyrrole (PPY) is the most frequently studied electrically conducting polymer for tissue 

engineering. Apart from its conducting properties, it also has antioxidant properties.103 It 

can be easily synthesized and it readily accommodates anionic biomolecules within its 

structure, enhancing its biocompatibility.104 As a biomaterial, PPY presents several 

advantages including biocompatibility, chemical stability in air and water, and reasonably 

high electrical conductivity under physiological conditions.68 Polypyrrole has been utilized 

in a diverse array of technology development such as high-voltage batteries,105 

supercapacitor electrodes,106–109 and biosensors,110, 111 and in drug delivery systems.112 

The use of PPY derived scaffold materials in neural tissue engineering is 

extensive.13–19, 68, 113–115 In addition, PPY scaffolds have been also used for bone,116, 117 

liver,118 and cardiac tissue engineering.119

PPY is electrically conductive through the conjugation in its backbone. When the PPY 

molecule is oxidized, pi electrons (π electrons) are removed from the upper level of the 

valence zone to lower energy levels, causing the molecule to behave like a semiconductor.120 

Although PPY has many advantageous qualities that favor transmission of electrical charge, 

there are some properties of the polymer that present major disadvantages. A limiting factor 

in PPY’s conductivity is the disorder of its backbone,68 which can lead to slower 

deterioration of conductivity.68 Furthermore, PPY has very low solubility in most solvents 

and is brittle in its mechanical properties.19 One of the biggest disadvantages of PPY is its 

non-biodegradability.19 Various modification approaches have been attempted to improve on 

the aforementioned shortcomings of PPY including blending PPY with other synthetic 

polyesters such as PLGA, PLA, and PCL.19 Lack of available functional groups on the 

polymer backbone makes it difficult to alter the polymer properties through chemical 

modifications suitable for tissue engineering applications.113

Because the neuroregenerative benefits of PPY depend on its ability to conduct electricity, it 

is worthwhile to examine the electrical parameters that optimize its neuroregenerative 

capabilities. The PPY derivatives containing butane sulfonic acid, camphorsulfonic acid, and 

para-toluene sulfonic acid were found to be more electroactive than PPY.114 Increased PPY 

electrical conductivity originates from the presence of ionic groups in the form of acid in a 

biological environment through the flow of counterions. For PPY, in vitro models using rat 

PC12 cells have shown that the ES patterns that have been used to produce the best neurite 

outgrowth are 10 µA for two days114 or a voltage of 100 mV/cm115 for 2 h. Many of the 

benefits of PPY have been documented in both in vitro and in vivo studies.13–19, 68, 113–115 

In vitro studies have shown that PPY is beneficial to neurite outgrowth for various cell types. 

Most commonly, PC12 cells (a neural crest-derived cell line that comes from rats) have been 

shown to benefit from ES through scaffolds that incorporate PPY to promote 

conductivity.13–18 Other studies have used dorsal root ganglia cells in order to show neurite 

outgrowth through ES of PPY.19–21 Polypyrrole scaffolds were able to support Schwann cell 

adhesion, survival, migration, and proliferation, and neurites outgrowth.121 Stewart et al. 
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stimulated human neural stem cells on a PPY scaffold that was blended with the 

extracellular matrix protein laminin to show the synergistic effect of ES and tactile cues.104 

Electrically stimulated human neural stem cells showed an increase in total neurite length 

per cell, mean neurite length, and maximum neurite length when compared to non-

stimulated cells. Cells were stimulated for 8 h/day for three days (after an initial 24 h 

without stimulation) to allow for cellular adherence to scaffolds. Although the scaffold 

system was able to support the neurite outgrowth, it was found that there was heterogeneous 

electrical conductivity along the length of the scaffold that translated into uneven cell 

distribution and cells clustering at specific scaffold locations.104 For predictable tissue 

regeneration, it is highly desirable to design scaffolds that can provide uniform electrical 

conductance to provide uninterrupted ES to the regenerating nerve and promote uniform cell 

growth. As a better understanding of the effect of PPY on nerve regeneration continues to be 

revealed, different groups have given their interpretation of how the optimal electrically 

conductive NGC should be set up. Forcitini et al. showed that ES through PPY membranes 

led to increased protein adsorption, which was associated with increased NGF secretion 

from Schwann cells and increased speed of migration of Schwann cells.122 Presence of 

stimulatory proteins such as NGF on the surface of the scaffold and flow of electrical signal 

toward the distal end of the conduit during ES might provide optimal conditions for nerve 

regeneration.122 Such a gradient makes use of growth factors and ES allowing for directed 

Schwann cell migration and resulting in an increased rate of neural regeneration and 

functional recovery.122

Few studies report the use of PPY based scaffolds in an in vivo setting in the form of a 

single conduit15, 16 or multichannel conduit.123 Xu et al. reported the use of PPY containing 

poly (D, L-lactide) (PDLLA) NGC for the repair and regeneration of a 10 mm nerve gap in 

adult Sprague- Dawley rats.15 The blend scaffold containing 5% (wt) of PPY was able to 

induce longer neurites growth while maintaining the mechanical flexibility of PDLLA.15 

The performance of the PPY blend scaffold was tested against PDLLA and autograft 

controls. There was no significant difference in the sciatic functional index (a commonly 

used behavioral test) between the PPY/PDLLA group and the autograft. Furthermore, the 

nerve conduction velocity of the PPY/PDLLA blend conduit was comparable to a healthy 

nerve.15 Histological images presented in Figs. 6 and 7 show many similarities between the 

regenerating nerves treated with PPY/PDLLA conduit and the autograft.15 Stewart et al. 

examined a stand-alone PPY nerve conduit and showed an increased quantity of myelinated 

fibers within and distal to the nerve graft.104 In the study, stand-alone PPY tubes were 

formed by electroplating a copper wire into aqueous 0.2 M PPY/0.2M sodium dodecyl 

benzene sulfonate with 10 mA applied for 60 min at 24°C. The PPY conduit was then 

removed from the wire by applying –10 V to the wire and platinum mesh and subsequently 

cut into 15 mm segments. In vivo results of implantation show that the growth conduits were 

biocompatible, as there was no inflammatory response or tissue damage. Furthermore, nerve 

growth and increased myelination was observed eight weeks after surgery, showing that the 

growth conduit was capable of supporting nerve regeneration/re-myelination. Fabrication of 

multichannel nerve conduit would allow for more complex/extensive nerve growth.

Other structural techniques have been shown to improve PPY’s effectiveness in stimulating 

nerve growth. One study investigated an NGC with PPY overlaid with unidirectional 
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poly(D-lactide) (PDLA) fibers and was doped with para-toluene sulfonate.20 In brief, 

poly(d-lactide-co-glycolide) (75:25) was wet-spun into 30 µm sized fibers that were aligned 

onto gold-coated mylar sheets and wrapped around a collector spool. Next, the sheets were 

laid flat in order to facilitate galvanostatic deposition of PPY/ para-toluene sulfonate (pTS). 

The functionalized PPY matrix with pTS was then removed from the gold-mylar plate and 

formed into an NGC. Dorsal root ganglion neurons were then seeded onto scaffolds in four 

different groups: (i) PDLA/PPY/pTS with ES, (ii) PDLA/PPY/pTS without ES, (iii) PPY/ 

pTS with ES, and (iv) PPY/pTS without ES. The axonal growth followed the path of the 

PDLA fibers on both the stimulated and unstimulated scaffolds, whereas there was radial 

growth of axons on the plain PPY/pTS surfaces. The rate of axon growth was increased in 

the ES group and the maximal axon length in the PDLA/PPY/pTS with ES group was 60% 

greater than the axons in the PDLA/ PPY/pTS without ES, which had the next longest 

axons. Furthermore, there was a 27% increase in the distance traveled by Schwann cells in 

the PDLA/ PPY/pTS with ES group over the PDLA/PPY/pTS without ES group. Thus, 

optimizing all aspects of the NGC can have a profound effect on the nerve that is grown 

through the guidance scaffold. Nerve growth conduits can provide the controlled and 

conducive microenvironment to promote the rate of axonal growth greatly and improve its 

regenerative capacity. When the process of regeneration happens too slowly, the distal stump 

will die and regenerative efforts will be impossible and incomplete.

Polypyrrole containing porous cellulose gels under the ES resulted in remarkable neuronal 

phenotype expression by cultured PC12 cells.124 The cellulose base scaffold material, due to 

its fibrous and hydrophilic nature, offers greater biocompatibility and is thought to prevent 

excessive growth of connective tissue over lesions, which often poses a problem in 

peripheral nerve injury repair.124 Zeng et al. effectively applied ES to PPY scaffolds with 

rough scaffold surface containing NGF that led to accelerated axon elongation.18 The study 

also demonstrated the importance of selecting an appropriate level of ES. Scaffolds seeded 

with PC12 cells were electrically stimulated at different voltages (0, 10, 100, or 1000 

mV/cm) for 2 h by a constant voltage source. Results showed that without ES, only 44% of 

PC12 cells grew neurites and the average neurite outgrowth was 9.5µm. Conversely, PC12 

cells that were electrically stimulated at 100 mV/cm had 59% of their cells bearing neurites 

and the average neurite outgrowth was 16 µm. A voltage of 100 mV/cm was found to be the 

optimal level of ES, while other values, such as 10 mV/cm and 1000 mV/cm, did not 

provide ideal results; in the case of 1000 mV/cm, ES actually performed worse than the 

control group (see Fig. 8). These studies a suggestive of an optimal ES parameter that is 

specific for a scaffold system to drive neuronal phenotype development by specific cell type. 

Thus, scaffold optimization efforts should focus on altering the scaffold material chemistry, 

morphology, porosity, mechanical strength, and degradation features to enable ES for 

obtaining the best conditions for nerve regeneration. A summary of several such efforts are 

provided in Table 2 (in vitro studies), and Table 3 (in vivo studies). A desirable NGC 

prototype based on these studies is presented in Fig. 9.

B. Polyaniline

A nondegradable electrically conducting polymer polyaniline has been used as gas 

sensors,125–127 high-performance super capacitors,128, 129 and batteries,130 and in cotton 
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fabrics as a way to provide protection from UV radiation.131 PANI has been also been 

explored as a scaffold material for tissue regeneration and drug delivery applications.59–63 

Chemical stability and ability to withstand high temperature makes PANI an attractive 

material platform for a variety of applications.64, 132 Additionally, PANI possesses a wide 

range of electrical conductivity at a very low operational voltage.132 Like PPY, scaffolds 

derived from PANI have been also explored as a scaffold material in the possible application 

of bone,59, 60 cardiac,61–63 and skeletal muscle tissue engineering.133 Thermoset PANI is 

insoluble in any organic solvents, thus making it impossible to fabricate structures by 

thermal and solution casting methods once it is polymerized. Often pulverized nano- or 

micron-sized PANI particles are suspended in the other polymer solutions and fabricated 

into electrospun fiber matrices,64–66 hydrogels,134 or a combination of the two. 132

The difficulty in terms of processing and the nondegradable nature of PANI makes it less 

attractive for tissue engineering applications. Very few studies explored PANI as a candidate 

material for scaffolding applications in neural tissue regeneration.64, 90, 132 The general 

findings from these studies suggest increased neurite outgrowth on the PANI-containing 

scaffolds following ES.64, 90 In a study, PANI based scaffolds were shown to support neurite 

extension by applying 100 mV/cm at regular interval of 24 h in culture.90 A composite 

scaffold system comprised of chitosan/gelatin/PANI/graphene was able to support Schwann 

cells proliferation and differentiation.132 The least amount of PANI/ grapheme (2.5% wt) 

composition in the scaffold resulted in the highest cell attachment with a well-spread cell 

morphology.132 These findings provide evidence that PANI can support Schwann cells, 

which are very important to peripheral nerve regeneration. PANI films doped with 

hydrochloric acid (HCl) were used to evaluate their ability to support hMSCs neural 

phenotype development following ES.90 In brief, films seeded with hMSCs were stimulated 

with a direct current (DC) electric field of 10, 100, 500, or 1000 mV/cm for 10 min/day over 

a seven day period. Cells cultured only on electrically conducting substrates following ES 

resulted in axonlike, filopodial extensions, as illustrated in Fig. 10. It suggests that 0.1 M 

HCl doping with PANI and 100 mV/cm stimulation resulted in notable morphological 

changes in cells. The neurogenic hMSCs differentiation following ES was confirmed by the 

expression of nestin and βIII tubulin by immunostaining. The expression of these two 

neurogenic markers was higher in the elongated filopodia regions. The expression of 

neurogenic genes such as nestin, βIII tubulin, and neurofilament-light chain were also 

upregulated on the PANI substrates following stimulation as compared to controls (Fig. 11). 

The effect of applied voltage on neuronal phenotype development was studied by applying 

voltage in the range of 10–1000 mV/cm in an effort to find optimal ES parameters. An 

applied voltage of 100 mV/cm produced the most desirable neurogenic induction while 1000 

mV/cm did not support cell differentiation. Thus, it is highly desirable to optimize the ES 

parameters for each scaffold system, as there is no well-defined voltage range that can 

induce neuronal hMSCs differentiation. Thus, it is also critically important that the scaffold 

carry homogeneous optimized ES to achieve reproducible cellular events. The use of a 

clinically relevant cell population such as hMSCs in combination with scaffolds and ES may 

enhance peripheral nerve regeneration.135, 136 The possible PANI scaffold prototype and 

associated cellular events are summarized in Figs. 12 and 13. While these in vitro 
experiments show that PANI may be useful in neural tissue engineering, in vivo application 
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is limited due to several shortcomings as a biomaterial. Particularly, PANI is very brittle, 

rigid, and difficult to form into nerve guidance scaffolds, and nondegradabe.65 Thus, in order 

to effectively use PANI in nerve guidance conduits, it will be important to overcome these 

limitations. It has, however, proved to be a good polymer system to use in vitro to evaluate 

the mechanism by which ES promotes differentiation of stem cells into neurons. Table 4 

summarizes the in vitro characterization of PANI as scaffold material in the direction of 

neural tissue regeneration.

C. Poly(3,4-Ethylenedioxythiophene)

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a nondegradable electrically conducting 

polymer that has been extensively used for a variety of applications including drug 

delivery,137 solar cells,138–141 batteries,142 and proton exchange membrane fuel cells.143 

PEDOT has also been explored as a scaffold material for nerve, bone,144 and liver tissue 

engineering.145 The bulk of the neural tissue engineering research surrounding PEDOT has 

been associated with its use in electrodes for nerve growth. Unlike PANI, PEDOT is soluble 

in a wide range of organic solvents and allows chemical modification, and makes it attractive 

for scaffolding applications.146, 147 The nondegradable nature of the material makes it less 

desirable for designing scaffolds for transient tissue regeneration applications. Thus, PEDOT 

is used as a model polymer system like PANI to study the effect of ES on cell differentiation. 

Collagen scaffolds containing PEDOT and PANI nanofibers were able to support PC12 cell 

growth and differentiation into nervelike cells in the absence of ES.57 The incorporation of 

PANI or PEDOT was to render scaffolds electrically conductive. A PANI-incorporated 

collagen matrix resulted in higher PC12 cell growth while a PEDOT-infused matrix resulted 

in greater neurogenic differentiation.57 For instance, PC12 cells expressed significantly 

higher levels of MAP2 and β-tubulin III neurogenic marker expression on PEDOT 

incorporated gels and resulted in higher dendrite and axon outgrowth as compared to PANI 

gels without ES. Differences in cell growth and neurogenic differentiation may be due to the 

changes in gel properties as a result of blending with these fibers and potential cell-cell 

communication effects. Abidian et al. fabricated an agarose hydrogel that had a PEDOT 

coating that was able to support growth of a peroneal nerve that showed similar morphology 

to that of the autograft group, albeit smaller and with less myelin.146 Conductive polymer 

PEDOT was electrodeposited inside the lumen of the agarose tube to create either fully 

coated PEDOT agarose conduits or partially coated PEDOT agarose conduits. These PEDOT 

coated hydrogel based conduits were then placed in a 10 mm nerve gap in a rat peroneal 

nerve and samples were harvested at 12 weeks. The measurements that were taken included 

extensor digitorum longus muscle contractile force measurements, muscle innervation by the 

peroneal nerve, and nerve histomorphometry. Overall, the results showed that the autograft 

outperformed all of the groups in every outcome measured. Interestingly, it also showed that 

both of the PEDOT groups outperformed the plain agarose group, with the partial PEDOT 

group performing the best. The better performance of partially coated PEDOT was attributed 

to an increased capacity for diffusion of nutrients and biomolecules through the partially 

coated lumen of the conduits. The nondegradable nature of PEDOT and absence of pores in 

the scaffold with complete coating may hinder the transport features and restrict nutrient 

exchange and metabolic waste removal. Cross-linked PEDOT:polystyrene sulfonate 

(PEDOT:PSS) blend matrices were created for a possible neural tissue engineering.58 The 
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ionic component PSS in the blend contributes to the electrical conductance and erodes in the 

aqueous component. Cross-linking allows the controlled erosion of PSS from the matrix and 

the scaffold erosion properties depend on the amount of PSS in the matrix. Cell viability and 

proliferation studies with fibroblasts show that PEDOT:PSS scaffolds exhibited both good 

cell viability and cell proliferation over a four-day period. In the study, human neural 

progenitor cells were electrically stimulated over 12 days to show the effect of ES on these 

cells. The neural progenitor cells were exposed to pulsed stimulation with a frequency of 

100 Hz for 24 h for the first four days and then over 12 h over the following eight days. 

Greater neurite outgrowth was observed on electrically stimulated PEDOT:PSS matrices 

than the control with ES. In comparison, PEDOT has high electrical conductance and is 

more electrochemically stable than PPY and PANI. Chemical modifications and creative 

blending approaches may further improve material properties and provide better erosion 

properties to the matrix.68

D. Effect of Electrical Stimulation on Schwann Cells

The connection between ES and Schwann cell function has been well documented. Not only 

has ES been shown to affect the growth and migration of neurons,148 but it has also been 

shown to affect the growth and migration of neural support cells such as Schwann cells, 

which are able to support axon regeneration through release of neurotrophic factors.76, 77, 94 

When studying ES, it is important to understand the role of Schwann cells. When a nerve is 

transected, there are three stages of recovery that must occur for full recovery: (i) Wallerian 

degeneration, which is used to create a microenvironment conducive to axonal regrowth and 

reinnervation, (ii) axonal regeneration, and (iii) end-organ reinnervation.149 Schwann cells 

are vital to the process of axon regeneration as they serve as primary mediators for 

beginning the process of Wallerian degeneration.149 In the promotion of axonal 

regeneration, Schwann cells arrive rapidly at the site of nerve injury to assist in the process 

of clearing debris through phagocytosis and the recruitment of macrophages.149 They then 

proliferate on the endoneurial tubes of the extracellular matrix and form what are called 

bands of Bungner, which provide a path for the axon to regrow.149, 150 A summary of the 

important and crucial role Schwann cells play in nerve regeneration process is presented in 

Fig. 14.

Studies have shown that ES can lead to increased secretion of neurotrophic factors such as 

BDNF and NGF from Schwann cells after ES.75–77 In addition, neural progenitors resulted 

in neurite outgrowth following ES.151 The use of Schwann cells without ES in the 

regeneration of long nerve defects has been reported to be positive152 in some cases and 

non-beneficial in others.153 However, the use of ES in conjunction with Schwann cells may 

produce positive effects in terms of nerve regeneration. For instance, electrically conductive 

scaffolds cocultured with Schwann cells and other clinically relevant stem cell populations 

such as hMSCs may result in an enhanced rate of nerve regeneration following ES. The 

growth factors secreted by Schwann cells following ES may further enhance the 

differentiation of hMSCs and other tissue-specific progenitors into neurons and accelerate 

the rate of nerve regeneration. Isolation and expansion of Schwann cells may pose 

limitations in terms of its clinical applicability as large number of cells are needed for 

implantation.154 In neural tissue engineering, efforts should also focus on the choice of cells, 
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stimulation, and scaffold parameters to promote regeneration. Application of ES in 

conjunction with Schwann cells should consider parameters that favor their proliferation, 

neurite outgrowth, and secretion of neurotrophic factors. Figure 15 summarizes application 

of ES to NGCs seeded with Schwann cells in the promotion of peripheral nerve 

regeneration. In a tissue engineering approach, scaffolds combined with Schwann cells and 

hMSCs under ES secrete growth factors and may heal over greater transection lengths. 

Wallerian degeneration will be enhanced and proximal nerve stumps will be able to grow 

toward the distal nerve stump more quickly. Future studies should focus and identify ES 

parameters for different cell types to promote their regenerative performance. More studies 

are essential to understand the effects of ES on cytoskeletal arrangement and to adopt ES to 

guide Schwann cells to the distal stump.

V. FUTURE DIRECTIONS

Electrically conductive polymers are very promising structures for the advancement of 

neural tissue engineering. ES is a useful tool for manipulating Schwann cells and neural 

progenitors that play a major role in peripheral nerve regeneration. From these studies, it is 

apparent that electrically conducting scaffolds under ES can support the differentiation of 

stem cells into neuronlike cells but the mode of differentiation is not understood. Future 

studies should examine the mechanistic approaches of cell differentiation under the 

influence of ES and evaluate the role of differentiated cells during the regenerative process 

and their integration with the host tissue. Potential questions that should be addressed 

include: Will these cells be used as a primary source of regenerative tissue? Will they instead 

be used as sources of growth factor release to enhance native tissue regeneration? How will 

they be incorporated into the scaffold? What are the optimal ES settings, taking into account 

both the optimal settings for the native Schwann cells and the implanted MSCs? These are 

some of the questions that need to be studied in order to make the best use of hMSCs in 

future regenerative efforts. The development of a biodegradable scaffold system that 

provides the right combination of mechanical strength, pore and degradation properties, and 

predictable electrical conductivity may further drive research in neural tissue engineering. 

Electroactive polymers such as PPY, PANI, and PEDOT have several limitations for 

biomedical applications. Current efforts are focused on improving material properties, 

processing conditions, and electrical conductance by combining them with other materials. 

Presenting these materials in the oxidized form and maintaining their state is critical in 

obtaining a predictable electrical conductance in the physiological setting. These polymers 

often undergo reduction in physiologic conditions and their electrical conductivity 

significantly decreases. In an effort to improve their electrical conductivity, efforts are being 

made to include anionic dopants such as dodecylbezenesulfonate, PSS, tosylate, and 

perchlorate, to name a few. The presence of these dopants in conductive polymers changes 

their structure and also affects the orientation and arrangement of polymer chains, 

translating into a change in material properties in terms of crystallinity, mechanical strength, 

and electrical conductivity.155, 156 Scaffold fabrication and characterization should consider 

changes in scaffold properties in terms of morphology, roughness, phase separation, and 

erosion, which have been shown to affect cellular events.155, 156 Optimization also presents a 

challenge with dopants because the mechanical and electrical properties of the dopant must 
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be balanced with the biological performance, which factors in the surface morphology and 

material chemistry.155 For example, use of a small amount of dopant may give rise to 

increased electrical conductivity and decreased matrix rigidity, and affect cell viability, 

which may not be desirable.155 These ionic dopants are water soluble and leach out of the 

scaffold following implantation in the aqueous conditions. With depleting dopant 

concentration, electrical conductivity of the scaffold reduces and the released dopants can be 

toxic. Thus, scaffold optimization and characterization efforts should consider these factors 

when designing an application. 155

A possible alternative is to use ionic polymers that present ionizable groups on the polymer 

backbone and conduct electricity in the biological environment though movement of ions.67 

Recently, we have reported the application of the above concept wherein we created a series 

of sulfonated polymeric membranes and evaluated their ability to conduct electricity, and 

characterized them for initial cell compatibility.67 The electrically conductive property of the 

polymeric substrates is a result of the presence of a number of ionic groups on the polymer 

backbone. The electrical conductivity of polymeric sulfonated membranes in 20 mM 

physiological buffer solution was found to be 53.55, 35.39, and 29.51 mS/cm for three 

different membrane compositions studied.67 These values are far superior to many 

polymeric PANI, PPY, and PEDOT based systems. The ionic conductivity measured was 

directly proportional to the sulfonic acid content on the polymer backbone. An increasing 

amount of sulfonic acid functionality on the polymer backbone resulted in higher ion 

exchange capacity and higher water content. Thus, the sulfonated membranes showed 

improved matrix hydrophilicity and higher electrical conductivity ideally suited for nerve 

regeneration. These membranes supported adhesion and proliferation of human skin 

fibroblasts over 14 days and the proliferation rate was comparable to tissue culture 

polystyrene. The concept and the polymer modification methodology can be readily 

extended to other widely used biodegradable polymers.67 Ionically conducting polymers and 

structures may find application in the delivery of electrical stimulus to modulate tissue repair 

and regeneration after injury, especially in electroactive tissues such as nerves, skeletal 

muscle, cardiac muscle, and spine. More studies are needed to identify the benefits and 

drawbacks of the concept, and the clinical conditions that will most benefit. Our research 

group at the University of Connecticut is developing conductive natural and synthetic 

polymers, and the initial work is focused on the synthesis and characterization of ionically 

conductive biomedical polymers for ES mediated tissue regeneration. Thus, a possible future 

direction of electrically conducting polymers for NGCs is optimization of ionic polymers. 

Nerve grafts fabricated using ionically conducting polymers may provide highly desired 

scaffold properties in terms of superior mechanical and degradation features with improved 

biocompatibility and predictable electric current flow properties. Combined with electrical 

stimulation, these scaffolds may serve as ideal grafts for treating more challenging longer 

nerve defects beyond 30 mm.

VI. CONCLUSION

Nerve growth conduits are a promising alternative to the gold standard autograft for 

peripheral nerve regeneration. Incorporation of ES is an encouraging addition to NGC 

technology. Optimization of electrically conductive polymers in conjunction with cellular 

Anderson et al. Page 16

Crit Rev Biomed Eng. Author manuscript; available in PMC 2017 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



applications of tissue engineering has the ability to support nerve regeneration over long 

gaps. In order to best take advantage of ES parameters, new platforms such as ionically 

conducting polymers must be explored to provide ES for nerve and muscle regeneration. 

Electrically conductive NGCs may harness the full effect of ES and lead to better 

regenerative effects. Electrically conductive polymers in NGCs have proven to be important 

to the field of peripheral nerve regeneration and continued optimization of their properties 

should add valuable knowledge to the nerve tissue regenerative fields.
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Glossary

BDNF brain-derived neurotrophic factor

ES electrical stimulation

hMSC human mesenchymal stem cell

NGC nerve growth conduit

NGF nerve growth factor

NT-3 neurotrophin-3

PANI polyaniline

PCL polycaprolactone

PDLA poly-D-lactide

PDLLA poly-DL-lactide

PEDOT poly(3,4-ethylenedioxythiophene)

PSS polystyrene sulfonate

PGA polyglycolide

PLA polylactic acid

PLGA poly(lactic-co-glycolic acid)

PLLA poly-L-lactic acid

PPY polypyrrole

pTS para-toulene sulfonate

vEGF vascular endothelial growth factor
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FIG. 1. 
(A) Injury of the nerve axon. (B) Schwann cell proliferation and release of cytokines. (C) 

The cytokines activate macrophages to clear myelin and axon debris from the distal nerve, 

which allows for the production of an environment that supports axonal regrowth. (Adapted 

from Gaudet et al.)157

Anderson et al. Page 27

Crit Rev Biomed Eng. Author manuscript; available in PMC 2017 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 2. 
(A) An example of a nerve defected repaired with biological graft (autograft). Autografts 

used to repair the defect results in axonal sprouts and regeneration often includes scarring. 

(B) Nerve defect treated with a polymeric nerve growth conduit helps to prevent axonal 

sprouting and localize the growth factors and cells that help promote nerve regeneration.
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FIG. 3. 
Examples of peripheral nerve conduits that present various aspects of scaffold properties to 

promote guided nerve regeneration. There are multiple modifications to the classic 

peripheral nerve conduit that have been used to help stimulate nerve growth. (Adapted from 

Hudson et al.)158
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FIG. 4. 
(A) Injured nerve. (B) Electrical stimulation leads to increased BDNF and fibronectin 

adsorption, which lead to increased neurite outgrowth. One pathway that is thought to be 

related to increased neurite outgrowth is the calcium signaling pathway through voltage-

gated calcium channels (VGCC).
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FIG. 5. 
Chemical structures of conducting polymers for nerve-growth conduits. (A) Polypyrrole 

(PPY). (B) Polyaniline (PANI). (C) Poly(3,4-ethylenedioxythiphene) (PEDOT).
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FIG. 6. 
Representative histological images (A, B, E, F, I, and J) and transmission electron 

microscopy (TEM) micrographs (C, D, G, H, K, and L) obtained on the samples repaired 

with different scaffolds at two times of three and six months. Cross sections of the 

regenerated nerve stained with methylene blue clearly identify regenerated nerve fibers; the 

scale bar is 50 µm. TEM micrographs also revealed the similar findings; scale bar is 2 µm. 

Test scaffold PPY/ PDLLA and autograft (control) showed similarity in terms of regenerated 

myelinated fibers and structure. (Reprinted with permission from Elsevier.)15
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FIG. 7. 
Quantification of the histological assessment of the regenerated nerve fibers three and six 

months after implantation. (A) Average axon diameter of regenerated myelinated nerve 

fibers. (B) Average diameter of the regenerated nerve fiber. (C) Average thickness of 

regenerated myelinated sheath. (D) Average density of regenerated myelinated nerve fibers 

(n = 6, *p < 0.05). In all of the assessments, no significant differences were observed 

between the PPY/ PDLLA and autograft. There tended to be a higher density of myelinated 

fibers and thicker myelin in fibers from the PPY/PDLLA group over the autograft at both 

three and six months. Nerves and axons in the autograft group, however, tended to have a 

greater than the PPY/PDLLA group at six months. (Reprinted with permission from 

Elsevier15.)
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FIG. 8. 
Representative confocal images taken on fluorescent dye labeled PC12 cells cultured on 

NGF-conjugated PPY-PLLA fibers with and without ES: (A) control group with no ES; (B) 

with ES at 10 mV/cm; (C) with ES at 100 mV/cm. Applied ES changed cell morphology 

resulting in longer axons (B, C). The effect of neurites extension was inhibited at 1000 

mV/cm ES as evidenced though shorter neurites protruding from its cell body (D). These 

images were analyzed and semiquantitative results are presented as (E) % of neurite bearing 

cells and average neurite length (F) following ES. These results suggest that PC12 cells 

stimulated at 100 mV/cm resulted highest number of neurite bearing cells and the largest 

average neurite length. (Reprinted with permission from Elsevier.)18
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FIG. 9. 
A prototype for an ideal nerve conduit fabricated from biodegradable polymers such as 

PDLA or PLGA incorporated with PPY to provide suitable mechanical strength, degradation 

rate, and ability to conduct current. The chemically tethered NGF on the polymer backbone 

provides a growth factor gradient to promote regeneration. Such a bioactive scaffold system 

in combination with ES may produce results that are comparable to autografts and may be 

ideal for regenerating long nerve gaps that are often difficult to heal.
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FIG. 10. 
(A) Effect of ES on cell density and cell elongation as a function of substrate electrical 

conductivity. hMSCs were cultured on polymeric matrices with different electrical 

conductivity for seven days and ES was applied at 100 mV/cm for 10 min/day. All data are 

shown as mean ± SD (n = 3–5) and are representative of at least three different samples. (B) 

Procedure to measure the long cytoskeletal protrusions. The total lengths (marked in yellow) 

of the protrusions were measured from the tip of the cell body to the end of the extension. 

All the length measurements were performed using the free-hand line tool in ImageJ 
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software. (C) Sequence of electric field stimulation cycle applied to the hMSCs in culture. 

(Reprinted with permission from Elsevier.)90
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FIG. 11. 
Relative neural gene expression by hMSCs cultured on polymeric substrates of varied 

electrical conductivity (A, B) where glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

was used a house keeping gene. ES was applied at a rate of 100 mV/cm for 10 min/ day and 

harvested cellular constructs on day seven were analyzed for relative gene expression (B). 

Neural markers (Nestin and βIII Tubulin) were upregulated in highly conducting substrate 

(HCl doped PANI). The expression of Nestin, βIII Tubulin and neurofilament light were 

increased by 1.8-, 2.7-, and 1.7-fold, respectively. The values are represented as means ± 

SD. (Reprinted with permission from Elsevier.)90
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FIG. 12. 
Schematics representing the effect of substrate electrical conductivity on hMSCs following 

ES. Substrate electrical conductivity alters the cytoskeletal arrangement of hMSCs that leads 

to neural-like cell formation. With an increase in substrate electrical conductivity, charge 

transfer becomes more efficient, and that translates into elongation of filopodia. It is 

important to create an electrical conductivity gradient to drive the cell differentiation and 

provide a high degree of electronic conduction. (Reprinted with permission from Elsevier90.)
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FIG. 13. 
A prototype for an ideal nerve conduit fabricated from biodegradable polymers incorporated 

with PANI and graphene to provide suitable mechanical strength, degradation rate, and 

ability to conduct current. Schwann cells cultured on such substrates would be able to 

secrete growth factors and result in neurite extensions following ES. Scaffold system may 

also support the growth of any other neuronal progenitors and neuronal phenotype 

development.
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FIG. 14. 
Schematic illustration on the role of Schwann cells in nerve regeneration: (A) severed 

peripheral nerve, (B) Schwann cells recruited in the defect proliferate and release cytokines, 

which recruit macrophages to help clear cellular debris; (C) if Schwann cells are able to 

bridge the gap, they form Bands of Bungner, which help facilitate regeneration over the 

transection gap. Schwann cells are important to facilitation of peripheral nerve regeneration. 

Thus, understanding their interactions with the regenerating nerve is important in creating 

nerve conduits that will best facilitate peripheral nerve regeneration.
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FIG. 15. 
Schematic illustration on the role of ES and Schwann cells in nerve regeneration: (A) 

transected nerve; (B) electrically conductive nerve conduit; (C) migration of Schwann cell at 

the defect site following ES; (D) Schwann cells secrete cytokines and aid in the nerve 

regeneration. Optimization of ES parameters may promote Schwann cells involvement in 

regeneration and have the potential to outperform the gold standard autograft.
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TABLE 1

Literature Summary—Ideal Scaffold Properties for Nerve Regeneration

Nerve growth conduit 
property

Findings

Porous • Increased vascularization159, 160

• Increased permeability for nutrients and oxygen161

Growth factor incorporation • Physical encapsulation, chemical conjugation or absorption12, 162–164 to provide desired 
release pattern.

Incorporation of support cells • Conduits cocultured with Schwann cells and adipose stem cells were shown to have increased 
area of regenerated nerve, number of myelinated axons, and number of blood vessels 
associated with the regenerated nerve.153

• Conduits seeded with genetically modified neural stem cells produced nerves with better 
electrophysiological and functional outcomes as well as larger myelinated axons than 
nonseeded conduits165.

• Conduits seeded with MSCs showed an increase in gastrocnemius muscle weight, improved 
sciatic functional index. Increased number of myelinated axons with more organized nerve 
fiber bundles than control was observed.166

Intraluminal channels • Channels supplement/replace the fibrin cable and/or recreate the natural topographical 
features of the autograft167

• Designing a conduit that mimics hierarchical levels, such as endoneurial tubes, improves the 
capacity of the artificial nerve implants to enhance regeneration.168

Electrical activity • Electrical stimulation for 1 h at 20 Hz promoted nerve regeneration and muscle re-innervation 
after immediate and delayed nerve repair.169

• Establishment of an electrical environment with electrical stimulation localized at the 
conductive scaffold is capable of accelerating nerve regeneration and achieving better 
functional recovery.170
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TABLE 2

Examples of Polypyrrole Containing Nerve Growth Conduits In Vitro Characterization

Polymer blend Cell types
used

Electrical stimulation parameters Neurite outgrowth length Reference

PLGA
immobilized
with NGF

PC12 After 24 h in culture, a constant
electrical potential of 10 mV/cm was
applied across two electrodes for 2 h
in the incubator using a potentiostat

• With ES—16.5 µm

• Without ES—14.2 µm

14

PDLLA PC12 Cells were allowed to adhere to the
cell plate for 24 h and a 100 mV
potential was then applied across
the wires for 2 h and the cells were
cultured for an additional 24 h.

• PDLLA—7.5 µm

• 5% PPY—9.9 µm

• 10% PPY—11.5 µm

• 15% PPY—12.6 µm

15

PCL PC12 Cells were cultured for 24 h before
being electrically stimulated with
100 µA for 2 h.

Neurites on average were 30%
longer on PPy-PCL films than on
unstimulated PPy-PCL films.

16

PSS PC12 Cells were stimulated at 10 µA
either immediately (in the immediate
stimulation group) or after 2 h (in
the delayed stimulation group).

The median neurite length for
cells grown on PPY adsorbed with
0.25 mg/ml purified fibronectin
when stimulated is 50% greater
than that for PC12 cells grown on
unstimulated PPY.

17

PLLA PC12 Cells were allowed to attach on
NGF-conjugated PPY-PLLA fibers
for 23 h and stimulated scaffolds
for 10, 100, and 1000 mV/cm,
depending on the treatment group,
for 2 h by a constant voltage
resource.

Cells cultured on scaffolds with 100
mV/cm stimulation had best results
with neurite outgrowth of 15.97
± 2.14 µm and percent of neurite-
bearing cells being 59.34 ± 2.46%.

18

PCL with
PLGA coating

DRG Cells were allowed to adhere to the
plates for 24 h and then received a
100 mV/cm AC electric field for 2
h/day.

Increased axon length in the
electrically stimulated group by
13% in neurons that were stimulated
with an AC current and 21% in
neurons that were stimulated with
a DC current after three days of
stimulation. Axon length of ES [DC]
996 ± 21 µm; axon length of ES
[AC] 927 ± 15 µm; axon length of
non-ES 821 ± 17 µm.

115

Laminin Human
neural stem
cells

Cells were allowed to adhere to
the plate for 24 h before electrical
stimulation, which was ± 0.25 mA/
cm2 using a biphasic waveform of
100 µs pulses with 20 µs interphase
open circuit potential and a 3.78 ms
short circuit (250Hz) for 8 h periods
for three days.

Electrically stimulated human
neural stem cells comprised nodes
or cluster or neurons joined by
neurite networks. Increased total
neurite length per cell, mean neurite
length, and maximum neurite length
compared to nonstimulated cells.

104
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TABLE 3

Examples of Polypyrrole Containing Nerve Growth Conduits In Vivo Characterization

Polymer
blend

Conduit
type

Transection
length

Animal study findings Reference

PDLLA Single conduit 10 mm • After six months, there was no statistical difference in the 
sciatic functional index between the PPY/PDLLA group and 
the autograft group.

• Nerve conduction velocities between groups were 
comparable to the healthy nerve conduction velocity (60–70 
m/s).

• Higher density of myelinated fibers in the PPY/PDLLA 
conduits over the autograft

• Thicker myelin sheath in the PPY/PDLLA conduits over the 
autograft

15

PCL Single conduit 10 mm • There were no differences between the controls and the PPY-
PCL groups.

16

Neat Polypyrrole Multiconduit 10 mm • Microscopic analysis showed nerve regeneration into and 
through the graft.

• There was increased myelination at eight weeks 
postoperatively within and distal to the graft.

123
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TABLE 4

Examples of Polyaniline Containing Nerve Growth Conduits In Vitro Characterization

Polymer blend Cell types
used

Neurite outgrowth length Electrical stimulation
parameters

Reference

Poly (L-lactic 
aci-co-ε-
caprolactone)/
slik fibroin 
incorporated 
with NGF

PC12 • PC 12 cells exhibited more and 
longer neurite outgrowth on 
electrically stimulated scaffolds 
than on unstimulated scaffolds.

• Neurite outgrowth occurred 
along the major axis direction of 
the conductive nanofibers.

Cells were seeded and allowed to 
adhere for 24 h and a constant 
voltage of 100 mV/cm was applied 
for 1 h/day

65

33 PANI alone hMSCs • The cell density decreased with 
increasing dopant (HCl), with the 
least dense population being 1 M 
HCl doped PANI film.

• Most significant change from 
undoped, unstimulated scaffold 
was in 1M HCl doped PANI 
film.

• There are long cytoskeletal 
extensions emerging from the 
cell bodies of hMSCs that were 
electrically stimulated.

Cells were incubated for 72 h under 
field-free conditions and then the 
electric field of 10 mV/cm- 2V/cm, 
depending on the group, was applied 
for 10 min every 24 h.

90

PLLA Rat nerve stem 
cells (C17.2)

Average neurite length of cells cultured on 
PLLA/PANI scaffolds after electrical 
stimulation was found to be 24 ± 4 μm 
compared to 15 ± 3 μm without electrical 
stimulation.

Cells were seeded and allowed to 
adhere for 24 h; they were then 
exposed to a steady electrical 
potential of 1.5 V for a period of 60 
min

64

PCL Nerve stem cells The average neurite length for NSCs grown on 
PANI/PG with application of electrical 
stimulation for 1 h and without electrical 
stimulation was found to be 30 ± 1.1 and 22 
± 0.97 μm, respectively, whereas there was no 
difference in neurite outgrowth length between 
electrically stimulated and non-electrically 
stimulated groups for 15 and 30 min electrical 
stimulation studies.

Cells were seeded and incubated for 
24 h and then exposed to steady 
potential of 1.5 V for 15, 30, and 60 
min through a DC current source.

66

Polypropylene PC12 Functional PANI appeared to release an agent 
toxic to neurons with detrimental ramifications 
to survival.

No electrical stimulation 171
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