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Abstract

Severe peripheral nerve injuries often result in permanent loss of function of the affected limb. 

Current treatments are limited by their efficacy in supporting nerve regeneration and behavioral 

recovery. Here we demonstrate that electrical stimulation through conductive nerve guides (CNGs) 

enhances the efficacy of human neural progenitor cells (hNPCs) in treating a sciatic nerve 

transection in rats. Electrical stimulation strengthened the therapeutic potential of NPCs by 

upregulating gene expression of neurotrophic factors which are critical in augmenting synaptic 

remodeling, nerve regeneration, and myelination. Electrically-stimulated hNPC-containing CNGs 

are significantly more effective in improving sensory and motor functions starting at 1–2 weeks 

after treatment than either treatment alone. Electrophysiology and muscle assessment 

demonstrated successful re-innervation of the affected target muscles in this group. Furthermore, 
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histological analysis highlighted an increased number of regenerated nerve fibers with thicker 

myelination in electrically-stimulated hNPC-containing CNGs. The elevated expression of 

tyrosine kinase receptors (Trk) receptors, known to bind to neurotrophic factors, indicated the 

long-lasting effect from electrical stimulation on nerve regeneration and distal nerve re-

innervation. These data suggest that electrically-enhanced stem cell-based therapy provides a 

regenerative rehabilitative approach to promote peripheral nerve regeneration and functional 

recovery.
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1. Introduction

Peripheral nerve injury (PNI) leads to sustained nerve damage in pediatric and adult 

populations as the result of motor vehicle accidents, combat trauma, as well as neoplastic, 

vascular, and compression disorders[1,2]. The fundamental challenge of successful 

peripheral nerve recovery is inadequate functional outcomes as nerves slowly 

regenerate[3,4]. The prolonged peripheral nerve regeneration delays the re-innervation 

process of muscle and other sensory organs, which leads to poor functional recovery[5,6]. 

The current autograft treatments are limited by the availability of donor nerves in terms of 

length and size and require an additional surgical procedure with significant morbidity at the 

donor site. Alternatively, synthetic nerve grafts have been studied, but they lack the 

regenerative potential[7] that optimally supports appropriate nerve regeneration and 

functional recovery.

Stem cell transplantation promotes nerve regeneration and recovery in treating PNI when 

supported with either natural (e.g. collagen)[8,9] or synthetic (e.g. poly(D,L-lactic acid), 

poly-epsilon-caprolactone, silicone tube)[10–13] conduits. Bioengineering techniques, such 

as microinjection[14], 3D printing[15–17], and chemical exfoliation[18] and vapor 

deposition[19] have been used to shape biomaterials to provide structural and biochemical 

platforms for cellular activities and axonal guidance. However, the optimal 

microenvironment for human neural progenitor cells (hNPCs) to support their regenerative 

potential has yet to be achieved. One main mechanism through which hNPCs improve 

peripheral nerve regeneration is through their ability to produce neurotrophic factors, such as 

brain-derived neurotrophic factor (BDNF), that promote axonal regeneration and increase 

the level of myelination[20,21]. The secreted BDNF in various forms have the ability to bind 

receptors such as the tropomyosin receptor kinase (Trk)[22,23]. The activation of these 

pathways increases the actin transport and accumulation and stimulates growth cone 

sprouting during the nerve repair process[24,25]. Therefore, these neurotrophic factors are 

important in cell fate regulation, axon outgrowth, dendrite pruning, and neuronal function 

patterning and innervation that are crucial for the development of the nervous systems[26–

30]. Hence, the ability to manipulate the hNPCs’ microenvironment to secrete bioactive 

neurotrophic molecules is a critical step in enhancing the regenerative potential of nerve 

guides for better neural cell survival and regeneration.
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Conductive polymers have garnered interest because of the ability to control electrical 

properties of the regenerative environment[31–35]. Particularly, polypyrrole (PPy) is one of 

most commonly studied conductive biomaterials. PPy is known for its high conductivity 

under physiological conditions and excellent biocompatibility in vivo[32–34,36]. PPy can be 

fabricated with different mechanical and electrical properties by altering its synthesis 

conditions (e.g. temperature, doping agents and solvents)[33]. Unlike previous synthetic 

nerve guides that are solely designed for structural support, nerve guides made of conductive 

polymers allow for the further investigation of the electrical effects on stem cells and the 

interactive roles of electrical stimulation and stem cells in treating peripheral nerve injuries. 

More specifically, the conductive polymer nerve guides in this study allow in vivo electrical 

stimulation to be applied to transplanted stem cells postoperatively to optimize the 

regenerative environment.

Here, we have engineered conductive nerve guides (CNGs) made of PPy that allow direct 

electrical manipulation of hNPCs after implantation to enhance their therapeutic potential 

for peripheral nerve recovery. To understand the electrical effect on hNPCs, we first studied 

in vitro stimulated hNPC-containing CNGs which showed upregulated gene expression of 

multiple neurotrophic factors. Because these neurotrophic factors are known to be important 

in enhancing axon regeneration and myelination[20,21,26–30], we applied electrical 

stimulation post hNPC transplantation via CNGs in the rat sciatic nerve transection model to 

investigate their potential impact on peripheral nerve regeneration and functional recovery. 

This conductive nerve guide platform allows post-operative manipulation of electrical 

stimulation to encapsulated stem cells in vivo. Using a comprehensive assessment consisted 

of weekly animal functional tests, electrophysiology, and immunostaining analysis, we 

found that electrically-stimulated hNPCs significantly promoted peripheral nerve 

regeneration and functional recovery in rats. The electrically-stimulated hNPCs led to the 

regeneration of more myelinated nerve fibers with improved electrical properties while 

restoring a substantial amount of muscle mass. As a result, these pathological changes 

greatly improved the ultimate functional recovery. Additionally, regenerated nerve segments 

from electrically-stimulated stem cells showed upregulated tyrosine kinase receptors (Trk) 

which are known to bind with high affinity and specificity to neurotrophic factors[37,38]. In 

summary, our results highlight the beneficial effect of using electrical stimulation to enhance 

the therapeutic potential of stem cell therapy that may offer new treatment strategies for PNI 

in the clinical setting.

2. Materials and methods

2.1 Fabrication of conductive nerve guides

The 0.2M PPy solution was doped with 0.2M sodium dodecylbenzenesulfonate (NaDBS) 

which was then electroplated onto a 14G Nickel-Chromium Alloy wire at 2mA/cm2 for 2 

hours as previously described[32,36,39] (Fig. 1a). The electroplated PPy tubes were gently 

detached with the following dimensions: 1.63mm inner diameter and 15mm length. Wires 

were then attached to the ends of PPy tubes to allow for electrical stimulation. All 

conductive nerve guides and wires were immersed in water and electrically insulated with 
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non-conductive polyolefin and epoxy adhesive (1VAL8, Grainger) (Fig. 1b). They were 

sterilized under UV light prior to use.

2.2 Cell culture

hNP1 Neural Progenitor cells (hNPCs) (ArunA Biomedical) derived from WA09 hESCs 

were cultured in Matrigel™ (BD Bioscience) coated tissue culture dishes. Cells were 

maintained in complete neural expansion medium composed of AB2™ medium 

supplemented with 1× ANS™ (ArunA Biomedical Inc.), 20 ng/mL Leukemia Inhibitory 

Factor (LIF, Millipore), 2 mM L-Glutamine, 20 ng/mL basal human fibroblast growth factor 

(bFGF, Millipore) at 37 °C and 5% CO2. Culture medium was changed every other day and 

hNP1 cells were passaged every 3–4 days by manual pipetting.

2.3 Electrically-stimulation of cell-seeded conductive nerve guides

Prior to cell seeding on conductive scaffolds, 1 million hNPCs were encapsulated in 1% 

alginate solution. Then 40 μL of hydrogel-immobilized cell solution was encapsulated into 

the conductive nerve guide. The cross-linked solution containing 1%CaCl2 was added to all 

scaffolds and replaced with fresh medium culture under standard culture conditions. New 

medium was added to all conditions the next day. The cell-seeded conductive nerve guides 

were electrically stimulated to achieve a uniform electric field strength (40 V/m at 100 Hz) 

based on Electromagnetic Finite Element Method (FEM) simulation[39]. The uniform 

electric field strength was calculated on ANSYS HFSS using the FEM solver with the model 

subdivided into many small subsections in the form of tetrahedra as described 

previously[39]. The electric field was computed based on experimental measurements from 

scaffold physical dimensions, material electrical properties, and stimulation parameters (i.e. 

electrical resistivity of connection ~0.007 Ωcm). Specifically, physical dimensions of 

scaffolds were measured by a caliper. The experimental conductivity was measured to be 

7.65 ± 0.95 S/cm (n=4) using the direct current (d.c.) four-point probe method with a 

Keithley 2400 Source Meter 45 at room temperature. The electrical parameters that resulted 

in this uniform electric field included a 10ms square pulse wavelength with ± 400mV at 100 

Hz for 1 hour. After a 1-hr stimulation, all samples were incubated for 24 hours before 

analysis. The optimization of these electrical parameters (40 V/m at 100 Hz for 1 hour) was 

demonstrated in our supplemental data, in which different parameters of stimulation through 

conductive CNGs were tested to find the optimal upregulation of neurotrophic factors 

without affecting cell viability (Supplementary Fig. 1 and 2).

2.4 Cell viability

For the lactate dehydrogenase (LDH) (Pierce, Thermo Fisher Scientific) assay, the positive 

control was a sample medium collected from cells that were lysed with a buffer reagent 

provided by the manufacturer. The negative control was medium from cells cultured on a 

tissue culture plate under standard culture conditions. The supernatant from unstimulated 

and stimulated cell-seeded conductive nerve guides were also collected. The supernatant 

from all conditions was then mixed with the reaction mixture and later added with the stop 

solution. The LDH activity was measured by the Spectra Max M2 plate reader (Molecular 

Devices) at an absorbance of 490nm and 680nm based on the manufacturer’s protocol. For 

the live/dead staining, a viability kit (L3224, Thermo Fisher Scientific) was used per the 
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manufacturer’s protocol. The cell-seeded conductive nerve guides were sectioned and 

incubated with the staining solution. Samples were subsequently imaged under the Keyence 

BZ-X710 microscope.

2.5 Quantitative gene expression

The quantitative real-time polymerase chain reaction (qRT-PCR) was performed using the 

RNeasy Mini Kit (Qiagen) based on the manufacturer’s protocol. The iScript cDNA 

Synthesis Kit (Bio-Rad) was used for cDNA synthesis. The QuantStudio 6 Flex Real-Time 

PCR System (Thermo Fisher Scientific) was used to perform quantitative real-time PCR. 

Taq polymerase and Taqman primers (Thermo Fisher Scientific) glyceraldehyde-3-

phosphate dehydrogenase (GAPDH Hs02786624_g1), heparin binding EGF like growth 

factor (HBEGF Hs00181813_m1), vascular endothelial growth factor A (VEGF-A 
Hs00900055_m1), brain derived neurotrophic factor (BDNF Hs02718934_s1), and 

neurotrophin 3 (NTF3 Hs00267375_s1) was used in the PCR reaction mixtures. The Delta-

Delta CT method was utilized for analysis with the GAPDH housekeeping gene and hNPCs 

on tissue culture wells as references.

2.6 Implantation and electrical stimulation of conductive nerve guides in vivo

All procedures involving implantation and harvesting of electrodes on rat sciatic nerves were 

performed in accordance with protocols approved by the Institutional Animal Care and Use 

Committee (IACUC) at Stanford University. Surgical procedures were described by 

previously published protocols[36] with some modifications. The immunodeficient RNU 

rats (7–8 weeks, NCI-Frederick) were given buprenorphine 0.1 mg/kg intramuscularly 

before anesthesia and then anesthetized with 2% isoflurane in balanced oxygen. Under 

sterile conditions with external body warming, a 3-cm incision was made on the left thigh. 

An approximate 10mm transection of the sciatic nerve proximal to the tibial and peroneal 

bifurcation was performed. The conductive nerve guides were secured with 9–0 suture to 

bridge the nerve gap. Both ends of the nerve guides were inserted with a 2.5mm-long nerve; 

leaving 10 mm for the nerve to re-grow. Muscle layers were closed leaving the nerve guide 

wires unaffected. Wires were then hidden under the skins which were closed with Michel 

clips. In the case of electrical stimulation, wires were retrieved under the skin for direct 

stimulation of animals under anesthesia. Because wires were kept at sufficient length under 

the skin, no tension or pulling was exerted on the implants. In all experiments, CNGs and 

their attached wires were electrically insulated so that the electrical stimulation was 

specifically delivered to the implants and the transected nerve, reducing the possibility of 

stimulation of existing networks and induction of plasticity of nearby tissues. The exact 

same procedure minus the electrical stimulation was performed for the control animals 

without stimulation. Animals in the electrical stimulation groups received electrical 

stimulation on day 1, 3, and 5 with the same in vitro stimulation parameters (40 V/m at 100 

Hz for 1 hour). The condition of general anesthesia was kept the same both in surgery and 

during electrical stimulation. All conductive regions of the nerve guides and wires are 

electrically insulated (Fig. 1b) as described in the section of fabrication of conductive nerve 

guides to restrict stimulation to the conductive nerve guides. Cells were seeded into 

conductive nerve guides 1 day prior to the implantation. Contralateral sides of the animals 

were used as healthy controls. Animals were fed with antibiotic water for 1 week after the 
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surgery. At the end of 12 weeks, animals were euthanized with carbon dioxide gas, fixed 

with whole animal perfusion, and followed by a secondary confirmatory of death for proper 

disposal. All nerve guides and gastrocnemius muscles were harvested during this process.

2.7 Animal behavior analysis

Animals were divided into matched groups and behavioral testing was performed by blinded 

individuals. Animals were trained on 3 separate days prior to recording the baseline 

behavior. After the implantation, weekly behavioral testing such as thermal nociception, 

extensor postural thrust and positional placing was assessed based on previously published 

protocols . Thermal nociception was assessed using a hot plate where hind paws were 

exposed to a temperature of 56°C, and the time (thermal latency) that the animal left its paw 

was measured with a stopwatch. The paw was removed by the experimenter after 12s to 

prevent injury to the animal or the development of hyperalgesia. Although the sensation of 

the lateral foot is mediated by the sciatic nerve, the hip and knee flexion necessary to remove 

the foot from the hot plate is mediated by the femoral nerve. Therefore, this test was specific 

for a nociceptive block. Extensor postural thrust measures the maximum weight that the rat 

could bear without its ankle touching the balance. The rat was held with its posterior placed 

above a digital balance on which it could bear weight with one hind paw at a time. Positional 
placing response was used to measure proprioception. A prone rat will respond to having its 

hind paw pulled back with the dorsum in contact with the table surface by returning it to a 

position alongside its flank: with the claws splayed (score = 1), severe defects result in the 

limb trailing behind the rat with the claws clubbed (score = 4). If the foot is returned fully to 

the flank but the digits are clubbed, the score is 2. Any other outcome (e.g., the foot is left 

out at an angle) yielded a score of 3. Grip strength test was used to quantify the muscular 

strength at the end of week 12. Briefly, the grip strength meter (Bioseb, Chaville, France) 

was positioned horizontally, and animals were held by the tail and lowered towards the 

apparatus. Rats were allowed to grab the metal grid and were then pulled backward in the 

horizontal plane. The force applied to the grid just before it loses grip was recorded as the 

peak tension.

2.8 Electrophysiology

Electrophysiology was conducted at the end of 12 weeks to collect the electrical signals 

from various experimental groups based on previously published protocols with 

modifications[41,42]. Animals were anesthetized with 2% isoflurane in balanced oxygen 

under sterile and body-temperature warming conditions. The stimulating electrodes were 

inserted into the proximal side of the sciatic nerve before the conductive nerve guide. The 

electrodes were connected to the external stimulator (33210A, Keysight). The recording 

electrodes were placed on the outside paw of the stimulated leg. The amplifier gain was set 

at 1,000 with the output of the amplifiers bandpass filtered at 300 Hz −10 kHz. The 

amplified potentials were recorded using the Labchart (Powerlab, AD Instrument). Stimuli 

were delivered in the form of constant voltage pulses with intensity from 300mV and every 1 

s to gradually elicit nerve responses. Compounded action potential was continuously 

recorded before and after the stimulation, and the responses were saved to data files. The 

distance between the stimulating and the recording electrodes was measured. The 

conduction velocity, voltage amplitude, and latency were calculated based on previously 
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published method(52, 69). Specifically, conduction velocity was calculated using 

stimulation-recording distance divided by artifact-to-CAP (compound action potential) 

latency.

2.9 Histological staining

Harvested samples were processed based on the previous protocol[36]. Briefly, samples 

were fixed in a PBS solution with 4wt% formaldehyde. Regenerated nerves were isolated by 

manually removing the nerve guides under a surgical microscope. Harvested nerves were 

then embedded in paraffin and sectioned into 4 μm thickness. After deparaffinization, 

endogenous peroxidase was blocked with 3% hydrogen peroxide. Antigen retrieval was 

performed using Antigen Target Retrieval Solution (pH6) (Agilent Technologies, Santa 

Clara, CA, USA) heated to 100 °C for 10 min. Briefly, for Haematoxylin and Eosin (H&E) 

staining, samples were hydrated and stained with hematoxylin and eosin followed with 

extensive water washes. All of these steps were followed by dehydration in graded ethanol to 

xylene. Glass coverslips were applied using a resinous mounting medium (Thermo 

Scientific, Pittsburgh, PA). For the toluidine blue staining, samples were embedded in epoxy 

resin that were sectioned to 1–2 μm in 1% solution of toluidine blue. The number of fibers, 

myelin sheath thickness, and G-ratio (inner diameter vs. outer diameter of nerve fibers) were 

quantified using FIJI software. All staining quantification was performed double-blinded.

2.10 Immunofluorescent staining

After deparaffinization as described in the histological staining section, samples were 

immunofluorescent stained for neurofilament (NF), S100, pan Trk (including TrkA, TrkB, 

TrkC), and human nuclear membrane (Human Nuc). The slides were permeabilized for 10 

minutes with tris-buffered saline (TBS: 93362, Sigma Life Science) with .025% 

TritonX-100 (T8787, Sigma Life Science) and then blocked with 10% Normal Goat Serum 

(NGS: 31873 Invitrogen) with 1% Bovine serum albumin (BSA: BP9706, Fisher 

BioReagents) in TBS for 2 hours at room temperature. The slides were incubated with 

primary antibodies diluted 1:100 – 1:250 in TBS with 1% BSA overnight at 4°C (NF: 

ab7795, S100ß: ab52642, TRK: ab181560, Abcam; Human Nuc: MA1–7628, Thermo 

Fisher Scientific). The slides were rinsed for 5 minutes with TBS with .025% TritonX-100 

twice. The secondary antibodies (Alexa Fluor 555: A-21422, Alexa Fluor 488: A-11008; 

Thermo Fisher Scientific) were applied at a 1:100 concentration in TBS with 1% BSA for 

two hours at room temperature. The slides were washed again for five minutes three times 

with TBS. The nuclei were stained with DAPI (1:1000, D9542, Sigma-Aldrich) in TBS for 

15 minutes at room temperature. The slides were washed a final time for five minutes in DI 

water, then dried and mounted with coverslips. The slides were imaged using the Keyence 

BZ-X710 microscope equipped with full BZ acquisition and analysis software. All staining 

quantification was performed blinded. The fluorescent intensity of the stains was quantified 

using FIJI to calculate the area fraction of the fluorescence.

2.11 Statistical analysis

G-ratio was calculated based on the ratio of inner and outer axonal diameters, which was 

then categorized into frequency bin. A polynomial trendline was adjusted to the histogram to 

indicate changes in frequency occurrence. The linear regression of the g-ratio measurement 
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was fitted to explain the variability of g-ratio around different axonal diameters. The R-

squared value was a statistical measurement of how close samples are to the average linear 

regression line. Sample pairs were analyzed using the Student’s t-test. Multiple samples 

were evaluated with one-way or two-way analysis of variance (ANOVA) followed by Tukey 

and multiple comparisons using GraphPad Prism software (San Diego, CA). A p value of 

<0.05 was accepted as statistically significant for all analyses. Data are presented as mean ± 

SE.

3. Results

3.1 Electrical stimulation enhances hNPC expression of key nerve repair factors in vitro

With the goal of developing an electrically-stimulated stem cell therapy capable of 

ameliorating peripheral nerve deficits, we first evaluated the effect of three dimensional (3D) 

electrical stimulation on hNPCs in vitro. We fabricated smooth CNGs with externally 

attached wires for encapsulation and electrical stimulation of hNPCs (Fig. 1a,b). Cells were 

immobilized in alginate hydrogel inside the CNGs so there was no direct topographical 

stimulation. To optimize the electrical stimulation pattern, we tested the effect of electrical 

stimulation on hNPCs in the CNGs across several stimulation parameters and durations 

(Supplementary Fig. 1 and 2)[39]. From these studies, we determined that a uniform 

electrical field strength of 40 V/m at 100 Hz for 1 hour was the optimal stimulation 

parameters compared to other stimulation conditions given the increased neurotrophic factor 

gene expression and unchanged cell viability. The resulted electrical field was calculated 

based on Electromagnetic Finite Element Method (FEM) simulation with experimental 

inputs measured from material properties and electrical stimulation parameters[39] (see 

section 2.3). To further assess viability of using 40 V/m at 100 Hz for 1 hour, the one-hour 

electrical stimulation did not significantly change the viability of hNPCs based on a lactate 

dehydrogenase (LDH) assay and live/dead staining after one day. The LDH assay 

demonstrated that the percentage of dead cells was 8.2±2.1% and 7.2±2.3% for unstimulated 

and stimulated hNPCs in the CNGs, respectively (Fig. 1c). The cross-section images of both 

conditions presented highly viable hNPCs immobilized in the CNGs (Fig. 1c). These studies 

demonstrate the feasibility of culturing and electrically stimulating hNPCs in the CNGs with 

no change in their cell survival. In fact, stimulated hNPC-containing CNGs showed an 

increase in viability compared to the unstimulated condition with live/dead staining 

(Supplementary Fig. 3).

Previous studies that directly introduced hNPCs into the nerve defects demonstrated that 

stem-cell released neurotrophic factors are important in regulating axonal growth and 

myelination[44,45]. To investigate this in our system, we evaluated how neurotrophic factors 

differed in their gene expression between unstimulated and stimulated hNPC-containing 

CNGs. We specifically screened important trophic factors in the peripheral nervous system 

including vascular endothelial growth factor-A (VEGF-A), brain-derived neurotrophic factor 

(BDNF), neurotrophin-3 (NTF-3), and heparin-binding EGF like growth factor (HBEGF). 

VEGF-A has been demonstrated to be critical in angiogenesis, cell proliferation, and neural 

plasticity[32,46,47]. Increased VEGF-A expression in hNPCs was observed on 2D PPy film 

under electrical stimulation of 2V at 1kHz for one hour[32]. Applied electric fields of small 
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physiological magnitude (75–100 V/m) was also shown to direct cellular reorientation, 

elongation, migration, and signaling activation through the VEGF pathway[46]. BDNF and 

NTF-3 were examined because they are crucial in growth support, differentiation, and 

neuron survival in the development, maintenance, and regeneration of the nervous 

systems[26–30]. Direct stimulation (50–1000 V/m) enhanced BDNF level on rat Schwann 

cells through PPy and chitosan composite in vitro[48]. Low levels of electrical stimulation 

were found to increase the proliferation of neural precursor cells and upregulated their EGF 

expression in the rat brains[49]. In our study, the gene expression of VEGF-A, BDNF, and 

NTF-3 significantly increased in the stimulated hNPC-containing CNGs compared to the 

unstimulated ones (Fig. 1d). However, not all genes varied with stimulation. The gene 

expression of HBEGF was unaltered under electrical stimulation.

3.2 Electrically-stimulated hNPC-containing CNGs improve behavioral recovery

Restoration of functional outcomes is the ultimate goal of PNI treatments. To test the 

restoration of motor and sensory recovery with electrically-stimulated stem cell therapy, we 

implanted CNGs with or without electrical stimulation, and hNPC-containing CNGs with or 

without electrical stimulation (Fig. 2a–c). Prior to implantation, all animals received 

behavioral training. Subsequently, CNGs were implanted into animals with a sciatic nerve 

transection surgery. Electrical stimulation based on the same in vitro stimulating parameters 

(40 V/m at 100 Hz for 1 hour) was applied immediately on day 1, 3, and 5 followed by 

weekly behavior analysis (Fig. 2a–c). The one-hour electrical stimulation was used because 

our in vitro data showed significant upregulation of neurotrophic factor expression in the 

stimulated hNPCs-containing CNGs. Moreover, shorter stimulation (1 hour) has previously 

been shown to be more effective than long duration of stimulation (from 3 hour to 14 days) 

in promoting axonal regeneration[50].

Studies of peripheral axon regeneration indicated that the prognosis for functional recovery 

is poor when muscle re-innervation is delayed, resulting in a lower force production than 

normal[51–53]. We first evaluated the muscular strength of the injured legs compared to that 

of healthy contralateral sides in the animals based on the grip strength test. We determined 

that the stimulated hNPC-containing CNGs showed the highest muscular gripping force 

compared to all other groups at the end of 12 weeks (Fig. 3a). We further assessed motor 

recovery using positional placing response and extensor postural thrust, in which 

proprioception and amount of force production were quantified, respectively. In the 

positional placing response, unstimulated and stimulated hNPC-containing CNGs showed 

early improvement in proprioception starting at week 1 (Fig. 3b). Interestingly, the 

stimulated hNPC-containing CNGs demonstrated sustained significant improvement 

throughout the entirety of the study. Similarly, the stimulated hNPC-containing CNGs 

significantly outperformed all other groups in the amount of force being produced from the 

injured legs in the extensor postural thrust (week 12: p≤0.0001 for “CNGs+Cells+ES” vs 

“CNGs+Cells”, “CNGs+ES”, and “CNGs”) (Fig. 3c). We observed that sensory recovery 

from thermal nociception occurred as early as week 2 in stimulated hNPC-containing CNGs, 

but all experimental groups retained some levels of sensory function without discernible 

difference among them starting at week 3 (Supplementary Fig. 4). In summation, these 

behavior results suggest that electrical stimulation accelerates behavioral recovery in 

Song et al. Page 9

Biomaterials. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



combination with stem cell therapy via CNGs to improve functional outcomes associated 

with PNI.

To evaluate the end-organ effect of our treatment approach, we next examined muscular 

changes. Muscle atrophy is a common debilitating symptom associated with peripheral 

nerve injuries[7,51,52,54,55]. The gastrocnemius muscle, a muscle that is innervated by the 

tibial branch of the sciatic nerve[56], was analyzed. The stimulated hNPC-containing CNGs 

restored significantly more muscle mass than the other treatment and control groups (Fig. 4). 

The ability to reduce end organ atrophy contributes to effective functional recovery.

3.3 Electrically-stimulated hNPCs restore electrophysiology in regenerated nerves

Electrophysiology was utilized to further assess the functional recovery of the regenerated 

nerves and their affected muscles. The compound action potential was measured in response 

to the sciatic nerve stimulation-induced at the proximal nerve stump above the CNG and 

recorded on the outside paw of the treated leg at the end of 12 weeks[41,43](Fig. 5a). 

Compound action potentials were observed only from conditions in which hNPCs were 

incorporated in the CNGs, illustrating proper electrical function from the regenerated nerves 

in those groups (Fig. 5a). We suspect that the absence of the compound action potential from 

non-cells groups was due to insufficient quantities of regenerated nerve fibers and/or 

inadequate levels of myelination during the regeneration. Conduction velocity, a key marker 

to indicate the health of the peripheral nerve for diseases[42,57], was higher in the 

stimulated hNPC-containing CNGs than the unstimulated animals (Fig. 5b). The elicited 

amplitude was also higher in the stimulated hNPC-containing CNGs than other groups (Fig. 

5b). These data demonstrate that the implanted hNPCs are critical in promoting functional 

nerve regeneration and that interactive effect of electrical therapy further improves the 

ability of regenerated nerves to transmit electrical signals.

3.4 Electrically-stimulated hNPCs support optimal nerve regeneration

To support our functional analysis of the regenerated nerves with anatomical data, 

histological evaluation was performed at the 12-week time point. Using H&E staining, we 

observed qualitatively that the proximal end of all nerve guides showed better-aligned nerves 

fibers than those observed in the distal end (Supplementary Fig. 5). Both unstimulated and 

stimulated hNPC-containing CNGs showed more aligned nerve fibers, but stimulated hNPC-

containing CNGs presented well-organized myelin sheets and more round axons. Without 

hNPCs, CNGs alone did not show any regenerated fibers while electrical-stimulated CNGs 

exhibited disorganized nerve fibers and areas of edema. The morphology of nerve axons in 

the stimulated hNPC-containing CNGs closely resembled the compact and aligned structure 

of healthy nerves.

Distal nerve stumps are known to degenerate quickly (<1 month) without proper 

reinnervation, affecting the viability of motor and sensory target organs (e.g. muscles)

[58,59]. Therefore, we analyzed distal regions of all transplanted constructs in more detail 

with toluidine blue staining. Microscopically, unstimulated and stimulated hNPC-containing 

CNGs showed more densely packed nerve fibers in the center and edge of the conduits (Fig. 

6a). In contrast, few loose fibers were observed in the unstimulated and stimulated CNGs 
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(Fig. 6a). In the stimulated CNGs, there were more fibers exhibited on the edge whereas 

connective tissues presented in the center of the conduits. We found a significant increase in 

the amount of nerve fibers and increased myelination in the stimulated hNPC-containing 

CNGs compared to other conditions (Fig. 6b). Interestingly, the number of nerve fibers was 

similar between the stimulated hNPC-containing CNGs and healthy group, but the level of 

myelination in the stimulated hNPC-containing CNGs was not as high as in the healthy 

nerves (Fig. 6b).

To investigate if the myelination was adequate, we evaluated the g-ratio of the regenerative 

nerves. The g-ratio has been widely used to indicate the functional and structural properties 

of optimal axonal myelination[60,61]. It is defined as the ratio between the inner axonal 

diameter to the total outer diameter. We analyzed the relationship between myelination and 

axon diameter (Fig. 7a). It became apparent that stimulated hNPC-containing CNGs not 

only presented bigger diameter fibers, but also their large diameter fibers were adequately 

myelinated with a consistent g-ratio ~0.62. Healthy nerves showed that their g-ratios slightly 

decreased as the axon diameters increased substantially. The linear relationship between g-

ratio and axonal diameter from the stimulated hNPC-containing CNGs was much closer to 

the healthy group than other conditions. Unstimulated hNPC-containing CNGs exhibited 

some big diameter fibers, but they were not well-myelinated as indicated by the increased 

slope (R square value) in g-ratio. Interestingly, the stimulated CNGs showed an even greater 

degree of inconsistency in g-ratio compared to the unstimulated CNGs as indicated by their 

R square values quantified for variability. There was significant difference between the R 

square values from the stimulated hNPC-containing CNGs and healthy groups compared to 

the stimulated CNGs. Based on the frequency histogram (Fig. 7b), we observed that 

stimulated hNPC-containing CNGs had most of the fibers fall within the g-ratio range 

~0.61–0.65; for unstimulated hNPC-containing CNGs ~0.73–0.77; for unstimulated and 

stimulated CNGs ~0.69–0.73 and 0.65–0.69, respectively. The g-ratio range ~0.61–0.65 in 

the stimulated hNPC-containing CNGs was much closer to that of ~0.53–0.57 in the healthy 

group than any other conditions. The average g-ratio was 0.62±0.07 for the stimulated 

hNPC-containing CNGs, which was lower than the g-ratios of 0.72±0.02, 0.71±0.03, 

0.70±0.04 for unstimulated CNGs, stimulated CNGs, and unstimulated hNPC-containing 

CNGs, respectively (Supplementary Fig. 6). That g-ratio value was also closer to the actual 

g-ratio of 0.55±0.02 from the healthy group calculated based on experimental data 

(Supplementary Fig. 6). The g-ratio value from the stimulated hNPC-containing CNGs 

matches well with the optimal g-ratio predicted based on the speed of nerve fiber conduction 

in peripheral fibers (≈0.6)[61]. These findings on nerve diameter and myelination are 

consistent with the functional electrophysiology (Fig. 5) and behavioral results (Fig. 3). The 

lack of electrophysiological response from unstimulated and stimulated CNGs was likely 

caused by the insufficient number of myelinated fibers in those conditions. The adequately 

myelinated nerve fibers produced better conduction velocity and higher amplitude as 

demonstrated in the stimulated hNPC-containing CNGs followed by unstimulated hNPC-

containing CNGs. We conclude that stimulated hNPC-containing CNGs provide the optimal 

conditions for the regeneration and myelination of sizeable nerves.

We further evaluated expression levels of axon and Schwann cell biomarkers, neurofilament 

and S100, for the regenerated nerves. Both unstimulated and stimulated hNPC-containing 
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CNGs exhibited high expression of neurofilament and S100, which were significantly 

greater than unstimulated and stimulated CNGs (Fig. 8a,b). We assessed hNPC survival in 

the CNGs and found that hNPCs died within one week after implantation under both 

unstimulated and stimulation conditions (Supplementary Fig. 7). This suggests that the main 

mechanism of nerve regeneration with implanted hNPC-containing CNGs is unrelated to 

long-term hNPC survival, differentiation, and integration. We hypothesized that the 

discrepancy in cell-induced nerve regeneration might be due to a sustained effect of 

increased neurotrophic factor release from hNPCs during the process of nerve regeneration. 

To test this hypothesis, we analyzed the Trk receptors that are known to bind to neurotrophic 

factors with high affinity and specificity[37,38]. The expression of Trk receptors was 

significantly elevated in the stimulated hNPC-containing CNG animals compared to other 

groups (Fig. 9). This data suggests that electrical treatment further improves the production 

of neurotrophic factors from hNPCs to achieve nerve regeneration through Trk-mediated 

pathways.

4. Discussion

This is the first study to illustrate a combined therapeutic strategy with implantable 

conductive polymer nerve guides that allow the in vivo delivery of electrical stimulation on 

transplanted stem cells to accelerate peripheral nerve recovery in animals. Our results 

demonstrate that the combined effect of electrical stimulation and stem cells promotes nerve 

regeneration with improved functional outcomes. We first show that CNGs can deliver an 

electric field to significantly upregulate the gene expression of neurotrophic factors (e.g. 

BDNF, NTF-3) in hNPCs without affecting their survival (Fig. 1). The rationale behind 

evaluating expression of neurotrophic factors such as BDNF and NTF-3 was because these 

factors are known for improved functional recovery associated with angiogenesis, axon 

projection, dendrite pruning, synapse formation, and patterning of neuronal network and 

innervation[26–30]. Our previous work also demonstrated that electrical stimulation 

modulates neurotrophic factor expression using different stimulating platforms and human 

neural progenitor cells[31,34,39]. The expression of HBEGF was studied because electrical 

stimulation modulates signaling pathways (e.g. EGFR/MAPK pathway) involved with cell 

mobilization and survival[62,63]. HBEGF was the key in stimulating the formation of 

multipotent glial-derived progenitors in the uninjured Zebrafish retina linking its role in the 

mediation of the EGFR/MAPK signal transduction pathway[64]. We evaluated the HBEGF 

expression but found no change under the electrical parameters used in this study. 

Subsequently, in the sciatic nerve transection model, the electrically stimulated hNPC-

containing CNGs accelerated early sensory and motor recovery beginning on week 1–2 (Fig. 

3b,c; Supplementary Fig. 4). Animals regained their sensory ability earlier in the combined 

therapy group which then normalized, whereas improved motor recovery was sustained. The 

increased neurotrophic factors released from electrically-stimulated stem cells appears to be 

an important mechcanism with increased TrK receptors on regenerated nerves observed with 

our approach. Our results appear to support a faster functional recovery compared to prior 

studies, in which sensory and motor nerve regeneration occurred from 2–3 weeks after 

sciatic nerve crush[65] or femoral nerve cut and repair[66] under electrical stimulation (30 

minute to 1 hour) at low frequency (20 Hz). Our data also suggests that stem cells alone 
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provide a certain amount of nerve regeneration as seen in prior studies[67–69]. Yet, the 

combined effect of electrical stimulation and hNPC therapy significantly enhances 

functional outcomes compared to either therapy in isolation.

Few animal studies have investigated the effectiveness of combined therapeutic strategies 

through a comprehensive functional and anatomical assessment in treating peripheral nerve 

injuries (Supplementary Table 1)[36,50,70–81]. Therapeutic strategies such as in vivo 
electrical stimulation, polypyrrole-based conductive materials, and transplanted progenitor 

cells have been only studied in isolation. For example, stainless steel wires are commonly 

used and solely designed to apply electrical stimulation at the desired location to promote 

proliferation and recruitment of host’s progenitor cells for spinal[76,77] or sensory 

nerve[50] repair. Conductive nerve guides offer both structural support and the ability to 

transmit electrical signals to the regenerated axons. Polypyrrole-based conductive nerve 

guides without transplanted cells and electrical stimulation showed regenerated nerves, but 

lacked functional information in treating spinal cord and peripheral nerve injuries[36,73–

75]. Other conductive nerve guides made of polypyrrole-coated poly(l-lactic acid-co-ε-

caprolactone)[70] or lysine-doped polypyrrole[71] with applied electrical stimulation 

showed some level of nerve regeneration with limited or no peripheral functional outcomes 

reported in animals. Transplantation of individual cell types such as adipose-derived stem 

cells[78,82], neural stem cells[79], Schwann cells[81], nucleus pulposus progenitor cells[80] 

was found to only improve certain aspects of functional recovery (e.g. muscle atrophy, 

electrophysiology) related to spinal and peripheral injuries. Our CNGs described in this 

study meet the critical need of a new platform that enables researchers to investigate the 

therapeutic potential of combined regenerative approaches to treat peripheral nerve injuries.

Muscle atrophy is an important limiting factor for functional recovery after nerve 

injury[7,51,52,54,55]. The combined therapy such as those of voluntary exercise and human 

skeletal muscle-derived stem cell transplantation has shown better functional recovery 

associated with long nerve defects[83,84]. We found that the use of electrical stimulation 

combined with hNPCs restores muscle mass in our study. Muscle atrophy occurs after the 

distal stump becomes denervated, completely incapable of supporting innervation after 6 

months[57]. Therefore, it is critical for axons to reach their target organs, like muscle, during 

this regeneration period (up to 6 months)[57,85]. We found that stimulated hNPC-containing 

CNGs showed the most muscular gripping force and restored a considerable gastrocnemius 

muscle mass (Fig. 3a and Fig. 4). Furthermore, our electrophysiology demonstrated the 

ability of regenerated nerves and innervated muscles in the hNPC-containing CNGs to 

transmit electrical signals at satisfactory conduction velocities 12 weeks after nerve 

transection (Fig. 5). In addition to the quantitative measurements of downstream muscle 

strength and mass mentioned above, future studies looking at muscle pathology (i.e. 

Masson’s trichrome) and functions (i.e. contraction) would be ideal to evaluate the eventual 

muscle recovery. Given the data presented here, it is clear that the stimulated CNGs 

containing hNPCs result in a dramatic improvement of functional nerve recovery, followed 

by unstimulated CNGs containing hNPCs.

Upon a closer examination of the regenerated nerves at the distal ends of the CNGs, we 

found a higher number of axons accompanied by more adequate myelin thickness with 
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optimal g-ratio ~0.6 in the stimulated hNPC-containing CNGs (Fig. 6 and Fig. 7). hNPCs 

were critical in the regeneration of axons, but the combined effect of hNPCs and electrical 

stimulation improved g-ratio and myelination of regenerated fibers (Fig. 6 and Fig. 7). 

Previous studies evaluating electrical stimulation alone found low levels of electrical 

stimulation (10–20Hz) increased axon myelination in vitro[86] and injured facial nerve 

rats[87]. The higher expression levels of neurofilament and S100 correlated well with the 

regeneration outcome in the late stages of nerve repair[58] (Fig. 8). We hypothesized that the 

regenerated nerve fibers with increased myelination were induced by the electrical 

stimulation of hNPCs causing increased neurotrophic factor release. Normally, neurotrophic 

factors are expressed immediately after nerve injury and peak within 1 month[88,89]. 

However, during the prolonged denervation period (>1 month) of the distal nerve stump, the 

expression of the neurotrophic factors and their receptors is not sustained and declines with 

time[58,59]. Previous work demonstrated that elevated BDNF in the chronically axotomized 

neurons was observed after 21 days post-repair under electrical stimulation (20 Hz for 1 

hour)[88]. In our results, the expression of Trk receptors that bind with neurotrophic factors 

was expressed at a high level, indicating successful nerve regeneration at the distal end from 

the stimulated hNPC-containing CNGs even after 12 weeks (Fig. 9).

Electrical stimulation alone in the first week after injury, as demonstrated by the stimulated 

CNGs group, was not sufficient to promote nerve regeneration and functional recovery. The 

stimulated CNGs group displayed a limited number of regenerated fibers (Fig. 6), which was 

not significant to improve functional recovery and reinnervate with their affected muscles 

(Fig. 3,4,5). Only in the presence of transplanted hNPCs, there was significant improvement 

with additive benefits from electrical stimulation for accelerated recovery. This was possibly 

due to that electrical stimulation parameters were optimized specifically to enhance the 

therapeutic potential of transplanted hNPCs. Our data suggests the main mechanism for 

hNPCs to promote recovery is through changes associated with neurotrophic factors and 

their Trk-binding receptors in the CNGs under electrical stimulation. In our study, the hNPC 

died quickly in CNGs after 7 days of implantation. These results suggest any small number 

of surviving hNPCs is likely not sufficient to explain the observed structural and functional 

recovery (Supplementary Fig. 7). The exact cellular mechanisms that transduce electrical 

signals into cellular changes remain unknown. The mechanisms that resulted in gene 

changes could be influenced by direct electrical field effects as well as metabolic activity 

changes. Our previous study indicated that hNPC properties, including change in 

neurotrophic factor expression, can be manipulated depending on the physical nature of 

electrical stimulating platforms as well as their cellular metabolic states[39]. The next steps 

of elucidating Trk-related mechanistic pathways are needed to understand how electrical 

signals are transduced into cellular activities that promote peripheral recovery.

It is worth noting that the choice of the stem cell source can be critical in designing an 

effective stem cell-containing conductive nerve guides combined with electrical stimulation. 

Stem cell sources that originate from the neural crest, such as human dental pulp stem 

cells[90,91] or dental mesenchymal stem cells[92,93], could potentially ensure a prolonged 

cell survival and present an even stronger regenerative effect from sustained release of 

neurotrophic factors to treat peripheral nerve injuries. For instance, the sustained expression 

of neurotrophic factor BDNF was observed in the vicinity of the transplanted dental human 
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mesenchymal stem cells for 2 weeks to promote axonal regeneration in rats with sciatic 

nerve injury[93]. These types of adult stem cells are easily accessible and capable of rapid 

expansion and share similar molecular and phenotypic properties to Schwann cells, making 

them an effective alternative for the cell treatment of nerve injuries. It would be necessary to 

explore the optimal stem cell source combined with our electrically-stimulated conductive 

nerve guides to develop better regenerative strategies in the future.

Our findings represent an important step in the regenerative rehabilitation approach by using 

electrical stimulation to enhance the therapeutic potential of stem cell-based treatments for 

peripheral nerve injuries. Overall, we demonstrate significant improvement in peripheral 

nerve repair through a new platform for combined electrical stimulation and stem cell 

delivery. Other types of peripheral nerve injuries in locations such as arms and hands could 

also readily benefit from the treatment strategies presented here. Biodegradable conductive 

nerve guides (e.g. composites made of PPy and other materials such as polyvinyl alcohol 

(PVA)[100], poly(L-lactide) (PLLA)[101] or poly(ε-caprolactone) (PCL)[101,102]) that 

allow controlled material degradation and eliminates the need of nerve guide removal could 

be further explored in our regenerative strategy. New strategies based on manipulating the 

physiological stem cell microenvironment to introduce physical, chemical, and electrical 

stimuli may amplify stem cell effects on neural recovery, thus increasing their therapeutic 

efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Electrical stimulation from CNGs maintains cell viability and upregulates the gene 

expression of neurotrophic factors in hNPCs. (a) SEM images of 3D CNGs made of 

polypyrrole. (Inner diameter: 1.63mm; Length: 15mm) (scale bar: 100 μm) (b) A cross-

section schematic of CNG (black) that was insulated (light blue) for electrical stimulation 

(black circle) with hNPCs (blue) encapsulated in alginate (orange) (top panel). Longitudinal 

view of a CNG wrapped in insulation and attached with external wires for stimulation 

(bottom panel) (scale bar: 15mm). (c) Percentage of cell death quantified by the LDH assay 
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for unstimulated (CNGs+Cells) and stimulated hNPC-containing CNGs (CNGs+Cells+ES) 

after 1 day. The positive and negative controls were lysed cells and live cell culture on tissue 

culture plates, respectively (n=4) (left panel). Live/Dead staining of the hNPC-containing 

CNGs (green: live; red: dead) for unstimulated and stimulated groups (right panel) (scale 

bar: 100 μm). (d) The gene expression of vascular endothelial growth factor-A (VEGF-A), 

heparin-binding EGF like growth factor (HBEGF), brain-derived neurotrophic factor 

(BDNF), and neurotrophin-3 (NTF-3) for unstimulated (CNGs+Cells) and stimulated hNPC-

containing CNGs (CNGs+Cells+ES) after 1 day. Comparing to hNPCs cultured on tissue 

culture plates, hNPC-containing CNGs showed gene expression of VEGF-A, HBEGF, 

BDNF, NTF3 were 4.47±1.28, 4.99±1.50, 6.13±1.69, 2.77±1.14 fold greater without 

electrical stimulation and 16.4±4.45, 5.65±2.28, 27.4±8.22, 24.2±9.51 fold greater with 

electrical stimulation, respectively. Incorporation of hNPCs into the CNGs upregulated the 

gene expression of VEGF-A, HBEGF, BDNF, NTF3 (CNGs+Cells). The addition of 

electrical stimulation further enhanced the expression level of VEGF-A, BDNF, and NTF3 

(CNGs+Cells+ES) (n=4, *p<0.05). Data were analyzed by the Student’s t-test.
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Fig. 2. 
In vivo implantation of electrically-stimulated hNPC-containing CNGs. (a) Experimental 

timeline for implantation and subsequently animal behavior assessment. (b) A representative 

schematic of insulated CNGs bridging the transected sciatic nerve (red). (c) A picture of 

insulated CNGs implanted in a rat transected sciatic nerve model. The attached insulated 

wires were hidden under the skin where they could be retrieved for electrical stimulation.
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Fig. 3. 
Electrically-stimulated hNPC-containing CNGs support functional recovery in vivo. (a) 

Electrically-stimulated hNPC-containing CNGs (CNGs+Cells+ES) show improved muscular 

gripping force compared to transected control (Transected), unstimulated CNGs (CNGs), 

stimulated CNGs (CNGs+ES), and unstimulated hNPC-containing CNGs (CNGs+Cells) 

after 12 weeks. Data were normalized against healthy contralateral sides of the animals. 

(n=10, **p<0.01) (b) Positional placement exhibited significant improvement in stimulated 

hNPC-containing CNGs (CNGs+Cells+ES) from week 1 onward. (c) Extensor postural 
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thrust showed that stimulated hNPC-containing CNGs (CNGs+Cells+ES) generated the 

most force from the injured leg compared to the transected group starting week 1. Data were 

normalized against the healthy contralateral sides. (n=10, # indicated “CNGs+Cells” group 

vs “Transected” control, * indicated “CNGs+Cells+ES” group vs “Transected” control, 

p<0.05, 0.01, 0.001 corresponding to the number of symbols, respectively) For these graphs, 
data were analyzed by ANOVA followed by Tukey’s test per time point.
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Fig. 4. 
Electrically-stimulated hNPC-containing CNGs restore muscle mass. Gastrocnemius 

muscles that innervate with the sciatic nerves were harvested at the end of week 12. The 

stimulated hNPC-containing CNGs (CNGs+Cells+ES) retained a significant amount of 

muscle mass after successful nerve regeneration. Data were normalized against the healthy 

contralateral sides. (n=4, **p<0.01, ***p<0.001) For these graphs, data were analyzed by 
one-way ANOVA followed by Tukey’s test.
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Fig. 5. 
The electrophysiological analysis demonstrates functional recovery and reinnervation of 

regenerated sciatic nerves with their affected muscles. (a) A schematic showing the proximal 

stimulation of the sciatic nerve and recording of the compound action potential from the paw 

12 weeks after CNG implantation (left panel). Following proximal stimulation, compound 

action potential was observed in the following groups: healthy control (healthy), 

unstimulated hNPC-containing CNGs (CNGs+Cells), and stimulated hNPC-containing 

CNGs (CNGs+Cells+ES). The transected control (Transected), unstimulated (CNGs) and 

stimulated CNGs (CNGs+ES) did not exhibit any signals following proximal stimulation 

(right panel). (b) The conduction velocity measured from the electrophysiology showed 

stimulated hNPC-containing CNGs (CNGs+Cells+ES) with the fastest nerve speed of the 
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experimental groups in response to stimulation (left panel). The stimulated hNPC-containing 

CNGs (CNGs+Cells+ES) also showed increased amplitude from compound action potential 

following proximal stimulation (right panel) (n=3, *p<0.05, **p<0.01, ***p<0.001). Data 
were analyzed by one-way ANOVA followed by Tukey’s test.
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Fig. 6. 
Electrically-stimulated hNPC-containing CNGs increase the number of myelinated nerve 

fibers with adequate myelination. (a) Stimulated hNPC-containing CNGs (CNGs+Cells+ES) 

presented a significant amount of myelinated fibers than unstimulated hNPC-containing 

CNGs (CNGs+Cells), unstimulated CNGs (CNGs), and stimulated CNGs (CNGs+ES) in 

both central and peripheral areas of the nerve conduits based on toluidine blue staining. 

(scale bar: 50 μm) (b) Electrical stimulation increased the number of axons and myelination 

thickness in the stimulated hNPC-containing CNGs (CNGs+Cells+ES). (n=4, *p<0.05, 

**p<0.01, ***p<0.001) Data were analyzed by one-way ANOVA followed by Tukey’s test.
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Fig. 7. 
Electrically-stimulated hNPC-containing CNGs show improved g-ratio for sizeable nerves. 

(a) This diagram examines the relationship between axon diameter and g-ratio. The scatter 

plot displayed the g-ratio of individual myelinated axons (80 randomly chosen nerve fibers 

per group for n=4) as a function respective to the axon size. The linear regression of g-ratio 

measurement for unstimulated (CNGs) and stimulated CNGs (CNGs+ES), unstimulated 

(CNGs+Cells) and stimulated hNPC-containing CNGs (CNGs+Cells+ES), and healthy 

group (Healthy) was drawn. Stimulated hNPC-containing CNGs (CNGs+Cells+ES) 

Song et al. Page 31

Biomaterials. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



presented a g-ratio of ~0.6 and minimal variability (R2=0.005) even for larger axons, 

followed by unstimulated hNPC-containing CNGs (CNGs+Cells), unstimulated CNGs 

(CNGs), and stimulated CNGs (CNGs+ES). The R2 values of stimulated hNPC-containing 

CNGs (CNGs+Cells+ES) and healthy group (Healthy) were significantly different from the 

stimulated CNGs (CNGs+ES) (n=4, *p<0.05) (b) Based on the frequency histogram (80 

randomly chosen nerve fibers per group for n=4), stimulated hNPC-containing CNGs 

(CNGs+Cells+ES) had most nerve fibers within a g-ratio range of ~0.61–0.65, which was 

closer to the frequency bin of ~0.53–0.57 in the healthy group (Healthy). The unstimulated 

hNPC-containing CNGs (CNGs+Cells) were within ~0.73–0.77, unstimulated CNGs 

(CNGs) were ~0.69–0.73, and stimulated CNGs (CNGs+ES) were ~0.65–0.69. Polynomial 

curves were fit with the frequency response bins. Data were analyzed by one-way ANOVA 
followed by Tukey’s test.
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Fig. 8. 
Both unstimulated and stimulated hNPC-containing CNGs demonstrates a high level of 

biomarkers: neurofilament (NF) for axons and S100 for Schwann cells. (a) Unstimulated 

(CNGs+Cells) and stimulated hNPC-containing CNGs (CNGs+Cells+ES) displayed more 

aligned axons (red) with Schwann cells (green) wrapping around the nuclei (DAPI: blue). 

The unstimulated (CNGs) and stimulated CNGs (CNGs+ES) presented fewer aligned axons 

with the scattered Schwann cell marker (scale bar: 50 μm). (b) Normalized fluorescent 

intensity showed a higher expression level of neurofilament and Schwann cells for 

unstimulated (CNGs+Cells) and stimulated hNPC-containing CNGs (CNGs+Cells+ES). 

(n=4, ***p<0.001) Data were analyzed by one-way ANOVA followed by Tukey’s test.
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Fig. 9. 
Electrically-stimulated hNPC-containing CNGs exhibit an increased level of Trk receptors 

on regenerated nerves. (a) Stimulated hNPC-containing CNGs (CNGs+Cells+ES) expressed 

Trk receptors at a higher level than unstimulated hNPC-containing CNGs (CNGs+Cells), 

unstimulated CNGs (CNGs), and stimulated CNGs (CNGs+ES) (scale bar: 50 μm). (b) The 

normalized fluorescent intensity showed that stimulated hNPC-containing CNGs (CNGs

+Cells+ES) significantly enhanced the expression of Trk receptors. (n=4, ***p<0.001) Data 
were analyzed by one-way ANOVA followed by Tukey’s test.
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