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Abstract

Stem cell strategies and the use of electrical stimulation (ES) represent promising new frontiers for 

peripheral nerve regeneration. Composite matrices were fabricated by coating electrospun 

polycaprolactone/cellulose acetate micro-nanofibers with chitosan and ionically-conductive (IC) 

polymers including, sulfonated polyaniline and lignin sulfonate. These composite matrices were 

characterized for surface morphology, coating uniformity, ionic conductivity, and mechanical 

strength to explore as scaffold materials for nerve regeneration in conjunction with electrical 

stimulation. Composite matrices measured conductivity in the range of 0.0049–0.0068 mS/m due 

to the uniform coating of sulfonated polymers on the micro-nanofibers. Thin films (2D) and 

composite fiber matrices (3D) of IC polymers seeded with human mesenchymal stem cells 

(hMSCs) were electrically stimulated at 0.5V, 20Hz for 1h daily for 14 days to study the changes 

in cell viability, morphology, and expression of the neuronal-like phenotype. In vitro ES lead to 

changes in hMSCs’ fibroblast morphology into elongated neurite-like structures with cell bodies 

for ES-treated and positive control growth factor-treated groups. Immunofluorescent staining 

revealed the presence of neuronal markers including β3-tubulin, microtubule-associated protein 2, 

and nestin in response to ES.
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1. INTRODUCTION

Peripheral nerve injury (PNI) is a common injury affecting as many as 1.8% of trauma 

patients [1] and an estimated 20 million Americans [2], many of whom sustain associated 

lifelong disabilities. PNI and associated nerve injuries are a significant burden on the health 

care system resulting in $150 billion USD of medical expenditures annually in the US alone 

[2]. Despite recent advances in soft tissue surgical techniques, current treatment options 

involving autografts and allografts suffer from various complications such as donor site 

morbidity, risk for neuroma, fascicle mismatch, the need for secondary surgeries, and 

scarring and fibrosis, all of which limit the efficiency and regenerative benefits of this 

procedure [2, 3].

Despite previous reports predicting nerve regeneration rates of 1–3 mm/day, more recent 

reports indicate longer than predicted periods [4]. As such, functional recovery does not 

occur unless the nerve is guided from proximal to distal ends in an efficient manner. Even 

with aforementioned surgical repair and grafting, these procedures often fail to achieve 

substantial functional recovery, particularly if the injury spans longer distances. Such 

injuries can take months and upwards of years to regenerate, often with suboptimal results 

[5]. Alternatives to current surgical treatments present a critical unmet need, and techniques 

focusing on tissue engineering and stem cell approaches are promising [6–9].

Cell therapies, including Schwann cells, induced pluripotent stem cells, and neuronal stem 

cells, are an attractive therapeutic option for treating PNI, and have been explored with 

limited success, particularly limited by their lack of feasible clinical translation. As such, 

significant attention has been turned to the transplantation of human mesenchymal stem cells 

(MSCs) for PNI and nerve regeneration due to their clinical feasibility and relative ease of 

harvesting, culturing, and integration. Recent studies suggest that MSCs can show 

unorthodox plasticity, transdifferentiating into non-mesoderm lineages, including neuronal 

phenotypes via chemical growth factor treatments [10–14]. The use of growth factors, such 

as brain derived neurotrophic factor (BDNF), nerve growth factor (NGF), and basic 

fibroblast growth factor (bFGF), have been documented extensively to demonstrate MSC 

differentiation and nerve regeneration [10–12, 15]. Despite encouraging results, growth 

factor strategies often induce complicated, complex chemical and biological interactions 

which may result in unpredictable, adverse effects, limiting their feasibility in clinical use 

[16, 17]. As such, alternate means of potential MSC differentiation for nerve regeneration 

applications may prove significantly beneficial to elucidate pathways responsible for trans-

differentiation and correlated nerve regeneration.

The benefits of electrical stimulation (ES) in the regeneration of bone, cartilage, skin, spinal 

nerves, and most relevantly, peripheral nerves have been widely discussed and demonstrated 

in literature [4, 18–22]. ES has been widely used in physical therapy to improve functional 

recovery of muscle and nerve tissue injuries and has been shown to enhance tissue 

regeneration [23, 24], most often using electrically-conducting polymers as scaffolds, 

including polyaniline (PANI), polypyrrole, polyacetylene, and poly(3,4-

ethylenedioxythiophene) [25, 26]. Although the advantages of using ES in conjunction with 

such polymers have been shown for enhancing nerve outgrowth, extension, and regeneration 
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[21], electrically-conducting polymers are limited in performance as they rely on electrons 

and holes for conduction and are known to deteriorate in physiologic environments due to 

redox instability, significantly affecting their long-term conductivity. Furthermore 

electrically-conducting polymers have other limitations including processing challenges, 

brittleness, hydrophobicity, non-degradability [25–27].

Ionically conductive (IC) biomaterials represent a new generation of smart materials used 

for electrical stimulation and recording [28, 29]. IC biomaterials can be used to deliver cells, 

bioactive factors, and facilitate ES at the site of implantation to promote tissue regeneration 

[30]. These biodegradable materials disintegrate and are removed from the body after 

completion of their functions [31]. Biopolymers such as chitosan [32], agarose [33], β-

cyclodextrin [34], cellulose [35], starch [36], alginate [37] and hyaluronic acid [38] have 

been used for tissue engineering applications [39, 40]. Introducing ionizable groups on the 

polymer backbone enables polymers to conduct electricity in a physiological environment 

through counter flow of ions when electrical potential is applied [41, 42]. These IC polymers 

exhibit a conductivity dependent on the number of ionizable groups on the polymer 

backbone, and not on the number of available electrons and holes for charge movement [43, 

44]. This represents a conducting mechanism that is fundamentally different from 

aforementioned, commonly used, electrically-conducting polymers which have been 

previously reported for nerve regeneration applications (Figure 1) [41, 45, 46].

Previously, we have reported the synthesis and characterization of ionically conductive 

sulfonated polymers and evaluated their potential for tissue engineering applications [41]. 

Various formulations of sulfonated conductive polymers were shown to have differing water 

contact angles and electrical conductivities, where the conductivity was shown to be directly 

proportional to the sulfonic content. Furthermore, these sulfonated polymers demonstrated 

superior cell adhesion properties, compared to cells seeded onto tissue culture polystyrene, 

and supported proliferation of human skin fibroblasts over 14 days [41]. As such, ionic 

materials formulated using sulfonated polymers have tremendous appeal as scaffolds for 

various tissue engineering and regenerative medicine applications [41].

Electrospun nanofiber matrixes closely mimic the native extracellular matrix (ECM) 

components and have been explored for a variety of tissue engineering applications [47–51]. 

Electrospun polycaprolactone (PCL) micro-nanofibers, and their composites, are well-suited 

for tissue engineering applications, due to their ease of processability, biocompatibility, and 

long-term biodegradability. PCL is often blended with other hydrophilic polymers, including 

poly(ethylene glycol) (PEG) and cellulose acetate (CA) to promote cell adhesion and 

promote matrix degradation/erosion[51–54]. Chitosan (CHT) a polysaccharide carries a 

positive charge in its hydrated form and extensively used as a scaffolding material for tissue 

engineering and drug delivery applications [55, 56].

In the present study, we first investigated the effects of ES on the morphology and 

phenotypic development of human mesenchymal stem cells toward neuronal-like cells. 

These preliminary 2-dimensional (2D) studies were conducted on glass coverslips coated 

with CHT with sulfonated polyaniline (SPANI) followed by cross-linking, which allowed for 

the ability to utilize phase-contrast microscopy as well as typical staining techniques (Figure 
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2). Subsequently we investigated the effects of 3-dimentional (3D) ionically conducting 

polymers in conjunction with ES. PCL-CA micro-nanofiber matrices were coated with CHT 

and blends of CHT with SPANI and CHT with lignin sulfonate (LS) to modify scaffold 

physicochemical properties including ionic conductivity, erosion rate, and strength. These 

matrices were evaluated for in vitro human mesenchymal stem cells attachment, viability, 

changes in morphology, and neuron-like phenotype development under the influence of 

electrical stimulation.

2. EXPERIMENTAL

2.1 Materials

Polycaprolactone (MW 80,000), cellulose acetate (MW 30,000), chitosan (medium 

molecular weight), lignin sulfonate (MW 8,000), aniline, and propane sultone were 

purchased from Sigma Aldrich (Saint Louis, MO). Circular glass cover slips, potassium 

persulfate, acetone, and methylene chloride were purchased from Fisher Scientific (Fair 

Lawn, NJ). Phosphate buffered saline (PBS, Cat# 10010–023) from Gibco (Grand Island, 

NY), and ethanol was purchased from Brand Nu Lab (Meriden, CT). LIVE/DEAD™ 

Viability/Cytotoxicity Kit was purchased from Life Technologies (Cat# L3224 Life 

Technologies, Eugene, Oregon) and Quant-iT™ PicoGreen™ dsDNA Assay Kit (Cat# 

P7589) were purchased from Thermo Fisher Scientific (Waltham, MA). For all cell studies, 

human MSCs (Cat# PT-2501) and Dulbecco’s Modified Eagles Medium (DMEM, Cat# 12–

604F) were purchased from Lonza (Walkersville, MD). Fetal bovine serum (FBS, Cat# 

10437028) and penicillin/streptomycin (P/S, Cat#15140122) were purchased from Gibco 

(Grand Island, NY). All primary and secondary antibodies were purchased from Abcam 

(Cambridge, MA). Voltage maps, field modeling, and FEA analyses were done using the 

QuickField DC conduction module (Tera Analysis Ltd., Svendborg, Denmark). All reagents 

and solvents were used without further purification. Millipore water was used for every 

experiment using the Milli–Q plus system (Millipore Sigma Burlington, MA).

2.2 Preparation of Sulfonated polyaniline (SPANI)

Sulfonated polyaniline (SPANI) was prepared by polymerization of sulfonated aniline 

according to the published literature [57]. In brief, 5 mL of aniline and 1.35 g of propane 

sultone in acetone were allowed to stir at room temperature for 6 h to obtain sulfonated 

aniline monomer. The monomer was filtered and washed with acetone to remove unreacted 

reagents and dried under vacuum. Potassium persulfate was added at a 1:1 ratio with the 

monomer in 50% aqueous ethanol was stirred overnight at room temperature to obtain 

SPANI. Final product was obtained by filtration and dialyzed using cellulose dialysis 

membrane (MW cutoff 3,000 Da) for 24 h. The purified product was obtained by 

lyophilization overnight. The structure of the synthesized polymer was confirmed by 

spectroscopy.

2.3 In vitro cell studies on SPANI-coated 2D glass

Preliminary studies investigated hMSCs morphology, viability, and phenotypic development 

on a 2-dimensional (2D) glass coverslips coated with CHT+SPANI and cross-linked with 

epichlorohydrin [19]. Cell morphology was analyzed using light (phase-contrast) 
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microscopy, while cell viability and phenotype expression utilized LIVE/DEAD™ and 

immunofluorescent staining, respectively. Each cover slip (11 mm diameter) was sterilized 

in aqueous 70% ethanol for 20 minutes, followed by exposure to UV light for 35 minutes. 

Glass coverslips were placed in 24-well tissue culture plates and incubated in basal media at 

37°C overnight prior to seeding cells.

After overnight incubation, 10,000 cells were seeded and allowed to adhere for 4 hours, 

prior to the addition of remaining media consisting of DMEM supplemented with 10% FBS 

and 1% P/S. Cells were treated with ES at 0.5V, 20Hz for 1 hour daily up to 14 days and 

compared to untreated controls. For cell morphology studies, NGF was added at a 

concentration of 50 ng/mL [58], serving as the positive control. The custom-built electrical 

stimulation plate and the in vitro stimulation set up is shown in Figure 3. In this set up a 

positively charged gold ring touches the outer edges of the sample with a ground ring 

touching the center, such that current travels from the outer edges toward the center in 

response to a voltage difference.

2.4 Preparation of PCL/CA micro-nanofibers

Fiber matrices comprised of micro-nanofibers were fabricated using electrospinning 

technique as per our previous work with few modifications [59]. Polycaprolactone and 

cellulose acetate in the ratio of 80:20 were dissolved in an admixture of methylene chloride 

and ethanol (85:15 ratio) to obtain a final polymer concertation of 12% (w/v). This polymer 

solution was electrospun onto a rotating target using the electrospinning parameters of 2.5 

mL/h flow rate, 18G needle, 20 cm working distance, 15kV applied voltage and ambient 

conditions of temperature/humidity [60].

2.5 Preparation of 3D composite micro-nanofibers

Fiber lattices were coated with ionically conductive water soluble polymers to obtain 

composite fiber matrices per our published work with few modifications [61]. A 3 wt. % 

chitosan solution in 2% aqueous acetic acid was used to apply the coating on the fiber 

lattice. In brief, fiber lattice was incubated in the chitosan solution to allow infusion under 

vacuum in a plastic bag. Solution infused fiber lattice was immersed in alkaline 

epichlorohydrin solution (0.01 mol/L) prepared in NaOH solution (0.067 mol/L) at 40 °C for 

2 hours [19]. After this period, the membranes were rinsed with deionized water to remove 

the unreacted epichlorohydrin [62, 63]. Cross-linked composite matrices were washed 

repeatedly with DI water to remove unreacted epichlorohydrin and allowed to dry in air and 

kept desiccated until further use. Similarly, 20 wt. % of lignin sulfonate or SPANI was 

mixed with 3 wt. % was mixed with chitosan as explained above and applied to fiber lattice 

coating followed by cross-linking. The control micro-nanofiber lattice was coded as 

PCL/CA and other test groups with chitosan, lignin sulfonate and SPANI were PCL/CA

+CHT, PCL/CA+CHT/LS and PCL/CA+CHT/SPANI respectively.

2.6 Fourier transform infrared spectroscopy (FTIR)

Fourier transform-infrared spectroscopy was used to confirm presence of ionic groups on the 

fiber matrices at various stages of its incubation in cell culture media. Dry composite matrix 
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samples were used to acquire a total of 32 scans in the wavelength range of 4000cm−1 to 

500cm−1and processed using Thermo Scientific Smart FTIR technology.

2.7 Scanning electron microscopy (SEM)

Scanning electron microscopy was used to examine the surface morphology of composite 

matrices. Samples were sputter coated with gold using Hummer V sputtering system 

(Technics Inc., Baltimore, MD) and imaged using JEOL 6335F FESEM (Boston, MA, USA) 

technology at 20kV operating voltage and 1000X magnification. Composite matrices of each 

type (n=3) were imaged at three different locations and representative images are presented 

in the manuscript.

2.8 Weight loss measurements

Conductivity of composite matrix is dependent on the presence of chitosan and ionic 

polymer derivatives such as lignin sulfonate and SPANI at various stages of cell culture 

experiments. Therefore, matrix weight loss studies were performed in phosphate buffer pH 

7.4 at 37 °C over a period of 25 days. Every other day incubation media PBS was changed 

every other day in order to maintain a consistent concentration gradient and in vivo cell 

culture condition. Equal weight of control fiber matrices and composite matrices (test 

groups) in triplicate were incubated in PBS in 6-well plates. These samples were allowed to 

equilibrate overnight and the equilibrium weight was measured with a Mettler Toledo XP56 

DeltaRange balance with a sensitivity of 0.002 mg (Mettler Toledo, Columbus, OH). The 

initial equilibrium weight for all the matrices was presented as 100% and relative weight 

loss over a period of 25 days is presented as a percent weight loss [64]. Measurements are 

presented as mean ± standard deviation of n=3 for each type and each timepoint.

2.8 Mechanical testing

Fiber control lattice and composite matrices were subjected for mechanical properties in 

tensile mode an Instron 5544 Universal Testing system (Instron, Norwood MA). Dog bone 

shaped samples measuring 20×10 mm (length/breadth) were hydrated overnight in PBS at 

37°C prior to testing per the ASTM guidelines [65]. Samples were pulled at a rate of 10 

mm/min until failure to obtain the stress-strain curve. Tensile strength and Young’s modulus 

were calculated and presented as mean ± standard deviation of 6 samples.

2.9 Conductivity analysis

For conductivity measurements, 2-inch2 samples were used in a two-point contact clamping 

system to obtain electrical resistance using an ohmmeter (Keithley Integra Series 2700) [66]. 

Samples in triplicate (n=3) were utilized for these measurements. In brief, the selected 

sample was fixed to the instrument base and clamped on both sides, as resistance is observed 

until a constant value is obtained. Electrical conductivity α is calculated using Equation 1, 

where L is sample thickness, R is resistance from the two-point contact system, A is surface 

area of the sample.
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α = L
RA (1)

2.10 Thermogravimetric analysis (TGA)

Control and composite test group samples were subjected for TGA analysis using TGA 

Q-500 (TA Instruments, New Castle, DE) to measure the amount of coating retained. In 

brief, ~10 mg samples dry samples in a platinum TGA trays were heated from 10–800°C 

with an equilibrium temperature of 200°C under nitrogen purging. Universal Analysis 

software associated with the instrument was used to obtain thermograms corresponding to 

weight loss as a function of temperature.

2.11 Human Mesenchymal Stem Cells (hMSCs)

Control and composite fiber matrices were cut into circular discs measuring 11 mm in 

diameter and immersed in aqueous 70% ethanol for 20 minutes, followed by exposure to UV 

light for 35 minutes on each side for sterilization. Scaffold discs were placed in non-treated 

tissue culture 24 well plates and incubated in basal media at 37°C overnight prior to seeding 

cells.

Each scaffold was seed with 50,000 cells (passage #5) in 50µL cell suspension and allowed 

to attach on the scaffold for 4 hours prior to adding media. Post-adhesion, 1mL of basal 

media was added for control and ES treatment groups, while positive control groups 

received media supplemented with 50 ng/mL[58] of NGF. Media was changed every other 

day for all the groups and ES was applied every day at 0.5V, 20Hz for 1 hour daily using the 

aforementioned custom-built cell stimulation system. Cell culture experiments were carried 

out for a period of 14 days and biological samples were harvested at various time points of 

to study cell attachment, viability, morphological changes, and neuronal-like phenotype 

expression via immunohistochemistry. For all measurements a sample size of n=3 for each 

time point and treatment group was used.

2.12 Cell viability

Cell viability under various treatment groups was accessed using a fluorescence-based 

LIVE/DEAD™ cell viability assay according to the manufacturer’s instructions. At specific 

timepoints isolated biological samples were washed with warm PBS and incubated with 

ethidium bromide and calcein [67]. Ethidium bromide penetrates the membranes of dead 

cells and red excitation occurs upon binding to nucleic acids. Calcein excites green upon 

binding to esterase in the intracellular environment. Samples were imaged at various 

magnifications using a confocal microscope (Zeiss LSM 880) at different spots of the 

scaffold. For all measurements a sample size of n=3 for each time point and treatment group 

was used.

2.13 Immunofluorescent staining

Immunofluorescent staining was performed in order to examine the presence of neuronal-

specific proteins in ES-treated groups, compared to non-treated groups. Briefly, samples 
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were washed using PBS (all washes performed in triplicate) to get rid of cell culture medium 

and were fixed for 30 minutes using 4% paraformaldehyde (Sigma, St. Louis, MO) in PBS 

solution followed by rinsing with PBS. Samples were permeabilized using 0.2% Triton 

X-100 prepared in PBS for 10 minutes then washed with PBS. Proteins were blocked by 

incubating with 1% bovine serum albumin (BSA) in PBST (PBS with 0.1% Tween 20) for 

30 minutes at room temperature followed by PBS wash. The primary neuronal antibodies, 

anti-NSE (ab53025, 1:100), anti-GFAP (ab7260, 1:1000), anti-mouse β-III Tubulin 

(ab18207, 1:1000), anti-rabbit MAP2 (ab32454, 1:200), and anti-nestin (ab22035, 1:100) 

were all diluted to their respective ratios in 1% BSA in PBST, and 150µL of solution was 

placed on respective samples. Samples were incubated with primary antibody solution 

overnight at 4°C. The following day samples were washed 3 times with PBS followed by 

incubation for 1 hour with secondary antibodies, Rhodamine Red (goat anti-rabbit, ab6719) 

and Alexa Flour 488 (goat anti-mouse) (ab150113, Abcam, Cambridge, MA), in 1:200 ratios 

and carefully protected from light. Lastly, samples were PBS washed prior to viewing via 

confocal microscopy. For all these measurements a sample size of n=3 for each time point 

and treatment group was used.

2.14 Statistical analysis

All data is expressed as mean ± standard deviation. All results were first evaluated using 

one-way analysis of variation (ANOVA) followed by Dunnett’s multiple comparisons test 

with a confidence of 95% using GraphPad Prism 7 (GraphPad Software, Inc. La Jolla, CA).

3. RESULTS

3.1 2D Electrical Stimulation and Cell Differentiation

Preliminary studies looked at the influence of electrical stimulation on hMSCs seeded on to 

glass cover slips coated with epichlorohydrin cross-linked CHT/SPANI in terms of their 

morphology, viability, phenotypical changes towards neuronal lineages in vitro over a period 

of 14 days. A custom-built electrical stimulation system was designed in house for these 

experiments (Figure 3A). The system was designed to deliver equal voltage to each well, 

when used in conjunction with a standard 6-well plate, and was validated and verified by 

voltmeter testing and FEA conductivity modeling (Figure 3B) [68]. Modeling was achieved 

by designing and simulating 13.25mm mesh with a single negative node in the center, set to 

a defined voltage of −3V, and an outer ring set to with an arbitrary 3V. To more accurately 

mimic the intended use, the model was set in an ideal conducting medium having a 

conductivity of 200 mS/cm. The voltage distribution was calculated and mapped to have a 

predictably linear decrease from the outer ring toward the inner ground. An inflection can be 

seen where the voltage (and subsequently the current, data not shown) decreases at a quicker 

rate, potentially corresponding to the 3-dimensional draw towards the center ground node 

from the media.

Cells were observed to have changed morphologies under the influence of ES, more closely 

resembling the positive control NGF-treatment, while maintaining typical fibroblast hMSC 

morphology in untreated control (Figure 4A). The morphology of ES-treated hMSCs 

qualitatively resembles positive control (PC) samples treated with NGF, which show long 
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axon-like branches with a cell body, characteristic of neuronal cells. Morphological changes 

exhibited by ES-treated cells were further analyzed by quantification of dimensionality. 

Measurements of cytoskeletal protrusion length and breadth at day 10 show statistically 

significant differences between untreated negative controls and ES-treated groups (Figure 

4B). Untreated cells showed a mean length of 301.8±52.54 µm, while NGF- and ES-treated 

cells measured 446.0±81.37 and 438.4±70.93 µm, respectively. Similarly, untreated cells 

showed larger mean cell width/breadth, measuring 53.85±14.92 µm, while NGF- and ES-

treated cells measured 13.33±9.08 and17.59±17.43 µm, respectively. Image analysis was 

conducted using ImageJ (NIH, Bethesda, MD) where each measurement on the graph is 

taken at three different spots on the same sample including at least 100 cells and presented 

as an average. The effects of ES on cell viability and proliferation were analyzed 

qualitatively using dual-color, live/dead fluorescence staining. At all three timepoints, up to 

and including day 10, cells treated with ES showed no noticeable differences in their 

viability and proliferation as compared to untreated control cells (Figure 5).

Figure 6 summarizes immunofluorescent staining for early and late neuronal markers to 

elucidate potential cell differentiation into neuronal lineages. Early protein markers, 

including Glial fibrillary acidic protein (GFAP) and Neuron Specific Enolase (NSE), were 

expressed at all the time points of 3, 7, and 14 days. Untreated controls (Figure 6A-C) 

showed minimal expression of GFAP (stained green), but did not show prominent expression 

of NSE (stained red). In contrast, ES-treated cells (Figure 6D-F) showed substantial 

expression of both GFAP and NSE at all timepoints.

Late (mature) protein markers including Microtubule-Associated Protein 2 (MAP2)and 

Beta-III Tubulin (B3TUB), expressions were low on Day 3, as expected, and increased with 

culture time [72, 73]. Untreated controls show staining for B3TUB (stained green), but no 

substantial staining for MAP2 (stained red) (Figure 6G-I). ES-treated cells show substantial 

B3TUB and MAP2, particularly at later timepoints day 7 and day 14 (Figure 6J-L).

3.2 3D Composite Matrix Scaffold Characterization

3.2.1 Scanning electron microscopy (SEM)—The macro-structure of fiber lattice 

and their composite matrices coated with ionically conductive polymers as tissue 

engineering scaffolds is shown in Figure 7. The fiber lattice is comprised of micro-

nanofibers with diameters in the range of 1.5±300µm for microfibers and nanofibers in the 

range of 250–900 µm. Composite matrices are covered uniformly with ionically conductive 

polymer derivatives. No significant differences were observed in morphology between the 

groups coated with LS and SPANI.

3.2.2 Conductivity analysis—The variation in matrix conductivity following 

incubation in PBS at 37ºC over a period of 28 days is summarized in Figure 8A. Fiber 

matrices showed uniform sulfonated polymer coating and conductivity was in the range of 

0.0049–0.0068 mS/m based on the matrix composition. Conductivity of the matrices 

decreased with matrix erosion and at any given time conductivity was higher than the neat 

chitosan coated matrix, up to 28 days in vitro. Fiber matrix conductivity increases in the 

order of PCL/CA, PCL/CA+CHT, CHT/LS, and CHT/SPANI at all timepoints. The varying 

Manoukian et al. Page 9

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



degrees of conductivity are dependent on the ion exchange capacity (IEC) and density of 

ionic groups on the composite matrices. Specifically, the high conductivity of PCL/CA

+CHT/SPANI is due to the conjugation of pi-bonds when the benzene ring is attached to the 

sulfonic group.

3.2.3 Fourier transform infrared spectroscopy (FTIR)—Chemical structure and 

interactions of fiber lattice and coated composite fiber matrices was determined using FTIR 

(Figure 8B). The fiber lattice confirms the presence of PCL and CA through the 

characteristic ester peak at 1724 cm−1 [75] and methyl group at 1370 cm−1, respectively 

[76]. While composite fiber matrices coated with chitosan shows the presence of amine 

groups at 1650 cm−1 [77], and -OH and -NH bonds between 3357 cm−1 and 3284 cm−1 

respectively [78]. LS- and SPANI-coated composite matrices showed additional aromatic 

sulfonated groups at 1070 cm−1 [79]. These results confirm the presence of ionically 

conductive polymers presence on PCL-CA fiber lattice.

3.2.4 Weight loss/polymer leaching—Tissue engineering scaffolds and biomatrices 

should allow proper tissue infiltration over time as they degrade following implantation. In 

the present study, scaffolds were evaluated for their percent weight loss due to the erosion of 

the coated matrix on the fiber lattice. The rate of polymer erosion has residual effects on 

matrix tensile properties and ionic conductivity. As the polymer undergoes erosion or 

degradation, mechanical properties tend to decrease, owing to a lack of material. Similarly, 

as the ionically-conducting coating erodes away, there is to be an expected drop in 

conductance, however minor. Figure 8C summarizes the percent weight loss profile for all 

the matrices over a period of 25 days in PBS incubated at 37ºC. The weight loss trend 

decreased in the order of PCL/CA+CHT/SPANI, PCL/CA+CHT/LS, PCL/CA+CHT, and 

PCL/CA. Highly water soluble ionic derivatives namely LS and SPANI leach out from the 

composite matrices over time accounting for the matrix weight loss. As such, both LS- and 

SPANI-coated scaffolds show substantial weight loss at the end of 25 days, as compared to 

the other groups. However, due to their hydrophilic nature, oftentimes water absorption can 

be seen, resulting in minor increases in weight and upward inflections which can be seen in 

the weight loss chart, resembling a pulsatile pattern. As a result, these matrices show a 

decreasing trend in conductivity eventually leveling to that of PCL/CA+CHT following the 

end of the study.

3.2.5 Thermogravimetric analysis (TGA)—TGA was performed on all matrices to 

investigate the thermal stabilities of composite matrices at day 1 and 28. TGA is a technique 

where the mass of a polymer or material is measured as a function of temperature or time 

while the sample is subjected to a controlled temperature regime [80]. The thermograms 

presenting weight loss patterns are presented in Figure 8D. Mass loss if often categorized as 

volatile compounds (residual moisture and solvents) generally evaporate between ambient 

and 300 °C, while degradation of products resulting from chain scission often require 

temperatures above 200 °C [80]. The thermal weight loss for polymer matrices was shown to 

be tri-phasic for all matrices approximately at ~120 °C (water), ~390 °C (functional groups), 

and ~523 °C (polymer backbone). The identical weight loss patterns for both the samples 

collected at two timepoints confirm the presence of coating material, if not on the surface 
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but within the fiber lattice, and contribute to the aforementioned conductivity and weigh loss 

characteristics.

3.2.6 Mechanical properties—Fiber lattice and composite matrices were evaluated for 

their tensile properties in the hydrated state following 24 h soaking in PBS (pH 7.4). Figure 

9A/B graphically depicts the Young’s modulus and tensile strength, respectively. The 

increased modulus observed with composite matrices is attributed to the brittle nature due to 

the presence of another polymer phase as a coating. The elastic nature of fiber-based matrix 

lattice resulted in higher tensile strength as compared to composite matrices due to the 

presence of the hydrogel-like coating in the solvated state.

3.3 3D Scaffold Electrical Stimulation and Cell Differentiation

Cell morphology and viability on 3D composite fiber matrices was investigated using live/

dead staining (Figure 10). Viable cells were found for all polymer composite derivatives and 

for all treatment groups, namely untreated control, NGF-treated positive control, and ES-

treated cells. These images also reflect similar observations to those of 2D culture 

experiments where hMSCs were seeded on glass coverslips coated with ionically conducting 

polymers (Figure 5). Furthermore, in a preliminary immunofluorescence study, hMSCs 

treated with ES show positive staining for three prominent neuronal protein markers: 

B3TUB, MAP-2, and Nestin (Figure 11). The pilot study showed electrically stimulated 

hMSCs expressed B3TUB, a protein marker for neuronal differentiation responsible for 

axon guidance, maintenance and neurite extension, MAP-2, a protein responsible for 

neurogenesis and dendrite structure, and Nestin, an intermediate filament protein required 

for survival, renewal, and proliferation of neuronal cells.

4. DISCUSSION

The formulations of degradable micro-nanofiber PCL/CA scaffolds coated with ionically-

conductive polymers LS and SPANI represent novel biomaterial-based methods for 

overcoming the common limitations of electrically-conductive polymers. Ionically-

conducting membranes allow for polymers to conduct electricity in a physiological 

environment through counter flow of ions when electrical potential is applied. This 

conduction mechanism is only dependent on the number of ionizable groups on the polymer 

backbone, and not on the number of available electrons and holes for charge movement, 

making it highly novel, advantageous, and desirable for biomedical and physiological 

applications including tissue engineering and regenerative medicine.

The combination of micro- and nanofibers allows for control of appropriate porosity, 

allowing for cell penetration, and adequate nutrient and factor transport, whilst also granting 

superior cell adhesion and mechanical properties. In order to facilitate peripheral nerve 

regeneration, scaffold properties must accurately mimic the intrinsic properties of the native 

nerve tissues. Nerve tissue, being highly vascularized, demands a highly porous scaffold 

capable of adequate cell penetration and adhesion in order to enable the infiltration and 

development of the nerve axons and blood vasculature within and/or through the scaffold 

network. The micro-nano features of the studied scaffold allow for tunable pore properties, 

whereas solely micro-, or solely nano-, structures would result in too little and too much 
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porosity, respectively. Furthermore, the combination of micro-nanofibers grants adequate 

mechanical properties, critical for successful integration of the scaffold, aiding in its 

regenerative capabilities. In contrast, nanofibers alone suffer from a lack of mechanical 

integrity, a common limitation of polymeric nanomaterials.

Mechanical properties of tested scaffolds showed changes in modulus and tensile strength 

dependent on the differing degrees of hydration, corresponding to the multi-material 

composite matrices. These results are consistent with earlier reports in literature suggesting 

decreased strength in multi-phased composite materials [81]. The presence of LS and SPANI 

in composite matrices, due to their acidic nature, can promote hydration of chitosan 

subsequently resulting in weaker strength composites. Hydrogels in general have been 

reported to possess lower tensile strengths due to water content and cross-linked networks 

[82]. However, the composite matrices offer tensile properties superior to hydrogel-only 

scaffolds and retain much required mechanical properties desirable for soft tissue and nerve 

regeneration. Similarly, there were detectable differences in ionic conductance between 

formulation, with the varying degrees of conductivity dependent on the ion exchange 

capacity (IEC) and density of ionic groups on the composite matrices. Specifically, PCL/CA

+CHT/SPANI showed high conductivity, due to the conjugation of pi-bonds when the 

benzene ring is attached to the sulfonic group.

Human mesenchymal stem cells treated with electrical stimulation show a clear and distinct 

morphological deviation from those of untreated, negative control groups, where treated 

cells show extension, branched and networked structures, while negative control samples 

display typical fibroblastic, spindle-shaped morphology [69]. Cells treated with NGF 

(positive control) and ES (treatment group) showed elongated cell morphology and 

dendritic-like morphological changes, which have been well documented in stem cells in the 

process of differentiating structures resembling neuron like cells [83–85]. These findings 

also suggest cell viability and morphological changes in 3D environment under the influence 

of ES [86–88]. Similar to our previous ES studies, conducted on 2D glass coated with 

ionically-conducting SPANI, cells treated with ES on 3D fiber composite matrices showed 

qualitative changes in morphology. Increase in cell length and protrusion was very 

prominent in ES- and NGF-treated (positive control) groups, but not in untreated (negative 

control) groups (p<0.05). The increase in cell length, in combination with cell width/breadth 

decrease, is also indicative of neuron-like morphology.

Positive immunofluorescence stains for both early (GFAP and NSE) and mature (B3TUB 

and MAP2) neurogenic markers and morphological changes also support potential ES-

mediated hMSC differentiation into neuronal lineage on ionically conductive polymer. Glial 

fibrillary acidic protein (GFAP) is an intermediate filament (IF) III protein found in central 

nervous system and the peripheral nervous system, where enteric Schwann cells and satellite 

cells of human sensory ganglia express GFAP [70] . Neuron Specific Enolase (NSE) is a 

neurotrophic and neuroprotective protein often associated with cell survival [71]. Beta-III 

Tubulin (B3TUB) is a major protein constituent of microtubules and plays a critical role in 

proper axon guidance and maintenance [74]. Microtubule-Associated Protein 2 (MAP2) is a 

neuron-specific protein that promotes assembly and stability of the microtubule network 

[72].

Manoukian et al. Page 12

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The expression of neuronal markers and morphological changes of hMSCs cultured and 

treated on 3D ionically conducting micro-nanofiber scaffolds compliment the findings of the 

aforementioned studies on 2D coated glass. These findings are in agreement with the 

differentiation of hMSCs by other groups via various of chemical means, as reported in 

literature, and strongly suggest that hMSCs are capable of transdifferentiating into neuronal-

like lineages when treated with electrical stimulation in vitro [10–12, 15]. However, further 

studies are needed to elucidate cellular mechanisms and dictate definitive 

transdifferentiation. Ongoing studies are underway which further characterize differentiating 

hMSCs, including gene, RNA, and protein expression analyses, as well as functional 

assessments of differentiated cells. Utilizing ionically conductive polymers, in conjunction 

with ES, may help differentiate hMSCs into neuronal or Schwann cell-like lineages and 

proper biocompatibility and adhesion can be sufficient for macrophage and Schwann cell 

recruitment, nutrient transportation, and ultimately bands of Büngner formation for 

enhanced healing, repair, and regeneration of peripheral nerves.

5. CONCLUSIONS

Electrical stimulation showed profound effects on hMSC morphology and protein 

expression when treated on 2D glass coated with ionically conductive sulfonated 

polyaniline. Cells treated with ES showed significantly different dimensionality, with longer 

protrusions and decreased breadth, resembling positive control groups, when compared to 

untreated cells. Cellular attachment and viability on was unharmed with ES, and ES-treated 

cells showed positive expression of GFAP, NSE, B3TUB, and MAP2 over a 14-day study. In 

an effort to develop tissue engineering scaffolds to facilitate ES for nerve regeneration, 

micro-nanofiber scaffolds of PCL/CA and their ionically conductive derivatives were 

prepared using chitosan, sulfonated polyaniline, and lignin sulfonate. The SEM images of 

fabricated composite fibers demonstrated an interconnected porous structure with randomly 

orientated fibers and a conductive hydrogel layer. The polymeric composites stabilized after 

a two-week period in physiological conditions, retaining most of their conductivity. 

Following incubation in physiological conditions, tensile properties revealed brittle nature in 

hydrogel groups and an elastic nature in the PCL/CA nanofiber group. The presence of 

SPANI and LS led to decreased tensile strength due to the hydrophilicity of the materials 

allowing for greater aqueous infiltration and thus pre-stretching of fibers. In vitro, ES with 

ionically conductive 3D polymer matrices showed a profound effect on the morphology of 

hMSCs as compared to non-treated groups, where ES-treated cells showed neurite-like 

extension and dendritic-like structures, similar to those findings of studies on 2D coated 

glass. Immunofluorescent staining for B3TUB, MAP2, and Nestin neuronal protein markers 

revealed qualitatively dense concentrations of all three proteins at 14 days. As such, the 

development and testing of ionically-conductive polymer scaffolds, in conjunction with 

electrical stimulation, has strong potential for peripheral nerve regeneration applications and 

may help differentiate human Mesenchymal stem cells into neuronal or Schwann cell-like 

lineages. The proper biocompatibility, mechanical properties, cell adhesion and infiltration 

may be vital in facilitating Schwann cell recruitment, growth factor dispersion and transport, 

and ultimately axonal outgrowth for nerve regeneration applications.
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FIGURE 1: 
Schematic representation illustrating the fundamental difference in conduction between 

electrically conducting and ionically conducting materials. Electronic conductance relies 

upon the movement of electrons and holes, whereas ionic conductance utilizes the opposite 

movement of positively and negatively charged ions.
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FIGURE 2: 
Schematic of study design describing electrical stimulation cell studies on 2D ionically 

conducting-coated glass and 3D polymeric micro-nanofiber scaffolds.
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FIGURE 3: 
(A) Custom-built electrical stimulation setup fitted for 6-well cell culture plate. A gold wire 

ring is designed as the positively-charged anode while a central gold wire is grounded, 

where each ring setup stimulates the contents of one well. (B) Voltage distribution map 

showing a prototype model conducting 3V with voltage decreasing in a concentric pattern 

towards the central ground.
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FIGURE 4: 
(A) Phase-contrast microscopy of negative control (untreated), ES-, and NGF-treated 

(positive control) cell samples at various time points. Scale bar=100µm. ES and NGF 

samples show extension and branching typical of neuronal lineages, unlike untreated, 

negative control samples. (B) Cell length of untreated, NGF-treated, and ES cell samples at 

day 10 in culture where ES and NGF cells show greater cell length compared to untreated 

controls (*P<0.1). (C) Cell width of untreated (negative control), NGF-treated, and ES cell 

samples at day 10 in culture, where ES and NGF cells show statistically smaller width than 

untreated (negative control) samples (**P<0.05). Dimension measurements taken using an 

average of 100 cells.
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FIGURE 5: 
LIVE/DEAD™ staining for cell viability of hMSCs seeded on CHT+SPANI coated glass 

coverslips treated with ES. Both ES and control (untreated) groups show similar cell 

viability indicating no differences in cell adhesion and/or viability as a result of applies ES. 

Morphological changes can be seen in day 10 ES-treated cells, having more profound 

protrusions, extensions, and branching.
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FIGURE 6: 
Immunofluorescent staining of hMSCs seeded on CHT+SPANI coated glass coverslips 

treated with ES at day 3, 7, and 14. (A-C) Untreated control cells stained for GFAP (green) 

and NSE (red). (D-F) ES-treated cells stained for GFAP (green) and NSE (red). (G-I) 

Untreated control cells stained for B3TUB (green) and MAP2 (red). (J-L) ES-treated cells 

stained for B3TUB (green) and MAP2 (red).
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FIGURE 7: 
Visual representation and size of circular scaffolds used for testing where (A) PCL/CA, (B) 

PCL/CA+CHT, (C) PCL/CA+CHT/LS, and (D) PCL/CA+CHT/SPANI. SEM images show 

the interconnected porous structure of micro-nanofibers of the aforementioned polymer 

composites, respectively. Hydrogel coatings can be seen in scaffolds B, C, and D due to the 

addition of CHT, CHT/LS, and CHT/SPANI, respectively.
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FIGURE 8: 
(A) Conductivity studies of all four scaffold groups across 28 days showed a decrease of 

conductivity in PBS, eventually stabilizing after 28 days. (B) FTIR spectra of all four 

scaffold groups depicting key functional groups. (C) Weight loss studies of PCL/CA, 

PCL/CA+CHT, PCL/CA+CHT/LS, and PCL/CA+CHT/SPANI (D) TGA analysis of 

PCL/CA, PCL/CA+CHT, PCL/CA+CHT/LS, and PCL/CA+CHT/SPANI at week 4 (inset 

shows TGA at week 0).
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FIGURE 9: 
(A) Young’s modulus of PCL/CA, PCL/CA+CHT, PCL/CA+CHT/LS, and PCL/CA+CHT/

SPANI (B) Tensile strength of PCL/CA, PCL/CA+CHT, PCL/ CA+CHT/LS, and PCL/CA

+CHT/SPANI.
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FIGURE 10: 
LIVE/DEAD™ staining for cell viability of hMSCs on composite matrices for untreated 

(left), NGF-treated positive control (center), and ES-treated samples (right). Polymer 

compositions in all figures as follows: (A) PCL/CA, (B) PCL/CA+CHT, (C) PCL/ CA

+CHT/LS and (D) PCL/CA+CHT/SPANI.
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FIGURE 11: 
Preliminary immunofluorescent staining of hMSCs on sulfonated polymers following 14-

day ES showing staining for (A) B3-Tubulin (green), (B) MAP2 (red), and (C) Nestin 

(green). Scale bar=50µm.
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