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Abstract 
 Autografts and allografts have been deemed the “gold standard” for nerve regeneration due 

to their ability to regenerate peripheral nerve gaps beyond biological limits. However, drawbacks 

associated with these methods include donor site morbidity, risk of neuroma, lack of control over 

scar formation, and risk of an immune response. As such, tissue engineering has developed new 

methods to bridge nerve gaps, such as nerve guidance conduits (NGCs) seeded with stem cells. 

Used in conjunction with electrical stimulation (ES) in place of costly growth factors, wound 

healing is further accelerated. Ionically conductive polymeric substrates containing sulfonated 

polyaniline (SPANI) and lignin sulfonate (LS) are characterized in physiological conditions and 

later seeded with human mesenchymal stem cells (hMSCs). Following treatment with ES at 1V 

and 20kHz over a 14 day period, viability, differentiation, and proliferation are observed. In 

comparison to positive control nerve growth factor (NGF), ES was demonstrated to be a viable 

candidate for regulating cellular behavior.  
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1. Introduction 
 Peripheral nerve damage is a significant concern worldwide, affecting a wide variety of 

people from all different types of socioeconomic backgrounds and cultures (1, 2). This is largely 

due to the limitations of peripheral nerve tissue to spontaneously regenerate itself past 5mm gaps 

(3). Thus, the traditional treatment for the regeneration of nerve tissue has consisted of 

autographs and allografts (4). However, the drawbacks of these conventional methods for nerve 

repair include a possibility of donor site morbidity, risk of an immune response, risk of neuroma, 

recurring pain, and lack of control over scar tissue formation (5-7). Conventional methods also 

place an economic burden on society as it is estimated that nearly $150 billion is spent annually 

in the United States alone on nerve repair procedures (6). 

 In recent years, novel tissue engineering approaches have been taken in attempt to 

counteract many of the drawbacks of traditional methods for nerve repair. In particular, nerve 

guidance conduits (NGCs) have become largely popularized, using a variety of different 

biomaterials and fabrication methods (8). These tubular structures not only counteract the 

disadvantages of traditional methods, but also provide several advantages of their own. Control 

over degradation rate, allowing for steady release of growth factors, and a wide variety of 

biomaterials to choose from for fine-tuning of mechanical properties are a few such advantages 

(9, 10). In addition, NGCs provide a channel for the guided outgrowth of nerve in one particular 

direction, preventing the spread of several axons in different directions (5). 

 Conduits made of electrospun nanofibers have largely been explored in the past few years 

(11, 12). Electrospun polycaprolactone (PCL) composite matrices have been used for nerve 

regeneration applications, due to the elastic mechanical properties of PCL, which mimic those of 

native nerve tissue, and interconnected porosity resembling the extracellular matrix (ECM) (13). 
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However, PCL is too hydrophobic to allow for sufficient cellular adhesion by itself and has a 

relatively slower degradation rate than desired for most nerve regeneration applications (14, 15). 

For this reason, PCL is often blended with hydrophilic biomaterials that are known to promote 

cellular adhesion or finely tune degradation rate (16, 17). For example, cellulose acetate (CA) 

has shown promising results as a biocompatible material for scaffolding in recent years due to its 

tensile strength and hydrophilic nature for cellular compatibility, making it an ideal candidate for 

blending with PCL (18, 19).  

 In addition to being supportive of cellular attachment and ECM mimicry, conductivity 

has also been shown to be an important factor for bridging nerve gaps due to the remarkable 

ability of nerve gaps to recover beyond biological limits in the presence of an electrical charge 

(20). Electrical stimulation (ES) studies have received spotlight for ability to promote Schwann 

cell outgrowth, increase nerve branching when compared to control groups without ES, and 

speculation that stem cells may differentiate into neuronal lineages in the presence of conducting 

polymers with applied ES (21-23). ES has gained further attention due to the fact that it provides 

a viable alternative to growth factors, which NGCs are often loaded with, in order to regulate 

cellular behavior (24). There is now a need for an alternative as growth factors present an 

unideal, short half-life and costly economic burden (25). 

 Research, however, is lacking on the viability of conductive polymers for nerve 

regeneration applications. Lignin polymeric composites, for example, have demonstrated 

biological compatibility by promoting cellular proliferation, attachment, and interaction of 

human dermal fibroblasts in vitro (26). Yet, the viability of such scaffolds for nerve regeneration 

applications in the presence of ES has yet to be determined. Other biomaterials also have shown 

to be viable candidates to form PCL nanofiber composites for nerve regeneration applications, 
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such as sulfonated polyaniline (SPANI). SPANI is shown to enable cellular viability similar to 

that of other well-known biocompatible polymers such as poly(L-lactic) acid (PLLA), and 

presents an ionically charged sulfonic group which paves the way for high conductivity (27). 

However, once again, research is lacking on the effects that SPANI may have on cellular 

proliferation and differentiation in the presence of ES. 

 In order to address the need for a conductive NGC which is supportive of cellular 

attachment, randomly orientated PCL/CA (80:20) nanofibers are fabricated into composite 

scaffolds by coating with three different hydrogel composites – 3wt% chitosan (CHT), 20wt% 

SPANI in 3wt% CHT, and 20wt% lignin sulfonate (LS) in 3wt% CHT. Characterization 

techniques are performed in order to evaluate the material composition of each scaffold.  

Mechanical testing is performed as well as a weight loss study, followed by conductivity 

analysis over an 8 week period in 7.4pH phosphate buffer saline (PBS) with additional 

thermogravimetry analysis (TGA). Human-derived mesenchymal stem cells (hMSCs) are then 

seeded onto each scaffold and viability and differentiation are examined for all groups. A 

PicoGreen DsDNA assay is used to observe proliferation in ES groups over a 14 day period. ES 

is performed at 1V with 20kHz daily.   

The hypothesis of this study is that hydrogel-coated PCL/CA nanofibers blended with 

conductive polymers will demonstrate biologically relevant material properties and provide an 

environment suitable for cell attachment, proliferation, and differentiation for nerve regeneration 

applications with the use of ES.  
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2. Materials and Methods 

2.1 Preparation of Samples 

2.1.1 Fabrication of PCL/CA nanofibers 

 Briefly, 10wt% PCL with 2.5wt% CA (80:20 ratio) was prepared in 10mL solution 

containing 1g of PCL beads, 0.25g of CA, 8.5mL of dichloromethane (DCM), and 1.5mL of 

ethanol in a scintillation vial. The solution was left overnight to stir. The next day, 6mL of 

solution was placed into an 18-gauge needle for electrospinning. Electrospinning was performed 

at 2.5mL per hour, with a distance of 20cm from the needle tip to the collector and a diameter of 

12.4mm. The applied voltage was 15kV with DC current.  

2.1.2 Preparation of SPANI 

 5mL of aniline was prepared in a scintillation vial and mixed with 1.35g of propane 

sultone at room temperature for 6 hours to form sulfonated aniline, dissolved in acetone and left 

overnight. The following day, the solution is filtered until the acetone is removed completely. 

Then, persulfate is added in a 1:1 ratio, the entire solution is dissolved in water and finally left at 

room temperature in order to polymerize SPANI. Dialysis is performed, changing the water 

when necessary, and finally storing in liquid nitrogen before lypholysis is performed in order to 

remove excess liquid and leave SPANI.  

2.1.3 Preparation of composite nanofibers 

 Starting with the procedure outlined by Shelke et al. (15), 3wt% solution of CHT was 

prepared by pouring 3g of CHT into a 100mL scintillation vial of water while stirring and left 

stirring overnight. Similarly, 20wt% solution of LS was prepared by moving 10mL of the 

CHT/water solution into a separate scintillation vial and adding 0.06g (approximately 20% of 

0.3g/10mL of CHT) of LS while stirring. The solution was once again left stirring overnight. The 

procedure followed once again for the 20wt% SPANI in 3wt% CHT solution – 10mL of the 
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CHT/water solution was placed into a separate scintillation vial and 0.06g of SPANI was added 

while stirring. Afterwards, the solution was left stirring overnight. 

2.2 In Vitro Characterization 

2.2.1 Fourier transform-infrared spectroscopy (FTIR) analysis 

 Each of the four groups were characterized using FTIR. FTIR analysis was performed at 

32 scans in the wavelength range of 4000cm-1 to 500cm-1 while pressing samples against the 

crystal. Analysis was done at room temperature using Thermo Scientific Smart FTIR technology.  

2.2.2 Scanning electron microscopy (SEM) analysis 

 SEM technology is used to examine the micro-scale hydrogel coating of the fibrous 

samples and note any distinct structural characteristics. SEM is performed using JEOL 6335F 

FESEM (Boston, MA, USA) at 20kV operating voltage and 1000X magnification. Samples were 

sputter coated with gold using Hummer V sputtering system (Technics Inc., Baltimore, MD) 

before placement on the microscope for imaging.  

2.2.3 Weight loss in physiological conditions 

 In order to examine the percent weight loss over time due to leeching of polymeric 

material, samples were submerged in PBS at day 0 and weighed for 25 days. PBS was changed 

every other day in order to maintain a consistent concentration gradient. Over time, the samples 

were weighed after longer time intervals as their masses stabilized.  

2.2.4 Mechanical testing 

 Samples were submerged overnight in PBS solution in preparation for mechanical testing 

the following day. In accordance with established ASTM guidelines, each of the four groups 

were cut into dog bone-like shapes measuring 20mm by 10mm (length/breadth) and subjected to 

a tensile force at both ends at 10mm/min until the samples reached failure. The test equipment 

used was Instron 5544, Norwood MA.  
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2.2.5 Conductivity analysis in physiological conditions 

 Similar to weight loss analysis, samples measuring 2 inch by 2 inch are immersed in 

7.4pH PBS and the media is routinely changed. Three samples from each of the four groups are 

taken and stored at 4ºC at time points day 1, 1 week, 2 weeks, 4 weeks, and 8 weeks. For 

conductivity analysis, samples are re-immersed in PBS for one minute before resistance is 

measured using two-point contact. The equipment used to measure resistance is an ohmmeter 

(Keithlay Integra Series 2700.) Electrical conductivity α is calculated as 𝛼 =
𝐿

𝑅𝐴
, where L is the 

thickness of the sample, R is the noted resistance, and A is surface area. 

2.2.6 TGA analysis in physiological conditions  

           TGA analysis is performed using TGA Q-500 (TA Instruments, New Castle, DE). For 

each dry sample, 10mg is weighed and analysis is performed in air gas, ranging from 

temperatures 10°C to 800°C with an equilibrium temperature of 200°C. Universal Analysis 

software (TA instruments, New Castle, DE) is used to obtain waveforms corresponding to 

percent initial weight as a function of temperature. Samples are immersed in PBS solution at 

37°C for a 4 week period and analysis is performed at day 0 (pre-immersion) and week 4.  

2.3 Cell Study 

2.3.1 Cell seeding 

 Human mesenchymal stem cells (hMSCs) from Lanza (CAT#PT-2501) were expanded in 

vitro on the third passage using Dulbecco’s Modified Eagles Medium (DMEM, CAT#12-604F 

BioWhittaker® Lonza, Walkersville, MD) supplemented along with 10% fetal bovine serum 

(FBS, CAT#10437028 Gibco, Grand Island, NY) and 1% penicillin/streptomycin (P/S, 

CAT#15140122 Gibco, Grand Island, NY). Media was changed every other day. The hMSCs 

were once again expanded on the fourth passage at 80% confluency. Samples were seeded 

statically at 20,000 cells per scaffold on the fifth passage at 80% confluency. Cells were pipetted 

directly on top of each sample in a sterile 24 well plate and left in the incubator for 4 hours in 
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order to allow for cell attachment. Next, 200µL of media was later placed in each well and 

changed every other day. Prior to seeding, samples were immersed in media for 2 hours in order 

to allow for infiltration of growth factors and nutrients. Sterilization of the samples was 

performed by immersion in 70% ethanol solution for approximately 20 minutes, followed by 

exposure to UV for 35 minutes on each side.  

2.3.2 Cell treatment with NGF 

 Based on the differentiation research performed by Bellot et al., the growth factor groups 

were treated with 70ng/mL of NGF solution (Murine, natural, 2.5S Gibco, Grand Island, NY) 

every other day, corresponding to each media change (28). Treatment was begun at day 0 and 

continued until day 14. 

2.3.3 Cell treatment via ES 

 While ES has become popularized in recent years for nerve regeneration applications, no 

established protocol exists to date. Voltage, frequency, and duration of stimulation vary widely 

in literature. For this particular study, the parameters used are either 1V at 20kHz for 10 minutes 

per day. The electrodes used are in the form of a positively charged gold ring touching 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.  

2.3.4 Live/dead assay (cellular viability) 

 A live/dead assay is conducted by rinsing samples in PBS twice, followed by incubation 

at room temperature with 0.05% calcein, AM at 494/517nm and 0.2% ethidium bromide at 

528/617nm (CAT#L3224 Life Technologies, Eugene, Oregon). Samples are observed using a 

confocal microscope. Ethidium bromide penetrates the membranes of dead cells and excitation 

occurs upon binding to nucleic acids, while calcein excites upon binding to esterase in the 

intracellular environment.  
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2.3.5 Immunohistochemistry (cellular differentiation) 

 For immunostaining, samples are fixed for 30 minutes with 4% paraformaldehyde 

(Sigma, St. Louis, MO) in 7.4pH PBS solution after removing media completely. Samples are 

then washed with PBS 3 times, followed by permeabilizing in 0.2% Triton X-100 in PBS for 10 

minutes at room temperature. Once again, samples are washed with PBS 3 times, and then non-

neuronal proteins are blocked by incubating with 1% bovine serum albumin (BSA) in PBST 

(PBS with 0.1% Tween 20) for 30 minutes at room temperature. Again, samples are washed with 

PBS 3 times. The primary neuronal antibodies, anti-rabbit microtubule-associated protein 2 

(MAP2, Abcam, Cambridge, MA) and anti-mouse β-III Tubulin (Abcam, Cambridge, MA), are 

diluted in 1:200 and 1:1000 ratios in 1% BSA in PBST respectively, and 150µL is placed on 

each sample. Samples are incubated with primary antibody solution overnight at 4°C. The 

following day samples are washed 3 times with PBS followed by incubation for 1 hour with 

secondary antibodies, Rhodamine Red (goat anti-rabbit) and Alexa Flour 488 (goat anti-mouse), 

in 1:100 ratios and carefully protected from light. Lastly, samples are washed with PBS 3 times 

prior to viewing via confocal microscopy.  

2.3.6 PicoGreen dsDNA assay (cellular proliferation) 

 Cellular proliferation is analyzed for scaffolds treated with ES at days 1, 7, 11, and 14 

using a PicoGreen dsDNA assay kit (P7589, Life Technologies). Scaffolds (N=3) are collected at 

their respected time points, washed twice with PBS in order to remove culture media, and then 

frozen with 600µL of 1% triton X-100 solution in distilled water. Scaffolds were thawed and re-

frozen at least twice in order to ensure complete lysing of the membrane, followed by mixing of 

the scaffold-triton X-100 solution using a standard rocker. In a 96 well plate, 20µL of cell 

suspension is placed in each well with 80µL of provided 1X TE buffer solution and provided 

PicoGreen reagent in TE buffer with 20X dilution. After immediate covering of the plate in order 
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to prevent light penetration, samples were incubated at room temperature for 5-10 minutes and 

then read using a BioTek (Synergy HT) plate reader at 485nm emission and 535nm excitation. A 

standard curve was used to determine DNA concentration in each scaffold.  

2.4 Statistical analysis 

 Quantitatively displayed data is reported in terms of mean ± standard deviation, except 

PicoGreen which is reported in terms of mean ± standard error. One-way ANOVA analysis is 

also performed with significance being reported in results in which p>0.05.  

3. Results and Discussion 
 While growth factors have typically performed the role of regulating cellular behavior for 

wound healing applications, particularly when loaded onto NGCs, they suffer from drawbacks 

including an economic burden and short half-life (25). Thus, there is a clinically unmet need for 

a viable alternative. ES has been demonstrated as this potential alternative, as performance on 

animal models for in vivo nerve regeneration applications have been shown to accelerate the 

bridging of nerve gaps in the PNS beyond traditional biological limits (29). This is largely due to 

the fact that ES promotes the outgrowth of Schwann cells post-injury and induces accelerated 

ECM production (21, 30).  

 Thus, the objective of this study was to develop a novel, ionically conductive material for 

use as a NGC and characterize it for biological relevance and cellular behavior under the 

influence of applied ES in comparison to NGF.  

3.1 Characterization Techniques  

3.1.1 FTIR spectra analysis 

 PCL has been well characterized as a biodegradable polymer and composite material (31-

34). It is has been demonstrated that there is a peak in its FTIR spectra correlating with a 

wavelength of 1724cm-1 for the ester carbonyl functional group (35), as can be observed in figure 
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1. The presence of CA is also demonstrated by a methyl functional group corresponding to a 

wavelength of 1370cm-1 (36). For all hydrogel groups, the presence of chitosan is noted both by 

the presence of amine groups (37) at 1650cm-1 and OH and NH bonds between 3357cm-1 and 

3284cm-1 (38). Lastly, for the PCL/CA+CHT/LS and PCL/CA+CHT/SPANI groups, the 

presence of the ionically conductive polymers is noted by a sulfonated aromatic ring at 1070cm-1 

(39). 

 

FIG. 1. FTIR spectra analysis is shown above. It can be observed that the absorbance peaks in the PCL/CA group, 

indicated by the blue waveform, correspond to a wavelength of approximately 1723.48cm-1 for the C=O bonds of 

the ester carbonyl group of PCL, and 1365cm-1 for the methyl group of CA. The absorbance peaks in the 

PCL/CA+CHT group, indicated by the purple waveform, demonstrate a suppression of the ester carbonyl group, 

proving that the hydrogel coating is present. Additionally, there are peaks at1650cm-1 corresponding to the N-H 

amine bonds of Chitosan and between 3357.26cm-1 and 3284.43cm-1 corresponding to the O-H, N-H bonds of 

chitosan. Lastly, there are peaks corresponding to sulfonated aromatic rings at 1070cm-1 in the PCL/CA+CHT/LS 

and PCL/CA+CHT/SPANI groups, demonstrating the presence of the ionically conductive sulfonic groups in both 

conductive polymers. 

 

3.1.2 SEM analysis 

The role of the extracellular matrix is to provide a porous environment suitable for 

nutrient transportation, cell signaling, and regulation of stem cell fate (40). Thus, the PCL/CA 
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nanofibers should be randomly orientated in order to give way to interconnected porosity. As can 

be observed in figure 2, part (A) demonstrates an SEM surface view of the PCL/CA group at 

1000X magnification and 20kV. The interconnected porosity formed by randomly orientated 

fibers can be seen. Parts (B), (C), and (D) represent the PCL/CA+CHT, PCL/CA+CHT/LS, and 

PCL/CA+CHT/SPANI groups respectively. The hydrogel coating can be observed over the 

nanofiber matrix. 

 

FIG. 2. SEM technology is used to characterize the hydrogel-based scaffolds at 20kV and 1000X magnification. 

Part (A) shows the non-coated PCL/CA nanofibers in a random orientation, part (B) shows the PCL/CA+CHT 

composites as the coating of the fibers can be noted, and parts (C) for PCL/CA+CHT/LS and (D) for 

PCL/CA+CHT/SPANI additionally confirm the hydrogel coating of the PCL/CA nanofibers.  
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3.1.3 Weight Loss analysis in physiological conditions 

 

FIG. 3. It can be observed that PCL/CA+CHT/SPANI had the greatest weight loss due to polymeric leeching with 

only 78.76%±2.35% of its initial weight left after 25 days , followed by PCL/CA+CHT/LS at 91.64%±3.14%. 

PCL/CA and PCL/CA+CHT were relatively constant throughout at 102.11%±4.07% and 100.45%±2.64% of initial 

weight respectively after 25 days. It is theorized that the reason for this phenomena is the greater hydrophilicity of 

SPANI. 

 

3.1.4 Tensile properties 

 The brittle nature of CHT as a biomaterial has been documented (41), in addition to the 

elastic nature of PCL (42). CHT is expected to swell in aqueous conditions as a hydrogel causing 

a mechanical stretching of the polymeric bonds (43). CA by itself has been shown to demonstrate 

brittle properties, and for this reason is often blended with other materials for greater biologically 

relevant elasticity (44).  

When samples are immersed in 7.4 pH PBS overnight and subjected to a tensile test, the 

findings of this study are in agreement with those in literature. Figure 4 demonstrates the tensile 

strength of each scaffold group, in addition to pure PCL, and figure 5 demonstrates the 

corresponding modulus of elasticity. As expected from observation of figure 4, the tensile 

strength is significantly lower in the hydrogel coated groups when compared to the nanofiber 

groups due to well documented swelling characteristics causing a premature mechanical 

stretching of the polymeric bonds when immersed in 7.4pH PBS. Additionally, the PCL/CA 

group is shown to exhibit greater tensile strength in comparison to the pure PCL counterpart. 
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Also as expected from observation of figure 5, the PCL/CA nanofiber blend is less elastic in 

nature when compared to pure PCL nanofibers, and the CHT hydrogel groups are more brittle in 

nature when compared to solely nanofiber groups. 

 

 

FIG. 4. It can be observed that PCL/CA demonstrates the highest tensile strength, followed by PCL/CA+CHT, then 

pure PCL, with PCL/CA+CHT/LS and PCL/CA+CHT/SPANI enduring the least load. The reason proposed for this 

phenomena is that, with increasing load density, the fibers are already pre-stretched upon swelling due to immersion 

in PBS for 24 hours. *Indicates p<0.05 versus PCL/CA. 
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FIG. 5. It can be observed that the Young’s Modulus was greatest for PCL/CA+CHT, followed by 

PCL/CA+CHT/LS and PCL/CA+CHT/SPANI, and lastly PCL/CA followed by pure 12.5% PCL. It is theorized that 

the reasoning behind this phenomena is the brittle nature of the crosslinked CHT bonds in combination with already 

pre-stretched fibers. The LS and SPANI groups most likely had a lower modulus due to a slight breaking of the 

PCL/CA fibers bonds upon CHT swelling in PBS solution. *Indicates p<0.05 versus PCL/CA. 

 

3.1.5 Conductivity analysis in physiological conditions 

 Because of the potential for nerve regeneration in the PNS in the presence of ES (45) as 

well as the economic burden and short half-life of growth factors (46), conductivity is now an 

important factor for NGCs. The lack of conductivity of PCL is well understood, and thus 

researchers have attempted to improve this parameter by fabricating composites with other 

materials (47). 
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FIG. 6. The conductivity of the each group is analyzed at days 1, 14, 28. As expected, the matrices maintain most of 

their conductivity within the margin of error following immersion in 7.4pH PBS at 37ºC. 

 

3.1.6 TGA analysis in physiological conditions 

 Researchers have used TGA analysis extensively to characterize the thermal degradation 

of composite materials (48-51). For instance, Gil et al. demonstrated that both sterilization 

methods and percent concentration of silk biomaterial-based scaffolds has a direct effect on their 

TGA curves (52). Moreover, Kolmas et al., have demonstrated that varying the composition of 

nanocrystalline apatite material for bone regeneration applications influences the characteristic 

TGA curve due to the molecular weights of the individual polymers (53).  

Within the context of this study, samples were immersed in PBS solution at 37°C for a 

period of 4 weeks. Samples weighing 10mg from each group are then heated in air gas from 

10°C to 800°C with a 200°C equilibrium temperature. If a significant amount of polymeric 

material was lost during this time period due to degradation or diffusion, there should therefore 

be a noticeable qualitative difference in the TGA curves generated from day 0 (pre-immersion) 

in comparison to 4 weeks. On this hypothesis, there should be significant qualitative differences 

for the PCL/CA, PCL/CA+CHT, PCL/CA+CHT/LS, and PCL/CA+CHT/SPANII groups’ TGA 
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curves over time if polymeric material was in fact lost. The resulting TGA analysis indicated that 

there was little to no qualitative difference noted. These results are depicted in Figure 8, which 

provides a view of these generated curves for each sample. Parts (A) and (B) represent the 

PCL/CA group at day 0 and week 4 respectively, while parts (C) and (D) represent the 

PCL/CA+CHT group, parts (E) and (F) represent the PCL/CA+CHT/LS group, and lastly parts 

(G) and (H) represent the PCL/CA+CHT/SPANII group. With the exception of some small 

weight retention starting at 600°C at 4 weeks, there is no significant qualitative different noted 

with each of the curves. The phenomena of weight retention is most likely explained due to salt 

concentration in the PBS solution, which diffuses into the interconnected pores of the scaffolds. 
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FIG. 8. TGA analysis is performed for each of the 4 sample groups at day 0 (pre-immersion in PBS at 37°C) and 

week 4 (post-immersion in PBS at 37°C). Parts (A) and (B) represent the PCL/CA group at day 0 and week 4 

respectively, while parts (C) and (D) represent the PCL/CA+CHT group, parts (E) and (F) represent the 

PCL/CA+CHT/LS group, and lastly parts (G) and (H) represent the PCL/CA+CHT/SPANII group. As can be noted 

from observation of the characteristic weight loss profiles, samples at week 4 retain slightly more weight in 

comparison to their day 0 counterparts. This phenomena is most likely accounted for by an intake of salt 

concentrations present in the PBS solution, which is retained up to 800°C.  
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3.2 Cell Study 

 For cell studies, samples are cut into a circular shape with 11mm diameter, as can be 

observed in figure 9, showing each of the four groups. Samples are placed into a 24 well plate 

after sterilization via immersion in 70% ethanol for 15 minutes and UV radiation for 35 minutes 

on each side. Media is changed every other day and ES takes place at 1V, 20kHz, and 10 minutes 

per day.  

 

FIG. 9. For in vitro cell studies, samples are cut into circular shapes measuring 11mm in diameter. From right to 

left, the groups of PCL/CA, PCL/CA+CHT, PCL/CA+CHT/LS, and PCL/CA+CHT/SPANI can be noted. 

 

3.2.1 Cell viability 

 PCL is too hydrophobic in nature to allow for desired cellular attachment on its own, and 

thus is often blended with other polymers that are more hydrophilic in nature (54). CA fulfills 

this blending need, demonstrating both cellular attachment and proliferation profiles (55). 

Therefore, PCL was blended with CA in an 80:20 ratio. For all 3 hydrogel groups, it should be 

noted that CHT, lignin, and polyaniline (PAN) have all been demonstrated to be supportive of 

cell attachment and viability with the possibility of further functional group modification (26, 56, 

57). Figure 10 demonstrates the expected result of cell seeding onto these 4 groups when 

observed at day 14 via confocal microscopy. Part (A) represents the PCL/CA group, part (B) 
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represents the PCL/CA+CHT group, part (C) represents the PCL/CA+CHT/LS group, and part 

(D) represents the PCL/CA+CHT/SPANI group. It can be observed, as indicated by green 

staining, that the scaffolds are supportive of cell attachment and viability over a 14 day period 

for both NGF and control groups, and at least an 11 day period for ES treatment. While there are 

little to no cells observed in ES groups at day 14 (data not shown), it is worth noting that the 

presence of hMSCs or Schwann cell lineages at least until day 11 has been shown to be 

important for macrophage recruitment and cell signaling, stimulating wound healing beyond 

biological limitations through formations such as the bands of Büngner (58-60). 

 Axonal-like and dendritic-like morphological changes have been well documented in 

stem cells in the process of differentiating into neuronal lineages (61-63). Therefore, it is 

expected that in the presence of NGF such morphological changes should be noted on each 

scaffold group. Observation of figures 11 and 12 in comparison to figure 10 reveals axonal and 

dendritic-like structures emerging. 
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FIG. 10. Non-treated groups are analyzed using confocal microscopy at 10X magnification at day 14. It can be 

observed that the PCL/CA group in part (A), the PCL/CA+CHT group in part (B), the PCL/CA+CHT/LS group in 

part (C), and the PCL/CA+CHT/SPANI group in part (D) are supportive of cell attachment and viability. It should 

be noted, however, that the PCL/CA+CHT group was found to be significantly less supportive of cell attachment in 

comparison to other groups. 
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FIG. 11. Samples treated with NGF are analyzed using confocal microscopy at 10X or 20X magnification at day 14. 

Once again, part (A) represents the PCL/CA group, part (B) represents the PCL/CA+CHT group, part (C) represents 

the PCL/CA+CHT/LS group, and part (D) represents the PCL/CA+CHT/SPANI group. In comparison to figure 9, 

greater neurite extension can be noted and is indicated by arrows. 
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FIG. 12. Samples treated with ES at 1V are analyzed using confocal microscopy at 10X magnification at day 11. 

Once again, part (A) represents the PCL/CA group, part (B) represents the PCL/CA+CHT group, part (C) represents 

the PCL/CA+CHT/LS group, and part (D) represents the PCL/CA+CHT/SPANI group. In comparison to figure 9, 

greater neurite extension can be noted and is indicated by arrows.  

 

3.2.2 Cell differentiation 

 It has been speculated that hMSCs may differentiate into Schwann cell-like lineages in 

the presence of conductive polymers and ES (64). This is incredibly important for in vivo nerve 

regeneration applications, where ES has been shown to both bridge nerve gaps beyond biological 

limits and guide axonal outgrowth in one particular direction (29). Thus, as mentioned 

previously, undifferentiated hMSCs seeded onto a conduit aid in macrophage recruitment, while 

differentiated Schwann cells under the influence of ES form the bands of Büngner in order to 

further accelerate nerve gap repair (58, 60).  

 In order to analyze the presence of neuronal protein marker β-III tubulin, scaffolds were 

stained with anti β-III tubulin antibody and observed using confocal microscopy at day 14 for 
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both NGF and ES groups. From observation of both figures 13 and 14, positive staining can be 

observed in both groups. Thus, while there is little cellular attachment beyond day 11 in ES 

groups, positive staining for β-III tubulin at day 14 does indicate that differentiation occurred 

over the time period.   

 

FIG. 13. Samples treated with NGF are observed at day 14 after incubation with anti-βIII tubulin antibody. Images 

are taken using confocal microscopy at 10X or 20X magnification. Part (A) represents the PCL/CA group, part (B) 

represents the PCL/CA+CHT group, part (C) represents the PCL/CA+CHT/LS group, and part (D) represents the 

PCL/CA+CHT/SPANI group. It can be observed that the hydrogel coated groups demonstrate a less acute 

fluorescence in comparison to the PCL/CA nanofiber group, most likely due to the fact that surface irregularities are 

present. Arrows indicate cell bodies. 
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FIG. 14. Samples treated with ES are observed at day 14 after incubation with anti-βIII tubulin antibody. Images are 

taken using confocal microscopy at 10X or 20X magnification. Part (A) represents the PCL/CA group, part (B) 

represents the PCL/CA+CHT group, part (C) represents the PCL/CA+CHT/LS group, and part (D) represents the 

PCL/CA+CHT/SPANI group. It can be observed that the hydrogel coated groups demonstrate a less acute 

fluorescence in comparison to the PCL/CA nanofiber group, most likely due to the fact that surface irregularities are 

present. Arrows indicate cell bodies. 

 

3.2.3 Cell proliferation 

 It is well established that there is an inverse relationship between differentiation and 

proliferation – when cells are proliferating, little differentiation is expected and vise-versa (65). 

Therefore, there should be nearly negligible proliferation observed for ES treated cells over a 14 

day period. Observation of figure 15 shows a cellular proliferation profile that is nearly constant 

within standard error for PCL/CA, PCL/CA+CHT, and PCL/CA+CHT/LS groups. Interestingly, 

PCL/CA+CHT/SPANI does demonstrate the most superior and noticeable proliferation profile, 

coinciding with a greater concentration of β-III tubilin present on the scaffold treated with ES. 
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This is most likely due to the greater hydrophilicity – and in turn greater cellular attachment, of 

SPANI in comparison to PCL/CA, CHT, and LS.  

 

FIG. 15. Cellular proliferation rate is nearly 0 for ES treated scaffold groups with the exception of 

PCL/CA+CHT/SPANI, most likely due to the greater hydrophilicity of the scaffold leading to superior cell 

attachment. *Indicates p<0.05 versus PCL/CA. 

4. Conclusions 
 Morphologically, the fabricated composite structures demonstrated both an 

interconnected porous core with randomly orientated nanofibers 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 overnight, 

tensile properties revealed brittle nature in hydrogel groups and an elastic nature in the PCL/CA 

nanofiber group, as is to be expected. The presence of SPANI and LS led to less tensile strength 

due to the hydrophilicity of the materials allowing for greater aqueous infiltration and thus pre-

stretching of the fibers. For in vitro cell studies, cellular attachment was observed in all groups 
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for at least an 11-day period, and up to a 14 day period for NGF and non-treated scaffold groups. 

Immunohistochemistry staining for β-III tubulin protein marker revealed qualitatively dense 

concentrations of the protein in all groups at 14 days, with the PCL/CA+CHT/SPANI group 

demonstrating the greatest concentration with the images shown. The extra hydrophilicity of the 

scaffold most likely created an environment for superior cellular attachment, and thus greater 

differentiation. However, this has yet to be confirmed via blotting. While β-III tubulin was 

retained in all ES treated groups at day 14, a PicoGreen dsDNA assay revealed little proliferation 

in these groups, coinciding with live/dead staining demonstrating little to no cells at day 14 (not 

shown). The presence of cells at day 11, however, should be sufficient for macrophage and 

schwann cell recruitment, nutrient transportation, and ultimately bands of Büngner formation. 

Further optimization of ES parameters and material fabrication techniques should be utilized in 

future studies in order to maximize cellular attachment, proliferation and viability.  
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