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ABSTRACT: In the present study, a conducting polymer, poly[2-methoxy-5-(2-ethylhexyloxy)-

1,4-phenylenevinylene] (MEH-PPV) along with a biodegradable polymer poly(ε-caprolactone) 

(PCL) was used to prepare an electrically conductive, biocompatible, bioactive and 

biodegradable nanofibrous scaffold for possible use in neural tissue engineering applications. 

Core-sheath electrospun nanofibres of PCL as the core and MEH-PPV as the sheath, were 

surface-functionalized with (3-aminopropyl) triethoxysilane (APTES) and 1,6-hexanediamine to 

obtain amine functionalized surface to facilitate  cell-biomaterial interactions with the aim of 

replacing  the costly biomolecules such as collagen, fibronectin, laminin and arginyl-glycyl-

aspartic acid (RGD) peptide for surface modification. Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) confirmed the formation of core-sheath morphology of 

the electrospun nanofibres, while Fourier-transform infrared spectroscopy (FTIR) and X-ray 

photoelectron spectroscopy (XPS) revealed successful incorporation of amine functionality after 

surface functionalization. Adhesion, spreading and proliferation of 3T3 fibroblast were enhanced 

on the surface functionalized electrospun meshes, while the neuronal model rat 

pheochromocytoma 12 (PC12) cells also adhered and differentiated into sympathetic neurons on 

these meshes. Under a constant electric field of 200 mV for 2h/day for 3 consecutive days, the 

PC12 cells displayed remarkable improvement in the neurite formation and outgrowth on the 

surface functionalized meshes that was comparable to those on the collagen coated meshes under 

no electrical signal. Electrical stimulation studies further demonstrated that electrically 

stimulated PC12 cells cultured on collagen I coated meshes yielded more and longer neurites 

than those of the unstimulated cells on the same scaffolds. The enhanced neurite growth and 
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differentiation suggest the potential use of these scaffolds for neural tissue engineering 

applications.  

INTRODUCTION 

The development of natural and synthetic nerve guidance channels (NGCs) to bridge the gap of a 

damaged nerve as an alternative to autologous nerve grafts in peripheral nerve repairing has been 

a significant research focus in recent years.
1
 An ideal NGC directs the axons sprouting off the

regenerating nerve end, provides a conduit for diffusion of neurotrophic factors secreted by the 

damaged nerve stump, and minimizes infiltrating fibrous tissue.
2 

However, the engineering of

such an ideal NGC with all the desired properties still remains a challenge. Concurrently, the 

electrical stimulation has been demonstrated to stimulate either the proliferation or 

differentiation of various cell types. Particularly, electroactive biomaterials such as electrets,
3 

piezoelectric materials,
4,5

 conducting polymers (CPs),
6-9

 and more recently, carbon nanotubes 

(CNTs)
9,10

 and graphene,
11

 under the application of electrical signal, were shown to enhance the

extension and regeneration of transected nerve ends indicating their potential in nerve 

regeneration processes. 

In this regard, CPs offer excellent control over the level and duration of the electrical 

stimulus.
7,8 

CPs have a higher charge injection limit with improved charge-discharge

characteristics leading to enhanced charge transportation to cells for membrane depolarization. 

This, in turn, can improve the adhesion and proliferation of nerve cells including the promotion 

of axonal growth.
9,12

 Furthermore, CP derived NGC could not only guide the axonal growth but

also localize the electric stimulation as well which is generally not possible with the electrets and 

the piezoelectric materials.
2
 Alteration of the surface charge along with surface hydrophilicity

has been shown to affect the protein adsorption and the cell- iomaterial interaction, which also 
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With the advent of nanotechnology, the fundamental approach for fabrication of 

biomaterial scaffold employs electrospinning technique for the development of non-woven, 

three-dimensional, porous and nanofibrous scaffold with suitable mechanical properties to mimic 

the native extracellular matrix (ECM).
19

 The simplest process involves a single fluid

electrospinning of blending solutions of two or more components using a single needle, which 

produces monolithic fibres.
20-22

 Due to poor solubility of CPs such as polyaniline (PAni),

polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT), most of the CP based 

electrospun fibres were made by blending with other electrospinnable polymers in the form of 

monolithic fibres.
23-27 In these monolithic fibres, the CPs may or may not be homogeneously

distributed, but it often compromised the conductive properties limiting its functional 

performances. Coaxial electrospinning, which uses two needles and solutions, one nested inside 

make CP as an attractive candidate for a smart NGC.
2,13

  It is because CPs possess inherent

physical and chemical properties of organic polymers and the electrical characteristics of 

metals.
7,8

 However, the major drawbacks associated with these CPs are difficulty in

processability due to poor solubility owing to their rigid backbone, poor biodegradability and 

poor bioactivity due to non-permissive hydrophobic surfaces without proper recognition sites 

and lack of binding motifs.
14,15

 Intriguingly, the electrically conducting poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PPV) has better solubility in common organic 

solvents such as chloroform, tetrahydrofuran (THF) when compared to the other CPs discussed 

above.
16

 This advantage along with the high density of holes-traps and good biocompatibility of 

MEH-PPV makes it a promising candidate for tissue engineering applications
17

. Developmental

work describing an optimized synthesis route for MEH-PPV electrospun composites for tissue 

engineering for the first time is detailed in our recent publication.
18
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the other, has the ability to mimic the spinneret’s structure, in a single step and straight forward 

manner to create core-sheath nanofibres with two distinct phases and improves the functionality 

of the nanofibres.
28-30

 For a successful coaxial electrospinning process, it was believed that the

electrospinnability of the sheath polymer solution was necessary in addition to the core polymer 

solution. Recently, a modified coaxial electrospinning was demonstrated using an unspinnable 

sheath solution to create core-sheath nanofibres with uniformly distributed ultra-thin sheath layer 

on the core.
20-22,28-30

 This modified coaxial electrospinning process doesn’t only improve the

functional performances of nanofibres by localizing the functional components in desired 

morphology but also greatly reduces the spinneret nozzle clogging problem as observed in single 

fluid electrospinning process. The improved functional performances of various core-sheath 

nanofibres using a modified electrospinning process were demonstrated for improved drug 

delivery and release,
20,21,28,29

 and theranostic systems for magnetic resonance imaging.
22,30 

Specifically for neurite growth, numerous core-sheath nanofibres of passive polymers 

such as poly(lactic acid)/silk fibroin,
31 

nerve growth factor (NGF) and bovine serum albumin 

(BSA) encapsulated poly(ε-caprolactone) (PCL) nanofibres,
32 

poly(lactic-co-glycolic acid)

(PLGA)/NGF,
33

 etc. were reported. Although coaxial electrospinning of CPs such as PAni,
34,35 

PPy,
36 

PEDOT,
37,38 and MEH-PPV

16 were reported, there are almost no reports of the use of

directly coaxially electrospun CP based biomaterial scaffold for neural tissue engineering except 

poly(L-lactic acid-co-3-caprolactone) (P(LLA-CL))/silk fibroin blend with PAni.
39

 As stated

above, poor solubility of CPs greatly reduces their electrospinnability. Therefore, for neural 

research, most of the CP based core-sheath nanofibres were prepared by coating the already 

electrospun nanofibres of other materials with CP through in-situ polymerization
40-43

or 

electrochemical deposition.
44
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Despite better solubility in common organic solvents when compared to the other CPs 

discussed above, direct electrospinning of MEH-PPV to uniformly distributed one-dimensional 

nanofibre free from bead formation is difficult. However, the good solubility of MEH-PPV 

provides the possibility of utilizing it as a working sheath solution for modified electrospinning 

process to create core-sheath nanofibres. It can be accomplished using a biocompatible, 

biodegradable and easily electrospinnable polymer such as PCL as the core. PCL is an aliphatic 

linear polyester with attractive electrospinnability due to its good rheological and viscoelastic 

properties.
45-48

 In regard to biomedical applications, electrospun PCL scaffold has been widely

studied for various tissue engineering applications owing to its biocompatibility, biodegradability 

and mechanical properties.
45-48

Furthermore, the cell attachment on the biomaterial scaffold is one of the prerequisites for 

normal cellular functions for tissue engineering applications.
49,50

 To address the poor surface

hydrophilicity of CPs, their surfaces were modified with cell adhesive biomolecules such as 

fibronectin, laminin, collagen, RGD peptide etc. to impart bioactivity.
51,52

 Unfortunately, these

surface modification processes are costly and complex involving multiple conjugation steps. 

Therefore, an easy and inexpensive way is highly desirable to overcome these demerits, which 

does not need additional biomolecule treatment for cell adhesion. Surface amination may be an 

attractive option to achieve positively charged surface under physiological conditions and 

thereby, enable the biomaterial surface to interact electrostatically with the negatively charged 

cell surface for permitting cell adhesion.
53,54 The amino (-NH2) groups on surface functionalized

biomaterial also likely to interact with the carboxyl (-COOH) terminals of the integrin proteins 

on the cell surface through the formation of amide bonds or ionic bonds through the electrostatic 

attraction.
55-58 
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7

Figure 1. Schematic illustration of coaxial electrospinning of MEH-PPV:PCL nanofibres with 

core-sheath morphology and surface amination by APTES and 1,6-hexanediamine along with 

3T3 fibroblasts adhesion and spreading and electrical stimulation of PC12 cells.  

In our previous work, we optimized a synthesis route for MEH-PPV:PCL electrospun 

composites and shown that they support PC12 neural cell growth.
18

 In the current study, we have

considered the surface functionalization of the core-sheath sheath electrospun nanofibres of PCL 

(core) and MEH-PPV (sheath) with amine functionality to replace the need of costly 

biomolecules such as collagen, fibronectin, laminin; which has been eventually shown to 
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8

modulate cellular activities along with electrical stimulation. Considering the potential of amine 

functionality on the surface for desired cell- iomaterial interactions as mentioned above, the 

surface of the as-electrospun meshes has been functionalized using APTES and 1,6- 

hexanediamine. APTES and 1,6-hexanediamine are commonly used in biomedical applications 

due to their simplistic structure and minimal cost for biomolecule immobilization.
59-62  

The aim

of this study is to investigate the combined effect of nanofibre structure, surface functionalization 

and electrical stimulation through these electrospun conductive nanofibre meshes on neurite 

formation and neurite outgrowth. The schematic illustration of the present research flowchart is 

shown in Figure 1. If successful MEH-PPV based scaffolds could ultimately be used to design 

nerve guidance channels and bridge the gap between two damaged nerves. 

EXPERIMENTAL DETAILS 

Materials. MEH-PPV (Mw 150,000-250,000), PCL (Mw 80,000), chloroform (≥99.5%), 

dimethylformamide (DMF, ≥99.8%), dichloromethane (DCM, ≥99.8%), iron(III) chloride 

(FeCl3, anhydrous, powder, ≥99.99%), APTES  and 1,6-hexanediamine were procured from 

Sigma-Aldirch, UK and were used without further purification. Dulbecco’s Modified Eagle’s 

Medium (DMEM), fetal bovine serum (FBS), and penicillin-streptomycin (10,000 U/mL) were 

purchased from Gibco, UK, while trypsin–EDTA solution (Sigma-Aldrich, UK) was procured 

from Sigma-Aldrich, UK for NIH 3T3 cell culture. RPMI-1640 media, horse serum (Hyclone), 

nerve growth factor (NGF-β from rat) and collagen I (Type I solution from rat tail, BioReagent) 

were procured were procured from Sigma-Aldrich, UK for PC12 cell culture.  CellTiter 96® 

AQueous One Solution Cell Proliferation Assay (MTS: [3-(4,5-dimethylthiazol-2-yl)-5-(3- 

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt]) was purchased from Promega 

UK for the MTS assay.  Primary antibody (Rb pAb to anti beta III tubulin, Abcam-ab18207), 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9

secondary antibody (Goat pAb to Rb IgG Alexa fluor 488, Abcam-ab150077), 4',6-Diamidino-2-

Phenylindole, Dihydrochloride (DAPI, Molecular Probes, UK), bovine serum albumin (BSA, 

Sigma-Aldrich, UK), normal goat serum (Sigma-Aldrich, UK), glycine (Acros Organics, UK), 

tween PBS (Pierce™ 20X PBS Tween™ 20 Buffer, Thermo Fisher Scientific, UK) were 

purchased for immunocytochemistry. 

Analytical techniques. Morphological characterization of the electrospun nanofibres and 

cultured PC12 was carried out using a Zeiss SIGMA FEG-SEM (UK). Transmission electron 

microscopy was carried out using a TECNAI G2 20 S-TWIN (200kV); Resolution: 2.4A0, FEI 

COMPANY, USA, transmission electron microscope (TEM). XPS was performed using an 

ESCALAB 250 Xi system (Thermo Scientific, UK) equipped with a monochromated Al Kα X-

ray source. Uniform charge neutralization was provided by beams of low-energy (<10 eV) Ar+ 

ions and low-energy electrons guided by the magnetic lens. The standard analysis spot of ca. 

900×600 µm
2
 was defined by the microfocused X-ray source. Full survey scans (step size 1 eV,

pass energy 150 eV, dwell time 50mS and 3 scans) and narrow scans (step size 0.1 eV, pass 

energy 20 eV, dwell time 100 mS and 5 scans) of the C1s (BE ∼285 eV) regions were acquired 

from three separate areas on each sample. Data were transmission function corrected and 

analyzed using Thermo Avantage Software (Version 5.952) with a Smart background option. 

FTIR spectra were recorded using a Nicolet Impact I-410 Spectrometer (SpectraLab Scientific 

Inc., USA). Confocal microscopy was carried out using Leica TCS SP5 Confocal Laser Scanning 

Microscope [CLSM] (Leica Microsystems, UK). For stability test, SEM was performed using 

JSM 6390LV, JEOL, Japan. 

Doping of MEH-PPV. MEH-PPV was doped using FeCl3 as a p-type dopant as reported by Shin 

Sakiyama et al.
63

 Briefly, FeCl3 was dissolved in dehydrate ethanol at a concentration of 3
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mg/mL and kept stirring overnight at 50°C overnight in a laminar hood. 0.5 wt% MEH-PPV was 

dissolved in a 60:40 (v/v) mixture of chloroform and DMF. The dopant solution was added to 

MEH-PPV solution at a concentration of 2 wt% of the polymer and stirred for 30 min. The 

resultant solution of MEH-PPV containing dopant FeCl3 was used in electrospinning. 

Coaxial electrospinning of MEH-PPV:PCL. For coaxial electrospinning, PCL was dissolved 

in a (60:40 v/v) mixture of DCM and DMF at a concentration of 14 wt%. Both as prepared PCL 

solution and MEH-PPV solution were fed into two 5 mL standard plastic syringe separately 

attached to a coaxial spinneret.  The schematic illustration and digital photograph of coaxial 

electrospinning are shown in Figure S1 (a) & (b), respectively. The flow rate was adjusted in a 

double-way syringe pump (KDS 200, KD Scientific Inc., USA). The coaxial spinneret with 

inside needle of 22 G and outside needle of 18 G was connected to a high voltage power supply 

(Spellman, UK). The syringe containing the core (PCL) solution was directly connected with the 

spinneret, while the syringe containing the sheath (MEH-PPV) solution was linked with the 

spinneret through an elastic silica tube of 14 G [Figure S1 (a & b)]. The coaxial electrospinning 

was carried out at two flow rates of 0.6 mL/h and 1 mL/h at an applied voltage of 20 kV and a 15 

cm needle tip to collector (copper plate wrapped with aluminium foil) distance. After 

electrospinning, the deposited meshes were air dried for overnight and carefully removed from 

the aluminium foil. A 77:23 v/v solution of DCM and DMF was used for electrospinning of pure 

PCL nanofibres at 23 kV and 2 mL/h feeding rate. Distance from needle to collector plate was 

Page 11 of 71

11cm. All experiments were conducted at room temperature of 18-22°C with an average 

humidity of 60-65%. 

Surface functionalization. Electrospun meshes were surface functionalized by APTES to 

improve the surface hydrophilicity as reported earlier.
64

 Briefly, electrospun meshes were treated

ACS Biomaterials Science & Engineering
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11

in 10 % (v/v) solution of APTES in ethanol for 18 h at room temperature. After treatment with 

APTES, electrospun meshes were washed with ethanol and distilled water twice to remove any 

unbound APTES molecules and air dried for 3 h. 

The surface of the electrospun meshes was functionalized using 1,6-hexanediamine as 

reported elsewhere.
65

 Typically, electrospun meshes were treated in 5 wt% solution of 1,6-

hexanediamine in isopropanol for 3 h at 40°C. After treatment with 1,6-hexanediamine, the 

electrospun meshes were washed with isopropanol and distilled water twice to remove any 

unbound molecules and air dried for 3 h.  

Stability test. To investigate the degradation and stability, all the electrospun meshes were 

incubated in a physiological solution of phosphate buffered saline (PBS, pH=7.4) at 37°C for 45 

days as reported elsewhere.
41

 Degradation and stability of the electrospun meshes were evaluated

by SEM and measurements of current-voltage (I-V) characteristics after 45 days of incubation. 

Percentage of weight loss after 45 days has been measured using the following formula: 

%	����ℎ		
��� = 	
�ℎ����	��	����ℎ		��	��	45	����	���	���

�������
	����ℎ		������	45	����	���	���
× 100% �1� 

For SEM images, the samples were washed with deionized water twice to remove salts and air 

dried. Measurements for I-V characteristics were performed three times for each sample and 

surface resistivity values were determined as described above. 

Sample preparation for cell culture. All electrospun meshes were cut using biopsy punch in a 

circular shape with diameters of 5 mm for cytotoxicity test and 10 mm for live-dead assay, 

immunostaining, and cell morphology study. Since PC12 cells adhere poorly to tissue culture 

plastic, 96 well tissue culture plate was coated with 0.01% collagen I in 0.1 M acetic acid for 

cytotoxicity test. Before all cell culture experiments, all electrospun meshes were kept in sterile 

PBS for 24 h and sterilized under UV light for 1h each side of the mesh. 
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 12

Cell culture. A PC-12 (ATCC
®

 CRL-1721™) cell line (P3) was cultured in RPMI-1640 media 

(Sigma-Aldrich) supplemented with 10% horse serum (Hyclone), 5% FBS (Hyclone) and 1% 

penicillin-streptomycin solution (Sigma-Aldrich) and were incubated at 37°C in 5% CO2. Cells 

were passaged weekly using a 0.25% trypsin–EDTA solution (Sigma). The growth medium has 

been changed to differentiating medium containing RPMI-1640 supplemented with 1% horse 

serum, 1% penicillin-streptomycin solution and 100 ng/mL nerve growth factor (NGF, Sigma-

Aldrich) for neuronal differentiation after 24 h of culture.  

A mouse embryonic 3T3 fibroblast cell line (P15), NIH 3T3 (ATCC® CRL-1658TM) 

was used only for cytotoxicity study of the electrospun meshes. This cell line was cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% of fetal bovine serum 

(FBS) and 1% penicillin-streptomycin (Pen-Strep) and were incubated at 37°C in 5% CO2. Cells 

were passaged weekly using a 0.25% trypsin–EDTA solution (Sigma). 

MTS proliferation assay. The MTS proliferation assay was carried out to evaluate the 

cytotoxicity of the electrospun meshes following incubation with 3T3 fibroblasts and PC12 cells. 

Metabolically active cells can reduce a tetrazolium compound into a water soluble formazan 

product. Non-viable cells rapidly lose their ability to reduce MTS. Therefore, the production of 

the coloured formazan product is proportional to the number of viable cells.
66

 NIH 3T3 cells 

were seeded on different substrates at a concentration of 5 × 10
3
 cells/well in a 96 well plate for 

the MTS assay. PC12 cells were cultured in growth medium at a concentration of 1 × 10
4
 

cells/well with direct contact with the electrospun meshes. Cell viability after 24 h incubation on 

the materials was quantified using CellTiter 96®AQueous One Solution containing 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner 

salt), commonly known as MTS. The cultured materials were washed with sterile PBS twice, and 
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 13

MTS reagent diluted 1:5 in media was added directly to all the wells except the blank. Plates 

were incubated for 2 h at 37°C and optical density (OD) was measured at 490 nm. All the 

experiments were performed at n=4.  

Live/dead assay. A comparison of cell viability on the unmodified and surface modified 

nanocomposite films was visualized by live/dead staining of 3T3 cells using EthD-1 (staining 

dead cells), calcein AM (staining live cells) and DAPI (staining nucleic acid).
67

 Cells were 

seeded at a concentration of 1 × 10
4
 cells/well in a 48 well plate for the live/dead assay for time 

points of 24 h, 48 h, and 72 h. The live/dead assay was used to monitor the morphology and 

spreading of 3T3 fibroblasts at three different time points namely 24 h, 48 h, and 72 h so that cell 

behavior on unmodified and modified surfaces can be distinguished. The scaffolds seeded with 

3T3 fibroblasts were washed with sterile PBS thrice prior to staining and transferred to a new 

culture plate. Cells were stained with a solution of 4 µM EthD-1, 2 µM calcein AM and DAPI in 

PBS and were then incubated for 30 min at room temperature before evaluation. Cells seeded 

onto the samples for the live/dead assay at the 72 h time point were used for the cell adhesion 

study. 

Beta (III) tubulin immunochemistry. Immunocytochemistry was performed using neuronal 

marker beta III-tubulin to confirm the differentiation of the PC12 cells.
68

 PC12 cells were 

cultured on uncoated and collagen I coated electrospun meshes in differentiating medium at a 

concentration of 1 × 10
5
 cells/well for 6 days. Cells were washed in PBS, fixed in 100% 

methanol for 5 mins, washed thrice in PBS then incubated with blocking and permeabilizing 

solution of 1% bovine serum albumin (BSA, Sigma-Aldrich), 10% normal goat serum (Sigma-

Aldrich) and 0.3 M glycine (Acros Organics) in 0.1% tween PBS for 1 h. The cells were 

incubated with primary antibody (Rb pAb to anti-beta III tubulin, Abcam-ab18207) at 5 µg/mL 
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 14

overnight at 40°C, washed thrice in PBS then incubated with secondary antibody (Goat pAb to 

Rb IgG Alexa fluor 488, Abcam-ab150077) at 2 µg/mL for 1h at room temperature. The cells 

were stained with DAPI for nuclei counterstaining and imaged using confocal microscopy. 

Cell adhesion test. SEM was performed to study the morphology and adhesion of 3T3 cells 

cultured on non-functionalized and functionalized electrospun meshes after 3 days. The 3T3 cells 

were rinsed with phosphate buffer saline (PBS) and fixed with 4% glutaraldehyde solution at 

40°C for 30 min. Proliferating and differentiating morphology of PC12 cells on different 

electrospun meshes were evaluated using SEM after 7 days of culture. The differentiated PC12 

on all the electrospun meshes were rinsed PBS and fixed with 4% glutaraldehyde solution at 

40°C for 45 min. Both 3T3 and PC12 Cell seeded scaffolds were then dehydrated by incubation 

with serially increasing concentrations of ethanol beginning with incubation in 30% ethanol for 1 

h then, 50%, 60%, 70%, 80%, 90% and absolute ethanol for 10 min each. The dehydrated cell 

seeded scaffolds were air dried overnight prior to SEM analysis.   

Electrical stimulation of PC12 cells: Electrical stimulation of PC12 cells was performed on the 

collagen coated and the amine functionalized electrospun meshes according to the experimental 

condition as previously reported but with a slight modification.
6,12,41

 The electrical stimulation 

experiment was set up as shown in the schematic in Figure S3 (a) in SI. Briefly, an Ag wire was 

connected to a 15 mm diameter electrospun mesh and was used as the working electrode (WE). 

The electrospun meshes connected to the Ag wires were fixed in a 24 well tissue culture plate. 

Thincert cell culture inserts (24 Well ThinCert™ Cell Culture Inserts, Greiner, New Zealand) 

with an inner diameter of 8.4 mm, height of 16.25 mm and working volume 0.4 mL - 1.2 mL, 

were fixed onto the electrospun meshes in a 24 well plate after removing the bottom membrane. 

The edges of the insert were sealed using poly(dimethylsiloxane) (PDMS, SYLGARD®184, 
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Sigma) to prevent any direct contact between the cell culture medium and the Ag wire connected 

to the electrospun meshes. A Pt wire placed in the cell culture medium, at a distance of 1 cm 

from the WE, was used as counter electrode (CE), as shown in Figure S3 (a). The electrospun 

meshes were washed thrice with sterile deionized water and incubated in sterile PBS solution 

overnight. The whole assembly was sterilized under UV for 3 h. PC12 cells were cultured at 1 × 

10
3
 cells/well in growth medium, and after 24 h of culture, growth medium was replaced with 

differentiating medium containing NGF. Then, a constant electrical potential of 500 mV/cm was 

applied across the electrodes for 2 h/day for 3 consecutive days using a portable bipotentiostat 

(EmStat Blue, PalmSens BV, Netherlands). The electrical stimulation was carried out by a 

double pulsed potential chronoamperometric technique in an incubator [Figure S3 (c)]. Current 

signal during electrical stimulation of PC12 cells on a random electrospun mesh was shown in 

Figure S12. The electrically stimulated PC12 cells were cultured for another 72 h without 

electrical stimulation. For comparison, PC12 cells on all the electrospun meshes without 

electrical stimulation were also cultured under the same condition for 7 days treated as control. 

The differentiating medium was changed every 2 days during the experimental period. All the 

experiments were performed n=6. 

Image analysis. Confocal images of 3T3 fibroblasts cultured on different substrates acquired 

during live/dead assay were processed in ImageJ software for determination of viable cell 

density. Cell area and spreading were analyzed in ImageJ software with calcein AM stained 

photographs that were taken in the live/dead assay after 24 h and 48 h only. Morphological 

analysis was limited to the cells, which were not in physical contact with more than one cell.
69

 

The cells that adopted elongated, polygonal shape, with filopodia- or lamellipodia-like 

extensions were regarded as spreading cells.
70

 In contrast, the cells that retained round 
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morphology were regarded as nonspreading cells. Cell spreading was evaluated in terms of 

percent of spreading by dividing the number of spread cells by the total number of bound cells 

but with round morphology. To ensure a representative count or measurement, each sample was 

divided into quarters and two fields per each quarter were photographed in an area of 

approximately 0.15 mm
2
. All the experiments were repeated for six times. 

The percentage of neurite bearing cells and neurite lengths were measured as reported 

earlier.
5,41,71,72

 The number of PC12 cells on the sample meshes was determined by counting 

nuclei stained with DAPI dye in three  fields of view (top, centre and down) for each of six 

repeat samples per substrate type. Neurite length was measured as a linear distance between the 

cell junction and the tip of a neurite. For PC12 cells, data was collected for neurite lengths at 

least as long as twice the diameter of the cell body. Neurite outgrowth has been reported in terms 

of neurite length per cell (for cells that expressed at least one neurite). Since neurite lengths were 

not uniformly distributed, median neurite length was also calculated. Also, the percentages of 

PC12 cells with neurites and the numbers of neurites per cell (for cells that expressed at least one 

neurite) have been calculated. In the case of neurites with an ambiguous origin, the longest 

neurite was retained for the measurements to prevent repeated sampling of the same neurite 

segment within each image. 

Statistical analysis. All experiments analysis were repeated with a minimum of n = 3. Statistical 

analysis was performed using two-way analysis of variance (ANOVA) analysis performed. 

Statistically significant values were defined at α=0.05 or 0.01, whichever is applicable. 

RESULTS AND DISCUSSIONS 

Since MEH-PPV is soluble in a mixture of chloroform and DMF, it was utilized as sheath 

working solution in a modified coaxial electrospinning process to prepare highly conductive 
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core-sheath nanofibres with distinct homogeneous phases of PCL and MEH-PPV in the core and 

sheath of the nanofibres, respectively. Two different sets of bead free electrospun meshes were 

prepared by varying the flow rate at 0.06 mL/h and 1 mL/h. The core-sheath nanofibres 

electrospun at a flow rate of 0.6 mL/h and 1mL/h are denoted as CSN1 and CSN2 respectively, 

throughout this manuscript. CSN1 and CSN2 were surface functionalized by APTES and named 

as AFCSN1 and AFCSN2, respectively. Similarly, 1,6-hexanediamine functionalized CSN1 and 

CSN2 were denoted as HFCSN1 and HFCSN2, respectively. These six variants of the nanofibres 

were characterized to investigate their physico-chemical and biological properties. For PC12 cell 

work, CSN1 and CSN2 were coated with collagen I and named as CCSN1 and CCSN2, 

respectively. 
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Figure 2. Scanning electron micrographs of CSN1 (a1 & a2) and CSN2 (b1 & b2), acquired at 

two different magnifications of 1 K and 25 K. Transmission electron micrographs of CSN1 (a3) 

and CSN2 (b3) showing the formation of nanofibres with core-sheath morphology. Scale bar = 

20 µm (a1 & b1), 1 µm (a2 & b2) and 200 nm (a3 & b3). 

Electron microscopy. The nanofibres produced by coaxial electrospinning method were found 

to be distributed in random directions as shown in SEM image of CSN1 [Figure 2(a1 & a2)] and 

CSN2 [Figure 2(b1 & b2)]. CSN1 had a median diameter of 526 ± 60 nm, whereas CSN2 had a 

median fibre diameter of 630 ± 137 nm as calculated from the SEM images. The diameter 

distributions of CSN1 & CSN2 were shown in Figure S2 in SI. The core-sheath morphology of 

CSN1 and CSN2 was confirmed by TEM [Figure 2 (a3 & b3)]. The sheath thickness of CSN1 

and CSN2 was measured to be 158 ± 36 nm and 188 ± 52 nm, respectively, from TEM images 

using ImageJ software. These results are in consistent with earlier reports that higher flow rate 

produces nanofibres of larger diameter.
73 
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Figure 3. I-V characteristics of the core-sheath MEH-PPV:PCL nanofibres before and after 

surface functionalization using (a) APTES and (b) 1,6-hexanediamine at room temperature 

(300K). 

Current-voltage (I-V) characteristics. Room temperature (300 K) I-V characteristics of the 

non-functionalized and surface functionalized core-sheath nanofibres were non-linear and also 

quite symmetric upon reversal of the voltage direction indicating possible Ohmic conduction and 

space charge limited conduction (SPLC) [Figure 3]. The surface resistivity (ρ) values (shown in 

Table I) of different electrospun nanofibres were calculated using the formula given below:
 

																																																								 !���"�	�����	�#�	�	�$� = % ×
�

&
× 																															�2�											 

Where W,	D,	and	t are the sample width, the distance between the two probes of the source meter 

and the thickness of the electrospun mesh, respectively. Surface resistance (R�	was determined 

from the inverse of the slope of the I-V characteristics. 

Table I. Calculated surface resistivity �ρ�	and	 critical	 voltage	 �Vc� values of the core-sheath 

electrospun meshes before and after surface functionalization. Surface resistivity �ρ� data were 

expressed as Mean ± S.D (n=3). 

Sample 
name 

Surface resistivity ����ρρρρ���� 
 Ω.cm 

Critical voltage (Vc) 
V 

CSN1 4.21 ± 1.53×10
6
 1.13 

CSN2 3.37 ± 2.91×10
6
 1.05 

AFCSN1 7.89 ± 1.44×10
6
 1.40 

AFCSN2 5.09 ± 2.80×10
6
 1.24 

HFCSN1 7.22 ± 2.44×10
6
 1.27 
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There was no significant change in conductive properties of the electrospun meshes after surface 

functionalization with APTES and 1,6-hexanediamine. Slight enhancement in surface resistivity 

values of the functionalized electrospun meshes was observed without any change in the nature 

of I-V characteristics (Table I). This slight increase in surface resistivity values of the 

functionalized electrospun meshes is attributed to the loss of pi-pi conjugation in MEH-PPV 

backbone during functionalization. The results demonstrated that functionalization was 

performed without significantly affecting the conductive properties of MEH-PPV. The electrical 

conduction mechanisms in these core-sheath nanofibres can be described with the help of the 

log-log plot of the positive side of the corresponding I-V characteristics as shown in Figure S6 

in SI.
74

 It demonstrated two distinct regions with a gradual transition between these regions: one 

in the lower voltage region (0<V<2) and other is in the higher voltage region (2<V<10) [Figure 

S5]. These two distinct linear regions on the log-log plot were fitted to a power law equation 

with different exponents, expressed as: 

																																																																																		: = ;<=																																																						�3�					 

where K  is a constant and m is the exponent, which can be obtained from the slope of the fitted 

curve. At lower voltage region, the exponent �m1� is nearly unity and at higher voltage region, 

the exponent �m2� is different from unity as shown in Figure S6. It indicates that at lower 

voltage region, the current varies linearly with voltage suggesting the charge transport 

mechanism is Ohmic, whereas current varies non-linearly at higher voltage region suggesting 

space charge limited conduction (SCLC). The observed I-V characteristics, with two power law 

regions are consistent with the space-charge limited conduction (SCLC) due to the presence of 

HFCSN2 4.44 ±1.78×10
6
 1.19 

Page 21 of 71

ACS Paragon Plus Environment

ACS Biomaterials Science & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 21

trapped charges in MEH-PPV.
75 

At low voltages, the number of injected electrons was very 

small as compared to the intrinsic carriers making the charge transport mechanism Ohmic. As 

the bias voltage was increased above 2 V, a transition from Ohmic to non-Ohmic behaviour takes 

place, when the density of the injected carriers became comparable to the density of the 

thermally generated free carriers and SCLC occurs. The critical voltage (Vc) at which the 

transition from Ohmic to non-Ohmic behaviour occurs can be expressed as follows:
76

  

																																																																<A =
8

9

DEF�
G

HFHIJ
																																																													�4�											 

where po is the density of thermally generated charge carriers, d is the sample thickness, 

εo the permittivity in free space and εr is the dielectric constant of the sample.  The trap factor 

given by, θ	=	p/�p+pt�, where p is the density of free charge carriers and pt is the density of 

trapped charge carriers, increases due to increase in the free charge carrier density �p� in the 

sample. The critical voltages (Vc) determined from the log-log plot from the intersection of the 

two linear lines extended from the linear fit as shown in Figure S6 shifted towards lower voltage 

side (Table I). The results indicate that the lower ρ and Vc values of CSN2 than that of CSN1 

and the similar trend (CSN2<CSN1<HFCSN2<AFCSN2<HFCSN1<AFCSN1) has been seen in 

case of their functionalized counterparts (Table I). The free charge carrier density	 �p�	due to 

FeCl3 doped MEH-PPV in the sheath contributes towards the conductive properties of the 

nanofibres. The lower ρ and Vc values of CSN2 that contribute towards its improved conductive 

behaviour, are assigned to its larger fibre diameter, which ensures higher MEH-PPV 

concentration in the sheath of CSN2 when compared to that of CSN1 with smaller fibre 

diameter. In addition, the results demonstrated that 1,6-hexanediamine functionalized nanofibres 

had lower values of Vc than those of their APTES functionalized counterparts (Table I). The 
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hopping of the charge carriers in the functionalized nanofibres was slightly restricted when 

compared to that in the non-functionalized nanofibres, suggesting the probable loss of alternating 

double bond conjugation in MEH-PPV during surface functionalization process. The detailed 

mechanisms of the non-linear behaviour of I-V characteristics of all the core-sheath nanofibres 

have been discussed by fitting the positive sides of the I-V data using Kaiser Equation in the 

Supporting Information [Figure S7 & Table S2].  

Stability test. All the electrospun nanofibres were kept in PBS (pH=7.4) for 45 days to check its 

stability in physiological solution. The electrospun nanofibres were characterized using SEM 

(Figure 4) and the percentage of weight loss was determined after 45 days to confirm if any 

degradation occurred (Table II). There was no significant degradation of nanofibres from the 

SEM micrographs. The diameters of the nanofibres kept in PBS for 45 days appeared to be 

slightly decreased from their counterparts that were not kept in PBS (Table II). However, 

APTES functionalized meshes; i.e, AFCSN1 and AFCSN2 showed greater weight loss up to 

9.09% and 7.89%, respectively than the non-functionalized (CSN1 and CSN2) and 1,6-

hexanediamine functionalized (HFCSN1 and HFCSN2) meshes as shown in Table II.  This can 

be attributed to the hydrolysis behavior of APTES in PBS. To study the conductive properties, 

the surface resistivity (ρ)  values of all the nanofibres kept in PBS for 45 days, were measured. 

There was no significant difference between the surface resistivity of these nanofibres and their 

counterparts without treatment with PBS (Table II). The results revealed that the electrospun 

nanofibres were sufficiently stable in physiological solution due to nondegradable nature of 

MEH-PPV and slow degradation rate of PCL, which indicates the potential of these nanofibres 

as a conductive scaffold for tissue engineering applications, particularly for neural tissue 

engineering. 
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Figure 4. Scanning electron micrographs of CSN1 (a1), AFCSN1 (a2), HFCSN1 (a3), CSN2 

(b1), AFCSN2 (b2) and HFCSN2 (b3), recorded after keeping in PBS (p
H
=7.4) for 45 days (scale 

bar = 10 µm). 

Table II. Fibre diameters, surface resistivity (ρ), and percentage of weight loss of the different 

core-sheath MEH-PPV:PCL nanofibres before and after 45 days in PBS (pH=7.4). 

 

 

Sample 

name 

Diameter (nm) Surface resistivity (Ω.cm) %Weight loss 

(After 45 days) Before After Before After 

CSN1 546 ± 60  540 ± 192 4.21 ± 1.53×10
6
 8.98 ± 2.21 × 10

6
 2.45 

CSN2 630 ± 137 617 ± 140 3.37 ± 2.91×10
6
 5.51 ± 1.84 × 10

6
 2.79 

AFCSN1 531 ± 95 509 ± 118 7.89 ± 1.44×10
6
 1.89 ± 1.32×10

7
 9.09 

AFCSN2 660 ± 151 648 ± 162 5.09 ± 2.80×10
6
 8.09 ± 1.05×10

6
 7.89 

HFCSN1 528 ± 110 517 ± 132 7.22 ± 2.44×10
6
 9.15 ± 1.22×10

6
 5.12 

HFCSN2 643 ± 144 637 ± 140 4.44 ±1.78×10
6
 6.22 ± 1.42×10

6
 3.52 
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Figure 5. FTIR spectra of the core-sheath MEH-PPV:PCL nanofibres before and after surface 

functionalization using (a) APTES and (b) 1,6-hexanediamine. 

FTIR spectroscopy. Electrospun nanofibres produced by coaxial electrospinning process 

showed characteristics vibrational bands for both MEH-PPV and PCL such as C=C stretch (1677 

cm
-1

), C-C ring stretch (1501-1598 cm
-1

), aryl-alkyl ether (C-O-C) asymmetric stretch (1251 cm
-

1
) in MEH-PPV

77-79
and similarly, C=O stretching of ester groups (1723 cm

-1
), C–O and C–C 

stretching (1297 cm
-1

), O–H stretching (3500-3600 cm
-1

) in PCL
80-82

[Figure 5]. The FTIR 

spectra of pure MEH-PPV and PCL was shown in Figure S8 in SI. The FTIR spectra of the 

APTES functionalized nanofibres, exhibited several new vibrational bands including the 

characteristics bands of PCL and MEH-PPV as appeared in the FTIR spectra of the non-

functionalized blended nanofibres [Figure 5 (a)]. The APTES functionalized core-sheath MEH-

PPV:PCL nanofibres revealed new vibrational bands in their FTIR spectra around 1550-1567 

cm
-1

 (N-H bending in secondary amine) and around 3350-3400 cm
-1

 (N-H stretching in primary 

amine), indicating incorporation of amine functionality on the surface of the electrospun meshes 

[Figure 5 (a)]. Besides, the characteristics band for Si-O appeared in the range 1000-1100 with 

significantly higher intensity, which also overlaps with the characteristics bands of PCL and 
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MEH-PPV.
83

 The FTIR spectra of 1,6-hexanediamine functionalized nanofibres demonstrated 

the characteristics bands corresponding to N-H bending in secondary amine and N-H stretching 

in primary amine around 1550 cm
-1

 and 3400 cm
-1

, respectively, which are not present in their 

non-functionalized counterparts [Figure 5 (b)].  

Figure 6. (a) Elemental composition in different MEH-PPV:PCL electrospun nanofibres before 

and after functionalization. Peak deconvolution of high-resolution C1s XPS spectra of (b) CSN1 

(c) AFCSN1 and (d) HFCSN1. 
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Table III. Details of peak deconvolution of C1s narrow scan spectra of CSN1, AFCSN1, and 

HFCSN1. 

 

 

 

 

 

X-ray photoelectron spectroscopy. XPS analysis was carried out in order to understand the 

surface chemistry of the electrospun nanofibres and to further confirm the incorporation of amine 

functionality on the surface as indicated by the FTIR results. Analysis of surface elemental 

composition by XPS survey scans demonstrated the presence of nitrogen (N1s) on the surface of 

AFCSN1 (13.1%), AFCSN2 (7.79%), HFCSN1 (10.16%), and HFCSN2 (7.53%) indicating 

incorporation of amine functionality [Figure 6 (a)]. It further showed that carbon (C1s) and 

oxygen (O1s) were the major compositions of the electrospun nanofibres, with trace amounts of 

silicon (Si2p) as external contaminant [Figure 6 (a)]. A small amount of chlorine Cl2p was 

marked in CSN1 (1.1%) and CSN2 (2.1%), which indicates the doping level in MEH-PPV by 

FeCl3. Conductive properties of the core-sheath nanofibres were not much affected after surface 

functionalization as trace amount of chlorine was still present in AFCSN1 (1.3%), AFCSN2 

(0.9%), HFCSN1 (1.6%) and HFCSN2 (1.0%) [Figure 6 (a)]. The C1s core-level XPS spectra 

along with their peak deconvolution of CSN1, AFCSN1, and HFCSN1 are shown in Figure 6 

(b), (c) & (d), respectively. The details of peak deconvolution of C1s spectra of these core-

sheath nanofibres are presented in Table III. The C1s core-level XPS spectrum of the non-

functionalized CSN1 can be deconvoluted into three peak components at about 284.99, 286.35 

Chemical 

group 

Peak 

BE 

(eV) 

Atomic 

% 

CSN1 

Peak 

BE 

Atomic 

% 

AFCSN1 

Peak 

BE 

(eV) 

Atomic 

% 

HFCSN1 

C-C, C-H 284.99 78.59 285.01 56.63 284.94 63.25 

C-N - - 285.91 18.95 285.76 9.65 

C-OH, C-O 286.35 17.86 286.55 21.12 286.44 17.03 

C=O 287.29 3.09 287.41 3.38 287.29 10.03 
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and 287.29 eV corresponding to C-C/C-H, C-OH/C-O and C=O species, respectively [Table 

III].
84-87

 The C1s core-level spectra of AFCSN1 and HFCSN1 also demonstrated the presence of 

these three species in addition to a new peak at about 285.91 eV for C-N species, suggesting 

incorporation of amine functionality on the surface of the core-sheath nanofibres after 

functionalization [Table III].
84,85

 The C1s core-level XPS spectra of the core-sheath nanofibres 

further demonstrated that there were no XPS peak for O-C=O species corresponding to ester 

groups of PCL, which confirms the lone presence of MEH-PPV on the sheath of the core-sheath 

nanofibres. 

Figure 7. Percentage of cell viability in direct with different electrospun meshes after 24 h of 

culture . Tissue culture plastic (TCP) was used as a negative control and tert butyl maleate as a 

positive control. (a) Viability of 3T3 fibroblasts and (b) viability of PC12 cells expressed as 

percentage of negative control. Data were mean ± S.D, n=4. * and ** indicate statistically 

significant difference at p<0.05 and p<0.01, respectively. 

 

MTS proliferation assay. Pires et al. reported the non-cytotoxic effect of extract of MEH-PPV 

with L929 fibroblasts,
88

 although cytotoxicity of MEH-PPV or its composites has not been 

studied in direct contact with mammalian cells till our previous report.
18

 MTS assay was 
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performed with 3T3 fibroblasts and PC12 cells in direct contact with MEH-PPV:PCL core-

sheath nanofibres before and after surface functionalization including pure MEH-PPV and PCL 

to investigate the cytocompatibility of these materials. The MTS results shown in Figure 7 

suggest that raw MEH-PPV was less cytocompatible than MEH-PPV based electrospun meshes 

indicating nanofibre features might be contributing towards higher cell viability. The non-

functionalized and the functionalized nanofibres demonstrated cell viability (both 3T3 and PC12 

cells) 80% or above suggesting their improved biocompatibility in nanofibrous forms.
89 

After 

surface functionalization by APTES and 1,6-hexanediamine, the core-sheath nanofibres 

demonstrated significantly higher 3T3 and PC12 cell viability than those on their non-

functionalized counterparts at p<0.05 [Figure 7 (a) & (b)]. Moreover, the cell viability (both 

3T3 and PC12 cells) on AFCSN1, AFCSN2, HFCSN1 and HFCSN2 were statistically 

significant from that on pure MEH-PPV at p<0.01 as indicated in Figure 7 (a) & (b). Both 3T3 

and PC12 cell viability on the functionalized nanofibres were comparable to that on the negative 

control (TCP) and pure PCL, while the cell viability on the non-functionalized nanofibres was 

statistically different at p<0.01 from that on the negative control (TCP) and pure PCL. It 

indicates the improved biocompatibility of the functionalized nanofibres due to the incorporation 

of the amine functionalities on the surface of the core-sheath nanofibres enabling the favorable 

cell-substrate interactions. Furthermore, there were no significance differences in cell viability 

(both 3T3 and PC12 cells) on the APTES functionalized and 1,6-hexanediamine functionalized 

electrospun meshes (p=0.59). Furthermore, the cell viability on the non-functionalized 

electrospun nanofibres was statistically different from that on the pure MEH-PPV at p<0.01. The 

results suggest both the nanofibre feature and surface functionalization by APTES and 1,6-
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hexanediamine contributed towards the improved the biocompatibility of the electrospun 

nanofibres indicating their potential in tissue engineering applications.   

 

Figure 8. a. Representative confocal images with phase contrast overlay of 3T3 fibroblasts 

stained with calcein AM (green), EthD-1 (red) and DAPI (blue) during live/dead assay after 24 
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and 48 h of culture on control tissue culture plastic (TCP), electrospun PCL mesh, non-

functionalized core-sheath MEH:PCL nanofibres (CSN1 and CSN2) and amine functionalized 

core-sheath MEH-PPV:PCL nanofibres (AFCSN1, AFCSN2, HFCSN1 and HFCSN2) as 

indicated. Quantitative analysis of (b) cell area (average area covered by single cell) and (c) 

percentage of cell spreading on various scaffolds as mentioned above. Data were presented as 

Mean ± S.D. * and ** indicate statistically significant difference at p<0.05 and p<0.01, 

respectively. 

Effect of surface functionalization on 3T3 fibroblasts morphology and adhesion. Since core-

sheath electrospun nanofibres alone or after surface functionalization demonstrated considerable 

cytocompatibility in MTS assay, it is important to study cell morphology, adhesion and 

spreading on those meshes to evaluate their possible use as biomaterial scaffold in tissue 

engineering. For that purpose, the live/dead assay was carried out to visualize the viable 3T3 

fibroblasts and the changes in their morphology with time on the non-functionalized and the 

surface functionalized electrospun meshes. The fluorescent images of 3T3 fibroblasts cultured 

for 24 h and 48 h on the different scaffolds were acquired by confocal microscope after washing 

and staining the cells with calcein AM, EthD-1, and DAPI. Representative confocal images are 

shown in Figure 8 (a) as labeled. The green-fluorescent calcein can be visualized throughout 

almost all of the cell bodies seeded on different scaffolds indicating the viable cells, except few 

dead cells (red) [Figure 8 (a)]. This again confirmed the cytocompatibility of these electrospun 

meshes. The cells were also stained with DAPI for nuclei staining; however, only a few DAPI 

stained nuclei (blue) can be seen. This might be because of the staining of the cells without 

fixing. It is evident from the confocal images that the cells seeded on surface functionalized 

electrospun meshes adopted more spreading morphology, i.e., a flattened, polygonal or elongated 
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shape. To determine the effect of surface functionalization on different cellular activities, cell 

density, projected cell area and percentage of cell spreading were quantified using the confocal 

images of 3T3 fibroblasts seeded on different scaffolds. Cells seeded on TCP and electrospun 

PCL nanofibres were also analyzed and treated as control. 

Two-way ANOVA analysis indicateed that the 3T3 cell density, after 24 h and 48 h of 

culture, on AFCSN1 (109±23 and 133±25), AFCSN2 (87±15 and 160±15), HFCSN1 (98±20 and 

156±17) and HFCSN2 (107±26 and 177±27) statistically differed from that on the non-

functionalized CSN1 (61±16 and 109±29) and CSN2 (53±11 and 103±21) at p<0.05 [Figure 

S11]. However, cell density on the controls (TCP and PCL) were not significantly different from 

that on the surface functionalized electrospun meshes at the both time points. Quantitative 

analysis using two-way ANOVA anlysis demonstrated that the projected cell area and the 

percent of cell spreading after 24 h and 48 h of culture on the surface functionalized electrospun 

meshes were higher than that on the non-functionalized electrospun meshes [Figure 8 (b) & (c)]. 

The differences in the projected cell area were statistically significant at p<0.05 and p<0.01 at 24 

h and 48 h, respectively [Figure 8 (b)], while the the percnt of cell spreading is significantly 

different at p<0.01 at the both time points [Figure 8 (c)]. The statistical analysis to determine the 

sample type effect on the projected cell area demonstrated no significance differences on the 

APTES functionalized meshes (AFCSN1 & AFCSN2) and the 1,6-hexanediamine functionalized 

meshes (HFCSN1 & HFCSN2). Interstingly, the area covered by each cell on the surface 

functionalized meshes is statiscally different at p<0.01 from the controls (TCP & PCL) after 48 

h, whereas there was statistical difference after 24 h. Similarly, the extent of cell spreading on 

the surface functionalized meshes was higher than that on the controls (TCP & PCL) and the 

differences were statistically significant at p<0.05 at the both time points. Unlike the projected 
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cell area, the extent of cell spreading on the 1,6-hexanediamine functionalized meshes was 

statistically different at p<0.05 from that on the APTES functionalized meshes after 24 and 48 h. 

Nonetheless, the differences in the cell density, the projected cell area and the cell spreading on 

CSN1 and CSN2, including their functionalized counterparts were  not significant. 

The results suggest the enhanced 3T3 fibroblast adhesion, spreading and proliferation on 

the surface functionalized electrospun meshes is attributed to the incorporation of amine 

functionality, leading to induce favorable interaction with the receptor proteins on the cell 

surface.
90,92

 Concurrently, 1,6-hexanediamine functionalized electropsun meshes demonstrated 

enhanced cellular activities such as projected cell area and cell apreading than those on the 

APTES functionalized electropsun meshes. This observation is supported by the evidence of the 

higher amount of amine functionality on the surface of the electrospun meshes after 

functionalization by 1,6-hexanediamine as shown by XPS results. However, no significant effect 

of fibre diameter on cell adhesion and morphology was oberved in the present study. 

 To further confirm the results described above, the 3T3 cells cultured for 3 days on the 

electrospun meshes were characterized by SEM and shown in Figure 10. SEM images revealed 

that 3T3 cells adhered and spread well on AFCSN1 [Figure 9 (c)], AFCSN2 [Figure 9 (d)], 

HFCSN1 [Figure 9 (e)] and HFCSN2 [Figure 9 (f)] as compared to the non-functionalized 

CSN1 [Figure 10 (a)] and CSN2 [Figure 9 (b)]. Although the nanofibres were randomly 

oriented, the cells were aligned in some particular directions on the surface functionalized 

meshes with simultaneous formations of filopodia and lamellipodia-like extensions, which are 

pointed with the help of red, yellow and orange arrows in the insets of Figure 9 (a)-(f). This 

observation indicates that the cells on surface functionalized meshes interacted well with the 

surrounding fibres and started to migrate through the porous nanofibrous network. The amine 
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functionality on the surface functionalized meshes provides necessary binding sites to the 

integrin proteins on the cell surface resulting in the formation of focal adhesions; which are 

confirmed from the appearance of filopodia and lamellipodia-like extensions [Insets of Figure 9 

(c)-(f)]. This accelerates the cell attachment, followed by cell spreading and migration. In 

contrast, the non-functionalized meshes due to lack of bioactive binding sites showed poor cell 

attachment and morphology when compared to the surface functionalized meshes [Figure 9 (a) 

& (b)]. The observed cell attachment on the non-functionalized meshes may be due to the serum 

proteins adsorbed by the fibres, which offer limited focal adhesions for cell attachment.
94 

 These 

results further revealed that cells cultured on the 1,6-hexanediamine functionalized electrospun 

meshes i.e., HFCSN1 and HFCSN2 appeared to be bigger in size and adopted more elongated 

morphology than that on the APTES functionalized electrospun meshes, i.e., AFCSN1 and 

AFCSN2, which is in agreement with quantitative analysis of live/dead confocal images. These 

results suggest that surface functionalized electrospun meshes provide a bioactive three-

dimensional nanofibrous structure for fibroblast attachment, growth, and migration through 

contact guidance phenomenon.
93
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Figure 9. Scanning electron micrographs of 3T3 fibroblasts after 3 days culture on CSN1 (a), 

CSN2 (b), AFCSN1 (c), AFCSN2 (d), HFCSN1 (e) and HFCSN2 (f). Insets of (a)-(f) show 

magnified image of green circled region. Red, yellow and orange arrows indicate the direction of 

cell alignment, filopodia- and lamellipodia-like extensions, respectively. 
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Figure 10. Immunolabelling of beta (III) tubulin in differentiated PC12 cells with DAPI stained 

nuclei after 7 days of culture on CSN1 (a1), CSN2 (b1), AFCSN1 (a2), AFCSN2 (b2), HFCSN1 

(a3), HFCSN2 (b3), CCSN1 (a4) and CCSN2 (b4). White arrows show neuronal cell bodies with 

at least one neurite formed. Red arrows represent neurons with long branched neurites and/or 

growth cones. Percentage of neurite-bearing cells (c) and neurite length per cell (d) on different 

electrospun meshes along with collagen-coated glass presented as Mean ± S.D. Insets of (c) and 

(d) show immunostained PC12 cells cultured on controls for 7 days, i.e., collagen-coated cover 

slip and collagen coated electrospun pure PCL mesh, respectively. 
*
 and 

**
 indicate statistically 

significant difference from non-functionalized CSN1 and CSN2 at p<0.05and p<0.01, 

respectively. 

Effect of surface functionalization on PC12 cell adhesion and differentiation. The PC12 

cells, derived from a rat pheochromocytoma, were cultured for 7 days in differentiating medium 

on different electrospun MEH-PPV: PCL meshes without and in conjunction with collagen I 

coating to investigate the suitability of these materials for neuronal applications. This cell line 

has been widely used as a model neuronal system. PC12 cells cultured with NGF develop long 

neurite outgrowth, become electrically excitable and take on many of the biochemical traits of 

sympathetic noradrenergic neurons.
94

 Since, PC12 cells readily adhere to collagen, pristine 

electrospun meshes were also coated with collagen I. Collagen I is a fibril-forming collagen 

present in ECM of peripheral nervous system (PNS) and play an important part in the 

development of the peripheral nervous system as well as in the maintenance of normal peripheral 

nerve function during adulthood.
95

 The PC12 neuronal differentiation was studied on these 

collagen coated meshes along with the APTES and 1,6-hexanediamine functionalized meshes in 
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order to compare the effectiveness of surface functionalization towards supporting the PC12 

differentiation. Immunolabelling with beta (III) tubulin antibody was performed to confirm the 

PC12 cell differentiation to sympathetic neurons. The PC12 cells grown on the uncoated and 

collagen coated electrospun meshes were labeled with beta (III) tubulin antibody to visualize 

cytoskeletal microtubules, which are dynamic polymer filaments of alpha and beta tubulin 

subunits that drive neurite outgrowth and control neuronal morphology.
71

  

 

Figure 10. Immunolabelling of beta (III) tubulin in differentiated PC12 cells with DAPI stained 

nuclei after 7 days of culture on CSN1 (a1), CSN2 (b1), AFCSN1 (a2), AFCSN2 (b2), HFCSN1 

(a3), HFCSN2 (b3), CCSN1 (a4) and CCSN2 (b4). White arrows show neuronal cell bodies with 
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at least one neurite formed. Red arrows represent neurons with long branched neurites and/or 

growth cones. Percentage of neurite-bearing cells (c) and neurite length per cell (d) on different 

electrospun meshes along with collagen-coated glass presented as Mean ± S.D. Insets of (c) and 

(d) show immunostained PC12 cells cultured on controls for 7 days, i.e., collagen-coated cover 

slip and collagen coated electrospun pure PCL mesh, respectively. 
*
 and 

**
 indicate statistically 

significant difference from non-functionalized CSN1 and CSN2 at p<0.05and p<0.01, 

respectively. 

The beta (III) tubulin staining was visualized all through the cell bodies and neurites 

formed on the collagen coated (CCSN1 & CCSN2) and the surface functionalized electrospun 

meshes (AFCSN1, AFCSN2, HFCSN1 & HFCSN2) [Figure 10], which confirmed the neural 

differentiation of the PC12 cells on these scaffolds. Beta (III) tubulin labeling displayed the 

consistent neuronal morphology for the differentiated PC12 cells on all the coated electrospun 

meshes [Figure 10 (a4 & b4)] as compared to the uncoated electrospun meshes. The majority of 

the differentiated PC12 cells on the coated electrospun meshes demonstrated neuronal 

characteristics with long neurites with or without branches of varying complexity, round somas 

of variable size and many growth cones [Figure 10 (a4 & b4)]. The uncoated but APTES 

functionalized meshes [Figure 10 (a2 & b2)] and 1,6-hexanedimaine functionalized meshes 

[Figure 10 (a3 & b3)] also supported the neuronal differentiation of PC12 cells, however, the 

extent of neurite formation, outgrowth or branching was not consistent when compared to that on 

the collagen coated meshes or the controls: collagen coated glass cover slip [Inset of Figure 10 

(c)] and electrospun pure PCL mesh [Inset of Figure 10 (d)]. In contrast, PC12 cells on the 

uncoated and non-functionalized meshes formed clusters with very poor & short or no neurite 

formation with few or no branches and growth cones [Figure 10 (a1 & b1)]. This can be 
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assigned to the poor cell attachment on the uncoated and non-functionalized meshes. 

Quantitative analysis of beta (III) tubulin immunochemistry results using ImageJ software 

revealed the poor cell attachment on the uncoated and non-functionalized CSN1 (39 ± 16 per 

image) and CSN2 (40 ± 11 per image) when compared to AFCSN1 (94 ± 18 per image), 

AFCSN2 (82 ± 15 per image), HFCSN1 (94 ± 12 per image), HFCSN2 (91 ± 17 per image), 

CCSN1 (188 ± 24 per image) and CCSN2 (198 ± 29 per image). Thus, the surface functionalized 

electrospun meshes demonstrated better cell attachment than that on the pristine (non-

functionalized and not coated with collagen I) meshes and the difference was found to be 

statistically significant at p<0.05 from two-way ANOVA analysis. The difference of cell 

attachment on the collagen-coated electrospun meshes was also statistically significant at p<0.01 

from that on the pristine meshes indicating their potential for neural tissue engineering 

applications. At least 600 cells and 350 neurites were analyzed for quantitative analysis of 

neurite formation and neurite outgrowth. Due to poor attachment of PC12 cells on the non-

functionalized electrospun meshes, the number of cells analyzed was not more than 150-200 per 

substrate and accordingly, the number of neurites is below 100 only. 
 

The percentage of cells that formed neurite and neurite length per cell (for cells that 

possess at least one neurite) on CCSN1 (44 ± 6% and 92 ± 11 µm, N=811, m=521) and CCSN2 

(47 ± 5% and 98 ± 22 µm, N=845, m=498) were significantly higher than those on pristine 

CSN1 (15 ± 7% and 49 ± 14% µm, N=231, m=85) and CSN2 (17 ± 6% and 45 ± 15  µm, 

N=251, m=91), at p<0.01, where ‘N’ and ‘m’ are number of cells and number of neurites 

analysed, respectively [Figure 10 (c) & (d)]. Similarly, the differentiated PC12 cells formed 

more and longer neurites on AFCSN1 (22 ± 8% and 79 ± 17 µm, N=609, m=397), AFCSN2 (23 

± 6% and 84 ± 24 µm, N=623, m=389), HFCSN1 (28 ± 7% and 77 ± 12 µm, N=644, m=417) 
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and HFCSN2 (24 ± 5% and 75 ± 7 µm, N=619, m=412) than those on their non-functionalized 

counterparts [Figure 10 (c) & (d)] and there exists statistical significance at p<0.05. 

Furthermore, the percentage of neurite bearing cells and the neurite outgrowth on the collagen 

coated meshes were higher than those on the surface functionalized meshes, which is statistically 

significant at p<0.05. Nonetheless, the cellular activity of PC12 cells was not significantly 

different on the APTES and the 1,6-hexanediamine functionalized meshes. It seems that surface 

functionalization by both the functionalizing agents contributes equally towards the PC12 

attachment and their neural differentiation in presence of NGF. The overall observations suggest 

that both APTES and 1,6-hexanediamine functionalized meshes provided more PC12 cell 

attachment and their differentiation to sympathetic neurons than pristine meshes. The better 

PC12 attachment followed by their cellular activities like neurite formation and outgrowth on the 

surface functionalized meshes can be attributed to the incorporation of amine functionality on 

their surfaces enabling them to achieve favorable electrostatic interactions with negatively 

charged cell surfaces or to interact through amide bond formation between amino groups on the 

surface with the carboxyl terminus of integrin proteins on the cells surface for cellular adhesion 

and differentiation.
55-58,96,97

 These results further revealed that fibre features along with collagen 

coating on scaffold provide a better platform for neurite formation and neurite outgrowth since 

PC12 cells formed more neurites with longer outgrowth on collagen-coated electrospun meshes 

than those on collagen-coated glass (p<0.01). It has been also noted that MEH-PPV in the sheath 

of the core-sheath nanofibres did not have any adverse effect on neurite formation and 

outgrowth, which is in agreement with the MTS and live/dead results. CCSN1 and CCSN2 

revealed the greater number of neurite bearing cells and the longer neurite growth on them than 

those on the collagen coated control glass cover slip and electrospun pure PCL mesh, which are 
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statistically significant at p<0.01. It is occurred that the cell to cell contact and cell signaling on 

the electrically conducting CCSN1 and CCSN2 are more pronounced, which was reported to 

initiate the Ca
2+

 signal conduction, an indirect indicator of action potential.
5,98

 Thus, the 

electrically conductive property of the core-sheath nanofibres in conjunction with collagen, 

ultimately are believed to induce better neural differentiation of PC12 cells and neurite 

outgrowth on CCSN1 and CCSN2. 

 

Figure 11. Scanning electron micrographs of PC12 cells after 7 days cultured on pristine CSN1 

(a1), AFCSN1 (a2), HFCSN1 (a3), CCSN1 (a4), CSN2 (b1), AFCSN2 (b2), HFCSN2 (b3), and 

CCSN2 (b4). Red arrows show neurite projections on different electrospun meshes. 

To further confirm the attachment of PC12 cells and to study its morphology on the 

various electrospun meshes, SEM was performed after 7 days of culture. SEM images confirmed  

improved cell attachment on the collagen-coated electrospun meshes than the surface 

functionalized meshes, whilst poor cell attachment on the pristine electrospun meshes. All the 

electrospun meshes coated with collagen I showed significantly better cell adhesion and 

morphology than that on the non-functionalized electrospun meshes. PC12 cells on the coated 
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electrospun meshes appeared to make contact with multiple fibres and formed more elliptical 

morphologies with neurite projection [Figure 11 (a4 & b4)]. The cells on the uncoated 

electrospun meshes were seemed to be spherical [Figure 11 (a1 & b1)] with distorted 

morphology and with few or no neurite projections. However, better PC12 morphology, 

attachment, and neurite projections were observed on the both amine functionalized meshes 

[Figure 11 (a2, b2, a3 & b3)]. Although not quantified, it was also worthy to be noted that PC12 

cells cultured on the surface functionalized meshes were bigger in size than that of cultured on 

the pristine and the collagen-coated meshes. The results confirmed good cell attachment on the 

collagen-coated electrospun meshes along with good neurite projections in random directions 

indicating the potential of the coated electrospun meshes for neural tissue engineering 

applications. The moderate enhancement in PC12 attachment and neurite projections on surface 

functionalized conductive meshes also indicated the potential of these meshes for nerve repair. 
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Figure 12. Confocal images with phase contrast overlay of beta (III) tubulin immunostained 

PC12 cells cultured for 7 days on the various core-sheath electrospun meshes under no electrical 

stimulation (a1-AFCSN1, b1-ACSN2, c1-HFCSN1, d1-HFCSN2, e1-CCSN1, f1-CCSN2) and 

under electrical stimulation of 500 mV/cm for 2h/day (a2-AFCSN1, b2-AFCSN2, c2-HFCSN1, 
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d2-HFCSN2, e2-CCSN1, f2-CCSN2) [Scale bar = 75 µm]. (g) percentage of neurite bearing 

cells, (h) neurite per cell, (i) neurite length per cell and (j) median neurite length of differentiated 

PC12 cells on the various core-sheath MEH-PPV:PCL electrospun meshes without electrical 

stimulation and with electrical stimulation. Data were Mean ± S.D. * and ** indicate statistically 

significant difference at p<0.05 and p<0.01, respectively (n=6). 

Electrical stimulation of PC12 cells. To explore the potential of the different amine 

functionalized and collagen-coated electrospun meshes for electrical stimulation of nerve cells as 

smart biomaterial scaffolds for axonal regeneration in damaged nerve, electrical stimulation of 

PC12 cells was accomplished in differentiating medium as shown in the schematic in Figure S3. 

PC12 cells were also cultured on electrospun meshes in the homemade electrical stimulation set 

up without electrical stimulation for comparison. The results indicated that the presence of 

electrically conductive MEH-PPV in the sheath of the nanofibres increases the percentage of 

neurite bearing cells and the neurite extension following 2 h growth under electrical stimulation. 

The healthy neuronal characteristics including greater neurite formation, branching, and longer 

axonal growth were observed on the electrically stimulated cells [Figure 12 (a2-f2)] when 

compared to the unstimulated cells [Figure 12 (a1-f1)]. The APTES and 1,6-hexanediamine 

functionalized electrospun meshes, which demonstrated lower neurite formation and outgrowth 

under no electrical stimulation [Figure 12 (a1-e1)], displayed remarkable enhancement in the 

neurite formation and outgrowth under 2h of electrical stimulation at 500 mV/cm per day for 

three consecutive days [Figure 12 (a2-e2)]. The effectiveness of electrical stimulation on 

neuronal growth of the PC12 cells was assessed through the quantitative analysis of the confocal 

images of beta (III) tubulin stained cells using ImageJ software and was discussed below. 
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Quantitative analysis indicated that enhanced neurite formation on electrically stimulated 

PC12 cells on AFCSN1 (48 ± 6%, N=576, m=301), AFCSN2 (50 ± 6%, N=587, m=323), 

HFCSN1 (54 ± 7%, N=607, m=386), HFCSN2 (58 ± 8%, N=628, m=422), CCSN1 (66 ± 6%, 

N=655, m=678) and CCSN2 (70 ± 6%, N=702, m=658) than that on unstimulated PC12 cells on 

AFCSN1 (24 ± 4%, N=504, m=265), AFCSN2 (21 ± 3%, N=484, m=234), HFCSN1 (26 ± 5%, 

N=530, m=291), HFCSN2 (29 ± 4%, N=544, m=301), CCSN1 (46 ± 5%, N=674, m=501) and 

CCSN2 (50 ± 8%, N=692, m=476), where ‘N’ and ‘m’ denote number of cells and number of 

neurites analyzed [Figure 12 (g)].  These differences were statistically significant at p<0.01 as 

revealed by two-way ANOVA analysis with replication [Figure 12 (g)]. This observation was 

further evident from the fact that the PC12 cells under electrical stimulation form more neurites 

per cell than that formed per unstimulated cells. Analysis of neurites per cell indicated that single 

stimulated cell had 1.51 (AFCSN1), 1.56 (AFCSN2), 1.65 (HFCSN1), 1.53 (HFCSN2), 1.98 

(CCSN1), and 2.56 (CCSN2) neurites on average as compared to 1.11 (AFCSN1), 1.12 

(AFCSN2), 1.2 (HFCSN1), 1.19 (HFCSN2), 1.57 (CCSN1) and 1.48 (CCSN2) neurites per 

unstimulated cells [Figure 12 (h)]. However, the number of neurites per stimulated cell was 

found to be statistically different for HFCSN1, CCSN1 and CCSN2 at p<0.01, while it was 

statistically significant at p<0.05 for AFCSN1, AFCSN2 and HFCSN2 from that of the 

unstimulated cells [Figure 12 (h)]. Turning on to the evaluation of the effect of sample type on 

neurite formation under electrical stimulation, the results indicated no consistent significance 

difference in the percentage of neurite bearing cells and neurite per cell between CCSN1 and 

CCSN2 including their functionalized counterparts. Nonetheless, it was found that the 

percentage of neurite bearing cells under electrical stimulation was significantly different on the 

collagen coated meshes from that on the surface functionalized meshes at p<0.01 [Figure 12 
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(g)], while the neurite per cell was statistically different at p<0.05 on the collagen coated meshes 

and the surface functionalized meshes [Figure 12 (h)]. 

Quantitative analysis to determine the effect of electric field on axonal growth revealed 

that the neurite lengths per cell and median neurite lengths of electrically stimulated cells were 

more on AFCSN1 (136 ± 15 and 66 ± 10 µm), AFCSN2 (141 ± 12 and 69 ± 6 µm), HFCSN1 

(158 ± 16 and 77 ± 7 µm), HFCSN2 (155 ± 15 and  80 ± 11 µm), CCSN1 (174 ± 11 and 91 ± 10 

µm) and CCSN2 (190 ± 19 and 93 ± 7 µm) than those of unstimulated cells on AFCSN1 (81 ± 9 

and 48 ± 7 µm),  AFCSN2 (80 ± 7 and 48 ± 4 µm),  HFCSN1 (87 ± 7 and 51 ± 5 µm),  HFCSN2 

(84 ± 6 and 55 ± 8 µm),  CCSN1 (97 ± 6 and 61 ± 7 µm) and CCSN2 (101 ± 6 and 64 ± 5 µm) 

and the differences were statistically significant at p<0.01 [Figure 12 (i) & (j)]. The neurite 

length per cell under electrical stimulation was statistically different at p<0.05 between AFCSN1 

vs CCSN1 and HFCSN1 vs CCSN1 and at p<0.01 between AFCSN2 vs CCSN2 and HFCSN2 vs 

CCSN2. Similarly, the median neurite length under electrical stimulation was statistically 

different at p<0.01 between AFCSN1 vs CCSN1, AFCSN2 vs CCSN2 and HFCSN2 vs CCSN2, 

while the same was significant between HFCSN1 vs CCSN1 at p<0.05 [Figure 12 (i) & (j)]. 

Thus, the statistical analysis using two-way ANOVA analysis further demonstrated that the 

collagen coating along with the electrical stimulation played a vital role in axonal growth. 

However, surface functionalization along with the electrical stimulation contributed towards the 

significant enhancement in the neurite formation and the axonal growth when compared to those 

on the collagen coated meshes under no electrical stimulation. The statistical analysis showed 

that the percentage of neurite bearing cells, the neurite per cell, the neurite length per and the 

median neurite length were significantly different at p<0.01 on the electrically stimulated surface 

functionalized meshes from those on the collagen coated meshes under no electrical stimulation.  
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Discussion. It has been reported that the amine functionality makes the surface positively 

charged, which ultimately encourages the electrostatic interactions with the negatively charged 

cell surface. Moreover, the amine functionality can interact with the carboxyl terminus of 

integrin proteins on the cell surface through amide bond formation. Thereby, the incorporation of 

amine functionality after surface functionalization by APTES and 1,6-hexanediamine improves 

the bioactivity of the core-sheath MEH-PPV:PCL nanofibres for better cell-biomaterial 

interactions, which yields enhanced fibroblast adhesion, spreading, and proliferation. However, 

PC12 cells have been demonstrated to adhere less on these surface functionalized meshes and 

subsequently, the neural differentiation rate was also lower than on the collagen coated meshes. 

It implies only amine functionality on the surface is unable to provide proper binding motifs for 

neural differentiation of the PC12 cells. Surprisingly, surface functionalization along with the 

electrical stimulation approach demonstrated almost comparable neural differentiation and 

neurite outgrowth of PC12 cells than that on the collagen coated meshes. Nonetheless, electrical 

stimulation through the surface functionalized and collagen coated electrically conductive MEH-

PPV:PCL meshes yielded enhanced neurite formation and neurite outgrowth when compared to 

the unstimulated cells.  

Generally, aligned fibrous scaffold is highly desirable for neural applications.
 
The aligned 

morphology of the nanofibres could further enhance their functional performances as smart 

biomaterial scaffold; particularly towards unidirectional electrically stimulation guided axonal 

regeneration.
6,12,33,41

 Interestingly, the current study on electrically stimulated neural 

differentiation of PC12 cells and the neurite outgrowth through amine functionalized randomly 

oriented core MEH-PPV:PCL sheath electrospun nanofibers showed better outcome when 

compared to the some of the reports dealing with aligned fibrous scaffolds. For example, Jing et 
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al. reported the median neurite length of PC12 cells on aligned PLGA and PPy coated PLGA 

fibers were 36.67 ± 19.6 µm and 40.25 ± 13.56 µm
99

, respectively, after 7 days of culture 

without stimulation, which were much less than demonstrated in the present study (48-64 µm 

under no electrical stimulation and 66-93 µm under electrical stimulation). Zhang et. al. 

demonstrated median neurite length of 19.7 µm and percentage of neurite bearing cells upto 40.5 

± 3.9% of PC12 cells cultured on the aligned (P(LLA-CL))/silk fibroin blend with PAni under 

electrical potential of 100 mV/cm for 1 h/day for 5 continuous days.
39 

Liu et. al. showed neurite 

outgrowth upto 100-150 mm on polypyrrole/poly(styrene-β-isobutylene-β-styrene) aligned 

fiber,
100

 whereas the present study demonstrated neurite outgrowth upto 136-190 mm under 

electrical stimulation. In addition, some of the aligned scaffolds of non-conductive biomaterials 

adopting similar experimental procedure as in the current study showed less neurite formation 

and outgrowth.
32,101,102

 Lee et. al. and Xia et. al. also did not observe any significant difference in 

neurite formation with PC12 cells and dorsal root ganglia cells on aligned and random fibrous 

scaffold.
41,43 

Lee et. al., however, reported slight enhancement in the percentage of neurite 

bearing cells and median neurite length with PC12 cells under electrical stimulation through 

aligned PPy/PLGA fibers as compared to those on the random PPy/PLGA fibers. Considering all 

these observations along with the findings of the current study, it is evident that external 

electrical stimulation has a dominating role on neurite formation and outgrowth than the fiber 

orientation. 

The exact mechanisms of the electrical signal on neurite formation and outgrowth are still 

unknown. There have been several hypotheses postulated to describe the effect of electrical 

signal on cellular functions, particularly on nerve regeneration. Patel et al. reported that electrical 

stimulation causes electrophoretic redistribution of cell membrane growth factor and adhesion 
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receptors or cytoskeletal proteins such as actin and subsequent accumulation on the working 

electrode.
103

 Kotwal et al. also showed enhanced neurite extension on PPy films due to 

electrically stimulated fibronectin adsorption.
104

 Thus, the electrophoretic accumulation or the 

electrically stimulated serum protein adsorption during in vitro experiment may yield enhanced 

cell-biomaterial adhesion, which is also evident from the observation that under electrical 

stimulation, there are more cells available for analysis on the surface functionalized electrospun 

meshes than under no electrical stimulation. Other possible mechanisms of electrically 

stimulated neurite growth are direct depolarization or hyperpolarization of nerves leading to the 

activation of growth-controlling transport processes across the plasma membrane,
105

 

conformational modifications of membrane or extracellular matrix protein,
106

 and enhancement 

of protein synthesis. 

The chronoamperometric current signal applied in pulse mode during electrical 

stimulation through different electrospun meshes were shown in Figure S12 in SI. The results 

reveal a systematic increase in the neurite formation and extension with increase in current signal 

(up to 8-9 µA) through the conductive electrospun scaffolds during stimulation in the order of 

 CCSN2>CCSN1>HFCSN2>AFCSN2>HFCSN1>AFCSN1 [Figure S12]. This order again is 

according to the surface resistivity (ρ) of the individual meshes as shown in Table I. Moreover, it 

has been also observed that surface functionalized meshes revealed enhanced PC12 adhesion 

under electrical stimulation as the number of cells available for analysis under electrical 

stimulation was greater than those under no electrical stimulation. This observation is supported 

by the findings of Zhang et al. that the current below 10 µA encourages more neurite formation 

and above 10 µA,  the degree of neurite formation is less.
41 

The analysis of I-V characteristics 

results demonstrated that CSN2 and its functionalized counterparts had slightly lower Vc values 
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[Table I] and indicated higher density of free charge carriers in them. Therefore, these meshes 

facilitate more charge-transport between the scaffold and the cell membrane, resulting in slightly 

more neurite formation and outgrowth when compared to CCSN1 and its functionalized 

counterparts as shown in Figure 12. This charge-transport process changes the resting membrane 

potential of differentiated PC12 cells. Under constant electrical potential for 2 h, the cell 

membrane undergoes an intensity-dependent depolarization resulting action potential, which is 

responsible for axonal growth. Furthermore, such membrane depolarization can also induce Ca
2+

 

influx into PC12 cells that activates protein kinase C.
106

 It has been shown that membrane 

depolarization induces neurite outgrowth due to an elevated concentration of K
+
.
107

 The elevated 

concentration of K
+
 are further believed to induce immediate early genes (IEGs), that are 

responsible for depolarization of neuronal cells and differentiation.
108

 Cavalie et. al showed that 

extracellular Ca
2+

 influx is required to induce IEGs by depolarization.
109

 Kimura et. al showed 

that electrically induced c-fos mRNA expression due to Ca
2+

 influx via an L-type calcium ion 

channel causes differentiation of PC12 cells without NGF.
108

 It has been demonstrated that the 

elevated concentration of K
+
 induces differentiation of PC12 cells through Ras cascade in which 

association and phosphorylation of EGF (epidermal growth factor) receptor were observed in a 

Ca
2+

 ion dependent manner.
106,110

  Thus, at a high-concentration of K
+
 ions, the Ca

2+
 ions play an 

important and interesting role in neurite outgrowth, which can be ultimately modulated with the 

help of external electrical signal. 

CONCLUSIONS 

In our previous report, we showed that electrically conductive MEH-PPV:PCL electrospun 

nanofibres with collagen coating for electrical stimulation of PC12 cells.
NRef

 In this paper, we 

showed the amine functionalized core-sheath MEH-PPV:PCL nanofibres fabricated by modified 
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coaxial electrospinning technique to modulate 3T3 cell activities and electrically stimulated 

neurite formation and outgrowth. Briefly, the nanofibrous features and core-sheath morphology 

have been confirmed by SEM and TEM analysis, whereas conductive and mechanical properties 

have been assessed with the help of room temperature I-V characteristics and tensile test. XPS 

and FTIR confirm incorporation of amine functionality on the surface of the electrospun 

nanofibres by surface functionalization using APTES and 1,6-hexanedamine. Surface 

functionalized electrospun meshes retain its conductive properties indicating that conductive 

properties are not affected by surface functionalization process. The stability test reveals 

degradation behavior of the functionalized meshes, particularly AFCSN1 and AFCSN2, while 

the core-sheath nanofibres retain conductive properties after 45 days in physiological solution. 

Probable interaction mechanisms of surface functionalization have been proposed based on the 

XPS and FTIR results. Core-sheath nanofibres have been found to be biocompatible as indicated 

by MTS proliferation assay with 3T3 fibroblasts and PC12 cells. Surface functionalization 

significantly mediated various cellular activities of 3T3 cells such cell viability, adhesion, 

spreading and migration as demonstrated by quantitative analysis of live/dead assay and cell 

adhesion test. PC12 neuronal-like cells differentiated well and demonstrated significant 

improvement in neurite formation and outgrowth on collagen-coated samples than that on the 

uncoated samples. However, surface functionalized nanofibres favor better differentiation of 

PC12 cells than the non-functionalized meshes, but less than the collagen-coated samples.  

Electrical stimulation of PC12 cells through the electrically conductive meshes under the 

potential of 500 mV/cm for 2 h for 3 consecutive days demonstrates significant improvement in 

neurite formation and outgrowth than the unstimulated PC12 cells. However, the effect of 

electrical stimulation on PC12 cells cultured on the collagen coated meshes has been found to be 
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more prominent than that on the surface functionalized meshes. The present study reveals that 

the surface amination of the core-sheath nanofibres along with electrical stimulation comes out 

as a promising scaffold to replace the need of coating the scaffold with costly biomolecules such 

as collagen, laminin, fibronectin etc. The results indicate the potential of MEH-PPV based 

biomaterial scaffolds in fabrication of nerve guidance channels to bridge the gap for directive 

growth of damaged nerves in peripheral nervous system (PNS) as an alternative to conventional 

nerve grafts such as autograft and allograft. In addition to its utility for nerve regeneration, the 

polymer has potential in other areas of tissue engineering as well, such as skin and connective 

tissue, wound healing, bone repair, cartilage, and muscle tissue engineering etc.  Additionally, 

MEH-PPV has been assessed for the first time with living cells in direct contact indicating its 

potential in biomedical applications as alternatives to widely investigated PPy, PANi, and 

PEDOT, where poor solubility and biodegradability limit their biomedical applications. 

However, there are scopes in further research in optimizing the surface parameters for the 

efficient outcome such as in neural tissue engineering. 
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Supporting Information 

Supplementary Tables of X-ray diffraction analysis showing domain length and strain, Kaiser 

fitting data; Supplementary Figures show: Schematic illustration and digital photograph of 

coaxial electrospinning process, Diameter distributions of the core-sheath nanofibers from SEM 

images, Schematic illustration of electrical stimulation experiment, X-ray diffraction pattern and 

labeled along with a Voigtian fit of the X-ray profiles, Stress vs Strain curve and comparison of 

Young Modulus or stiffness constant (E) and ultimate tensile strength (UTS), Forward I-V data 

on a log-log scale showing fitting parameters according to power law equation, Forward non-

linear I-V characteristics fitted with Kaiser Equation, FT-IR spectra of pure PCL and MEH-PPV, 

Elemental composition in different MEH-PPV:PCL electrospun nanofibres before and after 

functionalization along with peak deconvolution of high-resolution C1s XPS spectra of CSN2, 

AFCSN2 and HFCSN2, Probable interaction mechanisms of MEH-PPV with APTES and MEH-

PPV with 1,6-hexanediamine (Scheme II) based on XPS and FT-IR results, Quantitative analysis 

of 3T3 cell density per field of view on the non-functionalized and functionalized electrospun 

core-sheath MEH-PPV:PCL meshes, and Current signal recorded (upto 400 s) during electrical 

stimulation of PC12 cells through the different core-sheath MEH-PPV:PCL electrospun meshes. 
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Table of Contents Graphic and Synopsis 

Electrically conductive, porous, mechanically strong and bioactive core-sheath electrospun 

MEH-PPV:PCL nanofibres were surface functionalized using APTES and 1,6-hexanediamine to 

incorporate amine functionality, which provides necessary bioactive sites for better 3T3 

fibroblast adhesion, spreading and proliferation and moderate PC12 differentiation. Electrical 

stimulation along surface functionalization demonstrates enhanced neurite formation and neurite 

outgrowth on the surface functionalized meshes that is comparable to that on the collagen coated 

meshes under no electrical stimulation, while the best results are obtained on the collagen I 

coated nanofibres, indicating its potential in neural tissue engineering applications.  
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