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Demands of multifunctional scaffolds have exceeded the passive biocompatible properties previously considered suficient 

for tissue engineering. Herein, a novel and facile method used to fabricate a core-shell structure consisting of a conducting 

fiber core and an electrospun fiber shell is presented. This multifunctional structure simultaneously provides the high 

conductivity of conducting polymers as well as the enhanced interactions between cells and the sub-micron topographical 

environments provided by highly aligned cytocompatible electrospun fibers. Unlimited lengths of PEDOT:PSS-Chitosan-

PLGA fibers loaded with an antibiotic drug, Ciprofloxacin hydrochloride, were produced using this method. The fibers 

provide modulated drug release with excellent mechanical properties, electrochemical performance and 

cytocompatibility, which hold great promise for the application of conductive electrospun scaffolds in regenerative 

medicine. 

Introduction 

One of the main challenges in tissue engineering is to design 

and fabricate an appropriate artificial 3D extracellular matrix 

(AECM) that is compatible with the physiologically relevant 

environment, so as to provide additional control over cell 

behavior.
1-4

 In light of this need, many fabrication techniques 

have been developed to mimic the complex heterogeneous 

nature of natural tissues and organs for tissue engineering and 

regenerative medicine applications.
1
 Fabrication strategies 

such as wet-spinning and electrospinning have been used to 

develop fibrous scaffolds with well-defined 3D topographies 

and geometries, from a range of biopolymers and 

biomolecules.
5-9

 

Biocompatible fibers can be used to build biomimetic 3D 

scaffolds with tunable pore sizes, specific orientation and 

suitable mechanical strength.
10-12

 Appropriate pore size can 

facilitate effective diffusion of nutrition, waste products, and 

gases within a 3D scaffold as well as allowing cell migration, 

spreading, and proliferation.
7, 11

 It has been demonstrated that 

using AECM fabricated from sub-micron electrospun fibers 

enhances cell-materials interactions when compared to micron 

dimensional structures.
14 To this end, significant control over 

cell behavior including adhesion, proliferation, migration, and 

differentiation has been achieved using electrospun fibers.
13, 

15, 16
 Electrospinning of sub-micron fibers is a well-established 

and versatile technique used to produce fibers from a vast 

range of materials including conducting and non-conducting 

polymers.
13, 17-22

 The diameter of electrospun fibers is typically 

in the sub-micron and nanometer size range and this can 

facilitate cellular interactions.
2, 3

  

Additionally, scaffolds made from aligned electrospun fibers, 

as opposed to non-aligned electrospun fibers, provide more 

attractive substrates since cell alignment can be improved by 

the control over the separation, geometry and arrangement of 

the fibers.
6, 10, 23, 24

 This positive effect is more pronounced 

when the AECM is designed to aid in regeneration of specific 

tissue types such as nerve, tendon or muscle, where the cells 

must be aligned in parallel to form the final tissue.
13, 23-25

 In 

addition to mimicking the ECM, the migration and extension of 

cells can be driven by the orientation of electrospun fibers in a 

3D scaffold. For example Schwann cell guidance using 

nano/microgrooved substrates has been reported by Tonazzini 

et al. for nerve repair applications.
26

 Li et al. reported 

successful fabrication of gradients of stromal cell-derived 

factor-1α (SDF1α) on electrospun collagen mats using inkjet 

printing that led to neural progenitor stem cell migration 

toward the region with higher SDF1α content.
27

  

 

Different techniques have been employed to control the 

alignment of electrospun fibers. These methods can be 

classified into three groups namely: mechanical, electrostatic, 

and magnetic, based on the nature of the forces utilized to 

control the collection of the electrospun fibers.
19-21, 28

 In the 

case of mechanical force, a high speed-rotating take-up spool 

is commonly used to collect aligned electrospun fibers. The 

rotation speed of the take-up spool controls the degree of 
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alignment of the unidirectional non-woven material. Since 

electrostatic charges are carried by the electrospinning jet, 

manipulation of the electric/magnetic field can also be used to 

modify effective forces to the electrospun fibers just before 

their collection to control the alignment. The main limitation 

of these methods is that it is not possible to form continuous 

lengths of aligned/unidirectional electrospun fibers. Another 

challenge associated with aligned electrospun fibers is the 

ability to preserve the porosity of the final structure as the 

fibers are usually densely packed on the collecting spool. 

Aligned poly(l-lactic acid) (PLA) nanofibers have been used to 

successfully direct neurites sprouting from neonatal mouse 

cerebellum (C17.2 NSCs)
22

 and aligned electrospun fibers have 

also been used to facilitate the healing process of scars by 

directing the migratory routes of cells in specific directions.
29

 

Tissue-like structures that have been developed using 

electrospun layers of poly-caprolactone (PCL) and collagen 

fibers, were fabricated with normal human dermal fibroblast 

(NHDF) cells injected between the layers to generate a layer-

by-layer cell assembly. The cells remained within the different 

layers and were shown to form dermal-like tissues after one 

week of culture.
30

 

Fabrication of AECM from conducting polymers can also offer 

intriguing platforms for tissue regeneration due to the ability 

to enhance cell growth via electrical stimulation, as well as to 

control the release of incorporated biological molecules.
5, 31-33 

The release of pharmaceutical components or bioactive 

molecules can prevent acute or chronic responses after 

implantation and enhance cellular functions.
5, 34

 Topographical 

design and cytocompatibility of the conducting AECM are 

critical factors that determine the degree of cell attachment 

and therefore, the capability to transfer electrical signals 

directly to the cells.
5, 31

  

In the case of conducting polymers, wet-spinning has been 

used to produce macron-size fibers.
5, 35-37

 The practical 

integration of electrically conductive wet-spun fibers with 

biomimetic electrospun fibers could enhance the development 

of conducting 3D scaffolds and facilitate their application in 

regenerative medicine. In this paper, we introduce a novel and 

facile method that enables unidirectional electrospun poly 

lactic-co-glycolic acid (PLGA) fibers to be coated onto micron 

dimensional conducting poly(3,4-ethylenedioxythiophene) 

poly(styrene sulfonate) (PEDOT:PSS) and Chitosan (CHI) 

(PEDOT:PSS-CHI) wet-spun fibers. The method outlined here 

can be used to spin unlimited lengths of aligned self-supported 

and oriented electrospun fibers. Cytocompatibility and cell 

interaction with the hybrid fibers have been assessed using the 

MTS cell viability assay, immunofluorescence staining of B35 

neuroblastoma cells under proliferation and differentiation 

conditions as well as imaging of cells using a cryo-SEM 

technique. An antibiotic drug, Ciprofloxacin hydrochloride 

(Cipro), was incorporated into the hybrid fibers to provide 

localized antibiotic properties. The release of Cipro from these 

fibrous structures was also investigated.  

 

Experimental 
Materials 

 PEDOT:PSS pellets were obtained from Agfa (Orgacon dry, Lot 

A6 0000 AC). Ethanol (75%), dimethyl sulfoxide (DMSO) and 

paraformaldehyde (PFA), high molecular weight Chitosan (CHI)  

(Mw: 60,000-120,000), cyclic AMP (cAMP) and horse serum 

were purchased from Sigma. Ciprofloxacin hydrochloride 

(Cipro) was obtained from MP Biomedical Inc. PLGA (75:25) 

was purchased from Purac (Singapore). The B35 

neuroblastoma cells line was gifted by Dr. Anita Quigley at St. 

Vincent’s Hospital, Melbourne. Dulbecco's modified Eagle's 

medium (DMEM), fetal bovine serum (FBS), 

penicillin/streptomycin (Pen/Strep), Calcein AM, Alexa Fluor 

546 anti-mouse secondary antibody, 4',6-diamidino-2-

phenylindole (DAPI) and propidium iodide (PI) were purchased 

from Life Technologies (Melbourne, Australia). Anti-beta III 

tubulin primary antibody was obtained from Covance. 

 

Preparation of PEDOT:PSS-CHI-PLGA fibers:  

PEDOT:PSS pellets were dispersed in water at 25 mg/ml. Chitosan 

(CHI), as a biopolymer with amino groups that coagulates the 

PEDOT:PSS dispersion, was prepared at 1.0 wt.% in 2.0 wt.% acetic 

acid and used as the coagulation solution. A syringe pump (KDS-

Scientific 100) was utilized to inject the PEDOT:PSS into CHI at a 

feed rate of 15 ml/h. 15 (wt/v)% of PLGA (75:25) was prepared in a 

1:1 mixture of dichloromethane and dimethylformamide 

(DCM:DMF). The electrospinning of PLGA was performed with a 

feed rate of 1.0 ml/h, tip-to-collector distance of 30 cm and an 

applied potential of 15 kV. To produce PEDOT:PSS-CHI-PLGA films, 

similar concentrations of PEDOT:PSS and CHI solutions were cast on 

glass slides using spin coating, followed by electrospinning of the 

PLGA solution with the same spinning parameters as for fibers.  

Fiber characterization methods: 

The morphology of the fibers was characterized using a 

scanning electron microscope (JEOL JSM7500FA). The 

specimens for cross-sectional imaging were prepared by 

freezing the fibers in liquid nitrogen prior to fracture. The 

electrochemical properties of fibers was investigated via cyclic 

voltammetry (CV) in phosphate buffered saline (PBS, pH~7.4), 

in a three-electrode cell, using a platinum mesh counter 

electrode, an Ag/AgCl (3 M NaCl) reference electrode and both 

PEDOT:PSS-CHI and PEDOT:PSS-CHI-PLGA fibers as free-

standing working electrodes. The electrochemical parameters 

were controlled using EChem software version 1.5 (EDAQ, 

Sydney). The mechanical properties of the fibers were 

evaluated using a Shimadzu tensile tester (EZ-S) at a strain rate 

of 0.5 %/min. The fibers were mounted on aperture cards (1.0 

cm length window), fixed using commercial superglue and 

allowed to air dry. 

 

Ciprofloxacin hydrochloride release measurement: 

The release of Cipro was measured using UV-visible 

spectroscopy by determining the absorption of Cipro at its λmax 

(270 nm) in PBS. The UV-visible spectra of Cipro in PBS 

solutions containing Cipro at varying concentrations were 

recorded between 200 nm and 300 nm using a Shimadzu UV 
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1601 spectrophotometer in order to construct a calibration 

curve at 270 nm for sample analysis. 

 

Cell culture studies 

The B35 neuroblastoma cell line was subcultured in DMEM 

supplemented with 10 (v/v) % FBS to passage 8-9. Subculturing 

was carried out at a split ratio of 1:5 at 70–80 % confluence. To 

seed cells onto fibers, cells were suspended at 15,000 cells/ml 

in DMEM supplemented with 10 % FBS and 1.0 % Pen/Strep. 

The fibers were placed onto glass slides in an aligned pattern 

and 4-well chambers were glued onto the glass slides using a 

cell-compatible silicon adhesive. The wells were sterilized by 

soaking in 70% (v/v) ethanol for 10 min. After complete drying 

of fibers in a sterile environment, cells were seeded and 

cultured at 37 °C in a humidified 5 % CO2 environment for 24, 

48 & 72 h prior to staining and imaging. In addition, cells were 

seeded at a density of 30,000 cells/ml on the fibers and 

differentiated by replacement of growth media with DMEM 

containing 1.0 % horse serum and 1.0 mM cAMP, the next day, 

then incubated for 24, 48 & 72 h with media replacement 

every 48 h. 

 

Fluorescence staining and imaging of cells 

Cells were incubated with 5.0 μM Calcein AM in growth media, 

for 15 min in the cell culture environment. Propidium iodide 

(PI) at 1 μg/ml was added during the 2 last min of staining. 

Culture media was replaced with PBS before images were 

captured using an AxioImager fluorescent microscope (Carl 

Zeiss) with AxioVision v. 4.8 software. Live and dead cells were 

stained bright fluorescent green and red respectively.  

For immunofluorescence of differentiated cells, the cells were 

rinsed with with PBS. Cells were fixed using 3.7 % PFA for 10 

min followed by rinsing with PBS. Cells were permeabilized 

with a 50:50 mixture of methanol:acetone  on ice for 5 min 

followed by washing twice with PBS. Non-specific binding was 

blocked using 5% goat serum/PBS/0.1% Triton X-100) for 1 h at 

room temperature (RT). Cells were incubated with anti-βIII 

tubulin primary antibody diluted 1 in 1000 in blocking solution 

overnight at 4 °C followed, by washing with PBS twice. The 

secondary antibody (Alexa Fluor 546 anti-mouse) at 1 in 1000 

in blocking solution was added and cells incubated at RT for 1 

h followed by three PBS washes for 20 min each. Finally, cell 

nuclei were stained with DAPI (1 in 1000 in PBS) for 5 min at 

room temperature and the media was replaced with fresh PBS 

for imaging. 

 

Cryo-SEM imaging of cells on the fibers 

Cells were rinsed with PBS, then fixed using 3.7 % PFA for 10 

min at RT, followed by washing and storage in PBS prior to 

imaging. Small 1x1 mm sections of the hydrated material were 

cut and drained of excess PBS and then placed onto a small (25 

mm diam x 10 mm thick) brass block. This whole sample was 

then plunged into a liquid nitrogen bath for 45 to 50 secs, 

removed and transferred directly onto the stage of a JEOL 

6490LV SEM. The samples were viewed at 10 mm working 

distance using BSE imaging mode at 15 kV operating voltage. 

 

Cells viability assay 

To study cell viability and proliferation on the fibers over time, 

cells were seeded onto fibers using the above protocol. Cells 

were incubated in growth media for 24, 48 & 72 h with media 

changes every 48 h. Cell Titer 96 AQueous one solution cell 

proliferation kit from Promega (MTS assay) was used to 

estimate numbers of metabolically active cells. At each time 

point, 40 μl of the MTS reagent was added into each well and 

cells returned to the incubator for 3 h. Media was collected 

and the absorbance was compared to that of controls without 

cells at 490 nm using a Spectromax plate reader (Molecular 

Devices). A standard curve was prepared to ensure the 

linearity of the assay over the measured range of cell numbers.  

 

Statistical test 

Three independent experiments with triplicates for each 

sample were carried out. Statistical difference of the data was 

analyzed using one-way ANOVA with Tukey’s post-hoc test at 

the 95 % significance level. 

 

Results and discussion 
Combined electrospinning and wet-spinning 

The schematic presented in Figure 1 illustrates the combined 

electro- and wet-spinning method used to fabricate the 

multifunctional fibers with a core-sheath configuration and 

hierarchical structure to obtain fibers that can be combined into 

macroscopic structures. In this method, the conducting polymer 

PEDOT:PSS dispersion was injected into a coagulation bath 

containing chitosan to form the hybrid PEDOT:PSS-CHI fibers. The 

amino group in chitosan cross-links with the poly(styrenesulfonate) 

group in PSS to coagulate the fibers.
5
 When the sulfonate groups in 

PSS cross-link with amino group in chitosan, they become insoluble 

in water. The fiber was then drawn through an ethanol wash 

bath at which point the PLGA nanofibers were simultaneously 

electrospun on top of the wash bath. As the PEDOT:PSS-CHI 

hybrid fiber was pulled from the ethanol bath, the electrospun 

PLGA nanofibers formed a unidirectional sheath coating onto it 

with a mean diameter of 1.64 ± 0.6 μm (Figure S1). 

 

 
Figure 1. Schematic of combined wet and electrospinning method. 

Conventional electrospun fibers show promise as artificial 

extracellular matrices in regenerative medicine however, they 

usually suffer from poor mechanical properties or difficulty in 

handling. The combined or hybrid PEDOT:PSS-CHI-PLGA electro-wet 
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spun fibers present a microscale solid wet-spun fiber contained 

within a layer of PLGA electrospun fibers with sub-micron features, 

that allow improved handling. This improved handling can facilitate 

the use of braiding and knitting processes for commercial 

production, while retaining their micron to sub-micron scale 

features for improved cell attachment. 

Characterisation of PEDOT:PSS-CHI-PLGA fibers 

Figure 2 shows SEM images of PEDOT:PSS-CHI-PLGA fibers 

demonstrating a coaxial configuration and hierarchical 

porosity with PLGA electrospun fibers surrounding the wet-

spun PEDOT:PSS-CHI fiber. Cross-sectional SEM images of the 

composite fiber show micron and sub-micron electrospun 

 

 
Figure 2. Scanning electron micrographs (SEM) of PEDOT:PSS-CHI-PLGA fiber. (a 
and b) SEM of the cross-section of the fiber. (C and d) SEM of the surface of the 
fiber. 

fibers (Figures 2a and b) covering the micron size PEDOT:PSS-

CHI fiber core. From Figures 2a and b, it appears that the 

electrospun fibers adhered well to the wet-spun fiber core 

with the slight separation observed due to sample preparation 

for SEM imaging. It was also observed that the electrospun 

fibers extended along the entire length of the wet-spun fibers 

(Figures 2c and d) and were mostly aligned with the direction 

of the wet-spun fiber. This alignment is due to mechanical 

forces applied to the electrospun nanofibers as the 

PEDOT:PSS-CHI fiber exits the wash bath, causing the 

electrospun PLGA fibers to be ordered in the direction of 

drawing (fiber axis). In order to quantitatively measure the 

alignment direction, Fast Fourier Transform (FFT) analysis of 

the SEM images was employed.20 Directionality histograms 

(Figure S2) verify the alignment of PLGA electrospun fibers 

along the length of PEDOT:PSS-CHI core fiber. 

The method outlined here can be used to spin unlimited 

lengths of aligned core-supported and oriented electrospun 

fibers. Moreover, the present method demonstrates that the 

porosity of the final structure was preserved (Figure 2d) given 

that ethanol is a volatile solvent, which allows the electrospun 

mat to solidify quickly and maintain its porosity.38 At the same 

time, the core PEDOT:PSS-CHI wet-spun fibers provide 

mechanical strength to hold the structure together. When the 

ethanol evaporates and the fiber dries, the entanglement of 

the PLGA electrospun fibers prevents them from collapsing, 

resulting in a porous sheath. In contrast, PEDOT:PSS-CHI-PLGA 

2D films had lower porosity and no alignment of fibers as a 

results of the preparation technique which causes the fibers to 

attached to one another as they are electrospun (data not 

shown). 

 
Figure 3. (a) Stress-strain curve of PEDOT:PSS-CHI-PLGA fiber, (b) cyclic 
voltammograms (CV) of electro and wet-spun PEDOT:PSS-CHI-PLGA and wet-
spun PEDOT:PSS-CHI fiber in PBS (pH ~ 7.4) between – 0.6  and + 0.8 V at a scan 
rate of 25 mV/s. Arrows indicate the direction of the potential scan.  

 
Figure 4. Cumulative release of Cipro from PEDOT:PSS-CHI-PLGA fiber into PBS at 
37 

o
C. The Mt/Mtot represents the ratio of the released drug to the amount of 

loaded drug. 
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Mechanical and electrochemical properties  

The micron-structured fibers were found to be mechanically 

robust (Figure 3a) giving a Young’s modulus and ultimate 

stress of 420 MPa and 16.5 MPa, respectively, indicating that 

the fibers can be utilized as a self-supported electrode 

assembly. 

Cyclic voltammetry (CV) of electro- and wet-spun PEDOT:PSS-

CHI-PLGA fibers and PEDOT:PSS-CHI fibers (control) were 

performed in PBS (Figure 3b). Both scans show the oxidation 

and reduction peaks of PEDOT:PSS at +0.2 and -0.1 V, 

respectively, consistent with the redox behavior of PEDOT:PSS 

fibers previously reported,
5, 36, 37, 39, 40

 which confirmed that the 

addition of the porous non-conducting PLGA layer had little 

impact on the electroactivity observed for the core fiber. The 

highly porous nature of the PLGA electrospun fiber 

architecture ensured that the conducting PEDOT:PSS-CHI fiber 

was accessible to the surrounding electrolyte. Conversely, 

when the PEDOT:PSS-CHI fiber was coated with a non-porous 

layer of PLGA (via dipping the PEDOT:PSS-CHI fiber into a 

solution of 15 wt/v% PLGA for a few seconds followed by 

drying), it was not possible to observe the electrochemical 

properties of the PEDOT:PSS-CHI fiber (data not shown) due to 

the PLGA layer being impermeable to the ions in the 

electrolyte, resulting in the composite fiber becoming 

completely insulating. 

 

Ciprofloxacin release study 

The multifunctional nature of the novel PEDOT:PSS-CHI-PLGA 

fiber was demonstrated by the incorporation of an 

antibacterial drug, ciprofloxacin hydrochloride (Cipro) into the 

electrospinning solution and subsequent release from the 

electrospun component. The presence of drug in the 

nanofibers was confirmed using Fourier Transform Infra-Red 

(FTIR) spectroscopy (Figure S5) and the release of the 

antibiotic from the fibers (PEDOT:PSS-CHI-PLGA-Cipro) was 

measured using UV-visible spectroscopy of the release media 

(see experimental section). Figure 4 shows the cumulative 

release profile of Cipro into PBS over 30 days. There was a 

burst release within the first hour followed by a sustained 

release over the next 14 days, by which time approximately 90 

% of the incorporated drug had been released. Burst release is 

believed to result from the release of incorporated drug that is 

located close to the surface of the PLGA fibers whilst the 

release over longer times is from the diffusion of the drug that 

is incorporated deeper within the PLGA fibers.  

 

 

 

 

 
Figure 5. Representative images of B35 neuroblastoma cells on PEDOT:PSS-CHI-
PLGA hybrid fibers, PEDOT:PSS-CHI-PLGA films and glass slides. Live and dead 
cells were visualised by fluorescence staining with calcein AM (green) and 
propidium iodide (PI) (red), respectively. Scale bars represent 50 µm for all 
images. 

 

Cell studies 

The introduction of sub-micron dimensional features to surfaces 

has been used previously to elicit different responses from the 

same cell phenotype.
40

 Increasing the nanoscale roughness of the 

pores of scaffold walls has been found to increase cell attachment, 

proliferation and cellular expression of ECM components.
41

 The 

electrospun PLGA fibers were therefore expected to improve cell 

attachment to the multifunctional structure. 

Fluorescence staining of proliferating cells. 

In order to evaluate the cell viability and attachment to the 

PEDOT:PSS-CHI-PLGA hybrid fibers, live/dead fluorescent 

staining of B35 neuroblastoma cells on the glass substrate, 

PEDOT:PSS-CHI-PLGA films and fibers was carried out. Figure 5 

shows images of calcein/PI stained cells during three days of 

culture on all substrates. Proliferation rates were much higher 

on the hybrid films and fibers (see also Figure 6) compared to 

the glass substrate, which also had a low percentage of dead 

cells (red spots) by 72 h of culture. In the case of the hybrid 

fibers, almost all of the cells are oriented toward the fiber 

direction (see also Figure S4), while cells were randomly 

scattered on the glass surface and clustered on the films. 

Moreover, comparing 2D surfaces (glass and film) with the 

hybrid fibers (3D construct), the latter supported better cell 

attachment and migration along the hybrid fiber. This could be 

attributed to the presence of sub-micron features on the 

surface of the electrospun sheath.  

In contrast to the hybrid fibers, when B35 cells were cultured 

for 72 h on the PEDOT:PSS-CHI fibers (without the PLGA 

electrospun layer), there was no observed cell adhesion onto 

the fibers and the cells were agglomerated on the underlying 

tissue culture substrate (see Figure S5). This highlights the 

effect of sub-micron structures and oriented PLGA fibers on 

the outside of the PEDOT:PSS-CHI conducting core to modify 

cell attachment to the fibers. 
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Figure 6. MTS assay indicating proliferation of seeded B35 neuroblastoma cells 
on PEDOT:PSS-CHI-PLGA hybrid fibers in comparison with PEDOT:PSS-CHI-PLGA 
films and glass slides over 72 h in culture. Error bars represent one standard 
error of the mean (n = 3), and the statistical significance was assessed by one-
way ANOVA with Tukey’s post-hoc test and reported with 95% (*) confidence. 

 

Quantitation of cell proliferation.  

Quantitative evaluation of the proliferation of B35 neuroblastoma 

cells on the hybrid fibers compared with that on flat surfaces (glass 

and film) was carried out using the MTS assay. Figure 6 

demonstrates the trend of cell growth over three days. While, 

cell numbers progressively increased on PEDOT:PSS-CHI-PLGA 

fibers and films, cell viability started to decline after the first 

24 h for cells in contact with the glass substrate (control). 

Although the seeded cell numbers were similar on all three 

substrates (1 h time point), population doubling times (PDT) on 

the PEDOT:PSS-CHI-PLGA fibers were shorter (21.2 h) over 

three days in culture, compared to the equivalent films (30.5 

h). This may be due to the higher porosity and better cell 

attachment to the aligned PLGA electrospun fiber sheath 

around the PEDOT:PSS-CHI core, compared to the electrospun 

mat on the cast films. The results are in agreement with the 

fluorescence staining of B35 cells (Figure 5), showing higher 

cell densities when they are in contact with fibers rather than 

films. The results indicate the positive effect of the aligned 

micro-structured PLGA on both cell attachment and 

proliferation.   

 

Fluorescence staining of differentiating B35 cells. 

 

 
Figure 7. Differentiated B35 neuroblastoma cells on PEDOT:PSS-CHI-PLGA hybrid 
fibers in comparison with PEDOT:PSS-CHI-PLGA films and glass slides over 72 h in 
culture. a) glass, b) film, c) fibers. Cell nuclei were stained with DAPI (blue) and 
neurites immunostained for β-III tubulin (red). Scale bars represent 100 μm. 

 

The differentiation of B35 cells on the PEDOT:PSS-CHI-PLGA 

fibers, films and the glass substrate were studied over a 72 h 

period (Figure 7). B35 cells possess long neurites in culture on 

all samples, however the percentage of cells extending 

neurites and expressing β-III tubulin was much higher on the 

fibers. In contrast to flat surfaces (glass and film), where there 

was no preferred direction of neurite elongation, on the hybrid 

fibers, cells extended their neurites along the fiber axis.  

Quantitation of the length of the axons was not possible due 

to the cell migration into the interior of the electrospun shell. 

Figure 8 shows cryo-SEM images of differentiated B35 cells on 

the PEDOT:PSS-CHI-PLGA fibers. When the cells were 

differentiated on the hybrid fibers the extending neurites were 

observed to align with the nanofiber direction and the cells 

migrated into the electrospun shell (indicated by red arrows in 

Figure 8).  

 

 
Figure 8. Cryo-SEM images of differentiated B35 cells on the PEDOT:PSS-CHI-
PLGA fibers (the integration was so profound that the junction between cells and 
electrospun mat was indistinguishable at times (red arrows point to the axons on 
electrospun fibers. Scale bars represent 20 μm). 

 
Since, alignment of neurites is fundamental to the structure of 

endogenous nerve, patterning of neuronal 

outgrowth in vitro is important for the development of models 

of neuronal behaviour as well as scaffolds for tissue 

engineering to aid in neuronal repair. These novel PEDOT:PSS-

CHI-PLGA electro- and wet-spun fibers could potentially be 

used to control cell behavior using both their directionality and 

electroactive properties. The PLGA electrospun shell facilitated 

the attachment, proliferation, and aligned differentiation of 

B35 cells. Moreover, the porosity of the electrospun mat 

allowed cell migration into the structure and also facilitated 

ion exchange to the inner PEDOT:PSS-CHI conducting core. 

 

Conclusions 
The development of a facile method to continuously fabricate 

multifunctional fibers with controllable architecture and 

porosity is an essential step in the engineering of 

multifunctional AECM with suitable mechanical, 

electrochemical properties and also nerve cell compatibility. 

The present work demonstrates this versatility, which can be 

further developed to fabricate various biocompatible and 

conducting 3D constructs. The wet-spun PEDOT:PSS-CHI core 

fiber provides electrochemical activity and the PLGA 

electrospun fiber sheath facilitates cell attachment to the 

multifunctional structure by introduction of micron and sub-

micron features onto the surface of the wet-spun fibers. The 

electroactivity, along with the cytocompatibility of the novel 

fibers show promise for fabricating electroactive AECM, which 

may be utilised to enhance the behaviour of electrically-

responsive cells such as neural cells.  
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