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Abstract 

Conducting polymers are emerging as highly attractive materials since they can be used alone or in combination with other 

biomaterials to provide electrical stimulus for tissue regeneration. Here, we report the fabrication of a novel stimuli-

responsive conducting polymer scaffold, which can be used to regulate muscle cell adhesion, proliferation and differentiation. 

Our goal in this study was to develop electroconductive nanofiber polymer scaffolds that can modulate the cellular physical 

microenvironment to increase electrical communication between cells and ultimately generate a more robust and functional 

construct for muscle regeneration. Matrices such as those designed here could have a significant impact in the clinical setting, 

where muscle atrophy and fatty infiltration prevent healing of common injuries such as rotator cuff tears. The bio-interface 

consists of a conducting polymer, poly (3,4ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT: PSS), with a 

dopamine-polymerized biodegradable substrate made from poly (ε-carprolactone) (PCL) that is rationally assembled together 

based on the native structure of muscle fibers. XPS analysis confirmed that poly (dopamine) deposition on the PCL scaffolds 

was successful. The coating of PEDOT: PSS on the poly(dopamine) modified PCL scaffolds was stable as both 

representative peaks were shown. C2C12 cells, a myoblast cell line was cultured on conductive substrates with different 

concentrations. Biocompatibility and cellular proliferation of the conducting polymer scaffolds were assessed. It was found 

that conducting polymers scaffolds of all groups were biocompatible. PEDOT:PSS coating of a low and medium 

concentration(1% and 10%) showed stimulatory effect on C2C12 growth compared to the control groups. These results 

showed that the presence of PEDOT:PSS at optimum concentration might enhance C2C12 cell growth and proliferation. 

These conducting polymer scaffolds hold great promise as biomimetic platforms for skeletal muscle regeneration.            

Copyright © 2017 VBRI Press. 
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Introduction 

Around 40% to 45% of the human body’s mass consists 

of skeletal muscle. Remarkably, skeletal muscle has the 

ability to perform robust self-repair after an injury[1, 2]. 

However, when a large volume of muscle is lost as a 

result of trauma or due to chronic disease, the ability of 

skeletal muscle to regenerate is limited [3]. The current 

therapeutic approach for muscle volumetric loss is to 

transfer and engraft healthy, vascularized, and innervated 

autologous tissue. Yet, this approach does not lead to full 

recovery of the native muscle strength and functionality. 

In addition harvesting skeletal muscle may lead to donor 

site morbidity[2]. Here we propose to use regenerative 

engineering as an alternative approach for patients with 

large volume muscle loss to prevent scar tissue formation 

and restore muscle function in moderate injuries [2].  

A more clinically viable scaffold would satisfy the 

following attributes: biocompatibility, mechanical 

stability, long term in vivo functionality such as electrical 

conductivity, complete cell residence throughout the 

three-dimensional structure, and cues to support and 

promote proliferation and differentiation of cells 

throughout the scaffold. Our goal in this study was to 

modulate the cellular physical microenvironments to 

allow the application of controlled electrical impulses via 

electroconductive nanofiber scaffolds to generate a more 

robust and functional muscle construct for muscle 

regeneration. The development of this system may have a 

significant clinical impact, where muscle atrophy and 

fatty infiltration prevent healing of rotator cuff injuries [4]. 
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Regenerative engineering strategies for repairing 

skeletal muscle defects so far can be classified into three 

classes, which are in vitro tissue engineering, in vivo 

tissue engineering and in situ tissue engineering [2]. The 

in vitro tissue engineering method mainly involves 

initially culturing the biomaterial with cells, allowing it to 

develop into mature and functional engineered muscle 

constructs followed by transplantation into patients. 

Major issues related to this approach include how to 

achieve proper myofiber packing density and alignment, 

and sufficient vascularization to ensure cellular viability. 

More importantly, the regeneration of physiologically 

relevant contraction forces is critical [5]. 

The in vivo strategy, which requires transplanting cells 

alone or in combination with a biomaterial scaffold to the 

site of injury, overcomes the problem of over-

manipulating the cells during ex vivo culture. Thus the 

cells would influence muscle regeneration either by 

integrating into the host tissue or by stimulating the 

body's own regenerative mechanisms to promote new 

tissue formation. This method allows tissues to retain 

their functional properties [6]. However, this approach 

may cause certain immune responses, leading to 

decreased viability of the transplanted cells. So far neither 

method has been able to consistently show success in 

various preclinical models, which means that local 

biological conditions at the defect site and the natural 

cascades of endogenous regeneration at play may need to 

be taken into account for regenerative engineering 

strategies [7]. Here, in situ tissue engineering comes as a 

relatively promising approach where biomaterials alone 

are designed as guides to enable endogenous regeneration 

of injured tissues. These biomaterials are designed to 

degrade at certain ratios, provide cells with 

physiologically relevant chemical, electrical or 

mechanical properties, as well as present surface cues in 

order to activate, recruit, and reorganize host cell 

populations [2, 8].  

There are a number of biomaterials to regenerate 

muscle such as electrospun fibrous meshes, hydrogels, 

patterned scaffolds, etc [2]. Among them, electrospun 

scaffolds are intrinsically advantageous as artificial 

matrices for muscle regeneration[9].Aviss et al. showed 

that aligned electrospun PLGA nanofibers can stimulate 

myotube formation [10]. Choi et al. showed that 

unidirectional oriented electrospun PCL/collagen 

nanofiber significantly induced muscle cell alignment and 

myotube formation as compared to randomly oriented 

nanofibers on Human skeletal muscle cells (hSkMCs) 

[11]. However, because synthetic polymers lack 

biological recognition cues, surface modification of those 

electrospun fibers plays a central role in biomedical 

applications as the fiber surface provides a direct interface 

to adherent cell [12]. In our study, we used 

poly(dopamine) deposition on PCL scaffold to change 

surface hydrophobicity. Such chemistry was inspired by 

the composition of adhesive proteins in mussels. Lee’s 

group was the first to report a simple and straightforward 

method to form multifunctional polymer coatings through 

simple dip-coating of objects in an aqueous solution of 

dopamine [13].  

Besides the dopamine surface modified poly (ε-

carprolactone) PCL, a conducting polymer (CP) was also 

incorporated in the process, which is poly (3,4-

ethylenedioxythiophene)-polystyrene sulfonate (PEDOT: 

PSS). This is because in addition to topographical cues 

adherent cells can also sense mechanical and electrical 

cues [2]. Electrical signals can provide important 

physiological stimuli that control the adhesion and 

differentiation of certain cell types [14]. In recent decades, 

a number of conducting polymer such as polypyrrole 

(PPy)[15],polyaniline (PANi) [16,17], polythiophene, and 

their derivatives [18–21] have been widely used in 

various biomedical areas such as neural probes, neural 

prostheses, and controlled release applications [22–24]. 

For example, neurite outgrowth can be enhanced in 

neuron cells cultured on polypyrrole-coated electrospun 

PLGA nanofibers [25]. Studies with polyaniline have 

demonstrated that this material supports the adhesion, 

proliferation and differentiation of skeletal myoblasts   

[14, 26]. PEDOT: PSS has captured a considerable 

amount of attention owing to its good electrical, chemical 

and environmental stability as well as improved 

conductivity and thermal stability over conventional 

polypyrrole (PPy) [27]. For example, Abidian et al. 

reported application of PEDOT traces with hydrogel 

nerve conduits for axonal regeneration for the first time 

[28].  

As an initial step towards regeneration of functional 

skeletal muscle, the present work investigated the effects 

of PEDOT: PSS coating on surface modified electrospun 

nanofibers on the biocompatibility and proliferation of 

skeletal myoblasts. It is hypothesized that conducting 

polymer scaffolds fabricated are biocompatible and may 

have a positive impact on cell attachment, proliferation 

and differentiation. Due to superior conductivity of 

PEDOT: PSS, we are trying to apply minimum but 

sufficient coating to effectively promote cell growth and 

differentiation. Using electrospinning techinique, we 

fabricated PCL scaffolds and used dopamine chemistry to 

modify the scaffold surface. We further compared and 

optimized coating conditions to generate scaffolds that 

were biocompatible and supported cell growth. These 

conducting polymer scaffolds hold great promise to treat 

muscle defect in the future.  

 

Experimental 

Materials/ chemicals details 

The poly (ε-caprolactone) (PCL) was purchased from 

Sigma-Aldrich (average Mw 8000). Dopamine 

hydrochloride was purchased from Sigma-Aldrich. 

poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate 

(PEDOT:PSS 1:2.5) was purchased from Sigma-Aldrich. 

Material synthesis / reactions  

Electrospinning 

The substrate material was electrospun using optimized 

parameters of 15 % (w/v) PCL solution in ethanol and 

methylene chloride (15:85 ratio) with a 2.5 mL/min flow 

rate, and 1 kV/cm-1 potential at ambient temperature and 

humidity to obtain bead-free nanofibers. 
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Conductive scaffold fabrication 

2mg/ml dopamine was applied to the surface for 24 hours 

at pH 8.5 to polymerize onto the surface of PCL fiber 

mats to form a polydopamine coating2. The modified 

DOPA-PCL surfaces were washed, dried, and 

subsequently coated with 1% PEDOT: PSS, 10% 

PEDOT: PSS, 33% PEDOT: PSS, and 100% PEDOT: 

PSS solution, where the 100% solution indicates a 

PEDOT: PSS 1.3wt% dispersion in H2O and 33%, 10%, 

1% are further diluted with PBS.  The dried scaffolds 

were treated with mild acetic acid pH 2 to enhance its 

conductivity [29]. 

 

 
 

Fig. 1. Schematic illustration of the conducting polymer coated scaffolds 

[30]. 

Characterizations / device fabrications /response 

measurements  

XPS analysis 

After fabrication, the scaffolds were carefully washed 

with distilled water three times and dried under vacuum. 

Chemical composition of the dopamine polymerized PCL 

scaffolds and electroconductive scaffolds were then 

determined using X-ray photoelectron spectroscopy 

(XPS) (PHI 595 Multiprobe System, University of 

Connecticut, Storrs, CT, IMS). 

 

Culture of murine skeletal muscle cells (C2C12) 

C2C12myoblasts 
 

C2C12myoblasts (CRL-1772) (ATCC, Manassas, VA, 

USA) were used to study cell proliferation and 

differentiation on fibers. Cells were cultured in DMEM 

supplemented with 10% FBS and 1% penicillin–

streptomycin (p/s) under standard culture conditions  

(37 OC, 5% CO2). For cell culture, circular scaffold 

samples were punched out using 5” size puncher (scaffold 

diameter: 11.11mm in diameter) and sterilized with 70% 

ethanol and UV for half an hour. Cells were seeded onto 

the different groups at a density of 80 K per well and 

cultured under growth media for 3 days.  

Live/dead cytotoxicity assay  

Cytotoxicity of the 1% PEDOT: PSS, 10% PEDOT: PSS, 

33% PEDOT: PSS, and 100% PEDOT:PSS as well as 

dopamine polymerized PCL and pure PCL scaffolds were 

determined with a live/dead cytotoxicity assay. 

CellTracker green and ethidium homodimer-1 (Molecular 

Probes) were added to one-day cultures of C2C12 cells on 

scaffolds to determine cell viability (green fluorescence) 

and cell death (red fluorescence) by using Zeiss Axio 

Scan.Z1 with chroma filters for each distinct fluorophore. 

The results represented the mean values of three 

individual samples for each type of scaffold.  

Cell proliferation 

To measure cell proliferation, 80,000 cells were seeded on 

each scaffold. After 3 days, the cell proliferation was 

determined quantitatively by utilizing Cell Titer-Blue cell 

viability assay (Promega). This assay is based on the 

ability of metabolically active cells to reduce of resazurin 

to purple resorufin.  A standard curve of known cell 

concentrations was made.  

Scaffolds seeded with cells were incubated with 300 l 

reagent for 45 minutes at 37 C. The optical density of the 

solution in the 96 well plates was measured at 530 nm and 

590 nm using BioTek Synergy HTX Multi-Mode Reader. 

Statistical analysis 

Statistical analysis was carried out using one-way analysis 

of variance (one-way ANOVA). Different groups were 

compared using Turkey’s pairwise comparison. The star 

(*) sign were used to indicated the specific group was 

statistically significant when competed with another test 

group.  

 

Results and discussion 

 
 
Fig. 2. XPS analysis on (a) Dopamine polymerized PCL scaffolds. (b) 

PEDOT:PSS coated dopamine polymerized PCL scaffolds.  

 

Fig. 2(a), it shows that dopamine treatment was 

successful by the presence of nitrogen on the surface of 

the composite nanofibers as confirmed by XPS, where the 

N 1s peak was observed at 399.872 eV for the dopamine 

polymerized PCL scaffolds.  According to the literature, 

there was no nitrogen peak being found in the PCL 

samples [31, 32].  (b) Both sulfer in PSS and sulfer in 

PEDOT were shown.  The percentage are 52% against 

48%, which indicated that acid treatment did take away 

excessive PSS [29], as the original PEDOT:PSS ratio was 

1:2.5. XPS analysis confirmed that poly(dopamine) 

eposition on the PCL scaffolds was successful,which was 
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consistent with previous reported literature [33]. The 

additon of PEDOT:PSS was stable as both representative 

peaks were shown. Besides, acid treamtent took away 

excessive PSS as the final PEDOT:PSS ratio was almost 

1:1 compared to intial 1:2.5.  We have successfully coated 

PEDOT:PSS onto surface modified PCL scaffold. This 

scaffold fabrication method was straightforward yet 

effecitve. It provided an alternative approach as coducting 

polymers are conventionally electrochemically deposited 

on hard surfaces and the fabrication process invovled 

several steps [34, 35]. 

After seeding 80K C2C12 myoblasts on each treatment 

group of the nanofiber scaffolds, cell viability was 

qualitatively assessed using a Live/Dead Cell Viability 

assay kit. As shown in (Fig. 3), between the six groups, 

after 1 day, the vast majority of the cells were viable, 

suggesting that the developed scaffolds were 

cytocompatible and can provide topographical cues to for 

cell growth. 

 

 
 
Fig. 3. Day 1 C2C12 cells live dead (100% indicates 100%PEDOT:PSS, 

33% indicates 33% PEDOT:PSS etc). 

 

Discuss all the results and corresponding discussions in 

this section. Make sure a proper that proper coherency is 

maintained and appropriate discussions are included.  

 

 
 

Fig. 4. C2C12 cells three day proliferation study. 

 

80K C2C12 cells were seeded on scaffolds on each of 

the 6 test groups. From the proliferation study on day 3 on 

(Fig. 4), Statistically, PEDOT:PSS of high concentration 

groups (33% and 100%) showed similar effect on cell 

viability compared to the control group. Interestingly, 

PEDOT:PSS of a low and medium concentration(1% and 

10%) showed stimulatory effect on C2C12 growth 

compared to the control groups as there is statistically 

significance between these groups. This results showed 

that the presence of PEDOT:PSS at optimun 

concentration may enhance C2C12 cell growth. It 

confirmed our hypothesis that conducting polymers may 

have a positive effect on cell growth, proliferation or even 

differentiation,which needs more investigation. This 

platform may further be optimized for tissue engineering 

or bioelectric applications when combined with small 

molecules, growth factors and along with electrical 

stimulation.  

 

Conclusion  

In this study, we have developed a novel method to 

incorporate the conducting polymer, poly 

(3,4ethylenedioxythiophene): poly (styrenesulfonate) 

(PEDOT: PSS), onto surface modified electrospun 

nanofiber matrices. The biological assessment of the 

C2C12 cells seeded on the scaffold was performed using 

live/dead assay and cell titer blue assay. It has been 

shown that the presence of PEDOT: PSS in the scaffolds 

enhanced the muscle cell viability, attachment and 

proliferation. Analyzing all the experimental data from 

different types of scaffolds, we concluded that the 

incorporation of conducting polymer might facilitate 

muscle cell growth. 

From these studies we conclude that there is a 

combination of topographical and electrical guidance cues 

that have positive effects on C2C12 growth and 

differentiation, yet further investigation is needed. 

 
Acknowledgements 

The authors would like to thank NSF EFRI grant and the NIH 

Pioneer Grant Award for supporting this work. Dr. Laurencin is 

a recipient of the National Medal of Technology. 

 

Author’s contributions 

Conceived the plan: XT, YK, CTL; Performed the expeirments: 

XT; Data analysis: XT; Wrote the paper: XT. Authors have no 

competing financial interests. 

 
References 

1.  Järvinen, M. J.; Lehto, M.; U. K. Sport. Med. 1993, 15, 78.  

     DOI: 10.2165/00007256-199315020-00002. 

2.  Qazi, T. H.; Mooney, D. J.; Pumberger, M.; Geißler, S.; Duda, G. 
N.; Biomaterials, 2015, 53, 502.  

     DOI:  10.1016/j.biomaterials.2015.02.110. 

3.  Sicari, B. M.; Rubin, J. P.; Dearth, C. L.; Wolf, M. T.; Ambrosio, 
F.; Boninger, M.; Turner, N. J.; Weber, D. J.; Simpson, T. W.; 

Wyse, A.; et al.; Sci. Transl. Med., 2014, 6, 234ra58.  

     DOI: 10.1126/scitranslmed.3008085. 
4.  Feeley, B. T. Am. Acad. Orthopadic Surg. 2014, No. January. 

5.  Bian, W.; Bursac, N; IEEE Eng. Med. Biol. Mag., 2008, 27, 109.  
     DOI: 10.1109/MEMB.2008.928460. 

6.  McCullen, S. D.; Chow, A. G.; Stevens, M. M.; Curr. Opin. 

Biotechnol., 2011, 22, 715.  



 
Research Article 2017, 8(5), 587-591 Advanced Materials Letters 

Copyright © 2017 VBRI Press  591 

 

     DOI: 10.1016/j.copbio.2011.05.001. 
7.  Liu, Y.; Wang, L.; Kikuiri, T.; Akiyama, K.; Chen, C.; Xu, X.; 

Yang, R.; Chen, W.; Wang, S.; Shi, S; Nat. Med., 2011, 17, 1594.  

     DOI: 10.1038/nm.2542. 
8.  Rowley, J. A.; Mooney, D. J; J. Biomed. Mater. Res., 2002, 60, 

217.  

      DOI: 10.1002/jbm.1287. 
9.  Jiang, T.; Carbone, E. J.; Lo, K. W.-H.; Laurencin, C. T; Prog. 

Polym. Sci., 2015, 46, 1.  

      DOI: 10.1016/j.progpolymsci.2014.12.001. 
10.  Aviss, K. J.; Gough, J. E.; Downes, S; Eur. Cells Mater. 2010, 19, 

193.  

      DOI: vol019a19 [pii]. 
11.  Choi, J. S.; Lee, S. J.; Christ, G. J.; Atala, A.; Yoo, J; J. 

Biomaterials, 2008, 29, 2899.  

      DOI: 10.1016/j.biomaterials.2008.03.031. 
12.  Xie, J.; Michael, P. L.; Zhong, S.; Ma, B.; MacEwan, M. R.; Lim, 

C. T; J. Biomed. Mater. Res. A, 2012, 100, 929.  

      DOI: 10.1002/jbm.a.34030. 
13.  Lee, H.; Dellatore, S. M.; Miller, W. M.; Messersmith, P. B; 

Science 2007, 318, 426.  
      DOI: 10.1126/science.1147241. 

14.  Jun, I.; Jeong, S.; Shin, H; Biomaterials, 2009, 30, 2038.  

      DOI: 10.1016/j.biomaterials.2008.12.063. 

15.  Forciniti, L.; Guimard, N. K.; Lee, S.; Schmidt, C. E; J. Mater. 

Chem., 2010, 20, 8865.  

      DOI: 10.1039/c0jm01015d. 
16.  Luo, Y.-L.; Nan, Y.-F.; Xu, F.; Chen, Y.-S.; Zhao, P; J. Biomater. 

Sci. Polym. Ed, 2010, 21 , 1143.  

      DOI: 10.1163/092050609X12459333183584. 
17.  Wang, C. H.; Dong, Y. Q.; Sengothi, K.; Tan, K. L.; Kang, E. T; 

Synth. Met., 1999, 102, 1313.  

     DOI: 10.1016/S0379-6779(98)01006-6. 
18.  Gurunathan, K.; Murugan, A. V.; Marimuthu, R.; Mulik, U. .; 

Amalnerkar, D; Mater. Chem. Phys., 1999, 61, 173.  

      DOI: 10.1016/S0254-0584(99)00081-4. 
19.  Tlili, C.; Korri-Youssoufi, H.; Ponsonnet, L.; Martelet, C.;  

Jaffrezic-Renault, N; J. Talanta, 2005, 68, 131.  

      DOI: 10.1016/j.talanta.2005.04.069. 
20.  Subramanian, A.; Krishnan, U. M.; Sethuraman, S; Biomed Res. 

Int, 2013, 390518.  

      DOI: 10.1155/2013/390518. 
21.  Francis, R.; Kumar, D. S. Biomedical Applications of Polymeric 

Materials and Composites; Wiley, 2016. 

22.  Abidian, M. R.; Kim, D.-H.; Martin, D. C; Adv. Mater., 2006, 18, 
405.  

      DOI: 10.1002/adma.200501726. 

23.  Karagkiozaki, V.; Karagiannidis, P. G.; Gioti, M.; Kavatzikidou, 
P.; Georgiou, D.; Georgaraki, E.; Logothetidis, S. Biochim; 

Biophys. Acta, 2013, 1830, 4294.  

      DOI: 10.1016/j.bbagen.2012.12.019. 
24.  Yu, X.; Tang, X.; Gohil, S. V.; Laurencin, C. T; Adv. Healthc. 

Mater. 2015, 4, 1268.  

       DOI: 10.1002/adhm.201400760. 
25.  Lee, J. Y.; Bashur, C. a; Goldstein, A. S.; Schmidt, C. E; 

Biomaterials, 2009, 30, 4325.  

       DOI: 10.1016/j.biomaterials.2009.04.042. 
26.  Chen, M.-C.; Sun, Y.-C.; Chen, Y.-H; Acta Biomater., 2013, 9, 

5562.  

       DOI: 10.1016/j.actbio.2012.10.024. 
27.  Balint, R.; Cassidy, N. J.; Cartmell, S. H; Acta Biomater., 2014, 10, 

2341.  

       DOI: 10.1016/j.actbio.2014.02.015. 
28.  Abidian, M. R.; Daneshvar, E. D.; Egeland, B. M.; Kipke, D. R.; 

Cederna, P. S.; Urbanchek, M. G; Adv. Healthc. Mater, 2012, 1, 

762.  
       DOI: 10.1002/adhm.201200182. 

29.  Xia, Y.; Ouyang, J; ACS Appl. Mater. Interfaces, 2010, 2, 474.  

       DOI: 10.1021/am900708x. 
30.  Tang, X.; Khan, Y.; Laurencin, C. Electroconductive nanofiber 

scaffolds for muscle regenerative engineering; 2016. Front. Bioeng. 
Biotechnol. Conference   Abstract: 10th World Biomaterials 

Congress. 

       DOI:10.3389/conf.FBIOE.2016.01.02165 
31.  Hong, K. H.; Oh, K. W.; Kang, T. J; J. Appl. Polym. Sci, 2005, 96, 

983.  

       DOI: 10.1002/app.21002. 

32.  Chen, M.-C.; Sun, Y.; Chen, Y; Acta Biomater., 2013, 9, 5562.  
       DOI: 10.1016/j.actbio.2012.10.024. 

33.  Jo, S.; Kang, S. M.; Park, S. a.; Kim, W. D.; Kwak, J.; Lee, H; 

Macromol. Biosci., 2013, 13, 1389.  
       DOI: 10.1002/mabi.201300203. 

34.  Lee, J.-W.; Serna, F.; Nickels, J.; Schmidt, C. E. 

Biomacromolecule, 2006, 7, 1692.  
       DOI: 10.1021/bm060220q. 

35.  Cui, X.; Hetke, J. F.; Wiler, J. A.; Anderson, D. J.; Martin, D. C. 

Sensors Actuators A Phys., 2001, 93, 8.  
       DOI: 10.1016/S0924-4247(01)00637-9. 

 

 

 

 


