


	
		×
		

	






    
        
            
                
                    
                
            

            
                
                    
                    
                        
                    
                

            

            
                                    Log in
                    Get Started
                            

        

        

        
            	Travel
	Technology
	Sports
	Marketing
	Education
	Career
	Social Media


            + Explore all categories
        


            














    
        
            
        

        Download - Electrospun conducting polymer nanofibers and electrical ...cmapspublic3.ihmc.us/rid=1LTYVX6D0-1KMBSDP-29JP/science.pdf · Electrospun conducting polymer nanofibers and electrical


        

        
            
                                    
                        

                    

                    
                        Download
                    

                            


            

                                
            


							
					Transcript

					Page 1
                        

Journal of Bioscience and BioengineeringVOL. 112 No. 5, 501–507, 2011
 www.elsevier.com/locate/jbiosc
 Electrospun conducting polymer nanofibers and electrical stimulationof nerve stem cells
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 Tissue engineering of nerve grafts requires synergistic combination of scaffolds and techniques to promote and directneurite outgrowth across the lesion for effective nerve regeneration. In this study, we fabricated a composite polymericscaffold which is conductive in nature by electrospinning and further performed electrical stimulation of nerve stem cellsseeded on the electrospun nanofibers. Poly-L-lactide (PLLA) was blended with polyaniline (PANi) at a ratio of 85:15 andelectrospun to obtain PLLA/PANi nanofibers with fiber diameters of 195±30 nm. The morphology, chemical and mechanicalproperties of the electrospun PLLA and PLLA/PANi scaffolds were carried out by scanning electron microscopy (SEM), X-rayphoto electron spectroscopy (XPS) and tensile instrument. The electrospun PLLA/PANi fibers showed a conductance of3×10−9 S by two-point probe measurement. In vitro electrical stimulation of the nerve stem cells cultured on PLLA/PANiscaffolds applied with an electric field of 100 mV/mm for a period of 60 min resulted in extended neurite outgrowth comparedto the cells grown on non-stimulated scaffolds. Our studies further strengthen the implication of electrical stimulation ofnerve stem cells on conducting polymeric scaffolds towards neurite elongation that could be effective for nerve tissueregeneration.
 © 2011, The Society for Biotechnology, Japan. All rights reserved.
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 A successful tissue engineered product is such that the scaffoldshould have the ability to control the cellular response to direct theparticular repair and regeneration of the concerned tissue. Nerveregeneration after injury is highly influenced by the cellularenvironment and several factors including the scaffold topography,stimulations (electrical, mechanical) or engineered channels affectthe neurite outgrowth and axonal elongation (1,2). Directional cuescan be provided using patterned nano extracellular matrix (ECM)structures, but theymay notmaintain the therapeutic levels of growthpromoting signals which limits the nerve regeneration process in vivo(3). Growth factors such as the nerve growth factor (NGF) and brainderived neurotrophic factor (BDNF) have been delivered to the site ofinjury to promote axonal growth or methods such as the modificationof biomaterial surfaces using peptides or proteins are being carriedout. However, such methods involve limitations of retaining thebioactivity of the molecules and providing controlled and localizeddelivery to the site of injury (4–7). Electrical stimulation is an effectivecue for stimulating cell proliferation and differentiations, mainlybecause bioelectricity plays an integral role in maintaining biologicalfunctions such as signaling of the nervous system. Moreover, recentstudies on the electrical stimulation of cells cultured on conducting
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 polymeric substrates have shown positive cellular influence insupporting and modulating certain kinds of tissue regenerationincluding the nerve (8,9).
 Synthetic polymers have been widely studied for neural implanta-tions, and bio-resorbable materials hold great flexibility in mechanicaland chemical properties, lack antigenicity and avoid problems associ-ated of chronic persistence (10). Polyglycolide (PGA), polylactide (PLA)and PLGA have been employed for use as nerve grafts, but thepotential problem associated with PLGA is its fast degradationproperties resulting in the collapse and inhibition of axonal growth(11). Poly(L-lactic acid) (PLLA) possesses good mechanical integrity,biodegradability and biocompatibility and it is utilized for thefabrication of scaffolds for nerve regeneration (11). PLLA has shownlonger degradation behaviors and researchers have also used PLLAmicrofilaments as structural support for long lesion nerve gapregeneration (12). On the other hand, polyaniline (PANi) has attractedspecial attention because of its ease of synthesis, low cost, conductivityand environmental stability (13,14). Composite scaffolds of PANi withgelatin were fabricated by Li et al. (14) recently, where they found thefibers supporting the proliferation of H9c2 rat cardiac myoblasts (14).However, there are very limited studies carried out on the cellularresponse of bioengineered electroactive substrates for nerve tissueengineering. In this study, we investigated the effect of incorporation ofPANi to PLLA towards the electro-spinnability of PLLA/PANi nanofibers,
 rights reserved.
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 evaluated the morphology, surface characteristics, mechanical strengthand conductance of the electrospun nanofibers. Electrical stimulationsof nerve stem cells cultured on conducting polymeric scaffolds werefurther carried out to enhance the neurite outgrowth, thus strengthen-ing the application of electrical stimulus as a potential clue for nervetissue regeneration, evenwithout thepresenceof differentiation growthfactors.
 MATERIALS AND METHODS
 Materials PLLA with a molecular weight of 100,000 Da, was purchased fromPolysciences (Warrington, PA, USA). 1,1,1,3,3,3-hexafluoro-2-propanol (HFP), poly-aniniline emeraldine base (PANi-EB) of MW 65,000, camphorsulfonic acid (CSA) andhexamethyldisilazane (HMDS) were purchased from Sigma-Aldrich (St. Louis, MO,USA). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), horseserum (HS), antibiotics, and trypsin–ethylenediaminetetraacetic acid (EDTA) werepurchased from Gibco (Invitrogen, Carlsbad, CA, USA). CellTiter 96 AQueous onesolution was purchased from Promega, Madison, WI, USA.
 Electrospinning of nanofibrous scaffolds PLLA was dissolved in HFP to obtaina 16% (w/v) solution and electrospun at a voltage of 10 kV (high voltage system,Gamma High Voltage Research, FL, USA), while the collector was placed at a distance of15 cm from the needle tip to collect the nanofibers. Equal amounts of CSA andpolyaniline-emeraldine base (PANi-EB) were dissolved in HFP, allowing the proton-ation of PANi-EB to a polyelectrolyte form. PANi-EB gets doped to polyaniline-emeraldine salt (PANi-ES) form, whereby the polymer undergoes an insulator to metaltransition with change in conformation of the polymer backbone accommodating thiselectronic transformation (15). To the doped PANi solution, PLLA was added making atotal concentration of 16% (w/v) and stirring was continued overnight. Beforeelectrospinning, the polymer solution was filtered through a 0.22 μm filter unit andfed to a 5 ml standard syringe attached to 27 G blunted stainless steel needle using asyringe pump (KDS 100, KD Scientific, Holliston, MA, USA) at a flow rate of 1 ml/h.Electrospinning was carried out at a high voltage of 15 kV to obtain PLLA/PANinanofibers. All experiments were performed in a humidity of less than 60% and atemperature of 22–24°C. Nanofibers were collected on 15 mm glass cover slips for cellculture experiments.
 Characterization of nanofibrous scaffolds The morphology of electrospunnanofibers was studied using a scanning electron microscope (SEM) (JSM-5800LV,JEOL, Tokyo Japan) at an accelerating voltage of 10 kV, after sputter coating with gold(JEOL JFC-1200 Auto Fine Coater). The diameter of the electrospun nanofibers were alsomeasured from the SEM micrographs using image analysis software (ImageJ, NationalInstitutes of Health, Bethesda, MD, USA).
 The wettability of the electrospun scaffolds was evaluated by water contact anglemeasurement using a VCA Optima Surface Analysis system (AST products, Billerica,MA). The droplet size was set at 0.5 μl. Average value of the contact angle was reportedwith standard deviation, after testing for a minimum of seven samples.
 Attenuated total reflectance–Fourier transform infrared (ATR–FTIR) spectroscopicanalysis of the electrospun nanofibrous scaffolds was performed on Avatar 380spectrophotometer (Thermo Nicolet, Waltham, MA, USA) over a range of 400–4000 cm−1 at a resolution of 2 cm−1with 64 scans per sample. The X-ray photoelectronspectroscopy (XPS) of PLLA and PLLA/PANi scaffolds were obtained from VG-Escalab2201-XL Base system (Thermo VG Scientific, UK) at a take-off angle of 90°.
 Tensile properties of the electrospun nanofibrous scaffolds were determined usinga tabletop tensile tester (Instron 3345, Instron, Norwood, MA, USA) with a load cellcapacity of 10 N. Rectangular specimens of dimensions 10 mm×20 mm were used fortesting at a crosshead speed of 10 mm/min at ambient conditions. The tensile stress andelongation at break were calculated from the obtained stress–strain curve.
 The electrical conductivity of the electrospun scaffolds was determined using atwo-point probe (Cascade TM, Microtech, Beaverton, OR, USA). At a voltage rangingfrom −40 to +40 V, the current versus voltage (I–V) curve of the nanofibers wereobtained and the measurement was also further narrowed down to obtain a smallsignal I–V relation at a voltage range of−3 to +3 V to investigate the current responseat low voltage.
 Scaffold degradation studies are usually carried out in phosphate buffered saline(PBS), where the pH is near identical to the physiological conditions (16–18).Biodegradability of the electrospun PLLA and PLLA/PANi nanofibers were determinedby incubating the scaffolds in a 24-well plate containing 1 ml of PBS of pH 7.4 at 37°C for8 day period, with fresh additions of PBS every day.
 In vitro nerve stem cells culture and electrical stimulation Rat nervestem cells (C17.2) were maintained in DMEM supplemented with 10% FBS, 5% HSand 1% penicillin/streptomycin/amphotericin-B (Invitrogen). Cells were main-tained in a humidified CO2 incubator at 37°C until confluency and fed with freshmedium every 3 days. Before seeding, cells were detached from the cell culture flaskusing trypsin-EDTA and viable cells were counted by trypan blue assay using ahemocytometer.
 The electrospun nanofibrous scaffolds were sterilized under UV radiation, washedthrice with PBS and incubated with DMEM/F12 (1:1) media containing N2 supplementfor 24 h before cell seeding. Cells were seeded at a density of 10,000 cells/cm2 to study
 the cell proliferation on different electrospun scaffolds. Sterile tissue culture plates(TCP) for cell culture were purchased from Thermo Scientific Company (Singapore) andwere used as such without any surface treatment (control).
 The adhesion and proliferation of nerve stem cells on electrospun scaffolds weredetermined by colorimetric MTS assay (CellTiter 96 AQueous One Solution, Promega).After 2, 4, 6 and 8 days of cell culture, the cell-scaffold constructs were washedwith PBSand incubated in DMEM containing 20% of MTS reagent for a period of 3 h. Thereafter,the aliquots were pipetted into the wells of a 96-well plate and placed into aspectrophotometric plate reader (FLUOstar OPTIMA; BMG Labtech, Offenburg,Germany), and the absorbance was read at 490 nm.
 Electrical stimulation of NSCs (nerve stem cells) seeded on electrospun PLLA/PANinanofibrous scaffolds was carried out using the procedure utilized by Ghasemi-Mobarekeh et al. (16). In short, cells were seeded on the electrospun nanofibrousscaffolds at a density of 10,000 cells/well and further incubated for 24 h for cellattachment and spreading. After 24 h, nerve stem cells were exposed to a steadypotential of 1.5 V for a period of 60 min. To accomplish electrical stimulation, a silverelectrode and a platinum electrode were inserted to opposite ends of the nanofibrousscaffold kept in culture medium and connected to a constant voltage (1.5 V). Takinginto account the width of 15 mm PLLA/PANi scaffolds and constant voltage of 1.5 V, theelectric field (voltage difference per unit distance) applied in this study is equivalent to100 mV/mm.
 Cell morphology and neurite extension studies Scanning electron micro-scope was used to observe the cell morphology after 4 days of cell culture onelectrospun nanofibers. The samples were first fixed in 3% glutaraldehyde, rinsed withPBS (three times) and dehydrated with graded concentrations (50–100% v/v) ofethanol and finally added with HMDS. After air drying of HMDS, the samples weremounted onto a stub, coated with gold and observed under SEM.
 After performing electrical stimulation, the cell-scaffold constructs were incubatedfor a period of 24 h and evaluated for their neurite outgrowth by SEM. The elongation ofthe neuritis were observed by SEM and the neurite lengths were measured from theSEM images using Image Analysis software, similar to those carried out by Schmidtet al. (19).
 Statistical analysis Data presented are expressed as mean±standard error ofthe mean and statistical analysis was performed using single factor analysis of variance.P value of ≤0.05 was considered statistically significant.
 RESULTS AND DISCUSSION
 Interaction between cells and polymeric scaffolds play a crucialrole in determining the physiological behavior of cells such as celladhesion, proliferation and differentiation (20,21). The use ofpolymeric substrates including conducting polymers to manipulatecell behaviors has recently gained interest mainly because electricalstimulus is important for cells involved in muscular and neural tissueregeneration (22). The interaction of cells to scaffolds depends onproperties such as surface topography, hydrophilicity, electricalcharges etc. (23). Electrospinning of pure PANi solution is rarelypossible, though composite scaffolds with small concentration of PANican be electrospun. A certain amount of polyaniline within thecomposite scaffold might be non-toxic to the cells and it could beelectrically conductive enough to stimulate the cells and promoteneurite outgrowth. We carried out in vitro experiments evaluating thecapability of PANi containing composite (PLLA/PANi) nanofibers tomodulate the differentiation phenotype of nerve stem cells for nervetissue engineering.
 Morphology and chemical characterization of electrospunnanofibers Electrospinning conditions were optimized duringour study to obtain uniform randomly oriented bead free PLLA/PANinanofibers by incorporating 15% of PANi with PLLA (PLLA:PANi85:15). Fig. 1 shows the SEM images of electrospun PLLA andPLLA/PANi nanofibers produced by electrospinning. The fiber diam-eter of PLLA was 860±110 nm and that of PLLA/PANi was195±30 nm. By incorporating PANi-CSA to PLLA, the net chargedensity of the solution might increase favoring the formation of fiberswith low diameters. The presence of PANi-CSA can be consideredsimilar to salt additions to electrospinning solutions, where it not onlyaffects the viscosity but also the ionic conductivity and further thedielectric constant of the solution (24). Repulsion of electrostaticcharges cause the stretching of fibers, thus reducing the fiber diameterof PLLA/PANi fibers. With inclusion of the same amounts of PANi topolycaprolactone/gelatin (PG) solution, Ghasemi-Mobarakeh et al.
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FIG. 1. SEM images of electrospun PLLA and PLLA/PANi nanofibers.
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 obtained composite PG/PANi (85:15) fibers with diameters of 112±8 nm (16). Gelatin nanofibers with diameters of 803±121 nm wereproduced by Li et al., and by incorporating higher amounts of PANito gelatin (PANi/gelatin 40:60) they produced small diameter (61±13 nm) fibers (14). It is also known that the size of the nanofibersregulate the adhesion, proliferation and differentiation of cells,besides its chemical properties (25,26). Incorporating higher amountsof PANi and CSA was found to produce beaded fibers instead ofuniform randomly oriented fibers. A ratio of 85:15 of PLLA:PANi wastherefore specifically chosen for the preparation of a conductivescaffold for nerve stem cell culture and for the electrical stimulationstudies.
 The surface hydrophobic–hydrophilicity of electrospun scaffoldshas a major influence on cell adhesion and proliferation behavior. Thehydrophilicity of a scaffold have an influence on the surface energy,which might influence the serum proteins to adhere on the scaffolds,and in turn govern the biological response, such as cell adhesion andproliferations (27). The wettability of PLLA/PANi nanofibers (126±5°) was found similar to those of PLLA nanofibers (128±7°). Since thesurface hydrophobicity of both the scaffolds is comparable, the cellproliferations cannot be dependent on this factor alone. No significantdifferences in the contact angle values of PG and PG/PANi nanofiberswere observed by Ghasemi-Mobarakeh et al. (16). Results of ourstudies shows that the incorporation of PANi has little or no effecttowards the hydrophilicity of composite PLLA/PANi scaffold, com-pared to the PLLA scaffold. Similar results were also reported by Jeonget al., where they found that the incorporation of PANi into PLCL didnot change the hydrophilicity/hydrophobicity of PLCL nanofibers
 FIG. 2. FTIR spectra of electrospun P
 (28). FTIR and XPS analyses were performed to evaluate the chemicalcomposition of the electrospun scaffolds. The FTIR spectra (Fig. 2) ofelectrospun PLLA scaffolds showed peaks at 1760 cm−1 and1090 cm−1 referred to the carbonyl and C–O stretch in PLLA,respectively. In addition to the carbonyl and C–O stretch relatedpeaks, the electrospun PLLA/PANi scaffolds showed peaks at1284 cm−1 corresponding to the C–H in plane of deformation ofPANi, 794 cm−1 corresponding to the sulphonic acid groups and1558 cm−1 indicating that the aromatic ring is retained in thepolymer (29,30). XPS analysis revealed the atomic ratios of C1s,N1s, O1s and S2p on the surfaces of the electrospun scaffolds and isshown in Table 1. The presence of S2p on PLLA/PANi scaffoldsconfirmed the presence of the dopant on the surface of the compositescaffolds by XPS analysis. The collective results from FTIR and XPSanalyses suggest that the electrospun PLLA/PANi contain electricallyconducting domains on the surface of the scaffolds, which make themeffective to transfer the required electrical signals.
 Mechanical and electrical properties of electrospun nanofibersThe combination of chemical, mechanical and electrical properties
 of the scaffolds plays an important role in tissue regeneration. Nervegrafts utilized for nerve tissue regeneration are applied as nerveguides, conduits or guidance channels. These involve the applicationof non-woven fabrics or electrospun nanofibrous sheets and hence westudied the mechanical properties of non-woven fabrics. Moreover, invivo studies using electrospun fiber mats are also demonstrated tobridge large nerve gaps and direct axonal growth in peripheral nerveregeneration (31). The stress–strain curve for the electrospunnanofibers are shown in Fig. 3. The tensile strength and elongation
 LLA and PLLA/PANi nanofibers.
 image of FIG.�2
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TABLE 1. Atomic ratios of C1s, N1s, O1s and S2p on electrospun nanofibers measured byX-ray photoelectron spectroscopy.
 Scaffold C atomic ratio N atomic ratio O atomic ratio S atomic ratio
 PLLA 55.15 - 44.85 -PLLA/PANi 55.63 1.13 42.29 0.95
 504 PRABHAKARAN ET AL. J. BIOSCI. BIOENG.,
 at break were obtained as 4.69 MPa and 25%, respectively for PLLAnanofibers. PANi is brittle in nature and hence tailoring themechanical properties of this polymer is essential while using thepolymer for tissue engineering applications, despite its favorableelectrical properties. The tensile strength of PLLA/PANi nanofibersdecreased to 3.42 MPa, due to the presence of PANi in the compositescaffold, but with an increase in strain at break of 40%. An increase inthe tensile strength of PG/PANi scaffolds were obtained by Ghasemi-Mobarakeh et al. compared to PG nanofibers, mainly because of thereplacement of a weak natural polymer gelatin with a synthetic(strong) polymer PANi (16). Reports by Jeong et al. showed that theelongation at break for PLCL/PANi scaffolds (309.41%) decreasedcompared to the elongation at break for PLCL (391.54%) nanofibers(28). On the other hand, the tensile strength of fresh transected adultrat sciatic nerve is reported as 2.72±0.97 MPa by Borschel et al. (32).
 Various factors affect the conductivity of polymeric compositesincluding the solvents used, doping agent, concentration of conduc-tive polymer in the composite etc (33,34). We utilized CSA as thedopant and the conductance of electrospun PLLA/PANi fibersfabricated during this study was obtained as 3×10−9 S. A linear I–Vcurve ideally represents the conductive property of a scaffold andduring this study our PLLA/PANi (85:15) nanofibers showed a linearI–V curve, revealing its conductive properties (Fig. 4). It was thereforeunderstood that the CSA dissolved in HFP protonated the emeraldinebase (EB) of PANi producing the polyelectrolyte salt within the PLLAcontaining organic matrix. Our results are consistent to previousstudies carried out by Li et al. (14) and Jeong et al. (28), where HFPwas used for the fabrication of conductive gelatin/PANi and PLCL/PANiscaffolds, respectively. Moreover, the amount of PANi used in thisstudy was sufficient to make the composite scaffold conductive andcause cell stimulation effects.
 Degradation of electrospun nanofibers The degradation be-havior of scaffold used for tissue engineering affect the concernedtissue of regeneration.We carried out themorphological evaluation ofthe electrospun scaffolds after soaking in PBS for a period of 8 days bySEM. Fig. 5 shows the change in morphology of PLLA and PLLA/PANinanofibers after degradation. PANi being a non-biodegradablepolymer, the inclusion of PANi in PLLA did not cause a significant orobservable degradation in the morphology of the compositePLLA/PANi scaffold, by SEM analysis.
 FIG. 3. Tensile graph of electrospun PLLA and PLLA/PANi nanofibers.
 Nerve stem cell proliferation and morphology on electrospunnanofibers The nerve stem cell adhesion and proliferation onelectrospun scaffolds were determined using the colorimetric MTSassay (CellTiter 96 AQueous One solution, Promega). The reduction ofyellow tetrazolium salt in MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium) to formpurple formazan crystals by the dehydrogenase enzymes secreted bymitochondria of metabolically active cells forms the basis of this assay.The formazan dye shows absorbance at 490 nm and the amount offormazan crystals formed is directly proportional to the number of cells.Results of cell proliferation on the electrospun scaffolds are shown inFig. 6. Fibers with small diameters are demonstrated to promote thespreading of nerve stem cells (C17.2 cells) than the fibers with largediameters (34). He et al. demonstrated that small diameter fibersfacilitate the adsorption of proteins and other nutrients from the culturemedia due to their high surface area-to-volume ratio and the cells mightrequire little energy to migrate and spread over small diameter fibersthan the large diameter fibers (35,36). Proliferation of nerve stem cellson PLLA/PANi nanofibers showed that the PANi containing scaffolds arenon-toxic and the proliferation of nerve cells on PLLA/PANi scaffolds(195±30 nm) were higher than the cell proliferation on PLLAnanofibers (860±110 nm) after 8 days of cell culture. However, higheramounts of PANi within the composite can be a hindrance to cellproliferations and optimized concentration of PANi within the compos-ite and electrospinnability to obtain bead-free fibers are achieved duringthis study. Studies by Li et al. showed similar results, where they studiedthe proliferation of myoblasts on gelatin/PANi nanofibers with differentconcentrations of PANi (14). Results of their study showed that theproliferation of H9c2 cells was higher on both 15% and 30% PANicontaining gelatin nanofibers compared to both TCP and gelatinscaffolds, after 6 days of cell culture.
 Morphological observation of differentiated nerve stem cellsgrown on TCP, electrospun PLLA and PLLA/PANi nanofibers werecarried out by SEM and are shown in Fig. 7. The nerve stem cellsappeared spindle shaped on TCP, and the cell morphology onPLLA/PANi nanofibers was better than the morphology of cellsattached on PLLA fibers (lost neurite extension and appeared flat).Cells on PLLA nanofibers were less spread and did not show its typicalphenotype. Moreover, the neurite extension of cells on electrospunPLLA/PANi nanofibers was more discernible than the neuriteextension on PLLA scaffolds. The phenotype of the differentiatednerve stem cells (C17.2 cells) was retained for cells grown onPLLA/PANi scaffolds, which indicates that the incorporation of PANiwithin the composite scaffolds did not affect NSC differentiations.
 Neurite extension is an important phenomenon of nerve cellmigration, which is dependent on the chemical, mechanical andelectrical properties of the substrates (37,38). Electrospun alignedfibers provide topographical cues to direct and enhance the neuriteoutgrowth than the random fibers (39). The unidirectional contoursof aligned fibers are demonstrated to provide physical guidance to thecells, facilitating the axon path-finding and accelerating the nervetissue regeneration (40). Both the topographical cues and electricalstimulations were studied together by Xie et al. and they found thatthe effect of electrical stimulation on random fibers were higher thanthe effect on uniaxially aligned fibers, based on neurite lengthmeasurements (41). Scaffold that can act as a temporary substrateto stimulate cells of nerve tissue regeneration via electrical stimula-tion is fabricated in this study. Electrical stimulation of cells onelectrospun PLLA/PANi scaffolds were carried out for a period of60 min at a constant electric field of 100 mV/mm, after 24 h of cellseeding time (16). Control experiments were also carried out byseeding cells on PLLA/PANi nanofibers, but without electricalstimulation. The in vitro application of electrophysiologically relevantDC fields from 1 to 10 V/cm has been described to affect cell migration,alignment of nerve cells, increased collagen production and even
 image of FIG.�3
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FIG. 4. I–V curve at a voltage range from (A) −3 V to +3 V (B) −40 V to +40 V for the electrospun PLLA/PANi nanofibers.
 FIG. 5. SEM images of degradation of (A) PLLA (B) PLLA/PANi nanofibers after 8 day period.
 ELECTROSPUN NANOFIBERS AND NERVE CELL STIMULATION 505VOL. 112, 2011
 differentiation of embryonic stem cells by various researchers (42,43).Significant increase in the outgrowth of neuritis was observed for cellselectrically stimulated after culturing on PLLA/PANi nanofibers.Figs. 8A and B show the differences in the elongation of neuritis forcells cultured on PLLA/PANi nanofibers, with and without electricalstimulation. Electrical stimulation across a biomaterial might alter thelocal electrical field of ECM proteins and possibly modify the proteinadsorption to polymeric surfaces and subsequently affect the neuriteoutgrowth (44). Cells on the electrically stimulated PLLA/PANinanofibers showed a definite extension of neurite length, which wasalso higher than the neurite outgrowth observed for cells grown on
 FIG. 6. Nerve stem cell proliferation on TCP, electrospun PLLA and PLLA/PANi scaffoldsby MTS assay.
 PLLA nanofibers. The length of the neurite outgrowth was quantifiedusing Image analysis software, and the average neurite length of cellscultured on PLLA/PANi scaffolds after electrical stimulation was foundto be 24±4 μm, compared to 15±3 μm without electrical stimula-tion. The neurite extension of nerve cells on electrically stimulatedPCL/Gelatin/PANi nanofibers with conductance of 0.02×10−6 S wasreported as 30±1 μm (16). We observed that the conductance ofPLLA/PANi scaffolds was lesser than that fabricated by Ghasemi-Mobarakeh et al. (16) for PCL/Gelatin/PANi scaffolds (0.02×10−6),where they found the neurite extension of as much as 30 μm afterelectrical stimulation (16). Longer neurite length (30±1 μm) wasobserved in our previous study due to the higher conductivity ofPCL/Gelatin/PANi scaffolds, compared to PLLA/PANi scaffolds fabri-cated in this study. Moreover, the presence of gelatin which is anatural polymer in the structure of conductive scaffold of our previousstudy also contributed to an increase in the neurite length to a greaterextent compared to the neurite length obtained for scaffolds of thecurrent study. However, a comparatively low conductance PLLA/PANiscaffolds was able to produce a significant improvement in neuriteoutgrowth upon electrical stimulation (15±3 μm to 24±4 μm). Onthe other hand, even with the presence of gelatin and higherconductivity of PCL/Gelatin/PANi scaffold of our previous study, thedifference in neurite length of the current study is not lowertremendously than those on PCL/Gelatin/PANi (meaning the maxi-mum neurite length obtained for PCL/Gel/PANi was 31 μm and thosefor PLLA/PANi was 28 μm). Hence it can be concluded that lowconductance fibers can cause neurite extension by using suitablescaffold compositions and more investigations are required in thisdirection to maximize the effect of conductance, scaffold composi-tions and electrical stimulation.
 image of FIG.�4
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 image of FIG.�6
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FIG. 7. SEM images of nerve stem cells on (A) TCP, (B) electrospun PLLA, and (C) PLLA/PANi nanofibers after 4 days of cell culture.
 FIG. 8. SEM images of nerve stem cells on PLLA/PANi nanofibers. (A) Non-stimulated. (B) Electrically stimulated for 60 min period.
 506 PRABHAKARAN ET AL. J. BIOSCI. BIOENG.,
 Our results show that the electrical stimulation of nerve stem cellson conducting polymeric scaffolds of PLLA/PANi can stimulate thedifferentiation or neurite elongation, highlighting the relevantapplication of electrical impulses as target signals for nerve tissueregeneration. Myotube formation, which is an important attribute inrestoring muscular functions, was also found enhanced after growingcells on fibers (PLCL/PANi) with electrically conductive properties byJun et al. (45). Results of our study might further encourage theapplication of stimuli responsivematerials and introduction of variousphysical or electromechanical/mechanistic approaches to promotedesirable cellular behavior and accelerate tissue regeneration.
 Tissue engineered construct seeded with nerve stem cells andelectrically stimulated, allowed for the dominant outgrowth of neuriteessential for peripheral nerve regeneration. Electrospun PLLA/PANiscaffolds fabricated were found to possess the nanoscale features ofnative ECM, had the mechanical and electrical properties suitable fornerve tissue engineering. In vitro nerve stem cell culture on compositeconductive scaffolds demonstrated cell biocompatibility of electro-spun conductive PLLA/PANi scaffolds similar to those observed onbiodegradable PLLA scaffolds. Moreover the electrical stimulation ofnerve stem cells on PLLA/PANi scaffolds showed higher neuriteextensions, which facilitate the regeneration of nerve. Results of thisstudy encourage further research in the field of electromagneticstimulations of nerve cells and mesenchymal stem cells towardsneuronal cells for accelerated nerve regeneration. Our study empha-sizes the need for more detailed research on the mechanisms behindthe influence of mechanical and electrical properties of scaffolds inregenerating physiologically robust nerve tissue.
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