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ABSTRACT: Incontrollable cellular growth behavior is a significant issue, which 

severely affects the functional tissue formation and cellular protein expression. 

Development of natural extracellular matrix (ECM) like biomaterials to present 

microenvironment cues for regulation of cell responses can effectively overcome this 

problem. The external simulation and topological characteristics as typical guiding cues 

are capable of providing diverse influences on cellular growth. Herein, we fabricated 

two-dimensional aligned conductive nanofibers (2D-ACNFs) by an electrospinning 

process and surface polymerization, and the obtained 2D-ACNFs provided the effects 

of both alignment and electrical stimulation (ES) on cellular response of human 

mesenchymal cells (hMSCs). The results of cellular responses implied that the obtained 

2D-ACNFs could offer a synergistic effect of both ES and aligned nanopattern on 
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hMSC growth behavior. The effects could not only promote hMSCs to contact each 

other and maintain cellular activity but also provide positive promotion to regulate 

cellular proliferation. Thus, we believe that the obtained 2D-ACNFs will have a broad 

application in the biomedical field, such as cell culture with ES, directional induction 

for cell growth, and damaged tissue repair, etc. KEYWORDS: aligned nanofiber, cell 

culture, electrical stimulation, hMSCs, tissue engineering 

 

1. INTRODUCTION  

Tissue damage can significantly change the tissue function of the body, which leads 

to the disability of tissue and disturbs the quality of life quality for people.1−4 A 

promising strategy for achieving tissue repair by human mesenchymal cells (hMSCs) 

combined with nanobiomaterials is a very effective technique in the biomedical area. 

In this process, the structure characteristics of biomaterials and contact cues are key 

elements. Previous studies indicated that suitable structure, conductive polymer, 

signaling pattern, and magnetic force could provide positive effects on hMSC 

proliferation and differentiation.5−8 Therefore, the scaffold with ideal morphology and 

desired cues for regulating hMSC growth behavior could be able to regain the abilities 

of damaged tissue or achieve optimized tissue regeneration. Thus, there is a tremendous 

need to prepare scaffolds with functional features and optimized structure for providing 

a desired microenvironment for hMSC growth.  

Extracellular matrix (ECM)-like nanofibrous scaffolds based on nanofibers make 

it easy to achieve controllability of structure and functionalization by changing 



preparation conditions to meet complex tissue requirements.9−16 However, there are still 

challenges in damaged or diseased tissue repair; for example, structure and contact cues 

cannot be able to effectively work in providing an optimum microenvironment for 

hMSC growth.17−26 Therefore, some novel strategy should be used to develop an ideal 

nanofibrous scaffold offering various promising cues, such as alignment,27−29 

morphological characteristics,30−32 surface functionalization,33−36 ES,37−39 and 

mechanical stimulation,40 etc.  

Although previous studies had some relevant investigations about the effects of the 

various cues on cellular growth behavior by a nanofibrous scaffold,27,41−47 there is still 

not enough for a clear understanding of the synergistic action of various cues on 

biochemical response of hMSCs. As typical contact cues, physical stimulation and 

morphological characteristics are very crucial for regulating cellular growth behavior 

of hMSCs and controlling cellular function expression. Thus, it is very necessary to 

explore the influence of them on cellular growth behavior of hMSCs, thereby to meet 

complex requirements of implantable ECM in tissue engineering areas.  

For the above purpose, we propose to investigate the role of aligned nanofibers 

combined with ES on cellular behavior of hMSCs. First, we fabricated 2D-ACNFs by 

our self-made electrospinning process and surface solvent dispersion polymerization. 

Second, we investigated the synergistic effect of alignment and electrical simulation on 

cellular response of hMSCs. The SEM images indicated that the as-prepared 2DACNFs 

have excellent alignment, uniform surface morphology, and desired diameter 

distribution. The electrochemical characterization also showed that the as-prepared 2D-



ACNFs have outstanding electrical property to offer ES for the cell culture system. In 

addition, the results of cellular response indicated that the obtained 2D-ACNFs could 

supply a comprehensive influence of both alignment and ES on hMSC growth behavior. 

In addition, we also observed that the synergistic effects of alignment combined with 

ES could remarkably promote hMSCs to contact each other, guide extension, and 

maintain cellular activity; moreover, these two factors also provided positive 

improvement to regulate cellular proliferation and adhesion. Thus, we believe that this 

new insight will have a great deal of application in the biomedical field, such as for 

cellular functional protein expression and damaged tissue repair, etc.  

2. EXPERIMENTAL SECTION  

2.1. Materials.  

Poly(L-lactic acid) (PLLA, MW = 250k) was provided by Daigang Polymer (Jinan, 

China). N,N-Dimethylformamide (DMF) and dichloromethane (DCM) (A. R.) were 

obtained from Guangzhou Chemical Reagent Co. Conductive monomer 3,4- 

ethoxylene dioxy thiophene (EDOT) and ferric chloride were purchased from Sigma-

Aldrich (China).  

2.2. Fabrication of 2D-CANFs.  

In this study, the PLLA 2D-ANFs were prepared by self-designed electrospun 

collector using our reported method.28 Subsequently, the obtained 2D-ANFs were used 

as a template to coat the conductive polymer layer (PEDOT layer) by interfacial 

polymerization in the EDOT, ferric chloride, and ethanol solution. After ethanol 

evaporation, a conductive PEDOT layer formed, and then the prepared 2D-CANFs 



were treated using ethanol 3−5 times to remove residual chemicals. Finally, the 2D-

CANFs were dried at room temperature for 24 h.  

2.3. Structural and Chemical Characterization of 2D-ACNFs.  

The morphology of 2D-ACNFs was examined using a Quanta 200 scanning 

electron microscope (SEM) analysis system (FEI, Netherlands). The chemical analysis 

was examined by Fourier transform infrared spectroscopy (FTIR, Nicolet 6700, 

Thermo Scientific, USA) and X-ray photoelectron spectroscopy (XPS).  

2.4. Cell Culture and Characterization.  

hMSCs were cultured on the 2D-ACNFs to evaluate response between cells and 

the nanofibers under ES, and 2D random conductive nanofibers (2DRCNFs) were set 

as control groups. First, the samples were tailored and sterilized in a 24-well tissue 

culture plate (TCP) as in a previously reported method,48−50 and then cells were 

cultured on the samples (cell density is 1.5 × 104 cells/well) after washing 3−5 times 

with PBS. The following step was to add DMEM medium (0.5 mL) including 10% FBS 

(v/v). These cell-conductive nanofiber constructs were incubated as hMSC-required 

conditions (humidified condition, 5% CO2, 37 °C).  

The effects of ES on hMSCs were performed to reveal a response between cells 

and the alignment of conductive nanofibers. Cells were seeded onto 2D-RCNFs and 

2D-ACNFs after 24 h, and the stainless steel electrodes were added into the cell 

chambers and in close contact with the samples. Then, a pulsed electrical potential (100 

Hz, 100 mV/ cm) was applied by electrodes (4 h of every day). For the cellular viability 

analysis, hMSCs were visualized after 7 days’ culture on the 2D-ACNFs under ES. 



After fixed by 3.0% paraformaldehyde for half of 1 h, the cytoskeleton of cells was 

stained by Phalloidin-FITC with a concentration of 5 μg/mL, and the nuclei of cells was 

stained by Hoechst 33258 with a concentration of 5 μg/ mL, respectively. Phalloidin-

FITC and Hoechst 33258 were purchased from Sigma-Aldrich. Finally, these cellular 

constructs were imaged using laser scanning confocal microscopy (Leica Microsystem 

2.60).  

The response of cellular morphology on the 2D-RCNFs and 2DACNFs was 

measured using by SEM images. After 7 days’ culture, the cell-conductive nanofiber 

constructs were fixed through 3.0% glutaraldehyde aqueous solution and then 

dehydrated using ethanol/ water (v/v) concentrations as reported methods. The samples 

were then dried for 24 h in flowing air and imaged after coating platinum/ palladium 

with a thickness of 10 nm.  

The adhesion and proliferation of hMSCs on the 2D-ACNFs with/ without ES were 

measured at various culture time points as in our previously reported method.40 The 

fluorescent absorbance of the cell− nanofiber constructs was tested (485/535 nm) by a 

fluorescence plate reader (Victor3 multilabel, PerkinElmer, U.S.A.), and the number of 

cells was calculated using the absorbance standard of the known cell. Collagen 

expression of hMSCs cultured on 2D-ACNFs was measured as in a previously reported 

method.51,52  

3. RESULTS AND DISCUSSION  

3.1. Fabrication and Structure Characterization of 2DACNFs.  

As the schematic diagram of preparation, three steps were involved in preparation 



of 2D-ACNFs. First, 2D-ANFs as the template were prepared according to the previous 

work.28 Briefly, the homemade electrospinning system with a rotating collector was 

used to fabricate 2D-ANFs. After 2 h electrospinning polymer solution on the special 

collector, the 2DANFs were obtained by removing nanofibers from aluminum foil 

(Figure 1).  

 

The morphology of the obtained 2D-ANFs showed excellent alignment (Figure 

2C); the majority of the nanofibers in the 2D-ANFs goes along the same direction 

(Figure S1); and the nanofiber with deviation degree less than 10° was up to 70% . The 

compactness of the obtained 2D-ANFs was much higher compared to 2D-RNFs (Figure 

2A). The diameter of the nanofibers in the 2D-ANFs ranged from 380 to 560 nm, and 

the average diameter was 470 nm. Subsequently, the obtained 2D-ANFs were immersed 

into an EDOT/FeCl3 solution. Lastly, the conductive polymer PEDOT was coated on 

the nanofiber surface of the obtained 2D-ANFs after polymerization by solvent 

evaporation method (the schematic diagram of polymerization was shown in Figure 1). 

The structure of the obtained 2D-ACNFs was shown in Figure 2D and  



 

 

Figure 3. The results indicated that the core−shell structure was successfully formed by 

surface polymerization, and the average diameter of the conductive nanofibers was 950 

± 100 nm. The FTIR results of 2D-ACNFs were shown in Figure 4A, which clearly 

demonstrated that the characteristic peaks of PEDOT were observed. The peaks of 1208 

and 1095 cm−1 were the symmetric and asymmetric C−O−C stretching; the peak of 



1445 cm−1 was the CC stretching of the thiophene ring; and the peaks of 9706, 845, 

and 705 cm−1 were characteristic absorption of C−S. The EDS mapping indicated that 

the characteristic peak of the S element on the surface of nanofibers in the PEDOT was 

also observed (Figure 5). These results noted that the PEDOT layer was successfully 

coated on the surface of aligned PLLA nanofibers.  

 

 

The electrical property of 2D-ACNFs was measured using the 2D-ACNFs as a 

working electrode according to a previous method.28 The result of electrochemical 

performance indicated that 2D-ACNFs have a high charge storage capacity under a scan 

rate of 25 mV/s (Figure 4B), which also showed that 2DACNFs as a cell culture 

substrate could provide appropriate current for cellular ES.  

 



3.3. Cellular Response of hMSCs on the 2D-ACNFs.  

Previous reports indicated that ES or alignment has a great effect on cellular growth 

behavior.19,20 To reveal the synergistic effects from ES and alignment on cellular 

response, hMSCs as a cell model were used to evaluate the effect of alignment and 

electrical simulation on cells. hMSCs were cultured on the 2DACNFs and 2D-RCNFs 

with pulsed ES every day during the incubation period. The schematic diagram of ES 

for hMSCs was shown in Figure 6. After 7 days’ culture, the cytoskeletal Factin of 

hMSCs displayed obvious differences on the various substrates.  

 

As shown in fluorescent images (stained by halloidin-FITC and Hoechst 33258, 

respectively), hMSCs cultured on the raw random nanofibers showed a separate shape 

and had a sparse contact among cells, and the cytoskeleton could not fully expand 

(Figure 7A1−3). While cells on the conductive nanofibers of 2D-RCNFs showed good 

expansion, the shape of these cells demonstrated well-developed cellular nanofiber 

constructs along the separate conductive nanofibers (Figure 7B1−3). However, under 

pulsed ES environment, hMSCs cultured on the 2D-RCNFs showed much better 

extension than that without ES (Figure 7C1−3). In addition, the morphology of hMSCs 



after 7 days’ culture on the different substrates also demonstrated a similar phenomenon 

as fluorescent images. Figure 7A4 shows the morphology of hMSCs on the raw PLLA 

nanofibers, and these cells adhered on the PLLA nanofibers tightly and displayed round 

shape. The cells cultured on the 2D-RCNFs showed a relatively poor state due to the 

PEDOT layer coated on the surface of nanofibers that reduced the substrate’s 

biocompatibility (Figure 7B4), which was disadvantageous for hMSC growth and 

contact. In contrast, cellular viability and morphology of cells cultured on the 2D-

RCNFs with a pulsed ES (Figure 7C4) demonstrated significantly better than that 

without ES. These results indicated that the morphological characteristics were in 

agreement with features of the fluorescent images.  

 

ES can supply physical stimulations for cells to regulate cellular proliferation, 

differentiation, and functional protein expression. To evaluate relevant biochemical 

changes, the proliferation and collagen expression of hMSCs were measured (Figure 

8), and the results demonstrated that proliferation of hMSCs cultured with ES were 

slightly higher compared to that without ES during the 7 day culture period (Figure 8A). 



However, the collagen expression of hMSCs with ES was not significantly different 

from that of cells without ES, while both of them were much more than that on the raw 

PLLA nanofibers. In addition, from Figure 8 B, we found that the collagen expression 

cultured on the conductive with/without ES was much higher than that on the raw PLLA 

nanofibers. These results showed that the cellular proliferation of hMSCs had no great 

influence with/without the daily pulsed ES, while conductive substrates could improve 

the collagen expression.  

 

To further explore the effect of alignment and ES on cellular behavior, hMSCs were 

cultured on the 2D-ACNFs for evaluating the response of cells. As shown in Figure 

9C4, hMSCs displayed good extension; more interestingly, the signs of cell migration 

showed that cells displayed more obvious formation of connection area compared to 

that on the 2DRCNFs, and the connection was perpendicular to those aligned 

conductive nanofibers under ES. Moreover, the fluorescence images of hMSCs cultured 

on the 2D-ACNFs demonstrated that cytoskeletal F-actin of hMSCs could also connect 

each other or have a tendency for connection and then form a simple tissue-like type 

(Figure 9C1−3).  

 



 

hMSCs cultured on the 2D-ACNFs without ES also displayed spread, but the 

activity of the cell had slightly worse trend compared to that under ES (Figure 9B1−3). 

In contrast, hMSCs on raw aligned nanofibers contracted tightly, and the cells could be 

able to display directional growth (Figure 9A1−3). These results demonstrated that the 

synergistic effect of alignment and ES could promote hMSCs to contact each other, thus 

improving the formation of tissue. In addition, the morphology of cells was 

characterized for assessment of cellular response. As shown in Figure 9C4, the 

morphological characteristics of cells cultured on the 2D-ACNFs with ES displayed 

that cellular pseudopods connected to each other, while cells that were cultured without 

ES showed good spread and tightly adhered on the surface of the 2D-ACNFs (Figure 

9B4). Moreover, we also found that these cells were slightly more contracted than that 

with ES, which might be attributed to the effect of the PEDOT layer. In addition, the 

cells cultured on raw aligned nanofibers were tightly adhered on the surface of the 

nanofibers (Figure 9A4). These morphological characteristics combined with 

fluorescent images demonstrated that the synergistic effects of ES and alignment could 



enhance and maintain a positive promotion for cellular activity and growth. The results 

also indicated that the interaction of the two factors might be beneficial to promote the 

development of the hMSCs to the tissue-like formation.  

 

To investigate the impact of alignment and ES of nanofibers on biochemical 

functions, the proliferation and collagen expression of hMSCs cultured on 2D ACNFs 

were measured (Figure 10), and the test results indicated that the proliferation of 

hMSCs cultured with ES was much higher compared to that without ES during the 7 

day culture period (Figure 10A). Moreover, the collagen expression of hMSCs cultured 

on conductive substrates was significantly more than that on the aligned PLLA 

nanofibers, and ES has no significant influence on collagen expression (Figure 10B). 

These results showed that the synergistic effect of alignment and ES can improve 

proliferation of hMSCs, meanwhile, which also showed daily pulsed ES had no great 

influence on collagen expression.  

The obtained results indicated that the geometry cues of 2DACNFs displayed close 

morphological resemblance of the nanofibrous microenvironment to hMSCs and could 

demonstrate a good biocompatibility and promote cellular growth and some protein 

expression, but no obvious migration was achieved.6,53 Providing ES cues for hMSCs 



by 2D-ACNFs, the significant promotion was observed, which might be attributed to 

the influx of Ca2+ induced by the depolarizing current. These Ca2+ further activated the 

calmodulin-kinases to elicit hMSC outgrowth and expedite hMSC migration. 

Compared to the effect of a traditional single physical cue, this new strategy for cellular 

ES with the alignment of 2DACNFs will supply more controllable parameters and the 

possibility for the regeneration and repair of damaged or have a broad application in 

the tissue engineering field.  

The obtained results were consistent with previous studies,6,10,53 without ES, and 

the geometry cues of 2DACNFs displayed close morphological resemblance of the 

nanofibrous microenvironment to hMSCs17 and could demonstrate a good 

biocompatibility and promote cellular growth and some protein expression; however, 

no obvious migration was achieved. The interaction between the hMSCs and the 

nanofibers of 2D-ACNFs was much stronger compared to the interaction between 

hMSCs and the nanofibers of 2DRCNFs (Figure 7B4, Figure 9B4). In contrast, under 

the ES microenvironment, the significant phenomenon was observed, and the hMSCs 

displayed much more pronounced trend for switching to perpendicular outgrowth along 

the nanofibers of 2D-ACNFs (Figure 7C4, Figure 9C4), which might be attributed to 

the influx of Ca2+ induced by the depolarizing current. These Ca2+ further activated the 

calmodulin-kinases to elicit hMSC outgrowth and expedite hMSC migration and 

growth. Compared to the effect of a traditional single physical cue, this new strategy 

for cellular ES with the alignment of 2DACNFs will supply more controllable 

parameters and the possibility for the regeneration and repair of damaged or diseased 



tissue.54 It is expected that the obtained 2D-ACNFs will have a broad application in the 

tissue engineering field.  

4. CONCLUSION  

In conclusion, we successfully fabricated 2D-ACNFs by the electrospinning 

process and surface polymerization. The asprepared 2D-ACNFs exhibited excellent 

alignment, electrical property, and biocompatibility. In addition, we had a detailed 

investigation on the effects of alignment and electrical simulation on the cellular 

response of hMSCs. The gained cellular response results indicated that the obtained 

2D-ACNFs could offer two aspects to mainly influence hMSC growth behavior. First, 

the synergistic effect of alignment combined with ES could promote hMSCs to contact 

each other and maintain cellular activity, and second, these two factors also provided 

positive promotion to regulate cellular proliferation but had no great advantage in 

collagen expression. The synergistic effects of D-ACNFs also improve the tissue-like 

formation, which is important for regeneration and repair of damaged tissue. Thus, it is 

expected that the obtianed 2DACNFs will have a broad application in the biomedical 

field, such as cell culture with ES, directional induction for cell growth, and damaged 

tissue repair, etc.  
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