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Abstract: Mimicking the nanofibrous structure similar to extracellular matrix and 

conductivity for electrical propagation of native myocardium would be highly 

beneficial for cardiac tissue engineering and cardiomyocytes-based bioactuators. 

Herein, we developed conductive nanofibrous sheets with electrical conductivity and 

nanofibrous structure composed of poly(L-lactic acid) (PLA) blending with 

polyaniline (PANI) for cardiac tissue engineering and cardiomyocytes-based 3D 

bioactuators. Incorporating of varying contents of PANI from 0 wt% to 3 wt% into the 

PLA polymer, the electrospun nanofibrous sheets showed enhanced conductivity 

while maintaining the same fiber diameter. These PLA/PANI conductive nanofibrous 

sheets exhibited good cell viability and promoting effect on differentiation of H9c2 

cardiomyoblasts in terms of maturation index and fusion index. Moreover, PLA/PANI 

nanofibrous sheets enhanced the cell-cell interaction, maturation and spontaneous 

beating of primary cardiomyocytes. Furthermore, the cardiomyocytes-laden 

PLA/PANI conductive nanofibrous sheets can form 3D bioactuators with tubular and 

folding shapes, and spontaneously beat with much higher frequency and displacement 

than that on cardiomyocytes-laden PLA nanofibrous sheets. Therefore, these 

PLA/PANI conductive nanofibrous sheets with conductivity and extracellular matrix 

like nanostructure demonstrated promising potential in cardiac tissue engineering and 

cardiomyocytes-based 3D bioactuators. 

Keywords: cardiac tissue engineering; bioactuators; cardiomyocytes; conductive 

nanofibrous sheets; polyaniline 
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1 Introduction 

Cardiac diseases and heart failure are effecting numerous patients around the world in 

the past two decades, and myocardial infarction is the major cause of death 

worldwide.[1, 2] The regeneration of damaged heart tissue is severely limited by the 

poor regenerative potential of myocardium and the scar formation around the 

infarction sites.[3, 4] Tissue engineering is a promising approach for cardiac 

regeneration by combining biomaterials and cardiomyocytes (CMs) to generate 

engineered cardiac tissue constructs, and also has potential application for fabricating 

CMs-based bioactuators.[5-13] Over the past decade, bioactuators have been 

especially studied due to the exploitation of self-actuating behavior of living cells for 

engineering biological machines and other applications.[14-17] For instance, many 

kinds of living cells such as skeletal muscle cells have been used to combine with 

biomaterial scaffolds to develop various bioactuators including engineered 

nanomembranes and biological machines.[18-20] Particularly, bioactuators based on 

CMs have been so far paid more attention due to their spontaneous motion by 

integrating the spontaneous beating behavior of CMs into various polymer 

structures.[15, 21, 22] Specially, many reports have focused on utilizing 

poly(dimethylsiloxane) (PDMS) as fundamental material to create CMs-based 

bioactuators.[15, 23] Although PDMS could be easily fabricated with different 

modulus and structures, the lack of bioactivities and non-biodegradability of these 

PDMS-based materials limited their clinical use in vivo. On the other hand, polymer 

structures that can mimic the extracellular matrix (ECM) of myocardium would be 
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highly beneficial, because the ECM of myocardium plays a critical role in providing 

nanofibrous microenvironment for cardiac cell adhesion, maturation and 

function.[24-26] Unfortunately, PDMS was difficult to be prepared into nanofibrous 

structures mimicking the ECM of myocardium, which is another great barrier for its 

practical applications. Therefore, considering the complex microstructure of 

myocardium, it remains an ongoing challenge to prepare biomimetic cardiac 

substitutes and develop functional CM-based bioactuators. 

Many techniques have been recently developed to fabricate various polymer 

structures containing nanofibrous architecture for mimicking the ECM of 

myocardium.[24, 27-30] Among these approaches, electrospinning has been regarded 

as a simple and versatile method to prepare nanofibrous scaffolds, and also allowed 

for the manipulation of many parameters, including fiber diameter, fiber orientation 

and fiber density.[31-37] Due to the similarity between nanofibrous structure and 

ECM of myocardium, electrospun nanofibrous scaffold provides sufficient support for 

cardiac cells.[27-29] Moreover, CMs are electroactive cells and can be spontaneously 

contractile under electric signal propagation.[38, 39] Therefore, to mimic the native 

myocardium, the biomaterials should not only possess ECM-liked nanofibrous 

structure, but also exhibit conductive property to promote electrical propagation for 

functional coupling of CMs. However, there are still challenges for fabricating such 

suitable biomaterials for cardiac tissue engineering and CMs-based bioactuators. 

To address these challenges, many studies have focused on developing electrically 

conductive nanofibrous scaffolds through incorporation of conductive 
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materials.[40-43] Especially, polyaniline (PANI) is one of widely investigated 

conductive polymers in various biomedical applications, due to its good 

biocompatibility and conductivity.[44-48] Our previous studies have demonstrated 

that blending PANI or incorporating oligoaniline into biomaterials performed the 

promoting effect on myotube formation or neurotrophin secretion,[48-52] and some 

other studies also confirmed that blending PANI into poly(lactic-co-glycolic acid) 

(PLGA) nanofibers could enhance the synchronized beating of CMs.[40] Thus, we 

hypothesis that blending PANI into polymer structures with nanofibrous architecture 

would be highly desirable to promote cardiac cell viability, maturation and function 

for cardiac tissue engineering, and furthermore to generate functionalized CMs-based 

bioactuators. On the other hand, due to the enhanced conductivity of polymer solution, 

the diameter of nanofibers decreased with the increase of PANI contents in 

electrospun solution under the same electrospinning process.[40] However, the fiber 

diameter of nanofibers has also been shown that can regulate and direct cell behavior. 

For instance, silk fibroin nanofibers with smaller diameter have been shown more 

favorable for the maturation of astrocytes. [53] Therefore, in order to study the 

influence of conductivity of nanofibers on cell behavior, the diameter should be 

controlled within same level to eliminate its effect. However, there are still few 

reports to individually investigate the effect of conductivity of nanofibrous structures 

on cardiac cell behavior. Furthermore, developing a CMs-based bioactuators by using 

conductive nanofibrous sheets has not been reported. 

In this work, we reported a series of electrically conductive nanofibrous sheets with 
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the same fiber diameter for cardiac tissue engineering, and further utilized these 

conductive nanofibrous sheets to develop a series of CMs-based 3D bioactuators with 

spontaneous contraction motion, here exemplified by the conductive PLA/PANI 

nanofibrous sheets with different PANI contents prepared by electrospinning 

technique. Due to its good biocompatibility, degradability, controllable mechanical 

properties and thermoplastic properties, we used PLA to prepared PLA/PANI 

conductive nanofibrous sheets. To mimic the nanofibrous structure of myocardium 

ECM, the diameter of nanofibers was controlled within nanoscale (about 500 nm) and 

consistent by varying the voltage during electrospinning. H9c2 rat cardiomyoblasts 

were seeded on these PLA/PANI conductive nanofibrous sheets to investigate the cell 

viability, proliferation and differentiation. More importantly, primary CMs were 

cultured on these PLA/PANI conductive nanofibrous sheets to further investigate their 

cell viability, cytoskeleton organization, maturation and beating behavior. 

Furthermore, we also developed CMs-based 3D bioactuators with tubular and folding 

shape by utilizing these PLA/PANI conductive nanofibrous sheets as the fundamental 

materials, which were actuated by the spontaneous beating of CMs cultured on these 

sheets. We hypothesize that such PLA/PANI conductive nanofibrous sheets with 

ECM-liked nanostructure and conductivity that can provide a suitable 

microenvironment for cell viability, cytoskeleton organization, maturation and 

spontaneous beating of cardiac cells, will have a great potential for cardiac tissue 

engineering and CMs-bioactuators. 

2 Materials and Methods 
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2.1 Synthesis of PLA 

Polylactide with the molecular weight of 80,000 Da was prepared by ring opening 

polymerization (ROP) following our previous study.[54-56] In brief, the monomer 

L-LA and initiator ethylene glycol (EG) were added into a round-bottomed flask with 

a strict molar ratio in the presence of Sn(Oct)2 as the catalyst. The reaction was 

carried out at 110 
o
C under nitrogen atmosphere for 48 h. After reaction, chloroform 

was added to dissolve the resulting mixture, and the product was precipitated from 

chloroform in diethyl ether and finally vacuum dried for 48 h. 

2.2 Synthesis of PANI. 

PANI in the emeraldine salt (ES) form and emeraldine base (EB) form were 

synthesized according to our previous methods.[47, 48, 57] For the synthesis of PANI 

(ES), aniline (10 mmol) was dissolved in 0.1 mol/L HCl, and then ammonium 

persulfate (10 mmol) in 0.1 mol/L HCl solution was added into the reactor drop by 

drop during 30 min with magnetic stirring. After reacting for 4 h in air at room 

temperature, the resulting mixture was added into ethanol and then the PANI with ES 

form was collected after filtration. For the preparation of PANI (EB), PANI (ES) was 

treated with 0.1 mol/L NH4OH solution for 24 h at room temperature. The resulting 

PANI with EB form was filtered and washed by distilled water until the filtrate 

became neutral, and finally dried under vacuum for 72 h. 

2.3 Electrospinning of PLA/PANI nanofibrous sheet 

PLA/PANI nanofibrous sheets were prepared by employing an electrospinning 

process. In brief, equal amounts of PANI (EB) and camphorsulfonic acid (CSA) were 
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dissolved in a proper amount of hexafluoroisopropanol (HFIP) and then stirred for 12 

h to obtain 0.7 wt% solution. The same procedure was employed to prepare about 

10-19 wt% solutions of PLA in HFIP (Table 1). Then, the PANI solution was added 

into PLA solution with different volume ratios (Table 1), and the mixture solution was 

stirred for 12 h to obtain the PLA/PANI solution with different weight ratio. The final 

concentrations of PANI in PLA were set as 0 wt%, 1.5 wt%, and 3 wt%, respectively. 

Before electrospinning, the polymer solution was filtered through a 0.22 µm filter and 

then added to a 10 mL syringe with a 21 G hypodermic needle as the nozzle, and the 

volume flow rate of 1 mL/h was maintained using a syringe pump (Longer 

PrecisionPump, Baoding, China). For electrospinning, the voltages ranging from 12 

kV to 16 kV were applied by using a high-voltage power supply (Dongwen High 

Voltage Power Supply Plant, Tianjin, China). A metal platform was used as the 

collector that wrapped with aluminium foil and located at a fixed working distance of 

15 cm from the needle tip. In order to prepare the PLA/PANI nanofibrous sheets on 

the cover glass slips (diameter 22 mm), the glass slides were placed on the surface of 

the metal platform to collect nanofiber random web during the electrospinning (Fig. 

1a). The samples with the PANI contents of 0 wt%, 1.5 wt%, and 3 wt%, were named 

as PLA, PLA/PANI1.5, and PLA/PANI3, respectively. All the nanofibrous sheets were 

dried under vacuum at room temperature for 24 h to remove any solvent residue 

before use. 

2.4 Characterization of nanofibrous sheets 

The micro-morphology of electrospun nanofibrous sheets was analyzed by scanning 
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electron microscope (SEM) (Quanta FEG 250, FEI) at an accelerating voltage of 5 

kV.  

Water contact angle of nanofibrous sheets was recorded by using sensible drop 

method (n > 6 per sample). A droplet of deionized water was deposited on the sample 

using 21 G needle and high-resolution image of the droplet was captured and 

analyzed after 10s. 

Cyclic voltammetry (CV) of PLA/PANI was conducted on an Electrochemical 

Workstation employing a three-electrode system. PLA/PANI polymer solution was 

dropped on an indium tin oxide (ITO) glass followed by solvent evaporation to obtain 

films. The ITO glass coating with PLA/PANI film was immersed in dimethyl 

sulfoxide (DMSO)/0.5 mol/L CSA solution and served as working electrode, and an 

Ag/AgCl served as reference electrode, and a platinum disk served as counter 

electrode, respectively. The CV of PLA/PANI was measured on an Electrochemical 

Workstation (CH Instruments) with a scan rate of 50 mV/s. 

The electrical conductivity of PLA/PANI samples with diameter of 22 mm and 2 µm 

thickness doped with CSA were measured by the standard Van Der Pauw DC 

four-probe method. For the measurement, a corresponding electrical current was 

obtained when provide a voltage for the square sample. The electrical conductivity of 

these samples was calculated by the following formula: σ (S/cm) = (2.44 × 10/S) × 

(I/E), where σ is the conductivity, S is the side area of square sample, I is the current 

passed through outer probes, and E is the voltage drop across inner probe. 

2.5 Cell isolation and culture 
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H9C2 rat cardiomyoblasts were purchased from Shanghai cell bank of Chinese 

Academy of Sciences. H9c2 cells were cultured with Dulbecco’s Modified Eagle 

Medium (DMEM, GIBCO) supplemented with 10 % fetal bovine serum (FBS, BI), 

100 U/mL penicillin and 100 U/mL streptomycin in an incubator at 37 
o
C in 5 % CO2. 

After the confluence reached 90 %, cells were passaged at a passage ratio of 1:3. 

Neonatal primary CMs were isolated from the hearts of 2-day-old Sprague-Dawley 

rats according to an established method.[27] Briefly, hearts were cut into pieces and 

suspended in 0.1 % collagenase type 2 (GIBCO) dissolved in Dulbecco’s 

phosphate-buffered saline (DPBS). Digestion was carried out in a water bath at 37 
o
C 

for serval times. After digestion, the supernatant was collected and centrifuged at 

1200 rpm for 5 min. Cells were resuspended in culture medium and plated in Petri 

dish. To selective enrich CMs, cells were preplaced for 1 h to eliminate the 

contamination of cardiac fibroblasts.  

2.6 H9c2 cell viability and proliferation on nanofibrous sheet 

H9c2 cells viability tests were performed by using a live/dead viability kit (Molecular 

Probes). The nanofibrous sheets were sterilized by 75 % ethanol and soaking in 

culture medium for 2 h before seeding cells. H9c2 cells were seeded on sterilized 

nanofibrous sheets at a density of 6000 cells/cm2 and cultured in 12 wells plate (n > 3). 

After culture for 24 h, the cells were washed by DPBS for three times and then treated 

with ethidium homodimer-1 (0.5 µM) and calcein AM (0.25 µM) for 45 min at 37 
o
C. 

The cells were observed under an inverted fluorescence microscope (IX53, Olympus). 

Living cells which were stained with calcein AM, showed green color, while dead 
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cells which were stained with ethidium homodimer-1 showed red color under the 

fluorescence microscope. The quantitative analysis of the cell viability on 

PLA/PANI1.5 and PLA/PANI3 nanofibrous sheets were comparable to the PLA 

nanofibrous sheets. 

The proliferation rate of H9c2 cells on nanofibrous sheets was evaluated by Alamar 

Blue assay (Molecular Probes). Briefly, H9c2 cells were seeded on nanofibrous sheets 

at a density of 6000 cells/cm2, and medium was changed every day (n > 3). At each 

time point of assay, the culture medium was replaced with medium containing 10% 

(v/v) Alamar Blue reagent at 37 
o
C in 5% CO2 for 4 h, then 100 uL solution from each 

example was removed into a 96 wells plate and read at 530/600 nm in a SpectraMax 

fluorescence microplate reader (Molecular Devices). Medium containing 10% (v/v) 

Alamar Blue reagent served as blank. 

2.7 CMs cell viability and cytoskeleton organization on nanofibrous sheet 

CMs viability tests were also performed by using a live/dead viability kit (Molecular 

Probes) following the same procedure with H9C2 which described above. Briefly, 

CMs were seeded on sterilized nanofibrous sheets at a density of 10000 cells/cm
2
 and 

cultured in 12 wells plate (n > 3). After culture for 36 h, the cells were washed by 

DPBS for three times and then treated with ethidium homodimer-1 (0.5 µM) and 

calcein AM (0.25 µM) for 45 min at 37 
o
C. CMs were observed under an inverted 

fluorescence microscope (IX53, Olympus). To visualized the cytoskeleton 

organization of CMs on nanofibrous sheets, CMs were fixed at day 2 with 4% 

paraformaldehyde for 15 min. CMs were then treated with 0.1% Triton X-100 for 45 
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min. After permeabilizing, fluorescein Isothiocyanate (FITC) labeled phalloidin 

(sigma) were pipetted into the samples for 90 min. Cell nuclei were counterstained 

with DAPI before observation using a confocal laser microscope (FV1200, Olympus). 

FFT analysis was performed by using ImageJ software based on F-actin fluorescence 

images to assess the organization of F-actin in each sample. Aspect ratio of cells was 

determined by calculating the ratio between the length of the longest line and the 

length of the shortest line across the nuclei. The data were collected from at least three 

images for three replicated samples of each group. 

2.8 Immunofluorescence staining  

For immunofluorescence staining, the cells on nanofibrous sheets were rinsed twice 

gently with DPBS and then fixed with 4% paraformaldehyde for 15 min at room 

temperature. The fixed cells were then rinsed twice gently with DPBS and treated 

with 0.1% Triton X-100 for 45 min. After being blocked in 5% goat serum in DPBS 

for 1 h, H9c2 cells were incubated in rabbit anti-MYH2 (myosin heavy chain 2) 

antibody (Santa Cruz), while CMs were incubated with mouse anti-α-actinin antibody 

(abcam) and rabbit anti-connexin43 antibody (abcam) at 4 
o
C overnight. After being 

washed with DPBS, Alexa Fluor 488 conjugated secondary antibody (Molecular 

Probes) and Alexa Fluor 594 conjugated secondary antibody were added and 

incubated for 1.5 h at room temperature. Cell nuclei were counterstained with DAPI 

before observation using a confocal laser microscope (FV1200, Olympus). For 

quantification of α-actinin and connexin43 area coverage, the fluorescent images of 

α-actinin and connexin43 staining were taken at 20 X magnification. Then the area 
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fraction covered by α-actinin and connexin43 were quantified by using ImageJ 

software, respectively. The myotube data were analyzed by using ImageJ software, 

and the data came from three images for three replicated samples in each group. 

2.9 Beating behavior of CMs on nanofibrous sheets 

The inverted microscope was equipped with a charge-coupled device (CCD) camera 

to record the beating video of CMs on nanofibrous sheets 21 days of cultivation. 

Three samples for each group were recorded and their beating frequencies were 

presented as beating time per minute. The video sequences were digitized at a rate of 

24 frames per second. The beating signal patterns of CMs on nanofibrous sheets at 

day 6 and day 21 were obtained using a custom written MATLAB program.[58] 

2.10 Calcium transients imaging 

After 8 days of culturing, the nanofibrous sheets were stained with 5 µm Fluo-4 AM 

(Molecular probes) to visualize the calcium transients according to the manufacturer’s 

instructions. Briefly, after removed culture medium, the sheets were washed two times 

with Tyrode’s solution and treated with 5 µM Fluo-4 AM (prepared in Tyrode solution) 

for 30 min at 37 
o
C in 5% CO2. After staining, the sheets were washed with Tyrode’s 

solution and calcium transients were recorded under a fluorescence microscope with a 

× 40 objective lens (Olympus, BX53). Three replicated samples were examined for 

each group, and at least three regions were recorded for each sample. Data analysis 

was performed using ImageJ software. For image analysis, three independent regions 

of interest (ROI) were randomly selected and analyzed. The background fluorescence 

was subtracted from the mean fluorescence in the ROI, giving a background-corrected 
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normalized fluorescence value. Changes of the [Ca
2+

] are expressed as F/F0, where F 

is the fluorescence intensity at intermediate calcium levels, and F0 is the baseline 

fluorescence intensity. 

2.11 Preparation and characterization of bioactuators 

The tubular and folding shaped bioactuators were prepared by the CMs-laden 

nanofibrous sheets. After cultured CMs on PLA and PLA/PANI3 nanofibrous sheets 

for 6 days, the CMs laden-sheets were detached from the glass slide and then prepared 

to tubular and folding shaped 3D bioactuators. Briefly, due to the tensile force in 

liquid, the CMs laden-sheets with round shape stretched well in culture medium, then 

two fine forceps were used to fold the sheet along the diameter into a semicircle and 

fold it again into a quarter circle. After that, a folding shaped 3D bioactuator was 

formed. Tubular shaped 3D bioactuators were also prepared by using two fine forceps. 

After detaching a CMs laden-sheet from the glass slide, two fine forceps clamped the 

edge of the sheet, then griped these forceps and rolled them carefully at the same time, 

the sheet would consequently have been rolled into a tube and transformed into a 

tubular shaped 3D bioactuator. 3D bioactuators were continuously cultured in culture 

medium for 4 days to allow the CMs adopt the new microenvironment of tubular and 

folding shapes and spontaneously beating. The inverted microscope was equipped 

with a CCD camera to record the contraction video of these 3D bioactuators. The 

actuation of those bioactuators were estimated by measuring the contraction 

frequency and the displacement of tubular and folding bioactuators directly from 

sequential video frames every 0.042 second. The contraction frequency and signal 
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patterns were analyzed by a MATLAB program as described in a previous study.[58] 

2.12 Statistical analysis 

Experiments were run in triplicate for each sample, and results are presented as mean 

± standard deviation. Statistical differences were obtained through analysis of 

variance followed by students’t-test. A significance level of 0.05 was applied to 

determine significant differences. 

3 Results and Discussion  

3.1 Preparation and characterization of PLA/PANI nanofibrous sheet 

In this work, we aim to fabricate a series of electroactive nanofibrous scaffolds to 

engineer the cardiac tissue and CMs-based 3D bioactuators. PLA and PANI were 

chosen as raw materials because PLA shows good biocompatibility and degradability, 

and PANI exhibits good conductivity and biocompatibility. PLA/PANI nanofibrous 

sheets with different PANI contents were prepared by an electrospinning process as 

illustrated in Figure 1a. To investigate the cell behavior on the surface of nanofibrous 

sheets more conveniently, these PLA/PANI nanofibrous sheet samples were collected 

on glass slips with 22 mm diameter. As shown in Figure 1b, the optical images 

showed that these nanofibrous sheets were placed on glass slips very well, and the 

higher PANI content in nanofibers exhibited the darker green color compared to the 

PLA nanofibrous sheet with white color. These nanofibrous PLA, PLA/PANI1.5 and 

PLA/PANI3 samples showed the similar thickness approximate 2 µm by controlling 

the same electrospinning time. For electrospinning, the composition of electrospun 

solution and electrospinning situations including voltage, volume flow rate, collection 
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distance, and temperature would contribute to the diameter of nanofibers.[31-34] 

Previous studies have demonstrated that the addition of conductive materials such 

carbon nanotubes (CNT) and PANI within electrospun solution could decrease the 

nanofibrous diameter under the same electrospinning process due to the enhanced 

conductivity of polymer solution.[40, 42, 59] On the other hand, the diameter of 

nanofibers has also been regarded as an important parameter for regulating cell 

maturation and behavior.[53] Therefore, in our study, in order to investigate the effect 

of conductivity rather than the diameter size of these conductive nanofibrous sheets 

on CMs function and differentiation, all the diameters of these nanofibrous sheets 

were controlled within the same range about 500 nm via regulating the electrospun 

voltage ranging from 12 to 16 kV (Fig. 1c-f). The SEM images of these nanofibrous 

sheets exhibited the uniform random nanofibrous microstructure with similar 

diameters and the statistical results also showed that there was no significant 

difference of nanofiber diameters between groups (Fig. 1c-e). The surface 

hydrophobicity-hydrophilicity of electrospun nanofibrous scaffolds also plays a 

critical role in cell adhesion and proliferation behavior because the hydrophilicity 

would have an effect on the surface energy and therefore might influence the serum 

proteins to adhere on scaffolds.[60] The water contact angles of PLA/PANI1.5 and 

PLA/PANI3 were 120 ± 8
o
 and 113 ± 5

o
, respectively, which were slightly lower than 

that of PLA sheet (128 ± 6
o
) (Fig. 1g). Furthermore, all of these nanofibrous sheets 

showed the lower water contact angles after immersing in medium for 24 h. 

Especially, the water contact angles of PLA/PANI1.5 and PLA/PANI3 significantly 
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decreased to 100 ± 7
o
 and 94 ± 6

o
, respectively. In our previous study, we found that 

incorporation of electrical conductive segments such as aniline tetramer (AT) 

significantly increased protein adsorption because the electrostatic force increased as 

AT segments increased in the copolymers. [62] Therefore, the increase of 

hydrophilicity suggested that the presence of PANI within nanofibers might have a 

positive effect on protein adhesion within medium.[61] The electrochemical 

properties of PLA/PANI samples were investigated by cyclic voltammetry (CV) (Fig. 

1h, Fig. S1). For instance, for the CV curves of PLA/PANI3 films doped with CSA 

(Fig. 1h), there are two pairs of oxidation/reduction peaks at 0.21 V and 0.53 V, which 

were assigned to the transition from the leucoemeraldine oxidation state to the 

emeraldine oxidation state, and then from the emeraldine oxidation state to the 

pernigraniline state, respectively. These CV results showed the typical 

electrochemical properties of PANI, which agreed well with previous reports about 

the CV analysis of PANI-based materials.[46] In addition, the CV spectra measured 

by multiple cycles further suggested their stable electrochemical properties. Moreover, 

the conductivities of the PLA/PANI1.5 and PLA/PANI3 doped with CSA were 3.6 ± 

0.7 × 10-6 S/m and 2.1 ± 0.3 × 10-5 S/m (Fig. 1i). The conductivity of these 

nanofibrous sheets increased with the increase of PANI content, because the higher 

PANI content would more easily form a conductive network within blending system 

to promote the electrical conductivity. These samples showed the relatively low 

conductivities value, but are sufficient for the conduction of electrical signal in vivo 

or cell communication, based on our previous work and some other studies about the 
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conductive biomaterials for tissue engineering applications.[52, 62] 

3.2 Cell viability, proliferation and differentiation of H9c2 cells on nanofibrous 

sheets 

To evaluate whether these PLA/PANI nanofibrous sheets could be used in cardiac 

tissue regeneration, we first cultured a rat cardiomyoblast cell line (H9c2) on these 

conductive nanofibrous sheets. H9c2 cells were chosen because H9c2 cells were 

widely used in many studies to evaluate the effect of biomaterials on cardiac cells 

proliferation, and it is commercially available.[63] After seeding for 24 h, the 

Live/Dead staining was performed to visualize the cell viability of H9c2 cells on these 

conductive nanofibrous sheets. The majority of cells on PLA/PANI1.5 and 

PLA/PANI3 nanofibrous sheets showed green fluorescence which indicated alive. The 

quantitative analysis of cell viability on PLA/PANI1.5 and PLA/PANI3 nanofibrous 

sheets was comparable to the PLA nanofibrous sheets (Fig. S2b), which is a FDA 

approved biomaterials. Although the water contact angles of PLA/PANI sheets 

decreased with the increase of PANI contents, the difference in cell number between 

PLA and PLA/PANI were not observed, because hydrophobicity, composition and 

surface charge of the nanofibers all affected the cell adhesion. H9c2 cells proliferation 

during 3 days of culturing was further examined in this study. There was no 

significant difference in cell proliferation rate among nanofibers at each time point 

(Fig. S2c). These results demonstrated that PLA/PANI nanofibrous sheets showed the 

good cell viability and proliferation similar to PLA nanofibrous sheets.  

We further investigated the myogenic differentiation of H9c2 cells on these 
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conductive nanofibrous sheets. After induction, multinucleated fused myotubes with 

highly organized structure were formed on PLA/PANI1.5 and PLA/PANI3 

nanofibrous sheets, which were visualized by immunofluorescence staining of MYH2 

(Fig. 2a, Fig. S3). To quantitatively analyze the effect of PLA/PANI nanofibrous 

sheets on the differentiation of H9c2 cells, the length, diameter, number, maturation 

index and fusion index of myotubes were measured. After 6 days in the differentiation 

medium, there was no significant difference of the myotube diameter in these 

PLA/PANI nanofibrous sheet groups (Fig. 2d). Comparatively, the myotube length on 

the PLA/PANI1.5 (1313.1±146.5 µm) and PLA/PANI3 (911.3±179.7 µm) were 

significantly much longer than that on the PLA (632.1±117.4 µm) (Fig. 2b) and that 

reported in other nanofiber study.[64] In addition, the H9c2 cells on the PLA/PANI1.5 

and PLA/PANI3 nanofibrous sheets formed more myotubes than that on PLA 

nanofibrous sheets (Fig. 2c). Particularly, the maturation index as another 

differentiation parameter to evaluate the maturation of myotubes by measuring the 

percentage of myotubes with more than 5 nuclei was analyzed. The results showed 

that more mature myotubes were formed on PLA/PANI1.5 and PLA/PANI3 (above 

75 % and 73 %, respectively), while only 34 % of myotubes formed on PLA 

nanofibrous sheets were mature (Fig. 2e). Moreover, the fusion index of cells on these 

samples was also measured as a key index to evaluate the fusion of myotubes. As 

shown in Figure 2f, the fusion index of PLA group was 50%, which showed the 

similar fusion index to other nanofibrous scaffolds in some previous reports. [65] 

Contrastively, the fusion index of PLA/PANI1.5 and PLA/PANI3 significantly 
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increased into 75.2% and 73.7%, respectively. In previous studies, the nanofibrous 

structure has been demonstrated that could promote fusion index of H9c2 cells 

compared with flat polymer films.[65] On the other hand, incorporating of the 

conductivity properties into biomaterials also has been regarded as an effective 

approach to enhance myotubes formation.[66] In our study, PLA/PANI groups 

showed the higher fusion index compared with PLA group and some other 

nanofibrous scaffolds in previous studies, which mainly contributed to the synergetic 

effect of nanofibrous structure and conductive properties. These data demonstrated 

that these PLA/PANI conductive nanofibrous sheets have promoting effect on 

differentiation of H9c2 cells in terms of myotube number, myotube length, maturation 

index and fusion index. These results further suggested the great potential of these 

PLA/PANI nanofibrous sheets for cardiac tissue engineering applications. 
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Figure 2. The immunofluorescence staining of MYH2 (green) showed the myotube 

formation of H9c2 cells on PLA/PANI nanofibrous sheets after 6 days of 

differentiation (a). The quantitative results of myotube length (b), myotube number (c), 

myotube diameter (d), maturation index (e) and fusion index (f) were analyzed after 6 

days of differentiation. *P<0.05. 

3.3 Cell viability and actin cytoskeleton organization of CMs on PLA/PANI 

nanofibrous sheets 

After confirmed the good compatibility of PLA/PANI nanofibrous sheets in terms of 

proliferation and enhanced differentiation of H9c2 cardiomyoblasts, we further 
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investigate the cell behavior of primary CMs on these nanofibrous sheets, because 

CMs are the major muscle cells that make up the cardiac muscle in heart and utilized 

in many studies for cardiac regeneration.[6, 7, 24, 40] Similarly, live/dead staining 

results showed that the majority of CMs on PLA/PANI nanofibrous sheets were alive 

and vibrant after 36 h (Fig. S4a). The quantitative analysis also confirmed the good 

cell viability of CMs on PLA/PANI1.5 and PLA/PANI3 nanofibrous sheets, compared 

with that on PLA nanofibrous sheets (Fig. S4b). To evaluate the effect of PLA/PANI 

nanofibrous sheets on cell morphology, confocal fluorescence images of F-actin 

(green) and DAPI (blue) staining were taken to visualize the cytoskeleton 

organization of CMs on the samples after culturing for 48 h. CMs on PLA 

nanofibrous sheets had limited expression of F-actin fibers and exhibited a rectangle 

morphology (Fig. 3a). Contrastively, CMs on PLA/PANI1.5 and PLA/PANI3 

nanofibrous sheets expressed much more F-actin fibers across all the geometrical 

features (Fig. 3a). Moreover, elongated CMs with well-defined stress fibers were both 

observed on PLA/PANI1.5 and PLA/PANI3 nanofibrous sheets, while they were 

elusive on PLA nanofibrous sheets (Fig. 3a). Additionally, fast Fourier transform (FFT) 

analysis of F-actin fiber showed that the CMs on PLA/PANI3 were clearly 

interconnected and locally aligned (Fig. 3a, top right insets), which indicated the 

better cell-cell interactions. To further evaluate the quantification of local cell 

alignment, cellular orientation distribution and aspect ratio derived from F-actin 

staining images were investigated (Fig. 3b, d). The analysis results showed that the 

cellular orientation distribution and aspect ratio were both enhanced by the increase of 



  

23 

 

PANI contents in these nanofibrous sheets, which might be due to the positive effect 

of the conductivity of nanofibers on the good cellular organization. These data 

showed that these nanofibrous sheets composed of PANI and PLA polymer provided a 

conductive and biocompatible nanofibrous microenvironment for CMs cultivation and 

further performed the ability to enhance cellular spreading and alignment and cell-cell 

interactions when CMs were cultured on PLA/PANI nanofibrous sheets. 

 

Figure 3. The cell viability and morphology of cardiomyocytes on PLA/PANI 

nanofibrous sheets after culture for 2 days. Cardiomyocytes showed good cell 
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viability on PLA/PANI nanofibrous sheets (c). The morphology of cardiomyocytes 

was visualized by the immunofluorescence staining of F-actin (green) (a). Insets are 

corresponding FFT images. White arrows showed the interconnected cells. Cellular 

orientation distribution derived from F-actin staining images were present (b). Aspect 

ratio was also analyzed (d). *P<0.05. 

3.4 Maturation, beating behavior and calcium transients of CMs on PLA/PANI 

nanofibrous sheets 

The functional and biological behavior of CMs on PLA/PANI nanofibrous sheets 

were further investigated in terms of maturation and beating behavior. The maturation 

of CMs on PLA/PANI nanofibrous sheets was visualized by immunofluorescence 

staining for cardiac-specific proteins, sarcomeric α-actinin and connexin 43 (CX43). 

The sarcomeric α-actinin is a key marker for the maturation and strong contractility of 

CMs,[67] and CX43 is a gap junction protein which is responsible for cell-cell 

coupling and synchronous beating of CMs.[68] After 8 days of culturing, the CMs on 

PLA/PANI1.5 and PLA/PANI3 nanofibrous sheets exhibited pervasive interconnected 

sarcomeric structures with partial uniaxial alignment (Fig. 4b, c). However, cells on 

PLA nanofibrous sheets just showed scattered and poorly organized sarcomeric 

structure (Fig. 4a). This finding indicated that CMs on PLA/PANI nanofibrous sheets 

expressed more homogeneously organized sarcomeric α-actinin than that on PLA 

nanofibrous sheets, which was in accordance with the cytoskeleton organization of 

CMs revealed by F-actin (Fig. 3a). Furthermore, the quantitative analysis results 

showed that the area coverage of sarcomeric α-actinin on PLA/PANI1.5 and 
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PLA/PANI3 nanofibrous sheets were significantly higher (46.74% and 51.04%, 

respectively) than that on PLA nanofibrous sheets (32.52%) (Fig. 4d). Similarly, 

CX43 was well expressed and showed much more homogeneous distribution on 

PLA/PANI1.5 and PLA/PANI3 nanofibrous sheets. From the higher magnification 

images, it was shown that the CX43 were mainly distributed between adjacent CMs 

on PLA/PANI1.5 (Fig. S5b) and PLA/PANI3 (Fig. S5c). In contrast, only sparse 

distribution of CX43 was observed in CMs on PLA nanofibrous sheets (Fig. 4a and 

Fig. S5a). The area coverage of CX43 on PLA/PANI1.5 and PLA/PANI3 nanofibrous 

sheets were notably higher (4.1 times and 3.9 times, respectively) than that on PLA 

nanofibrous sheets (P<0.05). Increase of CX43 expression indicated better cell-cell 

interaction in PLA/PANI nanofibrous sheets. These immunofluorescence staining 

results indicated the well-developed networks of sarcomeres and gap junctions and 

the suitability to induce synchronized beating of CMs on PLA/PANI nanofibrous 

sheets, which provide the conductivity and ECM-liked nanostructure. 

The spontaneous beating behavior of CMs was further investigated to evaluate the 

CMs biological behavior on PLA/PANI nanofibrous sheets for 21 days of culturing. 

CMs grown on PLA/PANI1.5 and PLA/PANI3 nanofibrous sheets displayed more 

synchronous beating with much higher beating rate than that on PLA nanofibrous 

sheets as early as 4 days (Fig. 5a). During the period of culturing, it was found that 

CMs on both PLA/PANI1.5 and PLA/PANI3 sheets showed the spontaneous beating 

as high as 81 beats min
-1

 and 115 beats min
-1

 at day 4, respectively. Contrastively, 

their spontaneous beating decreased to 23 beats min-1 and 28 beats min-1 at day 14, 
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because CMs needed a period of time to adopt the microenvironment of PLA/PANI 

sheets and establish cell-cell interactions with adjacent cells. However, the number of 

beats of CMs on PLA/PANI1.5 and PLA/PANI3 sheets increased to 58 beats min-1 

and 68 beats min
-1

 after 14 days’ cultivation, which was mainly contributed by the 

good cell-cell coupling during this time. In contrast, due to the less spreading of cells, 

poor cytoskeletal organization (Fig. 3a) and the lack of cell-cell interactions (Fig. 4a), 

CMs on PLA nanofibrous sheets exhibited irregular spontaneous beating with lower 

beating frequency (13-38 beats min-1) during 21 days of culturing (Fig. 5a). Moreover, 

CMs on PLA nanofibrous sheets had irregular contraction patterns and did not beat 

synchronously during the whole culturing period (Movie S1, S4). However, CMs 

grown on PLA/PANI1.5 and PLA/PANI3 nanofibrous sheets displayed more 

synchronous beating after culture for 6 days and even 21 days (Fig. 5b, c, and Movie 

S2, S3, S5, S6). These results suggested that these PLA/PANI nanofibrous sheets 

based on PANI component and PLA polymer can maintain the synchronous beating of 

CMs for at least 3 weeks. 

The calcium transients of CMs on PLA/PANI nanofibrous sheets were also examined 

using calcium-sensitive dye Fluo-4 AM. After stained with Fluo-4 AM, the 

spontaneous calcium oscillations on PLA, PLA/PANI1.5 and PLA/PANI3 sheets were 

recorded (Fig. 6 and Movie S7). Three independent ROI were randomly selected and 

analyzed (Fig. 6a-c). Spontaneous calcium transients were captured by line scanning 

across multiple cells in ROI, and showed the calcium sparks during beating (Fig. 6d-f). 

Spontaneous calcium transients in neighboring cells of PLA/PANI1.5 and 
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PLA/PANI3 groups were synchronized with three independent ROI, while 

asynchronous calcium transients occurred in PLA group (Fig. 6d-f). Consistently, 

dynamic changes of Ca2+ corresponding to calcium sparks (Fig. 6g-i) also revealed 

the more synchronized calcium transients in PLA/PANI1.5 and PLA/PANI3 groups, 

compared with that in PLA group. These results demonstrated that the PLA/PANI 

nanofibrous sheets with conductivity promoted the formation of electrical coupling of 

CMs during spontaneous beating. 

Together, these PLA/PANI conductive nanofibrous sheets not only provided a 

ECM-liked nanoscale microenvironment for cell adhesion and maturation, but also 

rendered superior electrical cell-cell coupling for synchronous beating and calcium 

transients enabled by good cell-cell interactions compared with PLA nanofibrous 

sheets. Furthermore, the CMs on PLA/PANI conductive nanofibrous sheets could 

continue beating spontaneously with regular contraction patterns even after culturing 

for 21 days (Fig. 5c, and Movie S5, S6), and therefore such spontaneously regular 

contraction behavior for a long term exhibited the promising potential of these 

nanofibrous sheet for engineering functional cardiac constructs in clinical 

applications. 

3.7 CMs-laden PLA/PANI nanofibrous sheets as bioactuators  

Integration of CMs and polymer-based scaffolds has been recently regarded as a 

promising approach for creating various bioactuators that can be actuated without any 

other external stimulations, because the spontaneously regular contraction behavior of 

CMs can convert chemical energy of glucose into mechanical energy.[22] Many 
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reports have focused on utilizing PDMS as fundamental material to create CMs-based 

bioactuators.[15, 23] Although PDMS could be easily fabricated with different 

modulus or structures, its hydrophobicity and the lack of nanofibrous structures that 

mimic ECM to favor CMs contraction limited its wide application. In addition, to 

improve the functionality of CMs-based bioactuators, conductive materials such as 

CNT or graphene were incorporated into the scaffolds to increase their 

conductivity.[69] Thus, developing a CMs-based bioactuators that exhibited the 

nanofibrous structure and conductivity would be highly beneficial, while still remains 

a great challenge.  

In this study, we suppose that PLA/PANI conductive nanofibrous sheets which 

possessed ECM-liked nanofibrous structure and conductivity, should be a suitable 

fundamental material to generate CMs-based 3D bioactuators, because CMs cultured 

on PLA/PANI conductive nanofibrous sheets showed good cell viability, good cellular 

organization, well-developed networks of sarcomeres and gap junctions, and 

exhibited spontaneously beating during 21 days of culturing. To confirm this 

hypothesis, we used PLA/PANI3 conductive nanofibrous sheets to fabricate 3D 

bioactuators with tubular shape and folding shape, and the PLA nanofibrous sheets 

served as control group. After cultured CMs on PLA/PANI nanofibrous sheets for 6 

days, the CMs-laden sheets were detached from the glass slide and then tubular and 

folding shaped 3D bioactuators were prepared by using fine forceps (Fig.7a). These 

3D bioactuators were continuously cultured in culture medium for 4 days to allow the 

CMs adopt the new microenvironments and then spontaneously beating. As shown in 
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the contraction video, the actuation of those bioactuators was estimated by measuring 

the contraction frequency and the displacement of tubular and folding bioactuators 

directly from sequential video frames every 0.042 second. After 4 days of culturing, 

the tubular shaped 3D bioactuators formed by PLA/PANI3 conductive nanofibrous 

sheets (Fig. 7b (iv), (v)) displayed strong spontaneous contraction at 1.6 Hz and 

displacement without any trigger (Movie S8), which was driven by synchronous 

beating of the CMs. In contrast, weak spontaneous contraction at 0.6 Hz was observed 

in tubular shaped 3D bioactuators formed by PLA nanofibrous sheets (Fig. 7b (i), (ii)) 

(Movie S9). In details, the maximum displacement was much higher in tubular shaped 

3D bioactuators formed by PLA/PANI3 conductive nanofibrous sheets (6.9 µm) (Fig. 

7b (vi)) than that in tubular shaped 3D bioactuators formed by PLA nanofibrous 

sheets (4.0 µm) (Fig. 7b (iii)). Therefore, tubular shaped bioactuators formed by 

PLA/PANI3 conductive nanofibrous sheets, which rendered superior electrical 

cell-cell coupling for synchronous beating of CMs, showed stronger contraction and 

higher displacement compared with the bioactuators formed by PLA nanofibrous 

sheets. Folding shaped 3D bioactuators formed by PLA/PANI3 conductive 

nanofibrous sheets (Fig. 7c (iv), (v)) also displayed strong spontaneous contraction at 

1.2 Hz and the maximum displacement was 5.9 µm (Fig. 7c (vi)) (Movie S10). 

However, no obvious contraction could be observed in folding shaped bioactuators 

prepared by PLA nanofibrous sheets (Fig. 7c (i), (ii)) (Movie S11), and the 

displacement was slight and irregular (Fig. 7c (iii)).  

The contraction frequency and displacement differed depending on the conductivity 
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of nanofibrous sheets and the shape of bioactuators. CMs cultured on PLA/PANI3 

conductive nanofibrous sheets which could continue beating spontaneously with 

regular contraction patterns at high frequency, directly contributed to the strong 

spontaneous contraction at relative high frequency of both tubular and folding shaped 

bioactuators formed by PLA/PANI conductive nanofibrous sheets. Meanwhile, for 

PLA/PANI3 and PLA nanofibrous sheets, the shape of bioactuators could also 

influence the contraction frequency and displacement. For example, tubular shaped 

bioactuators formed by PLA/PANI3 displayed more strong beating at higher 

frequency (1.6 Hz) with higher maximum displacement (6.9 µm) than folding shaped 

bioactuators (1.2 Hz, 5.9 µm). The hollow structure of tubular shaped bioactuators, 

which provided enough space for nutrition exchange and oxygen entrance, may 

contribute to the superior promoting effect on the beating frequency and displacement. 

These results suggest that PLA/PANI conductive nanofibrous sheets have great 

potential as CMs-based 3D bioactuators.  

The CX43 immunostaining results may explain the reason of how the conductivity of 

nanofibrous sheets influence the beating frequency and displacement of 3D 

bioactuators (Fig. 8). Strong positive staining for CX43, a gap junction protein which 

is responsible for cell-cell coupling and synchronous beating of CMs, were exhibited 

on tubular and folding shaped bioactuators formed by PLA/PANI3 conductive 

nanofibrous sheets (Fig. 8b, d). Besides, the homogeneous distribution of CX43 on 

folding shaped bioactuators may result from the flat structure of folding shape, while 

the heterogeneous distribution of CX43 on tubular shaped bioactuators resulted from 
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the hollow and curved structure of tubular shape. In comparison, both tubular shaped 

and folding shaped bioactuators formed by PLA nanofibrous sheets showed much 

weaker staining for CX43 (Fig. 8a, c). These results indicated good cell-cell coupling 

for electric propagation for PLA/PANI3 group than that of PLA group, which agreed 

with the CX43 staining results of CMs cultured on nanofibrous sheets fixed on glass 

slide (Fig. 4), and further demonstrating the great potential of PLA/PANI conductive 

nanofibrous sheets as CMs-based 3D bioactuators. 

Conclusion 

We demonstrated that the polylactide/polyaniline (PLA/PANI) electrically conductive 

nanofibrous sheets with similar nanofiber diameter provide a conductive and 

biocompatible nanofibrous microenvironment for CMs viability, maturation and 

synchronized beating, also displayed the great potential of PLA/PANI conductive 

nanofibrous sheets as CMs-based 3D bioactuators. The electrospun PLA/PANI 

conductive nanofibrous sheets with different PANI contents were tuned with the same 

fiber diameter. These PLA/PANI nanofibrous sheet with conductivity and ECM-liked 

nanostructure showed good biocompatibility and promoting effect on differentiation 

of H9c2 cells in terms of myotube number and maturation index. Moreover, primary 

CMs exhibited increased cellular spreading and alignment and cell-cell interactions 

with the increase of PANI contents, when cultured on PLA/PANI conductive 

nanofibrous sheets. Immunofluorescence staining results also demonstrated 

well-developed networks of sarcomeres and gap junctions of CMs on PLA/PANI 

conductive nanofibrous sheets, compared with that on PLA nanofibrous sheets. The 
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CMs on PLA/PANI conductive nanofibrous sheets could continue beating 

spontaneously with regular contraction patterns after 21 days of culturing. These 

results suggest that PLA/PANI conductive nanofibrous sheets exhibited the promising 

potential in cardiac tissue engineering. Furthermore, when released from glass slide, 

CMs-laden PLA/PANI3 conductive nanofibrous sheets can form 3D bioactuators with 

tubular and folding shapes, and spontaneous contraction with much higher frequency 

and displacement than that on CMs-laden PLA nanofibrous sheets. Therefore, 

PLA/PANI conductive nanofibrous sheets further displayed the great potential as 

CMs-based 3D bioactuators. 
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Tables 

Table 1. Final weight ratio of PLA and PANI for the preparation of electrospun 

solution. 

Sample code 
PLA 

(mg) 

PANI 

(mg) 

HFIP 

(mL) 

PANI content 

(wt%) 

CSA content 

(wt%) 

PLA 480 

480 

480 

0 4 0 0 

PLA/PANI1.5 7.2 4 1.5 1.5 

PLA/PANI3 14.4 4 3 3 
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Figure captions 

Figure 1. Preparation of PLA/PANI nanofibrous sheets via electrospinning. (a) 

Schematic diagrams displaying the electrospun processes for the fabrication of 

random conductive PLA/PANI nanofibrous sheets. (b) Optical images of PLA/PANI 

nanofibrous sheets with different PANI concentration including 0 wt%, 1.5 wt%, and 

3 wt%, which were named as PLA (control group), PLA/PANI1.5, and PLA/PANI3, 

respectively. SEM images (c-e) and average diameters (f) of nanofibers in different 

PLA/PANI nanofibrous sheet groups. (g) Water contact angles of PLA/PANI 

nanofibrous sheets before and after immersing in medium for 24 h. (h) The cyclic 

voltammograms (CV) curves of the PLA/PANI3. (i) The electrical conductivity of 

PLA/PANI samples. *P<0.05. 

Figure 2. The immunofluorescence staining of MYH2 (green) showed the myotube 

formation of H9c2 cells on PLA/PANI nanofibrous sheets after 6 days of 

differentiation (a). The quantitative results of myotube length (b), myotube number (c), 

myotube diameter (d), maturation index (e) and fusion index (f) were analyzed after 6 

days of differentiation. *P<0.05. 

Figure 3. The cell viability and morphology of cardiomyocytes on PLA/PANI 

nanofibrous sheets after culture for 2 days. Cardiomyocytes showed good cell 

viability on PLA/PANI nanofibrous sheets (c). The morphology of cardiomyocytes 

was visualized by the immunofluorescence staining of F-actin (green) (a). Insets are 

corresponding FFT images. White arrows showed the interconnected cells. Cellular 

orientation distribution derived from F-actin staining images were present (b). Aspect 
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ratio were also analyzed (d). *P<0.05. 

Figure 4. Representative fluorescence images of CMs immunostained for sarcomeric 

α-actinin (green) and CX43 (red) on PLA (a), PLA/PANI1.5 (b) and PLA/PANI3 (c) 

nanofibrous sheets after culture for 8 days. The area fraction of α-actinin (d) and 

CX43 (e) were also analyzed. *P<0.05. 

Figure 5. Beating characterization of cardiomyocytes on PLA/PANI nanofibrous 

sheets. (a) Beating frequency of CMs on nanofibrous sheets during 21 days of 

cultivation.  Beating pattern of CMs on nanofibrous sheets at day 6 (b) and at day 21 

(c).   

Figure 6. Calcium transients of cardiomyocytes on PLA, PLA/PANI1.5 and 

PLA/PANI3 nanofibrous sheets. Three independent ROI were randomly selected in 

PLA(a), PLA/PANI1.5(b) and PLA/PANI3(c) groups. Line scanning across each ROI 

(d-f) groups captured spontaneous calcium transients; scale bar: 10 s. Dynamic 

changes of Ca2+ (F/F0) (g-i) also showed the normalized fluorescence intensity of 

each ROI. 

Figure 7. PLA and PLA/PANI3 nanofibrous sheets formed 3D bioactuators with two 

different shapes (tubular and folding). (a) Schematic drawing of tubular and folding 

shaped bioactuators formed by CMs-laden nanofibrous sheets. (b) The gross images 

of two tubular bioactuators formed by CMs-laden PLA (i) and CMs-laden 

PLA/PANI3 (iv). Video images (ii, v) of two tubular bioactuators in the enclosed 

areas (red circles) from gross images. The displacement of tubular bioactuators 

formed by CMs-laden PLA (iii) and CMs-laden PLA/PANI3 (vi) was also represented. 
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(c) The gross images (i, iv), video images (ii, v) and displacement (iii, vi) of two 

folding bioactuators formed by CMs-laden PLA and CMs-laden PLA/PANI3. 

Figure 8. Representative fluorescence images of CMs immunostained for CX43 (red) 

on tubular bioactuators formed by CMs-laden PLA (a) and CMs-laden PLA/PANI3 

(b), and folding bioactuators formed by CMs-laden PLA (c) and CMs-laden 

PLA/PANI3 (d) after culture for 12 days. 
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Statement of Significance 

Cardiomyocytes-based bioactuators have been paid more attention due to their 

spontaneous motion by integrating cardiomyocytes into polymer structures, but 

developing suitable scaffolds for bioactuators remains challenging. Electrospun 

nanofibrous scaffolds have been widely used in cardiac tissue engineering because 

they can mimic the extracellular matrix of myocardium. Developing conductive 

nanofibrous scaffolds by electrospinning would be beneficial for 

cardiomyocytes-based bioactuators, but such scaffolds have been rarely reported. This 

work presented a conductive nanofibrous sheet based on polylactide and polyaniline 

via electrospinning with tunable conductivity. These conductive nanofibrous sheets 

performed the ability to enhance cardiomyocytes maturation and spontaneous beating, 

and further formed cardiomyocytes-based 3D bioactuators with tubular and folding 

shapes, which indicated their great potential in cardiac tissue engineering and 

bioactuators applications. 
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