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A novel biodegradable conducting polymer, PLA-b-AP-b-PLA (PAP) triblock copolymer of poly (L-lactide) (PLA)
and aniline pentamer (AP) with electroactivity and biodegradability, was synthesized and its potential application in cardiac tissue engineering was studied. The PAP copolymer presented better biocompatibility compared to PANi and PLA because of promoted cell adhesion and spreading of rat cardiac myoblasts (H9c2 cell line)
on PAP/PLA thin ﬁlm. After pulse electrical stimulation (5 V, 1 Hz, 500 ms) for 6 days, the proliferation ratio,
and intracellular calcium concentration of H9c2 cells on PAP/PLA were improved signiﬁcantly. Meanwhile, cell
morphology changed by varying the pulse electrical signals. Especially, the oriented pseudopodia-like structure
was observed from H9c2 cells on PAP/PLA after electrical stimulation. It is regarded that the novel conducting
copolymer could enhance electronic signals transferring between cells because of its special electrochemical
properties, which may result in the diﬀerentiation of cardiac myoblasts.

1. Introduction
Heart failure is a major cause of death in recent years because of the
inability of myocardium regeneration after injury [1,2]. The traditional
treatments include organ transplantation, surgical reconstruction, mechanical or synthetic devices. Tissue engineering is a new and promising therapy for patients with heart failure [3,4]. The biomaterials,
including collagen, poly (glycolic acid) (PGA) and PLA play an important role in construction of engineered heart tissue [5]. The problems related to myocardial tissue engineering are materials lack of
response to environment and the interaction of electrophysiology
among cells in engineered heart tissue [6–8].
Electrically conductive polymers have been discovered and explored
for increasing applications in many areas of applied chemistry and
physics for many years, such as light emitting diodes (LEDs), electrochromic materials, anti-static coatings, solar cells, batteries, chemical
sensors, and anti-corrosion coatings [9]. The award of the Nobel Prize
in Chemistry in 2000 to H. Shirakawa, A. MacDiarmid and A. Heeger
for their pioneering work on conducting polymers widely recognized

the importance of these materials and has prompted even more vigorous research in the ﬁeld [10]. More recently, there is a growing interest in conductive polymers also for various biomedical applications
[11,12], including biosensors [13–15], drug delivery [16,17], and
tissue engineering [18–20]. The most widely investigated conducting
polymers include polypyrrole (PPy), polyaniline (PANi), poly (phenylenevinylene), and polythiophene. PPy is one of the ﬁrst conducting
polymers studied for its eﬀect on mammalian cells [12]. PPy doped
with p-toluene sulphonate (pTS) and neurotrophin-3 with electrical
stimulation of a biphasic current pulse has been reported to signiﬁcantly improve neurite outgrowth from the explants [21]. There is
minimal tissue response to implanted PPy and some evidence of cytotoxicity after long time exposure to current (e.g., 96 h exposure to
1 mA) [22,23]. PANi is another conducting polymer explored for tissue
engineering applications, which has been suggested that perhaps the
compatibility of PANi is speciﬁc to particular cells [12]. Thin layers of
ﬁbrous tissue encapsulating unmodiﬁed PANi implants and immune
response cells (i.e., mast cells) have been observed in an in vivo study
[24]. Therefore, although conductive polymers exhibit an attractive
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tissue restoration [12,16]. It will reduce chances of long term adverse
responses. In the biomedical application, PAP copolymer should be
non-toxic and suitable for cell adhesion and growth of Rat C6 glioma
cells [12]. A similar block copolymer of aniline pentamer and polyglycolide (PGA) is reported by Ding et al. and shows good biodegradability [37]. In in vitro degradation test of total 4 months, the copolymer degraded rapidly in the ﬁrst 30 days because of the cleavage of
the ester bond in the backbone, then slowly in the following 60 days,
and no further degradation was observed in the last 30 days.
The aim of this work was to investigate the possible application of
biodegradable PAP conducting copolymer in cardiac tissue engineering
through morphological observation and intracellular calcium analysis
of cardiac myoblasts. Cell adhesion and spreading of H9c2 cell line on
the thin ﬁlms of PAP blended PLA (PAP/PLA, w/w = 1:1) were investigated. The eﬀects of pulse electrical stimulation on cell growth,
morphology changes and intracellular calcium content of H9c2 on the
surfaces of PAP/PLA were subsequently assessed by cell culture and
Ca2+ imaging.

prospect in improving many cell functions, such as cell attachment,
proliferation, migration, and diﬀerentiation through electrical stimulation, the biocompatibility of conductive polymers is still a critical
limitation in application of tissue engineering.
To improve its biocompatibility, PANi has been blended or grafted
with collagen [25], gelatin [18], starch [26], chitosan [27,28], poly(Llactide-co-epsilon-caprolactone (PLCL) [29] and poly(lactic acid) (PLA)
[30,31]. Higher adhesion of human dermal ﬁbroblasts, NIH-3T3 ﬁbroblasts and C2C12 myoblasts has been observed on nanoﬁber substrates of blended polyaniline and PLCL [29]. Porcine skeletal muscle
cells could grow as well on the composite ﬁlms of polyaniline nanoﬁbers and collagen as on collagen [25]. Meanwhile, the growth of NIH3T3 ﬁbroblasts on blended PANi materials is enhanced under the stimulation of various direct current ﬂows [29].
With the increasing interests in cardiac tissue engineering application of conducting polymers, rat cardiac myoblasts (H9c2 cell line) have
been used to culture on PANi or PANi-gelatin blend materials [18,32].
In the study of cardiac tissue engineering, various materials have been
applied in culture or construction of artiﬁcial myocardial tissue grafts
[33,34]. Electrical communication between cardiomyocytes is necessary for native heart tissue or even for functional artiﬁcial cardiac tissue
[34]. Chemical or electrical stimulation have been used in inducing
cardiac progenitor cells progress to organized contracting myocytes
[35]. These speciﬁc demands lead the researchers to search for biocompatible conducting or electroactive polymers which are expected to
control the shape and function of anchorage-dependent cardiomyocytes
with electrical currents through their electroactive surfaces. Both the
non-conductive emeraldine base (PANi) and its conductive salt (EPANi) forms of polyaniline have been found to be biocompatible, viz.,
allowing for cell attachment and proliferation [32]. But the initial adhesion of H9c2 cells to both PANi and E-PANi is slightly reduced. To
improve its biocompatibility, the PANi-gelatin blend ﬁbers have been
fabricated and the attachment and proliferation of H9c2 cells on these
ﬁbers are enhanced greatly [18]. These results demonstrate the potential application of PANi as an electroactive polymer in cardiac tissue
engineering. However, the lack of biodegradability of PANi is another
outstanding problem related to the applications of electroactive polymers as tissue engineering scaﬀolds.
To solve the problem, a PLA-b-AP-b-PLA (PAP) triblock copolymer
with good electroactivity and biodegradability was designed and synthesized in our group by coupling an electroactive carboxyl-capped AP
with two biodegradable bihydroxyl-capped PLAs via a condensation
reaction [36]. The PAP copolymer exhibited excellent electroactivity
similar to the AP and PANi. The electrical conductivity of the PAP copolymer ﬁlm (~5 × 106 S/cm) was in the semiconductor region. In
vitro degradation test shows that the copolymer is capable of degradability and the degradation product AP with the molecular weight of
672.5 is expected to be consumed by macrophages during the normal
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2. Materials and methods
2.1. Materials
L-Lactide (LLA) was purchased from Purac, Holland. N-methyl-pyrrolidone (NMP) and toluene were distilled after drying with CaH2. 1,4Butanediol (BDO), stannous octoate [Sn(Oct)2, 95%], p-phenylenediamine, N-phenyl-1,4-phenylenediamine, N,N′-dicyclohexyl carbodiimide
(DCC), 4-dimethylaminopyridine (DMAP), butane diacid anhydride,
camphorsulfonic acid (CSA) and ammonium persulfate were purchased
from Aldrich and were used as received without further puriﬁcation.
N,N-dimethylformamide (DMF), tetrahydrofuran (THF), methylene
chloride (CH2Cl2), chloroform (CHCl3), 1,2-ethylene chloride, and hydrochloric acid (HCl) were used as received.

2.2. Polymer synthesis
Poly (L-lactide) (PLA) with the molecular weight of 85, 000 g/mol
was prepared in our lab by the ring-opening polymerization of LLA. The
triblock copolymer PLA-b-AP-b-PLA (PAP) of PLA and aniline pentamer
(AP) was synthesized by coupling an electroactive carboxyl-capped AP
with two biodegradable bihydroxyl-capped PLAs via a condensation
reaction according to our previous paper (Scheme 1) [36]. It was
blended with PLA for the following study because of its lower molecular
weight (Mw = 12, 410, analyzed with GPC). PANi with the molecular
weight of 60,520 (Mw) was synthesized and provided by Prof. Xianhong Wang, Changchun Institute of Applied Chemistry, China.
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Scheme 1. Synthesis of electroactive PAP triblock copolymer.
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Scheme 2. Schematic cell culture
system coupled with electrical stimulation. It consists of a function signal
generator (a), a cell culture plate (b),
and double platinum (Pt) electrodes
(c) and coverslips covered with
polymer thin ﬁlms (d) both immersed
in the culture medium (e). The wave
form of electrical signals (f) is monitored by a digital oscilloscope.

f

c
e

a

d
b
2.3. Polymer thin ﬁlm preparation

Streptomycin (Sigma) in a humidiﬁed incubator at 37 °C and 5% CO2.
The medium was refreshed every 2 days. After 7 days culture, the
monolayer H9c2 cells were removed respectively from the cell culture
ﬂasks by trypsin (2.5 mg/ml) and EDTA (0.2 mg/ml) (1:1, v/v) treatment, and rinsed three times with 0.1 M PBS by centrifugation at
1000 rpm for 5 min. The obtained cells were re-suspended in the
medium to adjust cell density before use.

PAP/PLA (w/w = 1:1) were dissolved respectively in chloroform to
form a 1 wt% homogeneous solution. Then camphor-10-sulfonic acid
(CSA) was added to the PAP/PLA solution (WCSA/WPAP/
WPLA = 0.15:1:1). The solutions were respectively coated onto a glass
coverslip of 24 mm × 24 mm (square one) or 15mmin in diameter
(round one) to form a layer of thin ﬁlm. The coverslips were pretreated
with 2% dimethyl dichlorosilane (DMDCS, Fluka)/chloroform solution
and dried at 180 °C for 4 h. The solvent in the thin ﬁlms was removed by
drying in the air for 30 min and then under vacuum for 48 h at room
temperature. The coverslips with the thin ﬁlms were then sterilized
under UV light for 30 min. Similarly, PLA and PANi ﬁlms were prepared
as controls. The glass control was the cleaning coverslips untreated with
DMDCS.

2.6. Cell attachment and spreading
Cell attachment and spreading of H9c2 cells on PLA, PANi and PAP/
PLA at diﬀerent time intervals were studied. The coverslips coated with
the thin ﬁlms of PLA, PANi and PAP/PLA were placed into 6-well plates
(Costar). The coverslips without polymer coating were used as the
control. The wells were washed three times with PBS and added with
3 ml/well of DMEM containing 20% FBS to prevent the coverslips from
ﬂoating up. A density of 2.0 × 104 cells in 1 ml of medium were then
seeded into each well, and the plates were incubated at 37 °C and 5%
CO2 for 4 h, 6 h, 24 h or 48 h, respectively. Then the coverslips were
washed with PBS for three times and ﬁxed with 2.5% glutaraldehyde at
room temperature for 10 min. The cells were dyed with ﬂuorescein
isothiocyanate (FITC, SIGMA) for 8 min, and washed with distilled
water for 5 times. Cell attachment and morphology were observed
under the ﬂuorescent reverse microscope (TE2000U, NIKON). For each
specimen, nine pictures were taken by Digital Camera DXM1200F
(NIKON).

2.4. Characterization and measurement
Atomic force microscopy (AFM) experiments were performed by
using SPI 3800/SPA300HV (Seiko Instrument Inc.) in tapping mode to
observe the surface topography. The microstructure of PAP copolymer
was studied by transmission electron microscopy (TEM), using JEOL
JEM-1010 electron microscope. Dynamic light scattering (DLS) measurements were carried out with a DAMN EOS instrument equipped
with a He–Ne laser at the scattering angle of 108°. The solutions of
PAP/PLA about 1 mg/mL were passed through a 0.45 μm ﬁlter before
the measurements. Water contact angle at the surface of the samples
(PLA, PANi and PAP/PLA) were examined by a commercial contact
angle system (DataPhysics, OCA 20). 3 points on the surface of each
sample were measured, and the average was taken as the water contact
angle of the sample.

2.7. Electrical stimulation
A modiﬁed cell culture system coupled with electrical stimulation
was designed according to our previous work [38]. As shown in Scheme
2, the system consisted of a function signal generator (SUING,
TFG6030), a 6-well or 24-well cell culture plate, platinum (Pt) electrodes, and cover-sides covered with polymer thin ﬁlms. The square
wave form of electrical signals was monitored by a digital oscilloscope
(Rigol, DS1022C). The double Pt electrodes with the distance slightly
less than the wells' diameter were ﬁxed on the covers of cell culture
plates and had enough lengths to touch into the medium. The coverslips
with the polymer ﬁlms were placed onto the bottoms of wells and the
cells were seeded on the coverslips between the two Pt electrodes. All Pt
electrodes were connected with copper conductor cables in the form of

2.5. Cell culture
H9c2 cell line (H9c2), purchased from Institute of Biochemistry and
Cell Biology, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences, was a subclone of the original clonal cell line
derived from embryonic BD1X rat heart tissue and exhibited many of
the properties of skeletal muscle [37]. The cells were cultured with
Dulbecco's modiﬁed Eagle's medium (DMEM, GIBCO) supplemented
with 20% FBS (GIBCO), 1.0 × 105 U/L penicillin (Sigma), 100 mg/L
170
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1 Hz/500 ms, that is a voltage (or amplitude) of 5 V ( ± 2.5 V), a frequency of 1 Hz and a pulse duty ratio of 50%, was undertaken for 1 h
each day if it was not speciﬁcally stated. The medium was refreshed
every 2 days. To observe the eﬀects of diﬀerent electric signals on cell
morphology, the parameters of amplitude (3 V and 5 V), frequency
(1 Hz, 10 Hz and 20 Hz) and pulse duration (2 ms, 25 ms, 50 ms and
100 ms) were varied.

a

2.8. Cell proliferation
The proliferation of H9c2 on the surfaces of PLA, PANi, PAP/PLA
and the control glass with or without electrical stimulation was determined using the 3-(4,5-dimethylthiazoyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells at a density of 0.5 × 104 cells/
2 ml/well were seeded on the round coverslips (15.5 mm in diameter)
coated with diﬀerent materials in 24-well cell culture plates. The coverslips without polymer coating were used as the control. Two groups
were designed for each material, including an unstimulated group and a
stimulated group. 4 parallels were set up for each group. After cultured
in a humidiﬁed incubator containing 5% CO2 at 37 °C for 24 h to allow
settling and adhesion, the cells were given an electrical stimulation for
2 or 5 days. Then 150 μl of MTT solution was added to each well. After
incubation at 37 °C for 4 h in a humidiﬁed incubator, the medium was
discarded and the precipitated formazan was dissolved in 750 μl 0.04 M
HCl/isopropanol. The optical density of the solution was evaluated
using a microplate spectrophotometer (Thermo Electron MK3) at a
wavelength of 540 nm. The mean value of the four readings for each
sample was used as the ﬁnal result.

5µ
µm
b

2.9. Cell morphology
Cell morphological changes of H9c2 on the surface of the diﬀerent
materials treated with electrical stimulation were observed. Brieﬂy,
after settling and adhesion of 24 h, H9c2 cells seeded respectively on
glass, PLA, PANi and PAP/PLA were given an electrical stimulation for
6 days. The cells were then dyed with FITC stain and the pictures of cell
morphology were captured with the ﬂuorescent reverse microscope.
The pulse electrical stimulations of 3 V/20 Hz, 5 V/1 Hz and 5 V/20 Hz
with a 50% pulse duty ratio were employed. Meanwhile, H9c2 cells on
PAP/PLA and glass response to diﬀerent pulse electric signals of 3 V/
1 Hz/100 ms, 3 V/20 Hz/2 ms, 5 V/1 Hz/2 ms, 5 V/1 Hz/50 ms, 5 V/
10 Hz/2 ms(e) and 5 V/20 Hz/2 ms were observed.

5µm
c

2.10. Calcium measurement
Cells were seeded on glass or PAP/PLA, and then electrical stimulation was applied for 5 days. The medium was removed and washed
three times with KB buﬀer (70 mM KOH, 40 mM KCl, 20 mM KH2PO4,
3 mM MgCl2·6H2O, 1.5 mM CaCl2, 0.5 mM EDTA, 50 mM L-glutamic
acid, 20 mM aminoethylsulfonic acid, 10 mM glucose and 10 mM
HEPES, pH 7.4). The cells were then treated with 1 mM Fluo-2 acetoxymethyl ester (fura-2-AM) (emulsiﬁed freshly with F127 in KB solution) in 5% CO2 at 37 °C for 30 min, and placed on the stage of an
inverted microscope (TE2000U, NIKON) with a computerized ion
imaging system (cool SNAP DG-4, Pholomatrics, U.S.A) allowing rapid
ﬁlter-change for dual wavelength excitation (340 and 380 nm). Images
of calcium signal were obtained, and the ratios of calcium-bound
(340 nm) and free (380 nm) Fura-2 were analyzed and calculated automatically in order to determine intracellular free calcium levels [39].

5µm
Fig. 1. AFM amplitude images of the ﬁlm surface topography of PLA (a), PANi
(b) and PAP/PLA (c).

2.11. Statistical analysis
Quantitative data were presented as means ± standard deviation
(SD) and statistical analysis was assessed using SPSS (v11.5). Then Oneway analysis of variation (ANOVA) was performed on the data, followed by LSD and S-N-K multiple comparison procedures. A value of

parallel circuit. This equipment ensured uniform current ﬂuxes through
all the wells. Before electrical stimulation, H9c2 cells were grown for
24 h to allow settling and adhesion. Pulse electrical stimulation of 5 V/
171
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3.3. The microstructure of PAP copolymer

p < 0.05 was considered to be statistically signiﬁcant.

The above-mentioned results were further veriﬁed by TEM observation of the microstructure of PAP copolymer. Fig. 2a show the
TEM image of PAP/PLA thin ﬁlm. The relative homogeneous distribution of black particles of about 150–200 nm in diameter was observed
clearly in PAP/PLA, which represented the assembly of the AP segments
because of their micro-phase separation in chloroform. The white areas
represented the PLA segments and the PLA matrix. DSL analysis showed
that the average particle size of PAP copolymer in chloroform solution
was 157.2 ± 18.4 nm (see Fig. 2c). Compared with the PAP copolymer, the particles of PANi were larger and more unhomogeneous
(Fig. 2b). Although the TEM image of PAP/PLA thin ﬁlm in present
study was greatly diﬀerent from that of PAP copolymer prepared by
ultracryotomy [36], the results of present study approved our previous
speculation that the interlaced distribution of the PLA segments and the
AP segments is homogeneous. Spontaneous self-assembly in water of
the electroactive triblock copolymer of poly (ethylene glycol) (PEG) and
aniline pentamer (AP) has also been reported in our previous paper
[40]. In the PAP copolymer, PLAs are the soft segments and AP is the
hard segment. The regular structure (soft-hard-soft) of triblock copolymer contributes to its special biological properties. First, the PLA
chains are bonded on the two ends of the AP to increase its biocompatibility and apparent solubility. Second, the interface surface of
the PAP copolymer with homogeneous electroactive areas was formed
by spontaneous self-assembly. Thus, the soft PLA segments trend to
aggregate together to form a continuous matrix, while the hard ones

3. Results and discussion
3.1. Electrochemical properties and conductivity of PAP
The electrochemical properties and conductivity of PAP had been
investigated in our previous work [36]. The results showed that the
copolymers possessed good electroactivity and its conductivity
(10−5–10−6 S/cm) was in the semiconductor region, decreased a lot
compared to that of AP and PANi.

3.2. Surface topography
As shown in Fig. 1, the surface topography of PLA, PANi and PAP/
PLA thin ﬁlms were observed with AFM. The amplitude images of AFM
showed that PANi and PAP/PLA presented the rough surfaces compared
to that of PLA, and the surface of PANi was the most roughness because
of the hard solubility of PANi. The relative homogeneous roughness of
PAP/PLA might result from the solubility of the PAP copolymer. Although the dissolution of the PAP copolymers in CHCl3 was improved
over AP because of the PLA segments, micro-phase separation of AP
segments could result in the assembly of PAP triblock copolymer (See
Scheme 3).

(1)
PLA

PLA

AP

Assembling in solution

(2)

Cell

Cell

Cast on the glass

Electronic signals transferring between
cell to cell on the surface of PAP

Thin film of PAP
Electric stimulation

_

+
Electric stimulation

Scheme 3. Schematic illustration of electroactivity and electric conductivity of PAP copolymer (1) and its roles in electronic signals transferring between cell to cell
(2).
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Fig. 2. TEM images of PAP/PLA (a) and PANi (b). Scale bars are 100 nm. (c) Size distribution of the aggregates of PAP copolymer measured by DLS.

80

may form discontinuous domains. Within an AP domain the electric
conduction is easy while between two adjacent domains the electric
conduction might be realized through the tunnel eﬀect through the PLA
matrix, which could be served as the bridge of cell signals transferring
(see Scheme 3).

Contact angle (deg)

70

3.4. Surface hydrophilicity
The surface hydrophilicity of the thin ﬁlms of PLA, PANi and PAP
copolymer, as characterized by static water contact angle, is shown in
Fig. 3. The PLA sample presented lower hydrophilicity and its contact
angle was 73.3 + 1.1° higher than that of PANi and PAP. The contact
angle of PANi was only 40.7 + 1.9°. The hydrophilicity of PAP/PLA was
between PLA and PANi and its contact angle is 46.6 + 1.3°. Compared
to PLA, the hydrophilicity of PAP/PLA was improved because of introduction of AP segment in PAP copolymer.

*

60
50
40
30
20
10
0
PLA

PANi

PAP/PLA

Fig. 3. Water contact angle of the thin ﬁlms of PLA, PANi and PAP/PLA. *
indicates p < 0.05 compared to the other groups, n = 3.

3.5. Cell attachment and cell spreading without electric stimulation
It has been well known that cell adhesion is an important cellular
process because it directly inﬂuences the following proliferation of cell
and forming of tissue. In general, cell behavior and interaction with a
bioactive material surface are dependent on the properties such as topography, surface charge and chemistry [41]. Fig. 4 shows cell morphology of H9c2 cells attached and grown on glass, PLA, PANi and PAP
thin ﬁlm after seeding for 4 to 48 h. The cells attached and grew better
on PAP/PLA than those on PLA, PANi at any time period, which was
similar to that on glass.

3.6. Eﬀects of electrical stimulation on cell proliferation and cell
morphology
As shown in Fig. 5, the cell proliferation of H9c2 cells on diﬀerent
materials with or without electrical stimulation was evaluated using
MTT test. Compared with the unstimulated group, the numbers of cells
on all substrates in stimulated group increased signiﬁcantly at 3- or 6day cell culture (p < 0.05). At 3-day, the number of cells on PAP/PLA
173
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Glass

PLA

PANi

PAP/PLA

4h

6h

24h

48h
150µ
µm
Fig. 4. Fluorescein isothiocyanate (FITC) staining showed that H9c2 attached, spread and grew on glass, PLA, PANi and PAP/PLA for 4–48 h. The electroactive
copolymer of PAP improved cellular adhesion, spreading and growth in vitro obviously. The scale bar of all pictures is 150 μm.
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*
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*

unstimulated group. Our results get well along with those studies on
electrical stimulation in literatures. Pedrotty et al. have reported that
electrical stimulation could enhance the proliferation of cardiac myocytes on 3-D polyglycolic acid (PGA) mesh scaﬀolds [42]. At 3-day,
PANi had the lowest cell proliferation both in the electrical stimulation
group and non-electric stimulation, probably mainly due to the fact that
its monomer, aniline, and other reaction byproducts, especially the
aniline dimer benzidine that is formed during PANi synthesis [43,44].
At 6-day, after two changes of medium, the cell proliferation of PANi
group increased gradually with the decrease of the concentration of
monomer, aniline, and other reaction byproducts. In the electrical stimulation condition, the cell proliferation of the PNAi group reached the
PAP/PLA group, which was no signiﬁcant diﬀerence. Besides this, the
present study elicits that the proliferation of H9c2 cells stimulated
electrically could be further promoted by growing on the surface of
conductive or electroactive polymers.
The morphological change of H9c2 cells on diﬀerent substrates
(glass, PLA, PANi and PAP/PLA) with or without electrical stimulation
is shown in Fig. 6, under the electrical stimulation 1 h a day for 6 days,
the cells grown on all substrates sprouted “pseudopodia”. Among them,
PAP/PLA (Fig. 7h–j) had the greater number of cells with “pseudopodia” compared with those on PANi, PLA and glass (Fig. 6b, d, f).
However, under the absence of electrical stimulation, only a small
number of “pseudopodia” were observed in the PAP/PLA and PANi
groups, and the length and number of “pseudopodia” were less than
that of the electric stimulation group. The “pseudopodia” always grew
towards another cell and appeared to arrangement with a certain orientation. As shown in Scheme 3, it might be the need of cells for enhancing their communication, and its formation might be associated
with electroactivity of the PAP copolymer and driven by electrical

#

#

0.12

#

*

*
*

0.04
0.02
0.00
Unstimulated Stimulated Unstimulated Stimulated

3d
6d
Incubated time (days)
Fig. 5. MTT assay showed the optical values of H9c2 cells on glass, and the thin
ﬁlms of PLA, PANi and PAP/PLA treated with electric stimulation (5 V/1 Hz/
500 ms, 1 h/day, started from 24 h after seeding) for 2 and 5 days. * indicates
p < 0.05 compared to the other groups and # indicates p < 0.05 compared to
the same materials unstimulated, n = 4.

was the most in stimulated group and had the largest increase (nearly
twofold) compared to unstimulated group (p < 0.05). There was larger
cell number on PLA and smaller cell number on PANi compared to that
on glass (p < 0.05). At 6-day, the numbers of cells on both PANi and
PAP/PLA in stimulated group were slightly higher than that on PLA
(p > 0.05) and signiﬁcantly higher than that on glass (p < 0.05).
They also had larger increases than those on PLA and glass compared to
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Fig. 6. The “pseudopodia” of H9C2 emerged on the thin ﬁlms stimulated electrically for 6 days. The cells were growing on glass (a and b), PLA (c and d), PANi (e and
f), and PAP/PLA (g–j). (a, c, e and g) were unstimulated; (b, d, f and g) were stimulated with 5 V/1 Hz/500 ms. (i and j) were stimulated with 3 V/20 Hz/25 ms (b)
and 5 V/20 Hz/25 ms (d), respectively. The electrical stimulation started from 24 h after cell seeding, and for 1 h per day. All scale bars are 50 μm, the red arrow
indicated the “pseudopodia”. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 7. Representative FITC ﬂuorescent micrographs of H9c2 growing on PAP/PLA for 9 days. The cells were treated with electric stimulation of 3 V/1 Hz/100 ms (a),
3 V/20 Hz/2 ms (b), 5 V/1 Hz/2 ms (c), 5 V/1 Hz/50 ms (d), 5 V/10 Hz/2 ms (e), 5 V/20 Hz/2 ms (f) for 6 days from the second day after cell seeding, 0.5 h/day. Scale
bars are 100 μm.

potential. According to the literature, the “pseudopodia” is the possible
beginning of formation of myocardium intercalated disk [45]. On a
molecular level, electrical stimulation promoted the levels of cardiac
proteins and up-regulated the expression of the corresponding genes.
Myosin heavy chains were the basic unit of myosin and played an important role in the working myoblasts. The expression of myosin heavy
chains was decreased in non- stimulated and increased in stimulated
cardiomyocytes, suggesting that the maturation of cardiomyocytes depended both on culture duration and electrical stimulation [46].
Changes in cell morphology had been also found after the eﬀects of
pulsed electrical stimulation. HFF-1 human newborn ﬁbroblasts and
Balb/3T3 clone A31 mouse embryonic ﬁbroblasts were stimulated by
5 ms pulses with a frequency of 0.5 Hz for 1–72 h. Cell-to-cell interactions via cellular projections were found. Anisodiametric, multinucleated, myotubelike structures with pole-to-pole cell fusion and
ﬁber rearrangements resembling a striated-muscle-like phenotype
could be observed as early as 24 h after ES treatment [47]. These results
revealed the possible mechanism of morphological changes in cardiac
myoblasts under electrical stimulation. In this study, the PAP copolymer itself could improve the electrophysiological interaction between
two neighbouring cells by providing a conductive and electroactive

surface, but the eﬀect was limited and it could be enhanced by the
treatment of electrical stimulation.
3.7. Eﬀects of diﬀerent electric pulse signals on cell morphology
The cell morphology of H9c2 on PAP copolymer inﬂuenced by
diﬀerent electric pulse signals (3 V/1 Hz/100 ms, 3 V/20 Hz/2 ms, 5 V/
1 Hz/2 ms, 5 V/1 Hz/50 ms, 5 V/10 Hz/2 ms, 5 V/20 Hz/2 ms) were
further observed. As shown in Fig. 7, the shapes of H9c2 cells on PAP/
PLA thin ﬁlm varied on electric pulse signals obviously. At the same
levels of frequency and pulse duration (20 h/2 ms), the cells seemed to
be enlarged with the increasing of amplitude from 3 V to 5 V (Fig. 7b
and f). When the amplitude and pulse duration were kept in the same
levels of 5 V/2 ms, the cell shapes changed slightly, but the cell area
decreased with the increasing of frequency from 1H or 10H to 20H
(Fig. 7c, e and f). Meanwhile, pulse duration seems to be another important factor which greatly inﬂuenced on cell shapes. When the pulse
duration was prolonged > 50 ms or 100 ms, H9c2 cells were getting
larger and more rounder (Fig. 7a and d). In the work of Chen Chuan
et al., under 10 V/1 Hz pulsed electric stimulation, the cell morphology
of H9C2 became slender, cells presented an ordered arrangement of
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Fig. 8. The eﬀects of electric stimulation (5 V/1 Hz/500 ms) on the concentrations of calcium ions in H9c2 were detected by ion imaging system. (A) The microphotographs of H9c2 cells which were seeded and cultured on the surface of PAP/PLA (c, d, g and h) or glass (a, b, e and f) for 6 days, and stimulated electrically (e, f,
g and h) for 5 days. a, c, e and g were observed with a light microscope. b, d, f and h were ﬂuorescent micrographs treated with Fura-2-AM. (B) Intracellular calcium
concentration of H9c2 cells with or without electric stimulation was analyzed by ion imaging system. (*p < 0.05, n = 12).

3.8. Eﬀects of electrical stimulation on intracellular calcium ions level

directions, cell proliferation was decreased, and some cells had pseudopodia structures on the surface. The expression of Oct4 was reduced,
while the expressions of cTNT and α-MHC were still strong [48].These
results indicated that the relationship between the change of H9C2
morphology and the change of phenotype by diﬀerentiation after
pulsed electrical stimulation.

Fig. 8 shows the intracellular free calcium concentrations of H9c2
cells on PAP/PLA and glass with or without electrical stimulation
measured by a computerized ion imaging system in 6-day cell culture.
In each group, 12 cells were selected to determine the intracellular
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may be associated with their diﬀerentiation which is deduced by the
PAP copolymer. It is regarded that the novel conducting copolymer can
enhance electronic signals transferring between cells because of its
special electrochemical properties, which may result in the diﬀerentiation of cardiac myoblasts.
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