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onductive polymer biomaterials
for cardiac progenitor cells†

C. Puckert,‡a A. Gelmi,‡a M. K. Ljunggren,b M. Rafatc and E. W. H. Jager*a

The characterisation of biomaterials for cardiac tissue engineering applications is vital for the development

of effective treatments for the repair of cardiac function. New ‘smart’materials developed from conductive

polymers can provide dynamic benefits in supporting and stimulating stem cells via controlled surface

properties, electrical and electromechanical stimulation. In this study we investigate the control of

surface properties of conductive polymers through a systematic approach to variable synthesis

parameters, and how the resulting surface properties influence the viability of cardiac progenitor cells. A

thorough analysis investigating the effect of electropolymerisation parameters, such as current density

and growth, and reagent variation on physical properties provides a fundamental understanding of how

to optimise conductive polymer biomaterials for cardiac progenitor cells.
Introduction

The ability to direct adult stem cells into a specic lineage of
cells is of high interest for tissue engineering, for instance for
repairing cardiac function aer the event of a myocardial
infarction (MI). Fibrotic scar tissue produced aer an MI causes
impairment in the ability of the heart to pump blood, which is
called ventricular remodelling.1 As cardiac muscle cells are not
regenerative in adults, introducing new cells onto the damaged
tissue may improve cardiac function and prevent heart
failure.2–4 Cardiac stem cell therapy can in theory replace the
contractile units that were lost aer MI and it should be able to
counter ventricular remodelling because the stem cells can
‘reinforce’ the scar, thereby changing its mechanical properties
and thus preventing further ventricular dilatation. However,
thus far clinical trials of cardiac stem cell therapy have been
disappointing. They have shown no improvement of le
ventricular function compared to control groups.5 High stem
cell mortality within the rst few days aer injection and low
retention are major contributors to this lack of clinical efficacy.4

In order to attain a successful implantation other delivery
strategies are needed. One such strategy is to employ bio-
engineered gras or cardiac patches that will present the proper
microenvironment to the stem cells to attach and survive. The
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microenvironment of the gra or patch is also a vital factor in
tuning the stem cell differentiation; hence control of this
microenvironment is the key to a successful cardiac patch.

Conductive polymers, namely polyanilines, polythiophenes,
and polypyrroles, are experiencing a rapid increase in use for
biomaterials in tissue engineering applications.6–12 Several
crucial properties of these polymers allow for ne-tuned control
of the interaction between biomaterial and cell. Conductive
polymers have excellent properties for use biomaterial appli-
cations, such as relative soness compared to conventional
conductive materials (i.e. metals), high exibility in prepara-
tion, and stability.13–17 A secondary, but signicant, aspect of
these materials is their electrical conductivity.

Electrically conductive substrates provide passive benets to
cells which utilise electrical signalling; conductive carbon
nanotube substrates have been demonstrated to facilitate the
propagation of neural cell action potentials and signalling.18,19 A
conductive polymer (polyaniline) hydrogel scaffold also showed
a passive improvement in nerve cell activity, i.e. adhesion,
survival, and differentiation, due to the intrinsic electrical
sensitivity.20 Similarly to nerve and neural cells, cardiac cells are
electroactive and hence the conductive nature of these
conductive polymer can be inuential as a passive substrate.

The conductive properties are also ideal for stimulating cells
which react to electrical signals, such as muscle and nerve
cells.21–24 The electrochemical properties of the polymers also
allows for mechanical actuation via the movement of ions
during reduction and oxidation.25 This combination of elec-
trical and mechanical actuation creates a biomaterial that is
capable of not only supporting cells, but also directly stimu-
lating them. The direct stimulation of living cells is particularly
interesting for the area of tissue engineering; research has
shown that stem cells such as mesenchymal stem cells (MSCs)
This journal is © The Royal Society of Chemistry 2016
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can differentiate from external stimulus such as electrical and
mechanical. Mechanical stimulation has been applied to stem
cells previously through cyclical mechanical strain, shear stress,
and tensile stress.26–31 This type of external stimulus is specu-
lated to trigger or enhance the differentiation of stem cells
through a combination of mechanical signalling via cell
membrane receptors and through changes in cell transport.32,33

The inuence of electrical stimulation on the differentiation of
cells has been proposed to occur via several mechanisms. The
increased cell proliferation may be due to induced membrane
depolarisation from the electrical stimulation, stimulating Ca2+

ionic transport and upregulating gene pathways.34 Polypyrrole
(PPy) has been shown to be compatible with cardiac cells,35,36

and has been used to directly stimulate cells via electrical37,38

and mechanical39,40 stimulus.
The electrochemical synthesis of PPy requires the presence

of a dopant molecule, which is incorporated into the polymer
structure during polymerisation.41–43 All dopants will directly
inuence the physical properties of the resulting polymer
material,42,44,45 and in turn the physical properties of a surface
will inuence cellular behaviour. Stem cells have been observed
to respond to changes in surface properties; topographical cues
and cell-surface adhesion can inuence the differentiation of
stem cells.46 The topographical state of the surface, ordered or
disordered, can have a strong inuence on the adhesion and
cell activity of MSCs,47 and also direct the fate of MSCs.48 The
physical properties of the substrate will inuence the cell-
surface interface via adhesion formations which in turn affect
the cytoskeleton of the cell. The differentiation of stem cells
involves restructuring of the cytoskeleton49,50 and in turn
manipulating the cytoskeleton through cell-surface interactions
cell fate can be directed.48

A previous study that investigated the inuence of different
dopants on the biocompatibility of CPCs found that the change
in the physical properties of the polymer material had a greater
impact than the chemical properties of the dopants (i.e. bio-
logical activity of biomolecular dopants).51 Here we study in
greater detail the effects of synthesis parameters, such as
current density, time, and reactant concentrations, have on the
polymer properties. In turn we can more carefully control each
property as a variable and subsequent inuence on CPC
biocompatibility.

We have chosen three different dopants which performed
well in the previous study; chondroitin sulfate (CS), dode-
cylbenzenesulfonate (DBS), and p-toluene sulfonate (pTS). Each
dopant has a different advantage. The biological active mole-
cule CS was chosen due to its important role in coordinating
attachment and adhesion to the extracellular matrix (ECM). CS
has also been successfully used as a dopant for PPy in prior
cellular research.11,52–54 DBS has previously been shown to
provide excellent actuative properties for PPy materials55 and
has good stability and high electrical conductivity, as well as
success as a dopant for PPy in vitro.16 The molecule pTS is
a simple aromatic dopant commonly used to synthesize PPy
with good material properties, such as high electrical conduc-
tivity and stability.56 In addition, they have been extensively
This journal is © The Royal Society of Chemistry 2016
characterized with a broad variation of different cell types over
the last years, providing good controls for comparison.

Initially the properties of PPy will be varied by changing
several variable growth parameters such as growth time and
current charge density, dopant concentration and monomer
concentration. This study will examine how the changes of the
physical properties of PPy will affect the cell response of CPCs,
to determine which PPy material will be the optimal electro-
active biomaterial for cardiac patch applications.

Results
Parameters

Dopants. When synthesised with the same growth parame-
ters each dopant produced polymers with different roughness
values (selected values in Fig. 1A). PPy(DBS) had a higher
roughness compared to the two other dopants, ranging from
31 � 11 nm to 473 � 35 nm (data provided in ESI†). In
comparison the roughness values for PPy(CS) ranged from 7 �
1 nm to 249 � 58 nm. Both PPy(DBS) and PPy(CS) displayed
a greater change in surface roughness with changing growth
parameters, in contrast to PPy(pTS) which had a much smaller
range of roughness values (8 � 1 nm to 60 � 14 nm). When
prepared with the same growth parameters, the contact angle
measurements of each PPy(dopant) decreased in order of: DBS >
pTS > CS as seen in Fig. 1B, a trend consistent with previous
studies.11 The materials prepared with dopant DBS had the
highest contact angle values, which is indicative of a low surface
energy. The contact angle values (data provided in ESI†) for
PPy(DBS) ranged from 62 � 1� to 102 � 7�. PPy(pTS) had lower
contact angle values than PPy(DBS), with values ranging from
36 � 1� to 51 � 6�. PPy(CS) was measured to have the lowest
contact angle values with values ranging from 14 � 1� to 41 �
1�. Previous studies have shown that PPy(CS), as a highly
charged polyanion, results in more hydrophilic polymers
compared to pTS and DBS doped PPy.11 The long, hydrophobic
alkyl chain tail of the DBS anion is a assumed to be responsible
for the higher contact angle measurements for the PPy(DBS)
polymer.

The surface morphology of each selected polymer was also
imaged using SEM to observe structural differences. The
morphologies of PPy(pTS), PPy(CS) and PPy(DBS) were quite
similar, each with typical nodular surface structures (Fig. 3).
The average diameter of the nodules was �10 mm for PPy(CS)
(Fig. 3B(i)), compared to�3 mmPPy(DBS) (Fig. 3C(i)). In the case
of PPy(CS) for 60 min at 0.5 mA cm�2 (Fig. 3A(i)), the image
showed an irregular nodular structure.

Electrodeposition charge. Current density (mA cm�2) and
growth time (sec) are directly proportional to electrodeposition
charge (mC cm�2) during polymerisation. As the electrodepo-
sition charge (QD) increases, the amount of PPy deposited will
increase; a longer growth time allows the polymerisation reac-
tion to continue to produce the polymer, and a higher current
density increases the rate of the polymerisation reaction. As
expected, increasing the QD results in the thickness of the
polymer increasing in a linear relationship for all dopants (see
ESI†). As the thickness of the polymer increases, i.e. more
RSC Adv., 2016, 6, 62270–62277 | 62271
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Fig. 1 Comparing the physical surface properties with CPC density where; (A) roughness (B) contact angle, and (C) cell density values for the
dopants CS, pTS, and DBS at each growth parameter set of 60min at 0.25 mA cm�2, 60 min at 0.5 mA cm�2, and 30min at 1 mA cm�2. *p < 0.01.
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polymer deposited, it has been observed that the size of the
nodular surface features also increases.45 The increase in size of
these nodules will contribute to the increasing roughness of the
polymer surface and in general an increase in QD correlates to
an increase in roughness.57 This effect observed here as all
dopants increase in roughness with QD; for example, PPy(CS)
grown at 0.25 mA cm�2 for 60 minutes (QD ¼ 900 mC cm�2) had
Fig. 2 Comparing the physical surface properties with CPC density whe
variable monomer and constant dopant concentration, constant mon
monomer and dopant concentration. *p < 0.01.

62272 | RSC Adv., 2016, 6, 62270–62277
a roughness of 40 � 6 nm, compared to 1 mA cm�2 for
30 minutes (QD ¼ 1800 mC cm�2) with a roughness of 250 �
58 nm (Fig. 1A).

The contact angle values did not have a strong correlation
with an increase in QD, however for PPy(DBS) there was
a general increase in contact angle with QD (Fig. 1B). The
contact angle increased from 71 � 2� (QD ¼ 900 mC cm�2) to
re; (A) roughness (B) contact angle, and (C) cell density values for the
omer and variable dopant concentration, and an increasing ratio of

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (A) PPy(CS) 0.5 mA cm�2 at 60min, (B) PPy(pTS) 0.5 mA cm�2 at
60 min, (C) PPy(DBS) 0.5 mA cm�2 at 60 min, (D) 0.01 M Py DBS, 0.1 M
Py, (E) 0.01 DBS, 0.7 Py. (i) SEM micrograph, scale bar 10 mm, (ii) Live/
Dead staining CPC, scale bar 50 mm.
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102 � 7� (QD ¼ 1800 mC cm�2). As the roughness values and
contact angle measurements do not have a strong correlation, it
can be assumed that the contact angle measurements are not
impacted by surface morphology and more strongly inuenced
by the surface energy results from the polymer structure.

Dopant and monomer concentration. In order to discrimi-
nate the inuence of the monomer and of the dopant, the
concentrations were varied in a systematic manner and the
resulting polymer characterised. The concentrations were
varied as the following; constant monomer and varied dopant,
variedmonomer and constant dopant, and a xed ratio between
dopant and monomer concentration. Increasing the monomer
concentration resulted in a sharp increase of roughness, as
shown in Fig. 2A. The highest monomer concentration of 0.7 M
Py had a roughness of 189 � 25 nm, compared to the lowest
This journal is © The Royal Society of Chemistry 2016
concentration of 0.01 M Py with a roughness of 9 � 2 nm. This
roughness increase occurs due to the increased availability of
the monomer for faster synthesis kinetics during electro-
polymerisation. The polymers with an increasing ratio of dop-
ant : monomer show also that a high monomer concentration
results in an increased roughness value (18 � 7 nm), compared
to lower monomer concentration (4.5 � 0.4 nm, 7 � 2 nm, 7 �
1 nm) regardless of the dopant concentration. This is as ex-
pected as the amount of dopant incorporated into the polymer
is dependent on the oxidation state of the PPy chains during
electropolymerisation. For variable dopant concentration there
is no substantial change in roughness, with roughness values
ranging from 4.5 � 0.4 nm to 9 � 2 nm with an increasing
concentration.

In correlation with the roughness values, the morphology of
the polymer surface was observed to change markedly with
increasing monomer concentration. Fig. 3D(i) shows a relatively
smooth and at surface topography for a polymer prepared with
0.01 M Py and 0.01 M DBS. The comparatively large increase in
monomer concentration to 0.7 M Py (with the same concen-
tration of DBS) produced a surface with ‘wormy’ structures that
would contribute to the polymer's high roughness value (189 �
25 nm). This morphology has been observed before when
polymerising with high monomer concentrations.58 The surface
morphology of the rest of the polymers for this variable set
displayed the typical ‘cauliower’ surface structure and are
similar in morphology (see ESI†).

The PPy(DBS) materials with an increasing scale of monomer
and dopant concentration did not show a large variation in the
contact angle measurements (range of 72� � 1 to 78 � 1�) until
the monomer concentration was increased to 0.5 M, drastically
increasing the contact angle measurement to 98 � 1� (Fig. 2B).
This result was also observed for an increasing monomer
concentration with a set dopant concentration (0.01 M); the
contact angle measurement for the lower concentrations of
0.01 M, 0.05 M, and 0.1 M were 79 � 1�, 79 � 1�, and 72 � 1�

respectively. Once the monomer concentration increased to
0.5 M and 0.7 M the contact angle values increased to 88 � 1�

and 117 � 1� respectively. These measurements indicate that
the high roughness values for these materials with high dopant
concentration is a contributing factor to the increase in the
contact angle. In comparison, a low dopant concentration of
0.05 M with a set monomer concentration of 0.1 M resulted in
the lowest contact angle value measured for a PPy(DBS) lm
(46 � 1�). Once the dopant concentration was increased the
contact angle increased to 72 � 0� for 0.1 M. It is interesting to
notice that the roughness of the 0.05 M and 0.1 DBS lms were
comparable (9� 2 nm and 8 � 1 respectively), while the contact
angle differed more greatly. These observations suggest that the
chemistry of the dopant is the controlling factor of surface
energy for materials with a low roughness (<20 nm).

Electroactivity. The electroactive response of the polymer
will be inuenced by the dopant, and by growth and concen-
tration variables. The three dopants have similar CV proles
(Fig. 4A), showing a capacitive response that is typical for PPy
lms. As electrodeposition charge is increased, the capacitance
of the materials was also observed to increase which is expected
RSC Adv., 2016, 6, 62270–62277 | 62273
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Fig. 4 Cyclic voltammetry scans of polymer films in PBS, scan range 0.8 V to �0.8 V at a scan rate of 50 mV s�1; (A) PPy(CS) (black), PPy(pTS)
(red), and PPy(DBS) (blue) grown at 0.5 mA for 60 min monomer solution variations were compared with (B) 0.01 M Py/0.001 M DBS (black) and
0.5 M Py/0.05 M DBS (red), (C) 0.1 M Py with 0.01 M DBS (black) and 0.1 M DBS (red), and (D) 0.01 M DBS with 0.01 M Py (black) and 0.7 M Py (red).
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with the increasing amount of PPy deposited (data not shown).
The PPy(DBS) lms of different monomer and dopant concen-
trations were also electrochemically analysed, and the concen-
tration of Py monomer was observed to have an effect on the
electroactive response of the PPy(DBS) lms. As the ratio of
monomer : dopant was increased, the redox peaks of PPy
became visibly apparent in the CV (Fig. 4B); however for the
PPy(DBS) lms prepared with 0.01 M and 0.1 M DBS, and
a constant Py concentration of 0.1 M, the CVs were identical
(Fig. 4C). Increasing the Py concentration from 0.01 M to 0.7 M,
with 0.01 M DBS, showed an increase in the current at the redox
peaks (Fig. 4D). The secondary redox peaks visible in the CV
scans are due to the kinetic consequence of slow reduction
processes which have been observed before in PPy materials for
low anodic potentials.60 The electroactivity of the polymers is
important as the passive conducting ability of the PPy can assist
in cardiac cell propagation and signalling, as discussed above.

Cell viability and response. In order to assess the inuence of
variables such as dopant, roughness, and surface energy on
cellular growth we selected polymers from the parameter vari-
ation experiments for further cell biocompatibility experiments.
Polymers with the similar physical properties but different
dopant were chosen, as well as polymers with the same dopant
but different physical properties in an aim to control the
different variables. This included polymers grown 60 minutes at
0.25 mA cm�2, 60 minutes at 0.5 mA cm�2, and 30 minutes at
62274 | RSC Adv., 2016, 6, 62270–62277
1 mA cm�2. Their physical properties are displayed with cell
density values in Fig. 1. All of the polymers with variable
monomer solution concentrations were also assessed (Fig. 2).

The PPy(pTS) sample with the lowest current density
(0.25 mA cm�2, QD ¼ 900 mC cm�2) had the highest cell density
value for the rst set of samples with a value of 2.9 � 0.1 � 10�4

mm�2, and was signicantly higher than the PPy(pTS) materials
prepared at higher current densities (Fig. 1C). By way of
comparison the control sample had a cell density of 3.4 � 0.4 �
10�4 mm�2 (cell culture plate). The polymers prepared with CS
and DBS showed no signicant difference in cell density within
the variable current density set. The overall trend of increasing
roughness with QD has no signicant inuence on the cell
density on the polymer materials, indicating that themagnitude
of the roughness change induced by control of the synthesis
parameters in this study/set is not high enough to adversely
affect cellular adhesion and growth. Nanoscale roughness has
been observed to have a signicant inuence on endothelial
cells,59 however this study demonstrates that the CPCs are less
sensitive to the nanoscale changes in roughness observed for
these materials. However drastic changes in the polymer
structure and roughness for the high monomer concentration
polymer (Fig. 3E) had a signicant inuence on the cell density.
At 0.01 M Py the cell density value was 4.10 � 0.1 � 10�3 mm�2,
signicantly higher than the cell density for 0.7 M Py (2.6 �
0.3� 10�4 mm�2), which can be observed in Fig. 3D(ii) and E(ii).
This journal is © The Royal Society of Chemistry 2016
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This indicates that the CPCs are sensitive to 102 roughness
changes; however the cells are still viable on the surface
demonstrating their ability to still adhere and propagate on the
rougher surface.

Each polymer-dopant material fell within a discrete range of
contact angle values, with all values indicating a hydrophilic
surface. The CPC densities on these materials showed no
indication of a preference for a particular range of contact
angle, suggesting that the hydrophilic nature of the polymers
was sufficient for cellular adhesion and growth. The high
dopant concentration polymer, which had a contact angle of
117 � 1�, is the only material with a more hydrophobic surface,
and with a signicantly lower cell density compared to the lower
dopant concentration polymer as previously discussed above.
Distinguishing the factors of roughness and contact angle in
regards to the reduced cell density is difficult. It is not possible
to determine whether the CPCs are sensitive to the increased
roughness and irregular morphology of the material or the
increased hydrophobicity of the surface with the data presented
here. However for hydrophilic surfaces it can be determined
that CPCs are not sensitive to changes in the degree of the
surface energy.
Conclusions

This study shows that the three dopants used during the PPy
synthesis will produce variable but controllable changes of the
physical properties of PPy materials. Further changes of the
physical properties of the polymer can also be controlled
through the growth parameters in order to create a set of
materials with different properties such as roughness, surface
energy, and morphology. Each dopant resulted in different
physical properties for the resulting polymer, as expected, and it
was observed that the hydrophobicity increased with the trend
CS < pTS < DBS but was generally independent of electrodepo-
sition charge. Conversely the roughness of the polymers was
more inuenced by the electrodeposition charge than indi-
vidual dopants, with a higher electrodeposition charge resulting
in rougher PPy polymers. Together with a CPC viability study the
degree of inuence and sensitivity the CPCs had to changes in
the physical properties was analysed. In terms of the compati-
bility of the PPy lms synthesized from various dopants, and in
general DBS was found to produce PPy lms with high
biocompatibility and cell viability for CPCs. The CPCs did not
demonstrate sensitivity to the nanoscale changes in roughness
of the polymers, nor to changes with the hydrophilic range of
contact angle measurements. However more large scale
changes in roughness, morphology, and surface energy did
reduce the cell density of the CPCs. This study indicates that the
PPy materials produced are a suitable surface for the growth of
CPCs, and that the CPCs are not sensitive to small scale changes
in the material properties. This is promising for the further
development of PPy as a material for cardiac patch applications,
as the overall biocompatibility of the material will not be
inuenced through manipulation of the polymer to further
optimise other properties, such as conductivity or exibility.
This journal is © The Royal Society of Chemistry 2016
Experimental
Polymer synthesis

The PPy polymer was synthesized using electrochemical poly-
merization in a 3 electrode electrochemical cell using a Ag/AgCl
reference electrode (BASi, USA). The gold wafer working elec-
trode was cleaned with ethanol and subsequently rinsed with
Milli-Q water (18 MU).

The rst set of polymers used three different dopants. For
the polymerization processes the aqueous monomer solution
contained 0.1 M Py and 2 mg ml�1 of the appropriate dopant.
The dopants used were chondroitin sulfate A sodium salt
(Sigma-Aldrich), dodecylbenzenesulfonic sodium salt (TCI
Europe), and sodium para-toluenesulfonate (Sigma-Aldrich).
Aer the polymerization the sample was cleaned with Milli-Q
water and dried with N2. The properties of the PPy were
changed by controlling the current density and the time of
polymerization for each of the three dopants. The growth time
range included 1, 10, 30, and 60 min. The current density range
included 0.25, 0.5, 1, and 5 mA cm�2.

The second set of polymers were produced using DBS as
a dopant, and the properties were changed by controlling the
concentration of the dopant and the monomer. The growth
parameters used were 0.25 mA cm�2 current density and 10 min
growth time. The dopant concentrations used were 0.001, 0.005,
0.01, and 0.05 M. The monomer concentrations used were 0.01,
0.05, 0.1, 0.5, and 0.7 M. Three subsets of polymer were syn-
thesised using dopant : monomer ratio (1 : 10), monomer
concentration (0.1 M) with variable dopant concentration, and
dopant concentration (0.01 M) with variable monomer
concentration.
Contact angle goniometry

A CAM200 Optical Contact Angle Meter (KSV Instruments,
Finland) was used for the comparative evaluation of the surface
energy of PPy. The sessile drop method using Milli-Q water
(18 MU) was used to measure the interface angle. For each lm,
three samples were analyzed by measuring the le and right
angle of the drop ten times.
Prolometry

The roughness of the polymer lms was measured using
a Dektak 6 M prolometer (Veeco Instruments Inc., NY). The
roughness was investigated by measuring the surface three
times per sample over a length of 5000 mmwith a stylus force of
3 mg.
Scanning electron microscope

The surface morphologies of the selected PPy lms were ob-
tained by using a high-resolution Scanning ElectronMicroscope
(SEM). The PPy samples were examined in the LEO 1550 scan-
ning electron microscope (Zeiss, Germany) with an electron
beam energy of 5.02 kV.
RSC Adv., 2016, 6, 62270–62277 | 62275
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Cyclic voltammetry

The electroactivity of the selected PPy lms was measured using
cyclic voltammetry with a potentiostat (Ivium, Netherlands).
The PPy lms were analysed using a 3 electrode electrochemical
cell using a Ag/AgCl reference electrode (BASi, USA), stainless
steel mesh counter-electrode, in 0.1 M NaDBS aqueous solution
and cycled from 0.8 V to �0.8 V at a rate of 50 mV s�1.
Cell culture

CPCs were isolated from the hearts of adult mice using a cardiac
stem cells isolation kit (Millipore). The maintenance medium
used was Dulbecco's Modied Eagle Medium: nutrient mixture
F-12 (DMEM/F12) (Sigma-Aldrich) supplemented with 10% FCS,
1% penicillin – streptomycin (Invitrogen), 1� insulin-transferrin-
selenium (ITS) (Invitrogen), 0.5% DMSO (Sigma-Aldrich) and 20
ng ml�1 epidermal growth factor (EGF) (Invitrogen).

All PPy samples were rstly incubated overnight in 5�
concentrated penicillin-streptomycin solution followed by thor-
ough washing with sterile PBS aqueous solution. The CPCs on
the PPy lms were then incubated for 24 h in sterile antibiotic-
free medium to check the efficacy of the bacterial decontami-
nation. If no microbial growth was observed, the PPy lms were
used for cell culture testing. All decontaminated biomaterials
samples were place on the bottom of a 12-well cell culture plate
and 1ml of the cell maintenance mediumwas added. CPCs were
collected by trypsinization and seeded at a density of 5 � 104

cells per well. Additionally, the same amount of CPCs was
seeded in empty wells, these served as control samples.

Aer 3 days of culture, once the control sample became
conuent, a Live/Dead Assay LIVE/DEAD® Viability/Cytotoxicity
Kit (Life Technologies, cat. no. L-3224) was used to investigate
cell adhesion, viability, and proliferation rate and assessed with
an inverted uorescent microscope AXIO CAM ICm1 (Zeiss,
Germany). Cell numbers were quantied using the cell count
function in ImageJ (NIH). At least 2 elds were counted per
sample. Statistical analysis was performed using 1-way ANOVA
and student t-test (two tail). Representation of signicance is
denoted: *p < 0.01.
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