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In this work, thin films consisting of electrically conducting polyaniline (PANI) and poly(2-acrylamido-2-
methyl-1-propanesulfonate) (PAMPSA) have been used as cell culture substrates for embryonic stem
cells (ESC) and embryoid bodies (EMB). The PANI-PAMPSA films having fibrillar morphology were
electrochemically polymerized in a single-step by cyclic voltammetry from an aqueous solution
containing aniline and PAMPSA. UV-visible spectroscopy showed that the PANI films were electrically
conducting still at pH 10. This makes them suitable for tissue engineering applications operating at
physiological pH, in contrast to the commonly used PANI hydrochloride films which loose their electrical
conductivity at pH = 4. Our results reveal that the PANI-PAMPSA films allow only for limited ESC
adhesion and growth. The inhibition of the EMB growth and adhesion on the PANI-PAMPSA surface in
serum-free medium indicates that it can be used as a cell-selective substrate for the growth of only
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1. Introduction

Conducting polymers are usually composed of organic semi-
conducting macromolecules but they may also show metallic
conductivity. Polyaniline (PANI), polypyrrole and poly(3,4-
ethylenedioxythiophene) (PEDOT) are examples of such poly-
mers."” In addition to their conductivity, they possess the ability
to respond to various external stimuli affecting their optical,
electrical, chemical, and mechanical properties. Polyaniline is
one of the most studied conducting polymers due to its high
electrical conductivity, excellent electronic and optical proper-
ties, good redox and ion-exchange activity, environmental
stability, ease of preparation from common chemicals, and low
cost.® PANI exists in a variety of forms,** differing in the degree of
oxidation or extent of protonation and thus affecting its chem-
istry. The most important form of PANI, the protonated emer-
aldine salt (ES), can be obtained by the polymerization of aniline
in acidic aqueous media.®> It is green, stable and electrically
conducting having usually a conductivity ¢ = 4 § cm ™ "5 With
increasing the pH, the ES form converts typically at pH = 4 to the
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some specific differentiated EMB cell types.

electrically non-conducting emeraldine base form (EB) with a
conductivity of ¢ = 107° S cm™ % Hence, it is clear that the ES-
EB transition limits the use of PANI in applications requiring
high level of conductivity over a broad pH range. For example, in
biomedical applications operating at the physiological pH = 7.4,
it is necessary that PANI stays in the electrically conducting form
at neutral and slightly alkaline pH. Various approaches have
been used to solve this problem. The loss of the acid counter-ion
in PANI-ES at higher pH may be reduced by using polymeric
acids, e.g., poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
(PAMPSA),® contributing to the pH-stability of the ES form up to
pH 10 (Fig. 1). Another approach is to use hydrophobic acids,
such as perfluorooctanesulfonic acid” or dodecylbenzene-
sulfonic acid® keeping PANI in the ES form up to pH 8 and 9,
respectively. Self-doped sulfonated PANI represents still another
materials category extending the stability of the ES form to the
neutral pH region.**°
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Fig. 1 The chemical structure of the PANI-PAMPSA complex.
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Polyaniline can be prepared by chemical or electrochemical
polymerization of aniline. With the latter method it is possible
to precisely direct the PANI film formation on small electrically
conducting substrates (e.g., electrode arrays) which can then be
used, for example, as the ion-to-electron transducer in all-solid-
state ion-selective electrodes.”™** The electropolymerization of
aniline has usually been carried out in aqueous solutions con-
taining inorganic acids, e.g., sulfuric acid,"* ¢ perchloric acid,"
nitric acid," or phosphoric acid,"” or in solutions of organic
acids, e.g., p-toluenesulfonic acid.*® It can also be done in the
presence of polymeric acids such as poly(styrenesulfonic acid)*
or PAMPSA,*** and also in organic solvents, e.g., acetoni-
trile*>*” or dichloromethane.”

In the last decade, we have observed a growing interest in the
use of conducting polymers in biological and biomedical
applications, including cardiac and neural tissue engineering,
drug delivery, and biosensors.>®* Polypyrrole has successfully
been applied in drug delivery,”®***¢ nerve regeneration® and
biosensors.*** PEDOT-gelatin composites have recently been
tested as new biocompatible substrates in tissue engineering.**
Jin et al.*” demonstrated that PEDOT nanofibers have similar
biocompatibility as tissue culture (TC) plates. Cheng et al*
showed that PEDOT-carbon nanotube composites improve the
biocompatibility of platinum electrodes implanted into rat
brain. The toxicity of PEDOT-heparin surfaces have been
investigated by Asplund et al.*®

The relatively high conductivity of PANI in combination with
its good environmental stability have led to an investigation of
its applicability in tissue engineering, especially for the tissues
sensitive to electrical properties, such as neuronal lineage
differentiation,®® myoblast differentiation,* and cardiomyocyte
synchronization.* The knowledge of biomedical properties of
pristine PANI is surprisingly limited as the most studies deal
with PANI composites or copolymers. Nevertheless, it was
reported that the PANI in powder form, prepared according to
“standard” procedure,’ does not provoke the skin irritation or
sensitization.** However, the cytotoxicity observed in the same
study outlined the limits of PANI in biomedical engineering.
Wang et al.*> reported good cell compatibility of PANI films
prepared by direct deposition during the polymerization, and
doped by perchloric, hydrochloric, malic, or citric acid. On the
other hand, the corresponding films prepared by solution
casting showed limited cell adhesion.*” The colloidal PANI
dispersions, prepared with poly(N-vinylpyrrolidone) as stabi-
lizer, had dose-dependent cytotoxicity, but at sufficiently low
non-cytotoxic concentrations, the colloids were free of an
immune response.** The PAMPSA used as counter-ion in this
study was reported to act against blood clotting**** and activa-
tion of serum complement activity,*® which both are important
factors with impact on biocompatibility.

Compared to the conventional chemical oxidative polymer-
ization, the electropolymerization offers a simple method to
obtain well-defined polymer films without the need of removing
undesired by-products from the polymer film after the poly-
merization. The surface morphology of the films and their
thickness can be easily controlled. In this study, we have grown
electrochemically prepared PANI-PAMPSA films on glass
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substrates and studied the growth and adhesion of embryonic
stem cells (ESC) and embryoid bodies (EMB) on the film
surfaces. The application of any material in tissue engineering
is mostly focusing on the stem cells and, to the best of our
knowledge, the compatibility of the PANI-PAMPSA films with
ESC and EMB has not been previously reported. The ESC and
EMB in this work represent starting materials for the prepara-
tion of a variety cell types. The results are therefore crucial for
practical use of conducting PANI in biomedical engineering.

2. Experimental

2.1. Electropolymerization of aniline

Both aniline and PAMPSA (molecular weight = 2 000 000;
15 wt% aqueous solution) were purchased from Sigma-Aldrich
and used as received. The electropolymerization of 0.05 M
aniline was carried out in an oxygen-free aqueous solution of
0.3 M PAMPSA (calculated on the basis of the repeating
constitutional units) by continuously cycling the potential
between —0.7 and 0.9 V for 5, 10, 15, 20 and 25 cycles with the
scan rate of 50 mV s~ . The tin-oxide (TO) glass served as the
working electrode while a glassy-carbon rod and a calomel
electrode (3 M KCl) have been used as the counter and reference
electrodes, respectively. In all measurements, the potential was
controlled either with an Autolab PGSTAT 20 or 100 potentio-
stat. All solutions were purged with nitrogen gas for 30 min
prior to the electropolymerization and blanketed with nitrogen
during the polymerization. After the electropolymerization, the
PANI-PAMPSA films were characterized by cyclic voltammetry
in monomer- and oxygen-free 0.3 M PAMPSA solutions with the
scan rates of 10, 20, 50, 100 and 200 mV s~ ..

2.2. UV-vis spectra

The UV-vis spectra of the PANI-PAMPSA films were recorded in
UV-vis buffer solutions of pH 2-12 (ref. 63) with a Lambda 25
spectrometer (Perkin Elmer, UK) by placing the TO glasses with
the deposited polymer films in a polystyrene cuvette perpen-
dicularly to the incident light-beam of the spectrophotometer.
The buffer solutions consisted of 0.0225 M solutions of citric
acid (monohydrate) (=99.5%), Tris (p.a. = 99.8%), KCI (p.a. =
99.5%), obtained from Fluka, KH,PO, and Na,B,0,-10H,0
were from Merck, and the pH was adjusted in the individual
buffer solutions by adding either HCI or NaOH solutions. In the
UV-vis measurements, a syringe was used to manually fill the
sample cuvettes with buffer solution and to remove the previous
solution. UV-vis spectra were recorded every third minute
during 30 min at each pH.

2.3. Scanning electron microscopy and water contact angles

The scanning electron microscope (SEM) LEO 1530 Gemini
FEG-SEM was used to study the surface morphology of the
PANI-PAMPSA films and the water contact angle (CA)
measurements were carried out with the KSV CAM 200 goni-
ometer (KSV instruments). For the EB form of PANI, the water
CAs were measured after deprotonation of the film with 1 M
ammonium hydroxide.

RSC Adv., 2015, 5, 50328-50335 | 50329
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Scheme 1 The experimental design of the cell-compatibility test.

2.4. Adhesion and growth of embryonic stem cells and
embryoid bodies

Prior to in-vitro testing, the surface of the PANI-PAMPSA films
were disinfected by 30 min exposure to an UV-radiation source
operating at the wavelength of 258 nm. To detect the cell adhe-
sion and growth, two cell types have been used: (1) non-
differentiated embryonic stem cells (ESC), namely the widely
used pluripotent mouse embryonic stem cell line R1 derived
from inner cell mass of mouse blastocyst, first isolated by Nagy
et al.** (ATCC, SCRC-1011™) and (2) embryoid bodies (EMB)
differentiated from the above-defined ESC. The ESC were
maintained and differentiated through the formation of the EMB
as previously described.>»* In practise, the ESCs was propagated
in an undifferentiated state by culturing them in Dulbecco’
modified Eagle’ medium, high glucose (Gibco-Invitrogen) sup-
plemented with 15% foetal calf serum (Gibco-Invitrogen),
100 mM non-essential amino acids (Gibco-Invitrogen),
0.05 mM B-mercaptoethanol (Sigma-Aldrich, St. Louis, MO),
100 U ml™' penicillin, 0.1 mg ml™' streptomycin (Gibco-
Invitrogen), and 1000 U ml™" recombinant leukaemia inhibi-
tory factor (LIF; Merck-Millipore) referred here as the ESC media.

The differentiation of the ESCs were then realized by elimi-
nation of LIF from the cultivation media and by the formation of
the EMBs using the hanging drop technique (400 cells per drop,
30 pl). Four days old EMBs were seeded to the tested material in
the ES media without LIF or in serum-free media, DMEM-F12
(1 : 1) media supplemented with insulin, transferrin, selenium
(ITS, Gibco-Invitrogen), and antibiotics (as above).

At first, the compatibility was studied for the ESCs seeded on
the tissue-culture dishes (TPP, Switzerland), neat glass, and the
PANI-PAMPSA coated glass substrates. For testing the ES cell
growth, 3 x 10* cells per cm® was seeded and cultured in ESC

50330 | RSC Adv., 2015, 5, 50328-50335

4 6 days (end)

media for two days (Scheme 1). In the second parallel experi-
ment, the four days old EMBs (10 EMBs per cm?*) were seeded as
describe above in serum or serum-free media. The cell
morphology was then examined after 24 and 48 h by using a
digital camera and an inverted microscope (CKX 41 Olympus,
Japan) in both experiments (Scheme 1). All the tests were
repeated 3 times, with at least two samples in every repetition.

3. Results and discussion

3.1. Electrosynthesis and electrochemical characterization
of the PANI-PAMPSA films

PANI-PAMPSA films prepared by electropolymerization of
aniline in the presence of PAMPSA have been previously
reported.>** In those studies, however, the polymerization was
carried out in aqueous electrolytes containing more than one
acid which makes it possible that several acid anions will be
incorporated as counter-ions in the PANI matrix during the
electropolymerization.*** It was shown by Lapkowski that
aniline can be successfully electropolymerized on platinum in a
pure PAMPSA solution.”® By following this procedure, we have
obtained PANI films protonated exclusively with PAMPSA
counter-ions which were incorporated as a polyelectrolyte
complex in the polymer matrix during the electro-
polymerization. The PANI-PAMPSA film formation on the TO
glass substrate was monitored by recording the cyclic voltam-
mograms (CV) during the electropolymerization in the aqueous
solution of 0.05 M aniline and 0.3 M PAMPSA (Fig. 2). Two
characteristic oxidation and reduction peaks can be clearly
distinguished in the CV of the thinner PANI-PAMPSA films
prepared with 5 and 10 potential cycles. The first redox peak is
assigned to the leucoemeraldine to ES transition and the

This journal is © The Royal Society of Chemistry 2015
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second to the ES to pernigraniline salt transition.>**” It should
be noted that the ES form is the only electrically conducting
form of PANI. These two transitions in the CV are associated
with the colour changes from colorless to green and green to
blue which makes it easy to visually distinguish between the
different oxidation/protonation states of the PANI-PAMPSA
film. By increasing the numbers of potential cycles to 15, 20 and
25 during the electropolymerization, the peak -currents
increased gradually indicating that the thickness of the PANI-
PAMPSA film depends on the applied potential cycles. More-
over, the higher separation of the oxidation and reduction peaks
indicates that the electron transfer in the polymer film becomes
more sluggish in thicker PANI-PAMPSA films due to the higher
degree of cross-linking disrupting the m-conjugation resulting
in the decrease in electrical conductivity.

After the electropolymerization, the PANI-PAMPSA films
were characterized with CV in monomer- and oxygen-free 0.3 M
PAMPSA solution at the scan rates of 10-200 mV s~ * (Fig. 3). The
increase in the current density at E > 0 V (with a maximum at
0.45 V) in the CV measured with 50 mV s~ ' (Fig. 3A) indicates
that the film was converted from the non-conducting leucoe-
meraldine form to the electrically conducting ES form. When

JI mAcm

-0.4

-02 00 02 04 06 08
EIV

-0.6

Fig. 2 The cyclic voltammograms recorded during the electro-
polymerization of 0.05 M aniline in the aqueous solution of 0.3 M
PAMPSA. The 1, 5, 10, 15, 20 and 25th polymerization cycles are shown;
scan rate: 50 mv s~
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the potential was reversed, the PANI-PAMPSA film is converted
back to the leucoemeraldine form and displays a characteristic
reduction peak at —0.26 V. The oxidation and reduction peaks
correspond to the charging and discharging of the PANI-
PAMPSA film and it was therefore possible to control the
oxidation state (i.e. also the conductivity) of the polymer film by
the applied potential. This property makes the PANI-PAMPSA
film attractive as a cell culture substrate where the electrical
impulses can be used as external stimuli for initiating and
promoting the cell growth. The CV response of PANI-PAMPSA is
stable without degradation during 10 potential cycles (Fig. 3A)
thus enabling a fast switching of the oxidation state of the
polymer film. As shown in Fig. 3B, the PANI-PAMPSA film can
be switched between the non-conducting and conducting states
also at higher scan rates. However, the peak separation
increased with the scan rate which is typical for conducting
polymers with kinetically limited quasi-reversible electron
transfer.

Characterization of the PANI-PAMPSA films by SEM reveals a
globular and open-surface morphology with the pore size of ca.
100-200 nm (Fig. 4A and B). The water CA measurements show
that the ES form of the PANI-PAMPSA film is very hydrophilic
having a CA of 18° (Fig. 4C), which is considerably lower than for
the PANI hydrochloride films (42°).%** After deprotonation, the
water CA of the PANI-PAMPSA film increased to 53° (Fig. 4D) due
to the uncharged polymer backbone, but this is still much lower
than typically reported values for the EB form of PANI, 82°-
94° 185051 Although the surface morphology and porosity may
influence the water CA, this suggests that the strongly hydro-
philic PAMPSA counter-ions are still associated with the PANI
backbone even after deprotonation in alkaline media in 1 M
ammonium hydroxide, possibly by physical entrapment.

3.2. UV-vis spectroscopy

The UV-vis spectra of the PANI-PAMPSA film recorded between
pH 2-12 are shown in Fig. 5. The spectrum of PANI-PAMPSA at
pH 2 has two absorption maxima typical for the ES form at
413 nm and above ca. 800 nm* assigned to the 7w-mt* transition

-2
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JImA cm

-06 -04 -02 00 0.2 04 06
EIV
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Fig. 3 The cyclic voltammograms of the PANI-PAMPSA film in an agueous solution of 0.3 M PAMPSA. (A) 10 potential cycles measured with the
scan rate of 50 mV s~ and (B) characterization with different scan rates: 10, 20, 50, 100, and 200 mV s,

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 SEM images of the PANI-PAMPSA film taken with the magni-
fications 5000x (A) and 25 000x (B) The water CA of the PANI-
PAMPSA films in the ES (C) and EB (D) forms.

of the benzenoid rings and the polaron band transitions,
respectively.”> Most of the PANI-PAMPSA film is in the ES form
still at pH 10. The gradual conversion from the ES to EB form
takes place only at ca. pH > 10 and the absorption maximum at
651 nm corresponding to the n-m* exciton transition of the
quinonoid rings confirm that the PANI-PAMPSA film is entirely
in the EB form at pH 12.%* The reason for the very good stability
of the ES form of PANI-PAMPSA in alkaline solutions is that the
PAMPSA counter-ions cannot be easily removed from the PANI
backbone due to the interpolymer complex formation between
PANI and PAMPSA.* This was confirmed by the energy disper-
sive X-ray analysis (EDAX) revealing the presence of 3.3 wt% and
4.3 wt% sulfur (originating from PAMPSA) in the ES (pH 2) and

50332 | RSC Adv., 2015, 5, 50328-50335
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EB (pH 12) forms of the PANI-PAMPSA film, respectively. It is
likely that the negatively charged PAMPSA counter-ions make it
energetically favorable for the protons to stay attached to the
PANI backbone even under alkaline pH, and therefore
enhancing the pH stability of the ES form of the PANI-PAMPSA
films. Clearly, the high pH stability of PANI-PAMPSA makes it
attractive in applications requiring electrical conductivity and
operation at the physiological pH.

3.3. Adhesion of embryonic stem cells and embryoid bodies

The information about the cell and tissue compatibility of
materials are crucial for their application in biomedical engi-
neering. It has been reported that the leucoemeraldine, emer-
aldine, and pernigraniline forms of PANI show good tissue
compatibility.**** A better cell growth and adhesion for PC-12
pheochromocytoma cells was obtained for in situ polymerized
PANI films, compared to drop-casted films, probably due to
their different nanoscale morphology.** Recently, the ability of
HepG2 cells to grow and attach on the PANI-ES and PANI-EB
surfaces was studied for films prepared according to the
procedure recommended by IUPAC.>** However, the ES to EB
transition of these PANI films take place at pH = 6 limiting
their practical applications at the physiological pH. The
PAMPSA has been shown to act against blood clotting either
alone** or incorporated in copolymers,* and it also inhibits the
activation of serum complement activity.*® The favorable prop-
erties of PAMPSA in combination with the good stability of the
ES form of PANI-PAMPSA even at pH 10 opens new possibilities
for the application of PANI at the physiological pH. We have
therefore studied the adhesion and growth of the ESCs and
EMBs on the PANI-PAMPSA film surfaces. Only the fibroblast
(NIH 3T3 cell line) adhesion on PANI-PAMPSA has been previ-
ously investigated, but on films prepared by chemical oxidative
polymerization on electrically non-conducting substrates
hindering electrical stimulation of the cell growth.*”

The ESCs form usually relatively flat and compact colonies
within 48 h after seeding provided that they are seeded on the
TC dishes without the feeder-cell layers. We have therefore used
this approach to study the cell growth and adhesion on neat
glass and the PANI-PAMPSA surfaces without using feeder

Absorbance

400 500 600 700 800 900

L
1000 1100
A/nm

Fig. 5 UV-vis spectra of the PANI-PAMPSA films recorded in buffer
solutions between pH 2-12.

This journal is © The Royal Society of Chemistry 2015
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Fig.6 The surface morphology of the embryonic stem cells grown for 48 h on the (A) glass substrate, (B) PANI-PAMPSA-coated glass, and (C) on
the polystyrene tissue-culture dish. The arrows indicate the protrusion of the rare cells present on glass, which are not observed in the embryonic

stem cells on the PANI-PAMPSA film.

layers. Our results show that on the neat glass surfaces, the ESC
form 3-D spheroid-like colonies which adhere to the substrate
but have a limited spreading over it (Fig. 6A). The same behavior
was also observed on the glass substrate coated with the PANI-
PAMPSA film which further decreased the spreading of the ESCs
(Fig. 6B). Moreover, numerous floating single cells and probably
apoptotic bodies (markers for the apoptotic form of cell death,
see ref. 58 for more information) were observed on the PANI-
PAMPSA surface, in contrary to the TC dishes having a very low
content of them (Fig. 6C). This indicates that the ESC are able to
adhere on the PANI-PAMPSA but their growth conditions are
unfavorable. Hence, it can be concluded that the PANI-PAMPSA
surface is not suitable for the growth and expansion of the ESC
which only form 3-D colonies. It is therefore expected, that the
ESC pluripotency is also affected. Based on the changes in the
morphology of the cells and its colonies, we conclude that the
PANI-PAMPSA substrate induced stress on the ESCs (as
mentioned above). The maintenance of the pluripotency and
self-renewal is a tightly regulated feature of the ESCs. We
therefore suggest that the conditions that induced the stressed
ESC morphology are not optimal for the maintenance of the
pluripotency and self-renewal of the ESCs, which are the two key
features of this cell type.

The behavior of four days old EMB was also studied on the
neat glass and the PANI-PAMPSA-coated glass substrates
(Fig. 7). The EMB consisted of various cell types differentiated
from the ESC. Different protocols used for the preparation of
numerous specific cells from ESC employ the formation of EMB
as an initial and general differentiation step. The EMB provide
therefore insight into the cell compatibility for tissue engi-
neering purposes. Our results reveal that both in the presence
and absence of fetal calf serum in the cultivation medium, the
adhesion of EMB was better on the neat glass (Fig. 7A and B)
than on the glasses coated by PANI-PAMPSA (Fig. 7C and D). It
is known that proteins present in the serum have generally a
positive impact on cell adhesion.>**® It was thus expected that
the cell adhesion will be better in the presence of serum.

Surprisingly, in the culture medium with the serum, the
EMB did not adhere to PANI-PAMPSA while in its absence some
of the EMB were slightly attached. It was also observed that the
cells on the periphery of the EMB expanded rapidly under the

This journal is © The Royal Society of Chemistry 2015

serum-free condition. This is in contrast with the seeding of the
EMB on TC dishes where EMB expanded faster in presence of
serum.” The presence and absence of serum also influenced
the cell differentiation. The ectoderm cells preferentially
differentiated in absence of serum.*>* It can be speculated that
the better cell expansion of cells in the absence of serum can
therefore be connected with the higher differentiation of EMB
cells to cell types for which PANI-PAMPSA can be a suitable
substrate. However, a more extensive study is required to
confirm this hypothesis.

In summary, the result presented here show that the elec-
tropolymerized PANI-PAMPSA films, which retain the electrical
conductivity up to pH 10, can be used as a cell culture substrate
in tissue engineering. Our measurements reveal that the PANI-
PAMPSA films allow limited ESC adhesion and growth on its

Fig.7 The embryoid bodies grown on glass in the presence (A) and in
the absence (B) of serum, and on glass coated with PANI-PAMPSA in
the presence (C) and in the absence (D) of serum. The arrows mark the
expanded cells from the adhered embryoid bodies.

RSC Adv., 2015, 5, 50328-50335 | 50333
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surface. These results outline that without surface modification
(e.g. immobilization of some bioactive substances) the PANI-
PAMPSA film is not an appropriate choice for tissue engineering
techniques using the ESC cells. On the other hand, the very
promising behavior of inhibiting the cell growth and adhesion
of the EMB on the PANI-PAMPSA surface in serum-free medium
indicates the presence of specific interactions of PANI-PAMPSA
with some cell types present in EMBs. This interaction may be
used for preferential cell selection in the differentiation
processes used for the ESC.

4. Conclusions

We show in this paper that electrochemically prepared PANI-
PAMPSA films are non-cytotoxic. They can be used as cell
culture substrates at the physiological pH due to the excellent
stability of the electrically conducting form of PANI-PAMPSA
even at pH 10. It is demonstrated for the embryoid bodies that
only some cell types were able to grow on the surface of the
PANI-PAMPSA film. The possibility of precisely depositing the
PANI-PAMPSA film by electropolymerization on small surfaces,
in combination with further functionalization of the film
surface, opens new directions in designing PANI-PAMPSA
based cell culture substrates having selective interaction with
specific target cells. The strongly limited cell growth and
adhesion on the PANI-PAMPSA surface may find application
areas in implantable solid-state chemical sensors and other
implantable devices.
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