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Obstract

A platinum electrode (Pt) was coated with poly(2-hydroxyethyl methacrylate) (PHEMA) by electrochemical polymerization 
using chronopotentiometry. Electropolymerization of polyaniline nanowires doped with camphorsulfonic acid (PANI:CSA) 
was further performed on the surface of the Pt-PHEMA electrode by cyclic voltammetry. The coated Pt-PHEMA-PANI:CSA 
electrode was characterized by Fourier transform infrared spectroscopy (FTIR), cyclic voltammetry (CV), electrochemical 
impedance spectroscopy (EIS), and scanning electron microscopy (SEM). According to EIS, the Pt-PHEMA electrode 
exhibits a charge transport resistance (Rct) of 169.19 kΩ. The EIS analysis of Pt-PHEMA-PANI:CSA electrode reveals 
a less resistive character (Rct=1.28 Ω) than the observed for the Pt electrode coated with PANI:CSA (Rct=0.47 kΩ). 
As demonstrated by SEM, the Pt-PHEMA-PANI:CSA electrode has a high surface area due to the PANI:CSA nanowires 
embedded in Pt-PHEMA. The biocompatibility of PHEMA, allied to the electrochemical characteristics of PANI:CSA, 
could be useful to the development of implantable electrodes for biomedical applications.
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1. Introduction

There has been recently an increasing interest in the 
development of soft implantable microelectrodes for 
medicine[1-3]. The long-term implementation of this technology, 
however, has not yet been achieved due to practical issues 
that can be mainly related to the biological tissue response 
at the microelectrode interface[4-7].

Electroconductive hydrogels (ECH) have shown significant 
potential for the design of implantable microelectrodes for 
medicine, bringing together the redox switching and the 
electrical properties of inherently conductive electroactive 
polymers with high hydration levels and biocompatibility 
properties, providing a soft and conductive interface[8-12]. 
When compared to conventional metal electrodes, implantable 
microelectrodes coated with ECH exhibit low interfacial 
impedance at the biological tissue interface and provide the 
necessary biocompatibility for long-term implantation[13-15].

Several research groups have strategically explored the 
electrochemical synthesis (ECS) of poly(2-hydroxyethyl 
methacrylate) (PHEMA) from the monomer 2-hydroxyethyl 
methacrylate (HEMA) at metallic surfaces to reduce inflammatory 
reactions at the biological interface tissue-titanium[16,17]. At this 
interface, however, leachable chemicals from PHEMA, such 

as catalysts, chemical initiators, and organic solvents, were 
shown to cause cytotoxicity, resulting in severe biological 
effects ranging from the alteration of cellular transduction 
pathways and gene expression levels to cell transformation, 
mutagenesis, and cell death[18,19].

A key limitation for the preparation of effective implantable 
PHEMA microelectrodes capable of interfacing with living 
tissues and organs is related to the high resistance of this 
polymer. The incorporation of polymers containing a spatially 
extended π bonding system appears to represent a simple 
approach to overcome this limitation.

The combination of the conductive properties of 
polyaniline (PANI) with the hydrophilic nature of PHEMA 
makes PHEMA-PANI a dynamic and versatile ECH for 
biomedical purposes. The conductive emeraldine salt of 
PANI has attractive dedoping and redoping processes that 
increase conductivity, making it closer to that of metals or 
semiconductors, while offering an easy synthetic method 
and biocompatibility with biological tissues[20].

It is well known that the conductivity of PANI can be adjusted 
by doping with secondary agents such as camphorsulfonic 
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 acid (CSA)[21]. Additionally, PANI nanofibers are obtained 
during the electrochemical polymerization of aniline in the 
presence of camphorsulfonic acid (CSA)[22]. It is believed 
that CSA anions have a “surfactant-like” property that 
induces the formation of aggregates in solution which act 
as supramolecular-templates for fibrillary PANI growth[22].

The present paper aims at the electropolymerization of 
PANI with fibrillary morphology by cyclic voltammetry and 
at its further embedding in PHEMA, synthesized through 
chronopotentiometric technique in an aqueous medium. 
The PHEMA-PANI microstructure was characterized by 
various analytical techniques such as Fourier transform infrared 
spectroscopy (FTIR) and scanning electron microscopy 
(SEM). Results on the electroactivity and electrical behavior 
of the PHEMA impregnated with fibrillary PANI molecules 
were respectively studied by cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS).

2.Materials and Methods

2.1 Materials

Monomer 2-hydroxyethyl methacrylate (HEMA), potassium 
chloride (KCl), camphorsulfonic acid (CSA), hydrochloric 
acid (HCl), and dimethylformamide (DMF) were obtained 
from Sigma-Aldrich (Brazil) and used as received. Aniline 
was purchased from Sigma-Aldrich (Brazil) and purified by 
vacuum distillation at 70 °C. Other chemicals were also of 
analytical grade and used without any further purification.

2.2 Electrodeposition of PHEMA hydrogel on Pt 
electrode (Pt-PHEMA)

In the present study, the synthesis of PHEMA-PANI 
at the surface of platinum (Pt) electrodes was conducted 
in a two-step procedure. In the first step, PHEMA chains 
were electrodeposited at Pt electrodes (45.0 mm in length 
and 0.45 mm of diameter) by a chronopotentiometric technique 
using a Metrohm potentiostat/galvanostat model AUTOLAB 
PGSTAT302N (NOVA interface). The electrodeposition of 
PHEMA at the surface of Pt electrodes was conducted in an 
aqueous solution of 0.4 M HEMA monomer. The reactions 
were conducted at constant currents of 50, 125, and 200 mA 
for 1 hour at room temperature (25 ºC) and air atmosphere. 
The PHEMA hydrogel polymerized on the Pt surface (Pt-
PHEMA) was thoroughly washed with distilled water and 
dried under vacuum at 50 oC. The synthesis conditions for 
the first step were optimized to obtain PHEMA hydrogels 
with the best mechanical properties on the surface of Pt 
electrodes.

2.3 Electropolymerization of PANI on Pt-PHEMA 
electrode (Pt-PHEM-PANI:CSA)

In the second step, the Pt-PHEMA electrode was immersed 
in an aqueous solution of 0.5 M aniline containing 1.0 M 
CSA. The electropolymerization of PANI was performed 
at a Metrohm potentiostat/galvanostat, model AUTOLAB 
PGSTAT302N (NOVA interface), via cyclic voltammetry in 
the potential range of 1.4 to 0.05 V and scan rate of 50 mV/s. 
The Pt-PHEMA was used as the working electrode, a platinum 
wire as the counter electrode, and Ag/AgCl as the reference 

electrode. After the reaction, the Pt-PHEMA-PANI:CSA 
was thoroughly washed with distilled water and dried in a 
vacuum oven at 50 ◦C until constant weight.

2.4 Characterizations

Morphologies of Pt-PHEMA and Pt-PHEMA-PANI:CSA 
were studied by scanning electron microscopy (SEM). 
SEM micrographs of the samples were performed using 
a scanning electron microscopy (Carl Zeiss Model EVO 
MA 15). The samples were previously coated with gold and 
analyzed using an applied tension of 10 to 15 kV.

The microstructure of the PHEMA-PANI at the Pt 
interface was recorded in the range of 650–4000 cm−1 by 
Fourier transform infrared spectroscopy (FTIR) in a Perkin 
Elmer Spectrum 100 FTIR spectrometer equipped with an 
attenuated total reflectance accessory (ATR) and resolution 
of 4 cm-1.

Electrochemical characterization of Pt-HEMA-PANI:CSA 
electrodes was performed using a Metrohm Autolab PGSTAT302N 
potentiostat/galvanostat controlled by the NOVA software. 
The Pt-PHEMA and Pt-PHEMA-PANI:CSA were used as 
working electrodes, Pt wire as the counter electrode, and 
Ag/AgCl as the reference electrode. The electrochemical 
behavior of Pt-PHEMA and Pt-PHEMA-PANI:CSA was 
studied by cyclic voltammetry from -0.2 to 1.0 V, at a scan 
rate of 50 mV/s considering 3 cycles.

The electrochemical impedance spectra of the samples 
were obtained potentiostatically; the AC signal was recorded 
in the frequency range from 0.1 to 103 Hz, and the DC 
potential was set to 0 V and used as input. Both cyclic 
voltammetry and electrochemical impedance spectroscopy 
(EIS) measurements were carried out in an aqueous solution 
of 1.0 M HCl. The electrochemical cell was kept in air 
atmosphere and at 25 oC during all experiments.

3. Results and Discussions

3.1 Chronopotentiometry deposition of PHEMA at Pt 
surface

The polymerization of HEMA at Pt surface is an example 
of a free radical reaction in which water molecules undergo 
electrolysis to form hydroxyl radicals (HO•). The HO• 
radicals serve as initiators for the electropolymerization 
process by generating free radicals on the >C=C< bonds of 
HEMA[23-25]. During the propagation step, the crosslinking 
of PHEMA appears to form chains in a 3D framework due 
to the functional nature of HEMA monomers.

In this work, chronopotentiometric electrolysis of 
HEMA on Pt electrodes, at different applied currents, was 
investigated to search for the adequate hydrogen evolution 
(from water electrolysis) that allowed increasing the PHEMA 
coating thickness at the Pt surface. Figure 1 shows the 
potential waveform responses at different applied currents. 
The experimental results (Figure 1) suggest that HEMA can 
be reduced at the cathode prior to the hydrogen reduction. 
An organic deposit was rapidly formed at the cathodic surface 
after reduction of the monomer. The deposit appears to have 
low conductivity and causes a significant decrease in the 
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electrolytic current (Figure 1). It was found that PHEMA 
is formed in appreciable yield at the Pt surface.

For comparison, PANI was also electrosynthesized 
using CSA at the surface of the Pt electrode in an aqueous 
medium. Figure 2 shows the cyclic voltammograms recorded 
during 14 cycles for the electropolymerization of PANI:CSA 
on the Pt electrode surface. The deposition of oxidized 
aniline starts from the first cycle at 0.9 V (Figure 2, peak 
B); in later cycles, the oxidation potential is seen at peak 
A (Figure 2, 0.34 V), suggesting the formation of a low-
molecular-mass cation radical. The cathodic peak (A*) is 
observed at 0.19 V. This A-A* redox couple corresponds to 
the redox pernigraniline-emeraldine process[26].

3.2 Electropolymerization of embedded PANI:CSA in 
Pt-PHEMA

Incorporation of PANI:CSA into the framework of 
Pt-PHEMA is primarily driven by the osmotic pressure 
present across PHEMA on the Pt electrode surface and by 
the dipole-dipole interactions between CSA and carbonyl 
oxygen, giving an amphiphilic nature to PHEMA at the Pt 
electrode surface. Thus, during the electropolymerization 
process, PANI:CSA spreads into the interior and external 
surfaces of Pt-HEMA to form a channel for ionic conduction. 
The ionic conduction channel suggests a “bottom-up” 
approach, in which nanowire PANI structures are built up 
from aniline molecules by self-assembly.

Figure 3 shows the cyclic voltammogram recorded 
during the electropolymerization of PANI:CSA embedded 
in Pt-PHEMA electrode. The oxidation of aniline starts 
from the first cycle at 0.9V but at a lower anodic current 
(1.4mA) if compared to that of aniline oxidized directly on 
the Pt electrode (3.2 mA, Figure 2). This difference can be 
explained considering that oxidation is directly proportional 
to the concentration of monomers next to the Pt-HEMA 
electrode surface.

Therefore, the diffusion of aniline through hydrogel in 
Pt-PHEMA decreases the monomer concentrations next 
to the electrode surface. It can be seen that the oxidation 
of aniline is also significant in the second cycle (Figure 3). 
The second cycle shows the oxidation of cation-radicals at 
peak A (0.33 V), that exhibits a potential shift to more positive 
values during the electropolymerization process. The cathodic 
peak (A*, Figure 3) is observed at 0.19 V. The A-A* redox 
couple pernigraniline-emeraldine was observed at the same 
potential during the electropolymerization of PANI:CSA 
on Pt electrode. The only difference is seen at the lower 
current of both cathodic and anodic peaks (Figure 3). This 
observation could be due to the reduction in the aniline 
concentration that diffuses through Pt-PHEMA.

3.3 Structural analysis

FTIR-ATR spectroscopy was used to characterize the 
chemical structure of Pt-PHEMA, Pt-PANI:CSA, and Pt-
PHEMA-PANI:CSA. Figure 4 shows the FTIR spectra of 
Pt-PHEMA. The absorption bands at 1163 cm-1 (C-O stretch), 
1500-1350 cm-1(C-H bend), 1731 cm-1 (C=O stretch), 
2976 cm-1 (C-H stretch), and 3459 cm-1 (O-H stretch) are 
in good agreement with those given in previous works of 

Figure 1. Potential waveform responses at 50 mA, 125 mA, 
and 200 mA vs. time for the chronopotentiometric deposition of 
PHEMA at Pt electrodes.

Figure 2. Cyclic voltammograms of electrochemical polymerization 
of aniline on Pt electrode in aqueous solution of 0.5 M aniline 
containing CSA at 1.0 M, in the potential range of 0.05 to 1.4 V, 
scan rate of 50 mV/s, and room temperature (25 oC). A – A* redox 
couple corresponds to  pernigraniline – emeraldine process.

Figure 3. Cyclic voltammograms of the growth of PANI:CSA 
on Pt-PHEMA electrode in aqueous solution of 0.5 M aniline 
containing CSA at 1.0 M, scan rate of 50mV/s, and scan limits 
from 0.05V to 1.4V. A – A* redox couple corresponds to the redox 
pernigraniline-emeraldine process.
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PHEMA, confirming the presence of a thin layer of PHEMA 
at Pt electrode surface[27].

Figure 4b shows the FTIR spectra  of 
Pt-PANI:CSA. The FTIR spectra show characteristic bands 
at 1700 cm-1 and 1160 cm-1 corresponding to the C=O and 
S=O stretching vibration, respectively. These bands confirm 
the presence of the camphorsulfonic acid and are in good 
consistency with the literature[28]. The quinoid and benzenoid 
absorption bands of PANI are seen at 1542 cm-1 and 1434 cm-1, 
respectively. Characteristic absorption bands of PANI were 
also observed (Figure 4b) at 1280 cm-1, attributed to C=N 
stretching of secondary amines. The characteristic bands 
observed in the FTIR spectra of electrodeposited PANI:CSA 
at the Pt electrode surface are in good agreement with the 
literature[29]. The FTIR spectra of Pt-PHEMA-PANI:CSA 
(Figure 4c) did not present significant changes in the PHEMA 
or PANI FTIR-spectra, suggesting that PANI:CSA nanowires 
could be dispersed in-situ in Pt-PHEMA electrode.

The SEM micrographs of the Pt-PHEMA, Pt-PANI:CSA, 
and Pt-PHEMA-PANI:CSA can be observed in Figure 5. 
Morphology of Pt-PHEMA (Figure 5a) consists essentially 
of porous microstructures formed by aggregate granules of 
different shapes in the size of microns.

SEM micrographs of the Pt-PANI:CSA can be 
observed in Figure 5b. Morphology of PANI:CSA at Pt 
surface (Figure 5b) consists essentially of a heterogeneous 
microstructure formed by spheroidal granules in the 
range of microns alternating with fibrillary layers 
of PANI. Granules are organized in homogeneously 
distributed aggregates. The granular aggregates observed 
at the Pt-PANI:CSA surface suggest a characteristic 
morphological feature of PANI:CSA with a heterogeneous 
nucleation mechanism. The nanowire morphology of 
Pt-PHEMA-PANI:CSA can be clearly seen in Figure 5c. 
These images depict that PANI:CSA has a strong effect on 
the Pt-PHEMA morphology. The PANI:CSA nanowires 
embedded in Pt-PHEMA were found to have average 
diameters of 40-60 nm. Although the growth of PANI 

Figure 4. FTIR spectra of Pt-PHEMA (a), Pt-PANI:CSA (b) and Pt-PHEMA-PANI:CSA (c).

Figure 5. SEM micrographs of Pt-HEMA (a), Pt-PANI:CSA (b) 
and Pt-PHEMA-PANI:CSA (c) electrodes surfaces.
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nanowires has no directional alignment, the fibrils are 
uniform, suggesting a growth by diffusion of aniline at 
the Pt-PHEMA interface into a less-dense aqueous phase 
containing the CSA doping acid.

3.4 Electrical and electrochemical behaviors

Figure 6 shows the cyclic voltammetry (CV) curves 
of the modified Pt electrodes in the potential range of the 
two redox stages characteristic of polyaniline. The same 
redox couples were observed for both Pt-PANI:CSA and 
Pt-PHEMA-PANI:CSA electrodes. The first one (A*/A) was 
observed at lower potential values (0.05V/0.20V) and may be 
associated with the transition leucoemeraldine/emeraldine. 
The second redox pair (B*/B) presented higher potentials 
values (0.73V/0.8V) and was associated with the transition 
emeraldine/pernigraniline. These two redox couples show a 
behavior similar to the observed in polyaniline films prepared 
by aniline electropolymerization in an aqueous solution 
containing inorganic acids[30]. CV of Pt-PHEMA-PANI:CSA 
confirmed that the hydrogel maintains the electroactive 
properties of pure PANI:CSA. It was found that the 
electrical conductivity of the Pt-PHEMA electrode was 
enhanced after the growth of PANI:CSA nanowires 
(Pt-HEMA-PANI).

To further understand the electron transfer resistance 
at the electrode/electrolyte interface, analyses of 
electrochemical impedance spectroscopy (EIS) 
were performed on Pt-PHEMA, Pt-PANI:CSA, and 
Pt-PHEMA-PANI:CSA. Nyquist plots obtained from 
EIS measurements are exhibited in Figure 7.

The observed semicircle indicates that the electron 
transfer at the surface of the electrode is a kinetically 
controlled process[28]. The diameter of the semicircle gives 
the resistance to the charge transfer (Rct) at the electrode 
surface. This resistance controls the kinetics of the electron 
transfer at the interface electrode/electrolyte[29]. The Rct 
for Pt-PHEMA was 169.19 kΩ and indicates that PHEMA 
hinders the charge transfer at the Pt electrode surface. 
After modifying the Pt electrode with PANI:CSA, the Rct 
decreased to 0.47 kΩ.; while, when PANI:CSA nanowires 
were growth in Pt-PHEMA, the Rct dramatically decreased 
to 1.28 Ω, which indicates that PANI:CSA plays a role 
similar to a conductive Pt wire and thus makes electron 
transfer easier. The differences of Rct among Pt-PHEMA, 
Pt-PANI:CSA, and Pt-PHEMA-PANI:CSA indicate 
that the electroactive PHEMA-PANI:CSA hydrogel 
has been effectively attached on the Pt surface. Lower 
CPE capacitances were obtained for the PANI film on 
Pt electrode, which might be due to a thick PHEMA 
film formed at the Pt electrode surface (0.54 μF) if 
compared to Pt-PHEMA-PANI:CSA (9.54µF) and 
Pt-PANI:CSA (95.66 µF). The drop in the capacitance 
of Pt-PHEMA-PANI:CSA relatively to Pt-PANI:CSA 
appears to be related with the higher ionic diffusion 
in the microporous surface of Pt-PHEMA-PANI:CSA 
caused by the presence of larger pores, which lead to a 
decrease of active sites on the electrode surface.

4. Conclusions

Figure 6. Cyclic voltammograms (CVs) of Pt-PANI:CSA 
and Pt-PHEMA-PANI:CSAin 1.0 M HCl aqueous solution at 
20mV/s (from -0.2 V to 1.0 V). A - A* redox couple corresponds 
to emeraldine - leucoemeraldine process, B - B* redox couple 
corresponds to pernigraniline - emeraldine process.

Figure 7. Nyquist diagrams for pHEMA-Pt (a), PANI.CSA-Pt (b) 
and PANI.CSA/pHEMA-Pt (c) in 1.0 M of HCl at frequency range 
10 kHz - 100 MHz.
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In the present study PHEMA, PANI:CSA, and 
PHEMA-PANI:CSA were successfully synthesized by 
employing chronoamperometric and cyclic voltammetry 
techniques on Pt electrodes and characterized by FTIR, cyclic 
voltammetry, electrochemical impedance spectroscopy, and 
SEM. FTIR results showed that PHEMA can be efficiently 
electropolymerized by chronopotentiometry on the Pt 
electrode. In such conditions, Pt-PHEMA showed high 
values of Rct resistance, exhibiting a highly porous structure. 
The PANI:CSA electropolymerized on Pt electrode presented 
a heterogeneous morphology formed by a dense network. 
EIS analyses showed a low Rct resistance in PANI.CSA-Pt. 
The Pt-PHEMA-PANI:CSA showed a less resistive character 
(lower Rct) than PANI:CSA. The cyclic voltammetry results 
indicate that Pt-PHEMA-PANI:CSA keeps the electroactive 
character of Pt-PANI:CSA.
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