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Abstract

An amperometric biosensor was prepared by in situ deposition of horseradish peroxidase (HRP) enzyme on a polyaniline (PANI)-doped
platinum disk electrode. The PANI film was electrochemically deposited on the electrode at 10&/My-AgCl. Cyclic voltammetric
characterization of the PANI film in 1M HCI showed two distinct redox peaks, which prove that the PANI film was electroactive and
exhibited fast reversible electrochemistry. The surface concentration and film thickness of the adsorbed electroactive species was estimated
to be 1.85x 10-" molcnT? and approximately 16 nm, respectively. HRP was electrostatically immobilized onto the surface of the PANI
film, and voltammetry was used to monitor the electrocatalytic reduction of hydrogen peroxide under diffusion-controlled conditions. Linear
responses over the concentration rangex210~* to 5 x 10-3 M were observed. Spectroelectrochemistry was used to monitor the changes
in UV-vis properties of HRP, before and after the catalysis ¢®H The biosensor surface morphology was characterized by scanning
electron microscopy (SEM) using PANI-doped screen-printed carbon electrodes (SPCES) in the presence and absence of (i) peroxidase anc
(i) peroxide. The SEM images showed clear madifications of the conducting film surface structure when doped with HRP, as well as the
effect of hydrogen peroxide on the morphology of biosensor.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction nation of electrode fouling. This polymer also provides a
suitable environment for immobilization of biomolecules.

Organic conducting polymers have attracted interest in Polymer films can be deposited on electrode surfaces very
recent years because they exhibit a wide range of novelreadily. Polymerization of the monomer aniline, can be
electrochemical propertigd]. Among the most studied is achieved either chemically or electrochemically. Electro-
polyaniline (PANI), which has been studied extensively as chemically, the polymer can be grown on the electrode
an important conducting material that possesses interestingsurface by puls¢l1,12], galvanostati¢l1], potentiostatic
electrical, electrochemical, and optical proper{igs The [13] or potentiodynami¢8,9,13—-15]techniques. The latter
continuous growing interest in the study of PANI is caused being preferred because of the homogenous film produced
by these diverse, unique properties, and its promising poten-[8] and a strong adherence to the electrode suiffitle An
tial in commercial applications. The potential applications of important advantage of the electropolymerization technique
PANI include anti-corrosive coatind8,4], secondary bat-  in the fabrication of a biosensor is that the film thickness
teries[5], electrochromic deviceff], and electrochemical and characteristics can be controlled by monitoring poly-
biosensor$7-10]. merization charg§l6].

Advantages of utilizing polyaniline-coated electrodes in  Determination of hydrogen peroxide and other organic
biosensors are impressive signal amplification and elimi- peroxides is of practical importance in clinical, environ-

mental, and many other fields. Hydrogen peroxide has been
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determination of hydrogen peroxide may be achieved by the Ag/AgCl, and Pt wire as working, reference, and auxiliary

use of peroxidase-modified electrodé3], since enzymes  electrodes, respectively. Scanning electron microscopy was

are known to show excellent selectivity for their substrates. performed with a Hitachi X650 scanning electron micro-

The fabrication of HO» sensors has attracted great interest scope. An accelerating voltage of 15kV was employed.

as the measurement o058 is the basis of detecting many

biologically active materials such as glucose and cholesterol.2.3. Polymerization of aniline

This paper reports the fabrication and characterization

of a polyaniline-based biosensor incorporating the enzyme The Pt disk electrode was first cleaned by polishing with 1,

horseradish peroxidase (HRP) for the detection of hydrogen0.3, and 0.0.m alumina, respectively, and then rinsed thor-

peroxide. Both square wave and cyclic voltammetry have oughly with de-ionized water after each polishing step. Both

been used as detection methods for hydrogen peroxide. Thahe Pt disk and screen-printed electrodes were subjected to

sensor was interrogated using electrochemistry, spectroelecfepeated potential scanning in 0.2 M${ in the potential

trochemistry (UV-vis) and scanning electron microscopy range of—1200 to+1500 mV until the voltammograms ob-

(SEM) as characterization techniques. tained were reproducible. Polymerization was achieved in a
potentiodynamic mode in a 0.2 M aniline per 1 M HCI solu-
tion. The potential was cycled betwee200 and+1100 mV

2. Experimental at a scan rate of 100 mV'$ for 10 cycles.

2.1. Reagents 2.4. Enzyme immobilization

All reagents were purchased from Sigma—Aldrich (Cape The Pt/PANI electrode was first reduced in 10ml of
Town, South Africa) and were of analytical grade. The en- 0.05M phosphate buffer solution, pH 6.8 -a600 mV for
zyme peroxidase (EC 1.11.1.7 type Il from horseradish, 15min until a steady state was achieved. Enzyme immo-
150-250 units mgt) was used for biosensor preparation. bilization was achieved by oxidation of the PANI film in
One unit of HRP will form 1.0 mg purpurogallin from pyro-  the presence of 201 HRP (4 mgmt?) at a potential of
gallol in 20s at pH 6 at 20C. Aniline was distilled before ~ +650mV for 20 min. During the oxidation process, HRP
use, and fresh solutions of hydrogen peroxide were preparedbecame electrostatically attached to the polymer film. The
daily. Phosphate buffer solution (0.05M, pH 6.8) was pre- Pt/PANI/HRP electrode was rinsed with de-ionized water
pared from anhydrous disodium hydrogen phosphate andto remove any loosely bound enzyme, and stored in buffer
potassium dihydrogen phosphate monohydrate. The anhy-solution (pH 6.8) at 4C when not in use.
drous salt was dried for 2h at 11G and cooled in a des-
iccator before being used for buffer preparation. Analytical 2.5. Electrochemical measurements
grade argon (Afrox, SA) was used to degas the system.

The cell used for the electrocatalytic reduction of hydro-
2.2. Apparatus gen peroxide consisted of Pt/PANI/HRP electrode, platinum
wire mesh, and Ag/AgCl as the working, counter, and ref-

All electrochemical experiments were carried out and erence electrode, respectively. The 10 ml test solution con-
recorded with a computer interfaced to a BAS/50W inte- taining 0.05M phosphate buffer (pH 6.8) was degassed with
grated automated electrochemical workstation (Bioanalyt- argon after each addition of small amounts of 0.1 KO
ical Systems, Lafayette, IN, USA). Cyclic voltammetry, The concentration range of peroxide studied was between
square wave voltammetry and differential pulse voltam- 2.5x 10~% and 5x 10~3 M. Square wave and cyclic voltam-
metry were carried out in a 20ml electrochemical cell, metry were used to measure the responses of the biosensor
with Ag/AgCl (3M NaCl type) and platinum wire mesh to HyO,. Square wave voltammetry was carried out using a
as reference and auxiliary electrodes, respectively. A Fara-step potential of 4mV, a frequency of 5Hz, and amplitude
day cage (BAS C2) was used for all experiments. A of 50 mV. All cyclic voltammograms (CVs) were performed
platinum disk electrode and screen-printed carbon elec-at 5mVs?t.
trodes (SPCEs) were used as working electrodes. The
Pt disk (1.77x 10-2cm?) was obtained from BAS. The
screen-printed electrodes (0.099mwere donated by 3. Resultsand discussion
Dublin City University, Ireland, and their fabrication is de-
scribed elsewherfl8]. Alumina micropolish and polishing  3.1. Electrosynthesis of PANI on platinum
pads (Buehler, IL, USA) were used for electrode polish-
ing. UV—vis absorbance measurements were recorded at Polyaniline was electrochemically synthesized from an
room temperature on a UV/VIS 920 spectrometer (GBC acidic medium of aniline by sweeping the potential from
Scientific Instruments, Australia) using a specially designed —200 to+1100mV at 100 mV's. Fig. 1 shows a typical
quartz cell (designed in-house), incorporating a Pt gauze,cyclic voltammogram of Pt in 0.2M aniline per 1M HCI
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Fig. 1. Electrosynthesis of the PANI film in HCI (1 M) on a Pt disk elec-

trode surface (area: 1.77 10-2cn?). Successive polymerization cycles ~ Fig- 2. Multi-scan CV of Pt/PANIin 1M HC': The peaks were assigned

are shown which correspond to increases in the thickness of the film as follows: peakspla/IVp c: polyleucoemeraldine radical cation /polyleu-

during deposition. coemeraldine. Peaksply/lll, . polyemeraldine/polyemeraldine radical
cation. Scan rates: 5, 10, 20, 50, 100, and 200 mV's

solution for this electropolymerization process. The PANI
layer was seen to be redox active in the potential regio
studied, exhibiting three sets of redox peaks. Initially, ox-
idation of aniline occurred at approximatei@00 mV re-
sulting in the nucleation of PANI. During subsequent scans,
the oxidation of aniline occurred at lower potentials due to n2p2p;AN|AU
the catalytic effect of PANI, which resulted in deposition of p = ~ ZRT 1)
polymer on the electrode surface. Redox couples A/B and
E/F were attributed to intrinsic redox processes of the poly- Wheren represents number of electrons transferredRa3,
mer itself. The redox couple A/B occurred at approximately the Faraday constant (96,584 Cmb), I35,y is the surface
+200mV and is attributed to the transformation of PANI concentration of PANI film (mol cm?), Ais the surface area
from the reduced leucoemeraldine (LE) state to the partly of the electrode (0.0177 ¢i)) v is the scan rate (V), R
oxidized emeraldine state (EM). The redox couple E/F at ap- is the gas constant (8.314 J (mof®¥), andT is the absolute
proximately+800 mV corresponds to transition of the PANI temperature of the system (298 K).
from LE to pernigraniline (PE) state, and is accompanied The surface concentration of PANI filndi3,,,, was es-
by the oxidation of aniline monomét5]. The redox cou-  timated to be 1.85< 10~"molcm 2. On increasing the
ple C/D at approximately-500 mV, which is generally at- scan rate, the magnitude of the peak current increased.
tributed to the redox reaction gfbenzoquinong14,15]is However, the peak potentials of all the four peaks shifted
less intense. to more positive potentials and became broad. This shows
An increase in the amplitude of the redox peaks was ob- that the peak currents are diffusion-controlled. Thus, the
served as a consequence of repeated potential scans, indicdRandel-Setik equation was used to determine the rate of
tive of polymer deposition at the Pt surface and confirmed electron transport (i.e., diffusion coefficient of the electrons,
that the polymer was conducting. This electrosynthesized De) within the polymer. Using the Randel-Sdk equa-
PANI film served two purposes when applied in this biosen- tion, De was 868 x 10~2cn?s~1. lwuoha et al. reported
sor. It behaved as an electron mediator, shuttling electronsa De value of 6.46x 108 cm? s~ for a PANI film doped
between the immobilized enzyme and the electrode surface with polyvinyl sulphonate (PVS). Sindg. depends on the
and also served as a point of attachment for the protein electro-deposition conditions used and the homogeneity
(HRP)[9]. of the film, inclusion of the ionic co-polymer polyvinyl
sulphonate by Iwuoha et al. increased the conductivity of
3.2. CV characterization of Pt/PANI electrodein HCI (1 M) the PANI film, resulting in aDe value approximately one
order of magnitude higher than that reported here.
Multi-scan rate voltammograms of the PANI-modified Pt
electrode in HCI (1 M) solution are shown Fig. 2. Both 3.3. SWV characterization of Pt/PANI/HRP electrode in
peak potentials and corresponding peak currents varied agphosphate buffer, pH 6.8
the scan rate values varied, which showed that the polymer
was electroactive and diffusion of electrons was taking place  Square wave voltammetry was used to examine the peak
along the polymer chain. The linear dependence of peakpotentials of the Pt/PANI/HRP in phosphate buffer, pH 6.8.
currents of anodic peakon the scan rate indicated that we Fig. 3 represents the net (difference between forward and
have a thin film of surface-bound conducting electroactive reverse currents) SWV responses when the Pt/PANI/HRP

n polymer, undergoing rapid reversible electron transfer reac-
tion. The surface concentration of the PANI fildi;,,,, can

be estimated from a plot df againstv in accordance with
Brown—-Anson mode]19] using the equation:
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Fig. 4. Net cathodic square wave voltammograms of the Pt/PANI/HRP
Fig. 3. Net cathodic square wave voltammograms of the Pt/PANI/HRP electrode in the presence of different concentrations g©H Experi-
electrode performed at 15, 25, 50, 75, and 100 mV. Experimental condi- mental conditions were: frequency, 5Hz; amplitude, 50 mV; and potential
tions were: frequency, 30 Hz and potential step, 4 mV. step, 4mV.

electrode was scanned reductively over a range of amplitude§n Fig. 5. When 1mM I.;iozlwas added to the .p.hosph_ate
from 15 to 100mV at a frequency of 30 Hz. A prominent puffer (pH.6.8) under diffusion-controlled conditions, sim-
peak at—400 mV was observed and exploited to monitor llar t_)ehawor to the square wave _results was seen. The_re-
electrocatalytic reduction of 40, at a PYPANI/HRP elec- duction pe_ak current shifted and increased with increasing
trode. Increasing the amplitude resulted in increased Cur_concentranonlof K02, These measurements were Ca”.'ed
rents of this peak. However, increased amplitude was alsoOUt at.5mV§ i Cpmpanson of the voltammograms. with
associated with higher background currents. Therefore, am-and without BO; illustrated that the PANI can effectively

plitude of 50 mV was taken for future work as a compromise mediate electron transfer between peroxidase and a plat-
between these parameters inum electrode surface. Due to a high background current,

lower hydrogen peroxide concentrations could not be stud-
ied. The minimum concentration that could be studied with
this biosensor was.2 x 1074 M.

For both voltammetric methods, linear relationships be-
een catalytic current andJ@, concentration within the
range studied (B x 10~ to 5 x 10~3M) were observed.
Cyclic voltammetry data was used for further kinetic anal-
ysis. This linear correlation corresponds to the enzyme ki-
netic case where the substrate concentration is lower than
the apparent Michaelis—-Menten constakt,, where the
Michaelis—Menten kinetics are given as:

3.4. PANI-mediated electrocatalytic reduction of H,O»

HRP was immobilized onto the surface of the polymer by W
electrostatic interactions with the polymer backbone by ap-
plication of a potential of+650 mV in the presence of HRP
for a period of time (Section 2.4). This effective biosen-
sor format facilitated electron transfer between the enzyme
and the electrode. Without the incorporation of a mediator,
such as PANI, electron transfer between the redox center of
the enzyme and the electrode is very sl@®]. This paper
demonstrates facilitated electron transfer between the plat-; _ Imax{H207]
inum electrode and the enzyme HRP by the electroactive [H202] + Ky
polymer, PANI, in phosphate buffer, pH 6.8. Electrocatalytic

(2)

reduction of BO, was monitored quantitatively using the 8e-6

peak at-400 mV (seeSection 3.3) by both square wave and 66 | sm

cyclic voltammetry. 4mm
Square wave responses for electrocatalytic reduction of < 4ep | -~

H20O, at this Pt/PANI/HRP biosensor can be observed in = -~

Fig. 4. When 1 mM HO, was added to the phosphate buffer, S 26-6 - o

pH 6.8, under diffusion-controlled conditions, an initial in- ©

crease in the current of the peak ad400 mV occurred, 0 o

demonstrating effective electrocatalytic reduction of3.

Subsequent additions of 28, to the buffer solution re- -2e-6 . : . : :

sulted in both a positive shift in the reduction peak of about 400 200 O  -200 -400 -600 -800

+190 mV and an increase in the magnitude of this reduction Potential /mV

peak, pl’OpOl’tIOﬂ&ﬂ t‘? kD concentration. . Fig. 5. Cyclic voltammograms of the Pt/PANI/HRP electrode in the
Cyclic voltammetric responses for electrocatalytic reduc- presence of different concentrations op®. Experimental conditions

tion of H»O» at this Pt/PANI/HRP biosensor can be observed were: 0.1 M phosphate buffer (pH 6.8) and 5m\} scan rate.
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wherel is the observed catalytic curremfay is the maxi- low D¢ obtained (as compared to Iwuoha et al.) and the low
mum obtainable current for the biosensor, and@b] is the purity of the enzyme used (type Il HRP). Similar biosensor
bulk solution concentration of hydrogen peroxide. This can formats have been reported and it has been shown that op-
then be simplified to timum performance is achieved when much higher concen-
Imax trations of HRP were used for immobilization, specifically
I= K_,/\A[HZOZ]' ©) between 0.6 and 0.75g% [21,22]. Below this concentra-

tion level, it was found that surface coverage was not maxi-
The slope of the above plot {4/K},) represents the  mized leading to low signals, while at concentrations higher
sensitivity of the biosensor and was found to h8&x than 0.75gt1%, the response of the biosensor diminished,
10-2Amol~1dm?. The reason for such a low sensitivity ~attributed to steric hinderence and hence, impeded elec-
could be attributed to a low protein concentration used in the tron transfer. However, up to a concentration level of about
immobilization process (0.08 gt for the present study), the 0.6 g%, increases in sensitivity were consistently reported

&

(c) (d)

Fig. 6. SEM images of screen-printed electrodes (area, 0.89 ¢a) bare SPE, (b) PANI-modified, (c) PANI/HRP-modified, and (d) PANI/HRP (in the
presence of 1 mM)-modified SPEs, respectively. The accelerating voltage and magnification for all the images were 15 kV>gneg/z@aively.
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[23]. Therefore, by increasing the protein loading on the sur- several advantages such as control of the polymer film char-
face of the PANI layer, the sensitivity of this biosensor may acteristics, good signal amplification, ease of fabrication,
be enhanced. The linear range was betwebn2.0~* and and application to screen-printed electrodes for disposable
5x 103M andr? was 0.995. use.
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