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Amperometric determination of cadmium, lead, and mercury
metal ions using a novel polymer immobilised horseradish
peroxidase biosensor system

BONGIWE SILWANA!?, CHARLTON VAN DER HORST!?, EMMANUEL IWUOHA?
and VERNON SOMERSET!

' Natural Resources and the Environment (NRE ), Council for Scientific and Industrial Research (CSIR), Stellenbosch, South Africa
2SensorLab, Department of Chemistry, University of the Western Cape, Bellville, South Africa

This work was undertaken to develop a novel Pt/PANI-co-PDTDA/HRP biosensor system for environmental applications to
investigate the inhibition studies by specific heavy metals, to provide data suitable for kinetic studies and further application of
the biosensor to environmental samples. The newly constructed biosensor was compared to the data of the well-researched Pt/
PANI/HRP biosensor. Optimised experimental conditions, such as the working pH for the biosensor was evaluated. The
functionality of the amperometric enzyme sensor system was demonstrated by measuring the oxidation current of hydrogen
peroxide followed by the development of an assay for determination of metal concentration in the presence of selected metal ions
of Cd**, Pb>" and Hg>". The detection limits were found to be 8 x 10~* wg L™ for cadmium, 9.38 x 10™* wg L' for lead and
7.89 x 107 pg L™! for mercury. The World Health Organisation recommended that the maximum safety level of these metals
should not exceed 0.005 mg L~! of Cd**, 0.01 mg L™' of Pb>* and 0.001 mg L' of Hg?"", respectively. The analytical and
detection data for the metals investigated were observed to be lower than concentrations recommended by several bodies
including World Health Organisation and Environmental Protection Agencies. Therefore the biosensors developed in this study
can be used to screen the presence of these metals in water samples because of its low detection limit. The modes of inhibition of
horseradish peroxidase by Pb>*, Cd*" and Hg?" as analysed using the double reciprocal plots of the Michaelis—-Menten equation
was found to be reversible and uncompetitive inhibition. Based on the K,*PP and I, values for both biosensors the results have
shown smaller values. These results also proved that the enzyme modified electrode is valuable and can be deployed for the
determination or screening of heavy metals.

Keywords: Amperometric biosensor, PANI-co-PDTDA conducting polymer, HRP, portable potentiostat, lead, cadmium, mercury.

plastics manufacturing, fertilizer producing plants and
wastes left after mining and metallurgical processes.”

Introduction

The environmental contamination of the soil and water
from toxic heavy metals ions are of worldwide concern
and have been reported.!"! These metals are used in various
industries from which effluents are consequently dis-
charged into the environment. Introduction of metals in
various forms into the environment can produce numerous
modifications of microbial communities and affect their
activities.? * Common sources of heavy metal pollution
include discharge from industries such as electroplating,
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Heavy metals generally exert an inhibitory action on
microorganisms by blocking essential functional groups,
displacing essential metal ions or modifying the active con-
formations of biological molecules.!”!

General consensus holds that the toxicity of heavy metal
(HM) ions mainly results from their interactions with pro-
teins (especially various enzymes) or with nucleic acids.
Heavy metal ions alter pro-oxidant/antioxidant balance
and bind to sulphydryl groups or other ligands in life-rele-
vant species, resulting in inhibition of glutathione metabo-
lism and functions of numerous enzymes and hormones.
In addition, HM ions are antagonistic to essential trace
elements and usually compete with nutrient elements for
binding sites on transport and storage proteins, receptors,
and metallo-enzymes, which may result in marked aberra-
tions in the metabolism of carbohydrates, proteins, neuro-
transmitters, and hormones.
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The strongest interactions of heavy metal ions with
enzymes usually take place in the cases of Hg?", Cu’™,
Pb’", Cd*", and Ag" ions. Many immobilised enzymes
have been used for inhibitive assays of Hg*>" and Cu?",
but fewer reports are available on Ag*t. The early detection
of heavy metal ions, especially bioavailable metal ions, in
the environment is very important to safeguard human
health. Bioassay and inhibitive enzyme assays are excellent
detection methods for bioavailable ions as they are inhib-
ited only by the bioavailable form,' whereas instruments,
such as atomic absorption and emission spectrophotome-
try, usually do not discriminate between toxic and non-
toxic forms of metal ions.

Taking into consideration the limitations of spectro-
scopic instruments, there is a need for the development of
cheap, simple and portable detector systems for heavy
metals. In this regard, the development of electrochemical
sensors has been in the forefront. Numerous enzymes such
as peroxidase, xanthine oxidase, invertase, glucose oxi-
dase, urease and the proteases papain and bromelain are
cheap, do not require costly instruments and are amenable
to field testing conditions. In many instances, monitoring
is not continuous but requires a number of individual
measurements to be performed at different times. In such
cases, electrochemical sensors should be manufactured
inexpensive so that they may be disposed after a single
reading or use.[*!

A Dbiosensor is an analytical device which incorporates
biological sensing elements such as enzymes, antibodies,
receptors, aptamers, nucleic acids, cells, and so forth, on
electrode surfaces. Electrode surfaces also determine the
sensitivity, selectivity, and reproducibility of the sensor/
biosensor, with electronic transducer equipped with an
electronic amplifier and was found to have applications in
various fields, for example, clinical diagnostics, environ-
mental monitoring, bioprocess monitoring, food, agricul-
tural product processing, etc.”-!%

The modification of biomolecules or electrode surfaces
using novel conducting materials as mediators and design
of functional bio-interfaces has become prevalent. Thus,
highly conductive organic transducers such as conducting
polymers (CPs), nanomaterials, sol-gel films, and self-
assembled monolayers, and so forth are gradually emerg-
ing for the development of next-generation biosensor
design for highly reliable, stable, and robust field-based.!' !}

In this study, we have prepared a novel enzyme poly-
meric electrode based on a co-polymer of aniline and a
disulphide derivative of aniline (dithiodianiline) as a medi-
ator for the immobilisation of the enzyme horseradish per-
oxidase (HRP) in the biosensor construction. The wide
scope of tuning different properties of PANI encouraged
us to explore the possibility of copolymerizing aniline with
dithiodianiline having S-S links in it. This work focused on
poly(aniline-co-2,2'-dithiodianiline) [PANI-co-PDTDA)]
as a polymer matrix containing HRP for the biosensor
analysis of heavy metal ions.

Silwana et al.

The novel constructed biosensor is denoted as Pt/PANI-
co-PDTDA/HRP and has been developed and compared
with the most reported Pt/PANI/HRP biosensor for the
investigation of the inhibition studies by Cd*", Pb>*, and
Hg>" ions for further determination of the kinetics param-
eters for environmental analysis. In this current study we
have found that the performance factors of the novel bio-
sensor, such as lower detection limit for the detection of
Cd>*, Pb**, and Hg?" metals ions, good stability, repeat-
ability and reproducibility provide good promise com-
pared to the formerly Pt/PANI/HRP biosensor. The
study was further conducted to investigate the inhibition
of the HRP enzyme by Cd>", Pb>" and Hg’" metal ions
and kinetic studies were also conducted to identify the
nature of enzyme inhibition. The Pt/PANI-co-PDTDA/
HRP biosensor was further applied to determine trace
amounts of heavy metals (Cd*", Pb*", and Hg*") in tap
and river water samples.

Materials and methods

Chemicals and reagents

The reagents aniline (99%), 2,2’-dithiodianiline (98%),
potassium dihydrogen phosphate (99%), disodium hydro-
gen phosphate (98%) and diethyl ether (99.9%) were
obtained from Sigma-Aldrich, Germany. The enzyme
horseradish peroxidase (EC 1.11.1.7 type IV from horse-
radish, 250-330 units mg~') was also purchased from
Sigma-Aldrich, Germany, while hydrogen peroxide (30—
32%) Grade AR was purchased from Merck, South
Africa. The standards for cadmium (Cd), lead (Pb) and
mercury (Hg) were purchased as atomic absorption stan-
dard solutions (1000 mg L™', AAS) from Sigma-Aldrich,
Germany. Phosphate buffer (PB, 0.1 M, pH 6.8 and 7.2)
solutions were prepared by mixing stock standard solu-
tions of KH,PO,4 and Na,HPO,, which were then used as
supporting electrolytes. Phosphate buffer solutions (PB,
0.1 M) with various pH values were prepared. All other
solutions were made up with Millipore water and experi-
ments were performed at room temperature.

Instrumentation

All electrochemical measurements were performed with a
PalmSens portable electrochemical potentiostat/ galvano-
stat, with the PS Trace program and accessories (PalmSens
Instruments BV, 3992 BZ Houten, and Netherlands) inter-
faced to a microcomputer controlled by PS 2.1 software
for data acquisition and experimental control. A three-
electrode arrangement and setup was employed with the
Pt disc as the working electrode, platinum wire as counter
electrode and silver/silver-chloride (Ag/AgCl; 3 M NaCl)
as the reference electrode. Alumina micro polish and pol-
ishing pads (Buehler, IL, USA) were used for electrode
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polishing. The pH values of the buffer solutions were mea-
sured by means of a microprocessor pH meter with custom
buffers (the model HI 221 series, Hanna, instruments.[?

Electrode surface preparation

The Pt electrode was prepared by mechanically polishing a
platinum disc electrode in each of a 1.0, 0.3, 0.05 wm alu-
mina slurry until a mirror finish was obtained. After being
rinsed with double-distilled water, the electrode was soni-
cated in distilled water and ethanol respectively, for
approximately 5 min each. The polished electrode was
then cleaned electrochemically by cycling the potential
between —200 and +1500 mV (vs. Ag/AgCl) in 0.05 M
H,SO, solution at the scan rate of 40 mV/s for 10 min or
until the CV characteristics for a clean Pt electrode were
obtained.['*!4

Electropolymerisation of polymer films

The polymerisation was done using a reported procedure
for the electropolymerisation of PANI on a Pt elec-
trode.['>®! The potential was cycled repetitively between
—200 and +1100 mV (vs. Ag/AgCl) at a scan rate of
60 mV/s for 10 cycles, using a 0.2 M aniline solution dis-
solved in 1 M hydrochloric acid (HCI).

The preparation of the co-polymer film of polyaniline-
co-poly(2,2'-dithiodianiline), abbreviated as PANI-co-
PDTDA was done as follows. A 10 mL solution of 0.2 M
aniline, plus 0.02 M 2,2'-dithiodianiline and aqueous 5 M
H,SO,4 was prepared in a water bath at 70°C to dissolve
the 2,2'-dithiodianiline crystals. This solution was then
used in the electropolymerisation of PANI-co-PDTDA on
the Pt electrode surface, by repetitive cyclic voltammetric
scanning at 50 mV/s from —200 to +1100mV (vs. Ag/
AgCl) for 10 cycles.!'%!7!

Preparation of polymer-modified enzyme electrodes

Following electropolymerisation, the rinsed electrode was
transferred to a cell containing 1 mL PB solution and the
polymer surface was reduced at a constant potential of
—0.5V (vs. Ag/AgCl) until the current signal reached a
steady-state value (ca. 1500 s). The optimised amount of
the enzyme HRP (50 wL of 2 mg L™' HRP in PB) was
immobilised by covalent binding onto the PANT or PANI-
co-PDTDA film. This was followed by oxidation at
+0.7 V (vs. Ag/AgCl) for 1500 s for covalent attachment
of the HRP to the polymer film. This enzymatic incorpo-
ration was done using the methodology outlined in Math-
ebe et al. ")

The prepared biosensor was first rinsed with deionised
water and immersed in phosphate buffer solution and kept
at 4°C overnight. The biosensor was also stored in buffer
at 4°C when not in use.

1503
Biosensor response measurements

Cyclic voltammetry

Cyclic voltammetry (CV) and differential pulse voltam-
metric (DPV) experiments were performed with the
portable PalmSens instrument in a potential range of
4+0.4V and —1.0V (vs. Ag/AgCl). The PANI and
PANI-co-PDTDA polymer films were used in the fol-
lowing experiments as mediators in HRP immobilised
electrodes, having H>O, as the substrate. A reduction
potential of —0.25 V (vs. Ag /AgCl) was used to mon-
itor the electrocatalytic reduction of H,O,, as substrate.
The solution was degassed with nitrogen before any
substrate was added.

The Pt/PANI/HRP biosensor was immersed in the
0.1 M PB (1 mL) under stirring conditions with direct
additions of standard substrate solutions using a micropi-
pette. The signal for the sequential additions was recorded
until the current response had reached a steady state. The
response of the biosensor towards H,O, was investigated
by successively adding aliquots of H,O, to a continuously
stirred 0.1 M PB (pH = 6.8 and 7.2) solution under the
optimised conditions. The DPV measurement was first
obtained in the absence of the substrate H,O», followed by
sequential addition of the aliquots of H,O, as sub-
strate.'®1”] In all experiments hydrogen peroxide as sub-
strate was added until a final steady-state peak current was
reached.

Differential pulse voltammetric measurements

Differential pulse voltammetric (DPV) analysis of the Pt/
PANI/HRP biosensor in 1 mL of 0.1 M PB (pH = 6.8)
solution was also performed to compliment the CV meas-
urements. The differential pulse voltammogram (DPV)
was collected in the cathodic direction only by applying a
linear potential scan between +0.4 Vand —1.0 V (vs. Ag/
AgCl) at a scan rate of 10 mV/s and pulse amplitude of
20 mV. The pulse width of 100 ms was used. The DPV
was first obtained in the absence of the substrate H,O,, fol-
lowed by analysis in the presence of H,O, as
substrate.?%-2!!

Results and discussion

Optimisation of solution pH

The acidity of the detection solution usually has a large
effect on the redox behaviour of enzymes. In the range of
pH 4.5-7.5, the influence of pH on the response current
was investigated under the potential applied mentioned
previously. The Pt/PANI-co-PDTDA/HRP biosensor
gave an optimum current signal at the pH = 7.2, compared
to the Pt/PANI/HRP biosensor that showed pH = 6.8 as
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Fig. 1. The cathodic differential pulse voltammograms (DPVs) in (a) of the Pt/PANI-co-PDTDA/HRP biosensor in the presence of
different H,O, concentrations evaluated in 0.1 M PB (pH = 7.2) solution is shown, with the calibration plot in (b). Experimental

conditions were: amplitude, 20 mV; potential step, 20 mV.

optimum. Further experiments were performed at the
newly investigated pH for both biosensors.

Differential pulse voltammetric characterisation of Pt/
PANI-co-PDTDA/HRP biosensor

Figure 1 shows the results for the cathodic differential
pulse voltammograms (DPVs) of the Pt/PANI-co-
PDTDA/HRP biosensor towards the successive additions
of 20 pL of 0.1 mM H,O, to 1 mL PB (pH = 7.2) solution
under the optimised conditions, plus the calibration plot
obtained for the peak current versus increasing H,O, con-
centrations is also shown.

The working potential of —0.25 V (vs. Ag/AgCl) was
then chosen in order to minimise the potential interfer-
ence from the reduction of the other species in the test
medium. As can be seen from the voltammograms
(Fig. 1), minimum current response was obtained in the
absence of H,O, as substrate at the working potential.
The H,O, substrate solution was added in order to

check the activity of HRP before addition of heavy
metals and the calibration plot obtained from that
curve has a linear range of up to 0.034 mM with coeffi-
cient R? = 0.994 (n = 10). The detection limit (LOD)
of the biosensor was found to be 8.59 x 10~* mM with
a relative standard deviation of 3.73% and the sensitiv-
ity of 25.42 pA mM~! were calculated from the initial
slope of the calibration curve. The satisfactory DPV
results show that the Pt/PANI-co-PDTDA/HRP bio-
sensor operates ideally in the presence of H,O,, and
the analytical data of this newly constructed sensor
compares well to that of the conventional Pt/PANI/
HRP biosensor. The results for the comparison of the
analytical performance of the evaluated HRP biosensor
towards H,O, detection with previously reported modi-
fied electrodes are shown in Table 1.

Table 1 shows the analytical performance of proposed
HRP biosensors towards H,O, detection with previous
reported modified electrode. The results obtained for the
new HRP biosensor constructed in this study, showed
LOD results of a similar order to that of Du et al.,”**! while

Table 1. Results for the comparison of the analytical performance of the evaluated HRP biosensor towards H,O, detection with

previously reported modified electrodes.

Sensor Method Linear range (mM ) LOD (mM) Reference
PANI-co-PDTDA/HRP? DPV 0.005-0.034 8.59 x 10~* This work
PANI/HRP?* DPV 0.043-0.75 32 %1072 [15]
HRP/PAni/CS® Amperometry 0.01-1.5 5% 1074 [22]
HRP/PAni/MWCNTCOOH® Amperometry 0.086-10 8.6 x 1072 [23]
CS/ HRP-p(AniO,6-co-o-AbaO,4)b Amperometry 0.01-1 1 x 1073 [24]
PANi/ASA/HRP * DPV 0.012-0.45 1.2 x 1072 [25]
PANI/HRP? Amperometry 0.05-3.17 3.68 x 1073 [26]

Platinum electrode (PtE), ®Glassy carbon electrode (GCE), °Gold Electrode (AuE).
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Table 2. Performance characteristics of the Pt/PANI-co-PDTDA/HRP biosensor in the presence of selected heavy metals as

inhibitor.

Metal ion [CPT], ng/L [Pb’T], ug/L [Hg* ], ng/L
Linear range (pg/L) 0-1 x 1072 (n=73) 0-1(n=5) 0-1(n=)5)
Sensitivity (wA/ppb) 1.07 x 1072 537 x 1072 1.02 x 1072
Correlation coefficient (R?) 0.993 0.949 0.982
LOD (ppb) 8.01 x 107* 9.38 x 107 7.89 x 1074
LOQ (ppb) 2.67 x 1073 313 x 1073 2.63 x 1073

slightly better results was obtained in the study of Nomn-
gongo et al.>) However, the new biosensor constructed in
this study suggests that the linear range and response
of the Pt/PANI-co-PDTDA/HRP shows improvement
upon the results obtained by previous reported studies.

Differential pulse voltammetric (DPV) evaluation of the
Pt/PANI-co-PDTDA/HRP biosensor in the presence of
Cd**, Pb>* and Hg?* metal ions were also performed.
The results obtained for the characteristics of the perfor-
mance of the Pt/PANI-co-PDTDA/HRP biosensor
towards the aforementioned metal ions are presented in
Table 2.

In the presented results, it was found that the sensitivity,
LOD and LOQ was uniform at the same order for each of
the Cd**, Pb>* and Hg>" metal ions, although some varia-
tions in the magnitude were obtained. The Pt/PANI-co-
PDTDA/HRP biosensor had a linear range between 0 —
0.01 wg L™! for Cd*>* and 0— 1 pg L™! for both Pb>" and
Hg®". The LOD value obtained for the biosensor in the
presence of Cd*" was 8.01 x 107* g L™, while for Pb*"
and Hg>" it was 9.38 x 107* and 7.89 x 10~ pg L™,
respectively. The results for the LOQ values was 2.67 x
1072 pg L' for Cd**, 3.13 x 1072 for Pb*" and 2.63 x

PUPANI-co-PDTDA

Inhibition (%)

i %1, Cd
%I, Pb
%I, Hg

10 T T T T T T T T
20e4 40e4 60e4 B80e4 1023 1223 143 16e3 18e3 20e3

Metal ion concentration (ppb)

Fig. 2. Results obtained for the inhibition of the Pt/PANI-co-
PDTDA/HRP biosensor in the presence of sequential aliquots
of 0.005 ppb of Cd**, Pb>* and Hg?*, respectively. The individ-
ual metal aliquots were added sequentially to a 0.1 M PB (pH =
7.2) solution.

10~ for Hg”", respectively. Comparison of the results to
that found in other studies have shown that this study has
the lowest values of LOD and LOQ, which confirmed
good sensitivity of the developed biosensor for determina-
tion of heavy metals.!!*2!

Inhibition of Pt/PANI-co-PDTDA/HRP and Pt/PANI/HRP
biosensors by heavy metals

To study the inhibition effect of selected heavy metals on
HRP as enzyme, the procedure involved the study of the
Pt/PANI-co-PDTDA/HRP and Pt/PANI/HRP biosen-
sors, exposed to metal ion concentrations in phosphate
buffer (Figs. 2 and 3), respectively. On comparing the
inhibitory activities of the two biosensors, several interest-
ing observations were made. Both biosensors gave higher
inhibition percentages when tested for Hg*" (Figs 2 and 3)
detection, which was expected for Hg”>" that is normally
regarded as very toxic. In Figure 2 the results obtained for
the inhibition studies of the Pt/PANI-co-PDTDA/HRP
biosensor in the presence of sequentially added metal ion
solutions is shown. Figure 3 shows the results obtained for

a0

| PUPANIHRP

Inhibition (%)
&

o ‘—’_/’.

e el %1, Cd
10 - ool o = %61, P
" ; %I, Hg

3 T T T T
20e32 25e3 3.0e-3 3.5e-3 40e-3 4523

metal ion concentration (ppb)

Fig. 3. Results obtained for the inhibition of the Pt/PANI/HRP
biosensor in the presence of sequential aliquots of 0.005 ppb of
Cd**, Pb*" and Hg>", respectively. The individual metal ali-
quots were added sequentially to a 0.1 M PB (pH = 6.8)
solution.
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the inhibition studies of the Pt/PANI/HRP biosensor in
the presence of sequentially added metal ion solutions.

The method used for the inhibition studies in this report is
also referred to as the direct method, since no incubation
was involved. The method also included the determina-
tion of heavy metal concentration that causes 50% inhibition
(ICsp), followed by determination of percentage inhibition
(1%) using the formula in Eq. 1.2/ In Eq. 1 the 1% is the
degree of inhibition, wherein /; is the steady-state current
obtained in buffer solution with no heavy metal ion present,
and I, is the steady-state current obtained after the biosensor
was exposed to sequential additions of the separate heavy
metal ions of Cd**, Pb>*, and Hg> ", respectively.

h=b jo0v (1)
I

1% =

Figures 2 and 3 reports the graphs of percentage inhibition
versus inhibitor concentration for Pt/PANI-co-PDTDA/
HRP and Pt/PANI/HRP biosensor, respectively, using
0.1 mM as fixed H,O, concentration. Inhibition plots for
each of the heavy metals studied (e.g., Cd*", Pb*", and
Hg>") were constructed and compared. We found that for
the Pt/PANI/HRP biosensor at concentrations higher than
0.004 ppb Cd>*, and Pb*>" some interference occurs. The
direct method was further employed to establish the metal
ion concentration that causes 50% inhibition (/Cs).”*®

For Pt/PANI-co-PDTDA/HRP biosensor, the highest
inhibition percentages obtained for the individual metal
ions were 49.5% for Cd**, 59% for Pb>" and 78% for
Hg?". For the Pt/PANI/HRP biosensor the highest inhi-
bition percentages obtained for the individual metal ions
were 44% for Cd**, 47% for Pb>" and 73% for Hg*". The
Pt/PANI-HRP biosensor showed increasing inhibition in
the concentration range between 0.0005 and 0.0008 pg
L~!, with the decreasing inhibition trend observed as
Hg>™ > Cd*" > Pb>". For the concentrations higher than
0.0008 wg L™, the inhibition trend observed was Hg*" >
Pb>* > Cd*.

Analysis of the results in Figure 2 has also shown that
metals were inhibitory in the Pt/PANI-PDTDA/HRP
biosensor in order of increasing toxicity, trending as Hg>"
> Pb?* > Cd*". These results have clearly indicated the
toxicity of the investigated metal ions to HRP as enzyme
with Hg?" being the highest inhibitor of these metals
tested. The Pt/PANI-co-PDTDA/HRP biosensor has
attained the (ICsp) values in all of the three metals evalu-
ated at concentrations 49.5% for Cd*", 59% for Pb*>" and
78% for Hg®", respectively using a direct inhibition
method. In the case of the Pt/PANI/HRP biosensor it
was difficult to attain the concentration that causes 50%
inhibition (ICs,) for Cd** and Pb>" metal ions. In order to
establish the type of inhibition involved, Lineweaver-Burk
plots (Fig. 4) were constructed and evaluated to ascertain
the enzyme activity.

Silwana et al.
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Fig. 4. The Lineweaver-Burk plot results obtained for the Pt/
PANI-co-PDTDA/HRP biosensor responses to successive addi-
tions of H,O, substrate in the absence and presence of Cd** in
(a), Pb** in (b) and Hg*" in (c).
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Evaluation of biosensor inhibition kinetics

The nature of inhibition of horseradish peroxidase (HRP)
activity by heavy metals was predicted from the Linewea-
ver—Burk plots shown in Figure 4. The graph of current
(1p) was plotted against enzyme concentration /S/ and a
non-linear curve was obtained. A graph of this type is not
useful as the reaction velocity (V,,,.x) can never be achieved
in practice, thus /S/ would theoretically need to reach
infinity before the maximum current, /,,,,, is reached. As a
consequence, K,,,, which is defined as the substrate concen-
tration at half the maximal current, cannot be measured
accurately from the graph. To overcome this difficulty, the
Michaelis-Menton kinetics at low substrate concentration
has been calculated from the electrochemical version of
the Lineweaver—Burk equation given in Eq. 2. ['*%7

]max[HZOZ]
— maxb 272 2
[HzOz] +K, @)
This can be simplified to:
1,
=25 ) [H,O 3
(5 )i ®

where I is the observed catalytic current after the addition
of substrate, [H,0O,] is the bulk concentration of the sub-
strate and I,,,, i1s the maximum current measured under
saturated substrate condition. The value of the apparent
Michaelis-Menten constant, K“”,, was determined by
analysis of the slope and intercept for the plot of the
cathodic current (/) versus H>O, concentration.

And when used for the Pt/PANI-co-PDTDA/HRP bio-
sensor,

. Lax
Sensitivity = <K’ > 4)

m

The obtained biosensor data was further used for kinetic
studies of the biosensor to determine the type and kinetics
of inhibition, as well as to evaluate the affinity of the
immobilised HRP towards H»O, catalysis. It is difficult to
specify the exact substrate concentration corresponding to
K from this hyperbolic plot. For this reason, Linewea-
ver-Burk plots were used since they allow accurate meas-
urements of the values of both K*”,, and Vmax, even at
higher substrate concentrations. The Lineweaver-Burk
plot indicated several possibilities for the type of inhibition
encountered in this study. The K“”,, values reported for
the Pt/PANI/HRP biosensor in this study were in close
agreement with the value reported by Yao et al.®® The
results obtained for the Pt/PANI-co-PDTDA/HRP bio-
sensor have shown that the K", and I,.x value are
0.7 mM and 0.27 pA, respectively. The K*”, for Pt/
PANI/HRP was evaluated at 0.6 mM with I,,, of
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1.7 wA, which revealed that that the whole system was
controlled by a catalytic kinetic process of the enzyme.

Figure 4 shows a double- rec1procal plot of 75 h VS, | H2102]
The x intercept is equal to L while the y- 1ntercept is equal
to V— The slope of the hne is equal to 1;‘4 The Linewea-
ver—Burk plots for the HRP biosensor performance in
both biosensors constructed, was used to identify the type
of inhibition and the results obtained for the kinetic
parameters obtained from the slope and y-intercept values
were also calculated. These values were further used to cal-
culate the apparent Michaelis—Menten constants (Ky*F?)
in the absence and presence of the selected heavy metals as
inhibitors.

Analysis of the Lineweaver—Burk plots in Figure 4 indi-
cates that the inhibition obtained for HRP in the presence
of the metal ions evaluated in this study, is an indication
of uncompetitive inhibition. The Lineweaver-Burk plots
obtained for uncompetitive inhibition produces parallel
lines when a plot of %] vs. 51 is constructed.”? 32! In this
study the heavy metais exhibited uncompetitive 1nh1b1t10n
for HRP using the H,O, assay, when the plot of 1
[H7 o in Figure 4 is viewed. An uncompetltlve mechamsm
of inhibition implies that an enzyme (HRP in this case) is
less catalytically effective in the presence of the metal ions
investigated. Further analysis of the plots in Figure 4, also
showed that this catalytic inefficiency is not the same for
each of the Cd**, Pb>", and Hg”>" ions evaluated. In the
case of the Pb®" ions in Figure 4, this plot is more parallel
compared to that obtained for the Cd** and Hg** ions.

Comparison between Pt/PANI/HRP and Pt/PANI-co-
PDTDA/HRP biosensors

In this section a summary of the comparison of the results
obtained for the inhibition kinetics of the Pt/PANI/HRP
and Pt/PANI-co-PDTDA/HRP biosensors in the absence
and presence of Cd**, Pb>" and Hg>" as metal ion inhibi-
tors are shown. From the plots in Figure 4, the following
kinetic parameter results for K%”7,, and V.. were
obtained, shown in Table 3.

Comparison and analysis of the results shown in
Table 3 indicate a change in apparent values of K.,*PP
as well as [, that leads to uncompetitive inhibition
for the Pt/PANI-co-PDTDA/HRP biosensor. Further-
more, analysis of the shape of the graphs in Figure 4
shows parallel lines in the absence and presence of
inhibitor in all the selected heavy metals (Cd*", Pb>"
and Hg>") evaluated. The results have also shown that
both the K,,*P? and I,,. values were affected by the
addition of the inhibitor, thus yielding the uncompeti-
tive inhibition obtained in both of the sensors. This
type of inhibition takes place when an enzyme inhibitor
binds exclusively to the complex formed between the-
enzyme and the substrate (the E-S complex) yielding

an inactive enzyme-substrate-inhibitor complex.”%3!
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Table 3. Apparent Michealis-Menten (K,,*PP) values and I,,,, parameters obtained in the absence of heavy metals and at different

concentrations (/Csq values) of heavy metals (Cd, Pb and Hg).

Metal ion inhibitor

Metal ion 0 ppb Cd* 0.028 ppb Cd* 0 ppb Pb** 0.167 ppb Pb** 0 ppb Hg’" 0.008 ppb Hg’"
Kinetic parameter Slope (uA/mM)
PANI-co-PDTDA 2.10 x 1073 8.97 x 107* 6.6 x 1072 6.9 x 1073 3.8 x 1073 6.0 x 1073
PANI 1.4 x 1072 1.0 x 1072 48 x 1073 1.3 x 1072 42 x 1073 83 x 1073
Kinetic parameter y-intercept(1/uA)
PANI-co-PDTDA 0.833 0.725 1.536 1.049 1.620 1.685
PANI 1.92 1.62 1.03 1.33 1.69 2.75
Kinetic parameter K, (mM)
PANI-co-PDTDA 2.5 % 1073 1.2 x 1073 43 x 1072 6.6 x 1073 2.3 x 1073 6.0 x 1073
PANI 74 %1073 6.7 x 1073 47 x 1073 99 x 1073 25%x 1073 3.0 x 1073
Kinetic parameter Tiax
PANI-co-PDTDA 120 1.37 0.65 0.95 0.62 1.0
PANI 0.52 0.62 0.96 0.75 0.59 0.36

Results evaluated for both the Pt/PANI-co-PDTDA/HRP and Pt/PANI/HRP biosensors in 0.1 M PB (pH = 7.2; 6.8) solution are shown.

In the case of Pt/PANI/HRP biosensor the results
obtained in this study have seen a decrease in 1, values
and no significant different in K,*°P values, which is the
indication of non-competitive inhibition. We found that
the non-competitive inhibition Cd, Pb and Hg using the
Pt/PANI/HRP biosensor is in agreement with the study
done by Nomngongo et al.*® For this study the selected
heavy metals have shown relatively small values of K,*PP.
Hence, the smaller the value of K,,*PP, the more efficient is
the catalyst. The value of K,*PP for an enzyme also
depends on the particular substrate, the pH of the solution
and the temperature at which the reaction is per-
formed.?* 3" For most enzymes K,*?P lies between 107!
and 10~7 M, depending on the biosensor construction and
mediator used. For the results of this study shown in
Table 3, the values obtained for K,,**P and V,,,,, satisfies
the aforementioned criteria.

Biosensor performance results

Selective determination of target analyte plays vital role
in analytical measurements. To investigate the specificity
of the biosensor, we challenged the developed biosensor
with other cations and anions that might interfere. Specif-
ically Fe**, Ni**, Co?*, sodium (Na™), sulphate (SO4>")
and phosphate (PO,’”) ions were investigated. It is,
therefore, necessary to check if the standard addition of
one of the metals affects the peak height and therefore
the sensitivity of the others. The interfering effect of these
cations and anions were studied by mixed method, using
the ratio 1:2 for analyte and interferent, respectively. The
peaks of heavy metals were monitored and compared to

those without any impurities added (figures not shown
here).

The results obtained do not cause much decrease in
biosensor response. Ten repeat measurement of lowest
concentration of H,O, using the same electrode gave a
relative standard deviation (RSD) of 3.73%, confirming
excellent repeatability. Electrode to electrode reproduc-
ibility was also satisfactory. A series of 3 electrodes which
were prepared individually gave a RSD of 4, 8% for
determination of lowest concentration of H,O, substrate.
The storage time of the biosensor was found to be 5-
7 days. It can be used to 5 to 7 days for H,O, catalytic
responses and only once to measure heavy metal
concentrations.

Application of biosensor to real samples

The applicability of the developed biosensor for environ-
mental samples was investigated by analysing tap water
and river water with satisfactory recoveries as listed in
Table 4. Table 4 shows the analytical results obtained for
three independent water samples. The water samples were
filtered with quantitative filter papers and spiked with
varying concentrations of the selected heavy metals. It was
found that the recoveries were in the range 96-132%,
which were quantitative assays performed in environmen-
tal samples.

The World Health Organisation recommended that the
maximum safety level of these metals should not exceed
0.005mg L' of Cd*", 0.0lmg L' of Pb*" and
0.001 mg L' of Hg?" in drinking water. Concentrations
were determined in wg L' based on three replicates
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Table 4. Results obtained for the recovery studies of heavy metals in water samples, using the Pt/PANI-co-PDTDA/HRP biosensor.

Metal ion Added (ug/L) Found (ug/L) Recovery (%) RSD (n=23)
Tap water

Pb>* 48 x 1073 1.1 x 1072 104 0.62%

Ccd* 2.5x 1073 43 x 1073 132 2.11%

Hg>" 25%x 1073 6.8 x 1073 96 4.11%
River water

Pb** 48 x 1073 1.8 x 1072 125 3.82%

Cd* 25x%x 1073 1.8 x 1072 128 3.00%

Hg™" 2.5x%107° 1.2x 1072 112 1.47%

determination. Considering the values of concentration
obtained in tap water (Table 4), the tap water was found
to be within the allowed maximum contamination level set
by WHO.P¥ In the case of the river water samples ana-
lysed, the results obtained for the Cd** and Hg*" analysis
were within the WHO guideline values. However, the
result obtained for the Pb®" analysis, showed the samples
exceeding the recommended WHO guideline value. These
results therefore confirmed the applicability and sensitivity
of the constructed Pt/PANI-co-PDTDA/HRP biosensor
for the screening of environmental samples.

Conclusions

The method developed in this study seems very promising
as the novel Pt/PANI-co-PDTDA/HRP biosensor con-
structed in this study was able to the electroanalysis of
Cd**, Pb** and Hg?" as metal ions. Furthermore, the bio-
sensor was able to obtain ICs, values for Cd**, Pb>* and
Hg’" as metal ion inhibitors during inhibition studies.
Conducting polymers can play a significant function in
adsorption of biomolecules in biosensor construction due
to their unique properties, which make them appealing
alternatives for specific materials and applications. Our
results have also shown the first-time application of the
PANI-co-PDTDA conducting co-polymer in the success-
ful immobilisation of HRP on the platinum electrode to
enhance the electrochemistry of HRP.

The newly developed biosensor showed excellent elec-
trocatalytic activity for the reduction of H,O, in PB
(pH = 7.2) solution and for further inhibition studies of
the selected heavy metals. The inhibition results obtained
for the Cd**, Pb** and Hg*" metal ions were found to be
either a non-competitive for the Pt/PANI-co-PDTDA/
HRP biosensor and uncompetitive for the Pt/PANI/HRP
biosensors, respectively. These results also suggested that
the sensitivity of the biosensor can be used for the determi-
nation of the concentration of the selected heavy metals.
For the Pt/PANI-co-PDTDA/HRP biosensor a detection
limit of 8.59 x 10~* mM was obtained using the equation,
LOD = 3x5D where s is the standard deviation and m is
the slope of the calibration plot.

The repeatability in the measurement, expressed as rela-
tive standard deviation (R.S.D), was 3.73%, obtained by
recording lowest concentration of H>O, through 10 succes-
sive experiments, while for the Pt/PANI/HRP biosensor a
detection limit of 0.032 mM was achieved with a relative
standard deviation of 14% under DPV conditions. The
detection limits were found to be 8 x 10~* wg L~! for cad-
mium, 9.38 x 10~* wg L~ for lead and 7.89 x 107* ug
L~! for mercury. The Hg>" ions were noted to have higher
degree of enzyme inhibition with a value of 73% and 84%
for Pt/PANI/HRP and Pt/PANI-PDTDA/HRP biosen-
sors, respectively. The sequence of inhibition to H,0,
activity was Hg" > Pb*™ > Cd**.

This study has further demonstrated that the newly con-
structed Pt/PANI-PDTDA/HRP biosensor can be suc-
cessfully applied for the determination of Cd**, Pb>* and
Hg®" metal ions in environmental samples. The World
Health Organisation recommended that the maximum
safety level of these metals should not exceed 0.005 mg
L~! of Cd*", 0.01 mg L' of Pb>" and 0.001 mg L' of
Hg* ", respectively. The analytical and detection data for
the metals investigated were observed to be lower than
concentrations recommended by several bodies including
World Health Organisation and Environmental Protection
Agencies. Therefore the biosensors developed in this study
can be used to screen the presence of these metals in water
samples because of its low detection limit.
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