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Abstract
A new biosensor based on catalase enzyme immobilized-on electrochemically
constructed polyaniline (PANI) film modified with-glutaraldehyde (GA) has been
developed for the determination of hydrogen peroxide (H2.0O,) in milk samples. Assembly
processes of polyaniline and immobilization of the enzyme were monitored with the help
of electrochemical impedance spectroscopy (EIS). Amperometric measurements have
been carried out at cathodic peak (- 0.3 V vs. Ag/AgClI) which was attributed to
reduction of PANI. Hydrogen peroxide was determined by using amperometric method at
—0.3 V. The biosensor responses were correlated linearly with the hydrogen peroxide
concentrations between 5.0 x 10 and 1.0 x 10 M by amperometric method. Detection
limit of the biosensor is 2.18 x 10°® M for H,0,. In the optimization studies of the

biosensor, some parameters such as optimum pH, temperature, concentration of aniline,

amount of enzyme and number of scans during electropolymerization were investigated.
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INTRODUCTION
Organic conducting polymers have attracted interest in recent years, due to exhibiting a
wide range of novel electrochemical properties ™. PANI has been studied extensively to
be an important conducting material that possesses interesting electrical, electrochemical,
and optical properties . Properties of polyaniline and also permeability to electroactive
substances could be controlled through the polymerization conditions such as‘time,
potential and concentration . H,0, plays very important roles as a signalling molecule
in the regulation of different biological processes 1! . It is also an effective factor
implicated in the free radical theory of aging. The theory is based on how hydrogen
peroxide can decompose into a hydroxyl radical and also how superoxide radical
byproducts of cellular metabolism can react with water to form H,O,. Hydroxy! radicals
react with cellular components and damage.the mitochondria of the cells ® ™. H,0; is
involved in many physiological processes such as hypoxic signal transduction and
especially oxidative processes 2. There are some studies about the function of H,O, in
oxidative processes such as lipid peroxidation in chronic alcoholism !, metabolic
oxidative stress ™, fesponse to an antioxidant treatment Y, and also apoptosis and

intracellular oxidative stress *4.

Hydrogen peroxide also plays very important roles in regulating diverse biological
processes ¥, Some of them are DNA repair ™, oxidative activity >, host defense 1%,

and apoptosis 7,


https://en.wikipedia.org/wiki/Hydrogen_peroxide
https://en.wikipedia.org/wiki/Free-radical_theory_of_aging
https://en.wikipedia.org/wiki/Hydroxyl_radical
https://en.wikipedia.org/wiki/Superoxide_radical
https://en.wikipedia.org/wiki/Cellular_respiration
https://en.wikipedia.org/wiki/Mitochondria
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The detection of hydrogen peroxide has become extremely important because of
its wide and varied applications in different industrial processes. As a well-known
oxidizing agent, H,O; is employed in textiles, cleaning products, organic compounds, the
food industry, and for some environmental treatments*®l. Several analytical methods
have been developed for the determination of hydrogen peroxide including, titrimetric

[19.201 'spectrometric (M), chemiluminescence ?#%! and electrochemistry 4%

. Hydrogen
peroxide is used as a preservative for milk and milk products so to determineits level is
very important in this industry. There are some analytical methods for determination of
H,0, in milk. A highly sensitive fluorimetric method was described for the determination

of H,0, in milk!®. Some electrochemical biosensors were also developed for the

determination of H,0O; in milk analysis ¢,

Catalase (EC 1.11.1.6) is a hemoprotein which can function both in the hydrogen
peroxide catabolism and peroxidatic oxidations of small compounds like ethanol,
methanol or elemental mercury (HgO) [“?. Furthermore catalase is implicated in
inflammation, apoptosis, aging and cancer. Loss of catalase leads to the human genetic
disease known as Acatalasemia or Takahara’s disease [*!). Substrat selection and the
proposed:catalytic mechanism of catalase has been reported by Prajapati et al. 1%, Some
amperometric biosensors based on catalase enzyme has been reported. These biosensors
involve dissolved oxygen probes 3% or glassy carbon electrodes “*>“¢!. Also entrapment
of catalase in polyacrylamide gel has been studied (). Catalase is not only used for
determination of hydrogen peroxide, but also for alcohols (¢! and for some anions, such

as nitrite, iodate and periodate %!, as well as for calcium in milk and water samples %!,
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The aim of this project is to construct a new biosensor based on PANI-GA-CAT modified

Pt electrode for sensitive determination of hydrogen peroxide.

EXPERIMENTAL METHODS
Chemicals
Catalase (Cat) (12 U/mg protein) from bovine liver, hydrogen peroxide; aniline,
glutaraldehyde (25%), and all other chemicals were purchased from Sigma‘Chemical Co.

(USA). All solutions used in the experiments were prepared.just before their use.

Apparatus

In the experiments PalmSens potentiostat (Netherlands), a three-electrodes system from
CH Instruments (USA) that contains.a CHI 112 model Pt working electrode (2mm
diameter), a CHI 111 model Ag/AgClI reference electrode and a CHI 115 model platinum
wire counter electrode, Eppendorfautomatic pipettes (Germany), Yellow-Line magnetic

stirrer (Germany) and Nuve model thermostat (TR) were used.

Preparation Of The Biosensor

Before the preparation of the bioactive layer, Pt electrode (PtE) surface was polished with
alumina slurries on microfiber cloth to obtain a mirror surface. After that, it was
thoroughly rinsed with double distilled water and sonicated first in absolute ethanol and

then in double distilled water for 10 min. to remove undesired adsorbed particles. At the
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final step, the electrode was cleaned by taking twenty successive cyclic voltammetric

sweeps between —1.0 and +1.0 V in the 0.1M HCI.

After the initial cleaning procedure, in order to form the conductive polyaniline layer on
the cleaned platinum electrode, polyaniline was electrochemically grown on the bare Pt
electrode from 0.1 M aniline solution (prepared in 0.1 M HCI) by taking eight.cyclic
voltammetric sweeps at a potential range between —0.3 and 1.0 V with a'scan rate of 20
mVs™. After the electropolymerization, the PANI modified Pt electrode (PtE-PANI) was
rinsed with double distilled water to remove unbounded molecules from the electrode
surface. Then, the PtE-PANI was immersed into the % 1.0 glutaraldehyde (GA) solution
(prepared in pH 7.5 Pi buffer) for 2 h at room temperature. After that, the PANI-GA
modified Pt electrode was rinsed with double distilled water and dried by applying the
nitrogen gas gently on the modified electrode surface. Finally, immobilization of the
enzyme onto the PANI-GA modified Pt electrode was carried out as follows: 5 pL of the
1 mg mL™. Catalase enzyme was dropped on the PANI-GA modified PtE and left to dry.
At the end of the process PANI-GA-CAT maodified platin electrode has been obtained.

Scheme 1 shows the prepartion steps of the biosensor.

Measurements

In order to choose the potential in which the amperometric detections have been carried
out, cyclic voltammograms were carried out at a potential range between (— 0.75) and
(+0.75) V by using PANI-GA-CAT modified Pt electrode in 50 mM pH 7.0 phosphate

buffer. Differential pulse (DP) voltammograms were carried out at a potential range
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between (0.0) — (- 0.6) V.-0.3 V potential which was attributed to reduction of
polyaniline was chosen to be working potential for amperometric studies. Concentration
of hydrogen peroxide was detected amperometrically at — 0.3 V potential by observing

the differentiations in the current values.

RESULTS AND DISCUSSION
Immobilization
Electropolymerization of aniline in acidic solution yields to conductive polyaniline
Hence, cyclic voltammograms were carried out at a potential range between -0.3 and 1.0
V by using bare Pt electrode in 0.1 M Aniline (prepared in 0.1 M HCI solution) to form
the polyaniline conductive polymer on the Pt electrode surface. Fig. 1 shows the cyclic
voltammograms appeared during the formation of the conductive polyaniline layer.
Electropolymerization stage was followed by immersing of the electrode into the cross-
linker agent, glutaraldehyde, to provide the covalent attachment between the enzyme and

PANI.

After the immobilization of catalase on the PANI - GA modified Pt electrode, cyclic
voltammaograms were carried out at a potential range between — 0.75 and 0.75 V by using
PANI-GA-CAT modified PtE. According to the voltammograms a clear cathodic peak
current was monitored related to enzymatic reaction at nearly -0.3 V potential. So,

amperometric measurements have taken at this potential.
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Impedimetric characterization of the biosensor has also been described in order to
demonstrate whether the immobilization procedure had been successful or not. For this
purpose, impedimetric measurements with the Pt electrode at different stages of
immobilization have been taken, including bare Pt electrode, PANI — GA modified Pt

electrode and PANI — GA — CAT modified Pt electrode.

It can be obviously seen from Fig. 2, modification of Pt electrode with polyaniline has
decreased its impedance dramatically and has enhanced its conductivity when compared
with bare Pt electrode (1). Considering the curve (3), there was a little increasing in
electrochemical impedance when compared with curve (2) and this outcome shows that

immobilization of the enzyme onto PANI — GA modified Pt electrode is successful.

After the determination of the response potential of the PANI-GA-CAT modified PtE,
amperometric measurements were taken to show the responses of the biosensor to the
substrates. The amperometric current responses of the biosensor to the different
concentrations of the substrate were clear, and the biosensor was appropriate for
determining the'amount of hydrogen peroxide usually added to the commercial milks up

to 0.6 %to provide the sterilization.

Optimization Of The Bioactive Layer
To optimize the components of the bioactive layer of the biosensor some parameters such

as number of scans during the electropolymerization , amount of enzyme, concentration
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of aniline, duration time in glutaraldehyde and concentration of glutaraldehyde were

investigated.

Effect Of Number Of Scans During The Electropolymerization On The Biosensor
Responses

Numbers of scan employed during the electropolymerization was investigated. The
results obtained from the experiments showed that in the case of 8 scans the current
responses were the highest. The current responses obtained from the calibration curve of
electropolymerization constructed with 11 numbers of scan.were dramatically low
because high thickness of polyaniline led to diffusion restrictions. According to the
results, electropolymerization during the construction of polyaniline were carried out

with 8 numbers of scan.

Effect Of Amount Of The Enzyme On The Biosensor Responses

Different amounts of enzyme were used in order to investigate the effect of catalase
amount on the biosensor responses. In the case of 0.5 mgmL™ enzyme low current
responses were obtained because the amount of the enzyme used was insufficient for high
catalytic-activity. In the case of both 1.0 mgmL™ and 2.0 mgmL™ enzyme, linearities of
both calibration curves were acceptable but current responses of 1.0 mgmL™ were higher
than that of 2.0 mgmL™. This can be explained that 2.0 mgmL™ enzyme amount showed
a diffusion barrier for substrate diffusion into the bioactive layer of the biosensor. From
these results, 1.0 mgmL™ enzyme concentration was chosen in the formation of the

bioactive layer of the biosensor.
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Effect Of Aniline Concentration On The Biosensor Responses

To investigate the effect of aniline concentration on the biosensor responses 0.05, 0.1 and
0.2 M aniline were used in the electropolymerization step. According to the results, the
current responses and also linearities of the calibration curves were very low for both
0.05 and 0.2 M aniline concentration. 0.05 M aniline was not adequate for the formation
of polyaniline layer, furthermore, 0.2 M aniline concentration led to undesired bondings
between the amino groups of the polyaniline layer. Therefore, the regression coefficient
and especially current responses obtained by using 0.1 M aniline were considerably
higher from those of 0.05 and 0.2 M aniline. As a result, 0.1 M aniline concentration was

chosen in the construction of the conductive polymer of the biosensor.

Effect Of Duration Time In Glutaraldehyde On The Biosensor Responses

For this purpose, PANI-modified Pt electrodes were crosslinked with 1.0 %
glutaraldehyde solution for 1 h, 2 h'and 4 h. From the results, it can be said that 1 h
duration of the electrode in glutaraldehyde was not satisfactory in terms of both linearity
of the calibration curve and current responses. Because, the duration time was not enough
for glutaraldehyde to attach completely on the modified electrode surface and this lead to
insufficient-binding of catalase as well. Considering 2 h and 4 h durations, there was no
big difference between the current responses of both electrodes. But the regression
coefficient obtained in the case of 2h duration time was relatively higher than 4h duration

. So, 2h was chosen to be optimum duration time in glutaraldehyde solution.
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Effect Of Concentration Of Glutaraldehyde On The Biosensor Responses

To investigate the effect of glutaraldehyde concentration on the biosensor responses
different concentrations of glutaraldehyde were used such as 0.5 %; 1.0 % and 2.0 % in
the biosensor construction. According to the results, current responses observed in the
case of 1.0 % glutaraldehyde concentration were better than those of 0.5 % and 2.0 %.
The lowest current responses were obtained in the case of 2.0 % concentration, and this
outcome is owing to the fact that high concentrations of glutaraldehyde lead to overmuch

binding and consequently, give rise to some deformations on the enzyme molecules.

Optimization Of Working Conditions

Effect Of Working Temperature And Ph On The Biosensor Responses

The experiments were made by using DP methad between (0.0) - (-0.7) V potentials vs.
Ag/AgCI. To investigate the effect of working temperature on the biosensor responses
experiments were made at 15, 20, 25, 30, 35 and 40 °C. Increasing in temperature from
15 °C to 30 °C resulted in increases in the biosensor responses. As the temperature
increases from 30 °C to 40 °C decreases on the biosensor responses were observed related
to the lower activities of the enzyme. From the results, 30 °C was chosen to be the
working-temperature. To investigate the effect of the working pH on the biosensor
responses;.experiments were carried out using 50 mM phosphate buffers with different
pH values (pH 6.0 ; 6.5; 7.0 ; 7.5 and 8.0 ). From the experiments it can be said that the
cathodic peak current increased with pH changes from 6.0 to 7.0, then, the biosensor
responses decreased when the pH was further raised to 8.0. The maximum biosensor

responses was obtained at pH 7.0, therefore, it was chosen as the optimal pH value for the

10
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biosensor. This pH value was consistent with that reported for catalase enzyme P, If we
consider the electrocatalytic effect of pH on the modified biosensor it can be said that

optimum pHs of the free and immobilized enzymes does not differ much.

Cyclic Voltammetric Response Of Hydrogen Peroxide At PANI-GA-CAT Modified
Biosensor

Cyclic voltammetric responses of different concentrations of hydrogen peroxide at the
PANI-GA-CAT modified electrode are shown in Fig. 3. According to the figure, the
cathodic peak currents vary linearly with the increase in concentration of hydrogen
peroxide in the ranges from 5.0 x 10 ®and 100.0 x 10° M. Cathodic peaks were obtained
in a potential range between -0.5 and -0.25 V potentials.. This result was supported and

also verified with DP measurement results:'shown in Fig. 3.

Analytical Characteristics Of The Biosensor

Linear Range For Hydrogen Peroxide

In order to detect the linear range for hydrogen peroxide experiments were made by using
differential pulse (DP) and amperometric methods. Linear ranges for hydrogen peroxide
were obtained between 5.0x10® M and 100.0x10°® by amperometric method and 5.0x10°®
M-and 75.0x10°° by differential pulse method, respectively. DP voltammograms and
amperometric results of hydrogen peroxide as functions of the concentration, with
calibration straight line inserted, are shown in Fig. 4 and Fig. 5. Limit of detection of the

biosensor for hydrogen peroxide was determined using the 3Sp/m where m is the slope of

11
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the calibration curve and S, is the standard deviation. From the calculations, limit of

detection was found to be 2.18 pM.

Comparison Of The Analytical Performance Of The Biosensor
The analytical performance of the biosensor was compared with that of some other H,O,

biosensors (Table 1).

From the Table it can be said that all biosensors developed are sensitive for'hydrogen
peroxide. APTMS — colloidal Au modified ITO based peroxidase biosensor exhibited fast

amperometric response (within 5 s) to H,0, %

. In anather study, methlene green and

HRP co-immobilized in montmorillonite-modified bovine serum albumin-glutaraldehyde
matrix. This biosensor showed a wide linear. range (2.0 — 3000x10° M) for H,0, . The
best detection limit for hydrogen peroxide was obtained by Cysteamine — Glutaraldehyde

— Cysteamine — Colloidal gold modified gold electrode ®* but the best response time has

been obtained by our biosensor.

Reproducibility

The reproducibility of the biosensor was determined for 50 M hydrogen peroxide (n =
9)..From the experiments, average value (X), standard deviation (SD) and coefficients of

variation (CV %) were calculated to be 53.47 uM, +£1.66 uM, and 3.01 %, respectively.

Storage Stability Of The Biosensor

12
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In order to investigate the storage stability of the biosensor, measurements were taken
with the same electrode during 9 days. The biosensor was stored in the phosphate buffer
(50 mM, pH: 7.0) at 4 °C when not in use. After the 9 days of storage in the phosphate

buffer, 76.98 % of initial sensitivity to hydrogen peroxide was observed.

Real Sample Analysis

In order to demonstrate the application of the biosensor to real samples, the hydrogen
peroxide concentrations in ultra-high-temperature (UHT) processed milk samples were
amperometrically determined by the standard addition method. Milk samples were
purchased from the local markets. Before the analyses, the milk samples were diluted
with phosphate buffer (pH 7.0). According to the standard addition method, a known
concentration of hydrogen peroxide was added to the diluted milk samples.
Amperometric results obtained from the measurements were compared with those
determined by the classical potassium permanganate titration method. This method
utilizes the reduction of potassium permanganate (KMnO,) by hydrogen peroxide in
sulfuric acid. Before titration, 2.0 mL of 3.0 M H,SO, was added to 2.0 mL of milk
sample and centrifuged for 15 min, followed by filtration with a micropore membrane
filter. The results obtained by the biosensor were in satisfactory agreement with those

given by the titration method (Table 2)

From the results, it is obvious that hydrogen peroxide concentration was found higher

with titration method than the biosensor. In addition, if we consider the standard

13
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deviation and also coefficient of variance (CV %) values of the two methods it can be

said that the biosensor is more sensitive than titration method.

In this study, an amperometric biosensor for the determination of hydrogen peroxide was
described. In the biosensor construction, polyaniline electrochemically grown on Pt
electrode surface and then catalase was immobilized on modified Pt electrode with the
help of glutaraldehyde. Impedimetric characterization of the biosensor proved that the
immobilization procedure was successful. In the cyclic voltammetric studies, -0.3 V was
determined as the working potential, and amperometric measurements were carried out at
this potential. Using the biosensor the hydrogen peroxide could be measured with high
sensitivity. In addition, the hydrogen peroxide content of the milk samples was measured
with the novel biosensor and the results obtained were compared with the titrimetric

method.
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Table 1. Comparison of performances of hydrogen peroxide biosensors.

Method Linear range ( | Detection Response | Referen
mol/L) limit ( mol/L) | time (s) ce

Beef liver catalase — egg shell No data 3x10° 60 [43]

membrane coated oxygen electrode

Catalase — Gelatin coated oxygen (1-300) x 10" | No data 30 [44]

electrode modified with >

glutaraldehyde

HRP immobilized onto APTMS — | (2-800) x 10 | 8 x10° 5 [52]

colloidal Au modified ITO °

Methlene green and HRP (2 -3000) x 4x 107 20 [53]

coimmobilized in the same 10°°

montmorillonite-modified bovine

serum albumin (BSA)-

glutaraldehyde matrix

HRP immobilized to Cysteamine — | (3.9 —-3300) x | 1.5x 10 5 [54]

Glutaraldehyde - Cysteamine — 107

colloidal’Au modified Au electrode

Catalase immobilized onto PANI- | (5- 100) x 10° | 2.18 x 10° 3 Present

GA modified Pt electrode work
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Table 2. H,0, determination in milk samples by using the biosensor and the reference

method.

Method | Added Found Standard | Coefficient | Found Standard | Coeffici
Hydrogen | Hydrogen Deviatio | of Variance | Hydrogen Deviatio | ent of
Peroxide | Peroxideby |n(S.D.) | (C.V.%) b | Peroxide by n (S.D.) | Varianc
(uUM) the biosensor | (uM) ® titration (uM) ¢ | e(C.V.

(uUM)? method (uM)? %) ©
Milk1 | 57.9 58.7 +0.652 1.11% 62.7 +1.624 | 259%
Milk2 | 57.9 59.4 +0.829 | 1.39% 63.8 +1.862 |292%

& Averages of obtained five measurements
® for biosensor

¢ for titration method
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Scheme 1. Preparation procedure of the biosensor (Akyilmaz E. et al.)

NH;

@ NH  NH  NH
@ Electropolymerization
NH,

EX S ¢
S S
’l /nil

N N N

A A o f) °©
) ¢
catalase Enzyme

\ Y Y \ )
<) o s}

24



Downloaded by [Library Services City University London] at 02:03 22 April 2016

Figure 1. Cyclic voltammograms during electropolymerization of aniline on the Pt
electrode. PANI was electropolymerized after 8 cycles from 0.1 M aniline solution
(prepared in 0.1 M HCI solution) at a scan rate of 20 mV s™ in the potential range -0.3 —

10V.
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Figure 2. Impedimetric characterization of the biosensor at different stages of
immobilization. (1) Bare Pt electrode; (2) PANI — GA modified Pt electrode and (3)
PANI — GA- CAT modified Pt electrode. In phosphate buffer solution (50 mM, pH 7.4)

with 5 mM Fe(CN)g 374",
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Figure 3. Cyclic voltammograms of different concentrations of H,0,. a) 5.0 x 10, b)
10.0 x 10°°, ¢) 30.0 x 10°®, d) 60.0 x 10 ®and e) 100.0 x 10°° M. . In phosphate buffer

solution (50 mM, pH 7.0) vs Ag/AgCl with a scan rate of 50 mV.
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Figure 4. DP voltammograms and corresponding calibration curve (inset) of various
concentrations of H,O, .Concentration (curve a—f): 0, 5.0 x 10°®, 10.0 x 10°°,
25.0 x 107%, 50.0 x 10 ®and 75.0 x 107° M. . In phosphate buffer solution (50 mM, pH

7.0) vs Ag/AgCl
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Figure 5. Amperometric measurements and corresponding calibration curve (inset) of
various concentrations of H,O, .Concentration (curve a—f): 5.0 x 10°®, 10.0 x 10°°,

25.0 x 10, 50.0 x 10, 75.0 x 10 ® and 100.0 x 10°° M.
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