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Abstract: The electrocatalytical property of single-wall carbon nanotube (SWNT)
modified electrode toward NADH detection was explored by cyclic voltammetry and
amperometry techniques. The experimental results show that SWNT decrease the
overvoltage required for oxidation of NADH (to +300 mV vs. Ag/AgCl) and this property
make them suitable for dehydrogenases based biosensors. The behavior of the SWNT
modified biosensor for L-malic acid was studied as an example for dehydrogenases
biosensor. The amperometric measurements indicate that malate dehydrogenase (MDH)
can be strongly adsorbed on the surface of the SWNT-modified electrode to form an
approximate monolayer film. Enzyme immobilization in Nafion membrane can increase
the biosensor stability. A linear calibration curve was obtained for L-malic acid
concentrations between 0.2 and 1mM.
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1. Introduction

The need for cheap, fast, and easy to use analytical tools during the last decades, resulted in
biosensors progress as a dynamic technique for qualitative and quantitative determination of different
analytes for environmental monitoring, clinical diagnosis, and food and process control. The
development of electrochemical biosensors has recently gained increasing interest for biological
applications since they have the advantages of sensitivity, selectivity, to operate in complex media and
are amenable to miniaturization.
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The most attractive feature of electrochemical techniques is the possibility to design a chemically
modified electrode (CME) for sensitive and selective analytical applications. To prepare the CME,
most often a thin film of selected chemical is either bound or coated onto the electrode surface to
provide the electrode with chemical, electrochemical, electrical, and other desirable properties of the
film. Electrocatalytic property is one of the noticeable features of CME to be utilized in
electroanalytical chemistry [1].

Carbon nanotubes (CNT), a fast developing material having branches of single-wall (SWNT) and
multi-wall (MWNT), are also used for modifying the electrode surface by simple casting from acetone,
dimethylformamide (DMF), Nafion or diluted HNO; sonicated solutions. Various chemical sensors
and biosensors based on CNT have been developed to detect some important species that are related to
human health or food monitoring, such as glucose, NADH, ascorbic acid, cytochrome C and DNA
[2—11]. Researchers have demonstrated that CNT have a high electrocatalytic effect, a fast electron-
transfer rate, and a large working surface area [12-14]. The electrochemical sensor application of the
CNT was reviewed by Zhuang et al. [15] and later by Wang [16].

The electrochemical oxidation of NADH or NADPH is becoming more and more interesting,
especially for the purpose of analysis, because many oxidoreductases, particularly dehydrogenases,
need it as cofactor to catalyze redox reaction. The ability of CNT to promote the electron transfer
reactions of NADH has been used for the development of dehydrogenase-biosensors [17-21].
In addition, electrochemical biosensors based on dehydrogenases have been developed through
electrocatalytic oxidation of NAD(P)H cofactors onto the modified CNT or functionalized CNT
[22, 23]. Antiochia et al. [24] prepared CNT paste electrodes modified with electrodeposited film
derived from 3,4-dihydroxybenzaldehyde and constructed glucose biosensors by successively coupling
with glucose dehydrogenase. Zhang et al. [25] used chitosan to solubilize the CNT and to create a
biocompatible environment for enzyme immobilization onto the surface of CNT.

Malic acid is widely distributed in small amounts in many natural food products. It is the
predominant acid in many fruits, being known as “apple acid” because it is found in high concentration
in apples, apricots, peaches, grapes as well as various citrus fruits, berries, figs, carrots, peas, beans
and tomatoes [26]. There is a need to develop selective methods based on existing biosensor
technology to determine malic acid, which is a taste determining constituent of fruits and fruit juices.

The enzymatic pathway exploited for the determination of malic acid is the reaction catalyzed by

malate dehydrogenase:

Malic acid + NAD" ﬂ Oxaloacetate + NADH + H'

This work proposes a low potential amperometric enzyme biosensor based on a carbon
nanotubes-modified glassy carbon electrode for the determination of L-malic acid. Preliminary
electrochemical characterization of the electrode was performed using NADH as intermediary analyte.
This allowed the analytical performances of the electrode to be examined as well as to determine the
oxidation peak potential of NADH.
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2. Materials and Methods
2.1. Apparatus and reagents

All the chemical reagents were obtained from Sigma, of the highest grade available and used
without further purification. Single-wall carbon nanotubes (SWNT) of 0.5-100 um length were
purchased from Aldrich. Malate dehydrogenase — MAD-211 (E.C.1.1.1.37) extracted from
microorganism was delivered by Sorachim, France. Nafion 5% was purchased from Fluka.

Cyclic voltammetry and amperometry experiments were performed using an electrochemical
analyzer pAutolab type III connected to a PC for collecting the data. The electrochemical cell was
assembled with a conventional three-electrode system: the glassy carbon (GC) electrode as working
electrode, an Ag/AgCl reference electrode and a Pt counter electrode.

2.2. Electrode assembly

Prior to the surface modification, the glassy carbon electrodes were polished with 1, 0.3 and
0.05um alumina particles, washed with distilled water and finally were sonicated with distilled water
for 5 min. The single wall carbon nanotubes (SWNT) were immobilized onto the GC electrodes by
using dimethylformamide (DMF) as the dispersing agent. The casting solution was prepared by
introducing 2 mg of SWNT into ImL of DMF. These solutions were sonicated for 1h to promote the
homogenous dispersion of the nanotubes. An aliquot of 2.5uL from each solution was placed directly
onto the electrode surface and allowed for the solvent evaporation.

The enzyme electrodes have been prepared by simple physical adsorption of the enzyme on the
SWNT layer. A 2.5ul of the MDH solution of different activity (1120UI/mL, 560UI/mL and
280UI/mL) have been deposited on the electrode surface and allowed to dry at room temperature. For
the cross-linked enzyme electrode, 100pL solution of MDH (270U/mL) prepared in pyrophosphate
buffer pH 9.3, was mixed with 4 mg BSA and 20uL of glutaraldehyde (5% or 2.5% v/v). For Nafion
membrane, the MDH solution (420UI/mL) was mixed with Nafion 1% in a 2:1 ratio (v/v) followed by
casting a small volume of the solution (2.5uL) onto the electrode surface and allowing the solvent to
evaporate.

2.3. Procedure

All the measurements accomplished for the NADH sensor and for malic acid biosensor
characterization were carried out in 0.1 M pyrophosphate buffer, pH 9.3, taking into account the fact
that this enzyme exhibits the higher activity in this medium [27, 28]. Amperometric detection was
performed under magnetic stirring, by applying the proper potential. The steady-state current was
recorded prior (as a baseline) and after the addition of the analyte. Cyclic voltammetry experiments
were accomplished at a scan rate of 100mV/s over the relevant potential range. All experiments were
performed at room temperature.
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3. Results and Discussion

3.1. Voltammetric behaviour of the SWNT-GC sensor toward NADH

Fig. 1 compares cyclic voltammograms for NADH, at unmodified and SWNT modified glassy
carbon electrodes. The oxidation of NADH takes place at lower potential when GC electrode is
modified with SWNT; the oxidation peak is negatively shifted from 700 mV to 300 mV vs. Ag/AgCl.
The anodic peak current of the oxidation of NADH at bare GC electrode is much lower than that
obtained on a SWNT-GC electrode, suggesting that CNT material is very effective in promoting the
electrochemical oxidation of NADH.
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Figure 1. Cyclic voltammograms for 1 mM NADH at unmodified GC (blue line) and
SWNT-GC (black line) electrodes. Scan rate 100 mV/s; 0.1 M pyrophosphate buffer,
pH 9.3.

Cyclic voltammetric experiments for NADH with SWNT-GC electrodes have indicated an
improved electrochemical reactivity towards the oxidation of this compound compared to common
glassy carbon electrodes.

3.2. Electroanalytical performance of the NADH sensor

Amperometric technique was used to determine NADH by applying a potential of 300 mV and the
resulting calibration plots reflect the sensitivity of SWNT-GC electrodes for the range of concentration
explored (Fig. 2).

After each addition of NADH, the anodic current increased and reached a steady state within 4 s.
The sensitivity is about 4.6 mA/M (with a SD of +0.25, for n=3), a linear response range is observed
up to 3 mM NADH and a detection limit of 0.5 uM (based on signal/noise = 3) was calculated.
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Figure 2. Calibration curve of SWNT-GC electrode using successive addition of NADH
(E=300mV vs. Ag/AgCl).

The oxidation of NADH was shown to occur at lower potential at the SWNT modified electrodes
compared to the bare electrodes. The stability of the sensors is a critical feature for their successful
practical applications. The operational stability (Fig.3) of the SWNT modified electrodes was
examined by amperometric detection of 0.05 mM NADH at an applied potential of +300 mV versus
Ag/AgCl. SWNT-GC electrodes have maintained more than 100% of the initial activity during 10
repetitive measurements. Furthermore, a slowly increasing of the electrode response was noticed.
When the SWNT-GC sensor was not in use, it was stored in the air at room temperature. A decrease of
5% was observed for amperometric response after 2 weeks.
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Figure 3. Operational stability of the SWNT-GC electrode. (0.05mM NADH, E =300mV).
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Their highly stable amperometric response to NADH is an extremely attractive feature of the
SWNT-modified electrodes making them suitable for dehydrogenase biosensor assembling.

3.3. Biosensor for L-malic acid

For developing a biosensor for L-malic acid, the enzyme has to be placed in the close vicinity of
SWNT layer. For initials experiments, the enzyme was immobilized by physical adsorption. In order to
improve the stability of biosensors and overcome the problems associated with leaching of enzyme,
some membranes were used for immobilization.

3.3.1. Adsorbed enzyme

Initial tests were focused on determining the minimum enzyme loading required to generate a
maximum current response from the system. For this purpose, the electrodes were prepared with 0.7,
1.4 and 2.8 UI MDH adsorbed on the SWNT layer. tests were performed until saturating levels of L-
malic acid (up to 1 mM L-malic acid). The currents detected at enzyme modified electrode
(MDH/SWNT-GC) are due to the oxidation of NADH produced by the enzymatic catalysed reaction of
NAD" with the L-malic acid substrate. Catalytic currents for NADH oxidation were observed with all
three types of the electrodes but the higher response was obtained when the enzyme loading was
smaller.

The experimental results are summarized in table 1. The LOD is calculated for a signal-to-noise

ratio of 3.
Table 1. Analytical characteristics of the L-malic acid biosensors.
Enzyme loading | Sensitivity | Linear range LOD Linear regression R’
(Ul/electrode) (nA/mM) (mM) (LM) equation
0.7 455 0.2-0.8 33 y =455x +217 0.9916
1.4 283 0.2-0.8 53 y =283x + 145 0.9956
2.8 233 0.1-0.6 50 y =299x + 85 0.9936

The response of the MDH/SWNT-GC electrodes to malic acid addition was rather fast, and the
response time was about 8 s for all three types of electrodes.

The stability of the MDH/SWNT-GC electrode was studied by repetitive amperometric
measurements of a solution of L-malic acid 0.1 mM. Although the response of biosensor decreased
from an assay to another due to the leakage of a part of enzyme, the electrode could still retain about
75% of the initial response after 5 determinations for all three cases of enzyme loading (Fig. 4).

The good stability of the MDH/SWNT-GC electrodes proves that the enzyme is strongly adsorbed
on the nanotubes layer.
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3.3.2. Cross-linked enzyme

MDH immobilized by glutaraldehyde cross-linking with BSA showed low activity, even for
additional amount of cofactor supplied in solution. For a concentration of 0.1 mM L-malic acid the
amperometric response of the biosensor with 0.7 Ul enzyme is about 15+5nA. Glutaraldehyde

appeared to significantly deactivate MDH and thus, alternative immobilization strategies were
investigated.
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Figure 4. Stability of L-malic acid biosensor with (¢) 2.8 UL, (x) 1.4 Ul and (o) 0.7 Ul
MDH loading. (0.1 mM L-malic acid, 2 mM NAD", E= 300 mV vs. Ag/AgCl).

3.3.3. Nafion membrane - enzyme

L-malic acid biosensor was prepared by casting the MDH-Nafion membranes over SWNT-
modified glassy carbon electrodes to have a final 0.7 Ul MDH loading on the surface. The biosensor
can linearly detect L-malic acid from 0.2 up to the ImM level (Fig. 5A), with a sensitivity of
200nA/mM, which is approximately 2 times lower than the sensitivity of biosensor with adsorbed
enzyme.

A comparison with the previously reported enzyme electrodes based on physical adsorption of

MDH, shows that the proposed approach displays an improvement in operational stability of the
resulting biosensor (Fig. 5B).
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Figure 5. (A) Calibration curves of MDH biosensors: (m) MDH-Nafion/SWNT-GC and
(o) MDH/SWNT-GC electrodes. (0.7U1 MDH/electrode; 2 mM NAD"; E= 300 mV vs.
Ag/AgCl) (B) Operational stability of the MDH biosensors. (m) MDH-Nafion/SWNT-GC
electrode and (o) MDH/SWNT-GC electrode. (0.1 mM L-malic acid, 2 mM NAD"; E=
300 mV vs. Ag/AgCl)

The biosensor based on enzyme immobilized in Nafion-membrane presented a relatively fast
response to 0.ImM L-malic - less than 15 s.

3.4. Conclusions

The new application of carbon nanotubes, an attractive electrocatalytic nanomaterial, for
preparation of an amperometric biosensor is proposed. Electrochemical techniques were employed to
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test the function and performance of the constructed biosensor. Characterization of the carbon
nanotube modified electrode was performed using NADH as the analyte of interest. The resulting
SWNT-modified electrode shows a very efficient electrocatalytic behavior toward the oxidation of
NADH at a low potential, a good operational stability and presents a high sensitivity.

The new application of the catalyst described to biosensor development has been demonstrated by
the construction of a very simple L-malic acid biosensor. The sensors for NADH and dehydrogenase
substrate exhibit good analytical performance with low cost, convenient preparation, sensitive and
rapid detection.

For initial tests, the biosensor for L-malic acid was realized by immobilizing the enzymes through
physical adsorption. An improvement of the biosensor stability was obtained if the enzyme was
immobilized onto the electrode surface through Nafion membrane. The methods for preparing the
sensor and biosensor were simple and reproducible and the range of analytes could be extended to
other dehydrogenases substrates.
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