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Abstract

The electroanalytical performance at three electrodes: DNA-modified glassy carbon electrode, mercury thin film electrode and glassy carbon
electrode, for the study of the electrochemical reduction of metronidazole is compared. All three electrodes showed a similar trend in the reduction
mechanism for metronidazole, dependent on pH in the acid and neutral region and independent in alkaline media, although there was a shift in the
peak potentials to more negative values when a bare glassy carbon electrode was used compared to the other two. Besides the advantage of using a
solid electrode for the reduction of metronidazole, the DNA-modified glassy carbon electrode enables a lower detection limit of 1.0 uM owing to
the preconcentration of the drug on the electrode surface, which is not the case for the mercury thin film or bare glassy carbon electrodes.
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1. Introduction

Metronidazole (2-methyl-5-nitroimidazole-1-ethanol) belongs to
a group of nitroimidazole drugs used in therapeutics [1].
Nitroimidazole derivatives are selectively toxic to anaerobic
bacteria and protozoarium. The reduction of nitroimidazoles
follows a complex mechanism and theoretically the nitro group
can receive as many as six electrons to form the corresponding
amine [2] (Scheme 1).

The mechanism of the biological action of nitroimidazoles
depends on the reduction of the nitro group which leads to
intermediate species which interact with DNA, oxidizing it and
liberating thymidine phosphate, causing a lesion characterized by
destabilization and damage of the double helix [1, 2].

Electrochemical techniques have been applied to the study of the
mechanism of action of the nitroimidazoles as antimicrobial agents
[3], and in pharmaceutical [4] and clinical [5] analysis. DC
polarographic studies [6] showed that the half-wave potential of
metronidazole changes in the presence of DNA bases such as
adenine, guanine and cytosine, to a lesser extent. These bases
interact easily with the hydroxylamine intermediate generated
during reduction of metronidazole. Voltammetric studies [6-8]
have shown two reduction waves in acid media for nitroimidazole
derivatives, the first wave corresponding to the reduction of the
nitro group to form the intermediate hydroxylamine (-NHOH),
transferring four electrons and the second wave corresponding to
hydroxylamine reduction to amine (-NH,), transferring two
electrons. Similar results were obtained for oridazole [9], but on
increasing the pH the second cathodic wave disappeared.

Some compounds show only one reduction wave in basic media
corresponding to the transfer of six electrons. The voltammeiric
behavior of metronidazole at a mercury drop electrode and pH 7.3
was the same as that observed in acid media with the half-wave
potentials of the two waves being respectively —0.34V and
—0.92V (vs. SCE) [6].
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On the other hand, Leach et al. [12] observed only one cathodic
wave for the reduction of nitroimidazole and obtained a half-wave
potential of —0.465V for metronidazole in a neutral buffer
supporting electrolyte solution, quite different from the results of
[6, 71.

Recently Zuman and co-workers [10, 13, 14] found that the half-
wave potentials for the first reduction step of the nitro group are
shifted to more negative potentials with increasing pH. Such a
change in the values of Ey, occurs both in aqueous media, where the
first reduction wave always corresponds to a four-electron transfer,
and in solutions with different percentages of organic solvent.
These shifts are attributed to an acid-base preequilibrium followed
by the first electron transfer to form the nitro radical.

In this article the results obtained for the electrochemical
reduction of metronidazole using three different electrode materials
are presented and compared: DNA-modified glassy carbon
electrode (DNA-GCE), mercury thin film electrode on a glassy
carbon substrate (MTFE) and glassy carbon electrode (GCE). The
results from this comparative study will enable us to study the
interaction of metronidazole with DNA and to quantify this
interaction using the DNA-modified GCE.

2. Experimental

Metronidazole (MTZ) was supplied by Rhodia Laboratories. Calf
thymus DNA (sodium salt, type I), was obtained from Sigma
Chemical Co. and was used without further purification. Citric acid/
phosphate buffer solutions with KNO; of ionic strength 0.2 were
used in all experiments at pH 4.5 and 7.4, and were prepared using
analytical grade reagents and purified water from a Millipore Milli-
Q system.

The DNA-modified working electrode was glassy carbon
modified with adsorbed DNA, the counter electrode was a Pt
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wire, and the reference electrode was a SCE, all contained in a one-
compartment cell. The DNA-GCE was prepared by covering a
glassy carbon electrode (Tokai, GC20, area 0.07 sz) with 3 mg of
DNA dissolved in 80 uL. of pH 4.5 acetate buffer and leaving the
electrode to dry. After drying, the electrode was immersed in
acetate buffer solution and a constant potential of +1.4V applied
during 5 min. Then it was transferred to a solution containing single
stranded DNA and differential pulse voltammograms were recorded
in the range 0 to 4+1.4 V until stabilization of the peak currents that
correspond to adenine and guanine electrooxidation occurred.

The mercury thin film electrode was prepared by immersing the
glassy carbon electrode in a solution of 1072 M Hg(NOs), and
electrolyzing it at —1.0 V during 60's. Afterwards the electrode was
transferred to the solution containing metronidazole.

The voltammograms were recorded using a pAutolab potentio-
stat/galvanostat running with GPES version 3 software, from Eco-
Chemie, Utrecht, Netherlands. The differential pulse voltammetry
conditions were: pulse amplitude 50 mV, pulse width 70ms and
scan rate 5mV s~ ..

3. Results and Discussion

Up until now, all studies on the electrochemical reduction of
metronidazole [6-8, 10] have been done using the mercury drop
electrode. The DNA-modified glassy carbon electrode has recently
been developed in our group [15] for the study of the interaction of
DNA with carboplatin and its quantification in serum samples from
patients undergoing treatment with this drug. It was expected that
this electrode would respond also to metronidazole because of
interaction with and damage to DNA by the metronidazole
reduction products.

Differential pulse voltammograms at pH 4.5 and 7.4 for the
reduction of metronidazole, for a concentration of 54.3 uM, using
the three different electrode materials: DNA-modified glassy
carbon electrode (DNA-GCE), mercury thin film electrode
(MTFE) and glassy carbon electrode (GCE), are shown in
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Fig. 1. Differential pulse (DP) voltammograms of 54.3 uM metronidazole in
pH 4.5 citrate/phosphate buffer: A) MTFE; B) DNA-GCE with 2min
preconcentration; B’) DNA-GCE; C) bare GCE. DP conditions: pulse
amp]itudle 50mV, pulse width 70ms, pulse interval 0.4s and scan rate
5mVs .

Figures 1 and 2, respectively. The values for the peak potentials
are in Table 1. This peak corresponds to the reduction of the nitro
group to form the hydroxylamine. In fact, the peak half-width using
the DNA-GCE or MTEFE is =100 mV whereas using a bare GCE is
=190 mV; the difference in peak potentials is 100 mV. AtpH4.5a
very small peak at a potential of —0.85V can be observed
corresponding to subsequent reduction of the hydroxylamine; no
reduction peak was observed at pH 7.4, meaning a decrease in the
rate of protonation of hydroxylamine with increasing pH.

Figure 3 shows a plot of E, vs. pH for the reduction of
metronidazole using the three different electrode materials: DNA-
GCE, MTFE and GCE. The lines correspond to 59 mV per pH unit
with the DNA-GCE and the GCE, and 90 mV per pH unit with the
MTFE. This confirms that the reduction mechanism using the
DNA-GCE is pH dependent in acid and neutral media although for
pH values higher than 8 the reduction is pH independent, in
agreement with previous data using a mercury electrode [11, 12]. It
is assumed that in acidic media at DNA-GCE and GCE the
complete reduction of metronidazole to the corresponding hydro-
xylamine involves 4 electrons and 4 protons followed by a two
electron reduction of the hydroxylamine, and that in alkaline
solution metronidazole is reduced in one six-electron step.
However, it is easier to reduce the metronidazole using the DNA-
GCE since the peak potentials are ca. 100 mV more positive than
when using the bare GCE.

The DNA-modified glassy carbon electrode enabled preconcen-
tration of metronidazole, which is not possible with the bare GCE or
with the MTFE, and permits the quantification of lower concentra-
tions than those obtained when using an unmodified glassy carbon
electrode. The possibility of accumulating target species onto a
DNA-modified hanging mercury drop electrode has aiready been
exploited in order to determine submicrogram quantities of
supercoiled, linear and denatured DNA in a procedure called
adsorptive transfer stripping voltammetry [14, 15].

In fact, the response for metronidazole is much better using a
DNA-GCE with preconcentration: the peak current is doubled and
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Fig. 2. Differential pulse (DP) voltammograms of 54.3 uM metronidazole in
pH 7 4 citric acid/phosphate buffer: A) MTFE; B) DNA-GCE; C) bare GCE.
DP conditions: pulse amplitude S0mV, pulse width 70 ms, pulse interval
0.4s and scan rate S5mVs™!.

Table 1. Values for the peak potentials [V] at the three different electrodes.

E, [V]

Electrode

material pH 4.5 pH 74

GCE —0.692 —0.732

DNA-GCE —0.472 —0.632
—0.398

MTFE —0.706
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Fig. 3. Plot of Ej, vs. pH for a 5.4 x 10~ M MTZ solution: B) M: DNA-GCE

with preconcentration during 2 min at 0.0 V with stirring; C) @: Bare GCE;
A) &: MTFE.

Table 2. Calibration plot data obtained at DNA-GCE, MTFE and GCE.

its width is smaller than with bare GCE or the MTFE. However,
preconcentration can cause problems of accumulation and memory
effects on the electrode surface and it may be necessary to clean the
electrode in buffer solution after each deposition when using the
DNA-GCE for successive depositions.

In Table 2 are shown, for comparison, the calibration plot data at
pH 4.5 and 7.4 for the three electrode materials: DNA-GCE, MTFE
and GCE. Effectively, at pH 4.5 without preconcentration there is
no apreciable benefit from the use of the DNA-GCE. However, the
calibration plots for the DNA-GCE even without preconcentration
at pH 7.4 always show better reproducibility than the MTFE or
GCE.

Differential pulse voltammograms with the DNA-GCE for
different concentrations of metronidazole are shown for pH 4.5
for 2 min preconcentration with stirring in Figure 4a and without
preconcentration in Figure 4b. At pH 4.5 with 2 min preconcentra-
tion there is good linearity, good sensitivity, and the limit of
detection is 1.0 uM. Without preconcentration the sensitivity is not
so good and the limit of detection is three times higher at 3.72 uM.
The voltammograms for the reduction of metronidazole at pH 4.5
showed the second reduction peak near —0.85V, corresponding to
the two electron step for reduction to the amine. When the DNA-
GCE is used at pH 7.4 without preconcentration the results were
better than at pH 4.5 and the sensitivity and the limit of detection is

Electrode Preconcentration Linear range [uM]
pH 4.5
DNA-GCE 0 min 4.76-54.3 I, [nA}=0.0586 C [uM] —0.139 (r = 0.998, n = 5)
2 min 1.0-54.3 I, [pA] = 0.123 C [pM] +0.00399 (r = 0.999, n = 8)
GCE 1.96-54.3 I, [pA]=0.0477 C [pM] —~0.0591 (r = 0.999,n =T7)
MTFE 4.76-54.3 I, [#A]=0.0934 C [uM] —0.273 (r = 0.999, n = 6)
pH 7.4
DNA-GCE 0 min 1.0-54.3 Iy [pA] = 0.0806 C [pM] ~0.00046 (r = 0.999, n = 9)
MTFE 2.91-54.3 I, [rA]=0.0786 C [uM] —0.0240 (r = 0.999, n = 7)
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Fig. 4. Differential pulse (DP) voltammograms in pH 4.5 citric acid/phosphate buffer: a) DNA-GCE, deposition time 2 min at 0.0 V with stirring; b) DNA-GCE
and no preconcentration. DP conditions: pulse amplitude 50 mV, pulse width 70 ms, pulse interval 0.4 s and scan rate 5mV s™'. [MTZ] =0.0; 1.0; 2.9; 4.8 9.1;

18.2; 27.2; 36.3; 54.3 uM.

Electroanalysis 1997, 9, No. 2
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Fig. 5. Differential pulse (DP) voltammograms in citric acid/phosphate buffer at the MTFE: a) in pH 4.5; b) in pH 7.4. DP conditions: pulse amplitude 50 mV,
pulse width 70 ms, pulse interval 0.4 s and scan rate 5 mV s [MTZ}=0.0; 1.9; 2.9; 4.8; 9.1; 18.2; 27.2; 36.3; 54.3 uM.

1.1 uM. For pH 7.4 the use of preconcentration did not improve
when compared to pH 4.5.

Differential pulse voltammograms with the MTFE for different
concentrations of metronidazole are shown for pH 4.5 in Figure 5a
and for pH 7.4 in Figure 5b. The voltammograms for the reduction
of metronidazole at pH 4.5 also showed a second reduction peak
near —0.85V, corresponding to the two electron step for reduction
to the amine. There is good linearity, but it is not possible to
preconcentrate the metronidazole on the mercury film. The values
for the currents measured were not significantly different but for
pH 4.5 the detection limit is 2.3 uM and for pH 7.4 the detection
limit is 2.4 uM.

Similar experiments were performed with the bare GCE, and in
Figure 6 are shown the differential pulse voltammograms for
different concentrations of metronidazole without any preconcen-
tration. For pH 4.5 the detection limit is 1.2 uM. At pH 7.4 bigger
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Fig. 6. Differential pulse (DP) voltammograms in pH 4.5 in citric acid/
phosphate buffer at a bare GCE, [MTZ]=0.0; 1.0; 2.9; 4.8; 9.1; 18.2; 27.2;
36.3; 54.3 uM. DP conditions: pulse amplitude 50 mV, pulse width 70 ms,
pulse interval 0.4 s and scan rate SmVs™'.

currents for the reduction of metronidazole were observed;
however, the linearity was not good and the linear range is only
4.8 to 36.3 uM. The detection limit is 3.6 uM.

4. Conclusions

All three electrodes show a similar trend in the reduction
mechanism of metronidazole, being dependent on pH in the acid
and neutral region and independent in alkaline media, although
there was a shift in the peak potentials to more negative values
when a bare glassy carbon electrode was used. At pH 4.5 with the
DNA-biosensor and the MTFE a second reduction peak was
observed for the subsequent reduction to the amine.

In comparing the electroanalytical performance of the three
electrodes: DNA-modified glassy carbon electrode, mercury thin
film electrode and glassy carbon electrode, the DNA-modified
glassy carbon electrode offered a lower detection limit of 1.0 uM
due to the higher currents obtained for the reduction of
metronidazole and the possibility of preconcentration on the
electrode surface. It is not possible to preconcentrate the analyte
using either the mercury thin film electrode or a bare glassy carbon
This is clearly an advantage of the DNA-modified electrode.
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