The Open Chemical and Biomedical Methods Journal, 2010, 3, 27-36 27

Application of Electrochemical Methods for Analysis of Fluoroquinolones
Antibacterial Agents and Fluoroquinolones-DNA Interactions
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Abstract: This mini review describes the results regarding the voltammetric determination of micromolar, submicromolar
and nanomolar concentrations of various fluoroquinolones antibacterial agents using both traditional hanging mercury
drop electrode, carbon paste electrode, glassy carbon paste electrode and chemically modified electrodes. We concentrate
on the interaction of quinolones with DNA in solution and at electrode surface in the context of the general development

in the field.
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1. INTRODUCTION: QUINOLONES HISTORY AND
STRUCTURE

The term quinolones is commonly used for the quinolone
carboxylic acids or 4-quinolones; a group of synthetic
antibacterial agents containing 4-oxo-1,4-dihydroquinoline
skeleton. The first analogue of this class, nalidixic acid, was
synthesized in 1962 [1] and used for the treatment of urinary
tract infections [2]. It is more active against Gram-positive
than Gram-negative organisms [3,4]. The major metabolite
of nalidixic acid is similar in spectrum and potency to that of
the parent compound [5,6]. The molecular structures of the
quinolones have been adapted over time in association with
clinical need. The addition of chemical groups to the original
quinolone nucleus has allowed the development of different
levels of increasing quinolone bacterial activity [7].
Antimicrobial activity of the first-generation fluoroquino-
lones (nalidixic acid) is high against aerobic Gram-negative
bacteria including most enterobacteria; however, the activity
against aerobic Gram-positive bacteria is poor [8]. Second
generation fluoroquinolones (norfloxacin, ciprofloxacin,
ofloxacin and levofloxacin) show improved activity against
Gram-negative bacteria, including excellent activity against
Pseudomonas aureginosa (particularly in the case of
ciprofloxacin) and added activity against aerobic Gram-
positive bacteria with poor activity against anaerobic
pathogens [9,10]. The addition of third generation
fluoroquinolones (grepafloxacin, sparfloxacin, temafloxacin,
tosufloxacin, pazufloxacin) added activity against anaerobes
and greater potency against aecrobic Gram-positive bacteria,
particularly against Streptococcus pneumoniae, and the
newer fourth generation fluoroquinolones (gatifloxacin,
trovafloxacin, gemifloxacin, moxifloxacin) show potent
activity against anaerobes and an impressive activity against
Streptococcus  pneumoniae, including penicillin  and
cephalosporin resistant isolates [11-14].
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2. MECHANISM OF ACTION OF FLUORO-
QUINOLONES

The bactericidal activity generated by fluoroquinolones is
caused by their inhibition of two bacterial enzymes: DNA
gyrase and topoisomerase IV enzymes. DNA gyrase
(topoisomerase II) is an essential enzyme involved in the
replication, transcription and reparation of the bacterial
DNA. This enzyme is composed of a tetramer of two
subunits: GyrA and GyrB. The A subunit is responsible for
breakage and resealing of chromosomal DNA. The B subunit
is responsible for energy transduction from ATP hydrolysis.
Topoisomerase IV is an enzyme responsible for the
separation of daughter DNA strands during bacterial cell
division in Gram-positive bacteria and it is composed of a
tetramer of two subunits: ParC and ParE. In Gram negative
organisms DNA gyrase is the primary target, in the case of
topoisomerase IV the Gram-positive bacteria is the most
affected. Currently several structural models have been
suggested to account for the action of quinolones [15-23]. In
common, all suggested models require a direct interaction
between the drug and either single or double-stranded DNA
[24]. One of these models suggests that Mg”" plays an
important role in the drug binding to a DNA-gyrase complex
[25-28]. However the exact mechanism of action is still
unclear and several points such as: (i) preference for single-
or double-strand DNA binding; (ii) the role of Mg ions;
(iii) groove binding versus classical interaction need to be
addressed. Thus, contribution to deeper insight into the
mechanism of interaction of this class of antibiotics with
DNA is important for a better understanding of their
therapeutic efficiency.

3. ELECTROCHEMICAL REDUCTION OF FLUORO-
QUINOLONES ON MERCURY ELECTRODE

A great number of papers have been reported for the
determination of fluoroquinolones in pharmaceutical
formulations and biological samples [29]. Electrochemical
methods have proved to be sensitive and reliable for the
determination of numerous electroactive drug components
[30-32]. They are useful both for the analysis of
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pharmaceutical dosage forms and determination of drugs in
biological fluids. The presence of carbonyl and carboxylic
acid groups within the fluoroquinolones molecules has
initiated several polarographic studies. Electrochemical
stripping techniques proved highly suitable tools for
fluoroquinolones analysis. Strong tendency of
fluoroquinolones to accumulate on the electrode surface
offers a possibility of their highly sensitive determination by
stripping voltammetry.

The direct current polarographic reduction and
preparative electrolysis of nalidixic acid at the DME was
first reported by Starosak et al. [33]. The limit of
quantification of this method (10°-10°M) was high. Van-
Oort et al. determined the total content of nalidixic acid and
its metabolite, the 7-hydroxymethyl derivative, using the
polarographic reduction on the dropping mercury electrode
[34]. A differential pulse polarographic method was applied
to urine samples, after extraction into chloroform using
direct current and differential pulse polarographic signals.

The nalidixic acid drug was studied by cyclic
voltammetry and cathodic adsorptive stripping voltammetry
[35]. A sensitive method was described for the determination
of the drug in its pure form, dosage forms and biological
fluids. Controlled adsorptive accumulation of nalidixic acid
on a hanging mercury drop electrode provides the basis for
the direct stripping measurement of that compound at a
nanomolar concentration level. Cathodic adsorptive stripping
voltammetry has been proved to be advantageous over a
liquid chromatographic technique, allowing lower detection
limit of nalidixic acid to be reached. The method was applied
for two different commercial pharmaceutical products
(tablets and suspension) with very good recoveries. It was
also shown that the method was successfully applied to the
determination of nalidixic acid in human urine and blood
serum.

Nalidixic acid and its main metabolite, 7-
hydroximethylnalidixic acid showed an adsorption process
on a hanging mercury electrode [36]. On this basis, a square
wave adsorptive stripping voltammetry method has been
developed for the individual and simultaneous determination
of the drug and its main metabolite. The method was applied
to urine samples containing only one of the analytes with
satisfactory recoveries. As the voltammetric signals of these
compounds show a high overlapping, different chemometric
methods have been used for the resolution of the mixture.
The analysis of these compounds in urine samples were
carried out using the different chemometric tools and with
good recoveries. No pre-treatment of the sample was
necessary, only dilution was enough.

A sensitive method was described for the determination
of ofloxacin in its pure form, dosage forms and biological
fluids [37]. The proposed method based on the polarographic
activity of ofloxacin in Britton Robinson buffers, whereby a
well-defined cathodic wave was produced. The wave was
characterized as being irreversible, diffusion-controlled with
limited adsorption properties. The proposed method was
successfully applied to the determination of ofloxacin in
tablets and biological fluids. The results obtained were found
to be in agreement with that obtained by a reference method.
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The polarographic and voltammetric behaviour of
enoxacin was described. There was a well defined reductive
peak using linear sweep voltammetry in H,SO4 solution [38].
The peak current was proportional to the concentration of
enoxacin. The characteristics of the peak were examined in
detail. The results proved that the reduction of enoxacin was
irreversible and the peak had adsorption characteristics. A
mechanism was proposed for the reduction of enoxacin.

Flumequine was found to be reduced at the dropping
mercury electrode in Britton-Robinson buffer containing
methanol as a solubilizer [39]. A well-defined cathodic wave
was produced over this entire range. The wave was
characterized as being diffusion-controlled, although
adsorption phenomena played a limited role in the reduction
process. The proposed method was applied to the
determination of flumequine in tablets, and the results were
satisfactorily accurate and precise.

Linear sweep votammetry [40] and differential pulse
polarography [41] were used to study quinolone antibiotics:
ciprofloxacin, enoxacin, norfloxacin, ofloxacin and
pefloxacin on a mercuty electrode. The optimal parameters
and Dbackground solutions have been chosen. New
voltammetric method for quinolone determination in pure
from and pharmaceutical formulations was found. Statistical
analysis of the results obtained showed that the proposed
method was of good accuracy and precision.

Sensitive cathodic stripping voltammetric methods have
been developed for two quinolone antibacterial drugs,
pipemidic acid and ofloxacin using hanging mercury drop
electrode [42]. The methods were developed for the
determination of drugs individually as well as
simultaneously. The presence of glucose, lactose, sorbitol,
gum arabic, starch, magnesium stearate, methylparaben and
propylparaben did not affect the determinations of both
pipemidic acid and ofloxacin. The methods were used for the
analysis of pharmaceutical preparations. Pipemidic acid and
ofloxacin could also be determined simultaneously, and were
determined in spiked human urine.

A linear sweep stripping voltammetric method has been
developed for simultaneous quantitative determination of
mixtures of three antibiotic drugs, ofloxacin, norfloxacin and
ciprofloxacin [43]. It relied on the reductive reaction of the
antibiotics at a mercury electrode in a Britton-Robinson
buffer. The voltammograms of these three compounds
overlapped strongly, and showed non-linear character. Thus,
it was difficult to analyse the compounds individually in
their mixtures. The chemometrics methods were applied for
the simultaneous determination of these compounds. The
proposed analytical method based on linear sweep stripping
voltammetry was applied for the analysis of ofloxacin,
norfloxacin and ciprofloxacin antibiotics in bird feedstuffs
and their spiked samples, as well as in eye drops with
satisfactory results.

Direct current polarography and cyclic voltammetry were
used to study quinolone antibiotics: ciprofloxacin, enoxacin,
norfloxacin, ofloxacin and pefloxacin on mercury and carbon
electrodes [44]. The dependence of limiting currents and
half-wave potentials on the pH of the solution, mercury
head, temperature, ionic strength of the solution, methyl
cellulose  concentration, scan rate and quinolone
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concentration was studied. The optimal parameters and
background solutions have been chosen. It was concluded
that on mercury electrode quinolones are reduced in two one-
electron waves and the process of the reduction was
accompanied by an acid-base equilibrium. An anodic peak
observed on graphite electrode was probably caused by the
oxidation of piperazine ring in the molecule.

A sensitive reduction wave of norfloxacin was obtained
by single-sweep oscillopolarography in NH4CI solution [45].
The adsorptive characteristics of the system have been
studied by means of linear sweep; cyclic voltammetry and
normal pulse polarography. The electrode reduction process
was irreversible with adsorptive characteristics. The method
has been applied to the determination of norfloxacin.

Cyclic voltammetric investigations have been performed
which showed that norfloxacin exhibited adsorptive
processes at the hanging mercury drop electrode in various
base electrolytes [46]. The optimum experimental parameters
were assessed for each base electrolyte. Calibration plots
covered ultratrace levels of norfloxacin depending on the
base electrolyte and the adsorptive peak used for analysis.
These linearities may be ascribed to pure adsorptive and
mixed adsorptive-diffusion processes. Norfloxacin in
Noroxin commercial tablets was determined using the
standard addition technique. Good recoveries were obtained
without an interference from the drug excipients.

The polarographic and voltammetric behavior of
ciprofloxacin lactate and its application were studied. A
well-defined reduction peak was yielded by ciprofloxacin in
NH,CI-NHOH buffer solution [47]. The experimental results
showed that the reduction of ciprofloxacin belong to an
irreversible process with reactant adsorption. The electrode
reaction mechanism was preliminarily presented. Most of
metallic ions did not interfere with the determination. This
behavior was used to determine ciprofloxacin in raw samples
and injections and could also be used to determine the trace
ciprofloxacin in serum, plasma and urine samples. It might
provide a simple, rapid and sensitive method for
determination in clinical medicine and pharmacokinetics.

A simple, rapid, reliable and fully validated square wave
cathodic adsorptive stripping voltammetric procedure has
been developed for the determination of the pefloxacin drug
in bulk form, tablets and human serum, based on its
electrochemical reduction at a hanging mercury drop
electrode [48]. At the optimized conditions, a single 2-
electron well-defined peak attributed to the reduction of the
C=0 group was obtained. The proposed procedure was
successfully applied for the determination of the drug in
tablets and human serum. The results of the proposed
procedure were comparable with those obtained by reported
methods.

The voltammetric behaviour of enrofloxacin, sparflox-
acin and fleroxacin was studied using direct current, differ-
ential pulse and alternating current polarography [49]. All
the drugs manifested cathodic waves which were
characterized as being irreversible, diffusion-controlled with
limited adsorption properties. The proposed method was
successfully applied for the determination of the studied
compounds either per se or in formulations and biological
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fluids. The results obtained were concordant to those given
using reference methods.

An electroanalytical methodology was developed for
square-wave voltammetry based on the -electrochemical
reduction on hanging mercury drop electrode, which was
simple, fast, reliable and sensitive for determination of
moxifloxacin in tablets and spiked urine human samples
[50]. At the best-optimized conditions the drug presented a
single peak of reduction. A good recovery was obtained for
the assay of spiked urine samples and a good quantification
of moxifloxacin was achieved in a commercial formulation.
The methodology proposed was more sensitive than the
spectrofluorimetric and spectrophotometric method with
equivalent recision and accuracy.

A simple, fast, sensitive and fully validated differential
pulse polarographic method for the determination of trace
amounts of moxifloxacin in pharmaceutics, serum and urine
was reported [51]. Moxifloxacin exhibited a well-defined
irreversible cathodic peak in Britton-Robinson buffer. The
current has been characterized as being diffusion-controlled
process. The proposed method was applied to commercial
tablets and average percentage recovery was in agreement
with that obtained by spectrophotometric comparison
method. The method was extended to the in vitro
determination of moxifloxacin in spiked human serum and
urine.

The direct current and differential pulse polarographic
reduction of fleroxacin was done in a wide pH range [52].
The appropriate buffer choice was made for its polarographic
determination. The adsorptive properties of fleroxacin were
investigated in order to achieve an increase in sensitivity and
a possibility of fleroxacin determination by applying the
adsorptive stripping voltammetric method. The adsorptive
processes at the hanging mercury drop electrode were
investigated in Britton-Robinson and borate buffers.
Adsorptive preconcentration followed by differential-pulse
cathodic stripping showed one wave which was sensitive for
analytical determination of fleroxacin.

4. ELECTROCHEMISTRY OF THE METAL IONS-
FLUOROQUINOLONE COMPLEXES

The interaction of biologically active metal ions: Co(Il),
Cr(JII), Fe(IIT), Mn(II) and Cu(II) with norfloxacin has been
studied at platinum working electrode using cyclic
voltammetric technique [53]. The voltammetric pattern
showed characteristic peaks with norfloxacin, however, the
peaks of the free metal ions were influenced by the presence
of norfloxacin indicating complexation with the metal ions.
The results showed that norfloxacin formed complexes with
metal ions in 1:2 ratio. The values of stability constant and
thermodynamic parameters AG°, AH® and AS°® for complex
formation are evaluated. These findings reveal the possible
use of various metal ions for analytical and
chemotherapeutic investigations with norfloxacin.

Sparfloxacin and its pharmaceutical formulation have
been analysed using polarographic and amperometric
methods [54]. Complexation behavior of sparfloxacin with
Fe(Il), both in solid and liquid phases has been studied by
elemental analysis, IR-spectra and polarographic and
amperometric methods. Sparfloxacin produced a single
cathodic reduction. The wave was diffusion controlled and
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wave height was proportional to the concentration of
sparfloxacin. The complex was also reversibly reduced at the
electrode surface with diffusion-controlled kinetics. The
stoichiometry of the Fe(Il)-sparfloxacin complex was 1:1.
Antibacterial studies on the drug and its metal complex have
been performed against different bacteria. The observed
results revealed the complex to be more potent in its
antibacterial activity as compared to the parent drug. On the
basis of observed results it could be concluded that the
prepared Fe(II)-sparfloxacin complex may be recommended
to the therapeutic experts for its possible use as a more
potent antibiotic drug.

Two simple, precise, inexpensive and sensitive voltam-
metric methods for the determination of lomefloxacin,
sparfloxacin hydrochloride, gatifloxacin, and moxifloxacin
were developed [55]. The present methods were first used to
explore the adsorption behavior of the four investigated
antibacterial agents at a hanging mercury dropping electrode,
by a direct method and secondly by a modification via their
complexation with PdCl,. For the direct method, the
adsorptive stripping response was evaluated as a function of
some variables such as the scan rate, pH, accumulation time
and potential. For the modified method, the adsorptive
behavior of Pd(II)-4-quinolone complexes at the hanging
mercury dropping electrode developed a strippining
voltammetry peak at a more negative potential than that of
the free Pd(Il) ions. The methods were applied to the
determination of lomefloxacin, sparfloxacin hydrochloride,
gatifloxacin, and moxifloxacin in biological samples and
pharmaceutical preparations, and also compared with the
official reference methods. Complete validation of the
proposed methods was also done.

An electroanalytical method for the determination of
moxifloxacin in tablets by its interaction with Cu(Il) ion and
subsequent electrochemical reduction at hanging mercury
drop electrode has been developed [56]. A well-defined
reduction peak in phosphate buffer was observed using
accumulation for the complex moxifloxacin-Cu(Il), using
square-wave voltammetry. The obtained results have shown
good agreement with those obtained by spectrophotometric
method.

The polarographic reduction of Co(Il) in the presence of
moxifloxacin gave rise to an additional adsorption peak
corresponding to the reduction of Co(Il)-moxifloxacin
complex on the mercury drop electrode [57]. This new peak
was applicable to Co(Il) determination and could be
attributed to an adsorption-controlled process with an
irreversible reduction. The accuracy of the method was also
checked by the determination of Co(Il) spiked with tap water
and certified sea water, and excellent percentage recoveries
were obtained.

A sensitive method for determination of trace zinc based
on adsorptive preconcentration of zinc-nalidixic acid
complex onto the surface of a hanging mercury drop
electrode has been described [58]. The effect of positively
and negatively charged ions on the peak height of Zn-
nalidixic acid complex was evaluated. The method was
applied to the determination of zinc in: spring water, tap
water, seawater, dry tea, Tab. Sanatogen gold A-Z, and NIST
certified reference material with satisfactory results.
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A simple and sensitive electroanalytical method was
developed for the determination of enrofloxacin by
adsorptive cathodic stripping voltammetry using Cu(Il) as a
suitable probe [59]. The complex of copper(ll) with
enrofloxacin was accumulated at the surface of a hanging
mercury drop electrode. Then, the preconcentrated complex
was reduced and the peak current was measured using square
wave voltammetry. The optimization of experimental
variables was conducted by experimental design and support
vector machine modeling. The model was used to find
optimized values for the factors such as pH, Cu(ll)
concentration and accumulation potential. The influence of
potential interfering substances on the determination of
enrofloxacin was examined. The method was successfully
applied to determination of enrofloxacin in plasma and
pharmaceutical samples.

5. ELECTROCHEMISTRY OF FLUOROQUINO-
LONES AT SOLID ELECTRODES

Pipemidic acid was determined by concentrating it on
carbon fiber indicator electrode at 100 mV for 30 s and
applying anodic stripping voltammetry between 0 and 1.3 V
[60]. The method was not affected by oxygen, no extraction
was required before the voltammetric analysis, and the
excipients present in the pipemidic tablets showed no
interference with the analysis. The method was used for the
determination of pipemidic in tablets with satisfactory
results.

A detailed study of the electrochemistry of sparfloxacin
at a glassy carbon electrode was carried out in aqueous
solution using cyclic and differential pulse voltammetry [61].
The influence of different supporting electrolytes, pH, scan
rate and concentrations on the voltammetric response was
studied. The studies revealed the irreversible oxidation of
sparfloxacin at basic pH in a diffusion controlled manner. In
addition, a differential pulse voltammetric method was
proposed for the determination of the drug in different
pharmaceutical formulations.

The adsorptive and electrochemical behavior of
norfloxacin on a glassy carbon electrode was investigated by
cyclic and square-wave voltammetry [62]. Cyclic
voltammetric studies indicated that the process was
irreversible and fundamentally controlled by adsorption. To
obtain a good sensitivity, the solution conditions and
instrumental parameters were studied using square-wave
voltammetry. Norfloxacin gave a sensitive adsorptive
oxidative peak in acetate buffer solution. Applicability to
measurement of norfloxacin at submicromolar levels in urine
samples was illustrated.

The electrochemical behaviors of norfloxacin on a
pretreated glassy carbon electrode were investigated by
cyclic voltammetry [63]. The results indicated that the
process was irreversible and fundamentally controlled by
adsorption. The solution conditions and instrumental
parameters were investigated and optimized. This method
was used for determination of norfloxacin in capsule.
Chromatography analysis was also carried out to confirm
this method. Statistical analysis of the results using Student
t-test and the variance ratio F-test showed no significant
difference between the performance of the two methods as
regards to accuracy and precision.
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The anodic behavior and determination of pefloxacin on
boron-doped diamond and glassy carbon electrodes were
investigated using cyclic, linear sweep, differential pulse and
square wave voltammetric techniques [64]. In cyclic
voltammetry, pefloxacin showed one main irreversible
oxidation peak and additional one irreversible ill-defined
wave depending on pH values for both electrodes. The
results indicated that the process of pefloxacin was
irreversible and diffusion controlled on boron-doped
diamond electrode and irreversible but adsorption controlled
on glassy carbon electrode. The repeatability, reproduci-
bility, precision and accuracy of the methods in all media
were investigated. Selectivity, precision and accuracy of the
developed methods were also checked by recovery studies.
The procedures were successfully applied to the
determination of the drug in pharmaceutical dosage forms
and humans serum samples with good recovery results. No
electroactive interferences from the excipients and
endogenous substances were found in the pharmaceutical
dosage forms and biological samples, respectively.

An electrochemical method was developed for the
determination of ciprofloxacin based on the enhancement
effect of cetyltrimethylammonium bromide (CTAB) [65]. A
poorly-defined oxidation peak was observed at carbon paste
electrode for ciprofloxacin in phosphate buffer solution.
However, the oxidation peak current remarkably increased in
the presence of low concentration of CTAB, suggesting that
CTAB exhibited obvious enhancement effect to the
determination of ciprofloxacin. All the experimental
parameters, such as supporting electrolyte, pH value,
concentration of CTAB, and accumulation time, were
optimized for ciprofloxacin analysis. This new method
possessed high sensitivity, wide linearity, rapid response,
low cost and simplicity. Finally, this method was
successfully employed to detect ciprofloxacin in drugs.

The adsorption behavior of levofloxacin on a glassy
carbon electrode was explored by cyclic and square-wave
voltammetry [66]. The drug was accumulated on a glassy
carbon electrode and a well-defined oxidation peak was
obtained in acetate buffer pH 5.0. The square-wave anodic
stripping voltammetric method was applied for the direct
determination of levofloxacin in diluted urine samples. It
was validated using high-performance liquid chromato-
graphy as a reference method.

Square-wave and cyclic voltammetric behaviour of solid
microparticles of 5-aminosalicylic acid, ciprofloxacin, and
azithromycin, mechanically immobilized on the surface of
the paraffin impregnated graphite electrode, were
investigated in order to develop a method for their
qualitative determination [67]. 5-Aminosalicylic acid was
oxidized at 0.540 V in the quasireversible electrode reaction,
which was followed by the chemical transformation of the
product, while ciprofloxacin and azithromycin were oxidized
at 1.2 V and 0.94 V, respectively, in totally irreversible
electrode reactions. The detection of these drugs in
commercial dosage formulations was reported.

Cyclic voltammetry and differential pulse voltammetry
were used to explore the adsorption behavior of three
antibacterial agents lomefloxacin, sparfloxacin hydro-
chloride, and gatifloxacin at a carbon paste electrode [68].
The drugs were accumulated on a carbon paste electrode,
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and a well-defined oxidation peak was obtained in acetate
buffer. The adsorptive stripping response was evaluated as a
function of some variables such as the scan rate, pH and
accumulation time. A simple, precise, inexpensive and
sensitive voltammetric method has been developed for the
determination of the cited drugs. The method was applied to
the determination of lomefloxacin, sparfloxacin hydrochlo-
ride, and gatifloxacin in dilute urine samples and dosage
forms, and compared with the high-performance liquid
chromatography method.

The oxidative behaviour of moxifloxacin was studied at a
glassy carbon electrode in different buffer systems using
cyclic, differential pulse, and Osteryoung square-wave
voltammetry [69]. The oxidation process was shown to be
irreversible over the entire pH range studied and was
diffusion-controlled. The methods were performed in
Britton-Robinson buffer and the corresponding calibration
graphs were constructed the statistical data were evaluated.
Applicability to tablets and human plasma analysis was

illustrated. ~ Furthermore, a high-performance liquid
chromatographic method with diode-array detection was
developed. The described methods were successfully

employed with high precision and accuracy for estimation of
the total drug content of human plasma and for
pharmaceutical dosage forms of moxifloxacin.

6. ELECTROCHEMISTRY OF FLUOROQUINO-
LONES AT MODIFIED ELECTRODES

The electrochemical behavior of ofloxacin, norfloxacin,
gatifloxacin, and lomefloxacin [70] and similarly
sparfloxacin [71] at B-cyclodextrin modified carbon paste
electrodes has been described. A large increase in the peak
currents was observed in cyclic voltammetry and differential
pulse voltammetry of ofloxacin, norfloxacin, gatifloxacin,
and lomefloxacin at B-cyclodextrin-modified carbon-paste
electrode as compared with a bare carbon-paste electrode.
These increases in the peak currents were attributed to the
complex formation of the quinone group of the drugs with f-
cyclodextrin. Cyclic voltammetric studies indicated that the
process was irreversible and adsorption-controlled. The
experimental parameters which influenced the peak current
responses of ofloxacin, norfloxacin, gatifloxacin, and
lomefloxacin were studied. The interference of metal ions in
the peak current response was also studied. The modified
electrode exhibited good sensitivity and stability. The
proposed method was applied to the determination of
ofloxacin, norfloxacin, gatifloxacin, and lomefloxacin in
both commercially available drugs and spiked human urine
samples.

A simple and rapid electrochemical method was develo-
ped for the determination of trace-level norfloxacin, based on
the excellent properties of multi-walled carbon nanotubes
(MWCNTs) [72]. The MWCNTs/Nafion film-coated glassy
carbon electrode was constructed and the electrochemical
behavior of norfloxacin at the electrode was investigated in
detail. The results indicated that MWCNTs modified glassy
carbon electrode exhibited efficiently electrocatalytic
oxidation for norfloxacin with relatively high sensitivity,
stability and life time. Under conditions of cyclic voltam-
metry, the current for oxidation of selected analyte is
enhanced significantly in comparison to the bare GCE. The
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electrocatalytic behavior was further exploited as a sensitive
detection scheme for the analyte determinations by linear
sweep voltammetry. Under optimized condition in voltam-
metric method, the proposed method was successfully
applied to norfloxacin determination in tablets. The analy-
tical performance of this sensor has been evaluated for
detection of the analyte in urine as a real sample.

A poly(methyl red) film-modified glassy carbon
electrode was fabricated for the determination of norfloxacin
[73]. The electrochemical behavior of norfloxacin was
investigated and a well-defined oxidation peak with high
sensitivity was observed at the film electrode. The
poly(methyl red) film-modified glassy carbon -electrode
greatly enhanced the oxidation peak current of norfloxacin
owing to the extraordinary properties of poly(methyl red)
film. Based on this, a sensitive and simple voltammetric
method was developed for measurement of norfloxacin. A
sensitive linear voltammetric response for norfloxacin was
obtained, using linear sweep voltammetry. The proposed
method possessed advantages such as low detection limit,
fast response, low cost and simplicity. The practical
application of this new analytical method was demonstrated
with norfloxacin pharmaceuticals.

Multiwalled carbon nanotubes-polymeric alizarin film
modified electrode was made. The electrochemical behavior
of levofloxacin hydrochloride on modified electrode was
studied with cyclic voltammetry, linear sweep voltammetry
and chronopotentiometry [74]. The results indicated that the
electrical oxidation of levofloxacin hydrochloride on the
modified electrode in HAc-NaAc buffer solution was
irreversible and was controlled by diffusion. Some important
parameters of the electrochemical process were evaluated.
The recovery of levofloxacin hydrochloride in levofloxacin
hydrochloride injection was satisfactory.

A labeless immunosensor for ciprofloxacin in milk and
its interrogation using an ac impedance protocol was
described [75]. Commercial screen-printed carbon electrodes
were used as the basis for the sensor. Polyaniline was
electrodeposited onto the sensors and then utilized to
immobilize a biotinylated antibody for ciprofloxacin using
classical avidin-biotin interactions. Antibody loaded
electrodes were exposed to solutions of antigen in milk and
interrogated using an ac impedance protocol. The faradaic
component of the impedance of the electrodes was found to
increase with increasing concentration of antigen. Control
samples containing a nonspecific IgG antibody were also
studied but were found to display large nonspecific
responses, probably due to the antibody binding some of the
large number of components found in milk. Control sensors
could, however, be fabricated using antibodies specific for
species not found in milk. Calibration curves could be
obtained by subtraction of the responses for specific and
control antibody-based sensors, thereby eliminating the
effects of nonspecific adsorption of antigen. Sensors exposed
to ciprofloxacin in milk gave increases in impedance
whereas ciprofloxacin in phosphate buffer led to decreases,
indicating the possibility of developing sensors which could
both detect and differentiate between free and chelated
antigen.

Similarly, the construction of an impedimetric immuno-
sensor for the label-free detection of ciprofloxacin, was
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reported [76]. A poly(pyrrole-N-hydroxysuccinimide) film
was electrogenerated onto electrodes and then used for the
reagentless covalent binding of a fluoroquinolone model
bearing an amino group. The resulting electrodes were
utilized to immobilize a layer of anticiprofloxacin antibody
onto the polymer surface by immunoreaction. In presence of
ciprofloxacin, the antibody was displaced in solution
inducing marked changes in the impedance of the sensor
electrodes. These phenomena were detected and
characterized by electrochemical impedance spectroscopy
allowing the selective detection of extremely low
ciprofloxacin concentration.

The high sensitivity that can be attained using an
enzymatic system and mediated by catechol has been
verified by on-line interfacing of a rotating biosensor and
continuous-flow/stopped-flow/continuous-flow  processing
[77]. Horseradish peroxidase, HRP, immobilized on a
rotating disk, in the presence of hydrogen peroxide catalyzed
the oxidation of catechol, whose back electrochemical
reduction was detected on glassy carbon electrode surface at
-200 mV. Thus, when ciprofloxacin or norfloxacin was added
to the solution, these piperazine-containing compounds
participate in Michael addition reactions with catechol to
form the corresponding aminoquinone derivative, decreasing
the peak current obtained in proportion with the increase of
its concentration. Ciprofloxacin was used as the model
piperazine-containing compound for the study. The influence
of indicator composition on the nature of the analytical
response has been assessed through examining the
electrochemical properties of three derivatives. Interference
by electroactive species (ascorbate, urate, and tyrosine) and
other physiological constituents (cysteine, glutathione) has
also been assessed.

The electrochemical behaviour of ofloxacin and some
acidic and neutral pharmaceutical active compounds
(clofibric acid, diclofenac and propranolol) was studied by
cyclic voltammetry and pulse voltammetric techniques on
mercury, carbon nanotube paste, carbon paste and gold
electrodes [78]. The best results, in terms of sensitivity,
linearity range and detection limits, were obtained by
differential and normal pulse voltammetry. An enrichment
step of approximately two orders of magnitude was
performed by a solid-phase extraction procedure in order to
concentrate the samples. The developed method was
optimized and tested on spiked river water samples.

7. INTERACTION OF QUINOLONES WITH DNA

The mechanism of interaction between quinolones and
DNA is not yet fully understood. Currently there is no
definitive model for the interaction of quinolones with the
DNA. 1H NMR studies were used to prove the existence of
predominantly minor groove ciprofloxacin-duplex interact-
ions, and to exclude classic intercalation between ciproflo-
xacin and DNA [79]. Other NMR studies suggested that
norfloxacin exhibits both an intercalation-like interaction and
non-specific groove binding to DNA [80-82]. Electric linear
dichroism showed that norfloxacin is capable of interacting
with DNA via both minor and major groove contacts [83].
However, another study using the same technique excluded
the groove binding mode or surface binding of norfloxacin
[84]. UV-melting curves and fluorescence emission spectra
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suggested that ciprofloxacin has at least two different
binding modes; a non-specific binding to DNA molecules,
which is electrostatically driven, and a specific non-
electrostatically ~ controlled binding. The effect of
ciprofloxacin on the change in intrinsic viscosity suggested
that ciprofloxacin has the properties of an intercalative
binder [85]. In recent years, there has been a growing interest
in the electrochemical investigations of the interactions
between quinolones drugs and DNA. Compared with other
methods, electrochemical techniques are characterized by
simplicity and require small amount of sample, thus offering
advantages over commonly used assays (both biological and
chemical). In this context, an effort is made to combine the
outcome of electrochemical techniques with other reported
methods in order to give a better understanding of the mode
of  interaction  between  quinolones and  DNA.
Electrochemical approach can also be wused for the
quantification of these drugs. Observing the electrochemical
signal related to DNA-drug interactions can provide
evidence for the interaction mechanism, the nature of the
complex formed, binding constant, binding site size and the
role of free radicals generated during interaction in the drug
action. The mechanism of interaction between drugs and
DNA can be explained electrochemically by two different
ways; DNA-modified electrode and interaction in solution.
Different types of working electrodes may be used such as,
carbon paste electrode, glassy carbon electrode, gold
electrode, hanging mercury drop electrode, pencil graphite
electrode, screen-printed electrodes, carbon fiber column
electrode and carbon fiber disk electrode. Different
electrochemical techniques can be used for investigating
drug-DNA interactions. The most common techniques are
cyclic voltammetry, square wave voltammetry, and
differential pulse voltammetry.

The electrochemical behavior of gatifloxacin and its
interaction with natural calf thymus DNA (ctDNA) was
investigated by differential pulse voltammetry on a carbon
paraffined electrode [86]. According to the suggested
electrochemical equation, binding constant and binding sizes
of gatifloxacin with ctDNA was obtained by nonlinear fit
analysis of electrochemical data. The results demonstrated
that gatifloxacin has the properties of an intercalative binder.

Spectral and electrochemical studies have been carried
out on the interaction of pefloxacin with calf thymus double-
stranded dsDNA [87]. The voltammetric behavior of
pefloxacin was investigated at glassy carbon, carbon paste
and dsDNA-modified carbon paste electrodes using cyclic
voltammetry. Pefloxacin was oxidized, yielding one
irreversible oxidation peak. The modification of the carbon
paste surface with dsDNA allowed an accumulation process
to take place for pefloxacin such that higher sensitivity was
achieved compared with the bare surface. The response was
characterized with respect to ionic strength, accumulation
time, pefloxacin concentration, and other variables. The
stripping  differential pulse voltammetry at the dsDNA
modified electrode was applied to the direct determination of
pefloxacin in diluted urine samples.

The electrochemical behavior of ciprofloxacin and its
interaction with the natural calf thymus DNA (ctDNA) was
explored by using pulse difference voltammetry on a carbon
electrode [88]. Ciprofloxacin showed a well-defined
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oxidative peak as a result of reaction with ctDNA, the
oxidative peak of ciprofloxacin decreased markedly. The
binding constant and the binding size ciprofloxacin with
ctDNA were obtained by nonlinear fit analysis of the
electrochemical data according to the deduced
electrochemical equation. The mechanism of the interaction
was suggested.

Interactions between ciprofloxacin, Mg*', Mn®' and
DNA, and their polarographic and voltammetric behaviour
were studied in NH;-NH4Cl1 buffer solution [89], a new
reduction peak was obtained by linear-sweep voltammetry
when adding DNA to ciprofloxacin solution, which implies
binding of ciprofloxacin with DNA. In the presence of Mg*"
or Mn”", another new sensitive reduction peak, whose peak
potential was more negative, was obtained which suggested
that Mg”" or Mn®" took part in the interaction between
ciprofloxacin and DNA resulting in a ternary complex of
ciprofloxacin-Mg-DNA. Furthermore, ciprofloxacin-Mg was
shown to be intercalated between the stacked base pairs of
native DNA.

The voltammetric behavior of the lomefloxacin-Mg(II)
complex with DNA at a mercury electrode was reported. In
NH;-NH4Cl buffer, the adsorption phenomena of the
lomefloxacin-Mg(II) complex were observed by linear
sweep voltammetry [90]. The mechanism of the electrode
reaction was found to be a reduction of lomefloxacin in the
complex, and the composition of the lomefloxacin-Mg(II)
complex is 2:1. In the presence of calf thymus DNA
(ctDNA), the peak current of lomefloxacin-Mg(II) complex
decreased considerably, and a new well-defined adsorptive
reduction peak appeared. The electrochemical kinetic
parameters and the binding number of lomefloxacin-Mg(II)
with ctDNA were also obtained. Moreover, the new peak
currents of lomefloxacin-Mg(II)-DNA system increased
linearly correlated to the concentration of DNA. An
electrostatic interaction was suggested by electrochemical
method.

The interaction of ciprofloxacin with DNA was studied
by using an electrochemical DNA biosensor [91]. The
binding mechanism of ciprofloxacin was elucidated by using
constant current potentiometry and differential pulse
voltammetry at DNA-modified glassy carbon electrode. The
decrease in the guanine oxidation peak area or peak current
was used as an indicator for the interaction mechanism in 0.2
M acetate buffer. The binding constant values were obtained
using constant current potentiometry and differential pulse
voltammetry, respectively. A linear dependence of the
guanine peak area or peak currents was observed with
ciprofloxacin by using constant current potentiometry and
differential pulse voltammetry, respectively. Moreover, the
influence of sodium and calcium ions was also studied to
elucidate the mechanism of ciprofloxacin-DNA interaction at
different solution conditions, and this proved to be helpful in
understanding the ciprofloxacin-DNA interaction.

The interaction of levofloxacin with double-stranded calf
thymus DNA was studied in solution by cyclic voltammetry
at glassy carbon electrode [92]. Voltammetric behavior of
levofloxacin was also studied on dsDNA-modified
electrodes. The binding of levofloxacin with DNA,
immobilized onto the surface of an anodically activated
carbon paste electrode, was exploited for designing a
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sensitive biosensor for levofloxacin. The response was
optimized with respect to accumulation time, ionic strength,
drug concentration, reproducibility and other variables.
Direct and simple determination of levofloxacin in urine was
established with no manipulation of urine sample other than
dilution.

A glassy carbon electrode (GCE) modifying by nano-tin
oxide/poly vinyl sulfonic potassium (nano-SnO,) exhibited
an enhanced effectiveness for the oxidation of ciprofloxacin
in phosphate buffer solutions, as compared with a bare GCE
or a nano-Sn0O, modified electrode [93]. In addition, the
electrooxidation mechanism of the ciprofloxacin, ofloxacin,
sparfloxacin and lomefloxacin at the modified electrode were
also investigated. Furthermore, Gel electrophoresis coupled
with electrochemistry and spectra techniques were used to
study the interaction of ciprofloxacin and calf thymus DNA
(ctDNA). The acquired data showed that the binding mode
of ciprofloxacin and DNA was mainly an intercalation
mechanism.

CONCLUSIONS

Given the power of stripping electroanalytical methods to
detect a broad range of analytes at ultra-trace concentrations,
its future is assured in areas where low-cost, portability and
sensitivity are needed. This will include the detection of
trace levels of pharmaceutically active compounds as well as
biomedical screening applications. One possible route to
improved performance is the miniaturisation of the
electrodes by use of microelectrodes. The progress in design
and production of optimized nanoparticle-modified
electrodes may contribute to the development of simple
electrochemical biosensors for studies of DNA interactions
with a variety of substances, including drugs, mutagens,
carcinogens, environmental pollutants, etc. Due to these
properties, the electroanalytical methods may complement
and eventually substitute some of the methods widely used
in biochemical and molecular biological laboratories (such as
gel electrophoresis, spectrophotometry, spectrofluorimetry
etc).
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