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The voltammetric behavior of ciprofloxacin was investigated using cyclic voltammetry and
differential-pulse anodic stripping voltammetry at bare glassy carbon (GC) electrodes and DNA-
modified glassy carbon (DNA-GC) electrodes. For both types of electrodes, only one anodic
irreversible wave was observed. A comparison between the current responses for the ciprofloxacin at
the modified DNA-GC and unmodified GC electrodes, it was showed that the DNA- modified
electrode exhibits a significant enhancement of the voltammetric current response with a better peak
shape. Also, the interaction of ciprofloxacin with DNA was studied by using cyclic voltammetry
technique at (DNA-GC) electrodes, which showed a weak interaction with a binding constant (K) =
2.89 x 10° M. A linear relationship between the peak current and ciprofloxacin concentrations was
observed in the range 1.0-10.0 uM, with a slope a detection limit of 0.117 uM, with r =0.998, and 1.0
uM.

Keywords: ciprofloxacin, modified electrode, DNA-modified electrode, anodic stripping
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1. INTRODUCTION

In recent years there has been an increase in the use of nucleic acids as a tool in the recognition
and monitoring of many compounds of analytical interest by using DNA as a surface-modification
element in electrochemical biosensors [1]. DNA electrochemical sensors have a variety of possible
applications in detection of small molecules (e.g. drugs, pollutants, carcinogens, etc.) binding to the
structure of DNA. One of the most important applications of DNA biosensors is related to the
determination and studying the behavior of drugs, dues to the fact that the interaction of drugs with
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DNA is one of the most important aspects in drug discovery and development. These interactions are
responsible for the desired action of such drugs [2].

Ciprofloxacin, [1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(piperazinyl) -3-quinoline
carboxylic acid], (figure 1) which belongs to a group of fluoroquinolones that is used as an antibiotic
[3] and widely used in the treatment of the infections caused by Anthrax infections [4]. Different
analytical methods have been used for the determination of ciprofloxacin in its pharmaceutical
preparations. These methods include spectrophotometric [5,6], chromatographic [7,8], capillary
electrophoresis [9,10], conductometric methods [11]. Electrochemical methods have been used for
investigation of quinolones [12,13], for example ciprofloxacin was determined by anodic stripping
voltammetry technique at mercury and carbon paste electrodes [14], and the presence of a carbonyl
group attached to the quinolones nucleus, in conjunction with carboxylic acid group leads to study the
electrochemical behavior for this class of drugs [15].
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Figure 1. The chemical structure of ciprofloxacin.

It is known that quinolones are active against the DNA-gyrase enzyme, a type Il
topoisomerase. It is believed that DNA-gyrase introduces negative supercoils in DNA [16], and
several structural models have been suggested to account for the action of quinolones. In common, all
suggested models require a direct interaction between the drug and either single or double-stranded
DNA [17,18]. Although the exact mechanism for the reaction between the drug and the DNA is still
unclear, 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 [19].
Modification of the electrode surface with an immobilized layer of DNA was successfully used for the
accumulation of drugs [20], therefore in this communication, we aim at the elucidation of the
voltammetric behavior of ciprofloxacin in aqueous solution at bare glassy carbon (GC) and DNA-
modified glassy-carbon electrodes and evaluating the binding constant of the ciprofloxacin-DNA
complexes to investigate the nature of binding of ciprofloxacin drug with DNA.
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2. EXPERIMENTAL

2.1. Chemicals

Ciprofloxacin drug was obtained from Sigma. Calf thymus DNA (sodium salt, type 1) was
obtained from Sigma-Aldrich Chemie GmbH (Steinheim, Germany) and was used as received without
further purification. 0.2 M acetate buffer solution pH 5 was used to prepare and condition the DNA-
modified electrode. Single stranded DNA (ssDNA) solution was prepared by a previously reported
method [21]. Exactly 3 mg of DNA were dissolved with 0.5 mL of 65% pure perchloric acid, and then
0.5 mL of 9 M NaOH was added to neutralize the solution. The volume was completed to 10 mL with
and the solution was kept at 4 °C. All solutions were prepared using analytical grade reagents and
triply distilled water.

2.2. Electrode modification

A glassy carbon electrode (0.071 cm?) was polished with alumina powder and was then rinsed
thoroughly with distilled water to obtain a mirror-like, shiny electrode surface. The dsDNA-modified
electrode was prepared by a previously established method [21]. In short, 3 mg of dsDNA were
dissolved in 80 uL of acetate buffer solution, and this solution was placed onto the GC electrode
surfaces using a pipette and allowed to dry. The electrode was then placed into three electrode
electrochemical cell containing acetate buffer (pH 5) and conditioned at +1.4 V for 5 minutes.
Afterwards, the electrode was scanned following a differential pulse voltammetry profile in ssSDNA
solution from 0 and +1.4 V (vs Ag/AgCl) to check that no electrochemical reaction is taking place on
the surface of the modified electrode in the supporting electrolyte. The conditioning process was
repeated until stable peak currents were obtained for guanine and adenine oxidation. The electrode was
then transferred into acetate buffer solution for two minutes, then removed and left to dry. This
procedure led to the formation of a relatively thick DNA layer with good conductivity on the electrode
surface [22].

2.3. Instrumentation

All voltammetric measurements were carried out using an EG & G polarographic
analyzer/stripping voltammeter model 264B coupled with 303A stand, 305 automatic stirrer and RE
0150 X-Y recorder. All experiments were performed using an electrochemical cell of 10 mL with a
three electrode system consisting of a bare glassy carbon electrode (GCE) or a dsDNA-modified glassy
carbon electrode (dsDNA-GCE) as a working electrode, a platinum wire as an auxiliary electrode and
an Ag/AgCl/(3M KCI) as a reference electrode. The pH measurements were carried out using
HANNA pH meter model HI 8424.
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3. RESULTS AND DISCUSSION

3.1. Interaction of ciprofloxacin with DNA in solution:

The interaction of the ciprofloxacin with DNA in solution was studied by using cyclic
voltammetry technique at the surface of a bare glassy carbon electrode.

Figure 2 shows the cyclic voltammograms of the ciprofloxacin drug in the absence and
presence of dsDNA at a bare glassy carbon electrode, it is clearly shows a single irreversible anodic
peak, which reveals most probably that the oxidation takes place at the piperazine moiety [23,24].

1.6
1.4+
\
1.2 4
1.0
(A)
<:(L 0.8
=
06- (®)
0.4 4
0.2 4
0.0 T T T T T T T T T T T
200 400 600 800 1000 1200

E vs. Ag/AgCI(mV)

Figure 2. Cyclic voltammograms of 3x10™° M ciprofloxacin in acetate buffer solution (pH 5) in: (A)
the absence and (B) presence of 1.2x10° M DNA (scan rate: 100 mVs™).
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Figure 3. Cyclic voltammograms of K4Fe(CN)s in: (A) the absence and (B) the presence of 1.2x10° M
DNA (scan rate: 100 mVs™).
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Addition of calf thymus dsDNA to a solution of the drug caused a marked decrease in the
current response and a shift of the peak potential to more positive values as shown in Figure 2. This
might be attributed to the binding of the ciprofloxacin to the bulky and slowly diffusing DNA, which
results in a considerable decrease in the apparent diffusion coefficient. The shift of peak potential to
more positive value indicates that the drug has properties of intercalative binders [25].

In order to demonstrate that the decrease in current response is due to the slow diffusion rate of
ciprofloxacin-DNA complex, and not to the increased viscosity of the solution or the blockage of the
electrode surface by DNA adsorption, a special cyclic voltammetry experiment was performed in
K4Fe(CN)g solution in the absence and also in the presence of dsDNA solution. In these solutions, the
ions of Fe(CN)s* do not interact with DNA because of the coulombic repulsions between their
negative charges. Figure 3 shows that the addition of DNA to Fe(CN)¢* solution affected the current
only slightly and no shift of peak potentials was observed. This confirms that there is no obvious
effect on diffusion from the changed viscosity of the solution. This indicates also that there is no
significant obstruction of the electrode surface from DNA adsorption. Thus the great decrease in
current in CV experiments (Figure 2) could be attributed to the diffusion of the drug bound to DNA
with large molecular weight.

The change in current and shift in potential upon DNA addition can be used to quantify the
binding of the ciprofloxacin to DNA. The association of an electroactive molecule (EM) with a
binding site (S) composed of s base pairs on a DNA duplex, to form a complex (EM-S) can be
expressed as:

EM+S & EM-S (1)
And if the equilibrium constant of this reaction is given by:
K = Cu/(CiCs) (2)

Where, K is the equilibrium constant of the EM-S complex, and Cp, Ct and C; are the
equilibrium concentrations of EM-S, free EM and free S, respectively.

The total concentration of the electroactive molecule, C, is given by the equation:

Ci=Cp+Cs 3

The ratio of the nucleotide phosphate concentration (Cnp) to the total concentration of
elecroactive molecule (C; ) can be defined as R and Cnp was determined by UV spectrometry at 260
nm.

For an irreversible reaction at 25°C, the total anodic current (I,) with any R can be calculated
by [26]:

|=B [(an)fl/ZDfllch + (an)b]./ZDbl/ZCb] (4)
Making appropriate substitutions of Cs and Cy,, an equation for I, is obtained [27]:
Ip =B {(an)fllsz1/2Ct + [(an)b]./ZDbl/Z _ (an)f]./ZDfl/Z] [b . (b2 . 2K2Ct2R/s)1/Z] /(ZK)} (5)

Where, B = 2.99 x 10°nAv¥?, o : electron transfer coefficient, n : number of electrons, A :
electrode surface area, s is the binding site size of the electroactive molecule interacting with DNA and
b =1+ KC; + KRC/(2s).

Equation (5) is valid for the assumption of non-cooperative, non-specific binding to DNA with
the existence of one type of discreet binding site. The diffusion coefficients of EM and EM-DNA (Dy,
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Dy), the binding constant (K) and the binding site size (s) of EM-DNA can be obtained by non-linear
fit analysis of the experimental data (I, and R) according to equation (5).

The peak currents (I,) of the ciprofloxacin and ciprofloxacin-DNA complexes were examined
as a function of scan rate (v). The plot of I, vs v for both the free and bound ciprofloxacin is shown
in Figure 4. The plots were linear for both free and bound ciprofloxacin indicating an irreversible
electrode process without surface adsorption. This means that the oxidation process was controlled by
of the electroactive species to the electrode surface [26].
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Figure 4. Plot of I, vs v of acetate buffer solution (pH 5) containing 3x10™° M ciprofloxacin in the
(A) absence and (B) presence of 1.6x10* M DNA.

Furthermore, the smaller linear slope of ciprofloxacin-DNA complex demonstrates that the
ciprofloxacin drug can bind with DNA in solution, forming ciprofloxacin-DNA adduct with large
molecular weight, resulting in a considerable decrease in the apparent diffusion coefficient [28].

The relationship between E and In v over the studied range (5 — 100 mV) was studied for the
drug and drug-DNA complexes according to the classical equation of peak potential for an irreversible
electrode process [29]:

E = E° + RT/(anF) {0.780 + 0.5 In [anDFv/(RT)] — In k°} (6)

Where;

E°: the formal electrode potential.

a . electron transfer coefficient.

k°: the standard heterogeneous rate constant.

R: universal gas constant = 8.3145 J/mol.K

F: Farady = 96485 coulomb.

D: diffusion coefficient.
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According to equation (6) the relation between E, and Inv should be linear, and the plots of E,
versus Inv are showed in Figure 5. The value of an can be obtained from the slope of the straight lines
in the absence and in the presence of DNA; in the absence of DNA the slope of E, vs Inv for the drug
is calculated to be 0.0237, and the value of an is 0.541. While in the presence of DNA the slope of E,
vs Invis 0.0132, and on is 0.972.
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Figure 5. Plot of E, vs Inv of acetate buffer solution (pH 5) containing 3x10™ M ciprofloxacin in (A)
the absence and (B) the presence of 1.2x10°M DNA.

A non linear fit analysis of the data to equation (5) yielded the binding curves shown in Figure
6. The diffusion coefficients of both free and bound ligands (Ds, D), the binding constant (K) and the
binding site size (s) were simultaneously obtained by non-linear fit analysis of the electrochemical
data.
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Figure 6. Binding curve of 3 x 10 M ciprofloxacin with DNA acetate buffer solution (pH 5). Scan
rate: 100 mVs™. (R= Cnp/Cy )
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The results illustrate that the ciprofloxacin binds to dsDNA. However, the binding constant
value for ciprofloxacin-DNA complex (2.89 x 10°) is smaller than those obtained for molecules that
are known to bind strongly to DNA such as anti-tumor drugs (K>10") [25, 27-Error! Bookmark not
defined.8]. This indicates a weaker binding between ciprofloxacin and DNA. As seen the value of the
calculated binding site size (0.10) is a fraction, which indicates that the ciprofloxacin drug cannot be
considered as typical intercalator. The positive shift in oxidation potentials for the drug upon binding
to DNA, suggests that intercalative properties of ciprofloxacin cannot be ruled out completely. On the
other hand, the small value of the binding constant and binding site size require a non—intercalative
(electrostatic) mode of interaction with DNA.

3.2. Interaction of ciprofloxacin with DNA at the Electrode Surface

Cyclic voltammetry (CV) and differential-pulse anodic stripping voltammetry (DPASV)
techniques were used for investigating the electrochemical oxidation behavior of ciprofloxacin at the
DNA-modified glassy carbon electrode, as a potential biosensor for the determination of this drug.

Figure 7 shows the cyclic voltammograms that were obtained after the accumulation of the
ciprofloxacin at a bare glassy carbon electrode and dsDNA-modified glassy carbon electrode for 1.0 x
10 M ciprofloxacin in 0.2 M acetate buffer solution for 1 min at open circuit conditions.
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Figure 7. Cyclic voltammograms of 1x10™ M ciprofloxacin in acetate buffer solution (pH 5) at: (A)
bare GC electrode and (B) DNA-modified GC electrode. (scan rate: 100 mV/s. Initial potential:
+0.2 V, a pre-concentration time: 1 min).

For both types of electrodes, one wave was observed during oxidation of the drug, and no
waves were obtained in the reverse direction, which characterizes irreversible electrode processes
which agreed with previous studies using carbon paste and graphite electrodes for the oxidation of
ciprofloxacin [30-32]. Also, figure 7 shows that the DNA-modified electrode exhibit a larger anodic
current signal compared to unmodified glassy carbon electrode. This behavior reflects the binding of
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ciprofloxacin drug with surface-confined DNA layer. The presence of the nucleic acid coating the
glassy carbon electrode surface greatly enhances the sensitivity. In addition, the DNA-modified glassy
carbon electrode showed a shift in the oxidation wave of the studied drug to less positive potentials
that agreed with a recently study for interaction of ciprofloxacin with DNA [33]. Also, we have seen
similar results for norfloxacin and enrofloxacin drugs, both members of the fluoroquinolones family
(unpublished).

3.3.0xidation of ciprofloxacin using differential pulse Anodic Stripping Voltammetry:

It is obviously seen that the DNA-modified GC electrode has much higher ability to pre-
concentrate the ciprofloxacin drug compared to unmodified GC electrode (Figure 8). Similar results
for pefloxacin-which is a member of fluorogquinolones family- were shown using carbon paste
electrodes modified by dsDNA [34]. Moreover, the DNA modified electrode exhibits a better peak
shape.
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Figure 8. Differential-pulse anodic stripping voltammograms of 1x10™° M ciprofloxacin in acetate
buffer solution (pH 5) at (A) bare GC electrode and (B) DNA-modified GC electrode. (Scan
rate: 10 mV/s. Initial potential: +0.4 V, a pre-concentration time: 1 min).

The effect of several factors on the electrochemical behavior of ciprofloxacin at DNA-modified
glassy carbon electrodes was studied using differential-pulse anodic stripping voltammetry:

3.3.1 Effect of pH

The influence of pH on both: the peak current and peak potential for the oxidation of
ciprofloxacin is clearly seen in Figure 9, and agrees with the expected behavior for proton-dependent
process coupled to a final irreversible chemical reaction [31]. It is obviously seen that the peak current
is maximum in the pH interval 3.5-5.0.
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Figure 9. Differential-pulse anodic stripping voltammograms of 1x10™° M ciprofloxacin at DNA-
modified GC electrode in acetate buffer solutions of different pH values: (A) pH 9, (B) pH 7,
(C) pH 5, (D) pH 4. (Scan rate: 10 mV/s, a pre-concentration time: 1 min, and the initial
potential: + 0.4 V).

The ciprofloxacin possess two ionizable functional groups; a carboxylic group and a basic
piperazinyl group, and ciprofloxacin can exist in four possible forms; cation, neutral unionized species,
zwitterion and anion depending on the given pH. And based on the electrostatic attachment, one can
expect that the cationic form that exists at acidic pH binds more strongly than the other forms present
at neutral and basic pH values. The peak current is attributed to the irreversible oxidation of the
piperazine moiety ciprofloxacin as was seen for similar drugs [23,35], and the number of electrons
transferred per molecule was calculated to be two for similar molecules containing the piperazine
moiety [36].

3.3.2 Effect of a pre-concentration time

The effect of a pre-concentration time on the current response was examined for a drug
concentration of 1.OX1O_5 M in 0.2 M acetate buffer (pH 5) at the dsSDNA-modified electrode (figure is
not shown). These results show a current increase within 30 s and a leveling off at longer a pre-
concentration times. This indicates clearly that with a pre-concentration time of 30 s the modified
electrode surface is primarily saturated with the analyte molecules [20].

3.3.3. Effect of a pre-concentration potential

The effect of a pre-concentration potential (E,) on the oxidation of 1.OX1O_5 M of the drug was
also examined at the dsDNA-modified electrode using differential-pulse anodic stripping voltammetry.
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The peak currents for ciprofloxacin are affected only slightly within the studied potential range (-600 -
+600 mV). Thus, open circuit accumulation was chosen for conducting analysis of the present work.

3.3.4 Effect of lonic Strength

The interaction of ciprofloxacin with dsSDNA immobilized at the glassy carbon electrode was
investigated under different ionic strength conditions. The differential pulse peak currents for
ciprofloxacin drug at various concentration of NaCl were studied. The peak current response for
ciprofloxacin decreased with increasing the ionic strength [37]. This suggests that this compound
binds to the double helix of DNA by a combined effect of intercalative and electrostatic interaction
with the anionic phosphate moieties [38,39]. It may be assumed that the positively charged drug
molecule is electrostatically attached to the negatively charged phosphate backbone of dsDNA at low
ionic strength conditions. This interaction overcomes the intercalative interaction. At higher ionic
strength, the drug starts to intercalate between the double helix because the ionic shielding of the
negative charges on the DNA is established. In solutions of high ionic strength, where electrical
neutrality is ensured, the anodic signal decreases, which indicates that the drug molecule associate with
dsDNA.

3.3.5 Effect of ciprofloxacin concentration

7] (B)

I/ pA

[CIP]/ uM

Figure 10. Calibration curves for ciprofloxacin oxidation at: (A) a DNA-modified GC electrode and
(B) a bare GC electrode. (Scan rate: 10 mV/s, initial potential: +0.4 V, pre-concentration time:
1 min, pH 4).

The relationship between the peak current and ciprofloxacin concentrations was found to be
linear over the range 1.0-10.0 uM, with a slope of 0.716 pA/uM and intercept of 1.26 uA, a detection
limit (based on standard deviation) of 1.17x107"M, and with a percentage relative standard deviation
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(%RSD) of 2.05% (n=5, c= 1.0X10'6 M) for the modified GC electrode. The relation between peak
currents and the concentration of the studied drug was also investigated at the bare glassy carbon
electrode as shown in figure 10.

4. CONCLUSION

DNA-modified GC electrodes have been used for studying the behavior and the interaction of
ciprofloxacin with DNA. The modified electrode was capable of accumulating ciprofloxacin on the
surface due to the interaction between the DNA backbone on the electrode surface and ciprofloxacin in
solution. This led to an increase in sensitivity using the DNA-modified electrode towards the oxidation
of ciprofloxacin as compared with the unmodified electrode. The oxidation wave of ciprofloxacin can
be used for its quantification at the DNA-modified electrode. The obtained results revealed that the
DNA-modified electrode has the ability to pre-concentrate the drug, leading to an enhanced sensitivity
for the drug and a better peak definition. The small value of the binding constant (K) for the drug-DNA
complexes, obtained by CV favored non-intercalative or partial intercalative binding to DNA.
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