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The electrochemical behaviour of the cytosine nucleoside analogue and anti-cancer drug gemcitabine (GEM) was
investigated at glassy carbon electrode, using cyclic, differential pulse and square wave voltammetry, in different
pH supporting electrolytes, and no electrochemical redox process was observed. The evaluation of the interaction
between GEM and DNA in incubated solutions and using the DNA-electrochemical biosensor was studied. The
DNA structural modifications and damage were electrochemically detected following the changes in the oxida-
tion peaks of guanosine and adenosine residues and the occurrence of the free guanine residues electrochemical
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Gemcitabine signal. The DNA-GEM interaction mechanism occurred in two sequential steps. The initial process was indepen-
DNA dent of the DNA sequence and led to the condensation/aggregation of the DNA strands, producing rigid struc-
Guanine tures, which favoured a second step, in which the guanine hydrogen atoms, participating in the C-G base pair,

Electrochemical DNA-biosensor
Interaction mechanism

interacted with the GEM ribose moiety fluorine atoms.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nucleoside analogs of nucleobases are a pharmacological class of
compounds with cytotoxic, immunosuppressive and antiviral proper-
ties [1], and the pyrimidine nucleoside analogs are relevant derivatives
effective in cancer treatment.

Gemcitabine (GEM), 2,2-difluorodeoxycitidine, Scheme 1A, is a
nucleoside analogue of cytidine, Scheme 1B, and plays a major role in
the treatment of bladder and breast [1-4] cancer, and when combined
with doxorubicin in hepatic [5], non-small cell lung and pancreatic
cancer [6-8].

Due to its lipophilic characteristic, GEM is easily transported inside
the cell by nucleoside membrane transporters where it is phosphorylat-
ed and then competes with cytidine derivatives in the DNA synthesis. A
high concentration of GEM triphosphate inhibits cytidine triphosphate
(CTP) synthetase, and cytidine monophosphate (CMP) deaminase,
which maintain CTP in low concentrations [1] and assures greater avail-
ability of GEM triphosphate. GEM mainly exerts its biological activity by
two mechanisms. The first pathway corresponds to the incorporation of
GEM into DNA triggering the mechanism of DNA repairing, but the
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enzyme responsible for the base excision is not capable of removing
GEM and replication stops [1]. In the second pathway blocking of DNA
synthesis, through the inhibition of ribonucleotide reductase occurs, im-
peding the synthesis of the new strand.

GEM compared to the other drugs used on cancer treatment, in
mono- and combined chemotherapies, is well tolerated among patients,
with acceptable side effects and toxicity [5-8]. Due to the positive
aspects of nucleoside analogs in several types of cancer treatment,
their analytical determination is an important issue. Electroanalytical
methods have been previously used for the characterization of purine
nucleosides analogues, such as claribidine [9], clorafabine [10] and
fludarabine [11], and the influence of the structural differences in the
ribose moiety on their electrochemical behaviour investigated. HPLC-
MS and UV-vis spectrophotometry were also applied for the determina-
tion and quantization of GEM [12-14].

The interaction of some purine nucleosides with DNA has been pre-
viously studied in incubated solutions and with a DNA-electrochemical
biosensor [9-11]. Interaction of the damaging agent with DNA caused
changes into the properties of the DNA recognition layer and this effect
was quantified electrochemically [15-18]. It has been shown that the
nucleoside analog caused dsDNA structural modifications in a time-
dependent manner, but no DNA oxidative damage [9,10].

Although the DNA damage mechanism by nucleoside analogues ap-
parently involved secondary biochemical reactions there are studies
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Scheme 1. Chemical structure: A) gemcitabine (GEM) and B) cytidine.

indicating that may lead to processes giving rise to or inducing disrup-
tion or breakages of the genetic material [9-11]. Accumulation of DNA
damage increases carcinogenic risk and may result in a malignant trans-
formation or cell death. Therefore, the study of a direct interaction be-
tween dsDNA and GEM should be undertaken.

This paper investigates the GEM electrochemical behaviour at a
glassy carbon electrode by cyclic, differential pulse and square wave
voltammetry, and the DNA-GEM interaction as function of incubation
time, in incubated solutions, and with the dsDNA-electrochemical bio-
sensor, using differential pulse voltammetry.

2. Experimental
2.1. Materials and reagents

Gemcitabine-Gemzar (GEM) was obtained from Lilly LLC laborato-
ries. Sodium salt double stranded DNA (dsDNA) from calf thymus, gua-
nosine, polyguanilyc salt (poly[G]) and polyadenilyc salt (poly[A]) were
obtained from Sigma-Aldrich and used without further purification.

Stock solutions of 100 uM GEM, 1.0 mM guanosine, 187 ug mL~"
dsDNA,504 pg mL™ ! poly[G] and 521 ug mL™ ' poly[A] were prepared
in deionized water and kept at 4 °C, and solutions of different concen-
trations were prepared by dilution in 0.1 M acetate buffer pH = 4.5.

All supporting electrolyte solutions: HCI + KCI pH's 1".2 and 2.0;
HAc + NaAc pH's 3.1, 4.5 and 5.4; NaH,PO4 + Na,HPO,4 pH's 6.2, 7.1
and 8.2; NH; + NH4CI pH's 9.1, 10.2 and 11.0, were prepared using an-
alytical grade reagents and purified water from Millipore Milli-Q system
(conductivity <0.1 uScm™1).

The pH measurements were carried out using a Crison micropH
2001 pH-meter with Ingold combined glass electrode. All experiments
were done at room temperature (25 4 1 °C) and microvolumes were
measured using EP-10 and EP-100 Plus Motorized Microliter Pippettes
(Raining Instrument Co. Inc., Woburn, USA).

2.2. Voltammetric parameters and electrochemical cells

Voltammetric experiments were carried out using an Autolab PGstat
10 running GPES 4.9 software, Eco-Chemie, Utrecht, The Netherlands.
Measurements were carried out using a glassy carbon working elec-
trode (GCE) (d = 1 mm), a Pt wire counter electrode, and an Ag/AgCl
(3 MKClI) reference electrode, in a one-compartment 3 mL electrochem-
ical cell (eDAQ Products, Poland). The experimental conditions for differ-
ential pulse (DP) voltammetry were: pulse amplitude 50 mV, pulse width
70 ms, potential increment of 2 mV and scan rate 5 mV s~ . For square
wave (SW) voltammetry: a pulse amplitude of 50 mV, a potential incre-
ment of 2 mV, and a frequency of 50 Hz for an effective scan rate of
100mvs—.

Prior to each measurement and preparation of each biosensor, the
GCE was polished using diamond spray (UK Kemet, particle size
1 um). After polishing, the electrode surface was rinsed thoroughly
with Milli-Q water. Following the mechanical treatment, the GCE was

placed in support electrolyte and voltammograms were recorded until
a steady state baseline voltammogram was obtained. This procedure en-
sured very reproducible experimental results.

2.3. Acquisition and presentation of data

All the voltammograms presented were baseline corrected using the
moving average with a step window of 2 mV included in GPES version
4.9 software. This mathematical treatment improves the visualization
and identification of peaks over the baseline without introducing any
artefact, although the peak height is in some cases reduced (<10%) rel-
ative to that of the untreated curve. Nevertheless, this mathematical
treatment of the original voltammograms was used in the presentation
of all experimental voltammograms for a better and clearer identifica-
tion of the peaks. The values for peak current presented in all graphs
were determined from the original untreated voltammograms after
subtraction of the baseline.

24. Incubation procedures

24.1. Procedure 1—incubated solutions

The experimental conditions were 50 ug mL™ ' dsDNA, poly[G] or
poly[A] that were separately incubated with 10 pM GEM during differ-
ent time periods. In order to explain the interaction mechanism be-
tween GEM and DNA, solutions of 25 uM GEM were separately
incubated with 25 uM guanosine, cytidine or adenosine in 0.1 M acetate
buffer pH = 4.5 during different time periods.

Two types of control experiments were performed. In one control
experiment different solutions of 10 uM GEM, 50 pg mL~! dsDNA,
poly[G], poly[A] and 25 pM guanosine, cytidine or adenosine were sep-
arately prepared and stored in similar conditions and during the same
time periods as the incubated solutions. In the other control experiment,
different solutions of 50 ug mL~ ' dsDNA or 25 WM guanosine were incu-
bated during 4 h with 25 uM cytidine.

The interaction between GEM and poly[G], poly[A], guanosine or
adenosine was studied in order to identify possible specific interactions
between the nucleoside derivative and a specific DNA base.

24.2. Procedure 2—dsDNA-electrochemical biosensor

The dsDNA-electrochemical biosensors were prepared by cover-
ing successively the GCE surface with three drops each of 5 pL from
a 50 pgmL~! dsDNA solution diluted in 0.1 M acetate buffer pH = 4.5.
After placing each drop on the electrode surface the biosensor was dried
under a constant flux of N,. A similar procedure was used in order to ob-
tain the poly[G] and poly[A]-electrochemical biosensors.

This procedure ensures full coverage of the electrode surface neces-
sary to avoid the formation of undesired thin and incomplete network
film of co-adsorbed dsDNA-GEM, dsDNA or GEM nonspecific binding
to the electrode surface.

The biosensor was immersed and allowed to incubate in a solution
of10 uM GEM in 0.1 M acetate buffer pH = 4.5, during different time pe-
riods. Afterwards, the electrochemical biosensors were removed from
the solution, washed with deionized water in order to remove the un-
bounded GEM molecules and placed in the electrochemical cell contain-
ing only the supporting electrolyte 0.1 M acetate buffer pH = 4.5, where
DP voltammetry was performed.

For control experiments, the dsDNA-electrochemical biosensor was
incubated during 4 h either in buffer or in a solution of 25 uM cytidine.

2.5. Spectrophotometric parameters

The UV-vis measurements were performed using a spectrophotom-
eter SPECORD S100, running with Aspect Plus Version 1.5 (Analytik Jena
GmbH, Jena, Germany). The experimental conditions for absorption
spectra were: integration time25 ms and accumulation 1000 points.
All UV-vis spectra were measured from230 nm to 330 nm, in a quartz
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glass cuvette with an optic path of 1 cm. UV-vis spectra were recorded
for different incubation times of 10 uM of GEM and 50 ug mL™ ! dsDNA
in 0.1 M acetate buffer pH 4.5. Control solutions of 50 ug mL™ ' dsDNA or
10 uM GEM were also prepared and UV-vis spectra were recorded for
the same time periods.

3. Results and discussion
3.1. Electrochemical behaviour of gemcitabine, dsDNA, poly[G] and poly[A]

The electrochemical behaviour of GEM was investigated by cyclic,
DP, and SW voltammetry in solutions of 50 tM GEM in electrolytes
with pH values between 1.0 and 11.0, and no electrochemical process
related to GEM oxidation or reduction at the glassy carbon electrode
in the potential range between —0.70 and + 1.40 V was observed
(Fig. 1).

The DP voltammogram of dsDNA showed two well defined peaks
corresponding to the oxidation of desoxyguanosine (dGuo), at E,, =
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Fig. 1. DP voltammograms in 0.1 M acetate buffer solution pH 4.5, of 50 pg mL™": (=)
dsDNA, (===) poly[G] and (se«) poly[A], and (==) 50 uM GEM: (A) without baseline-
correction and (B) with baseline-correction. Scan rate 5 mV/s.
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+0.98 V, and desoxyadenosine (dAdo), at E,, = +1.25 V. The DP volt-
ammogram of poly[G] presented only the dGuo peak and of poly[A]
showed only the dAdo peak, at the same potentials as observed for
the dsDNA solution although with greater currents (Fig. 1).

3.2. Evaluation of GEM-dsDNA interaction in incubated solutions

3.2.1. Electrochemical measurements

The electrochemical study of the GEM-dsDNA interaction was car-
ried out in incubated solutions containing 10 uM GEM and 50 pg mL™!
dsDNA in 0.1 M acetate buffer solution, pH = 4.5.

The nucleoside analogue concentration was established according to
the minimum concentration of GEM in the infusion solution in chemo-
therapy procedure which is 0.1 mg/mL (380 uM). Considering the up-
take of cells for the nucleoside analogues, the final concentration in
cell will not surpass 10 pM. Even though, studies of the interaction be-
tween 100 uM GEM and dsDNA were performed and the same behav-
iour of condensation and/or aggregation observed for 10 pM of GEM,
but for shorter periods of time.

The DP voltammogram recorded immediately after the addition of
GEM to the dsDNA solution showed the decrease of dGuo and dAdo ox-
idation peak currents (Fig. 2), when compared with the control dsDNA
solution. Increasing the incubation time, both dGuo and dAdo oxidation
peaks decreased.

A similar behaviour was observed for incubated solutions of GEM
with poly|[G] and poly[A]. In poly[G] a shift of ~40 mV of the dGuo oxi-
dation peak and a small new oxidation peak, at E,, = +0.76 V (Fig. 3A),
indicating a preferential interaction between GEM and guanine (Fig. 3A
and B), was observed.

The DP voltammogram recorded in 25 uM guanosine incubated dur-
ing 4 h with 25 pM GEM showed the shift to a more positive potential,
the decrease of dGuo oxidation peak current, and the new peak corre-
sponding to free guanine residue oxidation, at E,, = +0.76 V (Fig. 4).

The occurrence of the free guanine peak is explained considering
theGEM-induced cleavage of the bond between guanine and the sugar
moiety in the guanosine residues, leading to the release of guanine
which is oxidized at a lower potential [ 19,20]. The same procedure of in-
cubation was performed with adenosine and no modifications were
observed.

A control experiment of 25 uM guanosine with 25 pM cytidine was
performed and the results indicate no release of guanine after 4 h of
incubation.

4n dAdo
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Fig. 2. DP voltammograms baseline-corrected in 0.1 M acetate buffer pH = 4.5, in (=)
50 ug mL~ ! dsDNA and after incubation of 50 pg mL™"' dsDNA with 10 uM GEM during
(=)0 h, (===) 2 h and (ese) 4 h. Scan rate 5 mV/s.
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Fig. 3. DP voltammograms baseline-corrected in 50 g mL™~': A) poly[G] and B) poly[A], in
0.1 M acetate buffer pH = 4.5, (=) before and after incubation with 10 yM GEM during
(=)0 h, (===) 2 h and (ese) 4 h. Scan rate 5 mV/s.

3.2.2. UV-vis spectrophotometry

The UV-vis study of the GEM-dsDNA interaction was carried out in
incubate solutions of 10 M GEM and 50 pg mL™ ! dsDNA, in 0.1 M ace-
tate buffer pH = 4.5. UV-vis spectra were recorded after different incu-
bation periods (Fig. 5). Control solutions of 50 ug mL~! dsDNA and
10 uM of GEM were also prepared and UV-vis spectra were recorded
for the same incubation times.

The UV-vis spectra obtained in a freshly prepared solution of GEM
showed an absorption band at A = 270.2 nm, close to the maximum
absorption of dsDNA,at A = 259.9 nm (Fig. 5) that decreased after
24 h incubation, in agreement with condensation/aggregation of
dsDNA upon interaction with GEM as observed in the electrochemical
experiments.

3.3. dsDNA-electrochemical biosensor in situ sensing of GEM-dsDNA
interaction

Ensuring full coverage of the electrode surface was necessary to
avoid the formation of undesired thin and incomplete network film of
co-adsorbed dsDNA-GEM, dsDNA or GEM nonspecific binding to the
electrode surface [19]. The dsDNA-electrochemical biosensor enabled
to detect in situ and in real time [19,20] the changes occurring to the
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Fig. 4. DP voltammograms baseline-corrected in 0.1 M acetate buffer pH = 4.5, in 25 uM
guanosine (=) before and after 4 h incubation with 25 pM (e«s) GEM or (===) cytidine.
Scan rate 5 mV/s.

dsDNA immobilized on the electrode surface during the interaction
with GEM.

The DP voltammogram for the control dsDNA-electrochemical bio-
sensor showed both dGuo and dAdo oxidation peaks (Fig. 6). After incu-
bation for a period of time in10 uM GEM the dsDNA-electrochemical
biosensor was carefully washed with deionized water, to remove un-
bound GEM molecules, and transferred to only the 0.1 M acetate buffer
supporting electrolyte solution. The experiment was repeated, always
with a new dsDNA-electrochemical biosensor, for different incubation
times (Fig. 6).

The peaks corresponding to the oxidation of dGuo, at E,, = +0.98 V,
and dAdo, at E,, = +1.25V, decreased up to 4 h incubation. At the same
time, the shift of the dGuo oxidation peak indicated a preferential inter-
action between GEM and dGuo residues in the dsDNA. The release of
free guanine, oxidation peak at E,, = +0.76 V, was also observed.

In the control experiments after 24 h incubation in buffer solu-
tion in the same conditions no significant variation on the dGuo and
dAdo oxidation peaks was observed. A control incubation of the
dsDNA-electrochemical biosensors in 25 pM of cytidine during 4 h

1 * 1 ¥ 1 * ]
240 260 280 300 320
Alnm

Fig. 5. UV-vis absorption spectra: (=) 50 pg mL~! dSDNA, (==) 10 uM GEM, and after in-
cubation of 50 ug mL~ ' dsDNA and 10 uM GEM during (===) 0 h and (ss+) 24 h.
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Fig. 6. DP voltammograms baseline-corrected in 0.1 M acetate buffer pH = 4.5: dsDNA-
electrochemical biosensor (==) control and after incubation with 10 uM GEM during
(===) 2 h and (s++) 4 h, and with after incubation (=) 25 uM of cytidine during 4 h. Scan
rate 5 mV/s.

showed no change of the peaks corresponding to the oxidation of dGuo
and dAdo.

Previous studies [15,21] on the electrochemical behaviour of double
stranded DNA (dsDNA) and single stranded DNA (ssDNA) illustrated
the greater difficulty for the transfer of electrons from the inside of the
double-stranded rigid form of DNA to the electrode surface, than from
the flexible single stranded form of DNA where the bases are in close
proximity to the electrode surface.

The decrease of DNA oxidation peaks observed after the interaction
with GEM is due to the formation of a more compact DNA structure.
This behaviour is consistent with the aggregation/condensation of the
dsDNA, promoted by the interaction with GEM, and in agreement
with spectrophotometric measurements (Fig. 5). The formation of
rigid GEM-DNA structures hinders the nucleoside residues to interact
and oxidize at the GCE surface.

The dsDNA-electrochemical biosensor incubated in solutions of
100 uM GEM presented a similar behaviour, and the condensation of
dsDNA was achieved for shorter incubation times.

No DNA oxidative damage, concerning the occurrence of the
oxidation peaks of 8-oxoguanine (8-oxoGua) or 2,8-dihydroxyadenine
(2,8-0x0Ade), was observed. This means that GEM did not induce oxi-
dative damage to dsDNA.

In order to obtain information on the preferential interaction of GEM
with dsDNA, the GCE surface was modified with polyhomonucleotides,
the poly[G] or poly[A]-electrochemical biosensors.

The poly[G]-electrochemical biosensors showed only one peak
corresponding to the oxidation of dGuo, at E,, = +0.98 V (Fig. 7A),
which decreased after incubation in 10 pM GEM, and the guanine oxida-
tion peak, at E,, = +0.76 V, appeared (Fig. 7A), indicating the release of
free guanine bases.

Similar results were observed using poly[A]-electrochemical biosen-
sors incubated with GEM; the dAdo oxidation peak, at E,, = +1.24V,
decreased but no additional peak at a lower positive potential was
observed.

The interaction mechanism GEM-DNA occurs in two consecutive
steps. The initial step is independent of the DNA sequence, and leads
to the condensation/aggregation of DNA strands [21]. In the second
step, a preferential interaction between the guanine hydrogen atoms
in the C-G base pair and the fluorine atoms in the GEM ribose moiety,
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Fig. 7. DP voltammograms baseline-corrected in 0.1 M acetate buffer pH = 4.5: A) poly[G]
and B) poly[A]-electrochemical biosensors and 10 uM GEM after incubation during (==) O,
(=) 15 min, (===) 2 h and (es«) 4 h. Scan rate 5 mV/s.

caused the release and/or exposure of guanine residues to the electrode
surface to occur.

4. Conclusions

The electrochemical behaviour of the anti-cancer drug gemcitabine
(GEM) was investigated and no electrochemical process was observed.
The interaction DNA-GEM was investigated in incubated solutions and
with a DNA-electrochemical biosensor, and caused modifications in the
DNA morphological structure, which were also observed when using
polyhomonuleotides of guanosine and adenosine, poly|G] and poly[A]-
electrochemical biosensors. The DNA-GEM interaction mechanism
occurred in two consecutive steps. The initial process was independent
of the DNA sequence and led to the condensation/aggregation of dsDNA.
The formation of a GEM-DNA rigid structure promoted a second step
favouring the interaction between the guanine hydrogen atom partici-
pants in the C-G base pair and the fluorine atoms in the gemcitabine
ribose moiety and provoking the release and/or exposure of guanine
residues to the electrode surface. In addition, GEM also did not induce
oxidative damage to DNA.
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