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ABSTRACT

In this study, a simple methodology was used to develop a new electrochemical DNA biosensor based on
poly(2,6-pyridinedicarboxylic acid) (P(PDCA)) modified glassy carbon electrode (GCE). This modified
electrode was used to monitor for the electrochemical interaction between the dsDNA and gemcitabine
(GEM) for the first time. A decrease in oxidation signals of guanine after the interaction of the dsDNA
with the GEM was used as an indicator for the selective determination of the GEM via differential pulse
voltammetry (DPV). The guanine oxidation peak currents were linearly proportional to the concentra-
tions of the GEM in the range of 1-30 mg L. Limit of detection (LOD) and limit of quantification (LOQ)
were found to be 0.276 mg L™! and 0.922 mg L™, respectively. The reproducibility, repeatability, and
applicability of the analysis to pharmaceutical dosage forms and human serum samples were also ex-
amined. In addition to DPV method, UV-vis and viscosity measurements were utilized to propose the
interaction mechanism between the GEM and the dsDNA. The novel DNA biosensor could serve for
sensitive, accurate and rapid determination of the GEM.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Gemcitabine (GEM) is a cytosine nucleoside analog (Scheme 1)
that is used as a chemotherapeutic agent in the treatment of a
variety of solid tumors, such as pancreatic, lung, breast, bladder,
brain and other types of cancers. GEM demonstrates good effi-
ciency in combination with other cancer drugs [1, 2]. After in-
travenous (IV) administration, GEM undergoes metabolism by
plasma and liver cytidine deaminase to form inactivated 2’,2'-di-
fluorodeoxyuridine (dFdU) that is incorporated into DNA, which
leads to apoptosis [3]. A rapid and sensitive analytical method for
the detection of GEM is needed to provide alternative dosage and
treatment procedures. Up until now, several chromatographic
techniques, such as, HPLC [1,4] and LC/MS/MS [5,6], have been
developed for the quantification of GEM in blood, urine, and
tissues.

In recent years, considerable interest has been devoted to DNA
biosensors to develop new techniques for the detection of many
important molecules such as drugs [7-9] pathogens [10], and or-
ganic dyes [11,12]. Electrochemical DNA biosensors are
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constructed by immobilizing DNA on the electrode surface [13,14].
Electrochemical investigations of DNA and drug interactions have
been significant a focus of interest in terms of their rapid, reliable
and simple detection [15]. Direct monitoring of changes in the
DNA's electrochemical properties, such as oxidation of guanine
and adenine, allows the detection of the interaction of small mo-
lecules with DNA on the electrode surface [16,17].

The use of various polymers as electrode modifiers has recently
become more popular in electrochemical biosensor applications
[18,19]. These have been proposed as a suitable matrix for the
adsorption of biomolecules and they can be used to enhance the
stability, sensitivity and selectivity [20]. Electropolymerized 2,6-
pyridinedicarboxylic acid (PDCA) film has been used in biosensor
applications with different immobilized biomolecules due to its
rich electroactive center, excellent stability, biocompatibility, and
good infusible and insoluble capabilities [21,22]. Studies have
shown that electropolymerization of PDCA can provide a suitable
surface for the immobilization of DNA [21,23].

Kalanur et al. reported the interaction of GEM with dsDNA in a
phosphate buffer solution (PBS) (pH 7.4) at a glassy carbon elec-
trode (GCE) and the analytical application of the assay for GEM
[24]. In this study, one peak corresponding to the oxidation of GEM
was observed at 0.927V (vs. Ag/AgCl). The electrochemical
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Scheme 1. The chemical structure of gemcitabine.

analysis of GEM and the interaction mechanism between the
dsDNA and the GEM were explained using this peak. Florea et al.
reported a different technique based on a molecularly imprinted
polymer sensor. They investigated the changes in the reduction
peak of [Fe(CN)s]>~/4~, which is a mediator for the detection of
GEM [25]. In another study, Buoro et al. investigated the interac-
tion between GEM and DNA using a DNA-electrochemical bio-
sensor [26]. No electrochemical process related to the oxidation or
reduction of GEM was observed at the GCE in the potential range
between —0.70 and +1.40 V (vs. Ag/AgCl) in various electrolytes,
such as PBS and acetate buffer solution (ABS). Similar to this study,
we did not observe any peaks for the oxidation of GEM in ABS (pH
4.8). Therefore, the experimental studies in this paper were con-
structed based on the changes of the guanine base in the DNA.

In this study, a simple poly(2,6-pyridinedicarboxylic acid)
modified glassy carbon electrode (GCE/P(PDCA)) was prepared,
and then the GCE/P(PDCA) was activated by a pre-treatment pro-
cedure to provide a positive charge density on the polymer sur-
face. The dsDNA was immobilized on the surface of the GCE/P
(PDCA) via an adsorption technique in ABS (pH 4.8). The developed
DNA biosensor was employed for the electrochemical determina-
tion of GEM for the first time. This sensitive and selective elec-
trochemical DNA biosensor showed wide linear range and low
detection limit for the determination of GEM, which was per-
formed based on the changes in the guanine signal. Moreover, the
interaction mechanism between the dsDNA and GEM was ex-
amined by DPV, UV-vis spectroscopy, and viscosity measurement
techniques. The proposed DNA biosensor was successfully applied
for the determination of GEM in pharmaceutical formulations and
human serum samples.

2. Experimental
2.1. Chemicals

Fish sperm dsDNA was purchased from Serva Electrophoresis
GmbH Co. (Germany). GEM, PDCA, sodium acetate, sodium chlor-
ide, and acetic acid were provided by Sigma Chemical Co., Ltd.
Gemful” 1000 mg, for infusion, was purchased from a local phar-
macy. 1.0 mg/mL of dsDNA stock solution was prepared in

ultrapure water and stored at —20 °C. Solutions of different con-
centrations of dsDNA and GEM were prepared by dilution in
0.5 mmol L™! ABS (pH 4.8). Solutions of 1 mg/mL GEM were pre-
pared daily using ultrapure water. Other chemicals were analytical
grade and used without further purification.

2.2. Apparatus

Electrochemical measurements were performed with an Au-
tolab PGSTAT 302N potentiostat/galvanostat measurement system
using Nova 11.1 software (Eco Chemie, The Netherlands). The ex-
periments were conducted in a voltammetric cell Bioanalytical
Systems, Inc., USA using a conventional three-electrode system.
Silver/silver chloride (BAS MF2052), platinum wire (BAS MF1032),
and bare or GCE/P(PDCA) electrodes were used as the reference,
counter and working electrodes, respectively. The pH measure-
ments were obtained using an ORION Model 720A pH meter
(Thermo Scientific USA). The ultrapure water (18.2 M€2 cm) from
Purelab Elga system (Veolia Water Systems Ltd., UK) was em-
ployed for preparing all solutions. All measurements were carried
out at room temperature.

Electrochemical characterizations of GCE/P(PDCA) and GCE/P
(PDCA)/dsDNA were achieved in a 0.1 mol L™! KCl solution in-
cluding 5.0 mmol L~! Fe(CN)g> /4~ by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) techniques. The
cyclic voltammograms (CVs) were obtained by scanning in the
potential window from —0.3 to 0.6 V at a scan rate of 50 mV s~ .
For the impedance measurements, a frequency range of 100-
0.01 Hz was used with an AC voltage amplitude of 5mV at an
open-circuit potential (Eocp).

The Fourier transform infrared (FT-IR) spectra of the powder
PDCA and P(PDCA) film on the surface of the GCE were carried out
directly using a Bruker Alpha spectrometer connected to an ATR
attachment (Bruker Corporation Ltd.) in the range of
650-2000 cm~ ! with a spectral resolution of 4 cm~'. The spec-
trum of the P(PDCA) film coated GCE was measured by placing the
electrode onto the DRIFT module. The modified electrodes were
characterized by a scanning electron microscopy (FEI Nova Nano-
SEM 650, The Netherlands).

X-Ray photoelectron spectroscopy (XPS) analyses were per-
formed using a PHI 5000 Versa Probe spectrophotometer equip-
ped with an Al KaX-ray source (1486.6 eV) at an incident angle of
45°, The pass energy for XPS was 20 eV. The C 1s and N 1s XPS
spectra were measured at 0.1 eV step size. Multiplex scan fitting
was accomplished with Gaussian-Lorentzian functions.

UV-vis absorption spectra were obtained with a Shimadzu
1700 (Pharma Spec) double beam spectrophotometer (Shimadzu
Corporation, Tokyo, Japan) using quartz cuvettes of 1cm path
length at room temperature in the wavelength range of 200-
500 nm. The spectra were recorded for free dsDNA and dsDNA-
GEM for the calculation of the binding constant of the reaction
occurring between the GEM and the dsDNA.

Viscosity experiments were performed using an Ubbelohde
viscometer at 25 + 0.1 °C in a thermostatic water-bath. GEM con-
centrations ranging from 0 to 30 mg L~ ! were added to the visc-
ometer to give a certain molar ratio of GEM to dsDNA, and the
concentration of dsDNA was fixed at 30 mg L~ . After each addi-
tion of GEM, the solution was allowed to reach the thermal equi-
librium by waiting for 60 min, and then the flow time of the
sample through the capillary was measured using a digital
chronometer. The relative viscosity values of the dsDNA in the
absence and presence of GEM were calculated from the following
equation:

n__ (t—to)
g (tasona — to)
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where to and tgspna are the flow time of the 0.5 molL~! ABS
containing 20 mmol L~! NaCl and dsDNA, respectively, while t is
the flow time of the GEM and dsDNA mixture. The data have been
presented as (17/no)!” plotted versus the [GEM]/[dsDNA] ratio,
where 7 refers to the relative viscosity of the dsDNA after the ad-
dition of GEM and 779 denotes the relative viscosity of dsDNA alone.

2.3. Electrochemical synthesis of P(PDCA) film

The surface of the GC electrode was polished using a polishing
microcloth with 0.05 pm alumina powder and then rinsed several
times with ultrapure water, sonicated in water and then the
electrode was dried at room temperature. A freshly prepared so-
lution (10 mL) containing 0.1 mol L~! KCI and 1.0 mmol L~ 2,6-
pyridinedicarboxylic was degassed with free nitrogen to remove
oxygen. A series of eighteen potential sweeps were applied be-
tween 0.0V and +2.0V at a scan rate of 60 mVs~! [22]. The
obtained CVs (Fig. S1) are given in the Supplementary material.
After this procedure, the GCE was covered with a thin film of P
(PDCA), and this electrode was washed with ultrapure water. Yang
et al. [22] and Kui et al. [27] reported that the surface of the P
(PDCA) polymer film synthesized under these conditions had a
negative charge and repelled substances with a negative charge
such as Fe(CN)g>74. A pre-treatment or activation procedure for
the polymer film was required to accomplish immobilization of
the negatively charged dsDNA. For this purpose, the polymer was
activated by applying ten successive differential pulse voltammo-
grams (DPVs) in the potential range from +0.4 to +1.3 V (vs. Ag/
AgCl) in 0.1 mol L™! ABS (pH 4.8). The cyclic voltammogram and
EIS spectrum (Nyquist plot) of GCEs modified with both untreated
and pre-treated P(PDCA) were recorded in the solutions contain-
ing 5.0 mmol L' Fe(CN)s>/*~ as a redox probe, and they are
shown in the Supplementary material (Figs. S2 and S3). Unless
otherwise stated, the pre-treated polymer film was used in the
experimental studies.

2.4. Adsorption of dsDNA onto polymeric film

For the adsorption of the dsDNA, the modified electrodes were
immersed into vials containing 40 mgL™! dsDNA in 0.5 mol L™!
acetate buffer solution (0.02 mol L' NaCl) for 30 min. After ad-
sorption of the DNA, the electrode was washed with acetate buffer
(0.5 mol L™! at pH 4.8) for 5.

2.5. Interaction of dsDNA with GEM

To investigate the interaction between the GEM and the dsDNA
on the P(PDCA) film modified GCE, the guanine oxidation signal
was used as an indicator. After the adsorption of dsDNA onto GCE/
P(PDCA), it was immersed into in 0.5 mol L~! acetate buffer (pH
4.8) solution containing different concentration of GEM and stirred
at 200 rpm for selected times. After the interaction, the electrode
was rinsed and placed in GEM-free acetate buffer solution, where
the DPV was recorded.

The DPVs were obtained in 0.5 mol L~! pH 4.8 acetate buffer
solution by scanning in the potential range from +0.4 to +1.3 V.
The experimental conditions for the differential pulse voltam-
metry were step potential: 0.003V; modulation amplitude:
0.05 V; modulation time: 0.02 s; interval time: 0.2 s and scan rate:
0.015 V s~ . The anodic current was + 0.8 V, which corresponds to
the guanine oxidation, and it was employed as an analytical signal.

2.6. Preparation of real samples

Commercial pharmaceutical formulation samples of Gemful"
(1000 mg) were selected for the analysis of the GEM. Adequate

amounts of Gemful” were dissolved in 10 mL ultrapure water. An
aliquot of the sample solution was transferred into a volumetric
vial and diluted with ABS. The GEM content was determined ac-
cording to the recommended procedure.

Human serum samples supplied from healthy individuals were
selected and stored at —20 °C until the assay procedure. After a
10 pL volume of serum was transferred into vial containing 90 pL
acetate buffer solution, a certain volume of the stock solution of
GEM was added into the vial. This mixture was transferred to an
electrochemical cell, and left to interact with the GCE/P(PDCA)/
dsDNA electrode for the selected time. After the interaction, the
GCE/P(PDCA)/dsDNA electrode was rinsed and placed in blank ABS
and the DPVs were recorded.

3. Results and discussion
3.1. FT-IR spectrum of P(PDCA) film

To demonstrate the formation of the P(PDCA) film on the surface
of the GCE, the FT-IR spectroscopy technique was utilized. The FT-IR
spectra of the PDCA monomer and P(PDCA) film were recorded and
are given in Fig. S4. As seen from the figure, there were apparent
differences between the monomer and polymer spectra and this
finding supports the presence of a polymer film on the electrode
surface. The main IR bands and their positions are shown in Table S1.
In the spectrum of P(PDCA), the characteristic bands between 1728
and 1644 cm~ ! were assigned to the stretching vibration of the C=0
group [28]. The band observed at 1611 cm~! was attributed to the
C=C/CC and C-N/C=N stretching vibrations of the pyridine ring
[29-31]. The band at approximately 1553 cm~! may be ascribed to
the C=C, C=N and asymmetric COO~ stretching vibrations in the
PDCA unit [32,33]. The band observed at 1450 cm ™! can be assigned
to the O-H in-plane bending vibrations in the PDCA unit [34] and/or
the symmetric COO~ vibration [28]. The band appearing at
1385 cm~! may be concerned to the symmetric COO~ stretching
vibrations and the O-H in-plane bending vibrations in the PDCA unit
[30,32]. The bands at 1297 and 1219 cm ™' may be related to the C-O
and C-N stretching vibrations, respectively. The O-H and C-H in-
plane bending vibrations and stretching vibrations of the pyridine
ring were observed at 1157 cm™ .. The bands at around 991, 901, 878
and 753 cm~! pertained to the O-H and C-H out-of-plane bending
vibrations in the PDCA unit [30, 31, 34]. The in-plane bending vi-
brations of (0-C-0)~ appeared at 691 cm~' [35]. The broadening of
the spectrum of the polymer and decrease in the number of peaks
when compared to the monomer demonstrated that the P(PDCA)
was coated onto the GCE surface.

3.2. SEM images of P(PDCA) modified electrodes

The surface morphologies of the bare GCE, GCE/P(PDCA) and
GCE/P(PDCA)/dsDNA were investigated using SEM. Fig. 1(a) displays
the SEM image of the bare GCE and this electrode had a uniform
and smooth structure. When the surface of GCE modified with the P
(PDCA), a homogeneous thin film occurred on the electrode surface
and its surface morphology changed (Fig. 1(b), (c)). As seen in Fig. 1
(d), (e), a heterogeneous layer on the polymer surface was observed
after immobilization of dsDNA. The dsDNA agglomerated to the
surface more densely in certain regions. To further confirm the
formation of polymer film on the electrode surface and im-
mobilization of dsDNA on polymer film, the energy dispersive X-ray
spectroscopy (EDS) analyses were conducted and the spectra were
shown in Fig. 1(f) and (g). The existence of P(PDCA) on GCE surface
was seen from the peaks of C, O and N elements in EDS data (Fig. 1
(f)). The incorporation of ionic chloride species as dopant into
polymer backbone was proved by the Cl signal. In the case of GCE/P
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Fig. 1. SEM images of bare GCE (a), GCE/P(PDCA) (b,c), GCE/P(PDCA)/dsDNA (d,e), the EDS spectra of P(PDCA) film (f) and GCE/P(PDCA)/dsDNA (g).

(PDCA)/dsDNA, the P signal was also observed in EDS data (Fig. 1
(g)). This confirms the successfully immobilization of dsDNA upon
the surface of the GCE/P(PDCA).

3.3. X-ray photoelectron spectroscopy (XPS)

To demonstrate presence of P(PDCA) polymer film and dsDNA
on the GCE surface, XPS measurements were also performed. Fig. 2
shows survey spectra of bare GCE (a), GCE/P(PDCA) (b) and GCE/P
(PDCA)/dsDNA (c) when the dsDNA adsorption reached 40 mg L.
The presence of a O1s peak on the bare GCE may be due to the
effect of surface oxidation and surface preparation procedure [36].

The XPS spectrum shown in Fig. 2(b) clearly reveals that the Cl 2p
(198.7 eV), Cl 2s (270.2 eV), C1s (285.0 eV), N 1s (400.6 eV) and O
1s (532.2 eV) are present at the surface of GCE/P(PDCA). The ap-
pearance of the N 1s and Cl 2p signals as well as decreasing of the
percentage of C 1s signal indicates the presence of P(PDCA) on the
GCE surface. After the adsorption of the dsDNA, the XPS spectra of
the GCE/P(PDCA)/dsDNA electrode exhibited new P 2p, P 2s,
NaKLL, and Na 1s signals at about 133.2, 198.0, 495.0, and
1072.0 eV, respectively (Fig. 2(c)). This verifies that the dsDNA was
immobilized on the GCE/P(PDCA) surface.

In the expanded XPS spectra, the C 1s peaks at 283.0, 284.2,
286.5, and 290.7 eV shown in Fig. S5(A) can be assigned to carbon
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Fig. 2. XPS survey spectra of (a) bare GCE, (b) GCE/P(PDCA) and (c) GCE/P(PDCA)/
dsDNA electrode.

in the form of C-C, C-N, C=0, and O-C=0, respectively [37,38]. The
N 1s peaks at 398.1 and 400.7 eV shown in Fig. S5(B) are asso-
ciated with nitrogen in the states of (=N and C-N, respectively
[39].

3.4. Electrochemical characterizations of bare GCE, GCE/P(PDCA) and
GCE/P(PDCA)/dsDNA

CV and EIS techniques were employed for the electrochemical
characterizations of the bare GCE, GCE/P(PDCA) and GCE/P(PDCA)/
dsDNA electrodes in 0.1 molL™! KCl containing 5.0 mmol L™
Fe(CN)g>/#~. Fig. S6(A) illustrates the CVs of the bare and modified
GCEs at a scan rate of 50 mV s~!. When the surface of the GCE was
coated with P(PDCA), a decrease in the peak to peak separation
(AE,) and an increase in the anodic and cathodic peak currents
were observed, which might be ascribed to the electrostatic at-
traction of the positively charged P(PDCA) to Fe(CN)g> /4~ ions. In
the case of the GCE/P(PDCA)/dsDNA electrode (Fig. S6(A) (c)), a
decrease in the peak currents of the redox probe and an increase
in the AE, were observed according to the P(PDCA) modified
electrode. The results indicated that the negatively charged dsDNA
had been adsorbed on the surface of the GCE/P(PDCA), and
this impedes the Fe(CN)s> /4~ ions access to the surface of the
GCE [40].

To obtain more information about the electron transfer ki-
netics, the EIS technique was also used. A semicircle part at high
frequencies and a linear part at low frequencies occur in a typical
an EIS spectrum (Nyquist plot). The semicircle part and the linear
part correspond to the electron transfer limited process and the
diffusion process, respectively. The semicircle diameter is equal to
electron transfer resistance (R.;) value. Fig. S6(B) shows the Ny-
quist plots for the bare GCE (a), GCE/P(PDCA) (b), and GCE/P
(PDCA)/dsDNA (c). When the surface of the GCE was coated with P
(PDCA), the R value of the P(PDCA) modified GCE was smaller
than that of the bare GCE. When compared with the GCE/P(PDCA)
electrode, the Re; value of the GCE/P(PDCA)/dsDNA electrode in-
creased due to the adsorption of the DNA onto the surface of the P
(PDCA) film [22]. The impedance results were in good agreement
with the CVs performed under the same conditions (Fig. S6(A)).

3.5. Adsorption of dsDNA onto GCE/P(PDCA) electrode
The immobilization of the dsDNA on the surface of the GCE/P

(PDCA) electrode was performed by the direct adsorption method.
Fig. 3 shows the DPVs of the GCE/P(PDCA)/dsDNA electrodes in the
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Fig. 3. Differential pulse voltammogram of the GCE/P(PDCA) electrode adsorbed
the 30 mg L~! dsDNA (inset: the oxidation peaks of guanine at dsDNA amounts
varying from 2 mg L™! to 40 mg L")

dsDNA concentration range of 5-40 mg L. The guanine oxidation
peak currents increased with increasing dsDNA concentration
until 40 mg L~! and then leveled off (Fig. 4(A)). Thus, the optimum
dsDNA concentration was selected as 40 mg L™!. One important
parameter for the immobilization of dsDNA is the adsorption time.
Fig. 4(B) presents the guanine oxidation signals at the GCE/P
(PDCA)/dsDNA for 40 mg L™! of dsDNA at different accumulation
periods. The DPV signals of guanine increased up to 30 min of the
adsorption time and then leveled off. Therefore, 30 min was cho-
sen as the optimum adsorption time of the dsDNA for the pre-
paration of the GCE/P(PDCA)/dsDNA.

3.6. Electrochemical studies for the interaction of GEM with dsDNA
at GCE/P(PDCA)

The effects of the interaction time and concentration of GEM
were investigated to determine the optimum conditions for the
interaction between the GEM and the dsDNA. Firstly, the interac-
tion time between GEM and dsDNA at the GCE/P(PDCA) was op-
timized. As shown in Fig. 5(A), after the interaction with GEM,
there was a decrease in the guanine oxidation signal till 150 s, and
then it almost leveled off completely between 150 and 180 s. Ac-
cordingly 150 s was considered to be the optimum time for the
interaction between GEM and dsDNA. Secondly, the effect of the
concentration of the GEM on the DPV signals in the presence of
40 mg L' dsDNA was evaluated in the concentration range of
0 and 40 mg L. Fig. S7 shows the DPVs of the dsDNA at the GCE/P
(PDCA) electrode for the various concentration of GEM (Supple-
mentary material). Increasing the concentration of the GEM
caused a decrease in the oxidation peak current for the guanine
and adenine. The decrease in the guanine oxidation peak currents
may be attributed to the binding of the GEM to the dsDNA. This
decrease could be explained as a possible damage in the oxidizable
groups of the electroactive bases of DNA while GEM interacts with
the dsDNA at the GCE/P(PDCA) surface [41,42]. Generally, the po-
sitive shifts or negative shifts in the oxidation peak potential of
guanine showed the binding form to be via intercalation or elec-
trostatic binding, respectively [43]. Since Fig. S7 clearly indicate no
measurable shift in the oxidation peak potential of guanine of
upon addition of GEM, it can be concluded that the binding mode
of the GEM to the dsDNA is neither electrostatic interaction nor
intercalative binding. As shown in Fig. 5(B), the oxidation peak
currents of guanine were linear with the GEM concentration over
the range of 1.0-30.0 mg L™! with a linear equation of I(uA)= —
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0.0217C+1.368 with R*=0.991 (n=3) where C is the GEM con-
centration in mgL™". The limit of detection (LOD) and limit of
quantification (LOQ) from the calibration curve were found to be
0.276 and 0.922 mg L, respectively. The LOD and LOQ values
confirmed the sensitivity of the modified electrode which was
calculated using the following equation [14].

LOD =3 s/m, LOQ = 10 s/m M

where s is the standard deviation of the current (three runs) for
the lowest concentration of the linearity range, m is the slope of
the related calibration curve. The analytical parameters obtained
for the GEM determination using the DPV method are shown in
Table 1. To evaluate the precision of the suggested method, re-
peatability and reproducibility studies were performed (Table 1).
The repeatability of the dsDNA adsorbed modified electrode was
evaluated by measuring the guanine oxidation signal at the same
electrode. The relative standard deviation (RSD) of the five re-
peated measurements was 3.51%. The reproducibility of the GCE/P
(PDCA)/dsDNA was calculated from the changes in the oxidation
peak current for the guanine signal obtained by five different
electrodes. (Table 1). The RSD value of reproducibility was found to
be 3.72%. As shown in Table 2, the proposed GCE/P(PDCA)/dsDNA
electrode shows comparable analytical performance with the re-
ported methods [24-26,44,45].

There are three modes of binding for small molecules, such as
drugs, to dsDNA. These interactions involve intercalation, elec-
trostatic interaction, and groove binding [46]. Among them, elec-
trostatic interaction happens out of the groove of the dsDNA. In
contrast, the intercalation and groove binding modes occur on the
DNA double helix. Differential pulse voltammetry was utilized to
study the interaction of the dsDNA with the GEM, because this
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The effect of dsDNA concentration (A) and adsorption time (B) on the electrochemical responses of guanine at GCE/P(PDCA)/dsDNA.

Table 1
Analytical characteristics for voltammetric determi-
nation of GEM using DPV at GCE/P(PDCA)/dsDNA

electrode.
Parameters Obtained results
Potential applied (V) 0.78
Linearity range (mg L~ ') 1-30
Sensitivity (nA mg~'L) —0.0217
Determination coefficient (R?) 0.991
SE of slope 84 %10
SE of intercept 0.0142
LOD (mgL~1) 0.276
LOQ (mgL™1) 0.922
RSD for repeatability® 3.51%
RSD for reproducibility® 3.72%

2 Each value is the mean of the three measure-
ments.

technique can provide some information to determine the mode of
interaction. Furthermore, the DPV can reduce the background ef-
fects when studying the electrochemical behavior of biological
systems. If there is a negative or positive shift in the oxidation
peak potential, this can be considered to be an electrostatic or
intercalative interaction, respectively [43]. As shown in Fig. S7, a
notable shift in the peak potential of the guanine and adenine
signals upon the addition of the GEM was not observed. Further-
more, the decrease in the peak current of the dsDNA with the
addition of the GEM was due to the decrease in the equilibrium
concentration of the free dsDNA. It can be assumed that a GEM-
dsDNA complex (Eq. (2)) occurred between the dsDNA and GEM,
and that this complex was electrochemically more inactive than
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Fig. 5. (A) The effect of the interaction time and (B) concentration of GEM with dsDNA on the guanine oxidation peak current (inset: linear dependence of GEM con-
centration on the guanine signals at GCE/P(PDCA)/dsDNA electrode) (0.5 mmol L~! ABS, pH 4.8).
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Table 2
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Comparison of analytical performances of the different electrochemical sensors for the determination of GEM.

Electrode Linearity LOD Repeatability Application References
GCE 5 umol L' to 0.75 mmol L~ 1.06 ymol L! RSD: 1.68% Injection solution Recoveries: 96.53-98.83 [24]
MIP/AuE 3.8 fmol L~ to 38 nmol L™ 3.0 fmol L! RSD: 5.5% (n=3) Serum Recoveries: 96.38-102.03 [25]
GCE/dsDNA nr nr nr nr [26]

AuE 0.1-15.0 pmol L™! 0.06 pmol L™ RSD: 1.31% (n=6) Urine Recoveries: 98.29-102.55% [44]

CPE 5.0 x 10%-3.0 x 10* mol L' 8.2x10°mol L~! RSD: 2.53% (n=6) Urine Recoveries: 98.02-99.70 [45]
GCE/P(PDCA)/dsDNA 3.8-114 pmol L! 1.0 ymol L' RSD: 3.51% (n=5) Injection solution Recoveries: 101.6-106.0 This study

Glassy carbon electrode (GCE), molecularly imprinted polymer (MIP), gold electrode (AuE), double stranded DNA (dsDNA), carbon paste electrode (CPE), poly(2,6-pyr-
idinedicarboxylic acid) (P(PDCA)), relative standard deviation (RSD), not reported (nr).
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Fig. 6. UV-vis spectra of (A) GEM (30 mg L™!) and dsDNA (40 mg L), (B) GEM (30 mg L™!) in the absence and presence of dsDNA in the range of 5-40 mg L™\
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Fig. 7. DPV peak currents of GCE/P(PDCA)/dsDNA for 30mgL~' GEM in
0.5 mmol L~! ABS (pH 4.8) containing 0.02 mmol L™! NaCl before (dsDNA+GEM)
and after adding of 0.01 mmol L ascorbic acid (AA), uric acid (UA), p-glucose (p-
GLU), and L-cysteine (L-CYS).

the dsDNA.

dsDNA + GEM = GEM - dsDNA @

Table 3
Recovery of gemcitabine in commercial injection formulations.

Table 4
Determination of GEM in serum samples.

Sample Amount of added Amount of found Recovery RSD® Bias
no. (mgL™) (mgL™) (%) (%) (%)

1 1.00 1.002 100.20 312 0.20
2 10.00 10.08 100.80 236 0.80
3 20.00 20.60 103.00 1.03  3.00

2 Each value is the mean of three measurements

If it is supposed that the interaction of the GEM with the dsDNA
generates only one complex, the interaction between GEM and
dsDNA can be determined by using the following equation [47,48]:

IgEm —dsDNA )

log( L) = logK + log(
[GEM] las pNA — IGEM-dsDNA

3

where K is the binding constant, Iyspna is the peak current of
the dsDNA and Iggm-qaspna iS the peak current of the GEM-DNA
complex formation after the interaction of the drug with the DNA
that is immobilized on the surface of the electrode. The binding
constant value of this complex, K, can be determined from the
intercept of the non-linear curve fitting plot of log(1/[GEM]) vs. log
(IGEM—dSDNA/IdSDNAfIGEM—DNA)- The value of K is calculated as
4.6 x 10* L mol™".

Labeled claim (mg L") Amount of found (mg L™) Amount of added (mgL ') Amount of found (mg L ') Recovery (%) RSD? (%) Bias (%)
1.00 1.03 1.00 0.98 98.00 4.58 -20
5.00 5.02 5.00 498 99.60 2.18 -04

10.00 10.08 10.00 9.78 97.80 3.08 —-22

2 Each value is the mean of three measurements
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3.7. UV-visible absorption studies

Absorption spectrophotometry was used to clarify the inter-
action between GEM and the dsDNA. The UV-visible absorption
spectra of the dsDNA and the dsDNA-GEM system were measured
in ABS (pH 4.8). The GEM presented two absorption peaks at about
237 and 269 nm which were close to the absorption peak of
dsDNA at 260 nm (Fig. 6(A)). With the addition of dsDNA
(5-40 mg L) to the fixed concentration of GEM (30 mg L"), an
increase in the absorption spectrum of the GEM at 269 nm (hy-
perchromism) with a slight blue shift was observed (Fig. 6(B)). The
results indicated that there is an interaction between the dsDNA
and the GEM. In addition, the total absorption intensities of the
free dsDNA and free GEM were lower than those of the dsDNA-
GEM complexes (Table S2). Generally, it is accepted that the
binding of small molecules to dsDNA through intercalation usually
results in hyperchromism and significant red shift (> 15 nm),
while outside binders show a smaller red shift ( < 8 nm) [24,49]. In
the case of groove binding molecules, which bind on the outer
surface of the DNA, smaller or no bathochromism is usually ob-
served [50]. The UV spectrum results of the GEM-DNA complex
suggest that GEM may interact with dsDNA via groove binding.
Based upon the variations in the absorbance spectra of GEM upon
binding to the dsDNA, the binding constant (K) can be determined
according to following equation:

Ao G £G 1

A—A;  enc-co | enc-cq  KIDNA] @)

where K is the binding constant and, Ag and A are the absor-
bance values of the drug and its complex with dsDNA, respectively.
&c and &y ¢ are the absorption coefficients of the drug and the
GEM-dsDNA complex, respectively. The binding constant, K, can
be obtained from the intercept-to-slope ratio of Ag/(A-Ao) vs. 1/
[dsDNA] plot. The value of K for GEM-dsDNA interaction was
calculated to be 3.4 x 10* L mol™!. Moreover, it was close to the
value obtained from the DPV method (4.6 x 10* L mol™). It can be
concluded that the interaction type between the dsDNA and GEM
may be the groove binding mode [24].

3.8. Viscosity studies

A useful technique to determine the binding mode between
small molecules and DNA is viscosity measurement, which is
sensitive to the length change of the double helix, and it is the
most critical test of the classical intercalative binding mode.
Generally, a classical intercalative binding of small molecules
causes an increase in the viscosity of the DNA solution. Conversely,
non-intercalation binding, such as electrostatic or groove binding,
may have little impact on the viscosity of DNA since they do not
alter the axial length of the dsDNA upon binding [51-53]. As seen
in Fig. S8, the relative viscosity of the dsDNA showed a trivial
change that indicated the binding mode of GEM with dsDNA was
not an intercalative interaction. Such behavior suggests further
that a non-intercalative, and possibly a groove, binding should be
the interaction mode of GEM with dsDNA.

3.9. Effect of NaCl concentration

An investigation of the effect of the salt concentration provides
useful information to understand the binding mode between small
molecules and dsDNA. To clarify the interaction of the GEM
(30 mg L") with the dsDNA (40 mg L™!) adsorbed at the GCE/P
(PDCA) surface, the effect of ionic strength on the guanine oxida-
tion signal was investigated. DPVs were obtained in 0.5 mmol L™
ABS (pH 4.8) containing different concentrations of NaCl

(2.5-30 mmol L) (Fig. S9). The electrostatic attraction between
the small molecule and the dsDNA usually serves as an auxiliary
mode to assist intercalation and groove binding. If the electrostatic
interaction takes place between the binding of small molecules
and dsDNA, the strength of the interaction decreases with an in-
crease in the salt concentration in the solution [51,54]. The ob-
tained data showed that the peak current of guanine almost did
not change with the increase in the concentration of NaCl, which
indicated that there was no significant electrostatic binding be-
tween the GEM and dsDNA.

3.10. Interference study

Interference studies were performed at the GCE/P(PDCA)/
dsDNA with several interfering compounds prior to the application
of the developed biosensor for the analysis of GEM in real samples.
The results of the effects of various substances that are commonly
found in human serum on the interaction of GEM with dsDNA are
shown in Fig. 7. The original DPV curves for the selectivity test are
given in the supplementary material (Fig. S10). The obtained re-
sults showed that the GCE/P(PDCA)/dsDNA electrode was highly
selective for GEM-dsDNA interaction.

The stability of the GCE/P(PDCA)/dsDNA electrode was also
tested. When the GCE/P(PDCA)/dsDNA electrode was kept in
0.1 mol L' PBS pH 7.0 at room temperature after voltammetric
measurements, the guanine oxidation current signals kept nearly
stable in the first 5 days and decreased about 18.4 of its initial
response after 20 days, indicating the good stability of the P(PDCA)
modified GC electrode.

3.11. Real sample analysis

To investigate the accuracy of the developed method, GCE/P
(PDCA)/dsDNA was applied to the analysis of GEM in commercial
formulations. For this purpose, the concentration of GEM in the
injectable sample was determined. Then certain amounts of GEM
were added to the samples and the contents were measured again
using the GCE/P(PDCA)/dsDNA by the standard addition method.
The results are given in Table 3. The recovery value of the phar-
maceutical samples ranged between 97.80% and 99.60%. In the
biological sample analysis, standard addition method was used to
determine the concentration of GEM and the different amounts of
GEM that were spiked into the test sample (Table 4). These results
demonstrate the applicability of the proposed electrochemical
biosensor based on GCE/P(PDCA)/dsDNA for the determination of
GEM in injectable solutions and human serum samples.

4. Conclusion

The proposed electrochemical DNA biosensor is sensitive, se-
lective, and rapid for the determination of GEM at low con-
centrations. After the interaction of the GEM with the dsDNA, a
decrease in guanine and adenine oxidation signals were observed.
The GCE/P(PDCA)/dsDNA electrode can not only be used to explore
the interaction of GEM with dsDNA, but can also be employed to
detect the concentration of GEM. The interaction mechanism be-
tween the dsDNA and the GEM was examined by electrochemical,
viscosimetric and spectroscopic methods. The results indicated
that GEM could change in conformation of the dsDNA, and the
binding mode of the GEM to the dsDNA was based on groove
binding under these conditions. The proposed biosensor has an
excellent applicability for the determination of GEM in human
serum samples. Furthermore, the present method could enable the
monitoring of new drug compounds for interaction with dsDNA.
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