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A label-free electrochemical biosensor based on 3D
cubic Eu®*/Cu,0O nanostructures with clover-like
faces for the determination of anticancer drug
cytarabine

Mohammad Mehdi Foroughi, 2 *2 Shohreh Jahani,
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The present research utilized a simplified procedure for developing a novel electro-chemical DNA
biosensor based on a carbon paste electrode (CPE) modified with three-dimensional (3D) cubic Eu®*/
Cu,O nanostructures with clover-like faces (Eu**/Cu,O CLFNs). The modified electrode was applied to
monitor electro-chemical interactions between dsDNA and cytarabine for the first time. Then, the
decreased oxidation signal of guanine following the interactions between cytarabine and dsDNA was
utilized as an indicator for selectively determining cytarabine using differential pulse voltammetry (DPV).
According to the findings, the oxidation peak current of guanine was linearly proportionate with the
cytarabine concentration in the range between 0.01 and 90 pM. Additionally, the limit of quantification
(LOQ) and the limit of detection (LOD) respectively equaled 9.4 nM and 2.8 nM. In addition, the
repeatability, applicability and reproducibility of this analysis to drug dosage forms and human serum
samples were investigated. Furthermore, UV-vis spectroscopy, DPV, docking and viscosity measurements
were applied to elucidate the interaction mechanism of dsDNA with cytarabine. It was found that this
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1. Introduction

A major therapeutic method of cancer is chemotherapy, in which
low molecular weight medicines are utilized to limit the prolifera-
tion or rapid growth of tumour cells." Therefore, cytostatic drugs
(CDs) that maintain their chemical structures in the long term have
been developed. These drugs are capable of direct or indirect
interaction with DNA and alteration of its structure.” Hence, they
have greater susceptibility to aquatic organisms by exerting geno-
toxic, teratogenic, and mutagenic impacts. Compared to other drug
compounds, CDs show lower concentrations (ng to mg L") in the
environment. However, a majority of these drugs have higher
biochemical and photochemical stability in water bodies; therefore,
they are among the most persistent pollutants.* Moreover, incom-
plete mineralization of CDs and metabolites of their parent
compounds may be involved in the aquatic environment.* For
example, cytarabine (CBN) is an anti-cancer medicine that has been
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DNA biosensor may be utilized to sensitively, accurately and rapidly determine cytarabine.

categorized as an anti-metabolite. In fact, it is a structural analogue
of purine and pyrimidine bases, and its functional principle is
considered to be the obstruction of the growth of unregulated
cancer cells via interference with the DNA synthesis of the cells.?

Consequently, experts in the field have been mainly attracted by
DNA bio-sensors for developing novel procedures to determine
several prominent molecules, such as drugs, pathogens and
organic dyes.”® In addition, electro-chemical DNA bio-sensors are
made by immobilizing DNA over the surface of an electrode.’
Moreover, researchers have significantly focused on the electro-
chemical examination of DNA and its interaction with medicines
for their fast, convenient and reliable determination.'® Additional,
direct supervision of the modifications in the electro-chemical
features of DNA, such as guanine and adenine oxidation, results
in the detection of interactions between tiny molecules and the
DNA over the surface of the electrode.**** Furthermore, electro-
chemical procedures raise difficulties in detecting nucleic bases,
such as slower electron transfer kinetics, higher overpotential and
overlapping of their oxidation peaks. To resolve these problems, it
is useful to apply chemically modified electrodes.’*?” On the one
hand, for modification of biosensors, nano-materials are usually
utilized because of their superior catalytic features and higher
electrical conductivity. Consequently, more active sites and
considerable functional groups on the surface of nano-materials
result in higher activities for catalysis and adsorption.'®**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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One significant kind of metal oxide semi-conductor is cuprous
oxide (Cu,0), which enjoys several benefits, such as nontoxicity,
adjustable size, affordability, quick response and recovery rates,
and particular electrical and optical features. Moreover, cuprous
oxides have widespread utilization in producing sensors, super-
conductors, and catalytic and solar cells.*

Cu,O is considered to be a very good catalyst material in
electro-catalysis; its catalytic capacity will be influenced by the
respective morphology because structure-associated bandgap
energy is essential for improving its performance. For instance,
Cu,O with various morphologies, from cuboctahedra and
truncated octahedra to octahedra, showed diverse o-chlor-
ophenol catalytic capabilities.*® Additionally, it is possible to
easily tune the morphological, optical, electrical, and magnetic
characteristics of metal oxide nanostructures by reinforcing
them with transition and rare earth elements.>”~**

Molecular recognition, including enzyme-substrate, drug-
nucleic acid, drug-protein, protein-nucleic acid, and protein—
protein interactions, plays an essential role in many biological
processes, such as signal transduction, cell regulation, and other
macromolecular assemblies. Therefore, determining the binding
mode and affinity between the constituent molecules in molecular
recognition is crucial to understanding the interaction mecha-
nisms and to designing therapeutic interventions. Due to the
difficulties and economic cost of the experimental methods for
determining the structures of complexes, computational methods
such as molecular docking are desired to predict putative binding
modes and affinities. In molecular docking, based on the DNA
structure, thousands of possible poses of the association are tried
and evaluated; the pose with the lowest energy score is predicted as
the “best match”, i.e., the binding mode.*

The present research reports a simplified and surfactant-free
technique to fabricate 3D cubic Eu®*'/Cu,0 nano-structures with
cloverlike faces (Eu’’/Cu,0 CLFNs) while preserving its
morphology. Herein, we thoroughly describe structural and
morphological assessments that may be advantageous for addi-
tional examinations and promising for intended architectures in
the coming years. Furthermore, simplified Eu®**/Cu,0 CLFNs-
modified CPE (Eu®*/Cu,0O CLFNs/CPE) was procured and dsDNA
immobilization was performed over the surface of Eu*'/Cu,O
CLFNs/CPE via an adsorption technique in ABS at a pH of 4.8. This
new DNA bio-sensor (dsDNA/Eu*"/Cu,O CLFNs/CPE) was initially
utilized to electrochemically determine cytarabine. Moreover, the
present selective and sensitive electro-chemical DNA bio-sensor
displayed wider linear ranges and lower LODs to detect cytar-
abine, which was carried out based on modifications in the
guanine signal. Consequently, the interaction mechanisms of
dsDNA with cytarabine were explored via UV-vis spectroscopy,
DPV, docking studies, and viscosity measurements. Ultimately,
this new DNA bio-sensor was substantially utilized to detect
cytarabine in drug formulations and human sera specimens.

2. Experimental
2.1. Materials

The chosen purchased Sigma-Aldrich chemicals were double-
stranded fish sperm DNA (dsDNA), CH3;COOH, Tris-HCl,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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EDTA, CH;COONa, NaOH, NaCl, PVP, CuCl,-2H,0, Na;CcH:0-,
K,CO; and cytarabine hydrochloride. Additionally, EuCl;-6H,0
was provided by Merck. Each material was of analytical grade
with increased purity.

The salmon-sperm dsDNA was obtained from stock solution
(100 mg L") in Tris-HCI buffer at a pH of 7.2) and stored in the
frozen state. Afterwards, more diluted solutions of dsDNA were
prepared with an acetate buffer solution at a pH of 4.8 con-
taining 0.02 M NacCl.

After that, 1.0 mM stock solution of cytarabine was procured via
dissolution of a precisely weighed amount of cytarabine, and
consequently, a cytarabine working solution for the voltammetric
analyses was obtained via diluting the stock with acetate buffer at
a pH of 4.8 which contained 0.02 M NaCl. According to the research
design, all measurements were performed at room temperature.

2.2. Apparatus

A Philips analytical PC-APD X-ray diffractometer and Ka radia-
tion (o, A, = 1.54439 1&), graphite mono-chromatic Cu radiation
(o4, A1 = 1.54056 A) were utilized for the X-ray powder diffrac-
tion (XRD) to demonstrate the organization of the product.
Subsequently, SEM and energy-dispersive X-ray spectroscopy
(KYKY and EM 3200) were applied to observe the Eu*'/Cu,O
CLFNs. Moreover, EIS, and DPV were employed on a SAMA 500
electro-analyzer with a 3-electrode system that contained
a platinum counter electrode, Ag/AgCl reference electrode, and
carbon paste working electrode. Finally, a pH meter (pHS-3C;
Shanghai REX Instrument Factory, China) was employed for
pH value measurements, and each test was performed at room
temperature (ca. 25 °C).

In this stage, a Shimadzu 1700 (Pharma Spec) double-beam
spectro-photometer (Shimadzu Corporation; Tokyo: Japan)
was used with quartz cuvettes of 1 cm path length at the room
temperature in the wavelength range of 200 nm to 500 nm UV-
vis for obtaining adsorption spectra. These spectra were regis-
tered for dsDNA-cytarabine and free dsDNA to compute the
binding constant of the reaction of cytarabine with dsDNA.

Additionally, an Ubbelohde viscometer at 25 £+ 0.1 °C in
a thermo-static water-bath was used for the viscosity tests.
Therefore, the cytarabine concentration in the ranges between
0 mg L' and 30 mg L' was added to the viscometer for
a specific molar ratio of cytarabine to dsDNA. Thus, the dsDNA
concentration was constant at 30 mg L™ '. Following the addi-
tion of cytarabine, we left the solution undisturbed to reach
thermal equilibrium and waited for sixty minutes. Afterwards,
the specimen flow-time via capillary was gauged with a digital
chrono-meter, and the relative viscosity values of dsDNA were
computed by eqn (1) in the presence and absence of cytarabine:

nino = (¢ — to)/(taspna — to) (1)

where ¢, and tgspna refer to the flow time of 0.5 M ABS consisting
of 20 mM NaCl and dsDNA and ¢ represents the flow time of the
mixture of dsDNA and cytarabine. Outputs were written as (n/n,)""
plotted vs. the [cytarabine]/[dsDNA] ratio, where n stands for the
relative viscosity of dsDNA following the addition of cytarabine and
1o implies the relative viscosity of dsDNA alone.*
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2.3. Synthesis of 3D cubic Eu’®'/Cu,O nanostructures with
clover-like faces

Eu’'/Cu,0 CLFNs were synthesized via a hydrothermal
approach. 10.0 mL PVP (0.30 g) solution, 10.0 mL solution of
europium chloride (0.01 M, EuCl;-6H,0), and 10.0 mL solution of
cupric chloride (0.2 M, CuCl,-2H,0) were combined to synthesize
the Cu,O/Eu®" CLFNs and then dissolved in 70.0 mL deionized
water. Afterwards, the mixture was shaken for 10 min; then,
10.0 mL solution of trisodium citrate (0.6 M, Na;C¢H;0,) and
10.0 mL solution of potassium carbonate (1.0 M, K,CO;) were
dropped in the mixture under constant stirring. After the above-
mentioned mixture became blue, a mixture of 10.0 mL glucose (1.0
M) was added, and the mixture was stirred for 5 min.
Afterwards, the obtained solution was transferred with
a Teflon liner into a 150.0 mL autoclave. The autoclave was
sealed and maintained for 2 h at 80 °C. Finally, after this reac-
tion, the autoclave was cooled to room temperature. The
centrifugation procedure was applied to collect the product.
Then, the product was repeatedly washed with ethanol and
dried subsequently for 8 hours at a temperature of 80 °C.

2.4. Preparing the electrode

A mixture of 0.8 mL paraffin oil and 0.45 g graphite powder was used
to prepare 0.50 g of paste; then, the paste was pressed into a glassy
tube to procure the CPEs. After that, we placed a copper wire on it
from the opposite end of the tube to cast it as a conductor. Addi-
tionally, we smoothed the CPE surface by rubbing its outer surface
on a paper segment before it was used. Then, we prepared modified
CPEs, such as Eu**/Cu,O CLFNs/CPE and Cu,O CLFNs/CPE, with the
same technique and added 0.05 g of Eu*"/Cu,0O CLFNs as well as
0.05 g of Cu,O CLFNs to the two electrodes (Scheme 1).

2.5. Immobilizing the dsDNA on the surface of the modified CPE

In order to immobilize the dsDNA at the Eu**/Cu,O CLFNs/CPE
surface, the modified CPE in the shaken 15.0 mg L' dsDNA
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was submerged, and a potential of +0.50 V was applied for 250
seconds. Next, we employed acetate buffer solution at a pH of
4.8 to wash the dsDNA-modified CPE (dsDNA/Eu’*/Cu,0
CLFNs/CPE) to remove the un-bonded dsDNA. Afterwards,
dsDNA/Eu’*/Cu,0 CLFNs/CPE was submerged in 0.5 M acetate
buffer solution at a pH of 4.8. Then, the potential from +600 to
+1000 mV was scanned to register the guanine oxidation current
(Scheme 1).

2.6. Electro-chemical measurements

CV of the various modified electrodes was performed in a redox
probe solution consisting of 5 mM Fe(CN)s>~/*~ with 0.1 M KCI
via scanning of the potentials between —0.5 and +0.9 V at
a 50 mV s~ ! scan rate. Moreover, EIS measurements were
registered in the redox probe solution at a potential equal to
+0.20 V in the frequency range from 0.1 Hz to 100 kHz based on
10 mV amplitude.

According to the research design, DPV measurements were
registered to detect dsDNA as well as to study the drug-DNA bio-
interactions in ABS at a pH of 4.8 for measuring the guanine
oxidation signal via scanning the potential from +0.40 to +1.20 V
at a pulse amplitude of 50 mV and a 50 mV s~ " scan rate. Finally,
the anodic current relative to guanine oxidation of +1.0 V (versus
SCE) was used as the analytical signal.

2.7. Molecular docking

Crystal structures of the DNA duplex (entry codes 1BNA and
a dodecamer with the sequence d(CGCGAATTCGCG),) were
downloaded from the Brookhaven protein data bank. Optimi-
zation of the structure was computed with Gaussian 09 at the 6-
31 G** level using B3LYP hybrid-density functional theory (DFT)
to provide the most stable geometry of cytarabine. Moreover,
Auto-dock 4.2.6 was utilized with a semi-flexible docking
procedure, and each cytarabine bond was set as free whereas
the DNA maintained rigidly. Additionally, a grid-point spacing

3D cubic Eu*/Cuy0O nanostructures with clover-like faces

ABS ; ds-DNA
(0.5M, pH=4.8) (15.0 mg/L)
0.6-1.0V H5V &

t=250s

i
Graphite powder (0.45 g)

Modified carbon paste electrode ( > Paraffin oil (0.8 mL)

Scheme 1 Schematic illustrating the fabrication steps of dsDNA/Eu®*/Cu,O CLFNs/CPE.
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Fig. 1 XRD pattern of Eu®*/Cu,O CLFNs.

equal to 0.375 A as well as a grid-map with 70 A x 70 A x 70 A
points were provided. Finally, docking showed the greatest 25
million energy calculations; thus, 200 separate docking runs were
performed by Lamarckian genetic algorithm local searching.**

2.8. Preparing the real samples

The commercial drug formulation specimen of cytarabine
(100 mg in 5 mL) was chosen to analyze cytarabine, and an
adequate amount of cytarabine was dissolved in 10 mL ultra-
pure water. Moreover, the aliquot of the sample solution was
transferred into a volumetric vial and diluted with ABS.
Consequently, the suggested technique was utilized to deter-
mine the volume of cytarabine.

Afterwards, samples of human sera were provided from
chosen healthy people and were maintained at —20 °C until the
assay process. Upon the transfer of a 2.5 mL volume of serum
into a vial containing 22.5 mL acetate buffer solution, a specific
amount of stock solution of cytarabine was poured into the vial;
then, the mixture was transferred into an electro-chemical cell
and set aside to interact with dsDNA/Eu®*'/Cu,0O CLFNs/CPE
until the determined time. Upon the interaction, the dsDNA/
Eu**/Cu,0 CLFNs/CPE was washed and placed in blank ABS,
and the DPVs were recorded.

SEM HV: 15.0 kV WD: 9.66 mm
SEM MAG: 15.0 kx Det: SE

View fleld: 13.8 ym  Date{m/dly): 07/10/19 RMRC FESEM

MIRA3 TESCAN  SEM HV: 15.0 kV
SEM MAG: 75.0 kx
View fleld: 2.77 ym  Date(midly): 0710119
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3. Results and discussion

3.1. Characterization of the Eu**/Cu,0 CLFNs

The relative intensity and the position of all diffraction peaks
toward the cubic Cu,O phase can be indexed in the as-
synthesized products with the XRD pattern (Fig. 1). Three
specific peaks can be appointed to the (111), (200), and (220)
planes, which is highly consistent with the standard PDF
database (JCPDS card no. 77-0199).*> No further impurity phase
was discovered, which demonstrated the purity of the Eu®**/
Cu,O CLFNs which were synthesized in the recent experimental
situation. The diffraction peaks of the samples are narrow and
sharp, indicating an approximately suitable crystallinity, and there
is no particular peak available according to the europium oxide
step (Fig. 1). On the contrary, this may demonstrate the doping of
Eu®® into the Cu,O structure. Compared to pure Cu,O, the
diffraction peaks showed an apparent shift to a lower angle, which
implies slight doping of the europium ions into the lattice of Cu,O.
This was likely induced via the ionic radius of Eu*" (0.1087 nm);
compared to the ionic radius of Cu' (0.096 nm), it is noticeably
larger, and the growth of the lattice in the Eu-doped Cu,O was
rendered crystalline via the abovementioned material. This insig-
nificant switch was foreseen for the substitution of Cu ions with Eu
ions with no alterations in the crystal lattice.

The morphology of the typical as-synthesized products
indicated that the average diameters of the obtained Eu**/Cu,0
CLFNs are ~80-140 nm, with a low spread in dimensions and
shape and a smooth surface (Fig. 2(a)). A higher magnification
FESEM image of the Eu**/Cu,O CLFNs was obtained (Fig. 2(b)).
In particular, each observed Eu**/Cu,O nanostructure consists
of four-pointed arrows (each with a length ~80-100 nm) hinting
at four directions which are orthogonal, and the nanostructures
have clear, fine surfaces. This result is compatible with the
FESEM observations.

A representative EDX spectrum clearly illustrates the prominent
characteristics attributed to europium, copper and oxygen, there-
fore displaying the satisfactory formation of the Eu**/Cu,O CLFNs.
The Eu contents of the as-obtained Eu*-doped Cu,O

WD: 9.67 mm
Det: SE

MIRA3 TESCAN
50 nm
RMRC FESEM

Fig. 2 (A) FESEM image and (B) high resolution FESEM image of Eu®*/Cu,O CLFNs.
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Fig. 3 EDX spectra and elemental mapping of Eu®**/Cu,O CLFNs.

nanostructures were determined from the ED spectra. Further-
more, an elemental map (EM) was obtained, which indicates
homogeneous distribution of the elements on the surface (Fig. 3).

3.2. Characterizing the modified electrode

We recorded cyclic voltammograms of the Fe(CN)s>~"* redox
couple as an index to immobilize DNA at the surface of bare
CPE, Cu,0 CLFNs/CPE, Eu’'/Cu,0 CLFNs/CPE and dsDNA/
Eu®'/Cu,O CLFNSs/CPE to characterize the modified electrode.
The redox peak current and reversibility at the Cu,O CLFNs/CPE
(curve b) are augmented in comparison to those at the
unmodified electrode (curve a) (Fig. 4(A)). Therefore, this condition
can be triggered by the faster electron transfer and larger surface
area of Cu,O CLFNs/CPE, leading to a higher current response.
Moreover, the Eu®*/Cu,0 CLFNs/CPE (curve c), AE;, diminished
and the peak current was considerably enhanced compared to
those of the CPEs and Cu,O CLFNs/CPE. These outputs can be
attributed to the synergic impact of Cu,0 and Eu®", resulting in
increased modified electrode functions such as faster electron
transfer rates, higher conductivity and acceptable anti-fouling
features. Upon immobilization of DNA at the surface of the Eu*'/
Cu,O CLFNSs/CPE, the two anodic and cathodic peak currents were
remarkably reduced by enhancing the peak-to-peak potential
separation (curve d). The outputs indicated resistance of phos-
phate groups with the negative charge of the immobilized DNA for
access of the redox couple to the electrode. In addition to this
electrostatic repulsion, the immobilized dsDNA may function as

17518 | RSC Adv,, 2021, 1, 17514-17525

a physical blocker to transfer electrons. Accordingly, the current
was reduced. Finally, we obtained DNA immobilization at the
surface of Eu**/Cu,O CLFNs/CPE.

EIS is a flexible technique for revealing the impedance
properties of electrode/solution interfaces using a redox probe,
Fe(CN)s*>/*". In general, the semicircle diameter in a Nyquist
plot can be illustrated via the charge transfer resistance (R).
Nyquist plots of the impedance spectra registered on CPE in the
surface layer are shown in Fig. 4(B). The electron R.-value for the
bare CPE equalled 580 Q (curve a), which declined significantly to
310 © (curve b) for the Cu,O CLFNs/CPE and 135 Q (curve c) for
Eu®/Cu,0 CLFNs/CPE; this verifies the acceptable electrical
conductivity of the provided film, reflecting the more robust
capability of the electron transfer of the redox ions to the surface of
the electrode (Fig. 4(B)). When dsDNA was immobilized on the
Eu**/Cu,0 CLFNs/CPE (curve d), a gradual enhancement in the Re,-
value (1552 Q) was registered, denoting lower ability to transfer
electrons at the surface of the electrode; this was caused mainly by
the non-conductive behaviors of dSDNA, which create an obstacle
to prevent ferro/ferricyanide ions from reaching the electrode.

3.3. Absorbing dsDNA over the Eu**/Cu,0 CLFNs/CPE

The direct adsorption method was used to immobilize dsDNA
over the Eu*"/Cu,O CLFNs/CPE surface. The intensities of the
guanine oxidation signals of the dsDNA/Eu**/Cu,O CLFNs/CPE
electrodes in the dsDNA concentration range between 5 and
25 mg L' are indicated in Fig. 5. Moreover, we observed the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (A) Cyclic voltammograms of 5 mM [Fe(CN)gl* /4~ in 0.1 M KCL:
(a) CPE, (b) Cu,O CLFNs/CPE (c) Eu**/Cu,O CLFNs/CPE, (d) dsDNA/
Eu®*/Cu,O CLFNs/CPE. Scan rate: 50 mV s. (B) The Nyquist plots of (a)
CPE, (b) Cu,O CLFNs/CPE (c) Eu®*/Cu,O CLFNs/CPE, (d) dsDNA/Eu>*/
Cu,O CLFNs/CPE in 0.1 M KCl containing 5.0 mM Fe(CN)g> /4.
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Fig. 6 Differential pulse voltammograms of guanine after interaction
with 0.0, 5.0, 25.0, and 35.0 uM cytarabine in ABS (0.1 M, pH 4.8)
(curves a—d, respectively) and dsDNA at dsDNA/Eu®*/Cu,O CLFNs/
CPE.

enhanced peak current of guanine oxidation as the dsDNA
concentration was elevated to 17.5 mg L' and consequently
leveled off (Fig. 5(A)). Hence, the optimal dsDNA concentration
was chosen as 17.5 mg L. A significant factor to immobilize
dsDNA has been proposed to be the absorption time. The
intensities of the oxidation signal of guanine at the dsDNA/
Eu®*/Cu,0 CLFNs/CPE for 17.5 mg L™* of dsDNA at various
accumulation time points (50-300 s) was demonstrated
(Fig. 5(B)). As shown, the intensity of the signal of guanine was
enhanced up to 200 s of absorption time and subsequently
leveled off. Hence, we chose 200 s as the optimal absorption
time of dsDNA to procure dsDNA/Eu®*/Cu,O CLFNs/CPE.

3.4. Electro-chemical examination of the interaction
between cytarabine and dsDNA at Eu**/Cu,O CLFNs/CPE

The optimized conditions for dsDNA to interact with cytarabine
were determined by investigating the impact of the interaction

5 5 5 1
A B &
L
4 4 4 A
35 3 3 7
e . 2
=, ] -, -,
1A 1 14
0 T T T T 1 0 : : : , Y 0 T T T T 1
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Fig. 5 (A) The oxidation signal plot of guanine vs. dsDNA concentration (2-25 mg L™%). (B) The oxidation signal plot of guanine at different
accumulation times of dsDNA (50-300 s). (C) The influence of the incubation time of 60.0 pM cytarabine in ABS (0.1 M, pH 4.8) on the response

of dsDNA/Eu®*/Cu,O CLFNs/CPE.
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Fig. 7 (A) Voltammograms of dsDNA/Eu®*/Cu,O CLFNs/CPE for
different concentrations of cytarabine in ABS (0.1 M, pH 4.8). From top
to bottom (1-13), 0.0, 0.01, 1.0, 5.0, 10.0, 20.0, 30.0, 40.0, 50.0, 60.0,
70.0, 80.0 and 90.0 uM. (B) Dependence of the oxidation guanine
current (different between guanine current in the absence and pres-
ence of cytarabine) vs. concentration of cytarabine.

time and cytarabine concentration. Therefore, we initially
optimized the interaction time of cytarabine with dsDNA at
Eu’*/Cu,0 CLFNs/CPE. Upon the interaction with cytarabine,
the guanine oxidation signal declined up to 210 seconds, and it
nearly leveled off from 210 to 240 seconds. Therefore, we
assumed 210 s to be the optimum time for cytarabine to interact
with dsDNA (Fig. 5(C)).

Afterwards, we assessed the effects of cytarabine concentra-
tion on DPV signals in the absence and the presence of dsDNA
within the concentration range of 0-35.0 puM. The DPVs of
dsDNA at the Eu®'/Cu,0 CLFNs/CPE electrode for diverse
concentrations of cytarabine are represented in Fig. 6. As
observed, the increased concentration of cytarabine decreased
the oxidation peak current for guanine; thus, the lower guanine
oxidation peak current can be assigned to the binding of
cytarabine to dsDNA. Therefore, we can justify this decline as
probably being due to damage to the oxidizable groups of the
electro-active bases of DNA, whereas cytarabine interacted with
dsDNA at the surface of Eu*"/Cu,O CLFNs/CPE.*»* In addition,
negative or positive shifts in the guanine oxidation peak
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Fig. 8 The oxidation current diagram of dsDNA/Eu®*/Cu,O CLFNs/
CPE in the presence of 10.0 uM cytarabine in ABS (0.1 M, pH 4.8) and
other investigated interferences.

potential demonstrated the binding form, which can be inter-
calation or electro-static binding.*> There was no measurable
shift in the oxidation peak potential of guanine when cytarabine
was added to it. Thus, the binding mode of cytarabine to dsSDNA
cannot exist in intercalative binding or electro-static
interactions.

The oxidation peak current of guanine showed linearity with
the concentration of cytarabine within the range between 0.01
and 90 pM, with a linear equation of I (nA) = 0.0452C + 0.1639
with R* = 0.9993 (n = 3), in which C represents the cytarabine
concentration in uM (Fig. 7). Finally, the LOQ and the LOD from
the calibration curve equalled 9.4 nM and 2.8 nM, respectively;
consequently, the LOD and LOQ values verified the modified
electrode sensitivity that was computed by eqn (2).*

LOD = 3s/m, LOQ 10s/m (2)

As mentioned above, s represents the current standard devia-
tion (SD) (3 runs) for a minimum concentration of the linearity
range and m refers to the slope of the respective calibration
curve. We examined the reproducibility and generalizability to
evaluate the accuracy of this procedure. Therefore, the oxida-
tion signal of guanine at a similar electrode was measured to
evaluate the repeatability of the dsDNA-adsorbed modified
electrode. Moreover, the relative standard deviation (RSD) of 5
frequent measurements equalled 2.39%, and the reproduc-
ibility of dsDNA/Eu’*/Cu,0 CLFNs/CPE was computed from the
alterations in the oxidation peak current for the guanine signal,
which was achieved through 5 distinct electrodes. Finally, the
RSD value of the reproducibility equalled 2.31%. In addition,
the improved electrochemical sensor stability was analyzed. For
three weeks, the electrodes were stored at room temperature.
No noticeable fluctuation in the peak current (3.9%) was
observed, which illustrated the suitable stability of the dsDNA/
Eu*'/Cu,O CLFNSs/CPE electrode under optimum conditions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 UV-vis absorption spectra of cytarabine (20.0 uM) in the
absence and presence of dsDNA in the range of 5.0-30.0 uM. Inset:
AolA — Ap vs. 1/[dsDNA] plot.

3.5. Selectivity examinations

The effect of foreign species on the guanine signals was
analyzed with DPV in the presence of 10.0 pM cytarabine to
assess the selectivity of the sensor. Additionally, the maximum
interfering material concentration resulting in errors under
+5% to detect guanine was described as the tolerance limit.
Regarding the analyses, up to a 500-fold excess of uric acid,
sucrose, citrate, ascorbic acid, epinephrine, dopamine, L-tyro-
sine, and folic acid had no impact on the guanine oxidation
current (Fig. 8). Finally, the dsDNA/Eu’*/Cu,0O CLFNs/CPE bio-
sensor showed excellent cytarabine determination.

3.6. UV-visible adsorption analyses

Adsorption spectrophotometry was utilized to clarify the inter-
actions of cytarabine with the dsDNA. Moreover, UV-visible
adsorption spectra of the dsDNA-cytarabine system and
dsDNA were gauged in ABS at a pH of 4.8. The results showed an
adsorption peak of cytarabine at nearly 271 nm that approxi-
mated the adsorption peak of dsDNA at 260 nm (Fig. 9(A)). When

© 2021 The Author(s). Published by the Royal Society of Chemistry
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dsDNA (5-40 mg L") was added to the fixed concentration of
cytarabine (30 mg L"), the adsorption spectrum of cytarabine at
270 nm (hyper-chromism) was enhanced, with a slight blue shift
(Fig. 9(A)). According to the outputs, cytarabine interacted with the
dsDNA. Additionally, the total adsorption intensity of free cytarabine
and free dsDNA was lower than that of the dsDNA-cytarabine
complex. Therefore, binding of small molecules to the dsDNA via
intercalation led to hyperchromism and a considerable red shift
(=15 nm), whereas the outside binders showed a smaller red shift
(=8 nm).” Regarding the groove binding molecules binding on the
DNA external surface, little or no bathochromism was commonly
seen.” UV spectrum outputs of the cytarabine-DNA complex sug-
gested that cytarabine has possible interaction with dsDNA through
the groove binding. According to the modifications of the absor-
bance spectra of cytarabine by binding to dsDNA4, it is possible to
determine the binding constant (K) with the following equation:

Aol(4 — Ag) = ecl(enc — ec) + /K[DNA] (3)

where K refers to the binding constant; moreover, 4, and A
represent the absorbance value of the medicine and its complex
with dsDNA, respectively. In addition, ec and ey_¢ stand for the
adsorption coefficient of the medicine and the cytarabine-
dsDNA complex, respectively. Therefore, the binding constant,
K, can be obtained from the intercept ratio of the Ay/(A — Ao)
slope vs. the 1/[dsDNA] plot. Thus, the K-value for the cytar-
abine-dsDNA interactions equalled 4.08 x 10* L mol~". Hence,
the kind of interaction of dsDNA with cytarabine may be the
groove binding mode.*

3.7. Viscosity examinations

One helpful technique to determine the binding mode between
small molecules and DNA is proposed to be viscosity measure-
ments, which have sensitivity to the changes in the length of the
double-helix. Thus, this is a prominent experiment of the classical
intercalative binding mode. Classical intercalative binding of small
molecules usually results in increased viscosity of the DNA

12 -
1.12 -
o 104 "/*\‘—‘\-“.ﬂ\‘
=
£ 096 -
0.88 -
0_8 T T T T 1
05 0.85 12 1.55 1.9 225
[Cytarabine]/[DNA]

Fig. 10 Effect of increasing the amount of cytarabine on the relative
viscosity of dsDNA in ABS (pH 4.8).
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solution. Reversely, non-intercalation binding, such as electro-
static or groove binding, can partly influence DNA viscosity
because it does not make changes in the axial length of the dsDNA
during binding.** Relative viscosity of dsDNA exhibited minor
changes, showing that the binding mode of cytarabine with dsDNA
is not an intercalative interaction (Fig. 10). The above behavior
reflects that non-intercalative and probably groove binding are
involved in the interaction mode of cytarabine with dsDNA.

3.8. Docking

Docking was performed to examining the optimal interaction site
and the most acceptable compound conformation on DNA with
minimum energy.” The lowest binding energy and K; for the
interaction between DNA and cytarabine respectively equalled
—5.28 keal mol ™' and 134.57 uM. Analyses showed stability of
cytarabine at the DNA minor groove through four hydrogen bonds
with hydrophobic and nucleotide interactions (Fig. 11). In addi-
tion, it was found that hydrogen bonds significantly contribute to
the DNA and cytarabine interactions. Notably, the hydrogen bonds
entailed hydrogen (H); of adenine 17 (DA17), which has interac-
tions with nitrogen (N), of cytarabine. After that, H,, of cytarabine
interacts with O, from adenine 17 (DA17) and H,, of cytarabine
interacts with Oy from adenine 18 (DA18). Furthermore, H,s of

Table 1 The application of dsDNA/Eu®*/Cu,O CLFNs/CPE for
concurrent determination of cytarabine in cytarabine injection and
human blood serum. All concentrations are in uM

Sample Spiked Found” Recovery (%)
Cytarabine injection ND? — —

5.0 51+21 102.0

10.0 99 +24 99.0
Human blood serum ND? — —

7.5 7.4 +£1.7 98.6

12.5 12.6 £ 2.2 100.8

@ Mean + standard deviation for n = 5. * Not detect.

17522 | RSC Adv,, 2021, 1, 17514-17525

(A) Cytarabine—DNA minor groove interaction. (B) Geometrical disposition of cytarabine in the DNA minor groove.

cytarabine showed a hydrogen bond with Oy from cytosine 9
(DC9). Based on the docking outputs, cytarabine may have inter-
actions with the bases in the DNA minor groove.

3.9. Analyzing real samples

The dsDNA/Eu*'/Cu,O CLFNs/CPE was utilized to analyze
cytarabine in commercial formulations and human blood
serum to investigate the precision of this new technique. In the
next step, a specific volume of cytarabine was poured into the
samples, and its content was measured using dsDNA/Eu®*/Cu,O
CLFNs/CPE with the standard addition method. The recovery
value in human blood serum ranged from 98.6% to 102.0%
(Table 1). We employed a standard addition method for deter-
mining the cytarabine concentration for analyzing biological
samples spiked into the test samples (Table 1). The outputs
demonstrated the ability of this new electrochemical biosensor
based on dsDNA/Eu*'/Cu,O CLFNs/CPE to detect cytarabine in
injectable solutions and human blood serum.

4. Conclusion

This electrochemical DNA biosensor showed sensitivity, selec-
tivity, and speed to determine cytarabine at a lower concentra-
tion. The oxidation signals of adenine and guanine declined
based on the interaction between cytarabine and dsDNA.
Moreover, the dsDNA/Eu’’/Cu,0 CLFNs/CP electrode can be
utilized to explore the interaction between cytarabine and
dsDNA and detect cytarabine concentration. Electro-chemical,
viscosimetric, spectroscopic and docking techniques were
used to examine the interaction mechanism between the dsDNA
and cytarabine. The cytarabine-dsDNA interactions result in
condensation of the DNA double-helix. In addition, DPV, UV-vis
spectroscopy, viscosimetric and docking results confirmed
a groove binding mechanism of cytarabine molecules with
dsDNA. Hence, this sensor may offer worthwhile insight into
the drug action mechanism with a fast response time and lower

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sample volumes (approximately 200 pL). Furthermore, it was
substantially utilized to determine cytarabine contents in real
samples. Therefore, because this sensor represents an inex-
pensive and facile recognition platform, it may be extended to
pharmacogenomics investigations. Supervision of novel treat-
ment compounds interacting with dsDNA determines
sequence-specific DNA hybridization events to develop minia-
turized DNA chip/array technologies.
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