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This study is designed to investigate the interaction of phenylpiperidine derivative drug paroxetine, which is an
effective serotonin reuptake inhibitor and biomolecules through electrochemical, fluorescence spectroscopy, and
molecular docking methods. The interaction between paroxetine and biomolecules was investigated by differ-
ential pulse voltammetry according to the decrease in deoxyguanosine anodic oxidation signal of double-
stranded calf thymus DNA. Fluorescence spectroscopy studies were performed by titrating paroxetine against
double-stranded calf thymus DNA solution at four different temperatures. The fluorescent results showed that
paroxetine had a great affinity to bind with double-stranded calf thymus DNA. Interaction studies demonstrate
that paroxetine binds to double-stranded calf thymus DNA via intercalation binding mode, and the binding
constant values were calculated as 7.24 x 10* M~! and 1.52 x 10* M~! at 25 °C, based on voltammetric and
spectroscopic results, respectively. Moreover, with the aim of elucidating the interaction mechanism between
paroxetine and double-stranded calf thymus DNA, electrochemical and fluorescence spectroscopy studies along

with molecular docking analysis were made.

1. Introduction

The discovery of electrical activity in nucleic acids leads to the
development of various electrochemical approaches for the analysis and
quantification of nucleic acids [1]. In recent years nucleic acids have
been largely employed as tools for recognizing and monitoring several
compounds of analytical value. Layers of nucleic acid integrated over
the electrochemical transducers can give rise to unique affinity bio-
sensors for molecules of small molecular weight [2-5]. The action of
these devices thus depends upon the interactions that took place be-
tween the surface-immobilized DNA and the target drugs and aid the
rapid screening of these drugs [1].

One crucial aspect of pharmaceutical development processes and
drug discovery is drug-DNA interaction [4]. The binding of DNA with
small aromatic ligands can occur primarily through three interaction
modes, including electrostatic interaction, intercalation, and groove
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binding [6]. The electrostatic interaction is largely non-specific and
involves the negatively charged nucleic sugar-phosphate structure. The
intercalation mode of interaction involves the intercalation of planar
aromatic ring systems into the base pairs. This intercalation mode is
commonly found in organic molecules with planar geometry and
comprising of a number of aromatic condensed rings like daunomycin
[7]1, doxorubicin [8], echinomycin [9], bleomycin [10], etc. Groove
binding is found among the drugs that interact with minor and major
grooves of DNA double helix. + Minor groove binding results in strong
connectivity with the groove walls and strong electrostatic interactions
like mithramycin, netropsin [11], etc., while + Major groove binding as
observed in the case of norfloxacin bring about hydrogen bonding to the
DNA, establishing a DNA triple helix. The nature and strength of the
interaction largely affect the therapeutic action of the targeted nucleic
acid. Electrochemical response of DNA prior to the addition of drugs and
after the interaction can thus be used for the evaluation of the
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Fig. 1. Structure of PARO.

interaction mechanism. These signals can also provide data regarding
interaction mode at the surface or in the solution.

Paroxetine, (PARO) a phenylpiperidine derivative (Fig. 1), is an
effective serotonin reuptake inhibitor (SSRI) and is employed well for
treating depressive and anxiety illnesses as depression, various OCSs
(obsessive compulsive disorders), panic syndrome, and agoraphobia for
a wide age range [1,12]. It is also recommended for treating the pre-
menstrual dysphoric disorder, common anxiety disorders, post-
traumatic stress disorder, presumed serotonergic component, and
persistent headache.

Though PARO is a relatively weak norepinephrine (NE) uptake in-
hibitor, it still performs better at this site compared to the other SSRIs.
The selectivity (ratio of inhibition of uptake of norepinephrine to sero-
tonin NE/5-HT) of PARO is highest amongst other SSRIs [13,14]. PARO
also does have a slight affinity towards catecholaminergic, dopami-
nergic, or histaminergic systems and, compared to tricyclic antidepres-
sants (TCAs), has a low chance of causing central and autonomic side
effects. Furthermore, the adaptive variations of somatodendritic (5-
HT;a) and terminal (5-HT;p/1p) auto-receptors observed in the case of
PARO are not the same as those of TCAs as it also plays a role to inhibit
nitric oxide synthase. PARO can serve as a substrate as well as an in-
hibitor of cytochrome isoenzyme P450 2D6 [13]. It is orally absorbable
and undertakes large first-pass metabolism that is partly saturable. Thus,
PARO is proven to be a highly effective and well-tolerated drug that is an
appropriate first-line treatment for depression. Besides its antidepres-
sant properties, the anticancer effects of PARO for various cancer cells
have been reported in some studies. Some researches about the use of
PARO in cancer patients has showed that its use is associated with
decreased risks of colorectal cancer and epithelial ovarian cancer,
whereas its effect on breast cancer outcome is controversial [15-18].

To the best of our knowledge, there is no literature available so far on
the interaction study of PARO and DNA through electroanalytical
methods. To get an insight of its action mechanism, this study intends to
explore the interaction between PARO and double-stranded calf thymus
DNA (ct-dsDNA) by modifying glassy carbon electrode (GCE) surface
with multilayer ct-dsDNA and in solution phase studies by differential
pulse voltammetry (DPV). To confirm the interaction results as well as to
calculate binding constants and thermodynamic parameters, fluores-
cence emission spectroscopy was performed. Furthermore, to get a
detailed insight, the biosensor interaction of PARO with polyadenine
(polyA) was carried out.
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2. Materials and methods
2.1. Reagents and chemicals

PARO was supplied from Sanovel (Istanbul, Turkey). ct-dsDNA and
polyA were purchased from Sigma Aldrich (USA). Stock solutions of the
supporting electrolyte were made using analytical grade reagents and
ultra-pure water from a Millipore Milli-Q system. The solutions prepared
were stored at 4 °C. Spectroscopic and voltammetric measurements
were performed using acetate buffer solution (0.1 M, pH4.7, ABS) as a
supporting electrolyte.

2.2. Instrumentation and apparatus

Fluorescence spectrophotometer (Agilent Cary Eclipse Fluorescence
Spectrophotometer) used in this study and quartz fluorescence cuvette
of 10 mm x 10 mm dimensions to hold the sample. Scanning -
fluorescence emission spectrum excitation wavelength (Aey) was set at
285 nm; emission wavelength range was set from 285 nm to 435 nm.
The spectral bandpass was set at 10 nm.

AUTOLAB-PGSTAT 204 (Eco Chemie, Utrecht, Netherlands) running
with NOVA 2.1 software was used to perform all voltammetric mea-
surements. Scans were obtained using a classical three-electrode system;
a glassy carbon electrode (GCE) (¢ = 3.0 mm) was used as a working
electrode, reference electrode consists of Ag/AgCl (BASi; 3 M NaCl), and
an auxiliary electrode is a platinum wire. A SevenCompact™ pH/Ion
S$220 model (Mettler Toledo, Switzerland) with a combined glass
reference electrode was used to adjust the pH of solutions.

2.3. Fluorescence analyses

The fluorescence data of varying concentrations of PARO and 0.3 pM
ct-dsDNA mixtures were obtained by spectrofluorometer at 293 K, 298
K, 303 K, and 310 K regulated by a Peltier temperature controller. 285
nm as an excitation wavelength, 10 nm as an excitation, and emission
slits, and 600 V as a photomultiplier tube voltage were selected to carry
out these studies.

2.4. Electrochemical measurements

The electroanalytical studies were carried out by DPV using anodic
scan mode, with a scan rate of 5 mV s~. The DPV voltammograms
presented were of PARO prepared in ultra-pure water as 1 mM and
diluted to the desired concentration by acetate buffer (0.1 M, pH 4.7).
The buffer was made by combining predetermined amounts of 0.1 M
sodium acetate and 0.1 M acetic acid solutions. Before commencement
of each measurement, the surface of GCE was thoroughly polished with
alumina slurry (particle size: 0.05 pm) on a polishing pad. Following
each measurement, moving average application was used for baseline
correction of all experimental voltammograms.

2.5. In-solution electrochemical studies

In-solution studies for the PARO-ct-dsDNA were carried out to
evaluate the binding constant (with 500 pg/mL of ct-dsDNA and varying
concentration of PARO) stirred for 3 min to reach binding equilibrium.
Also, in-solution studies were carried out with 300 pg/mL DNA and 30
BM PARO peaks in ABS (pH 4.7) for varied interaction times from 1 min
to 120 min. This experiment with the same conditions was repeated with
300 pg/mL polyA.

2.6. Biosensor fabrication
Thorough polishing of GCE was done on a polishing pad employing

an alumina slurry of 0.05 pm diameter. Polished GCE was then rinsed
with a jet of ultra-pure water and was dried in air. Multilayer ct-dsDNA
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Fig. 2. Fluorescence spectra of different concentrations of PARO (0.03 pM,
0.038 pM, 0.05 pM, 0.058 pM, 0.087 pM, 0.142, 0.264 pM) bound to 0.5 pM ct-
dsDNA at 30 °C.

Table 1
Thermodynamic parameters, the number of binding sites (n), and binding con-
stant for the binding of PARO to ct-dsDNA.

Temperature 1 K -AG AHkJmol ™! ASJmol

®) 10*/mol” kJmol ! k!
ldm3

293 0.616 1.078 22.6 76.03 0.284

298 0.647 1.58 23.95

303 0.676 2.52 25.53

310 0.774 5.32 27.4

biosensor was fabricated by casting 5 pL solution of 50 pM ct-dsDNA
(prepared freshly) on the GCE surface thrice. After casting a drop on
the surface of the electrode, the ct-dsDNA layer was held to stand at
40 °C temperature in a vacuum oven until it was dried completely. Af-
terward, the prepared DNA biosensor was cleaned by immersion into
0.1 M, pH 4.7, ABS for 1 s to remove the unbound ct-dsDNA from the
surface of electrode. Finally, the biosensor was rinsed with ultra-pure
water. The ct-dsDNA biosensor was immersed in an PARO solution,
and was incubated for different time periods. Then, the biosensor was
cleaned again with ABS for 5 s to remove any unbound PARO. DP vol-
tammograms were recorded in a cleaned 0.1 M, pH 4.7, ABS in the
potential range of 0.2 and 1.5 V. Each steps were performed with a new
DNA biosensor.

2.7. Molecular docking studies

The molecular docking studies were carried out using Glide imple-
mented in the Schrodinger Small-Molecule Drug Discovery Suite (Small-
Molecule Drug Discovery Suite 2021-4, Schrodinger, LLC, New York,
NY, 2021). PARO, which was built via builder panel in Maestro, was
subjected to ligand preparation by LigPrep (Schrodinger Release
2021-4: LigPrep, Schrodinger, LLC, New York, NY, 2021) using default
conditions. The X-ray crystal structures of DNA intercalators, PDB IDs
1XRW [19] and 1Z3F [20], were retrieved from the Protein Data Bank.
The DNA fragments were prepared using the Protein Preparation Wizard
tool. Water molecules were deleted, and hydrogen atoms were added,
followed by the assignment of all-atom charges and atom types. Finally,
energy minimization and refinement of the structures were done up to
0.3 A RMSD by applying OPLS4 force field. Since the receptor grid
generation tool is not parametrized for generating grid files with metal
atoms, the only acridine part of the co-crystalized ligand was kept in
DNA structure, PDB ID:1XRW. Further, the centroid of the co-crystalized
ligands were defined as the grid box and van der Waals (vdW) radius
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Fig. 3. A) Van’t Hoff plot for the PARO - ct-dsDNA complex fluorescence re-
sults (y = —0.284x + 60.87; R?= 0.990), B) Plots of In K versus 1/T at different
temperatures (y = —9145.51x + 40.36; R? = 0.990).

scaling factor 1.00, partial charge cutoff 0.25, and OPLS4 force field
were used for receptor grid generation. The docking protocol was
justified by redocking of co-crystallized ligand. PARO was docked into
ct-dsDNA structures using the standart precision (SP) docking mode of
the Glide without any constraints and a 0.80 vdW radius scaling factor
and 0.15 partial charge cutoff [21].

3. Results and discussion
3.1. Steady-state fluorescence and the mode of fluorescence quenching

Fluorescence spectra is an excellent tool for qualitative analysis of
PARO to the ct-dsDNA binding. Fluorescence quenching provides direct
evidence of molecular interactions as diminishing fluorescence intensi-
ty of a fluorophore can be observed upon molecular interactions
[22,23]. These molecular interactions could be due to relocations of
molecular structures, activated-state reactions, energy transmission
processes, collisional quenching, or ground-state complex formation.
Quenching may be dynamic or static quenching. In both quenching
types, the basic requirement is the molecular contact between the
quencher and the fluorophore [8,11]. Fluorophore and quencher
encounter each other during the excited state lifetime for dynamic
quenching. Fluorophore returns to the ground state with no emission
upon contact with the quencher [7]. On the contrary, in static quenching
mode, a nonfluorescent complex is formed by the fluorophore and
quencher. Static and dynamic quenching depends differently on tem-
perature and viscosity. Dynamic quenching rises at elevated tempera-
tures due to a faster rate of diffusion. While static quenching decreases at
higher temperatures as the weakly bound complexes dissociate at higher
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Fig. 4. A) DP voltammograms of 500 ppm ct-dsDNA with successive addition of
various concentrations of PARO (2 pM, 3 puM, 4 pM, 6 uM, 7 pM) and interaction

studies on GCE, B) Relation of log (I‘"'"i"’“) vs log concentration of PARO in

Ipna —Icomplex

the range of 2 uM to 7 pM (y = -0.975x + 4.74; R* = 0.990).

Table 2

DNA binding constants of some antidepressant drugs at room temperature.
Drug DNA binding Proposed binding mode Reference

constant (M’l)
Amsacrine - Intercalative mode [31]
Aripiprazole 3 x 10° Hydrophobic and hydrophilic [32]
interactions

Buzepide 1.908 x 10° Intercalation [4]
Citalopram 5.01 x 10° Electrostatic interactions [33]
Escitalopram 3.31 x 10* Groove binding [33]
Fluoxetine 6.7 x 10* Groove binding [34]
Imipramine - Intercalation [5]
Sertraline 8.34 x 10° Groove binding [35]
Paroxetine 7.24 x 10* Intercalation mode This work

temperatures [7-9]. In some instances, quenching of the fluorophore by
collisions and complex formation take place simultaneously. In that
situation, nature changes and show an upward curvature.

When excitation wavelength was set as 285 nm, PARO exhibited a
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Fig. 5. A) DPV responses of 300 pg/mL ct-dsDNA and 30 pM PARO peaks in
ABS 4.7 for interaction times, 1-120 min on GCE (black DNA, red 1 min, blue 5
min, pink 30 min, green 60 min, dark blue 90 min, purple 120 min), B) DPV
responses of adenine peaks after interaction with 30 pM PARO in ABS 4.7 for
1-120 min on GCE. (black polyA, pink 1 min, red 5 min, green 30 min, dark
blue 60 min, purple 90 min, dark purple 120 min).

maximum emission peak at 340 nm. The fluorescent emission spectra of
PARO as with ct-dsDNA can be seen in Fig. 2. It can be seen from Fig. 2
that there is a significant diminution in the intrinsic fluorescence of
PARO when its fixed concentration is titrated against ct-dsDNA. The
quenching observed can be attributed to the fact that photoelectrons are
transmitted from the bases to the intercalator’s excited state when an
interaction with the intercalator and the base pairs of ct-dsDNA takes
place results in the quenching of the fluorescence intensity. As the PARO
emission intensity at 340 nm decreased considerably, it advocates the
intercalation mode of interaction between PARO and ct-dsDNA, and this
type of interaction process follows the Stern-Volmer equation (1) [24].

%: 1 +K,7,[D] = 1+ K, [D] @

Here, Fy is the fluorescence intensity of PARO before quenching,
and F is the fluorescence intensity of complex after successive additions
of ct-dsDNA, K, represents the rate constant of bimolecular collision, the
average life span of fluorescent molecules 7y is about 10 ns, [D] refers to
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Fig. 6. A) DPV responses of guanine and adenine peaks after interaction with
30 pM PARO for 1-7 min on ct-dsDNA/GCE (black DNA, red 1 min, blue 3 min,
pink 5 min, green 7 min, dark), B) Bar chart related to interaction time studies.

the equilibrium concentration of ct-dsDNA (pM), Ky is the Stern-Volmer
quenching constant. Linear fitting [D] with Fo/F gives the quenching
constants Ky and Ky of the PARO - ct-dsDNA system from the slope.

3.2. Evaluation of binding constant and number of binding sites

The Lineweaver-Burk double logarithmic equation (2) can be applied
on PARO-dsDNA system to evaluate binding constants Ky and the
number of binding sites n [25,26].

F,—F
10g< 7 ) = logK4 + nlog|D] 2)

K, and n values obtained at different temperatures are tabulated in
Table 1. It can be seen from Table 1 that temperature is driving the
binding ability of the complex formed. Where the n representing the
number of base pairs per bound ligand and it is an important parameter
indicating the sites available for drug-DNA interaction. In the present
case its value ranges from 0.616 to 0.774 at temperatures studied and
increases with increase in temmperature. It suggests that higher tem-
perature favours the binding as is also indicated by value of binding
constant. The value of K} obtained from fluorescence studies is in the
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Fig. 7. A) DPV responses of adenine peaks after interaction with 1-50 pM
PARO for 5 min on ct-dsDNA/GCE, B) Relation of current vs concentration
of PARO.

Table 3
Regression data for determination of PARO by following the adenine signals
at ct-dsDNA/GCE.

Parameters Adenine
Measured potential (mV) 1250
Linearity range (uM) 1-50

Slope (AM™ 1) 0.0023
Correlation coefficient (r) 0.97

SE of slope 2.56 x 10
LOD (pM) 0.29

LOQ (uM) 0.97
Repeatability of peak current (RSD%) * 1.59

orders of magnitude 10 as obtained from the electrochemical method.
The little discrepancy arises due to differences in the overlying principle
of both techniques.

3.3. Thermodynamics of PARO and ct-dsDNA binding event by
fluorescence spectroscopy

The thermodynamics of drug-DNA binding offers valuable insight
into the whole event. It also provides a significant understanding of the
molecular forces participating in the complex formation and aid in
estimating the free energies of ligand binding [7]. Comprehensive
thermodynamic profiles offer a standpoint for analyzing thermody-
namical parameters and their correlation with the structural features. It
also provides an insight into DNA conformational changes upon ac-
commodation of intercalators and restriction in the translational and
rotational movements when the complex is formed. Both cases implicate
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Fig. 8. Representative DNA binding modes of paroxetine (white ball and stick) obtained from molecular docking studies A) PDB ID: 1XRW with a binding score of
—6.613 kcal/mol, B) PDB ID: 1Z3F with a binding score of —6.590 kcal/mol. The panels depict the n-n interactions (dashed cyan lines), salt bridges (dashed cyan
lines), hydrogen bonds (dashed yellow lines), and n-cation interactions (dashed purple lines) between PARO and DNA base pairs.

unfavorable free energy for binding. This unfavorable free energy bar-
rier is compensated by the various processes that offer additional free
energy contributions to the overall process, including the transfer of
ligand from solution to the binding site (hydrophobic), molecular in-
teractions, and the polyelectrolyte contributions by ion release.
Thermodynamic parameters for interaction were calculated by using
the following equation (3) for the gibbs free energy, equation (4) for the
enthalpy change (AH) and equation (5) for the entropy change (AS).

AG = —RTInK 3
AH

nK = —— 4

" RT Q)

AG = AH —TAS ()

Complex formation between PARO and ct-dsDNA was studied at
different temperatures to determine various thermodynamic parameters
in Fig. 3. In the case of minor groove binding, interacting species interact
primarily through hydrophobic interactions. In contrast, in the case of
intercalation mode, the small molecules intercalate into a ct-dsDNA
duplex, which is stabilized by hydrophobic interactions and van der
Waals forces. It is a well-established fact that in the case when AH < 0 or
AH = 0 and AS > 0, an electrostatic force is the central driving non-
covalent force, while if AH > 0 and AS > 0, hydrophobic interactions
are deemed as the main driving force as observed in the present case.
Hydrogen bonds and van der Waals interaction show a thermodynamic
profile where AH < 0 and AS < 0. The thermodynamic profile of the
complex formed between PARO and ct-dsDNA supports the intercalation
mode of interaction.

3.4. Electrochemical experiments in PARO and ct-dsDNA interaction

Interactions between DNA and small molecule forms the complex,
which subsequently varies the amount of free DNA and target molecules
in the solution, thus altering the oxidation signals of ct-dsDNA. Hence,
electrochemical techniques are more often used for monitoring DNA-
drug interactions. Electrochemistry is a valuable analytical tool to pro-
vide an insight into DNA-drug binding and helps to elucidate interaction
mechanisms. Intercalative interaction mode is often associated with
oxidation peak potential shifting towards more positive potential, while
in the case of electrostatic interaction, oxidation potential shifts to a
more negative value. Thus, in the present case, a positive shift in peak
potential observed indicates that PARO interacts with ct-dsDNA through
an intercalative mode of interaction. Firstly, before the successive con-
centrations of PARO were added into the ct-dsDNA solution, relative
standard deviation (RSD%) values of deoxyguanosine (dGuo) and
deoxyadenosine (dAdo) peak currents and peak potentials were evalu-
ated with 5 different measurements using a bare GCE. RSD% values were

obtained between 2.3 % and 3.2 %. FDA Guidance suggested that pre-
cision must lie within 15 % RSD for a reproducible biosensor [27,28].
Therefore, the obtained results showed that the PARO-ct-dsDNA inter-
action can be evaluated in the insolution phase. Moreover, as the
biosensor designed to evaluate the interaction of ct-dsDNA with PARO is
disposable so its repeatability was confirmed. For this purpose, prior to
interaction studies, 5 different ct-dsDNA biosensors were prepared on
the same day and their repeatability was checked. Repeatability was also
evaluated on the different days. The intraday, and interday RSD% values
were calculated considering the current values of dGuo and dAdo, and
RSD% values were found between 2.1 % and 2.9 %. Thus, the calculated
results confirmed that the prepared ct-dsDNA biosensor for evaluating
PARO interaction is reproducible.

DPV technique compared to CV offers greater sensitivity and supe-
rior peak resolution for analyzing the electrochemical behavior of bio-
logical systems, so DPV was used to study PARO- ct-dsDNA interaction
in the following experiments [3,29]. Prior to each successive scan, the
PARO- ct-dsDNA solution mixture was stirred for 3 min to reach binding
equilibrium. GCE worked as a transducer in this study to probe the in-
teractions between ct-dsDNA and PARO electrochemically. Successive
concentrations of PARO were put in onto the ct-dsDNA solution, and the
obtained oxidation peak signals were recorded as DP voltammograms.
For only the ct-dsDNA solution, two distinct peaks corresponding to the
oxidation of dGuo at potential + 0.94 V and dAdo at potential 1.21 V
were obtained.

As the oxidation peaks of PARO overlapped with the dGuo peak,
affecting dGuo peak current as well as peak potential thus, only the
variations in the dAdo peak were monitored to decipher the interaction.
As shown in Fig. 4, the dAdo peak height decreased with successive
addition of PARO solution, suggesting the PARO- ct-dsDNA complexa-
tion in the solution. Moreover, the peak potential moved towards a
further positive value with the subsequent addition of drug concentra-
tion. Bard et al. illustrated that electrostatic interactions often lead to
negative shifts while the positive shifts in peak potential of intercalators
are attributed to binding via a hydrophobic mode of interactions
(intercalation) [30]. Thus, it is suggested that the shift of peak potential
observed in the case of PARO can be due to the planar aromatic ring
structure of PARO that facilitates its intercalation into the DNA helix.

Based on the drop in the dAdo peak current upon binding, the
binding constants (K) of PARO was determined by using the following
equation (6):

Jog ( Leomplex

IDNA - Icomplex

) = nlogK — nlogCiy, 6)
where Ipya is the peak current of dAdo in the absence of PARO and

Tcomplex is the peak current presence of different concentrations of PARO.

Teomplex

By linear regression of log (IDNA—I "
complex

) on l0gCgnyl, stoichiometry of the
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complexes and binding constant values can be calculated. Value of n
obtained from slope of equation is 0.975. The slope value shows that
only one PARO complex binds to each ds-ctDNA. Based on the intercept

of the plot of log (1&) vs logCyryg, K was determined as 7.24 x 10*

Ipna —Icomplex
M~ (Fig. 4).

Table 2 demonstrates the mode of interaction and corresponding
binding constant values for various antidepressant drugs studied in the
previous years. Antidepressants like citalopram and sertraline bind
mildly via electrostatic or groove binding mode with ds-ctDNA with
binding constant values equal to 10° or lesser. PARO follows the profile
of structurally comparable buzepide and binds with ds-ctDNA through a
strong intercalative mode.

Electrochemical interaction for PARO -ct-dsDNA and PARO-polyA
was also explored in 0 min, 5 min, 30 min, 60 min, and 120 min incu-
bation times by DPV. For this, and concentration of ct-dsDNA taken was
300 pg/mL while that of PARO was 30 pM. 300 pg/mL polyA and 30 pM
PARO was also scanned under the same conditions in the identical in-
cubation times. No significant changes were observed after 60 min for
both systems. The interaction with PARO leads to a decrease in adenine
signals till 60 min, after which it becomes constant. PolyG signals were
not tracked as the drug and polyG do have nearly identical potentials, so
there are fair chances of overlapping the signals and hence biased results
(Fig. 5).

3.5. Effect of incubation time of PARO on analytical signals

Interaction time was optimized to attain the highest optimum PARO
loading on the ct-dsDNA/GCE surface. The binding of PARO to ct-dsDNA
was found dependent on immersion of ct-dsDNA/GCE in PARO solution
for different interaction times. In solution studies showed that the
oxidation peaks of PARO overlapped with the dGuo peak, affecting dGuo
peak current as well as peak potential; thus, only the variations in the
dAdo peak were monitored to decipher the interaction [36]. The same
was observed in the case of the biosensor. Therefore, the change in dAdo
peak height was monitored to find the analytical parameters. When the
interaction time was increased from 1 to 5 min, a decrease in dAdo peak
was observed, which became constant; then thus 5 min incubation time
was chosen as optimum interaction time for the subsequent experiments
(Fig. 6).

3.6. PARO concentration effect on dAdo analytical signal

DP voltammograms at different concentrations of PARO (1-50 pM)
on ct-dsDNA/GCE. The DPV results were obtained in an ABS of pH4.7,
and for each concentration of PARO, ct-dsDNA/GCE was incubated for 5
min in the respective drug solution. The oxidation signals of adenine
were found to be decreasing with increasing concentrations of PARO.
The peak currents of adenine showed a linear trend with PARO con-
centration over the range of 1-50 uM with “r” values of 0.99 (Fig. 7).

To validate the sensitivity of the electrode developed, the limit of
detection (LOD) and limit of quantification (LOQ) values were evaluated
by the following equations (7) and (8).

Lop=3> %)
m

LOQ = 10% ®

Here ‘s’ denotes the standard deviation while ‘m’ is the slope of the
calibration curve [37,38]. Using calibration curves, the LOD value for
PARO obtained from adenine base signals was estimated as 0.29 pM.
Obtained analytical parameters obtained using calibration curve were
tabulated in Table 3.
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3.7. DNA binding mode analysis of PARO

It is reported that the accuracy of DNA docking protocol is directly
associated with choosing the suitable DNA template, and according to
the experimental indication concerning the nature of the interaction of a
molecule with DNA is known, that is, intercalator, a DNA structure with
intercalation gaps should be selected [39]. Given the fact that there are
two types of intercalator molecules, including classic intercalators and
threading intercalators [28,40], two types of DNA structure containing
intercalation gaps (i) dsDNA-classic intercalator complex with two
intercalation gaps (PDB ID: 1Z3F), and (ii) dsDNA-threading intercalator
complex with only one intercalation gap (PDB ID: 1XRW) were used for
molecular docking simulations in order to elucidate the binding mode of
PARO, which was shown to intercalate with DNA as a result of spec-
troscopic (and electrochemical) studies. The docked results presented in
Fig. 8 showed that PARO exhibited a similar interaction pattern, and the
insertion of PARO occurred into the CG intercalation site, as with the
most intercalators [41].

PARO was found to be inserted between two flanking GC base pairs
and formed n-x interactions by its benzodioxole ring, the planar section,
which was the main driving force of the intercalation binding mode. The
other part with the fluorophenyl substituted piperidine ring exposed in
the minor groove between B:dC4 and B:dG5 (for PDB ID: 1XRW); B:
dCland B:dG2 (for PDB ID: 1Z3F) forming hydrogen bonds, n-cation
interactions, and salt bridges obtained via the positively charged nitro-
gen atom of piperidine ring, and a n-n interaction through phenyl ring,
which contribute to the formation of DNA-PARO intercalation complex.

4. Conclusion

In this study, the electrochemical interaction of ct-dsDNA and PARO,
a phenylpiperidine-based drug, was examined for the first time. Vol-
tammetric and spectrophotometric methods were used to investigate the
interaction between PARO and ct-dsDNA, and docking studies were
conducted to confirm the experimental results. The findings indicated
that the interaction between PARO and ct-dsDNA occurred via the
intercalation mode with a binding constant value of 7.24 x 10* M~ and
1.52 x 10* M ! at 25 °C, based on voltammetric and spectroscopic re-
sults, respectively. The negative values of the change in the Gibbs free
energy suggested that the PARO- ct-dsDNA complex formation is a
spontaneous process. Oxidation of drug was employed as a sensitive
procedure for the PARO- ct-dsDNA interaction determination in the
concentration range of 1 to 50 pM with a LOD value of 0.29 pM. The
short analysis time, cost-effectiveness, and simplicity were the main pros
of the presented voltammetric procedure. Furthermore, the developed
method demonstrated improved analytical properties regarding low
LOD values.
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