Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 09 October 2023. Downloaded on 6/20/2026 10:44:54 PM.

(cc)

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

A nanoscale electrochemical guanine DNA-
biosensor based on a flower-like nanocomposite of
Tb-doped ZnO for the sensitive determination of
pemetrexed

i '.) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 29450

Mahmoud Abbasi,? Shohreh Jahani, © *® Saeed Biroudian,®
Mohammadesmaeil Aramesh Boroujeni,® Fatemeh Maghfoury,®
Mohammad Amini-Zadeh,® Leila Malekyan,f Hamid Reza Faramarzpoor?
and Mohammad Mehdi Foroughi@®"

Pemetrexed is an antineoplastic drug used in chemotherapeutic treatments, especially in malignant
mesothelioma and non-small cell lung carcinoma, but can also cause a variety of complications, like
stomach pain, nausea, burning, vomiting, numbness, and tingling, emphasizing the need for an approach
to quantify the drug in biological matrices. Herein, a DNA-based biosensor was introduced for
pemetrexed determination. A hydrothermal approach was used for synthesizing flower-like nanoparticles
(NPs) of zinc oxide (ZnO) doped with Tb (FL-NP Tb**/ZnO). Moreover, energy dispersive X-ray (EDX),
field-emission scanning electron microscopy (FESEM), zeta potential, Brunauer—Emmett-Teller (BET),
and X-ray diffraction (XRD) analyses were used for characterizing the as-prepared nanocomposite.
According to the impedance analysis, FL-NP Tb**/ZnO was accompanied by very good electrochemical
functions for a simple transfer of electrons. In the case of the immobilization of double-stranded
deoxyribonucleic acid (ds-DNA) on the FL-NP Tb®**/ZnO and polypyrrole (PP)-modified pencil graphite
electrode (ds-DNA/PP/FL-NP Tb**/ZnO/PGE), a considerable enhancement was found in the
electrochemical oxidation of guanine in ds-DNA residue bases. Since there was an interaction between
ds-DNA and pemetrexed, the voltammetric current of guanine over the ds-DNA/PP/FL-NP Tb>*/ZnO/
PGE declined in the presence of pemetrexed in the electrolytic solution. Moreover, under optimum
conditions (25 mg L™ of ds-DNA and 10 min incubation time, in acetate buffer at 25 °C), a linear
decrease in the guanine signal was observed on the ds-DNA/PP/FL-NP Tb**/ZnO/PGE as the
pemetrexed concentration increased in the range from 0.001 puM to 175.0 uM with a limit of detection of
0.17 nM. Finally, the new DNA-based biosensor was successfully used for determining pemetrexed in real
samples, indicating its application potential.
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was first introduced under the brand name “Alimta” as
a chemotherapy as well as multipurpose antifolate drug.
Pemetrexed is also used in combination with other chemo-
therapy medications as a first-line treatment for a certain type of
non-small cell lung cancer (NSCLC) that has spread to nearby
tissues or to other parts of the body. Pemetrexed injection is
also used alone to treat NSCLC as an ongoing treatment in
people who have already received certain chemotherapy medi-
cations and whose cancer has not worsened and in people who
could not be treated successfully with other chemotherapy

1. Introduction

Pemetrexed (PTX) (formula: N-[4-[2-(2-amino-4,7-dihydro-4-oxo-
1H-pyrrolo[2,3-d]|pyrimidin-5-yl)ethyl]benzoyl]-.-glutamic acid)
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medications. Pemetrexed injection is also used in combination
with other chemotherapy medication as a first-line treatment
for malignant pleural mesothelioma (a type of cancer that
affects the inside lining of the chest cavity) in people who
cannot be treated with surgery. Pemetrexed is listed in a class of
medications called antifolate antineoplastic agents. It works by
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blocking the action of a certain substance in the body that may
help cancer cells multiply."* Studies have also confirmed the
involvement of pemetrexed in restraining multiple enzymes
from synthesizing purine and pyrimidine.? According to a study,
pemetrexed majorly contributes to the inhibition of three main
enzymes: glycinamide ribonucleotide formyl transferase, thy-
midylate synthase, and dihydrofolate reductase.* It was also
found that pemetrexed is responsible for preventing RNA and
DNA formation via the inhibition of the formation of precursor
pyrimidine and purine nucleotides that would be needed for
cancer and normal cells to grow and survive.” Some studies have
suggested that an uptake of once every three weeks is the
optimum schedule in the course of the clinical development
process. Since folate-sensitive enzymes are inhibited by peme-
trexed, patients must receive folic acid or a multivitamin
mixture with folic acid orally. However, the vitamin supple-
ments have reduced toxicity.*” Scholars have also shown the
presence of numerous toxins in the course of pemetrexed
treatment, including severe leucopenia and neutropenia, in
spite of the uptake of some vitamin supplements.®* However,
customized dosing would ensure the maximum effectiveness
while minimizing the level of toxicity. On the other hand,
pharmaco-kinetic information reported in the course of the
clinical development process of pemetrexed® revealed an
acceptable association of plasmatic concentrations with
toxicity, particularly hematologic concentrations. Researchers
have reported on the variability in the inter-patient's pharmaco-
kinetics, and thus a sensitive approach must be developed for
quantifying pemetrexed in patients’ plasma.*>"*

Mass spectroscopy (MS), liquid chromatography-MS (LC-
MS), high-performance liquid chromatography (HPLC), as well
as HPLC-UV have already been employed to detect pemetrexed,
though sensitive, simplified, and inexpensive electrochemical
techniques have also been used with pharmaceutical
samples.’>*®

Recently, in the electrochemical field, research has been
performed on bulky electrodes for achieving significant param-
eters, like reduced sizes, portability, as well as inexpensive
production processes, which could greatly miniaturize the size,
improve the portability, and reduce the production costs of
systems. The aim is for bulky electrode systems to shift to small-
sized electrochemical cell configurations.”** Some scholars have
utilized pencil graphite electrodes (PGEs) to detect diverse
samples in numerous sample matrices.>* Nonetheless, utilizing
a bare PGE for electrochemical sensor uses would be followed by
challenges caused by the poor transferability of electrons and
passive properties of the charge transfer. For this reason, modi-
fying the bare electrode with transition metal oxides (TMOs)
would be preferred for enhancing the electro-active surface area,
conductivity, as well as porosity of the materials.>*>°

Since zinc oxide (ZnO) enjoys a higher theoretical specific
capacitance (593 F g '), is an n-type semi-conductor material,
nontoxic in nature, and has acceptable electrochemical
features, which can vary depending on the (spherical/
nonspherical) morphology, composition, and size, it is the
most famous compound from among the TMOs that have been
investigated to date.>®**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Doping the host lattice with an appropriate element can offer
possibilities for modifying its electronic, chemical (activation
energy and catalytic action), and morphological (grain size
modifications, surface area enhancement) properties, etc.*
Currently, rare earth metals are used as dopants for numerous
applications due to their highly conductive, magnetic, electro-
chemical, and luminescent properties based on the electronic
transitions occurring within their 4f energy shells.*® Further-
more, for sensing applications, rare earth elements have proved
to be promising candidates for improving the sensing behavior
because of their effective catalytic nature, fast ion mobility, and
high surface basicity.*® Among the various rare earth elements,
terbium (Tb) has been chosen in the present work as a dopant
because it induces defects in the wurtzite crystal structure. The
increase in active sites in n-type semiconductors favors an
enhancement in the sensing response. In addition, doping large
atom, like Tb on ZnO, may create Lewis acid regions on the
metal oxide sites, which may have a significant effect on elec-
tron transfer on the electrodes.*

The molecular docking technique is an attractive system to
understand drug-DNA interactions for rational drug design and
discovery, and is also used in mechanistic studies, whereby
a small molecule can be placed into the binding site of the
target specific region of the DNA, mainly in a non-covalent
fashion, although covalent bonds may also be formed with
a reactive ligand, to predict the correct binding mode and
binding affinities.?® Different structural properties of molecules
lead to different binding modes; in fact, one of the most
important factors governing the binding mode is the molecular
shape. Performing interaction studies by molecular docking
offers the opportunity to know about the effects of drugs on the
DNA structure and about the mechanisms of interaction, which
may be useful for designing new drugs. Also, the binding
constant is a basic experimental parameter in many clinical
studies, such as pharmacokinetic drug interaction studies.*”**

This study is the first electrochemical study of the peme-
trexed-double-stranded deoxyribonucleic acid (ds-DNA) inter-
action on a nanobiosensor using the flower-like nanoparticle
Tb**ZnO (FL-NP Tb**/ZnO) and polypyrrole (PP). Therefore, we
used diverse characterization approaches for a complete
examination of the modification features of the electrode made
from the above materials. Then, a comparison was made
between the voltammetric oxidation signal of guanine prior to
and following the interaction by differential pulse voltammetry
(DPV) analysis of the unmodified and modified electrodes for
investigating the interactions of pemetrexed with ds-DNA.
Furthermore, we optimized the experimental conditions, like
the initial concentration of ds-DNA, the temperature, and the
kind of the buffer on the DNA biosensor response, as well as the
incubation time, and verified the DNA-pemetrexed interactions
by molecular docking studies.

2. Experimental section
2.1. Materials and instruments

According to the research design, an AUTOLAB (Netherlands)
instrument and NOVA 2.1.4 were used for the electrochemical

RSC Adv, 2023, 13, 29450-29462 | 29451
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analyses, and all the DP voltammograms were baseline-corrected
with the moving average function in the software for further
definition of the displayed peaks. Then, DPV was employed with
the optimum parameters presented in the literature. The
conditions were: modulation amplitude = 0.0505 V, modulation
time = 0.05 s, interval time = 0.5 s, and step potential =
0.00795 V. Then, for performing the electrochemical measure-
ments, a three-electrode system, that is, reference electrode
(saturated calomel electrode (SCE)), a working electrode (pencil
graphite electrode, PGE), and a counter electrode (platinum
wire), was utilized. HB pencil lead of 0.5 mm diameter and length
of 60 mm was used as a PGE. In the next step, the materials were
synthesized in an autoclave in a Teflon-lined vessel and a PARR
model stainless-steel reactor. After that, a Bruker AXs XFlash
Detector 4010 model applying scanning electron microscopy-
energy-dispersive X-ray spectroscopy (SEM-EDX) was used for
capturing the surface images of the aforementioned materials.
The zeta potential measurements for FL-NP Tb**/ZnO were
conducted at 25 °C using a Zetasizer SZ-100 instrument (Horiba,
Instrument Co. Ltd, Kyoto, Japan). Furthermore, we employed
a Quantachrome NOVA-2200 model instrument for performing
the multi-point Brunauer-Emmett-Teller (BET) analyses. Ulti-
mately, the crystal phase structures of FL-NP Tb*'/ZnO were
determined by the X-ray diffraction patterns (XRD, with CuKa
radiation, BRUKER).

2.2. Reagents

Zinc nitrate (Zn(NOj3)-6H,0), terbium chloride (TbCl;-6H,0),
polyvinylpyrrolidone (PVP), ethylene glycol (C,HgO,), ds-DNA
(calf thymus), sodium acetate trihydrate (C,HoNaOs), ethanol,
glacial acetic acid (CH;COOH), and dimethyl sulfoxide (DMSO)
were used as the main reagents and were obtained from Sigma-
Aldrich Co. Ultrapure water was used for preparing the ds-DNA
stock solutions, and each solution was kept at +4 °C for further
use. Additionally, we prepared a drug stock solution at 1 x
1073 M with the use of DMSO, which was also stored at +4 °C in
the dark.

2.3. Preparation of FL-NP Tbh**/ZnO

For obtaining the flower-like NPs of ZnO doped with Tb,
different amounts of terbium chloride (0.0, 0.01, 0.05, 0.1, 0.15,
and 0.2 g) and 2 g of zinc nitrate and PVP were dissolved in
100 mL ethylene glycol, and the solutions were placed in an
autoclave and kept at 200 °C for 12 h with continuous stirring.
In the next step, the precipitate was filtered out and washed
with ethanol and water three times, followed by calcination of
the precipitate at 500 °C for 4 h, before completely drying it at
80 °C for 12 h.

2.4. Preparation of the nanobiosensors

In the presence of the supporting electrolyte at pH 4.7 and in the
potential range of 0.2-1.6 V (scanning rate = 0.05 V s~ '), three
cycles of cyclic voltammetry (CV) were employed and the surface
of the electrode was electrochemically cleaned. For identifying
the impact of the diverse ratios of the electrode modification
materials on the oxidation signals as well as for determining the
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optimal modification composition, we applied varied compo-
sitions: 0.1 M pyrrole + 2 mg FL-NP Tb**/ZnO, 0.2 M pyrrole +
1.0 mg FL-NP Tb**/ZnO, 0.1 M pyrrole + 1.0 mg FL-NP Tb**/ZnO,
0.2 M pyrrole + 1.5 mg FL-NP Tb**/Zn0O, 0.1 M pyrrole + 1.5 mg
FL-NP Tb*'/ZnO, 0.2 M pyrrole + 2.0 mg FL-NP Tb**/Zn0O, and
0.1 M pyrrole + 2.0 mg FL-NP Tb**/ZnO. Analysis showed that
the composition 2.0 mg FL-NP Tb**/ZnO + 0.1 M pyrrole was the
optimized modification composition, and this was mixed in
25.0 mL phosphate buffer saline (PBS). Finally, this solution was
stored in an ultrasonic bath for 2 h for enhancing the materials’
dispersion in the solvent. In addition, CV in the potential range
0-0.8 V at a scanning rate of 100 mV s~ ' during 30 cycles was
performed for electropolymerizing pyrrole on the PGE surface.
After drying the activated electrode at room temperature, 5 pL of
25 mg per L ds-DNA solution was added on to the dry clean PGE
surface, and the surface of the electrode was then dried at 35 °C.
Finally, we immersed the ds-DNA-modified electrode in a sup-
porting electrolyte at pH 4.7 for 5-6 s to remove any unbound
ds-DNA from the surface.

2.5. Intercalation investigations

The ds-DNA/PP/FL-NP Tb*'/ZnO/PGE was immersed in the
different solutions of pemetrexed (which were prepared in Tris-
HCl buffer solution at pH 7.4) for investigating the intercalation
reaction of pemetrexed with the ds-DNA guanine base and then
stirred each solution for 15 min. In the next step, distilled water
was used for washing the ds-DNA/PP/FL-NP Tb*'/ZnO/PGE, and
the sensor's differential pulse voltammograms (DPVs) were
registered in acetate solution (0.5 M, pH 4.8).

2.6. Analysis of real samples

Pemetrexed injection (500.0 mg mL™") as one of the real
samples was purchased from a local pharmacy. This was first
diluted in Tris-HCI buffer solution (pH 7.4), and the standard
addition approach was employed to detect pemetrexed with
using the ds-DNA/PP/FL-NP Tb*'/ZnO/PGE as the electro-
chemical sensor.

After preparation of the blood serum samples, we poured
0.9 mL of 15 w/v% solution of Zn sulfate/acetonitrile into 1 mL
of the human plasma sample in a test tube, and heated it at 40 ©
C for 15 min. Furthermore, centrifugation was performed for
settling the proteins to obtain a fully transparent blood serum
sample. Afterwards, the buffer was poured in for a 5-fold dilu-
tion of the blood serum sample and various amounts of
pemetrexed and standard solution were added into the final
diluted blood serum. Finally, DPVs were recorded, and the
percentage recovery of pemetrexed was determined using the
standard addition approach.

2.7. Theoretical calculations

Next, molecular docking was performed on parts of the bio-
logical assay for predicting the binding mode of the anticancer
drug pemetrexed into the DNA receptor. Hence, we used the
intercalation mode and simulated it using DNA structures with
the hexamer d(CGCGAATTCGCG), sequences for characterizing
1Z3F.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In order to obtain the most stable geometry of pemetrexed,
structure optimizing calculations were run by Gaussian 09 at
the 6-31 G** level with the B3LYP hybrid density functional
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theory (DFT). Then, AutoDock 4.2.6 was utilized with a semi-
flexible docking method. It should be noted that we set all
pemetrexed's bonds free while keeping the DNA rigid. In this
way, a grid map with 70 A x 70 A x 70 A points and a grid point
spacing of 0.375 A was produced; however, the docking simu-
lations showed the greatest 25 000 000 energy calculations, with
running 200 separate dockings with the Lamarckian genetic
algorithm local search.*

3. Results and discussions

3.1. Morphological and structural investigations

The zeta potential is useful for surface charge interpretation
and durable stability evaluations. The surface charge value and
potential of a prepared catalyst play key roles in the catalyst
activity.*>*® Here, the synthesized catalysts were efficiently
dispersed and were found to be stable at room temperature in
deionized water.

For the different catalysts, a variation in the zeta potential
value was observed due to the dopant concentration, as depic-
ted in Fig. 1. A more negative zeta potential (highest for 0.1 g Tb-
doped ZnO) indicated a more stable dispersion and better
adsorption of the catalyst in the ds-DNA solution. This negative
potential ensured a decrease in the agglomeration of the
prepared nanoparticles and better dispersion due to the elec-
trostatic repulsion existing between each nanoparticle.** FL-NP
Tbh**/ZnO as a modifier and ds-DNA had opposite surface
charges, which supported their electrostatic attraction and
allowed their closer contact, which was beneficial for electron
transmission and ultimately the determination of pemetrexed.
Hence, the optimized Tb concentration of 0.1 g was chosen to
fabricate the FL-NP Tb**/ZnO for further study.

Fig. 2 presents the XRD results, showing the crystalline
nature of the nanoflowers, with 26 peaks observed at 32.56°
(100), 34.83° (002), 36.415° (101), 47.14° (102), 56.22° (110),
63.59° (103), 67.75° (200), 68.63° (112), 69.73° (201), 71.70°
(004), and 77.22° (202); however, we did not observe any
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(A) FESEM image; (B) and (C) high-resolution FESEM images of FL-NP Tb>*/ZnO.
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characteristic peak for other impurities like Zn(OH), and
metallic Zn, reflecting the product purity. There was a complete
correlation between the peaks and polycrystalline hexagonal
wurtzite-structured ZnO; that is, the three pronounced peaks for
(100), (002), and (101) at 26 = 32.56°, 34.83°, and 36.41° could
be indexed to the typical XRD pattern of the standard ZnO
(JCPDS 89-7102).* It should be noted that ZnO NF had a higher
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intensity and narrower peaks, resulting in a greater crystallinity.
Fig. 2 shows there was a clear shift in the diffraction peaks to
higher angles than for pure ZnO, demonstrating that the minor
doping of Tb ions into the ZnO lattice could cause changes due
to the significantly greater ionic radius of Tb (237 pm) in
comparison to Zn (139 nm), leading to an improvement in the
lattice parameter in the Tb-doped ZnO crystallites. Researchers

ZnLa

Kev

Fig. 4 EDX spectrum of FL-NP Tb**/ZnO.
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have estimated these minor changes in the case of Tb replacing
Zn ions in the lattice without any variations in the crystal
lattice.”®

Next, FESEM was used for characterization of the
morphology of the as-synthesized Tb-doped ZnO nanoflowers.
Fig. 3A verified the flower-like 3D morphology seen in the
FESEM images at lower magnification of ZnO nanoflakes that
suggested they were formed in the shape of petals. Conse-
quently, their high-density growth was observed because of the
nanoflakes' self-assembly. Moreover, Fig. 3B and C depict the
FESEM images at high magnification, displaying the uniform
nanoflowers. Considering Fig. 3C, a single nanoflower dimen-
sion was ~1-3 pm with multiple nanoflakes radially growing
out from the center in symmetry, so that most of the nano-
flowers were associated with each other.

The EDAX analysis results in Fig. 4 proved the presence of
Tb, O, and Zn in the ZnO nanoflowers. Considering Fig. 4, Tb, O,
and Zn had matching elemental mapping results, with
a smooth distribution of all three elements on the sample.

Nitrogen adsorption-desorption measurements were used to
determine the surface area and pore-size distribution of FL-NP
Tb**/ZnO utilizing Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) analyses. Fig. 5 displays the nitrogen
adsorption-desorption isotherm of FL-NP Tb*'/ZnO. This
isotherm could be classified as a type IV isotherm with a small
hysteresis (H3) loop typical of materials composed of plate-like
pores. For FL-NP Tb**/ZnO, the high amount of nitrogen uptake
in the low-pressure region suggests that the material had
microporosity, while the steady increase in N, uptake in the
high-pressure region suggested the presence of interparticle
mesoporosity.**** The BET surface area and pore volume were
determined as 83.06 m* g " and 0.57 cm® g, respectively.

3.2. Study of the surface modification

According to the research design, we utilized CV and electro-
chemical impedance spectroscopy (EIS) methods to validate
each fabrication step of the new biosensor. Therefore, a good
redox peak of [Fe(CN)s]> ™ existed for the bare PGE (Fig. 64,
curve a). The ferro/ferricyanide redox reaction is usually
regarded as a simple one-electron, one-step electron transfer

(eqn (1)).*

[Fe(CN)e]>~ < [Fe(CN)g]*™ + ¢~ (1)

Following the modification of the bare electrode with the
capture PP/FL-NP ZnO, a major increase was shown in the peak
current (curve b), which was caused by the fast transfer of an
electron through the high surface area of PP/FL-NP ZnO. After
modifying with PP/FL-NP Tb**/ZnO (curve c), an additional
enhancement of the peak current response was observed,
because the doping of a large atom like Tb on ZnO possibly
increased the transfer rate of the electron on the modified
electrodes. Furthermore, in the case of the binding of ds-DNA
to the surfaces of the modified electrode (ds-DNA/PP/FL-NP
Tb**/Zn0), we observed a clear decline in the recorded
current (see curve d) due to a blockage of the electron transfer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) N, adsorption—desorption isotherms and (B) BJH results
obtained for FL-NP Tb**/ZnO.

through the negative-charged capture DNA. Finally, a success-
ful process for the biosensor construction was implemented
that could be also applied as a multifunctional platform for
other applications.

Using EIS could provide appropriate data for the biosensor
production (Fig. 6B) in 0.1 M KCl containing 5.0 mM Fe(CN)s>~/
*~in the frequency range of 100 kHz to 0.1 Hz. When the capture
PP/FL-NP ZnO probe was modified toward the PGE (see curve b),
the R of the capture PP/FL-NP ZnO/PGE declined to 319 Q in
comparison to the bare PGE (see curve a, R = 569 Q). In
addition, the R value of the biosensor experienced a major
decline (R.; = 192 Q) following the electrode modification with
the PP/FL-NP Tb*'/ZnO nanostructure (see curve c). Conse-
quently, the R value of the ds-DNA/PP/FL-NP Tb**/ZnO/PGE
was enhanced upon the binding of ds-DNA to the electrode
surface (see curve d, R, = 748 Q). Finally, the obtained results
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Fig.6 (A) Cyclic voltammograms of 5 mM [Fe(CN)gl> /4~ in 0.1 M KCL:
(a) PGE, (b) PP/FL-NP ZnO/PGE (c) PP/FL-NP Tb**/ZnO/PGE, (d) ds-
DNA/PP/FL-NP Tb**/ZnO/PGE. Scan rate: 50 mV s™*. (B) Equivalent
circuit and Nyquist plots of: (a) PGE, (b) PP/FL-NP ZnO/PGE (c) PP/FL-
NP Tb**/ZnO/PGE, (d) ds-DNA/PP/FL-NP Tb**/ZnO/PGE in 0.1 M KCl
containing 5.0 mM Fe(CN)g*>~4~. Frequency range 100 kHz to 0.1 Hz.

were consistent with the findings from the CV tests, confirming
the capture ds-DNA and PP/FL-NP Tb**/ZnO were completely
bound to the electrodes.*®

3.3. Electrochemical response of ds-DNA immobilization on
the surface of unmodified and modified electrodes

The modification of ds-DNA on the electrode was one of the
main steps to fabricate the DNA biosensor, which was linked
with a direct adsorption process.*® Fig. 7 displays the direct
DNA electrochemistry and a comparison of the DNA DPV scans
of the various modified and unmodified PGEs. The electro-
chemical signals of the electrodes toward guanine oxidation
could be considered as a marker for the direct detection of
DNA. The peak potentials of guanine oxidation were respec-
tively computed to be about 945, 864, and 852 mV for ds-DNA/
PP/PGE (curve a), ds-DNA/PP/FL-NP ZnO/PGE (curve b), and ds-
DNA/PP/FL-NP Tb**/ZnO/PGE (curve c), respectively. The
modification of FL-NP Tb**/ZnO caused an increase in the peak
currents of oxidation when compared with ds-DNA/PP/PGE and
ds-DNA/PP/FL-NP ZnO/PGE, being about 3.94 and 1.21 times
higher due to the increased conductivity of the composite.
Since the ds-DNA/PP/FL-NP Tb*'/ZnO/PGE created an
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Fig. 7 Differential pulse voltammograms of guanine in ABS (0.5 M, pH
4.8): (a) ds-DNA/PP/PGE, (b) ds-DNA/PP/FL-NP ZnO/PGE, (c) ds-
DNA/PP/FL-NP Tb®>*/ZnO/PGE. Scan rate: 50 mV s™1.

optimized reaction for the peak current and peak shape and
a negative shift, that modifier was selected as the best modifier
for further testing.

3.4. Intercalation study

Next, DPV was employed to studying the intercalation reaction
of ds-DNA with pemetrexed over the surface of the ds-DNA/PP/
FL-NP Tb**/ZnO/PGE. It was possible to observe the differen-
tial pulse (DP) voltammogram of guanine relative to the ds-DNA
in the absence of the anticancer medicine at the potential of
~852 mV with an oxidation current of 9.94 pA over the surface
of the ds-DNA/PP/FL-NP Tb*'/ZnO/PGE (curve a in Fig. 8).
Moreover, the oxidation potential of pemetrexed did not change
in the solution with 25.0 and 50.0 pM pemetrexed (curves b and
c in Fig. 8). Additionally, the oxidation current of the guanine
base respectively declined to 8.33 and 7.01 pA in the presence of
25.0 and 50.0 uM pemetrexed. Therefore, the fact there was no

a
91 b
C
<
26
L]
3 .
0.45 0.65 0.85 1.05 125
E/Vvs. (SCE)

Fig. 8 Differential pulse voltammograms of guanine after the inter-
action between 0.0, 25.0, and 50.0 puM pemetrexed in ABS (0.5 M, pH
4.8) (curves a—c, respectively) and ds-DNA at ds-DNA/PP/FL-NP Tb>*/
ZnO/PGE.
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measurable shift in the oxidation potential as well as the decline
in the guanine base current of ds-DNA in the presence of
pemetrexed verified the groove binding reaction of ds-DNA with
pemetrexed over the surface of the ds-DNA/PP/FL-NP Tb**/Zn0O/
PGE.”

On the contrary, the reduction of the guanine base signal
could be directly noted by the current and was related to the
concentration of pemetrexed, which is useful as offering an
analytical approach to detect the aforementioned medicine.

3.5. Optimization of the efficiency parameters

According to the research design, we optimized the initial
concentration of ds-DNA, the temperature, the kind of buffer for

View Article Online

RSC Advances

the DNA biosensor response, as well as the incubation time.
Fig. 9 displays the relationship between the oxidation current of
the guanine base over the surface of the ds-DNA/PP/FL-NP Tb>*/
ZnO/PGE and the ds-DNA concentration provided in the
modification process. Scheme 1 depicts the biosensing process
for pemetrexed detection. According to Scheme 1, PEG is first
modified with FL-NP Tb*'/ZnO, PP, and ds-DNA. Then the
resulting modified electrode produces a guanine electro-
chemical signal for the detection of ds-DNA. Finally, in the
presence of pemetrexed, the electrochemical signal of guanine
is reduced, which can be used to quantitatively determine
pemetrexed. As seen in Fig. 9A, the oxidation current of the
guanine base should be enhanced when increasing the initial
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Fig. 9 (A) Oxidation signal plot of guanine vs. ds-DNA concentration (5.0-30.0 mg L™%). (B) Plot of guanine oxidation current vs. intercalation
solution temperature. (C) Diagram of guanine oxidation current vs. type of buffer solution. (D) Influence of the incubation time of 40.0 uM
pemetrexed in ABS (0.5 M, pH 4.8) on the response of ds-DNA/PP/FL-NP Tb>*/ZnO/PGE.
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Scheme 1 Schematic representation of the sensing strategy for the detection of pemetrexed.

concentration of ds-DNA to 25 mg L, but it was fixed. Hence,
our conclusion is that this ds-DNA concentration saturated the
concentration of 25 mg L™ " of the ds-DNA and ds-DNA/PP/FL-
NP Tb**/ZnO/PGE surface.

A major factor in the functioning of a biosensor function is
the solution temperature for ensuring the most acceptable
interactions between anticancer drugs and ds-DNA. Hence, we
recorded DP voltammograms of the ds-DNA/PP/FL-NP Tb*"/
ZnO/PGE in solution with 45.0 uM pemetrexed at various
temperatures (Fig. 9B), and found the most acceptable inter-
calation between ds-DNA and pemetrexed at 25 °C. It should be
noted that the intercalation process at the temperatures above
and lower than room temperature declined because of the low
activity of ds-DNA at low temperature and very weak stability of
ds-DNA at high temperature. Consequently, we observed the
formation of a weak bond between the medicine and ds-DNA at
higher temperatures.

Next, optimization of the type of interaction buffer solution
was investigated as another significant element to control while
making DNA biosensors and particularly for ensuring the most
acceptable deposition of ds-DNA over the electrode surface.
Therefore, ds-DNA was dissolved in phosphate-buffered saline
(PBS), Britton-Robinson buffer, as well as acetate buffer, and
DPVs of the guanine base were recorded over the surface of the
ds-DNA/PP/FL-NP Tb**/ZnO/PGE. As seen in Fig. 9C, the great-
est sensitivity for the guanine base signal was related to the
acetate buffer solution in comparison to in Britton-Robinson
buffer solution and PBS. Thus, the major reason for the
observed changes may be the presence of phosphoric acid

29458 | RSC Adv, 2023, 13, 29450-29462

(HsPO,) in Britton-Robinson buffer and PBS, as well as inter-
ferences between the phosphoric acid and phosphate groups of
ds-DNA in the above buffers.

Considering the analyses, the incubation time has also been
proposed to be a major element in the functionality of a label-
free DNA biosensor. Hence, for this element to be optimized,
we recorded DP voltammograms of the ds-DNA/PP/FL-NP Tb**/
ZnO/PGE in solution with 40.0 uM pemetrexed at various
incubation times. The guanine signal of ds-DNA was found to
decrease when increasing the incubation time, which was
related to the guanine base intercalation in the ds-DNA struc-
ture with pemetrexed. Finally, the highest interaction was
observed at 10 min and then the decline in the oxidation
current of guanine stopped (Fig. 9D).

3.6. Reproducibility, repeatability, and stability of the
biosensor production

DPVs of four biosensors made by the above-mentioned tech-
nique were utilized for investigating the ds-DNA/PP/FL-NP Tb*"/
ZnO/PGE production and performance reproducibility. The
relative SD (RSD) of five frequent measurements was 2.39%. In
addition, the RSDs for 15 repeated determinations applying
DPVs on a single electrode were ~2.97% and 1.23% for the
oxidation current and potential of the guanine signal relative to
ds-DNA/PP/FL-NP Tb**/ZnO, respectively. According to these
findings, the modified electrode displayed excellent reproduc-
ibility and repeatability in both the production procedure and
voltammetric measurements.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Moreover, the stability of the ds-DNA/PP/FL-NP Tb**/ZnO/
PGE was tested. When the ds-DNA/PP/FL-NP Tb**/ZnO/PGE
was kept in 0.5 M ABS after the voltammetric measurements,
the guanine oxidation current signals remained nearly stable in
the first 10 days and then decreased by about 2.32% of its initial
response after 30 days, indicating the good stability of the ds-
DNA/PP/FL-NP Tb*'/ZnO-modified PEG. In addition, the elec-
trodes were left under ambient conditions for four weeks, and
there was no significant fluctuation in peak current (2.26%),
confirming the appropriate stability of the modified electrode
under the optimized conditions.

3.7. Analytical procedure

According to the research design, we recorded DP voltammo-
grams of ds-DNA/PP/FL-NP Tb’*/ZnO/PGE in the presence of
various concentrations of pemetrexed (Fig. 10). Then, the linear
association of AI, ([oxidation current of guanine in the absence
of pemetrexed] — [oxidation current of guanine in the presence
of pemetrexed]) between 0.001 puM and 175.0 uM was deter-
mined using the equation: AL, = 0.0536Cpemetrexed + 0.2828 (R
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Fig. 10 (A) Voltammograms of ds-DNA/PP/FL-NP Tb**/ZnO/PGE for
different concentrations of pemetrexed in ABS (0.5 M, pH 4.8). From
top to bottom (1-16), 0.0, 0.001, 1.0, 10.0, 20.0, 30.0, 40.0, 50.0, 60.0,
70.0, 80.0, 90.0, 100.0, 125.0, 150.0, and 175.0 uM. (B) Dependence of
the net oxidation guanine current (difference between guanine current
in the absence and presence of pemetrexed) vs. concentration of
pemetrexed.
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= 0.9998), and the LOD was found to be 0.17 nM for the anti-
cancer drug pemetrexed over the surface of the ds-DNA/PP/FL-
NP Tb*'/ZnO/PGE (Fig. 10).

3.8. Analysis of real samples and study of their selectivity

As part of our research, we studied the selectivity of ds-DNA/PP/
FL-NP Tb*'/ZnO/PGE as a modern pemetrexed biosensor in the
presence of organic and inorganic interferences with
a maximum acceptable error of 5% in the guanine oxidation
signal. According to the findings, the records of the signals of
1000-fold additions of Na*, K*, F~, and Cl~, 700-fold of valine,
glycine, and methionine, and 500-fold of vitamins C and B¢ did
not show any interferences when determining 20.0 pM peme-
trexed with the new biosensor. Therefore, we employed the
standard addition method for evaluating the potential of the ds-
DNA/PP/FL-NP Tb**/ZnO/PGE as a novel analytical approach to
determine pemetrexed in real samples (Table 2). According to
the table, recoveries from 99.74% to 101.2% were obtained,
verifying the major capability of the ds-DNA/PP/FL-NP Tb*'/
ZnO/PGE as a modern biosensor to detect pemetrexed in the
real samples. In addition, ¢-tests were used to verify the capa-
bility of the ds-DNA/PP/FL-NP Tb*'/ZnO/PGE for analyzing
pemetrexed in the real samples.

3.9. Comparison of our method with others in the literature

A comparison of the analytical efficacy between our as-
fabricated electrode and other electrochemical and non-
electrochemical methods was performed for pemetrexed
(Table 1). Based on Table 1, the detection limit and linear range
of the as-fabricated sensor were better than reported for many
electrochemical and non-electrochemical methods.'****> When
comparing chromatography methods with electrochemical
methods, these methods are expensive, sophisticated, and
multi-process techniques, often the need for sample prepara-
tion, pre-filtration, and extraction, as well as temperature
monitoring. Accordingly, the as-fabricated sensor is potentially
able to determine trace amounts of pemetrexed in various
media. Moreover, the electrode used for the sensor fabrication
is a PGE, which offers various advantages, like cost-
effectiveness, facile modification, admirable accessibility, and
lower background current when compared with other elec-
trodes, such as diamond and carbon paste electrodes. A key
strength of our research was employing nondestructive and
nontoxic modifiers, and inexpensive materials (PP/FL-NP Tb*"/
ZnO). As seen in Table 1, electrodes as-fabricated for electro-
chemically sensing pemetrexed generally show admirable
properties in terms of measurement speed, sensitivity, detec-
tion limit, linear range, and sensitivity when compared to other
methods reported in the literature.

3.10. Docking process

A docking study was done to investigate the ideal interaction
site and best compounds conformation on the DNA with the
lowest energy.”*** The lowest binding energy and K; for the
interaction of DNA with pemetrexed were obtained as
—10.27 keal mol ™" and 29.6 nM, respectively. Studies indicated

RSC Adv, 2023, 13, 29450-29462 | 29459
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Table 1 Comparison of the major characteristics of various methods for the determination of pemetrexed

Method Dynamic range Detection limit Ref.
Liquid chromatography-tandem mass 5.0-500.0 ng mL ™" 2.5 ng mL~" 13
spectrometry

Ion-pairing reversed-phase liquid 0.4-0.6 mg mL ™" — 48
chromatography

High-performance liquid chromatographic 50.0-750.0 ug mL "~ 0.63 pg mL ™" 49
Voltammetry 1.0-35.0 uM 0.33 nM 50
Voltammetry 0.01-10.0 pM 0.328 nM 51
Voltammetry 0.005-10.0 pM 1.60 nM 52
Voltammetry 0.001-175.0 uM 0.17 nM This work

Table 2 Determination of pemetrexed in an injection and human blood serum samples using ds-DNA/PP/FL-NP Tb**/ZnO/PGE (n = 5)

Sample Detected (uM) Added (uM) Found” (uM) Recovery (%) t-Test
Pemetrexed injection 9.21 2.5 11.68 + 0.13 99.74 0.51°
5.5 14.73 £ 0.08 100.1 0.56°

Human blood serum ND? 25.0 25.3 +£0.29 101.2 2.31°
50.0 49.9 £+ 0.18 99.8 1.24¢

@ Mean =+ standard deviation for n = 5. ? Not detected. ¢ P < 0.05, 95%.

the stabilization of pemetrexed at the DNA minor groove
occurred across five hydrogen bonds with the nucleotides and
hydrophobic interactions (Fig. 11). Moreover, the major
contribution of five hydrogen bonds was demonstrated in the
interactions between pemetrexed and DNA. The hydrogen
bonds included hydrogen (H)21 of guanine 4 (DG4) interacting
with oxygen (0)3 from pemetrexed and O5 of pemetrexed
establishing a hydrogen bond with H3 from guanine 4 (DG4).
Then, the hydrogen (H)22 of guanine 22 (DG22) interacted with

oxygen (0)6 from pemetrexed and O4 of pemetrexed established
a hydrogen bond with H3 from guanine 22 (DG22). In addition,
H48 of pemetrexed interacted with 02 from thymine 19 (DT19)
and H43 of pemetrexed interacted with 02’ from cytosine 21
(DC21). According to the docking results, pemetrexed could
interact effectively with bases in the minor groove of DNA. The
results of the electrochemical analysis (Section 3.4) and
molecular docking studies provide useful information about
pemetrexed-DNA interactions, which are valuable for

/‘"15‘1';

Fig. 11 Pemetrexed-DNA minor groove interaction. Inset: geometrical disposition of pemetrexed in DNA minor groove.
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understanding the mechanism of pemetrexed working at the
molecular level.

4. Conclusion

As mentioned earlier, this study reported the successful fabri-
cation of a novel the electrochemical biosensing platforms for
ultrasensitive pemetrexed detection with the help of PP/FL-NP
Tb**/ZnO nanocomposites as one of the materials on the
surface of the electrode and ds-DNA. This biosensor exhibited
a low LOD (0.17 nM) over a wide concentration range of 1.0 nM
to 175.0 uM with considerable sensitivity and great selectivity
toward pemetrexed. Furthermore, it was followed by prominent
stability and reproducibility, with a good capability for the
accurate detection of pemetrexed in real samples. It could be
concluded that this new electrochemical biosensor did not just
exhibit a greater sensing function for pemetrexed, but it could
be used promisingly for anticancer determination in the anal-
yses of real samples.
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