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Abstract: Epirubicin is prescribed as an essential drug for treating breast, prostate, uterine, and gas-
trointestinal cancers. It has many side effects, such as heart failure, mouth inflammation, abdominal
pain, fever, and shortness of breath. Its measurement is necessary by straightforward and cheap
methods. The application of aptamer-based electrochemical sensors is accounted as a selective option
for measuring different compounds. In this work, a thiol-modified aptamer was self-assembled on
the surface of the gold electrode (AuE) boosted with carbon nano-onions (CNOs), and coupled with
methylene blue (MB) as an electroactive tracker to achieve a sensitive and selective aptasensor. In the
absence of the epirubicin, CNOs binds to the aptamer through a 7-7 interaction enhancing the MB
electrochemical signal. When epirubicin binds to the aptamer, the adsorption of CNOs and MB to the
aptamer is not well established, so the electrochemical signal is reduced, consequently, the epirubicin
value can be measured. The prepared aptasensor demonstrated an excellent sensitivity with a curve
slope of 0.36 ul/nM, and 3 nM limit of detection in the linear concentration range of 1-75 nM. The
prepared aptasensor was accurately capable of measuring epirubicin in blood serum samples.

Keywords: epirubicin; carbon nano-onion; electrochemical aptasensor; gold electrode

1. Introduction

Epirubicin (EP) is an anticancer drug that interferes with the growth and spread of
cancer cells in the body. Epirubicin and its medicinal derivatives are used to treat breast
and prostate cancer. The action mechanism of this drug is based on its inhibiting effect
on the synthesis of nucleic acids (DNA and RNA) and proteins [1-3]. This drug is one of
the cytotoxic agents of anthracyclines. Anthracyclines have also been found to interfere
with some biochemical and biological functions in eukaryotic cells. After intravenous
administration, epirubicin is rapidly and widely distributed in tissues, and about 77% binds
to plasma proteins, mainly albumin [4,5]. Epirubicin is metabolized quickly in the liver
and other organs and cells, including red blood cells. This drug and its primary metabolite
are excreted mainly through bile and a tiny amount through urine. The epirubicin uses
causes some side effects and its overdose leads to cardiotoxicity. Fatal congestive heart
failure may also occur during treatment by epirubicin, even months or years after the end
of drug consumption. Also, in some cases, it leads to a severe weakening of the bone
marrow in the patient [6,7]. Since the long-term use and high dose of the drug can be very
dangerous for the patient, determining the concentration of epirubicin in human biological
fluids is helpful in optimizing drug doses in the treatment of cancer cells. So far, important
analytical methods and techniques have been used to determine the concentration of this
drug in biological samples [8-12]. Recently, electrochemical methods have been widely
used to measure epirubicin due to their simplicity, high sensitivity, and low cost [13-19].
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One of the most important carbon nanomaterials that are recently used in electrochem-
ical measurements and surface modification methods is the carbon nano-anions (CNOs).
CNOs are actually formed of multi-layered fluorine structures, which their shape, size,
and number of layers depend on the applied synthesis method. The utilization of the
CNGOs as a suitable material for solid electrodes modification has been reported for the
glassy carbon and gold electrodes [20-23]. Previous studies confirmed boosting the electron
exchange at the surface of the electrodes modified with carbon nanomaterials, especially
CNOs, originated from their high surface area, very good electrical conductivity, high
adsorption capacity, and accessible active sites [24,25]. Also, the low toxicity of these
compounds compared to other nano-based compounds causes the use of these nanoma-
terials to be considered in the fields of pharmaceutical diagnosis and biomedicine. Since
aptamers are single strands of DNA or RNA molecules that bind specifically to the target
molecule [26,27], the use of these types of molecular detection elements improves the
sensitivity and selectivity of the measurement method. Using aptamer-based diagnostic
elements in combination with nanomaterials to modify the surface of the electrochemical
sensors has received much attention [28-30]. Previous studies have shown that using
aptamer sequences specific to each medicinal substance enables the unique diagnosis in
addition to improving the sensitivity of the measurement method [31,32]. Up to now, the
epirubicin analysis was done along with other structurally similar compounds but it was
not possible to measure it with high selectivity [33,34]. In this work, we introduce a new
electrochemical aptasensor based on a gold electrode modified with carbon nano-anion and
aptamer as a new sensor for the electrochemical determination of epirubicin in biological
samples. The gold electrode surface was modified with a thiolated aptamer, which can
selectively bind to the epirubicin molecules. The main difference between this work and
the others is attributed to bonding 0x-CNOs and MB to the self-assembled aptamer to
boost the electron transfer and consequently enhances the sensitivity and selectivity. The
addition of ox-CNOs to the modifier layer of increased the negative charge on the electrode
surface so attracted more the positively charged MB ions onto the aptasesnor. Therefore,
the aptasesnor sensitivity was improved towards the epirubicin. The capability of the
method for analysis of the epirubicin in blood serum is evaluated.

2. Experimental Methods
2.1. Materials and Apparatus

In this work, the thiolated aptamer was purchased from BIONEER, South Korea. The
sequence of the purchased thiolated aptamer is SH-5 ACCATCTGTGTTAAGGGGTAAGG
GGTGGGGGTGGGTACGTCT3. Diamond nanoparticles purchased from Merck were
consumed to prepare CNOs. Other materials used, which include sodium hydroxide,
sulfuric acid, ethanol, nitric acid, sodium bicarbonate, Tris-HCL, methylene blue (MB),
sodium chloride, and 6-hydroxy-1-hexanethiol (MCH), were received from Merck. The
epirubicin, daunorubicin, methotrexate, and toremifene drugs were obtained from Tofigh
Daru. Electrochemical measurements were performed with a u-Autolab electrochemical
device using Nova software (Version 2.1.4). FI-IR device model Perkin Elmer, Field-
Emission scanning electron microscope (FE-SEM) model TESCAN MIRA 3, and X-ray
spectrometer (XRD) were used to characterized the synthesized CNOs.

2.2. Synthesis of CNOs

CNOs with good conductivity were synthesized by a straightforward method using
diamond nanoparticles. For this purpose, 1.0 g of diamond nanoparticles was placed in a
furnace under argon gas for one hour at a temperature of 1150 °C. Then, the sample was
placed in a furnace under an ambient atmosphere for one hour at a temperature of 450 °C
to remove amorphous carbons to prepare CNOs. A mixture solution of sulfuric acid and
nitric acid was poured into a flask containing 1.0 g of CNOs and refluxed at 80 °C for 5 h to
functionalize CNOs (ox-CNOs). It was then centrifuged, and the pH was adjusted with
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sodium bicarbonate; after it reached to pH = 7, it was washed with water and ethanol and
kept at 60 °C for 12 h.

2.3. Preparation of the Electrochemical Aptasensor

First, the Au electrode was polished with a slurry of aluminium with a particle size of
5 um, and it was washed with water and placed in a three-electrode cell system containing
1 M sulfuric acid solution. Afterwards, ten consecutive scans of the cyclic voltammetry
in the potential range of —0.4 to 1.2 V at a scan rate of 100 mV /s were applied to the Au
electrode surface. Next, the Au electrode was placed in the thiolated aptamer solution with
a concentration of 1 uM in the Tris-HCl buffer solution containing 20 M NaCl for 120 min to
form a layer of aptamer at the Au electrode surface due to the hybridization of the gold and
thiol. Subsequently, the electrode was washed with an aqueous solution of NaCl and MgCl,.
The Au electrode covered by a thiolated aptamer was immersed in a 2 mM MCH solution for
60 min to obtain a single layer of aligned aptamer, Au/Apt. This step led to the attachment
of MCH to the active sites of the Au electrode that did not occupied by aptamer. Therefore,
the remained active sites on the Au electrode were blocked to prevent the nonspecific
adsorption of the analyte. Then, the Au/Apt electrode was placed in a phosphate buffer
solution (pH = 7.4) containing epirubicin for 40 min to adsorb the target molecules on
the electrode surface. After that, the Au/Apt/epirubicin electrode was immersed in a
phosphate buffer solution (pH = 7.4) containing ox-CNOs for 180 min to achieve the
Au/Apt/epirubicin/ox-CNOs electrode. Finally, Au/Apt/epirubicin/ox-CNOs electrode
was put in the 120 uM MB solution for 30 min. the final modified electrode was named
as Au/Apt/epirubicin/ox-CNOs/MB. The aptasensor free of target molecule was also
prepared in the same way without the step of epirubicin adsorption. Finally, the prepared
aptasensors were washed with water. Electrochemical measurements were performed
by the differential-pulsed voltammetry (DPV) method, and quantitative measurements
were conducted based on the current difference of the modified electrode in presence and
absence of the epirubicin according to Equation (1).

Al =1 (Apt) — I (Apt-epirubicin) e8]

3. Result and Discussion
3.1. Characterization

The CNOs and ox-CNOs functional groups were investigated by an infrared spectrom-
eter, Figure 1. The sharp peak observed at 1738 cm ! is related to the stretching vibrations
of the C=0 group. The intensity of this peak became very high when CNOs were oxidized
indicating that CNOs have been well oxidized. Also, the band observed in the region
from 1510 to 1580 cm ™! is related to carboxyl and carbonyl groups. Some peaks with low
intensity can also be seen in 0x-CNOs, which are related to COOH groups that confirm the
successful oxidation of CNOs.

FE-SEM images for CNOs and ox-CNOs nanoparticles were given in Figure 2. For
CNOs, spherical nanoparticles with a relatively uniform particle size can be observed. The
0ox-CNOs show smaller particles out of the spherical state accumulated in a needle-shaped
state. Figure 3 depicts the XRD patterns of CNOs and ox-CNOs. Broad peaks at 20 = 24.3
and 44 are visible for CNOs. After oxidation of CNOs, the broadening of mentioned peaks
occurred and a significant reduction in their intensity was observed.



Biosensors 2022, 12, 1139 40f11

— CNOs
50 —o0x-CNOs

N
o

£
=

£

L
[ ]

Transmittance (%)

38 : . -
3500 2500 1500 500

Wavenumber/cm™
Figure 1. FT-IR spectra of CNOs and ox-CNOs.
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Figure 2. FE-SEM image of CNOs and ox-CNOs.
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Figure 3. XRD pattern of CNOs and ox-CNOs.

3.2. Electrochemical Performance of Electrodes

The cyclic voltammetry method in the potential range of —0.4 to 0.4 V was used
to investigate the performance of the prepared electrodes towards the 1 mM solution of
the K3[Fe(CN)g]/K4[Fe(CN)g] as probe, Figure 4. At the surface of the unmodified Au
electrode, the electrochemical probe solution showed an oxidation/reduction redox couple
with a potential difference of 0.11 V. By inserting the thiolated aptamer on the surface of
the Au electrode, the oxidation/reduction current related to the probe solution decreased.
The potential difference of the redox couple was more significant than the unmodified
Au electrode. This phenomenon is due to the blocking of the Au electrode surface by
the aptamer, which prevents the presence of probe ions on the electrode surface, so the
oxidation/reduction reaction was not performed well. With the insertion of the ox-CNOs,
the peak current related to the oxidation/reduction of the probe decreased while the
potential difference increased. This performance is due to the negative charge of ox-CNOs,
which prevented the negative ions of the probe from reaching the electrode surface and
as a result reduced the electron transfer rate, decreased the current and increased the
potential difference of redox peaks of the probe. Inserting the MB on the electrode surface
increased the current and decreased the potential difference indicating negatively charged
0x-CNOs absorbed positively charged MB ion well. After attachment of the epirubicin to
the aptamer, the current reduction and the potential difference increment was observed
again. This indicates the successful fixation of the epirubicin molecules on the aptamer,
which reduced the electron transfer rate. The electrochemical impedance spectrometer
in the frequency range of 10 mHz to 100 kHz in the ferri/ferrocyanide solution was also
checked to investigate the electrode surface response after each step of the modification
process. The Nyquist diagrams of the Au, Au/Apt, Au/Apt/ox-CNOs, Au/Apt/ox-
CNOs/MB, and Au/Apt/epirubicin/ox-CNOs/MB electrodes in the probe solution were
shown in Figure 5. The results showed the charge transfer resistances of 160, 813, 1101, 200,
and 1347 Q) on the surface of Au, Au/Apt, Au/Ap/ox-CNOs, Au/Apt/ox-CNOs/MB,
and Au/Apt/epirubicin/ox-CNOs/MB, respectively. By connecting the aptamer to the
surface of the Au electrode, the charge transfer resistance enhanced, which is due to the
non-conductivity and electrochemical inactivity of the aptamer strands. Also, the existence
of ox-CNOs increased the charge transfer resistance because they limited the diffusion rate



Biosensors 2022, 12, 1139

60f 11

of probe ions towards the electrode surface. However, the charge transfer rate increased in
the presence of MB. Moreover, the diameter of the semicircle part of Nyquist plots increased
in the drug’s presence, indicating an increase in charge transfer resistance. These results
confirmed the successful fabrication of the electrochemical aptasensor.
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Figure 4. (a) CVs of different electrodes in 1 mM K3[Fe(CN)g]/Ky[Fe(CN)¢] as the probe solution,
(b) oxidation current value of the probe solution on the surface of different electrodes.

1800 -»-Au/Apt/epirubicin/ox-CNOs/MB  a 1400 b
-»-Au/Apt/oxCNO/MB
1600 |
+ Au/Apt/ox-CNOs 1200
1400 | =-Au/Apt
1000
1200
—~ 800
1000 2]
= &
’N 800 600
1
600 400
400
200
200 I I
0
g
0 M M M " ‘zvy Q\Y'Q céoﬁ §$ S\Q&
0 400 800 1200 1600 2000 o v \°¥ c?o (;éo
! & & ¢
7' (Q) S
R N
v <
&
S
?'o\v'

Figure 5. (a) Nyquist plots of different electrodes in 1 mM Ks[Fe(CN)g]/K4[Fe(CN)g] solution and
(b) the obtained Rt value of different electrodes.
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3.3. Optimization

Effective parameters, including duration of time required for placement of the aptamer
on the Au electrode surface, duration of drug-aptamer interaction, the period of the inter-
action between the aptamer and ox-CNOs, and MB were investigated to access the best
response from the prepared aptasensor. The current changes in the presence of aptamer
and drug for each of the parameters are given in Figure 6. Studying the incubation time
of aptamer on the Au electrode surface is the most important parameter that plays a vital
role in the successful fabrication of the electrochemical aptasensor, so here different periods
for the absorption of a self-assembled layer of aptamer on the Au electrode surface were
investigated, Figure 6a. Noticeably, the difference between the oxidation peak current of MB
at Au/Apt/epirubicin/ox-CNOs/MB and Au/Apt/ox-CNOs/MB enhanced by increasing
the time of the Au electrode incubation in the aptamer strands from 30 to 120 min. By
further increasing the incubation time up to 180 min, no sensible change was observed in
the aptasensor response towards epirobicin. This result revealed that the 120 min incubation
time is adequate to completely cover all accessible sites on the Au electrode surface with
aptamer strands. The incubation time of the Au/Apt into the 15 nM epirubicin was checked
between 10 and 60 min. The results showed that the final aptamer sensing increased up to
40 min and remained constant after that. Forty min was selected as the optimal time for
epirobicin absorption on the aptasensor, Figure 6b. In addition, the insertion of ox-CNOs on
the Au/Apt/epirubicin surface increased the aptasensor response. The ox-CNOs insertion
time was evaluated in the range of 30-240 min. The aptasensor response increased by time
duration up to 180 min and remained almost constant for further time, Figure 6¢c. The
electrode immersion into the MB solution led to the insertion of MB along the 0x-CNOs
between aptamer strands and as a result boosting the sensing sensitivity. The best time for
the MB insertion was 30 min, Figure 6d.
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Figure 6. Optimization: (a) time required for attachment of aptamer to the Au electrode surface,
(b) duration of the drug-aptamer interaction, (c,d) the period of the interaction between the aptamer
and ox-CNO and MB, respectively.
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3.4. Analytical Activity of Epirubicin

The epirubicin sensing by the developed electrochemical aptasensor in a phosphate
buffer solution with pH = 7.4 was investigated in the concentration range of 1-75 nM under
optimal conditions. Differential pulse voltammograms (DPVs) of aptasensor based on
optimized procedure were recorded for different concentrations of epirubicin. A decrement
of peak current for MB oxidation was observed with increment of the drug concentration.
A linear relationship was resulted between the epirubicin concentration and aptasensor
response in the absence and the presence of the epirubicin in the range of 1-75 nM, Figure 7.
An excellent linear relationship was obtained with a line slope of 0.36 puI/nM. According to
the equation of LOD =3 Sb/m, a detection limit equal to 0.33 nM was calculated.

40
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Figure 7. (a) Electrochemical aptasensor responses towards different concentrations of epirubicin,
(b) calibration curve.

A comparison of the performance of the electrochemical methods reported for epirubicin
analysis with the aptasensor prepared in this work was given in Table 1. The results showed
that the detection limit obtained in this work is comparable to previous researches indicating
suitability of the prepared electrochemical aptasensor for epirubicin measurement.

Table 1. The performance comparison of developed sensors for the epirubicin measurement.

Modified Electrode Technique Linear Range (nM) LOD (nM) Ref.
NiFe;O4/AuNPs/SPCE DPV 700-3600 5.3 [13]
Ce-ZnO/GCE Drv 10-600 2.3 [33]
DNA/GCE DPV 50-500 10 [35]
AuNPs/Fe30,/5i0, /SPCE DPV 70-2100 40 [36]
DNA/AuNPs/SPCE Drv 40-2000 10 [37]
Au/Apt/epirubicin/ox-CNO/MB DPV 1-75 0.33 This Work

The prepared electrochemical aptasensor was also used to measure the pharmaceu-
tical compounds of daunorubicin, methotrexate, and toremifene to check the selectivity.
The current changes obtained for these drugs showed that the prepared electrochemical
aptasensor is unsuitable for measuring other drug compounds with anticancer capabilities,
so it has excellent selectivity for measuring epirubicin, Figure 8. The reproducibility of the
prepared aptasensor was determined by preparing four electrochemical aptasensors with
the same method to measure epirubicin. The results of measuring epirubicin with those
four aptasensors have a relative standard deviation of 2.34%, which indicates the good
reproducibility of the aptasensor fabrication. Also, four consecutive DPV measurements
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were performed by every Au/Apt/epirubicin/ox-CNO/MB in a buffer solution. The
results showed a relative standard deviation of 3.42 for this experiment, which indicates
the appropriate repeatability of this electrochemical aptasensor.

16
14
12 F
10 f
El
= 8 I
=
6 F
4 F
| I o »
0

Epirubicin Toremifene Methotrexate Fluorouracil

Figure 8. Investigating the selectivity of the prepared electrochemical aptasensor in 15 nM epiru-
bicin measurement.

The epirubicin value in a plasma sample was measured with the prepared electro-
chemical aptasensor using the standard addition method. The results are given in Table 2.
The recovery percentage obtained for measuring epirubicin in the concentration range of
5,10, and 15 nM was 96-98%, which indicated the very good capability of the prepared
aptasensor for measuring epirubicin in real samples.

Table 2. Epirubicin determination in plasma sample.

Sample Added (nM) Found (nM) Recovery (%) (n = 3) RSD%
0 - - -
Pl 5 4.85 97.00 4.19
asma 10 9.76 97.60 431
15 14.80 98.66 3.95

4. Conclusions

Here, a very sensitive electrochemical aptasensor based on a Au electrode covered by
a single layer of self-assembled aptamer having suitable reproducibility and the ability to
measure epirubicin in real samples was prepared. The MCH strands were attached to the
unoccupied sites of the Au electrode by aptamer to prevent the nonspecific adsorption of
the epirubicin. Methylene blue and ox-CNOs were used to track and increase the sensitivity
of the prepared aptasensor. The synthesized CNOs were chemically oxidized to produce
carbonyl and carboxylic functional groups, which improve and facilitate their adsorption to
the aptamer strands. The increment of negatively charged functional groups on the CNOs
boosted the adsorption of the positively charged MB leading to more sensitive aptasensor
response. Functionalized CNOs nanoparticles paired with MB improved the performance
of the aptasensor and increased the sensitivity of the aptasensor. Our funding showed
that with raising epirubicin concentration, the electrochemical response of the fabricated
aptasensor under optimal empirical conditions linearly enhanced in the concentration
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range of 1-75 nM, and the detection limit of 0.33 nM was resulted for epirubicin. One of the
most important features of this prepared aptasensor is its low cost and easy preparation,
which can quickly measure trace amounts of epirubicin.

Author Contributions: Synthesis of CNOs, formal analysis, investigation, E.S.; writing original draft,
E.S. and T.Z.; conceptualization, methodology, visualization, writing-revision and editing, M.G.;
supervision, EA. and M.G.; funding acquisition, project administration, F.A. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Iran University of Medical Sciences with grant No: 17644.
In addition, this proposal has the ethic code of IRIUMS.REC.1399.576.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge the support of this work by the Shahid
Rajaee Teacher Training University, Tehran, Iran.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Lehmann, J.; Retz, M.; Wellek, S.; Stockle, M.; Trial, P. Adjuvant cisplatin plus methotrexate versus methotrexate, vinblastine,
epirubicin, and cisplatin for locally advanced bladder cancer: Results of a randomised, multicenter phase III study in Germany.
Eur. Urol. Suppl. 2003, 1, 126. [CrossRef]

Munster, P.; Marchion, D.; Bicaku, E.; Schmitt, M.; Lee, ].H.; DeConti George Simon, R.; Fishman, M.; Minton, S.; Garrett, C.;
Chiappori, A.; et al. Phase I trial of histone deacetylase inhibition by valproic acid followed by the topoisomerase II inhibitor
epirubicin in advanced solid tumors: A clinical and translational study. J. Clin. Oncol. 2007, 25, 1979-1985. [CrossRef] [PubMed]
Bastholt, L.; Dalmark, M.; Gjedde, S.B.; Pfeiffer, P.; Pedersen, D.; Sandberg, E.; Kjaer, M.; Mouridsen, H.T.; Rose, C.;
Nielsen, O.S.; et al. Dose-response relationship of epirubicin in the treatment of postmenopausal patients with metastatic breast
cancer: A randomized study of epirubicin at four different dose levels performed by the Danish Breast Cancer Cooperative
Group. J. Clin. Oncol. 1996, 14, 1146-1155. [CrossRef] [PubMed]

Cassinelli, G.; Configliacchi, E.; Penco, S.; Rivola, G.; Arcamone, F.; Pacciarini, A.; Ferrari, L. Separation, characterization, and
analysis of epirubicin (4’-epidoxorubicin) and its metabolites from human urine. Drug Metab. Dispos. 1984, 12, 506-510.
Casazza, A.M. Experimental evaluation of anthracycline analogs. Cancer Treat Rep. 1979, 63, 835-844.

Plosker, G.L.; Faulds, D. A review of its pharmacodynamic and pharmacokinetic properties, and therapeutic use in cancer
chemotherapy. Drugs 1993, 45, 788-856. [CrossRef]

Cersosimo, R.J.; Hong, W.K. Epirubicin: A review of the pharmacology, clinical activity, and adverse effects of an adriamycin
analogue. J. Clin. Oncol. 1986, 4, 425-439. [CrossRef]

Charak, S.; Jangir, D.K.; Tyagi, G.; Mehrotra, R. Interaction studies of Epirubicin with DNA using spectroscopic techniques.
J. Mol.Struct. 2011, 1000, 150-154. [CrossRef]

Li, R.; Dong, L.; Huang, J. Ultra performance liquid chromatography—tandem mass spectrometry for the determination of
epirubicin in human plasma. Anal. Chim. Acta 2005, 546, 167-173. [CrossRef]

Gopinath, P.; Veluswami, S.; Thangarajan, R.; Gopisetty, G. RP-HPLC-UV method for estimation of fluorouracil-Epirubicin—
cyclophosphamide and their metabolite mixtures in human plasma (matrix). J. Chromatogr. Sci. 2018, 56, 488-497. [CrossRef]
Sottani, C.; Rinaldi, P.; Leoni, E.; Poggi, G.; Teragni, C.; Delmonte, A.; Minoia, C. Simultaneous determination of cyclophos-
phamide, ifosfamide, doxorubicin, epirubicin and daunorubicin in human urine using high-performance liquid chromatogra-
phy/electrospray ionization tandem mass spectrometry: Bioanalytical method validation. Rapid Commun. Mass Spectrom. Int. J.
Devoted Rapid Dissem. Up—Minute Res. Mass Spectrom. 2008, 22, 2645-2659. [CrossRef] [PubMed]

Helgason, H.; Engwegen, ].; Cats, A.; Boot, H.; Kuiper, M.; Zapatka, M.; Joerger, M.; Beijnen, ].H.; Schellens, ].H. Serum proteomic
profiling of advanced gastric cancer and identification of proteomic changes following response to epirubicin, cisplatin and
capecitabine chemotherapy as diagnostic and predictive biomarkers. J. Clin. Oncol. 2007, 25, 4537. [CrossRef]

Mehmandoust, M.; Erk, N.; Karaman, C.; Karimi, F.; Salmanpour, S. Sensitive and selective electrochemical detection of epirubicin
as anticancer drug based on nickel ferrite decorated with gold nanoparticles. Micromachines 2021, 12, 1334. [CrossRef]
Kurbanoglu, S.; Bozal-Palabiyik, B.; Gumustas, M.; Uslu, B.; Ozkan, S.A. Investigation of voltammetric behavior and electroana-
lytical determination of anticancer epirubicin via glassy carbon electrode using differential pulse and square wave voltammetry
techniques. Rev. Roum. Chim. 2015, 60, 491-499.

Bozal-Palabiyik, B.; Kurbanoglu, S.; Gumustas, M.; Uslu, B.; Ozkan, S.A. Electrochemical approach for the sensitive determination
of anticancer drug epirubicin in pharmaceuticals in the presence of anionic surfactant. Rev. Roum. Chim. 2013, 58, 647-658.


http://doi.org/10.1016/S1569-9056(03)80500-6
http://doi.org/10.1200/JCO.2006.08.6165
http://www.ncbi.nlm.nih.gov/pubmed/17513804
http://doi.org/10.1200/JCO.1996.14.4.1146
http://www.ncbi.nlm.nih.gov/pubmed/8648369
http://doi.org/10.2165/00003495-199345050-00011
http://doi.org/10.1200/JCO.1986.4.3.425
http://doi.org/10.1016/j.molstruc.2011.06.013
http://doi.org/10.1016/j.aca.2005.04.073
http://doi.org/10.1093/chromsci/bmy020
http://doi.org/10.1002/rcm.3657
http://www.ncbi.nlm.nih.gov/pubmed/18666202
http://doi.org/10.1200/jco.2007.25.18_suppl.4537
http://doi.org/10.3390/mi12111334

Biosensors 2022, 12, 1139 11 of 11

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Shams, A.; Yari, A. A new sensor consisting of Ag-MWCNT nanocomposite as the sensing element for electrochemical determina-
tion of Epirubicin. Sens. Actuators B Chemical. 2019, 286, 131-138. [CrossRef]

Thomas, T.; Mascarenhas, R.J.; Swamy, B.K.; Martis, P.; Mekhalif, Z.; Sherigara, B. Multi-walled carbon nanotube/poly (glycine)
modified carbon paste electrode for the determination of dopamine in biological fluids and pharmaceuticals. Colloids Surf. B
Biointerfaces 2013, 110, 458—465. [CrossRef]

Ghalkhani, M.; Mirzaie, R.A.; Banimostafa, A.; Sohouli, E.; Hashemi, E. Electrosynthesis of ternary nonprecious Ni, Cu, Fe oxide
nanostructure as efficient electrocatalyst for ethanol electro-oxidation: Design strategy and electrochemical performance. Int. J.
Hydrog. Energy 2022. [CrossRef]

Sohouli, E.; Ghalkhani, M.; Shahdost-fard, F.; Khosrowshahi, E.M.; Rahimi-Nasrabadi, M.; Ahmadi, F. Sensitive sensor based on
TiO,NPs nano-composite for the rapid analysis of Zolpidem, a psychoactive drug with cancer-causing potential. Mater. Today
Commun. 2021, 26, 101945. [CrossRef]

Ghalkhani, M.; Sohouli, E. Synthesis of the decorated carbon nano onions with aminated MCM-41/Fe304 NPs: Morphology and
electrochemical sensing performance for methotrexate analysis. Microporous Mesoporous Mater. 2022, 331, 111658. [CrossRef]
Ghalkhani, M.; Khosrowshahi, E.M.; Sohouli, E. Carbon nano-onions: Synthesis, characterization, and application. In Handbook of
Carbon-Based Nanomaterials; Elsevier: Amsterdam, The Netherlands, 2021; pp. 159-207.

Sohouli, E.; Adib, K.; Maddah, B.; Najafi, M. Manganese dioxide/cobalt tungstate /nitrogen-doped carbon nano-onions nanocom-
posite as new supercapacitor electrode. Ceram. Int. 2022, 48, 295-303. [CrossRef]

Sohouli, E.; Adib, K.; Maddah, B.; Najafi, M. Preparation of a supercapacitor electrode based on carbon nano-onions/manganese
dioxide/iron oxide nanocomposite. J. Energy Storage 2022, 52, 104987. [CrossRef]

Kumari, P; Tripathi, K.M.; Awasthi, K.; Gupta, R. Sustainable carbon nano-onions as an adsorbent for the efficient removal of
oxo-anions. Environ. Sci. Pollut. Res. 2022. [CrossRef]

Sohouli, E.; Ghalkhani, M.; Zargar, T.; Joseph, Y.; Rahimi-Nasrabadi, M.; Ahmadi, F; Plonska-Brzezinska, M.E.; Ehrlich, H. A
new electrochemical aptasensor based on gold/nitrogen-doped carbon nano-onions for the detection of Staphylococcus aureus.
Electrochim. Acta 2022, 403, 139633. [CrossRef]

Lee, ]J.O.; So, HM,; Jeon, EK.; Chang, H.; Won, K.; Kim, Y.H. Aptamers as molecular recognition elements for electrical
nanobiosensors. Anal. Bioanal. Chem. 2008, 390, 1023-1032. [CrossRef]

Javaherian, S.; Musheev, M.U.; Kanoatov, M.; Berezovski, M.V.; Krylov, S.N. Selection of aptamers for a protein target in cell lysate
and their application to protein purification. Nucleic Acids Res. 2009, 37, €62. [CrossRef] [PubMed]

Centi, S.; Messina, G.; Tombelli, S.; Palchetti, I.; Mascini, M. Different approaches for the detection of thrombin by an electrochem-
ical aptamer-based assay coupled to magnetic beads. Biosens. Bioelectron. 2008, 23, 1602-1609. [CrossRef]

Yang, Y.; Yang, X.; Yang, Y.; Yuan, Q. Aptamer-functionalized carbon nanomaterials electrochemical sensors for detecting cancer
relevant biomolecules. Carbon 2018, 129, 380-395. [CrossRef]

Goud, K.Y;; Reddy, K.K.; Satyanarayana, M.; Kummari, S.; Gobi, K.V. A review on recent developments in optical and electro-
chemical aptamer-based assays for mycotoxins using advanced nanomaterials. Microchim. Acta 2020, 187, 29. [CrossRef]

Lee, J.H.; Yigit, M.V.; Mazumdar, D.; Lu, Y. Molecular diagnostic and drug delivery agents based on aptamer-nanomaterial
conjugates. Adv. Drug Deliv. Rev. 2010, 62, 592-605. [CrossRef]

He, P; Shen, L.; Cao, Y.; Li, D. Ultrasensitive electrochemical detection of proteins by amplification of aptamer-nanoparticle bio
bar codes. Anal. Chem. 2007, 79, 8024-8029. [CrossRef]

Jandaghi, N.; Jahani, S.; Foroughi, M.M.; Kazemipour, M.; Ansari, M. Cerium-doped flower-shaped ZnO nano-crystallites as a
sensing component for simultaneous electrochemical determination of epirubicin and methotrexate. Microchim. Acta 2020, 187, 24.
[CrossRef] [PubMed]

Wang, Y.; Xie, J.; Tao, L.; Tian, H.; Wang, S.; Ding, H. Simultaneous electrochemical determination of epirubicin and methotrexate
in human blood using a disposable electrode modified with nano-Au/MWNTs-ZnO composites. Sens. Actuators B Chem. 2014,
204, 360-367. [CrossRef]

Hajian, R.; Ekhlasi, E.; Daneshvar, R. Spectroscopic and electrochemical studies on the interaction of epirubicin with fish sperm
DNA. E-J. Chem. 2012, 9, 1587-1598. [CrossRef]

Hashkavayi, A.B.; Raoof, ].B. Design an aptasensor based on structure-switching aptamer on dendritic gold nanostructures/
Fe30,@Si0, /DABCO modified screen printed electrode for highly selective detection of epirubicin. Biosens. Bioelectron. 2017,
91, 650-657. [CrossRef] [PubMed]

Abedi, R.; Raoof, ].B.; Hashkavayi, A.B.; Asghary, M. Highly sensitive and label-free electrochemical biosensor based on gold
nanostructures for studying the interaction of prostate cancer gene sequence with epirubicin anti-cancer drug. Microchem. J. 2021,
170, 106668. [CrossRef]


http://doi.org/10.1016/j.snb.2019.01.128
http://doi.org/10.1016/j.colsurfb.2013.03.056
http://doi.org/10.1016/j.ijhydene.2022.06.309
http://doi.org/10.1016/j.mtcomm.2020.101945
http://doi.org/10.1016/j.micromeso.2021.111658
http://doi.org/10.1016/j.ceramint.2021.09.104
http://doi.org/10.1016/j.est.2022.104987
http://doi.org/10.1007/s11356-022-22883-3
http://doi.org/10.1016/j.electacta.2021.139633
http://doi.org/10.1007/s00216-007-1643-y
http://doi.org/10.1093/nar/gkp176
http://www.ncbi.nlm.nih.gov/pubmed/19304751
http://doi.org/10.1016/j.bios.2008.01.020
http://doi.org/10.1016/j.carbon.2017.12.013
http://doi.org/10.1007/s00604-019-4034-0
http://doi.org/10.1016/j.addr.2010.03.003
http://doi.org/10.1021/ac070772e
http://doi.org/10.1007/s00604-019-4016-2
http://www.ncbi.nlm.nih.gov/pubmed/31807919
http://doi.org/10.1016/j.snb.2014.07.099
http://doi.org/10.1155/2012/738678
http://doi.org/10.1016/j.bios.2017.01.025
http://www.ncbi.nlm.nih.gov/pubmed/28110249
http://doi.org/10.1016/j.microc.2021.106668

	Introduction 
	Experimental Methods 
	Materials and Apparatus 
	Synthesis of CNOs 
	Preparation of the Electrochemical Aptasensor 

	Result and Discussion 
	Characterization 
	Electrochemical Performance of Electrodes 
	Optimization 
	Analytical Activity of Epirubicin 

	Conclusions 
	References

