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Fabrication of impedimetric sensor
based on metallic nanoparticle

for the determination of mesna
anticancer drug

Maryam Mehrban, Tayyebeh Madrakian™, Abbas Afkhami & Nahid Rezvani Jalal

Electrochemical impedance spectroscopy (EIS) is a highly effective technique for studying the surface
of electrodes in great detail. EIS-based electrochemical sensors have been widely reported, which
measure the charge transfer resistance (R..) of redox probes on electrode surfaces to monitor the
binding of target molecules. One of the protective drugs against hemorrhagic cystitis caused by
oxazaphosphorine chemotherapy drugs such as ifosfamide, cyclophosphamide and trophosphamide
is Mesna (sodium salt of 2-mercaptoethanesulfonate). The increase in the use of Mesna due to the
high consumption of anti-cancer drugs, the determination of this drug in biological samples is of
particular importance. So far, no electrochemical method has been reported to measure Mesna. In

this research, a novel impedimetric sensor based on a glassy carbon electrode (GCE) modified with
oxidized multiwalled carbon nanotubes (MWCNTSs)/gold nanoparticle (AuNPs) (denoted as Au NPs/
MWCNTs/GCE) for impedimetric determination of Mesna anticancer drug was developed. The modified
electrode materials were characterized by field emission scanning electron microscopy (FESEM),
energy dispersive X-ray (EDX), and EIS. The electrochemical behavior of Mesna at the surface of Au
NPs/MWCNTs/GCE was studied by an impedimetric method. The detection mechanism of Mesna

using the proposed impedimetric sensor relied on the increase in the R, value of [Fe (CN),]**~ as an
electrochemical probe in the presence of Mesna compared to the absence of Mesna as the analyte.
Under the optimum condition, which covered two linear dynamic ranges from 0.06 nmol L™ to

1.0 nmol L"* and 1.0 nmol L™ to 130.0 pmol L%, respectively. The detection limit was 0.02 nmol L.
Finally, the performance of the proposed sensor was investigated for Mesna electrochemical detection
in biological samples.

Effective management of cancer requires optimizing the dose of anticancer drugs'. Mesna, the sodium salt of
2-mercaptoethanesulfonate, is commonly used to protect against hemorrhagic cystitis caused by oxazaphospho-
rine chemotherapy drugs like ifosfamide, cyclophosphamide, and trofosfamide. Mesna’s free thiol group cova-
lently binds to secondary metabolites of ifosfamide, preventing the formation of urotoxic acrolein. Acrolein binds
to the bladder and kidney cells and causes cell death. Accurate determination of Mesna in biological samples is
crucial due to its increasing use in cancer treatment and to minimize the side effects of the drug?*. Therefore,
it is essential to develop sensitive methods to measure Mesna levels in biological samples. Several methods,
such as High-Performance Liquid Chromatography (HPLC)>~7, Raman scattering®, Spectrophotometry®'’,
Fluorimetry®!!, and Argentometry'? have been proposed to estimate Mesna drug levels. However, these meth-
ods have some drawbacks, including low selectivity, long sample pretreatment, and extended analysis time.
Electrochemical impedance spectroscopy (EIS) is a powerful technique widely used in analytical chemistry for
designing electrochemical sensors. EIS is a label-free technique that can be used to study changes in the elec-
trode surface, making it an ideal method for designing impedimetric sensors'>. However, the electrode surface
degrades after being used in the sample and needs to be modified before each determination.'®. Until now, no
electrochemical methods have been reported for determining Mesna levels, as per previous reports. Developing
an electrochemical method for Mesna detection is necessary to overcome the limitations of the existing methods.
In this technique, a sinusoidal potential wave is applied to a three-electrode system, and EIS data such as the
real part of the impedance (Z,,), the imaginary part of the impedance (Z;;,,ginary)> and phase shift (¢) at different
frequencies are recorded. The obtained Nyquist plot, which plots Zi,sinry against Z,,, can be used to describe
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the electrical circuit characteristics, the characteristics of the electrode surface, and the analytical responses in
the impedimetric sensor'®. EIS can categorize into two groups: Faradaic and non-Faradaic. In the non-Faradic
EIS, impedance response is based on DC potential and a double-layer capacitor. In contrast, in Faradaic EIS, the
impedance response originates from the redox reaction'®. Therefore, Faradaic EIS can be utilized for quantita-
tive analysis'”.

The unique properties of carbon nanotubes (CNTs), such as their high conductivity and stability, make them
an excellent modification of electrochemical sensors. The simple mass manufacturing, low cost per unit, and
improved thermal and chemical stability have made multi-walled CN'Ts (MWCNTs) more prominent than single
walled CNTs (SWCNTs) and zigzag structures. Electrical and mechanical properties of SWCNTs can be altered
when functionalized due to structural flaws causes by C=C bond break during chemical reaction. The intrinsic
features of carbon nanotubes can, however, be preserved by chemically modifying MWCNTS outside wall. A
further advantage of MWCNTs over SWCNTs is their ease of dispersion, which make them a good choice for
composites, printing, and coating. Thus, MWCNTs are widely used to improve the properties of electrochemi-
cal sensors'82!,

Noble metal nanoparticles possess unique electrical and chemical properties, making them highly desirable
materials for fabricating label-free sensors. Since gold nanoparticles (Au NPs) transfer free charge, they influ-
ence electron transfer kinetics, which enhances conductivity, catalytic and photocatalytic activity. In addition,
as part of their characteristic interaction, Au NPs are capable of reacting with thiol-containing compounds.
consequently, gold nanoparticle can also be used for sensors because of their affinity for bonds with thiols?*-2%.

This study presents a novel approach for the sensitive and selective determination of Mesna using an impedi-
metric sensor based on a glassy carbon electrode modified with AuNPs and MWCNTs. Figure la shows the
Structure of Mesna and Fig. 1b demonstrates a cyclic voltammogram of 100 umol L™! Mesna in Britton-Robinson
(B-R) buffer solution with the pH of biological fluids on the bare glassy carbon electrode. According to Fig. 1b,
no visible anodic or cathodic peak was seen in the potential window of 0 to+1 V vs. Ag/AgCl for the Mesna anti-
cancer drug, The absence of visible anodic or cathodic peaks in the cyclic voltammogram of Mesna suggests that
it is not active in the potential window of 0 to +1 V vs. Ag/AgCl. Therefore, an indirect method was developed to
detect Mesna by measuring the changes in the charge transfer resistance (R,,) of [Fe(CN)¢]*~/*~ in the presence
of Mesna compared to its absence. The use of MWCNTs and AuNPs as modifiers enhance the electron transfer
kinetics on the electrode surface and increase the sensitivity of the sensor. The sensor was successfully applied
for the determination of Mesna in serum and urine samples. Overall, this study offers a promising approach for
the sensitive and selective detection of Mesna, which can contribute to the development of efficient and reliable
anticancer drug management.

Results and discussion
Characterization of AUNPS/MWCNT/GCE. The surface morphology of AuNPs/MWCNTs/GCE was
analyzed using field-emission scanning electron microscopy (FESEM) images. Figure 2a shows the FESEM
image of AuNPs/MWCNTs/GCE. As shown in Fig. 2a, the intertwined tubular structure and aggregation of
MWCNTs were observed to be dispersed on the surface of the GCE. Additionally, the spherical-shaped Au NPs
were found to be homogeneously distributed over the surface of the MWCNTs/GCE. According to Fig. 2a, the
average size of Au NPs was estimated to be about 32 nm. Additionally, elemental analysis of the modified elec-
trode was conducted using EDX analysis. As Fig. 2b shows, the EDX spectrum of the AuNPs/MWCNTs/GCE
indicates the presence of only three elements, namely C, Au, and O, with weight percentages of 71.3%, 27.1%,
and 1.5%, respectively. These results demonstrate the successful fabrication of the AuNPs/MWCNTs/GCE.

EIS was employed to characterize the step-by-step resistance of the Au NPs/MWCNTs/GCE. Theexperimental
EIS data (dotted) and fitted EIS data (solid line) related to bare GCE (a), MWCNTs/GCE (b), Au NPs/ GCE (c),
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Figure 1. (a) Structure of Mesna. (b) CV curves of 100 pmol L™! Mesna at bare GCE in B-R buffer solution
(pH=7.4) at a scan rate of 0.1 mV s™%.
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Figure 2. (a) FESEM image and (b) EDX analysis of AuNPs/MWCNT/GCE.

and Au NPs/MWCNTs/GCE (d) in the solution including 0.1 mol L™ of KCl, 5 mmol L™ of [Fe(CN)]*7*~ are
shown in Fig. 3a. The EIS data were recorded in the potential of 0.22 V and frequency ranging from 0.01 HZ to
80 kHz. Therefore, the charge transfer resistance (R.) value for the step-by-step electrode modification can be
calculated by using the Nyquist plot®. The value of R , was estimated to be 992 Q at the bare GCE (Fig. 3A, curve
a). Following the modification of bare GCE via MWCNTSs, the R, value decreased to 545 Q for the redox probe
(Fig. 3A, curve b). This result confirms that the presence of the MWCNTs layer facilitated the electron transfer
between [Fe(CN)¢]*~'4~ and the MWCNT-coated electrode®. As shown in Fig. 3A, curve ¢, The R, value of Au
NPs/GCE decreased to 179 €, indicating that the presence of Au NPs facilitated the electron transfer from the
redox probe to the surface of the electrode. On the Au NPs/MWCNTs/GCE, the R, value decreased significantly
to 84 Q. (Fig. 3A, curve d). This observation can be attributed to the synergistic effect of both MWCNT and
Au NPs on the modified electrode, indicating the enhanced electrocatalytic activity of the Au NPs/MWCNTs/
GCE. These results demonstrate that the bare electrode was successfully modified by Au NPs and MWCNTs.
The Randles-Ershler equivalent circuit was modeled for extracting the circuit parameters®’. The equivalent
circuit used to fit the experimental EIS spectrum is shown in Fig. 3B. The equivalent circuit used in this study
comprises several elements, including the electrolyte resistance (ESR), the charge transfer resistance (R_,), a con-
stant phase element (CPE) in place of the double layer capacitor, and the Warburg impedance (W)*. Moreover,
the apparent charge transfer rate constant (k,,,) of the [Fe(CN)4]*~/*~ redox probe was calculated using Eq. 1%°:
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Figure 3. (A) Nyquist plots of the step-by-step modification of GCE in 0.1 mol L™ KCl and 5 mmol L™ of [Fe
(CN)*"*: (a) bare GCE; (b) MWCNTs/GCE; (c) Au NPs/GCE and (d) Au NPs/MWCNTs/GCE at+0.22 V
from 0.01 Hz to 80 kHz. (B) Equivalent circuit of the step-by-step modification of GCE.
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where R is the ideal-gas constant, T treats the temperature in Kelvin, F is Faraday’s constant, n is the num-
ber of electron transfers, A is the surface-area electrode (hereon: 0.0314 cm?), and C’ is the concentration of
[Fe(CN)4]>7* (5 mmol L!). Table 1 illustrated the more detailed data on EIS analysis obtained from spectra of
Fig. 3 related to step-by-step electrode modification.

According to Table 1, The k,,, value for the AuNPs/MWCNTs/GCE was calculated as 2.01 x 107> cm s7,
which was found to be 11.8 times higher than that of the bare electrode (1.7 x 10~ cm s7!). This indicates that
electron transfer kinetics is significantly increased at the AuNPs/MWCNTs/GCE compared to the bare electrode.
Additionally, the Cy value, which is a measure of the charge on the surface of the AuNPs/MWCNT/GCE, was
calculated as 8.3 pF, which is 2.46 and 5.38 times higher than that at the MWCNTs/GCE (3.37 pF) and AuNPs/
GCE (1.54 pF) surfaces, respectively. The increase in the double-layer capacitance is attributed to the higher
surface area due to the additional layer of modified electrode®. These results demonstrate that the proposed
electrode exhibits an increase in electrochemical activity due to the increase in surface charge.

Surface area StUdy. The effective surface area of the bare GCE, MWCNTs/GCE, Au NPs/ GCE, and Au
NPs/MWCNTs/GCE were obtained by cyclic voltammetry for 0.5 mol L™ KCl electrolyte solution containing
5 mmol L™! [Fe(CN)g]*”"* as a redox probe at different scan rates in the range of 5-300 mV. Randles-Sevcik
Equation (Eq. 2) was used to estimate the effective surface area of the electrodes after each modification step and
demonstrated in Table 2.

I, = 2.69 x 10°22 AC*/Duv @)

where L, is the peak current, n is the number of electrons involved in the redox process, A is the surface area
of the working electrode, D is the diffusion coefficient of the electroactive species, C’ is the bulk concentration
of the electroactive species and v is the scan rate. As can be seen from obtained results in Fig. 4, the modified
electrode exhibits an increase in effective surface area due to the increase in the slope of the anodic peak current
vs v in different stages of surface modification'”.

Electrodeposition of Au NPs. Figure 5a illustrates the electrodeposition of AuNPs on bare GCE by the
CV technique. As shown in Fig. 5a, as the number of CV cycles increased, there was a decrease in the cathodic
peak current, and the Epeak shifted toward lower negative potentials. This observation can be attributed to the
dominant nucleation process of Au NPs on the GCE surface in the initial CV cycles. However, the growth of
Au NPs becomes dominant in the subsequent CV cycles, making the electrodeposition easier®’. The CV curves
of the electro-reduction of Au(III) to precipitate Au(0) on MWCNTs/GCE in a 1 mmol L™ HAuCl, solution is
shown in Fig. 5b. As Fig. 5b shows the cathodic peak potential at MWCNTs/GCE (Epeak=0.38 V) shifted to a
lower negative potential compared to the bare GCE. This observation is attributed to the conductivity of MWC-
NTs on the bare GCE, which facilitates electron transfer.

Electrode ESR (Q) R, (@) g CyP (HF) k,pp (cm ™)
GCE 120 992 091 0.93 1.70x 1073
MWCNTs/GCE 139 545 0.82 3.37 3.10x1073
Au NPs/GCE 133 179 0.85 1.54 9.44x 1073
Au NPs/MWCNTs/GCE 118 84 0.76 8.30 2.01x1072

Table 1. The EIS parameters extracted from the spectra of Fig. 3a were obtained in different modification
steps of GCE. *The constant phase element as a circuit element was obtained from: Zcp; = 1/Q(j w)g, where
Q is the factor of proportionality, j is an imaginary number, g is CPE exponent (—1<g<1), and w=2nf is
the angular frequency. In the case g= — 1, CPE represents a pure inductor; g=0, CPE is equivalent to a pure
resistor; g=0.5, CPE denotes diffusion behavior, and g=1 indicates CPE is equivalent to a pure capacitor.
"Double layer capacitance.

Electrode Surface area (mm?) | Slope (uA/V'2S$712) | Correlation coefficient (R?)
GCE 4.56 166.46 0.9984
MWCNTs/GCE 5.04 183.1 0.9997
Au NPs/GCE 5.64 205.6 0.9902
Au NPs/MWCNTs/GCE 6.70 246.01 0.9997

Table 2. Comparing the efficiency of the electrodes in different stages of surface modification along and the
calculated values of the active surface of the electrodes.
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Figure 4. Plot of anodic peak current (uA) vs square root of scan rate (V/s)"? for electrode after each
modification step in 0.5 mol L™! KCl and 5 mmol L! of [Fe(CN)4]*~/+~.
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Figure 5. CV curves of electro-reduction Au(III) on the (a) bare GCE, and (b) MWCNTSs/GCE in the potential
range from+0.7 to—0.1 V at a scan rate of 50 mV s7! in the solution containing KCI (0.1 mol L), HCI (2 mol
L) and HAuCl, (1 mmol L™).
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Optimization of the Au NPs/MWCNT/GCE fabrication. To attain the best sensor efficiency and maxi-
mum sensitivity, the efficacy of impressive parameters was studied. Then, the analytical signal is calculated based
on Eq. (3):

ARt = Rt — Rero (3)

where R, is the charge transfer resistance of [Fe(CN)¢]>~/4~ after Mesna conjunct on the modified electrode and
Ry is the charge transfer resistance of [Fe(CN)g]*~/4~ at Au NPs/MWCNTs/GCE as a blank signal.

The effect of cycle number for Au(III) electrodeposition and concentration of MWCNTSs on the fabrication
of the modified electrode was investigated. The changes in R, values (AR,) were studied for different MWCNTs
concentrations (0.01, 0.02, 0.05, and 0.1 mg mL™!) and various numbers of cycles (2, 5, 10, 15, 20, and 25 cycles).
The thickness of the cover layer was determined based on the concentration of MWCNTs, which was effective
for the sensitivity of the detection method. Loading a specific amount of conductive MWCNTs enhanced the
conductivity and chemical sensitivity of the electrode. Figure 6a shows that AR , augments by increasing the con-
centration of MWCNTSs and overtakes a maximum in the attendance of 0.02 mg mL™" of MWCNTs dispersal due
to the increase in the active surface area of the electrode and then decreases. The decrease in AR, by increasing
MWCNTs can be attributed to increasing the CNT-CNT contact resistance owing to the increasing thickness of
the coated film. Thus, future analysis was performed in 0.02 mg mL™' MWCNTs as the optimum concentration®?.

Indirect determination of mesna based on a self-assembly interaction-free thiol group of Mesna with Au NPs
on the modified electrode®®. As shown in Fig. 6b, the AR values increased as the number of cycles increased
from 2 to 15, due to an increase in active sites for strong bonds between the SH group of Mesna and Au NPs on
the modified electrode. The AR values reached a maximum at 15 cycles, after which they began to decrease.
This decrease may be attributed to the nucleation process stopping and the growth process starting for the Au
NPs, leading to a decrease in active sites on the electrode surface®. Therefore, the 15 number of CV cycles for
the reduction of Au(III) to Au(0) on MWCNTSs/GCE was selected.

Optimization of pH. The solution pH can affect both the analyte structure and the electrode surface. There-
fore, the optimization of the supporting electrolyte pH is essential before studying the electrochemical behavior
of Mesna. Direct electrochemical detection of Mesna has not been reported in the literature. Therefore, the basis
of electrochemical detection of Mesna on the Au NPs/MWCNTs/GCE relied on indirect electrochemical detec-
tion. Thence, the change in the AR, value for the reaction of the redox probe as a function of Mesna concentra-
tion can be used as an analytical signal for the determination of Mesna. The presence of Mesna on the Au NPs/
MWCNTs/GCE (i.e., Mesna/Au NPs/MWCNTs/GCE) leads to increases in AR, value compared to Au NPs/
MWCNTs/GCE. Therefore, the interaction between Mesna and the surface of the modified electrode in the pH
range of 2.0-10.0 using B-R buffer solution (0.04 mol L™!) was investigated by the open circuit voltage method,
and then the Nyquist plots were recorded. As shown in Fig. 7a, The Nyquist plots of [Fe(CN)4]*~*~ showed that
the AR, value decreased as the pH value increased. The maximum AR value was observed at pH 2.0, and then it
gradually decreased as the pH increased (Fig. 7b). These results suggest that the presence of Mesna on the AuNP/
MWCNT/GCE impedes the electron transfer from the redox probe to the surface of the electrode. As shown in
Fig. 7¢, these observations can be explained by the distribution diagram of Mesna species at different pH values.
Based on the reported pK, values of Mesna (pK,, =1.2-2.0, pK,, =8.8)%, at pH values greater than 8.8, the domi-
nant form of the drug will carry two negative charges as the S-H group of the Mesna can lose its proton (i.e.,
“SCH,CH,S05") and the drug is mainly present in the Dimesna form, which is not the target species for deter-
mination. At pH values between 8.8 and 2.2, Mesna is present in its negative form (i.e., HSCH,CH,SO;") and can
bind to the Au NPs on the electrode surface. Additionally, the dominant form of Mesna in this pH range is nega-
tively charged and is repelled by the negatively charged MWCNTSs due to the electrostatic repulsion between the
negatively charged Mesna and the negatively charged MWCNTs (pHy, =2.66)* on the electrode surface. At pH
2.0, Mesna is mainly in its neutral form (HSCH,CH,SO;H) and MWCNTs become positively charged®. How-
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Figure 6. The effect of (a) concentration of MWCNTSs and (b) the number of CV cycles of Au(III)
electrodeposition on AR, onto Au NPs/MWCNTs/GCE.
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Figure 7. (a) Nyquist plots of [Fe(CN),]*~/*~ recorded at Au NPs/MWCNTs/GCE in the presence of 30 nM
Mesna in B-R buffer solution with different pH values (2.0-10.0). (b) Corresponding plot of AR vs. pH. (c)
Distribution diagram of species of Mesna vs. pH*.
ever, due to an acidic error in the pH adjustment of the B-R buffer solution, the interaction between Mesna and
the surface of the modified electrode was not investigated in pH values below 2.0. Therefore, Mesna can interact
with the Au NPs and carboxylic groups of MWCNTs through the S-H group and SO;H groups, respectively®.
Consequently, further analysis was performed at pH 2.0. The interaction between Mesna and the surface of the
modified electrode was investigated at pH values below 2.0, but reproducible responses were not obtained.
Optimization of incubation time. The incubation time for binding Mesna (30.0 nmol L) to the elec-
trode surface was studied over a range of 0.5-5 min. The duration of incubation is a critical parameter that affects
the interaction of Mesna with the electrode surface and, consequently, the sensitivity of the detection method. As
shown in Fig. 8a,b, the AR, value increased by increasing the time up to 2 min and then plateaued with a further
increase in the incubation time*. Therefore, an incubation time of 2 min was chosen as the optimum time.
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Figure 8. (a) Nyquist plots of [Fe(CN),]*~/*~ recorded at Au NPs/MWCNTs/GCE in the presence of 30 nmol

L™! Mesna in B-R buffer solution with various incubation times. (b) Corresponding plot of AR, vs. time.
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Analytical performance. The optimized conditions were used to evaluate the analytical performance of
the proposed impedimetric sensor for various concentrations of Mesna. As shown in Fig. 9a, the EIS responses
demonstrated an increase in the R, with increasing concentrations of Mesna. Two linear dynamic ranges (LDRs)
for Mesna determination were obtained (Fig. 9b). The first linear dynamic range, ranging from 0.06 to 1.0 nmol
L, has a slope of 486 2/nmol L™! and an intercept of 731.51 Q. The second linear dynamic range, ranging from
1.0 nmol L™ to 130.0 umol L}, has a slope of 143.39 /nmol L™! and an intercept of 715.95 Q. The correlation
coefficients (R?) for the first and second LDR were 0.9974 and 0.9953, respectively. The first LDR is more sensi-
tive, while the second LDR has a wider linear range. The self-assembly between Mesna and the electrode surface
dominates at the first LDR and results in higher sensitivity. In other words, the number of active sites on the elec-
trode surface is greater at lower concentrations of Mesna compared to higher concentrations of Mesna. There-
fore, sensitivity decreases in the second LDR. Table 3 represents more detailed data on calibration curve analysis.

The detection limit (DL) is defined as the lowest concentration of the analyte that can be reliably detected by
the analytical method based on the blank signal. In the present study, the DL was determined as 3 times the stand-
ard deviation of the blank sample divided by the slope of the calibration curve, which was found to be 0.02 nmol
L!. The obtained DL was lower than the acceptable concentration of Mesna in biological samples (i.e. 100 pmol
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Figure 9. (a) Nyquist plots of [Fe(CN)4]*~/*~ recorded at Au NPs/MWCNTs/GCE in the different
concentrations of Mesna in B-R buffer solution (pH =2.0) with an incubation time of 2 min. (b) Corresponding
plot of AR, vs. Log Cyesna-

Regression equation LDR (nmol L) | Slope (/nmol L!) | Correlation coefficient (R?) | DL (nmol L)
AR, (€2) =486 10g Cypeona +735.51 0.06-1.0 486 0.9974 0.02
AR, (Q)=143.39 log Cyeqna + 715.95 1.0-130,000.0 143.39 0.9953 -

Table 3. Analytical parameters of the calibration curve for Mesna detection.
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L)%, indicating the high sensitivity of the proposed sensor for the detection of Mesna in real samples. Also, a
comparison between the proposed sensor and other methods®*~!! for the determination of Mesna is provided
in Table 4. The linear range and limit of detection of the Au NPs/MWCNTs/GCE are better than those reported
in previous methods. The presented impedimetric method has several notable features, including the synergistic
effect of the electrocatalytic properties of Au NPs and MWCNTS, as well as the strong interaction between Mesna
and the electrode surface, which enhances the sensitivity of the modified electrode.

Reproducibility and repeatability. The reproducibility of the Au NPs/MWCNTs/GCE was investigated
using five parallel modified electrodes in a solution containing 1.0 nmol L™! Mesna. The RSD% for the five paral-
lel modified electrodes was found to be 4.6%. Since the thiol group of the drug interacts very strongly with the
Au NPs, this results in the memory effect remaining on the electrode surface, which has both advantage and dis-
advantage. In the advantage, the Mesna drug interacts strongly with the electrode surface; in the disadvantage,
the electrode surface must be polished and modified after each determination. Fortunately, the electrode surface
can be modified in a simple and repeatable fashion, and it isn’t costly or time-consuming. To check the repeata-
bility of the proposed electrode surface modification, 10 glassy carbon electrodes were modified with AuNPs and
MWCNTs and the Nyquist plots of [Fe(CN)¢]*~/*~ recorded at Au NPs/MWCNTs/GCE. According to Fig. 10, the
RSD% for charge transfer resistance of [Fe(CN),]>*~ at Au NPs/MWCNTs/GCE was found to be 2.7%. It is clear
from these results that the fabrication of the Au NPs/MWCNTs/GCE has proper repeatability. Furthermore, the
analytical signal is the AR, value , which is the difference between the charge transfer resistance from binding
Mesna to modified electrode and the charge transfer resistance of Au NPs/MWCNTs/GCE as a blank signal. Due
to this, there will be no problem in repeatability of the response in the measurements of Mesna.

Evaluation of interferences. To evaluate the selectivity of the modified electrode, the ability of the pro-
posed sensor to detect Mesna in the presence of some compounds commonly found in biological fluids was
investigated (Table 5). The limit of tolerance was determined as the highest concentration of interfering sub-
stances that caused an error of less than 5% in the measurement of Mesna (1.0 nmol L™!). The results showed
that the R, of [Fe(CN)4]*~/*~ for the determination of Mesna (1.0 nmol L!) was only affected by the presence
of L-cysteine. However, this issue can be resolved by pre-treating the real sample to precipitate proteins by add-
ing acetonitrile®. Therefore, the presence of L-cysteine in real samples does not affect the EIS response. The
results demonstrated that the determination of Mesna in real biological fluids was not affected by the presence
of L-cysteine.

Methods LDR (umol L) DL (umol L) | Reference
HPLC 0.16x1073-30x 1073 0.04x 1073 5

HPLC 10-300 3.21 6

HPLC 2.5x1073-2.5 1.64x107

Raman scattering 0.09-0.9 0.116x 1073 8
Spectrophotometry | 6-60 0.92 N
Spectrophotometry | 1.2-12.1 610x107° 10
Fluorimetry 50-450 4.5 1
Argentometry 12-168 15.1 12
Fluorimetry 0.2-12 26x1073 3

EIS ?:86;1 éf’ig gox 102 10210 This work

Table 4. The comparison of the proposed modified electrode and others reported in the determination of
Mesna.

100

ARet ()

1 23 456 7 8 910
Electrode number

Figure 10. Repeatability of response at Au NPs/MWCNTs/GCE in 5 mmol L™! of [Fe(CN)4]*~/+.
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Foreign species Tolerable concentration (analyte/interfering species)
Na*, K*, NH,*, Mg, CI', Br', NO;~, SO,*-,CO;* | 1:1000

Dopamine, Uric acid, Glucose 1:800

Ascorbic acid 1:700

Urea 1:600

Phenylalanine 1:200

L-cysteine 1:1

Table 5. Interference of some foreign species for detection of Mesna (1.0 nmol L™).

Real sample analysis. To assess the feasibility of the proposed sensor for the analysis of the real samples,
it was utilized for the detection of Mesna in urine and serum samples obtained from patient volunteers and
healthy volunteers using the EIS method. The urine and serum samples of the health volunteers were found
to be free from Mesna so synthetic samples were prepared by adding known amounts of Mesna to these sam-
ples. The results are given in Table 6. The recoveries were in the range of 94-103.2% which is satisfactory. The
results of the analysis of patient volunteers are shown in Table 7. The proposed Au NPs/yMWCNTs/GCE was
able to detect Mesna in the real samples (urine and serum) without any pre-concentration step. Additionally,
different concentrations of Mesna were spiked into the real samples and satisfactory recoveries in the range of
93.5% to 106.6% were obtained. Additionally, to validate the performance of the method, the standard addition
method was employed and the value of Mesna in the real sample of a cancer patient volunteer was obtained as
1.7£0.09 pumol L', These observations indicated that the proposed sensor can successfully assess the Mesna
drug in the biological sample sans preparation. Therefore, Au NPs/MWCNTs/GCE can be suggested to deter-
mine Mesna in biological fluids.

Sample | Added (umolL™) | Found (umolL™!) | CV (%) | Recovery (%)
4.0x10* (4.03£021)x107* | 54 100.7
Plasma 4.0x1072 (4.13£0.07)x10% | 1.9 103.2
90.0 86.54+3.22 3.73 96.1
4.0x10™* (3.76+£0.14)x 107 | 3.92 94
Urine 4.0x1072 (4.11£0.1)x 102 | 2.5 102.7
90.0 86.78 £0.43 0.5 96.4
Table 6. The obtained results of Mesna determination in real samples of healthy volunteers.
Sample | Added (umolL™) | Found (umolL™) | CV (%) | Recovery (%)
0 6.76+0.17 2.6 -
Volunteer 1 | 20.0 |26.79+0.34 1.3 100.1
70.0 | 72.49+0.23 0.32 93.9
0 3.81+0.26 7.0 -
Plasma Volunteer 2 | 20.0 | 23.87+0.1 0.45 100.3
70.0 | 71.94+0.55 0.77 97.3
0 4.51+0.06 15 -
Volunteer 3 |20.0 | 25.11+0.24 0.98 103.0
70.0 |71.12+0.45 0.64 95.1
0 1.02+0.04 4.9 -
Volunteer 1 |20.0 | 21.37+0.07 0.36 101.7
70.0 | 68.02+0.29 0.44 95.7
0 1.24+0.03 25 -
Urine Volunteer 2 | 20.0 | 19.95+0.1 0.54 93.5
70.0 |72.44+0.79 1.1 101.7
0 1.20+0.08 6.7 -
Volunteer 3 |20.0 |20.89+0.06 0.30 98.4
70.0 | 75.85+0.64 0.85 106.6
Table 7. The obtained results of Mesna determination in real samples of patients volunteers.
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Conclusion

This study presents a method to create an impedimetric sensor with excellent performance based on Au NPs
and MWCNT for the indirect detection of Mesna. To our best knowledge, there is no electrochemical determi-
nation of Mesna was reported still now. The fabrication of the modified electrode was confirmed with FESEM,
EDX, and EIS methods, and the electrical conductivity and electrocatalytic ability of Au NPs and MWCNTs in
the modified electrode allowed for high-sensitivity Mesna detection. The proposed method indirectly measured
Mesna and achieved broad LDRs from 0.06 nmol L™! to 1.0 nmol L™! and 1.0 nmol L™ to 130.0 umol L™! with a
DL of 0.02 nmol L. This impedimetric sensor showed excellent sensitivity, extremely low detection limit, and
wide linear range in comparison with some reported methods. The suggested impedimetric sensor exhibits a
lower DL than the levels of Mesna in real urine and serum samples, which suggests a potential for the expansion
of impedimetric sensors for the indirect detection of other analytes. This could provide a simple and suitable
method for the quantitative determination of the nanomole level of Mesna for clinical laboratories. Although
this method is the first electrochemical method reported for the determination of Mesna drug in an indirect
way, the used electrode cannot be regenerated after interacting with Mesna and the electrode surface should be
modified for each measurement.

Materials and methods

Chemicals and reagents. All chemicals and reagents were obtained from Merck Company (Darmstadt,
Germany) or Fluka Company (Switzerland) and used without further purification. Multi-walled carbon nano-
tubes (MWCNTSs) with lengths of 30 nm, diameter of 10-20 nm, and purity of 95% were obtained from Neu-
trino Company (Tehran, Iran). Mesna was purchased from VarianPharmed Pharmaceutical Company (Tehran,
Iran). Britton-Robinson (B-R) buffers were prepared from 0.04 mol L™! boric acid, 0.04 mol L™! acetic acid, and
0.04 mol L™! phosphoric acid. Also, NaOH (0.5 mol L™!) and HCI (0.5 mol L™!) were used to regulate the solution
pH. A Mesna stock solution (5 mmol L™!) was prepared in deionezied water (DIW). Working solutions of Mesna
were prepared daily by diluting the stock solution with the B-R universal buffer. DIW was used to prepare all
solutions. All measurements were performed at ambient temperature.

Instrumentation. A three-electrode system was employed, which included a working electrode (either bare
GCE or modified GCE), a Pt rod electrode as the counter electrode, and an Ag/AgCl commercial electrode
(3.0 mol L™ KCl) as the reference electrode. EIS was utilized to study the electrochemical process of 5 mmol L™
[Fe(CN)g]*~'*~ as a probe solution in 0.1 mol L~ KCI. CV and EIS were performed using an Autolab potentiostat/
galvanostat, Model PGSTAT 302 N (Ecochemie, Netherlands), and were controlled by a computer using Nova
version 1.11 software. The experimental EIS data was analyzed using Z-View software (version 3.1c, Scribner
Associates Inc, NC). A pH meter Model 827 (Metrohm, Switzerland) was used for pH measurements. In addi-
tion, experiments utilized Sartorius scales and a Hitachi centrifuge. The structural morphology was conducted
using field-emission scanning electron microscopy and the elemental analysis was perused using energy-disper-
sive X-ray spectroscopy (MIRA3 TESCAN-XMU, Kohoutovice, Czech Republic).

Preparation of the activated MWCNTs. The activated MWCNTs were obtained according to a previ-
ously reported procedure’®. To oxidize the surface of the MWCNTS, 1 g of pristine MWCNTs were refluxed in
H,SO,HNO; (3:1 v/v) under severe stirring at 130 °C for 30 min, and then neutralized by washing with DIW.
The activated MWCNTs (referred to as MWCNTSs) were then washed with DIW and ethanol and dried in an
oven at 80 °C for 24 h. Subsequently, 1 mg of MWCNTs was dispersed in 2 mL of DIW using an ultrasonic device
and kept for further use.

Fabrication of the Au NPs/IMWCNTs/GCE. The bare GCE was polished using alumina slurry on a pol-
ishing pad for approximately 5 min, and then sonicated in a solution containing DIW and ethanol (3:1 v/v) for
10 min. The GCE surface was activated by cycling the potential from +0.3 to+1.5 vs. Ag/AgCl at a scan rate of
0.1 mV st in 1 pmol L™! H,SO, for 20 cycles. Subsequently, the GCE surface was washed with DIW. A thin film
of MWCNTSs was formed on the GCE surface by dropping 5 uL of MWCNTs on it and allowing it to dry at ambi-
ent temperature (MWCNT/GCE). Then, Au NPs were synthesized on MWCNTs/GCE by cycling the potential
from 0.7 V to — 0.1 V vs. Ag/AgCl at a scan rate of 50 mV s™! for 15 cycles in a solution containing 0.1 mol L™!
KCI, 2 mol L' HCI, and 1 mmol L™! HAuCl, (Au NPs/MWCNT/GCE)%.

Preparation of the real sample. Serum and urine samples were collected from cancer patients and
healthy volunteers who were laboratory personnel. Before analysis with the proposed sensor, the biological sam-
ples were analyzed without spiking and then after spiking with known amounts of Mesna. To prepare the serum
samples, 1 mL of acetonitrile was added to 1 mL of serum to precipitate serum protein, followed by centrifuga-
tion for 10 min at 4000 rpm. The supernatant was carefully collected and diluted with a B-R buffer solution to
reach an optimum pH of 2.0?%. Urine samples were also prepared by centrifuging at 4000 rpm for 15 min, fol-
lowed by filtration with a Whatman 42 filter paper to obtain a clear solution, which was then diluted with a B-R
buffer solution at the optimum pH of 2.0%.

Ethics approval. The study was approved by the ethics committee of the Hamedan University of Medical
Sciences (Bessat Hospital) in Hamedan, Iran. All subjects gave written informed consent and all methods were
carried out following the Declaration of Helsinki.

Scientific Reports |

(2023) 13:11381 | https://doi.org/10.1038/s41598-023-38643-3 nature portfolio



www.nature.com/scientificreports/

Consent to participate. Informed consent was obtained from all individual participants included in the
study.

Data availability
Experimental data will be available on request, please contact the corresponding author at madrakian@basu.ac.ir.
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