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Abstract

A sensitive electrochemical sensor was developed using reduced graphene oxide RGO-Cu,0/
/Fe>03 nanocomposite for 6-mercaptopurine detection based on a facile fabrication method.
The surface morphology and structural composition of this nanocomposite were evaluated by
X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), and Fourier
transform infrared (FT-IR) spectroscopy. The screen-printed graphite electrode (SPGE) modi-
fied with RGO-Cu,0/Fe;03 nanocomposite (RGO-Cu,0/Fe,03/SPGE) indicated excellent elec-
trochemical properties to detect 6-mercaptopurine. The linear dynamic range was estimated
between 0.05 and 400.0 uM for 6-mercaptopurine detection, with a limit of detection of 0.03
UM. Also, RGO-Cu,0/Fe;03/SPGE sensor showed good activity for simultaneous detection of
6-mercaptopurine and 6-thioguanine. In the coexistence system of 6-mercaptopurine and 6-
thioguanine, two clear and well-isolated voltammetric peaks were obtained by differential
pulse voltammetry (DPV). Additionally, the proposed sensor was examined for applicability by
determining 6-mercaptopurine and 6-thioguanine in real samples, and the recovery in the
range of 97.5-103.0 % was obtained.
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Introduction

6-mercaptopurine (6-MP), a sulfur analog of adenine, was introduced in early 1950 and
subsequently applied as a chemotherapy drug to treat childhood and adulthood leukemias [1,2].
Now, it has usually been prescribed as an anti-inflammatory and immunosuppressive agent to
manage medical conditions like inflammatory bowel disease (IBD), rheumatoid arthritis, poly-
cythemia, chorioadenoma and choriocarcinoma [3,4]. Nevertheless, some disadvantages limited the
use of cytotoxic antitumor 6-MP, such as hepatotoxicity and bone marrow toxicity [5]. 6-MP cannot
detect the difference between healthy and cancer cells [6], highlighting the necessity for monitoring
doses of this agent in various biological and pharmaceutical media.
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6-thioguanine (6-TG) or thiopurine antimetabolite, as an analog of purine nucleosides, was first
recognized as a health-promoting agent in the treatment of neoplastic conditions. This cytotoxic agent
is extensively applied to treat disorders like acute leukemia, auto-immune disease, and inflammatory
bowel disease [7,8]. Nevertheless, high doses of 6-TG are toxic and can lead to serious side effects,
such as bone marrow depression, causes myelosuppression, gastrointestinal complications, and liver
problems [6,9]. Accordingly, there is a need to develop a facile and sensitive approach to control the
6-TG concentration in various biological and pharmaceutical media.

The administration of 6-MP and 6-TG in treating various cancers such as acute lymphoblastic
leukemia at an appropriate and effective dose is of great importance in analytical measurements
for both biological and pharmaceutical preparations. Hence, numerous methods have been
employed in this regard so far, including high-performance liquid chromatography [10,11], chemi-
luminescence [12], colorimetric assays [13], surface-enhanced Raman scattering [14], liquid chro-
matography-tandem mass spectrometry [15,16], and localized surface plasmon resonance [17] for
the determination of 6-MP and 6-TG. It should be noted that these techniques, in addition to
excellent selectivity and sensitivity, have some disadvantages such as expensiveness, the need for
pretreatment, and complicated analysis. Among these, electrochemical analytical techniques have
attracted special attention due to their unique properties like simplicity, rapidity, field-based
portability, and cost-effectiveness [18-24].

Screen printing is now a facile and easy technique that can be applied in the fabrication and
modification of electrochemical sensors [25-27]. This method has been used by researchers to
construct stable, reproducible, and disposable electrodes and devices. Among these, a screen-printed
electrode (SPE) is a promising candidate for real sample analysis. SPEs have some benefits for
produced electrochemical sensors which can perform in situ analysis because of unique features,
including cost-effectiveness, high availability, linear output, miniaturized morphology, low power,
easy to use at ambient temperature, rapid response, and ability to connect to portable devices.

Nevertheless, there are some shortcomings for electrochemical sensitivity, such as huge over-
potential, slow electrochemical behavior in detecting different analytes, which might be eliminated
using approaches like electrode surface modification to improve interfacial electron transfer in the
electroanalysis [28-33]. The electrochemical sensors can benefit from such nano-materials due to
cost-effectiveness, large specific surface area, variable morphologies, excellent electrocatalytic
properties, and the ability to enhance electron transfer at low overpotentials [34-40].

The given work aimed to produce RGO-Cu,0/Fe>03 nanocomposite for electrochemical detection
of 6-MP, explore the synergistic effects of Fe;0s, Cu;0, and RGO nano-particles, and evaluate
sensitivity, the limit of detection, and linear dynamic range of electrocatalyst performance for 6-MP
detection. Moreover, this sensor was examined for co-detection of 6-MP and 6-TG. The applicability
of the proposed sensor was examined to determine 6-MP and 6-TG in biological and pharmaceutical
media.

Experimental

Materials and equipment

All chemicals of analytical grade utilized in the current work belong to Merck and Sigma-Aldrich.
Metrohm electrochemical equipment was used to record all electrochemical experiments.
DropSens SPGE (DRP-110, Spain) was utilized to carry out the electrochemical tests. The
experiments were performed by a three-electrode cell system consisting of 4 mm graphite as a
working electrode, a silver pseudo-reference electrode, and graphite used as an auxiliary electrode.
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In addition, ortho-phosphoric acid as well as the respective salts (KH2PO4, KzHPO4, K3PO4) with pH
ranging between 2.0 and 9.0, have been utilized to procure buffer solution. A digital pH meter
(Metrohm 710) was recruited to measure all pH values.

Construction of RGO-Cu;0/Fe,03 nanocomposite

As explained elsewhere, a modified Hummers’ method was used to construct graphene oxide
(GO) by graphite powder [41,42]. First, 50 mg GO was dispersed in 20 mL ethanol in an ultrasonic
bath. Then, iron(lll) nitrate nonahydrate and copper(ll) nitrate trihydrate with a ratio of 3:7 were
added to the mixture and stirred until it turned into a uniform suspension. Subsequently, using
sodium hydroxide (6 M) solution, pH was adjusted to 11, and a brown viscous suspension was
obtained. The mixture was transferred into a stainless-steel autoclave and then held in an oven at a
temperature of 240 °C for 26 hours, followed by centrifuging and washing thoroughly with distilled
water and ethanol to set a neutral pH value. At last, the resulting product was dried at 50 °C for 16
hours.

Construction of RGO-Cu;0/Fe;03/SPGE

The unmodified SPGE was coated with RGO-Cu,0/Fe;03 nanocomposite. RGO-Cu,0/Fe;03 nano-
composite stock solution was obtained by adding RGO-Cu,0/Fe;03 nanocomposite (1 mg) in aqueous
solution (1 mL) under ultrasonication for an hour, followed by casting 4 ulL aliquot of RGO-Cu,0/Fe;03
solution on the working electrode, and finally air-drying for 30 min at room temperature.

The surface areas of RGO-Cu;0/Fe;03/SPGE and bare SPGE were obtained by CV using 1 mM
KsFe(CN)e at different scan rates. Using the Randles-Sevcik formula [43] for RGO-Cu,0/Fe;03/SPGE,
the electrode surface was found 0.103 cm? which was about 3.2 times greater than bare CPE.

Results and discussion

Determination of RGO-Cu,0/Fe;03 nanocomposite characteristics

The XRD spectrum taken from as-fabricated RGO-Cu,0/Fe;03 nanocomposite is shown in Figure 1.

* Fe,0, RGO-Cu,0/Fe,0,
¢ Cu,0

* (220)

Intensity, a.u.

T T T T T
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28/°
Figure 1. XRD spectrum analysis of synthesized RGO-Cu,0/Fe,03; nanocomposite

Diffraction peaks of a-Fe,0s3 at 29.4, 32.3, 36.5, 40.2, 48.0, 55.5, 56.5 and 64.8° correspond
respectively to the crystalline planes (220), (104), (110), (113), (024), (116), (018), (214), and (030).
Diffraction peaks of Cu;0 at 27.2, 35.6, 42.2, 61.3, 73.1 and 77.5° correspond respectively to the
crystalline planes (110), (111), (200), (220), (311), and (222).
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Figure 2 shows the FE-SEM image of the prepared RGO-Cu,0/Fe;03 nanocomposite. It clearly
shows Cu;O nanoribbons, a-Fe;Os nanoparticles, and graphene oxide layers that formed
RGO-Cu,0/Fe;03 nanocomposite.

Figure 3 shows FT-IR spectrum analysis of the RGO-Cu,0/Fe;03 nanocomposite. Formation of the
nanocomposite, i.e., the presence of Fe-O and Cu-O bonds, is confirmed by peaks at about 833 cm™.
The peaks at about 1465 and 1588 cm™ are related to C=0 and C=C bonds of graphene oxide, res-
pectively, and the bond of 3415 cm™ to O-H stretching vibration due to adsorbed water molecules.

“B AN Tvi
. o ot
|

‘8

7

Figure 2. FE-SEM image of synthesized RGO-Cu,0/Fe,03; nanocomposite
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Figure 3. FT-IR spectrum analysis of synthesized RGO-Cu,0/Fe,0; nhanocomposite
Electrochemical behavior of 6-mercaptopurine at RGO-Cu,0/Fe;03/SPGE

The supporting electrolyte pH showed a significant effect on the electrocatalysis of 6-MP on the
surface of RGO-Cu,0/Fe;203/SPGE (Scheme 1). The impact of pH on 6-MP (100.0 uM) detection in
PBS on the modified electrode surface was evaluated at different pH values of 2.0-9.0. The maximum
peak current response of 6-MP was found at the pH value of about 7.0. Hence, we selected pH 7.0
as the optimal experimental condition for experiments.

The electrochemical behavior of 6-MP in PBS at pH 7.0 was studied by cyclic voltammetry (CV) at
bare SPGE, and SPGE modified by RGO-Cu,0/Fe;0s3, and results are shown in Figure 4. As seen in

Figure 4 for unmodified SPGE (curve a), a lower peak current of 6-MP oxidation is observed than for
modified SPGE (curve b).
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Scheme 1. Electrochemical oxidation mechanism of 6-MP at the surface of the modified electrode
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This means a lower sensitivity for 6-MP for bare than for modified SPGE. The voltammogram of
6-MP detection on both electrodes displayed an irreversible oxidation peak, with the elevation of
the peak current and reduction of the anodic peak potential value of 6-MP observed for RGO-
Cu,0/Fe;03/SPGE. The optimal electrocatalytic impact for 6-MP oxidation was reported on the RGO-
Cuz0/Fe,03/SPGE surface.

g
4 4 a
Figure 4. CV responses of 100.0 uM 6-mercaptopurine
-1250 . ~ at (a) bare SPGE and (b) RGO-Cu,0/Fe,03/SPGE in
0 emv PBS (0.1 M, pH 7.0)

Scan rate influence

Figure 5 displays the linear sweep voltammetry (LSV) behavior of 100.0 uM 6-MP in PBS of pH 7.0
at variable scan rates (v) on the surface of RGO-Cu,0/Fe;03/SPGE.
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Figure 5. LSV curves of 100.0 uM 6-MP in PBS (0.1
M, pH 7.0) at different scan rates (10 - 300 mV//s) on
the surface of RGO-Cu,0/Fe;03/SPGE (a-g stand for
= 11058+ 13634 10, 25, 50, 75, 100.0, 200.0, and 300.0 mV/s). Inset:
25 78 134 184 plot of

AR 6-MP oxidation peak current versus square root of

920 1280
E/mV scan rate
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There is a gradual elevation in the peak current value of 6-MP oxidation and a positive shift of
oxidation peak potential by rising v from 10 to 300 mV/s. According to Figure 5 (inset), the anodic
peak current (/pa) of 6-MP is proportional to the square root of scan rate (v'/2), and the regression
equation (1)

loa = 1.7054 v/2 + 0.3634 (R? = 0.9993) (1)

Hence, a diffusion-controlled electrochemical reaction of 6-MP at RGO-Cu,0/Fe,03/SPGE can be
assumed.

To provide data about the rate determining step, a Tafel plot was drawn based on data of rising
sector related to a current-voltage curve at low scan rate (10 mV/s) for 100.0 uM 6-MP (Figure 6,
inset). The linearity of E versus log I plot reveals the intervention of electrode process kinetics. In
accordance with the slope of this plot, the number of transferred electrons for the rate-determining
step can be calculated. The inset in Figure 6 displays the Tafel slope of 0.1133 V for the linear sector.
The Tafel slope value means the rate-limiting step related to one-electron transfer, with a transfer
coefficient (a) of 0.48.

6.3

0.461
42 0.432
< 2
E- w
0.403
21
v v 0401 Figure 6. LSV response for 100 uM 6-MP in PBS
e (0.1 M, pH 7.0) at the scan rate of 10 mV/s on
3. o i e i RGO-Cu,0/Fe,03/SPGE; inset: Tafel plot of the
E/mV rising sector of the related voltammogram

Chronoamperometric analysis

Chronoamperometric measurements for 6-MP detection on RGO-Cu,0O/Fe,03/SPGE surface
shown in Figure 7 were performed at the potential of 0.65 V and variable 6-MP concentrations in
PBS (0.1 M, pH 7.0). The Cottrell equation defines the electrochemical reaction current at the limited
condition of mass transport for 6-MP as electroactive material having a certain diffusion coefficient
(D) value [43]. Figure 7A displays the experimental plots of / versus t"/2 with the optimal fits at
various 6-MP concentrations. Figure 7B shows the slopes of achieved straight lines versus 6-MP
concentration. According to the obtained slope and Cottrell equation, the mean D value of 6-MP
was calculated as 7.0 10~ cm?/s.

DPV analysis of 6-MP on RGO-Cu;0/Fe>03/SPGE surface

Differential pulse voltammetry (DPV) is a versatile technique for the determination of 6-MP
because of its higher sensitivity, and the obtained voltammograms measured for step potential of
0.01 V and pulse amplitude of 0.025 V are shown in Figure 8. Figure 8 shows that with increasing
concentration of 6-MP from 0.05 uM —400.0 uM, /pa values increased with slight shifts of oxidation
potential values.
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Figure 7. Chronoamperograms obtained for RGO-Cu,0/Fe,03/SPGE in PBS (0.1 M, pH 7.0) at variable 6-MP
concentrations (a—e: 0.1, 0.3, 0.7, 1.8 and 3.0 mM of 6-MP); inset A: plot of | versus t? based on
chronoamperograms (a — e); inset B: slope plot of straight line versus 6-MP concentration
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Figure 8. DPV responses of 6-MP on RGO-
Cu,0/Fe;03/SPGE at different concentrations of 6-MP in
PBS (0.1 M, pH 7.0) (a-m refer to 0.05, 2.5, 7.5, 15.0, 30.0,

y = 0.1065x +1.0948
R* =0.9997

0 70.0, 100.0, 150.0, 200.0, 250.0, 300.0, 350.0 and 400.0

0 140 280 420
Cora! EM o uM); inset: calibration curve of DPV peak current against
1050 A
Eimv concentration of 6-MP

The plot of /pa versus 6-MP concentration is drawn in the inset of Figure 8, showing a nearly straight
line with excellent linearity. The linear regression equation is defined as: /pa = 0.1065 Cemp +
+1.0948 (R? = 0.9977). The equation of 35,/m was selected to calculate the limit of detection (LOD),
where m stands for the slope of the standard plot and Sy for a standard deviation for linearity of blank
solution anodic peak current after five determinations. The LOD was estimated as 0.02 pM.

The analytical performance of the present electrochemical method is in Table 1 compared with
those obtained by some other relevant methods for the electrochemical detection of 6-MP.

Table 1. Comparison of linear range and detection limits for 6-MP reported for different electrochemical sensors

Electrochemical sensor Method Linear range, uM  LOD, uM Ref.

Multiwall carbon nanotubes paste Square wave
.5- A
electrode/carbon paste electrode voltammetry (SWV) 0.5-900 0 [44]
Cobalt salophen complex/carbon DPV 1-100 01 [45]
nanotube-paste electrode

Boron-doped diamond electrode DPV 1-450 0.51 [46]

RGO-Cu,0/Fe,03/SPGE DPV 0.05-400.0 0.03 This work
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Simultaneous detection of 6-MP and 6-TG on RGO-Cu,0/Fe;03/SPGE

DPVs for simultaneous detection of 6-MP and 6-TG using RGO-Cu,0/Fe;03/SPGE are presented
in Figure 9. Two oxidation peaks appear at 0.6 V and 0.75 V for 6-MP and 6-TG, respectively. There
is a linear elevation in the peak current intensity for both analytes with the simultaneous
enhancement in their contents. Figure 9 (insets A and B) presents the related standard curves for 6-
MP and 6-TG. The sensitivity for 6-MP in the simultaneous detection was the same as the single one.
Based on these findings, the applicability of simultaneously measuring concentrations of both 6-MP
and 6-TG is evident on the RGO-Cu,0/Fe,03/SPGE surface.
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Figure 9. DPVs of RGO-Cu,0/Fe;03/SPGE in PBS (0.1 M, pH 7.0) at variable 6-MP and 6-TG concentrations
(a-f refer to mixed solutions of 2.5 + 3.0, 15.0 + 35.0, 70.0 + 125.0, 150.0 + 250.0, 250.0 + 425.0, and 350.0 +
550.0 uM of 6-MP and 6-TG); inset A: plot of peak currents versus 6-MP concentrations; inset B: plot of peak
currents versus 6-TG concentrations

Real sample analysis

The applicability of the prepared RGO-Cu,0/Fe;03/SPGE sensor was explored via detection of
6-MP and 6-TG present in urine specimens, 6-MP tablets, and 6-TG tablets. Table 2 displays the
recovery rates of 97.5 to 103.3 % for tested samples. These findings showed the efficiency of the
proposed sensor for the detection of 6-MP and 6-TG in real specimens.

Table 2. Determination of 6-MP and 6-TG in real specimens (n=5).

C/uM
Sample Spiked Found Recovery, % RSD, %

6-MP 6-TG 6-MP 6-TG 6-MP 6-TG 6-MP 6-TG

0 0 - - - - - -
Urine 5.0 6.0 4.9 6.2 98.0 103.3 2.8 2.9
7.5 8.0 7.6 7.8 101.3 97.5 3.1 1.7

6-mercaptopurine 0 0 7.0 - - - 3.5 -
tablet 1.0 5.5 7.8 5.6 97.5 101.8 2.7 3.0
2.0 6.5 9.3 6.4 103.3 98.5 2.1 2.4
6-thioguanine 0 0 - /.5 - - - 2.9
Tablet 4.5 1.0 4.6 8.3 102.2 97.6 1.7 2.4
8.5 2.0 8.6 9.6 96.5 101.1 2.9 3.2
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Conclusion

In this work, RGO-Cu,0/Fe>03 nanocomposite was prepared by a facile method and applied for
construction of RGO-Cu,0/Fe;03/SPGE sensor for electrochemical detection of 6-mercaptopurine.
The proposed sensor is easy to use without complicated preparations prior to 6-mercaptopurine
detection. The developed sensor showed a linear electrochemical response to 6-mercaptopurine
ranging from 0.05 to 400.0 uM, providing the limit of detection of 0.03 uM. Also, the oxidation peaks
of 6-mercaptopurine and 6-thioguanine can be entirely separated with a clear peak potential
difference of 0.15 V, which allowed simultaneous determination of two drugs. Finally, the
applicability of the as-fabricated RGO-Cu,0/Fe203/SPGE sensor was verified by detections of 6-
mercaptopurine and 6-thioguanine in real samples.
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