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Abstract

In this study, a new electrochemical sensor using a glassy carbon electrode modified with graphene oxide (GO) and Zn-doped
magnetite Fe;0, nanosheets is proposed for simultaneous trace determinations of guanine (GA) and adenine (AD). First,
graphene oxide nanoparticles were synthesized by the Hammer method, and then UV-Vis, FTIR, and XRD techniques were
used to characterize them. The second step involved hydrothermal preparation of Zn-doped magnetite Fe;O, nanosheets.
Different methods, such as scanning electron microscopy, transmission electron microscopy, Fourier transform infrared
spectroscopy (FTIR), vibrating sample magnetometer, and energy dispersive X-ray spectroscopy, were utilized to investigate
Zn-doped magnetite Fe;O, nanosheets. The electrochemical behavior of guanine (GA) and adenine (AD) was investigated
using different voltammetric techniques, including cyclic voltammetry, electrochemical impedance spectroscopy, differential
pulse voltammetry, and chronoamperometry (CA). It was found that by combining GO with Zn-doped magnetite Fe;0,
nanosheets, the electrochemical sensitivity of the sensor can be improved, and low levels of guanine and adenine can be
measured. In a differential pulse voltammetry experiment conducted with this electrode under optimal conditions, such as
buffer type, accumulation time, and PH, the electrode showed great sensitivity to both guanine and adenine. The detection
limit values were 0.08 and 0.14 uM for GA and AD, respectively. The suggested sensor’s performance was tested using
human serum as a real sample, and the proposed sensor showed high recovery. As a result of the investigation, it was found
that the proposed electrode displayed high sensitivity, good repeatability, and high stability.
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1 Introduction

An increasing number of electrochemical sensors are
made of graphene oxide (GO), a two-dimensional carbon
lattice with functional groups such as hydroxyl and
carbonyl groups. As a result of its large surface area,
chemical stability, electrical conductivity, and other
advantages, graphene is one of the most advantageous
nanomaterials for simplifying and modifying electrodes
[1]. So, it can be demonstrated that nanomaterials like
graphene oxide can significantly improve the sensitivity
of electrochemical sensors by providing stable and well-
organized platforms [2-4]. Graphene-based sensors
are promising for biomolecule detection due to their
unique properties. They have been used to detect DNA,
proteins, enzymes, and metabolites with high sensitivity.
Functionalization with specific recognition elements and
the use of composite materials have further enhanced
their capabilities. Overall, graphene-based sensors are
valuable for biomedical research, clinical diagnostics, and
environmental monitoring [5-8].

ZnO, a wide-band gap semiconductor, has attracted
attention due to its high surface area, biocompatibility,
and low toxicity. ZnO-based electrochemical sensors
have been used for the detection of various analytes,
such as heavy metals, pesticides, and neurotransmitters,
with high sensitivity and selectivity [9-11]. Iron oxide
nanostructures have also attracted increasing interest
because of their high catalytic activity and low toxicity,
making them an appealing material for constructing
chemical and biological sensors. Various techniques can
be employed to create different iron oxide nanostructure
shapes, including sol-gel [12], hydrothermal/solvothermal
[13], electrospray [14], microemulsions [15], and flow
injection [16]. It is possible to functionalize, composite,
or dope magnetic iron nanostructures with other metals
to enhance their stability and electrochemical activity.
Doping Fe;0, to modify the electrochemical sensor can
increase its sensitivity by amplifying the signal response
[17]. The presence of Fe;0, can enhance electron-transfer
kinetics, resulting in a more efficient detection process and
improved sensor performance [18]. In general, dopants
can act as a stabilizer and enhance stability and durability,
reducing the degradation of the sensor over time [19].
This can result in a longer lifespan and more reliable
measurements. Zn>* metal ions are one of the most
efficient metal doping ions in iron oxide nanostructures
because they do not damage the crystal structure. In
recent years, composite formation between metal-doped
iron nanostructures and graphene oxide has become
a hot research topic because of the new and enhanced
functionalities of iron nanostructures and graphene.
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The biosynthesis of proteins and the storage of genetic
information rely on deoxyribonucleic acid (DNA). Life
processes rely on nucleotides as energy carriers, messengers,
and assistants to activate enzymes. Deoxyribonucleic acid
contains important components (bases or nucleotides),
guanine (Fig. S1), and adenine (Fig. S2). There may be
various diseases present in the body because of unusual
alterations in the organism’s bases, which point to a defect
or mutation in the immune system. Thus, bioscience and
clinical diagnosis-depend significantly on analyzing these
bases. To detect and quantify purine bases in nucleic acids,
numerous techniques have been created. These include high-
performance liquid chromatography (HPLC) [20], capillary
electrophoresis (CE) [21], spectroscopic methods [22, 23],
chemiluminescence (CL) [24], and mass spectrometry
(MS) [25]. However, the electrochemical technique is
attractive due to its high sensitivity, ease of preparation,
and rapid and low cost compared to the other methods for
determining guanine and adenine. The determination of
guanine and adenine, however, must be improved through
the development of new and efficient methods that are
convenient.

In this work for the first time a new sensor based on
Zn-doped Fe;0, nanosheets and graphene oxide modified
glassy carbon (Zn-doped Fe;0,/GO/GCE) was used for
the electrochemical determination of guanine (GA) and
adenine (AD). The use of magnetic Fe;0, nanosheets in
electrochemical sensor development is a major breakthrough
in materials science and analytical chemistry. The
electrochemical behavior of GA and AD was investigated
using different voltammetric techniques, including
cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), differential pulse voltammetry (DPV),
and chronoamperometry (CA). The method employed
in this research reduces the need for complex equipment
and time for synthesis while exhibiting superior properties
compared to conventional nanoparticles. It appears that
combinations of Zn-doped Fe;O, nanosheets and graphene
oxide improve the electrode’s sensitivity for detecting
GA and AD, offering promising prospects for the future
of electrochemical analyses. Additionally, Zn ions can
enhance the electrochemical performance and the structural
stability of Fe;O, nanosheets. According to the investigation
results, the modified electrode possessed high sensitivity,
repeatability, and stability for determining GA and AD.

2 Experimental

2.1 Chemicals

In this research, Zn-doped Fe;O, nanosheets were
synthesized using analytical grades, including zinc nitrate
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Scheme 1 The schematic procedures for the synthesis of graphene oxide (GO)

hexahydrate (Zn(NO;),-6H,0), ethylenediamine (C,HgN,),
ethylene glycol (C,HO,), sodium acetate (CH;COONa),
and ferric nitrate nonahydrate (Fe(NO;);-oH,0) supplied
by Merck. The ingredients used to synthesize graphene
oxide, including pure graphite powder, sodium nitrate
(NaNO3), concentrated sulfuric acid (H,SO,), potassium
permanganate (KMnO,), and hydrogen peroxide 30%
(H,0, 30%), were purchased from Merck. Alumina powder
from Merck Company was used to clean the electrode
surface. Guanine (GA) and adenine (AD) are provided by
Sigma-Aldrich Co. To prepare Britton—Robinson buffers,
we used the following materials: NaOH, acetic acid
(99.5%), H;PO, (75%), and H;BO; (99.8% ACS reagent,
Sigma-Aldrich). All of the solutions were made with
double-distilled water.

2.2 Instrumentation

Several electrochemical experiments were conducted
using an electrode array consisting of three electrodes: a
working electrode (GO/Zn-doped magnetite Fe;O,Ns/GCE),
an auxiliary electrode (platinum wire), and a reference
electrode (Ag/AgCl). Electrochemical tests were carried
out using a Potentiostat/Galvanostat Autolab PGSTAT 30
(EcoChemie, The Netherlands). A PW173 X-ray diffraction
instrument was used for analyzing the XRD patterns. For
the visualization of nanosheets, TEM images were taken
with an acceleration voltage of 100 kV on an EM10C device
from Zeiss Germany. The Zeiss Germany model Sigma VP
was used to perform FESEM, EDS, and mapping analysis
to analyze morphological patterns and elements. Perkin
Elmer’s 543 FTIR spectrometer was used to record the
spectra.

2.3 Graphene oxide synthesis

Graphene oxide (GO) was synthesized utilizing a modified
Hummer’s technique with graphite powder as a starting
material. A flask in the ice bath was filled with 23 ml of
concentrated sulfuric acid. 1 g of graphite and 0.5 g of
sodium nitrate were added to the solution, and the mixture
was vigorously stirred (Scheme 1). After 1 h, using an
ice bath to maintain the temperature below 20 °C, 3 g of
KMnO, were slowly added to the above solution to avoid
overheating and explosion. After 12 h of stirring at 35 °C,
the mixture became brown. The solution was diluted and
treated with 5 ml of a 30% H,0O, solution after 500 ml of
water had been added while being vigorously stirred. Gra-
phene oxide sheets were obtained after centrifugation and
washing several times with H,0O and diluted HCI, followed
by filtration and drying [26].

2.4 Synthesis of Zn-doped Fe;0, magnetic
nanosheets

The first step was to add 25 ml of anhydrous ethyl-
ene glycol to a 50 ml beaker, followed by 0.0044 g
of Zn(NO;);-6H,0 and 0.0848 g of Fe(NO;);-9H,0
(Scheme 2). A black color resulted from adding 0.0184
g of CH;COONa after the salts had been completely dis-
solved. A gentle dropwise addition of 9 ml ethylenedi-
amine (EDA) was added to the mixture, and the mixture
was thoroughly mixed for a few minutes. A Teflon-lined
autoclave containing the whole mixture was put in a 200
°C electric oven for 24 h, and then the mixture was washed
with distilled water and ethanol, followed by 24 h vacuum
storage at 50 °C [27].

@ Springer
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Scheme 2 The schematic procedures for the synthesis of Zn-doped Fe;O, magnetic nanosheets

2.5 Preparation of a real sample

To deproteinize serum samples, 5 ml of trichloroacetic acid
(TCA) was added and centrifuged for 5 min at 5000 rpm.
Following deproteinization, human serum was diluted with
pure water and considered to be a real sample.

2.6 Preparation of GO/GCE

To remove physical adsorbates and ensure a clean electrode
surface, at first, different sizes of alumina slurry were used to
polish the GCE and sonicate for 2 min in a mixture of water
and ethanol. To prepare a fresh dispersion of graphene oxide
(GO), under sonication, 5 mg of GO was utilized to make a
5 mg/ml GO solution with double-distilled water. Onto the
previously cleaned GC disk electrode, 10 ul of the solution
was drop-cast, and it was then dried under vacuum at room
temperature.

2.7 Preparation of GO/Zn-doped Fe;0,Ns/GCE

In a solution of 2 ml dimethylformamide (DMF), 1 mg of
GO and 1 mg of Zn-doped Fe;O,Ns were ultrasonically
agitated to form a suspension. A 10 pl coating of GO/
Zn-doped Fe;O,Ns was applied to the glassy carbon
electrode surface, after which electrochemical testing was
conducted on the modified electrode.

3 Results and discussion
3.1 Characterization of GO

It is often possible to identify graphene oxide (GO) through
its UV absorption, so this technique was used to characterize
it. According to Fig. S3, graphene oxide (GO) has a major
absorption peak at 237 nm due to the n—n* transition of
atomic C—C bonds, followed by a shoulder peak at 300 nm
due to aromatic C—C bond n—n*transitions [28].

The oxide form of graphite, GO, contains more oxygen-
containing functional groups due to the oxidation process.
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As seen in Fig. S4, a broad and intense peak was observed
at a wavelength of 3398 cm™!, confirming the existence of
an O—H bond (hydroxyl group). Aside from that, C-O-C
stretching (epoxy group) can be observed at wavelengths of
1227 and 1036 cm™!, whereas —-C=0 stretching (-COOH
group) can be observed at wavelengths of 1729 cm™!. GO’s
edges and basal plane are intensely occupied by oxygen
molecules (O) due to all these carboxylic, hydroxyl, epoxide,
and carbonyl groups [29].

To investigate graphene oxide, X-ray diffraction analysis
(XRD), one of the most commonly used methods for crystal-
line material characterization, was used. (Fig. S5). A pure
graphite diffraction peak is found at around 26° due to its
0.335 nm interlayer distance [30]. It is confirmed here that
graphene oxide shows a diffraction peak at 26 around 12.1°
with d-spacing=0.77 nm. The peak at 26° has completely
disappeared after treatment with graphite oxidation and
exfoliation, resulting in oxygen-containing functional groups
forming. In addition, XRD experiment was used to study
the structure of Fe;O,Ns and Zn-doped Fe;O,Ns. Accord-
ing to Fig. 1a, cubic single-phase Fe;O,Ns are correlated
with the dominant peaks at 27.23°, 45.44°, 56.20°, 66.12°,
83.88°, and 90.30°. It is evident from the sharp peaks in the
XRD spectrum that the particles have excellent fineness and
small crystal sizes. It was found that neither zinc as a pure
metal, nor zinc oxide, nor binary phases of zinc were present
in this experiment. In Fig. 1a, Zn-doped Fe;O,Ns are also
illustrated by the XRD pattern. Adding Zn>* to Fe;O,Ns
decreases the intensity and broadens the width of diffrac-
tion peaks.

In Fig. 2(a, b, c, d), typical TEM images are also used to
illustrate the morphology of Zn-doped Fe;O,Ns. The best
nanosheet structure can be seen in large quantities at differ-
ent magnifications, indicating that Zn-doped Fe;O,Ns have
the best nanosheet structure.

A vibrating sample magnetometer (VSM) analysis was
performed to investigate the magnetic properties of Fe;O,4Ns
doped with Zn** (Fig. 3). It is essential to determine a sam-
ple’s magnetic properties based on its saturation magnetiza-
tion (Ms) value. In this case, Ms reached 70, showing that
Zn-doped Fe;O,Ns are highly magnetized.
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Fig. 1 The XRD patterns of a the pure Fe;O,Ns and Zn-doped Fe;O,Ns and b, ¢, d FESEM images of Zn-doped Fe;O,Ns

For the identification of their structure and functional
groups, FTIR measurements were conducted on the Zn-
doped Fe;O,4Ns and Fe;O4Ns. Figure 4 clearly shows that
surface water molecules caused the peaks at approximately
3417 and 1626 cm™!, indicating the stretching and bend-
ing of O—H atoms. A broad and sharp peak at 575 cm™!
is caused by the vibration of the Fe—O bond. In Zn-doped
Fe,0,Ns nanosheets, the Zn—O vibrations peak at 457 cm™",
suggesting that Zn could be present in this composition.
However, Fe;O,Ns did not exhibit such vibrations [31]. As
a result of the effective doping of Zn**, Zn-doped Fe,O,Ns
show a lower intensity of Fe—O bond vibrations in the FTIR
spectrum.

The elemental composition of the sample was determined
using EDS spectral analysis. Several elements, including Zn,
Fe, C, N, O, and Au, can be seen in Fig. 5. The sample
was coated with a thin sheet of gold to enhance conductiv-
ity and allow electric charge to flow, and this caused the
peak corresponding to Au to appear in the EDS analysis.
The presence of a peak corresponding to Zn indicates that
the nanosheets are composed of this element. Map analysis
is a new technique for displaying an atom’s presence in a

material. Figure 5 illustrates the good distribution of every
atom, particularly Zn and Fe.

3.2 Electrochemical studies of modified GO/
Zn-doped Fe;0,Ns/GCE

A cyclic voltammetry method was used to investigate the
electrochemical properties of GO/Zn-doped Fe;O,Ns/GCE,
GO/GCE, and GCE at different scan rates in 4 mM [Fe
(CN)4]>"*~containing 0.1 M phosphate buffer (PH 7.0) as a
redox probe (Fig. S6a, b, c). Due to electrostatic repulsion,
the intensity of peak current has decreased in the presence
of modifier GO. However, when modifier GO/Zn-doped
Fe;O,Ns are present, the peak current intensity increases.
Modified and unmodified electrodes were evaluated using
the Randles—Sevcik equation for reversible processes:

L, = (2.69 x 100)A n**D'2Cy 0! /2

According to the slopes of I, versus v'”? of the Randles-
Sevik equation (Fig. S6d, e, f) with GO and Zn-doped
Fe;O,Nss, the electrode surface area increased 17.15 times.

@ Springer
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Fig.2 TEM images of Zn-doped Fe;O,Ns

As a result, Zn-doped Fe;O,Ns are more electrocatalyst
active and have a higher active surface area.

3.3 The electrochemical impedance spectroscopy
(EIS) technique

The characteristics of interfacial electron-transfer between
electrodes can be determined by electrochemical impedance
spectroscopy (EIS). The linear part of the semicircular diam-
eter represents diffusion in an impedance spectrum, while the
semicircular diameter represents electron-transfer resistance
[32, 33]. A study was conducted using electrochemical imped-
ance spectroscopy (EIS) to examine the characteristics of

@ Springer

electron transport between GCE with and without the modifier.
As illustrated in Fig. 6, Nyquist plots of the GCE, GO/GCE,
and GO/Zn-doped Fe;0,Ns/GCE are shown in a solution of
0.1M KClI containing 4 mM [Fe (CN)¢]*~. At high frequen-
cies, a semicircle can be observed on the bare GCE, indicating
an increased resistance of the electrode surface. Based on the
Nyquist plots, we can observe that GO has a greater semicircle
than GC, which suggests that the semiconducting property of
GO causes issues with interfacial charge transfer. A significant
reduction in charge transfer resistance was achieved by adding
Fe;O4Ns to GO. The GCE modified with GO and Zn-doped
Fe;O4Ns exhibited the least electrode surface resistance, which
confirms that by modifying the sensor with GO and Zn-doped
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3.4 Influence of supporting electrolyte and pH
of supporting electrolyte

A differential pulse voltammetry experiment was
conducted on GO/Zn-doped Fe;0,Ns/GCE electrochemical

@ Springer
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performance using 0.1 M acetate buffer solution (ABS), selected as the ideal supporting electrolyte because GO/
Britton—Robinson buffer solution (BRS), citrate buffer = Zn-doped Fe;O,Ns/GCE presented the best electrochemical
solution (CBS), and phosphate buffer solution (PBS). (Fig. response to both GA and AD.

S7). For the remaining electrochemical test, 0.1 M BRS was

Fig. 7 a Differential pulse 120 1 b 1.2 - y =-0.0562x + 1.0104 ¢
voltammetry of GA and AD at 100 - B.. g R*=09982
the surface of the GO/Zn-doped 11 pL =
Fe;0,Ns/GCE at various pHs b 804 08 4 ® e l.\.
the relationship of the. oxi.dation <§L 60 A GA g 06 ""c.,, ..
peak current and ¢ oxidation = o o
peak potential with pH 40 1 04 4 y=-0.0607x+1.2958
20 AD
1 0.2 R?=0.996
0 T 0 T T T T )
0 5 0 2 4 6 8 10
PH PH
200 -+
a
150 -
2
=100 -
N
50 A
0 T T T T 1
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E(V)
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A DPV measurement has been performed for GA and AD
solutions containing 0.1 M BRS to investigate the impact of
pH on the electrochemical response of modified electrodes
(Fig. 7a). Figure 7b shows that the anodic peak currents
(1,,) increase from pH 3.0 to 7.0, then decrease dramati-
cally; thus, pH 7.0 has been determined to be the optimum
pH for further electrochemical tests. As a result of apply-
ing the dEp/dpH equation, whose slope is — 2.303 mRT/nF,
where m and n represent protons and electrons, 0.0562 and
0.0607 slopes were obtained for GA and AD, respectively
(Fig. 7c). As the slope of the Nernstian value is 0.059 V/
pH, along with the values of the slopes, we can assume the
electrochemical process of GA and AD involves an equal
number of electrons and protons.

3.5 The accumulation time effect

For GA and AD, accumulation time affected the
electrochemical response. Fig. S8 shows that GA and
AD oxidation peak currents increase from 0 to 40 s, and
then the oxidation peak current decreases due to a limited
electron-transfer between the electrode and GA and AD. It
was therefore decided that the 40s were the best time for
accumulation.

3.6 GA and AD electrochemical behavior
on different electrode surfaces

An experiment was conducted to investigate the effect of
GO and Zn-doped Fe;O,4Ns on the electrode surface using

Fig. 8 Differential pulse vol- 140.0 -
tammetry of a unmodified GCE
and ¢ GO/Zn-doped Fe;O,Ns/
GCE in 0.1 M BRS (pH 7.0), b 120.0 |
unmodified GCE, d GO/GCE, ’
e GO/Fe;O,Ns/GCE, and f
GO/Zn-doped Fe;0,Ns/GCE
in 5.0 M GA and 5.0 uM AD 100.0 +
containing 0.1 M BRS
80.0 ~
<
3
™ 600
40.0 1
20.0 A
00 +—m—

@ Springer

differential pulse voltammetry (DPV) in 5 uM GA and 5
UM AD containing BRS at pH 7.0. Figure 8 shows dif-
ferential pulse voltammetry measurements on GCE, GO/
GCE, and GO/Zn-doped Fe;O,Ns/GCE. As can be seen,
bare GCE does not exhibit sensitivity to GA and AD,
while modification with GO increases these currents. A
significant increase in the oxidation peak current of GA
and AD occurs when Fe;O,Ns are added to GO. The high-
est currents.

were observed at GCE modified with GO and Zn-doped
Fe;O4Ns. A large surface area and high electrical
conductivity of the GO/Zn-doped Fe;O0,Ns nanocomposite
contributed to these results. GA and AD oxidation peaks at
low positive potentials indicate high electro-catalytic activity
of Fe;0,Ns doped with Zn**, so GO/Zn-doped Fe;O,Ns /
GCE was used for simultaneous GA and AD electrochemical
measurements.

3.7 Influence of scanning rate

A CV experiment was conducted at GO/Zn-doped Fe;O,Ns/
GCE to explore the effect of scan rate on peak currents
(Ipa) for GA and AD in BRS solution at pH 7.0 (Fig. 9).
Using CV, investigators can uncover the electrochemical
mechanism through an analysis of the peak current-scanning
rate relationship. In Fig. 9 (insets), the anodic peak currents
of GA and AD have linear relationships with scanning
rate (v) within ranges between 10 and 100 mV/s. This
observation is correlated with the linear regression equation:

a
b
c —
d
. -
. —
T T T T L
0.4 0.6 0.8 1 1.2 14

E (V)
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GA : I,(uA) = 1274.40(Vs™") +71.487 R? = 0.991,

AD : I,(uA) = 491.030(Vs™") +30.193 R* = 0.992.

At sweep rates above 100 mV/s for GA and AD, the
relationship between peak current and the square root of
the scan rate (v'/?) linearized. The following are the linear
regression equations:

GA : I,(uA) = 17591 0'/2(Vs™)!/2 +138.19 R* =0.993,

AD : I, (uA) = 68.940'(Vs™)!/? + 5585 R* = 0.992.

These results suggest that the electron-transfer reactions
of GA and AD at GO/Zn-doped Fe;O,Ns/GCE surfaces are
controlled both by adsorption and diffusion.

A charge transfer coefficient (a) and electron-transfer
rate constant (ks) for an irreversible anodic reaction can be
calculated using Laviron’s theory based on the difference
between Ep and Ln v [34].

E, = Ey—(RT/a,nF) In(RTKs/a,nF) + (RT/a,nF) Ino.

To calculate the formal potential (E;), we can
extrapolate the Ep, versus v curve to the vertical axis at v
= 0 [35]. With E, versus Inv and the slope of the straight

line, a, for GA and AD were calculated to be 0.26 and
0.21, whereas Ks for GA and AD were calculated with
E, and a,, resulting in 0.59 and 0.45 s7!, respectively
(Fig. S9). Consequently, the GO/Zn-doped Fe;O,4Ns
nanocomposite exhibits a demonstrable ability to enhance
electron-transfer between analytes and electrodes.

3.8 Chronoamperometric measurement of GA
and AD

Chronoamperometry is an electrochemical method for
determining species diffusion coefficients on electrode
surfaces, so CA measurements were conducted for GO/
Zn-doped Fe;O4,Ns/GCE to obtain the GA and AD
diffusion coefficients (D) (Fig. 10a, c¢)

According to the Cottrell equation:

[ =nFDY?ACyn 212,

In diffusion control conditions, D can be found by plot-
ting I versus 2 with a slope equal to the value of D,
so in Fig. 10b, d, we plot I versus t~'/? for GA and AD.
According to this study, the diffusion coefficients (D) for
GA and DA are 16.0x 107> cm?/s and 15.9x 10~° cm?/s,
respectively. Therefore, GA and AD are very well diffused
at the modified electrode’s surface.
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Fig. 10 Chronoamperogram
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3.9 Limits of detection and calibration curve

Differential pulse voltammetry was used to determine GA
and AD simultaneously in the range of 0.05-10 uM and
10-500 uM, respectively (Fig. 11). GA anodic peak cur-
rents were proportional to concentration for two concentra-
tion ranges 0.05-10 uM and 10-500 puM, represented by
linear regression equations I, (nA)=10.2 C (uM)+45.1
and I, (uA)=0.510 C (uM) + 145.96, respectively (Fig. 11a,
b, ¢). A linear relationship between anodic peak current
and AD concentration is shown in the graphs between
0.05-10 uM and 10-500 pM, via linear regression equa-
tions: Ipa (LA)=5.84 C (uM) +35.82 and Ipa (LA)=0.332
C (UM) +95.26 (Fig. 11d, e, f). The LOD is defined as
the limit of detection (LOD) determined by the equation
LOD =KS%S, where K is a constant associated with the
confidence level, S° is the standard deviation of ten blank-
solution measurements (without GA and AD), and S is the
calibration curve slope. A low detection limit (LOD) of 0.08
UM was calculated for GA and 0.14 uM for AD, indicat-
ing that the suggested electrode has a large linear dynamic
range, good sensitivity, and a low detection limit.

3.10 GO/Zn-doped Fe;0,Ns/GCE repeatability
and stability

The suggested sensor’s repeatability was evaluated using ten
repeated tests of 10 uM GA and 10 uM AD solutions. In
each measurement, the modified electrode was washed with
a2 N NaOH solution to remove the GA and AD molecules.

@ Springer

Therefore, GA and AD each showed a relative standard
deviation of 2.65% and 3.91%, respectively.

The proposed sensor was also tested for stability after
being kept in 0.1 M BRS (pH 7.0) or air for a defined time.
Under wet conditions, the DPV measurements of GA and
AD were made after the sensor was immersed in 0.1 M BRS
(pH 7.0). The response current of this sensor decreased by
4.32% and 4.64%, respectively, after being tested six times
for 12.5 h. According to these results, the modified electrode
was very stable under dry conditions, since both GA and
AD sensors maintained 94.74 and 91.71% of their initial
electrochemical responses over 7 days, respectively.

3.11 Effect of interference on the electrochemical
response

To investigate the selectivity of the proposed sensor for
determining GA and AD, different interfering species were
added to a mixture of GA and AD solutions. A tolerance
limit indicates which concentration of interfering species
will result in less than 10% error in the analyte peak current,
as shown in Table 1. Throughout the table, interfering
species are not found to affect quantitative measurements of
guanine and adenine.

3.12 Real sample analysis
As a means of preventing matrix effects, the standard addi-

tion method for GA and AD was used to test the modified
electrode in serum samples. The relative standard deviation
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Fig. 11 Differential pulse voltammograms of GO/Zn-doped Fe;ONs/
GCE in different concentrations of GA and AD in 0.1 M BRS.
Insets: The plot of I, vs. C from a 0.05-500 uM, b 0.05-10 uM, and

Table 1 An investigation of interference in the determination of gua-
nine and adenine

Interference GA AD
Cipe (UM) Cin(uM)
Ascorbic acid 900 600
Uric acid 400 900
Acetaminophen 550 800
Tryptophan 950 550
Dopamine 600 850
Glucose 1200 500
Epinephrine 650 1000
Hydrochlorothiazide 800 450

¢ 10-500 uM for GA, and the plot of 7, vs. C from d 0.05-500 uM, e
0.05-10 uM, and f 10-500 uM for AD

and recovery data are shown in Table 2. The electrochemi-
cal sensor proved capable of detecting GA and AD in real
sample solutions, regardless of the matrix, with recovery
rates ranging from 96.3 to 101.78%, and RSDs of 1.2-1.5%.

4 Conclusion

An electrochemical sensor, which is both innovative and
highly sensitive, was developed for the simultaneous meas-
urement of GA and AD. The Zn-Fe;0,Ns/GO/GCE exhib-
ited significantly improved responses for GA and AD, attrib-
uted to the increased surface area and high electro-catalytic
activity of Zn-Fe;O,Ns. Additionally, the incorporation of
GO with Zn-Fe;O,Ns enhanced the sensor’s sensitivity to
the oxidation of GA and AD compounds in solutions. The
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Table2 An ar.lalysis of the. . Spiked (UM) Found” R.S.D. (%) Recovery (%)
levels of guanine and adenine in
a human serum sample GA AD GA AD GA AD GA AD
0 0 ‘DL ‘DL - - - -
3 3 2.94 2.88 1.4 1.5 98.00 96.30
100 100 98.11 101.78 1.2 1.3 98.11 101.78

xAverage of three measurements at optimum conditions

results indicated that the proposed sensor possesses excellent
characteristics such as easy preparation, exceptional stability

and
limi

sensitivity, a wide linear dynamic range, low detection
ts, excellent repeatability, and high tolerance to com-

mon interference agents. Moreover, the modified electrode
demonstrated good recovery for determining analytes in real
samples, thus highlighting the potential applicability of Zn-
Fe;0,Ns/GO/GCE as an ideal candidate for electrochemical
sensor applications.
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