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Abstract: Cysteine is one of the body’s essential amino acids to build proteins. For the early
diagnosis of a number of diseases and biological issues, L-cysteine (L-Cys) is essential. Our
study presents an electrochemical sensor that detects L-cysteine by immobilizing the
horseradish peroxidase (HRP) enzyme on a reduced graphene oxide (GCE) modified glassy
carbon electrode. The morphologies and chemical compositions of synthesized materials
were examined using Fourier transform infrared spectroscopy (FTIR) and field-emission
scanning electron microscopy (FESEM). The modified electrode’s electrochemical behavior
was investigated using cyclic voltammetry (CV). Cyclic voltammetry demonstrated
HRP/rGO/GCE has better electrocatalytic activity than bare GCE in the oxidation of L-
cysteine oxidation in a solution of acetate buffer. The electrochemical sensor had a broad
linear range of 0 uM to 1 mM, a 0.32 uM detection limit, and a sensitivity of 6.08 pA pM ™
cm™2. The developed sensor was successfully used for the L-cysteine detection in a real blood
sample with good results.
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1. Introduction

The human body is composed of numerous biomolecules that are essential for
various physiological functions. Biomolecules such as nucleic acids, carbohydrates,
proteins, and amino acids are substances produced by living organisms and cells that
perform a wide range of functions. Detection of the biomarkers associated with the
diseases should be known and is possible by using biosensors. Cysteine (Cys) is an
important amino acid used in the body and can also be taken as a supplement in the
form of N-acetyl-L-cysteine. The detection of cysteine in biological samples has
been the focus of numerous research efforts, as it plays an important role in many
physiological processes [1]. Cys is often found in blood plasma in concentrations
ranging from 53 to 300 mM, and it can be used as a key marker of health and disease
risk. Cys insufficiency also causes skin lesions, hair depigmentation, edema, liver
damage, muscle and fat loss, fatigue, and tiredness in addition to slower body growth.
As a result, neurological pathogeneses, cystinosis, Parkinson’s and Alzheimer’s ill-
nesses, and metabolic problems have all been linked to aberrant Cys accumulation
and production. Therefore, developing rapid, low-cost, dependable, and sensitive an-
alytical techniques to detect Cys would be crucial for protein quantification as well
as for the early detection and prevention of neurological conditions, including Par-
kinson’s and Alzheimer’s illnesses as well as motor neuron disease [2]. To detect
cysteine, various methods can be used, such as capillary electrophoresis (CE) [3],
high-performance liquid chromatography (HPLC) [4], chemiluminescence [5], fluo-
rescent probes [6], colorimetric [7], and electrochemical methods [8-10]. These
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techniques allow for the sensitive as well as accurate detection of cysteine in biolog-
ical samples. However, the aforementioned recognized methods are almost solely
used in a rigorous lab environment, which is time demanding and requires a profes-
sional operator and expensive equipment [11,12]. Electrochemical techniques were
recently thought to be the most practical because of their low cost, fast responsive-
ness, low detection limit, and great sensitivity [13,14].

Many studies on the electrochemical determination of Cys in various modified
electrodes have been undertaken, for example, carbon-based electrodes [15-17],
metal modified electrodes [18-20], polymer-modified electrodes [21,22]. Several
electrochemical methods have been used to detect Cys. The electrochemical
techniques used to detect Cys in an aqueous solution have been categorized based
on the many electrical signals that Cys produces in the solution. Voltammetric
techniques such as cyclic voltammetry (CV), differential pulse voltammetry (DPV),
square wave voltammetry (SWV), linear sweep voltammetry (LSV), and others are
highly suitable due to their high sensitivity, short analysis times, low level of
detection (LOD), and low cost of equipment [23-25].

Furthermore, materials with enhanced surface conductivity were integrated into
the sensor design to improve sensitivity and selectivity. Nanomaterial based
electrochemical signal amplifications have enormous promise to improve both
sensitivity and selectivity for electrochemical sensors and biosensors, with notable
advancements in nanotechnology and nanoscience. In addition to metal
nanoparticles, carbon-based materials (such as carbon nanotubes and graphene and
its derivatives) have also gained a lot of attention in the development of
electrochemical sensing platforms. This is primarily because of their advantageous
properties, which include high surface area, excellent electrical conductivity, high
mechanical strength, excellent performance and thermal stability [26,27].

Enzymes are large, intricate macromolecules that catalyze the rapid conversion
of substrates into products; they are primarily composed of proteins. Enzyme-based
electrochemical biosensors find extensive use in various fields such as healthcare,
food safety, environmental monitoring. An enzyme-based biosensor uses the
enzyme as the recognition element; to preserve enzyme activity, the enzyme is
immobilized on or within the transducer surface’s support matrix. Immobilized
enzymes act as electrocatalysts, facilitating electron transfer between the electrode
and the substrate molecule, leading to signal amplification and improved detection
limits. Designing the biorecognition component of enzymatic biosensors requires
careful consideration of the immobilization of enzymes. Numerous studies on
enzyme immobilization methods, including entrapment, covalence, adsorption,
affinity, and cross-linking, have been published [28-30].

In this study, we used an enzyme electrochemical biosensor based on
Horseradish peroxidase to investigate electrochemical properties Cys. Firstly, we
have synthesized rGO which was electrodeposited onto the bare GCE’s surface. and
horseradish peroxidase enzyme was then immobilized on the electrode surface using
a gelatin membrane that was then cross-linked with glutaraldehyde. For the
measurement of L-cysteine, the suggested sensor demonstrated great sensitivity,
good biocompatibility, and a low detection limit. Graphene’s huge specific surface
area makes it an excellent substrate for providing a large number of catalytic active
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sites. The designed electrode (Horseradish peroxidase/rGO/GCE) showed high
selectivity for determination of Cys.

2. Materials and methods

2.1. Chemicals and apparatus

L-Cysteine, L-ascorbic acid, hydrochloride, dopamine, Nafion solution, uric
acid and palladium (1) nitrate dihydrate phosphate buffer (PB) solution,
Horseradish peroxidase, gluteraldehyde were purchased from Sigma-Aldrich (USA).
Graphite powder potassium permanganate sulfuric acid (99.99%), hydrochloric acid,
sodium nitrate, were purchased from Merck Company (Germany). All other
compounds were analytical reagent grade and all solutions were made with double
distilled water. The electrolyte used as the backdrop was phosphate buffer solution
of 0.1 M (PBS, pH 7). A Potentiostat (CHI-1205B) was used for all of the cyclic
voltammetry (CV) experiments. The frequency response analysis (FRA) module of
a potentiostat was used to perform the electrochemical impedance spectroscopy
(EIS) measurements. For the electrochemical measurements, a standard three-
electrode cell assembly made up of a Pt wire counter electrode and an Ag/AgCl
reference electrode was used. The working electrode was modified GCE.

2.2. Electrode preparation

The bare GC electrode was polished using alumina slurry at a thickness of 1,
0.3, and 0.05 pm respectively followed by washing with DI water, isopropanol, and
finally sonication in DI water. Graphene oxide (GO) was synthesized by modified
Hummer’s method [31]. Furthermore, the synthesized GO reduced by annealing at
200, 300 and 400 °C. After being thermally treated to become rGO powder, the dark
brown powder turned to black [32]. Then 1 mg/mL of prepared rGO was dissolved
in deionized water using an ultrasonicator. Subsequently, 5 uL rGO of the
suspension was applied using the drop casting technique to the GCE surface, and it
was allowed to dry for one hour at room temperature to produce the rGO modified
GCE. In the next step, Horseradish peroxidase was immobilized onto rGO/GCE.
This was accomplished by diluting 1 mg of horseradish peroxidase in 1 ml of
phosphate buffer solution (pH 7.0). They then combined 12 mg of gelatin and 4 U of
horseradish peroxidase in 100 L of potassium phosphate buffer (pH 7.0) at 38 °C
The modified electrode surface was then covered with 0.25pL of the mixed solution,
which was let to dry for one hour at 4 °C. Lastly, it was submerged for 5 min in a
phosphate buffer (50 mM, pH 7.0) containing 2.5% glutaraldehyde to facilitate
cross-linking. The films were further used to study electrochemical characteristics
by voltammetry (CV).

3. Results and discussion

3.1. Characterization of HRP/rGO nanocomposite
3.1.1. Morphological studies
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Surface morphology of the samples was observed by using field emission
scanning electron microscopy (FESEM). Figure 1 shows FESEM of Figure 1a rGO
nanosheet and Figure 1b HRP/rGO surface. The result revealed that rGO exhibits a
translucent, wrinkled-type, ultrathin, and flexible, sheet-like morphology. However,
in case of rGO/GCE, a spherical like beads is spread over the surface as shown in
Figure 1b. The result revealed that rGO proved to be an excellent carrier support for
HRP immobilization.
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Figure 1. FESEM images of (a) rGO; (b) HRP/rGO.

3.1.2. Fourier transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) is a potent analytical method
which is commonly used to study the chemical composition and bonding of
materials. Figure 2 shows the FTIR spectra in the range from 4000 to 800 cm™). In
the case of reduced graphene oxide (rGO), FTIR can provide information on the
functional groups present on the rGO surface. The peaks visible at 3454 cm™, 1591
cm, 1220 cm™ corresponding to the O-H stretching, O-H stretching, C = O
stretching, and C-O stretching vibration suggesting that the graphene was oxidised
and the product rGO could be successfully dispersed in water. The alkyl (-CH2)
chains’ O-H vibration modes are responsible for the observed spectrum areas at
3380 cm™ and 2920 cm™. Peaks at 1651 cm™ assigned to the amide I, while
aliphatic amines (C—N stretching vibration) assign at the region 1045 cm™. The
FTIR spectrum of rGO-HRP showed that HRP was successfully immobilized onto
rGO due to presence of characteristic peaks of HRP and the rGO.
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Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of rGO and
HRP/rGO.

3.2. Electrochemical characterization of modified electrode

The electrochemical behavior of the various electrodes was examined by using
CV at 40 mV scan rate in a 5 mM [Fe (CN)g]*” solution made in 0.1 M KCI
solution. The chosen scanning speed for the cyclic voltammetry (CV) measurements
was 40 mV/s. This value was selected based on a balance between achieving good
signal resolution and maintaining reasonable experimental time. Cyclic
Voltammograms (CVs) of bare GCE and modified GCE are shown in Figure 3a
The CV of the bare GCE initially showed a 1:1 ratio between the anodic and
cathodic peak currents and well-defined redox peaks showed related to the
reversible redox behavior of [Fe (CN)s]*’*. After the modification of GCE with
rGO, redox peak currents increase potentially as a result of semiconducting
elements present. Additionally, compared to rGO/GCE electrode, the modified
HRP/ rGO/GCE electrode showed significantly higher peak current, due to presence
of HRP enzyme.

Electrochemical impedance spectroscopy (EIS) was used to examine the
electron transfer properties of these electrodes. The electrode/electrolyte’s electron-
transfer resistance Rct is represented by the diameter of the semicircle in the EIS
Nyquist plot. Figure 3b shows EIS of a) GCE, b) rGO/GCE, c) HRP/rGO/GCE in
in 0.1 M KCI with 5 mM [Fe (CN)6]*7*. The bare GCE exhibited a Ret of (310.5
Q). A noticeable drop in resistance (267.6 Q) was seen when the rGO was modified
in the GCE. This was caused by the faster electron transport of Fe[(CN)6]* "+ from
the rGO to the electrode surface. However, the the modified -electrode
HRP/rfGO/GCE had a lowest Ret of 89.2 Q and hence it shows the highest
conductivity.
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Figure 3. (a) A cyclic voltammetry of modified electrodes in 0.1 M KCI containing 5 mM [Fe (CN)6]*# at a scan
rate 40 mV/s; (b) Nyquist plots for various modified electrodes in 0.1 M KCI with 5 mM [Fe (CN)s]* . Frequency
range: 0.1 Hz to 10 Hz.
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HRP/rGO/GCE modified electrode, CVs were obtained at various scan rates using
0.1 M PB solution containing 200 uM L-Cys. The peak current density rises as the
scan rate is increased from 10 to 100 mV.s . as shown in Figure 4. There is a linear
connection between the square root of the scan rate and the peak current density
with R? = 0.9958. This suggests that the electrocatalytic oxidation of L-Cys is a
diffusion-controlled electron transfer process on the modified electrode.
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Figure 4. (a) CV of the HRP/rGO/GCE under different scan rates (10 to 100 mVs™) in 0.5 mM Cys; (b) Relation
between scan rate and peak current.
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3.4. Electrocatalytic oxidation of L-cysteine

To assess the catalytic response of the HRP/rGO/GCE modified electrode to
the oxidation of L-Cys, as shown in Figure 5a. A series of CV were recorded for
various L-Cys concentrations. The results reveled that as the L-Cys concentration
increases; current density also increases, providing more evidence of the electrode’s
electrocatalytic activity toward the oxidation of L-Cys. As seen in Figure 5b, the
sensor shows high linearity in the concentration range of 0 uM to 1 mM with a
correlation coefficient (R?) of 0.9992. There is a linear relationship between the
concentration of L-Cys and the current density of L-Cys. The sensor achieved a
sensitivity of 6.08 uA.uM‘cm 2 with a LOD of 0.32 uM and quick response time
demonstrates the HRP/rGO/GCE’s promising catalytic activity toward L-Cys. For
comparison, the detecting parameters based on different reported-nanomaterials
with the proposed sensor in this study were listed in Table 1.
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Figure 5. (a) CV of a modified electrode scanning at a rate of 40 mVs™ in a phosphate buffer with varying L-Cys
concentrations; (b) Peak current against L-Cys concentration calibration plot 3.5.

3.5. Interference study

The applied voltage has a significant impact on the selectivity and sensitivity of
the electrochemical sensors. Figure 6 shows the electrochemical oxidation of 100
uM of various species AA, UA, DA, glucose and I-cysteine of 10 uM individually at
pH 7.0 with a scan rate of 40 mVs™ at different applied potentials by CV. The
anodic peak is evidently the primary difference, since the catalytic current of L-
cysteine oxidation peaked at the applied potential V, indicating that the applied
voltage affects the sensor’s selectivity. Almost no interference was observed in the
presence of these foreign species. These findings indicated that AA, UA, DA,
glucose did not significantly interfere with L-cysteine determination, and that this
electrode has the potential to be employed for L-cysteine sensing in the presence of
AA, UA, DA, glucose. These findings thus imply that the sensor electrode has
outstanding selectivity for L-Cys detection. The reproducibility of the sensor was
examined using four identical HRP/GO/GCE sensors. The CV responses to 10uM
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L-Cys indicated no obvious current change among the four electrodes. The sensor’s
strong repeatability was confirmed by the 1.5% RSD value. CV from five
successive measurements on a single electrode was used to assess repeatability, and
the results were compared to the original value. After five iterations of
measurements, the sensor maintains 94.2% of the original value. The electrode
demonstrated 90% recovery with an RSD of 4.03% for LCys detection after 8 days,
indicating the sensor’s strong stability.
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Figure 6. The electrochemical oxidation of 100 uM of some species (AA, UA, DA,
glucose and I-cysteine) at pH 7.0 with scan rate 40 mV/s by CV technique.

Table 1. Comparison of the analytical performance of HRP/GO/GCE sensor with some carbon-based earlier sensors
for the detection of Cys.

Sr. No Modified electrodes Linear range (uM) Limit of Detection (uM) References
1 CuFe204/rGO-Au 50-200; 0-15,000 0.383; 0.598 [33]

2 20%Pd@Ti3C2Tx/GCE 0.5-10 0.14 [34]

3 Pt-Fe304-rGO/GCE 100-1000 10.1 [35]

4 CoHCF/GCE ‘13_’517020000 4 [36]

5 rGO-Nafion@Pd6/GCE 0.5-10 0.15 [37]

6 AUNR/MWCNT/GCE 5-200 0.008 [38]

7 HRP /rGO/GCE 0-1000 0.32 This work

4. Conclusions

The electroanalytical measurement of Cysteine was carried out using
Horseradish peroxidase (HRP) enzyme immobilized on a modified glassy carbon
electrode (GCE) using graphene oxide where electrocatalytic oxidation was
observed to occur at a lower overpotential when compared to bare GCE. This sensor
apparatus offered a quick response, a good LOD, and great selectivity. In addition,
the sensor demonstrated good reproducibility, repeatability, and stability. Lastly, the
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modified sensor showed intriguing analytical features, including larger detection
ranges between 0 and 1 mM, a noteworthy LOD of 0.32 uM, and super
electrocatalytic activities. It has a few additional advantages, such as ease of
manufacture, better electrocatalysis, and efficient discrimination from typical
interfering bimolecular compounds with rapid and stable response to Cysteine.
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