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Carbon nanotube-supported gallium (Ga/CNT) was synthesized and characterized with energy dispersive X-ray-
scanning electron microscopy, temperature-programmed reduction, temperature-programmed oxidation, and
temperature-programmed desorption methods. Characterization results revealed successful preparation of Ga/
CNT. Electrochemical measurements were performed by cyclic voltammetry, differential pulse voltammetry, and
electrochemical impedance spectroscopy. The Ga/CNT-based cysteine sensor had a linear response within the
range of 0-200 M with current sensitivity of 0.0081 pA/uM (114 pA/mM cm?), low detection limit of 0.05 uM,

and signal-to-noise ratio of 3. Interference studies revealed that (Ga/CNT)@glassy carbon electrode was not
affected by interfering species. Thus, Ga/CNT is a promising cysteine sensor.

1. Introduction

Food is all the substances that living things eat and drink in order to
survive. In other words, food is the edible parts of animals and plants,
such as meat, milk, bread, and fruit. Nutrition is the obtained by eating
and drinking both animal and plant foods. In other words, nutrition is
the intake of sufficient amounts of nutrients necessary for human
growth, development, healthy and productive life in the long term, and
assimilation into the body. The important thing in nutrition is adequate
and balanced intake of nutrients. Food is broken down into very small
pieces after being taken into the body and these are used in the body in
different ways. For example, some of the nutrients consumed can be
used in providing energy, some in tissue repair, and some in cell pro-
liferation. Basic nutritional building blocks are proteins, lipids, carbo-
hydrates, vitamins, minerals, and water, and proteins are some of the
most important. Proteins are large organic compounds formed by chain
linking of amino acids. There are 20 types of amino acids most
commonly used in the formation of proteins, from humans to viruses.
Cysteine is semi-essential and also a proteinogenic amino acid, with
formula HO,CCH (NH;) CH2SH. Cysteine is mostly found in foods high
in protein. If enough methionine is available, cysteine can mostly be
metabolically synthesized in the human body under normal physiolog-
ical conditions. Therefore, cysteine is an important amino acid in the
diagnosis of various diseases such as growth retardation, hair loss,

edema formation, lethargy, liver damage, muscle and fat regression, skin
lesions, and fatigue. Cysteine is found in medical, biological, food, and
industrial products. Therefore, it is important to develop important
nanomaterials for the precise detection of cysteine [1-7]. Various
methods such as spectrometric chromatographic separation [8-10],
colorimetric [11-17], and electrochemical methods [18-25] are used
for detecting cysteine. Electrochemical methods have important ad-
vantages including simple detection, inexpensive devices, static minia-
turization, and acceptable selectivity. For the electrochemical
determination of cysteine, the choice of electrode material and the easy
determination of cysteine are important factors. Various electrode ma-
terials have been used to enhance electrochemical selectivity of
carbon-based electrodes for cysteine in the literature in a wide range of
electrochemical sensors due to their lower background current, low cost,
chemical inertness, and wide potential range [26-33].

Due to the unique properties of carbon nanotubes (CNTs), CNT-
modified electrodes and CNT-supported gallium (Ga) catalyst are
promising nanocatalysts in electrode materials for the electrochemical
determination of cysteine. In this study, the sodium borohydride
(NaBH4) reduction method was used primarily to prepare the Ga/CNT
nanocatalyst. Temperature-programmed reduction (TPR), temperature-
programmed oxidation (TPO), and temperature-programmed desorp-
tion (TPD) analyses were used to determine the reduction, oxidation,
and desorption properties of the catalyst, respectively. Energy dispersive
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Fig. 1. (a, b, h) EDX-SEM and mapping images [(c, d) mapping and EDX point, (e) C, (f) O, and (g) Ga] of 5% Ga/CNT catalyst.

X-ray-scanning electron microscopy (EDX-SEM) was used to determine
surface properties and chemical metal structure. Glassy carbon elec-
trodes (GCEs) were modified with Ga/CNT catalyst. The electrochemical
behavior of the (Ga/CNT)@GCE catalyst was examined using cyclic
voltammetry (CV), differential pulse voltammetry (DPV), and electro-
chemical impedance spectroscopy (EIS) methods. The results showed
that the (Ga/CNT)@GCE had high sensitivity. Afterward, interference
study and real sample analysis were performed using (Ga/CNT)@GCE.
Real sample analysis was performed to detect cysteine in a drug sample.

2. Experimental

The 1-cysteine (>99.99%), gallium (III) chloride (GaCls, >99.999%),
multi-walled carbon nanotube (MWCNT, 98%), NaBH,4 (99%), ascorbic
acid (99%), uric acid (>99%), glucose (>99.5%), L-tyrosine (>98%), L-
tryptophan (>98%), and Nafion 117 solution (5%) were obtained from
Sigma-Aldrich and used without replacement. The Ga/CNT catalyst

containing Ga metal (5% by weight) was synthesized by the NaBH4
reduction method. Materials and preparation methods are given as
supplementary information (S1 and S2). These materials were charac-
terized with EDX-SEM, H,-TPR, O5-TPO, and NH3-TPD analyses. The Ha-
TPR, O,-TPO, and NH3-TPD analyses were completed with a Micro-
meritics Chemisorb 2750 (gas-adsorption equipment) automated system
using ChemiSoft TPx software (supplementary information S3). Firstly,
the catalyst ink was prepared. The Ga/CNT catalyst was kept in an ul-
trasonic bath until homogeneously dispersed in Nafion. Finally, the
catalyst ink was transferred to the GCE surface of 3 mm diameter with
the help of a micropipette. Cysteine electrooxidation measurements
were performed using CV and DPV (supplementary information S4).
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Fig. 2. (a) Hy-TPR, (b) O5-TPO, and (c) NH3-TPD profiles of Ga/CNT catalyst.

3. Results and discussion
3.1. Physical characterization

The EDX-SEM and mapping analysis were utilized to investigate the
surface morphology of the Ga/CNT catalyst (Fig. 1a~h). There were CNT
networks formed (Fig. 1a and b). Furthermore, Ga metal was homoge-
neously distributed in these networks. The mapping and EDX analysis of
the Ga/CNT catalyst were performed on the point depicted in Fig. 1c and

d. The analysis results showed that this point contained C, O, and Ga
(yellow, pink, and turquoise in Fig. le-g, respectively). The % weight
and atomic ratios from EDX results of C, O, and Ga elements are shown
in Fig. 1h. The EDX-SEM and mapping analysis results showed that the
desired structure was obtained.

The H,-TPR (a), O2-TPO (b), and NH3-TPD (c) profiles of Ga/CNT
catalyst are depicted in Fig. 2a—c. All analyses were performed at a
heating rate of 10 °C/min and a gas flow rate of 50 ml/min. The Hy-TPR
analysis was utilized to examine catalyst behavior during reduction with
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Fig. 3. CV curves of 5% Ga/CNT catalyst at three different pHs (5.5, 7.2, and 10.5) at a scan rate of 100 mV/s in 0.1 M PBS solution.
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5 mM cysteine at a scan rate of 100 mV/s in 0.1 M PBS solution (pH 7.2).
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Fig. 5. (a) CV analysis of (Ga/CNT)@GCE at different scan rates (10, 30, 50, 100, 120, 150, 180, 200, 230, 250 300, 320, 350, 380, 400, 420, 450, 480, and 500 mV/
s), (b) linear regression of peak currents vs the square root of scan rates, and (c) linear relationship between log current anodic peak vs log scan rates in 0.1 M PBS (pH

7.2) + 5 mM cysteine solution.

Hp. The Ga/CNT catalyst consumed an important amount of Hp between
25 °C and 800 °C. There were two reduction peaks during Ho-TPR
analysis up to 950 °C for the Ga/CNT catalyst, located at 515 °C and
640 °C (Fig. 2a). Beasley et al. [34] reported that the reduction peak for
Ga, undoped or without support, was 390 °C. The TPR results for the
Ga/CNT catalyst showed the interaction of Ga with CNT, with reduction
peaks at high temperatures of 515 °C and 640 °C (Fig. 2a) [34,35].
Fig. 2b shows O2-TPO analysis of the Ga/CNT catalyst. The TPO analysis
is the process of heating a material to a certain temperature by passing
an oxidizing gas mixture containing oxygen over it. The Ga/CNT catalyst
had a sharp-peaked TPO profile at about 585 °C (Fig. 2b). Feng et al.
[36] reported that a MWCNT caused peak oxidation at 640 °C in TPO
analysis. Based on this result, the addition of Ga metal to CNT causes a
decrease in the oxidation temperature. This is because the surrounding
carbon is oxidized before the metal, followed by a loss in metal-carbon
contact [37]. The TPD analysis is a characterization process in which an
event occurring on the surface of solid material is examined and the
temperature of the studied sample is changed by a temperature program.
This technique is used to characterize the adsorption sites on the sample.
It involves first measuring the desorption rate by adsorption of a known
gas on the sample at low temperatures and then heating [38,39]. The
NH3-TPD curve for the Ga/CNT catalyst clearly showed two NHj3

desorption peaks at 110 °C and 165 °C (Fig. 2¢c), which are attributed to
weak and strong acid sites, respectively [40].

3.2. Electrochemical measurements

After adding 1 ml of Nafion solution to 5 mg of the obtained catalyst,
this was left in an ultrasonic bath until homogeneously dispersed. This
catalyst slurry was used to modify the surface of a GCE for electro-
chemical detection of cysteine. Firstly, CV analysis of 0.1 M PBS solution
was performed at three different pHs of 5.5, 7.2, and 10.5, and the re-
sults were close to each other (Fig. 3). Therefore, experiments continued
with the solution that was close to neutral (pH 7.2).

The concentration effect on the cysteine electrooxidation activity of
Ga/CNT-modified GCE was performed with varying concentrations of
cysteine: 0, 5, 10, and 20 mM in PBS (0.1 M at pH 7.2). The activity
increases as the cysteine concentration increases [4,41-48]. The
Ga/CNT catalyst affected the cysteine detection (Fig. 4a). Furthermore,
CV analyses of GCE and CNT@GCE in 5 mM cysteine were performed to
demonstrate the effect of Ga metal. The (Ga/CNT)@CNT catalyst had
better activity compared to GCE and CNT@GCE (Fig. 4b). According to
this result, Ga metal affected cysteine detection.

The sufficiency of the electroactive surface area of (Ga/CNT)@GCE
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Fig. 6. (a) DPV curves taken at various cysteine concentrations (0-1000 uM), (b) calibration plots at varying cysteine concentrations (0-1000 pM), and insert graph

shows the linear range and trendline (R? = 0.9842).

was appraised using CV measurements for the (Ga/CNT)@GCE in
phosphate buffer solution (Fig. 5b), at different scan rates in the range of
10-500 mV/s. The Randles-Sevcik equation follows [49-51]:

Ip = 2.69 x 10° n*? Ay Dy C v!?2

where I, Aesf, C, v!/2, DY/2, and n indicate the effective surface area,

solution concentration, the square root of scan rate, diffusion coefficient
of phosphate, and electron number, respectively. The calculated effec-
tive surface area of the (Ga/CNT)@GCE was 5.24 cm? (R? = 0.995).
Fig. 5¢c shows peak current (oxidation) vs scan rate (logI vs logV). The
obtained slope was 0.3 for (Ga/CNT)@GCE (R? = 0.990).

The anodic peaks are attributed to the oxidation of CyS- at pH 7.0.
Oxidation of CySH on an electrode can proceed through the following
reaction [52,53];

CySHCyS™ +H' e (€))

The DPV study was conducted to determine the sensitivity of (Ga/
CNT)@GCE for cysteine. The DPV curves for (Ga/CNT)@GCE at varying
concentrations (0-1000 pM cysteine) in 0.1 M PBS and cysteine are
depicted in Fig. 6. The DPV current densities vs cysteine exhibited a
linear relationship within the range of 0-200 pM with current sensitivity
of 0.0081 pA/pM (114 pA/mM cm?) (Fig. 6b). This sensitivity value is
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Fig. 7. Nyquist plots of (Ga/CNT)@GCE at different potentials in 0.1 M PBS
(pH 7.2) + 5 mM cysteine solution.

greater than those reported in the literature. The LOD and limit of
quantification were 0.05 and 0.15 pM at S/N = 3, respectively.
Fig. 7 shows the impedance behavior of (Ga/CNT)@GCE taken at
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Fig. 8. (a) CV analysis (100 mV/s) and (b) EIS results (0.6 V) for interfering
species of 0.1 mM uric acid, 0.1 mM ascorbic acid, 0.1 mM L-tryptophan, 0.1
mM L-tyrosine, 0.1 mM L-cysteine, and 0.1 mM dopamine on (Ga/CNT)@GCE.

varying potentials in PBS (0.1 M, pH 7.2) + cysteine (5 mM). The EIS
results showed that cysteine electrooxidation on the GCE modified with
Ga/CNT at various potentials had different electrochemical impedance
behaviors. As mentioned above, the semicircular diameter of the
impedance spectra is equal to the electron transfer resistance (R¢); a
large arc indicates that cysteine electrooxidation is slow but a small arc
is indicative of fast electrooxidation kinetics. There was a clear decrease
in arc diameter with increasing potential (Fig. 7), which can be inter-
preted as a decrease in R of the cysteine electrooxidation reaction. The
GCE modified with Ga/CNT had surface resistance at 0.6 V.

In experiments, the effects of some species mixed with other organics
were investigated for cysteine determination based on blood samples.
The selectivity measurements of the sensor were examined at 1 V po-
tential with CV and EIS in the presence of ascorbic acid, p-glucose, uric
acid, 1-tyrosine, r-tryptophan, and dopamine, which are often found in
biological fluids (Fig. 8a and b). The response for CV showed an increase
in anodic peak current (Fig. 8a). Dopamine and L-tryptophan interfer-
ence effects were greater than of uric acid, p-glucose, and i-tyrosine.
Similarly, the EIS results were consistent in showing that r-cysteine had
the lowest charge transfer (Fig. 8b). Thus, it is clear that the current and
impedance responses of the noise were small enough to be ignored,
indicating that the (Ga/CNT)@GCE had very good selectivity for
cysteine detection.

For real sample measurements, the standard addition method was
employed. For this measurement, a 600 mg acetylcysteine tablet was
crushed to powder and homogenized. Then, 1 mg of acetylcysteine was
placed into a 50-ml volumetric flask containing 0.1 M PBS solution at pH
7.0. Using this stock solution, 1.5 mM acetylcysteine was obtained by

Journal of Physics and Chemistry of Solids 169 (2022) 110836

Table 1
Electrode materials employed for electrochemical determination of cysteine.
LOD, limit of detection.

Sensor Sensitivity Linear range LOD Reference
CuFey04/1GO-Au 100 pA/mM 0.05-0.2 pM 0.383 [571
cm? pM
AgNPs/GQDs/GCE - 0.1-200 pM 1.1 pM [58]
Ru(III) Schiff base - 50-500 mg/ 0.11 mg/ [59]
complex L L
MoS,/PDDA-MC - 0.45-155 0.09 pM [60]
pM

Table 2
Cysteine analysis data for acetyl cysteine drug sample.

Sample Added (mM) Found (mM) Recovery (%)
1 1.5 1.52 98.7
2 3 3.1 96.7
3 6 5.8 96.7

dilution and the sensor response was measured in this solution. Then 1.5
mM acetylcysteine was added to the actual sample solution and the
sensor response was measured again. Recovery values were acceptable
(Table 2). The relative standard deviation of the sample for six consec-
utive determinations was less than 3%. This result showed that the Ga/
CNT-modified GCE performed well in the real sample.

4. Conclusions

In this study, the Ga/CNT catalyst was prepared by the chemical
reduction method using NaBH,4. Characterization results from EDX-SEM
and mapping analysis showed that the desired structure was successfully
prepared. The Hy-TPR, O5-TPO, and NH3-TPD methods were used to
characterize the surface chemical properties of the Ga/CNT catalyst.
These results showed that the surface properties changed as a result of
Ga addition. This could be explained by Ga/CNT having strong structure
sensitivity. Electrochemical measurements (sensitivity determination,
detection limit, interference study, and real sample analysis) were per-
formed using (Ga/CNT)@GCE. Many previous studies have investigated
the catalytic activity of Ga and showed an effect on increasing activity
[54-56]. The (Ga/CNT)@GCE exhibited good electrocatalytic responses
to cysteine with high sensitivity, stability, and selectivity. The Ga/CNT
catalyst showed a linear response within the range of 0-200 pM with
current sensitivity of 114 pA/mM cm? and a low detection limit of 0.05
uM. Several studies have examined electrochemical cysteine detection,
and their sensitivity, linear range, and LOD values are summarized in
Table 1. Comparison with the literature showed that (Ga/CNT)@GCE is
a promising catalyst for simultaneous detection with high sensitivity at
low concentrations. The (Ga/CNT)@GCE catalyst was unaffected by the
presence of compounds commonly found in the body, such as p-glucose,
uric acid, i-tyrosine, i-tryptophan, dopamine, and ascorbic acid. The
(Ga/CNT)@GCE catalyst is a promising sensor for cysteine detection.
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