
Nitrogen Defect-Rich Graphitic Carbon Nitride for Highly Sensitive
Voltammetric Determination of Tryptophan
Yeabsira Mihret, Getu Sisay, Abebe Diro, Solomon Hailemariam, and Shimeles Addisu Kitte*

Cite This: ACS Omega 2023, 8, 46869−46877 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Here, a highly sensitive electrochemical sensor for
detection of tryptophan (Trp) using a nitrogen defect graphitic carbon
nitride-modified glassy carbon electrode (ND-CN/GCE) was intro-
duced. ND-CN/GCE showed a higher oxidation current for Trp than the
graphitic carbon nitride-modified glassy carbon electrode (g-CN/GCE)
and bare glassy carbon electrode (BGCE). The synthesized nitrogen
defect-rich graphitic carbon nitride (ND-CN) was characterized using X-
ray photoelectron spectroscopy, X-ray diffraction spectroscopy, Fourier-
transform infrared spectroscopy, scanning electron microscopy, and
transmission electron microscopy. Electrochemical impedance spectros-
copy and cyclic voltammetry were used to further analyze the
electrochemical properties of BGCE, g-CN/GCE, and ND-CN/GCE.
The oxidation of Trp at ND-CN/GCE is a diffusion-controlled process at
pH 3.0. It was calculated that the transfer coefficient, rate constant, and diffusion coefficient of Trp were 0.53, 2.24 × 103 M−1 s−1,
and 8.3 × 10−3 cm2 s−1, respectively, at ND-CN/GCE. Trp was detected using square wave voltammetry, which had a linear range
from 0.01 to 40 μM at pH 3.0 and a limit of detection of about 0.0034 μM (3σ/m). Analyzing the presence of Trp in a milk and
multivitamin tablet sample with a percentage recovery in the range of 97.0−108% satisfactorily demonstrated the practical usability
of the electrochemical sensor. The ND-CN/GCE additionally displays good repeatability and reproducibility and satisfactory
selectivity.

■ INTRODUCTION
Tryptophan (Trp) is an essential amino acid with nutritional
and medical importance and only available to humans through
dietary consumption of food products or pharmaceutical
preparations.1 Trp and its metabolites, particularly serotonin,
are crucial for the production of proteins as well as other
bodily functions, such as neurotransmission, signaling, and the
control of sleep and mood,2 essential for maintaining an
adequate amount of nitrogen in the body.3 The Trp level can
also be used as a tool for clinical diagnosis to identify various
metabolic problems and the symptoms associated with them.4

On the other hand, Trp has some moderate or serious side
effects to humans, such as tiredness, loss of appetite, and
accumulation of toxic substances in the brain.1 As recom-
mended by the World Health Organization, adults should
consume 4 mg/kg of Trp each day.5 Therefore, simple,
accurate, and sensitive methods for determining Trp are highly
required to detect Trp in food, biological systems, and
pharmaceutical formulations. Numerous techniques have
been developed to determine Trp such as high-performance
liquid chromatography,6 electrochemiluminescence,7 capillary
electrophoresis,8 and electrochemical sensors.9

Sensitive detection of important biomolecules, such as Trp,
is essential in pharmaceutical and biological samples. Since
these kinds of biomolecules exist in low concentrations,

sensitive biosensors should be developed. Hence, electro-
chemical sensors provide quick, exact, sensitive, selective, and
simple-to-use analytical techniques.10

Two-dimensional (2D) nanomaterials are the thinnest
nanomaterials with the largest surface area to volume ratio,
which helps to achieve the maximum efficiency. Chemical
stability and biocompatibility are some of the special qualities
that 2D nanomaterials possess. Consequently, they are
appropriate for a variety of sensor applications.11 Graphitic
carbon nitride (g-CN) is one of the attractive 2D materials
with carbon−nitrogen bonds. The presence of the nitrogen
atom increases catalytic electron transfer, making it a suitable
2D nanomaterial for electrochemical sensors that may be
utilized to detect a variety of substances.12 For instance, it has
been used for voltammetric toxic heavy metals’ detection,13

organic pollutants,14 pharmaceuticals,15 biomolecules,16 food
additives,17 and so on. Researchers have recently made
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numerous attempts to improve the catalytic activities of g-CN,
such as by making nanocomposite materials with metal
nanoparticles, carbon compounds, and metal oxides.18 Another
method for increasing the catalytic property of g-CN is to
introduce defects into its structure.19 Therefore, experimental
findings revealed that a superior electrochemical performance
of g-CN can be attained by surface modification via the
introduction of defects in its structure.20 It was reported that
defect-containing g-CN showed superior electrochemical
activity than g-CN because it can considerably alter the
electronic structure and speed up interfacial electron trans-
fer.21,22

Defect-containing g-CN has been widely studied in catalysis
and photocatalysis. Niu et al. synthesized nitrogen defect-rich
graphitic carbon nitride (ND-CN) and examined its photo-
catalytic activity. They revealed improved photocatalytic
activity for Rhodamine B photodecomposition and the
evolution of hydrogen from water splitting.23 Yuan and co-
workers synthesized defect-containing g-CN and found 5 times
higher photocatalytic hydrogen evolution reaction than for g-
CN.24 There are also some good efforts made to improve the
catalytic activity of g-CN using introduction of defects.25 Still,
the significance of defects in the structure of g-CN on
electrochemical sensor development has been neglected.
In this study, the detection of Trp using an ultrathin ND-CN

nanosheet (NS)-based voltammetric sensor was demonstrated.
By thermally polymerizing g-CN under inert conditions, ND-
CN was produced and used for modifying GCE. A comparison
was made between bare glassy carbon electrode (BGCE),
graphitic carbon nitride-modified glassy carbon electrode (g-
CN/GCE) and nitrogen defect graphitic carbon nitride-
modified glassy carbon electrode (ND-CN/GCE) toward
oxidation of Trp. It was found that ND-CN/GCE exhibited
superior electrocatalytic oxidation, enhanced anodic peak
current, and less overpotential toward Trp as compared to g-
CN/GCE and BGCE. Furthermore, the suggested electrode
showed excellent repeatability, reproducibility, and a low
detection limit. Trp in a milk sample was successfully
determined using the produced ND-CN/GCE. The approach
used in this study can also be used for other electroactive
compounds.

■ EXPERIMENTAL SECTION
Chemicals. Urea (CH4N2O, 99%) was obtained from Alfa

Aesar Chemical Reagent, China. Trp (C11H12N2O2, 99.9%)
was purchased from Sinopharm Chemical Reagent, China.
Phosphoric acid (H3PO4, 85%) was obtained from Riedel de
Haen, Germany. Potassium chloride (KCl, 99.8%), potassium
dihydrogen phosphate (KH2PO4, 99.5%), and potassium
phosphate dibasic (K2HPO4, 99%) were obtained from
Aladdin Reagents, China. Sodium hydroxide (NaOH, 98%)
was bought from Shanghai Chemical Reagent, China.
Potassium ferricyanide (K3[Fe(CN)6], 99%) and potassium
ferrocyanide (K4[Fe(CN)6], 99%) were bought from NICE
Chemical Reagent, India. All of the aqueous solutions were
made with double-distilled water.

Apparatus. Electrochemical studies were conducted using
the Epsilon EC-Ver 1.40.67, Bioanalytical System and the CHI
800B, Chenhua Instruments. The X-ray diffraction (XRD)
patterns for g-CN and all of the ND-CNs were obtained using
the D8 ADVANCE X-ray diffractometer (Bruker, Germany)
with Cu Kα radiation = 1.54 A°. The Thermo ESCALAB
250XI (Thermo Fisher, USA) X-ray photoelectron spectros-

copy (XPS) instrument was utilized for the analysis of
elements. To determine the size and shape of the produced
materials, the JEM-2100F transmission electron microscopy
(TEM) instrument was used. The NICOLET iS50 Fourier-
transform infrared (FT-IR) spectroscopy instrument was used
to study the functional groups in the synthesized materials.
Three electrodes were used during the electrochemical tests.
The working electrodes were BGCE, g-CN/GCE, and ND-
CN550/GCE, the reference electrode was Ag/AgCl (saturated
KCl), and the auxiliary electrode was Pt wire. A solution of 0.1
M KCl containing 1 mM [Fe(CN)6]3‑/4− was used for the
electrochemical impedance spectroscopy (EIS) experiments.

Synthesis of g-CN. Ten grams of urea was placed in a
crucible and heated at a rate of 5 °C per minute in a muffle
furnace to 500 °C and maintained at this temperature for 2 h.
A yellow colored g-CN was produced after being cooled to
room temperature.26 It was then crushed and stored until
needed.

Synthesis of ND-CN. Separate crucibles containing 2 g of
g-CN were heated in a furnace under inert conditions to
temperatures of 500, 550, and 600 °C at a rate of 5 °C/min,
and the temperature was then maintained for 2 h at each
respective temperature.22 Lastly, the powders were given the
names ND-CN500, ND-CN550, and ND-CN600.

g-CN and ND-CN NS Preparation. The thin NSs of the
synthesized g-CN and ND-CNs were made by dispersing 100
mg of g-CN and ND-CNs powder in 100 mL of water and
ultrasonically processing it overnight. The dispersed solution
was then centrifuged to remove the residue and large g-CN NS
and ND-CN NS particles. The supernatant was then saved for
electrode modification.22

g-CN/GCE and ND-CN/GCE Preparation. GCE was
polished using an alumina slurry of 0.3 and 0.05 m, sonicated,
and then washed with double-distilled water. Following that,
10 μL of g-CN and each ND-CN NSs were placed on GCE
and allowed to dry at room temperature. When the electrodes
were not in use, we kept the modified electrodes in the
refrigerator at 4 °C. The anodic current of Trp of each
electrode was then measured to select the optimal ND-CN
NSs.

Sample Preparation. Ten mM Trp (10 mM) was
prepared in double-distilled water and kept in the refrigerator
for later use. On the day of the experiment, a working solution
of Trp was made by diluting a needed amount of Trp stock
solution in 0.1 M phosphate buffer solution (PBS) with a pH
of 3.0.

Real Sample Analysis. The practical applicability of ND-
CN550/GCE was assessed by using it for the detection of Trp
in a cow milk sample and multivitamin tablets. The content of
Trp was determined using a standard addition method. The
milk was filtered without any prior treatment and then diluted
five times in 0.1 M PBS with a pH of 3.0. Then, 1, 5, and 10
μM Trp were spiked in the milk sample and analyzed under
the optimized experimental conditions using square wave
voltammetry (SWV). Multivitamin tablets (EPHAVIT Multi-
vitamin Tablets, Ethiopian Pharmaceuticals Manufacturing
Sc.) were purchased from a local pharmacy in Jimma town,
Ethiopia. Then, the tablets were ground to a fine powder and
dissolved in double-distilled water. After that, the mixture was
centrifuged for 10 min to remove undissolved particles if any.
Finally, the supernatant solution was taken, and the pH was
adjusted to pH 3.0 with PBS. Then, 1, 5, and 10 μM Trp were
spiked and analyzed using SWV.
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■ RESULTS AND DISCUSSION
Characterization of g-CN and ND-CNs. XPS was used to

investigate the chemical state of carbon and nitrogen in the
produced product. As can be seen in Figure S1, C, N, and O
dominate the survey spectrum of g-CN, ND-CN500, ND-
CN550, and ND-CN600. The C 1s spectra for g-CN, ND-
CN500, ND-CN550, and ND-CN600 are shown in Figure 1A.
The peaks at 288.9, 286.2, and 284.3 eV were assigned for N−
C�N, C−NHx, and C−C/C�C, respectively. As the
polymerization temperature rises, the peak at 286.5 eV
becomes more intense, suggesting the formation of the N�
CH−N bonds and the loss of atoms from the N(C)2
group.27,28 In addition, the N 1s spectra for g-CN and ND-
CNs at around 400.9 eV are attributed to the N−Hx bonds,
399 eV is attributed to the N−C (N(C)3) bonds, and 398.5 eV
is ascribed to the N−C�N (N(C)2) bonds (Figure 1B).

27−29

The ratios of the peak area of N(C)2 to N(C)3 for g-CN, ND-
CN500, ND-CN550, and ND-CN600 were 4.34, 3.54, 2.82,
and 2.43, respectively. As the polymerization temperature rises,
the ratio of the peak area of N(C)2 to N(C)3 decreases, which
shows that N atoms are being lost during the heat treatment
process.21,27

In Figure 1C, the XRD patterns of g-CN, ND-CN500, ND-
CN550, and ND-CN600 are displayed. The (100) in-plane
packing and (002) plane represented for g-CN interfacial
stacking are responsible for the two g-CN diffraction peaks that
were observed at 13.1 and 27.2°. The XRD spectra for g-CN,
ND-CN500, ND-CN550, and ND-CN600 (Figure 1C)
revealed two distinguishing peaks at 13.0 and 27.3, which
resulted from the in-plane packing of the aromatic system and
interlayer stacking, respectively. The eventual bond breakdown
in the g-CN framework is demonstrated by the gradual
reduction of these two diffraction peaks when treatment
temperature was raised.30 The structural information on the as-
prepared product was also investigated using FT-IR spectros-
copy. As shown in Figure S1B, the peaks seen between 3400
and 3000 cm−1 are caused by N−H stretching. However, the
peak at 800 cm−1 was produced by triazine unit out-plane
bending. Stretching vibrations of the C−N−C and C�N
atoms can be attributed to the smaller peaks from 1750 to
1100 cm−1. In general, the fundamental structure of g-CN
remained unchanged, even after defects were introduced.
Additionally, scanning electron microscopy (SEM) images

revealed that the surfaces of ND-CN500, ND-CN550, and
ND-CN600 were rough with numerous pores, in contrast to
the surfaces of g-CN, showing a change in surface morphology
following heating (Figure 2). The resultant g-CN and ND-CN

NSs were characterized by TEM. The TEM images of the g-
CN, ND-CN500, ND-CN550, and ND-CN600 NSs reveal a
two-dimensional sheetlike structure (Figure S2).

Electrochemical Characteristics of BGCE, g-CN/GCE,
and ND-CN550/GCE. Using cyclic voltammetry (CV) and
EIS methods, the electrochemical properties of BGCE and
modified GCEs were investigated in a 0.1 M KCl solution
containing 1 mM Fe(CN)63−/4−. As shown in Figure 3A, the
Fe(CN)63−/4− oxidation and reduction peaks were produced at
BGCE, g-CN/GCE, and higher than those at g-CN/GCE and
BGCE because ND-CN550 has a higher conductivity, which
enables fast electron transfer at the interface.
CVs of [Fe(CN)6]3−/4− were recorded at various scan rates

ranging from 10 to 100 mV/s on BGCE, g-CN/GCE, and ND-
CN550/GCE to determine the electrochemical active surface
area (EASA) (Figure S3). The EASA values of the electrodes
were then calculated using the Randles Sevcik equation for a
reversible electrode technique. The following eq (eq 1)
describes the peak current (Ip).

31

I n AD v C2.69 10p
5 3/2 1/2 1/2= × (1)

where n is the number of electrons participating (n = 1 for
[Fe(CN)6]3−), A represents the surface area of the electrodes,
D denotes the diffusion coefficient (7.6 × 10−6 cm2 s−1), v
represents the scan rate (V s−1), and C denotes the
concentration of [Fe(CN)6]3− (1 × 10−4 mol cm−3). It was
determined that the EASA values of BGCE, g-CN/GCE, and
ND-CN550/GCE were 0.071, 0.14, and 0.24 cm2, respectively.

Figure 1. XPS bands of C 1s (A) and N 1s (B), XRD patterns (C), and FT-IR spectra (D) of g-CN and different ND-CNs.

Figure 2. SEM images of g-CN (A), ND-CN500 (B), ND-CN550
(C), and ND-CN 600 (D).
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Accordingly, we can conclude that ND-CN550 provided
greater EASA because it might contain the highest number of
defects compared to the others. Furthermore, the electro-
chemical properties of BGCE, g-CN/GCE, and ND-CN550/
GCE were investigated using EIS spectra (Figure 3B). When
different substances are attached to the surface of the
electrode, the surface properties of the electrode change,
resulting in an EIS difference.32 The EIS spectra consist of a
semicircle with a diameter proportional to the resistance to
charge transfer (Rct) at high frequencies and a line representing
the diffusion-limited process at low frequencies. ND-CN550/
GCE exhibits a very small semicircle (∼60 Ω), signifying a very
low Rct, which is lower than those of g-CN/GCE (∼100 Ω)
and BGCE (∼150 Ω). This is due to the great electronic
conductivity and rapid electron transfer of ND-CN, which is
well-matched with the CV results.

Electrochemical Behavior of Trp at BGCE, g-CN/GCE,
and ND-CN550/GCE. Figure 3C depicts the CVs of BGCE, g-
CN/GCE, and ND-CN550/GCE in blank PBS (0.1 M, pH
3.0) and in the presence of Trp (0.1 M, pH 3.0 PBS). All
electrodes show no redox peaks in blank PBS (Figure 3C
inset). The BGCE has the lowest oxidation current for Trp.
The anodic current response of g-CN/GCE increased
considerably, demonstrating that g-CN improves Trp sensing
compared to BGCE.
ND-CN550/GCE, on the other hand, has the highest anodic

peak current density toward Trp oxidation than g-CN/GCE
and BGCE. This is due to ND-CN having higher electro-
chemical activity than g-CN because it can significantly
accelerate interfacial electron transport. Our results are clearly
in line with the results of the EASA and EIS studies.

Amount of ND-CN NSs. The effect of the volume of ND-
CN NSs on the Trp oxidation was studied to select the
optimum amount of ND-CN NSs, which gives a maximum
current response. As depicted in Figure S4, the anodic peak
current of Trp increases with an increase in the volume of ND-
CN NSs up to 10 μL but further increase in the amount of
ND-CN has no significant change in the oxidation current of
Trp. Therefore, 10 μL of Trp was used to modify the working
electrode.

Effects of pH. The effect of buffer pH on Trp oxidation at
ND-CN550/GCE was examined by recording CVs of 10 μM
Trp in 0.1 M PBS in the pH range of 2.0−8.0, as shown in
Figure 4A,B. It is obvious that the anodic peak currents had an
influence as the pH of the buffer solution increased, with the
maximum oxidation current for Trp found at pH 3.0. Thus,
PBS at pH 3.0 was selected as the optimal pH for detecting

Trp in this study. A change in pH influenced the oxidation
potential, as well. With increasing pH, the anodic potential of
Trp decreased. This shows that the proton is involved in the
oxidation process. The anodic potential of Trp at different pH
is directly related to pH, as shown by the equation: E (V) =
−0.030pH + 1.05, R2 = 0.997 (Figure 4B). The obtained slope
has a value of 0.030, which is less than the value that is
theoretical (0.059) for the 2e−/2H+ involved process. The

Figure 3. (A) CVs and (B) Nyquist plots of the BGCE, g-CN/GCE, and ND-CN550/GCE in 0.1 mM [Fe(CN)6]3−/4− solution in 0.1 M KCl
(inset: randles equivalent circuit diagram). (C) CVs of BGCE, g-CN/GCE, and ND-CN550/GCE in 10 μM Trp pH 3.0.

Figure 4. (A) Effect of pH on oxidation of Trp at ND-CN/GCE. (B)
Plot of oxidation current and potential of Trp as a function of pH
(measurements were made in triplicate, and each point is mean ±
SD).
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obtained slope value was then applied to the Nernst Equation
(eq 2).33

E
m

n
b

0.0591
pHp = +

(2)

where m and n are the protons’ and electrons’ numbers,
respectively. The value of m/n for Trp was determined to be

0.51 by using eq 2. Consequently, the oxidation of Trp at ND-
CN550/GCE can be ascribed to the 2e−/1H+ transfer
mechanism, as previously reported.34,35 Scheme 1 depicts the
proposed mechanism. During the anodic process of Trp at
ND-CN/GCE, the first step comprises the formation of a
radical cation by one-electron (1e−) removal [Structure (2) in
Scheme 1]. After that, it is further oxidized by the loss of the

Scheme 1. Mechanism of Electrocatalytic Oxidation of Trp at the ND-CN550/GCE

Figure 5. (A) CVs at various scan rates for 10 μM Trp in PBS (pH = 4.0) at ND-CN550/GCE: 10, 20, 40, 60, 80, and 100 mV s−1. (B,C) Plots of
the linear relationship between peak currents vs square root of scan rate and peak currents vs scan rate. (D) Plot of log v vs E (measurements were
made in triplicate and each point is the mean ± SD).
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second electron and proton (1e−, 1H+), which generates a
cationic species [Structure (4) in Scheme 1]. Finally, the
nucleophilic attack by Trp itself results in the formation the
dimer [Structure (5) in Scheme 1].34,36

Effects of Scan Rate. The electrode process of Trp at ND-
CN550/GCE was studied by examining the relationship
between the oxidation current and scan rate. Figure 5 shows
the effect of scan rate on the Trp oxidation current at ND-
CN550/GCE. When the scan rate was increased from 10 to
100 mV/s, the anodic peak currents (Ipa) also increased
(Figure 5A). The peak current value, as shown in Figure 5B,C,
has a linear correlation with the square root of scan rates rather
than the scan rates with a linear regression equation I (μA) =
1.92v2 − 3.98 (R2 = 0.997) and I (μA) = 0.17v + 0.56 (R2 =
0.973), respectively. This suggests that the ND-CN550/GCE
Trp oxidation reaction is a diffusion-controlled mechanism.
Figure 5D shows a Tafel plot created with data from the CV
Tafel area to obtain specific information about the rate-
determining phase. The electron transfer coefficient (α) value
of the electrodic reaction can be estimated from the Tafel slope
using equation (eq 3).

E
b

v
2

log constantp = +
(3)

Using the points of the Tafel area of the CV of Trp solution
at the ND-CN550/GCE surface, the electron transfer
coefficient (α) is calculated as 0.53, supposing a single electron

transfer in the rate-determining phase between Trp and the
ND-CN550/GCE surface.37

Reaction Kinetics for Oxidation of Trp at ND-CN550/
GCE. The diffusion coefficients (D) and kinetic rate constant
(K) of Trp at the ND-CN550/GCE were investigated using
chronoamperometry (CA) in 0.1 M PBS (pH 3.0) at a
potential of 1.2 V. The concentration of Trp CA evaluation
was changed and is shown in Figure 6A. The Cottrell equation
(eq 4) can be used to determine the diffusion coefficient (D)
of Trp38,39

I nFAC D
tp =

(4)

where Ip stands for peak current (A), n is the number of
electrons, F is the Faraday constant (96,500 C mol−1), A is the
electrode surface area (cm2), C is the bulk concentration of the
analyte (mol cm−3), and t is the time (seconds). A linear
relationship was obtained from the plot of I vs t−1/2 of the CA
measurements of different concentrations of Trp [inset (i) of
Figure 6A]. After that, the slopes of I vs t−1/2 of individual
curves from inset (i) of Figure 6A were plotted against the
concentration of Trp [inset (ii) Figure 6A]. As a result, the
estimated value of D for Trp was 8.3 × 10−3 cm2 s−1.
Figure 6B depicts the CA response of ND-CN550/GCE in

the absence and presence of Trp. The CA current response of
Trp (Ip) is noticeably higher than the current response in the
blank solution (Ib) at ND-CN550/GCE. The following

Figure 6. (A) CAs obtained at ND-CN550/GCE with the addition of different concentrations of Trp [inset: (i) plot I vs t−1/2, (ii) plot of the
slopes from (i) vs concentration of Trp]. (B) CAs obtained at ND-CN550/GCE with and without the addition of Trp (inset: Ip/Ib vs t1/2 plot
obtained from CA data) (measurements were made in triplicate and each point is the mean ± SD).

Figure 7. (A) SWV response for different concentrations of Trp at ND-CN550/GCE. (B) Calibration curve of Trp at ND-CN550/GCE at a pH of
3.0 (measurements were made in triplicate and each point is the mean ± SD).
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equation (eq 5) can be used to calculate the kinetic rate
constant (K)38

I

I
KCt( )p

b

1/2=
(5)

where Ip and Ib represent current with and without the addition
of Trp, C represents the Trp concentration (mol cm−3), t
represents the time (seconds), and K is the reaction rate
constant. A linear relationship was observed between the
current ratio (Ip/Ib) and square roots of time. From the slope
of Ip/Ib vs t1/2, the calculated value of K was about 2.24 × 103
M−1 s−1.

Effect of Temperature. The anodic current of Trp was
studied in relation to the temperature at which ND-CN was
produced. By raising the polymerization temperature to 550
°C, the oxidation current of Trp was increased; however, when
the temperature was increased to 600 °C, the anodic current
decreased (Figure S5). This might be because ND-CN
contains the maximum number of defects, which gives the
maximum anodic current of Trp. Therefore, a polymerization
temperature of 550 °C was chosen as the optimal temperature
for the synthesis of ND-CN for Trp detection.

Performance of the Developed Electrochemical
Sensor for Trp Detection in Analytical Tests. The linear
range and limit of detection (LOD) were investigated by using
the SWV technique. Figure 7 depicts SWVs of varied Trp
concentrations at the ND-CN550/GCE recorded under
optimal experimental conditions. Trp oxidation current
increases as the Trp concentration increases (Figure 7A).
The anodic current of Trp at ND-CN550/GCE is proportional
to Trp concentrations ranging from 0.01 to 40 μM (Figure
7B), with the following regression equation: I (μA) = 2.81C
(μM) + 1.97, R2 = 0.996. The LOD was calculated to be
0.0034 μM (3σ/m).
As shown in Table 1, the demonstrated electrochemical

sensor has a promising analytical performance that is

comparable to and better than those of previously described
voltammetric methods for the detection of Trp.
The presented electrochemical sensor exhibits promising

analytical performance for the detection of Trp that is on par
with or better than that of previously disclosed voltammetric
approaches.

Repeatability, Reproducibility, and Effect of Interfer-
ences. To assess the repeatability of the ND-CN550/GCE,

the oxidation current readings for 10 μM Trp were recorded
for ten separate measurements, and the RSD was determined
to be 3.02% (Figure S6A). Also, to examine the reproducibility
of the method, three ND-CN550/GCEs were prepared in the
same way. As shown in Figure S6B, an RSD of 5.97% for the
determination of 10 μM Trp was obtained. As a result, we can
conclude that the determination of Trp at ND-CN550/GCE
had good repeatability and reproducibility. The effects of some
selected interfering substances, including ascorbic acid (AA),
dopamine (DA), uric acid (UA), L-cysteine (L-cys), L-arginine
(L-arg), L-alanine (L-ala), and methionine (Meth) were studied
on the determination of Trp. Figure S6C illustrates that the
detection of Trp was found to be unaffected by selected
interfering substances at concentrations 10 times greater than
the concentration of Trp. This might be caused by different
redox potentials of the selected species. Therefore, ND-
CN550/GCE exhibits good selectivity for Trp detection.

Real Sample Analysis. The practical applicability of ND-
CN550/GCE was assessed by using it for the detection of Trp
in the cow’s milk sample. The standard addition method was
used to determine the content of Trp. Without any
pretreatment, the milk was filtered and diluted 5-fold with
0.1 M PBS at pH 3.0. Also, the multivitamin tablets were
ground and dissolved in double-distilled water. Then, the
samples were centrifuged for 10 min to remove undissolved
particles. Finally, the pH of the supernatant solution was
adjusted to pH 3.0 with PBS.
Under the optimized experimental conditions, Trp in milk

and multivitamin tablet samples was determined by spiking a
standard Trp (1.0, 5.0, and 10.0 μM). As displayed in Table 2,

satisfactory recoveries were obtained (97.8−108%); hence, the
present method appears to be reliable and suitable for
determining Trp in food samples. As a result, Trp may be
accurately determined in real samples by using ND-CN550/
GCE.

■ CONCLUSIONS
Finally, ultrathin ND-CN NSs were produced by using bulk
ND-CN powders as a precursor by a simple ultrasonication
process. The ND-CN NSs were used to build an electro-
chemical sensor for detecting Trp. Under optimal conditions,
the ND-CN550/GCE demonstrated a better linear relation-
ship with Trp concentrations ranging from 0.01 to 40 μM, with
an LOD of 0.0034 μM. Furthermore, the demonstrated Trp
sensor revealed good reproducibility, repeatability, and
selectivity. Surface modification of g-CN by means of the
introduction of defects enables ND-CN to possess superior
electrochemical performance, which has an ultrathin structure
for quick electron transport and a high surface area for
interacting with targets. Lastly, the ND-CN550/GCE was used
to detect Trp in real samples, and satisfactory findings were

Table 1. Comparison of Electrochemical Methods for Trp
Determination

electrode
linear range
(μM)

LOD
(μM) refs

Cs/Ce-MOF/GCE 0.25−331 0.14 9
tricobalt tetroxide/GCE 0.005−40 0.002 40
silver molybdate-reduced graphene
oxide/GCE

0.02−146.96 0.0057 41

polythiophene−silver/GCE 0.2−400 0.02 42
copper oxide−poly L-glutamic
acid/GCE

0.08−100 0.05 43

co-Ni-MOFs/GCE 0.01−100 0.0087 44
g-CN/GCE −110 0.024 35
g-CN/CPE 0.1−120 0.085 45
SnSe/TiO2@GO/GCE 0.0136−190 0.0053 46
ND-CN550/GCE 0.01−40 0.0034 this

work

Table 2. Application of ND-CN550/GCE for Determination
of Trp in Milk and Vitamin Tablets (n = 5)

sample spiked found recovery %

milk 1.0 1.08 108.0
5.0 4.89 97.8
10.0 9.81 98.1

vitamin tablets 1.0 0.97 97.0
5.0 5.31 106.2
10.0 10.4 104.0
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obtained. As a result, ultrathin ND-CN NSs could be
promising media for the development of sensitive electro-
chemical sensors.
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