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ARTICLE INFO ABSTRACT

Keywords: Herein, we reported carbon paste electrode modified with graphitic carbon nitride (g-C3N4—CPE)
Electrochemical detection to determine of tryptophan (Trp) using voltametric techniques. Various spectroscopic and elec-
Tryp;qp}'nan N— " N trochemical techniques were used to characterize the as-synthesized g-CsN4 and the assembled
Slzl:r;g(: carbon nitride modified carbon paste electrodes. The transfer coefficient, rate constant and the diffusion coefficient of Trp in this

system were found to be 0.28, 1.9 x 10* M~'s ! and 3.2 x 107> cm?s ™, respectively. The linear
range was obtained for the detection of Trp using LSV is from 0.1 uM to 120 pM at pH 5. The limit
of detection (LOD) (30c/m) was 0.085 pM. The demonstrated modified CPE was also effectively
used for the detection of Trp in milk with percentage recovery of 98 %-105.2 %. Furthermore, the
modified CPE exhibited good repeatability, reproducibility and appropriate selectivity.

Cyclic voltammetry
Linear sweep voltammetry

1. Introduction

Tryptophan (Trp) is an essential amino acid with biochemical, nutritional, and medical significance in humans [1]. It is useful for
various important issues, such as for nitrogen balance in human development, production of niacin, which is very essential for
secretion of serotonin and melatonin neurotransmitters [2,3]. Insufficient amount of Trp in human body results in less amount of these
neurotransmitters thus, sleep disorders and depression may be occurred [4,5]. Hence, it is of great importance to develop accurate and
economical method to detect Trp in pharmaceutical, food products and biological samples.

Until now, numerous analytical detection methods have been established for the Trp sensing such as chromatography [6],
chemiluminescence [7], capillary electrophoresis [8], spectroscopic detection [9]. As Trp is electroactive, electrochemical methods
with high sensitivity, selectivity, fast response and easy operation gained more attention. However, it is still difficult to measure Trp
directly at unmodified electrodes due to the slowness of the redox process leads to high overpotential at the electrode [10,11].

Carbon nitrides are a type of polymeric substances primarily made up of carbon and nitrogen. One of the carbon nitride allotropes
with interesting characteristics is graphitic carbon nitride (g-CsN4), which has a high surface area and superior electrocatalytic ac-
tivity. In addition, its high thermal and chemical stability allows it to function well in various chemical environments and at high
temperatures [12,13]. g-C3Ny4 has been widely utilized for a variety of sensing applications. g-C3N4 nano-sheet modified carbon paste
electrode (CPE) for methotrexate sensing was recently described by Saleh et al. [14]. Balasubramanian and co-workers successful
synthesized and used g-C3N4 for voltammetric determination the antibiotic sulfamethoxazole [15]. A rapid voltammetric sensor for the
detection of sulfathiazole and sulfapyridine was demonstrated by Javad et al. using CPE modified with g-CsN4 and manganese oxide
[16]. Ilager and his co-workers developed cetyltrimethylammonium bromide and g-C3N4 modified CPE to determine trace amounts of
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the herbicides [17].

Adams was the first to introduce the carbon paste electrode (CPE), one of the widely used electrodes [18]. CPEs are made up of
graphite powder and liquid binder assembled into a properly prepared electrode body [19]. Due to its unique features, such as low cost,
superior electrical characteristics, large potential windows, and easy surface renewability, CPEs have been used extensively as vol-
tametric transducers for the determination of important electroactive substances [20-22]. Other than the interesting properties listed
before, the possibility of modification of CPE by incorporating various substances during preparation has become widely employed to
enhance electron transfer process for sensitive determination of electroactive species [23]. For instance modified CPEs have been
commonly used for sensitive analysis of trace heavy metals [24,25], biologically important substances [26], drugs [27], food [28] and
so on. In this paper, we showed how to easily create a g—C3N4—CPE for sensitive electrochemical detection for Trp. In comparison to
bare CPE, the g-C3N4—CPE showed superior electrochemical catalytic characteristics, less overpotential and increased anodic peak
current of Trp. Furthermore, the suggested electrode showed excellent repeatability, reproducibility, and a suitable detection limit. Trp
in a milk sample was successfully determined using the produced g-C3N4—CPE. The approach used in this study can also be used to
other electroactive compounds.

2. Materials and methods
2.1. Chemicals

Trp (C11H12N202, 99.9 %) (Sinopharm Chemical Reagent, China), urea (CH4N20, 99 % (Alfa Aesar Chemical Reagent, China),
phosphoric acid (H3POy4, 85 %, (Riedel de Haen, Germany), sodium hydroxide (NaOH, 98 %, Loba Chemie, India), potassium chloride
(KCl, 99.8 %) (Aladdin Reagents, China), graphite powder (98 %) (BDH, England), potassium dihydrogen phosphate (KH2PO4, 99.5 %)
(Aladdin Reagents, China), Potassium phosphate dibasic (K;HPO4, 99 %) (Aladdin Reagents, China), paraffin oil (light, density :
0.84-0.86) (Aladdin Reagents, China) were used. All the aqueous solutions were prepared with double distilled water.

2.2. Instrumentations

The surface structure of the prepared g-C3N4 was examined using scanning electron microscopy (JCM-6000 plus). The X-ray
diffraction (XRD) (XPERT-PRO, The Netherlands) spectroscopy was used to depict the crystal structure of g-C3Ny4. Fourier transform
infrared spectroscopy (FT-IR) (JASCO 4600LE spectrometer) was used to analyze the functional groups. Epsilon (Bioanalytical System,
USA) was used for investigate CV and LSV experiments. As a working, reference, and auxiliary electrode, respectively, we used
g-C3N4—CPE, Ag/AgCl (saturated KCl), and platinum wire.

2.3. Preparation of g-CsN4
In a muffle furnace, 10 g of urea was heated to 450 °C, 500 °C, 550 °C, and 600 °C at a rate of 5 °C min~! and kept at each

temperature for 2 h under air conditions. Yellow-colored g-C3N4 was found after cooling to room temperature. Then, it was crushed
and preserved until used [29].

2.4. Sample preparation

10 mM Trp was prepared as a stock solution using double distilled water and working solution of Trp was prepared by diluting a
required volume of stock solution of Trp in 0.1 M PBS of pH 5.0 at the day of the experiment. As a supporting electrolyte, 0.1 M
phosphate buffer solutions (PBS), pH 5.0, were prepared using 0.1 M KHyPO4 and NagHPOj4.

2.5. Preparation of bare CPE

To prepare CPE, paraffin oil (20 % (w/w)) and graphite powder (80 % (w/w)) were homogenized in a mortar and pestle for 1 h. A
Teflon tube (3 mm in diameter) was filled with the resulting paste. At the opposite end of the Teflon tube copper wire was inserted for
electrical contact. Finally, a clean, smooth sheet of weighing paper was used to smooth the surface of the assembled CPE.

Table 1
The Compositions of g-C3N4—CPE tested.
No Composition (%w/w)
g-C3Ny Graphite powder Paraffin oil
1 10 70 20
2 15 65 20
3 20 60 20
4 25 55 20
5 30 50 20
6 35 45 20
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2.6. Preparation of g-C3N4CPE

The g—C3N4—CPE was prepared by mixing various compositions of g-C3N4 and graphite powder as shown in Table 1. The graphite
powder, g-C3Ny4 and paraffin liquid were mixed uniformly for 1 h. Then the homogenized paste was filled in a Teflon tube in the same

manner as unmodified CPE was prepared.

2.7. Real sample analysis

For real samples analysis, the percentage recoveries were done by spiking different standard solution of Trp. Fresh milk was ob-
tained from a market, in Jimma, Ethiopia. Firstly, 1 mL of 0.01 M HCl was mixed with 5.0 mL of the purchased milk and agitated for 10
min [30]. Then, the supernatant was taken after the resulting solution was centrifuged for 20 min at 8000 rpm. Then, Trp was detected
to prove the capability of the proposed modified CPE to sense Trp in milk sample. Determination of Trp in milk samples was taken place
under the optimum experimental conditions.

3. Results and discussion

3.1. Characterization of g-C3N4

Fig. 1A shows the results of the XRD analysis of the crystal structure of the prepared g-C3N4. The polymerization temperatures used
to produce the g-C3N4 ranged from 450 to 600 °C. Two distinct peaks in the XDR pattern, at 13.2° and 27.6°, respectively, are
attributed to the planes of the (100) and (002) crystal planes of g-CsN4 (JPCDS No. 87-1526) [31]. The (002) reflection of an aromatic
graphitic structure is responsible for the high peak found at 27.6°, and a weak diffraction peak at 13.2° is due to the heptazine network
[32].

Fig. 1B, displays the FT-IR spectra of the g-C3N4 synthesized at different polymerization temperatures. The absorption peak at 810
cm ™! denotes the formation of g-C3N, with triazine or heptazine rings. The peak between 1200 and 1650 cm ™ are given to the typical
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Fig. 1. XRD patterns (A), FT-IR spectra (B), C 1s (C) and N 1s (D) XPS spectra of g-C3N,4 synthesized at different temperatures.
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stretching modes of carbon nitride heterocycles [33], the peak seen in the region of 3000-3500 cm ™! was due to N-H stretchings [34].
The chemical states of nitrogen and carbon in the synthesized g-CsN4 were also examined using XPS. The C 1s spectra of the g-C3Ny
produced at 450, 500, 550, and 600 °C are shown in Fig. 1C. The peaks identified as C-C/C-C, C-NHx, and N-C-N at 284.7, 286.5, and
288.7 eV, respectively. The N 1s spectra for g-C3Ny at different temperatures were obtained at approximately 398.7, 399.9, and 400.9
eV (Fig. 1D), and they can be referred to the N-C-N (N(C)2), N-C-N (N(C)3), and N-Hx bonds, respectively [35,36].
Using the SEM technique, the surface morphology of the g-CsN4 was examined. SEM images show the prepared g-CsN4 are
composed of loaded layered structure (Fig. 2A-D) [37].

3.2. CV and EIS characterization of bare CPE and g-CsN4CPE

Using CV and EIS, the electrical response of bare and modified CPE was studied in 0.1 mM [Fe(CN)]>“# containing 0.1 M KCL. Both
bare CPE and g-C3N4—CPE exhibited a pair of redox peaks, as shown in Fig. 3A. However, compared to bare CPE, g—C3N4—CPE dis-
played stronger redox peak currents. This is because g-C3N4 enhanced the conductivity of the modified CPE which enables rapid
transfer of electron at the electrode-solution interface [38]. EIS is also a vital tool for analyzing the interfacial electrochemical behavior
of electrodes [39]. For the purpose of evaluating the impedance of the bare CPE and g-C3N4—CPE, EIS experiments were conducted in
[Fe(CN)e]>”# solution. The charge transfer resistance (Ry) at the electrode surface correlates to the diameter of the semicircle in the
Nyquist plot. As shown in Fig. 3B, g-C3N4—CPE (curve b) exhibits a smaller semicircle than bare CPE (curve a), corresponding to a
lower R¢¢ which is consistent with the CV results.

For the purpose of determining electrochemical active surface area (EASA), the CVs were measured in [Fe(CN)e solution at
different scan rates (10-100 mV/s) on both bare CPE and g-C3N4—CPE (Fig. 3C). Using the Randles-Sevcik equation, the EASA of the
electrode was calculated. The following equation (Eq. (1)) describes the peak current (Ip) [40].

1374

1,=2.69 x 10°n*2ADV2V'2C....ccoov @

where n denotes the electron number (1 for [Fe(CN)g] 3'), A denotes the surface area, D denotes the diffusion coefficient (7.6 x 107
cmzs’l), C is the [Fe(CN)5]3’concentration (1 x 10~* molem™2) and v denotes the scan rate (Vs~1). The EASA of bare CPE and
g-C3N4—CPE was found to be 0.34 and 0.72 cmz, respectively.

3.3. Cyclic voltammetric study of Trp at bare CPE and g-C3N4CPE

Fig. 3D shows the voltammograms of bare CPE and g—C3N4—CPE in the blank PBS and in the presence of Trp. In blank PBS, both bare
CPE and g-C3N4—CPE (curves a and b) shows no redox peaks. In 10 pM Trp solution, both electrodes showed anodic peaks (curves ¢ and
d). No cathodic peaks were observed for Trp in backward scan, thus confirming the redox process of Trp is irreversible at bare CPE and
g-C3N4—CPE. Furthermore, the oxidation peak for Trp was observed at an anodic peak potential (Ep,) of 1.06 V for bare CPE with a
anodic peak current (I,) value of 39.1 pA (curve c). For g-C3N4—CPE the E;,, was observed at 1.02 V and I, of 268 pA (curve d). The
higher oxidation peak current at g—~C3N4—CPE is ascribed to the higher efficiency of electron transfer due to the presence of g-C3Ny.
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Fig. 2. Images taken using SEM for g-C3Ny4 at 450 °C (A), 500 °C (B), 550 °C (C), and 600 °C (D).
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Fig. 3. (A) CVs and (B) the Impedance spectra ((a) bare CPE and (b) g-C3N4~CPE) in 0.1 M KCl containing 0.1 mM [Fe(CN)G]s’/ 4’; (C) CVs of the
g-C3N,—CPE in [Fe(CN)g]*" at different scan rates for EASA calculation (The inset: I vs. /% plot); (D) CVs of bare CPE in blank (a) & in 10 uM Trp (c)
and g-C3N4—CPE in blank (b) & in 10 pM Trp (d) in 0.1 M pH 5.0 PBS at 100 mV/s scan rate.

3.4. Effects of pH

As illustrated in Fig. 4, the pH of buffer on the anodic process of Trp at g-C3N4—CPE was examined by recording CVs of Trp in the
range from 3.0 to 8.0 (0.1 M PBS). It is clearly seen that the anodic peak currents were changed with the change in the pH of buffer and
highest anodic current for Trp was obtained at pH 5.0 (Fig. 4 A and B). Thus, PBS with pH 5.0 was chosen as optimum pH for detection
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Fig. 4. (A) Effect of pH on anodic process of 10 pM Trp at g-C3N4—CPE (B) Plot of oxidation current and potential of Trp as a function of pH.
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of Trp in this work. Moreover, the oxidation potential was also affected by a change in pH. The anodic potential of Trp was shifted to a
lower potential with rise in pH. This confirms the involvement of the proton in the anodic process. The oxidation potential of Trp is
nearly directly related to pH with an equation of E(V) = —0.0577 pH + 1.22, R?=0.978 (Fig. 4B). The acquired slope value was then
applied to the Nernst Eq. (2) [41].

~0.0591
E, :TmpH F Do @

where, n is the number of electron and m is the number of proton. Using Eq. (2) the value of m/n for Trp was found to be 0.976. This
value suggests that the oxidation reaction of Trp at g-C3N4—CPE involves an identical number of protons and electrons. Scheme 1
illustrates the Trp oxidation mechanism at g-C3N4—CPE. Based on the obtained data, the anodic process of Trp at the g—-C3N4~CPE was
irreversible, two protons and two electrons reaction takes place at the amine in the indole ring and methyl in the side chain.

3.5. Effects of scan rate

The electrode process of Trp at g-C3N4—CPE was explored by studying the relation between oxidation current and scan rate. The
effect of scan rate on the anodic peak current of Trp at g-C3N4—CPE is shown in Fig. 5. The anodic peak currents (I,) increased when
the scan rate increased from 10 to 200 mV/s (Fig. 5A). As shown in Fig. 5B and C, the values of peak current are linearly related with
the scan rates (with a regression equation I, (uA) = 2.71v + 28.9 (R? = 0.991)) than the square root of scan rates (with a regression
equation Ip; (pA) = 35.97v% - 63 (R? = 0.942). This shows that the anodic reaction of Trp at the g-C3N4~CPE is an adsorption-
controlled process. Fig. 5D displays a Tafel plot that was obtained using data from the Tafel region of the CV and detail informa-
tion regarding the rate-determining step was obtained. The points of the Tafel region of the CV of Trp solution at the g-C3N4+—CPE
surface yield a 0.28 electron transfer coefficient («), assuming that Trp undergo one electron transfer during the rate-determining
phase [42].

3.6. Reaction kinetics for oxidation of Trp at g-C3N4CPE

Chronoamperometry (CA) was employed to study the reaction kinetics of the g-C3N4—CPE system. Fig. 6 shows the CA response of
the g-C3N4—CPE in blank and Trp solution in 0.1 M PBS (pH 5.0) at 1.2 V. The CA current response of Trp at g-C3N4—CPE (I) is
significantly greater than the current response g-C3N4—CPE in blank (I,). The kinetic rate constant (K.,¢) can be calculated using Eq. (3)
[43,44]:

e 3

where I, is current response of g-C3N4—CPE in Trp and I, the current response g-C3N4—CPE in blank, C is the concentration of Trp (mol
cm_3), t is time (seconds), and reaction rate constant is represented as K. Accordingly, the value of K. is calculated as 1.9 x 10*
M s7! from the Ip/Iy vs. t1/2 plot presented in Fig. 6 (inset). Furthermore, the Cottrell equation can be used to compute the diffusion
coefficient (D) of Trp (Eq. (4)) [43,44]:

(€))

I, stands for peak current (A), n for the number of electrons, F for the Faraday constant (96,500C mol ™), A for the electrode’s
surface area (cm?), C for the analyte’s bulk concentration (mol em™2), and ¢ for the time (seconds). As a result, using Eq. (4), Trp has a
value of D = 3.2 x 10™° ecm?s L.

3.7. Effects of modifier composition

By varying the amounts of g-C3Ny, paraffin oil, and graphite powder, the effect of g-C3N4 on the voltammetric response of Trp was
investigated. As presented in Fig. 7A, the anodic current rises with increasing the amount of g-C3N4 from 10 % up to 30 % (w/w).
Higher than 30 % (w/w) of g-C3Ny4 the peak currents decline considerably. This may be due to fewer amounts of graphite powder in the
paste and thus decrease in the conductivity of the modified electrode. Therefore, 30 %, 50 % and 20 % (w/w) of g-C3Ny, graphite
powder and paraffin oil, respectively was chosen as the best composition for the modified CPE preparation.
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2¢,2H"

\ NH,

N
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Scheme 1. Anodic reaction mechanism of Trp at g-C3N4—CPE.
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3.8. Effect of temperature

The dependency of the oxidation current of Trp on the temperature at which the g-C3N4 was synthesized was examined. By raising
the polymerization temperature up to 550 °C the oxidation current of Trp was improved, but, the anodic current decreased when the
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(Inset of Fig. 6A: Bar graph); (B) CVs showing effect of polymerization temperature of g-C3Ny4 (Inset of Fig. 6B: bar graph).

temperature increases to 600 °C (Fig. 7B). Therefore, polymerization temperature of 550 °C was selected as an optimum temperature.

3.9. Calibration plot of Trp

Fig. 8 shows LSVs of different concentration of Trp at g-C3N4—CPE recorded at optimal experimental parameters. The anodic
current of Trp was rises with increasing the concentration of Trp (Fig. 8A). The anodic current of Trp at g~C3N4—CPE is directly related
to the Trp concentration in the range of 0.1 pM-120 pM (Fig. 8B), with regression equation:

I(pA) =5.04 C(uM) + 4.49, R> = 0.998.

The calculated limit of detection (LOD) is about 0.085 pM (36/m) where ¢ is the standard deviation of the blank and m is the slope
of the calibration equation. The dynamic linear range, the type of modifier used and LOD of the present work was compared with other
related voltammetric techniques reported earlier for the detection of Trp and summarized in Table 2. We can confirm that the
g-C3N4—CPE attained a comparable linear range, the type of modifier used and LOD with the previously reported electrochemical
methods.

3.10. Repeatability and reproducibility

The repeatability of g-C3N4—CPE was obtained by recording the oxidation current values for 10 pM Trp for 9 repeated measure-
ments, thus, the RSD was obtained at 1.9 % (Fig. 9A). CA study was also checked for long time with presence and absence of Trp for the
stability test and shows good stability (Inset of Fig. 9A). For reproducibility test, three different g-C3N4—CPEs, which were assembled
separately by following the same assembly procedure were tested and RSD of 5.6 % for the determination of 10 pM Trp was attained
(Fig. 9B). Therefore, we can conclude that acceptable repeatability and reproducibility was obtained for the determination of Trp at
g-C3N4—CPE. Furthermore, the stability of the anodic current response of 10 pM Trp was tested at g—C3N4—CPE after the electrode was
reserved at room temperature for one month. The observed result indicates that 92.5 % of the initial oxidation current value was
obtained, signifying excellent stability.

3.11. Real sample analysis

The practical use of the demonstrated modified CPE for the sensing Trp was applied to detect Trp in milk sample by spiking a
standard Trp (5, 10, 20 and 30 pM) and the %recovery was calculated. As summarized in Table 3, the recovery values of Trp in the milk
sample were obtained from 98 % to 105.2 %.

3.12. Interference study

To evaluate the effect of selected interfering substances such as, ascorbic acid (AA), dopamine (DA), uric acid (UA), L-cysteine (L-
cys), L-arginine (L-arg), r-alanine (L-ala), and methionine (Meth) were used as depicted in Fig. 10. It was found that 10 fold higher
concentrations of the selected biological substances did not interfere in the analysis of Trp. This might be because the different redox
potentials of the selected substances. Thus demonstrated modified CPE has outstanding selectivity towards Trp.
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Fig. 8. (A) The LSV response for different concentration of Trp at g-C3N4—CPE; (B) Plot of linear calibration curve of Trp at g-C3sN,—CPE at a pH

of 5.0.
Table 2
Comparison of the LOD and the linear range of Trp determined at various electrodes.
Electrode LOD (pM) Linear range (M) Method Ref.
Poly(glycine) modified carbon nanotube paste electrode 0.42 20-100 DPV [45]
Nitrogen-doped ordered mesoporous carbon/GCE 0.035 0.5-70 & Ccv [46]
70-200
Nanoporous carbon/GCE 0.03 1-103 Amperometry [47]
NiO/carbon nanotube (CNT)/poly(3,4-ethylenedioxythiophene)/GCE 0.21 1-41 DPV [48]
Polyvinylpyrrolidone coated gold nanoparticles modified GCE 0.3 1-50 & LSV [49]
50-350
Co304 nanosheets/rGO composites/GCE 0.26 1-800 [50]
Graphite electrode from waste batteries 1.73 5-150 DPV [51]
Reduced graphene oxide with SnO, nanoparticles/GCE 0.04 1-100 DPV [52]
Graphene-Modified Electrode 0.3 0.1-100 LSV [53]
g-C5N4-CPE 0.085 0.1-120 LSV This work
SWYV - Square wave voltammetry; DPV - Differential wave Voltammetry.
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Fig. 9. (A) LSV response nine repeated measurement of 10 pM Trp at g-C3N4—CPE (Inset: Chronoamperogram curves of g-C3N4—CPE in blank and
presence of Trp as stability test); (B) Reproducibility study of the g-C3N4~CPE for the detection of 10 pM Trp at three different modified electrodes.

4. Conclusion

In summary, in this work, g-C3N,~CPE was proposed and used for the voltammetric detection of Trp. The experimental result
showed that g-C3N4—CPE was sensitive and its performance is comparable with other CPE based detection of Trp. The modified CPE



H.A. Abebe et al.

Table 3

The application of g-C3N4—CPE for determination of Trp in milk (n = 5).
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Sample Spiked Found Recovery %
Milk 0 ND -

5 5.1 98

10 9.8 102

20 19.8 101

30 28.5 105.2

Trp
Trp+AA
Trp+DA
Trp+UA

Trp+L-arg
Trp+L-ala
Trp+L-cys
Trp+Meth

Fig. 10. Effect of Interferences on a determination of Trp at g—C3N4—CPE.

exhibited lower detection limit, good repeatability, reproducibility and appropriate selectivity. In addition, it was effectively employed
for the detection of Trp in the milk sample.
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