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Highly sensitive and simultaneous detection
of ascorbic acid, dopamine, and uric acid
using Pt@g-C3N4/N-CNTs nanocomposites

Lin Zhang,1,2,4,5,* Liu Yu,1,4 Junyang Peng,1 Xiaoying Hou,1,3,* and Hongzhi Du1,2,*
SUMMARY

The detection of ascorbic acid (AA), dopamine (DA), and uric acid (UA) is crucial for understanding and
managing various illnesses. In this research, Pt@g-C3N4 nanoparticles were synthesized via hydrothermal
method and combined with N-doped carbon nanotubes (N-CNTs). The Pt@g-C3N4/N-CNTs-modified
glassy carbon (GC) electrode was fabricated as an electrochemical sensor for the determination of AA,
DA, and UA. The linear response range of AA, DA, and UA in the optimal condition was 100–3,000 mM,
1–100 mM, and 2–215 mM boasting a low detection limit (S/N = 3) of 29.44 mM (AA), 0.21 mM (UA), and
2.99 mM (DA), respectively. Additionally, the recoveries of AA, DA, and UA in serum sample were
100.4%–106.7%. These results corroborate the feasibility of the proposed method for the simultaneous,
sensitive, and reliable detection of AA, DA, and UA. Our Pt@g-C3N4/N-CNTs/GC electrode can provide a
potential strategy for disease diagnosis and health monitoring in clinical settings.

INTRODUCTION

The detection of ascorbic acid (AA), dopamine (DA), and uric acid (UA) has garnered significant attention in recent years. These three active

components play crucial roles in human metabolic physiology and have a profound impact on human health.1–3 AA is essential for organism

growth and promoting antibody synthesis. It is a vital nutrient that supports immune system and helps fight off infections.4 DA is a small-mole-

cule substance found in human central nervous system that directly influences mental activities.5 It is responsible for regulating mood, moti-

vation, and cognition. When purine metabolism is disrupted, excess UA may be produced, leading to a condition called hyperuricemia. This

accumulation of UA in the body can alter the pH of body fluids, creating an acidic internal environment. This acidic environment can have

detrimental effect on cellular function and contribute to the development of various illnesses.6 Mental illness,7 Parkinson’s disease,2 hyper-

uricemia, and leukemia8,9 can arise from abnormal levels of AA, DA, and UA. Detecting and monitoring these substances in the body are

crucial for early diagnosis and effective treatment of these diseases.

AA, DA, andUA coexist in biological fluids, such as in human plasma and urine.While the basal concentration of DA is very low (0.01–1 mM),

AA and UA are present at much higher concentrations (0.1–0.5 mM and 0.12–0.45mM).10 This large concentration difference makes it difficult

to accurately detect and quantify these three substances simultaneously. Additionally, the presence of interfering substances further compli-

cates the simultaneous detection of AA, DA, and UA. Traditional methods for detecting these substances are relatively time-consuming and

expensive and require skilled labor, such as enzyme-linked immunosorbent assay,11,12 high-performance liquid chromatography,13–15 spec-

trophotometry,16 capillary electrophoresis,17 and electrochemiluminescence analysis.18–20 However, there is a growing interest in electro-

chemical techniques due to their rapid response, low cost, in situ monitoring capability, high sensitivity, good stability, and selectivity.21–23

Electrochemical analysis offers a promising solution for the simultaneous detection of AA, DA, and UA.

One of the main challenges in electrochemical analysis is the overlapping oxidation waves of interfering AA and DA analytes, which often

disrupts the accurate determination of UA levels. To address this issue, researchers have been exploring innovative approaches to enhance

the selectivity and sensitivity of electrochemical detection methods. For example, various modifications have been utilized on conventional

electrodes, including carbon-based modifiers,22,24–26 metals/metal oxides-based electrode materials,21,27–29 conducting polymers,30,31 and

so on. However, the current modifications still cannot meet clinical requirements.

One promising avenue for the development of electrochemical sensors is the utilization of carbon nanotubes (CNTs). These nanotubes are

allotropes of carbon composed of a rolled sheet of graphene, with each end capped by half a fullerene-like molecule. They have attracted

considerable attention due to their potential in sensor development. Multi-walled CNTs are concentric and enclosed tubules, with two or
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multiple layers of graphene separated by approximately 0.34 nm. Nitrogen can be easily incorporated into the structure of CNTs and forming

N-doped carbon nanotube (N-CNT).32–34 It has been reported that pyridine and the tetravalentN atoms of N-CNTs can provide high localized

electron densities and surface energy differences, which are favorable for electrocatalysis.

By utilizingN-CNTs, the electrochemical sensors achieve high sensitivity in the detection of AA, DA, andUA.Moreover, it exhibits excellent

stability, ensuring reliable and consistent measurements. Tsierkezos et al.28 fabricated a powerful analytical tool consisting of N-CNTs deco-

rated with rhodium, palladium, iridium, platinum, and gold nanoparticles and investigated N-CNTs/AuNPs enabling simultaneous analysis of

AA, DA, andUA.Wang and co-workers22 found a three-dimensional g-C3N4/MWCNTs/GOhybridmodified electrode, whichwas constructed

for AA, DA, andUA simultaneous detection. Fernandes et al.35 reported an Fe3O4@N-CNTmodifiedglass carbon electrode and demonstrate

Fe3O4@N-CNT composite materials are an efficient electrocatalyst. In this work, Pt@g-C3N4 was applied for modification of N-CNTs-based

electrodes to facilitate the electron transfer rate and the catalytic reaction. The local electronic structure of g-C3N4 is expected to bemodified

by addingmetallic elements, resulting in enhanced catalytic performance.36 Firstly, due to the presence of active sites and high surface area of

g-C3N4, Pt nanoparticles absorption on carbon nitride surface is enhanced. Secondly, porous structure of g-C3N4 makes it easy for reactants

to reach active sites or edges and form products quickly. Therefore, decoration of Pt@g-C3N4 on N-CNTs is quite evident to exhibit better

electrocatalytic activity.

In this work, we have developed Pt@g-C3N4/N-CNTs nanomaterials to fabricate an electrochemical sensor for simultaneous determination

of AA, DA, and UA. A large specific surface area and plenty of electrochemically active sites are attributed to the superior features of the pre-

pared nanohybrids. This sensor exhibited high sensitivity and good stability, making it a promising platform for practical applications.

Notably, the sensor has been successfully employed to analyze these three substances in human serum samples.
RESULTS AND DISCUSSION

Characterizations

To characterize the structure, morphology, and assemblymode of the hybrid nanomaterials, scanning electronmicroscope (SEM) images was

obtained. Figures 1A–1C shows the SEM images of N-CNTs, Pt@g-C3N4, and Pt@g-C3N4/N-CNTs. The N-CNTs display distinct

tubular _structures (Figure 1A), while the g-C3N4 nanosheets exhibit a unique two-dimensional block structure with folds (Figure 1B). In Fig-

ure 1C, the Pt@g-C3N4 nanoparticles are uniformly distributed and remarkably small in size, effectively attached to the surface of N-CNTs. The

elemental mapping analysis (Figure 1D) and energy dispersive spectroscopy (EDS) (Figure 1E) reveal the presence of C, N, O, and Pt elements

of Pt@g-C3N4/N-CNTs, confirming the successful attachment of Pt@g-C3N4 nanoparticles. And it is beneficial to enhance the effective surface

area and boost the electrocatalytic performance of the sensor.

The structures of Pt@g-C3N4, N-CNTs, and Pt@g-C3N4/N-CNTs were analyzed by X-ray diffraction (XRD) (Figure 1F). The diffraction peak

at 2w = 27.8� corresponds to (002) peak of g-C3N4, and the XRD of Pt@g-C3N4 reveals the presence of metallic Pt, which conforms to JCPDS

card no. 04-0802. The average crystallite particle size of Pt@g-C3N4/N-CNTs is about 7.1 nm according to Scherrer equation.

X-ray photoelectron spectroscopy (XPS) was used to further characterize the elemental composition and valence states of N-CNTs, Pt@g-

C3N4, and Pt@g-C3N4/N-CNTs. From the full XPS survey spectrum in Figure 2, the characteristic peaks of C, N, O, and Pt are located at 284,

399, 531, and 73/76 eV, respectively.22,37–39 As can be seen from the C 1s high-resolution XPS spectra, the hydrothermally treated Pt@g-C3N4

composites exhibited smaller C-C (284.3 eV) and C-O (285.9 eV) peaks, and higher C=O (288.1 eV) peak, compared to g-C3N4.
40 In the C 1s

high-resolution XPS spectra of Pt@g-C3N4/N-CNTs, there is an increase in the ratio of C-C and C-N bonds, corresponding to the carbon skel-

eton of N-CNTs. Another peak observed at 291.2 eV can be attributed to the binding energy of CH2-CF2 of Nafion. The N 1s spectra of the

N-CNTs indicate the presence of three types of nitrogen-doped sites, including pyridinic N (398.6 eV), graphitic N (400.5 eV), and quaternary

N (402 eV).41,42 Compared with N-CNTs, the pyridinic N of sample Pt@g-C3N4 shifted negatively. N-C=N and N(-C)3 in Pt@g-C3N4/N-CNTs

are the main components of g-C3N4 and N-CNTs. Pyridine and the tetravalent N atoms of N-doped carbon materials can provide high local-

ized electron densities and are responsible for the electrocatalytic activity in the oxidation of UA.43 The spectrumof O 1s shows -COOH (532.1

eV) and C-OH (535.3 eV) peaks of sample Pt@g-C3N4/N-CNTs, indicating the presence of defects in the composite nanomaterials and their

enhanced electrocatalytic activity.44 Because of Pt 4f high-resolution spectrum, two peaks at 75.7 and 73.1 eV were identified as Pt 4f5/2 and Pt

4f3/2, which indicate the existence of zero-valence Pt in Pt@g-C3N4 and Pt@g-C3N4/N-CNTs. The result showed that Pt nanoparticles were

homogeneously distributed on the surface of N-CNTs sample.43
Electrochemical characterizations of the modified electrodes

Before AA, DA, and UA detection, the electrochemical features of modified electrodes were characterized by the [Fe(CN)6]
3-/4- redox probe.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests were performed. As can be seen in Figure 3A, a pair of

reversible redox peaks could be observed at the bare GCelectrode. After themodification of N-CNTs nanoparticles on the electrode surface,

the gap between redox peak potential became smaller and the peak current density decreased slightly. When Pt@g-C3N4 nanoparticles are

attached and dispersed on the surface of N-CNTs, the redox peak current density increased significantly. It indicates that Pt@g-C3N4/N-CNTs

hybrid nanomaterials facilitate electron transport and the electroactive surface area of Pt@g-C3N4/N-CNTs was 0.27 cm2 (calculated on the

basis of the Randles-�Sev�cı́k equation), which is about 2.2 times higher than that of bare GC electrode.

Nyquist plots were in Figure 3B. The Randles circuit was used to interpret the electron transfer characteristics. Mass transport is charac-

terized at low frequencies, and Warburg impedance relates diffusion of electroactive species. In this work, ZView software was used to fit the
2 iScience 27, 109241, March 15, 2024



Figure 1. Microstructural characterizations of N-CNTs, Pt@g-C3N4, and Pt@g-C3N4/N-CNTs samples

(A) SEM image of N-CNTs.

(B) SEM image of Pt@g-C3N4.

(C) SEM image of Pt@g-C3N4/N-CNTs.

(D) EDS mapping images of C, N, O, and Pt element.

(E) EDS line image of the synthesized Pt@g-C3N4/N-CNTs nanomaterials.

(F) XRD patterns of N-CNTs, Pt@g-C3N4, and Pt@g-C3N4/N-CNTs.
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semicircle diameter in the EIS Nyquist plot. The electron transfer resistance (Rct) value of Pt@g-C3N4/N-CNTs/GC electrode is 6.8 U, which is

much lower than that of GC electrode (53 U), meaning electron transfer ability of Pt@g-C3N4/N-CNTs/GC electrode is faster.
Electrochemical behaviors of AA, DA, and UA

The electrochemical response of the three different electrodes to AA, DA, and UA in 0.1M PBS (pH 7.0) was performed. Figure 4 shows the CV

and differential pulse voltammetry (DPV) performances of 0.5 mM AA, 0.1 mM DA, and 0.1 mM UA simultaneously at bare GC, N-CNTs/GC,

and Pt@g-C3N4/N-CNTs/GC electrodes. CV signals (Figure 4A) show that, compared to the bare GC and N-CNTs/GC electrode, at Pt@g-

C3N4/N-CNTs/GC electrode three distinct oxidation peaks of AA, DA, and UA occur at a lower overpotential, accompanied by a slightly

higher peak current. The presence of N-CNTs enhances the electrochemical analysis of AA, DA, and UA.28 The oxidation overpotential of

AA is reduced compared to that required on GC electrode, resulting in the separation of the overlapping oxidation waves of AA and DA.

The electrooxidation of DA shows a tendency toward reversibility on both N-CNTs/GC and Pt@g-C3N4/N-CNTs/GC electrodes. The peak

potential (DEp) value for oxidation of DA obtained onto Pt@g-C3N4/N-CNTs/GC electrode is about 0.023 V, which is much smaller compared

to that measured under the same conditions onto N-CNTs/GC electrode (0.072 V). The difference in DEp is related to the rate of heteroge-

neous electron transfer. These findings indicate that the oxidation kinetic of DA is accelerated on Pt@g-C3N4/N-CNTs/GC electrode

compared to N-CNTs/GC electrode. Furthermore, the oxidation current of UA is higher on Pt@g-C3N4/N-CNTs/GC electrode than on either

GC or N-CNTs/GC electrode.
iScience 27, 109241, March 15, 2024 3



Figure 2. Chemical analysis and electrical properties of N-CNTs, Pt@g-C3N4, and Pt@g-C3N4/N-CNTs samples

(A) XPS survey spectra of N-CNTs, Pt@g-C3N4, and Pt@g-C3N4/N-CNTs.

(B) High-resolution XPS spectra of C1s for Pt@g-C3N4 (top) and Pt@g-C3N4/N-CNTs (bottom) samples.

(C) High-resolution XPS spectra of N1s for Pt@g-C3N4 (top) and Pt@g-C3N4/N-CNTs (bottom) samples.

(D) High-resolution XPS spectra of O1s for Pt@g-C3N4 (top) and Pt@g-C3N4/N-CNTs (bottom) samples.

(E) High-resolution XPS spectra of Pt4f for Pt@g-C3N4 (top) and Pt@g-C3N4/N-CNTs (bottom) samples.
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These results have been validated by DPV, a powerful electrochemical technique in analytical measurements. The electrochemical behav-

iors of AA, DA, andUA exhibit distinct differences, with three oxidation peaks observed at�0.028, 0.172, and 0.292 V, respectively (Figure 4B).

Notably, the oxidation of AA on GC electrode lies at about 0.400 V vs. saturated calomel electrode (SCE),45 whereas the oxidation overpo-

tential of AA decreases on N-CNTs and Pt@g-C3N4/N-CNTs-modified electrodes. Furthermore, the anodic peak potentials for AA, DA, and

UA show a shift toward a less positive potential at Pt@g-C3N4/N-CNTs/GC electrode, as compared to the GC or N-CNTs/GC electrode. The

response signals of Pt@g-C3N4/N-CNTs/GC electrode to the mixture of the three substances are notably higher than those of N-CNTs/GCE.

This enhancement in electrocatalytic activity is attributed to the increased electrode surface area and active sites, as well as the high electron

transfer performance of Pt@g-C3N4/N-CNTs composite. The profound results demonstrate the good electrocatalytic activity of Pt@g-C3N4/

N-CNTs/GC electrode in individual and simultaneous AA, DA, and UA sensing. Detailed results about different modified electrodes are pro-

vided in the supplemental material.

Optimization of the experimental conditions

To achieve the best performance, the pH of detection solution and materials proportion were optimized.

The electrolyte solution’s pH has an impact on the peak current of AA, DA, and UA; 0.1 M PBS buffer solutions with varying pH levels

ranging from 6 to 8 were measured. The results, illustrated in Figure 5A, revealed a notable trend: as the pH of the medium increased

from 6 to 8, the anodic peak potentials for AA, DA, and UA shifted toward less positive potential. This shift can be attributed to the involve-

ment of protons in the electrooxidation reactions of AA, DA, and UA.22,46

Plotting Ep against pH within the working pH range (Figure S3) further elucidated the relationship between the compounds and the buffer

pH. The plotted data exhibited a linear correlation, with the Ep of all compounds demonstrating a consistent linear relationship with the buffer

pH. Notably, the observed slopes of 0.046, 0.048, and 0.064 V/pH for AA, DA, and UA, respectively, closely approximated the expected
4 iScience 27, 109241, March 15, 2024



Figure 3. Electrochemical characterizations of bare GC, N-CNTs/GC, and Pt@g-C3N4/N-CNTs/GC electrodes in 5 mM [Fe(CN)6]
3-/4- solution containing

0.5 M KCl

(A) CV curves of bare GC, N-CNTs/GC, and Pt@g-C3N4/N-CNTs/GC electrodes.

(B) EIS spectra of bare GC, N-CNTs/GC, and Pt@g-C3N4/N-CNTs/GC electrodes.
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Nernstian value of 0.0585 V/pH for a two-electron, two-proton transfer in the electrochemical reaction. The possible redox reaction mecha-

nism can be expressed as Scheme 1.21,22

The peak currents of AA, DA, and UA with the increase of solution pH are shown in Figure 5B. The response signal of AA was observed to

remain nearly stable, while the maximum current signals of DA and UA were obtained at pH 7. This finding is indicative of the fact that PBS at

pH 7 gave the best response.

The optimized proportional of hybrid Pt@g-C3N4/N-CNTs nanomaterials was crucial in determining the electrochemical performance.

Figure 5C shows the electrochemical performance of Pt@g-C3N4/N-CNTs (1:1, 2:1, 10:1, 20:1) in a 0.1 M PBS at pH 7 solution containing

0.5 mM AA + 0.1 mM DA + 0.1 mM UA. DPV signals varied with the three substances on different modifier GC electrode. As shown in Fig-

ure 5D, anodic peak currents of AA, DA, and UA on Pt@g-C3N4/N-CNTs (2:1) modified GC electrode are higher than those of GC electrode

modified by other substances. The resulting data indicate that the hybrid nanomaterials exhibit strong synergy and high electron transfer

properties, particularly at the 2:1 proportion of Pt@g-C3N4/N-CNTs.
Feasibility study

The Pt@g-C3N4/N-CNTs GC electrode detection of AA, DA, and UA was evaluated using DPV. Through an analysis of the relationship be-

tween the peak current and the concentration of the three substances, the electrocatalytic oxidation of AA, DA, and UA was explored. In Fig-

ure 6A, it is found that the DPV profiles of the Pt@g-C3N4/N-CNTs GC electrode exhibited a linear relationship with the concentration of AA,

with a regression equation of I(AA)(mA) = 0.0259 C(AA)(mM)+ 30.667 (R2 = 0.998) within the concentration range of 2–2,000 mM. For DA, the linear

regression equation betweenpeak current and concentration is I(DA)(mA) = 0.709C(DA)(mM)+ 30.282 (R2 = 0.996) within the concentration range

of 5–100 mM. As the concentration of DA continues to increase, the linear regression equation will be different. This is because the diffusion

rate of oxidation products may differ. The linear regression equation between peak current and UA concentration is I(UA)(mA) = 0.417

C(UA)(mM) + 11.074 (R2 = 0.996) within the concentrations range of 1–110 mM. The detection limits of Pt@g-C3N4/N-CNTs GC electrode for

determination of AA, DA, and UA are 29.44, 0.21, and 2.99 mM (S/N = 3), respectively.

The concentrations of AA, DA, and UA in the ternary mixture were simultaneously determined on the Pt@g-C3N4/N-CNTs GC electrode.

The analytical performance was examined by the relationship between peak current and AA, DA, and UA in the ternary mixtures. The DPV

curves of the concentrations changes of three analytes are shown in Figure 7A. The concentration of AA increased from 100 to 3,000 mM,
Figure 4. Electrochemical detection of 0.5 mM AA, 0.1 mM DA, and 0.1 mM UA in 0.1 M PBS

(A) CV curves of bare GC, N-CNTs/GC, and Pt@g-C3N4/N-CNTs/GC electrodes.

(B) DPV curves of bare GC, N-CNTs/GC, and Pt@g-C3N4/N-CNTs/GC electrodes.

iScience 27, 109241, March 15, 2024 5



Figure 5. Optimization of experimental conditions

(A) DPV curves of Pt@g-C3N4/N-CNTs/GC electrode in different pH solutions.

(B) Histograms showing the peak currents of AA, DA, and UA in different pH solutions. Error bars represent the standard errors (n = 3).

(C) DPV curves of modified electrodes with different proportions of hybrid nanomaterials.

(D) Histograms showing the peak currents of AA, DA, and UA at modified electrodes with different proportions of hybrid nanomaterials. Error bars represent the

standard errors (n = 3).
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and the concentrations ranges of DA and UA are 1–100 mM and 2–215 mM, respectively. The results show that peak currents of all three an-

alytes increased linearly with increasing concentrations of AA, DA, and UA. The fitted linear regression equations are as follow: I(AA)(mA) =

0.0372 C(AA)(mM) + 641.4 (R2 = 0.990) for AA, I(DA)(mA) = 38.174C(DA)(mM) + 566.821 (R2 = 0.990) and I(DA)(mA) = 7.408C(DA)(mM) + 715.135

(R2 = 0.993) for DA, and I(UA)(mA) = 6.009C(UA)(mM) + 450.914 (R2 = 0.988) and I(UA)(mA) = 0.518C(UA)(mM) + 486.106 (R2 = 0.990) for UA.
Scheme 1. Oxidation process of AA, DA, and UA

6 iScience 27, 109241, March 15, 2024



Figure 6. Individual detection of AA, DA, and UA

(A) DPV curves of Pt@g-C3N4/N-CNTs GC electrode in different concentrations of AA (2–2,000 mM).

(B) Linear fitting between the concentrations of AA and peak currents. Error bars represent the standard errors (n = 3).

(C) DPV curves of Pt@g-C3N4/N-CNTs GC electrode in different concentrations of DA (5–100 mM).

(D) Linear fitting between the concentrations of DA and peak currents. Error bars represent the standard errors (n = 3).

(E) DPV curves of Pt@g-C3N4/N-CNTs GC electrode in different concentrations of UA (1–110 mM).

(F) Linear fitting between the concentrations of UA and peak currents. Error bars represent the standard errors (n = 3).
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Table 1 provides a comparison of the performance of the Pt@g-C3N4/N-CNTs GC electrode with several other electrodes that have been

previously studied. The results clearly demonstrate that the Pt@g-C3N4/N-CNTs GC electrode is capable of detecting AA, DA, and UA simul-

taneously, with a high level of sensitivity, low detection limits, and wide linear ranges. This good biosensing performance is likely due to the

advantageous properties of theN-CNTs-based composite for electrochemical analysis of AA, DA, and UA. The presence of nitrogen atoms in

g-C3N4, along with the unique sp2 hybridization of C and N structures, provides a large number of active surface sites. Additionally, the incor-

poration ofmetal elements can adjust the electronic and catalytic properties of g-C3N4. Pt nanoparticles appear to improvebetter the electro-

catalytic activity and sensitivity.
Repeatability, stability, and interferences effect

Repeatability, stability, and selectivity are important factors for electrochemical sensors in practical analysis. Pt@g-C3N4/N-CNTs GC elec-

trode sensor was employed to detect the peak current of the ternary mixture containing 0.5 mM AA, 0.1 mM DA, and 0.1 mM UA. 10 times

repeated determination of the peak current of AA, DA, and UA via DPV experiments was carried out. The relative standard deviations of peak

currents are 0.73% for AA, 0.22% for DA, and 0.75% for UA. The results indicate that Pt@g-C3N4/N-CNTs GC electrode has good reproduc-

ibility for simultaneous determination of AA, DA, and UA.
iScience 27, 109241, March 15, 2024 7



Figure 7. Simultaneous detection of AA, DA, and UA

(A) DPV curves of Pt@g-C3N4/N-CNTs GC electrode in the ternary mixture with different concentrations of AA (2–2,000 mM), DA (5–100 mM), and UA (1–110 mM).

(B) Linear fitting between the concentrations of AA and peak currents. Error bars represent the standard errors (n = 3).

(C) Linear fitting between the concentrations of DA and peak currents. Error bars represent the standard errors (n = 3).

(D) Linear fitting between the concentrations of UA and peak currents. Error bars represent the standard errors (n = 3).
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Figure 8A shows the stability test. Pt@g-C3N4/N-CNTs GC electrode was stored at room temperature. Three paralleled tests were per-

formed to detect the peak current of the ternary mixture containing 0.5 mM AA, 0.1 mMDA, and 0.1 mMUA. The relative standard deviation

of peak current are 1.65% for AA, 0.67% for DA, and 0.65% for UA, suggesting that Pt@g-C3N4/N-CNTs GC electrode has good stability for

simultaneous determination of AA, DA, and UA.

Figures 8B, 8C, and 8D show several potential interferences evaluated by amperometric method. The applying potentials are 0.1 V for AA,

0.35 V for DA, and 0.5 V for UA, respectively. The physiological interfering molecules such as glucose, glycine, and citric acid (1 mM) and
Table 1. Comparison of Pt@g-C3N4/N-CNTs GC electrode sensor with those of reported electrode materials

Electrode

Sensitivity/(mA mM�1

cm�2) Linear range/(mM) LOD/(mM)

ReferenceAA DA UA AA DA UA AA DA UA

g-C3N4/MWNTs/GO/GCE 0.0236 5.666 2.682 200–7500 2–100 4–200 96 0.22 1.36 Wang et al. 22

PdNPsa/rGO/GCE 0.079 10.893 0.481 500–3500 3–42 300–1400 100 1 16.67 Wei et al. 47

Fe3O4/rGO 0.0335 38.8 4.5 160–7200 0.4–3.5 4–20 20 0.08 0.5 Teymourian et al. 48

Pt@NP-AuSnb/CFPc 0.0004 0.0017 0.0003 200–1200 0.5–10 25–500 13.4 0.31 0.76 Yang et al. 49

CBd/GCE 0.214 1.570 0.680 1.91–37.8 0.599–11.8 1.01–14 0.03 0.0524 0.0407 Vicentini et al. 50

Pd3Pt1
e/PDDAf-rGO/GCE 0.359 0.639 0.498 40–1200 4–200 4–400 0.61 0.04 0.10 Yan et al. 51

SnO2/chitosan/GCE 0.127 2.773 2.391 20–220 0.1–18 1–100 6.45 0.77 0.89 Selvarajan et al. 52

Pt@g-C3N4/N-CNTs/GCE 0.258 0.709 0.417 2–2000 5–100 1–110 29.44 0.21 2.99 This work

apalladium nanoparticles;
bPt nanoparticle-modified nanoporous AuSn;
cNi-buffered flexible carbon fiber paper;
dnanostructured carbon black;
ePd-Pt bimetallic nanoparticles;
fpoly(diallyldimethylammonium chloride).
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Figure 8. Stability and selectivity test

Interfering substance: 5 mM Na+, 5 mM K+, 5 mM Mg2+, 1 mM glucose, 1 mM glycine, and 1 mM citric acid.

(A) Histograms of Pt@g-C3N4/N-CNTs GC electrode for stability test. Error bars represent the standard errors (n = 3).

(B) Amperometric response to continuous addition of 0.5 mM AA and interfering substances.

(C) Amperometric response to continuous addition of 0.1 mM DA and interfering substances.

(D) Amperometric response to continuous addition of 0.1 mM UA and interfering substances.
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common ions such as Na+, K+, and Mg2+ (5 mM) were added into 0.1 M PBS solution containing 0.5 mM AA, 0.1 mM DA, and 0.1 mM UA,

respectively. It was found that the response current remained unchanged when interfering substances were added, despite the fact that

the concentrations of interfering substances were almost 10 or 50 times higher than the concentrations of AA, DA, and UA. The results

show Pt@g-C3N4/N-CNTs GC electrode has good stability for simultaneous determination of AA, DA, and UA in the presence of the afore-

mentioned interfering substances.
Real sample analysis

In order to verify the reliability of the practical application of the proposed Pt@g-C3N4/N-CNTs GC electrode sensor, the feasibility

was performed by determining the recovery rates of AA, DA, and UA in the human serum samples provided by local hospital. The

serum sample was injected into the electrolyte and diluted 40 times. Without any pretreatment process, DPV records Pt@g-C3N4/

N-CNTs GC electrode. As shown in Figure 9 and Table 2, UA has been detected in real serum sample with the value about

73.14 mM. Standard addition method was applied for the quantitation of AA, DA, and UA. Based on the obtained recovery values

106.7%, 100.4%, and 113.2%, respectively, the presence of the possibly interfering species in human serum sample has minor impact

on the detection of AA, DA, and UA. The Pt@g-C3N4/N-CNTs GC electrode is a suitable electrochemical sensor in simultaneous deter-

mination of AA, DA, and UA.
Limitations of the study

A new electrochemical sensor has been developed using Pt@g-C3N4/N-CNTs composite. Incorporating heteroatoms such as N into the car-

bon supports as anchors to disperse and stabilize the supported metal nanoparticles, which shows striking effects to the improved catalytic

performance. However, the synthesis of Pt nanoparticles with controllable shape and size and customized catalytic properties still faces

challenges.

Moreover, the advanced sensor demonstrates high sensitivity and selectivity, allowing for the simultaneous detection of AA, DA, and UA.

The whole process is still at laboratory scale. A detailed analysis of electrocatalytic process in modified electrodes is required for an in-depth

explanation. Further endeavors are imperative in achieving the desired electrochemical catalysis.
iScience 27, 109241, March 15, 2024 9



Figure 9. Real sample analysis by standard addition method

DPV responses of human blood serum sample and 150 mM AA, 25 mM DA, and 15 mM UA at Pt@g-C3N4/N-CNTs GC electrode.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Uric acid Sinopharm CAS: 69-93-2

Ascorbic acid Sinopharm CAS: 50-81-7

Dopamine Macklin CAS: 51-61-6

Chloroplatinic acid hexahydrate Sinopharm CAS: 18497-13-7

Nitrogen-doped multi-walled carbon

nanotubes

XFNANO CAS: 1333-86-4

graphitic carbon nitride XFNANO CAS: 7440-44-0

Critical commercial assays

electrochemical workstation CHI 660E http://www.chinstr.com/

Software and algorithms

Origin 8.5 OriginLab Corporation https://www.originlab.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for materials should be directed to and will be fulfilled by the lead contact, Lin Zhang (3162@hbtcm.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Materials

All chemical reagents were of analytical grade and used without further purification. All solutions were freshly prepared with ultrapure water.

Synthesis of Pt@g-C3N4

The noble platinum metal was loaded onto the surface of g-C3N4 via hydrothermal methods. Briefly, 10 mg g-C3N4 and 5 mg NaOH were

dispersed in 10 mL deionized water by magnetic stirring, and 226 mL H2PtCl6 solution (1%) was slowly dropped into the suspension solution.

Then, themixture was sealed in an autoclave for hydrothermally treated at 180�C for 10 h. The target product was collected by centrifugation,

followed by drying.

Synthesis of Pt@g-C3N4/N-CNTs/GC electrode

Different mass of Pt@g-C3N4 and N-CNTs were dispersed and ultrasonicated for 20 min 1 mg mL�1 Pt@g-C3N4/N-CNTs solution was ob-

tained by redispersing Pt@g-C3N4/N-CNTs (1:2) in a mixture of water and 5% Nafion (v/v = 1:0.008) for 20 min under ultrasonic treatment.

10 mL of the suspension solution was dropped onto the surface of GC electrode and after drying Pt@g-C3N4/N-CNTs/GC electrode was

obtained.

Materials characterization

X-ray diffraction (XRD) was performed using an X-ray diffractometer (D/Max 2500 PC, Rigaku Corporation, Japan). Scanning electron micro-

scope (SEM) images were obtained by scanning electron microscope (Sigma 500, Zeiss, Germany), while X-ray photoelectron spectroscopy

(XPS) were collected by X-ray photoelectron spectrometer (Escalab 250 XI, Thermo Scientific, USA).
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Electrochemical measurements and calculations

The electrochemical test was carried out using CHI 660E electrochemical workstation (Shanghai CH Instrument Co.,China). A three-electrode

systemwas usedwith a bare or modified glassy carbon electrode (GC electrode, 3 mm in diameter) as the working electrode, a platinumplate

(5 3 5 mm) as the auxiliary electrode, and KCl saturated Ag/AgCl as the reference electrode.

The Randles–�Sev�cı́k equation was used to calculate the electroactive surface area:

IP =
�
2:69 3 105�AD1=2n3=2v1=2C

where IP relates to the peak current (A),A is the effective surface area (cm2),D is the diffusion coefficient of [Fe(CN)6]
4�/3� (6.73 10�6 cm2 s�1),

n denotes the electron transfer number (n = 1), and v is the scanning rate (V s�1).
QUANTIFICATION AND STATISTICAL ANALYSIS

Origin software was used to compile and analyze data.
14 iScience 27, 109241, March 15, 2024
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