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Graphical abstract 

 

 

 

Highlights 

 Graphene oxide quantum dots/carboxylated carbon nanotubes hybrid was developed. 

 The cytotoxicity detection vessel was miniaturized to the 96-well plate. 

 The electrochemical behavior of HepG2 cell was investigated for the first time. 

 The mixture signal of adenine and hypoxanthine was separated successfully. 

 The biosensor was used to assess the toxicity of heavy metals and phenols. 

 

 

Abstract 

The study presented a sensitive and miniaturized cell-based electrochemical 

biosensor to assess the toxicity of priority pollutants in the aquatic environment. 

Human hepatoma (HepG2) cells were used as the biological recognition agent to 

measure the changes of electrochemical signals and reflect the cell viability. The 

http://onlinelibrary.wiley.com/doi/10.1002/elan.1140080713/pdf
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graphene oxide quantum dots/carboxylated carbon nanotubes hybrid was developed in 

a facile and green way. Based on the hybrid composite modified pencil graphite 

electrode, the cell culture and detection vessel was miniaturized to a 96-well plate 

instead of the traditional culture dish. In addition, three sensitive electrochemical 

signals attributed to guanine/xanthine, adenine, and hypoxanthine were detected 

simultaneously. The biosensor was used to evaluate the toxicity of six priority 

pollutants, including Cd, Hg, Pb, 2,4-dinitrophenol, 2,4,6-trichlorophenol, and 

pentachlorophenol. The 24 hr IC50 values obtained by the electrochemical biosensor 

were lower than those of conventional MTT assay, suggesting the enhanced 

sensitivity of the electrochemical assay towards heavy metals and phenols. This 

platform enables the label-free and sensitive detection of cell physiological status with 

multi-parameters and constitutes a promising approach for toxicity detection of 

pollutants. It makes possible for automatical and high-throughput analysis on 

nucleotide catabolism, which may be critical for life science and toxicology. 

 

Keywords: Priority pollutants; Cell sensor; Toxicity; Graphene oxide quantum dots; 

Carbon nanotubes 

 

 

1. Introduction 

Phenols and heavy metals have been included on the priority pollutants list by US 

Environmental Protection Agency (USEPA) and the European Union (EU) legislation, 
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and represent a serious health public problem due to their mutagenic, carcinogenic 

and teratogenic effects [1,2]. Common in vitro toxicity evaluation methods such as the 

MTT assay, release of the enzyme lactate dehydrogenase assay, neutral red assay, and 

flow cytometry experiment are time-consuming, costly and difficult for long-term 

monitoring [3-6]. Therefore, it is critical to develop simple, low-cost, and sensitive 

toxicity detection method. 

Cell-based electrochemical biosensors have emerged in last decade as a sensitive 

and noninvasive technique [7-9]. An in-situ electrochemical method was developed to 

integrate cell culture pretreatment with detection in the same cell culture dish [10]. 

The electrochemical behaviors of human breast cancer (MCF-7) and human cervical 

carcinoma (HeLa) cells based on graphene or carbon nanotubes modified glass carbon 

electrode were investigated [11,12]. However, due to the limitations of the size and 

sensitivity of the electrodes, this method can be only used for the detection of cells 

cultured in 60-mm or 100-mm dish with high amounts of cells. Moreover, only one or 

two completely overlapped signals were obtained, due to the similarity of intracellular 

electroactive species. To lower the need of high cell numbers and achieve 

high-throughput application, the vessel for cell culture and detection could be 

miniaturized to 96-well plate (diameter: 6.94 mm). Furthermore, if the electrode is 

sensitive enough to separate the mixture signals, it will be beneficial for elucidating 

cell physiology and in vitro toxicity of pollutants. Therefore, a miniaturized modified 

electrode with high sensitivity and selectivity is highly desirable. 

Graphene oxide quantum dots (GOQDs) has gained high attention among 

http://onlinelibrary.wiley.com/doi/10.1002/elan.1140080713/pdf
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graphene-related materials. As zero-dimensional stable materials converted from 

two-dimensional graphene oxide sheets, GOQDs exhibit extraordinary properties 

owing to the edge and quantum confinement effects [13]. GOQDs hold great promise 

for sensor fabrication based on their distinct features of chemical inertness, ease of 

production, low-toxicity, and excellent biocompatibility [14,15]. The abundant 

hydroxyl and carboxylic groups render GOQDs hydrophilic and highly dispersible in 

water [16]. However, these oxygen-containing groups could hinder the motion of the 

electrolyte among the GOQDs, which limit their signal amplification and sensitivity 

[17]. On the other hand, the carbon nanotubes (CNTs) have been used for the 

development of electrochemical sensors due to their unique geometrical, mechanical 

and electronic properties [18,19]. Their surface can be activated with chemical 

treatments to achieve hydrophilic functional groups including carboxyl and hydroxyl. 

With high adsorption capacity, good electrical conductivity, and excellent 

surface-volume ratio, the functionalized CNTs are excellent supporting materials for 

surface modification of electrodes [20]. Given the similar structure and physical 

properties between GOQDs and CNTs, the hybridization could be formed via π-π 

interaction. 

Furthermore, pencil graphite electrode (PGE) having smaller size (diameter: 0.7 

mm) has been selected to minimize the size of the detection system. Compared with 

the traditional glass carbon electrode, PGE is advantageous regarding the wide 

potential window, low cost, disposability, good mechanical rigidity, and ease of 

http://www.baidu.com/link?url=hKtd3ruQpMzcdlEUhSOmO6-MYxdaQOhN9qhS9VsH8JK64WNOp6JQT0rvichU3QtKbe4w9coV6fPn7j5-D-6SEOvSbbwZ8HP0Mm2nWCD-z5K
http://www.sciencedirect.com/science/article/pii/S0956566308006490
http://www.baidu.com/link?url=BcEGtevps0oLcosO-gSeDSJJS1C2eYMus9mEN-OJ-lTd2s_-u4wfCrOwJgAN96w9FItGnnoTnI-JSBd1uLSj7OpqNyI1hvlnbZwapoemdEi
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modification [21]. More importantly, PGE can eliminate the surface passivation 

problems, and have been used in various electroanalytical applications [22,23]. 

In the present work, a facile and green approach was developed for the graphene 

oxide quantum dots/carboxylated multi-walled carbon nanotubes 

(GOQDs/CMWCNTs) hybrid material, and modified with PGE to enhance sensitivity 

and selectivity. The modified working electrode, Pt wire (as the counter electrode) and 

Ag/AgCl (Sat'd) (as the pseudo-reference electrode) were integrated to assemble a 

miniaturized electrochemical sensor, which can be used for detection of cells cultured 

in 96-well plates. The usage of samples is saved from 1 mL in the traditional dish to 

100 μL. Human hepatoma (HepG2) cells that have been proved as the stable and 

sensitive organisms for environmental toxicology were used as the model substrate 

for electrochemical detection [24-26]. There were four tasks in this study. First, 

GOQDs/CMWCNTs/PGE was developed and characterized. Second, the biochemical 

mechanism of the electrochemical behaviors of HepG2 cells was proposed. Third, the 

cell-based electrochemical biosensor was used for cytotoxicity evaluation of heavy 

metals including Cd, Hg and Pb, and phenols including 2,4-dinitrophenol (2,4-DNP), 

2,4,6-trichlorophenol (2,4,6-TCP) and pentachlorophenol (PCP) (Scheme S1). Fourth, 

the MTT assay was adapted to compare with the electrochemical biosensor. This 

study provides a miniaturized platform which is available for the high-throughput 

application and a new insight into risk assessment of environmental pollutants from 

multiple perspectives. 

 

http://onlinelibrary.wiley.com/doi/10.1002/elan.1140080713/pdf
http://onlinelibrary.wiley.com/doi/10.1002/elan.1140080713/pdf
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2. Experimental 

2.1. Reagents and solutions 

MWCNTs (> 95%, 8-15 diameters and 0.5-2 μm lengths) were attained from 

Nanjing XFNANO Materials TECH Co., Ltd, China. Trypsin, purine bases 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and dimethyl 

formamide (DMF) were purchased from Sigma (USA). CdCl2, HgCl2, Pb(NO3)2, 

2,4-DNP, 2,4,6-TCP, PCP, sulfuric acid (H2SO4), hydrochloric acid (HCl) and other 

analytical reagents were obtained from J&K. Phosphate buffer saline (PBS) was 

prepared by 0.1 M Na2HPO4 and 0.1 M KH2PO4, and 0.1 M HCl or NaOH solution 

were added to adjust its pH to 7.4 [10], which was consistent with the normal 

extracellular pH value of human cells (7.4 ± 0.1). The stock standard solutions were 

prepared in the culture medium to concentrations of 1, 5, 10, 20, 40 μM for Cd and 

Hg, 10, 20, 40, 100, 150 μM for Pb, 100, 200, 400, 800, 1200 μM for 2,4,-DNP, 50, 

100, 200, 300, 400 μM for 2,4,6-TCP, and 20, 40, 80, 100, 200 μM for PCP, 

respectively. 

 

2.2. Apparatus 

Electrochemical experiments were performed with a CHI 760E electrochemical 

workstation (Shanghai CH Instruments, China). The pH measurements were carried 

out on a PB-10 pH-meter (Sartorius, Germany). The micrographs were obtained using 

a JEOL 6340F Scanning Electron Microscope (SEM). The X-ray diffraction (XRD) 

patterns were detected on a Japan Rigaku D/max 2000 X-ray diffractometer equipped 
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with graphite monochromatized Cu Kα radiation (λ = 0.154 nm). Raman scattering 

spectra were recorded on a Jobin-Yvon HR 800 microscopic confocal Raman 

spectrometer with an Ar+ laser source of 488 nm wavelength. 

 

2.3. Cell Culture and Collection 

The HepG2 cells were purchased from the COBIOER Biosciences Co., Ltd., 

Nanjing, China. The cells were cultured in Minimum Essential Medium (MEM) 

supplemented with 10% fetal bovine serum (FBS), 100 units mL-1 

penicillin/streptomycin, 1% non-essential amino acids, and 1% sodium pyruvate in a 

humidified atmosphere with 5% CO2 at 37 °C. Before pollutant exposure, the growth 

medium was discarded and replaced with the medium containing different 

concentrations of phenols or heavy metals. The heat inactivation and in-situ cell 

collection method developed by our group [10] were applied in this study. Briefly, the 

medium was removed from the culture plates, and PBS was added. The solution was 

heated in a water bath of 50 °C for 0.5 h to prepare the HepG2 cell suspension. 

 

2.4. Synthesis of the GOQDs/CMWCNTs 

The GOQDs was synthesized with the hydrothermal method [27]. Firstly, 

graphene oxide (GO) was prepared according to the Hummers method with a slight 

modification [28,29]. Then GO was treated at 250 °C for two hours in a tube furnace 

with a heating rate of 5 °C min-1 in the nitrogen atmosphere. 0.05 g graphene sheets 

were treated in the mixture containing 10 mL H2SO4 and 30 mL HNO3 for 20 h under 
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mild ultrasonication. The oxidized graphene sheets were diluted and purified with the 

microporous membrane, and then redispersed in water. Then the suspension was 

heated in the autoclave at 200 °C for 5 h. The colloidal solution was dialyzed in the 

dialysis bag for 12 h to remove larger nanoparticles. 5.0 mg obtained GOQDs was 

dispersed in 10 mL double-distilled water under ultrasonic agitation for 5 h. 

The CMWCNTs were prepared with the method reported in the literature [30] 

with little modification. In brief, the MWCNTs were refluxed with H2SO4/HNO3 (3:1, 

v/v) at 120 °C for two hours to obtain CMWCNTs, and then washed with distilled 

water and dried at 60 °C. 5.0 mg purified CMWCNTs was then dispersed with 10 mL 

N,N-Dimethylformamide (DMF) by ultrasonic agitation. 

10 mL 0.5 mg mL-1 GOQDs solution was added drop by drop into 10 mL 0.5 mg 

mL-1 CMWCNTs solution under vigorous stirring. The unbound GOQDs were 

removed by successive centrifugation (5000 rpm) and the suspension was washed 

with double distilled water and dried at 80 °C for ten hours. Finally, the obtained 

GOQDs/CMWCNTs were dispersed DMF with a final concentration of 0.5 mg mL-1 

for use. 

 

2.5. Fabrication of the GOQDs/CMWCNTs/PGE 

After the pencil lead (T 0.7; length, 60 mm; Chenguang, China) had been wrapped 

by metallic wire to the end, an empty ballpoint pen refill was cut and used as the 

holder. The three electrodes were put through from a foam plastic insulation, which 

can keep them on the plates firmly. Before the modification, the PGE was firstly 
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treated in pH 6.0 PBS at the potential of +1.40 V for 60 s. This pretreatment was 

applied to remove any contaminant present on the surface and to improve the 

sensitivity [31,32]. 2.0 μL GOQDs/CMWCNTs solution was drop casted on the PGE 

surface to obtain the GOQDs/CMWCNTs/PGE through solvent evaporation. After 

each measurement, the GOQDs/CMWCNTs/PGE was renewed by scanning between 

0.0 and +1.1 V in PBS (pH = 7.4) for five cycles. The obtained voltammograms 

exhibited comparable height and shape in the same sample solution with cyclic scan. 

After fifteen voltammetric measurements of the same cell sample, no obvious change 

was observed in both background current and peak current with relative standard 

deviation (RSD) < 5%. 

 

2.6. MTT assay 

The HepG2 cells (1.5 × 104 cells/well) were seeded in 96-well tissue culture plates 

(Sigma) and allowed to adhere at 37 °C. After 24 h of pre-incubation, either medium 

alone or medium containing phenol or heavy metal with different concentrations were 

added. After 24 h treatment, 20 μL 5 mg mL-1 MTT was added, and the cells were 

further incubated at 37 °C for four hours. The medium was then removed, and the 

formazan crystals were dissolved in DMSO. The measures were registered on an 

ELX800 Microplate Reader (BioTek Instruments, Inc., USA) and determined by 

absorbance values at 490 nm. 

 

2.7. High-performance liquid chromatography (HPLC) measurements 



11 

 

HepG2 cell suspension was first treated at 50 °C for 30 min to remove the proteins. 

It was then filtrated through a 0.22 μm filter after the centrifugation at 10000 rpm for 

30 min. The HPLC measurement was carried out using the Agilent 1100 Series HPLC 

pump (Agilent Technologies, Waldbronn, Germany) with an Ascentis RP-Amide 

column (4.0 × 250 mm) and a Diode Array Detector. The flow rate of the mobile 

phase (pH 4.0 KH2PO4) was set at 1.0 mL min-1, and the injection volume was 20 μL. 

 

2.8. Statistical analysis 

The statistical analyses were conducted with SPSS 19.0 (SPSS Inc., USA) and 

Origin 8.0. In the figures, the dots represent the mean of three replicates, the error 

bars stand for the relative standard deviation (RSD, %) of three determinations. The 

probability value of p < 0.05 was set as the level for statistical significance. 

 

3. Results and discussion 

3.1. Characterization of the GOQDs/CMWCNTs composite 

The surface morphology of each layer of the GOQDs/CMWCNTs composite 

showed the randomly oriented CMWCNTs with interconnected tubular structures (Fig. 

1A), which was the characteristic feature of multi-walled carbon nanotubes [33]. As 

shown in Fig. 1B, most of GOQDs were uniformly dispersed with diameters of 

around 15 nm, which could be calculated according to the scale of SEM image under 

the amplifying model or by using the Image-Pro Plus software. The 

GOQDs/CMWCNTs surface indicated the uniform wrap of CMWCNTs with GOQDs 
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and this hybrid film exhibited high surface area (Fig. 1C). The structure of the highly 

conjugated GOQDs/CMWCNTs could prevent the aggregation of GOQDs and 

CMWCNTs, and facilitate the capture of pollutants. Moreover, the synthesized 

GOQDs/CMWCNTs hybrids were stable, uniform and well dispersed in water, 

indicating the simple and efficient synthesis process. 

Fig. 1 

Raman spectroscopy was employed to investigate the structures of GOQDs, 

CMWCNTs, and GOQDs/CMWCNTs (Fig. 2A). The spectra exhibit two remarkable 

peaks at ~ 1350 cm−1 and ~ 1580 cm−1 corresponding to D band and G band, 

respectively. The former is assigned to local defects and partially disordered 

structures of the sp2 domains. The latter attributed to the E2g phonon of sp2 bonds of 

carbon atoms can be applied to evaluate the degree of graphitization [34]. The 

intensity ratio of D band to G band (ID/IG) is a useful value to estimate the amount of 

defect and disorder [35]. The GOQDs present the typical Raman signals of GOQDs 

with the ID/IG ratio of about 0.88 [36]. In the case of GOQDs/CMWCNTs, ID/IG value 

was 0.82, higher than that of CMWCNTs (0.72), indicating the increase in disorder 

after the introduction of high-quality GOQDs into CMWCNTs with the efficient π-π 

interaction. 

The typical XRD profiles for GOQDs/CMWCNTs composite were compared with 

GOQDs and CMWCNTs (Fig. 2B). The GOQDs exhibited a peak centered at around 

24.6° (002). The interlayer spacing is 0.39 nm, which is broader than that of graphite 

(0.34 nm) [37]. This was attributed to the presence of oxygenated functional groups, 

http://www.baidu.com/link?url=Ok0qTAaRpL0Lu_9dcAQ1zTk-GvVgABbxGeOht24yTfBo8voJ6gRaJ5cwFB7u6bzyy1zfTuHJjAUMyZh0JncFAZoGVtRHBOr12vetq0_JZmG
http://pubs.rsc.org/is/content/articlehtml/2015/ta/c4ta06149g#imgfig3
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which increased the d-space between graphene sheets. The CMWCNTs showed an 

intensive peak at 24.5° (002) and a minor peak at 42.5° (100), which originated from 

the graphite of sample [38]. GOQDs/CMWCNTs composite displayed a broad peak at 

24.3° and a weak peak at 42.8°, demonstrating the successful formation of the hybrid 

during the preparation process. 

Fig. 2 

Electrochemical impedance spectroscopy (EIS) is a helpful technique to 

characterize the impedance changes of the electrode interface. In a typical impedance 

spectrum, the semicircular portion part at higher frequencies implies the electron 

transfer limited process and the diameter corresponds to the electron transfer 

resistance (Rct) [39]. Compared with bare PGE, the Rct of GOQDs/PGE increased 

dramatically due to the insulating nature of GOQDs, corresponding to the oxide group 

obtained from the oxidation process (Fig. 3). This phenomenon also demonstrated the 

repulsive electrostatic interactions between GOQDs and [Fe(CN)6]
3-/4- anions [40]. 

The Rct value of CMWCNTs/PGE decreased compared to GOQDs/PGE and bare PGE, 

indicating the facile electron transfer reaction on CMWCNTs. For 

GOQDs/CMWCNTs/PGE composite, the Ret was far less than that of GOQDs/PGE, 

which proved that the CMWCNTs could act as an excellent electrochemical platform 

for electron transfer between GOQDs and PGE.  

Fig. 3 

 

3.2. Voltammetric behavior of HepG2 cell suspension 

javascript:popupOBO('CHEBI:33418','C0EE00330A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=33418')
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The cyclic voltammograms of HepG2 cell suspension at different electrodes 

showed that there was no peak at the bare PGE in HepG2 cell suspension (Fig. 4, 

curve a), while an oxidation peak appeared broadly at around +0.80 V at 

GOQDs/PGE (Fig. 4, curve b), and it was too small to distinguish. In case of 

CMWCNTs/PGE, two peaks at +0.67 V and +0.96 V appeared (Fig. 4, curve c). On 

GOQDs/CMWCNTs/PGE, three well-defined anodic peaks were observed at +0.67, 

+0.94 and +1.00 V (Fig. 4, curve d) ascribed to G/X, A and HX, respectively (the 

insert figure of Fig. 4). The oxidation currents were larger than other electrodes. 

Additionally, the GOQDs/CMWCNTs/PGE was compared with electrodes modified 

with graphene (erGO) and multi-walled carbon nanotubes (MWCNTs) (Fig. S1), 

which were the most commonly used nanomaterials in previous study [10-12]. Only 

two mixture signals were detected by the erGO/PGE and MWCNTs/PGE, attributed 

to guanine/xanthine and adenine/hypoxanthine, respectively. In contrast, the 

GOQDs/CMWCNTs/PGE was sensitive enough to separate the mixture signal of 

adenine/hypoxanthine, whose structures are very similar. Moreover, the peak current 

of guanine/xanthine at the GOQDs/CMWCNTs/PGE was 1.73 and 1.85 times as great 

as erGO/PGE and MWCNTs/PGE, respectively. The linear detection ranges of 

GOQDs/CMWCNTs/PGE are 0.2 to 180.0 μM for guanine, 0.2 to 150.0 μM for 

xanthine, 0.5 to 200.0 μM for adenine, 0.5 to 180.0 μM for hypoxanthine, and 2.5 × 

103 to 6.0 × 106 cells mL-1 for HepG2 cells, respectively. The detection limits of 

GOQDs/CMWCNTs/PGE toward purine bases and HepG2 cells were also lower than 

those of the other electrodes (Table S1). The above results implied that the 
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GOQDs/CMWCNTs film had an excellent electrocatalytic activity towards the 

oxidation of purine bases, which might be caused by three reasons. First, the 

CMWCNTs can serve as conducting wires to promote charge transfer in 

electrochemical reactions [41,42], so that the intercalation of CMWCNTs can 

essentially roll GOQDs. The GOQDs/CMWCNTs nanohybrid can not only prevent 

the restacking of GOQDs but also exhibits larger surface area which is beneficial for 

enhancing the redox conversion. Second, the GOQDs/CMWCNTs hybrid possessed 

numerous functional groups, excellent conductivity, π-π bond, conducing to the 

conjugation between purine molecules and the electrode surface. Third, the 

synergistic effect between GOQDs and CMWCNTs potentially helped in facilitating 

the electron transfer. However, the peak current reduced rapidly from the second scan 

owing to the blocking effects of oxidation products (Fig. S2). Therefore, the first scan 

was applied in this study, and no corresponding reduction peak was observed in the 

inverse scan, indicating the irreversible electrode process. 

Fig. 4 

HPLC was used to confirm the existence of four purines in HepG2 cells. As 

shown in Fig. 5, the chromatographic peak of guanine (G), xanthine (X), adenine (A), 

and hypoxanthine (HX) appeared at 9.68, 10.71, 11.81 and 16.48 min, respectively. 

Four chromatographic peaks at 9.69, 10.73, 11.82, and 16.52 min of the HepG2 cell 

suspension were consisted with those of the purine bases mixture, which indicated the 

existence of G, X, A, and HX in HepG2 cell suspension. These intracellular purine 

bases could be concerned with the catabolism of guanosine monophosphate (GMP), 

javascript:showjdsw('showjd_0','j_0')
http://dict.baidu.com/s?wd=adopted
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xanthosine monophosphate (XMP), adenosine monophosphate (AMP) and inosine 

monophosphate (IMP) as illustrated in Fig. 6. Nucleotidase can catalyze the 

conversion of GMP, XMP, AMP and IMP to guanosine, xanthosine, adenosine, and 

inosine, which are further catabolized to G, X, A, and HX by purine nucleoside 

phosphorylase [43,44]. The high cell viability can prompt the self-renewal and lead to 

the increase in purine nucleotide catabolism levels. Hence, as the intermediates of the 

cellular purine nucleotide metabolism, G, X, A, and HX can be used to evaluate the 

cell viability.  

Fig. 5 

Fig. 6 

 

3.3. Effect of purine accumulation on voltammetric response of HepG2 cell 

suspension 

The peak current was also related to the amount of purines accumulated on the 

modified electrode. The influence of purine accumulation was investigated using the 

linear sweep voltammetry (Fig. 7). When the time changed from 0 to 360 s, the peak 

current showed a dramatic increase. As the time further increased from 360 s to 540 s, 

the peak current did not change appreciably, indicating the four purines at electrode 

reached saturation. Accordingly, 360 s was employed as the optimal accumulation 

time for the electrochemical detection. 

Fig. 7 
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3.4. Cytotoxicity assessment of heavy metals and phenols on HepG2 cells 

The toxicity on HepG2 cells induced by Cd, Hg, Pb, 2,4,-DNP, 2,4,6-TCP, and 

PCP was examined at different concentrations (Fig. 8). All these priority pollutants 

exhibited significant toxicity in a concentration-dependent manner. The cytotoxicity 

was linear to the logarithm concentration of heavy metal or phenols. The linear 

regression equations and correlation coefficients (r) were derived (Table 1). The 24 hr 

IC50 based on the electrochemical signal I, signal II and signal III were 6.25, 5.62 and 

7.99 μM for Cd, 9.65, 8.80 and 9.82 μM for Hg, and 47.95, 44.18 and 60.69 μM for 

Pb, respectively. Cd and Hg showed higher cytotoxicity, while Pb had a lower 

cytotoxic impact, which was in agreement with the results previously reported [45]. 

As persistent toxic metals, Cd, Hg, and Pb exerted cytotoxic action on HepG2 cells 

mainly via generating free radicals and inducing oxidative and nitrosative stress with 

depletion of antioxidants [46]. Three electrochemical signals related to the 

physiological change of cells declined due to the decrease in cell viability. 

Compared with above heavy metals, the nitrophenol and chlorophenols exhibited 

relatively low toxicity on HepG2 cells. The IC50 calculated from three signals were 

446.07, 418.21, 487.87 μM for 2,4-DNP, 195.89, 178.65 and 202.21 μM for 

2,4,6-TCP, and 68.87, 61.24 and 78.71 μM for PCP, respectively. PCP is significantly 

the most toxic with the lowest IC50, and 2,4-DNP is the least toxic with the highest 

IC50. These results also confirmed that chlorine substitution was responsible for 

cytotoxicity of chlorophenols [47]. The cytotoxicity difference of three phenols on 

HepG2 cells may be attributed to their different metabolic mechanisms. PCP can 
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uncouple oxidative phosphorylation and lead to mitochondrial membrane damage, 

which is capable of inducing oxidative damage to DNA in cells [48,49]. Therefore, 

the metabolite of PCP may play a central role in PCP-induced highest cytotoxicity 

compared to 2,4-DNP and 2,4,6-TCP. 

Moreover, the IC50 values obtained of heavy metals and phenols by the different 

signals are signal II < signal I < signal III, which may reflect that these priority 

pollutants have greater impacts on A than those on X/G and HX. It also reflects the 

toxicity differences of heavy metals and phenols on intracellular purine metabolism, 

which has significance for the study of the cellular physiological process. Therefore, 

compared with the electrochemical method based on one or two signal, the novel 

electrochemical biosensor can comprehensively assess the toxic effect of 

environmental pollutants from multiple perspectives.  

Based on the data using the in vitro MTT assay, the IC50 are 10.23, 15.13, 76.56, 

550.93, 239.83, and 79.87 μM for Cd, Hg, Pb, 2,4-DNP, 2,4,6-TCP, and PCP, 

respectively. The rank order of cytotoxic tendencies is Cd > Hg > Pb > PCP > 

2,4,6-TCP > 2,4-DNP, which agreed with those by the cell-based electrochemical 

sensor. However, the IC50 values obtained by the electrochemical method are lower 

than those of the MTT assay, demonstrating that the former is more sensitive than the 

latter. The difference between the two techniques might be attributed to the difference 

in biochemical mechanism. MTT assay is based on the respiratory activity of the 

mitochondria, in which MTT is reduced in cells, forming formazan crystals that are 

then dissolved in dimethylsulfoxide [50]. Cell viability is determined based on the 
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optical density of dissolved crystals. However, this method has some disadvantages: 

sensitivity to multiple factors, poor linearity with cell number, and the dependence of 

cell metabolism on formazan [51]. In contrast, the electrochemical biosensor is rapid 

and label-free without adding any color developing agent, and directly detects the 

signals related to the nucleotide catabolism in cells, so that it is more accurate to 

assess the cytotoxicity. Moreover, this biosensor is lower cost compared with other 

purine metabolism-based electrochemical sensors [11,12]. In addition, the 

GOQDs/CMWCNTs/PGE is more sensitive due to the higher electrocatalytic activity 

[52], thus provides more exact information for research of physiological process of 

cells and toxicity effects of hazardous pollutants. By combining with the robotic 

technology developed in recent years [53], the proposed sensor also makes it possible 

for high-throughput analysis. 

Fig. 8 

Table 1 

 

4. Conclusion 

An integrated cell-based biosensor fabricated using the sensitive 

GOQDs/CMWCNTs composite was developed in this study, which was adaptable to 

96-well plates instead of traditional cell culture dishes, and provided a utility cell 

viability evaluation platform. The correlation between electrochemical behaviors and 

nucleotide catabolism of HepG2 cells was established in a label-free way. 

Cytotoxicity of six priority pollutants was successfully evaluated via the changes of 
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three electrochemical signals derived from nucleotide catabolism of cells. The 

cytotoxic tendencies obtained by electrochemical signals were consisted with those of 

the traditional MTT assay. But the integrated cell-based biosensor exhibited higher 

sensitivity with lower IC50 values than the MTT assay. This cell-based 

electrochemical toxicity biosensor could be used for the in situ evaluation of 

environmental toxins and has potential for high-throughput detection of hazardous 

pollutants. 
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Figure captions 

Fig. 1. SEM images of the CMWCNTs (A), GOQDs (B), and GOQDs/CMWCNTs 

(C). 

Fig. 2. Raman spectra (A) and XRD patterns (B) of GOQDs, CMWCNTs, and 

GOQDs/CMWCNTs composite. 

Fig. 3. EIS of different electrodes in 5.0 mM [Fe(CN)6]
3−/4− containing 0.1 M KCl 

with the frequencies swept from 0.1 Hz to 100 kHz.  

Fig. 4. Cyclic voltammograms of HepG2 cell suspension at: (a) PGE, (b) 

GOQDs/PGE, (c) CMWCNTs/PGE, and (d) GOQDs/CMWCNTs/PGE, cell 

concentration: 5.0 × 105 cells mL-1. Inset: Baseline-corrected linear sweep 

voltammograms of (a) HepG2 cell suspension, (b) 30.0 μM xanthine, (c) 40.0 μM 

guanine, (d) 30.0 μM adenine and (e) 30.0 μM hypoxanthine in pH 7.4 PBS at 

GOQDs/CMWCNTs/PGE. Cell concentration: 6.0 × 105 cells mL-1. 

Fig. 5. Chromatogram of purine mixture (a) and HepG2 cell eluents (b). Cell 

concentration: 3.0 × 106 cells mL-1; purine concentration: 15.0 μg mL-1.  

Fig. 6. Intracellular purine nucleotide metabolism. NT: nucleotidase; PNP: purine 

nucleoside phosphorylase. 

Fig. 7. Influence of accumulation time on the electrochemical signal I (a), signal II (b), 

and signal III (c) of HepG2 cells suspension in pH 7.4 PBS. Cell concentration: 6.0 × 

105 cells mL-1. 

Fig. 8. Cytotoxicity of Cd, Hg, Pb, 2,4-DNP, 2,4,6-TCP and PCP on HepG2 cells 

detected by the electrochemical biosensor and the MTT assay. 
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Fig. 5 

 



35 

 

Fig. 6 
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Table 1. The linear relationship between the concentration and cytotoxicity of heavy 

metals and phenols on HepG2 cells. 

Toxicant Signal I Signal II Signal III MTT assay 

Cd 
Y = 43.06 X + 15.30 

(r = 0.9973) 

Y = 38.38 X + 21.21 

(r = 0.9970) 

Y = 41.35 X + 12.67 

(r = 0.9984) 

Y = 39.00 X + 10.61 

（r = 0.9822) 

Hg 

Y = 43.76 X + 6.92 

(r = 0.9983) 

Y = 41.19 X + 11.09 

(r = 0.9968) 

Y = 39.55 X + 10.76 

(r = 0.9970) 

Y = 37.80 X + 5.40 

(r = 0.9846) 

Pb 

Y = 54.64 X - 41.84 

(r = 0.9968） 

Y = 54.56 X - 39.76 

(r = 0.9960) 

Y = 50.12 X - 39.37 

(r = 0.9943) 

Y = 50.03 X - 44.28 

(r = 0.9878) 

2,4-DNP 

Y = 52.46 X - 88.99 

(r = 0.9997) 

Y = 53.54 X - 90.35 

(r = 0.9996) 

Y = 53.58 X - 94.04 

(r = 0.9963) 

Y = 51.88 X - 92.21 

(r = 0.9864) 

2,4,6-TCP 

Y = 60.34 X - 88.30 

(r = 0.9915) 

Y = 60.98 X - 87.33 

(r = 0.9938) 

Y = 59.94 X - 88.21 

(r = 0.9975) 

Y = 63.39 X - 100.86 

(r = 0.9904) 

PCP 

Y = 60.79 X - 61.73 

(r = 0.9966) 

Y = 63.52 X - 63.51 

(r = 0.9961) 

Y = 56.47 X - 57.07 

(r = 0.9972) 

Y = 59.03 X - 62.30 

(r = 0.9847) 

Y and X stand for the cytotoxicity (percent inhibition) and logarithm of toxicant concentration, respectively. 

 


