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Abstract 

This study reports on the electropolymerization of a low toxic and biocompatible polymer with entitle 

poly arginine-graphene quantum dots (PARG-GQDs) as a novel strategy for surface modification of 

glassy carbon (GC) surface and preparation a new interface for biomedical application. The 

fabrication of PARG-GQDs on GCE was performed using Layer-by-layer regime. Scanning electron 

microscopy (SEM) was confirmed dispersion of GQDs on the surface of PARG which lead to 

increase of surface coverage of PARG. The redox behavior of prepared sensor was then characterized 

by cyclic voltammetry (CV), differential pulse voltammetry (DPV) and chronoamperometry (CHA), 

square wave voltammetry (SWV), linear sweep voltammetry (LSV). The electroactivity of PARG-

GQDs coating towards detection and determination of malondialdehyde (MDA) as one of the most 

common biomarkers of oxidative stress, was then studied. Then, application of prepared sensor for 

the detection of MDA in exhaled breath condensate (EBC) is described. Electrochemical based sensor 

shows the lower limit of quantification (LLOQ) were 0.329 nanomolar. This work is the first report 

on the integration of GQDs to poly amino acids. Further development can lead to monitoring of MDA 

or other exhaled breath biomarkers by GQDs functionalized poly amino acids in EBC using 

electrochemical methods. 

Keywords: conductive nano-material, graphene quantum dots; poly amino acid, biomarker, 

malondialdehyde; electrochemical sensor 
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1. Introduction 

In recent decades, polymer films modified electrodes have been attracting vast attentions due to their 

broad applications in the fields of electrochemical sensors. [1] Such polymer films can notably 

improve the electroactivity properties of analytes, increase the reaction rate and improve the stability 

of the electrode response [2-7]. Up to now, various methodologies have been used to prepare polymer 

films modified electrodes, including coating [8, 9], covalent bonding [10] and electro-polymerization 

[11]. Among the methodologies, the electro-polymerization of organic molecules and especially 

amino acids with favorable functional groups (-COOH, -NH2, -OH, -SH etc.) has showed evidence of 

to be an incredibly convenient means for preparing functionalized and electroactive polymers at 

electrodes surface, because the method can be conveniently controlled by adjusting the 

electrochemical factors. Accordingly, the thickness and charge transport characteristics of the 

modified electrodes by polymers can be well defined, and the cost of sensors is also low due to the 

easy electro-polymerization procedures [12-17].  

Polymerizations of amino acids have attracted significant attention in the field of electrochemical 

sensors. The poly amino acid-modified electrodes were extensively used for the determination of 

various biomolecules and biomarkers [18, 19]. Owing to their broad applications, poly amino acid-

modified electrodes have been prepared by electrochemical methods for electrochemical sensor 

applications [20-23] due to their excellent electroactivity properties. In recent years, poly-l-arginine 

(PARG)-modified electrodes have been extensively used in the electrochemical field and only a few 

reports were available in the sensor field. The PARG contains a guanidyl group, has a unique feature 

and could form electrostatic interactions with negatively charged groups of GQDs. 
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PARG modified electrode has been widely used to determine small biomolecules [24-28] for it 

includes guanidyl group which is engaged in hydrogen bonds with unique feature. Its multi-dentate 

characteristics enable L-arginine (ARG) to form long-range hydrogen-bonding and electrostatic 

interactions with negatively charged groups. [29]. 

In addition, PARG provided some amino groups for covalent modification, especially trouble-free for 

reaction with epoxy groups and carboxyl groups. One of the best candidates for this purpose is 

graphene quantum dots (GQDs). In the recent years, GQDs has become a promising class of the 

nano-carbon family, based on low toxicity, easy preparation, high chemical stability, environmental 

friendliness, and ability to transfer photoinduced electron [30, 31]. It has shown great promise 

applications in the fields of electrochemistry [32, 33]. GQDs can be functionalized [34] especially 

with oxygen containing groups such as hydroxyl, carboxyl and epoxy groups which can greatly 

enhance their hydrophilia and biocompatibility. Therefore, GQDs have considerable potential for 

electrochemical sensor applications. Consequently, incorporation of GQDs to the structure of 

electroactive polymers such as PARG can be increasing their electrical conductivity. These superior 

performances encouraged us to explore the possible leading role played by the presence of PARG 

decorated by GQDs which could increase the surface area of PARG to interact with some 

electroactive analytes. Since the increase in geometric surface area is very important parameter in 

electrochemistry, therefore modification of PARG with GQDs can enlarge the rate of electrochemical 

reaction. Therefore, addition of GQDs into PARG structure can be providing an electrically 

conductive thin film towards amplifies Faradic currents. 

Excellent properties of PARG (its good biocompatibility and flexible structure framework) and the 

advantages of GQDs (low toxicity) have received our attention for preparation of high performance 
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and biologically friendly electrode material. It was for these reasons that we decided to explore the 

possibility of using the PARG functionalized by GQDs (PARG-GQDs) as a biocompatible 

environment platform for the development of electrochemical sensors. Considering that the 

electrochemical method possesses unique advantages for precise control over the redox reactions, we 

therefore hypothesize that, layer by layer electrochemical preparation of PARG-GQDs may provide 

an alternative approach for tailoring the surface properties of thin films. In summary, we investigated 

the electropolymerization of a low toxic and biocompatible polymer (PARG-GQDs) as a novel 

strategy for surface modification of glassy carbon surface. The formation of PARG-GQDs was firstly 

monitored. The latent reactivity of PARG-GQDs coating towards detection and determination of 

malondialdehyde (MDA) was then studied. The redox behavior of prepared sensor was then 

characterized by cyclic voltammetry (CV), differential pulse voltammetry (DPV) and 

chronoamperometry (CHA), square wave voltammetry (SWV), linear sweep voltammetry (LSV). 

Then, in continuation of our recent study concerning the malondialdehyde analysis using 

electrochemical sensor [35] as well as other reports by our research group [36-40], we used PARG-

GQDs as a new biopolymer film for electro-oxidation and determination of this important biomarker. 

To the best of our knowledge, this is the first report of the layer-by-layer electrochemical preparation 

of PARG-GQDs films. In addition, this work is the first declaration on determination of 

malondialdehyde by poly amino acids functionalized by low toxic nano-material (GQDs). 

2. Experimental 

2.1. Chemicals & solutions 

All chemicals used in this work were of analytical reagent grade. L-ARG was obtained from Sigma-

Aldrich St. Louis, MO, USA). Additional dilute solutions were prepared daily by accurate dilution 
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just before use. MDA (produced from in situ hydrolysis of H2SO4) solutions were stable, and their 

concentrations did not change with time. Di-potassium phosphate and mono-potassium phosphate 

were obtained from Scharlau. Deionized water was purchased from Ghazi Pharmaceutical Company 

(Tabriz, Iran).  

2.2. Cell culture 

The human HepG2 cell lines were provided by the Institute of Pasture (Tehran, Iran).  The cells were 

cultured in RPMI containing 10% (v/v) fetal bovine serum (FBS), antibiotics (Sigma-Aldrich, 50 U/

mL penicillin and 50μg/mL streptomycin) and 2mM glutamine (Sigma-Aldrich St. Louis, MO, USA) 

under standard cell culture conditions (5% CO2, 95% humidity and 37°C). 

2.3. Cell viability assay 

The cell viability was evaluated by the 3-(4, 5-dimethylthiazol) - 2-diphenyltetrazolium bromide 

(MTT) assay [41]. NIH-3T3 (mouse embryonic fibroblast cell line) and HepG2 (human liver 

cancer cell line) Cells were plated in 96-well microplates at a density of 3×104 and 1.2×104 cells per 

well respectively with 200 μl of the RPMI growth medium. All cells were incubated with various 

concentrations of graphene quantum dots (0, 10, 20, 50, 100, 200 ppm) over different incubation 

periods (24, 48, and 72 hours). After removing the medium, 50 L of MTT solution (2 mg MTT/1mL 

PBS) was added to each well and were incubated for 4 hours at 37 C. Next, 25 μl ml Sorenson’s 

glycine buffer (0.1 M glycine, 0.1 M NaCl, pH 10.5) and 200 μl DMSO were added to each well and 

after 30 min cell viability was determined by absorption measurement at 570 nm using a microplate 

reader (Biotek, ELx800, USA) 

2.4. Instrument 
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Electrochemical experiments were performed with a computer-controlled AUTOLAB system with 

PGSTAT302N (Eco Chemie, Utrecht, The Netherlands), driven with NOVA 1.7 software. A 

conventional three-electrode cell was used with an Ag/AgCl (Methrom, The Netherlands) as a 

reference electrode, and a Pt wire was used as a counter-electrode. The working electrode was GCE 

(d=2mm) (from Azar electrode Co., Iran). For DPV measurements, a pulse width of 25 mV, a pulse 

time of 50 ms, and a scan rate of 50 mVs-1 were employed. The surface morphology of the modified 

electrodes was evaluated with a MIRA3 FEG-SEM (SEM, Hitachi Ltd., Czech,). 

2.5. Preparation of EBC samples 

EBC samples were obtained from healthy volunteers using a lab-made setup based on a cooling trap 

system patented in the national patent office. The setup cools down the exhaled breath down to -25 ºC 

and condenses the EBC with acceptable efficiency. 2.0 mL EBC sample collected from a healthy 

volunteer was transferred to a 10.0 mL volumetric flask, a standard solution of desired concentration 

was added up to the mark line, and electrochemical analysis was performed. 

3. Results and discussion 

3.1. Electropolymerization of L-arginine (L-ARG) on the surface of GCE  

Before to the electrode modification, the glassy carbon electrodes were polished with 0.3 and 0.05 m 

alumina (Beuhler, USA) slurries, and then ultrasonically cleaned by water, ethanol, and water for 3 

min, respectively. The electrode was allowed to dry in air. CV was used to form the preparation thin 

film of PARG on the surface of GCE. Fig. 1 shows the continuous cyclic voltammograms of 

electrochemical polymerization of L-ARG on the surface of GCE. PARG film-modified GCE (with 

2 mm diameter) was fabricated by electrochemical polymerization of L-ARG at the GCE by cyclic 

voltammetric method in 0.1M phosphate buffer solution (PBS) containing 0.5 mM arginine at pH 7.4. 
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Electropolymerization was performed between the potential -1.5 to 2 V vs. Ag/AgCl at the scan rate 

of 100 mV/s in 10 cycles. During the polymerization process, indiscernible peaks started to appear 

after the 2nd cycle. An anodic peak at 1.41 V and a reduction peak at -0.48 V were observed due to the 

formation of PARG. The peak current increased with increase in the number of cyclic voltammetric 

scans indicating that an electro-conductive polymer film was formed on the electrode surface. Finally, 

the oxidation peak disappeared after complete formation of PARG film. It has been confirmed that 

monomer containing NH2 can be electropolymerized at the surface of electrode to form a conducting 

film via covalent bond (C–N) between electrode and NH2. L-ARG has two NH2 and two NH groups 

and that can easily be oxidized to produce NH2·  Covalent bond (C–N) is then formed by the free 

radical reaction of NH2. with GCE surface with excellent stability. Therefore, the covalent bond (C–

N) might be formed between carbon electrode and the �-amino group of arginine. In is important to 

point out that, during the high potential scan rate, the �-amino free radical will easily form and the 

polymerization of the poly amino acid film could be formed on the surface of GCE. The reaction 

mechanism may be described as scheme 1. 

After 10 cycle of cyclic voltammetric sweeps, the electropolymerization procedure was finished and 

the polymer film electrode was washed with distilled water to remove the physically adsorbed 

material. Then the film electrode was transferred to an electrochemical cell and cyclic voltammetric 

sweeps were carried out to obtain electrochemical steady state. In order to confirm the formation of 

PARG on GCE, the cyclic voltammetric sweep was carried out in 0.1 M PBS (pH=7.4) in the range of 

-1 to +1 V at 100 mV/s. A broad cyclic voltammogram compared to blank was obtained which 

confirms the deposition of polymer film on the electrode surface. 

3.2. Electrodeposition of GQDs on the surface of PARG modified GCE 
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At first, GQDs was synthesized and characterized according to our previous reports [42-46]. To 

determine the effects of GQDs-induced toxicity NIH-3T3 and HepG2 cells were exposed to different 

concentrations of graphene quantum dot (0, 10, 20, 50,100 and 200 ppm) for 24, 48 and 72 hour. 

Figures 3 represent the impact of GQDs treatment on the viability of cancerous cell line (HepG2) (A) 

and non-tumorigenic cell line (NIH-3T3) (B). Assessment of cell viability by MTT reduction cell 

viability test revealed that the increasing doses of graphene quantum dot up to 200 ppm did not show 

any significant effects on cell death of both cell lines. 

Cyclic voltammetry (CV) was carried out for the electrodeposition of GQDs on PARG modified GCE 

from GQDs aqueous solution (0.002 g/mL) in the potential range from 0 to 1.0 V at a scan rate of 100 

mV/s. Finally, thin film of PARG-GQDs was obtained at the surface of GCE (See scheme 2). 

3.3. Characterization of PARG-GQDs film coated on GCE 

FEG-SEM images of PARG and PARG-GQDs modified GCE are shown in Fig. 5. PARG 

electropolymerized directly on GCE in the absence of GQDs as matrix displays a regular and 

patterned structure (Fig. 5A). If the GCE was coated with GQDs beforehand, a compact film of 

GQDs can be observed (Fig. 5B) which the following deposition of GQDs on the PARG modified 

GCE results in the formation of an interwoven net-like structure of PARG-GQDs with regularly 

morphology (Fig. 5C), providing an efficient interface for the following combination with MDA 

biomarker. Finally, these results confirmed that the GCE was coated by PARG-GQDs film, leading to 

the change in the surface activity of the electrode. Also, these results confirm that dispersion of GQDs 

on the surface of PARG was performed successfully. These observations suggest that the PARG film 

provides GQDs more uniform dispersion. Noticeably, GQDs play a key role in the formation of 

regular and high ordered PARG-GQDs composite film. On the one hand, amine-containing groups on 
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PARG can provide large amounts of active sites for GQDs deposition. Also, the electron withdrawing 

oxygen-containing groups on GQDs are also beneficial to the combination with PARG from the 

electrostatic point of view. Consequently, PARG form long-range hydrogen-bonding and electrostatic 

interactions with negatively charged groups of GQDs. On the other word, PARG supplies some 

amino groups for covalent modification, especially easy for reaction with hydroxyl and carboxyl 

groups of GQDs. Therefore, a biocompatible polymer (PARG-GQDs) can be fabricated on the surface 

of glassy carbon electrode. 

In general, scheme 3 show the preparation steps of PARG-GQDs modified GC electrode. 

3.4. Electrochemical behavior of the PARG and PARG-GQDs film 

The electrochemical behavior of PARG and PARG-GQDs film coated on GCE was investigated in 

further detail. Electrochemical characterization of the prepared biosensor was investigated by DPV, 

SWV, LSV, as well as CV techniques. Fig. 6 compares the cyclic voltammetric response of the 

PARG-GQDs-GCE with PARG-GCE. The cyclic voltammograms of GCE, PARG-GCE and PARG-

GQDs-GCE were recorded between -1.0 and 1.0 V using the scan rate of 100 mVs-1 in the 0.1 M PBS 

(pH=7.4) in the presence of MDA. As seen in Fig. 6, on the bare GCE electrode (curve a) no redox 

behavior was observed. On the other hand, as well as on the PARG-GCE and PARG-GQDs-GCE one 

pair redox peaks was appeared at about 0.97 V vs. Ag/AgCl. The comparison of recorded CVs using 

PARG-GCE and PARG-GQDs-GCE in the presence of MDA (Fig 6A) shows high oxidation peak 

current for PARG-GQDs-GCE than PARG-GCE which attribute to the anodic oxidation of MDA 

using PARG-GQDs-GCE. This observation is also attributed to the high conductivity and inherent 

ability of PARG. These results show the anodic peak current at the surface of PARG-GQDs-GCE is 

significantly enhanced while; the cathodic peak current was decreased considerably. Also, it's found 
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that, PARG-GQDs film could accelerate the rate of electron transfer of MDA and have good 

electroactivity for redox reaction of MDA than PARG-GCE. It is no doubt that GQDs play important 

role in the improvement of electrochemical activity of PARG towards electrooxidation of MDA. As a 

decisive electrical component in the biopolymer film, GQDs provides an enhancement for sensitive 

detection of MDA, meanwhile, PARG can amplify the electrochemical signals produced during the 

electrochemical sensing process. In one word, the synergetic effect of PARG and GQDs leads to a 

successful  

The pH dependence of Epa can be expressed by the recording of CVs in different pH of MDA. 

Because the surface of electrode was coverage with amine groups, a pH of around 5 is optimal for 

imine formation. In addition, at higher pH there is insufficient acid present and at lower pH the amine 

will be protonated rendering it unable to do a nucleophilic attack at the carbonyl carbon. Therefore, 

we except in the pH about 5, a different oxidation potential be observed. Obtained results confirm this 

phenomenon Fig. 7. It is important to point out that, an aldehyde group could never be attacked 

directly by a protonated amine. Any such reaction would have to involve transfer of the proton from 

the amine to the MDA first in order to free up a lone pair on nitrogen, which might then attack the 

carbonyl carbon. 

Scan rate has a significant role in the electrochemical behavior of analytes on the electrode surface. 

Fig. 8A presents typical CV of a PARG-GQDs-GCE in 0.1 M PBS at physiological pH (7.4) in 

different potential scan rates from 2-1000 mV s-1. The peak’s currents are relative to sweep rates in 

the range of 400-800 mV s-1, as shown in Fig. 8B, pointing to the electrochemical activity of the 

surface redox couple. From the slope of this lines and using: 
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                                                                                                                          (1) 

where * is the surface coverage of the redox species, � being the potential sweep rate and A is the 

electrode surface area (A=	r2=0.125 cm 2) [47,48] and taking average of both cathodic and anodic 

results, * values of around 1.26×10-8 (mol cm-2 have been derived. In addition * values of PARG 

was 9.88×10-9 mol cm-2. These results show that, prepared nanocomposite PARG-GQDs has higher 

surface coverage than bare PARG. 

Fig. 8A-D illustrates cyclic voltammograms of MDA using the PARG-GQDs-GCE recorded at 

different potential sweep rates. Fig. 8B indicates anodic peak currents increased linearly with the 

square root of the potential sweep rate (400-800 mVs-1), which indicates a mass transfer-controlling 

process of oxidation via diffusion. In addition the value of the electron-transfer coefficient for the 

reaction can be obtained from the following equation: [49, 50] 

                                                                                                             (2) 

This is valid for a totally irreversible diffusion-controlled process. Using the dependency of anodic 

peak potential on the Neperian logarithm of the potential sweep rate (Fig. 8C), the value of the 

electron-transfer coefficient was obtained as 0.432. 

Chronoamperometry, as well as cyclic voltammetry has been employed for the investigation of the 

electrooxidation process of MDA at the surface of with PARG-GQDs-GCE. Chronoamperograms 

were recorded by setting the working electrode potentials to desired values and were used to measure 

the rate constant on the modified surface. Fig. 9 shows single steps chronoamperograms for the 
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modified electrode in presence of MDA over a concentration range of 0.001-0.2 M. The plot of net 

current versus t-1/2 which has been obtained by removing the background current by the point-by-

point sub-traction method gives a straight line. This indicates that the transient current must be 

controlled by a diffusion process. By using the slopes of these lines; we can obtain the diffusion 

coefficients of the MDA according to the Cottrell equation: [51]  

                                                                                       (4) 

where D is the diffusion coefficient, and C* is the bulk concentration. The mean value of the 

diffusion coefficients of MDA was found to be 1.01×10-5 cm2 s-1. 

Electrode stability related to the number of cycles was also checked as Fig. 10. As shown, with 

increase of the number of cycles to 100, the peak currents decrease very smoothly with error of 3.3% 

where in higher cycles is decreased remarkably, for example, in 100 cycles error percent is 49%. 

Results approve that the electrode is stable at least 100 replicate analysis. 

Another advantage of the proposed modified electrode was that the resulting modified electrode 

showed good long term stability. Stability of the proposed electrode was tested by measuring the 

decrease in voltammetric current during repetitive DPV measurements of MDA with PARG-GQDs-

GCE stored in solution or air. For example, this electrode, within 24 h, is used for the determination 

of 0.1 mM MDA in buffer solutions. Obtained results show that this electrode has remarkable 

stability without significant change in the voltammetric currents. When the electrode was stored in 

the atmosphere, the current response remained almost unchanged for about 11 day. Relative standard 

deviation (RSD) of repeated peak currents was (6.0 %). The high stability of the PARG-GQDs-GCE 

could be related to the strong affinity of GQDs for PARG and the low solubility of the PARG-GQDs-

GCE in water. To check the inter-electrode reproducibility of the modified electrode, three modified 

2/12/1*2/1= tCnFADI
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electrodes were tested simultaneously by recording DPVs in buffer solution, containing 0.1 mM of 

MDA. The relative standard deviation was 6.16%. Therefore, 0.1 mM imparts a suitable stability onto 

DPVs measurements of biomarker. 

3.5. Analytical application  

The calibration curve for MDA in PBS was obtained by differential pulse voltammetry (DPV). Fig. 

11A shows typical DPV curves for different concentrations of MDA in PBS using PARG-GQDs -

GCE. The dependency between peak current and low concentration of MDA was rectilinear for lower 

MDA within the range of 0.06-0.2 μM (with a regression equation of I (μA)=0.736C (μM)-1.195, 

R²=0.9831, n=5. The lower limits of quantitation (LLOQ) were found to be 0.329 nM for peak MDA. 

Also, in high concentrations of MDA regression equation of I (μA) =0.0297 C(μM)-16.528, 

R²=0.9938, n=5. 

Monitoring of EBC can be applied to rapid, non-invasive analyses of MDA with the aid of 

electrochemical methods. Therefore, PARG-GQDs-GCE was used as an efficient sensor for the 

detection of MDA in EBC using DPV. Since the EBC of healthy people is not free from MDA, in 

order to determine its MDA concentration, a standard addition method was used to obtain the 

concentration of MDA in the EBC of healthy people. For this purpose, in a healthy EBC sample, 

three concentrations of MDA were applied by the standard addition method and DPVs were recorded 

at pH 7.4. Obtained results are given in Table 1.  

To test the accuracy of this electrochemical method, the results were compared with the standard 

method and summarized in Table 2. It was obvious that the MDA content detected by proposed 

method was lower than that detected by ultraviolet-visible spectrophotometry. It may be due to rather 
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poor sensitivity and selectivity of ultraviolet-visible detection for MDA. Therefore, this method could 

be further developed for the clinical assay of intracorporeal MDA content. 

4. CONCLUSION 

In summary, a novel electrochemical sensor was developed for detection and quantification of the 

MDA using PARG-GQDs modified GC electrode. The use of GQDs resulted in a remarkable increase 

in the surface area and the active sites of the PARG modified electrode. Meanwhile, using GQDs the 

electrochemical signal of PARG-GCE was markedly amplified. By using PARG-GQDs-GCE, the 

sensor displayed a good sensitivity toward MDA electrooxidation with LLOQ about 0.329 nM and 

relative standard deviation of 1.14%. The modified electrode shows excellent electroactivity for MDA 

oxidation and minimizes surface fouling effects of MDA and their oxidation products. More 

importantly, the proposed nano-sensor was used for determination of MDA at physiological pH, 

without the necessity for sample pretreatment or any time-consuming extraction or evaporation steps 

prior to the analysis, with satisfactory analytical results. In addition, the engineered sensor was 

successfully applied for the measurement of MDA EBC as a real sample. It is expected that this 

biocompatible nanocomposite based sensor will provide a fast, inexpensive, eco-friendly sensitive 

and reliable sensing method for applications in different areas of clinical medicine. Finally, the results 

indicates GQDs essential role in the signal amplification of PARG which is important in 

electroanalytical chemistry. Therefore, the attachment of GQDs to structure of PARG provides new 

opportunities within the personal healthcare, fitness, forensics, homeland security, and environmental 

monitoring domains. Application of other poly amino acids modified by GQDs for sensitive 

determination of MDA is under study and will be presented in detail in our future reports. 
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Fig. 1. Cyclic voltammograms for the electrochemical polymerization of 0.5 mM l-arginine on a GCE 

at the scan rate 100 mV/s. No. of cycle is 10. 
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Fig. 2. FEG-SEM images of GCE (A) and PARG modified GCE (B).
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Fig. 3. GQDs induced cell death in (A) HepG2 cells and (B) non-tumorigenic cell line (NIH-3T3). 

Cells were treated with (0,10, 20, 50, 100 and 200 ppm GQDs for 24, 48 and 72 hours and cell 

viability was measured using MTT [3(4,5dimethylthiazol2yl) 2,5diphenyltetrazolium bromide] 

reduction assay. Data represent the mean ± S.E.M. (n = 6). 
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Fig. 4.  Cyclic voltammograms for the electrodeposition of 0.002 g/mL GQDs on a GCE modified by 

PARG at the scan rate 100 mV/s. No. of cycle is 30. 
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Fig. 5. FEG-SEM images of PARG-GQDs modified GCE in different magnitude. 
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Fig. 6: (A) CVs of GCE (Black curve), GQDs-GCE (Red curve), PARG-GCE (Green) and PARG-

GQDs-GCE (Blue curve) in PBS (pH=7.4) +MDA (0.1 mM); B) LSVs; C) DPVs and D) SWVs  of 

PARG-GCE (Green curve) and PARG-GQDs-GCE (Blue curve) in PBS (pH=7.4) +MDA (0.1 mM). 

Fig. 7. The effect of pH on the electrooxidation of MDA using PARG-GQDs-GCE 

E
p

 / 
V

pH

32



-50

7.5

65

122.5

180

-1.5 -0.775 -0.05 0.675 1.4 I/
 μ

A

E/ V

A

7

7.25

7.5

7.75

8

0 0.2 0.4 0.6 0.8

y =  2.231x +  6.2935

R²  =  0.9943

B

I/
 μ

A

v /  (V.s-1

33



Fig. 8. A) CVs of PARG-GQDs-GCE in different scan rate (2, 5, 10, 25, 50, 60, 70, 80, 90, 100, 150, 

200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 950 and 1000 mV/s) in the 

presence of 0.01 mM MDA; B) Variations of oxidation peak currents versus scan rate; C)) Variations 

of oxidation peak potential versus neperian logarithm of scan rate. 
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Fig. 9. Chronoamperograms of PARG-GQDs-GCE in different concentrations of MDA in the 

presence of 0.1M PBS (7.4) 
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Fig. 10. GCE in different cycle numbers (1-100) in 0.01 PBS (pH 7.4) 
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Fig. 11. A) DPVs obtained for determination of MDA in 0.1M PBS using PARG-GQDs-GCE. MDA 

concentrations are as: 0.000285, 0.0002, 0.00014, 0.001, 0.008, 0.01, 0.16, 0.18, and 0.1 mM. B) 

DPVs obtained for determination of MDA in low concentrations using PARG-GQDs-GCE. C) 

Calibration curve of MDA in above mentioned concentrations. D) Calibration curve of MDA in low 

concentrations; E) Calibration curve of MDA in high concentrations. 
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Scheme 1. Proposed mechanism of the preparation of PARG on the surface of GCE 

  38



 

Scheme 2. Proposed mechanism of the preparation of PARG-GQDs on the surface of GCE. 
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Scheme 3. Preparation steps of PARG-GQDs film on GCE surface 
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Table 2 compartment the results of MDA in EBC using the proposed and UV-vis methods in different 

samples 

Table 1. Obtained results for detection of MDA in EBC sample standard addition method

Concentration (μM) Signal [I / A]

26000 3.7

53 0.605

7.6 0.587

Sample No. MDA concentration

This method UV-Vis Relative error (%)

1 1.32 - -

2 1.78 - -

3 5.50 8.22 26.39

4 10.23 15.60 30.21
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