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ABSTRACT 

Present study describes the utility of unzipped carbon nanotubes as electrochemical sensing 

platform for the determination of diosmin (DIO) in pharmaceutical formulations and for the 

investigation of its binding to drug transport protein, human serum albumin (HSA). Graphene 

oxide nanoribbons (GONRs) were prepared by unzipping of multiwalled carbon nanotubes and 

characterized by employing powder XRD, FTIR, absorption, Raman, AFM, SEM and 

electrochemical impedance spectroscopic methods. The suspension of GONRs was drop casted 

on a glassy carbon electrode (GCE) and then was subjected to electrochemical reduction(Er) in 

the potential range of 0.8 to -1.6 V to obtain ErGONRs/GCE. DIO showed a redox peak (Epa = 

0.587 V and Epc = 0.548 V) and an irreversible oxidation peak at 0.845 V on ErGONRs/GCE in 

phosphate buffer of pH 3. DIO exhibited enhanced electrochemical response (~39-fold increment 

in the peak current) at ErGONRs/GCE when compared to that at bare GCE. Linearity between 

the peak current and concentration of DIO was noticed in the range of 51.01 nM - 39.21 µM and 

25 nM - 3.48 µM for differential pulse and square wave voltammetric methods, respectively. The 

practical utility of the proposed sensor was established by determining DIO in pharmaceutical 

formulations. Further, the sensor was used for understanding the binding mechanism of DIO-

HSA system. The binding constant and binding ratio between HSA and DIO were calculated to 

be 2.58 x 104 M−1 and 1:1, respectively. 

 

Keywords: Graphene oxide nanoribbons, semisynthetic flavone, pharmaceutical formulations, 

binding characteristics 
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Introduction 

 

Graphene nanoribbons (GNRs) have been recognized as promising building blocks for 

nanoelectronic and spintronic devices in the carbon family [1-6]. The interest in this material has 

grown exponentially after free-standing graphene layers were unexpectedly found and then 

follow-up experiments confirmed their massless Dirac fermion charge carrier abilities [7-9]. It is 

desirable to produce high-quality GNRs with well-defined widths and edge structures to explore 

their applications [10]. Several methods have been reported for the preparation of GNRs.  In 

particular, the synthesis of GNRs by unzipping of carbon nanotubes (CNTs) has received much 

attention because it is possible to produce GNRs with controllable widths, edge structures and 

layer numbers.  The methods of unzipping of CNTs include Ar plasma etching [11], 

sonochemical unzipping [12,13] oxidation cutting [14,15], metal catalytic cutting [16], 

intercalation and exfoliation[17]. Apart from these methods, a simple and most successful 

solution-based high yield protocol was adopted in recent years for the synthesis of GNRs [18] 

This protocol involves two steps viz.,(i) the oxidative unzipping of CNTs by the application of a 

strong oxidizing agent (KMnO4) to obtain graphene oxide nanoribbons (GONRs)  and (ii) the 

reduction of GONRs by chemical [19] thermal [20] or electrochemical [21] treatment. Of these 

reduction approaches, reagent-free electrochemical method is increasingly employed due to its 

simplicity and eco-friendly nature [22]. In view of this, it was planned to prepare a new sensing 

interface based on electrochemically reduced GONRs for analytical and binding applications. 

Diosmin (DIO), chemically known as [3',5,7-trihydroxy-4'-methoxyflavone-7-rutinoside], 

is a typical semi-synthetic phlebotropic flavonoid. It is found in a variety of citrus fruits. It 

inhibits chemically induced cancers in rodents including N-melhyl-N-amylnitrosamine-induced 

esophageal cancer, 4-nitroquinoline 1-oxide-induced oral cancer and azoxymethane-induced 

colon cancer [23-27]. DIO is considered to be a vascular-protecting agent used to treat chronic 

venous insufficiency, hemorrhoids, lymphedema, varicose veins, anti-inflammatory, free-radical 

scavenging and antimutagenic properties [28-32].  

Spectrophotometric [33,34], chromatographic [35-40] and electrochemical [41-43] 

methods have been reported for the assay of DIO in pharmaceutical formulations and biological 

samples. However, the reported chromatographic and spectrophotometric methods require long 

analysis time, elaborate extraction and purification steps or on-line sample extraction and are 
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relatively costly while the reported electrochemical methods have inherent limitations such as the 

use of mercury based electrode/gold electrode or less sensitive for the determination of DIO.  So, 

it was thought worthwhile to develop a new electrochemical sensing interface for sensitive 

determination of DIO.  

Interactions between small molecules including bioactive compounds and transport 

proteins have been widely investigated during last few years [44-49]. Serum albumin is one of 

the most abundant carrier proteins and plays an important role in the transport and disposition of 

endogenous and exogenous ligands present in the blood [50]. Thus, it is significant to study the 

interaction of bioactive compounds including drugs with proteins. The molecular interactions 

between human serum albumin (HSA) and some flavonoids have been investigated successfully 

[51-58]. Thus, it is reported that the serum albumin plays a decisive role in the transport and 

disposition of flavonoids [59]. A number of biochemical investigations have revealed that 

proteins (including enzymes) are frequently the “targets” for therapeutically active flavonoids of 

both natural and synthetic origin [60]. Till now, the use of GNRs based electrochemical sensor or 

no electrochemical method, was developed for the characterization of binding of DIO-HSA 

system. Hence, it was thought worthwhile to explore the application of the proposed 

electrochemical sensor to understand the binding of DIO with HSA. 

The present study mainly describes the eco-friendly synthesis and characterization of 

clean and high-quality 2D GNRs with a length up to 4 µm for electrosensing applications. GNRs 

with predefined properties were easily and rapidly obtained by oxidative unzipping of 

MWCNTs. Further, it was followed by electrochemical reduction.  These electrochemically 

reduced (Er) GONRs (ErGONRs) were utilized for the fabrication of electrochemical sensor for 

analytical applications of DIO. Further, application of the proposed electrochemical sensor was 

extended for exploring the binding characteristics of DIO with HSA. 

 

2. Experimental 

 

2.1. Reagents and solutions 

  

DIO and HSA were purchased from Sigma Aldrich, USA and used without further purification.  

A stock solution of 1 mM DIO was prepared by dissolving it in 2 mL NaOH (0.3 M) and then 
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diluting to 10 mL with Millipore water. It was stored in a refrigerator at 4 °C. A stock solution of 

HSA (250 µM) was prepared in 0.1 M phosphate buffer of pH 7.4 containing 0.15 M NaCl. 

Working solutions of DIO were prepared by appropriately diluting the stock solution with the 

selected supporting electrolyte. All other chemicals used were of analytical grade and used as 

received. Millipore water was used for preparing all solutions. 

 

2.2. Material characterization  

 

X-ray diffraction patterns were recorded on a X-ray diffraction system (Bruker AXS D8) 

employing the Cu Kα line (1.5406 Å). FTIR and Raman studies were carried out on a NXR-FT-

RAMAN, NICOLET, USA and NICOLET 6700, NICOLET, USA respectively. Atomic force 

microscopy (AFM) images were taken on a Multi-Mode Nanosurf EasyScan atomic force 

microscope (Nanosurf, Switzerland). Commercially available AFM cantilever tips (Tap190Al-G) 

with a force constant of 48 N m-1 and a resonance vibration frequency of ~160 kHz were used.  

Surface morphologies of GONRs and ErGONRs were performed on a JEOL Model JSM - 

6390LV scanning electron microscope (SEM). 

 

2.2. Apparatus  

 

Electrochemical measurements were made on a CHI-1103A Electrochemical Analyzer (CH 

Instruments, Inc. USA) consisting of a GCE (3 mm diameter) as the working electrode, a 

platinum wire as the counter electrode and an Ag/AgCl as the reference electrode. The 

experimental conditions maintained for differential pulse voltammetric method were: pulse 

amplitude 50 mV; pulse width 30 ms and scan rate 20 mV s-1 while for square wave 

voltammetric method were: step potential 4.95 mV, amplitude 25.05 mV and scan rate 74.25 mV 

s-1. 

 

2.3. Preparation of graphene oxide nanoribbons (GONRs) and electro-reduced GONRs 

 

Pristine GONRs were synthesized by following the reported method [15]. Briefly, 150 mg 

MWCNTs were suspended in 30 mL of conc. H2SO4 for 12 h. 750 mg KMnO4 (4.75 mM) was 
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added to above mixture and stirred for 1 h at room temperature. Then, the reaction mixture was 

heated to 55-70 °C for 1 h. Further, the reaction mixture was quenched by pouring it in to ice-

water containing a small amount of hydrogen peroxide. Finally, the solution was filtered off 

through polytetrafluoroethylene membrane filter paper and the separated solid was washed 

repeatedly with water and ethanol. The obtained solid was dried under IR lamp and it was 

designated as pristine GONRs. GONRs suspension was prepared in Millipore water by 

ultrasonication for about 1 h. Further, the film of GONRs was electrochemically reduced at GCE 

in the potential range of -1.7 to 0.6 V to obtain ErGONRs [18]. 

 

2.4. Fabrication of GONRs/GCE and ErGONRs/GCE 

 

GONRs/GCE was fabricated by the deposition of 6 µL GONRs dispersion on the surface of GCE 

and dried under IR lamp. It was then electrochemically reduced in phosphate buffer of pH 6 in 

the potential range of -1.7 to 0.6 V employing cyclic voltammetry (10 cycles) to produce 

ErGONRs/GCE (Supplementary information, Fig. S1). 

 

3. Results and discussion 

 

3.1. Characterization of GONRs and ErGONRs 

 

XRD studies 

 

The XRD patterns of MWCNTs and GONRs are shown in Fig. 1A. Pristine MWCNTs exhibited 

characteristic diffraction peaks at 25.408 ° and 42.189 ° corresponding to (002) plane (d-spacing 

of 0.350 nm) and (101) plane (d-spacing of 0.214) respectively [61]. Upon the oxidation of 

MWCNTs, the peak appeared at 10.06 ° corresponding to the (002) plane with an inter-planar 

distance of 0.878 nm. The larger d-spacing for GONRs compared to that of MWCNTs was 

attributed to the presence of intercalated oxygen containing functional groups and the formation 

of layered GONRs. 
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FT-IR spectra 

 

FT-IR spectra of GONRs and ErGONRs are shown in Fig. 1B. GONRs exhibited characteristic 

bands at 1715 cm-1 and 1030 cm-1 corresponding to C=O and C–OH stretching vibrations of the  

-COOH group respectively. The band at 1623 cm-1 was assigned to the bending vibration of 

absorbed water molecules and to contributions of sp2 characteristics whereas the band at 1214 

cm-1 was attributed to the presence of epoxy groups. The bands noticed at 3413 cm-1 and 1400 

cm-1 were due to the –OH stretching and deformation vibrations respectively. Upon 

electrochemical reduction of GONRs, the bands due to oxygen functionalities were observed to 

be almost disappeared indicating the restoration of sp2 hybridized carbon network. This 

facilitates the electron transfer kinetics when used as an electrode material.  

 

Absorption studies 

 

Absorption spectra of GONRs and ErGONRs are shown in Fig. 1C.  GONRs exhibited an 

absorption band at ~235 nm corresponding to π→π* transition of C=C of GONRs network.  

Upon electrochemical reduction, the absorption band was shifted to ~278 nm indicating that the 

π conjugations were extended or the small aromatic domains were restored.  

 

Raman spectra  

 

Raman spectra were recorded to evaluate the ordered and/or disordered structures of prepared 

GONRs and ErGONRs. The Raman shifts of GONRs and ErGONRs are shown in Fig. 1D. 

Prepared nanoribbons (GONRs and ErGONRs) exhibited D and G bands in the range of 1330-

1592 cm-1, similar to that reported for graphene derivatives. The D band is related to the 

vibrational mode of the k-point phonon of A1g symmetry, whereas the G band is due to the E2g 

phonon of the sp2 hybridized carbon atoms [62]. Further, the D/G ratio was found to be 0.957 

and 1.158 for GONRs and ErGONRs respectively. The D/G ratio was increased upon 

electrochemical reduction of GONRs (ie. the process of removal of intercalated oxygen-

containing functional groups). This might be due to increase in the number of small aromatic 
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domains responsible for the D band, but not necessarily their overall size, which is responsible 

for the G band or increased edge defects of narrow width of nanoribbons [63]. 

 

SEM 

 

The morphology and microstructures of prepared samples were investigated by FESEM. The 

micrographs of MWCNTs, GONRs and ErGONRs are shown in Fig. 2A-F. Carbon nanotubes 

were found to be agglomerated in pristine MWCNTs (Fig. 2A and B) with sizes ranging from 25 

– 30 nm. Smooth and ribbon-like surface morphology was observed upon oxidative unzipping of 

MWCNTs (Fig. 2C and D). The width of such nanoribbons was found to be about 210 nm. This 

suggested that the MWCNTs were unzipped during the oxidation by KMnO4. Upon 

electrochemical reduction of GONRs, the surface morphology of nanoribbons became rougher 

and most of the edge planes were directed towards the surface (Fig. 2E and F). During 

electrochemical reduction process, first the carbonyl groups were reduced to form hydroxyl 

groups. The hydroxyl groups were further reduced by expulsion of oxygen in the form water 

molecules. Thus, the roughening of the substrate was due to the evolution of water molecules 

from the substrate. The evolved reduction products created various vacancies or defective sites 

that form rough surface upon electrochemical reduction of GONRs. These results revealed that 

the electron transfer proceeded at a faster rate at ErGONRs/GCE than that at GONRs/GCE.  

 

AFM 

 

The structural features (surface roughness, length and width) of GONRs and ErGONRs were 

explored by AFM measurements. AFM, depth profile and 3D-AFM micrographs of GONRs and 

ErGONRs are shown in Fig. 3A-F. Upon oxidative unzipping, the length and width of 

MWCNTs were observed to be ~2 µm and ~225 nm respectively (Fig. 3A-C). This confirmed 

that the intercalation of oxygen functionalities into the CNTs network was successful. Upon 

electrochemical reduction of GONRs, the length and width was noticed to be ~ 100 nm and          

~ 150 nm respectively (Fig. 3D-F). Upon electrochemical reduction, the width of GNRs was 

decreased by ~75 nm, suggesting the reduction of oxygen functionalities at the edges. Surface 
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roughness of ErGONRs (5.80 pm2) was found to be more than that observed for GONRs (3.81 

pm2).  

 

3.2. Electrochemical characterization of GONRs/GCE and ErGONRs/GCE 

 

Cyclic voltammetric and electrochemical impedance spectroscopic techniques were used to 

characterize the stepwise fabrication process of the proposed electrochemical sensor. Cyclic 

voltammetric response of 1 mM potassium ferricyanide (redox probe) in 1 M KCl at bare GCE 

(curve a), GONRs/GCE (curve b) and ErGONRs/GCE (curve c) are shown in Fig. 4A. The probe 

exhibited higher redox peak current (~ 47 times) at ErGONRs/GCE than that at GONRs/GCE. 

The lower redox response at GONRs/GCE was due to the electrostatic repulsion between 

oxygen-containing functional groups on GONRs network and ferricyanide anions. This repulsion 

restrained the diffusion of probe ions to the electrode surface. Moreover, lesser redox potential 

difference (∆Ep = 55 mV) was noticed at ErGONRs/GCE than that observed at GONRs/GCE 

(∆Ep = 63 mV) and bare GCE (∆Ep = 68 mV), indicating that the interface ErGONRs has 

outstanding charge transfer and catalytic performance. As expected, the response (increased Ip 

and decreased ∆Ep) at ErGONRs/GCE was better than that at GONRs/GCE and bare GCE 

confirming the presence of several number of small aromatic domains/edge/basal planes in 

ErGONRs. The surface area of ErGONRs/GCE, GONRs/GCE and bare GCE was also calculated 

using Randles-Sevcik equation [64], Ip = 2.69 × 105
n

3/2
AC0DR

1/2
v

1/2 where Ip refers to the peak 

current, n is the number of electron transferred, A is the surface area of the electrode, DR is the 

diffusion coefficient, Co is the concentration of K3[Fe(CN)6] and ν is the scan rate. For 1 mM 

K3[Fe(CN)6] in 0.1 M KCl electrolyte, n = 1 and DR = 7.6×10−6 cms−1. From the slope of the plot 

of Ip vs. ν1/2, the electrochemically active surface area of ErGONRs/GCE, GONRs/GCE and bare 

GCE was calculated to be 0.62, 0.35 and 0.05 cm2 respectively. Hence, the ErGONRs/GCE was 

used as an electrochemical sensor. 

In the impedance spectrum, the semicircle diameter corresponds to the charge transfer 

resistance (Rct). This resistance controls the charge transfer kinetics of the redox probe 

(potassium ferricyanide) at the electrode interface. The Nyquist plots obtained at bare GCE 

(curve a), GONRs/GCE (curve b) and ErGONRs/GCE (curve c) in 1M KCl solution containing 

1mM K3[Fe(CN)6] are shown in Fig. 4B. The charge transfer resistance, (Rct) of ErGONRs/GCE 
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(Rct = 3.15 KΩ cm2) was found to be less than that observed for GONRs/GCE (Rct = 10.88 KΩ 

cm2) and bare GCE (Rct = 26.08 KΩ cm2), suggesting that the ErGONRs interface facilitated 

heterogeneous charge transfer rate. The corresponding equivalent circuits are shown in the inset 

of Fig. 4B. Thus, the results from electrochemical impedance measurements supported the 

results from voltammetric measurements. The slope of the diffusive part of the Nyquist plot was 

almost similar in GONRs/GCE and in ErGONRs/GCE. This indicated that the mass transfer of 

analyte to the substrate was not affected due to the reduction of GONRs. The removal of 

functional groups on electrochemical reduction of GONRs has improved the electrical 

conductivity which has resulted in the transport of charge or electrons through the modified 

electrode substrate.  

 

3.3. Electrochemistry of DIO at ErGONRs/GCE 

The proposed electrochemical sensor was utilized for investigating the detailed electrochemical 

characterization of DIO by employing cyclic voltammetric technique. Cyclic voltammograms of 

10 µM DIO at ErGONRs/GCE and bare GCE in phosphate buffer of pH 3 are shown in Fig. 4C. 

DIO exhibited an oxidation peak (peak a1) at 0.845 V in the forward scan. Upon reversing the 

scan direction no reduction peak was observed corresponding to peak a1. A new reduction peak 

(peak c2) was noticed at 0.548 V and upon repeated cycling (in second cycle) a corresponding 

oxidation peak was observed (peak a2) at 0.587 V. Based on Testa-Reinmuth notation the 

proposed electrode reaction was believed to follow ECirrevE mechanism.  Further, no reduction 

wave and corresponding oxidation wave was noticed upon reversing first cycle forward scan at 

0.700 V (Supplementary information, Fig. S2).  This confirmed that the DIO underwent 

irreversible electrooxidation in the first step and then chemically converted into 

electrochemically active product which was further involved in electrochemical redox reaction. 

Redox wave potential of DIO was shifted to 62.2 mV/pH towards negative potential with 

increase in pH of the solution (from pH 3 to 6) indicating the involvement of equal number of 

protons and electrons in the electrode reaction. Irreversible oxidation peak was shifted to 32.5 

mV/pH towards negative potential with increase in pH of the analyte solution (from pH 3 to 6) 

suggesting that one proton and two electrons have taken part in the electrode process.  

  Peak currents of all the peaks were observed to be linearly dependent on the scan rate in 

the range of 20-260 mV s-1 (Fig. 4D) suggesting that the electrode process was adsorption 
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limited. The slope (~ 0.85) of the log ip-log ν plot further confirmed the adsorption controlled 

electrode process.  Electrochemical kinetic parameters viz, number of electrons transferred (n), 

electron transfer coefficient (α) and rate of the reaction were evaluated by subjecting the scan 

rate results to Laviron equations shown below [65]: 

Epa = E°´ + RT/αnF [ln (RTks)/(αnF) -lnv]   (for irreversible system)…………(1) 

Epa = E°´ + [RT/(1-α)nF]lnν      (for reversible system)  ………….(2)  

Epc = E°´ - [RT/αnF]lnν           ………….(3)  

log ks = α log (1-α) + (1-α) log α -log(RT/nFν) - α(1-α){(nF∆Ep)/(2.3RT)}              ..………..(4) 

where E°´ is the formal potential,  n is the number of electrons transferred, α is the electron 

transfer coefficient and  ks is the standard rate constant of the electrode reaction.  For irreversible 

oxidation reaction, the values of ks and αn were deduced from the intercept and slope of the 

linear plot of Epa vs. lnν, when the value of E°´ was known. The value of E°´ for DIO at 

ErGONRs/GCE was obtained from the intercept of Epa vs. ν plot. Knowing the values of E°´, the 

slope and intercept of Epa vs. ln ν plot (Fig. not shown), the values of αn and ks could be 

calculated and were found to be 1.09 and 1.54 s-1 respectively.  Since, for a totally irreversible 

electron transfer reaction, α was assumed to be 0.5, the value of n was calculated to be 2. 19. 

This indicated the involvement of two electrons in the irreversible oxidation step. For redox 

reaction, the values of α and n were evaluated to be 0.53, 4.00 respectively by employing 

equations (2) and (3). By knowing the values of α, n, ∆Ep (0.204/n V) with the scan rate of                

250 mV s-1, standard rate constant (ks) was evaluated using equation (4) and found to be 1.86 s-1. 

From these results, we propose that two and four electrons were involved in the irreversible 

oxidation peak and redox peak, respectively.  

 

3.4. Optimization of ErGONRs/GCE sensing performance  

 

Sensing performance of ErGONRs/GCE was optimized by varying the amount of modifier 

(GONRs suspension), accumulation time and pH. DIO exhibited highest electrochemical 

response at ErGONRs/GCE in phosphate buffer of pH 3 with an accumulation time of 210 s 

(Supplementary information, Fig. S3) and 6 µL GONRs suspension (Supplementary information, 

Fig. S4). Hence, these parameters were fixed for further studies. 
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4. Analytical Applications of ErGONRs/GCE 

 

4.1. Construction of analytical curve 

 

With the aim of proposing sensitive electroanalytical methods for the assay of DIO, we have 

developed SWV and DPV methods.  Among these two methods, SWV method is more sensitive 

compared to that of DPV as evident from their low detection limits. In order to construct the 

calibration curves, differential pulse (Fig. 5A) and square wave (Fig. 5B) voltammograms were 

recorded for increasing concentrations of DIO. Linearity was observed between the peak current 

and concentration of DIO in the range of 51.01 nM – 39.21 µM and 25 nM – 3.48 µM for 

differential pulse (Inset of Fig. 5A)  and square wave (Inset of Fig. 5B) voltammetric methods 

respectively. The corresponding regression equations are shown below: 

Ip/µA = 3.06 [DIO] + 2.55;  r = 0.998   (for DPV method) 

Ip/µA = 61.4 [DIO] + 12.1;  r = 0.992   (for SWV method) 

The values of limit of detection (LOD) and limit of quantification (LOQ) were evaluated 

and the corresponding results are shown in Table 1. The values of RSD less than 2.81 % 

confirmed that the developed methods were sufficiently precise for the sensing of DIO. Further, 

the analytical characteristics (analytical range and limit of detection) of the proposed method 

were compared with those of reported methods (Table 2). 

4.2. Assay of DIO in pharmaceutical formulations  

The practical utility of the proposed sensor, ErGONRs/GCE was established by determining DIO 

in pharmaceutical formulations. The corresponding results of the analysis are tabulated in Table 

3 and found to be satisfactory. Further, recovery studies were performed to check the possible 

interferences from the common excipients and additives. For this, known amounts of pure DIO 

were added to the previously analyzed formulation of DIO and analyzed. High percentage of 

recovery indicated that the commonly encountered excipients and additives did not interfere in 

the assay by the proposed method. 

 

5. Binding characteristics of DIO-HSA at ErGONRs/GCE 

 

5.1. Interaction of DIO with HSA by CV and DPV   
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Cyclic and differential pulse voltammetric techniques were used to investigate the interaction 

between DIO and HSA at ErGONRs/GCE in phosphate buffer of physiological pH. Cyclic and 

differential pulse voltammograms of DIO at ErGONRs/GCE in the presence of increasing 

amounts of HSA are shown in Fig. 6A and B. Significant decrease in the oxidation peak (a1) 

current and positive shift in the peak potential of DIO was observed upon the addition of HSA. 

Further, no new peak was observed in the presence of HSA. The drop in oxidation peak current 

was noticed to be significant up to 4 min. After 4 min the peak current remained constant. 

Therefore, the interaction time of 4 min was maintained for each measurement. The drop in 

oxidation peak current was due to one of the two reasons viz., (i) the formation of an 

electrochemically inactive supramolecular DIO–HSA complex which decreased the 

concentration of free DIO or (ii) the addition of HSA might alter the electrochemical kinetics of 

DIO [66-68]. In order to confirm this, the electrochemical kinetic parameters of DIO in the 

presence and absence of HSA were evaluated. The values of ks and αn were calculated to be 1.53 

s-1 and 1.11 and, 1.51 s-1 and 1.10 in the absence and presence of HSA respectively (Table 4). 

These results did not reveal any significant changes in electrochemical kinetic parameters in the 

presence and absence of HSA. Hence, we propose that the decreased peak current of DIO upon 

the addition of HSA was due to the formation of an electrochemically inactive complex, DIO-

HSA. 

 

5.2. Investigation of binding parameters for DIO-HSA system 

 

According to reports available in literature [69-71], it is assumed that DIO interacted with 

HSA to produce only a single complex, HSA-mDIO, as shown below: 

HSA + mDIO ↔ HSA-mDIO 

where m is the binding ratio. 

The equilibrium constant, βS is deduced as follows:  

βS = [HSA-mDIO] / {[HSA][DIO]m}       …………. (5) 

because 

CHSA = [HSA] + [HSA-mDIO] 
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According to the Ilkovič equation of an quasireversible electrode process,  

∆Imax = k CHSA                                                                                           …………. (6) 

∆I = k [HSA-mDIO]         …………. (7) 

[HSA] + [HSA-mDIO] = CHSA                                                            …………. (8) 

∆Imax - ∆I =  k (CHSA - [HSA-mDIO])                                                …………. (9) 

∆Imax - ∆I = k [HSA]                                                                             ………… (10) 

From equations (3), (6) and (1) we get 

(1 / ∆I) = (1 / ∆Imax) + {[1 / (βS ∆Imax)] x (1 / [DIO]m)}                            ………… (11) 

or 

log [∆I / (∆Imax - ∆I)] = log βS + m log [DIO]                                            ………… (12) 

where ∆I is the difference in peak current of DIO in the presence and absence of HSA and 

∆Imax is the peak current of DIO at extremely higher concentration compared to that of HSA. 

CHSA, [HSA] and [HSA-mDIO] correspond to the total, free and bound concentration of HSA 

in the solution, respectively.   

The plot of log [∆I / (∆Imax-∆I)] versus log [DIO] (Fig. 6C) shows linearity and slope 

equal to m, if the interaction of HSA with DIO yields a single complex. The values of m and 

βS were deduced from the slope and intercept and were found to be 1.01 and 2.58 x 104 M-1, 

respectively (Table 4). This indicated the formation of a stable 1:1 complex of HSA-DIO. 

The values of binding constant (βS) and stiochiometry of the HSA-DIO complex are in 

agreement with reported values (obtained by spectroscopic methods) [71,72].  

 

5.3. Interaction of DIO with HSA-ErGONRs/GCE 

 

The immobilization of HSA onto an electrode surface is in many ways the crucial aspect to 

develop HSA biosensors for monitoring the drug since it dictates the accessibility of HSA to 

drug in solution and hence can influence the affinity of drug binding [73,74]. In view of this, 

we have carried out the interaction studies at HSA-ErGONRs/GCE that was prepared by 
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immobilization technique. Cyclic voltammograms of 10 µM DIO at ErGONRs and HSA-

ErGONRs/GCE in the potential range of 0.2 – 1 V are shown in Fig. 6D.  

Oxidation peak (peak a1) potential was shifted towards positive potential (~10 mV) at 

HSA-ErGONRs/GCE when compared to that at ErGONRs/GCE. The positive shift in the 

oxidation potential at HSA-ErGONRs/GCE suggested the interaction between DIO and HSA. 

Heli et al. [73] have attributed the positive and negative shifts observed at HSA/GCE 

electrode to hydrophobic and non-hydrophobic (electrostatic and/or covalent) interactions, 

respectively. The positive shift observed in the present study indicated the interaction 

between DIO and HSA to be hydrophobic forces. 

 

Conclusions 

 

An electrochemical sensor was fabricated based on eco-friendly reduction of graphene oxide 

nanoribbons for sensing applications. Graphene oxide nanoribbons were prepared by oxidative 

unzipping of multiwalled carbon nanotubes. These oxidized nanoribbons were electrochemically 

reduced to regain small aromatic domains for electrosensing applications. Electrochemical 

sensor was constructed by drop casting of graphene oxide nanoribbon suspension on GCE 

followed by electrochemical reduction. Application of the proposed electrochemical sensor was 

also demonstrated by exploring the binding mechanism of DIO-HSA system. 
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Fig. 1 A) XRD patterns of MWCNTs (blue) and GONRs (red); B) FTIR, C) Absorption and D) 

Raman spectra of GONRs (red) and ErGONRs (blue).  
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Fig. 2 SEM micrographs of MWCNTs (A and B), GONRs (C and D) and ErGONRs (E and F). 
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Fig. 3 AFM micrograph, height profile diagram and 3D AFM micrograph of GONRs (A, B and 

C) and ErGONRs (D, E and F). 
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Fig. 4 A) Cyclic voltammograms and B) Impedance spectra of 1mM [Fe(CN)6]
3-/4-

 at 

ErGONRs/GCE (green), GONRs/GCE (blue) and bare GCE (red) in 1M KCl. C)  Cyclic 

voltammograms of 10 µM DIO at ErGONRs/GCE (blue) and bare GCE (red) in phosphate 

buffer of pH 3 and (D)  Cyclic voltammograms of 10 µM DIO at different scan rates (a→i: 20, 

40, 60, 80, 100, 140, 180, 220 and 260 mV s
-1

, respectively) on ErGONRs/GCE in phosphate 

buffer of pH 3.  
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Fig. 5 Differential (A) and square wave (B) voltammograms for increasing concentrations               

(A, a→j: 0.0510, 0.102, 0.510, 1.20, 2.54, 5.07, 10.1, 20.2, 29.7 and 39.21 µM, respectively and 

B, a→g: 0.0250, 0.0995, 0.249, 0.498, 1.49, 2.49 and 3.48 µM, respectively) of DIO in 

phosphate buffer of pH 3. Insets show respective linear plots. 
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Fig. 6 A) Cyclic and B) differential pulse voltammograms of 10 µM DIO in the presence of 

increasing concentrations of HSA (a→d: 0, 5, 10 and 15 µM, respectively),  at ErGONRs/GCE 

in phosphate buffer of pH 7. C) Linear plot of log [∆I / (∆Imax-∆I)] versus log [DIO]. D) Cyclic 

voltammograms of 10 µM DIO at ErGONRs/GCE (a) and HSA modified ErGONRs/GCE in 

phosphate buffer of pH 7.    
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Table 1 Characteristics of the calibration plots for DIO. 

 

 

 

 

 

 

 

 
a
Differential pulse voltammetric method. 

b
Sqaure wave voltammetric method. 

c 
For 1 µM DIO. 

 DPV
a
 SWV

b
 

Linearity range, µM 0.051- 39.21 0.025 – 3.48 

LOD, µM 0.015 0.011 

LOQ, µM 0.049 0.040 

Inter-day assay RSD
c
 (%) 2.81 2.34 

Intra-day assay RSD
c 
(%) 2.56 2.53 
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Table 2. Comparison of analytical range and detection limits of the proposed method with those 

of reported methods   

 

Method  Linearity range (µg/mL) LOD (µg/mL) References 

Spectrophotometric 

Method-1  0.3-35 0.1 33 

Method-2  2-140 0.05 34 

Chromatographic 

HPLC  0.08-0.15 -- 35 

HPTLC (per spot)  0.10-3.0 0.1 39 

Electrochemical 

AdSV(GCE)  0.50 – 165.5 0.20 42 

SWV(CPE)  --- 1.62 43 

DPV  (ErGONRs/GCE) 

SWV (ErGONRs/GCE)  

0.03-23.83 

0.015-1.85 

0.03 

0.02 

Proposed 

work 
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Table 3. Results of analysis of DIO in pharmaceutical formulations 

 VENUSMIN
a
  

Labelled amount, mg  150.0  

Amount found, mg  148.93  

Recovery
b
, %  99.28  

RSD
c
, %  0.42  

Pure DIO added to tablet solution, mg  25.00  

Amount found, mg  24.50  

Recovery
b
, %  98.0  

RSD
c
, %  2.11  

a
Martin and Harris Laboratories, LTD., India. 

b
Average of  six determinations. 

c
For 1 µM DIO 
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Table 4. Electrochemical parameters for DIO in the presence and absence of HSA 

 E
o'
 (V) nα ks (s

-1
) m K, 10 

4
 (mol

-1
) 

Free DIO 0.698 1.11 1.53 -- -- 

DIO-HSA 0.700 1.10 1.51 1.01 2.58 
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