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INTRODUCTION

    The main objective of this research was to develop a simple and sensitive electrochemical method for 

determination of trace-level of luteolin using vulcan carbon black (VCB) modified glassy carbon electrode 

(GCE). Compared with the bare GCE, the VCB/GCE exhibits higher electrocatalytic ability toward luteolin 

oxidation. This is due to the large surface-to-volume ratio of the carbon black together with the good 

conductivity. The results illustrated that the oxidative peak currents increased linearly with the 
-9 -8 -9concentration of luteolin in the range of 2.40 x 10  to 5.14 x 10  M, with a detection limit of 2.21 x 10  M 

(S/N = 3). Moreover, the analytical performance of the sensor was successfully applied for the 

determination of luteolin in peanut hulls as a real sample with satisfactory results. 

   Luteolin (2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-4H-chromen-4-one), (Figure 1), a member of the

flavonoid family, is found in many vegetables, fruits and herbs. It is found in high amounts in thyme, 

peppermint, parsley, celery, green pepper, perilla leaves and chamomile tea [1]. It is well known that 

luteolin has antioxidant, anti-inflammatory, anticancer, anti-allergic, antiplatelet and anti-ulcer properties 

[2]. Luteolin has been reported to reduce the neurotoxicity induced by neurotoxic agents in cell culture 

systems [3,4]. In addition, luteolin was used for antiviral activities, cataract prevention, and antithrombotic 

action [5,6]. Accordingly, investigation of the redox process and electrocatalytic capability of luteolin is of 

great importance. Several techniques have been utilized in the determination of luteolin, including 

spectrophotometry [7], capillary electrophoresis [8,9] and high-performance liquid chromatography 

(HPLC) [10,11]. Most of these have their own shortcomings, such as complicated experimental process, 

time-consuming and low sensitivity. Luteolin is an electroactive compound, so the electrochemical 

techniques are preferable and interesting due to the advantages of rapidity, low cost, simplicity and high 

sensitivity for the determination. Development and application of electrochemical sensors and methods 

for the determination has attracted widespread attention nowadays. Simple and sensitive electrochemical 

methods were developed for the determination of luteolin using electrochemical methods using glassy 

carbon electrode [12], and modified electrodes including graphene and hydroxyapatite [13], chitosan–

graphene [14], macroporous carbon [15] and multi-walled carbon nanotubes [16]. A modified glassy 

carbon paste electrode with In O  nanoparticles has been prepared and applied for selective and sensitive 2 3

electrochemical determination of luteolin [17]. Simple and sensitive sensors were successfully developed 

for the electrochemical determination of luteolin based on modified glassy carbon electrode with multi-

walled carbon nanotubes-ionic liquid [18] and with multiwalled carbon nanotubes dispersed in 

polyethylenimine [19]. The development of a sensitive electrochemical luteolin sensor based on poly 

(diallyldimethylammoniumchloride) functionalized reduced graphene oxide has been investigated [20]. 
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Figure 1. The chemical structure of luteolin

MATERIALS AND METHODS

Solutions and sample preparation

Development of simple and highly sensitive electrochemical method for quantification of luteolin based on 

thio-β-cyclodextrin functionalized graphene/gold nanoparticles/glassy carbon electrode was performed [21].  

   Vulcan XC-72 carbon black receives much attention for a long time as an interesting modifier for 

sensors. This is due to its excellent conductive, electrocatalytic properties and cost-effective. Carbon 

black is used to enhance electron transfer rate between the electroactive species and the electrode. 

Numerous applications using carbon black as electrode modifier material for analyte detection in solution 

were reported [22-25]. It was reported that the electrochemical sensor based on modified screen-printed 

electrodes with cost-effective of nanostructured carbon black has high performance [26-28]. They show 

the advantageous properties that can to be alternative to multiwalled carbon nanotubes as an electrode 

modifier. 

    In the present paper, the objective of this study was to investigate the electrochemical adsorption 

behavior of luteolin on VULCAN XC-72 carbon black modified glassy carbon electrode (VCB/GCE) in 

aqueous Britton-Robinson buffer solutions using cyclic voltammetry (CV) and square wave voltammetry 

(SWV). The optimizing of experimental conditions, including accumulation potential, 

accumulation time, and pH values were carefully investigated. Under the optimum conditions, SWV was 

developed for the direct determination measurement of luteolin in peanut hulls. 

   Luteolin (≥95% HPLC), boric acid (≥99.5% ACS), glacial acetic acid (USP), phosphoric acid solution 

(49-51% HPLC), sodium hydroxide (≥98% reagent grade) were purchased from Sigma-Aldrich (France). 

Ethanol (≥99.8% HPLC) was obtained from Merck (United States). VULCAN-XC72 conductive carbon 

black was purchased from CABOT (USA). Alumina powder was obtained from Metrohm (France). All 

solutions were prepared using highly purified water from a Millipore (Milli-Q) system.

-1   The stock solution of Luteolin (1.0 mmol L ) was prepared in ethanol/water (50:50) mixture. Britton–

Robinson (B-R) buffer is used for the range pH 1.00 to pH 9.0. B-R buffer consists of a mixture of 
-1 -1 -1phosphoric acid (0.04 mol L ), boric acid (0.04 mol L ) and acetic acid (0.04 mol L ) that has been titrated 

-1
to the desired pH with ammonium hydroxide (0.2 mol L ). All solutions were kept in the refrigerator after 

protection from light with aluminum foil. They were stable for at least 5 weeks. The working solutions were 

prepared freshly from the stock solutions for each new experiment.
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Instruments

    Measurements of cyclic and square wave voltammetry were carried out using an Autolab PGSTAT128N 

Potentiostat/Galvanostat (Eco-Chemie, Utrecht, The Netherlands) coupled with NOVA 1.10 software. 

Voltammetric measurements were carried out in a standard 20 mL three-electrode electrochemical cell 

with a glassy carbon electrode (GCE, d = 3.0 mm, model 61204300, Metrohm-Autolab, Switzerland) as 

a working electrode, a silver/silver chloride (Ag/AgCl, aq. KCl, 3.0 M) as a reference electrode and 

platinum wire as auxiliary electrode.

  The GCE surface was polished before each measurement with 0.3 μm alumina powder, then 

thoroughly rinsed with highly purified water and passed to the ultrasonic bath for 5 min. Following this 

mechanical treatment, the GCE was placed in B-R buffer supporting electrolyte and measurements were 

recorded until steady-state baseline voltammograms obtained. This procedure provided reproducible 

experimental results. All measurements were done in duplicate. The experimental conditions of square 

wave voltammetry (SWV) were: frequency, 10 Hz; pulse amplitude, 25 mV; potential step, 1 mV. 

Measurements of solution pH were performed using a bench-top pH-meter (HI 2210, HANNA Instruments, 

Romania) with a combined pH reference electrode.

   The bare GCE was carefully polished with 0.3 µm alumina powder on leather and then washed 
-1ultrasonically in water and ethanol, respectively. A 10.0 mg mL  suspension of VCB was obtained by 

dispersing 10.0 mg commercial VCB in 1.0 mL N,N-dimethylformamide (DMF). For the preparation of 
-1

VCB/GCE, a droplet (10 µL) suspension of VCB (10.0 mg mL ) was dropped onto the cleaned surface of 

GCE. Then the solvent was evaporated overnight forming the VCB/GCE.

Preparation of VCB/GCE

Sample preparation

    Peanuts were purchased from a local market (Sohag, Egypt) and divided into hulls and edible parts. 

The peanut hulls were dried at room temperature and ground using a blender. The milled peanut hulls 

(200 mg) were extracted with 100 mL ethanol for 2 h at room temperature. The sample was filtered and 

distilled in a rotary evaporation and diluted to 100 mL with ethanol in a calibrated flask.

RESULTS AND DISCUSSION

−6    The electrochemical behavior of 1.0 × 10  M luteolin in B-R buffer solution (pH 4.00) was investigated 

using cyclic voltammetry at bare and VCB modified GC electrodes (Figure 2A). A couple of redox peaks 
a cwas observed with peak separations (ΔE  = E  - E ) values of 62 mV and 66 mV close to 2.3 RT/nF (orp p p

59/n mV) at 25 °C at the GCE and VCB/GCE, respectively. The number of electron transfer in the redox 

reaction was calculated to be 1 (as shown in Scheme 1) which is in good agreement with the earlier 
a creport [13]. The anodic to cathodic peak currents ratio (I /I ) are approximately 1.18 and 1.15 for bare p p

GCE and modified VCB/GCE respectively, indicating that luteolin undergoes a reversible redox reaction. 

The anodic peak current at VCB/GCE is 11.7 µA, which is almost 10-fold larger than that at the bare 

GCE (1.17 µA). Thus, VCB have a great influence on the kinetics of electrode oxidation reaction and 

provides a suitable environment for the electron transfer at GC electrode. The better performance of 

the VCB/GCE is attributed to the increment of the electrode roughness, the electrocatalytic effect, high 

conductivity as well as structural characteristics of VCB. It is worth noting that cyclic voltammogram of 

VCB/GCE in B-R buffer solution in the absence luteolin (data not shown) exhibits no redox peak. This 

reveals that VCB/GCE has no electroactivity in the potential range of investigation (from 0.1 to 0.65 V).
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-6
Figure 2. Cyclic voltammograms of 1.0 x 10  M luteolin in Britton–Robinson buffer (pH 4.0) on bare GC and 

-1 1/2VCB/GC electrodes at scan rate (ʋ) 200 mV s  (A), at different Scan rates (B),  i  vs. ʋ  relationship (C) andp

Log I vs. Log ʋ relationship (D)

−6    Cyclic voltammograms of an aqueous B–R buffer solution (pH 4.0) containing 1.0 × 10  M luteolin on a 
−1

VCB/GCE at different scan rates were investigated from 0.20 to 1.0 V s  (Figure 2B). On plotting the 
a 1/2anodic peak current (i ) against square root of scan rates (ν ), a non-linear relationship is obtained p

(Figure 2C). This indicates that the redox process of luteolin is a surface confined-controlled process. 
a

Furthermore, on plotting of logarithm of the anodic peak current (log i ) versus logarithm of scan rate (log p

ν) (Figure 2D), a straight line is obtained with a slope of 1.16 closes to the theoretical value of 1.0 for 

the adsorption-controlled electrode process, confirming the above proposition. The adsorption of luteolin 

at the surface of the VCB/GCE is ascribed to the favorable biocompatibility and sufficient strength of the 

VCB. The results suggest that the VCB/GCE provides a fast electron transfer between the redox center 

of the luteolin and the surface of VCB. Therefore, VCB can be utilized for fabrication of electrochemical 

sensors to detect various polyphenols. 

Effect of scan rate

Scheme 1. The oxidation mechanism of luteolin
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Effect of buffer pH 

    The dependence of the electrochemical oxidation of luteolin at VCB/GCE on pH was studied by varying 

the pH of the supporting electrolyte solution from 1.0 up to 9.0. The voltammograms obtained for luteolin are 

displayed in Figure 3A. The variation of the peak potential (E ) with pH provides valuable information on the p

electrode process. It was found that the oxidation peak potential does shifted linearly to less potential positive 

values until pH 9.0 as shown in Figure 3B. This confirms that an important step of luteolin oxidation 

mechanism is the deprotonation process. Plotting E  as a function of pH, linear regression equations are p
a c

obtained. The relation are expressed by E (V) = 0.650 – 0.0540 pH, r = 0.992 for oxidation wave and E (V) p p

= 0.60– 0.0560 pH, r = 0.990 for reduction wave. From the slope, 54 mV/pH, it is concluded that the same 

number of protons and electrons, one-electron one-proton, is involved in electrode reaction to give the 

corresponding quinone as shown in Scheme 1. In acidic medium, the anodic peak current is increased with

increasing the solution pH till reaches a maximum value at pH 4.0 and it then decreases on further increase 

of pH. Thus, the electrochemical oxidation reaction becomes difficult at high pH values due to that the OH 

groups are fully deprotonated. This intern increases the hydrophilicity and consequently decreases the 

adsorption on the VCB/GCE surface. For that reason, the pH value of 4.0 is chosen to be the optimum pH 

value for luteolin determination.

-6Figure 3. (A) Cyclic voltammograms of 1.0 x 10  M luteolin on VCB/GCE in Britton–Robinson buffer at scan 
-1rate ʋ of 50 mV s  at different pH and (B) E  vs. pH relationship.p

Effect of Luteolin concentration

  Cyclic voltammograms of luteolin on VULCAN-XC72 glassy carbon electrode  carbon black modified 
-1(VCB/GCE) in Britton–Robinson buffer solution (pH 4.00) was studied at scan rate of 100 mV s  at 

-8 -7different luteolin concentrations from 2.00 x 10  to 1.98 x 10  M as presented in Figure 4A. Upon increasing 
the concentration of luteolin, the peak current increases linearly in the low concentrations range until 

-7
1.0 x 10  M. On further increase in luteolin concentration, a marked non-linear effect is observed on the 
peak current (Figure 4B). This is attributed to a nearly total coverage of the VCB/GC electrode surface as 

-7 aincreasing the luteolin concentration. At higher concentrations, 1.2 x 10  M, the i  reaches more or less p

constant value. This is due to the nearly fully surface coverage of the electrode and no further adsorption of 
luteolin. When the VCB/GCE electrode is copiously rinsed with the luteolin solution and transferred to 
another electrochemical cell containing the supporting electrolyte solution; a cyclic voltammogram of 
luteolin is obtained with lower current value than those previously obtained in the presence of luteolin, 
confirming adsorption of luteolin. These findings point the evidence that, under these experimental 
conditions, both the reactant and the product of the redox couple are adsorbed on the surface of electrode 

a 1/2surface. This behavior could be inferred from a linear dependence of the current function (Ψ = i /A ʋ ) on p
1/2

the square root of scan rate (ʋ ) (data not shown). The plot shows an intercept on the y-axis of 
-6 -2 -1/2 1/2 2 

6.09 x 10 A cm  V  s  (r =9.998), suggesting that both the diffusion and the adsorption of the substrate 
contribute to the current. On the other hand, at high concentration values of luteolin, the current function 
decreases due to the increase of adsorbed luteolin species. This behavior supports the above conclusion 
that the electrochemical response is due to the strong adsorption of luteolin.
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Repetitive cyclic voltammograms of Luteolin

Figure 4. (A) Cyclic voltammograms of luteolin on VCB/GCE in Britton–Robinson buffer (pH 4.00) at scan rate ʋ 
-1 -8 -7of 100 mV s  at different luteolin concentrations from 2.00x10  to 1.98x10  M. (B) i  vs. [luteolin] relationship.p

-6   The repetitive cyclic voltammogram (CV) of 1.0 x 10  M luteolin on VCB/GCE was carried out in B-R 
-1

buffer (pH 3.8) at scan rate 50 mV s  for 40 cycles (Figure 5A) in the potential range of 0.1 to 0.6 V. An 
−1

oxidation peak appeared at 0.40 V at a scan rate of 50 mV s  corresponding to the oxidation of luteolin. 

Because Luteolin has free OH groups can undergo coupling to give a polymer. It can be readily seen that 

the current of this peak is increasing with continuous scanning until cycle number 30. After that, the 

modified VCB/GC electrode show a slow and efficient passivation of the electrode surface. This behavior s 

may be explaining that the polymer layer on the electrode surface blocks further access of the monomer. 

Several published reports have been studied the electropolymerization of phenolic compounds [29-31]. 

However, after the VCB/GCE was rinsed with water, then transferred into a blank B-R buffer (pH 4.0), a 

pair of obviously reversible redox peaks at 0.405/0.390 V can be seen in Figure 5B. This pair of peaks 

gradually reaches to stability with 23% decrease after continuously scanning 10 circles in a potential 

range of 0.0 to 0.6 V in the blank buffer to eliminate untreated luteolin in order to increase its reproducibility.

The modified electrode exhibited a high stability whenever it was placed in dry state or in B-R buffer. No 

loss of the electrode electroactivity was found for the continuous cyclic sweep for 100 cycles, the same 

peak can be observed implying an electro-active film at Polyluteolin/VCB/GCE. Inset of Figure 4B exhibits 
athe dependence of the anodic peak current (i ) of the formed polyluteolin on the scan rate (ʋ) with the linear p

a -7 -5 -1regression equation i (A) = 6.13 x 10 + 1.52 x 10  ʋ (v s ) with a correlation coefficient of 0.994, indicated p

that the reaction controlled by adsorption of redox species. The surface coverage of the electrode was 

estimated according to Sharp et al. [32]. According to this method, the peak current is related to the 

electrode surface concentration of electroactive species, Г , according to the following equation (1):

a 2 2
i  = n F AГν/4RT        (1)p

where (n) is the number of electrons involved in the reaction, (A) is the electrode surface area, (Г) 
-2

(mol cm ) is the surface coverage of the electrode, and other symbols have their usual meanings. The 
-5slope of the anodic peak current against scan rate is 1.52 x 10 . Because the number of electrons 

-17
involved in the reaction was 1, thus, the calculated surface concentration of polyluteolin was 4.20 x 10  

-2mol cm , which further confirms the immobilized state of the polyluteolin.

Optimisation of the adsorption conditions

    Accumulation potential and time on the anodic peak current were optimized at the VCB/GCE by square 

wave voltammetry (SWV) to achieve highly sensitive detection. The accumulation potential (Eacc) was 

studied between 0.05 and 0.6 V with an accumulation time of 30 s. On increasing the Eacc from 0.05 to 

0.4 V, the anodic peak current of luteolin is gradually increased to a maximum value. On further increase  
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Calibration Curve and Detection Limit

of Eacc from 0.4 to 0.6 V, the peak current gradually decreased (Figure 6A). Therefore, Eacc of 0.4 V was 

selected for subsequent analysis. The effect of accumulation time (tacc) was investigated at Eacc of 0.4 V 

and it was found that tacc has a great influence on the peak current (Figure 6B). From the figure, it is 

obvious that the anodic peak current increases markedly with tacc up to 60 s. The anodic peak current

tends to reach a more or less constant value at tacc > 60 to 200 s. This reveals that the amount of 

adsorbed luteolin at the VCB/GCE surface tend to be at equilibration for long accumulation times. 

Consequently, the accumulation time was selected to be 60 s.

-6Figure 5. (A) CVs of 1.0 x 10  M luteolin at GCE in B-R buffer (pH 3.80) on VCB/GCE modified 
-1electrode at scan rate 50 mV s  for 40 cycles. (B) CVs polyluteolin/VCB/GCE in blank B-R buffer 

a(pH 4.0) at different can rates. Inset: The linear regression plot of the anodic peak current i  vs. ν.p

-6Figure 6. (A) Influence of accumulation potential on the oxidative peak current of 1.0 x 10  M luteolin

 in B-R buffer (pH 4.0). Accumulation time: 30 s. (B) Influence of accumulation time on the peak current of 
-61.0 x 10  M luteolin in B-R buffer (pH 4.0). Accumulation potential: 0.4 V.

  Square wave voltammograms of luteolin at VCB/GCE in aqueous B-R buffer solution (pH 4.0) at 

optimal conditions of accumulation potential and accumulation time on successive additions of luteolin 

were studied and displayed in Figure 7A. Typical SWVs for luteolin at different concentrations are 
a -9

obtained. The anodic peak current (i ) increases linearly with increasing concentration from 2.40 x 10  to p
-85.14 x 10  M. This is represented by the following linear regression equation (2) (Figure 7B): 

-7 2
i (A) = 6.99 x 10  + 42.22 C  (M), r  =0.998         (2)p luteolin

Article

   From the analytical data, the lower limit detection for luteolin is determined, at the signal to noise ratio 
-9

of 3 (S/N = 3), to be 2.21 x 10  M. This sensitive value is attributed not only to the large surface area of the

VCB/GCE but also to the adsorption of luteolin as well as the electrocatalytic effect of the modified 

electrode.
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Figure 7. (A) SW voltammograms obtained under optimal conditions in B-R buffer 

solution containing different concentration of luteolin (B) Calibration Curve 

for luteolin on VCB/GC modified electrode.

Determination of luteolin in peanut hulls

  In order to evaluate the practical feasibility of the proposed method, possible interference was 

evaluated. Various foreign species were added into the cell containing fixed amount of luteolin, 100 µM. 

The interference was carried out in the presence of 50-fold concentration of interferents. Experimental
+ + 2+ - 2- 2-results show that Na , K , Ca , NO , SO , CO , ascorbic acid, citric acid, oxalic acid and glucose have 3 4 3

no effect on luteolin determination (signal change below 6%). This indicates that a high selectivity and 

favorable ability of anti-interference towards the determination of luteolin on the VCB/GCE. The stability of 

the modified electrode, VCB/GCE, was also explored. The stability of the modified electrode (VCB/GCE) 
-8

was investigated by measuring the current response to 1.0 x 10  M luteolin in B-R buffer solution (pH 4.0) 
oevery few days, when the modified electrode was stored in the refrigerator at 4 C for two weeks. The 

SWV current response decreases gradually to 83.8% of the initial value. The results suggest that the 

VCB/GCE has long-term stability. To test the repeatability, four intermittent determinations of a luteolin 

solution were performed and the relative standard deviation (RSD) is found to be 3.7%. These results 

suggested that the prepared sensor has high repeatability for detection of luteolin.

   To study the performance of the modified electrode for the analysis of a real sample, the content of 

luteolin in peanut hulls was investigated using the standard addition method at optimal conditions. The 

analytical performance of the prepared sensor is compared with that of other luteolin determination 

methods reported previously as shown in Table I. The estimated LOD value herein is more or less similar 

to those previously published using other electroanalytical methodologies. It clear that, the present 

method is fast due to elimination of extraction and preconcentration steps of the analyte necessary for 

chromatographic techniques. Furthermore, present accumulation time is shorter than their method with 

preconcentration time of 5 min, while in the present study accumulation time was 60 s. This means that 

the proposed sensor based on VCB/GCE is applicable for the fast determination of luteolin in peanut 

hulls. Moreover, the recovery test was performed by adding a known amount of standard luteolin solution 

into the sample of peanut hulls and then analyzed according to the optimized procedure. The value of 

recovery is in the range from 98.3% to 102.1%, also indicating that the proposed method is reliable and 

feasible.
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Detection method Linear range (M) LOD (M) Ref. 

GNs/HA/GCE
a
 2.0 × 10

- 8
 to 1.0 × 10

- 5
 1.0 × 10

- 8
 [13] 

MWNTs/GCE
b
 2.0 × 10

- 10
 to 3.0 × 10

- 9
 6.0 × 10

- 11
 [16] 

MPC/GCE
c
 3.0 × 10

- 7
 to 3.0 × 10

- 5
 1.30 × 10

- 9
 [33] 

HPLDE
d
 4.0 × 10

- 9
 to 1.0 × 10

- 6
 1.0 × 10

- 9
 [34] 

RP–HPLC
e
 38.5 – 4350 ng mL

- 1
 1.82 ng mL

- 1
 [35] 

VCB/GCE 2.40 × 10
- 9

 to 5.14 × 10
- 8

 2.21 ×10
- 9

 This work 

 

Table I: Comparative results of some analytical methods for luteolin determination

CONCLUSIONS
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a Graphene nanosheets and hydroxyapatite nanocomposite modified glassy carbon electrode.
b Multi-walled carbon nanotubes modified glassy carbon electrode.
c Macroporous carbon modified glassy carbon electrode.
d Heated pencil lead disk electrode.
e Reverse phase high-performance liquid chromatography.

  The aim of this work was to set up a simple, sensitive and cheap method for the electrochemical 

investigation of luteolin for potential use in pharmaceutical and food analysis. In this work, a VULCAN-XC

72 carbon black modified glassy carbon electrode was fabricated and the electrochemical adsorption 

behaviour of luteolin was investigated. Cyclic voltammetry curves at various scan rates, pH and 

concentration were recorded to investigate the redox properties of luteolin. Due to the good properties of 

VCB such as huge surface area, strong adsorptive ability, numerous active sites and strong electronic 

properties, the VCB film fabricate the glassy carbon electrode shows considerable surface enhancement 

effects on the electrochemical behaviour of luteolin. The VCB/GCE effectively facilitates the adsorption 

and the electron transfer of luteolin, which induces the enhancement of the current response. The VCB/

GCE exhibits a good performance in terms of detection limit, sensitivity, stability and repeatability in 

luteolin determination. The luteolin content in peanut hulls was successfully determined using the present 

sensor, indicating that the VCB/GCE would be promising for the rapid voltammetric determination of the 

luteolin in real samples.
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