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Abstract

In this study, a new electrochemical sensor based on self-assembled monolayers of Cys-
GA-GIn-Cu?* modified gold electrode was fabricated. The electrocatalytic activity of
adsorbed copper ions was utilized to determine the quantitative concentration of curcumin.
Techniques such as cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) with an external redox probe were used to investigate the layer-by-
layer modification on the gold electrode surface. This electrode showed selective and
reproducible adsorption for Cu2*In the absence of curcumin, the DPV redox peak for Cuz*
was observed at about 276 mV with an anodic current of 1.36 yA vs. Ag/AgCl for 5.0x107*
M of copper. In the presence of curcumin, an anodic peak was observed at 292 mV vs.
Ag/AgCl with 3.86 pA for 5x10™ M of Cu?*. The results demonstrated that the
electrocatalytic properties of copper in the presence of curcumin could be used as a
precise sensor for the determination of trace concentrations of curcumin in human blood
serum. The differential pulse voltammetric response of the modified SAM electrode was
linear against curcumin concentration in the range of 1 x 10® to 1 x 107" M with an
R2=0.9982 at pH= 5. The relative standard deviation (RSD) determined by DPV was 4.1%.
Advantages of the sensor include good sensitivity, selectivity, simple recovery, and an
inexpensive preparation method. The detection limit could be estimated 1.31x107'* M
according to the [IUPAC recommendation (30).

Keywords: Electrochemical sensor, Self-assembled monolayers, Curcumin,
Electrochemical impedance spectroscopy, modified gold electrode sensor, Cyclic
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Introduction

Curcumin (CM) (1, 7-bis (4-hydroxy-3-methoxyphenyl)-1, 6-heptadiene-3, 5-Dione) (Fig. 1) is a polyphenolic
compound derived from turmeric, the rhizome of the Curcuma longa plant [1]. This compound exhibits anti-
inflammatory, anticoagulant [2], and antitumor properties [3, 4]. The main origin of the turmeric plant is eastern
India and China. However, it is also cultivated in many tropical areas, such as Malaysia, Indonesia, Pakistan,
Africa, and South America [5-7]. The yellow color of turmeric is mainly due to a group of polyphenols called
curcuminoids. Curcumin, demethoxycurcumin, and bisdemethoxycurcumin are the curcuminoids in turmeric,
which differ in terms of the substitution of the methoxy group on the aromatic rings in their structures [8-10].
Curcumin is the most active component of turmeric and is also its main therapeutic agent [11-12]. Various studies
have demonstrated the therapeutic benefits of curcumin, including its anti-inflammatory [13], antibacterial [14],
and antioxidant properties [15], and its ability to heal wounds and infections [16]. Additionally, curcumin has
been used to treat diseases such as allergies, depression, colitis, diabetes, nephrotoxicity, Alzheimer’s, psoriasis,
cardiovascular diseases, multiple sclerosis (MS), and AIDS [17-20]. Active oxygen radicals, including superoxide
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and hydroxyl radicals, contribute to the development of arteriosclerosis and carcinogenesis. Therefore, eliminating
these active radicals is effective in preventing cardiovascular diseases and cancers [21-24]. Compared to vitamins
C and E, curcumin has a significantly more powerful antioxidant activity, inhibiting the synthesis of free radicals
and facilitating their deactivation and removal [25-27]. One of the most important properties of curcumin is its
high potential in preventing cancer development and aiding in the treatment of these diseases while reducing the
unwanted side effects of chemotherapy [28, 29]. Curcumin exerts its anticancer activity by inhibiting
inflammatory pathways, halting cellular cycles, inducing apoptosis, and inhibiting angiogenesis and metastasis in
cancerous cells [30]. This compound has proved to be effective in treating a wide variety of cancers, including
blood, prostate, uterus, lung, liver, kidney, ovarian, and pancreatic cancers [31-33]. Considering the positive
characteristics of curcumin and its role in preventing and treating different diseases, it is crucial to find an effective
method for its identification and quantification. Various analytical methods have been used for the detection of
curcumin, including high-performance liquid chromatography [34], capillary electrophoresis [35], ultraviolet-
visible spectroscopy [36], spectrofluorimetry [37], resonance light scattering [38], and electrochemical methods
[39, 40]. Among these methods, electrochemical sensors have gained popularity due to their fast response, low
cost, simple operation, high sensitivity, and suitable selectivity [41, 42]. However, the weak response of curcumin
with traditional electrochemical sensors has always been a challenge. Therefore, modified electrodes are preferred
for electrochemical measurement of curcumin [43-45]. Identifying appropriate compounds with high stability and
good catalytic activity for modifying electrodes remains a significant challenge [46]. Chemical modification of
electrode surfaces is crucial in electrochemistry, offering a wide spectrum of promising applications. In particular,
thin films and self-assembled monolayers (SAMSs) have been used in electroanalytical chemistry for electrode
modification to develop sensors [47, 48] and biosensors [49, 50]. Recent studies have shown that incorporating
metals or metal-binding units with desired electrical, magnetic, optical, and catalytic properties or molecular
recognition abilities into gold-thiol SAMs can be used for the development and fabrication of sensors [51]. The
catalytic and electrocatalytic behavior of copper cations for the oxidation or reduction of organic and biological
compounds has been reported by several investigators. For example, several papers have been devoted to the
catalytic [52, 53] and electrocatalytic [54-57] activity of Cu (II) for the redox reaction of p-
benzoquinone/hydroquinone (PBQ/H2Q). Shervedani et al. [58] studied the electrocatalytic activity of Au-5-
amino-2-mercaptobenzimidazole-M" (Au-5A2MBI-M"") SAM complexes (where M is a metal cation such as
Cu?* or Ag") for the oxidation reaction of hydroquinone (H2Q) at pH 6 in an aqueous medium and concluded that
AuU-5A2MBI-Ag* is a more efficient electrocatalyst than Au-5A2MBI-Cu?* for the redox reaction of H2Q [59]. In
this study, the electrocatalytic activity of Cu?* towards the oxidation reaction of curcumin is described. The
catalyst is formed by immobilizing Cu (Il) ions on the top side of a Gold-L-Cys-GA-GIn self-assembled
monolayer electrode. The preparation steps and electrocatalytic activity of AUE-L-Cys-GA-GIn-Cu?* have been
studied by cyclic voltammetry and electrochemical impedance spectroscopy. The results show that the
electrocatalytic properties of copper in the presence of curcumin can be used as a precise sensor for determining
trace concentrations of curcumin in human blood serum (Fig. 2).

CHy

Fig. 1 Structure of curcumin
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Fig. 2 Schematic diagram of the electrochemical involving  Currcumin (CM), oxidized curcumin, cu and
cu®*reactions

2. Experimental
2.1. Materials and reagents

Analytical grade L-cysteine, Curcumin (CM) (pure powder), Glutaraldehyde (C.H,O., 25% v/v in water) (GA),
Glutamine (GIn), EtOH, Cu (NO,) ,-3H.0, H.SO,, KCI, Alumina powder for polishing, K,Fe (CN),-3H,0 as a redox
probe, and ETHylenediaminetetraacetic acid (EDTA) were obtained from Merck and used as received. Other
chemicals were of analytical grade, obtained from commercial sources (Sigma-Aldrich or Merck), and used
without further purification. All solutions were prepared with double-distilled water. Phosphate buffer solution
(PBS) with the required pH was prepared by mixing 0.1 M KH,PO./0.1 M K,HPO,, and the pH of the solution was
adjusted with 0.1 M H,PO, or 0.1 M NaOH. The test solutions were deaerated with high-purity nitrogen gas for
10 minutes before use and kept under a nitrogen atmosphere during the experiments. The gold electrode (99.99%,
0.0314 cm?) was purchased from Azar Electrode Co. (Urmia, Iran).

2.2. Apparatus

The pH of the solutions was controlled with a Metrohm pH meter Model 713 using a glass electrode (Metrohm,
Swiss). CV and impedimetric measurements were carried out using an Autolab electrochemical analyzer Model
PGSTAT 302 N potentiostat/galvanostat (Eco-Chemie, Netherlands). The conventional three-electrode system
comprised an Ag/AgCl (3.0 M KCI) reference electrode, a platinum counter electrode, and a gold working
electrode. The electrochemical impedance spectra and voltammograms were analyzed using Nova 2.1.1 software.
All electrochemical experiments were carried out in a three-electrode conventional system under room
temperature (19 <C).

2.3. Preparation of modified electrode

The gold electrode (AuE) was carefully polished with an alumina slurry (0.3 and 0.05 mm) and then ultrasonically
cleaned in double-distilled water (DDW) and ethanol. It was then electrochemically cleaned by cycling the
electrode potential between 0.0 to +1.5 V vs. Ag/AgCl in 0.5 M H,SO, until a reproducible voltammogram was
obtained (Fig. 3) [60]. Finally, the electrodes were cleaned in freshly prepared “piranha” solution (a 1:3 (V/v)
mixture of 30% H,O, (30%) and concentrated H.SO, (98%); Warning: Piranha solution is extremely corrosive and
must be handled carefully) for 3 minutes and rinsed thoroughly with double-distilled water. The preparation of
the AuE-L-Cys-GA-GIn electrode was performed in a three-step method: (i) immediately after cleaning, the bare
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gold electrode (AuE) was immersed into an 18 mM L-Cys aqueous solution for 4 hours at room temperature in
darkness to form AuE-L-Cys and washed with purified water to eliminate physically adsorbed L-cysteine; (ii) the
AUE-L-Cys modified electrode was soaked in PBS (pH 6.0) containing 12% (v/v) GA solution for 1 hour to form
AUE-L-Cys-GA and rinsed with water; (iii) the AuE-L-Cys-GA electrode was dipped into a 0.01 M GIn solution
for 2 hours to form AuE-Cys-GA-GIn SAM by means of Schiff’s base formation [61-65] between the aldehyde
groups of GA and the amino groups of GIn. Lastly, the modified electrode (AuE-Cys-GA-GIn) was taken out,
cleaned with water, and put to use in electrochemical tests( Fig. 4). In order to create Au-Cys-GA-GIn-Cu*, the
Au-Cys-GA-GIn SAM-modified electrode was dipped into 10 ml of stirred solution containing the supporting
electrolyte and the required concentration of Cu?" with a defined pH. After that, the electrode was taken out,
cleaned with PBS devoid of copper, and utilized right away for electrochemical experiments.
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Fig. 3 Cyclic voltammograms obtained for electrochemical oxidation/reduction of Au in 0.5 M H2SO4

Fig. 4. Schematic representation of the proposed mechanism for the construction of the Au-Cys-GA-GIn-
Cu?* SAM electrode
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2.4. Preparation of the human plasma samples

To evaluate the developed analysis method for application in real samples, the measurements were also performed
in human plasma as a real sample provided by the Blood Transfusion Organization of Iran (Tehran). 1 mL of the
provided sample was mixed with buffer at an optimum pH in a 10 mL volumetric flask. The standard addition
method was utilized to determine CM. Before dilution, certain amounts of the standard solution were added to the
sample.

3. Result and discussion
3.1. Characterization of AuUE-L-Cys-GA-GIn Electrode
3.1.1. Cyclic voltammetry

The stepwise assembly of the layered functionalized electrode was traced by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). CV is a useful technique that allows probing the features of
modified electrode surfaces. The electrochemical responses at each step were investigated to confirm the layer-
by-layer assembly process. Fig. 5(A) shows the voltammograms of the bare gold electrode (AUE) (curve a), the
electrode modified with L-Cysteine (AuE-L-Cys) (curve b), activation with glutaraldehyde (AuE-L-Cys-GA)
(curve c), and functionalization with glutamine (AuE-L-Cys-GA-GIn) (curve d) in the presence of the [Fe
(CN)s>/* redox probe. The reversible electrochemical behavior and large current density of the redox waves
indicate that the redox couple can easily access the electrode surface of the bare Au electrode (Fig. 5 curve a).
With the addition of the L-Cys monolayer onto the gold surface (curve b), activation with GA (curve c), and
subsequent functionalization by GIn (curve d), it was observed that the peak current decreased and the
irreversibility (AEp) of the redox probe reaction increased as a result of the layer-by-layer assembly (Fig. 5 curves
b, ¢, and d). The results show that further layer-by-layer assembly on the electrode was influenced by the addition
in chain length, which retards the interfacial electron transfer kinetics of the redox probe, resulting in the
perturbation of the reversible behavior of the redox probe.

3.1.2. Impedance spectroscopy

Electrochemical methods are simple and low-cost methods for studying interfacial events at modified electrodes.
Among these methods, EIS is a powerful, informative, and non-destructive technique that can be used to study
interfacial events [66-71]. In this work, EIS measurements were used to trace events during the formation of the
AUE/L-Cys/GA/GIn electrode and its interaction with the external probe. Fig. 5(B) shows the Nyquist plots of the
bare AuE, AuE/L-Cys, AuUE/L-Cys/GA, and AUuE/L-Cys/GA/GIn electrodes.
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Fig. 5 CVs obtained for bare AuE (a), L-Cys/AuE (b) ,GA /L-Cys/AUE (c), GIn/GA /L-Cys /AuE(d) (B)
Nyquist plots obtained for bare AuE(a) , L-Cys/AuE (b) GA / L-Cys /AUE(c) ,GIn/GA/L-Cys/AuE(d in the
presence of the probe solution (C) Electrochemical impedance circuit model
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An increase in charge transfer resistance is evident from the bare Au electrode to Au-Cys-GA-GIn due to the
insulating effect of the SAM film. As seen, the semicircle appears from AUE to Au-Cys-GA-GIn electrodes,
suggesting that the surface of the modified electrode exhibits more electron transfer resistance. The EIS data

obtained on the modified Au-Cys-GA-GIn electrode in different steps are well approximated by the constant phase
element (CPE) model (Fig. 5(C)).

3.2. Time

The modified electrode was immersed in a 5.0 x 10* M Cu?* solution with pH 5.0 after adsorption of copper onto
the electrode; DPV was obtained in the presence of CM. This work was repeated to absorb more copper at different
times in the presence of CM. The maximum peak current was observed at 3 minutes.

3.3.PH

The effect of pH is one of the most important factors in measuring various compounds through electrochemical
methods. Here, the effect of pH of the solution on the electrochemical behavior of CM (10 nM) in buffer (pH 5.5)
was investigated by DP with a scan rate of 100 mV/s at the Au-Cys-GA-GIn-Cu?*. The results are shown in Fig.

6. The highest current was observed at pH 5, which was used as the optimal pH for the measurement of CM by
the electrocatalytic property of copper.
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Fig. 6 Effect of pH on the oxidation of 0.1 uM CM
3.4. Calibration Curve, Detection Limit and Repeatability

Under optimized conditions, the DPVs by the modified electrode were obtained (Fig. 7). The DPV current around
+292 mV in various concentrations of CM was recorded. Figure 4 (inset) shows that the DPV peak current is
linear vs. pCM in the range of 1.0 x 108 - 1.0 x 1071 M. The detection limit

calculated from the signal equals 3 (standard deviation) of the background noise and was 1.3 x 10-* M CM. The
repeatability of the method was obtained for n =9 at 1.0 x 1077 M CM with a relative standard deviation (RSD)

of 4.1%. The stability of the sensor was studied by comparing the electroanalytical response of the electrode for
a series of repeated determinations.
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Fig. 7 (A) Differential pulse voltammograms obtained on Au-Cys-GA-GIn SAM modified electrode as a function
of Cu? ion in the presence and absence of curcumin in concentrations: (a) 0.0, (b) 1.0 x 10°, (c) 1.0 x 107, (d)
1.0 x 108, (e) 1.0 x 107, (f) 1.0 x 10°M in 0.1 M PBS (pH = 5), and 3 min accumulation time; (B) The inset
shows calibration curve of Curcumin

3.5. Analysis of curcumin spiked in human blood serum

Curcumin levels in human blood serum were measured using Au-Cys-GA-GIn-Cu?" in order to examine the
effectiveness of the developed sensor in quantifying curcumin in actual samples. Blood serum was used to create
experimental solutions with varying doses of curcumin. Following this, the DPVs of samples diluted with 0.1 M
PBS (pH 5) were measured. The conventional addition technique was used to assess the curcumin recovery level.
The findings shown in Table 1 show that the modified electrode maintained its efficiency for the accurate
measurement of CM in a range of samples.

Table 1. Determination of Curcumin in real samples with the Cys-GA-GIn-Cu*2 modified gold electrode sensor.

Sample Added (nM) Found (nM) Recovery (%) RSD % (n = 3)
1.0 0.97 97.0 2.89

Human plasma 5.0 5.2 104.0 2.73
10.0 9.85 98.5 2.48

4. Conclutions

In this study, a novel electrochemical sensor utilizing a self-assembled monolayer of L-Cysteine-Glutaraldehyde-
Glutamine-Cu?* on a gold electrode was developed for the determination of curcumin in human blood serum. The
modified electrode was successfully characterized using cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). The results demonstrated that the electrochemical activity of curcumin on the surface of the
electrode modified with the L-Cysteine-Glutaraldehyde-Glutamine-Cu?* self-assembled monolayer was
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significantly better than that on the unmaodified gold electrode (AuE). Compared to the bare AuE, the modified
electrode exhibited a notable increase in the current of oxidation and reduction peaks.

The differential pulse voltammetry (DPV) method was employed to examine the electrochemical behavior of
curcumin at the modified electrode. The highest oxidation current was obtained at pH 5 and a pre-concentration
time of 180 seconds. The modified electrode was able to measure curcumin in real samples within the
concentration range of 1 x 107 to 1 x 107 M, with a detection limit of 1.31 x 10t M The sensor displayed
suitable stability, good sensitivity, and selectivity, making it an effective and inexpensive method for the
determination of curcumin in human blood serum.

Conflict of interest: The authors declare that they have no conflict of interest.
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