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Free radicals are formed as byproducts of metabolism, and are highly unstable due to the presence of unpaired
electrons. They readily react with other important cellular components such as DNA causing them damage. An-
tioxidants such as (+)-catechin (CAT), neutralize free radicals in the blood stream. Hence there is a need for de-
tection and quantification of catechin concentration in various food sources and beverages. Electro-oxidative
properties of catechin were investigated using cyclic voltammetry (CV) and differential pulse voltammetry
(DPV). A carbon paste working electrode modified by electropolymerizing methylene blue (MB) was fabricated.
Field emission scanning electronmicroscopy (FESEM) and atomic forcemicroscopy (AFM) techniqueswere used
to study the surface morphology of the electrode. Quasi-reversible electron transfer reaction occurred at
+0.260 V through a diffusion controlled process. In comparison to the bare carbon paste electrode (CPE),
therewas a significant 5.3 times increment in anodic current sensitivity at themodified electrode at physiological
pH. Our findings indicate that for the electro-oxidation of CAT, CPE is a better base material for
electropolymerization of MB compared to glassy carbon electrode (GCE). Nyquist plot followed the theoretical
shape, indicating low interfacial charge transfer resistance of 0.095 kΩ at the modified electrode. Calibration
plots obtained by DPV were linear in two ranges of 1.0 × 10−3 to 1.0 × 10−6 and 1.0 × 10−7 to 0.1 × 10−8 M.
The limit of detection (LOD) and limit of quantification (LOQ) was 4.9 nM and 14 nM respectively. Application
of the developed electrode was demonstrated by detecting catechin in green tea and spiked fruit juice with sat-
isfactory recoveries. The sensor was stable, sensitive, selective and reproducible.
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1. Introduction

Polyphenols are naturally occurring secondarymetabolites in plants,
with potential antioxidant properties [1]. Dietary polyphenols have pro-
found health benefits reaped from their reductive ability [2]. They effec-
tively scavenge most of the oxidizing molecules, including hydroxyl
anions, hydrogen peroxide, superoxides and singlet oxygen. Based on
their phenolic structural features, polyphenols are classified into groups,
which include flavonoids, stilbenes and phenolic acids [3]. Flavanols
compose the subgroup of themost diversely found flavonoids, structur-
ally composed of two aromatic rings (A andB) linked through three car-
bon atoms which form an oxygenated heterocyclic ring (C) [4]. Their
exceptional antioxidant property is enhanced due to the oxidation of
the catechol hydroxyl groups. The main sources of flavanols [5] are ob-
tained from fruits (apples, apricots, pears, cherries, peaches and plums),
vegetables (onions, soyabean), cocoa (dark chocolates), black and green

tea, herbs, roots, red wine and beer [6]. Flavanols are further divided
into monomers (catechins) and polymers (proanthocyanidins,
theaflavins and thearubigins).

Free radicals commonly referred to as reactive oxygen species (ROS)
and reactive nitrogen species are formed by the response of the immune
system to environmental factors and also as a result of ongoing bio-
chemical processes in the body [7]. They possess an unpaired electron
making them highly unstable and reactive with the neighboring mole-
cules or cells. These ramping free radicals trigger a chain reaction, caus-
ing havoc in the body, damaging cellular components especially the
nucleic acids, lipids and proteins [8]. DNA damage can possibly cause
mutations and cancer, if not reversed by DNA repair mechanisms.
Meanwhile damage to proteins causes denaturation, enzyme inhibition
and protein degradation. This results in the progressive dysfunction of
various processes in the body. According to most researchers, free radi-
cals are the culprits behind every disease known to this day [9]. An im-
balance between free radicals and antioxidants leads to a critical
condition termed as oxidative stress. Sustained oxidative damage only
worsens the system contributing to diseases and faster aging process
[10].
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In order to prevent the damage caused by these ROS, the body has a
defense system of antioxidants. While the antioxidant system does not
remove free radicals entirely, they nevertheless keep them at an opti-
mum level [11]. Although some antioxidants such as glutathione, vita-
min C and beta carotene are synthesized within our body, others have
to be obtained through dietary supplements [12].

Antioxidant flavan-3-ol, commonly known as (+)-catechin (CAT)
can terminate such deterioration of vital molecules in the body by
quenching free radical reactions. A flavanol monomer, CAT is composed
of two pharmacophores (Scheme 1). Ring A is the resorcinol moiety and
ring B is the catechol moiety that is responsible for the antioxidant
property of CAT [13]. Catechols, unlike the free radicals, are prone to ox-
idation and thus donate an electron or hydrogen and stabilize
themselves.

Most of the beneficial health effects of CAT are attributed to their
redox properties and free radical scavenging abilities [14]. In recent
years, a large number of studies have found that at physiological pH cat-
echin suppressed DNA strand breakage by hydroxyl radicals, thereby
retarding tumor growth. CATs have profound inhibitory activities,
against inflammation, neurodegenerative disorders [15], chelating
redox transition metal ions [16], and suppressing platelets adhesion.
They also act against lipid peroxidation and low-density lipoproteins;
hence they are good at warding off type 2 diabetes mellitus [17,18]
and coronary heart diseases. Reports have proven that CAT is amore po-
tent antioxidant than ascorbate or α-tocopherol as demonstrated by
vitro assays of lipid peroxidation [19].

Quantitative analysis of CAT has been carried out by severalmethods
like fluorescence analysis, chronocoulometry, gas chromatography [20],
high performance liquid chromatography [21], chemiluminescence
[22], spectrophotometry [23], flow column electrolysis [24] and mass
spectroscopy [25] all of which are sophisticated to handle, expensive
and time-consuming techniques. A promising alternative in this regard,
is the comparatively more robust method of electrochemical detection.
Electrochemical method aids in the real time detection of the analyte
under analysis and reveal their electron accepting/donating abilities.
The scope of this method can be witnessed in the quantification of
wide range of organic and inorganic biomolecules. In order to improvise
the analytical response, innumerable novel modified sensors have been
explored and developed [26–29]. Thus, the study favors understanding
of the electrochemical behavior of the analyte under investigation. This
further paves way for quantification of a particular molecule in biologi-
cal samples which are usually present in trace concentrations. Hence,
electrochemical studies offer numerous applications in environmental
monitoring and food analysis [30].

The purpose of this work was to develop a user friendly, quick re-
sponse and high accuracy sensor which could be applicable even at am-
bient conditions for the detection of CAT molecule, well known for its

exceptional health benefits. Chemically modified carbon paste elec-
trodes [31,32] are more advantageous as they can be easily fabricated,
produce low residual current and noise, have good reproducibility, are
chemically inert, provide rapid renewal of surface and are most cost ef-
fective compared to other electrodes [33–35]. In addition to these, the
modified electrodes are upgraded in their physical and electrocatalytic
properties. The literature survey revealed that methylene bluemodified
CPE had so far not been used in the determination of CAT.

Electropolymerization is a facilemethod to prepare surfacemodified
carbon paste electrodes [36,37]. Methylene blue is a water soluble cat-
ionic dye and an excellent redox mediator [38] owing to the presence
of electron rich sulphur and nitrogen heteroatoms in their structure.
The film prepared by electropolymerization offers many advantages
over other deposition techniques in terms of better thickness control,
simple preparation methodology, possess higher stability and is eco-
nomical [39]. The heterocyclic conjugate system structure of MB ex-
hibits π-π noncovalent interaction with sp2 hybridized graphite
carbons. It has been suggested that because of the planar aromatic struc-
ture of MB, it strongly anchors to the graphite surface through π-π elec-
trostatic interactions [40]. In addition, the irreversible electrooxidation
of MB led to the formation of the polymeric film and the mechanism
of polymerization process involved the formation of a cation radical.
The film exhibited high conductivity, stability and excellent electrocata-
lytic activity which resulted in increase in anodic peak current and de-
crease in anodic potential. The surface morphology of the modified
electrode was established by FESEM and AFM images. The response of
CAT at GCE was electrochemically irreversible while it was quasi-
reversible at CPE. Further, our findings illustrate that CPE is a better
base material for electropolymerization of MB as contrasted with GCE.
Finally, the merit of this sensor was evaluated by successfully applying
it to real sample analysis which yielded satisfactory recoveries.

2. Experimental

2.1. Chemicals

CAT of 98% purity was purchased from Sigma–Aldrich, India. Methy-
lene blue (MB), ascorbic acid (AA), H3PO4, NaOH, KH2PO4 and silicone
oil were from Merck, India. Tryptophan (Trp) and absolute ethanol
were obtained from SRL, India. The graphite powder was supplied by
Graphite India Ltd. CAT solution was prepared in absolute ethanol.
Stock solutions of MB, AA and Trp were prepared using ultrapure
water (~18.2 MΩ cm) from Milli–Q Plus system (Millipore). Ultrapure
water was used in the preparation of aqueous solutions, rinsing of the
glassware and electrodes. Phosphate buffer solutions (PBS) from
pH 3.0 to pH 9.0were prepared with 0.1 MNaOH and 0.1M KH2PO4 so-
lutions. The pH was adjusted using H3PO4 or NaOH.

2.2. Instruments

All electrochemical measurements as well as the electrochemical
impedance study were performed using an electrochemical work sta-
tion from CH instruments; model CH-660E (Inc., USA). The experimen-
tal conditions were controlled with General Purpose CH-660E software.
The pH of the buffer solutionswasmeasured using digital pH/mVmeter
Model ELICO Li 614 (India), equipped with a combined glass electrode,
whichwas calibrated using standard pH 4.0 and pH 7.0 buffer solutions.
Voltammetric experiments were performed using the conventional
three electrode system within a single compartment cell with PMB/
CPE as working electrode, a platinum wire as an auxiliary electrode
and KCl-saturated calomel electrode as reference electrode. In order to
minimize error due to IR drop in the electrolyte, the lugin capillary of
the reference electrode was kept closer to the surface of the working
electrode. The surface morphology of the electrodes were studied with
FESEM and EDX using Quanta 200, FEI, Germany; Supra40vp, Gemini,
Zeiss, Germany and AFM images were obtained from MolecularScheme 1. Structure of (+)-Catechin.
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