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Abstract: As a consequence of normal aerobic metabolism, reactive oxygen species (ROS) are produced and induce DNA
oxidative damage. The evaluation of the protective effect of antioxidant caffeic acid (CAF)was achieved by examining the
integrity of the DNA nucleobases using square wave voltammetry (SWV). Herein, anelectrochemical biosensor based on
nicotinamide adenine dinucleotide (NADH) was used for the assessment of the antioxidant activity. The biosensor was
constructed via successive voltammetric scanning of a 0.9 uM NADH solution using glassy carbon electrode modified with
gold nanoparticles(AuNPs/GCE)in 0.2 M phosphate-buffer saline (PBS) at room temperature. The method was based on
the partial damage of a NADH layer adsorbed on the electrode surface by OHe radicals generated by Fenton reaction. Upon
immersion of the sensor in Fenton solution mixture, current response is decreased due to competitive interaction between
NADH with the hydroxyl radicals and the direct oxidation of NADH on the electrode. On addition of CAF, the oxidation
response is increased. This is attributed to the scavenging of the hydroxyl radicals by CAF leaving more adenines
unoxidized, and thus, increasing the electrocatalytic current of NADH. The caffeic acid scavenging percentage to *OH was
evaluated. The results show that the scavenging potency of CAF is best at 50.0 UM and calculated to be 66.92 %.
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spectrophotometrically using 2,2-diphenyl-1-picrylhydrazyl
(DPPH) [8].
Construction of electrochemical sensors and/or biosensors

1 Introduction

Caffeic acid (CAF) is one of the most abundant derivatives
of cinnamic acids and found naturally in a wide variety of
materials derived from plants such as wine, coffee beans,
fruits, vegetables, olive oil and tea [1]. It exhibits a wide
variety of physiological activity as antioxidant, anti
mutagenic and anti carcinogenic [2]. CAF is considered to
be an important part of the general plant defense
mechanism against infection predation [3].

Naturalpolyphenol antioxidants are interesting compounds,
including caffeic acid(CAF), which have protective activity
against oxidative damages in vitrorelating to various
diseases such as cancer, cardiovascular diseases, and
diabetes [4-7].Several methods such as spectrophotometric,
electroan alytical and Ems methods were utilized to
measure the antioxidant activity of various compounds. In
this context, CAF antioxidant activity was early evaluated

using nano structured materials has attracted great attention
and the past few decades have witnessed enormous interest
in biological and chemical sensors based on metal nano
particles, particularly gold nano particles (Au NPs) owing
to their interesting physicochemical properties [10].0f
particular relevance to the present study, Neto et al.
[11],have shown that AuNPs supported on MWCNTSs
displayed very strong catalytic behavior towards
dihydronicotinamide adenine dinuclcotide(NADH)
oxidation [12-16]. In these studies, the antioxidant
assessment is carried out via NADH-based biosensors. The
activity of antioxidant in biological systems associated with
the sensor response is principally related to mimicking the
damage caused in vivo by reactive oxygen species(ROS)
[17]. In this scenario, the biosensor is constructed via
immobilization of NADHonto glassy carbon electrodes
(GCE), by adsorptive processes, and then exposed to ROS
and antioxidant compounds. The response of
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electrochemical NADH is usually probed by square wave
voltammetry (SWV)whereas the damage of NADH
(induced by ROS) is estimated by analyzing the decrease in
the corresponding oxidation current. On the other hand, the
antioxidant protective effect promoted on the sensor can be
estimated by observing the electrochemical current increase
attributed to the scavenging activity of the antioxidant.

In the present investigation, we have developed a biosensor
comprising dihydronicotinamide adenine dinuclotide/gold
nanoparticles/glassy carbon electrode,
NADH/AUNPs/GCE, for the determination of the
antioxidant activity of caffeic acid (CAF) in 0.2 M
phosphate-buffer solution. The voltammetric method is
used to assess the OHe radical scavenging abilities of CAF
acid. After immersion of the sensor in the Fenton mixture,
the generated oxidative products are indirectly quantified
after measuring the remained unoxidized NADH on the
electrode surface. The increase in the electrocatalytic
current in the presence of the antioxidant species is thus
monitored.

2 Experimental
2.1 Reagents

All the chemicals, caffeic acid (CAF), dihydronicotinamide
adenine dinucleotide (NADH)and gold nano-particles (5
nm) were purchased from Sigma. Disodium hydrogen
phosphate, sodium dihydrogen phosphate, phosphoric acid
and sodium hydroxide (A R chemicals, Merck) are used
without further purifications.

2.2 Preparation of Solutions

A fresh 0.2 M phosphate buffer solutions (PBS) supporting
electrolyte with different pH values were prepared from
monosodium phosphate and disodium phosphate in
deionized water. Phosphoric acid was used to adjust pH
values. From dry pure sub stances, fresh stock standard
solutions (10 mM) were prepared in the PBS. The working
solutions were diluted to the convenient concentration just
prior to use.

Fenton solution mixture (for generation of hydroxyl
radicals) was prepared by mixing Fe2+:EDTA: H202 (in
the molar ratio of 1:2:40) uM. Mello et alreported that
when an excess of hydrogen peroxide was added in the
reaction medium, a high NADH damage was observed [18].

2.3 Electrochemistry

Cyclic (CV) and square sweep (SWV) voltammetric
measurements were undertaken on Auto lab PGSTAT128N

Potentiostat/Galvanostat(Eco-Chemie,Utrecht, Netherlands)
coupled with a NOVA 2.0 software. A standard three-
electrode electrochemical cell equipped with abare and
modified glassy carbon electrode as working electrode
(GCE, diameter = 3.0 mm, model 61204300, Metrohm-
Autolab, Switzerland), silver/silver chloride (Ag/AgCl, ag.
KCI, 3.0 M) as a reference electrode, and a platinum wire is
used as auxiliary electrode.A pH- 213 Microprocessor pH
Meter from HANNA instruments was used to measure the
pH of desired solutions.

2.4 Immobilization of Dihydronicotinamide
Adenine Dinucleotide(NADH) onto Gold
particles-Modified Glassy Carbon Electrode (Au

NPs/GCE).

Nano

Glassy carbon working electrode was polished successively
with 0.5 pum alumina powder on a polishing cloth. After
rinsing the surface thoroughly with deionized water, the
polished GCE was sonicated for 5 min in water/ethanol and
rinsed again with water, and then the surface was fully
dried at atmospheric condition. 10 pL of the suspended
gold colloid (5 nm) was dropped onto the clean GCE
surface to construct AUNPs/GCE andthen the solvent was
evaporated over night. The modified GCE,NADH/Au
NPs/GCE, was fabricated by volta mmetric cycling(one
cycle) over the potential range from 0 to 0.6 V Vs
Ag/AgClin 0.2 M PBS(pH 5.18) containing 0.9 uM NADH
using scan rate of 100 mV s-1. The fabrication procedures
involve four steps: (a) immobilization of AuNPs and
NADH onto GCE surface;(b) damage of NADH by the
immersion of the NADH/AuUNPsS/GCE in a freshly prepared
Fenton mixture; (c) study the influence of the
antioxidant(caffeic acid)on the system; (d) electro-
oxidation of the remaining un-oxidized NADH. Finally,
after exposure for a fixed time intervals (reaction time), the
biosensor electrode was washed with water and
immediately immersed in a 0.2MPBS (pH 5.18) to carry
out the electro-oxidation of the remaining un-oxidized base.

2.5 Evaluation of the Biosensor Performance

After exposing the NADH/AUNPS/GCEto the Fenton
mixture in the presence(la) and the absence (Id) of a fixed
amount of caffeic acid, the electrocatalytic current obtained
was selected as a criteria for optimization. Id is the
minimum electrocatalytic current value under each
experimental condition since the absence of the antioxidant
in the damaging solution precludes the protection of the
NADH from radical oxidation, thereby leaving the lowest
amount of the base for further electrochemical oxidation.
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Thus, the ratio of maximum value will be selected in each
optimization.

3 Results and Discussion

3.1 Electrochemical Behavior of NADH on

AuNPs/GCE

Fig.1contains cyclic voltammograms(CV) obtained at scan
rate of 20 mV s using AuNPs / GCE in the absence and
the presence of 0.9 uM NADH in 0.2 M PBS, pH
5.18.Apparently, in the absence of NADH, the electrode did
not show any electrochemical activity over the potential
range (0 to 0.6 V) of study, thereby indicating that the
modified AuNPs/GCEis electro-inactive with no detection
of any gold oxidation wave. In a marked contrast, in the
presence of NADH, an irreversible oxidation wave with
high catalytic current is observed with a peak potential (Ey?)
of 0.38 V. This irreversible response, even at faster scan
rates, is indicative of a totally-irreversible oxidation of the
NADH, caused by a fast follow-up chemical reaction [19].
This irreversible behavior was also observed even when a
bare GCE is used for direct electrochemical oxidation of
NADH to the cationic species NAD* but under these
conditions, it occurs at markedly higher oxidation over
potential E,>> 0.85 V. Moreover, as shown in previous
work, the oxidation process is quite complicated and
accompanied by an electrode fouling problems that arise
from generation of polymeric side products along with the
strong adsorption of the oxidized product (NAD*) at
electrode surface [15,20]. Indeed, these problems were
overcome by using modified AuNPs/GCE.In view of this
finding we concluded that modification of GCE with
AUNPs enhances its electrochemical sensitivity towards
NADH and eliminates or minimizes the adsorption
problems associated with the generated products.

3.2 Effect of Ph

Samec and Elving reported the electrochemical oxidation of
NADH at gold and platinum electrodes at various pH
values and NADH concentrations. They concluded that the
oxidation process occurs via a single two-electron step to
generate the enzymatically active NAD* product [20] (Eq
1).

NADH —p NAD34s + H" + 2¢° (1)

The electrocatalytic oxidation current response of 0.9 uM
NADH in 0.2 M PBS at different pH values (1.6 to
9.13)was investigated on AuNPs/GCE by cyclic
voltammetryat scan rate of 100 mV s-1.As can be seen in
Fig 2, the oxidation peak potential, E,? is a nodically
shifted upon increasing the solution pH. The Ez® - pH
relationship

- - - Absence of NADH
— Presence of NADH
1204

80

40— ) T Y T T T T T
E/Vvs.Ag/AgCl

Fig 1. Cyclic Voltammograms obtained with AUNPs/GCE
in the absence (dotted line) and the presence (solid line) of
0.9 uM NADH in 0.2 M PBS, pH 5.18 using scan rate of 20
mV s-1.

Was constructed and depicted in Fig.3A. A linear shift of
Epa towards less positive potentials with increasing pH
indicates that protons are directly involved in the oxidation
of NADH. The overall behavior is represented by Eq 2.

Ep(V) = 0.522 - 0.0231pH r=0.953 (2)
Virtually, the obtained slope of —23.1 mV/pH is relatively
close from the Nernstian value of —29.5 mV for a two-
electron, one-proton, process at 25°C [21]. Importantly, as
can be seen in Fig. 3B, the oxidation peak current, i,?, does
not follow a particular trend upon increasing the pH of
solution from acidic to basic. However, the highest anodic
peak current is obtained at pH 6.5, thus a pH value of 5.18
was chosen for the construction of NADH sensor, and the
subsequent experiments.

3.3 Effect of Scan Rate

Cyclic voltammograms obtained for 0.9 uM NADH in 0.2
M PBs (pH 5.18)at different scan rates(5.0 to 300 mVs™)
using AuNPs/GCE are shown in Fig.4A. Clearly, highly
irreversible oxidation wave is observed at all scan rates,
thereby indicating that the follow up reaction is extremely
fast and cannot be outrun by higher scan rates up to 500
mV s, Analysis of the extracted parameters from this scan
rate  study reveals that the oxidation peak
current(ip®)increased linearly with scan rates over the entire
range (5 to 300 mV s).Moreover, a linear log — log
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1/pnA

E/Vvs. Ag/AgCl

Fig 2. Cyclic voltammograms of 0.9 uM NADH on AuNps/GCE in 0.2 M PBS with different pH’s at scan rate of

100 mV s,
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Fig 3. Effects of pH of 0.9 uM NADH at AuNPs/GCE in 0.2 M PBS under different pH: 1.6, 3.21, 4.32, 5.18, 6.64,
7.03, 9.10n the oxidation potential (A); and oxidation current (B).

variation(log i,® versus log v) for the oxidation wave is
obtained with slope of 0.89, as illustrated in Fig.4B. This
behavior suggests that the electrochemical oxidation
response of NADH on the modified electrode was an
adsorption-controlled process [22].

3.4 Effect of Concentration

Fig.5A represents the effect of NADH concentration on the
voltammetric response in aqueous 0.2 M PBS (pH 5.18)
using AUNPs/GCE and scan rate of 100 mV s, Over the
concentration range of investigation (1.6 - 8.21 x 10* M)

only one irreversible oxidation wave is obtained. As shown
in Fig. 5A, the magnitude of the oxidation peak current
(ipa) depends on the concentration of NADH. Interestingly,
plotting of ipa values versus [NDAH] (Fig. 5B) revealed
that, ipa is linearly increased with increasing NADH
concentrations up to 5.5 x 10-4 M. Upon further increase of
concentration, the response tends to levels off. This
behavior indicates that NADH is adsorbed at electrode
surface , and at concentration>5.5 x 10-4 M the electrode
surface seems to be completely covered.
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Fig 4. (A) Cyclic Voltammograms of 0.9 uM NADH obtained with AuNPs/GCE in 0.2 M PBS, pH 5.18, at different
scan rates (5, 10, 20, 40, 80, 100, 150, 200, 250 and 300 mV s ); (B) Plot of log anodic peak current (ip?) versus log

scan rate (v).
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Fig 5. (A) Cyclic voltammograms obtained at scan rate of 100 mV s~*for NADH using AuNPs/GCE in 0.2 M PBS,
pH 5.18 as a function of NADH concentrations; (B) Dependence of the voltammetric peak current, i,?, on NADH

concentration.

3.5 Construction of Electrochemical NADH

Biosensor

The electrochemical biosensor, AuNPs/GCE-NADH, was
constructed via successive voltammetric cycling of the
potential over the range (0 to 0.6 V)for 0.9 uM NADH
solution on AuNPs/GCE in 0.2 M PBS (pH 5.18) at scan
rate of 100 mV s(Fig. 6).Apparently, the first cycle has a
markedly higher oxidative current compare to second one
and continue to decrease with increasing the number of
cycles (20 cycles shown). This behavior is attributed to the
adsorption of a small amount of NAD* that was produced
during the first CV scan. At the consecutive cycles, the
amount of the adsorbed species is increased and
consequently the active area of the electrode that is exposed

to substrate is diminished. This extensive coverage of the
electrode with increasing the number of cycles is the reason
for the massive decrease in current.

3.6 Evaluation of Hydroxyl Radical Scavenging
Activities of Caffeic Acid

Given that square sweep Voltammetry (SWV) is a highly
sensitive technique compared to CV, it is commonly
utilized for monitoring and detecting the response of
antioxidant activities. Fig.7 shows the SW voltammograms
of AuNPs/GCE biosensor before and after interaction with
Fenton solution. Curve 1 represents the modified electrode
response when it is directly immersed in phosphate buffer,
whereas curves 2 and 3 are obtained upon
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10 - First Cycle

I/pA

0.0 0.1 0.2 0.3 0.4 0.5 0.6

E/V vs. Ag/AgCl

Fig 6.Cyclic voltammograms showing the effect of multi cycles of 0.9 uM NADH on AuNPs/GCE in 0.2 M PBS, pH
5.18, and scan rate of 100 mV s,

3.0
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Fig 7. SWV curves of the NADH/AuUNPs/GCE biosensor obtained in 0.2 M PBS, pH 4.35. Potential range from +0.0
to +0.8 V, frequency=40 Hz, Esep=15 mV, Eampiiuee=15 MV: (1) NADH-based biosensor signal (blank); (2) NADH-
based biosensor signal after immersion in the Fenton solution: Fe?*: EDTA:H,0; (1:2:20); (3) NADH-based biosensor
signal after immersion in the Fenton solution containing 50.10 pM CAF. Immersion time of the electrode in the
Fenton solution is 30 s.
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immersion of the biosensor in Fenton solution mixture
(curve2) and CAF(curved) respectively. Apparently, the
high oxidation current observed in PBs solution only is
drastically decreased upon exposure of the modified
electrode to Fenton mixture, owing to competitive
interaction of NADH with hydroxyl radicals, generated by
the Fenton system, and the direct oxidation of NADH on
the electrode surface. However, upon addition of CAF, the
oxidation current is increased again. This response is
attributed to the scavenging of the hydroxyl radicals by
CAF. It was known that CAF has strongly polar hydroxyl
groups, which is closely related to its antioxidant action[6].

In view of the above finding, the effect of caffeic
acid(CAF) antioxidant protection on the NADH based
sensor can be estimated by observing the increase in the
electrochemical current attributed to the scavenging activity
[6].This is undertaken by probing the dependence of the
scavenging percentage of ‘OH radicals on CAF

2.0

1.5

I/pA

1.0

|

0.0 ' . r

concentration. Thus, upon increasing the concentration of
CAF, an increase of the scavenging percentage is observed.
As shown in Fig.8, the antioxidant potency of CAF is very
effective over the concentration range from 10.0 to 50.0
UM. Significantly, the scavenging percentage, expressed as
the percentage of the electrocatalytic current signal
decrease, was calculated for each concentration according
the equation 3:

Scavenging Percentage (%) = [lp —la] / [lblank - 1a] x 100
®)

Where lpiank is the peak current recorded in PBS as a blank
signal, I, and I, are the peak current in presence and
absence of CAF, respectively. The results show that the
scavenging potency of CAF for "OH is highest at 50.0 uM
CAF and calculated to be 66.92 %.

0.0 0.2

T ¥ T v 1
0.4 0.6 0.8

E/V vs. Ag/AgCl

Fig. 8: SWV curves of the NADH/AUNPs/GCE biosensor obtained in 0.2 M PBS, pH 4.35(OR 5.18), after immersion

in the Fenton solution: Fe?: EDTA:H,0,

(1:2:20)

containing different CAF concentrations (PUT

CONCENTRATIONS HERE). Immersion time of the electrode in the Fenton solution is 30 s, SWV parameters as

above.
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