Reprints



ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Electrochemical detection of adenine and guanine
using a self-assembled copper(i)—thiophenyl-azo-
imidazole complex monolayer modified gold
electrodef

CrossMark
& click for updates

Cite this: RSC Adv., 2014, 4, 49819

Koushik Barman and Sk Jasimuddin*

Electrochemical detection of adenine (A) and guanine (G) using the self-assembled monolayer of
copper(i)—thiophenyl-azo-imidazole modified gold electrode (Cu?"—IATP—Au) is reported. The self-
assembled momolayer of 4-(2'-imidazolylazo)thiophenol (IATP) on a gold electrode surface was
prepared by covalent immobilization of imidazole onto a 4-aminothiophenol monolayer modified gold
electrode by a diazotization-coupling reaction. The catalyst was formed by immobilizing Cuf(i) ion on the
IATP modified gold electrode. The modified gold electrode was characterised by Field emission scanning
electron microscopy, Energy dispersive X-ray analysis, Infrared spectroscopy, Cyclic voltammetry and
Electrochemical Impedance spectroscopic techniques. The Cu?*—IATP—Au electrode exhibits excellent
electrocatalytic activity towards the oxidation of A and G. Without separation or pre-treatment, the
modified electrode can detect A and G simultaneously in a mixture and DNA samples. In the presence of
excess common interferents such as ascorbic acid, citric acid, cysteine, glucose, Na*, K*, Cl~, SO42~ had
no effect on the peak current of A and G. In differential pulse voltammetry measurement, the oxidation
current response of A and G was increased linearly in the concentration range 10-60 uM and the
detection limit was found to be 0.06 uM and 0.01 uM (S/N = 3), respectively. The proposed method was
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1. Introduction

Adenine (A) and Guanine (G) are the building blocks of nucleic
acids and play an important role in genetic information storage
and protein biosynthesis and fulfill a variety of functions in the
metabolism of the cell.* The abnormal changes of the concen-
tration of A and G in nucleic acid may cause several diseases,
including Parkinson's disease, carcinoma and liver diseases.”
Hence, the determination of A and G has great significance in
bioscience and clinical diagnosis. Various methods have been
applied for their detection and measurement, such as chro-
matography,® electrophoresis,* chemical luminescence,’ spec-
trophotometry® or surface enhanced Raman scattering.” These
methods are excellent but have several shortcomings such as
high cost, high time consumption and tedious pretreatment
steps.

For routine analysis electrochemical techniques are very
promising due to low cost, high sensitivity, high selectivity and
ease of miniaturization. They are suitable for analysis of A and G
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applied to determine adenine and guanine in herring sperm DNA and the result was satisfactory.

individually or simultaneously,® still the electrochemical
methods suffer problems for the detection of nucleic bases such
as slow electron transfer kinetics, high overpotential and over-
lapping of their oxidation peaks. To overcome the problems,
chemical modification of electrode surface with suitable mate-
rials is always beneficial. Varieties of materials have been used for
the electrode surface modification and used them to electro-
chemical detection of A and G. Cyclodextrin modified poly(N-
acetylaniline) film,” Graphene oxide intercalated by self-doped
polyaniline nanofibers® or cobalt(u)phthalocyanine modified
carbon paste electrode," Porous silicon supported Pt-Pd nano-
alloy modified carbon nanotube paste electrode, glassy carbon
electrode modified with overoxidized polypyrrole/graphene,*
multiwall carbon nanotubes (MWCNTs) decorated with NiFe,O,
magnetic nanoparticles,” silver nanoparticles(AgNPs)-poly-
dopamine(Pdop)@graphene(Gr)composite,”  single-stranded
DNA-poly(sulfosalicylic acid)composite film,' TiO, nanobelts,”
graphene-COOH,*® 1,8,15,22-tetraaminophthalocyanatonick-
el(u),” Iron hexacyanoferrate film,* azocalixarene,** graphene-
Nafion composite film,* fullerene-Cg, (ref. 23) and gold electrode
modified with n-octadecylmercaptan, followed by controllable
adsorption of graphene sheets* have been used for the electro-
chemical oxidation and detection of A and G. However, these
modified electrodes have some drawbacks such as stability,
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reproducibility and use of costly chemicals for electrode modifi-
cation. In this context, the development of novel, chip and simple
strategy for electrode modification is highly desirable. Diazo-
nium salt has been extensively used for the electrode surface
modification.” Diazonium group functionalized electrode
surface can coupled with phenolic, imidazole or amino groups to
form different diazotized compounds®® which are capable of
forming metal complexes. There are many reports that metal-azo
complexes can interact with the DNA bases and is important in
the field of anticancer drug research.”” A and G formed complexes
with metals including copper, has been extensively studied by
electrochemical methods.?® A number of articles have been
devoted to the catalytic and electrocatalytic activity of copper(u)
modified electrode for the redox reaction of organic and biolog-
ical compounds. For example, electrocatalytic oxidation of
hydroquinone with copper(u)-L-cysteine and copper(i)-5-amino-
2-mercaptobenzimidazole®® complex monolayer modified gold
electrode, catalytic oxidation of L-cysteine in oxygen-saturated
aqueous solution by copper(n) supported on a polymer,** deter-
mination of cysteine at a glassy carbon electrode modified by
copper(u) ions,** determination of ascorbic acid using dinuclear
copper salicylaldehyde-glycine schiff base modified GC elec-
trode®® and copper(u)-zeolite modified electrode,* electro-
catalytic oxidation of carbohydrates at copper(u) oxide modified
electrode®® and certain catecholamines such as dopamine,
t-dopa, epinephrine and norepinephrine using copper(u)
complex and AgNPs modified glassy carbon paste electrode.*®

In the present study, we have used a self assembled copper(i)
containing azoimidazole complex modified gold electrode for
the detection of purine bases, A and G, individually and
simultaneously in the physiological pH. Electrode modification
process and the electrochemical oxidation behaviour of A and G
over the modified electrode were studied in detail. The modified
electrode has also been applied for the detection of DNA bases
in real sample.

2. Experimental

2.1. Chemicals and reagents

4-Aminothiophenol (4-ATP) and NaClO, were purchased from
Sigma-Aldrich ~ (India). Imidazole, CuSO,-5H,0, and
K,[Fe(CN)s]-3H,0 were purchased from Merck (India) and were
used as received. Denatured herring sperm DNA, A, G were
purchased from Sigma-Aldrich (India). Phosphate buffer solu-
tion was prepared by mixing 0.1 M NaClO, and 0.01 M H;PO,
and the pH's were adjusted by the addition of 0.11 M NaOH
using Smalley's method.>” Water was purified by double distil-
lation with alkaline KMnO,.

2.2. Apparatus and instrumentations

The field emission scanning electron microscopy (FE SEM)
images and Energy dispersive X-ray (EDAX) analysis data were
obtained using FE-SEM, FEI INSPECT F50 operated at an
acceleration voltage of 20 kV. FTIR spectra were recorded on a
Shimadzu 8400S spectrometer. Electrochemical measure-
ments were performed on a CHI 660C Electrochemical
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workstation (CH Instrument, USA). A three electrode system
was employed with gold or modified gold electrode as
working electrode, Pt wire as counter electrode and Ag/AgCl
(3 M KCl) as reference electrode. The pH measurements of
solutions were carried out on a pH meter (Macro Scientific
works (Regd), New Delhi).

2.3. Electrode pre-treatment and immobilization of 4-(2-
imidazolylazo)thiophenol over gold electrode

A gold electrode (2 mm in diameter) was polished with 0.05 pm
a-alumina on a polishing pad and rinsed extensively with
anhydrous ethanol and distilled water. Then the gold electrode
was electrochemically cleaned in 0.5 M H,SO, until a steady
characteristic gold oxide cyclic voltammogram was obtained.*®
The cleaned gold electrode was immersed into the 4-ATP (1 mM)
solution for 20 hours. The self-assembled 4-ATP monolayer was
formed over electrode surface via gold-sulfur interaction and
the modified electrode was thoroughly washed with ethanol and
distilled water. After that the 4-ATP-Au electrode was dipped
into a 0.1 M HCI solution at 2-4 °C, and 0.1 g NaNO,, solution
was added slowly. After 30 minute incubation, the diazotized
modified gold electrode (diazo-ATP-Au) was removed and
rinsed with ice cold distilled water. For coupling with imidazole,
the diazo-ATP-Au electrode was immersed into aqueous 0.025
M imidazole solution for 30 minutes at 2-4 °C in stirring
condition. Finally, the 4-(2-imidazolylazo)thiophenol modified
gold electrode (IATP-Au) was rinsed with distilled water and
dried in air (Fig. 1).

2.4. Copper complexation on IATP-Au electrode

The IATP-Au electrode was immersed into 1 x 10> M CuSO,
solution (containing 0.1 M KNO;) at pH 5.6 and stirred for 4
hours. After complexation, the electrode (Cu®*'-IATP-Au) was
washed thoroughly with distilled water and then dried in air for
further experiment.

X X
X
cu
—

Au-Electrode EtOH HNVN l

Fig. 1 Schematic representation for the fabrication of gold electrode
and the electrochemical oxidation mechanism of adenine and
guanine.

This journal is © The Royal Society of Chemistry 2014
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3. Results and discussion
3.1. Choice of materials

Copper has unique coordination chemistry which renders it
suitable for many enzymatic reactions, such as superoxide dis-
mutase (SOD), ascorbic acid oxidase, cytochrome-c-oxidase
actions.* Imidazole moiety can be found in almost all cop-
per(u) enzymes. In biological system, superoxide dismutase
catalyses the dismutation of poisonous superoxide to O, and
H,0,. Copper(n) is the catalytic center in SOD, on reduction by
superoxide O, blue [Cu"(his ™) (his-H);] changes to colourless
[Cu'(his-H),]. Ascorbic acid oxidase is a blue copper(n) con-
taining protein that catalyses the oxidation of ascorbic acid to
dehydroascorbic acid by O,. Cytochrome-c-oxidase is a terminal
enzyme in the respiratory chain. It brings about the oxidation of
the reduced form of [Fe"(Cyt-c)red] with concomitant reduction
of molecular oxygen to water. These inspire us to make the
biomimetic catalyst containing Cu(u)-imidazole moiety which
can oxidise the purine bases, adenine and guanine and at the
same time determine the concentration. Verities of nano-
materials, nano composites and few metal complexes have been
used so far for electrode modification and applied for elc-
trocatalytic oxidation of adenine and guanine.””* Similarly,
different copper(u) ion modified electrodes have been used for
electrocatalytic oxidation of various organic and biologically
important molecules.”*® For the first time, we have modified
gold electrode by the self-assembled copper(u)-thiophenyl-azo-
imidazole complex monolayer and utilized this bio-mimetic
sensor for the electrocatalytic oxidation of adenine and
guanine in physiological pH. The proposed sensor exhibited a
simple, rapid and sensitive determination of adenine and
guanine individually as well as simultaneously with low detec-
tion limit.

3.2. Surface morphology of the Cu**-IATPmodified gold
electrode

The step wise modification and surface morphology of the bare
and self-assembled monolayer modified gold electrodes were
characterised by FE SEM. Fig. 2(A-D) shows the clear change of
surface morphology and suggested the formation of Cu®>"~IATP
film on gold surface. EDAX images (Fig. 3(A-D)) also confirms the
step wise modification. In the FTIR spectra, 4-ATP modified gold
electrode shows two absorbance peaks at 3443 and 3342 cm™*
due to presence of NH, group. After diazotization and coupling
with imidazole these peaks are absent but a new peak appeared
at around 1376 cm™ ' due to -N=N-bond formation. After
complexation with copper(u) ion the -N=N-stretching frequency
decreased due to back donation from copper to -N=N-7t* orbital
and the azo peak observed at 1366 cm ™. Along with these a new
peak observed at 460 cm ™" and is due to Cu-N bond stretching
which also supports the Cu>*~IATP-Au modification (Fig. 4).

3.3. Electrochemical characterisation of the Cu®>*-IATP
modified gold electrode

The stepwise modification was examined by CV using
[Fe(CN)s]> *~ as redox probe in 0.1 M PBS buffer at pH 7

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 SEM images of bare (A), 4-ATP modified (B), IATP modified (C),
Cu?*-IATP modified gold electrode (D).
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Fig. 3 EDAX spectrum of bare (A), 4-ATP modified (B), IATP modified
(C), Cu?*—IATP modified gold electrode (D).

(Fig. 5). For the bare electrode the cyclic voltammogram of
0.5 mM [Fe(CN)q]*~ exhibit electrochemically reversible redox
couple. However, 4-ATP modified Au electrode, the cyclic vol-
tammogram of [Fe(CN)s]'~ exhibit an irreversible feature with
low current height than that of bare gold. The current height
decreases even more when diazotized (diazo-ATP-Au) and
imidazole coupled (IATP-Au) gold electrode was used. The
experimental results indicate that the electronic communica-
tion between Au and [Fe(CN)e¢]'” is blocked due to SAM
formation. Electrochemical impedance spectroscopy supports
the CV results. In the Nyquist plot the diameter of the semi-
circle decreases gradually when step wise modification on the
gold electrode surface was carried out. The observed trend
(Fig. 6) is due to the fact that the modified electrode blocked the
electron transfer rate for the oxidation of [Fe(CN)¢]*~.

RSC Adv., 2014, 4, 49819-49826 | 49821
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Fig. 4 FTIR spectra of (a) 4-ATP modified, (b) IATP modified and (c)
Cu?*-IATP modified gold electrode.
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Fig. 5 Cyclic voltammograms of 0.5 mM K4[Fe(CN)¢l in 0.1 M PBS at
pH 7 using different working electrode [bare Au (red), ATP—Au (light
blue), ATP—N*2-Au (dark blue) and IATP-Au (black)l. [Inset: enlarge
figure of two overlapping curve for ATP—=N*2-Au (dark blue) and IATP—
Au (black)l.

The IATP-Au can form a neutral monolayer at pH 7. The
faradic currents for the probe redox reaction were decrease
(Fig. 5) when modified the gold electrode surface with IATP.
Reasonably, hydrogen bonds have more chance to form
between imidazolic NH and m-m staking are more effectively
formed in this condition. A value may be obtained for surface
coverage 6 = 0.99 using 6 = [1 — (i/ip)] relation*® where 7p and i,
are peak currents of redox probe at bare and IATP-Au elec-
trodes, respectively under the same condition. The value
obtained for i} and i, were 3.717 x 10 ° pA and 4.610 x 10~ pA
at pH = 7.0. From EIS spectra the R, was increased from bare
Au (7.736 x 10° Q) to IATP-Au (5.817 x 10" Q). This difference is
due to insulation effects originated from assemblies of neutrally
charged IATP layer at pH 7. Assuming that all the current passes
through pin-holes and defects, a value may be obtained for ¢
using 6 = [1 — (R%/R.)] relation,* where RY and R are the
charge transfer resistance of redox probe at bare Au and IATP-
Au electrodes under the similar conditions and a value of 0.87
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Fig. 6 Nyquist plot (—Z" versus Z) of 0.5 mM K4[Fe(CN)gl in 0.1 M PBS
at pH = 7.0 using various working electrode from impedance
measurement [bare Au (red), mod Au with 4-ATP (light blue), Au—ATP—-
N*2 (dark blue) and Au—IAT (black)], E,c = 5 mv, and frequency range:
0.1 Hz to 10 000 Hz.

was estimated for §. The difference observed between 0 values
obtained from CV and EIS method may be attributed to the
contribution of tunnelling effects.**

In order to confirm the Cu(u) complexation with azoimida-
zole on the gold surface (IATP-Au), a comparable CV was taken
for bare Au, IATP-Au and Cu”**-IATP-Au in 0.1 M PBS buffer at
pH 7 (Fig. S17). A Cu®*/Cu" redox couple (Ey;, = 0.3 V, AE = 120
mV) supports the formation of Cu>-IATP-Au SAM. Fig. S27
shows the cyclic voltammograms for different concentration
(0.1 mM to 0.7 mM) of Cu(u) ion on the IATP-Au modified
electrode. Both cathodic and anodic peak current increased
with increasing concentration of Cu(u) ions. The influence of
pH of the electrolytic solution on the electrochemistry of Cu(u)
azo-imidazole complex over Au electrode was studied. The
cathodic peak current reached the maximum value at pH 7.0
(Fig. S31) which indicates that at this pH strong complexation
takes place. Electrochemical impedance spectra of the bare and
modified electrodes were taken in 0.1 M PBS buffer at pH 7 and
from the Nyquist plot it is clearly shows that the Rqr value for
Cu®*-IATP-Au electrode is less than IATP-Au or bare Au.

3.4. Electrochemical oxidation of adenine and guanine

The modified gold electrode Cu®*'-IATP-Au was used for the
electrochemical oxidation of nucleobases A and G. Fig. 7 shows
the cyclic voltammograms of 1 mM guanine in 0.1 M PBS (pH 7)
using the bare Au (red curve), IATP-Au (blue curve) and Cu**-
IATP-Au (green curve) electrodes. For bare Au and IATP-Au
electrode manifested only a featureless voltammetric profile
between 0 to +1.0 V whereas in case of Cu®>’~IATP-Au electrode
two irreversible oxidation peaks appeared at +0.85 V and 0.96 V
for guanine. An irreversible oxidation peak was observed at +1.2
V for adenine when Cu®'-IATP-Au electrode used as working
electrode (Fig. 8). No such prominent peak was observed when
bare Au (red curve) and IATP-Au (blue curve) electrodes was
used under similar condition. The detailed oxidation

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Overlaid cyclic voltammogram and Nyquist plot (inset) of 1 mM
Guanine in 0.1 M PBS solution at pH 7 using different working elec-
trodes. [Bare Au (red), IATP—Au (blue) and Cu?"—IATP—Au (green)].

mechanism of purine bases is shown in Fig. 1. Electrochemical
oxidation of guanine followed a two step mechanism with loss
of two electrons and two protons in each step and the first step
was rate-determining step*” on the other hand adenine under-
went a multistep six electron six protons oxidation involving
irreversible chemical steps.*

EIS was carried out for both A and G at pH 7.0 (PBS buffer)
using the modified and bare electrodes. The diameter of the
semicircle observed in the Nyquist plot corresponds to charge
transfer resistance, R.; the smaller the semi-circle, faster is the
charge transfer.* Fig. 7 and 8 (inset) shows that the diameter of
semi-circle (R.) changes upon modification of gold electrode
surface. The R values in different electrode system shows the
following tread: IATP-Au (3.9 x 10° Q) > bare Au (2.9 x 10° Q) >
Cu®"-IATP-Au (1.9 x 10° Q) and IATP-Au (13.3 x 10° Q) > bare
Au (11.7 x 10* Q) > Cu®*-IATP-Au (7.2 x 10° Q) for G and A,
respectively. The observed trend is due to the fact that the

8.0 1 I L I !

Current / 1e-6A

Potential / VV vs Ag/AgCl

Fig. 8 Overlaid cyclic voltammogram and Nyquist plot (—Z" versus Z))
(inset) of 1 mM adenine in 0.1 M PBS solution at pH 7 using different
working electrode. [bare Au (red), IATP—Au (blue) and Cu®"—IATP-Au
(green)].
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copper(u) complex modified electrode ease the electron transfer
rate for the oxidation of A and G whereas IATP modified gold
electrode blocked the electron transfer. Electrochemical
impedance measurements clearly indicate that Cu**~IATP-Au
SAM modified electrode has lower resistance as compared to the
bare Au and IATP-Au electrodes. This study reveals that the
Cu”**-IATP-Au SAM modified electrode is an efficient electro-
catalyst for A and G oxidation.

3.5. Determination of adenine and guanine using DPV

Based on the optimum conditions, the individual and simul-
taneous determination of A and G were performed using DPV.
Fig. S41 shows the DPV curves of G with different concentration.
In the individual determination of purine bases the oxidation
peak current of G was linear with its concentration in the range
of 150-600 pM (Inset Fig. S4t). The detection limit for G is
estimated to be 0.007 uM (S/N = 3). Fig. S5 indicated that
oxidation peak current of A increased linearly in the range of
150-600 pM. The detection limit for A was 0.058 uM (S/N = 3).
Fig. 9 shows the DPV curves of G with different concentrations
in the presence of 100 uM A and the oxidation peak current of G
was linear with its concentration range of 10-60 pM. The
regression equation was I, = 0.0055¢ + 1.3113 (R*> = 0.9917,
95% confidence limit for the slope = £0.10 and intercept =
+0.42) with a detection limit of 0.01 pM (S/N = 3). Similarly,
Fig. 10 shows the DPV curves of A with different concentrations
in the presence of 100 uM G and the oxidation peak current of A
increased linearly in the concentration range of 10-60 uM. The
regression equation was I, = 0.0088¢ + 2.1627 (R*> = 0.9974,
95% confidence limit for the slope = +0.09 and intercept =
+0.31) with a detection limit of 0.06 pM (S/N = 3). For further
evaluating the feasibility of the Cu®>*~IATP-Au electrode for A
and G determination simultaneously by simultaneous changing
their concentration (Fig. S67). All the results indicated that the
simultaneous and sensitive detection of A and G could be ach-
ieved at copper(n) complex modified gold electrode. Table 1
shows a comparison of the proposed electrochemical method
and the other modified electrodes reported for adenine and

Increasing
concentration

Current / 1e-6A

¥=00055x+13113
R'=09917

T T T
1.30 1.20 1.10 1.00 0.90 0.80 0.70 0.60

Potential / V vs Ag/AgCI

Fig. 9 Overlaid DPV for each increment of 10 uM G to 100 uM A at
Cu?*—IATP SAM modified gold electrode in 0.1 M PBS buffer solution
at pH 7.0.
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Fig. 10 DPVs obtained for each 10 uM A to 100 uM G at Cu?*-IATP
SAM modified gold electrode in 0.1 M PBS buffer solution at pH 7.0.

guanine. It can be seen that the detection limit and linear range
of the proposed method are comparable with the reported
methods.

3.6. Effect of accumulation time and potential

The effect of accumulation time on the oxidation behaviour of
adenine and guanine at Cu”’-IATP-Au electrode was investi-
gated by DPV. Fig. S7(a)t shows that both the oxidation peak
current of A and G increased slowly with increasing accumula-
tion time from 0-150 s and thereafter they remain constant.
Therefore, an accumulation time of 150 s was chosen as the
optimum time for further study. In addition, the influence of
accumulation potential on the peak current was examined over
the potential range 0.0 to 0.6 V and 0.0 to 0.5 V for adenine and
guanine, respectively Fig. 7(b). The peak current decreased by
changing accumulation potential to more positive value and is
due to the oxidation of A and G during the accumulation step at
potential higher than 0.6 V and 0.5 V for adenine and guanine,
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respectively. In fact, the maximum observed currents were equal
to those observed for open circuit accumulation.

3.7. Effect of scan rate and pH

The oxidation peak current of adenine and guanine increased
linearly with the scan rate in the range of 10-90 mV s '
(Fig. S87) following the linear regression equation Ip, (nA) =
0.0323 v (mV's™ ') — 0.0624 (R* = 0.9939) and I, (1A) = 0.0393 v
(mV s71) + 4.7321 (R* = 0.9925) for adenine and guanine,
respectively. These indicated that the electrooxidation reactions
of adenine and guanine at Cu®>*-IATP-Au electrode were the
surface controlled process. The effect of pH on the electro-
oxidation of A and G were also investigated in the range of pH
3.0-9.0. As shown in Fig. S97 the oxidation peak potential A and
G were pH dependent and that they shifted toward more
negative potential with increments in solution pH following
the linear regression equation of Ej, (V) = —0.059 pH + 1.421
(R = 0.994) and Ep, (V) = —0.060 pH + 1.169 (R* = 0.993),
respectively. The slope of 59.0 and 60.0 mV per pH indicated
that equal numbers of protons and electrons were involved in
the electrode reaction process.*” Investigation of the influence
of pH on the peak current of purine bases at the modified gold
electrode revealed that that peak current of A and G reached a
maximum at pH 7.0 and then decreased by increasing pH of the
solution (Fig. S9). On the other hand Cu(u) complexation with
azoimidazole on the gold surface (IATP-Au) is maximum at pH
7.0. Considering both results, we have chosen pH 7.0 for the
subsequent experiments.

3.8. Interference, reproducibility and stability

The current responses of A and G were studied in presence of
some common electroactive interferences such as ascorbic acid,
citric acid, cysteine, glucose, Na*, K*, CI~ and SO,>” in 0.1 M
PBS. A 1000 fold excess of ascorbic acid, citric acid, cysteine,
glucose, Na*, K*, CI~ and SO,>” had no effect on the peak

Table 1 Comparative account of different electrochemical sensors for the determination of adenine and guanine®

Adenine Guanine
Electrode Linear range (uM) Detection limit (uM) Linear range (uM) Detection limit (uM) Reference
GNO-SPAN/CPE 0.5-200 0.05 0.5-200 0.075 10
Pt-Pd/PSi/CNPE 0.1-10 0.03 0.1-10 0.02 12
PPyox/GR/GCE 0.06-100 0.02 0.04-100 0.01 13
MWCNT/NiFe,0,/GCE 0.1-4.0 0.01 0.05-3.0 0.006 14
AgNPs-Pdop@Gr/GCE 0.02-40 0.002 0.02-40 0.004 15
PSSA-ssDNA/GCE 0.065-1.1 0.02 0.065-1.1 0.02 16
Graphene-COOH/GCE 0.5-200 0.025 0.5-200 0.05 18
40-Ni""TAPc/GCE — — 10-100 0.03 19
FeHCF/GCE — — 0-145 0.10 20
Azocalix[4]arene/GCE 0.125-200 0.07 0.125-200 0.05 21
Cu*"-IATP-Au 10-60 0.06 10-60 0.01 This work

“ GNO: single-layered graphene oxide, SPANI: sulfonated polyaniline, Pt-Pd/Psi: porous silicon supported Pt-Pd nanoalloy, PPyox/GR: overoxidized
polypyrrole/graphene, MWCNT/NiFe,0,: multiwall carbon nanotubes (MWCNTs) decorated with NiFe,O, magnetic nanoparticles, AgNPs—
Pdop@Gr: Ag nanoparticles (AgNPs)-polydopamine(Pdop)@graphene(Gr)composite, PSSA-ssDNA: poly(sulfosalicylic acid) and single-stranded
DNA composite, graphene-COOH: carboxylic acid functionalized graphene, 4a-Ni"TAPc: 1,8,15,22-tetraaminophthalocyanatonickel(u), FeHCF:

iron hexacyanoferrate film.

49824 | RSC Adv., 2014, 4, 49819-49826

This journal is © The Royal Society of Chemistry 2014



Published on 30 September 2014. Downloaded by University of Kwazulu-Natal on 09/10/2014 13:19:54.

Paper

currents of the A and G. A representative DPV is given in
Fig. S101 where ascorbic acid was used 1000 fold excess in A and
G mixture. The modified electrode shows reproducible results
for A and G. The reproducibility of the modified electrode was
examined by 8 successive DPV measurements of A and G in PBS
solution. The results showed a relative standard deviation (RSD)
of 0.5%, indicating that the electrode has good reproducibility.
The modified electrode also displays good storage stability if
kept in aqueous medium at room temperature over a period of
30 days.

3.9. Real sample analysis

The copper(u) complex modified gold electrode, Cu®>*~IATP-
Au, was used to determine DNA bases simultaneously in the
denatured herring sperm DNA sample. Fig. 11 shows the
overlaid DPV of PBS, herring sperm DNA solution and after
addition of standard A, G solution in herring sperm DNA
solution. The DPV of herring sperm DNA clearly shows four
oxidation peaks for four DNA bases. The content of Aand G in
herring sperm DNA were calculated using the standard
addition method and direct interpolation of the linear
regression. The results are summarised in Table 2 and agree
with the data reported in literature.”* The accuracy of the
method was also verified by recovery studies adding standard
DNA base solution to the real sample and 99-100% recoveries
were obtained.

-2.0 1

-3.0 1

Current / 1e-6A

-4.0

-5.0

-6.0 T T T T T T T T
16 14 12 10 08 06 04 02 0 0.2

Potential / V vs Ag/AgCI

Fig. 11 Overlaid DPVs of 0.1 M PBS solution (red), herring sperm DNA
solution (blue) and after addition of standard A, G solution in herring
sperm DNA solution (green).

Table 2 Determination of A and G in herring sperm DNA sample with
copper(i) complex modified gold electrode

Bases Detected (uM) Added (mM) Found (mM) Recovery (%)
A 4.4 £ 0.04 1.0 0.99 99.0
G 3.5 £ 0.01 1.0 1.004 100.4

This journal is © The Royal Society of Chemistry 2014
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4. Conclusions

Anovel electrochemical sensor has been prepared and is used to
detect A and G individually, simultaneously in a mixture and in
herring sperm DNA. The electrochemical oxidation of A and G
was studied using cyclic voltammetry and a prominent anodic
oxidation peak was observed using Cu®'-IATP-Au modified
electrode. EIS results show the following order of charge
transfer resistance: IATP-Au > bare Au > Cu**-IATP-Au for A
and G in PBS (pH 7) and supports the electrocatalytic nature of
copper complex modified gold electrode. Distinguishable
oxidation peaks of the A and G can be obtained using Cu*'-
IATP-Au modified electrode which is very helpful to analyse
DNA fragments simultaneously. The modified electrode showed
high sensitivity, low detection limit, higher reproducibility and
good stability. Moreover, the electrode modification process is
easy, economic as well as reproducible. The new sensor can be
used for clinical diagnosis and genetic research.
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A non-enzymatic electrochemical sensor, bis(acetylacetonato)oxo-
vanadium(iv) complex, [VO(acac),], fabricated on a self-assembled 4-
(pyridine-4'-amido)thiophenol (PATP) monolayer modified gold elec-
trode, was developed for the detection of glucose and hydrogen
peroxide (H,O,) at neutral pH. The modified electrode was charac-
terized by electrochemical and microscopic techniques. The non-
enzymatic sensor exhibited a remarkable catalytic performance for
glucose oxidation and H,O, reduction. Chronoamperometry was used
for the electrochemical determination of glucose and H,O,. The non-
enzymatic sensing of glucose was realized with a linear response
range from 0.001 to 0.5 mM with a detection limit of 0.1 uM (S/N = 3).
The sensor also has a good performance for the electrocatalytic
reduction of H,O, with a linear response range from 0.02 to 0.9 mM
with a detection limit of 0.03 pM (S/N = 3). In addition, [VO(acac),]—
PATP—-Au showed a good selectivity for glucose and H,O, detection in
the presence of potential interfering agents such as ascorbic acid, uric
acid, L-dopa, L-cysteine and different ions like Na*, K*, Cl™ etc. The
kinetic parameters such as the electron transfer coefficient and the
catalytic reaction rate constant were also determined for glucose and
H,0,. Finally, the modified electrode was used to achieve quantitative
detection of glucose and H,O, in blood and milk, respectively for
practical applications.

Introduction

Green plants produce glucose by the reduction of carbon
dioxide and the metabolic oxidation of glucose sustains all
living beings." Glucose is transported to cells via insulin in the
bloodstream. The human body maintains blood glucose levels
at a concentration of 4-8 mM (70-120 mg dL~').2 An abnormal
blood sugar level causes diabetes which represents a leading
cause of several complications for human health like compli-
cations to the retina, circulatory system, kidneys etc.* To
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manage the blood glucose level patients need to monitor the
blood glucose level on a regular basis. On the other hand,
hydrogen peroxide (H,0,) is a simple but very important
molecule in nature, and is extensively used as an oxidizing
agent in the food and chemical industries.* Moreover, H,0, is
one of the most important markers for oxidative stress and also
acts as a precursor in the formation of highly reactive and
potentially harmful hydroxyl radicals.>® Therefore, the accurate
determination of glucose and H,O, is of practical importance.
Several analytical techniques have been carried out for the
determination of glucose and H,O, viz., titrimetry, spectrom-
etry, fluorometry, chemiluminescence and electrochemical
methods.”™ Amongst them, the electrochemical approach is
promising because of its higher sensitivity and selectivity, lower
detection limit, faster response time, better long term stability
and chip.'* For the detection of glucose and H,0, both enzy-
matic'>** and non-enzymatic'**® sensor have been developed.
First, second and third generation enzymatic glucose sensors
has been developed due to overcome the disadvantages. The
third generation sensor still in their infancy, yet some of them
based on nano-mesoporous electrode surface show some
promise.*® There are still some disadvantages of enzyme-based
determination. Examples include complicated enzyme immo-
bilization, critical operating conditions viz. optimum tempera-
ture and pH, chemical instability, poor reproducibility and high
cost.”” To solve these problems, fourth generation enzyme-free
sensors have been developed for glucose oxidation and H,0,
reduction. In general, these electroactive analytes can be
oxidized or reduced directly at ordinary solid electrodes.
However, owing to their high over-potential, slow electrode
kinetics and poor measurement stability caused by poisoning
from the intermediate products restricts the performance of
this electrodes." Therefore; current efforts have mainly focused
on discovering new materials with high catalytic activity and
good stability in order to construct non-enzymatic sensors. The
fabrication of a wide variety of nanomaterials have been intro-
duced for the selective and sensitive detection of glucose*° as
well as H,0,.>»* On the other hand very limited numbers of

This journal is © The Royal Society of Chemistry 2016
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metal complexes have been used so far for the electrochemical
sensing of glucose and H,0,. Complexes with reversible redox
capabilities such as cobalt phthalocyanine,* nickel curcumin,**
nickel porphyrine,* copper hexacyanoferrate®*® have been used
for the effective electrocatalytic sensing for glucose whereas
cobalt tetrasulfophthalocyanine,” cobalt tetraruthenated
porphyrin,®® cobaltoxyhydroxide,> DNA-Cu®" complex®* for
H,0, sensing.

Instead of cobalt, nickel and copper containing complexes no
other earth abundant transition metal complexes have been re-
ported for the electrochemical sensing of glucose and H,0,.
Among first d-block transition-metal series, vanadium has critical
roles in various chemical and biological processes.*® Presently the
catalytic role of vanadium in higher oxidation states (IV and V) has
received much attention after the discovery of vanadium depen-
dent enzymes such as vanadiumiron nitrogenase of Azotobacter
vinelandii and vanadium haloperoxidases in marine algae.* Several
oxovanadium and dioxovanadium complexes acts as functional
models of haloperoxidases and catalyze oxyhalogenation of various
aromatic substrates.** Instead of these, oxovanadium complexes
have also been used to catalyze several reactions such as the
oxidation of olefins, alcohols,® aldehydes,* tertiary amine,*
thiols,* hydrogen peroxide,*” epoxidation® and oxidative coupling
reaction.* Apart from their role as catalyst, there is a widespread
interest on the biological chemistry of vanadium compounds
because of its perceived potential for the development as a phar-
macologic agent for the treatment of diabetes mellitus.*® Extensive
literature review shows that among large number of oxovanadium
compounds, only bis(acetylacetonato)oxovanadium, [VO(acac),],
exhibits the greatest capacity to enhance insulin receptor kinase
activity in cells associated with a significant decrease in plasma
glucose concentration.” Posner and co-workers showed that
vanadate reacted with H,O, stimulated the phosphorylation of the
insulin receptor in endosomes with efficiency comparable to that
of insulin.”? Makinen and Brady showed that [VO(acac),] stimulate
the uptake of glucose by serum-starved 3T3-L1 adipocytes in the
presence of bovine serum albumin.*

These rich catalytic and pharmacological properties of oxo-
vanadium complexes encourage us to prepare the [VO(acac),]
complex modified gold electrode and study the non-enzymatic
electrochemical sensing behaviour for glucose and hydrogen
peroxide. To the best of our knowledge, this is the first report of
sensing both glucose and hydrogen peroxide by the same metal
complex modified electrode at neutral pH. The oxovanadium(iv)
complex modified gold electrode shows excellent electro-
catalytic activity and exhibit notable sensing performance
towards glucose and H,O,. The kinetics of glucose oxidation
and hydrogen peroxide reduction was also examined in detail.
More importantly, we demonstrate successfully its application
for the quantitative detection of glucose in human blood
sample and H,0, in processed milk.

Experimental
Chemicals and reagents

4-Aminothiophenol, isonicotinic acid, [VO(acac),], o-(+)-glucose
and hydrogen peroxide (30 wt% in H,O) were procured from

This journal is © The Royal Society of Chemistry 2016
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Sigma Aldrich, India, K4[Fe(CN)g]3-H,O were purchased from
Merck (India). All the reagents and solvents were analytical
grade and were used without further purification. 0.1 M phos-
phate buffer solution (PBS) was prepared by mixing 0.1 M
NaClO, and 0.01 M H;PO, and the pH's were adjusted by the
addition of 0.11 M NaOH using Smalley's method.** Double
distilled water was wused throughout the course of the
experiment.

Apparatus and instrumentations

Electrochemical measurements were performed on a CHI 660C
Electrochemical workstation (CH Instrument, USA). A three
electrode system was employed with gold or modified gold
electrode as working electrode (2 mm diameter, 0.031 cm? area),
Pt wire as a counter electrode and Ag/AgCl (3 M KCl) as refer-
ence electrode. All experiments were performed at ambient
temperature and inert atmosphere. The field emission scanning
electron microscopy (FE-SEM) images were obtained using FE
SEM, FEI INSPECT F50 operated at an acceleration voltage of 20
kv. pH measurement of solutions were carried out on a pH
meter (Macro Scientific Works (Regd), New Delhi).

Construction of [VO(acac),]-PATP modified gold electrode

A gold electrode was polished with wet o-alumina (0.5 pm) on
a flat polishing pad for 10 minutes and rinsed several times with
doubly distilled water. The cleanliness of the gold electrode
surface was ascertained by recording the repetitive cyclic vol-
tammograms in 0.5 M H,SO, between —0.2 and +1.5 V versus
Ag/AgCl with 0.1 V s~ scan rate until a steady characteristic
gold oxide cyclic voltammogram was obtained.** The electrode
was then rinsed with doubly distilled water and immersed in 1.0
mM ethanolic solution of 4-aminothiophenol (4-ATP) for 24
hours. The 4-ATP was self-assembled over the gold electrode
surface via gold-sulfur interaction and the modified electrode
4-ATP-Au was thoroughly washed with double distilled water.
Thereafter, the modified gold electrode was dipped into 1.0 mM
isonicotinic acid solution for 4 hours under stirring condition
and 4-(pyridine-4’-amido)thiophenol modified gold electrode
(PATP-Au) was formed. After washed with double distilled water
PATP-Au electrode was immersed into an ethanolic solution of
1.0 mM [VO(acac),] and stirred for 2 hours so that the pyridine
nitrogen of PATP-Au was able to form adduct with the vacant
coordination site of vanadium in [VO(acac),]. The finally
modified electrode [VO(acac),]-PATP-Au was washed thor-
oughly with distilled water and dried in air for further use.

Results and discussion
Characterization of modified gold electrode

The step wise modification and surface morphology of the bare
gold electrode was characterised by FE-SEM. [VO(acac),|-PATP
modified gold electrode shows very rough and porous surface
which is favourable for the electrocatalytic activity. Elemental
mapping images confirms the immobilization of [VO(acac),]
over self-assembled monolayer 4-PATP modified gold elec-
trode.*® The modification process was also monitored by cyclic

RSC Aadv., 2016, 6, 20800-20806 | 20801
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voltammetry and electrochemical impedance spectroscopy
using [Fe(CN)s]> "~ as redox probe in 0.1 M PBS solution at pH
7.0. The cyclic voltammogram of 0.5 mM [Fe(CN),]"~ exhibits an
electrochemically reversible redox couple on bare electrode.
After modification the gold electrode with 4-aminothiophenol,
the cyclic voltammogram of [Fe(CN)g]*~ exhibit an irreversible
couple with low current height than bare gold electrode. The
current height decreased even more when 4-(pyridine-4’-amido)
thiophenol (PATP) modified Au was used as working electrode.
These CV results indicated that the electronic communication
between gold and [Fe(CN)¢]*~ is blocked due to PATP film
formation.*® In the Nyquist plot, the diameter of the semi-circle
increases gradually when stepwise modification on the gold
electrode surface was carried out. The observed trend is due to
the fact that the modified electrode blocked the electron
transfer for the redox reaction of [Fe(CN)q]*~. Electrochemical
impedance measurement supports the CV results. The fabrica-
tion of [VO(acac),] over PATP-Au electrode was confirmed by
taking a comparative cyclic voltammogram for PATP-Au and
[VO(acac),]-PATP-Au in 0.1 M PBS buffer at pH 7.0. A quasir-
eversible [V¥O(acac),]"/[V™VO(acac),] redox couple at +0.33 V
supports the fabrication of [VO(acac),]-4-PATP-Au electrode.*®

Electrocatalytic oxidation of glucose and reduction of H,0,

Fig. 1 and 2 shows the cyclic voltammograms (CV) of 0.1 mM
glucose and 0.5 mM hydrogen peroxide, respectively in 0.1 M
PBS at pH 7.0 using bare Au, PATP-Au and [VO(acac),]-PATP-Au
electrodes. An irreversible oxidation of glucose occurred at
+0.65 V by the [VO(acac),]-PATP-Au electrode with large
increase of current whereas no such prominent peak was
observed with bare and PATP-Au electrode (Fig. 1). In absence
of glucose no such oxidation peak was observed at [VO(acac),]-
PATP-Au electrode (Fig. S1t). This behaviour indicate the elec-
trocatalytic activity of [VO(acac),]-PATP modified gold electrode
towards glucose oxidation. DPV experiment gives a prominent
glucose oxidation peak only at [VO(acac),]-PATP-Au electrode
under similar condition and supports the results obtained by
CV (Fig. S27). The catalytic pathway of glucose oxidation can be
describe on assuming that the electrochemical process is
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Fig. 1 Cyclic voltammograms obtained with bare, PATP and
[VO(acac),]-PATP modified gold electrode in 0.1 mM glucose in 0.1 M
PBS solution (pH 7.0).
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Fig. 2 Cyclic voltammograms obtained with bare, PATP and
[VO(acac),]-PATP modified gold electrode in 0.5 mM hydrogen
peroxide in 0.1 M PBS solution (pH 7.0).

initiated by the non-covalent interaction of glucose with surface
bound [VO(acac),]. During anodic scan [V™VO(acac),]’ is
oxidized to the catalytically active [V'O(acac),]” complex over
PATP modified gold electrode.

[VIVO(acac),]’ — [VVO(acac),]" + ¢ ()

Once [V'O(acac),]" is formed, glucose is oxidized on the
modified electrode surface via the following reactions.

[VVO(acac),]" + glucose — intermediate + [V'VO(acac),]” (b)

[V¥O(acac),]* + intermediate —
gluconolactone + [V!VO(acac),]’. (c)

The cyclic voltammogram of H,0, in 0.1 M PBS (pH 7.0)
shows a cathodic response at around —0.24 V at bare gold
electrode. When the gold electrode was modified by 4-(pyridine-
4’-amido)thiophenol, no current response was observed. After
modification with [VO(acac),], a sharp peak was observed
around —0.11 V with sufficiently high current response during
the cathodic scan. In absence of H,0, no such reduction peak
was obtained at [VO(acac),]-PATP-Au electrode under similar
condition (Fig. S31). Through these observations it was clear
that oxovanadium(iv) complex exhibit enhanced electrocatalytic
efficiency by their adhesion on the PATP-Au electrode. This is
rationalized by a high ability of the [VO(acac),] to transfer
electrons involved in the catalytic reaction and sense the pres-
ence of H,0, electrochemically. A common two electron redox
mechanism is proposed for hydrogen peroxide reduction at the
[VO(acac),]-PATP-Au electrode surface in which a substantial
interaction with H,0, and vanadium promotes the electron
transfer and is shown by the following reactions.

[VVO(acac),]’ + H,0, — H,0 + [VYO(acac),]" (d)
[VYO(acac),]* + e~ — [V'VO(acac),]" (e)

Electrochemical impedance spectroscopy was also carried
out for glucose and H,0O, using bare and modified gold

This journal is © The Royal Society of Chemistry 2016
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electrodes. The diameter of the semicircle observed in the
Nyquist plot corresponds to charge transfer resistance, R.; the
smaller the semi-circle, faster is the charge transfer. Fig. S4 and
S5t shows that the diameter of the semicircle (R, changes
upon modification of gold electrode surface. The R, values for
0.1 mM glucose oxidation and 0.5 mM H,O, reduction at
[VO(acac),]-4-PATP-Au electrode in 0.1 M PBS at pH 7.0 were 1.3
x 10 @ and 1.2 x 10° Q respectively, which were quite smaller
than the R . obtained at PATP modified and bare gold electrode.
The observed results are due to the fact that the [VO(acac),]-
modified electrode ease the electron transfer rate for the
oxidation of glucose and reduction of H,O, where as the 4-PATP
modified gold electrode blocked the electron transfer. Electro-
chemical impedance measurements clearly indicate that
[VO(acac),]-4-PATP modified gold electrode has lower resis-
tance as compared to bare or 4-PATP modified gold electrodes.
This study supports the CV results and reveals that the
[VO(acac),]-4-PATP-Au electrode is an efficient electrocatalyst
for the oxidation of glucose and reduction of hydrogen
peroxide.

Determination of glucose and H,0,

Based on optimized conditions, determination of glucose and
H,0, were performed using chronoamperometry. Fig. S6t
shows the chronoamperometry curves of glucose with different
concentration. The oxidation peak current of glucose was linear
with its concentration in the range of 0.1-0.5 mM (Fig. 3a). The
regression equation was I = 3.717C + 1.646 (R> = 0.99), with
a detection limit of 0.1 pM (S/N = 3). Exactly same detection
limit was obtained in the lower concentration range of glucose
(1.0 uM to 5.0 uM) (Fig. S81). The detection limit was further
confirmed by differential pulse voltammetry (Fig. S10t). Fig. S7
and S9t shows the chronoamperogram response for H,O, in the
concentration range of 0.5-0.9 mM and 20-40 uM. The current
was linearly proportional to its higher concentration range with
a linear regression equation I = 9.81C + 18.61 (R*> = 0.99)
(Fig. 3b) and in the low concentration range with a linear
regression equation I = 9.81C + 0.02 (R* = 0.99) (Fig. S9bt). The
detection limit for H,O, was 0.03 uM (S/N = 3). The detection
limit was further confirmed using CV results (Fig. S11t). Table
S1t shows a comparison of the proposed electrochemical

31 y=3.717x+ 16463

R'=0.9915 y=9.81x+ 18.605

R'=09972

Current (uA)

0 o1 02 03 04 os 05 o4 05 06 07 08 09 1
Concentration (mM) Concentration (mM)

(@) (b)

Fig. 3 (a) Plot of resulting current in chronoamperometry at 30
seconds versus concentration of glucose (0.1-0.5 mM). (b) Plot of
resulting current in chronoamperometry at 30 seconds versus
concentration of H,O, (0.5-0.9 mM).
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method and other modified electrodes reported for the elec-
trocatalytic oxidation of glucose and reduction of H,0,. It can
be seen that the detection limit obtained in the present system
are comparable with some reported metal complex modified
electrodes and quite better than the metal nanoparticle/
nanocomposite modified electrodes.

Effect of scan rate and kinetic analysis for glucose oxidation
and hydrogen peroxide reduction

The influence of the scan rate on the electrocatalytic oxidation
of glucose (Fig. S12at) and the reduction of H,O, (Fig. S13af) at
[VO(acac),]-4-PATP-Au were investigated using cyclic voltam-
metry. The results showed that on increasing the scan rates the
oxidation peak potential of glucose and the reduction potential
of hydrogen peroxide shifts to more positive and more negative
values, respectively, confirming the kinetic limitation of the
electrochemical reaction.”” Moreover, a plot of scan rate-
normalized current (I,o/v"*) versus scan rate (Fig. S141) shows
a shape typical of EC catalytic process for glucose oxidation.*” In
addition, a plot of the peak current (I,,,) versus the square root of
the scan rate (y/7) (Fig. S12bt) in the range of 50-100 mV s~ " was
found to be linear following the linear regression equation I,
(nA) = 0.3392v (mV s™1) — 1.1978 (R*> = 0.9945), revealing that
the electrooxidation reaction of glucose at [VO(acac),]-4-PATP-
Au electrode was followed diffusion controlled electron transfer
process. The diffusion coefficient (D) for glucose was 9.5 x 10 °
cm” s~! and is calculated using the plot (I, vs. v/7) and Ran-
dles-Sevcik equation®®

I, =2.69 x 10°n”?AD"*Cv'"> (1)

where, I, is the peak current, n is the number of electrons
transferred, A is the electrode area, C is the concentration of
electroactive species, and v is the scan rate, considering
a temperature of 298 K. The electron transfer coefficient for the
totally irreversible oxidation of glucose at [VO(acaca),]|-4-PATP-
Au can be determined from equation*®

E, — Epp = 1.85TRTIaF = 47.7/a mV 2)

where E, and Ep, represent the peak potential and the half-
height peak potential, respectively in cyclic voltammetry
experiment where R, T and F have their usual meaning. For
glucose oxidation, E, — Ep;, = 38 mV, hence electron transfer
coefficient («) is calculated to be 0.63.

The standard heterogeneous rate constant (k) for the irre-
versible oxidation of glucose at [VO(acac),]-4-PATP-Au elec-
trode was calculated by using the Velasco equation*

ks = 1.11DVA(E, — Epp)~ "' 3)

The estimated ks values for totally irreversible oxidation of
glucose at [VO(acac),] modified electrodes was found to be 5.5 x
107> cm s~ '. The observed higher k, value for glucose at the
modified electrode indicates that the oxidation of glucose was
faster at the [VO(acac),]-PATP modified gold electrode. The
kinetic parameters for the reduction of H,0, were also
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calculated (as described for glucose): n = 2, « = 0.69, D = 10.6 x
10 °cem’*s ' and k=33 x 10 > cm s~ .

Effect of accumulation potential and time

The effect of accumulation time and potential on the oxidation
behavior of glucose and reduction of H,O, at [VO(acac),]-PATP-
Au electrode was investigated. Fig. S157 shows that the oxida-
tion peak current of glucose and H,0, which were remaining
constant with increasing accumulation time from 0 to 300 s.
Therefore the accumulation time of 60 s was chosen as the
optimum time for further study in both cases. In addition, the
influence of accumulation potential on the peak current was
examined over the potential range 0.0 to 6.0 V for glucose and
0.0 to —0.5 V for H,0, (Fig. S167). The peak current for glucose
was decreased by changing accumulation potential to more
positive value and is due to the oxidation of glucose during the
accumulation step at potential higher than that 0.35 V
(Fig. S16at) where as in case of H,0,, by changing accumulation
potential to more negative value and is due to the reduction of
H,0, during the accumulation step at potential lower than that
—0.02 V (Fig. S16bt). In fact, the maximum observed current
were equal to those observed for open circuit accumulation.

Effect of pH

The effect of pH on the electrooxidation of glucose and H,O,
ware also investigated in the range of pH 5.0-10.0. As shown in
Fig. S171 the oxidation peak potential of glucose were pH
dependent and was shifted towards more negative potential
with increments in solution pH following the linear regression
equation of Ep, (V) = —0.0625 pH + 1.094 (R* = 0.9957). The
slope of 62.5 mV pH ™" indicated that equal numbers of protons
and electrons were involved in the electrode reaction process.*
Similarly, in Fig. S187 the reduction peak potential of H,O, were
also pH dependent and that they shifted toward more positive
potential with increments in solution pH following the linear
regression equation of Ep,, (V) = —0.026 pH + 0.068 (R* = 0.976).
Investigation of the influence of pH on the peak current of
glucose and H,0, at the modified electrode revealed that peak
current of glucose and hydrogen peroxide reached a maximum
at pH 7.0 and then decreased by increasing pH of the solution
(Fig. S19a and bf).

Reproducibility, sensitivity and stability

A reproducible and long-term stable electrochemical sensor is
highly desirable for the practical application and commerciali-
zation. The reproducibility of the [VO(acac),]-PATP-Au elec-
trode was examined by 10 repetitive measurements for glucose
and H,0, in 0.1 M PBS solution. The results showed that the
anodic peak current for glucose and cathodic peak current for
hydrogen peroxide remains same with a relative standard
deviation (RSD) of 0.2 and 0.3%, respectively, indicating that the
modified electrode has a good reproducibility. The modified
electrode was highly sensitive towards glucose and H,0, and
the sensitivity was 120.24 pA cm > mM " and 326.66 pA cm >
mM "' for glucose and hydrogen peroxide, respectively. To
further explore the long-term stability, measurements were
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made with five days intervals (when not in use, the sensor was
stored at room temperature using a rubber cap). The sensor
retained 100% of its original current response after 20 days both
for glucose (1.0 mM) and H,0, (0.5 mM) in 0.1 M PBS at
[VO(acac),]-PATP-Au (Fig. S207).

Interference study

In the electrochemical detection of glucose and H,0,, the
elimination of interferences is a real challenge. Ascorbic acid,
uric acid, citric acid, levodopa, cysteine, and different common
ions are the major potential interfering agents in the physio-
logical system. In the present study 0.1 mM glucose in presence
of 10 fold excess interferents were used at +0.65 V. The resulting
amperograms are shown in Fig. 4. There is no obvious current
response observed with the addition of these interfering
substances, however, an obvious current response with the
addition of glucose was appeared. In addition, the influence of
those co-existing electroactive species in the amperometric
determination of H,0, was also studied. The working potential
was held at —0.11 V. The amperogram (Fig. 5) shows that all the
potential interferents mentioned did not affect the sensor
selectivity for H,O,. These results suggest that the interfering
effect caused by these electroactive species is quite negligible,
indicating the highly selective detection of glucose and H,0, at
the oxovanadium complex modified electrode.

Real sample analysis

To testify the feasibility of [VO(acac),]-PATP-Au in real sample
analysis, human blood sample (after fasting) was taken for
glucose determination whereas processed milk was chosen for
the determination of H,0,. Before testing, the blood and milk
samples were half diluted by 0.1 M phosphate buffer solution.

Fig. S211 shows the overlaid DPV of blood sample solution in
PBS (pH 7.6) and after addition of standard glucose solution in
blood sample solution. The DPV of blood sample clearly shows
the oxidation of glucose at +0.56 V. The content of glucose in
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Current / 1e-6A

400 500 660 700 800 %0 1000
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Fig. 4 Amperometric response at [VO(acac),]-4PATP—-Au electrode
with an applied potential of +0.65 V on subsequent addition of 0.1 mM
glucose, 1.0 mM AA, 1.0 mM UA, 1.0 mM Cys, 1.0 mM L-dopa, 1.0 mM
CA, 1.0 mM NaCl, 1.0 mM KCl, 0.1 mM glucose under stirring condition
(supporting electrolyte: 0.1 M PBS (pH 7.0), brown curve shows
background current).
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Fig. 5 Amperometric response at [VO(acac),]-4PATP-Au with an
applied potential of —0.11 V on subsequent addition of 0.1 mM H,0,,
1.0 mM AA, 1.0 mM UA, 1.0 mM L-dopa, 1.0 mM Cys, 1.0 mM CA, 1.0
mM NaCl, 1.0 mM KCl, 0.05 mM H,O, under stirring condition (sup-
porting electrolyte: 0.1 M PBS (pH 7.0), brown curve shows back-
ground current).

blood sample (5.01 mM = 90.258 mg dL~ ') was calculated using
the standard addition method and the direct interpolation of
the linear regression (RSD = 2.24%). A normal fasting (no food
for eight hours) blood sugar level is between 70 and 99 mg dL™*
and by comparing our result was in the similar range. The
accuracy of the method was also verified by recovery studied
adding standard glucose solution to the real sample and 100.2%
recoveries were obtained. The H,0, concentration in the milk
sample was determined as 0.91 uM (= 0.003 mg dL™"), using
a standard addition method (RSD = 2.16%), with the recovery of
101.0%. The results are summarized in Table S2.1 The results
indicate that the modified electrode can effectively detect
glucose in human blood and hydrogen peroxide in processed
milk.

Conclusions

A unique non-enzymatic electrochemical sensor [VO(acac),]-
PATP-Au was developed and used for the detection of glucose
and hydrogen peroxide in pure, presence of interferents and
real sample. The modified electrode was characterized by
microscopic and electrochemical techniques. Cyclic voltam-
metry, differential pulse voltammetry, electrochemical imped-
ance spectroscopy, amperometry, chronoamperomery was used
for sensing, quantification and determination of kinetic
parameters. Till date very limited number of transition metal
complex modified electrode has been used for non-enzymatic
sensing of glucose and hydrogen peroxide. The novelty of our
work is that the same oxovanadium complex modified electrode
can detect both glucose as well as hydrogen peroxide. Only few
nanoparticles modified electrode has been reported those are
able to detect both glucose and hydrogen peroxide. But their
preparation process, stability, detection limit, cost are not so
impressive. The advantage of our system are easy to prepare,
have good selectivity, sensitivity, stability, reproducibility, low
detection limit and most importantly cheap than the earlier
reported systems. The sensor was efficiently detected glucose in
blood sample and hydrogen peroxide in processed milk with

This journal is © The Royal Society of Chemistry 2016
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good recovery. The new non-enzymatic sensor can be useful for
clinical diagnosis and food industry in near future.
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The electrocatalytic oxidation of ascorbic acid in phosphate
buffer solution (pH 7.0) by immobilized silver nanoparticles
(Ag@CTAB) on L-cysteine modified gold electrode is
reported. The modified electrode has been characterized
electrochemically ~ using  redox  couple  [Fe(CN)¢]*"™*.
The electrocatalytic activity of the prepared electrodes is studied
using cyclic voltammetry and electrochemical impedance
spectroscopy. Electrochemical measurements show that the
modified electrode (Au/L-cysteine/AgNPs) is highly active
towards ascorbic acid oxidation. The oxidation peak of ascorbic
acid at the Au/L-cysteine/AgNPs electrode is highly stable upon
repeated potential cycling. The oxidation current of ascorbic acid
increases upon each increment (0.05-0.35 pM) in differential
pulse voltammetry experiments. The oxidation current shows a
linear relationship with the concentration of ascorbic acid with a
correlation coefficient of 0.996. The detection limit of ascorbic acid
was found to be 2x10™'2 M. Common physiological interferents such
as glucose, tartaric acid, citric acid and cysteine do not show
any interference within the detection limit of ascorbic acid. The
silver nanoparticles modified gold electrode has been used to
determine the amount of ascorbic acid present in fruit and
vegetable juices.

Keywords: Electrocatalytic oxidation, Ascorbic acid, Silver
nanoparticles, L-Cysteine, Self-assembled monolayer,
Gold electrode

Ascorbic acid (AA), the most ubiquitous vitamin
present naturally in fruits and vegetables, is important
in forming the protein collagen, and plays a
paramount role as an antioxidant and preservative.
Ascorbic acid has been widely used in food industry,
pharmaceutical formulation and cosmetic applications.
Therefore, an accurate, reliable and rapid method is
needed for accurate determination of ascorbic acid.
Different methods can be used for the quantitative
estimation of AA such as volumetric titration"’,
spectrophotometry™*, fluorimetry™®, high performance
liquid chromatography”®, flow analysis™", terbidimetry"",
etc. The detection of AA by voltammetric methods has

received much attention in recent years'>. Using a
conventional electrode it is very difficult to determine
AA accurately due to its high over-potential, poor
reproducibility, low selectivity and sensitivity.
Therefore, different approaches have been used to
modify the electrode surface such as ion-exchange
polymer", inorganic and organic materials'*" and
self-assembled monolayers terminated with different
functional groups'’.

Recently, modification of electrode surface with
noble metal nanoparticles has received much
attention mainly due to their interesting
electrocatalytic and biosensing applications'’ .
Detection of ascorbic acid using gold nanoparticles
attached to glassy carbon (GC) electrode modified
with 4-aminobenzoic acid followed by coupling
with 4-aminothiophenol has been reported with
the detection limit of 2.8 uM AA*'. The detection
limit of 0.1 mM AA was reported at multilayers
of AuNPs/redox polymers immobilized on GC
electrode™. Electrocatalytic oxidation of AA by
the immobilised citrate capped AuNPs on
1,6-hexanedithiol (HDT) modified Au electrode™
has also been reported with a detection limit of
of 1 uM for AA.

Amongst all metal nanoparticles, silver
nanoparticles (AgNPs) are of high interest because
of their catalytic properties’’. Traditionally, AgNPs
have been employed as catalyst in different
reactions. Also, Ag exhibits the highest electrical
and thermal conductivity among all metals™™.
Herein, we present the electrocatalytic oxidation of
AA in phosphate buffer solution by the positively
charged silver ~ nanoparticles (Ag@CTAB)
immobilised on L-cysteine modified gold electrode
(Au/L-cysteine/AgNPs) using cyclic voltammetry.
The detection limit was calculated from differential
pulse voltammetric studies and to the best of
our knowledge is lowest detection limit reported
for ascorbic acid using metal nanoparticles. The
Au/L-cysteine/AgNPs modified electrode is very
stable and provides a very sensitive, selective,
reliable, easy to perform and fast method for AA
determination. The present modified electrode has
been applied for the determination of AA present in
fruit and vegetable juices.
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Experimental

L-cysteine (Sisco Research Laboratories) and
AgNO; (Qualigen Fine Chemicals) were used as
received. Sodium borohydride and ascorbic acid
were purchased from SD Fine Chemicals Ltd.,
while cetyltrimethyl ammonium bromide (CTAB)
was obtained from Central Drug House (P) Ltd. All
other chemicals were of analytical grade and used
without further purification. Phosphate buffer saline
(PBS) solution was prepared by mixing 0.1 M
NaClO, and 0.01 M H3;PO, using Smalley method®'.
The pH of the solution was adjusted with 0.11 M
NaOH. The Au electrode was polished using aqueous
slurries of gamma alumina oxide (0.05 micron) and
sonicated in doubly distilled water. The
mechanically polished Au electrode was then
cleaned electrochemically by cycling the potential
between —0.2 V and 1.6 V versus Ag/AgCl reference
electrode in 1 M H,SO, at a scan rate 100 mV/s until
the characteristic reproducible voltammograms
were obtained.

Electrochemical measurements were performed
with a conventional three-electrode cell with a gold
electrode as working electrode, a Pt wire as counter
electrode and Ag/AgCl (0.03 M KCI) as reference
electrode. All electrochemical experiments were
carried out with CH Instrument-660C electrochemical
workstation. UV-vis spectra were recorded on a
Shimadzu UV-3101PC spectrophotometer.

CTAB capped Ag nanoparticles (Ag@CTAB)
were prepared by adding 2 mL of ice cold solution of
0.1 M NaBH, to 1.25 mL of 10> M AgNOs prepared
in 48.75 mL of 0.01 M CTAB solution under
vigorous stirring for eight hours. The colourless
solution changed slowly to yellow, indicating the
formation of AgNPs*>. The solution was stored at
4 °C in a dark bottle until further use. Characteristic
UV-vis absorption of the CTAB capped Ag
nanoparticles, with the sharp peak appearing at
410 nm was observed (Supplementary data, Fig. S1).

The electrochemically cleaned electrode was
immersed in 10 mM L-cysteine solution containing
0.1 M HCI1Oy for 24 h to allow the chemisorptions of
the reagent on to the gold. The modified gold
was then rinsed thoroughly with ethanol and
water. Immobilisation of Ag nanoparticles on
Au/L-cysteine modified SAM electrode was done by
dipping the Au/L-cysteine electrode into an Ag
colloidal solution for 4 h. The resultant electrode
was washed with doubly distilled water and used for
electrochemical measurements of AA.

Results and discussion

Figure 1 shows the cyclic voltamograms of 0.5 mM
[Fe(CN)6]3’/ * obtained for bare Au, Au/L-cysteine and
Au/L-cysteine/AgNPs electrodes in PBS at pH 7.
The bare Au electrode exhibits a quasi-reversible
voltammetric response for [Fe(CN)é]3 " redox couple
with a peak separation of 116 mV (curve 1) at a scan
rate of 100 mV/s. The cathodic peak current was
significantly decreased (2.4x10° A to 8.6x107 A) in
the case of Au/L-cysteine SAM modified electrode as
compared to bare Au electrode. This suggests that the
monolayer of L-cysteine was densely packed on Au
electrode surface and thus effectively blocked the
electronic communication between the [Fe(CN)6]3’/4'
in solution and the underlying gold electrode surface.
After the immobilisation of AgNPs on Au/L-cysteine
electrode the cathodic current peak increased from
8.6x107 A to 3.5x10° A with a peak separation of
67 mV (curve 3), indicating that the Ag nanoparticles
were successfully immobilized on the L-cysteine
modified gold electrode and a good electronic
communication was achieved between the redox
species [Fe(CN)6]3"4’ in solution and the underlying
Au electrode through AgNPs.

The influence of pH of electrolyte solution on
the electrochemistry of immobilized AgNPs over
Au-L-cysteine SAM was studied. The cathodic peak
current reached the maximum value at pH 7.0.
Beyond this pH, the cathodic peak current decreased.
It is known that the isoelectric point of native cysteine
is 5.06 and with a negative charge on cysteine in the
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Fig. 1 — Cyclic voltammograms of 0.5 mM Ky[Fe(CN)4] at pH 7
using different working electrodes. [1, bare Au electrode;
2, modified Au/L-cysteine electrode; 3, modified Au/L-cysteine/
AgNPs electrode].
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pH domain of 6.0-7.5. In other words, the L-cysteine
coated gold electrode carries negative charge in this
pH range. At pH 7.0, the interaction between
positively charged Ag nanoparticles and the
negatively charged L-cysteine reached a maximum as
is observed from the cathodic peak current. At low
pH, a poor response was obtained, as shown by low
currents. This is due to poor interaction between the
carboxyl group and the positively charged Ag
nanoparticles. A representative cyclic voltamogram at
varying pH (2.0 to 7.0) is given in Fig. S2
(Supplementary data). At the higher pH range
(7.5-10.0), the free amino group may interact with the
gold surface and weaken the interaction between
amine group and AgNPs, showing low current
height. At high pH (> 10.0) the signal was unstable
and disappeared.

The cyclic voltammograms obtained in the
presence of 0.5 mM ascorbic acid, 0.1 M PBS and at
pH 7, on bare Au, Au/L-cysteine SAM electrode and
Au/L-cysteine/ AgNPs modified electrode are represented
in Fig. 2. An irreversible oxidation of AA occured at
0.34 V at Au/L-cysteine/AgNPs modified electrode,
which was 100 mV less positive than the oxidation of
AA (0.44 V) at Au/L-cysteine electrode; the oxidation
current of AA increased from 4.6 pHA to 5.4 pA. This
behaviour demonstrates electrocatalytic activity for
Au/L-cysteine/AgNPs  electrodes towards AA
oxidation. No reduction peak appeared for
ascorbic acid on bare or modified electrodes.
This confirms the data reported in literature that
electrochemical oxidation of ascorbic acid is an
irreversible process™.

Electrochemical impedance spectroscopy (EIS) was
carried out in 0.5 M ascorbic acid at pH 7.0
(PBS buffer) using modified working electrodes
(bare Au electrode, Au/L-cysteine SAM electrode and
Au/L-cysteine/AgNPs modified electrode) where
the frequency range was 0.01 Hz to 100000 Hz and
E,. =10 mV. The diameter of the semicircle observed
in the Nyquist plot corresponds to the charge transfer
resistance, R.; the smaller the semi-circle, faster is the
charge or electron transfer’. Figure 3 shows that the
semi-circle decreases upon immobilisation of AgNPs
on Au/L-cysteine SAM electrode surface. The
decrease in semi-circle (R.) shows the following trend:
bare Au (2.518x10° Q) > Au/L-cysteine (13.776x10° Q)
> Au/L-cysteine/AgNPs (7.574x10° Q). The observed
trend is due to the fact that the modified electrodes
facilitate electron transfer rate for the oxidation of

ascorbic acid to dehydroascorbic acid. Impedance
measurements clearly show that Au/L-cysteine/AgNPs
exhibits lower resistance as compared to the bare
Au and Au-L-cysteine SA modified -electrodes.
This study shows that the Au/L-cysteine/AgNPs
modified electrode is an efficient electrocatalyst for
AA oxidation.

The dependence of voltammetric response on the
ascorbic acid concentrations at Au/L-cysteine/AgNPs

3.0

Current (1e-6A)

.Potential (V) vs Ag/AgCI

Fig. 2 — Cyclic voltammogram of 0.5 mM ascorbic acid in
0.1 M PBS solution at pH 7 using different working electrodes.
[1, bare Au electrode; 2, modified Au/L-cysteine electrode;
3, modified Au/L-cysteine/AgNPs electrode].
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Fig. 3 — Nyquist plot (-Z" versus Z') of 0.5 mM ascorbic acid
in 0.1 M PBS solution at pH 7 using various working
electrodes obtained from impedance measurements. [1, bare Au
electrode; 2, modified Au/L-cysteine electrode; 3, modified
Au/L-cysteine/ AgNPs electrode].
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Table 1— Determination of ascorbic acid content in various fruit and vegetable juices using DPV

Sample Initial current Current after addition of AA acid conc. Ascorbic acid (x107 M) Recovery
(juice) (nA) standard AA solution (LA) (mg/100 mL juice) Added Found (%)
Orange -0.6891 -0.8395 39.91 1 1.0585 105.85
Lemon -0.8171 -0.9855 4752 1 0.9996 99.96
Apple -0.6566 -0.8335 34.41 1 0.9995 99.95
Grape -0.6523 -0.8480 51.05 1 0.9991 99.91
Tomato -0.6603 -0.7552 29.18 1 1.0003 100.03
Cabbage -0.4534 -0.5227 18.59 1 0.9996 99.96
Cauliflower -0.6538 -0.7922 26.00 1 0.9992 99.92
0 In the presence of interferents, the oxidation peak
3 potential of AA was stable and the current
response of AA was also not affected (Supplementary
1 data, Fig. S4). Thus, Au/L-cysteine/AgNPs modified
301 electrode may be successfully used to determine the
£e concentration of AA in the presence of
P physiologically common interferents.
g ] 907 - 15821+ 1.4286 Fruit (orange, lemon, apple, and grape) and
= 37.5 R2= 0.9968 vegetable (tomato, cabbage, and cauliflower) juices
©-6.0 ' = j: were obtained by pressing. The stock solution
] Increasing S 50 (1 mL juice was diluted with 9 mL PBS buffer
1.50m ] §01ut10n; pH = 7) was prepared aqd DPV was reco‘rc'ied
] Concentration (M) in each case with the Au/L-cysteine/AgNPs modified
90 R . ' R electrode. The ascorbic acid content was calculated by
0.50 0.30 0.10 -0.10 measuring the peak currents obtained for sample

Potential (V) vs Ag/AgCI

Fig. 4 — Overlaid DPV with increasing ascorbic acid concentration
(0.05—0.35 uM) in 0.1 M PBS (pH 7) at Au/L-cysteine/AgNPs
modified electrode. [Inset: Plot of current as a function of
concentration of ascorbic acid with linear trend line (R* > 0.99)].

modified electrode was studied using DPV. Figure 4
shows the DPV responses of the modified electrode
towards AA at varying concentrations. The oxidation
current of AA increases linearly in the range
of 0.05-0.35 pM, (linear regression equations:
I, (UA) = 18.821 C (uM)+1.4286 with a correlation
coefficient of 0.996, as shown in Fig. 4 (inset)).
Detection limit of 2x10"> M for AA was obtained
using 3c/m, where & is the standard deviation
(1.259x10™"" A) of the peak current in blank solution,
n =25 and m (18.826 LA/UM) is the slope of the
calibration curve). The detection limit was further
confirmed by chronoamperometry (Supplementary
data, Fig. S3).

The application of Au/L-cysteine/AgNPs modified
electrode for the determination of AA at 0.5 uM
concentration was also checked in the presence of
0.5 mM concentration of glucose, tartaric acid, citric
acid, and cysteine as interferents in PBS solution (pH 7).

solutions and after addition of standard AA solution,
using the equation / = KC, where [ is the current
obtained for sample solution and K is the increased
amount of current after addition of standard AA
solution and C is the unknown concentration. The
obtained results are presented in Table 1 and agree
with the data reported in literature’°. The accuracy
of the method was also verified by recovery studies
adding standard ascorbic acid solutions to samples.
Recoveries of 99.91-105.85% were achieved.
A representative DPV for AA in orange juice solution
and after addition of standard AA solution is shown in
Fig. S5 (Supplementary data). Also, recovery and
reproducibility of these measurements were
satisfactory.

The present study demonstrates an excellent
approach for the development of a novel silver
nanoparticles/L-cysteine modified gold electrode for
the electrocatalytic oxidation of ascorbic acid.
Fast electron transfer and high stability for
the oxidation of ascorbic acid were achieved at the
Au/L-cystine/AgNPs ~ modified electrode. The
electrocatalytic oxidation of AA showed the following
order of the studied electrode: Au/L-cysteine/AgNPs
> Au/L-cysteine > bare Au. EIS results are consistent
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with the CV responses. The DPV results indicate
that the Au/L-cysteine/AgNPs modified electrode
has a superior detection limit (2.0x10" M)
than earlier reported gold nanoparticles modified
electrode systems. This electrode selectively
determines  ascorbic acid in  presence  of
physiologically common interferents and has been
successfully used for analysis in fruit and vegetable
juices with good recovery. The sensor displays good
storage stability if kept in aqueous medium at room
temperature. The Au/L-cysteine/AgNPs modified
electrode retained its initial activity after one—two
weeks of storage.

Supplementary data

Supplementary data associated with this article,
i.e., Figs S1-S5, are available in the electronic form
at http://www.niscair.res.in/jinfo/ijca/IJCA_53A(01)
57-61_SupplData.pdf.
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A highly selective and sensitive electrochemical sensor, AgNPs—
penicillamine—Au, was developed for the simultaneous detection of
dopamine (DA) and epinephrine (EP) in the presence of a high
concentration of ascorbic acid (AA) and uric acid (UA). Microscopy and
voltammetry techniques were used for the characterization of the
modified electrode. Chronoamperometry was used for the determi-
nation of DA and EP in the linear range of 0.1 to 100.0 uM with
detection limits of 0.2 nM and 0.5 nM, respectively. The simultaneous
determination of DA, EP, AA and UA was achieved by using differential
pulse voltammetry. The proposed sensor was successfully applied for
the simultaneous determination of DA and EP in human blood sample
with excellent recovery.

Introduction

Dopamine (DA) and epinephrine (EP) are two important cate-
cholamine neurotransmitters that communicate information
throughout our brain and body. The brain uses these neuro-
transmitters to stimulate the heart to beat, the lungs to breathe,
and the stomach to digest food.' Low levels or complete
depletion of DA and EP in the central nervous system is impli-
cated as a major cause of several neurological disorders like
Parkinson's disease, Schizophrenia, Huntington's disease, as
well as drug addiction and HIV.> Medically DA and EP are very
common emergency health care medicine and have been used
in hypertension, bronchial asthma, cardiac surgery, myocardial
infection etc.> Thus it is necessary to develop quantitative
methods for their sensitive and selective determination in
a simultaneous way. Different methods are used to determine
DA and EP simultaneously, including high performance liquid
chromatography-mass spectroscopy,* capillary electrophoresis,®
chemiluminescence,® flow injection analysis,” spectrophotom-
etry® and electrochemical methods.? Due to simple procedures,
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high sensitivity, reproducibility, economic and ease of minia-
turization electrochemical sensor were explored to determine
DA and EP. Dopamine and epinephrine are often coexisting
with ascorbic acid (AA) and uric acid (UA) in biological sample.
In the electroanalytical methods at most solid electrodes, they
can all be oxidized at similar potential resulting in an over-
lapping voltammetric response. Therefore, the simultaneous
electrochemical detection of DA and EP in the presence of AA
and UA is a real challenge in the field of pathological and drug
development research. For their simultaneously detection many
different strategies have been employed for the modification of
electrode surface but only few electrochemical sensor has been
exploited which can able to detect simultaneously DA, EP, AA
and UA." Among different modification process self-assembled
monolayer (SAMs) of organosulphur compounds on metal
surfaces comprise a wide range of potential applications due to
their versatility in modifying surfaces in a controllable manner.
It has been shown that organothiol molecules adsorb at gold via
S-Au bond formation using oxidative addition and reductive
elimination process."* Penicillamine, (CHj;),C(SH)CH(NH,)-
(COOH), can form highly stable self-assembled gold electrode
and used for the study of electrochemical behaviour of DA and
EP in an individual basis.”** The main drawback of such
modified electrode is that they cannot detect DA and EP
simultaneously because they oxidized at similar potential at
penicillamine-Au electrode. To overcome such limitation of
penicillamine modified electrode, we introduce silver nano-
particles over penicillamine self-assembled gold electrode.
Among different metal nanoparticles, silver nanoparticles are of
special interest due to their catalytic properties.'* Traditionally,
AgNPs have been used as catalyst in various reactions. Beside
this silver exhibits the highest electrical conductivity among all
metals.” In the present communication we first time reported
that AgNPs—penicillamine-Au electrode can detect DA and EP
simultaneously in the presence of high concentration of AA and
UA at neutral pH. A well separated oxidation peaks for DA,
EP, AA and UA was observed at the AgNPs-penicillamine-Au
electrode in phosphate buffer solution (pH 7.0). Diffusion
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coefficient, electron transfer coefficient and the catalytic reac-
tion rate were also examined for DA and EP. The proposed
modified gold electrode has been applied to the simultaneous
voltammetric measurement of DA, EP and AA, UA in human
blood sample with satisfactory results.

Experimental
Chemicals and reagents

Dopamine, epinephrine, penicillamine (PCA), ascorbic acid
(AA), uric acid (UA), AgNO;, polyvinylpyrilidone (PVP) were
purchased from Sigma Aldrich, India, K,[Fe(CN)g];-H,O were
purchased from Merck (India). Human whole blood was ob-
tained from Barak blood bank, Silchar, Assam. All the reagents
and solvents were analytical grade and were used without
further purification. Phosphate buffer solution (0.1 M) was
prepared by mixing 0.1 M NaClO, and 0.01 M H;PO, and the
pH's were adjusted by the addition of 0.11 M NaOH using
Smalley's method."® Double distilled water was used throughout
the course of the experiment.

Apparatus and instrumentations

All electrochemical measurements were performed with a CHI
660C Electrochemical workstation (CH Instrument, USA). A
conventional three electrode system was employed, which
consisted with a gold or modified gold electrode as working
electrode (2 mm diameter, 0.031 cm? area), Pt wire as a counter
electrode and Ag/AgCl (3 M KCl) as reference electrode. All
experiments were performed at ambient temperature and inert
atmosphere. High resolution transmission electron microscopy
(HR-TEM) images were obtained using JEM-100CX, Jeol. UV-vis
spectra were recorded on a Shimadzu UV-3101PC spectropho-
tometer. pH measurement of solutions was carried out on a pH
meter (Macro Scientific Works (Regd), New Delhi).

Synthesis of silver nanoparticles

In an ethanolic solution of 0.001 M silver nitrate and 0.5% PVP,
0.1 M ascorbic acid was added drop wise and stirred for half an
hour under nitrogen atmosphere. The colourless solution
slowly changed into a yellowish brown indicating the formation
of silver nanoparticles. By varying the added percentage of PVP,
different sized AgNPs were prepared. After preparing, the AgNPs
solution was kept in a sample tube for further use.

Construction of AgNPs-penicillamine modified gold electrode

A gold electrode was polished with wet a-alumina (0.5 pm) on
a flat polishing pad for 10 minutes and rinsed several times with
doubly distilled water. The cleanliness of the gold electrode
surface was ascertained by recording the repetitive cyclic vol-
tammograms in 0.5 M H,SO, between —0.2 and +1.5 V versus
Ag/AgCl with 0.1 V s scan rate until a steady characteristic
gold oxide cyclic voltammogram was obtained.'” The electrode
was then rinsed with doubly distilled water and immersed in
1.0 mM ethanolic solution of penicillamine (PCA) for 24 hours.
The PCA was self-assembled over the gold electrode surface via
gold-sulphur interaction and the modified electrode PCA-Au
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was thoroughly washed with double distilled water. Thereafter,
the PCA modified gold electrode was dipped into AgNPs solu-
tion for 4 hours under stirring condition and AgNPs-PCA
modified gold electrode (AgNPs-PCA-Au) was formed. The
finally modified electrode was washed thoroughly with distilled
water and dried in air for further use.

Results and discussion
Characterization of AgNPs

HR-TEM. To investigate morphological features of the
prepared AgNPs, TEM image was recorded and is shown in
Fig. 1a. The corresponding particle size distribution histogram
is given in Fig. 1b which shows that the diameter of the nano-
particles is around 4 nm. Fig. 1c shows the lattice fringes (0.141
nm) on the surface, which is in good agreement with the inter-
planer spacing of Ag (220). The nanocrystalline nature of AgNPs
was evidenced by the selected area electron diffraction (SAED)
pattern. Fig. 1d with bright circular spots corresponding to
(111), (200), (220) and (311) characteristic of the face centred
cubic Ag (JCPDS card no. 89-3722).

UV-vis spectroscopy. UV-visible spectra of AgNPs@PVP in
ethanol (Fig. S1t) shows a single and sharp surface resonance
resonance peak at 390 nm (ref. 18) and support the formation of
nearly spherical silver nanoparticles.

Cyclic voltammetry. The electrochemical behaviour of AgNPs
was studied using cyclic voltammetry. Fig. S2t illustrate the
cyclic voltammograms obtained at bare, PCA and AgNPs-PCA
modified gold electrode in 0.1 M PBS (pH 7.0). A sharp irre-
versible oxidation peak was observed at +0.215 V versus Ag/AgCl
at AgNPs-PCP-Au electrode whereas no such characteristic
peak was observed for bare-Au and PCA-Au electrode in the
same potential region. This observation reveals that the AgNPs
over PCA-Au electrode are more prone to oxidation as compared
to reduction, which can be attributed to the reaction Ag° — Ag"
+ e . Fig. S3af shows that with increasing scan rate, the
oxidation peak of AgNPs was enhanced and at the same time the
peak potential was slightly shifted positively with increasing
scan rate. The linear variation of peak current with scan rate

12345678910
Diameter (nm)

Fig. 1 TEM images of AgNPs (scale bar 20 nm) (a), particle size
distribution histogram of AgNPS (b), HRTEM image showing lattice
fringes (c), and a typical SAED of AgNPs (d).

This journal is © The Royal Society of Chemistry 2016
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(Fig. S3bt) indicates surface confined process involved in the
electrode reaction due to the formation of thin layer of AgNPs
over PCA-Au.

Characterization of modified electrode

FE-SEM. The stepwise modification of pure gold electrode
surface was characterized by FE-SEM (Fig. S4t). Fig. S4at shows
a smooth surface morphology for bare gold electrode and
remains almost smooth after modification with PCA (Fig. S4bt)
suggesting well ordered and densely packed layer formation
over gold surface. After immobilization of AgNPs over the PCA-
Au, no characteristic change of the surface morphology was
observed (Fig. S4ct) and this may be due to very small particle
size (4 nm) of AgNPs. Elemental mapping images show the
presence of O, S and Ag which confirms the formation of
AgNPs-PCA-Au electrode (Fig. S4dt).

Electrochemical characterization

The characterization of AgNPs-PCA-Au electrode was conduct-
ed using the reversible redox couple [Fe(CN)s]> /[Fe(CN)g]*~.
Fig. S57 shows the overlapped cyclic voltammograms of 0.5 mM
[Fe(CN)g]*~ in 0.1 M phosphate buffer solution (pH = 7.0) at
bare Au, PCA-Au and AgNPs-PCA-Au electrode. A quasirever-
sible redox couple was observed at bare gold electrode and after
modification with PCA the oxidation peak was shifted in the
positive potential region with decreased in current height which
supports the formation of self-assembled monolayer of PCA
over Au electrode. After AgNPs immobilization over PCA-Au
electrode, a quasireversible [Fe(CN)e]* /[Fe(CN)]*~ couple (AE
= 70 mV) was obtained with large increase of peak current
height. This is due to the better electronic communication
between the redox probe and the gold electrode through AgNPs.
Electrochemical impedance spectroscopy (EIS) supports the CV
results. In the Nyquist plot (Fig. S6T), the diameter of the semi-
circle (Rcr) was increased from 1.0 x 10° (bare Au) to 5.0 x 10°
Q (PCA-Au) indicates that the PCA modified Au electrode was
blocked the electron transfer between gold electrode and redox
probe. After immobilizing AgNPs on the PCA-Au electrode, the
Rcr values decrease to 0.1 x 10> Q suggesting low resistance
and hence much more electron transfer between the probe and
gold electrode through AgNPs. The results also support the
proper modification of gold electrode.

Electrochemical studies of dopamine and epinephrine at
AgNPs-PCA-Au electrode

Electrocatalytic oxidation of DA and EP were studied using
cyclic voltammetry and electrochemical impedance spectros-
copy. Cyclic voltammogram of 10 uM DA was recorded in 0.1 M
PBS at the bare Au, PCA-Au and AgNPs-PCA-Au with a scan
rate of 100 mV s~ ' (Fig. 2a). An irreversible redox couple (AE =
Ep,a — Epe = 0.28 V) with the anodic peak potential (Ep,) at
+0.50 V is observed at the bare gold electrode. At PCA modified
gold electrode, the Ep, value is shifted to +0.25 V with increase
of current height (I,, = 2.0 pA). Using AgNPs-PCA-Au elec-
trode, a distinct redox couple for DA is observed with large
increase of current height (I, = 15.0 uA) and more negative

This journal is © The Royal Society of Chemistry 2016
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Fig.2 Cyclic voltammogram of 10 uM DA (a) and 10 uM EP (b) in 0.1 M
PBS (pH 7.0) at bare, PCA and AgNPs—PCA modified gold electrodes.

shifting of the anodic peak potential (+0.22 V). Similarly, for
EP the oxidation peak potential is shifted to the less positive
potential with large increase of current height when bare, PCA
modified and AgNPs-PCA modified gold electrodes is used
successively (Fig. 2b). These observations support the elec-
trocatalytic nature of AgNPs-PCA-Au electrode for the oxida-
tion of DA and EP. In the EIS experiment, the diameter of the
semicircle obtained from the Nyquist plot (—Z" versus Z')
correspond to the charge transfer resistance (Rcr); the smaller
the diameter of semicircle, faster is the charge transfer and
vice versa.* Fig. S7 and S8t shows that the diameter of the
semi-circle decreases upon modification of gold electrode
surface. The Ror values in different electrode system shows the
following trend: bare Au (2.0 x 10* Q) > PCA-Au (1.0 x 10* Q) >
AgNPs-PCA-Au (0.2 x 10* Q) and bare Au (5.0 x 10* Q) > PCA-
Au (3.0 x 10* Q) > AgNPs-PCA-Au (0.8 x 10* Q) for DA and EP,
respectively. The observed trend suggests that the maximum
electron transfer between gold surface and the analyte DA or
EP is occurred at AgNPs-PCA-Au electrode. This study also
indicates that the AgNPs modified PCA-Au electrode is an
efficient electrocatalyst for the oxidation of DA and EP under
neutral pH.

To study the size dependent electrochemical sensing
behaviour of the AgNPs for DA and EP, three different sizes of
AgNPs (viz., 4, 10 and 20 nm, by varying the PVP amount as 0.5,
0.3 and 0.1%, respectively) were employed. The cyclic voltam-
mogram (Fig. S9a and ct) shows that the oxidation of DA and EP
occurred at low positive potential with large current height at
4 nm sized AgNPs immobilized PCA-Au electrode compared to
the 10 or 20 nm AgNPs modified electrode. This observation
inferred that the 4 nm size AgNPs have higher electrocatalytic
activity (higher sensing) than the larger size AgNPs. EIS (Fig. S9b
and df) and chronoamperometry (Fig. S10a and bt) data also
supports the higher electrocatalytic sensing ability of AgNPs (4
nm)-PCA-Au electrode. By considering the size dependency
results, ~4 nm sized AgNPs immobilized PCA-gold electrode is
used in the subsequent experiments.

Determination of dopamine and epinephrine using
chronoamperometry and DPV

Determination of DA and EP were performed under optimized
condition using chronoamperometry. Fig. S11 and S121 shows
the chronoamperograms at the fixed potential +0.22 V and
+0.18 V (versus Ag/AgCl) with increasing concentration of DA
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and EP in 0.1 M PBS using AgNPs-PCA-Au as working electrode,
respectively. The current versus concentration plots for DA and
EP were linear with their concentration in the range of 0.1 to 100
UM at 30 seconds. The linear regression equation were I =
2.9124C + 5.6602 (R*> = 0.9997), with a detection limit of 0.20 nM
(S/N = 3) and I = 1.5465C + 2.4035 (R* = 0.9996), with a detec-
tion limit of 0.51 nM (S/N = 3) for DA and EP, respectively.
Differential pulse voltammetry was used for further confirma-
tion of the detection limit and the result was satisfactory
(Fig. S13 and S147). Simultaneous determination of DA and EP
were performed using DPV. Fig. S151 shows the DPV curves of
DA with different concentrations in the presence of 0.2 uM EP
and the reductive peak current of DA was linear with its
concentration range of 0.2 to 1.0 uM. The regression equation
was . = 2.91C + 4.93 (R* = 0.9905) with a detection limit of
0.20 nM (S/N = 3). Similarly, Fig. S16+1 shows the DPV curves for
different concentration of EP in the presence of fixed concen-
tration (0.2 pM of DA) and the reduction peak current of EP
increased linearly in the concentration range of 0.2 to 1.0 uM.
The regression equation was I, = 1.347C + 3.0542 (R* = 0.9977)
with a detection limit of 0.51 nM (S/N = 3). For further evalu-
ating the feasibility of the simultaneous determination of DA
and EP at AgNPs-PCA-Au electrode, DPV was taken by changing
their concentration simultaneously (Fig. 3). All the results
support the simultaneous and sensitive detection of DA and EP
at AgNPs-PCA-Au electrode. Fig. 4 shows the DPV of DA and EP
in presence of 1000 times higher concentrations of UA and AA
and the results supports the selective determination of DA and
EP is possible in presence of large excess of UA and AA. Fig. S17
and S1871 illustrates the DPV responses of the proposed elec-
trode towards EP, DA, AA and UA when the concentrations of
the four species increase simultaneously. It can be seen that
both the reduction and oxidation peak current for all four
species increases linearly with their concentrations. The DPV
responses of the AgNPs-PCA-Au electrode towards the simul-
taneous determination of these four analytes are listed in Table
S1.7 The RSD of the peak current was less than 2.5% for these
four species at AgNPs modified gold electrode (n = 10). In
comparison to other electrochemical sensors, the proposed

AgNPs-PCA-Au electrode exhibited improved analytical
performance as shown in Table S2.}
9
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Fig.3 Overlaid DPV for simultaneous increase of concentration of DA
and EP in 0.1 M PBS at AgNPs—PCA—Au electrode (a). Plot of current as
a function of concentration of DA and EP with linear trend line (b).
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Fig. 4 DPVs of 0.2 uM DA and 0.2 pM EP and in presence of 1000
times higher concentration of AA and UA.

Effect of scan rate and kinetic analysis for DA and EP
oxidation

The impacts of scan rate on the electrocatalytic oxidation of DA
and EP at AgNPs-PCA-Au electrode were explored using cyclic
voltammetry (Fig. S19 and S207). The results showed that with
increasing scan rate, the oxidation peak potential (Ep,) for DA
and EP are shifted to more positive potential, confirming the
kinetic limitation of the electrochemical reaction.”® The anodic
peak current (I,,) versus the square root of the scan rate (y/») for
DA and EP in the range of 20-100 mV s~ ' was found to be linear
following the linear regression equation I, (HA) = 0.7179v (mV
s7) +0.9049 (R> = 0.9944) and Ip, (RA) = 0.1251r (mV s~ ') +
0.6292 (R* = 0.9954), respectively. These observations revealed
that the electrooxidation reaction of DA and EP was followed
pure diffusion controlled electron transfer at AgNPs-PCA-Au
electrode.?* Using the plot (I, versus \v) and Randles-Sevcik
equation®

Lo = 2.69 x 10°0*24D"? Cy'"? (1)

the diffusion coefficient (D) was calculated for DA and EP and
the values obtained were 13.4 x 10°° em® s™' and 2.1 x 10°°
em” s, respectively (where I, is the peak current, n is the
number of electron transfer, n = 2 for DA and EP oxidation, A is
the electrode area, C is the concentration of electroactive
species, and v is the scan rate at 298 K). The electron transfer
coefficient for the quasireversible oxidation of DA and irre-
versible oxidation of EP at the modified electrode can be
determined from the equation®

E, — Ey = 1.85TRT/aF = 47.7/a (mV) (2)

where E, and Ep, represent the peak potential and the half-
height peak potential, respectively in cyclic voltammetry
experiment where R, F and T have their usual meaning. For DA
and EP oxidation, (E, — Ey,) were 46 mV and 48 mV, respec-
tively, hence electron transfer coefficient («) is calculated to be
0.54 for DA and 0.49 for EP. The standard heterogeneous rate
constant (k) for the oxidation of DA and EP at AgNPs modified
gold electrode was calculated by using the Velasco equation®

ks = LIIDYX(E, — E,p) "' (3)

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Overlaid DPV of human blood sample solution and after
addition of standard DA and EP.

The estimated kg values for the oxidation of DA and EP at
AgNPs-PCA-Au electrodes was found to be 6.1 x 107> cm s™*
and 2.4 x 1072 cm s, respectively. The observed higher k,
value for DA and EP at the modified electrode indicates that
both the oxidation were faster at the AgNPs-PCA-Au electrode.

Effect of solution pH

The role of pH on the electrooxidation of DA and EP at AgNPs
modified Au electrode were scrutinized in the pH range of 5.0-
9.0 (Fig. S21a and S22at). Exploration of the impact of pH on the
peak current of DA and EP at the AgNPs-PCA-Au electrode tells
that the peak current was reached maximum for DA and EP at
pH 7.0 and thereafter decreased by increasing pH of the solu-
tion (Fig. S21b and S22b¥). At pH 7.0, DA and EP mostly exists as
a protonated form (‘NH3;-DOH or ‘“NH,-EOH with D and E for
DA and EP skeletons, respectively)**?* and therefore readily pre-
concentrated on the negatively charged [AgNPs—("OOC-
C(NH,)-C(CHj3),-S)] thin layer modified gold electrode and
showing maximum current height. Above pH 7.0, the anodic
peak current decreased and this may be due to the repulsion
between the anionic form of DA or EP (NH,-DO™ or NH-EO )
and the negatively charged AgNPs-("OOC-C(NH,)-C(CHj3),-S-
Au electrode. By considering the pH dependency results, we
have selected pH 7.0 for DA and EP in the subsequent experi-
ments. The anodic peak potential for DA and EP changes line-
arly with pH between 5-9, and is shifted to more negative
potentials following the linear regression equation Ep, (V) =
—0.0604pH + 0.0629 (R* = 0.999) and E,, (V) = —0.0596pH +
0.4406 (R* = 0.998), respectively (Fig. S21c and S22ct). The slope
of 60.0 and 59.6 mV pH ' suggested that equal number of
protons and electrons were participated in the electrode

Table 1 Determination of DA, EP, AA and UA in blood sample
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reaction process.>® The negative shifting of anodic peak poten-
tial indicates that the proton liberation from DA and EP is
facilitated (less energy required for DA and EP oxidation) with
increasing pH of the medium.

Reproducibility, sensitivity and stability

Reproducibility and long term stability is highly desirable for the
practical applications and commercialization of any electro-
chemical sensor. The reproducibility of the AgNPs-PCA-Au
electrode was examined by 10 repetitive measurements for DA
and EP in 0.1 M PBS solution. The results showed that the
oxidative peak current for DA and EP remain same with a relative
standard deviation (RSD) of 0.04 and 0.03%, respectively, sug-
gesting that the modified electrode has a good reproducibility.
The AgNPs modified gold electrode was highly sensitive towards
DA and EP and the sensitivity were 97.33 and 52.3 pAcm ™ > uM ™,
respectively. The long term stability was monitored by taking CV
at 5 days intervals for 30 days. After each use the sensor was
washed, dried and stored at room temperature by covering with
arubber cap. Up to 30 days monitoring, the sensor retained 100%
of its original current response for DA and EP in 0.1 M PBS.

Interference study

The influence of various interfering agents such as ascorbic acid,
uric acid, citric acid, cysteine, glucose and different ions e.g. Na*,
K", CI” etc. on the determination of DA and EP were evaluated
under optimum conditions. Fig. S23 and S24f shows the
amperometric response for DA and EP at AgNPs-PCA-Au elec-
trode in the presence of tenfold excess interferents at 0.22 and
0.18 V, respectively in 0.1 M PBS under stirring condition. With
the addition of these interfering substances no obvious current
response was observed, however, with the addition of DA and EP
the sharp current response were appeared. These results suggest
that the sensor is highly selective for DA and EP detection.

Real sample analysis

To evaluate the feasibility of proposed AgNPs-PCA-Au sensor
for the determination of DA and EP in real sample, human
whole blood was taken. Standard addition method was used to
determine the ability of the proposed electrochemical sensor.
Fig. 5 shows the DPV of blood sample solution (1.0 mL blood
samples diluted with 4 mL 0.1 M in PBS, pH 7.0) and after
addition of standard DA and EP solution in blood sample
solution. The DPV of blood sample shows the reduction of DA
and EP at 0.09 V and 0.23 V, respectively. The content of DA and

Analyte in blood Detected (uM) Spiked (uM) Found (uM) RSD* (%) Recovery (%)
DA 0.42 0.2 0.201 1.14 100.5
EP 0.21 0.2 0.198 1.21 99.0
AA 62.14 10.0 10.030 2.37 100.3
UA 36.27 15.0 15.240 1.53 101.6

“ Five times measurement were taken.

This journal is © The Royal Society of Chemistry 2016
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EP in blood sample was calculated 0.42 puM (0.0064 mg dL™ ")
and 0.21 pM (0.0039 mg dL ™), respectively using the standard
addition method and the direct interpolation of the linear
regression (RSD = 1.14% and RSD = 1.21% for DA and EP,
respectively). The accuracy of the method was also verified by
recovery study by adding standard DA and EP solution to the
real sample and around 99-100.5% recoveries were obtained.
The same sensor can able to detect AA and UA in blood sample
(Fig. S257t). The results are summarized in Table 1. The results
indicate that the modified electrode can effectively detect DA,
EP, UA and AA in human blood sample.

Conclusions

In this communication, a new electrochemical sensor AgNPs-
penicillamine-Au was introduced for the simultaneous deter-
mination of DA and EP in presence of AA and UA. DPV shows all
four distinct reduction peaks for DA, EP, AA and UA. The sensor
showed high sensitivity, excellent selectivity, and long linear
dynamic range with low detection limit of as low as nanomolar
range. Furthermore, the sensor has higher potential for real
sample application and was proved by the simultaneous
determination of DA, EP and AA, UA in human blood sample.
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