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We report the simultaneous determination of two neurotransmitters, norepinephrine (NEP) and
serotonin (5-HT), at physiological pH using the electropolymerized film of 3-amino-5-mercapto-1,2,4-
triazole modified glassy carbon (p-AMTa) electrode. A bare glassy carbon (GC) electrode fails to
resolve the voltammetric signals of NEP and 5-HT due to the surface fouling caused by the oxidized
products of them. However, the p-AMTa electrode not only separates the voltammetric signals of NEP
and 5-HT with a potential difference of 150 mV between NEP and 5-HT but also shows higher
oxidation currents for them. The simultaneous determination of NEP and 5-HT was successfully
achieved at p-AMTa electrode using differential pulse voltammetry method. The amperometric current
response increased linearly with increasing NEP and 5-HT concentration in the range of 1.0 x 108 to
1.0 x 10* M and 1.0 x 10-%to 5.0 x 10~* M, respectively, and the detection limit was found to be
1.65 x 107" for NEP and 1.32 x 107" M for 5-HT (S/N = 3). The p-AMTa electrode shows better
recovery results for spiked NEP and 5-HT in human blood plasma samples.

Introduction

Norepinephrine (NEP) is a catecholamine and it acts as
a biochemical messenger in mammalian central nervous systems.
A 3.8-fold excess of NEP in neuronal cell body causes neuronal
death in Alzheimer’s disease.! Increased plasma NEP is associ-
ated with coronary heart disease* and muscle sympathetic nerve
traffic in human obesity.* The loss of NEP in brain neuronal cells
is associated with Parkinson’s disease.* Higher over-commitment
to work was associated with lower NEP secretion and leads to
psychosocial stress in humans.® Increased 24-hour urinary NEP
excretion is a symptom of depression and anxiety for middle-
aged women.® Serotonin or 5-hydroxytryptamine (5-HT) is
another important neurotransmitter and it is involved in signal
transduction pathways in the human body.” Increased levels of
brain 5-HT is related to Huntington’s disease® and reduced levels
of brain 5-HT induces Down’s syndrome, as in Alzheimer’s
disease.® The ratio of blood plasma to whole-blood 5-HT has
been reported as a novel marker of atherosclerotic cardiovas-
cular disease.’® A reduced level of thrombocyte 5-HT is con-
nected to the suicidal behaviour of psychiatric patients.!* DNA
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damage was induced by 5-HT in the presence of copper ions.'?
Thus, accurate determination of both NEP and 5-HT is very
important from a clinical point of view.

Several methods have been employed for the determination of
NEP individually, which include microdialysis,’* end-column
chemiluminescene,™ HPLC capillary electrophoresis coupled
with amperometric detection,’’ ion chromatography with direct
conductivity detection,'® micellar electrokinetic capillary chro-
matography with UV absorbance detection'” and voltamme-
try.'®22 Similar methods have been used for the determination of
5-HT individually.?®* NEP and 5-HT coexist in the spinal cord,**
brain cells,”** and plasma.'®* Thus, simultaneous determina-
tion of them is essential to investigate the above mentioned
diseases. To date, only a limited number of methods have been
reported for the simultaneous determination of NEP and 5-HT,
which include microdialysis,® HPLC,*?¢3* and LC.*"*
However, these methods are very tedious, time consuming
processes and more expensive. On the other hand, an electro-
chemical method of determination has several advantages, such
as being less expensive, more convenient and highly selective and
sensitive. Since the oxidation potentials of NEP and 5-HT are
very close, simultaneous determination of them is a difficult task
for the researchers by electrochemical method. Only one report
was available in the literature for the simultaneous determination
of these two neurotransmitters by electrochemical method using
eriochrome cyanine R film modified glassy carbon (GC) elec-
trode.?* However, stable determination of 5-HT was not achieved
at this electrode due to the formation of new intermediate
products. Further, a poor detection limit was achieved for both
NEP and 5-HT.*? In the present study, we wish to report a highly

This journal is © The Royal Society of Chemistry 2012

Analyst, 2012, 137, 209-215 | 209


http://dx.doi.org/10.1039/c1an15746a
http://dx.doi.org/10.1039/c1an15746a
http://dx.doi.org/10.1039/c1an15746a
http://dx.doi.org/10.1039/c1an15746a
http://dx.doi.org/10.1039/c1an15746a
https://doi.org/10.1039/c1an15746a
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN137001

Published on 03 November 2011. Downloaded by Fail Open on 7/23/2025 8:50:07 AM.

View Article Online

stable determination of NEP and 5-HT simultaneously using the
electropolymerized film of 3-amino-5-mercapto-1,2,4-triazole on
GC electrode (p-AMTa) at physiological pH. Further, we have
achieved detection limit of 1.65 x 10~ for NEP and 1.32 x 10~"!
M for 5-HT (S/N = 3) by amperometry method. The practical
application of the present modified electrode was demonstrated
by determining NEP and 5-HT in human blood plasma samples.

Experimental
Chemicals

3-Amino-5-mercapto-1,2.4-triazole (AMTa), norepinephrine
(NEP) and serotonin (5-HT) were purchased from Aldrich and
were used as received. All other chemicals used in this investi-
gation were of analytical grade. pH 7.2 phosphate buffer (PB)
solution was prepared using Na,HPO, and NaH,PO,. Double
distilled water was used to prepare the solutions used in this
investigation.

Instrumentation

Electrochemical measurements were performed in a conventional
two compartment, three electrode cell with a mirror-polished 3
mm GC electrode as a working electrode, Pt wire as a counter
electrode and a NaCl saturated Ag/AgCl reference electrode. All
of the electrochemical measurements were carried out on a CHI
model 634B (Austin, TX, USA) Electrochemical Workstation.
For differential pulse voltammetry measurements, pulse width of
0.06 s, amplitude of 0.05 V, sample period of 0.02 s and pulse
period of 0.20 s were used. For chronoamperometric measure-
ments, pulse width of 0.25 s and potential step of one were used.
All of the electrochemical measurements were carried out under
a nitrogen atmosphere at 27 °C. The tapping mode AFM images
were recorded using a Nanoscope (IV) instrument (Vecco). The
Field Emission Scanning Electron Microscopy (FE-SEM)
images were recorded using a JEOL-model JSM 6701F. For
AFM and FE-SEM measurements, indium tin oxide (ITO)
purchased from Asahi Beer Optical Ltd., Japan was used as
a substrate.

Fabrication of p-AMTa modified GC electrode

The GC electrode was polished with 0.05 pm alumina slurry and
then rinsed thoroughly with water. Then the electrode was
sonicated in water for 5 min to remove any adsorbed alumina
particles. The electropolymerization of AMTa on GC electrode
was carried out by 15 successive potential sweeps between —0.20
V to +1.70 V at a scan rate of 50 mV s~' in I mM AMTa con-
taining 0.1 M H,SO, (Fig. ES1 in the ESIt).3® After the elec-
tropolymerization, the polymer modified electrode was removed
from the solution, washed with water and then used for elec-
trochemical measurements. We have also obtained identical
electropolymerization behavior on an ITO surface.

Results and discussion

AFM studies of p-AMTa film on ITO electrode

The size and the morphology of the p-AMTa film were investi-
gated by AFM. Fig. 1 shows the tapping mode AFM image

Fig. 1 Tapping mode AFM image of the p-AMTa film deposited on an
ITO electrode. Inset: Magnified AFM image of single spherical particles
of p-AMTa.

(5 pum x 5 pm) of the p-AMTa film. The AFM image shows the
formation of homogeneous film on an ITO surface. The inset of
Fig.1 shows that the deposited p-AMTa film has a spherical-like
structure. The diameter of each spherical-like structure was
20-30 nm and the thickness of the p-AMTa film was found to
be ~30 nm.

The morphology of the polymer film was also characterized by
FE-SEM. Fig. ES2 in the ESI{ shows the FE-SEM image of the
p-AMTa film. The image represents the uniform polymer film
formation on the ITO surface. It also indicates the formation of
spherical-like structures. The size of each spherical-like structure
was found to be ~20 nm.

Electrochemical behavior of NEP and 5-HT at bare and
p-AMTa modified electrodes

We have optimized the electrocatalytic activity of the p-AMTa
electrode towards NEP and 5-HT with respect to deposition
cycles and pH. We found that the p-AMTa film deposited by 15
cycles on the GC electrode showed higher electrocatalytic
activity towards NEP and 5-HT when compared to films
deposited by more than 15 cycles. Further, we have performed
the oxidation of NEP and 5-HT at different pH using the p-
AMTa electrode. We obtained a higher oxidation current with
less positive potentials for NEP and 5-HT at pH 7.2 (Fig. ES3 in
the ESIY). Thus, p-AMTa film deposited by 15 cycles and 0.2 M
PB solution (pH 7.2) were chosen for the determination of NEP
and 5-HT. Fig. 2A shows the cyclic voltammograms (CVs)
obtained for 0.5 mM NEP at bare GC and p-AMTa electrodes in
0.2 M PB solution at pH 7.2. The bare GC electrode shows
a broad irreversible oxidation peak at 0.23 V for NEP in the first
cycle (curve a). In the subsequent cycles, the oxidation peak
current was decreased (curve b). This is due to the surface fouling
effect caused by the oxidation products of NEP at the bare GC
electrode. On the other hand, the p-AMTa electrode shows
a sharp oxidation peak at 0.20 V with an enhanced current for
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Fig. 2 (A) CVs obtained for 0.5 mM NEP at a bare GC electrode (a) 1st
cycle and (b) after 6 cycles and a p-AMTa electrode (c) 1st cycle and (d)
after 8 cycles in 0.2 M PB solution (pH 7.2) at a scan rate of 50 mV s™".
CV obtained in the absence of NEP (e) at a p-AMTa electrode in PB
solution at pH 7.2 at a scan rate of 50 mV s~'. (B) CVs obtained for 0.5
mM 5-HT at a bare GC electrode (a) Ist cycle and (b) after 6 cycles and
a p-AMTa modified GC electrode (c) 1st cycle and (d) after 8 cycles in 0.2
M PB solution (pH 7.2) at a scan rate of 50 mV s~'. CV obtained in the
absence of 5-HT (e) at a p-AMTa electrode in PB solution at pH 7.2 at
a scan rate of 50 mV s~

NEP, which is 30 mV less positive potential than at the bare GC
electrode and a reduction peak at 0.15 V in the first cycle (curve
¢). The peak separation was found to be 50 mV. In the subse-
quent cycles, the redox peak of NEP remains very stable and
after 8 cycles only a very slight decrease in peak current was
observed (curve d). This indicates that p-AMTa electrode was
effectively catalyzing the NEP oxidation without any fouling
effect.

Fig. 2B shows the CVs obtained for 0.5 mM 5-HT at bare GC
and p-AMTa electrodes in 0.2 M PB solution at pH 7.2. The bare
GC electrode shows an ill-defined oxidation wave around 0.44 V
for 5-HT in the first cycle (curve a). In the subsequent cycles, the
oxidation wave was shifted to more positive potential with
decreased current. After 6 cycles, the obtained ill-defined
oxidation wave had almost disappeared (curve b). The adsorp-
tion of oxidized products of 5-HT on the GC electrode surface
was the possible reason for the decreased oxidation current with
more positive potential shift at the bare GC electrode. Thus, the
bare GC electrode was not suitable for the stable determination
of 5-HT. On the other hand, a well-defined oxidation peak at
0.37 V with enhanced current was observed for 5-HT at the p-
AMTa electrode (curve c¢), which is 70 mV less positive potential
than at the bare GC electrode. After 8 cycles, a slight shift in the
oxidation potential was observed (curve d). This indicates that p-
AMTa electrode effectively prevents the fouling caused by the
oxidation products of 5-HT. The above results show that the p-
AMTa electrode can be used for the stable determination of NEP
and 5-HT. The p-AMTa electrode does not show any signal in
the absence of analytes in 0.2 M PB solution at pH 7.2 (curve e).

Further, we have calculated the catalytic rate constant (k) of
NEP oxidation at bare GC and p-AMTa electrodes. Since NEP
oxidation is a reversible process, we have used the method of
Galus (eqn (1))**** to calculate the k value of the catalytic process
of NEP.

le __n[rPert(s') + ol

1 A (1

where Ic is the catalytic current of NEP at p-AMTa electrode, I
is the limiting current in the absence of NEP (/¢ and I obtained
from chronoamperometry) and y = kCyt (C, is the bulk
concentration of NEP and 7 is the time elapsed) and v is the
argument of the error function. In the cases where vy exceeds 2,
the error function is almost equal to eqn (1) and therefore the
above equation can be reduced to eqn (2),
fe _ mirgl2 - m2 (k) ®)
I
The eqn (2) can be used to calculate the k value. Based on the
slope of the Ic/Iy versus 12 plot; k can be obtained for a given
NEP concentration. From the values of the slopes, an average
value of k was found to be 2.82 and 6.21 x 10* M~! s7! for bare
GC and p-AMTa electrodes, respectively. The obtained higher
value of k at p-AMTa electrode indicates that the catalyzed
oxidation process of NEP was higher at the p-AMTa electrode.
Further, the heterogeneous rate constant (k) for the oxidation of
NEP at p-AMTa electrode was calculated as 3.76 x 1072 cm s~
(I' = 6.05 x 107! mol cm~2).3® 5-HT oxidation is two electrons
involved irreversible process**-*¢ and hence we have used Velasco
eqn (3)¥ to calculate k, at bare GC and p-AMTa electrodes.

ks = l.llDol/z(Ep — Ep/2)71/2V1/2 (3)

where D, is apparent diffusion coefficient; E;, is oxidation peak
potential; £, is half-wave oxidation peak potential and v is scan
rate. The D, value was determined based on cottrell slope
obtained from a single potential chronoamperometry technique.
The estimated k, values for the oxidation of 5-HT at bare GC and
p-AMTa electrodes were found to be 5.4 x 10~* and 3.0 x 1073
cm s, respectively. The higher obtained k value for 5-HT at the
p-AMTa electrode indicated that the oxidation of 5-HT was
faster at the p-AMTa electrode than at the bare GC electrode.

The effect of scan rate on the oxidation of NEP and 5-HT were
studied. The CVs obtained for NEP and 5-HT at the p-AMTa
electrode at scan rates from 50 to 1000 mV s~' in PB solution at
pH 7.2 are shown in Fig. ES4A and Fig. ES4B in the ESL.{ A
good linearity was obtained while plotting the current against the
square root of the scan rate with correlation coefficients of 0.9949
(inset of Fig. ES4A+), and 0.9967 (inset of Fig. ES4B+) for NEP
and 5-HT oxidations, respectively, indicating that the oxidation
of NEP and 5-HT at p-AMTa electrode was a diffusion-
controlled process.

Electrochemical behavior of NEP and 5-HT in a mixture at bare
GC and p-AMTa electrodes

Since NEP and 5-HT co-exist in spinal cord,** brain**=2’ and

plasma fluids,'®* it is essential to determine them from their
mixture. Fig. 3 exhibits the differential pulse voltammograms
(DPVs) obtained for a mixture of 0.5 mM each of NEP and 5-HT
at bare GC and p-AMTa electrodes in 0.2 M PB solution (pH
7.2). The bare GC electrode shows an oxidation wave at 0.31 V
for 5S-HT with a shoulder wave for NEP oxidation in the first
cycle (curve a). In the subsequent cycles, 5-HT oxidation wave
was drastically decreased with a slight shift to more a positive
potential and the shoulder wave due to NEP completely dis-
appeared (curve b). The observed results indicate that the bare
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Fig. 3 DPVs obtained for 0.5 mM each of NEP and 5-HT at bare GC
and p-AMTa electrodes; 1st cycle (a and c) and after 6 cycles (b and d) in
0.2 M PB solution (pH 7.2).

GC electrode was not suitable for the determination of NEP and
5-HT in a mixture. On the other hand, the p-AMTa electrode not
only resolved the voltammetric signals of NEP and 5-HT with
a potential difference of 150 mV but also enhanced their oxida-
tion currents (curve c). The oxidation potentials of NEP and
5-HT were observed at 0.14 and 0.29 V, respectively. Even after 6
cycles, stable oxidation peaks were observed for NEP and 5-HT
at the p-AMTa electrode (curve d). The obtained potential
difference of 150 mV is enough for the simultaneous determi-
nation of NEP and 5-HT in a mixture at p-AMTa electrode.

The p-AMTa film contains an -NH- group in the heterocyclic
ring. Thus, interactions of NEP and 5-HT with the -NH- group
of the p-AMTa film are possible via hydrogen bonding (Scheme
ES11).3#4* Further, hydrophobic interactions between the
p-AMTa electrode and NEP and 5-HT molecules are also
possible.**** These are the plausible reasons for the enhanced
oxidation peak currents of NEP and 5-HT at the p-AMTa
electrode when compared to the bare GC electrode.

Simultaneous determination of NEP and 5-HT using p-AMTa
electrode

The main objective of the present work is to simultaneously
determine NEP and 5-HT using a p-AMTa electrode. The
obtained large peak separation between NEP and 5-HT as well as
their stability encouraged us to determine them simultaneously.
Fig. 4 shows the DPVs obtained for the simultaneous determi-
nation of NEP and 5-HT in PB solution (pH 7.2) at a p-AMTa
electrode. A well-defined signal was observed for 8 uM NEP and
7 uM 5-HT at 0.15 and 0.30 V, respectively (curve a). When the
concentration of NEP was increased from 8 pM to 56 uM and
5-HT was increased from 7 uM to 49 uM (curves a—g), the peak
currents of the respective analytes increased linearly with
a correlation coefficient of 0.9903 for NEP (inset of Fig. 4A) and
0.9965 for 5-HT (inset of Fig. 4B). The oxidation peak potentials
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Fig.4 DPVs obtained for the addition of 8-56 uM NEP and 7-49 uM 5-
HT (curves a-g) at a p-AMTa electrode in 0.2 M PB solution (pH 7.2).
Insets: (A) Plot of concentration of NEP vs. current. (B) Plot of
concentration of 5-HT vs. current.

of NEP and 5-HT remain the same for further increases in
concentration.

Selective determination of NEP and 5-HT

It is known that NEP and 5-HT co-exist in human fluids and
their concentrations vary depending upon the particular disease.
For example, a 3.8-fold excess of NEP in neuronal cell bodies
causes the neuronal death in Alzheimer’s disease' and the ratio of
blood plasma to whole-blood 5-HT can be used as a novel
marker of atherosclerotic cardiovascular disease.'® Hence, from
a clinical point of view, the selective determination of NEP and
5-HT in the presence of a high concentration of the other analyte
is important. Fig. ES5At shows the DPV obtained for 15 pM
NEP in the presence of 0.6 mM 5-HT in 0.2 M PB solution (pH
7.2) at a p-AMTa electrode. A clear voltammetric signal was
observed for 15 uM NEP in the presence of 0.6 mM 5-HT, which
revealed that detection of a low concentration of NEP is possible
even in the presence of 40-fold 5-HT. Fig. ES5Bt shows the DPV
obtained for 5 uM 5-HT in the presence of 0.2 mM NEP in 0.2 M
PB solution (pH 7.2) at p-AMTa electrode. A clear voltammetric
signal was observed for 5 uM 5-HT in the presence of 0.2 mM
NEDP, indicating that detection of a low concentration of 5-HT is
possible even in the presence of 40-fold NEP. These results
revealed that the p-AMTa electrode is selective towards NEP and
5-HT in the presence of high concentrations of the other analyte.
Further, it is known that ascorbic acid (AA), uric acid (UA) and
tyrosine (Tyr) co-exist with NEP and 5-HT in human fluids®**°
and hence the simultaneous determination of NEP and 5-HT in
the presence of high concentrations of AA, UA and Tyr is
important. Fig. ES61 shows the DPV obtained for 5 uM each of
NEP and 5-HT in the presence of 0.5 mM each of AA, UA and
Tyr in 0.2 M PB solution (pH 7.2) at the p-AMTa electrode.
Clear voltammetric signals were observed for 5 uM each of NEP
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and 5-HT in the presence of 0.5 mM each of AA, UA and Tyr.
This suggests that detection of low concentrations of NEP and
5-HT are possible even in the presence of 100-fold AA, UA
and Tyr.

Amperometric determination of NEP and 5-HT

The amperometric method was used to examine the sensitivity of
the p-AMTa electrode towards the detection of NEP and 5-HT
individually. Fig. SA shows the amperometric i~ curve for NEP
at a p-AMTa electrode in a homogeneously stirred 0.2 M PB
solution (pH 7.2) by applying a potential of +0.4 V. The p-AMTa
electrode shows the current response for each increase of 10 nM
NEP. The current response increases and the steady state current
response was attained within 3 s for further increases of 10 nM
NEP in each step with a sample interval of 50 s. The dependence
of the response current with respect to concentration of NEP was
linear from 10 nM to 80 nM at the p-AMTa electrode with
a correlation coefficient of 0.9909 (inset of Fig. 5A). The
amperometric i~ curve for each increase of 10 nM NEP showed
linear current increase without noise. Fig. SB shows that the
amperometric current response increased linearly with increasing
NEP concentration in the range of 1.0 x 10*-1 x 10~* M with
a correlation coefficient of 0.9914 (inset of Fig. 5B) and the
detection limit was found to be 1.65 x 10~"' M (S/N = 3) for
NEP.

Fig. 6A shows the amperometric i~z curve for 5-HT at the p-
AMTa electrode in a homogeneously stirred 0.2 M PB solution
(pH 7.2) by applying a potential of +0.6 V. The p-AMTa elec-
trode shows the current response for each increase of 10 nM 5-
HT. The current response increases for further increase of 10 nM
5-HT in each step with a sample interval of 50 s. The dependence
of the response current with respect to concentration of 5-HT
was linear from 10 nM to 60 nM at p-AMTa electrode with
a correlation coefficient of 0.9989 (inset of Fig. 6A). Fig. 6B
shows that the amperometric current response increased linearly
with increasing 5-HT concentration in the range of 1.0 x 107-5
x 107> M with a correlation coefficient of 0.9902 (inset of
Fig. 6B) and the detection limit was 1.32 x 10~"" M (S/N = 3) for
5-HT.
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Fig. 5 (A) Amperometric i—¢ curve for the determination of NEP at p-
AMTa electrode in 0.2 M PB solution (pH 7.2). Each addition increases
the concentration of NEP by 10 nM at a regular interval of 50 s. E,,, =
+0.4 V. Inset: Plot of concentration of NEP vs. current. (B) Ampero-
metric i~ curve for the increment of (a) 0.01 (b) 0.1 (c) 0.2 (d) 0.4 (¢) 0.8
(f) 2 (2) 4 (h) 10 (i) 20 (j) 40 (k) 80 and (1) 100 uM NEP at p-AMTa
electrode in 0.2 M PB solution (pH 7.2) at a regular interval of 50 s.
E,,, = +0.4 V. Inset: Plot of concentration of NEP vs. current.
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Fig. 6 (A) Amperometric i~ curve for the determination of 5-HT at p-
AMTa electrode in 0.2 M PB solution (pH 7.2). Each addition increases
the concentration of 5-HT by 10 nM at a regular interval of 50 s. E,,, =
+0.6 V. Inset: Plot of concentration of 5-HT vs. current. (B) Ampero-
metric i~ curve for the increment of (a) 0.01 (b) 0.1 (¢) 0.2 (d) 0.4 (e) 0.8
(f) 2 (g) 8 (h) 15 (i) 30 and (j) 50 uM 5-HT at p-AMTa electrode in 0.2 M
PB solution (pH 7.2) at a regular interval of 50 s. E,,, = +0.6 V. Inset:
Plot of concentration of 5-HT vs. current.

The observed linear range and the lowest detection limit of
NEP at the p-AMTa electrode were compared with the reported
modified electrodes'®?*3? and are given in Table 1. As can be seen
from Table 1, the present modified electrode showed the lowest
detection limit (1.65 x 10~ M) and a wide range for NEP (1.0 x
1051 x 10~* M) compared to the reported modified electrodes.
We have also compared the linear range and the lowest detection
limit of 5-HT at the p-AMTa electrode with the reported
modified electrodes’3%:36:4345 and the values are given in Table 2.
As can be seen from Table 2, the present modified electrode
showed the lowest detection limit (1.32 x 107!° M) and a wide
range for 5-HT (1.0 x 1085 x 10> M) compared to the
reported modified electrodes.

Anti-interference ability and stability of the p-AMTa electrode

The detection of NEP and 5-HT at p-AMTa electrode was
carried out in the presence of various common ions such as Na™,
K*, NH4", Mg*, Ca*", Cl-, F~, COs* and SO4* and some
physiological interferents such as glucose, urea and oxalate by
amperometric method. No change in the amperometric current
response was observed for 10 nM each of NEP and 5-HT in the
presence of 10 uM of MgSO,, CaCl,, NaCl, K,CO;, NaF,
NH,CI, urea, glucose and oxalate, indicating that the present p-
AMTa electrode is highly selective towards the determination of
NEP and 5-HT individually in the presence of 1000-fold excess of
these interferents.

In order to investigate the stability of the p-AMTa electrode,
the CVs were recorded for 0.5 mM each of NEP and 5-HT
individually in 0.2 M PB solution at 5 min intervals. It was found
that oxidation peak currents of NEP and 5-HT remained same
with a relative standard deviation of 1.45% and 1.97%, respec-
tively, for 20 repetitive measurements, indicating that this elec-
trode has a good reproducibility. The NEP oxidation current
response decreased by about 1.25% in 1 week and 3.08% in 2
weeks when the electrode was kept in pH 7.2 PB solution. The 5-
HT oxidation current response decreased by about 2.03% in 1
week and 4.15% in 2 weeks when the electrode was kept in pH 7.2
PB solution. To ascertain the reproducibility of the results
further, three different GC electrodes were modified with the
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Table 1 Comparison of different modified electrodes for the determination of NEP with a p-AMTa electrode

Electrodes pH  Linear range (M) Detection limit (M)  Reference
Multi-walled carbon nanotubes modified edge plane pyrolytic graphite electrode 7.2 0.5 x 10°-1.0 x 107 9.0 x 10~" 18
2-Amino-1,3,4-thiadiazole modified GC electrode 50 40x10%25x 10~ 1.7 x 107" 19

Gold nanoparticles-doped DNA composite electrode 74 50 x107-8.0 x 10> 5.0 x 108 20

ZrO, nanoparticles modified carbon paste electrode 7.0 1.0 x 1077-2.0 x 10> 895 x 10°* 21

TiO, based carbon paste electrode 7.0 4.0 x 10°°1.1 x 10 5.0 x 1077 22
Erichrome cyanine R electrodeposited GC electrode 70 2.0x10°50x 10 1.5x10° 32
Poly(3-amino-5-mercapto-1,2,4-triazole) modified GC electrode 72 1.0 x 10%-1.0 x 10~*  1.65 x 107" This work
Table 2 Comparison of different modified electrodes for the determination of 5-HT with a p-AMTa electrode

Electrodes pH Linear range (M) Detection limit (M) Reference
Gold nanocluster and polypyrrole composite modified GC electrode 7.0 7.0 x 107°-2.2 x 10° 1.0 x 10~° 35
Chitosan coated carbon fiber microelectrode 7.4 2.0 x 10°-1.0 x 1077 1.6 x 10~ 44

Gold nanoparticles modified indium tin oxide electrode 7.2 1.0 x 107-2.5 x 10~ 3.0 x 107° 43

Nafion membrane coated colloidal gold screen-printed electrode 7.4 2.0 x 107%-5.0 x 10~ 5.0 x 107° 36
Poly(phenosafranine) modified GC electrode 7.1 1.0 x 107°-2.0 x 1077 2.0 x 107# 45
Erichrome cyanine R electrodeposited GC electrode 7.0 5.0 x 107%-5.0 x 10-° 5.0 x 107* 32
Poly(3-amino-5-mercapto-1,2,4-triazole) modified GC electrode 7.2 1.0 x 107%-5.0 x 10°° 1.32 x 107" This work

p-AMTa electrode and their response towards the oxidation of
0.5 mM each of NEP and 5-HT in a mixture was recorded by 15
repeated measurements. The separation between the voltam-
metric peaks of NEP and 5-HT was same at all three electrodes.
The peak current obtained in the 15 repeated measurements of
three independent electrodes showed a relative standard devia-
tion of 2.93%, confirming that the results are reproducible. The
above results showed that the present p-AMTa electrode was
very stable and reproducible towards these analytes.

Recovery test of NEP and 5-HT in human plasma samples

The practical application of the present method was tested by
measuring the concentrations of NEP and 5-HT in human blood
plasma samples. The human plasma samples were collected from
a clinical laboratory and diluted to 20 times with 0.2 M PB
solution (pH 7.2) without any treatment. The recovery experi-
ments were carried out by a standard addition method in blood
plasma samples. When blood plasma samples were spiked with 5
uM NEP or 5-HT, the oxidation peaks of NEP and 5-HT were
appeared in DPV. The recovery results were obtained and the
results are summarized in Table 3 and Table 4. The proposed
method showed a good recovery of spiked NEP and 5-HT in
human samples, indicating that the present modified electrode

Table 3 Determination and recovery test of NEP in human blood
plasma

Spiked NEP Recoveries
Blood plasma (M) Found (uM) (%)
Sample 1 5 4.94 98.80

10 9.80 98.00

15 14.72 98.13
Sample 2 5 4.92 98.40

10 9.82 98.20

15 14.71 98.06

Table 4 Determination and recovery test of 5-HT in human blood
plasma

Spiked 5-HT Recoveries
Blood plasma (LM) Found (uM) (%)
Sample 1 5 4.89 97.80

10 9.76 97.60

15 14.71 98.06
Sample 2 5 4.88 97.60

10 9.82 98.20

15 14.69 97.93

could be applied to determine NEP and 5-HT in different human
fluids.

Conclusions

In this paper, we reported the simultaneous determination of
NEP and 5-HT using a p-AMTa electrode in 0.2 M PB solution
at physiological pH. The bare GC electrode failed to resolve the
voltammetric signals of NEP and 5-HT in a mixture while the p-
AMTa electrode successfully resolved them. Unlike the bare GC
electrode, the p-AMTa electrode effectively prevented the surface
fouling effect and thus a stable determination of NEP and 5-HT
with a potential difference of 150 mV was achieved. The oxida-
tion currents of NEP and 5-HT were enhanced at the p-AMTa
electrode when compared to the bare GC electrode due to
possible hydrogen bonding interactions between heterocyclic
—NH- group of the p-AMTa film and NEP and 5-HT. The
detection of 10 nM each NEP and 5-HT were achieved at the p-
AMTa electrode using the amperometric method. The ampero-
metric current response increased linearly with increasing NEP
concentration in the linear range of 1.0 x 107*-1 x 10~* M and
the detection limit was found to be 1.65 x 107! M (S/N = 3), and
in the range of 1.0 x 107%-5 x 10~> M for 5-HT and the detection
limit was found to be 1.32 x 10~'"" M. From a clinical point of
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view, the p-AMTa electrode showed good recoveries for spiked
NEP and 5-HT in human plasma samples.
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