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ARTICLE INFO ABSTRACT

Keywords: Herein, we reported the acid functionalized multiwalled carbon nanotubes (FMWCNTs) entrapped with polymer

Carbon nanotube films derived from 3-amino-5-mercapto-1,2,4-triazole (AMTa) substrate sensitive and selective determination of

léolymer' purine metabolites in human urine samples. The FMWCNTs are covalently assembled on the GCE by simple
0mp051te

carbodiimide coupling with diamine self-assemble monolayer (SAM) modified GCE. The nanocomposite on
electrode surface is developed by electrochemical polymerization of AMTa over the FMWCNTs modified GCE
(FMWCNTs/p-AMTa). The SEM images clearly shows the uniform deposition of p-AMTa on the surface walls of
FMWCNTs, especially the diameter of the FMWCNTs is notably increased from 38 to 45 nm after the deposition
of p-AMTa film on FMWCNTs. The nanocomposite was then exploited for the simultaneous and selective
detection of purine metabolites. The alteration in the concentration of any one of purine metabolites can also
change the concentration of next degradation metabolite, which leads to several critical diseases in our body.
Thus, the simultaneous and sensitive determination of purine metabolites (uric acid, xanthine, hypoxanthine and
inosine) using FMWCNTs/p-AMTa nanocomposite electrode is of high importance in clinical and healthcare
aspects. In particular, the nanocomposite electrode shows higher electrocatalytic activity and a low limit of
detection (LOD) toward these purine metabolites over the reported procedures. The practicability of the present
approach is verified with urine samples and displays good recovery results.

Simultaneous determination
Lowest limit of detection

derivative in our body, and acts as an indicator of hypoxia [8]. HXN
metabolized in human blood, induces the platelet aggregation and fas-

1. Introduction

Uric acid (7,9-dihydro-1H-purine-2,6,8(3H)-trione, UA), Xanthine
(3,7-dihydropurine-2,6-dione, XN), Hypoxanthine (1,7-dihydro-6H-
purin-6-one, HXN) and Inosine (9-f-D-ribofuranosylhypoxanthine, INO)
are of important purine degradation metabolites in human body
(Scheme 1)[1]. In the presence of purine nucleotide phosphorylase
enzyme INO converts into HXN. The transformation of HXN to XN and
XN to UA takes place in the presence of xanthine oxidase [2]. Higher
serum UA levels are mainly associated with risk of cardio-vascular dis-
ease, peripheral arterial illness, chronic kidney injury and silent brain-
infarction [3]. Reduced level of plasma UA leads to Schizophrenia,
sleep disordered breathing, multiple sclerosis, sex and age [4,5]. Nor-
mally, in serum UA exists in the range of 0.24 to 0.52 mM and from 1.4
to 4.4 mM in urine excretion [6,7]. XN is a well-known intermediate
metabolite of purine nucleotide and naturally occurring purine
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tens the process of hemostasis or thrombosis [9]. The high concentration
of HXN in blood leads to hypoxia in humans. This is mainly due to the
inhibition of xanthine oxidase, which leads to expelling of molecular
oxygen and superoxide radicals. These reactive oxygen species involve a
foremost role in micro vascular issue and lead to direct tissue injury,
lipid-peroxidation, denaturation of proteins and oxidation of DNA
[10,11]. INO is a purine nucleoside and it is related with various scle-
rosis, shields against myocardial and anti-inflammatory effects [12]. A
single dose of 20 mg of oral INO can elevated the urinary HXN and XN
concentrations [13]. It is found in mRNA and mostly rich in brain mRNA
[14]. It induces axonal rewiring and improves the behavior of outcome
of stroke [15]. It inhibits the inflammatory effects of cytokine produc-
tion [15]. In biological fluids, it is extremely very low concentration and
rarely exceeds 100 nM [16].
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Scheme 1. Purine metabolic pathway.

UA, XN, HXN and INO are normally present in the body fluids at low
concentrations [17,18]. The concentration levels of UA, XN, HXN and
INO is a useful tool for monitoring the progression of diabetic without
nephropathy patients [19,20]. The abnormal concentrations of any one
of these metabolites lead to create some pathologic states along with
xanthinuria, hyperuricemia, renal-failure, gout and toxaemia during
pregnancy [21,22]. The concentration level of these purine degradation
metabolites in biological fluids such as human urine and blood serum
are biomarkers for many clinically important diseases [23,24]. Hence,
an precise quantification of UA, XA, HXN and INO in biological fluids are
clinically vital to diagnose the related diseases in early stages. Several
techniques were reported for the detection of purine degradation me-
tabolites i.e., high-performance liquid chromatography (HPLC)[25]
capillary electrophoresis [26] and electrochemical method [27-30]. In
HPLC method, the detection wavelengths were of 260, 254, 254, 270
and 292 used toward the detection of purine metabolites adenosine,
INO, HXN, XN and UA, respectively. The peaks for INO and HXN were
overlapped each other. Hence, the determining the concentration of
these purine metabolites separately is possible but the simultaneous
determination of them is difficult by using HPLC method [31].

Recently, electrochemical biosensors are receiving huge attention
due to their inexpensive, easy handling and time-consuming process
[32-34]. Several reports were potentially described on the concurrent
detection of these three purine metabolites UA, XN and HXN; UA, HXN
and INO and XN, HXN and INO [35-40]. However, the simultaneous
determination of UA, XN, HXN and INO yet to be reported; Keeping
these objectives in mind, in the present study we made an attempt for
concurrent detection of UA, XN, HXN and INO using FMWCNTs/p-AMTa
nanocomposite modified GCE. The FMWCNTs/p-AMTa composite
modified GCE showed 2.9-, 5.5-, 5.3- and 3.3-fold enhanced oxidation

current and 50, 80, 30 and 70 mV less positive potential oxidation to-
wards the UA, XN, HXN and INO, respectively. In differential pulse
voltammogram (DPV), it shows 370, 320 and 370 mV peak separation
between UA-XN, XN-HXN and HXN-INO oxidation peaks, respectively. It
is more than enough for simultaneous determination of these molecules.
The sensitive determination of these purine degradation metabolites was
achieved by amperometric technique in both linear and dynamic con-
centration ranges. The FMWCNTSs/p-AMTa nanocomposite showed the
significant lowest LOD toward these purine degradation metabolites and
also used for practical detection of these compounds in human urine
samples.

2. Experimental
2.1. Chemicals

AMTa, FMWCNTs, di-cyclohexylcarbodiimide (DCC), 1,8-octanedi-
amine (OD), Uric acid (UA), Xanthine (XN), Hypoxanthine (HXN) and
Inosine (INO) were received from Merck, India. For scanning electron
microscopy (SEM) image analysis, we used glassy carbon (GC) plate
instead of glassy carbon electrode (GCE), which was received from Alfa
Aesar, India.

2.2. Characterizations

The SEM images were collected on a VEGA3 TESCAN instrument
equipped with LaB8 filament, which operating at 30 kV with a resolu-
tion of 2.0 nm. Electrochemical experiments were conducted by using
CHI634B (CH Instruments, Austin, TX, USA) equipped with GCE (3 mm),
Pt wire, and NaCl saturated Ag/AgCl as a working, counter electrode

Fig. 1. SEM pictures obtained for GC/FMWCNTs (A) and GC/FMWCNTs/p-AMTa (B) substrates.



X. Liu et al.

Journal of Molecular Liquids 411 (2024) 125845

!

0 0.2 04 06

0.4 0.6 0.8 1
E/V vs. Ag/AgCI (NaCl sat)

I/pA

a

0

1
E/V vs. Ag/AgCI (NaCl sat)

Fig. 2. CVs obtained for 0.5 mM of (A) UA, (B) XN and (C) HXN at (a) GCE, (b) GCE/FMWCNTs, (c) GCE/p-AMTa and (d) GCE/FMWCNTs/p-AMTa in PBS at a sweep

rate of 50 mV/s.

and reference electrodes, respectively. For DPV analysis, an amplitude of
0.05V, a pulse width of 0.06 s, a sample period of 0.02 s and a pulse time
of 0.20 s were used.

2.3. Nanocomposite electrode fabrication

The treated GCE was soaked in 1 mM OD solution for 8 h, then the
OD/GCE was rinsed with ethanol and ultrapure water for several times;
subsequently, OD/GCE was then immersed in FMWCNTs (0.2 mg/ml)
and DCC (2 mM) in an ethanolic solution (1:1) for 4 h. The condensation
reaction takes place between acid group of FMWCNTs and the amine
terminal of GCE/OD leading to the formation of amide bond, which
enabled the assembly of FMWCNTs on the GCE/OD surface and it was
denoted as GCE/FMWCNTs [41]. The FMWCNTs-polymer film electrode
was obtained by electrochemical polymerization of 1 mM AMTa (15
cycles) between —0.2 and +1.7 V at a sweep rate of 50 mV s~ ! in 0.1 M
H,S04 [42,43]. For comparison analysis, the bare GCE was polymerized
with the identical condition to prepare the GCE/p-AMTa. The polymer
modified GCEs were rinsed with water and stored in PBS solution for
further use.

3. Results and discussion
3.1. Surface characterization by SEM

The diameter and morphology of GC/FMWCNTs and GC/
FMWCNTs/p-AMTa modified GCE substrates was examined by SEM

analysis. The networked larger bundles of tubular-like morphology of
FMWCNTs were displayed in the Fig. 1A with a dimeter of 38 nm and the
length of ~1-2 um. The presence of such larger CNTs bundles is owing to
the attraction of FMWCNTs with bearing one through n-n and van der
Walls interactions [44]. Notably, Fig. 1B displayed the SEM picture of
GC/FMWCNTs/p-AMTa substrate with some distorted arrangements of
formed nanotubes. More importantly, the uneven distorted growth of p-
AMTa polymeric films on the surface of FMWCNTs was explicitly
observed. As a result, the average diameter of FMWCNTs was improved
from 38 nm to 45 nm and these results were clearly revealed that, the
effective formation of nanocomposites, i.e., the stable growth of p-AMTa
films on the surface of FMWCNTSs.

3.2. Electrochemical studies of FMWCNTs/p-AMTa nanocomposite

The CVs recorded for GCE/FMWCNTs/p-AMTa in a monomer-free
0.1 M H5SO4 solution at various scan rates from 25 to 175 mV/s and
obtained result was shown in Figure S1. The CV result exhibited a
notable oxidation peak at +0.40 V and respective reduction peak at
+0.34 V with the peak separation of 60 mV. The above redox reaction
was mainly attributed related to the addition and elimination (proton/
electron) reactions at the -NH- sites from the polymer film [45]. The
surface coverage (I') of polymer nanocomposite film was obtained by I"
= Q/nFA. Where Q denoted as charge, n denoted as electrons involve in
the redox reaction, F denoted as a Faraday constant (96485C), and A is
surface area. The charge derived from anodic oxidation was applied to
estimate the surface coverage without subtracting the surface roughness



X. Liu et al.

',","' FMWCNTSs /p-AMTa corpﬁosite i
N N:N N % -S '/’N

e

---- H-bonding
electrostatic
o . ||\
T—T7 1nteraction N

IO UK

Journal of Molecular Liquids 411 (2024) 125845

Scheme 2. The possible interactions of UA, XN, HXN and INO with FMWCNTs/p-AMTa modified GCE.

factor. The surface coverage was determined as 9.58 x 107*° mol cm ™2

for p-AMTa on FMWCNTs. While applying different scan rates, the redox
peak currents were enlarged linearly with a R? of 0.9980, indicating the
redox reaction was due to surface bound species.

3.3. Electrochemical oxidation of UA, XN, HXN and INO

Fig. 2 displays the CVs profiles obtained for 0.5 mM UA, XN and HXN
at GCE, GCE/p-AMTa, GCE/FMWCNTs and GCE/FMWCNTs/p-AMTa in
0.2 M PBS (pH 7.2). At bare GCE, oxidation of UA was occurred at 0.38 V
(Fig. 2A: curve a). Notably, a slight drop in the current and less stability
of peak potential (positive shift) were observed (Figure S2: curve a-
dotted line) after five consecutive cycles. Next, the GCE/FMWCNTs
exhibited a sharp anodic-oxidation peak for UA at 0.34 V, which is 1.2-
times higher oxidation current response than GCE (Fig. 2A: curve b).
Considerably, the oxidation peak response was continued unaffected
(Figure S2A: curve b-dotted line). On the other side, the oxidation
response peak was exhibited at 0.33 V (Fig. 2A: curve c¢) while using
GCE/p-AMTa electrode, which is highly stable even after five contin-
uous cycles (Figure S2A: curve c-dotted line). Interestingly, GCE/
FMWNCTs/p-AMTa displayed a well-definite and stable oxidation
response at 0.33 V with 2.9-fold improved anodic oxidation current and
certainly the oxidation current response was about 50 mV less positive
potential than the GCE for UA (Fig. 2A: curve d). To study the oxidation
of XN, the GCE displayed an oxidation response toward XN at 0.80 V
(Fig. 2B: curve a). The anodic peak current was varied towards more
positive potential (0.85 V) with decreased peak current in the subse-
quent cycles (Figure S2B: curve a-dotted line). At GCE/FMWCNTs, the
XN oxidized at 0.73 V (Fig. 2B: curve b) with an enhanced peak current
when compare with bare GCE and also the peak was steady after five
continuous cycles (Figure S2B: curve b-dotted line). A well-defined and
stable oxidation response was identified for XN at 0.72 V with improved
peak current at GCE/p-AMTa (Fig. 2B: curve c). The oxidation response

toward XN was about 5.5 and 3.9-fold higher at FMWCNTs/p-AMTa
composite electrode when compared to GCE and GCE/FMWCNTs. The
oxidation peak was appeared at 0.72 V (Fig. 2B: curve d) and it was quite
stable (Figure S2B: dotted lines-curve d).

HXN shows an oxidation peak for Bare GCE at 1.17 V (Fig. 2C: curve
a). Further cycles the oxidation peak current was decreased (Figure S2C:
dotted line-curve a). The GCE/FMWCNTs shows a well-defined oxida-
tion response for HXN at 1.08 V with a 5.5-fold higher anodic oxidation
current than GCE (Fig. 2C: curve b) but the peak current was slightly
decreased in the subsequent cycles (Figure S2C: dotted lines-curve b).
While using GCE/p-AMTa, the HXN oxidation occurs at 1.12 V (Fig. 2C:
curve c) and after five continuous cycles, the oxidation peak current was
slightly decreased (Figure S2C: dotted lines-curve c). On the other side,
GCE/FMWCNTs/p-AMTa showed a sharp anodic oxidation peak at 1.14
V with 5.3-fold improved current response toward HXN when correlated
to GCE (Figure S2C: curve d) and the oxidation peak was extremely
steady after five continuous cycles (Figure S2C: dotted lines-curve d).

LSV profiles recorded toward INO oxidation at GCE, GCE/p-AMTa,
GCE/FMWCNTs and GCE/FMWCNTs/p-AMTa in 0.2 M PBS is shown
in Figure S3. At bare GCE, INO showed an oxidation peak at 1.40 V
(curve a) and it was slightly shifted after five continuous cycles (dotted
line-curve a). The oxidation peak of INO was appeared at 1.34 V at GCE/
FMWCNTs (curve b) and it was stable after five continuous cycles
(dotted line-curve b). At GCE/p-AMTa, a well-defined and stable
oxidation peak was obtained for INO at 1.34 V and the peak current was
increased by 1.9-fold compared to bare GCE (curve c). The oxidation
peak of INO was displayed at 1.34 V with 3.3-fold higher oxidation peak
current at FMWCNTs/p-AMTa nanocomposite electrode than bare GCE
(curve d). The oxidation response was highly stable after five continuous
cycles (dotted line-curve d). In summary, unmodified GCE is not
appropriate toward stable determination of these purine degradation
metabolites owing to the experience of fouling-effect caused by adsor-
bed oxidation products on the surface of electrode. The FMWCNTSs/p-
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Fig. 3. DPVs of 20 pM UA, 15 pM XN, 25 uM HXN and 20 pM INO (curves a-f) at GCE/OD/FMWCNTs/p-AMTa in 0.2 M PBS. Insets: Plots of concentration of UA, XN,
HXN and INO against the corresponding oxidation currents (a, b, c and d).

AMTa nanocomposite showed 50, 80, 30 and 70 mV less positive po-
tential and 2.9, 5.5, 5.3 and 3.3-fold enhanced oxidation current toward
the detection of UA, XN, HXN and INO, respectively.

3.4. Electro-oxidation mechanism

The displayed higher oxidation response (current) with low onset
oxidation potential toward UA, XN, HXN and INO at p-AMTa film was
mainly due to the presence of strong electrostatic and hydrogen bonding
interaction between p-AMTa and the purine derivatives. On the other
hand, n-r association between FMWCNTs and analyte molecules leads to
higher current at OD/FMWCNTs modified electrode. The enhanced peak

current for the four analytes at the FMWCNTs/p-AMTa nanocomposite
was ascribed to the presence of electrostatic and hydrogen bonding
interaction between p-AMTa and the analyte molecules and n-r attrac-
tion between FMWCNTs and analytes molecules as shown in Scheme 2

[43,4

4].

3.5. Effect of scan rates

Figure S4 and S5 displayed the CVs, and LSVs profile toward 0.5 mM
UA, XN, HXN and INO at GCE/FMWCNTs/p-AMTa at different scan
rates. Notably, the oxidation current response was improved linearly
with respect to scan rates. A good linear plot was obtained by plotting
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Fig. 4. DPVs obtained for (A) the addition (curves b-j) of 1 uM UA into 0.3 mM of XN, HXN and INO; (B) addition of 1 uM XN into 0.3 mM of UA, HXN and INO
(curves b-h); (C) addition of 3 uM HXN into 0.3 mM of each UA, XN and INO (curves b-j) and (D) addition of 10 uM INO into 0.3 mM of UA, XN and HXN (curves b-h)
at GCE/FMWCNTs/p-AMTa in 0.2 M PBS. Insets: Expanded views and their corresponding calibration plots.
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Fig. 5. Amperometric i-t profiles of UA and XN at GCE/FMWCNTs/p-AMTa in 0.2 M PBS. (A) 20 nM individual addition of UA and (B) concentrations of UA added
from 10 nM to 40 uM at an interval of 50 s. E5pp = +0.4 V. (C) 20 nM individual addition of XN and (B) concentrations of XN added from 10 nM to 1500 nM at a
interval of 50 s. E,p, = +0.8 V. Insets: Respective calibration plots and expanded view.

anodic oxidation current response vs. square root of scan rates with the
R? of 0.9983, 0.9937, 0.9989 and 0.9977 for UA, XN, HXN and INO,
respectively (Insets of Figure S4 and S5), demonstrating the potential
oxidation of these purine degradation metabolites were diffusion-
controlled reaction.

3.6. Simultaneous analysis of UA, XN, HXN and INO at nanocomposite

To detect simultaneously about UA, XN, HXN and INO, the DPVs
obtained for different concentrations of UA, XN, HXN and INO at GCE/
FMWCNTSs/p-AMTa electrode were shown in Fig. 3. A well separated
oxidation responses were obtained for UA (20 uM), XN (15 uM), HXN
(25 pM), and INO (20 uM) at 0.28, 0.65, 0.97 and 1.37 V, respectively
(curve a). The oxidation peak separation between the UA-XN, XN-HXN
and HXN-INO were of 370, 320 and 370 mV, respectively. It is more than
enough to determine these purine degradation metabolites simulta-
neously. When the concentration of UA and INO were used from 20 pM
to 120 uM; XN was used from 15 uM to 90 uM and HXN was used from
25 M to 150 uM for the respective analytes, which were increased
linearly (curves a-f). The plots of concentration of analytes with the
oxidation currents show linearity with the correlation coefficients of
0.9970, 0.9930, 0.9865 and 0.9998 for UA, XN, HXN and INO, respec-
tively (Insets: a, b, ¢ and d, respectively).

3.7. Selective detection of UA, XN, HXN and INO at nanocomposite

The GCE/FMWCNTs/p-AMTa nanocomposite was exploited toward
the selective detection of one of the purine metabolites in presence of
higher concentrations of others. Fig. 4A displayed the selective detection
of UA in presence of higher concentrations of XN, HXN and INO. The
oxidation peak for 1 uM of UA was obtained at 0.28 V for the solution

containing 0.3 mM of XN, HXN and INO. Each addition of 1 pM of UA up
to 10 uM to mixed solution, the peak current at 0.28 V was improved
linearly (Inset: Fig. 4A) with the R? of 0.9923, and the oxidation peaks
potential and current for XN, HXN and INO were stable and constant.
Fig. 4B displayed the selective detection of XN in presence of higher
concentrations of other three metabolites. For 1 uM of XN, the oxidation
response was obtained at 0.67 V in presence of 0.3 mM of UA, HXN and
INO. Individual addition of 1 uM of XN to the above mixed solution, the
oxidation peak current increases dynamically with the R? 0.9976 (Inset:
Fig. 4B). The oxidation peaks current and potentials obtained for UA,
HXN and INO were remaining unchanged. DPVs obtained for 3 uM of
HXN in 0.3 mM of UA, XN and INO are shown in Fig. 4C. A well-defined
peak was observed for HXN at 1.0 V even in presence of 100-fold excess
of UA, XN and INO. The oxidation response was directly proportional to
the concentrations range of 3-21 uM of HXN. The plot of concentration
versus the oxidation current is shown in Inset: Fig. 4C. The correlation
coefficient was found to be 0.9980. Similarly, 10 uM of INO in presence
of 0.3 mM of UA, XN and INO showed an oxidation response at 1.30 V
for INO (Fig. 4D). Further, the concentration of INO was used from 20 to
70 uM (c-h), the oxidation current response was improved linearly
without shifting the oxidation potential of other analytes. The expanded
view of INO current increment and the linear plot of (INO concentration
vs. oxidation current) were shown in Inset: Fig. 4D.

3.8. Amperometric detection of UA, XN, HXN and INO

The sensitivity of FMWCNTs/p-AMTa nanocomposite was studied
towards the detection of UA, XN, HXN and INO was examined by
amperometric method. Fig. 5A-D, Fig. 6A-D showed the i-t curve re-
sponses toward the oxidation of UA, XN (Fig. 5A-D), HXN and INO
(Fig. 6A-D) in a constantly stirred 0.2 M PBS by using constant applied
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Fig. 6. Amperometric i-t curve of HXN and INO at GCE/FMWCNTs/p-AMTa in 0.2 M PBS. (A) 30 nM individual addition of HXN and (B) the concentrations of HXN
added from 20 nM to 5000 nM at an interval of 50 s. Eqpp = +1.1 V. (C) 50 nM individual addition of INO by and (B) the concentrations of XN added from 10 nM to
40 uM at an interval of 50 s. E,pp = 41.35 V. Inset(s): Respective calibration plots and expanded view.

potential of 0.4, 0.8, 1.1 and 1.35 V toward UA, XN, HXN and INO,
respectively. The GCE/FMWCNTs/p-AMTa showed the original
response during the addition of 20 nM of UA (Fig. 5A). Further addition
of 20 nM UA in further steps with a interval of 50 s, the current response
was linearly increased with a R? of 0.9994 (Inset: Fig. 5A). The
amperometric current response was also increased linearly with the
dynamic range of 10 nM-40 uM of UA (Fig. 5B) with a R? of 0.9997
(Inset: Fig. 5B) and the LOD was found to be 0.5 nM (S/N=3). The GCE/
FMWCNTs/p-AMTa shows the initial current response toward the
addition of 20 nM XN (Fig. 5C). Further increase the concentration of XN
in every addition with the interval of 50 s. The linear dependence toward
oxidation current response of XN was steady from 10 to 1500 nM
(Fig. 5C) with a R? of 0.9987 (Inset: Fig. 5D) and the LOD was found to
be 0.4 nM (S/N=3). The GCE/FMWCNTs/p-AMTa showed the initial
current response toward the addition of 30 nM HXN (Fig. 6A). The i-t
current response was increased steadily during addition of 30 nM HXN
in every step with the interval of 50 s and the R? of 0.9999 (Inset:
Fig. 6B). The i-t current profile was also raised linearly while adding
HXN from 20 nM to 5000 nM HXN (Fig. 6C) with the R? of 0.9974 (Inset:
Fig. 6D) and the LOD was about 0.6 nM (S/N=3). The GCE/FMWCNTs/
p-AMTa showed the current response toward the addition of 50 nM INO
(Fig. 5G). The linear dependence response of INO from 10 nM to 40 pM
with the R? of 0.9844 (Inset: Fig. 5H) and the LOD was about 0.3 nM (S/
N=3). Further, the sensitivity of the composite electrode towards UA,
XN, HXN and INO was found to be 0.14, 0.03, 3.3 and 2.8 nA/nM,
respectively. The LOD obtained toward UA, XN, HXN and INO in this
study was compared with recent reports (Table S1).

As shown in Table S1, the present GCE/FMWCNTs/p-AMTa elec-
trode showed the lowest LOD toward UA, XN, HXN and INO when
compared to the other nanocomposites [38-48]. Further, the fabrication
of GCE/FMWCNTs/p-AMTa electrode is simple and efficient. For
example, the acetylene-black/dihexadecyl hydrogen phosphate was
prepared by mixing an equal amount of acetylene-black and dihexadecyl
hydrogen phosphate in water and it was sonicated for 5 h. The resulted
black product was casted on the surface of GCE and then the electrode
was treated by CV cycling between 0.0 and 1.0 V in 0.1 M PBS (pH 8.0)
for further use [43].

3.9. Determination of UA, XN, HXN and INO in urine sample

The practical utility of FMWCNTs/p-AMTa nanocomposite was
evaluated by screening the concentrations of UA, XN, HXN and INO in
human urine samples. The standard addition method was used for the
detection of all analyte molecules. The DPV profiles obtained for 10
times diluted urine samples in PBS Fig. 7; curve a) and after added the
commercial UA, XN, HXN and INO into the same mixture. The urine
sample displayed an oxidation peak at 0.28, 0.65, 0.97 and 1.34 V,
which were corresponded to UA, XN, HXN and INO, respectively (Fig. 7;
curve b).

To check the peaks at 0.28, 0.65, 0.97 and 1.34 V of the urine sample
are due to UA, XN, HXN and INO commercially available UA, XN, HXN
and INO were added to the same solution. The peak currents were
increased at the same potential after the addition of them. Based on the
obtained oxidation currents, their concentrations in different samples
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Fig. 7. DPVs of (a) diluted urine sample and (b) after the addition of UA, XN,
HXN and INO in 0.2 M PBS at GCE/OD/FMWCNTs/p-AMTa.

were calculated. The actual and estimated concentrations and their re-
coveries were represented in Table S2. This indicates that the GCE/
FMWCNTs/p-AMTa can be efficiently used toward the simultaneously
detection of UA, XN, HXN and INO in real samples. Further, the effect of
pH at the surface of composite modified electrode was analyzed in 0.2 M
PBS at different pH solutions. By increasing the pH from 3 to 10 both the
oxidation and reduction peak potentials were shifted towards less pos-
itive potentials with good linearity (Fig. S6). The obtained results indi-
cate that equal number of electrons and protons involved in the redox
reaction at the composite modified electrode surface.

3.10. Stability and reproducibility

To study the stability, the GCE/FMWCNTs/p-AMTa was examined
toward 0.5 mM of UA, XN, HXN and INO in 0.2 M PBS at every 300 s
interval, and found that the peak currents remained same with a RSD of
1.1, 1.0, 0.9 and 1.2 % for UA, XN, HXN and INO, respectively, for 15
continuous analysis demonstrating the good reproducibility. Notably,
the current response was slightly reduced to 1.2, 1.2, 1.4 and 1.5 % after
2 weeks toward UA, XN, HXN and INO, respectively. To determine the
reproducibility, three-different GCE/FMWCNTs/p-AMTa was fabricated
and their electrochemical response was studied toward the oxidation of
0.5 mM UA, XN, HXN and INO repeated measurements (15-times). The
peak current RSD of 2.1, 2, 2.3 and 2 % were corresponded to UA, XN,
HXN and INO, respectively, which obviously evidencing superior
reproductivity.

4. Conclusions

We demonstrated the simple fabrication of FMWCNTs/p-AMTa
nanocomposite film; the SEM images were clearly indicated the nano-
structured conducting polymer uniformly deposited on the FMWCNTSs
surface. After the deposition of the p-AMTa, an average size of the
FMWCNTs increased from 38 to 45 nm. Further, the nanocomposite
electrode was utilized for the concurrent and selective detection of UA,
XN, HXN and INO. The nanocomposite electrode showed 2.9, 5.5, 5.3
and 3.3-fold enhanced oxidation currents and 50, 80, 30 and 70 mV less
positive potential oxidation than GCE toward the oxidation of UA, XN,
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HXN and INO, respectively. The enhanced electrocatalytic behaviour at
nanocomposite electrode was due to the combined effect of electrostatic,
hydrogen bonding and n-r attractions. Notably, the composite modified
GCE showed 370, 320 and 370 mV peak to peak separations between
UA-XN, XN-HXN and HXN-INO, respectively. The nanocomposite
showed a good sensitivity and linearity as well as dynamic range toward
UA, XN, HXN and INO. The LOD of UA, XN, HXN and INO were found to
be 0.5, 0.4, 0.6 and 0.8 nM, respectively. The practicality was confirmed
by detecting these analytes in human urine samples with good
recoveries.
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