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Abstract

Active electrocatalytic electrode designs are needed for the sensitive and selective detection of a single or multi-active bio-
molecule among biological components. We report the design of hierarchical NiO catalyst (HNC) for one-step monitoring of
bioactive molecules such as ascorbic acid (AA), dopamine (DA), and uric acid (UA). The novel mesostructured geometries,
active surface sites, and multi-diffused spaces for easy electron movement through gaps provide highly active electrocata-
lytic electrode designing surface. Controlled HNC architecture along electrode-design surface domains having double-head
branches spread out along both sides of the dipole-like rod may lead to the vital electron transfer and fast response signaling
of multi-bioactive molecules in one-shot triggering individually or simultaneously. Electrochemical analyses showed evi-
dence that the proposed electrode design can detect each component up to 0.02 pM. Sensitive detection up to 1.127, 0.02,
and 0.978 uM and wide-range responses of 25-800, 2—-60, and 10-000 uM for AA, DA, and UA, respectively, were observed.
The simultaneous monitoring and selective signaling of AA, DA, and UA in real urine samples in one step under differ-
ent potentials were realized. Thus, the HNC-modified electrode can monitor and evaluate the coexistence of biomolecules
simultaneously in multi-components.

Graphical Abstract
The electrochemical oxidation of AA, DA, and UA at the HNC-modified electrode and the corresponding DPV peaks with
losing of 2¢™/2H™.
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1 Introduction

Monitoring the level of biomolecules, such as uric acid
(UA), glucose, ascorbic acid (AA), dopamine (DA), and
H,0,, is important in the early warning, detection, control,
and provision of useful information for treatment and pre-
vention of various diseases and genetic disorders [1, 2].
For instance, DA plays a key role in many biological and
physical processes, such as learning, cognition, locomo-
tion, emotion, and working memory, where its level acts
as an indicator of neurological disorders, such as schizo-
phrenia and Parkinson’s disease [3, 4]. AA exhibits a vital
role in human daily life as a dietary supplement and acts
as an antioxidant for prevention of common diseases, such
as mental illnesses, common cold, AIDS, and cancer [5].
UA is present in human fluids, such as human urine and
serum, where its level is an indicator of some diseases,
such as hyperuricemia, gout, and Lesch—-Nyhan syndrome
[6]. In this context, fabrication of non-enzymatic biosensor
for rapid, cost-effective, and on-site monitoring of a wide
range of targets has gained increasing interest to revolu-
tionize scientific research. Studies utilized different tech-
niques, including fluorescence microscopy, high-perfor-
mance liquid chromatography, capillary electrophoresis,
and spectrophotometry [7-10].

Electrochemical biosensors have gained increasing
attention for detecting bioactive molecules, such as DA,
AA, and UA; these sensors exhibit sensitivity, low cost,
easy operation, rapid response, handling convenience,
qualification for in situ monitoring, excellent compatibil-
ity with miniaturization, and good selectivity [11-13]. The
performance of electrochemical biosensors is considerably
affected by the interface structure and properties of the
target [14]. A reliable analytical method for one-pot meas-
urement of DA, AA, and UA levels in biological samples
should be established. Simultaneous detection of bioactive
molecules on commercial electrodes is difficult because of
usual interference and overlapping of the electrode signal
[11-15]. Therefore, interface modification largely influ-
ences the performance of electrochemical sensors.

Numerous studies reported on interface modification for
simultaneous detection of biomolecules [16—20]. Scholars
have developed Pt/reduced graphene oxide (Pt/RGO), 3D
porous graphene, polydopamine/multiwall carbon nano-
tube (MWCNT), poly(L-methionine)/AuNPs/GCE, one-
dimensional carbon nanomaterial, and flower-like ZnO-
decorated polyaniline/RGO nanocomposite for detection
of DA and UA in the presence of AA [21-26]. Other modi-
fiers have also been synthesized for simultaneous detection
of AA, DA, and UA; these modifiers include size-selected
Pt@graphene/nanocomposites, NiCo/N-carbon nano-
plates, cetyltrimethylammonium bromide-functionalized
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graphene oxide/MWCNT composites, N-doped carbon
nanotubes, and Fe;O, nanoparticles, activated graphene/
MWCNT nanocomposite-loaded Au nanoclusters, flexible
graphene fiber functionalized by NiCo,0O, nanowires, and
RGO-zinc oxide composites [16-20, 27, 28]. Thus, future
works must develop electrochemical biosensors for highly
sensitive simultaneous detection of coexisting bioactive
molecules by using low-cost materials and simple synthe-
sis and fabrication methods.

Transition metal oxides possess intrinsic features, such
as high surface area, easy and low-cost preparation, envi-
ronmental friendliness, structure flexibility, and excellent
mechanical and chemical properties; hence, these oxides are
a promising choice as an electrochemical mediator [29-37].
NiO with different structures exhibits advantages, such as
lower cost, nontoxicity, and higher resistance to corrosion,
compared with other derivatives, such as gold, platinum,
palladium, and rare-earth nanoparticles [38—42]. NiO also
exhibits electron delocalization between adjacent Ni** and
Ni** ions and promotes fast electron transfer between the
electrodes and the active site of the redox biological reac-
tion [43]. NiO possesses different morphological structures,
such as dendritic NiO@carbon—nitrogen dot and hierarchi-
cal NiO nanostrand, which exhibit distinct electrocatalytic
performance suitable for non-enzymatic glucose biosensor,
and detection of mono-bioactive molecules [40—43].

In this study, hierarchical NiO catalyst (HNC) is synthe-
sized through one-pot hydrothermal treatment and used for
simultaneous monitoring of AA, DA, and UA. HNC exhibits
a distinct morphology with specific features, and its struc-
ture can be described as two similar heads connected by a
rod-like dipole. Each head consists of thick nanotubes on
its surface and features high surface area, multi-active sites,
smooth surface, and pores inside the surface and between
lattices. The HNC is used to modify an electroactive elec-
trode for catalytic oxidation of bioactive molecules with
enhanced sensitivity and selectivity. The HNC-modified
electrode exhibits sensitive and selective electrooxidation
of DA, AA, and UA individually or simultaneously in one
pot. The HNC-modified electrode can be used to monitor
and evaluate single or multiple molecules in human fluid
samples (human serum and urine) for clinical application.

2 Experimental

2.1 Synthesis of HNC

HNC was prepared by the one-pot hydrothermal synthetic
approach. Ni(NO;),-6H,0 (1 mM) was dissolved in 100-
mL volumetric flask that contained 20 mL of deionized
water with vigorous stirring until clear. Consequently,
homogeneous solution was obtained at room temperature.
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Approximately 20 mL of (NH,),HPO, (1 mM) dissolved in
deionized water was added to the previous solution under
stirring. Subsequently, the solution mixture was transferred
into a 100-mL Teflon-lined stainless-steel autoclave, sealed,
and maintained at 160 °C for 8 h. The green precipitate was
filtered using a centrifuge and washed with water/ethanol
to remove the soluble impurities. The HNC was dried in an
oven at 80 °C and annealed at 400 °C for 4 h.

2.2 Material characterizations

High-resolution transmission electron microscopy (HR-
TEM), scanning transmission electron microscopy (STEM),
electron diffraction (ED), and energy-dispersive X-ray spec-
troscopy for elemental mapping (STEM-EDS) were per-
formed using a JEOL JEM model 2100F microscope. N,
adsorption—desorption isotherms were measured at 77 K
using a BELSORP36 analyzer (JP. BEL Co., Ltd.). The
structural geometry of the catalysts was further examined
by WA-XRD. The WA-XRD patterns were recorded using
an 18 kW diffractometer (Bruker D8 Advance) at a scan
rate of 10° min~! with monochromatic Cu Ka-X-radiation
(A1=1.54178 A). XPS analysis was conducted on a PHI
Quantera SXM (ULVAC-PHI) instrument (Perkin-Elmer
Co., USA) equipped with Al Ka as an X-ray source for exci-
tation (1.5 mm X 0.1 mm, 15 kV, and 50 W) under a pres-
sure of 4 x 107 Pa. Raman spectroscopy (HR Micro Raman
spectrometer, Horiba, Jobin Yvon) was conducted using an
Arion laser at 532 nm.

2.3 Fabrication of working electrode

The modified ITO electrode was fabricated as follows. The
synthesized HNC (5 mg mL™") was dispersed in 5 mL of
methanol at room temperature. The HNC/ITO was designed
by spreading 20 uL. of HNC on the surface of ITO glass
substrate (2 cm X 1 cm). To control the exposed surface area
of ITO substrate and improve the electrical contact, a defi-
nite area (1 cm X 1 cm) of the ITO electrode substrate was
masked prior to the deposition. This process was repeated
five times. The resulting electrode was dried overnight
at room temperature and washed with deionized water to
remove any unbound particle.

2.4 Electrochemical sensing system

Zennium/ZAHNER-Electric instrument that was controlled
by Thales Z 2.0 software at room temperature was used for
all electrochemical measurements. A three-electrode system
containing ITO glass modified (2 cmX 1 cm) as working
electrodes, platinum wires as a counter electrode, and Ag/
AgCl (3 M Na(l) as a reference electrode was used for elec-
trochemical analysis. The freshly prepared electrolyte (0.1 M

PBS) was de-aerated by bubbling a slow stream of puri-
fied N, to avoid DA oxidation. The N, flow was maintained
during the entire electrochemical measurements to ensure
N,-saturated electrolyte.

2.5 Biological fluid sample analysis using
HNC-modified electrode

The real application was performed using standard addition
in human blood serum and urine samples. Urine samples
were collected from three different volunteers during their
first urination after night time. A control test was also per-
formed using standard addition. Human urine samples were
diluted 5 times by using phosphate-buffered saline (PBS)
(0.1 M, pH 7.0). Approximately 500 pL of the diluted urine
sample was added to 9.5 mL of PBS (0.1 M) solution for
differential pulse voltammetry (DPV) experiments under an
N,-saturated atmosphere at room temperature. The human
blood serum sample was prepared as follows. 10 uL of
human serum was added to 10 mL of PBS (pH 7). Then
known concentrations of AA, DA, and UA were added to
the prepared samples and electrochemically measured using
DPYV in the potential range of 0-0.7 V at a pulse height of
60 mV, pulse width of 25 mV, pulse distance of 200 ms, and
a step height of 5 mV, each experiment was repeated three
times under N, flow.

3 Results and discussion
3.1 Synthesis of HNC

A controlled fabrication of a morphological structure with
multifunctional active sites as electrocatalyst was performed.
This structure possesses (i) multi-active sites on the contact
surface, (ii) highly ordered crystalline facets with low ener-
gies for binding and adsorption (iii), intensive charge density
at the surface streams, and (iv) electron accumulation, cloud,
or dense growth at the surface.

Scheme S1 shows a simple, one-pot synthesis of HNC
surface decorations that is longitudinally constructed from
their head and rod. Simple one-pot hydrothermal treatment
of composition (Ni(NO;),/(NH,),HPO,/H,0) domains
results in the formation of the macro unit of NiO with two
heads connected by a rod, which is like a dipole. The con-
struction of each head provides highly active characteris-
tic features obtained from the thick nanotube spread on the
outer sites with open pores and cavity ends (Fig. 1a, b).

3.2 Structure featured of HNC

Field effect-scanning electron microscope (FE-SEM)
and high-resolution transition microscope were used to
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Fig. 1 a The low FE-SEM
magnification images of HNC,
which illustrate the surface
morphology and symmetric
double-head distribution. Inset
of a the FE-SEM focusing on
the one unit structure of the
HNC. b The FE-SEM image of
HNC focusing on the construc-
tion and configure the size of
head and rode. The head surface
construction observed from the
high magnification of FE-SEM
focused on the head (c, d).
Crystal surfaces and atomic
configuration of Ni**, and 0>~
for single-layer surfaces (e), and
double-layer surfaces (f) along
the entire exposed {111 }-sur-
face plane, particularly at the
4-Ni%* -top surfaces

00 nm

Single-layer Surfaces

Double-layer Surfaces

investigate the geometrical and morphological structures of
the synthesized materials. The HNC morphological structure
exhibits rhythmic dual-head spread out along with dipole-
like rod between two symmetric heads, as indicated in the
FE-SEM micrograph (Fig. 1a, b). The head geometry is
like an umbrella construction with an average size 3—4 um;
these heads were connected by a rod with an average size
of 1.5-2 um (inset of Fig. 1a). Figure lc, d illustrates the
head morphologies and provides a specific structure where
the outer surface is a rough jagged surface. As illustrated in
Fig. 1a—d; novel geometrical constructions with rhythmic
head construction were designed. Furthermore, the atomic
configuration of NiO using DFT theory implies the complete
surface construction with contact active sites with targeted
molecules. Figure le, f represents the atomic configuration
of HNC crystal along single-layer- and double-layer-exposed
{111} surface plane. The {111}-top surface around dou-
ble-layer provides high energy of electron surfaces along
the entire HNC crystal structure, which is directed along
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{111} surface exposure, particularly at the top 4-Ni** sur-
faces. Consequently, the electrocatalytic activity of Ni**
with the target molecules is enhanced and the exposure
contact catalytic active sites are high. Furthermore, the
electrostatic potential mapping of the {111 }-exposed plane
surfaces strongly suggests that the top surface of Ni>* and
O’ atoms near the vacancy sites are charged surfaces. The
surface-representing localized networks, which elevated to
antedate the surface charge density around O and Ni atoms
and the effective potential differences of AA, DA, and UA
overlapping with Ni>* site binding.

The head construction of the HNC was further pro-
vided by HAADF-STEM image in Fig. S1. The high-
resolution HAADF-TEM illustrates that the head surface
contains a thick nanotube at its end (Fig. S1a); the nano-
tube’s size is approximately 20 nm. Figure S1b, ¢ shows
the HAADF-STEM image of nanotubes and provides the
porous structure of the HNC. The nanotubes exhibit a uni-
form structure with pore distance of around 10 nm and
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smooth surface. Highly crystalline order of HNC is shown
in HAADF-STEM images (Fig. S1d, and inset of S1b).
The lattice distance is 1.476 10%, which corresponds to the
d;,; spacings in the XRD pattern. The high-magnification
HAADF-STEM image of HNC at the nanotubes surface
shows the highly crystalline degree of the nanotube surface
and along the {111}-crystal plane (Fig. S1d). The ED-STEM
image (inset of Fig. S1b) shows the abundant resolutions
of low- and high-index lattice planes of (2—20), (20-2),
(0-22), (02-2), (-202), and (—220) fringes around the
{111}-principle zone-dominant plane. These results also
indicate that all the nanotubes in the head of NiO display
the same orientation along the {111} direction.

Surface nature was investigated using N, adsorp-
tion—desorption isotherms (Fig. 2a). The HNC features
a specific surface area (Sggy) of 22.3 m? g7!, as well as
the NLDF analysis was used to confirm the pore size dis-
tribution as shown in the inset of Fig. 2a. The obtained
results reflects the hierarchical structure of NiO (meso-
and microporous distribution) surfaces [44—-50]. The HNC
provides high surface area as compared to other NiO-
based materials such as NiO nanoplates, NiO nanoslices,
and dendritic NiO, where their surface areas are 20.2,
11.4, and 5.06 m? g, respectively [43, 51-53]. Sharp

and well-resolved diffraction peaks of NiO sample were
observed in the wide-angle X-ray diffraction patterns
(Fig. 2b). The diffraction peaks at 37.2°, 43°, 63°, 75.5°,
and 79.6° correspond to the (111), (200), (220), (311),
and (222) planes, respectively, of the face-centered cubic
(fce) lattice structure of NiO [54]. Further confirmation
by matching with JCPDS No. 01-089-5881 illustrates the
fcc Fm3m symmetry with the lattice constant a of 8.35 A.

The Raman spectrum of the HNC sample shows sev-
eral bands above 400 cm™! at the excitation wavelength
of 532 nm (Fig. 2¢). The Raman spectra of HCN show a
vibrational band at approximately 532, 760, and 1085 cm™!
due to one phonon optical mode and two phonons, indicat-
ing the presence of pristine NiO [54]. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed
to elucidate the surface features and components of NiO.
Figure 2d shows the XPS spectra of NiO. In addition, the
high-resolution XPS spectra of the O 1s and Ni 2p peaks
are shown in Fig. S2a, b, respectively. Two main peaks
centered at 872.3 and 854.3 eV are related to the Ni 2p’
and Ni 2p*® of Ni(II) ions, respectively (Fig. S2b) [55]. The
peak of O 1s in the HNC visibly shifts to lower binding
energy than that of pristine NiO (Fig. S1a).
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3.3 Electrochemical mode of HNC-modified
electrode

The actively catalytic surface and the electron transfer
quality of the nanoelectrode (HNC/ITO) were investigated
using cyclic voltammetry (CV) test in 0.1 M KCl containing
0.1 mM [Fe(CN)6]3_ with applied potential ranging from
0.0 to 0.7 V (vs. Ag/AgCl) at a scan rate of 100 mV s~
(Fig. S3a). The electrochemical activity of the modified
electrode and charge transfer mobility on the surface were
elucidated using [Fe(CN)6]3_ as a redox probe [56]. The
high ion diffusion at the electrode—electrolyte interface and
the excellent performance of the catalytic active sites were
observed from the peak behavior of [Fe(CN)¢]*~. The peak-
to-peak separation (AE) values exhibit a characteristic value
for electron transfer speed on the electrode surface, and the
oxidation peak current reflects the electrode catalytic power.
The AE, values of the HNC-modified electrode and bare
electrodes are 108 and 186 mV, respectively. The oxidation
peak of the HNC-modified electrode is fourfold greater than
that of the bare electrode. Thus, the HNC-modified elec-
trode exhibits high catalytic performance and high electron
transfer [57, 58].

The electrochemical constants such as charge transfer
coefficient (a) and electron transfer rate constant (K,) were
calculated for the ITO and HNC/ITO. Figure S3b, ¢ shows
the plot of log v (scan rate ranged from 50 to 300 mV s 1)
versus the anodic (E,) and the cathodic (E,) applied poten-
tial of 0.1 M [Fe(CN)]*~ in 0.1 M KCI at ITO and HNC/
ITO. The anodic applied potential E, and cathodic applied
potential E_, were linearly proportional to log v. The regres-
sion equations for the HNC/ITO are E,(V)=0.4440.022
log v (V s7h), (R*=0.996) and E,(V)=0.29—-0.021 log v
(Vs™1) (R*=0.991). By applying Laviron’s theory [59], the
charge transfer coefficient («) was calculated and found to
be 0.51, according to the calculated values of the slopes of
the linear relationships of E, and E, versus log v, as shown
in the following equation:

log K,/K, =log a/(1 —a)or K,/K, =al(l —a), (1)
where K, is a constant that determines from the slope of E,
versus log v and equals to 2.3 RT/(1 —a)nF, K, is a constant
that determines from the slope of E, versus log v and equals
to —2.3 RT/anF, R is the gas constant, F is the Faraday
constant, and 7 is the absolute temperature.

The electron transfer rate constant (K;) in heterogeneous
electrolyte—electrode surface assays can be calculated by
applying this equation [43]:

e K . | | . | RT (x(]—a)nFAEp
ogK,=alog(l-a)+(1-a)loga — o T TT33RT

(@)
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where n is the number of electrons evolved in the reac-
tion, a is the charge transfer coefficient, v is the scan rate
(Vs™, AE, is the peak separation potential between anodic
and cathodic peak potentials (V), R is the gas constant
(J K~ ' mol™), F is the Faraday constant (J mol™!), and T'is
the absolute temperature (K).

Result shows that the Ks value was calculated to be
0.769 s~!. In addition, the rate charge transfer coefficient (a),
and heterogeneous rate constant (Ks) for the ITO electrode
were found to be 0.674, and 0.456 s™!, respectively. These
results indicated that the HNC-modified electrode has higher
charge transfer than that of bare ITO electrode.

Electrochemical impedance microscopy (EIS) was used
to provide efficient electron transfer and electrocatalytic
activity on the HNC-modified electrode surface. The EIS
curve shows two efficient props, namely, (i) the semicircle
diameter indicates the electron resistance of the electrode at
high frequencies and (ii) the line reflects electron diffusion
at low frequencies [60]. Figure S3d shows typical Nyquist
impedance plots of HNC-modified electrode and ITO elec-
trodes in 0.1 M PBS (pH 7.0). The HNC-modified electrode
shows a shorter semicircle diameter at high frequency than
that of the ITO electrode, thereby showing a relatively small
Ret. The semicircle of the HNC-modified electrode further
decreased with remarkably low Ret value and high conduc-
tivity. These results indicate that the HNC-modified elec-
trode possesses highly catalytic active surface with enhanced
electron transport efficiency.

3.4 Electrocatalytic behavior of AA, DA, and UA
on HNC-modified electrode

The electrocatalytic activity of the HNC-modified electrode
toward the electrooxidation of AA, DA, and UA was inves-
tigated using CV method in PBS solution (pH 7) with and
without the target biomolecules. The biomolecules oxidized
on the surface of the HNC and lost 2¢™/2H" within the pH
studied (Scheme S2). Figure 3a shows an oxidation peak
at approximately 0.19 V in the presence of AA (500 uM)
in 0.1 M PBS (pH 7) at a scan rate 100 mV s~!. This peak
is related to the oxidation of the functional groups at AA
from hydroxyl to carbonyl in furan ring form on the HNC-
modified electrode surface [61-63]. DA exhibits redox peaks
at 0.24 and 0.2 V on the HNC-modified electrode (Fig. 3b).
This couple of redox peaks results from DA oxidation to
o-quinone and the reduction of o-quinone to DA with low
separation potential value [AEp (E,—E))=0.046 V]. Con-
sequently, DA presents high electrocatalytic response and
effective electron transfer [16, 62—64]. Figure 3¢ shows that
UA (200 uM) displays an oxidation peak at 0.354 V and a
reduction peak at 0.331 V. The presence of these two peaks
may be related to the redox reaction of UA and its quinoid
form on the HNC [63-65].
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As shown in Fig. 3d, the CV curves of AA (500 uM),
DA (10 uM), and UA (200 uM) in 0.1 M PBS (pH 7) at
the ITO electrode indicate one broad peak at approximately
0.375 V. This peak belongs to AA and DA. These results
demonstrate that ITO cannot determine AA and DA con-
centrations in one pot. Figure 3d indicates the following: (i)
the current response of HNC-modified electrode is larger
than that of ITO, which is related to the high sensitivity of
the modified electrode, and (ii) a three well-defined peaks
at HNC-modified electrode in the presence of the three bio-
molecules indicate the possibility of monitoring coexisting
bioactive molecules in one pot. The HNC-modified electrode
illustrates honest peak potentials at 0.28, 0.336, and 0.448 V
for AA, DA, and UA, respectively. The AE(V) between the
oxidation peaks of AA-DA, AA-UA, and DA-UA is 0.056,
0.168, and 0.112 V, respectively. The morphological and
chemical compositions of HNC play a key role in the simul-
taneous detection of AA, DA, and UA molecules in PBS (pH
7). The HNC electrode with controllable head construction
and rod expressing a geode hierarchy along the {111} crystal
facets might result in suitable accommodation for trapping
and multi diffusivity of different coexisting bioactive mol-
ecules into open-pore holes and caves with connective open

macro/meso windows of NiO geodes. The finding confirms
that the designed modified HNC electrode can monitor and
evaluate the coexistence of AA, DA, and UA in one pot
through electrochemical measurement with high sensitivity
and selectivity.

The supporting electrolyte pH effects on the electro-
chemical behavior of AA, DA, and UA at the HNC-modified
electrode are illustrated by cyclic voltammogram (CV) in
the pH range of 6-8 for AA and UA, and 4.0-9.0 for DA.
As a variation of pH solution, the oxidation—reduction peak
potentials shifted to a negative value as a result of proton
participation of the electrooxidation of detected bioactive
molecules as shown in Fig. 4a, c, and e. A linear relation-
ship was observed by plotting pH versus the applied poten-
tial (V) with regression equations: E,,(V)=0.34-0.024
pH (R=0.97), E,,(V)=0.46-0.047 pH (R=0.94), and
E,(V)=0.7-0.051 pH (R=0.97) for AA, DA, and UA,
respectively (Fig. 4b, d, f). These results showed that the
overall oxidation reaction involves a proton.

According to the straight line in Fig. 4b, d, f, the slopes
of lines are —0.047, —0.024, and —0.051 for DA, AA, and
UA, respectively. This observation implies that the value
of m (number of protons) is equal to that of n (electron
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Fig.4 CVs of pH-dependent monitoring assay of 500 uM AA in
different pH values ranged from pH 6-8 (a), 50 uM DA in different
pH values ranged from pH 4-9 (c), and 200 uM UA in different pH
values ranged from pH 6-8 (e) using HNC-modified electrode under
N,-staurated at scan rate 100 mV s~!' and 25 °C, The linear-, and

transfer number) and further confirms the validity of
mechanism, that is, the 2e /2H™ reaction of DA, UA, AA
[62—65]. Moreover, the oxidation peak currents of AA
decrease with variable pH solution ranging from 6.0 to
8.0 (Fig. 4a). The oxidation peak current of DA gradu-
ally increases with increasing solution pH in the range of
4.0-7.0 and decreases when pH exceeds 7.0 (Fig. 4c). The
oxidation peak current of UA decreases in the pH range
of 6-6.5, increases at pH 7, and then decreases gradually
until pH 8 (Fig. 4e). Based on these results, 0.1 M PBS
(pH 7.0) is the optimum pH solution, which is near physi-
ological conditions.
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scatter-plots of applied potential (V) (points), and the anodic current
density (MA cm™?) (scatter) of 500 uM AA (b), 50 uM DA (d), and
200 uM UA (f) using HNC-modified electrode at different pH solu-
tions under N, saturated

The electrochemical kinetics on the electrode surface,
namely, diffusion or adsorption-controlled process, can be
obtained by studying the effect of scan rate. Fig. S4c shows
the CVs of varying scan rate at the HNC-modified elec-
trode for DA (50 puM) in PBS (0.1 M, pH 7). The anodic
and cathodic peak currents increased proportionally in both
sides with increasing scan rate from 50 to 300 mV s~'.
The plot of oxidation and reduction peak currents versus
the square root of scan rate is linear with regression equa-
tions (i) anodic equation, I, (LA cm™2)=—-123.15+39.75
2 (mV 57" (R?=0.996), and (ii) cathodic equation,
I, (UA cm™)=119.38-37.16 v!> (mV s7') (R*=0.994)
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(Fig. S4d). These results indicate that the oxidation—reduc-
tion of DA at HNC is controlled by the diffusion-controlled
process [16-20]. Subsequently, the controlling mechanism
of AA and UA at HNC-modified electrode was studied by
varying the scan rate from 50 to 300 mV s~ in PBS (0.1 M,
pH 7) using CV, as presented in Fig. S4a, e. The oxida-
tion peak current of AA increased with the increasing of
scan rate from 50 to 300 mV s~!. A linear relation is illus-
trated by plotting the anodic peak current versus scan rate at,
where the regression equation is I (uUA cm™2)=3.6+0.046
v (mV s7"), R?=0.98 for 500 uM AA in PBS (0.1 M, pH
7) (Fig. S4b). This relation indicates that the AA oxidation
at the HNC-modified electrode is an adsorption-controlled
process. By contrast, the linear relationship of UA between
the square root of the scan rate and the anodic current was
obtained, where the regression equation expressed as I
(A cm™2)=3.640.046 v'? (mV s71), R2=0.97 for 200 uyM
UA in PBS (0.1 M, pH 7). This result reveals that overall
oxidation of UA at the HNC-modified electrode is a diffu-
sion-controlled process (Fig. S4f).

3.5 One-step monitoring of AA, DA, and UA

A series of experiment-level analyses and evaluations were
conducted to evaluate selectivity and sensitivity and elec-
trochemically monitor the coexisting bioactive molecules
on the designed HNC-modified electrode. DPV was per-
formed in the potential ranging from —0.2 V to 0.7 V in
0.1 M PBS (pH 7.0). The DPV results indicate that dis-
tinguishable oxidation peak currents were obtained upon
simultaneous injections of DA, UA, and AA. The cross-
reactivity of individual species was observed by varying
its concentration, and the concentration of two other spe-
cies remains constant. Figure 5c shows that the DA oxida-
tion peak is centered at 0.2 V (vs. Ag/AgCl) and increases
linearly upon the addition of DA (1-32 uM) in the pres-
ence of AA (0.5 mM) and UA (0.2 mM). The regression
equation obtained by plotting the calibration curve of
[DA] (uM) versus the peak currents (UA) is given as fol-
lows: I (uUA cm™2)=76.8 [DA] (uM) +73.21; R2=0.979;
N =3 (Fig. 5d). The detection limit was calculated to be
0.02 uM according to 3o/n, where o is the slandered error
of intercept of the calibration curve, and 7 is the slope.
DA concentrations higher than 32 uM show a nonlinear
behavior because of DA saturation at active adsorption
sites. Similarly, anodic peak current increases linearly at
10-400 and 10-400 uM of AA (Fig. 5a) and UA (Fig. Se)
in the presence of DA (10 uM) and UA (0.2 mM), DA
(10 uM) and AA (0.5 mM), respectively. The detection
limits of AA and UA on the proposed electrode were deter-
mined from the calibration curve of concentrations versus
peak currents (Fig. 5b, f). The regression equations are
expressed as I (UA cm™2)=0. 74 [AA](uM) +90.8 x 107°

(R*=0.989) and I (uUA cm™2)=1.6 [UA] (uM) + 85.97
(R*=0.957, N=3) for AA and UA with detection limits
of 1.2 and 0.912 uM, respectively.

For further evidence, DA, AA, and UA were determined
simultaneously by DPV in the potential ranging from
—0.2V1t00.6 Vin 0.1 M PBS (pH 7.0). Figure 5g shows the
DPV anodic peak currents and illustrates the linear behavior
with increasing addition of DA, AA, and UA concentrations
in the range of 2-60, 10-1000, and 10-800 uM, respectively.
As illustrated from Fig. Sh, the detection limits were cal-
culated to be 0.02, 1.127, and 0.978 uM for DA, AA, and
UA. Evidently, the individual and simultaneous monitor-
ing of these targets were achieved on the HNC-modified
electrode with high sensitivity and selectivity. The HNC-
modified electrode provides low detection limit and wide
linear range for monitoring of AA, DA, and UA as compared
to the other modified electrode. Besides that, our modified
electrode designed with simple synthesis and without fur-
ther modification, is presented in Table S1. These results
clearly evidenced that the HNC-modified electrode promotes
a selective signaling of AA, DA, and UA, where a sepa-
rate three peaks are obtained, and configuring the electrode
selectivity in single and tertiary mixtures as presented in
Fig. 5. The HNC possessing intrinsic properties for sensi-
tive and selective monitoring of all targets in one pot may
be presented as follows: (i) high catalytic activity resulting
from the distinct morphological structure, high surface area,
and the atomic arrangement at the surface with direct contact
on Ni* and (ii) fast electron transfer of HNC, and (iii) facile
molecular diffusion at the electrode surface. Therefore, the
HNC as a modified electrode material may be a promising
electrocatalytic material for biosensing applications.

The selectivity of the HNC-modified electrode for moni-
toring of AA, DA, and UA in the presence of potential
interference molecules such as glucose, H,O,, tryptophan,
adenine, and guanine that mainly incorporated in the physi-
ological fluid were investigated (Fig. S5). Figure S5a shows
the high amperometric response upon addition of 500 uM
AA at honest applied potential of 0.01 V in 0.1 M PBS
(pH 7). Our finding indicates that there is no any response
observed upon the addition of 100 uM DA, 0.1 mM tryp-
tophan, 200 uM UA, 1 mM glucose, 100 pM guanine, and
100 uM adenine molecules to 500 uM AA sensing assays.
In addition, the selectivity of DA and UA were performed
in the presence of other potentially interfering molecules at
honestly applied potential of 0.21 and 0.41 V, respectively,
in 0.1 M PBS (pH 7) using the amperometric technique
(Fig. S5b, ¢). The HNC-modified electrode provides a high
amperometric response for DA and UA, despite any neg-
ligible responses from the other active biomolecules. The
findings provide evidence that the HNC-modified electrode
exhibits high sensitivity, and selectivity, leading to create
a selective signaling of each target of AA, DA, and UA,
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Fig.5 DPV curves at, a increasing concentrations of AA (50—
1000 pM) in the presence of 10 uM DA and 0.2 mM UA, b the linear
plot of concentration of AA (uM) versus current (UA), ¢ increasing
concentrations of DA (0.1-125 pM) in the presence of 0.5 mM AA
and 0.2 mM UA, d the linear plot of concentration of DA (uM) versus
current (MA), e increasing the concentrations of UA (25-800 uM) in
the presence of 10 uM DA and 0.5 mM AA, f the linear plot of con-
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centration of UA (uM) versus current (uA), g increasing concentra-
tions of AA (25-1800 uM), DA (2-225 uM), and UA (100-1800 uM),
h the linear plot of concentration of AA, DA, and UA (uM) versus the
current (WA) simultaneously, in N, saturated of 0.1 M PBS (pH 7),
pulse height 100 mV, pulse width 50 ms, pulse distance 200 ms, and
step height 5 mV at HNC-modified electrode



Journal of Applied Electrochemistry (2018) 48:529-542

539

respectively, under one-set screen monitoring in biological
fluids.

3.6 One-step signaling of AA, DA, and UA
in biological fluids samples at HNC-modified
electrode

The uses of the HNC-modified electrode for monitoring of
AA, DA, and UA in human biological fluid samples were
verified. First, the human urine samples were collected
from volunteers and examined using standard addition
(age ~ 30 years, the first-morning urination). The urine sam-
ples were diluted five times by using PBS (0.1 M, pH 7.0).
In brief, 500 uL of the prepared urine sample was added to
9.5 mL of 0.1 M PBS (pH 7). The reliability of the proposed
sensor was ascertained by adding certain amounts of AA,
DA, and UA to the diluted urine samples and monitored
using DPV at room temperature. Investigation of the fresh
urine samples indicates the presence of UA (10 uM) and no
response for DA and AA at the HNC-modified electrode.
The obtained results are presented in Table 1. The recovery
of the spiked samples ranged between 97.7 and 105% for
AA, DA, and UA. Secondly, the applicability of HNC-mod-
ified electrode in the signaling of DA and UA in the human
blood serum sample was studied. Known concentrations of
AA, DA, and UA were added to the human blood serum
solution. The obtained results are presented in Table 2.
Investigation of the blood serum samples indicates the pres-
ence of UA (2 uM) and no response for DA and AA at the

Table 1 Determination of AA, DA, and UA in human urine samples
collected from a volunteer

Targets Cy (UM) Cr (UM) %R
AA 50 50+0.03 100
75 76+0.01 101
100 98 +£0.05 98
150 152+0.05 101
DA 1 1.05+0.04 105
5 4.896 +0.06 97.9
10 10.128 +£0.03 101.3
15 14.968 +£0.091 99.7
UA 25 25.124+0.07 100.5
50 50.102+0.093 100.2
75 75.98 +0.0572 101
100 105 +0.05 105

The quantitative analyses of targets (AA, DA, and UA) were carried
out by spiking all target in one-pot sample with concentration in the
range of 1-150 umol L™!. The standardization analyses of targets
were determined according to DPV techniques and repeated three
times per each sample analysis. Not C, is concentration of target mol-
ecules, Cy is the concentration founded for the molecules, and %R is
the percentage of recovery (%R = C,/Crx 100), respectively

Table 2 Determination of AA, DA, and UA in human blood serum
samples carried out by spiking all target in the one-pot sample with a
concentration in the range of 1-150 umol L™

Targets C, (UM) Cr (UM) %R
AA 50 49.85+0.003 99.7
75 75.29+0.034 100.3
100 97+0.026 97
125 125.8+0.045 100.6
DA 1 1.02+0.003 102
5 4.94+0.004 98.9
20 19.86+0.003 99.3
50 50.19+0.005 100.3
UA 25 25.12+0.071 100.5
50 50.3+0.029 100.6
75 74.96+0.072 99.9
100 99.4+0.052 99.4

The standardization analyses of targets were determined according to
DPV techniques and repeated three times per each sample analysis.
Not C, is a concentration of target molecules, Cy is the concentra-
tion founded for the molecules, and %R is the percentage of recovery
(%R =C/C,x100), respectively

HNC-modified electrode. The recovery of the spiked sam-
ples ranged from 97 to 100.6, 98.9-102, and 99.4-100.6%
for AA, DA, and UA. These results configure that the HNC-
modified electrode can be applied for simultaneous detection
of AA, DA, and UA in the biological fluid samples.

4 Conclusion

A simple, sensitive, and selective electrochemical biosensor
for monitoring of single or multiple bio-components in the
biological sample was successfully developed. The HNC-
modified electrode provides high electrocatalytic activity as
a fact of its morphological construction. The HNC possess a
distinct geometry, that is, a rhythmic dual head connected by
a stick and the head construction with a thick nanotube. The
HNC-modified electrode exhibited remarkable electrocata-
lytic behavior due to its morphology and massive active site,
pore distribution along with dominant {111} plane, dense
charge contribution at the surface, and direct catalytic con-
tact with active Ni atom along the top surface. AA, DA, and
UA are coexisting molecules in urine and human serum. The
HNC-modified electrode exhibited an excellent electrocata-
lytic oxidation of AA, DA, and UA on one-pot monitoring
of single or multiple biomolecules. Simultaneous or indi-
vidual detection of biomolecules at HNC-modified electrode
with high sensitivity up to 0.02, 1.127, and 0.978 uM with a
wide linear range of 1-128, 10-000, and 10-800 uM for DA,
AA, and UA, respectively, proceeded. The HNC-modified
electrode exhibits highly sensitive and selective for one-step
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monitoring of AA, DA, and UA in a mixture of different
biomolecules. Thus, the HNC-modified electrode can also
be employed for real clinical application for detection of
multiple biomolecules in a biological fluid sample.
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