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Simpler and highly sensitive enzyme-free sensing of
urea via NiO nanostructures modified electrodet

Munazza Arain,® Ayman Nafady,’® Sirajuddin,* Zafar Hussain Ibupoto,?
Syed Tufail Hussain Sherazi,® Tayyaba Shaikh,® Hamayun Khan,® Ali Alsalme,®
Abdul Niaz" and Magnus Willander?

In this study, NiO nanostructures were synthesized via a hydrothermal process using ascorbic acid as

doping agent in the presence of ammonia. As prepared nanostructures were characterized using
Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD), Brunauer—Emmett—Teller (BET) specific
surface area analysis, and thermogravimetric analysis (TGA). These analyses showed that these

nanostructures are in the form of cotton-like porous material and crystalline in nature. Furthermore, the

average size of these NiO crystallites was estimated to be 3.8 nm. These nanostructures were

investigated for their potential to be a highly sensitive and selective enzyme-free sensor for detection of

urea after immobilizing on a glassy carbon electrode (GCE) using 0.1% Nafion as binder. The response of

this as developed amperometric sensor was linear in the range of 100-1100 uM urea with a R? value of
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0.990 and limit of detection (LOD) of 10 uM. The sensor responded negligibly to various interfering

species including glucose, uric acid, and ascorbic acid. This sensor was applied successfully for

DOI: 10.1039/c6ra00521g

www.rsc.org/advances recovery.

1. Introduction

Fertilizer plants and animals, as well as human urine, are
supposed to be responsible for empowering urea in an aqueous
environment.* A high urea level causes several adverse effects in
the body including renal failure, obstruction of urinary tract,
bleeding issues in stomach and intestine, dehydration, and
shock burns while a low urea level is responsible for nephritic
syndrome, cachexia, and hepatic failure.> Because of its bio-
logical and environmental importance, it is critical to investi-
gate urea concentrations in clinical and environmental
samples. Several diagnostic methods have been reported
regarding urea determination in various types of samples
including potentiometry,®>* piezoelectricity,” surface plasmon
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determining urea in real water samples such as mineral water, tap water, and river water with acceptable

resonance,® and molecularly imprinted polymer.”® All of these
methods for urea determinations are faced with certain prob-
lems including use of several chemicals, lower sensitivity,
limited selectivity, and expensive nature of the material utilized
for sensing application.

However, these problems have been overcome after investi-
gating the superior catalytic properties of metal oxide nano-
particles, especially those based on electrochemical protocols
regarding the oxidation of several oxidizable species at an
electrode surface. Although metal oxides nanoparticles have
been used as electrochemical sensors for determining several
species such as glucose,”*® hydrazine,"*> melamine," etc., so
far very little work**™"” has been carried out to utilize the sensing
capability of these nanoparticles for urea. In former work,*
metal-metal oxide (nickel/cobalt oxide) nanostructures in
association with graphene oxide were used to electrochemically
detect urea without the help of urease enzyme and with a limit
of detection (LOD) of 5 uM. However, the overall protocol uses
a complicated arrangement, consumes several costly chemicals,
and has lengthy synthesis procedures and electrode modifica-
tions; these make the process extremely expensive. Another
report' about an enzyme-free sensor for urea detection is based
on using TiO, as a sensing material, but the lower sensitivity of
the developed sensor is questionable. In the next report,*® zinc
oxide nanorods, in combination with urease as a sensing
material had a detection limit of 10 pM but the use of enzyme
was crucial. Additional reports'’~*° also emphasize using urease
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as an essential component of electrochemical sensors in asso-
ciation with metal oxides. But, all these protocols make these
methods costly and/or less sensitive.

In the present strategy we used a vitamin C assisted hydro-
thermal protocol for the synthesis of porous cotton swab-like
NiO nanostructures in the presence of ammonia. Further,
these NiO nanostructures were successfully used as a first report
based on facile synthesis of the product. These nanostructures
exhibit simple and stable immobilization on GCE for extremely
sensitive determination of urea without any assistance of urease
enzyme as compared to some metal oxide nanostructures
described earlier. The sensor is thus quite sensitive, very stable,
and more cost effective than previously reported urea sensors.
In addition, real samples were successfully analyzed via devel-
oped amperometric sensor for urea detection.

2. Experimental
2.1 Reagents and chemicals

All reagents and chemicals (ammonia (33%), nickel nitrate,
vitamin C (ascorbic acid), uric acid, glucose, hydrogen peroxide,
sodium hydroxide, hydrochloric acid, phosphoric acid, dihy-
drogen phosphate, and methanol) were Merck quality analytical
grade. A stock solution of 1% Nafion (Sigma-Aldrich) was
prepared in isopropanol. Other solutions were prepared in
deionized water.

2.2 Synthesis of NiO nanostructures

As per protocol, 1 g vitamin C, 5 mL ammonia (33%), and 0.1 M
nickel nitrate were mixed in 100 mL deionized water and placed
in an oven for 4 h at 95 °C. After this, the product was separated
by filtration, washed with deionized water several times, and
dried. The dried product was put in a furnace for 5 h at 450 °C to
complete the conversion of Ni(OH), into NiO nanostructures.
The final product was analyzed via XRD, SEM, TGA, and BET.

2.3 Modification of electrode

The GCE was polished with 0.3 and 0.05 pm alumina powder,
respectively. The electrode was further processed by sonication
for 5 min each in acetone and deionized water and dried under
N, atmosphere. The cleaned GCE was drop cast with 5 pL NiO
solution prepared in methanol and dried. Finally, 5 uL of 0.1%
Nafion solution was deposited over the modified electrode in
order to adhere the NiO nanostructures (average weight, 0.14 g)
to GCE, and then dried. This was used as the working electrode
(sensor) for urea determination in combination with Pt wire as
the counter electrode and a calomel reference electrode in an
electrochemical cell using phosphate buffer as the supporting
electrolyte. Amperometry was used as the determining mode for
calibration, detection, and interference study to get an I, vs.
time plot, while the cyclic voltammetry was applied for the
stability investigation, electrode study, and scan rate study.

2.4 Application of developed sensor to real water samples

The performance of the sensor was tested via its use in various
samples such as tap water and mineral water by a recovery
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protocol. The same procedure, with at least 3 replications, was
followed regarding detection of urea in real samples and for
standard solutions.

2.5 Instrumentation

SEM images were recorded via Jeol model JSM 6380 (Japan).
XRD patterns were obtained by means of D-8 from Bruker
(Germany). TGA data was collected by Diamond TG/DTA, of
PerkinElmer (USA), under nitrogen atmosphere. The sample
was held for one min at 30 °C and then heated between 30 and
1000 °C by raising the temperature at 15 °C min~". The surface
area of NiO was investigated by nitrogen sorption porosimetry
using a Quantachrome NOVA 2200e surface area analyzer (USA)
followed by BJH (Barrett, Joyner and Halenda) and BET (Bru-
nauer, Emmett and Teller) techniques.

3. Results and discussion
3.1 Characterization of NiO nanostructures

Vitamin C-assisted NiO nanostructures were characterized by
SEM and XRD for information regarding to their morphology,
size, and crystalline nature. Fig. 1a shows low magnification
while Fig. 1b shows high magnification of cotton-like spongy
NiO nanostructures. Both images exhibit the porous nature
which really reflects its suitability for catalytic performance
regarding their application for urea detection (see below).

X300« 50{m 4
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£
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Fig.1 SEM image of vitamin C derived NiO nanostructures with (a) low

magnification and (b) high magnification.
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XRD patterns of vitamin C directed NiO nanostructures
(Fig. 2) verifies that these structures are associated with the
crystalline nature with several planes like 111, 200, 220, 311,
and 322.

However, the former 2 planes are most dominant and hence
verify that these planes are more dominant crystalline planes
for ascorbic acid-derived NiO nanostructures.

The XRD peaks were investigated to determine the size of
NiO crystallite using the Scherrer formula:

KA
Lcos b

B(26) =

where L represents the crystalline size in nanometers, B is the
broadening of a line at half maximum intensity, A is the wave-
length of X-ray, and K is the shape factor with a quantity of 0.9.
Estimated average crystalline size of NiO structures calculated
via this formula was 3.8 nm while the range was 1.7-5.6 nm. A
small size of NiO structures is crucial for outstanding sensitivity
towards a specific analyte.

3.2 TGA and BET characterization of NiO nanostructures

A TGA plot is provided in ESI (Fig. S11). The temperature range
for NiO nanostructures was in the range of 30-1000 °C. The
result shows that there was no loss of weight for the tested
material which confirms that Ni(OH), was completely converted
into NiO at the calcination temperature of 450 °C.

BET data reveal that NiO porous nanostructures possess the
specific surface area of 41 m* g, total pore volume of 0.31 cm®
g, and average pore diameter of 74 A (7.4 nm). The small pore
size with the larger surface area of NiO nanostructures plays
a key role in the sensitivity of these products towards a specific
analyte (urea in this case).

3.3 Application studies

3.3.1 Electrode study. Fig. 3 shows the performance of bare
GCE and NiO nanostructures modified GCE for blank solution
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Fig. 2 XRD patterns of vitamin C derived NiO nanostructure.
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and urea detection (5 mM) in phosphate buffer of pH 5.8. Fig. 3a
and c demonstrate the peak current for blank and NiO modified
GCE. In comparison to these, Fig. 3b and d show the peak
current values for blank solution and 5 mM urea solution in
phosphate buffer of pH 5.8. The figure reveals that the NiO
modified GCE is extremely sensitive for oxidation of urea
without any support of urease enzyme.

3.3.2 Scan rate study. Fig. 4 shows the effect of scan rate for
10, 20, 30, 40, 50, and 100 mV s~ upon an increase in peak
current using cyclic voltammetry as the determining mode. It is
evident that the peak current of urea has a linear dependence
upon the square root of scan rate (inset of Fig. 4).

This means that the electrochemical oxidation process is
purely diffusion controlled on the NiO-GCE surface.

3.3.3 Stability of the sensor. In order to investigate the
stability of the modified electrode, 14 repetitive runs were
recorded for 5 mM urea as depicted in Fig. 5. A relative standard
deviation of 4.3% was observed which confirms the best
reproducibility and, hence, stability of the electrode with regard
to urea determination at the NiO modified GCE.

This study justifies the use of the modified electrode for
several runs without removing it from electrolytic solution or
real samples, as the case may be. It thus verifies the authenticity
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Fig. 3 CV of blank on (a and ¢) and 5 mM urea, (b and d) on GCE and
NiO—-GCE, respectively.
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Fig. 4 Scan rate effect on peak current, inset showing dependence of
peak current on square root of scan rate.
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Fig. 5 Fourteen repeated CVs of the modified sensor using a 5 mM
solution of urea in phosphate buffer, pH of 5.8.

for its economic importance as compared to several other such
Sensors.

3.3.4 Interference study. For a look at selectivity of the
electrode, we tested the NiO nanostructures modified GCE for 1
mM urea detection in the presence of equimolar concentration
of uric acid, ascorbic acid, and glucose because these are
considered as the major interferents during urea estimation.
The results of the mentioned study are displayed in Fig. 6. In
order to get improved results, we performed this study with
a slow scan using a long time for addition of each interferent.

It is evident that there is negligible interference from these
compounds during the detection of urea; this authenticates the
best selectivity of the sensor and it means that the sensor could
be suitably used for monitoring urea in real samples.

3.3.5 Calibration plot. Fig. 7 illustrates the amperometric
calibration curve for urea determination based on peak current
with varying concentrations of urea ranging from 100-1100 pM
as a function of time. The corresponding R* value for this cali-
bration is 0.990 as depicted in the inset of Fig. 7, which
demonstrates a good linear behavior of the modified electrode
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Fig. 6 Interference study showing effect of presence of equimolar
solutions of possible interfering agents with 1 mM urea as analyte.
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Fig.7 Calibration curve showing I, vs. time amperometric analysis for
various concentrations of urea in the range of 100-1100 uM (inset
shows corresponding linear regression plot).

in terms of validity for the specified range. A limit of detection
(LOD) of 0.01 mM (10 uM) was estimated via the 3d/slope where
d represents the standard deviation of 3 blank runs.?® The limit
of quantification (LOQ, 10d/slope) was 0.033 mM (33 pM),
accordingly. A similar plot with a R* value of 0.996 was observed
when the analyte with different concentrations was spiked at
longer duration (Fig. S2 of ESI¥).

These results verify the extremely sensitive nature of the
developed sensor for urea determination and that it could be
used with acceptable selectivity in real samples.

In order to further justify the authenticity of the developed
sensor, a single electrode was checked for few days with
different repeated concentrations of urea solution. Fig. S3A-D¥
demonstrates these features. The plots show that the same
electrode used at day 1, day 4, and day 7 perform nearly simi-
larly. This justifies the developed sensor as a highly valuable
tool when compared to other urea sensors.

3.3.6 Analytical merits of NiO-GCE based urea sensor.
Table 1 lists comparative data from various types of methods
and materials used for sensing urea.

It is evident that most of the sensors'**® rely on using urease
enzyme as an integral part of the sensing material. Such an
arrangement makes the resulting method complicated and
extremely expensive, and hence difficult to be afforded by a poor
public, especially those in less developed and developing
countries. Two enzyme-free sensors'*'* described in the litera-
ture are associated with some drawbacks. The non-enzymatic
sensor™ is, however, very sensitive but associated with compli-
cated multistep procedures for synthesis and modification of
the electrode and extremely time consuming. In addition,
fabrication of this sensor needs several chemicals which are
expensive and/or environmentally unfriendly; these make this
sensor somewhat impractical from economical, time
consumption, and environmental points of view. A second
sensor® is, however, simpler but lacks greater sensitivity. In
comparison to all these, our reported ascorbic acid-assisted NiO
nanostructure-based amperometric sensor is highly sensitive,

This journal is © The Royal Society of Chemistry 2016
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Table 1 Comparative data for electrochemical urea detection via metal oxide nanomaterials®

Sensing nanomaterial Electrochemical method Detection limits Type Reference
ZnO-PVA EIS 30 mM Urease based 2
NiCo0,0,/3D graphene Chronoamperometry 5 uM Enzyme-less 14

Nano-tin oxide (61 0.6 mM Enzyme-less 15

ZnO NRs (6)% 10 uM Urease based 16
TiO,/Er,0; EIS 3 mM Urease based 17
CH-Fe;0,/TiO, DPV 5 mM Urease based 19

Vitamin C based NiO Amperometry 10 pM Enzyme-less Present work

% CH, chitosan; NRs, nanorods; 3D, 3-dimensional; PVA, polyvinyl alcohol.

stable, and quite economical; these qualities distinguish it from
all urea sensors reported so far.

In order to justify the superiority of our developed enzyme-
free urea sensor over other conventional (especially urease
based) sensors, it is essential to compare the merits and/or
demerits associated with each type of sensor. It is true that
enzyme-based sensors are associated with selectivity and
sensitivity,”* however, they possess a number of demerits such
as lack of chemical and heat stability, loss of activity, intoler-
ance to extreme acidic and basic conditions,?* and deactivation
by toxic chemicals and humidity.”® In addition, such sensors are
expensive in terms of cost of enzyme, need specific conditions
for storage, and are associated with time consuming protocols.
In contrast to enzyme-based sensors, our NiO-based urea sensor
is not only more highly selective and extremely sensitive than
most of the urease-based sensors, but also inherits several
advantageous properties such as stability at ambient conditions
of pH and temperature, reproducible nature, simpler fabrica-
tion protocol, rapid response, and no need of storage under
controlled parameters. The most dominant advantage of the
NiO-based sensor is its cost effective nature as compared to the
expensive aspect of enzyme-based sensors. All these qualities
provide a clear edge for the currently developed NiO-based urea
sensor over urease enzyme based sensors.

3.3.7 Application of developed urea sensor to real samples.
The NiO-GCE-based amperometric sensor was applied to three
real water samples including mineral water, river water, and tap
water using the recovery test. The data are presented in Table 2.

Recoveries of 98.5-102.2% verify the suitability of the
developed enzyme-free urea sensor in real samples where the
presence of various impurities has negligible effect on the
authenticity of the method. In view of these results, we can
extend the use of this sensor for urea determination in

Table2 Quantification of urea in real samples using developed sensor
via recovery method*

Urea added Urea recovered Recovery
sample (kM) (kM) (%)
Mineral water 500 501.2 + 1.2 100.2
River water 500 511.7 £ 1.8 102.3
Tap water 500 492.3 £ 2.1 98.5

¢ +, standard deviation for 3 replications.

This journal is © The Royal Society of Chemistry 2016

biological samples such as urine and serum in order to inves-
tigate the adverse conditions associated with increase or
decrease of urea in these matrices.

4. Conclusion

The ascorbic acid-based formation of NiO nanostructures via
a hydrothermal precipitation method is a facile and green
approach. The cotton-like porous NiO nanostructures are
associated with large surface area, small pore size, and
extremely small particle size. These properties are crucial for
catalytic electron transfer during a sensing study. The applica-
tion of these nanostructures for developing a highly sensitive,
simpler, selective, and stable urea sensor without using any
urease enzyme has a clear edge over other sensors reported so
far. The newly prepared sensor needs no specific storage
conditions and is capable of performing under ambient
conditions. These advantages make the sensor a highly cost
effective tool for urea analysis in various types of real water
samples that could be equally extended for use in biological as
well as industrial samples with negligible interference from
existing ions, radicals, or other compounds. The sensor is
equally suitable for application in biological samples such as
blood, urine, and duodenal fluids.
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