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Abstract: Well-aligned zinc oxide (ZnO) nanowire arrays were fabricated on gold-coated
plastic substrates using a low-temperature aqueous chemical growth (ACG) method. The ZnO
nanowire arrays with 50-130 nm diameters and ~1 pum in lengths were used in an enzyme-
based urea sensor through immobilization of the enzyme urease that was found to be sensitive
to urea concentrations from 0.1 mM to 100 mM. Two linear sensitivity regions were observed
when the electrochemical responses (EMF) of the sensors were plotted vs. the logarithmic
concentration range of urea from 0.1 mM to 100 mM. The proposed sensor showed a
sensitivity of 52.8 mV/decade for 0.1- 40 mM urea and a fast response time less than 4 s was
achieved with good selectivity, reproducibility and negligible response to common

. . . . . + + .
interferents such as ascorbic acid and uric acid, glucose, K* and Na" ions.

Index Terms: ZnO-nanowire arrays, electrochemical nanodevices, urease enzyme and urea

determination.
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1. Introduction

Urea is an important marker for studies of renal function. The normal level of urea in serum is
from 15 to 40 mg/dl (or 1.7 - 8.3 mM) and level increases up to 100 mM under patho-
physiological conditions [1]. An increase in urea level in blood and urine can be caused by
renal failure, urinary tract obstruction, dehydration, shock, burns, and gastrointestinal
bleeding. Moreover, reduced urea level may be seen in hepatic failure, nephritic syndrome,
and cachexia. Determination of blood urea nitrogen is an important routine test widely used in
clinical laboratories. Several types of biosensors [2-5] are used for the detection and
estimation of urea based on urease. Urease is an important part in most enzymatic sensors
evolution to fulfil the growing requirement for the urea determination. Although colorimetric
and spectrometric methods are most commonly used [6-7], these methods are laborious and
not suitable for on line monitoring system. This inconvenience was overcome by using
electrochemical technique of sensing because electrochemical biosensors provide an attractive
means to analyze the content of a biological sample due to the direct conversion of a
biological event to an electric signal. The inherent advantages of electrochemical biosensors
are their robustness, easy miniaturization, excellent detection limits, also with small analyte
volumes and ability to be used in turbid biofluids with optically absorbing and fluorescing
compounds [8-9]. Moreover, due to the unique properties of nanostructures/nanomaterials in
the biosensing area, nanosensors offer some significant advantages owing to their small size
and high surface area to volume ratios allowing larger signals, better catalysis and the more
rapid movement of analytes through sensors. Recently, nanostructured materials such as zinc
oxide (ZnO) [10-14], cerium oxide (CeO,) [15], tin oxide (SnO;) [16], titanium oxide (TiO,)
[17], iron oxide (FeO;) [18] and zirconium oxide (ZrO;) nanoparticles [19] have been used for
fabrication of transducer surface because of their unique ability to promote faster electron

transfer between electrode and active site of desired enzyme. Among these nanomaterials,



ZnO nanostructures receive growing attention due to their unique properties including high
specific surface area, high catalytic efficiency, strong adsorption ability, high isoelectric point
(IEP 9.5), wide band gap (3.37 eV), biocompatibility and high electron communication
features. Moreover, the high IEP of ZnO is advantageous for immobilizing enzymes with low
IEP through electrostatic interactions as reported in our earlier investigations for uric acid and
glucose detection [10, 13]. Furthermore, nontoxicity, high chemical stability and high electron
transfer capability make ZnO a promising material for immobilization of biomolecules

involved in electron or charge transfer without need for electron mediators [20]

In the present work, we have successfully demonstrated the potentiometric determination of
urea by using ZnO nanowire arrays fabricated on the gold-coated plastic substrates by using a
low-temperature aqueous chemical growth (ACG) method. Urease was immobilized on the
surface of the ZnO nanowires using a simple electrostatic process. The potentiometric
response VS. the Ag/AgCl reference electrode was found to be linear over a logarithmic
concentration range of 0.1 to 100 mM suitable for the common urea levels in blood serum.
The proposed sensor (Urs/ZnO/Au) has a fast response time of less than 4 s and retained good

enzymatic activity for more than three weeks when kept at 4 °C temperature when not in use.
2. Experimental details

2.1 Materials and reagent

Urease (E.C. 3.5.1.5 from jack bean 100 U/mg), Urea (ACS reagent.99.9 %), uric acid (Purity
was 99.8%), B-D-glucose (99.5%), zinc nitrate hexahydrate and hexamethylenetetramine were
purchased from Sigma Aldrich. Phosphate Buffer, 10 mM solution (PBS) was prepared from
Na,HPO,4 and KH,PO4 (Sigma Aldrich) with sodium chloride in 0.135 mM and the pH was
adjusted to 7.4. A stock urea solution of 100 mM was prepared in PBS, and stored at 4 °C.
The low concentration standard solutions of urea were freshly prepared before the

measurements. All chemicals used (Sigma, Aldrich) were of analytical reagent grade.



2.2 Fabrication of ZnO nanowire arrays on gold coated plastic substrate

To fabricate the ZnO nanowire arrays on the flexible plastic substrate, first the substrate was
cleaned with acetone, isopropanol and de-ionized water. After cleaning, a titanium thin film
with 20 nm thicknesses was evaporated as an adhesive layer on plastic substrate and then gold
(Au) thin film with 100 nm thickness was evaporated on it. To obtain well-aligned hexagonal
ZnO nanowire arrays on the electrode surface, we followed the low temperature ACG method
described in [21]. In the ACG method, substrates were spin-coated with seed solution and
annealed at 100 °C for 10 minutes. The seed solution consisted of 0.025 M zinc nitrate
hexahydrate [(Zn(NO3),6H,0)] mixed with 0.0025 M hexamethylenetetramine [C¢H;2N4] in
water. The substrates were placed in the seed solution using Teflon sample holders and kept
in an oven at 90 °C for 2-5 hours. A small part of the gold-coated plastic substrates were
covered to be used as contact area. After the growth was completed, the nanowires were
cleaned in de-ionized water and dried at room temperature. A typical SEM image of ZnO
nanowires grown using this procedure is shown in figure 1(a). It can be seen from the SEM
image that the ZnO nanowires were 50-130 nm in diameter and ~ 1um in length with uniform
density and spatial distribution. The nanowires were perpendicular relative to the surface of
the substrate. The morphological and structural characteristics of the grown nanowires can be
controlled by adjusting the growth process parameters such as the concentration of the seed

solution, the reagent stoichiometry, the temperature and the pH of the growth solution [22].
2.3 Immobilization of urease on the ZnO-nanowires and measurements
Before the immobilization of urease enzyme on the surface of the ZnO-nanowires electrode,

the electrodes were rinsed with PBS to generate a hydrophilic surface. A urease solution was

prepared in phosphate buffer solution (PBS, 10mM, pH 7.4) containing 5 mg of urease per ml.



In order to optimize the electrostatic adsorption and retained catalytic activity of urease,
electrodes were immersed in the urease solution for different time intervals like 10 minutes,
20 minutes, 30 minutes,60 minutes and 3 hours at room temperature and left in air for 30
minute to dry. It was found that an immersion time of 20 minutes was quite satisfactory to
form a uniform irreversible layer of urease with stable response. Shorter immersion time
resulted in incomplete immobilization with certain leakage of enzyme molecules and poor
sensor response. ZnO-nanowires with immobilized urease are shown in figure 1(b). After
completing these steps, the sensors were initially checked potentiometrically in different
concentrations of urea solutions with an Ag/AgCl reference electrode (3M KCI as filling
solution) purchased from Metrohm (Switzerland). The measurements were carried out by a
potentiometric method utilising two electrodes. ZnO-nanowires based electrode coated with
enzyme served as the working electrode and an Ag/AgCl electrode was used as the reference
electrode. A pH meter (Model 215, Denver Instrument) was used to measure the
potentiometric output voltage of the sensors presented here. For the time response
measurements, a model 363 A potentiostat/galvanostat (EG & G, USA) was used. All enzyme

electrodes were stored in dry condition at 4 °C when not in use.
3. Results and discussion

3.1 Sensing mechanism and electrochemical measurements

The elemental composition of the as-grown ZnO nanowires was analyzed by energy
dispersive X-rays spectroscopy as shown in figure 1(d). The peaks are attributed to the zinc
(Zn) and oxygen (O) elements while the peaks from gold (Au) are attributed to the substrate.
These results gave evidence that the ZnO nanowires were free from impurities. Most
electrochemical urea sensors are based on an enzymatic reaction catalyzed by urease. Figure
2 describes the sensing mechanism of the proposed urea sensor using immobilized urease on

ZnO-nanowires. It is known that urea can react directly with bare ZnO nanowires and



hydrolyse, but the rate of the hydrolysis is not at all up to the extent of enzymatic hydrolysis.
The rate of urea hydrolysis with bare ZnO nanowires is slow and unpredictable and not
reproducible whereas the reaction rate of urea hydrolysis on the surface of ZnO nanowires
with immobilized urease is fast, repeatable and produces a reproducible electrochemical
response. Moreover, enzymatic urea detection is generally based on determining the products

of urea based hydrolysis formed in accordance with equation (1) given below.

Urease .
NH.CONH>+2H:0 2NH: + +CO5 e (1)

As a result of this reaction one HCO; and two NH4 * ions produced from the
uncharged urea. The ammonium ions react with the ZnO nanowire array and produce the
corresponding EMF change of the output of the sensor. The electrochemical measurements
were carried out using a two-electrode configuration consisting of the urease coated ZnO-
nanowires sensor as the working electrode and an Ag/AgCl reference electrode. The
electrochemical response was measured at room temperature (23 + 2) °C with the electrodes
immersed in the samples in a stirred small glass vessels. There are only few reports about the
urea sensing with ZnO as a matrix and then only using amperometric methods [23-24]. In this
work, we demonstrate a simple two-electrode potentiometric method for the urea
measurement using urease immobilized on ZnO nanowire arrays. The sensor as fabricated is
highly sensitive and showed sensitivity of 52.8 mv/decade to the concentration changes of
urea test solutions. The operational linear range and the stability of the sensors were evaluated
potentiometrically in urea solutions made in buffer (PBS pH 7.4) with concentration ranging
from 0.1 mM to 100 mM as shown in figure 3 (a). The tested sensor configuration showed
very interesting data which can be divided into two regions. The electrochemical response

(EMF) that was linear vs. the logarithmic concentration of urea going from 0.1 mM to 40 mM



(region 1) and 50 mM to 100 mM (region 2) respectively as shown in the figure 3(b). The first
region (region 1) in figure 3 (b) includes the wide linear range from 0.1 mM to 40 mM. This
range is suitable for the detection of the urea because the normal level of urea is below 10
mM. The second region (region 2) indicates that the same proposed sensor can detect higher
concentrations of urea i.e. up to 100 mM with proper calibration although the underlying
reason for the abnormal response is not fully understood. In region 1 the ZnO-nanowire arrays

sensor approximately followed the Nernst’s expression
E=FEy—0.05916V/ n log [Reduced] / [Oxidized]

The proposed sensor has exhibited a very fast response time noted over the whole
concentration range with 95% of the steady state voltage (EMF) achieved within ~ 4 s. The
calibration curve showing the sequential addition of urea solutions in a buffer solution is
shown in figure 4. It is very important to note that ZnO-nanowire arrays are relatively stable
around pH 7.4 and this gives these sensors good bio-compatibility in biological fluids and
species since most of the biological fluids are around pH of 7.4. The morphology of the
sensor surface was checked by scanning electron microscopy (SEM) right after measurements

as shown in figure in figurel (c).

3.2 Sensor reproducibility, stability, measuring range and detection limit

The properties of a biosensor can be characterized by parameters like reproducibility,
measuring range, detection limit, response time and selectivity etc. The reproducibility is an
important characteristic for the performance evaluation of a biosensor. To evaluate
reproducibility characteristic and long term stability of the proposed sensors, we fabricated 8
sensors electrodes independently under the same conditions and immobilized the urease
enzyme on ZnO nanowires arrays. Due to high isoelectric point (IEP) of ZnO (~9.5) and low

IEP (~5.0) of urease, the proposed sensor retained its enzymatic activity due to their strong



electrostatic interaction and could be reused several times with proper cleaning in a span of 2-
3 hours. The sensor response in 10 mM urea solution was more than 90 % reproducible till
eight times reused as shown in figure 5(a). The relative standard deviation of the fabricated
sensor electrode in standard urea solutions was less than 5 %. To evaluate the operational and
storage stability of the proposed sensors we have kept the sensors at 4 °C and periodically
tested them for more than three weeks; they retained up to 80% of their original activity and
still showed a good response to urea as shown in figure 5 (b). The measuring range of the
proposed sensor was obtained from the linear part of the calibration curves as shown in figure
3(a). The applicable measuring range of the proposed sensor is between 0.1 mM to 40 mM.
By extrapolating the linear parts of the calibration curve, the detection limit of the sensor
electrode can be calculated. In the present work, the detection limit of the sensor was 0.1 mM
which was calculated by the extrapolating of the two segments of the calibration curve shown
in figure 3(b).

3.3 Selectivity of the ZnO nanowires arrays based sensor

Selectivity is the most important characteristic which describes the specificity
towards the target ion in the presence of other ions (interfering ions). There are different
methods to determine selectivity of the potentiometric sensors [25]. These methods are such
as the separate solution method, the mixed solution method, the matched potential method,
and the unbiased selective coefficients. Instead of using the above mentioned methods, we
checked the selectivity and stability of the sensor by output response curve. The possible
interferences present in blood that may interfere with a urea biosensor include ascorbic acid
(AA) uric acid (UR), glucose (GL) and potassium (K") and sodium (Na") ions [26]. Hence,
ascorbic acid, uric acid, glucose, (K") and (Na") ions were selected to affirm the selectivity of
the proposed urea sensor. In the present work, upon adding of100 uM ascorbic acid, 5 mM

glucose, 100 uM uric acid, SmM (Na’) and SmM (K+) solutions in a 1 mM urea solution



only minor signal changes were observed and this is probably due to instability/disturbance
caused by the successive addition of the solutions as shown figure 6. This was repeated
several times on new, independently prepared sensors and continued to show negligible signal
response to interferences. In practical measurements, however these changes in sensor

response can be neglected.
4. Effect of pH and temperature

The objective of this study is to determine the appropriate pH measurement environment for the newly
fabricated ZnO nanowire arrays based urea biosensor. The pH of the working medium affects the
activity of the urease based urea hydrolysis and the signal response (EMF) of the sensor electrode. The

pH dependence of sensor response was investigated in 10 mM urea solution over the pH range
from 4.5 to 9.5 as shown in figure 7(a). The experimental results indicate that the maximum
signal response of proposed urea sensor was obtained between 6.5 to 7.5 pH. Moreover, at pH
value higher than 8§, the potential decreases due to the solubility of ZnO at pH >8 [27] and
precipitation of urea hydrolysis reaction. Thus, our experimental results showed that the

performance of the urea sensors was stable at pH around 7.4.

The effect of varying temperature on the sensor response in 20 mM urea solution was also
examined between 20 and 80 °C. As shown in Fig 7 (b), the response (EMF) gradually
increases with increasing of temperature and reaches to its maximum value at around 50 °C.
This is because at 50 °C the enzyme has optimum activity [28]. After 50 °C, the response
decreases which is caused by the natural thermal degradation of the enzymes. However, the
biosensor has showed a maximum response at around 50 °C. But during the experiments, it
has been observed that at temperature around 50 °C the response of the sensor although at
maximum was not well stable while at room temperature it was quite stable and exhibited

good long term performance. Moreover, it has also been observed that when we tried to test



the sensor at 50 °C then the enzymatic activity degraded drastically and showed poor long
term performance. Therefore, room temperature (23+2) °C was chosen for this work in order
to prevent possible solution evaporation, enzyme degradation at higher temperature and ease

of operation.
5. Conclusion

In this study, we have demonstrated a simple fabrication procedure for a highly
sensitive urea biosensor based on ZnO nanowire arrays which provided a suitable
microenvironment for enzyme loading and an easy immobilization procedure. The proposed
sensor retained its enzymatic activity due to strong electrostatic interaction between zinc
oxide and urease. The proposed biosensor showed a fast response with less than 4 s and has a
quite wide linear range which is divided into two linear regions that includes from 0.1 mM to
40 mM (region 1) and from 50 mM to 100 mM (region 2) respectively. During the
experiments, the sensor exhibited good performance in sensitivity, stability, selectivity,
reproducibility and negligible interference to the common interferents. All these advantageous
features can make the proposed biosensor applicable in medical, food or other areas. The
proposed device can also be employed to on-spot clinical diagnosis. It is also convenient to
assemble into portable chip based sensing devices suitable to unskilled users. Moreover, the
fabrication method is simple and can be extended to immobilize other enzymes and other

bioactive molecules with low isoelectric points for a variety of biosensor designs.
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Figure 4
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Figure 5
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Figure 6
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Figure Captions
Fig. 1(a-d): Typical scanning electron microscopy (SEM) images of ZnO nanowires grown
on gold coated plastic substrate using low temperature chemical growth. Figure (a) showing
the ZnO-nanowires without urease immobilization and (b) with urease immobilization (c)
same sensor after measurements and (d) energy dispersive x-ray spectroscopic spectrum of

ZnO nanowires grown on gold coated plastic.

Fig. 2: Schematic diagram for the urea sensing set up using urease coated ZnO nanowires as
working electrode and Ag/AgCl as reference electrode with possible electrochemical reaction

near the working electrode.

Fig. 3(a-c): Calibration curves using urease coated ZnO-nanowires sensor electrode showing
the electrochemical response (EMF) at different urea concentrations (0.1 mM to 100 mM)
with Ag/AgCl reference electrode (a) Calibration curve between output response (EMF) vs.
Log of urea concentrations (b) Calibration curve of linear region 1 (c) Calibration curve of

linear region 2.
Fig. 4: Calibration curves showing the sequential addition of urea solutions.

Fig. 5: (a) Calibration curve showing the urease coated ZnO nanowires sensor
reproducibility/ reusability at room temperature after 2-3 hours span in 10 mM urea solution
(b) Calibration curve showing the study of response (EMF) with the influence of storage at

4°C for three weeks.

Fig. 6: Calibration curve showing the study of interferences with time trace line of Output
response (EMF) change with time after adding 100 uM ascorbic acid (AA), 5 mM glucose
(GL) , 100 uM uric acid (UA), SmM NaCl and 5 mM KCI solutions as an interfering

substances in 1 mM urea solution.



Fig. 7: (a-b): Calibration curves showing the study of EMF response with the influence of

varying temperature and pH values.
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