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In the present study, a facile and simple fabrication method of a semiconductor based urea biosensor was report-
ed via three steps: (i) producing a ZnO-PVA composite film by means of a polymer assisted electrodeposition
of zinc oxide (ZnO) on the F-doped SnO, conducting glass (FTO) using water soluble polyvinyl alcohol (PVA),
(ii) obtaining a nanoporous ZnO film by PVA omission via a subsequent post-treatment by annealing of the
ZnO-PVA film, and (iii) preparation of a FTO/ZnO/Urs biosensor by exploiting a nanoporous ZnO film as an effi-
cient and excellent platform area for electrostatic immobilization of urease enzyme (Urs) which was forced by
the difference in their isoelectric point (IEP). The characterization techniques focused on the analysis of the
ZnO-PVA film surfaces before and after annealing, which had a prominent effect on the porosity of the prepared
ZnO film. The surface characterization of the nanostructured ZnO film by a field emission-scanning electron mi-
croscopy (FE-SEM), exhibited a film surface area as an effective bio-sensing matrix for enzyme immobilization.
The structural characterization and monitoring of the biosensor fabrication was performed using UV-Vis, Fourier
Transform Infrared (FT-IR), Raman Spectroscopy, Thermogravimetric Analysis (TGA), Cyclic Voltammetry (CV),
and Electrochemical Impedance Spectroscopy (EIS) techniques. The impedimetric results of the FTO/ZnO/Urs
biosensor showed a high sensitivity for urea detection within 8.0-110.0 mg dL~" with the limit of detection as
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50mgdL™".
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1. Introduction

Urea [(NH,),CO], is a final product of protein metabolism in human
organism and any accumulation above critical levels must be carefully
determined. The normal level of urea in blood serum is from 15 to
40 mg dL™'. A change in urea level in blood and urine can be caused
by urinary tract obstruction, renal failure, burns, dehydration, and
shock [1].

The assay of urea can be followed by many different techniques as
spectrometry [2-4], potentiometry [5-8], conductometry [9-11], cou-
lometry [12] and amperometry [13]. Recently, many attempts have
been extensively made to develop urea electrochemical biosensors,
due to their inherent advantages such as robustness, easy miniaturiza-
tion, excellent detection limits, and requirement of very small amounts
of analyte [14,15]. Among the electrochemical urea biosensors, urease
(Urs) enzyme based potentiometric biosensors are an ordinary method
for determination of urea via utilizing the catalyzed hydrolysis of urea
[16,17]. Since potentiometric biosensors suffer from the interference ef-
fect by K ions [18], therefore, numerous attempts have been made to
develop urea determination methods [19].
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Electrochemical impedance spectroscopy (EIS), as an authoritative
technique for studying electrical and electrochemical interfacial proper-
ties of a large variety of systems, is useful to monitor changes in electri-
cal properties arising from bio-recognition events at the surfaces of
modified electrodes [20-25].

In addition, the construction of the transducer surface has a signifi-
cant effect on the biosensor performance and enzyme immobilization
strategy [26]. Nanostructured metal oxides have been recently used
for the fabrication of the transducer surface of biosensors because of
their unique ability to promote electron transfer between electrode/en-
zyme active sites and enzyme immobilization with excellent stability
[14,27]. Zinc oxide (Zn0), as a typical n-type biocompatible metal
oxide with high catalytic efficiency and a good electron communication
capability, possesses a high isoelectric point (IEP 9) which makes it suit-
able for the adsorption of proteins with low IEP (e.g., Urs with IEP of 5.9)
via the physical adsorption.

Nanostructured ZnO can be prepared using sol-gel [28], electropho-
resis [29], RF sputtering [30], hydrothermal [31], and molecular beam
epitaxy [32] techniques. Electrochemical deposition of metal oxides as
a cost-effective, reliable, and mild physicochemical method has been
an important issue in the preparation of nanostructured metal oxides
as transducers [27]. Other often cited advantages of electrodeposition
include: high deposition rate, easy scale up and preservation, tuning
the process parameters, controlling bath conditions (pH, temperature,
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solvent), and ease of controlling electrolyte formula by adding organic
additives, which can be incorporated in producing a substrate with con-
trolled structure and thickness.

In this study, polyvinyl alcohol (PVA) [CH,CH(OH)],, as an omissible
polymer was applied to produce a ZnO nanoporous film. PVA as a poly-
meric organic additive interacts with ZnO upon the electrodeposition
process and strongly influences the ZnO growth to form a mixed film
made of ZnO crystals embedded in a polymer matrix template [33]. Fi-
nally, PVA was eliminated by a subsequent annealing treatment of the
layer. PVA incorporates advantages to the bio-sensing transducer sur-
face by affording a highly porous platform to the biosensor via its
elimination.

Herein, we propose the FTO/ZnO/Urs biosensor of urea by taking
advantage of a simple controllable film electrodeposition on the
disposable F-doped SnO, conducting glass (FTO) for fabricating ZnO
film as an efficient bio-sensing transducer for improving sensitivity
with a minimum loss of enzyme activity. Impedimetric urea measure-
ments were carried out as a promising assessment method by utilizing
an FTO/ZnO/Urs electrode serving as a sensing electrode to achieve
appropriate analytical performance in terms of sensitivity and repro-
ducibility. The proposed FTO/ZnO/Urs biosensor showed a fast
response time of less than 10 s and retained good enzymatic activity
for more than three weeks when kept at a temperature of 4 °C when
not in use.

2. Experimental
2.1. Materials and apparatus

Urea (ACS reagent 99.9%), Urs (urease enzyme, E.C.3.5.1 from Jack
Bean 100 U mg™!), PVA (Alfa aesar, 87%, high molecular weight, MW
88,000-97,000), ZnCl, (Aldrich, reagent grade), KCl (ACS reagent),
and all other chemicals used in this project were of analytical reagent
grade and purchased from Sigma Aldrich. The phosphate buffer solution
(PBS) 0.1 M with a pH of 7.4 was prepared from K;HPO4 and KH,PO,4. A
stock solution of urea was prepared in 0.1 M PBS with a pH of 7.4,
and stored at 4 °C. The low concentration standard solutions of
urea were freshly prepared before the measurements. A FTO coated
conductive glass was purchased from the Dyesol Company. The surface
analysis of ZnO film was carried out using a Tescan Mira II FE-SEM.
Thermogravimetric analysis (TGA) was performed using a Mettler
Toledo TGA 850 instrument. Raman measurements were performed
using a Raman spectrometer, Progeny™ (Rigaku Raman Technologies,
Wilmington, DE, USA). Voltammetric and impedimetric experiments
were performed using a potentiostat/galvanostat (PGSTAT. 302 N,
Autolab, Eco-Chemie, The Netherlands). A FTO/ZnO/Urs electrode
served as working electrode (surface area = 1.0 cm?), while Pt and
SCE electrodes were used as counter and reference electrodes, respec-
tively. For EIS measurements, a 10 mV peak-to-peak ac amplitude was
applied versus SCE; a range of frequencies from 100 kHz to 10 mHz
was scanned and the impedances were recorded. The analysis of the
EIS data was performed using Zview/Zplot (Scribner Associates, Inc.),
based on Macdonald's algorithm (LEVM 7) using a complex non-linear
least square (CNLS) approximation method [34]. Pore size distribution
was calculated by “Measurement Software” (Nahamin Pardazan Asia
Co., Iran).

2.2. Fabrication of FTO/ZnO nanoporous structure by electrodeposition
method

The F-doped SnO, conducting glass substrates were cleaned under
ultrasonic treatment (5 min in acetone, 5 min in alcohol), rinsed abun-
dantly with water, and finally treated for 2 min in a 45% nitric acid solu-
tion prior to drying in nitrogen atmosphere. The deposition solutions
were prepared with MilliQ quality water and contained 10~ ! M KCI
and 10~2 M ZnCl,. For preparation of a good solubilized PVA polymer

as electrolyte, 8.0 g L~! PVA was added to the heated solution of
10~ ! M KCl and 102 M ZnCl, under stirring [33]. The electrochemical
cell was placed in a thermo-regulated bath and the deposition temper-
ature was kept constant at 80 °C. The solution was bubbled with O, gas
for 30 min before the deposition experiment was started. The electro-
chemical experiments were performed potentiostatically in a three
electrode electrochemical cell using the substrate as cathode, a Pt
sheet and SCE as counter and the reference electrode, respectively. A
constant potential of — 1.0 V with the deposition time of 165 s was ap-
plied between the working and reference electrodes (Fig. 1). PVA has a
dramatic effect on ZnO properties, especially in growth strategies with a
catalytic effect in the Zn?* reduction [33]. In order to achieve the FTO/
ZnO nanoporous structure, PVA was eliminated by a subsequent post-
annealing treatment of the ZnO-PVA layer [33,35-37]. The obtained
ZnO nanoporous structure is suitable for enzyme immobilization. The
amount of 8.0 g L™ ! of PVA was chosen as an optimum PVA concentra-
tion to achieve a nanoporous ZnO film with a uniform structure, where-
as using lower and higher concentrations of PVA led to nanostructures
with minimum uniform pores distribution and difficulty of PVA elimi-
nation, respectively.

3. Results and discussion

3.1. Field emission-scanning electron microscopy (FE-SEM), optical
transmission (UV-vis), FTIR, Raman and TGA studies

Schematic 1 briefly clarifies the effect of PVA omission on the prep-
aration of nanoporous ZnO, where the prepared omissible polymeric
film was heated several hours at 400 °C in the air to eliminate PVA.
For comparison, FE-SEM images of the ZnO films before and after an-
nealing treatment were shown in Fig. 2. Before annealing, the layer be-
came flat and consisted of aggregated elongated grains that formed a
dense film (Fig. 2A). The ZnO and PVA cannot be distinguished on the
graphs showing the intimate mixing of the two components. We can
also declare that the film became more complicated to study by SEM be-
cause of the unsteadiness of the PVA polymer included in the film to the
electron beam of the SEM microscope and the appearance of cracks dur-
ing the observation. Fig. 2B illustrates the surface structure of the post-
annealed ZnO film by FE-SEM. The FE-SEM image showed that the
grain sizes of the ZnO nanostructured film was found to be in the
range of 20-60 nm with a mean size of about 40 nm. The particle
size distribution histogram of the ZnO nanostructured film was
shown in Fig. 2C.
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Fig. 1. Chronoamperogram for ZnO-polymer film preparation.
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Schematic 1. PVA elimination after annealing for several hours at 400 °C in air in order to
fabricate nanoporous ZnO.

The surface analysis of the FE-SEM images of the ZnO film before and
after the annealing treatment using “Measurement Software” (Nahamin
Pardazan Asia Co.) depicted a distribution pattern and an intensity of
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pores in quantitative approach and confirmed improvement of surface
porosity from 0.09 to 0.45 pm? after the annealing treatment, which
is believed to play an important role in enzyme immobilization
(Fig. 2D and E).

Fig. 2F shows a typical optical transmission (UV-vis) spectrum re-
corded for the ZnO nanoporous film. The sharp absorption onset and
the high transmission values at wavelengths above 338 nm exhibit the
optical quality and low concentration of defects such as pits and voids
of the ZnO nanoporous film.

The hybrid nature of the films was studied using the FTIR charac-
terization method before and after annealing. The FTIR spectrum of
the hybrid film between 400 and 4000 cm ™~ ! indicated the character-
istics of the ZnO-Polymer nanostructured hybrid film which
was prepared with PVA (Fig. 3A). The broad band centered at
3416 cm~ ' was attributed to the O-H stretching modes of the PVA
alcohol groups. This indicated the presence of free exposing —~-OH
groups of the hybrid film. The peak at 2937 cm ™! corresponded to
stretching vibrations of PVA CH, groups [33], while after annealing
and PVA elimination, no -OH groups peak and no CH; stretching vi-
bration peaks were observed for annealed film (Fig. 3B). Indeed,
Raman scattering spectroscopy was employed to study the vibrational
properties of the pure ZnO structure after annealing. Fig. 3C shows a
typical room-temperature Raman spectrum for the annealed ZnO film
in the range of 250-650 cm~ . In the Raman spectra, the ZnO exhibits
strong bands at 583, 438, 385, and 331 cm™ !, which are corresponding
to the E{(LO), E;, A{(TO), and A; modes of wurtzite ZnO, respectively
[38].

In addition, TGA and differential thermogravimetric analysis
(DTG) techniques were applied in the study of PVA as an omissible
polymeric substrate. These analytical techniques were utilized to de-
termine ZnO-PVA thermal stability by monitoring the weight loss of
the sample as a function of temperature in a chosen atmosphere
(5 °C/min, N,). The ZnO-PVA mass loss curves showed that the poly-
mer has low thermal stability, a property common to polymers of
low molecular weight. The ZnO-PVA curves exhibited two specific
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Fig. 2. FE-SEM image (A) before and (B) after annealing, (C) particle size distribution histogram, pore size distribution (D) before and (E) after annealing, and (F) UV transmission spectrum

of ZnO thin film.



390 R. Rahmanian et al. / Materials Science and Engineering C 57 (2015) 387-396

A
E,
8+ )
1
= B m f
¢ - }M: f
5 f 1 lf ‘I jt [H
RN [
| |
£ s |/ \,,/J\/ﬂ\j
v
|| | LI
F R H g 3% f 5 &
i &8 & B E3 g 3 ¢
w0 w0 o 20 20 1500 1000 o0
‘Wavenumber /cm*
B
120
100 4
e — "

40

Transmittance (%)
3

204

04

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

. -1
Wavenumber /cm

8000+

6000
El
&
=
§ 4000
2
=

20004

0 T T T T
300 400 500 600
Raman Shift (cm’)

100 TGA 1

Wt (%)
d Wt (% PCO)

T T T T
100 200 300 400 500 600
Temperature /°C

Fig. 3. (A) FTIR spectrum of ZnO-PVA nanostructured hybrid film, (B) FTIR spectrum and (C) Raman scattering spectrum of ZnO nanostructured film after annealing, and (D) TGA and DTG

thermograms of ZnO-PVA.

degradation stages. The first one at 298 °C was related to the elimina-
tion of the amorphous parts of the PVA polymer while the second
one, at 398 °C, corresponded to the degradation of the higher ther-
mal stability crystalline parts (Fig. 3D). Finally, white residues
(Zn0O) were obtained after the TGA measurement for the ZnO-PVA
hybrid [39].

3.2. Fabrication of FTO/ZnO/Urs biosensor

The primary attempt to immobilize Urs onto the FTO/ZnO elec-
trode was through spontaneous adsorption, which occurred by elec-
trostatic adsorption of negatively charged Urs (IEP ~ 5.9) and
positively charged ZnO (IEP ~ 9.0) at a biological pH of 7.4 [40]. In ad-
dition, the optimum buffer pH for the hydrolysis of urea by Urs was
considered as 7.4, at which the Urs enzyme retained its activity and
natural structure required to improve detection limit and sensitivity
for urea detection.

The Urs enzyme was immobilized by soaking the FTO/ZnO in a
PBS, 0.1 M, pH 7.4 containing 0.2 mg mL™" of Urs (100 units of
Urs) for 3 h at ambient temperature [41]. The FTO/ZnO/Urs
was then washed and kept in PBS until use. A step by step
monitoring of the FTO/ZnO/Urs biosensor fabrication was per-
formed using electrochemical techniques such as CV and EIS.
After completing these steps, the biosensors were applied as a
working electrode for urea determination using impedimetric
measurements.

3.3. Determination of enzyme activity after immobilization

After Urs immobilization, the electrical property of the FTO/ZnO/Urs
biosensor was studied to determine the enzyme activity. For this mea-
surement, a cell was made, which consisted of gold wire (¢ 0.3 mm,
5 cm length) as an electrode and FTO/ZnO/Urs as another electrode. Po-
tential range from 0.0 to 1.0 V was applied to the cell and the corre-
sponding dc current was measured [41]. The ratio of the voltage to
current was used as a measure of enzyme activity [42,43]. For each sam-
ple, five sets of measurement were carried out at the ambient tempera-
ture (25 °C). Urea solutions with various concentrations of urea such as
8,35,60, 85 and 110 mg dL™ ! were prepared in PBS and used as an elec-
trolyte. The amount of electrolyte was kept constant as 10 ml for all
measurements. Since the amount of urea with respect to PBS changed
with increasing urea concentration, this effect was reflected in the en-
zyme activity curves indicating the variation due to urea, as presented
in Fig. 4. The slope of the I-V curve (AI/AV) was used as a measure of
biosensor enzyme activity and was calculated using the following
equation [41-43].

(AI/AV),—(AI/AV), :
(AI/AV), M

Sensitivity =

where (AI/AV)y is the slope of the I-V curve at ‘0’ mg dL™ ' urea and
(AI/AV), is the slope of the I-V curve at ‘x’ mg dL™! urea, where x = 8
to 110 mg dL™ ! urea.
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Fig. 4. Typical I-V curves showing the effect of Urs immobilization on ZnO films with in-
creasing urea concentration, (A) before and (B) after Urs immobilization.

As can be seen in Fig. 4, it is evident that the change in response
was due to the Urs immobilization. Although urea can react directly
with ZnO, the Urs-urea reaction kinetics (catalytic reaction) are dif-
ferent than that of the ZnO-urea, therefore, the extent of the reaction
may not be the same as that after the Urs immobilization. This in-
crease was attributed to the catalytic reaction of the Urs-urea as
noted below:

NH,CONH; + 2H,0 — 22— 2NH,* + €052~ 2)

This reaction resulted in two NHF and CO3~ from the uncharged
urea which raised the conductivity of the FTO/ZnO/Urs electrode by
providing an excess electron to the conduction band. The effect of

urea concentration was clearly apparent from the enzyme activity
curves, so increasing enzyme activity was observed with increasing
urea concentration [41-43]. The high activity of FTO/ZnO/Urs was due
to the high surface area of porous ZnO film as an excellent environment
for enzyme immobilization.

3.4. Impedimetric and voltammetric characterization of FTO/ZnO/Urs
biosensor in the absence/presence of urea

The response of a biosensor strongly depends on the stability and
performance of the enzyme, which is basically influenced by the trans-
ducer surface chemistry and immobilization strategy. Fabrication of the
FTO/Zn0/Urs biosensor was studied using EIS and CV techniques. The
monitoring of layer by layer assembly of the biosensor using the EIS
spectrum and cyclic voltammogram was reflected by the appearance
of a semicircle part corresponding to the charge transfer resistance
(Ree) and the magnitude of the anodic peak current (ip,) of a probe
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Fig. 5. (A) The Nyquist plots (-Z" vs. Z'), and (B) cyclic voltammograms at the scan rate of
0.1Vs~! obtained for (a) FTO, (b) FTO/Zn0, and (c) FTO/ZnO/Urs in urea-free PBS (pH 7.4)
containing 5.0 mM [Fe(CN)g]> /4~ as redox probe. The insets in (A) show the magnified
Nyquist plot of curve a accomplished by equivalent circuit.



392 R. Rahmanian et al. / Materials Science and Engineering C 57 (2015) 387-396

=€~

¢
==

=€

SSE[DOLA

=G
== o)
=@
=)

SSEID O LA
G ﬂ &
&

=\
)

I
«

Schematic 2. The proposed mechanism for electron transfer at the FTO/ZnO/Urs electrode in the presence of [Fe(CN)g]* 4~ redox probe.

([Fe(CN)g]>~"47) in the urea-free electrolyte solution, respectively
(Fig. 5A and B). Three layers of (a) FTO, (b) FTO/ZnO, and (c) FTO/
ZnO/Urs resulted in a change of the charge transfer resistance and mag-
nitude of the anodic peak current from (a) Ree = 0.96 k), i, = 2.09 mA
to (b) Ree = 12k, ip, = 0.076 mA and (¢) Ree = 60 k€, ip, = 0.003 mA,
respectively. The R, and ip, values of ZnO film (Fig. 5A and B; curve
b) with respect to the FTO electrode (Fig. 5A and B; curve a) were
changed, which was related to the lower electrical conductivity of the
ZnO film. However, the R value further increased and the ip, value de-
creased (Fig. 5A and B; curve c) after the immobilization of Urs onto the
FTO/ZnO electrode due to the insulating characteristics of Urs. The EIS
interfacial behavior was widely described by the modified Randles
equivalent circuit; in such a model, the constant phase element (CPE)
is in series with the Warburg impedance (Z,,), in parallel with the
charge transfer resistance (R.) and in series with the solution resistance
(Rs) (Fig. 5A, inset) [41,44].

A schematic of the proposed mechanism for electron transfer at the
FTO/ZnO/Urs electrode in the presence of [Fe(CN)g]> 4~ redox probe is
shown in Schematic 2. By comparing curves b and c in Fig. 5A and B
which represent the EIS and CV spectra of [Fe(CN)g]> /4~ redox reac-
tion at FTO/ZnO and FTO/ZnO/Urs electrodes, it was observed that the
Urs layer decreased direct electron transfer with electrode substrate
compared with enzyme-free ZnO thin film.

The R and ip, values (Fig. 6A and B) at the interface of the FTO/ZnO/
Urs biosensor in the presence of urea were obtained using EIS and CV
techniques, respectively. The R and ip,, values at the ZnO film (R =
37 kQ, ip, = 0.0147 mA; curve b) compared with the values obtained
at the FTO electrode (Fig. 6A and B; curve a) implied the partial hydro-
lysis of urea at the ZnO film [44]. A further decrease in R, and an in-
crease in ip, values (Re = 19 kQ, i,, = 0.0384 mA; curve c) were
observed after the immobilization of Urs onto the FTO/ZnO substrate
due to the fast hydrolysis of urea by the enzyme. The modified Randles
equivalent circuit was applied for the analysis of the EIS data (Fig. 6A,
inset) [41,44].

The results showed that semiconductor surfaces can be used as
a base for the design of new biosensor architectures with high electron
transfer facility. The electron transfer at the ZnO nanoporous surface
during urea determination can be explained by the following mecha-
nism. Initially, O, molecules were adsorbed on the surface of ZnO;
they extracted electrons from the conduction band (E.) of ZnO and
trapped the electrons at the surface in the form of ionosorbed on the
surface as Oaqs (Fig. 7A). The negative charge trapped in these oxygen
species caused an upward band bending and an electron depleted re-
gion, and thus a reduced conductivity (Fig. 7A).
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Fig. 6. (A) The Nyquist plots (-Z" vs. Z'), and (B) cyclic voltammograms at the scan rate of
0.1V s~ ! obtained for (a) FTO, (b) FTO/ZnO, and (c) FTO/ZnO/Urs in PBS (pH 7.4) contain-
ing 110.0 mg dL™ ! ureain the absence of [Fe(CN)g]> ~/#~ probe. The insets in (A) show the
magnified curve c accomplished by equivalent circuit and the inset in (B) shows the mag-
nified curve a.
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Upon exposing FTO/ZnO/Urs to urea, an enzymatic reaction took
places between the Urs and the urea which can be represented as:

NH,CONH, + 2H,0 —2~ 2NH,* + C05%".

It resulted in the production of NHZ ion, which reacted with the sur-
face adsorbed oxygen (O4s) and thereby released the trapped electron
to the conduction band of ZnO as indicated by the decrease of potential
barrier at the grain boundary.

R+ Oggs” ——== RO+ e~ 3)

Further, for n-type ZnO semiconductor, when the reducing gas
(R) molecules (ammonia in the present case) react with pre-adsorbed
negatively charged oxygen adsorbates, the trapped electrons were
given back to the conduction band of the ZnO substrate, which reversed
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Fig. 8. The Nyquist plots (-Z' vs. Z’) obtained on the FTO/ZnO electrode in the presence of
different concentrations of NHs.

the band bending, and resulted in an increased conductivity (Fig. 7B)
[41,44]. The results obtained by CV (Fig. 6) supported the above-
mentioned sensing mechanism, which clearly points to an oxidation
and reduction process.

To provide additional evidence to validate our proposed biosens-
ing mechanism, the impedimetric response of FTO/ZnO as a function
of NH3; concentration was measured in a urea-free NH3 solution.
As shown in Fig. 8, the magnitude of R, decreased on addition of
NHs3 concentration from 0.001 to 0.01 M. When reducing molecules
(R = ammonia) reacted with pre-adsorbed negatively charged
oxygen adsorbates (Eq. (3)), the trapped electrons were given
back to the conduction band of ZnO and a decrease of R, was
observed. The results obtained by the impedimetric studies of R,
variation as a function of NH3 concentration supported the proposed
mechanism.

3.5. Impedimetric measurements

EIS, as a powerful diagnostic tool has become increasingly
popular for biosensing applications and is widely used for studying
electrical and electrochemical interfacial properties of a large
variety of systems. Concerning the use of EIS to study films in
contact with electrolyte solutions, three different contributions,
namely bulk, interfacial, and electrolytes may be determined
[20-25].

The impedimetric response of the FTO/ZnO/Urs biosensor has
been measured as a function of urea concentration. As shown in
Fig. 9A, the magnitude of R decreased with an increase of urea con-
centration from 8.0 to 110.0 mg dL™! (curve a to 1). Step by step
impedimetric studies confirmed that the developed biosensors can
be re-used (Fig. 9A). The modified Randles model was used for
the approximation of EIS data for impedimetric urea detection
(Fig. 9A, inset). For any fit performed, a 2 factor lower than 103
was obtained.

The calibration curve was obtained for urea at the FTO/ZnO/Urs
biosensor by monitoring its R responses (|ARct] = |Re¢t urea —
Ret buffer (blank)l)- Fig. 9B displays a working curve shown in a linear
scale [AR¢ (kQ) = 5.47 (40.04) + 0.0506 (= 0.0006) [urea]; R? =
0.998] in a concentration range of 8.0 to 110.0 mg dL™ " of urea. The
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Fig. 9. (A) Nyquist plots (-Z" vs. Z’') obtained on the FTO/ZnO/Urs biosensor in the presence
of different concentration of urea: (a) to (1) from 8.0 to 110.0 mg dL™" accomplish by
equivalent circuit. (B) Variation of charge transfer resistance (AR) as a function of urea
concentration which represents calibration curve. (C) The graph shows the effect of
interferents on the response of FTO/ZnO/Urs biosensor.

Table 1
Determination of urea level in blood serum.

Method Sample number
1 2 3 4 5
Determined by Spectrophotometry 15° 261 202 40° 173
(mgdL™")
Measured by FTO/ZnO/Urs (mg dL™')  15.7 25.6 20.5 39.8 17.2
RS.DA (n = 5) (%) 219 121 216 105 110

2 RS.D.: Relative Standard Deviation.
b Represents the hyper- or hypo-level of urea in blood serum, the normal urea level in
blood serum is between 15 and 40 mg dL~ .

FTO/Zn0/Urs biosensor exhibited a detection limit of 5 mg dL ™! for urea
and a sensitivity of 0.0506 kQ per mg dL™".

Several assays were made on blood serum to test the precision of
the FTO/ZnO/Urs biosensor. The urea concentration was determined
by the calibration curve (Table 1). Corresponding experiments
were carried out using a spectrophotometric method at a local hospital.
The results exhibited good consistency and precision between the
two methods and confirmed that the proposed method was useful
for application in real samples providing good precision and accuracy
[41,44).

The proposed FTO/ZnO/Urs biosensor had a fast response time of less
than 10 s, which indicated that the structure of ZnO substrate yielded a
very low mass transport barrier that resulted in a rapid diffusion from
the solution toward the enzyme. The results clearly indicated that the
process is a reversible process, confirming the Urs-urea enzymatic ca-
talysis. In addition, the stability of the FTO/ZnO/Urs biosensor was test-
ed by comparing the catalytic ability to the urea with different storage
times at 4 °C. For a fixed concentration of urea, the three same biosen-
sors lost their original activity at about 1.0%, 3.0% and 10.0% after storing
times of 1 day, 2 weeks and 5 weeks, respectively. In order to study the
selectivity of FTO/ZnO/Urs biosensor toward the determination of urea,
EIS studies were carried out by adding normal concentration of the pos-
sible interferents present in human serum such as uric acid (0.1 mM),
ascorbic acid (0.05 mM), and lactic acid (0.05 mM), separately along
with the concentration of urea (110 mg dL™!). The EIS analysis for all
the interferents, shown in the Fig. 9C, showed a maximum interference
of 2.1% with the presence of ascorbic acid. The results illustrated the im-
portance of the prepared biosensor (FTO/ZnO/Urs) in the selective de-
tection of urea.

Finally, based on the enzyme electrostatic immobilization strategy,
the response characteristics of the FTO/ZnO/Urs biosensor with the
other reported urea biosensors was compared and summarized in
Table 2 [45-63]. We are currently developing nanostructured ZnO
based urea biosensing using impedimetric assessment. Our results of
using an electrodeposited ZnO-based urea biosensor (this work) com-
pared with the electrostatic adsorption based biosensors (referenced
in Table 2) showed adequate efficiency of the semiconductor-based bio-
sensors with respect to the other types of used substrates. It can be pos-
tulated that the semiconductor substrate showed good linear range, low
detection limit, and fast response time. The fast response time can be re-
lated to the faster electron transfer at the electrode surface as explained
in the proposed mechanism.

4. Conclusions

In this study, a novel impedimetric urea biosensor was designed
based on a ZnO film transducer taking many advantages including: se-
lection of electrodeposition as a simple and controllable film prepara-
tion method, electrostatic immobilization of Urs, and impedimetric
biosensing technique as a rapid assessment method. The fabricated bio-
sensor showed high sensitivity, low detection limit, broad dynamic
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Table 2
Analytical characteristics of FTO/ZnO/Urs biosensor compared with the values of other reported urea biosensors based on Urs physical immobilization strategy.
Matrix Response characteristics Stability Detection method Ref
DR DL RT (life time)
(mgdL™") (mgdL")
Whatman paper 10-99 mg dL~! 10mgdL™! 2 min - Potentiometric [45]
Polyaniline-poly(n-butylmethacrylate) 20-120 mg dL ™! 20 mg dL™! 10 min - Conductometric [46]
Nano-porous silicon 10-100 mmol L~! - <1 min - Amperometric [47]
Gold-coated plastic substrates 0.1-100 mM 0.1 mM 4s 3 weeks Potentiometric [48]
Polyaniline 1075-10""mol L™! - - 3 weeks Potentiometric [49]
Graphite and platinum composite electrode 10-250 uM 3 uM 2 min 3 months Amperometric [50]
Carboxylic poly(vinylchloride) 107°-107'M 0.28 mM - - Potentiometric [51]
Electropolymerized toluidine blue film 0.2-0.8 mM 0.2 mM 20-30s 1 day Amperometric [17]
Polyethylenimine 1072°-10" M 107%°M 15-30's 4 weeks Potentiometric [52]
Nanoporous Alumina 0.5 uM-3.0 mM 0.2 uM 30s 1 month Conductometric [53]
Tetramethylorthosilicate (TMOS) 0.01-30 mM 52 pug mL~! - 25 days Potentiometric [54]
Laser ablated ZnO thin film 5-200 mg dL ™! - - 12 weeks Amperometric [55]
Zn0 nanoparticles 10-80 mg dL~! 13.5mg dL™! - 3 weeks Cyclic Voltammetry [56]
Cs—Co304 nanocomposite 10748 x 1072 M - 12s 2 weeks Potentiometric [57]
NiO nanoparticles 0.83-16.65 mM 213 pA 5s 20 weeks Cyclic Voltammetry [58]
Zinc oxide-chitosan 5-100 mg dL~" 3mgdL™! 10s 3 months Cyclic Voltammetry [14]
Mn?* doping in TiO, thin films 0-6.5mgmL~! - - - Chronoamperometry [59]
Silicalite 5-850 uM - 3 min 10 days Conductometric [60]
BSA embedded surface modified polypyrrole film 6.6x1075-7.5x107*M - 70-90 s 2 months Potentiometric [61]
TiO, film 8 uM-3 mM 5uM 25s 1 month Potentiometric [62]
ZnO nanorods 0.001-24.0 mM 10 uM - 20 weeks Cyclic Voltammetry [63]
Sputtered ZnO thin film 5-140 mg dL ™! 242 mgdL™! 4s 3 weeks Impedimetric [41]
Electrodeposited nanoporous ZnO 8-110 mgdL™! 5mgdL™! 10s 3 weeks Impedimetric This work
Detection Range [DR], Detection Limit [DL], Response Time [RT].
range, and a fast response time. The impedimetric analysis of the pro- [13] L Bozgeyik, M. Senel, E. Cevik, M.F. Abasiyanik, A novel thin film amperometric urea
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