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Enzymatic electrode for a potentiometric urea sensor was prepared by sequential coating of carbon
nanotube (CNT), urease (Urs) and polyion complex (mixture of poly-L-lysine hydrobromide and poly
(sodium 4-styrenesulfonate), PIC) on an ITO glass. The prepared electrode (ITO/CNT/Urs/PIC) was
characterized by potentiometric measurements at different urea concentrations in Tris-HCI buffer (pH
7.0). The potentiometric response of the electrode was linear in the range of 1 x 10°t0 3x 1073 M
with a correlation coefficient of 0.999 and a sensitivity of 59.1 mV/decade. It was found that the
addition of CNT caused considerable improvement of the sensitivity of the electrode to urea. The
response time was approximately 60-90 s. A half of the initial sensitivity was retained for 15-17 d

at room temperature.
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1. INTRODUCTION

Urea is the waste product of protein metabolization in
human body and its analysis has been an important opera-
tion in a clinical chemical laboratory because the level of
urea in blood is a measure of renal functioning. Monitoring
of urea levels is also performed in food and environmen-
tal industries.!"? The concentration of urea can be mea-
sured by chromatographic and spectroscopic methods.>*
However, these methods require a complicated sample pre-
treatment and are inapplicable to on-site monitoring. As
alternative methods, various types of biosensors based on
urease enzyme have been developed due to their simplicity
and capability for on-site urea analysis.

Urea is converted enzymatically by urease to ammo-
nia and carbon dioxide. The concentration of urea is
then measured by monitoring the NH; and HCO3 ions
in the sample. These ions can be detected using various
tranducers including amperometric,>® potentiometric,”-3
conductometric,” '© optical,'""!> thermal,'*'* and piezo-
electric tranducers.'> !¢ Since the enzymatic reaction of
urea is not electroactive, potentiometric urea biosensors
using pH-sensitive conducting polymers are widely used.
However, the slow response for steady state potential val-
ues is often problem for its practical applications. To
enhance speed and sensitivity of the urea biosensors,
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carbon nanotubes are also used as a component in the bio-
electrode architecture due to their large surface area, high
electrical conductivity, and chemical stability.'”'® Electro-
chemical property of CNTs for detecting pH and ammonia
was reported earlier.!”

For the enzymatic electrode fabrication, electrode archi-
tecture components such as enzyme and CNT should
be well dispersed and integrated on the electrode sur-
face without leakage during use to achieve fast response
and stability. Most immobilization methods are based on
adsorption, covalent binding, entrapment, encapsulation,
and/or cross-linking.?® Recently, polyion complex (PIC)
has been used as a matrix for the enzyme immobilization
in the preparation of bioelectrodes.?!*?? It is a permselec-
tive membrane and has molecular sieving ability.?’

In this study, we attempted to combine the CNT
and urease together on a base electrode using PIC
to prepare an enzyme electrode. The simply integrated
CNT/Urease/PIC-layered electrodes were characterized for
the application in urea sensors.

2. EXPERIMENTAL DETAILS

2.1. Chemicals and Materials

Urease (Type III, 31660 units/g solid), poly-L-lysine
(PLL), and poly-sodium-4-styrensulfonate (PSS) were pur-
chased from Sigma—Aldrich. Carbon nanotube (CNT)
(multiwalled, > 95 wt% purity, 10-15 nm in diameter) was
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purchased from Iljin Nanotech Co., Ltd. and used without
purification. All other chemicals were of reagent grade.

Indium tin oxide (ITO) glass (< 20 X/square) was used
as a base electrode. ITO glass was cut to a rectangular
shape of 5 mm in width and 30 mm in length. The working
area of the ITO glass for the electrochemical tests was
controlled to 0.25 cm? using a masking tape.

2.2. Preparation of Enzyme Electrodes
CNT/Urs/PIC-layered electrodes were prepared on the ITO
glass. First, the ITO was coated with 15 uL of CNT
suspension (0.335 mg/mL in N,N-dimethylformaide) and
dried at room temperature. Onto the CNT layer, ure-
ase solution of 10 mg/mL in a Tris-HCI buffer solution
(Tris, pH 7.0) was dripped and dried at room tempera-
ture. Finally, 5 uL of PLL aqueous solution (60 mmol/L
monomer unit) and 5 wL of PSS aqueous solution (60
mmol/L. monomer unit) were successively dropped on the
surface and dried in air to form the PIC film. It was store
at 4 °C.

2.3. Analysis

Ammonia concentrations were analyzed by UV-Vis spec-
trophotometer (UV/Vis, Varian) using Nessler’s reagent.
Potentiometric measurements were carried out using a
potentiostat (VSP, Bio-Logic) with a conventional three-
electrode system: a working electrode, an Ag/AgCl (3M
NaCl) electrode as a reference and a platinum wire as a
counter electrode. All measurements were performed at
about 25 °C in Tris—HClI buffer solution (pH 7.0).

3. RESULTS AND DISCUSSION

Enzymatic activity of the immobilized urease was evalu-
ated by measuring reaction rate of urea hydrolysis. Ammo-
nia is produced by the hydrolysis of urea. The ammonia
then reacts with Nessler’s reagent to form a colored prod-
uct as shown in the following reactions:

Urease

NH,CONH, (urea) + H,O0 — 2NH; +CO, (1)
2NH, +2Hg"I;” — NH,Hg,I; + NH; +51"  (2)

By measuring the spectrophotometric absorbance for
the product NH,Hg,I; (A, = 380 nm), urea concen-
tration are determined. Figure 1 shows reaction rates of
urea hydrolysis catalyzed by free and immobilized ure-
ases. The activity of the immobilized urease, as calcu-
lated from the slope, exhibited about 40% of that of free
enzyme.

In order to analyze the analytical performance of the
ITO/CNT/Urs/PIC electrode, the electrode was immersed
in urea solutions of different concentrations and then the
UV absorbances of the resulting solutions were observed.
Figure 2 depicts the absorbance response to varying con-
centrations of urea. Inset of Figure 2 represents a typi-
cal calibration curve for urea. In the range of 1 x 107> to
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Figure 1. The comparison of enzymatic activities of free urease and
immobilized urease on electrode (ITO/CNT/Urs/PIC) as measured by UV
absorbance (A =380 nm).

3 x 10~* M, the correlation coefficient for linear curve was
0.992.

The effect of urease enzyme and CNT loading and PIC
loading (film thickness) on the electrochemical response
was investigated to optimize the composition of the elec-
trode architecture. As shown in Figure 3, the potential
response of the electrode with 0.75 mM/cm? of PIC load-
ing was highest at the early stage of the measurement,
however, it decreased later on, indicating the PIC film is
too thin and thus unstable for the entrapment of urea.

On the other hand, the electrode with 3.0 mM/cm? of
PIC loading showed unstable potential response, probably
due to the a high diffusion barrier of the thick film. There-
fore, 1.5 mM/cm? was chosen as optimum PIC loading
and used throughout the present study.

CNT loading also affected the potential response of
the ITO/CNT/Urs/PIC electrode as shown in Figure 4.
Comparing CNT loading of 0.32, 0.16 and 0.24 ug/cm?,
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Figure 2. Spectrophotometric response to varying concentrations of
urea (a) 1 x 107° M, (b) 2x 107> M, (c) 5x 107 M, (d) 1 x 10~* M,
() 2x107* M, and (f) 3 x 10~* M in the presence of ITO/CNT/Urs/PIC
electrode. Inset: linear regression curve for UV absorbance (A =380 nm)
versus urea concentration.
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Figure 3. Effect of PIC loading (film thickness); Chronopotentiometric
responses of ITO/CNT/Urs/PIC electrode with different PIC loadings to
the subsequent addition of urea; (a) 1 x 107> M, (b) 3 x 107> M, (c)
7.5x107° M, (d) 3x 10™* M.

considerable improvement of the sensitivity of the electrode
to urea was obtained at CNT loading of 0.32 wg/cm?. The
electrode showed no significant enhancement of the sensi-
tivity by further addition of CNT more than 0.32 ug/cm?.
The potentiometric response of the enzyme electrode
was measured for urea analysis. Figure 5 shows a typical
chronopotentiometric response of ITO/CNT/Urs/PIC elec-
trode to increasing urea concentration from 1 x 107> to
3 x 1073 M. The response time of the enzyme electrode
was in the range of 60-90 s. This response time is com-
parable with those of previously reported biosensors.® The
calibration curve for the urea concentration is shown in
Figure 6. It was linear in the range of 1x 107° to 3 x 10~
(i.e., 1 x 10733) M with a correlation coefficient of 0.999.
This linearity range is well comparable with that obtained
in the spectrophotometric response studies. The slope of
the linearity, i.e., the sensitivity of the enzyme electrode
towards urea concentrations was 59.1 mV per decade.
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Figure 4. Effect of CNT loading; Chronopotentiometric responses of
TO/CNT/Urs/PIC electrodes with different CNT loadings to the subse-
quent addition of urea; (a) 1 x 107> M, (b) 3x 107> M, (¢) 7.5x 107> M,
and (d) 3 x 107* M.

1152

a b

0.25 A l l
__0.20 4
2,
s
g 0.15 -
2
o

0.10 A

0.05 T T T T

0 5 10 15 20
Time [min]

Figure 5. Chronopotentiometric response of ITO/CNT/Urs/PIC elec-
trode to the subsequent addition of urea; (a) 1 x 107> M, (b) 3 x 107> M,
() 7.5x107 M, (d) 3x107* M, (e) 1 x 107° M, and (f) 3 x 107> M.
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Figure 6. Calibration curve for response of ITO/CNT/Urs/PIC elec-
trode to urea in the range 1 x 1075 to 1 x 10733 M.

The electrode was examined for the enzyme stability. As
shown in Figure 7, the potential response to 5 mM of urea
was measured every for 20 d. The electrode exhibited good
operation stability for 10 d. The potential response started
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Figure 7. Variation of potential response of ITO/CNT/Urs/PIC elec-
trode to 5 mM of urea with repeated use after storage at room
temperature.
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to decrease slowly after 10 d due to the enzyme denatura-
tion and loss of enzyme from the electrode surface. A half
of the initial sensitivity was retained for 15-17 d at room
temperature.

4. CONCLUSIONS

An enzymatic electrode for a potentiometric urea sensor
was successfully prepared by sequential coating of CNT,
urease, and polyion complex on an ITO glass. The pre-
pared electrode responded linearly to the changes of urea
concentration in the range of 1 x 1075 to 3 x 107 M
with a correlation coefficient of 0.999 and a sensitivity of
59.1 mV/decade. The presence of CNT caused considerable
improvement of the sensitivity of the electrode to urea. The
response time was approximately 60-90 s. A half of the
initial sensitivity was retained for about 15-17 d at room
temperature. The result indicates that an enzymatic elec-
trode for a potentiometric urea sensor can be prepared by
simply entrapping urease with polyion complex.

Acknowledgment: This work was supported by
the Human Resources Development program (No.
20124030200010) of the Korea Institute of Energy Tech-
nology Evaluation and Planning (KETEP) grant funded
by the Korea government Ministry of Trade, Industry and
Energy. This work was also supported by the Gyeonggi
Regional Research Center.

References and Notes
1. G. Dhawan, G. Sumana, and B. D. Malhotra, Biochem. Eng. J. 44,
42 (2009).
2. M. Sing, N. Verma, A. Garg, and N. Redhu, Sensor Actuat. B-Chem.
134, 345 (2008).

J. Nanosci. Nanotechnol. 15, 1150-1153, 2015

[

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

. C. J. Patton and S. R. Crouch, Anal. Chem. 49, 464 (1977).

A. Ramsing, J. Ruzicka, and E. H. Hensen, Anal. Chim. Acta 114,
165 (1980).

P. Bertocchi, D. Compagnone, and G. Palleshi, Biosens. Bioelectron.
11, 1 (1996).

Rajesh, V. Bisht, W. Takashima, and K. Kaneto, Biomaterials, 26,
3683 (2005).

S. B. Adeloju, S. J. Shaw, and G. G. Wallace, Anal. Chim. Acta 281,
621 (1993).

T. Ahujaa, I. A. Mira, D. Kumara, and Rajesh, Sens. Actuators B
134, 140 (2008).

N. F Sheppard and D. J. Mears, Biosens. Bioelectron. 11, 967
(1996).

W. Y. Lee, S. R. Kim, T. H. Kim, K. S. Lee, M. C. Shin, and J. K.
Park, Anal. Chim. Acta 404, 195 (2000).

O. S. Wolfbeis and H. Li,
(1993).

B. Koviécs, G. Nagy, R. Dombi, and K. Téth, Biosens. Bioelectron.
18, 111 (2003).

P. Bataillard, E. Steffgen, S. Haemmerli, A. Manz, and H. M.
Widmer, Biosens. Bioelectron. 8, 89 (1993).

B. Bjarnason, P. Johansson, and G. Johansson, Anal. Chim. Acta 372,
341 (1998).

Z. Yang, S. Si, H. Dai, and C. Zhang, Biosens. Bioelectron. 22, 3283
(2007).

Y.J. Xu, C. Y. Lu, Y. Hu, L. H. Nie, and S. Z. Yao, Anal. Lett. 29,
1069 (1996).

T. Ahuja, D. Kumar, Nahar Singh, A. M. Biradarand, and Rajesh,
Mater. Sci. Eng. C 31, 90 (2011).

J. Wang, Electroanalysis 17, 7 (2005).

Z. Xu, X. Chen, X. Qu, J. Jia, and S. Dong, Biosens. Bioelectron.
20, 579 (2004).

J. B. Kim, H. Jia, and P. Wang, Biotechnol. Adv. 24, 296
(2006).

S. Komaba, T. Mitsuhashi, and S. Shiraishi, Electrochemistry 76, 55
(2008).

M. H. Koo and H. H. Yoon, J. Nanosci. Nanotechnol. 13, 7434
(2013).

S. Yabuki, F. Mizutani, and Y. Hirata, J. Electroanal. Chem. 468,
117 (1999).

Biosens. Bioelectron. 8, 161

Received: 31 May 2013. Accepted: 14 October 2013.

1153



