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Abstract: In the present work zinc oxide nanoflakes (ZnO-NF) structures with a wall
thickness around 50 to 100 nm were synthesized on a gold coated glass substrate using a
low temperature hydrothermal method. The enzyme uricase was electrostatically
immobilized in conjunction with Nafion membrane on the surface of well oriented
ZnO-NFs, resulting in a sensitive, selective, stable and reproducible uric acid sensor. The
electrochemical response of the ZnO-NF-based sensor vs. a Ag/AgCl reference electrode
was found to be linear over a relatively wide logarithmic concentration range (500 nM to
1.5 mM). In addition, the ZnO-NF structures demonstrate vast surface area that allow high
enzyme loading which results provided a higher sensitivity. The proposed ZnO-NF
array-based sensor exhibited a high sensitivity of ~66 mV/ decade in test electrolyte
solutions of uric acid, with fast response time. The sensor response was unaffected by
normal concentrations of common interferents such as ascorbic acid, glucose, and urea.

Keywords: ZnO nanoflakes (ZnO-NFs); potentiometric nanosensor; uricase; Nafion®
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1. Introduction

Uric acid (UA) is the main end product of purine metabolism, and its excretion in urine is caused by
purines that are produced in the catabolism of the dietary and endogenous nucleic acid. The production
of excess uric acid may precipitate in the kidney and the lower extremities. One problem caused by the
metabolism of the uric acid is gout [1]. Several epidemiological studies have suggested that the
production of excess uric acid in human serum is also a risk factor for cardiovascular disease [2]. Thus,
the detection of UA in human physiological fluids is necessary for the diagnosis of patients suffering
from a range of disorders associated with altered purine metabolism. Recently, various uric acid
biosensors have emerged from laboratories, because of the advantages of simple measurement, a short
response time, high sensitivity, and high selectivity [3—7]. Most uric acid biosensors are based on
amperometric principles [8—11]. The main problem in the practical application of many amperometric
biosensors is that the electrode must be held at approximately 0.7 V [12]. The relatively high electrode
potential enables other biological electroactive molecules to react on the surface of the electrode [13].
However, interferences can be reduced by preferring potentiometric configuration as described in our
earlier investigations [14—17]. Recent advances in the biocompatible nanomaterials and biotechnology
open a promising field toward the development of the nanostructured based electrochemical biosensing.
Among the nanomaterials, zinc oxide (ZnO) is of special interest for biological sensing due to its many
favorable properties like a wide direct band gap (3.37 eV) and large exciton binding energy (60 meV).
In addition, ZnO has high ionic bonding (60%), and it dissolves very slowly at biological pH values.

Recently, a number of scientific investigations based on different ZnO nanostructures fabricated by
various physical and chemical routes have been reported for sensing applications. These include
nanowires/nanorods [18] nanotubes [19,20] combs [21,22] forks [23], fibers [24], flakes [25],
composites [26], tetrapods [27], particles [28], flowers [29], sheet/disks [30], etc. Due to their unique
advantages in combination with immobilized enzymes, these ZnO 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 analyte through sensors, thus showing higher
sensitivity and a lower limit of detection (LOD) as compared to those prepared from bulk ZnO devices.
ZnO nanoflake (ZnO-NF) structures possess lots of interesting unique properties such as porous
structures and large surface areas and there have been reports on the use of ZnO-NF structures as
sensors with improved performance and higher sensitivity compared to ZnO nanorods/nanowires [25].
Moreover, ZnO has a high isoelectric point (IEP) of about 9.5, which should provide a positively
charged substrate for immobilization of low IEP proteins or enzyme such as uricase (IEP = 4.6) as
described in our earlier investigations [31-34].

In this study, we have successfully demonstrated the potentiometric determination of uric acid with
high electrochemical response by using a ZnO-NF-based sensor fabricated by a hydrothermal method.
This method has many advantages such as being a low cost, simple, high yield, low temperature
deposition process and also proves to be less hazardous compared to other methods. The high
electrochemical response can be attributed to the unique structural properties of our sensor electrode
like the high surface to volume ratios of ZnO-NFs, which can provide a favorable microenvironment
for the immobilization of uricase enzyme and retain the good enzymatic activities which in turn
enhances the sensitivity of sensor electrode for the analyte, as demonstrated by the detection of uric
acid in the absence of a mediator.
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2. Experimental
2.1. Reagents

Uricase (E.C. 1.7.3.3), 25 units/1.5 mg from Arthrobacter globiformis, uric acid (99.8% purity),
B-D-glucose (99.5%), Nafion (1% in methanol), zinc nitrate hexahydrate and hexamethylenetetramine
were purchased from Sigma Aldrich. Phosphate Buffer, 10 mM solution (PBS) was prepared from
Na,HPO4 and KH,PO, (Sigma Aldrich) with sodium chloride in 0.135 mM and the pH was adjusted to
7.4. A stock solution of 10 mM uric acid was prepared in PBS, and stored at 4 °C. The low
concentration standard solutions of the uric acid were freshly prepared before the measurements. All
chemicals used (Sigma, Aldrich) were of analytical reagent grade.

2.2. Fabrication ZnO-NPs Arrays Based Sensor Electrode

To fabricate the sensor electrodes, glass substrates were used after being cleaned with acetone and
de-ionized water then we affixed the glass substrate on a flat support inside the vacuum chamber of an
evaporation system (Evaporator Satis CR725). In the first step, a thin film of titanium (Ti) with 20 nm
thickness was evaporated as an adhesive layer then gold (Au) thin film with 100 nm thickness was
evaporated. An AFM image showing the surface roughness of deposited gold films is shown in Figure 1(a).

Figure 1. (a) AFM image of deposited gold thin film on glass substrate showing a flat surface
with a surface roughness of Ra = 10 nm and (b) AFM image of grown ZnO-NFs arrays.
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In the second step, a small part of the gold coated glass was covered with plastic in order to make a
contact area, and then the 10 nm of Aluminum (Al) thin film was deposited on the remaining selective
portion of the gold coated substrate. To fabricate the ZnO-NFs on the prepared electrode, a low
temperature hydrothermal approach was adopted [35]. First the seed solution containing zinc acetate in
methanol was spun coated for 30 seconds at 3,000 rpm and then annealed in a preheated oven at
200 °C for five minutes. Then the electrodes were placed in an aqueous solution that was prepared in
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deionized water (150 mL) with 0.025 M zinc nitrate hexahydrate [(Zn (NO);3),.6H,O)] and 0.025 M
hexamethylenetetramine [CsH2N4] that was kept in preheated an oven at 90 °C for 2—4 hours. After
the growth process, the fabricated ZnO-NFs were cleaned in de-ionized water and dried at room
temperature. A typical AFM image of ZnO-NPs arrays grown on the gold coated plastic electrode
using this procedure are shown in Figure 1(b).

The morphological and structural studies were performed by using Scanning Electron Microscopy
(SEM). The SEM images of the ZnO-NFs with as fabricated, after enzymes immobilization and after
measurements are shown in Figure 2(a—c).

Figure 2. A typical SEM images of ZnO-NFs arrays grown on gold coated glass substrate
using low temperature chemical growth. The figure showing (a) the ZnO-NFs arrays as
fabricated; (b) with immobilized uricase and (¢) the same sensor electrode after measurements.
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It can be clearly seen that the wall thickness of the grown ZnO-NFs are 50—100 nm in diameter with
uniform density. These ZnO-NFs were well oriented on the surface of the electrodes. The morphological
and structural characteristics of the fabricated ZnO-NFs arrays can be controlled by adjusting the
growth parameters.

2.3. Enzymes Immobilization on ZnO-NF's

To immobilize the uricase enzyme on the fabricated ZnO-NFs, first we have prepared an uricase
solution in 10 mM PBS pH 7.4. Uricase was electrostatically immobilized by dipping the
ZnO-NF-based electrode into the enzyme solution for 15 minutes at room temperature and then for
drying, it was left in air for 60 min. After drying, Nafion solution (1% in methanol, 5 uL) was applied
onto the electrode surface to prevent possible enzyme leakage and eliminate foreign interferences. All
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enzyme electrodes were stored in dry conditions at 4 °C when not in use. After completing all these
steps, the prepared sensors were checked potentiometrically in uric acid solutions with an Ag/AgCl
reference electrode purchased from Metrohm. A pH meter (Model 744, Metrohm) was used to measure
the potentiometric output voltage of the ZnO-NFs based sensors presented here. For the time response
measurements, a model 363A potentiostat/galvanostat (EG & G, Las Vegas, NV, USA) was used.
Atomic force microscopy images were acquired using a Dimension 3100 Scanning Probe Microscope
(Digital Instruments) in tapping mode with Si cantilevers.

3. Results and Discussion
3.1. The Electrochemical Response of ZnO-NFs Sensors

The electrochemical measurements were carried out using a two-electrode configuration consisting of
the ZnO-NF-based sensor as the working electrode and an Ag/AgCl one as a reference electrode. The
electrochemical response of the ZnO-NFs sensor versus an Ag/AgCl reference electrode was measured at
room temperature (23 + 2) °C. The sensor as fabricated is sensitive to the concentration changes of uric
acid in PBS. An electrochemical response from ZnO-NFs sensor in the 100 uM uric acid solution was
observed around 200 mV. The response stayed around 200 mV regardless of the analyte solution
volume. During all experiments the ZnO-NFs sensor followed the Nernst’s expression:

E =E0—0.05916 V/n log [Reduced]/[Oxidized]

It is very important to note that ZnO-NFs are relatively stable around a neutral pH of 7.4 and this
gives these sensors much more bio-compatibility in biological fluids and species since the pH of most
biological fluids is around 7.4. The sensing mechanism of most electrochemical uric acid sensors is
based on an enzymatic reaction catalyzed by uricase as described in Figure 3.

Figure 3. Schematic diagram of the uric acid sensing setup using ZnO-NFs coated with
uricase as working electrode showing the possible electrochemical reaction near the
working electrode.
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When uric acid is oxidized in the presence of uricase it is turned into allantoin along with carbon
dioxide and hydrogen peroxide. Due to the presence of water (H-OH), it is a high probability that
allantoin will accept a proton from (H-OH) converting it to allantoinium ion, which in turn will interact
with the ZnO-NFs and produce a potential change at the electrode. As the concentration of ions
changes in surrounding the ZnO-NFs and the electrode potential will change [36]. The potentiometric
responses of the sensor electrodes were studied in uric acid solutions made in buffer (PBS pH 7.4) with
concentration ranging from 0.5 uM to 1,500 uM. During the measurements it was observed that the
carbon dioxide produced does not affect the stability of ZnO-NFs as shown in SEM image of Figure 2(c)
and we did not observe any substantial change in pH of the buffer solution (PBS).

The tested sensor configuration showed large dynamic ranges with an output response (emf) that was
linear vs. the logarithmic concentrations of the uric acid with sensitivity around 66 mV/decade as shown
in Figure 4(a). A very fast response time was noted over the whole concentration range with 95 % of
the steady state voltage achieved within 8 s, as shown in Figure 4(b).

Figure 4. (a) Calibration curve for the ZnO-NFs based uric acid sensor and (b) Time
response of the ZnO-NFs based uric acid sensor in 100 uM uric acid solution.
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3.2. Reproducibility, Measuring Range and Detection Limit of the ZnO-NFs Based Sensor

To evaluate the performances of the proposed sensor, we have checked the parameters like
reproducibility, measuring range, detection limit, response time and selectivity, efc. The
reproducibility is an important characteristic for the performance evaluation of a sensor. To evaluate
reproducibility and long term stability of the proposed ZnO-NFs based sensors, we independently
fabricated six sensor electrodes under the same conditions; the relative standard deviation of the
fabricated sensor electrodes in standard uric acid solutions was less than 5%. The sensor to sensor
reproducibility in 100 uM uric acid solution is shown in Figure 5.
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Figure 5. The sensor to sensor reproducibility of six (n = 6) ZnO-NFs /uricase/Nafion
electrodes in 100 uM uric acid solution.
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The measuring range of the proposed sensor was obtained from the linear part of the calibration
graph as shown in Figure 4(a). The applicable measuring range of the proposed sensor is between
0.5 uM to 1500 uM. By extrapolating the linear parts of the calibration curve, the detection limit of
ZnO-NFs based sensor electrode could be calculated. In the present work the detection limit of the
sensor was 0.5 pM which was calculated by the extrapolating of the two segments of the calibration
curve shown in Figure 4(a). This sensor electrode had been periodically used and stored at 4 °C for
more than three weeks; it retained up to 80% of its original activity and still showed a good response to
uric acid. It has been observed that ZnO-NFs provide a suitable environment for immobilization of
high number of enzyme molecules with firm binding due to entangled structure of nanoflakes, which
in result showed a fast response and high sensitivity towards the uric acid detection. Thus, our
proposed uric acid sensor based on the ZnO nanoflake structure offers a promising enzyme
immobilization platform for the fabrication of sensors which can be used for real sample applications
in bioanalysis. During the fabrication of uric acid sensor, the loading of uricase enzyme is highly
crucial and especially when the sensor is treated in real sample analysis. The sensor based on
nanoflakes exhibited a minor loss of enzyme molecules during the experiments. Thus, it could be
concluded that sensor may behave in a similar fashion in a real sample because it was operated under
the same conditions as for real samples. The morphology of the functionalized ZnO-NFs based sensors
electrode was checked by scanning electron microscopy (SEM) after measurements, as shown in
Figure 1(c).

3.3. Selectivity of the ZnO-NFs 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 [37]. These methods are the separate solution method, the mixed solution method,
the matched potential method, and the unbiased selective coefficients. Instead of using the above
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mentioned methods, we checked the selectivity and stability of the sensor by output response curve. The
possible interferences present in blood that normally interfere with an amperometric uric acid biosensor
include ascorbic acid (AA) urea (UR) and glucose (GL) [38]. Hence, ascorbic acid, urea and glucose
were selected to affirm the selectivity of the potentiometric uric acid sensor. In the present work, upon
addition of 1 mM glucose, 100 uM ascorbic acid and 1mM urea solutions in a 100 uM uric acid solution

the signal changed only slightly, which indicates a good selectivity, as shown in Figure 6.

Figure 6. Effect of potentially interfering substances on sensor response (emf) upon adding
1 mM glucose (GL), 100 uM ascorbic acid (AA) and urea (UR) into 100 puM uric
acid solution.
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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. Conclusions

In conclusion, we have successfully demonstrated a simple fabrication procedure for a highly
sensitive electrochemical uric acid sensor based on ZnO nano-flake-based structures. The proposed
electrochemical nanosensor demonstrates immense surface area to volume ratios which provide a
suitable microenvironment for enzyme loading because of its porosity that allows for very good
sensitivity as compared to other ZnO nanostructures as shown in Table 1, portability and small size.

Table 1. Comparison of some uric acid sensors based on different ZnO nanostructures.

Response Shelf

Transducer Matrix Sensitivity . . Range Reproducibility Reference
time life
ZnO 1 uM-— .
Potentiometric : 29 mV/decade 6-9s 12 weeks b 20 times [31]
nanowires 1,000 uM
. . 0.5 uM- )
Potentiometric ZnO nanotubes 68 mV/decade 8s 12 weeks 20 times [32]

1,500 uM
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Table 1. Cont.

Response Shelf

Transducer Matrix Sensitivity Range  Reproducibility Reference

time life
. 5 pM- .
Amperometric ZnO nanorods ~ --—--—--—- = - 20 days | mM 10 times [33]
ZnO 393mA 12 5 uM—
Amperometric " . il ~8s R, [34]
nanoparticles cm M weeks 1 mM
Potentiometri ZnO ~66 mV/ g 12 500 nM- 201 [ q
ntiometri ~ im resen
orentiometrie nanoflakes decade ° weeks 1.5 mM © prese

The uricase sensor retained its enzymatic activity due to strong electrostatic interaction between
zinc oxide and uricase. Moreover, the developed ZnO-nanoflake-based nanosensor showed excellent
performance regarding sensitivity, stability, selectivity, reproducibility and resistance to interference
when the sensor was exposed to uric acid test solutions. These results revealed that electrochemical
sensors based on ZnO nanoflakes have the potential to perform measurements biologically relevant to
on-spot clinical diagnosis. They are also convenient to assemble into portable chip based sensing

devices suitable for unskilled users.
References

1. Akyilmaz, E.; Sezgintiirk, M.K.; Dinckaya, E. A biosensor based on urate oxidase-peroxidase
coupled enzyme system for uric acid determination in urine. 7alanta 2003, 61, 73-79.

2. Alderman, M.; Aiyer, K.J.V. Uric acid: Role in cardiovascular disease and effects of losartan.
Curr. Med. Res. Opin. 2004, 20, 369-379.

3. Suzuki, H.; Arakawa, H.; Karube, I. Fabrication of a sensing module using micro machined
biosensors. Biosens. Bioelectron. 2001, 16, 725-733.

4. Vchiyama, S.; Sakamoto, H. Immobilization of uricase to gas diffusion carbon felt by
electropolymerization of aniline and its application as an enzyme reactor for uric acid sensor.
Talanta 1997, 44, 1435-1439.

5. Yao, D.; Vlessidis, A.G.; Evmiridis, N.P. Microdialysis sampling and monitoring of uric acid
in vivo by a chemiluminescence reaction and an enzyme on immobilized chitosan support
membrane. Anal. Chim. Acta 2003, 478, 23-30.

6. Hong, H.C.; Huang, H.J. Flow injection analysis of uric acid with a uricase and horseradish
peroxidase-coupled sepharose column based luminol chemiluminescence system. Anal. Chim. Acta
2003, 499, 41-46.

7. Deyhimi, F.; Ahangar, R.S. An initial-rate potentiometric method for the determination of uric
acid using a fluoride ion-selective electrode. Talanta 2003, 61, 493—-499.

8. Zhao, C.; Wan, L.; Wang, Q.; Liu, S.; Jiao, K. Highly sensitive and selective uric acid biosensor
based on direct electron transfer of hemoglobin-encapsulated chitosan-modified glassy carbon
electrode. Anal. Sci. 2009, 25, 1013-1017.

9. Bhambi, M.; Sum, G.; Malhotra B.D.; Pundir, C.S. An amperometric uric acid biosensor based on
immobilization of uricase onto polyaniline-multiwalled carbon nanotube composite film. Artif.
Cells Blood Substit. Immobil. Biotechnol. 2010, 38, 178—185.



Sensors 2012, 12 2796

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kuwabata, S.; Nakaminami, T.; Ito, S.I.; Yoneyama, H. Preparation and properties of
amperometric uric acid sensors. Sens. Actuators B 1998, 52, 72-77.

Hoshi, T.; Saiki, H.; Anzai, J.I. Amperometric uric acid sensors based on polyelectrolyte
multilayer films. Talanta 2003, 61, 363—-368.

Harwood, G.W.J.; Pouton, C.W. Amperometric enzyme biosensors for the analysis of drugs and
metabolites. Adv. Drug Del. Rev. 1996, 18, 163—191.

Cui, G.; Yoo, J.H.; Woo, B.W.; Kim, S.S.; Cha, G.S.; Nam, H. Disposable amperometric glucose
sensor electrode with enzyme-immobilized nitrocellulose strip. Talanta 2001, 54, 1105-1111.
Liao, C.W.; Chou, J.C.; Sun, T.P.; Hsiung, S.K.; Hsieh, J.H. Preliminary investigations on a new
disposable potentiometric biosensor for uric acid. IEEE Trans. Biomed. Eng. 2006, 53, 1401-1408.
Usman Ali, S.M.; Nur, O.; Willander, M.; Danielsson, B. Glucose detection with a commercial
MOSFET using a ZnO nanowires extended gate. [EEE Trans. Nanotechnol. 2009, 8, 678—683.
Usman Ali, S.M.; Nur, O.; Willander, M.; Danielsson, B. A fast and sensitive potentiometric
glucose microsensor based on glucose oxidase coated ZnO nanowires grown on a thin silver wire.
Sens. Actuators B 2010, 145, 869—-874.

Asif, M.H.; Usman Ali, S.M.; Nur, O.; Willander, M.; Brannmark, C.; Stralfors, P.; Englund, U.H.;
Elinder, F.; Danielsson, B. Functionalized ZnO-nanorod-based selective electrochemical sensor
for intracellular glucose. Biosens. Bioelectron. 2010, 25, 2205-2211.

Wang, X.; Yang, F.; Yang, W.; Yang, X. A study on the antibacterial activity of one-dimensional
ZnO nanowire arrays: Effects of the orientation and plane surface. Chem. Commun. 2007, 42,
4419-4421.

Usman Ali, S.M.; Kashif, M.; Ibupoto, Z.H.; Fakhar Alam, M.; Hashim, U.; Willander, M.
Functionalized ZnO nanotubes arrays as electrochemical sensor for the selective determination of
glucose. Micro Nano Lett. 2011, 6, 609-613.

Yang, K.; She, G.W.; Wang, H.; Ou, X.M.; Zhang, X.H.; Lee, C.S.; Lee, S.T. ZnO nanotube
arrays as biosensors for glucose. J. Phys. Chem. C 2009, 113,20169-20172.

Sun, X.W.; Wang, J.X.; Wei, A. Zinc oxide nanostructured biosensor for glucose detection.
J. Mater. Sci. Technol. 2008, 24, 649—656.

Wang, J.X.; Sun, X.W.; Wei, A.; Lei, Y.; Cai, X.P.; Li, C.M.; Dong, Z.L. ZnO oxide nanocomb
biosensor for glucose detection. Appl. Phys. Lett. 2006, 88, 2331061-2331063.

Yang, Z.; Zong, X.; Ye, Z.; Zhao, B.; Wang, Q.; Wang, P. The application of complex multiple
forklike ZnO nanostructures to rapid and ultrahigh sensitive hydrogen peroxide biosensors.
Biomaterials 2010, 31, 7534-7541.

Ahmad, M.; Pan, C.; Luo, Z.; Zhu, J. A single ZnO nanofiber-based highly sensitive amperometric
glucose biosensor. J. Phys. Chem. C 2010, 114, 9308-9313.

Fulati, A.; Usman Ali, S.M.; Asif, M.H.; Alvi, N.H.; Willander, M.; Brannmark, C.; Stralfors, P.;
Borjesson, S.1.; Elinder, F.; Danielsson, B. An intracellular glucose biosensor based on nano-flake
Zn0. Sens. Actuators B 2010, 150, 673—-680.

Wang, L.; Sun, Y.; Wang, J.; Wang, J.; Yu, A.; Zhang, H.; Song, D. Water-soluble ZnO-Au
nanocomposite-based probe for enhanced protein detection in a SPR biosensor system. J. Colloid
Interface Sci. 2010, 351, 392-397.



Sensors 2012, 12 2797

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lei, Y.; Yan, X.; Luo, N.; Song, Y.; Zhang, Y. ZnO nano tetrapod network as the adsorption layer
for the improvement of glucose detection via multi terminal electron-exchange. Colloids Surf. A
2010, 361, 169-173.

Wang, Y.T.; Yu, L.; Zhu, Z.Q.; Zhang, J.; Zhu, J.Z.; Fan, C.H. Improved enzyme immobilization
for enhanced bio electro catalytic activity of glucose sensor. Sems. Actuators B 2009, 136,
332-337.

Xiang, C.; Zou, Y.; Sun L.X.; , Xu, F. Direct electrochemistry and enhanced electrocatalysis of
horseradish peroxidase based on flowerlike ZnO-gold nanoparticle-Nafion nanocomposite. Sens.
Actuators B 2009, 136, 158-162.

Rui, Q.; Komori, K.; Tian, Y.; Liu, H.; Luo, Y.; Sakai, Y.. Electrochemical biosensor for detection
of H,O; from living cancer cells based on ZnO nanosheets. Anal. Chim. Acta 2010, 670, 57-62.
Usman Ali, S.M.; Alvi, N.H.; Ibupoto, Z.; Nur, O.; Willander, M.; Danielsson, B. Selective
potentiometric determination of uric acid with uricase immobilized on ZnO nanowires. Sens.
Actuators B 2011, 152, 241-247.

Usman Ali, S.M.; Ibupoto, Z.H.; Chey, C.O.; Nur, O.; Willander, M. Functionalized ZnO
nanotube arrays for the selective determination of uric acid with immobilized uricase. Chem. Sens.
2011, 79, 1-8.

Zhang, F.; Wang, X.; Ai, S.; Sun, Z.; Wan, Q.; Zhu, Z.; Xian, Y.; Jin, L.; Yamamoto, K.
Immobilization of uricase on ZnO nanorods for a reagent less uric acid biosensor. Anal. Chim.
Acta 2004, 519, 155-160.

Wang, Y.T.; Yu, L.; Zhu, Z.Q.; Zhang, J.; Zhu, J.Z. Novel uric acid sensor based on enzyme
electrode modified by zno nanoparticles and multiwall carbon nanotubes. Anal. Lett. 2009, 42,
775-789.

Alvi, N.H.; Usman Ali, S.M.; Hussain, S.; Nur, O.; Willander, M. Fabrication and comparative
optical characterization of n-ZnO nanostructures (nanowalls, nanorods, nanoflowers and
nanotubes)/p-GaN white-light-emitting diodes. Scr. Mater. 2011, 64, 697-700.

Al-Hilli, S.M.; Al-Mofarji, R.T.; Klason, P.; Willander, M. Zinc oxide nanorods grown on
two-dimensional macroporous periodic structures and plane Si as a pH sensor. J. Appl. Phys.
2008, 703, 014302:1-014302:7.

Ganjali, M.R.; Norouzi, P.; Rezapour, M. Encyclopedia of Sensors,; Potentiometric lon Sensors;
American Scientific Publisher (ASP): Los Angeles, CA, USA, 2008; Volume 8, pp. 197-288.

Luo J.W.; Zhang, M.; Pang, D.W. Selective and sensitive determination of uric acid at
DNA-modified graphite powder microelectrodes. Sens. Actuators B 2005, 106, 358-362.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



