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ABSTRACT

A novel tyrosinase biosensor based on biofuncational ZnO nanorod microarrays on the boron-doped
nanocrystalline diamond (BDND) substrates was developed. The ZnO nanorod microarrays were firstly
deposited on BDND thin film surfaces via a low-temperature solution method, and then ZnO nanorods were
functionalized with the mixture of 3-aminopropyltriethoxysilane (APTES) and tetraethoxysilane (TEOS) by a
co-condensation approach, then tyrosinase was immobilized to amino-modification ZnO nanorod surfaces by
the covalent binding. As-prepared tyrosinase biosensors were used for the detection of phenolic compounds.
The tyrosinase-modified BDND electrode gave a linear response range of 1-175, 1-150 and 1-150 pM and
sensitivity of 576.2, 339.3 and 287.1 pA mmol ™! cm™? for p-cresol, 4-chlorophenol and phenol, respectively.
The low detection limit was estimated to be 0.1, 0.25 and 0.2 pM (sp/m=3), respectively. Therefore, the
biofunctional ZnO nanorod arrays have potential applications as platforms to immobilize other enzymes and
bioactive molecules in biosensors.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

It is well-known that most of phenolic compounds show harmful
effects on human health or the environment, so it is very important for
us to develop the effective methods to quantitatively determine
phenolic compounds. Amperometric tyrosinase biosensors have been
extensively reported in the literature for the detection of various
phenolic compounds due to its high sensitivity, effectiveness and
simplicity. Generally, the immobilization of tyrosinase is a key step to
fabricate the tyrosinase biosensor. At present, there have been
developed many different methods to immobilize tyrosinase includ-
ing the entrapment method [1,2], the noncovalent [3-11] and covalent
methods [12-15]. However, some of them are relatively complex, or
require the use of organic solvents, which lead to relatively poor
stability and bioactivity of tyrosinase. Furthermore, the excellent
electrode materials also play an important role in the development of
high performance biosensor. Boron-doped nanocrystalline diamond
(BDND) thin film is regarded as the third-generation biosensor
support and the attractive new electrode materials because of
biocompatibility and the good electrochemical properties including:
wide electrochemical potential window, very low double-layer
capacitance, extreme electrochemical stability and high resistance to
deactivation by fouling [16], and in most of these studies, the BDD thin
film electrode has been demonstrated to be superior to the glass
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carbon (GC) electrode and other electrodes in terms of high signal-to-
noise ratio, long-term stability, high sensitivity, and good reproduci-
bility. Thus, the BDND thin film electrodes are of interest for a variety
of electrically based chemical and biological sensing applications [17].
However, the as-deposited diamond thin film electrode surface is
hydrogen-terminated, and biomolecules can not be directly immobi-
lized on it. For the realization of biosensors based on the diamond thin
film, bonded linker molecular layers are required. Recent studies have
shown that the functionalization of diamond film can serve as a
starting point for preparing biomolecular interfaces, which exhibit
excellent biomolecular recognition properties [18-22]. However, the
introduction of functional groups was rather limited via the chemical
methods, and the as-prepared biosensors resulted in a low sensitivity
and high detect limit. Furthermore, some biosensors retained its initial
sensitivity only for a few days in storage under dry condition due to
weaker bonding of functional molecular with BDD surface [14].
Moreover, diamond thin films can not be reused after modification by
chemical methods.

Being a key functional material with versatile properties, ZnO
nanostructures such as nanowires, nanotips and nanorods have
received more and more attention in the biosensor applications due
to its distinguished performance [23-32]. Firstly, ZnO nanomaterial is
a biocompatible material with a high isoelectric point (IEP) of about
9.5, which make it suitable for absorption of proteins with low IEPs, as
the protein immobilization is primarily driven by electrostatic
interaction. Secondly, ZnO nanostructures have unique advantages
including the high specific surface area, nontoxicity, chemical stability,
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Scheme 1. Schematic protocol for the fabrication processes of amino-modification ZnO nanorod microarrays on BDND thin film surfaces.

electrochemical activity, and high electron communication features.
Thirdly, they can be easily prepared through chemical solution
processes including sol-gel, hydrothermal synthesis and electroche-
mical deposition. Hence, different biosensors based on ZnO nanoma-
terials have been widely developed [3-9], such as glucose sensor,
tyrosinase sensor, uric acid biosensor, horseradish peroxidase bio-
sensor, DNA biosensor and so on. However, these biosensors have
some disadvantages, such as instability and nonspecificity, which is
due to the weak interaction between ZnO nanomaterials and bio-
molecules. Although there have been a few reports about depositing
ZnO films on diamond surfaces including radio frequency magnetron
sputtering, chemical vapor deposition and electrochemical deposition,
and it has been widely used in the field emission display, ultraviolet
photodetector and surface acoustic wave (SAW), the fabrication of
micropatterned ZnO nanostructures onto the diamond thin film
substrates and the development of a covalently bonded enzyme
biosensor have seldom been reported.

Here we described a new tyrosinase biosensor based on the
covalent immobilization of tyrosinase on biofunctional ZnO nanorod
microarrays on the BDND thin film electrode. The morphologies and
components of ZnO nanorods before and after modification were
characterized by scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and X-ray photoelectron spectroscopy
(XPS). The response dependences and amperometric characteristics of
the prepared enzyme electrode in the detection of phenolic com-
pounds was investigated. The results showed that the developed
biosensor exhibited good stability and high sensitivity for the de-
tection of phenolic compounds.

2. Experimental
2.1. Chemicals and reagents

Tyrosinase (EC 1.14.18.1, 3216 U mg ! from mushroom) was
purchased from Fluka (packed in Switzerland). 4-Chlorophenol,
phenol and p-cresol were obtained from Wako Chemical Co. (Japan).
3-aminopropyltriethoxysilane (APTES) and tetraethoxysilane (TEOS)
were purchased from Sigma. Glutaraldehyde (GA, 25% water solution)
and BP212 positive photoresist were purchased from Aldrich and
Beijing Institute of Chemical Reagent, respectively. The water used
throughout this work was ultrapure water (18 M cm) produced by
Millipore Milli Q system. All of the chemical reagents were used as
received without further purification.

2.2. Instrumentation

The BDND thin film was deposited on n-Si (111) wafers using hot
filament chemical vapor deposition (HFCVD) apparatus (made by
Shanghai Jiaotong University, P. R. China). The scanning electron
microscope (SEM) images were taken using a Hitachi Ultra-high-
Resolution S-4800 scanning electron microscope. Transmission
electron microscopy (TEM) was done by an FEI Philips Tecnai 20
Electron Microscope. X-ray photoelectron spectroscopy (XPS) analysis
was used Al Ko radiation in an ESCA Lab 220I-XL instrument. ZnO

buffer layer was deposited on the BDND substrate in a JPGF-450 model
radio frequency magnetron sputtering system with a base pressure of
2x107® Pa. Raman spectrum was obtained using Renishaw 1000
Raman spectrometer (Renishaw LTD., UK).

2.3. Fabrication of ZnO nanorod arrays

The non-micropatterned ZnO nanorod arrays were constructed
according to precious report [33]. The ZnO seed layer was firstly
deposited on the BDND thin film surface using a sol-gel method, then
the BDND substrates were placed into in the solutions containing an
equimolar (0.025 M) aqueous solution of zinc nitrate hexahydrate and
hexamethylenetetramine and reacted at 65 °C for 6 h. The ZnO
nanorod microarrays were fabricated by a photolithography process
and the fabrication process was shown in Scheme 1. The BP212
positive photoresist was firstly spin-coated onto the BDND thin film
surface, and then Cu-grids were covered onto the photoresist coated
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Fig. 1. The SEM image and Raman spectrum of as-prepared BDND thin film. (a) SEM
image and (b) Raman spectrum.
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BDND thin film surface as a mask and exposed to 365 nm UV light for
3 min. The exposed photoresist was developed with 0.5% (w/w)
sodium hydroxide solution to remove the photoresist, and then baked
at 100 °C for another 10 min, then the ZnO buffer layer was deposited
on the BDND thin film surface by radio-frequency magnetron
sputtering system for 10 min. The remanent photoresist was then
removed through rinsing with acetone. The ZnO nanorod microarrays
were obtained by placing the pre-micropatterned BDND substrates in
the ZnO nanorod growth solutions and reacted at 65 °C for 6 h.

2.4. Preparation of amine-modification ZnO nanorod arrays

The process for preparation of amine-modification ZnO nanorod
arrays was carried out as follows. Firstly, physically absorbed ZnO
particles on the ZnO nanorod microarrays were removed by sonication
the samples in ultrapure water for 15 min, then the ZnO nanorod
microarrays were placed in the mixture of ethanol (30 mL), deionized
water (2.5 mL), aqueous ammonia (1.5 mL), TEOS (100 pL) and APTES
(100 pL) [29,30], and then solution was stirred by a magnetic stir bar
for 3 h. After the coating reaction, the functionalized ZnO nanorod
arrays were sonicated in ultrapure water again for 5 min. The samples
were analyzed by XPS and TEM.

2.5. Immobilization of tyrosinase on amine-functionalized ZnO nanorod
microarrays

Tyrosinase was immobilized onto amine-functionalized ZnO
nanorod arrays by GA and the detailed process was as follows. The
amine-modification ZnO nanorod microarrays were treated with the
2.5% GA solution for 2 h at room temperature in a shaking condition and
washed three times with deionized water, and then 10 pL of 20 mg L™!

WD1S.7mm 10.0kV %100 S500um

tyrosinase solution was dropped onto the surface of the electrode
surface and the electrode was storied overnight at 4 °C so that the
tyrosinase could be sufficiently immobilized onto the surface of the
amine-modification ZnO nanorod arrays. Finally, the tyrosinase biosen-
sor was successfully constructed.

2.6. Electrochemical measurements

Voltammetric and amperometric measurements were carried out
with a potentiostat/galvanostat (Princeton 263A) in a three-electrode
cell system. As-prepared tyrosinase electrode was used as a working
electrode with an area of about 0.10 cm? A saturated calomel
reference electrode (SCE) and a Pt stick counter electrode were also
employed. Cyclic voltammetric and amperometric measurements
were carried out in a 50 mL electrochemical cell. Cyclic voltammetry
(CV) was typically performed at a scan rate of 25 mV s~ '. Unless
otherwise stated, all experiments were carried out at room tempera-
ture in phosphate buffer solution (PBS) (0.1 M, pH 7).

3. Results and discussion
3.1. Characterization of BDND thin film electrode

Fig. 1 showed the SEM image and the Raman spectra of as-
prepared BDND thin film electrode. As was shown in Fig. 1a, the grain
size of BDND thin film obtained by HFCVD was about 20-30 nm. The
intense wide peaks 1330 cm™' is assigned to crystalline sp>-
hybridized carbon Raman peak (Fig. 1b). Broadening of the diamond
band is a result of decreasing the grain size to the nanometer scale
[34]. The presence of scattering peak at 1545 cm™ ! is due to increasing
graphite-like sp? bonded components at the grain boundaries in films,

Fig. 2. SEM images of (a) the ZnO nanorod microarrays on BDND thin film surfaces (the inset shows the SEM image of a square-shape ZnO nanorod array), (b) top view of ZnO nanorod

arrays, (c) tilt view of ZnO nanorod arrays and (d) functional ZnO nanorod arrays.
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Fig. 3. TEM images of ZnO nanorods (a) before and (b) after modification with the mixture of TEOS and APTES.

and two scattering peaks at 1126 cm™ ! and 1440 cm™ ! are attributed to
BDND Raman peaks [35].

3.2. Characteristics of amine-functional ZnO nanorod microarrays

The morphologies of ZnO nanorods and amine-functional ZnO
nanorods were observed by SEM and TEM. Fig. 2a represented the
preparation of the ZnO nanorod microarrays on the BDND thin film
surface. It could be seen from Fig. 2a that the edges of micropattern
lines were almost straight and uniform. Fig. 2b and ¢ showed the top
view and tilt view of ZnO nanorod arrays grown on the BDND
substrates and the diameter of ZnO nanorod was about 50 nm. After
modification with the silica by a co-condensation process (a mixture
of TEOS and APTES), the SEM image of ZnO nanorods became blurry
because of the non-conductive silica coatings (Fig. 2d). Furthermore,
in order to ascertain the structure of the prepared nanocomposites,
TEM image was performed. Representative TEM images were shown
in Fig. 3, it could be seen that there were an inhomogeneous silica
coating out of ZnO nanorod after modification. Furthermore, a
comparison of XPS spectra recorded from the bare ZnO and amine-
functional ZnO nanorods were shown in Fig. 4. It could be seen from
Fig. 4 that the N 1s, Si 2s and Si 2p peaks were observed at 400.3 eV,
154.2 eV and 103.2 eV, respectively. In conclusion, the above results
sufficiently demonstrated that amine-modification ZnO nanorod
arrays were obtained on the BDND thin film surfaces after modifica-
tion with the mixture of TEOS and APTES.
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Fig. 4. XPS spectra of ZnO nanorods (a) before and (b) after functionalization.

3.3. CV curves for phenolic compounds at the tyrosinase electrode

Fig. 5 shows the typical CV curves of the tyrosinase modified elec-
trode in the presence and absence of p-cresol in 0.1 M PBS (pH 7). In the
absence of p-cresol, only a low background current was observed, after
adding p-cresol to the PBS, the CV curves gave a well-defined peak
locating at —0.12 V, which was due to the reduction of o-quinone species
liberated from the enzymatic reaction on the electrode surface.
Furthermore, the reduction peak currents increased with increasing the
concentration of p-cresol. It demonstrated that the tyrosinase enzyme
could retain its bioactivity to a large extent when being immobilized on
biofunctional ZnO nanorod arrays by the covalent binding.

3.4. Effects of pH and applied potential

The enzyme activities were seriously affected by the buffer solution
pH value, so the effect of the pH value of buffer solution was
investigated in the range from 5.5 to 8.5. The results showed that the
maximum current response was obtained at the pH value of 7, so a pH
of 7 for the PBS was selected for the following experiments. The effect
of applied potential for the tyrosinase biosensor on the amperometric
signal and background current is also investigated. When the applied
potential was —0.15 V (vs. SCE), the enzyme electrode displayed the
larger current response to p-cresol and low background current.
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Fig. 5. Typical CV curves of p-cresol on as-prepared tyrosinase electrode. (1) blank,
(2) 5 pM, (3) 25 uM, (4) 50 pM, (5) 75 M and (6) 100 pM p-cresol, respectively. (The
supporting electrolyte is 0.1 M PBS solution; the scan rate and the work electrode area
are 25 mV s~ and 0.1 cm?, respectively.)
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Therefore, the potential of -0.15 V (vs. SCE) was regarded as the
optimum potential for the amperometric measurements.

3.5. Amperometric response of the tyronsinase modified BDND thin film
electrode

The performance of biosensor was evaluated by testing the
tyronsinase modified BDND thin film electrode in phenolic compounds
with increased concentrations. Fig. 6a showed a typical amperometric
response for the tyronsinase modified electrode at -0.15 V (vs. SCE)
after the addition of successive aliquots of p-cresol, 4-chlorophenol
and phenol to the 0.1 M PBS (pH 7) under constant stirring. A well-
defined reduction current proportional to the concentration of p-cresol,
4-chlorophenol and phenol were observed. Fig. 6b showed the typical
calibration curve of the tyronsinase electrode to p-cresol, 4-chlorophe-
nol and phenol, respectively. The characteristics of the tyronsinase
electrode to p-cresol, 4-chlorophenol and phenol including sensitivity,
linear range and detection limit were listed in Table 1. As were shown in
Table 1. The sensitivities of the prepared tyronsinase biosensor were
576.2,339.3 and 287.1 pA mmol ™! cm™? for p-cresol, 4-chlorophenol and
phenol, respectively, and it was higher than other tyrosinase biosensors
[10-11,14], which could be attributed to the biocompatible microenvir-
onment for the enzyme provided by the ZnO/BDND electrode and the
high loading of enzyme by the development method. As tyrosinase had
different affinity towards its substrates, each phenolic compound has
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Fig. 6. (a) Typical amperometric response of the as-prepared tyrosinase biosensor to
different phenolic compounds in 0.1 M PBS solution (pH=7) (Applied potential is
-0.15 V vs. SCE, and the work electrode area is 0.1 cm?), (b) the calibration curves
between the reduction current and the concentration of different phenolic compounds.
(1) p-cresol, (2) 4-chlorophenol and (3) phenol, respectively.

Table 1
Response characteristics of the tyronsinase biosensor to phenolic compounds

Analyte Sensitivity Linear range  Limit of detection R
(wA mmol™' em™)  (uM) (M)

p-cresol 576.2 1-175 0.1 0.999

4-Chlorophenol ~ 339.3 1-150 0.2 0.999

Phenol 287.1 1-150 0.25 0.998

R represents as the correlation coefficient of the linear range.

different sensitivity, and sensitivities follow the order as: p-cresol>
4-chlorophenol>phenol, which was consistent with the previous
reports [14,15]. The detection limits were also calculated according to
the formula 3s/m criteria, where s, and m were the standard deviation
of the background current and the slope of the calibration graph,
respectively. The detection limits were 0.1, 0.2 and 0.25 pM for p-cresol,
4-cholorophenol and phenol, respectively, under present experimental
condition, which was slightly higher than other reports [14]. Further-
more, the developed enzyme electrode showed good reproducibility.
The relative standard deviation (RSD) estimated by 15 successive
measurements of 50 pM p-cresol solution at -0.15 V (vs. SCE) was
about 2.1%. For different batches of enzyme electrodes, prepared under
the same condition, the acceptable reproducibility was obtained with a
coefficient of 3.1% for the current response to the same sample at-0.15V
(vs. SCE). Furthermore, compared with the photochemical method and
the diazonium method as described in Refs. [ 14,15,17-21], the proposed
method had another distinct advantage, i.e., the BDND thin film
electrode could be reused repeatedly.

3.6. Stability of the tyronsinase electrode

The stability of the tyronsinase electrode was also studied. The
biosensors were stored dry at 4 °C and their response to 50 uM p-cresol
was measured in 0.1 M PBS (pH 7) at =0.15 V (vs. SCE) every other day.
The prepared enzyme electrode retained about 90% of its initial activity
after 3 weeks and the response decreased to about 80% of the initial
value after 5 weeks. The decrease in sensitivity was possibly due to the
leakage of enzyme during the electrochemical measurement, at the
same time, the activity of enzyme might also be decreasing with time.

As control experiments, tyrosinase was also immobilized on bare
micropatterned and non-micropatterned ZnO nanorod arrays by
electrostatic force. No obvious current response was observed on non-
micropatterned ZnO nanorod array modified electrode within the
potential window, which was attributed to the density ZnO film inhibit
electron transport. When tyrosinase was directly adsorbed on the surface
of bare micropatterned ZnO nanorod arrays, the prepared enzyme
electrode could give a high current response, however, the reduction
peak current decreased gradually with increasing the scan times because
of the weak binding forces between tyrosinase and ZnO nanorod.

4. Conclusions

The tyrosinase biosensor has been developed based on biofunctional
Zn0 nanorod microarrays on BDND thin film electrode. The resulted
enzyme electrode exhibited high sensitivity and stability for the
amperometric detection of phenolic compounds. It may be extended
to other enzymes and other bioactive molecules, and the possible
application of this kind of biosensor maybe focused on environmental
and industrial monitoring. Furthermore, the ZnO nanorod microarrays
grown on the nanocrystalline diamond substrate have a potential
application in field emission and electroluminescent devices.
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