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Abstract

Biosensor for the detection of hydrogen peroxide (H,0,) has been prepared by immobilizing horseradish peroxidase
(HRP) enzyme using physical adsorption technique on zinc oxide (ZnO) nanostructures. The (002) oriented ZnO
nanostructures as confirmed by X-ray diffraction, were successfully grown on indium tin oxide (ITO) coated glass
substrate by pulsed laser ablation (PLA) without using any catalyst. The Nafion solution was added onto HRP/ ZnO/
ITO bio-electrode to form a tight membrane on the surface before carrying out bio-sensing measurements by
electrochemical analyzer. The electrochemical studies reveal that the prepared bio-electrode HRP/ZnO/ITO is highly
sensitive to the detection of H,O, over a wide range of concentration with a linear range from 2.5 uM to 100 uM
with the limit of detection 0.2 pM and sensitivity of 0.034 pA/ pM cm?. The higher sensitivity attributed to larger
surface area of ZnO nanostructure for effective loading of HRP besides its high electron communication capability.
A relatively low value of the enzyme’s kinetic parameter (Michaelis-Menten constant, Km) of 0.166 uM indicates
enhanced enzyme affinity of HRP to H,0,. The reported biosensor may be useful for various applications in bio-

sensing, clinical, food and beverage industry. Copyright © 2016 VBRI Press.
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Introduction

Sensitive and accurate determination of hydrogen
peroxide (H,0O,) is of practical importance in many
fields such as biochemistry, chemical, environmental
analysis, medicine, food process, biomedical and
pharmaceutical industries [1]. In addition, use of
H,0, as an antibacterial agent makes it important
substance in the food and beverage industries [2]. It
has also been noted that H,O, is necessary for the
metabolism of proteins, carbohydrates, fats, vitamins
and minerals. H,O, can be very effective in regulating
blood sugar and cellular energy production in the
body [3]. H,O, has been recognized as one of the
most stable reactive oxygen species in the body,
which has a significant role in development and
progression of different neurodegenerative diseases
[4]. These applications have raised extensive
demands for establishing protocols for H,0,
detection. Therefore, the accurate detection and
constant monitoring of H,O, is essential and
important not only in the context of industry but for
the human body also.

A number of techniques have been used for the
detection of hydrogen peroxide (H,0,), for example,
titrimetry, spectrometry, photometry, fluorescence,
chemiluminescence and electrochemistry [5,6].
Among these, electrochemical technique is widely
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used because of its simplicity in use, cost effective,
high sensitivity and better selectivity [7].
Electrochemistry is the study of the chemical
response of a system to an electrical stimulation.
Electrochemistry studies the reduction and oxidation
(redox reactions) and can provide information about
the concentration, Kkinetics, reaction mechanisms,
chemical status and other behavior of a species in
solution. A three electrode system is generally used
in electrochemical experiment — the working
electrode, the reference electrode and the counter (or
auxiliary) electrode.

In electrochemistry, electrochemical biosensors are
widely used for sensing glucose, cholesterol, urea,
hydrogen peroxide etc. For developing a biosensor,
choice of the suitable matrix over which enzyme can
be immobilized without much loss of its bioactivity is
very important. Thus, developing an efficient matrix
having a compatible microenvironment for the bio-
molecules with good electron transfer capability is
desirable to realize an efficient biosensor with
enhanced sensitivity and rapid response. A variety of
matrices such as metals, metal oxides, composites,
nanoparticles, conducting polymers have been used
as a platform for immobilization of bio-molecule.

Recently, zinc oxide (ZnO) nanostructures based
electrochemical biosensors have been attracted
considerable attention due to their ability to promote
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faster electron transfer between the electrode and the
active site of desired enzyme, high isoelectric point
(IEP) of 9.5 and ease of fabrication [8-11]. Zhiwei et
al. [12] have reported on sensing of glucose,
hydrogen peroxide, phenol, cholesterol, etc. using
ZnO nanostructures with an emphasis on ZnO
fabrication techniques, enzyme immobilization
methods, and biosensor performance. State of
electrochemical sensing of hydrogen peroxide using
different metal (Ag, Pt, Pd, Cu etc), bimetallic
nanoparticles and other metals have been reported by
Shihong et al. [13]. Waxberry-liked ZnO nanorods
synthesized by wet chemical method have been
reported for H,0O, sensing by Cao et al. [14]. In this
article, horseradish peroxidase (HRP) enzyme was
immobilized on the ZnO nanorods for preparing
nano-ZnO/HRP electrode. This biosensor showed a
wider linear range, from 0.5 to 15 mM, and a
detection limit of 0.115 uM [14]. In another study,
Liu et al. [15] decorated ZnO nanoarrays with carbon
and reported high sensitivity (237.8 pA/cm® mM) and
fast response (4s) in H,O, sensing [15]. Another
biosensor based on nanoporous ZnO/chitosan
exhibiting a sensitivity of 43.8 pA/cm® mM has been
reported by Yang et al. [16]. In another example,
ZnO and chitosan composite based biosensor in
which gold solution used as immobilization platform
has been reported [17]. This biosensor had a fast
response to H,O, and excellent linear relationships
from 0.19 uM to 1.73 mM. ZnO nanorods array
grown on indium tin oxide (ITO) coated glass
substrate based biosensor had been developed with
the low detection limit of 2.0 x 10 mol L™ by
Wang et al. [18] and Xiang et al. [19] developed
flowerlike ZnO-gold nanoparticles (GNPs)-Nafion
nanocomposite modified glassy carbon electrode
using wet chemical method. The nanocomposite
helped towards the direct electron transfer of HRP
enzyme immobilized in the film effectively. The
device reportedly had shown an enhanced
electrocatalytic activity towards the reduction of
H,O,. The  biosensor  demonstrated  that
nanocomposite  film  provided a favorable
microenvironment for the enzyme to retain its
activity by showing a linear increase of catalyst
current to H,O, concentration over a wide range of
1.5 x 10° to 1.1 x 10 M and the detection limit
of 9.0 x 10° M. Flower-like hierarchical ZnO
nanostructures functionalized further with Au and Ag
nanoparticles have been synthesized by Hussain et al.
[20]. These  nanostructures  showed  good
amperometric response to H,0,, with a linear range
from 1 to 20 pM, and detection limit of 2.5 uM. The
sens?r shows high and sensitivity of 50.8 uA cm™
UM,

Considering the significance of ZnO nanostructures
as demonstrated in literature towards H,O, sensing, it
is scientifically important to grow these
nanostructures without using any catalyst onto 1TO
coated glass substrate. The ZnO nanostructures
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oriented along (002) presented in this paper has been
directly grown on ITO coated glass substrate using
pulsed laser ablation/deposition  (PLA/PLD)
technique. HRP enzyme immobilized on ZnO/ITO
nanostructure for preparing HRP/ ZnO/ ITO bio-
electrode used in electrochemical studies for H,0O,
sensing. The electrochemical response as a function
of H,0, concentration has been studied in detail using
HRP/ZnO/ITO biosensor. The synthesized well
oriented ZnO nanostructures may be useful for the
possible device applications [21].

Experimental
Materials

Zinc oxide (99.99%, Sigma Alderich USA) was used
for preparing target required for the growth of ZnO
nanostructures on ITO coated glass (resistivity: 70-
100 ©/sq, Sigma Aldrich, USA) substrate using PLD.
Horseradish peroxidase (250- 300 unit/ mg) and
Nafion were obtained from Sigma Aldrich, life
sciences, USA. Hydrogen peroxide (Thomas baker
chemical Pvt. limited Mumbai, India) used as sensing
element. All the solutions were prepared in Milli-Q
ultrapure water.

Material synthesis / Reactions

The ZnO target used in PLD was prepared in house
by sintering a ZnO pellet at 1000 °C for 4h in the air.
Further, second harmonic (A = 532 nm) of Nd- YAG
laser (Thunder one Quanta systems, DNA laser
technologies, ltaly) with energy fluence 3.0 J/cm?
was used to ablate the ZnO target at 0.2 mbar oxygen
pressure in PLD at our laboratory. The substrate
temperature was maintained at 500 °C during
deposition.

To prepare the biosensor, first the HRP enzyme
was immobilized on a ZnO matrix by physical
adsorption technique. HRP (1mg/ml) has been
prepared in phosphate buffer solution (PBS) (pH 7.0).
10 ul solution of HRP has been uniformly spread
over the desired area of ZnO/ ITO electrode. The
HRP/ZnO/ITO bio-electrode was then kept at room
temperature for 4h. Finally, the bio-electrode was
washed with phosphate buffer to remove any
unbound enzyme from electrode surface. Thereafter,
10 pl Nafion solution was added over HRP/ ZnO/
ITO bio-electrode to form a tight membrane on the
surface and allowed to dry at room temperature for
2h. The modified electrode was rinsed with PBS and
stored at 4°C when not in use.

Characterizations

The orientation and crystalline properties of the ZnO
nanostructures were characterized using high
resolution X-ray diffraction (HR-XRD, Smart lab
3kW, Rigaku, Japan) with Cu K, radiation
(A=1.54A). Surface morphology was investigated
using atomic force microscopy (AFM Agilent 5500,
Agilent technologies, USA). Optical properties of
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Zn0O nanostructure were studied using spectroscopic
ellipsometer VASE (J.A. Wollam Co. Inc., USA) and
photoluminescence spectrophotometer (PL, LS 45,
Perkin Elmer, USA). The PL spectrum was recorded
with excitation at 325 nm for detecting PL peaks in
the range 350- 600 nm (3.54- 2.06 eV). The transport
properties were studied for ZnO nanostructures using
scanning tunneling microscopy (STM, Nano Rev,
Quazar technologies, India).

The electrochemical experiment was performed at
room temperature using AutoLab Potentiostat
/galvanostat (PGSTAT 101, Metrohm Autolab B.V.,
The Netherlands) with a conventional three-electrode
cell configuration having Ag/AgCl electrode as a
reference electrode, Nafion/HRP/ZnO /ITO as the
working electrode and platinum wire as a counter
electrode in PBS (pH 7.0, 50mM) solution containing
5mM K;[Fe(CN)¢] as a redox couple. The
characterizations have been carried out in our
laboratory (Centre for Interdisciplinary Research) at
MNNIT Allahabad.

Results and discussion
Structural and morphological studies

The XRD data for ZnO nanostructures deposited on
ITO glass and bare ITO glass is shown in Fig. 1(a).
The XRD data of bare ITO substrate is also shown in
figure for comparison. It could be noted from the
figure that ZnO nanostructure shows a dominant
(002) reflection peak representing a preferential
growth along ¢ axis normal to the ITO coated glass
substrate [International Centre for Diffraction Data
(ICDD) 04-016-664]. The XRD data revealed (00I)
oriented growth of wurtzite ZnO structure. The AFM
image [Fig. 1(b)] of as- grown ZnO nanostructure
reveals the formation of rough microstructure having
uniform distributed nano pores. The average rms
roughness of the film surface has been found to be
about 7 nm.

Fig. 1. (a) XRD pattern of ZnO/ITO and ITO (b) AFM image of
ZnO on ITO coated glass substrate.
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Optical studies
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Fig. 2. (a) Transmittance spectra (b) (ahv) ? vs. hv plot (c) I-V
characteristic curve and (d) PL spectra for ZnO deposited on ITO
glass substrate.

Fig. 2(@) shows the room temperature
transmittance spectra as a function of wavelength for
ZnO. It is observed that ZnO nanostructures exhibit
optical transmittance over 83% in the visible region
and fundamental adsorption edge were found around
379 nm. The value of the optical band gap was
estimated as 3.27 eV using Tauc plot [Fig. 2(b)].
Current transport property [Current-voltage, I-V] of
ZnO was studied using I- V characteristic curve and
shown in Fig. 2(c). The I-V curve, shows a nonlinear
behavior somewhat like a diode. The ideality factor
was also calculated using the slope of the In 1 — V
characteristics. The measured value of ideality factor
at room temperature for ZnO is 2.56. High value of
ideality factor, confirms the non-ideal behavior of the
junction. The non-ideal behavior of the junction can
be due to non-uniformity schottky contacts because
of intermediate states, surface states and defects [22].

PL measurements have been carried out to explore
the various zinc and oxygen related defects in ZnO
nanostructures. PL spectra were recorded at room
temperature and shown in Fig. 2(d). It shows a large
UV peak centered at around 3.14 eV(~396 nm)
followed by low intensity peaks at around 2.98
(~ 416 nm), 2.57 eV (~ 482 nm) and 2.35 eV (~ 2.35
eV). As the optical band gap was found to be around
3.27 eV, the observed PL peak at 3.14 eV may be due
to free exciton emission and transition of neutral
donor bound excitons emission [23, 24]. PL peak at
2.98 (~ 416 nm) may be due to the development of
neutral zinc vacancy related emission [25]. The blue
emission at 2.57 eV may be due to oxygen rich
defects [26] such as O;, Oz, Vz as ZnO
nanostructures are grown under oxygen environment
(0.2 mbar). A peak around 2.35 eV corresponds to
green emission and indicates the presence of oxygen
vacancies. This can be due to an electron transition
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from shallow donor level (V,) to a shallow acceptor
level (Vz,) [27].

Cyclic voltammetric (CV) studies
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Fig. 3. Cyclic voltammograms of (a) ITO, ZnO/ITO &

HRP/ZnO/ITO electrode (b) ZnO/ITO electrode at scan rates of 20,

40, 60, 80, 100 mV/sec; inset showing [variation in current at

different scan rates] (c) HRP/ZnO/ITO plate in 0.2 M Phosphate

buffer (pH 7.0) at different H,0, conc. from OuM to 100 pM in 0.2

M Phosphate buffer (pH 7.0) (d) Variation of current density as a
function of H,O, concentration.
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The enzymatic activity of prepared biosensor was
investigated using cyclic voltammetry (CV) in
phosphate buffer solution (PBS). Fig. 3(a) represents
CV of bare ITO, ZnO/ITO, HRP/ZnO/ITO electrodes
in PBS (pH 7.0, 50 mM) containing K3 [Fe (CN)g] as
mediator at scan rate of 100mV/sec in the range -0.3
to 0.6 V. The result of CV studies shows that
magnitude of reduction current increases due to ZnO/
ITO electrode (curve ii) compared to that of bare ITO
electrode (curve i). This may be due to well oriented
ZnO having a good electrochemical catalytic
property with enhanced charge communication
characteristic [28]. However, the magnitude of
current response decreases after immobilization of
HRP on to ZnO/ITO bio electrode (curve iii) which
may be because of strong binding of HRP with the
ZnO / ITO electrode and insulating characteristics of
HRP which possibly decreases the transfer of
electron between medium and HRP modified bio-
electrode [29]. Fig. 3(b) exhibits CV investigation of
HRP/ZnO/1TO bioelectrode as a function of scan rate
from 20 to 100 mV/s. It is observed that the
magnitude of both anodic and cathodic current
increases linearly with the scan rate (inset), indicating
improved electro catalytic behavior of bio electrode.
Fig. 3(c) shows the electrochemical response of the
HRP/ZnO/1TO bio-electrode in PBS containing 5mM
Ks [Fe (CN) ¢] for varying concentration of H,0,.
The modified HRP/ZnO/ I1TO electrode showed good
electro catalytic activity towards H,O,. The reduction
current increases significantly to 6.55 pA, after H,O,
was added to PBS. The reduction current in the CV
of HRP/ZnO/ ITO bio electrode increases linearly
with increase in H,O, concentration from 2.5 uM to
100 uM. As the concentration of H,O, increases, a
greater number of electrons are generated resulting in
an enhanced reduction current for the HRP/ZnO/ITO
bio electrode. This may be due to the fact that ZnO
acts as a better receptor of the electrons generated
and transferred to the electrode via Fe*/ Fe**
conversion resulting in an increased electrochemical
response [30]. This reduction current may be due to
immobilized HRP in the ZnO nanostructure, which
provides a fast electron transfer reaction between the
heme of HRP and the electrode surface. The heme
can react with H,O, to form a first intermediate of
compound I, which has catalytic activity of H,O,
[31]. This catalytic mechanism is shown as below
[32].

HRP(Fe*3)+ H,0, — Compound | (Fe** = 0) + Hy0 ~oemmreemmreeeees )
Compound I (Fe* = 0) +e+H" ——  Compound 1 -
Compound Il +e+H" — 3 HRP(Fe™)+ H,0

The response time of the bio-electrode based on the
ZnO matrix is found to be fast (about 10 sec) which
may be because of the fast electron communication
feature of ZnO matrix. The limit of detection was
also estimated as 0.2 uM for PLD synthesized ZnO
based biosensor. The Michaelis — Menten constant
(Km) which is the reflection of enzymatic affinity has
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been estimated as 0.166 UM using Lineweaver- Burk
equation [33] as given below.

1 1 K

— — +

Imax Imax C

where, | is the current, |, is the maximum current
and C is the H,0, concentration. The lower value of
Km reflects the higher activity of HRP enzyme
towards its analyte (H,O,). This also indicates that
the HRP/ ZnO/ ITO bio electrode based on ZnO
nanostructure has a high affinity towards H,O, which
may be due to strong binding of HRP on to ZnO
matrix which favors higher enzyme loading [34]. The
ZnO nanostructure provides larger and uniform sites
for immobilization of HRP and facilitates electron
transfer. Sensitivity of prepared electrode for H,0, is
found to be 0.034 pA/ uMcm? [Fig. 3(d)].

Table 1. Performance of biosensors based on direct electron
transfer of HRP in ZnO matrices.

1(2)165-170

Linear Sensitivit  Detection K, References
range y limit

waxberry-like 1.5x10% - 1.15x10* - [14]

ZnO NR/GCE 15mM mM

HRP/ ZnO NR/ 0.5-9mM 7447 yA/ 0.3 mM 3.426  [30]

ITO mMcm? mM

HRP/ ZnO NR/ 1.9-25uM 3628 A/ 2.2 UM 26.13 [35]

Au wire mM uM

Fork like ZnO 5x10° -7 201.12 0.3 uM 0.292 [36]

NR/GCE x10™* M WA/ mM mM

HRP/ZnO /1TO 25-100puM  0.034 pA/ 0.2 UM 0.166  This work

uMcm? uM

The high sensitivity of HRP/ZnO/ITO bio
electrode shows high electron transfer characteristics,
excellent adsorption ability and effective loading of
HRP on ZnO matrix. For comparison, Table |
tabulates the key parameters of H,O, biosensor
reported in this work and previous works making use
of ZnO as working electrode. From Table 1, it can be
seen that sensitivity, detection limit and K, value of
biosensor reported in this work is better than previous
reported works. The storage ability of HRP modified
ZnO/ITO bio-electrode was also investigated for
4 week period. The biosensor maintained 85 % of its
primary response stored at 4 °C, indicating good
stability of the ZnO based biosensor. It also shows
that ZnO matrix strongly binds enzyme and prevent
its activity loss so that the biosensor can maintain the
HRP activity efficiently.

Conclusion

In conclusion, (002) oriented ZnO nanostructures
based biosensor has been prepared for the sensing of
hydrogen peroxide (H,O,). The ZnO nanostructures
used for H,O, sensing have been grown on indium tin
oxide (ITO) coated glass substrate using pulse laser
ablation without using any catalyst. The sensor has
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been prepared by immobilizing horseradish
peroxidase (HRP) enzyme using physical adsorption
technique on zinc oxide (ZnO) nanostructures. The
HRP modified ZnO/ITO bio sensor showed a high
sensitivity (0.034 pA/ pMcm?), fast response time
(~10 sec), low detection limit (0.2 puM) and good
linear relationship for H,O, detection. The low value
of Michaelis Menten constant (0.166 uM) indicates
enhanced enzyme affinity of immobilized HRP
towards H,0,. This catalyst free pulsed laser ablated
ZnO nanostructures can be exploited as efficient and
potential matrix not only for bio sensing applications
but also for clinical and environmental applications.
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