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In this work, ZnO Nanorods (ZNR) and Nanopencils (ZNP) were synthesized over Platinum (Pt)
coated glass substrate by simple and low-temperature hydrothermal process for large-scale fab-
rication towards biosensing applications. The two types of morphologies have been obtained by
using strong oxidizing agent viz KMnO4 as an additive and replenishing the growth solution during
the hydrothermal growth process. It was observed that incorporation of additive and replacement
of growth solution has greatly influenced structural and electrochemical properties of ZNR/ZNP in
terms of morphology, aspect ratio, and charge transfer hindrance. The aspect ratio has been found
to increase by approximately three times from ZNR to ZNP which facilitated higher enzyme loading
over ZNP as compared to ZNR. Moreover, electrochemical charge transport resistance was found
to decrease by 36 times with changes in morphology and aspect ratio. Hence, significant varia-
tion in performance of as-fabricated enzymatic biosensor was observed. Amidst both the types of
biosensors four-fold increment in sensitivity was found from ZNR to ZNP along with fast response
time of 5s and a linear range of operation of 0.5–7.5 mM. The obtained results revealed that aspect
ratio could be tuned efficiently by replacing the growth solution during hydrothermal growth which
cognitively effects enzyme loading thereby influencing different figure of merits of the biosensor.
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1. INTRODUCTION
Miniaturization of the device in conjunction with high per-
formance is a prerequisite for biosensors which have led
to the utilization of nanomaterials for the same. A biosen-
sor has been defined as an analytical device which con-
sists of a bio-recognition element, i.e., a suitable support
matrix immobilized with biomolecules (enzymes, DNA,
antibody, etc.) attached to a transducer. The interaction
between the bio-recognition element and analyte results in
the generation of a signal which in turn is converted into
electrical signal by transducer.1�2 Nanomaterials have been
explored exhaustively as bio-recognition element due to
their high surface area and biocompatibility. The morpho-
logical variations obtained in reduced dimensions have a
strong influence over the extent of immobilization, electri-
cal and optical properties.3 Especially 1-dimensional (1D)
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nanostructure based devices may result in innovative bio-
logical and physiological applications by probing local cel-
lular environment due to quantum confinement at nano
dimensions. Moreover, minimized diameters of the 1D
nanostructure with dimensions comparable to individual
biomolecule lead to detection at the single molecule level.
One of the most suitable candidates for obtaining 1D nano-
structures in reduced dimensions is semiconductor metal
oxides like ZnO, SnO2, and V2O5, etc.

4–7 Among different
types of semiconductor metal oxides ZnO a wide band gap
(Eg 3.3 eV at 300 K) II–VI compound which has received
considerable interest due to its unique electrical and optical
properties, a wide variety of nanostructures, non-toxicity,
and biocompatibility.8

ZnO, a semiconductor with high exciton binding energy
of 60 meV at room temperature8 can be grown in a vari-
ety of morphologies such as nanorods, nanotubes, nanor-
ings, nanosheets, nanoflowers, etc. by different physical
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methods viz pulsed laser deposition, sputtering, spray
pyrolysis, vapor deposition, etc. Furthermore, different
types of nanostructures have been prepared by low-cost
solution based approaches as well viz. sol–gel, electro-
chemical and hydrothermal, etc.8–20 Amongst all these
fabrication techniques hydrothermal growth process is a
cost-effective, low-temperature method which facilitates
large-scale fabrication of the device. Additionally, ZnO
being biocompatible and having a high isoelectric point
(IEP = 9.5) has led, towards its usage as an appropriate
matrix for immobilization of biomolecules with retained
and enhanced activity of biomolecules.4�15 The extent of
immobilization of biomolecules plays a very crucial role in
the performance of biosensors. Hence, many electrochemi-
cal enzymatic biosensors utilizing ZnO as a support matrix
for detection of glucose, urea, phenol, and cholesterol, etc.
have been explored immensely in the literature.4�16–17�21–23

Enzymes are highly specific due to their high catalytic
activity and thus being mainly employed for electro-
chemical detection. From these, glucose sensors are most
widely explored biosensors, due to its exhaustive applica-
tion in different fields ranging from biological and chem-
ical analysis to environmental monitoring and clinical
applications.20 In this context, ZnO nanostructures have
been explored exhaustively.16�21�23–25 Kong et al. fabri-
cated ZnO nanotubes by chemical etching of electrode-
posited ZnO nanorods and employed the same for glucose
detection.16 Munje et al. have utilized RF-sputtered ZnO
thin films deposited on flexible substrates for glucose and
cortisol detection.24 Ahmad et al. physically adsorbed GOx

over ZnO nanofiber and performed glucose detection.21

Marie et al. have presented Glucose oxidase (GOx� medi-
ated detection of glucose using ZnO nanorods as a sup-
port matrix.25 Generally, most of the reports emphasize
mainly towards the fabrication of ZnO nanostructures sep-
arately followed by transfer of the nanostructures to the
electrode which involves tedious additional steps and is
quite cumbersome. Moreover, very few articles accentu-
ate towards variation in morphology, geometry, shape and
aspect ratio of nanostructures and its subsequent influence
over biosensing applications.

In this work, an electrochemical enzymatic glucose
biosensor has been analyzed with the aim of studying
variations in morphology of ZnO nanostructures and its
effect on aspect ratio thereby having an impact on enzyme
loading and glucose biosensing. The morphological and
aspect ratio variation was performed by merely replenish-
ing the hydrothermal growth solution at different intervals
with the in-situ addition of KMnO4 as an additive which
has led to the fabrication of ZNR and ZNP. Additionally,
electrochemical and electrical properties were observed to
improve along with enhancement in aspect ratio. The as-
prepared ZNR and ZNP grew directly over the electrode
were used as solid support for immobilization of GOx

by simple physical adsorption method. Finally, ampero-
metric detection of glucose was performed, and it was

observed to be influenced by aspect ratio and charge trans-
fer resistance.

2. EXPERIMENTAL DETAILS
2.1. Reagents
Zinc Acetate, Ethanolamine, 2-methoxy ethanol,
Zinc Nitrate (Zn(NO3�2 · 6H2O), Hexamethylenete-
tramine (C6H12N4�, KMnO4, Sodium phosphate dibasic
(Na2HPO4�, Potassium phosphate monobasic (KH2PO4�,
NaCl, Uric acid, Ascorbic acid, Potassium ferri-
cyanide/ferrocyanid [Fe(CN)6]

−3/−4, Glucose oxidase from
Aspergillus niger (E.C. 1.1.3.4) having specific activity of
166 U/mg as mentioned by manufacturer, D-(+�-glucose,
Nafion (5 wt% in water and lower aliphatic alcohol) were
used as procured from Sigma Aldrich. All chemicals
were of analytical grade and used without any further
purification. 0.01 M Phosphate buffered saline solution
of pH 7.4 was prepared from KH2PO4 and Na2HPO4

with 0.137 mM NaCl. 1M glucose stock solution was
prepared in De-ionized (DI) water and kept on stirring for
24 h for mutarotation, to establish equilibrium concen-
tration between � and � anomers. DI water (>18 M��
obtained from Milli-Q purifying system was used for the
preparation of all the aqueous solutions.

2.2. Synthesis of ZNR/ZNP
In the typical synthesis process, glass samples were cut
into 1 cm× 1 cm size and cleaned by an ultra-sonication
process in acetone, isopropyl alcohol, and DI respectively,
followed by drying. After cleaning, 50 nm Pt was sput-
tered over the samples, at a base pressure of 2×10−6 mbar.
Before Pt deposition, a 5 nm Cr layer was deposited to
improve adhesion of Pt over the glass.1 The samples have
been rotated at a speed of 10 revolutions per minute (rpm)
to ensure uniform deposition of Pt over it. Two types of
morphologies were obtained by the hydrothermal growth
process on Pt coated glass substrates. Figures 1(a)–(b)
shows the schematic for the fabrication of ZnO nano-
structures having different morphologies such as ZNR and
ZNP. The Glass/Cr:Pt samples were pretreated to obtain
a thin ZnO seed layer which provides sites for heteroge-
neous nucleation, as reported elsewhere.26�27 Briefly, seed
solution of Zinc acetate (2M) and ethanolamine (2M) in
2-methoxy ethanol was prepared and spin coated over
Glass/Cr:Pt samples, followed by annealing of the same.
Afterward, pretreated samples were kept for the growth
of ZnO nanostructures in an equimolar solution of Zinc
nitrate and Hexamethylenetetramine (HMTA) with the
in-situ addition of KMnO4 (5 mM) as an additive. The
KMnO4 was utilized as an additive to obtain thin films of
nanostructures with better adhesion towards the substrate.
The two different types of morphologies were obtained
without and with the replacement of solution at every 4 h
i.e., ZNR (Fig. 1(a)) and ZNP (Fig. 1(b)), respectively. The
hydrothermal growth was performed for 12 h at 110 �C.
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Figure 1. Schematic showing fabrication of (a) ZNR—Without replenishment of solution and (b) ZNP—With replenishment of solution.

Here, the solution was replaced with the aim of achiev-
ing high aspect ratio.28 The as discussed growth process
resulted in two types of nanostructures with varied aspect
ratio. ZnO nano-dumbells (ZND) were obtained for 0 mM
KMnO4 concentration while 5 mM KMnO4 concentration
has resulted in the formation of ZNR or ZNP depending
on replenishment of growth solution. ZNR were obtained
after growth of 4 h which was performed without replen-
ishment of growth solution whereas ZNP were formed
after growth of 12 h with replenishment of growth solu-
tion at every 4 h. Finally, samples were cleaned thoroughly
with acetone and DI to remove any residual salt present
followed by drying.

2.3. Biosensor Fabrication, Enzyme
Immobilization, and Quantification

The immobilization of enzymes i.e., attachment process
of enzymes to the solid support matrix was performed
via physical adsorption process.29 It was utilized for the
immobilization of enzymes over support matrix due to
ease and simplicity of the technique. In this process, the
high isoelectric point (IEP) of ZnO (IEP = 9.5) facil-
itates the immobilization GOx (IEP = 4.5) via electro-
static binding.26 Further, this process leads to the minimal
changes in enzyme conformation. The GOx was immobi-
lized on ZNR and ZNP, by drop-casting a 5 �l solution of
GOx stock solution (20 mg/ml GOx prepared in PBS) fol-
lowed by incubation for 24 h. The area of the enzyme elec-
trode was around 0.1 cm2. The loosely adhered enzymes
were washed out from the GOx immobilized electrode with
PBS after drying in an incubator. Further, 0.5% Nafion
solution was drop cast over it and kept overnight for dry-
ing which prevents enzyme leaching from the electrode
surface.3 The as-prepared electrode was stored in the incu-
bator at 4 �C, when not in use.

The amount of enzyme immobilized over ZNR and ZNP
has been quantified by fluorescence. Tryptophan which is
present in each GOx molecule is an aromatic molecule
and contributes to an intrinsic fluorescence in GOx. Thus
on excitation at 280 nm, GOx molecules present in solu-
tion gives fluorescence emission at 330 nm. Therefore,
the fluorescence emission intensity is proportional to the
amount of GOx present in the solution. The same property
has been used here for determination of enzyme loading.30

The amount of immobilized enzymes over the support
matrix has been termed as enzyme loading. Further, to esti-
mate enzyme loading the linear calibration curve was mea-
sured by recording steady-state fluorescence for a known
amount of GOx in PBS. Each electrode was cleaned in
PBS before Nafion drop casting for removal of unad-
hered GOx molecules from it. This PBS solution contain-
ing unadhered GOx molecules was collected separately.
After that, the fluorescence of this solution was recorded.
Since 100 �g of GOx has been immobilized on support
matrix and the amount of loosely bound GOx molecules
can be determined by fluorescence intensity of collected
solution and the calibration curve. Finally, enzyme load-
ing could be determined merely by the subtraction of the
amount of unadhered GOx molecules from 100 �g.

2.4. Characterization and Measurement
The morphology of fabricated viz. ZNR and ZNP were
analyzed by Field Emission Scanning Electron Microscopy
(FESEM) i.e., Sigma Supra™ 55; Carl Zeiss. The distribu-
tion of length and diameter of ZNR and ZNP was obtained
by using imtool of MATLAB.26 The crystalline struc-
ture and phase transformations were analyzed by powder
XRD (RigakuSmart Lab® System) with Cu K� radiation
operating at 40 kV and 40 mA, using Cu K� radiation
(�= 1	5418 Å) in the 2
 range from 20� to 80�. The PL
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spectrometer (Dongwoo Optron DM 500i) having an exci-
tation source consisting of a continuous wave He–Cd laser
(excitation wavelength, 325 nm, PMT detector) was used
to measure the PL emission from the samples. Fluores-
cence emissions were obtained using FluoroMax-4p Spec-
trofluorometer from Horiba Jobin Yvon (Model: FM-100).
Excitation and emission slit widths were set at 2 nm each,
and the samples were excited at 280 nm. The frequency
dependent impedance analysis was performed by elec-
trochemical work station (Autolab PGSTAT 302N) using
three-electrode cell configuration with Glass/Cr:Pt/(ZNR
or ZNP), Ag/AgCl and Pt foil electrode as work-
ing, reference and counter electrode respectively. Fur-
thermore, amperometric glucose biosensor response and
cyclic voltammetry studies were performed by using sim-
ilar three-electrode cell configuration and electrochemical
work station with Glass/Cr:Pt/ (ZNR or ZNP)/GOx/Nafion
as working electrode.

3. RESULTS AND DISCUSSION
3.1. Surface Morphology and

Structural Characterization
The morphology, shape, and geometry of hydrothermally
grown ZnO nanostructures were observed to be driven by
many factors like growth temperature, precursors, replen-
ishing the solution, pH, etc. This ease in tuning the mor-
phology of ZnO nanostructures has been utilized for aspect
ratio variation from ZNR to ZNP. The surface morphology
change in ZnO nanostructures, the effect of the addition
of KMnO4 and replenishment of solution over the sur-
face morphology has been evaluated by FESEM images as
shown in Figures 2(a)–(d). The ZnO microstructures with
dumbbell-like appearance were formed in samples grown
without the addition of KMnO4 as reported in our pre-
vious work.27 The clusters of twinned hexagonal micro-
rods and aggregates of dumbbells with dimensions ranging
from 2–6 �m were observed with the growth in all the

Figure 2. FESEM images showing of ZNR (a) top view, (b) cross-
sectional view; ZNP (c) top view and (d) cross-sectional view.

directions. The formation of dumbbells and clusters of
twinned hexagonal microrods in Zinc nitrate and HMTA
growth solution has been explained in detail by Yu et al.31

Figures 2(a) and (c) shows the top view while Figures 2(b)
and (d) depicts cross-sectional view of the ZNR and ZNP
respectively. It was evident from Figures 2(a)–(b) that for
4 h growth, performed without replacement of solution the
nanostructures were found to be rod like in shape hav-
ing evident hexagonal top facet. The nanorods were uni-
formly distributed over the entire substrate. ZNP covering
the whole substrate were obtained by growth of 12 h with
replenishment of growth solution at every 4 h, as visi-
ble from Figures 2(c)–(d). In hydrothermal growth, aspect
ratio increases on increasing the growth time. But the
growth rate slows down significantly after 4 h since reac-
tant concentration, and precursor supersaturation decreases
i.e., the nutrient solution becomes devoid of precursors due
to homogeneous nucleation taking place in solution result-
ing in nearly same aspect ratio even after extended growth
time.28 Hence, to obtain enhanced aspect ratio growth solu-
tion has been replaced at every 4 h with a fresh precursor
solution having same nutrient (Zinc Nitrate and HMTA)
and additive (KMnO4� concentration. Here in case of ZNP,
the tapering of top face and morphology variation from rod
to pencil can be attributed to the presence of an oxidizing
agent in growth solution which leads to change in growth
rate anisotropy of different planes on replacing the solu-
tion. Additionally, incorporation of KMnO4 refrains the
formation of (CH2�6N4–4H

+ ions, ceasing the formation
of dumbbells in the form of precipitates leading to uniform
and powder free growth of ZNP.28�32–34

Figures 3(a)–(d) shows the histogram plot of diameter
and length distribution of ZNR and ZNP. The diameter dis-
tribution of both the electrodes was observed to vary from
120–170 nm while a drastic improvement in length was
obtained from ZNR to ZNP viz. approximately 0.5 �m to
2.25 �m, respectively. In this context, different calcula-
tions of the average diameter and length distribution were
performed using image processing toolbox of MATLAB
as listed in Table I. The aspect ratio of ZNR was calcu-
lated as the ratio of average length to average diameter
of nanorods whereas for ZNP it was computed to be the
ratio of average length to the average bottom diameter.35–37

There has been a threefold increment in aspect ratio from
ZNR to ZNP. The aspect ratio was found to increase to 13
from 4.4 by a simple modification in the growth method
since average length has increased almost five times.
The XRD pattern for as prepared ZNR and ZNP

grew with 5 mM additive concentration has been shown
in Figure 4(a). The fabricated ZNR and ZNP samples
were found to have diffraction peaks at 31.7�, 34.4�,
36.3�, 47.5�, 56.6�, 62.9� and 69.1� corresponding to ZnO
wurtzite phase (space group P63mc, JCPDS–36-1451)
(100), (002), (101), (102), (110), (103) and (112) with an
extra peak at 2
 = 40� indexed to Pt coated over glass
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Figure 3. Histogram plot for ZNR (a) diameter distribution, (b) length distribution; ZNP (c) diameter distribution and (d) length distribution of
randomly selected 100 nanorods and nano pencils from corresponding FESEM images.

substrate. The as-prepared ZnO was pure as no peak other
than ZnO wurtzite phase was recorded; signifying towards
the absence of any impurity in the sample or interme-
diate formation during growth, within the detection limit
of the instrument. The intense peaks of diffraction con-
firm the high degree of crystallization of different types of
nanostructures. The massive enhancement in the intensity
of (002) peak has been observed from ZNR to ZNP as
depicted in Figure 4(a), which indicates towards oriented
growth. Furthermore highly pronounced (002) peak indi-
cates towards the vertical orientation of nano-pencils.
The main factors responsible for the formation of ZNP

were the replenishment of growth solution which even-
tually led to the sudden supply of nutrient around the
nanorods and presence of KMnO4 as an additive. The
addition of KMnO4 in the nutrient solution provides
an oxygen rich environment which acts as a driving
force for anisotropic growth along c-axis and supply of
more OH− ions by promoting the hydrolysis of HMTA.27

Table I. Aspect ratio of two different type of electrodes with average
length and diameter distribution.

ZnO Average Average
sample diameter (nm) length (�m) Aspect ratio

ZNR 120 0.53 4.4
ZNP 170 2.25 13

The morphology of nanostructures depends on the growth
rate of slowest growing nonpolar planes. The fastest grow-
ing polar plane is prone to disappearance32�33�38 which
has been observed from FESEM images of ZNP lead-
ing to the formation of nano-pencils. Figure 4(b) shows
the schematic of morphology modulation from nanorod to
nano-pencil.

3.2. Electrochemical Impedance Spectroscopy
Further, electrochemical impedance spectroscopy (EIS)
was performed to investigate the electron transfer capa-
bility and electrical properties at the electrode-electrolyte
interface of as prepared electrodes. The frequency distri-
bution data which shows electron transfer at the electrode-
electrolyte interface was obtained by application of an AC
signal. The EIS spectra show the Nyquist plot which con-
sists of a semicircle and a Warburg line with unity slope
at high and low frequencies, respectively. The Nyquist
plot comprises of four parts; the ohmic resistance of elec-
trolyte solution, Warburg impedance, double layer capaci-
tance and the electron transfer resistance.39 The semicircle
obtained at high frequencies represents the electron trans-
fer kinetics of redox mediator, and its diameter is equal
to charge transfer resistance (Rct� while Warburg depends
on mass diffusion properties of the redox probe in the
electrolyte solution. The numerical value of Rct of as pre-
pared nanostructures can be calculated by the diameter of
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Figure 4. (a) XRD pattern for obtained ZnO nanostructures; (b) schematic showing ZNR to ZNP conversion.

semicircle observed in Nyquist plot.40 The EIS spectra of
Glass/Cr:Pt/(ZNR or ZNP) electrodes has been obtained
using electrolyte solution of 5 mM [Fe(CN)6]

−3/−4 (redox
mediator) in 0.1 M KCl (supporting electrolyte), by appli-
cation of an alternating voltage of 10 mV. The frequency
was swept from 10 kHz to 0.1 Hz. Figure 5 shows the
Nyquist plot corresponding to hydrothermally grown ZnO
electrodes. There was a significant improvement in charge,
and mass transfer properties from ZNR to ZNP since
a clear semicircle and Warburg line was present in the
Nyquist plot for ZNP unlike only a semicircle for ZNR.
The inset of Figure 5 shows the Nyquist plot for bare Pt
electrode and equivalent circuit model utilized for fitting.
The fitted equivalent circuit for the electrochemical system
was Randle’s model which consists of solution resistance
(Rs� in series with the parallel combination of charge trans-
fer resistance (Rct�, Warburg resistance (W ) and double
layer capacitance (C). The resistance W corresponds to the
diffusion properties while the capacitance C represents the
electrode interface with the electrolyte and is indicative of
the properties like roughness and inhomogeneity. The Rct

represents the electrical property of the film under study
and is inversely proportional to the rate of charge trans-
fer through the film. The value of Rs and Rct has been

Figure 5. The Nyquist plot of as-fabricated ZNR and ZNP electrodes.
The inset of the same shows the Nyquist plot for bare Pt electrode and
equivalent circuit model utilized for fitting.

determined by fitting Nyquist plot data using Zsim pro-
gram software.26 The Rs was obtained to be around 80 �.
The Rct values obtained for different electrodes suggest a
major difference in charge transfer behavior with morpho-
logical variations. The Rct for ZNR was calculated to be
55 K� which indicates towards huge hindrance in charge
transfer near the electrode-electrolyte interface. However,
in the case of ZNP semicircle diameter tends to decrease
significantly to 1500 �. The 36 fold decrease in electro-
chemical charge transfer resistance and improvement in
the electrical properties of the electrode has been attributed
to enhanced aspect ratio and change in shape of nano-
structures from ZNR to ZNP.

3.3. Enzyme Quantification
The enzyme loading, i.e., amount of enzyme immobilized
on support matrix has been determined by recording the
fluorescence intensity variation in GOx molecules. The
average length of ZNP was found to increase by five times
as compared to ZNR. Hence, the aspect ratio was observed
to be 4.4 for ZNR while it was calculated to be 13 for ZNP.
Enzyme loading majorly depends on the surface to volume
ratio available for immobilization of enzymes. Thus, it was
found to vary with aspect ratio. Moreover, the morphol-
ogy of ZNP with nanotip like ending enhances the extent
of immobilization.33 The threefold enhancement in aspect
ratio from ZNR to ZNP was responsible for the direct dou-
bling of enzyme loading i.e., from 444 �g-cm−2 in ZNR
to 800 �g-cm−2 in ZNP. Additionally, GOx enzyme has an
active center unit, i.e., Flavin Adenine Dinucleotide (FAD)
which is buried deep in the outer protein shell. The FAD
active center participates in the oxidation of glucose. The
morphology such as ZNP with nanotips ending help in
exposing out these FAD units from protein shells, which
in turn influences the biosensor response.

3.4. Biosensor Characterization
3.4.1. Amperometric Response
The three electrode cell configuration with Glass/Cr:Pt/
ZNR or ZNP/GOx/Nafion, Ag/AgCl and Pt foil as
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working, reference and counter electrode respectively were
employed for biosensor characterization. PBS with 0.01 M
concentration and pH = 7.4 was used as an electrolyte
solution. Current response measurement was performed for
both the electrodes utilizing ZNR and ZNP as the support
matrix for immobilization of GOx. The glucose aliquots
added to the electrolyte solution were detected amperomet-
rically by applying the constant potential to the working
electrode. GOx immobilized over support matrix oxidizes
glucose into gluconic acid and gets itself reduced which
is again oxidized by oxygen present in solution releasing
H2O2 as a byproduct. This H2O2 is detected by application
of potential and gives a measure of glucose added to the
solution shown in Eqs. (1)–(3).

C6H12O6+GOx�FAD�+H2O→ C6H12O7+GOx�FADH2�
(1)

GOx�FADH2�+O2 → GOx�FAD�+H2O2 (2)

H2O2
0	8 V−→2H++2e−+O2 (3)

Current density increases upon injection of glucose due
to the generation of electrons. The relationship between
steady-state current density and the glucose concentration
injected into the electrolyte solution was represented by
the calibration curve. The typical nature of enzyme kinet-
ics consists of a linear and saturation region. Initially,
at lower concentrations of glucose, the current increases
instantaneously on the addition of glucose since active
sites of enzymes were unoccupied resulting in a linear
region of the calibration curve. While at higher concentra-
tions all the active sites get occupied by glucose molecules
eventually heading towards saturation and thus there is no
further increase in current density on injection of glucose
after saturation. Hence calibration curves obtained from
amperometric response consists of two regions; linear and
saturation region. The linear region gives a measure of the
linear range of operation, and the slope of the same has
been utilized to estimate the sensitivity of a biosensor.
The amperometric responses have been recorded for the

two types of electrodes i.e., ZNR and ZNP at an applied
potential of 0.8 V in a continuously stirred PBS of pH 7.4.
ZnO is an amphoteric compound and therefore is stable
around neutral pH. Moreover, pH of the blood is around
7.4, and thus the same value was chosen for all the biosen-
sor characterizations. Figure 6 shows the typical step like
amperometric response for both the types of electrodes.
The glucose aliquots have been added to the continuously
stirred electrolyte solution in an interval of 30 s. An imme-
diate rise in current density has been observed for the two
different types of electrodes on the subsequent addition of
glucose as clear from Figure 6. Response time was defined
as the time taken by current density to increase up to 90%
of steady state value after addition of glucose. It was deter-
mined to be 5–6 s with a variable linear range and sen-
sitivity for ZNR and ZNP electrodes. The fluctuations in

Figure 6. The amperometric response of current density variation viz.
time for ZNR and ZNP biosensor electrodes.

the current density with respect to time are observed due
to the mechanical stirring which has been performed to
provide convective transport. Further, Figure 7 shows the
calibration curve for the as-prepared biosensor electrodes
which have been obtained from corresponding ampero-
metric responses. The calibration curves obtained were in
good agreement with the described enzyme kinetics hav-
ing linear and saturation region. It implies that enzymes
were appropriately immobilized over ZNR and ZNP sup-
port matrix with retained activity. The linear range was
found to improve significantly from ZNR to ZNP elec-
trodes. It is interesting to note that increment in aspect
ratio from ZNR to ZNP has led to nearly four times
increment in sensitivity i.e., 12.5 mA-cm−2-M−1 for ZNR
which has increased to 50 mA-cm−2-M−1 for ZNP. The
sensitivity of a biosensor was found to depend mainly
on enzyme loading and charge transfer resistance; thus
significant enhancement in performance of biosensor can
be assigned to three-fold increment in aspect ratio and
a decrease of 36 times in magnitude of Rct. ZNP has
shown substantial improvement in biosensor performance
due to enhanced aspect ratio and higher enzyme loading
(800 �g-cm−2� with drastically reduced Rct. The differ-
ent figure of merits of the as-prepared biosensors have
been tabulated and compared with some recently reported

Figure 7. Calibration curve showing a comparison of the two types of
biosensor electrodes.
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work where ZnO nanostructures were utilized as a support
matrix in Table II. The as-fabricated biosensor was found
to outperform over other reported ZnO nanostructures such
as nanoflowers, nanorods, mesoporous film, and nanotubes
etc.4�16�23�41

3.4.2. Cyclic Voltammetry Study
Furthermore to evaluate and compare the performance
of the as-fabricated biosensors Cyclic Voltammograms
(CV) were analyzed to study GOx mediated oxidation
of glucose. Figure 8 shows CV which was executed in
an unstirred PBS solution at a scan rate of 100 mV/s.
The potential was swept from −0.2 V to 0.8 V ver-
sus Ag/AgCl, first in the absence and then in the pres-
ence of 1 mM glucose for both the type of electrodes
i.e., Glass/Cr:Pt/ZNR/GOx and Glass/Cr:Pt/ZNP/GOx .
An increase in the anodic current has been observed in
the presence of 1 mM glucose as compared to the back-
ground in the absence of it for both the electrodes. A huge
difference in the anodic current value was observed for
ZNP in comparison with the slight change in case or ZNR
which can be attributed to the enhanced enzyme loading
and for ZNP type of electrodes. The significant improve-
ment in anodic current further affirms the fact that immo-
bilization and electron transfer was greatly improved in
ZNP which is in good accordance with fluorescence and
EIS studies. The CV investigations also validated find-
ings obtained from the amperometric current response and
enzyme-mediated oxidation of glucose.

3.4.3. Interference Effect and Storage Stability Study
The human blood and serum consist of many electroac-
tive species other than glucose such as Uric acid, Ascorbic
acid, etc. which may interfere with the biosensor perfor-
mance while detection of glucose. Thus for obtaining a
practical glucose biosensor, it is necessary to evaluate anti-
interference ability of biosensor. Although incorporation of
enzymes itself brings selectivity in the biosensor, still these
species may affect accurate detection of glucose. Hence,
the anti-interference capability of the best performing elec-
trode, i.e., ZNP was examined by initially injecting 5 mM
glucose in the electrochemical cell setup followed by addi-
tion of 0.1 mM Ascorbic acid and 0.4 mM Uric acid

Table II. Comparison of as fabricated ZNR and ZNP electrodes with
recently reported works.

Linear
Sensitivity range Response

S. no. Support matrix (mA-cm−2-M−1) (mM) time (s) Ref.

1 ZNP 50 0.5–7.5 5 This work
2 ZNR 12	5 0.5–3.5 6 This work
3 ZnO nanoflowers 41	13 0.01–5.2 5 [41]
4 ZnO nanorods 25	7 0.01–0.7 2 [23]
5 Mesporous ZnO – 0.2–12 3 [4]
6 ZnO nanofibers 70	2 0.25–19 4 [21]
7 ZnO nanotubes 21	7 0.5–12 3 [16]

Figure 8. Cyclic voltammograms of the as-prepared electrodes without
glucose and with an injection of 1 mM glucose.

sequentially. The concentration of these two species was
kept same as present in physiological conditions (human
blood).21 Figure 9 shows the anti-interference capability
for ZNP electrodes. An immediate rise in current den-
sity was observed on addition of 5 mM glucose while a
sluggish increase of 1.3% and 1.57% was observed for
ascorbic acid and uric acid addition as shown in Figure 9.
The selectivity of biosensor and anti-interference capabil-
ity can be attributed to enzymes which are highly specific
towards its substrate and well immobilized over support
matrix.
Moreover, to evaluate the stability of discussed biosen-

sor for practical applications, the shelf life measurement
was performed. The amperometric response has been
recorded for ZNP after storing it for 7 days in an incu-
bator at 4 �C. The step-like amperometric response was
obtained with a minimal decrease of 4 mA-cm−2-M−1 in
sensitivity which implies that biosensor has retained 92%
of its initial sensitivity. The sensitivity of the biosensor
was observed to decrease further on increasing the storage
time to 15 days which can be attributed to leaching and
denaturation of enzymes from the electrode with time.

Figure 9. Interference effect study on biosensor response of ZNP
electrode.
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4. CONCLUSIONS
In summary, a novel and straightforward method of replac-
ing the growth solution during hydrothermal growth pro-
cess with the in-situ addition of KMnO4 was employed
for obtaining different morphologies of ZnO. ZNR and
ZNP electrodes with morphological variations suitable for
biosensing platform were obtained. Highly crystalline ZnO
nanostructures with different aspect ratio were attained
for evaluating the biosensor performance. The biosen-
sor figures of merits were found to improve dramatically
due to changes in aspect ratio leading to enhancement in
enzyme loading and 36 times decrement in charge transfer
resistance. The variation in morphology was responsible
for three times improvement in aspect ratio by replen-
ishing the growth solution which in turn was responsible
for doubling of enzyme loading and leading to four times
increase in sensitivity. Biosensor with higher aspect ratio
and enzyme loading along with reduced Rct i.e., ZNP was
found to outperform with sensitivity, response time and
linear range to be 50 mA-cm−2-M−1, 5 s, and 0.5–7.5 mM.
The sensitivity was found to be strongly dependent on
the surface to volume ratio available for immobilization
of enzymes. Furthermore, morphology variations like nan-
otip endings have facilitated better enzyme loading. Thus
the parameters influencing the morphology of ZnO dur-
ing growth must be well optimized and explored to gain
a better understanding about the process, which may also
enable us to obtain high aspect ratio nanostructures facili-
tating higher enzyme loading and repression of Rct thereby
leading to high-performance biosensors.
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