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Abstract
We present a glucose biosensor based on ZnO nanowire self-sustained films grown on
compacted graphite flakes by the vapor transport method. Nanowire/graphite films were
fragmented in water, filtered to form a colloidal suspension, subsequently functionalized with
glucose oxidase and finally transferred to a metal electrode (Pt). The obtained devices were
evaluated using scanning electron microscopy, energy-dispersive x-ray spectroscopy, cyclic
voltammetry and chronoamperometry. The electrochemical responses of the devices were
determined in buffer solutions with successive glucose aggregates using a tripolar electrode
system. The nanostructured biosensors showed excellent analytical performance, with linear
response to glucose concentrations, high sensitivity of up to ≈17 μA cm−2 mM−1 in the
0.03–1.52 mM glucose concentration range, relatively low Michaelis–Menten constant, excellent
reproducibility and a fast response. The detection limits are more than an order of magnitude
lower than those achievable in commercial biosensors for glucose control, which is promising
for the development of glucose monitoring methods that do not require blood extraction from
potentially diabetic patients. The strong detection enhancements provided by the functionalized
nanostructures are much larger than the electrode surface-area increase and are discussed in
terms of the physical and chemical mechanisms involved in the detection and transduction
processes.

Keywords: zinc oxide nanowires, functionalization, glucose, biosensor, nanostructured electrode

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, semiconductor nanostructures such as nano-
wires (NWs) have been increasingly employed in sensing
devices due to their large specific surface area and novel
charge transport properties. One of these important

applications includes biosensors for glucose level detection in
the human body. Chronic diseases such as diabetes mellitus, a
disorder triggered when the body loses its ability to produce
enough insulin or to use it effectively, may cause lethal
complications in human health [1]. Hence, enormous budgets
have been devoted towards the development of devices for
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the early detection of anomalies in the glucose level in
humans. Electrochemical biosensing strips capable of giving
sufficiently reliable measures of glycaemia have been avail-
able in the market for many years. Nonetheless, sensitive
devices capable of accurately and reproducibly determining
low glucose concentration in real time in other body fluids
besides blood, and as non-invasively as possible [2–5], are
very desirable [6].

Different nanostructures have been explored to increase
the sensitivity of electrochemical biosensors. NWs of ZnO
[7, 8], a wide gap (3.37 eV) semiconductor often proposed for
optoelectronic devices such as lasers, LEDs and solar cells,
have been successfully tested. Given its biocompatibility,
high isoelectric point (IEPZnO∼9.5), elevated surface activ-
ity, chemical stability and high electron communication fea-
ture, ZnO can be functionalized with a wide range of
biological materials such as DNA, antibodies and
enzymes [3, 9].

In this work, we describe a fabrication method for a
glucose biosensor based on immobilization of glucose oxi-
dase (GOx) enzyme on ZnO NWs grown from the vapor
phase on compacted graphite flakes. The resulting device is
characterized thoroughly and its glucose response is deter-
mined and compared with that corresponding to a non-
nanostructured biosensor. The strong detection enhancement
provided by the nanostructured biosensor is superior to the
surface area enhancement and is therefore studied and dis-
cussed in terms of the physical and chemical mechanisms
involved in the detection and transduction processes.

2. Experimental method

2.1. Growth of nanostructures

Self-sustained films of entangled ZnO NWs were grown on
substrates of compacted graphite flakes using the vapor
transport method. The Zn precursor vapor was produced
through the carbothermal reduction of ZnO powder (99.99%)
mixed with graphite flakes (99.9%) in an alumina crucible in
the interior of a quartz tube connected to a vacuum and
ultrapure (99.999%) Ar and O2 gas feed systems. The ZnO +
graphite crucible was heated from room temperature to
1050 °C under a steady Ar+O2 (125 and 8 sccm, respec-
tively) flow. The heating duration was established at 40 min
by controlling the current in a resistive tubular furnace, and
the temperature was then kept constant at this setpoint for 30

more minutes. At the end of this cycle, the gas flow, pump
and heat current were simultaneously interrupted and the
whole system allowed to cool down to room temperature prior
to exposure of the final products to atmosphere.

During the thermal cycle, compacted graphite substrates
were placed 26 cm downstream from the ZnO + graphite
source. At this position the maximum temperature was lower
than in the source (900 °C), hence Zn precursor vapors
supersaturation was promoted, followed by their condensation
on the graphite substrate, their oxidation and subsequent ZnO
growth. Unlike other substrates such as Si wafers, no metal
catalysts are needed for ZnO NW growth on graphite, which
follows a vapor-solid growth mechanism [10, 11]. The final
product is a self-sustained film of entangled ZnO NWs whose
mean diameter is 65 nm and their lengths range between 2 and
6 μm. Scanning electron microscopy (SEM) images of these
films are shown in figures 1(A) and (B).

Figure 2 shows an x-ray diffraction (XRD) pattern from
an as-grown ZnO NWs on compacted graphite film. Since the
films are brittle, the samples for the XRD study were prepared
by attaching the ZnO NW films to (111) oriented Si wafers by
dropping Ag paint on their edges. Hence, peaks due to Ag and
the (111) planes of Si are also seen in addition to the graphite
(004) and various ZnO peaks in figure 2. The pattern from the
ZnO NWs agrees well with that from a polycrystalline ZnO
standard, stemming from the fact that the ZnO NWs are
randomly oriented.

2.2. Characterization

SEM images and energy-dispersive x-ray spectroscopy (EDS)
spectra were acquired using a field emission microscope (FE-
SEM Σigma) equipped with an in situ x-ray detector. XRD
patterns from the deposited films were obtained by using a
Bruker D8 Advance diffractometer and a CuKα radiation
source (λ=1.5418 Å). Electrochemical analysis was con-
ducted using a tripolar electrode system, consisting of the

Figure 1. SEM images at two different magnifications of ZnO NWs
grown on a compacted graphite substrate.

Figure 2. X-ray diffraction pattern obtained from a ZnO NW/
graphite film attached onto a (111) oriented Si wafer with Ag paint.
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working electrode, a reference Ag/AgCl (ER) and an AISI
304 concave stainless steel counter electrodes, within a cell
provided with bubbling air. All electrochemical measure-
ments were performed at room temperature using a Solartron
12 508W frequency response analyzer with a Solartron 1287
electrochemical interface.

2.3. Sensor fabrication

The self-sustained ZnO NW film on graphite was introduced
into distilled water in a 30 mgml−1 proportion, agitated
manually and then left to decant for 24 h. This final step aims
at separating heavy film fragments from the smaller ones
(which typically range between ≈1 μm and about 50 μm) that
remain as dispersed microparticles in the supernatant colloid.

To functionalize the ZnO NWs, 190 μl of the supernatant
colloid was mixed with 10 μl of a 43.4 mg ml−1 type VII
glucose oxidase (GOx) [12] (from Aspergillus niger) solution
in equimolar phosphate (PBS) buffer solution to generate a
hydrophilic surface. PBS (0.01M) was prepared from
KH2PO4 and Na2HPO4 with 0.1 M KCl as supporting elec-
trolyte. After stirring, the solution was allowed to rest for 24 h
in a refrigerator to enable the formation of [NWs–GOx]
complexes.

Subsequently, 80 μl of this solution was transferred to a
previously polished Pt electrode with, sequentially, 1.0, 0.3
and 0.05 μm alumina powders. The Pt electrode area was
1.76 cm2. A SEM image at low magnification of the result of
this procedure is shown in figure 3(A). The deposited func-
tionalized film fragments have sizes varying mostly between
20 and 40 μm. From the size distribution, shown in the his-
togram of figure 3(B), we estimate that, following this drop
coating procedure, a∼20% of the Pt electrode is covered with
the functionalized ZnO NW/graphite fragments. After 24 h,
80 μl of commercial polymeric Nafion® resin 0.5 P/P (Nf)
was dropped on top of the biosensor and left to dry for 24 h.
This step is essential to preserve the biosensor electrode
integrity during electrochemical testing and enhances the anti-
interference ability of the biosensor.

Various control electrodes were also prepared by
depositing identical quantities of Nf directly on the polished
Pt or on non-functionalized ZnO NW modified Pt electrode.
All chemicals were purchased from Sigma-Aldrich.

3. Results

Figure 4 shows high magnification SEM images of some ZnO
NWs-on-graphite film fragments that were extracted from
their liquid dispersion. Figures 4(A), (B) correspond to bare
NWs, while figures 4(C) and (D) are NWs after functionali-
zation with the GOx enzyme. Since it is an organic material,
the GOx formations on the NWs are not readily seen by
electron microscopy. However, indirect information can be
extracted from the NW diameters, as shown in the histograms
depicted in figure 4(E). From the shift of the NW mean dia-
meter from 65 nm (bare NWs) to 85 nm (functionalized

NWs), it can be concluded that the GOx is deposited on the
NWs as a conformal film approximately 10 nm thick.

It is clear from the comparison of figures 1 and 4 that
most of the NWs are cut during the transfer from the growth
film (where their lengths are 2–6 μm) to the Pt electrode
(where they are typically shorter than 2 μm length). However,
it should be noted that this does not severely affect the final
area-to-volume ratios of the NWs, as they are mainly deter-
mined by the NWs radii rather than by their lengths.

The compositional distribution over some of the trans-
ferred functionalized ZnO NW/graphite particles was deter-
mined by acquiring EDS maps on samples produced by
depositing a drop sample of the supernatant colloid on a Au
covered Si wafer and evaporating the liquid solvent by mild
heating (see figures 5(A)–(D)). As can be seen, the particles
contain, as expected, mainly C (from the graphite substrate),
and Zn and O from the ZnO NWs. The spatial coincidence
between Zn and O, whose distributions notably differ from
that of C, shows that these signals come from ZnO NW
formations that grew on the graphite substrate, covering most
of it. As shown in the full EDS spectrum (figure 5(E)), other
elements are also detected, such as Cl and K, which originate
from the buffer solution used for the NW transfer and func-
tionalization. Also seen is Au, which comes from the thin Au

Figure 3. (A) SEM image showing the resulting overall coverage of
the Pt electrode after the deposition of the ZnO NW/graphite film
fragments. (B) Histogram of approximate fragment sizes.
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layer that was sputter deposited on these samples to avoid
their charging by continuous electron bombardment during
the analysis.

In figure 6, cyclic voltammograms (CV) obtained for
different electrode configurations are shown. Figure 6(A)
depicts a CV for Pt/Nf and Pt/NWs/Nf electrodes in 0.01M
PBS buffer for a large potential scan interval (from −0.95 to
+0.95 V). The observed curves establish the response of the
basic biosensor components Pt/Nf and Pt/NWs/Nf in buffer
solution and also demonstrate the absence of electroactive
interfering species in the PBS buffer solution.

Figure 6(B) shows CVs measured for the ZnO NW
biosensor in PBS with and without glucose. Nearly at 600 mV
a current increase is detected exhibiting a peak maximum
above 800 mV when glucose is present. This peak corre-
sponds to the oxidation of hydrogen peroxide (H2O2) that is
produced following the prior oxidation of glucose catalyzed
by the functionalizing enzyme (GOx).

Figure 7(A) shows the time evolution of the ampero-
metric response of the biosensor device after a potential of
900 mV is applied at t=0 and after multiple aggregates of
0.14 mM glucose each are added to the buffer solution. The
first part of the curve shows how the system approaches a
steady state after the potential is applied and then it responds
promptly to the successive glucose aggregates. The ampero-
metric response of the NW biosensor is compared with that of
a functionalized Pt electrode without the presence of NWs in
figure 7(B). The much more rapid and sensitive response of

the nanostructured electrode is evident. The signal-to-noise
ratio (SNR) for the sensor with NWs is ∼13.4 while for the
sensor without nanostructures is initially ∼1.5, however, as
seen in figure 7(B), it rapidly degrades with time and with
further glucose aggregates until the SNR becomes very large
so the glucose becomes virtually undetectable. This problem
is solved completely in the nanostructured biosensor.

4. Discussion

The glucose in GOx functionalized electrodes is detected via
the following electrochemical reactions [13]:

b ¾¾D Glucose GOx D Glucono 1,5 lactone , 1aq aq‐ ‐ ‐ ‐ ( )( ) ( )

¾ ¾¾¾¾¾¾¾¾¾¾¾
- -

O
GOx FADH GOx FAD

H O , 22 aq
2

2 2 aq ( )( ) ( )

¾ ¾¾  + ++ -eH O 900mV O 2H 2 . 32 2 aq 2 g aq ( )( ) ( ) ( )

Initially, the GOx enzyme oxidizes the glucose (equation (1)),
while using O2 from water as cofactor to oxidize the flavin

Figure 4. SEM images of ZnO NWs/graphite particles extracted
from the liquid dispersion before (A), (B) and after (C), (D)
functionalization with GOx. (E) shows NW diameter histograms and
corresponding Gaussian fits as obtained from SEM images of bare
(red on the left) and functionalized (blue on the right) ZnO NWs.

Figure 5. (A) EDS maps of all detected elements together, and
individual EDS maps for (B) carbon, (C) zinc and (D) oxygen,
acquired on some of the particles found in a drop sample of the
supernatant colloid. (E) EDS spectrum from the whole region.
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adenine dinucleotide group, resulting in the production of
H2O2 (equation (2)). Both processes are enabled by GOx
enzyme catalysis. The oxidation of H2O2 (equation (3)), in
turn, is commonly used to evaluate the amperometric
response of the glucose biosensor.

As in previous reports, one is tempted to attribute the
detection enhancements provided by the ZnO nanostructures
to a surface area increase of the working electrode. However,
we estimate that the increase of electrode surface area for the
present NW morphology and Pt electrode coverage amounts
to less than a factor of two. Hence, while this is certainly a
partial cause, it is clear that the improvements provided by the
ZnO nanostructures, which amount to increases by an initial
factor of ∼ten in the SNR ratio and quickly become orders of
magnitude larger for successive glucose aggregates
(figure 5(B)), must be mainly due to an enhanced activity of
the reactions listed in equations (1)–(3) provided by the ZnO–
GOx complexes. The formation of ZnO–GOx complexes
during functionalization is facilitated by the high isoelectric
point value of ZnO, which allows the efficient immobilization
of high concentrations of acidic enzymes by electrostatic
interactions with high binding stability. It is known that GOx
molecules are negatively charged in neutral pH solutions (as
the one used here for NW functionalization) and hence they
are readily attracted, adsorbed and immobilized onto the
positively charged ZnO NWs. The ZnO biocompatibility

provides also a favorable microenvironment for retaining
enzyme activity.

Other question that should be considered is the specific
electrochemical catalytic action of these complexes, which are
related to their intrinsic chemical and stereochemical prop-
erties. For instance, it has been shown that defects on ZnO
surfaces may act as highly efficient redox sites [14]. However,
other factors associated with morphology related transport
enhancement phenomena at the electrolyte/electrode inter-
face may play a role. One of these would involve effects from
local electric field gradients produced by the sharp NW
morphology. The highly divergent electric field expected near
NW tips should produce a force on the glucose polar mole-
cules that could preferentially guide them towards the func-
tionalized ZnO NWs.

In order to gain further insight into the detection
enhancement effects provided by the nanostructures on the Pt
electrode, we have also evaluated the biosensors by amper-
ometrically detecting the reduction and oxidation reactions of
the reference - -Fe CN Fe CN6

4
6

3( ) ( ) redox couple. The
corresponding CVs are shown in figure 8. Again, the mea-
sured current is seen to be much larger for the nanostructured
biosensor than for the Pt electrode without NWs. If electron
transfer at the electrode has no diffusive components, the peak

Figure 6. (red) Cyclic voltammograms for (A) Pt/NWs/Nf (green)
and Pt/Nf (red) electrodes in 0.01 M PBS buffer (pH 7.4) with a
potential scan rate of 50 mV s−1; and for (B) a glucose biosensor
with a potential scan rate of 50 mV s−1 in 0.01 M PBS (pH 7.4)
buffer without (blue) and with 3 mM glucose (red).

Figure 7. (A) Amperometric glucose response of the biosensor
(current density as a function of time) in buffer to multiple 0.14 mM
glucose aggregates, pH 7.4, with stirring. (B) Comparison of
responses between sensors with and without NWs as a function of
time for multiple 0.14 mM glucose aggregates.
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current (ip) is given by equation (4) [15, 16],

*n= Gi n F A RT4 , 4p
2 2 ( )

where n is the number of exchanged electrons, F is the
Faraday constant, ν is the scan velocity, and A is the active
area of the electrode. Using equation (4), one can estimate an
average density per unit area of electroactive sites on the
working electrode surface, Γ*, by, for instance, measuring ip
as a function of ν. This can be done in this case for both, the
anodic and cathodic peaks (ipa and ipc) on the voltammo-
grams, as shown in the insert of figure 8. The accurate
linearity of the data confirms the applicability of equation (4)
to the present experiment.

Table 1 shows the results obtained from this analysis. As
seen, Γ* is larger by a factor of ∼40 in the nanostructured
biosensor. Despite the semiconducting characteristics of the
ZnO NWs, they respond sensitively to the reduction and
oxidation charge transfer processes. The value of
5.8×10−12 mol cm−2 (table 1) is comparable to, and falls
between, those reported for C nanotubes [17] and Au nano-
particle [18] modified GOx functionalized electrodes.

We note in passing that the - -Fe CN Fe CN6
4

6
3( ) ( )

couple redox peaks in figure 8 are shifted toward lower
potentials for the nanostructured biosensor as compared to the
electrode without NWs. This supports the idea of the presence
of highly efficient electroactive sites on the ZnO NW surfaces
or on the (ZnO–GOx) complexes. Furthermore, as mentioned
before, the three dimensional character of the nanostructured
electrode implies in additional transport mechanisms of the
electroactive species that should enhance the electron com-
munication and detection capabilities of the NW modified
against the non-nanostructured electrode. In this context, it is
interesting to note that similar behaviors have been observed
in other nanostructured systems, such as porous graphene
electrodes [19], where effective electrocatalytic effects were
demonstrated to be due to a beneficial diffusive coupling
between the electrode and the electrolyte, which becomes
more pronounced with increasing electrode porosity.

Next, we determine the overall glucose detection per-
formance of the nanostructured biosensor by plotting, in
figure 9, the calibration curve obtained directly from the
amperometric data in figure 7. The dynamic range for this
calibration is 0.03–1.52 mM. The biosensor sensitivity
obtained from the linear fit to the low concentration range of
the experimental curve is 17 μA cm−2 mM−1 (R2=0.983).

The detection limit (LOD), in turn, is ∼9 μM while the
limit of quantification (LOQ) is ∼30 μM. To evaluate the
catalytic performance of the enzyme, we determine the
Michaelis–Menten constant (Km), which is usually defined as
the substrate concentration at which the enzymatic reaction
rate reaches a value equal to half its maximum. In our case,
however, since the enzyme is immobilized over the ZnO
nanostructures, the value obtained is for the [ZnO–GOx]

Figure 8. Amperometric response to the - -Fe CN Fe CN6
4

6
3( ) ( )

redox couple of GOx functionalized biosensors with (red) and
without (black) NWs for different scan rates. Insert: cathodic and
anodic peak currents Ipc y Iac, for both sensors, as functions of the
scan rate. Note the very different scales.

Table 1. Density of electroactive sites on biosensor electrodes as
determined from data in figure 8 and using equation (4).

Γ* (moles cm−2)

No NWs 1.5×10−13

With NWs 5.8×10−12

Figure 9. Open symbols: calibration curve (current density as a
function of the glucose concentration) for the biosensor with NWs.
The linear response for low glucose concentrations is indicated.
Closed symbols: corresponding Lineweaver–Burk plot (reciprocal
current as a function of the reciprocal glucose concentration); the
linear behavior in the whole glucose concentration range is evident.

Figure 10. Degree of reproducibility of biosensor electrodes as
examined by comparing various independently determined calibra-
tion curves.
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complexes. Hence, an apparent constant, K ,m
app can be

obtained from the Lineweaver–Burk plot described by the
equation:

= +
i

K

i c i

1 1 1
, 5m

app

max max
( )

where i is the measured current, c is the glucose concentra-
tion, and imax is a maximum current obtained by extrapolating
1/i to its value for 1/c=0. The Lineweaver–Burk plot is
shown as red dot symbols in figure 7. The value found is

=K 2.11 mM,m
app which compares well to those reported in

the literature for other ZnO NW modified sensors [20, 21]. As
it has been noted previously, this value is significantly lower
than those obtained when other nanomaterials, such as Au
nanoparticles or nanoporous TiO2 films, are used [22, 23].
This further demonstrates the excellent beneficial support
characteristics of ZnO for GOx and probably for other
biological materials as well.

Finally, the reproducibility of the biosensor electrodes is
examined in figure 10. As can be seen, there is some dis-
persion, especially in the saturation region. The sensitivity
reproducibility amounts to 10% (standard deviation) in the
0–1.52 mM concentration region. The range of sensitivity and
LOD values deduced from these data are shown in table 2 and
compared with some of those reported for other ZnO NW
based biosensor devices [20–22, 24, 25]. As can be seen, our
biosensors present sensitivities comparable to those fabricated
by other methods. For the LOD values, in turn, the present
method yields lower values than those reported for other
electrostatically functionalized ZnO NW-based biosensors
[20, 21, 25], showing its excellent performance. It should be
noted, however, that a much lower LOD value has been
reported for linker mediated GOx functionalized ZnO NWs
[24]. Although the values obtained here readily match those
needed for glucose monitoring in body fluids other than blood
from potentially diabetic patients (such as ∼170 μm in tear
[26], for instance), the process of linker mediated GOx
functionalization of NWs could be easily incorporated to our
fabrication method for future applications where lower LOD
values may be required.

5. Conclusions

In this work, the steps for the fabrication of a glucose bio-
sensor based on ZnO NWs deposited on graphite flakes by
vapor-transport without metal catalyst are described. It is

shown that the obtained biosensor is capable of reliably and
reproducibly detecting very low glucose concentrations
(LOD∼9 μM, LOQ∼30 μM), suggesting its applicability
for the non-invasive control of diabetes in body fluids other
than blood [6]. The analysis of the nanostructured system
shows detection improvements by several orders of magni-
tude with respect to the non-nanostructured biosensor. Ana-
lytical parameters for the ZnO NW modified electrode
samples emphasize the excellent properties of ZnO to
immobilize glucose oxidase and to form a biospecific inter-
face, with good sensitivity, relatively low LODs, fast response
and good reproducibility for the detection of D (+) − glu-
cose. The method developed here for growth of ZnO NWs on
graphite, their functionalization and transfer to useful low
impedance electrodes can be further optimized. However, it is
highly versatile in its present form and should be easily
extended to other enzymes and materials for biorecognition.
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