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Abstract We report on an indirect optical method for the deter-
mination of glucose via the detection of hydrogen peroxide
(H,0,) that is generated during the glucose oxidase (GOx) cat-
alyzed oxidation of glucose. It is based on the finding that the
ultraviolet (~374 nm) and visible (~525 nm) photoluminescence
of pristine zinc oxide (ZnO) nanoparticles strongly depends on
the concentration of H,O, in water solution. Photoluminescence
is quenched by up to 90 % at a 100 mM level of H,O,. The
sensor constructed by immobilizing GOx on ZnO nanoparticles
enabled glucose to be continuously monitored in the 10 mM to
130 mM concentration range, and the limit of detection is
10 mM. This enzymatic sensing scheme is supposed to be ap-
plicable to monitoring glucose in the food, beverage and fermen-
tation industries. It has a wide scope in that it may be extended to
numerous other substrate or enzyme activity assays based on the
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formation of H,O,, and of assays based on the consumption of
H,0, by peroxidases.
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Introduction

During the last decade considerable attention has been paid to
biosensors as new tools for fast, reliable, cost effective and
sensitive analysis of clinical, environmental and food samples
[1]. Biosensors are specific due to the immobilized biological
system used and can therefore detect the smallest amounts of
specific substances. Rapid and continuous control is possible
with biosensors, and the response time is rather short. One of
the most successful applications of biosensors is glucose mon-
itoring, both in medical and food areas. Increasing health-
related concerns and growth of the diabetic population are
the crucial driving factor for development of glucose biosen-
sors in clinical diagnostics. Monitoring of glucose is also rel-
evant in the food industry, in areas such as food, beverage and
fermentation, where the control of this parameter is important
in order to ensure the quality of the products.

The first glucose biosensor was described in 1962 by Clark
and Lyons [2] as a thin layer of glucose oxidase (GOx)
entrapped over an oxygen electrode via a semipermeable di-
alysis membrane. This first-generation device relied on the use
of oxygen as co-substrate, and the production and detection of
hydrogen peroxide or the detection of oxygen consumption.
The second-generation glucose sensors developed in the early
1980s [3] contained mediators (such as ferrocene or quinones)
shuttling electrons from the reduced enzyme to an electrode.
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Despite the enormous progress in the field of glucose biosen-
sors during the last decade [4], the majority of the modern
glucose biosensors are still of the electrochemical or
photoelectrochemical [5, 6] type. This is due to their high
sensitivity, reproducibility, and ease of handling as well as
their low production and running cost.

Alternative transduction mechanisms, such as using optical
signals, [7] are abound in the biosensor literature. In particular,
the change in luminescence of upconverting luminescent
nanoparticles [8] or a semiconductor can be used as an indi-
cator of the presence of target substances. Ideally, the light
intensity should be proportional to the concentration of the
analyte of interest. This, however, requires functionalisation
of the semiconductor with a biosensitive layer [9], such as an
enzyme. Since many enzymes exhibit high specificity for their
respective substrates, this type of biosensor can potentially
provide ultrahigh selectivity for the target substances.

Basic semiconductor materials have been used previously
as transducers for biosensors like Si, SiC, GaN [10] and metal
oxide [11]. Among them, zinc oxide (ZnO) can be used, since
it has a wide band gap (~3.3 eV) enabling efficient UV lumi-
nescence at room temperature [12, 13]. Moreover ZnO has an
isoelectric point (pl) as high as ~9.5, which enables efficient
immobilization of enzymes with low pl i.e., <5 [14]. Addi-
tionally, ZnO is biocompatible. Finally, ZnO possesses the
largest family of nanostructures, providing high surface-to-
volume ratio and high crystalline quality [15-18]. All above
listed makes ZnO a promising transducer material for optical
biosensors. Particularly, photoluminescence (PL) of ZnO is a
distinctive feature that can be used for detection of chemical
and biological compounds [15, 19].

The first use of this material in a biosensor was reported by
Dorfman et al. when they described the development of a
nanoscale ZnO platform that could enhance the detection ca-
pability of DNA and protein fluorescence [20]. The ZnO
nanoplatform allowed enhanced fluorescence detection of
fluorophore-labeled DNA and antibovine IgG when com-
pared to other commonly used substrates. Since then, optical
based techniques for biomolecular sensing using ZnO material
have grown and found niche applications in immunosorbent
assays and disease diagnostics. For instance, immunoassays
using bifunctional Fe;0,/ZnO/Au nanorices as Raman probes
[21] and immunoassays using ZnO quantum dots (QDs) as
electrochemical and fluorescent labels [22] have been de-
scribed. Recently, the fluorescent properties of ZnO QDs have
been found useful as probes for ultrasensitive detection of
cancer biomarkers [23, 24]. Wang et al. developed a surface
plasmon resonance based biosensor comprised of ZnO-Au
nanocomposites for rabbit IgG detection [25].

Somewhat surprisingly, in spite of the large market size for
glucose sensors, implementation of optical schemes for sens-
ing glucose have not been a big success. Taking into account
the potential for continuous glucose monitoring using optical

@ Springer

methods as well as prospective properties of ZnO material, we
report the application of ZnO nanoparticles (NPs) in a biosen-
sor for monitoring glucose at a large concentration range (10 —
300 mM). The biosensor is based on the indirect detection of
hydrogen peroxide (H,0,) as a product of glucose conversion
catalysed by glucose oxidase immobilized on ZnO NPs. The
presence of hydrogen peroxide in close proximity with the
ZnO NPs causes a respective change of the UV and visible
PL signals and therefore can be used for the detection of the
glucose concentration in the solution. The continuous sensing
of hydrogen peroxide and glucose via quenching of the UV
and visible luminescence of ZnO nanoparticles has not been
reported before.

Material and methods
Sample preparation

Commercially available low-cost ZnO NPs from Sigma Al-
drich (http://www.sigmaaldrich.com) were used as a model
transducer material. Prior to use, the NPs were irradiated by
UV light in order to convert them into the hydrophilic state
and hence make them wettable for the water based solutions
[26]. The UV irradiation was realized in air ambient via
exposure of the samples, for 30 min, to a low-pressure mer-
cury lamp “Philips TUV PL_L18 W” with a power of 18 W
and maximum emission intensity at a wavelength of 254 nm.
The biosensitive layer was prepared by physical adsorption of
GOx onto the surface of NPs via the following procedure.
Firstly, 0.5 mg of ZnO NPs were dispersed in 10 mL of 0.
01 M phosphate buffer. Secondly, the mixture was sonicated
for 10 min in order to obtain a homogeneous suspension of
nanoparticles. In parallel, the stock solution (10 mg mL™") of
glucose oxidase from Aspergillus niger (also purchased from
Sigma Aldrich) was prepared. Stock glucose oxidase solution
was then added into the ZnO NPs solution resulting in
1 mg mL™" GOx in the mixture. After an incubation period
of 2 h under stirred condition, the mixture was centrifuged in
order to remove the excess of GOx. Finally, separated ZnO
NPs with immobilized GOx were dispersed in 0.01 M phos-
phate buffer with a pH of 7.0.

Characterization of materials

Prior to immobilization, the morphology of the ZnO NPs was
studied by scanning electron microscopy (SEM) using a Leo
1550 Gemini SEM operated with acceleration voltages rang-
ing from 10 to 20 kV and using an aperture value of 30 um.
Photoluminescence spectra were recorded using a spectrome-
ter (Andor Shamrock SR-3031) upon excitation of the NPs
solutions with a UV (355 nm) laser.
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Change of the PL intensity was monitored by adding 20 pl
of hydrogen peroxide and glucose stock solutions of different
concentrations into a cuvette with 180 uL of GOx
immobilized ZnO NPs mixture (after washing the amount of
ZnO NPs was ~10 pg-mL™"). Initially, 50 uM H,O, was
added into the cuvette and the PL emission was measured after
1 min. The procedure was repeated with a certain concentra-
tion steps until the peroxide concentration reached 100 mM.
Glucose stock solutions were prepared by diluting 3 M glu-
cose (D-(+)-Glucose, Sigma-Aldrich) in 0.01 M phosphate
buffer. An initial solution of 0.5 mM glucose was added into
the cuvette and 1 min after the addition, the PL from the ZnO
NPs was measured. The PL measurements were conducted by
adding glucose solutions in a wide range of concentrations up
to 300 mM. Control experiments were performed with 20 ul
of phosphate buffer instead of glucose or H,O,. The PL signal
was calculated as the difference of PL intensity maxima at
374 nm (for Near-Band-Edge (NBE)) and 525 nm (for
Deep-Level Emission DLE) before and after adding hydrogen
peroxide or glucose solutions. Each experiment was repeating
five times then we were calculating the average value of PL
intensity.

The GOx immobilization mechanism was investigated on
flat ZnO surfaces by confocal fluorescence spectroscopy
using the set-up described by Ferez et al. [27] et Balme et al.
[28]. The ZnO surface was prepared by atomic layer deposi-
tion (20 nm thick) on a cover glass using an experimental
procedure described by Abou Chaaya et al. [29]. In order to
detect adsorbed GOX, the latter was previously labeled using
Alexa Fluor 594 succinimidy! ester kit (InvitroGen, A30008;
http://www.lifetechnologies.com/). Typically, 500 pL of
protein solution was added to dry fluorophore Alexa-594 in
a molar ratio of 1:1 and allowed to react for 0.5 h at 20 °C.
Then the unreacted Alexa and protein were separated by cen-
trifugation (16,000 g, 15 min) using filter (Biospin P6) accord-
ing to the supplier of the kit. The labeling ratio [GOx]/[pro-
tein] (0.3) was determined from the UV/Vis spectrometry.

Interfacial concentration of protein was determined as previ-
ously explained by Ferez et al. [27].

Results and discussion

Microstructure and photoluminescence properties
of pristine ZnO nanoparticles

Initially, the microstructure of ZnO NPs was studied by SEM
(Fig. 1). The NPs were of rather rod shape with uniform size
of 70+ 15 nm and were not agglomerated, which is crucial for
their further coating by biological substances. The NPs dem-
onstrated some evidences of hexagonal faceting, reflecting the
hexagonal crystal structure of ZnO. The light scattering pro-
files of the suspension obtained by DLS shows two scattering
peaks with maxima at hydrodynamic diameters around 100
and 400 nm respectively (Fig. 1b).

This finding is not surprising since for a non-spherical par-
ticle, DLS will give the diameter of a sphere that has the same
average translational diffusion coefficient as the particle being
measured. Since our ZnO has a rod shape as observed by SEM
image (Fig. 1a), the hydrodynamic diameter observed for sin-
gle nanoparticle is 100 nm. However this finding shows as
well that in buffer solution, small agglomerates (peak around
400 nm) formed of 3 to 4 nanoparticles are also observed.

The room temperature photoluminescence (RT PL) spec-
trum of pristine ZnO NPs is depicted in Fig. 2. The PL spec-
trum consists of two main peaks: a narrow and intense peak at
384 nm and a wide band of emission, centered at 500 nm. The
former is so-called “near band edge” emission (NBE) and it is
due to radiative recombination of excited carriers, electrons
and holes, in the conduction and valence bands, respectively.
While the latter is a defect emission due to radiative recombi-
nation of charge carriers at different deep level defect related
emission (DLE emission). The structural, optical and electri-
cal properties of ZnO nanostructures are strongly interrelated.

350000
300000 -
250000
200000 -
150000 -

100000 -

Intensity (%)

50000 -

04

0 260 A(I)O 6(;0 860 10'00
Particle Size (nm)

Fig. 1 a) SEM image of pristine faceted grains of ZnO NPs agglomerated on the Si surface, and b) DLS of dispersion of ZnO nanoparticles in buffer

solution
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Fig. 2 Room temperature a b
photoluminescence spectra of 50000 ]
pristine ZnO NPs, represented in 300 K 100000
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Near Band Edge (NBE) and o 30000 8
Deep-Level Emission (DLE) :; 20000 | 2 10004
emissions are marked in (b) D @ 1001
& 10000+ g
£ 01 - 104

350 400 450 500 550 600 650 700
Wavelength (nm)

Usually, the NBE/DLE ratio of ZnO nanostructures increases
with improvement of the material stoichiometry [30].

Due to the expected sensing mechanism earlier described
by Kim et al. [26], we have initially focused our attention
mostly on the NBE emission peak intensity as a useful signal.
However, as we have observed further, in our case the inten-
sity of the DLE peak of visible luminescence was also essen-
tially affected by the analyte concentration. Therefore, we
considered the change of both peaks intensities (NBE and
DLE) separately as a signal for hydrogen peroxide and glu-
cose detection.

Detection of hydrogen peroxide by ZnO NPs
photoluminescence

Pristine ZnO NPs were subjected to UV irradiation prior to
immobilization of glucose oxidase (GOx). Earlier, it has been
reported that wettability character of ZnO can be effectively
changed from superhydrophobic to superhydrophilic via irra-
diation with photons of energies larger than the band gap
energy of ZnO [26]. In order to promote better immobilisation
of GOx onto ZnO NPs, NPs were UV irradiated for 30 min
(see Experimental Section for details). After functionalisation

20000

NBE

—50uM
~——— 100 uM

l — 0 uM

PL intensity (a. u.)

350 400 450 500 550 600 650
Wavelength (nm)

350 400 450 500 550 600 650 700
Wavelength (nm)

with GOx, the PL of the ZnO NPs was modified with a slight
decrease in the signal of both peaks. In order to prove the
expected sensing mechanism, the effect of hydrogen peroxide
on the PL of ZnO NPs with immobilized GOx was investigat-
ed. This was performed by monitoring the PL properties of the
NPs upon addition of H,O, in the solution in the range of
concentration from 0.05 mM to 100 mM. H,O, was added
12 times into the NPs solutions and the amount of the first
addition to the solution was 50 uM. The PL intensity of the
ZnO NPs with immobilized GOx was observed to decrease
proportionally to the H,O, concentration in the buffer
solution.

The PL intensity was demonstrated to decrease in an expo-
nential fashion with H,O, concentration (Fig. 3a). Further-
more, such a decrease was observed for both NBE and DLE
peaks even if at different extent. As one can see, the ZnO NPs
are very sensitive and concentration of H,O, as low as
0.05 mM could be detected. Such a high sensitivity is presum-
ably due to the large surface area of the NPs. The plots of
spectral integral intensity dependencies of the NBE and
DLE peaks on the H,O, concentration are plotted in Fig. 3b
using a logarithmic scale. As one can see, the DLE emission is
an even more efficient spectral characteristic than NBE for

b

T T
O NBE
16000 ‘ .
A DLE
-
S A
o 12000 & LS
N
8000
5 ol
€ o a
T 4000 o
o

6
: i

T
1E-5 1E-4 1E-3 0.01 0.1
Ho05 concentration in log scale(M)

Fig. 3 Dependence of PL spectra of ZnO NPs on the hydrogen peroxide concentration (a) and a logarithmic plot of PL intensity as a function of

hydrogen peroxide concentration (b)
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H,0, sensing. This can be explained as due to low size of ZnO
nanoparticles and therefore the dominant influence of the sur-
face. Hence the deep level defects are mostly localized near
the surface and this type of emission is more influenced by
H,0, concentration. Here it should be noted that in this spe-
cific case, the role of deep level defects is positive, since they
provide the independent route to sensitivity via specific
luminescence.

The recognition of H,O, can be explained following a col-
lisional quenching mechanism (Fig. 4). Upon excitation, the
carriers in ZnO are separated into conduction band (CB -
electrons) and valence band (VB - holes). The carriers aim
to recombine radiatively while emitting a photon with energy
close to the ZnO band gap (~3.3 eV) for NBE emission or
alternatively through deep level defects with energies ~2.5 eV
for DLE emission. H,O,, being in proximity, decomposes
catalytically on the ZnO surface into H,O and O,. This reac-
tion is followed by acceptance of electrons from the conduc-
tion band of ZnO, thus preventing its radiative recombination,
and resulting in quenching of the light emission intensity.

GOx surface concentration at equilibrium

Surface adsorption of proteins strongly depends on the surface
nature, pH and ionic strength. Thus it is essential to estimate
the interfacial concentration of immobilized GOx. To perform
this, the latter was adsorbed on ZnO surface prepared by atom-
ic layer deposition and treated with UV light in order to con-
vert it into a hydrophilic state [26]. The interfacial GOx con-
centration was measured by confocal fluorescence spectros-
copy. Typically, 100 nM solution of labeled protein in 0.01 M
phosphate buffer at different pH was deposited onto the ZnO
surface and the fluorescence from the surface was recorded in
real time until equilibrium was attained. Then the surface was
then rinsed with buffer solution to remove excess of GOx not
bound by electrostatic interaction. The surface concentrations
of GOx immobilised at pH 5 and 7 calculated by means of
fluorescence intensity at the end of the adsorption process are
shown in Fig. 5. As one can see, the amount (149 ng cm™?) of
GOx adsorbed on the ZnO surface by immobilization at pH 7
was significantly higher compared to when the

hV, 4 hv,
o R
>
——— \
* \
\
I 4+
/I h
7/

4+ttt
HhR R ="
ZnO nanoparticle
Fig. 4 Suggested mechanism of ZnO NPs PL sensitivity for H,O,

Interfacial concentration (ng.cm®)

ZnOpH7
Surface and pH buffer

ZnO pH 5

Fig. 5 GOx surface concentration at equilibrium obtained by confocal
fluorescence spectroscopy

immobilization was performed at pH 5 (113 ng cm 2). Due
to its isoelectric point, ZnO possesses a positive charge at
neutral pH, whereas GOx molecules (with low pl 4.2) are
negatively charged. This leads to an electrostatic interaction
between them and results in their physical binding, and thus
effective adsorption.[31] In addition, after rinsing the fluores-
cence intensity does not decrease which means that the GOx
remains on the ZnO surface.

Determination of glucose via quenching
of the photoluminescence of ZnO nanoparticles

We employed the mechanism described above for indirect
glucose detection. Glucose oxidase was immobilized on
ZnO NPs to design a biosensor for glucose control. We have
chosen the unspecific adsorption because, it permit to prepare
easily our biosensor just before using. Glucose oxidase catal-
yses the oxidation of the 3-D-glucose to D-glucono-1,5-lac-
tone and hydrogen peroxide. The hydrogen peroxide pro-
duced as a result of the glucose conversion enables the detec-
tion of the glucose concentration in solution. By measuring
the decrease of the PL intensity, one can estimate the glucose
concentration in solution. The glucose dissolved in the solu-
tion, reacts with the GOx on the surface of ZnO, resulting in
gluconic acid and H,O, via the following reaction:

D-glucose + O, + H,0 a0 gluconic acid + H,O,

The PL spectra of ZnO NPs with immobilized GOx
changed after adding glucose into the solution (Fig. 6a). The
figure shows a steady decrease in the PL intensity as the glu-
cose concentration increases. The plot of PL intensity vs. glu-
cose concentration reveals a linear response up to 130 mM as
shown in Fig. 6b.

This linear PL intensity decrease is evidence that PL
quenching in this system is due to hydrogen peroxide that
was produced during the decomposition of glucose molecules
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Fig. 6 PL spectra of ZnO NPs at different glucose concentration (a); PL intensity vs. glucose concentration (b)

on GOx. Electrons from the ZnO nanoparticles excited by
UV-light irradiation can transfer to hydrogen peroxide which
acts as an electron acceptor quenching the NBE emission.
After the PL intensity testing experiments the sensitivity of
the prepared biosensor was estimated over a full range of
H,0, and glucose concentrations mentioned before. The PL
intensity after reaction of glucose with immobilized GOx was
used as a signal for calculation of the sensor response in com-
parison to the original PL intensity. The sensitivity for H,O,
(Sm,0,) and Glucose (Sg;,) was calculated as following:

Gox_1GOx:H,0,
I max U m

S0, = R 100%
max
IGox? GOx:Glu
S =~ 100%
max

where 152 is the spectral intensity of NBE or DLE PL after
GOx immobilisation, 1S9 and 159 “™ are the spectral
intensities of NBE or DLE PL after analyte (H,O, and glu-
cose) addition, respectively (Fig. 7).

The intensity of NBE and DLE PL decreased with the
increase of both hydrogen peroxide or glucose concentration.

a
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80 > DLE Y
S
> 60 q <
> &b
‘W 40 - &
o
7] d
201 g b
0 T T T T
1E-4 1E-3 0.01 0.1

H, O, concentration in log scale (M)

The detection threshold for H,O, using NBE and DLE PL was
0.05 mM and the detection limit for glucose was 10 mM using
NBE PL. The calibration curve was only near linear at the
highest values of glucose concentration (30 mM — 130 mM).
The difference of the pure H,O, and glucose sensitivity may
be explained as following. First, in case of pure H,O,, the PL
quenching is due to direct interaction of hydrogen peroxide
with ZnO surface, thus the number of radiative recombination
acts and thus PL intensity is directly related to the concentra-
tion of H,O,, In the case of glucose — enzyme — ZnO interac-
tion, only that part of glucose that decomposes on the GO,
produces H,O, that participate in the further interaction with
ZnO. This explains the difference in dynamic concentrations
of glucose and H,0,, and thus their difference in PL
quenching, and detection limit respectively. Another reason
is that GO enzyme, being immobilized on the nanoparticle,
cover/shadows part of its active area, thus preventing its con-
tact with hydrogen peroxide as a product of the reaction, thus
decreasing the PL quenching and consequently the detection
limit. Third, the byproducts of the reaction (gluconic acid)
may partially “shadow” the active area of the nanoparticle
from the H,0O,, thus preventing their contact and interaction.
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Fig. 7 Sensitivity of the ZnO NP biosensor to H,O, (a) and to glucose (b) concentrations
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The selectivity of our glucose optical sensor depends on
two major factors that are the enzyme—analyte reaction and the
selective measurements. The enzyme—analyte reaction is very
specific due to the nature of the enzyme (Glucose oxidize)
functionality. The Glucose oxidize reaction with (3-D-
glucose is highly specific without any major interfering reac-
tion with other types of sugars.

The selective measurement of the photoluminescence
probes technique for the glucose detection has been investi-
gated by Yi et al. [32]. The results clearly demonstrate that the
semiconductor based PL sensors can serve as novel fluores-
cence probes for highly selective and reliable glucose
monitoring.

Thus, the detection range of 10 mM to 130 mM of our
biosensor covers glucose levels from low to relatively high.
It shows potential for the design of optical glucose biosensors
for specific applications, including agriculture (i.e., food glu-
cose control) and environmental monitoring.

Therefore, the further improvement of the sensing proper-
ties of the studied system can be performed via improvement
of the PL ability of ZnO NPs, and optimization of such pa-
rameters as the nanoparticles size, dispersion, glucose oxidase
immobilization procedure, concentration of immobilized
nanoparticles in the solution etc. This, however, represents
the future challenges to be solved for the further development
of the reported sensing approach.

Conclusion

ZnO NPs demonstrate bright ultraviolet PL at room tempera-
ture. Glucose oxidase was demonstrated to be efficiently
immobilized on the superhydrophilic surface of ZnO NPs,
providing a biosensitive layer for glucose detection. Glucose
in solution reacts with GOx and decomposes into H,O, and
gluconic acid. Availability of H,O, in close proximity with
ZnO NPs surface results in a decrease of NPs PL intensity.
This is because H,O, molecules upon decomposition into
H,0 and O, accept excited electrons from the ZnO conduction
band preventing their inter-band recombination with holes in
the valence band. The PL quenching was shown to be propor-
tional to the glucose concentration in the solution. The above
described concept should be used for the design of optical
glucose biosensors, for high concentration glucose detection
(upper than 1.8 g L") such as addition of glucose syrup in
honey [33] or soda analysis [34]. In addition, this concept may
be extended to numerous other enzymatic assays based on the
formation of H,O, by oxidases or the consumption of H,O,
by peroxidases [35—40].
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