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Abstract

A new glucose biosensor based on the electron transfer and photothermal effect of gold
nanorods (GNRs) is reported here. The biosensor was prepared by immobilizing glucose
oxidase (GOx) on a platinum (Pt) electrode by a composite film consisting of GNRs, polyvinyl
butyral (PVB) and glutaraldehyde. GNRs were synthesized by a gold seed-mediated
cetyltrimethylammonium bromide (CTAB) surfactant-assisted approach. The fabrication,
characterization and analytical performance of the glucose biosensor based on GNRs are
described in this paper. Moreover, the modulation of the biosensor by the photothermal effect
based on the unique surface plasma resonance (SPR) property of GNRs was investigated for the
first time. The results show that the current response of a glucose biosensor can significantly
increase, induced by the electrical conductivity and photothermal effect of GNRs.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Biosensors have aroused much interest because of the
advantage of carrying out analytical and diagnostic procedures
simply and rapidly. Among various biosensors, a glucose
biosensor has been considered to be important due to its
potential ability to analyse glucose in situ in real time, which is
essential to the appropriate administration of insulin in clinical
diabetes therapy [1-3]. The most common strategy with
glucose biosensors is the utilization of glucose oxidase (GOx)
to produce hydrogen peroxide (H,O,) from glucose and then
detect the glucose concentration by a change in current flow
between hydrogen peroxide and an amperometric electrode [4].
However, since the active center of GOx is deeply buried in
a protein shell, which forms a barrier to efficient electrical
communication between the redox center of GOx and solid
electrode surfaces [5], it is necessary to find a viable way to
further enhance the efficiency of electrical communication.

0957-4484/10/185504+06$30.00

In the past few years there has been growing interest in
utilizing various nanoparticles, such as Ag [6], Fe;O4 [7],
Pt [8], semiconductor nanoparticles (CdSe/ZnS) [9] and so
on [10, 11], to immobilize the GOx enzyme and enhance
the efficiency of electrical communication. It is reported that
nanoparticles can promote electron transfer between electrodes
and the active center of GOx, based on the advantageous
properties of nanoparticles such as high surface reactivity,
high catalytic efficiency and strong adsorption ability for
the immobilization of the desired biosensing molecules [12].
Recently, researchers have applied the novel physical and
chemical properties of these nanomaterials to the fabrication
of highly sensitive biosensors. For example, Wang et al
have developed photoelectrochemical sensing of NADH under
visible irradiation by using nanoporous TiO, [13]. Our
previous study showed the fabrication of a highly sensitive
glucose biosensor based on the photovoltaic effect of ZnO
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nanoparticles which can significantly enhance the response
current of a glucose biosensor [14].

Gold nanomaterials have superior biomolecule immobi-
lizing properties and have attracted much interest for the
development of GOx biosensors [15-17]. Most recently, our
group reported the successful utilization of gold nanorods
(GNRs) to create a highly responsive biosensor [16, 17]. But
in these previous studies, gold nanorods have only been used
to immobilize the enzymes to improve the electron transfer
between the electrode and the substrate molecule. As is
well known, GNRs are excellent candidates for photothermal
applications owing to their strongly enhanced absorption and
scattering induced by the coherent collective oscillation of
electrons at their surface [18]. However, there has still been
no attempt to exploit the photothermal properties of GNRs for
a GOx biosensor.

In this paper we describe the fabrication, characterization
and analytical performance of a glucose biosensor based
on GNR nanoparticles. Moreover, we investigate the
photothermal effect of GNRs on a glucose biosensor in a
photocontrolled electrochemical system for the first time. Our
experiments show that GNRs can significantly enhance the
sensitivity of a GOx enzyme electrode due to the electron
transfer and photothermal effect of the GNRs. In this system,
GNRs can convert light energy to environmental heat which
can facilitate the enzyme reaction and speed up electron
transfer between the electrode and the substrate molecule.
Therefore, this method of fabricating a glucose biosensor
by using GNRs not only provides a possible strategy to
detect glucose easily and sensitively, but also shows the
potential for developing a new generation of highly sensitive
photocontrolled biosensors.

2. Materials and methods

2.1. Materials

2.1.1. Chemicals and reagents.  GOx was obtained
from Aspergillus niger (Sigma Company, 118 Umg™').
B-D-glucose and cetyltrimethylammonium bromide (CTAB)
were purchased from Sigma. L(+)-ascorbic acid (99%), silver
nitrate (AgNO3), chlorauric acid (HAuCly-3H,0), sodium
borohydride (NaBH4) and cellulose acetate (CA) were the
products of Beijing Shiji Company. All the chemicals were
used without further purification. All solutions were prepared
with deionized water.

2.2. Preparation of GNRs

As described by Murphy er al [19], GNRs were prepared by a
seed-mediated growth approach.

2.2.1. Preparation of gold seeds. A 10 ml aqueous solution
containing 9 x 1072 M CTAB and 3 x 10~* M trisodium citrate
was mixed in a conical flask in an ice water bath. Then, 0.7 ml
of 0.1 M ice-cooled NaBH, was added to the solution while
stirring. The solution turned brownish yellow immediately
after adding NaBHy, indicating formation of the gold seed
solution.

2.2.2. Preparation of GNRs. First, 0.15 ml of 4 x 1073 M
AgNO; was added to 10 ml of 9.5 x 1072 M CTAB solution.
Then, 0.1 ml of 4.2 x 1072 M HAuCl, was added. After
10 min of gentle shaking, 30 ul of 0.1 M ascorbic acid was
added and mixed. Then, 100 ul as-prepared gold seed solution
was added to the growth solution. A visual color change from
orange-red to purple or blue indicated the formation of GNRs.
The temperature of the growth medium was kept constant at
25°C in all the experiments. The resulting precipitate was
centrifuged and washed three times with deionized water.

2.3. Preparation of enzyme electrodes

Pt electrodes with a diameter of 1 mm were cleaned with
boiling nitric acid for 5 min and washed with deionized water.
Then, 10 ul of 1 U aqueous solution of GOx was added to
400 ul of 0.1 mg ml~' GNR solution to form a mixture in a
5 ml beaker. 2 ml of PVB 2-propanol solution (2 wt%) used
as an auxiliary membrane matrix and 100 pul glutaraldehyde
aqueous solution (1 wt%) used as a crosslinking agent were
added to the beaker successively. The contents were stirred
evenly by the Pt electrode. Then the Pt electrode was dipped
in to a depth of 2 cm for 10 min and taken out. Then the
enzyme electrodes were dried in air. A thin membrane was
formed on the electrodes. These electrodes were stored at
4°C for 24 h before any measurement. The enzyme electrodes
without GNRs, used as reference samples, were prepared by
dipping Pt wire into the mixture containing GOx, PVB and
glutaraldehyde, the process and amount being the same as
described above.

2.4. Characterization

The morphology of the GNRs was visualized by a transmission
electron microscope (TEM, JEOL-200CX), operating at
160 kV. All UV-visible-NIR spectra were recorded at room
temperature on a JASCO (Japan) V-570 UV-visible-NIR
spectrometer using quartz cuvettes with an optical path of
1 cm. A CHI604B electrochemical workstation (Shanghai
Chenhua Apparatus Corporation, China) was used for cyclic
voltammetric experiments. All experiments were carried out
in a three-electrode cell equipped with a modified Pt wire as a
working electrode, a Pt wire counter electrode and a Ag/AgCl
reference electrode. The applied scan rate was S0 mV s~!.

2.5. Amperometric measurements of the glucose sensor

Amperometric measurements were carried out using a three-
electrode cell consisting of an enzyme working electrode,
a counter electrode of Pt wire and a reference electrode of
Ag/AgCl. Measurements were conducted in a 5 ml phosphate
buffer (KH,PO4—Na,HPO4, pH = 6.8) cell under a fixed
potential of 0.4 V at 25°C. First, the working electrode
and reference electrode were put into a phosphate buffer
solution. As background current reached a constant value, the
response currents were noted down, and then the background
currents were deducted. Then, the correlation between the
current response and the concentrations of glucose solution
was obtained.
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Figure 1. Absorption spectra of (a) GNRs, (b) GOx, and (c)
GOx—-GNR bioconjuate. The inset figure is a TEM image of GNRs
synthesized by the seed growth method (aspect ratio = 3.5).

The surface of the modified electrode was irradiated with
NIR laser light for 2 min by facing the surface towards a NIR
laser light at a distance of 2 cm.

2.6. The temperature elevation experiments with GNR solution

In the temperature elevation experiments, 1 ml of 0.1 mg ml~!
GNRs in PBS buffer (phosphate buffered saline, 100 mM
Na,HPO,4 /150 mM NacCl, pH 7.4) were exposed to an 808 nm
diode laser with a power density of I Wcem™2 (5 W, 20 mm
fiber optic patch cable to a collimating lens; Daheng New
Epoch Technology, Inc., Beijing, China) for 10 min. The
temperature of the solution was detected each minute with the
PT-3S thermo-detector made by Optex Co., Ltd, Japan.

3. Results and discussion

3.1. Preparation and optical properties of GNRs

The surface plasmon resonance (SPR) for GNRs is known to
split into two bands. The high energy band is induced by
the oscillation of the electron perpendicular to the rod axis
(transverse surface plasmon absorption). The other absorption
band, which is red-shifted to lower energies, is caused by
the oscillation of electrons along the rod axis (longitudinal
surface plasmon absorption) [20]. Here, in order to obtain
SPR of GNRs in the near-infrared (NIR) region (an optical
transparency window, where biological tissue and water absorb
minimally) so as to avoid GOx damage under low laser density,
GNRs with an aspect ratio of 3.5 were particularly synthesized
to modify the electrodes. The inset of figure 1 shows
GNRs prepared via the seed-mediated method as mentioned in
section 2.2. The average width of as-prepared GNRs is 15 nm
and the average length is 53 nm. Figure 1 shows the absorption
spectra of GOx, GNRs and GOx—GNR aqueous solution. The
transverse surface plasmon absorption of GNRs was excited
at 520 nm and the longitudinal one at 762 nm (curve a). The
absorption peak of pure GOx lies at 374 and 450 nm (curve b),
consistent with the previous report [21]. After the conjugation
of GOx with GNRs (curve c), the peaks are slightly shifted
to 372, 445 and 767 nm; these shifts may be attributed to

Figure 2. Cyclic voltammograms of 5 mM Fe (CN)*;_ in 0.1 M KClI
solution on different modified electrodes at a scan rate of 50 mV s~ ':
(a) bare Pt, (b) Pt/GOx/PVB, and (c) Pt/GOx/GNRs/PVB.

the dielectric environment changing after GOx absorption on
GNRs [18].

3.2. Electrochemical behavior of Pt/GOx/PVB electrode with
or without GNRs

Cyclic voltammetry (CV) of an electroactive species is a
valuable tool for testing the kinetic barrier of the interface [22].
In this investigation, ferricyanide is used as a mediator for
the GOx catalyzing the oxidation of glucose. The cyclic
voltammograms of different modified electrodes in 5.0 mM
ferricyanide solution are shown in figure 2. The bare Pt
electrode is characterized by a couple of well-defined redox
peaks with anodic and cathodic peak potentials of 220 and
50 mV caused by the Fe’*/Fe’* redox couples (curve a).
When the bare Pt electrode was modified by PVB, no obvious
redox peaks were noticed due to the insulation properties
of the PVB membrane which blocked the electron transfer
between the solution and the bare Pt electrode (curve b). After
the GNRs were embedded in the PVB membrane, the cyclic
voltammetric wave exhibited good symmetry and the current
response of CVs greatly increased (curve c), indicating that
the electron transfer process is faster at the surface of the
composite membrane matrix containing GNRs.

3.3. The current response of the glucose biosensor

To study the effect of GNRs on the sensitivity of the GOx
biosensor, enzyme electrodes containing GNRs were tested by
amperometric measurements. Figure 3 showed the comparison
of the current responses of the GOx electrode with or without
GNRs in the presence of different concentrations of glucose.
With increasing glucose concentration, the amperometric
response increased. When the GOx concentration is
22 mM, the current response of the Pt/GOx/PVB electrode
is 3.6 A cm™2. In contrast, that of an electrode with GNRs
is 15.5 A cm=2. This suggests that GNRs can greatly
enhance the current response of the modified electrode. This
is also consistent with the CV measurement that GNRs can
provide a conductive path from GOx to the Pt electrode, thus
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Figure 3. Comparison of the current response of a Pt/GOx/PVB
electrode with or without GNRs in the presence of different
concentrations of glucose (error bars represent the standard
deviations of three independent experiments).

accelerating the electron transfer rate between GOx and the Pt
wire and improving the current response significantly.

3.4. The current response of the glucose biosensor under NIR
light irradiation

The unique optical properties of GNRs have attracted much
interest for their applications in imaging [23], sensing [24],
photothermal therapy [18] and so on. Here, our further
study reveals an interesting result that the current response of
the GNR-modified enzyme electrode can obviously increase
under NIR light irradiation compared to a non-modified
one. Figure 4 illustrates the change in current response of
an enzyme electrode with or without GNRs under 808 nm
laser illumination with different laser power densities. All
experiments were carried out in 10 mM glucose solution.
As figure 4 shows, the average current response of a
GNR-modified enzyme electrode without NIR irradiation
is 10.5 uAcm™. With the increase in laser power
density, the current response of the GNR-modified enzyme
electrode is enhanced. When the laser power density reaches
25.5 mW cm~2, the current response of the GNR-modified
enzyme electrode is 23.2 uA cm™2, which is more than
twice the initial current response of a GNR-modified enzyme
electrode without NIR irradiation. It was found that the current
response of the modified biosensor reached a maximum when
the laser energy was around 25.5 mW cm 2. When higher laser
energy was used, the current response declined. In contrast, the
current response of a GOx electrode without GNRs during the
laser irradiation is also shown in figure 4. The average current
response is about 3 A cm~2, and no obvious regularity was
observed.

3.5. Possible mechanism of the electron transfer and
photothermal effect of gold nanorods on a glucose biosensor

Regarding the mechanism of electron transfer of a GOx
modified electrode, our previous research had reported that the
nanoparticle surface facilitates immobilization of the enzyme,
and improves the activity and stability of the enzyme as a
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Figure 4. The changes in the current response of a GOx electrode (a)
with GNRs and (b) without GNRs irradiated by a NIR laser under
different power densities (error bars represent standard deviations of
five independent experiments).
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Scheme 1. Schematic representation of a Pt/GOx/PVB electrode
with or without GNRs under NIR light irradiation. d; is the distance
between FAD and the metal electrode surface; d, is the distance
between FAD and the GNRs. The dashed line box denotes the PVB
membrane where GOx and GNRs are embedded.

result of its higher electroactive surface area, enhanced electron
transfer, efficient enzyme immobilization [6, 7, 14, 16, 17]. As
is well known, GOx is a globular glycoprotein comprising two
reaction centers, and each has a flavin adenine dinucleotide
(FAD/FADH,) cofactor [25]. In the unmodified Pt electrode,
the redox center (FAD/FADH,;) of GOx is trapped deep in the
enzyme, making the distance between FAD and the electrode
surface greater than the distance that electrons can transfer
sufficiently quickly. For example, in a protein molecule, when
the distance between the acceptor and donor increases from 8
to 17 A, the transfer rate will decrease 10* times [1]. With
the GNRs deposited on the electrode surface, the distances
between FAD and GNRs (d») are shorter than the distances
between FAD and the electrode (d;) as shown in scheme 1.
GNRs are likely to act as three-dimensional ‘electrical wires’
to relay electrons from the active center of the enzyme to the
surface of the electrode.

Regarding the effect of the NIR light on the GOx
biosensor, it is not very clear how the NIR laser interacts with
the GNRs and further affects the current response of the GOx
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Figure 5. Dependence of the temperature increase of 1 ml
0.1 mg ml~' GNRs PBS buffer on irradiation time.

biosensor. A preliminary explanation could be as follows.
After NIR light irradiation, the electromagnetic radiation of
the GNRs was strongly enhanced. The embedded GNRs can
be modeled as point absorbers, absorbing photon energy, then
converting it to thermal energy and dissipating it into the
surrounding medium [26]. This thermal dissipation may affect
the activity of GOx and further affect the current response of
the GOx biosensor.

To obtain a better insight into the effect of accumulative
heating on GOx activity, we evaluated the laser light-energy—
heat-energy transition efficiency of GNRs and the thermal
stability of the GNR-modified GOx electrode. The temperature
elevation experiments with GNR solution was done under
NIR irradiation. The temperature increased with increasing
irradiation time. At less than 10 min, the temperature could
increase over 30°C with a power density of 1 Wcm™2. In
contrast, the temperature of PBS buffer without nanoparticles
could only increase less than 10°C (see figure 5). This result
proves that the embedded GNRs can act as nanoscale absorbers
of the laser energy and transfer their energy to the environment.

To investigate the thermal stability of the GNR-modified
GOux electrode, the modified electrode was immersed in buffer
solution at different temperatures for 10 min and the steady
state currents were recorded. Figure 6 illustrates that the
current first increased with increasing temperature, up to a
maximum value at about 45°C, then decreased rapidly to a
low value. This current decrease suggests that the transition
state of the enzymatic reaction was unstable beyond 45 °C due
to enzyme unfolding and denaturation. This current trend is
consistent with figure 4, suggesting possible enzyme activity
changes as the membrane temperature changes due to the
GNR plasmon excitation. In the initial phase, enzyme activity
was evaluated with the increase of NIR light laser energy.
Moreover, the electrical potential current, redox potential and
heterogeneous electron transfer may also be enhanced due to
the rise in interfacial temperature [27], and then influence
the current response of the modified GOx electrode. In the
second phase, the current response declined when the laser
energy further increased beyond 25.5 mW cm™2. This result
may be partly due to denaturing of the GOx enzyme when
overheated, as shown in figure 6. On the other hand, at high
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Figure 6. Thermal stability of the GOx sensor modified with GNRs
(error bars represent standard deviations of three independent
experiments).

laser power density the melting of GNRs which were no longer
resonant at NIR frequencies may also greatly influence the
current response [28].

4. Conclusion

We have demonstrated a simple and effective method for
the fabrication of highly sensitive glucose biosensor based
on gold nanorods, and have revealed for the first time the
modulation of a biosensor by the photothermal effect based
on the surface plasma resonance of GNRs. The experimental
results indicate that the enzyme electrode containing GNRs
significantly enhanced the response current compared with
electrodes without GNRs. Moreover, it has been proved that
the photothermal effect of GNRs can modulate the activity
of GOx and then improve the performance of the enzyme
electrode. In conclusion, this method provides a new feasible
way to further enhance and tune the current response of a
biosensor using the electron transfer and the photothermal
effect of NIR light-absorbing novel metal nanoparticles. We
believe this photocontrolled system can be also extended to
other amperometric biosensor systems.
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