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Au nanocrystals with different morphologies were prepared and used for enzyme-free electrochemical
biosensor applications. To investigate the electrocatalytic properties of Au nanocrystals as a function on
their morphologies, Au nanocrystals, Au nanospheres (NSs) on silica, Au NSs, and Au nanorods (NRs)
with aspect ratios of 1:3 and 1:5, were coated on the screen printed electrodes and further measure
the amperometic responses to hydrogen peroxide via three-electrode system. The electrodes modified
with Au nanocrystals showed biosensing properties without any enzyme being attached or immobilized

iiy rﬁt;rg:;heres at their surface. The hydrogen peroxide detection limits of the biosensors with Au NSs, Au NRs (1:3),
Nanorods and Au NRs (1:5) were 6.48, 8.65, and 9.38 wM (S/N = 3), respectively. The biosensors with Au NSs, Au
Biosensors NRs (1:3), and Au NRs (1:5) showed the sensitivities of 11.13, 54.53, and 58.51 nA/mM, respectively.

These results indicate that morphologies of Au nanocrystals significantly influence the sensitivity of the
biosensors. In addition, the enzyme-free biosensors with Au nanocrystals were stable for 2 months. Au
nanocrystal-based enzyme-free system, which is proposed in this study, can be used as a platform for

Electrocatalyst
Enzyme-free

various electrochemical biosensors.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Metal and semiconductor nanocrystals have been widely inves-
tigated in recent times due to their unique properties. Among
several nanocrystals, Au nanocrystals have attracted intense atten-
tion since they have the potential to find several applications in
fields such as catalysis (Liao et al., 2008), biosensing (Zhao et al.,
2008; Singh et al., 2009; Beni et al., 2010; Chuang et al., 2010;
Dondapati et al., 2010; Li et al., 2010; Lu et al., 2010; Zhang et al.,
2010a), biological labeling (Lin et al., 2009). The physical, chem-
ical, or catalytic properties of Au nanocrystals are dependent on
their size and shape (Daniel and Astruc, 2004; Liao et al., 2008;
Seo et al., 2008). Liao et al. (2008) demonstrated the fabrication
of shape-controllable Au nanocrystals including snowflake, nan-
othorns, star-shaped particles and compared their electrocatalytic
properties. Seo et al. (2008) reported characterization of optical
properties of different shaped Au nanocrystals such as sphere, cube,
and octahedron.
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There are several approaches to test the biosensing capabilities
of Au nanocrystals including the electrochemical method (Qinetal.,
2010; Zhang et al., 2010a), inductively coupled plasma mass spec-
trometry (Li et al., 2010), colorimetry (Zhao et al., 2008; Lu et al.,
2010) and two-photon scattering spectroscopy (Singh et al., 2009;
Lu et al,, 2010) that have been described in literature. These vari-
ous approaches take advantage of the properties of Au nanocrystals
such as surface plasmonic resonance, high conductivity, stability,
biocompatibility, and efficient electrocatalytic properties (Bai et al.,
2008b; Liao et al., 2008; Claussen et al., 2009). However, to the
best of our knowledge, no systematic study was conducted on
the influence of Au nanocrystals’ morphologies on their biosensing
characteristics as applied to the detection of hydrogen peroxide.

Biosensors have been developed for detection, quantification,
and monitoring of specific biomolecules or chemical species for
environmental, clinical, and industrial fields (Albareda-Sirvent
et al., 2000; Lin et al., 2010). The accurate and efficient detec-
tion of hydrogen peroxide are significant for both biomedical and
environmental fields. Hydrogen peroxide is produced through the
reaction between glucose and glucose oxidase (GOD) in glucose
biosensors (Claussen et al., 2009; Lin et al., 2010). In addition, high
concentrations of hydrogen peroxide can have a negative effect
on human health, provoking eyes and skin irritations (Lin et al.,
2010; Won et al., 2010). Most of the electrochemical hydrogen
peroxide biosensors are based on enzymes such as horseradish
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peroxidase (HRP) with good results in terms of sensitivity and
selectivity (Cai et al., 2006; Kafi et al., 2008; Won et al., 2010).
However, enzyme-based biosensors have drawbacks, including a
complex structure that increases cost, and poor stability because of
the inherent nature of enzymes (Bai et al., 2008a,b; Lin et al., 2010;
Zhang et al., 2010b). To overcome these drawbacks of enzyme-
based biosensors, enzyme-free biosensors have been studied by
using nanoparticle (NP)-modified electrodes or direct electrodes.
Novel metal NPs (Pt, Pd, and Au), semiconductor NPs, and car-
bon nanotubes (CNTs) have been tested for use in the design of
non-enzyme biosensors. Chakraborty and Raj (2009) reported on
the fabrication of a Pt NS-based electrode for enzyme-free hydro-
gen peroxide detection. Lin et al. (2010) and Vlandas et al. (2010)
demonstrated the design of enzyme-free amperometric biosensors
by using CNTs. Zhang et al. (2009) and Wang et al. (2010) used
Cuy0 and Cu-CuO nanowires to make enzyme-free glucose sen-
sors. In addition, nanocomposites such as Pt-Pb nanowires (Bai
et al.,, 2008a) and Pt-Pb alloy NPs/CNTs electrodes (Cui et al., 2006)
were also investigated for their use in enzyme-free biosensors. As
mentioned above, Au nanocrystals are good candidates for enzyme-
free electrochemical biosensors since they have superior electrical
conductivity, which holds the promise of fast electron transfer, a
high surface area, and good electrocatalytic properties, important
for achieving high sensitivity (Bai et al., 2008b; Liao et al., 2008;
Claussen et al., 2009).

Herein, we present Au nanocrystal-based enzyme-free elec-
trochemical biosensors for the detection of hydrogen peroxide.
We based our work on the hypothesis that biosensors’ perfor-
mance could be potentially influenced by the morphologies of Au
nanocrystals, which have different catalytic properties depending
on their size and shape. To test this hypothesis, four types of Au
nanocrystals including Au nanoshperes (NSs) on silica spheres, Au
NSs, and Au nanorods (NRs) with aspect ratios of 1:3 and 1:5 were
prepared and tested for their biosensing capability for the detection
of hydrogen peroxide. As-prepared Au nanocrystals were coated on
the screen printed electrode (SPE), which is a working electrode in
a three-electrode system, and the amperometric responses of the
SPEs to hydrogen peroxide were measured.

2. Experimental
2.1. Materials

In order to synthesize two types of Au NSs (Au NSs on sil-
ica and Au NSs), HAuCl,, NaBH4, polyvinyl pyrrolidone (PVP),
tetraethyl orthosilicate (TEOS), ammonium hydroxide, 2-propanol,
and ethanol were purchased from Sigma Aldrich. Au NRs, dispersed
in deionized (DI) water with 0.1% ascorbic acid and <0.1% cetyl
trimethylammonium bromide (CTAB) surfactant capping agents,
were purchased from Nanopartz (model #: 30-10-780 and 30-
10-850). Hydrogen peroxide (H,0,, 30%, w/v solution), K4Fe(CN)g,
and K3Fe(CN)g were purchased from Sigma Aldrich for the hydro-
gen peroxide biosensor tests. KH,PO4, and K;HPOg4, and KCI were
obtained from Sigma Aldrich for the preparation of the phosphate
buffer solution (PBS).

2.2. Synthesis of Au nanocrystals

To prepare Au NS-decorated silica spheres, monodispersed sil-
ica spheres were synthesized by the Stober method which uses
the hydrolysis and condensation of sol-gel precursor (Stéber et al.,
1968). TEOS as a precursor and ammonium hydroxide as a catalyst
were reacted in 2-propanol solution. As-synthesized silica spheres
were washed several times and re-dispersed in DI water. Then, Au
NSs were formed on the silica spheres via the modified approach of

Kamat group (Dawson and Kamat, 2000). HAuCly solution (2.5 mM,
100 1) was added to the silica solution (100 wl) while the solution
was stirred. Freshly prepared 10 !l of NaBHy4 solution (0.03 wt%) is
added to the mixed solution for the reduction of [AuCls]~. Then,
the solution was washed to remove unreactants.

Au NSs were synthesized via the method which was reported by
Lim et al. (2008) HAuCl4 solution (0.05 mM) was prepared and fast
injected into the PVP solution (10 mg in 10 ml DI water) at 100°C.
The mixed solution was heated at the same temperature for 1h
and then cooled to 25 °C. Then, the solution was washed to remove
excessive PVP and re-dispersed in DI water.

2.3. Apparatus and measurements

Transmission electron microscopy (TEM) images of Au
nanocrystals were obtained using a Tecnai 20 (FEI) operating
at 200kV. The ultraviolet visible (UV-Vis) absorption spectra
were recorded using a SpectraMax M5 spectrometer (Molecular
Devices). The electrochemical measurements of the biosensors for
the detection of hydrogen peroxide were performed with a BASi
epsilon C3 cell stand. A conventional three-electrode system, which
consists of screen printed electrode (SPE; area=4 mm x 5 mm, Pine
Research Instrumentation) as a working electrode, Pt wire as a
counter electrode, and Ag/AgCl electrode as a reference electrode,
was used for the biosensor measurements.

2.4. Preparation and characterization of the biosensors

Au nanocrystal-based enzyme-free biosensors were simply
fabricated by coating Au nanocrystals on SPEs. Au nanocrys-
tals dispersed in DI water were dropped on the surface of SPEs
(area=4 mm x 5 mm) which were pre-treated to render their sur-
face hydrophilic and dried for 2h at 25°C. Au nanocrystals are
attached to the surface of the SPE by physical interaction. Usually,
nano-sized particles tend to attach well to surfaces of SPEs in their
attempt to reduce their surface energy. PBS solution (0.05M, pH
7) containing KH,PO,4 and K;HPO4 was prepared and its pH values
were adjusted to be from 4 to 7 using HCl. Amperometric responses
of the biosensors were obtained in 3 ml PBS (0.05 M, pH 7) contain-
ing 10 mM [Fe(CN)g]3~/4~, under magnetic stirring (150 rpm) at an
applied potential of 200 mV.

3. Results and discussion
3.1. Preparation and characterization of Au Nanocrystals

Au NSs and Au NRs were prepared for the comparison of the
biosensors properties depending on morphologies of Au nanocrys-
tals. Fig. 1(a1-a3) shows a schematic, a transmission electron
microscopy (TEM) image, and an ultraviolet-visible (UV-Vis) spec-
trum of Au NS-decorated silica spheres. Au NSs were deposited on
silica spheres (100 nm in diameter), which were separately syn-
thesized by the Stober method (Stober et al., 1968) via reduction of
[AuCl4]~ by freshly prepared NaBH,4 solution (Dawson and Kamat,
2000). The size of Au NSs ranges from 7 to 20nm and the sur-
face plasmon resonance (SPR) peak of Au NSs on silica appeared at
535 nm. Au NSs were synthesized via the method reported by Lim
et al. (2008). Only the synthesis method used by Lim et al. to syn-
thesize Au NSs was used in our work, although this paper reported
the synthesis of other Au nanostructures. Our results showed that
the size of synthesized Au NSs varied in the range of 10-40 nm
and the SPR peak showed at 540 nm, as shown in Fig. 1(b1-b3).
Most of Au NSs are nearly spherical and a few Au NSs are irregular.
We therefore believe it is reasonable to refer to these structures
as Au NS. Moreover, although there are a few Au NSs with irregu-
lar shape, they are equiaxed. Prepared Au NRs have two different
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Fig. 1. (a) Au NSs on silica, (b) Au NSs, (c) Au NRs (ratio 1:3), and (d) Au NRs (ratio 1:5). (1)-(3) are a schematic, a TEM image, and an UV-Vis spectrum, respectively.

aspect ratios, which are 1:3 and 1:5 with 10 nm along short axis
and 30 and 50 nm along long axis, respectively (Fig. 1(c2 and d2)).
Two different SPR peaks in each UV-Vis absorption spectrum were
observed in visible spectral region, corresponding to transverse and
longitudinal surface plasmon modes for Au NRs (Fig. 1(c3 and d3)).
Au NRs with aspect ratios of 1:3 and 1:5 have transverse SPR peaks
at 515 and 510 nm and longitudinal SPR peaks at 790 and 850 nm,
respectively. The transverse SPR bands showed a slight blue shift,
while the longitudinal SPR bands shifted to a significantly longer
wavelength as the aspect ratio of Au NRs increased. These results
are in good agreement with previously published data (Song et al.,
2005).
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3.2. Au nanocrystal-based enzyme-free biosensor

Following preparation of Au nanocrystals of different morpholo-
gies, enzyme-free electrochemical biosensors for the detection of
hydrogen peroxide were fabricated. The SPEs were used as a work-
ing electrode in a three-electrode setup. Au nanocrystals were
coated on the surface of SPEs and dried for 2h, as shown in
Fig. 2. Then, the biosensors were electrochemically tested in 3 ml
of phosphate buffer solution (PBS, 0.05 M, pH 7) containing 10 mM
[Fe(CN)g]3~/4~, which are electron mediators. Hydrogen peroxide
(H,0,)is reduced to H,0, while Fe(CN)s*~ is oxidized to Fe(CN)g3~.
The electrons that are produced from the reduction of Fe(CN)g3~ to

[Fe(CN)s]* oy H,0,

[Fe(CN)g]* freq

Fig. 2. Schematic of enzyme-free hydrogen peroxide biosensor and the reaction on the electrode (SPE: screen printed electrode, WE: working electrode, CE: counter electrode,

RE: reference electrode).
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Fig. 3. Amperometric responses of (a) the biosensor with Au NSs to various pH val-
ues of PBS (0.05 M) containing 10 mM [Fe(CN ) ]3~/4~ at 200 mV to 0.33 mM hydrogen
peroxide, (b) the biosensors with Au NSs, Au NRs (1:3), and Au NRs (1:5) in the PBS
(0.05M, pH 5) containing 10 mM [Fe(CN)s]>~/4~ at 200mV to 0.33 mM hydrogen
peroxide.

Fe(CN)g*~ are moved to the SPE through Au nanocrystals (Fig. 2).
The concentration of hydrogen peroxide can be detected based on
the fact that it is proportional to the current response. Surprisingly,
the biosensor constructed based on Au NSs on silica showed no
redox current response with the reduction of hydrogen peroxide
in the preliminary tests. This may the effect of the lower electrical
conductivity of the silica, which acted as a barrier to the movement
of electrons to the SPE. This effect indicates that the conductivity of
electrocatalytic materials is paramount for their ability to serve as
a platform for the design of enzyme-free biosensors. The biosensor
designed with Au NSs on silica was therefore not taken into con-
sideration when the performance of Au nanocrystals with various
morphologies was compared in terms of their potential to be used
in hydrogen peroxide biosensors.

The biosensor properties are affected by the pH value of
buffer solution, the applied potential, and the concentration of the
electron mediator, [Fe(CN)g]3~/4~. To optimize the measurement
conditions, the amperometric responses were measured under var-
ious values of parameters such as the pH value of PBS, applied
potential, and concentration of electron mediator. The current
response showed the maximum value at an applied potential of
200mV. Fig. 3(a) shows amperometric responses of the Au NS-
modified electrode with various pH values of PBS at an applied
potential of 200 mV. The current response reached the highest value
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Fig. 4. Amperometric response of Au NS-based enzyme-free biosensors for the
detection of hydrogen peroxide (a) response in PBS (0.05M, pH 5) containing
5mM [Fe(CN)s]>~/4- at an applied potential of 200 mV with successive additions
of 0.01 mM hydrogen peroxide (b) calibration plot (current vs. concentration of
hydrogen peroxide) with linear regression analysis.

inthe PBS of pH 5. Thus, these conditions (PBS of pH 5 and an applied
potential of 200 mV) were used for the subsequent biosensor tests.

Fig. 3(b) shows how the biosensor properties are influenced by
the morphologies of Au nanocrystals. The amperometric responses
were measured at the optimum conditions when 0.33 mM hydro-
gen peroxide was added into PBS (0.05M, pH 5). The SPEs with
Au NSs, Au NRs (1:3), and Au NRs (1:5) showed current responses
of 0.7, 1.7, and 2.7 p.A, respectively. The biosensors based on Au
NRs showed a higher sensitivity than the biosensor employing Au
NSs. Although the inherent resolution limitation of the SEM char-
acterization of Au nanocrystal coated electrodes (see Supporting
information) prevents us for making a statement of the true rea-
sons behind these results, we can speculate on the possible effect
of the Au nanocrystal morphology (NSs vs. NRs) on the electron
transfer ability between these nanocrystals and the SPEs. The SPE
with Au NRs may have a better electronic continuity because of a
smaller number of interfacial boundaries between the NRs, when
compared with a higher number of such boundaries for the NSs.
In turn, this could have an effect on the electron transfer rate of
the SPE with Au NRs being higher compared with the SPE with Au
NSs. These results are in good agreement with the report of Zhang
et al. (2010b) in which the authors showed that the electron trans-
fer resistance of CuO NSs is larger than that of CuO nanowires in
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Fig. 5. Amperometric responses of enzyme-free biosensors for the detection of hydrogen peroxide in PBS (0.05M, pH 5) containing 10 mM [Fe(CN)s]>~/4~ at an applied
potential of 200 mV with successive additions of 0.01 mM hydrogen peroxide. (a) Au NS-based, (b) Au NR (1:3)-based, and (c) Au NR (1:5)-based biosensors, separately.

enzyme-free biosensors. In addition, Au NRs (1:5) showed higher
current response than Au NRs (1:3). This shows that a high aspect
ratioin the Aunanocrystals leads to a biosensor design with a higher
sensitivity.

To evaluate the properties of the Au nanocrystal-based enzyme-
free biosensor, the amperometric currents were measured while
0.01 mM hydrogen peroxide was added successively into PBS
(0.05M, pH 5) containing 5 mM [Fe(CN)g]>~/4~ at 200 mV. As shown
in Fig. 4(a), the electrode with Au NSs exhibited increase in current
associated with successive addition of hydrogen peroxide. Fig. 4(b)
shows calibration plot with linear regression analysis for current vs.
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Fig. 6. Stability test of Au nanocrystal-based enzyme-free biosensors over 68 days
in the PBS (0.05M, pH 5) containing 10mM [Fe(CN)g]*~/4~ at 200mV to 0.33 mM
hydrogen peroxide.

concentration of hydrogen peroxide. The current responses have
linear relationship with the concentration of hydrogen peroxide.
The detection limit was calculated to be 6.05 wM hydrogen perox-
ide (signal to noise =3) and the sensitivity was 7.52 wA/mM.

Fig. 5 shows amperometric response of SPE with Au NSs, Au
NRs (1:3), and Au NRs (1:5) with successive additions of hydrogen
peroxide of 0.01 mM. These calibration curves are plotted by the
current response with time as shown in Fig. S2 (Supporting infor-
mation). The effect of the concentration of electron mediator was
investigated. Fig. 5(a) shows the amperometric response of the
biosensor with Au NSs in PBS (0.05M, pH 5) containing 10 mM
[Fe(CN)g]3~/4~ at 200 mV. The current response is proportional to
the hydrogen peroxide concentration. Hydrogen peroxide detec-
tion limit was estimated to be 6.48 .M (signal to noise =3) and the
sensitivity was 11.13 wA/mM. The sensitivity of the biosensor with
Au NSs was improved by about 48% in the PBS containing 10 mM
[Fe(CN)g]3~/4~ compared with that in the PBS containing 5 mM
[Fe(CN)g]3~/4~. Thus, the biosensors based on Au NRs were tested in
a PBS containing 10 mM [Fe(CN)g]>~/4-, since the sensitivity of the
biosensor was improved under these conditions while maintaining
a similar detection limit to the biosensor tested in a PBS contain-
ing 5 mM [Fe(CN)g]3~/4~. Fig. 5(b and c) shows current responses of
biosensors fabricated with Au NRs (1:3) and (1:5), respectively, in
PBS (0.05 M, pH 5) containing 10 mM [Fe(CN)g]>~/4~ at 200 mV with
successive additions of 0.01 mM hydrogen peroxide. The biosen-
sors with Au NRs showed linear relationship between currents and
concentrations of hydrogen peroxide in the same as the biosensor
with Au NSs. The detection limits of the biosensors with Au NRs
(1:3) and (1:5) were 8.65 and 9.38 wM hydrogen peroxide (sig-
nal to noise =3), respectively. The sensitivities of the biosensors
with Au NRs (1:3) and (1:5) were 54.53 and 58.51 wA/mM, respec-
tively. This indicates that the sensitivity of Au nanocrystal-based
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enzyme-free biosensors strongly depends on morphologies of Au
nanocrystals. However, the detection limits of hydrogen peroxide
were not significantly changed regardless of morphologies of Au
nanocrystals.

3.3. Stability of the biosensors

The stability in time of each of the Au nanocrystal-based
enzyme-free biosensors was investigated. The electrodes were
stored in air at 4°C and the current response was periodically
measured. Fig. 6 shows the current responses of three types of
biosensors for 68 days. The current responses were measured under
the same conditions, i.e. PBS (0.05M, pH 5) containing 10 mM
[Fe(CN)g]3~/4~ at 200 mV to 0.33 mM hydrogen peroxide. The cur-
rent responses showed more than 90% retention of the initial values
irrespective of morphologies of Au nanocrystals.

4. Conclusion

In conclusion, Au nanocrystal-based enzyme-free biosensors for
the detection of hydrogen peroxide were prepared. To investigate
the electrocatalytic properties depending on morphologies of Au
nanocrystals such as Au NSs on silica spheres, Au NSs, and Au NRs
with aspect ratios of 1:3 and 1:5 were prepared and characterized.
The biosensors were fabricated simply by coating Au nanocrystals
on the surface of SPE, a working electrode. The biosensors effi-
ciently sensed successive increases of hydrogen peroxide except
the biosensor with Au NSs on silica because of the poor conductiv-
ity of silica. Amperometric responses of biosensors with Au NSs, Au
NRs (1:3), and Au NRs (1:5) demonstrated similar performances
in terms of hydrogen peroxide detection limit and linear range.
On the other hand, the sensitivity of the biosensors was signifi-
cantly influenced by morphologies of Au nanocrystals. The Au NRs
(1:5) coated electrode showed the highest sensitivity because of the
highest electronic continuity of Au NRs with high aspect ratio. Au
nanocrystal-based enzyme-free biosensor, displaying low detec-
tion limit, high sensitivity, and good stability, is promising as a
platform for various biosensors. The effects of morphologies of Au
nanocrystals could be used to tailor the fabrication of biosensors
with desired characteristics.
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