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a b s t r a c t

Novel self-assembled dipeptide–gold nanoparticle (DP–AuNP) hybrid microspheres with a hollow
structure have been prepared in aqueous solution by a simple one-step method. Diphenylalanine (FF)
dipeptide was used as a precursor to form simultaneously peptide spheres and a reducing agent to
reduce gold ions to gold nanoparticles in water at 60 °C. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) revealed that formed AuNPs were localized both inside and on
the surface of the dipeptide spheres. Horseradish peroxidase (HRP) as a model enzyme was further
immobilized on the dipeptide–AuNP hybrid spheres to construct a mediate H2O2 amperometric bio-
sensor. UV–vis spectroscopy showed that the immobilized HRP retained its original structure. Cyclic
voltammetry characterization demonstrated that the HRP/dipeptide–AuNP hybrid spheres modified
glassy carbon electrode showed high electrocatalytic activity to H2O2. The proposed biosensor exhibited
a wide linear response in the range from 5.0�10�7 to 9.7�10�4 M with a high sensitivity of 28.3 m
A mM�1. A low detection limit of 1.0�10�7 M was estimated at S/N¼3. In addition, the biosensor
possessed satisfactory reproducibility and long-term stability. These results indicated that the dipeptide–
AuNP hybrid sphere is a promising matrix for application in the fabrication of electrochemical biosensors
due to its excellent biocompatibility and good charge-transfer ability.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

It is existed widely in nature and well-known that some bio-
molecules can self-assemble into various structures (Knowles
et al., 2010). Molecular self-assembly is also a powerful, bottom-up
approach for fabricating novel functional nano- or biomaterial
(Whitesides and Grzybowski, 2002; Ulijn and Smith, 2008). Re-
cently, a peptide-based self-assembly is attracting increasing at-
tention due to inherent biocompatibility, chemical versatility,
biological recognition, and facile synthesis (Gazit, 2007; Hamley,
2014). Among various peptide-based building blocks, diphenyla-
lanine (Phe�Phe, FF) and its derivatives are simplest ones that can
form various nanostructures exhibiting novel optical, mechanical
and electrochemical properties (Panda et al., 2008; Ryu et al.,
2009; Yemini et al., 2005b). These fascinating properties make
them potential as a kind of attractive and versatile materials for
biosensor applications. Gazit and coworkers firstly reported that
FF self-assembled peptide nanotubes (PNTs) as a novel electro-
chemical biosensing platform showed promising analytical
en),
performance (Yemini et al., 2005a). Thereafter PNTs were applied
in the encapsulation of various biomolecules for electrochemical
biosensing (Adler-Abramovich et al., 2010; Park et al., 2012; Sasso
et al., 2012; Castillo et al., 2013; Baker et al., 2014). Furthermore,
semiconductor quantum dots (such as CdTe and CdSe) and en-
zymes have been together introduced into the self-assembly of
N-fluorenylmethoxycarbonyl diphenylalanine (Fmoc-FF) (Kim
et al., 2011b). The optical biosensors based on the self-assembled
quantum dot-peptide hydrogel composite have been successfully
developed. Despite these advances, the further tuning FF-based
peptide nanostructures and the introduction of more functional
units into peptide entities are still highly desirable for the design
of novel biosensor and the improvement of the sensing perfor-
mance (de La Rica et al., 2011; Qu et al., 2014).

Noble metal nanoparticles such as gold nanoparticles (AuNPs)
have been extensively employed for the preparation of inorganic–
organic hybrid materials and applied in electrochemical bio-
sensors (Zhang et al., 2010; Wang et al., 2012). Due to their ex-
cellent conductivity, good biocompatibility and high surface area,
the analytical performances of the biosensors based on AuNPs
hybrid systems could be significantly enhanced relative to those
based on only organic components. Compared with general or-
ganic compounds, the biological molecules, especially for peptides,
have unique advantages in preparing well-designed AuNP hybrid
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nanostructures because of their abundant constitutes, specific
chelate ability to inorganic ions and easy control of the crystal
structure (Dickerson et al., 2008; Chen and Rosi, 2010; Song et al.,
2010). However, the studies on the combination of AuNPs and FF
self-assembled nanostructures are very limited (Yan et al., 2010a).
To the best of our knowledge, no other group has reported the
functionalization of dipeptide spheres with AuNPs for the im-
mobilization of enzyme to construct electrochemical biosensor.

Herein, considering the above mentioned advantages of self-
assembled dipeptide nanostructures and AuNPs, novel dipeptide–
AuNP hybrid spheres with hollow structure were synthesized
through a simple self-assembly process. Such composites were
further employed to immobilizing a model enzyme, horseradish
peroxidase (HRP), for the construction of an electrochemical H2O2

biosensor. Hydroquinone (HQ) was chosen as an electron-med-
iator (Camacho et al., 2009; Won et al., 2010). Electrochemical
measurements were conducted to investigate the catalytic per-
formance of the proposed biosensor. The good properties of the
biosensor based on the dipeptide–AuNP hybrid spheres were
demonstrated.
2. Experimental section

2.1. Materials

Diphenylalanine (FF) peptide in a lyophilized form was ob-
tained from Bachem (Bubendorf, Switzerland). 1,1,1,3,3,3-Hexa-
fluoro-2-propanol (HFIP) was purchased from Aladdin Chemicals
Co. Ltd., China. The HAuCl4 �4H2O (99.9%) was purchased from
Sinopharm Chemical Reagent Co. Ltd., China. Horseradish perox-
idase (HRP, RZ Z3, activity Z250 units mg�1) was obtained from
Shanghai Xueman Biotechnology Co. Ltd. (China). Hydroquinone
(HQ) was purchased from Tianjin Fuchen Chemical Reagent Works
(China). Hydrogen peroxide (H2O2, 30%) was obtained from Beijing
Chemical Works (China). Nafion (5 wt%) was purchased from Sig-
ma-Aldrich. The solutions used for electrochemical characteriza-
tion were freshly prepared using 0.1 M of phosphate buffer solu-
tion (PBS, pH 7.0) unless otherwise noted. All other reagents were
of analytical grade and used without further purification. All so-
lutions were prepared with deionized, doubly distilled water
(DDW).

2.2. Preparation of dipeptide–AuNP Hybrid spheres

A FF stock solution was freshly prepared by dissolving the
lyophilized FF in HFIP at a concentration of 100 mg mL�1. The
stock solution was then diluted with 0.5 mM HAuCl4 solution to a
final concentration of 2 mg mL�1. The mixture solution was stirred
for 30 min, followed by incubation at 60 °C in the dark for 1.5 h.
The color of the solution changed from light yellow to light purple.
The suspension of the dipeptide–AuNP hybrid spheres was pre-
pared. Herein, the synthesized conditions have been optimized to
obtain the hybrid spheres with good morphology and uniform
structure according to the concentration of peptide and HAuCl4, as
well as synthesized temperature and time.

2.3. Preparation of HRP/dipeptide–AuNP hybrid sphere modified
electrodes

Prior to use, glassy carbon electrodes (GCE, diameter 3 mm)
were first polished with 1.0, 0.3, and 0.05 μm alumina slurry se-
quentially, followed by rinsing with DDW, sonicating and then
drying by nitrogen. Enzyme electrode was fabricated by a simple
casting method. An aliquot (6 mL) of the dipeptide–AuNP hybrid
sphere suspension was dropped on the pretreated GCE and left to
dry at room temperature. Then 2 mg mL�1 of HRP solution (6 mL)
was dropped on the dipeptide–AuNP hybrid sphere modified GCE
and dried at 4 °C overnight in a humidity chamber. The electrode
was then coated with 3 mL of 0.5 wt% Nafion solution and dried at
4 °C. Finally the modified electrode was washed gently with DDW
three times to remove unbounded enzyme, denoted as a HRP/DP–
AuNP/GCE. In control experiment, a HRP/GCE without dipeptide–
AuNP hybrid spheres was also fabricated using the same proce-
dure. The as-prepared electrodes were stored at 4 °C when not in
use.

2.4. Instruments and measurements

Scanning electron microscopy (SEM) images were recorded
with a Zeiss Supra 55 field emission scanning electron microscope
equipped with energy-dispersive X-ray spectroscopy (EDS).
Transmission electron microscopy (TEM) images were obtained on
a Hitachi H-800 electron microscope with an accelerating voltage
of 200 kV. For the SEM and TEM measurements, the suspension of
the dipeptide–AuNP hybrid sphere was dropped onto a silicon
wafer and a copper grid, respectively, followed by drying at room
temperature. UV–vis absorbance spectra were recorded on a UV–
vis spectrophotometer (Perkin-Elmer Lambda 35).

Electrochemical experiments were conducted on a CHI 660B
electrochemical workstation (Shanghai CH Instruments, China). A
conventional three-electrode system was employed with a mod-
ified glassy carbon electrode as the working electrode, a platinum
wire as the counter electrode, and a saturated Ag/AgCl electrode as
the reference electrode. The cyclic voltammetric measurements
were carried out in an unstirred electrochemical cell. Ampero-
metric curves were obtained by consequently adding H2O2 solu-
tion with a certain concentration into PBS containing 1.0 mM HQ
at -0.05 V after achieving a steady state current. The working so-
lutions were deoxygenated with nitrogen gas for 15 min before
measurements and a nitrogen atmosphere was kept over the so-
lutions throughout the experiments.
3. Results and discussion

3.1. Morphological characterization and formation mechanism of the
dipeptide–AuNP hybrid spheres

The strategy employed to prepare the dipeptide–AuNP hybrid
spheres and the HRP-based biosensor was illustrated in Scheme 1.
Firstly, the FF/HFIP monomer solution was added into the HAuCl4
solution. After 60 °C for 1.5 h, the color of the solution changed from
light yellow to light purple, indicating that the gold ions were reduced
to form AuNPs (Tan et al., 2010; Kim et al., 2011a). The obtained so-
lution was characterized in detail by SEM and TEM, as shown in Fig. 1.
The sub-micrometer peptide spheres with embedded AuNPs were
observed from the SEM image (Fig. 1A). The average diameter of the
hybrid spheres and AuNPs was about 812 nm and 27 nm, respectively.
EDS analysis (Fig. 1B) confirmed that the elemental composition of the
hybrid spheres. TEM images (Fig. 1C and D) further showed that the
AuNPs were not only localized on the surface of the dipeptide spheres,
but also embedded inside the hybrid spheres (see Fig. S1). Further-
more, the partially aggregated AuNPs and the hollow structure in the
hybrid spheres were also observed from TEM images. For the fabri-
cation of the modified electrode, the obtained dipeptide–AuNP hybrid
spheres were further casted onto the GCE surface, and then the HRP
solution was also casted onto the surface of the hybrid sphere mod-
ified GCE. Finally, they were enclosed to the electrode surface by
coating Nafion membrane as protective additive, which is widely used
in the preparation of electrochemical biosensors (Wang et al., 2010;
Park et al., 2012; Baker et al., 2014).



Scheme 1. Schematic illustration of the synthesis of dipeptide–AuNP hybrid spheres and the fabrication of the HRP/DP–AuNP modified GCE. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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The formation mechanism of the dipeptide–AuNP hybrid
spheres was preliminarily investigated. Incubation of HAuCl4 in
the absence of dipeptide at 60 °C for 1.5 h did not result in the
formation of any precipitates or color change of the solution (data
not shown), indicating that the FF dipeptide acted as a reductant of
gold ions. It has been demonstrated in the previous study (Nayak
and Shin, 2006) that L-phenylalanine (F) can reduce gold salts to
form zero valent gold nanoparticles without adding any reducing
agent under boiling conditions. Herein, the amino group in the
dipeptide might play a role as mild reducing element. Moreover,
the self-assembly of alone FF monomer solution at the same
synthesized condition only in the absence of HAuCl4 did not lead
to the formation of spherical structure, but rather tubal structures
(see Fig. S2). This suggested that the presence of gold ions in the
self-assembled FF solution not only played a role in introducing
gold nanoparticles and resulting in the functional peptide com-
posites, but also affecting the self-assembly of dipeptide and fi-
nally changing the morphology of peptide nanostructures. Ac-
cording to previously reported the self-assembly mechanism of
the FF dipeptide (Reches and Gazit, 2004 and 2006) and the other
peptide–AuNP hybrids (Song et al., 2010; Kim et al., 2011a), a
possible formation mechanism of the dipeptide–AuNP hybrid
spheres obtained in the present work was proposed and showed
in Fig. S3.

Firstly, when the FF monomers were added into the solution of
gold ions, AuCl4� ions were adsorbed on protonated amine groups
of the dipeptide due to electrostatic interaction (Nayak and Shin,
2006). And then FF monomers along with adsorbed AuCl4� could
self-assemble rapidly into a two-dimensional (2D) sheet layer due
to a π–π stacking interaction between aromatic moieties of the
dipeptides (Reches and Gazit, 2004; Gazit, 2007). When the so-
lution temperature increased to 60 °C, the reduction of gold ions to
AuNPs by the dipeptide happened. With increasing the reaction
time, the AuNPs began the nucleation and further growth. Si-
multaneously, the extended 2D sheet layer could be closured by
along two axes, finally leading to the formation of the hybrid
spheres (Reches and Gazit, 2006; Yan et al., 2010b). Herein, the FF
dipeptides acted as both reducing agent and linking molecule to
provide the certain morphology. Overall, the synergistic action of
gold ion and FF dipeptide at the suitable temperature, i.e. the si-
multaneous self-assembly of peptides and nucleation of gold ion
via the interaction of both reactants, finally resulted in the for-
mation of the novel dipeptide–AuNP hybrid spheres. Due to
combining the advantages of dipeptides and AuNPs, the hybrid
sphere was further used as an immobilized matrix of HRP and
applied in the electrochemical biosensor for H2O2.

3.2. UV–vis spectroscopic characterization of the HRP/dipeptide–
AuNP hybrid spheres

The Soret band of protein UV–vis spectrometry is sensitive to
the variation of the micro-environment around the heme group
and can provide information about the conformational integrity of
the proteins (Singh et al., 2013). Fig. 2 shows the UV–vis absorp-
tion spectra of different samples. The dipeptide–AuNP hybrid
spheres showed a weak absorption peak at 570 nm (Fig. 2a), which
is characteristic of AuNPs. This peak could be also observed in the
HRP/dipeptide–AuNP hybrid spheres. Moreover, the Soret ab-
sorptions of the HRP entrapped on the dipeptide–AuNP hybrid
spheres (Fig. 2b) and the native HRP (Fig. 2c) were located at
nearly the same wavelength (about 402 nm), suggesting that
dipeptide–AuNP hybrid spheres had good biocompatibility and the
original structure of the immobilized HRP did not changed.

3.3. Electrochemical response of the HRP/DP–AuNP/GCE to H2O2

In order to construct a H2O2 biosensor, the HRP/DP–AuNP/GCE
was fabricated as a working electrode. HQ was used as an excellent
electron mediator of shuttling electrons between the redox center
of the HRP and the surface of the GCE. Fig. 3 shows the cyclic
voltammograms (CVs) of the HRP/DP–AuNP/GCE (A) and the HRP/
GCE (B) before and after the addition of H2O2 in 0.1 M PBS solution
containing 1.0 mM HQ. In the absence of H2O2, a pair of redox peak
was observed at the two enzyme electrodes (curve a in Fig. 3),
which is characteristic of redox process of HQ. With increasing
scan rates from 20 to 320 mV s�1, both the anodic and cathodic
peak currents of the HRP/DP-AuNP/GCE increased, and also the
peak currents were proportional to the square root of the scan rate
(Fig. S4). Similar to the previous reports (Silvestrini et al., 2013;
Martin et al., 2014), this indicated a diffusion-controlled process.

When 2 mM H2O2 was added into the solution, the cathodic
peak current of the HRP/DP–AuNP/GCE increased significantly,



Fig. 3. CVs of 1.0 mM HQ in N2-saturated 0.1 M PBS (pH 7.0) at the HRP/DP–AuNP/
GCE (A) and the HRP/GCE (B) in the absence (a) and presence (b) of 2.0 mM H2O2.
Scan rate, 100 mV s�1.

Fig. 1. (A) SEM images, (B) EDS analysis and (C, D) TEM images of dipeptide–AuNP hybrid spheres. The inset in (A) is the high magnification view. The black arrow in
(D) marked embedded AuNPs.

Fig. 2. UV–vis absorption spectra of various films on the quartz slide. (a) dipep-
tide–AuNP hybrid spheres, (b) HRP/dipeptide–AuNP hybrid spheres and (c) HRP
film.
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accompanied by a decrease of the anodic peak current (curve b in
Fig. 3A). This is a typical electrocatalytic effect of HRP to the re-
duction of H2O2. The reaction mechanism of the HQ-mediator HRP
biosensor has been reported as follows (Wang et al., 2012):

HRP(red)þH2O2-HRP(ox)þH2O (1)

HRP(ox)þHQ(red)-HRP(red)þHQ(ox) (2)

HQ(ox)þ2Hþþ2e�-HQ(red) (3)

When H2O2 was added into the solution, H2O2 was firstly re-
duced by the immobilized HRP(red). Then the HRP could be re-
generated with the aid of HQ, while the mediator HQ(red) could be
oxidized to HQ(ox). Finally, the produced HQ(ox) was electro-
chemically reduced on the HRP/DP–AuNP/GCE, leading to a great
increase of the reduction current. Furthermore, the CVs of the DP–
AuNP/GCE (no HRP) exhibited no notable difference in the absence
and presence of H2O2 (Fig. S5), indicating that the catalytic effect
was mainly attributed to the immobilized HRP. In addition, the
electrocatalytic peak current obtained on the HRP/GCE (curve b in
Fig. 3B) was much lower than that on the HRP/DP–AuNP/GCE
(curve b in Fig. 3A) in the presence of the same concentration of
H2O2. This suggested that the HRP immobilized on the dipeptide–
AuNP hybrid spheres presented better electrocatalytic activity to-
ward H2O2. It might be attributed to the combined effects of the
biocompatible peptide and AuNPs with high conductivity. Based
on the principle that the increased reduction current value of the
HRP/DP–AuNP/GCE was proportional to the concentration of
added H2O2, the H2O2 analyst could be further detected on the
biosensor.

3.4. Optimization of experimental parameters

In order to obtain the maximum sensitivity of the biosensor,
the experimental parameters were optimized through current
responses for 0.5 mM H2O2 at the HRP/DP–AuNP/GCE (Fig. S6). The
effect of the immobilized amount of HRP on the response of the



Fig. 4. (A) Amperometric response curves of the HRP/DP–AuNP/GCE (a) and the
HRP/GCE (b) at an applied potential of �0.05 V to successive addition of different
concentrations of H2O2 in N2-saturated 0.1 M PBS (pH 7.0) containing 1.0 mM HQ.
(B) The corresponding calibration curves between the concentration of H2O2 and
the response current.
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biosensor was firstly examined (Fig. S6A). The current response of
the modified electrode increased sharply with increasing the
amount of HRP to the maximal value of 6 μL, and then tended to
steady, even unconspicuous decreased with further increases in
the amount of HRP. This may be ascribed to larger amount of HRP
beyond 6 μL could not be effectively absorbed, and even hindered
the electron transfer due to its non-conducting state. Then 6 μL of
the HRP was used for the further experiment.

Furthermore, the influence of the solution pH on the response of
the HRP/DP–AuNP/GCE was also checked in the 6.0–8.0 pH range (Fig.
S6B). The current exhibited an almost bell-shaped behavior with the
highest response at pH 7.0. The value of solution pH could influence
the enzyme activity of HRP and electrochemical behavior of the HQ
mediator including the reduction peak current and peak potential. The
high response of the biosensor at neutral solution was probably at-
tributed to two aspects. On one hand, the optimum enzyme activity
for soluble HRP was reported at pH 7.0 (Wang and Zhang, 2006) and
the good biocompatibility of the dipeptide–AuNP hybrid sphere
maintained the high enzyme activity of HRP at same pH. On the other
hand, the highest peak current of HQ was often obtained in near
neutral solution (Yin et al., 2011; Han et al., 2014) and its reduction
peak potential was close to the applied potential of �0.05 V. Therefore
the following experiments were performed at pH 7.0.

The optimum concentration of mediator HQ was determined
(Fig. S6C). It was found that the current increased with the con-
centration of HQ and reached a plateau at 1.0 mM. Such behavior is
typical of a mediator-based sensor (Xiao et al., 1999). At a low HQ
concentration the current response was limited by enzyme-med-
iator kinetics. On the other hand, when the HQ concentration was
too high, it resulted in a response limited by enzyme–substrate
kinetics. Moreover, a higher concentration of mediator might
produce a larger background current. Hence, 1.0 mM HQ was se-
lected for further studies.

In addition, the effect of the applied potential on the response
of the biosensor was further evaluated in the potential range from
0 V to �0.2 V (Fig. S6D). The current increased remarkably when
the applied potential shifted from 0 V to �0.05 V and then in-
creased slowly for potentials beyond �0.05 V. The current in-
crease was attributed to the increased driving force for the fast
reduction of HQ at low potential (Chen et al., 2001). Although the
sensor could have a higher response at �0.20 V, a working po-
tential of �0.05 V was chosen for the following amperometric
determination of H2O2. At this potential, relatively sufficient cur-
rent response was obtained, at the same time the background
current was minimized and the possible interference from other
electroactive species could be avoided or reduced.

3.5. Amperometric performance of the biosensor

Under the optimum conditions, the performance of the con-
structed biosensor was investigated by the amperometric method.
Fig. 4A shows typical current–time curves for the HRP/DP–AuNP/
GCE (a) and the HRP/GCE (b) with successive injections of H2O2.
When the analyte was added to the stirred PBS, the reduction
currents increased rapidly and 95% of the steady-state current was
obtained within 8 s. The corresponding calibration curves for H2O2

were given in Fig. 4B. The HRP/DP–AuNP/GCE (curve a in Fig. 4B)
showed a wide linear range from 5.0�10�7 to 9.7�10�4 M with a
correlation coefficient of 0.998. The biosensor also exhibited a high
sensitivity of 28.3 mA mM�1. A detection limit was estimated to be
1.0�10�7 M at a signal to noise ratio of 3. Meanwhile the control
HRP/GCE (curve b in Fig. 4B) showed the lower sensitivity (10.8 m
A mM�1) and higher detection limit (4.3�10�6 M) compared
with the HRP/DP–AuNP/GCE.

The comparison of the analytical performances of recently
reported H2O2 biosensors based on the AuNPs composites was
shown in Table 1. It could be seen that the HRP/DP–AuNP/GCE
showed the highest sensitivity, wider linear range and lowest
detection limit relative to those biosensors. The notable en-
hancement in the performance of the proposed biosensor could be
attributed to two reasons. One is the high biocompatibility of the
biogenic FF dipeptide utilized (Yan et al., 2007), which is beneficial
to preserve enzyme activity. On the other hand, the prepared
method for the dipeptide–AuNP hybrid spheres is characteristic
relative to the usual AuNPs composites. Most of the AuNPs
composites were synthesized using two-step processes involving
the preparation of the supported materials, followed by the
synthesis and load of AuNPs (Chen et al., 2011; Liu et al., 2012;
Wang et al., 2012). Nevertheless, in the present work, the nu-
cleation of gold ion and the self-assembly of FF dipeptide si-
multaneously happen. The one-step synthesized method is not
only simple. More importantly, a large amount of AuNPs could be
introduced inside the peptide spheres, at same time localized on
the surface of the peptide spheres. The AuNPs localized on the
surface of the hybrid spheres can strongly adsorb some proteins
and effectively retain their biological activity (Brown et al., 1996;
Zhao et al., 1996). Moreover, those AuNPs inside the peptide
spheres could act as tiny conduction centers to facilitate electron



Table 1
Comparison of the performances of different H2O2 biosensors based on AuNPs composites.

Modified electrode Sensitivity (μA mM�1) Linear range (μM) Detection limit (μM) Reference

HRP/DP–AuNP/GCE 28.3 0.5–970 0.1 This work
HRP/AuNP–PTA–TNT/[Demim]Br/GCE 10.7 90–1400 6.5 Liu et al. (2013)
HRP/AuNPs–PVA/GCE – 1–500 0.5 Wang et al. (2012)
HRP/AuNPs/SPAN/GCE 20.27 10–2000 1.6 Chen et al. (2011)
HRP/HIL/GNP–TNT/GCE 16.1 15–750 2.2 Liu et al. (2012)
HRP–GNSs–TiO2/GCE – 41–630 5.9 Wang et al. (2010)
HRP/AuNPs–BC/GCE – 1–500 1.0 Zhang et al. (2010)

PTA, 12-phosphotungstic acid; TNT, TiO2 nanotube; PVA, poly(vinyl alcohol); SPAN, self-doped polyaniline nanofiber; HIL, hydrophobic ionic liquid; GNP, gold nanoparticle;
GNSs, gold nano-seeds; and BC, bacteria cellulose.
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transfer between HQ and the bulk electrode surface (Granot et al.,
2005; Zhang et al., 2010). Hence, this 3D hybrid structure may lead
to a notably enhanced performance for H2O2 biosensing including
nearly 3-fold increase in the sensitivity and one order of magni-
tude decrease in the detection limit, in comparison with the
control HRP/GCE (curve b in Fig. 4B).

When the concentration of H2O2 was higher than 1.0 mM, the
catalytic current of the HRP/DP–AuNPs/GCE tended to level off,
suggesting a typical Michaelis–Menten process. The apparent Mi-
chaelis–Menten constant (KM

app), a reflection of both the enzymatic
affinity and the ration of microscopic kinetic constants, was cal-
culated from the electrochemical version of the Lineweave–Burk
equation (Gholivand and Khodadadian, 2014). The KM

app value for
the HRP/DP–AuNP/GCE was 0.7 mM, which is much smaller than
those obtained on some HRP biosensors (Chen et al., 2011; Martin
et al., 2014). This result further confirmed that the HRP im-
mobilized on the dipeptide–AuNP hybrid spheres had high
bioactivity and great affinity to H2O2.

3.6. Selectivity, reproducibility and stability of the biosensor

Interference effects of substances on the HRP/DP–AuNP bio-
sensor were investigated. The potential interfering species, such as
glucose, lactate, tyrosine, uric acid and ascorbic acid, were evaluated
by comparing the amperometric responses obtained for 0.1 mM
H2O2 in the absence or presence of each interferent at 0.2 mM
concentration. The results were shown in Table S1. Addition of
glucose, lactate and tyrosine did not produce observable inter-
ference in the biosensor response. However, uric and ascorbic acids
may reduce the HQ produced in the HRP catalyzed reaction and
thus interfere with the determination of H2O2 (Martin et al., 2014).

The reproducibility and stability of the biosensor were also
investigated by measuring its current response in 0.1 M PBS con-
taining 1.0 mM HQ and 0.5 mM H2O2. The relative standard de-
viation (R.S.D.) was 3.1% for 7 successive assays using the same
enzyme electrode. The reproducibility for five electrodes fabri-
cated in a single batch gave an R.S.D. of 3.3%. In addition, the long-
term stability of the biosensor was evaluated after storage at 4 °C
for 20 days. The biosensor retained 85.7% of its initial response.
These results indicated that the proposed biosensor possessed
good stability and acceptable reproducibility.
4. Conclusions

The dipeptide–AuNP hybrid spheres with hollow structure have
been successfully fabricated through a simple one-step process. Due
to the simultaneous self-assembly of peptides and nucleation of gold
ion, the AuNPs were localized both inside and on the surface of the
peptide spheres. The unique 3D hybrid spheres have been verified to
be a good immobilization matrix for HRP and the prepared mediator
biosensor possessed excellent performance, especially displayed
higher sensitivity, wider linear range and lower detection limit than
some AuNPs composites. The improved performance of the biosensor
should be contributed to the excellent biocompatibility of FF dipep-
tide and the good charge-transport of the hybrid nanostructure. In
addition, the biosensor possessed satisfactory reproducibility and
long-term stability. Our results show that the self-assembled dipep-
tide–AuNP hybrid sphere is an attractive electrochemical biosensing
platform, and may find wide potential applications in biomedical
detection and in-vivo analysis.
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