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Biosensor
A new kind of gold nanoparticles/self-doped polyaniline nanofibers (Au/SPAN) with grooves has been
prepared for the immobilization of horseradish peroxidase (HRP) on the surface of glassy carbon electrode
(GCE). The ratio of gold in the composite nanofibers was up to 64%, which could promote the conductivity and
biocompatibility of SPAN and increase the immobilized amount of HRP molecules greatly. The electrode
exhibits enhanced electrocatalytic activity in the reduction of H2O2 in the presence of the mediator
hydroquinone (HQ). The effects of concentration of HQ, solution pH and the working potential on the current
response of the modified electrode toward H2O2 were optimized to obtain the maximal sensitivity. The
proposed biosensor exhibited a good linear response in the range from 10 to 2000 μMwith a detection limit of
1.6 μM (S/N=3) under the optimum conditions. The response showed Michaelis–Menten behavior at larger
H2O2 concentrations, and the apparent Michaelis–Menten constant Km was estimated to be 2.21 mM. The
detection of H2O2 concentration in real sample showed acceptable accuracy with the traditional potassium
permanganate titration.
.
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1. Introduction

Advances in nanofibers offer new directions in the design and
development of electronic devices including field-effect transistors,
sensors, catalyst supports, solar cells, light-emitting diodes, and so on
[1–5]. Owing to their dimensions in the range of 100 nm and high
surface-to-volume ratios, nanofibers display unique physical and
chemical properties. Considerable attention has been paid to the
application of nanofibers in the bioanalysis and biosensors [6].
Recently, Ahmad et al. fabricated a highly sensitive glucose biosensor
based on a single ZnO nanofiber and obtained detection limit low to
1 μM [7]. Zhang and his coworkers prepared a novel gold nanopar-
ticle-bacteria cellulose nanofiber via a one-step method, and a novel
H2O2 biosensor was constructed using the obtained nanofiber, which
allows the detection of H2O2 with a detection limit lower than 1 μM
[8]. Sheng et al. combined porous carbon nanofiber and room-
temperature ionic liquid to provide a suitable microenvironment for
immobilizing heme-proteins, and the modified electrode could
catalyze the reduction of O2, H2O2 and nitrite [9].

Electrochemical biosensors have been developed to be the most
promising detection scheme owing to the advantages of simplicity,
high reliability, sensitivity and selectivity, low cost, fast response, and
ease of use [10,11]. Nanofibers with unique merits such as aspect
ratio, size scale and tunable electron transport, are widely used as
ideal substrate to improve the performance of electrochemical
biosensors. To achieve high-performance electrochemical biosensors,
it is desired that the nanofibers have the acceptable biocompatibility
and good electrical properties. The modification of noble metal
nanoparticles on the nanofiber surface or the coat of biomimetic silica
is an effective approach to improve the performance of biosensors due
to the highly catalytic activity of noble metal and the high biocom-
patibility of silica matrix to maintain the nature characteristics of
enzymes [12–14].

Conducting polymers have been widely investigated due to their
special electrical property for the applications in electrocatalysis,
capacitors, sensors, fuel cells, and corrosion protection [15–18]. As one
of the most important conducting polymers, polyaniline (PANI) has
attracted significant interests in view of its considerable flexibilities in
modifying its chemical structures, compatibility with biological
molecules in neutral aqueous solutions, and the ability to efficiently
transfer the electric charges produced by biochemical reactions to
electronic circuits. These advantages are favorable to its application in
rechargeable batteries [19,20], electrocatalysis [21–24] and biosensors
[25,26]. However, the limitation that PANI shows electro-activity only
in acidic medium restricts its potential applications, especially in bio-
electrochemistry, which usually requires the near-neutral environ-
ment. To solve the problem, self-doped PANI (SPAN) was first
synthesized by Yue and Epstein, which could maintain its electro-
activity even up to basic medium [27]. Thereafter, various SPAN nano-
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materials have been explored and applied to construct biosensors.
Zhang synthesized o-aminophenol or p-phenylenediamine doped
PANI for the detection of ascorbic acid or H2O2[28,29]. Wang et al.
reported a flower-like SPAN by electrochemical copolymerization of
aniline and o-aminobenzenesulfonic acid, and investigated its im-
proved electro-activity [30]. Zhang and coworkers designed a novel
Fe2O3/SPAN nanofibers/carbon ionic liquid electrode for impedance
sensing of DNA hybridization [31]. However, there are few reports on
the gold/SPAN nanofibers for constructing a highly sensitive enzyme
biosensor.

Hydroquinone (HQ) is an excellent electron mediator, which
efficiently reduces the working potential and eliminates the effects of
various electro-active substances in real samples; it has been
successfully used in numerous peroxidase-based amperometric bio-
sensors to detect H2O2[32,33]. In this paper, SPAN nanofibers with
grooves were chemically synthesized by copolymerization of aniline
and 3-aminobenzenesulfonic acid. Due to the effective doping of
oxygen-containing functionalities, especially of sulfonic acid groups,
on the surface of SPAN nanofibers, the electro-activity of PANI has
been extended to neutral medium, and the unique structure of
grooves increased the active surface area of conductive SPAN. Then,
gold nanoparticles were modified on the surface of SPAN fibers
through electrostatic adsorption and the ratio of gold in the Au/SPAN
composites was up to 64%, which promoted its conductivity and
biocompatibility greatly. As an example, horseradish peroxidase
(HRP) was successfully immobilized on Au/SPAN nanofibers modified
glassy carbon electrode (GCE). For the first time an amperometric
H2O2 biosensor was fabricated on the basis of HRP-Au/SPAN
compound modified electrode with HQ as mediator.

2. Experimental

2.1. Materials

Aniline (AN)was distilled twice under reduced pressure and stored
in dark at low temperature before use. The supporting electrolyte
phosphate buffer saline (PBS, 0.1 M)was prepared bymixing the stock
solutions of KH2PO4 and K2HPO4, and adjusted to appropriate pH by
the addition of 0.1 M NaOH or H3PO4 solution. 250 U mg−1 HRP (EC
1.11.17)was purchased from Sigma. Stock solution of 2 mg mL−1 HRP
was prepared in pH 7.0 PBS and stored at 4 °C. Glutaraldehyde (GA,
25 wt.%) was supplied by Chengdu Kelong Chemical Reagents. Poly
(diallyldimethylammonium chloride) (PDDA, 20 wt.%) and chitosan
(CS) were purchased from Aldrich. Stock solution of 0.20 wt.% PDDA
was prepared in deionized water with Tris and NaCl. CS solution was
prepared by dissolving CS flakes in 1% acetic acid. H2O2 (30% w/v
solution) was obtained from Sinopharm Chemical Reagent Co. Ltd.,
and its accurate concentration was determined by titration with
potassium permanganate. 3-Aminobenzenesulfonic Acid (SAN) was
purchased from TCI. Cetyl trimethyl ammonium bromide (CTAB),
ammonium persulfate (APS), potassium ferricyanide (K3[Fe(CN)6]),
potassium ferrocyanide (K4[Fe(CN)6]) and potassium chloride (KCl)
were all purchased from Shanghai Linfeng Chemical Reagent Co. Ltd.
The CV and EIS measurements were performed in the presence of
2 mM [Fe(CN)6]3−/4− containing 0.1 M KCl. Chloroauric acid hydrated
(HAuCl4•4H2O) was purchased from Nanjing Chemical Reagent Co.
Ltd. Other reagents were of analytical grade and used without further
purification. All the solutions were prepared with double distilled
water.

2.2. Instruments

The size of SPAN and Au/SPAN was determined by transmission
electron microscopy (TEM, JEOL JEM-200CX) and field-emission
scanning electron microscopy (FESEM, HITACHI S4800). Fourier-
transform infrared (FT-IR) spectroscopic measurements were per-
formed on a Brukermodel VECTOR22 Fourier-transform spectrometer
using KBr pressed disks. Thermo-gravimetric analysis (TGA) was
performed on NETZSCH STA 449C. Zeta potential analysis was
performed with a PALS Zeta Potential Analyzer, version 3.43
(Brookhaven Instruments Corp.). The conductivities of the samples
were measured by a four-probe method using a WR-2B digital multi-
meter at room temperature in air atmosphere. Nitrogen adsorption
and desorption isotherms were measured at −196 °C with a
Micromeritics ASAP 2020 analyzer. The specific surface area was
determined using the standard Brunauer–Emmett–Teller (BET)
method.
2.3. Construction of H2O2 biosensor

2.3.1. Preparation of Au/SPAN nanofiber
The preparation of SPAN nanofiber was similar to that in the

previous report [34]. In brief, 0.11 g CTAB was dissolved in 40 mL of
0.15 M HCl with 0.23 g AN and 0.43 g SAN, followed by adding 20 mL
of APS solution with a concentration of 0.06 M. The copolymerization
reaction was carried out under static conditions at 4 °C for 24 h. The
resulting dark green precipitates were centrifuged and washed 3
times with doubly distilled water and ethanol successively.

The Au colloid was prepared as described in literature [35]. In a
typical synthesis, 5 mL of 1% HAuCl4 and 10 mL of 0.03 M sodium
citrate were mixed in 250 mL of doubly distilled water, followed by
added 5 mL of freshly prepared 0.1 M KBH4. After the solution color
turned to wine red, stirring was stopped and the solution was left
undisturbed for at least 2 h. The Au colloid was stored at 4 °C. The
“negatively” charged SPAN fibers with a ζ-potential of −6.5 mV,
indicating large amount of –SO3H groups doped on the surface of
SPAN. Then, SPAN was dispersed in PDDA solution under stirring for
20 min to achieve positive charged modification. After washed with
water, it was spread in 250 mL Au colloid solution and stirred for 8 h.
After centrifugation, the dark red Au/SPAN nanocomposite was
obtained after washed 3 times with doubly distilled water and dried
in a vacuum oven at 40 °C for 24 h.
2.3.2. Fabrication of Au/SPAN-HRP-CS/GCE
Prior to the electrode modification, the GCE was polished with 1.0,

0.3, and 0.05 μm α-Al2O3 powder, and then rinsed thoroughly with
ethanol and doubly distilled water until a mirror-like surface was
obtained. 10 μL of Au/SPAN nanofibers (1 mg mL−1, CS solution) was
mixed with 10 μL of HRP stock solution and 5 μL of 2.5 wt.% GA water
solution. Then, 10 μL of the mixture was cast onto the GCE. The
resulting Au/SPAN-HRP-CS/GCE obtained after modification of the
electrode was dried in air at 4 °C for 12 h and immersed in a pH 7.0
PBS for 30 min to remove the redundant adsorbed HRP before use.
2.4. Electrochemical measurements

Electrochemical experiments were performed at room temperature
on a CHI 660D electrochemical workstation (Shanghai CH Instrument
Co.) in a conventional three-electrode electrochemical cell using
modified or bare GCE (Ф=3.0 mm) as working electrode, a twisted
platinumwire as auxiliary electrode, and a saturated calomel reference
electrode (SCE) as reference electrode against which all potentials were
measured in this paper. For steady-state amperometric experiments,
the working potential was set at −0.15 V and the solution was stirred
gently with a magnetic stirrer. Before each electrochemical measure-
ment, the experimental solution in the cell was purged with highly
purifiednitrogengas for at least 20 min to remove dissolvedoxygen and
then a nitrogen atmosphere was kept over the solution during
measurements.



Fig. 1. TEM (A) and SEM (B) images of SPAN nanofibers.
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3. Results and discussion

3.1. Characterization of Au/SPAN nanofibers

The morphological characters of prepared SPAN nanofibers were
obtained by SEM and TEM, as shown in Fig. 1. SPAN nanofibers have a
uniform size with a diameter of 60–70 nm while the length was up to
several micrometers. Moreover, it could be observed from Fig. 1B, SPAN
nanofibers have obvious grooves along the length axis, indicating that
are formed by bending the SPAN nanobelts [34]. To understand the
formation process of SPANnanofibers synthesized by the “in situ doping
polymerization,” the TEM images of SPAN nanofibers synthesized at
different reaction time were measured and shown in Fig. 2. In the first
1 h (Fig. 2A), the aniline gatheredfirst to polymerize and form theflakes
or slices with a width of around 100 nm. In the next 4 h for reaction,
these polymer flakes incorporated and grew which resulted in the
appearance of longnanobelts (Fig. 2B). As the polymerization had lasted
for 8 h, these nanobelts above curled and the initial grooves were
obtained (Fig. 2C).With the reaction sustained for 24 h, thefinal product
was obtained as a kind of nanofiber with grooves along the length axis,
which would make the nanofibers have a larger surface area and was
determined to be 11.1 m2g−1 (Fig. 2D). Fig. 3 shows the TEM and SEM
morphologies of Au/SPAN nanofibers with a diameter increased to
90–100 nm, which was attributed to the compact wrap of Au
nanoparticles on the surface of SPAN nanofibers. Moreover, when
Au/SPAN was modified on the surface of GCE, most of fibers bended
and formed loose and porous networks which would result in a stable
structure for immobilizing HRP.
Fig. 2. TEM images of different polymerization stages of SP
The nature of the Au/SPAN nanofibers was further proved by FT-IR
spectrum.As shown in Fig. 4, all of the characteristic peaks of SPANwere
displayed. In detail, the peaks at 1640 and 1458 cm−1 are characteristic
of the C=C stretching vibration of quinoid and benzenoid rings,
respectively. The C–N stretching of secondary aromatic amines
(1274 cm−1), and the aromatic C–H bending (1218 cm−1) are also
observed [36,37]. The bands at 1087, 686 and 614 cm−1 are attributed
by the O=S=O, S–O and C–S stretching vibration, respectively.
Moreover, the peak observed at 833 cm−1 reveal the presence of 1, 2,
4-trisubstitution of aromatic ring [38]. These peaks proved the existence
of the –SO3H groups bonding to the phenyl rings.

TGA was used to determine the weight percentage of gold in the
Au/SPAN, as shown in Fig. 5, curve b. For comparison, the TGA curve of
original SPAN was also presented as curve a. The residual wt.% refers
to the weight percentage content of Au in the composite. The TGA
curve of SPAN shows a two-step weight loss. The weight loss in the
first step is attributed to the loss of residual water. The second step
that starts at around 300 °C corresponds to polymer degradation [39].
The total weight loss of SPAN is 100% under these experimental
conditions. In the case of Au/SPAN nanofibers, TGA curve shows a
three-step weight loss. The first weight loss is consistent with the
SPAN. The second weight loss, which ranges from 200 to 300 °C, is
believed to be caused by the departure of a part of SAN, and the third
weight loss step is attributed to the decomposition of SPAN chains and
the departure of residual SAN. The residual mass of the Au/SPAN
composite was about 64%, which might be due to the strong
electrostatic effect between PDDA functionalized SPAN and Au
nanoparticles.
AN nanofibers: (A) 1 h, (B) 4 h, (C) 8 h and (D) 24 h.

image of Fig.�2


Fig. 3. TEM (A) and SEM (B) images of Au/SPAN nanofibers.
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Also, the conductivity of the Au/SPAN was found to be 0.22 S/cm,
whereas that of SPAN was found to be 3.4×10−4 S/cm. Thus, there
was an increase of about three orders of magnitude in conductivity
upon incorporation of gold in the conductive form of SPAN using the
present method. Because gold is a conductor, it is beneficial for
improving the conductivity of SPAN when it is doped with gold.

3.2. Redox electro-activity of SPAN-CS/GCE

For pure PANI, it is only electro-active when the pH is lower than
4.0, while the electro-activity of the copolymer SPAN is greatly
improved. As shown in Fig. 6, the SPAN-CS/GCE shows redox peaks in
solution with pH values from acid to weak base. From pH 5.0 to 9.0,
the two sets of peaks overlap into one pair of peaks, which
corresponds to the leucoemeraldine/pernigraniline reaction. When
the medium pH increases up to 7.0, the redox electro-activity of PANI
still remains, indicating the effective extension for the electrochemical
activity of PANI. This improvement may be due to the doping of
oxygen-containing functionalities on SAN into PANI backbone. The
presence of –SO3H groups can change the microenvironment of SPAN,
it can be assumed that when there is an increase in medium pH, the
H+ ion in –SO3H groups can take a role of “buffer” and maintain the
local pH value to some extent in SPAN nanofibers near the electrode
surface. Thus, the SPAN can still exhibit electrochemical activity in
solution with higher pH value.

3.3. Electrochemical characterization of the electrode surface

All electrochemical measurements were performed in pH 7.0 PBS
solution containing 0.1 M KCl and 2 mM Fe(CN)63−/ Fe(CN)64−. The CV
of ferricyanide was chosen as a marker to investigate the changes of
the electrode behavior after each modification step. Fig. 7A shows the
Fig. 4. FT-IR spectrum of Au/SPAN nanofibers.
CV of Fe(CN)63−/Fe(CN)64− at the bare GCE (curve a), SPAN-CS/GCE
(curve b), Au/SPAN-CS/GCE (curve c) and Au/SPAN-HRP-CS/GCE
(curve d), respectively. Comparing the current response obtained at
these modified electrodes, the results suggest that both SPAN and Au
nanoparticles could promote the electrochemical response to some
extent, which indicated that the SPAN and Au nanoparticles modified
electrodes had much larger effective surface area and good electric
conductivity. After the Au/SPAN-CS film was used to modify GCE, the
largest peak current value and the smallest peak-to-peak separation
(ΔEp) were obtained, which also could be deduced that the synergistic
effects of Au nanoparticles and SPAN might facilitate the electron
transfer between electrode surface and electro-active probe mole-
cules. The immobilization of HRP on the electrode surface was
accompanied by a decrease in the amperometric response and an
increase inΔEp, whichwas attributing to the insulating property of the
protein layer.

Electrochemical impedance spectroscopy (EIS) can also provide
detailed information about the impedance changes of the electrode
surface during the fabrication process. The Nyquist plot of the EIS
includes a semicircular portion and a linear portion. The semicircular
portion at higher frequencies corresponds to the electron-transfer-
limited process and its diameter is equal to the electron-transfer
resistance (Ret), which controls the electron-transfer kinetics of the
redox probe at the electrode interface. Meanwhile, the linear part at
lower frequencies corresponds to the diffusion process. Changes of the
impedance spectra were observed in the course of stepwise
modification of the electrode, as shown in Fig. 7B, and the Ret values
of the bare GCE (curve a) were estimated to be 411 Ω. When the
SPAN-CS (curve b) and Au/SPAN-CS (curve c) were modified on the
bare GCE, their Ret values declined to 158 and 88 Ω, respectively,
which indicated that Au nanoparticles have good conductivity and
that the Au/SPAN composite can make the electron transfer easier
Fig. 5. TGA curves for (a) SPAN and (b) Au/SPAN nanofibers.
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Fig. 6. CVs of SPAN-CS/GCE in solutions with different pH values at 100 mV/s.
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while the Ret value of Au/SPAN-HRP-CS/GCE (curve d) was increased
to 704 Ω.
3.4. Optimization of experimental parameters

In order to maximize the detection sensitivity of the proposed
H2O2 biosensor, we optimized various conditions, including the
concentration of the mediator, solution pH, the working potential of
chornoamperometry and the temperature, via changing the examined
condition while the others were fixed.

First, the biosensor response was studied in 0.1 M pH 7.0 PBS
containing different concentrations of HQ using steady-state ampero-
metry at −0.15 V after injection of 0.5 mM H2O2. As shown in Fig. 8A,
the response of the modified electrode increased sharply with
increasing the HQ concentration to the maximal value of 0.4 mM, and
then tended to steady with further increases in the HQ concentration.
Such behavior is typical of a mediator-based sensor [40]. Although a
higher concentration of mediator could bring a higher sensitivity, it
might produce a larger background current, thus 0.5 mM HQ was
chosen in subsequent experiments.

The effect of solution pH on the electrocatalytic reduction of H2O2

was investigated in the pH range of 5.0–9.0 by steady-state
amperometry at −0.15 V. Fig. 8B shows that the current responses
were pH-dependent in 0.5 mM H2O2 solution containing 0.5 mM HQ.
The reduction current reached its maximum at pH 7.0. This indicated
Fig. 7. (A) CVs and (B) Nyquist diagrams recorded at bare GCE (a), SPAN-CS/GCE (b), Au/SPA
and 2 mM Fe(CN)63−/ Fe(CN)64−.
that the Au/SPAN-CS matrix did not alter the optimum pH for redox
activity of the immobilized HRP.

Fig. 8C shows the effect of theworkingpotential on the steady-state
current of the biosensor in the potential range from−0.05 to−0.25 V
in pH 7.0 PBS containing 0.5 mM HQ in the presence of 0.5 mM H2O2.
The steady-state current increased sharply when the working
potential shifted from −0.05 to −0.15 V and then increased slowly
for potentials beyond−0.15 V. At−0.15 V, sufficient current response
was obtained, the background current was minimized and interfer-
ence from other electroactive species could be avoided.

With an increasing temperature from 10 to 70 °C, the activity of the
immobilized enzymes increased, leading to an increasing ampero-
metric response (Fig. 8D). When the temperature was higher than
40 °C, the amperometric response decreased. The immobilized
enzymes showed activity even at 70 °C. It was evident that the
immobilized enzymes had a good thermal stability because of the
unchangeability of its microenvironment and native structure upon
temperature change. For practical convenience, all experiments were
carried out at room temperature, at which the response was 94% of
that at 40 °C.

3.5. Electrochemical performance of the H2O2 biosensor

In 0.1 M pH 7.0 PBS containing 0.5 mMHQ, the CV peak currents of
the Au/SPAN-HRP-CS/GCE increased linearly with the square root of
scan rate in the range of 25–500 mV/s, as shown in Fig. 9. From the
results, we can confirm that a diffusion-controlled process occurred at
the Au/SPAN-HRP-CS/GCE, and the proposed reaction mechanism of
the biosensor can be summarized as follows [41]:

HRP redð Þ + H2O2→HRP oxð Þ + H2O ð1Þ

HRP oxð Þ + HQ redð Þ→HRP redð Þ + HQ oxð Þ ð2Þ

HQ oxð Þ + 2Hþ + 2e→HQ redð Þ: ð3Þ

First, H2O2 in the solution is reduced by the immobilized HRP(red).
Then the HRP can be regenerated with the aid of the electron
mediator, while the mediator HQ(red) can be oxidized to HQ(ox) in the
enzymatic reaction. Finally, the HQ(ox) produced is electrochemically
reduce on the electrode and recycles, leading to a great increase of the
reduction current, which is indicative of the presence of H2O2.

In order to provide further insight into the nature of the increased
electrochemical and enzymatic response of the Au/SPAN-HRP-
CS/GCE, the current–time response of H2O2 at bare GCE (a), SPAN-
N-CS/GCE (c) and Au/SPAN-HRP-CS/GCE (d) in pH 7.0 PBS solution containing 0.1 M KCl

image of Fig.�6
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Fig. 8. Dependence of amperometric response of 0.5 mM H2O2 at Au/SPAN-HRP-CS/GCE on the (A) concentration of HQ, (B) solution pH, (C) working potential, (D) temperature.
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CS/GCE (b), Au/SPAN-CS/GCE (c) and Au/SPAN-HRP-CS/GCE (d) were
monitored at−0.15 V during the successive additions of 100 μMH2O2

in stirred PBS, as shown in Fig. 10A. The bare GCE had no evident
amperometric response when aliquots of H2O2 were added. Although
SPAN and Au nanoparticles could also catalyze H2O2 reduction, the
response signals were relatively slender. The Au/SPAN-HRP-CS/GCE
exhibited a larger stepped growth of reduction currents and faster
response time (t95%b5 s), exhibiting its higher sensitivity. The faster
response time and higher sensitivity of Au/SPAN-HRP-CS/GCE might
Fig. 9. Cyclic voltammograms of the Au/SPAN-HRP-CS/GCE at 25, 50, 100, 200, 300, 400,
500 mV/s (from internal to external) in 0.1 M pH 7.0 PBS containing 0.5 mM HQ. The
inset shows the plots of the peak current vs. v1/2.
be attributed to the larger electroactive surface area of SPAN and the
better ability to facilitate the electron transfer of Au nanoparticles.

The typical current–time response for H2O2 detection was shown in
Fig. 10B. Upon successive addition of H2O2 to PBS under optimized
conditions, the amperometric response of the sensor increased
simultaneously. With the increasing H2O2 concentration, the ampero-
metric response increased linearly in the range from10 to 2000 μMwith
a correlation coefficient of 0.9998 (n=30). The regression equationwas
expressed as I/μA=(0.1151+/−0.008)+(20.27+/−0.20) [H2O2]/
mM, with the slope of (20.27+/−0.20)μA mM−1. The detection limit
of this biosensor was estimated as 1.6 μM at a signal-to-noise ratio of 3.
According to the linear equation, we could detect H2O2 concentration
quantitatively. Higher H2O2 levels could be detected by an appropriate
dilution with pH 7.0 PBS.

The Au/SPAN-HRP-CS/GCE showed a typical Michaelis–Menten
kinetics [42], and the apparentMichaelis–Menten constant (Km) could
be obtained from the electrochemical version of the Lineweaver–Burk
equation: 1/ Iss=1/Imax+Km/Imax(1/C), where Iss is the steady-state
current after addition of the substrate, C is the bulk concentration of
the substrate, and Imax is the maximum current measured under
saturated conditions. Km can be obtained by analysis of the slope and
intercept of the plot of the reciprocals of the steady-state current
versus H2O2 concentration. The Km value of this H2O2 biosensor was
determined by steady-state amperometric response to be approxi-
mately 2.21 mM, which was smaller than that of the previous reports
[43,44]. The smaller Km value means that the immobilized HRP has
higher enzymatic activity, and that the biosensor has greater affinity
and catalytic performance towardsH2O2. The performance (in terms of
linear detection range, detection limit and Km) of the Au/SPAN-HRP-
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Fig. 10. (A) Amperometric response of successive addition of 100 μM H2O2 at bare GCE (a), SPAN-CS/GCE (b), Au/SPAN-CS/GCE (c) and Au/SPAN-HRP-CS/GCE (d) in 0.1 M PBS (pH
7.0) containing 1 mMHQ. The applied potential is−0.15 V. (B) Amperometric response of Au/SPAN-HRP-CS/GCE to the successive addition of 10 μMH2O2 (a) or 100 μMH2O2 (b) at
the applied potential of −0.15 V in 0.1 M PBS (pH 7.0) containing 1 mM HQ; (c) calibration curve.
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CS/GCE as a H2O2 biosensor is compared with earlier reported H2O2

biosensors and is presented in Table 1.

3.6. Reproducibility and stability of the developed H2O2 biosensor

The reproducibility and stability are the two important parameters
for the evaluation of biosensor to be applied for analytical purposes.
The detection reproducibility of Au/SPAN-HRP-CS/GCE in the online
assay for 200 μM H2O2 was measured. High reproducibility of the
amperometric response (R.S.D. of 3.2%) was observed for 10 repetitive
injections of 200 μM H2O2 in PBS. The stability of the Au/SPAN-HRP-
CS/GCE was performed by measuring the current response of the
biosensor in pH7.0 PBS with 200 μM H2O2. The response of Au/SPAN-
HRP-CS/GCE can retain 95% of its original signal after 15 days storage.
For comparison, the stability of Au/SPAN-HRP/GCE and the processed
biosensor without GA were also explored under the same situation;
they kept 80% and 60% of their initial response current after 10 days,
suggesting that CS and GA are contributive to the stability of the
immobilized Au/SPAN-HRP biocomposite. The better stability of
Au/SPAN-HRP-CS/GCE may also be attributed to the excellent
biocompatibility of Au nanoparticles coated SPAN nanofibers that
offered a favorable microenvironment to the immobilized HRP. After
1 month storage, the bio-electrode retained about 85% of its original
current response.

3.7. Selectivity of the developed H2O2 biosensor

Discrimination of interfering species having electro-activities
similar to the target analyte is one of the most important analytical
aspects for an amperometric biosensor. Ascorbic acid (AA) and uric
Table 1
Comparison of the analytical performance of different H2O2 biosensors.

Different H2O2 biosensors Linear
range

Detection
limit/μM

Km/mM Reference

HRP-ZrO2/Au 0.02–9.45 mM 2 8.01 [43]
HRP-PANI-EMIES/FTO 1–20 mM – 27.11 [44]
Au-ME-CoTCAPc/Au 0.5–5 μM 0.2 – [45]
silica/HRP–HAp/GCE 1–100 μM 0.35 0.0218 [46]
Ti/TiO2/Au/HRP/GCE 5–400 μM 2 – [47]
HRP/nanogold/PTH/
nanogold/CPE

9.6–1200 μM 0.75 0.25 [48]

Au-SPAN/HRP/GCE 10–2000 μM 1.6 2.21 Present work
acid (UA) are the most common interfering electroactive species
during the amperometric detection of H2O2. The interference
determination was investigated by comparing the responses between
before and after adding of AA and UA, respectively and together. The
changes of the response current could be neglected. This result
revealed that the tested interferon could not cause any observable
interference for the determination of H2O2 at a potential of −0.15 V,
indicating high selectivity.

3.8. H2O2 determination in real sample

To further assess the possible application of our proposed sensor for
real sample analysis, the concentration of H2O2 in commercial contact
lens care solution was determined. The real sample was diluted to
different concentrations (100 to 1000 μM) with pH7.0 PBS buffer. The
mean concentration of H2O2 in the sample for five successive assays was
determined to be 0.973 M by using the proposed sensor (RSD=3.5%),
which was close to the value of 0.992 M by the traditional potassium
permanganate titration.

4. Conclusions

Au/SPAN nanofibers with grooves have been prepared and TEM,
SEM, IR, TG and electrochemical techniques have been used to
characterize the nanocomposites. The doping of oxygen-containing
groups on SPAN could maintain its good electro-activity in medium
with higher pH values, and themodification of Au nanoparticles might
provide a biocompatible microenvironment for the immobilization of
enzyme. The resulting Au/SPAN-HRP-CS/GCE has been used as a
sensor for detecting the electrocatalytic reduction of H2O2 in the
presence of HQ as mediator, with a low detection limit and rapid
response time. Furthermore, the biosensor possessed satisfactory
stability, reproducibility and selectivity. So the Au/SPAN could not
only be suitable for the immobilization of HRP, but also have potential
applications in the fabrication of other enzyme-based biosensor.
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