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An enzyme-based amperometric biosensor was fabricated for detecting hydrogen peroxide (H2O2). Horseradish peroxidase (HRP)
was modiﬁed using functionalized ﬂuorescent gold nanoclusters (AuNCs) via biomineralization. HRP-AuNCs were successfully
immobilized on multiwalled carbon nanotube- (MWCNT-) coated carbon ﬁber ultramicroelectrodes (CFUMEs). The AuNCs,
which act as molecular electric wires, eﬀectively promote the electron transfer between the enzyme active center and the
electrode. Additionally, the HRP conjugated with the AuNCs retains its biological activity, which enables the catalytic reaction
of H2O2. The HRP-AuNCs/MWCNTs/CFUMEs have been proven as excellent amperometric sensors for H2O2. The sensitivity
of the H2O2 biosensor is 3:0 × 10−4 A/M, and the detection limit is estimated to be 443 nM. Furthermore, the biosensor
exhibited long-term stability and good reproducibility. Moreover, the biosensor has been tested by determining the H2O2
concentration in calf serum samples.

1. Introduction
Enzyme biosensors having both high sensitivity and speciﬁcity in amperometric measurement have received much attention in recent years [1]. Improving the stability of the
electrode in long time detection has always been an important subject of research in the design and fabrication of
enzyme biosensors [2, 3]. However, the redox centers of the
enzyme are embedded deeply because they are large and
complex, making the electron exchange with the electrode
surfaces diﬃcult [4, 5]. Mediators have been reported to
improve electron exchange between enzymes and the electrode surface [6, 7]. Therefore, the best result is to produce
a direct electron transfer between enzymes and electrodes,
which would help understand the nature of redox behaviors
of enzymes and progress high performance without a mediator as well [8]. Eﬀective electrical communication between
the redox center of the enzyme and the electrode, which

can provide an eﬃcient and stable environment for the
enzyme, is the key to constructing excellent biosensors based
on the enzyme. In order to ensure high enzyme activity and
enhance the electron transducer, various materials have been
studied [9]. Among them, Au nanoparticles have been extensively used to fabricate enzyme sensors; this is because it can
help transfer the electrons between the active center of the
enzyme and the electrode, via concatenating the amino
groups of the enzyme and the electrode [10, 11]. In addition,
the Au nanoparticle-conjugated enzyme can keep its high
enzymatic activity. Okawa et al. [12] have immobilized
horseradish peroxidase (HRP) on Au nanoparticles by dissolving HRP in Au nanoparticle dispersion for the construction of a hydrogen peroxide (H2O2) biosensor. However, the
binding force between HRP and Au nanoparticles due to the
mixture is relatively smaller than HRP-AuNC bioconjugates,
which may result in reduction of the sensor stability. Wen
et al. [13] have reported a hydrogen peroxide sensor using
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ﬂuorescent enzyme-AuNCs by means of a biomineralization
process. HRP was used as the functional model template.
HRP-AuNC bioconjugates were formed at physiological conditions by the direct synthesis of ﬂuorescent gold nanoclusters (AuNCs). After the synthetic reaction, HRP retains its
biologic activity to catalyze H2O2. However, measurements
using ﬂuorescent AuNCs are diﬃcult for in vivo real-time
and dynamic detection of H2O2 because they are irreversible
and can only reﬂect the transient concentration. In contrast,
electrochemical techniques, which capture the electron transfer between HRP and H2O2, using the AuNCs acting as a
molecular electric wire, are more suitable for in vivo H2O2
measurement because of their simplicity, rapidity, and
label-free detection capability, which can realize continuous
monitoring. Thus, the construction of a direct electron
transfer-based biosensor using HRP-AuNC bioconjugates
can be useful for in vivo H2O2 detection.
In this study, the HRP enzyme biosensor is constructed by immobilizing multiwalled carbon nanotubes
(MWCNTs) and HRP-AuNCs on the surface of carbon
ﬁber ultramicroelectrodes (CFUMEs) for detecting H2O2.
MWCNTs could eﬀectively relieve surface fouling of electrodes by biomacromolecules and increase the sensitivity
of electrodes by enlarging the surface area [14]. The
HRP-AuNCs/MWCNTs/CFUMEs present high sensitivity
and selectivity. The sensor is tested by measuring H2O2
in the serum solution.
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2.3. Fabrication and Modiﬁcation of CFUMEs. The CFUMEs
were fabricated as in our previous report [15]. The carbon
ﬁber (7 μm diameter) was sealed in a spiculate glass capillary
tip on a ﬂame and exposed approximate 300 μm long. The
other end of carbon ﬁber was pasted on a copper wire via
conducting silver paste. The copper wire enveloped the end
of the glass capillary without sharpening by epoxy. The
CFUMEs were ultrasonically cleaned and electrochemically
activated before modiﬁcation. The electroactivation voltage
was between 0 and +1.2 V in 0.01 M phosphate buﬀer solution (PBS) by cyclic voltammetry.
The MWCNT turbid liquid (3 mg/mL, in 10 mg/mL
CTAB solution) was obtained by an ultrasonic bath for 1 h.
The CFUME was dipped in the black suspension (0.5 mL)
and placed in an 80°C oven until the solution was dried up.
The HRP-AuNCs were fabricated on the electrode by soaking
MWCNTs/CFUMEs in the above prepared HRP-AuNC
solutions for 12 h at 4°C.
2.4. Electrochemical Measurements. A conventional threeelectrode system was employed in all experiments. The
enzyme electrode was used as the working electrode. A platinum wire electrode was applied to be the auxiliary electrode.
The reference electrode was an Ag/AgCl electrode. The
CHI660E electrochemical workstation was used to perform
all the electrochemical experiments.

3. Results and Discussion
2. Materials and Methods
2.1. Chemicals and Materials. HRP, glucose (GLU), glutathione (GSH), dopamine (DA), ascorbic acid (AA), glycine
(Gly), and hexadecyltrimethylammonium bromide (CTAB)
were purchased from Aladdin (Shanghai, China). Multiwalled carbon nanotubes (purity > 97 wt%, outer diameter
of 7-15 nm, and length of 5 μm) were bought from Nanoport
(Shenzhen, China). H2O2 standard solution (10 wt%) was
procured from the Beijing Beina Chuanglian Biotechnology
Research Institute. Carbon ﬁber (diameter 7 μm) was purchased from Goodfellow Co. (Oxford, UK). Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O) and all other
reagents were purchased from Sinopharm (Shanghai, China).
Deionized water was used to prepare all solutions in the
experiments.
2.2. Synthesis of HRP-AuNCs. The HRP-AuNCs were synthesized according to previous reports [13]. In brief, aqua regia
was used to wash all glassware. Then, the glassware was
rinsed with deionized water. In addition, 1 mL HAuCl4 solution (3 mM) was added to 1 mL HRP solution (10 mg/mL)
under vigorous shaking at 37°C. The pH was adjusted above
12 by 1 M NaOH solution. The reaction continued for 12 h at
37°C under continuous shaking. During this reaction process, the color of the solution changed from reddish brown
to blackish green. The ﬁnal solution presented red ﬂuorescence emission, which indicates the synthesis of AuNCs.
Then, the formation of the HRP-AuNCs was also conﬁrmed
using a transmission electron microscope (as shown in
Supplementary Figure 1).

3.1. Fluorescent Characterization of HRP-AuNCs. First,
ﬂuorescent HRP-AuNCs were synthesized. Under 365 nm
UV light excitation, the prepared HRP-AuNC solution emitted intense red ﬂuorescence at 650 nm and a weak peak at
450 nm (Figure 1). The HRP solution without AuNCs emitted no ﬂuorescence. After adding 50 mM H2O2 in the HRPAuNC solution, the 650 nm peak reduced considerably, and
the 450 nm peak increased considerably. The change in ﬂuorescence intensity was due to changes in the surrounding
microenvironment of AuNCs. Additionally, the results indicated that HRP after synthetic reaction remains active and
enables the catalytic reaction to H2O2. The enzyme activity
of HRP was also measured which decreases about 34.3% after
reacting with HAuCl4.
3.2.
Electrochemical
Characterization
of
HRPAuNCs/MWCNTs/CFUMEs. Cyclic voltammograms of different modiﬁed electrodes are presented in Figure 2. A pair
of small redox peaks appears in the cyclic voltammogram
(CV) of the HRP/MWCNTs/CFUMEs (Figure 2(b)) and
MWCNTs/CFUMEs (Figure 2(c)). The cathodic peak potential and the anodic peak potential were -0.1 V and 0 V,
respectively. This pair of redox peaks is from the redox of
carboxylic acid groups of MWCNTs immobilized on the surface of the electrode. Comparing with that of bare CFUME
(Figure 2(f)), the background current was much larger due
to the increased surface charge from MWCNTs [16]. The
CV of HRP-AuNCs/MWCNTs/CFUMEs (Figure 2(a))
exhibits a pair of evident redox peaks, which were attributed
to Fe(III)-to-Fe(II) conversion of the HRP. The cathodic and
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Figure 1: Fluorescence spectra of HRP (black line) and HRPAuNCs in the absence (red line) and presence (blue line) of
50 mM H2O2.
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Figure
2:
Cyclic
voltammograms
of
HRPAuNCs/MWCNTs/CFUMEs (a), HRP/MWCNTs/CFUMEs (b),
MWCNTs/CFUMEs (c), HRP-AuNCs/CFUMEs (d), HRP/CFUMEs
(e), and CFUME (f) in 0.01 M deoxygenated PBS, pH 7.0, at a scan
rate of 100 mV/s.

anodic peak potentials were -0.21 V and -0.1 V. The formal
potential was calculated to be -0.16 V by averaging two peak
voltages. The potential diﬀerence was approximately
110 mV, which indicated a quasireversible process [17]. After
100 cyclic scans, the peak current was unchanged, which
indicates that the modiﬁed ﬁlm was very stable.
HRP/MWCNTs/CFUMEs (Figure 2(b)) does not show a
characteristic peak of HRP, which indicates that the AuNCs
acting as the molecular electric wire can help to transfer the
electrons between the active center of the enzyme and the
electrode. HRP-AuNCs/CFUMEs (Figure 2(d)) did not show
obvious redox peaks, and the current was much lower. This
may be because that without the aid of the MWCNTs, the
HRP-AuNCs could barely be immobilized on the surface of
bare CFUMEs. MWCNTs could enlarge the interface area
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Figure
3:
Cyclic
voltammograms
of
HRPAuNCs/MWCNTs/CFUMEs in 0.01 M pH 7.0 deoxygenated PBS
at scan rates of 10, 50, 100, 150, 200, 250, 300, 350, 400, 450, and
500 mV/s (inset: plots of anodic and cathodic peak currents vs.
scan rate).

and increase conductivity of the electrode. These characteristics greatly increase the direct electron conduction from the
HRP-AuNCs to the surface of the electrode. Therefore, the
current signals ampliﬁed are enlarged [18].
The
eﬀect
of
scanning
rates
on
HRPAuNCs/MWCNTs/CFUMEs was investigated (Figure 3).
With the increase of scan rates, the oxidation and reduction
peak current increase linearly (inset plot in Figure 3). The
results indicate that this is a typical surface-controlled electrochemical process. According to the peak area of HRPAuNCs/MWCNTs/CFUMEs in the cyclic voltammogram,
the average surface coverage of HRP immobilized on the
electrode was 5:15 × 10−9 mol/cm2 . The theoretical monolayer coverage of HRP is 8:5 × 10−12 mol/cm2 . The high surface coverage indicates that there were multilayers of HRP
which were modiﬁed on the surface of the electrode and participated in the electron transfer process [19]. With the
change in scan rate, the anodic and cathodic peak potentials
were unchanged, which may be because of the rapid electron
transfer process between the enzyme and electrode. Moreover, the results indicate that HRP was immobilized in a
favorable microenvironment for promoting electron transfer.
3.3. Electrocatalytic Reduction of H2O2 on HRPAuNCs/MWCNTs/CFUMEs. The amperometric responses
of diﬀerent modiﬁed electrodes to H2O2 were compared (as
shown in Supplementary Figure 3). The applied potential
was chosen as -0.1 V. The low potential which was close to
zero can improve the selectivity of sensors to H2O2 by
reducing the reaction of interferences. The response of
HRP-AuNCs/MWCNTs/CFUMEs was more than 30 times
that of HRP/MWCNTs/CFUMEs, which indicates that the
AuNCs acting as the molecular electric wire can help
transfer electrons between the active center of the enzyme
and the surface of the electrode. No response was present in
the electrodes without HRP or MWCNTs. This result
suggests that HRP-AuNCs/MWCNTs/CFUMEs are better
suited for amperometric measurement. The results also
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Table 1: Determination of H2O2 in calf serum sample.
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6:
Amperometric
responses
of
the
HRPAuNC/MWCNT/CFUME electrode upon the addition of calf
serum sample followed by successive addition of 10 μM H2O2 for
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Figure 4: Calibration curve of the faradic current with respect to the
concentration of H2O2 in deoxygenated 0.01 M PBS.
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5:
Amperometric
response
of
the
HRPAuNCs/MWCNTs/CFUMEs to 10 μM H2O2; 100 μM GLU, Gly,
DA, AA, or GSH; and 10 μM H2O2 in turn after subtracting the
baseline.

indicate the high enzyme activity after the HRP-AuNC
formation.
Figure 4 shows that the calibration curve of the
amperometric response is linear in the range of 2 μM to
24 μM (R2 = 0:991; p = 1:2 e−7 ), and the sensitivity is 3:0 ×
10−4 A/M. The detection limit of the biosensor was found
to be 443 nM at a signal-to-noise ratio of 3. According to
the Lineweaver-Burk equation, the apparent MichaelisMenten constant (Km, app) was calculated to be 15.4 μM.
The constant is a reﬂection of the enzymatic aﬃnity and
the ratio of microscopic kinetic constant. The Km, app in this
biosensor is much smaller than 1.35 mM (HRP-SG/CNT/GC
electrode) [20], 0.12 mM (MB-HRP/NME/MWCNT/GC
electrode), and 23.85 mM (HRP/SGCCN/GC electrode)
[21]), which indicate the higher biological aﬃnity of immobilized HRP to H2O2.
The interference of common species was examined as
shown in Figure 5. The applied potential was - 0.1 V,
which is lower than +0.25 V by Okawa et al. [12]. This

low potential can eﬀectively reduce possible interferences,
thus resulting in high selectivity to H2O2. The amperometric response increased greatly after injection of 10 μM
H2O2. No change in current was observed after injecting
10-fold concentrations of glucose (GLU), glycine (Gly),
dopamine (DA), ascorbic acid (AA), and glutathione
(GSH). Moreover, the current change caused by H2O2 was
not aﬀected by these interfering species. These results validate that the HRP-AuNCs/MWCNTs/CFUMEs had a favorable anti-interference ability and were appropriate for in vivo
measurement.
The reproducibility of the HRP-AuNCs/MWCNTs/CFUMEs was also investigated. The response to 10 μM H2O2
was measured and the relative standard deviation (RSD) is
5.5% (as shown in Supplementary Figure 4).
3.4. Detection of H2O2 in Calf Serum. To test the practical
applications of the H2O2 sensor, the concentration of H2O2
was detected in calf serum samples using the modiﬁed electrode by the widely used standard titration method [22, 23].
The calf serum was diluted 10 times by PBS (0.01 M, pH =
7:0) and was predeoxygenated by purging ultrapure argon
gas to avoid interference from oxygen. At intervals of 350 s,
a H2O2 standard concentration was injected into the diluted
calf serum. With the injection of H2O2, quick and sensitive
responses were observed, as shown in Figure 6. The concentration of H2O2 spiked each time was 10 μM. As shown in
Table 1, the concentration of H2O2 in calf serum samples
was calculated by the standard addition method [24]. The
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mean recovery of H2O2 in calf serum samples was 93.6%,
which validates that HRP-AuNCs/MWCNTs/CFUMEs have
a potential application in H2O2 measurement of real samples.

4. Conclusions
In this study, an amperometric H2O2 sensor has been fabricated using HRP-AuNC- and MWCNT-modiﬁed CFUMEs.
The carbon ﬁber ultramicroelectrode (CFUME) (diameter
7 μm) used in this research has much smaller dimension than
indium-tin oxide- (ITO-) or ﬂuoride-doped tin oxide- (FTO) coated glass plates [12], which can match the biological
microenvironments such as cells or tissues with minimized
perturbation or damage. Furthermore, the CFUME has good
biocompatibility, easy fabrication, and good electron transfer
properties, which make it an ideal tool for real-time in vivo
measurement. Horseradish peroxidase (HRP) was modiﬁed
by functionalized gold nanoclusters (AuNCs) via a biomineralization process to promote electron transfer. The H2O2
sensor was successfully applied to detect H2O2 levels in calf
serum. The electrochemical data suggested that the gold
nanoclusters acting as the molecular electric wire can help
to transfer electrons between the active center of the enzyme
and the electrode. Moreover, the enzyme conjugated by the
AuNCs and being immobilized on MWCNT-coated CFUME
can retain high biological activity. HRP-AuNCs were modiﬁed with the assistance of immobilized MWCNTs on the
surface of the CFUME. The AuNCs facilitate electron transfer
between the active center of HRP and CFUME. The characteristic immensely facilitates the detection limit and generates
a satisfactory anti-interference ability. These features were
especially preferred by in vivo sensing applications. The
HRP-AuNCs/MWCNTs/CFUMEs were successfully applied
to carry out measurement of H2O2 in the calf serum sample,
and the results show that the test concentration is in close
proximity to the real concentration spiked in the sample.
This sensor is expected to monitor the level of H2O2 in vivo
and facilitate research on the role of H2O2 in the life course.
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Supplementary Materials
Supplementary Figure 1: TEM image of HRP-AuNCs.
Supplementary Figure 2: cyclic voltammograms of the HRPAuNCs/MWCNTs/CFUMEs (A), HRP/MWCNTs/CFUMEs
(B), MWCNTs/CFUMEs (C), HRP-AuNCs/CFUMEs (D),
HRP/CFUME (E), and CFUME (F) in 0.01 M pH 7.0 deoxygenated PBS in the absence of H2O2 (a) and presence of
0.01 mM (b) and 0.03 mM (c). Scan rate = 100 mV/s. Supplementary Figure 3: amperometric response of the HRPAuNCs/MWCNTs/CFUMEs (a), HRP/MWCNTs/CFUMEs
(b), MWCNTs/CFUMEs (c), HRP-AuNCs/CFUMEs (d),
HRP/CFUME (e), and CFUME (f) in 0.01 M PBS containing
10 μM H2O2. Supplementary Figure 4: amperometric
response of the HRP-AuNCs/MWCNTs/CFUMEs to
10 μM H2O2 in 0.01 M PBS. (Supplementary Materials)
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