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a b s t r a c t

The coral-like gold micro/nanostructures were formed onto carbon cloth followed by a Prussian blue (PB)
electrochemical deposition to construct a highly sensitive H2O2 biosensor. The SEM image of PB/Au/CC
showed the coral-like gold morphology, and EDS and XPS tests also further confirmed the successful load-
ing of Au and PB. The electrochemical tests of PB/Au/CC displayed the electrode possessed excellent per-
formance in sensing H2O2, which was quantified in the linear range from 0.002 to 13.97 mM at an applied
potential of �0.05 V, with a sensitivity of 454.97 lA mM�1 cm�2 and a detection limit of 0.5 lM (S/N = 3).
And then a convenient sensing platform was established via the cross-linking enzyme aggregates
method, using PB as the mediator to realize the construction of glucose BIOSENSOR GOxEA@PB/Au/CC.
The biosensor responded to glucose in the sensitivity of 70.76 lA mM�1 cm�2 within the linear range
from 0.05 to 3.15 mMwith a detection limit of 10 lM. The sensitivity was much higher than the electrode
constructed by the cross-linking enzyme method (GOx@PB/Au/CC), and it was also highly selective,
reproducible, and stable. Besides, the proposed biosensor was successfully applied to the glucose deter-
mination in real human serum samples, which proved its practicability.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Data released in 2019 by the International Diabetes Federation
indicates that 460 million diabetes worldwide nowadays is pro-
jected to rise to 580 million in 2030 and 700 million by 2045 [1].
With the continuous rise in diabetics, blood glucose monitoring
has received much attention as it is the most effective way to pre-
vent, diagnose, and intervene in the development of diabetes [2].
Established methods for the detection of glucose levels can be
roughly divided into three types [3]. The first is to detect variations
in color based on chemical reactions [4], the second is to observe
the refractive index changes by employing optical techniques
[5,6], and the last approach is to calculate the electrochemical
characteristics. Among them, electrochemical enzymatic biosen-
sors have drawn much attention due to the outstanding advan-
tages, including a low limit of detection (LOD), high sensitivity,
and good selectivity [7,8].

Although glucose self-monitoring has been widely accepted and
provides a significant improvement in the quality of life for dia-
betic patients, it is limited by the number of routine examinations
and discomfort caused by the invasive method. Thus, there is a
considerable demand for optimized sensing technologies for
implantable continuous glucose monitoring [9,10]. GOx is one of
the routine biocatalysts used for glucose oxidation in organisms,
but in the presence of oxygen, it would react with glucose to gen-
erate toxic by-product H2O2 [11,12] and may deteriorate the long-
term stability of biosensors [13]. The multi-enzyme electrode has
been constructed through co-immobilization of GOx and peroxi-
dase or other enzymes for addressing this issue [14,15]. Neverthe-
less, the enzymes, being inherently fragile, obviously cannot keep
the long-term stability [16]. Besides, continuous glucose monitor-
ing for integrated biosensors needs the development of reagent-
less biosensors independent of free diffusing redox mediators
[17]. Prussian blue (PB), a kind of mixed-valence compound
formed by the coordination of iron ions and CN bridges, has been
described as an ‘‘artificial peroxidase” that exhibits an excellent
peroxidase-like catalytic performance towards H2O2 [18]. More-
over, the reported catalytic constant of PB is three orders of mag-
nitude higher than that of natural peroxidase [19,20]. In previous
studies, they have been extensively applied to the sensing of
hydrogen peroxide at a very low applied potential, enabling the
incorporation of oxidase enzymes to sense the corresponding sub-
strate while minimizing the influence of other electrochemical
interferents. More importantly, as an inorganic conductive film,
PB can be easily attached to the electrode and replace the free
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electron transfer mediator in the solution to directly generate elec-
trochemical signals, thereby realizing the fabrication of reagent-
less electrochemical biosensors. Zhang et al. [21] used this
approach to detect the current corresponding to the reduction of
H2O2 occurring at the nitrogen-doped graphite foam electrode
modified with PB and GOx and thus indirectly to determine the
glucose concentration. Ramanavicius et al. [22] designed three
types of electrodes based on polypyrrole, GOx, and PB to realize
amperometric glucose biosensors.

Recently, the cross-linking enzyme aggregates (CLEAs) has
shown great potential as an attractive enzyme immobilization
method with its exquisite simplicity and robustness [23]. The
preparation of CLEAs involves aggregation or precipitation of the
enzyme (that may be pure or not) without perturbation of their
tertiary structure and chemical cross-linking of the resulting phys-
ical enzyme aggregates. Precipitation/aggregation is usually
formed by introducing salts, organic solvents, or non-ionic poly-
mers to the enzyme solution. And the resulting enzyme aggregates
are then cross-linked by the use of bifunctional agents [24]. In this
method, the cross-linked enzyme aggregates can be attached to the
nanomaterials’ surface in the form of an enzyme aggregates coat-
ing, and the unbound or slightly bound cross-linked enzyme aggre-
gates can be excessively washed away [25]. Compared with the
common cross-linking enzymes (CLEs), it is more effective since
it could significantly maintain the enzyme activity and enzyme
loading [26].

In the present study, we used a coral-like gold modified carbon
cloth flexible electrode as the substrate and decorated it with PB to
construct the H2O2 sensor that exhibits high electrochemical sens-
ing capabilities. Inspired by the fact that H2O2 is the by-product of
glucose enzymolysis, a convenient reagent-less glucose sensing
platform was established via combining cross-linking enzyme
aggregates, based on PB’s redox property providing self-
mediation. To our best knowledge, there is no publication on glu-
cose biosensors employing an electrode combined with enzyme
aggregates and PB. Only with one more step of enzyme aggrega-
tion, the glucose biosensor can achieve a substantial improvement
in the sensing performance.
2. Materials and methods

2.1 . Chemicals and equipment

Carbon cloth (hydrophilic W0S1009) was received from Taiwan
CeTech Co., Ltd.. Gold chloride trihydrate (HAuCl4�3H2O, Aladdin),
potassium ferricyanide (K3[Fe(CN)6], Aladdin), iron chloride hex-
ahydrate (FeCl3�6H2O, Aladdin), potassium chloride (KCl, Aladdin),
glucose oxidase (GOx) from Aspergillus niger (100 U mg�1, Alad-
din), b-d-Glucose (C6H12O6, Aladdin), ammonium sulfate ((NH4)2-
SO4, Aladdin), glutaraldehyde (C5H8O2, Aladdin), uric acid
(C5H4N4O3, Aladdin), ascorbic acid (C6H8O6, Aladdin) and dopa-
mine (C8H11NO2, Aladdin) were analytical reagent and used as
received. Other reagents were all purchased from Tianjin Damao
Co., Ltd.. Deionized (DI) water was used throughout all the exper-
iments. The human serum samples are provided by the first author
and this study is approved by the Ethics Committee of Northwest-
ern Polytechnical University.

The surface morphology and structure of the obtained electrode
were characterized by the Field Emission Scanning Electron Micro-
scope (FE-SEM, FEI Verios G4, America). And the elemental analysis
was performed by the energy dispersive spectrometer equipped in
FEI Verios G4. X-ray photoelectron spectroscopy (XPS, Kratos AXIS
Ultra DLD, energy spectrum instrument with Al Ka source) analysis
was tested to examine the chemical composition and redox state of
PB/Au/CC. Electrochemical measurements were done by the
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CHI660E electrochemical workstation (Shanghai CH Instruments
Co. Ltd.) with a three-electrode setup at room temperature.

2.2. Fabrication of the PB/Au/CC electrode

A piece of carbon cloth (CC) was ultrasonically cleaned with
ethanol, acetone, and ultrapure water in sequence, and then dried
at 60 ℃[27]. After drying, the cleaned CC was employed as the sub-
strate material for Au electrodeposition. A constant potential (as
high as � 4 V) was applied in a stationary 0.5 M
H2SO4 + 0.005 M HAuCl4 solution for Au electrodeposition (desig-
nated as Au/CC).

The Au/CC electrode was then immersed into the growth solu-
tion, and a constant applied potential of 0.4 V was performed
within 150 s. The growth solution was composed of 3.0 mM K3[-
Fe(CN)6], 3.0 mM FeCl3, dissolved in 0.1 M KCl + 0.01 M HCl [28].
After electrodeposition, the PB layer was activated by CV within
the potential range of � 0.05 V to 0.35 V until a stable CV curve
appeared. Then the electrode was dried at 100 �C for 1 h, and PB
modified Au/CC (PB/ Au/CC) was stored at room temperature.

2.3. Fabrication of the GOxEA@PB/Au/CC electrode

The PB/Au/CC electrode was incubated into 10 mg mL�1 of GOx
solution for 2 h. Then ammonium sulfate solution was added into
the GOx solution to precipitate the free GOx out to form the
enzyme aggregates (GOxEA) in the vicinity of the PB/Au/CC elec-
trode. After 30 mins, glutaraldehyde (GA) was added into the solu-
tion to crosslink the GOxEA and incubated at 4 �C overnight. Finally,
GOxEA@PB/Au/CC was excessively washed with PBS.

2.4 . Electrochemical detection of hydrogen peroxide and glucose

The Ag/AgCl (saturated KCl), Pt wire, and test sample were
employed as reference electrode, counter electrode, and working
electrode, respectively. For the amperometry i-t tests, � 0.05 V
was applied to the working electrode in 0.1 M PBS (pH 6.0) con-
taining 0.1 M KCl.

3. Results and discussion

The synthetic process of electrode is summarized schematically
in Scheme 1 (see Experimental section for details).

3.1. Morphology and constituent characterization of electrodes

The morphologies of the obtained electrodes were investigated
by FE-SEM. As is shown in Fig. 1A, the original CC is woven by car-
bon fibers, tightly packed together, and exhibits an entirely smooth
surface. Such well- intertwined three-dimensional structures can
provide a conductive network and large specific surface area. After
Au electrodeposition, the free-standing coral-like gold coatings are
formed on the carbon cloth substrate with a 3D skeleton as
revealed by the SEM image (Fig. 1B). The reason for the formation
of this morphology has been explained in our previous work. The
coral-shaped structure occurs mainly because we have chosen a
sufficiently negative potential at which H + can be reduced when
the electrodeposition of gold takes place. As hydrogen evolution
occurs, a turbulent layer is formed over the electrode surface
which would disturb Au deposition and the formation of new
nucleation sites. Once the formation of new nucleation sites is hin-
dered, any growth from the formed nucleation sites would develop
as branches and finally form gold films with coral-shaped mor-
phology [29]. The micrograph for the CC shows a very plain surface,
while the Au/CC shows a very rough surface due to the electrode-



Scheme 1. The schematic diagram of the formation process of the GOxEA@PB/Au/CC electrode.

Fig. 1. SEM micrographs of (A) CC, (B) Au/CC, (C) PB/CC, (D) PB/Au/CC, and EDS mapping results of (E) Au, (F) Fe on the PB/Au/CC. (G) XPS plot and (H) Fe 2p spectra of PB/Au/
CC. (I) FTIR spectra of Au/CC, PB/Au/CC, and GOxEA@ PB/Au/CC.
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position of Au. Compared with the flat interface of traditional elec-
trodes, the abundant positions for loading target catalysts can be
successfully obtained in the stereoscopic space of Au/CC [30].

After PB was deposited onto Au/CC, the original morphology
was not destroyed (Fig. 1D), and at the same time, we used the
energy-dispersive X-ray spectroscopy (EDS) elemental mapping
analysis to explore the elemental composition, to confirm the
intercalation of PB into the coral-like Au coatings and the distribu-
3

tion of PB on carbon cloth (Fig. 1F). Furthermore, X-ray photoelec-
tron spectroscopy (XPS) was performed on PB/Au/CC to analyze the
elemental composition and redox state of PB. As shown in Fig. 1G,
the peaks of C (1s), N (1s), Fe (2p), and K (2p) all appear in the spec-
trum, which indicates the elemental composition of PB. The high-
resolution spectrum of Fe 2p in Fig. 1H is further analyzed. The fit-
ted curve mainly consists of two clusters of peaks located at 708.6
and 721.4 eV, corresponding to FeII 2p3/2 and FeII 2p1/2 in the [Fe
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(CN)6]4�group. Meanwhile, the satellite peaks at 713.0 and
722.7 eV can be attributed to FeIII 2p3/2 and FeIII 2p1/2 which coor-
dinating with N in the PB crystal structure. XPS spectrum is consis-
tent with the previous report [31].

The as-prepared Au/CC, PB/Au/CC, and GOxEA@ PB/Au/CC were
investigated by FTIR spectroscopy. Peaks at 1000–1300 cm�1 are
ascribed to C–O single bonds in the CC. Most carbons contain
hydrogen, and band of C–H stretch and wagging vibrations are
observed [32]. The FTIR spectrum of PB/Au/CC comprised a charac-
teristic band at 2058 cm�1, which corresponds to the C„N bond
stretching [33,34]. The peak with a wavenumber of 1635 cm�1,
attributed to the amide I bond (1700–1600 cm�1), is caused by
the stretching vibration of C@O at the junction of the peptide in
the backbone of the GOx. The amide II bond with a wavenumber
of 1528 cm�1 in the FTIR spectra is originated from the bending
of N-H and the stretching vibration of CAN [35].
3.2. Electrochemical reactivity of electrodes

To further prove the effectiveness of gold deposition on the
modified electrode, we performed chronocoulometry and cyclic
voltammetry (CV) measurements on CC and Au/CC by using the
[Fe(CN)6]3�/4� redox probe. In the same electrochemistry system,
the slope of the Q-t1/2line is proportional to the relative apparent
electrode area (A)[36]. From the slope of the Q-t1/2 line, the order
of the A values is Au/CC > CC, which means that the relative appar-
ent area of the CC electrode increases after the coral-like gold coat-
ing is electrodeposited. Fig. 2B shows the quasi-reversible
electrochemical behavior of the redox probe on the CC and Au/CC
surface, and the redox peak current of CC/Au is found to be much
more evident as compared to that of CC. This may be due to the
electrodeposition of Au on the CC surface, leading to the improve-
ment of the effective area and the electron transport kinetics of the
electrode.

To electrochemically characterize the GOxEA@PB/Au/CC con-
struction, CVs of different preparation steps were performed in
mediator-free PBS (pH 6.0) containing 0.1 M KCl. As Fig. 2C shows,
it is found that there is no evident redox peak on CC and Au/CC for
lack of an electrochemical redox mediator. After the PB layer was
electrodeposited on the CC and Au/CC electrode, a pair of well-
defined waves assigned to the PB redox reactions at the electrode
can be observed. Moreover, the redox peak of PB/Au/CC is more
obvious than that of PB/CC, which indicates that an electroactive
surface with higher electrochemical activity is realized by the elec-
trodeposition of PB on the Au/CC. When GOx was immobilized on
the PB/Au/CC electrode, the peak current of GOxEA@PB/Au/CC
decrease significantly o owing to the non-conductive nature of
enzymes, thereby inhibiting the electron transfer of PB. The
obtained results also proved that GOx has been attached success-
fully to the PB/Au/CC electrode (GOxEA@PB/Au/CC).

It is generally to study the electron transfer properties of differ-
ent electrodes by employing electrochemical impedance spec-
troscopy (EIS). The diameter of the semicircular arc at high
frequencies is attributed to the electron transfer resistance (Ret),
which reflects the electron transfer kinetics of the redox reaction
on the electrode surface, while at lower frequencies, the linear part
is due to Warburg diffusion. As shown in Fig. 2D, the Ret of modi-
fied electrodes is in the sequence of GOxEA@PB/Au/CC (48.4X) > CC
(7.5X) > PB/CC (4.4X) > Au/CC (3.2X) > PB/Au/CC (0.8X), and the
Ret of PB/CC is lower than that of the CC, which can be explained by
the PB layer promoting electron transfer from the redox probe to
the electrode surface. Obviously, PB/Au/CC shows a relatively low
Ret value, which indicates that the electrode is suitable for use as
a substrate for immobilizing GOx. Moreover, the electrode of
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GOxEA@PB/Au/CC possesses the largest Ret, reflecting that GOx
has been attached to the electrode surface and the immobilized
amount is large.

In general, the electrochemical kinetics could be derived from
the dependence of peak current values on changing scanning rates
from CV curves. As the detection mechanism of H2O2 relies primar-
ily on PB, the effect of changing scan rates on the redox peak cur-
rent and peak separation of PB/Au/CC has been studied. Fig. 2E
exhibits the CV curves at different scan rates from 10 to 200 mV s�1

in 0.1 M PBS (pH 6.0). The increase in scan rate results in the
increase in current and separation between the reduction and oxi-
dation peaks. And the CV curve can still retain the original shape
even under a relatively high scan rate of 200 mV s�1, reflecting
the high conductivity of the electrode. This process, as can be
observed in Fig. 2F, reflects a linear dependence with the scan rate,
indicating fast electron transfer kinetics at PB/Au/CC and a typical
surface-controlled process.
3.3. H2O2 determination by PB/Au/CC

The electrochemical reaction of the H2O2 on the PB/Au/CC was
demonstrated by using the CV and amperometric measurements.

In Fig. 3A shows the CV curves of the PB/Au/CC electrode in
0.1 M PBS (pH 6.0) containing 0.1 M KCl with or without adding
H2O2. According to the result, in the absence of H2O2, a pair of
well-defined redox waves with formal potential at 0.14 V can be
observed (curve a), which can be attributed to the PB/Prussian
white (PW) redox transition shown in the Eq. (1). When adding
H2O2 to the solution, an obvious increase of cathodic peak current
appears with a decrease in the anodic peak current (curve b) due to
the PB catalytic reduction of H2O2. The reaction can be described by
the well-known mechanism shown in Eq. (2).

Fe4½FeðCNÞ6�3
PB

þ4Kþ þ 4e��K4Fe4½FeðCNÞ6�3
PW

ð1Þ

K4Fe4½FeðCNÞ6�3
PW

þ2H2O2� Fe4½FeðCNÞ6�3
PB

þ4Kþ þ 4OH� ð2Þ

In Fig. 3B and 3D show the amperometric i-t response at the PB/
CC and PB/Au/CC electrode under the applied potential of �0.05 V.
The calibration plot of the steady-state current on PB/CC (Fig. 3C)
and PB/Au/CC (Fig. 3E) along with H2O2 concentration demon-
strates that the linear response range of the biosensor can reach
3.27 and 13.97 mM, respectively. The regression equation of the
linear part is Ipc (lA) = 139.1C (mM) + 37.46 and Ipc
(lA) = 454.97C (mM) + 89.20 with R2 of 0.999, respectively. The
sensitivity of PB/CC is 139.1 lA mM�1cm�2 with LOD of 2 lM (S/
N = 3). And the sensitivity of PB/Au/CC is 454.97 lA mM�1cm�2

and LOD is 0.5 lM. By comparing the sensing performance of the
above two electrodes, it can be clearly seen that the electrode
PB/Au/CC we constructed has a higher H2O2 electrocatalytic reduc-
tion ability. This indicates that the electrodeposition of coral-like
gold micro/nanostructures is essential for the construction of a
high-performance H2O2 biosensor.

Table 1 displays the sensing performance of different elec-
trodes, including sensitivity, LOD and linear range. It can be seen
from Table 1 that our H2O2 biosensor possesses absolute advan-
tages, especially in such a convenient and quick fabrication way,
which relies in the unique design of our electrode. In other words,
the porous three-dimensional interconnection structure of coral-
like gold-modified CC can easily load a large amount of PB and cre-
ate a lower mass transfer resistance. Moreover, the gold coating
can accelerate the transfer of electrons to the electrode surface.

To investigate the stability of PB, the PB/Au/CC electrode was
tested by CV in 0.1 M PBS containing 0.1 M KCl after scanning for



Fig. 2. (A) The chronocoulometric curves and (B) CVs of bare CC, Au/CC electrodes in 1 mM [Fe(CN)6]4�/3� dissolved in 0.1 M KCl. (C) CVs and (D) EIS of bare CC, Au/CC, PB/CC,
PB/Au/CC, GOxEA@PB/Au/CC electrodes in 1 mM [Fe(CN)6]4�/3� dissolved in 0.1 M KCl. The inset shows the corresponding equivalent circuit. (E) CVs of PB/Au/CC in different
scan rates in 0.1 M PBS (pH 6.0) containing 0.1 M KCl. (F) The calibration plot of the peak current versus the scan rate.
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Fig. 3. (A) The CV responses of the PB modified Au/CC electrodes in 0.1 M PBS (pH 6.0) containing 0.1 M KCl in the (a) absence and (b) presence of 2 mM H2O2 at a scan rate of
50 mV s�1. The amperometric responses of (B) PB/CC and (D) PB/Au/CC with the successive addition of H2O2 under the constant applied potential of �0.05 V. The calibration
plot of the response current on (C) PB/CC and (E) PB/Au/CC versus H2O2 concentration. (F) CVs obtained at PB/Au/CC (a) before and (b) after 200 scanning cycles.
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Table 1
A comparison of analytical performances of H2O2 biosensors.

Electrode Sensitivity (lA mM�1 cm�2) LOD (lM) Linear range (lM) Ref.

LDH-CMC/HRP 220.4 12.4 20–6000 [37]
PDDA/Au/HRP 280 / 0–2 [38]
PMPD–PB/GCE 138.4 0.6 5–1000 [39]
PB-rGO/GCE 196.6 1.9 20–200 [40]
PB/PPy/CMC 456.8 5.23 20–1100 [41]
PB/GO/GCE 408.7 0.12 5–1200 [42]
PB/NGF 386.0 2.4 4–1600 [21]
PB/CC 139.1 2 6–3270 This work
PB/Au/CC 454.97 0.5 2–13970

HRP: Horseradish peroxidase, PDDA: polydimethyldiallylammonium, GCE: glassy carbon electrode, LDH: layered double hydroxides, CMC: carboxymethyl chitosan, PMPD:
poly(m-phenylenediamine), RGO: reduced graphene, PPy: polypyrrole, NGF: nitrogen-doped graphite foam
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200 cycles in the presence of 2 mM H2O2. Fig. 3D shows that the
peak current does not change significantly after scanning for 200
cycles, indicating excellent electrochemical stability of the PB layer
on Au/CC.
3.4. Glucose determination by GOxEA@PB/Au/CC

Given the excellent performance of the PB/Au/CC for H2O2

detection and the fact that H2O2 is the by-product of glucose
enzymolysis, we further used it as the substrate to develop an elec-
trochemical glucose biosensor by employing the cross-linking
enzyme aggregates method to immobilize GOx. To verify that the
GOxEA@PB/Au/CC cascade catalyzes the oxidation of glucose, CV
was used to evaluate the possibility

In Fig. 4A shows the CVs of the GOxEA@PB/Au/CC in 0.1 M PBS
(pH 6.0) containing 0.1 M KCl without or with glucose. Compared
with the CV response without glucose, the oxidation peak current
decreases, and the reduction peak current increases. It is because
that glucose is catalytically oxidized into gluconolactone and by-
product H2O2 by GOx in the presence of dissolved oxygen, as
shown in Eq. (4). Then the resulting H2O2 can be reduced by PW
as described in Section 3.3. The result shows that the glucose
biosensor we constructed is feasible and straightforward.

GOx(FAD) + Glucose ! GOx(FADH2) + Glucolactone ð3Þ
GOx(FADH2) + O2 ! GOx(FAD) + H2O2 ð4Þ
To further evaluate the performance of the constructed biosen-

sor, the amperometric i-t plot was employed at a constant applied
potential of �0.05 V to measure the analytical performance. The
result illustrated by Fig. 4B showing the amperometry results in
a calibration plot of steady-state current vs. [Glucose] (Fig. 4C),
revealing a sensitivity (slope) of 70.76 lA mM�1 cm�2

(R2 = 0.999). This curve of steady-state current vs. [Glucose] is lin-
ear up to 3.15 mM, and the LOD is 10 lM (S/N = 3). At the same
time, we followed the traditional cross-linking enzyme instead of
aggregates to immobilize enzyme on the PB/Au/CC surface for glu-
cose sensing (Fig. 4D). And the sensitivity of GOx@PB/Au/CC is
14.48 lA mM�1 cm�2 with LOD of 50 lM (S/N = 3). It displays
the absolute advantages of the cross-linking enzyme aggregate
method in the field of enzyme immobilization.

Table 2 exhibits a comparison of some analytical parameters
obtained in this work with the data published in the literature.
The results demonstrate that the comprehensive performance of
the glucose biosensor we constructed is competitive with the pre-
viously reported electrochemical sensors. As enzymes are sensitive
elements in the sensing system, the performance of biosensors is
directly proportional to the density of electrically active enzymes
immobilized on the electrode. Therefore, the improvement in the
performance is mainly because the cross-linking enzyme
7

aggregates method greatly increases the amount of enzyme loaded
on the electrode.

To evaluate the anti-interferent property of the proposed glu-
cose biosensor, the amperometric response with additions of glu-
cose and interferents was measured under the applied potential
of �0.05 V. In here, the interference effects of ascorbic acid (AA),
uric acid (UA), and dopamine (DA) on the biosensor were investi-
gated to test their effect on glucose determination (Fig. 4F). The
biosensor shows an extremely significant response to 2 mM glu-
cose and very negligible response to 0.1 mM AA, 0.1 mM UA and
0.1 mM DA. After the addition of the interferents, 1 mM glucose
was added into the solution and the biosensor responses as in
the case with no interferents. It can be concluded that the biosen-
sor has proved to be of good selectivity to glucose, which can be
explained by the high sensitivity at the low detection potential
here.

3.5 . Reproducibility and stability of GOxEA@PB/Au/CC electrode

Reproducibility is an important parameter for the assessment of
the sensing platform. Herein, the reproducibility of the glucose
biosensor was studied through intra-assay and inter-assay relative
standard deviation (RSD). The intra-assay RSD of GOxEA@PB/Au/CC
was determined by measuring 3 mM glucose five times with one
electrode, for which the obtained value was 2.9%. For the inter-
assay, five electrodes were used to determine 3 mM glucose, and
the obtained RSD was 4.1%.

Moreover, when studying the long-term stability of the biosen-
sor, the GOxEA@PB/Au/CC were stored at 4 �C when not in use. And
the electrode retained 90% of the initial current response to 3 mM
glucose after two weeks. These results indicate that the designed
sensing platform possesses acceptable reproducibility and good
stability in glucose determination.

3.6. Determination of glucose in the human serum

To evaluate the applicability of GOxEA@PB/Au/CC to real sam-
ples, different concentrations of standard glucose were added into
human serum diluted 10 times with PBS to determine the recovery.
Table 3 exhibits that recoveries from different serum samples are
in the range of 98% to 104%. High consistency between the
detected glucose level and the real, and low RSD prove that the
biosensor can effectively determine glucose in actual serum sam-
ples, and possess high reliability and practicality.

4. Conclusions

In this work, we developed a feasible electrochemical biosensor
to determine glucose based on the Prussian blue - enzyme aggre-
gates cascade catalytic system. The coral-like gold micro/nanos-
tructures were formed onto carbon cloth electrodes followed by



Fig. 4. (A) CVs of the GOxEA@PB/Au/CC in 0.1 M PBS (pH 6.0) solution containing 0.1 M KCl: without (a) and with (b) glucose at a scan rate of 50 mV/s. (B) The amperometric
curve obtained at the GOxEA@PB/Au/CC in successive glucose addition. (C) The dependence of the response current on glucose concentration obtained at the GOxEA@PB/Au/CC.
(D) The amperometric curve obtained at the GOx@PB/Au/CC in successive glucose addition. (E) The dependence of the response current on glucose concentration obtained at
the GOx@PB/Au/CC. (F) The amperometric curve of the GOxEA@PB/Au/CC with the successive addition of 2 mM glucose, 0.1 mM UA, 0.1 mM AA, 0.1 mM DA and 1 mM glucose.
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a Prussian blue electrochemical deposition process to construct a
highly sensitive H2O2 biosensor. Due to the PB layer on the PB/
Au/CC, the modified electrode possessed high electrochemical
8

activity for H2O2 reduction. The PB/Au/CC electrode responded to
H2O2 in the sensitivity of 454.97 lA mM�1 cm�2 within the linear
range from 0.002 mM to 13.97 mM, with a detection limit of



Table 2
A comparison of analytical performances of glucose enzymatic biosensors.

Electrode Referene electrode Eapp (V) Sensitiviy (lAmM�1cm�2) LOD (lM) Linear range (mM) Ref.

GOx/PB/PVP/MWCNT/Au Ag/AgCl �0.1 38 2 0.01–0.7 [43]
GOx/PB grid/Pt Ag/AgCl �0.1 34.8 200 0.02–1.5 [44]
GOx/Chit/IL/PB/Pt Ag/AgCl �0.05 37.8 5.0 0.01–4.2 [45]
GOx/PB/NGF Ag/AgCl �0.05 27.48 100 0.2–20 [21]
GOx/PB nancubes Ag/AgCl �0.05 83.4 10 0.01–1.3 [46]
GOx@PB/Au/CC Ag/AgCl �0.05 14.48 50 0.15–6.65 This work
GOxEA@PB/Au/CC Ag/AgCl �0.05 70.76 10 0.05–3.15

PVP: poly(4-vinylpyridine), MWCNTs: multiwalled carbon nanotubes, Chit: chitosan, IL: ionic liquid.

Table 3
Determination of glucose in real human serum samples using amperometry.

Sample Added conc. (mM) Found conc. (mM) Recovery/% RSD/%(n = 4)

Serum 1 0.50 0.52 104 4.3
Serum 2 1.00 1.01 101 3.7
Serum 3 1.50 1.47 98 3.3
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0.5 lM (S/N = 3). And glucose biosensor was further constructed by
immobilizing glucose oxidase using the cross-linking enzyme
aggregates method onto the PB/Au/CC electrode surface. The pre-
sent biosensor responded linearly to glucose in the concentration
from 0.05 mM to 3.15 mM. Moreover, the sensitivity was 70.76
lA mM�1 cm�2 and the detection limit was 10 lM (S/N = 3). The
glucose biosensor exhibited a strong anti-interference ability to
other electroactive materials such as ascorbic acid, uric acid, and
dopamine. Furthermore, it also possessed good reproducibility
and long-term stability, and the detection of glucose based on this
sensor had high recovery in practical human serum samples. This
biosensor is a reliable device and the proposed material and immo-
bilization method could be used in several biosensor applications.
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