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In this research, a novel bird nest-like zinc oxide (BN-ZnO) nanostructures were prepared by a simple
solvothermal method. A sensitive electrochemical glucose biosensor was for the first time developed
based on the immobilization of glucose oxidase (GOx) on nanostructured BN-ZnO modified electrode.
The BN-ZnO nanostructure and the resultant biosensor were characterized by scanning electron
microscope, X-ray diffraction spectroscopy, Fourier transform infrared spectroscopy, and electrochemical
impedance spectroscopy. BN-ZnO nanostructures have large specific surface area and can load large

K?y Wordsf . . amounts of GOX molecules. Meanwhile, BN-ZnO provides an excellent microenvironment to retain
Bird nest-like zinc oxide . . - .
Nanostructure the native bioactivity of enzymes and to promote direct electron transfer between GOx and electrode

surface. The proposed biosensor shows a wide linear range of 0.005-1.6 mmol/L, high sensitivity of
15.6 mA L mol~! cm~2 with a low detection limit of 0.004 mmol/L. The resulting biosensor also shows
excellent selectivity, acceptable stability and reproducibility, and can be successfully applied in the
detection of glucose in human serum samples at —0.37 V.

© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Diabetes mellitus disrupts the regulation of the body’s blood
glucose levels. Poorly regulated blood glucose levels can lead to
serious diseases such as kidney failure, heart disease, and
blindness [1]. The measurements of blood glucose show an
important significance in the treatment and monitoring of diabetes
mellitus [2]. Tremendous amount of electrochemical biosensors
have been widely developed to measure glucose due to high
sensitivity, fast analysis speed, high selectivity, simple instrument
operation as well as low cost [3-11]. Among these biosensors, the
third-generation enzyme biosensors based on direct electron
transfer have showed great potentials [12,13]. However, it hard to
achieve the direct electron transfer of glucose oxidase (GOx)
because the active redox center (flavin adenine dinucleotide, FAD)
of GOx is deeply embedded within a protective protein shell.
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Modifications of electrode with nanomaterials have been proved to
be an effective method to overcome the long distance between the
redox-active cofactor and the electrode surface [13-16]. Many
kinds of nanomaterials such as metal nanoparticles [17-19],
carbon nanomaterials [12,20,21] and semiconductor nanostruc-
tures [22-24] have been extensively used to modify electrode
surface to promote the direct electron transfer.

Zinc oxide (ZnO) is a typical semiconductor material and
exhibits unique chemical properties [25]. ZnO materials have been
applied to a wide variety of fields such as lithium batteries [26],
solar cells [27], and photocatalysts [28]. In the past decades,
nanostructured ZnO has gained great attention in biosensing fields
due to good chemical stability, nontoxicity, high surface to volume
ratio, biocompatibility, and easy fabrication [29,30]. Various
shaped ZnO nanostructures, such as nanoparticles [31,32], nano-
rods [33,34] nanowires [35,36], flowers [37] and nanospheres [38]
have been reported for biosensing using vapor deposition or wet
chemical methods. It has been well demonstrated that enzyme
biomolecules immobilized on ZnO nanostructures can enhance its
catalytic ability, accelerate the direct electron transfer and retain
the bioactivity [39]. Moreover, morphology and size of nanostruc-
tured ZnO materials also play a very important role in the
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properties of the glucose biosensors [24,30]. Thus it is very
necessary to explore synthesis of suitable shaped and sized ZnO
materials for the enzyme biosensors. To the best of our knowledge,
there are few bird nest-like ZnO (BN-ZnO) nanostructures for
biosensing applications.

In this research, novel BN-ZnO nanostructures were synthe-
sized by a simple solvothermal route from ZnCl,, CON,H,4, ethanol
and HCI. The morphology and composite of BN-ZnO nanostructure
were confirmed using scanning electron microscope (SEM) and
X-ray diffraction spectroscopy (XRD). Then BN-ZnO nanostructures
were for the first time exploited to modify electrode for the
immobilization of enzymes. A sensitive electrochemical biosensor
was proposed to measure glucose based on direct chemistry of GOx
on modified electrode. BN-ZnO nanostructures have larger surface
area and provided a biocompatible microenvironment to facilitate
the direct electron transfer from electrode surface to the
immobilized enzyme. The proposed biosensor demonstrated high
sensitivity, excellent selectivity and acceptable producibility and
stability. This work provided a promising electrode material for the
fabrication of excellent biosensors.

The morphology of the as-synthesized BN-ZnO nanostructure
was investigated using scanning electron microscope. Fig. 1A
shows the SEM image of BN-ZnO, and Fig. 1B shows its
magnification of the nanostructure. It can be seen that the BN-ZnO
displays bird nest-shaped structure and uniform appearance with
a particle size of about 10 wm, which consists of nano-sized thin
sheets. This special structure results to big large specific surface
area. A typical XRD pattern of the as-synthesized BN-ZnO was
shown in Fig. 1C. All of the diffraction peaks can be exactly indexed
to the single hexagonal phase ZnO (JCPDS No. 076-0704). After the
immobilization of GOx on BN-ZnO modified electrode, the SEM of
GOx/BN-ZnO (Fig. 1D) shows the different morphology in
comparison with singe BN-ZnO. In other words, these changes
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Fig. 1. SEM image of BN-ZnO and its magnification (A, B), XRD pattern of the as-
synthesized BN-ZnO (C), SEM of GOx/BN-ZnO (D), FT-IR spectrum of BN-ZnO, GOx,
GOx/BN-ZnO (E), EIS of bare, BN-ZnO and GOx/BN-ZnO modified electrodes (F).
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in the morphology of BN-ZnO indicate the successful modification
of GOx on the surface BN-ZnO.

FT-IR spectrum was used to characterize the structure of the
GOx molecules loaded on BN-ZnO (Fig. 1E). No obvious absorption
peaks were observed from the FT-IR spectrum of BN-ZnO. The FT-IR
spectrum of native GOx exhibits two characteristic peaks at 1611
and 1545 cm™!, which are ascribed to amide I and II bands of
enzyme. FT-IR spectrum of the GOx/BN-ZnO also shows two
characteristic absorption peaks of amide I and amide II bands,
indicating that GOx molecules were successfully immobilized in
the BN-ZnO nanostructure and maintain its native structure and
bioactivity. Electrochemical impedance spectroscopy was
employed to study the surface property and process for the
modified electrodes. The impedance spectrum is named as Nyquist
plot which comprises a semicircle part and a liner part. The
semicircle at the high frequency corresponds to the electron-
transfer in the limiting process, whose diameter presents the
electron transfer resistance (R.). And the straight line at the low
frequency corresponds to the dispersion process. Fig. 1F shows the
electrochemical impedance spectra (EIS) of different modified
electrodes in the frequency range of 0.05 Hz to 10 KHz. For the bare
GCE, the R was about 298 (). The R of the BN-ZnO/GCE (1669 ()
was larger than that of the bare GCE, demonstrating that a layer of
BN-ZnO film was formed on the surface of GCE. After GOx was
immobilized on the surface of BN-ZnO nanostructure, its R, value
further increased to 4171 (), which indicated that GOx molecules
were steadily absorbed into the surface of BN-ZnO modified
electrode.

Fig. 2 shows the cyclic voltammograms (CVs) of different
modified GCEs in 0.1 mol/L Ny-saturated PBS at a scan rate of
100 mV/s. No peaks were observed from the CV curves of the
Nafion/GCE (curve a) and BN-ZnO/Nafion/GCE (curve b). However,
the GOx/Nafion/GCE shows a pair of weak and well-defined
redox peaks (curve c). Compared with GOx/Nafion/GCE, the
GOx/BN-ZnO/Nafion/GCE displays a pair of intensive and better-
defined redox peaks (curve d) at -0.342 and -0.387V, indicating
that BN-ZnO effectively facilitate direct electron transfer of GOx
and electrode surface. The reduction peak current of the
GOx/BN-ZnO/Nafion/GCE is 4 times larger than that of GOx/Na-
fion/GCE, which may result from the special nanostructure and
larger specific surface of BN-ZnO nanostructure [39].

The influence of the pH value on the electrochemical behavior
of the GOx/ BN-ZnO/Nafion/GCE was examined in Fig. S1A
(Supporting information). Both the cathodic and anodic peak
potentials shift negatively with the increase of the solution pH
values. The formal potential demonstrated a linear relationship
with a slope of —48.9 mV/pH and a correlation coefficient of 0.9852
(inset I of Fig. S1A), suggesting that the enzymatic reaction of
GOx/BN-ZnO/Nafion/GCE is same-electron coupled same-proton
transfer process. The redox peaks current reached its maximum
value at pH 7.0, suggesting the optimal solution pH for the
immobilization of GOx (inset II of Fig. S1A). The decreases in
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Fig. 2. CVs of bare GCE (a), BN-ZnO/GCE (b), GOx/GCE (c) and BN-ZnO/GOx/GCE (d)
in 0.1 mol/L pH 7.0 N-saturated PBS at a scan rate of 100 mV/s.
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current response at higher pH value or lower pH value are possible
due to decreased bioactivity of the loaded enzyme molecules [40].

The CVs of GOx/BN-ZnO/Nafion/GCE at different scan rates were
shown in Fig. S1B (Supporting information). It could be observed
that the anodic current (I,,) and cathodic peak current (I,c) linearly
enhanced with the increasing scan rate from 10 to 300 mV/s (inset
of Fig. S1B). Moreover, the ratio of Iy, and Iy is close to 1.0,
suggesting that electrochemical reactions of GOx on BN-ZnO
modified electrode was quasi-reversible surface-controlled pro-
cess [41]. The logarithm plot of cathodic peak current demonstrat-
ed a good linear relationship versus logarithm of the scan rate with
a slope of 0.9755 (inset II of Fig. S1B). The slope is very close to the
theoretical slope for thin layer electrochemical behavior.

Fig. 3 shows the CVs of the BN-ZnO/Nafion/GCE and GOx/BN-
ZnO/Nafion/GCE in nitrogen- and air-saturated pH 7.0 PBS in the
absence and presence of glucose. No obvious redox peak could be
observed from CVs of BN-ZnO/Nafion/GCE in air-saturated PBS,
but a reduction peak current enhanced obviously at more
negative potential (curve b of Fig. 3A). When glucose was added
into this air-saturated solution, the reduction peak current of the
BN-ZnO/Nafion/GCE shows no obvious change (curves c and d of
Fig. 3A). As a contrast, GOx/BN-ZnO/Nafion/GCE shows an obvious
redox peaks, and its reduction peak current obviously enhanced
in air-saturated solution (curve f of Fig. 3B). As illustrated in Eqgs. 1
and 2, this phenomenon indicating a typical electrocatalytic
process toward dissolved oxygen occurred at GOx/BN-ZnO/
Nafion/GCE instead of BN-ZnO/Nafion/GCE. While glucose was
added into this system, gradual decreases in reduction peak
current at the GOx/BN-ZnO/Nafion/GCE was observed clearly
(curves g and h of Fig. 3B). This was because that the enzyme-
catalyzed reaction at GOx/BN-ZnO/Nafion/GCE inhibited the
electrocatalytic reaction, which leaded to the decrease of GOx
(FAD) according to Eq. 3. Based on the responses of the GOx/BN-
ZnO/Nafion/GCE to glucose, an electrochemical enzyme biosensor
was constructed for quantitative detection of glucose.

GOx(FAD) + 2e™ + 2H" «— GOD(FADH,) (1)
Glucose + GOx(FAD) — GOx(FADH,) + Gluconolactone (2)
GOx(FADH,) + O, — GOD(FAD) + H,0, (3)

Fig. 4A shows the amperometric response of the GOx/Nafion/
GCE and GOx/BN-ZnO/Nafion/GCE in pH 7.0 air-saturated PBS
containing different concentrations of glucose at —0.37 V applied
potential. The current responses of GOx/BN-ZnO/Nafion/GCE
increased linearly with the increase of glucose concentration
ranging from 0.005 mmol/L to 1.6 mmol/L with a high sensitivity of
15.6 mA L mol~! cm (Fig. 4A). The detection limit is calculated to
be 4.0 pmol/L at a signal-to-noise of 3. As a contrast, the
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Fig. 3. CVs of the BN-ZnO/Nafion/GCE (A) and GOx/ BN-ZnO/Nafion/GCE (B) in
0.1 mol/L pH 7.0 N»-saturated PBS (a and e), air-saturated PBS (b and f), air-saturated
PBS including 0.5 mmol/L glucose (c and g) and 1.0 mmol/L glucose (d and h) at a
scan rate of 100 mV/ s.
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Fig. 4. Amperometric response of Nafion/GOx/ BN-ZnO/GCE and Nafion/GOx/GCE
to successive additions of glucose in a stirred 0.1 mol/L pH 7.0 PBS at an applied
potential of —0.37 V, inset: magnified amperometric response versus time (A) and
calibration curves for glucose concentration, inset: magnified calibration curve (B).

GOx/Nafion/GCE shows a linear range of 0.035-1.3 mmol/L with
a detection limit of 30 wmol/L (Fig. 4B). Compared with the GOx/
Nafion/GCE, the GOx/BN-ZnO/Nafion/GCE demonstrated much
higher sensitivity and wider linear range. Obviously, BN-ZnO
nanostructure greatly promoted the direct electron transfer
between GOx and electrode surface, thus producing high
sensitivity. The performance of present glucose biosensor was
compared with other glucose biosensors reported in recent
literatures and shown in Table S1 (Supporting information). In
comparison with other types of enzyme electrodes, the proposed
GOx/BN-ZnO/Nafion/GCE shows better excellent performance.

The reproducibility of the proposed biosensor was investigated
by detecting 0.1 mmol/L glucose for 5 times at same enzyme
electrode, the relative standard deviation (RSD) is 3.5%, indicating a
good repeatability. After 20 successive measurements, the current
response still retained 92% of the initial value, suggesting
acceptable operational stability. The reproducibility of the enzyme
electrode was also examined by measuring 0.1 mmol/L glucose at 5
different enzyme electrodes, and the RSD was 6.5%, indicating good
fabrication reproducibility. The enzyme electrode was stored at
4°C when not in use. It can be retained 93% of its initial current
response after storage for three weeks, demonstrating the
acceptable long-term life time of the BN-ZnO-based glucose
biosensor.

Fig. 5 shows the interferences in quantitative detection of
glucose in the presence of 0.1 mmol/L uric acid (AA), 0.1 mmol/L
ascorbic acid (AP), and 0.1 mmol/L acetamidophenol (UA) at an
applied potential of —0.37V. Upon the addition of 0.1 mmol/L
glucose to pH 7.0 electrolyte solution, a clear current response
could be observed. When the AA, AP and UA were successively
injected into the solution, there were no obvious changes in the
amperometric response. After addition of 0.1 mmol/L glucose to
the system again, the current response is almost close to the value
obtained in absence of the interferents, suggesting the excellent
selectivity of the constructed electrochemical glucose biosensor.
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Fig. 5. Amperometric response of the GOx/BN-ZnO/Nafion/GCE to 0.1 mmol/L

glucose, 0.1 mmol/L AA, 0.1 mmol/L AP, and 0.1 mmol/L UA in 0.1 mol/L pH 7.0 PBS at
—0.37V applied potential.
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To evaluate the potential ability of the BN-ZnO-based biosensor,
the human serum samples were measured. The practical samples
were received from Northern Jiangsu People’s Hospital without
any sample pretreatment except a dilution step and their glucose
concentrations were determined using enzyme catalytic spectro-
photometry. The results of human serum samples measured by
two methods were showed in Table S2 (Supporting information).
The relative errors between two methods are no more than 8.7%,
showing good accuracy of the present biosensor in the detection of
the real samples.

In this work, bird nest-like ZnO nanostructures were prepared
by a simple solvothermal method. The morphology and properties
of BN-ZnO nanostructures were characterized using several
methods. Based on the direct electron transfer of GOx immobilized
on BN-ZnO nanostructure modified electrode, a novel electro-
chemical glucose biosensor was developed for the first time. BN-
ZnO nanostructure provides a favorable microenvironment for
GOx to remain its bioactivity and enhances the electron transfer
between enzyme and the electrode surface. Thus the biosensor
modified with BN-ZnO nanostructure shows a better detection
range than the biosensor without BN-ZnO nanostructure. The
glucose biosensor also exhibits excellent selectivity, good repro-
ducibility, and acceptable stability. The BN-ZnO nanostructure
provide a promising platform for fabricating excellent electro-
chemical biosensors.
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Supplementary material related to this article can be found, in the
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