7® ROYAL SOCIETY
P OF CHEMISTRY

Analyst

View Article Online

View Journal | View Issue

Dual-strategy biosensing of glucose based on

{ '.) Check for updates ‘
multifunctional CuWO4 nanoparticles

Cite this: Analyst, 2022, 147, 4049

Yu Zhang,*? Shuang Li,+° Hongyuan Liu,? Feng Shi,® Juan Li,*° Xiaoya Hu® and
Zhanjun Yang (0 *°

In this research, dual-strategy biosensing of glucose was proposed based on multifunctional CuWO,
nanoparticles (CuWO,4 NPs), which were prepared for the application of electrochemical and colorimetric
sensing of glucose. CUWO4 NPs show large specific surface area and good conductivity as well as excel-
lent peroxidase-like activity. A sensitive and selective electrochemical glucose biosensor was fabricated
with the immobilization of glucose oxidase (GOx) on a CuWO,4 NP modified electrode for enhancing the
direct electron transfer behavior. A wide linear range of 0.005-1.8 mM with a low detection limit of
1.5 uM and a high sensitivity of 28.02 mA M~ cm™2 were achieved by using the electrochemical bio-
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sensor. Meanwhile, a colorimetric and visual glucose biosensor was constructed based on the GOx/
CuWO, cascade nanozyme, which shows a linear range of 0.05-1.0 mM with excellent selectivity.
CuWO,4 NPs as a promising matrix open up a dual-strategy biosensor for sensitive and selective detection
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Introduction

According to statistics, there are about 463 million diabetes
patients worldwide, and this number is expected to increase to
578.4 million by 2030." Long-term high glucose levels in the
human body can cause many impairments, including micro-
vascular disease, macrovascular disease, and peripheral neuro-
pathy, all leading to deterioration of the quality of life of
patients.”” Therefore, detection of glucose levels is very impor-
tant for people suffering from diabetes. In the past decades,
varieties of methods have been investigated to detect glucose
including  fluorescence, optical and electrochemical
detection.®® Taking advantage of their high speed, high sensi-
tivity, simple operation, and low cost, electrochemical bio-
sensors have been widely utilized.'®™"” Also, colorimetric ana-
lysis has been developed for determination of glucose owing to
its simple and easy operation.'® Many kinds of nanomaterials
have been widely utilized to load glucose oxidase (GOx) for fab-
ricating sensitive electrochemical and colorimetric glucose
biosensors."*"

Tungstate materials have gained wide attention owing to
excellent catalytic and electrochemical performances. CuWO,
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has high electrical conductivity, and it has a certain ability to
absorb visible light and exhibits excellent stability under weak
alkaline, neutral and acidic conditions.?* The fabrication of
CuWO, is mainly achieved from the combination of anions
and cations to form a precipitate. The synthesis methods
mainly include high temperature calcination,> a co-precipi-
tation method,**** a sol-gel method,?® and an electrochemical
deposition method.>” CuWO, has been developed to use in a
vast variety of fields, such as photo-electrolysis, photocatalysis,
optical fibers, solar-assisted water splitting and sensors.**™°
Since Yan’s group revealed the peroxidase (POD)-like activity of
Fe;0, nanoparticles, more and more nanomaterials have been
developed as nanozymes with intrinsic enzyme-like catalytic
activity.*' > In light of the excellent POD-like activity of nano-
zymes, visual detection based on cascade nanozymes for bio-
molecules via colorimetric analysis has attracted more
attention.*®*” It is worth noting that CUWO, was investigated
and found to possess high peroxidase-like activity.*® To date,
the applications of CuWO, materials have been mainly
reported in the fields of photo-electrochemistry and
photocatalysis,***° but there are few studies on their use in
electrochemical biosensors and colorimetric cascade nano-
zyme biosensing.

Herein, we synthesized CuWO, nanoparticles (CuWO, NPs)
by a simple solvothermal route and they were exploited for the
first time for the dual-strategy of electrochemical and colori-
metric glucose biosensing (shown in Scheme 1). CuWO, NPs
were utilized for modifying an electrode to immobilize
enzymes and construct a novel electrochemical glucose
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Scheme 1 The schematic of constructing electrochemical and colori-
metric glucose biosensors.

biosensor. CuWO, nanostructures possess a larger surface
area and give a well biocompatible substrate, which can facili-
tate direct electron transfer between the immobilized enzyme
and the surface of the electrode. In addition, in light of the
POD-like activity of CuWO, NPs, a GOx/CuWO, cascade nano-
zyme was prepared for detection of glucose. This can be
ascribed to GOx being able to catalyze the oxidation of glucose
to form H,0, and gluconic acid; at the same time, CuWO,
with peroxidase activity can catalyze H,O, to form HO" for cata-
lyzing the oxidation of TMB to ox-TMB with an apparent blue
color causing an obvious absorption peak. This work provides
a potential multifunctional material for developing dual-mode
glucose biosensors.

Materials, apparatus and methods
Materials and reagents

GOx (EC 1.1.3.4, 108 U mg ™", from Aspergillus niger) was pur-
chased from Ameresco. 1-(3-Dimethylaminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS)
and 11-mercaptoundecanoic acid (MUA) were purchased from
Sigma-Aldrich. Nafion and b-(+)-glucose were supplied by
Sigma-Aldrich. 3,3',5,5-Tetramethylbenzidine (TMB) was pur-
chased from America Acros. CuCl,, Na,WO,, ethanol and HCI
were supplied by Sinopharm Chemical Reagent Co., Ltd. The
prepared stock solution of p-glucose was stored for a whole day
at room temperature prior to use. To prepare phosphate buffer
solution (PBS), 0.1 M NaH,PO, and Na,HPO, were mixed;
afterwards, H;PO, or NaOH solution was used to adjust the pH
of the PBS. All other reagents and chemicals were of analytical
grade; furthermore, the corresponding solutions were prepared
utilizing distilled water.

Apparatus

A CHI 660e electrochemical workstation (Co., CHI, Shanghai
Chenhua, China) was applied to complete electrochemical
experiments. A three-electrode system was utilized in all experi-
ments, in which a saturated calomel electrode (SCE) as the
reference electrode, a glassy carbon electrode (GCE, D = 3 mm)
as the working electrode and platinum wire as the auxiliary
electrode were used. Cyclic voltammetry experiments were per-

4050 | Analyst, 2022,147, 4049-4054

View Article Online

Analyst

formed in an electrochemical cell implanted with 10.0 mL of
buffer solution at a scanning rate of 100 mV s~ . All pH values
were measured via an S-25 digital pH-meter and a glass com-
posite electrode. The transmission electron micrographs
(TEM) were acquired with a Philips Tecnai 12 microscope
(Holland) at 120 kV accelerating voltage. A Hitachi S-4800 scan-
ning electron microscope (Japan) was used to obtain the scan-
ning electron micrographs (SEM) at 15 kV accelerating voltage.
A D8 advanced X-ray diffractometer (Bruker Co., Germany) was
used for investigating X-ray diffraction (XRD) patterns at room
temperature. Ultraviolet-visible (UV-vis) experiments were
completed with a UV2500 spectrophotometer (Beijing General
Instrument Co., Ltd).

Methods of synthesizing CuWO, nanoparticles

The CuWwO, NPs were synthesized via a simple solvothermal
method by our group. In a typical procedure, 10 mM CuCl,
and 10 mM Na,WO, were dissolved separately in 25 mL of dis-
tilled water under ultrasonication for 5 minutes, and then the
Na,WO, solution was added to the CuCl, solution drop by
drop. The mixture was sonicated for 1.0 h and heated to 90 °C
until it was dried. After that, the mixture was heated to 350 °C
and this temperature was maintained for 3 hours under air.
Finally, the obtained powder was washed using ethanol and
water, in sequence, and dried overnight at 60 °C.

Preparation of a CuWO, NP-based electrochemical glucose
biosensor

1.0 mg of CuWO, NPs was dissolved in 1.0 mL of distilled
water by ultrasonicating for 10 minutes. Then, 1.0 mg of GOx
was added into 100 pL of the above suspension and the
mixture was shaken evenly. 10.0 pL of the mixture was coated
on the surface of the prepared GCE and placed in a refrigerator
to dry. After coating 10.0 pL of 0.5% Nafion on GOx/CuWO,
NPs/GCE to form a membrane and prevent the mixture from
falling off, the final electrodes were obtained. Distilled water
was used to clean the obtained electrodes thoroughly to
remove those GOx molecules that were loosely adsorbed. The
enzyme electrodes were placed in a refrigerator at a low temp-
erature of 4 °C before subsequent measurements.

The preparation of the GOx/CuWO, cascade nanozyme sensor

The GOx/CuWO, cascade nanozyme sensor was prepared for
the colorimetric visual detection of glucose. 4 mg of CuWO,
NPs was dispersed in phosphate buffer solution (pH 7.4) via
ultrasonication and then 400 pL of MUA was added into the
dispersion for the carboxylation of CuWO, while stirring. After
stirring for 2 h, 200 pL of EDC and 140 pL of NHS were
injected into the mixture for activating carboxyl and stirring
was maintained for 1 h. Then, to complete the formation of
the GOx/CuWO, cascade nanozyme, 4 mg of GOx was added
and mixed via stirring under an ice bath for 3 h. Eventually,
the mixture was centrifuged and redispersed in 4 mL of PBS.
The obtained GOx/CuWO, cascade nanozyme was stored at
4 °C before use.

This journal is © The Royal Society of Chemistry 2022
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The assessment of peroxidase-like catalytic activity

It is well known that 3,3',5,5'-tetramethylbenzidine (TMB) can
be oxidized showing an intense blue color under the coexis-
tence of H,0, and peroxidase, which can be attributed to the
oxidative hydroxyl radical from H,O, catalysed by the peroxi-
dase. Thus, the colorimetric assay, which was achieved via the
catalytic oxidation of the substrate 3,3’,5,5-tetramethyl-
benzidine (TMB) with the existence of hydrogen peroxide
(H,0,), was utilized to study the intrinsic peroxidase activity of
the CuWO, NPs. The influence of the pH of acetate buffer solu-
tion (ABS) on the peroxidase-like activity of CuWO, was investi-
gated via changing the pH of the acetate buffer. All the colori-
metric experiments were performed in 0.2 M acetate buffer
and the absorbance at 652 nm was detected using a UV-vis
spectrophotometer. For POD-like activity detection and the
determination of glucose, 100 pL of 1 mg mL™" CuWO,, 20 uL
of 30% H,0,, and 50 pL of 20 mg mL~" TMB were added, and
the total volume was maintained at 2 mL.

Colorimetric determination of glucose

The glucose was determined by colorimetric analysis via a UV-vis
spectrophotometer according to the mechanism that GOx can cat-
alyse the oxidation of glucose to form H,0, and gluconic acid; at
the same time, CuWO, with peroxidase activity can catalyse H,O,
to form HO" for catalysing the oxidation of TMB to ox-TMB with
an apparent blue color causing an obvious absorption peak. For
glucose detection, to a reaction volume of 2 mL, 100 pL of GOx/
CuWOy, 50 pL of 20 mg mL™" TMB and different volumes of 0.01
M glucose and acetate buffer (pH 4.5) were mixed and the result-
ing mixture was incubated in a 5 ml centrifuge tube for 30 min.
After that, the mixture was transferred into a cuvette and
measured on a UV-vis spectrophotometer for detecting the
glucose with the observed absorbance at 652 nm.

Results and discussion
Study on the electrochemical detection of glucose

Characterization of the CuWO, NPs and enzyme electrode.
The structure and morphology of CuWO, NPs were investi-
gated using several characterization studies. Fig. 1A illustrates
the typical XRD pattern of the fabricated CuWO, NPs. The
single hexagonal phase of CuWO, can be exactly indexed by all
diffraction peaks (JCPDS card no. #21-0307), demonstrating
the successful fabrication of CuWO, NPs. Fig. 1B and C exhibit
the SEM and TEM images of CuWO, NPs, which show that
CuWO, is composed of irregular particles with a uniform size
of 100 nm. This special nanostructure exhibits a large specific
surface area to trap more enzyme molecules. After the immo-
bilization of GOx on the CuWO, NPs, a SEM image presents
the different morphology of GOx/CuWO, NPs (Fig. 1D) in com-
parison with a single CuWO, NP, implying that GOx was
favourably loaded on the surface of Cu WO, NPs.

Direct electrochemical behavior at GOx/CuWO, NPs/Nafion/
GCE. Fig. 2 indicates the cyclic voltammograms of various types
of modified glassy carbon electrodes in 0.1 M nitrogen-saturated
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Fig. 1 XRD spectra (A), and TEM (B) and SEM (C) images of the CuWOQO,
NPs, and (D) the SEM image of GOx/CuWO, NPs.
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Fig. 2 Cyclic voltammograms of Nafion/GCE (a), CuWO, NPs/Nafion/
GCE (b), Nafion/GOx/GCE (c) and GOx/CuWO, NPs/Nafion/GCE (d) in
N,-saturated 0.1 M pH 7.0 PBS at 100 mV s™%.

phosphate buffer solution at a scan rate of 100 mV s™'. There
were no peaks in the CVs at Nafion/GCE (curve a) and CuWO,
NPs/Nafion/GCE (curve b). As expected, GOx/Nafion/GCE (curve c)
shows a couple of well-defined and weak oxidation and reduction
peaks, but GOx/CuWO, NPs/Nafion/GCE shows a pair of better-
defined and intense oxidation and reduction peaks (curve d) at
—0.452 and -0.491 V, demonstrating that the CuWO, NPs
promote direct electron transfer between the surface of the elec-
trode and GOx effectively. The reduction peak current of GOx/
Nafion/GCE is only one quarter of that of GOx/CuWO, NPs/
Nafion/GCE, which is attributed to the unique structure and high
electrical conductivity of CuWO, NPs.

Detection mechanism and capability of the electrochemical
glucose biosensor. The cyclic voltammograms of CuWO, NPs/
Nafion/GCE and GOx/CuWO, NPs/Nafion/GCE are depicted in
Fig. 3. The electrochemical experiments were carried out in a
N, and air-saturated pH 7.0 phosphate buffer solution in the
presence or absence of glucose. In the nitrogen-saturated PBS,
there was no obvious redox peak in the cyclic voltammogram
of CuWO, NPs/Nafion/GCE (curve a of Fig. 3A). In the air-satu-
rated phosphate buffer solution, a slight increase of the
reduction peak current was shown in the cyclic voltammogram

Analyst, 2022, 147, 4049-4054 | 4051
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Fig. 3 (A) Cyclic voltammograms of CuWO, NPs/Nafion/GCE in N,-
saturated PBS (0.1 M, pH 7.0) (a), air-saturated PBS (b), and air-saturated
PBS including 0.5 (c) and 1.0 mM (d) glucose at 100 mV s™%; (B) cyclic
voltammograms of GOx/CuWO, NPs/Nafion/GCE in 0.1 M pH 7.0 nitro-
gen-saturated PBS (e), air-saturated PBS (f) and air-saturated PBS
including 0.5 (g) and 1.0 mM (h) glucose.

of CuWO, NPs/Nafion/GCE (curve b in Fig. 3A). Afterwards, on
adding glucose into the air-saturated electrolyte, there was no
apparent increase of the reduction peak current of CuwO,
NPs/Nafion/GCE (curves ¢ and d of Fig. 3A). However, GOx/
CuWO, NPs/Nafion/GCE shows an obvious redox peak in the
nitrogen-saturated solution (curve e of Fig. 3B). Similarly, in
the air-saturated solution the reduction peak current became
vividly stronger (curve f in Fig. 3B). It can be seen from for-
mulas (1) and (2) that the results suggest that a representative
dissolved oxygen electrocatalytic process is performed in GOx/
CuWO, NPs/Nafion/GCE. On increasing the content of
glucose, the reduction peak current clearly decreased at GOx/
CuWO, NPs/Nafion/GCE (curves g and h). According to
formula (3), the result may be related to the inhibition of the
electrocatalytic reaction by the reaction catalysed by enzyme
molecules at GOx/CuWO, NPs/Nafion/GCE. On the basis of the
current change at GOx/CuWO, NPs/Nafion/GCE in response to
glucose, an electrochemical enzymatic biosensor was con-
structed for monitoring the level of glucose quantitatively.

GOx (FAD) 2e¢~ +2H' « GOD (FADH,) (1)
GOx (FADH,) + O, — GOD (FAD) + H,0, (2)

Glucose + GOx(FAD) + O,
— gluconolactone + GOx(FADHj,)

(3)

Performance of the electrochemical glucose biosensor.
Fig. 4A exhibits the cyclic voltammograms of GOx/CuWO, NPs/

|
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Fig. 4 (A) Cyclic voltammograms showing GOx/CuWO, NPs/Nafion/
GCE in pH 7.0 air-saturated PBS responding to continuous addition of
different concentrations of glucose; (B) calibration curve of GOx/
CuWO, NPs/Nafion/GCE for glucose; (C) amperometric response of
GOx/CuWO,4 NPs/Nafion/GCE in 0.1 mM glucose, AA, UA, and AP in pH
7.0 PBS.

4052 | Analyst, 2022,147, 4049-4054

View Article Online

Analyst

Nafion/GCE obtained in air-saturated phosphate buffer solu-
tion at pH 7.0 with the continuous addition of glucose. In the
range of 0.005 to 1.8 mM, the current responses of GOx/
CuWO, NPs/Nafion/GCE were enhanced linearly with increas-
ing glucose content (Fig. 4B). The sensitivity and the detection
limit were calculated to be 28.02 mA M™' ecm™ and 1.5 uM,
respectively, which are better than those of other semi-
conductor nanomaterial-based electrochemical glucose
sensors.*'™*

Fig. 4C presents the trace following addition of interferents
during the quantitative detection of glucose. The ampero-
metric response increased apparently after adding 0.1 mM
glucose into the pH 7.0 buffer solution. Conversely, there was
almost no obvious current response change when adding
0.1 mM ascorbic acid (AA), acetamidophenol (AP) and uric
acid (UA) into the electrolyte solution in sequence. However,
the current increased obviously after again adding 0.1 mM
glucose. The obtained results indicate that the biosensor pos-
sesses exceptional selectivity and anti-interference ability.

Study on the colorimetric analysis of glucose based on the
GOx/CuWO, cascade nanozyme

Investigation of POD-like activity of CuWO, NPs. The intrin-
sic POD-like activity of CuWO, NPs was studied via classical
colorimetry. As apparently depicted in Fig. 5A, an obvious
absorption peak occurs at 652 nm in the presence of CuWO,
NPs, H,0, and TMB under an ABS acidic environment (0.2 M,
pH 4.5). This is because the peroxidase-like activity of CuWO,
NPs allows catalysis of hydrogen peroxide to generate reactive
oxygen free radicals in the presence of hydrogen peroxide,
which can oxidize TMB to form TMBox with a strong blue
color (inset d). However, there is no clear absorption peak in
the absence of hydrogen peroxide and the mixture containing
CuWO,, TMB, and their corresponding solutions, shows no
obvious colour (insets a-c). The above experimental results
prove that CuWO, possesses good peroxidase-like activity.

In addition, Fig. 5B shows the effect of acetate buffer pH
ranging from 2.5-9.5 on the peroxidase-like activity of the
CuWO, NPs. It can be seen from Fig. 5B that the activity of
CuWO, NPs reaches a maximum value at pH 4.5, which is
ascribed to the easy formation of HO® in a weakly acidic
medium. The conversion of H,0, in a strongly acidic medium
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Fig. 5 (A) Study on the POD-like activity of the CuWO,4 NPs in ABS
(inset a), ABS + CuWOy, (inset b), ABS + CuWO4 + TMB (inset c), and ABS
+ CuWO, + TMB + H,0; (inset d) at 652 nm; (B) the influence of pH
values ranging from 2.5 to 9.5 on the POD-like activity of CuWO,4 NPs.
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Fig. 6 (A) Absorbance of the continuous addition of different concen-
tration of glucose based on the GOx/CuWO,4 NP cascade nanozyme in
ABS (0.2 M, pH 4.5); (B) calibration curve of the colorimetric analysis for
glucose; (C) absorbance of 0.01 M of glucose, 0.01 M of AA, 0.01 M of
AP, 0.01 M of UA and 0.01 M of DA in ABS (0.2 M, pH 4.5).

leads to a decrease of HO", demonstrating low peroxidase-like
activity. Nevertheless, HO" will react with H,O, to form O,
with weak oxidizing ability, and OH" can react with O, to
form OH™ and O,, so that the OH" content decrease suggests a
decrease of peroxidase-like activity. Therefore, the pH of the
ABS was selected as 4.5.

Colorimetric detection of glucose

A glucose colorimetric sensor based on the GOx/CuWO,
cascade nanozyme was constructed to quantitatively detect
glucose content using a UV-vis spectrophotometer. As shown
in Fig. 6A, the UV-vis absorbance value at 652 nm increased
gradually with the elevation of glucose concentration. In
addition, as described in Fig. 6B, the colorimetric sensor con-
structed based on the cascade enzyme possesses a linear range
of 0.05-1.0 mM for glucose detection with a linear correlation
coefficient of 0.9927. The detection limit of 0.016 mM is lower
than that of colorimetric biosensors for glucose based on
other nanozymes.*"** The experimental results prove that the
constructed colorimetric biosensor can be applied to monitor
glucose visually.

Considering the interference of other biomolecules in prac-
tical detection, 0.01 M ascorbic acid (AA), acetamidophenol
(AP), uric acid (UA) and dopamine hydrochloride (DA) were
selected as interferents added into the detection system. It can
be seen from Fig. 6C that the absorbance was elevated signifi-
cantly in the presence of glucose, while there was no obvious
absorption peak in the presence of AA, AP, UA, and DA. These
results demonstrated that the constructed colorimetric bio-
sensor based on the GOx/CuWO, cascade enzyme provides
excellent selectivity for the determination of glucose.

Conclusions

Multifunctional CuWO, nanoparticles were prepared for appli-
cation in the dual-strategy biosensing of glucose. A sensitive
electrochemical glucose biosensor was fabricated via immobi-
lizing glucose oxidase (GOx) on the CuWO, NPs for enhancing
the properties of the biosensor, which is attributed to the large
specific surface area and good conductivity of the CuWO, NPs.
Moreover, a colorimetric analysis based on the GOx/CuWO, NP
cascade enzyme was proposed to detect glucose due to the

This journal is © The Royal Society of Chemistry 2022
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good peroxidase-like activity of CuWO, NPs. The proposed
electrochemical and colorimetric biosensor exhibited good
sensitivity and excellent selectivity. This work develops dual-
strategy biosensing of glucose, which provides a new choice
for constructing a biosensor for detection of biomolecules.
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