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ABSTRACT: Nanozymes with various activities have attracted much attention owing to their
great potential in the fields of biochemical analysis and environmental monitoring. Herein, for
the first time, granular Co,V,0, particles were synthesized using a simple hydrothermal
method with pH regulation, and the triple-enzyme (oxidase-like, peroxidase-like, and catalase-
like) activities and catalytic mechanisms of the prepared particles were systematically studied.
On the basis of the excellent oxidase-like and peroxidase-like activities of Co,V,0, particles,
respectively, a colorimetric biosensor for detecting glutathione in health products (linear
range: 2.5—20 M) and a fluorescent platform for detecting glucose in human serum (linear
range: 0.1—80 yM) were established, both of which had good selectivity and reliability. In

particular, the fluorescence detection system exhibited ultrahigh sensitivity for H,0,, with a #:/ X J

linear range of 0.008—3.2 M, and a detection limit (0.002 yM) far superior to most reported ca

o c . o 7. i o3 BA u
in the literature to date. Furthermore, a one-step strategy for glucose detection was established ?g‘;ﬁ’o" particles 0 IVB &+ OHBA < GOx

to replace the traditional complicated two-step detection method, resulting in a more
convenient detection process. These findings indicate the significant application prospects of Co,V,0, particles in the field of
biocatalysis and provide useful information for the future development of cobalt vanadate nanomaterials as enzyme mimics.

KEYWORDS: nanozymes, Co,V,0, particles, triple-enzyme mimetics, biosensing, one-step,
glutathione/hydrogen peroxide/glucose detection

B INTRODUCTION glucose sensing. Furthermore, NiFe,O, magnetic nanopar-
ticles” have been successfully applied to achieve glucose
detection in urine samples. Although these nanozymes with
multienzyme activities show improved performance, some
common problems limit their practical application, such as low
sensitivity and inconvenient testing. Peroxidase-like nanozyme
of the multienzyme activities materials and natural glucose
oxidase (GOx) are the most common combination used for
glucose detection in these examples. However, the optimal
catalytic pH of peroxidase-like nanozymes tends to cause
natural GOx to denature. Therefore, the widely reported
glucose detection method based on nanozymes with multi-
enzyme activity still requires a two-step method.”*”**
Specifically, assay completion requires two incubations in
different buffers, inevitably leading to drawbacks, such as
unstable intermediate products, increased processing time, a
laborious secondary pH adjustment, and material waste, which
are major obstacles to the detection process. To overcome
these limitations, new types of nanozymes with multienzyme

Nanozymes, which are nanomaterials that show enzyme
catalytic activity, have been widely used in various fields,
such as immune ;malysis,l’2 disease diagnosis,‘g_5 environ-
mental protection,”” and disinfectant and antibacterial
applications.® Numerous studies have shown that nanomateri-
als can mimic various natural enzymes, such as oxidase,’
peroxidase,'”"" catalase,'* and superoxide dismutase.'’ There-
fore, nanozymes have become ideal substitutes for natural
enzymes. To date, most research has focused on the activity of
single enzymes.'”'> However, nanomaterials with multienzyme
activities and high catalytic performance tend to have greater
advantages and application prospects. Unfortunately, only a
few nanomaterials, such as Co;0, nanoplates,”'®"” Mn,0,"®
and CuO'"’ nanoparticles, have exhibited high multienzyme
activities and achieved satisfactory applications. The develop-
ment of novel nanozyme materials with multienzyme activities
to improve catalytic efficiency and simplify catalytic steps
remains challenging.

Glucose is the main energy-generating substance in

organisms, and it has always been a hot topic of research in Received: December 2, 2019
the field of nanozymes.””~>® Recently, some nanomaterials Accepted: February 6, 2020
with multienzyme activities have been developed for glucose Published: February 6, 2020

detection. For example, V4O,; nanotextiles™ exhibit good
specificity for glucose, with a fluorescent system established for
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activities need be developed urgently to improve the cascade
reaction efficiency and exchange the two-step procedure for a
one-step glucose detection.

Binary metal oxides are able to synergistically enhance
electron/ion conductivity, reversibility, and mechanical
stability. Among them, cobalt vanadium oxides (Co,V,Os,,,
where x is 1,70 2% or 333’34) have attracted much
attention owing to their complex crystal structures and
magnetic properties. To date, the applications of cobalt
vanadate have mainly focused on its electrochemical field,
such as electrocatalytic oxyﬁgen release 1'eaction,35 asymmetric
supercapacitor electrodes,” and lithium ion batteries.”” Co-
based nanomaterials, such as Co;0,'° CoFe,0,°* and
NiC020439 nanoparticles, and V-based nanomaterials, such as
V,0,," V40,5, and VO,,*""** have been reported to possess
superior nanozyme-like catalytic activity owing to their mixed
valence and structural advantages. Among these nanozymes,
the mixed valence state of the metal oxide is always considered
an important reason for its multienzyme activities."®
Interestingly, cobalt vanadate has not only the high specific
capacity and mixed valence of Co but also the stability of the
VO, amorphous array. Inspired by these studies, we
hypothesized that cobalt vanadate could exert the synergistic
catalytic effect of bimetals and possess excellent multienzyme
activities. However, the multienzyme properties of cobalt
vanadate have yet to be reported.

In this study, cubic granular Co,V,0, particles were
synthesized using a simple hydrothermal method with pH
regulation, and the triple-enzyme activities were studied in
detail (Scheme 1). On the basis of the excellent oxidase-like

Scheme 1. Schematic Ilustration of Multienzyme Mimetic
Activities of Co,V,0, Particles
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and peroxidase-like activities of Co,V,0, particles, two
biosensors were designed to realize the visual detection of
glutathione (GSH) and ultrasensitive fluorescence detection of
H,0, and glucose, respectively. Notably, as the optimal
catalytic pH for the peroxidase-like activity of the material
coincided with that of GOx, one-step detection of glucose was
achieved, making the reaction more efficient and precise. To
our knowledge, the enzymatic activity of Co,V,0O, particles is
reported for the first time. This research demonstrates the
great application prospects of Co,V,0; particles in biochem-
ical analysis.
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B EXPERIMENTAL SECTION

Preparation of Co,V,0; Particles. Co,V,0, particles
were synthesized using a simple hydrothermal method inspired
by the report of Yu et al.*’ In detail, NH,VO; (1.0 mmol) was
dissolved in deionized water (30 mL) and stirred at 75 °C to
obtain a transparent solution. Next, deionized water (30 mL)
containing 1.0 mmol Co(NO;),-6H,0 was added dropwise to
the above solution to form a final suspension. The solution pH
was then adjusted to 7 by adding 2.0 M NaOH dropwise, and
the resulting suspension was transferred to a sealed autoclave,
which was heated at 180 °C for 15 h. Finally, the brown-green
product was collected by centrifugation, washed several times
with deionized water and anhydrous ethanol, and then dried in
a vacuum oven at 60 °C for 24 h. As a control, other cobalt
vanadate samples were obtained by adjusting the solution pH
to 3 and 11.

Kinetic Analysis. The entire reaction system was
conducted in a S mL reaction solution (50 mM HAc-NaAC,
pH 3.0, 35 °C) with 30 ug mL™' Co,V,0; particles. The
steady-state kinetic analysis of the peroxidase-like activity was
performed by varying the 3,3’,5,5'-tetramethylbenzidine
(TMB) concentration and fixing the H,0O, concentration, or
vice versa. The Michaelis—Menten constant was calculated
using the Lineweaver—Burk plot, as follows:

1/V=K,/V,(1/[S] + 1/K,,) (1)
where V is the initial velocity, V,, stands for the maximum
reaction velocity, [S] represents the substrate concentration,
and K., corresponds to the Michaelis—Menten constant.

Investigation of Oxidase-like Activity of Co,V,0,
Particles. Co,V,0, particles with oxidase-like activity can
directly oxidize substrates in the presence of oxygen. TMB,
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
and o-phenylenediamine (OPD) were selected as substrates,
and an ultraviolet spectrophotometer was used to detect the
absorbance of the reaction system at 652, 420, and 450 nm,
respectively. The specific operation was performed as follows:
30 ug mL™" Co,V,0; particles and 0.3 mM TMB, 0.6 mM
ABTS or 0.6 mM OPD were added to HAc-NaAc buffer
solution (pH 2.5, 50 mM), with the total volume of the
reaction system kept at S mL, and the mixed solution was
incubated at 30 °C for 20 min. Furthermore, to verify the
importance of O, in the reaction system, the absorbance curves
of two reaction systems using TMB as substrate under air and
nitrogen flow conditions were compared, respectively.

Investigation of Peroxidase-like Activity of Co,V,0,
Particles. Co,V,0, particles with peroxidase-like activity can
catalyze the oxidation of benzoic acid (BA) to produce
fluorescent products in the presence of H,0,. In detalil,
Co,V,0; particles (150 L, 1 mg mL™"), BA (500 uL, 14
mM), and H,0, (100 uL, 8 mM) were added to phosphate
buffered saline (PBS) solution (4.25 mL, pH 5.0, S0 mM). The
reaction was conducted at 30 °C for 20 min, and the
fluorescence intensity of the system was detected (excitation at
298 nm, emission at 405 nm).

Investigation of Catalase-like Activity of Co,V,0,
Particles. Co,V,0, particles with catalase-like activity can
decompose H,0, to produce oxygen, which can be detected by
a dissolved oxygen meter. Co,V,0; solution (5 mL) with
different concentrations and H,0, (5 mL, 600 mM) were
added to PBS buffer solution (20 mL, pH 5.0, SO0 mM). The

https://dx.doi.org/10.1021/acsabm.9b01107
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Figure 1. (a, b) SEM images, (c, d) TEM images, (e) XRD pattern, (f)
Co,V,0; particles.

Raman spectrum (excitation at 633 nm), and (g) EDX spectrum of

oxygen content in the system was measured every 10 s for 15
min.

Colorimetric Detection of GSH Using Co,V,0,
Particles Oxidase Mimic. Colorimetric detection of GSH

1471

was performed as follows: Co,V,0; particles (150 yL, 1 mg
mL™"), TMB (300 xL, 5 mM), and varying volumes of GSH
(1.0 mM) were added to HAc-NaAc buffer (pH 2.5, 50 mM),
with the total volume of the reaction system kept at S mL. The

https://dx.doi.org/10.1021/acsabm.9b01107
ACS Appl. Bio Mater. 2020, 3, 1469—1480
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Figure 2. XPS spectra of Co,V,0, particles: (a) Survey spectrum, (b) Co 2p, (c) V 2p, and (d) O Is.

reaction lasted 24 min at 35 °C, and the absorbance at 652 nm
was measured using an UV—vis spectrophotometer.

One-Step Fluorescent Detection of Glucose Using
Co,V,0;, Particles Peroxidase Mimic. Co,V,0; particles
(350 uL, 1 mg mL™"), BA solution (500 uL, 14 mM), and
different volumes of glucose solution (20 M), and GOx (100
uL, 0.1 mg mL™") were added sequentially to PBS solution
(pH 5.0, SO mM). The 5 mL final system was incubated at 30
°C for 15 min. The reaction system without glucose was used
as a blank sample, AF = F (glucose, 405 nm) — F (blank, 405
nm). Similarly, the above glucose solution was replaced with
human serum, which was diluted 100 times to ensure that the
concentration was within the linear detection range of the
method. A 500 uL of serum sample was added to the reaction
system each time, and the other detection steps were the same
as above. To further demonstrate the specificity of this
method, the fluorescence intensity of the system was detected
by replacing glucose with fructose, maltose, sucrose, and
galactose.

B RESULTS AND DISCUSSION

Characterization of Co,V,0; Particles. The size and
morphology of Co,V,0, particles were investigated by
scanning electron microscopy (SEM). As shown in Figure
la,b, the prepared Co,V,0, particles mostly possessed a cubic
granular shape with an identical aspect ratios of nearly 1.5:1,
with widths of about 250 nm. Transmission electron
microscopy (TEM; Figure 1c,d) further indicated the cubic
granular morphology of the prepared materials, in agreement
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with the SEM images. Crystallographic information on the
Co,V,0, particles was obtained by X-ray diffraction (XRD),
with the diffraction peaks (Figure le) in good agreement with
the characteristic peaks of Co,V,0; (JCPDS card no. 38-0252)
in the standard spectrum. Raman spectroscopy was also used
to characterize the prepared materials, as shown in Figure 1f.
The bands at 905 and 845 cm™ were attributed to symmetric
and asymmetric stretching of the VO, units, respectively.*’
Furthermore, the peaks located at 278 and 394 cm™ and 300,
552, and 598 cm™! were assigned to V=0 and V-0O-V
stretching modes, respectively, indicating the successful
preparation of Co,V,0, The EDX spectrum of the prepared
nanomaterial (Figure 1g) showed that it was comprised 36.47
Co, 28.19% V, and 35.34% O by weight, with a V/O/Co
atomic ratio of about 1:1:3.5, which matched well with the
molecular formula Co,V,0-.

To obtain further surface chemical information for the
Co,V,0, particles, XPS spectrum was measured (Figure 2).
The Co 2p, V 2p, O 1s, and C 1s regions were readily observed
in the survey spectrum (Figure 2a). The Co 2p spectrum
(Figure 2b) is typically classified into 2p;;, and 2p,/,. The
deconvoluted 2p;/, peak consisted of +2 and +3 oxidation
states at 779.4 and 781.2 eV, respectively.** The 6.4 eV energy
gap between the satellite peak (786.0 eV) and the Co 2p;),
main peak (779.6 eV) provided evidence for the presence of
Co(I1).* Similarly, the peaks at 519.7 and 526.6 eV were
assigned to V 2p3,, and V 2p, ,, respectively (Figure 2c). The
peak at 519.7 eV decomposed to 518.8 and 519.8 eV, which
demonstrated the presence of +4 and +5 oxidation states.***®

https://dx.doi.org/10.1021/acsabm.9b01107
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Figure 3. (a) Absorption spectra of different chromogenic substrates and corresponding digital photographs under catalytic oxidation of Co,V,0,
particles: (0) Blank, (1) TMB, (2) ABTS, and (3) OPD. (b) Effect of dissolved oxygen on Co,V,0,-TMB system. (c) Fluorescence spectra of the
system under different conditions. (d) Effect of different H,O, concentrations on Co,V,0,-BA system. (e) Effect of different concentration of
Co,V,0; on O, generation from H,0, decomposition. (f) Glucose detection schematic: (1) traditional two-step method; (2) one-step method

using Co,V,0;.

These above results confirmed the presence of Co**, Co**, V¥,
and V** on the surface of the Co,V,0; particles. The different
environmental states of oxygen in the Co,V,0, particles are
shown in Figure 2d. The two peaks with binding energies of
532.4 and 533.1 eV can be combined to characterize the broad
O 1s peak. The former is a characteristic oxygen peak of metal
oxide, while the latter indicates the presence of hydroxyl
groups or adsorbed water on the Co,V,0, particles surface.*

The pH value during the preparation process was a critical
factor affecting the particle morphology, which further
contributed to the distinct enzymatic activities. The effects of
pH on the morphology and enzymatic activity of the prepared
materials were investigated, and whether the morphology and
crystal structure of the materials could be regulated and
controlled by changing the pH was investigated. The XRD
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patterns of the cobalt vanadate nanomaterials obtained at pH 3
and 11 were compared. As shown in Figure Sla, the diffraction
peaks of materials (pH 3 and pH 11) were both relatively
weak, indicating poor crystallinity and that these products
might have amorphous forms. Investigation of enzymatic
activity is shown in Figure S1b. The material with a pH of 11
exhibited the lowest oxidase-like activity. Although a slightly
higher activity was observed by the material with pH of 3
compared with that of the material with a pH of 7, the stability
is not very good during the detection process. Interestingly, the
SEM images (Figure S2) indicated that material (a) (pH 3)
comprised rod-like structures of different lengths, which were
closely interlaced and had an average width of about 80 nm.
Meanwhile, material (c) (pH 11) showed a large amount of
irregular aggregation with an amorphous state. These results

https://dx.doi.org/10.1021/acsabm.9b01107
ACS Appl. Bio Mater. 2020, 3, 1469—1480
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indicated that pH regulation played a key role in the synthesis
of materials in this study. Furthermore, the morphology and
structure of cobalt vanadate were easily adjusted by pH
regulation, resulting in different sizes and a transition between
crystalline and amorphous forms. In comparison, the Co,V,0,
nanomaterials prepared at pH 7 showed higher crystallinity
and better stability, so it was selected for the follow-up
investigation of enzyme activity.

Oxidase-like Catalytic Activity of Co,V,0, Particles.
To investigate the oxidase-like activity of the prepared
Co,V,0, particles, three commonly used substrates, TMB,
ABTS, and OPD, were applied. The reaction system without
substrate was used as a blank experiment. As shown in Figure
3a, TMB, ABTS, and OPD were catalyzed by Co,V,0,
particles without H,O, to form the corresponding chromo-
genic products. The blank group without substrate did not
have any UV absorption peaks. These results indicated that
Co,V,0, particles possessed broad-spectrum oxidase-like
activity and were not specific to the above three oxidase
substrates.

According to the literature,”* TMB oxidation is caused by
the action of dissolved oxygen. Therefore, we conducted a
verification experiment in which N, was passed through the
reaction system for 30 min to remove oxygen. Subsequently,
the Co,V,0, particles dispersions and TMB solution were
transferred to the N,-filled bottle using a syringe. The reaction
system without nitrogen treatment was applied under the same
conditions for comparison. Figure 3b showed that the 652 nm
absorbance of the N,-filled reaction system was significantly
lower than that of the case which was untreated. In this
process, dissolved oxygen participates in electron transfer as an
electron acceptor, which is the actual oxidant.*” Under acidic
conditions, the TMB adsorbed on the surface of Co,V,0;
particles provided a large number of electrons to the system,
thereby increasing the electron density and surface mobility of
Co,V,0, particles. Meanwhile, electrons were rapidly trans-
ferred to oxygen adsorbed on the surface of the Co,V,0,
particles, combining with TMB to form an electron-transfer
complex. In other words, Co,V,0, particles enhance catalytic
efficiency by accelerating electron transfer throughout the
catalytic reaction. In order to verify the oxidase-like catalytic
mechanism, we investigated the electrocatalytic behavior of
TMB oxidation by Co,V,0; particles modified glassy carbon
electrode (GCE) using cyclic voltammetry (CV). As shown in
Figure S3, there was no current change in the system with only
acetate buffer solution. One pair of TMB redox peaks could be
observed under a bare GCE. The GCE modified with Co,V,0,
particles significantly increased the current value. It was proved
that Co,V,0; particles had the ability to accelerate electron
transfer.

To investigate the effect of leaching ions on the catalytic
activity, we incubated Co,V,0, particles in acetate buffer
solution (pH 2.5) for 2 h and then centrifuged to obtain the
supernatant to catalyze TMB. The results (Figure S4) showed
that the catalytic activity was not related to the leaching ions,
and the oxidase-like activity of Co,V,0, particles originated
from the nanomaterial itself.

To achieve the optimal catalytic effect, several important
parameters were examined, as shown in Figure S5 for details.
Since the oxidase-like activity of Co,V,0, particles was carried
out at a relatively low pH value (pH 2.5), the stability of
Co,V,0; was investigated (Figure S6). With the prolonged
soaking time of the Co,V,0O; in the buffer solution (pH 2.5),
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the catalytic activity showed a downward trend. However, even
if the time was as long as 80 min, the relative activity could still
reach more than 80%, so it is feasible to investigate the
oxidase-like activity in the reaction system at this pH value.

Peroxidase-like Catalytic Activity of Co,V,0, Par-
ticles. The peroxidase-like activity was explored by introduc-
ing H,0O, and fluorescent indicator BA into the system. H,O,
can be catalyzed by the peroxidase-like nanozyme to form a
hydroxyl radical (*OH), which can react with BA to form
hydroxybenzoic acid (BAOH). When excited at 298 nm, the
corresponding characteristic emission peaks of BAOH were
generated at 405 nm.”” As shown in Figure 3¢, when substrate
BA was not added to the system, no characteristic fluorescence
peak was observed. In the presence of BA, introducing
Co,V,0, particles or H,0, can cause the system to produce a
weak fluorescence response. This is due to Co,V,0, particles
possessing oxidase-like activity, which can catalyze BA
oxidation directly in the presence of O,, while H,O, can
produce trace *OH under weak acidic conditions and then
combine with BA to obtain fluorescence products. These
phenomena were consistent with literature reports.””** When
Co,V,0; particles, BA, and H,0, were present in the system,
the fluorescence characteristic peak of the system at 405 nm
was strong. These results also implied that the generation of
*OH was closely related to the peroxidase-like catalytic
mechanism of Co,V,0, particles, similar to other nano-
zymes.”””" As shown in Figure 3d, the fluorescence intensity of
the system at 405 nm increased with increasing H,O,
concentration, indicating that the *OH content was increasing,
which further proved that Co,V,0, particles catalyzed H,O, to
produce *OH. Furthermore, even if the H,0, concentration
was as low as 0.08 uM, the system could still detect obvious
fluorescence intensity, which reflected the ultrasensitivity of
the Co,V,0,-BA-H,0, detection system.

In order to further explore whether other reactive oxygen
species (ROS) have affected the peroxidase-like catalytic
mechanism, we used electron paramagnetic resonance (EPR)
technology to detect ROS in the reaction system. As a spin
capture reagent, S,S-dimethyl-1-pyrroline n-oxide (DMPO)
can react with oxygen-centered free radicals to form more
stable free radicals adducts."® We used deionized water and
dimethyl sulfoxide (DMSO) as solvents to prepare 30 mM
DMPO to capture the hydroxyl and superoxide radicals in the
system, respectively. It can be seen in Figure S7a(ii) that the
system incorporating Co,V,0, particles had a significant
characteristic spectrum of DMPO/*OH adduct with the
intensity of 1:2:2:1,"'% indicating that *OH did exist in the
system. The small mixed peaks may be caused by insufficient
purity of DMPO, or they may be derived from other ROS. In
order to verify this, we also tested the superoxide radicals in
the system. It can be seen in Figure S7b(ii) that the addition of
Co,V,0; particles only produced some weak peaks. Overall,
the catalytic mechanism of peroxidase-like enzymes is mainly
derived from *OH in the system.

Several important parameters (temperature, pH, etc.) were
investigated to achieve optimized catalytic activity for the
prepared nanozyme (for detailed discussion, see Figure S8).
Interestingly, unlike most other peroxide mimetic enzymes, the
optimal catalytic activity of Co,V,0, particles was achieved at
pH 5.0, which was consistent with the optimal pH of natural
GOx, providing the possibility of subsequent one-step glucose
detection.
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Catalase-like Catalytic Activity of Co,V,0, Particles.
Considering the excellent oxidase-like and peroxidase-like
activities of the prepared Co,V,0, particles, we next
investigated whether the prepared materials possessed
catalase-like activity by investigating the effects of different
concentrations of Co,V,0, particles on H,0, decomposition.
We recorded the oxygen content in the reaction solution every
10 s for 15 min using a portable dissolved oxygen meter. Four
different Co,V,0; particles concentrations (0, 0.1, 0.3, and 0.5
mg mL™") were selected for comparison. As shown in Figure
3e, the dissolved oxygen concentration increased with
increasing Co,V,0, particles concentration, indicating that
Co,V,0 particles could directly catalyze H,0, decomposition
to produce O,. According to a previous study,' Co>*/Co** has
a high standard oxidation—reduction potential, and H,0, is
more readily oxidized by Co®* to form water and oxygen. This
supported the theory that Co,V,0; particles possess intrinsic
catalase-like activity.

Measurement of Steady-State Kinetic Parameters of
Co,V,0;, Particles. The steady-state kinetic parameters of the
reaction system were investigated using TMB and H,O, as
substrates within a certain concentration range. The
Michaelis—Menten curves of TMB and H,0, are shown in
Figure 4a,b. Based on these, double reciprocal Lineweaver—
Burk curves were plotted (Figure 4c,d), and main kinetic
parameters including K, and V,, were calculated. The K,
values of Co,V,0 particles toward TMB and H,O, were 0.311
mM and 0.669 mM, respectively, which were both clearly
lower than that of horseradish peroxidase (HRP) (Table S1),
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suggesting that Co,V,0, particles exhibited a higher affinity
toward the substrates than to the natural enzyme. This might
be due to the existence of more “active sites” on the surface of
the Co,V,0, particles compared to HRP.>* Interestingly,
compared with other binary transition-metal oxides (Table
S1), Co,V,0, particles had certain advantages in both their
affinity for TMB and H,O,. It was speculated that Co,V,0,
particles not only possessed the strong attraction ligand ability
of the cobalt ion but also the stability of the VO, amorphous
array, such that the synergistic effect between bimetals can be
exerted to a greater extent, ensuring a suitable gap for
combination with substrates.>’

GSH Detection Using the Co,V,0, Particles-Based
Colorimetric Biosensor. GSH regulates oxidative stress and
reduces oxidative damage, and nanozymes with oxidase-like
activity can be used to detect such antioxidants.”’ Therefore,
we investigated whether the prepared Co,V,0; particles could
be applied to the detection of GSH. Figure Sa showed that
with the increase of GSH concentration, the color of reaction
system gradually faded, which was consistent with the
decreasing absorbance of the reaction system at 652 nm.
Under the optimized reaction conditions, a calibration curve
for detecting GSH was obtained. Figure Sb showed the
calibration data of AAg, (AAg, = A(blank) — A(GSH)) to
GSH concentration. A (blank) represents the absorbance value
at 652 nm without GSH. The AAg;, value was proportional to
GSH concentration from 2.5—20 uM with a detection limit of
0.64 uM (S/N = 3). To test the selectivity of this approach, we
examined the colorimetric response of this assay system under
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Co,V,0,-BA system.

latent interferences (eight common amino acids, five
carbohydrates, and five cations) that might exist together
with GSH in health supplements. As shown in Figure S9, even
if the concentration of the potential disturber was 100 times
higher than that of GSH, it did not significantly affect GSH
detection. Subsequently, the established biosensor was applied
to determine GSH in capsules. From Table S2, it could be
observed that the standard recovery rate and standard
deviation were both within a reasonable range, which indicated
the feasibility of this method for GSH detection in practical
applications.

H,0, and Glucose Detection Using the Co,V,0,
Particles-Based Ultrasensitive Fluorometric Platform.
On the basis of the peroxidase-like activity of Co,V,0,
particles, a Co,V,0,-BA fluorescence platform was established
for supersensitive H,0, determination and one-step glucose
determination. As shown in Figure Sc, the concentration of

1476

glucose was positively correlated with the fluorescence
intensity of the system (excitation at 298 nm, emission at
40S nm), where AF,s = F (glucose) — F (blank). A standard
curve for H,0,/glucose detection was plotted under the
optimal reaction conditions. As shown in Figure 5d, the H,0,
detection system exhibited a superior linear relationship with
H,0, over a wide concentration range of 8—3200 nM. The
linear regression equation was as follows: AF = 0.8395Cy o,

(nM) — 4.6528 (1* = 0.9995). The detection limit was as low
as 2 nM, which was much lower than most reported in the
literature to date'”***%*3%52755 (Table 1). This indicated that
our method has ultrahigh sensitivity and great potential for the
detection of trace H,0,. This might be due to some properties
of the Co,V,0; nanomaterials, such as unique structure,
uniform size, and synergistic catalysis between different metal
ions.* Strikingly, Co®*/Co*" with higher oxygen reduction
potential and vanadium ions with mixed valence state
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Table 1. Linear Range and Detection Limit of H,0,

Detected by Different Nanozymes

LOD
catalyst method linear range (M) (uM) ref

FeVO, colorimetric 2—40 0.2 43
Co30, colorimetric 50—25000 10 17
CoFe,0, colorimetric 20—-6000 20 S4
a-AgVO, colorimetric 60—200 2 S3
CA- colorimetric 0.01-1500 0.01 52

BiPtNC@

GO
Cuys/Cops-  fluorometric 1.0-10 0.081 55

MOG
Fe;0, MMs  fluorometric 0.04-8.0 0.008 28
V40,3 NTs fluorometric 8.0—1600.0 6.41 24
Co,V,0, Fluorometric 0.008—3.2 0.002  This

work

contribute greatly to the interpretation of the excellent catalytic
performance of the corresponding materials, which were
demonstrated by the previous reports.”*' Furthermore, the
Co,V,0,-BA detection system maintained excellent peroxidase
activity under the optimized conditions (pH 5.0, Figure S8a).
This was different to most other literature studies, which
reported an optimal pH of about 3.0 or 4.0.°°>" We suspected
that the reason for the optimal peroxidase pH was the presence
of mixed valence cobalt with ultrahigh electron mobility in the
material.**

In recent years, the combination of GOx and nanozymes
with peroxide activity has been the main strategy for detecting
glucose, which is highly dependent on the activities of GOx
and nanozymes. As the optimum pH (5.0) of GOx*”®" is often
inconsistent with that of nanozymes, the detection process is
generally conducted in two steps (Figure 3f), namely, a first
step of glucose oxidation by GOx and a second step of H,O,
decomposition by a nanozyme with peroxide activity through
secondary pH regulation of the reaction solution to initiate a
typical color reaction in the presence of a color-developing
reagent. However, the optimal pH of the Co,V,0, particles
peroxidase was 5.0 in the current study, which was consistent
with the optimal pH of GOx. This superior nature indicates
that the traditional two-step colorimetric glucose biosensing
can be converted into a one-step (Figure 3f), making the
operation more simple and faster. To verify this conjecture, we
tried to add Co,V,0, particles, GOx, glucose, and BA directly
into the buffer (pH ) for the reaction, with the results shown
in Figure Se. For the glucose detection system, the linear range
was 0.1—80 uM, and the linear regression equation was as
follows: AF = 96.15C (uM) — 4.47 (r* = 0.9980), with a
detection limit of 0.03 sM. This confirmed the feasibility of the
one-step method in this system. The glucose detection system
also possessed good selectivity, and when the concentration of
other sugars was 10 times higher than that of glucose (Figure

5f), no significant interference with the reaction system was
observed. The fluorometric platform was then applied to detect
glucose in human blood samples, which were diluted 100-fold,
as shown in the Table 2. The glucose detection value was close
to the value provided by the hospital, indicating that the
method has high accuracy in detecting glucose from blood
samples.

B CONCLUSIONS

In summary, Co,V,0; particles were synthesized through pH
adjustment using a simple hydrothermal method. We have
demonstrated for the first time that the nanomaterial possesses
intrinsic triple-enzyme (oxidase-like, peroxidase-like, and
catalase-like) activities and studied the catalytic mechanisms
by cyclic voltammetry and EPR technology. Co,V,0, particles
exhibit extraordinary enzymatic properties due to the
synergistic effect between the mixed valence bimetallic ions.
Based on this, a visual colorimetric biosensor and an
ultrasensitive fluorescence platform are constructed. It is
worth mentioning that the prepared materials exhibit ultrahigh
sensitivity toward H,0,, and the detection limit is far superior
to most literature reports. Moreover, the successful detection
of GSH in health products and the one-step determination of
glucose in human serum are sufficient to demonstrate the
practical application value of the biosensor. This work not only
shows the broad application prospects of Co,V,0- particles in
biochemical analysis and clinical diagnosis other than electro-
chemical fields but also provides some ideas for the
development of new inorganic nanozymes. Since the pH
required by the bioplatform in the detection process is not
close to neutral, this will become the direction we continue to
explore in the future for in vivo detection.
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