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ABSTRACT: The applications of inorganic nanomaterials as
biomimetic catalysts are receiving much attention because of
their high stability and low cost. In this work, Co;0,
nanomaterials including nanoplates, nanorods, and nanocubes
were synthesized. The morphologies and compositions of the
products were characterized by scanning electron microscopy,
transmission electron microscopy, and X-ray diffraction. The
catalytic properties of Co;0, nanomaterials as catalase mimics
were studied. The Co;0, materials with different morphology
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exhibited different catalytic activities in the order of nanoplates > nanorods > nanocubes. The difference of the catalytic activities
originated from their different abilities of electron transfer. Their catalytic activities increased significantly in the presence of
calcium ion. On the basis of the stimulation by calcium ion, a biosensor was constructed by Co;O, nanoplates for the
determination of calcium ion. The biosensor had a linear relation to calcium concentrations and good measurement correlation
between 0.1 and 1 mM with a detection limit of 4 uM (S/N = 3). It showed high selectivity against other metal ions and good
reproducibility. The proposed method was successfully applied for the determination of calcium in a milk sample.
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1. INTRODUCTION

Hydrogen peroxide is a byproduct of normal oxygen
metabolism that can cause oxidative damage to macromolecules
in biological cells." Catalases present in all aerobic organisms
and many anaerobic organisms can catalyze the decomposition
of hydrogen peroxide to molecular oxygen and water; therefore,
they are protective enzymes.” These enzymes thus act as
antioxidants by protecting cells against the damaging effects.
The damages are linked to several diseases and disorders,
including Parkinson’s and Alzheimer’s disease, cardiovascular
disease, and even tumor development.®> As biological catalysts,
catalases have remarkable advantages such as highly efficient
and selective catalysis under mild conditions. However, the
natural enzymes own several drawbacks including low stability,
high cost, and so on. Therefore, an attempt to develop stable
and efficient mimics of catalase is very useful for various
applications.*~®

Recently, inorganic nanomaterials as enzyme mimics have
received increasing attention because of their several distinct
properties, such as abundance of reactive groups on their
surfaces for further functionalization and more catalytic sites on
their surface than their bulk counterparts.7_19 So far, most
reported nanomaterials as artificial enzymes were mainly
peroxidase mimics, and they were successfully applied to a
variety of analytical problems. However, only a few works
reported the catalase mimic activity of nanomaterials, which
included Pt nanoparticles,®® cerium oxide nanoparticles,”!
RuO, nanoparticles,”* Fe;O, nanoparticles,”® and Co;0,
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nanoparticles.”* The factors influencing the catalase mimic
activities of nanomaterials have not been reported, and the
applications of these catalase mimics have been rarely studied.
The catalytic performance of these nanomaterials as catalase
mimics might be closely associated with their morphology. This
inspired us to carry out a study that might help to understand
the influence of morphology on their catalytic activities and
then exploit more useful biomimetic catalysts with high
catalytic activity.

It had been reported that the activity of catalase varied in the
presence of some small molecules because of the interaction
between enzyme molecules and the small molecules present in
the enzyme surroundings.”>*® The small molecules might be
products of normal metabolic processes or normal constituents
of tissues such as metal ions. For example, based on the
variation of enzymes’ activity by these small molecules, the
enzyme electrodes were applied in the biosensor field for
detecting a metal ion or biochemical molecule.””~*°

In this work, Co;O, nanoplates, nanorods, and nanocubes
were synthesized, and then the influence of morphology on
their catalase mimic activity was studied. Furthermore, calcium
ion was found to enhance significantly the catalytic activities of
Co;0, nanomaterials, and based on the stimulation, an
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amperometric sensor was constructed for the determination of
calcium in milk.

2. EXPERIMENTAL SECTION

2.1. Materials. Co(NO,),-6H,0, Co(CH,COO),4H,0, CoCl,-
6H,0, hexamethylenetetramine, sodium hydroxide, ethylene glycol,
sodium carbonate, ammonium hydroxide, and hydrogen peroxide were
purchased from Sinopharm Chemical Reagent Co. (Shanghai, China).
3,3',5,5'-Tetramethylbenzidine (TMB, >99%) and $5,5-dimetheyl-1-
pyrroline N-oxide (DMPO, >99%) were obtained from Sigma-Aldrich
(St. Louis, USA). The other metal salts for detection including calcium
carbonate (primary reagent), sodium chloride, potassium chloride,
nickel(II) chloride hexahydrate, magnesium chloride hexahydrate, zinc
chloride, iron(III) chloride hexahydrate, and manganese(II) chloride
tetrahydrate were obtained from Sinopharm Chemical Reagent Co.
(Shanghai, China). All chemicals were of analytical grade apart from
that mentioned above and used as received without further
purification. Three kinds of milks with different brands were purchased
from a market.

2.2. Preparation of Co;0, Nanomaterials. Co,;O, nanoplates
were synthesized according to the reported route.*® First, 1.3 g of
Co(NO,),-6H,0 was dissolved in 100 mL of water and mixed with
100 mL of solution containing 0.6 g of hexamethylenetetramine
(HMTA), under continuous stirring. A few drops of 1 M NaOH
solution were then added in the above solution to obtain pH 10. Then,
the solution was vigorously stirred for 2 h, and the solution was then
transferred into the autoclaves, sealed, and maintained at 110 °C for 15
h. After these processes, the autoclaves were naturally cooled to room
temperature, and the synthesized products were washed with water,
ethanol, and acetone sequentially and dried at room temperature. The
synthesized products were then calcined at 200 °C for 2 h.

The Co;04 nanorods were prepared according to the method
reported in the literature.* An amount of 1.66 g of Co(CH;COO0),-
4H,0 was dissolved in 20 mL of ethylene glycol, and the solution was
gradually heated to 160 °C. At a continuous flow of nitrogen, 67 mL of
aqueous 0.2 M sodium carbonate solution was added at the rate of 1.1
mL min~" under vigorous stirring. Then the slurry was further stirred
and aged for 1 h. After centrifugation, the solid was washed with water,
dried at 50 °C overnight under vacuum, and then calcined at 450 °C
for 4 h in air.

The Co;0, nanocubes were synthesized according to the literature.’
Briefly, 0.50 g of Co(CH;COO),-4H,0 was dissolved in the solution
of 10 mL of water and 15 mL of ethanol. Under vigorous stirring, 2.5
mL of 25% ammonia was added drop by drop to the above solution.
The solution was stirred for about 15 min in air, snd the solution was
transferred into an autoclave with 48 mL volume, sealed, and heated to
150 °C for 3 h. Then, the autoclave was cooled to room temperature
naturally. The black products were obtained by centrifugation, washed
with water several times, and dried at 60 °C overnight under vacuum.

2.3. Preparation of Co;0, Nanomaterials Modified Electro-
des. Before the glassy carbon electrode (GCE, 3.0 mm diameter)
surface modification, the electrodes were polished with 0.3 ym and
0.05 ym alumina slurry and then washed ultrasonically in water and
ethanol, successively. The three Co;0, nanomatetials were dispersed
into distilled water by ultrasonic dispersion to obtain the three
suspensions of Co;0, nanomaterials (3 mg mL™"), and three colloidal
solutions (S uL) were then dropped on three pretreated GCE surfaces
and allowed to dry at 70 °C. Then, an aliquot of 2 uL of nafion
solution (0.5 wt %) was casted on the layer of Co;0, nanomatetials
and dried at 70 °C.

2.4. Preparation of Milk Sample. Amounts of S mL of milk and
50 mL of HNO5:HCIO, (5:1 v/v) were placed in a beaker which was
closed and left overnight. The temperature of this mixture was slowly
increased, using a hot-plate, until fumes of acids appeared. This
solution was evaporated almost completely, transferred, and adjusted
to 50 mL in a flask with milli-Q water. The concentrations were first
obtained by inductively coupled plasma atomic emission spectroscopy
(ICP-AES) with an Optima 8000 ICP-OES spectrometer (PerkinElm-
er, USA).
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2.5. Characterization of Co;0, Nanomaterials with Different
Morphologies. The composition and phase of the Co;0, nanoma-
terials were obtained by powder X-ray diffraction (XRD) with a X-ray
diffractometer (Rigaku, Japan) using Cu Ka radiation (4 = 1.5418 A).
The size and morphology of the Co;O, nanomaterials were measured
by scanning electron microscopy (SEM) with a SU-8000 SEM
(Hitachi, Japan) and transmission electron microscope (HRTEM,
Tecnai G2 F30, USA).

2.6. Catalytic Experiments and Electrochemical Measure-
ments. The catalytic activities of the Co;0, nanomaterials as catalase
mimics were examined in NaH,PO,—NaOH buffer (3 mL, 100 mM,
pH 9.0) containing Co;0, nanomaterials (20 ug mL™'), in the
presence of H,O,. The concentrations of H,O, were monitored in
time-drive mode at 240 nm by using a Lambda 750 UV—Vis—NIR
spectrophotometer (Perkin Elmer, American). The effect of pH on the
catalytic activities of the Co;0, nanomaterials was measured in 3 mL
of 100 mM phosphate buffer (different pHs) containing Co;0,
nanomaterials (20 yg mL™") and 20 mM H,0,. The absorbance of
reaction solutions was monitored at 240 nm. The reaction time was 20
min, and the variation of H,0O, concentration was calculated by its
molar absorption coefficient of 39.4 M™' cm™ at 240 nm. The effect of
temperature on the catalytic activities of the Co;0, nanomaterials was
examined in 3 mL of 100 mM NaH,PO,—NaOH buffer (pH 9.0)
containing Co;O, nanomaterials (20 ug mL™") and 20 mM H,0, at
different temperatures. The reaction time was S min.

The apparent steady-state reaction rates of three Co;0, nanoma-
terials were deduced according to the initial linear range of the kinetic
curves and the molar absorption coefficient of 39.4 M™' cm™ for
H,0,. The reaction rates were fitted to the Michaelis—Menten
equation to calculate the kinetic constants: v = V., X [S]/(K,, + [S]),
where v is the initial velocity, V,,,, the maximal reaction velocity, [S]
the concentration of substrate H,0,, and K, the Michaelis constant.

In the absence of calcium ion, the fluorescence spectra were
obtained under the following conditions: 20 mM H,0,, 1 mM
terephthalic acid and different concentrations of the Co;O4 nanoma-
terials in 100 mM pH 9.0 NaH,PO,—NaOH buffer exposed to UV
light for 10 min at 365 nm. After centrifugation, the reaction solutions
were measured by a LSSS fluorescence spectrophotometer (Perki-
nElmer, USA). Test conditions: E, = 315 nm, E, slit = 15 nm, E,, slit =
S nm. In the presence of calcium ion, the fluorescence spectra were
measured with 1 mM terephthalic acid, 20 mM H,0O,, 40 ug mL™
Co;0, nanomaterials, and different concentrations of calcium ion in
100 mM sodium acetate—NaOH buffer (pH 9.0) exposed to UV light
for 10 min at 365 nm. After centrifugation, the solutions were used for
fluorometric measurement. Test conditions: E, = 315 nm, E, slit = 15
nm, E_, slit = 5 nm.

The electron spin resonance (ESR) measurements were carried out
with an A200 ESR spectrometer (Bruker, Germany). The conditions
were as followes: 20 mW microwave power, 1 G modulation
amplitude, and 100 G scan range.

Cyclic voltammetry (CV) and amperometric measurements were
measured with a CHI 660D (Chenhua, China). A three-electrode
system comprising the Co;O, nanomaterial-modified glassy carbon
electrode (GCE) as working electrodes, an Ag/AgCl electrode as
reference, and a platinum plate as auxiliary was used for the
electrochemical experiments.

3. RESULTS AND DISCUSSION

3.1. Characterization of Co;0, Nanomaterials. The
morphology of synthesized Co;O, nanomaterials was charac-
terized by a scanning electron microscope and transmission
electron microscope. The Co;0, nanoplates are uniform, and
their average edge length and thickness are 100 and 21 nm,
respectively (Figure la and 1b). The Co;0, nanorods have a
diameter of about 10 nm and length ranging from 40 to 80 nm
(Figure 1c and 1d). The average size of Co;0, nanocubes is
~19 nm (Figure le and 1f). The crystal structures of the three
Co0;0, nanomaterials were determined by X-ray powder
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Figure 1. SEM images of Co;0, nanoplates (a), nanorods (c), and
nanocubes (e). TEM images of Co;0, nanoplates (b), nanorods (d),
and nanocubes (f).

diffraction (XRD). Despite variations in morphology, all the
patterns could be indexed with the spinel structure of Co;0, in
good a§reement with the reported data (JCPDS no. 76-
1802).%* No impurity peaks were observed, indicating the high
purity of the three products (Figure 2).
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Figure 2. XRD patterns of (a) Co;0, nanoplates, (b) Co;0, nanrods,
and (c) Co;0, nanocubes.

3.2. Catalase Mimic Activity of Co;0, with Different
Morphology. To study the catalase mimic activity of Co;0,
nanomaterials, experiments were measured by using UV—vis
spectrophotometry at 240 nm (the molar extinction coefficient
of HyO,: €340 = 39.4 M7! ecm™).>® Similar to H,0,
decomposition by catalase, when the Co;O, nanomaterials
were incubated with H,0, as the sole substrate, the
decomposition of H,0, was observed over reaction time
(Figure 3a), and the three Co;0, nanomaterials exhibited
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different levels of catalytic activity, following the order of
nanoplates > nanorods > nanocubes.
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Figure 3. Decomposition of H,0, by Co;0, nanoplates, nanorods,
and nanocubes (a), and effects of pH (b) and temperature (c) on the
catalytic activity of Co;0, nanoplates, Co;O, nanorods, and Co;0,
nanocubes. (a, ¢) 20 mM H,0,, 20 ug mL™' Co;0, nanomaterials,
100 mM NaH,PO,—NaOH buffer (pH 9.0). (b) 20 mM H,0,, 20 ug
mL™ Co;0, nanomaterials, 100 mM phosphate buffer (different
pHs). The reaction time was 20 min. (c) The reaction time was S min.
(b, ¢) The maximum point was set as 100%.

The effect of external conditions was investigated to
understand the origin of different catalytic activities. The
catalytic activities were measured varying the pH from S to 9
and the temperature from 25 to 90 °C. As shown in Figure 3b,
the catalase mimic activity of the three Co;0, nanomaterials
continued to increase as the pH was raised. The reason was that
H,0, could dissociate into the 3perhydroxyl anion (OOH")
more easily at a higher pH.>* The OOH~ was more
nucleophilic than H,O, and could react with the metal centers
of Co;0, nanomaterials more easily. Therefore, the rates of the
two reactions increased at a higher pH, thus accelerating the
catalytic process of H,0, decomposition by Co;0, nanoma-
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terials, and their catalytic activities all increased with increasing
temperature in the investigated range (Figure 3c). The three
Co;0, nanomaterials as catalase mimics owned the same
optimal pH (pH 9) and temperature (90 °C) in the
investigated range. These results showed that the different
catalytic activities of Co;0, nanomaterials were not associated
with the external conditions but their different morphology.
3.3. Catalytic Kinetics of Co;0, Nanomaterials. The
catalytic properties of the Co;O, nanomaterials were further
investigated using steady-state kinetics. The details of the
catalytic performance were fitted by the classical Michaelis—
Menten model.” The kinetic data of Co,0, nanomaterials were
measured by varying the concentration of H,0, (Figure Sla—c,
Supporting Information). The Lineweaver—Burk double
reciprocal plots (Figure S1d—f, Supporting Information)
showed the good linear relationship between v~ and [S]™".
The V,,,, and K, of the three Co;0, nanomaterials could be
obtained by the slopes and intercepts of these lines. The
experiment data were well fitted to the Michaelis—Menten
equation to obtain the parameters shown in Table 1. The V..,

Table 1. Catalase-Like Kinetic Parameters of the Various
Co;0, Nanomaterials

catalyst K,/mM V, /100°Ms' K,/102s E/kJ mol™!

nanoplates 24.7 2.38 2.86 44.00
nanorods 4.82 1.89 227 52.28
nanocubes 63.9 123 1.48 63.75

values increased from nanocubes through nanorods to
nanoplates. V., values are the indicators of reaction activity

(i.e., the rate of reaction when an enzyme is saturated with the
substrate). The V,,,. values of the three Co;0, nanomaterials
showed that nanoplates had the highest catalase mimic activity,
and nanorods exhibited medium activity, higher than nano-
cubes, which was consistent with the results in Figure 3a. On
the other hand, the lowest K, values with the two substrates
were shown with the nanorods followed by the nanoplates and
then the nanocubes. K, values represent the affinity of the
enzyme towards the substrate. The lower the K, values, the
greater the affinity. The K values of the three Co30,
nanomaterials suggested nanorods had the highest affinity
and nanoplates ranked the second place, both of which were
higher than that of nanocubes. This showed that the substrate
H,0, was able to coordinate most easily with the metal centers
of Co;0, nanorods. The coordinative interaction between
H,0, and metal centers of Co;0, nanorods might be so strong
that the exchange rates were not high enough; therefore, the
catalase mimic activity of Co;O, nanorods was lower than that
of Co;0, nanoplates.

The enzymes lower the energy barrier which must be
surmounted before the reaction takes place; therefore, the
activation energy (E,) of the reaction catalyzed by the enzyme
is smaller than that not catalyzed by enzymes. The catalytic
decompositions of H,O, by the Co;0, nanomaterials were
studied at different temperatures (Figure S2a—c, Supporting
Information). These plots of log [H,0,]; vs time were linear,
which indicated that the reactions catalyzed by Co;0,
nanomaterials followed first-order kinetics with respect to
H,0,. The rate constants k at different temperatures could be
calculated from the slopes of these curves, and then the
activation energies of three Co0;0, nanomaterials were
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Figure 4. Effects of Co;0, nanoplates (a), Co;0, nanorods (b), and Co;0, nanocubes (c) on the changes of hydroxyl radicals with terephthalic acid
as a fluorescence probe and the comparison of hydroxyl radicals affected by the three Co;O, nanomaterials (d). The samples containing 1 mM
terephthalic acid, 20 mM H,0,, and different concentrations of the Co;0O, nanomaterials in 100 mM NaH,PO,—NaOH buffer (pH 9.0) were
exposed to UV light for 10 min at 365 nm. After centrifugation, the solutions were used for fluorometric measurement.
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calculated using the Arrhenius equation (Figure S 2d-f,
Supporting Information). The three activation energies were
all less than that of 210 kJ mol™" for thermal decomposition of
H,0,,* showing that the Co;0, nanomaterials all lowered the
energy barrier for H,0, decomposition (Table 1). The E, of
the Co;0, nanomaterials followed the order: nanoplates <
nanorods < nanocubes. This indicated that the three Co;0,
nanomaterials owned different activities of lowering the energy
barrier, which influenced their different catalase mimic
activities.

To investigate whether hydroxyl radicals took part in the
catalytic decomposition of H,O, by Co;0, nanomaterials, the
fluorescent probe (terephthalic acid) was chosen to evaluate the
production of hydroxyl radical by Co;O, nanomaterials.”
Hydroxyl radical can react readily with terephthalic acid,
forming highly fluorescent 2-hydroxy terephthalic acid that can
be identified from a fluorescence spectrometer. The three
Co;0, nanomaterials all reduced the hydroxyl radical
production in a concentration-dependent manner (Figure 4).
The ESR technique was also employed to prove the changes of
hydroxyl radicals affected by Co;O, nanomaterials. The
intensity of the ESR signal decreased with addition of Co;0,
nanomaterials (Figure S3a, Supporting Information). As shown
in Figure 4 and Figure S3a (Supporting Information), the
decreases of hydroxyl radicals exhibited the order: nanoplates >
nanorods > nanocubes. The order was consistent with that of
their catalytic activity. This indicated that Co;O4 nanomaterials
reduced the formation of hydroxyl radicals through catalyzing
the decomposition of H,0,. The reason was that the
concentrations of H,0, decreased with addition of Co;0,
nanomaterials, reducing the concentrations of hydroxyl radicals
which were derived from the H,O, self-decomposition. The
results of fluorescence experiments and ESR experiments all
showed that there was no formation of hydroxyl radicals during
the catalytic decomposition course of H,O, by Co;0,
nanomaterials.

One molecule of H,0, can oxidize the metal center of
natural catalase to an oxidation state and generates water, and
then the second hydrogen peroxide is used as a reductant of the
oxidation state enzyme to regenerate the resting state enzyme,
water, and oxygen.36 Therefore, the natural catalase can transfer
electrons from one molecule of H,0O, to another H,0,. As a
kind of semiconductor material, Co;0, nanomaterials mi§ht act
as electron transfer mediators, similar to natural catalase.”” The
redox potential of O,/H,0, (equation 1 in Scheme 1) in the
reaction systems of this work could be calculated to be 0.200 V

Scheme 1. Possible Mechanism of Co;0, Nanomaterials As
Catalase Mimics

1.126 V. HO:OH — 20H- (2)

electron
transfer
0200V HO:OH+20H - — O, 1 +2H,0 (1)
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using the Nernst equation (Table S1, Supporting Information).
The redox potential of H,0,/OH™ (equation 2 in Scheme 1)
was also calculated to be 1.126 V (Table S1, Supporting
Information). As shown in Figure S4 (Supporting Informa-
tion), the redox potentials of Co(IIl)/Co(II) for Co;0,
nanoplates, nanorods, and nanocubes were 1.095, 1.103, and
1.108 V, respectively (plus the potential of Ag/AgCl electrode,
0.200 V). According to the redox potentials of O,/H,0,,
Co(II)/Co(11), and H,0,/OH", first, the Co(Ill) of Co;0,
nanomaterials could get electrons easily from H,0, and turned
into Co(Il), making H,0, oxidized into oxygen and water.
Secondly, the Co(II) of Co;0, nanomaterials could pass
electrons to H,0, and turned back to Co(IIl), making H,0,
reduced to OH~ (Scheme 1). Co;0, nanoplates with the
lowest redox potential could pass electrons to H,O, more easily
than nanorods and nanocubes. Because the cleavage of the O—
O bond (the reduction of H,0,) was the rate-determining step
in the catalytic cycles,*® Co;0, nanoplates exhibited the highest
catalase-like activity in the three Co;0, nanomaterials. The
currents of Co;0, nanomaterials followed the order nanoplates
> nanorods > nanocubes, showing the different electron
transfer rates of the three Co;0, nanomaterials (Figure S4,
Supporting Information). The different electron transfer
abilities of Co;0, nanomaterials explained why their catalase-
like activities exhibited the order: nanoplates > nanorods >
nanocubes.

3.4. Stimulation of Catalytic Activity by Calcium lon. It
was well known that some small molecules present in the
enzyme surroundings could inhibit or enhance the activity of
enzyme. For example, calcium ion stimulated the catalytic
activity of plant catalase and down-regulated the H,0, levels.*®
As shown in Figure S, the decomposition of H,0, by Co;0,
nanomaterials increased significantly when calcium ion was
added into the reaction system. This showed that calcium ion
stimulated the catalytic activities of Co;0, nanomaterials,
similar to natural catalase. The calcium ion itself did not own
the catalytic activity (data not shown); therefore, the
enhancements arose from the synergistic effect between
calcium ion and Co;0, nanomaterials, and different Co;0,
nanomaterials exhibited different enhancements in the order of
nanoplates > nanorods > nanocubes. As shown in Figure S$§
(Supporting Information), the fluorescence intensity which
represented the hydroxyl radical production all decreased as the
concentration of calcium ion increased in the presence of three
Co;0, nanomaterials, and the decreases of fluorescence
intensity with addition of Ca** followed the order: nanoplates
> nanorods > nanocubes. The fluorescence results were also
verified by ESR experiments. As shown in Figure S3b
(Supporting Information), Ca®* alone reduced hydroxyl radicals
not evidently, but Ca** in the presence of Co;0, nanomaterials
decreased much more hydroxyl radical, compared with Co;0,
nanomaterials alone. The ESR results were consistent with that
of fluorescence results. The results indicated that calcium ion
promoted the catalytic decomposition of H,0, by Co;0,
nanomaterials, thus reducing the formation of hydroxyl radicals.
To explain that the catalytic activities of Co;0, nanomaterials
increased significantly in the presence of calcium ion, the
electrochemistry of GCE modified by Co;0, nanomaterials had
been studied. The reduction currents of H,0, increased when
calcium ion was added in the reaction medium, and the
increases of the three Co;0, nanomaterials modified GCE were
different (Figure S6a, Supporting Information). The reduction
currents at —0.8 V increased steeply to reach a steady-state
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amperometric responses of the Co;0, nanoplate electrode upon the successive addition of Ca*". The curve was measured S times. (c) The response
of the Co,0, nanoplate electrode with the addition of Ca®* and other interfering metal ions at the same concentrations. (d) The response of the
Co;0, nanoplate electrode with the addition of Ca** and other interfering metal ions at the concentration ratio of 10:1. S mM H,0, in 100 mM
Tris-HCl buffer (pH 9.0). (c) The concentration of all metal ions was 0.5 mM. (d) The concentration of Ca** was 0.5 mM, and the concentration of
Ni* and Zn?* was 0.05 mM. (c,d) The response of 0.5 mM Ca** was set as 100%.

value with addition of an aliquot of Ca** (Figure S6b, showed different increases of reduction currents, following
Supporting Information). The three Co;0, nanomaterials the order of nanoplates > nanorods > nanocubes. This showed
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Table 2. Determination of Calcium in Milk by Using the Biosensor and ICP-AES
samples concentration”/mM (by biosensor) RSD/% recovery”/% concentration”/mM (by ICP-AES) RSD/% recovery”/%
milk 1 24.6 3.9 98.6 26.0 0.4 99.7
milk 2 16.5 4.3 99.2 17.3 0.3 100.5
milk 3 17.8 4.5 99.1 18.9 0.5 100.3

“Mean value of three separate experiments using the biosensor.

Ca’ could promote the electron transfer ability of Co;0,
nanomaterials, and the stimulations were different in the
presence of different Co;0, nanomaterials. This explained why
calcium ion stimulated the catalytic activities of Co;0,
nanomaterials.

3.5. Application of Calcium Determination in Milk.
Co0;0, nanomaterials modified GCE has been studied by
electrochemistry to develop an amperometric biosensor for
H,0,. The above experiments revealed that Co;O, nanoplates
exhibited the highest electrocatalytic activity with addition of
Ca® in the three Co,0, nanomaterials. Therefore, the Co;0,
nanoplates were chosen as the materials for the subsequent
experiments.

To determine the effect of the pH value on the biosensor
response, different buffer systems were used in the experiments.
The optimum pH value was determined to be 9.0 in the
investigated range (Figure S7, Supporting Information). Below
this pH value, decreases in the biosensor responses were
observed. This indicated that the immobilization on the
electrode did not affect the optimum pH value of Co;0,
nanomaterials as catalase mimics (Figure 3b).

To determinate the effect of the H,0O, concentration on the
biosensor response, different concentrations of H,O, were used
in the experiment. The current difference between reaction
systems with and without Ca®* increased as the H,O,
concentration increased and then decreased above 20 mM
H,0,. The optimal concentration of H,O, was determinate to
be 20 mM. At a higher concentration of H,0,, the
enhancement of electrocatalytic activity by Ca?* decreased
(Figure S8, Supporting Information). The reason was that a lot
of formed oxygen bubbles during the H,0, reduction were
observed in the electrode and hindered the electrochemical
reaction.

The electrocatalytic activity of the Co;0, nanoplates
modified electrode towards the reduction of H,0, in the
presence of Ca®" was investigated. Figure 6a showed the CV
responses containing various concentrations of Ca®. The
reduction currents increased with the Ca®*' concentration,
indicating that the Co;0, nanoplates modified electrode could
be applied for the detection of Ca**. As shown in the inset of
Figure 6a, the increase gradually saturated at a high Ca®*
concentration.

Applied potentials of —0.80 V were chosen to conduct
amperometric Ca** sensing. A well-defined, stable, and rapid
change in current could be observed with the successive
addition of Ca** (inset of Figure 6b). The Co;0, nanoplates
exhibited sensitive and rapid current response to the Ca®"
addition, achieving steady state current in about 20 s. The
corresponding calibration curve of current versus concentration
was presented (Figure 6b). The sensor displays a linear range
from 0.1 to 1 mM. The calibration curve of current versus Ca**
concentration was measured S times, and the maximum RSD
during the linear range from 0.1 to 1 mM was 2.3%. This
indicated that the modified GCE exhibited good reproduci-
bility. With adding the calcium ion concentration of S yM, the
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amperometric response was triggered with a signal-to-noise
ratio of ~3.5 (Figure S9, Supporting Information). Therefore,
the detection limit was estimated to be 4 uM (signal/noise =
3).

The proposed sensor was further applied to the determi-
nation of calcium in milk samples. The calcium concentrations
of three milk samples with three different brands were
measured and calibrated by the standard curve (Figure 6b).
The experiments had been done three times to verify the
reproducibility of the values (Table 2). The relative standard
deviations (R.S.D.) were less than 5% for each milk sample,
demonstrating good reproducibility of the Co;0, nanoplate
electrode. Milk samples were spiked with a similar standard
concentration of Ca** as found in the samples themselves to
ascertain exact results, and the recoveries were about 99%. The
same milk sample was also measured by ICP-AES. This
comparison clearly showed that our results agreed satisfactorily
with those obtained by AES. The results implied the
applicability of Co;0, nanoplates modified electrode as a
sensor for the determination of calcium in milk samples.

The selectivity of the sensor for Ca®" was also investigated
against some normally co-existing metal ions in the milk
sample. Figure 6¢ showed the response of the Co;0, nanoplate
electrode for Ca** and other metal ions at the same
concentrations. The results indicated that the responses for
the addition of Na*, K*, Mg**, Mn**, Fe**, and Fe** were small
compared to that of Ca**. However, the responses for Ni** and
Zn*" could not be neglected, and Ni** and Zn>* had a negative
impact on detection of Ca**, which indicated that they hindered
the electrochemical process of the electrode. The major metal
ion species in the milk sample included Ca*, Na*, and K*,
while other metal ions were trace metal ions.** The
concentrations of major metal ions were far higher than
those of the trace metal ions. Therefore, the molar ratios of
1:10 between Ni** or Zn>" and Ca®" were also used to estimate
their interference in the sensing of Ca’". Figure 6d showed the
response of the Co;0, nanoplate electrode for Ca>* and Ni** or
Zn?* ions, at an applied potential of —0.8 V. It was to be noted
that there were small responses for Ni** or Zn** ions. The
responses could be neglected when compared to the response
for the addition of Ca®*. This implied that the sensor was
suitable for the reliable determination of calcium in milk
samples.

4. CONCLUSIONS

Co;0, nanomaterials with different morphologies including
nanoplates, nanorods, and nanocubes were synthesized. They
exhibited different levels of catalase mimic activity, in the order
of nanoplates > nanorods > nanocubes. The reactions catalyzed
by the three Co;0, catalysts were studied by the typical
Michaelis—Menten model. The V,, values and K_, values
showed that nanoplates had the highest catalase mimic activity,
and nanorods exhibited medium activity, higher than nano-
cubes, which was consistent with the above results. On the basis
of the E, of the three Co;0, nanomaterials, they owned
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different activities of lowering the energy barrier, which
influenced their different catalase mimic activities. The above
study showed morphology control of the three catalase mimics,
providing the possibility to finely tune their catalytic activity.
The catalytic activities of Co;0, nanomaterials increased
significantly in the presence of Ca®’. On the basis of the
stimulation, an amperometric biosensor with Co;O,4 nanoplates
was developed to detect Ca?". It exhibited low detection limit,
high reproducibility, and good selectivity. The biosensor was
then successfully used for the calcium determination of milk
samples.
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