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g r a p h i c a l a b s t r a c t
� Glucose oxidase-like activity of NL-
MnCaO2 was investigated using
colorimetric method.

� An enzyme free biosensor for the
detection of glucose in real samples
was developed.

� Catalytic efficiency of NL-MnCaO2

was dependent on pH and
temperature.

� NL-MnCaO2 is a multi-functional
enzyme mimetic nanostructure
which can be used in various fields of
biomedicine.
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a b s t r a c t

During the last years, enzyme-based biosensors have gained much more attention among the re-
searchers and have had great success in the determination of different biological macromolecules.
Nanomaterials with intrinsic enzyme-mimic activity are widely used in biomedicine as artificial en-
zymes. Here, we report glucose oxidase-mimic activity of nanolayered manganese-calcium (MneCa)
oxide nanoparticles (NL-MnCaO2). In this work, NL-MnCaO2nanoparticles were synthesized and char-
acterized using different techniques including transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), fourier-transform infrared spectroscopy (FTIR) and powder X-ray diffraction
(XRD). Also, the ability of these compounds for the glucose and hydrogen peroxide (H2O2) determination
was investigated. A non-enzymatic strategy for the colorimetric detection of glucose and H2O2 was re-
ported which can be utilized not only for the rapid detection and analysis of glucose by the naked eye but
also the quantitative assay of glucose by spectrophotometry. The in situ generated H2O2 and gluconic acid
(GA) from the oxidation of glucose through the glucose oxidase-mimicking activity of NL-MnCaO2 was
detected using a colorimetric method. Also, the results confirmed the application of these compounds for
the detection of glucose in human serum samples with a detection limit (LOD) of 6.12 � 10�6 M. The
results showed that NL-MnCaO2 can be used as an alternative for the natural enzymes and act as a
simple, sensitive and enzyme-free biosensor for the detection of glucose in real samples. The proposed
strategy shows some advantages including sensitivity, short detection time and low detection limit.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction fermentation industry, biotechnology, food industry and environ-
Natural enzymes are catalysts that can speed up chemical re-
actions rate by reducing activation energy and mediated the bio-
logical processes under mild conditions [1]. However, these
biomolecules have some drawbacks including the high cost of
synthesis, purification and low stability in extreme conditions of pH
or temperatures for performing catalytic functions [2,3]. Therefore,
developing efficient artificial enzymes, as alternatives to natural
enzymes, using non-protein molecules such as metal-complexes,
metal-nanomaterials, polymeric and supramolecules become an
interesting field for researchers [4].

Nano-based materials due to their physicochemical properties
relative to bulk materials including large surface/volume ratios
(because of their small size), optically active, mechanically strong
and chemically reactive (which are often absent in the bulk mate-
rials) have various applications in different areas including bio-
sensing, catalysis, textile industry, drug delivery and water
treatment [5e7]. Enzyme mimetic behavior of some nanomaterials
is one of the most interesting features of these materials which
make nanomaterials as potential alternatives for natural enzymes.
Nanomaterials, with enzyme mimic activities (nanozymes), have
gainedmuchmore attention among the researchers during the past
decades because of their unique properties such as low-cost, high
stability and simple preparation. Also, nanozymes have their cata-
lytic activity even in the harsh environmental conditions of pH and
temperatures [8]. Various studies have reported enzyme mimic
activity of different nanomaterials with diverse structures [4,9e27].
The reported enzyme-like activities for nano-sized materials in-
cludes the superoxide dismutase-like (SOD like), oxidase-like,
catalase-like and peroxidase-like activities. Also, there are few re-
ports about glucose oxidase-like activity of nanoparticles [2,28,29].
Some studies reported that nanozymes with peroxidase or oxidase-
like activities can be used for the detection of glucose in the pres-
ence and absence of H2O2, respectively. These nanoenzymes
oxidize TMB (3,30,5,50-tetramethylbenzidine) and ABTS (2,20-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)-diammonium
salt), as peroxidase substrates. In such systems, glucose oxidase is
used for the generation of H2O2 and the resulting H2O2 is then
utilized to oxidize chromogenic substrates (TMB and ABTS) by
nanozymes [4,9,30,31].

Mixed metal oxide nanomaterials are used in various areas of
chemistry and physics. When two metals combine together in an
oxide matrix, acquire unique electronic and magnetic properties can
be observed which could not be seen in each metal alone. The most
common use of mixed metal oxide nanomaterials is in the area of
catalysts [32]. In the chemical reactions, mangenese (Mn) oxides
were widely used as efficient catalysts for oxidation of different
organic and inorganic compounds; e.g. selective oxidation of alco-
hols to aldehydes in the presence of O2. Mn oxides due to their low
cost, physical and chemical properties and being environmentally
friendly are themost attractive inorganic compounds [33e36]. These
compounds can be synthesized, as nano-sized nanostructures, easily
using various methods. Among the functional materials, the metallic
oxides (in the nanometric scale) such asMnoxide nanoparticles have
gained much more attention due to their unique properties and the
role of Mn as a regulatory cofactor for some main enzymes and re-
ceptors (its physiological function). Different studies have been re-
ported the nanolayered Mn oxides (among various Mn oxides) as
efficient catalysts in oxidation reactions.

The rapid and accurate determination of the blood glucose level
is one of the most important issues in medical and pharmaceutical
research, particularly for diagnosing diabetes mellitus. Also,
detection of the glucose concentration has a vital role in the
mental protection [37,38]. Diabetes mellitus is a chronic disease in
which glucose level in blood is higher than normal and this can
result in various disorders. So, the accurate and proper detection of
the glucose concentration can reduce the risk of some disorders
such as diabetes, kidney failure, atherosclerosis and nerve degen-
eration [39]. In this regard, developing a fast, sensitive and simple
biosensor to determine the blood glucose level has gained
considerable attention among the researchers during the past few
years. The glucose oxidase based biosensors for glucose detection
have some disadvantages, including low efficiency, complicated
immobilization procedure, high enzyme costs, critical operating
conditions, instability, etc. [40,41]. To overcome these drawbacks,
many researchers are trying to develop enzyme-free glucose sen-
sors using different nanomaterials, including nanowires, nanorods,
nanosheets, nanoparticles and nanotubes due to their unique
structural, physical and functional properties [41]. Various studies
have reported enzyme-free colorimetric detection methods based
on nanozymes for determination of glucose [28,42e49].

In the current study, we reported a glucose oxidase-like activity
of nanolayered manganese-calcium (MneCa) oxide (NL-MnCaO2)
for the first time. We found that this compound is able to catalyt-
ically oxidize glucose and produce gluconate and hydrogen
peroxide (H2O2), similar to glucose oxidase. As glucose plays the
main role in various physiological activities, NL-MnCaO2catalyzed
glucose oxidation can be important in both theoretical and applied
types of research. Also, the application of this compound for the
determination of glucose in the real samples was investigated, too.
Therefore, we presented a non-enzymatic strategy for the colori-
metric detection of glucose, where the oxidation of glucose and the
colorimetric detection of H2O2were simultaneously conducted
under the catalysis of the single nanoezyme (NL-MnCaO2). The
proposed method can be utilized not only for the rapid detection
and analysis of glucose by the naked eye but also for the quanti-
tative assay of glucose by spectrophotometry.

2. Materials and methods

2.1. Chemical and materials

Hydrogen peroxide (H2O2, 30%), 3,30,5,50-tetramethylbenzidi-
ne(TMB), ammonium metavanadate (AV), dimethyl sulfoxide
(DMSO), CaCl2$4H2O, Mn(CH3COO)2$4H2O, KMnO4, KOH and
FeCl3$6H2Owere obtained from Sigma-Aldrich and were used
without further purification. Sodium acetate (MW: 82.03 g/mol),
acetic acid (MW: 60.05 g/mol), Ethylenediaminetetraacetic acid
(EDTA), trimethylamine (Et3N), trichloroaceticacid (CCl3COOH),
HCl, glucose, fructose, galactose and maltose were purchased from
Merck (Darmstadt, Germany). Hydroxylamine hydrochloride
(NH2OH$HCl) was obtained from Fluka (Steinheim, Germany). All
solvents and reagents were used without further purification.

Glucose stock solution (5.5 � 10�3 M) was prepared by dis-
solving an appropriate amount of its powder in distilled water.
Acetate buffer solution (1.0 � 10�2 M) was prepared by dissolving a
0.424 g of sodium acetate and a 0.02 g of acetic acid in 300 mL
distilled water. Then, the pH level of the buffer was adjusted to 5.0
using HCl or NaOH and the final volume was made up to 500 mL by
adding distilled water. TMB stock solution (1.04 � 10�3 M) was
prepared by dissolving a desired amount of its powder in DMSO.

2.2. Synthesis of nanolayered mixed metal oxides (NL-MnCaO2)

Our previously reported method was used for the synthesis of
nanolayered mixed metal oxides (NL-MnCaO2) [33]. Briefly, a
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2.70 mmol CaCl2$4H2O and a 5.6 mmol Mn(CH3COO)2$4H2O solu-
tionsweremixed in 5mLwater (solution A). To a solution of KMnO4
(2.4 mmol, 379 mg) in 100 mL water, KOH (17.0 g) was added to
obtain a hot KOHeKMnO4 solution (solution B). Solution A was
added to solution B under vigorous stirring resulted in a dark
precipitate. Then the mixture was allowed to cool with continued
stirring for 2 h. The obtained suspension was filtered and washed
with distilled water (3 L) before being allowed to dry for 12 h at
60 �C in an oven. Then the solid was heated to 400 �C for 10 h in the
air to obtain a brown powder.

2.3. Characterization of NL-MnCaO2

The morphology of NL-MnCaO2was characterized using scan-
ning electron microscopy (SEM, LEO 1430VP) and transmission
electron microscopy (TEM, Philips CM120) at an accelerating
voltage of 200 kV. All UVevis absorption spectroscopy measure-
ments were performed using a UVevis spectrophotometer (T60, PG
Instruments LTD., Leicestershire, UK) in a quartz cell of 1 cm path
length. A Bruker, D8 ADVANCE diffractometer (CueK -radiation)
(Germany) was used for recording X-ray powder patterns of NL-
MnCaO2 in the range of 2q ¼ 10e70. The following procedure was
used to prepare the samples for XRD analysis: briefly, a 20 mL of NL-
MnCaO2 suspensionwas dropped on a siliconwafer. After drying at
60 �C, the formed evident film was used for XRD analysis. All FTIR
spectra of NL-MnCaO2were recorded on a Bruker vector 22 after
mixing the samples with KBr in the range of 400e4000 cm�1. A
microprocessor pH meter (HANA Instruments-USA) equipped with
a glass electrode was applied for the determination of the pH value
of the all prepared solutions.

2.4. Oxidase-like activity of NL-MnCaO2 and apparent kinetic
assays

To investigate the oxidase-like activity of NL-MnCaO2, the TMB
(in DMSO, 1.04 mM) was used as a substrate and changes in the
absorption spectra of TMB were detected at 652 nm. Similar to
oxidases, NL-MnCaO2 can catalyze the oxidation of TMB in the
absence of H2O2 and produce a blue-colored product which has a
maximum absorbance peak at 652 nm. Kinetic analyses were per-
formed in 2.0 mL acetate buffer solution (HAc-NaAc, 0.01 M, pH
5.0), different concentrations of TMB as the substrate (2.6, 5.2, 7.8,
10.4, 13, 15.6, 18.2 and 20.8 mM) and a fixed concentration (100 mL)
of 2.0 mg/mL NL-MnCaO2. The final volume of the solution was
reached to 4.0 � 10�3 L using HAc-NaAc buffer solution and the
reactions were carried out at 25 �C (at room temperature) and the
absorbance changes at 652 nm were recorded. The obtained data
were fitted to the MichaeliseMenten equation and, then, the
apparent kinetic parameters (Km andVmax) were calculated using
the respective Lineweaver-Burk plots and equation (1):

1
V
¼ Km

Vmax
:
1
½S� þ

1
Vmax

(1)

where V, Km,Vmax and [S] denote the reaction initial velocity, the
Michaelis constant, the maximal reaction velocity and the con-
centration of TMB.

2.5. Glucose oxidase-like activity of NL-MnCaO2 and apparent
kinetic assays

To determine the glucose oxidase-like activity of NL-MnCaO2, a
solution of glucose with different concentrations (2.7, 13.7, 27.5,
41.2, 55, 68.7, 82.5, 96.2,110 and 123.7 mM)wasmixedwith a 100 mL
of 2.0 mg/mL NL-MnCaO2 in 2.0 mL HAc-NaAc buffer solution
(0.01 M, pH 5.0). The final volume of the solutions were reached to
4.0� 10�3 L using HAc-NaAc buffer solution andwere incubated for
60 min. The amount of gluconic acid (GA) was determined by the
reaction between GA and hydroxylamine and Fe3þ. The hydrox-
amate-Fe3þ complex formation can cause a change in the color of
the reaction solution toward red, with maximum absorption at
505 nm. In detail, 250 mL of solution A (containing 0.15 mM Et3N
and 5 mM EDTA in distilled water) and 25 mL of solution B (3M
NH2OH in distilled water) were mixed with the catalytic reaction
solution and the obtained mixture was incubated for 15 min. After
this time, 125 mL of solution C (1 M HCl, 0.1 M FeCl3 and 0.25 M
CCl3COOH in distilled water) was added to the reactionmixture and
incubated for 5 min [50,51].

Assay for determining H2O2 (the other possible product) was
carried out using a colorimetric reaction between H2O2 and
ammonium metavanadate(AV) [52]. The principle of this colori-
metric method is based on the peroxovanadium complex (a red-
orange complex) formation under the acidic condition with
maximum absorption at 452 nm. Briefly, a 0.01 M AV solution was
prepared by dissolving 0.1162 g of AV powder in 100 mL of 0.5 M
sulfuric acid. The prepared solution was added to the solutions
containing different concentrations of glucose and a fixed con-
centration of NL-MnCaO2 and the absorption peak of the solutions
was recorded at 452 nm. Kinetic analyses were performed using
equation (1).

2.6. Detection of glucose

Under the optimum condition, the detection of glucose was
carried out using glucose oxidase-like activity of NL-MnCaO2. For
this purpose, different concentrations of glucose (0, 18.3, 55, 91.6,
128.3, 165, 201.6, 238.3, 275, 311.6, 348.3, 385, 421.6, 458.3, 495,
531.6 and 600 mM) were mixed with a 100 mL of 2.0 mg/mL NL-
MnCaO2. The final volume of the solutions were reached to
4.0� 10�3 L using HAc-NaAc buffer solution andwere incubated for
60 min. Then, the detection of glucose was performed spectro-
photometrically using a colorimetric method as described in sec-
tion 2.5. In detail, the reaction solutions containing fixed
concentrations of AV and NL-MnCaO2 and additional concentra-
tions of glucose were incubated for 60 min. Then, the absorption
spectra of samples were measured at 452 nm. Limit of detection
(LOD) was calculated based on the method of SD of the response
and the slope. LOD was calculated by the formula of LOD ¼ 3 s/S,
where s is the standard deviation of the blank and S is the slope of
the calibration curve.

Selectivity studies were performed using different glucose an-
alogues (instead of glucose) such as fructose (2 mM), galactose
(2 mM) and maltose (2 mM). Then, the absorption spectra of
samples were measured at 452 nm.

2.7. Determination of glucose in spiked human serum samples

The experiments were also performed by using serum as the
media. For the determination of blood glucose in real samples,
healthy human plasma was prepared from the Iranian Blood
Transfusion Organization (IBTO). After deproteinization process,
healthy human serum samples were spiked with various concen-
trations of glucose. In detail, the deproteinization process was
carried out using acetonitrile [53]. In detail, 1.5� 10�3 L acetonitrile
was added to the previously spiked serum samples (0.5 � 10�3 L)
and then centrifuged at 13000 rpm for 5 min. After removing
proteins, the prepared supernatant was used for further analyses.
The same procedure as described in sections 2.5 and 2.6 were used
to analyze the unspiked and spiked serum samples for detection of
glucose. Calibration curve was constructed by plotting the peak



Fig. 1. FTIR spectra of NL-MnCaO2(A), XRD patterns of NL-MnCaO2 (B), SEM (C) and TEM (D) images of nano-sized MneCa oxide. Elemental mapping of Ca, Mn and O (E).
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areas of samples at 452 nm against the glucose concentrations. LOD
was calculated as mentioned in section 2.6. The added-found pro-
cedure was applied to investigate the accuracy and precision of the
proposed method for determination of glucose in serum samples.
For this purpose, a series of five serum sample solutions with the
glucose concentrations of 10, 45 and 80 � 10�6 M were prepared
and the same procedure as described in section 2.5 was used to
analyze the prepared samples. The relative standard deviation
(RSD) and recoveries values were calculated. RSD% was obtained
using the formula of RSD% ¼(S/X) � 100, where S is the standard
deviation of five analyses and X is the average (mean) of data values
and the recoveries values were calculated by dividing the found
amount to the added amount.

3. Results and discussion

3.1. Characterization of NL-MnCaO2

Synthesizing of NL-MnCaO2by the reaction of KMnO4, Mn(II)
(OAc)2 and CaCl2 in the presence of KOH is a simple and cheap
procedure. Different techniques including FTIR spectroscopy, XRD
patterns, TEM and SEM were used for the characterization of the
synthesized NL-MnCaO2. In FTIR spectra of NL-MnCaO2, broad
bands related to the OeH stretching and HeOeH bending vibra-
tional spectra are observed at ~3200-3500 cm�1 and ~1360 cm�1,
respectively. The observed peak at ~700 cm�1 is related to
MneOeMn bonds (Fig. 1A) [54e56].

In XRD patterns of these compounds a peak near the 2q ¼ 38
was observed which exist in all octahedrally coordinated Mn oxide
materials. Also, the peaks near 2q ¼ 11, 25 and 36 were observed in
XRD patterns of NL-MnCaO2which are observed in most layered
materials, e.g. layered oxides (Fig. 1B) [54e56]. Also, morphological
studies of the prepared oxides were carried out using SEM and
TEM. The SEM and TEM images are shown in Fig. 1C and 1D. These
images represent aggregated nanoparticles and morphology
similar to a crumpled paper. EDX-Mapping images show the ho-
mogeneous elemental distributions (Fig. 1E).

3.2. Optimization of experimental conditions

Certainly, the catalytic activity of NL-MnCaO2 (like other enzyme
mimetic nanomaterials) is dependent on the temperature and pH.
So, the effects of different temperatures and pH values on the
catalytic efficiency of NL-MnCaO2 were investigated to optimize
experimental conditions. The enzyme mimetic activity of NL-
MnCaO2 was studied at different temperatures from 20 �C to 50 �C
and various pH values from 2.0 to 9.0 by incubating NL-
MnCaO2(100 mL), TMB (11 mM) and H2O2 (48 mM) for 5 min. The
results revealed that NL-MnCaO2 can mimic oxidase activity at pH
5.0 and 25 �C (Fig. 2AeB). Therefore, these values were used for
further studies. In general, optimum conditions resulted in the
generation of small, high crystalline and monodispersed particles.
So, it can be considered that in the optimized condition (pH 5.0 and
25 �C) dispersion of NL-MnCaO2 can completely occur and the
maximum surface active sites of particles exposed to the substrate
molecules. Also, generation of small sized particles could increase
the surface/volume ratios. So, with increasing the surface area, the
catalytic activity of nanoparticle increase, too [57].

3.3. Oxidase and glucose oxidase-like activities of NL-MnCaO2

The oxidase-like activity of NL-MnCaO2 was investigated using
TMB as the substrate in the absence of H2O2. The obtained results
revealed that NL-MnCaO2 can oxidize TMB in a concentration and



Fig. 2. Effects of pH (A) and temperature (B) on catalytic activity of NL-MnCaO2.
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time-dependent manner and produce a blue-colored product
which has a maximum absorbance peak at 652 nm (Fig. 3A and B).
Then, the apparent kinetic parameters were calculated for NL-
MnCaO2in the presence of TMB. Michaelis-Menten and
Lineweaver-Burk curves were established (Fig. 3C) and kinetic pa-
rameters, Vmax and Km, were calculated to be 97.83� 10�8 Ms�1 and
0.087 � 10�3 M, respectively.

Moreover, we investigated the ability of NL-MnCaO2 to oxidize
glucose (glucose oxidase-mimicking activity). For this purpose, NL-
MnCaO2 was incubated with glucose under optimum condition.
After 60 min, the production of GA, as a reaction product, was
assessed using a colorimetric assay. In detail, with adding Fe3þ and
hydroxylamine to the reaction solution the color of the solution
changed to red, with a maximum absorbance peak at 505 nm.
These results indicated that GA was produced during the reaction
catalyzed by NL-MnCaO2 and confirmed the glucose oxidase-like
activity of NL-MnCaO2 [50].

The other product, hydrogen peroxide (H2O2), was assessed
using a colorimetric method. In detail, when ammonium meta-
vanadate (AV) was added to the reaction solution and react with
H2O2 under acidic condition, the color of the solution was changed
and turned red-orange due to peroxovanadium complex formation
with a maximum absorption peak at 452 nm (Fig. 4A). As shown in
Fig. 4B, the color of the resulting solution changed after adding AV,
which confirmed the production of H2O2 due to the glucose
oxidase-mimicking activity of NL-MnCaO2. Also, control studies
were carried out either without NL-MnCaO2 or without glucose
(Fig. 4B) and negligible color changes in the reaction mixtures
observed. The obtained results confirmed the production of H2O2
because of the glucose oxidase-mimicking activity of NL-MnCaO2
and H2O2 generation increased with increasing glucose concen-
tration. Michaelis-Menten and Lineweaver-Burk double reciprocal
curves were established (Fig. 4C). Then, the apparent kinetic pa-
rameters, Vmax and Km, for the reaction of NL-MnCaO2 with glucose
were calculated to be 58.8 � 10�4 Ms�1 and 0.019 � 10�3 M,
respectively. In comparison with the natural enzyme (glucose oxi-
dase) with Km value of 2.6 � 10�3 M [58], the NL-MnCaO2 has a
relatively lower (but comparable) Km value, suggesting relatively
high affinity of NL-MnCaO2 for glucose.
3.4. Colorimetric detection of glucose and H2O2 using NL-MnCaO2

As mentioned above, NL-MnCaO2 can oxidize glucose with its
glucose oxidase-like activity and produce H2O2. As mentioned in
section 2.5, the reaction between H2O2 and AV produces a red-
orange colored complex with maximum absorption at 452 nm.



Fig. 3. The color evolution of TMB oxidation catalyzed by NL-MnCaO2in the absence of H2O2(A) and concentration and time-dependent absorbance change at 652 nm in the absence
or presence of different concentrations of NL-MnCaO2(B) and kinetics for oxidase-like activity of NL-MnCaO2 in the presence of TMB as substrate (C).
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Fig. 4. UVevis absorption spectra obtained from samples containing H2O2 and AV (A), NL-MnCaO2 catalyze the oxidation of glucose to gluconic acid, producing a red-orange colored
product (Glucose and AV in the absence of NL-MnCaO2 (a) NL-MnCaO2 and AV in the absence of glucose (b) and NL-MnCaO2 in the presence of glucose (c)) (B) and kinetics for
glucose oxidase-like activity of NL-MnCaO2 in the presence of glucose as substrate (C).
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Table 1
Comparison of the proposed approach with some other systems for H2O2 and glucose detection.

Materials Actual samples Signal output LOD (mM) Linear range (mM) Ref.

Au@Ag NRs e Colorimetric 39 0.05e20 [60]
Tb3þ-phen-AgNPs Human serum Photoluminescence (Fluorescence quenching) 0.019 0.00005e0.009 [53]
AuNPs e Colorimetric 49 0.1e1 [49]
ChitosaneAu Human serum Colorimetric 3 0.006e0.14 [61]
RhNPs Human serum Colorimetric 0.75 0.005e0.125 [62]
Polyaniline nanotubes-GOx Human urine Electrochemical 0.3 0.01e5.5 [63]
RGO-CdS-CoOx nanocomposite Human serum Electrochemical 0.4 0e1 [64]
CdTe QDs silica nanoparticles Human serum and urine Photoluminescence 1.93 0.005e0.4 [65]
Co3O4@CeO2 e Colorimetric 1.9 0.001e0.075 [66]
MnSe e Colorimetric 0.085 0.00017e0.01 [67]
Fe3O4 NPs e Colorimetric 30 0.005e0.1 [68]
CdSeeZnS QDs-GOx e Photoluminescence e 0.2e10 [69]
Fe3O4 nanoparticles Human serum Spectrophotometry 50 0.05e4 [70]
NL-MnCaO2 Human serum Colorimetric 23.86 0.0183e0.421 Present work

Fig. 5. The absorption spectra of NL-MnCaO2 and AV system upon adding various concentrations of glucose (0e400 mM, from bottom to top) (A) and the linear relationship between
the absorption intensities and the concentration of glucose (B).

Fig. 6. Selectivity of the proposed method for the glucose detection.
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Table 2
Determination of glucose in serum sample.

amount added ( � 10�6 M) amount found ( � 10�6 M) Recovery (%) RSD (%)

10 10.89 ± 1.66 108.9 1.682
45 47.84 ± 0.66 106.3 0.722
80 76.32 ± 1.09 95.4 1.225
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So, the sensitive H2O2 response of the proposed system made it
possible for detecting glucose. As shown in Fig. 5A, the absorbance
at 452 nm increased gradually with rising the concentration of
glucose up to 600 mM. A good linearity (R2 ¼ 0.9971) was observed
in the concentration range of 18.3e421.6 mM (Fig. 5B). The LOD of
glucose was obtained 23.86 mM which is comparable or even su-
perior to those achieved by using some other nanoparticles
(Table 1).

Using the standard addition method, the concentration of
generated H2O2 during the glucose oxidase-like activity of NL-
MnCaO2 were calculated. The obtained results indicated that with
increasing the concentration of glucose, H2O2 concentration was
increased, too.

3.5. Glucose detection mechanism

The following equations show the glucose catalytic reaction and
generation of H2O2 by NL-MnCaO2:

O2 þ glu cos e��������!NL�MnCaO2 H2O2 þ Gluconicacid (2)

H2O2 þNH4VO3 þ H2SO4/NH4½VOðO2ÞSO4� þ H2O (3)

According to equation (2), in the presence of O2 and NL-MnCaO2,
glucose is oxidized to gluconic acid and H2O2. Under the acidic
condition, the generated H2O2, as a strong oxidant, can reduce AV
and form peroxovanadium complex (a red-orange complex) with
maximum absorption at 452 nm.

3.6. Study the repeatability and reproducibility

Repeatability and reproducibility are most important parame-
ters to evaluate the application of biosensors, which can be deter-
mined from the relative standard deviation (RSD) or standard
deviation (SD) of several measurements. To study the repeatability
of the proposed system for determination of glucose, series of five
solutions with the average glucose concentration of 200 mM were
prepared and measurements were performed on the same day
(during the same laboratory session). RSD% value was calculated to
be 1.18%. The low RSD value (<1.9%) indicated a good repeatability
of the proposed system for detection of glucose [59].

Moreover, biosensor reproducibility was studied by the five
replicate measurements of the test solutions (with the average
glucose concentration of 200 mM) during the five different days. The
biosensor showed a reproducibility (RSD%) of 3.57%. This value is
lower than 4% and the low RSD value (<4%) confirms that the
measurements made with the proposed biosensor (NL-MnCaO2)
are reproducible [59].

3.7. Detection of glucose in human serum samples

To investigate the applicability and selectivity of the proposed
enzyme-free glucose sensor, control assays were carried out in the
presence of fructose, galactose and maltose (as glucose analogues).
The concentration of these analogues was three times stronger
than glucose. As shown in Fig. 6, the absorbance at 452 nm was
negligible even at higher alternative substrate concentration,
confirmed the high selectivity of the proposed system. In addition,
the proposed system was used for the determination of glucose in
spiked serum samples to evaluate the feasibility of the system. For
this purpose, the human serum samples were spiked with different
concentrations of glucose and the procedure described in section
2.5 was used for the determination of glucose concentration. The
added-found procedurewas applied to investigate the accuracy and
precision of the proposed method for determination of glucose in
serum samples. Table 2 shows the analysis results of glucose in the
spiked serum sample. The results indicated that there is a good
linear relationship between glucose concentration and absorbance
intensity at 452 nm in the range of (0e82.3) � 10�6 M (0.9827). As
shown in Table 2, the recoveries found and RSD values (for five
replicates) for serum samples were in the range of 95.4e108.9% and
0.72e1.68%, respectively. The obtained detection limit (LOD) was
6.12 � 10�6 M. These results indicated the great potential of the
proposed method for practical application and demonstrated that
the developed method can be used as a sensitive, selective and
enzyme-free method for detection of glucose in real samples.

4. Conclusion

In the current study, oxidase and glucose oxidase-like activities
of NL-MnCaO2 were investigated and an effective and enzyme-free
platform for the detection of glucose and H2O2 was developed. The
obtained results revealed pH and temperature dependence of the
catalytic efficiency of the NL-MnCaO2. These compounds canmimic
oxidase activity at acidic condition (pH 5.0) and 25 �C. All these
results indicated that NL-MnCaO2 is a multi-functional enzyme
mimetic nanostructure which can be used in various fields espe-
cially in the field of biomedicine. On the other hand, the determi-
nation of the blood glucose level is one of the most important
medical issues. However, enzyme-based biosensors for the detec-
tion of glucose have some drawbacks. So, in the present work, we
reported an enzyme free biosensor for the detection of glucose in
real samples without significant interference from the matrix.
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