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ple hydrothermal method. The nanocomposites were characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM) and Fourier transform infrared spectra (FTIR). The as-prepared Ag,S-MMT nanocom-
posites were firstly demonstrated to possess intrinsic peroxidase-like activity and could rapidly catalytically ox-
idize the substrate 3,3’,5,5'-tetramethylbenzidine (TMB) in the presence of H,O, to produce a blue product
which can be seen by the naked eye in only one minute. The experimental results revealed that the Ag,S-MMT

AZ,S nanocomposites exhibit higher thermal durance. Based on the TMB-H,0-, catalyzed color reaction, the Ag,S-

Ca-montmorillonite
Peroxidase
Colorimetric

H,0,

MMT nanocomposites were exploited as a new type of biosensor for detection and estimation of H,0, through
a simple, cheap and selective colorimetric method.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen peroxide (H,0,) is a very important intermediate in envi-
ronmental and biological reactions. It is widely used in many fields, in-
cluding pollution control, textile and paper bleaching, sterilization and
so on [1-2]. Thus, the rapid and accurate detection of H,0, is of great
importance. Good selectivity and high sensitivity can be obtained with
H,0, enzymatic biosensors. Peroxidase has great potential for practical
application and can be used as a detection kit for H,O, [3]. However,
most natural enzymes are proteins and have inherent drawbacks like
easy denaturation by environmental changes, digestion by proteases,
time-consuming and expensive preparation and purification [4]. In
this context, much effort has been devoted for developing artificial en-
zymes mimetic for practical applications [5]. Among which, nano-
scaled materials have attracted increasing interest due to their high spe-
cific surface area, small size effect and quantum size effect, which make
them have high concentration of low-coordination surface atoms and in
turn effective catalytic properties [6-35].

In 2007, Gao et al. [36] reported that Fe;04 nanoparticles (NPs) have
an intrinsic enzyme mimetic activity similar to that of natural peroxi-
dases such as horseradish peroxidase (HRP), thus opening the door for
the development of nano-scaled inorganic materials in the biochemical
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field. Some other metal oxide, sulfide and selenide nanomaterials, such
as polymer-coated CeO, NPs [37], CuO NPs [38,39], Co304 NPs [40],V,05
nanowires [41], BiFeO3; NPs [42], CoFe,0 NPs [43], sheet-like FeS nano-
structure [44], CdS NPs [45], FeS and FeSe NPs [46] were also investi-
gated and found to possess intrinsic peroxidase-like activity. Besides
metal oxide nanomaterials, carbon nanomaterials including single-
walled [47], helical carbon nanotubes [48], graphene oxide [49] and car-
bon nanodots [50] displayed intrinsic enzyme mimetic activity. With
advantages of low cost, high stability and tunability in catalytic activi-
ties, these nanomaterials based peroxidase mimetic have been applied
in bioassays and medical diagnostics.

Materials with 2D structures have attracted much attention due to
their large surface area and interesting properties [51]. In addition to
grapheme [52-54], many inorganic layered compounds with 2D surface
such as BN, MoS,, TaSe,, MoTe,, MoSe,, and NbSe, give rise to renewed
research [55]. Recently, layered double hydroxides (LDHs), such as Co-
Fe LDHs, Ni-Al LDH, Co-Al LDH [56-58] were all reported to possess
the intrinsic peroxidase-like activity.

The montmorillonite (MMT) has a layered structure and excellent
hydrophilic and cation exchange properties. Its layer dimensions in
length and width can be in hundreds of nanometers but its thickness
isonly 1 nm. The MMT layer consists of an octahedral sheet sandwiched
between two opposing tetrahedral sheets (TOT), which is called a 2:1
phyllosilicate [59]. These layers are stacked by weak dipolar or Van
der Waals forces, and they have both surface and edge charges. Due to
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these structural features, montmorillonite can efficiently behave as a
support by introducing many guest species between the layers or on
its external surface.

Moreover, silver sulfide (Ag,S), as a direct semiconductor with a
narrow band gap of 1.1 eV, has a relatively large absorption coefficient,
leading to its wide application, i.e. photoconductors, solar cells, and near
infrared photo-detectors [60]. More importantly, Ag,S is less toxic than
other nanoparticles, such as cadmiumsulfide (CdS), lead sulfide (PbS),
etc. In fact, compared to the ones based on conventional bulk materials,
nanostructured semiconductor materials can lead to a more cost-
effective and a less time and energy-consuming solutions [61]. How-
ever, to the best of our knowledge, there is no report on the Ag,S-
MMT nanocomposites demonstrating the intrinsic peroxidase-like
activity.

In this work, the design and preparation of Ag,S-MMT nanocompos-
ites were described. The peroxidase-like activity of both pure Ca-
montmorillonite and Ag,S-MMT nanocomposites toward H,0, was in-
vestigated. It was found that both pure Ca-montmorillonite (Ca%*-
MMT) and Ag,S-MMT nanocomposites possess intrinsic peroxidase-
like activity, and could catalytically oxidize the substrate 3,3',5,5’-
tetramethylbenzidine (TMB) in the presence of H,0, to produce a
blue product which can be seen by the naked eye in one minute. Then,
the Michaelis-Menten constant of pure Ca? *-MMT and Ag,S-MMT
nanocomposites suggest that the catalytic activity of Ag,S-MMT nano-
composites is better than that of pure Ca? "-MMT as well as horseradish
peroxidase (HRP), indicating that the introduction of Ag,S tremen-
dously improve Ca? *-MMT's catalytical activity as a peroxidase mimic.

2. Experimental section
2.1. Chemicals

All chemicals used in this work were of analytical grade and used as
received without further purification. Silver nitrate (AgNOs) and hydro-
gen peroxide (30%, H,0,) were purchased from Sinopharm Chemical
Reagent Co. (Shanghai, China). Thioacetamide (CH3CSNH,) and hydro-
chloric acid (HCl) were purchased from Beijing Chemical Reagent Co.
(Beijing, China). 3,3’,5,5’-tetramethylbenzidine (TMB) was purchased
from Solarbio (Beijing, China). Acetic acid (HAc) and sodium acetate
(NaAc) were purchased from Guangcheng Reagent Co. (Tianjin,
China). Ca-montmorillonite was purchased from Tianhong Mining Co.
(Mongolia, China).

2.2. Preparation of Ag>S-MMT nanocomposites

Ag,S-MMT nanocomposites were prepared according to the previ-
ous report [62]. The procedure is as follows: 0.3 g of MMT was dispersed
into 30 mL of distilled water under stirring vigorously for 8 h to obtain
1.0% (mass) MMT dispersion. Subsequently, 0.2 mol/L AgNO5 solution

with different volume was added stepwise into above suspension
under strongly stirring. The molar ratio of Ag™/montmorillonite was
tuned from O to 2.0 mmol/g. The mixture was stirred continually for an-
other 3 h at room temperature, assigned solution A. Then, controlled
amounts of AgNO3 and thioacetamide (at a molar ratio of 1:6) were dis-
solved into different volume HCl aqueous solution (0.5 mol/L), assigned
B. After that, solution A and B were simultaneously putted into the same
sealed container under vigorously stirring for 24 h. The resulting nano-
composites composed of Ag,S and MMT (Ag,S-MMT) was then filtered
and dried at 65 °C. The pure Ag,S used as a comparison is obtained
under identical experimental conditions.

2.3. Characterization

X-ray powder diffraction (XRD) data were collected using a Rigaku
Ultima IV diffractometer (40 kV, Cu Koo (N = 1.54056 A); 26 range 3-
70°; scan speed of 5°min~').The morphology and size distribution of
the nanoparticles were studied by using a transmission electron micro-
scope at an accelerating voltage of 200 kV (TEM JEM-2100, JEOL, Japan).
Kinetic measurements was carried out on a UV-3200PC UV-vis absorp-
tion spectrometer (Shanghai, China). The energy-dispersive X-ray spec-
trum (EDS) were recorded on an S-4300 (JEOL, Japan) electron
microscope, operating at 120 kV. Fluorometric measurements were car-
ried out by a HITACHI F-4600 spectrofluorophotometer (JEOL, Japan).

2.4. Mechanism detection

We presume that the nature of peroxidase-like activities of the Ag,S-
MMT nanocomposites may originate from their catalytic ability to de-
compose H,0, into ‘OH radicals. Therefore, a fluorometric method is
used to measure the -OH radicals using terephthalic acid as a probe.
The typical experimental procedure is as follows: H,0, (10 mM),
terephthalic acid (0.5 mM) and the Ag,S-MMT nanocomposites with
different concentrations were incubated in acetate buffer (pH 3.8) at
40 °C for 20 min. After centrifugation, the solutions were used for fluo-
rometric measurement.

2.5. Optimization

The peroxidase-like activity of the as-prepared Ag,S-MMT nano-
composites and pure Ca-montmorillonite was tested by the catalytic ox-
idation of peroxidase substrate TVMB in the presence of H,0-. A typical
experiment was carried out by using Ag,S-MMT nanocomposites in a
reaction volume of 2.0 mL with 1 mM TMB and 0.25 M H,0, as sub-
strates at room temperature. The blue solutions appeared along with
the reaction proceeding were monitored in time scan mode at 652 nm
using a spectrophotometer. The influences of the pH value
(1.70-10.57), temperature (25-65 °C) and the various concentration
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Fig. 1. XRD patterns of: pure Ag,S (A); (a) pure MMT, (b) 0.5Ag>S-MMT, (c) 1Ag>S-MMT, (d) 2Ag,S-MMT (B).
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Fig. 2. TEM images of as-prepared Ag,S-MMT (A), the HRTEM image of Ag,S NPs (B).

of H,0, were also investigated to evaluate the peroxidase-like activity of
Ag,S-MMT nanocomposites.

2.6. Kinetic analysis

The reaction kinetic measurements were carried out in time course
mode by monitoring the absorbance variation at 652 nm [63]. The ex-
periments were carried out with 200 pL of Ag,S-MMT nanocomposites
(0.07 mg-mL~ ") or pure MMT in 1.4 mL buffer (HAc-NaAc, pH 3.8) in
the presence of 25 mM H,0,, using TMB as the substrate. Similarly,
when H,0, was used as the substrate, catalytic experiments were per-
formed using 200 pL of Ag,S-MMT nanocomposites (0.07 mg-mL™!)
or pure MMT, 200 pL of TMB (0.1 mM) together with tuning the concen-
tration of H,0, in 1.4 mL HAc-NaAc buffer solution (pH 3.8), keeping a
total reaction volume of 2 mL. The concentration of H,0, was tuned to
10, 20, 40, 60, 80, 100, 125 mM for Ag,S-MMT nanocomposites and
10, 20, 40, 60, 80, 100, 125, 250 mM for pure MMT, respectively. The
Michaelis-Menten constant was calculated according to the
Michaelis-Menten eqn (1): v = Vinax [S]/(Kw + [S]), where v is the ini-
tial velocity, [S] is the concentration of substrate, K, is the Michaelis
constant and V. is the maximal velocity.

2.7. Detection limit (DL)

A typical colorimetric analysis was realized as follows: 200 pL of TMB
(0.25 mM), 200 piL of Ag,S-MMT nanocomposites (0.07 mg-mL™ "), and
200 pL of H,0, with various concentrations were added into 1.4 mL of
HAc-NaAc buffer (0.026 M, pH 3.8). Then, the mixed solution was
used for absorption spectroscopy measurement in time course mode.

Fig. 3. Energy-dispersive X-ray spectra of Ag,S-MMT nanocomposites.

3. Results and discussion
3.1. Synthesis and characterization of Ag,S-MMT nanocomposites

The Ag,S-MMT nanocomposites were prepared by a simple method.
The crystallinity and phase purities of Ag,S-MMT nanocomposites to-
gether with pure Ca-montmorillonite were examined by the powder
X-ray diffraction (XRD) technique. The XRD patterns of the Ag,S-MMT
nanocomposites, Ca>"-MMT (Fig. 1A) and pure Ag,S (Fig. 1B) are
shown in Fig. 1. The diffraction peaks of pure Ag,S show a good match
with Ag,S (JCPDS 14-0072), indicating that the prepared Ag,S
nanomaterials have a monoclinic structure with refined lattice parame-
ters of a = 4.229, b = 6.931, and ¢ = 7.862 A. These data represent the
high crystallinity and fine purity of Ag,S. As shown in Fig. 1B, the diffrac-
tion peaks at 26 = 40.74°, 43.38° and 46.22° are characteristic for the
monoclinic Ag,S crystal phase. Moreover, the intensity of these peaks
becomes stronger with the increasing amount of the added Ag(NOs).
The stronger and sharper diffraction peaks of Ag,S suggest that the
more amount of Ag(NO3) added, the more Ag,S crystallites produced.

The morphology and size of the obtained Ag,S-MMT nanocompos-
ites were characterized by TEM and SEM, shown in Fig. 2 and Fig. S1
(Supporting information). Typical TEM image in Fig. 2A shows that
the Ag,S nanoparticles with the average diameter of ca. 10 nm were dis-
persed on the surfaces of MMT. Fig. 2B shows the HRTEM image of Ag,S
nanoparticles deposited on montmorillonite (Fig. 2A) which displays
clear image of lattice fringes. The interlayer spacings are ca.
0.2205 nm, 0.2031 nm and 0.1955 nm, corresponding to the (031),
(200) and (—123) crystal planes of monoclinic Ag,S, respectively.
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Fig. 4. UV-vis absorption spectra of (a) H,O, + TMB (b) Ag,S + H,0, + TMB (c) Ag,S-
MMT + TMB (d) MMT + H,0, + TMB (e) Ag>S-MMT + H,0, + TMB.



112 Q. Liu et al. / Materials Science and Engineering C 65 (2016) 109-115

0.30]
g
£ 025 )
ol
w; I
2, 0.20]
[*]
=
£ 015
£
=
2 0.10
= -
0.05- g
1 2 3 4 5 6 71 8 9

0.32

0.30
0.28
0.26
0.244
0.22
0.20
0.18

Absorbance (652nm)

0.16

0.14 T T T T
20 30 40 50 60 70

Temperature (°C)

Fig. 5. Dependence of peroxidase-like activity of Ag,S-MMT nanocomposites (square) and pure MMT (circle) on (A) pH, and (B) temperature.

Fig. 3 displays the energy-dispersive X-ray spectrum (EDS) of Ag,S-
MMT nanocomposites, the dominant peaks of O and Si are due to the
MMT. Furthermore, EDS shows the co-existence of Ag and S elements
on MMT with the atomic ratio of Ag to S of 10.68:5.31, which is close
to the stoichiometric ratio (2:1) of the precursors, strongly suggesting
the presence of Ag,S species in the sample.

3.2. Peroxidase-like activity of Ag>S-MMT nanocomposites

To investigate the peroxidase-like activity of Ag,S-MMT nanocom-
posites and pure MMT, the catalytic oxidation of peroxidase substrate
TMB was tested in the presence of H,0,. The maximum absorbance of
oxTMB is at 652 nm [63]. Fig. 4 shows photographs of different reaction
systems. It can be observed that additional control experiments using
TMB in the absence of Ag,S-MMT composite or H,O, show no obvious
color change, indicating that the two components are required for the
reaction (Fig. 4). It can also be seen that the catalytic activity of Ag,S-
MMT was much higher than that of pure MMT, revealing that an acti-
vated sample of Ag,S-MMT exhibited enhanced peroxidase-like cata-
lytic activity under identical conditions.

3.3. Optimization of the reaction conditions

Similar to natural peroxidases such as HRP, the catalytic activity of
Ag,S-MMT nanocomposites and pure MMT is dependent on pH, tem-
perature and other experimental conditions [36]. Influences of pH and
temperature on the catalytic activity of Ag,S-MMT nanocomposites
and pure MMT were studied through varying the pH (from 1.70 to
8.77) and the temperature (from 25 °C to 70 °C), respectively.

Fig. 5 shows the pH- and temperature-dependent response curves,
respectively. Clearly, the activity of the Ag,S-MMT nanocomposites
was higher than that of pure MMT in the wide range of pH and temper-
ature, respectively. The optimal pH was approximately 3.8 for Ag,S-
MMT nanocomposites and pure MMT, which are similar to that of
Fe30, magnetic nanoparticles [64] and Cgo[C(COOH),], [65]. Thus,
pH 3.8 was adopted as standard conditions for the subsequent analysis
of Ag,S-MMT nanocomposites and pure MMT on catalytic activity. Fur-
thermore, it can be found that the catalytic activity of Ag,S-MMT nano-
composites was much higher in weakly acidic solutions than that in
neutral, indicating that the oxidation reaction of TMB occurred easily

Table 1
Comparison of the apparent Michaelis constant (K;,) and maximum reaction rate (V).
Catalyst Kin [mM] Vimn[1078Ms™']
H,0, TMB H,0, TMB
MMT 3.053 £ 1.055 0.01097 £ 0.002  1.818 £ 0.224 1.797 4+ 0.022
Ag,S-MMT  1.874 £ 0.035 0.00412 4+ 0.0003 2.286 + 0.048 5.27 + 0.008
HRP [36] 3.7 0.434 5.31 13.08

under weakly acidic conditions, which is similar to those of other
nanomaterials [28,29,64] and HRP [63]. From Fig. 5B, it can be seen
that the catalytic activity of the Ag,S-MMT nanocomposites and pure
MMT was always rising with the increase of experimental temperature
while it was not inhibited at a high temperature, indicating that the cat-
alytic activity of the Ag,S-MMT nanocomposites and pure MMT was
more stable at high temperature than that of HRP (Fig. S2, Supporting
information).

3.4. Steady-state kinetics assay

The catalytic activity of the Ag,S-MMT nanocomposites and pure
MMT was further investigated by enzyme kinetics theory methods
with H,0, and TMB as substrates under the optimum conditions [66].
The kinetic data were obtained by varying one substrate concentration
and fixing the other as a constant. A series of initial reaction rates
were calculated based on the double reciprocal of the Michaelis—
Menten equation, 1/vo= Ki/Vinax(1/[S] + 1/Kp) [67]. The Ky, and Vipax,
obtained from Lineweaver-Burk plots were listed in Table 1. As can be
seen from Fig. 6, within a particular range of substrate concentration,
the reaction was consistent with typical Michaelis—-Menten kinetics.
The K, value of the pure MMT with H,0, as the substrate is higher
than that of Ag,S-MMT nanocomposites, which is in accordance with
the result of the maximal activity of the pure MMT obtained in a higher
H,0, concentration. Nevertheless, the K, values of pure MMT with TMB
as the substrate is higher than that of the Ag,S-MMT nanocomposites,
suggesting that pure MMT has a lower affinity for TMB. Further, in com-
parison with that of HRP [36] (Table 1), the pure MMT and Ag,S-MMT
nanocomposites show a lower K, value with H,O, or TMB as the sub-
strate, indicating that pure MMT and Ag,S-MMT nanocomposites have
a better affinity for any substrate than HRP [36].

3.5. Mechanism of peroxidase-like activity of Ag>S-MMT nanocomposites

The peroxidase-like catalytically activated mechanism of Ag;S-MMT
nanocomposites was investigated by using terephthalic acid as a fluo-
rescence probe to evaluate the effects of Ag,S-MMT nanocomposites
on "OH signal intensity. Hydroxyl radicals cannot be detected directly
because of its short lifetime. However, it reacts readily with terephthalic
acid, forming highly fluorescent 2-hydroxyterephthalic acid that can be
identified from fluorescence spectrometer [68]. The fluorescence inten-
sity increased with the addition of Ag,S-MMT nanocomposites (Fig. 7),
suggesting that the amount of generated "OH radicals increased with the
amount of Ag,S-MMT nanocomposites. This indicates that Ag,S-MMT
nanocomposites could catalyze H,0, decomposition into "OH radicals.
Therefore, the nature of peroxidase-like activity of the Ag,S-MMT nano-
composites should originate from “OH radicals generation. However, the
fluorescence intensity of the system decreased with an increasing con-
centration of nanocomposites was due to the competitive relation be-
tween Ag,S-MMT nanocomposites and terephthalic acid in capturing
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kinetic assay (A1, B1, A2, B2). The concentration of TMB-2HCl was 0.1 mM and the H,0, concentration was varied (a1 and b1). The concentration of H,0, was 10 mM and the

TMB-2HCI concentration was varied (a2 and b2).

“OH radicals. The competitive ability of terephthalic acid in "OH radicals
decreased with an increasing concentration of Ag,S-MMT nanocompos-
ites, resulting in the fluorescence intensity decreased.

3.6. Detection of H,0,

A colorimetric method for detection of H,O, was developed on the
basis of the intrinsic catalytic activity of Ag,S-MMT nanocomposites. Be-
cause the absorbance at 652 nm of oxidized TMB is in proportion to the

H,0, concentration, H,0, can be simply detected by the naked eye or
using a UV-vis spectrometer. Fig. 8A shows the time-course dependent
absorbance changes at 652 nm of oxidized TMB in the presence of differ-
ent concentrations of H,0-. Fig. 7B represents the H,0, concentration-
response curves under experimental conditions. The linear range is
from 0.2 mM to 1.2 mM with a detection limit (DL) of
1.916 x 107> mol-L™'. The linear regression equation is A =
0.24313 + 0.10413C (mM) and the correlation coefficient r is 0.9983.
The detection limit is lower than that of previously reported Au@Pt

113
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core-shell na-norods (4.5 x 107> M) [69], indicating that Ag,S-MMT
nanocomposites have better response toward H,0, detection. Mean-
while, the low LOD can agree well with the result that the Ag,S-MMT
nanocomposites have a higher affinity for H,O, in our system. There-
fore, the sensor based on Ag,S-MMT nanocomposites could be suitable
for detection of H,0,

3.7. Application in real sample analysis

To validate the practical application of our proposed colorimetric
method in real sample, the determination of hydrogen peroxide in the
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Fig. 8. (A) Time-dependent absorbance changes at 652 nm of TMB reaction solutions
catalyzed by Ag,S-MMT nanocomposites in the presence of different concentrations of
H,0, at room temperature. (B) A dose-response curve for H,0, detection. Inset: linear
calibration plot for H,0,.

Table 2
Determination of H,0, in milk samples in the presence of Ag,S-MMT.
Milk Detected Added Found Recovery RSD
samples (1M) (M) (1M) (%) (%)
1 No 300.0 2859 95.3 1.87
detection
2 No 500.0 510 102 1.01
detection
3 No 600.0 5914 98.6 0.68
detection

milk samples purchased from the supermarket in Qingdao (China)
was executed under optimal conditions. The milk samples were spiked
with different concentration of hydrogen peroxide (Table 2) and the
analysis of same real sample was repeatedly measured for 6 times. As
listed in Table 2, the comparisons were made between spiked and ob-
tained values, which no significant differences were observed. Accord-
ing to the calibration curve for hydrogen peroxide (Fig. 8B). The
recovery rates are 95.3, 102, 98.6%, respectively. This shows the feasibil-
ity and potential of the method for real sample analysis.

4. Conclusions

In summary, Ag,S-MMT nanocomposites as peroxidase mimetics
were prepared by a simple and green method. The nanocomposites
could catalytically oxide peroxidase substrate TMB in the presence of
H,0, in a short time (only 1 min) and could be observed by the naked
eye. The Ag,S-MMT nanocomposites have demonstrated the brilliant
enhanced peroxidase-like activity compared to pure MMT. The activity
of the Ag,S-MMT nanocomposites are dependent on pH, temperature,
amount of Ag,S-MMT nanocomposites and H,O, concentration, respec-
tively. As a result, a colorimetric detection for H,0, using the nanocom-
posites as catalysts was proposed which can be used for H,0,
determination.
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