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Molybdenum dichalcogenides MoX, (X = S, Se) have been found to possess intrinsic peroxidase-like activity.
However, molybdenum oxides (MoO-) as peroxidase mimetics have not been exploited yet. Herein, MoO, nano-
particles were synthesized by a simple hydrothermal method and found to possess the peroxidase-like activity
for the first time. MoO, nanoparticles could catalyze the oxidation of 3,3’,5,5'-tetrametylbenzidine (TMB) by
H,0, to produce a blue-color product (0xTMB). The catalytic property and mechanism were investigated by
Keywords: stead-state kinetics experiment and free radicals scavenging experiment, respectively. Acetylcholinesterase
MoO, (AChE) could catalyze the hydrolysis of acetylthiocholine chloride (ATCh) into thiocholine (TCh), which could re-
duce oxTMB to decrease the absorbance in solution. In the presence of AChE inhibitor tacrine, the generation of
TCh was inhibited and the absorbance was preserved. Based on these properties, a colorimetric assay method was
developed for AChE inhibitor tacrine. This work not only broadens the application of the peroxidase mimetics,
but also overcome the disadvantages of traditional methods such as expensive, complex and vulnerable to back-
ground interference for colorimetric assay of AChE inhibitor.
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1. Introduction

Alzheimer's disease (AD) is one of the most common neurodegener-
ative diseases among the elderly people. Acetylcholinesterase (AChE)
inhibitors are the cornerstone for the treatment of AD [1]. The inhibitors
such as tacrine, donepezil have been approved for the treatment of AD
symptom. To search new inhibitors for the development of AD's drug
from natural products, a rapid and accurate assay method for AChE in-
hibitor is necessary. The traditional assay method based on Ellman's re-
agent is limited by low sensitivity and false-positive effects [2]. There
are many alternative methods used to assay AChE inhibitor such as
thin layer chromatography (TLC) [3], high performance liquid
chromatography-electrospray quadrupole time of flight mass (HPLC-
ESI-Q-TOF/MS) [4], electrochemical [5] and fluorescent methods
[6-10]. However, these methods require complex operation process or
may result in a false-positive effect. Thus, it is highly desired to develop
a simple and sensitive assay method for AChE inhibitor.

Since Fe304 magnetic nanoparticles (NPs) was first reported as per-
oxidase mimetics in 2007 [11], nanozymes have been attracted wide at-
tention owing to their advantages of high stability, low cost and good
catalytic activity as compared with natural enzymes. Today, intrinsic
peroxidase activity has been found in many nanomaterials, such as
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gold NPs [12,13], AgM bimetallic alloy nanostructures (M = Au, Pd,
Pt) [14], V205 nanowires [15], Co304 NPs [16], ZnFe,04 NPs [17], WS,
nanosheets [18], graphene dots [19], MoS, nanosheets [20], graphitic
carbon nitrides (g-CsN4) [21], graphene oxide [22], metal-organic
framework [23,24], MoSe, nanosheets [25] and so on. Taking advantage
of colorimetric method such as simplicity, low cost, and visual observa-
tion by naked eyes, peroxidase mimetics have been applied for the col-
orimetric detection of hydrogen peroxide (H,0;) [12,16,19,23,25],
glucose [12,16-22,24], ascorbic acid [14,23], xanthine [13,25], organo-
phosphorus pesticides [26] and so on. However, to the best of our
knowledge, the application of peroxidase mimetics for colorimetric
assay of AChE inhibitor has rarely been studied. Only Prussian blue
nanocubes peroxidase mimetic has been reported for colorimetric
screening AChE inhibitor using neostigmine as an inhibitor model
[27]. The application of peroxidase mimetics-based colorimetric assay
of AChE inhibitor is in its infancy.

MoO, has been extensively researched in the field of energy storage
and considered as a promising anode electrode material for lithium bat-
teries [28]. As transition metal oxides, MoO, has similar electrochemical
properties with molybdenum dichalcogenides MoX; (X = S, Se). It has
been reported that both MoS, and MoSe, nanomaterials possessed in-
trinsic peroxidase-like activity and showed higher affinity to H,0,
than HRP [20,25]. For oxygen element belongs to the same main
group with sulphur and selenium elements, it is reasonable to infer
that MoO, nanomaterials may also possess the peroxidase-like activity.
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Nevertheless, peroxidase-like activity of MoO, nanomaterials has not
been exploited to this day.

Herein, we reported for the first time that MoO, NPs possessed an
intrinsic peroxidase-like activity and showed a higher affinity to H,0,
than MoSe, nanosheets. The peroxidase substrate 3,3',5,5'-
tetrametylbenzidine (TMB) could be catalytically oxidized into a blue-
color product oxTMB to produce obvious color change in the presence
of Hy0, and MoO,, NPs. Furthermore, a colorimetric assay of AChE inhib-
itor was further designed by taking advantage of the peroxidase-like ac-
tivity of MoO, NPs (Scheme 1). Acetylthiocholine chloride (ATCh) was
employed as the substrate of AChE. ATCh was catalytically hydrolyzed
by AChE into a reducing product thiocholine (TCh) which could reduce
oxTMB, resulting in the fading of solution color. It is well-known that
many substances such as heavy metals, organophosphorus pesticides,
carbamates, etc. can inhibit the activity of AChE in a reversible or irre-
versible manner [29]. Herein, tacrine, the first drug registered for treat-
ment of AD [30], was used as a model inhibitor of AChE. The inhibitor
could inhibit the activity of AChE and retard the fading of solution
color. Therefore, a colorimetric assay of AChE inhibitor tacrine based
on peroxidase mimetics was proposed for the first time.

2. Experimental section
2.1. Chemicals and materials

H,0, and thiourea were purchased from Sinopharm chemical re-
agent Co. Ltd. (China). TMB and superoxide dismutase (SOD) were ob-
tained from Shanghai Sangon biological engineering technology and
service Co., Ltd. (China). 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonicacid) diammonium salt (ABTS) was bought from Bio Basic Inc.
(Ontario, Canada). o-phenylenediamine (OPD) was bought from Fu-
zhou DingGuo Biotechnology Co. Ltd. (China). NaN3 was purchased
from Tianjin Fuchen chemical reagents Co. Ltd. (China). Vitamin C
(VC) was purchased from Xi'an chemical reagents factory (China).
AChE, ATCh, tacrine, and molybdenyl acetylacetonate (MA) were
bought from Sigma. Other chemicals were analytical grade. Experimen-
tal water was purified by a Millipore Milli-Q purification system with
the resistivity 18.2 MQ-cm.

2.2. Characterization

X-ray diffraction (XRD) pattern was recorded by a powder X-ray dif-
fractometer (Thermo, USA). Transmission electron microscope image
was measured by a HT7700 (Hitachi, Japan) transmission electron mi-
croscope. X-ray photoelectron spectrum (XPS) was recorded by an
ESCALAB 250 X-ray photoelectron spectrometer (VG, USA). The absorp-
tion spectrum of solution was recorded by a Lamda 750 UV-vis-NIR
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spectrometer (PE, USA). Raman spectrum was detected by an inVia
Raman spectroscope (Renishaw, UK).

2.3. Preparation of MoO, NPs

0.1 g MA was dissolved in the mixed solvent composed of 41 mL
water and 9 mL ethanol. After stirring at room temperature for 1 h,
the solution was moved to a Teflon-lined stainless steel autoclave and
was heated to 180 °C for 20 h. Then, the product was washed for three
times with ethanol and water respectively. Finally, the black powder
was dried in a vacuum oven at 50 °C. MoO, NPs dispersion solution
(256 pg mL™") was prepared by ultrasonic treatment in ultrapure
water.

2.4. Colorimetric detection of H>0,

For the colorimetric detection of H,0,, 200 pL NaAc-HAc buffer
(10 mmol L™, pH 4.0), 50 uL TMB (16 mmol L™'), 50 uL MoO, NPs
(25.6 pg mL~1) and 200 yL H,0, with different concentration were
mixed and incubated at 25 °Cin the dark for 40 min, then the absorption
spectrum (500-800 nm) of the above mixture solution was recorded.

2.5. Colorimetric assay of AChE inhibitor

100 uL. NaAc-HAc (10 mmol L™, pH 4.0) buffer solution, 100 pL H,0,
(400 umol L), 50 uL TMB (16 mmol L™!) and 50 uL MoO, NPs (25.6
pg mL~!) were mixed uniformly and the mixture denoted as solution
A was incubated at 25 °C in the dark for 20 min.

100 pL tacrine with different concentration and 30 puL AChE
(3.5 UmL™") were evenly mixed in 1.5 mL centrifuge tube and incu-
bated at 25 °C in the dark for 30 min. Then, 20 pL ATCh
(10 mmol L=1) and 50 pL NaAc-HAc buffer solution (10 mmol L1,
pH 7.0) were further added into the centrifuge tube. The mixture de-
noted as solution B was incubated under 25 °C in the dark for another
20 min.

Finally, solution A and B were put together and further incubated at
25 °Cin the dark for 30 min. The absorption spectrum (500-800 nm)
was recorded.

3. Result and discussion
3.1. Characterization of MoO» NPs

MoO, NPs were synthesized according to a previous report with a
slight modification [31]. The morphology of MoO, NPs can be observed

by TEM image. As shown in Fig. S1, the as-synthesized MoO, NPs are
rice-like shape with the size about 10-50 nm. The dispersion solution
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Scheme 1. Schematic illustration of colorimetric assay of AChE inhibitor.
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of MoO, NPs showed obvious Tyndall effect under the irradiation of a
red laser beam (inset of Fig. S1). As shown in Fig. 1A, the XRD pattern in-
dicates that all strong diffraction peaks can be indexed as the
monoclinic-phase MoO-, (JCPDS. 78-1069). Raman spectrum (Fig. 1B)
further testifies the monoclinic-phase MoO,. The peaks of Raman spec-
traat 662 cm~ !, 818 cm~! and 991 cm™! are attributed to the Mo—O
bond vibration modes in monoclinic-phase MoO,. The characteristic
peaks at 149 cm™!, 237 cm™ !, 283 cm™ !, 335 cm ™!, 376 cm ™! and
456 cm™ ! can be considered as the phonon vibration [32].

The valence states of Mo atom in MoO, NPs were studied by XPS.
There are five distinct peaks in the survey spectrum (Fig. 1C), including
Mo 3d (230.8eV),C15(285.2eV),Mo3p (396.2 eVand 416.7 eV) and O
15 (530.6 eV). From the core-level XPS of Mo atom in Fig. 1D, 230.1 eV
and 233.4 eV are considered as the peaks of Mo** 3ds, and Mo** 3ds 5,
while 231.9 eV and 235.1 eV correspond to Mo®* 3ds, and Mo®" 3ds,,
[25]. According to the proportion of the peak area of Mo** and Mo® ™, it
can be observed that the content of Mo** is higher that of Mo®™ in the
MoO; NPs sample, indicating that MoO, dominates the sample.

3.2. Peroxidase-like activity of MoO, NPs

TMB was used as the substrate to investigate the peroxidase-like cat-
alytic activity of MoO, NPs. As shown in Fig. 2, the color of TMB solution
almost didn't change in the presence of only H,O, or MoO, NPs. How-
ever, when H,0, and MoO, NPs were both added to the TMB solution,
the color of the mixture was changed to bright blue with an absorption
peak at 652 nm. The similar catalytic oxidation reactions were observed
using ABTS and OPD as the HRP substrates (Fig. S2 and S3). These results
indicated the peroxidase-like activity of MoO, nanoparticles.
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Fig. 2. Absorption spectra of TMB solution in the presence of MoO, NPs (1), H>0, (2),
MoO, NPs and H,0, (3). The inset shows the corresponding photo of the mixture
solution. The concentrations of MoO, NPs, TMB and H,0, were 2.56 ug mL™!,
1.2 mmol L™, and 80 pmol L™, respectively.

3.3. Optimization of reaction conditions

The reaction conditions such as pH, concentration of TMB, reaction
temperature, concentration of MoO, NPs and reaction time were opti-
mized. MoO, NPs showed the highest catalytic activity in pH 4.0 buffer
(Fig. S4A), indicating that weak acidic condition is favorable for the cat-
alytic activity of MoO, NPs. As shown in Fig. S4B and S4C, the absorption
of mixture solution was increased with the increasing concentrations of
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Fig. 1. XRD pattern (A), Raman spectrum (B), XPS survey spectrum (C) and Mo 3d core-level XPS spectrum (D) of as-synthesized MoO, NPs.
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TMB and MoO, NPs and then achieved a platform at 1.6 mmol L~! TMB
and 2.56 pg mL™ " MoO, NPs, respectively. The catalytic activity of MoO,
NPs was increased with the increasing of temperature from 25 °C to 60
°Cand then decreased at higher temperature (Fig. S4D). The absorbance
was also increased with the reaction time and almost reached a maxi-
mal value at 40 min (Fig. S4E). Therefore, the optimal experiment con-
ditions were chosen as following: pH 4.0, reaction temperature 60 °C,
reaction time 40 min and TMB 1.6 mmol L™, and MoO, 2.56 pg mL™".
For the simple and convenience of experiment, the room temperature
25 °C was chose for the following experiments.

3.4. Steady-state kinetic parameters

The peroxidase-like catalytic property of MoO, NPs was further in-
vestigated by steady-state kinetics experiment. The apparent steady-
state kinetic parameters were obtained when the concentration of
TMB or H,0, was fixed and the concentration of another substrate
was changed (Fig. 3A-B). A series of steady-state reaction rates were
measured and plotted by using the Lineweaver-Burk plot (1/v = (Ki/
Vimax) X (1/[S]) + 1/Viax), where v, Ky, Vinax and [S] are the initial reac-
tion rate, Michaelis-Menten constant, maximum reaction rate and con-
centration of substrate, respectively. The K, and V. values of the
catalytic reaction were obtained by the Lineweaver-Burk plot (Fig. 3C-
D). As shown in Table 1, the apparent K, value of MoO, NPs was
more than 250-fold lower than that of HRP with H,0, as the substrate,
implying that the MoO, NPs have a higher affinity for H,O, than HRP
[11]. Furthermore, similar to MoS; nanosheets, MoO, NPs also show a
higher affinity for H,0, than MoSe, nanosheets. However, the apparent
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Table 1
Comparison of the kinetic parameters of MoO, NPs with MoS, nanosheets, MoSe, nano-
sheets and HRP.

Catalysts Substrate Km (mmol L™1) Vinax (Mol L7157 1)
MoO, H,0, 0.0140 0.41 x 1078
TMB 8.85 520 x 1078
MoS, [20] H,0, 0.0116 429 %1078
TMB 0.525 516x 1078
MoSe, [25] H,0, 0.155 0.99 x 1078
TMB 0.014 0.56 x 1078
HRP [11] H,0, 3.7 8.71x 1078
TMB 0.434 10.00 x 1078

K, value with TMB as the substrate was decreased down group 16 chal-
cogens: MoO, > MoS, > MoSe,, which indicated an increasing affinity
for TMB down group 16 chalcogens. As shown in Fig. 3C-D, the catalytic
reaction follows the typical Michaelis-Menten reaction kinetics. The
three straight lines were parallel in Fig. 3C-D, which indicated the
ping-pong mechanism of the catalytic reaction. Namely, similar to
HRP, MoO, NPs as the catalyst firstly binds with the first substrate,
then generates and releases the first product, and then reacts with the
second substrate.

3.5. Investigation of catalytic mechanism
Various free radical scavenging experiments were designed to fur-

ther understand the catalytic mechanism of MoO, NPs. Free radical
scavenger including NaNs for '0, [20], SOD for -05 [20,33], VC for
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Fig. 3. Steady-state kinetic parameters and catalytic mechanism of MoO, NPs (A - D). The catalytic reaction velocity (v) was measured by using MoO, NPs (26 pg mL™!) at 25 °Cin 0.2 mL
NaAc-HAc buffer (10 mmol L™, pH 4.0). The error bar represents the standard deviation obtained from three repeated measurements. (A) catalytic reaction velocity when TMB
concentration was fixed at 0.8 mmol L~! and H,0, concentration was changed; (B) catalytic reaction velocity when H,0, concentration was fixed at 0.02 mmol L' and TMB
concentration was changed; (C, D) Double reciprocal plots of catalytic activity of MoO, NPs when the concentration of one substrate (TMB or H,0,) is fixed while that of the other is

changed.
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Fig. 4. H,0, concentration-response curve using MoO, NPs as peroxidase mimics. The
inset shows the calibration plot for H,0,. The error bars represent the standard
deviation of three measurements.

-OH and -03 [20,33], and thiourea for - OH [20,33] were used in this ex-
periment. As shown in Fig. S5, when NaN; and SOD were added to the
reaction system, the absorbance at 652 nm was not decreased, indicat-
ing that !0, and -05 did not play a key role in the catalytic process.
However, the absorbance at 652 nm was decreased significantly on ad-
dition of VC and thiourea. These results indicated that the oxidation of
TMB was due to -OH generated from the decomposition of H,0,. In ad-
dition, the electrochemical performance of MoO, nanoparticles was
studied by cyclic voltammogram (CV) at different scan rates in a poten-
tial range of —0.8 to 0.5 V versus Ag/AgCl (satd. KCl). As shown on
Fig. S6, the CV curves possessed good symmetry and no redox peaks
were observed. Similar result was observed in previous report [34].
The catalytic MoO, nanoparticles are not based on their redox activity.
Therefore, it was speculated that MoO, NPs could facilitate the electron
transfer between H,0, and TMB and accelerate the decomposition of
H,0, into -OH, which oxidized TMB to produce a blue-color product
oxTMB.

3.6. Colorimetric detection of H;0,

A colorimetric method was designed for the detection of H,0, based
on the peroxidase-like activity of MoO, NPs. The absorbance at 652 nm
was increasing with the concentration of H,0, until H,0O, concentration
reach 800 umol L™ (Fig. 4). The linear range for H,0, detection was be-
tween 1 pmol L~! and 100 pmol L= (R? = 0.9965) (the inset of Fig. 4,)
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and the detection limit was 0.7 umol L™" (30/k). The sensitivity was
comparable to that with MoS, nanosheets and MoSe, nanosheets as
peroxidase mimetics.

3.7. Colorimetric assay of AChE inhibitor

Tacrine is one of AChE inhibitors used to treat AD. Based on the inhi-
bition of AChE activity by tacrine, a colorimetric assay of AChE inhibitor
was further designed. When AChE and ATCh were added to the MoO,
NPs-TMB-H,0; solution, AChE catalyzed the hydrolysis of ATCh to pro-
duce the reducing product TCh, which reduced the blue-color oxTMB to
colorless TMB. However, in the presence of tacrine, the activity of AChE
was inhibited, less TCh was produced and the blue-color of solution was
preserved. The concentrations of AChE and ATCh were optimized. As
shown in Fig. S7 and S8, the absorbance of mixture solution was de-
creased with the increasing concentrations of AChE and ATCh due to
the production of more TCh. Tacking the inhibition efficiency of AChE
into account, 3.5 U mL™! AChE and 10 mmol L™ ATCh were chosen
for colorimetric assay of AChE inhibitor. As shown in Fig. 5A, the higher
the concentration of tacrine added, the higher the absorbance of the so-
lution. Obvious color change could be observed by naked eyes in the
presence of 10 nmol L™ ! of tacrine (Insert of Fig. 5A). The inhibition ef-
ficiency (IE) was defined by the following equation: IE = 100 x (A;
— A)/(Ag — A), where Ag was the absorbance (at 652 nm) of the
MoO, NPs-TMB-H,0- solution in the presence of ATCh, A was the absor-
bance (at 652 nm) of the MoO, NPs-TMB-H,0, solution in the presence
of ATCh and AChE. A; was the absorbance (at 652 nm) of the MoO, NPs-
TMB-H,0, solution in the presence of ATCh, AChE and inhibitor. As
shown in Fig. 5B, the value of IE was increased with the increasing con-
centration of tacrine. The IE was about 95% in the presence of 200
pmol L™! tacrine. There was a linear relation between IE value and tac-
rine concentration over the range from 1.0 nmol L~! to 200 nmol L~!
(R? = 0.9873), and the limit of detection was as low as 0.9 nmol L™".
The ICsq value, which was the inhibitor concentration needed for 50%
inhibition of AChE activity, was calculated to be about 0.32 umol L™,
This result demonstrated that this method could be utilized for colori-
metric assay of AChE inhibitor.

4. Conclusion

In summary, MoO, NPs were prepared and found to possess the
peroxidase-like activity. Based on the peroxidase-like activity of MoO,
NPs, a colorimetric method was developed for H,0,. Furthermore, a
simple, visual and colorimetric assay of AChE inhibitor was designed
using tacrine as a model inhibitor. This method provided a sensitive col-
orimetric detection of tacrine with the limit of detection 0.9 nmol L™,
The color change from colorless to pale blue-color could be

1.04 R
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Fig. 5. (A) UV-vis absorption spectra of MoO, NPs-TMB-H,0, solution on addition of 0.4 mmol L' ATCh, 210 mU mL~" AChE and various concentrations of tacine. (B) Plot of IE of tacine
toward AChE versus the concentration of tacrine. Insert of (A) showed the color of corresponding solution. The concentrations of tacine (from left to right) are 0, 1, 10, 20, 40, 60, 80, 100,
200, 2000, 100,000, 200,000, 1,000,000 (nmol L), respectively. Insert of (B) showed the calibration curve for tacrine.
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discriminated by naked eyes in the presence of as low as 10 nmol L™! of
tacrine. The ICsq value of tacrine for AChE was about 0.32 umol L™, It is
expected that this method can be used for the measurement of AChE ac-
tivity and preliminary screening of AChE inhibitors to discover new
drugs for AD curing.
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