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In this study, a simple and novel “off-on” colorimetric sensor for the detection of mercury ion (Hg*") in

aqueous solution was developed. The homogeneous MnO, nanorods as oxidase-like mimetics could
catalyze the oxidation of 3, 3', 5, 5'-tetramethylbenzidine (TMB) into a blue colored cation radical without
the requirement for additional oxidizing agents. Glutathione (GSH) could successfully hinder the cation

radical producing and restore them to colourless TMB molecules. Hg*" had a strong affinity to thiolated

compounds. If GSH and Hg*" were pre-incubated, the solution would be recovered to blue colored

solution in the presence of MnO, nanorods. Based on this phenomenon, a simple and rapid colorimetric

path for the sensing of Hg”" was developed. A good linear relationship could be obtained from 0.1 to 8.0
puM. The limit of detection was estimated to be 0.08 uM. The proposed method was successfully applied
for the determination of Hg®" in real water samples with recoveries ranging from 82% to 114%. And this

method was allowed for the monitoring of Hg*" directly with naked eyes.

1. Introduction

The monitoring of toxic metal ions in aquatic ecosystems is an
important issue owing to its adverse effect on human health and
the environment.' Mercury (II) ion (Hg*") is recognized as one of
the most toxic metal ions in the world, and it mainly release to the
atmosphere from power plants, burning fossil fuels, and solid
waste incineration.” This pollutant is a recognized hazardous
contaminant that accumulates in living organisms. Exposure to
low levels of Hg*", mostly from natural waters, humans can be
severely harmed and suffered from brain, heart, kidney, lung, and
immune system.® Therefore, it is necessary to develop a facile
and rapid method for monitoring of trace levels of Hg®" in
environmental samples with good sensitivity.

There are various classical methods have been developed for the
determination of Hg*", including cold vapor atomic absorption
spectroscopy,’ cold vapor generation inductively coupled plasma
mass  spectrometry,” chemiluminescence,® electrochemical,’
chromatographic® and fluorometric methods.” These methods
exhibited sensitive and very specific, but required complicated,
time-consuming sample preparation and treatments, and
expensive, sophisticated instruments that limit their further
applications. Colorimetric detection would be a more desirable

method due to its low cost, simple and rapid detection procedures.

Because the changes of colour can be seen by the naked eyes,
colorimetric sensing does not require expensive or complicated
instrumentation and can be applied to field analysis.'’ In
particularly, enzyme-like nanomaterials-based sensors have
already emerged as an important colorimetric tool due to their
high catalytic properties, stability, low cost, relatively simple
preparation and storage.'" Therefore, they with a wide range of
practical applications are becoming a significant field for
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different intentions.'” Recently, several studies have been
reported for the colorimetric detection of Hg®' in aqueous
solution by exploiting the peroxidase mimetic property.'*'® For
instance, Huang et al."’ developed a sensitive label-free
colorimetric method for Hg®* based on mercury-stimulated
peroxidase mimetic activity of gold nanoparticles. Wang et al.'
proposed a high-throughput colorimetric assay for Hg*" in blood
and wastewater based on the mercury-stimulated catalytic activity
of small silver nanoparticles in a temperature-switchable gelatin
matrix. Mohammadpour et al."> reported a label free on-off
colorimetric sensor for Hg”* determination based on carbon
nanodots as enzyme mimics. Fu et al.'é designed a BSA-stabilized
Pt nanozyme for colorimetric detection of Hg®* ions in aqueous
solution. Although these methods are sensitive and selective for
Hg®" determination, they usually require an additional destructive
and unstable H,0, as oxidant. In contrast, oxidase mimetics could
oxidize substrates using oxygen as a green oxidant without the
need of H,0,. Wu et al.!” used Au@Pt nanorod oxidase mimics
for visual detection of Hg?" without the need of H,O,. Wang et
al."® developed a simple and fast colorimetric detection of Hg>"
based on the oxidase-like activity of citrate-capped silver
nanoparticles.

Recently, manganese dioxide (MnO,) has attracted considerable
attention due to low cost, high activity/stability, nontoxicity and
abundant availability.'**' In 2012, Zhang et al.** found that MnO,
nanomaterials possessed an oxidase-like activity. Afterward, Lv
et al.” reported that BSA-MnO, nanoparticles exhibited high
oxidase-like activities. What's more, they used BSA-MnO,
nanoparticles as oxidase-like mimetics for colorimetric detection
of glutathione (GSH) in human blood serum based on the
reduction of oxidized TMB.** More recently, we prepared
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magnetic core—shell nanoflower Fe;O4@MnO, as reusable
oxidase mimetics for colorimetric detection of phenol. ° These
findings would be open up a new field for MnO, applications. To
the best of our knowledge, no studies on exploration of oxidase-
like activity of MnO, for colorimetric detection of Hg*" have been
reported so far.

Herein, we developed novel MnO, nanorods as oxidase-like
mimetic by reducing MnO, with reductants. We used
homogeneous MnO, nanorods to catalyze the oxidation reaction
of TMB without the requirement for additional oxidizing agents.
Once TMB was oxidation, a blue colored cation radical was
generated. GSH could successfully cause a decrease cation
radical generation by means of its strong radical restoration
ability. Inspired by this, we designed a simple and rapid “off-on”
colorimetric sensor for Hg*" in aqueous solution based on the
strong affinity between thiolated compounds and Hg**. The turn
on sensing mode in here maybe reduce back ground signals and
improve the system sensitivity.

2. Experimental
2.1. Materials

All chemicals are obtained from commercial source and used
without further purification. Unless otherwise stated, all
chemicals are of analytical reagent grade. Sodium acetate (NaAc),
acetic acid (HAc) and potassium permanganate (KMnO,) were
purchased from Shantou Xilong Chemical Factory (Guangdong,
China). TMB and GSH were obtained from Sigma-Aldrich
(USA). Ultrapure water (18.2 MQ cm) was produced by a
Millipore purification system (Bedford, MA, USA) and used to
prepare all aqueous solutions.

2.2. Apparatus

Absorption spectra were recorded on a model Cary 60
spectrophotometer ~ (Agilent, USA). Scanning electron
microscopy (SEM) was carried out using a FEI Quanta 200 FEG
SEM (Philips, Netherlands). X-ray diffraction (XRD) patterns
of the samples were recorded on a X’Pert PRO
diffractometer (PANalytical, The Netherlands) with Cu Ka
radiation (A=0.15418 nm).

2.3. Preparation of MnO, nanorods

The MnO, nanorods were synthesized by a chemical reduction
method. 50 mg KMnO, was added to a 25 mL beaker containing
5 mL ultrapure water. Then, 50 uL 30% H,O, and 50 pL 40%
hydrazine hydrate were added and the solution was stirred
vigorously for Smin by the magnetic stirrer. A brown colloid was
observed. After the obtained emulsion standing for a moment, the
supernatant was removed, and washed for five times with
ultrapure water to remove the unreacted reagent.

2.4. Detection of mercury ion

The detection of Hg?" was performed according to the following
steps: at room temperature, 100 pL 400 uM GSH and different
concentrations of Hg** solutions were added in 1 mL of 0.2 M
NaAc-HAc buffer solution (pH 4.5). After 5 min of incubation,
120 uL 1.0 mM TMB and 120 pL 0.19 mg/mL MnO,were added.
The mixtures were finally diluted to 2 mL using ultrapure water
and incubated for another 10 min at 25°C. Finally, a model Cary

ss 60 spectrophotometer was applied to determine the absorption
spectra of the solutions.

2.5. Analysis of real samples

Pool water and Li River water samples were analyzed as the real
samples without any filtration and treatments. 20 mL the pool
¢ water and 20 mL Li River water samples were respectively
diluted by acetate buffer (pH =4.5, 0.4 M) to 40 mL. 2.5 mL of
these solutions were added to 5 mL the centrifugal tube, 100 puL
of 600 pM GSH and different concentrations of Hg>" solutions
were spiked. After 5 min of incubation, 120 pL of 1.5 mM TMB
s and 180 pL of 0.19 mg/mL MnO, were added. The final volume
was 3 mL and incubated for another 10 min at 25°C. The mixed
solutions were analyzed with the proposed method and obtained
the percent recovery values.

3. Results and discussions

70 3.1. Investigation the oxidase- like activity of MnO, nanorods

In order to improve the dispersity of as-prepared MnO, nanorods
in aqueous solution, the nanorods were sonicated for 10 min. The
results showed that MnO,nanorods had good water dispersibility
after sonication (Fig.la, b). The as-synthesized samples were
studied by scanning electron microscopy (SEM) images (Fig.1c,

)
P

Fig. 1 The dispersion of as-prepared MnO, nanorods without sonication (a)
and with (b) standing for 35 min after sonication. The SEM images of the
as-prepared MnO; nanorods (c, d).
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Fig. 2 The XRD patterns of as-prepared MnO, nanorods
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1 . . .
> d), which present rod-like morphology for MnO,. The diameter
3 was about 15-25 nm and the length was about 100-200 nm of .
4 these nanorods. The small size could benefit for the MnO, ’ _a
5 nanorods dispersed in water and with high catalytic performance o b
6 s of MnO, nanorods as an oxidase mimic. The MnO, nanorods 081 —c¢
stored in water at room temperature also showed a very good 0.71
7 stability. The phase and crystallographic structure of as-prepared g 064
8 MnO,; nanorods were determined by powder XRD. As shown in -§ 0.5
i 0 Fig. 2, the diffraction peaks can be well indexed with MnO, —:? 04+
10 (JCPDS card no. 39-0375). 0.3+
11 The oxidase-like catalytic activity of MnO, nanorods were 0.2
12 investigated by colorimetric tests with the TMB substrate. When 0.1-—_//_\_—/
13 TMB or MnQO, nanorods were added in acetate buffer, we can 0.0 : : : : ;
14 observe that there were not absorption peaks at 370 nm and 500 330 600 650 700 750 800
15 15 652nm. However, upon putting MnO, nanorods, the TMB Wavelength(nm)
16 solution changed from colorless to a typical blue color and _ _
i; appeared two absorption peaks at 370 nm and 652 nm. These f/;§04 ;ﬂfét;s‘l‘{’?;)lm_};}[’;m&gfotheéscg?ﬁ(}";{fgf(lg)th;hﬁrgs:igm’igl\g’
. . N ) , , >, , > (C).
19 res.ults 11.1d1cated that MpOz nanorods exhibited an intrinsic 45 Tnset is the corresponding of the three samples color.
oxidase-like catalysis ability to transform TMB to a blue colored
20 20 product in the absence of H,0, (Fig. 3). shown in Fig. 5. It was found that they exhibited different colour.
21 At 652 nm, the first one's absorbance was 0.555; the other was
22 0.354. The obtained results indicated that the O, in the solution
23 L0 effected the reaction, which is similar to some nanoparticles-
24 a—— TMB s0 based oxidase mimics reported.”* ** However, the background is
25 08 b——Mn0, quite high when O, was displaced by N,, indicating that MnO,
26 . ¢~ TMB+ MnO, nanorods still showed catalytic ability. This catalytic activity after
27 bubbling with high purity N, could be attributed to chemisorbed
28 g 0O,, which probably existed on the surface of MnO, nanorods due
29 g ss to larger surface energy of nanomaterials.?” Thus, the reaction of
30 ;'? the oxidase-like activity of MnO, nanorods can be described by
31 the equation in Fig. 6b (1). We designed an “off-on” strategy in
32 this work to detect the Hg?". Tt was depicted in Fig. 6. The sensor
33 is in the “off” state in the presence of GSH, which could restore
34 00 a0 s0 | e0 | 0 so0 o the blue TMB cation radicals to original colorless TMB
35 Wavelength (nm) molecules by its thiol functionality. This result was similar to
36 some reported reactions,'>***” the reaction equation was shown
37 Fig. 3 The absorption spectra of the acetate buffer in the presence of TMB
gg (a), MnO, (b), TMB and MnO; (c).
40 3.2. Colorimetric mechanism of the Hg”* determination 1o
41 »s At room temperature, the generation of the blue colored TMB 0.8
42 cation radical was monitored spectrophotometrically at 652 nm
43 for the cases of MnO, nanorods, MnO, nanorods/GSH and MnO, S 06-
44 nanorods/GSH/Hg*" systems. The color of the three kinds of g
45 reaction solution and the ultraviolet visible absorption 2 044
46 30 spectroscopy were shown in Fig. 4. These results revealed that <
a7 when GSH was added in the deep blue color solution, the solution 02
48 faded quickly with the absorption intensity decreasing. '
49 Interestingly, if we added GSH and Hg”" pre-incubated for 5 min, 00
50 the light blue solution would turn back to blue solution and the ' 400 600 800
51 35 absorption spectroscopy also recovered. In the reaction system, Wavelength(nm)
52 no oxidants were employed, so we supposed that the dissolved O,
53 might be the oxidant. In order to study whether the dissolved O,
54 played a role in the catalytic oxidation, we conducted two sets of
55 experiments. The first one was made in the presence of O,. The Eig. 5 The absorption spectra of the reactioq in the presence of air (red
. . . . . . line), N, (black line). Inset is the corresponding of the two samples’
56 40 other was bubbling with high purity nitrogen (N;). The absorption photograph.
57 spectra and the corresponding photograph were
58
59
60
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C O 2GSH+Hg? — 3 GSHe-SG+2H' (1)

ZHzNNl ht 0,4 4H MnO, nanorods szf‘\?T?" b+ 2H0 (2)
Fig. 6 An off-on process for Hg* detection use colorimetric method.

in Fig. 6b. However, the sensor is in the “on” state in the absence
s of GSH due to the catalytic of oxidation process of TMB by
MnO, nanorods. Upon adding Hg*" in the system of GSH/MnO,
nanorods/TMB, the deep blue solution was emerged. And the
colorimetric signal was recovered obviously due to the strong
affinity between Hg?" and GSH. This phenomenon was believed
10 to be due to the Hg*'~thiol complexes, which had high stability
constants®™ %°, and the reaction equation was shown in Fig. 6c.

3.3. Optimization of experimental conditions.

Additional assay parameters were evaluated to further optimize
the experimental protocol. MnO, nanorods are similar to other
1s nanomaterials-based oxidase and peroxidase mimetics, the
catalytic activity of MnO, nanorods is also dependent on pH of
reaction buffer and the incubation temperature. In order to obtain
the optimization of the catalytic activity of the as-prepared MnO,
nanorods, the incubation time and the concentrations of TMB
20 were also investigated in this study as influencing factors. Mixed
GSH and Hg*" were pre-incubated for 5 min to ensure a

104 b
0454 a .
80
040 = .

025

Relative activity (%)
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2 4 6 & b on 3035 40 45 50 55 60
/(i) oH

100 —
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25 0 e 0 45 P 20 30 40 50 60 0 80

Temperature ('C) Concentration of TMB (1 My

Fig. 7 The affection of incubation time (a), the solution of the pH values
25 (b), temperature (c), concentration of the TMB (d).

completed reaction. Then these conditions were investigated. The
results were illustrated in Fig. 7a. The relative activity increased
with the increase of incubation time up to 10 min, where the
maximum relative activity was reached. Further increasing of
30 incubation time did not resulted in an increase in absorbance.
Therefore, the incubation time was chose at 10 min for a
maximum relative activity. As we all know that the pH is an
important study condition in catalytic reaction, so the effect of the
pH values was investigated. As shown in Fig.7b, the relative
35 activity first increased and then decreased with increasing pH
value. The maximum relative activity was obtained when the pH
value was 4.5. Therefore, the reaction solution was buffered at
4.5 for a maximum enhanced relative activity signal. The effect
of reaction temperature on relative activity was shown in Fig. 7c.
40 It can be seen that relative activity decreases with increasing
temperature from 25°C to 50°C. Hence, room temperature (25°C)
was taken as the suitable temperature. It can be seen from Fig. 7d
that the relative activity increased with increasing the
concentration of TMB. When the concentration of TMB was over
45 60 uM, the relative activity was constant. The results showed that
the suitable concentration of TMB was 60 uM.

Absorbance

0.0 T T T T T
500 550 600 650 700 750 800

Wavelength (nm)

0.40

0.35 b
Y =0.0062 + 0.04848 * X.

030
R2=0.996

0.25
0.20

A A

0.15
0.10
0.05
0.00

0 2 4 6 8

The concentration Hg2Jr (uM)

Fig. 8 The effect of Hg*" on the absorption spectra in the

so TMB/MnO,/GSH system (a), linear calibration plot for Hg** detection,
where AA = A ng+ 6520mAplank.6520m), (D). Inset: Color changes of
TMB/MnOy/GSH system with different concentration of Hg*".

3.4. Colorimetric assay for Hg?* determination
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25 3.5. The effects of foreign substances.

To determine the selectivity of the proposed colorimetric
method, the effect of coexisting substances on the detection of 8.0
uM Hg”" was studied under the optimized conditions (GSH, 20
M) and mixed ions solution or standard Hg*" solution were pre-
incubated for 5 min, Then TMB (60 uM) and MnO, (11.4 pg/mL)
was added in 0.2 M acetate buffer solution (pH 4.5) containing
coexisting substances, and the obtained mixed solution was
incubated at room temperature for 10 min. The final
concentrations of coexisting substances including Cd*", Mg*",
s APPY, Fe*', Pb?", Co?", Ca®", NH*, Ni**, Zn?", Cr’*and Ag" were
all 8.0 uM. As shown in Fig. 9, these coexisting substances did
not influenced on the determination of Hg”" and demonstrated the
high selectivity of the TMB/MnO, nanorods/ GSH system for
Hg?" detection. Therefore, this system would be used to detect
Hg’" in real samples.

w
=3

4

=3

Table 2 Results for the determination of the mercury ion in two kinds of
water samples

Original

Added Recovery RSD (%)
Sample aa;)\;[l;lt (M) Found (uM) (%) (n=3)
0.5 041 82 0.44
Pool - N 2.0 2.02 101 25
4.0 4.28 107 0.67
LiRiver  N.D. 0.5 0455 o1 14
water 2.0 2.16 108 0.49
4.0 4.56 114 0.57

“N.D.,not detected

3.6. Detection of Hg?" in real samples.

45 In order to illustrate the feasibility of the proposed method, it
was used to determine Hg®" in real samples under the optimal
experimental conditions. The results were listed in Table 2. The
recovery values of the two samples ranged from 82% to 114%.
Hence, this simple and rapid colorimetric method can be
considered a useful means for Hg** determination in real samples.

93
=]

4. Conclusion

In summary, a simple, rapid and sensitive colorimetric method
was developed for Hg?* determination based on “off - on”
sensing of colourless TMB molecular recovery to the blue colour

ss TMB cation radicals. In this sensing system MnO, nanorods was
prepared and used as oxidase-like mimetic catalytic oxidation of
TMB in absence of H,O,. The catalytic reaction was fast and the
colour change of the reaction system is obviously visible by our
naked eyes. The proposed method also has a good linear
relationship, the limit of detection and recovery values.
Therefore, this novel “off-on” colorimetric method opens up a
new possibility for monitoring trace levels of Hg®" in water
sample.
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1 . .
2 Under the optimum conditions, the changed of the absorbance at
3 652 nm with different concentration of Hg?*were investigated. As
4 it was shown in Fig. 8a, we can observe that the light blue
5 solution become more and more deep and the absorbance values
6 sat 652 nm gradually increase with the increasing of Hg”'
concentration from 0.1uM to 8.0 uM. Fig. 8b showed that a good
7 n n g g
8 linear relationship was obtained between the absorbance and the
9 Hg’concentration in the range from 0.1 puM to 8.0 uM (R’=
10 0.996), and the limit of detection of Hg*" was evaluated as 0.08
1 10 kWM. Compared with other nanomaterial-based colorimetric
12 detection methods for Hg?*, the proposed colorimetric method
13 showed a very comparable detection limit (Table 1). In addition,
14 the proposed precise method was calculated by the formula: S/N=
15 (averagegmplc averagepian) / SDpun)- And the sample
15 concentrations consistent with 3 < S/N <5 conditions was defined
i? as limit of detection™®.
18
19 Table 1 Comparison of different nanoparticle-based colorimetric methods
20 for Hg®* detection.
g;‘ Method Linear range Deltiiiﬁon References
23 ““r‘f‘a‘r’i‘ﬂ;fi;g:er 10-100 yM 2.2 uM 30
24 P
25 Bovine serum albumin-Au 10AM-10 M 3nM 3
26 clusters
27 peroxidase-like activity of
28 graphene oxide—gold 0-50 uM 300 nM 32
29 nanohybrids
30 unmodified gold 0.39-8.89 uM 200 nM 33
31 nanoparticle
32 gold nanorods embedded in
33 a functionalized silicate sol— 1-7 uM 317 naM 34
34 gel matrix
gg gold nanoparticles 0.01-5 pM 8§ nM 35
37 MnO, nanorods 0.1-8.0 uM  0.08 uM  This work
38 “
20
39
40
41
42
43 1004
44
45 . 804
£
46 ol
47 N/
48 g] 40
49 )
50 T 204
51 %
04
52 cd M PRSP Cot 2t o2 gp e 3t gy 2
53 g Al Fe” Pbh”"Co™ Cd’ NH, Ni" zp"*Cr Ag Hg
54
55
56 Fig. 9 AA response of TMB, MnO, and GSH mixed solution to blank and
1fferent common 10ns 1n the presence o g U . e other 1ons
57 diff ions in th f Hg™ (8.0 uM). The other i
58 add also 8uM. Relative AA = (AAwu—AAng+)/AAyg:
59
60
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