Oxidative properties and utility of fabricated MnSiO; nanoparticles for
colorimetric detection of iron (II) in water samples
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MnSiO; nanoparticles (NPs) were prepared by precipitation method, their structure and composition were characterised by transmission
electron microscopy, electron diffraction spectroscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. Due to the oxidase-like
enzyme activity of MnSiO;, it can catalyse the substrate 3,3',5,5"-tetramethylbenzidine (TMB) in acidic environment to form an oxidised
TMB which has an absorption peak at 652 nm in the absence of hydrogen peroxide. When Fe®" was added to the assay, the oxidase-like
activity of MnSiO; was inhibited, and the intensity of the absorption at 652 nm was reduced. Based on the high oxidase-like activity, a
colorimetric method for Fe*" detection was established, it showed high selectivity and sensitivity. In the optimised conditions, the limit of
detection was 0.5 pM with a linear range from 3 to 63 uM. Moreover, the method was applied to determine Fe*" in spiked water samples

which gave satisfactory recoveries.

1. Introduction: Colorimetric method has been widely accepted
with great potential in portable and inexpensive daily applications
[1]. With the development of this research field, enzyme-mimetic
nanomaterials have been widely used in detecting H,O, [2],
glucose [3]. Compared with natural enzymes, synthetic nanozymes
such as PtCu nanowires [4] are highly stable and low-cost.
Unfortunately, some shortcomings, such as poor reproducibility
and complex preparation process of the nanozymes still need to
be improved.

3,3,5,5"-Tetramethylbenzidine (TMB) is widely used as a
chromogenic substrate in immunohistochemistry, enzyme-linked
immunosorbent assays and other detections [5]. TMB can be
oxidised into different forms of charge-transfer complex in the pres-
ence of peroxidase or oxidase enzymes, generating a yellow, blue or
green colour solution [6]. Although the TMB-H,0,-horseradish
peroxidase (HRP) detection system has been widely used in
analytical detections, it still has disadvantages. For instance,
H,0, is important to the oxidation of TMB, whereas it has a
short-term storage stability and temperature instability, limiting its
practical application. Accordingly, development of H,O,-free
detection systems is highly preferable.

Fe®" plays an important role in biology, industry, and the natural
environment. High level of Fe*" in drinking water may cause
the respiratory tract damage, cough and shortness of breath,
kidney failure, liver damage, skin damage, and even death [7], so
the detection of Fe?" is an important issue. So far, some detection
methods have been reported. Chen et al. designed CePO,: Tb>"
nanocrystal-H,O, hybrid system with synchronous fluorescence
scan technique, providing a fluorimetry method for selective
detection of Fe?" [8]. Compared with those detection methods,
colorimetric method has a better potential for practical applications
for its low-cost and efficient coreactants [9], it is necessary
to explore a method for detecting Fe*" with simple process,
sensitivity, and high selectivity.

In this work, we firstly report the oxidase-like activity of MnSiO3
nanoparticles (NPs), and a sensitive MnSiO; NPs-TMB chromo-
genic system for detection of Fe?" was proposed. MnSiO; catalyses
the oxidation of TMB to generate a typical cyan colour, with the
addition of Fe*", oxidised TMB (oxTMB) is reduced into TMB,
accompanying obviously colour change from blue to colourless.
The detection procedure is illustrated in Fig. 1. In the
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optimised conditions, the sensitivity and selectivity were inves-
tigated. Moreover, the application of this assay for detecting Fe*"
in spiked water samples was investigated.

2. Materials and methods: Manganese acetate (Mn(CH;COO),)
was purchased from MeiXing Chemical Reagent Co. Ltd
(Shanghai, China). Sodium silicate (Na,SiO;) was purchased
from HengXing Chemical Reagent Co. Ltd (Tianjin, China).
Hexadecyl trimethyl ammonium bromide (CTAB), citric acid
(C¢HgO7), and disodium phosphate (Na,HPO,) were purchased
from BoDi Chemical Reagent Co. Ltd (Tianjin, China). 3,3’
5,5'-tetr-amethylbenzidine (TMB) was purchased from JinSui
Chemical Reagent Co. Ltd (Shanghai, China). All the chemicals
were of analytical grade and used as received without any
purification. The solutions were prepared with ultrapure water.

Powder X-ray diffraction (XRD) patterns of MnSiO; were
obtained using a D/MAX-2500/PC diffractometer (Rigaku, Japan)
using Cu-Ko radiation. UV—visible absorption spectra (UV-Vis)
were recorded on a Hitachi U-3900H UV-Vis spectrophotometer
at room temperature. The surface elemental composition and oxida-
tion state of the products were obtained by a Thermo-ESCALAB
250XI (Thermo, USA) instrument with non-monochromated
Al-Kao radiation. A FEI Tecnai G2 F20 transmission electron micro-
scope (TEM) was employed to observe the morphology of the
MnSiOs.

MnSiO; NPs were synthesised according to the previously pub-
lished procedure [10]. Typically, 0.245 g Mn(CH3COO),4H,0
was dissolved in 20 ml ultrapure water, 0.284 g Na,SiO5-9H,0
was dissolved in 10 ml ultrapure water. In a round bottom flask,
0.364 g CTAB was dissolved in 20 ml ultrapure water. Then,
Na,SiO; solution and Mn(CH3COO), solution were added to the
CTAB solution and constantly stirred for 1 h. The mixture was
incubated at room temperature (25°C) for 8 h. The precipitate was
collected by centrifugation and washed twice with distilled water
and ethanol, respectively. Finally, the precipitate was dried at
60°C for 12 h under vacuum.

Fe®" detection was conducted as follows, 3 ml disodium hydro-
gen phosphate-citric acid buffer (pH=4.0), TMB (0.06 mM), and
MnSiO; (0.06 mg/ml) were placed in an conical bottle. After
shaking, the solution was incubated at room temperature (25°C)
for 15 min, different concentrations of FeZ* solutions were added.
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Then, UV-Vis spectrophotometer was used for analysis of the
solution, and the corresponding absorption spectra was obtained.

The real-world samples were taken from the lake in Zhangjiajie
Natural Scenic Spot (Hunan, China). The sample was not treated
before determination. The resulting lake water was filtered and
diluted 20-fold with deionised water. After that, the diluted
lake water was spiked with different standard solutions of Fe**
(25, 45, and 60 uM). Finally, the experiment was conducted accord-
ing to the above detection method.

3. Results and discussion: TEM was used to obtain the detailed
morphology and structure information of the as-prepared
MnSiO;. TEM image shows an irregular shape of MnSiO; NPs
was obtained and the MnSiO; colloid was reddish brown
(Fig. 2a), which indicated well-dispersed MnSiO; NPs. The three
elemental mapping images demonstrate that the as-prepared
product consists of Mn, Si, and O, and these three elements are
evenly distributed (Fig. 2b). The XRD patterns of the MnSiO;
are revealed in Fig. 2¢. The absence of any distinguishable diffrac-
tion peaks in the patterns indicates the as-prepared products are
amorphous. X-ray photoelectron spectroscopy (XPS) was used to
identify the chemical state and surface nature of the as-prepared
MnSiOs. The high resolution Mn 2p spectrum in Fig. 2d includes
two typical peaks around 642.2 eV (Mn 2ps3») and 653.6 eV
(Mn 2p;s) [11], which could be, respectively, segmented into
three peaks. The peaks at 641.9 and 653.4 eV result from the
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Fig. 1 Scheme of the sensing system for Fe*" detection
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Fig. 2 Characterisation of MnSiO;

a TEM images of MnSiO; NPs

b Elemental mappings for Mn, Si, and O in the as-prepared MnSiO3
¢ XRD pattern of the as-obtained of MnSiO3; NPs

d XPS survey spectra of Mn 2p of MnSiO;

Micro & Nano Letters, 2020, Vol. 15, Iss. 12, pp. 808-811
doi: 10.1049/mnl.2019.0543

Mn?" in MnSiO; [12], those at 642.0 and 653.7 ¢V from Mn>"
[13], and those at 642.6 and 653.9 eV from Mn*" [11]. Mn?" is
easy to be oxidised to Mn>" and Mn*" in water solution.

The detection strategy for Fe** is based on the enzyme-like activ-
ity of the MnSiO; NPs. To investigate the oxidase activity of the
MnSiO; NPs, TMB was used as the oxidase substrate to study
the catalytic oxidation reaction in the absence of H,O,. As shown
in Fig. 3, the as prepared MnSiO; NPs could catalyse the oxidation
of TMB in the absence of H,O, to produce a typical blue-green
colour, indicating the formation of blue one-electron oxidation
product,  3,3',5,5'-tetramethylbenzidine  diimine = (TMBDI).
Compared with the control experiments without MnSiO; NPs,
MnSiO5-TMB system generated the deepest colour. Accordingly,
this obvious absorbance value at 652 nm was also monitored by
the UV—Vis absorption spectroscopy. O-phenylenediamine (OPD)
and 2,2'-azino-bis  (3-ethylbenzothiazoline-6-sulfonic  acid)
(ABTS) as two typical oxidase substrates were used to replace
TMB (Fig. 3c). OPD and ABTS generated strong absorption
peaks in the UV-vis spectrum, respectively. All of the above
results confirm that the as-synthesised MnSiO; possesses an intrin-
sic oxidase-like catalytic activity. Nevertheless, when Fe** was
added, the MnSiO3-TMB system was inhibited in the colour of
the solution faded and the absorption peak disappeared, because
oxTMB was reduced. Hence, a low-cost, and sensitive assay is
achieved for visual colorimetric detection of Fe?". The detection
mechanism can be explained by the following reaction
formula [14]:

Mn** + 0, — Mn*" + 05" (1

0; +H" +Mn*" - Mn*" + OH™ + OH’ )

According to XPS results, MnSiO; NPs possess the oxidation
states Mn>"/Mn’", and Mn>" transfers electrons to O, causing
the formation of superoxide anions (O, 7) [14, 15]. It has been
proved that O,™ produce H,O, partly by non-enzymatic or SOD-
catalysed dismutation. Then, Mn®" reacts with H,O, to produce
hydroxyl radicals (OH) [16, 17]. The oxidation environment
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Fig. 3 Oxidase activity of MnSiO;

a UV-Vis absorption of (1) 0.06 mM TMB solution, and MnSiO; NPs
(0.06 mg/ml)-TMB chromogenic system in the (2) absence and (3)
presence of 0.08 mM Fe®"

b UV-Vis absorbance spectra and visual colour changes of TMB (1) with O,
or (2) without O,

¢ MnSiO; catalyses the oxidation of different substrates to produce various
absorption peaks
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includes O, /OH" and Mn**, oxidising TMB to show the blue
colour. In order to validate the mechanism, the solution was
bundled with high purity nitrogen to remove dissolved oxygen
for 15 min before adding MnSiO; NPs. From Fig. 35 we can
deduce that O, radicals and some OH' radicals were generated
because of the presence of oxygen. The results were well
matched with the mechanism above mentioned, that is, in the pres-
ence of MnSiO; NPs, dissolved oxygen participated in the system
and thus produced the oxygen free radicals, which further con-
firmed that the assay can be carried out without adding H,O,.

In order to optimise the detection condition, reaction times, pH
values, and concentrations of TMB and MnSiO; were investigated.
The optimal pH for MnSiOj; is 4.0, which is similar to HRP [6]
(Fig. 4a). The nature of pH dependent catalytic activity chiefly
rely on the chromogenic substrate itself rather than the enzymes.
Fig. 4b shows the influence of reaction time, it can be seen that
the absorption peak at 652 nm increased as the reaction time
increased from 1 to 15 min, and with the reaction time being
longer than 15 min, the absorption peak did not change significant-
ly. Therefore, 15 min was considered to be the best reaction time in
our experiments. As shown in Fig. 4c, the strong absorbance peak at
652 nm gradually increased with an increase in the concentration of
MnSiOs. Furthermore, an increase in the concentration of MnSiO3
leads to an increase in the catalytic activity. Fig. 4d show that the
UV absorption peaks of the system increased with the increase of
TMB concentration. Measurement errors exist in photometric ana-
lysis, especially in UV—-Vis photometric analysis. According to
Lambert Beer’s law, the errors of transmittance and absorbance
are the main factor to evaluate the measurement result. In the
actual measurement, only the transmittance (7) to be measured is
between 15 and 65%, or the absorbance (4) is between 0.2 and
0.8, can ensure the relative error of measurement to be less than
4% [18-20]. To ensure the accuracy and the catalytic activity of
MnSiO;, the following experimental conditions were adopted:
(i) 0.06 mg/ml MnSiOs; (ii) 0.06 mM TMB.

Under the optimal conditions, different experiments were carried
out, including dynamic range, sensitivity, and selectivity of this
chromogenic system was evaluated for detection of Fe?. As
shown in Fig. 5a, the absorbance at 652 nm gradually decreased
as the concentration of Fe*" varied from 0 to 0.5 mM. The inset
in Fig. 56 shows a linear correlation between the absorption peak
at 652 nm and the Fe*" concentration, ranging from 3 to 63 uM.
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Fig. 4 Dependences of the oxidase-like activity of MnSiO3 on
a pH

b Reaction time

¢ Concentrations of MnSiO3

d Concentrations of TMB
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Fig. 5 Detection of Fe’*
a UV-Vis absorption of sensing solution at different concentration of Fe*"
b Plots of Ags, versus the concentration of Fe?*

The limit of detection (LOD) is calculated to be 0.5uM
(LOD=3 o/k, where o, k are the relative standard deviation
(RSD) of ten parallel controlled measurements and the slope of
the linear calibration plots, respectively), which is lower than the
environmental protection agency guideline (5.37 uM) in drinking
water and the linear range meets the needs of detection in our
daily life. In addition, we compared the sensor based on MnSiO;
NPs with the colorimetric, electrochemical, and fluorescent assays
for Fe** reported previously, MnSiO; NPs had a lower LOD
(Table 1), indicating that this sensor is more sensitive.

The selectivity of this detection method was examined by
testing the relative absorbance response towards several possible
coexisting substances, including Na*, Cu*, Ca**, H,PO;, K,
Fe*, HPO42_, HCOs3, Zn?*, and so on. As shown in Fig. 6,
these species do not produce interference in Fe*' detection.

Table 1 Comparison of this assay with other methods for detection of Fe?
N

Methods Materials used LOD, uM  Reference
colorimetry pyridoxal derivative 8.1 [21]
colorimetry chloroauric acid and 20 [22]
L-arginine mixture
colorimetry Ag NPs 0.54 [23]
colorimetry amidine 20 [24]
fluorimetry Au,(DHLA),Cl, nanoclusters 3.8 [25]
fluorimetry Ag nanoclusters with poly 3 [26]
(methacrylic acid)
electrochemistry H,0, 10 [27]
colorimetry MnSiO; NPs 0.5 this work
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Fig. 6 Selectivity of Fe’™ colorimetric sensing system
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Table 2 Analytical results for the detection of Fe?" in the lake sample

Sample Fe?" concentration, uM Recovery, % RSD, n=3 %
Added, uM Found, uM?

1 25 26.7 106.8 0.19

2 45 454 100.8 2.13

3 60 59.5 99.1 0.14

*Mean of three determinations.

Thus, the MnSiO;-TMB chromogenic system can provide a reli-
able visual colorimetric assay for selective detection of Fe>".

In order to study the feasibility of this method for the detection of
Fe**, different concentrations of Fe?" (25, 45, and 60 uM) were
added to the lake water of Zhangjiajie Scenic Area, Hunan. Based
on MnSiO; NPs-TMB system, the content of Fe*' in spiked
water samples was calculated. The recoveries are within the range
from 99.1 to 106.8% for the three lake water samples, and the
RSD is less than 3.0%. As shown in Table 2, it proves that the-
method has good practicability for detecting Fe?" and can be
used for detecting the content of Fe*" in the real-world samples.

4. Conclusion: In summary, MnSiO; NPs were prepared by a
simple precipitation method, these MnSiO; NPs were found
to exhibit oxidase-like activity. The mechanism is proposed. In
acidic media, the proposed low-cost MnSiO;-TMB detection
system exhibited good sensitivity and high selectivity. On this
basis, a simple and sensitive colorimetric assay for Fe*" in lake
water was developed and as low as 3 uM Fe** could be detected
using this method. The oxidase-like activity of MnSiO3 presents
a great potential applications in biosensing, biocatalysis, and
environment monitoring. There are also some shortcomings to
this Fe>" sensor, such as not a continuous analysis.
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