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F108 stabilized CuO nanoparticles for highly
selective and sensitive determination of mercury

using resonance Rayleigh scattering spectroscopy
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*

This work reports, for the first time, a sensitive strategy involving non-cross-linking of poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) (F108) stabilized copper oxide nanoparticles for
the detection of mercury ions through the Resonance Rayleigh Scattering (RRS) method. In the absence
of mercury ions (Hg?*), negatively charged copper oxide nanoparticles (CuO NPs) were dispersed in the

solution resulting in a low RRS signal. However, the presence of Hg?* ions induces their adsorption on

the negative CuO NP surface. This electrostatic interaction causes non-cross-linking aggregation of CuO
NPs and consequently enhancement in the RRS signal. In particular, the zeta potential and dynamic light
scattering measurements changed under the same conditions, where it can be detected through the
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RRS method. This method shows a low limit of detection (1.5 ppb) compared to other studies found in

the literature. Also, the suggested method was applied to detect ng" ions in real samples. The

DOI: 10.1039/d0ay00066¢

rsc.li/methods NPs were also studied.

1. Introduction

In general, heavy metal ions are toxic to living organisms when
they exceed their specific limit.* The Agency for Toxic Substances
and Disease Registry Priority List of Hazardous Substances has
classified heavy metal ions from the top 10 toxic substances,
depending on their toxicity level in air, soil and water.> The same
agency categorizes mercury as the third toxic heavy metal.®
Mercury can exist in three forms; ionic (Hg”*), elemental (Hg®)
and methyl mercury (CH;Hg"); it can accumulate in ground
water, soil and plants.*®* When food is contaminated by mercury,
it causes fatal health problems, such as damage to DNA, kidney,
skeleton, lung and the damage of the sensory parts of the nervous
system.*” In addition, mercury leads to severe neurological and
psychological problems, for instance, tremor, restlessness,
anxiety, memory deterioration, etc.*®

Heavy metal ion detection has been developed through
important research efforts.’® Most of the industrial approaches
rely on high-cost and complicated instruments, specialized
trainee, and sophisticated procedures. However, these methods
present low sensitivity and selectivity. Basically, the methods
used for Hg”>" detection are chip-based scanometric detection
using a sensor," electrochemiluminescence,"” surface plasmon
resonance,’” resonance scattering spectral assay,'* atomic
absorption spectrometry,” inductively coupled plasma mass
spectrometry,'® electrochemistry” and fluorescence sensing
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selectivity toward mercury ions in the presence of other ionic species and other negatively charged CuO

using small organic molecules.'® The limit of detection in most of
the reported methods is above 10 nM. This could be a problem
for specific applications, since the maximum allowed concen-
tration limit of mercury ions in drinking water is 10 nM by
referring to the U.S. Environmental Protection Agency (EPA).*

Resonance Rayleigh Scattering (RRS) is one of the simplest,
fast and sensitive analytical techniques.”>** RRS is a unique
elastic scattering method, which provides beneficial informa-
tion regarding the molecular structure, size, form, state of
combination, charge distribution, etc.>* When the wavelength of
Rayleigh scattering is placed at or very close to the molecular
absorption band, resonance Rayleigh scattering phenomenon
occurs.” In case the wavelength of the incident beam is close to
the absorption band of the aggregated nanoparticles, the RRS
intensity will increase directly.”

Recently, RRS method has been extensively used for the
detection of metal ions***” and biomolecules.”®* Ouyang et al.
developed a method involving resonance Rayleigh scattering
and SERS spectral detection of trace Hg(u) based on gold
nanocatalysis.”® Shi et al. constructed a new and highly sensitive
RRS method to discriminate a parallel-stranded G-quadruplex
from DNA with other topologies and structure.”

In this work, we report a highly sensitive and selective RRS
sensing method to detect Hg>" ions based on the non-
crosslinking aggregation of CuO NPs stabilized by poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(F108) polymer. It is well known that the non-crosslinking
aggregation of CuO NPs occurs only in the presence of mercury
ions, and this results in the enhancement of RRS signals. To the
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Scheme 1 Simple illustration of CuO NPs preparation.

best of our knowledge, we report for the first time a sensitive and
selective RRS sensing technique for Hg”" detection based on the
non-cross-linking aggregation of CuO NPs.

2. Materials and methods
2.1 Materials

Cupric chloride dihydrate was obtained from Fisher Scientific.
F108, silver nitrate and curcumin were purchased from Sigma
Aldrich. Mercury(u) nitrate dihydrate, nickel(u) nitrate, lead (i)
nitrate, aluminum nitrate, sodium nitrate and zinc nitrate
hexahydrate were obtained from Acros. Reduced vr-glutathione
was purchased from Fluka. All the chemicals were used without
any further purification and were dissolved in double distilled
water, except for curcumin, which was insoluble in water and
was dissolved in ethanol obtained from Sigma Aldrich.
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Fig. 1 X-ray diffraction pattern of CuO NPs.
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2.2 Synthesis of copper oxide nanoparticles

Copper oxide nanoparticles were prepared as described below.
1 mL of buffer 13 was added to 1 mM of curcumin dissolved in
10 mL of ethanol. Then, this solution was added to 50 M of F-
108 polymer dissolved in 15 mL DDW heated at 80 °C. To this,
10 mM of CuCl,-2H,O0 dissolved in 15 mL DDW heated at 80 °C
was added and the mixture was stirred at 400 rpm for one hour
under water reflux at 80 °C. In the end, the solution was centri-
fuged at 37 800 x g for 10 minutes to settle down CuO NPs.
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Fig. 2 SEM images of copper oxide in (A) individual spheres, (B) indi-
vidual grains shape and (C) mixture of spheres and grains.
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Fig. 3 TGA of CuO NPs.

2.3 Characterization and spectroscopic analysis

The X-ray diffraction (XRD) data were collected using a Bruker
d8 discover X-ray diffractometer equipped with Cu-Ka radia-
tion (1 = 1.5405 A). The monochromator used was a Johansson
type monochromator. Scanning electron microscopy (SEM)
analysis was performed using a Tescan, Vega 3 LMU with an
Oxford EDX detector (Inca XmaW20). The accelerating voltage
was 5 kV with a magnification of 500 nm. Thermogravimetric
analysis (TGA) was performed using a Netzsch TGA 209 in the
temperature range of 30 to 1000 °C with an increase of
10 °C min~' under N, atmosphere. Zeta potential values and
dynamic light scattering assay were measured using Particu-
late systems, Nonplus Zeta Potential/Nano Particle analyzer.
The synchronous fluorescence scan was performed using
a Jobin-Yvon-Horiba Fluorolog III fluorometer and the Fluo-
rEssence program. The excitation source was a 100 W xenon
lamp, and the detector used was an R-928 instrument
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Scheme 2 Sensing mechanism (A) in the absence of Hg?*
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operating at a voltage of 950 V by keeping the excitation and
emission slit width at 5 nm. The wavelength interval was kept
at 0 nm (AA = 0 nm) to measure the resonance Rayleigh
scattering spectrum. Briefly, the collected CuO nanoparticles
were mixed with 14 mL of double distilled water and stored.
From this solution 0.1 mL was taken and diluted to 3 mL and
the measurement was carried out in a 3 mL cuvette.

2.4 Sample for mercury determination

Stock solution of 500 uM of mercury was prepared in order to
prepare several solutions of known concentration ranging from
0 to 100 puM. Interference study against other metal ions was
carried out using 100 pM solution of nickel(n) nitrate, sodium
nitrate, zinc nitrate hexahydrate, silver nitrate, lead(u) nitrate
and aluminum nitrate. Also, a selectivity study against the
surfactant was done by preparing copper oxide nanoparticles
using r-glutathione instead of F-108 polymer. All the measure-
ments were performed by adding a complementary volume of
double distilled water to keep the concentration of CuO NPs
constant in a total volume of 3 mL.

3. Results and discussion
3.1 Synthesis of copper oxide nanoparticles

During the preparation of metal oxide nanoparticles, it is rec-
ommended to take into consideration the need of using
a capping agent and surfactant in order to prepare pure nano-
particles. In fact, polymers have an essential role in stabilizing
the nanoparticles and thereby inhibit their flocculation.* The
preparation of CuO NPs was carried out in double distilled
water, under reflux at 80 °C. The formed CuO NPs were pro-
tected by the polymeric micelles formed by F108 (see Scheme 1).
The formation of CuO NPs was in the first place verified by X-ray
diffraction. As shown in Fig. 1, the characteristic peaks of CuO

O //O RRS A
o
;\> [

and (B) in the presence of Hg?" ion
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NPs were obtained at 26 equal to 32.61°, 35.56°, 38.63°, 48.89°,
53.50°, 58.15°, 61.54°, 66.18° and 68.22°. These peaks refer to
(110), (111), (200), (112), (202), (020), (021), (113), (311) and (220)
planes, respectively. The obtained results are similar to that
found by Varghese et al.** The morphology of the prepared CuO
NPs was analyzed using scanning electron microscopy. The
formed CuO NPs were present in two different shapes; spherical
and grains. However, both shapes were present individually (see
Fig. 2A and B) or as a mixture (see Fig. 2C). To verify the thermal
stability of the synthesized CuO NPs and their ability to be used
in sensing applications, thermogravimetric analysis was per-
formed. The result is depicted in Fig. 3. It is obvious that the
prepared CuO NPs have a high thermal stability, where the mass
loss was less than 10% between 30 and 100 °C, attributed to the
loss of water molecules, revealing its good stability.

3.2 Sensing mechanism

In this assay, the modification of CuO NPs is monitored
through RRS measurement. It is known that the RRS method is

View Article Online
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characterized by its sensitivity towards the molecular struc-
ture, form, size, state of combination, charge distribution, etc.®
The RRS intensity is influenced by the diameter of the particle,
the concentration of the aggregate and the Hg>" concentra-
tion. Scheme 2A shows that in the absence of Hg** ions, CuO
NPs are stable and dispersed, leading to a low RRS signal.
Upon the addition of Hg>" ions, CuO-Hg>*~CuO structures are
formed by the electrostatic interaction causing the aggregation
of CuO NPs and consequently an increase in the RRS intensity
(Scheme 2B). Therefore, the RRS method could be applicable
for the detection of Hg”>* ions through monitoring the signal
changes.

3.3 Particle size distribution and zeta potential value of CuO
NPs in the presence and absence of Hg”*

To confirm the mode of action between Hg>* ions and CuO
nanoparticles, dynamic light scattering (DLS) was first applied
to determine the size distribution profile of CuO NPs with and
without mercury ions. In the absence of Hg>" ions, the

Diameter (nm) : 323.0
Polydispersity Index: 0.132

w

Differential Intensity (%)

Cumulative Intensity(%)

Diameter (nm)

Diameter (nm) : 343.1
Polydispersity Index: 0.061

w

75

Differential Intensity (%)

Cumulative Intensity(%)

10.0 100.0

Diameter (nm)

1000.0

Fig. 4 Particle size distribution and polydispersity index of (A) CuO NPs without mercury ions and (B) CuO NPs in the presence of mercury ions.
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cumulate diameter of CuO NPs was 323 nm and the poly-
dispersity index was 0.132 (see Fig. 4A). However, in the
presence of Hg”" ions, the diameter of CuO NPs increased to
343.1 nm and the polydispersity index decreased to 0.061 (see
Fig. 4B). The increase in the diameter of CuO NPs and the
decrease in the polydispersity index in the presence of Hg**
confirm the aggregation of CuO NPs into bigger particles
because of the non-cross linkage forms. Furthermore, zeta
potential measurements were established to determine the
surface charge of nanoparticles in the solution with and
without Hg”" ions (see Fig. 5A and B). In the absence of Hg>"
ions, the zeta potential analysis gave a value of —28.95 mV.
However, this value changed to +8.96 mV after adding mercury
ions to CuO NPs. This change could confirm the adsorption of
Hg>" ions onto the negatively charged CuO NPs resulting in
a positively charged surface of CuO NPs. These results showed
that mercury ions can electrostatically be adsorbed onto the
CuO NP surface leading to a non-cross-linking aggregation of
CuO NPs and this method can be applied for mercury ion
detection.

View Article Online
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3.4 Sensitivity of Hg>* detection

RRS spectra of CuO NP solutions in the presence of mercury
ions in the concentration range of 0-100 pM were recorded.
Fig. 6A shows that an increase in the concentration of Hg”" ions
enhances the RRS intensity of CuO NPs. The increase in the RRS
signal could be justified by the non-cross linkage between Hg**
and CuO NPs causing the aggregation and formation of bigger
sized CuO NPs and this coincides with the results of DLS and
zeta potential measurements. The RRS intensity at the
maximum wavelength was plotted against the concentration of
Hg>", as shown in Fig. 6B and C. The enhancement of the RRS
signal is directly proportional to the Hg>* concentration in the
ranges of 0-20 and 30-100 pM. The linear equations for the two
concentration ranges are Ipps = 622 633.37364 [Hg>*] + 1.02753
x 10° with a correlation coefficient of 0.98956 and Izrs =
3.88536 x 10° [Hg?'] + 3.96499 x 10’ with a correlation coeffi-
cient of 0.99925. The limit of detection is found to be 1.5 ppb
referring to the 3¢/s criteria, where ¢ is the standard deviation of
the measurements and s is the slope of the calibration curve.
The results are as good as or even superior to other reported

Frequency (Hz) A.
50 100

Zeta Potential (mV)

-S0o o

Frequency (Hz)
SO B

Fig. 5 Zeta potential value of (A) CuO NPs without mercury ions and (B) CuO NPs in the presence of mercury ions.
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Fig. 6 (A) RRS spectrum of CuO NPs with different concentration of mercury ions, (B) RRS intensity of CuO NPs vs. concentration of mercury

ions from 0—-20 uM and (C) RRS intensity of CuO NPs vs. concentration of mercury ions from 30-100 pM. For all the measurements n = 3.

values in the literature, as shown in Table 1. The LOD is even

applied to estimate mercury ion concentration in drinking

lower than the maximum allowed concentration of mercury water. Moreover, the proposed method has less steps and much

ions in drinking water (2 ppb) by EPA; thus, the method can be

Table 1 Different reported methods for mercury ion determination

shorter assay time compared to many other techniques. In

Methods Concentration range Selectivity towards analogues LOD Reference

Reduced grapheme oxide/DNA 1 nM-1 uM Sodium, iron III, calcium, lead, 1 nM 33
cadmium

Colorimetric chemosensor based 0.25-7.9 uM Cupper II, cobalt, chromium, iron II, 0.15 uM 1

on benzothiazole zinc, nickel, lead

Label-free fluorescence based on 10 nM-2.5 uM Cadmium, copper 1I, cobalt, iron II, 8.2 nM 6

the regulation of the Ag zinc, nickel

autocatalytic reaction

Colorimetric detection using 0.5-100 pM Cadmium, lead, magnesium, zinc, 1.5 M 34

capped silver nanoprisms manganese, barium, cobalt, iron II,
copper II, potassium, sodium

Label-free colorimetric detection 0-10 uM Aluminum, silver, nickel, chromium, 0.7 uM 35

via Hg®" ions-accelerated lead, cadmium, zinc, manganese,

structural transformation of cobalt, iron II, iron III, copper II

nanoscale metal-oxo clusters

Infrared fluorescent protein and 0-4 pM N.D 50 nM 36

its hydrogel-based paper assay

RRS technique using CuO NPs 0-20 uM, 30-100 uM Nickel, sodium, zinc, silver, lead, 7.5 nM (1.5 ppb) Our work

1636 | Anal. Methods, 2020, 12, 1631-1638
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Fig. 7 Ratio of RRS intensity (//lp) of CuO NPs in the presence of
different metal ions at C = 100 pM. For all the measurements n = 3.

addition, this method does not require the usage of harsh
chemicals or solvents and expensive or sophisticated analytical
instruments.

3.5 Selectivity towards Hg>" in the presence of other metal
ions

Other metal ions, such as Ni**, Na*, Zn>*, Ag", Pb®" and AI**,
were used to evaluate the selectivity of the proposed sensing
method by monitoring the RRS signal. The I/, results are
depicted in Fig. 7. It is obvious that Hg”" ions cause the highest
increase in the RRS signal than other metal ions at 100 uM. This
noticeable change in the RRS intensity with Hg*" ions confirm
that only Hg>" ions could cause the non-cross-linking aggrega-
tion of CuO NPs. Also, the histogram revealed that other metal
ions show no or slight interference towards Hg>" determination.

3.6 Selectivity of F108 for the detection of Hg**

Furthermore, to understand the role of F108 in the detection of
Hg>" ions, CuO NPs were prepared using glutathione as the
surfactant and stabilizing agent. Zeta potential gave a negative
surface to the CuO NPs formed, which means that Hg>* can

== CuO/F108
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= CuO/glutathione + 100 uM Hg2"
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Fig. 8 RRS intensity of CuO NPs prepared using F108 or glutathione
with and without mercury ions.
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Table 2 Recovery results of the proposed method

Theoretical
concentration (M)

Experimental Recovery
concentration (uM) (%)

Unknown 1 0.04 0.038 95.00
Unknown 2 5 4.952 99.04
Unknown 3 15 15.024 100.16
Unknown 4 30 29.221 97.40
Unknown 5 45 45.192 100.42
Unknown 6 95 94.904 99.89

interact with the nanoparticles and as a consequence of this
interaction, they can be detected. Interestingly, as it is shown in
Fig. 8, the RRS intensity was not altered by the addition of Hg*"
ions and did not show any significant enhancement when
glutathione was used in comparison to ~4.5-fold enhancements
when F108 was used. The zeta potential value of CuO NPs
stabilized by glutathione and F108 were equal to —17 mV and
—28 mV, respectively. However, CuO NPs prepared by using
F108 as the surfactant and stabilizing agent are more negative,
which facilitates the attraction of more Hg>* ions. In fact, when
the zeta potential value is greater than —25 mV, inter-particle
interactions will be present including van der Waals and
hydrophobic interactions, and hydrogen bonding.** This
verifies the inhibition of the detection of mercury ions when
using glutathione as a surfactant. Therefore, the direct inter-
action between CuO NPs (stabilized with F108) and Hg>" ions is
verified and has a significant role in the detection of mercury
ions.

3.7 Practical application

Recovery examination in drinking water samples with different
concentrations of mercury ions was performed to validate the
consistency and applicability of the proposed sensing strategy.
Since drinking water sources in Lebanon do not contain Hg*"*
ions, drinking water samples were spiked with Hg®" ions of
different concentration. Table 2 summarizes the experimental
results, where it shows that 95-100.4% Hg>* concentration
recoveries were obtained. The obtained results confirmed the
reliability of our suggested method for Hg>" detection in prac-
tical samples.

4. Conclusion

To summarize, we have successfully established a simple
sensing method for the determination of mercury ions using
the resonance Rayleigh scattering technique. This method
showed high sensitivity and selectivity toward mercury ions.
Hg”" ions caused the non-cross-linking aggregation of CuO NPs
through electrostatic interaction between Hg>" ions and nega-
tively charged surface of CuO NPs. This aggregation of CuO NPs
causes increase in the size of the nanoparticles and then
enhances the RRS intensity. This increase in the RRS intensity
leads to the determination of Hg>" concentration. The detection
limit was found to be 1.5 ppb, which is lower than the maximum

Anal. Methodss, 2020, 12, 1631-1638 | 1637
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value allowed by the U.S. EPA in drinking water. Also, this
strategy was applied to drinking water, confirming the potential
of this method to be used in real samples.
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