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Green synthesis of glucose-capped stable silver
nanoparticles: a cost-effective sensor for the
selective detection of Hg?* ions in aqueous
solutions
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We, herein, report a unique, cost-efficient, and green method for the synthesis of glucose-capped silver
nanoparticles (AgNPs) using Ocimum sanctum (tulsi) leaf extract for the detection of Hg>* ions in water.
The nanoparticles synthesized by the above-mentioned method were found to be highly stable. The higher
stability of the glucose-capped nanoparticles may be due to the interaction of hydroxyl groups of
carbohydrate molecules with the nanoparticles. The optical and structural properties of the nanoparticles
were confirmed by different spectroscopic methods. The selective detection of Hg?" ions by the AgNPs
was studied by colorimetric analysis and optical absorption spectroscopy. The detection of Hg?* ions was
also investigated by fabricating an optical fiber using AgQNPs. From the optical fiber-based experiments, the
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limit of detection (LOD) for Hg?" ions using the sugar-capped AgNPs was found to be 2.8 ppb, which is
better than that of many other sensors based on green AgNPs reported in the literature. The improvement
in the value of LOD with sugar-capped AgNPs showed the impact of carbohydrates on the sensing abilities
of AgNPs. The sensing ability of the AgNPs for Hg?* ions was further verified by a nanoparticle-coated filter
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1. Introduction

The rapid development in science and technology is
associated with large-scale environmental contamination. The
contaminants are mainly heavy metals that have several
negative consequences on the environment, human beings,
and aquatic life. Heavy metals accumulate in numerous body
parts and are hazardous to human health because they are
non-biodegradable and have longer biological half-lives. Some
of the heavy metals are toxic because of their higher water
solubility. Among the various heavy metals such as Cd*",
Pb**, As*', Cr**, and Hg*", the Hg*" ion, as a pollutant, has
received a lot of concern due to the carcinogenic effect on the
aqueous environment." Mercury is released into the
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environment as an industrial waste from gold mining,
gasoline additives, and petrol refining industries.>* It exists
in three forms such as elemental (or metallic) mercury,
inorganic mercury, and organic mercury, all of which are toxic
to various living animals. As a non-biodegradable metal,
mercury is liberated into the aquatic environment, mainly in
the inorganic form. Even a low concentration of mercury can
have an adverse effect on marine flora and fauna. It is
observed from various studies that mercury accumulates in
several body parts such as the brain, liver, and kidney
through the food chain and can damage the gastrointestinal
tract, epidermal tissue, renal tissue, and nervous system."’
Bacterial species in water bodies convert water-soluble
divalent mercuric ions (Hg?") into organic mercuric
compounds such as ethylmercury (EtHg') and methylmercury
(MeHg").® Methylmercury is highly toxic, as compared to
inorganic mercury, as it is a dominant neurotoxin and causes
significant health issues such as motor and sensory nerve
damage.””® It also binds with haemoglobin which acts as a
carrier of methylmercury in blood to different organs.
Methylmercury is absorbed more readily by the body and is
excreted more slowly than other forms of mercury.
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Therefore, monitoring and developing a system to detect
the mercury ion level in the environment are essential for
protecting humankind from serious health hazards.
Electrothermal atomic absorption spectrometry (ETAAS),
cold vapour atomic absorption spectrometry (CVAAS), hydride
generation atomic fluorescence spectrometry (HGAFS), and
cold vapour atomic fluorescence spectrometry (CVAFS) are
the commonly used methods for the detection of mercury,
which  depend upon the mercury-ligand complex
formation.>*%** Since most of these methods are expensive,
developing an environment-friendly, cost-effective, quick, and
field-applicable detection method with high selectivity and
sensitivity is of great interest among researchers.
Nanochemistry plays an essential role in detecting this heavy
metal ion in the form of a biosensor. Several metal
nanoparticles have been used as sensors for Hg>' ions.
Among them, the noble metal nanoparticles, mainly silver
nanoparticles (AgNPs), are found to be very promising, due to
their versatile properties and application in the field of
diagnostic ~ medicine,">  antimicrobial  studies, and
therapeutics.”*'® Although there are different chemical
methods reported for the synthesis of stable AgNPs, the use
of the green method has attracted considerable attention due
to its safe synthetic procedures, use of environment-friendly
renewable resources, nontoxic solvents, ambient temperature,
pressure, etc."” Plant-mediated green-route synthesized AgNPs
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have many advantages compared to chemically synthesized
AgNPs. The chemical methods include the use of toxic
chemicals as reducing and stabilizing agents, requiring high
temperatures. A few methods reported in the literature have
used AgNPs as coating materials in designing a sensor for
detecting Hg”* ions. Investigations on sensors, based on
AgNP coating, have a critical issue, ie., stability of the
nanoparticles, due to which the coating nanomaterial is to be
replaced frequently. Therefore, a low-cost and more sensitive
sensor design with an environment-friendly coating
nanomaterial is the need of the future generation.

In the present work, we used a unique combination of
silver salt, tulsi, and commonly available sugar, ie.,
p-glucose, for the green synthesis of AgNPs. This method
includes the capability of Ocimum sanctum leaf extract as a
green reducing agent to synthesize AgNPs, which are
stabilized by p-glucose used as a capping agent. It was
observed that the AgNPs of size 5-45 nm can be synthesized
at room temperature without using any specific conditions.
The detailed structural analysis was carried out by using
different analytical methods. Further, the synthesized
nanomaterials were used as coating materials for their
applicability as optical sensors for detecting Hg>' ions
(Scheme 1). It was found that the LOD of Hg>" ions with
glucose-capped AgNPs is 2.8 ppb, compared to the value of
5.3 ppb of its uncapped counterpart.
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(a) Green synthesis of glucose-capped AgNPs using Ocimum sanctum leaf extract. (b) Characterization of synthesized AgNPs: (i) UV-

visible spectra indicating the formation of stable AgNPs; (ii) fluorescence spectra of the synthesized AgNPs; (iii) XRD plot confirming the face-
centered cubic (fcc) crystalline nature of AgNPs; (iv) SEM image of the AgNPs; and (v) TEM image of the AgNPs. (c) Application of AgNPs: (i) UV-
visible spectra showing the interaction of green AgNPs with different transition metal ions; (ii) /-V characteristic curve of AgNPs; and (iii) visual
illustration of the paper strip method of the AgNP-based naked-eye Hg?* sensor showing the change in colour before and after addition of AgNPs.
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2. Experimental section
2.1 Materials and methods

Silver nitrate (99%) and dextrose (a-p-glucose) of high purity
were obtained from Sigma-Aldrich. Ocimum sanctum (tulsi)
leaves were collected from Berhampur University campus.
Deionized water prepared using a Milli-Q water purification
system was used throughout the experiments.

2.2 Preparation of Ocimum sanctum (tulsi) leaf extract

Fresh tulsi leaves (Fig. 1a) were collected and washed
several times with distilled water to remove the dust
particles. The leaves were finally washed with deionized
water and kept for air drying. The dried leaves were cut
into fine pieces and crushed with the help of a mortar
and pestle. Around 4 g of finely powdered leaves were
added to 80 mL of water taken in a 250 mL conical flask
and heated at 60 °C for 10 min with constant stirring.
The plant extract thus obtained was allowed to cool at
room temperature and then filtered using Whatman filter
paper to give a brown colour solution (Fig. 1b). This
filtrate was stored at 4-8 °C in the refrigerator and used
as a reducing agent for the synthesis of AgNPs.

2.3 Preparation of an equimolar mixture of glucose and silver
nitrate

For the preparation of a silver nitrate solution (10 mmol), 170
mg of silver nitrate was dissolved in 100 mL of deionized
water. The sugar solution was prepared by dissolving 18 mg
of glucose in deionized water (10 mL) taken in a 100 mL
volumetric flask. Then, 10 mL of 10 mmol silver nitrate
solution was added to the prepared glucose solution.
Deionized water was added to the volumetric flask to make
up the volume, giving a 1:1 mixture of silver nitrate and
glucose. The sugar solution used here acts as a capping and
stabilizing agent for the AgNPs."®

(b)
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2.4 Synthesis of silver nanoparticles

First, 1 mL of plant extract was added to 9 mL of silver
nitrate-glucose solution taken in a 15 mL sample tube. This
mixture was shaken well and stirred at room temperature for
one hour. The colour of the mixture started changing from
yellow to yellowish-brown (Fig. 1c) within 10 minutes which
became reddish-brown after one hour, indicating the
formation of AgNPs (Fig. 1d).

2.5 Design of optical sensors for the detection of Hg”" ions

Fig. 2a illustrates the schematic diagram of the modification
of optical fibers for the coating of AgNPs. Modifying the
optical fiber is necessary to couple the metal nanoparticles to
the surface of the sensing optical fiber. Some specific
treatment is required to immobilize nanoparticles on the
surface of the fiber. About 30 cm of unclad poly(methyl
methacrylate) optical fiber having a diameter of 250 um was
taken, and a 2 cm length from the middle of the fiber was
then dipped in a piranha solution (30% H,0,/H,SOy,, 7: 3) for
30 minutes. The role of the piranha solution is to provide
hydroxyl groups to the surface and also to remove the
impurities present on the fiber. The fiber was taken out of
the piranha solution and was properly cleaned with
deionized water. Then, the probe was soaked into a solution
of 3-aminopropyltrimethoxysilane (APTMS) and methanol (1:
10) for 24 hours, which introduced an amino group with a
positive charge on the fiber surface. Due to the electrostatic
force," the AgNPs with a negative electric charge get attached
to the fiber.?® At last, the sensing portion was dipped into the
prepared AgNPs solution for 24 hours. The fiber was then
rinsed with deionized water and dried.

A similar experimental setup was designed for the study of
the sensing behaviour of the synthesized AgNPs following
our earlier work.”>**> The setup (Fig. 2b) consists of the light
source and the sensing section contains AgNP-coated optical
fibers and a detector. Red laser light (630 nm) from the
source is passed into the fiber using a source-to-fiber coupler.
The signal at the other end of the fiber is received by a

(c) (d)

Fig. 1 (a) Ocimum sanctum plant. (b) Aqueous extract of Ocimum sanctum leaves. (c) Initial yellowish-brown colour of the mixture. (d) Reddish-

brown colour of the mixture after the formation of AgNPs.
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Fig. 2 (a) Schematic diagram of the AgNPs sensing probe: (i) unclad optical fiber; (ii) hydroxylated fiber surface; (iii) 3-aminopropyl trimethoxy

silane group is attached to the fiber on the surface; and (iv) AgNPs are attached on the surface of the fiber by the chemical method. (b) Schematic

of the optical fiber sensing experimental system.

detector, which is connected to a measuring unit from which
the output power is measured directly by a digital readout.
The variation in current in pA was measured with different
concentrations of Hg>* by dipping fiber A (AgNPs without
sugar) and B (AgNPs capped with sugar).

3. Results and discussion

The change in the colour of the AgNPs solution was observed
through the naked eye. The colour of the solution changed
from colourless to yellowish-brown and, eventually, to
reddish-brown, indicating the formation of AgNPs in the
solution. The formation of AgNPs was further confirmed by
UV-visible, fluorescence spectroscopy, X-ray diffraction (XRD)
study, scanning electron microscopy (SEM), and transmission
electron microscopy (TEM).

3.1 UV-visible absorption analysis

The formation and stability of AgNPs were investigated using
a Systronics PC-based double-beam UV-visible
spectrophotometer (model-2202). The absorption spectrum of
glucose-capped AgNPs solutions was recorded in the
wavelength range of 300-700 nm. The UV-visible spectrum
(Fig. 3a) showed an absorption maximum at 459 nm,
confirming the formation of AgNPs. The stability of the
AgNPs dispersed in water was checked at various intervals,
i.e.,, on the 1st, 31st, and 60th days. The characteristic peak
corresponding to AgNPs was observed in all cases. These data
confirmed that the synthesized AgNPs are stable for at least
60 days in the solution in the presence of sugar, which acts
as a capping and stabilizing agent. The interaction of the
-OH groups of the p-glucose molecules with the AgNPs
probably contributes to the better stability of the glucose-
capped AgNPs compared to the uncapped ones.

650 | Sens. Diagn., 2023, 2, 647-656

3.2 Fluorescence spectroscopic analysis

The photoluminescence behaviour of AgNPs was observed
using an RF-5301PC  spectrofluorimeter  (Shimadzu).
Photoluminescence emission mainly depends on the
excitation wavelength of AgNPs (Fig. 3b). It was observed that
the emission wavelength was more significant than the
excitation wavelength.

The emission spectra were recorded between 450 and 750
nm with a slitwidth of 10 mm. Using an excitation
wavelength of 450 nm, the photoexcitation of AgNPs
produced a very intense emission peak at 577 nm. The
fluorescence emission study was performed at different time
intervals (Fig. 3c). The results indicated that by increasing
time, the concentration increased with the decrease in
fluorescent intensity and redshift in the wavelength range
from 571 nm to 614 nm.

3.3 X-ray diffraction studies

The prepared AgNP solution was centrifuged at 13500 rpm
for 30 minutes. The formation of AgNPs was verified using a
powerful X-ray diffraction (XRD) tool. The XRD pattern was
measured by drop-coated films of AgNPs on a glass plate
using an X-ray diffractometer (AXRD benchtop powder
diffraction system) (1 = 1.5405 A) in the range of 20° to 80° at
a scan rate of 0.025° s™'. The XRD pattern of AgNPs (Fig. 3d)
showed four characteristic peaks having 20 values of 38.24°,
44.38°, 64.69° and 77.46° corresponding to the (111), (200),
(220), and (311) crystalline planes for the face-centered cubic
(fce) crystalline structure of the AgNPs (JCPDS file no. 04-
0783). The Debye-Scherrer equation (D = (kA)/(Bcos6)) was
used to determine the average crystallite diameter from the
half-width of various peaks. The plane (111) having a 26 value
of 38.24° was chosen to calculate the crystallite size. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV-visible spectra of glucose-capped AgNPs at different time intervals. (b) Photoluminescence spectra of AgNPs: (i) excitation spectrum

and (ii) emission spectrum. (c) Emission spectrum under excitation at 450 nm at different time intervals. (d) X-ray diffraction image of AgNPs. (e)
SEM image along with particle size distribution histogram. (f) TEM image. (g) Particle size distribution histogram in TEM. (h) SAED pattern of AgNPs
in TEM. (i) I-V characteristics curve of AgNPs, the inset figure showing the schematic of an AgNP/ITO junction device.

average crystallite size of synthesized AgNPs was 13.68 nm,
and the strain value was approximately 0.00907.

3.4 Scanning electron microscopic analysis

The surface morphology of the synthesized AgNPs was
further analyzed using a scanning electron microscope. The
SEM analysis of the nanoparticles confirmed the spherical
nature of AgNPs with an average particle size of 25.74 nm
(Fig. 3e). The particle size histogram showed the distribution
of particles in the size range of 15-35 nm.

3.5 Transmission electron microscopic analysis

The TEM image of synthesized AgNPs showed that the
particles were nearly spherical in shape (Fig. 3f). The data
from the TEM image were analyzed using the Image] software

to obtain the average particle size and particle size

© 2023 The Author(s). Published by the Royal Society of Chemistry

distribution histogram. The synthesized nanoparticles were
distributed in the size range of 5-45 nm (Fig. 3g). The mean
size of 20.08 nm was in good agreement with the particle size
calculated from the SEM data. The selected area electron
diffraction (SAED) pattern (Fig. 3h) revealed the crystalline
nature of the Ag nanostructure. The SAED data showed the
diffraction rings with d spacings, which were indexed
according to the fcc structure of AgNPs. The concentric rings
showed that the synthesized nanoparticles had excellent
crystallinity.

3.6 Electrical properties of silver nanoparticles

To investigate the electrical conductivity of Ag nanoparticles,
an ITO-Ag nanoparticle junction device was fabricated
following the procedure reported in the literature.>* In brief,
synthesized AgNPs were drop-cast onto an ITO glass substrate

Sens. Diagn., 2023, 2, 647-656 | 651
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and dried inside an oven at 80 °C for 30 minutes to form an
AgNP/metal junction, which is represented schematically in
the inset of Fig. 3i. The I-V properties of the said junction
were characterized at room temperature using a Keithley
source meter. The forward direction corresponds to a positive
bias applied to the top metal Ag contact fabricated on the
AgNP film and ground connection with the Ag contact
fabricated on the ITO substrate. The /-V characteristics curve
(Fig. 3i) showed the semiconductor behaviour of the thin film
of synthesized AgNPs.

3.7 Application of AgNPs in sensing Hg”" ions

This section of the study attempted to establish a
colorimetric sensing probe for metal ions in an aqueous
solution by directly using the green synthesized AgNPs. The
interaction between the AgNPs and different metal ions was
observed by colorimetric and UV-visible studies. No visible
colour change was observed when freshly prepared solutions
of transition metal salts such as Co**, Fe**, Ni**, and Zn*"
were added to the AgNP solution. However, a remarkable
colour change from brown to colourless was noticed when an
aqueous solution of Hg”" ion was added to the AgNPs
solution. This interaction of Hg®" with AgNPs clearly
described the selectivity and specificity of the colorimetric
detection. After observing the colorimetric changes, the
spectral change of AgNPs with different transition metal ions
was monitored by UV-visible spectroscopy. The UV-visible
study showed that the absorbance intensity decreased with
the complete disappearance of the absorption peak, with the
addition of Hg>" salt solution, whereas no significant change
was observed in the case of other metal ions (Fig. 4a).

Two plausible mechanisms were proposed to understand
the decrease in absorbance upon the interaction of AgNPs
with Hg”>' ions (Fig. 4b and c).”* According to the first
mechanism, the reduction in absorbance was due to the
surface coating of Hg”* ions on AgNPs. The second
mechanism suggests the formation of amalgam between
Hg”" ions and AgNPs. Amalgamation occurs due to a slight
difference in reduction potential values of Ag'/Ag (0.80 V)

0.35
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and Hg>'/Hg (0.85 V), which enables the redox reaction
between AgNPs and Hg”" ions. It was also reported that
amalgam formation took place by combining Hg>" ions with
AgNPs, leading to a slight blueshift of absorption peak.>*’
Although the blueshift in the present case is very small, the
change in absorbance at 450 nm (4,,.x) Was linearly correlated
with the concentration of Hg>" ions treated with AgNPs, as
shown in Fig. 5a. The limit of detection (LOD) was found to
be 7.826 ppb (y = 0.0015x + 0.0052, R*> = 0.9556) for the
uncapped AgNPs, whereas, for glucose-capped AgNPs, it was
3.429 ppb (y = 0.00127x + 0.00481, R* = 0.99123).

3.8 LOD of silver nanoparticles from an optical fiber study

The results obtained wusing the optical fiber sensing
experiment (Fig. 2b) confirmed the higher selectivity of
glucose-capped AgNPs towards Hg”>* ions than that of its
uncapped counterpart.

The variation in current with the concentration for the
two cases is shown in Fig. 5b with the range of 10-100 ppb.
The limit of detection was found to be 5.3704 ppb for fiber A
and 2.873 ppb for fiber B.

Table 1 summarises the comparison of the LOD of
different sensors used for the detection of Hg>" ions. In the
present case, the LOD value is found to be 2.8 ppb, which is
the best sensor in comparison to many other sensors based
on AgNPs. This suggests the possibility of a low-cost and
effective sensor for the detection of Hg>" ions.

3.9 LOD of silver nanoparticles from a filter paper study

For real-time applications, the nanoparticles were
impregnated on the filter paper to get an easy-to-use probe
for the detection of Hg>" ions.***® This probe provided
naked-eye detection for the sensing of Hg*" ions. The results
indicated that the colour of the nanoparticle-treated filter
paper, which was slightly brown (Fig. 6a), became colourless
after the addition of Hg** ions (Fig. 6b). In the case of other
metal ions, no such visible colour change was observed. This
showed the selectivity of AgNPs towards the sensing
behaviour of Hg>" ions. In the case of Hg>" ions, the lower
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Fig. 5 (a) Effect of Hg?* ion addition on the absorbance of AgNPs with and without capping agent at 450 nm. (b) Calibration plot of AgNPs with

and without sugar for different concentrations of Hg?* (ppb).

Table 1 Limit of detection (LOD) of different green synthesized silver nanoparticles reported in the literature

Materials LOD Water sample Reference
AgNPs with starch as a stabilizing agent 0.12 ppm Water 28

AgNPs with C. cneorum as a reducing agent 5 ppb Water 29
PVP-AgNPs/printed paper-smartphone 0.01 ppm Pond, river, coal mine, and industrial waste 30

Green silver nanoparticles from Agaricus bispores 0.56 ppm Lake water 31
mPEGylated luteolin-functionalized silver nanoparticles 2 ppm Tap water 32
3-(Trimethoxysilyl) propyl methacrylate functionalized AgNPs  0.004-0.02 ppm  Water 33

Green AgNPs with manna of hydras arum plant 0.42 ppm Lake water 34

Green AgNPS with leaf extract of Mimusops coriacea 6.5 ppb Water 35

Green AgNPS with Achillea wilhelmsii extract 5.6 ppb Water 36

Silver nanoparticles decorated with almond gum molecules 0.5 ppm Tap water 37
Sugar/Tulsi/AgNPs/optical technique 0.0028 ppm Water Present work

(2.8 ppb)

(a)

(b)

Fig. 6 Visual illustration of the paper strip method of AgNP-based naked eye Hg?* sensor (a) before adding different metal ion solutions and (b)

change in colour after treating with different metal ion solutions.

(a)

(b)

Fig. 7 Visual illustration of filter papers impregnated with AgNPs (a) before the addition of Hg?" ions and (b) after the addition of different

concentrations of Hg?* ions.
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limit of sensing of AgNPs was observed when the
concentration was about 50 ppb. Fig. 7 represents the
photographic image of the prepared probe for the sensing of
Hg”" ions.

The decolourization of the probe after the addition of
Hg”" ions can be due to the redox reaction between AgNPs
and Hg”* ions. Hg>* ions oxidize the AgNPs from Ag(0) to
Ag(1), leading to decolourization.?® This explanation was also
assisted by a slight blueshift and a decrease in peak intensity
in the UV-visible absorption spectra of the solution of AgNPs
with the addition of Hg”" ions.

Conclusions

The present study reported an easy, cost-effective, and green
method of synthesizing glucose-capped silver nanoparticles
at room temperature. The nanoparticles were characterized
by different spectroscopic methods such as UV-visible
spectroscopy, fluorescence spectroscopy, XRD, SEM, and
TEM. The Hg>" ion sensing applications for the synthesized
nanoparticles were investigated using UV-visible and optical
studies fabricating two different devices corresponding to the
uncapped and capped nanoparticles. The glucose-capped
AgNPs were found to be stable for at least two months in an
aqueous solution. It was observed that the use of glucose-
capped AgNPs as coating materials for sensing applications
improved the limit of detection compared to their uncapped
counterpart. The limit of detection for Hg>" ions was found
to be 2.8 ppb, which showed the best result compared with
many other green sensors used for the detection of Hg”" ions.
The limit of detection can be improvised by taking other
sugar derivatives of different structures for fine-tuning the
synthesized green nanoparticles. The results of this
investigation can thus be used for the design of low-cost
ultrasensitive sensors for the detection of toxic metal ions in
aqueous media.
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