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1. Introduction
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A simple and cost-effective paper-based and
colorimetric dual-mode detection of arsenic(in) and
lead(n) based on glucose-functionalized gold
nanoparticles}

Bhuneshwari Sahu, Ramsingh Kurrey, Manas Kanti Deb, ¢ * Kamlesh Shrivas,

Indrapal Karbhal and Beeta Rani Khalkho

We report a simple and cost-effective paper-based and colorimetric dual-mode detection of As(in) and Pb(i)
based on glucose-functionalized gold nanoparticles under optimized conditions. The paper-based
detection of As(i) and Pb(i) is based on the change in the signal intensity of AuNPs/Glu fabricated on
a paper substrate after the deposition of the analyte using a smartphone, followed by processing with
the Imaged software. The colorimetric method is based on the change in the color and the red shift of
the localized surface plasmon resonance (LSPR) absorption band of AuNPs/Glu in the region of 200—
800 nm. The red shift (A1) of the LSPR band observed was from 525 nm to 660 nm for As(i) and from
525 nm to 670 nm for Pb(1). The mechanism of dual-mode detection is due to the non-covalent
interactions of As(il) and Pb(n) ions with glucose molecule present on the surface AuNPs, resulting in the
aggregation of novel metal nanoparticles. The calibration curve gave a good linearity range of 20-500
ng L= and 20-1000 pg L™ for the determination of As(in) and Pb(i) with the limit of detection of 5.6 g
L=* and 7.7 pg L™! for both metal ions, respectively. The possible effects of different metal ions and
anions were also investigated but did not cause any significant interference. The employment of AuNPs/
Glu is successfully demonstrated for the determination of As(m) and Pb(i) using paper-based and
colorimetric sensors in environmental water samples.

mandatory quality standards of water intended for human
consumption. In India, the ground waters of Chhattisgarh and

Consumption of drinking water contaminated with toxic metals
such as arsenic (As) and lead (Pb) has deadly effects on human
beings.* There are four different types of oxidation states of As
(-3, +3, 0, and +5) that are possible to be found in nature,
amongst which As(m) is known as the most hazardous one.
Exposure to As can cause a variety of diseases, including
abdominal pain, vomiting, diarrhea, nausea, depigmentation,
hyper pigmentation, keratosis, blackfoot, peripheral vascular
disorder, and several types of cancer.>* Pb is another toxic metal
found in the crust of earth, water, and soil, and potentially
affects almost every system such as reproductive, neurological,
hematopoietic, hepatic, and renal in the human body.* Pb can
even cause cancer owing to its excessive accumulation in the
human body.* In order to ensure water quality, different regu-
latory agencies have been set a tolerance limit for these
contaminants in water bodies.>” These guidelines define the
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West Bengal states are exceedingly contaminated with As, which
exceed the World Health Organization's (WHO) drinking water
guidelines (10 pg L™").® Therefore, the detection of As(m) and
Pb(u) in water samples is important to know the mechanism
pathway of these pollutants entering into different compart-
ments of the environment.

Several advanced analytical methods exist for the detection of
As(m) and Pb(u) in water samples. Among them, UV-Vis spectro-
photometry,>® hydride generation-atomic absorption spectrom-
etry,”® graphite furnace-atomic absorption spectrometry,>*®
inductive coupled plasma hyphenated with atomic emission
spectrometry,"”** inductively coupled plasma hyphenated with
mass spectrometry,”® atomic fluorescence spectrometry,'***> and
cyclic voltammetry'®"” are the most widely used. The advanced
instruments are costly, sensitive, have high consumption, require
professional operators and other expensive instruments as well as
complex sample pretreatment processes. Furthermore, these
conventional methods are not economical because heavy metal
elements are rarely discovered in the environment during routine
inspections.*® Therefore, creating a simple and low-cost approach
to meet practically the requirements for the detection of heavy
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metals in water samples is necessary. A number of colorimetric
paper-based analytical devices have been used to detect several
chemical substances because these devices provide the charac-
teristics of simplicity, portability, rapidity, disposability, and
selectiveness.'®*® Recently, our research group demonstrated the
use of a paper-based and colorimetric sensor for the on-site
determination of metal ions using functionalized nanoparticles
in environmental and biological samples.*** Apilux et al. devel-
oped a paper-based sensor for the determination of Hg*" in water
samples using silver nanoplates.” Ratnarathorn et al. developed
PADs for the quantitative determination of copper using homo-
cysteine and dithiothreitol-modified AgNPs.> Thus, in the present
work, a colorimetric and paper-based sensor for the determination
of As(m) and Pb(u) in environmental water samples is investigated.

A number of metal nanomaterials have recently been
commonly used as sensing probes for the detection of multiple
analytes in food, pharmaceutical, environmental, and biological
samples due to environment-friendly and low-cost consider-
ations.” This is due to the distinct optical properties of AuNPs
(pink), AgNPs (yellow), and CuNPs (red) in aqueous solution,
which cause LSPR absorption band in the UV-Vis spectrum. The
LSPR of noble metal NPs is related to the conduction of free
electrons present in the valence band after interaction with
visible light and is dependent on the size of the NPs.** However,
the introduction of analytes into the NPs solution can cause the
agglomeration of particles, which results in the change of color
and the red shift of the LSPR band to longer wavelength in the
visible region. LSPR-based probes are able to detect extremely low
concentration of the analytes present in different types of
samples.”””® Consequently, noble metals NPs are used as colori-
metric and paper-based sensors for the detection of a variety of
chemical substances such as amino acids,” vitamins,** pesti-
cides,*** proteins,* cationic surfactants,* nucleic acids,*® and
ascorbic acid.*”*® Thus, colorimetric and paper-based analytical
methods based on noble AuNPs are easy, low cost, and preclude
the use of sophisticated analytical instruments.

In the present work, a simple method for the selective deter-
mination of As(m) and Pb(u) in environmental water samples was
developed using glucose-functionalized AuNPs as a colorimetric
and paper-based sensor under the optimized conditions. The
methodologies are based on the non-covalent interaction of the
analytes and AuNPs/Glu, followed by the shifting of the LSPR
band in the visible region. The effects of concomitant ions and
cross-contaminants were also studied for the selective determi-
nation of As(m) and Pb(u) using the NPs in water samples. The
linearity range, accuracy, precision, and limit of detection of the
present method were calculated and validated for the determi-
nation of As(ur) and Pb(u) in water samples. Finally, AuNPs/Glu
was applied for As(m) and Pb(un) determination in environ-
mental water samples (bore-well, industrial waste, river, and
pond water) the using paper-based colorimetric sensor.

2. Materials and methods
2.1. Chemicals, reagents, and solution preparations

All reagents and materials used were of analytical grade for the
experimental process. The different metal salts were purchased
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from S.D. Fine Chemical Ltd. (Mumbai, India). Glucose, chlor-
oauric acid (AuHCl,), and trisodium citrate were obtained from
Hi-Media (Mumbai, India). Glass microfiber filter paper,
Whatman filter paper, chromatography filter paper, and quartz
filter paper were purchased from Whatman (International Ltd,
Maidstone England). Xerox printing paper and tissue paper
were purchased from a local market and were used for AuNPs/
Glu fabrication on the surface of the paper-devices for the
selective detection of As(mr) and Pb(u). Stock solutions (1000 pg
L") of all the metal ions were prepared by dissolving a proper
amount of the substance in 10 mL of ultrapure water. The
working standard solutions were prepared by the manyfold
dilution of the standard stock solution. 0.1 M solutions of
hydrogen chloride (HCl) and sodium hydroxide NaOH (ACS
reagent, 97%, Sigma-Aldrich) were prepared for maintaining
the pH of the sample solutions, which were added to the reac-
tion medium.

2.2. Synthesis of modified gold nanoparticles

AuNPs/Glu was prepared by the reduction of AuHCl, using tri-
sodium citrate as the reducing agent and glucose as the stabi-
lizing agent.* 40 mL of 195 pM aqueous solution of HAuCl, was
warmed to 100 °C and then 540 pL of trisodium citrate (0.1 M)
was added immediately into the stirred mixture of the solution
in a 100 mL conical flask. The pink color appearance of the
solution mixture showed the formation of the AuNPs without
stabilizing agents. At the same temperature, the solution
mixture was heated for 2 hours and centrifuged for 15 min
(12 000 rpm) to extract excess of trisodium citrate from the
dispersed medium of AuNPs and mixed with ultrapure water
accordingly. Next, a 0.5 mL of glucose solution (0.05 mM) was
introduced into 40 mL of the above prepared AuNPs, followed
by sonication for ligand exchange reaction. After this, the
nanoparticles were centrifuge at 12 000 rpm for 15 min to
eliminate any additional ligands from the solution mixture.
AuNPs/Glu was found to be stable for 5 months at room
temperature with no signs of aggregation, indicating that it
could be used as a chemical sensor in paper-based and colori-
metric methods.

2.3. Sample collection and preparation

The water samples were collected from different sources such as
bore-well, industrial waste, river, and pond from Chhattisgarh,
India. In the month of December 2020, the samples were
collected in polyethylene bottles using the prescribed method-
ology.*® The samples were immediately filtered through
a Whatman filter paper (0.45 pm) to prevent the adsorption of
any chemical species on the surface of the suspended elements
and kept in a freezer at 5 °C in 24 h until analysis. The pH of the
sample was maintained at 7.0 prior to the AuNP/Glu-assisted
colorimetric and paper-based analysis.

2.4. Procedure for the determination of As(m) and Pb(u)
using AuNPs/Glu in the colorimetric and paper-based sensor

Standard solutions of As(m) and Pb(u) from 200 uL were sepa-
rately placed in glass bottles containing 1.0 mL of AuNPs/Glu
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and filled with the appropriate dilution of the stock standard
solution while maintaining the pH of the sample solution at 7.0
with the help of 0.1 M aqueous solutions of NaOH and HCI. The
solution mixture was then kept at room temperature to study
the chemical reaction as well as the color change of the nano-
particles. The color of the sample solution suddenly changed
from pink to purple for As(m) and from pink to bluish grey for
Pb(u). The change in the color of the solution mixture can be
seen with the naked eye and the signal intensity of the solution
mixture was measured with a UV-Vis spectrometer in between
the 200-800 nm range.

For paper-based detection, glass microfiber filter paper was
punched into small diameter (0.5 cm) circles and stacked on the
paper substrate with a hydrophobic surface wax. On each paper
substrate with the help of a micropipette, 10 pL of AuNPs/Glu
was deposited, followed by 10 pL of As(ur) and Pb(u) with
concentrations in the range of 20-500 pg L™ ' and 20-1000 pg
L', each of them being added. The color change observed of
the detection zone of the paper substrate with As(m) and Pb(u)
from pink to violet for both the analytes was used in the
quantitative and qualitative analysis of both the metal ions from
contaminated sample sites. The schematic diagram for the
determination of As(m) and Pb(u) using AuNPs/Glu in the paper-
based and colorimetric sensor is shown in Fig. 1.

RSC Advances

A standard calibration curve of different concentrations of
As(ur) and Pb(u) was prepared simultaneously by our performing
different sets of experiments in six replicates of analyses by the
paper-based and colorimetric method. The calibration curve
was drawn between different concentrations of As(ur) and Pb(u)
and their respective absorbance or value of color intensity using
the linear calibration curve equation, i.e., y = mx + c.

2.5. Apparatus

The LSPR absorption intensity was used to determine As(m) and
Pb(u) in standard solution/water samples using the UV-visible
spectrometer (Cary-60, Agilent Technologies, USA) with 1 cm
of cell made up of quartz. The pH of the sample solution was
measured using a digital pH meter (model-335, Systronics,
India). The size and shape of AuNPs/Glu were determined using
a transmission electron microscope (TEM) (Jeol, IET-2200FS)
with a 100 kV accelerating voltage in the presence and
absence of target analytes. The infrared (IR) absorption spectra
of pure glucose, AuNPs/Glu, and AuNPs/Glu with As(m) and
AuNPs/Glu with Pb(i) were obtained using a Fourier transform
infrared spectrometer (FTIR) (Nicolet-iS10, Thermo Scientific,
USA). Dynamic light scattering Nano-Zetasizer instrument
(Malvern, UK) confirmed the percentage size distribution of the
nanoparticles in aqueous solution before and after the addition
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ImageJ software (b) for the determination of As(i) and Pb(i) using AuNPs/Glu.
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of As(m) and Pb(u). Thermo Fisher Scientific Barnstead
Smart2pure water system with a conductivity of 18.2 Q" was
used to obtain ultrapure water for the solution preparation of all
chemical compounds.

3. Results and discussion

3.1. Selection of functionalized nanoparticles and paper for
sensing materials

In this present method, we have chosen glucose-functionalized
AuNPs for the detection of As(ur) and Pb(u) in environmental
water samples because it shows chemical stability and size-
dependent optical and electronic properties.** Generally,
AuNPs have a large surface area-to-volume ratio, excellent
biocompatibility, and low toxicity, which is an important deci-
sive factors for the selection as well as better adsorption of As(i)
and Pb(u) on the surface of nanoparticles and they have been
used in a gamut of applications, including antibacterial agents,
biosensing, biomedical, and bioremediation of diverse
contaminants and water treatments.*»*> The enhancement of
the signal intensity in UV-Vis analysis as well as the red shift of
the LSPR band in the UV-Vis region confirmed the functional-
ized AuNPs as the better chemical probe as compared to other
nanoparticles. AuNPs are more chemically stable than AgNPs
and can be stored for a long time. In contrast, AgNPs are very
susceptible to oxidation when exposed to air and light.** The
selection of the paper is important for the development of
paper-based sensors towards the determination of As(m) and
Pb(u) from different types of environmental water samples.
Glass microfiber filter paper with and without nanoparticles
were examined for the determination of As(u) and Pb(u) due to
the high signal intensity as compared to Whatman filter, quartz
filter, and xerox printing paper. Except for glass microfiber filter
paper, the quartz filter, Whatman filter, and xerox printing

Paper

paper were found to be unsuitable since the very large pore size
on their surface led to the incomplete trapping of the analytes
within the fibers of the paper due to the rapid spreading of the
liquid, resulting in a low color appearance.** Therefore, AuNPs
were used for the multiresidue detection of metal ions (As(ur)
and Pb(u)) using glass microfiber filter based paper sensor and
colorimetry in environmental water samples.

3.2. Characterization of colloidal nanoparticles

The current study used a variety of instruments to investigate
the morphology, size distribution, and spectral characteristics
of the synthesized AuNPs/Glu under the optimum conditions.
For the characterization, a UV-vis spectrophotometer was firstly
used for AuNPs/Glu size determination with and without the
addition of analytes and it was analyzed by observing the
shifting of the LSPR absorption band. Good intense pink color
and UV-visible absorption spectra were only observed in AuNPs/
Glu and not in other nanoparticles functionalized with different
compounds (Fig. S1t). The solid-state UV-VIS spectra of the test
paper with and without arsenic(m) and lead(un) are shown in
Fig. S2.1 The good chemical stability of AuNPs/Glu was observed
due to surface functionalization by negatively charged hydroxyl
ions, which avoid self-aggregation of the nanoparticles.
Secondly, TEM analysis was used to confirm the particle size of
AuNPs/Glu with and without the addition of the analyte. It is
evident for the currently synthesized AuNPs using glucose as the
stabilizing agent from the TEM images that in the absence of
metal ions (As(ur) and Pb(i)), the AuNPs were spherical in shape,
monodisperse in nature, and well-dispersed in aqueous solu-
tion. Fig. 2A displayed the TEM image of AuNPs/Glu without
and with the addition of metal ions such as As(ur) and Pb(u). The
FTIR absorption of dispersed AuNPs/Glu and aggregated
AuNPs/Glu with As(mr) and Pb(i) was performed on the basis of
the functional groups, chemical bonding, and molecular
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Fig. 2 (A) TEM image of (a) disperse AUNPs/Glu, (b) aggregate AuNPs/Glu with As(in), (c) aggregate AUNPs/Glu with Pb(i); (B) FTIR spectra of (a)

pure glucose and (b—d) AuNPs/Glu with and without the addition of As(i) and Pb(i); (C) DLS measurement histogram of (a) the size distribution of
AuNPs/Glu and (b, c) AuNPs/Glu with and without the presence of metal ions such as As(i) and Pb(i).
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structures of the chemical substances. The results are shown in
Fig. 2B. DLS was also performed to confirm the average size and
percentage distribution of AuNPs/Glu with and without the
addition of As(m) and Pb(u) in aqueous solution, and the results
are displayed in Fig. 2C(a)-(c).

3.3. Screening for the selective detection of As(m) and Pb(u)
using AuNPs/Glu in the colorimetric and paper-based sensor

Recently, our research group has exploited the use of paper-
based and colorimetric sensor for the quantitative analysis of
metal ions using functionalized NPs based on the discoloration
of NPs, which impregnated the paper substrate, and the red
shift of localized surface plasmon resonance (LSPR).** In this
present work, different metal ions (Na(1), K(1), Ca(u), Co(xr), Ni(),
Cu(u), Zn(u), Cd(u), Ba(u), Hg(u), Fe(u), and Cr(vi)) were chosen
to demonstrate the selective detection of As(m) and Pb(u) with
AuNPs/Glu in environmental water samples using a colori-
metric probe. For this analysis, standard solutions of different
metal ions (200 uL) were taken in separate glass vials and mixed
with 1.0 mL of colloidal gold solution. After that, the pH of the
sample solution was maintained at 7.0 with 5 min reaction
time. The color of the AuNPs/Glu solution changed from pink to
purple and pink to bluish grey, and the shift in the LSPR band
was appearance due to the aggregation of the particles after the
addition of As(m) and Pb(u) and not with other metal ions,
respectively (Fig. 3(A), (C)). Thus, the change in the solution
color and appearance of a new LSPR band at 660 nm for As(u)
and at 670 nm for Pb(u) with AuNPs/Glu were used as a paper-
based and colorimetric assay method for the selective deter-
mination of target analytes in environmental water samples.
The LSPR absorption peak of the AuNPs/Glu solution with all
other metal ions was found to be close to the UV-vis spectrum of
AuNPs/Glu at 525 nm. However, when As(m) and Pb(u) were
added to the AuNPs/Glu solution, a new LSPR absorption band
and high signal intensity or signal-to-noise ratio appeared at
about 660 nm and 670 nm, respectively, as compared to other
metal ions. As a result, the change in the color and appearance
of the new LSPR absorption band at 660 nm and 670 nm for
As(m) and Pb(u), respectively, are shown in Fig. 3A. Therefore,
AuNPs/Glu was used as a colorimetric and paper-based sensor
for selectively determining both the metal ions in environ-
mental samples based on the agglomeration of dispersed
nanoparticles.

The screening of metals ions was performed for the selective
determination by depositing 200 uL of different metal ions
(1000 pg mL™") on the surface of the paper substrate fabricated
with AuNPs/Glu for the determination of As(u1) and Pb(u), as
shown in Fig. 3B(a)-(q). The nanoparticles that contain As(ur)
and Pb(u) ions (Fig. 3B(c) and (j)) only showed a change in the
color from pink to violet for both As(u1) and Pb(u), respectively,
and no changes in the color were observed with another metal
ions, which is shown in Fig. 3B and (C). Apart from this, the
deposition of different metal ions on the paper substrate
exhibited the same color as AuNPs/Glu, showing that there
might not be any interaction of these metal ions with NPs. As is
known, all paper substrates including glass microfiber filter

© 2021 The Author(s). Published by the Royal Society of Chemistry
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paper possess pores with a diameter of 2-20 mm on their
surface, which is an important criterion for the adsorption of
analytes, resulting in an increase in the color intensity. The
lowest background and high signal intensity of the target ana-
lytes were obtained with the microfiber filter paper due to
electrostatic interaction in the solid-liquid interfaces.** In
addition, the control experiment was performed to determine
the variation of signal intensity after the deposition of AuNPs/
Glu on the surface of another paper. The results indicated
that there is no significant change in the variation of the signal
intensity between different paper substrates for the analysis of
metal ions such as As(m) and Pb(u). Thus, the results from the
Image] software confirmed the qualitative data for the deter-
mination of As(u) and Pb(u) using a smartphone coupled with
the paper sensor. We have also experimentally observed that the
same color change was found in the UV-Vis analysis of AuNPs as
a colorimetric sensor. Therefore, AuNPs/Glu can be fabricated
on a paper substrate for the colorimetric qualitative determi-
nation of As(mr) and Pb(u) from a sample solution.

3.4. Mechanism for the detection of As(m) and Pb(u) using
AuNPs/Glu as the chemical sensor

The mechanism for the selective detection of metal ions such as
As(m) and Pb(u) using AuNPs/Glu was demonstrated by per-
forming different sets of experiments with and without the use
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of colloidal gold solution in the paper sensor and the colori-
metric method. AuNPs/Glu shows the good dispersion of
particles in the aqueous solution (pink color). This is because of
the occurrence of oxygen and hydroxyl group in glucose mole-
cules on the surface of NPs, which protect them from self-
agglomeration. AuNPs/Glu showed a sharp LSPR absorption
band at about 525 nm, as shown in Fig. S1(a).f The appearance
of the LSPR absorption peak at 525 nm confirmed the size of
NPs in the range of 10-50 nm.***> However, the addition of
As(ur) and Pb(u) into the NPs solution caused the color change
from pink to purple and from pink to bluish grey, respectively.
Hence, a red shift was obtained from 525 nm to 660 nm for
As(m) and from 525 nm to 670 nm for Pb(un) were due to the
aggregation of particles, as shown in Fig. S1(b) and (c).t The
aggregation of NPs causes a decrease in the inter-particle
distance among the particles, followed by strong enhance-
ment of localized electric field, which produces a red shift in the
LSPR band at about 660 nm for As(u) and 670 nm for Pb(u) in
the visible region, as shown in Fig. S1(b) and (c).t The aggre-
gation of particles was evidenced by a color change of NPs from
pink to purple and from pink to bluish grey after the intro-
duction of As(m) and Pb(u) into the AuNP/Glu solution. The
discoloration of AuNPs/Glu due to the aggregation of particles
after the addition of the analyte on the paper surface was found
because the paper still has fine glass microfibers.*® In addition,
the nature of SiO,*~ in glass microfibers filter paper plays an
important role in the adsorption of As(m) and Pb(u) at the solid-
liquid interface due to the electrostatic interactions. Recently,
our research group has been reported a KBr-impregnated paper
substrate as a sample probe for the enhanced IR signal strength
of surfactants in an aqueous medium with the same
phenomenon.*

TEM measurement was also performed to verify the actual
size, shape, and morphologies of AuNPs/Glu before and after
the addition of As(m) and Pb(u) in aqueous solution. Fig. 2A
shows the TEM image of AuNPs/Glu without the addition of
As(ur) and Pb(u) ions, displaying the monodispersity in aqueous
solution. Fig. 2B(a)-(c) show the TEM images of the
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agglomerated NPs in the presence of the analyte and the average
size of the NPs was found to be several folds higher than that of
the dispersed NPs. We also determined the size and percentage
distribution of AuNPs/Glu in the presence and absence of As()
and Pb(u) using DLS measurements and the results are shown
in Fig. 2C(a)—(c). An observation of Fig. 2C(a) showed that the
size of AuNPs/Glu in the absence of metal ions (As(ur) and Pb(u))
is 10.5 + 2.9 nm. However, in the presence of analytes, the
dynamic size of AuNPs/Glu increases from 10.5 + 2.9 to 56.7 +
10.3 nm for As(ur) and 10.5 £+ 2.9 to 69.3 £ 12.2 for Pb(u), as
shown in Fig. 2C(b)-(c). The increase in the hydrodynamic
diameter is attributed to analyte aggregation and a decrease in
the electrostatic interaction between the analyte and AuNPs/Glu
due to the chemical adsorption process.” The sizes of the NPs
estimated from DLS, UV-Vis, and TEM were found to be
consistent with each other. Hence, the monodispersed NPs
exhibited pink color and the addition of the analyte into it
caused the aggregation, followed by the color change and red
shift of LSPR absorption. This phenomenon was exploited for
the selective detection of As(m) and Pb(un) from the sample
solution using AuNPs/Glu as a dual colorimetric sensing probe
and paper-based sensor. The functionalization of AuNPs with
glucose was verified by the FTIR spectra of pure glucose and
AuNPs with glucose molecule. The results are shown in
Fig. 2B(a). The FTIR spectral peak observed at 2061 cm™ " was
due to C-H vibrations and 1734 em™' for C-O symmetric
stretching.*** The FTIR peaks observed at 1065 cm™*,
1085 cm™*, and 1126 cm ™! were due to functionalized AuNPs
with glucose, as shown in Fig. 2B(b). The strong absorbance
band found at 3303 cm ™" was due to the OH stretching of the
glucose molecule. The absorption band of OH stretching
undergoes a significantly high frequency shift observed at
3485 cm ', suggesting the intimate association between b-
glucose and the surface of the AuNPs/Glu.*® In addition, the
decrease in the signal intensity observed compared to pure
glucose confirmed the binding of C-O on the surface of the Au
nanoparticles. Fig. 2B(c) shows the FTIR spectrum of AuNPs/Glu
with As(m) observed at 714 cm ™, 790 cm™*, and 820 cm™ .

Dispersed AuNPs

AuNPs with Pb(ll)

O AuNPs 3 Glucose @ asgl) @ o)

Aggregated AuNPs

Fig. 4 Plausible mechanism for the detection of As(i) and Pb(i) ion using AUNP/Glu (a) glass vial containing pink color of the dispersed AuNPs/
Glu, (b, ¢) glass vial containing purple and bluish grey color of the aggregated AuNPs/Glu with As(i) and Pb(n), respectively, due to the non-

covalent interaction.
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Fig. 2B(d) exhibits the FTIR spectrum of AuNPs/Glu with Pb(u)
observed at 1430 cm™ ", 1422 cm ™', and 1389 cm ™. The peaks
corresponding to As-O and Pb-O stretching frequency
confirmed the binding of As(m) and Pb(u) to the surface of
AuNPs/Glu. However, the solution mixture of AuNPs/Glu with
As(mr) and Pb(u) exhibited the decrease and the appearance of
a broader band than that for glucose and AuNPs/Glu demon-
strated the binding of the analyte with the glucose molecule.

Thus, the selective detection of As(u) and Pb(u) is illustrated
based on the red shift of the LSPR absorption band of AuNPs/
Glu after the introduction of the analyte using UV-Vis, TEM,
and DLS analyses. The red shift of the band is due to the
decrease in the inter-particle distance after the self-
agglomeration of NPs compared to the monodispersed parti-
cles in aqueous solution. A similar effect on the formation of
non-bonding interactions of the Pb(u) ion with a bifunctional
gallic acid, leading to a strong inter-particle interaction of Au
and AgNPs, was also proposed by Thomas and co-workers’
research group (2010).* The sensing mechanism is based on
the interaction of glucose from the surface of the AuNPs and
glucose molecules with the breaking of Au-O interactions and
stabilizing a new As-O. Similarly, non-covalent interaction is
observed between the Pb(u) ion glucose-capped on the surface
of the AuNPs. However, the solution mixture of AuNPs/Glu with
As(m) and Pb(u) exhibited a decrease and the appearance of
a broader band than that of pure glucose and AuNPs/Glu, which
demonstrated the binding of the analyte with glucose
molecules.

The schematic plausible sensing mechanism for the detec-
tion of As(m) and Pb(u) is designed based on experimental
calculation (Fig. 4). The reaction between the analytes and

RSC Advances

AuNPs/Glu was completed in three steps for the determination
of As(m) and Pb(u) (Fig. 5). Step-I indicates the synthesis of
AuNPs using trisodium citrate as a reducing agent with the
prescribed methodology.** The carboxylate group containing
trisodium citrate was strongly adsorbed onto the colloidal
AuNPs surface due to the interaction of the hydrogen bond,
which provides stability to the colloidal nanoparticles in
aqueous medium (Fig. 5). For the surface modification of
AuNPs, we introduced the glucose as the functionalizing agent
into the citrate-stabilized AuNPs, as shown in Step-II. As is
known, glucose molecules have a majority of OH groups, which
have strong affinity toward metal ions such as As(ur) and Pb(u) in
aqueous medium. In this process, we sonicated the solution
mixture of NPs for the ligand exchange reaction (LER) for
15 min, resulting in the immediate removal of the excess
ligands (carboxylate group of citrate molecules) from the solu-
tion mixture. At the same time, the hydroxyl ion (-OH) of
glucose molecule binds with the colloidal gold solution due to
ionic interaction and provides better stability to the AuNPs as
compared to the carboxylate group containing citrate molecules
(Fig. 5). In addition, the glucose-stabilized AuNPs prevents the
self-induced aggregation of NPs with other ionic compounds.
Therefore, the terminal part of glucose on the surface of NPs
binds with the Au-O bond to form surface-modified AuNPs due
to the interaction of the hydrogen bond in aqueous medium.
The color change of AuNPs/Glu due to the addition of metal
ions such as As(m) and Pb(n) samples can be interpreted by
electrostatic as well as non-covalent interactions between As(ui)
and Pb(u) and AuNPs/Glu (Step-III). The glucose molecules were
perpendicular to the surface of the AuNPs attached with the
hydroxyl ion (OH) bond and these NPs gain a tunable negative
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1 ° J
o A y +
15} :

~—
72!
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on AuNPs
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Ligand exchange modified
glucose capped AuNPs

As(l) o
pH=70

,@ ]

S|

Step-111
©. .

Glucose capped AuNPs with As(I1I)
(Aggregated phase)

Glucose-capped AuNPs
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Pb(IT)
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Glucosc capped AuNPs with Ph(IT)
(Aggregated phasc)

[ The reaction mechanism for determination of As(IIT) and Pb(IT) using AuNPs/GIuJ

Fig. 5 Probable reaction pathways step-I indicates that the terminal carboxylate group of trisodium citrate binds on the surface of the NPs
through the Ag—O bond, step-Il indicates that the carboxylate group was replaced by glucose molecule and the terminal hydroxyl part of glucose
binds to the surface of the AuNPs, and step-IIl shows that As(ii) and Pb(i) containing positive charge (+ve) interact with the negative charge (—ve)
site of the oxygen (O—H) of the hydroxyl group of glucose-functionalized AuNPs due to the agglomeration of particles for the determination of

As(i) and Pb(i) using AUNPs/Glu.
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surface charge. When these negative surface charged NPs come
into contact with the positive charge of both the metal ions such
as As(m) and Pb(u) during the electrostatic and non-covalent
interactions. Due to the interaction of -OH groups and As(im)
and Pb(u), electrostatic attraction takes place between AuNPs,
which leads to their eventual aggregation, resulting in the
reduction in the inter-particle distance (Fig. 5).°>** When the
glucose molecule is left at the surface of the AuNPs, their
stability decreases and they are found to self-aggregate, causing
color change and also the shifting of the LSPR band in the
visible region interact with this metal ion in the AuNPs. AuNPs
capped with glucose in aqueous solution exhibited pink color
due to the monodispersity of the particles achieved by the long
carbon chain of glucose molecules.**** The long carbon chain
of glucose prevented the NPs from aggregation due to the steric
hindrance, as shown in Fig. 4a. Thus, the LSPR absorption band
of the NPs capped with glucose was observed at about 525 nm in
the visible region. However, the addition of As(i) and Pb(u) into
the NPs showed color change from pink to purple and bluish
grey, respectively, because of the agglomeration of particles
caused due to the binding of glucose molecules with the ana-
lytes, as shown inFig. 4b and c. This is due to the non-covalent
interaction between the glucose molecules and As(m) as well as
Pb(u) ions; therefore, the red shift of the LSPR band was

Paper

observed from 525 to 660 nm for As(i) and 670 nm for Pb(u) in
the visible region. The change in the color intensity and the red
shift was found proportional to the concentration of the ana-
lytes, which was then used for the colorimetric analysis of As()
and Pb(u) from the sample solution.

3.5. Determining factors for the performance of the
colorimetric method using AuNPs/Glu

The methodology was optimized by investigating the effect of
some analytical parameters that affect the detection as well as
quantification of As(ur) and Pb(u) using AuNPs/Glu as a chem-
ical sensor in the colorimetric method such as reaction time,
pH, and AuNPs concentration. Firstly, the pH of the solution
was optimized by adding different pH solutions (3.0, 5.0, 7.0,
9.0, and 11.0) containing As(m) and Pb(u) ions, followed by the
addition of nanoparticles, which is shown in Fig. S3 and S4.}
The solution containing pH 7.0 demonstrates the highest
absorption as well as color changes and thus the whole exper-
iment retained this pH. The reaction time was then optimized
by maintaining the solution mixture of the nanoparticles with
As(m) and Pb(u) at room temperature for various reaction times,
which is shown in Fig. S5 and S6. After 5 minutes, there was no
significant effect of the reaction time on As(m) and Pb(u)
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Fig.6 Glass vials containing different concentration of (20, 50, 100, 200, 300, 500 ug L) for As(i) and (100, 300, 500, 700, and 1000 pg L™3) for
Pb(i) with AuNPs/Glu and their respective UV-Vis absorption spectra (a, b) and the calibration curve for the determination of As(i) and Pb(n) in

environmental water samples (c).
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detection. Furthermore, different concentrations of the nano-
particles were optimized by recording the different absorbance
at different concentrations of the nanoparticles in the range of
50-600 uM. The results are given in Fig. S7 and S8.f The
absorbance value increased as the concentration increased
from 50 to 500 pM but there was no improvement in the A4
value beyond this point. Consequently, 200 uM concentrations
of AuNPs were used for further investigation in order to detect
both the target analytes. Finally, all the experiments were
carried out by keeping the sample solution at pH 7.0 for 5.0 min
reaction time and using 200 M concentration of the NPs for the
optimum detection of As(m) and Pb(n) from the sample
solution.

3.6. Selectivity studies: effects of concomitant ions and
cross-contaminants

Several metal ions such as K(i), Na(1), Mg(u), Ca(u), Mn(i1), Co(1r),
Ni(u), Zn(u), Cu(u), Cd(u), Ba(u), Pb(u), Hg(u), Al(m), Fe(u), As(im),
and Cr(iv), and also anions such as Cl~, CO;~,NO;~, PO4*>", and
S0, that may be found in water samples were examined using
AuNPs/Glu in the colorimetric probe under optimum condi-
tions. For this study, the determination of As(ur) and Pb(u) using
AuNPs/Glu was carried out by introducing water spiked with
different concentrations of diverse metal ions, anions at pH 7.0,
and an extraction time of 5 min, which was analyzed via the
colorimetric probe. Different diverse substances with their
tolerance limit such as K(1), Na(1), Zn(u), Cr(wv), ClI”, CO;~
(800 mg L™"); Mn(u), Co(u), Ni(u), Al(u), SO4> (750 mg L™ 1),
Hg(u), Mg(u), Ba(u), Ca(u), NO;~ (650 mg L™ "); Cd(u), Cu(m),
Fe(m), PO,*>~ (450 mg L"), were calculated using this method.
Table S17 indicates the tolerance limit for metal ions and
anions. The UV-Vis absorption band of AuNPs/Glu remained
unchanged in the presence of other vitamins and amino acids
at the optimized conditions, while only As(m) and Pb(u) dis-
played a decrease in the color change as well as the red shift of
the LSPR absorption band (Fig. 3(A) and (C)). The ratio of
absorbance intensities at 525/660 nm for As(m) and 525/670 nm
for Pb(u) were used to assess the degree of AuNPs/Glu aggre-
gation in the colorimetric probe for the determination of metal
ions (As(m) and Pb(u)) from different water samples such as
bore-well, industrial-waste, river, and pond. Thus, all the added
chemical substances in water samples did not show interfer-
ence in the determination of both As(ur) and Pb(u), which shows
the better selectivity of the AuNPs based on the colorimetric
probe.

3.7. Analytical evaluation for the determination of As(m) and
Pb(u) using AuNPs/Glu in the colorimetric and paper-based
sensor

Linear range, limit of detection (LOD), precision, and accuracy
for the determination of As(m) and Pb(u) in water samples were
investigated at the optimized conditions. The calibration for the
estimation of As(m) and Pb(u) was performed by mixing
different concentrations of the target metal ions with 1.0 mL of
AuNPs/Glu. After the addition of the analyte with different
concentrations in the NPs solution, the aggregation and LSPR

© 2021 The Author(s). Published by the Royal Society of Chemistry
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absorption intensity of the NPs solution mixture is influenced. A
calibration curve was drawn by the absorbance ratio obtained at
660 nm for As(m) and 670 for Pb(u) and 525 nm against different
concentration of the metal ions. A good linearity was obtained
in the range of 20-500 pg L™" (As(m)) and 20-1000 pg L~" (Pb(1))
for the determination of both the metal ions with a correlation
coefficient of 0.991 and 0.993, respectively, as shown in
Fig. 6(a)-(c). The LOD was evaluated based on the minimum
quantity of the analyte that could give a change in the absor-
bance value at three times the standard deviation value of the
blank.>**® The LOD value for the detection of As(ur) and Pb(u)
was to be found to 5.6 pg L' and 7.7 ug L™ ', respectively. Thus,
good results were obtained in terms of the sensitivity of LOD
and reproducibility for the determination of As(u) and Pb(u) in
the water samples using the present method. A good stability in
aqueous solutions could be verified by the analyses of As(ur) and
Pb(u) using AuNPs/Glu as a chemical sensor for a minimum
period of 35 days. For this, we calculated the intra-day precision
(RSD%) for the analysis of As(m) and Pb(i) (200 pug L") at the
optimized condition for 35 days. The reproducibility curve for
the determination of As(u) and Pb(u) using AuNPs/Glu under
the optimized conditions is shown in Fig. S9. The RSD% value
in the range of 0.9-2.2% showed the better stability of the
AuNPs/Glu for the effective detection of both the metal ions
from the sample solution.

Consequently, the calibration was carried out by depositing
different concentrations of As(m) and Pb(u) in the range of 20-
500 pg L' and 20-1000 pug L™ on different test zones of the
circular paper fabricated with AuNPs/Glu. The results are given
in Fig. 7a and b. The color of the AuNPs/Glu fabricated on paper
changes from the pink to violet as the concentration of the
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Fig. 7 (a) Circular filter paper strip fabricated with AuNPs/Glu along
with the deposition of different concentrations of As(in): (a) AUNPs/Glu
(blank), (b) 20 ug L™, (c) 50 pg L2, (d) 100 g L™, () 200 pg L2 () 300
ng L% and (g) 500 pg L™t with the calibration curve; (b) circular filter
strip fabricated with AuNPs/Glu along with the deposition of different
concentrations of Pb(i): (a) AUNPs/Glu (blank), (b) 20 ug L%, (c) 100 pg
L% (d) 300 ug L™ (e) 500 ug L™, () 700 pg L% and (g) 1000 pg L™t
with their calibration curve.
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Table 1 Application to the determination of As(in) and Pb(i) in bore-well, industrial waste, river, and pond water samples®

As(m), pg L* RSD, AAS, ng L! RSD, Pb(), pg L RSD, AAS, pg 1! RSD,
Samples (n=23) % (n=23) % (n=23) % (n=23) %
Bore-well water, Bilaspur 122.1 £ 2.7 2.2 141.6 £ 2.0 1.4 304.6 £ 4.5 1.4 272.6 £ 2.5 0.9
Industrial waste water, ND ND ND ND 254.3 + 4.0 1.5 224 + 3.6 1.6
Sarona
River water, 222.3 £ 2.5 1.1 203.6 £ 3.2 1.5 ND ND ND ND
Ambagarhchowki
Industrial waste water, ND ND ND ND 243 + 2.6 1.0 264.3 + 3.7 1.4
Urla
Pond water, Raipur ND ND ND ND ND ND ND ND

“ ND = not detected.

analytes are increased. The paper-based detection of metal ions
is based on the change in the signal intensity of AuNPs/Glu
fabricated on a paper substrate after the deposition of the
analyte using a smartphone, followed by processing with the
Image] software. The standard addition of As(ur) and Pb(u) on
the paper substrate will be helpful in the qualitative determi-
nation of unknown concentration of the analytes in the given
samples. Thus, the paper-based detection of As(m) and Pb(u)
ions is found to be a simple, rapid, and cheap analytical device
that requires a very low amount of the sample and can be
applied at the sample source.

3.8. Application to the determination of As(m) and Pb(u)
using AuNPs/Glu from water samples

The validity of the AuNPs-based colorimetric probe was tested
by determining As(m) and Pb(u) in bore-well, industrial waste,
river, and pond water samples. The concentration of the metal
ions was determined using standard calibration curves of As(ur)
and Pb(u). The concentration of As(ui) and Pb(u) obtained from
bore-well, industrial waste, river, and pond water samples were
in the range of 122-222 pug L™ " and 243-306 ug L™, respectively.
The results are given in Table 1. The obtained results demon-
strated efficient and simple determination of As(ur) and Pb(u)

Table 2 Comparison of the proposed method with other reported NPs-

from different environmental samples using AuNPs as the
colorimetric probe. The results obtained colorimetrically were
validated by analyzing with AAS (Thermo Scientific iCE 3000
AAS). The results are given in Table 1. The comparable results
were acquired with both the newly developed method and the
AAS method. Therefore, AuNPs/Glu was successfully illustrated
for the determination of As(u) and Pb(u) in different types of
water samples. The same samples were also tested for the
qualitative and quantitative analysis of As(ur) and Pb(u) by
introducing the sample solution on the test zones of the paper
substrates. The color change from pink to violet color indicated
the presence of the sample solution, which will be employed for
the qualitative and quantitative analysis of both the metal ions
from the contaminated sample source. The concentrations of
As(m) and Pb(m) were found in the range of 20-25 pg L' and 10~
20 pg L7, respectively. Therefore, AuNPs/Glu was successfully
exploited for the determination of As(u) and Pb(u) in different
types of water samples.

3.9. Comparison of the analytical features of the present
method and other reported methods

The potential of the developed colorimetric probe using AuNPs/
Glu is compared in terms of the linearity range and LOD for the

based colorimetric methods for the determination of As(i) and Pb(i)

As(m) Pb(u)
Linearity range,

Methods Linearity range, pM  LOD, uM  uM LOD, uM  Samples Ref.
AuNPs/surfactant 0.07-40.04 0.07 — — Drinking water 41
AuNPs/enzyme — — 0.07-0.70 0.0016 Environmental sample 42
AuNPs/DNAzyme-based — — 0.01-0.1 0.5 Biological sample 45
AuNPs/gallic acid — — 0.01-1.0 0.0093 Drinking water 49
Bare-AuNPs 0.07-6.67 0.03 — — Biological samples 50
AuNPs/citrate 0.05-1.33 0.02 — — Drinking water 51
AuNPs/polyethylene glycol (PEG)  0.07-0.27 0.07 — — Waste water 52
AuNPs/cationic polymer 0.05-0.8 0.02 Tap water and pond water 55
AuNPs 0.01-1.33 0.23 — — Water and cosmetics samples 56
AuNPs/papain — — 0-40 10 Lake water and tap water 57
AuNPs/Glu 0.02-0.5 0.05 0.02-1.00 0.07 Water samples Present

method
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determination of As(m) and Pb(u) with other reported
methods.*#>4349-53:5558 A wide linearity range and better LOD
were obtained with the present method compared to the other
reported methods (Table 2). The reason for the higher sensi-
tivity is the use of AuNPs/Glu as a colorimetric probe for the
detection of As(m) and Pb(u). However, the synthesis of AuNPs/
Glu is found to be a single step and simple method, where
a small amount of the sample solution is required, making it
a cost-effective process compared to other methods for the
detection of As(mr) and Pb(u) from water samples. The linearity
range, LOD, RSD, and recovery% values obtained by the newly
developed AuNPs/Glu method were compared with the other
reported methods for the determination of As(m) and Pb(u) in
different types of samples. The LOD value obtained by the
present method was found lower than obtained by UV-Vis
spectrophotometry, fluorimetry, inductively coupled plasma
hyphenated with mass spectrometry, and ATR-FTIR.**>5%%7
These earlier reported methods require a time-consuming
sample preparation procedure, trained personnel, and high-
cost chemical reagents.

4. Conclusion

Herein, we have successfully validated the highly efficient
AuNPs/Glu as a colorimetric and paper-based sensor for the
selective and sensitive determination of As(ur) and Pb(u) in
environmental water samples. AuNPs/Glu is very sensitive for
the determination of As(m) and Pb(u) at the lowest concentra-
tion and can be easily detect by naked eyes due to the prominent
color variation of the sample solution with and without the
addition of analytes. The sensing mechanism for the determi-
nation of both the metals ions is dependent on the interaction
of glucose with the surface of the AuNPs due to the non-covalent
interaction with the break-down of the Ag-O bond and the
formation of new As-O and Pb-O moieties. The routine analysis
of metal ions is normally performed using sophisticated
instruments such as AAS, ESI-MS, and AP-MALDI-MS, which are
generally large in size, need trained personnel, require large
quantity of chemicals and reagents, and involve time-
consuming sample preparation processes. The currently devel-
oped colorimetric and paper-based methods are simple, cost
effective, and provide a large surface area for better adsorption,
leading to enhanced absorption bands in the visible region for
the analysis. These methods were applied directly in the
aqueous medium and do not require any other toxic reagents as
compared to other reported method. The advantages of the
colorimetric and paper-based probe are simplicity, lightweight,
cost effectiveness, need of low amount of samples, and envi-
ronmental friendliness. In the near future, the proposed
method would be highly useful for the monitoring of others
toxic metal ions in food, environmental, and biological
samples.
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