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Abstract

An optical colorimetric and smartphone-integrated paper device (SIPD) is demonstrated for determination of As (III) in water and
soil samples using sucrose modified gold nanoparticles (AuNPs/Suc) as a nanoprobe. The mechanism for determination of
As(IIT) is experimentally validated by performing UV-Vis, transmission electron microscope (TEM), Fourier transforms infra-
red spectroscopy (FTIR) and dynamic light scattering (DLS) measurements. The density function theory (DFT) calculations
using B3LYP with 6-311G (2d,2p) and LANL2DZ basis sets is used to theoretically prove the mechanism for determination of
As(IIT). In addition, the paper fabricated with AuNPs/SuC was used as a nanoprobe for quantitative determination of As(IIl) using
smartphone and ImageJ software. Calibration plot was linear over 10-800 pgL ™" for colorimetric determination of As(III) with
limit of detection (LOD) of 4 ugL ™" acquired when the absorbance ratio obtained at 594 nm/515 nm. The linearity range of 50—
3000 pgL ™" with LOD of 20 pgL ™" was determined using smartphone-integrated paper device. AuNPs/Suc is successfully

employed for determination of As (III) from contaminated water and soil samples in colorimetry and SIPD.
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Introduction

Arsenic is a ubiquitous element with metalloid property. It is
distributed in earth crust, soils, rocks and exists in nature in the
form of inorganic and organic materials with oxidation state of
-III, +111 and + V. Arsenic is a one of the most toxic chemical
substance present due to its carcinogenic in nature [1, 2]. The
presence of arsenic in drinking water may relate to increased
risk of diseases such as skin cancer, lungs, bladder, kidney,
etc. [3, 4]. Therefore, the monitoring of arsenic present in
water sample is an important issue to avoid the entry of this
noxious pollutant in environmental samples. There are several
techniques such as electrothermal atomic adsorption spec-
trometry (ET-AAS) [5], inductively coupled plasma-optical
emission spectrometry (ICP-OES) [6], voltammetry [7], sur-
face enhanced Raman scattering (SERS) [8], hydride
generation-atomic absorption spectrometry (HG-AAS) [9], in-
ductively coupled plasma mass spectrometry (ICP-MS) [10],
hydride generation-atomic fluorescence spectroscopy (HG-
AFS) [11], x-ray fluorescence (XRF) [12] and spectrophotom-
etry [4] have been reported for the determination of arsenic in
different types of samples. Among these, spectrophotometry
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(colorimetry) is found rapid and can applied at the samples
source.

Noble metal nanoparticles (NPs) based colorimetric
nanoprobes have drawn huge attention for determination of va-
riety of inorganic and organic chemical substances due to their
unique electronic, optical, chemical and properties of metal NPs.
The color of gold (Au) NPs is pink and silver (Ag) NPs is yellow
in color when the sizes of NPs in the range of 10-50 nm. This is
due to the localized surface Plasmon resonance (LSPR) absorp-
tion band of Ag and Au NPs which arises because of their
collective oscillation of free electron present in the conduction
band. The color of AgNPs and AuNPs change from yellow to
red and pink to blue, respectively and after addition of analyte
into the NPs results the red shift of LSPR band in the visible
region. The change in color intensity of Au or Ag NPs solution is
found proportional to the introduction of analyte which can ob-
served visually [13, 14]. The addition of analyte in to the NPs
solution plays an important role for detection because it provided
a colorimetric determination of any analyte in sample solution.
Our group exploited the use of AuNPs and AgNPs as a
nanoprobe for determination of metal ions [15, 16], pesticides
[17, 18], vitamins [19], nucleic acid [20] and protein [21] in
environmental, biological and food samples. There are other
NPs-based colorimetric nanoprobes have been reported for de-
termination of variety of chemical substances from different type
of real samples [2, 3, 13, 22]. The disadvantages of these
methods are use of NPs solution (= 5 mL) for colorimetric mea-
surements which is found to be expensive. Thus, an alternative
method is needed which should require a less amount of chem-
ical reagents for measurement of analyte in sample solution.

Currently, paper based analytical devices (PADs) is report-
ed for quantitative determination of different chemical sub-
stances which include the simplicity, user-friendly and ex-
cludes the use of large amount of reagents. The paper devices
are made from naturally occurring material which is abundant,
biodegradable and inexpensive materials [23, 24]. The color-
imetric paper based determination is based on the measure-
ment of change in signal intensity of color observed on paper
substrate, which is recorded using UV-Vis, camera or
smartphone [25]. Apilux et al. demonstrated a paper based
colorimetric method for determination of Hg (II) in real water
samples by the color change of silver nanoplates after the
addition of analyte on to the test zone of paper [26]. Creran
et al. reported the use of inkjet-printed enzymatic test strips for
detection of bacteria in contaminated water samples through
the color change of paper substrate [27]. There are several
other paper based devices have been illustrated for determina-
tion of metal ions, bacteria, amino acids, proteins and pesti-
cides using nanoparticles as a nanoprobe [28, 29]. Thus, paper
based device fabricated with NPs is illustrated for analysis of
arsenic present in contaminated water and soil samples.

In the present work, AuNPs/Suc is synthesized by the reduc-
tion of chloroauric acid (HAuCl,) using sodium borohydride
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(NaBH,) as a reducing agent and sucrose as a capping agent.
The colorimetric and smartphone-integrated paper device
(SIPD) are demonstrated for determination of As(IIl) in con-
taminated water and soil samples. The parameter such as effect
of capping agents, concentration of NPs, pH and reaction time
are optimized for determination of As(Ill). The density func-
tional theory (DFT) is used to optimize and determine the in-
teraction of As(III) with sucrose molecule present on the surface
of AuNPs. Finally, the proposed method is successfully applied
for determination As(IIl) in river, pond, tube well water and soil
samples.

Experimental section
Chemical reagents and materials

All chemicals used were of analytical grade reagents.
Chloroauric acid (HAuCly), sodium borohydride (NaBHy),
sucrose, sodium hydroxide (NaOH), hydrochloric acid
(HCI), salts of all metal ions were obtained from HiMedia
(http://www.himedialabs.com/, India). Paper based
nanoprobe was prepared from glass microfiber Whatman
filters paper (GF/A) (https://www.sigmaaldrich.com/, USA).
The standard solution (100 ugmL_l) of As(Ill) was prepared
by dissolving an appropriate amount of NaAsO, in dilute HCI
and total volume was made-up with deionized water (DW).
The working standard solution of As(IIT) was prepared from
the stock standard solution by appropriate dilution.

Apparatus

UV-visible spectrophotometer evolution-300 (Thermo scien-
tific, USA) matched with 1 cm quartz cell was used for deter-
mination of As(IIT). Fourier transforms-infra red spectrometer
(FTIR) of type- nicolet-10 (Thermo Scientific, USA) was used
for recording the IR spectra of pure sucrose and AuNPs/
sucrose and solution mixture of AuNPs/Suc with As (III).
The transmission electron microscope (TEM), Jeol, JEM-
2100 (MA, USA) was applied for measurement of size and
shape of AuNPs/Suc. Dynamic light scattering (DLS), Anton
paar, kalliope version 2.2.0 of type Litesizer 500 confirmed
the zeta potential of NPs in aqueous solution before and after
the addition of As(III). Gaussian 09 (C.01) program was used
to perform the density functional theory (DFT) calculations
with B3LYP using 6-311G (2d,2p) basis sets and LANL2DZ
basis set.

Synthesis of sucrose modified AuNPs
AuNPs modified with sucrose was synthesized by reduction

of'salt of HAuCl, with NaBH, prescribed in the literature [19].
The glassware’s were cleaned with aqua-regia followed by
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washing with DW prior to synthesis of AuNPs/Suc. Briefly,
10 mL of 1.0 x 10> M HAuCl, solution was taken into a
50-mL conical flask and mixed with 1 mL 0.03 M sucrose
solution. The solution mixture was stirred with magnetic stir-
rer for 20 min. After, 1 mL 0.02 M NaBH, solution was added
drop wise till the color of the solution change from yellow to
pink. The color of the solution mixture changed from yellow
to pink indicated the formation of AuNPs/Suc.

Collection of water and soil samples
for determination of As(lll)

Real water samples such as river, pond and tube well were
collected from Ambagarh Chowki, Chhattisgarh, India in the
month of March-2019. The samples were brought to the lab-
oratory in polyethylene bottle for analysis of As(IIl). These
water samples were collected and filtered with Whatman filter
paper No. 42 and stored in refrigerator at 5 °C until the anal-
ysis. The soil samples were collected in polyethylene bags and
dried in oven at 60 °C. The dried soil sample was cooled down
and then crushed in to a fine powder using mortar and pestle.
The microwave was used for the digestion of soil samples. A
0.1 g of fine powder was taken into a Teflon vessel containing
5 mL of HNO; and 2 mL HF and total volume was diluted to
10 mL with DW. The sample solution was placed into a mi-
crowave digester for 30 min at 180 °C. The obtained solution
was filtered with Whatman filter paper No. 42 and diluted
accordingly to the level of arsenic present in sample [1].

Colorimetric and smartphone-integrated paper
device (SIPD) for determination of As(lll) using
AuNPs/Suc as a nanoprobe

For colorimetric determination, 1 mL of AuNPs was taken in
5-mL glass vial followed by the addition of different concen-
tration of standard solution of As(IIl) and total volume of the
solution was made up to 3 mL with DW. The solution mixture
was kept for prescribed reaction time at room temperature
while maintaining the pH of the solution with 0.1 M NaOH
and 0.1 M HCI. The color of solution mixture was changed
from pink to blue depending upon the concentration of ana-
lyte. The color intensity of solution mixture was measured
using UV-Vis spectrophotometry in the wavelength range of
200-800 nm. The standard calibration plot was estimated be-
tween different concentration of As(II) and absorbance ratio
at 594 nm/515 nm. Similarly, the concentration of As(IIl) in
water sample was determined by adding a 1.5 mL of filtered
sample into 5-mL of glass bottle containing 1 mL of AuNPs/
Suc. The pH of the solution mixture was maintained to 7 and
total volume was made up to 3 mL of DW. The sample solu-
tion was kept at room temperature for 1 min of reaction time.
The absorbance ratio at 594 nm/515 nm was calculated and
the amount of As(III) in water sample was determined using

standard calibration plot. The schematic diagram for determi-
nation of As(IIT) in sample using AuNPs/Suc as a nanoprobe
is shown in Fig. la.

Smartphone-paper-based device for determination of
As(IIT) was processed using filter paper of circle diameter
(0.5 cm) which mounted on the hydrophobic surface of the
paper. Then, 50 pL. AuNPs/Suc was placed on paper substrate
followed by the addition of different concentration of As(III)
while the pH of solution to 7. The color intensity of AuNPs
with As(III) was measured using ImageJ software and the
calibration plot was drawn between the different concentration
of As(III) and their respective color intensity. Similarly, 50 uL
of filtered water samples were deposited on test zones of paper
substrate containing AuNPs/Suc. The color intensity of paper
was estimated using ImageJ software and concentration of
analyte was determined using calibration plot. The schematic
diagram for determination of As(III) using smartphone-
integrated paper based device is shown in Fig. 1b.

Result and discussion
Choice of AuNPs/Suc for determination of As(lll)

AuNPs, AgNPs and CuNPs metal NPs are exploited for opti-
cal colorimetric determination of different type of chemical
substances based on the color change of these NPs after the
addition of specific analyte. Here, AuNPs used as a nanoprobe
for determination of target analyte from sample solution be-
cause of the better chemical stability, extinction coefficient
and LSPR properties compared to AgNPs and CuNPs. In ad-
dition, AgNPs and CuNPs are susceptible to oxidation when
exposed to open air and light. Further, the surface modifica-
tion of AuNPs is very important for selective binding of par-
ticular analyte for determination of chemical substances in real
sample solutions [13, 19]. For this, AuNPs was functionalized
with different capping agents such sucrose, calixarene, citrate
as well as with bare NPs (without any modification). The
AuNPs capped with sucrose exhibited the transition of color
from pink to blue and appearance of extra LSPR band at
594 nm in the spectrum after the introduction of As(III),
shown in Fig. S1 (Electronic supplementary material, ESM).
Thus, sucrose capped AuNPs was used as a nanoprobe for
selective determination of As(III) from sample solution.

Screening of different metal ions using colorimetric
and smartphone-integrated paper device using
AuNPs/Suc as a nanoprobe

AuNPs/Suc was used as a colorimetric nanoprobe for selec-
tive detection of particular metal ions. For this, different metal
ions such as Ba (II), Pb (II), Tb (11I), Zn (1), Fe (III), Cd (ID),
As(III), Y (11I), Cu (II), La (I1I), Hg (II), Gd (111), Na(I), Ni (1I),
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Fig. 1 (A) Procedure for colorimetric (UV-Vis spectrophotometric) detection of arsenic using AuNPs as a nanoprobe and (B) Procedure for detection of

arsenic using smartphone-integrated paper device fabricated with AuNPs/Suc

K), Ca II) and Co (III) were separately taken in a 5-mL glass
vial followed by the addition of 1 mL of AuNPs/Suc and total
volume of the solution was made up to 3 mL of DW. The
results are shown in Fig. 2A. AuNPs/Suc with As(III) showed
the color change from pink to blue which can differentiated
visually (Fig. 2h). The solution mixture with metal ions other
than As(III) did not showed any color change and remained
same as a pink color, shown in Fig. 2a—g and i—p. Further, UV-
Vis was used to determine the spectra of each solution mixture
to verify the optical change of AuNPs/Suc with analyte. The
broad red shift of LSPR absorption band was found in the
range of 515-615 nm with As(Ill) and not with other metals
ions. The reason for red shift of LSPR absorption band is due
to the aggregation of particles after the addition of analyte into
the NPs solution. In addition, paper strip fabricated with
AuNPs/Suc was also used as a nanoprobe for determination
of As(IIl) by depositing S0 uL of NPs on test zones of paper
substrate followed by the addition of different metals ions,
shown in Fig. 2B. The paper strip containing As(IlI) exhibited
the blue color (Fig. 2K-k) and other spots did not show any
color change, shown in Fig. 2a-j and 1-p. This demonstrated
the usefulness of SIPD as a nanoprobe for determination of
As(IIT) from sample solution.

Mechanism for determination of As(lll) using
colorimetric and smartphone-integrated paper based
device using AuNPs/Suc as a nanoprobe

The change of color from pink to blue with addition of As(III)
is due to aggregation of AuNPs/Suc which caused the broad
red shift of LSPR absorption band in the visible region after
the addition of analyte. The results are shown in Fig. 3a and b.
The red shift of LSPR band from 515 to 615 nm is because of
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the aggregation of NPs confirmed by TEM measurements.
The TEM image (Fig. 3c) shows the size of NPs
(11.2 4+ 1.4) without the addition of As(III) representing the
dispersed particle in aqueous medium. Figure 3d shows the
TEM image of aggregated NPs with As(IIl) where average
size of NPs (50.4 + 2.4) was found to be many folds higher
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Fig. 2 (A):(a to p) showing the screening of different metal ions for
colorimetric detection of arsenic using 0.3 mM AuNPs/Suc as a
nanoprobe for 1 min of reaction time at room temperature along with
their respective UV-Vis spectra; and (B): (a) to (p) showing SIPD ap-
proach for detection of arsenic where the paper containing 50 pL of
0.3 mM AuNPs/Suc with different metal ions and NPs where As(III)
showed the color change from pink to blue




Microchim Acta (2020) 187: 173

Page50f9 173

0.37
a

0.2
-] —
P ——(a) AuNPs/Suc
2
B
2 0.1
<

—— (b) AuNPs/Suc+As(lll)
0.0 7

300 400 500 600 700 800
Wavelength, nm

Fig. 3 (a) Glass vial containing AuNPs/Suc, (b) AuNPs/Suc with As(IIl)
along with their UV-Vis spectra using 0.3 mM AuNPs/Suc as a
nanoprobe for 1 min reaction time; (c) TEM image of AuNPs/Suc and
(d) TEM image of AuNPs/Suc after the addition of As(III)

than the dispersed NPs. DLS measurement was also carried
out for determination of mean zeta potential of AuNPs before
and after the addition of analyte. The mean zeta potential of
sucrose capped AuNPs was —27.6 mV and decrease in the zeta
potential —9.5 mV after the addition of metal ions As(III) con-
firmed the binding of AuNPs/Suc with As(IIl). Hence, the
dispersed AuNPs exhibited a pink color in the absence of
analyte and blue color and red shift of NPs in the presence
of analyte. This phenomenon of color transition of AuNPs/
Suc from pink to blue was examined for selective determina-
tion of As(IIl) from sample solution using colorimetric and
SIPD.

The capping of sucrose on the surface of AuNPs and fur-
ther interaction with As(IIl) was confirmed by taking the
FTIR spectra of pure sucrose compound, AuNPs/Suc and
AuNPs/Suc + As(IIT). The results are shown in Fig. S2. The
FTIR spectra of pure sucrose (Fig. Sa) showed an intense peak
at 3510 cm ' due to OH stretching of sucrose molecule. The
absorption peak observed at 1080 cm ', 1120 cm™ ' and
1160 cm™ " attributed to C-O and C-O-C stretching [30]. Fig.
S2(b) represents the FTIR spectrum of AuNPs functionalized
with sucrose in which the absorption peak observed at
1080 cm ™' and 1120 cm ™" for AuNPs/Suc was found to de-
crease compared to pure sucrose verifying the binding of C-O
on the surface of AuNPs. Fig. S2(c) shows the FTIR spectrum

of AuNPs/Suc with As(IIl). The absorption peak of C-O
shifted from 1020 cm™', 1058 cm™' to 1194 cm™',
1199 cm™' showing the binding of As(IIl) with C-O. The
peaks observed at 712 and 818 cm ™' were related to As-O
stretching frequency confirmed the binding of As(IIl) to the
surface of AuNPs/Suc. Thus, the color change from pink to
blue and red shift of LSPR band was achieved with As(III)
and not with other metal ions verifying the selective determi-
nation of As(I1I) using AuNPs/Suc as colorimetric and SIPD.

A schematic diagram (Fig. 4) on the basis of experimental
and theoretical investigation for selective determination
As(IIT) using AuNPs/Suc as a nanoprobe. The diagram repre-
sents the AuNPs stabilized with sucrose in aqueous solution
which makes them stable for a long period of time, shown in
Fig. 4a. After introducing the As (III) into AuNPs causes the
color change from pink to blue because of As(IIl) get
interacted with oxygen atom of sucrose molecules which is
already coordinated to AuNPs, shown in Fig. 4b. Thus, As(III)
is selectively sensed by the complex formed with AuNPs. The
change in color intensity and shift of LSPR is found propor-
tional to the amount of analyte added in to the NPs solution
which is exploited in colorimetry for determination of As(IIT)
from different sample solution. Similar mechanism for deter-
mination of As(IIT) from water sample is illustrated using cys-
teine capped AuNPs where the oxygen moieties of capping
agent coordinate with analyte. This causes the agglomeration
of particles and then color change of AuNPs which is mea-
sured in DLS for quantitative determination of As (III) from
contaminated water samples [31]. In addition, several other
literatures also demonstrated the binding of As (III) with hu-
mic acid [32], polyethylene glycol [33] and glutathione [34]
through As-O linkage for quantitative determination of differ-
ent type of samples.

Further, the theoretical study was also demonstrated to il-
lustrate the sensing mechanism for determination of As(III)
performed by density functional theory (DFT) using
Gaussian 09 (C.01) program with B3LYP and 6-311G
(2d,2p) and LANL2DZ basis sets [35, 36]. The cartesian co-
ordinates, bond parameters and energy values, charge distri-
butions acquired DFT calculation is given in Table S1 and
Table S2 (ESM) and interaction of gold with sucrose is shown
in Fig. S3. The bond parameters calculated also helpful in
favor of the present study, where average bond length of Au-
O (2.4895 A®), bond angle of O-Au-O (90.0567°) and dihe-
dral angle of O-Au-O-C (=50.4471 ° and 154.4918°) were
observed. The total energy was —2741.6864 a.u. (Table S1).
The optimized structure of the sucrose and its interaction with
gold and As(Ill) is shown in Fig. (S3a and S3b). The energy
gap between HOMO and LUMO is found to be 1.7 eV (Fig.
S3c). The electrostatic potential (ESP) is one of the parameters
to measure for any molecule’s interaction characteristics, es-
pecially non-covalent interactions. Here, the positive (yellow
color) and negative is oval (orange) of the molecules which
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Fig. 4 Schematic diagram to

! . <0
show the mechanism for detection [0 W
of As(Ill) using sucrose capped 0 -
AuNPs as nanoprobe "-w"'-r-_l (

varies the SCF total charge density from —2.276X10" to
+2.276 X 10" is shown in Fig. 6d.

Optimization of AuNPs/Suc as a nanoprobe
for determination of As(lil)

Different parameter such as capping agent, pH of sample,
concentration of NPs and reaction time were optimized to
get the better performance of AuNPs/Suc as a nanoprobe for
determination of As(IIl) using colorimetric and SIPD. The
results are given in Fig. S4(a) to S4(c), ESM. The optimum
determination of As(IIl) was achieved when 0.3 mM AuNPs/
Suc used as a nanoprobe for 1 min of reaction time at pH 7.

Analytical evaluation for determination of As(lll)
from water sample using colorimetric and SIPD
AuNPs/Suc as a nanoprobe

The analytical evaluation for determination of As(Ill) in water
sample is performed by evaluating the calibration plot, limit of
detection (LOD), accuracy and precision. Figure 5 shows the
calibration plot estimated by spiking different concentration of
analyte into the AuNPs. The calibration plot was drawn by
taking the absorbance ratio of solution mixture at 594 nm and
515 nm against addition of different concentration of analyte,
Fig. 5A. A good linear line was acquired in the range of 10—
800 },LgLfl for determination of As(IIl) with correlation coef-
ficient (rz) of 0.993, respectively, Fig. 5B. LOD value was
determined at three time of the standard deviation by spiking
a lowest concentration of analyte into NPs solution. The LOD
for determination of As(IlT) was 4 ]ngLfl using AuNPs as a
nanoprobe in colorimetry. The precision of the method was
estimated by determination of relative standard deviation
(RSD). For this, 300 ug L 1 of As(IIl) was spiked into a
1 mL of AuNPs/Suc and analyzed (n=6) at the optimized
conditions of the method. The better reproducibility value of
RSD (3.0%) showed that the assay can used as a colorimetric
nanoprobe for determination of As(IIl). The accuracy of the
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method was validated by calculating the recovery percentage
(%) in real water samples. For this, 50 and 100 ugL ™' of
As(IIT) was spiked into tube well, river and pond water sam-
ples containing 1 mL of AuNPs. Good recovery percentage of
90.6 to 97.3% (Table S3) in tube well, river and pond water
showing the better selectivity of the method for determination
of target analyte in complex sample matrixes. The accuracy of
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Fig. 5 (A) Glass vial containing AuNPs with different standard solutions
(10, 20, 50, 100, 200, 500 and 800 ugL™") of As(IIl) using 0.3 mM
AuNPs/Suc as a nanoprobe for 1 min of reaction time at pH 7 along with
their respective UV-Vis spectra and (B) standard calibration plot for de-
termination concentration of arsenic ((10, 20, 50, 100, 200, 500 and 800
ugL™") using AuNPs/Suc as a nanoprobe for 1 min of reaction time at
pH 7.0
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Fig. 6 Test zones of filter paper deposited with AuNPs/Suc and different
concentrations of As(IlI) from 50 to 3000 pgL ™" along with calibration
plot for determination of As(III) using SIPD using AuNPs as a nanoprobe
for 1 min of reaction time at pH 7

the method was also tested by analyzing the reference stan-
dard material (SRM 2710a) of soil containing arsenic of 52.5
+1.6 mgKg . The amount of arsenic in soil sample was
51.4 + 3.1 mgKg ™' using present method was found close to
the reference standard material. Therefore, the analysis of ref-
erence standard samples verified the validity of the NPs-based
colorimetric method for determination of arsenic using
AuNPs/Suc as a nanoprobe.

Similarly, the calibration plot was drawn for SIPD by de-
positing the different concentration of As(III) on test zones of
filter paper fabricated with AuNPs/Suc. The image recorded
with smart phone was used to calculate the color intensity for
standard solution of As(III). The calibration plot was prepared
between standard solution of As(IIT) and their respective mean
color intensity shown in Fig. 6. Good linear range (50-3000
ugL_l) was obtained for determination of As(IIl) using
AuNPs as a nanoprobe in SIPD. The linear least square equa-
tion (y =0.013x + 136.37) with % of 0.997 was used to esti-
mate the As(IIl) in real samples. The LOD obtained for deter-
mination of As(IIT) was 20 pgL™". Thus, SIPD was applied for

determination of As(IIl) in sample solution using AuNPs/Suc
as a nanoprobe.

Application for colorimetric determination of As(lll)
in real water and soil samples in colorimetric and SIPD
using AuNPs/Suc as a nanoprobe

The validity of present method was tested by analyzing the
real water sample such as tube well, pond, river water and soil
samples from Ambagarh chowki, Chhattisgarh, India. The
water, soil and sediments samples of this region are highly
contaminated with arsenic [19]. Here, the AuNPs/Suc was
employed as a nanoprobe for determination of As(III) in water
and soil samples. The level of analyte in sample solution was
determined using calibration plot (y = 0.0008x + 0.4904). The
results are given in Table 1. Similarly, SIPD was used for
determination of As(IIl) in same samples using the calibration
plot acquired using paper based device validated the results of
colorimetric determination. Further, the results of colorimetric
and SIPD were validated with the results of ICP-AES analy-
sis, given in Table 1. Thus, the colorimetric and SIPD ap-
proaches were successfully employed for determination of
As(III) in river, tube well, pond water and soil samples.

Effect of interferences for determination of As(lll)
using AuNPs/Suc as a nanoprobe

Metal ions such as Na(I), K(I), Ca (II), Ba (I), Mg (II), Mn
(II), Pb (II), Tb (II), Zn (1), Fe (IIT), Cd (II), Y (III), Cu (IT), La
(111), Hg (11, Gd (111, Sb (111), Bi (I11), Mo (VI) and Ni (II) and
anions such as Cl, Br, SO427, SO327’ CO327 and NO; ™ that
exists in water and soil samples were investigated using
AuNPs/Suc as a nanoprobe. For this, different concentrations
of these substances were spiked into AuNPs/Suc and the tol-
erance limit of metal ions and anions were determined. The
results are given in Table S4. The tolerance limit for determi-
nation of metal ions and anions was found to be many folds
more than their actual level in the sample matrixes. Therefore,
the results generated showing that these diverse substances did
not interfere for determination of As(II) using AuNPs/Suc as
a nanoprobe.

Table 1 Application for

determination of arsenic in water Samples/ Colorimtery RSD, % (n=3) SIPD RSD,% (n=3) ICP-AES RSD, % (n=3)
(ugL™") and soil (mgKg ™" Sources
samples using colorimetry and
SIPD and ICP-AES Pond 644 3.5 632 42 642 4.5
River 210 2.7 216 3.1 208 3.8
Tube well-1 417 4.0 411 29 415 4.1
Tube well-2 685 29 691 3.5 680 3.0
Soil-1 207 35 212 2.8 210 3.1
Soil-2 113 43 109 2.7 114 4.0
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Table2  The comparison of colorimetric and paper based sensor for determination of arsenic with other reported colorimetric methods
Methods Linear range, pgL " LOD, ugL™! Samples Ref.
AuNPs/Aptamer 1.26-200 1.26 Water

AuNPs/GSH-DTT-CYs-PDCA 2-20 2.5 Water

AuNPs/SDS 5-500 2 Water 14
KI + octylacetamide 20-1200 10 Water 4
Rhodamine-B 40-400 - Soil, water and food 37
Methylene blue+SDS 0-8630 1300 Water 38
Variamine blue 200-1400 22 Environmental and biological 39
AuNPs/Suc-Colorimetry 10-800 4 Water and soil Present method
SIPD 50-3000 20 Water and soil

Colorimetric and Smartphone-integrated paper device used for selective detection of arsenic from contaminated water samples using sucrose modified

gold nanoparticles (AuNPs/Suc) as a sensing probe

Comparison of colorimetric and SIPD nanoprobe
for determination of As(lll) with other reported
methods

The present work is compared with other colorimetric
methods such as AuNPs/Aptamer-colorimetry [2], AuNPs
modified with glutathione (GSH), DL-dithiothreitol (DTT)-
cysteine (CYs)- 2,6-pyridinedicarboxylic acid (PDCA) [3],
AuNPs/Sodium dodesylsulfate (SDS) [14], potassium iodide
(KI) + octylacetamide [4], rhodamine-B [37], methylene
blue+SDS [38] and variamine blue [39] for determination of
arsenic in water sample, given in Table 2. The better sensitiv-
ity is achieved when AuNPs/Aptamer [2], AuNPs/GSH-DTT-
CYs-PDCA [3] and AuNPs/SDS [14] are used for determina-
tion of arsenic though the synthesis of gold NPs with these
methods are found to be tedious and multi steps process. The
better LOD value is obtained with present work compared to
KI + octylacetamide [4] rhodamine-B [12], methylene blue+
SDS [13] and variamine blue methods [14]. In addition, the
large volume of chromophoric reagents are employed in these
conventional colorimetric methods for determination of
As(IIT) which is sometimes not found selective. AuNPs/Suc-
based colorimetry and SIPD is free from the chromophoric
reagent and avoiding the use of large amount of NPs solution
compared to conventional colorimetric methods [2, 3, 14].
Thus, the present method is rapid and economic for determi-
nation of arsenic from water and soil samples.

Conclusions

The colorimetric and smartphone-integrated paper based de-
vice was successfully demonstrated for quantitative determi-
nation of As(IIl) from water and soil samples from this region.
The present assay is free from the use of large amount of
chromophoric reagents and solvents for the complexation of
target analyte from sample solution. The smartphone-paper

@ Springer

based nanoprobe minimizes the volume of NPs solution to
50 puL where the nanoparticles-based colorimetric methods
utilize a 3 mL of AuNPs for determination of arsenic from
sample solution. Further, smartphone-integrated paper based
device is rapid and portable for monitoring of arsenic at the
sample source. For future prospect, the use of such portable
device will useful for analysis of variety of analytes in biolog-
ical, environmental and food samples.
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