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A smartphone-based microfluidic platform was developed for point-of-care (POC) detection using surface
plasmon resonance (SPR) of gold nanoparticles (GNPs). The simultaneous colorimetric detection of trace
arsenic and mercury ions (As>* and ng+) was performed using a new image processing application (app).
To achieve this goal, a microfluidic kit was fabricated using a polydimethylsiloxane (PDMS) substrate with
the configuration of two separated sensing regions for the quantitative measurement of the color changes
in GNPs to blue/gray. To fabricate the microfluidic kit, a Plexiglas mold was cut using a laser based on the
model obtained from AutoCAD and Comsol outputs. The colorimetric signals originated from the
formation of nanoparticle aggregates through the interaction of GNPs with dithiothreitol — 10,12-
pentacosadiynoic acid (DTT-PCDA) and lysine (Lys) in the presence of As®* and Hg?* ions. This assembly
exhibited the advantages of simplicity, low cost, and high portability along with a low volume of reagents
and multiplex detection. Heavy Metals Detector (HMD), as a new app for the RGB reader, was programmed
for an Android smartphone to quantify colorimetric analyses. Compared with traditional image processing,
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Accepted 17th July 2018 this app provided significant improvements in sensitivity, time of analysis, and simplicity because the color
intensity is measured through a new normalization equation by converting RGB to an Integer system. As

DO 10.1039/c8ra04006k a simple, real-time, and portable analytical kit, the fabricated sensor could detect low concentrations of
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Introduction

As®" is one of the most toxic materials found in the environ-
ment. Short-term exposure to As>* may cause acute and chronic
health effects; moreover, long-term exposure to As®>" can cause
various cancers including those of skin, lung, urinary bladder,
and kidney along with other serious diseases. Consequently, the
US Environmental Protection Agency (EPA) and the World
Health Organization (WHO) have set the maximum contami-
nation level of 10 pg L' As®* in groundwater.* Hg”" is another
major environmental pollutant, and it is poisonous in all forms
for humans and aquatic systems. Hg®" causes many complica-
tions in the central nervous system, brain, lungs, and kidney; it
also causes delayed growth in children when ingested by
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As®* (710 to 1278 pg L™1) and Hg?* (10.77 to 53.86 ug LY ions in water samples at ambient conditions.

pregnant women and damage to the central nervous system.**
Thus, the WHO and US EPA have set the maximum permissible
levels of Hg*" in drinking water as 6 and 2 pg L™, respectively.®*

Several methods have been reported for the individual/
simultaneous determination of As®" and Hg>" including atomic
fluorescence spectrometry (AFS),>° atomic absorption spectrom-
etry (AAS),® electrochemical methods,>® and inductively
coupled plasma-atomic emission spectrometry (ICP-AES).'“'>
Although these methods provide high sensitivity and selectivity,
they require trained users, complicated instruments, and a long
analysis time, which make them unsuitable for POC detection.

In recent years, smartphones have been designed with many
remarkable features, due to which they provide a promising
digital platform for POC diagnostics."”® This rapid, simple,
portable, ubiquitously available and cost-effective technology
enables minimally trained users to perform chemical analyses
in the field."**> Smartphones are widely used in sensors such as
rapid test strips, sensor chips, and hand-held detectors for
detecting heavy metals.'***'” Compared with classical configu-
rations integrated with smartphone detection, which involve
complex prism integration, metal nanoparticles are simply
adapted for use in portable devices to achieve POC
applications.®
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Heavy Metals Detector

Fig. 1 (a) Fabricated microfluidic kit, (b) imaging platform using
a smartphone and (c) HMD mobile application.

Among these metal nanoparticles, GNPs have been widely
used as colorimetric probes for the detection of heavy metal ions
to provide alternative techniques to conventional detection
methods."*" In a typical GNP-based colorimetric assay, depend-
ing on the size, GNPs are red-/purple-colored and change to gray/
blue in the presence of certain analytes through aggregation
(analyte-induced) or disaggregation (dispersion). These proper-
ties provide a speedy and convenient strategy to develop colori-
metric assays for the measurement of the desired analytes.”>* It
should be mentioned that many successful colorimetric probes
have been reported for the detection of single heavy metal ions
including Hg?*,*> Pb**** Cr**** Mn>*,?® and Cu®" (ref. 30) ions.

However, colorimetric sensor arrays capable of heavy metal
ion multiplex detection are scarcely reported, which may be due
to lack of selectivity between metal ions for their simultaneous
colorimetric detections.**?® Motivated by these clear demands,
we attempted to take advantage of the microfluidic systems.
Microfluidic devices have provided great opportunities as they
are simple, low-cost, and present rapid analysis; they also provide
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highly portable analysis by using low volumes of reagent along
with the possibility of multiplex detection for analytical applica-
tions.*** Therefore, some microfluidic devices have been devel-
oped based on PDMS and paper for the detection of heavy metals
such as Hg*",*® Pb*>*** and Cr’* (ref. 35) ions. Herein, we have
developed a new smartphone-based colorimetric system using
the plasmonic resonance property of GNPs in a dual-
microchannel PDMS kit in a microfluidic device for the simul-
taneous trace detection of As** and Hg?" ions. The quantitative
colorimetric analysis is performed using accessible Galaxy S6 in
which we installed the HMD app (Fig. 1). Also, the steps for the
fabrication of the microfluidic kit are shown in Fig. S1.} Finally,
the proposed colorimetric kit is employed to evaluate its appli-
cability in the simultaneous determination of As** and Hg*" ions
in water sources as the pollution caused by these ions can be
responsible for serious threats to human health.

Experimental
Chemicals and materials

All chemicals were purchased from Merck (Darmstadt, Ger-
many). Sodium citrate tribasic dihydrate, gold(ur) chloride tri-
hydrate, Lys, DTT, r-glutathione (GSH), -cysteine, KCl, SnCl,,
ZnCl,, Pb(NO;),, HgCl,, AlCl;, As,0;, NazPO,, Na,SO,, NaNO;,
Na,COs, NazPO,, KBr, NaAc, KClO,, PDMS, phosphate salts
(KH,PO, and K,HPO,), NaOH, and HCl were used as received
without further purification. Deionized water (DI) was used to
prepare all solutions. Plexiglas and glass wafers were also
purchased from a local market.

Instruments

In this study, the smartphone used was a Samsung Galaxy S6,
which has an S800 CPU and a 13 M pixel camera. It enables
image processing in real-time, and the high-resolution camera
produces finely digitized images. A Varian Cary 100 UV-vis
spectrophotometer (Varian Inc., Canterbury, Australia) was
used to measure the absorption of colloidal GNP-based solu-
tions. The size, shape, and distribution of GNPs were deter-
mined via transmission electron microscopy (TEM, Zeiss Libra
200, Zeiss Oberkochen, Germany). A digital pH-meter (Cyber-
scan 2100) was employed for pH measurements. The solutions
were stirred using a Heidolph MR 3001 K magnetic stirrer
(Schwa Bach, Germany). The Plexiglas was cut using Universal
Laser Systems VLS2.30 (Scottsdale, U.S.). Oxygen plasma treat-
ment of the PDMS surfaces was accomplished at 150 W and 400
mTorr oxygen pressure for 30 seconds using a plasma asher
(Model PE II-A, Technics West Inc.).

Synthesis of GNPs and modification of GNPs with DTT

Unmodified GNPs were prepared in accordance with the
procedure given in the literature® (explained in the ESIY).
Aqueous solutions of GNPs (1.5 nM) and DTT (10 mM) were
mixed in different concentration ratios. The mixtures were
allowed to react for 1.0 to 5.0 min at room temperature in the
dark with continuous stirring to ensure self-assembly of DTT
onto the surface of GNPs.

This journal is © The Royal Society of Chemistry 2018
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Fabrication of PDMS microfluidic kit

The mold for the fabrication of the microfluidic kit designed in
AutoCAD® and Plexiglas was cut using Laser Systems. Using
laser cutting, a mold with the desired shape was designed to
develop a two-sensing region. The step-by-step fabrication of
the microfluidic device is shown in Fig. S1.} In this configura-
tion, the radii of the inlet, Reservoirs 1 and 3, and Reservoirs 2
and 4 were 2, 4, and 6 mm, respectively. In addition, the width
and depth (equal to the depth of the inlet) of all the micro-
channels were 500 um and 1 mm, respectively (Scheme 1).
Also, a 3 x 3 inch? glass substrate was fixed to the top of a dry
PDMS chip by oxygen-plasma treatment.

A glass wafer was used as a mold substrate for the replication
of the microchannel pattern in PDMS. The fabrication steps are
briefly described as follows. First, the wafer was attached to the
mold using chloroform; to de-gas PDMS, it was kept at 4 °C in
a refrigerator for five hours. The usual PDMS baking protocol
(150 °C for 10 minutes or 100 °C for 45 minutes) was modified to
avoid high temperatures and preserve the Plexiglas substrate.’”
Therefore, for cooking, the initial temperature was set in the
range from 100 °C to 125 °C for 10 minutes in such a way that
every 2 minutes, the temperature rose by 5 °C. Then, the system
was heated at 125 °C for 4 minutes. Thereafter, the temperature
increased from 125 °C to 135 °C for 4 minutes, and it was
maintained at 135 °C for 5 minutes. In the next step, the
temperature was reduced from 135 °C to 100 °C at 7 °C per
minute, and it was allowed to reach room temperature.

For the fabrication of the Kkit, the kit was washed with 800 pL

water to remove potential contaminants. Before the
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Scheme 1 Design of the microfluidic kit.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

experiments, the reagent solutions of GNPs-DTT and GNPs
were introduced into Reservoirs 2 and 4, respectively; phos-
phate buffer solution (PBS) of pH 8.5 and Lys were introduced in
Reservoirs 1 and 3, respectively. In the following step, the
surface of PDMS was exposed to the corona. Subsequently, the
design was completed by attaching a glass with two holes in the
inlet and Reservoirs 2 and 4. When the sample solution (410 pL)
containing As®* and Hg”* ions was injected into the inlet, the
fluid started flowing into Path no. 1 and no. 2 through the
microchannels by capillary action, as shown in Scheme 1. In
Path 1, the sample (205 pL) first passed microchannel 1 and
then, it was introduced into Reservoir 2; next, it mixed with the
stored PBS having pH 8.5 (45 pL). The sample (pH 8.5) then
moved through Microchannel 2 and reached Reservoir 3. Here,
the As®*" ions in the sample interacted with the previously stored
GNPs-DDT complexes (90 pL) in Reservoir 3, resulting in
aggregation and change in the color of GNPs from red to blue/
gray. Also, when the sample solution (205 pL) was introduced
into Path no. 2, it first moved toward Reservoir 3 containing Lys
(27 pL) through Microchannel 3. Next, the sample containing
Lys and Hg>" ions moved to Reservoir 3 via microchannel 4 and
reacted with the previously embedded GNPs (108 pL) to form
GNPs-Lys-Hg aggregates. These color changes were processed
using the developed imaging system to determine Hg>" and As™*
contents in the samples.

Smartphone platform setup and colorimetric analysis

A portable platform was designed to assist the camera of the
smartphone at the top of the platform to capture uniform
images for colorimetric sensing. White LEDs were used on the
walls of the detection box to illuminate the sample area and
eliminate the interference of light from the region besides the
sensing area. The sample was injected into the kit inlet, which
was divided into two separated paths for the simultaneous
determination of target analytes. The whole surface of the
microfluidic kit was covered by a piece of glass slide containing
two holes on the top of the inlet and Reservoirs 2 and 4, which
provided a place for injecting the sample and reagent solutions.
The smartphone was placed at the top of the test zone hori-
zontally in the X-Y-Z space in such a way that the height of the
smartphone could also be adjustable to fit the focal length. The
images taken from the smartphone showed a color change to
less reddish (more blue/gray) with an increase in the concen-
tration of target analytes. In addition, a new RGB color reader
app was used to convert RGBs to changes in color intensity
using integers.

Results and discussion
Structure and morphology characterization

To perform the TEM analysis, six different samples were
prepared by depositing a drop of sample solution on a carbon-
coated Cu grid (3 mm diameter) and drying at room tempera-
ture. The morphologies of bare GNPs, ligand-modified GNPs,
and modified GNPs in the presence of As>" and Hg”" ions were
investigated via TEM (Fig. 2). The mean diameters, diameter
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size frequency in the samples, and the corresponding histo-
grams were obtained using the Stratigraphic Plus software
(Fig. S2t). The smallest particles (mainly spherically shaped)
with a mean size of 18 nm and small size dispersion were ob-
tained for bare GNPs. However, after modification, the size of
the particles increased. The TEM images showed that the GNPs
modified with DTT and Lys presented a larger mean particle
size and size distribution (25 nm). Finally, in the presence of
analytes, it was observed that the shape of the particles was not
spherical, and the complexation of As®" and Hg”" ions resulted
in the aggregation and enlargement of the modified GNPs. This
indicated that As®** and Hg>" ions bind with GNPs-DTT and
GNPs-Lys, respectively, to form aggregates in solution.***

To explore the affinity of the GNP-based sensor toward As**
and Hg?" ions, the UV-vis technique was also utilized to monitor
the color change in the kit. The insets of Fig. 2 summarize the
UV-vis spectra of GNPs in different solutions. Prior to interact-
ing with As®* and Hg”" ions, non-functionalized and function-
alized GNPs were reddish in color and possessed a strong
absorption band located at 519 nm. Upon the addition of As**
and Hg>" ions to the corresponding GNP-modified ligand,
a distinct color change in the GNPs from red to blue/gray was
observed at concentrations of 710 pg L~ " and 20 pg L™ " for As**
and Hg>" ions, respectively. The corresponding UV-vis spectra
showed a broad and strong shift in the plasmon absorption
peak to a higher wavelength (682 nm and 642 nm for As®* and
Hg>", respectively), which can be due to particle agglomeration.
These observations can be explained by the interactions
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between the S-groups in DTT and the As** ions and N-groups of
Lys and Hg”" ions.*%*

Microfluidic development

Microchannel fabrication. The configuration of the micro-
fluidic network is shown in Scheme 1 and Fig. S1.1 Because of the
low Reynolds numbers, Re, ;,,*>* laminar flow was expected in
the network (6.6 > Re). Negligible electrical force was assumed,
and gravity could be ignored because of the relatively small
height of the microchannel and the use of isotropic, dilute
solutions. Moreover, the temperature variations in the mass
transport and chemical reactions were not significant.*>** The
inlet received a net constant fluid velocity, which is represented
here by a constant cross-sectional average velocity: U. The outlets
experienced atmospheric pressure as a small hole was drilled on
the top, and no-slip was assumed at the walls. The fluid was
assumed to be driven by the sampler, exerting an appropriate
pressure difference across the two ends of the microchannel
network. To properly model the chemical reaction, it is necessary
to investigate the flow of the sample in the proposed kit. Thus,
Comsol Multiphysics was used to couple and study the fluidic
(diffusion/convention) and chemical reactions in the micro-
channels. The major parameter that has to be determined is the
concentration of the reactant and consequently, the reaction
progress rate. For this aim, the velocity field across the whole
channel should be determined in real time. The sample flows in
a variable geometry; thus, it is more convenient to use the tensor
form of the momentum and continuum equations along with the

500, 600 700/ 800
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23| 100 nm Mag =46.460 KX  DayPetronic Company (28
—
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'500) (600 0 800) 900 B0 an 0
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Fig. 2 TEM images and UV spectra of (a) GNPs, (b) GNPs—Lys, (c) GNPs—Lys—Hg?" ions, (d) GNPs—DTT, (e) GNPs—DTT—-PCDA, and (f) GNPs—

DTT-PCDA As*" ions.
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fluid-structure interaction (FSI) equation to account for the fluid
Frontier interaction with the PDMS walls.**** A longitudinal
section along with the middle of the connecting microchannels
was assumed, and the variation in the average sectional velocity
was measured. Upon injection of the water sample into the inlet,
the average velocity increased from zero to 0.01 ms~'. Owing to
the contraction of the cross-sectional area, the velocity increased
in the connecting channel and then decreased upon entry into
Reservoirs 1 and 3. The sample then flowed to the last reservoirs
(2 and 4). The water sample was injected into the inlet chamber,
and the injection was continued until the water reached and
filled the last reservoirs (2 and 4). Based on calculations and the
experimental results of the chemical processes, we inferred that
the fluid entered the connecting channels with a cross-sectional
average velocity of 10 ms™".

The volume of the engraved microchannels and reservoirs is
equal to the sum of the sample volume (injected solution), the
embedded nanoparticle solution, and the Lys solution. The
embedded reagents in the reservoirs eliminate the need for any
pre- or post-processing of the chemical reactions, enabling
portable usage in low resourceful environments.

Numerical simulations. For rapid and accurate quantification
of ions, Android Studio was used, and a Java HMD App was
developed. The RGB parameters were analyzed and compared
with a standard database trained by standard sample concentra-
tions. We designed a special algorithm to convert the intensity of
the three traits of RGB, i.e., red, green, and blue to concentrations
of ions (As** and Hg*"). There are various methods to convert
RGBs in an Android environment to a unit number, and we
selected the Integer method, which has greater sensitivity to red
color, provided that the basic color of GNPs is red. This was
confirmed by an intense change in R values by measuring stan-
dard sample concentrations.*** The developed app could quan-
tify the two ions Hg”* and As®* up to parts per billion and million
(ug L™" or mg L"), respectively. The effect of environmental light
intensity on the sensitivity and quantification accuracy was also
eliminated. A training algorithm was run on the software; by
measuring samples under standardized environmental light
intensities, a sufficiently large data table was created. As a result,
the peripheral light effect on the sample was canceled through
a comparison with the light intensity data table.

P 2
pa—b;+p(u-V)u:V *PlﬂLM(V”ﬂL(V”)T) - §"'<V'”)l =F
1)
dp
57 V) =0 2)
*u
pam—Vo=F 3)

Colorimetric behavior of modified GNPs

Sensing mechanism of our probe for As** and Hg*" ions. The
as-prepared DTT-GNPs are stable because DTT protects GNPs
from aggregation in the presence of a certain high
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concentration of sodium chloride. DTT has two -SH groups to
provide a strong interface between GNPs and As®" ions. Thus,
DTT can capture As®" ions in aqueous solution, resulting in the
aggregation of GNPs. As shown in Scheme 2a, the aggregation of
DTT-GNPs in the presence of As** ions yields a substantial shift
in the plasmon band energy to a longer wavelength and a red-to-
blue/gray color change. Although in the previous method re-
ported by Chandra Ray and coworkers,*® the detection method
for As®* ions was based on the aggregation of GSH/DTT/Cys-
modified GNPs, in our experiments, it was observed that
DTT-GNPs alone exhibited more sensitive responses in
comparison with those by GSH/DTT/Cys-modified GNPs.*® This
can be explained by the fact that As®* ions have a very high
affinity for ligands containing sulfur groups compared to that
for the -COOH groups in GSH and Cys. Also, the non-specific
bonding of As** ions with undesired polar groups in GSH and
Cys, reduction in the mobility of GNPs and/or spatial hindrance
of these ligands may reduce invaluable interactions to catalyze
GNP aggregations.

Furthermore, Scheme 2b shows the proposed Hg”* sensing
mechanism of the colorimetric assay, which is different from
that of As®*". According to the synthesis method of GNPs, the
surface of the synthesized GNPs is covered with citrate ions,
which interact with Hg>" ions upon the addition of Hg”* solu-
tion to the GNP solution.’® According to the literature, Hg*" ions
can simultaneously react with the GNP surface to form an Hg>"
layer with positive charges. When Lys is added to the Hg>'-
interacted GNPs, the color of the GNP suspension immediately
changes from red to blue/gray due to the aggregation of GNPs.*

Influence of DTT and Lys concentration. To investigate the
effect of DTT concentration on the proposed Kkit, six different
concentrations of DTT ranging from 0 to 0.52 mM were tested at
20 minute intervals in the presence and absence of As** ions for
control experiments (Fig. S31). According to the experiments in
the absence of As** ions in 20 min, there was no color intensity
change as the DTT concentration increased. However, DTT-
modified GNPs aggregated after the addition of As** ions. The
results also showed that with an increase in DTT concentration,
the color intensities decreased in all time intervals. The lowest
concentration with the maximum color change was 0.43 mM
(8.0 min). Additionally, the influence of binding time for the
reaction between GNPs and DTT was studied and optimized in
the range from 1.0 to 5.0 min under stirring at a speed of
160 rpm. It was observed that the color intensities remained
constant for all the time intervals investigated at an As®*
concentration of 710 ug L. Therefore, the optimal time for the
preparation of DTT-modified GNPs was considered to be 1.0
minute at a DTT concentration of 0.43 mM for subsequent
studies. This short reaction time is probably caused by the high
affinity of -SH groups in the DTT structure for GNPs,37:38495°

In the next experiment, the effect of Lys concentration on the
signal intensity was investigated in the range from 0.0 to
11.33 mM before and after addition of Hg>* ions in a 6.0 min
time interval. In the absence of Hg”*, it was found that the
signal intensities remained stable at concentrations lower than
8.3 mM, followed by decrease in signal intensities at Lys
concentrations higher than 8.3 mM. These results indicated

RSC Adv., 2018, 8, 27091-27100 | 27095
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Scheme 2 Proposed (a) As®* and (b) Hg?* sensing mechanisms of the colorimetric assay.

that at a high concentration of Lys, negative-charged citrate-
caped GNPs can interact with the polar groups on the Lys
structure via ion-hydrogen bonding interactions, leading to
aggregation. In addition, the signal intensities decreased from
7.0 to 5.0 as the detection time increased from 1 to 6 minutes.
Also, in the presence of Hg>" ions, the results showed that the
signal intensities did not change with a Lys concentration of
6 mM at the beginning of the reaction; however, at higher
concentrations, the signal intensities started decreasing at the
beginning of Hg”" addition at a concentration of 20 ug L™ (0
minute). Hg>* can be seen in Fig. $3;7 however, when the time of
the reaction increased from 0 to 6 minutes, the signal intensi-
ties decreased dramatically at all concentrations of Lys. Finally,
the concentration of 3 mM was selected as the optimum value
because the maximum response was obtained at a short reac-
tion time for Hg?" detection.

Effect of pH

The as-prepared GNPs are stable because of electrostatic
repulsion against van der Waals attraction of the negative
capping agent, i.e., citrate. Therefore, a change in the pH value
may affect the electrostatic repulsion between the unmodified
negatively charged GNPs and lead to their aggregation. There-
fore, the influence of pH on the colorimetric responses of
GNPs-DTT and GNPs-Lys was studied at different pH values in
the presence and absence of As’’and Hg”>" ions. For As®*
detection, the pH of the solution was investigated in the range
from 7.5 to 10.5 based on the signal intensities using PBS
because GNPs aggregated at lower pH values. This can be
probably because of the isoelectric point of GNPs. In the pres-
ence of As® ions (710 ug L"), a sharp decrease in the signal
intensity was observed in the pH range from 7.5 to 8.5,
which was followed by an increase in intensity in the range from
8.5 to 10.

Next, a sharp decrease in the signal intensity was observed as
the pH value increased from 10 to 10.5 in the 10 minute analysis

27096 | RSC Adv., 2018, 8, 27091-27100

time. Therefore, pH of 8.5 was selected as the optimum value for
subsequent experiments (Fig. 3).

Depending on pH, there are four different forms of As(m) and
As(v): H3AsO;, H,AsO;~, HAsO;>", and AsO;*" vs. H3AsO,,
H,AsO, , HA,0,>", and AsO,> . As(m) is uncharged at neutral
pH, whereas As(v) is negatively charged.” According to the
literature, at the experimental pH value of 8.5, arsenite is in the
form of H,AsO; /H3AsO; and contains two/three hydroxyl
groups (-OH), due to which they can easily bind to DTT via
hydrogen bonds as the -SH functional group is kept free for As**
recognition through As-S interaction.****** In addition, the pK,
value of the thiol groups in DTT is typically ~9.2, and thiolated
groups possess a negative charge (from -S-). Considering these
points, interactions such as ion-hydrogen bonding interactions
and bipolar interactions can account for the maximum
responses obtained at the pH value of 8.5.% Therefore, to adjust
the pH value of the solution in the proposed kit, 45 puL of buffer
solution was stored in Reservoir 2.

Corresponding experiments were performed to investigate
the effect of pH on the colorimetric response of the proposed kit
in the absence and presence of Hg”" ions in the pH range from
4.0 to 11.5 at a six-minute time interval. In the absence of Hg*"
ions, it was observed that with an increase in pH higher than
6.5, the signal intensities exhibited no change, whereas under
this pH value, GNPs were aggregated in the absence of Hg>*
ions. This can be explained by the fact that in acidic media, the
pH values are below the GNP isoelectric point and thus, the
species are in the neutral form, resulting in their aggregation. In
addition, in the presence of Hg”* ions, by increasing the pH
value of the solution from 4.0 to 6.0, the intensities increased
until the pH reached 6.0 for the entire reaction time. Then, at
pH values from 6 to 7.0, the intensities decreased dramatically.
This phenomenon is certainly caused by the aggregation of
GNPs, which is induced by Hg>" ions (20 pg L™"). Next, a gradual
increase in intensities was observed as the pH increased from
7.0 to 9.5 in the 6 minute reaction time and became constant at

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effect of pH on the colorimetric response of (a) (I) GNPs—DTT
and (I) GNPs—DTT-PCDA-As>" ions in the range of 7.5 to 10.5 (DDT
concentration; time: 8 minutes; volume of GNPs: 300 pL, and volume
of water: 60 pL). (b) Colorimetric response of (I) GNPs—Lys and (ll)
GNPs-Lys—Hg?*(Lys concentration: 5 mM; time: 6 minutes; volume of
GNPs: 200 pL, and volume of water: 380 ul).

higher pH values up to 11.5. When pH > pHp,. = 9.74, the net
charge on the Lys molecules was negative, which hindered their
attachment to the GNP surface.*” As a result, the pH value of 7.0
was selected as the optimum value for subsequent studies.

Then, at pH values of 6 to 7.0, intensities decreased
dramatically. This phenomenon is certainly caused by the
aggregation of GNPs induced by Hg>" ions (20 pg L™ '). Next,
a gradual increase in intensities was observed as the pH values
increased from 7.0 to 9.5 in the 6 minutes of reaction time and
became constant at the higher pH values by 11.5.

When pH > pH,,,. = 9.74, the net charge on the Lys molecules
is negative, hindering the attachment to GNPs surface.” As
aresult, the pH value of 7.0 was selected as the optimum one for
subsequent studies.

Analytical performance

Fig. 4 shows the signal intensities obtained from the colori-
metric responses of different Hg?" (a) and As®* (b) ion concen-
trations under the optimum conditions. It was found that the
intensities changed linearly with the concentration of As** and
Hg>" ions in the range from 710 pg L' to 1278 pg L' in 8
minutes and 10.77 to 53.86 ug L™ " in 6 minutes (based on
a visible change), respectively, according to the following
equations:

I=—0.1005C As*" (mg L") + 7.0109 (R*> = 0.9654 (N = 7))
I=—0.7584C Hg>" (mg L") + 6.9472 (R> = 0.9663 (N = 7))

The limits of detection (LOD) for As** and Hg>" ions were
calculated to be 224 and 3.4 pg L', respectively, based on
a signal-to-noise ratio of 3 for As** and Hg>" ions.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Colorimetric responses of various concentrations of (a) As>*
and (b) Hg?* ions; down to up: 0, 10.772, 21.543, 32.315, 43.087,
53.858, 64.63, 75.402, 86.173, 96.945, 107.717, 118.488, 129.26,
140.031, 150.803, 161.575 ug L™* for As®* (pH: 8.5; time: 8 minutes;
volume of GNPs: 300 pL, and volume of water: 60 ulL) and down to up:
0, 71, 142, 213, 284, 355, 426, 497, 568, 639, 710, 781, 852, 923, 994,
1136, 1278, 1420 ug L~ for Hg?* (pH: 7.0; time: 6 minutes; volume of
GNPs: 200 pL, and volume of water: 380 pL).

In addition, the robustness of the sensor response was
evaluated for the storage of the devices for different periods
after the addition of the reagents to the PDMS platform. Good
stability was observed for the colorimetric responses
throughout a period of four weeks (Fig. S47). These character-
istics provide an opportunity to fabricate a sensor beforehand
for on-site application.

Selectivity of the colorimetric assay

To evaluate the selectivity of this method for the determination
of As®", the influence of potential interfering ions was investi-
gated at different concentrations in a 20 min reaction time.
When the surface was modified with DTT, the assay showed no
responses toward Pb>", AI’*, K, Cd*>" and Sn>" ions at a 200-fold
concentration of As®" ions (710 ug L™ "). It should be mentioned
that the stability constant of the As**~DTT complex was about
30 orders of magnitude higher than that of other interfering
metal ions.*® However, Ni** and Zn?' ions resulted in the
aggregation of GNPs at 20- and 30-fold concentrations of As®*
ions (710 pg L") after 20 min reaction time, respectively, which

RSC Adv., 2018, 8, 27091-27100 | 27097
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Fig.5 Effect of potential interfering ions on the colorimetric response of (a) GNPs—DTT (pH: 8.5; time: 8 minutes; volume of GNPs: 300 plL), and
volume of water: 60 plL and (b) colorimetric response of GNPs—Lys and (pH: 8.5; time: 6 minutes; volume of GNPs: 200 pL, and volume of water:

380 pl); ions: Ni2*, Pb?*, Hg?*, Zn?*, K¥, Cd?*, Sn?*, and As®*.

indicated that they exhibited no interference due to the
response time of assay and lack of high concentrations of these
interfering ions in real samples. High concentrations of Hg>*
ions interfered with the As®>" signal. The selectivity of the assay
toward As®* ions was significantly improved by the addition of
PCDA due to its higher affinity for As®" than that for mercury
ions. Since the colorimetric signals may be affected by the
concentration of PCDA along with its function to improve the
selectivity of the sensor, the concentration effect of PCDA was
studied on the colorimetric signal of DTT-GNPs in different
concentrations of PCDA for 20 min. The results showed that the
selectivity of the colorimetric responses increased as the
concentration of PCDA increased from 1 to 1.5 mM, whereas at
concentrations higher than 1.5 mM, the signal intensities
remained constant in a 4 min period (Fig. 5a).

Furthermore, to determine the selectivity of the colorimetric
assay against Hg?", 7 heavy metal ions (Ni**, Pb**, Zn**, As*",
AI**, K, and Cd*") were tested in the assay. Fig. 4b shows the
response of the colorimetric assay against competing metal ions
(2 mg L") and Hg”" ions (20 pg L") in the presence of lysine.
The response of the assay was affected by As®*, Sn** and Pb*"
ions at concentrations higher than 50 fold of that of Hg>" only
after 20 min, whereas the response indicated no change for K*
ions for the whole period. In our experiments, the addition of
Zn>" and Cd>" ions to the system led to a color change at 20-fold
concentration after 15 and 18 min, respectively. These results
showed that interfering ions only slightly affect colorimetric
responses at the desired time and concentration range, which
indicated the excellent selectivity of the colorimetric kit for Hg**
and As®" ion determination (Fig. 5b).

Real sample analysis

To test the practical applications of the proposed kit, it was used
to determine and recover As®* and Hg>* ions in spiked water
samples. For this purpose, drinking water samples were used
without any filtration or preparation. The water samples were
spiked with 10.772, 21.543, and 32.315 ug L™ concentrations of
Hg>" and 710, 852, and 923 pg L' concentrations of As®>"; then,
50 pL aliquots of these final solutions were dropped on the

27098 | RSC Adv., 2018, 8, 2709127100

Table 1 The results for the detection of As®* and Hg?* ions in real
water samples

Spiked Found Recovery
Ions  Water samples (ugL™") (ugL™") (%) (RSD %)
Hg>*  Drinking 10.77 1025  95.20 5.10
water 21.54 21.02 97.60 4.08
32.31 34.21 94.44 4.92
As®*  Drinking 710 688.98  97.04 3.95
water 852 828.99 97.30 5.39
923 909.61 98.55 4.68
Hg>*  Rain water 10.77 10.16  94.30 5.58
21.54 20.45 94.97 4.38
32.31 30.82 95.39 5.84
As®* Rain water 710 671.09 94.82 5.49
852 813.23 95.45 6.05
923 870.94 94.36 5.73

Table 2 A comparison of the analytical performances of different
colorimetric methods for the determination of As** and Hg?* ions

Time

Colorimetric sensor ~ LOD (ug L™")  Selectivity (min) Reference
Dithia-diaza/GNPs 7.0 Hg>* 10 53
Thymine-Hg>" 10 Hg”* 40 54
-thymine/GNPs
Urine/GNPs 20 Hg?* 15 55
As(u)/aptamer/GNPs 5.3 As™ — 19
As(m1)/aptamer/GNPs ~ 1.26 As* 30 19
DTT/GSH/Cys-GNPs  0.003 As** — 38

and As®*
Laurel sulfate/GNPs 5.0 As™ 5.0 56
DTT-PCDA/GNPs 224(As*") As™ 8.0 This work
and lysine/GNPs and 3.4(Hg”") and Hg>"

sample well of the microfluidic device, and As** and Hg>" ion
recoveries were obtained by colorimetric measurements using
the proposed Kkit. As can be seen in Table 1, the recoveries ob-
tained varied within the range from 94.44% to 98.55%. Hence, it
can be considered that the matrix of the water samples does not

This journal is © The Royal Society of Chemistry 2018
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interfere significantly in the determination of As** and Hg>*
ions using the proposed sensor.

In Table 2, some of the response characteristics obtained for
the simultaneous determination of As** and Hg*" in this study
are compared with those previously reported in the field of
colorimetric sensors. As can be seen, the responses of the
proposed kit are comparable with those of previously reported
sensors. More importantly, there is no report on the simulta-
neous colorimetric determination of As** and Hg”>* ions by
a microfluidic kit.

Conclusions

Wastewater pollution in industrial areas is one of the most
important environmental threats in the future. In the present
study, a new smartphone-based platform based on GNPs-DTT-
PCDA and GNPs-Lys and placed in the reservoirs of a micro-
fluidic kit was developed for the simultaneous detection of As**
and Hg>* ions. The microfluidic kit was fabricated using
a PDMS substrate and a new multistep method. Also, HMD as
a new app (RGB reader) was developed for Android smart-
phones to quantify the colorimetric results. In the proposed Kkit,
the effects of various parameters including pH of the solution,
the concentration of ligands, and response time for the detec-
tion of the target analytes were studied and optimized.

Our goal was the development of a simple, rapid, low-cost kit
for the in-field detection of As®" and Hg>* in contaminated
water sources. This constructed kit can be used for environ-
mental monitoring of contaminants in wastewater samples.
The fabricated kit can sense these toxic heavy metals in the field
to improve the monitoring of water and wastewater sources.
This strategy can provide a simultaneous and simple method
for the determination of As** and Hg>* ions with real-time
visualization of a low concentration of target ions within 8
minutes. However, LODs of the kit for target analytes are still
a great challenge. The LODs are higher than the maximum
concentrations permitted by the EPA in river water or other
samples. Therefore, detailed studies are needed to improve the
LODs and linear ranges of the developed kit, which are
underway.
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