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Inorganic bromide (Br™) is an important contaminant ion as it can originate from the overuse of illegal
methyl bromide as a fumigant in stored rice samples. Herein, we developed a simple and highly sensitive
colorimetric sensor for bromide ion detection in rice samples. The sensor is based on the anti-
aggregation of gold nanoparticles (AuNPs) by Br™ in the presence of Cr®*, which made the method more
selective than other typical aggregations of nanoparticles. The AuNPs underwent an aggregation process
as a result of the coordination of Cr®* and the carboxylate group of a citrate ion stabilized the AuNPs,
resulting in a red-to-blue color change. When Br~ was pre-mixed with the AUNPs and Cr®* was added,
the solution color changed from blue to red with an increase in the Br~ concentration. The anti-
aggregation process can be detected with the naked eye and monitored using UV-vis
spectrophotometry. The linear calibration curve ranged between 0.31 and 3.75 uM Br~ with a low LOD
and LOQ of 0.04 and 0.13 uM. The recovery was excellent, ranging from 79.9-92.2% with an RSD of less
than 4.0%. The good inter-day and intra-day precisions were 2.9-6.4% and 3.1-7.1%, respectively. The
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1. Introduction

Methyl bromide (CH;Br) is a fumigant that is often used for
controlling a variety of pests such as insects, mites, moulds,
nematodes, weeds, viruses and bacteria, as well as being used in
soil disinfection and as a postharvest treatment for stored and
dried foodstuffs including rice, tobacco, fresh fruits and vege-
tables.' It is dominant over other fumigants due to the fact it is
a colorless, odorless (at low concentrations) and non-flammable
gas with a high rate of penetration.>* Its toxic effects on human
health are (following short-term exposure) headache, dizziness,
nausea, vomiting, blurred vision, slurred speech and convul-
sions. High concentrations of methyl bromide may cause
unconsciousness and death. Prolonged exposure to methyl
bromide may cause injury to the central nervous system.*
Furthermore, it can greatly destroy the ozone layer through
emission from agricultural pesticide use, from the burning of
biomass and leaded gasoline, and from the ocean.>® Thus, the
use of methyl bromide is controlled by many organizations and
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developed sensor has proved to provide a robust method for Br™ detection in rice samples.

it is already being phased out. From January 1 2005, the
production and use of methyl bromide will be stopped in the
U.S.A. with exemptions for emergency and critical use.>” The
agricultural use of methyl bromide in China will also be
terminated at the end of 2018.° The application of methyl
bromide in the European Union has been forbidden since 2010,
but exceptions are made, especially with regard to the Interna-
tional Standards for Phytosanitary Measures 15.°

After food commodities are fumigated, methylated products
and inorganic bromide are formed as a result of chemical
reactions with some of the constituents of the treated foodstuffs
or the breakdown products of methyl bromide.'*'*'* Inorganic
bromide has been detected in rice and glutinous rice in the
ranges 0.13-11.93 mg kg~ ' and 0.20-1.37 mg kg™, respectively,
and its concentration in all samples were within the Codex
maximum residue limit value of 50 mg kg™ '.> Methyl bromide
residues can persist in nuts and seeds for 10 weeks and in dried
fruit for 4 weeks." Cova et al. reported that higher concentra-
tions of bromide ions were detected in fumigated pastas with
eggs, pastas with eggs and spinach, and rice compared to in
those that were unfumigated.*

Thailand, as the world’s leading rice producer and also one
of the largest rice consumers, imported an average of 357.69
and 103.85 tons per year of methyl bromide and a mixture
between methyl bromide and chloropicrin, respectively, to
eliminate undesired pests before commercializing their prod-
ucts between 2007 and 2012.> Due to its toxicity, under the
agreement of the Montreal Protocol, Thailand agreed to

This journal is © The Royal Society of Chemistry 2018
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gradually reduce and to phase out the use of methyl bromide by
2015." The Thai Ministry of Public Health has defined the
maximum residue limit (MRL) of methyl bromide in rice as
0.01 mg kg~" and of bromide ions in rice as 50 mg kg~ '.** In
2013, methyl bromide was not detected in any rice samples (n =
13), however the bromide ion concentration in one sample was
detected to be 77.2 mg kg~ ! and after 4 days its concentration
had decreased to 20.9 mg kg~ ".**

Due to food globalization, rice consumption is also
increasing around the world. The determination of methyl
bromide and inorganic bromide contamination in rice is,
therefore, required as a method for guaranteeing consumer
safety. In most cases, bromide ion contamination in rice has
been found when food commodities are fumigated with either
low or high concentrations of methyl bromide, and are partic-
ularly over the limit when they have been fumigated with methyl
bromide multiple times."*''*> Many studies have also
focused on inorganic bromide in food in order to assess the
daily intake of bromide ions from food and water into the
human body.'***'” Therefore, bromide ions are the main target
analyte for this work, whether from the accumulation of
bromide ions from the environment or from the transformation
of methyl bromide.

Prior to the detection step, bromide ions in foodstuffs have
been treated using different procedures e.g., low energy micro-
wave digestion,’® high temperature heating (~850 °C),*® hydro-
lysis with alkaline and ashing at 550 °C,? and suspension in 6 N
sulfuric acid and propylene oxide followed by extraction with
ethyl acetate.” Subsequently, the pre-treated samples are deter-
mined using sophisticated instrumentation such as inductively
coupled plasma-mass spectrometry,’® gas chromatography-
electron capture detecting,»”® and ion-exchange chromatog-
raphy with visible light detection." However, these mentioned
instrumentations require not only complex sample preparation
and long analysis times but also complicated and expensive
instruments.

Nowadays, gold nanoparticle (AuNP)-based colorimetric
sensors have drawn increasing attention due to their low cost and
their rapid, selective and reliable detection.”*> In general, AUNPs
change from the dispersion to the aggregation state and their
color changes from ruby red to purple or blue.?*** An absorption
band in the visible range with a high extinction coefficient (e.g,
2.70 x 10® M~' ecm ')*® appears when the incident photon
frequency resonates with the excitation of the conduction elec-
trons. This phenomenon is named surface plasmon resonance
(SPR).***>* Due to these advantages, AuNPs can be used as
a powerful tool for real-time monitoring via naked-eye detection,
rather than using any advanced instruments. AuNPs have also
been applied for the detection of ions,*******® gas® and organic
residues®* such as Hg>*, Cu>*, >, 1", SCN™, H,S, clenbuterol,
aflatoxins, tetracycline, amoxicillin and pazufloxacinmesilate, in
which the detection mostly depends on the aggregation. It was
reported that AuNP aggregation is not selective and can provide
false positive results due to the effects of many other external
factors in real applications. Thus, the anti-aggregation or re-
dispersion of AuNPs has become a good option to utilise in
order to improve selectivity.**?>?%272
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So far, a colorimetric probe based on the AuNP anti-
aggregation process has not been found for bromide ion
determination in rice samples. In this work, we developed
a AuNP colorimetric sensor for the facile, sensitive and selective
detection of bromide ions in rice samples. The sensor is based
on the fact that bromide ions prevent the aggregation of AuNPs.
The addition of Cr’* into a AuNP solution resulted in the
aggregation of AuNPs with a red-to-blue color change. In the
presence of Br, the aggregation of AuNPs was interrupted and
the corresponding color of solution changed from blue to red.
The concentration of bromide ions in real samples can be easily
observed with the naked eye, and also quantitatively measured
using UV-visible spectroscopy.

2. Material and methods
2.1 Chemical and reagents

All chemicals were of analytical grade. Gold(ui) chloride trihy-
drate (HAuCl,-3H,0) was purchased from Sigma-Aldrich (USA).
Chromium(m) nitrate nanohydrate was purchased from Alfa-
Aesar (USA). Trisodium citrate and disodium hydro-
genphosphate dodecahydrate were purchased from Ajax Fine-
chem (Australia). Hydrochloric acid, potassium hydroxide,
ethanol and nitric acid were purchased from RCI Labscan
(Thailand). Potassium bromide and sodium dihydrogen phos-
phate dehydrate were purchased from LobaChemi (India). All
solutions were prepared using 18 MQ cm™ ' ultrapure water
obtained from ELGA Maxima.

Sodium phosphate buffer (pH 6.5 at 0.01 M) was prepared by
mixing 34 mL of 0.02 M sodium dihydrogenphosphate and
16 mL of 0.02 M disodium hydrogenphosphate. Subsequently,
the buffer was adjusted by either sodium dihydrogenphosphate
or disodium hydrogenphosphate to obtain a pH of 6.5 and the
volume was made up to 100 mL with ultrapure water. A stock
solution of 12.52 mM bromide ion was prepared from potas-
sium bromide. It was necessary that all the glassware was
thoroughly cleaned in freshly prepared aqua regia solution (3 : 1
v/v HCI-HNO3), washed with ultrapure water at least twice and
then oven-dried at 150 °C before use to avoid aggregation of
gold colloids due to any contaminants.

2.2 Synthesis of gold nanoparticles (AuNPs)

The gold nanoparticles (AuNPs) were synthesized via the triso-
dium citrate reduction of HAuCl, according to the previous
method with slight modification.”® A volume of 250 mL of
0.015% (m/v) HAuCl, solution was added into a 500 mL Duran
bottle and was heated to boiling with vigorous stirring. Subse-
quently, 8.75 mL of 1% (w/v) trisodium citrate solution was
added rapidly into the boiling solution followed by stirring. The
color of the solution changed from pale yellow to wine red in
a few minutes as Au®* was reduced to Au’, indicating the
formation of citrate-capped gold nanoparticles (AuNPs). After
that, the AuNP solution was continuously boiled for another
15 min to ensure the reaction was completed. It was then
allowed to cool down to room temperature under stirring, and
the volume was adjusted to 250 mL with ultrapure water in
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a volumetric flask. The spectrum of this synthesized AuNP
solution was investigated. For further study, this AuNP solution
was stored in an amber bottle at 4 °C. After synthesis, the
maximum absorbance of the AuNP solution was 1.49 at
a surface plasmon resonance (SPR) wavelength of 519 nm with
a calculated particle concentration of 5.52 nM (Fig. S1 (ESIY)),
according to Beer’s law using an extinction coefficient of 2.70 x
10° M~ em™".?* We have proved that AuNPs synthesized via the
above method can be kept in a fridge for up to 4 months without
any loss of sensitivity together with an absorbance of 1.49 £ 0.01
at 519 nm (Fig. S2 (ESIt)).

2.3 Characterization

The surface plasmon resonance (SPR) spectra of the synthesized
AuNP solution were investigated in the range 400-800 nm using
a UV-1800 spectrophotometer (Shimadzu, Japan) in a 1.5 mL
disposable polystyrene cuvette. The size and shape of the AuNPs
were measured using a transmission electron microscope (TEM,
JEM-2010, JEOL, Japan) with a 200 kV acceleration voltage.
Before TEM measurements, the samples were diluted 3 times
with ultrapure water before deposition and 5 pL of the diluted
sample was deposited on the carbon-coated copper grid and
then evaporated at room temperature. Moreover, the zeta-
potential value and size distribution of the synthesized AuNP
solution were studied using a zeta potential analyzer (ZetaPALS,
Brookhaven, USA).

2.4 Colorimetric determination of bromide ions

To increase the selectivity of the developed method, the deter-
mination of the bromide ions in this study was based on the
anti-aggregation of AuNPs. A volume of 100 pL of different
concentrations of Br~ was first added to 400 pL of 5.52 nM AuNP
solution containing 500 pL of 10 mM phosphate buffer solution
(pH 6.5), and the mixture was mixed well using a vortex mixer.
After that, 100 pL of 57.70 pM Cr** was added to the mixture
with vortex mixing and the solution was incubated for 10 min at
room temperature (25 + 2 °C) to allow for adequate reaction
time and to ensure the color had completely developed. After
interaction, the color of the solution was observed with the
naked eye. Photographs of the resulting solution were taken and
the UV-visible spectra of the mixtures from 400-800 nm were
recorded immediately. The spiked samples for recovery in pre-
treated samples were investigated using the same procedure.

2.5 Sample preparation of rice

White rice samples (five commercial brands) were collected
randomly from a supermarket in the Hat Yai district, Songkhla
province, Thailand and stored in a refrigerator at 4 °C before the
experiment. The rice sample was prepared according to the
report of Sungwaranond et al. with modifications.> The rice
sample (100 g) was ground using a Ball mill (Retsch MM400,
Germany) to obtain a powder (~5 pum).

Two grams of the rice powder was added into a 50 mL nickel
crucible and digested with 5 mL of 1% potassium hydroxide in
50% ethanol. The sample was boiled on a hotplate (by gradually
increasing the heating rate to avoid the sample bumping) until
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it was dry and no smoke was observed. Next, it was burned in
a muffle furnace at 600 °C for 4 h to eliminate the organic
residues in the rice samples. After the obtained ash was allowed
to cool down, 15 mL ultrapure water was added and the solution
was boiled for 15 min on a hotplate in order to dissolve the
inorganic bromide, and was filtered with a 0.22 pum Nylon
membrane through a 25 mL volumetric flask. The ash residue
was placed in a nickel crucible and was again boiled using
another 10 mL ultrapure water. This new solution was filtered
through the previous volumetric flask and finally diluted with
ultrapure water up to the mark. The sample solution was then
diluted 1 fold with ultrapure water before the color reaction was
performed.

2.6 Optimization of the colorimetric detection of bromide
ions

To obtain the best sensitivity of the method, the analytical
conditions for the detection of Br, ie., the concentration of
Cr**, the pH and concentration of the phosphate buffer, the
concentration of the AuNPs and the reaction time, were opti-
mized. Each parameter was studied using a one step at a time
experiment. All experiments were repeated three times with the
results reported as mean =+ standard deviation (SD). The
absorbances at 519 and 673 nm were found to be directly related
to the dispersed, aggregated and anti-aggregated states of the
AuNPs. Therefore, the absorbance intensity ratio of Asq9/As73
was used for the quantitative determination of Br™. In order to
obtain a representative sample for method development and
optimization, five different brands of rice were mixed together.
All the statistical analyses were performed using Microsoft
Office Excel 2007. The ANOVA at a 95% confidence level was
used for data analysis.

3. Results and discussion
3.1 Proposed sensing mechanism

Fig. 1 shows the proposed mechanism for the successful
colorimetric sensor of bromide ions based on the anti-
aggregation of AuNPs. The AuNP solution presented
a maximum SPR absorption at 519 nm (Fig. 2a) with a red wine
color (Fig. 1), which was in good agreement with previous
reports.”’*>*

In this study, sodium citrate could act as a reductant and
a stabilizer of colloidal AuNPs. Thus, the AuNPs were relatively
stable due to the strong electrostatic repulsion between the
negatively charged citrate ions on the surface of the AuNPs.**3¢
It was reported that Cr** could coordinate with two citrate ions
via the hydroxyl groups in each citrate ion with a high formation
constant of 3.89 x 10%°.3738 Thus, citrate can also be used as the
ligand for interaction with Cr**, and Cr*" can serve as a cross
linking agent between the pairs of citrate-coated AuNPs.*® This
ligand exchange is probably strong enough to overcome the
electrostatic repulsion imposed by the citrate-AuNPs, thus
inducing the aggregation of the AuNPs.

Upon addition of Cr** (Fig. 1A), the intensity of the SPR band
of the AuNPs at 519 nm decreased, and a new absorption band

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 A proposed mechanism for the colorimetric sensor of bromide ions based on the anti-aggregation of AuNPs.

appeared at 673 nm (Fig. 2b) due to the AuNP aggregation
driven by Cr’**, demonstrating the successful conjugation of
Cr** with the AuNPs. This caused a red-to-blue color change.
The result of the aggregation was also confirmed via TEM
measurement (Fig. 3A). We observed a spherical monodisperse
colloid of individual AuNPs before aggregation (Fig. 3A(a)). The
average particle size of the prepared AuNPs was 16.43 =+
0.81 nm. In the presence of Cr*" (Fig. 3A(b)), heavy aggregation
of the AUNPs was observed, confirming that Cr** induced large-
scale aggregation of the AuNPs through chelating reactions,
resulting in the particle size distribution of the aggregated
AuNPs in the presence of Cr** being about 16 times higher than
those without Cr’* (calculated from the size ratio of 262.30/
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Fig. 2 UV-vis absorption spectra of (a) AuNPs, (b) aggregation of the
AuNPs in the presence of 4.80 pM Cr** and (c) anti-aggregation of the
AuNPs in the presence of 3.13 uM Br~ and 4.80 uM crit,
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16.43 in Fig. 3B(d and e)). A similar phenomenon of aggrega-
tion was also reported by Liu and Wang.**

When the AuNPs were treated with Br~ followed by mixing
with Cr’" (Fig. 1B), the color of the AuNPs was found to
successfully change from blue to wine red, along with
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Fig. 3 (A) TEM images and (B) particle size distributions of (a) and (d)
AuNPs, (b) and (e) aggregation of the AuNPs in the presence of 4.80 uM
Cr**, and (c) and (f) anti-aggregation of the AUNPs in the presence of
3.13 uM Br~ and 4.80 uM Cr®*.
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a decrease in the SPR absorption band at 673 nm and an
increase in the band at 519 nm (Fig. 2c). This was called the
anti-aggregation of the AuNPs, which was a result of the change
of the AuNPs from the aggregation (blue color) to dispersion
state (red color).

The anti-aggregation of the AuNPs could be caused by the
adsorption of Br  onto the AuNP surface, leading to the
prevention of aggregation driven by the Cr**~citrate complex. The
bromide ion is a chaotropic anion that can transfer its charge to
the AuNP surface and thus, increase electrostatic stabilization.*®
Moreover, the adsorption of Br~ on the surface of the AuNPs may
prevent aggregation due to a higher stability constant of the Au
(1+ or 3+)-Br~ complex, which is 12.3 and 32.8 for the Au'- and
Au*'-Br~ complex, respectively,” compared to the lower stability
constant of the Cr**-Br~ complex (—2.66).2

The zeta potential values of the AuNPs after addition of 0.63,
2.50 and 4.38 uM Br~ were also investigated. As shown in Fig. S3
(ESIt), the zeta potential values increased in proportion to the
concentration of Br~, indicating that colloidal AuNPs are more
highly electrically stabilized. The addition of Br~ could stabilize
the AuNP colloid and enhance the repulsion force between the
AuNPs. This increased the repulsion force of each AuNP, which
could affect the chelation between Cr*" and citrate. As a result, the
color of the solution remained red as the Br~ concentration
increased, relating to the increased dispersion state. The TEM
confirmed the observation that the AuNPs remained dispersed
with the addition of Br~ and Cr*", as well as confirming the
decrease in size of the AuNPs compared to their size in the
aggregation state as shown in Fig. 3A(c) and (f), respectively. Thus,
it suggested that the effective anti-aggregation is induced by Br™.

3.2 Optimization of colorimetric detection of bromide ions

3.2.1 Concentrations of Cr**. The effect of different
concentrations of Cr*" in the range 0.96-19.23 uM on the
aggregation of AuNPs was investigated (Fig. 4A). With an
increasing concentration of Cr**, the color of the suspension
gradually changed from red wine to purple and finally to blue,
indicating a disruption to the stability of the citrate-capped
AuNPs (Fig. 4A, inset picture). Initially, at a concentration of
0.96 UM Cr**, the aggregation of the AuNPs was negligible since
the excess amount of AuNPs provided a large number of
binding sites and a better affinity for the citrate ion over Cr**.*
At a concentration of 2.40-4.81 pM Cr’*, the aggregation was
enhanced, which can be seen in the colour change from
a purple to a blue solution. This may be attributed to the fact
that the binding sites of the citrate ion on the surface of the
AuNPs were occupied by Cr**, leading to aggregation.

These results reveal the sharp decrease in the absorbance
ratio of Asyo/Ag73 Of 0.96-4.81 uM Cr** (Fig. 4A). At a concentra-
tion of Cr’* higher than 4.81 uM, the ratio became stable,
indicating the maximum degree of aggregation. By considering
the lowest concentration of Cr** that provided the maximum
degree of aggregation, 4.81 uM Cr** was chosen as the optimal
concentration.

Although Cr*' is a toxic substance, it is considered as an
essential trace element and is less toxic than Cr®", since Cr®" has
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high solubility and mobility in biological systems.** The
selected concentration of Cr** (equal to 4.81 uM or 5.76 nmol
Cr’") used in our test was very low.

Moreover, we have investigated other non-toxic substances
such as Fe** and AI** for use as aggregation reagents as shown
in Fig. S4 (ESIY). This showed that at the same concentration of
ions, Cr** provided heavy aggregation of citrate-stabilized gold
nanoparticles but Fe*" and AI** did not aggregate AuNPs. The
optimization of the pH of the phosphate buffer in the range 6.0-
8.0 in the presence of Cr**, Fe*" and AI** was also carried out
(Fig. S5 (ESIT)). Only Cr** gave the response of aggregation of
the AuNPs. These two investigations confirmed that Cr** is
more specific for Br~ detection than other aggregation reagent
ions (Fe** and AI*").

3.2.2 pH of solution. The pH of solution affected the anti-
aggregation system between Br~ and the AuNPs, and thus
influenced the A5,9/A¢73 ratio. The phosphate buffer was chosen
due to its high solubility in water and high buffering capacity in
the studied range. Fig. 4B shows the effect of the pH values (6.0
to 7.5) of the phosphate buffer on the sensitivity to Br~
concentration in the range 0.63-5.01 uM. This sensitivity value
was the slope of linearity plotted between the As;9/4¢73 ratio (y
axis) and the Br~ concentration (x axis) as shown in Fig. S6
(ESIT). The result showed that the sensitivity of bromide
detection increased when the pH of the buffer increased from
6.0 to 6.5 (Fig. 4B) and the corresponding solution changed
color from blue to red (Fig. S6 (ESIt)).

It is known that the pK,i, pKa, and pK,; values of citric acid
are 3.2, 4.8 and 6.4, respectively.*®** When the pH value was
lower than 6.4, the citric acid group can combine with H',
resulting in the reduction of the chelation interaction between
the citrate ion and Cr*". This negatively influenced the aggre-
gation process, and as a result, a decrease in sensitivity was
observed.

In the case of pH 6.5 (close to pK,3), citric acid exists in
a trivalent anion and this has the highest ability to chelate
Cr’*.% This pH resulted in an increase in the affinity of
chelation between the citrate ion and Cr*". Therefore, high
aggregation will lead to a high anti-aggregation process in the
studied concentration range of Br~ and then maximize
sensitivity. When the pH was increased from 7.0-7.5, the
sensitivity was reduced in this system because hydrolysis of
Cr** probably occurred, resulting in the formation of colloidal
Cr(OH); that could stop the chelating reaction of the citrate-
capped-AuNPs with Cr**.*** Another possible reason is that
Br~ was likely dispersed in the alkaline environment of the
solution rather than adsorbed on the AuNP surface. To obtain
the maximum response of detection, a phosphate buffer of pH
6.5 was chosen.

3.2.3 Concentrations of the phosphate buffer. The influ-
ence of the concentration of the phosphate buffer (pH 6.5) in
the range 2.5-25.0 mM on the aggregation and anti-aggregation
of the AuNPs was performed. We investigated the effect of the
buffer concentration by monitoring the change in the intensity
ratio of the anti-aggregation signal from the analyte and
aggregation signal from the Cr** (Fig. 4C), and all the obtained
signals are shown in Fig. S7 (ESIt).

n
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Fig. 4 Optimization of the colorimetric detection of Br™. (A) Concentration of Cr**. (B) pH of 10 mM phosphate buffer. The sensitivity was the
slope of linearity plotted between the As;9/Ag73 ratio (y axis) and the Br~ concentration in the range 0.62-5.01 uM (x axis). (C) Concentration of
the phosphate buffer (pH 6.5). The signalanayte and signalgiank Were the anti-aggregation signal from the analyte and aggregation signal from the
Cr**, respectively. (D) Concentration of AUNPs. The sensitivity was the slope of linearity for the Br~ concentration in the range 0.63-2.50 pM. (E)
Reaction time: (a) blank (without Br™), (b) 1.25 uM Br~, (c) 2.50 uM Br~ and (d) 5.01 uM Br~.

Liu and Wang mentioned that citrate-capped AuNPs would
aggregate in aqueous media with high ionic strength.*® In this
study, the maximum tolerable ionic strength was found to be
10.0 mM since this was when the maximum sensitivity was
obtained. The results showed that a buffer concentration of
25.0 mM led to a large increase in the ionic strength, which
could cause the anti-aggregation to decrease and thus cause the
intensity ratio to decrease. By considering the maximal ratio
between the signal of the analyte and the blank, 10.0 mM
phosphate buffer (pH 6.5) was chosen for the next experiment.

3.2.4 Concentrations of AuNPs. The amount of AuNPs is
relative to the adsorption of Br~ on the AuNP surface. If the
concentration of AuNPs increases, it is necessary to increase the
amount of Br~ to allow for the anti-aggregation of the AuNPs.

This journal is © The Royal Society of Chemistry 2018

Therefore, different final concentrations of the AuNPs ranging
from 1.38 to 3.21 nM were tested to obtain the maximum
sensitivity of the Br~ concentration in the range 0.63-2.50 pM
(Fig. 4D). This sensitivity value was the slope of linearity (Fig. S8
(ESIt)). When the AuNP concentration was 1.38 nM, it was
difficult to observe the color of the solution with the naked eye
due to its faded color. The sensitivity increased to be highest in
the case of 1.83 nM AuNPs and decreased when the concen-
tration increased above 1.83 nM because an insufficient amount
of bromide ions was adsorbed on the high abundance of AuNPs,
leading to low anti-aggregation. Therefore, 1.83 nM AuNPs was
chosen.

3.2.5 Reaction time. The influence of the reaction time in
the range 0-30 min on the interaction between AuNPs and Br~
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at 1.25, 2.50 and 5.01 pM was studied (Fig. 4E). It can be seen
that the absorption ratio (4s10/A673) tended to decrease in the
period from 0 to 10 min and was then stable from 10 to 30 min.
This indicated that the anti-aggregation was complete after
10 min of reaction time. Thus, a reaction time of 10 min was
chosen and all further sensor measurements could be carried
out within 10 min.

3.3 Method validation

The concentration of bromide ions in a solution was confirmed
by comparing its color and absorbance with a standard solution
under the same conditions. The degree of anti-aggregation
(seen by the color of solutions changing gradually from blue
to red) depends on the concentration of Br™. Fig. 5 shows the
absorption changes with the addition of Br~, which were
further confirmed by looking at the color changes. The absor-
bance at 673 decreased with an increasing concentration of Br™
and the peak at 519 nm increased due to the anti-aggregation of
the AuNPs. The absorbance ratio of As;9/A¢7; was used for the
quantitative determination of Br™ since it was found to be less
sensitive to changes caused by different detection conditions.
A good linearity of the standard calibration curve (y =
3.4803x — 0.6065, R> = 0.9970) was found in the range 0.31-3.75
UM Br~ (Fig. 6a). The limit of detection (LOD) and limit of
quantification (LOQ) were the Br~ concentrations that gave
a signal equal to the blank signal (S/N) plus three and ten
standard deviations of the blank, respectively (n = 20).*” The
LOD and LOQ were as low as 0.04 and 0.13 uM, respectively. The
recovery was investigated by spiking the Br~ concentrations of
12.00 to 60.00 mg kg~ ! into composite rice samples and then
testing them using our developed system. As seen in Table 1,
good recoveries ranging from 79.9-92.2% were obtained with
a precision (RSD) of less than 4.0% (n = 3). The inter-day
precision of the three concentration levels of Br~ (0.63, 1.25,
3.75 uM) determined on each of 5 days fell between 3.07 and
7.12% (n = 45), whereas the intra-day precision obtained from

06 71 1001 1M Br-
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Fig. 5 UV-vis absorption spectra changes of the AuNPs in the pres-
ence of 0.00-10.01 uM Br™.
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Fig. 6 Curves of (a) the standard calibration curve and (b) the standard
addition curve for Br~ concentration in the range 0.31-3.75 uM.

the 5 measurements of each of the three concentration levels on
the same day ranged from 2.87-6.35% (n = 15). These recoveries
and precisions were acceptable within the range referred to in
the AOAC standard method.*®

In contrast to the aqueous standard solution, trace quanti-
fication of the analyte in real samples can suffer from the effects
of the sample matrices, which can cause a positive or negative
response by increasing background noise or suppressing the
signal response.” Hence, the matrix effect was investigated
using a standard addition curve (Fig. 6b) in the range 0.31-3.75
UM Br~ (spiked into rice water extracts), which was compared to
a standard calibration curve (Fig. 6a). As shown in Fig. 6, the
sensitivity of the standard addition curve (b) was significantly
different from that of the standard curve (a) (P < 0.05), indi-
cating that the matrix did have an effect on the analysis of Br™ in
rice samples. Therefore, we used a standard addition curve for
accurate determination of Br™ in rice samples.

3.4 Comparison of the developed sensor with other
analytical methods

To further demonstrate the advantages of the developed sensor,
the performance of our sensor was compared with other previ-
ously reported methods. Table 2 lists the comparison results,
including sample amount, linear range, LOD and detection
time, of our developed sensor with other methods. The LOD and
linearity obtained by our sensor were clearly superior to those
obtained in the other studies. In addition, our sensor has
a short detection time compared with the expensive

Table 1 Recoveries of spiked Br~ in composite rice samples with
relative standard deviation (RSD) values (n = 3)

Spiked Detected

(mg kg™ (mg kg™ Recovery (%) RSD (%)
0.00 2.19 + 0.57 — —

12.00 11.78 £ 0.33 79.94 2.81
25.00 23.52 £+ 0.94 85.35 3.98
50.00 48.28 + 1.86 92.19 3.85
60.00 50.42 £ 1.18 80.40 2.35

This journal is © The Royal Society of Chemistry 2018
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Table 2 Comparison of the developed sensor with other methods applied for Br~ determination in different samples

Sample Linear Detection
Method” Sample amount range (UM) LOD (uM) time (min) Reference
LLE-deriv.-GC-uECD Rice 2g 62.58-938.63 25.03 20 3
Microwave digestion-ICP-MS Food 12¢g 25.03-2503.00 8.51 1 16
Phenol red spectrophotometry Vegetables 5¢ 6.26-56.32 3.13 3 18
LPIEC-visible light detection Foodstuffs 25 ¢ 0.38-62.58 0.03 7.5 19
Phenol red and chloramine-T colorimetry ~ Environmental samples ~ 20-300 pL. ~ 0.00-375.45 1.38 5 50
Aggregation and anti-aggregation of Water — 0.99-5.66 1.67 — 51
AgNPs
Total reflection X-ray fluorescence Soil 1g 15.64-156.44 3.13 25 52
spectrometry
Fluorescent Ag nanocluster detection Dried kelp 1g 0.10-50.00 — 60 53
Anti-aggregation of AuNPs Rice 2g 0.31-3.75 0.04 <10 This work

% LLE-deriv.-GC-puECD: liquid-liquid extraction-derivatization-gas chromatography-micro electron capture detector; ICP-MS: inductive coupled
plasma-mass spectrometry; LPIEC: low pressure ion-exchange chromatography.

methods.*»**** Our sensor required a comparable amount of
sample to be used for detecting Br~ in real samples to the
methods mentioned in Table 2. Overall, these results confirmed
that our method for Br~ determination based on the anti-
aggregation of AuNPs was more efficient and sensitive.

3.5 Selectivity study

Other cations and anions in rice samples were investigated as
they could probably interfere with the selectivity for Br™. It was
reported that inorganic anions, i.e. ¥, CI7, NO, , NO;~ and
S04>~, were found in rice samples from four provinces in China
using ion chromatography, ranging from not detected to
20.90 mg kg~ '.5* Some elements in rice extracts prepared using
our alkaline digestion and ashing method were determined
using inductively coupled plasma-optical emission spectrom-
etry (ICP-OES) as presented in Table S1 (ESIT). It was shown that

16 -
14 -
12 -
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Fig. 7 Selectivity of the Br™ detection. The absorbance ratio response
(As10/A673) Of the proposed sensor for 5 uM Br™ (red bar) was plotted
against 5000 uM of ion interferences (K*, Mg®*, Ca?*, A", NO,™,
NOs™, PO,*>", SO4%~, F~ and Cl™ (blue bars)) and a mixture of Br~ and
the other ions (violet bar). All signals corresponded to the blank. The
photograph is an example of the detection sensor for 5 uM Br~, the
other ions and a mixture of Br~ and all the other ions.

This journal is © The Royal Society of Chemistry 2018

the samples had high concentrations of K, Mg, Ca and P in the
range 6.66-13 554.17 mg kg™ whereas Al, Cr and Se were found
in low concentrations (0.20-2.79 mg kg™ '). The detection of K,
Ca, Mg and Al agreed with the data of other reports.>**® Thus,
the 10 common ions, ie. K, Mg>*, Ca*, AI*", NO,~, NO;™,
PO,*", SO,*7, F~, Cl~, were investigated alongside Br~ under
the same optimal conditions. We found that Cu, Fe, Mn, Ni and
Zn were not detected, thus they were not included as
interferences.

The selectivity was evaluated by testing the absorbance ratio
(As10/A673) Of 5 UM Br~ to 5000 uM of other ions including K,
Mg>*, Ca**, AI**, NO,, NO;~, PO,*", SO,>", F and Cl . As
shown in Fig. 7, Br~ (red bar) showed a distinct signal whereas
in the absence of Br™, the signal of the other ions except for C1~
(blue bar) was almost identical to the blank even when their
concentrations were 1000-fold higher than Br~, suggesting that
no anti-aggregation of AuNPs was caused by the other ions.
Furthermore, the response of Br™ in the presence of a mixture of
all the ions (violet bar) increased to a level similar to that of Br—
alone (red bar). This can be explained by the fact that Br~ is
lightly hydrated and has higher polarizability which can be
attractive when it is close to the AuNP surface compared to
NO; ™, SO,>7, F~ and Cl~ while the other negative ions are
repelled from the surface.”” Only the addition of 5000 uM Cl™
can result in anti-aggregation. However, considering that a low
abundance of CI~ (about 3.05 mg kg~ ') was detected in the rice
sample matrix, the signal caused by Cl™ can be ignored.

Other anions such as I", $>7, SO;>~, and SCN™ could affect
the detection of Br™. Thus, the effect of I and SCN™ on the
selectivity of the detection was investigated and the results are
shown in Fig. S9 (ESIt), and the responses of these ions were
similar to that of Br. This means that they interfere with the
anti-aggregation of AuNPs because I and SCN™ are classified as
chaotropic anions like Br™."” However, SCN~, $>~ and SO;>~
have never been reported in rice samples, thus they are not of
major concern for detection. It was reported that the concen-
tration of I is approximately 185 times lower than that of Br~ in
white rice samples,” and therefore, the signal caused by the low
abundance of I" in real samples can be ignored.

RSC Adv., 2018, 8, 21566-21576 | 21573
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These results clearly revealed that the simultaneous pres-
ence of other competitive ions even at very high concentrations
did not interfere with the determination of Br~. Thus, our
colorimetric sensor exhibited a high selectivity for Br~ over
other ions in rice samples.

3.6 Application of the method to rice samples

To further evaluate the feasibility of the developed sensor, five
different commercial brands of white rice were collected from
supermarkets and examined for Br~ residues. The first attempt
to prepare the rice sample was made by soaking the rice in water
as a simple method and the water extract of the rice was then
passed through a solid phase sorbent cartridge (Oasis HLB) and
analyzed using colorimetric determination. It appeared that no
significant difference in color between the unspiked and spiked
sample was observed (both samples presented a red solution),
indicating that the interferences, especially organic substances
as well as Br ™, could dissolve in aqueous extracts.

Srisawat et al. examined phenolic or flavonoid compounds in
rice water extracts.”® These compounds could probably interfere
with the Br™ detection by: (i) adsorbing onto the surface of the
AuNPs and hindering the ligand-exchange process in the Cr**-
citrate complex and (ii) forming a complex with Cr** instead of
with the citrate. Therefore, the removal of the organic interfer-
ences is necessary.

Our sample digestion method wusing 1% potassium
hydroxide in 50% ethanol and our ashing procedure to remove
all the organic contents from the rice samples was studied and
compared with an acidic digestion using hydrogen peroxide and
hydrochloric acid. Metals in all the samples were analyzed using
ICP-OES. As seen in Table S1 (ESIt), the concentrations of other
cations such as Mg>*, Ca** and AI** obtained using our method
were much lower than those obtained via acidic digestion
except that a higher amount of K" was detected. This was due to
the addition of KOH for rice digestion; however, it has proved
that K* residue does not interfere with colorimetric detection
using AuNPs as shown in Fig. 7.

In addition, high recoveries for the sample preparation and
detection were obtained (Table 1). Since we used a high
temperature (600 °C) for the ashing step, it was possible that
Br~ could evaporate, and so the remaining Br~ in the samples
was investigated using the X-ray fluorescence (XRF) technique.
The composite rice samples were spiked with Br~ concentra-
tions of 50, 100, 200 and 400 M and prepared as mentioned in
Section 2.5. After dilution, the solution was adjusted to pH 8.0
with 1 M nitric acid, and was subsequently analyzed using the
XRF method. Fig. S10 (ESIt) shows the XRF spectra of the
sample solutions spiked with Br~ concentrations in the range
50-400 M. The peak signals of Br~ increased with increasing
Br~ concentration. This confirmed that Br~ will not evaporate at
a temperature of 600 °C. Thus, these results confirmed that our
alkaline digestion and ashing method can remove some metals
and organic interferences without any loss of Br™.

Whereas Sungwaranond et al.” performed the ashing step for
8 h, leading to a time consuming sample preparation, we
further investigated the time for ashing (4 and 8 h). The results
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Table 3 The determination of Br™ in the rice samples using the
developed sensor (n = 3) and ion chromatography (n = 2), with (A) the
corresponding colorimetric results and (B) a color chart for the sample
sensor

Found (mg kg ™)

Sample Developed sensor Ion chromatography
White rice 1 3.12 £0.83 3.41 +1.61
White rice 2 4.23 £ 1.10 6.25 £+ 0.80
White rice 3 4.07 £ 1.70 3.41 +2.41
White rice 4 4.16 + 0.48 4.00 + 2.41
White rice 5 5.21 + 0.91 6.82 + 4.82
A (B)
Sa(mzole Color chart
12 3 45 ab c de

AEAEE BEES

a) 0.00, b) 6.25, c) 12.50, d) 18.75,
) 50.00 mg kg™ of Br™ spiked in
samples

showed that statistically insignificant differences in the
concentrations of cations with an ashing step of 4 and 8 h were
observed in the samples (Table S1 (ESIT)). Thus, in this work,
the rice samples were treated using the alkaline digestion and
ashing method for 4 h.

Table 3 shows the determination of Br~ in rice samples using
our sensor, together with the corresponding colorimetric
results. The color chart, made by adding a Br~ standard ranging
from 6.25 to 50.00 mg kg™ into the samples, was made for
detection with the naked eye. Br~ residues were detected in all
the studied samples in the range 3.12-5.21 mg kg™, which all
fell in the range 0.00-6.25 mg kg~ shown in the color chart and
were higher than those detected by Parengam et al. (0.40-1.4 mg
kg~ ').* However, the detectable concentrations of Br~ did not
exceed the MRL limit set by The Thai Ministry of Public Health
(50 mg kg™ ").** Moreover, it showed that no interferences due to
co-extracted compounds were found as seen in the colorimetric
results of the samples (Table 3(A)).

At present, there is no established standard method for the
detection of Br™ in rice samples. We have validated our devel-
oped sensor with the ion chromatographic (IC) technique
(Table 3). It was found that the concentrations of Br~ detected
using the developed sensor were not significantly different from
those detected using IC (P > 0.05).

These results confirmed that the developed sensor method
can be used for the analysis of Br~ in real complex samples.

4. Conclusions

We have developed a robust colorimetric sensor for bromide
ions using citrate-capped AuNPs in the presence of Cr’*. The
method was simple, highly sensitive and selective, and was
based on the anti-aggregation induced by Br~, which results in
a color change from blue to red upon the addition of different
concentrations of Br™. This system presents a low LOD and LOQ

This journal is © The Royal Society of Chemistry 2018
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without any noticeable interfering effects from the other
components in rice samples. Satisfying recovery and precision
were achieved with our developed colorimetric sensor.
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