Microchemical Journal 196 (2024) 109685

Contents lists available at ScienceDirect

Microchemical

Microchemical Journal

journal homepage: www.elsevier.com/locate/microc

ELSEVIER

Check for

Silver nanocluster-based colorimetric/fluorimetric dual-mode sensor for  Spdies
the detection of bromide and sulfite in waters and wastewaters

Nerea Villarino, Isela Lavilla, Francisco Pena-Pereira , Carlos Bendicho -

Centro de Investigacion Marina, Universidade de Vigo, Departamento de Quimica Analitica e alimentaria, Grupo QA2, Edificio CC Experimentais, Campus de Vigo, As
Lagoas, Marcosende 36310 Vigo, Spain

ARTICLE INFO ABSTRACT

Keywords: In this work, the development of a fluorimetric/colorimetric dual-mode nanosensor for the determination of
Bromide sulfite and fluorimetric determination of bromide involving silver nanoclusters (AgNCs) is reported. SO and Bry
D‘}al sensor were found to significantly modify the optical properties of AgNCs. Particularly, both volatiles weakened the
Microextraction

. fluorescence of AgNCs, whereas a color change from nearly colorless to yellowish/brown occurred upon expo-
Silver nanoclusters . . . 3 .
. sure of AgNCs to SO,. Accordingly, three smartphone-based optical assays were devised for sulfite and bromide
Smartphone-based detection X 1 X . i X
Sulfite determination, involving in situ volatile generation and enrichment/trapping of the selectively formed volatiles
by AgNCs confined in a droplet and exposed to the headspace above the sample. A hydrophobized cellulose
substrate acting as drop holder enabled integrating both the enrichment and the subsequent smartphone-based
optical detection in a straightforward manner. Smartphone-based digitization of the enriched AgNCs microdrops
and subsequent image processing using a smartphone and its integrated App, respectively, were used for
quantitative purposes. Under optimal conditions, limits of detection (LODs) of 1.1 pM and 1.5 uM were achieved
for the fluorimetric determination of sulfite and bromide, respectively, whereas sulfite was alternatively deter-
mined by colorimetric readout, yielding a LOD of 37.0 uM. The repeatability, expressed as relative standard
deviation, was found to be in the range of 5.1-5.9 % in all cases (N = 8). The applicability of the method was
demonstrated in aqueous samples of increasing complexity, with recoveries in the range 91-109 %. In addition,
the responsiveness of AgNCs to SO5 and Br; rendered them suitable for the monitoring of bromide and sulfite in
increasingly relevant advanced reduction processes such as the UV/sulfite system, as demonstrated in this work.

formation of sulfite, which is harmful to natural resources and human
health, causing acid rain and reducing the water quality [5]. Sulfiting

1. Introduction

Bromide is the most significant precursor of bromate and some other
bromo-organic products included under the denomination of disinfec-
tion by-products (DBPs). Hundreds of brominated DBPs have been
detected in treated wastewaters, associated to their unintentional in situ
formation in widely used disinfection processes such as ozonation or
chlorination [1,2]. Even though bromate is regulated by several
agencies [3], the vast majority of brominated DBPs are not included in
the regulations. Moreover, many of brominated DBPs are yet to be
identified, thus preventing their monitoring in natural waters and
wastewaters. In this regard, several control strategies have been recently
proposed to minimize the formation of brominated DBPs, including the
monitoring of bromide in waters due to its key role as a DBPs precursor
[4].

Sulfur dioxide emissions associated to industrial processes lead to the
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agents are also widely used in the food industry as antioxidants or
preservatives. In spite of this, several health issues have been associated
to sulfite, including asthma, dermatitis or bronchoconstriction [6]. In
addition, both the EU Regulation No 1169/2011 and the Codex Ali-
mentarius classify sulfites as substances causing allergies or intolerances
[7,8]. On the other hand, increasing attention is being paid to the use of
sulfite in both advanced oxidation and reduction processes for degra-
dation of pollutants in water [9]. Remarkably, bromide-containing
water treatment can be performed by sulfite-based advanced oxidation
processes (AOPs) without involving bromate formation, unlike con-
ventional AOPs. In addition, sulfite/UV advanced reduction processes
(ARPs) are increasingly being employed for degradation of bromate,
among other pollutants, based on the reducing capacity of sulfite radi-
cals, hydrogen radicals and hydrated electrons formed by exposure of
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sulfite to UV irradiation [9].

A number of methods have been reported in the literature for the
determination of bromide and sulfite in water and wastewater samples.
Standard methods for the determination of bromide in waters include
the phenol red colorimetric method, applied both in batch and flow
systems, and preferably, ion chromatography and capillary electropho-
resis [10]. Regarding the determination of sulfite in waters, standard
methods include the iodometric titration and the phenanthroline-based
colorimetric methods [10]. Several alternative methodologies have been
proposed for bromide and sulfite determination, involving spectro-
metric, chromatographic and electroanalytical techniques [11-21].
Even though these methods are suitable for the analysis of aqueous
matrices, they commonly require relatively expensive and hardly
portable analytical instrumentation and skilled operators. In this vein, a
great deal of interest is placed nowadays in the development of cost-
effective, portable and fast alternatives for on-site analysis.

In recent years, the combination of paper-based analytical devices
(PADs) with everyday information and communication technology
(ICTs) devices has reached a great popularity for detection purposes
[22-24]. In sensing devices, PADs commonly exploit the porosity and
hydrophilic nature of cellulose for the immobilization of responsive
materials so that optical and electrochemical transduction can be
implemented. Single-mode detection is most applied with PADs, even
though there is great interest in the development of sensors with dual-
signal readouts since mutual verification is attained, thus increasing
the reliability of assays [25]. PADs have also been combined with
headspace microextraction for detecting volatile compounds [26-28].
Alternatively, hydrophobized cellulose substrates have been proposed as
highly convenient holders for integrating in-drop enrichment and
sensing of volatiles without requiring additional drop manipulation,
leading to improved sensitivity when compared with hydrophilic PADs
[29,30]. The development of non-instrumental dual-mode sensing ap-
proaches involving PADs is thus particularly valuable. However, the
number of contributions involving PADs for volatile sensing with dual-
mode detection is still limited [26,31-33] and, to the best of our
knowledge, droplet-based assays with dual-signal readouts have not
been reported in the literature.

Metallic nanoclusters are luminescent materials with particle sizes in
the range 1 to 3 nm that exhibit fascinating properties between those of
molecules and larger nanoparticles. They display favorable photo-
stability, water solubility, high emission rates, and can be easily pre-
pared. Particularly, the unique characteristics of AgNCs make them
appealing in various fields, with special emphasis on their application in
sensing devices [34-37]. However, their performance as nanoprobes can
be affected by the presence of matrix components and/or the chemicals
required for accomplishing the assay. This constraint could be mini-
mized or avoided by a rationale combination of confined luminescent
materials with in situ formation of volatiles [26] and, interestingly, this
approach would allow volatile sensing involving AgNCs, a largely
underexplored direction [36].

Therefore, the aim of this work is the development of smartphone-
based fluorimetric and/or colorimetric assays based on AgNCs for the
selective determination of sulfite and bromide in aqueous matrices. To
the best of our knowledge, this work constitutes the first report devoted
to the determination of sulfite and bromide using a single optical
nanosensor.

2. Experimental
2.1. Reagents and materials

All reagents were of analytical reagent grade. High-purity deionized
water obtained by a Millipore Sigma Simplicity ultrapure water system
(Millipore Iberian S.A., Madrid, Spain) was used. Polyethyleneimine
(PEI), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
silver nitrate from Sigma-Aldrich (St. Louis, MO, USA) and
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formaldehyde 39 % (w/v) from AnalaR Normapur (Leuven, Belgium)
were used to synthesize AgNCs. Standard solutions of sulfite and bro-
mide were prepared from sodium sulfite (Probus, Badalona, Spain) and
potassium bromide (Sigma-Aldrich, St. Louis, MO, USA), respectively.
The following reagents were also used: Hydrochloric acid 37 % (w/w)
from AnalaR Normapur, potassium bromate, ethylenediaminetetra-
acetic acid (EDTA), zinc sulfate, copper sulfate, nickel chloride, potas-
sium nitrate, ammonium nitrate and chloramine-T from Probus
(Badalona, Spain), iron sulfate and sodium selenite from Sigma-Aldrich
(St. Louis, MO, USA), cobalt chloride, manganese chloride and ammo-
nium heptamolybdate from Scharlau (Barcelona, Spain), boric acid and
calcium chloride from Prolabo (Paris, France), magnesium nitrate, po-
tassium dihydrogen phosphate and potassium hydrogen phthalate from
Merck (Darmstadt, Germany).

1,10-phenantroline and octyl alcohol from Merck, ferric ammonium
sulfate and sulfamic acid from Panreac (Barcelona, Spain) and ammo-
nium bifluoride from Probus were used for the determination of bromide
and sulfite by the reference methods.

Whatman 1PS Phase Separator (Maidstone, Kent, UK), a filter paper
impregnated with a stabilized silicone, was used as drop holder for both
extraction and smartphone-based image acquisition.

2.2. Apparatus

A Samsung Galaxy A70 smartphone (Samsung, Seoul, South Korea),
a C-10 Chromato-Vue mini-UV viewing cabinet (Analytik Jena, Jena,
Germany) equipped with a 254/365 nm UV lamp (The Science Com-
pany, Lakewood, CO, USA) and a portable PULUZ photo studio lightbox
(Shenzhen PULUZ Technology Limited, Shenzhen, China) with 20 LEDs
were used for digitization of AgNCs drops. RGB Color Detector App (The
Programmer, Google Play Store) and ImageJ, a free image analysis
program [38], were employed to processing the digital images for
acquisition of analytical responses. Statgraphics Centurion XVLI soft-
ware (StatPoint Technologies, Warrengton, VA, USA) was used for the
optimization of experimental parameters.

A Horiba Fluoromax-4 spectrofluorometer (Horiba Scientific, Edin-
son NJ, Tokyo, Japan), a Thermo Scientific Nanodrop ND-1000 micro-
volume UV — vis spectrophotometer (Wilmington, DE, USA), a Thermo
Scientific Nanodrop Model ND-3300 fluorospectrometer (Thermo Sci-
entific, Wilmington, DE, USA), a JEOL JEM-2010 (200 kV) and JEOL
JEM 1400F (120 kV) transmission electron microscopes (Tokyo, Japan),
and a Thermo Scientific NEXSA X-Ray Photoelectron Spectrometer
(XPS) instrument (Waltham, USA) equipped with aluminum Ka mono-
chromatized radiation at 1486.6 eV X-ray source were used for the
characterization of AgNCs in the absence and presence of in situ formed
SO; and Br,. In addition, a 705 UV Digester system (Metrohm, Herisau,
Switzerland) equipped with a high-pressure mercury lamp (500 w) was
used to carry out the UV/sulfite process.

A 940 Professional IC Vario ion chromatograph equipped with a
conductivity detector and a Metrosep A Supp 5-250/4.0 column (Met-
rohm, Schweiz AG, Switzerland) thermostatized at 30 °C was used for
the determination of bromide in waters. The injection volume was set at
100 pL. A solution of 3.2 mM NayCOs and 1.0 mM NaHCOs at 0.7 mL/
min was used as mobile phase.

2.3. Preparation of AgNCs

AgNCs were prepared in accordance with a procedure reported in the
literature with slight modifications [39,40]. First, 100 pL of 0.2 M PEIL,
50 pL of 1.0 mM HEPES and 95 pL of ultrapure water were blended
under stirring with vortex for 2 min. Then, 125 L of 0.1 M AgNO3 was
added and mixed under stirring for 2 min. After that, 5 uL of a 39 % (w/
w) formaldehyde solution was added and the solution stirred for 2 min.
Finally, the solution was heated at 70 °C for 10 min. The resulting AgNCs
solution was stored at 4 °C for further use.



N. Villarino et al.

10000

AgNCs
AgNCs + Br:
= AgNCs + SO:

8000

6000

4000

Fluorescence intensity (a.u.) >

395 495 595 695 795
Wavelength (nm)

20

=

= AgNCs
1.8 4 e AgNCs + Brz

Microchemical Journal 196 (2024) 109685

50 nm

16 4 AgNCs + 802

14 - -~
X

12 <
g

10 4 2
@D

08 =
o

-

=

06 {M\

0.4 \

Absorbance

0.2 4

AgNCs [ TAgNCs
AgNCs + SO, I[___JAgNCs + Br,

Frequency (%)

0.0 ~ S R ]

230 430 630 830
Wavelength (nm)

0 12 1 16 18 2 2 & 6 8 10 12 18 16 18 X

Diameter (nm)

Diameter (nm)

Fig. 1. Fluorescence spectra (A) and UV-visible spectra (B) of AgNCs in the presence and absence of SO, and Br,. TEM images and size distribution histograms of

AgNCs in the presence of SO, (C, D) and Br; (E, F).
2.4. Water and wastewater samples

Different water and wastewater samples were analyzed to evaluate
the applicability of the assays developed in this work. Tap water was
collected at the University of Vigo. Seawater samples were collected in
two different areas of the Vigo Ria (NE Atlantic Coast). Synthetic
wastewaters were prepared as described elsewhere [41,42]. In addition,
urban and fishery wastewater samples from treatment plants were also
used. In both cases, samples were collected both at the inlet and outlet of
the treatment plants. The identity of the companies is not provided in
agreement with a confidentiality clause. Water samples were stored in a
refrigerator at 4 °C and analyzed within 24 h of sample collection.

2.5. Experimental procedures for sulfite and bromide determination

5 mL of aqueous solution (blank, standard solution or sample) is
placed in a 20-mL amber vial containing a stir bar. A 5 pL-microdrop of
AgNCs is deposited onto a circular Whatman 1PS substrate (1.8 cm
diameter) placed over a PTFE-faced septum inside the screw cap. The
vial is sealed with the drop exposed to the headspace above the sample,
then 1.0 mL of a 1.0 M HCI (for in situ generation of SO,) or 1.0 mL of a
0.1 M chloramine-T (for in situ generation of Bry) is added to the sample
and the solution is stirred at 1200 rpm for 30 min. Once the extraction
has been completed, the cap with the AgNCs-containing microdrop is
turned over and the fluorimetric and/or colorimetric smartphone-based
assay is accomplished as described below.

Smartphone-based fluorimetric readout is carried out by placing the
cap with the AgNCs microdrop in a dark cabinet and exposing it to UV
radiation (365 nm) for digitization, with the ISO and the exposure value
(EV) set at 400 and + 1.5, respectively. The analytical signal (mean color
intensity in the B channel, Ic(B)) is obtained for the fluorimetric deter-
mination of bromide and sulfite at 5-500 uM concentration levels.

Alternatively, smartphone-based colorimetric readout is performed
by digitization of the enriched AgNCs drop with a smartphone camera
using a portable PULUZ photo studio lightbox to ensure constant light-
ing conditions. Ic(B) is thus obtained for the colorimetric determination

of sulfite at 125-2000 pM concentration levels.
3. Results and discussion
3.1. Characterization of AgNCs

AgNCs were characterized using UV-vis spectrophotometry, fluo-
rescence spectroscopy, TEM and XPS. As can be seen in the Fig. S1A, the
UV-vis spectrum of AgNCs shows intense absorption bands at ca. 270
and 350 nm, the latter of which can be attributed to the oligomeric silver
species [43]. Surface plasmon resonance bands are not observed in the
range 400-500 nm, thus suggesting that large silver nanoparticles are
not formed. Furthermore, the 3D fluorescence spectrum of AgNCs
(Fig. S1B) shows that the highest analytical signal was obtained at an
excitation/emission wavelength pair of 375/455 nm, in agreement with
the previous literature [44]. Fig. S1C illustrates the TEM image of AgNCs
and the corresponding particle size histogram, showing a size diameter
of 2.0 + 0.3 nm, in agreement with previous reports [39,45]. The survey
XPS spectrum of AgNCs showed four peaks centered at 284, 398, 531
and 367 eV, corresponding to C, N, O and Ag, respectively (Fig. S1D). In
addition, two binding energy peaks centered at 368.3 and 374.3 eV can
be identified in the high resolution XPS spectrum of Ag3d (Fig. S1E). In
addition, the Auger parameter obtained for AgNCs was 726. Both the
Ag3d binding energy and the Auger parameter indicate that there is
abundant silver in the metallic state, with an abundance equal to or
greater than 80 % of all silver detected [46-48].

3.2. Recognition of Bry and SO» by AgNCs

In preliminary experiments we found that the optical properties of
AgNCs microdrops were significantly modified in the presence of Bry
and SO, unlike other volatiles such as hydrogen peroxide, iodine, ni-
trogen oxides and hydrogen sulfide. A number of experiments were
conducted with the aim of shedding light on the responsiveness of
AgNCs microdrops to both volatiles, the obtained results being observed
in Fig. 1. The fluorescence emission spectrum of AgNCs was significantly
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Fig. 2. Effect of color channels on the analytical response for the fluorimetric determination of bromide (A) and sulfite (B) and the colorimetric determination of
sulfite (C); and effect of digitization parameters on the analytical response for the fluorimetric determination of bromide (D) and sulfite (E), and the colorimetric

determination of sulfite (F).

quenched upon exposure to both volatiles (Fig. 1A), whereas the effect
on the UV-visible spectrum of AgNCs was highly dependent on the
volatile considered, as depicted in Fig. 1B. Thus, the UV-vis spectrum of
AgNCs red-shifted in the presence of SO,, showing a band at ca. 285 nm
and a less intense and broader band at ca. 400-500 nm, leading to an
obvious color change (from nearly colorless to yellowish/brown). Un-
like SO, a slight decrease of the intensity of UV bands was produced in
the presence of Bry without any further displacement of the bands being
observed. In addition, the TEM images and size distribution histograms

of AgNCs exposed to SO and Bry are shown in Fig. 1C-F, respectively.
An increase in both size and polydispersity was noticeable when AgNCs
were exposed to SO, and Bry, leading to diameter sizes of 8.2 & 1.0 nm
and 11.8 + 2.5 nm, respectively.

On the basis of the above results and considering previous infor-
mation reported in the literature, potential recognition mechanisms for
Bry and SO, sensing are proposed herein. The different steps involved in
the process, i.e., mass transfer of the volatiles at the gas-droplet inter-
face, hydrolysis and ionization at the aqueous microdrop containing
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AgNCs and subsequent interactions/reactions with AgNCs, should be
taken into consideration.

Bry uptake by the AgNCs-containing microdrop is associated with
partial hydrolysis of the halogen. Hypobromous acid and bromide ions
are thus formed in the drop, and significant amounts of tribromide ions
can also be formed in the presence of additional bromine [49]. Partial
oxidation of AgNCs by HBrO can be hypothesized bearing in mind the
high standard reduction potential of HBrO (E° HBrO/Br: +1.331 V),
compared to that of Ag® (E° Ag*/Ag’: +0.7996 V) [50]. Formation of
AgBr (Ksp 5.35 x 103 [50] on the surface of AgNCs can then occur by
reaction between the existing and released ionic Ag species and bromide
ions [43], thus contributing to the formation of larger nanoparticles.
Bromide ions have also been reported to induce oxidative etching with
formation of AgBr-coated AgNCs followed by aggregation [43].

The collection of in situ formed SO, by the AgNCs-containing
aqueous drop involves the hydration of SOs with formation of
SO5(H20), clusters, followed by the formation of dissolved SO, and
hydrolyzed species, including bisulfite or sulfite [51,52]. It is worth
mentioning that the volatile uptake can be supported by the presence of
the cationic polymer PEI in the microdrop. In fact, PEI has been found to
be highly efficient for SO, removal, probably associated to the in-
teractions between the ionic sulfur species and the abundant amine
groups of PEI [53]. Thus, PEI-protected AgNCs could be disturbed in the
presence of S(IV) species, leading to subsequent modifications of their
size. In addition, the presence of ionic Ag species in the AgNCs micro-
drop could also contribute to the formation of larger nanoparticles. In
fact, the formation of silver nanoparticles by reduction of Ag(I) into Ag®
in the presence of SO, has been recently reported [54].

Based on the above results, AgNCs show much promise for the optical
sensing of SOy and Bry. Thus, AgNCs-containing microdrops have been
exploited in this work for the development of colorimetric and/or
fluorimetric smartphone-based assays for sulfite and bromide determi-
nation involving in situ generation of SO and Bry, respectively.

3.3. Optimization of experimental parameters

3.3.1. Digitization and image processing conditions

The effect of digitization and image processing conditions on the
analytical response was initially assessed. The selection of the most
appropriate RGB color channel was firstly performed. For this aim,
microextraction experiments were conducted in the absence (blank) and
presence of target analytes, and the resulting digital images of AgNCs-
containing drops were processed to obtain the analytical response (i.
e., mean color intensity difference (Alc) in each channel). As can be
deduced from Fig. 2A-C, the B channel provides the maximum analytical
response in all cases. These results were to be expected since, on the one
hand, both volatiles led to the fluorescence quenching of blue-emitting
AgNCs (emission wavelength, 455 nm) while, on the other hand,
AgNCs underwent a color change from colorless to yellowish (i.e., close
to the complementary color to blue) in the presence of relatively high
concentrations of SO5.

Two digitization settings, namely exposure value (EV) and ISO (In-
ternational Organization for Standardization), were subsequently eval-
uated. EV combines shutter and aperture speed, whereas ISO indicates
the camera’s sensitivity and controls the amount of light it lets through.
Both parameters have recently been shown to be of great importance in
improving the sensitivity of smartphone-based detection approaches
[29,55]. As can be observed in the Fig. 2D-F, the analytical response
significantly increased with increasing both ISO and EV, showing the
highest analytical response when the ISO and EV were set at 400 and +
1.5, respectively. These digitization conditions were therefore selected
for subsequent studies.

3.3.2. Optimization of experimental parameters for sulfite and bromide
determination
A screening-optimization strategy was subsequently employed for
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optimization of experimental conditions for determination of both sul-
fite and bromide. Thus, a Plackett-Burman design (PBD) was initially
employed to assess which variables produced a significant effect on the
analytical response at a given probability level, and subsequently, the
significant variables were optimized by means of a central composite
design (CCD). Seven experimental variables, namely AgNCs drop vol-
ume, extraction time, temperature, stirring rate, sample volume, NaCl
concentration and concentration of derivatization agent (chloramine-T
or HCI for bromide and sulfite, respectively) were included in the PBD
for bromide and sulfite determination. In addition, four dummy vari-
ables were included in both cases to estimate the experimental error
(Tables S1 and S2) [56,57]. Similar results were found for both bromide
and sulfite determination (Figure S2). It can be deduced from the Pareto
charts shown in the Figure that both extraction time and temperature
showed significant effects on the analytical signals at a 95 % confidence
level. Specifically, the extraction time was found to be the most signif-
icant parameter with a positive effect, as expected bearing in mind the
key importance of this parameter in mass transfer processes. In contrast,
temperature caused a significant negative effect on the analytical
response. This depressive effect could be ascribed to the thermores-
ponsive nature of AgNCs, as reported in the literature [58].

Due to the observed effects, both variables, extraction time and
temperature, were optimized using a CCD for both bromide and sulfite
under the experimental conditions considered in Tables S3 and S4. As
can be deduced from the Pareto chart showed in Fig. S3A, only the
extraction time was found statistically significant for bromide determi-
nation. On the other hand, temperature, the interaction of both time and
temperature and the quadratic effects were found not significant.
Similar results were obtained for sulfite determination (Fig. S3B), with
extraction time and its quadratic effect being the parameters that had a
significant effect on the analytical response.

According to the results shown in the Pareto charts (Figure S3) and
the response surfaces depicted in Figure S4, an extraction time of 30
min and a temperature of 20 °C were selected for determination of both
anions. The remaining experimental conditions for the determination of
bromide and sulfite were fixed as follows: AgNCs drop volume, 5 pL;
stirring rate, 1200 rpm; sample volume, 5 mL; NaCl concentration, 0 %
(w/v); and derivatization agent (chloramine-T or HCl) concentration,
0.1 M and 1.0 M, respectively.

3.4. Selectivity studies

Selectivity studies were carried out to evaluate the tolerance of the
developed assays to the presence of potential interferences (Table S5).
An interfering effect was considered significant when a variation beyond
=+ 10 % the analytical signal was observed. Under optimal conditions,
the analytical response of bromide was not significantly affected in the
presence of 3000 mM CI’, 1500 mM Mn(II), 1000 mM Co(II), 750 mM
Mo(VI), 600 mM Cu(Il), 530 mM Zn(II), 350 mM Ni(II), 300 mM COD
(potassium hydrogen phthalate) and I', 250 mM EDTA, 125 mM B(OH)s,
75 mM Ca(II), 70 mM Mg(II), 60 mM NHJ and Se(IV), 55 mM H,PO3, 50
mM NO3 and K", 25 mM humic acid and 10 mM Fe(II). In addition, the
determination of sulfite was not affected in the presence of the following
species: 5000 mM CI', 2500 mM Mn(II), 800 mM Zn(II) and Co(II), 650
mM COD (potassium hydrogen phthalate) and Mo(VI), 600 mM Ni(II),
500 mM Cu(II) and I', 350 mM EDTA, 160 mM B(OH)3, 100 mM NOj3 and
K", 95 mM Ca(ll), 75 mM H,PO3, 65 mM Se(IV), 60 mM Mg(1I), 50 mM
NHJ, and 25 mM Fe(II) and humic acid. The interference associated to
Fe(I) was found to be alleviated by addition of NaF 10 mM. Under these
conditions, Fe(II) did not interfere at a 100 mM level in the determi-
nation of both bromide and sulfite.

3.5. Analytical performance

The analytical characteristics of the assays were obtained under
optimal conditions. As would be expected from previous studies [29,59],
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Fig. 3. Calibration curves for the fluorimetric determination of bromide (A) and sulfite (B), and for the colorimetric determination of sulfite (C).
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Table 1

Analytical characteristics of methods involving optical detection for determination of bromide and sulfite.
Sensing material Detection LOD (uM) Working range (uM) Repeatability (%) References
Bromide
AgNPrs” Colorimetric 0.13 0.31-25.03 3.29 [60]
AgTNPs“ Colorimetric 0.25 0.63-18.77 2.1-4.2 [61]
Phenol red and Chloramine-T Colorimetric 40.3 0-125.2 - [62]
AgNPs Colorimetric 10 10-100000 — [63]
TPCA® Fluorimetric 0.07 0.38-1.88 7.8 [27]
AgNCs Fluorimetric 1.5 5-500 5.1 This work
Sulfite
CDs-AgNP/H;04, Fluorimetric 3.02 20-200 0.3-6.2 [64]
Fe(I)-phenanthroline Colorimetric 1.56 5-293 3.9-5.3 [65]
Formylazo dye (GJM 530)d Colorimetric 220 220-8900 2.6 [66]
Bromocresol Colorimetric 25 78.1-1406.2 2.2 [67]
AgNCs Fluorimetric 1.1 5-500 5.9 This work

Colorimetric 37.0 125-2000 5.6

¢ AgNPrs silver nanoprisms.
4 AgTNPs silver triangular nanoplates.
b 5-0x0-3,5-dihydro-2H-thiazolo[3,2-a]pyridine-7-carboxylic acid.
? 4-[4-(2- hydroxyethanesulfonyl)-phenylazo] — 2-formylnaphthalen-1-ol.

non-linear relationships between the analytical response, Alc(B) and the Table 2

able

concentration of bromide and sulfite were obtained (Fig. 3A-C), showing
a logarithmic dependency with the concentration, with correlation co-
efficients in the range 0.9645-0.9834. An improved fitting was achieved
by means of the signal processing algorithm (1).

R = Alc(B)* €})
normalized as shown in (2).

R — min(R)

max(R) — min(R) 2

Normalized Response =

Reduced root-mean-square error (RMSE) values were obtained when
a was set at 1.5-1.8, leading to residual plots where the data were
randomly scattered around zero (Figures $5-10). Under these condi-
tions, excellent correlation coefficients in the range 0.9944-0.9985 were
obtained for the determination of both anions.

The limits of detection (LOD) and quantification (LOQ) of the
smartphone-assisted fluorimetric assays for bromide and sulfite deter-
mination were calculated in accordance with the 3¢ and 10c criteria,
respectively, being 1.5 and 3.6 uM for bromide and 1.1 and 2.9 uM for
sulfite, respectively. The repeatability, expressed as relative standard
deviation (RSD), was found to be 5.1 % and 5.9 % for bromide and
sulfite respectively (N = 8). In addition, the LOD and LOQ obtained for
the colorimetric determination of sulfite were 37 and 94 uM, respec-
tively, with a repeatability of 5.6 % (N = 8). In spite of its lower sensi-
tivity, the smartphone-based colorimetric detection provides a wide
working range (up to 2000 pM) and represents an effective and com-
plementary alternative to fluorescence detection for sulfite
determination.

A comparison of the analytical characteristics of the proposed assays
with alternative approaches published in the literature for the deter-
mination of bromide and sulfite is provided (Table 1). It can be deduced
that the proposed assays yielded comparable or even better LODs than
those reported in the literature, showing acceptable precision. In addi-
tion, the reported assays are straightforward and the consumption of
AgNCs per sample is almost negligible.

3.6. Application of the AgNCs-based assays

The applicability of the reported assays was evaluated by comparison
with reference methods [10] for the determination of both bromide and
sulfite in three water samples of increasing complexity. For those sam-
ples showing non-detectable contents of bromide and sulfite, the anal-
ysis of spiked samples was also carried out using both the proposed
assays and the reference methods. As can be observed in the Tables S6

Analytical results obtained by the application of the reported method for the
determination of bromide and sulfite in water samples.

Sample Bromide Sulfite
Found Recovery Found Recovery
(uM) (%)* (uM) (%)”
Tap water <LOD 104 +£5 <LOD 93+5
Seawater I 806 + 42 94+6 <LOD 108 +7
Seawater II 905 + 32 92+ 4 <LOD 107 +7
Synthetic <LOQ 97 £5 <LOD 96 + 4
wastewater I
Synthetic <LOD 98+7 <LOD 95+6
wastewater II
Fishery 6.6 + 0.3 97 +8 26.3 + 105+ 9
wastewater 2.7
(inlet)
Fishery <LOQ 92+9 83+0.9 106 £ 6
wastewater
(outlet)
Urban wastewater 3334 + 109 + 8 55.4 + 91+7
(inlet) 16.8 5.2
Urban wastewater 359 &+ 91+6 9.4+0.8 94 +6
(outlet) 4.1

Results expressed as average value + standard deviation (N = 3).
2 Added concentration: 100 pM.

and S7, no significant differences occurred between the results obtained
with the reported assays and the reference methods at a 95 % confidence
level, since the experimental t values were lower than the corresponding
critical t values. In addition, the reported assays were applied to the
determination of bromide and sulfite in water samples, the obtained
results being shown in Table 2. As can be observed, bromide was found
at concentration levels of ca. 800-900 uM in seawater samples, in
agreement with the concentration levels described in the literature [68].
In addition, bromide was quantified in the inlet flow of the fishery
wastewater treatment plant with a content of 6.6 + 0.3 uM. Bromide was
also quantified in samples corresponding to the inlet and outlet flows of
an urban wastewater treatment plant, with contents of 333.4 + 16.8 uM
and 35.9 + 4.1 pM, respectively. Sulfite was found at concentration
levels in the range of 8.3-55.4 uM in the wastewater samples, whereas it
was below the LOD in the remaining samples. Recovery studies were
carried out to evaluate the accuracy of the assays. Recovery values in the
range 91 to 109 % were obtained in all cases. Thus, the matrix compo-
sition had no significant effect on the analytical results, allowing accu-
rate results to be obtained. Furthermore, the proposed assays were
applied to the monitoring of sulfite and bromide levels in a sulfite-
mediated photoreduction process for bromate degradation. As can be
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Fig. 4. Determination of bromide and sulfite in a water sample subjected to a sulfite-mediated photoreduction process for bromate degradation. Experimental
conditions: Initial concentration of bromate, 100 uM; initial concentration of sulfite, 1.0 mM. The inset shows the appearance of AgNCs drops after analysis of

samples treated by the ARP at increasing irradiation times.

observed in Fig. 4, the concentration of bromide increased continuously
with increasing irradiation time. Thus, the concentration of bromate
decreased accordingly, assuming a complete conversion of bromine
species into bromide, as reported in the literature [49]. A quantitative
conversion of bromate into bromide occurred when the aqueous solution
was exposed to UV irradiation in the presence of sulfite for 2 h. Addi-
tionally, residual sulfite was determined in the aqueous phases by both
the colorimetric and fluorimetric dual-modes. Sulfite concentration
levels slightly decreased during the first 60 min, followed by an
enhanced decline after this time. In addition, the much slower photo-
degradation of bromate in the absence of sulfite (9 % conversion after
120 min) was also verified by the application of the proposed assays [3].

4. Conclusions

This work reports on the applicability of AgNCs for in-drop Bry and
SO, sensing. The luminescence quenching of AgNCs induced by both
volatiles and the color transition (from nearly colorless to yellowish/
brown) experienced only in the presence of SO enabled the design of a
nanosensor with fluorimetric readout for bromide and a dual-mode
optical nanosensor for sulfite determination, respectively. The assays
were characterized by their ease of operation and excellent selectivity.
The smartphone-based digitization and image processing of AgNCs-

containing microdrops was conveniently carried out without requiring
drop manipulation. The assays developed in this work are expected to be
valuable tools for monitoring purposes that will also support the
development of advanced oxidation and reduction processes.

5. Novelty assessment

The present work reports, for the first time, on the assessment of
silver nanoclusters as nanoprobes for integrated in-drop enrichment and
smartphone-assisted detection with dual-signal readout for the deter-
mination of bromide and sulfite in aqueous matrices. As far as we are
aware, this work represents the first report devoted to the determination
of sulfite and bromide using a single optical nanosensor. The proposed
assays are sensitive, straightforward, and affordable, and have demon-
strated applicability in the analysis of aqueous samples of increasing
complexity, including seawater and wastewater. In addition, the assays
enabled the monitoring of sulfite and bromide in a sulfite-mediated
photoreduction process for bromate degradation. The developed as-
says are envisaged to support the development of alternative advanced
oxidation and reduction processes. Based on the above, we think the
manuscript is appropriate for the journal Microchemical Journal.
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