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ABSTRACT: We developed two simple, rapid, and cost-effective fluorescent [ poy oo \p [
nanosensors, both featuring bovine serum albumin labeled with fluorescein g ° e il
isothiocyanate (FITC))-capped gold nanoparticles (FITC—BSA—Au NPs), for the & = . L, e

selective sensing of cyanide (CN~) and iodine (I”) ions in high-salinity solutions and
edible salt samples. During the preparation of FITC—BSA—Au NP probes, when
AuNPs were introduced to the mixture containing FITC and BSA, the unconjugated
FITC and FITC-labeled BSA (FITC—BSA) adsorbed to the particles” surfaces. These
probes operated on a basic principle that I" and CN™ deposited on the surfaces of the
Au NPs or the etching of Au NPs induced the release of FITC molecules or FITC—
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BSA into the solution, and thus restored the florescence of FITC. We employed

FITC—BSA to protect the Au NPs from significant aggregation in high-salinity solutions. In the presence of masking agents such
as $,04°7/Pb*, FITC—BSA—Au NPs facilitated the selective detection of CN™ (by at least 150-fold in comparison with other
anions). We also demonstrated that the FITC—BSA—Au NPs in the presence of H,0, could selectively detect I” down to SO
nM. Taking advantages of their high stability and selectivity, we employed our FITC—BSA—Au NP-based probes for the
detection of CN™ and I” in water samples (pond water, tap water, and seawater) and detection of I” in edible salt samples,
respectively. This simple, rapid, and cost-effective sensing system appears to demonstrate immense practical potential for the

detection of anions in real samples.
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B INTRODUCTION

Gold nanoparticles (Au NPs) are the most commonly used
optical sensing nanomaterials because of their high extinction
coefficients and distance-dependent optical properties in the
visible region.l’2 In addition, the surface of Au NPs is versatile
and it can be easily modified with various biofunctional groups
(e.g, amphiphilic polymers, silanols, sugars, nucleic acids,
proteins) through strong covalent bonding or physical
adsorption.> > As a result, many Au-NP-based colorimetric
and fluorescent sensors were developed to detect metal ions,
proteins, small molecules, DNA, pathogens, cells, and
biocatalysts."™® However, preparation of fluorophore con-
jugated Au NP probes usually involves tedious processes for
labeling the probes and/or target analytes and use expensive
fluorophores and coupling reagents.9712 Thus, label-free Au-NP
nanosensors are in high demand for the trace analysis of small
molecules and biomacromolecules.

The selective sensing of important anions, such as halide
(CI7, Br7, and I"), sulfide (S*7), and cyanide (CN~) ions are
highly significant because they are widely distributed and Elay
important roles in both environmental and life sciences.'>™*°
For example, iodide (I7) is used to produce thyroid hormones
such as triiodothyronine (T3) and thyroxine (T4) in the
thyroid gland, which control many metabolic activities in the
human body.13 In addition, two thyroid proteins sodium/iodide
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symporter and iodotyrosine deiodinase are primarily respon-
sible for the efficient utilization of dietary iodide in mammals.'*
Notably, deficiencies in either dietary iodide (recommended
daily allowance of 150 ug/day) or in the metabolism of iodide
may lead to goiter, hypothyroidism, and hyperthyroidism, and
in severe cases it may produce developmental defects.'®
However, iodide quite rarely exists in the environment, and
even seawater contains a very low iodide concentration (<1
4M), which is much lower than those of F~, CI7, and Br~.'%"”
Cyanide is an extremely lethal poison because of its propensity
to bind to the active site of cytochrome oxidase, which
eventually inhibits the electron transport in mitochondria.'”'®
The exposure to higher concentrations of CN™ (>300 ppm)
within few minutes will cause human death by depressing the
central nervous system."”?° Since it is lethal to humans and
aquatic life, the U.S. Environmental Protection Agency (EPA)
regulates the levels of cyanide that are allowable as 200 and 5
ppb for drinking water and environmental primary standards,
respectively.”!

To date, many strategies have been proposed for the
detection of I” and CN™ in aqueous solutions, including liquid
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chromatography—mass spectrometry (MS); liquid chromatog-
raphy—atomic emission spectrometry (AES); capillary electro-
phoresis coupled with absorption or fluorescence detection;
and electrochemical techniques.””~>” However, these techni-
ques are rather time-consuming, involve tedious sample
preparations, and specific operating skills are indispensable.
Moreover, the performance of some techniques have been
seriously influenced by the interference of coexisting anions,
while more complex and expensive instruments are mandatory
for others. Recently, some chromogenic and fluorogenic
chemosensors were developed to sense I” and CN~.>*"** For
example, a series of vitamin By, derivatives can identify cyanide
by colorimetric sensing based on displacement reactions.>*
Nevertheless, such chemosensors also suffer from some
disadvantages, such as complicated organic synthesis, environ-
mentally harmful systems, water insolubility, poor photo-
stability, high detection limits, or easy interference from other
anions. From the viewpoint of practical applications, an
excellent sensor should be not only highly sensitive and
selective but also simple and economical to operate. Thus, the
development of new, practical optical assays for I" and CN~
remains a challenge.

Recently, the unique optical properties of Au NPs have
received considerable attention and thus they have been
employed for the detection of I, CN7, S*7, nitrite, nitrate,
phosphate, and thiocyanate.ss_54 For example, colorimetric
probes that control the stability (aggregation) of Au NPs after
the adsorption of I or CN™ on the surface of particles have
been reported.’”*” CN~ and I” induced the displacement and/
or dissolution of organic-dye-adsorbed Au NPs, which allowed
the fluorescent turn-on detection of I” and CN—3%%7% A
label-free, Au-NP-based, surface-enhanced Raman scattering
(SERS) probe for the direct sensing of CN~, I", and SCN~ via
the measurement of the Raman signals of anions after their
deposition on Au NPs have also been reported.*”*" Recently,
Yang et al. reported a novel colorimetric probe for the
detection of I” using simple citrate-stabilized core—shell Cu@
Au NPs through the I"-induced transformation of original
nonspherical clusters to large, single, spherical ones.*® This
concept was further extended to sensing S*~ and cysteine by the
competitive interaction of S*”/cysteine and I~ toward Cu@Au
NPs.*! More recently, fluorescent, BSA-stabilized Au nano-
clusters (NCs) and DNA-templated Au/Ag NC probes were
used for the detection of CN~ and S*” in a turn-off manner,
respectively.***” Although these methods provide greater
affordability and portability to anion detection, few of them
can be applied to high-salinity environmental matrices. In
addition, selectivity is still a problem, because most of these
probes are based on strong interactions between Au* and these
anions (CN7, I7, and $>7) at the particles’ surfaces.

In this study, we developed a Au-NP-based fluorescent
sensor for the selective detection of I" and CN™ anions in
aqueous solution. By introducing Au NPs to a mixed solution
of fluorescein isothiocyanate (FITC) and bovine serum
albumin (BSA), the unconjugated FITC and FITC-labeled
BSA (FITC—BSA) will adsorb to the particles’ surfaces during
the preparation of FITC—BSA—Au NP probes. We employed
FITC—BSA to protect the Au NPs from significant aggregation
in high-salinity solutions. This probe operated on a basic
principle that CN~, I", and S*~ deposited on the surfaces of the
Au NPs or the etching of Au NPs induced the release of FITC
molecules or FITC—BSA into the solution, and thus restored
the florescence of FITC (see Scheme 1). In the presence of the
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Scheme 1. Cartoon Representation of the Preparation of the
FITC—BSA—Au NPs Fluorescent Sensor for the Detection

of Anions Based on the Displacement of FITC Units on Au
NPs or Dissolution of Au NPs
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masking reagents such as thiosulfate pentahydrate (S,05*7)/
Pb** ions and H,0,, our FITC—BSA—Au NP sensor is capable
of detecting trace levels of I” and CN7, respectively. We have
also demonstrated the practical feasibility of this approach for
the analysis of I” and CN™ ions in pond water, tap water, and
high-salinity seawater samples. In addition, the H,O,—FITC—
BSA—Au NP-based assay facilitate a simple, rapid, and accurate
analysis of I” levels in edible salts.

B EXPERIMENTAL SECTION

Chemicals. FITC, BSA, trisodium citrate, H;PO,, Na;PO,, and
Pb(NO;), used in this study were purchased from Aldrich
(Milwaukee, WI). Hydrogen tetrachloroaurate(III) trihydrate, sodium
thiosulfate pentahydrate (Na,S,04-SH,0), and hydrogen peroxide
(H,0,) were obtained from Acros (Geel, Belgium). NaCN, NaSCN,
CH,;COONa, Na,B,0, NaBr, NaBrO;, NaCl, NaClO,, Na,CO,,
Na,C,0,4 NaF, Nal, NalO;, NaNOj;, Na;PO,, Na,S, and Na,SO, were
obtained from Alfa Aesar (Ward Hill, MA). The pH value of the 100
mM phosphate solution (pH 10) was adjusted by mixing different
volume ratios of H;PO, (100 mM) and Na,PO, (100 mM). Milli-Q
ultrapure water was used in each experiment.

Preparation of FITC—BSA—Au NPs. We prepared 15 nM Au NPs
(diameter: 13.3 nm +0.5 nm) according to the previous report.>®
FITC-conjugated BSA (FITC—BSA) solution was prepared by the
sequential addition of 700 uL deionized (DI) water, 100 uL phosphate
buffer (50 mM, pH 10), 100 yL FITC (1.0 mM), and 100 L BSA
(100 uM) into a 1.5 mL vial. The resulting mixture was equilibrated at
4 °C for 6 h. After measurement of the fluorescence intensity at 520
nm (excitation at 480 nm; Synergy 4 Multi-Mode Microplate Reader,
Biotek Instruments, Winooski, VT) for the unconjugated FITC that
was separated by centrifugal filtration with a cutoff of 3 k at RCF 14
000g for 20 min. From the fluorescence measurement results, we
estimated that there were 3.6 FITC molecules per BSA molecule. An
aliquot of the unpurified FITC-conjugated BSA solution (900 uL) was
added to a solution of the 13 nm Au NPs (11.1 nM, 8.1 mL) in § mM
sodium phosphate (pH 10) and incubated at ambient temperature for
1 h. Prior to use, the excess FITC—BSA or FITC in the solution was
removed by centrifugation (RCF 24 000g) for 20 min. After discarding
the supernatant, the oily precipitate was washed with 5 mM sodium
phosphate (pH 10). After three wash—centrifuge cycles, the FITC—
BSA—Au NPs were resuspended separately in S mM sodium
phosphate (pH 10) and stored in a refrigerator (4 °C). After
measuring the fluorescence intensities of the supernatant FITC—BSA
and FITC, they were further separated by centrifugal filtration (3 k)
and we estimated that there were 415 FITC and 18 FITC—BSA
molecules per Au NP. The fluorescence spectrum of the purified
FITC—BSA—Au NP solution (excitation at 480 nm) revealed very
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weak fluorescence, suggesting that the solution contained a negligible
amount of free FITC or FITC—BSA. It is worth noting that, the
purified FITC—BSA—Au NP sample was stable for at least 6 months
when stored at 4 °C in the dark.

Detection of lodide and Cyanide Anions. A series of mixtures
(0.5 mL) of anions (0—10 M) and FITC—BSA—Au NPs (0.5 nM) in
buffer solution (S mM sodium phosphate; pH 10) was equilibrated at
room temperature for 1 h and then transferred separately to 96-well
microtiter plates. Their fluorescence spectra were recorded by a
Synergy 4 Multi-Mode Microplate Reader. For the selective
determination of I” and CN™ anions, we equilibrated masking agents
with the anion solutions for 10 min prior to the addition of FITC—
BSA—Au NP probes. Herein, we only provide the final concentrations
of the species.

Analysis of Real Samples. Seawater and pond water samples
were collected from the East China Sea and the National Taiwan
Ocean University campus, respectively; local tap water was filtered
through a 0.2-um membrane and used. Aliquots of the water samples
(250 uL) were spiked with standard solutions of I~ or CN™ at the
desired concentrations. Then, we diluted the spiked samples to 500 uL
using a solution containing the FITC—BSA—Au NPs (0.5 nM) and §
mM sodium phosphate (pH 10). The fluorescence spectra of spiked
samples were recorded by a Synergy 4 Multi-Mode Microplate Reader.

Three edible salts with different KIO; levels were purchased from
Taiwan Salt Industrial Corporation (Miaoli, Taiwan). Prior to analysis,
an edible salt (0.3 g) was dissolved in 1 mL of DI water. The salt
solution was then treated for 10 min with 5.0 mM ascorbic acid to
reduce I0;™ to I". The resulting solutions were spiked with a standard
solution of I” anions at desired concentrations and they were finally
diluted with a solution containing 0.5 nM FITC—BSA—Au NPs and 5
mM sodium phosphate (pH 10). The spiked samples were also
analyzed by inductively coupled plasma mass spectrometry (ICP-MS).

B RESULTS AND DISCUSSION

Preparation of FITC—BSA—Au NPs. We prepared FITC—
BSA—Au NPs using a facile strategy, merely by mixing FITC—
BSA-conjugated solution with Au NPs. The free FITC and
FITC—BSA were self-adsorbed on Au NP surfaces via physical
interactions (Scheme 1). In their unbound state, FITC
molecules are highly fluorescent (quantum vyield >94%);
however, when they are in close proximity to the Au NPs,
the fluorescence of dye molecules is quenched efliciently
through energy transfer and electron transfer processes. The
inner filter effect (IFE) of Au NPs also contributes to the
fluorescence quenching of FITC.*® The main reasons for our
choice of FITC as the dye in this study are its water solubility,
high extinction coeflicient, high quantum yield, and its
fluorescence emission profile, which was significantly over-
lapped by the absorption band of Au NPs (quenching constant,
K, with Au NPs ~ 4.8 x 1071 M™1).> A combination of
electrostatic attraction, 7—7x interaction, and Au—S interaction
between the citrate-capped Au NPs and the dye molecules
controlled the interaction between Au NPs and FITC
molecules.”” From the fluorescence intensities of the super-
natants of free FITC and FITC—BSA, we estimated that the
amounts of FITC and FITC—BSA absorbed on each Au NP
were 415 FITC and 18 FITC—BSA molecules, respectively. Au
NPs exhibit high tolerance toward the salinity of aqueous
solutions after being capped with BSA, which appears to bind
spontaneously to the surfaces of negatively charged Au NPs
predominantly via electrostatic mechanism, although we cann’t
neglect the contribution from hydrophobic interactions with
the surface layer.”®” From dynamic light scattering (DLS)
measurements, we estimated that the hydrodynamic diameters
of the unlabeled Au NPs and FITC—BSA—Au NP assemblies
were 18.3 (+6.2) and 352 (£ 7.5) nm, respectively. The as-
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prepared FITC—BSA—Au NP retained their stability (no
aggregation) in 5 mM sodium phosphate (pH 10) solution
containing up to 100 mM NaCl (Figure S1 in the Supporting
Information). In addition, the FITC—BSA—Au NPs could be
stored in the lyophilized solid form. The isoelectric point (pI)
of BSA is 4.6 and therefore the BSA has negative net charge in
S mM sodium phosphate (pH 10). Regardless of the overall
charge, BSA has 60 surface lysine groups that can have
electrostatic interactions with negatively charged moieties.
Thus, the adsorption of BSA to Au NPs is established through
electrostatic interaction between the anionic groups (—COO™)
on the nanoparticles and the positively char%ed amino groups
(=NH;") of the lysine residues of the BSA.>® Apart from the
electrostatic interaction, ionic/hydrogen bonding between
—NH;" and —COO™ caped surface is also feasible. The high
stability of FITC—BSA—capped Au NPs were mainly because
of the steric repulsive force (bulky proteins on the surface
prevented neighboring Au NPs from attaining the close
proximity needed to interact and aggre§ate), electrostatic
repulsion, and high hydrophilicity of BSA.>

Sensing S2-, CN-, and I~ Using FITC—BSA—Au NP
Probe. As indicated in Scheme 1, the sensing mechanisms
occur via two routes: (i) anions displacing FITC dye molecules
from the surfaces of Au NPs by the deposition of CN~, $*7, or
I” on the particles, and (ii) CN™-induced leaching of Au NPs.
As a result, the fluorescence of FITC and FITC—BSA were
restored. To detect CN™, S*7, or I” ions, we performed proof-
of-concept experiments using the FITC—BSA—Au NPs (0.5
nM) in S mM sodium phosphate (pH 10). At pH 10, the I~
(pKa = —11), CN~ (pK, = 9.3), and HS/S*~ (pKa, = 7.0; pK,,
= 9.5—11.5) forms will be predominantly existing in solution.
In highly basic media (pH > 10), these anions are easily
converted to their oxidized forms. At pH 10, all of these anions
were stable and had strong affinities for the FITC—BSA—Au
NPs through strong interactions of Au*—CN~ (K; (Au(CN),”)
=2 % 10%), Au'~I" (K; (Au(I),”) = 5 X 10*), and Au*—S*~
(K¢ (AuS™) = 4 X 10*), leading to significant increases in the
fluorescence (Figure 1).°7%* We also noted that at pH >10, a
passive layer of Au(OH); or Au,O5 may form on the surface of
the Au NPs.%

We used X-ray photoelectron spectroscopy (XPS) to
investigate the oxidation states of the surfaces of the Au NPs
(5 nM) in the absence and presence of CN~ (10 uM), I~ (10
uM), or S*~ (10 uM). The binding energy (BE) for the Au 4f;,
electrons in the FITC—BSA—Au NPs in the absence of these
anions was 83.7 eV (Figure S2, curve a in the Supporting
Information), which is presumably within the range from 83.5
(Au) to 85.0 eV [polynuclear Au(I)—ligand complex].**” The
BEs of the Au NPs in the presence of CN7, I", and $*~ were
84.7, 83.8, and 83.9 eV, respectively (Figure S2, curves b—d in
the Supporting Information). The higher BE was primarily due
to the greater contribution of these anion-passivated surfaces
(i-e., the higher-BE component of Au") to the Auy core-level
photoemission spectrum. The much higher BE of Au NP in the
presence of CN™ indicates that some Au NPs were dissolved as
Au(CN),” in solution. From surface-assisted laser desorption/
ionization time-of-flight mass spectrometry (SALDI-TOF-MS)
measurements, the signals of [Au(CN),]”, [Au,(CN)],
[Aul,]7, and [AuS,]” reveal that these anions interact strongly
with Au® on the particle surfaces (Figure S3 in the Supporting
Information). The Raman vibrational signals observed at 2154,
156, and 453 cm™ for CN, I, and S*7, respectively, in the
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Figure 1. Fluorescence spectra of solutions of (a) FITC (207.5 nM)/
FITC—BSA (9 nM), (b) FITC—BSA—Au NPs (0.5 nM), (c) FITC—
BSA—Au NPs (0.5 nM) and NaCN (10 uM), (d) FITC—BSA—Au
NPs (0.5 nM) and KI (10 4M), and (e) FITC—BSA—Au NPs (0.5
nM) and Na,S (10 uM). Inset: Fluorescence photographs of the
solutions on excitation under a hand-held UV lamp (365 nm). Buffer:
S mM sodium phosphate, pH 10. Excitation wavelength: 480 nm.
Fluorescence intensities (I) are plotted in arbitrary units (a. u.).

presence of Au NPs further demonstrated that these anions
were deposited on the Au NP surfaces (see Figure S4 in the
Supporting Information).

The fluorescence enhancements ((Iz — Iry)/Ig,), where Iy
and Iy, represent the fluorescence intensities of FITC—BSA—
Au NPs at 520 nm in the presence and absence of anions,
respectively (Figure 1), followed the order S$*~ (10.8) ~ CN~
(10.4) > I” (4.9). This trend was probably due to the fact that
$*” and CN~ form the most stable complexes (higher
formation constants) with Au* on the particle’s surface; as a
result, more FITC molecules departed from the Au NP
surfaces, and thereby restored the higher fluorescence signal of
FITC in the presence of >~ or CN~. Compared with I~ and
§?7, the SPR band of FITC—BSA—Au NPs decreased after
reacting with CN7, indicating the dissolution of Au NPs
(Figure 2A). The TEM images reveal that the particle sizes of
FITC—BSA—Au NPs (0.5 nM) in the absence and presence of
CN~ (10 uM) were 13.3 + 0.5 nm and 10.0 + 0.2 nm,
respectively (Figure 2B). There was no statistical difference in
the average particle diameter or size distribution of Au NPs in
the absence and presence of S* or I” as determined from TEM
images (data not shown), revealing that there is only a
monolayer or submonolayer of S* or I on the surface of Au
NPs. The dissolution of Au NPs by CN~, which leads to the
decrease in the IFE, also contributed to the restoration of
stronger fluorescence signal of FITC. In a control experiment,
we observed that none of the ions—CN~, S*~, or I"—in the
concentration range 100 nM—10 #M caused changes in the
fluorescence intensity of 100 nM FITC or 10 nM FITC—BSA
solutions (data not shown).

Selectivity and Sensitivity. To evaluate the selectivity of
the proposed fluorimetric assay, we determined the values of
(Ig — Igg)/Igo for the FITC—BSA—Au NP probe (0.5 nM) in
the presence of different anions (10 uM). Figure 3A reveals
that the addition of CN~, I, and $*~ to solutions of FITC—
BSA—Au NPs resulted in an apparent restoration of the
fluorescence, whereas the other remaining anions had
insignificant effects under the same experimental conditions.
H,0, possesses a strong oxidation ability (E° = —0.695 V) for
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Figure 2. (A) UV—vis absorption spectra of S mM sodium phosphate
(pH 10) solutions containing (a) FITC—BSA—Au NPs (0.5 nM), (b)
FITC—BSA—Au NPs (0.5 nM) and NaCN (10 uM), (c) FITC—
BSA—Au NPs (0.5 nM) and KI (10 xM), and (d) FITC—BSA—Au
NPs (0.5 nM) and Na,S (10 uM). (B) TEM images of (a) FITC—
BSA—Au NPs and (b) FITC—BSA—Au NPs in the presence NaCN.
Other conditions were the same as those described in Figure 1.
Average particle sizes in B for (a) FITC—BSA—Au NPs and (b)
FITC—BSA—Au NPs reacted with NaCN were 13.3 + 0.5 nm and
10.0 #+ 0.2 nm, respectively.

CN™ (CN™ + H,0, » CNO™ + H,0; K = 49 X 10”°) and $*~
(8* + 4H,0, - SO + 4H,0; K = 9.8 X 10*) under
alkaline pH conditions.®®® Therefore, the use of H,0, (100
mM) as a masking agent greatly suppressed the interference
from the CN™ and S*~ anions, allowing the FITC—BSA—Au
NP sensor to exhibit excellent selectivity for I” (see Figure 3B).
The FITC—BSA—Au NPs (0.5 nM) in 5 mM sodium
phosphate buffer (pH 10) containing H,0, (100 mM)
exhibited a selectivity of 250-fold for I" over other metal
ions. Under optimal conditions, we quantified the I” levels by
monitoring the fluorescence enhancement ((Iz — Igy)/Igy) of
the solution of FITC—BSA—Au NPs (0.5 nM) containing
H,0, (100 mM). When the I ion concentration was increased,
we observed a gradual increase in the fluorescence intensity of
the probe solution (Figure 4). The plots of relative fluorescence
(Iz — Iry)/Igo at 520 nm exhibited a good linearity over the I-
concentrations ranging from 1 to 1000 nM with a correlation
coefficient (R) of 0.98. This method enabled the selective
sensing of I with a limit of detection (LOD) of 50 nM with a
signal-to-noise (S/N) ratio of 3. Although the sensitivity of this
FITC—BSA—Au NP sensor is one to 2 orders of magnitude less
than those of other analytical methods (e.g, ICP-MS), its low
cost, ease of use, and lack of sample pretreatment suggest that it
can be potentially applied to the selective detection of I” in real
samples.

Next, we investigated the effects of the masking agents such
as—S,0,”” and Pb** and their mixtures—on the FITC—BSA—
Au NP sensing system. To our delight, our nanosensor was
specific for CN™ with respect to the other metal ion species in
the presence of 20 mM Na,$,04 and 10 M Pb(NO;), (see
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Figure 3. (A) Selectivities of FITC—BSA—Au NP (0.5 nM) sensor for
different anions (10 M) in the (A) absence of a masking reagent and
in the (B—E) presence of (B) H,0, (100 mM), (C) K,S,04 (20 mM),
(D) Pb(NO,), (10 uM), and (E) K,S,05 (20 mM) and Pb(NO,),
(10 uM). Error bars represent the standard deviations from five
repeated experiments. Other conditions were the same as those
described in Figure 1.
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Figure 4. Fluorescence spectra of the FITC—BSA—Au NP (0.5 nM)
solutions used as probes for the detection of I (0—1.0 yM) in the
presence of H,0, (100 mM) in S mM sodium phosphate (pH 10).
Inset: Plot of relative fluorescence (Iz — Ig)/Izo versus I” ion
concentration. Other conditions were the same as those described in
Figure 3B.

Figure 3E). The oxidation of I” to molecular iodine (I,) using
Na,$,0;5 (5,0, + 217 = 2 SO,*” + L; K = 7 X 10") can
mask the I~ ions.”® To improve the selectivity of the FITC—
BSA—Au NPs for CN~, we used Pb*" as a second masking
agent to take advantage of the stronger formation constant of
PbS (log K; ~ 28), whereas the log K; values of Pb(CN),>” and
PbL>~ were 2.2 X 10° and 1.6 X 10° respectively.”'~”* As
indicated in Figure 3E, FITC—BSA—Au NPs (0.6 nM) in §

2656

mM sodium phosphate (pH 10) containing the masking agents
(20 mM Na,$,04 and 10 uM Pb(NOs;),) demonstrated high
selectivity for CN™ ions with respect to the other metal ions
(>150-fold) at the same concentration. The fluorescence
intensity of the FITC—BSA—Au NPs (0.5 nM) in 5 mM
sodium phosphate (pH 10) containing the masking agents (20
mM Na,$,0; and 10 uM Pb(NO;),) gradually increased with
the CN™ ion concentration (Figure S). A linear correlation (R =

6.0
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Figure 5. Fluorescence spectra of the FITC—BSA—Au NP (0.5 nM)
solutions used as probes for the detection of CN~ (0—25 uM) in the
presence of 20 mM Na,$,0; and 10 uM Pb(NO,), in S mM sodium
phosphate (pH 10). Inset: Plot of relative fluorescence (I — Iry)/Irq
versus CN™ ion concentration. Other conditions were the same as
those described in Figure 3E.

0.97) existed between the value of relative fluorescence (Ip —
Iro)/Ipo and the concentration in the range 0—10 uM. The
LOD of CN™ was 1.0 uM with a S/N ratio of 3. To the best of
our knowledge, our system utilizes the first, label-free, Au-NP-
based optical sensors for the selective detection of I” and CN™
ions with different masking agents. Compared with the above-
mentioned methods, the advantages of this FITC—BSA—Au
NP probe include low cost, easy preparation, and high salt
resistance. Our results suggested that this FITC—BSA—Au NP
probe would be sensitive for monitoring the I” and CN™ ions
levels in environmental samples.

Analysis of CN™ and I” in Real Samples. To validate the
practicality of our proposed sensing strategy for the analysis of
CN~™ and I” in environmental samples, we used the FITC—
BSA—Au NP sensor to determine the levels of CN™ and I” in
pond water, seawater—water, and tap water. We obtained
similar linear correlations (R 0.95-0.99) between the
response and the CN™ and I” ion concentrations spiked into
the three different water samples (diluted 10-fold) over the
ranges 0—10 gM and 0 nM—1.0 uM, respectively (see Figure
SS in the Supporting Information). In these measurements, the
S,04%"/Pb**-FITC—BSA—Au NP and H,0,—FITC—-BSA—Au
NP probes provided recoveries of 95—108% and 96—104% for
CN™ and I" ions, respectively. The minimum detectable
concentration of CN™ and I” ions by our $,04>"/Pb**—FITC—
BSA—Au NP and H,0,—FITC—BSA—Au NP probes in these
water samples was approximately 1000 nM and 50 nM,
respectively. Note that the detection limit of our S,04*”/Pb*'—
FITC—BSA-Au NPs in these water samples was much lower
than the MAL of CN~ (200 ppb) in drinking water set by the
U.S. EPA.
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Table 1. Determination of I" Concentrations in Edible Salt Samples by H,0,—FITC—BSA—Au NP Probes

certified ICP-MS value,  H,0,—-FITC—BSA—Au NP  spiked

salt range mean + SD (uM, probes, mean + SD (ppm, 1]
sample (ppm) n=35) n=235) (nM)
sample A 0 0.8 £ 0.1 0.6 +£ 0.1 0-700
sample B 15.2 159 £ 0.5 164 + 0.5 0-700
sample C 35.5 365 + 1.5 372+ 12 0-700

“T-test value is 2.77 at a 95% confidence level (n = §).

consensus value

t-test between ICP-MS and H,0,—FITC—B (uM), 95%
R SA—Au NP probes® confidence interval®
0.94 2.36 0.5—0.7
0.98 2.58 15.2-17.6
0.98 2.12 33.4—41.0

We also utilized our sensor system to determine the iodide
concentrations in edible salt samples because iodized salt is
used to help reduce the incidence of iodine deficiency in
humans.”* The iodide content in iodized salt is recommended
to be 46—77 ppm and 10—22 ppm in the United States and the
United Kingdom, respectively.”>’® The major component of
the iodine species in our purchased edible salt is 10;”. We
pretreated the salt with 5 mM ascorbic acid to reduce it to
I"and determined the concentration of iodide ions in the three
edible salt samples by applying a standard addition method (see
Figure S6 in the Supporting Information). Using a t-test, we
found that the 95% confidence intervals for the iodide ions
were in good agreement with the certified values and ICP-MS
measurements (Table 1). In addition, the FITC—BSA—Au NP
probe could be used to easily screen the iodide level in edible
salt samples with the naked eye (see Figure S7 in the
Supporting Information).

B CONCLUSIONS

We developed two fluorescent nanosensors, both featuring
FITC—BSA-capped Au NPs, for the selective and sensitive
sensing of CN™ and I" ions in high-salinity solutions. The
FITC—BSA—Au NPs were stable in solutions containing up to
100 mM NaCl. In the presence of the masking agents S,05*"/
Pb**, FITC—BSA—Au NPs permitted the detection of CN~
with selectivity (no less than 150-fold upon comparing with
other anions). The sensitivity of our assay for the detection of
CN~ levels in water samples (tap, pond, and seawater) is much
higher than the standard limit by the U.S. EPA. We also
demonstrated that H,0,—FITC—BSA—Au NPs could selec-
tively detect I” down to 50 nM. Taking advantage of their high
stability and selectivity, we applied our H,0,—FITC—BSA—Au
NPs for the detection of I” in real water and edible salt samples.
The results of the I” determination in three edible salt samples
by our H,0,—-FITC—BSA—Au NP probes are in good
agreement with those obtained using ICP-MS. In comparison
with other Au-NP-based optical methods for the detection of
anions, our FITC—BSA—Au NPs showed good salt tolerance
and selectivity with suitable masking agents. The FITC—BSA—
Au NP probes should eliminate the need for synthesis of
complicated chemosensors or the use of sophisticated equip-
ment. This simple, rapid, and cost-effective sensing system
appears to hold great practical potential for the detection of
anions in real samples.
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