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Abstract: Here, we report a highly selective arsenite (As(III)) sensor based on gold nanoparticles
(AuNPs) and ionic liquids (ILs). AuNPs were citrate-capped with negative charges on their surfaces,
and could aggregate and precipitate once electrolytes were introduced to neutralize the negative
charges. In this study, we discovered that organic ILs, behaving similarly to inorganic electrolytes
such as NaCl, could induce the aggregation and precipitation of AuNPs much more efficiently than
inorganic electrolytes. Since As(III) inhibited while ILs promoted the aggregation of AuNPs, we
examined the interactions between AuNPs, As(Ill), and ILs and the possibility of using ILs and
AuNPs as a sensing probe to detect arsenite and determine its concentration. Six different ILs were
evaluated for this purpose in this study. Repeatability, interference, stability, selectivity, and sensitivity
were investigated to evaluate the As(III) sensing probe. The limit of detection (LOD) of the sensor
sBMP was as low as 0.18 ppb, ranked as the second lowest among the reported arsenite sensors. The
sensing of arsenite was also demonstrated with real water samples and was cross-validated with
ICP-OES.

Keywords: sensor; arsenite; arsenate; ionic liquid; gold nanoparticles

1. Introduction

Traditional arsenic detection methods mainly rely on spectroscopic and chromato-
graphic techniques [1,2]. Although these methods yield accurate results, the instruments
are costly and sophisticated. In recent decades, many sensors have been developed based
on colorimetry, electrochemistry, and nanomaterials for the detection of arsenic [3-8].
However, high selectivity and low detection limits, crucial for practical use, were seldom
simultaneously achieved with one sensor. Aptamer-based methods were commonly based
on the aptamer Ars-3 [9], focusing on the optimization of concentrations, temperature, pH,
colorimetric reagents, and destabilizing agents.

It has been reported that [1], similar to citrate, arsenite (H3z AsO3 neutral species or
AsO; ™ anionic species) could also be adsorbed onto AuNPs’ surface as a capping reagent
and, thus, also inhibited AuNPs aggregating and precipitating. Matsunaga et al. re-
ported the detection of As(IIl) using AuNPs as a colorimetric reagent. In their approach,
sodium chloride was used to induce AuNPs’ aggregation and changing color from red
to blue/black [10]. Wu et al. synthesized crystal violet particles, which became bigger or
smaller with different concentrations of an aptamer [11]. The changes in particle size of crys-
tal violet were correlated with the aptamer concentration and monitored using a resonance
Rayleigh scattering (RRS) spectrum. The same authors also reported surfactants being used
as effective organic electrolytes for AuNPs’ color change [9]. They studied several different
cationic surfactants, such as cetyltrimethylammonium bromide (CTAB), and found that a
relatively long time was needed for the reactions between surfactants and AuNPs. Cui et al.
disclosed strong interactions between an aptamer and poly(diallyldimethylammonium
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chloride) (PDDA) and suggested utilizing [Ru(NH3)6]?* as an electroactive redox species
for signal transduction [12]. They achieved a very low limit of detection (LOD) although
the advantage was offset by the relatively long analysis time.

Zong et al. investigated the adsorption and competition between As(IlI) and several
random DNAs on the surface of AuNPs after removing excess free citrate ions from the
AuNP solution [1]. They reported that 10 mM As(IlI) added after the DNA adsorption
could displace 18% of the adsorbed DNA from AuNPs, while 20 uM As(I1I) added before
the DNA adsorption inhibited the adsorption of DNA by 50%. They highlighted the good
affinity between As(III) and AuNPs’ surfaces. Tan et al. synthesized phosphonium IL-
tetradecyltrihexylphosphonium chloride (TTPC) and Triton X-114-coated AuNPs for the
speciation of As(Ill) and As(V). Their extended X-ray absorption fine structure (EXAFS)
analysis revealed shorter N-As bonds (2.96 A) between TTPC and arsenite than those
(4.13 A) between TTPC and arsenate [13]. However, their tests required a relatively high
pH (10.2). Trivedi et al. reported colorimetric dual chemosensors for arsenite and Hg?* and
further verified their results using theoretical DFT calculations [14]. Schott et al. studied the
sensing mechanism of chemosensors for Cu?* and Ni?* with DFT methods [15]. Tabassum
et al. validated the sensing mechanism in various modes of fluorescent “turn on” sensors
towards Cd?* through DFT studies [16]. Traditionally, high concentrations of inorganic
electrolytes, e.g., typically higher than 40 mM NaCl, would need to be utilized to induce
the aggregation of AuNPs [1]. In this study, we discovered that ionic liquids are much more
efficient than NaCl in inducing AuNPs” aggregation, requiring a concentration of ILs as low
as 0.75 uM, i.e., 5300 times lower than the NaCl threshold. To the authors’ best knowledge,
in the previous reports, there is no study on the interactions between arsenite and ILs, and
AuNPs. Herein, we report a highly selective arsenite (As(III)) sensor based on AuNPs and
ionic liquids (ILs) and demonstrate how it can be used as a sensor for As(IIl) detection and
quantification. To the best of our knowledge, this is the first time that ILs were studied
as sensors for arsenite with the assistance of AuNPs. ILs in this study were used as elec-
trolytes to induce the aggregation of AulNPs and color changing from red to bluish gray by
neutralizing or shielding the negative charges on their surface. Ionic liquid is a kind of free-
flowing liquid composed of cations and anions below 100 °C. Various types of cations and
anions provide extensive choices of ionic liquids. The main cations for ILs include imida-
zolium, pyridinium, pyrrolidinium, cholinium, ammonium, phosphonium, and sulfonium,
while their countering anions could be hexafluorophosphate, tetrafluoroborate, amino acid,
carboxylate, bis(trifluomethanesulfonyl)imide, alkyl sulfate, and halides. Imidazolium-
based ILs are some of the most popularly explored in past reports. Six different ILs were
evaluated in this study, namely 1-(3-cyanopropyl)-3-methylimidazolium chloride (CPMI), 1-
(3-cyanopropyl)pyridinium chloride (CPP), tetradecyldimethylbenzylammonium chloride
(TDDBA), cetylpyridinium chloride monohydrate (CP), 1-butyl-1-methylpyrrolidinium
methyl carbonate (BMP), and tributylmethylphosphonium methyl carbonate (TBMP). Out
of the six ILs, there are three pyridinium- (BMP, CP, CPP), one immidazolium- (CPMI),
one ammonium- (TDDBA), and one phosphomium (TBMP)-ionic liquids. The choice of
ILs in this study included five types of cations: imidazolium, pyridinium, pyrrolidinium,
ammonium, and phosphonium. Two of the ILs have long chains: CP and TDDBA. ILs
with different cationic center types and chain lengths were chosen to evaluate the effects of
molecular structure.

2. Materials and Methods

The chemicals, apparatus, and synthesis of AuNPs are described in the Supplemen-
tary Materials (SM). The as-prepared AuNPs, ~0.1439 nM, were citrate-capped and well
dispersed, and their individual particle sizes were ~15 nm (Figure 1C). A total of 89.1 uM
excess citrate was kept in the solution for better stability.
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Figure 1. (A) Schematic principle of aggregation of citrate-capped AuNPs induced by ILs but
inhibited by As(IIl). (B) Chemical structures and names of the six ILs used in this study. (C) TEM
images of the as-synthesized (left and middle) or aggregated (right) AuNPs.

2.1. Colorimetric Assays

The colorimetric assay method was adopted from a previous report with slight modifi-
cations [1]. In a typical assay, 200 pL of the synthesized AuNPs and a certain amount of
MOPS buffer (10 mM, pH 7.3) were added to a 1.5 mL plastic vial and mixed well. Next,
arsenite solution was added with 10 min of incubation for sufficient interaction of AuNPs
and arsenite. Finally, a certain amount of an IL solution (10 mM for BMP, optimized) was
added and incubated for another 10 min. All solutions were made up to a total volume of
600 pL. An optical extinction (commonly named “absorption” if without particles) mea-
surement was then carried out in the range of 400-800 nm. The chemical structures of ILs
are shown in Figure 1B. The concentrations of ILs were optimized (SI). Figure 1A shows the
proposed principle of aggregation of citrate-capped AuNPs induced by IL but inhibited by
As(III).

2.2. Optimization of ILs” Concentrations

ILs in this study were used as electrolytes to induce the aggregation of AuNPs and
color change from red to bluish gray by neutralizing or shielding the negative charges on
their surface. To determine the optimal IL concentrations, 200 pL of the synthesized AuNPs
and a certain amount of MOPS buffer (10 mM, pH 7.3) were added to a 1.5 mL plastic vial
and mixed well before adding a variable volume of IL solution to make it up to a total
volume of 600 nuL (except otherwise stated, the total volume of the mixed reaction solution
in this report was 600 uL) [10]. The solution was mixed well and incubated for 10 min
before optical extinction measurement at 400-800 nm. The pH value was kept neutral by
using pH 7.3 MOPS bulffer. At this pH, arsenite existed mainly as neutral H3 AsOj3 species
with little anionic species HyAsO3~ [17].
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2.3. Determination of the Detection Limit for As(I1I)

To determine the detection limit for As(III), 200 pL of the synthesized AuNPs and a
certain amount of MOPS buffer (10 mM, pH 7.3) were added to a 1.5 mL plastic vial and
mixed well before adding a certain concentration (0, 5, 10, 50, 100, 500, 1000, and 5000 ppb)
of arsenite and incubating for 10 min. Then, a variable volume of IL solution was added
to make it up to a total volume of 600 puL. The solution was mixed well and incubated
for 10 min before optical extinction measurement at 400-800 nm. A total of eight AuNP
suspension solutions with As(III) concentrations 0, 5, 10, 50, 100, 500, 1000, and 5000 ppb
were prepared and measured.

2.4. Selectivity towards As(1II) and Other Ions

The selectivity study was performed using a similar procedure as that described in
Section 2.3, with 1 ppm or 50 ppb As(III) or other ions (As(V), Hg2+, Cd?*, Pb%*, Nat, Zn2+,
Cr(VI), Br—,17).

2.5. Interference Study in the Presence of BMP (One of the ILs)

The interference study of Pb%*, Na* and I  ions followed a similar procedure to that
described in Section 2.3 in the presence of 10 mM BMP. To the Section 2.3 procedure, a
certain concentration (20, 100, or 500 ppb) of ions (Pb2+, Na*, or I7) was added after the
addition of 200 ppb As(III) before the 1st 10 min of incubation.

Note: For convenience’s sake, the sensors and conditions were described as shown in
Table 1. “s” means “sensor” to differentiate ILs and sensors.

Table 1. Sensor names and their compositions, reagent addition sequences, and reaction time.

Sensor No. Description Composition, Sequence, and Reaction Time
1 sCPMI AuNPs+MOPS+As(III) *, 10 min, + CPMI, 10 min
2 sCPP AuNPs+MOPS+As(III) *, 10 min, + CPP, 10 min
3 sTDDBA AuNPs+MOPS+As(III) *, 10 min, + TDDBA, 10 min
4 sCP AuNPs+MOPS+As(III) *, 10 min, + CP, 10 min
5 sBMP AuNPs+MOPS+As(III) *, 10 min, + BMP, 10 min
6 sTBMP AuNPs+MOPS+As(III) *, 10 min, + TBMP, 10 min

Note: * For the selectivity study, the analyte could be As(IIl) or other ions; for the interference study, the analyte
was As(III) together with other ions.

3. Results and Discussion
3.1. Synthesis and Characterization of AuNPs

At a reaction temperature of 100 °C and with a starting molar ratio of citrate/Au
3.35 (slightly higher than stoichiometric ratio 3), the reaction mixture started out as light
gray, then turned bluish gray (<1 min), purple (1-2 min), and finally red (3 min and
onwards), as shown in Figure 2A. It has been well established that the extinction peak of
surface plasmonic resonance (SPR) redshifts when the size of nanoparticles increases [18].
The surfaces of AuNPs were capped with citrate anions (Figure 2B) [19], whose negative
electrostatic repulsion formed a steric barrier to prevent further growth and aggregation
of particles [1], imparting stability to the AuNPs. The particle size distribution and zeta
potential of a BMP-induced AuNP aggregate sample are shown in Figure S1C, where
its average dynamic particle size is 197.2 nm, much larger than that (22.5 nm) of the
pristine AuNPs. Its zeta potential is —25.9 mV, near to a stable state since the particles
have aggregated. A sample similar to Figure S1C but with the addition of 1 ppm arsenite
(Figure S1D) shows a similar dynamic particle size and zeta potential values (26.44 nm,
—11.5 mV) to the pristine AuNPs (22.5 nm, —14.5 mV), indicating that the formation of the
probes could also be confirmed by zeta potential changes [20].
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Figure 2. (A) Optical images during the formation of AuNPs at 100 °C with the starting molar
ratio of citrate/Au 3.35/1. (B) Illustrative chemical structure of citrate-capped AuNPs synthesized.
(C) Change in AuNPs from dispersion to aggregate with increasing BMP concentration in the absence
of arsenite. (D) Particle size distribution and zeta potential of the as-prepared AuNP suspension.
(E) Relevant extinction spectra of (C). (F) Change in AuNPs from aggregation to dispersion with
increasing As(III) concentration in the presence of 10 mM BMP.

3.2. Sensing Principle

It was reported that the surface charges of the AuNP suspension would be shielded
by an electrolyte solution (e.g., NaCl) with a concentration above the threshold, causing a
concomitant decrease in the inter-particle distance, and as a result, AuNPs aggregated [21].
ILs are organic electrolytes with bulky cations and relatively smaller counter anions. We
discovered that ILs behave similarly to inorganic electrolytes. When the negative charges
of citrate on the surface of the AuNPs were shielded by ILs, the AuNPs were induced to
aggregate, so the solution color changed from red to blue, as illustrated in Figure 1A. ILs
interact with citrate-capped AuNPs, causing their precipitation. We discovered that citrate-
capped AuNPs had weaker interactions with BMP, CPMI, CPP, and TBMP, but relatively
stronger interactions with CP and TDDBA. As mentioned at the end of Section 1, CP and
TDDBA have long chains on their bulky cations. It is possible that their bulky long chains
have an enhanced effect in the shielding of surface charges and, hence, could accelerate the
aggregation of AuNPs. In the presence of arsenite, there is a strong interaction between
arsenite and ILs, which further weakens the charge shielding effect of ILs and prevents
AuNPs from aggregating and precipitating (Figure 1A). As mentioned in Section 2.2, the pH
value was kept neutral by using pH 7.3 MOPS buffer. At this pH, arsenite existed mainly
as neutral H3AsOj species with little anionic species HyAsOs ™ [17]. Due to the neutral
pH and few anionic species, the interaction between arsenite and AuNPs introduces little
additional negative charge onto the AuNPs’ surfaces. Hence, the majority of the interaction
between arsenite and AulNPs, if there is any, should not be attributed to the small amount
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of additional surface negative charges from the anionic species HyAsO3 ™ but should be
attributed to the neutral H3AsO3 species.

3.3. Optimizing Concentrations of ILs

The concentrations of the ILs were optimized for the colorimetric assay. Their con-
centration ranges and working concentrations used in this study are listed in Table 2. The
solution color of the AuNPs changed from pink to blue when the BMP concentration
exceeded a threshold, i.e., 8 mM, and an absorption peak near 650 nm on the UV-Vis
spectra appeared, which was attributed to the aggregation of AuNPs (Figure 2C,E). The
other five ILs could also induce AuNP aggregation above certain threshold concentrations
(Figure S3), which were determined from the d(Ess0/Espr)/d[ILs]-[ILs] plots (Figure S4).
The ratio E650/Espr at 650 nm and 517 nm is commonly used to indicate AuNP aggrega-
tion [9]. Further to this, here, we also plotted the differential function d(E650/Espr)/d[ILs]
against [ILs] to better visualize the minimum [ILs] required (Figure S4). The threshold
concentrations to induce AuNP aggregation were, in order from high to low, [BMP] >
[CPP] > [TBMP] > [CPMI] > [TDDBA] > [CP]. At the same concentration, CP was the most
efficient one out of the six ILs in inducing AuNP aggregation due to the very strong inter-
actions between the long chain of CP and citrate on the surface of AuNPs. The threshold
concentrations of ILs for the aggregation of AuNPs are listed in Table 2. The adopted
working concentrations were slightly higher than the relevant thresholds to ensure the
aggregation effect.

Table 2. Minimal threshold concentration required for the aggregation of AuNPs and the working
concentrations adopted in this study.

[IL] (mM)
BMP CcP CPMI CrpP TBMP TDDBA
Min. threshold conc.
required for AuNP 8 0.75 x 1073 0.4 6 1.5 1.5 x 1073
aggregation
Working conc. 10 1.25 x 1073 0.5 10 2.5 2.25 x 1073

3.4. Interactions between AuNPs, As(III), and ILs

We also studied the interactions between As(III), AuNPs, and ILs. The addition of ILs
to AuNPs caused their immediate aggregation. However, the addition of ILs to a mixture
of As(Ill) and AuNPs did not cause aggregation, which could be attributed to two possible
reasons: either As(Ill) adsorbed on AuNPs prevented aggregation, or As(IIl) in the solution
prevented aggregation. It is well known that adsorption usually takes time [1,13]. Although
no report was found to study exactly how fast arsenite ions could be adsorbed onto AuNPs
capped with citrate, the literature reports typically adopted 20 to 30 min of incubation
time to ensure the adsorption or reaction is more complete. The shortest adsorption time
found was 8 min, where AuNPs were titrated with arsenite and measured using isothermal
titration calorimetry [1]. The addition of ILs immediately after (within several seconds)
a quick mixing (1-2 s) of As(Ill) and AuNPs also did not cause aggregation, while the
addition of ILs to AuNPs alone caused aggregation. In such a short time (within 5 s), it is
likely that adsorption of As(III) onto AuNPs did not happen, even if it happened later (after
several minutes). Hence, this eliminates the possibility that it was the adsorbed arsenite
ions that prevented AuNPs from aggregating. This proved that prevention of aggregation
could not be attributed to the adsorption of As(Ill) onto AuNPs, which takes time (minutes
to hours), but should be mainly attributed to the quick interaction (within several seconds)
between As(Ill) and ILs. This experiment also indicates that the interaction between As(III)
and ILs is immediate and fast, and also faster than that between AulNPs and ILs, if there
is any.
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3.5. Selectivity

The relative selectivity of the five sensors sBMP, sCPP, sTBMP, sTDDBA, and sCP
(Figure 3) were studied. Sensor sTBMP and sCP (Figure 3C,E) showed selectivity towards
As(I1I) and Hg (II), which could prevent AuNPs from aggregating in the presence of a
sufficient amount of TBMP, while all the other eight ions (Cd(II), Pb(Il), Zn(II), Na*, Br~,
I7, As(V), and Cr(VI)) could not prevent AuNPs from aggregating. Sensor sBMP and
sTDDBA (Figure 3A,D) showed selectivity towards As(I1I), Hg(II), and Pb(II), while sensor
sCPP showed selectivity towards As(IIl), As(V), Zn(Il), Na*, and I~ (Figure 3B,F). Besides
arsenite, sensors sSBMP, sSTBMP, and sTDDBA showed selectivity towards Hg2+. The reason
could be the formation of amalgam, which changed the surface composition of AuNPs.
When the analyte concentration was reduced from 1 ppm to 50 ppb, sensor selectivity was
improved. This means that sensor selectivity was better at a low concentration of analytes
than that at a high concentration of analytes. For instance, sBMP had a high response to
As(1II), Hg(1I), and Pb(Il) and a medium response to Br~ and I~ with 1 ppm analyte, while
it had a high and medium response to As(Ill) and I~ only with 50 ppb analyte. Better
selectivity at low concentrations facilitates higher accuracy and prevents false positives at
low concentrations. This would be beneficial to the analysis of real samples with a strong
matrix effect (signal changed by the matrix of all other components instead of the analyte in
the sample). Dilution can be applied to lower the matrix effect and prevent false positives
from interfering with components in the sample matrix (matrix refers to the components of
a sample other than the analyte of interest).

As(V) | Hg(ll) . Cd() Bro PO(l) o Np* . |" _Zn(l) - Cr(v) 2] As(n) As(v) Hg(l) _Cd(l) Br- . Pbu) Na* I _2Zn() = Cr(VI)
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!
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Figure 3. Color change of AuNP suspension depending on 1 ppm different ions in the absence
of DNAzyme substrate and in the presence of optimized concentration of ILs: (A) BMP, (B) CPP,
(C) TBMP, (D) TDDBA, and (E) CP. (F) Normalized relative selectivity.

3.6. Repeatability

The repeatability of the sensors was studied with 200 puL of AuNPs, 10 mM BMP, and
0-100 ppb of arsenite. Three replicates were conducted. The relative standard deviations
(RSD) of the extinction values at 517 nm and 650 nm and their ratios were calculated for the
3 x 12 samples, and are listed in Table 3. Out of the total 36 samples, 29 had RSDs within
£3%. The remaining seven samples had RSDs within £4%. Hence, the measurements of
arsenite using IL-assisted AuNPs were repeatable, with an RSD within +4%.
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Table 3. Repeatability tests for arsenite sensing with 200 pL of AuNPs and 10 mM BMP.

Extinction
Vawwe  Vmors  Vaooppbas  Vsoppmas [As] Vo.02 M BMP [BMP] - . . o
(uL) (uL) (J{) (ftPL) (ppb) (uL) (M) Replicate 1 Replicate 2 Replicate 3 RSD (%)
E517 nm E650 nm Ees0/Es17 E517 nm E650 nm Egs0/Es17 E517 nm E650 nm Ees50/Es17 E517 nm E650 nm Egs0/Es17

200 400 0 0 0 0 10 0.222 0.296 1.33 0.23 0.31 1.35 0.217 0.287 1.32 2.75 3.61 0.95
200 400 15 0 5 150 10 0.214 0.294 1.37 0.221 0.304 1.38 0.217 0.29 1.34 1.32 2.22 1.62
200 400 30 0 10 300 10 0.22 0.293 1.33 0.219 0.308 141 0.217 0.29 1.34 0.69 2.87 3.08
200 400 60 0 20 600 10 0.226 0.298 1.32 0.226 0.296 1.31 0.219 0.289 1.32 1.81 1.59 041
200 400 90 0 30 900 10 0.225 0.287 1.28 0.23 0.284 1.23 0.22 0.282 1.28 213 0.83 2.02
200 400 0 0.48 40 1200 10 0.238 0.187 0.79 0.237 0.186 0.78 0.225 0.182 0.81 3.1 142 1.72
200 400 0 0.6 50 1500 10 0.251 0.14 0.56 0.248 0.137 0.55 0.242 0.141 0.58 1.82 1.36 2.86
200 400 0 0.72 60 1800 10 0.252 0.127 0.5 0.257 0.125 0.49 0.262 0.126 0.48 1.86 0.65 2.46
200 400 0 0.84 70 2100 10 0.263 0.123 047 0.258 0.124 0.48 0.266 0.119 0.45 1.44 2.15 3.6
200 400 0 0.96 80 2400 10 0.27 0.092 0.34 0.263 0.09 0.34 0.273 0.088 0.32 1.76 213 3.3
200 400 0 1.08 90 2700 10 0.274 0.064 0.23 0.266 0.065 0.24 0.286 0.067 0.23 3.56 2.3 2.54
200 400 0 1.2 100 3000 10 0.286 0.057 0.2 0.282 0.053 0.19 0.278 0.054 0.19 1.36 3.19 294
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3.7. Calibration and Sensitivity

To achieve the lowest detection limit, we first determined the minimum concentration
of ILs required for AuNP aggregation (Table 2). If the added amount of ILs is insufficient
(i.e., below the minimum concentration), the AuNPs do not aggregate at any concentration
of arsenite. On the other hand, when ILs are overdosed, a high amount of arsenite would be
required to prevent the AuNPs’ aggregation, which increases the LOD and, hence, lowers
sensitivity. Therefore, a dose of ILs slightly higher than the minimum dose would achieve
better sensitivity. In fact, the LOD is more greatly affected by the difference between the
working dose and threshold dose than the absolute values of the threshold. The smaller the
difference is, the lower the achievable LOD will be. Hence, although lower concentrations
of CP and TDDBA are required to induce AuNPs’ aggregation, they do not have significant
advantages in terms of improving the LOD of arsenite over other ILs. Therefore, here, we
chose sBMP as an example for full characterization instead of sCP or sSTDDBA.

The calibrations of the sensors were conducted with the optimized concentrations
of ILs (i.e., the working concentrations listed in Table 2) and different concentrations
of arsenite (Figure 4), and Egs50/Espr was plotted against the logarithm concentration of
arsenite (Figure 4 inserts). All five plots (Figure 4 inserts) are linear, with R? values near
to 1.0. the LOD of sBMP was calculated from 30, where o is the standard deviation of the
measured three replicates of the lowest concentration of arsenite (Table 3 and Figure 4A).
sBMP had a linear detection range of 0.59-100 ppb with an LOD of 0.18 ppb. The LODs and
linear ranges of the remaining sensors (sCPP, sCP, sSTBMP, sTDDBA, and sCPMI) were not
determined in this study. The LOD of the sensor sBMP in this study was 0.18 ppb, which
was the second lowest among the reported arsenic sensors (Table 4).
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Figure 4. Sensor sensitivity of As(III) with optimized concentration of ILs: (A) BMP, (B) CPP,

(C) TBMP, (D) TDDBA, and (E) CP.



Chemosensors 2023, 11, 302

10 of 14

Table 4. Comparison of the approaches and detection limits of arsenic sensors reported in the
literature and this study.

LOD

Sensor Material Approach (ppb) Ref.
Surface-enhanced Raman

AgNPs scattering (SERS) 1 [22]
DNA-functionalized Fe304 NPs Fluorescence 225 [23]
CeO, Fluorescence 2.2 [24]

Functional polymer Fluorescence 74.9 [25]
Magnetic porous carbon composite Fluorescence 0.05 [3]
Ruthenium bipyridine-graphene oxide Electrochemical 3.2 [26]
Functionalized AuNPs Colorimetric 2.5 [27]
AuNPs Colorimetric 1 [7]

IL-assisted AuNPs Colorimetric 0.18 This work

3.8. Interference

From Figure 3A, it is clear that sSBMP responded to arsenite, Hg(II), and Pb(Il), which
means Hg(II) and Pb(II) are potential interfering ions. The reason could be the formation of
amalgam, which changed the surface composi-tion of AuNPs [28]. sSBMP had no response
towards As(V), Cd(Il), Br~, Na(I), I", Zn(ll), and Cr(VI), indicating that they are not
potential interfering ions. For the interference study, we chose Pb(II), one of two potential
interfering ions aforementioned, and also Na(I) and I, i.e., one cation and one anion, as
two of seven potential non-interfering ions.

An ionic interference study was conducted by spiking a certain concentration (20, 100,
or 500 ppb) of ions (Pb?*, Na*, or I") into AuNP suspensions in the presence of 200 ppb
As(IIT) and 10 mM BMP. With the addition of up to 500 ppb Pb?** or Na* ions, AuNPs’
color did not have any significant changes (Figure 5) and the changes in the spectroscopic
Eg50/Espr ratio were also negligible, which indicates that up to 500 ppb Pb** or Na* did not
significantly interfere with the sensor sBMP. However, the SBMP sensor was affected by
>100 ppb I anions (Figure 5C,D). Hence, Pb(II) and Na(I) ions did not interfere with the
sensor sBMP at concentrations of up to 500 ppb, while iodide ions interfered significantly
at a concentration of 100 ppb.

20 100 500

P B
)\
{ :
C=Po=
e Na™
& |-
i
. ;
T T T T T T
0 100 200 300 400 500
Concentration of interfering ions (ppb)

Figure 5. Color changes in AuNPs depending on the interfering (A) Pb?*, (B) Na*, and (C) I~
concentration in the presence of 200 ppb As(III) and 10 mM BMP. (D) Spectra Egs/Espr ratio of (A-C).
3.9. Measuring Real Water Samples

Four real samples (tap water, rainwater, lake water, and MetalProg factory effluent)
with or without spiking of 100 ppb As(Ill) were measured using the sSBMP method. All
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Tap water

T;p water
+ As(lll) + As(lll) + As(lll) factory effluent + As(lll)

samples were filtered through a 0.22 pm membrane filter. The lake water and MetalProg
factory effluent samples were diluted 10 times before use due to a strong matrix effect,
while the tap water and rainwater samples were directly tested without further dilution.
The tap water and rainwater samples after tests were blue, while the lake water and
MetalProg factory effluent samples after tests were not as blue as the former two samples
(Figure 6), which could also be due to the remaining matrix effect from the latter two
samples even with dilution 10 times. The BMP and AulNP-assisted colorimetric results
from all samples with and without spiking of 100 ppb As(III) are listed in Table 5. They
agreed well with those determined using inductively coupled plasma-optical emission
spectroscopy (ICP-OES). ICP-OES determines the total arsenic concentration, including
arsenite and arsenate. It is worth noting that ICP-OES detects total arsenic, while the sSBMP
sensor detects arsenite species only; hence, it is reasonable that the SBMP sensing results
were lower than those from ICP-OES because arsenate could exist in the pristine sample or
some amount of arsenite was oxidized by the sample matrix into arsenate. When the total
arsenic concentration is to be determined, the sample could be reduced by an appropriate
reducing agent, i.e., SnCly, to convert arsenate to arsenite, which is then determined using
sBMP. The difference between the determined values before and after reduction is the
concentration of arsenate. Arsenite is more toxic than arsenate. In Table 5, the accuracy
of results was not calculated since ICP-OES and sBMP measured different species. In
natural sources, the colorimetric results were lower than those from ICP-OES. Apart from
the signal from arsenate, other possible reasons could include the facts that (1) the ICP-
OES was calibrated using standards prepared in DI water without considering the matrix
effect, which caused errors in the ICP-OES results, and (2) some interfering species in the
real-world samples interfered with the detection of arsenite ions.

Rainwater Rainwater Lake water Lake water MetalProg. Factory effluent

Figure 6. Tests of real samples (tap water, rainwater, lake water, and MetalProg factory effluent) with
and without spiking of 100 ppb As(III) using the sSBMP method: photographs of samples with and
without spiking after tests (lake water and MetalProg factory effluent samples were diluted with DI
water 10 times before use due to strong matrix effect).

Table 5. Arsenic concentrations in four real samples tested using the BMP and AuNP-assisted
colorimetric method and verified using ICP-OES.

[Arsenic] (ppb)

Samples # Colorimetric
ICP-OES (This Work) *
Tap water 0 0
Tap + 100 ppb As(III) 99.7 107.9
Rainwater 1.3 0
Rain + 100 ppb As(III) 84.6 105.2
Lake water 27.3 10.8
Lake + 100 ppb As(III) 98.5 112.5
MetalProg Factory Effluent 28.5 14.5
Effluent + 100 ppb As(III) 90.2 108.6

Note: * total arsenic concentration, * [arsenite] only.
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4. Conclusions

We discovered that aggregation of citrate-stabilized AuNPs could be induced more
efficiently by organic ILs than by inorganic electrolytes (e.g., NaCl), up to 40,000-fold. The
threshold concentrations to induce AuNP aggregation were, in order from high to low,
[BMP] > [CPP] > [TBMP] > [CPMI] > [TDDBA] > [CP]. Very strong interactions between
the long chain of CP and citrate on the surface of the AuNPs explain why CP was most
efficient.

However, the aggregation of AuNPs induced by ILs was inhibited by arsenite As(III).
Our experimental results proved that prevention of AuNP aggregation could not be at-
tributed to the adsorption of As(IIT) onto AuNPs, which takes time (minutes to hours),
but should be mainly attributed to the quick interaction (within several seconds) between
As(IIT) and ILs.

In this manuscript, we reported a new approach for arsenite detection and determina-
tion, with good sensitivity and selectivity. Among the sensors based on ILs and AuNDPs,
sTBMP and sCP showed selectivity towards As(Ill) and Hg (II), which could prevent
AuNPs from aggregating in the presence of a sufficient amount of TBMP, while all the other
eight ions (Cd(II), Pb(Il), Zn(1I), Na*, Br—, I, As(V), and Cr(VI)) could not prevent AuNPs
from aggregating. The repeatability of the sensors is good, with all RSDs within +4%.
sBMP had a linear detection range of 0.59-100 ppb with a LOD of 0.18 ppb, which was the
second lowest among the reported arsenic sensors. Pb(II) and Na(I) ions did not interfere
with the sensor sBMP at concentrations of up to 500 ppb, while iodide ions interfered
significantly at a concentration of 100 ppb. Four real samples (tap water, rainwater, lake
water, and MetalProg factory effluent) with or without spiking of 100 ppb As(III) were
measured using the sSBMP method. The BMP and AuNP-assisted colorimetric results from
all samples with and without spiking of 100 ppb As(Ill) agreed well with those determined
using inductively coupled plasma—optical emission spectroscopy (ICP-OES). This demon-
strates the advantages of IL- and AuNP-assisted arsenite sensors for the analysis of real
samples in overcoming their matrix effect, which is usually very challenging for many
other approaches and sensors.
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