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Abstract: A simple and rapid positive–negative colorimetric approach to determine the presence of
antimony ions based on the use of gold nanoparticles conjugated with oligonucleotide (poly-A
sequence) is developed. Colorimetric measurements reveal that the aggregates of modified gold
nanoparticles were afforded after adding antimony ions, thus changing the solution color from pink
to blue. The results of aptamer’s interaction on the gold nanoparticle surface with target analyte can
be detected either by photometry or by the naked eye. The realized assay provides rapid (2 min),
sensitive (detection limit 10 ng/mL), specific, and precise (variation coefficient less than 3.8%)
detection of antimony (III) in drinking water.
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1. Introduction

26
27
28
29
30
31

Heavy metals are a class of highly toxic pollutants that can affect human health and the
environment. Antimony pollution is of increasing interest because of its wide use in various
industries including semiconducting [1]. Normally, antimony occurs in different forms in
environmental water as a result of the oxidation of sulfide minerals and dissolution by water [2]. Its
biological function, permissible levels, and mechanisms of interaction with biological materials
remain poorly understood. To answer these questions, Filella et al. showed its binding by iron oxide
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phases [3]. In this case, compounds of antimony have a valency of 5. Due to rock disruptions and
increased consumption by industry, antimony can be easily emitted into the environment [4].
Antimony basically occurs as Sb2S3 and Sb2O3 compounds [3]. Sb3+ is more toxic than Sb5+, and Sb can
form bonds with methylated and other organic compounds [5].
The importance of antimony detection is confirmed by the fact that the U.S. Environmental
Protection Agency (EPA) regards it a priority pollutant and the Council of the European
Communities [6] established the maximum permissible concentration of antimony in waters at 0.01
mg/L. However, the task of widespread monitoring of antimony is not yet solved. High-performance
liquid chromatography [7], electrothermal atomic absorption spectrometry [8-10], atomic
fluorescence spectroscopy [8], anodic stripping voltammetry [11,12], and multi-syringe flow injection
analysis with hydride generation-atomic fluorescence detection [13] are currently the main methods
for Sb3+ detection. However, the listed approaches require expensive equipment and high
qualification of workers, and can be implemented only in limited quantity of laboratories.
Currently, a range of easy and cheap colorimetric techniques has been proposed to determine the
presence of antimony [7,14-17]. The first technique was based on antimony hydride generation and
its detection by UV-spectrophotometry [7]. Various indicator dyes, such as pyrogallol red [15],
pyridine-2,6-dicarboxylic acid [18], brilliant green, malachite green and crystal violet [16, 19], and
bromopyrogallol red [16], are traditionally used for these assays. These dyes are used due to their
property of form colored complexes with target antimony ions [15,] with followed assessment of
absorbance. The developed colorimetric techniques are based on complexation of antimony with
organic molecules allowing the colored product to be detected spectrophotometrically.
Alternatively, the colorimetric approaches based on modified gold nanoparticles (GNPs) are
widely applied due to their unique optical properties [20]. Aggregation of GNPs modified with
receptor molecules after the addition of metal ions can change the original color of GNPs from red to
blue [21-23]. However, selective induction of the aggregation should be based on specific recognition
of the target metal ion. Increasing the selectivity of this method can be achieved by modifying the
GNPs’ surface using an aptamer poly-A oligonucleotide (PAO). Aptamers are oligonucleotide
receptors that can react with the target molecule with high affinity and selectivity. A number of
aptamers have been used to detect heavy metal ions [24], such as Hg2+ [25], Pb2+ [26], Cd2+ [27], Ag+
[28], and As3+ [29]. The majority of these solutions are based on a heterogeneous interaction on solid
surfaces and therefore require additional equipment to detect induced changes [30]. Carrying out the
reaction in a homogeneous medium with visually observed changes is an undoubted advantage.
Aggregation of aptamer-modified GNPs after adding target analyte allowed rapid color change. To
the best of our knowledge, there has been no research on aptamer application for Sb3+ detection. The
study presents the first homogeneous colorimetric Sb3+ н assay based on aptamer-modified GNPs.
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2. Materials and Methods
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2.1. Chemicals
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The aqueous solutions of Sb3+, Zn2+, Fe3+, Cu2+, Ag+, and Sn4+ were obtained from LLC “Center of
standardization of samples and high-purity substances” (2K-1, St. Petersburg, Russia) and used as
stock solutions. Gold chloride was supplied by Fluka (St. Louis, MO, USA). Sodium citrate,
tris(hydroxymethyl)aminomethane (Tris) and bovine serum albumin were purchased from SigmaAldrich (St. Louis, MO, USA). The (SH-C6)AA-AAA-AAA-AA oligonucleotide was synthesized by
Syntol (Moscow, Russia). Milli-Q water filtered with the use of a Millipore machine (Millipore,
Bedford, MA; 18.5 MΩ ·cm at 22 °C) and applied to prepare all the solutions in this study.

76

2.2. Instruments and Measurements

77
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The shaker Intelli-Mixer (ELMI, Riga, Latvia) was used for conjugate synthesis. Absorption
spectra of GNPs and their conjugates with PAO were measured by Biochrom Libra S80
spectrophotometer (Biochrom, Cambridge, UK). The morphology of GNPs was characterized by
transmission electron microscopy (TEM) using microscope model JEM CX-100 (Jeol, Japan). Dynamic

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 November 2019

doi:10.20944/preprints201911.0002.v1

3 of 15

81
82

light scattering (DLS) measurements were implemented using a Malvern Zetasizer Nano (Malvern,
UK).
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2.3. Preparation of Gold Nanoparticles
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The 30mn spherical GNPs were synthesized by citrate reduction of HAuCl 4 solution based on
[31] with modifications. A quantity of 1.5 mL of 1% sodium citrate was rapidly added to 97.5 mL of
boiling deionized water containing 0.2 mL of 5% HAuCl4 solution and kept boiling for 25 min. Then,
the mixture was cooled to room temperature and stored at 4–6 °C in liquid form. The concentration
of synthesized GNPs was 1,66169E+11 particles in 1 mL of sol.
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2.4. Preparation of poly-A Oligonucleotide Immobilized GNPs
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Although freshly prepared gold nanoparticles can be stored at least 3 months without loss of
stability, it is preferable to conjugate them with proteins or oligonucleotide sequences within two
weeks of the synthesis. The conjugation technique was based on [32] with modifications. The pH of
the obtained GNPs was adjusted to 8.5 using 1 M NaOH. Then, 30 l of PAO solution (with the initial
concentration of 100 M) was added to 1 mL of GNPs. After 10 hours incubation at room temperature
(RT) under stirring with the Intelli-Mixer, 30 l of 100 mM phosphate buffer (pH 7.5) containing 700
mM NaCl was added drop-by-drop and left stirring for 24 h under the same conditions. Then, 10 µ l
of 10% BSA (water solution) was added to stabilize the conjugate and left for 1 hour at RT. The
obtained GNPs–PAO conjugate was purified from unreacted oligonucleotides by 3-fold
centrifugation at 9500 g and +4 °C for 15 min. The supernatant contained an excess amount of
oligonucleotide, stabilizing protein was removed, and the resulting pellet was re-dispersed in 25 mM
Tris-HCl buffer (pH 7.8) with 300 mM NaCl and stored at +4 °C in liquid form. Conjugates are stable
1 year after the synthesis.
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2.5. Characterization of Native Gold Nanoparticles and poly-A Oligonucleotide Immobilized GNPs
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The characterization of native and modified gold nanoparticles was provided by TEM and DLS.
Native and conjugated nanoparticles suspensions were applied to 300-mesh grids (Pelco
International, Redding, CA, USA) coated with a support film of polyvinyl formal deposited from
chloroform. A JEM CX-100 electron microscope (JEOL, Tokyo, Japan) operating at 80 kV was used to
obtain the microphotographs. The digital images were analyzed using Image Tool software
(University of Texas Health Science Center, San Antonio, TX, USA). To analyze nanoparticles, 7 µ L
of suspension with optical density 1.0 was dropped on the grid surface.
Dynamic light scattering of gold nanoparticles–aptamer conjugate and freshly synthesized gold
nanoparticles was provided using a Malvern Zetasizer Nano (Malvern, UK). Statistical data
processing was performed using the software Malvern software version 7.11 (Malvern, UK). Size
determination of native particles and conjugates was performed in the range from 0.3 nm to 10 μm
using NIBS technology. For this purpose, 200 µ L Milli-Q water was mixed with 10 µ L of
native/conjugated gold nanoparticles and transferred to the tube for DLS technique. GNP–PAOs and
GNPs were analyzed in a mixture of water containing antimony in the same way.
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2.6. Colorimetric Assay of Antimony
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The detection of Sb3+ was performed at RT. Various concentrations (0.5–1000 ng/mL) of Sb3+ were
prepared using serial dilution of the stock solution. A quantity of 2.5 l of GNP–PAO solution was
added to 50 l of the Sb3+ solutions. The color change and the absorbance at 620 nm were measured
immediately and the result obtained after 2 min (due to the speed of scanning).
To determine the assay’s selectivity, it was applied to solutions of other ions, including alkali
+
(Na , K+, Li+, and Cs+), earth alkali (Mg2+, Ca2+, Sr2+, and Ba2+), transition (Mo2+, Mn2+, Fe3+, Co2+, Ag+,
Cd2+, Cu2+, Zn2+, Hg2+, Ni2+, and Cr3+), and post-transition (Al3+, Sn4+, and Pb2+) metals; metalloids (As3+
and Sb3+); and lanthanides (La3+). Some anions were also tested as they are often present in
environmental and mineral waters (Cl-, NO3-, and SO42-).
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The tested drinking water samples were purchased from the local market and analyzed in the
same way. These samples were spiked with antimony (III) stock solution to make positive samples
for analysis with known ion concentrations.
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3. Results and Discussion
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3.1. Principle of Antimony Detection
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To determine the presence of Sb3+ ions, the thiolated PAO was conjugated with GNPs via the
strong Au-S bond. In the absence of Sb3+ ions, the PAO-modified GNPs dispersed well in the solution
due to their stability. Some authors suppose that the aptamers stabilizing GNPs are in the coil state
before meeting a target [33]. When added Sb3+ binds specifically with the aptamer, the PAO–GNP
switches from a dispersed state to an aggregated state with a substantial change in the absorption
spectra (Figure 1).
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Figure 1. Principle of colorimetric determination of Sb3+ based on aggregation of modified gold
nanoparticles (GNPs).
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The poly-A sequence was used because of its particular reaction with ions as revealed in
preliminary results. The interactions of poly-A oligonucleotide with a variety of ions (Hg2+, Pb2+, As3+,
Sr+, Cd2+, Ba2+, Co2+, and Mo2+) as standard solutions and salts MgSO4, NH4VO3, CsCl, Li2SO4, Na3VO4,
CrCl3, Bi(OH)2NO3, Na2WO4, (CH3COO)2Ni, CaCl2, and La(NO3)3 of chemical purity dissolved in 0.1
M HNO3 were tested. The technique used for choosing a target for selective analysis is described in
Materials and Methods. GNPs, modified with poly-A DNA, were mixed with solutions of the ions of
interest and changes in optical density were measured. Observed color changes indicated the
sensitivity of the chosen oligonucleotide to the detected ions. The experiments revealed a high
specificity with respect to Sb3+ at a low concentration (10 ng/mL). The simple and quick interaction
achieved with the use of GNPs modified with PAO also provided optimal sensitivity in ion
determination. A complete list of ion interactions with the oligonucleotide sequence is presented
below in Section 3.4.
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3.2. Characterization of PAO–GNPs Conjugate
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Conjugation of GNPs was provided with the use of 3 µ M of PAO. This concentration was chosen
in accordance with our previous study [21] to stabilize GNPs. The prepared native and PAOmodified GNPs were characterized by absorbance spectroscopy, and TEM (Figure 2). Maximal
absorption for native GNPs was at 525 nm, which corresponds to the GNPs at around 30 nm in
diameter [34]. With the abovementioned techniques, we estimated that the average diameter was 27.3
± 5.7 nm, confirmed by TEM. For this analysis, 127 particles were counted. The same value for GNP–
PAOs was 29.7 ± 1.6 nm (TEM). The difference between the average sizes determined by these
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techniques could be explained by the drying of the oligonucleotide hydrophilic layer on GNP–PAOs
allocated to the mesh grid before TEM. Michen et al. [35] studied similar effects when preparing
GNPs stabilized with bovine serum albumin. In our research, oligonucleotides of small size (around
5 kDa) were used to modify GNPs, whereby a hydrophilic layer formed due to the presence of
hydrophilic groups of adenine. Moreover, GNPs and PAO were conjugated in buffer with high ionic
strength, which caused linear conformation of the oligonucleotide and necessary stabilization of the
GNPs [36]. According to the modeling and experimental work of Michen et al. [35], the difference in
the size of the modified nanoparticles is due to differences in the environment when analyzing
dissolved (DLS) and dried (TEM) preparations.

(a)

(b)
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Figure 2. Transmission electron microscopy (TEM) images of unmodified GNPs (a) and PAOmodified GNPs (b).
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Characterization of gold nanoparticles modified with PAO, as well as native GNPs, was
provided by DLS technique. To show the impact of the oligonucleotide sequence, nanoparticles were
added to the water solution with known concentration of antimony (III), and all the samples were
then measured in three replicates. Unmodified GNPs showed no sufficient increase in size before
(28.8 ± 5.0 nm) and after (38.6 ± 8.2 nm) addition of antimony ions (Figure 3). This indicates that in
the absence of surface modification, interaction did not take place. In contrary to this result, presence
of the oligonucleotide sequence on the gold surface leads to the formation of complexes detected by
this technique. Thus, modification of GNPs by PAO led to an increase in the diameter of a carrier to
57.8 ± 5.3 nm compared to freshly synthesized nanoparticles (28.8 ± 5.0 nm). Addition of antimony
(III) to the reaction media led to an increase in the average diameter due to the formation of
aggregates (128.9 ± 4.2 nm). This difference indirectly confirms the contribution of the oligonucleotide
sequence to the interaction with antimony (III) ions, and demonstrates the possibility of applying this
type of modification for the detection of target ions.
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Figure 3. Results of dynamic light scattering (DLS) characterization of native and PAO-modified gold
nanoparticles in absence and presence of antimony at 10 ng/mL in the solutions (n = 3).
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3.3. Colorimetric Detection of Antimony (III)
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A simple assay protocol was developed using the obtained GNP–PAO conjugate for colorimetric
determination of Sb3+ in water. To appreciate the detectable minimal concentration of Sb3+, different
amounts of Sb3+ aqueous solution were added to the solution of PAO–GNPs. At low concentrations
of Sb3+, the color of the solution is pale red (due to the dilution of PAO–GNPs). As the concentration
of Sb3+ increases, the additional amount of target ions results in an immediate color change to blue.
We can observe the interaction results by the naked eye. In addition, the optical density at 620 nm
was measured. This wavelength has been chosen in previous studies on colorimetry [21]. According
to experimental data, when comparing the optical densities at 595 and 620 nm for the entire studied
range of metal ions, it was revealed that the maximum signal (A = 0.8) for antimony ions was reached
at 620 nm. The signal in the presence of other ions at 595 nm is minimized when the wavelength is
changed to 620 nm. The chosen wavelength of 620 nm corresponds to the absorbance band of the
formed gold aggregates. The obtained dependence of optical density intensity over the Sb3+
concentrations is given in Figure 4.
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Figure 4. Calibration curve for Sb3+ detection (with the use of GNP–PAO conjugate). The value of 0.55
indicates the absorbance of gold conjugate at 620 nm in the absence of antimony. The points above
and to the right of optical density 0.5 correspond to the blue color of the final reaction mixture, and
the points below and left of this level correspond to pink (y = 0.76 + (0.50-0.76)/(1 + (x/6.6)^3.19), (R2 =
0.95)). All experiments were undertaken in three replicates. Standard deviations from the mean were
in the range 2.1%–5.8%.
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The concentration of 10 ng/mL caused sharp structural changes with loss of gold conjugate
stability in the solution. The interaction of aptamers with the target can be characterized by a gentle
interaction curve if saturation occurs slowly. However, in some cases, the transition from a change in
properties occurs abruptly, when saturation with the analyte leads to a loss of system stability. The
same characterization of dependence was observed by Gordon et al. [37]. Figure 4 clearly
demonstrates that sharp changes of optical density can be formally described by four-parametric
equation. This fitting was done for estimation of analytical characteristics of the developed technique.
However, taking into account the absence of the working range, this technique cannot be
characterized by the “added-founded” method. Figure 5a shows the absorbance spectra of the
reaction mixture containing PAO–GNPs in the presence of different concentrations of antimony (III).
As can be observed, the spectrum varies depending on the concentration of the determined ions.
When the Sb3+ concentration increased from 5.0 to 20 ng/mL, an additional band and shoulder
between 600 and 730 nm at the absorbance spectrum occurred and optical density at 620 nm was
increased, respectively. At the same time the position of the main absorbance peak for gold nanodispersed particles remains the same with a slow shift to the right from 529 nm for the GNP–PAOs
without antimony to 542 nm for the GNP–PAOs at high antimony concentration.
If the position of the absorption peak is unchanged, an additional shoulder appears on the right
side of the spectrum (600–730 nm).
In a range of 0-3 ng/mL, the color solution was red. However, after 10 ng/mL Sb3+ was added,
the solution turned purple due to Sb3+-stimulated aggregation corresponding with absorbance and
DLS data (Figure 5b). This figure indicates the similarity of the behavior of parameters. Thus, growth
of optical density (Figure 5b, blue curve) correlated well with the nanoparticle size determined by
DLS (Figure 5b, red curve). Therefore, the presence of Sb3+ at concentrations of 10 ng/mL or higher
leads to aggregation of modified GNPs.

235

(a)

236
237
238
239

(b)

Figure 5. (a) The absorbance spectra of PAO-immobilized GNPs after different additions of Sb3+
(normalized spectra, after subtracting the corresponding background signal); (b) the value of optical
density (lower) and average hydrodynamic diameter (upper) of conjugated GNPs. All experiments
were undertaken in three replicates.
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Characterization of PAO–GNPs by TEM additionally confirmed aggregate formation (Figure 6).
The concentration of Sb3+ estimated as 10 ng/mL corresponds to the ion’s permissible levels in
drinking water [6].

243
244

Figure 6. TEM image of PAO-modified GNPs after interaction with Sb3+ (10 ng/mL).
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3.4. Selectivity Test

246
247
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253
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It is well known that the chemical composition of water in natural environments varies in
accordance with the predominance of weathering, dissolution of atmospheric gases, and leaching of
salts from ore [38]. Indeed, natural (e.g., river, lake, spring) waters have a different composition [39].
In the study we tried to cover the maximum diversity of ions by considering both widely presented
environmental contaminants and agents influenced by such types of reaction [40] to make sure there
is no influence of external ions.
Figure 7 demonstrates the difference in intensities of optical density at 620 nm. As seen,
insignificant nonspecific changes were observed. Only Sn 4+ and As3+ influence the determination of
Sb3+. However, the influence from As3+ is only observed when its concentration exceeds 1 mg/L,
whereas an allowable concentration of As3+ in a drinking water is 0.01 mg/L [41]. As for the tin ion
(Sn4+), finding it in this form is almost impossible. Moreover, the content of tin ions is not
standardized in drinking water. Despite this, we note this effect in this study.

258
259
260
261

Figure 7. The values of A620 for GNP–PAOs after adding 50 ng/mL ions. The value of 0.55 indicates
the absorbance of gold conjugate at 620 nm in the absence of antimony. The dashed line indicates the
border between background staining (red, below this line) and reliable signal (optical density, blue,
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above this line). Concentrations of the corresponding ions used: Sr 2+, Ba2+ - 10 mg/L; Mo2+, Mn2+, Zn2+,
Hg2+, Co2+, Ag+, Cd2+, Cr3+, As3+, Cu2+, Pb2+, and Fe3+—1 mg/L. All experiments were undertaken in
three replicates.

265
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268
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274
275

Alkali metal ions (Na+, K+, Li+, and Cs+) did not affect the assay results up to the concentrations
of 22.5 mg/L, and the optical density value continued to correspond to the blank solution. Earth alkali
metals (Mg2+, Sr2+, and Ba2+) did not influence the conjugate PAO–GNPs’ stability, at least at 10 mg/L
and Ca2+ at 13.5 mg/L. Nickel ions (Ni2+) at 4 mg/L did not cause the aggregation of the used PAOmodified GNPs. Such ions as Mo2+, Mn2+, Zn2+, Hg2+, Co2+, Ag+, Cd2+, Cu2+, and Fe3+ were taken at the
concentration 1 mg/L, and aggregation did not occur. Chromium ions (Cr3+) did not influence the
stability of conjugates at 1 mg/L but influenced it at 1.8 mg/L. It should be noted that even the first
concentration exceeded the maximum permissible level for drinking water. The chosen anions did
not alter optical density even at 22.5 mg/L for chloride, 20.5 mg/L for sulfate, and 20.0 mg/L for nitrate
ions. The low influence of other ions as interferences is explained by the selective interaction of the
oligonucleotide sequence with Sb to induce aggregation.

276

3.5. Real sample analysis.

277
278
279
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To further demonstrate the applicability of this method, commercial drinking water was applied
as a diluter for stock solution of Sb3+. The absence of Sb3+ in water samples is confirmed by a quality
certificate from the manufacturer. Different concentrations of Sb3+ ions (0.5–1000 ng/mL) spiked the
water sample with its following testing. The results presented in Figure 8 indicate this method is free
from the matrix effect of drinking water. The relationship between optical density and Sb 3+
concentration continues to be the same as for the calibration curve. Due to a sharp change in optical
density at a concentration of 10 ng/mL, we can only identify positive or negative results. A blue color
indicates a positive result, and red shows a negative result of Sb3+ assays.

285
286
287
288
289

Figure 8. Dependence of optical intensity for detecting Sb3+ in drinking water (n = 3). The points above
and to the right of optical density 0.5 correspond to the blue color of the final reaction mixture, and
the points below and left this level correspond to pink (y = 0.66 + (0.43-0.66)/(1 + (x/10.05)^1.38), (R2 =
0.98)). All experiments were undertaken in three replicates.

290

3.6. Estimation of Analytical Characteristics

291
292
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The simple and rapid analytical technique developed was characterized with the following
analytical parameters. The first calibration curve obtained when ions were diluted by the distilled
water is shown in Figure 4. Despite the development of positive–negative analysis, this calibration
curve can be conditionally described by the four-parameter sigmoidal equation (y = A2 + (A1-A2)/(1
+ (x/x0)^p)) to demonstrate the nonlinear dependence. In accordance with this fitting, the detection
limit was estimated as 3.2 ng/mL of antimony ions with a relatively narrow range of detectable
concentrations from 4.2 ng/mL to 10.5 ng/mL. Such a narrow distribution is explained by the loss of
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stability of applied PAO–GNP conjugate. Color transition is observed by the naked eye when the
concentration of antimony reached 10 ng/mL. Similar results were obtained when distilled water was
changed to actual drinking water (Figure 8). The detection limit of antimony in the real sample was
estimated as 2.0 ng/mL, with the range of determined concentrations from 3.7 ng/mL to 25 ng/mL.
The average error of detection is from 0.3% to 3.8% in inter-assay. According to these data, our results
are promising in analytical sensitivity (LOD = 10 ng/mL), duration of analysis (2 min), and
reproducibility (error of determination is less than 3.8% in three replicates). The present study
confirmed the applicability of developed colorimetric techniques to determine Sb3+ as compared to
the known methods. Table 1 shows publications related to Sb3+ determination by the different
analytical techniques.

308

Table 1. Described assays for the determination of antimony.
№

Heavy
metal

Sensing unit

Detection method

LOD,
Dynamic range

Probe

Ref.

Copper

[42]

0.083 ng/mL
0.012–0.11 g/mL

Seawater samples
and
pharmaceutical
preparations

[43]

Gold nanoparticlemodified carbon
screen-printed
electrodes

0.115 ng/mL
0.012–0.11 g/mL

Seawater samples,
drug samples

[44]

Mercury film screenprinted electrode

1.54 ng/mL
1.2–10.1 ng/mL

Pharmaceutical
preparations and
seawater

[12]

Tap water and a
commercial
mineral water

[45]

As3+: 0.022 ng/mL
Sb3+: 0.046 ng/mL

Seawater and tap
water

[9]

As3+: 2.3 ng/mL
Sb3+: 3.0 ng/mL

Seawater and tap
water

[10]

Tap and mineral
water

[46]

Hot spring
samples from
New Zealand

[18]

Soils and alfalfa
samples

[8]

Sophisticated instrumental methods

1

2

As3+,
Sb3+

Gold film electrode

Sb3+

Silver nanoparticlemodified screenprinted electrodes

3

Sb3+

4

Sb

5

As3+: 1.12 ng/mL
5.5–0.5 g/mL

3+

Sb3+

Sb3+: 0.56 ng/mL
2.6–0.6 g/mL

Quercetin-5´sulfonic acid

Anodic stripping
voltammetry

Adsorptive stripping
voltammetric method

3.6 pg/mL (60s) and
1.6 pg/mL (180s)
1.0–5.0 ng/mL

6

As3+,
Sb3+

AgNPs as a modifier

7

As3+,
Sb3+

GNPs

8

Sb

9

10

3+

Sb3+,
Sb5+

Sb3+

-

Electrothermal atomic
absorption spectrometry

Trap-flame atomic
absorption spectrometry

EDTA and pyridine2,6-dicarboxylic acid
for chelating
reaction with Sb

Anion exchange highperformance liquid
chromatography

-

Electrothermal atomic
absorption spectrometry

0.75 ng/mL
5.0–10.0 ng/mL
Sb5+: 0.5 g/mL
Sb3+: 0.8 g/mL
5–200 g/mL
0.45 g/mL
0-50 g/mL
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11

12

13

14

Sb3+

Sb

3+

Sb3+

Sb

3+

-

Hydride generation coupled
to atomic fluorescence
spectroscopy

-

Multi-syringe flow injection
analysis with hydride
generation-atomic
fluorescence detection

BSA activated
(TGA)-capped CdTe
quantum dot nanosensor

Fluorescence

-

Atmospheric pressure glow
discharge atomic emission
spectrometry

15

Sb3+

Absorbance at 198
nm after hydride
generation

16

Sb3+,
Bi3+

Pyrogallol red

Sb3+,
Sb5+

Pyrogallol
(complexing agent)

Sb3+

Bromopyrogallol
red

16

0.08 g/mL
0.25–250 g/mL

Soils and alfalfa
samples

[8]

0.08 ng/mL

Hard drinking
water, filtered and
diluted lake water

[13]

Artificial pond
water, spring
water, sewage

[47]

Groundwater
samples

[48]

3–440 g/mL

PVC sample

[7]

0.05–5.0 g/mL

River, tap, and
industrial
wastewater

[14]

Commercial
sample of
Glucantime®

[15]

Samples of
Glucantime

[16]

Contaminated
waters

[17]

Drinking water

This
stu
dy

0.2–5.6 ng/mL

0.0294 ng/mL
0.10–22.0 g/mL

UV-visible molecular
absorption
spectrophotometry with
diode-array detection
-correction
spectrophotometry

0.14 ng/mL
0.5–100 ng/mL

0.2–3.2 g/mL
Sb5+: 1.26 g/mL
Sb3+: 4.84 g/mL

UV–vis spectroscopy

0.2 μg/mL
17

spectrophotometry

5.19±0.16–10.52±0.15
mg/mL

Non-instrumental methods

18

19

Sb

Yellow potassium
iodoantimonite
KSbI4

Sb

GNPs modified with
PAO

3+

3+

Colorimetry

0.6 μg/mL
0–5 μg/mL

Colorimetry

2.0 ng/mL
(instrumental LOD)
10 ng/mL (visual
LOD)

309

3.7 The discussion of the interaction mechanism of antimony (III) with poly-A modified gold nanoparticles

310
311
312
313
314
315
316
317
318
319

The mechanism of interaction of metals and metalloids with DNA and proteins has become of
interest to researchers since the successful use of compounds against tropical diseases began [49]. In
particular, antimony preparations were used against leishmaniasis [50]. To understand the
mechanism, previous investigations are helpful. In some investigations, antimony acts as a
complexation agent when interacting with organic compounds, with the resulting salts as
stibogluconate or meglumine antimonite due to their properties to provide hydroxyl groups [49]. In
the investigation by Baiocco et al., authors [51] studied the mechanism of action of an antileishmaniosis drug with antimony compounds as the main components. Some molecules targeting
antimony, trypanothione synthetase and trypanothione synthetase [52], are involved in this
mechanism. Influencing the oxidative stress of bacteria also happens when antimony (III) blocks the
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320
321
322
323
324
325
326
327
328
329
330
331
332
333
334

reduction of the above-mentioned enzyme by NADPH and interacting with two catalytical cysteines
(Cys52 and Cys57) in the active center [53].
Demicheli et al. [54] studied the interaction of antimony (V) with adenine nucleosides. Since the
mechanism of interaction of antimony with targets in human organisms is not clear, the authors tried
to understand how the interaction of this agent with nucleosides and nucleotides is possible. For its
study, adenine was chosen as the nitrogen base. Authors used circular dichroism and NMR studies.
Based on the obtained results, they concluded that Sb(V) seems to bind to the ribose moiety. This
means that antimony can bind to ribose-containing compounds as ribonucleosides.
Investigation of antimony (V) compounds with DNA showed no interactions [55]. Contrary to
these results, linking of antimony (III) to DNA structures was estimated by short column capillary
electrophoresis-ICP-MS assay [55]. During this investigation, authors confirmed interaction of ribose
moieties. Thus, having preliminary studies on this subject in hand, we assume that, most likely,
trivalent antimony interacts with ribose nucleotide residues. In this case, the antimony (III) ion is
involved in the complexation and convergence of several gold nanoparticles modified with poly-A
sequences. Upon critical approach, the modified particles lose stability and forms an aggregate.

335

4. Conclusions

336
337
338
339
340
341
342
343
344
345

We propose a novel, simple, and selective colorimetric assay for Sb3+ ions using gold
nanoparticles conjugated with poly-A oligonucleotide. This approach is based on an 3333 of modified
gold nanoparticles after the addition of Sb3+ into the solution as seen by the naked eye. The color of
the resulting mixture turns from pink to blue at 10 ng/mL, corresponding to the maximum
permissible level of target analyte in drinking water. Advantages of this assay are its ease of detection,
high sensitivity, and selectivity. The demonstrated approach and research results will allow the use
of aggregation methods for the determination of metal ions and the development and study of the
capabilities of this technique. The developed method is promising for determining the presence of
Sb3+ in drinking water due to the identity of the detection limit of the developed method and the
maximum permissible concentration of antimony (III) in drinking water.
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