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In this paper we describe a simple colorimetric method for the sensitive and selective detection of Ba* ions,
using 11-mercaptoundecylphosphonic acid functionalized gold nanoparticles (AuNPs—MPA) in aqueous
solution. With increasing concentration, Ba?" ions induced aggregation of AUNPs—MPA, causing
a change in color of the colloidal solution from pink to blue. The detection result was monitored using
the naked eye and UV-Vis spectroscopy. The maximum absorption was located at 625 nm. The stability
of AUNPs—MPA and detection of Ba>* by AuUNPs—MPA was investigated at different pH values (pH = 3, 4,
5,6,7, 89,10, 11, 12). Results indicated that AUNPs—MPA at pH 6 were the optimal choice for detecting
Ba2* ions. The detection limit for Ba®* was found to be 43.27 umol L™ (R? = 0.9901) within a range of
20-120 pmol L1, In addition, the selectivity of this method was investigated using other metal ions. The
AUNPs—MPA was selective for Ba* compared with other metal ions (Li*, Na*, K*, Mg?*, Ca®*, Sr**, Ba®",
Mn2*, Fe?*, Co?*, Ni?*, Cu?*, Zn?*, Cd?*, Hg?*, Sb>*, Bi**) leading to a remarkable color change.
Moreover, the developed cost-effective probe has been successfully applied to real drinking and tap
water samples which demonstrated the potential for field applications.
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1. Introduction

Heavy metal pollution in aquatic systems and soil has become
a serious threat to human health and the environment.* Barium
(Ba) is considered as a heavy metal and is widely used in
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a variety of industrial processes, such as electroplating, the
glass industry, the petroleum industry, alloying and fixing
pigments, and in corrosion protection films. To date pollution
of water by Ba®>" ions is still the most common.>* Barium
compounds are also used in paint, bricks, ceramics, glass and
rubber.? Ba®>" contaminates soil and water, and violently reacts
with the latter to form salts. All barium salts, especially the
water and acid-soluble compounds are highly toxic (for
example, barium sulphide).>® High concentrations of Ba in
water used for irrigation have toxic effects on plant life.”® The
soluble form of Ba can be accumulated by plants; this may
result in toxicity for other organisms because accumulated Ba
can be transferred to animals.”® The selective and sensitive
barium is important because, in low doses, barium acts as
a muscle stimulant, while in higher doses it affects the nervous
system, causing cardiac irregularities, increased or decreased
blood pressure, tremors, weakness, anxiety, dyspnea, changes
in heart rhythm or paralysis and possibly death.® At present,
water pollution by Ba®>" ions are still very common. In this
context, several methods have been used for detection of heavy
metal ions, including Ba®; such as, fluorescent chemo-
sensors,'>" inductively coupled plasma mass spectrometry
(ICP-MS),"* voltammetry*® and spectrophotometry,™ proving
much more sensitivity and reliability than colorimetric
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methods and other procedures. However, these methods
require expensive instruments, tedious sample preparation,
more time for analysis and these are not suitable for on-site
assays. Therefore, the development of simple and rapid colori-
metric method, a lower cost and less response time, that can be
used in metal ions assays in environmental samples is
necessary.

In recent years, gold nanoparticles (AuNPs) have been amply
studied, and used in a wide range of applications including:
optical sensors, electronics, surface-enhanced Raman spec-
troscopy and colorimetric probes. Colorimetric sensors based
on gold nanoparticles (AuNPs) are of particular interest because
they are simple and convenient; no sophisticated instruments
are required and the chemical interaction can easily be moni-
tored by color changes. Therefore, AuNPs are widely used for
analyte detection. For example, AuNPs are red in color; however,
AuNPs aggregates generated by different metal ions show
changes to other colors such as yellow, purple or blue.*>°

AuNPs display strong surface plasmon resonance (SPR)
absorption properties,**> which are extremely sensitive to size,
shape and interparticle plasmon coupling on analyte-induced
aggregation of AuNPs. These results in a color change from
red to blue that may be observed by the naked eye.****

Colorimetric assays have been widely used to detect mole-
cules such as oligonucleotides,* proteins,*® small molecules®
and metal ions.>®?° These assays are simple, rapid and, most
importantly, cost effective. On the other hand, Ba®>" ion detec-
tion by the colorimetric method using specially functionalized
gold and silver nanoparticles has been scarcely reported.****
To date, there are no reports detecting metals ions using
phosphonic groups, more specifically 11-mercaptoundecyl-
phosphonic acid (MPA) functionalized gold nanoparticles. One
of the advantages of using this ligand (MPA) is that it provides
a wide range on pH sensitivity due to their dibasic nature,
providing excellent stability in aqueous solutions under
extremes pH.*

In this work, 11-mercaptoundecylphosphonic acid (MPA)-
functionalized gold nanoparticles (AuNPs-MPA) were synthe-
sized and used as a colorimetric sensor to detect Ba**. The MPA
was attached to the surface of AuNPs using the thiol group via
the Au-S bond;**3¢ then, AuNPs-MPA were used for metal ion
detection. Other metal ions such as Li*, Na*, K", Mg®*, Ca*",
sr**, Ba**, Mn*", Fe**, Co*’, Ni**, cu®*", Zn**, cd*', Hg*", Sb*",
Bi** were tested for metal ion selectivity. Only the Ba®>" ion
caused aggregation of AuNPs-MPA.

2. Experimental section
2.1 Materials

Hydrogen tetrachloroauric(m) trihydrate (HAuCl,-3H,0), triso-
dium citrate, 11-mercaptoundecylphosphonic acid (MPA),
NaOH, polyvinyl alcohol, LiCl, NaCl, KCl, MgCl,, CaCl,, SrCl,,
BaCl,, MnCl,, FeCl,, CoCl,, NiCl,, CuCl,, ZnCl,, CdCl,, HgCl,,
SbCl;, BiCl;, were obtained from Sigma-Aldrich. All reagents
were of analytical grade and distilled water was used in all
experiments.
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2.2 Methods

UV-Vis spectra were recorded on a Shimadzu 1800 UV-Vis
spectrophotometer at room temperature. IR data were ob-
tained on an Alpha-Bruker Fourier-Transform Infrared Spec-
trometer. TEM images were obtained from a JEM-2010
transmission electron microscope.

2.3 Gold nanoparticle (AuNPs-MPA) preparation

AuNPs were produced by reduction of HAuCl,-3H,O with tri-
sodium citrate in aqueous solution.>***3* Briefly, HAuCl,-3H,0
(100 mg, 0.25 mmol) was dissolved in 200 mL water and the
solution was heated (temperature = 80 °C) while stirring. A
trisodium citrate (40 mmol L™ ") solution was rapidly added with
intense stirring. After the color had changed from pale yellow to
wine red, an aqueous solution of 11-mercaptoundecylphos-
phonic acid (81.7 mg, 0.3 mmol), containing an equivalent
amount (0.0022 mg, 0.3 mmol) of sodium hydroxide, was added
to the colloidal gold suspension. The solution was stirred for 1 h
and then diluted to 250 mL with distilled water. In order the
remove excess trisodium citrate and MPA, the colloidal
suspension was dialyzed in an aqueous medium. Unwanted
large aggregated particles were removed from the suspension by
filtration through a 0.45 pm nylon filter. Finally, AuNPs-MPA
were collected and stored at room temperature for later use. UV-
Vis spectra were obtained at 530 nm to AuNPs-MPA.

2.4 Colorimetric detection of Ba**

To test the sensitivity of AuNPs-MPA, one mL aliquots of solu-
tion containing AuNPs-MPA were taken to prepare 10 mL
aqueous solution samples, using PVA 1% as a stabilizing agent,
then increasing concentrations of Ba>* (20-300 umol L™ ") were
added using the stock solution. The pH was adjusted to 3-12
using acetic acid/sodium acetate (0.1 M), as buffer. We investi-
gated the selectivity of AuUNPs-MPA for Ba** with other metal
ions: Li*, Na*, K*, Mg**, Ca®", sr**, Ba®*, Mn*", Fe**, Co”", Ni*",
cu”', Zn*', cd**, Hg”", Sb*", Bi*" under the same conditions.

Subsequently, 1.0 mL samples of solution containing
AuNPs-MPA were separately mixed with the different metal ions
(100 pumol L™"). The mixtures were prepared at room tempera-
ture and then transferred separately into 1.5 mL quartz. Their
SPR  absorption bands recorded by UV-Vis
spectrophotometer.

were

2.5 Colorimetric detection of Ba>* in real samples

Drinking water and tap water were collected in Los Mochis,
Sinaloa, Mexico and filtered through a 0.45 pmol L'
membrane. A 0.0001 mol L™" standard solution of Ba®" was
prepared. A series of dispersions was prepared using 1.0 mL of
AuNPs-MPA and 20-300 pmol L™ of Ba®>". The pH was adjusted
to 6 using acetic acid/sodium acetate (0.1 M) as buffer. Subse-
quently, SPR absorption bands were recorded by UV-Vis
spectrophotometer.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 UV-Vis spectra of (-) AUNPs—citrate and (-) AUNPs—MPA.

3. Results and discussion
3.1 Characterization of AuNPs-MPA

AuNPs were prepared by reducing HAuCl,, with citrate as
reducing agent. MPA adsorbed on the gold nanoparticles by
thiol groups. Fig. 1 shows the optical absorption spectra of
colloidal gold before and after modification with MPA. The
surface plasmon band exhibits a slight red shift from 527 nm to
530 nm associated with MPA modification. This small red shift
is due to the increase in refractive index of the medium that
surrounds the nanoparticles.’” Maximum absorption of the
AuNPs surface plasmon resonance (SPR) was located at 530 nm,
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Fig. 2 (A) Typical TEM image of the AuNPs—MPA (scale bar: 200 nm
and 20 nm) (B) histogram of AUNPs—MPA particle size distribution.
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Fig. 3 FT-IR spectra of (A) MPA and (B) AuUNPs—MPA.

determined by UV-Vis spectrophotometer. TEM images showed
well-monodispersed AuNPs-MPA with a size ranging from 14 to
30 nm, average size of 20.8 nm (Fig. 2).

The AuNPs-MPA were also characterized using infrared
spectroscopy. IR spectra of MPA and AuNPs-MPA are compared
in Fig. 3. Note that the characteristic -SH stretching absorption
peaks at 2400-2250 cm ' corresponding to MPA have dis-
appeared in the AuNPs-MPA IR spectrum, suggesting that MPA
is coordinated with the gold atoms on the surface of AuNPs
through the Au-S bond.

The MPA IR bands are assigned as follows: 2920-2850 cm ™
for symmetric (vs) and antisymmetric (v,5) C-H stretching,
respectively, at 1465 and 1402 cm ™' for the scissoring mode (9),
at 1225 cm ™' P=0 (v), 1077 and 1006 cm " (v; and v, of PO3), at
950 and 930 cm ™" (v, P-OH), at 785 and 715 cm ™" are IR bands
assigned to CH, out of the plane (oop) and the P-C, respectively.
All these bands are consistent with previous studies of phos-
phonic acids.?*?*%

A broad band of the IR of AuNPs-MPA which appears at 3427
cm ! corresponds to OH groups of the citrate and P-OH of MPA
groups. The intensity of the P=0O band at frequency ~1220
em ! is clearly diminished, and a new band appears at a lower
wavenumber (1160 cm ™), associated with phosphonate groups;
in addition, the small peaks at 980 and 945 cm ™" assigned to P-
OH group moieties, concluding that these groups are deproto-
nated.** Two vibrational bands at 1590 and 1402 cm ™" are
assigned to the symmetric (vs) and antisymmetric (v,5) stretch-
ing of COO™ groups of citrate.*>** Data from complementary
techniques such as XPS and NMR suitable for study the binding
sites of phosphonic and thiol ligands to AuNPs, compare
favorably with our results.**"**

1

3.2 Interactions of AuNPs-MPA with various metal ions

The interactions of the AuNPs-MPA with various metal ions was
monitored by UV-Vis spectrophotometer and also by color
change visualized with the naked eye.

To evaluate the selectivity of AuNPs-MPA, various metal ions
were used: Li*, Na*, K, Mg”*, Ca**, sr**, Ba®>", Mn®>*, Fe**, Co*",
Ni**, cu®*, zn**, cd**, Hg?*, Sb*" and Bi** (100 umol L™') under

RSC Adv., 2017, 7, 31611-31618 | 31613
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Fig. 4 (A) UV-Vis spectra of AuNPs—MPA in presence of different
metal ions (100 pmol L™Y). (B) Images of AUNPs—MPA in presence of
various metal ions (100 pmol L™%).
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Fig. 5 Absorbance ratio (Agzs/As30) of AUNPs—MPA in the presence of
100 pmol L™ Ba* and other metals ions.

the same conditions (pH 6). Fig. 4 shows that only Ba>" causes
a shift in the plasmon absorption peak from 530 nm to 625 nm.
This red shift was observed as a color change from pink to blue.

The Ag,5/A530 data of AuNPs-MPA show excellent selectivity
of Ba>* over other metal ions (Fig. 5 and S17). Ba®" induced
remarkable aggregation of the AuNPs-MPA, and other metal
ions did not influence the absorption spectrum of AuNPs-MPA
indicating that no aggregation occurred. These results could be
evidence for the aggregation of AuNPs-MPA by Ba>" seen in the
TEM images shown in Fig. 6. Thus, the selectivity of AuNPs-
MPA for the detection of Ba** might be suitable for the detection
of Ba®" in environmental samples.

The sensing mechanism was explained in terms of the Lewis
acid-base theory that Ba®>* might coordinate with oxygen-
donating chelates and could form a stable Ba®** citrate and
phosphonate complex. To gain a clearer understanding of the

31614 | RSC Aadv., 2017, 7, 31611-31618
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Fig. 6 TEM image of AUNPs—MPA in the presence of Ba®* (100 puM).

interaction between AuNPs-MPA and Ba®>*, we used IR spec-
troscopy. The vibrational bands for AuNPs-MPA that were
observed in the IR spectrum were: at 2920-2850 cm ' C-H
stretching; at 1160 cm ™' phosphonate groups; at 1553 and 1392
em ' COO™ from the citrate compound. These appear with
a lower wavenumber in the vibrational bands obtained for
AUNPs-MPA + Ba®" (see Fig. S2 in ESIT). These shifts show that
AuUNPs-MPA and citrate interact with Ba®>" in aqueous
solution.*>*’

As shown in Fig. 7, aggregation of AuNPs-MPA in the pres-
ence of Ba>" is due to the binding of Ba>" ions through bonds
formed between phosphonic and COO™ groups that can be
captured by Ba**, producing a substantial shift in the plasmon
band to a longer wavelength and the mentioned color change
from pink to blue.

In addition, to investigate the metal-ligand interaction of
citrate ions with Ba®', Ba*' was added to unfunctionalized
AuNPs (AuNPs-citrate). This did not influence the surface
plasmon band shown by the UV-Vis results (see Fig. S3 in ESIf).
The color of the dispersions remained pink, implying that
citrate ions did not interact with Ba®"; therefore, functionali-
zation of AuNPs is necessary to detect Ba>".

O S,
W o 1 % O
——) IE—)
o Functionalized e 0 Ba?*
ith ligand
o wi [e)
AuNPs-citrate AuNPs-MPA

: o
OO
o o 1l
:AuNPs He) :Ba?* . —
O 'O)'\%_.’Ko- O:Ba )V HS\(/\)ﬁgHOH

Fig. 7 Illustrative description of (A) functionalized of AuNPs—MPA and
(B) Ba* induced aggregation of AUNPs—MPA.
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Fig. 8 (A) UV-Vis spectra of AUNPs—MPA after the addition of different
concentrations of Ba®*, (B) photographic image of AUNPs—MPA of
detection.

On the other hand, to study the sensitivity (detectable
minimum concentration of Ba®>*) and the linear range in more
detail, different concentrations of the standard solution of
barium in a range of 20-120 umol L™" were taken, using the
same volume of AuNPs-MPA at pH 6, and analyzed by UV-Vis
spectrophotometry.

Fig. 8 shows a red shift in wavelength and a broadening of
the SPR peaks of AuNPs-MPA. Simultaneously, the intensity of
the SPR signal decreased at 530 nm and a new band appeared at
around 625 nm with increasing concentration of barium, as
a result of the induced aggregation of AuNPs-MPA. The color of
the AuNPs-MPA is proportional to the amount of barium added
to the samples, changing from pink to blue, and is accompa-
nied by a bathochromic shift in the UV-Vis spectra. A linear
relationship of Ba®>" was obtained from the absorbance ratio
(A625/As530) and concentration of Ba®>" in the 0-120 pumol L™*
range, with a correlation coefficient (R*) of 0.9901, as shown in
Fig. 9. The limit of detection (LOD) for Ba>" was found at 43.27
pmol L™,

=
N
J

y =0.796x + 0.0945
R?=0.9901

A625/ A530

o o ©

& o)) o] =
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o
[N)

0 T T T T T T 1
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Concentration of BaZ* (umol/L)

Fig. 9 The linearity curve of the ratio of Agys/Aszg versus Ba®*
concentration.
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Fig. 10 Influence of pH on absorbance ratio (Agzs5/As30) of AUNPs—

MPA in the absence and presence of Ba®* (100 umol LY.

3.3 Influence of pH on the stability of AuNPs-MPA and
aggregation induced by Ba®*

The pH value of the system also plays an important part in the
sensing system. The stability of AuNPs-MPA at different pH
values was investigated. The pH was adjusted from 3-12 using
an acetic acid/sodium acetate (0.1 M) buffer solution. Fig. 10
(blue line) shows that the absorbance ratio (4s,5/4530) of AUNPs—
MPA increased at pH 3; thus, under very acidic conditions the
absorbance ratio (Ae,s/4s30) is slightly higher than without Ba**.
This may be explained because phosphonate groups, as
mentioned above (Fig. 2), are deprotonated species, and
protonation of these groups induces the formation of intermo-
lecular hydrogen bonds between phosphonic groups. This cau-
ses the AuNPs-MPA to aggregate by interparticle plasmon
coupling, which is unsuitable for monitoring Ba** ions under
these conditions (see Fig. S4 in ESI{).**** In the pH range
between 4 and 12, the absorbance ratio (Ae,5/As30) Was constant,
indicating that AuNPs-MPA at these values were stable. The
influence of pH on the Ba*>*-induced aggregation of AUNPs-MPA
(Fig. 10, red line) shows a high absorbance ratio (4¢,5/4530) at the
pH range 4-10; an even higher aggregation was observed at pH 6.

At pH > 10, the A¢,5/A530 decreased because of the formation
of colloidal BaOH, in the alkaline environment of the solutions.
It is worth to mention the fact that the ionic strength of the
medium may result in the AuNPs-MPA aggregation.**-* In order
to avoid such influence, a 0.1 M ionic strength was kept
constant using the acetic acid/sodium acetate 0.1 M thoroughly.
All assays were performed at room temperature in order to avoid
changes in the hydrodynamic dimensions of the MPA-AuNPs
and their aggregation.”>*

3.4 Effect of reaction time

The influence of reaction time upon the interaction between
AuNPs-MPA and Ba*' was investigated and the results are
recorded in Fig. 11. It was observed that after the addition of 100
uM Ba>* to the AuNPs-MPA solution, the absorption ratio (Aeys/
As3o) for the reaction time increased gradually from 1 to 10
minutes and was then consistent from 10 to 20 minutes. This
indicated that aggregation of the AuNPs solution was nearly
complete at the 10 minutes reaction time. Thus it was

RSC Adv., 2017, 7, 31611-31618 | 31615
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Fig. 11 Effect of reaction time on the absorption ratio (Ag»s5/As30) of
AUNPs—MPA solution containing 100 pM Ba®*.

determined that 10 minutes was the optimum reaction time
and all further colorimetric measurements were performed for
10 minutes.

A sensor providing a fast response will be beneficial to the
on-site and real time detection of Ba>*. Therefore, the aggre-
gation reaction kinetics of this assay with different concentra-
tions of Ba”" were investigated. As shown in Fig. S5,} in the
concentration range (80-150 uM), the Ag,5/As30 increased with
the increase in the incubation time and kept constant after
10 min. When the concentration of Ba®>' was 100 uM, the

0.6
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Fig. 12 UV-Vis absorption spectra of (A) drinking water and (B) tap
water with different concentrations of Ba®* (20-300 pumol LY,
separately for both samples.
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absorbance ratio increased very rapidly within 1 min and then
reached equilibrium with time. To make the recognition reac-
tion complete, the Ag,5/A530 was measured after incubation for
10 min. Therefore, 10 min time course was introduced to record
the coordination reaction in the sensing system.

3.5 Analysis of Ba®>* ions in real water samples

To confirm the practical application of this method, we
collected two different water samples (drinking water and tap
water), and filtered them through a 0.45 uM membrane. Ba>*
ions were not detected in drinking water samples or in tap
water, according with the UV-Vis results (see Fig. S6 in ESIT). We
then prepared a series of samples by spiking the drinking and
tap water with a standard solution of Ba®>" in a range of 20-300
UM. Results of the detection of Ba®>" in these samples are shown
in Fig. 12.

The SPR bands of AuNPs-MPA are observed at different
concentrations (20-300 umol L") of Ba®*. The intensity of
absorbance of AuNPs-MPA decreased with increasing concen-
trations of Ba®*, accompanied by a colour change of the
colloidal dispersions from pink to blue for the drinking water,
and from pink to purple for the tap water samples (see Fig. S7
ESIt).

The minimum detectable concentration of Ba*>* was found at
56.94 UM (R*> = 0.9577) and 176.78 pM (R* = 0.9738) in drinking
water and tap water, respectively (see Fig. S8 in ESIT).

These results demonstrate that this method is applicable for
the detection of Ba** in both water samples. Higher sensitivity
was observed for samples of drinking water, perhaps because
these samples have less impurity.

4. Conclusions

In this work, we developed a colorimetric system of AuNPs-MPA
that can be used to detect Ba>* ions. In the presence of high
concentration of potential interfering ions. Ba”" was the only
metal that induced aggregation of AuNPs-MPA, also showing
a color change of colloidal solutions from pink to blue,
accompanied by a plasmon absorption band shift from 530 nm
to 625 nm. The colorimetric system is a method that allows
monitoring Ba** ions at concentrations as low as 43.27 umol L™
at low cost and rapidly (the detection time within 10 min). This
method was successfully applied to detect of Ba®>" in drinking
and tap water samples. Furthermore, we believe that this
approach has great potential for the routine detection of Ba** in
environmental samples.
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