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A sensitive and selective colorimetric Ag* detection method was developed by using N-1-
(2-mercaptoethyl)adenine functionalized gold nanoparticles (MEA-AuNPs). The presence of Ag*
immediately induced aggregation of MEA-AuNPs, yielding a color change from red to blue. This Ag*-
induced aggregation of MEA-AuNPs was monitored by bare eye and UV-vis spectroscopy with a detection

limit of 3.3 nM. MEA-AuNPs showed excellent selectivity toward Ag* compared with other metal ions
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through interaction between adenine and Ag*. The best detection of Ag* was achieved at pH 6-9. Fur-
thermore, MEA-AuNPs were applied to detect Ag* in lake water with low interference.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The development of rapid and efficient detection of metal ions
in environmental and biological systems has been an important
research issue. Silver compounds are widely used in the electri-
cal, photographic, and imaging industry [1,2]. Because of heavy use
in industry, a massive quantity of Ag is released to the environ-
ment annually. Silver ions bind with amine, imidazole, carboxylate,
and thiol groups in proteins, resulting in loss of protein functions
[3,4]. Additionally, silver nanoparticles can generate reactive oxy-
gen species and destroy aqueous organisms by inhibiting their
growth and interrupting their reproductive ability [5,6].

Traditional methods such as atomic absorption spectrome-
try [7], inductively coupled plasma-atomic emission spectrometry
[8,9], and voltammetry [10,11] have been developed for measuring
silverions in biological and environmental samples. Although these
methods are quantitative, they require sophisticated apparatus
and tedious sample pretreatment prior to metal species analysis.
Recently, researchers have focused on the development of sensitive
and selective sensors for silver ion determination.

Gold nanoparticles (AuNPs) have been widely used in the devel-
opment of colorimetric probes for detecting metal ions [12-20],
anions [21,22], and biomolecules [23,24] because of their unique
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optical properties. AuNPs display strong surface plasmon resonance
(SPR) absorption properties, which are extremely sensitive to size,
shape, and interparticle distance [25,26]. AuNP-based colorimetric
sensors utilize interparticle plasmon coupling on analyte-induced
aggregation of AuNPs, which results in a color change from red
to blue. In these assays, analyte-triggered aggregation of AuNPs
leads to a wine-red shift in the SPR absorption band, resulting in
a red-to-blue color change. The analyte-triggered aggregation of
AuNPs relies on modification of the surface of the AuNPs that can
specifically recognize target species. Appropriate surface function-
alization of AuNPs will determine the analytical applicability and
selectivity of AuNPs.

In this report, adenine-functionalized AuNPs (MEA-AuNPs)
were synthesized to detect Ag*. Adenine showed excellent coordi-
nation with Ag* to form Adenine-Ag*-Adenine complexes through
a bond between the nitrogen atoms on adenine with Ag* [27-31].
AuNPs were prepared through citrate-mediated reduction of
HAuCly. N-1-(2-mercaptoethyl)adenine (MEA) was attached to the
surface of AuNPs through the thiol group, and MEA-AuNPs were
used for metal ion detection. Metal ions such as Ag*, AI?*, CaZ*,
Cd%*, Co%*, Cu?*, Cr3*, Fe?*, Fe3*, Hg?*, K*, MgZ*, Mn?*, Na*, Ni?*,
Pb2*, and Zn2* were tested for metal ion selectivity. However, Ag*
was the only metal ion that caused the aggregation of MEA-AuNPs.
This caused the SPR absorption band of the MEA-AuNPs to shift to
a longer wavelength, and consequently led to a color change from
red to blue. This color change can be used to detect the presence of
Ag"* ions. SPR absorption at 650 nm directly indicates the degree of
MEA-AuNP aggregation caused by the addition of Ag* ions.
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2. Experimental
2.1. Chemicals

Hydrogen tetrachloroaurate(IIl) tetrahydrate, citric acid, KCl and
NaCl were purchased from Showa. Adenine, ethylene carbonate,
solid potassium thioacetate, Al(ClO4)3-9H,0, Cr(Cl0O4)3-6H,0 and
trisodium citrate were purchased from Alfa Aesar. AgClO4-xH,0,
Ca(ClO4)2~4H20, Cd(ClO4)2-xH20, COC]2-6H20, CU(BF4)2 -xH,0,
Fe(BF4)2, FeCl3-6H20, Hg(ClO4)2-tzO, Mg(ClO4)2-6H20,
Nl(02CCH3)4H20, Pb(C]O4)23H20 and ZH(BF4)2 ~XH20 were
purchased from Sigma-Aldrich. MnSO4-H,0 were purchased from
Riedel-de Haen. 4-(2-Hydroxyethyl)-1-piperazine-ethane-sulfonic
acid (Hepes) and tris(hydroxymethyl) aminomethane (Tris) were
purchased from Biobasic. 2-(N-morpholino)ethanesulfonic acid
(Mes) was purchased from ].T. Baker. For all aqueous solutions,
deionized water (resistivity, 18.0MS2cm at 25°C) purified by
Millipore Direct-Q water purification unit was used. The synthesis
and characterization of N-1-(2-mercaptoethyl)adenine (MEA) are
described in the supporting information [32].

2.2. Instruments

UV-vis spectras were recorded on an Agilent 8453 UV-vis spec-
trometer (Santa Clara, CA, USA). TEM images were recorded from
JEOL JEM-2010 Transmission Electro Microscope (Tokyo, Japan). IR
data were obtained on BomemDAS8.3 Fourier-Transform Infrared
Spectrometer (Quebec, Canada). ICP-MS data were recorded on an
ICP-MS Perkin Elmer SCIEX ELAN 5000 (Waltham, MA, USA).

2.3. Preparation of MEA-AuNPs

Gold nanoparticles were prepared by reducing HAuCl, with
trisodium citrate. All glassware was thoroughly cleaned with aqua
regia (3:1, HCI/HNO3) and rinsed with Millipore-Q water prior to
use. Briefly, HAuCl, (40 mL, 195 M) was heated to 80 °C. Trisodium
citrate solution (540 p.L, 0.1 M) was added rapidly to the solution
and the mixture solution was heated for 2 h at the same tempera-
ture. In order to remove excess sodium citrate, the citrate-reduced
Aunanoparticles were centrifuged for 15 min (12000 rpm) and then
dissolved with Millipore-Q water. N-1-(2-mercaptoethyl)adenine
(MEA) solution (1.2 mL, 0.05mM, in H,O-DMSO (v/v=200:1) was
incubated with AuNPs solution for 3 h. Excess MEA was removed
by dialysis 3.5 K MWCO Spectra/Por 7 membranes. The finally dis-
persed MEA-AuNPs can be used for metal ions detection. The sizes
of the MEA-AuNPs were verified by transmission electron micro-
scope (TEM) analysis.

2.4. Colorimetric detection of Ag*

To a 1.0mL of solution containing MEA-AuNPs, different metal
ions (4 WM): Ag*, Al3*, Ca%*, Cd?*, Co?*, Cr3*, Cu?*, Fe?*, Fe3*, Hg?*,
K*, Mg2*, MnZ*, Na*, Ni2*, Pb2*, and Zn?* were added separately.
The mixtures were maintained at room temperature for 20 min and
then transferred separately into 1.5-mL quartz cuvette. Their SPR
absorption bands were recorded by UV-vis spectrophotometer.

2.5. The influence of pH on Ag* induced aggregation of
MEA-AuNPs

MEA-AuNPs were added with Ag* (30 wM) in 1.0 mL water solu-
tion (10 mM buffer). The buffers were: pH 3-4, CH3COOH/NaOH;
pH 4.5-7.0, MES; pH 7.0-10, Hepes.
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Fig. 1. FT-IR spectra of MEA and MEA-AuNPs.

3. Results and discussion
3.1. Characterization of MEA-AuNPs

AuNPs were prepared through citrate-mediated reduction of
HAuCly. MEA, the capping agent, was added to the AuNP solu-
tion. The transmission electron microscopy (TEM) image reveal that
the particle size of MEA-AuNPs ranged from 15 nm to 23 nm, with
most particle sizes falling in the range of 19-21 nm. MEA-AuNPs
were also characterized by using infrared spectroscopy. As shown
in Fig. 1a, the characteristic skeleton peaks of MEA were 3319 cm™!
(N—H),3155cm~! (N—H), and 2556 cm~! (S—H). In Fig. 1b, the peak
that was originally at 2556 cm~! (S—H) disappeared, indicating that
MEA binds to AuNPs via the Au-S bond [33]. SPR absorption of
AuNPs was measured by using a UV-vis spectrophotometer, and
its maximum absorption was located at 530 nm.

3.2. Interaction of MEA-AuNPs with various metal ions

The bonding performance of MEA-AuNPs with metal ions
in aqueous solutions was tested. To evaluate the selectivity of
MEA-AuNPs toward various metal ions, the absorption spectra of
MEA-AuNPs were obtained in the presence of several metal ions:
Ag*, AI?*, Ca%*, Cd?*, Co?*, Cr3*, Cu?*, Fe2*, Fe3*, HgZ*, K*, Mg2*,
Mn?2*, Na*, Ni2*, PbZ*, and Zn?*. Fig. 2 shows the effect of metal ions
on the appearance of MEA-AuNPs in solution. Ag* was the only ion
that resulted in an absorption peak shift from 530 nm to 650 nm.
This red shift could also be observed by bare eye as a color change
from red to blue. Other metal ions did not influence the absorp-
tion spectra, indicating that no aggregation occurred. The adenine
groups on MEA-AuNPs function as ligands binding metal ions. Since
Ag* was bound between the adenines, the MEA-AuNPs aggregated
(Fig. 3).

The reaction of MEA-AuNPs with Ag* was fast; addition of
Ag* (aq) to the solution of MEA-AuNPs caused an immediate
change in absorbance (see Fig. S5 in the supporting informa-
tion). To gain a clearer understanding of the interaction between
Ag* and MEA-AuNPs, TH NMR spectroscopy was employed (see
Fig. S6 in the supporting information). The 'H NMR spectra
of 9-(2-hydroxyethyl)-6-amino-9H-purine recorded with increas-
ing amounts of Ag* show that the amine proton signal (H¢) at
8=7.20 ppm was shifted downfield as Ag* was added. The proton
signals (Ha, Hp) at 6=8.15, 8.05ppm were also shifted down-
field. These observations indicate that Ag* interacts with adenine
mainly through one amine and one nitrogen atom in adenine.
Ag*-triggered aggregation of MEA-AuNPs occurred mainly through
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Fig. 2. (Top) Photographics of MEA-AuNPs in the presence of various metal ions
(4 wM). (Bottom) UV-vis spectra of MEA-AuNPs in the presence of different metal
ions (4 wM). Buffer: 5mM Hepes, pH 7.5.

two-step binding. The first step involves MEA binding to a Ag* ion
through nitrogen atoms in adenine. Second, bonds formed between
Ag* and nitrogen atoms in another MEA molecule capping adja-
cent AuNPs, resulting in aggregation. Fig. 3c shows the TEM image
of Ag*-induced aggregation of MEA-AuNPs. Effectively, Ag* func-
tioned as a bridge between particles and triggered the aggregation
of MEA-AuNPs.
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Fig. 4. Change in surface plasmon resonance absorption of MEA-AuNPs in the pres-
ence of different concentrations of Ag*.

The degree of aggregation of MEA-AuNPs depended on the con-
centration of Ag* ions; Fig. 4 shows the change in SPR absorption
with the addition of different concentrations of Ag*. The absorbance
at 530nm decreased with increasing Ag* concentration. A new
band at 650nm formed during Ag* titration as a result of the
induced aggregation of AuNPs. A linear relationship was found
when the concentration of Ag* ions was between 0 and 4 WM. The
limit of detection for Ag* was found to be 3.3 nM (see Fig. S7 in the

Fig. 3. (a) Depiction of the Ag*-triggered aggregation of MEA-AuNPs for Ag* detection. (b) TEM image of MEA-AuNPs. (c) TEM image of MEA-AuNPs in the presence of Ag*.

Scale bar is 50 nm.



Y.-M. Sung, S.-P. Wu / Sensors and Actuators B 197 (2014) 172-176 175

Table 1

Comparison of this work with some methods for Ag* detection.
Detection method Linear range (M) Limit of detection (M) Reference
AA 93x107-7.5x10°6 5.6x 1077 (71
ICP-AES 93x1077-8.4x 1076 1.9x 1077 [8]
Voltammetry 1.0x109-1.0x 104 1.0x10°° [10]
Colorimetric probe 6.4x1078-2.4x1077 32x10°8 [34]
Ratiometricfluorescent probe 0-7.5x107° 3.4x1077 [35]
This method 0-4.0x 1076 33x107°

supporting information), which is lower than those of previously
reported optical assays as shown in Table 1.

Aggregated MEA-AuNPs can be redispersed by removing Ag*
ions with EDTA,; this was confirmed by the consequent SPR absorp-
tion shift from 650 nm to 530 nm (Fig. 5). After the solution was
removed by using a centrifuge and after it was suspended with
aqueous media, the dispersed MEA-AuNPs could be reused to
detect Ag* (see Fig. S8 in the supporting information). Through this
technique, the MEA-AuNP system can be used repeatedly for the
detection of Ag*.

3.3. Interference studies

In order to study the influence of other metal ions on Ag* binding
to MEA-AuNPs, competitive experiments were carried out in the
presence of Ag* (4 wM) and other metal ions AI3*, Ca2*, Cd?*, Co?*,
Cr3*, Cu?*, Fe?*, Fe3*, Hg?*, K*, Mg2*, Mn?2*, Na*, NiZ*, Pb?*, and
Zn2* (Fig. 6). The SPR absorption shift caused by the mixture of Ag*
with another metal ion was similar to that caused solely by Ag*.
This indicates that other metal ions did not interfere in the binding
of MEA-AuNPs with Ag*. This finding is consistent with previous
studies, suggesting that Ag* is the only metal ion that can induce
the aggregation of MEA-AuNPs.

3.4. The influence of pH on Ag*-induced aggregation of
MEA-AuNPs

To investigate the pH range in which MEA-AuNPs can effectively
detect Ag*, pH titration of MEA-AuNPs was carried out. In Fig. 7,
the absorbance ratio (Agsg/As3g) of MEA-AuNPs was low and con-
stant in the pH range 6-12. This indicates that MEA-AuNPs were
stable in the pH range 6-12. When the pH was lower than 6, the
absorbance ratio (Agso/As30) of MEA-AuNPs significantly increased.
Under acidic conditions (pH <6), protonation of adenine resulted
in the aggregation of AuNPs. The influence of pH on Ag*-induced
aggregation of MEA-AuNPs is shown in Fig. 7; addition of Ag*
resulted in a high absorbance ratio (Ags0/As30) at pH 4-9. At pH > 9,
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Fig. 5. Reversible binding of Ag* to MEA-AuNPs. UV-vis spectra of (a) MEA-AuNPs,
(b) MEA-AuNPs in the presence of Ag* (4 uM), and (c) MEA-capped AuNPs in the
presence of Ag* (4 wM) upon addition of EDTA (1 mM).
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Fig. 6. Absorbance ratio (Ags0/As30) of MEA AuNPs in the presence of metal ions. Red
bars represent the addition of single metal ion (200 wM); blue bars represent the
mixture of Ag* (4 wM) with another metal ion (200 wM).

the absorbance ratio (Agso/As30) decreased because of formation of
colloidal Ag,0 [36]. Therefore, the optimal pH range for detecting
Ag* by MEA-AuNPs is in the pH range of 6-9.

3.5. Application of MEA-AuNPs for the analysis of lake water
samples

To confirm the practical application of MEA-AuNPs, water sam-
ple from the lake located in NCTU, Hsinchu, Taiwan, was collected
and spiked with different amounts of Ag* standard solution. A cal-
ibration curve of MEA-AuNP absorbance ratio (Agsg/As30) in the
presence of different concentrations of Ag* was prepared (Fig. S6
in the supporting information). Analytical results are shown in
Table 2. The recovery values ranged from 95.5% to 103.5% with
the relative standard deviation (RSD) lower than 3.2%. The results
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Fig. 7. Influence of pH on the UV-vis spectra of MEA-AuNPs in the absence and
presence of Ag* (4 uM).
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Table 2
Determination of Ag* in lake water.

Sample Added Ag* (M) Proposed method (M) Recovery (%) RSD (n=3, %) ICP-MS method (M)
1 1.0 1.0 96.6 3.2 1.0
2 2.0 2.0 103.5 1.8 2.1
3 3.0 29 95.5 1.7 3.2

obtained with MEA-AuNPs are in good agreement with those
obtained by ICP-MS. These results demonstrate that the designed
probe is applicable to detection of Ag* in lake water samples.

4. Conclusion

In summary, new MEA-AuNPs have been developed for col-
orimetric sensing of Ag* ions. The functionalized AuNPs for
colorimetric sensing of Ag* exhibited high selectivity in the pres-
ence of other interfering metal ions. This color assay offers a fast
method for monitoring Ag* at a low cost and allows detection of
concentrations as low as 3.3nM. The optimal pH range for Ag*
detection using MEA-AuNPs was determined to be 6-9. The color
assay was also applied in the analysis of Ag* in lake water, with
recovery ranging from 95.5% to 103.5%.
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