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Triazole functionalized gold nanoparticles (NTP@AuNPs) were synthesized through a click reaction and
have been developed for sensitive and selective colorimetric Cr3* detection. Gold nanoparticles were
prepared by reducing HAuCl4 with sodium citrate and then using 4-(prop-2-ynyloxy)pyridine (PP) as
the capping agent. The acetylene part of PP and the azide part of 1-(azidomethyl)-4-nitrobenzene were
combined to form a triazole structure through a click reaction. Aggregation of NTP@AuNPs was induced
immediately in the presence of Cr3* ions, yielding a color change from red to purple. This Cr3*-induced
aggregation of NTP@AuNPs was first monitored using the naked eye and then UV-vis spectroscopy with

o a detection limit of 1.4 wM. In addition, NTP@AuNPs were also used to detect Cr3* in lake water samples,

Gold nanoparticles with low interference.

Triazole

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Trivalent chromium, Cr3*, is identified as an essential nutrient
that regulates insulin action on the control of blood sugar, with a
recommended daily intake 50-200 g for adults [1-3]. The effect
of chromium deficiency has been connected to insulin resistance or
glucose intolerance. However, high levels of Cr3* can induce oxida-
tive damage to some cellular components, such as lipids, proteins,
and DNA [4,5]. Due to its extensive applications, such as elec-
troplating, alloying, and paint pigments, chromium ion is also an
environmental pollutant. In order to detect chromium ions in bio-
logical and environmental samples, the design of highly selective
and sensitive chromium sensors is an important issue.

There are several methods developed for detecting chromium
ions in various samples, such as atomic absorption spectrometry
(AA) [6,7], inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES) [8], inductively coupled plasma-mass spectrometry
(ICP-MS) [9,10], and voltammetry [11]. These methods require
expensive instruments and are not easily employed in the case of
on-site assays. Recently, more attention is focused on the develop-
ment of low-cost, selective, and sensitive methods for chromium
detection, with several fluorescent chemosensors for Cr3* detec-
tionreported [12-16]. Because they are made of organic molecules,
they are not highly soluble in water and have higher detection lim-
its. Herein, we report a simply prepared gold nanoparticle-based
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sensor for detecting Cr3* over 15 other metal ions in an aqueous
solution.

Gold nanoparticles (AuNPs) display typical surface plasmon
resonance (SPR) absorption properties, which are extremely sen-
sitive to size, shape, and interparticle distance [17,18]. Many
AuNPs-based colorimetric sensors utilize the interparticle plasmon
coupling upon the 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 red shift in the SPR
absorption band, resulting in a red-to-blue color change. On the
other hand, the removal of analyte results in the redispersion of the
aggregated AuNPs, causing the color to revert from blue to red. The
distance-dependent SPR absorption of AuNPs has become a useful
tool for the development of colorimetric sensing of various ana-
lytes, such as metal ions [19-29], anions [30-32], proteins [33-35],
and oligonucleotides [36,37].

In this report, triazole functionalized gold nanoparticles
(NTP@AuNPs) were synthesized for detecting Cr3*. The gold
nanoparticles were prepared through the citrate-mediated reduc-
tion of HAuCly. 4-(Prop-2-ynyloxy)pyridine (PP) was attached
to the surface of AuNPs through the pyridine nitrogen. Finally,
the azide part of 1-(azidomethyl)-4-nitrobenzene and the
acetylene part of PP were combined to form a triazole
structure on the surface of AuNPs through a click reac-
tion. The synthesized 4-{[1-(4-nitrobenzyl)-1H-1,2,3-triazol-4-
ylJoxy}pyridine@AuNPs (NTP@AuNPs) can be used for metal ion
detection (Scheme 1). Metal ions such as Ag*, AI3*, Ca2*, Cd2*, Co?*,
Cu?*, Cr3*, Fe2*, Fe3*, Hg?*, Mg2*, Mn?Z*, Ni?*, Pb2*, and Zn%* were
tested for metal ion selectivity but Cr3* was the only metal ion
that caused the aggregation of NTP@AuNPs. This caused the SPR
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Scheme 1. Synthesis of NTP@AuNPs.

absorption band of NTP@AuNPs to shift to a longer wavelength,
and consequently a color change from red to blue that can be used
to detect the presence of Cr3* jons. The SPR absorption at 639 nm
directly indicated the degree of NTP@AuNP aggregation caused by
the addition of Cr3* ions.

2. Materials and methods
2.1. Materials

Hydrogen tetrachloroaurate(lll) tetrahydrate and potassium
carbonate were obtained from Showa. 4-Hydroxy pyridine,
3-bromopropyne, sodium ascorbate, Al(ClO4);-9H,0, and
Cr(ClO4)3-6H,0 were obtained from Alfa Aesar. Sodium
citrate tribasic dihydrate, sodium azide, CuSO4-5H,0,
Ca(ClO4)2-4H20, Cd(ClO4)2~xH20, COC]2~6H20, CU(BF4)2~XH20,
FE(BF4 )2 -6H,0, FeC13 -6H,0, Hg(ClO4 )2 -xH,0, KBr, Mg(ClO4 )2 -6H,0,
Ni(O,CCH3);-4H,0, and Zn(BF4);-xH,O were obtained from
Sigma-Aldrich. MnSO4-H,0 was obtained from Riedel-de Haen.
The transition metal ions were dissolved in the deionized water and
stored at room temperature. The synthesis and characterization of
4-(prop-2-ynyloxy) pyridine and 1-(azidomethyl)-4-nitrobenzene
are described in the supporting information.

2.2. Instruments

UV-vis spectra were recorded on an Agilent 8453 UV-vis
spectrometer. Infrared data were obtained on Bomem DAS8.3
Fourier-Transform Infrared Spectrometer. TEM images were
recorded from JEOL JEM-2010 Transmission Electro Microscope.
ICP-MS data were recorded on an ICP-MS Perkin Elmer SCIEX ELAN
5000. NMR spectra were obtained on a Bruker DRX-300 NMR spec-
trometer.

2.3. Synthesis of NTP@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, (80 mM, 200 wL) was added into
80mL deioned water and heated it up to 80°C. Trisodium
citrate (38.8mM, 2.784mL) was then add in to the solution.
The mixture was stirred for 30 min at the same temperature. 4-
(Prop-2-ynyloxy)pyridine (PP) aqueous solution (0.01 M, 200 pL)
was added into citrate modified AuNPs solution, stirring for 2 h
at room temperature. PP@AuNPs were centrifuged for 20 min

Fig. 1. TEM images of NTP@AuNPs. The scale bar is 100 nm.

(14,200rpm) and then suspended with Millipore-Q water. 1-
(Azidomethyl)-4-nitrobenzene aqueous solution (0.01 M, 200 L)
was added into PP@AuNPs solution, stirring for 15min. Cop-
per sulfate (2mM, 100 pL) and sodium ascorbic acid (20 mM,
100 wL) were added into PP@AuNPs solution and stirred for
3h at 60°C. The synthesized 4-{[1-(4-nitrobenzyl)-1H-1,2,3-
triazol-4-yl]Joxy}pyridine@AuNPs (NTP@AuNPs) were dialysis with
3.5K MWCO Spectra/Por 7 membranes. The finally dispersed
NTP@AuUNPs can be used for metal ions detection. The size of
the NTP@AuNPs was verified by transmission electron microscope
(TEM) analysis.

2.4. Colorimetric detection of Cr3* ions

To a 1.0 mL of solution containing NTP@AuNPs, different metal
ions ([M™]=30uM) were added separately. The mixtures were
maintained at room temperature for 10 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 Cr3* induced aggregation of
NTP@AuNPs

AuNPs were added with Cr3* (30 wM) in 1.0 mL water solution
(10 mM buffer). The buffers were: pH 3-4, CH3COOH/NaOH; pH
4.5-7.0, MES/NaOH; pH 7.0-10, Hepes.

3. Results and discussion
3.1. Synthesis and characterization of NTP@AuNPs

Gold nanoparticles were prepared through the citrate-mediated
reduction of HAuCly. 4-(Prop-2-ynyloxy)pyridine (PP) was added
into the as-prepared AuNPs solution to be the capping agent. The
azide part of 1-(azidomethyl)-4-nitrobenzene and the acetylene
part of PP were combined to form a triazole structure under the click
reaction. The synthesized NTP@AuNPs can be used for further stud-
ies (Scheme 1). Transmission electron microscopy (TEM) images
revealed that the particle size of NTP@AuNPs is about 14 nm (Fig. 1).
The cycloaddition products from the click reaction were verified
by infrared spectroscopy. Fig. 2a shows characteristic absorption
peaks of citrate@AuNPs at 1640 cm~! (C=0) and 3000-3600 cm™!
(O—H). Fig. 2b clearly demonstrates that PP@AuNPs were obtained
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Fig. 2. FT-IR spectra of (a) citrate@AuNPs, (b) PP@AuNPs and (c) NTP@AuNPs.

duetopeaksat2120cm~! (—C=CH)and 1181 cm~! (C—0).InFig. 2c,
the peak that was originally at 2120cm~! (—C=CH) has disap-
peared, and new peaks at 1512cm~! and 1348 cm~! (NO;) have
appeared, indicating that the click reaction has proceeded on the
surface of AuNPs.

3.2. Interaction of NTP@AuNPs with various metal lons

The bonding performance of NTP@AuNPs with metal ions
in aqueous solutions was tested. To evaluate the selectivity of
NTP@AuNPs toward various metal ions, the absorption spectra of
NTP@AuNPs were taken in the presence of several metal ions:

Ag*, AI3*, Ca%*, Cd?*, Co?*, Cu?*, Fe?*, Fe3*, HgZ*, MgZ*, Mn%*,
Ni2*, Pb%*, and Zn2*. Fig. 3 shows the effect of metal ions on the
appearance of NTP@AuNPs in solution. Cr3* was the only ion that
resulted in an absorption peak shift, from 526 nm to 639 nm. This
red shift could also be observed by the naked 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 triazole
groups on NTP@AuNPs function as metal ion binding ligands. Since
Cr3* was bound between the triazoles, the NTP@AuNPs aggregated
(Scheme 2).

To gain a clearer understanding of the structure of NTP-Cr3*
complexes formed on the AuNPs, 'H NMR spectroscopy was
employed (Figure S1 in the supporting information). Cr3* is a para-
magnetic ion and can therefore affect the proton signals that are
close to the Cr3* binding site [38]. The TH NMR spectra of a NTP
analog recorded with increasing amounts of Cr3* show that the tri-
azole proton (Hy,) signal shifted downfield as more and more Cr3*
was added. This indicates that Cr3* binds to NTP mainly through
the nitrogen atom in a triazole.

Cr3* triggered aggregation of NTP@AuNPs was mainly through
two-step binding. The first step involves NTP binding to a Cr3* ion
through one nitrogen atom in a triazole. Secondly, bonds formed
between Cr3* and nitrogen atoms in another NTP capped onto adja-
cent AuNPs resulting in aggregation. Fig. 4 shows the TEM image
of Cr3* induced aggregation of NTP@AuNPs. Effectively, Cr3* func-
tioned as a bridge between particles, and triggered the aggregation
of NTP@AuNPs.

The degree of aggregation of NTP@AuNPs depended on the con-
centration of Cr3* ions; Fig. 5 shows the SPR absorption change with
the addition of different concentrations of Cr3*. The absorbance at
526 nm decreased with increasing Cr3* concentration. A new band
at 639 nm formed during Cr3* titration as a result of the induced
aggregation of AuNPs. A linear relationship was found when the
concentration of Cr3* ions was between 5 wM and 65 M. The limit
of detection for Cr3* was found to be 1.4 .M (see Figure S2 in sup-
plementary data).

Aggregated NTP@AuNPs can be redispersed by removing Cr3*
ions with EDTA; this was confirmed by the consequent SPR absorp-
tion shift from 639nm to 526nm (Fig. 6). After removing the
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Fig. 3. (Top) Photographic images of NTP@AuNPs in the present of various metal ions. (Bottom) UV-vis spectra of NTP@AuNPs in the presence of different metal ions (30 wM).
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Scheme 2. Schematic depiction of the Cr3*-triggered aggregation of NTP@AuNPs for Cr3* detection.

Fig. 4. TEM image of NTP@AuNPs in the presence of Cr3* ions (30 wM).
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Fig.5. Surface plasmon resonance absorption change of NTP@AuNPs in the presence
of different concentrations of Cr3*.

solution using a centrifuge and suspending it with an aqueous
media, the dispersed NTP@AuNPs can be reused to detect Cr3*,
Through this technique, the NTP@AuNPs system can be used
repeatedly for the detection of Cr3*.

3.3. Interference studies

In order to study the influence of other metal ions on Cr3* bind-
ing to NTP@AuNPs, competitive experiments were carried out in
the presence of Cr3* (30 wM) with other metal ions Ag*, Al3*, Ca%*,
Cd%*, Co?*, Cu?*, Fe2* Fe3*, Hg?*, Mg2*, Mn%*, Ni2*, Pb2*, and Zn?* at
30 wM each (Fig. 7). The SPR absorption shift caused by the mixture
of Cr3* with another metal ion was similar to that caused solely by
Cr3*. This indicates that other metal ions did not interfere in the
binding of NTP@AuNPs with Cr3*. This finding is consistent with
previous studies suggesting that Cr3* is the only metal ion that can
induce the aggregation of NTP@AuNPs.

3.4. The influence of pH on Cr3*-induced aggregation of
NTP@AuNPs

To investigate the pH range in which NTP@AuNPs can effectively
detect Cr3*, a pH titration of NTP@AuNPs was carried out. In Fig. 8,
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Fig. 6. Reversible binding of Cr** with NTP@AuNPs. (a) The black line is the UV-vis
spectra of NTP@AuNPs. (b) The blue line is the UV-vis spectra of NTP@AuNPs in the
presence of Cr3* (30 wM). (c) The red line is the UV-vis spectra of NTP@AuNPs in the
presence of Cr3* (30 wM) followed by addition of EDTA (300 wM). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of the article.)
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to the web version of the article.)

the absorbance ratio (Ag3g/As26) of NTP@AuNPs was low and con-
stant in the pH range of 4-10. This indicates that NTP@AuNPs were
stable in the pH range of 4-10. When the pH was lower than 4,
the absorbance ratio (Ag3g/As26) of NTP@AuNPs slightly increased.
Under acidic conditions (pH = 3), protonation on NTP resulted in the
aggregation of AuNPs. The influence of pH on Cr3*-induced aggrega-
tion of NTP@AuNPs is shown in Fig. 8; addition of Cr3* resulted in a
high absorbance ratio (Ag3g/As26) in a pH range of 4-7. At pH > 8, the
absorbance ratio (Ag39nm/As26nm) decreased due to the formation
of colloidal Cr(OH)s. At pH 3, the absorbance ratio (Ag39 nm/As526 nm)
was slightly higher than that at pH 4 because the acidic conditions
(pH=3) caused the aggregation of NTP@AuNPs. Therefore, the opti-
mal pH range for detecting Cr3* by NTP@AuNPs is in pH range of
4-7.

3.5. Application of NTP@AuNPs for the analysis of lake water
samples

To confirm the practical application of NTP@AuNPs, water
samples from different lakes located in Hsinchu, Taiwan were
collected. All water samples were filtered through a 0.2 um mem-
brane and then spiked with different amounts of Cr3* standard
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Fig. 8. Influence of pH on the UV/vis spectra of NTP@AuNPs in the absence and
presence of Cr3* (30 wM).

Table 1
Results of Cr3* detection in lake water samples.
ICP-MS Proposed method? Relative
error (%)
Sample 1 (28.24+0.05) x 107 M (26.71+£0.04) x 10 M 5.42
Sample 2 (39.46+£0.05)x 10 M (37.13+£0.05)x 10 M 5.90
Sample 3 (51.25+£0.09) x 105 M (48.49+£0.08)x 105 M 5.39

2 Using NTP@AuNPs.

solution. A calibration curve of NTP@AuNPs SPR shifts in the pres-
ence of different Cr3* concentrations was prepared (see Figure S2 in
supplementary data). The analytical results are shown in Table 1.
The results obtained with NTP@AuNPs were in good agreement
with those obtained using the inductively coupled plasma mass
spectrometry (ICP-MS) method, with a relative error of less than
6%. These results indicate that the designed probe is applicable for
Cr3* detection in water samples.

4. Conclusion

In this report, we have used the color change caused by gold
nanoparticles aggregation to develop a colorimetric method for
Cr3* detection. Cr3* was the only metal ion that induced aggregation
of NTP@AuNPs, which resulted in a color change from red to blue
and a corresponding SPR absorption shift from 526 nm to 639 nm.
This method provided a rapid and sensitive detection of Cr3* in
aqueous solution with a detection limit of 1.4 WM. The optimal pH
range for Cr3* detection using NTP@AuNPs was determined to be
from 4 to 7. In addition, NTP@AuNPs were also applied to detect
Cr3* in lake water samples, with low interference.

Supplementary data

Synthesis of 4-(prop-2-ynyloxy)pyridine and 1-(azidomethyl)-
4-nitrobenzene, and the calibration curve for the detection of Cr3*
by NTP@AuNPs.
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