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A novel route to copper(ii) detection using ‘click' chemistry-induced
aggregation of gold nanoparticles

Abstract

A simple colorimetric method for the detection of copper ions in water is described. This method is based on
the 'click' copper(i)-catalyzed azide-alkyne cycloaddition reaction and its use in promoting the aggregation of
azide-tagged gold nanoparticles by a dialkyne cross-linker is described. Nanoparticle cross-linking, evidenced
as a colour change, is used for the detection of copper ions. The lowest detected concentration by the naked
eye was 1.8 uM, with the response linear with log(concentration) between 1.8-200 puM. The selectivity relative
to other potentially interfering ions was evaluated.

Keywords
gold, aggregation, induced, chemistry, click, detection, ii, copper, route, nanoparticles, novel

Disciplines
Engineering | Physical Sciences and Mathematics

Publication Details

Hua, C., Zhang, W. H., De Almeida, S. R. M., Ciampi, S., Gloria, D., Liu, G., Harper, J. B. & Gooding, J. Justin.
(2012). A novel route to copper(ii) detection using 'click’ chemistry-induced aggregation of gold
nanoparticles. The Analyst, 137 (1), 82-86.

Authors
Carol Hua, William H. Zhang, Swahnnya De Almeida, Simone Ciampi, Danmar Gloria, Guozhen Liu, Jason
Brian Harper, and J Justin Gooding

This journal article is available at Research Online: http://ro.uow.edu.au/aiimpapers/1910


http://ro.uow.edu.au/aiimpapers/1910

Analyst

Interdisciplinary detection science

www.rsc.org/analyst Volume 137 | Number 1 | 7 January 2012 | Pages 1-276

ISSN 0003-2654

HOT ARTICLE
J. Justin Gooding et al.

1 1 A novel route to copper(i) detection using ‘click’
RSC Pu bl IS h I n g chemistry-induced aggregation of gold nanoparticles



http://dx.doi.org/10.1039/c1an15693d
http://pubs.rsc.org/en/journals/journal/AN
http://pubs.rsc.org/en/journals/journal/AN?issueid=AN137001

Published on 06 October 2011. Downloaded on 11/04/2016 05:33:09.

Analyst

Cite this: Analyst, 2012, 137, 82

www.rsc.org/analyst

Dynamic Article Links °

PAPER

A novel route to copper(ir) detection using ‘click’ chemistry-induced

aggregation of gold nanoparticles
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Jason B. Harper and J. Justin Gooding*

Received 2nd August 2011, Accepted 14th September 2011
DOI: 10.1039/c1an15693d

A simple colorimetric method for the detection of copper ions in water is described. This method is
based on the ‘click’ copper(1)-catalyzed azide-alkyne cycloaddition reaction and its use in promoting
the aggregation of azide-tagged gold nanoparticles by a dialkyne cross-linker is described. Nanoparticle
cross-linking, evidenced as a colour change, is used for the detection of copper ions. The lowest detected
concentration by the naked eye was 1.8 uM, with the response linear with log(concentration) between
1.8-200 uM. The selectivity relative to other potentially interfering ions was evaluated.

Introduction

Copper, a metal abundant in nature, has proven essential to the
biological function and well being for all organisms.! Given its
abundance, life has been forced to evolve and develop in such
a way to compensate for its presence, and eventually incorporate
this metal into normal living functions.? However, copper in high
concentrations can induce toxic effects in living organisms, and
of particular relevance, can cause severe adverse effects in
humans. For instance, copper in drinking water has been sus-
pected of causing liver cirrhosis in children,® and has been linked
to serious neurodegenerative diseases.* As a result, there is
a demand for the development of Cu** detection methods that
are sensitive, rapid and suitable for in-field detection. Many
methods to detect copper ions are available, including the use of
electrochemistry,® atomic absorption spectroscopy,® and induc-
tively coupled plasma mass spectroscopy.® However, all these
methods involve instrumentation which may be impractical for
in-field work.

Gold nanoparticles (AuNPs)-based methods for visual or
colorimetric sensing of metal ions,” are of interest because of the
intense red colour arising from surface plasmon absorption. This
intense absorption should allow for both highly sensitive detec-
tion and for a simple colorimetric approach. This concept has
been explored by Yang et al.,* who used L-cysteine functionalized
AuNPs that selectively coordinate Cu?*ions.However, this
optical method did have compromised selectivity as the L-
cysteine-modified sensing surfaces have been shown to suffer
from interferences from zinc, manganese, lead, silver and nickel.®

In this work, we report on a colorimetric method for the
detection of copper ions using the archetypal ‘click’*® reaction —

School of Chemistry, The University of New South Wales, Sydney, NSW,
2052, Australia. E-mail: justin.gooding@unsw.edu.au; Fax: +61-2-9385
5384; Tel: +61-2-9385 6141

i.e. the copper(i)-catalyzed azide-alkyne cycloaddition’ — to
cross-link azide-tagged AuNPs and a soluble dialkyne species,
yielding a network of 1,3-disubstitutes [1,2,3]-triazoles. With
copper(1) catalyzing the °‘click’ reaction, and thus AuNPs
aggregation, its role in catalysis can be conveniently translated
into a means of detecting copper(i) presence at very low levels.
Further, the ‘click’ reaction can tolerate a wide range of solvents,
temperatures and pH values, allowing for the use of this Cu*
detection method under a variety of conditions.’? Appropriate
functionalization of AuNPs with alkyne and/or azide terminated
groups is therefore required. This principle has been demon-
strated by Zhou et al.®* By using alkyne- and azide-tagged
AuNPs, the authors reported the analyte-triggered AuNPs
aggregation was accompanied by a colour change and thus gave
direct indication of the copper content in the analyte. A detection
limit for copper(i1) of 50 uM was reported, where other metal
ions were found not to interfere with the colorimetric assay. In
a more recent, and more elaborate system designed by Xu ez al.,**
DNA-functionalised AuNPs have been utilised for an analogous
colorimetric Cu** detection. Targeted azide- and alkyne-tagging
on complementary strands, and subsequent oligonucleotide
hybridization, ensured optimal orientation for the ‘click’ reaction
to occur efficiently between AuNPs. This resulted in a detection
method that is highly selective and highly sensitive, but that, on
the other hand, arguably suffers from a far from straightforward
interface design.

Here we report a simplified colorimetric method for the
detection of copper by using azide-tagged AuNPs. The func-
tionalised AuNPs undergo a ‘click’ reaction with a cross-linker
agent, 1,4-diethynylbenzene (DEB), to form [1,2,3]-triazole-
linked aggregates (Fig. 1). The protocol relies on minimal
synthetic work and basic interface design, as it requires the use of
a single AuNPs type (i.e. azide-tagged) and a commercial dia-
lkyne linker.
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Fig. 1 Schematic depiction of the copper-triggered aggregation of
AuNPs for Cu?* detection.

Experimental section
Chemicals

Unless otherwise indicated, all reagents and solvents were
purchased in their highest available purity and used without
further purification. Ethanol used in the click reactions was
distilled prior to use. Millipore Milli-Q (18 MQ cm) water was
used in all experiments. 3-Azidopropylamine was synthesized
according to literature methods from 3-bromopropylamine
hydrobromide and sodium azide.'® To a stirred solution of
3-bromopropylaminehydrobromide (3.2 g, 14.6 mmol) in water
(10 mL), a 3.2 M aqueous solution of sodium azide (15 mL,
48 mmol) was added in one portion with stirring under argon.
The reaction mixture was then heated to reflux and the reaction
continued for 16 h. The oil bath was removed, the solution
cooled in an ice/water bath and diethyl ether added to the solu-
tion (50 mL). To the stirred suspension, potassium hydroxide
pellets (4.0 g, 71 mmol) were slowly added while keeping the
suspension temperature below 10 °C. Stirring was continued for
30 min at ca. 0 °C before transferring the mixture to a separation
funnel. The organic phase was separated and the aqueous layer
extracted with diethyl ether (2 x 25 mL). The pooled organic
phase was washed with water (2 x 10 mL), dried over K,COs;,
filtered and evaporated in vacuo to give the target azide as a pale
yellow oil that was used without further purification (0.81 g,
55%). '"H NMR (300 MHz, CDCls) é: 3.37 (t, 2H, J = 6.8 Hz),
2.79 (t, 2H, J = 6.8 Hz), 1.77-1.68 (m, 2H), 1.39 (bs, 2H); "*C
NMR (75.5 MHz, CDCl3) 6: 49.17, 39.33, 32.46; IR (NaCl,
cm™'): 3367, 2949, 2871, 2097, 1663, 1595, 1456, 1259.

Instrumentation

UV-visible spectra was acquired on either a Shimadzu 2401-PC
or a Varian Cary 50 spectrometer, where the baseline was
recorded prior to acquisition of spectra. Where temperature
control was required, a Varian Single Cell Peltier Accessory was
used. NMR spectra were acquired on a Bruker Avance DPX 300
spectrometer All spectra were obtained at 298 K and were
referenced internally using the residual protonated solvent
resonances. Signals are recorded in chemical shift (in ppm from

residual solvent resonances referenced to TMS). Scanning elec-
tron microscopy (SEM) images were carried out using a Hitachi
S-900 microscope. The sample was prepared by drop-casting of
the AuNPs colloid over aluminum foil adhered to a brass plate
by conductive carbon tape. The solvent was evaporated after
5 min and samples were dried under a stream of nitrogen gas
before SEM imaging. Purity of all metal ion solutions used in this
study was evaluated by inductively-coupled plasma atomic
emission spectroscopy (ICP-AES) using a Perkin Elmer Optima
DV7300 ICP-OES instrument. The instrument was calibrated
with four standard solutions at concentrations of 0.1, 1, 10 and
100 ppm.

Preparation of functionalized AuNPs

AuNPs of ca. 18 nm diameter were prepared by the citrate
reduction of chloroauric acid (HAuCly) according to the method
of Frens et al.*® Briefly, 100 mL of 1.6 mM HAuCl, solution in
water was boiled while stirring vigorously. Sodium citrate
aqueous solution (10 mL of 38.8 mM) was then rapidly added
into the boiling HAuCl, solution, resulting in a colour change
from light-yellow to deep-red. After boiling for 10 min the colloid
was cooled to room temperature over a 15 min period. The
colloid was then filtered through a 0.22 um membrane filter and
stored in the dark at room temperature before use. The
concentration of AuNPs was estimated by UV-vis spectroscopy
to be about 4 nM, based on an extinction coefficient of (8.78 +
0.06) x 10* M~! cm~! at A = 506 nm for 18 nm particles.’” As-
prepared AuNPs exhibited UV-visible absorption maxima at
526 nm that is in good agreement with previous literature. Azide-
tagged AuNP were obtained by the ligand exchange reaction
with 3-azidopropylamine. In brief, a solution of 3-azidopropyl-
amine (30 pL, 2 mM in 2 : 1 ethanol:water) was added to the as-
prepared gold colloid (0.5 mL). The mixture was agitated for
5 min at room temperature, and then was centrifuged for 30 min
(11529 x g) to obtain the azide-tagged AuNPs. The obtained
azide-functionalized AuNPs were washed with 2:1 ethanol:
water (3 x 5 mL), centrifuged, and finally redispersed in 2 : 1
ethanol:water (1.3 mL).

Copper(i1) detection assay

To 0.54 mL of azide-tagged AuNPs in 2 : 1 ethanol:water, the
‘click’ reagents were added: i) 1,4-diethynylbenzene (40 pL,
0.3 mM solution in ethanol), sodium ascorbate (200 pL, 1 mM
solution in 2:1 ethanol: water) and copper sulfate (200 pL,
0.5 mM solution). The copper solution was added last to ensure
an accurate start time in the monitoring of the assay. The reac-
tion mixture was mixed well and the reaction monitored by UV-
Vis over the 400-800 nm range. Four types of control experi-
ments were carried out, following the ‘click’ protocol of above
(i.e. Cu** detection assay) with minor modification. In brief,
reagents added to the AuNPs colloid (0.5 mL) were: control 1) all
reagents excluding Cu®*; control 2) all reagents excluding 3-azi-
dopropylamine; control 3) all reagents excluding 4-dieth-
ynylbenzene; control 4) all reagents excluding ascorbic acid.

In each case, after addition of all relevant reagents the reaction
mixture was mixed well and the reaction monitored by UV-Vis
over 400-800 nm the range for 30 min.

This journal is © The Royal Society of Chemistry 2012
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Concentration dependence studies

The same method was followed as for Cu®* detection assay,
where the concentration of copper was varied but the volume was
kept constant at 200 pL for the total volume of copper solution.
All stock copper(11) solutions were diluted with Milli-Q water as
required by pipetting appropriate volumes from the standard
solutions (5 mM, 0.5 mM and 0.05 mM). The standard solutions
were prepared by serial dilutions from a stock solution.

Interference studies

The experimental procedure previously specified for the general
copper(i) assay was followed. However, instead of adding the
copper solution (200 uL, 0.5 mM) an equivalent concentration of
a specified metal solution was added. The UV-Vis spectrum was
monitored over a 10 min period immediately after the addition of
the metal ions, and the rate of change in absorbance at the
wavelength of 663 nm was used as a measure of the interference
effect of a particular metal ion. These tests were performed in
duplicate. If the first assay had a rate different to the control
assay with no metal, the spectrum of the second assay would be
observed for 10 min without any added metal ions, and after this
10 min period the specified metal ion solution would be added
and also scanned for a 10 min period. This was to ensure that
a change in rate was due to addition of the metal ion solution
rather than other effects, such as copper contamination or
random error.

In addition, the colour of the assay after this time frame was
compared to a time zero assay, and qualitatively assessed if
a colorimetric distinction could be made. This was to estimate the
interference of the metal (if any) on a practical scale.

Gap-mode Raman spectra

Samples for Raman spectroscopy were prepared by mixing in an
Eppendorf tube (if necessary) before a drop (5 pL) was placed
onto a stainless steel plate for measurement. Gap-mode Raman
spectra were obtained using a Perkin-Elmer Raman station
400 spectrometer with a low magnification objective in a back
scattering geometry. The instrument operated at A, = 785 nm
(infrared) with a maximum of 100 mW laser power focused to
a 100 micron sample spot size. The backscattered light was
collected to a USB video camera coupled to a Rayleigh filter and
a Peltier air-cooled CCD (Charge Coupled Device) detector. This
system was equipped with an Echelle™-based spectrograph
which avoids the requirement to “stitch” high-resolution scans
together.

Results and discussion

Absorption spectra of azide-modified AuNPs displayed a surface
plasmon absorption band maximum at 528 nm. SEM images of
functionalized AuNPs show uniform size-distribution, and an
approximate particle diameter of 18 nm (Fig. 2a). In a typical
copper assay experiment the ‘click’ reaction was monitored by
UV-Vis over the 400-800 nm range, with a red to dark blue
colour change appreciable to the naked-eye over the first 5 min of
the assay (Fig. 3a-b). A corresponding red shift was observed in
the UV-Vis spectrum with the absorbance maxima shifting from

Fig. 2 SEM images of (a) azide-tagged AuNPs and (b) aggregated
AuNPs after addition of 50 uM Cu?" in the presence of cross-linker DEB.

528 to 663 nm (Fig. 3d). The red shift is characteristic of AuNPs
cross-linking and aggregation.’® Aggregation of the AuNPs is
further supported by SEM imaging (Fig. 2b). The rate of
aggregation is a function of Cu** concentration, but in all cases
aggregation was clearly visible within 20 min from the
commencement of the assay. If the reaction was left to proceed
for an extended period, precipitation was observed, leaving the
supernatant colourless (Fig. 3c).

To further confirm the reaction proceeded as depicted in
Fig. 1, gap-mode Raman spectra'® were obtained for the AuNPs
prior to and after the “click” reaction had proceeded. Upon
aggregation, sharp peaks at 1108 and 1587 cm~! were observed to
increase in magnitude, corresponding to the stretches of the
[1,2,3]-triazole ring that have formed as a result of the ‘click’
reaction (Fig. 4)."* Over 40 min a gradual increase of both peaks
due to formation of the triazole was observed, thus giving
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Fig. 3 UV-Vis spectral evolution for the aggregation of azide-tagged
AuNPs (ca. 2.16 pM) in the presence of Cu?** (50 uM) and DEB (30 mM).
(a) Reaction time of 1 min; (b) 15 min; (c) the assay after an extended
period of time (>8 h) allowing a black solid to precipitate.
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Fig.4 Raman spectra (A.x = 785nm) of (a) citrate stabilized AuNPs, (b)
azide functionalized AuNPs, (c) ‘click’ reaction mixture prior to the
addition of copper, and (d) aggregated AuNPs after the addition of
copper.

spectroscopic evidence that the cross-linking species is a triazole
moiety and that the ‘click’ reaction has occurred. Control
experiments were conducted to demonstrate the importance of
each component. A series of controls experiments were per-
formed involving all reagents except for the absence of i) 3-azi-
dopropylamine on the AuNPs, ii) DEB, iii) sodium ascorbate
and iv) Cu?* ions. In all control experiments, no discernible
colour changes over a period of 30 min were observed.

To determine the minimum concentration of Cu*" ions that
can be detected by this method visually (i.e. by the naked eye),
different concentrations of Cu®* were added into the ‘click’
reaction mixture of azide-tagged AuNPs and DEB so that the
final concentration of Cu®* in the reaction mixture were 200 pM,
100 uM, 50 uM, 30 uM, 25 uM, 20 uM, 10 uM, 5 uM, 2.5 uM, 2
uM, and 1.8 uM. The lowest concentration at which there was
a distinct colour change detectable by eye was 1.8 uM of Cu**
which is significantly lower than the 20 uM reported by Xu
et al.™ For [Cu*] > 50 uM, the assay was observed to change
colour from red to blue. For [Cu*"] < 50 uM, the assay was
observed to change colour from red to purple. A linear rela-
tionship can be derived from plotting the absorbance at 663 nm
against [Cu®*] is shown in Fig. 5 (slope was 0.379 + 0.041)

100 puM 75 uM 50 uM 10 uM

o

1 min

20 min

1.4

1.24

1.04
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0.6

0.4+

Absorbance @ 663 nm

0.2

6.0 55 5.0 45 40 35
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Fig.5 Calibration data. (a) Photographs as a function of time for azide-
tagged AuNPs after ligation in the presence of DEB and different
concentrations of copper ions, and (b) the assay calibration curve.
Absorbance in (b) was monitored at 663 nm after 20 min from the
addition of Cu?* to the assay mixture.

revealing there is potential for this method to provide both
quantitative dependence on absorbance and a detection limit
with the naked eye of only 1.8 uM.

Next, attention was focussed on potential metal ions that
could interfere with the copper detection assay. As a comparative
measure, the nominal concentration of the metal was approxi-
mately the same as the copper concentration (50 uM). The results
of this test show that Fe*, Fe**, Co**, Ni**, Ba*", Zn>*, Ca**, K",
Li* and Ag" do not interfere with the colorimetric method.
However with Cr**, Pb**, and Cd*" a detectable colour change
could be observed by eye. Upon examination of these metals, we
see that those that interfere are potentially more or as harmful as
copper. In practice this interference does not detract from the
method’s capacity as an on-field colorimetric method for water
safety. This method can be used qualitatively to indicate the
safety of a water sample, as well as to provide an approximate
concentration range of the metal that can act as a guiding point
for more accurate analyses.

Finally, laboratory tap water was analysed using the nano-
particle strategy, and the results compared with ICP-OES
measurements. The tap water sample had a mean Cu?** content of
9 + 2 uM according to the nanoparticle method presented herein.
In comparison, ICP-OES measurements gave the Cu** content of
the water sample as 15 puM. These values are reasonably
concordant with the difference being attributed to the nano-
particle strategy measuring free Cu®* while the ICP-OES
measured total copper.

This journal is © The Royal Society of Chemistry 2012
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Conclusions

In summary, an experimentally simple method for the colori-
metric detection of copper species based on the copper catalyzed
click reactions has been described. This method employs azide-
modified gold nanoparticles which, in the presence of a dialkyne
and ascorbic acid, aggregate when Cu®" is present in a sample.
The aggregation of the particles results in a colour change
discernable by the naked eye at concentrations as low as 1.8 pM.
The extent of colour change is linear with the concentration of
Cu?" and was shown to be reasonably selective for copper.
Overall, these results demonstrate that this method is capable of
being a simple, practical and reliable method of quantitatively
determining the concentration of copper in water samples.
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