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Visual Detection of Copper(Il) by Azide- and Alkyne-Functionalized
Gold Nanoparticles Using Click Chemistry**

Yang Zhou, Shixing Wang, Ke Zhang, and Xingyu Jiang*

We report a method for the detection of Cu*" ions by azide-
and terminal alkyne-functionalized gold nanoparticles (Au
NPs) in aqueous solutions using click chemistry."! The
catalyst, Cu(I), was conveniently derived from the reduction
of Cu(Il) in the presence of sodium ascorbate. This method
allows the naked eye, without the aid of any advanced
instrument, to assay for the presence of Cu®" ions by the
aggregation of Au NPs as a result of the Cu(I)-catalyzed
conjugation between the two functional groups.

Copper is a transition metal essential for life but also
highly toxic to organisms, such as certain algae, fungi and
many bacteria and viruses.””! In recent years, copper has been
suspected of causing liver damage in children.”! The analysis
and measurement of copper in environmental and biological
samples have become increasingly important.

Several methods exist for the detection of Cu®* ions, for
example, those based on organic fluorophores™ or chromo-
genic sensors,’! quantum dots,® atomic absorption spectros-
copy,”! inductively coupled plasma mass spectroscopy,
absorbance spectro-photometry,” peptides'”) and voltamme-
try."! The color changes associated with the aggregation of
metal nanoparticles has led to the development of a number
of assays for a variety of target species.'*'*! Colorimetric
methods can be convenient and attractive in many applica-
tions because they can be easily monitored with the naked
eye, without the aid of any advanced instruments. The
extinction coefficient of 13 nm-diameter gold nanoparticles
is 2.7x 10°M'em™, several orders of magnitude more than
those of traditional organic chromophores.'¥ As a result,
colors arising from nanoparticles at nanomolar concentra-
tions can be observed by the naked eye, allowing sensitive
detection of small amounts of analytes. Since Cu(I) is used as
a catalyst in the cycloaddition reaction between azides and
alkynes in click chemistry based on Huisgen’s reaction,!" the
amount of copper needed for its completion is typically small.
Therefore, a method that can visualize the progress of the
reaction using the aggregation of Au NPs might also be useful
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for the detection of trace amounts of Cu(II) (by detection of
Cu(I)). Because the azide/alkyne functional groups and their
conjugation are highly selective and are essentially inert to
most biological molecules, oxygen, water, and the majority of
common reaction conditions in chemical synthesis, and are
tolerant of a wide range of solvents, temperatures, and
pH values, we reasoned that an assay based on such chemistry
may find myriad uses.'®*?"! Our method for the detection of
Cu’" ions relies on the Cu(I)-catalyzed 1,3-dipolar cyclo-
addition of alkynes and azides on the surface of functionalized
Au NPs, that results in the aggregation of Au NPs (Scheme 1).

We synthesized azide- and terminal alkyne-functionalized
thiols, 1 and 2, and prepared gold NPs coated with these
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Scheme 1. The detection of Cu’" ions using click chemistry between
two types of gold NPs, each modified with thiols terminated in an
alkyne (1) or an azide (2) functional group.

functional groups by ligand-exchange reactions using these
thiols and citrate-stabilized Au NPs (Scheme 1). To keep the
Au NPs stably dispersed, we employed a commercially
available thiol, 3 (HS(CH,);;(OCH,CH,);OH), as a stabiliz-
ing agent along with 1 and 2.l The azide- and alkyne-
functionalized Au NPs were purified by repeated centrifuga-
tion and redispersion in H,O/fBuOH, to obtain a deep reddish
purple solution. The mixture of the two kinds of AuNPs (1.1 x
107°M) exhibits a characteristic plasmon absorption band at
529 nm, and sizes of approximately 14 nm (see Supporting
Information, Figure S1).

When Cu*' and the reductant (sodium ascorbate) were
both added to the mixture of Au NPs at room temperature,
the color began to fade and the aggregation of Au NPs
occurred, resulting in a clear solution with a precipitate
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(Figure 1). Over time, the solution became
colorless, accompanied by the gradual appear-
ance of additional precipitate. UV/Vis spec-
troscopy showed that the plasmon band at
529 nm moved to 588 nm, similar to the case
where the aggregation of Au NPs is induced by
the cross-linking of DNA.”! Within twenty-
four hours, aggregation of Au NPs resulting
from Cu(I)-catalyzed conjugation became
complete. Because the process of this aggre-
gation can be monitored visually, the naked
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Figure 2. A photograph of the solutions containing the mixtures of functionalized Au
NPs with different metal cations in the presence of sodium ascorbate after 24 h. lon
concentration of AP**, Zn?", Co®", Mn*", Mg?", Fe’*, Ca’*, Pd**, Na*

, K, and Ag* is

0.5 mm. [Cu>*]=200 um.

nn
) 68

¢

0.25

Absorbance

precipitates 0.00 . . ‘ ‘
400 500 600 700 800

=EIEt RGNS
Wavelength / nm

Figure 1. The assay for Cu®" ions by the naked eye (a) Photographs of
the solution containing only the mixture of functionalized Au NPs

(left) and the same mixture after the addition of Cu®" (right); (b) UV/
Vis spectra obtained from solutions of functionalized Au NPs and after
24 h in the presence of Cu*" ions and sodium ascorbate. solid line: Au
NPs—Cu?", dotted line: Au NPs + Cu?*.

eye alone can judge the presence or absence of Cu’" ions
without the aid of any instruments.

To evaluate the minimum concentration of Cu?" ions in
aqueous solution detectable by this color change and
formation of precipitates, we added Cu®*" into the mixture of
Au NPs to obtain a Cu*" concentration of 500 pm, 300 um,
200 um, 100 pm, 50 um, 20 puM, and 10 pm, respectively. Sodium
ascorbate at five times the concentration of Cu*" was also
added. After overnight reaction, the results showed that only
when [Cu®"] > 50 pm, were the changes of color and formation
of precipitates obvious, whereas when [Cu®'] < 20 um, distinct
changes of the solution could not be observed. We also tested
the effects of either increasing or decreasing the concentra-
tion of Au NPs in the solutions, but were unable to detect
lower concentrations of Cu*" ions. We therefore conclude that
the minimum concentration of Cu?" detectable by eye is
approximately 50 um. This lowest detectable concentration
cannot be compared with that obtained with the help of
advanced instruments, but we believe, however, that this
concentration sets the record for the detection of Cu?" ions by
the naked eye alone.””

We tested the selectivity of this assay for Cu®"
using other metal ions in place of copper, including A
Zn**, Co*", Mn*", Mg*", Fe*', Ca*', Pd*", Na", K" and Ag" at
concentrations of 0.5 mm. Only the Cu®*" sample induced
noticeable aggregation of the mixture of azide-/alkyne-
functionalized Au NPs (Figure 2). None of these metal ions
interfered with the assay. No color changes (except for Ag")
or aggregation could be observed even after several months.

ions by
13+’
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Even when the concentrations of these ions increased to 500
times the concentration of Cu®", that is, at 0.1m, we still found
no distinct color change or precipitates in the mixture of
functionalized Au NPs. The presence of the reductant is also
crucial for the assay of Cu?" ions: when adding only copper
sulfate or only sodium ascorbate to the mixture of Au NPs, we
saw no change of color in the solution even after 24 h. (see
Supporting Information, Figure S2). When Ag" ions and the
reductant were simultaneously added in the assay system
under the same conditions, the color of the Au NPs became
redder. This result may be ascribed to the surface electron
effect of the silver ion on Au NPs.”! No precipitates formed,
however, in the case of Ag".

To test whether the specificity in the detection of Cu**
compromised by complex mixtures of other cations, we used
any combination of four different types of cations from the
following pool of cations, AP*, Fe**, Mg**, Mn?", Zn*", Ca’",
Co®", Na', and K", in the assay. The Au NPs were stably
dispersed in mixtures of these cations with the presence of
excess sodium ascorbate. Au NPs began to precipitate,
however, when the solution of Cu?*" was added to the mixture.
The total concentration of non-copper cations was 200 puMm.
We believe that the highly selective nature of the click
chemistry was responsible for the high selectivity of the assay
for Cu?". This result suggests that the detection of Cu®" can be
performed in solutions with relatively complex mixtures of
other cations.

In conclusion, we have developed a procedure for
detecting Cu®" in aqueous solutions using Cu(I)-catalyzed
click chemistry between gold NPs. Although an indirect assay,
this method is highly specific even in the presence of high
concentrations of mixtures of other cations. Aside from the
applications that require the detection of copper itself,
because of the compatibility of click chemistry with biomol-
ecules, efforts in our group are being made to extend current
work to applications in bioassays. We anticipate this method-
ology to find uses in many scenarios where sensors for Cu®"
are required. The ability to detect the presence of Cu®" can be
potentially extended to assay for analytes indirectly, without
the need for equipment that is typically bulky, thus facilitating
miniaturization for “lab-on-a-chip” and related applications.
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Experimental Section

Au NPs with average diameters of 14 nm were prepared by the
citrate-mediated reduction of HAuCl,. A stirred aqueous solution of
HAuCl, (0.08M, 1.25 mL) was heated to reflux, and then trisodium
citrate solution (38.3 mM, 10 mL) was added quickly, resulting in a
change in solution color from pale yellow to deep red. After the color
change, the solution was heated under reflux for an additional 30 min
and allowed to cool to room temperature. Ligand exchange reactions
were performed under stirring at room temperature for 24 h by
mixing a certain volume of as-prepared gold colloids with a methanol/
water solution containing an excess of terminal alkyne-functionalized
thiol 1, or azide-functionalized thiol 2. Typically, 500 pL of citrate-
stabilized gold sols (1 mm) were diluted by adding Milli-Q water
(deionized water purified in a Milli-Q system available from the
Millipore Corporation, 5 mL). The basicities of the sols were then
adjusted to pH 9 by NaOH (30 pL, 0.5m in Milli-Q water). Under
vigorous stirring, thiol 3 (100 pL, 0.01M in methanol) and 1 (200 pL,
0.01m in methanol) were added to the gold sols simultaneously. The
mixture was stirred for 24 h and then was centrifuged for 20 min
(13000 rpm, Eppendorf centrifuge) to obtain alkyne-functionalized
Au NPs. The obtained alkyne-functionalized Au NPs were washed
with H,O/fBuOH (3 x5 mL), centrifuged, and finally redispersed in
H,0/tBuOH (1.5 mL). To prepare terminal azide-functionalized Au
NPs, similar procedures were used, except that 2 (200 pL, 0.01m) was
added, instead of 1. The azide-functionalized and terminal alkyne-
functionalized Au NPs were mixed to obtain a homogenous
dispersion solution.

Received: May 18, 2008
Published online: August 13, 2008

Keywords: click chemistry - copper - cycloaddition -
nanoparticles - thiols

[1] a) V. V. Rostovtsev, L. G. Green, V. V. Forkin, K. B. Sharpless,
Angew. Chem. 2002, 114, 2708-2711; Angew. Chem. Int. Ed.
2002, 41, 2596-2599; b) Q. Wang, T. R. Chan, R. Hilgraf, V. V.
Fokin, K. B. Sharpless, M. G. Finn, J. Am. Chem. Soc. 2003, 125,
3192-3193.

[2] E. Merian, Metals and their compounds in the environment,
VCH, Weinheim, 1991, p. 893.

[3] B.P. Zietz, H. H. Dieter, M. Lakomek, H. Schneider, B. Kebler-
Gaedtke, H. Dunkelberg, Sci. Total Environ. 2003, 302, 127 -
144.

[4] a) R. F. H. Viguier, A. N. Hulme, J. Am. Chem. Soc. 2006, 128,
11370-11371; b) B. Chen, P. Zhong, Anal. Bioanal. Chem. 2005,
381,986-992; c) Z. C. Wen, R. Yang, H. He, Y. B. Jiang, Chem.
Commun. 2006, 106-108; d) Y. Xiang, A. Tong, P. Jin, Y. Ju,
Org. Lett. 2006, 8, 2863 —2866.

[5] S. Banthia, A. Samanta, New J. Chem. 2005, 29, 1007 —1010.

[6] K. M. Gattas-Asfura, R. M. Leblanc, Chem. Commun. 2003,
2684 -2685.

[7] M. S. Chan, S. D. Huang, Talanta 2000, 51, 373 -380.

[8] J. Wu, E. A. Boyle, Anal. Chem. 1997, 69, 2464 —2470.

[9] M. R. Callahan, J. B. Rose, R. H. Byrne, Talanta 2002, 58, 891 —
898.

[10] Y. Zheng, K. M. Gattas-Asfura, V. Konla, R. M. Leblanc, Chem.
Commun. 2002, 2350-2351.

[11] M. Etienne, J. Bessiere, A. Walcarius, Sens. Actuators B 2001, 76,
531-538.

[12] a) C. A. Mirkin, R.L. Letsinger, R. C. Mucic, J.J. Storhoff,
Nature 1996, 382, 607-609; b) C.-S. Tsai, T.-B. Yu, C.-T. Chen,
Chem. Commun. 2005, 4273-4275; c) J. Li, X. Chu, Y. Liu, J.
Jiang, Z. He, Z. Zhang, G. Shen, R. Yu, Nucleic Acids Res. 2005,
33,e168;d) J. Li, S. Song, X. Liu, L. Wang, D. Pan, Q. Huang, Y.
Zhao, C. Fan, Adv. Mater. 2008, 20, 497 —500.

[13] a) J.-M. Nam, C.S. Thaxtom, C. A. Mirkin, Science 2003, 301,
1884 -1886; b) S. 1. Stoeva, J.-S. Lee, J. E. Smith, S. T. Rosen,
C. A. Mirkin, J. Am. Chem. Soc. 2006, 128, 8378-8379; c) J.
Wang, Small 2005, 1, 1036—1043; d) J. J. Storhoff, R. Elghanian,
R. C. Mucic, C. A. Mirkin, R. L. Letsinger, J. Am. Chem. Soc.
1998, 120, 1959-1964; ¢) M. S. Han, A. K. R. Lytton-Jean, B.-K.
Oh, J. Heo, C. A. Mirkin, Angew. Chem. 2006, 118, 1839-1842;
Angew. Chem. Int. Ed. 2006, 45, 1807-1810; f) J. Liu, Y. Lu, J.
Am. Chem. Soc. 2004, 126, 12298 -12305.

[14] R.Jin, G. Wu, Z. Li, C. A. Mirkin, G. C. Schatz, J. Am. Chem.
Soc. 2003, 125, 1643 -1654.

[15] R. Huisgen, Pure Appl. Chem. 1989, 61, 613 -628.

[16] a) Q. Wang, T. R. Chan, R. Hilgraf, V. V. Fokin, K. B. Sharpless,
M. G. Finn, J. Am. Chem. Soc. 2003, 125, 3192-3193; b) A. J.
Link, D. A. Tirrell, J. Am. Chem. Soc. 2003, 125, 11164—-11165;
c)L. V. Lee, M. L. Mitchell, S.J. Huang, V. V. Fokin, K. B.
Sharpless, C.-H. Wong, J. Am. Chem. Soc. 2003, 125, 588 —9589;
d) D. 1. Rozkiewicz, D. Janczewski, W. Verboom, B. J. Ravoo,
D. N. Reinhoudt, Angew. Chem. 2006, 118, 5418 —-5422; Angew.
Chem. Int. Ed. 2006, 45, 5292 —5296.

[17] a) F. Fazio, M. C. Bryan, O. Blixt, J. C. Paulson, C.-H. Wong, J.
Am. Chem. Soc. 2002, 124,14397-14402; b) K. D. Bodine, D. Y.
Gin, M. S. Gin, J. Am. Chem. Soc. 2004, 126, 1638-1639; ¢) T.
Jin, S. Kamijo, Y. Yamanoto, Eur. J. Org. Chem. 2004, 3789 —
3791; d) C. W. Tornoe, C. Christensen, M. Meldal, J. Org. Chem.
2002, 67, 3057-3064; e) D. A. Ossipov, J. Hilborn, Macromole-
cules 2006, 39, 1709-1718.

[18] a) P. Wu, A. K. Feldman, A. K. Nagent, C. J. Hawker, A. Scheel,
B. Voit, J. Pyun, J. M. K. Frechet, K. B. Sharpless, V. V. Fokin,
Angew. Chem. 2004, 116, 4018-4022; Angew. Chem. Int. Ed.
2004, 43, 3928-3932; b) T. Lummerstorfer, H. Hoffmann, J.
Phys. Chem. B 2004, 108, 3963-3966; c) J. P. Collman, N. K.
Devaraj, C. E. D. Chidsey, Langmuir 2004, 20, 1051 -1053; d) A.
Gole, C.J. Murphy, Langmuir 2008, 24, 266—272.

[19] A. Gheorghe, A. Matsuno, O. Reiser, Adv. Synth. Catal. 2006,
348, 1016 -1020.

[20] a) S. Lober, P. Rodriguez-Loaiza, P. Gmeiner, Org. Lett. 2003, 5,
1753-1755;b) M. Fischler, A. Sologubenko, J. Mayer, G. Clever,
G. Burley, J. Gierlich, T. Carell, U. Simon, Chem. Commun. 2008,
169-171.

[21] a) V. O. Rodionov, V. V. Fokin, M. G. Finn, Angew. Chem. 2005,
117, 2250-2255; Angew. Chem. Int. Ed. 2005, 44, 2210-2215;
b) V. D. Bock, H. Hiemstra, J. H. Van Maarsevean, Eur. J. Org.
Chem. 2006, 51 -68.

[22] A.G. Kanaras, F. S. Kamounah, K. Schaumburg, C. J. Kiely, M.
Brust, Chem. Commun. 2002, 2294 —-2295.

[23] a) J. J. Storhoff, A. A. Lazarides, C. A. Mirkin, R. L. Letsinger,
R. C. Mucic, G. C. Schatz, J. Am. Chem. Soc. 2000, 122, 4640 -
4650; b) J. Liu, Y. Lu, J. Am. Chem. Soc. 2003, 125, 6642 —6643.

[24] J. Tan, X. P. Yan, Talanta 2008, 76, 9 —14.

[25] a) R. Jin, Y. Cao, C. A. Mirkin, K. L. Kelly, G. C. Schatz, J. G.
Zheng, Science 2001, 294, 1901 -1903; b) C. L. Schofield, A. H.
Haines, R. A. Field, D. A. Russell, Langmuir 2006, 22, 6707 —
6711.

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2008, 47, 7454-7456


http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1021/ja021381e
http://dx.doi.org/10.1021/ja021381e
http://dx.doi.org/10.1016/S0048-9697(02)00399-6
http://dx.doi.org/10.1016/S0048-9697(02)00399-6
http://dx.doi.org/10.1021/ja064232v
http://dx.doi.org/10.1021/ja064232v
http://dx.doi.org/10.1039/b510546c
http://dx.doi.org/10.1039/b510546c
http://dx.doi.org/10.1021/ol0610340
http://dx.doi.org/10.1039/b504823k
http://dx.doi.org/10.1016/S0039-9140(99)00283-0
http://dx.doi.org/10.1021/ac961204u
http://dx.doi.org/10.1016/S0039-9140(02)00403-4
http://dx.doi.org/10.1016/S0039-9140(02)00403-4
http://dx.doi.org/10.1039/b208012e
http://dx.doi.org/10.1039/b208012e
http://dx.doi.org/10.1016/S0925-4005(01)00614-1
http://dx.doi.org/10.1016/S0925-4005(01)00614-1
http://dx.doi.org/10.1038/382607a0
http://dx.doi.org/10.1039/b507237a
http://dx.doi.org/10.1093/nar/gni163
http://dx.doi.org/10.1093/nar/gni163
http://dx.doi.org/10.1002/adma.200701918
http://dx.doi.org/10.1126/science.1088755
http://dx.doi.org/10.1126/science.1088755
http://dx.doi.org/10.1021/ja0613106
http://dx.doi.org/10.1002/smll.200500214
http://dx.doi.org/10.1021/ja972332i
http://dx.doi.org/10.1021/ja972332i
http://dx.doi.org/10.1002/ange.200504277
http://dx.doi.org/10.1002/anie.200504277
http://dx.doi.org/10.1021/ja046628h
http://dx.doi.org/10.1021/ja046628h
http://dx.doi.org/10.1021/ja021096v
http://dx.doi.org/10.1021/ja021096v
http://dx.doi.org/10.1351/pac198961040613
http://dx.doi.org/10.1021/ja021381e
http://dx.doi.org/10.1021/ja036765z
http://dx.doi.org/10.1002/ange.200601090
http://dx.doi.org/10.1002/anie.200601090
http://dx.doi.org/10.1002/anie.200601090
http://dx.doi.org/10.1021/ja020887u
http://dx.doi.org/10.1021/ja020887u
http://dx.doi.org/10.1021/ja039374t
http://dx.doi.org/10.1002/ejoc.200400442
http://dx.doi.org/10.1002/ejoc.200400442
http://dx.doi.org/10.1021/jo011148j
http://dx.doi.org/10.1021/jo011148j
http://dx.doi.org/10.1021/ma052545p
http://dx.doi.org/10.1021/ma052545p
http://dx.doi.org/10.1002/ange.200454078
http://dx.doi.org/10.1002/anie.200454078
http://dx.doi.org/10.1002/anie.200454078
http://dx.doi.org/10.1021/jp049601t
http://dx.doi.org/10.1021/jp049601t
http://dx.doi.org/10.1021/la0362977
http://dx.doi.org/10.1021/la7026303
http://dx.doi.org/10.1002/adsc.200606043
http://dx.doi.org/10.1002/adsc.200606043
http://dx.doi.org/10.1021/ol034520l
http://dx.doi.org/10.1021/ol034520l
http://dx.doi.org/10.1039/b715602b
http://dx.doi.org/10.1039/b715602b
http://dx.doi.org/10.1002/ange.200461496
http://dx.doi.org/10.1002/ange.200461496
http://dx.doi.org/10.1002/anie.200461496
http://dx.doi.org/10.1002/ejoc.200500483
http://dx.doi.org/10.1002/ejoc.200500483
http://dx.doi.org/10.1039/b207838b
http://dx.doi.org/10.1021/ja993825l
http://dx.doi.org/10.1021/ja993825l
http://dx.doi.org/10.1021/ja034775u
http://dx.doi.org/10.1016/j.talanta.2008.01.056
http://dx.doi.org/10.1126/science.1066541
http://dx.doi.org/10.1021/la060288r
http://dx.doi.org/10.1021/la060288r
http://www.angewandte.org

