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A fluorogenic Cu(I)-catalyzed azide–alkyne cycloaddition reaction (CuAAC) of 3-azido-7-hydroxycouma-
rin has been used to detect metal ions in solution. The formation of a highly fluorescent triazole product
signals the presence of Cu(I) or Cu(II) ions at micromolar concentrations. CuAAC can be modified by using
an exogenous ligand like EDTA to detect and quantify Zn(II), Ca(II), and Cd(II) ions at micromolar concen-
trations by an allosteric mechanism. The increase in the formation of the triazole product is regulated by
the release of Cu(II) from the Cu(II)–EDTA complex by the addition of a second metal ion, the allosteric
effector.

Published by Elsevier Ltd.
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Recently, fluorogenic reactions have been employed as power-
ful tools in studying biological systems.1 They have been used to
label proteins for imaging bacterial cells,2 label virus capsids,3

monitor proteases in penicillin,4 and for the fatty-acylation of pro-
teins.5 The Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC)
reaction,6,7 a paradigm of ‘click chemistry’ as coined by Sharpless
and coworkers,6 affords superior regioselectivity and almost quan-
titative transformation under mild conditions. Alkyne and azide
groups are very small in size, highly energetic, and have a particu-
larly narrow distribution of reactivity; hence they are well suited
to biological applications.8 Recent work has shown the develop-
ment and application of fluorogenic CuAAC reactions of azidoanth-
racenes and azidocoumarins.1–3,9–15 Additionally, coumarin-based
fluorogenic dyes have been used in Staudinger ligation16 and S-
nitrosothiol ligation reactions.17 While many methods of metal
ion detection employ fluorescent dyes that undergo off–on18–20

and on–off21–23 fluorescence changes during metal ion binding,
metal-catalyzed reactions can be an alternative sensing meth-
od.24–26 In this work, we used a 3-azido-7-hydroxycoumarin (1)
based fluorogenic CuAAC reaction to detect and quantify copper
and other biologically and environmentally important metal ions
in solution.

For coumarin azide 1, its fluorescence emission is essentially
quenched due to the electron-rich azido group at the 3-position.10

As shown in Scheme 1, 1 can react readily with phenylacetylene (2)
catalyzed with Cu(I) to afford a highly fluorescent triazole product
(3).10 The formation of 3 can be followed by its fluorescence emis-
sion. Figure 1 shows a series of emission spectra (excitation at
350 nm) for a solution containing 1 (9 lM), 2 (9 lM), and sodium
Ltd.
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ascorbate (NaAsc, 1 mM) in 2.0 mL of DMSO:H2O (1:1), as a func-
tion of added 0.10 mM CuSO4 in 10 lL aliquots. The broad emission
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Figure 1. Fluorescence emission spectra of a 2.2 mL (1:1) DMSO:H2O solution
containing 1 (9 lM), 2 (9 lM), and NaAsc (1 mM) after adding 0.10 mM CuSO4 in
10 lL aliquots (kex = 350 nm).
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Figure 3. Fluorescence emission spectra (kex = 350 nm) for (1:1) DMSO:H2O
solutions containing: (a) 1 (9 lM), 2 (9 lM), NaAsc (1 mM), and Cu(II) (4.76 lM);
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band from approximately 380 nm to 550 nm, which is characteris-
tic of coumarins,10 was observed once the azide and alkyne were
mixed, indicating a small amount of reaction without added Cu(II).
As the Cu(II) concentration in the solution increases, it undergoes
reduction by ascorbate to the catalytically active Cu(I) ion and
the fluorescence emission increases strongly. The shoulder ob-
served near 420 nm diminishes as the intensity at 470 nm in-
creases. The increase in fluorescence begins with the first
addition of Cu(II), and continues up to 5 lM Cu(II), reaching a pla-
teau at slightly higher concentrations (Fig. 1). This fluorescence in-
crease could be observed similarly in pure aqueous solution;
however, the overall fluorescent signals were weaker than in a
mixed solvent of DMSO/H2O due to the poor solubility of com-
pound 2 in pure water. Therefore, a 1:1 mixture of DMSO/H2O
was used in this study.

Generally, CuAAC reactions can be completed in a relatively
short period of time.3,6 For the data in Figure 1, measurements
were made as soon as the reagents were mixed, and CuAAC reac-
tion may not have been complete. Therefore, a study of the time
dependence of the fluorescence increase of the reaction could lead
to an improved sensitivity of Cu(II) detection. Figure 2 shows the
relative fluorescence (F/F0) emission at 470 nm for solutions con-
taining 50 nM Cu(II) and 500 nM Cu(II) along with 1, 2, and NaAsc
and a blank with no Cu(II). For each solution, there is an increase in
the relative fluorescence that reaches a maximum in about 10 min,
suggesting a relatively quick reaction. Using this method, Cu(II) at
much lower concentrations than our previous experiments can be
detected. For instance, 500 nM of Cu(II) produces an approximately
fourfold higher signal than the blank, and 50 nM Cu(II) produces
twofold higher signal than the background (Fig. 2). Hence, 50 nM
can be taken as an estimate of the detection limit, where the sig-
nal-to-noise ratio is �2.

Recent work in catalytic signal amplification using metal-cat-
alyzed reactions has shown that an exogenous ligand can be used
to detect metal ions that do not catalyze the reaction.25,27 In this
sensing protocol, a ligand like ethylenediaminetetraacetic acid
(EDTA) is added to bind the metal catalyst, sequestering it. The
addition of a second metal ion establishes a competitive equilib-
rium between the metal catalyst–ligand complex (1) (CuAAC as
an example) and the added metal ion–ligand complex (2):

CuðIIÞ þ EDTA! CuðIIÞ—EDTA ð1Þ

MðIIÞ þ CuðIIÞ—EDTA!MðIIÞ—EDTAþ CuðIIÞ ð2Þ
0

2

4

6

8

10

12

14

16

0 5 10 15 20 25 30 35 40

F/
F 0

time/minutes

500 nM Cu(II)

50 nM Cu(II)

blank

Figure 2. Relative fluorescence (F/F0) at 470 nm versus time (kex = 350 nm) for (1:1)
DMSO:H2O solutions containing 1 (10 lM), 2 (10 lM), and NaAsc (80 lM). The
Cu(II) concentrations are � 0 nM, N 50 nM, and j 500 nM, respectively.
As more of the second metal ion is added, more of the metal cat-
alyst is released, producing more fluorescent product, which sig-
nals the presence of the added metal ion. We chose to use
(EDTA) as the ligand, which forms 1:1 complexes with most metal
ions. Three important metal ions in biology and chemistry, that is,
Zn(II), Ca(II), and Cd(II), were studied using our sensing cascade. To
solutions containing 10 lM of 1 and 2, a complex of 10 lM Cu(II)–
EDTA was formed prior to the addition of NaAsc (80 lM), with a fi-
nal volume of 2.1 mL. Then the second metal ion (0.1 mM) was
added in 20 lL aliquots and the fluorescence emission of the solu-
tion was monitored.

As shown in Figure 3, compared to experiments without EDTA,
the wavelength of maximum fluorescent intensity underwent a
bathochromic shift of �20 nm to 486 nm. As shown in Figure 4,
the largest increase in relative fluorescence was observed when
Cu(II) was used without EDTA, but all three metal ions were able
to displace Cu(II) from the EDTA complex at micromolar concentra-
tion levels, liberating Cu(II) to subsequently undergo reduction
with ascorbate and catalyze the reaction. The relative fluorescence
ratios for Zn(II) and Ca(II) are nearly identical, indicating an equal
ability to displace Cu(II) from the EDTA complex. Cd(II) produced a
much weaker fluorescence increase, but it is significantly above the
background intensity (F/F0 = 1). Additionally, for Zn(II) and Ca(II),
and (b) 1 (10 lM), 2 (10 lM), NaAsc (80 lM), Cu(II) (10 lM), EDTA (10 lM), and
Zn(II) (7.2 lM).
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Figure 4. Relative fluorescence (F/F0) at 486 nm of a (1:1) DMSO:H2O solution
containing 1 (10 lM), 2 (10 lM), NaAsc (80 lM), and Cu(II)–EDTA complex (10 lM)
as a function of the concentration of added metal ion (kex = 350 nm).
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the maximum relative fluorescence was reached near 9 lM, which
is enough for nearly complete displacement of Cu(II) from the
EDTA complex. This is reflected in the similar F/F0 values for Cu(II),
Zn(II), and Ca(II).

In conclusion, the fluorogenic CuAAC reaction using 3-azido-7-
hydroxycoumarin and phenylacetylene has been shown to be a
sensitive method for detecting and quantifying Cu(I) and Cu(II)
ions at micromolar and nanomolar concentrations. Fluorescence
imaging experiments to detect intracellular zinc28 and copper19

ions typically range from minutes to hours, and the time needed
for complete CuAAC reaction is compatible with this timescale,
making fluorogenic CuAAC potentially useful. Additionally, the
small size and bio-orthogonality of azide and alkyne make them
suitable to intracellular studies where the probe must traverse cell
membranes to detect intracellular levels of metal ions. Finally, by
using EDTA as a regulatory element to form a Cu(II)–EDTA com-
plex, the method can be extended to the detection of other biolog-
ically and environmentally important metals via allosteric control.
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