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The potent redox activity of copper is essential yet toxic to
living organisms.1-4 Accordingly, cells tightly regulate copper
to harness this capacity for beneficial purposes, as disruption of
copper homeostasis is linked to oxidative or nitrosative stress
through the aberrant production and/or consumption of reactive
oxygen and nitrogen species (ROS/RNS), respectively.3,5-7

Because spatial and temporal fluxes in cellular copper pools can
have disparate physiological or pathological consequences, new
methods for monitoring copper in living cells can help elucidate
its complex contributions to healthy and disease states.8-10 Mo-
lecular imaging with copper-responsive indicators provides an
attractive approach to achieving this goal, and synthetic sensors11,12

and dosimeters13 that give a turn-on emission increase to Cu+ or
Cu2+ in water have been reported recently.14

Despite these advances, fluorescent copper indicators that have
been used successfully in biological experiments are rare,11,12,15-18

as creating molecules that possess an appropriate combination
of chemical selectivity, optical sensitivity, and biological
compatibility remains a challenging task. In addition, although
intensity-based reagents are of practical utility, external influ-
ences that lead to variations in probe concentration and environ-
ment can complicate measurements in biological samples. These
potential artifacts can be minimized by ratiometric imaging,
which relies on probes that have two distinct measurable signals
in the presence or absence of analyte.19 Here, we present Ratio-
Coppersensor-1 (RCS1), a new type of ratiometric fluorescent
reporter for copper. RCS1 possesses high selectivity for Cu+

over competing metal ions at cellular concentrations and a ca.
20-fold fluorescence ratio change upon Cu+ binding. Confocal
microscopy experiments establish the ability of RCS1 to report
changes in Cu levels, including mobilization of endogenous Cu+

stores by ascorbate.
Our strategy for ratiometric sensing of cellular copper is based

on modulating an asymmetric BODIPY fluorophore platform.
A related fluorescent sensor for detecting K+ in mixed aqueous-
acetonitrile media has been reported.20 RCS1 is synthesized in

five steps as outlined in Scheme 1. In HEPES buffer at pH 7.0,
RCS1 exhibits a major absorption peak centered at 550 nm
(ε ) 4.3 × 104 M-1 cm-1) with a shoulder at 523 nm (ε ) 2.6
× 104 M-1 cm-1). Upon excitation at 480 nm, RCS1 displays
two emission maxima of near equal intensity centered at 505
nm (Φ ) 0.002) and 570 nm (Φ ) 0.003). Addition of 1 equiv
of Cu+ induces a hypsochromic shift of the dominant absorption
and emission bands to 548 nm (ε ) 4.0 × 104 M-1 cm-1) and
556 nm, respectively, with a concomitant 20-fold fluorescence
increase (Φ ) 0.05). Notably, the emission intensity at 505 nm
is unchanged, rendering the compound useful for ratiometric
applications. Further control experiments show that the observed
emission ratio of the RCS1 probe is stable over a range of
concentrations (Figure S5), as well as pH values from 1 to 12
(Figure S6). Binding analysis using the method of continuous
variations suggests that a 1:1 RCS1/Cu+ complex is responsible
for the ratiometric fluorescence response, and the apparent Kd

for Cu+ complexation to RCS1 in HEPES buffer at pH 7.0 is
4.0(3) × 10-11 M (Supporting Information). Owing to its
thioether-rich receptor, the ratiometric fluorescence response of
RCS1 is selective for Cu+ over various biologically relevant
metal ions (Figure 1b). The emission profiles of apo or Cu+-
bound RCS1 are unchanged in the presence of 1 mM Na+, K+,
Ca2+, or Mg2+, and first-row d-block metal ions, including 50
µM Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and 1 mM Zn2+, do not
interfere or give false positives within 10% of the full turn-on
to Cu+.

We next sought to assess whether RCS1 could report changes
in the levels of labile Cu in living cells by ratiometric
fluorescence imaging. Initial experiments in HEK 293T cells
established that we could observe changes in fluorescence ratios

Scheme 1. Synthesis of Ratio-Coppersensor-1 (RCS1)

Figure 1. (a) Fluorescence response of 2 µM RCS1 to Cu+. Spectra shown
are for [Cu+] of 0, 0.3, 0.5, 0.8, 1.0, 1.3, 1.5, 1.8, and 2.0 µM. Spectra
were acquired in 20 mM HEPES, pH 7, with excitation at 480 nm. (b)
Fluorescence responses of RCS1 to various metal ions. Bars represent the
final integrated ratiometric fluorescence response from 525-650 nm (F560)
over the initial integrated emission from 490-525 nm (F490). Initial spectra
were acquired in 20 mM HEPES, pH 7. White bars represent the addition
of an excess of the appropriate metal ion (1 mM for Na+, K+, Ca2+, Mg2+,
and Zn2+, 50 µM for all other cations) to a 2 µM solution of RCS1. Black
bars represent the subsequent addition of 2 µM Cu+ to the solution.
Excitation was provided at 480 nm, and the emission was integrated over
490-525 nm and 525-650 nm.
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in cells treated with exogenous Cu sources or Cu chelators
(Figure S9). We then examined whether this indicator could
visualize changes in endogenous pools of exchangeable intra-
cellular copper. In this context, ascorbate has been reported to
facilitate the ceruloplasmin-dependent uptake and distribution
of Cu in K562 cells.21 We reasoned that application of this
reductant would shift the Cu2+/+ redox equilibrium and increase
the kinetically labile Cu+ pool. Ratio images of live C6 rat
glioma cells labeled with RCS1 reveal that ascorbate-treated
samples possess an elevated level of labile Cu+ compared to
untreated samples (Figure 2a, b). Control experiments with a
cell-permeable Cu+ chelator, tris((ethylthio)ethyl)amine (TE-
MEA), confirms that the observed fluorescence ratio changes
are due to Cu+ binding (Figure 2c). Furthermore, coincubation
of C6 cells with ascorbate and bathocuproine disulfonate (BCS),
a cell-impermeable chelator, has no effect on ascorbate-induced
increases in the labile Cu+ pool, showing that the transient
increases in labile Cu+ detected by RCS1 originate from
intracellular stores (Figure 2d, e). Analogous studies in HEK
293T cells show similar results (Figures S10-S11).

In closing, we have presented a new type of ratiometric Cu+-
specific fluorescent sensor for molecular imaging in living systems.
RCS1 features high selectivity for Cu+ over other metal ions and
a ca. 20-fold fluorescence ratio change with visible excitation and
emission profiles. Experiments with live cells show that RCS1 is
capable of detecting changes in levels of intracellular Cu+ upon
exogenous copper addition, as well as sensing ascorbate-stimulated
expansions of endogenous Cu+ pools. We are applying RCS1 and
developing improved versions for studying the intracellular redox
biology of copper, with particular interest in brain and immune
systems.
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Figure 2. (a) Confocal fluorescence ratio images of live C6 rat glioma cells grown in basal media and stained with 2 µM RCS1 for 10 min at 37 °C. (b)
C6 cells treated with 1 mM ascorbate for 4 h and stained with 2 µM RCS1 for 10 min at 37 °C. (c) C6 cells from condition (b) treated with 1 mM TEMEA
for 5 min by direct addition to the Petri dish on the microscope stage. (d) C6 cells incubated with 200 µM BCS for 4 h and stained with 2 µM RCS1 for
10 min at 37 °C. (e) C6 cells treated with 200 µM BCS and 1 mM ascorbate for 4 h, then stained with 2 µM RCS1 for 10 min at 37 °C. (f) Bar graph
representing the integrated intensity from 564-639 nm over the integrated fluorescence intensity from 522-554 nm. Values are the mean ratio generated
from the intensity from five randomly selected fields. Error bars represent standard error measurement (s.e.m.).

J. AM. CHEM. SOC. 9 VOL. 132, NO. 4, 2010 1195

C O M M U N I C A T I O N S


