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Copper is an essential metal nutrient that is tightly regulated in the
body because loss of its homeostasis is connected to severe dis-
eases such as Menkes and Wilson diseases, Alzheimer’s disease,
prion disorders, and amyotrophic lateral sclerosis. The complex
relationships between copper status and various stages of health
and disease remain challenging to elucidate, in part due to a lack of
methods for monitoring dynamic changes in copper pools in whole
living organisms. Here we present the synthesis, spectroscopy,
and in vivo imaging applications of Coppersensor 790, a first-gen-
eration fluorescent sensor for visualizing labile copper pools in liv-
ing animals. Coppersensor 790 combines a near-infrared emitting
cyanine dye with a sulfur-rich receptor to provide a selective and
sensitive turn-on response to copper. This probe is capable of mon-
itoring fluctuations in exchangeable copper stores in living cells
and mice under basal conditions, as well as in situations of copper
overload or deficiency. Moreover, we demonstrate the utility of
this unique chemical tool to detect aberrant increases in labile cop-
per levels in a murine model of Wilson disease, a genetic disorder
that is characterized by accumulation of excess copper. The ability
to monitor real-time copper fluxes in living animals offers poten-
tially rich opportunities to examine copper physiology in health
and disease.
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Copper is an essential element for life, and maintaining its prop-
er homeostasis is critical for the growth, development, and fit-

ness of living organisms (1–7). Indeed, loss of copper homeostasis
in the body has severe consequences owing to its potent redox
activity, which, if uncontrolled, can lead to aberrant oxidative and
nitrosative stress events that accompany diseases ranging from can-
cer (8) to cardiovascular disorders (9–11) to Alzheimer’s and
related neurodegenerative diseases (4, 12–18). Moreover, genetic
inactivation of the obligatory copper-handling proteins ATP7A,
ATP7B, and SCO1/2 results in serious afflictions (19) of copper
deficiency (Menkes disease) (20, 21), copper overload (Wilson dis-
ease) (14, 22), and mitochondrial dysfunction (23), respectively,
which can be lethal if left untreated.

Given the central importance of copper to human health and
disease, creation of technologies that allow selective and sensitive
monitoring of exchangeable copper stores in living systems can
help disentangle the global physiological and/or pathological
consequences of copper regulation (4, 24–26). To meet this goal,
our laboratory and others have devised small-molecule (27–35),
protein (36, 37), and nucleic acid (38, 39) fluorescent sensors for
visualizing labile copper pools in biological contexts. Such chemi-
cal tools have provided fundamental insights into the biology of
copper, including calcium-dependent copper translocation in
neurons (32), antimicrobial behavior of copper surfaces (40, 41),
as well as prioritization of mitochondrial copper pools in patient
cells with synthesis of cytochrome c oxidase (SCO) mutations
(33). However, these studies have been largely limited to disso-
ciated cell cultures and other thin specimens owing to the need
for ultraviolet or visible wavelength excitation. As such, the trans-

lation of copper detection methodologies to in vivo imaging in
mammalian models of health and disease remains a significant
and difficult challenge.

We now report the synthesis, spectroscopic properties, and
biological imaging applications of Coppersensor 790 (CS790),
a first-generation fluorescent sensor for visualizing exchangeable
copper stores in living animals. CS790 exhibits a selective and
sensitive turn-on response to Cuþ and features near-IR excitation
and emission profiles ideal for penetration through thicker bio-
logical specimens. Moreover, we establish the ability of CS790 to
monitor fluctuations in labile copper levels in living cells, and de-
monstrate that this chemical tool can be used to detect exchange-
able copper stores in living mice under basal, copper-overload, or
copper-deficient conditions. Finally, we apply CS790 imaging to
interrogate aberrant copper accumulation in a murine model of
Wilson disease, highlighting the potential diagnostic value of this
technology. Taken together, these data provide a starting point
for using molecular imaging to explore the chemistry and biology
of copper at the in vivo level.

Results and Discussion
Design and Synthesis of CS790. In designing a turn-on fluorescent
sensor for in vivo copper detection, we sought to utilize a photo-
induced electron transfer (PET) mechanism for copper sensing
on a dye scaffold compatible with live-animal imaging. For the
latter, we chose a cyanine 7 (Cy7) dye as the optical reporter. This
fluorophore platform possesses near-IR absorption and emission
profiles to maximize tissue penetration of the fluorescent signal
from the dye while minimizing native tissue autofluorescence, in
addition to being biologically inert, nontoxic, and compatible with
aqueous media (42, 43). Moreover, related probes for nitric oxide
and pH show that the fluorescence properties of Cy7-type dyes
can be modulated by PET (44–49). As such, we reasoned that
installing an electron-rich 9-aza-2,6,13-trithiapentadecane recep-
tor in appropriate proximity to a Cy7 scaffold would produce a
sensor that is responsive to Cuþ, the dominant oxidation state for
this metal in cells. As indicated in previous reports, utilization of
a soft sulfur-rich receptor provides an appropriate Pearson acid-
base match for the soft Cuþ ion (27, 28, 31–33, 50, 51). Fig. 1
summarizes the synthesis of CS790 from the convergent coupling
of appropriately derivatized Cy7 and receptor building blocks.

Spectroscopic Characterization of CS790. Initial spectroscopic char-
acterization of CS790 verified a shift in excitation and emission
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profiles from the visible region to the near-IR window, with max-
imal absorption of apo and Cuþ-bound CS790 centered at 760 nm
(Fig. S1) and maximal emission centered at 790 nm (Fig. 2). In
response to Cuþ, CS790 shows a 15-fold enhancement in fluor-
escence intensity (Fig. S1), corresponding to a quantum yield
increase from Φ ¼ 0.0042 for the apo dye to Φ ¼ 0.072 for the
copper-bound sensor. Binding analysis using the method of con-
tinuous variation (Job’s plot, Fig. 2) establishes a 1∶1 binding stoi-
chiometry between CS790 and Cuþ with an apparent dissociation
constant (Kd) of 3.0 × 10−11 M (Fig. S1). Importantly, selectivity
tests with various biologically relevant metals indicate that CS790
does not give false positives to other metals at cellular concen-
trations, nor do these metals interfere with the Cuþ-triggered
turn-on response (Fig. 2). Additionally, the fluorescent emissions
of apo and Cuþ-bound CS790 are stable over the physiological
pH range, with a pKa < 2.0 for apo CS790 (Fig. S1). The unique
combination of near-IR excitation/emission profiles on a biologi-
cally compatible fluorophore platform, a robust turn-on response,
as well as the tight, sensitive, and selective binding of Cuþ, presage
the successful application of CS790 for detection of labile copper
stores in living systems.

CS790AM Detects Changes in Labile Copper Levels in Living Cells. Fol-
lowing characterization of the spectroscopic properties of CS790,
we sought to apply this sensor to image fluctuations in exchange-
able copper pools in living cells. As live cells possess highly lipo-
philic membranes, we transformed the carboxy groups of CS790
into acetoxymethyl esters to form CS790AM (Fig. 1), which, un-
like CS790, is able to accumulate within cells (52, 53) (Fig. S2).
Once inside the cell, CS790AM is de-esterified by intracellular
esterases to produce CS790 (Fig. S3). Unveiling of the negatively
charged carboxylates helps trap CS790 within the cell, as demon-
strated by the limited loss of fluorescent signal in HEK 293Tcells
over an hour (Fig. S4). After performing this initial characteriza-
tion of CS790AM, we utilized two complementary techniques,
flow cytometry and confocal microscopy, for CS790-based copper
detection in living cells. Flow cytometry experiments in HEK
293T cells reveal a marked shift in population distribution from
low fluorescence intensity to high fluorescence intensity when

cells are supplemented with copper salts (Fig. 3). Moreover,
treatment of copper-supplemented cells with a copper chelator,
tris[2(ethylthio)ethyl]amine (NS3′), reverted the cells to a low
fluorescent intensity population. Taken together, the data estab-
lish the capacity of CS790AM to detect fluctuations in labile
copper levels in living cells and demonstrate that this sensor
can monitor both increases and decreases in exchangeable copper
in a reversible manner.

With flow cytometry data in hand, CS790AM was used for
confocal imaging experiments to further verify its capabilities
to detect intracellular exchangeable copper and provide subcel-
lular spatial resolution. In agreement with the flow cytometry re-
sults, CS790AM-stained HEK 293Tcells show a low intracellular
fluorescence, whereas their copper-supplemented counterparts
display a marked increase in fluorescence (Fig. 3). In addition,
treatment of copper-supplemented cells with NS3′ restores intra-
cellular fluorescence to baseline levels, again consistent with
reversible Cuþ binding to the sensor.

CS790AM Visualizes Dynamic Changes in Exchangeable Copper Stores
in Living Mice. We next sought to apply CS790AM to the in vivo
monitoring of labile copper stores in living mice. These experi-
ments utilized a sensitive CCD camera to image mice under basal
conditions, as well as during copper overload or depletion. Initial
studies focused on five different treatment conditions, aiming
to establish the ability of CS790AM to detect fluctuations of
exchangeable copper pools in hairless SKH-1 mice. First, we ver-
ified the low level of autofluorescence from mice following near-
IR excitation by imaging mice injected with vehicle alone (Fig. 4).
Then, to determine the basal level of signal from CS790AM
in vivo, mice were treated with CS790AM and the fluorescence
output was monitored 5 min after dye injection (Fig. 4). In vivo
copper detection by CS790AM was established using a third
group of mice, which was treated with 5 mg∕kg CuCl2 prior to
treatment with CS790AM. Importantly, CuCl2 was injected 2 h
before CS790AM to allow adequate time for absorption of Cu2þ
into tissues and its reduction to Cuþ (54). In mice pretreated with
CuCl2, we observe a ca. 60% increase in fluorescence relative to
control mice, establishing that CS790AM can detect increases in

Fig. 1. Synthesis of Coppersensor 790 (CS790) and Coppersensor 790 Acetoxymethyl Ester (CS790AM).
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exchangeable Cuþ in living mice (Fig. 4). Alternatively, mice trea-
ted with 5 mg∕kg Cu2þ immediately prior to CS790AM show no
significant increases in fluorescence compared to control mice
treated with CS790AM alone (Fig. S5), providing evidence that
the fluorescence increase observed with copper pretreatment
is due to detection of Cuþ generated from the reducing cellular
environment. To determine the reversibility of copper binding in
vivo, we utilized CS790AM imaging in mice injected with 5 mg∕
kg CuCl2 as well as 5 mg∕kg ATN-224 (55), a copper chelator. To
our delight, the fluorescence from this set of mice was indistin-
guishable from mice injected with CS790AM alone, confirming
that the copper-induced fluorescence enhancements in vivo can
be reversed by competitive copper chelation (Fig. 4). Finally, we
decreased basal levels of exchangeable copper in vivo by injecting
mice with 5 mg∕kg ATN-224 2 h prior to injection of CS790AM.
The fluorescence from chelator-treated mice was significantly
lower than the signal from mice treated with CS790AM alone,
indicating that CS790AM can detect basal, endogenous levels
of labile copper in living mice.

After demonstrating the ability of CS790AM to detect copper
fluctuations in vivo, we sought to determine the correlation
between whole-animal copper imaging with CS790AM and cop-
per detection in internal tissues by an independent method. To

Fig. 2. Spectroscopic characterization of CS790. All spectra were acquired
in 20 mM Hepes, pH 7.0, at 25 °C. (A) Fluorescence response of 2 μM CS790
to 0–2 μM Cuþ. Spectra shown are for [Cuþ] of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4,
1.6, 1.8, and 2.0 μM. (B) Job’s plot of CS790 and Cuþ. The total concentration
of CS790C and Cuþ were kept at 2 μM, and spectra were acquired using a λex
of 760 nm and a λem of 790 nm. (C) Fluorescence responses of CS790 to various
metal ions. Bars represent the final integrated fluorescence response (Ff )
over the initial integrated emission (Fi). Light-gray bars represent the addi-
tion of an excess of the indicated metal ion (2 mM for Ca2þ, Mg2þ, and Zn2þ;
20 μM for all other cations) to a 2 μM solution of CS790. Dark-gray bars
represent subsequent addition of 2 μM Cuþ to the solution. Excitation was
provided at 760 nm and emission was recorded at 790 nm.

Fig. 3. Molecular imaging of Cuþ in HEK 293T cells. (A) Flow cytometry
histograms for control cells (black), cells treated with 100 μM CuCl2 for
12 h (red), and cells treated with 100 μM CuCl2 for 12 h and 100 μM
NS3′ (blue). For all conditions in A, cells were incubated with 2 μM
CS790AM and NS3′ or vehicle for 15 min at 37 °C. (B) Graph showing quan-
tification of mean fluorescence intensity of each condition shown in A,
normalized to the control condition. (C–F) Confocal images of control cells
(C), cells treated with 100 μM CuCl2 for 12 h (D), cells treated with 100 μM
CuCl2 for 12 h and 100 μM NS3′ (E), and brightfield image of cells over-
layed with the nuclear Hoechst 33342 stain, indicating cellular viability
(F). C–E were stained with 2 μM CS790AM, 1 μM Hoechst 33342, and
NS3′ or vehicle for 15 min at 37 °C. (Scale bar: 20 μm.) (G) Graph showing
quantification of mean fluorescence intensity of each condition (C–F), nor-
malized to the control condition. Statistical analyses were performed with
a two-tailed Student’s t-test. *P < 0.05 (n ¼ 3), **P < 0.001 (n ¼ 3). and er-
ror bars are �SD.
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this end, we pretreated mice with CuCl2 or PBS 2 h prior to
CS790AM and obtained fluorescence images of the whole ani-
mals to verify the detection of copper in vivo (Fig. S6). Mice were
then perfused, and subsequent imaging of their livers replicated
the fluorescence increase seen in vivo following copper treatment
(Fig. 4). To quantitatively assess the total copper content in the
livers, inductively coupled plasma mass spectrometry (ICP-MS)

analysis was performed, which verified the copper increase seen
after CuCl2 injection (Fig. S6). Following these ex vivo studies, we
sought to determine the lifetime of Cuþ detection by CS790AM
in mice and the corresponding clearance time for the sensor. To
this end, mice were pretreated with PBS or CuCl2 2 h prior to
treatment with CS790AM. Fluorescent imaging of these mice in-
dicates that CS790AM has a robust response to Cuþ for up to 9 h
after injection (Fig. 4). Additionally, the fluorescent signal is fully
attenuated within a few days (Fig. 4), providing a valuable oppor-
tunity for longitudinal monitoring of copper in a single mouse.
Alternatively, fluorescent imaging of mice following simulta-
neous injection of CuCl2 and CS790AM did not show increased
fluorescence in Cu2þ treated animals, except for 12 h after the
injections (Fig. S7), which indicates that CS790AM is best used
for detection of Cuþ levels that are present prior to dye injection.

CS790AM Visualizes Dynamic Changes in Exchangeable Copper Stores
in a MurineWilson Disease Model.After establishing that CS790AM
can monitor fluctuations in exchangeable Cuþ pools under cop-
per depletion or overload as well as basal levels of labile copper
in living mice, we sought to apply this unique chemical tool to
study a disease model of copper misregulation. In this context,
the Atp7b−∕− mouse model is particularly attractive owing to its
phenotypic and metabolic similarities toWilson disease in humans
and its preparation by targeted inactivation of a single gene, which
ensures that any disease phenotypes reflect only the consequences
of the loss of ATP7B function (14, 56–58). Specifically, a series
of 7- to 11-wk-old WT and Atp7b−∕− female mice were injected
with CS790AM and imaged at 5, 30, and 60 min after injection.
Comparison of fluorescent signals from the WT and Atp7b−∕−

mice indicates that the knockout mice exhibit higher levels of
fluorescence compared to the WT mice, with statistically signifi-
cant differences 30 min after CS790AM injection (Fig. 5). These
data are in agreement with fluorescence measurements of the ser-
um of CS790AM treated Atp7b−∕− mice, which show increased
CS790AM fluorescence compared to serum from heterozygote
mice (Fig. S8). Importantly, the fluorescent signal in the serum
coelutes with copper during gel filtration, verifying the detection
of copper by CS790AM, even in complex mixtures (Fig. S8).
Additionally, a separate group of Atp7b−∕− mice was treated with
vehicle or the copper chelator ATN-224, which is under develop-
ment as a treatment for Wilson disease (55, 59). Following intra-
peritoneal injection of CS790AM, ex vivo imaging of livers from
these mice indicates a decrease in fluorescence upon ATN-224
treatment (Fig. 5) with a corresponding decrease in the fluores-
cence to copper ratio in the serum (Fig. S8). To illustrate that the
liver is indeed a major organ of copper accumulation, ICP-MS
analysis of tissues was completed. As shown in Fig. S9, the
Atp7b−∕− mice exhibit an expected increase in liver copper com-
pared to WTcounterparts, but copper levels do not differ signifi-
cantly in other tissue types. The results are consistent with the
dominant expression of ATP7B in liver tissue and its essential
functions in hepatic copper efflux. Taken together, these data de-
monstrate the ability of CS790AM to monitor in vivo alterations
in exchangeable copper levels that result from a disease state as
well as decreased copper levels following ATN-224 treatment of
Atp7b−∕− mice.

Concluding Remarks
The essential yet toxic nature of copper provides motivation for
creating methods for noninvasive, real-time measurements of ex-
changeable, bioavailable copper pools in living systems. Whereas
a growing number of chemical tools have been developed to
probe copper biology at the cellular level, technologies that can
illuminate the functions of this essential metal in whole animals
remain limited. To meet this need, we have developed CS790, a
first-generation near-IR turn-on fluorescent sensor for exchange-
able copper stores in living cells and animals. Spectroscopic and

Fig. 4. CS790AM studies in SKH-1 mice. (A) Representative image of mice
injected i.p. with vehicle, CS790AM (0.1 mM, 50 μL in 7∶3 DMSO∶PBS), CuCl2
(5 mg∕kg in 50 μL of PBS), and/or ATN-224 (5 mg∕kg in 50 μL PBS). From left
to right: vehicles only; vehicles and CS790AM; CuCl2, vehicle, and CS790AM;
CuCl2, ATN-224, and CS790AM; vehicle, ATN-224, and CS790AM. For all mice,
CuCl2, ATN-224, or vehicle was injected 2 h prior to CS790AM or vehicle.
Images were collected 5 min after CS790AM injection. Black arrow indicates
injection location for CuCl2, ATN-224, or vehicle; red arrow indicates injection
location for CS790AM or vehicle. (B) Total photon flux from each mouse, 5 min
after CS790AM injection. (C) Representative images of livers from SKH-1 mice
injected i.p. with CuCl2 or PBS, as described above, 2 h prior to CS790AM.
(D) Total photon flux from imaged livers. (E) Fluorescence curves over 72 h for
mice injected i.p. with CuCl2 (black line) or PBS (gray line), as described above,
2 h prior to CS790AM. Statistical analyses were performed with a two-tailed
Student’s t-test. *P < 0.05 [n ¼ 3 (B and D), n ¼ 4 (E)] and error bars are �SD.
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live-cell imaging measurements establish the selectivity, sensitiv-
ity, and biological compatibility of the CS790 platform to monitor
labile copper pools in vitro. Moreover, molecular imaging experi-
ments in livingmice clearly demonstrate the ability of CS790AM to
report dynamic copper fluctuations in vivo and reveal that this
probe is capable of detecting basal, endogenous levels of exchange-
able copper in living mice. Notably, CS790AM has no apparent
toxicity and is cleared from mice within a few days, thus providing
the opportunity to monitor labile copper changes in a single mouse
over time through various stages of health and disease. Indeed,
additional work with a murine model of Wilson disease highlights
the utility of CS790AM for detection of aberrant copper accumu-
lation during pathological development, through the imaging of
Atp7b−∕− mice. Additionally, CS790AM monitoring of chelation
treatment in Atp7b−∕− mice further emphasizes the abilities of
CS790AM for analysis of disease progression. Taken together,
the results show that CS790AM can visualize fluctuations in bio-
available copper in living animals, affording a complementary
technique to positron emission tomography of copper stores using
radioactive 64Cu (60, 61). The in vivo fluorescence detection of
copper provided by CS790AM and related new chemical tools

opens up unique opportunities to explore the roles that copper
plays in healthy physiology as well as in the development and pro-
gression of disease.

Materials and Methods
Full materials and procedures for the synthesis of compounds, spectroscopic
characterization, cellular imaging, and animal experiments are described in
the SI Text.
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