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Two novel Cu2+ sensors, 1 and 2, bearing naphthalimide and 
DPA moiety were synthesized to study copper accumulation 
in organelles by selective Cu2+ sensing. The ER-selective Cu2+ 10 

sensor 1 that we developed serves as valuable tool for 
understanding the subcellular compartmentalization and 
roles of copper ions in physiology and pathophysiology. 

Copper ion is the third most abundant trace element present in the 
human diet and it plays essential roles in various biological 15 

processes, including the detoxification of reactive oxygen species 
(ROS), neurotransmitter biosynthesis and denaturation, and the 
functioning and maintenance of the structural stability of 
proteins.1 Indeed, copper homeostasis is tightly controlled by 
factors, including copper transport proteins and chaperones.2 20 

However, its imbalance in the body caused by defects in copper 
export systems or long-term exposure leads to many diseases, 
including liver diseases.3 

The cytotoxicity of copper in Wilson’s disease has been well 
documented. Wilson’s disease is a genetic disease caused by 25 

mutations in ATP7B gene present in the copper export system. In 
the disease, copper ion is accumulated in the liver (higher than 5-
fold of the normal),4 resulting in liver cirrhosis and hemolysis.5 
The toxicity of copper is thought to be mediated by ROS 
generated by copper ions via Haber-Weiss and Fenton reactions, 30 

which inhibit antioxidant enzymes, leading to oxidative cell death, 
denaturation of haemoglobin, and protein aggregation.6 However, 
its effect on subcellular organelle functions or copper uptake 
pathways is poorly understood.7 Although the lysosome is the 
main storage site for the excess copper ions in the hepatocytes of 35 

copper-overloaded rats,8 its cytotoxic effects involve the 
malfunction of various organelles such as the mitochondria, 
endoplasmic reticulum (ER), as well as lysosome.9 In fact, 
several reports concerning copper ion-induced ER stress have 
been explored where the ER stress leads to an accumulation of 40 

unfolded proteins and subsequent activation of the unfolded 
protein response, causing the disturbance of ER function as seen 
in hypoxia, glucose deprivation, oxidative stress, and cell death.10 

The apparent discrepancy that hepatic storage sites for copper is 
not consistent with its localization during the copper-induced 45 

damage demands  investigations on the spatiotemporal dynamics 
of copper ion by using organelle-selective copper probes. 

To date, a variety of Cu2+-selective fluorescent probes, 
including small-molecule fluorophores, chemodosimeters, 
protein-based devices, nanocomposites, enzyme-based assays, 50 

and magnetic resonance imaging contrast agents have been 
developed for biological applications.11 However, only few 
reports have described the development of sensitive fluorescent 
probes for the organelle-selective detection of Cu2+ ions.12 Thus, 
the development of new techniques that will allow the 55 

visualization of the subcellular distribution of copper ions is 
critical for a better understanding of copper cytotoxicity. To this 

end, we attempted to develop novel sensors for the organelle-
specific detection of copper ions. 

Here, we report the development of two new fluorescence-60 

based sensors for probing Cu2+ ions in the ER or lysosome of the 
living cells. We took advantage of the facts that lipophilic or 
glycosylated compounds are often delivered to ER or lysosome.13 
Using the newly developed probes, we demonstrate that the 
primary site for Cu2+ accumulation, when in excess, is not the 65 

lysosome, but the ER. To the best of our knowledge, this is the 
first report describing the ER-selective detection of copper ions in 
living cells. 

The probes 1 and 2 were prepared according to the synthetic 
route outlined in Scheme 1. The compounds 314, 415, 616, and 817 70 

were prepared according to the previously reported methods with 
minor modifications. Compound 5 was obtained by the 
condensation of 3 with 4, and it was subsequently converted into 
compound 7 in the presence of 6. The reaction of 7 with DPA 
afforded compound 1. Compound 2 was then prepared by click 75 

reaction of 1 with propargyl β-D-galactopyranoside, 8, in the 
presence of sodium ascorbate and copper(II) sulfate. The 
identities of all newly synthesized compounds were confirmed by 
1H NMR, 13C NMR, ESI-MS and HRMS (ESI†). 

 80 

Scheme 1. Synthesis of compounds 1 and 2. 
 

The spectroscopic properties of 1 were characterized in HEPES 
buffer solutions (20 mM, pH 7.4, DMSO 0.5%). As shown in Fig. 
1A and 1B, the UV/vis and fluorescence spectra of probe 1 85 

showed bands centered at 462 nm (pale yellow, ε = 1.3 ´ 104 M-1 
cm-1) and 547 nm, respectively. In the presence of Cu2+, its 
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absorption maximum red-shifted to 504 nm (pink, ε = 0.9 × 104 
M-1 cm-1) and its fluorescence intensity at 547 nm significantly 
declined because of the heavy metal ion effect.18 The probe 2, an 
analogue of 1 bearing an additional galactose group, showed 
similar spectroscopic properties to those of compound 1, 5 

regardless of Cu2+ ion (Fig. S1). As the concentration of Cu2+ 
increased to 20 μM, the fluorescence intensity of probe 1 at 547 
nm following excitation at 485 nm, an isosbestic point in its 
absorption spectra, was quenched largely (Fig. 1C). The Job’s 
plot shown in Fig. 1D indicated a 1:1 binding stoichiometry 10 

between 1 and Cu2+. The dissociation constants of 1-Cu2+ and 2-
Cu2+ complexes at pH 7.4 and 6.5 estimated from the titration 
experiments of its emission intensity against various 
concentrations of Cu2+ ion are summarized in Fig. S2 and Table 
S1. The dissociation constant for 1-Cu2+ complex was 3.2 × 10-7 15 

M, with a small increase at pH 6.5. 

 
Fig. 1 (A) UV-Vis and (B) fluorescence spectra of 1 (5 μM) in the 
absence (black) and presence (red) of Cu2+ (20 μM). (C) Emission spectra 
of 1 (5 μM) in the presence of various concentrations of Cu2+ (0–25 μM). 20 

Inset: fluorescence intensity at 547 nm as a function of Cu2+ concentration. 
(D) Normalized Job’s plot of 1 and Cu2+ in HEPES buffer (20 mM, pH 
7.4, 0.5% DMSO). All spectra were acquired in HEPES buffer (20 mM, 
pH 7.4, 0.5% DMSO) following excitation at 485 nm, and the emission 
intensity was measured at 547 nm. 25 

 
The possibility of quenching of probe 1 by other biologically 

relevant metal ions under physiological conditions (20 mM PBS 
at pH 7.4) was examined, and the result is shown in Fig. 2A. The 
results indicate that the quenching is Cu2+ ion-selective even in 30 

the presence of the other metal ions. Further, the fluorescence of 
probe 1 was quenched by 20 μM of Cu2+ ion in the pH range of 6 
to 8, whereas it remained fluorescent in the absence of Cu2+ ion 
within the same pH range, indicating that probe 1 could serve as a 
Cu2+ ion-selective sensor for examining most biological processes 35 

(Fig. 2B). The probe 2 showed similar spectroscopic properties as 
that of the probe 1 (Fig S3, and S4). 

 
Fig. 2 (A) Metal ion selectivity of 1 (5 μM) toward 50 μM of various 
chloride salts (1, only probe; 2, Li+; 3, Na+; 4, K+; 5, Ca2+; 6, Sr2+; 7, Ba2+; 40 

8, Co2+; 9, Mg2+; 10, Hg2+; 11, Cd2+; 12, Fe2+; 13, Fe3+; 14, Zn2+; 15, Mn2+; 
16, Ni2+; 17, Cu2+ (20 μM); 18, Cu2+ (20 μM) + other metals). (B) 

Fluorescence response of 1 (5 μM) at various pH (4−10) in the absence 
(black) or presence (red) of Cu2+ (20 μM). All spectra were acquired in 
HEPES buffer (20 mM, pH 7.4, 0.5% DMSO) following excitation at 485 45 

nm, and emission intensity was measured at 547 nm. 
 

As the copper ion accumulation occurs first in the liver, so we 
selected HepG2 as the model cell line to examine the subcellular 
localization of copper ion under copper overloading conditions.19 50 

Using confocal microscopy, the co-localization of the newly 
developed probes with the subcellular organelle markers, namely, 
LysoTracker Red DND-99, ER-Tracker Red, and MitoTracker, 
were analyzed. Fig. 3A and 3B show the co-localization of 
various organelle markers with probes 1 and 2, respectively. We 55 

observed that the image of probe 1 overlapped with that of the 
ER-tracker (Fig 3A), whereas the image of probe 2 mostly 
overlapped with that of the Lyso-tracker with a minor overlap 
also observed with that of the ER-tracker (Fig 3B). Therefore, we 
conclude that probes 1 and 2 are predominantly localized to the 60 

ER and lysosome, respectively, and that these probes can be used 
to examine the accumulation of Cu2+ ions in the ER or lysosome 
of living cells. 

 
Fig. 3 Subcellular localization of (A) 1 and (B) 2 in HepG2 cells as 65 

revealed by confocal microscopy. HepG2 cells were stained with 1 (1 
μM) or 2 (10 μM) for 10 min and stained for organelle markers (0.5 μM 
LysoTracker Red, 0.1 μM ER Red, and 0.1 μM MitoTracker Deep Red, 
respectively). 
 70 

Because probes 1 and 2 selectively targeted the ER and 
lysosome, respectively, of HepG2 cells, we analyzed their 
responsiveness to copper overload. In the presence of each probe, 
the HepG2 cells were treated with three different copper 
overloading procedures which have been reported in the 75 

literatures, 200 μM of CuCl2 for 15 min,20 1.0 mM of CuCl2 for 7 
h,21 and 100 μM of CuCl2 for 7 h with pretreated 100 μM of 
NaVO3 for 24 h,22 an inhibitor of the export system of cellular 
copper.23 The results are shown in Fig 4. At all three copper 
overloading conditions, the fluorescence intensity of probe 1, 80 

located in the ER, was significantly lower than that observed in 
the untreated control cells. In contrast, the fluorescence emission 
from probe 2 was not altered significantly by copper overload. 
These results clearly suggest that, under conditions of copper-ion 
overload, the primary site of copper accumulation is the ER. This 85 

finding was supported by the result that the fluorescence of probe 
1, but not that of 2, was quenched in the presence of NaVO3 
(inhibitor of copper ion export), which implied that the copper 
accumulation following the blockade of copper export occurred 
in the ER and not in the lysosome. One possibility is that the 90 

acidic lysosomal environment may prevent fluorescence 
quenching by Cu2+ ion. However, this seemed unlikely as the 
metal ion was able to bind to the probe even in the acidic 
environments (Fig 2, S2, and Table S1). We found that, at a 
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longer incubation time of 12 h, the fluorescence of both probes 1 
and 2 in HepG2 cells were hardly quenched by Cu2+ ions (Fig. 
S5). Nonetheless, these results demonstrated that the primary 
intracellular copper accumulation site was ER. Our results 
provide important information in understanding the copper-5 

induced ER stress or the related cytotoxicity. 

 
Fig. 4 Confocal microscopy images of (A) probe 1 and (B) probe 2 (1 μM 
and 10 μM, respectively) in HepG2 cells. The HepG2 cells were exerted 
with 1 or 2 under three different copper overloading conditions, 200 μM 10 

of CuCl2 for 15 min, 1 mM of CuCl2 for 7 h, and 100 μM of CuCl2 for 7 h 
with pretreated 100 μM of NaVO3 for 24 h.  

 
In conclusion, we have developed two new fluorescent sensors, 

1 and 2, bearing naphthalimide as a fluorophore and a DPA 15 

moiety that selectively binds copper ion. The fluorescence of the 
probes was selectively quenched by copper ions. Following 
delivery into HepG2 cells, probes 1 and 2 were selectively 
localized to the ER and the lysosome, respectively. In HepG2 
cells, copper overload quenched the fluorescence of probe 1, 20 

whereas that of probe 2 was unaffected. Together with the 
fluorescence quenching of probe 1 observed in HepG2 cells 
following the blockade of copper export system by NaVO3, our 
results demonstrate that the primary site of copper accumulation 
in hepatic cells under copper overload is the ER. Therefore, the 25 

ER-selective Cu2+ sensor that we developed serves not only as a 
reference, but also as a valuable tool for understanding the 
subcellular compartmentalization and diverse roles of copper ions. 
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