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a b s t r a c t

Copper dysregulation is a critical factor in tumorigenesis and cancer therapy, underscoring the need for

in vivo Cu(I) imaging in tumors to elucidate its pathological roles. However, developing molecular probes

for high-sensitivity and high-resolution in vivo Cu(I) imaging remains a significant challenge. Herein, we

report a covalently targeted small-molecule probe for dual-modality fluorescence and photoacoustic (PA)

imaging of Cu(I) in tumors. This probe exhibits highly selective near-infrared fluorescence enhancement

and a ratiometric PA response upon coordination with Cu(I). Furthermore, it enables precise tumor target-

ing and sustained imaging through specific recognition and covalent anchoring to the neutral cholesterol

ester hydrolase 1 (NCEH1) protein. In vivo experiments demonstrate its capability for dynamic tracking

of Cu(I) in tumors with high sensitivity via fluorescence imaging and micro resolution via ratiometric

PA imaging. We anticipate this Cu(I)-responsive dual-modality probe with targeted anchoring capabilities

will be a powerful tool for investigating Cu(I) dynamics and transport in tumors, thereby deepening our

understanding of pathological roles of Cu(I) in cancer biology.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Copper, an essential trace element in the human body, plays

a vital role in a range of physiological and pathological processes

through its redox activity [1]. In particular, the disruption of Cu(I)

homeostasis has attracted considerable attention in recent years,

owing to the discovery of copper-related molecular mechanisms

such as copper accumulation and cuproptosis [2–5]. The dual role

of copper dysregulation in tumorigenesis and cancer therapy has

emerged as a major focus in oncology research [6–8]. Conse-

quently, the dynamic imaging of Cu(I) in living tumor tissues is

crucial for elucidating its pathological roles in tumor initiation and

progression, and for advancing early diagnostic and therapeutic

strategies.

Fluorescence imaging, with its non-invasive nature, high sensi-

tivity, and real-time visualization capabilities, has become a pow-

erful tool for the dynamic imaging of Cu(I) [9–15]. Numerous high-

performance fluorescent probes have been developed, enabling

precise imaging of Cu(I) at the cellular level and in superficial

tissues, and offering critical insights into the underlying physio-

logical and pathological mechanisms [16–25]. Notably, the Chang
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group developed the ratiometric Cu(I) probe FCP-1, which facili-

tated the exploration of the connection between labile intracellu-

lar Cu(I) pools, glutathione metabolism, and oncogenic transforma-

tion [26]. This probe provides a precise tool for investigating the

role of Cu(I) in cancer progression. The Howell research group em-

ployed the CS3 probe to monitor the dynamic fluctuations of Cu(I)

in a human epithelial cancer cell model, demonstrating its poten-

tial as a novel tool for studying Cu-dependent anticancer ther-

apies [27]. However, fluorescence imaging faces inherent limita-

tions such as poor penetration into deep tissues and interference

from tissue autofluorescence [28], which hampers its application

for high-resolution imaging of Cu(I) within live tumors. Addressing

this challenge remains a significant objective in the field of molec-

ular probe design Scheme 1.

Photoacoustic (PA) imaging, a non-invasive technique that of-

fers deep tissue penetration and high spatial resolution, has gar-

nered significant attention in biomedical imaging [29–32]. A range

of small-molecule PA probes have been developed for imaging of

various biological targets within deep living tissues [33,34]. Re-

cent studies have demonstrated the immense potential of small-

molecule PA probes for high-resolution, dynamic in vivo imag-

ing of Cu(I)/Cu(II) [35–40]. For instance, the Chan group reported

Cu(I)-responsive PA probe, enabling in situ imaging of Cu(I) levels
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Scheme 1. Synthesis routes for HCyCu1 and HCyCu2.

Fig. 1. Working principle of HCyCu1.

in a Wilson’s disease mouse model [38]. Our group has further

advanced the field by designing a ratiometric PA probe capable

of crossing the blood-brain barrier, which, combined with three-

dimensional (3D) PA imaging techniques, allowed high-resolution

mapping of Cu(II) distribution in the brains of Parkinson’s disease

model mice [39].

Nevertheless, PA probes continue to face challenges such as

long signal acquisition times and relatively low sensitivity com-

pared to fluorescence imaging, limiting their utility for real-time

imaging. Integrating the high sensitivity of fluorescence imaging

with the deep-tissue, high-resolution capabilities of PA imaging of-

fers a promising strategy to overcome the limitations of single-

modality approaches [41–45]. Therefore, the development of Cu(I)

probes with fluorescence and PA dual-modality imaging capabil-

ities represents a promising solution for the sensitive and high-

resolution imaging of Cu(I) within living tumors. In this study,

we designed and synthesized a small molecular probe, HCyCu1,

which integrates dual fluorescence and PA imaging functionalities.

By introducing a tumor-targeting moiety, we achieved in situ high-

resolution imaging of Cu(I) within living tumor tissues (Fig. 1).

To realize the dual-modal fluorescence and PA imaging capa-

bilities of the probe, we selected a hemicyanine platform, which

offers a balanced performance in both fluorescence and PA proper-

ties in the near-infrared (NIR) region [41,46]. An open-chain thia-

crown ether, capable of selectively coordinating with Cu(I), was in-

troduced at the 6-position of the xanthene unit [18]. Upon coordi-

nation with Cu(I) via the nitrogen atom at the 6-position and the

sulfur atoms of the thia-crown ether, the electron-donating abil-

ity of the nitrogen atom is diminished, leading to suppression of

the intramolecular charge transfer (ICT) effect. Consequently, the

absorption maximum (λabs) of the probe undergoes a blue shift,

enabling ratiometric PA response to Cu(I). In parallel, Cu(I) coor-

dination mitigates the fluorescence quenching effect typically in-

duced by the thia-crown ether, resulting in fluorescence enhance-

ment [47]. The changes in ratiometric PA signal and fluorescence

intensity upon Cu(I) binding collectively endow the probe with

tunable dual-modality imaging capabilities.

Fig. 2. (a) The absorbance titration spectra of HCyCu1 (10μmol/L) in MOPS buffer.

(b) The fluorescence titration spectra of HCyCu1 (10μmol/L) in MOPS buffer. (c) The

fluorescence intensity of HCyCu1 (10 μmol/L) determined in the presence of Cu(I)

and other analytes. Data are mean ± SEM (n=3). (d) SDS-PAGE analysis of NCEH1

with HCyCu1–2 were performed with using 10% acrylamide running gel. Fluores-

cence images of the gels were obtained on a Bio-Rad Chemidoc MP at DyLight 680

channel. The gels were stained with Coomassie brilliant blue (CBB) solution.

Given that neutral cholesterol ester hydrolase 1 (NCEH1) is

highly overexpressed in malignant tumors, targeting NCEH1 rep-

resents an effective strategy for tumor-specific imaging [48,49]. To

this end, we functionalized the 1-position of the indolium moiety

with an O-2-isopropylphenyl group, a ligand known for its specific

affinity toward NCEH1. Notably, upon binding to NCEH1, the O-2-

isopropylphenyl group can undergo a nucleophilic cascade reac-

tion initiated by the hydroxyl group of the active-site serine, lead-

ing to the cleavage of the carbonate linkage and covalent anchor-

ing of the probe to NCEH1 [50,51]. This covalent binding mecha-

nism effectively minimizes false-positive signals arising from free

probe diffusion. The synthetic routes for the probe is outlined in

Scheme 1 and Scheme S1 (Supporting information).

We initially characterized the photophysical properties of

HCyCu1 and HCyCu2 in ethanol/MOPS buffer (20mmol/L, pH 7.0,

1:9, v/v). Both probes displayed similar photophysical profiles,

with λabs at 715nm and molar extinction coefficients (ε) of

8.6×104 Lmol−1 cm−1, respectively (Fig. S1 in Supporting informa-

tion). Upon excitation at 540nm, maximum emission (λem) was

observed at 727nm, with fluorescence quantum yields (Φf) of

2.1 % and 1.9%. These data suggest that the introduction of the tar-

geting moiety at the indolium position exerts minimal influence on

the optical properties of the hemicyanine core.

Upon addition of Cu(I), the absorption of HCyCu1 and HCyCu2

at 715 and 680nm diminished, while new peaks emerged at 699

and 665nm, with intensities increasing proportionally to Cu(I) con-

centration (Fig. 2a and Fig. S2 in Supporting information). The ob-

served hypsochromic-shifts in absorption indicate that Cu(I) coor-

dination involves the 6-position nitrogen atom, inhibiting the ICT

effect. The appearance of clear isosbestic points at 645, 678, and

707nm further confirmed a clean, stoichiometric transformation to

a single probe+Cu(I) complex. The ratio of absorbance at 670 and

730nm (Abs670/730) also increased linearly with Cu(I) concentra-

tion, plateauing at a 1:1 stoichiometry.

Fluorescence titration studies revealed a concentration-

dependent enhancement in emission at 727nm, with approx-
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imately 15-fold and 5-fold increases for HCyCu1 and HCyCu2,

respectively (Fig. 2b and Fig. S3 in Supporting information). This

behavior corroborates the 1:1 Cu(I) binding model. Notably, unlike

the absorption shift, the λem remained unchanged after Cu(I)

binding, likely due to Cu–N bond dissociation at the excited state.

Upon binding with Cu(I), the Φf of HCyCu1 and HCyCu2 increase

to 8.2 % and 6.8%, respectively. This enhancement significantly

improves their fluorescent properties and contributes to a more

balanced performance between fluorescence and PA imaging,

thereby making the probes more suitable for dual-modal imaging

applications.

The dissociation constants (Kd) of HCyCu1 and HCyCu2, de-

termined via a thiourea competitive assay, were found to be

1.68×10–13 and 1.65×10–13 mol/L, respectively (Fig. S4 in Support-

ing information). Although these values reflect strong Cu(I) bind-

ing, they remain higher than the Kd values of endogenous Cu(I)-

binding proteins under physiological conditions (∼10–18 mol/L)

[20], suggesting that the probes do not compete with tightly

bound Cu(I) pools. Therefore, they are well-suited for selectively

responding to labile Cu(I) under pathological conditions. We

further conducted 1H nuclear magnetic resonance (NMR) titration

experiments to provide further evidence for Cu(I) binding (Fig. S5

in Supporting information). Gradual addition of Cu(I) to HCyCu1

in CD3CN resulted in a progressive downfield shift of the proton

signals corresponding to the ethylene groups within the thia-

crown ether unit, from 2.02, 2.55, and 2.74ppm to 2.04, 2.58, and

2.80ppm upon reaching 1 equiv. of Cu(I). Concurrently, the proton

signals at the 5- and 7-positions of the xanthene moiety shifted

from 6.67 to 6.82ppm to 6.69 and 6.84ppm, suggesting that the

nitrogen atom at the 6-position was involved in Cu(I) coordina-

tion. This coordination event led to a decrease in electron density

around the 5- and 7-positions, resulting in downfield shifts of their

corresponding proton resonances. These NMR titration experiments

further confirmed the formation of the probe+Cu(I) complex.

We next assessed probe selectivity by incubation HCyCu1 and

HCyCu2 with a variety of biologically relevant species, includ-

ing metal ions, anions, reactive oxygen species (ROS), and reac-

tive sulfur species (RSS). Only Cu(I) triggered significant changes

in Abs670/730 and fluorescence intensity, demonstrating excellent

selectivity even under complex biological conditions (Fig. S6 in

Supporting information). Meanwhile, we further examined the re-

sponse behavior of HCyCu1 and HCyCu2 to Cu(I) in the presence of

various biological species. Encouragingly, the results demonstrated

that these analytes did not interfere with the response behavior

of HCyCu1 and HCyCu2 to Cu(I) (Fig. 2c, Fig. S7 in Supporting in-

formation). Moreover, both the absorption and emission spectra of

HCyCu1 and HCyCu2 maintained stability across the physiological

pH range and consistent Cu(I) responsiveness (Fig. S8 in Support-

ing information).

We further evaluated the selective NCEH1-targeting ability of

HCyCu1 using sodium dodecyl sulfate–polyacrylamide gel elec-

trophoresis (SDS-PAGE) analysis. As shown in Fig. 2d, HCyCu1 ex-

hibited a concentration-dependent fluorescence enhancement at

the NCEH1 band, whereas no fluorescence signal was detected for

HCyCu2. These results demonstrate that HCyCu1 possesses superior

labeling efficiency compared to HCyCu2, underscoring that the in-

troduction of the O-2-isopropylphenyl group significantly enhances

the covalent targeting ability of HCyCu1 toward NCEH1.

The highly selective response to Cu(I) and the excellent NCEH1

covalent targeting ability of HCyCu1 promoted us to further inves-

tigate the in vitro and in vivo imaging ability. Before the imaging

studies, we first evaluated the cytotoxicity of HCyCu1 and HCyCu2

in multiple cell lines via standard MTT (3(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl tetrazolium bromide) assays (Fig. S9 in Supporting

information). Both HCyCu1 and HCyCu2 showed negligible effects

on the viability of HepG2, HeLa, 293T and AML12 cell with the

Fig. 3. Confocal fluorescence imaging of HCyCu1 in HepG2 cells. Scale bar: 20 μm.

(a) Cells incubated with HCyCu1 (10 μmol/L, 30min) followed by imaging. (b) Cells

pretreated with ATTM (500μmol/L, 30min), then incubated with HCyCu1 (10μmol/L,

30min) followed by imaging. (c) Cells pretreated with CuCl2 (200μmol/L, 30min)

and then incubated with HCyCu1 (10 μmol/L, 30min) followed by imaging. (d) Cells

pretreated with CuCl2 (200μmol/L, 30min), then treated with ATTM (500μmol/L,

30min), followed by incubation with HCyCu1 (10 μmol/L, 30min) and imaging. (e)

Average fluorescence intensity from Figs. 3a–d. Data are expressed as mean ± SEM

(n=3).

concentration up to 20μmol/L, which affirm the biosafety profile

these probes.

Next, we performed the fluorescent imaging capability of

HCyCu1 and HCyCu2 in HepG2 cells (Fig. 3, Figs. S10 and S11 in

Supporting information). Following direct incubation of the probes

with cells for 30 min (Ctrl+probe group), weak intracellular flu-

orescence was observed (Fig. 3a and Fig. S11a), suggesting that

both probes possess good membrane permeability. Under identi-

cal conditions, cells pretreated with the copper chelator ammo-

nium tetrathiomolybdate (ATTM) (ATTM+probe group) exhibited

markedly reduced fluorescence compared to the Ctrl+probe group

(Fig. 3b and Fig. S11b), indicating that labile Cu(I) was effectively

captured by ATTM, thereby preventing its coordination with the

probes.

Notably, cells treated with CuCl2 and the probes (CuCl2+probe

group) showed a significant fluorescence increase compared to the

ATTM+probe group, 3.02-fold for HCyCu1 and 4.68-fold for HCyCu2

(Figs. 3c and e, Fig. S11c). This fluorescence enhancement was sub-

sequently reversed upon further incubation with ATTM (Fig. 3d and

Fig. S11d). Collectively, these results confirm that the fluorescence

responses of HCyCu1 and HCyCu2 in cells are driven by Cu(I) levels

and demonstrate their capability for dynamic monitoring of intra-

cellular Cu(I) fluctuations.

To further evaluate the in vivo fluorescence imaging perfor-

mance of the probes, HCyCu1 and HCyCu2 were administered via

tail vein injection into 4T1 tumor-bearing mice. All animals were

treated according to the Guide for Care and Use of Laboratory An-

imals, approved by the Animal Experimentation Ethics Committee

of Nanjing University. In the control group receiving saline, no sig-

nificant fluorescence signals were observed at the tumor sites. Fol-

lowing injection of the probes, the accumulation of HCyCu1 and

HCyCu2 in the tumor regions was monitored over time (Fig. 4a).

The results revealed that fluorescence at the tumor site in the

HCyCu1 group gradually increased, reaching a maximum at 2h

post-injection. In contrast, the fluorescence signal in the HCyCu2

group decreased significantly over time, nearly disappearing by 5h.

These observations demonstrate the superior tumor-targeting and

accumulation capability of HCyCu1 and HCyCu2 (Fig. 4b). To avoid

possible interference from other biological factors, ATTM was pre-

injected into the tumor site 30min before the tail vein injection of

HCyCu1. Fluorescence imaging showed that the tumor fluorescence

intensity in the ATTM-treated group was markedly lower than that

in the untreated HCyCu1 group across all time points, confirming

that the observed fluorescence signal primarily originated from el-

evated Cu(I) levels in the tumor. These results suggest that HCyCu1
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Fig. 4. (a) Fluorescence images of 4T1 tumor-bearing mice with HCyCu1, HCyCu2 by

i.v. injection. (b) Average fluorescence intensity of the tumor region from (a). Data

are presented as mean ± SEM (n=3).

Fig. 5. (a) Ratiometric 3D PA imaging (PA670/730) of the 4T1 tumor-bearing mice by

injection of HCyCu1. Scale bar: 3mm. (b) Average PA670/730 ratio from (a). (c) Ratio-

metric 3D PA imaging (PA670/730) of 4T1 tumor mice with different tumor volumes

by injection of HCyCu1. Scale bar: 5mm. (d) Average PA670/730 ratio from (c).

enables effective tumor targeting and in vivo imaging of Cu(I) dy-

namics.

To evaluate the in vivo PA imaging performance of the probes,

HCyCu1 and HCyCu2 were administered via tail vein injection into

4T1 tumor-bearing mice, followed by 2D PA imaging (Fig. S12a in

Supporting information). Over the course of 2h, a gradual increase

in PA signal intensity was observed at the tumor site in the HCyCu1

group. In contrast, the HCyCu2 group exhibited no significant PA

signal enhancement in the tumor region. These results further con-

firm that the introduction of the O-2-isopropylphenyl group signif-

icantly improves tumor retention of HCyCu1, consistent with the

fluorescence imaging data (Fig. S12b in Supporting information).

To obtain higher-resolution and more comprehensive spatial

distribution data, 3D dual-channel PA imaging was employed. Fol-

lowing tail vein injection of HCyCu1, the spatiotemporal distribu-

tion of Cu(I) within the tumor was monitored over a 2-h period.

The PA signal ratio (PA670/730) steadily increased with time, indi-

cating progressive accumulation of the probe and elevated Cu(I)

levels (Figs. 5a and b).

As previously reported, tumors exhibit an increased demand for

copper due to their high rates of proliferation and angiogenesis. To

further examine the relationship between tumor progression and

Cu(I) accumulation, we conducted dynamic PA imaging in tumors

of varying sizes (50–200mm3) after HCyCu1 injection. A positive

correlation was observed between tumor volume and PA signal ra-

tio, suggesting that Cu(I) levels rise in tandem with tumor growth.

These findings demonstrate the capability of HCyCu1 to monitor

Cu(I) dynamics and its potential utility in tumor diagnosis and pro-

gression tracking (Figs. 5c and d). In addition, the abdominal ves-

sels are clearly visible in the 730nm PA channel, with a signal-to-

noise ratio (SBR) of 3.91dB in 3D visualization (Fig. S13a in Sup-

porting information). Therefore, the significant increase in signal

ratio and good SBR contribute to clearer tumor imaging as well as

more accurate Cu(I) distribution information.

In conclusion, we developed HCyCu1, a dual-modality imaging

probe for in vivo Cu(I) imaging in tumors. This probe exhibits well-

balanced NIR fluorescence and PA properties. Upon Cu(I) coordi-

nation, HCyCu1 shows highly selective NIR fluorescence enhance-

ment and a ratiometric PA response, even in complex biologi-

cal environments. By incorporating a covalent crosslinking group,

the probe gains tumor-targeting capability and significantly im-

proved intratumoral retention. In vitro fluorescence imaging in

HepG2 cells confirmed the ability of the probe to image intra-

cellular Cu(I) dynamics. Furthermore, validation in a 4T1 tumor-

bearing mouse model demonstrated the excellent tumor targeting

and dual-modality imaging performance of HCyCu1 for Cu(I). These

findings position HCyCu1 as a promising tool for Cu(I) dual-modal

imaging in tumors, offering valuable insights into the role of Cu(I)

played in tumor progression and potentially aiding in the develop-

ment of new cancer diagnostic and therapeutic strategies.
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