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a b s t r a c t

The etiology and pathogenesis of Parkinson’s disease (PD) are complex, and its precise pathology re-

mains poorly defined. Emerging evidence suggest that the dysregulation of intracellular copper ion (Cu2+)
is tightly associated with PD progression. However, the dynamic interplay between Cu2+ and different

stages of PD progression is not fully understood yet. In this study, we developed four Cu2+ fluorescent

sensors and evaluated their blood-brain barrier (BBB) penetration efficiency. Among them, PD-Cu-3 ex-

hibited a 62.15% BBB penetration ability and was successfully utilized for real-time monitoring of Cu2+

fluctuations in PD model cells and mice. We first observed an initial increase in Cu2+ level during the

early phase PD model cells, followed by a decline in prolonged conditions due to ATP7A-mediated intra-

cellular Cu2+ efflux. Furthermore, in vivo imaging results from PD model mice and brain slices revealed

Cu2+ fluctuations across different PD stages, with an elevation in the acute stage and a subsequent re-

duction in the subacute stage. This study not only provided a new insight into Cu2+ metabolism in PD

progression but also help understanding of PD pathology and searching potential therapeutic approaches.

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

Medica, Chinese Academy of Medical Sciences.

Parkinson’s disease (PD), an age-related neurodegenerative dis-

order, causes serious health problems such as dyskinesia, memory

loss, sleep disturbance [1–3]. Despite extensive clinical efforts to

identify reliable biomarkers for early-stage PD detection, the pre-

cise pathogenic mechanisms underlying PD remain elusive [4,5].

Additionally, due to its heterogeneous nature and diverse progres-

sion patterns, evaluating pathological factor at a single stage of

PD is still unconvincing and unilateral, complicating the develop-

ment of effective therapies [6–8]. Current research suggests that

metal dyshomeostasis is tightly associated with the varied progres-

sion of PD [9,10]. As a vital trace element, copper (Cu) homeosta-

sis plays a significant role in the pathogenesis of PD [11–13]. PD

progression occurs four successive stages: prodromal, acute, panic

attacks and chronic phases. In the early or prodromal stage of PD

model, excessive cellular Cu2+ accumulation is observed, which is

believed to induce α-synuclein aggregation and reactive oxygen

species (ROS) production, ultimately leading to neuronal damage

in PD brain [14,15]. Conversely, in chronic stage PD models, Cu2+
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supplementation exhibit a neuroprotective effect and severs as a

necessary cofactor of antioxidant enzyme [16,17]. As a result, how

the cellular Cu2+ levels fluctuate across different stages of PD pro-

gression remains uncertain. Addressing this knowledge gap neces-

sitates advanced imaging technologies capable of real-time mon-

itoring of Cu2+ fluctuations during various PD pathological stages.

Such approaches would substantially enhance the understanding of

Cu2+ dynamic role in PD progression, potentially paving the way

for improved diagnostic and therapeutic interventions.

Currently, fluorescence sensors are an ideal tool for biosensing

and bioimaging in living systems due to its high selectivity, real-

time visualization and noninvasive detection manner [18–22]. In

particular, imaging sensors for brain tissues are required to be ef-

fectively permeable across the blood-brain barrier (BBB) [18,23,24].

To date, several fluorescent sensors have been developed for

mapping the change of Cu2+ in several brain diseases [21,25–28].

However, none of them achieve the detection of copper metabolic

fluctuations across various stages of PD. In addition, the BBB

efficiency of reported sensors has not been evaluated leading to

the indefinite administration in living mice imaging.

In this study, to reveal the variation of Cu2+ across different

stages of PD, we aimed to develop Cu2+ fluorescent sensors that

allow to penetrate BBB for specific Cu2+ monitoring. Cyan-based
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Scheme 1. (A) Chemical structures and BBB penetration efficiency of Cu2+ fluores-

cent sensors. (B) The response mechanism of PD-Cu-3 towards Cu2+ .

Fig. 1. (A) Schematic illustration of the transport of sensors in vitro BBB model. (B)

BBB penetration efficiencies of Cu2+ fluorescent sensors. Error bars represent SD,

n=5. ∗∗∗P<0.001.

fluorophores possess long wavelength emission and large Stokes

shift, and distinctive hydrophobicity that facilitates permeability

across BBB permeable, making them ideal for brain imaging ap-

plications [29–31]. Herein, we constructed four Cu2+ fluorescent

sensors, PD-Cu-1, PD-Cu-2, PD-Cu-3 and PD-Cu-4, by incorporating

a 2-pyridine carbonyl group into the cyan-skeleton (Scheme 1).

Among these, PD-Cu-3 displayed exceptional optical performance

and superior BBB permeability (62.15%) in vitro. Using 1-methyl-

4-phenylpyridinium iodide (MPP+) to generate PD model cells,

we observed an initial rapid increase in cellular Cu2+ levels and

a subsequent decrease through Cu2+ efflux mediated by ATP7A,

highlighting the complex dynamics of Cu2+ regulation during PD

procession. Furthermore, in vivo imaging studies revealed elevated

intracerebral Cu2+ levels in acute PD model mice, whereas a

notable decrease was observed in subacute-stage mice, suggesting

stage-dependent alteration of Cu2+ levels during PD development.

Overall, these findings highlight the unexpected variation of Cu2+

across PD progression stages and provide valuable insights for

developing novel interventions targeting Cu2+ metabolism in PD

therapy.

The detailed synthetic route of PD-Cu-1, PD-Cu-2, PD-Cu-3 and

PD-Cu-4 was depicted in Scheme S1 (Supporting information), and

these products were confirmed by HRMS, 1H NMR and 13C NMR

spectral analysis. Next, To identify whether these Cu2+ fluores-

cent sensors are suitable for brain imaging, their BBB penetra-

tion efficiencies were assessed by a well-established transwell as-

say (Fig. 1) [32]. It was found that the statistical BBB efficiencies

of PD-Cu-1, PD-Cu-2, PD-Cu-3 and PD-Cu-4 were 45.56%, 45.60%,

Fig. 2. (A) UV absorption spectra of PD-Cu-3 (10.0 μmol/L) before and after adding

Cu2+ (20.0 μmol/L). (B) Fluorescence spectra of PD-Cu-3 (10.0 μmol/L) towards var-

ious concentrations of Cu2+ . (C) Linear correlation between fluorescence inten-

sity and Cu2+ concentration. (D) Time-dependent fluorescence intensity of PD-Cu-3

(10.0 μmol/L) in the absence and presence of Cu2+ (20.0 μmol/L). (E) Fluorescence

intensity at 700nm of PD-Cu-3 (10.0 μmol/L) in the presence of various bioactive

species (1∼23: blank, Fe3+ , Fe2+ , Zn2+ , Mg2+ , Mn2+ , Cu+ , Ca2+ , NO2
-, NO3

-, HSO3
-,

SO3
2-, ·OH, ONOO-, NO, H2O2, HOCl, Cys, Hcy, GSH, MPP+ , MPTP, Cu2+; other species

at 20.0 μmol/L, GSH, MPP+ and MPTP at 1.0mmol/L). (F) Fluorescence intensity at

700nm of PD-Cu-3 (10.0 μmol/L) in the presence (red dots) and absence (black dots)

of Cu2+ (20.0 μmol/L) at various pH values. λex =540nm.

62.15%, and 46.97%, respectively. In addition, the logP of PD-Cu-3

was measured to be 1.065, implying the good lipophilicity (Table

S1 and Fig. S1 in Supporting information). Thus, PD-Cu-3 was se-

lected as the optimal Cu2+ fluorescent sensor for PD brain imaging.

Next, the photophysical properties of PD-Cu-3 were investi-

gated in details. As illustrated in Fig. 2A, PD-Cu-3 has an absorp-

tion with a maximum at 380nm. Upon the addition of Cu2+, a

red-shift to 495nm was observed. Meanwhile, PD-Cu-3 is non-

fluorescent whereas near-infrared (NIR) fluorescence occurred and

reached saturation within 5min when the solution of PD-Cu-3 was

treated with Cu2+ (Figs. 2B and D). The fluorescence enhance-

ment was enlarged with increasing the concentration of Cu2+. A
good linear relationship between the fluorescence intensity and

the concentration of Cu2+ within 0μmol/L to 15μmol/L and a de-

tection limit (LOD) of 28.0 nmol/L was obtained (Fig. 2C). To as-

sess the selectivity and anti-interference properties of PD-Cu-3, we

tested its performance in the presence of common cations (Fe3+,
Fe2+, Zn2+, Mg2+, Mn2+, Cu+, Ca2+), anions (NO2

−, NO3
−, HSO3

−,
SO3

2−), ROS (•OH, ONOO−, NO, H2O2, HOCl), and biothiols (Cys,

Hcy, GSH). As shown in Fig. 2E, PD-Cu-3 exhibited a negligible flu-

orescence change in response to these interferring analytes. More-

over, the presence of these interferring analytes didnot affect the

performence of PD-Cu-3 in the detection of Cu2+ (Figs. S2 and

S3 in Supporting information). Furthermore, pH-dependent experi-

ments demonstrated that PD-Cu-3 could reliably detect Cu2+ under

physiological conditions (Fig. 2F) and both PD-Cu-3 and its related

fluorophore, PD-OH-3 exhibited a good photostability (Figs. S4 and
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S5 in Supporting information), supporting its potential for biologi-

cal applications. Moreover, the mixture of PD-Cu-3 with Cu2+ dis-

played a peak at m/z 345.0436 in the HRMS spectra, corresponding

to the molecular weight of PD-OH-3 ([M-H]=345.0431) (Fig. S6

in Supporting information). These above results suggest that PD-

Cu-3 can effectively monitor Cu2+ with high sensitivity, selectiv-

ity, a rapid response under mild environment and exhibit it po-

tential application in living systems. Other three Cu2+ fluorescent

sensors were also studied for the detection of Cu2+ and they also

showed an approving performance (Figs. S7– S9 in Supporting in-

formation).

Before the potential of PD-Cu-3 for monitoring Cu2+ dynam-

ics in living cells, we first evaluated its cytotoxicity and biocom-

patibility using MTT and hematoxylin-eosin (H&E) staining assays.

As presented in Fig. S10 (Supporting information), MTT assays in-

dicated that the viability of PC-12 cells remained above 90% af-

ter treatment with PD-Cu-3 (20.0 μmol/L) for 24h. H&E staining

experiments further revealed no obvious histological differences

between the Sham group and the sensor-treated group, confirm-

ing that PD-Cu-3 is non-toxic and biocompatible (Fig. S11 in Sup-

porting information). Next, the capability of PD-Cu-3 to track ex-

ogenous Cu2+ fluctuations in PC-12 cells was first investigated

(Fig. S12 in Supporting information). Cells were pre-treated with

an increasing dosage of CuCl2 (5.0, 10.0, 15.0 and 20.0 μmol/L) and

then stained with PD-Cu-3. Cells without CuCl2 treatment showed

weak red fluorescence, indicating a low intrinsic Cu2+ concentra-

tion. In contrast, the red fluorescence signal was progressively in-

tensified when cells were incubated with higher concentration of

Cu2+. Then, Cu2+-pretreated cells (20.0 μmol/L) were further incu-

bated with d-penicillamine (DPA), a Cu2+-selective chelating agent,

and a marked reduction in red fluorescence was clearly observed.

These results indicated that PD-Cu-3 has the capability to track

Cu2+ fluctuations in living cells.

To investigate the fluctuation of Cu2+ at different PD stages, we

established PD model cells using MPP+ as a stimulant, with the

duration of MPP+ administration to modulate the disease state.

During the first 4 h of MPP+ treatment, we observed a time-

dependent red fluorescence enhancement (Fig. 3A), suggesting a

significant accumulation of intracellular Cu2+ levels at the early

stage of PD model cells. However, as the MPP+ exposure time in-

creased from 8h to 24h, fluorescence intensity gradually dimin-

ished (Fig. 3C), implying a decline in cellular Cu2+ levels at the

later stage of PD. ATP7A, a copper-transporting ATPases, is impor-

tantly responsible for Cu2+ export. We hypothesized that ATP7A

expression varies across different PD stages, contributing to the

fluctuation of Cu2+ levels [33,34]. Moreover, ATP7A is an ATP-

dependent transporter, and its function is known to be impaired

by MPP+-induced ATP depletion [35]. Next, we performed Western

blot analysis to examine ATP7A expression in PC-12 cells exposed

to MPP+ over different time intervals (Fig. S13 in Supporting infor-

mation). As expected, MPP+ treatment from 0h to 4h led to a re-

duction in ATP7A expression, which corresponded with decreased

Cu2+ efflux and increased accumulation of cellular Cu2+ during the

early stage of exposure (Fig. 3B). However, prolonged MPP+ treat-

ment from 8h to 24h caused a gradual upregulation of ATP7A ex-

pression. These results suggest that ATP7A responses to elevated

intracellular Cu2+ levels by facilitating Cu2+ efflux during later PD

progression under MPP+ stress. This phenomenon was implicitly

in line with the observed copper depletion in the substantia nigra

(SN) of PD models and elevated levels of free copper in the cere-

brospinal fluid of long-term PD patients [36–38]. To further con-

firm this, PC-12 cells were pre-treated with iodoacetamide (IAM),

an ATP7A inhibitor [39,40], followed by MPP+ exposure for 24h

and Cu2+ levels in these cells were then analyzed by fluorescence

imaging. MPP+-induced PD model cells without IAM treatment

were used as the control group. As depicted in Fig. 3A, IAM-treated

Fig. 3. (A) Fluorescence imaging of Cu2+ in PC-12 cells: (A1-A7) Cells treated with MPP+ (1mmol/L) for different durations (0, 1, 2, 4, 8, 12 and 24h), followed by staining

with PD-Cu-3 (10.0 μmol/L); (A8) Cells pre-treated with IAM (0.5mmol/L) for 30min, then treated with MPP+ (1mmol/L) for 24h, and subsequently stained with PD-Cu-3

(10.0 μmol/L). (B) Western blot assays of ATP7A expression in cells in panel (A). (C) Relative fluorescent intensity from the images in panel (A). (D) Semi-quantitative contents

of ATP7A expression in cells in panel (A). λex =543nm, λem =650–750nm. Scale bar: 50 μm. Error bars represent SD, n=3. ∗∗∗P<0.001, ∗∗P<0.01, ∗P<0.05.
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Fig. 4. (A) Schematic diagram of the establishment of PD model mice and monitoring Cu2+ in mice and brain tissues. (B) Fluorescence images of brains from wild-type,

acute and subacute PD mice at various time points following tail vein injection of PD-Cu-3 (200.0 μg/kg). (C) Relative fluorescence intensities of mice at each time point

in panel (B). (D) Fluorescence images of brain slices from each group of mice. (E) Relative fluorescence intensities in the SN of brain slices in panel (D). λex =543nm,

λem =650–750nm. Error bars represent SD, n=3. ∗∗P<0.01, ∗P<0.05.

group exhibited significantly brighter red fluorescence compared

to the control group cells, indicating greater intracellular Cu2+ re-

tention. This supports the conclusion that Cu2+ depletion observed

during the later stage of PD is associated with increased ATP7A ex-

pression (Fig. 3D). Overall, these findings revealed the dynamic na-

ture of Cu2+ metabolism in PD progression, with both Cu2+ over-

load and deficiency playing critical roles in PD pathophysiology.

Furthermore, PD-Cu-3 was employed to monitor Cu2+ lev-

els in the brain of various stages of PD model mice. The PD

mice models were established using 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) as the inducer, and PD states was mod-

ulated by the administration time of MPTP (Fig. 4A) which were

performed in accordance with the ethical committee of Central

South University (No. 430727211101478756) and Zhejiang Univer-

sity (No. ZJU20250124). The acute model has a rapid neuronal

stress and moderate dopaminergic neuron injury in brain whereas

the subacute one displayed a severe degeneration of dopaminer-

gic neurons with typical symptoms. The successful establishment

of acute and subacute PD models were confirmed by assessing

dopamine neuron damage via tyrosine hydroxylase immunohisto-

chemistry in SN (Fig. S14 in Supporting information). PD-Cu-3 was

injected into mice through tail vein, and fluorescence imaging was

performed within 8h post-injection. As illustrated in Figs. 4B and

C, and Fig. S15 (Supporting information), the brains of acute PD

model mice exhibited a sharp fluorescence increase compared with

that of the wild-type group, indicating the elevated Cu2+ levels

at early stage of PD. In contrast, subacute PD model mice dis-

played a diminished fluorescence in brain, suggesting a reduction

in Cu2+ levels as neurodegeneration progressed. Moreover, brain

slices were collected and imaged to directly assess Cu2+ levels in

the whole brain especially in SN, a critical region in PD pathogen-

esis. As shown in Figs. 4D and E, both the whole brain and the en-

larged SN region in acute PD model exhibited an augmented flu-

orescent intensity in comparison with those of wild-type group;

whereas an attenuated fluorescence signal was observed in the

whole brain and SN of the subacute PD model. Collectively, using

PD-Cu-3 as a valuable imaging tool, we revealed that Cu2+ level

rises at early PD stage and diminishes at prolonged PD stage.

In summary, we elucidated the dynamic regulation of Cu2+

metabolism across different stages of PD using a Cu2+ fluorescent

sensor, PD-Cu-3, with a good BBB permeability (62.15%). Based on

the imaging results of in vitro PD model cells and copper protein

assays, we found that Cu2+ levels fluctuate throughout PD progres-

sion, with an initial accumulation in the early stages followed by

a reduction in later phases due to ATP7A-mediated Cu2+ efflux.

Through in vivo PD model mice, we demonstrated that Cu2+ fluctu-

4



S. Zang, J. Ke, H. Zheng et al. Chinese Chemical Letters 37 (2026) 111822

ation is intricately linked to PD pathogenesis. Specifically, we ob-

served an elevation in Cu2+ levels during acute PD stages and a

decline in the subacute stage, suggesting a stage-dependent role of

Cu2+ in neurodegeneration. This study advances our understand-

ing of Cu2+ metabolism in PD and possibly help the development

of Cu2+-targeted diagnostic and therapeutic strategies for PD man-

agement.
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