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rescent probe for copper(II)
imaging in Parkinson's disease mouse brain†

Jianmei Chen,a Rongqing Luo,a Shuang Li,a Jinping Shao,a Ting Wang,a Shumei Xie,a

Li Xu,*ac Qiuyun You,*acd Shumin Feng *ac and Guoqiang Feng *b

Abnormal copper ion (Cu2+) levels are considered to be one of the pathological factors of Parkinson's

disease (PD), but the internal relationship between Cu2+ and PD progression remains elusive. Visualizing

Cu2+ in the brain will be pivotal for comprehending the underlying pathophysiological processes of PD.

In this work, a near-infrared (NIR) fluorescent probe, DDAO-Cu, capable of detecting Cu2+ with

exceptional sensitivity (about 1.8 nM of detection limit) and selectivity, rapid response (<3 min), and deep

tissue penetration, was designed for quantification and visualization of the Cu2+ level. It could detect not

only Cu2+ in cells but also the changes in the Cu2+ level in the rotenone-induced cell and zebrafish PD

models. Moreover, DDAO-Cu can cross the blood–brain barrier to image Cu2+ in the brain of PD model

mice. The imaging result showed a significant increase in Cu2+ levels in brain regions of PD model mice,

including the cerebral cortex, hippocampus, and striatum. Meanwhile, Cu2+ levels in the substantia nigra

region were significantly reduced in PD model mice. It revealed the nuanced relationship of Cu2+ levels

in different brain regions in the disease and indicated the pathological complexity of PD. Overall, DDAO-

Cu represents a novel and practical tool for investigating Cu2+-related physiological and pathological

processes underlying Parkinson's disease.
Introduction

Parkinson's disease (PD) ranks as the second most prevalent
neurodegenerative disorder, characterized by the specic loss of
dopaminergic neurons in the substantia nigra (SN) and stria-
tum (STR).1 Predominantly affecting the motor system, partic-
ularly among the elderly population, PD presents with
symptoms such as bradykinesia, muscle rigidity, resting tremor,
and postural instability.2,3 Despite notable progress in under-
standing PD, its precise pathogenesis remains elusive, posing
challenges for accurate diagnosis and treatment. However,
emerging evidence underscores a correlation between copper
homeostasis and neuroinammation in PD.4 Copper ions (Cu2+)
can exacerbate a-synuclein aggregation in the substantia nigra,
trigger mitochondrial dysfunction, and precipitate the
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degeneration of dopaminergic neurons, thereby hastening the
progression of Parkinson's disease to a certain extent.5,6

Although the level of Cu2+ in the cerebral cortex and cerebro-
spinal uid (CSF) is signicantly increased with the progression
of PD,7 due to the complexity of the brain system, the rela-
tionship between PD and Cu2+ still needs to be further explored.
Therefore, developing a dependable and effective method for
visualizing Cu2+ levels in PD models and clarifying the level of
Cu2+ in PD is of great importance for understanding the path-
ogenesis of Parkinson's disease.

Several methods for detecting Cu2+ in vivo have been re-
ported, including synchrotron radiation X-ray uorescence,8

photoacoustic imaging,9 MRI10 and uorescence analysis.11

Among these methods, uorescence analysis stands out for its
high sensitivity, and capability for high spatial and temporal
resolution imaging,12 especially near-infrared (NIR) uores-
cence, which can minimize autouorescence interference,
enabling deep tissue penetration13 and rendering it ideal for the
in situ and real-time detection of various biomolecules in PD
mice. Numerous NIR probes have been developed to detect
reactive oxygen species (ROS), biothiols, hydrogen sulde (H2S),
nitric oxide (NO), and a-synuclein aggregation,14–18 contributing
to the understanding of PD pathogenesis. However, due to NIR
uorescence characteristics, most NIR uorescent probes have
a large conjugated structure and high molecular weight, which
makes it difficult to penetrate the blood–brain barrier (BBB) for
in situ brain imaging in vivo.19 In addition, due to the low Cu2+
© 2024 The Author(s). Published by the Royal Society of Chemistry
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level in the brain,20 the design of turn-on NIR uorescent probes
capable of traversing the BBB for non-invasive detection of Cu2+

in the brain remains an immense challenge.
1,3-Dichloro-7-hydroxy-9,9-dimethylacridin-2(9H)-one

(DDAO) serves as a NIR uorophore with low molecular weight,
high quantum yield (F = 0.39 in PBS buffer),21 and extensive
utility in uorescent probe design for in vivo imaging. In this
study, we present a novel colorimetric and NIR uorescent
probe, termed DDAO-Cu (Scheme 1).

This probe utilizes DDAO as the NIR uorophore and
incorporates a picolinate moiety as the reaction site for Cu2+.
Notably, DDAO-Cu exhibited remarkable selectivity and sensi-
tivity (LOD = 1.8 nM) for the detection of Cu2+ in an aqueous
solution (pH 7.4, HEPES buffer, 0.5% DMSO). Furthermore,
DDAO-Cu demonstrated its utility for the rst time in illus-
trating the overproduction of endogenous Cu2+ in cellular and
zebrash PD models. And nally, DDAO-Cu exhibited good
blood–brain barrier permeability and tremendous ability for in
situ real-time detection of Cu2+ in PD cells and animal models.
To our knowledge, DDAO-Cu is the rst reported turn-on NIR
uorescent probe capable of detecting Cu2+ in PD models,
providing further insights into the elevated Cu2+ levels observed
in PD.
Experimental

Instruments and materials can be found in the ESI.†
Synthesis of DDAO-Cu

DDAO (184 mg, 0.6 mmol) and Et3N (204 mg, 1.2 mmol) were
dissolved in dry DCM (30 mL), and then 2-pyridinecarbonyl
Scheme 1 (A) Fluorescent probe DDAO-Cu for the detection of Cu2+. (B
DDAO-Cu.

© 2024 The Author(s). Published by the Royal Society of Chemistry
chloride (170 mg, 1.2 mmol) was added. Aer stirring for about
2 h, the solvent was removed, and the crude powder was washed
with mixed solvent (PE/THF 6 : 1, v/v) twice to afford DDAO-Cu
as a yellow solid (102 mg, yield 41%). Mp: 178–179 °C. 1H NMR
(400 MHz, CDCl3) d 8.88 (d, J = 4.6 Hz, 1H), 8.31 (d, J = 7.7 Hz,
1H), 8.01–7.94 (m, 1H), 7.74 (d, J= 8.6 Hz, 1H), 7.67 (s, 1H), 7.62
(dd, J= 7.6, 4.8 Hz, 1H), 7.43 (d, J= 2.3 Hz, 1H), 7.34 (dd, J= 8.6,
2.2 Hz, 1H), 1.91 (s, 6H). 13C NMR (101 MHz, CDCl3) d 173.19,
163.43, 153.45, 150.25, 149.96, 146.86, 140.29, 139.53, 139.45,
138.80, 137.41, 135.60, 133.14, 127.85, 126.10, 121.67, 120.08,
39.12, 26.60. ESI-MS: m/z found 413.2 (M + H+). HR-MS (ESI):
calcd for C21H15Cl2N2O3

+ (M + H+): 413.0454; found 413.0461.
Optical studies of DDAO-Cu for Cu2+

Unless otherwise stated, all UV-vis and uorescence spectra
studies were performed at 37 °C in a 10 mM HEPES buffer (pH
7.4, with 0.5% DMSO) solution. The stock solution of DDAO-Cu
(1 mM) was prepared in DMSO, and the concentration used for
optical studies was maintained at 5 mM. Spectra were recorded 3
minutes aer the addition of Cu2+ and other analytes. In the
uorescence collection, the excitation wavelength was set at 602
nm (slit width: dex = 2.5 nm, dem = 5 nm).
Cytotoxicity evaluation

Rat pheochromocytoma (PC12) cell lines were purchased from
Procell Life Science & Technology Co., Ltd and cultured in
RPMI-1640 medium supplemented with 10% fetal bovine
serum at 37 °C in a 5% CO2/95% air incubator. The cytotoxicity
of DDAO-Cu was evaluated by incubating in PC12 cells with 0–
25 mM DDAO-Cu for 24 h using the MTT assays.22
) Schematic illustration of imaging of Cu2+ in the PD mouse brain using

Chem. Sci., 2024, 15, 13082–13089 | 13083
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Cu2+ imaging in living cells

To image exogenous Cu2+, PC12 cells were treated with Cu2+ (5,
10, and 20 mM) at 37 °C for 0.5 hours, followed by incubation
with DDAO-Cu for 20 minutes without washing. To image
endogenous Cu2+ in cells, the PD cells were incubated with 2,3-
dimercaptopropane-1-sulfonic acid sodium salt (DMPS, a metal
chelating agent, 300 mM) for 30 minutes, followed by the addi-
tion of 5 mM DDAO-Cu for 20 minutes, which served as the
inhibition group. PC12 cells directly treated with DDAO-Cu (5
mM, 20 minutes) served as the experimental group. PC12 cells
served as the blank group. For imaging Cu2+ in the cellular PD
model, PC12 cells were treated with rotenone (1 mM) for 1 hour
to establish the cellular PD model.23 The PD cells directly
treated with DDAO-Cu (5 mM, 20 minutes) served as the model
group. Additionally, the PD cells were incubated with DMPS for
30 minutes, followed by the addition of 5 mM DDAO-Cu for 20
minutes, which served as the control group. PC12 cells directly
treated with DDAO-Cu (5 mM, 20 minutes) served as the blank
group. All cells were imaged without washing in the red channel
(lex/lem = 561/620–680 nm). Subsequently, the cells were
detached using trypsin digestion, collected, washed with PBS
three times, resuspended in 400 mL PBS, and subjected to ow
cytometry.
Imaging the zebrash PD model with DDAO-Cu

The zebrash PD model was also established by rotenone
stimulation.24 The zebrash were treated with rotenone (1 mM)
for 1 hour to induce the zebrash PD model. The experiment
comprised three groups: (1) PD zebrash incubated with 5 mM
DDAO-Cu for 10minutes; (2) PD zebrash incubated with DMPS
for 30 minutes, washed with PBS, followed by incubation with 5
mM DDAO-Cu for 10 minutes; (3) normal zebrash incubated
with 5 mM DDAO-Cu for 10 minutes. Subsequently, all zebrash
were xed with 1% agarose and imaged in the red channel (lex/
lem = 561/620–680 nm).
Establishing the PD mouse model using MPTP

l-Methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP) selectively
induces dopaminergic neuronal damage in the substantia nigra
and striatum, leading to a parkinsonian syndrome; the MPTP-
induced PD model was the gold standard in PD research.25 In
our study, we utilized MPTP to establish the Parkinson's mouse
model, and details of the timeline of the established experi-
mental procedure and behavioural validation methods can be
found in the ESI.†
In vivo imaging of the PD mouse model with DDAO-Cu

Before imaging, the fur was removed from the mouse's skull,
followed by anaesthesia with 1% pentobarbital sodium (150
mL).

Tail-vein injection: PD mice and age-matched wild-type mice
were then subjected to tail-vein injection of DDAO-Cu (50 mM,
100 mL) for different times (10–40 min) and imaged, respec-
tively. For tetrathiomolybdate (TTM) group mouse, the PD mice
were injected with TTM (100 mM, 100 mL) for 10 min, and then
13084 | Chem. Sci., 2024, 15, 13082–13089
subjected to tail-vein injection of DDAO-Cu (50 mM, 100 mL) for
different times (10–40 min) and imaged.

Brain injection: aer mice were anesthetized, the mice were
xed on a brain stereotaxic apparatus. The scalp was cut and
a hole was drilled at a certain position on the skull. DDAO-Cu
(2.5 mM, 2 mL) was injected into the brain using a microinjector,
and then the animal imaging was conducted at 10 min
following injection of DDAO-Cu.

All the mice were imaged with a small animal uorescence
imager (lex/lem: 600/660 nm).

Ex vivo uorescence staining of DDAO-Cu to Cu2+ in mouse
brain

PDmice and age-matched wild-type mice were intraperitoneally
injected with 1% pentobarbital sodium and sacriced at 30 min
aer injection. The brains were excised and soaked in formalin.
The technical support of section production was from Hubei
Biosci Biotech Co., Ltd. The sections of brain were stained with
DDAO-Cu for 5 min. Subsequently, all sections were washed
with PBS and the uorescence observation was performed using
a TCS SP8 (Leica, Germany) in the red channel (lex/lem = 561/
620–680 nm).

Results and discussion
Probe preparation

DDAO-Cu was designed based on the Cu2+-catalysed hydrolysis
reaction of picolinate,26 usingDDAO as the NIR uorophore and
2-pyridine carbonyl as both a recognition unit and a uores-
cence quenching moiety. The route for the synthesis of probe
DDAO-Cu is outlined in Scheme S1,† wherein DDAO underwent
a reaction with 2-pyridinecarbonyl chloride to afford DDAO-Cu
in 41% yield. The structure ofDDAO-Cuwas proved by NMR and
mass spectroscopy (Fig. S1–S4, ESI†).

Detection of Cu2+ with DDAO-Cu

UV-vis and uorescence spectra were employed to characterize
the optical properties of DDAO-Cu for the detection of Cu2+.
Fig. 1 illustrates the absorption and uorescence responses of
DDAO-Cu to Cu2+ in HEPES buffer (pH 7.4) at 37 °C, Initially,
DDAO-Cu exhibited an absorption maximum at 430 nm and
very weak uorescence at 662 nm (F = 0.011, using cresyl violet
as the standard). Upon the addition of Cu2+, the maximum
absorption red-shied to 602 nm (Fig. 1A), aligning well with
the absorption maxima of DDAO, suggesting a conversion of
DDAO-Cu to DDAO aer the Cu2+ addition, with the conversion
rate reaching 97%. Concurrently, Fig. 1B demonstrates a rapid
increase in the uorescence of DDAO-Cu at 662 nm, reaching
saturation within 3 min aer adding Cu2+. Fluorescence
kinetics demonstrated that the NIR uorescence saturation
occurred at approximately 100 s when the Cu2+ concentration
was 10 mM (Fig. S5†), and the reaction displayed a pseudo-rst-
order with rate constant kobs determined to be about 0.031 s−1.
This result indicates that DDAO-Cu can be used for rapid
detection of Cu2+. Notably, the remarkable colour changes of
the DDAO-Cu solution from yellow to blue, accompanied by
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) UV-Vis spectra of DDAO and DDAO-Cu (5 mM) before and
after adding Cu2+ (10 mM). Inset: the color changes. (B) Fluorescence
spectra change of DDAO-Cu (5 mM) upon addition Cu2+ (10 mM). Inset:
the emission color changes under 365 nm light. (C) Fluorescence
responses ofDDAO-Cu (5 mM) upon increasing addition of Cu2+ (0–20
mM). Inset: intensity changes at 662 nm. (D) The linear relationship
between fluorescence intensity changes at 662 nm with the
concentration of Cu2+ (0–1 mM). Each data set was acquired 3 min
after mixing. lex = 602 nm, slit width: dex = 2.5 nm, dem = 5 nm.

Fig. 2 (A) Fluorescence spectral changes and (B) fluorescence
intensity (662 nm) changes of 5 mMDDAO-Cu for various analytes (100
mM unless stated otherwise) in HEPES buffer (pH 7.4, 10 mM) at 37 °C
for 3 min. Analytes: (0) none, (1) Mn2+, (2) Li+, (3) Sr2+, (4) Al3+, (5) Sn2+,
(6) Cd2+, (7) Ni2+, (8) Zn2+, (9) Fe2+, (10) Fe3+, (11) Hg2+, (12) Na+, (13) K+,
(14) Ca2+, (15) Ba2+, (16) NH4

+, (17) SO4
2−, (18) NO3

−, (19) HSO3
−, (20)

CO3
2−, (21) HCO3

−, (22) F−, (23) Cl−, (24) Br−, (25) I−, (26) S2O3
2−, (27)

C2O4
2−, (28) C3H5O3

−, (29) AcO−, (30) Leu, (31) Thr, (32) Gly, (33) Try,
(34) Ser, (35) Tyr, (35) Phe, (37) Met, (38) Hcy, (39) Cys, (40) GSH (5 mM),
(41) HS−, and (42) Cu2+ (10 mM), lex = 602 nm. dex = 2.5 nm, dem = 5
nm.
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bright red uorescence (inset in Fig. 1A and B), indicate the
feasibility of “naked-eye” detection of Cu2+. These ndings
unequivocally establish DDAO-Cu as a promising turn-on NIR
uorescent probe for the rapid detection of Cu2+ in aqueous
solution under mild conditions.

Under the optimal conditions, we investigated the sensitivity
of DDAO-Cu in detecting Cu2+. As depicted in Fig. 1C, the NIR
uorescence intensity at 662 nm exhibited a signicant increase
with the increasing concentration of Cu2+, reaching saturation
at 5 mM. Remarkably, even at low concentrations of Cu2+, such
as 0.1 mM (Fig. S6†), a substantial enhancement in the uo-
rescence signal was observed. Furthermore, DDAO-Cu exhibited
good linear relationships in the range of 0–1.0 mM Cu2+ with R2

= 0.99676 (Fig. 1D), and the limit of detection (LOD) was
calculated to be 1.8 nM (3s/k, S/N = 3), which is far below the
clinically relevant range,20 underscoring the remarkable sensi-
tivity of DDAO-Cu to Cu2+. In addition, the NIR uorescence
emission performance of DDAO-Cu enables deep tissue pene-
tration, facilitating imaging of Cu2+ in vivo.

The selectivity of DDAO-Cu for Cu2+ was systematically
evaluated. As shown in Fig. 2, despite the presence of various
other analytes including cations (Mn2+, Li+, Sr2+, Al3+, Sn2+,
Cd2+, Ni2+, Zn2+, Fe2+, Fe3+, Hg2+, Na+, K+, Ca2+, Ba2+, and NH4

+),
anions (SO4

2−, NO3
−, HSO3

−, CO3
2−, HCO3

−, F−, Cl−, Br−, I−,
S2O3

2−, C2O4
2−, C3H5O3

−, and AcO−), amino acids (Leu, Thr,
Gly, Try, Ser, Tyr, Phe, and Met), and biothiols (Hcy, Cys, GSH,
and HS−) at concentrations 10 times or even 500 times higher
than that of Cu2+ (10 mM), negligible changes in uorescence
were observed. In stark contrast, a signicant uorescence
response was elicited exclusively in the presence of Cu2+,
highlighting the exceptional selectivity of DDAO-Cu towards
Cu2+. Competition experiments further demonstrated that
these potentially interfering analytes showed almost no
© 2024 The Author(s). Published by the Royal Society of Chemistry
interference with Cu2+ detection (Fig. S7a†). Additionally, the
inuence of pH was investigated (Fig. S7b†), revealing minimal
uctuations in the uorescence intensity of DDAO-Cu across
varying pH levels. However, upon the addition of Cu2+, DDAO-
Cu exhibited a notable uorescence enhancement over a broad
pH range. Remarkably, the optimal pH of DDAO-Cu in response
to Cu2+ was around 7.4, indicating its aptness for detecting Cu2+

under physiological conditions and facilitating bioimaging of
Cu2+.

The design rationale behind DDAO-Cu entails the incorpo-
ration of 2-pyridine carbonyl which serves to disrupt the Intra-
molecular Charge Transfer (ICT) process of DDAO, resulting in
the quenching of its uorescence. Upon the addition of Cu2+,
a specic hydrolysis reaction with 2-pyridine carbonyl ensues,
liberating a hydroxyl group and instigating a “turn-on” uo-
rescence response targeted at Cu2+. The validity of this mecha-
nism was conrmed through Job's plot analyses (Fig. S8a†),
which revealed a 1 : 1 stoichiometry indicative of Cu2+-promoted
hydrolysis as a stoichiometric rather than catalyzed reaction by
Cu2+. Notably, the picolinic acid produced during the hydrolysis
reaction strongly binds to Cu2+, thus impeding its reactivity and
providing further evidence in support of this mechanism. As
shown in Fig. S8b,† the addition of Cu2+ to the DDAO-Cu
solution in the presence of picolinic acid effectively hampers
the hydrolysis of DDAO-Cu, underscoring the pivotal role of
Cu2+ coordination to picolinic ester in facilitating the Cu2+-
promoted hydrolytic cleavage of DDAO-Cu to DDAO. These
ndings collectively elucidate a detailed recognition mecha-
nism of DDAO-Cu for Cu2+. Based on the above results,
a detailed recognition mechanism of probe DDAO-Cu for Cu2+

was proposed as shown in Scheme S2.† The 2-pyridinecarbonyl
group, endowed with strong electron-withdrawing ability, effi-
ciently suppresses the uorescence of DDAO-Cu. Aer the
specic cleavage by Cu2+, the ICT process of DDAO-Cu is rein-
stated, thereby enabling the “turn-on” NIR uorescence anal-
ysis of Cu2+. The conrmation of DDAO formation by LC-MS
Chem. Sci., 2024, 15, 13082–13089 | 13085
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analyses (Fig. S9†) of the reaction mixture ofDDAO-Cu and Cu2+

further corroborates the proposed reaction mechanism.
Fig. 4 Imaging of Cu2+ in the zebrafish PD model with DDAO-Cu. (A)
Zebrafish were incubated with 5 mMDDAO-Cu for 10min. (B) Zebrafish
were incubated with 1 mM rotenone for 1 h, and then stained with 5 mM
DDAO-Cu for 10 min. (C) Zebrafish were incubated with 1 mM rote-
none for 1 h, then with 300 mM DMPS for 30 min, and then with 5 mM
DDAO-Cu, for 10 min. (D) The intensity of (A)–(C). Red channel (lex/
lem = 561/620–680 nm).
Imaging of Cu2+ in cellular and zebrash PD models

Initially, the MTT method was employed to evaluate the cyto-
toxicity of DDAO-Cu, Notably, PC12 cells, a commonly utilized
neural cell line for the study of PD,27,28 exhibited robust cell
viability (87%) even aer 24 hour incubation with 25 mM DDAO-
Cu, indicating its low cytotoxicity (Fig. S10†). Subsequently, the
capability of DDAO-Cu for imaging Cu2+ in PC12 cells was
investigated, with an increase in the concentration of Cu2+,
a gradual augmentation in red uorescence was observed in the
cells (Fig. S11†), suggesting the efficacy of DDAO-Cu in detect-
ing exogenous Cu2+ in cellular environments. As shown in
Fig. S12,† DDAO-Cu exhibits a weak uorescent signal in PC12
cells, which is further diminished when the cells are pre-incu-
bated with DMAP. This indicates the capability of DDAO-Cu to
detect low levels of endogenous Cu2+, highlighting its high
sensitivity. Rotenone, known to induce oxidative stress and
subsequent loss of dopaminergic neurons, is frequently
employed to establish a highly reproducible model of PD.29

Hence, rotenone was employed to stimulate PC12 cells; as
depicted in Fig. 3, compared to the cell control (Fig. 3A), the PD
model (Fig. 3B) exhibited notably heightened uorescence.
Moreover, preincubation of the PD model with DMPS resulted
in a reduction in uorescence intensity (Fig. 3C). These obser-
vations were further validated by ow cytometry experiments
(Fig. 3E), conrming the intracellular accumulation of Cu2+ in
the cellular PD model. Motivated by these ndings, the uo-
rescence imaging performance was evaluated in the PD zebra-
sh model, which was also established using rotenone.29 As
illustrated in Fig. 4, rotenone-induced PD zebrash displayed
signicantly elevated uorescence compared to normal zebra-
sh. Moreover, uorescence in the DMPS group was dimin-
ished, indicating a substantial increase in Cu2+ concentration in
the zebrash PD model. Collectively, these encouraging
outcomes affirm the suitability of DDAO-Cu for monitoring
Fig. 3 (A) Cells were stained with DDAO-Cu for 20 min. (B) Cells were
treated with rotenone (1 mM) for 1 h and then stained with DDAO-Cu
for 20 min. (C) Cells were treated with rotenone (1 mM) for 1 h and
DMPS (300 mM) for 30min and then stained withDDAO-Cu for 20min.
(D) The fluorescence intensity of (A)–(C). (E) Flow cytometry data of
(A1)–(C1). Red channel (lex/lem = 561/620–680 nm).

13086 | Chem. Sci., 2024, 15, 13082–13089
Cu2+ levels in both cellular and zebrash PD models and reveal
Cu2+ levels overexpressed in the PD model. Thus, DDAO-Cu can
serve as an effective tool for the imaging and quantication of
Cu2+, which would be of great value for revealing the role of Cu2+

in PD.
Imaging of Cu2+ in the PD mouse model

Research indicates that MPTP treatment can induce PD mouse
models, and the key characteristics of PD include motor
dysfunction and the loss of dopaminergic neurons projecting to
the STR and SN.30–33 As illustrated in Fig. S13,†MPTP treatment
prolonged the time for mice to descend in the pole test and
suspension test compared to the W-T group. Additionally, in the
novel object recognition test, the MPTP-treated group exhibited
a signicantly decreased latency to fall. The open eld test was
utilized to assess locomotor performance, revealing that mice
injected with MPTP displayed signicantly reduced total
distance moved and increased resting time. These ndings
collectively demonstrate motor incoordination and dysfunction
in MPTP-induced PD mice. Immunohistochemical analysis
using Nissl staining was performed in the STR and SN,34 as
shown in Fig. 5, with more than 55% loss of nigral DA-ergic
neurons in the SN, and 74% loss of DA-depletion in the STR in
PD mice. Combined with the motor incoordination and
dysfunction performance, these indicated that the PD mice
were in the advanced presymptomatic stage.

To assess the BBB permeability of small molecules, a suit-
able oil–water partition coefficient (log P) in the range of 1–5 is
considered one of the most important indicators.35–37 First, the
log P of DDAO-Cu was measured to be ∼1.34 in the octanol–
water system.38 In addition, DDAO-Cu exhibits low molecular
weight (MW: 412), and weak hydrogen bonding ability (no
hydroxyl, carboxyl, and other groups); these properties would
facilitate DDAO-Cu to cross the blood–brain barrier (BBB) and
enrich in the brain. Then, we explored the feasibility of probe
DDAO-Cu to image the brain via tail vein injection, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A–D) TH immunohistochemistry of SN and STR. (E and F)
Relative quantifications of the TH immunohistochemistry positive
neurons in the SN and STR from various groups, data are represented
as the mean ± SD, n = 3, *P < 0.05, **P < 0.01.
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uorescence imaging in the brains of mice was performed for
40 min (Fig. 6A). As we can see, the uorescence signal was
enhanced in 10 min in the brain of PD mice, and with pro-
longing the time (>15 min), the signal faded away gradually
(Fig. 6B), while the W-T mouse displayed a relatively weakly
uorescence, which faded away at 30 min. This indicates that
DDAO-Cu can penetrate the blood–brain barrier and will be
rapidly metabolized in the brain, possibly due to the good water
solubility of DDAO and the active efflux mechanism of the BBB.
Aer imaging, the mice were sacriced, and the major organs,
including the brain, kidney, lung, spleen, liver, and heart, were
excised and imaged; as shown in Fig. S14,† the probe primarily
accumulated in the liver and brain, and a small amount was
found in the kidney, which may be because the brain has a high
blood ow rate,39 and DDAO-Cu was cleared from the body
through hepatic and renal routes. This suggests that DDAO-Cu
is suitable for low-residue and non-invasive detection of Cu2+ in
the brain. Then, we conducted brain FL imaging in live mice
with intact skulls. As shown in Fig. 6C, compared to the W-T
Fig. 6 (A) Imaging of C57 W-T mice and PD mice after injection of
DDAO-Cu (50 mM, 100 mL) every 5 min within 40 min. (B) The fluo-
rescence intensity of (A). (C) Imaging of mice after injection of DDAO-
Cu for 10 min. (D) The fluorescence intensity of (C), data are repre-
sented as the mean ± SD, n = 3, **P < 0.01. ***P < 0.001. lex/lem =

600/660 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
mice, PD mice displayed brighter uorescence (uorescence
increased by 1.5 times), however, when TTM (a copper ion
chelating agent, which can cross the BBB)40,41 was injected into
the PD mice for 10 min, the uorescence intensity was
decreased, indicating that the Cu2+ level in PD mice was higher
than that in W-T mice. To further indicate the elevated copper
ions in the brain of PDmice, we had studied the Cu2+ content in
mouse serum, and as shown in Fig. S15A,† few changes in
uorescence were observed between PD mice and W-T mice.
And DDAO-Cu was injected into brain regions by intracranial
injection; as shown in Fig. S15B,† the same result was found in
the intracranial area compared to the control groups, which
further suggests that the Cu2+ is overexpressed in the PD mouse
brain.

Due to the complexity of the brain centers, the concentration
of Cu2+ is different in different brain areas.42 The highest
concentration of Cu2+ was measured in the SN, and high levels
of Cu2+ have also been detected in the hippocampus (Hip) and
cerebral cortex (CC).43 To further accurately assess the level of
Cu2+ in the brain, the quantitative detection ability of DDAO-Cu
in different brain tissues was investigated. At rst, considering
that the loss of dopaminergic neurons in the SN and STR is
a key characteristic of PD, Cu2+ can precipitate the degeneration
of dopaminergic neurons.44,45 As illustrated in Fig. 7, compared
with the PD group, stronger uorescence in SN was observed in
the W-T group, indicating low levels of Cu2+ in the SN of PD
mice, which is consistent with the previously reported results.46

This further conrms the imaging capability of DDAO-Cu.
However, the higher uorescence intensity was observed in the
cortex, hippocampus, and striatum of PD mice (Fig. 7); this is
attributed to the elevated copper ions in the cortex, hippo-
campus, and striatum during the advanced stages of PD.47 In
summary, the Cu2+ level in the SN of the PD mouse brain is
Fig. 7 Ex vivo fluorescence observation of brain slices from W-T and
PDmice. (A) Schematic diagram of the brain. (B) Schematic diagram of
the location of SN, Hip, CC and STR. (C–F) The fluorescence intensity
and imaging of DDAO-Cu (5 mM) for 5 min in the SN (a, b), STR (c, d),
CC (e, f), and Hip (g, h) regions, data are represented as the mean± SD,
n= 3, **P < 0.01, ***P < 0.001. ****P < 0.0001. Red channel (lex/lem=

561/620–680 nm).
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reduced, accompanied by an increase in Cu2+ in the striatum,
cerebral cortex, and hippocampus, which may provide a poten-
tial marker for the diagnosis of PD.

Conclusions

In summary, we have developed a NIR uorescent probe
(DDAO-Cu) specically designed for imaging Cu2+ in the mouse
brain. The probe can be facilely synthesized and exhibits
excellent turn-on NIR uorescence, remarkable sensitivity, and
high selectivity towards Cu2+. Furthermore, we successfully
applied DDAO-Cu for the visual semi-quantitative detection of
Cu2+ in living cells and zebrash, revealing elevated Cu2+ levels
in both cellular and zebrash PD models. Notably, owing to its
appropriate log P and low molecular weight, DDAO-Cu
possesses the ability to cross the BBB, which can effectively
image Cu2+ in MPTP-induced PD mouse models, revealing
signicant overall increases in Cu2+ levels. The ex-imaging data
showed that Cu2+ was enriched in the cortex, hippocampus, and
striatum during the advanced stages of Parkinson's disease, but
suppressed in the SN region. Therefore, there is reason to
believe that the Cu2+ level in PD is overall elevated. Altogether,
this work represents a valuable tool for imaging and quantifying
Cu2+ levels, which might help reveal the intricate role of Cu2+ in
PD pathology.
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43 J. Kardos, L. Héja, Á. Simon, I. Jablonkai, R. Kovács and
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