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ABSTRACT: Copper ions (Cu2+) play vital roles in human
physiology, and their dyshomeostasis is associated with diseases
such as hepatocellular carcinoma, Alzheimer’s disease, and Wilson’s
disease. Cu2+ imaging technologies facilitate the investigation of
Cu2+ dynamics in biological systems. However, developing highly
selective and sensitive Cu2+ probes that can overcome interference
from physiologically abundant Zn2+ remains a key challenge. In this
study, we design and synthesize a Cu2+-activated dual-modal probe
(BHGd) for photoacoustic (PA) and magnetic resonance (MR)
imaging, which exhibits remarkable specificity for Cu2+. Impres-
sively, BHGd demonstrates exceptional selectivity for Cu2+ even in
the presence of a 1000-fold excess of Zn2+. BHGd binds Cu2+ in a 1:1 stoichiometry, forming a stable ternary complex in the
presence of human serum albumin (HSA), which enhances PA signals by 5.9-fold and increases longitudinal relaxivity (r1) by
114.9%. Furthermore, in vivo experiments demonstrate that BHGd enables precise monitoring of labile Cu2+ fluctuations in the liver
of mice, achieving a remarkable 59% increase in PA signal intensity and a 30% enhancement in MR signal contrast. The systematic
investigation demonstrates that BHGd can serve as a powerful molecular probe for investigating copper metabolism in living
systems. Our breakthrough addresses the long-standing challenge of Cu2+/Zn2+ discrimination and provides a design principle for
next-generation metal ion probes, with significant potential for diagnosing Cu2+ imbalance-related disorders, monitoring therapeutic
responses, and advancing biomedical research.

■ INTRODUCTION
Copper is an essential metal in the human body, serving as a
redox-active cofactor in various physiological processes,
including energy production, neurotransmitter synthesis and
metabolism, gene expression, brain development, and immune
system regulation.1−3 In biological environments, copper
primarily exists in two oxidation states: cuprous ion (Cu+)
and cupric ion (Cu2+).4−6 However, the redox-active nature of
copper renders it potentially cytotoxic, thereby requiring
stringent intracellular homeostatic control to mitigate oxidative
stress and free radical-induced damage.4 Moreover, disruptions
in copper homeostasis are associated with various neuro-
degenerative diseases and metabolic disorders, including
Menkes disease,7 Wilson’s disease,8 familial amyotrophic
lateral sclerosis, Alzheimer’s disease, and prion diseases.9,10

Although the homeostasis of Cu2+ and physiological
consequences of its dysregulation have been extensively
studied,6,10 its specific functional roles in various tissues
remain largely elusive, primarily due to the lack of real-time,
noninvasive imaging techniques for Cu2+ in living systems.
So far, single-modal probes for Cu2+ detection have been

extensively reported.11−14 Wang et al. developed a peptide-
based biosensor by synthesizing a peptide to mimic the Cu2+-

binding sites on bovine serum albumin. This sensor enables
continuous monitoring of Cu2+ via fluorescence and
colorimetric methods and has been successfully applied to
imaging Cu2+ in live cells and zebrafish models.15 Expanding
beyond optical imaging, Chang and colleagues developed a
Cu2+-sensitive MR probe with high selectivity by conjugating a
Gd3+ complex to an iminodiacetate-Cu2+ binding site. Cu2+-
binding increased r1 from 3.76 to 5.29 mM−1 s−1. The process
was reversible, as excess ethylenediaminetetraacetic acid
(EDTA) restored the r1 signal, demonstrating excellent Cu2+
selectivity.16 Similarly, Sherry and co-workers designed the
probe GdL1, which exhibits high selectivity for Cu2+ with a
43% increase in r1. The T1-weighted imaging confirms its
capability for in vivo Cu2+ detection, offering a potential tool
for studying Cu2+-related neurological disorders such as
Wilson’s disease.17 However, developing single-modal probes

Received: May 29, 2025
Revised: July 28, 2025
Accepted: August 13, 2025

Articlepubs.acs.org/ac

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.analchem.5c03093
Anal. Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

IN
N

O
V

A
T

IO
N

 A
C

A
D

 P
R

E
C

 M
SR

M
N

T
 A

PM
 o

n 
A

ug
us

t 2
0,

 2
02

5 
at

 0
2:

14
:0

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaoqing+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sha+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Long+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiao+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingying+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maosong+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shizhen+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.5c03093&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c03093?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c03093?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c03093?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c03093?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c03093?fig=tgr1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.5c03093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf


for Cu2+ in vivo remains significantly challenging, primarily due
to the following aspects. First, while optical imaging achieves
exceptional molecular sensitivity, its clinical utility is con-
strained by limited tissue penetration depth.18,19 Second, MR
imaging of Cu2+ can provide unparalleled deep-tissue
anatomical resolution but faces two fundamental challenges:
(i) the low concentration of free Cu2+ in biological systems
necessitates the use of contrast agents with strong “turn-on”
responses.20 (ii) The Cu2+-activated probe must have high
selectivity and a sufficiently strong affinity for Cu2+ to prevent
interference from millimolar concentrations of endogenous
Zn2+.17,20,21 The strategic integration of multimodal imaging
enables comprehensive copper mapping, bridging subcellular
dynamics with organ-level distribution and enhancing diag-
nostic precision.22−25 Such dual-modal probes not only
monitor labile Cu2+ pools with high spatiotemporal resolution

but also advance the study of copper dysregulation
mechanisms in diseases like Alzheimer’s and Wilson’s disease.
To address these issues, a PA/MR dual-enhanced probe

(BHGd) was developed for highly selective and sensitive
detection of labile Cu2+ pools using PA and MR imaging
(Figure 1a). BHGd could rapidly and selectively respond to
Cu2+ with a 1:1 stoichiometry, retaining excellent specificity
even in the presence of a 1000-fold excess of Zn2+. Cu2+

coordination induces a red-shift in NIR absorption (from 662
to 680 nm) and quenches fluorescence at 718 nm, thereby
enhancing photothermal conversion and amplifying the PA
signal.26 Under physiological conditions, BHGd could bind
with Cu2+ and further form a stable ternary complex with HSA,
resulting in an “on” state that enhances its MR signal. Owing to
its excellent cell permeability and low cytotoxicity, BHGd was
successfully applied to dynamically monitor labile Cu2+ in

Figure 1. (a) Schematic illustration of the binding mechanism of BHGd with Cu2+ and HSA. (b) UV−vis absorption spectra and (c) the
fluorescence response of BHGd (10 μM) upon treatment with Cu2+ (0−20 μM). (d) PA signal intensity changes of BHGd (10 μM) upon
treatment with Cu2+ (0−20 μM) under the excitation of 680 nm. (e) Dependence of the r1 of BHGd on Cu2+ concentration. (f) Changes in r1 of
BHGd in the presence of 1 eq of Cu2+, 0.6 mM HSA, and 1 eq of Cu2+ plus 0.6 mM HSA (20 MHz, 37 °C, 0.1 M HEPES buffer, pH 7.4). (g) The
T1 change and phantom images (insert) of BHGd (0.3 mM) were acquired at 9.4 T with varying molar concentrations of Cu2+ in the presence of
0.6 mM HSA in 0.1 M HEPES buffer. Data are presented as mean ± SD (n = 3), ***P < 0.001 and n.s., P > 0.05.
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mouse liver via PA and MR imaging. This study presents the
design of a Cu2+-specific dual-modal probe with exceptional
selectivity, enabling real-time tracking of labile copper pools in
vivo and providing a transformative strategy for the early
diagnosis of disorders associated with copper homeostasis.

■ EXPERIMENTAL SECTION
Synthesis of BHGd. The chemical structure of BHGd

comprises three units: (1) a Cu2+-chelating group BPA; (2) a
near-infrared fluorescent chromophore that functions as a PA
signal source while exhibiting minimal background interfer-
ence; and (3) a paramagnetic Gd-DO3A complex for MR
imaging applications, enhancing BHGd’s hydrophilicity and
stability for biomedical applications. The synthesis procedures
of compounds Hd-BPA and Gd-DO3A-N3 were described in
the Supporting Information (Scheme S1).22,27 The mixture of
compound Gd-DO3A-N3 (210.0 mg, 306.5 μmol), compound
Hd-BPA (266.6 mg, 344.1 μmol), CuSO4 (80.9 mg, 505.6
μmol), ascorbic acid (100.2 mg, 505.6 μmol), N,N-
Dimethylformamide (DMF, 10 mL), and H2O (1 mL) were
stirred at room temperature for 6 h. Then, 2,2′:6′,2″-
terpyridine (353.8 mg, 1.5 mmol) in DMF (2 mL) was
added to the reaction mixture, followed by an additional 6 h of
stirring. The reaction mixture was then evaporated under
reduced pressure. The reaction mixture was purified and
characterized using high-performance liquid chromatography
(HPLC) and high-resolution mass spectrometry (HRMS),
affording BHGd as a blue solid (15.0 mg, 3%). HRMS (ESI)
Calcd for C63H75GdIN13O10, [M − I + H]2+/2: 666.2536,
Found: 666.2395 (Figure S2).
Cu2+ Detection and Selectivity Assay Using BHGd.

Stock solutions of metal ions (1.0 mM) and BHGd (1.0 mM)
were prepared in H2O. For Cu2+ sensing, varying concen-
trations of Cu2+ stock solution were added to BHGd to achieve
final concentrations of BHGd (10.0 μM) and Cu2+ (0, 2, 4, 6,
8, 10, 12, 16, and 20 μM) in 0.1 M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer (HEPES buffer, pH 7.4).
The solutions were incubated at room temperature for 10 min
(min), and UV absorption was measured using an Evolution-
220 UV−vis spectrometer. Fluorescence spectra were recorded
on an Edinburgh FS5 spectrometer with 680 nm excitation.
For selectivity experiments, metal ions (Mg2+, Ca2+, Fe3+, Zn2+,
Co2+, Ni2+, Mn2+, K+, Na+, and Cu2+) were added to BHGd
(10.0 μM), and the solutions were incubated at room
temperature for 10 min. PA imaging was subsequently
recorded at a wavelength of 680 nm.
Competing Study Using MR Relaxometer. The r1

values were measured by a series of inversion-prepared fast
spin−echo scans on the 20 MHz MR relaxometer (Niumag,
China). The values were determined from the slope of the 1/
T1 versus BHGd concentration plot. Various solutions with
different concentrations of BHGd (0.05, 0.1, 0.2, and 0.3 mM)
complexes were prepared in 0.1 M HEPES buffer (pH 7.4) or
in buffer containing 0.6 mM HSA. The solutions of Mg2+,
Ca2+, Fe3+, Zn2+, Co2+, Ni2+, Mn2+, K+, Na+, and Cu2+ were
then added to each of the above solutions to obtain the desired
[Mn+]:[BHGd] ratios for titrations. The solutions were
incubated at a room temperature for 10 min. T1 measurements
were conducted under the same temperature conditions, with
warm air blown over the sample to maintain stability.
T1 MR Imaging of BHGd to Cu2+. The BHGd solution

(0.3 mM) was prepared in 0.1 M HEPES buffer containing 0.6
mM HSA, and an equimolar amount of Mg2+, Ca2+, Fe3+, Zn2+,

and Cu2+ was then added to each solution to prepare the
sample solutions. These samples were incubated at room
temperature for 10 min. T1 MR imaging was performed using a
9.4 T MR scanner (Bruker, Germany) with a T1-RAREVTR
pulse sequence, with an echo time (TE) of 6 ms and TR values
ranging from 100 to 3000 ms.
PA and MR Imaging of Cu2+ in Living Cells. Michigan

cancer foundation-10A (MCF-10A) cells (1 × 105) were
seeded in 3 mL dulbecco’s modified eagle medium (DMEM)
with 10% fetal bovine serum (FBS) and incubated at 37 °C for
24 h. For PA imaging, cells were treated with Cu2+ (40 μM in
FBS-free DMEM) for 2 h, then washed with phosphate-
buffered saline (PBS) and incubated with 3 mL of BHGd (20
μM in DMEM) for 6 h at 37 °C with 5% CO2. For chelation,
elesclomol (TETA, 40 μM in FBS-free DMEM) was added
before BHGd. After washing with PBS, cells were resuspended
in 300 μL PBS and subjected to PA imaging using the MSOT
inVision 256-TF system (Germany).
For MR imaging, cells were incubated with Cu2+ (120 μM in

FBS-free DMEM) for 2 h, followed by washing and incubation
with BHGd (60 μM in DMEM) for 6 h at 37 °C with 5% CO2.
TETA (120 μM) was added for chelation experiment. After
washing with PBS, cells were resuspended in 500 μL PBS and
analyzed on a 9.4 T MR scanner (Bruker, Germany) using the
T1-RARE sequence (TE = 5.5 ms, TR = 600.0 ms).
PA and MR Imaging of the Labile Cu2+ Pool in Mice.

For PA imaging, BALB/c mice were injected with BHGd (100
μL, 500 μM) or BHGd (100 μL, 500 μM) following ATN-
224-treated group (5 mg/kg in 50 μL), with ATN-224
intraperitoneally administered 2 h prior to BHGd injection.
Liver signal acquisition was performed before injection,
followed by manual liver segmentation to quantify mean signal
intensities (SI). The percentage signal enhancement (%SE)
was calculated using the formula: %SE(t) = (SI(t) − SI0)/SI0,
where SI0 represents the preinjection signal intensity.
For T1-weighted MR imaging, mice were injected with

BHGd (150 μL, 3.75 mM) or BHGd (150 μL, 3.75 mM)
following pretreatment with ATN-224 (5 mg/kg in 50 μL),
with ATN-224 administered 2 h prior to BHGd injection.
Mice underwent liver scans before injection and after injection
using a 9.4 T MR scanner (Bruker, Germany). During imaging,
the mice were positioned tail-first in a prone position under
isoflurane anesthesia. Imaging parameters were set as follows:
TE/TR = 6:600 ms, image resolution = 256 × 256, slice
thickness = 0.8 mm, number of slices = 12, field of view = 35 ×
35 mm, and total acquisition time = 10 min 55 s. Liver
segmentation was performed manually, and mean signal
intensity (SI) values were normalized using a water reference
standard to correct for intersession variability. The normalized
values were used to calculate mean liver SI at each time point,
and %SE was determined using the same formula as in PA
imaging.

■ RESULTS AND DISCUSSION
In Vitro Study of Optical and MR Properties of BHGd

to Cu2+. Initially, the optical properties of BHGd were
investigated using UV−vis absorption, fluorescence emission,
and PA imaging. UV−vis spectroscopy results showed that
BHGd initially exhibited two characteristic absorption peaks at
625 and 662 nm (Figure 1b). Upon the addition of Cu2+, a
new absorption peak appeared at 680 nm, exhibiting a clear
linear relationship with Cu2+ concentration (Figure S3).
Additionally, the fluorescence emission of BHGd was nearly
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quenched at 718 nm (Figure 1c). The dissociation constant
(Kd) was determined to be 9.6 μM, demonstrating a strong
binding affinity between BHGd and Cu2+ (Figure S4). Both
UV−vis and fluorescence spectra confirmed the equimolar
complexation of BHGd with Cu2+ (Figure S5), which was
further confirmed by HRMS (Figure S2). The interaction of
BHGd with Cu2+ was further monitored by PA imaging. As
depicted in Figure 1d, BHGd alone exhibited a negligible PA
signal. However, upon the addition of Cu2+, the PA signal was
progressively enhanced. A 5.9-fold increase in signal intensity
was observed at equimolar concentrations of BHGd and Cu2+.
Furthermore, a strong linear correlation was observed between
PA intensity and Cu2+ concentration in the range of 0−10 μM,
with a detection limit of 1.1 × 10−7 M (Figure S6).
Next, the regulation of the r1 of BHGd in response to Cu2+

was investigated through T1 value measurements using a 20
MHz relaxometer at 37 °C. As shown in Figure 1e, the r1 of
BHGd was at 8.73 ± 0.05 mM−1 s−1 in the absence of Cu2+.
Upon the addition of varying concentrations of Cu2+, the r1
showed a modest increase, rising to 10.2 mM−1 s−1 in the
presence of one equivalent (eq) of Cu2+ and then reaching a
plateau. This phenomenon may be attributed to the para-
magnetic nature of Cu2+ and longer molecular rotational
correlation time (τR) upon its binding to Cu2+.17,28,29 It is
noteworthy that Cu2+ typically binds to proteins and enzymes,
playing essential roles in catalysis and structural stabiliza-
tion.30,31 As the most abundant protein in human serum, HSA
plays a critical role in binding and transporting metal ions, fatty
acids, and small molecules. HSA possesses two Cu2+ binding
sites: a high-affinity N-terminal site (∼1 pM) and a lower-
affinity multimetal binding site (∼10 nM).32,33 Studies by

Sherry’s group have shown that Zn2+/Cu2+ can be effectively
chelated by Zn2+/Cu2+-responsive MR imaging agents, forming
binary complexes that subsequently bind to serum albumin,
leading to the formation of ternary complexes.21,34−36 This
enhancement in τR leads to an increase in r1. These findings
inspired us to further investigate the impact of Cu2+ on the r1
performance of BHGd in the presence of HSA at physiological
concentrations. As illustrated in Figure 1f, the r1 of BHGd
exhibited a slight increase in the presence of HSA alone, which
may be attributed to weak interaction between HSA and
BHGd. Strikingly, upon the addition of 1 eq Cu2+ and 0.6 mM
HSA, the r1 of BHGd significantly increased from 14.43 ± 0.12
to 18.70 ± 0.16 mM−1 s−1 (a 29.6% increase). These results
suggest the formation of a ternary complex (BHGd-Cu-HSA),
which restricts molecular rotation and consequently enhances
the r1 of BHGd. Furthermore, the phantom experiments
demonstrated a significant enhancement in T1 weighted MR
signal intensity upon addition of both Cu2+ and HSA
(Figures 1g and S7).
Study of High Specificity and Selectivity of BHGd to

Cu2+. Next, the specific recognition capability of BHGd for
Cu2+ was characterized using PA imaging and r1 measure-
ments. As illustrated in Figures 2a,b, S8, and S9, BHGd
showed a remarkable enhancement in the PA signal at 680 nm
exclusively in the presence of Cu2+. Notably, physiological
concentrations of competing cations (Mg2+, Ca2+, Fe3+, Zn2+)
exhibited no significant interference with the PA signal of
BHGd, further validating its high specificity for Cu2+. The
experimental results demonstrated that BHGd exhibited a
significantly higher binding affinity for Cu2+ compared to other
metal ions under solvent conditions (0.1 M HEPES buffer, pH

Figure 2. (a) PA imaging (left) of BHGd (10 μM) with equimolar concentrations of various metal ions, and corresponding T1 weighted images
(right) of phantoms containing BHGd (0.3 mM) with equimolar concentration of various metal ions in the presence of HSA (0.6 mM). (b) The r1
of BHGd with an equimolar amount of Mn+ plus 0.6 mM HSA and (c) variation of r1 for BHGd with increasing molar eq of Mn+, in the presence of
0.6 mM HSA, measured at 20 MHz and 37 °C. (d) Quantitative PA imaging analysis of BHGd (10 μM) in the presence of equimolar
concentration of metal ions. (e) T1 weighted image analysis of BHGd (0.3 mM) in the presence of equimolar concentration of metal ions in the
presence of HSA (0.6 mM). All solutions were prepared in 0.1 M HEPES buffer (pH 7.4). T1 weighted images were acquired at 9.4 T and room
temperature using a T1-RAREVTR pulse sequence with TE of 6 ms and TR values ranging from 100 to 3000 ms. Data are presented as mean ± SD
(n = 3), ***P < 0.001 and n.s., P > 0.05.
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7.4). This discovery significantly advanced our investigation
into the r1 of BHGd in the presence of various metal ions with
or without HSA at physiological concentrations (Figures 2b,c
and S10−S12). Upon the addition of Cu2+, the r1 of BHGd
increased by 29.6%, while no significant changes were observed
for its complexes with Mg2+, Ca2+, Fe3+, or Zn2+. Meanwhile,
the MR phantom images of BHGd with different metal ions ±
HSA were acquired using 9.4 T MR imaging scanner (Figures
2a−e and S13). For other biologically relevant metal ions
including Mg2+, Ca2+, Fe3+, and Zn2+, the phantom imaging
signal remained unchanged despite variations in their
concentrations. These data confirmed that the MR signal of
BHGd was specifically enhanced in the presence of Cu2+.
A key challenge in the development of Cu2+ sensors is their

poor selectivity, particularly the difficulty in achieving high
specificity to distinguish Cu2+ from Zn2+. To address this
challenge, we systematically investigated the specific response
of BHGd to Cu2+ in the presence of high concentrations of
Zn2+ using a multimodal approach combining fluorescence
spectroscopy, PA imaging, and r1 measurements. As shown in
Figures 3a,b and S14, the fluorescence signal of BHGd at 718
nm progressively decreased, while the PA signal at 680 nm
significantly increased upon the gradual addition of Cu2+, even
in the presence of 1000 eq of Zn2+. Notably, the variations in
fluorescence and PA signals perfectly matched the Cu2+
titration profile, demonstrating the high selectivity and binding
preference of BHGd for Cu2+ over Zn2+. Further validation was

obtained by r1 measurements performed in the presence and
absence of HSA (Figures 3c and S15). Upon Cu2+ addition, r1
increased from 14.43 ± 0.12 to 18.70 ± 0.16 mM−1 s−1, even
with a 10 eq of Zn2+ as a competing ion. These results
confirmed that the binding of BHGd to Cu2+ in the presence
of HSA significantly enhanced r1, whereas the presence of high
concentrations of Zn2+ did not interfere with the formation of
the BHGd-Cu-HSA ternary complex. To further evaluate the
selectivity of BHGd, T1 weighted images were acquired at a 9.4
T to assess the impact of Zn2+ (Figures 3d and S16). The
results demonstrated that BHGd displayed exceptional
selectivity for Cu2+ over Zn2+, as evidenced by the absence
of significant changes in image intensity even with 10 eq of
Zn2+. Finally, the stability of BHGd was systematically
evaluated. The results revealed no significant changes in
HPLC peak area, PA signal intensity, or T1 value in DMEM
medium supplemented with 10% FBS or across various pH
buffers. These findings demonstrated the probe’s excellent
biological stability and strong potential for application (Figures
S17 and S18).
Cellular Study of the Bimodal Probe BHGd upon Cu2+

Activation. Before applying BHGd in live cell imaging, its
cytotoxicity to the MCF-10A cells was assessed using the
CCK-8 assay.37 The results indicated that the viability of MCF-
10A cells remained above 85% even at a BHGd concentration
of 100 μM, demonstrating the high biocompatibility of BHGd
(Figure 4a). In addition, the cellular uptake kinetics of BHGd

Figure 3. (a) Evolution of fluorescence intensity and (b) PA intensity of BHGd in the presence of 1000 eq of Zn2+ (vs Zn2+-free control) at varying
Cu2+ concentrations. (c) Measurements of r1 for BHGd with Cu2+ (in the presence of 0.6 mM HSA) at different Zn2+ concentrations (1 eq and 10
eq of Zn2+). (d) Corresponding T1 changes and representative MR phantoms (inset) of BHGd (0.3 mM, with 0.6 mM HSA) acquired at 9.4 T
under different Zn2+ conditions (1 eq and 10 eq of Zn2+). Data represent mean ± SD (n = 3), ***P < 0.001 and n.s., P > 0.05.
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in MCF-10A cells were investigated to optimize the imaging
window via synchronized confocal microscopy and flow
cytometry. The intracellular fluorescence intensity of BHGd
progressively increased with incubation time and peaked at 6 h,

indicating exceptional membrane permeability (Figure 4b,c).
Quantitative analysis obtained through flow cytometry showed
high concordance with observations from fluorescence
confocal microscopy (Figure S19). These key parameters

Figure 4. Intracellular labile Cu2+ detection using BHGd. (a) Cell viability of MCF-10A cells after incubation with various concentrations of BHGd
for 12 and 24 h, evaluated using the CCK-8 assay. (b) Average intracellular fluorescence intensity and (c) representative time-dependent
fluorescence images of MCF-10A cells incubated with BHGd (10 μM) over various time points. (d) Quantification of PA intensity and
corresponding PA images (inset) of MCF-10A cell pellets. (e) Quantification of T1 values and corresponding T1-weighted images (inset) of MCF-
10A cell pellets (at 9.4 T, TE/TR = 5.5:600 ms). Data are presented as mean ± SD (n = 3), ***P < 0.001 and n.s., P > 0.05.

Figure 5. (a) PA images of mouse livers from two groups: BHGd (500 μM, 100 μL) and BHGd (500 μM, 100 μL) + ATN-224 (5 mg/kg, 50 μL).
(b) Percentage PA signal enhancement (%SE) in the livers of mice from different groups. (c) T1-weighted MR images of mouse livers from the
BHGd (3.75 mM, 150 μL) and BHGd (3.75 mM, 150 μL) + ATN-224 (5 mg/kg) groups. (d) Percentage T1 signal enhancement (%SE) in the
liver of mice from different groups. ATN-224 was administered 2 h prior to BHGd injection. Data are presented as mean ± SD (n = 3), ***P <
0.001 and n.s., P > 0.05.
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provided a crucial foundation for further research on the
detection of Cu2+ at the cellular level.
Building on the above result, we investigated the response of

BHGd to Cu2+ in vitro using PA imaging and T1-weighted MR
imaging. To elevate intracellular labile Cu2+ levels, MCF-10A
cells were pretreated with 40 μM Cu2+ for 2 h, followed by
three washes with PBS (pH 7.4) to remove extracellular Cu2+.
The results revealed a 1.7-fold enhancement in PA signal
intensity in the Cu2+-treated group, demonstrating the
capability of BHGd to detect elevated intracellular Cu2+
concentrations with high sensitivity (Figure 3d). Notably,
pretreatment with the high-affinity Cu2+ chelator TETA
completely abolished the PA signal enhancement, providing
conclusive evidence for copper-dependent BHGd activa-
tion.38,39 Complementing the PA imaging results, we
performed T1-weighted MR imaging at 9.4 T to assess the
potential of BHGd in detecting Cu2+. As shown in Figure 3e,
the T1-weighted images of the Cu2+-treated group exhibited
significantly higher signal intensity compared to those of the
control groups, highlighting the specific responsiveness of
BHGd to Cu2+. Taken together, BHGd serves as a powerful
tool for studying intracellular Cu2+ homeostasis, facilitating the
elucidation of molecular mechanisms underlying Cu2+-
associated physiological and pathological processes.
Visualization of Labile Cu2+ Pools in Living Mice

Using BHGd. We further evaluated the imaging performance
of BHGd for detecting labile Cu2+ dynamics in the liver of
mice using PA and MR imaging. As shown in Figure 5a,b, PA
imaging revealed a strong hepatic signal in mice administered
with BHGd, which peaked at 1 h with approximately 60%
signal enhancement, followed by a rapid decline after 2 h. In
contrast, the control group pretreated with the copper chelator
ATN-224 (5 mg/kg) 2 h prior to BHGd injection exhibited a
delayed PA signal peak at 2 h, with only a 23% enhancement,
significantly lower than that observed in the nonchelated
group.40−42 These results demonstrated that BHGd-mediated
PA imaging enabled real-time monitoring of Cu2+ fluctuations
in the liver in vivo. Additionally, T1-weighted MR images of the
liver were acquired using a 9.4 T imaging system. As shown in
Figure 5c, the T1 signal in BHGd-injected mice peaked at 6 h
with a 35% enhancement, whereas the ATN-224-treated group
exhibited only a 20% enhancement, reflecting reduced contrast
due to Cu2+ depletion in the liver. These results demonstrated
that BHGd enabled precise detection of labile Cu2+

fluctuations through both PA and MR imaging. Finally, the
acute and systemic toxicity of BHGd were further evaluated.
H&E-stained sections of the major organs (heart, kidney, liver,
lung, spleen) were analyzed 24 h postinjection. As shown in
Figure S20, no significant organ damage or inflammatory
lesions were observed in both control and experimental groups.

■ CONCLUSIONS
In summary, we have successfully designed and synthesized a
highly efficient dual-modal imaging probe (BHGd) responsive
to Cu2+. BHGd exhibits a rapid and selective response to Cu2+,
with a 1:1 stoichiometric ratio. Upon Cu2+ binding, BHGd
exhibits a distinct absorbance shift at 680 nm, and both
fluorescence and PA signals show a strong linear correlation
with Cu2+ concentration, achieving an impressive detection
limit of 1.1 × 10−7 M. Moreover, BHGd forms a stable ternary
complex with Cu2+ and HSA, significantly enhancing the T1-
weighted MR signal intensity. Notably, it demonstrates
outstanding selectivity and strong anti-interference capability,

maintaining stable optical and MR responses even in the
presence of high concentrations of competing ions such as
Zn2+. Leveraging these superior properties, we successfully
achieved dual-modal imaging of labile Cu2+ in the liver of mice,
revealing concurrent enhancements in both PA and MR
signals. This work not only presents a novel strategy for in vivo
metal ion detection but also provides a powerful tool for the
early diagnosis, pathological investigation, and therapeutic
evaluation of Cu2+-related diseases. These findings represent a
significant advancement in metal ion imaging, laying a strong
foundation for the development of next-generation molecular
probes with enhanced efficiency and specificity.
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