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de-activated fluorescent probe
reveals lysosomal dysfunction in atherosclerosis

Xia Zhang,†a Guocheng Li,†a Yanhua Li,*a Na Li, *a Wei Pan *a and Bo Tang ab

Lysosomes, serving as the digestive centers in cells, play a crucial role in lipid metabolism, inflammatory

regulation, and cellular homeostasis. The bidirectional vicious cycle between lysosomal dysfunction and

oxidative stress synergistically promotes the occurrence, development and instability of atherosclerosis.

Therefore, accurate assessment of lysosomal oxidative stress contributes to monitoring atherosclerosis

progression and facilitating early diagnosis. Herein, we constructed a malondialdehyde-activated

fluorescent probe (Lyso-Np-Hy) by combining naphthalimide dye with a hydrazine group to evaluate

lysosomal oxidative stress in atherosclerosis. Lyso-Np-Hy possessed high specificity and sensitivity to

malondialdehyde in living cells and showed excellent subcellular localization of lysosomes. Importantly,

the probe could monitor the malondialdehyde levels in lysosomes at different stages of atherosclerosis.

This study provides a novel chemical tool for evaluating lysosomal dysfunction and tracking the

progression of atherosclerosis.
Introduction

Atherosclerosis is a chronic disease induced by inammatory
cell inltration and lipid deposition.1–4 Lysosomes, as crucial
cellular digestive organelles, contain numerous hydrolases that
play important regulatory roles in maintaining intracellular
lipid homeostasis.5–8 Moreover, lysosomes protect vascular
tissues from oxidative stress and inammation by degrading
damaged organelles and pathogens.9,10 However, lysosomal
dysfunction can promote lipid accumulation and inammatory
response, directly contributing to the formation and instability
of atherosclerotic plaques.11,12 Lysosome dysfunction has been
identied as one of the key mechanisms of the pathogenesis of
atherosclerosis.13–15 Redox imbalance in the cell can lead to
abnormal diffusion of reactive oxygen species (ROS) in lyso-
somes, resulting in membrane rupture and subsequent
dysfunction.16–18 In turn, lysosomal dysfunction inhibits the
autophagic ux, further promoting the production of ROS.
Lysosomal dysfunction and oxidative stress mutually reinforce
by a positive feedback mechanism, synergistically driving the
progression of atherosclerosis. Hence, assessing oxidative stress
in lysosomes is important for early diagnosis and risk classi-
cation of atherosclerosis.
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Unsaturated lipids are the most affected biomacromolecules
by oxidative stress.19,20 As the end product of lipid peroxidation,
malondialdehyde (MDA) has been considered an important
biomarker for the assessment of oxidative stress.21–23 MDA can
contribute to lysosomal dysfunction by disrupting the lyso-
somal membrane permeability and increasing the lysosomal
pH, thereby accelerating the development of
atherosclerosis.24–26 Compared with ROS, MDA possesses higher
stability, making it more suitable as a biomarker for oxidative
stress. Accurate tracking of MDA levels in lysosomes is critical
for assessing oxidative stress-induced lysosomal dysregulation
and atherosclerosis progression. The thiobarbituric acid (TBA)
kit is traditionally used for MDA detection, with which it is
difficult to accurately monitor MDA in living cells and in vivo
due to complex operation and poor specicity.27,28 Fluorescence
technology with non-invasive imaging, high sensitivity and
specicity provides an attractive tool for imaging MDA in
vivo.29–33 Constructing a uorescent probe that can precisely
locate lysosomes in plaque and visualize MDA uctuations
would be of great signicance for evaluating atherosclerosis
development and plaque stability.

In this study, we developed a lysosome-targeted uorescent
probe to assess lysosomal oxidative stress in atherosclerotic
plaques. The probe (Lyso-Np-Hy) consisted of a uorophore
(naphthalimide), a targeting group (morpholine), and a recog-
nition moiety (hydrazine) (Scheme 1). The reaction of MDA with
hydrazine inhibits photo-induced electron transfer (PET) from
hydrazine to naphthalimide, thus inducing strong uorescence
emission. Lyso-Np-Hy could specically detect the signicant
increase of MDA levels in lysosomes during cellular oxidative
stress and foam cell formation. Furthermore, in vivo imaging
Chem. Sci.
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Scheme 1 Schematic diagrams of the molecular structure, response mechanism and lysosomal MDA imaging of Lyso-Np-Hy.
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View Article Online
revealed that lysosomal MDA levels elevated obviously when no
signicant plaque appeared aer the mice were fed with a high-
fat diet for 8 weeks, suggesting that MDA may serve as an early
marker of atherosclerosis. The uorescent probe presents
a promising strategy for in vivo assessment of lysosomal
dysfunction and holds potential for facilitating early diagnosis
of atherosclerosis.
Results and discussion
Synthesis and characterization of Lyso-Np-Hy

Due to its excellent photostability and structural tunability,
naphthalimide was selected as a uorophore for imaging MDA.
Lysosome-targeting morpholine was modied on naph-
thalimide with an amide bond, and then hydrazine was conju-
gated by a nucleophilic substitution reaction to obtain Lyso-Np-
Hy. The synthesis procedure and structure characterization of
Lyso-Np-Hy are shown in Scheme S1 and Fig. S1–S4. The PET
from the hydrazine group to the naphthalimide resulted in
uorescence quenching. When reacting with MDA, the PET
process was inhibited, and the uorescence of the probe was
restored. The products before and aer the probe reaction with
MDA were further characterized by HRMS. Aer MDA incuba-
tion, a reactant of the probe andMDA was observed (Fig. 1A and
B), indicating that the probe could react with MDA to restore its
uorescence. Next, the optical properties of Lyso-Np-Hy were
evaluated. As shown in Fig. 1C, the characteristic absorption
Chem. Sci.
peak of Lyso-Np-Hy was at about 445 nm, while the absorption
peak blue shied to 355 nm with addition of MDA. Moreover,
the absorption peak at 355 nm gradually enhanced with an
increase in the MDA concentration from 0 to 10 mM (Fig. S5).
The uorescence response of Lyso-Np-Hy to MDA was investi-
gated, and the uorescence emission of the probe at 470 nm
was signicantly enhanced aer the addition of MDA (Fig. 1D).
With the increase of MDA, the probe exhibited a signicantly
enhanced uorescence signal at 470 nm and a good linear
relationship between uorescence intensity and the MDA
concentration (F = 65 [MDA] −2.72 and R2 = 0.9937) (Fig. 1E
and F). And the limit of detection (LOD) was calculated to be 169
nM at 3 S k−1. Next, an inhibition experiment was carried out to
verify the specicity of the probe's response to MDA. Aer MDA
was co-incubated with the MDA inhibitor (2-HOBA), the uo-
rescence intensity of the probe signicantly decreased (Fig. S6),
suggesting that the uorescence enhancement of the probe was
caused by MDA. The kinetic curves showed that the reaction
between the probe andMDA was completed within 1 h (Fig. 1G).

To evaluate the specicity of Lyso-Np-Hy for MDA, we
selected a variety of active substances, including metal ions,
amino acids, reducing agents and oxidants to treat the probe. As
expected, only the uorescence intensity of the probes
remarkably increased aer incubation with MDA. In contrast,
the uorescence intensity remained largely unchanged with
other active substances (Fig. 1H). As lysosomes are acidic
organelles, we further evaluated the responsive behavior of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The HRMS spectrum of Lyso-Np-Hy before (A) and after (B) treatment with MDA. (C) The UV absorption spectrum of Lyso-Np-Hy before
and after addition of MDA. (D) The fluorescence intensity of Lyso-Np-Hy before and after addition of MDA. (E) The fluorescence intensity of Lyso-
Np-Hy with different concentrations of MDA. (F) Linear relationship between the fluorescence intensity at 470 nm with the MDA concentration.
(G) The fluorescence intensity of Lyso-Np-Hy at different times after incubation with MDA. (H) The interference testing of Lyso-Np-Hy. 1 control,
2 Na+, 3 Mg2+, 4 K+, 5 glucose, 6 TCEP, 7 GSH, 8 L-cysteine, 9 L-arginine, 10 H2O2, 11 ATP, and 12 MDA.
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probe under different pH conditions. As shown in Fig. S7, the
probe exhibited the strongest response to MDA at pH 5.5, sug-
gesting that this probe was applied for detecting MDA within
acidic lysosomes. Moreover, the uorescence intensity of Lyso-
Np-Hy remained stable for 7 days, and the uorescence inten-
sity of the probe aer reacting with MDA remained basically
unchanged for 7 days (Fig. S8), demonstrating excellent pho-
tostability. These above results indicated that Lyso-Np-Hy
possessed high sensitivity, specicity and photostability, which
was suitable for imaging lysosomal MDA in complex living
systems.
Fluorescence imaging of intracellular MDA in living cells

Inspired by the in vitro detection data, Lyso-Np-Hy was used to
image endogenous MDA in living cells to assess oxidative stress.
First, we investigated the cytotoxicity of Lyso-Np-Hy by MTT
assay.34,35 The toxicity of the probe to macrophages (RAW 264.7
cells) was negligible, indicating that the probe had good
biocompatibility (Fig. S9). The RAW 264.7 cells were incubated
with H2O2 to induce the production of MDA. Then, the cells
were treated with Lyso-Np-Hy for 2 h and analyzed by confocal
laser scanning microscopy (CLSM). As shown in Fig. 2A, with an
increase in the H2O2 concentration, the intracellular green
© 2025 The Author(s). Published by the Royal Society of Chemistry
uorescence signal was signicantly enhanced, suggesting an
increase in MDA expression under oxidative stress. However,
the green uorescence decreased aer the cells were treated
with 2-HOBA (MDA inhibitor) (Fig. 2A and B), which further
conrmed that Lyso-Np-Hy could reect the uctuations of
MDA in the living cells. The formation of foam cells is one of the
major factors of atherosclerosis. Using the probes, we further
revealed the level of MDA in the foam cells. The transformation
of macrophages into foam cells was induced by ox-LDL, and the
levels of ROS in the cells were rst assessed. As shown in
Fig. S10 and S11, the levels of H2O2 and ROS signicantly
increased aer incubation with ox-LDL, indicating that the
formation of foam cells might lead to intracellular oxidative
stress to promote the increase in MDA. As expected, the cells
showed the remarkable enhancement of green uorescence,
suggesting an increase in MDA aer ox-LDL stimulation
(Fig. 2C). Furthermore, to further verify the uorescence
response of the probe to MDA in foam cells, the cells were
pretreated with 2-HOBA. As shown in Fig. 2D, the green uo-
rescence of the 2-HOBA pretreated cells decreased by about
1.96-fold compared with untreated foam cells, which was due to
the reduction of MDA by 2-HOBA. These results indicated that
the probe possessed excellent specicity for MDA in living cells.
Chem. Sci.
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Fig. 2 (A) Fluorescence imaging of endogenousMDA under oxidative stress by CLSM. (B) The corresponding fluorescence quantization of (A). (C)
Fluorescence imaging of MDA in foam cells. (D) The corresponding fluorescence quantization of (C).

Fig. 3 Co-localization images of Lyso-Np-Hy with organelles in foam cells, and the corresponding overlapping curves of Lyso-Np-Hy with
organelle dyes. The green channel: Lyso-Np-Hy (lex= 405 nm and lem= 420–480 nm); the red channel: FluoLyso-Deep Red (lex = 633 nm and
lem= 650–750 nm), ER-Tracker Green (lex= 488 nm and lem= 500–600 nm) andMito-Tracker Green (lex= 488 nm and lem= 500–600 nm).

Chem. Sci. © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Fluorescence imaging of ApoE−/− mice and C57mice at different periods after injection of Lyso-Np-Hy by IVIS. (B) The corresponding
fluorescence intensity quantization of (A). (C) Frozen section of ApoE−/− mice and C57mice at different periods by CLSM. (D) The corresponding
fluorescence intensity quantization of (C).
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Next, we investigated the subcellular distribution of the
probes in foam cells by co-localization assay. The RAW 264.7
cells were rst incubated with ox-LDL for 24 h and then with
Lyso-Np-Hy and organelle dyes (FluoLyso-Deep Red, ER-Tracker
Green and Mito-Tracker Green). As shown in Fig. 3, the green
uorescence of the probes and the red uorescence of FluoLyso-
Deep Red showed a good correlation with a high Pearson's
colocalization coefficient of 0.83. For comparison, the uores-
cence overlaps between the probes and mitochondria and
endoplasmic reticulum were poor, and Pearson colocalization
coefficients were 0.66 and 0.62, respectively. These results
indicated that the probes could specically locate in the
lysosome.

Specic imaging of atherosclerotic plaque in vivo

Since the probe has a good uorescence response toMDA in living
cells, we further explored whether the probe could be employed to
selectively visualize the atherosclerotic plaque in vivo. The
atherosclerosis model was established by feeding apolipoprotein
E-decient (ApoE−/−) mice with a high-fat diet and C57 mice with
a normal diet as the control group. Oil red O staining showed
obvious atherosclerotic plaques in the vascular lumen of ApoE−/−

mice aer 16 weeks of feeding, suggesting the successful
construction of the atherosclerosis model (Fig. S12). Subse-
quently, the uorescence imaging of atherosclerotic plaques using
Lyso-Np-Hy was studied in ApoE−/−mice. As shown in Fig. 4A, the
uorescence in ApoE−/− mice was signicantly enhanced
compared with normal mice aer 16 weeks of high-fat feeding. In
addition, the uorescence intensity in ApoE−/−mice was gradually
enhanced with the development of atherosclerosis (Fig. 4B). Next,
© 2025 The Author(s). Published by the Royal Society of Chemistry
the aortas andmajor organs (heart, liver, spleen, lung, and kidney)
were dissected and imaged by IVIS (Fig. S13 and S14). The imaging
results were consistent with the above results. To further verify the
ability of Lyso-Np-Hy to image plaques, the aortas were frozen and
sectioned and confocal imaging of the aortas was performed.
Fig. 4C showed the enhancement in the Lyso-Np-Hy uorescence
signal in the aorta with the plaque development. And the uo-
rescence intensity increased 4.18-fold and 10.8-fold, respectively,
at 8 and 16 weeks of feeding (Fig. 4D). These results suggested that
Lyso-Np-Hy had great potential in monitoring atherosclerosis.
Conclusion

In summary, we developed an oxidative stress detector (Lyso-
Np-Hy) for imaging endogenous MDA in atherosclerotic pla-
ques to assess lysosomal dysfunction and disease progression.
This probe exhibited high sensitivity, high specicity and good
compatibility, enabling the detection of MDA in lysozymes of
living cells under oxidative stress. Using the probe, we observed
that lysosomal MDA increased signicantly in foam cells and
atherosclerotic plaques. Considering the strong association
between atherosclerosis and MDA accumulation, we speculate
that MDA may serve as a potential biomarker for atheroscle-
rosis. This study provides new insights into the pathogenesis of
atherosclerosis and other oxidative stress-related diseases.
Ethical statement
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(approval number AEECSDNU2024102). All the animal experi-
ments complied with relevant guidelines of the Chinese
government and regulations for the care and use of experi-
mental animals.
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