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SUMMARY

The onset of atherosclerosis (AS) is insidious, and early stage patients have atypical clinical symptoms. Af-
ter being diagnosed in late stage, it is often prone to sudden and fatal cardiovascular events. Therefore, it
is highly desirable to develop precise and efficient diagnosis and therapy strategies of AS. Benefiting from
high signal-to-noise ratio, low detection limit, high specificity and sensitivity, a series of activatable fluo-
rescent probes based on atherosclerotic microenvironment have emerged for identification and treat-
ment of AS. In this review, we focus on the atherosclerotic microenvironment and briefly summarize
the correlation between the structural transformation and fluorescence signal changes of mono-/dou-
ble-activatable fluorescent probes upon biomarkers stimulation. Moreover, their cutting-edge progress
for AS theranostics is described. Finally, the outlook for activatable theranostic probes based on athero-
sclerotic microenvironment is discussed to aim at promoting innovative research in imaging-guided pre-
cise AS therapy.

INTRODUCTION

Atherosclerosis (AS) is one of the most common cardiovascular diseases, and its high morbidity and mortality remain an important cause of

death worldwide.1–3 Due to no obvious symptoms in early stage, AS cannot be diagnosed promptly and accurately.4 Plaques in arteries grad-

ually accumulate to induce decrease in blood flow, which can lead to sudden and fatal cardiovascular events, including plaque bleeding,

myocardial infarction, stroke, heart failure, and even sudden cardiac death.5 Moreover, due to poor eating habits, AS has become younger

in recent years, and many patients have experienced their first myocardial infarction at the age of 30–40.6 In view of the increasingly severe

situation, it is highly desirable to develop precise and efficient theranostic strategies.

Recently, a variety of imaging techniques in clinical practice have been used to diagnose AS include magnetic resonance imaging (MRI),7

computed tomography (CT),8 optical coherence tomography (OCT),9 intravascular ultrasound (IVUS),10 and positron emission tomography

(PET).11 While these techniques can provide an intricate evaluation of AS characteristics, they have respective and collective limitations

including poor spatiotemporal resolution, low sensitivity, dangerous radiation, time-consuming, expensive, and so forth.12–14 Fortunately,

fluorescence imaging has the advantages of high spatiotemporal resolution, high sensitivity, simple operation, non-invasiveness, and in

situ real-time monitoring, which has been widely used for AS imaging.15–17 To date, a series of ‘‘always-on’’ fluorescent probes have been

used for AS bioimaging, but their further applications in clinical practice are seriously limited due to nonspecific imaging of other tissues,

poor signal-to-noise ratio, low specificity and sensitivity, and so forth.18,19

Compared with ‘‘always on’’ fluorescent probes, activatable fluorescent probes can transform from a weakly emissive or dark state to a

bright fluorescent state upon biomarkers activation in the special microenvironment, which can significantly improve the sensitivity, detection

limit, and signal-to-noise ratio of imaging in a fluorescence turn-on manner.20–24 Moreover, activatable fluorescent probes can also achieve

significant red shift or blue shift of fluorescence emission, and utilize ratiometric fluorescent imaging to improve diagnostic accuracy.25

Furthermore, activatable fluorescent probes do not need to minimize background signals by removing nonspecific probes in normal tissues

to improve signal-to-noise ratio.26 In addition, activatable fluorescent probes are able to convert chemotherapy/phototherapy from inert to

active, thereby improving the accuracy of treatment and reducing systemic toxicity.14 Therefore, activatable fluorescent probes provide a new

strategy for precise AS theranostics.

Atherosclerotic microenvironment is a highly complex physiological milieu, such as specific enzymes, high levels of reactive oxygen spe-

cies (ROS) and reactive nitrogen species (RNS), weakly acidic, lipids, protein phosphorylation, which play an important role in its initiation,

progression, and complications of AS (Figure 1).12 Chronic inflammation can induce the formation of atherosclerosis. Under inflammatory

microenvironment, activatable macrophages and neutrophils are able to generate a variety of enzymes into the physiological environment
1Institute of Laboratory Medicine, School of Medical Technology, Guangdong Medical University, Dongguan 523808, China
2School of Pharmacy, Guangdong Medical University, Dongguan 523808, China
3Center for AIE Research, College of Materials Science and Engineering, Shenzhen University, Shenzhen 518060, China
4These authors contributed equally
*Correspondence: xhchen@gdmu.edu.cn
https://doi.org/10.1016/j.isci.2024.111009

iScience 27, 111009, October 18, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

1

mailto:xhchen@gdmu.edu.cn
https://doi.org/10.1016/j.isci.2024.111009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.111009&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/


Figure 1. Schematic diagram of atherosclerotic microenvironment
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of plaques, such as cysteine proteases and b-galactosidase, leading to the increased level of specific enzymes.17 Moreover, activatable mac-

rophages can also induce the overgeneration of ROS and RNS, such as H2O2, ,O2
�, HClO, HBrO, ONOO�, NO, and so forth, which involve

several redox systems and exacerbate plaque progression.27,28 In addition, the weakly acidic nature of the atherosclerotic microenvironment

is primarily attributed to several factors, including hypoxic condition, increased lactate production, oxidative stress and abundant activatable

macrophages and neutrophils.13 The accumulation of lipids in the atherosclerotic microenvironment is caused by the interaction of a series of

factors such as endothelial dysfunction, lipid retention and oxidation, immune cell activation, and foam cell formation, etc.29 Protein phos-

phorylation plays an important role in regulating and controlling protein activity and function. Inflammation tissues of AS is often accompa-

nied by abnormal phosphorylation levels.30 Understanding formation mechanisms of atherosclerotic microenvironment is crucial for devel-

oping theranostic strategies to identify and treat AS.

In recently years, a series of activatable fluorescent probes based on atherosclerotic microenvironment have emerged for identification

and treatment of AS. In this review, we mainly summarize the transformation mechanisms of chemical structures and corresponding fluores-

cence signal changes of activatable fluorescent probes based on atherosclerotic microenvironment in AS theranostics. Its main features

include: (1) the impact of the structural transformation of mono-activatable fluorescent probes based on single microenvironmental

biomarker on fluorescence signal changes; (2) structural transformation mechanisms, fluorescence signal transformation of dual-activatable

fluorescent probes based on two microenvironmental biomarkers are described; and (3) the activatable fluorescent probes for effective AS

therapy is also described. (4) The challenges and prospects of activatable theranostic probe for imaging-guided precise AS therapy are

discussed.
MONO-ACTIVATABLE FLUORESCENT PROBES FOR IMAGING OF AS
Enzyme-activatable fluorescent probes

Monocytes, macrophages and neutrophils in atherosclerotic microenvironment can abnormally secrete specific enzymes, including cathep-

sins, b-galactosidase, g-glutamyl transpeptidase (GGT), and so forth.31 Therefore, enzyme-activatable probes enable specific imaging of AS

lesions.17

Atherosclerotic microenvironment exhibits an upregulation of cathepsins, particularly cathepsin K (CTK) and cathepsin B (CTB), which can

mediate the erosion and rupture of vulnerable plaques.32 Cathepsins-activatable fluorescent probes can achieve the transition from an initial

dark state to a highly bright state showing excellent signal-to-noise ratio, which are particularly suitable for turn-on fluorescence imaging of

AS. Jaffer et al. developed a CTK-activatable NIRF probe showing non-emission in absence of CTK, which can present bright red fluorescence

after treatment with CTK (Figure 2A).33 Moreover, NIRF probe could effectively light up the carotid specimen in human carotid atherosclerotic

lesions, showing in situ monitor of CTK activity in AS lesions (Figure 2B). Moreover, Narita et al. designed and synthesized a macrophage-

targeted and CTB-activatable fluorescent nanoprobe P-ICG2-PS-Lip to achieve light-up imaging of atherosclerotic plaques (Figures 2C–

2E).34 The P-ICG2-PS-Lip can specifically target macrophages by utilizing the interaction between ligands and receptors, and subsequently

turn on fluorescence signal under the action of lysosomal CTB. In animal experimental model (ApoE-knockout atherosclerotic model mice),
2 iScience 27, 111009, October 18, 2024



Figure 2. Cathepsins-activatable fluorescent probes for imaging of AS

(A) The Chemical structures of CTK-activatable NIRF probe.

(B) Optical imaging of a carotid specimen in human carotid atherosclerotic lesions; Reproduced with permission, from Jaffer et al.33 Copyright 2007, American

Heart Association.

(C) Schematic illustration of fluorescence-switch of CTB activatable probe.

(D and E) Fluorescence intensity of Peptide-ICG2 in presence of CTB; Reproduced with permission, from Narita et al.34 Copyright 2019, Elsevier.
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the P-ICG2-PS-Lip can also light up the aortae, showing NIR fluorescence signal and a high signal-to-noise ratio. The nanoprobe is highly

promising for diagnosis of atherosclerotic plaque.

Cell senescence is closely related to the occurrence and development of atherosclerosis.35 Studies have revealed an overexpression of

senescence-associated b-galactosidase (b-Gal) in senescent cells, which plays an important role in the early diagnosis of AS.36 Chen et al.

developed a b-Gal-activatable nanoprobe BOD-L-bGal-NPs composed of NIR ratiometric probe and amphiphilic polymers PLGA, which

can effectively real-time monitor the b-Gal activity in AS model mice (Figure 3A).37 In presence of b-Gal, a decreased absorption intensity

was exhibited at 500 nm (a special absorption peak of BOD-L-bGal), while a gradually increased absorption intensity was observed at

650 nm (a special absorption peak of BOD-L-SH), which can be caused by the effective activation of BOD-L-bGal (Figure 3B). Moreover,

the maximum fluorescence emission peak of BOD-L-bGal showed significant red-shift from 500 nm to 730 nm (Figures 3C and 3D), which

is especially suitable for in vivo tissue imaging due to deep tissue penetration ability. The BOD-L-bGal-NPs can be taken up by aging

VSMC induced by Ang II (b-Gal inducer) showing strong red fluorescence signal, while a weak fluorescence intensity was observed for normal

VSMC (Figure 3E). Compared with normal mice, the AS model mice showed a strong NIR fluorescence signal with excellent signal-to-noise

ratio after treatment with BOD-L-bGal-NPs (Figure 3F). To further investigate the diagnosibility of BOD-L-bGal-NPs for aging atherosclerotic

vessels, the aortas of normal and AS mice were extracted for fluorescence imaging. As shown in Figure 3G, AS model mice had obvious fluo-

rescence signal in aortas, while the normal mice showed non-fluorescence signal. Therefore, the b-Gal-activatable nanoprobe is highly po-

tential for the early diagnosis and therapy of AS.

ROS-activatable fluorescent probes

ROS refers to the highly reactive free radicals formed on the unpaired electrons of oxygen, such as hydroxyl radical ($OH), superoxide anion

($O2
�), singlet oxygen (1O2).

38–40 Macrophages in atherosclerotic microenvironment can produce a large amount of ROS.41–44 Therefore,

ROS-activatable probes are very promising for targeted imaging of AS.

H2O2-activatable fluorescent probes

Inflamed areas of AS can generate rich H2O2 as a biomarker.45 H2O2-activatable photoacoustic probes have been used for bioimaging of

AS,41 while they exhibit the drawback of being time-consuming to collect signals. H2O2-activatable fluorescent probes have been developed
iScience 27, 111009, October 18, 2024 3



Figure 3. b-Gal-activatable fluorescent probe for imaging of AS

(A) Chemical structures of BOD-L-bGal before and after b-Gal activation; Time dependence of (B) absorption and (C–D) PL spectra of BOD-L-bGal in presence of

b-gal; (E) Ratiometric images of Ang II-treated VSMCs and primary VSMCs; Fluorescence images of (F) normal and AS mice and (G) aortic arch of the normal and

Ange II-treated mouse after the injection of BOD-L-bGal-NPs; Reproduced with permission, from Chen et al.37 Copyright 2020, American Chemical Society.
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for diagnosis of AS. Liu et al. devised the H2O2-activatable fluorescent probe TPAMCF composed with TPA with aggregation-induced emis-

sion properties, H2O2-responsive maleimide (polyethylene glycol) hydroxyl, and CLIKKPF peptide for targeting foam cell phosphatidylserine,

which can be used for diagnosis of atherosclerotic plaques (Figure 4A).46 After being self-assembled into nanoparticles in aqueous solution,

TPAMCF in co-solvent of H2O2/EA (fEA = 99%) showed a significantly increased fluorescence signal upon activation by H2O2 due to the for-

mation of aggregates of TPA in low-polarity microenvironment (Figure 4B), indicating that TPAMCF is particularly suitable for bioimaging of

atherosclerotic plaques. Utilizing a ligand-receptor interaction strategy, the nanoprobe TPAMCF could effectively accumulate in the athero-

sclerotic plaque lesions. Subsequently, the nanoprobe TPAMCF disassembled upon activation by H2O2 in the lesion microenvironment, and

then TPA can be released to effectively target lipid droplets (LDs) and light up the foam cells in atherosclerotic plaques. As showed in

Figures 4C and 4D, ApoE�/� mice were fed with high-fat diet for 8 mouths to induce atherosclerosis as in vivo AS model. The aortas of

mice injected with drugs at different time points were excised and a significantly stronger fluorescence signal was observed for TPAMCF

NPs group compared with that of TPAM NPs. Therefore, TPAMCF as a precise and noninvasive imaging modality is highly promising for as-

sessing the progression and prognosis of AS. To effectively improve accumulation at atherosclerotic plaque sites, Kong et al. synthesized

H2O2-activatable nanoprobe R-Lipo@HDB/CH1055 containing two organic small molecule probes (HDB and CH1055).47 The fluorescence

intensity ratio of HDB to CH1055 (F710/F940) was linearly related to the H2O2 levels (10–100 mM), which canmore accurately identify the location

of atherosclerotic plaques and effectively avoid the related interference caused by probes accumulation or metabolism.

HClO-activatable fluorescent probes

Upregulation of HClO levels for foam cells in atherosclerotic microenvironment is considered as an important causative factor in the devel-

opment of AS, which can effectively destroy endothelial function, oxidative lipoprotein, and enhance the plaque instability.48 Therefore, the

development of highly sensitive HClO-activatable fluorescent probes is of great significance for precise imaging and auxiliary diagnosis. Ye
4 iScience 27, 111009, October 18, 2024



Figure 4. H2O2-activatable fluorescent probe for imaging of AS

(A) Chemical structures of TPAMCF and H2O2-activatable AIE imaging.

(B) PL spectra of TPAMCF treated with H2O2 in presence of EA.

(C) Fluorescence images of the same whole aorta isolated from ApoE�/� mice model of AS in vivo, sacrificed at 6, 12, or 24 h post intravenous injection of saline,

TPAM NPs, or TPAMCF NPs.

(D) The corresponding average FL intensity; Reproduced with permission, from Liu et al.46 Copyright 2023, American Chemical Society.
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et al. synthesized a HClO-activatable single-molecule fluorescent probeMTB-B-CF3 based on the HClO-responsive p-methylthio-phenylene

moiety and BODIPY framework, which can be used to effectively detect and identify atherosclerotic plaques (Figure 5A).49With the increase of

HClO concentration, the fluorescence intensity at 600 nm of MTB-B-CF3 gradually increased, while a decreased fluorescence intensity at

670 nm was observed, which can be attributed to the effective transformation from thioether into sulfoxide on MTB-B-CF3 upon HClO acti-

vation (Figure 5B). To study the bioimaging and recognition ability of MTB-B-CF3 on atherosclerosis in vivo, the AS model was constructed

using ApoE�/� mice fed high-fat diet for 12 weeks, and healthy C57BL/6J mice served as control group. MTB-B-CF3 and Ac-LDL formed

nanoprobes through self-assembly, which can target macrophages and improve blood circulation in vivo. Furthermore, the nanoprobe

can effectively accumulate in atherosclerotic plaques, where Ac-LDL was metabolized by foam cells and subsequently transferred into

LDs, while the released MTB-B-CF3 achieved light-up imaging of lipid droplets. The yellow and red fluorescence signal in the superficial ca-

rotid plaque region could be observed in the mice model of AS in vivo, while a weak fluorescence signals was exhibited in the control C57BL/

6J mice (Figures 5C and 5D).

In order to real-time monitor the development of AS, Ji et al. further synthesized a HClO-activatable and foam cells-targeted amphiphilic

fluorescent probe BI-PEG-PSBP, which can self-assembly into BI-PEG-PSBP nanoparticles (NPs) with an average size of 250 nm (Figure 5E).50

Moreover, BI-PEG-PSBP NPs could be hydrolyzed and transformed into B-CF3 with green fluorescent emitting under the action of HClO,
iScience 27, 111009, October 18, 2024 5



Figure 5. HClO-activatable fluorescent probes for imaging of AS

(A) Chemical structures of MTB-B-CF3 before and after HClO activation.

(B) PL spectra of MTB-B-CF3 treated with different concentration of HClO.

(C) Ex vivo fluorescence images of aortas andmain organs in C57BL/6J (control) and ApoE�/�mice after intravenous injection of nanoprobe for 24 h; Reproduced

with permission, from Ye et al.49 Copyright 2022, Wiley.
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Figure 5. Continued

(D) The fluorescence imaging sections.

(E) Schematic illustration of HClO-activatable BI–PEG-PSBP NPs dissociation.

(F and G) Fluorescence imaging of (F) the model mice at the carotid regions and (G) the corresponding aortas; Reproduced with permission, from Ji et al.50

Copyright 2024, American Chemical Society.
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which can specifically target LDs and light up foam cells. After intravenous injection of BI–PEG-PSBPNPs for 12 h, the fluorescence intensity at

540 nm increased with the progression of atherosclerotic plaques, indicating that BI-PEG-PSBP NPs could be effectively transformed into

B-CF3 showing green fluorescence emission under the activation of HClO (Figures 5F and 5G). Moreover, the circulating EVs stained by

B-CF3 can be monitored through fluorescence spectrometer or microplate reader in the laboratory, which is particularly suitable for the early

diagnosis and real-time monitoring of the development of AS.
ONOO�-activatable fluorescent probes

Foam cells in atherosclerotic microenvironment are one of biomarkers in advanced AS, and ONOO� is mainly formed in the lipid droplets

(LDs) of foam cells.51–53 Therefore, the ONOO�-activatable fluorescent probes are suitable for the diagnosis of AS at the early stage. Zhang

et al. designed and synthesized a new kind of rhodamine derivative (ON-RB) based on the dibenzo[1,4]oxazepine core, which can effectively

transform into oxazine 1 via reconstruction of the p-conjugation (Figure 6A).54 As shown in Figures 6B and 6C red-shifted absorption and

strong fluorescence intensity at 672 nm for ON-RB was observed in presence of ONOO�, which was caused by the generation of oxazine
Figure 6. ONOO�-activatable fluorescent probe for imaging of AS

(A) Chemical structures of ON-RB before and after ONOO� activation.

(B) The UV–vis absorption and (C) PL spectra of ON-RB treated with/without ONOO�.
(D) Time dependence of PL intensity of ON-RB treated with different concentration of ONOO�.
(E) CLSM images of foam cells co-stained by ON-RB and LDs-Tracker/Lyso-Tracker. Reproduced with permission, from Zhang et al.54 Copyright 2022, Elsevier.

iScience 27, 111009, October 18, 2024 7



Figure 7. NO-activatable fluorescent probe for imaging of AS

(A) Chemical structures of BOD-Tz-TMR before and after NO activation.

(B) Mechanism of macrophages labeled with ‘‘live probe’’ through bio-orthogonal reaction.

(C and D) PL spectra of ON-RB in presence of BCN and/or NO.

(E and F) CLSM images of (E) HeLa treated with exogenous NO and (F) RAW 264.7 treated with endogenous NO.

(G) Ex vivo fluorescence images of atherosclerotic plaque and sections of the thoracic aorta in C57BL/6J and ApoE�/�mice; Reproduced with permission, from

Zhou et al.55 Copyright 2023, American Chemical Society.
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1 with an increased p-conjugation system. Moreover, ON-RB can detect ONOO�with high selectivity and sensitivity in physiological environ-

ments (Figure 6D). Furthermore, a high overlap (0.72) was observed between red fluorescent signal of ON-RB and green fluorescent signal of

LDs-Tracker inside foam cells, indicating that ONOO� is mainly exhibited in the LDs of foam cells (Figure 6E). Therefore, the development of

ONOO�-activatable and LDs-responsive probes is more suitable for AS theranostics.

NO-activatable fluorescent probes

NO is a specific marker in the formation of AS plaques, which can be used to characterize the location of AS plaques. Recently, a series of

activatable fluorescent probes were developed for in vitro detection of NO. However, lack targeting ability for in vivomicemodel limits wide-

spread clinical translation. To tackle these challenges, Zhou et al. designed and developed a "live sensor" composed of macrophages and

NO-activatable FRET probe BOD-Tz-TMR, which can specifically target the AS plaques and effectively monitor endogenous NO level in the

ASmodel (Figures 7A and 7B).55 The probe BOD-TZ-TMR can react with BCNandNO formacrophages labeling by biorthogonal reaction and

NO detection, respectively (Figures 7C and 7D). In vitro cell experiments confirmed that BOD-TZ-TMR can effectively label HeLa cells

and macrophages RAW 264.7, which could be used to study the activation properties of the probe by exogenous and endogenous NO,

respectively. As shown in Figures 7E and 7F, the two live sensors with high the stability and sensitivity can effectively detect NO level at

the in vitro model. To investigate diagnostic ability of ‘‘live sensor’’ for NO during the formation of atherosclerotic plaques in mice models,
8 iScience 27, 111009, October 18, 2024



Figure 8. The pH- and phosphorylation-activatable fluorescent probe for imaging of AS

(A) Schematic illustration of PCN-NP-HPZ for fluorescence imaging of the Atherosclerotic mice.

(B) Two-photon fluorescence imaging of vascular inner wall of normal mice and early atherosclerotic mice.

(C) The changes of fluorescence intensity of PCN-NP-HPZ on pH level and phosphorylation level in the thoracic and abdominal aorta; Reproduced with

permission, from Li et al.56 Copyright 2023, Wiley.
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Apolipoprotein E-deficient (ApoE�/�) mice by high-fat feeding were used for developing in vivo AS model. The ex vivo imaging was per-

formed 36 h after tail vein injection of RAW 264.7 cells labeled with BOD-TZ-TMR (Figure 7G). The results confirmed that BOD-TZ-TMR

can discover plaques and identify the stages of AS plaques by quantitatively detecting endogenous NO. This study innovatively utilized
iScience 27, 111009, October 18, 2024 9



Figure 9. GGT- and HBrO-activatable fluorescent probe for imaging of AS

(A) Schematic illustration of GGT- and HBrO-activatable probe C-HBrO-GGT for fluorescence imaging of AS.

(B) PL spectra of C-HBrO-GGT treated with different concentration of GGT or HBrO.

(C) Ex vivo fluorescence imaging of Sequence-activatable probe C�HBrO-GGT in aortas.

(D) CLSM images of frozen sections from aorta treated with C�HBrO-GGT.

(E) In vivo fluorescence and CLSM images of C�HBrO-GGT in aortas; Reproduced with permission, from Wang et al.60 Copyright 2024, Wiley.
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macrophages as carriers to directly detect endogenous NOgeneration during the formation of AS, which has great potential and advantages

for diagnosis and treatment of AS in the future.

DUAL-ACTIVATABLE FLUORESCENT PROBE FOR IMAGING OF AS

Compared with mono-activatable fluorescent probes, dual-/multi-activatable fluorescent probes can cascade activate fluorescence signal or

induce a red-shift or blue-shift of fluorescence emission under the action of two biomarkers in the atherosclerotic microenvironment, which

can be more effectively improve accuracy and precision of AS identification.

pH- and phosphorylation-activatable fluorescent probe

The pH changes and protein phosphorylation levels are closely related to the initiation and progression of AS. Li et al. developed a pH- and

phosphorylation-activatable fluorescence probe PCN-NP-HPZ based on NP-HPZ with piperazine group and MOFs with ZrIV metal node,

which can be used for monitoring the pH and phosphorylation level of atherosclerosis in different stages (Figure 8).56 The early stage of
10 iScience 27, 111009, October 18, 2024



Figure 10. ONOO��and LDs-activatable probe for imaging of AS

(A) Schematic illustration of ONOO��and LDs-activatable probe CNN2-B for fluorescence imaging of AS; Reproduced with permission, from Sang et al.64

Copyright 2023, American Chemical Society.

(B) Schematic illustration of ONOO��and LDs-activatable probe CNP2-B for fluorescence imaging of AS; Reproduced with permission, from Sang et al.65

Copyright 2023, Wiley.
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AS model was established by intraperitoneal injection of VD3 and high-fat feeding. Then, the diagnostic potential of the PCN-NP-HPZ is sys-

tematically investigated via detecting the pH and phosphorylation level of blood and tissue. Comparedwith normalmice, the pH level of mice

in the early stage of ASwas lower, and phosphate level is higher. The study provides a newdual-activatable nanoprobe tool formonitoring the

AS progression and studying the mechanism of action.

GGT- and HBrO-Activatable fluorescent probe

The GSH-hydrolyzed protein g-glutamyl transpeptidase (GGT) and hypobromous acid (HBrO) are two potential biomarkers in atheroscle-

rotic microenvironment.57–59 In order to avoid false positive results produced by a single biomarker, Tang et al. designed and developed a

GGT- and HBrO-sequentially activatable fluorescent probe C-HBrO-GGT, which can in situmonitor GGT activity and HBrO level in athero-

sclerotic sites (Figure 9A).60 As the GGT concentration increased, the emission peak at 450 nm gradually decreased, while the emission

peak at 500 nm gradually increased. Moreover, the fluorescence intensity at 550 nm of GGT-activatable C-HBrO-GGT increased with a
iScience 27, 111009, October 18, 2024 11



Figure 11. HClO- and ONOO�-activatable probe for imaging of AS

(A) Schematic illustration of the synthesis of HClO- and ONOO�-activatable probe R-Lipo@Cy7/CH1055 and chemical structures of Cy7 before and after

activation.

(B) Cy7 and CH1055 fluorescence images of ApoE�/� and C57BL/6J mice treated with R-Lipo@Cy7/CH1055, respectively. Reproduced with permission, from

Kong et al.47 Copyright 2024, Elsevier.

(C) Schematic illustration of the synthesis of HClO- and ONOO�-activatable nanoprobes FANP@RBCM for identification and vulnerability risk assessment of AS.

Reproduced with permission, from Kong et al.69 Copyright 2024, American Chemical Society.
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29.78-fold when the concentration of HBrO increased to 12 mM (Figure 9B). To further investigate the diagnostic ability of the dual-acti-

vatable probe for AS, the apolipoprotein E-deficient (ApoE�/�/HF) mice by high-fat feeding were used for establishing AS model in vivo.

C-HBrO-GGT can in situ real-time monitor GGT activity and HBrO levels in the blood vessels of ApoE�/�/HF mice (Figures 9C–9E), which

can effectively predict the formation of atherosclerotic plaques. This research has a highly potential to achieve imaging-guided precise AS

therapy.

ONOO�- and LDs-Activatable fluorescent probes

ONOO� and LDs are two hallmarks in atherosclerotic microenvironment.61–63 To precisely light up atherosclerotic plaques in vivo, Sang et al.

developed a ONOO� and LDs sequentially activatable fluorescence probe CNN2-B showing intraoperative imaging of atherosclerotic pla-

ques with a high F/F0 ratio (Figure 10A).64 Moreover, Sang et al. further designed and synthesized an ‘‘AND’’ molecular logic gate to improve
12 iScience 27, 111009, October 18, 2024



Figure 12. Lipid- and ROS-activatable probes for AS theranostics

(A) Schematic illustration of ROS responsive nanoplatform TPCDP@PMM for AS theranostics. Reproduced with permission, from Wang et al.76 Copyright 2020,

Wiley.

(B) Schematic illustration of lipid- and ROS-activatable nanoprobe LFP/PCDPD for precise diagnosis and effective therapy of AS. Reproduced with permission,

from Wang et al.74 Copyright 2022, Elsevier.
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the signal-to-noise ratio, which can be sequentially activated by ONOO� and LDs (Figure 10B).65 Compared with that of control group, the

fluorescence intensity of CNP2-B at 517 nm increased with 2600-fold in the presence of LDs mimics and ONOO�, which was attributed to the

excellent activation of ONOO� and LDs. Under the activation of ONOO�, the CNP2-B can be transferred frommitochondria to lipid droplets

showing a bright fluorescent signal. Compared with commercial HPF, the CNP2-B can achieve higher specificity and signal-to-noise ratio im-

aging of atherosclerotic plaques. This research provides important activatable molecular probe tools for the diagnosis and treatment of

related diseases.

HClO and ONOO�-Activatable fluorescent probes

The increase of HClO andONOO� level is closely related to the initiation and progression of AS.66 Biomimetic properties of the red blood cell

interface can reducemacrophage-mediated phagocytosis in blood and improve nanoprobes accumulation in AS. To accurately diagnose AS

plaque sites, Kong et al. developed HClO- and ONOO�-activatable nanoprobes R-Lipo@Cy7/CH1055 by embedding first near-infrared

(NIR-I, 650–950 nm) probe Cy7 and second near-infrared (NIR-II, 950–1700 nm) probe CH1055 into red blood cell membrane (RBCM)-based

liposomes (Figure 11A).47,67 In the presence of HClO/ONOO�, the fluorescence signal of Cy7 at 770 nm is quenched, while the fluorescence

signal of CH1055 at 940 nm has almost no change. Moreover, NIR-II probes have the characteristics of high tissue penetration depth, low

tissue background absorption, high signal-to-noise ratio, and so forth, which are especially suitable for bioimaging.68 As shown in Figure 11B,

in vivo experiments demonstrate that ratio nanoprobe R-Lipo@Cy7/CH1055 can achieve the precise AS diagnosis through downward ratio-

metric fluorescence of Cy7 to CH1055. To further diagnosis and vulnerability risk assessment of atherosclerotic plaques, Kong et al. designed

HClO- and ONOO�-activatable nanoprobes FANP@RBCM by embedding amphiphilic amino acid-assembled nanoparticle containing Cy7

and CH1055 into RBCM, showing good biosafety, effective accumulation in atherosclerotic plaques, excellent ratiometric response upon

HClO- and ONOO�-activation (Figure 11C).69 Therefore, the ratiometric probes have broad application prospects for precise identification

and vulnerability risk assessment of atherosclerotic plaques.

ACTIVATABLE FLUORESCENT PROBE FOR AS THERAPY

Currently, the main therapeutic strategies for AS are drug therapy and endovascular intervention.5,12,45 However, traditional drug therapy

faces some shortcomings, such as lack of targeting and poor re-endothelialization, resulting in low therapeutic efficacy and high risk of throm-

bosis.70 Endovascular intervention can cause some complications, such as thrombosis, myocardial infarction, and so forth.71 Moreover, AS in

the early stage is often asymptomatic and difficult to detect.72 Therefore, it is urgent to develop new theranostic agents for early diagnosis and

effective treatment of AS.
iScience 27, 111009, October 18, 2024 13



Figure 13. Photoactivatable probe for AS theranostics

(A) Schematic illustration of RBT3-NO-PEG@PM for AS theranostics.

(B) The UV–vis absorption and PL spectra of RBT3-NO-PEG@PM under 808 nm laser irradiation for 0–80 min.

(C) Diagrammatic sketch of the model mice.

(D and E) The theranostic potential of RBT3-NO-PEG@PM; Reproduced with permission, from Chai et al.79 Copyright 2024, Wiley.
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Drug delivery systems have broad application prospects in the diagnosis and treatment of early atherosclerosis.73Wang et al. developed a

theranostic nanoplatform TPCDP@PMM composed of a two-photon AIE probe TP, b-cyclodextrin with ROS responsive bond, anti-inflamma-

tory glucocorticoid and ROS responsive copolymer, which could be used for atherosclerosis theranostics (Figure 12A). However, this drug

delivery system is limited by drawbacks such as poor active targeting, toxic side effects caused by systemic distribution, and non-specific

recognition. To overcome these challenges, Wang et al. further constructed a lipid- and ROS-activatable therapeutic nanoprobe LFP/

PCDPD, exhibiting green fluorescence emission in lipids, red fluorescence emission under physiological environment, specific targeted

recognition of atherosclerotic plaques, ROS-responsive drug release and lipid clearance (Figure 12B).74 LFP/PCDPD could actively target

atherosclerotic plaques through the high affinity of Dex to vascular adhesionmolecule-1 (VCAM-1) and CD44 receptor, and effectively release

the lipid-targeted AIE probe LFP and cyclodextrin with lipid removal function under ROS activation. In vivo experiments have confirmed that

LFP/PCDPD could precisely identify atherosclerotic plaques and effectively eliminate lipids, enabling precise treatment of AS under imaging

guidance. NIR-I probes have some drawbacks such as low tissue penetration depth, poor signal-to-noise ratio, and strong tissue absorption,

while NIR-II probes have broader application prospects in the diagnosis and identification of diseases due to high tissue penetration depth,

low tissue absorption and high signal-to-noise ratio.75

Benefiting from specific localization to macrophage-derived foam cells in atherosclerotic microenvironment, platelets are highly suit-

able for the precise localization of AS.77 Due to precise spatiotemporal controllability of light, photoactivatable fluorescent probes can

convert from a weakly emission state to a bright fluorescent state through photochemical reactions, and transform from inert prodrugs

to active drugs, which can selectively light up the target area and amplify therapeutic effect.78 In 2024, Chai et al. synthesized a series of

photoactivatable fluorescent probes (RBT-NO), which can activate the NIR-II emission and release the NO under 808 nm laser irradiation

(Figure 13).79 Due to the high photoactivatable efficiency, the RBT3-NO is selected for early diagnosis and effective treatment of AS. As

shown in Figure 13A, RBT3-NO coated by platelet membrane, namely RBT3-NO-PEG@PM, was used for improving the targeting

ability of atherosclerotic plaque sites. Under 808 nm laser irradiation for different time, a decreased absorption signal of RBT3-NO-

PEG@PM was observed at 625 nm, while the absorption intensity at 883 nm and PL intensity at 933 nm gradually increased, suggesting

the high photoactivatable efficiency (Figure 13B). Next, the model mice of AS were established by ligating right carotid artery (RCA),

and the left carotid artery (LCA, normal group) was nontreated (Figure 13C). About 5 min after tail vein injection of RBT3-NO-

PEG@PM, weak fluorescent at the RCA was observed, while a significantly increased fluorescence signal at the RCA was exhibited

under 808 nm laser irradiation (Figure 13D). Due to the high-precision spatiotemporal control of light, the full release of NO at the

atherosclerotic plaques can effectively reduce the lipid deposition (Figure 13E). Therefore, the photoactivatable prodrug RBT3-

NO-PEG@PM with targeting ability of atherosclerotic plaques is highly promising for AS theranostics in the future. Although the
14 iScience 27, 111009, October 18, 2024



Table 1. Summary of activatable fluorescence probes for AS theranostics

Probes

Pathological

parameters lex [nm] Probe types lem [nm] Applications Year References

CTK 670 Turn ‘‘on’’ 720 Visualization of CTK

activity in atherosclerosis

2007 Jaffer et al.33

CTB 750 Turn ‘‘on’’ 845 Detection of embolism-

vulnerable atherosclerotic

plaques

2019 Narita et al.34

b-Gal 633 Turn ‘‘on’’ 727 Imaging of senescent

cells/vasculature in AS

2020 Chen et al.37

H2O2 480 Turn ‘‘on’’ 650 Identification of

atherosclerotic

plaques

2023 Liu et al.46

H2O2 640 Ratio

Probe

F710/F940 Ratiometric imaging

of H2O2 level in AS

2024 Liu et al.47

HClO 535 Ratio Probe F600/F670 Identification of

atherosclerotic

Plaques

2022 Ye et al.49

HClO 460/640 Ratio Probe F540/F740 Detection of

atherosclerosis

2024 Ji et al.50

(Continued on next page)
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Table 1. Continued

Probes

Pathological

parameters lex [nm] Probe types lem [nm] Applications Year References

ONOO� 620 Turn ‘‘on’’ 672 ONOO� sensors in

macrophage-derived

foam cells

2022 Zhang et al.54

NO 488 Turn ‘‘on’’ F592/F512 Endogenous NO

sensors in

atherosclerosis

plaques

2023 Zhou et al.55

/MOFs (PCN-224)

pH and

phosphorylation

380

415

Turn ‘‘on’’ 530

645

Monitor of the

pH level and

phosphorylation

level in the early AS

2023 Li et al.56

GGT and HBrO 380 Ratio Probe F500/F450 Simultaneous

detection of

GGTand

HBrO in early

atherosclerotic

plaques

2024 Li et al.56

ONOO� and

HClO

710 Ratio Probe F770/F940 Ratiometric imaging

of ONOO� and

HClO level in AS

2024 Liu et al.47

ONOO� and LDs 488 Turn ‘‘on’’ 517 Precise

intraoperative

imaging of

atherosclerotic

plaques

2023 Sang et al.64

ONOO� and LDs 488 Turn ‘‘on’’ 517 AS imaging 2023 Sang et al.65

(Continued on next page)
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Table 1. Continued

Probes

Pathological

parameters lex [nm] Probe types lem [nm] Applications Year References

Platelet membrane-

targeting and

photoactivatable

883 Turn ‘‘on’’ 933 AS theranostics 2024 Chai et al.79
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studies on activatable fluorescent probes with both imaging and therapeutic functions have emerged in the precise diagnosis and

treatment of AS, it still requires unremitting efforts to develop activatable NIR-II theranostic probes for imaging-guided precise AS

therapy.

CONCLUSION AND OUTLOOK

This review highlights the recent cutting-edge progress of activatable fluorescent probes based on atherosclerotic microenvironment for AS

theranostics. Various functional groups responsive to specific biomarkers in the atherosclerotic microenvironment were modified onto the

fluorescent backbone to develop mono- and dual-activatable fluorescent probes. Moreover, the photoactivatable fluorescent probes

have been used for early diagnosis and effective treatment of AS. Overall, significant development of mono-/dual-activatable fluorescent

probes have been exhibited in precise diagnosis and effective therapy of AS (Table 1).

While activatable fluorescent probes based on atherosclerotic microenvironment have made significant progress in the diagnosis and

treatment of AS, the excitation and emission of most of the activatable fluorescent probes reported based on atherosclerotic microenvi-

ronment are located in the visible (400–700 nm) or first near-infrared (700–900 nm) window, showing low tissue penetration depth, strong

biological tissue absorption, scattering and autofluorescence. These drawbacks make it difficult to achieve widespread clinical translation.

The microenvironment at various stages of AS development is different, and the expression levels of biomarkers are limited. Thus, the ac-

tivatable diagnostic and therapeutic probes are partially activated. Although they can diagnose AS, its therapeutic effect is greatly

reduced. Therefore, innovative strategies are still needed to construct more intelligent activatable probes. Thus, we put forward several

recommendations: (1) Benefiting from high tissue penetration depth, low tissue absorption, and high signal-to-noise ratio, the second

near-infrared (NIR-II, 1000–1700 nm) fluorescent probes have broad application prospects in diagnosis.68 The activatable NIR-II fluorescent

probes based on atherosclerotic microenvironment are more conducive to the diagnosis of AS in deep tissue. (2) A single biomarker is not

unique to the atherosclerotic microenvironment,80 so the dual-/multi-activatable fluorescent probes are needed for accurate diagnosis of

AS. (3) Reasonable structural modification of activatable fluorescent probes can effectively increase in vivo circulation and the targeting

ability of AS lesion. (4) The diagnostic identification of AS-specific metabolites is also an effective strategy for rapid diagnosis of AS. (5)

The modification of aggregation-induced emission groups can effectively overcome the defect of fluorescence self-quenching in the

aggregated state.81 (6) It is highly promising for the development of multi-activatable NIR-II fluorescent probes based on atherosclerotic

microenvironment, which can light up fluorescent signals to locating the lesion sites, and then utilize external stimuli (such as light, sound,

magnetism, etc.) to selectively amplify therapeutic effect of AS. In summary, we believe that greater application prospects of activatable

fluorescent probes will be achieved in imaging-guided precise AS therapy through reasonable structural modification and extensive

research efforts.

ACKNOWLEDGMENTS

This work was funded by the National Natural Science Foundation of China (22205080), Guangdong Basic and Applied Basic Research Foundation
(2023A1515110122, 2024A1515010677, 2024A1515012842), the Doctoral Initial Funding ofGuangdongMedical University (4SG24259G, 4SG24210G). The authors
also acknowledge the AIE Research Center of Shenzhen University.

AUTHOR CONTRIBUTIONS

Y.Y. and C.T. contributed equally in this work. Conceptualization, Y.Y. and C.T.; writing—original draft preparation, Y.Y. and C.T.; writing—review and editing,
Y.Y., C.T., S.L., W.L., Y.L., D.Y., D.W., and X.C.; supervision, X.C.; project administration, Y.Y., X.C., and D.W.; funding acquisition, X.C. and Y.Y. All authors have
read and agreed to the published version of the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.
iScience 27, 111009, October 18, 2024 17



ll
OPEN ACCESS

iScience
Review
REFERENCES

1. Björkegren, J.L.M., and Lusis, A.J. (2022).

Atherosclerosis: recent developments. Cell
185, 1630–1645. https://doi.org/10.1016/j.
cell.2022.04.004.

2. Adkar, S.S., and Leeper, N.J. (2024).
Efferocytosis in atherosclerosis. Nat. Rev.
Cardiol. 135, 1–18. https://doi.org/10.1038/
s41569-024-01037-7.

3. Khan, A., Roy, P., and Ley, K. (2024). Breaking
tolerance: the autoimmune aspect of
atherosclerosis. Nat. Rev. Immunol. 24,
670–679. https://doi.org/10.1038/s41577-
024-01010-y.

4. Ma, B., Chen, Z., Xu, H., Sun, S., Huang, C., Li,
G., Zhang, W., Shang, M., Wang, Y., and Fu,
G. (2024). Biomimetic targeting nanoplatform
for atherosclerosis theranostics via
photoacoustic diagnosis and ‘‘Hand-In-
Hand’’ immunoregulation. Adv. Funct. Mater.
34, 2311305. https://doi.org/10.1002/adfm.
202311305.

5. Engelen, S.E., Robinson, A.J.B., Zurke, Y.-X.,
and Monaco, C. (2022). Therapeutic
strategies targeting inflammation and
immunity in atherosclerosis: how to proceed?
Nat. Rev. Cardiol. 19, 522–542. https://doi.
org/10.1038/s41569-021-00668-4.

6. Liu, L., Chen, W., Zhou, H., Duan, W., Li, S.,
Huo, X., Xu, W., Huang, L., Zheng, H., Liu, J.,
et al. (2020). Chinese stroke association
guidelines for clinical management of
cerebrovascular disorders: executive
summary and 2019 update of clinical
management of ischaemic cerebrovascular
diseases. Stroke Vasc. Neurol. 5, 159–176.
https://doi.org/10.1136/svn-2020-000378.

7. Song, J.W., Pavlou, A., Xiao, J., Kasner, S.E.,
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