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Aggregation-induced emission luminescence
for angiography and atherosclerotic diagnosis

Yuxun Ding,” Guanchu Ou," and Dong Wang'*

SUMMARY

Optical imaging technology has become increasingly recognized for its utility in diagnosing atheroscle-
rosis thanks to advantages such as high spatial resolution, rapid data acquisition, lack of radiation expo-
sure, cost-effectiveness, minimal invasiveness, and limited side effects. However, traditional luminogens
employed in optical diagnostics are often troubled by aggregation-caused quenching (ACQ) effect,
causing diagnostic errors in vivo. Since Professor Tang discovered the aggregation-induced emission
(AIE) phenomenon, AIE luminogens (AlEgens) have been rapidly developing and are considered as
the next-generation fluorescent contrast agents for angiography and atherosclerotic diagnosis. This
mini review will outline the use of AlEgens in angiography and the diagnosis of atherosclerosis,
exploring different imaging models, including second near-infrared, two/multi-photon, and photoacous-
tic imaging, and will provide a forward-looking perspective on their potential in atherosclerotic
diagnosis.

INTRODUCTION

Cardiovascular disease (CVD) is the primary cause of death globally, affecting over 523 million people globally." Atherosclerosis, a chronic
disease involving the arterial wall, is a major contributor to CVD.? Therefore, early diagnosis and treatment of atherosclerosis are crucial
for preventing CVD.? Clinically, atherosclerosis can be diagnosed using various imaging techniques, including computed tomography
(CT),® magnetic resonance imaging (MRI)," positron emission tomography (PET),”> and single-photon emission computed tomography
(SPECT).® However, these technologies have significant drawbacks, including high costs; the ionizing radiation associated with CT, PET,
and SPECT,; and the limited spatial resolutions of MRl and PET.

In contrast, the optical imaging offers numerous advantages in disease diagnosis, such as high spatial resolution, rapid data acquisition,
absence of radiation risks, cost-effectiveness, minimal invasiveness, and limited side effects.’ Thereby, optical imaging is considered as one of
the most promising candidates for the next generation of diagnostic technology. The principle of optical imaging is based on luminogens,
which can absorb light, sound, or chemical energy and convert it into detectable fluorescence.” Commonly used luminogens includes
Cyanine5 (Cy5), Cyanine7 (Cy7), and indocyanine green (ICG).” However, these luminogens typically experience reduced fluorescence emis-
sion at high concentrations or in aggregated states due to the aggregation-caused quenching (ACQ) effect, indicating a less suitable sensing
approach for practical use in atherosclerosis diagnosis.'”

In this case, anti-ACQ luminogens, known as aggregation-induced emission (AIE) luminogens (AlEgens), have served as a new kind of
organic light-emitting material, showing advantages in strong emission in an aggregation state, large Stokes shifts, and high photobleaching
thresholds.'"™"* Unlike ACQ luminogens, AlEgens display minimal or low emission in solution, yet exhibit strong fluorescence in aggregated
form."® In aggregate state, limiting intramolecular motion may enhance radiative decay, thus enhancing fluorescence emission intensity.'®
Since Professor Tang proposed the concept of AIE in 2001, various AlEgens with distinct excitation and emission wavelengths have been
developed and utilized in bicimaging and disease diagnosis.” Notably, recent advancements in AlEgens featuring second near-infrared
(NIR-II) emission, two-photon or multi-photon imaging, and photoacoustic imaging (PAI) significantly enhance tissue fluorescence penetra-
tion depth in vivo."?° These AlEgens effectively address the critical limitation of inadequate tissue penetration associated with traditional
optical imaging techniques.”’ In particular, the development of nanotechnology can effectively improve the targeting efficiency of small mol-
ecules,””*® promoting the wide used of AlEgens in the angiography and atherosclerotic diagnosis.

In this mini review, we seek to investigate the use of AlEgens in diagnosing and treating atherosclerosis. We will discuss AlEgens from
various imaging modalities, including fluorescence imaging, NIR-Il imaging, two-photon or multi-photon imaging, and PAl, focusing on
their application in atherosclerosis diagnosis. Then, we will detail the challenges associated with using AlEgens in the diagnosis of athero-
sclerosis. This review aims to offer perspectives on the possibilities of AlEgens within this field and encourage further research on this
promising topic (Figure 1).
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Figure 1. lllustration for the application of AIEgens in angiography and atherosclerotic diagnosis

ACQ AND AIE

ACQ is a phenomenon widely recognized in organic fluorescent dyes and generally regarded as unfavorable for bicimaging.”’ For instance,
fluorescein isothiocyanate (FITC) exhibits strong green fluorescence in a monomolecular state when fully dissolved in water. However, its fluo-
rescence intensity diminishes an increasing concentration of acetone in a water/acetone mixture. When the acetone proportion exceeds 80%,
the fluorescence is almost completely quenched.” ' Since organic molecules naturally aggregate in biological media, the ACQ effect com-
pels researchers to use very dilute fluorescent probes, making them more susceptible to photobleaching.”” This effect directly leads to the
difficulty of using ACQ molecules in aqueous biological environments.****

Conversely, tetraphenylethylene (TPE), a typical AIE molecule, exhibits almost no emission when fully dissolved in tetrahydrofuran (THF)
but emits intense blue fluorescence in a THF/water mixture with increasing water content (Figure 2A).>%*> The AIE mechanism has been funda-
mentally attributed to the limitation of intramolecular motion, encompassing limitation of intramolecular rotation and vibration (Figure 2B).*
Taking advantage of the AIE effect, AlEgens have emerged as a class of fluorescence probes exclusively used within biological organisms and

are extensively used in biological imaging and disease diagnosis, such as CVD and cancer diagnosis.”’ "

AlEgens FOR ANGIOGRAPHY AND ATHEROSCLEROTIC DIAGNOSIS
AlEgens for atherosclerosis fluorescence imaging

The visible and near-infrared imaging

Thanks to their superior fluorescence imaging capabilities, AlEgens have been extensively utilized in disease diagnosis. However, initially
developed AlEgens emitted at short emission wavelengths, mainly in the visible (400-700 nm) and near-infrared (700-1,000 nm) ranges, mak-
ing them impossible to directly diagnose diseases in vivo. Therefore, early diagnostics using AlEgens predominantly relied on ex vivo fluo-
rescence imaging.

For instance, Liu et al. created a reactive oxygen species (ROS)-responsive targeted fluorescent nanoprobe using AlEgen, named TPAM,
for detecting atherosclerotic plagues. In this design, TPAM was conjugated to maleimide (polyethylene glycol) hydroxyl through an ROS-
responsive cleavable bond and later functionalized with CLIKKPF peptide to target foam cells in atherosclerotic plagues specifically (Fig-
ure 3A).%° The fluorescence from TPAM enabled clear observation of the plaques in ex vivo aortas (Figure 3B). Especially, with the help of
CLIKKPF peptide, TPAM can more efficiently accumulate in plaque (Figure 3C), thus enhancing diagnostic accuracy for atherosclerosis. Simi-
larly, Wang et al. engineered an ROS-responsive prodrug copolymer (PMPC-P(MEMA-co-PDMA)), and it was co-loaded with an AlEgen,
namely LFP, into a red blood cell membrane to self-assemble surface-biomimetic nanoparticles (RBC/LFP@PMMP) (Figure 3D).*" With
ROS responsiveness, RBC/LFP@PMMP can be interrupted and achieved targeted release of LFP at inflammatory atherosclerotic tissue for
atherosclerosis theranostics (Figures 3E and 3F).

Employing the same strategy, various nanoprobes based on AlEgens have been developed for ex vivo atherosclerotic diagnosis. For
example, Zhang et al. designed two AlEgens, TTM and MeO-TTM, using malononitrile as the electron acceptor and triphenylamine or
4-methoxy triphenylamine as the electron donors. The introduction of the methoxy group caused the emission wavelength of MeO-TTM
to redshift from 575 nm to 660 nm, enabling clear bioimaging of atherosclerosis.”” To enhance the targeting efficiency of AlEgens, He
et al. developed an ROS-responsive and CD44-targeted nanoplatform for the targeted delivery of AlEgens, leveraging the high ROS levels
and CD44 receptor expression in the atherosclerotic microenvironment. This dual-targeting nanoplatform enables AlEgens to effectively
accumulate in atherosclerotic plaques, providing a precise diagnostic technology for atherosclerosis diagnosis.”® Using a similar strategy,
Xu et al. constructed a multifunctional nanoparticle (LFP/PCDPD) with active targeting capabilities. This targeting is achieved through the
high affinity of dextran to the vascular adhesion molecule-1 (VCAM-1) and the CD44 receptor on the surface of damaged endothelial cells,
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Figure 2. The representative ACQ and AIE molecule

(A and B) The structure and fluorescence photographs of FITC (A) and TPE (B), typical ACQ and AIE luminogens, respectively, in solution or suspension in water/
acetone mixtures with different acetone fractions and in THF/water mixtures with different water fractions. Reproduced with permission from Feng et al.*®
Copyright 2016 WILEY-VCH.

as well as the elevated ROS levels in atherosclerotic plaques.”* These findings highlight the significant benefits of AlEgens in diagnosing
atherosclerosis.

The NIR-Il imaging

To address the issue of insufficient tissue penetration by visible and NIR-I light, the NIR-II (1,000-1,700 nm) emissive AlEgens were progres-
sively developed following Liu et al.’s first documentation of an AlEgen exhibiting NIR-Il emission in 2018."%** Compared to visible or NIR-I
imaging, NIR-Il imaging greatly diminishes background noise and improves tissue penetration depth (5-20 mm) because of reduced photon

104647 According to the emission wavelength, NIR-Il imaging can be further classified into NIR-lla

scattering and minimal tissue absorption.
(1,000-1,500 nm) and NIR-Ilb (>1,500 nm). Both categories are applicable for in vivo vessel imaging and diagnosing atherosclerosis.

The quality of NIR-Il imaging primarily depends on two key factors: long emission wavelength and high fluorescence quantum yield (QY)."" In
molecular design, expanding Tt-conjugation length and enhancing electron donors and acceptors (D-A) strength can both reduce the highest
occupied orbital (HOMO)-lowest empty orbital (LUMO) gap, leading to a red-shifted emission. However, due to the small molecular weight of
AlEgens, expanding the Tt-conjugation length has minimal effect on extending their emission wavelength. A promising alternative is to introduce
substituents with electron donors (D) and acceptors (A), as electron donors can elevate the HOMO level and electron acceptors can lower the
LUMO level. The strategy of enhancing electron D-A strength has been widely employed in the design of NIR-Il AlEgens. According to the energy
gap theory, the QY decreases with the redshift of emission wavelength into the NIR region due to vibrational overlap of ground and excited states,
severely compromising the imaging capability of AIEgens. Researchers analyzing the energy level diagram found that QY is inversely related to
heat and the twisted intramolecular charge transfer (TICT) process.”” To improve QY, Hong et al. reported a strategy to efficiently suppress the
TICT process of AlEgens,”? while Tang et al. increased radiative decay by preventing close intermolecular interactions. These methods effectively
enhance the QY of AlEgens, thereby promoting the application of near-infrared imaging in disease diagnosis and treatment.

The NIR-lla imaging. After extensive research, various AlEgens have been developed for NIR-Il imaging. Qin et al. created supramolecular
cages with AIE characteristics using D-A-D adducts as the fundamental building blocks. By enhancing the electron-attracting ability through
the replacement of central electron acceptors, the optical band gap was effectively narrowed, shifting the fluorescence emission from the red
region (606 nm) to the NIR-Il region (986 nm) (Figures 4A-4C). In vivo studies demonstrated that the brain vasculature in mice could be clearly
observed through an unopened scalp and skull, indicating potential applications in monitoring cerebrovascular diseases (Figures 4D and
4E).>° This strategy provides a convenient and efficient method for creating NIR-Il supramolecular cages for disease diagnosis, particularly
for cerebrovascular diseases.

Using molecular engineering techniques, Xu et al. developed a D-mt-A—m-D-type NIR-II AlEgen, named AX1. Due to their intrinsic AIE
enhancement properties, these AlEgens exhibit a high fluorescence QY of 14.8%, allowing for high-resolution imaging of blood vessels
invivo.”' To improve bioavailability and biosafety in vivo, Gao et al. utilized endogenous albumin as an efficient carrier to encapsulate AlEgens
(TT), forming an albumin-AlEgen nanoparticle named B-TT. This albumin-consolidated strategy effectively inhibited the intramolecular vibra-
tions of AlEgens, thereby increasing the fluorescence QY and achieving high-resolution cerebrovascular imaging with a high signal-to-back-
ground ratio (SBR, ~90) in mouse models.”” These developments demonstrate that AIEgens with highly emissive fluorescence in the NIR-I|
window may offer an alternative approach for vascular disease diagnosis.
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Figure 3. AlEgens for ex vivo atherosclerosis diagnosis via fluorescence imaging

(A) The structure of TPAM and TPAMCF.

(B and C) Representative fluorescence images and quantitative analyses of the aorta isolated from ApoE ™~ mice, sacrificed at 6, 12, or 24 h post intravenous
injection of saline, TPAM nanoperticles (NPs), or TPAMCF NPs. Reproduced with permission from Liu et al.®0
(D) Synthesis route of LFP.

(E and F) Confocal images of en face LFP-stained aortas and plaques at various imaging depths. Reproduced with permission from Ma et al.*' Copyright 2021

American Chemical Society.

Copyright 2023 American Chemical Society.

The NIR-IIb imaging. To further enhance tissue penetration in NIR-Il imaging, numerous AlEgens with excitation wavelengths exceeding
1,500 nm have been developed for vascular imaging and related disease diagnosis.‘33 Li et al. designed a novel benzo-bis(1,2,5-thiadiazole)-
based AlEgen (HY4) (Figure 5A), characterized by NIR-Ilb emission and remarkably high fluorescence QY as high as 14.45% in the NIR-Il re-
gion. To improve its biocompatibility, HY4 was loaded into a lipid nanoparticle using self-assembly technology. These nanoparticles exhibited
a hydrodynamic diameter of approximately 100 nm and fluorescence intensity approximately 7.5 and 6 times greater than those of ICG and IR-
26, respectively. Thus, HY4 nanoparticles facilitate high-quality fluorescence imaging under a 1,500 nm photoluminescence (PL) filter.>*

4 iScience 27, 110719, September 20, 2024



iScience ¢? CellPress
OPEN ACCESS

e e i et il -
A B
NIR-ll fluorescence imaging
4 2] e 1.01 —MA
‘ 4 ; c - . - 2" —MB
A 2 101 A A7y 2 —mc
s V g ‘ / s 0.8 } \ —MD
pd MGNPs 8 £ | —ME
\/\j\ \/\)\ ﬁ d 0.6 4‘ \ e=MF
° - | \ — MG
N's'n ww ] ] 3 s [
‘o s o sy ® = N 0.4 f \
£ 43 L <> 1 : I\
N)\_,(« “‘s’“ u‘-S.w u.«s-,n g g 0.2 //
A B c D E F G / Q

500 600 700 800 900 100011001200

Tunable fluorescence from red to NIR-Il reaion

1 1
1 1
] 1
1 1
1 1
1 1
1 1
1 1
1 1
1 I
1 1
1 1
1 1
1 1
1 |
1 1
1 1
1 |
1
; .
1 1
1 ]
1 1
I I
'D Abdomen Legs :
I :
1 ]
1 1
1 1
1 |
1 1
1 I
1 ]
1 ]
1 ]
] - 1
1 - 1
1 |
| |
] ]
I |
: \ \ :
| 1300 PL 1400 PL E
| J—
] 1
] 1
1E 12, :
1 =64 * 7 2 =40 - 1
132 = 2 2 !
18 L6 LA £4.0- :
| 251 2] 236 z |
 § g § S0 :
' B4 ) E4 \ £32 g" !
.h...‘\. J T 3] k-] ° ]
: § 34 ewtef LY @ \ ] Sos. .
'3 ' M B e, o s ‘ !
£ v . | E o
1541 S/B = ~3.05 ""v’»-.‘ 511 SIB=~4.89 T e, E 24] SIB=~4.92 ‘o § 0.4 SB=~573 N, )
1 < 3 FWHM = 0.97 mm =z " FWHM = 0.64 mm £ FWHM = 566 pm <™ FWHM = 587 ym '
v . v - " v v v N v T T J ' T T " 1
: 0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 0.3 0.4 0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15 :
1 o B
| Position (cm) Position (cm) Position (cm) Position (cm) |
] 1
1 1

Figure 4. AlEgens for the NIR-lla imaging of vessel

(A) Schematic illustration of the fluorescence regulation strategy from red to NIR-II region by turning the acceptor.

(B and C) Normalized absorption and emission spectra of cages MA-MG.

(D and E) The NIR-Il imaging at hindlimb and paw under different LP filters (1,300 nm and 1,400 nm) and the corresponding fluorescence intensity profiles of the
highlighted blood vessels with red lines. Reproduced with permission from Qin et al.”” Copyright 2023 American Chemical Society.

Similarly, Tang at al. suggested a molecular design approach for NIR-llb AlEgens by controlling the effects of TICT and successfully devel-
oped an NIR-llb AIE probe with QY of 11.5% in the NIR-Il region and a longer mission up to 1,600 nm. This probe was used for NIR-Ilb fluo-
rescence imaging in the cerebral vasculature of BALB/c nude mice, achieving high-performance angiography with sharp resolution and high
SBR, thereby demonstrating significant advantages for in vivo imaging.”> Owing to these advancements, a multitude of NIR-Ilb probes have

56,57

been developed over the past decade and applied in biocimaging and disease diagnosis.

AlEgens for atherosclerosis two/multi-photon imaging

Two-photon excitation fluorescence (2PEF) is defined as the phenomenon where two photons arrive simultaneously within an attosecond
(1078 5) time window and jointly excite a fluorophore.” Therefore, the use of photon pairs with different energies whose combined energy
matches the energy gap between S0 and S2 can achieve this process.””*° Compared to traditional single-photon fluorescence imaging, 2PEF
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Figure 5. AlEgens for the NIR-lIb imaging of vessel

A) The chemical structures of HY4.

B) The TEM and dynamic light scattering (DLS) images of HY4 dots, scale bar, 100 nm.

C) The fluorescent intensity of IR-26 in DCE, ICG in water, HY4 dots in aqueous solution with the concentration.
D) In vivo NIR-llb fluorescence imaging after ligation of femoral artery and vein (red dotted circles region).

E) In vivo NIR-Ilb imaging for ischemic stroke. Reproduced with permission from Li et al.”* Copyright 2022 Chinese Chemical Society.
F) Schematic illustration of 2TT-0C26B NPs.

G) NIR-IlIb fluorescence image using a 50 mm fixed focal lens and a scan lens (Thorlabs). Reproduced with permission from Li et a
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Copyright 2020 Springer
Nature.

imaging is particularly beneficial for deep tissue imaging.®’ Additionally, 2PEF imaging benefits from a more efficient light collection pathway
than that found in single-photon confocal microscopy.®

Taking advantage of the deep penetration capabilities of 2PEF, certain AlEgens have been modified through molecular engineering to
achieve two-photon imaging for atherosclerosis imaging.®® For example, Bo et al. developed a smart probe with AIE property, namely
IND, for concurrent dual-color imaging of atherosclerotic plaques (Figure 6A).** Leveraging its high lipid specificity, deep tissue penetration,
and excellent two-photon imaging capabilities, IND enables high-resolution imaging for detailed mapping of three-dimensional lipid distri-
butions in mouse atherosclerotic plaques. Using two-photon imaging, the researchers observed that lipids within the plagques are morpho-
logically diverse, exhibiting various shapes and sizes. The lipid quantity at four different plaque depths is positively correlated with the plaque
area. The size of lipid regions typically ranges from 0.1 mm? to 30 mm?, with the largest lipid accumulation area being 241.6 mm?, located at a
depth of 15 mm (Figure 6B).%" In response to the high levels of ROS present in the inflammatory microenvironment of atherosclerosis, Ma et al.
utilized an ROS-responsive bond to attach an AlEgen (TP) with 2PEF imaging capabilities to prednisolone (Pred), a widely used anti-inflam-
matory drug. Subsequently, the compound, referred to as TPP, was encapsulated within core-shell structured micelles (TPP@PMM) through
self-assembly using the amphipathic polymer (Figure 6C).°> When entering atherosclerotic plaque, the ROS-responsive bond breaks to
release the TPP (Figure 6D) and thus could be distinctly visualized on the en face of the aortas using 2PEF (Figures 6E and 6F). Importantly,
this design simultaneously facilitates targeted inflammation therapy for atherosclerosis. As TPP@PMM accumulates at the atherosclerotic site,
an ROS-triggered conversion from hydrophobic to hydrophilic occurs in PMEMA for releasing TPP. Subsequently, the ROS-responsive bond
in TPP is cleaved for the targeted delivery of Pred, enabling precise, two-photon imaging-guided therapy for atherosclerosis.®”

Similar with 2PEF, three-photon excitation fluorescence (3PEF) describes the phenomenon where three photons simultaneously arrive
within an attosecond time window and collectively excite a fluorophore. However, 3PEF achieves deeper tissue penetration compared to
2PEF.**” Recently, specific AIEgens have been specifically developed for CVD bicimaging applications.®®*” For example, Xu et al. synthe-
sized three type of AlEgens, including TPA-BT, DPNA-BT, and DPNA-NZ (Figure 7A), for the three-proton imaging of blood vessel of the
brain. By enhancing D-A strength of N,N-diphenylnaphthalen-1-amine (DPNA) and naphtho(2,3-c]-[1,2,5]thiadiazole (NZ), the average fluo-
rescence emission wavelength of DPNA-NZ was extended to 702 nm, with the maximal absorption wavelength at 533 nm (Figures 7B and 7C).

6 iScience 27, 110719, September 20, 2024
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Figure 6. AlEgens with 2PEF capabilities for atherosclerosis two-photon imaging

(A) The structure and AIE characteristic of IND versus the composition of THF/water mixtures with various water fractions.

(B) Two-photon images of IND in atherosclerotic plaques at various imaging depths. Reproduced with permission from Situ et al.* Copyright 2019 Royal Society
of Chemistry.

(C) The self-assembly of TPP@PMM.

(D) ROS-responsive process of TPP@PMM.

(E) Two-photon image of TPP@PMM in atherosclerotic plaques.

(F) Two-photon images of TPP@PMM in plaques at various imaging depths. Reproduced with permission from Ma et al.*® Copyright 2020 American Chemical
Society.

For in vivo imaging, DPNA-NZ was loaded with distearoyl phosphatidyl ethanolamine - polyethylene glycol (DSPE-PEG) to form DPNA-NZ
nanoperticles (NP). The absorption and emission spectra of these AIEgen NPs were similar to those of single molecule (Figure 7D). By In vivo
imaging, the vasculature and microvessel in deep mouse brain were clearly visualized using DPNA-NZ NPs as the contrast agent (Figure 7E).%®
Similarly, Wang et al. employed TPAPhCN dots, a specific type of AlEgen with 3PEF properties, to detect atherosclerotic plagues in the brain
vasculature and carotid arteries (Figures 7F and 7G).”” In addition, Zhu et al. designed a photostable luminogen with AIE properties, identified
as TPE-TPP, which utilizes femtosecond laser excitation at 1,020 nm for three-photon imaging in ex vivo brain tissue.”' To further expand the
application of AlEgen with 3PEF, Qiu et al. synthesized an AlEgen with ultrabright far-red/near-infrared emission, namely BTF, which can facil-
itate in vivo three-photon imaging of brain vasculature through the intact skull.”? Benefiting from the deep penetration capabilities of three-
photon imaging, these luminogens have been applied to atherosclerosis diagnosis. Utilizing a three-photon microscope, the researchers not
only identified atherosclerotic plaques but also enabled efficient in vivo labeling and imaging of lipids in deep tissues.

AlEgen for atherosclerosis PAl imaging
PAl is an emerging technology with significant potential for both preclinical biomedical research and clinical applications.”* This technique
utilizes the absorption of intensity-modulated light by tissues to produce broadband acoustic waves. The local absorption leads to minor
heating, which induces rapid thermoelastic expansion that generates photoacoustic waves.”* Consequently, photoacoustic (PA) imaging
combines the robust optical contrast of light with the high spatial resolution characteristics of ultrasound.”®

Recent research indicates that PAIl can be effectively applied in atherosclerosis imaging. For example, Xu et al. developed a novel
photoacoustic contrast agent, a m-conjugated polymer (PMeTPP-MBT), which was then incorporated into a VCAM-1- and CD44-targeted
nanoparticle, named PA/ASePSD. This nanoparticle facilitates accurate photoacoustic diagnosis in vivo and shows promise as a
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Figure 7. AlEgens with 3PEF capabilities for atherosclerosis three-photon imaging

(A) Molecular design of 3P AlEgens, including TPA-BT, DPNA-BT, and DPNA-NZ.

(B and C) The absorption spectra of AlEgens in THF and fluorescence spectra of AlEgens in the solid state.

(D) Normalized absorption and emission spectra of AlEgen NPs in water (solid line: absorption, dashed line: emission).

(E) 2D and 3D reconstructed images of brain vasculature by DPNA-NZ NPs. Scale bar: 100 um. Reproduced with permission from Xu et al.*® Copyright 2020
American Chemical Society.

(F) Intravital 3PEF images, enlarged 3PEF images and 3D reconstructed 3PEF images of TPAPhCN-dots-labeled atherosclerotic plaques on the carotid artery
vessel wall at different depths.

(G) 3D reconstructed 3PEF images of TPAPhCN-dots-labeled atherosclerotic plaques on the brain blood vessel wall and normal brain blood vessels. Reproduced
with permission from Wang et al.”” Copyright 2021 WILEY-VCH.

candidate for early-stage atherosclerosis theranostics (Figure 8A).”¢ Similarly, Xie et al. developed a molecular probe (PBD-CD36) with
PAI capabilities to specifically target CD36 overexpressed in atherosclerotic plaques for the diagnosis of atherosclerosis (Figure 8B).”’
Additionally, Ma et al. constructed a theranostic nanoplatform to incorporate a polymeric photoacoustic probe into nanoparticles desig-
nated as PLCDP@PMH, for noninvasive in vivo diagnosis of atherosclerosis.”® Ge et al. introduced an advanced nanoprobe with
improved PAI property for direct, noninvasive in vivo imaging for the diagnosis of atherosclerosis.”” Mahsa Gifani's team crafted a spe-
cial targeted nanoparticle with PAl capabilities for targeting inflammatory Ly-6Chi, a type of abundant immune cell in the arterial wall,
accurately identifying and diagnosing inflamed atherosclerotic lesions.?” Qin et al. designed a gold nanorod conjugated with MMP2
antibody (AuNRs-Ab) for targeting the expression of MMP;, in the atherosclerotic plaques, thereby enabling highly efficient PAI diagnos-
tics for atherosclerosis.®’

These studies collectively confirm that PAl is an excellent detection technology for atherosclerosis diagnosis. Although there are no re-
ports of AlEgens being used in the PAI of atherosclerosis, AlEgen is still a very potential contrast agent of PAI, as evidenced in other dis-
eases.” For example, Sheng et al. designed a new NIR-Il AlEgen for the PAI of brain tumor (Figure 8C). After injection, PA signals in the brain
tumor gradually increased over time (Figure 8D), indicating that this AIEgen can be employed for the precise diagnosis of brain cancer via its
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Figure 8. The application of PAI in atherosclerosis imaging

| 76

(A) Photoacoustic signal images of different cross-sections among carotid to aortic intervals in ApoE ™'~ mice. Reproduced with permission from Xu et a
Copyright 2023 WILEY-VCH.

(B) Representative maximum amplitude projection images (PA/ultrasound image) of normal mouse an atherosclerotic mice in pre-treatment, 24 h post PBD-CD36
|-//

NPs injection, and B-scan. Reproduced with permission from Xie et al.”” Copyright 2020 Ivyspring International Publisher.
(C) Chemical structure of TB1 and its AIE characteristic in THF/water mixture with different water fractions.
(D) Noninvasive PAI of orthotopic brain tumor through intact scalp and skull at different time point in TB1-RGD peptide dots-treated group. Reproduced with

permission from Sheng et al.”” Copyright 2018 WILEY-VCH.

PAI capability.®” In particular, intravascular PAI techniques developed in recent years greatly promotes the clinical application prospect of

photoacoustic contrast agents such as AIE.2*%

Preclinical study of AlEgens

In order to further verify the clinical application potential of NIR-Il imaging AlEgens, researchers conducted NIR-Il vascular imaging studies in
rats, rabbits, and monkeys. In 2020, Qi et al. employed an NIR-Il AlEgen, named BPN-BBT, to delineate brain blood vasculature in rats (Fig-
ure 9A). By introducing intramolecular D-A interaction using benzobisthiadiazole (BBT) as an electron acceptor and Bisphenylnaphthalen-1-
amine (BPN) as an electron donor, respectively, the maximal absorption of BPN-BBT in the NIR region was found to be above 700 nm, result-
ing from the long emission range (>1,200 nm) and high brightness of AlEgen, achieving clear visualization with high spatial resolution (~4 pum)
and deep penetration (700 pm). This study demonstrated the suitability of NIR-Il imaging for small animal models.®® In 2021, Li et al. used
NIR-II AIE nanoparticles for multiscale vascular imaging in rabbits (Figure 9B). Due to the emission maximum beyond 1,000 nm and QY above
10%, these nanoparticles enabled comprehensive and deep intravital vascular fluorescence imaging. This study advances NIR-Il imaging to
large animals, which subsequently is confirmed by Jiang et al.?”® Additionally, Feng et al. utilized a high-efficiency AIEgen with QY of 13.6% in
NIR-Il window to assess the in vivo NIR-Il imaging in marmoset (Figure 9C). After intravenous injection of AlEgen, extensive cortical vasculature
was captured on an NIR-sensitive camera using a scan lens.®” The successful imaging in marmoset indicated that the clinical transformation of
NIR-Il imaging based on AlEgen underscores significant progress.
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Figure 9. The vessel imaging of AlEgens in different animal models
(A-C) Preclinical trial of AlEgens for the NIR-Il imaging of vessel in rat (A), reproduced with permission from Qi et al.% Copyright 2020 Elsevier. rabbit (B),
Reproduced with permission from Li et al.”’ Copyright 2021 Elsevier. and monkey (C). Reproduced with permission from Feng et al.*” Copyright 2021 WILEY-VCH.

CONCLUSION AND OUTLOOK

In this mini review, we have showcased the imaging potential of AlEgens including fluorescence imaging, two/multi-photon imaging, and PAI
and revealed their applications in angiography and the diagnosis of atherosclerosis. Optical diagnosis is being regarded as one of the next-
generation medical diagnostic technologies, owing to its high spatial resolution, rapid data acquisition, absence of radiation risks, cost-effec-
tiveness, minimal invasiveness, and limited side effects. AlEgens, especially the NIR-Ilb AlEgens, can provide increased tissue penetration
depth with enhanced spatiotemporal resolution and minimal photodamage, making them ideal optical contrast agents.

Intracellular
Imaging
Biosecurity
and toxicity

Challenge

Cell Tracking
and Labeling

Figure 10. The major application and challenge in the biomedical field
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In addition to bioimaging, AIEgens have been applied in the phototherapy of CVD utilizing their photodynamic therapy and photothermal
therapy capabilities. When exposed to light, AlEgens can eliminate inflammatory cells at the lesion site by generating ROS or heat, thereby
reshaping the microenvironment and facilitating the treatment of CVD. Additionally, AlEgens can also be employed to achieve imaging-
guided precision therapy via their excellent imaging performance or be applied in control drug release for CVD therapy. Furthermore, AIE-
gens are utilized in biosensing for detecting biomolecules and analytes with high sensitivity and specificity, labeling and tracking cells both
in vitro and in vivo, and investigating intracellular processes and organelles by penetrating cell membranes and selectively labeling specific
subcellular structure. These capabilities facilitate the visualization of cellular dynamics, organelle morphology, and interactions within living
cells, thereby aiding in the comprehension of cellular functions and disease mechanisms.

AlEgens possess numerous advantages and show potential for clinical applications. However, they are still in early stages of development,
with several challenges yet to be addressed. To facilitate the clinical application of AIEgens, attention should be given to the following factors.
(1) Biosecurity and toxicity: while many AlEgens exhibit low cytotoxicity, comprehensive investigation is necessary to evaluate their potential
long-term effects and accumulation in biological systems. Numerous in vitro and in vivo studies have successfully confirmed that AlEgens
exhibit low cytotoxicity, are non-immunogenic, pose minimal risk to blood safety, and do not cause tissue damage when applied in vivo. How-
ever, the absence of clinical safety studies remains a significant challenge for the clinical application of AlEgens. (2) Targeting efficiency: stra-
tegies such as surface functionalization with targeting ligands (e.g., antibodies, peptides) are employed. However, optimizing their binding
affinity, specificity, and stability is crucial for effective targeted imaging and therapy. (3) Photostability and signal-to-noise ratio: developing
AlEgens with enhanced signal-to-noise ratios and resistance to photobleaching is essential for ensuring reliable and reproducible results in
biological samples. (4) Bioavailability and pharmacokinetics: AlEgens must overcome complex biological barriers to effectively reach their
intended targets. Improving their bioavailability and pharmacokinetic profiles through appropriate formulation and delivery systems is critical
for clinical translation (Figure 10).

In summary, the development of AlEgens has significantly advanced the diagnosis and treatment of major diseases such as cancer, mi-
crobial infections, and CVDs like atherosclerosis. Nonetheless, several challenges remain that require further effort to overcome in order
to facilitate their clinical translation. With ongoing exploration and development, we expect that AlEgens will make revolutionary discoveries

and improve human health by utilizing their diagnosis and treatment performance.
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