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Abstract: Near-infrared (NIR) light is a promising tool for biomedical imaging and therapy,
offering excellent tissue penetration, low scattering, and minimal biological fluorescence
interference. An NIR-II optical range of 900-1880 nm with reduced background interfer-
ence is particularly useful for disease diagnosis and treatment. Probes based on organic
molecules are gaining attention for their structural flexibility and stable performance. Or-
ganic molecular aggregates, such as J-aggregates, H-aggregates, and aggregation-induced
emission (AIE)-aggregates, exhibit unique optical properties like tunable spectral shifts,
improved photostability, and higher absorption and fluorescence quantum yields. This
mini review briefly discusses the advancements in NIR-II optical imaging and therapy
technologies, focusing on the classification, formation mechanisms, and applications of
organic molecular aggregates in disease diagnosis and treatment, offering a theoretical
foundation and practical guidance for future research.

Keywords: NIR-II; molecular aggregates; J-aggregates; H-aggregates; aggregation-induced
emission; imaging; therapy

1. Introduction

Near-infrared (NIR) light, due to its excellent tissue penetration, low light scattering,
and minimal biological fluorescence background interference, has emerged as a cutting-
edge technology in biomedical imaging and therapy, offering new possibilities for early
disease diagnosis and precision treatment [1-6]. The NIR-II range of 900-1880 nm wave-
length features superior tissue penetration depth, low light scattering, and reduced bio-
logical fluorescence background, making it a leading technology in the field of biomedical
imaging and therapy [7-9]. Fluorescence probes in the NIR-II range are gaining increased
attention due to their excellent biocompatibility, degradability, and flexibility in structural
design [10].

Organic molecular aggregates, as a key component of NIR-II materials, have become
an important research direction in the field due to their unique advantages in imaging and
disease treatment [11-13]. Compared to monomers, organic molecular aggregates typically
exhibit distinctive optical properties, such as tunable spectral changes, enhanced photosta-
bility, stronger light absorption, and higher fluorescence quantum yields. These advantages
make them more competitive in biomedical applications, particularly in complex biologi-
cal environments, where their performance far exceeds that of monomeric forms [14-16].
Depending on the nature of intermolecular interactions, organic molecular aggregates can
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be classified into J-aggregates [17], H-aggregates [18], and AlE-aggregates [19], among
others [20].

J-aggregates exhibit significant spectral redshift due to molecular sliding arrangements,
enabling absorption and emission at longer wavelengths, which is ideal for deep-tissue
imaging [21,22]. However, in tightly packed J-aggregates, notable charge-transfer phenom-
ena may occur, which, while enhancing the spectral redshift, could also lead to fluorescence
quenching. Despite this, J-aggregates demonstrate excellent performance in light absorption
and photothermal conversion, showing great potential for applications in photoacoustic
imaging (PAI) and photothermal therapy (PTT) [23-26]. H-aggregates, due to aggregation-
induced fluorescence quenching effects, can significantly enhance thermal conversion and
acoustic signals, which show more advantages in PA imaging and PTT [27-30]. Recent stud-
ies have shown that some H-aggregates possess a unique anti-Kasha emission mechanism,
which, under certain conditions, can produce rare fluorescence emissions [31-34]. With
proper design, this special luminescent phenomenon can be used for specific imaging and
therapeutic functions in complex biological environments. Aggregation-induced emission
(AIE)-aggregates have attracted considerable attention for their enhanced emission in the
aggregated state. Unlike traditional fluorescent molecules, which experience fluorescence
quenching in aggregate form, AIE molecules can significantly boost fluorescence signals at
high concentrations or in aggregates [35,36].

Their advantage in disease imaging lies in the ability to significantly increase the
signal intensity, demonstrating high sensitivity for low-concentration targets. Furthermore,
AIE materials can efficiently generate reactive oxygen species in photodynamic therapy,
offering strong tumor cell-killing capability and providing robust support for integrated
imaging and therapy applications [37].

This mini review systematically outlines the research background of NIR-II optical
imaging and therapy technologies and their significant applications in disease diagnosis
and treatment. It provides a detailed analysis of the core characteristics of NIR-II optical
materials, with a focus on the classification, formation mechanisms, and practical applica-
tions of organic molecular aggregates in disease diagnosis and treatment (Figure 1). The
review lays a theoretical foundation and provides practical guidance for future research.
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Figure 1. Schematic illustration of the main types of NIR-II molecular aggregates and their applica-
tions in the biomedical field.



Chemosensors 2025, 13, 67

30f23

2. NIR-II Molecular Aggregates

Organic molecular probes offer significant advantages in terms of enhanced biocom-
patibility, pharmacokinetics, and targeting capability, which are beneficial for approval
by the U.S. Food and Drug Administration (FDA) and clinical translation. However, they
generally suffer from lower luminescence efficiency, poorer photostability, and relatively
shorter emission wavelengths. To overcome these limitations, researchers have developed
a range of specially structured molecules and imaging enhancement strategies. Currently,
the organic probes used for NIR-II window imaging and therapy mainly include polymeric
materials [38] and organic small-molecule dyes. Among these, organic small-molecule
dyes can be further categorized into donor-acceptor (D-A) and donor-acceptor—donor
(D-A-D) charge-transfer dyes based on diketopyrrolopyrrole (DPP), isoindigo (IID), triazole
[4,5-g]-quinoxaline (TQ), and benzobisthiazole (BBTD) [39]. Additionally, polymethine
skeleton [40], thodamine [41], and boron dipyrromethene (BODIPY) structures [42] as the
central cores have also been explored. Some dyes with NIR-I peak emissions, such as indo-
cyanine green (ICG) and IRDye 800CW, have successfully been applied to the NIR-II imag-
ing field due to the tailing of their emission spectra into the NIR-II range [43—45]. In addition
to free organic compounds, their aggregates, including J-aggregates, H-aggregates, and
AlE-aggregates, have also garnered attention in disease diagnosis and therapy [22,46,47].

2.1. ]-Aggregates

J-aggregates are known for their unique optical properties, which include significant
redshifts in both absorption and emission spectra compared to monomers, extremely nar-
row bandwidths, exciton delocalization, and efficient energy-transfer capabilities. These
characteristics have led to their widespread applications in spectroscopy, optoelectronic
devices, and bioimaging. As early as 1936, Jelley observed an anomalous redshift in the
absorption and emission spectra of 1,1’-diethyl-2,2’-cyano (PIC) molecules in aqueous solu-
tion [48]. In the same year, Scheibe also observed similar phenomena [49]. Compared to the
spectra in organic solvents (such as ethanol), the absorption peak of PIC in water undergoes
a significant redshift when its concentration exceeds 103 M. As the concentration increases
further to 10~2 M, the absorption peak becomes stronger and sharper, with a noticeable
deviation from Beer’s law [50] (Figure 2A). Additionally, adding sodium chloride to the
PIC aqueous solution induces similar spectral changes, with sharper peaks, a full width
at half maximum (FWHM) of about 200 cm~!, and a higher molar absorption coefficient
(¢). Fluorescence emission also increases but with a minimal Stoke’s shift. Scheibe be-
lieved this was the result of desolvation during the aggregation process of the molecules,
with the changes in the absorption spectra originating from the “neighbor effect” between
adjacent molecules. Jelley, on the other hand, observed that when nonpolar solvents or
5 M sodium chloride solution were added to the ethanol solution, PIC would rapidly pre-
cipitate, and as the dye crystallized, its fluorescence disappeared. This might have led
Jelley to mistakenly attribute the spectral changes to individual dye molecules rather than
their aggregates [51]. In recent years, J-aggregates (or Scheibe aggregates) generally refer to
dye molecular aggregates with narrow redshifted absorption bands and small Stoke’s shift
fluorescence [52,53].

With the continuous advancement of research, Kasha et al. (1965) [54] established a
connection between the packing arrangement of molecular aggregates and their photophys-
ical properties based on long-range Coulomb coupling. Building on the Frenkel exciton
(FE) theory, they proposed the molecular aggregate exciton model [55], which provided a
theoretical foundation for explaining the optical behavior of J-aggregates. Taking a dimer
with an inclined stacking arrangement as an example, the exciton model describes its
energy level structure and exciton state splitting energy (Ae), as shown in Figure 2B. Here,



Chemosensors 2025, 13, 67

40f23

M represents the transition dipole moment of the original exciton state, d._. denotes the
intermolecular center-to-center distance within the dimer, and 0 is the slip angle of the
dimer. The angle § between the transition dipole and the molecular axis of the aggregate
determines whether the transition will lead to a lower or higher excitation energy level.
When the slip angle 6 is smaller than the critical value of 54.7°, the splitting of the original
singlet exciton state can generate a low-energy exciton state with a larger transition dipole
moment (J-aggregate), causing the maximum absorption wavelength of the aggregate to
redshift relative to the monomer. Conversely, when 6 exceeds the critical value of 54.7°, the
transition allows for excitation into a higher energy state, forming an H-aggregate, which
results in a blue-shift in absorption [56] (Figure 2B).
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Figure 2. (A) Absorption spectra of PIC aggregates in water (solid line) and its monomers in ethanol
(dot line). (B) A schematic illustration for an energy diagram of aggregated dimers (represented
by gray rectangles) with coplanar transition dipoles inclined to the interconnected axis by angle
6. Double arrows represent the polarization axis for the molecular electronic transition considered.
A = absorption; AEqw = difference in van der Waals interaction energies between ground and excited
states. (C) Model perylene m-stack showing short-range charge-transfer (CT)-mediated interactions,
Jct, and long-range Coulomb interactions, for which Jcy is the nearest neighbor. (D) Energy level
diagram depicting a charge transfer between neighboring chromophores. Jct results from the sum
of the blue and green virtual two-step pathways. The images are reproduced with permission
from [56-58].

Compared to the redshift of the absorption spectrum of monomers or the presence
of slip-stacked arrangements in aggregates, these phenomena alone are not sufficient
to classify an aggregate as a J-aggregate. However, in recent years, the definition of
J-aggregates has been progressively expanded [59]. In the decades following the pioneering
work of Jelley and Scheibe, although the fluorescence properties of some dyes did not fully
conform to the classical definition of J-aggregates and did not exhibit the characteristic
narrowing of the absorption band, they have still been broadly categorized as J-aggregates.
In classical J-aggregates, the low exciton state energy levels, generated by the long-range
Coulomb coupling (Jcoy) mechanism, are the allowed transition levels (Figure 2B,C).
This Jcou coupling mechanism leads to the typical features of classical J-aggregates: a
narrowed absorption spectrum, an increased molar absorptivity, a pronounced redshift,
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and a reduction in the fine vibrational structure of the monomer. Similarly, the fluorescence
spectrum narrows, the Stoke’s shift is small, the fluorescence lifetime is shorter, and the
fluorescence quantum yield is higher [59].

Although the molecular aggregate exciton theory based on Kasha’s framework
explains many examples of H-aggregates and J-aggregates, there are still some “non-
conventional” aggregates that cannot be fully understood within this theoretical frame-
work [58]. For example, a redshift in absorption does not necessarily originate from the
long-range Coulomb coupling (Jcoy) mechanism; it may also result from a short-range
charge-transfer (CT)-mediated coupling mechanism (Jct) (Figure 2C). This coupling mech-
anism primarily occurs when molecules are in close proximity to one another (typically less
than 5 A, especially around 3.5 A for 77 stacking distances), a geometric configuration
that allows for charge transfer or wavefunction overlap between adjacent molecules (wave-
function overlap is a short-range exchange interaction). As shown in Figure 2C, short-range
interactions (Dexter [60], or exchange interactions arising from wavefunction overlap) can
be intuitively understood within a simple model based on disordered linear 7-stacking.
This model contains N chromophores, with one molecule in each unit cell [58,61]. Each
molecule has an electronic transition from Sy to S; (HOMO-LUMO), with an energy Eg;
and a transition dipole moment y, both of which are independent of the molecule’s position
within the stack.

Unlike Jeoul, Jor can convert a local excitation state (LE) into a charge-transfer state
(CT). The CT state typically has lower energy, where an electron moves from one molecule
to a neighboring molecule, and a hole is left on the original molecule from which the
electron was transferred [58] (Figure 2D). The dissociation of the electron and hole can
be described by the intermolecular transfer integrals, denoted as te (electron transfer
ability, which depends on the overlap of the lowest unoccupied molecular orbital (LUMO)
between molecules) and ty, (hole transfer ability, which depends on the overlap of the
highest occupied molecular orbital (HOMO) between molecules). Higher values of t. and
tn indicate more efficient electron and hole transfer between molecules, thereby facilitating
the charge-transfer process.

The Jcr mechanism is highly sensitive to the stacking geometry of molecules (i.e., the
arrangement of molecules in three-dimensional space), particularly the lateral alignment
(intermolecular displacement), which significantly affects the spatial overlap between the
HOMO and LUMO orbitals. Stacking configurations with stronger intermolecular overlap,
such as slip stacking, help increase the values of te and ty,, thereby enhancing charge-transfer
capability. As a result, Jct significantly alters the electronic structure of the excited state
by enhancing intermolecular charge transfer, making the excited state more stable. This
leads to a notable reduction in the energy level of the first excited state (S;), triggering
a significant redshift in the absorption spectrum [62]. In contrast, Jcoy is a long-range,
weak intermolecular interaction that has a minimal effect on the excited state energy levels,
typically resulting in a smaller redshift or blue-shift.

2.2. H-Aggregate

According to the molecular aggregate exciton model, when the slip angle of
the coplanar parallel stacking of molecules exceeds 54.7°, H-aggregates are formed
(Figures 2B and 3A). In H-aggregates, the transition dipoles of the molecules are arranged
in a “face-to-face” parallel stacking configuration, where the two split energy levels of the
low exciton state, arising from dipole—dipole interactions, are typically optically forbid-
den, while the high exciton state is optically allowed (Figure 2B). This structure has two
significant effects on the optical properties of H-aggregates: (1) The main absorption peak
typically blue-shifts compared to the monomer, corresponding to the optically allowed
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high exciton state. (2) Since the low exciton state, corresponding to the emission state,
is optically forbidden, H-aggregates exhibit a lower radiative decay rate and suppressed
fluorescence emission, which is the core characteristic of “aggregation-caused quenching”
(ACQ) behavior.
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Figure 3. (A) Schematic illustrations of face-to-face H-aggregate and slip-stacked J-aggregate and
the changes in absorption (blue) and fluorescence (red) spectra from a pseudoisocyanine (PIC) dye
monomer. (B) Schematic diagram of the structure of a BODIPY-labeled fluorescent norbornene
monomer and its H-aggregate fluorescence emission. (C) Spectra of a single monomer particle spin-
coated from a toluene—isopropanol mixture over time and selected normalized spectra at several time
points chosen to highlight emission from the blue satellite. (D) Jablonski diagram, showing emissive
properties of observed aggregates. Weakly J-coupled aggregates are expected to demonstrate red
emission, similar to the solution-phase monomer. Weakly H-coupled aggregates are expected to
be non-emissive due to rapid internal conversion to the non-emissive lower exciton level. Strongly
H-coupled aggregates will possess a large energetic splitting between the upper and lower exciton
bands that will slow internal conversion, allowing weak emission from the upper exciton state.
(E) Schematic representation of the organic, ultralong, room-temperature phosphorescence (OURTP)
mechanism in H-aggregation. (F) OURTP (545 nm) decay curve of pCNPhCz at room temperature.
The images are reproduced with permission from [32,63,64].

In H-aggregates, the excitons are in a higher excitation state with a larger energy
gap, and when they transition back to the ground state, they undergo a rapid internal
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conversion process that transfers them to an optically forbidden dipole state. During this
process, non-radiative species gradually accumulate, and ultimately, the system relaxes to
the ground state through further internal conversion [32] (Figure 3D). Although the optical
transition to the low exciton state is forbidden in most H-aggregates, fluorescence can still
be observed under certain special conditions. For example, some studies have observed
a redshifted fluorescence emission from H-aggregates, indicating that the fluorescence
originates from the low exciton state. This phenomenon could be due to factors such as
changes in the intermolecular stacking angle, solvent effects, or external perturbations that
break the symmetry of the system, allowing for partial radiative transitions from the low
exciton state [65,66].

Some studies have also reported the rarely observed phenomenon of blue-shifted
emission from H-aggregates [67]. For example, Goldsmith et al. [32] found fluorescence
emission originating from the higher exciton state when studying H-aggregates formed by
functionalized BODIPY molecules (Figure 3B,C). They noted that the emission from the
higher exciton state is associated with strong coupling in H-aggregates. In these aggregates,
the large energy gap between the high and low exciton states leads to a significant reduction
in internal conversion, allowing the excitons to directly emit from the high exciton state
(Figure 3D). This phenomenon violates the Kasha rule (which states that photons are
typically emitted only from the lowest excited state). Another phenomenon of H-aggregate
luminescence was reported by the research teams of Fan and Chen [64]. They discovered an
H-aggregate afterglow luminescence and quantitatively analyzed the effect of H-aggregate
formation on organic afterglow properties using exciton theory. They found that the
organic afterglow was caused by a transition-allowed high-energy radiative transition:
triplet excitons, captured by the H-aggregates, overcame the exciton splitting energy under
thermal assistance and transitioned from the transition-forbidden low-energy state (dark
state) to the transition-allowed high-energy state (bright state) of the H-aggregate, resulting
in room-temperature organic afterglow emission (Figure 3E,F).

2.3. Aggregation-Induced Emission

Aggregation-induced emission (AIE) refers to the phenomenon where certain
molecules exhibit weak or no luminescence in dilute solution but show significantly en-
hanced emission in aggregated or solid states [68]. In fact, AIE is not a completely new
concept. As early as 1853, Stokes observed that some inorganic salts exhibited strong lumi-
nescence in the solid state but showed weaker emission in solution, a phenomenon similar
to AIE [69]. However, due to the lack of in-depth theoretical explanation and exploration
of potential applications at the time, AIE did not receive significant attention. It was not
until 2001 that Tang et al. [68] systematically revealed the AIE phenomenon by studying
methylpentaphenylsilane, a compound rich in molecular rotor groups, laying the founda-
tion for AIE research. In their study, the molecule was almost non-emissive in solution but
showed a significant increase in luminescence intensity when forming nanoscale aggregates
(Figure 4A,B). Further research showed that AIE-active groups exhibit active intramolecular
motions in the excited state, particularly intramolecular rotational movements, which can
accelerate non-radiative decay, leading to fluorescence quenching in the solution state.
Specifically, in solution, intramolecular rotation and vibration can promote non-radiative
pathways, thus suppressing emission. However, when these molecules aggregate or are
in the solid state, the intermolecular interactions restrict the intramolecular rotation and
vibration, suppressing non-radiative decay and enhancing the emission.
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Figure 4. (A) PL spectra of methylpentaphenylsilane in water—ethanol mixture (90:10 by volume),
absolute ethanol, and solid film; concentration of 1:10 uM; excitation wavelength (nm): 381 (for
solutions) and 325 (for film). The 100-times magnified data gave a noisy spectrum. (B) Quan-
tum yield of methylpentaphenylsilane vs. solvent composition of the water—ethanol mixture.
(C) Tetraphenylethene (TPE) is non-emissive when dissolved but becomes emissive when aggregated
due to the restriction of intramolecular rotations (RIRs). (D) Cyclooctatetrathiophene (COTh) shows
AIE activity due to the restriction of intramolecular vibration (RIV) in the aggregated state. The
images are reproduced with permission from [68,70].

Based on this, Tang et al. proposed the “Restriction of Intramolecular Rotation” (RIR)
mechanism [70] as the fundamental principle to explain the AIE phenomenon. To further
explain AIE systems that do not contain molecular rotors, Tang et al. introduced the
“Restriction of Intramolecular Vibration” (RIV) mechanism, suggesting that intramolecular
vibrations can also promote non-radiative decay. The RIV mechanism complements the
RIR mechanism by indicating that even in the absence of molecular rotors, intramolecular
vibrational motions may influence fluorescence quenching. Ultimately, the RIR and RIV
mechanisms were integrated into a more comprehensive explanatory framework—the
“Restriction of Intramolecular Motion” (RIM) mechanism (Figure 4C,D)—which has been
widely accepted as the primary mechanism underlying AIE phenomena [71]. According
to the RIM mechanism, any strategy that limits the intramolecular motion of luminescent
molecules can theoretically enhance their emission properties [72]. The unique luminescent
characteristics of AIE molecules have led to their broad application prospects in fields
such as fluorescence imaging, biosensing, photosensitizing drugs, and optoelectronic
devices [70].

3. Biological Applications of NIR-II Organic Molecular Aggregates

In the past decades, many organic molecules have been rationally designed and self-
assembled into aggregates, which exhibit unique and excellent photophysical properties.
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These aggregates show great potential for applications in bioimaging, disease diagnosis,
and treatment. This section summarizes some of the types of organic molecular aggregates
that have been reported and provides relevant examples to illustrate their characteristics
and application areas (Figure 5 and Table 1).

r L P

Heptamethine
cyanine

\/NS”"S‘\N/ OO OO

i
]

]

]

|

) |

OO Oy o . O !
O N{S,\N ! N, s N !
© cﬁHG\D/©/ W O 9 @O/CEHU .

]

]

]

]

|

N
TPABT-TD o Q TPE-BT-BBTD

Figure 5. Structures of the representative organic molecule for self-assembled aggregates.

Table 1. The optical properties and application of aggregates in Figure 5 (n.a. = not available).

Aggregates Molecules Type Aabs/Aem [nm] QYs [%] Applications Refs
Vessel imaging and the Zhane et al
FD-1080 J-aggregates FD-1080 J-type 1360/1370 n.a. detection of 5 v
. . 2019 [47]
inflammation
Heptamethine 1007 /1009 Multiplexed PAI and Zhao et al.,
CYJ1007, CYJ1059 etal. - " ine J-type 1059/1060 /921 El imaging inanimals 2024 [73]
. . PAI and deep-tum- Liu et al.,
BisBDP2 J-aggregate BisBDP2 J-type 1300/n.a. n.a. or PTT 2022 [26]
.. . Huetal,
BDP-NO@PEG-b-PCL BDP-NO J-type 820/n.a. n.a. Anti-infection therapy 2022 [74]
Kobayashi

Activatable in vivo

Av-TAMRA TAMRA H-type 520/n.a. n.a. molecular imagin etal.,

olecuiar imaging 2009 [75]
Fan and Chen

DCNPhCz NPs DCNPhCz H-type 544 /593 8.6 Live-cell imaging etal.,
2019 [64]
. Yin et al.,
QCy NPs QCy H-type 648 /n.a. n.a. PAI-guided tumor PTT 2022 [76]
Lietal,

TPE-SQ7 NPs TPE-SQ7 H-type 635/n.a. n.a. PDT and PTT

2024 [27]
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Table 1. Cont.
Aggregates Molecules Type Aabs/Aem [nm] QYs [%] Applications Refs
NIR-IIb FL imaging of Tang et al.,
2TT-0C26B NPs 2TT-0C26B AIE-type 730/1031 11.5 blood vasculature 2020 [77]
FL and Tang and
TPE-BBT PLNPs TPE-BBT AlIE-type 660/955 31.5 chemiluminescence Zhang et al.,
(CL)-based bioimaging 2022 [78]
FL, PAI, and Wane et al
TPABT-TD NPs TPABT-TD AIE-type 1025/1328 na. photothermal & v
. . . 2024 [79]
imaging-guided PTT
TPE-BT- 3 FL imaging-guided Liao et al.,
BBTD@PM NPs BBTD AlE-type 993/1305 na PTT of tuberculosis 2024 [80]

3.1. Applications of Organic Molecular Aggregates in In Vivo Imaging

In recent years, J-aggregates have shown tremendous potential in imaging applications
such as angiography, drug delivery, and biomarker indication [17,46,59,81-90]. For instance,
in 2019, Zhang et al. [47] successfully developed FD-1080 J-aggregates, which were formed
by self-assembled FD-1080 and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
(Figure 6A). Transmission electron microscope (TEM) images and dynamic light scattering
(DLS) showed uniform and monodispersed J-aggregates with a size of 110 &= 10 nm. This
J-aggregate exhibited absorption and emission characteristics beyond 1300 nm, which were
bathochromically shifted about 300 nm compared to the FD-1080 monomer (Figure 6B).
In vivo bioimaging of hindlimb and cerebral vasculature demonstrated that J-aggregates
achieved a higher spatial resolution and signal to background (SBR) beyond the 1500 nm
window (Figure 6C), which were successfully employed to monitor dynamic changes in the
carotid arteries of hypertensive rats following the administration of the antihypertensive
drug Isoket (isosorbide dinitrate) (Figure 6D,E).

In 2024, Zhao et al. [73] successfully synthesized more than ten types of J-aggregates
with extremely sharp spectral bandwidths (full width at half maximum < 38 nm) by in-
troducing trifluoroacetyl and benzyl substituents at the meso-position of a heptamethine
benzindolecyanine molecule backbone. By fine-tuning the benzyl group, they achieved
precise modulation of the optical properties of the J-aggregates (Figure 6F). The crystallo-
graphic data revealed the molecular packing of the J-aggregates, offering valuable insights
into the molecular organization and its influence on the optical characteristics. Further-
more, some of these J-aggregates have been successfully applied in NIR-II fluorescence
and PA multispectral imaging of multiple organs in vivo, demonstrating their potential for
advanced biomedical imaging (Figure 6G,H).

H-aggregates typically result in broadened absorption bands, reduced absorbance,
and fluorescence quenching [91]; thus, its disassembly corresponding to dye monomer
fluorescence recovery was used for luminescence imaging. For example, in 2009, Kobayashi
et al. [75] conjugated rhodamine derivatives (R6G and TAMRA) with Avidin, a protein
targeting the d-galactose receptor, and Trastuzumab, an antibody targeting the HER2 /neu
antigen (Figure 7A). In fluorescence endoscopic molecular imaging experiments, researchers
injected the highly quenched probe (Avidin-TAMRA) and the minimally quenched probe
(Avidin—Alexa488) into mice with peritoneal ovarian metastases, respectively. The exper-
imental results demonstrated that the utilization of Avidin-TAMRA facilitated the clear
visualization of the tumor site with minimal background fluorescence, whereas the employ-
ment of Avidin-Alexa488 resulted in elevated background fluorescence, thereby hindering
the imaging of the tumor (Figure 7B). Consequently, the fluorescence burst mechanism of
H-aggregates can be employed to develop activatable in vivo molecular imaging probes,
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thus enhancing the specificity and sensitivity of imaging procedures. In 2019, Fan and Chen
et al. [64] successfully developed a series of CN-substituted phenylcarbazole isomer organic
afterglow materials through molecular design and H-aggregate engineering. The organic
afterglow was attributed to a transition-allowed high-energy radiative transition: triplet
excitons, captured by H-aggregates, transitioned from a low-energy forbidden state (Dark
state) to a high-energy allowed state (Bright state) under thermal assistance, resulting in
organic, ultralong, room-temperature phosphorescence (OURTP) with a lifetime of up to
0.92 s and a quantum efficiency of 8.6% (Figure 7C). The team also developed phosphors
(DCNPhCz NPs) for live-cell imaging (Figure 7D,E), which emitted light for several seconds
after excitation was removed. This characteristic made them particularly attractive for
cellular imaging, offering extremely low background noise in bioluminescent systems
(Figure 7F).
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Figure 6. (A) Structure of FD-1080 and DMPC. (B) Normalized absorption (solid lines) and emission
(dashed line) of FD-1080 monomer and J-aggregates. (C) Images of brain and hindlimb vessels
achieved by J-aggregates in varied regions. (D) Schematic illustration of the hypotensive process.
(E) Dynamic bioimaging of carotid artery after administration of Isoket beyond 1500 nm window
achieved by J-aggregates. (F) Fine-tuning the benzyl group enables spectral regulation of J-aggregates.
(G) Normalized absorption spectra of 1@3-LG, CYJ981@F127, and CYJ1059@F127, along with rep-
resentative NIR-II fluorescence images excited at 808, 980, and 1064 nm, and the merged image at
76 min (in the supine position). BL: bladder; IN: intestine; LV: liver. Scale bar: 1 cm. (H) Normalized
optoacoustic intensities for the three dyes, with dashed vertical lines indicating the 13 irradiation
wavelengths for three-color in vivo imaging, and representative 3D MSOT images reflecting the
biodistribution of the three dyes in a mouse at 62 min. Scale bar: 0.5 cm. The images are reproduced
with permission from [47,73].
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Figure 7. (A) Schema of quenching and activation mechanism employing H-dimer formation after
binding to the protein. (B) In vivo fluorescence endoscopic images in tumor-bearing mice enhanced
by Av-Alexa488 (above) and Av-TAMRA (below). The pink arrow heads show the tumor nodules.
The tumors were clearly visualized with the activatable probe Av-TAMRA. In contrast, Av-Alexa488,
an always-on probe, showed high background signal and high fluorescence from excess injectate
in the peritoneal cavity (green arrow). (C) Schematic representation of the OURTP mechanism in
H-aggregation. (D) Top—down route to prepare DCNPhCz NPs. (E) Diameter distribution, and
TEM images of DCNPhCz NPs. (F) Confocal laser scanning microscopy images of living HeLa cells
incubated with the NPs. The yellow channels were acquired by collecting the luminescence from
525 to 625 nm under the excitation of a 405 nm laser. (G) Schematic illustration of 2TT-0oC26B NPs.
(H) Comparison of NIR-II fluorescence signals for whole-body imaging of living mice in an area
close to the liver under different LP filters treated with 2TT-oC26B NPs. (I) Schematic illustration of
rational design of NIR-II AIEgens with ultrahigh quantum yields for photo- and chemiluminescence
imaging. (J) Schematic illustration of chemiluminescence (CL) imaging of the arthrosis in mice.
(K) Signal-to-background ratios (SBRs) of the CL intensity in the ROI as a function of post-injection
time after the injection of TPE-BBT and TPA-BBT CLNPs. ** p < 0.01; data represent means + SD;
n = 3. The images are reproduced with permission from [27,64,75-78].

Extending the conjugation length of organic dyes is a common strategy to achieve
redshifted emission. However, when these large m-conjugated systems are in aggregated
states or nanoparticle forms, as commonly encountered in biological applications, strong
intermolecular 7 interactions often lead to fluorescence quenching [92]. In contrast, AIE
aggregates exhibit strong fluorescence in the aggregated state, demonstrating significant
potential for applications. In 2020, Tang et al. [77] successfully prepared nanoparticles
(NIR-IIb NPs) based on the 2TT-0C26B molecule using the twisted intramolecular charge-
transfer (TICT) and AIE strategies, which were applied for high-quality in vivo NIR-IIb
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fluorescence imaging (Figure 7G). The emission spectrum of the NIR-IIb NPs extended to
1600 nm with an exceptionally high fluorescence quantum yield (QY), reaching 11.5% across
the entire NIR-II region (1000-1600 nm), and even in the NIR-IIb region (1500-1600 nm),
the QY remained 0.12%. Furthermore, NIR-IIb NPs not only provide a research platform
for NIR-IIb fluorescence imaging of the blood vasculature and intestinal tract but also
offer new insights into the development of organic molecules with an ultralong emission
wavelength and high brightness (Figure 7H).

In 2022, Tang and Zhang et al. [78] collaborated to design and synthesize the AIE-active
NIR-II emissive dye TPE-BBT and its methoxy derivative TPEO-BBT, using tetraphenylethy-
lene (TPE) as the electron donor to replace triphenylamine (TPA) in the molecular design.
They investigated the applications in fluorescence and chemiluminescence (CL)-based
bioimaging. Using IR-26 as a reference with a fluorescence quantum yield (QY) of 0.5%,
TPE-BBT and TPEO-BBT exhibited ultrahigh relative QYs of 31.5% and 23.9% in water,
respectively. Further investigation revealed that the crystals of TPE-BBT exhibited an abso-
lute QY of 10.4%, which is also the highest absolute QY reported for NIR-II organic small-
molecule dyes (Figure 71I). In arthrosis inflammation imaging using NIR-II CL nanoparticles
(NPs), TPE-BBT generated strong NIR-II CL signals, with a peak SBR of about 130 in the
inflammation area, remaining above 10 even after 62 min. TPE-BBT CLNPs outperformed
TPA-BBT in CL imaging, highlighting the importance of NIR-II energy acceptor QYs. These
results demonstrate TPE-BBT’s great potential for CL imaging and sensing (Figure 7],K).

3.2. Application of Organic Dye Aggregates in Disease Diagnosis and Treatment

J-aggregates show great potential in the diagnosis and treatment of tumors, inflamma-
tion, and other complex diseases [93-98]. In 2022, Liu et al. [26] successfully prepared the
BisBDP2 J-aggregate based on BisBDP2 molecules (Figure 8A). The BisBDP2 J-aggregate
exhibited an absorption peak around 1300 nm (Figure 8B), along with exceptional pho-
tothermal conversion performance, featuring strong PA signals and a high photothermal
conversion efficiency of 63% (Figure 8C). In vivo experiments demonstrated that BisBDP2
J-aggregates exhibited significant potential in PA imaging and deep-tumor photothermal
ablation (Figure 8D-F). PA imaging enabled precise tumor localization, facilitating efficient
PTT and significantly suppressing tumor growth (Figure 8G-I). This study establishes a
solid foundation for the development of NIR-II-absorbing J-aggregates and provides strong
support for their broad application in future biophotonics technologies.

In 2022, Hu et al. [99] developed a novel NIR J-aggregate based on BDP-NO molecules
(Figure 8],K), which exhibited both an exceptional photothermal conversion efficiency and
the ability to release nitric oxide (NO). Through molecular dynamics simulations, it was
shown that the BDP-NO molecules could self-assemble with PEG-b-PCL diblock copoly-
mers in aqueous solutions, forming stable J-aggregates. In this system, the hydrophobic
BDP-NO molecules were encapsulated within the micellar core of the PEG-b-PCL nanopar-
ticles, which provided a favorable environment for their assembly (Figure 8N,O). The
J-aggregate not only exhibited a high photothermal conversion efficiency under NIR light
but also had the unique ability to release NO upon irradiation (Figure 8L,M). The photother-
mal effect enabled the BDP-NO J-aggregate to efficiently eliminate pathogens and disrupt
bacterial biofilms by releasing NO, thereby further enhanced the therapeutic effect. The
experimental results showed that this combined treatment strategy has good inhibitory ef-
fects on various drug-resistant strains, providing a new approach for anti-infection therapy
(Figure 8P).
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Figure 8. (A) Chemical structures of BDP1, BDP2, BisBDP1, and BisBDP2 and schematic illustration
of the PA imaging-guided PTT in the NIR-II window using BisBDP2 J-aggregates. (B) J-aggregation
behavior of BisBDP2 in tetrahydrofuran—ethanol binary solvents with varied volumetric fractions of
ethanol (fg). (C) Photothermic heating curves of BisBDP2 NP dispersions under 1208 nm irradiation
for 10 min followed by cooling to room temperature. Inset: Linear correlation of the cooling times
versus negative natural logarithm of driving force temperatures. (D) PA images of the orthotopic
liver tumor at different times after injection of BisBDP2 NPs at the tail vein. (E) PA intensity from
(D) plotted as a function of time after injection. (F) PA images of major organs under 1260 nm
irradiation at 6 h post-injection of PBS and BisBDP2 NPs at the tail vein. (G) Infrared thermal imaging
of orthotopic liver tumor mice treated with PBS and BisBDP2 NPs exposed to 1208 nm laser recorded
at different time intervals, respectively. (H) Temperature profiles of tumor site as a function of
irradiation time. (I) Relative orthotopic liver tumor fluorescence intensity of the mice during different
treatments. (J) UV-vis spectra of micellar nanoparticles of NP-1-NP-5. (K) Evolution of UV-vis
spectra of NP-1-NP-5 under WL irradiation. (L) Cumulative NO release determined using Griess
assay of NP-2, NP-4, and NP-5 micelles under WL irradiation. (M) Temperature changes of aqueous
dispersions of NP-2, NP-4, and NP-5 micelles under 808 nm laser irradiation. (N) Top and (O) side
views of BDP-NO J-aggregates within PEG-b-PCL micelles. (P) Photographs of cutaneous wounds
of MRSA-infected mice receiving various treatments. The images are reproduced with permission
from [26,74].
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H-aggregates, due to the unique molecular stacking structure, significantly enhance
the non-radiative transition efficiency of molecules and show great potential in disease
treatment, particularly in PTT. H-aggregates can efficiently convert light energy into heat,
enabling precise tumor ablation. In 2022, Yin et al. [76] developed stable H-aggregate
nanoparticles (QCy NPs) based on a quinoline cyanine (QCy) with symmetric rigid pla-
nar structures (Figure 9A). In aqueous solution, the planar QCy were able to form close
m—m molecular stacking, facilitating self-assembly into stable H-aggregates at low concen-
trations. QCy NPs significantly enhanced the photostability and photothermal conversion
efficiency of the monomeric molecules, with the photothermal conversion efficiency increas-
ing from 20.1% (non-H-aggregated) to 63.8% (QCy NPs) (Figure 9A,B), which achieved
efficient PA imaging-guided tumor PTT at a low dosage (Figure 9C-F).

In 2024, Li et al. [27] developed a stable H-aggregate (TPE-SQ7 NPs) based on the
supramolecular photosensitizer TPE-SQ7 in nonpolar solvents and aqueous solutions.
The TPE-SQ7 NPs effectively suppressed the radiative transition process, promoting non-
radiative transitions and intersystem crossing (ISC) (Figure 9G). Under 635 nm laser ir-
radiation, they achieved high photothermal conversion efficiency (54.2%) and generated
significant amounts of type I ROS (¢OH) (Figure 9H). In vitro and in vivo experiments
demonstrated that even in hypoxic conditions, the TPE-SQ7 NPs exhibited excellent anti-
tumor efficacy, making them ideal candidates for combined PDT and PTT (Figure 91-L).
This study provided in-depth insights into the mechanism by which H-aggregates en-
hance type I PDT and offered valuable guidance for the development of supramolecular
photosensitizers for combined PDT and PTT treatments.

AIE aggregates exhibit exceptional properties, such as strong fluorescence and en-
hanced photothermal and photodynamic effects in the aggregated state, making them
highly promising for various therapeutic applications, particularly in PDT and PTT [99,100].
In 2024, Wang et al. [79] introduced an innovative AIE molecule, TPABT-TD (Figure 10A),
which possesses NIR-II absorption capabilities and demonstrates remarkable fluores-
cence, photoacoustic, and photothermal effects. This molecule was designed for tri-modal
imaging-guided NIR-II PTT of tumors. Through intramolecular donor-acceptor (D-A)
interactions and AIE characteristics, the absorption peak and emission peak of TPABT-TD
were located at 1025 nm and 1328 nm, respectively (Figure 10B,C). When TPABT-TD was en-
capsulated into water-dispersible nanoparticles (TPABT-TD NPs) (Figure 10E), the resulting
nanoparticles exhibited significantly enhanced properties. Under 1064 nm laser irradiation,
these nanoparticles showed a high photothermal conversion efficiency of up to 68.98%
(Figure 10D), which was a critical factor in achieving effective tumor ablation through
photothermal therapy. The strong photothermal effect enabled the precise targeting and
destruction of tumor cells while minimizing the damage to surrounding healthy tissues
(Figure 10E-G).

In 2024, Liao et al. [80] synthesized a molecule with AIE properties, TPE-BT-BBTD. Its
fluorescence emission range extended to the NIR-IIb region and also exhibited efficient
photothermal conversion capability. The researchers encapsulated TPE-BT-BBTD in a poly
(lactic-co-glycolic acid) (PLGA) core using a nanoprecipitation method and then coated
the nanoparticles’ surface with the macrophage membranes stimulated by Mycobacterium
marinum through a coextrusion process, resulting in the formation of BBTD@PM nanopar-
ticles (PM stands for pre-activated macrophage membrane) (Figure 11A). After intravenous
injection of BBTD@PM NPs into H37Ra-induced pulmonary tuberculosis (TB) mice, the
NPs rapidly accumulated in the pulmonary granulomas and successfully achieved precise
in situ imaging of individual granulomas. Furthermore, the NPs were able to selectively
penetrate into the necrotic regions of granulomas, specifically targeting M. tuberculosis
through receptor-ligand binding. By irradiating the thoracic cavity with 1064 nm laser, the
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photothermal effect of BBTD@PM was activated, not only achieving targeted eradication
of M. tuberculosis but also effectively alleviating pathological damage and decreasing the
inflammation levels of lung tissues (Figure 11B). This strategy demonstrates significant
advantages over conventional first-line antibiotic combination therapies and offers new
insights for the clinical management of drug-resistant and drug-sensitive tuberculosis,
showing great potential for application.
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(C) PA imaging in vivo at various times after intravenous injection of QCy NPs. (D) Photothermal im-

ages of 4T1 tumor-bearing mice injected intravenously with QCy NPs, ACy NPs, and PBS under 660 or
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Normalized PL intensity 0

808 nm irradiation. (E) Change in tumor volume with time for each group of mice during treatments.
(F) Images of tumors at the end of treatment. (G) Supramolecular H-aggregates of squaraines with
enhanced type I photosensitization for combined PTT and PDT. (H) Schematic illustration of PTT/PDT
of TPE-SQ6 and TPE-SQ7 NPs. (I) Schematic illustration of combined PDT and PTT treatment for
a subcutaneous 4T1 tumor model in mice. (J) Time-dependent relative tumor growth curves of
4T1 tumor-bearing mice with different treatments. (K) Average tumor weights of 4T1 tumor-bearing
mice under different treatments. (L) Photographs of tumor tissues from different treatments. The
images are reproduced with permission from [27,76].
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Figure 10. (A) The designed phototherapeutic molecules via subtle donor engineering. (B) Normal-
ized photoluminescence spectra of the molecules dissolved in THF solution. (C) The plots of relative
PL intensity (I/Ip) of the obtained compounds versus different water fractions. Iy and I are the values
of PL intensity at maximum peak in THF and THF /water mixtures, respectively. (D) PCE calculation
of TPABT-TD NPs (100 pM). (E) Diagrammatic drawing of the encapsulation of NIR-II absorbing
AIE nanoparticles and their application in photothermal eradication of orthotopic 4T1 breast tumor.
(F) NIR-II FLI and NIR-II PAI of tumors at 0 and 12 h after treatment with TPABT-TD NPs. (G) PTI of
4T1 tumor-bearing mice at 0 and 8 min post-injection of TPABT-TD NPs under continuous 1064 nm
laser irradiation at 12 h post-injection. The images are reproduced with permission from [79].
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Figure 11. Schematic diagram of (A) BBTD@PM NP preparation and (B) BBTD@PM NP-mediated
lesion—pathogen dual targeting and NIR-IIb imaging-guided PTT for TB. EPR, enhanced permeability
and retention; i.v., intravenous injection; TNF-«, tumor-necrosis factor-o; IFN-vy, interferon-y. The
images are reproduced with permission from [80].

4. Conclusions and Perspectives

Overall, compared to monomers, organic molecular aggregates exhibit unique ad-
vantages in NIR-II imaging and disease treatment. These aggregates not only overcome
interference in complex biological environments more effectively but also offer tunable spec-
tral properties with more stable, stronger optical performance. They hold great promise
for clinical applications due to their convenient functionalization, great flexibility, and
good biocompatibility.

However, organic NIR-II aggregates still face challenges, especially in terms of optical
stability and fluorescence quantum yield. Compared to inorganic probes, such as quantum
dots or complexes of lanthanides and other metals, organic aggregates tend to have poorer
optical stability, with prolonged exposure potentially leading to photobleaching or signal
attenuation, affecting their performance in long-term imaging. Furthermore, the fluores-
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cence quantum yield of organic NIR-II aggregates is generally lower than that of inorganic
probes, which results in lower sensitivity and resolution for deep-tissue imaging. Moreover,
considering the complexity of aggregate vectorization, controlling their aggregation states
and maintaining their stabilities within the body remain a challenge. The environment and
biological surrounding may affect the aggregation and dissociation process and impair
their performance.

In the future, addressing these challenges may be achieved by optimizing their molec-
ular structures to improve the optical stability and fluorescence quantum yield of NIR-II
aggregates. Enhancing intermolecular interactions and improving aggregate stability
would help boost their application in biomedical fields. Additionally, by introducing mul-
tifunctional strategies and combining organic NIR-II aggregates with other imaging and
therapeutic technologies, multimodal imaging techniques could be developed to further
enhance their performance in deep-tissue imaging, targeted therapy, and precise diagnosis.
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