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A B S T R A C T   

As one of the major public health concerns, malignant tumors threaten people’s lives. With the increasing de-
mand for early accurate diagnosis and the safe treatment of tumors, non-invasive optical imaging (including 
fluorescence imaging and photoacoustic imaging) and phototherapy (including photothermal therapy and 
photodynamic therapy) have received much attention. In particular, light in the near-infrared second region 
(NIR-II) has been attracting research interest, owing to its deep penetration, minimal tissue autofluorescence, and 
decreased tissue absorption and scattering. Among all biological materials, organic nanomaterials with 
aggregation-induced emission (AIE) properties have attracted significant attention, owing to various incompa-
rable advantages, such as high brightness, good photostability, tunable photophysical properties, and good 
biosafety. To modulate the working optical region of AIE molecules to the NIR-II region, many researchers have 
tried a variety of methods in recent years, and the focus of this review is to summarize the three most common 
methods from the perspective of molecular design strategies. In addition, this article briefly reviews the recent 
five-year progress of NIR-II AIE luminophores in tumor imaging and phototherapy applications. The research 
status is also summarized and prospected, with the hope of contributing to further research.   

1. Introduction 

Phototherapy agents, including photosensitizers (PSs) and photo-
thermal agents (PTAs), are a class of materials that absorb photon en-
ergy after light irradiation and subsequently participate in energy or 
electron transfer; this class of agents has been studied in great depth. As 
depicted in the Jablonski diagram—used to elucidate the fundamental 
principles of molecular photophysics—in Fig. 1, electrons in the ground 
state (S0) undergo excitation to the singlet excited state (Sn) after photon 
absorption followed by a fast internal conversion (IC) process to the 
lowest singlet excited state (S1). Owing to their poor stability in S1, the 
electrons release energy via different pathways. These include fluores-
cence produced by direct radiative decay from S1 to S0, which can be 
used for fluorescence imaging (FLI), and a nonradiative process to S0 
that converts light to heat for application in photothermal therapy (PTT) 
and photoacoustic imaging (PAI). Moreover, they can change from S1 to 
the lowest triplet state (T1) by intersystem crossing (ISC) followed by a 

similar transition from T1 to S0 in three ways: By radiative decay to 
generate phosphorescence for anti-counterfeiting and encryption, 
slightly by thermal deactivation pathway or by energy/electron transfer 
to produce reactive oxygen species (ROS), which is favorable for 
photodynamic therapy (PDT) [1]. At present, commonly used photo-
therapy agents can be divided into two categories, namely inorganic and 
organic agents. Inorganic agents include upconversion nanoparticles 
[2], metal nanorods [3], carbon nanomaterials [4], quantum dots [5]. 
On the other hand, organic agents are mainly semiconducting polymers 
[6] and small organic molecules [7]. Inorganic phototherapy agents 
generally exhibit good absorbance properties and photostability, 
excellent photothermal conversion efficiency (PCE) [8], and high singlet 
oxygen (1O2) generation capacity [9]. However, effective clinical 
translation is hindered by their potential cytotoxicity and lack of 
biodegradability. In contrast, biosafe and degradable organic agents 
have received extensive attention [10]. Different from polymers with 
unclear structures and poor synthesis reproducibility, small molecules 
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that are easily processed and modified have become the focus of this 
research field. 

An ideal phototherapy agent should have the following basic char-
acteristics: It should 1. be easy to synthesize and modify, 2. have low 
dark toxicity and discernible phototoxicity, 3. display selective enrich-
ment in the target area, and 4. exhibit good biocompatibility and 
biodegradability. However, these basic features alone cannot satisfy the 
wide application of phototherapy agents, especially in the treatment of 
tumors with complex microenvironments. In general, luminescent ma-
terials are applied in the solid state. Traditional organic fluorescent 
chromophores are mostly molecules with large π-conjugated systems, 
resulting in strong luminescence when free, but in fluorescence 
quenching when aggregated. Compared to conventional luminescent 
materials, which exhibit the highly detrimental aggregation-caused 
quenching (ACQ) that limits their sensitivity, stability, and effective-
ness [12], phototherapy agents equipped with aggregation-induced 
emission (AIE) possess enhanced photosensitization ability in the 
aggregated or solid state [13]. Since its conception in 2001 [14], AIE has 
attracted considerable attention and extensive research interest. AIE 
luminogens (AIEgens) exhibit growing luminescence at high concen-
trations because of their strong anti-π–π stacking, while emitting faintly 
or no luminescence in dilute solutions. This can be explained by re-
striction of intramolecular motion (RIM): the molecular motion in dilute 
solution is flexible, and excited state energies are strongly dependent on 
the dissipation by nonradiative decay, whereas upon aggregation, 
intramolecular motion is restricted, resulting in high luminescence. 
Because of their excellent advantages of distinguished brightness, good 
photobleaching resistance, and a large Stokes shift [15], AIEgens with 
reduced cytotoxicity and remarkable biocompatibility show great value 
in bioimaging and therapeutics at the cellular and animal levels. How-
ever, many designed AIEgens cannot meet the requirements to cover all 
types of scenarios, owing to their limited penetration depth, which im-
pedes deep tissue imaging and therapy. Light in the second near-infrared 
window (NIR-II) is considered an effective way to solve this problem. 

Compared to the visible optical (400–700 nm) and first near-infrared 
window (NIR-I, 700–1000 nm), the NIR-II window (1000–1700 nm) 
displays minimal tissue autofluorescence levels, improved spatial reso-
lution, and a higher signal-to-background ratio (SBR) because of the 
decreased NIR-II light absorption and photon scattering, which is 
conducive to high quality bioimaging. Moreover, light in the NIR-II 
window has a very weak interaction with biological tissues, displaying 
minimal phototoxicity and significantly higher tolerance compared to 
short-wavelength light [16] (Fig. 2B–C). In addition, as shown in 
Fig. 2A, NIR-II possesses the advantage of deep penetration (5–20 mm) 
[17], which is superior to the shallow penetration depths of visible (~1 

mm) and NIR-I (1–3.5 mm) light [18,19]. NIR-II light also displays a 
higher maximum permissible exposure (MPE; 1 W/cm2, 1064 nm) than 
does NIR-I light (0.33 W/cm2, 808 nm) [20], which is more suitable for 
deep in vivo tumor therapy. The absorption or emission wavelengths of 
AIEgens with high fluorescence quantum yields (QYs) are driven to the 
NIR-II region, which narrows the distance between theory and practice 
to make it possible for clinical applications. To date, great efforts have 
been devoted toward developing NIR-II AIE-based phototherapy agents, 
and there are several review articles involving NIR-II AIEgens that have 
been published [21–23]. These reviews tend to describe 
structure-property relationships. For biological applications, they 
describe more about FLI and PTT. Different from them, the focus of our 
review is as follows: (1) It describes how to extend the absorption/e-
mission of AIEgens to the NIR-II region using rational strategies from the 
perspective of molecular design. (2) In addition to PTT, it also introduce 
PDT and even synergistic phototherapy, highlighting the advantages of 
multi-modality imaging and synergistic phototherapy. (3) It provides a 
more comprehensive introduction to the advances in tumor imaging and 
treatment (including FLI, PAI, PTT, and PDT) of NIR-II phototherapy 
agents with AIE effect in the past five years. 

2. Design of NIR-II AIEgens 

AIE molecules have one common feature: A twisted propeller-like 
structure with aromatic rings that can rotate freely around it [26]. 
1-Methyl-1,2,3,4,5-pentaphenylsilole, the first reported molecule with 
AIE properties [14], aroused widespread interest and led to the study of 
the mechanism by which it differs from the traditional ACQ phenome-
non. In contrast to ACQ molecules (e.g., planar perylene), archetypal 
AIE molecules (e.g., hexaphenylsilole (HPS)) are nonplanar. This 
discrepancy in molecular structure is thought to be responsible for the 
difference in emission behavior [27]. For HPS, the six phenyl rotors 
undergoing dynamic intramolecular rotations render the molecule 
non-emissive, wherein the internal energy is consumed non-radiatively 
in dilute solution [28]. On the other hand, owing to rotating restriction, 
luminescence is observed in the aggregates [1]. This restriction of 
intramolecular motion (RIM), which consists of the restriction of intra-
molecular rotation (RIR) and restriction of intramolecular vibration 
(RIV), is generally accepted to explain the unusual AIE phenomenon. 
Inspired by this, a series of AIE-based molecules have emerged. Among 
them, triphenylamine (TPA) derivatives, tetraphenylethylene (TPE), 
and TPE derivatives have important research significance in the con-
struction of AIE compounds because of their typical twisted 
propeller-shape structures. Although the exploration of AIE has been 
relatively thorough, reports on NIR-II AIEgens are still scarce. It is not 

Fig. 1. Jablonski diagram. Reproduced with permission from the publisher Ref. [11].  
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difficult to find that the emission of most AIEgens is currently below 800 
nm. This short wavelength is not conducive to biological applications, 
owing to low spatial resolution and SBR, and much less to high-quality 
tumor imaging and treatment of deep tissues. Thus, expanding the op-
tical working region to the NIR-II window is considerably important. In 
this review, three main approaches are summarized. 

2.1. Adjustment of the degree of conjugation 

The energy band gap (ΔEST) refers to the energy gap between the 
singlet state (S) and the triplet state (T), and the bathochromic shift of 
the absorption and emission spectra is caused by ΔEST reduction, which 
is due to the separation between the highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) [29]. 
Because the energy level distribution is directly related to the π-conju-
gated system of the fluorophores, precise tuning of the π-conjugated 
structure is a general strategy to achieve a wavelength redshift [1]. 

Adjusting the rigidity of the structure enables prolongation of the 

fluorophore absorption and emission wavelengths. Li et al. [30] put 
forward a “ring-fusion” approach by increasing the rigidity and 
planarity of the core to extend the π-conjugation degree (Fig. 3A). By 
fusing two phenyls in 6,7-diphenyl- [1,2,5]-thiadiazolo [3,4-g] 
quinoxaline (DPTQ), they successfully prepared dibenzo [a,c] [1,2,5] 
thiadiazolo [3,4-i]phenazine (TQP). The results indicate that the 
maximum absorption and emission of the fused-ring-comprising TTQP 
are 683 and 1078 nm, respectively, while those of the non-fused TTQ-DP 
are located at 623 and 912 nm (Fig. 3B); this redshift of 166 nm suc-
cessfully shifted the emission spectrum from NIR-I to NIR-II. Subse-
quently, to compare the AIE performance of these two fluorophores, 
they measured the AIE effect values (αAIE, I/I0). They observed that the 
calculated value of TTQP (4.4) is higher than that of TTQ-DP (3.4), 
indicating that the AIE effect of TTQP is better (Fig. 3C). Structural 
fusion not only achieved a redshift as expected, but also unexpectedly 
achieved a higher AIE effect. In addition, this group analyzed their 
molecular optical properties through theoretical calculations. As shown 
in Fig. 3D, the electron densities of the HOMO is mainly distributed 

Fig. 2. A) Schematic illustration of the wavelengths and tissue penetration depths of fluorophores for bioimaging. Reproduced with permission from the publisher 
Ref. [24]. B) Function of the scattering coefficients (μs

′) of different tissues in the 400–1700 nm range. C) In vitro autofluorescence spectroscopy of mouse liver, 
spleen, and heart tissue. Reproduced with permission from the publisher Ref. [25]. 
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between the two TPAs, while that of the LUMO is concentrated on the 
electron-deficient core and alkyl-substituted thiophene. Owing to the 
enhanced electron delocalization of the core, the calculated LUMO of 
TTQP is lower, which effectively leads to a smaller ΔEST (Fig. 3D). 

Studies have shown that increasing the conjugation length can help 
shorten the ΔEST, and the commonly used methods involve adding a 
methylene segment or introducing thiophene as a π-bridge [31,32]. 
When constructing NIR-II AIEgens, the main way to extend wavelength 
is the introduction of thiophene. Moreover, the heteroatom sulfur of 
thiophene can promote intermolecular and intramolecular interactions 
in the aggregated state, which strongly rigidify the molecular confor-
mation and intensify the fluorescence by taking the advantage of the 
RIM effect [33]. Xu et al. synthesized three novel conjugated molecules, 
each of which contained 0–2 thiophene units (Fig. 4A). As shown in 
Fig. 4C, the absorption maxima of the three molecules are almost the 
same, at approximately 640 nm, and their emission extends with the 

increase in the thiophene number. In the aggregated state, the strongest 
emission peak of TAM, without a thiophene unit, appears at 818 nm. 
When the number of thiophene units increases from 1 to 2, the emission 
maximum increases from 874 nm to 950 nm. Fig. 4D illustrates that 
nearly half of the emission spectrum of TSSAM has entered the NIR-II 
region. As the fraction of the poor solvent—toluene—increased, the 
emission intensities of these three molecules also increased, showing 
typical AIE properties (Fig. 4B). 

Molecules with long wavelengths are generally dominated by planar 
structures, which tend to display ACQ. To prevent these molecules from 
stacking during aggregation, alkyl chains can be added to increase steric 
hindrance. Nevertheless, the difference in the position of the alkyl chain 
can bring about dramatic changes. Liu et al. [34] achieved the transition 
from the ACQ of 2 TT-mC6B to the AIE of 2 TT-oC6B by constitutional 
isomerization (Fig. 5D). Despite the twisted TPA of 2 TT-mC6B, the 
coplanarity of the backbone formed by the binding of thiophene and the 

Fig. 3. A) Design of the “ring-fusion” strategy to form TTQP from TTQ-DP. B) Absorption and fluorescence spectra of TTQP and TTQ-DP. C) Variation in PL intensity 
(I/I0, αAIE) in THF/water mixtures (10 μM). D) Theoretical calculations of the HOMOs and LUMOs. Reproduced with permission from the publisher Ref. [30]. 
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core leads to strong intermolecular interactions. When the hexyl chains 
move from the meta-to the ortho-position (Fig. 5A), the molecular 
backbone of the similar 2 TT-oC6B also becomes distorted, exhibiting 
typical AIE properties. The optimized S0 geometry visually shows that 
the dihedral angle between the thiophene and core of 2 TT-mC6B is only 
1◦, indicating that there is almost no repulsion between the two seg-
ments. However, the dihedral angles of 2 TT-oC6B are 48◦ and 25◦, 
effectively blocking the stacking (Fig. 5B). 

2 TT-mC6B has a longer wavelength because of its more planar 
structure, but also displays ACQ. On the other hand, twisted 2 TT-oC6B 
displays a slight hypsochromic shift (Fig. 5C), but is endowed with the 
AIE effect. Taking all these observations into account, Liu et al. [35] 
proposed a Janus strategy that combined flat and twisted structures 
(Fig. 6A). Thus, synthetic 2 TT-m, oC6B possesses AIE properties 
(Fig. 6F–G), and its emission wavelength extends to the NIR-II region as 
desired (Fig. 6C and E). Compared with 2 TT-oC6B, the maximum ab-
sorption of 2 TT-m, oC6B is red-shifted by 54 nm and is located at 750 
nm. Moreover, as shown in Fig. 6B and D, the absorption wavelength of 
2 TT-m, oC6B is not as long as that of 2 TT-mC6B. Density functional 
theory (DFT) calculations also showed that the ΔEST of 2 TT-m, oC6B 
was centered, further proving the double influence of planarity and 
distortion (Fig. 6H). 

Adjustment of the degree of conjugation is widely used as an effec-
tive means to drive the absorption and emission wavelengths to NIR-II. 
However, as the planarity of the molecules increases, the ACQ perfor-
mance becomes significant. Moreover, with the increase in the conju-
gation length, the solubility of the molecules becomes a problem, which 
also increases the difficulty of synthesis. In addition, although 

appropriately extending the conjugation length can significantly 
improve the photophysical properties, the effect becomes limited when 
the conjugation is further increased. Therefore, it is necessary to find 
other suitable methods to achieve the same goal but at the same time 
avoid the above potential adverse results. 

2.2. Construction of the D-A structure 

When an electron-deficient acceptor (A) is connected with an 
electron-rich donor (D), an electron push-pull effect occurs, resulting in 
the strong charge transfer inside a molecule with D-A configuration. This 
intramolecular charge transfer (ICT) is conducive to narrowing of the 
ΔEST. For such molecules, a stronger D or A is more beneficial to enhance 
the ICT process, effectively promoting the wavelength redshift. 

Li et al. [36] achieved a redshift of the emission by introducing 
stronger donors. They chose 6,7-diphenyl- [1,2,5]thiadiazolo [3,4-g] 
quinoxaline (DPTQ) as A, and then attached D—phenothiazine 
(PTZ)—on either side of DPTQ to attain the D-A-D molecule DPTQ-PTZ. 
Based on DPTQ-PTZ, they added other donors to create two new mole-
cules: DPTQ-PTZTPE and DPTQ-PTZTPA (Fig. 7A). The added TPE and 
TPA not only act as D to further increase the charge transfer, but also as 
rotors to prevent molecules from stacking during aggregation to obtain 
the AIE effect (Fig. 7C–E). From Fig. 7B, it can be seen that the ab-
sorption of DPTQ-PTZTPE and DPTQ-PTZTPA is red-shifted after adding 
TPE/TPA. In THF, the emissions for all three molecules are in the NIR-II 
region, and the emission maxima of the TPE/TPA-connected molecules 
(1017/1068 nm) are unsurprisingly longer than that of DPTQ-PTZ 
(1014 nm). Between DPTQ-PTZTPE and DPTQ-PTZTPA, the latter 

Fig. 4. A) Chemical structure of TAM, TSAM, and TSSAM. B) Changes of the PL intensity (I/I0, αAIE) in the DMSO/toluene mixtures. C) Normalized UV–vis–NIR 
absorption spectra of TAM, TSAM, and TSSAM films. D) Fluorescence spectra of their aggregates at a concentration of 10 μM. Reproduced with permission from the 
publisher Ref. [33]. 
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emissions are stronger, because the electron donating ability of TPA is 
stronger than that of TPE. It can also be seen intuitively from Fig. 7F that 
the ΔEST of DPTQ-PTZTPA is the smallest (1.76 eV) of the three. 

Since Dai’s group [37] first reported the synthetic NIR-II organic 
fluorophore CH1055, benzo [1,2-c:4,5-c’]bis ([1,2,5]thiadiazole) 
(BBTD), one of the most acclaimed strong electron acceptors, has been 
widely used to construct functional NIR-II fluorescent probes. To date, 
most of the reported NIR-II AIE molecules are based on the D-A-D 
structure using the well-known BBTD as the acceptor [38,39]. It has 
been proved that replacing the sulfur element of BBTD with the more 
electron-donating element selenium helps reduce ΔEST [40]. With this in 
mind, Wu et al. [41] realized the extension of emission from NIR-I to 
NIR-II (Fig. 8B–E). Based on previous research, a BPBT-like molecule 
with methoxy-substituted TPE conjugated to BBTD presented a main 
emission wavelength of 857 nm in THF [42]. Under the same conditions, 
the selenium-replaced BPST exhibits a longer wavelength (Fig. 8A), and 
both BPBT and BPST exhibit AIE characteristics (Fig. 8F–G). When the 
water fraction reaches 90%, the I/I0 of BPST is more than five times 
larger than that of BPBT, and BPST shows a stronger AIE performance. 
Similarly, altering only the chalcogens (O, S, and Se) in the donors or 
π-bridges of molecules sharing the same construction reveals the 
important role of individual atoms in regulating the emission wave-
length of NIR-II [43]. To attain a stronger A, Li et al. [44] introduced 
heteroatoms to the core to minimize ΔEST and enhance electron delo-
calization. In comparison with TTQT (3.35 eV) and TTQPL (3.34 eV), 

TTQiT, in which the acceptor is replaced by iso-thiophene, displays the 
lowest ΔEST (3.31 eV). 

The introduction of the D-A structure promotes the formation of ICT. 
By enhancing the electron-donating ability of D or the electron- 
withdrawing ability of A, ΔEST can be further shortened, thereby red- 
shifting the absorption and emission. However, a conventional D-A-D 
molecule has an inherent defect due to the poor overlap of HOMO and 
LUMO, namely, a low molar extinction coefficient (MEC), which leads to 
weak absorption of light and insensitive photosensitive reactions. 

2.3. Molecular engineering: J-aggregation 

The D-A structure leads to an increased separating degree of HOMO 
and LUMO, resulting in a smaller MEC. To achieve high MECs and the 
long wavelength simultaneously, J-aggregation molecular engineering 
can be applied. J-aggregates are a class of ordered aggregates in a head- 
tail sliding stack arrangement, and this molecular assembly results in 
distinct red-shift absorption along with enhanced fluorescence intensity 
[45]. Zhang et al. [46] developed a fluorescent probe, THPP, consisting 
of a dibodipy with a high MEC (ε = 2 × 105 M− 1 cm− 1) (Fig. 9A). When 
THPP was in the J-aggregated state, its absorption/emission was 
enhanced, reaching a maximum wavelength of 970/1010 nm (Fig. 9D), 
wherein the emission peak was redshifted by 80 nm (Fig. 9B). The 
additional TPA moiety endows THPP with AIE properties. In polar sol-
vents, the dispersed THPP has a low QY because of the freely rotating 

Fig. 5. A) Chemical structures of 2 TT-mC6B and 2 TT-oC6B. B) Optimized S0 geometries. C) Absorption and PL spectra of 2 TT-mC6B and 2 TT-oC6B. D) Curves of 
ɑAIE versus water fraction. Reproduced with permission from the publisher Ref. [34]. 
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TPA, whereas in non-polar solvents, where molecular motion is 
restricted, the QY of THPP becomes high (Fig. 9C). The results showed 
that the fluorescence intensity of THPP in J-aggregation is more than 
55-fold higher than that in pure THF (Fig. 9E–G). 

Although J-aggregation promotes wavelength redshift, it is still not 
easy for molecules with high MECs to achieve the goals of AIE and NIR-II 
simultaneously. To our knowledge, eligible articles are scarce. In this 
regard, further in-depth exploration is essential. 

Fig. 6. A) Chemical structures of 2 TT-mC6B, 2 TT-m, oC6B, and 2 TT-oC6B. B) Absorption spectra of the molecules in THF. C) PL spectra of the molecules in THF. D) 
Absorption spectra of the molecules in an aggregate. E) PL spectra of the molecules in an aggregate. (F, G) Variation in the PL intensity (I/I0, αAIE) of the molecules in 
THF/water mixtures with different water fractions. H) HOMO and LUMO energy levels of the molecules. Reproduced with permission from the publisher Ref. [35]. 
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Fig. 7. A) Chemical structures of DPTQ-PTZ, DPTQ-PTZTPE, and DPTQ-PTZTPA. B) Normalized UV–vis–NIR absorption spectra of the molecules. Variation in the PL 
intensity of (C) DPTQ-PTZ, (D) DPTQ-PTZTPE, and (E) DPTQ-PTZTPA (12 μg/mL). F) Theoretical calculations of the HOMOs and LUMOs. Reproduced with 
permission from the publisher Ref. [36]. 
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3. Biomedical applications 

As a class of luminophores with unique emission, AIEgens are widely 
used in biological imaging, especially for FLI. Although the generation of 
fluorescence competes with the energy release of other channels, 
through rational molecular structure design AIE-based phototherapy 
agents can achieve a balance between radiative and non-radiative 
decay. This enables the generation of good PCE and ROS, which 
further broadens their potential applications in PAI and even in PTT and 
PDT. 

3.1. Bioimaging 

3.1.1. NIR-II FLI 
Traditional medical imaging methods, such as X-ray computed to-

mography (CT), magnetic resonance imaging (MRI), positron emission 
tomography (PET), and single-photon emission computed tomography 
(SPET), cannot meet the precise diagnosis of complex tumors because of 
limitations in safety and sensitivity [47]. Owing to its excellent char-
acteristics of noninvasion, high sensitivity, intuitive visualization, and 

real-time features, FLI is an important tool that has been widely used in 
biomedical research [48]. Compared to the traditional biological win-
dow, which ranges from the visible optical region to the NIR-I window, 
NIR-II fluorescence imaging is superior in terms of lower photodamage, 
diminished autofluorescence, and deeper penetration [49], advantages 
that make it highly promising for in vivo applications. 

Zeng et al. [50] developed a nanocomposite probe (BH–NO2@BSA) 
composed of a small molecule (BH–NO2) and bovine serum albumin 
(BSA) for the bioimaging of orthotopic hepatic tumors. Although the 
absorption of BH–NO2 at 680–900 nm is not strong, and there is almost 
no emission at NIR-I/II (Fig. 10B), in the presence of nitroreductase, the 
nitro group of BH–NO2 is converted to an amino group (Fig. 10A). This 
results in a strong absorption band for BH–NH2 with maximum emis-
sions of 791 (680 nm excitation) and 923 nm (808 nm excitation). As 
illustrated in Fig. 10C, the fluorescence signal of NIR-I indicates that the 
probe can indeed fluoresce at the site of orthotopic liver tumors. Com-
parison of the NIR-I and NIR-II images clearly shows that the tumor 
boundary in the latter is more pronounced. This is because NIR-II irra-
diation has lower autofluorescence and light scattering, resulting in 
higher image effects. 

Fig. 8. A) Chemical structures of BPBT and BPST. Absorption spectra of (B) BPBT and (C) BPST. Emission spectra of (D) BPBT and (E) BPST. Variation in the PL 
intensity (I/I0, αAIE) of (F) BPBT and (G) BPST in THF/water mixtures. Reproduced with permission from the publisher Ref. [41]. 
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Benign tumors do not metastasize; however, malignant tumors are 
prone to metastases, and the formation of metastases is the main cause of 
death in most cancer patients [51]. Metastatic tumors are difficult to 
detect early because of their small size and nonspecific histology [52]. In 
addition, tiny metastatic tumors are mostly devoid of blood vessels and 
have a low enhanced permeability and retention (EPR) effect [53], 
making it difficult for fluorescent probes to efficiently accumulate into 
metastatic tumor areas. Therefore, there is an urgent need for a tech-
nology that can combine the specific detection of small tumor lesions 
with imaging techniques to achieve accurate diagnosis. By preparing an 

NIR-II luminophore with high fluorescence brightness and suitable size, 
Zhou et al. [54] successfully realized real-time detection of metastatic 
ovarian cancer by NIR-II fluorescence imaging. High QY (5.4%, using 
IR-26 as a reference) NIR-II Pdots with absorption/emission maxima at 
710/1020 nm changed into NIR-II Pdots-GnRH after modification with 
hormones capable of targeting ovarian tumors (Fig. 11A–B). Fig. 11C 
illustrates that although both NIR-IIPdots and NIR-PdotsGnRH accu-
mulate in the subcutaneous ovarian tumor area due to the EPR effect, 
NIR-II Pdots-GnRH accumulates faster and is retained longer than the 
NIR-IIPdots. Further in vivo studies of peritoneal metastases revealed 

Fig. 9. A) Quadrant diagram for the special AIE and 
J-aggregation properties of THPP. B) Absorption 
spectra and PL spectra of THPP in dichloromethane. 
C) PL spectra in different organic solvents. AIE char-
acteristics and the typical characterization of J-ag-
gregation in THF/H2O mixed solution. D) Absorption 
spectra of THPP (5 μM) and (E) PL intensity of THPP. 
(F, G) Fluorescence intensities and wavelengths of 
THPP in different ratios of THF/H2O solutions. 
Reproduced with permission from the publisher 
Ref. [46].   
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that NIR-IIPdots-GnRH could clearly identify small (≈2 mm) metastatic 
tumor lesions (Fig. 11D). Similar results were obtained for lymphatic 
metastases: The mean fluorescence intensity of all lymphatic metastases 
(NO.1, 3, 11) was higher than that of normal lymph nodes (Fig. 11E). 
These results offer hope for diagnosing retroperitoneal lymph node 
metastases commonly found in ovarian cancer patients. 

Because of the large span of the entire NIR-II region, it can be further 
subdivided into narrower subwindows. NIR-IIa (1300–1400 nm) and 
NIR-IIb (1500–1700 nm), two subwindows of the second near-infrared 
window, avoid interference from the overtone absorption peak of 
water vibrational OH stretching at approximately 1450 nm [55], offer-
ing much better imaging quality. Fluorophores based on small organic 
molecules with emission wavelengths exceeding 1300 nm or 1500 nm 
for fluorescence imaging have rarely been reported, with even fewer 
NIR-II AIEgens. Following the innovative use of HQL2 for NIR-IIa and 
NIR-IIb bioimaging of blood vessels [56], many researchers are also 
working to develop NIR-IIa and even NIR-IIb high-quality imaging. To 
date, the applicable long-wavelength NIR-II AIEgens are mainly used for 
vascular imaging (including cerebral blood vessels) [57], and can also be 

used for non-invasive hysterography [58]. Undoubtedly, the imaging 
effect of NIR-IIb is the most superior of the entire NIR-II range. However, 
owing to the difficulty in designing AIEgens with ultra-long wavelengths 
and high QY, further exploration is imperative. 

3.1.2. Dual-modal imaging 
PAI, also known as photoacoustic tomography (PAT) or multispectral 

optoacoustic tomography (MSOT) [59], is an emerging biomedical im-
aging method that associates photoexcitation with acoustic detection. Its 
principle is that when the pulsed laser is irradiated on the biological 
tissue, the endogenous chromophore and exogenous contrast agent in 
the tissue absorb the light energy, heat up, and expand instantly to 
generate ultrasonic waves. At this time, the ultrasonic probe located on 
the surface of the tissue receives the ultrasonic waves and reconstructs 
the light energy absorption distribution image inside the tissue accord-
ing to the received signals. Compared with the fluorescence signal, the 
ultrasonic signals generated by PA-based probes are less weakened by 
the biological medium and thus realize deeper penetration. FLI with 
excellent sensitivity is superior to PAI, while PAI compensates for the 

Fig. 10. A) Chemical structure of BH–NO2@BSA and its response to nitroreductase. B) Absorbance, NIR-I (excitation at 680 nm), and NIR-II (excitation at 808 nm) 
fluorescence spectra for BH–NO2, BH–NO2@BSA solution, and BH–NO2@BSA solution after incubation with nitroreductase. C) NIR-I fluorescence images and NIR-II 
images of the mouse with an orthotopic liver tumor after intravenous injection of BH–NO2@BSA. Reproduced with permission from the publisher Ref. [50]. 
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Fig. 11. A) Schematic illustration of the preparation of tumor-targeted NIR-II Pdots. B) UV–vis and fluorescence spectra of NIR-II Pdots in water. C) Time course of 
NIR-II fluorescence images of living tumor-bearing mice injected with 200 μL (1 mg/mL) NIR-II Pdots and NIR-II Pdots-GnRH. D) Optical photo of a human ovarian 
adenocarcinoma peritoneal metastases model i), corresponding NIR-II fluorescence bioimaging results obtained at 48 h PI ii), enlargement of the NIR-II nanoprobe- 
labeled large peritoneal metastatic tumors (No. 1 and 2) iii), and average S/N ratio of the peritoneal metastatic tumors iv). E) Optical photos i) and NIR-II fluo-
rescence images ii) of the ovarian lymphatic metastases mode obtained at 48 h PI and the optical photos iii) and NIR-II fluorescence images iv) of the resected lymph 
node tissues (No. 1–11) in vitro. Reproduced with permission from the publisher Ref. [54]. 
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Fig. 12. A) Synthetic route of TB1-RGD dots. B) Absorbance and fluorescence spectra of TB1-RGD dots. C) PL intensity of TB1 in THF/water mixtures with different 
water fractions. D) Non-invasive NIR-II fluorescence imaging (1000LP, 100 ms) results of mouse brain under 808 nm illumination (60 mW/cm2). E) Ultrasound (US) 
images and PA imaging of an orthotopic brain tumor using TB1 dots and TB1-RGD dots. Reproduced with permission from the publisher Ref. [61]. 
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lower penetration depth of FLI, targeting to obtain clear deep tissue 
information. Thus, the combination of these complementary strengths in 
a single imaging unit facilitates basic research and satisfies the re-
quirements of clinical diagnostics. 

With the help of a rotor-rich structure, the excitation energy of 
AIEgens tends to be consumed through nonradiative decay, thereby 
enhancing PA performance. Therefore, AIEgens are qualified candidates 
for dual-modal imaging (FLI + PAI). Liu’s group [60] first attempted to 
achieve AIEgens with dual-modal imaging function, and demonstrated 
that the synthetic molecule TPETPAFN, containing TPE units, exhibits 
higher PA intensity than its analog TPAFN, which does not comprise TPE 
units. Further, they reported a novel NIR-II fluorophore (TB1) with AIE 
characteristics for NIR-II FLI and NIR-I PAI orthotopic brain-tumor im-
aging [61]. Formulated TB1 dots possess maximum emission at 975 nm 

together with a high fluorescence QY of 6.2% (using IR-26 as a refer-
ence) and large NIR absorptivity (Fig. 12B). After targeting c-RGD 
coating (Fig. 12A), decorated AIE dots (TB1-RGD dots) with high SBR 
(4.4) exhibited a 4.5-fold enhanced fluorescence intensity, demon-
strating enhanced tumor uptake (Fig. 12C–D). Likewise, the PA intensity 
of TB1-RGD dots was stronger than that of TB1 dots after injection. 
Twenty-four hours post-injection, the PA signals of both reached the 
highest level, and the tumor area, with a depth of up to 2.0 mm, could be 
clearly seen from the images of the TB1-RGD dots (Fig. 12E). Benefiting 
from the complementary advantages of the dual modalities, they ach-
ieved the localization depth of the tumor in the brain tissue, thereby 
allowing precise brain tumor diagnosis. 

Xu et al. [62] also designed an NIR-II AIEgen (DTPA-TBZ), as a 
contrast agent of dual-modal imaging. FA-DSPE-PEG2000-modified AIE 

Fig. 13. A) Schematic illustration of the preparation process of DTPA-TBZ-based AIE dots. B) Relative PL intensity (I/I0, αAIE) of DTPA-TBZ in a THF/water mixture 
with different water fractions. C) UV–vis absorption and PL spectra of the DTPA-TBZ-based AIE dots. (D, E) Time-dependent tumor FLI/PAI in mice using the DTPA- 
TBZ-based AIE dots (808 nm, 1 W/cm2). Reproduced with permission from the publisher Ref. [62]. 
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dots presented a fluorescence emission maximum at 929 nm and an 
absorption peak at 652 nm (Fig. 13A–C). Using IR-26 as reference, the 
measured QY of the AIE dots was as high as 11.1%. Fig. 13D reveals that 
after intravenous injection of the AIE dots, the fluorescence intensity at 
the tumor site gradually increased with their continuous accumulation 
and reached a maximum at 6 h after injection. Owing to the stronger 
penetration of photoacoustics and its high SBR (Fig. 13E), the tumor 
boundary and depth obtained by PAI are visibly clearer. The PA signals 
change accordingly over time, suggesting PAI has potential for 
long-term tracking. These results indicate that DTPA-TBZ has strong 
absorption and high emission, exhibiting remarkably enhanced NIR-II 
FL/NIR-I PA effects. 

3.2. Theranostics 

Malignant tumors are a major public health concern and the second 
leading cause of death worldwide, with the number of cases increasing 
annually. At present, surgery, chemotherapy, and radiotherapy are the 
three main methods of clinical tumor treatment; however, these have 
serious side effects, such as severe damage to healthy tissue and easy 
postoperative recurrence [63]. In recent decades, scientists have been 
developing more effective tumor treatments. Phototherapy including 

PTT and PDT, which involves the activation of locally utilized photo-
therapy agents, has attracted much attention because of its high selec-
tivity and safety; thus, it is gradually becoming a necessary method for 
cancer treatment [64]. As is well known, AIEgens stand out in the probe 
field because of their unique emission characteristics. However, with the 
expansion of the AIEgen community and further study of their mecha-
nism, AIE fluorophores also show infinite prospects for treatment. 

Theranostics—first proposed by John Funkhouser in 
1998—creatively integrates diagnostic imaging and therapy on a single 
platform and is a growing medical technology that has drawn broad 
interest in both research and clinical fields. The flexible use of thera-
nostics allows target detection, drug distribution monitoring, and 
treatment response assessment, thereby witnessing the transformation 
of medicine from traditional to modern, personalized, and precise [65]. 
The convenience of single injection and irradiation in theranostics 
greatly shortens the long process from diagnosis to treatment and en-
hances the safety and accuracy of the entire process. To realize more 
effective tumor treatments in complicated biological environments, the 
luminescence properties of “two-in-one” nanoplatforms are essential 
[66]. 

Fig. 14. A) Schematic diagram of the preparation and application of brain-targeted ApoE-Ph NPs. B) Absorption and PL spectra of Ph NPs. C) Variation in PL in-
tensity of the molecule with fw. D) NIR-II imaging comparison of various concentrations of Ph NPs using different bandpass filters. E) NIR imaging of capillary tubes 
filled with Ph NPs and covered with different thicknesses of chicken breast using a 1550 nm filter. F) Tumor growth in mice bearing orthotopic GBM tumors as 
assessed by monitoring bioluminescence after treatment with PBS, ApoE-Ph NPs, Ph NPs with irradiation (+L), or ApoE-Ph NPs + L on various days (n = 5). 
Reproduced with permission from the publisher Ref. [71]. 
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3.2.1. FLI-guided PTT 
PTT is an emerging minimally invasive therapeutic modality that 

converts absorbed light into heat energy through PTAs, thereby locally 
increasing tumor temperature and achieving a tumor ablation effect 
[67]. PTT is widely acclaimed due to its short treatment time (approx-
imately a few minutes), remarkable therapeutic effect, and small side 
effects on the human body [68]. The strong fluorescence properties 
conferred by AIEgens enable AIE-based PTAs to be applied in FLI-guided 
PTT. As two non-invasive techniques, PTT and FLI have greater potential 
ability in tumor treatment than invasive surgery, which cannot 
completely eradicate the tumor. 

The bulk of brain tumors, particularly glioblastoma (GBM), are 
complicated by the difficulty in distinguishing tumor boundaries. 
Moreover, the blood–brain barrier (BBB), which blocks the passage of 
therapeutic drugs to the brain, increases therapy difficulties [69]. Deng 
et al. [70] prepared biomimetic nanorobots—NK@AIEdots—in which 

AIE-active polymers were coated with a natural killer (NK) cell mem-
brane. The AIE dots passed through the BBB effectively and succeeded in 
targeting the brain tumor with exceptional brightness. The NIR-II QY 
was approximately 7.9% in water (using IR-26 as a reference), and the 
PCE was measured to be 45.3% when irradiated by a 0.3 W/cm2, 808 nm 
laser. Wang et al. [71] also committed to the theranostics of GBM. Based 
on the design principle of “skeleton distortion + molecular rotor,” they 
produced a new AIE molecule that balanced fluorescence and PTT 
(Fig. 14A and C). Under 808 nm irradiation, the self-assembled nano-
particles (NPs) expanded their emission to 1575 nm, with a maximum at 
1015 nm (Fig. 14B). Up to a wavelength of 1500 nm, the fluorescence 
signals can still be seen, and the NPs exhibit concentration dependence 
(Fig. 14D). Assisted by a 1550 nm band-pass filter, which is the longest 
reported to date, the NPs afforded high-resolution and high-quality 
fluorescence images, and the outline of the capillary can be distin-
guished at a depth of 6 mm (Fig. 14E). Experiments demonstrated that 

Fig. 15. A) Schematic illustration of the TICT state in solution and the aggregation state for PA imaging-guided PTT. B) IR thermal images of the NIRb14 NPs (100 
μM) and GNRs under 808 nm laser irradiation (0.8 W/cm2) for different durations. C) Normalized absorption spectra in THF. D) Maximum emission wavelength (λem) 
in different solvents. E) Transverse section views of the PA images of tumor sites before (0 h) and after intravenous injection of NIRb14-PAE/PEG or NIRb14-PEG NPs 
(660 μM based on NIRb14) in mice at the indicated time intervals. The region in the red dotted half-ellipse indicates the tumor location. F) Tumor growth curves of 
mice in different treatment groups. Reproduced with permission from the publisher Ref. [72]. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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Fig. 16. A) Schematic illustration of BNET. BALB/c mice bearing DiD-labeled CT26-Luc tumor were intravenously injected with BNET NPs-FITC. After 24 h, an 
incision was made in the abdominal skin of the mouse under anesthesia to expose the cecum and adjacent area. NIR-II live imaging (top), NIR-II imaging of the whole 
tissue section (middle), and histological analysis (bottom) of (B) a primary tumor and (C) a metastatic tumor lesion in the cecum of mice. D) Kaplan–Meier survival 
curve of mice bearing an orthotopic CT26-Luc tumor following different treatments. E) Tumor growth curves of mice bearing orthotopic Panc-1-Luc pancreatic cancer 
following different treatments, measured by bioluminescence. Data are mean ± SD (n = 5). Reproduced with permission from the publisher Ref. [81]. 
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Fig. 17. A) Characterization of DPBTA-DPTQ NPs. B) Absorption and emission spectra of DPBTA-DPTQ NPs. (C) NIR-II FLI, (D) PAI, and (E) PTI of HepG2 tumor- 
bearing mice after intravenous injection at different monitoring times. Time-dependent (F) tumor growth and (G) body weight curves of HepG2 tumor-bearing mice 
during the treatment. (H) NIR-II FLI and (I) PTI of B16–F10 tumor-bearing mice after intravenous injection of DPBTA-DPTQ NPs at different monitoring times. Time- 
dependent (J) tumor growth and (K) body weight curves of B16–F10 tumor-bearing mice during the treatment. Reproduced with permission from the pub-
lisher Ref. [82]. 
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Fig. 18. A) Schematic illustration of the molecular structure, nanofabrication, and versatile phototheranostic application. B) Normalized emission spectra of NPs in 
aqueous solution. C) NIR-II FLI and PAI of tumor tissue at different monitoring times after administration of TSSI NPs. D) PTI showing the heating temperatures at the 
tumor sites of tumor-bearing mice during continuous NIR irradiation 12 h post TSSI NP injection. E) Time-dependent tumor growth curves of tumor-bearing mice 
with various treatments (n = 6, *p < 0.001). p: probability in statistics; * is stand for significant difference. Reproduced with permission from the publisher Ref. [84]. 
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additional peptide ApoE-wrapped NPs (ApoE-Ph NPs) with targeting 
capability induced 9.55% U87 cell death without irradiation and 
97.56% cell death after irradiation, showing excellent specificity and 
high photothermal properties in vitro. Further in vivo studies showed 
that ApoE-Ph NPs accumulated in the GBM after 6 h of injection, and 
monitoring found that the signal of the ApoE-Ph NPs + L group was the 
lowest (Fig. 14F), inhibiting tumor growth and showing a satisfactory 
tumor ablative effect. 

3.2.2. FAI-guided PTT 
Twisted intramolecular charge transfer (TICT) is a common optical 

physical process that enhances non-radioactive transition in D-A-type 
conjugate molecules, resulting in red-shifted emission and excellent 
photothermal properties. Adjustment of the TICT can promote the 
dissipation of excited state energy in the form of heat, to realize PTT and 
obtain the PAI of the same root. Liu et al. [72] discovered that intensive 
molecular motion is conducive to dark TICT formation, so that photo-
thermal performance is enhanced concurrently (Fig. 15A). The intro-
duction of long alkyl chains inhibits intermolecular interactions and 
preserves intramolecular motion in the aggregation state. Consequently, 
NIRb14, which has long branched chains, exhibits better photothermal 
properties than do short-chain counterparts. They reported that as the 
polarity of the solvent was increased, the maximum emission of NIRb14 
increased from 1030 nm in toluene to 1115 nm in dimethylformamide 
(DMF), with an absorption peak at 822 nm in THF (Fig. 15C and D). 
Using PEG-b-PCL as a shell, the temperature of NIRb14 NPs in aqueous 
solution increased to 78 ◦C after 5 min of laser irradiation. Notably, 
these NPs displayed a much stronger photothermal conversion capacity 
than gold nanorods (GNRs), as observed from the vividly visible images 
in Fig. 15B, and the PCE was determined to be 31.2%. Furthermore, 
newly prepared NIRb14 NPs with an additional acid-responsive copol-
ymer, PAE-b-PCL, enable the extension of blood circulation, strengthen 
the EPR effect, and improve tumor retention, resulting in excellent in 
vivo PTT potency guided by PAI (Fig. 15E–F). 

3.2.3. FLI-guided PDT 
PDT has been clinically approved to eliminate malignant tumor cells, 

owing to its advantages of short treatment time, reliable efficacy, non- 
resistance, and minimal invasiveness [65,73,74]. ISC would occur 
easily from S1 to T1 if the ΔEST is sufficiently small and is followed by the 
generation of ROS by reaction with environmental oxygen or substrates, 
which favors PDT. PDT can be divided into three types: 1) Type I PDT 
involves the generation of superoxide anions (O2•− ), hydroxyl radicals 
(•OH), and hydrogen peroxide (H2O2) caused by electron transfer or 
photoreactions based on hydrogen abstraction; 2) in type II PDT, 1O2 is 
produced by energy transfer [75]; and 3) in type III PDT, the newly 
discovered direct transfer of excited state energy is fully independent of 
oxygen to destroy RNA in cancer cells [76]. The ROS generated in both 
type I and type II PDT play a critical role in the regulation of physio-
logical functions [77], the production of which enables the death of 
tumor cells and the destruction of diseased tissues [78]. For PDT, PSs as 
the main component are exceedingly significant not only for their vital 
function in producing ROS, but also in guiding the position of light 
irradiation by the fluorescence signal [79]. Traditional PSs (e.g., 
porphyrin and phthalocyanine) tend to aggregate in aqueous media, and 
strong π-π stacking during aggregation reduces the efficiency of ROS 
generation [80], whereas AIE-based PSs are popular because they retain 
their photophysical and photochemical properties when aggregated 
[21]. 

To date, reports on NIR-II PDT have been limited because of the 
introduction of excessively strong D and A units, which effectively 
extend the emission to the NIR-II region but also lead to a shortage of 
1O2. Gao et al. [81] flexibly changed the widely used BBTD to benzo-
thiadiazoles to reduce the ability of the withdrawing electrons for effi-
cient 1O2 generation. They used a strategy of increasing steric hindrance 
by adding large substituents into the D-A systems for enhanced TICT 

(Fig. 16A). After the BNET molecules and bovine serum albumin (BSA) 
were assembled in a 1:5 (w/w) ratio, the fluorescence intensity of the 
prepared NPs reached an optimum value. The experimental results also 
reflected the accuracy of NIR-II imaging in both primary and metastatic 
tumors together with the excellent PDT effect of completely curing mice 
with primary colon or pancreatic cancer (Fig. 16B–E). 

3.2.4. Multimodal imaging-guided synergistic phototherapy 
Single-mode optical imaging and therapy can no longer meet the 

need for tumor therapy in complex and diverse environments; therefore, 
it is of great significance to develop drugs that can simultaneously 
realize multimodal tumor imaging and treatment. Through structural 
adjustment, Yan et al. [82] prepared the NIR-II luminophore 
DPBTA-DPTQ with both AIE and photothermal properties. The absorp-
tion and emission maxima of NPs in aqueous solution obtained by 
ultrasound-assisted nanocoprecipitation are 817 nm and 1125 nm, 
respectively (Fig. 17A–B). DPBTA-DPTQ NPs possess satisfactory pho-
tostability and biocompatibility together with an acceptable NIR-II 
fluorescent QY of 0.45% (using IR-26 as a reference) and a good PCE 
of 40.6%. To evaluate the killing properties of NPs against different 
cancer cells (HepG2/B16–F10), in vitro experiments demonstrated their 
excellent photothermal ability and good tolerance toward them. At 12 h 
post-injection, the FL and PA signals reached the maximum, showing a 
remarkable tumor targeting ability (Fig. 17C–D, 17H). After 2 min of 
laser irradiation, the photothermal image (PTI) showed that the tem-
perature of HepG2 tumor mice increased rapidly from 36.5 ◦C to 50.1 ◦C 
and stabilized at approximately 58.1 ◦C after 7 min. Moreover, the 
temperature of B16–F10 tumor mice could reach 57.5 ◦C (Fig. 17E and 
I), indicating the potential of NIR-II trimodal imaging. Experiments also 
showed that the tumor growth of mice injected with NPs was success-
fully inhibited (Fig. 17F and J). In addition, the NPs had no significant 
side effects and exhibited good biological safety (Fig. 17G and K). 

Although sole PTT/PDT has achieved good results in cancer treat-
ment, some limitations remain. With the explosive growth of a tumor, 
the blood supply inside it is severely insufficient, resulting in oxygen 
shortage [83]. This hypoxic environment obstructs the production of 
1O2 and further affects the efficacy of type II PDT, which is currently the 
main force of PDT. For PTT, the overexpression of heat shock proteins, 
stimulated when exposed to high temperatures, significantly reduces the 
PTT effect. Moreover, single PTT may cause the tumor to relapse easily 
because heat dissipates rapidly due to uneven distribution, thus hin-
dering further clinical applications. Therefore, the combination of PTT 
and PDT, which mutually makes up for their individual deficiencies, 
achieves the ideal effect of “1 + 1 >2.” 

Many of the currently constructed therapeutic drugs are “mixtures” 
that combine components with different functions into NPs. Owing to 
limitations such as poor reproducibility and unclear pharmacokinetics, 
this method is difficult to apply in clinical practice. Tang and Wang’s 
research group reported a method that enables multimodal imaging and 
synergistic phototherapy using just one molecule (Fig. 18A) [84]. The 
molecule, TSSI, comprises 1,3-bis(dicyanomethylidene)indane, TPA, 
and thiophene, and is endowed with strongly interacting D-A pairs and 
expansive π-conjugation. After DSPE-mPEG2000 coating, the formu-
lated TSSI NPs exhibited a long emission centered at 992 nm and 
excellent ROS generation performance, with a 250-fold emission in-
tensity of DCFH (Fig. 18B). It has been verified that the ROS species is 
•OH, which is a type I PDT. In addition, the calculated PCE of TSSI NPs is 
46.0% upon irradiation at 660 nm, 0.3 W/cm2 laser irradiation. Six 
hours post-injection, the fluorescence and photoacoustic signals 
increased gradually and reached a maximum 12 h post-injection 
(Fig. 18C). The PTI distinctly displayed that the temperature at the 
tumor site increased from 37.3 ◦C to 54.8 ◦C, further verifying the po-
tency in PTT (Fig. 18D). In contrast to the control group with lung 
metastases, in vivo experiments confirmed that the TSSI NPs + NIR 
irradiation group effectively inhibited the growth of lung tumors 
(Fig. 18E), showing excellent PTT/PDT efficacy guided by trimodal 
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Fig. 19. A) Schematic illustration of acceptor engineering of NIR-II imaging-guided AIE multi-model phototheranostic agents with mitochondria-targeting capability. 
B) Normalized photoluminescence (PL) spectra of. 
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imaging of FLI/PAI/PTI. 
Targeted therapy specifically kills tumor cells without harming the 

healthy tissue surrounding the tumor. As one of the largest organelles, 
mitochondria control the functions of cells and are closely related to cell 
survival and death [85]. The health problems caused by mitochondrial 
dysfunction have driven researchers to continue to explore 
mitochondrial-targeted therapies. Zhang et al. [86] achieved multi-
modal imaging-guided mitochondria-targeted phototherapy using an 
electron acceptor engineering strategy. The introduction of an acridi-
nium unit increased the ICT effect of the synthesized molecule (TPED-
CAc), thereby extending the absorption to the NIR-II window. The 
highly twisted TPE and diphenylamine ensure the AIE properties of 
TPEDCAc, and the lipophilic cationic properties provide mitochondrial 
targeting capability (Fig. 19A). In the aggregation state, TPEDCAc dis-
played a maximum emission of 980 nm with a QY of 0.4%, and the 
measured particle size was 70 nm (Fig. 19B–C). ROS species detection 
revealed that TPEDCAc generated a hybrid ROS of Types I and II. After 5 
min of laser irradiation, the temperature of aggregated TPEDCAc was 
raised to 47 ◦C, indicating satisfactory photothermal performance 
(Fig. 19D). As shown in Fig. 19E, in vivo experiments proved that it has 
multimodal imaging capabilities; FL and PA signals began to appear half 
an hour after injection, and it was also intuitively seen from the PTI that 
the temperature rose rapidly within 5 min. In addition to its excellent 
imaging potential, it showed good performance in synergistic therapy 
and successfully inhibited tumor metastasis with little harm to healthy 
tissue (Fig. 19F–G). 

TPEDCPy, TPEDCQu, and TPEDCAc in the aggregate state (10 ×
10− 6 m). C) Size distribution of TPEDCAc aggregates in an aqueous 
solution measured by dynamic light scattering. Inset: SEM image of the 
TPEDCAc aggregates. D) Temperature versus time plots of TPEDCPy, 
TPEDCQu, TPEDCAc, and PBS. E) NIR-II FLI, infrared thermal images, 
and PA imaging of MCF-7 tumor-bearing mice after intratumoral in-
jection of TPEDCAc aggregates. F) Growth curves of the xenografted 
MCF-7 tumors in mice (n = 5) after treatment with sole PBS, TPEDCPy, 
TPEDCQu, and TPEDCAc aggregates (1 × 10− 3 m, 20 μL), and laser 
irradiation. G) Body weight curves of the xenografted MCF-7 tumor- 
bearing mice after treatment. Reproduced with permission from the 
publisher Ref. [86]. 

4. Conclusions and outlook 

NIR-II AIEgens exhibit superior capabilities in both imaging and 
therapy, stemming from their unique emission properties of AIEgens and 
the inherent advantages of NIR-II, such as deeper penetration and higher 
MPE. After facile modification with amphiphilic micelle carriers, tar-
geting groups, and activated units, functionalized NIR-II AIEgens 
perform noticeably well in bathochromic shift and display satisfactory 
photostability and biocompatibility, better quality imaging, and long- 
term monitoring, which are advantageous for deep-tissue theranostics. 
In the past two decades, the AIEgen information library has been 
continuously improved and enriched. In addition to a summary of the 
rational strategies for the synthesis of NIR-II AIE molecules, this review 
presents several typical examples of NIR-II AIEgens, which achieve 
effective FLI, PAI, and even image-guided phototherapy by rationally 
tuning the balance of radiative and nonradiative decay. 

Although the rapid development of AIEgens for a variety of imaging 
and therapeutic applications in recent years has shown great potential, 
there are still some challenges that must be addressed before practical 
application. First, the properties of NIR-II AIEgens and NPs must be 
optimized as follows: 1) Low MEC. D-A-type molecules are often con-
structed to drive the wavelengths of AIE PSs to the NIR-II region. 
However, the MEC is generally low in this class of molecules and needs 
to be improved. Currently, the maximum absorption of most AIE ma-
terials is still located in the NIR-I region, resulting in limited NIR-II 
absorption intensity. 2) Poor QY. The centers of the existing NIR-II 
AIE PS emission spectra are concentrated below 1100 nm. Although 

the emission tails of some AIEgens have been reported to extend into the 
NIR-IIb region, the QY is generally low at just 0.3–2%, which severely 
impedes image quality and clinical applications. 3) Poor water solubil-
ity. Most AIEgens are hydrophobic, which leads to the need to encap-
sulate amphiphilic substances for them to survive well in aqueous 
environments. Nevertheless, this method is not the best approach 
because of its tedious fabrication process and poor repeatability. 
Designed molecules with good water solubility tend to be even more 
beneficial. Second, there is an urgent need to develop diverse NIR-II 
AIEgens. Most of the current NIR-II fluorophores regard BBTD as the 
acceptor and have a similar structure, which reduces the diversification 
of the molecular library. Third, it is important to design novel NIR-II 
AIEgens with the ability to target or respond to exoteric stimuli. To 
date, AIE nanoagents commonly accumulate in tumors through the EPR 
effect; however, just relying on the EPR effect is not conducive to the 
aggregation of small organic molecules. 

In summary, opportunities and challenges coexist for NIR-II AIEgens. 
Although some difficulties still need to be overcome, NIR-II AIEgens 
have shown superiority over traditional fluorophores and untapped 
potential as promising fluorescent materials. It is in full conviction that 
we predict that NIR-II AIEgens will be further developed to create more 
opportunities for clinical trials. 
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