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Architecting NIR-II Metal Supramolecular Dyes — Illuminating the 
Path to Precision Medicine
Fang Zhao,†abe Qiao Song,†b Panxing Qiu,†b Xiaoxing Xiong*ac , Youjia Tang*a and Yao Sun*de

Precision medicine calls for molecular tools that enable high-resolution imaging at depth, accurate lesion localisation and 
controllable therapy. Small-molecule dyes are widely used in biomedical imaging and treatment, yet their limited 
photostability, susceptibility to quenching in physiological environments and rapid in vivo clearance continue to hinder 
clinical translation. Coordination-driven supramolecular chemistry offers a promising route to address these shortcomings. 
However, progress in in vivo delivery and biodistribution, real-time visual tracking and therapeutic evaluation has often been 
constrained by short-wavelength excitation and emission. In this context, the second near-infrared (NIR-II) metal 
supramolecular dyes assembled directly from NIR-II ligands have been rapidly developed, furnishing platforms with strong 
NIR-II performance and tunable photophysical behaviour. This perspective summarises design and construction strategies 
for NIR-II metal supramolecular dyes, highlights their key photophysical characteristics, and surveys representative 
applications in cancer, antibacterial and cardiovascular theranostics as well as imaging. We further discuss outstanding 
challenges for clinical translation and outline future opportunities for NIR-II metal supramolecular dyes in precision 
medicine.

Introduction
Human health has been seriously threatened by various 
diseases including cancer, cardiovascular disorders, diabetes, 
and chronic respiratory diseases, etc.1-6 Aimed to advance 
personalized healthcare approach based on individual 
characteristics, precise medicine launched by American 
government has been repeatedly emphasized and played a 
critical role in public health.7-8 Precision medicine, proposed as 
a top-level medical concept, aims to achieve individualized 
healthcare through more accurate strategies for prevention, 
diagnosis, treatment, and monitoring.9-10 To advance its 
development, there is an urgent need for novel molecular tools 
capable of enabling high-resolution imaging, deep-tissue 
penetration, precise lesion localization, and controllable 
therapeutic responses within living systems.11-16

Small-molecule dyes have served as crucial tools in 
biomedicine for a long time. (e.g., MB, ICG).17-22 Nevertheless, 
their diagnostic and therapeutic translation remains limited by 
poor photostability, susceptibility to fluorescence quenching, 

and rapid blood clearance.23-25 In this context, supramolecular 
chemistry—first introduced by the 1987 Nobel Laureates in 
Chemistry and further recognized by the Nobel Prizes in 2016 
and 2025—has emerged as a highly promising strategy to 
overcome these limitations.26-30 Supramolecular systems are 
generally constructed through noncovalent interactions, 
including hydrogen bonding, coordination interactions, π–π 
stacking, hydrophobic forces, and electrostatic interactions.31-36     

Among them, metal–organic complexes (MOCs) represent 
a classical class, which are constructed through coordination-
driven self-assembly between Lewis basic organic ligands and 
Lewis acidic metal acceptors, affording well-defined two-
dimensional metallacycles and three-dimensional 
metallacages.37-40 This nature-inspired assembly strategy 
endows MOCs with precise sizes and geometries, positive 
charge, tunable cavity dimensions, and strong anti-aggregation 
behavior, enabling broad applications in sensing, molecular 
recognition, and biomedicine.41-48 However, traditional MOCs 
still face challenges such as potential heavy-metal-induced 
toxicity and multidrug resistance.49-51 To address these issues, 
researchers have employed small-molecule dyes as ligands to 
construct metal supramolecular dyes, leveraging the unique 
optical properties of dyes to introduce photodynamic therapy 
or photothermal therapy.52-55 Phototherapy efficacy can be 
simultaneously strengthened via heavy-atom effect and the 
well-organized discrete characteristics in turn to achieve 
synergistic treatment under fluorescence guidance, 
furthermore bypassing their intrinsic drug-resistance barriers.56-

57 Nevertheless, most metal supramolecular dyes absorb and 
emit in the UV–visible region, making it difficult to activate 
metal supramolecular dyes in deep tissues and causing the 
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emitted fluorescence to attenuate rapidly within biological 
tissues. 58-65 As a result, imaging and therapeutic efficacy at deep 
lesion sites are significantly compromised, hindering further 
clinical translation.

To improve deep-tissue applicability, NIR-II dyes have been 
encapsulated within MOCs to construct nanotheranostic 
platforms that exploit the intrinsic tissue-penetration 
advantage of the NIR-II region, thus compensating for the 
limitations of conventional metal supramolecular dyes.66-68 Yet 
such platforms typically rely on co-encapsulation of and NIR-II 
dyes and traditional MOCs without long emissive properties, 
inevitably suffering from particle leakage and dyes escape, 
which disrupt synchronized imaging and therapy and prevent 
real-time fluorescence feedback on the MOCs’ in-vivo 
distribution. To address this critical challenge, our group and 
Tang’s group creatively designed NIR-II-emissive ligands 
capable of directly coordination with metal acceptors to form 
NIR-II metal supramolecular dyes through coordination-driven 
self-assembly. This strategy integrates NIR-II FL imaging with 
chemo-/phototherapy in a single platform, enabling 
noninvasive, real-time, and in-situ tracking of therapeutic 
agents, accelerating the development of precision medicine. 
Notably, compared with conventional NIR-II nanoparticles (NPs), 
such as quantum dots or rare-earth- and nanocluster-based NPs, 
the discrete and well-defined nature of NIR-II metal 
supramolecular dyes ensures intrinsic monodispersity and 
excellent batch-to-batch reproducibility, enabling clear 
structure–property correlations and more rationally tunable 
pharmacokinetics (potentially even renal clearance), thereby 
mitigating long-term toxicity concerns.By integrating the 
tissue-penetration advantage of NIR-II emitters and the 
structural advantages of supramolecular assemblies, NIR-II 
metal supramolecular dyes overcome the intrinsic limitations of 
small dyes—enhancing photostability, extending circulation 
time, and significantly improving early-disease imaging and 
therapeutic precision. 

Despite significant progress in NIR-II metal supramolecular 
dyes, there is still a lack of comprehensive reviews and 
summaries on their applications in precision biomedicine. In 
this perspective, we summarized the latest advancements 
about NIR-II metal supramolecular dyes, with a focus on the 
design strategies (BODIPY-based, D-A-D-based, and AIE-based), 
as well as their photophysical and photochemical properties. 
Furthermore, we emphasize their applications in anticancer 
therapy, antibacterial treatment, cardiovascular therapy, and 
bioimaging (Scheme 1). More importantly, this review not only 
highlights the current challenges faced by NIR-II metal 
supramolecular dyes but also provides future perspectives on 
bridging the gap between fundamental research and clinical 
translation.

Scheme 1. Illustration about the biomedical applications of three type of NIR-II metal 
supramolecular dyes.

2 Construction and properties of NIR-II metal 
supramolecular dyes
Current design strategies for NIR-II metal supramolecular dyes 
primarily rely on the self-assembly of NIR-II emissive ligands 
with heavy metal acceptors. The inherent advantages of 
macrocyclic architectures effectively mitigate self-quenching, a 
common issue in traditional NIR-II dyes that leads to reduced 
fluorescence quantum yields. Without laborious synthetic steps, 
the photophysical behavior can be tuned in multiple dimensions 
by substituting ligands or metal acceptors and assembling them 
into metallacycles with defined geometries, thereby tailoring 
for diverse biological applications. The donor ligands commonly 
used in NIR-II metal supramolecular dyes include aza-BODIPY, 
D–A–D, and AIE-based fluorophores. 

2.1 NIR-II metal supramolecular dyes based on aza-BODIPY ligands

BODIPY (boron-dipyrromethene) dyes are a class of high-
performance fluoroboron chromophores formed through the 
coordination between dipyrromethene and BF₃.69-70 They 
feature excellent fluorescence quantum yields, high chemical 
stability, and readily modifiable structures.71-72 However, 
conventional BODIPY dyes absorb and emit primarily in the 
visible region and exhibit small stokes shifts.73-74 Replacing the 
meso-carbon with nitrogen generates an aza-BODIPY core with 
enhanced electron deficiency, leading to further red-shifted 
emission.75 Leveraging the electron-deficient framework, with 
introducing strong electron-donating groups at the α- or β-
positions, D–A–D structures possessing strong electron-push-
pull ability can be constructed, extending the emission into the 
NIR-II region (1000–1700 nm) while simultaneously improving 
phototherapeutic outcome.76-77 Nevertheless, aza-BODIPY dyes 
still suffer from the common limitations of NIR-II fluorophores: 
aggregation-caused quenching (ACQ) in aqueous media, which 
compromises both imaging and therapeutic efficacy.78 Notably, 
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constructing metal supramolecular dyes effectively suppresses 
ACQ. This advantage arises from the rigid macrocyclic 
architecture, which inherently resists quenching by preventing 
fluorophores from π–π stacking. Furthermore, the direct 
coordination of heavy atoms promotes intersystem crossing 
(ISC), enhancing reactive oxygen species (ROS) generation and 
endowing NIR-II metal–organic aza-BODIPY supramolecular 
dyes with excellent photodynamic therapeutic performance.

Sun and co-workers reported the first NIR-II metal 
supramolecular dyes based on aza-BODIPY chromophore, 
Ru1085, assembled from a bipyridine-modified aza-BODIPY 
ligand and a dinuclear arene–ruthenium (Ru) acceptor 
(Fig.1a).79 By introducing the strong electron-donating group 
julolidine and anisole into the aza-BODIPY core, intramolecular 
charge transfer was significantly enhanced, shifting the 
emission of the ligand into the NIR-II region. Ru1085 exhibited 
maximum absorption and emission at 874 nm and 1085 nm, 

respectively (Fig. 1b). The strong D–A–D push–pull character of 
the aza-BODIPY ligand, together with Ru-assisted ISC, granted 
Ru1085 potent ROS-generating capability, which was further 
strengthened by the anti-quenching nature of the rigid 
macrocyclic scaffold (Fig. 1c). In addition, the intramolecular 
vibrations and charge transfer across the extended conjugated 
framework promoted nonradiative decay, resulting in a high 
photothermal conversion efficiency (PCE) of 30.9% (Fig.1d). 
Further optimization of the BODIPY ligand afforded Ru1100, 
which, similar to Ru1085, maintained NIR-II emission, excellent 
photothermal and photodynamic performance (Fig. 1e).80 
Together, these results established a general design strategy in 
which strongly pull-push-electron aza-BODIPY units are 
embedded into rigid Ru (II) NIR-II supramolecular dyes to 
balance NIR-II fluorescence, ROS generation and photothermal 
output.

Fig. 1 (a) The design of Ru1085, and its photophysical properties with combined chemotherapeutic, photodynamic, and photothermal activities. (b) The UV-Vis absorption and 
emission spectra of Ru1085. (c) ROS variation of Ru1085 under 808 nm irradiation (0.8Wcm−2) monitored by H2-DCFH. (d) Temperature profile of Ru1085 under 808 nm irradiation 
for 300 s (red line), followed by natural cooling, and the corresponding linear plot of time versus –lnθ (blue line) obtained during the cooling stage. Reproduced with permission from 
ref. 79. Copyright 2022, Springer Nature. (e) The design of Ru1100 and its photophysical properties. Reproduced with permission from ref. 80. Copyright 2022, Royal Society of 
Chemistry.

To further modulate electronic structure and reduce Ru-
induced dark reactivity, Sun and co-workers simultaneously 
modified both the Ru (II) acceptor and aza-BODIPY donor.81 
Based on a π-expansive strategy, acceptors A1 and A2 were 
designed to tune electron density at the Ru center, while ligands 
1–3 incorporated increasingly extended nonplanar π-
conjugation to strengthen spin-orbit coupling for enhanced ISC 
(Fig. 2a). Combinations of these motifs generated RuA–RuD, 
which exhibited red-shifted absorption (630–850 nm) and 
concentrated NIR-II emission (1105–1115 nm) (Fig. 2b). 
Notably, unlike the earlier Ru-based NIR-II supramolecular dyes, 
RuA–RuD favored type-I pathways and primarily generated 
superoxide anions (•O₂⁻) under 808 nm excitation (Fig.2c-d). 
The π-expanded acceptor in RuD, coupled with the increasing 
non-planar π-conjugation of the ligands, resulted in the largest 
steric hindrance and the smallest ΔEST (0.63 eV), which 

dramatically enhanced photodynamic activity while 
suppressing ground-state reactivity (Fig. 2e). This work provided 
a feasible approach to addressing biosafety of 
metallosupramolecular photosensitizers without compromising 
their photophysical performance.

Further extending this concept, Sun expanded the Ru 
acceptor from two units to four (A1–A4) to construct a series of 
metallacycles, Ru1–Ru4 (Fig. 2f).82 Systematic π-expansion 
around the Ru center modulated steric and electronic 
properties, yielding progressively enhanced ROS outputs. Ru4, 
the most π-extended system, exhibited the strongest 
photosensitivity and the lowest dark reactivity, reinforcing the 
previously proposed π-expansion as an effective design strategy 
for Ru-based NIR-II supramolecular dyes (Fig.2h).
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Fig. 2 (a) The design strategy of RuA-RuD and the illustration of chemical structures. (b) The UV-Vis absorption and emission spectra of RuA-RuD. (c) ROS generation of RuA-RuD 
using 808 nm laser monitored by DCFH-DA. (d) The •O₂⁻ production from RuA to RuD using DHE as indicator. (e) The calculated orbital energy level of RuA–RuD at B3LYP/6-31G. 
Reproduced with permission from ref. 81. Copyright 2023, Wiley-VCH. (f) The design strategy of Ru1-4 and the chemical structures. Reproduced with permission from ref. 82. 
Copyright 2023, Royal Society of Chemistry.

In addition to constructing Ru-based supramolecular dyes, 
Sun’s group designed two triangular NIR-II Pt (II) supramolecular 
dyes using aza-BODIPY as donor, namely Pt1110 and Pt1115, 
respectively.83-84 Both supramolecular dyes were assembled 
through [3+3] coordination-driven self-assembly between NIR-
II aza-BODIPY dyes and Pt (II) acceptor in dichloromethane, 
forming well-defined triangular two-dimensional metallacycles 
in a 1:1 molar ratio (Fig. 3a-b). Although the Pt acceptors were 
identical, the ligand in Pt1110 features a weaker non-planar 
conjugation than that in Pt1115, indicating its freer rotation of 
covalent bond. Pt1110 combined efficient ROS generation with 
a high photothermal conversion efficiency of 32.8%, making it a 

representative example of BODIPY-based metal supramolecular 
dyes that support synergistic photodynamic/photothermal 
outputs (Fig. 3c-d). In contrast, Pt1115, with six ISC channels, 
demonstrated a markedly enhanced ability to generate •O₂⁻ 
(Fig. 3e-f). Additionally, due to its rigid architecture, Pt1115 
exhibits superior ROS generation efficiency and reduced ROS 
diffusion compared to its small-molecule counterpart (Fig. 3g). 
Notably, the positive charge and well-defined triangular 
geometry of these Pt metallacycles generally favoured 
retention in pathophysiological environments, thereby 
facilitating optimal therapeutic efficacy. 

Fig. 3 (a) The preparation and design of Pt1110, and the illustration of optical properties. (b) The design of Pt1115 and the displayed optical properties mechanistically before and 
after assembly. (c) The comparison of ROS generation for Pt1110 and its ligand over time (indicator: DCFH). (d) The temperature profiles of Pt1110, ligand and DMF with irradiation 
time. (e) Generation of •O₂⁻ of Pt1115 and its ligand upon 808 nm laser irradiation at 1 W cm⁻². (f) Computed energy levels and potential ISC pathways of Pt1115. (g) Top: DCF 
fluorescence images of Pt1115 and its ligand at different depths under 808 nm laser excitation (1 W cm−2), bottom: NIR-II fluorescence images of Pt1115 and its ligand. Reproduced 
with permission from ref. 83. Copyright 2023, Springer Nature. and ref. 84. Copyright 2024, Wiley-VCH.

2.2 NIR-II metal supramolecular dyes based on D-A-D ligands

The D–A–D skeleton represents a special case of donor–
acceptor (D–A) fluorescent molecules.85 In this framework, 

electron-donating groups are typically installed at both ends, 
while electron-withdrawing units are positioned at the center, 
with the donor and acceptor interacting through conjugated 
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linkages.22, 86 Owing to the strong intramolecular push–pull 
effect, D–A–D molecules possess reduced optical band gaps, in 
which the energy gap between the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) is significantly lowered, shifting the emission into the 
NIR-II window.87-88 D–A–D chromophores generally exhibit high 
chemical and photostability, large molar extinction coefficients, 
and large stokes shifts.89-90 At present, the construction of D–A–
D molecules commonly employs benzobisthiadiazole as the 
electron-withdrawing core, while thiophene, 3,4-

ethylenedioxythiophene (EDOT), furan, and related units serve 
as electron donors.91 Shielding units are often incorporated to 
improve fluorescence quantum yields.92 However, the 
multistep synthetic procedures and the often suboptimal 
quantum yields, even after extensive optimization, have 
motivated chemists to explore alternative strategies to enhance 
the emissive efficiency of D–A–D chromophores. In this context, 
the inherent structural advantages of metal supramolecular 
dyes offer fertile ground for further improving D–A–D molecular 
architectures.

Fig. 4 (a) The self-assembly of complex 1 and its optical properties. (b) The preparation of Ru1000. (c) The absorption and fluorescence spectrum of complex 1. (d) The UV-Vis 
absorption and emissive spectra of Ru1000 and its NIR-II FL imaging in tube. Temperature change curves of complex 1 (e) and Ru1000 (f) at different concentrations under 808 nm 
laser irradiation (0.8 W /cm2 for complex 1, 1 W/ cm2 for Ru1000). Reproduced with permission from ref. 93. Copyright 2022, Proceedings of the National Academy of Sciences of 
the United States of America and ref. 94. Copyright 2022, Wiley-VCH.

Initially, Sun and Kim attempted to improve the quantum 
yield by encapsulating visible-light Pt-based supramolecular 
dyes and D–A–D dyes with DSPE–PEG5000, preparing 
nanoparticles.67 However, this amphiphilic polymer–
encapsulation strategy inevitably caused spatiotemporal 
mismatch between the fluorescence signal and the therapeutic 
agent. To overcome this issue, Sun developed Ru-based 
supramolecular dyes, 1 and Ru1000, featuring well-defined 
structures and dimensions, in which the NIR-II D–A–D dyes were 
directly integrated into the metal-macrocyclic platform to 
achieve synchronized fluorescence reporting and therapeutic 
function.93-94 Both supramolecules were constructed through 
[2+2] coordination-driven self-assembly between small-
molecule D–A–D ligands and dinuclear arene–Ru acceptors (Fig. 
4a-b). Notably, Ru1000 incorporated 3,4-
ethylenedioxythiophene (EDOT) as the electron-donating unit, 
while 1 uses 3-butylthiophene. This difference resulted in a 
higher relative quantum yield for Ru1000 (0.94) compared to 1 
(0.46) (Fig. 4c-d), likely because the alkyl chain in 1 enhanced 
intramolecular vibration and favoured photothermal 
conversion. Under 808 nm laser irradiation, the temperature of 
1 increased rapidly with concentration (> 80 °C), achieving a 
photothermal conversion efficiency of 39%, surpassing Ru1000 

with a PCE of only 17.6% (Fig.4e-f). In addition, both Ru1000 and 
1 exhibited appreciable photodynamic activity, supporting their 
application in combined chemo-phototherapy.

Building on the breakthrough of D–A–D-based metal 
supramolecular dyes as efficient photosensitizers, Sun’s group 
further developed novel metal supramolecular dyes to explore 
their potential in sonodynamic therapy (SDT).95-96 Following 
conventional strategies for enhancing photosensitizing 
property, they created two high-performance Ru-based 
sonosensitizers, Ru-A3-TTD and Ru3. The design of Ru-A3-TTD 
primarily involved the optimization of the Ru (II) receptor (Fig. 
5a). From Ru-A1 to Ru-A3, the sonodynamic efficacy was 
gradually improved because of their progressively narrower 
energy gap (Fig. 5b-c). Ru-A3 was chosen to self-assemble with 
a D–A–D ligand (TTD-L) carrying the thiazolothiazole (TTD) as 
electron-deficient core, forming a macrocyclic structure (Fig. 
5a). The assembled Ru-A3-TTD with NIR-II emission (880 nm) 
generated markedly higher levels of ROS under ultrasound (US) 
activation than commercial sonosensitizers such as PpIX, Ce6, 
and MB (Fig. 5d-e). The construction of Ru3 relied on the 
optimization of D-A-D ligands. Extension of ligand conjugation 
and enhancement of the push–pull character red-shifted the 
maximum emission of Ru3 to 1032 nm and gave the highest 
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level of ROS generation within the series (Fig. 5h-i). Under US 
irradiation, Ru3 displayed singlet oxygen (1O2) quantum yield 
(ΦΔ) of 0.89. In contrast to Rubpy, the ROS output of Ru3 
remains essentially unchanged upon increasing water content, 
which is attributed to its rigid framework and the steric 
hindrance around the Ru acceptor (Fig. 5j). More importantly, 
the half-hourglass Ru (II) acceptor endows Ru-A3-TTD and Ru3 
with pronounced enzyme-mimetic and sonocatalytic activities, 
enabling it to enhance ROS production through CAT- and POD-
like catalysis while simultaneously depleting GSH and oxidizing 

NADPH (Fig. 5k-l), which collectively strengthened its potential 
as an efficient sonosensitizer for biotherapy. These findings 
highlighted that fine-tuning the donor–acceptor balance, 
conjugation length, and macrocyclic rigidity in D–A–D-type 
metal supramolecular dyes significantly influenced their 
electronic properties and ROS generation efficiency. Such 
structure–property understanding provides valuable design 
principles for developing multimodal metal–organic sensitizers 
with controllable redox and energy-transfer properties.

Fig. 5 (a) Diagram depicting the design strategy of Ru-A3-TTD. (b) The electron density distribution in LUMO-HOMO of Ru-A1, Ru-A2 and Ru-A3. (c) The comparison of ROS generation 
for Ru-A1, Ru-A2 and Ru-A3 in DMF under US irradiation with DCFH as indicator. (d) Normalized absorption and emission spectra (λex = 690 nm) of Ru-A3-TTD in DMSO. (e) Heat 
map of relative fluorescence intensity changes of DCFH recorded at 525 nm in the presence of Ru-A3-TTD and other commercial sonosensitizers under different US irradiation times. 
Reproduced with permission from ref. 95. Copyright 2024, Wiley-VCH. (f) Schematic illustration of design strategy to improve sonodynamic efficacy. (g) Normalized absorption 
spectra and the emission spectra (λex = 808 nm) of Ru1–Ru3 in DMSO. (h) DCF fluorescence intensity changes in the presence of Ru1-Ru3 under US irradiation. (i) Fluorescence 
images of DCFH indicating ROS production from Ru1–Ru3 in mixed DMF/H₂O solutions with varying ratios under US irradiation. (j) POD-mimic (left) and CAT-mimic (right) activities 
of Ru-A3-TTD and Ru3. Reproduced with permission from ref. 96. Copyright 2025, Royal Society of Chemistry.

2.3 NIR-II metal supramolecular dyes based on AIE ligands

Due to the relatively planar structures of traditional NIR-II 
fluorophores, supramolecular metal dyes tend to aggregate in 
aqueous solutions, leading to aggregation-caused quenching 
(ACQ) and resulting in weak or even negligible fluorescence. 
This phenomenon significantly hampers the application of 
supramolecular metal dyes in biological systems. Aggregation-
induced emission (AIE) scaffolds, first proposed by Ben Zhong 
Tang in 2001, are a class of unique molecular fluorophores that 
exhibit drastically enhanced fluorescence in the aggregated 
state.97-99 Clearly, utilizing AIE luminogens as building blocks for 
the construction of AIE-based metal supramolecular dyes holds 
significant promise for improving diagnostic and therapeutic 
efficacy.

To verify the feasibility of constructing an AIE-active NIR-II 
metal supramolecular dye, Tang et al. reported an AIE-emissive 
metallacage, C-DTTP, assembled from a four-armed AIE-active 
NIR-II ligand (DTTP) and a 90° Pt (II) acceptor (Pt(PEt₃)₂(OTf)₂), 
in a 1:2 molar ratio (Fig. 6a).100 Displaying a low-symmetry 
prismatic conformation, C-DTTP exhibited two absorption 

peaks at 368 nm and 675 nm, corresponding to π–π* transitions 
and charge-transfer processes, respectively (Fig. 6b). The 
fluorescence region of C-DTTP was centered at 800–1250 nm 
(maximum at 1005 nm) and displayed a pronounced AIE 
enhancement as the toluene fraction increased in 
DMSO/toluene mixtures (Fig. 6c). Compared with its ligand, C-
DTTP not only exhibited a considerable photothermal effect (69 
°C) under laser irradiation but also showed enhanced ROS 
generation, attributed to its hollow structure facilitating oxygen 
diffusion, rigid cage framework resisting ROS quenching, and 
the heavy-atom induced ISC from Pt (II) center (Fig. 6d-e). To 
improve the dispersibility and stability of the hydrophobic cage 
in aqueous media, the researchers encapsulated it using an 
amphiphilic polymer (mPEG-PLGA), forming CNPs. According to 
the energy gap theory, red-shifting the emission wavelength 
into the NIR region typically decreases quantum yield. However, 
CNPs exhibited a remarkably high absolute quantum yield of 
1.3%, significantly higher than that of carbon nanotubes (0.4%) 
and IR26 (0.5%) (Fig. 6f). Furthermore, the CNPs demonstrated 
an impressive photothermal conversion efficiency of 39.3% 
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with excellent photothermal stability (Fig. 6g-h). Collectively, 
these results highlighted the great potential of CNPs as NIR-II 
imaging and therapeutic agents for in vivo applications.

Cutting off the alkyl chain of thiophene in C-DTTP, Tang’s 
group developed an AIE-based NIR-II prismatic metallacage (M-
DBTP) for long-term monitoring of Pt distribution and 
metabolism in vivo.101 The integrated metallacage architecture 
allowed simultaneous visualization of Pt while maintaining 
bright, stable, and high-contrast imaging performance over 

extended periods. The rigidity of the metallacage effectively 
restricted the internal rotation of ligand molecules, significantly 
enhancing the AIE performance in both aggregated and 
nanoparticle states. Compared with the free ligand, M-DBTP 
displayed an enhanced fluorescence quantum yield, and upon 
encapsulation into nanoparticles (M-DBTP NPs), the absolute 
quantum yield further increased to 1.1%, providing a solid 
foundation for long-term in vivo fluorescence analysis. 

Fig. 6 (a) Self-Assembly of C-DTTP, with the demonstration of the ligand structure and shape of C-DTTP. (b) Absorption spectra of DTTP and C-DTTP. (c) Photoluminescence spectra 
of C-DTTP recorded in DMSO/toluene mixed solvents with varying toluene content. (d)The temperature profiles of C-DTTP at different concentrations under 808 nm laser irradiation 
(0.8 W/cm 2). (e) ROS generation of C-DTTP compared with DTTP and RB using DCFH as indicator under 808 nm laser irradiation (0.8 W/cm 2). (f) NIR-II fluorescence quantum yields 
of CNPs (encapsulated C-DTTP). (g) Photothermal conversion efficiency of CNPs. (h) Photothermal stability of CNPs undergoing six heating-cooling cycles. Reproduced with permission 
from ref. 100. Copyright 2022, American Chemical Society. (i) The design and preparation of box-like NIR-II metal supramolecular dyes (MA−MG) for tunable NIR-II emission 
wavelength. (j) Normalized emission spectra of MA-MG. (k) NIR-II fluorescence quantum yields of MG and MGNPs relative to IR26. Reproduced with permission from ref. 101. 
Copyright 2023, American Chemical Society.

Following the demonstration of C-DTTP as prototypical 
NIR-II AIE metal supramolecular dyes, Tang’s group advanced 
this concept by incorporating AIE units with various D-A-D 
skeletons to achieve controllable emission tuning of AIE-active 
cages in the long-wavelength region. They successfully 
constructed a series of NIR-II supramolecular cages (MA–MG) 
with AIE activity and tunable fluorescence (Figure 6i).102 MA–
MG were constructed via coordination-driven self-assembly of 
tetrapyridyl ligands A–G, a tetracarboxylic acid ligand (TPTC), 
and a 90° platinum acceptor Pt (PEt₃)₂(OTf)₂ (cPt), forming box-
like architectures. Among them, MG exhibited a maximum 
emission at 980 nm (Fig. 6j) and an evident AIE effect. The 
encapsulated MG nanoparticles (MGNPs) showed excellent 
stability and an absolute quantum yield of 1.3%, surpassing that 
of commercial NIR-II imaging agents such as CH1055-PEG (0.3%) 
(Fig. 6k). This outstanding performance underscored the 
promise of AIE-active NIR-II metal supramolecular dyes as next-
generation NIR-II emitters for deep-tissue optical imaging.

On the whole, these three types of NIR-II metal 
supramolecular dyes each offer unique advantages, 

accompanied by corresponding challenges. They all 
demonstrated efficient ROS generation enabled by metal-
assisted ISC and enhanced fluorescence mediated by anti-
quenching of rigid structure. Aza-BODIPY-based systems, 
benefited from a well-established chromophore platform, 
possess high molar absorptivity and robust stability, although 
achieving deep NIR-II emission typically requires strong push–
pull engineering. D–A–D-based ones, characterized by narrow 
band gaps and strong intramolecular charge transfer, facilitate 
red-shifted emission and multimodal therapeutic functions, 
including PDT and PTT, yet their synthetic complexity and 
sensitivity to structural modification often render emission 
efficiency vulnerable to nonradiative decay. AIE-based systems 
convert aggregation into an advantage, dramatically enhancing 
fluorescence performance in aqueous environments and 
mitigating ACQ. However, achieving simultaneously high 
quantum yield and long-wavelength NIR-II emission remains 
intrinsically challenging according to the energy gap law. 
Additionally, the large architectures of metal cages may 
influence pharmacokinetics and metabolic behavior. Together, 
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these three strategies provide complementary tools for tuning 
imaging depth, ROS output, and therapeutic functionality based 
on specific application needs.

3 Application of NIR-II metal supramolecular dyes 
in precise medicine
3.1 NIR-II metal supramolecular dyes for cancer therapy

Photo dynamic therapy (PDT), as a means for tumor treatment, 
possesses non-invasiveness and spatiotemporal 

controllability.103-105 However, its clinical translation remains 
limited by the intrinsic drawbacks of conventional 
photosensitizers, including suboptimal excitation wavelengths, 
inherent dark toxicity, and poor efficacy in hypoxic tumor 
microenvironments.106-108 To address these challenges, metal 
supramolecular dyes have emerged as an ideal platform for 
constructing novel photosensitizers (PSs) due to their 
advantages such as tunable structure, ease of integrating 
functional units, and the ability of the metal center to promote 
ISC to enhance ROS generation. 

Fig. 7 (a) The antitumor mechanism involves endocytic uptake of Ru1085 by A549 cells, leading to mitochondria-mediated apoptosis and cell-cycle cessation at the S and G2/M 
phases. (b) Colocalization assessment of Ru1085 with lysosome using LysoTracker Green. Scale bar, 5 µm. (c) DCFH-DA stained cells treated with Ru1085 under laser illumination 
(808 nm). Scale bar, 20µm. Expression level of caspase 3/7 (d) and caspase 1 (e) after various treatments. (f) Flow cytometer results of Annexin V-FITC/PI double-stained cells treated 
with Ru1085 and Ru1085+L. (g-h) NIR-II fluorescence images of hindlimb vessels treated with Ru1085 NPs. (i) Tumor volume profiles treated with different groups. Reproduced with 
permission from ref. 79. Copyright 2022, Springer Nature. (j) Confocal imaging of acridine orange (AO) stained A549 cells incubated with Ru1100 under laser irradiation (808 nm). 
Scale bar:20 mm. (k) NIR-II FL imaging of brain vessels within Ru1100 NPs. (l) H&E staining of A549 tumour slices with different groups. Reproduced with permission from ref. 80. 
Copyright 2022, Royal Society of Chemistry.

Ru (II) complexes have found widespread application in the 
field of PDT. However, excitation/emission spectra of Ru (II) 
complexes currently mainly concentrated at short-wavelength-
emmisive region. This not only diminishes the efficiency of 
phototherapy but also hinders real-time monitoring of 
therapeutic effects in deep tissues. For this reason, Sun 
developed NIR-II Ru (II) supramolecular dyes (Ru1085), which 
demonstrated potent in-vivo anti-tumor activity (Fig. 7a).79 
Benefiting from the great lipophilicity stemmed from 
macrocycle structure, Ru1085 can be efficiently taken up by 
A549 cells and mainly enriched in lysosomes, with a Pearson 
correlation coefficient (PCC) as high as 0.71 (Fig. 7b). Besides, it 
was partially distributed in mitochondria owing to the carried 
positive charge. Using 808 nm irradiation, Ru1085 produced 
ROS abundantly in the cells and activated the downstream 
expression of caspase 3/7 mediated by mitochondria (Fig. 7c-e). 
Flow cytometry analysis indicated that Ru1085 mainly induced 
early apoptosis, while after laser irradiation, apoptosis was 
mainly late and necrotic (Fig. 7f). The NIR-II emission endows it 

with highly imaging quality and ideal spatial resolution in vivo, 
with signal-to-background ratio (SBR) as high as 13.6 (Fig. 7g-h). 
What is more, the nanoparticles Ru1085 NPs coated with DSPE-
PEG5000 can effectively inhibit tumor growth via synergetic 
chemo-phototherapy (Fig. 7i). This study elucidated the anti-
tumor mechanism of Ru1085, opening the way for metal 
supramolecular dyes as metal agent with function of 
fluorescence-guided synergistic therapy for cancer therapy. 

Building on the favorable therapeutic performance of 
Ru1085, Sun and co-workers further developed another NIR-II 
Ru-based supramolecular dyes (Ru1100) as a substitute for 
conventional Pt (II) chemotherapeutics, which are often limited 
by dose-dependent side effects and drug resistance.80 Owing to 
lipophilicity ascribed by the rigid macrocycle, Ru1100 
showcased similar colocalization sites with Ru1085, primarily in 
the lysosome. The way of Ru1100 killing cancer cells was 
through destroying the integrity of lysosomal function to induce 
lysosomal damage (Fig. 7j). Ru1100 served to arrest the cell 
cycle mainly in the G2/M phase. In vivo experiments have 
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shown that after injecting Ru1100 NPs into mice for 1 h, non-
invasive visualization of the cerebrovascular network can be 
achieved through the complete scalp and skull, obtaining clear 
images with a high SBR (4.8) (Fig. 7k). Notably, Ru1100 
possessed pronounced chemo-phototherapy performance in 
A549 xenografts models without damage to the normal 
physiological organs of mice (Fig. 7l).

Sun’s group summarized patterns and found that the NIR-
II metal supramolecular dyes adopted with dinucleararene Ru 
as acceptor typically showed low phototoxicity indexes (PI), 
which severely restricted their clinical translation. They 
constructed a series of NIR-II Ru (II) supramolecular dyes (RuA-
RuD) in search of metal agents with optimal PI. Owing to the 
enlarged conjugated plane of Ru (II) acceptor, RuD showed 
reduced dark toxicity by steric bulk blocking the Ru center from 
interactions with biomacromolecules (Fig. 8a).81 Under 808 nm 

laser irradiation, RuD efficiently induced ROS production in 
A549 cells for both normoxic and hypoxic conditions, verifying 
its potential in the hypoxic tumor microenvironment (Fig. 8b). 
In the cellular uptake experiment, RuD demonstrated better 
selectivity for cancer cells compared to normal cells and was 
primarily localized in the lysosomes (Fig. 8c). Moreover, RuD 
exhibited excellent tumor penetration ability (Figure 8d). 
Exploring the concrete anti-cancer process, they discovered 
that RuD under light irradiation induced mitochondrial 
membrane depolarization and lysosomal dysfunction, 
ultimately leading to cancer cell death. It mainly blocks the 
cancer cells at G2/M phase and induced apoptosis by activating 
caspase 3 to inhibit the growth of tumor cells. In vivo 
experiments verified that RuD significantly inhibited the tumor 
growth without causing adverse effects on normal physiological 
functions in mice.

Fig.8 (a) The antitumor mechanisms of RuD. (b) Confocal images of DCFH-DA stained A549 cells treated with RuD and irradiation (808 nm). Scale bar, 25 μm. (c) NIR-II fluorescence 
images of A549 cells and 16HBE cells treated with RuD for 12 h, demonstrating its selective uptake. Scale bar, 100 μm. (d) Confocal microscopy images of A549 multicellular tumor 
spheroids after incubation with RuD and Ligand3. Reproduced with permission from ref. 81. Copyright 2023, Wiley-VCH. (e) The antitumor mechanisms of Ru4. (f) LA-ICP-MS imaging 
showing the content of 102Ru in A549 cells after incubation with Ru4. Scale bar:50mm. Reproduced with permission from ref. 82. Copyright 2023, Royal Society of Chemistry. (g) NIR-
II anti-tumor PDT/ PTT guided by FL/PTI induced by CNPs.(h) Thermal images of tumor-bearing mice under continuous 808 nm laser irradiation for different times in different groups. 
Reproduced with permission from ref. 100. Copyright 2022, American Chemical Society. 

Inspired by the excellent performance presented by RuD, 
Sun pioneered a series of Ru (II) supramolecular dyes (Ru1-Ru4) 
via a receptor π expansion strategy to further investigate the 
relationship on how metal supramolecular dyes influence dark 
toxicity (Figure 8e).82 With the enhancement of π-conjugation 
in the Ru acceptors, the metallacycles demonstrated an 
increased capability for ROS generation and superior shielding 
effect. Among them, Ru4 demonstrated excellent cellular 
uptake, 2–3 times that of Ru1–Ru3 (Fig. 8f), with PI value 
reaching as high as 146. Consistent with RuD, Ru4 effectively 
inhibited tumor growth under 808 nm laser irradiation without 
noticeable adverse effects on body weight or major organs, 

demonstrating its excellent therapeutic efficacy and 
biocompatibility in vivo.

The aforementioned NIR-II metal supramolecular dyes 
shone in the precise biological application because of their 
remarkable therapeutic efficacy and excellent biosafety in vivo. 
However, the ligands in these systems generally suffer from 
ACQ, leading to a moderate fluorescence quantum yield. To 
address this, a three-dimensional metal supramolecular dye, C-
DTTP, with intrinsic AIE characteristics, was designed for NIR-II 
fluorescence (FL) and photothermal imaging (PTI)-guided 
phototherapy (Figure 8g).100 The corresponding encapsulated 
nanoparticles CNPs displayed efficient ROS generation, high 
photothermal conversion and photothermal stability. MTT 

Page 9 of 19 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
26

 1
1:

45
:1

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SC00523C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00523c


ARTICLE Journal Name

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

experiments verified the potent killing cell ability compared to 
the ligand-encapsulated nanoparticles LNPS. In vivo imaging-
guided phototherapy was conducted on tumor-bearing mice. 
The temperature of mice treated with CNPs increased by 21.3 
°C, as monitored via PTI imaging (Figure 8h). Moreover, the 
combined photodynamic and photothermal synergistic therapy 
(PDT&PTT) mediated by CNPs significantly inhibited tumor 
growth while maintaining low systemic toxicity in treated mice. 

Single-modality cancer therapies, such as chemotherapy or 
photodynamic therapy, often exhibit limited clinical efficacy 
and rarely achieve optimal therapeutic outcomes, frequently 
leading to tumor recurrence or metastasis. Immunogenic cell 
death (ICD) has emerged as a promising antitumor 
immunotherapy strategy that induces programmed death of 
malignant cells while triggering a durable, immune-mediated 
antitumor response, thereby effectively preventing tumor 
relapse and dissemination. Conventional platinum-based 
chemotherapeutic agents, such as oxaliplatin, induce effective 
ICD typically requires high drug concentrations (~300 μM), 
which inevitably cause unpredictable toxicity to healthy organs. 
These prompted us to exploiting newly metal agents for 
efficient immunogenic cell death.

To further explore the potential of NIR-II metal 
supramolecular dyes in immunotherapy, Sun and co-workers 
designed a NIR-light–activated triangular Pt (II) supramolecular 
dye (Pt1115) as an ICD inducer for chemo–
photoimmunotherapy of deep-seated tumors (Fig. 9a).84 
Pt1115 can easily penetrate into tumor spheroids, exhibiting 
strong NIR-II fluorescence at a depth of 150 μm and generating 
substantial amounts of ROS internally (Fig. 9b). The photo-
induced ROS generation mainly referred to • O₂⁻. Upon laser 
activation, Pt1115 significantly upregulated calreticulin (CRT) 
exposure, high-mobility group box 1 (HMGB1) release, and 
adenosine triphosphate (ATP) secretion, confirming its ability to 
induce immunogenic cell death (ICD) at the cellular level (Fig. 
9c). Flow cytometry analysis further revealed that laser-
irradiated Pt1115 markedly promoted CD8⁺ T-cell infiltration 
and activation within tumor tissues, thereby enhancing 
immune-mediated antitumor responses. In parallel, it increased 
the proportion of CD4⁺ T cells while suppressing Foxp3+ 
regulatory T cells, alleviating immunosuppression and 
improving therapeutic outcomes. Animal studies further 
demonstrated that laser-irradiated Pt1115 effectively triggered 
local immune activation, leading to tumor elimination and a 
robust systemic antitumor immune response (Fig. 9d).

Fig. 9 (a) Illustration of the mechanism of Pt1115 as an ICD inducer to trigger immunogenic cancer cell death. (b)  Confocal microscopy images of 4T1 multicellular tumor spheroids 
after incubation with Pt1115 and its ligand 2. Scale bar: 250 μm. (c) Confocal microscopy images of surface CRT and HMGB1 release from 4T1 cells after different treatments. Scale 
bar: 25 µm. (d) Survival rate of 4T1 tumor-bearing mice after various treatments. Reproduced with permission from ref. 84. Copyright 2024, Wiley-VCH. (e) Schematic illustration of 
the preparation of Ru1105. (f) Quantitative assessment of the proportions of (1) CD8⁺ T cells, (2) activated CD8⁺ T cells, (3) CD4⁺ T cells, and (4) Foxp3⁺ T cells within the total tumor 
cell population in mice. (g) The change of tumor of the mice in different groups. Yellow circles show the tumor sites. Reproduced with permission from ref. 109. Copyright 2024, 
American Chemical Society.

After establishing the potential of NIR-II Pt (II) 
supramolecular dyes as ICD inducers, Sun and co-workers 
further questioned whether other heavy-metal systems could 
achieve comparable or even superior immunogenic cell death 
efficacy. They subsequently designed a Ru-based NIR-II 

supramolecular dyes, Ru1105, and surprisingly found that it also 
elicited a strong immune response for deep-seated tumors (Fig. 
9e).109 Ru1105 was constructed via coordination-driven self-
assembly between a BODIPY ligand and a dinuclear arene–
ruthenium acceptor, forming a ring-supported, quasi-
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quadrilateral metallacycle. It displays excitation and emission 
bands located in the NIR and NIR-II regions, respectively, 
enabling effective photoactivation within deep tissues. Similar 
to the Pt complex, Ru1105 exhibits excellent ROS generation 
capability, producing primarily •O₂⁻. Remarkably, it retains 
potent cytotoxicity even against hypoxic cancer cell lines under 
808 nm laser irradiation, with therapeutic efficacy surpassing 
that of cisplatin and oxaliplatin. Due to its positive charge and 
moderate lipophilicity, Ru1105 is selectively internalized by 
cancer cells through an endocytosis-mediated pathway while 
causing negligible effects on normal cells. Compared with its 
free ligand, Ru1105 effectively triggered HMGB1 and ATP 

release in HeLa and CT26 cells and induced significant CRT 
exposure at concentrations as low as 10 μM—an effect 
unattainable by oxaliplatin even at 300 μM. Flow cytometric 
analysis of immune cells from vaccinated mice revealed that the 
combination of Ru1105 and 808 nm laser irradiation markedly 
increased the populations of cytotoxic T cells and CD4⁺ T cells, 
while downregulating Foxp3⁺ regulatory T cells, indicating 
strong induction of ICD and substantial tumor inhibition with 
minimal tissue damage (Fig. 9f). Subcutaneous tumor models 
further confirmed the pronounced therapeutic efficacy of 
Ru1105, with treated mice exhibiting prolonged survival up to 
60 days (Fig. 9g).

Fig. 10 (a) Ex vivo NIR-II fluorescence images of the wound, normal skin, and major organs from the A. aureus–infected mouse model 24 h after Pt1110 NPs injection. (b) Photographs 
of infected eyes with various treatments. Reproduced with permission from ref. 83. Copyright 2023, Springer Nature. (c) Survival rates of (top) S. aureus and (bottom) E. coli treated 
with different concentrations of 1 in the dark or under 808 nm irradiation (0.8 W/cm²). (d) SEM images of S. aureus and E. coli after different treatments. Scale bar: 0.5 µm. (e) The 
photographs recording the S. aureus-infected wound of mice after various treatments. (f) Quantitative analysis of wound area change (top) and S. aureus bacteria colonies from (e) 
at 6 d. Scale bar, 5 mm. Reproduced with permission from ref. 93. Copyright 2022, Proceedings of the National Academy of Sciences of the United States of America. (g) Micrographs 
of crystal violet–stained biofilms incubated with Ru-A3-TTD, with or without US irradiation. Scale bar: 200 µm. (h) Relative survival of biofilms under different treatments. (i) 
Photographs of the biofilm-infected wounds of the mice after different treatments (scale bar: 0.5 cm). (j) Relative wound area of biofilm-infected mice after different treatments. 
Reproduced with permission from ref. 95. Copyright 2024, Wiley-VCH.

3.2 NIR-II metal supramolecular dyes for anti-bacterial therapy

NIR-II metal supramolecular dyes are widely used in tumor 
diagnosis and therapy, but their antibacterial applications 
remain in the early stages of research.110-111 With the growing 
severity of antibiotic resistance, the development of novel 
antibacterial strategies has become an urgent priority.112-113 
Although photodynamic therapy offers advantages such as 
spatiotemporal controllability and a low propensity to induce 

drug resistance, its clinical application still faces several 
challenges, including limited tissue penetration depth of 
photosensitizers, suboptimal phototherapeutic efficiency, and 
potential laser safety risks.114-116 To break through these 
bottlenecks, Sun’s team designed and synthesized a novel Pt (II) 
metal supramolecular dye, Pt1110, and successfully applied it in 
antibacterial therapy research.83 It achieved inhibition rates 
exceeding 98% against Gram-positive bacteria (e.g., 
Staphylococcus aureus) under safe laser irradiation, revealing its 
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remarkable anti-bacterial activity. In the mouse model of 
Staphylococcus aureus keratitis, the intravenously injected 
Pt1110 NPs could target and accumulate at the infected corneal 
site via a macrophage-mediated “carrier” effect (Fig. 10a). After 
12 days of treatment, the Pt1110 NPs treatment group showed 
significant alleviation of corneal inflammation and a substantial 
reduction in bacterial load (by 2.1 orders of magnitude) (Fig. 
10b). The experimental results fully confirmed that the Pt1110 
material can effectively overcome the limitations of traditional 
photodynamic therapy, demonstrating excellent anti-infective 
performance in various complex biological environments, thus 
providing an important reference for the development of new 
antibacterial agents.

Subsequently, they developed a D-A-D-based Ru (II) metal 
supramolecular dyes (1), with ~1000 nm emission wavelength 
for antibacterial therapy. 93 It allowed deeper tissue penetration 
(7 mm) when compared with Pt1110. This complex exhibits 
excellent antibacterial activity against both Gram-positive 
(Staphylococcus aureus) and Gram-negative (Escherichia coli) 
bacteria, with stronger activity against Gram-positive strains 
(Fig. 10c). This enhanced effect is attributed to the relatively 
simpler cell wall structure of Gram-positive bacteria, which 
facilitates better penetration of the complex. Further direct 
evidence from scanning electron microscopy shows that the 
complex, upon laser irradiation, induced significant wrinkling 
and deformation of bacterial cell walls, ultimately leading to 
bacterial death (Fig. 10d). In S. aureus-infected wound model, 
the complex 1 specifically accumulated at the infected site, 
promoting efficient wound healing within 6 days, significantly 
outperforming the control group (Fig. 10e-f). 

Photodynamic therapy for biofilm infections is currently 
limited by the depth of penetration, while SDT can overcome 
this problem. Based on this, Sun systematically evaluated the 
great potential of Ru-A3-TTD in combating biofilm infections 
caused by multidrug-resistant bacteria.95 The combination of 
positive charges and appropriate size made RuA3-TTD highly 
permeate and accumulate in biofilms. Ru-A3-TTD could 
efficiently eradicate mature biofilms under US (Fig. 10g-h). This 
effect was attributed to its effective penetration into the 
interior of biofilms and the unique triple synergistic mechanism: 
Establishing a wound model of MDR E. coli (multidrug-resistant 
Escherichia coli) biofilm infection, it was found that the infected 
wounds of mice in the Ru-A3-TTD+US group healed almost 
completely after an 8-day treatment, and the bacterial load was 
reduced by approximately 5.8 orders of magnitude (Fig. 10i-j). 
The therapeutic effect far exceeded that of other control groups, 
and it had extremely high biological safety. Ru-A3-TTD not only 
successfully transformed the deep penetration advantage of 
sonodynamic therapy into actual therapeutic effects, but also 
achieved efficient and safe eradication of drug-resistant biofilm 
infections in the complex in vivo environment through its 
unique BME adaptive ability, demonstrating great clinical 
transformation prospects.

3.3 NIR-II metal supramolecular dyes for cardiovascular therapy

Recent research on NIR-II metal supramolecular dyes has 
primarily focused on cancer therapy and antibacterial 
applications. These materials can efficiently generate ROS 
through photodynamic or sonodynamic processes at deep 
tissues, inducing apoptosis of cancer cells or bacterial clearance 
for precision therapy. Given the critical roles of ROS in both 
physiological and pathological processes, precise regulation of 
ROS generation is essential for maintaining cellular 
homeostasis.117-118 The structural tunability of NIR-II metal 
supramolecular dyes provides an ideal platform for controlled 
ROS release, making them promising candidates for treating 
ROS-related diseases. Myocardial infarction (MI)-induced 
ventricular arrhythmias (VAs) are the leading causes of sudden 
cardiac death worldwide.119 Their occurrence is closely 
associated with overactivation of microglia and sympathetic 
neurons within the hypothalamic paraventricular nucleus 
(PVN), accompanied by oxidative stress, neuroinflammation, 
and sympathetic hyperexcitability.120 Studies have shown that 
maintaining ROS levels within a sublethal range can attenuate 
microglial overactivation, induce protective autophagy, 
alleviate oxidative stress, and thereby reduce the risk of MI-
related VAs.121-123

To address this, Sun et al. designed a US-activated Ru (II)-Azo-
BODIPY supramolecular sonosensitizer (RuB). This system self-
assembles through coordination between an Azo-BODIPY dye 
and half-sandwich Ru (II) acceptors to form a rectangular 
metallacycle (Fig. 11a).124 Under 808 nm excitation, RuB 
exhibited strong NIR-II emission at 1110 nm, enabling deep-
tissue imaging and therapy (Fig. 11b). The introduction of 
extended phenyl units enhanced π-conjugation, endowing RuB 
with excellent sonodynamic performance and a high 1O2 
quantum yield (ΦΔ = 0.88) (Fig. 11c). Distinct from conventional 
SDT that relied on excessive ROS for cell ablation, RuB 
generated moderate ROS under low concentration (5 μM) and 
low US power (0.5 W/cm²), effectively inducing pro-survival 
autophagy in microglial cells. Notably, when the RuB 
concentration exceeded 5 μM or the US power surpassed 0.5 
W/cm², significant apoptosis of BV2 cells occurred, indicating a 
well-defined ROS threshold window between autophagic 
activation and cell death (Fig. 11d-e). Further encapsulation of 
RuB into DSPE-PEG5000 nanoparticles (RuB NPs) markedly 
improved its biocompatibility and brain retention. In vivo, 
microinjection of RuB NPs into the PVN followed by localized US 
irradiation significantly suppressed sympathetic hyperactivity 
and neuroinflammation after MI, reducing the incidence of 
severe arrhythmias (such as SVT and VF) by approximately 60%, 
without detectable tissue toxicity (Fig. 11f). Mechanistically, 
this system modulated microglial activity via an ROS-triggered 
autophagy pathway, restoring homeostasis of the neuro–
cardiac axis and thereby reducing the risk of myocardial 
infarction–related mortality (Fig. 11f).  This work not only 
broadened the scope of NIR-II metal supramolecular dyes 
beyond imaging and cancer therapy, but also highlights their 
potential for non-invasive modulation of neuro- and 
cardiovascular functional disorders, offering a new paradigm for 
adaptive ROS-guided precision medicine.
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Fig. 11 (a) The design strategy of RuB as a sonosensitizer to regulate ROS levels and mitigate MI-induced VAs. (b) The absorption and emission spectra of RuB. (c) Assessment of ROS 
generation of various groups under US irradiation (1 W/cm2) (indicator: DCFH). (d) Cell viabilities of BV2 cells incubated with RuB for different concentrations and different US power 
(0.5 W/cm2 or 1 W/cm2, 5 min). (e) Cell viabilities of BV2 cell co-incubated with RuB (5 μM) and various inhibitors under US irradiation (0.5 W/cm2, 5 min). f) Occurrence rate of 
SVT/VF across all experimental groups. (g) Schematic illustration of the mechanism of BV2 cell enhanced autophagy induced by RuB + US treatment. Reproduced with permission 
from ref. 124. Copyright 2025, Wiley-VCH. 

3.3 NIR-II NIR-II metal supramolecular dyes for imaging 

NIR-II (1000–1700 nm) metal supramolecular dyes exhibit broad 
application prospects in biomedical fields due to their excellent 
optical properties. Compared with traditional visible light and 
near-infrared-I (NIR-I) fluorescence imaging, NIR-II imaging 
offers deeper tissue penetration, lower autofluorescence 
interference, and higher spatial resolution, providing unique 
advantages for in vivo vascular imaging, tumor detection, brain 
disease diagnosis, and surgical navigation. However, reported 
NIR-II luminescent supramolecular metallacages remain 
extremely rare, and their generally low quantum yields limit 
their practical application. Therefore, developing AIE-active 
supramolecular metallacages with efficient NIR-II luminescence 

for high-precision imaging at the in vivo level holds significant 
application value. Based on this, Tang developed a series of NIR-
II AIE-active supramolecular metallacages, among which MG 
exhibits the most red-shifted emission at 981 nm.102 The 
encapsulated nanoparticles, MGNPs, demonstrating high 
quantum yield, can still be detected with clear signals at a 
thickness of 6 mm (Fig. 12a). What is more, MGNPs lighted the 
entire vascular network clearly, including fine vascular 
structures in the brain, hind limbs, paws, and ears. As the 
wavelength of long-pass filter increased, the spatial resolution 
of vascular imaging was elevated with SBR as high as 6.04 (Fig. 
12b). Notably, MGNPs enabled clear imaging of brain 
vasculature by penetrating the scalp and skull, demonstrating 
their potential in cerebrovascular disease research (Fig. 12c).
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Fig. 12 (a) The fluorescence penetration depth of MGNPs in chicken breast. (b) NIR-II vascular fluorescence images of mice treated with MGNPs using different LP filters, with 
corresponding cross-sectional intensity profiles. The red curves represent a Gaussian fit to the dark curves. Scale bar: 1 cm. (c) NIR-II brain vascular images of mice treated with 
MGNPs using different LP filters, with corresponding cross-sectional intensity profiles of the highlighted blood vessels with red lines. The scale bar was 0.5 cm. Reproduced with 
permission from ref. 102. Copyright 2023, American Chemical Society. (d) The fluorescence images of the mice at different time points after M-DBTP NPs injection. Scale bar: 1 cm. 
(e) Fluorescence images of dissected bones at different sites after 3 days of M-DBTP NPs injection. f) Fluorescence imaging of 4T1 tumor-bearing mice before and after three 
surgeries, with corresponding dissected tumor images. Reproduced with permission from ref. 101. Copyright 2025, Wiley-VCH. 

Based on the realization of high-resolution imaging of 
blood vessels, the research group made further breakthroughs 
in subsequent studies by constructing M-DBTP metal cages.101 
Their outstanding imaging performance has successfully 
expanded the application scope of NIR-II fluorescence imaging 
from short-term vascular imaging to long-term analysis and 
even precise fluorescence-guided tumor resection. First, in 
terms of vascular imaging, with its NIR-II emission wavelength 
extending to 1006 nm, not only was higher-resolution vascular 
imaging achieved compared to previous work, but it also 
marked the first instance of metal supramolecular dyes to 
achieve long-term in vivo fluorescence tracking for up to 35 
days (Fig. 12d). For the first time, NIR-II fluorescence imaging 
technology visually revealed the unique metabolic pathway of 
supramolecular metallacage nanoparticles, which are rapidly 
cleared from the bloodstream and then specifically accumulate 
and persistently reside in the bone marrow region (Fig. 12e). 
These findings were highly consistent with the Pt distribution 
detected by ICP-OES. Finally, leveraging the enhanced 
permeability and retention (EPR) effect of M-DBTP NPs in 4T1 
tumor-bearing mice, NIR-II fluorescence imaging-guided tumor 
surgery was successfully achieved (Fig. 12f). By monitoring 
residual fluorescence signals during surgery, precise and 
complete resection of tumor tissue was accomplished, 
demonstrating its significant potential in cancer precision 
therapy.

4 Conclusions and perspective
Developing molecular tools for early diagnosis and intervention 
is pivotal to precision medicine. 125-127 Metal supramolecular 
dyes feature tunable photophysical properties, enhanced 
photosensitization, improved cellular internalization, and 
strong resistance to ACQ. Notably, metal supramolecular dyes 
can often be constructed in a modular and operationally simple 
manner, avoiding laborious multistep synthesis and 
purification. These advantages have already driven substantial 
progress in biomedicine, positioning metal supramolecular dyes 
as compelling alternatives to conventional small-molecule 
fluorophores.

To date, however, most metal supramolecular dyes 
operate in the visible region, which restricts their use in deep-
tissue applications. Against this backdrop, our group has 
focused on developing NIR-II metal supramolecular dyes and 
achieved notable advances in bioimaging and disease therapy. 
Early efforts relied on amphiphilic encapsulation to co-load NIR-
II fluorophores with visible-light metal supramolecular dyes into 
nanoparticles. This strategy suffered from payload leakage, 
leading a lack of synchrony between fluorescence reporting and 
therapeutic action. These limitations motivated the 
development of NIR-II metal supramolecular dyes that are 
constructed directly through coordination-driven self-assembly 
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between NIR-II ligands and metal acceptors. Most NIR-II ligands 
used to date are based on aza-BODIPY, D–A–D, or AIE scaffolds, 
which typically exhibit NIR-II fluorescence accompanied by 
photosensitizing and photothermal capabilities, which can be 
further amplified upon self-assembly forming metal 
supramolecular dyes. Over the past five years, NIR-II metal 
supramolecular dyes have expanded rapidly, yet several 
bottlenecks still remain, restricting their further development. 

The number of reported NIR-II metal supramolecular dyes 
is still limited: ligands are dominated by D–A–D and BODIPY 
frameworks, while acceptors largely rely on Ru (II) and Pt (II) 
centers. This limited chemical options stems partly from the 
scarcity of NIR-II fluorophore motifs and partly from reduced 
assembly efficiency associated with enlarged π-conjugated 
surfaces. There is therefore a pressing need for general design 
principles that maintain reliable self-assembly while enabling 
the co-optimization of NIR-II emission with therapy-relevant 
functions, thereby broadening the molecular library of NIR-II 
metal supramolecular dyes. In this context, AI- and data-driven 
screening could help prioritize promising structures and 
assembly conditions, reducing empirical trial-and-error and 
accelerating development of NIR-II metal supramolecular dyes. 
Sustained efforts should be devoted to AI-enabled rational 
design of NIR-II metal supramolecular dyes, aiming to build 
more diverse molecular libraries for exploring structure–activity 
relationships and potential biomedical applications.

Biosensing refers to molecular probes that alter their 
optical outputs in response to specific stimuli (e.g., light, 
acoustic fields, small molecules, or biomacromolecules), 
thereby reporting analyte changes at the molecular level and 
enabling semi-quantitative analysis. Current NIR-II metal 
supramolecular dyes are predominantly “always-on” emitters 
and are thus poorly suited to tracking dynamic pathological 
microenvironment changes. Leveraging the anti-quenching 
advantage of macrocyclic architectures, activatable NIR-II metal 
supramolecular dyes could be engineered to provide more 
accurate diagnosis and therapy, which directly support the 
goals of precision medicine.

The key advantage of NIR-II metal supramolecular dyes lies 
in biomedicine, where stability under physiological conditions is 
essential for maintaining bioactivity. NIR-II metal 
supramolecular dyes are assembled through noncovalent 
interactions and many incorporate large, hydrophobic π-
conjugated frameworks, resulting in poor stability in biological 
media. Although coating MIR-II metal supramolecular dyes with 
amphiphilic materials can improve in vivo stability and 
biocompatibility, the cellular uptake, biodistribution, and 
metabolic clearance of encapsulated metal supramolecular 
dyes differ substantially from those of the original 
supramolecular species. This discrepancy complicates 
mechanistic studies of how metal supramolecular dyes function 
in vivo. Therefore, developing intrinsically stable NIR-II metal 
supramolecular dyes remains a pressing need. Introducing 
multivalent assembly motifs by incorporating additional 
noncovalent interactions beyond coordination holds significant 
potential to enhance supramolecular robustness. Moreover, 
metal acceptors used in current NIR-II metal supramolecular 

dyes have largely been limited to Pt and Ru. Expanding to other 
metal platforms may provide new stabilization motifs and 
further improve supramolecular robustness 

The intrinsic metal-associated biotoxicity of metal 
supramolecular dyes severly limit their biomedical translation. 
This issue may be mitigated by modifying donors and acceptors 
to introduce shielding elements that reduce undesirable 
interactions between the metal center and biomolecules. 
Alternatively, replacing heavy-metal centers with lighter metals 
can circumvent heavy-metal toxicity and depress ISC, which can 
enhance fluorescence quantum yields, benefiting high-
resolution deep-tissue imaging. 

In the future, NIR-II metal supramolecular dyes could be 
employed in expanded biomedical applications, including NIR-II 
imaging-guided radiosensitization therapy and in-situ self-
assembly in vivo. (1) Radiosensitization aims to enhance 
radiotherapy efficacy by amplifying radiation-induced DNA 
damage in tumor tissues.128 Metal supramolecular dyes 
represent ideal radiosensitizing platforms. The high-Z metal 
centers (e.g., Pt, Ru) of metal supramolecular dyes allow 
effective absorption of X-rays for further radiosensitization and 
depositing radiation energy into tumors.129-130 The integration 
of radio-therapy into NIR-II metal supramolecular dyes enables 
precise tracking by NIR-II emitter, facilitating guiding treatment. 
(2) In situ self-assembly, which builds complexes directly at the 
target site via monomer biochemical reactions, significantly 
improved the performance of drug delivery systems for disease 
therapy and imaging.131-132 The nature of metal supramolecular 
dyes, formed through dynamic self-assembly, makes them 
potential candidates for realizing in-situ assembly. It can 
effectively avoid the systemic toxicity arising from heavy atoms 
and stimuli of ROS-mediated dynamic therapies for normal 
tissues, and maximize the NIR-II imaging efficacy. Thus, 
designing in-situ assembly metal supramolecular dyes is 
meaningful.
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