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ABSTRACT: Triplet—triplet annihilation upconversion (TTA-UC) is an emerging class of photonic upconversion materials notable
for low excitation power thresholds, high upconversion quantum yields, and tunable absorption and emission profiles. These unique
features give TTA-UC materials significant potential across diverse fields such as chemistry, biology, and materials science. A
typical TTA-UC system consists of sensitizers and annihilators, functioning through a sequence where the sensitizer absorbs
photons and transfers triplet energy to the annihilator via triplet—triplet energy transfer, followed by triplet—triplet annihilation (TTA)
that emits higher-energy photons. Because TTA-UC materials can be excited by long-wavelength light, they overcome the
limitations in penetration depth of conventional fluorescence technologies, showing great promise for applications such as deep-
tissue imaging, targeted photodynamic therapy, and precise optogenetic modulation. However, molecular oxygen causes non-
radiative decay pathways that severely quench upconversion efficiency, posing a major challenge for practical use. Over the past
decade, researchers have developed various innovative strategies to counteract oxygen-induced quenching. This review
systematically summarizes key scientific approaches to creating high-performance, oxygen-tolerant TTA-UC materials, with a
focus on their underlying mechanisms. First, we discuss molecular engineering strategies involving electron-deficient groups and
conformational control to improve the photostability of TTA-UC chromophores. Second, we describe the fabrication of oxygen-
resistant TTA-UC nanoparticles using reductive oil droplets as soft templates. Finally, we discuss nanostructure-mediated
optimization of intermolecular triplet energy transfer dynamics to enhance oxygen resilience. A critical evaluation of the advantages
and limitations of each approach is provided. Additionally, we highlight key challenges, including improving the upconversion
efficiency of near-infrared-responsive TTA-UC, developing novel nanoparticle fabrication methods, and refining surface
bioconjugation chemistry. We conclude by exploring prospects for integrating TTA-UC with synthetic biology techniques to design
biosynthetic upconversion proteins, potentially establishing upconversion luminescence as a vital tool in fundamental life science
research and accelerating its application in diverse biomedical fields.
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1. Introduction

Upconversion luminescence, a typical anti-Stokes shift optical phenomenon that converts low-energy photons into
high-energy photons through multi-photon absorption mechanisms, has served as a revolutionary tool for modern
biomedical research [1-3]. Compared to traditional fluorescent materials, these materials demonstrate unique
advantages in cutting-edge fields, including spatiotemporally resolved imaging at the single-cell level [4,5], precise
modulation of neural circuits [6], and tracking of tumor immune microenvironments [7]. Although current mainstream
lanthanide-doped inorganic upconversion nanoparticles can achieve conversion from 980/808 nm near-infrared light to
ultraviolet-visible light, their intrinsic limitations, such as low quantum efficiency (typically <1%) [8,9] and potential
risks of rare-earth ion bioaccumulation [10], severely constrain their expanded applications in biomedicine [11]. The
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groundbreaking development of TTA-UC systems based on organic molecules offers an innovative strategy to
overcome these challenges [12—14]. With their exceptionally high upconversion quantum yields, low excitation power
thresholds at the milliwatt level, and programmable spectral tuning characteristics, these systems have inaugurated a
new era for upconversion technology [13—15]. The TTA-UC system consists of a photosensitizer and two annihilators.
The process begins with the photosensitizer absorbing low-energy photons and transferring to its singlet excited state,
followed by intersystem crossing to the triplet excited state. Through sensitization by the triplet-state photosensitizer,
the annihilator is promoted to its triplet state. Two triplet annihilator molecules then undergo triplet-triplet annihilation
(TTA), whereby one molecule returns to the ground state while the other transitions to the singlet excited state,
subsequently emitting a high-energy photon [14,15]. In fundamental photochemistry, the development of novel
photosensitizers is crucial for advancing TTA-UC, and several molecular design strategies have been proposed to
accelerate intersystem crossing rates [16-20]. Moreover, through sophisticated structural optimization of both
photosensitizers and annihilators, multiple high-performance TTA-UC systems have been fabricated [21-25].
Particularly for TTA-UC in the visible region, upconversion efficiency can exceed 30% [26,27]. In practical
applications, TTA-UC systems coupled with light-absorbing photocatalysts can extend the excitation wavelength of
photocatalysis into the near-infrared region, thereby avoiding side reactions induced by substrates or intermediates. This
approach provides new opportunities for large-volume photoredox catalysis [22,28-30]. In solar energy harvesting,
near-infrared TTA-UC directly converts low-energy photons into high-energy photons, improving the power conversion
efficiency of photovoltaic devices [31-36]. For biomedicine, TTA-UC enables background-free bioimaging with
significantly improved signal-to-noise ratios [37—40]. Furthermore, when integrated with photoactive molecules or
optogenetic tools, TTA-UC facilitates near-infrared light-driven targeted therapy and regulation of cellular signaling
pathways [41-47]. In biosensing, TTA-UC has demonstrated new background-free sensing technologies for the
detection of key biomolecules, including oxygen, glucose, sucrose hydrolase, and sarcosine [48—53].

However, molecular oxygen, which acts as a natural triplet quencher, not only accelerates the dissipation of triplet
excitons through electronic energy transfer but can also be photosensitized to form highly reactive singlet oxygen ('O,),
thereby inducing oxidative degradation of the photosensitizer/annihilator [54—57]. Nevertheless, the practical
application of TTA-UC requires effective strategies to circumvent oxygen-induced quenching of the upconversion
luminescence. To address this challenge, the construction of oxygen-resistant TTA-UC systems necessitates synergistic
innovations across two dimensions: molecular design and microenvironment modulation. At the molecular level,
enhancing the intrinsic photostability of TTA-UC molecules through rational structural design of photosensitizers and
annihilators can suppress luminescence quenching caused by photobleaching. At the material level, introducing oxygen
scavengers to create a hypoxic microenvironment or constructing specific nanostructures to promote intermolecular
triplet energy transfer rate can effectively prevent oxygen-induced quenching of molecular triplet states. Particularly
noteworthy is that in nanoconfined environments, the inevitable molecular stacking between photosensitizers and
annihilators may lead to quenching of excited states. Therefore, for developing highly efficient TTA-UC nanoparticles,
establishing a hypoxic microenvironment within the nanoparticles is expected to inhibit quenching caused by
intermolecular stacking. This review will elaborate on progress in oxygen-resistant and efficient TTA-UC materials
from three aspects.

2. Enhanced Photostability of TTA-UC Molecules Promotes Oxygen-Resistant Material Development

The improvement of photostability in TTA-UC molecular systems represents a crucial technical approach for
constructing oxygen-resistant TTA-UC materials. In TTA-UC, triplet energy transfer between photosensitizers or
annihilators and molecular oxygen can lead to the generation of singlet oxygen ('O,). This highly reactive oxygen
species disrupts molecular structures via oxidative degradation pathways, significantly compromising the photostability
of TTA-UC [58,59]. Taking classical annihilators such as 9,10-diphenylanthracene and rubrene as examples, their
polycyclic aromatic hydrocarbon frameworks are prone to [2+2] cycloaddition reactions with 'Oa, resulting in
irreversible molecular structural damage (Figure 1) [58]. To address this limitation, introducing electron-withdrawing
groups (e.g., cyano groups) into the annihilator’s molecular structure can substantially elevate its oxidation potential,
thereby suppressing its reactivity toward 'O,. Experimental studies demonstrate that cyano-functionalized tetracene
derivatives enhance their photostability by more than fourfold compared to the original system, while simultaneously
enabling precise tuning of excited-state energy levels [58]. This strategy has also proven effective in significantly
improving the photostability of perylene derivatives [60].
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Figure 1. Examples of commonly used annihilator structures and photo-oxidation [58]. (9,10-diphenylanthracene and red
fluorescent alkene photo-oxidation paths, furanyl DPP photo-oxidation paths, phenyl DPP and n-extended DPP structures).

In recent years, diketopyrrolopyrrole (DPP)-based annihilators have attracted significant attention due to their
exceptional spectral tunability. However, although heterocycle-substituted DPP derivatives (e.g., thiophene/furan-
substituted) enable near-infrared-to-visible TTA-UC, their photostability remains limited by the intrinsic instability of
the heterocyclic units (Figure 1) [61]. Systematic studies of energy levels revealed that phenyl-substituted DPP possess
T, energy levels between 1.3 and 1.4 eV, contrary to the previously reported value of 1.1 eV [52,61], a finding that
challenges conventional understanding. When paired with the NIR photosensitizer PtTNP (T; = 1.35 eV), phenyl-DPP
not only satisfies the energy level matching requirement for annihilators but also achieves a high upconversion quantum
yield of 9.4% [58]. To further modulate the excited-state energy levels of phenyl-DPP derivatives, new annihilator
structures were synthesized via palladium-catalyzed annulation reactions. These molecules not only retain the excellent
photostability of phenyl-DPP but also exhibit reduced singlet and triplet energy levels due to the extended n-conjugated
system. Furthermore, the exceptional photostability of this annihilator was demonstrated in both air-saturated toluene
solutions and polystyrene films. Compared to conventional rubrene and heterocycle-substituted DPP annihilators, the
new annihilator exhibits superior photostability [58].

Traditional perylene-based compounds exhibit excellent luminescence efficiency and photostability due to their
highly conjugated structures, as well as tunable optical properties, thermal stability, and ease of functionalization.
However, the development of efficient near-infrared (NIR) light-activated TTA-UC has been limited by the fact that
the triplet energy level (T, = 1.53 eV) of Py-based annihilators is significantly higher than that of sensitizers such as
PdTNP, resulting in a triplet—triplet energy transfer (TTET) process that is an unfavorable endothermic reaction, thereby
hindering efficient upconversion luminescence. Through Sonogashira cross-coupling reactions, aryl-alkynyl units were
introduced onto the perylene core, leading to the synthesis of a new series of annihilators (Py1, Py2, Py3, Py4, and Py5)
(Figure 2). This strategy effectively extends the n-conjugated system of the molecules and reduces their triplet energy
levels, enabling them to meet the energy level matching requirement with the photosensitizer PATNP. When combined
with PATNP (10 uM), the diaryl-alkynyl-substituted perylene annihilators achieved a high upconversion quantum yield
of 14.1% [22]. These perylene derivatives not only enable precise modulation of singlet and triplet energy levels but
also successfully transform the TTA-UC system from an endothermic process into a more favorable exothermic one,
while maintaining excellent photostability.

In contrast to polycyclic aromatic annihilators, boron dipyrromethene (BODIPY) derivatives exhibit superior
photostability. However, their intrinsically high triplet energy levels (>1.60 eV) hinder efficient energy matching with
NIR-absorbing photosensitizers, making NIR-to-visible TTA-UC challenging [62]. Through the strategic modulation
facilitated by the stereoelectronic effect of an 8-ethoxycarbonyl group, synergistic interaction between its lone pair
electrons and the n-system of the BODIPY core results in a reduction of both the singlet and triplet energy levels to
2.22 eV and 1.34 eV, respectively (Figure 3a—c). When coupled with the NIR-absorbing photosensitizer PtTNP, this
system achieves a high upconversion quantum yield of 13.3%. Further polymer-encapsulated PtTNP/BDP-2 complexes
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were successfully fabricated into oxygen-resistant TTA-UC films, within which intense upconversion luminescence is
clearly observed. This finding breaks the inherent limitation of conventional BODIPY molecules with elevated triplet
energy levels (>1.60 eV), establishing a new strategy for the design of NIR-driven systems (Figure 3d) [63].

Figure 2. Structures of new perylene-based annihilators (Py1, Py2, Py3, Py4, and Py5) incorporating aryl-alkynyl units [22].
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Figure 3. BODIPY annihilator energy level modulation [63]. (a) The strategies for modulating triplet state, (b) BODIPY annihilator
energy levels, and (¢) TTA-UC luminescence; (d) The molecular structures of PtTNP and BODIPY derivatives. Reproduced from

ref. [63]. Copyright 2023 Wiley—VCH.
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The aforementioned research findings demonstrate that the synergistic combination of electron-withdrawing group
modification and molecular conformational engineering can simultaneously achieve intrinsic enhancement of
annihilator photostability and precise regulation of excited-state energy levels. This approach provides an innovative
solution for constructing oxygen-resistant TTA-UC systems and establishes a critical foundation for developing
oxygen-resistant TTA-UC materials.

3. Fabrication of Oxygen-Resistant TTA-UC Nanoparticles via Reductive Oil-Droplet Strategy

The luminescence quenching effect of dissolved oxygen on TTA-UC nanoparticles in aqueous solutions represents
a critical challenge for practical applications. Generally, external means cannot be employed to remove dissolved
oxygen molecules from the aqueous environment in real-world scenarios; instead, oxygen molecules within or around
the nanoparticles must be eliminated via specific chemical reactions to restore upconversion luminescence.
Consequently, utilizing reductive oil droplets as oxygen scavengers has emerged as a primary technical pathway for
fabricating oxygen-resistant TTA-UC nanoparticles. Currently, these reductive oil droplets typically comprise
molecules that readily react with singlet oxygen. Under light excitation, the sensitizer photosensitizes dissolved oxygen
to generate singlet oxygen, which subsequently reacts with the reductive oil droplets to create a localized hypoxic
microenvironment, further suppressing oxygen-induced triplet-state quenching. In early studies, dextran-modified
bovine serum albumin (BSA) was used as a coating agent to encapsulate soybean oil containing unsaturated double
bonds, thereby constructing a reductive microenvironment (Figure 4a). Upon red light irradiation, the singlet oxygen
generated by photosensitizers (e.g., PtTPBP) reacted with the double bonds, establishing local hypoxia within
nanoparticles and enabling the observation of upconversion luminescence in oxygen-saturated aqueous solutions.
Although this pioneering work first validated the feasibility of constructing hypoxic microenvironments, the low density
of soybean oil and suboptimal nanoparticle size (>100 nm) significantly compromised both water dispersibility and
biocompatibility, failing to meet practical application requirements. This groundbreaking work laid the foundation for
the development of oxygen-resistant TTA-UC nanoparticles [64].
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Figure 4. Early TTA-UC nanoparticle encapsulation strategy [47,64]. (a) BSA-capped TTA-UC nanoparticles [64]; (b) TTA-UC
nanoparticles encapsulated by the mesoporous silica template method [47]. Panels (a) adapted from ref. [64]. Copyright 2013
American Chemical Society. Panels (b) adapted from ref. [47]. Copyright 2017 Wiley—VCH.
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To address these limitations, we developed a mesoporous silica templating method to encapsulate TTA-UC
molecules loaded with methyl oleate within ordered mesopores, yielding monodisperse oxygen-resistant TTA-UC
nanoparticles with uniform particle size (218 nm = 16 nm). Innovatively, unsaturated alkenes were covalently
conjugated to amphiphilic polymer chains, facilitating the formation of nanoparticles approximately 30 nm in size via
self-assembly. Furthermore, annihilators were used as photoprotecting groups to conjugate to drug molecules and
synthesize prodrugs. Through the TTA mechanism, the wavelength for photocleavable prodrug release was significantly
extended into the near-infrared region (Figure 4b). However, constrained by the insufficient alkene content in the
polymer matrix, the system requires prolonged irradiation to activate upconversion luminescence, thereby limiting its
practical application [47].

The use of solvents with oxygen-scavenging capabilities represents a common strategy to achieve oxygen-tolerant
TTA-UC. For instance, in a DMSO solution containing PtOEP/DPA, singlet oxygen generated through
photosensitization oxidizes trace amounts of DMSO, enabling in situ deoxygenation and resulting in efficient oxygen-
tolerant TTA-UC. Besides DMSO, liquid sulfoxide solvents (e.g., TMSO) and liquid cyclic urea solvents (e.g., DMPU,
DMI) can also achieve similar deoxygenation effects through analogous mechanisms [65]. Similarly, for
phosphorescent gold(I) complexes, DMSO can trap photosensitized singlet oxygen, leading to enhanced
phosphorescence emission [66]. Furthermore, the anti-Stokes shift of Os-phen/DPA in deoxygenated CH,Cl, can reach
1.14 eV; to enable operation under ambient conditions, distinct upconverted emission remains observable in a mixed
DMSO/CH:Cl, solvent system [67].

To accelerate the oxygen scavenging rate, we systematically evaluated the oxygen scavenging efficiencies of
various organic amines (aryl amines, alkyl primary/secondary/tertiary amines) through photo-oxidation reactions
(Figure 5a). Using PATPBP as the photosensitizer and Cj;-alkyl modified perylene as the annihilator (Figure 5b), the
recovery kinetics of upconversion luminescence were investigated by monitoring intensity changes in DMF solutions
containing PATPBP/perylene and organic amines under red light irradiation. Experimental results indicated that no
upconversion luminescence was observed in TTA-UC solutions containing aryl primary amines under illumination,
demonstrating their inability to function as oxygen scavengers. In solutions containing alkyl primary and secondary
amines, oxygen scavenging is achieved via a photosensitized singlet-oxygen trapping mechanism, with the
upconversion luminescence recovery rate in these systems being less than 200 s. Although upconversion luminescence
was generated in solutions containing alkyl tertiary amines, the recovery time was significantly longer, and the intensity
was lower compared to alkyl primary and secondary amines. These findings suggest distinct mechanisms for
upconversion generation among the three alkyl amine types. Mechanistic studies on photo-induced electron transfer and
triplet energy transfer mechanisms of PATPBP (Figure 5¢) revealed that alkyl primary and secondary amines primarily
facilitate oxygen depletion by photosensitized singlet oxygen generation, thereby eliminating dissolved oxygen. In
contrast, solutions containing alkyl tertiary amines involved photo-induced electron transfer between the sensitizer and
the amine, leading to upconversion quenching (Figure 5d). Furthermore, amine-rich polyethyleneimine was conjugated
to polymer surfaces to synthesize amphiphilic polymers. Using butyl benzoate as the oil phase to suppress
PATPBP/perylene aggregation, oxygen-resistant TTA-UC nanoparticles with upconversion efficiency as high as 1.0%
were fabricated, exhibiting a small particle size of only 17.2 nm £ 1.5 nm. The universality of this method for preparing
oxygen-resistant TTA-UC nanoparticles was validated by encapsulating other TTA-UC molecules with different
excitation and emission wavelengths, preparing nanoparticles with tunable excitation/emission profiles (Figure 5¢) [68].
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Figure 5. Enhancement of TTA-UC luminescence by photoredox reactions of organic amines [68]. (a) Structures of 18 organic
amines; (b) Structures of the photosensitizer PATPBP and the annihilator perylene; (¢) The dual role of organic amines in photo-
oxidation inhibits the oxygen-induced triplet quenching; (d) TTA-UC kinetics and generation of single oxygen (414 nm) and
superoxide anion (560 nm) involved in organic amines; (e¢) Polyethyleneimine-coated TTA-UC nanoparticles. Reproduced with
permission from ref. [68]. Copyright 2024 American Chemical Society.

Although photo-oxidation of organic amines is an effective method for preparing oxygen-resistant TTA-UC
nanoparticles via oxygen scavenging, these amines can induce hemolysis in blood cells and cause significant biotoxicity.
Consequently, developing fabrication methods for oxygen-resistant TTA-UC nanoparticles with good biocompatibility
is highly desirable. Systematic screening of photo-oxidation reactions across 20 natural amino acids (Figure 6a) revealed
that methionine and histidine could rapidly eliminate dissolved oxygen, enabling prompt recovery of upconversion
luminescence. Mechanistic studies indicated that singlet oxygen generated via photosensitization reacts with methionine
and histidine under light irradiation, thereby reducing dissolved oxygen concentrations in solution (Figure 6b). To
address this limitation, the inherent hydrophilicity of amino acids hinders their direct application as hydrophobic oil
droplets. Therefore, hydrophobic methionine derivatives are synthesized via butyl-group conjugation via an amidation
reaction, which are subsequently employed as a hydrophobic oil phase to dissolve the photosensitizer (PdTPBP) and
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annihilator (perylene) (Figure 6c¢). Using an amphiphilic polymer to encapsulate oil droplets containing
PdTPBP/perylene, oxygen-resistant TTA-UC nanoparticles were successfully fabricated (Figure 6d) with a high
upconversion quantum yield reaching 7.2%. More significantly, compared to using oleic acid as the reductive oil droplet,
the methionine-based derivative enabled a much faster recovery of TTA-UC luminescence, exhibiting a 400-fold
increase in the TTA-UC recovery rate [69].
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Preparation of oxygen-resistant TTA-UC nanoparticles with the addition of methionine derivatives. Panels (a—d) adapted from ref.
[69]. Copyright 2025 Wiley—VCH.

4. Engineering Oxygen-Resistant TTA-UC Materials via Microstructure-Mediated Control of Intermolecular
Triplet Energy Transfer Rates

TTA-UC fundamentally relies on intermolecular triplet energy transfer. However, molecular oxygen, acting as an
efficient triplet quencher, significantly suppresses the luminescence intensity. Since TTA-UC depends on
intermolecular Dexter energy transfer, which exhibits a strong distance dependence, the strategic design of specific
microstructures can enhance the intermolecular triplet energy transfer rate to surpass that of triplet-state quenching by
oxygen molecules. This strategy offers a feasible pathway to the construction of oxygen-resistant TTA-UC materials.

Metal-organic frameworks (MOFs), with their crystalline structures and dense molecular packing, are highly
conducive to enhancing the intermolecular triplet energy transfer rate. For instance, the integration of palladium-
substituted porphyrin photosensitizers and a DPA annihilator within a nanoscale MOF (Figure 7a) significantly boosts
the intermolecular triplet energy transfer rate, achieving a triplet exciton diffusion constant as high as 7.7 x 107® cm?-s™
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and a triplet exciton diffusion length of up to 1.6 um. In the nano-MOF, upconversion luminescence was observed even
in air-saturated solutions, with an upconversion quantum yield of 1.28% [70].
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Figure 7. Photon upconversion in MOFs, glassy polymer, and supramolecular gel matrixes [70—72]. (a) Structural analysis and the triplet
energy migration pathways in different types of TTA-UC MOF [70]; (b) Nanodroplet-containing polymers and chemical structures of the
constituents forming the glassy polymer, the surfactant, and the liquid phase [71]; (¢) Photon upconversion in supramolecular gel matrixes
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[72]. Panels (a) adapted from ref. [70]. Copyright 2018 American Chemical Society. Panels (b) adapted with permission from ref. [71].
Copyright 2017 Wiley—VCH. Panels (¢) adapted from ref. [72]. Copyright 2015 American Chemical Society.

TTA-UC exhibits high upconversion efficiency in low viscosity solutions, but its efficiency significantly decreases
in the more widely applicable solid materials. Through redox-initiated free-radical polymerization under ambient
conditions, cross-linked glassy polymer materials containing nanodroplets were prepared in one step. This
polymerization system consists of the hydrophilic monomers 2-hydroxyethyl methacrylate (HEMA) and methacrylic
acid (MAA), the cross-linker triethylene glycol dimethacrylate (TEG-diMA), with the incorporation of a small amount
of the lipophilic and low-volatility liquid 1-tert-butyl-3,5-dimethyl benzene (BMB), the surfactant
cetyltrimethylammonium bromide (CTAB), along with ethylene glycol added as both refractive index modifier and
polymer plasticizer, and the photosensitizer/annihilator pair PAOEP/DPA (Figure 7b). By confining PAOEP/DPA within
the liquid nano-domains of the polymer, the intermolecular triplet energy transfer rate was significantly enhanced. This
system demonstrates excellent oxygen tolerance, maintaining stable upconversion luminescence even under ambient
air, with a constant upconversion efficiency of approximately 15%. This strategy indicates that encapsulating liquid
TTA-UC systems within glassy polymers is an effective approach for constructing efficient and oxygen-resistant TTA-
UC materials [71].

Polymers and natural biomolecules contain abundant functional groups such as carboxyl, amino, and hydroxyl
groups, which readily form dense hydrogen-bonding networks. These networks significantly impede oxygen diffusion
within these materials, thereby suppressing oxygen-induced triplet quenching and maintaining TTA-UC activity under
ambient air. For example, the TTA-UC hydrogel system was fabricated using N,N’-bis(octadecyl)-1-boc-glutamic
diamide (LBG) as the matrix, incorporating platinum octaethylporphyrin (PtOEP) and DPA. This hydrogel exhibited
bright upconversion luminescence even in air (Figure 7c), achieving an upconversion efficiency of up to 3.5% [72]. The
three-dimensional hydrogen-bonding network demonstrated distinct thermosensitive characteristics, with elevated
temperatures inducing hydrogel network dissociation and a significant decrease in upconversion luminescence. This
phenomenon unequivocally confirms the critical role of hydrogen-bond network formation in the development of
oxygen-resistant TTA-UC materials [72—74]. Oxygen-tolerant TTA-UC materials can also be achieved by integration
with hydrogels, as the abundant hydrogen-bonding networks within hydrogels suppress oxygen diffusion, thereby
minimizing the quenching of TTA-UC by oxygen [75-79].

Solid-state TTA-UC materials are of significant importance for device processing and practical applications. The
utilization of intermolecular van der Waals interactions enables the preparation of high-performance TTA-UC materials.
For instance, during recrystallization, dissolving a trace amount of porphyrin sensitizer (approximately 0.001%) into a
blue-fluorescent hydrocarbon annihilator molecular crystal yields uniformly colored and transparent solid-solution
crystals, effectively suppressing sensitizer aggregation [80]. Similarly, doping a photosensitizer into a molten
annihilator and then cooling can produce efficient, homogeneous solid-state upconversion materials [81]. Furthermore,
based on surface temperature gradient control techniques, bicomponent organic polycrystalline films can be directly
grown from mixed melts of sensitizers and annihilators [82]. Notably, co-dissolving multiple photosensitizers into the
molecular crystal of the annihilator to broaden the absorption bandwidth can significantly enhance upconversion
emission intensity, and the resulting crystals maintain excellent photostability under prolonged illumination for up to
50 h [83].

Nanoconfinement effects also serve as an effective strategy to enhance the intermolecular triplet energy transfer
rate. Through multi-level hierarchical self-assembly of TTA-UC molecules with proteins, photon upconversion
supramolecular assemblies were fabricated (Figure 8a—c). Within these protein-based nanoparticles, upconversion
luminescence was observed even in the absence of reactive oxygen species scavenging units. Transient absorption
studies revealed that this phenomenon originates from a significantly accelerated triplet energy transfer rate between
the photosensitizer (PtTNP) and annihilator (DPP) in the protein-based supramolecular assembly, with the transfer rate
surpassing that of oxygen-induced triplet quenching (Figure 8d). Most importantly, the oxygen-resistant TTA-UC
nanoparticles constructed based on nanoconfinement effects exhibit a distinct upconversion generation mechanism
compared to those relying on photo-oxidation reactions. Specifically, the maximum upconversion intensity is instantly
observed upon irradiation and remains stable without temporal decay [52].
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Figure 8. Natural protein photon upconversion supramolecular assemblies [52]. (a) Schematic process of protein self-assembly
nanoparticle preparation; (b) Molecular structures of photosensitizer and annihilators; (¢) Transmission electron microscopy (TEM)
images of PtTNP/An4 assemblies containing different concentrations of BSA; (d) Schematic diagram of the photo-induced electron
transfer from BSA to An4. Reproduced from ref. [52]. Copyright 2024 American Chemical Society.

Porous materials have become ideal platforms for fabricating efficient solid-state triplet-triplet annihilation
upconversion (TTA-UC) materials due to their rigid frameworks, which facilitate long-range exciton migration.
However, the triplet exciton diffusion constants in previously reported TTA-UC systems based on crystalline metal-
organic frameworks (MOFs) still require improvement. This limitation stems from metal nodes in MOFs, which often
act as exciton-quenching sites, resulting in shorter triplet exciton diffusion lengths and, consequently, suboptimal
upconversion performance. Therefore, developing metal-free porous frameworks offers a significant advantage for
enhancing exciton diffusion length.

In covalent organic frameworks (COFs), the energy levels of annihilator units can decrease as the m-conjugated
plane of the framework extends, or framework vibrations may quench the annihilator’s excitons. To address this, we
introduced steric hindrance into the annihilator units to disrupt the m-conjugation between the annihilators and the
porous aromatic framework (PAF). This strategy establishes a more uniform triplet exciton energy landscape, thereby
promoting exciton diffusion. For example, diketopyrrolopyrrole (DPP) was employed as the annihilator unit and
integrated into the PAF-11 framework (Figure 9a). The photosensitizer palladium(II) tetraphenyltetrabenzoporphyrin
(PdTBP) was subsequently introduced to prepare the organic upconversion material. Results demonstrate that DPP-
PAF-2/PdTBP exhibits bright upconversion luminescence even under ambient conditions, with a high triplet exciton
diffusion constant of 1.34 x 10 cm?'s™" (Figure 9b). This enhancement is attributed to the incorporation of 3,5-dimethyl
groups, which restrict free rotation between the DPP and phenyl units. This restriction leads to a more uniform triplet
exciton energy landscape, enabling highly efficient exciton diffusion within the PAF framework. This work
demonstrates that the rational design and utilization of PAFs can significantly enhance exciton diffusion rates, providing
a new pathway for developing oxygen-resistant TTA-UC materials [53].
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Figure 9. Schematic illustration of TTA-UC PAF and the synthetic procedure of PAF-11 and DPP-PAF [53]. (a) Schematic
illustration of the 721 nm excitable triplet-triplet annihilation upconversion porous aromatic frameworks (TTA-UC PAFs); (b)
Schematic illustration of the synthetic procedure of PAF-11 and DPP-PAF. The insets are images of PAF-11 and DPP-PAF. Panels
(a,b) adapted with permission from ref. [53]. Copyright 2025 Wiley—VCH.

5. Challenges and Prospects

(M

2

The current challenges in TTA-UC primarily encompass the following aspects:

The upconversion quantum yields remain relatively low in the near-infrared region, which is fundamentally
constrained by the energy gap law. This result dictates that sensitizers or annihilators with low-lying excited states
predominantly undergo non-radiative decay, thereby suppressing intermolecular triplet energy transfer.
Furthermore, the significantly expanded conjugated planes of NIR-absorbing sensitizers and annihilators make
them highly susceptible to oxidative degradation by reactive oxygen species. These factors render NIR-light-
activated TTA-UC systems particularly unstable.

Regarding nanomaterial fabrication, although our group and others have developed a series of viable strategies for
nanoparticle preparation, the existing methodologies still fail to meet the expanding application demands. For
instance, current TTA-UC nanoparticles are inadequate for single-particle imaging applications. This is primarily
because single-particle imaging requires extremely low nanoparticle concentrations, whereas most current TTA-
UC nanoparticles are organic colloids. When their concentration falls below the critical micelle concentration,
these nanoparticles tend to dissociate. Additionally, in vivo applications, the abundant biomacromolecules (e.g.,
proteins, nucleic acids, phospholipids) in biological systems can potentially undergo component exchange with
the organic nanoparticle constituents, leading to structural dissociation. These factors represent key limitations for
biomedical applications of TTA-UC.
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(3) Surface functionalization of TTA-UC nanoparticles. To the best of our knowledge, no literature has specifically reported
on the surface modification of TTA-UC nanoparticles. Although numerous surface modification strategies for
nanoparticles have been documented, their applicability to TTA-UC nanoparticles remains to be validated. This is
primarily because the current immaturity of TTA-UC nanoparticle technology, where the prepared nanoparticles still
require further improvement. Effective surface functionalization of TTA-UC nanoparticles can significantly enhance
their targeting specificity toward cells, tissues, and organs, which is crucial for advancing their biological applications.

To address the aforementioned challenges, we propose the following strategic approaches: Enhancing the
performance of near-infrared (NIR) TTA-UC primarily focuses on mitigating the excited-state energy loss during the
intersystem crossing (ISC) process of the sensitizers. Therefore, in-depth investigations of the ISC process of NIR
photosensitizers and the development of novel photosensitizers possessing both NIR absorption and thermally activated
delayed fluorescence characteristics are imperative. Since spin-state transitions in quantum dots (QDs) don’t entail
significant excited-state energy loss, employing heavy-metal-free quantum dots, such as CulnSe», as photosensitizers
represents a viable strategy for advancing NIR TTA-UC [84]. Regarding the fabrication of TTA-UC nanomaterials,
priority should be given to exploiting nanoconfinement effects to develop oxygen-resistant TTA-UC nanomaterials. This
approach eliminates the dependency on reactive oxygen species scavengers, thereby simplifying nanoparticle composition
and enhancing biocompatibility. Utilizing natural biomacromolecules for the preparation of TTA-UC nanomaterials can
significantly reduce biotoxicity, facilitating broader biological applications. Concerning the surface modification of TTA-
UC nanoparticles, the development of reliable modification methods is only meaningful once mature fabrication protocols
are firmly established. Bioorthogonal reactions can be employed to conjugate targeting moieties, such as aptamers or
antibodies, to the nanoparticle surface, thereby enhancing targeting specificity and achieving high signal-to-background
ratio bioimaging in vivo. The modification of surface ligands on TTA-UC nanoparticles offers a strategy for constructing
diverse bioprobes, enabling the background-free detection of malignant disease biomarkers.

As a new-generation organic upconversion system, TTA-UC has demonstrated unique application potential across
diverse fields, including biomedicine, chemistry, and materials science. The advancement of synthetic biology offers
new possibilities for integrating TTA-UC with biological systems, although current applications in this field remain at
a nascent stage. A key consideration in synthetic biology lies in the strategic localization and functional assignment of
TTA-UC. For instance, in applications aimed at photocatalytic CO; to fuels using synthetic biology, the photosensitizer
in TTA-UC systems may function as a unit for capturing low-energy photons to enhance photon utilization efficiency,
while the annihilator could potentially serve as a photocatalyst or electron transfer mediator to improve CO:
photoconversion efficiency. In the field of bioimaging and diagnostics, a significant question is whether TTA-UC can
emulate green fluorescent protein by enabling the design of genetically encoded upconversion proteins via synthetic
biology. Currently, the genetically encoded small-molecule fluorophores can be achieved through unnatural amino acid
insertion techniques. However, for TTA-UC, the simultaneous integration of both the photosensitizer and annihilator
within a single protein significantly elevates the technical challenges in creating genetically encoded upconversion
proteins. To mitigate the complexity of upconversion protein biosynthesis, employing photosensitizers and annihilators
with simple molecular structures may represent the optimal strategy. Nevertheless, avoiding oxygen-induced quenching
of TTA-UC and photo-induced charge transfer-mediated quenching between proteins and TTA-UC components will
require careful protein structural optimization. Although no studies have yet reported the combined application of TTA-
UC and synthetic biology, we believe that with the continuous refinement of TTA-UC molecules and material systems,
the deep integration of synthetic biology with TTA-UC holds considerable promise.
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