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Abstract

Organic triplet-triplet annihilation upconversion (TTA-UC) nanoparticles have emerged as exciting 

therapeutic agents and imaging probes in recent years due to their unique chemical and optical 

properties such as outstanding biocompatibility and low power excitation density. In this review, 

we focus on the latest breakthroughs in such new version of upconversion nanoparticle, including 

their design, preparation, and applications. First, we will discuss the key principles and design 

concept of these organic-based photon upconversion in regard to the methods of selection of the 

related triplet TTA dye pairs (photosensitizer and emitter). Then, we will discuss the recent 

approaches s to construct TTA-UCNPs including silica TTA-UCNPs, lipid-coated TTA-UCNPs, 

polymer encapsulated TTA-UCNPs, nano-droplet TTA-UCNPs and metal-organic frameworks 

(MOFs) constructed TTA-UCNPs. In addition, the applications of TTA-UCNPs will be discussed. 

Finally, we will discuss the challenges posed by current TTA-UCNP development.
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Introduction:

Photon-upconverting (UC) convert low-energy photons into high-energy ones.[1–2] In past 

decades, lanthanide ions-doped inorganic nanoparticles were widely applied in 

photodynamic therapy, photoactivated drug release, fluorescence sensors, and optogenetic 

techniques.[3–6] However, this type of upconversion nanoparticles have certain drawbacks 
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such as the requirement of the laser light with relatively high excitation power density and 

inherently suboptimal upconversion quantum yield. In addition, the toxicity of lanthanide 

ions in the organism needs further exploration.[7–8] Seeking to improve upon these 

inorganic lanthanide nanoparticles, scientists have begun to explore organic TTA-UC due to 

their special optical properties such as low excitation power density, intense absorption of 

excitation light, high upconversion quantum yield, and readily tunable excitation/emission 

wavelength.[9–14] In TTA-UC, as shown in Scheme 1a, the photosensitizer absorbs low 

energy photons and transits to single state (S1) and subsequently to the triplet excited state 

(T1) by in intersystem crossing process (ISC) of photosensitizer, and then the triplet-triplet 

energy transfer (TTET) generates from photosensitizer to emitter. Finally, the triplet states of 

emitter annihilation (TTA) produce high energy upconverted photons. [9–14]

In order to achieve versatile applications of TTA-UC in cancer therapy, fluorescence sensors 

and drug delivery, researches have attempted to explore the methods to develop of highly 

effective TTA-UCNPs. [2, 14] However, these endeavors encountered a series of challenges: 

(1) molecular oxygen can easily quench the triplet state of photosensitizers and emitters; (2) 

the aggregation of photosensitizers and emitters can have detrimental influences on the 

optical properties in the TTA-UCNPs; (3) the mobility of photosensitizers and emitters in 

TTA-UCNPs limits the triplet-triplet energy migration (TTET and TTA process) and 

concomitants upconversion efficiency. In this review, we will start by discussing how to 

design efficient TTA-UC dye pairs including the basic theory and principles. In the second 

section, recent advances in the preparation of TTA-UCNPs including silica TTA-UCNPs, 

lipid-coated TTA-UCNPs, polymer-encapsulated TTA-UCNPs, nano-droplet based TTA-

UCNPs and metal-organic frameworks (MOFs) constructed TTA-UCNPs will be presented 

(scheme 1b). In addition, we will show the multiple applications of TTA-UCNPs in bio-

imaging, photo-targeting, and tumor treatment. Finally, we will suggest possible future 

directions and application areas of TTA-UCNPs.

1 The basic theory and principles of TTA-UC.

In general, the TTA-UC process is an anti-Stokes shift delay process. The TTA-UC emission 

spectrum presented the similarity to the fluorescence spectrum of the emitter, but the 

upconversion emission presents a longer delay in the lifetime (microseconds) than the 

original fluorescence lifetime of the emitters (nanoseconds). The upconversion intensity 

presents a quadratic (x2) dependence on the incident light power under low excitation power 

density because two triplet states of emitters are required in the TTA process. After the 

transition threshold (Ith), TTA-UC presents a linear dependence under high power density 

excitation irradiation since the emitters are saturated [9–14].

In the TTA-UC processes, the intense light absorption of photosensitize is beneficial for 

harvesting more photons. In addition, the efficient ISC process is critical to the triplet 

quantum yield of the photosensitizer. Moreover, the long triplet excited lifetime of the 

photosensitizer is required for triplet-triplet energy transfer from the photosensitizer to the 

emitter. For the emitters, they should have a lower triple excited state than that of the 

photosensitizer in order for the TTET process to occur. The high fluorescence quantum yield 

is important in improving the upconversion efficiency. In addition, the emitter of double 
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triplet energy (2T1) should be greater than the singlet energy (S1) of the emitter which is 

essential to the TTA process. [9–14]

In recent years, a series of TTA photosensitizers that contain organic photosensitizers and 

noble metal complexes (Ru (II), Pt (II), Ir (III) and Re (I)) were reported. [17–20] In this 

review, we will focus on these generally used and commercially available photosensitizers 

such as green-absorbing platinum/palladium octaethylporphyrin (PtOEP/PdOEP),[21] red-

absorbing meso-tetraphenyl-tetrabenzoporphine platinum/palladium (PtTPBP/PdTPBP), 

[22] and near infrared absorbing palladium(II) octabutoxyphthalocyanine (PdPc(OBu)8) as 

well as metal-free BODIPY based photosensitizers. [23] In particular, PtOEP has intense 

absorption in visible green region, long triplet state lifetime (90 μs) and triplet excited state 

energy level (1.92 eV). For example, when combined with the emitter of 9, 10-diphenyl 

anthracene (DPA), TTA-UC quantum yield was observed to be excellent. [24–26] Compared 

to PtOEP, the absorption wavelength of PdTPBP is red-shifted to red (635 nm). PdTPBP is 

suitable for TTA-UC due to robust photostability, long triplet excited lifetime (223.7 μs) and 

adjusted triplet excited state energy level (1.56 eV). When combined with perylene, 

BDP-515, and BDP-546, the bright upconversion from red to blue /green/orange was 

reported. [27] NIR absorbing TTA-UC is advantageous in biological applications such as 

deep tissue penetration and weak photo-damage for the organism. [28–29] PdPc (OBu)8 was 

proposed to use due to its intense absorbance in NIR region. When combined with a rubene 

emitter, NIR to visible light upconversion was able to be detected. [25] In addition, metal 

free BODIPY based photosensitizers were recently developed. BODIPY photosensitizers 

have shown attractive photophysical properties such as strong absorbance, high triplet state 

quantum yield, and long triplet excited lifetime. More importantly, the flexible molecular 

structure provides a platform to prepare and screen the best TTA-UC systems. [30–32]

2. The strategy of preparation of TTA-UCNPs

TTA-UC has a larger absorbing cross-section area than rare earth-doped upconversion 

nanoparticles, high upconversion quantum yield under low excitation power density.[2,5] 

However, preparation of highly efficient TTA-UCNPs remains challenging due to the 

molecular oxygen quenching and chromophore aggregation in nanoparticles. Along with 

nanotechnology development, many preparation strategies were reported in past decades. In 

this section, we will discuss and summarize the preparations of TTA-UCNPs. [9–14]

2.1. Liposome-encapsulated TTA-UCNPs—Liposome-encapsulated nanomaterials 

have been widespread in the biological and clinical studies. Amphiphilic phospholipids 

especially have seen particular success and have been approved to use in the clinic by the 

United States Food & Drug Administration (FDA). [33–35] Therefore, liposomes were one 

of the first material considered to prepare the TTA-UCNPs.

For example, Askes et al. selected liposomes to prepare red or green light to blue TTA-

UCNPs. As shown in Figure 2, the blue up-converting liposomes can trigger the photo-

dissociation of Ru-2 from PEGylated liposomes using a red laser source (630 nm). In the 

TTA-UC liposomes, PdTPBP is the red absorbing photosensitizer and perylene is the 

emitter. Due to the triplet excited state energy level of perylene matching well with PdTPBP, 
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the PdTPBP/perylene system presents high red to blue upconversion quantum yield. The 

hydrophobic moieties of lipid can alleviate the aggregation of PdTPBP and perylene and the 

mobility of PdTPBP and perylene. Using the TTA-UC liposomes, the photo-activated Ru 

complexes system was constructed by the sulfur coordination Ru complexes. Upon excited 

by the red laser (630 nm), the bright blue upconversion was re-absorbed by Ru complexes 

(Ru-2), leading to the water coordination Ru complexes (Ru-1) releasing from the TTA-UC 

liposomes. [36]

In addition, compared to conventional fluorescence agents such as typical dyes and 

semiconductor quantum dots, due to the advantages of anti-Stokes fluorescence reducing the 

background auto-fluorescence and eliminating the potential damage of the living tissue, 

TTA-UCNPs presented high signal-noise ratio in the cell imaging with lower power 

excitation irradiation. [37–39] To this end, as shown in Figure 3, Mattiello et al. provided a 

facile protocol to prepare the TTA-UC nanomicelles which contain PtOEP as photosensitizer 

and DPA as the emitter. The photosensitizer of PtOEP not only has intense absorption in the 

green region but also has long triplet lifetime and robust photostability. The emitter of DPA 

has high fluorescence quantum yield (> 90 %) and suitable triplet excited energy level with 

PtOEP (1.72 eV). The dual dyes were coated by the commercially available surfactant

−Kolliphor EL. Due to the highly efficient TTET process from PtOEP to DPA, the red 

phosphorescence of PtOEP was dramatically quenched in TTA-UC nanomicelles. The result 

demonstrated that surfactant Kolliphor EL is an excellent matrix to reduce the dyes 

aggregation and keep mobility of PtOEP and DPA in TTA-UC nanomicelles. More 

important, the upconversion quantum yield of TTA-UC nanomicelle is up to 6.5 % under 0.1 

W/cm-2 in the water in the air. Due to the low toxicity of TTA-UC nanomicelles, these 

nanomicelles were used for anti-Stokes fluorescence imaging of 3T3 cells under low power 

excitation intensity. [40] The TTA-UC nanomicelles presented dual color cell imaging, the 

red emission from the phosphorescence of PtOEP and the blue emission from the 

upconversion process. This dual color feature of TTA-UC nanomicelle is useful to construct 

the ratio-metric upconversion imaging so as to improve the signal-noise ratio.

Moreover, as shown in Figure 4, Kouno et al. synthesized the amide bond and quaternary 

ammonium salt modified DPA derivative (A-1). In this molecule, the hydrophobic DPA 

moiety orderly self-assembled by π-π stacking interactions and the hydrogen bond from the 

amide further stabilized the supramolecular structure. The cation not only enhanced the 

water-soluble of DPA liposome but also improved the binding affinity with the 

photosensitizer of Pt porphyrin by ion-ion interaction. The photosensitizers and emitters 

self-assembly not only improved the triplet-triplet energy migration due to the reducing of 

the intermolecular distance, but also minimized the molecular oxygen quenching in water. 

More importantly, high upconversion quantum yield (7%) was observed in the water and in 

the presence of oxygen. [41–42]

2.2. Silica-coated TTA-UCNPs—Silica nanoparticles (silica NPs) have been FDA 

approved for biological applications because of their versatile surface chemistry, outstanding 

in vitro and in vivo biocompatibility, rich nanopores, and large surface area. [43] Silica NPs 

offer numerous advantages. For example, silica NPs present well defined and tunable 

structures in the size, morphology, and porosity. In addition, silica NPs can be easily 
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synthesized from inexpensive starting materials. Moreover, silica NPs can befunctionalized 

by well-established siloxane chemistry. Meanwhile, the internalization into the nanostructure 

of silica can increase the chemical stability of loaded species. Moreover, silica NPs exhibit 

excellent transparence in the ultraviolet, visible and NIR region. [43–48] Benefited from 

these properties, silica NPs are used as the hosts for the preparation of TTA-UCNPs. In this 

section, we will discuss the silica-coated TTA-UCNPs design, preparation, and application 

in vivo small animal imaging.

In this regard, Li and co-workers reported TTA-UCNPs by silica-coated TTA-UCNPs 

containing PdOEP and DPA. Firstly, the PdOEP and DPA were encapsulated by the 

amphiphilic polymer (Pluronic® F-127). The hydrophobic moiety can avoid the PdOEP and 

DPA aggregations in nanoparticles and the hydrophilic moiety enhances the water-soluble of 

TTA-UCNPs. Then the silica shell coated polymer can stablize the TTA-UCNPs and 

decrease the molecular oxygen quenching of the triplet state of PdOEP. The silica-coated 

TTA-UCNPs not only have a uniform and narrow size distribution, but also presents high 

upconversion quantum yield (4.5%) in the aqueous solution in the air. In addition, the 

nanoparticles presented excellent photostability. Due to the low cytotoxicity of the silica-

based TTA-UCNPs for cells, the nanoparticles showed a high signal-noise ratio in the living 

cell imaging. In the small animal imaging, the silica-based TTA-UCNPs can completely 

eliminate the mice auto-fluorescence, so that the silica-coated TTA-UCNPs presented 

excellent signal-to-noise ratio with low power laser irradiation (532 nm, 8.5 mW/cm2) in 

lymph node imaging of living mouse. This study not only provides a protocol to synthesize 

the bright silica TTA-UCNPs but also it opens new perspectives for TT-UCNPs in 

bioimaging in vivo. [49]

Moreover, small animal imaging can precisely obtain anatomical and physiological details of 

living systems. This superiority is beneficial in realizing tumor malignancy in the early 

stage. The development of the early tumor diagnosis is significant to treat cancer. To do so, 

Kwon and co-workers reported that the self-assembly nano-emulsion coated by silica. [50] 

In this silica coated TTA-UCNPs, the core of unsaturated alkyl chain of oleic acid not only 

kept the mobility of PdTPBP and emitters but also reduced the molecular oxygen quenching 

triplet state of PdTPBP. In addition, the anion of carboxylic acid self-assembled with an 

amine compound to change the zeta potential of oleic acid encapsulated nanomicelles. At 

last, the silica shell grew on the nanomicelles to stable the TTA-UC nanomicelles. 

Additionally, the silica shell has many sites for further surface modification, that allow 

conjugation with targeted molecules, such as specific tumor-targeted peptides and 

antibodies. The silica-coated TTA-UCNPs not only can uniformly disperse in water but also 

presented high upconversion quantum from red to blue light in saturated water. Using this 

method, the dual color silica-based TTA-UCNPs were prepared. In these TTA-UCNPs, red-

absorbing PdTPBP is the photosensitizer. When combined with perylene, the red to blue 

silica TTA-UCNPs were obtained. 9, 10-bis (phenylethynyl) anthracene is emitter due to the 

high fluorescence quantum yield and matched triplet state energy level with PdTPBP, the 

TTA-UCNPs presented green emission upon the red light irradiation. The dual color TTA-

UCNPs were conjugated with two types of peptides to selectively target breast or colon 

cancer cells, respectively. The dual color emission silica coated TTA-UCNPs can efficiently 
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accumulates in the breast and colon tumor by enhanced permeability and retention effect 

(EPR). [51]

2.3. Polymer encapsulated TTA-UCNPs—Polymeric nanoparticles have recently 

attracted increasing attention in the biological applications due to their attractive optical 

properties, easy preparation, and robust photostability in bio-imaging. Additionally, polymer 

nanoparticles possess other advantages, for example, tunable excitation/emission 

wavelength, good biocompatibility, potential biodegradability, and facile surface 

functionalization. [52–57] Owing to these benefits, the TTA-UC based polymer 

encapsulated nanoparticles were developed.

In general, polymer encapsulated TTA-UCNPs were divided into two types depending on 

the preparation methods. The first type of polymer encapsulated TTA-UCNPs were 

synthesized by “bottom-up” strategy. [58–62] As shown in figure 7, the monomer, photo-

initiator, solvent, photosensitizer, and emitter were mixedin glass capillary microfluidic 

device. The monomer was polymerized to encapsulate the photosensitizer, emitter and 

solvent. The multicolor TTA-UCNPs can be easily prepared by tuning the photosensitizers 

and emitter. In order to avoid the molecular oxygen-induced upconversion quenching and to 

reduce the chromophore aggregation-induced upconversion quenching, polymer 

encapsulated TTA-UCNPs with ultrathin double shells were developed by a microfluidic 

flow-focusing device. The encapsulation efficiency of TTA-UCNPs can be controlled by 

tuning the flow rates and surface affinity with geometric confinement. In these polymer 

encapsulated TTA-UCNPs, The hydrocarbon oil core provides an ideal matrix to favor the 

TTET and TTA process. The resin outer phase was formed by photo-curation to stabilize the 

TTA-UCNPs. Moreover, the containing heavy-atom compound -doped core is beneficial to 

improve the TTA upconversion quantum yield [61]. Although the “bottom-up” strategy can 

achieve high quantum yield and multicolor TTA-UCNPs, the size of particles is large (up to 

a few microns). The big sized particle is not ideal for applications in biology. In addition, 

preparation of these types of TTA-UCNPs needs a complex microfluidic flow-focusing 

device, which limits their feasibility.

Other polymer encapsulated TTA-UCNPs were prepared by amphiphilic polymers directly 

coating the photosensitizers and emitters. [63–66] In these TTA-UCNPs, the hydrophobic 

dyes were encapsulated by a hydrophobic moiety of polymer. The hydrophilic moiety can 

efficiently disperse the TTA-UCNPs in water. Under low energy photons irradiation, the 

TTA-UCNPs can generate the high energy photons. Compared to the liposomes coated TTA-

UCNPs, the polymer-based TTA-UCNPs presented rigidity, fluidity, plasticity, permeability 

and facile surface modifications. As shown in Figure 8, Askes and co-workers chose the 

copolymer to coat the PdTPBP and perylene. In this copolymer, the hydrophobic moiety is 

PIB, which can avoid molecular oxygen quench triplet state of photosensitizers. 

Additionally, PIB also presents high chemical stability and low toxicity for the organism. 

The hydrophilic moiety is PEG which is a biocompatible and easily functionalized polymer. 

The stability of red-to-blue TTA-UCNPs was prepared by PIB-PEG co-polymer coated. Due 

to the antioxidants reducing the oxygen quenching, the TTA-UC intensity obviously 

enhanced. Moreover, the PIB-PGE encapsulated TTA-UCNPs were used for cell imaging. 
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Thought co-incubation with an antioxidant cocktail, the TTA-UC intensity enhanced over 

one order of magnitude. [64]

Such polymer encapsulated TTA-UCNPs are also used to control cell adhesion by 

photoactivation peptides. Wang and co-workers prepared a photo-activation functionalized 

amphiphilic polymer−polylactic acid (PLA)-polyethylene glycol (PEG)-cyclo-(RGDfK)-

DEACM (PLA-PEG-cyclo-(RGDfK) -DEACM). In this polymer, the hydrophobic core 

contains the PtOEP, DPA and the DEACM protection cyclo-(RGDfK) peptide. When 

stimulated by green light LED, the blue photons were then transferred to a hydrophobic 

photo-cleavable group (DEACM) by FRET mechanism. After the cleavage of DEACM, the 

hydrophilic peptide was allowed to move to the surface from the core of NPs. Finally, cell 

uptake ability of TTA-UCNPs was improved due to the fact that specific binding with the 

receptor of cells. Using these TTA-UCNPs mediated photocleavage system, Liu and co-

workers presented in vivo TTA-UCNPs photo-targeting in a living mice tumor model. Under 

low power excitation density, the TTA-UCNPs were effectively activated during a short 

time. In this process, the TTA-UCNPs did not cause tissue injury. More importantly, the 

photo-targeted strategy can improve the TTA-UCNPs accumulation in the tumor site but not 

in the liver and spleen. The new targeted methods can efficiently avoid the off targeting for 

TTA-UCNPs. [65–66] This study not only further enhances the application of TTA-UCNPs 

in biomedicine, but also paves the way for a new photoactivation strategy for targeting 

molecules releasing in vitro and in vivo under low power light irradiation. However, in this 

TTA-UCNPs-mediated photocleavage system, the green light did not have deeper tissue 

penetration ability than red light and NIR.

2.4. Nanodroplet based TTA-UCNPs—Dye aggregation and molecular oxygen 

quenching seriously decrease the TTA-UC intensity in nanoparticles. To obtain the bright 

TTA-UCNPs, it is very important to develop a new strategy to reduce the dyes aggregation 

and to avoid the oxygen quenching triplet state of photosensitizers. [9–14] In order to 

address these drawbacks, Li and co-workers developed a general strategy to prepare the 

TTA-UCNPs. [67] As shown in Figure 10, the soybean oil is found to be able to maintain the 

mobility of photosensitizers and emitters. In this design, molecular oxygen produces singlet 

oxygen by photosensitizer with light irradiation, and then singlet oxygen can react and be 

exhausted with an unsaturated bond as to eliminate the molecular oxygen. In order to let 

soybean oil disperse in water, BSA-Dextran was used to coat the soybean oil nanodroplet. In 

these TTA-UCNPs, BODIPY-based emitters were used due to their high fluorescence 

quantum yield, robust photostability and matched triplet excited state energy level with 

PdTPBP. In addition, BODIPY emitters are easily tuned the emission color by modified the 

molecular structure. According to these advantages of BODIPY, BDP-515 and BDP-546 

were used emitters. The TTA-UC nanodroplet not only has high upconversion quantum yield 

but also is easy to prepare by tuning the photosensitizers and emitters. Due to the low 

cytotoxicity of TTA-UC nanodroplet, the biocompatible nanomaterials were successfully 

used to create multicolor lymph node imaging in vivo of living mice and high signal-to-

noise ratios were observed with low power excitation irradiation. [67]

Such nanodroplet based TTA-UCNPs were also recently used as new phototransducers to 

photo-activates the prodrug to treat cancer. [71] Usually, the light sensitive prodrug is made 
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by conjugating the drug molecules with photomasks such as coumarin, o-nitrobenzene. [68–

70] However, the absorption of this photomask is located in ultraviolet (UV) region (< 400 

nm) which is limited to develop the photoactivation small molecules releasing in deep tissue 

level. As shown in Figure 11, we developed a new TTA-UCNPs based photocleavage 

system. The silica nanopores provide much space to stabilize the nanodroplet TTA-UCNPs. 

The amphiphilic polymer (F-127) not only enhanced the water solubility of silica TTA-

UCNPs, but also provided a host to load the prodrug (Cou-C). In order to achieve far-red 

light cleavage of the prodrug, the metal-free BODIPY based photosensitizers (BDP-F) were 

prepared. The photosensitizers have strong absorption in the far red region, robust 

photostability and long triplet excited lifetime. In addition, the 9-phenylanthance (PEA) is 

the emitter due to their high deep blue fluorescence quantum yield. In addition, the 

upconversion spectrum is overlain with the absorption of Cou-C. When combined with 

BDP-F and PEA, the bright upconversion deep blue emission was observed upon the far red 

LED irradiation. The prodrug of Cou-C re-absorbed the upconversion and photocleaved the 

bond, leading to chemotherapy drug release from the nanodroplet nanoparticles. [71] The 

nanocomposites not only presented the obvious cancer cells growth inhibition but also 

showed significant tumor inhibition in vivo. This study provides a platform for the 

development of new biophotonic applications with to TTA-UCNPs.

2.5 Metal-organic frameworks (MOFs) based TTA-UCNPs.—Metal-organic 

frameworks (MOFs) have attracted widespread attention in biomedicine in recent years 

because of their structural diversity, easy preparation process, and good water solubility. [72] 

Furthermore, MOFs provided a flexible platform to control the ligand oritentation and ligand 

energy transfer on the molecular level. In addition, precise control of the distance of the 

chromophore can efficiently avoid the aggregation -induced fluorescence quenching in the 

MOFs.[73–80] Harnessing the advantages of MOFs, one can begin the development of TTA-

UC MOFs to create a new type of upconversion material. As shown in Figure 12, Park et al. 
reported a low toxicity TTA-UC MOF and applied in in vivo bioimaging. In these TTA-UC 

MOFs, the emitter 4, 4-(9, 10-anthracenediyl) dibenzoic acid (DCDPA) is linked to construct 

a Zr-MOF. The photosensitizer Pd (II)-meso-tetrakis (4-carboxyphenyl) porphyrin (Pd-

TCPP) was incorporated into a water stable Zr-MOF scaffold. In this TTA-UC MOFs, the 

coordination induced supramolecular self-assembly can efficiently tune the distance emitters 

and photosensitizers so as to decrease the dye aggregation induced the upconversion 

quenching. In addition, the orderly self-assembly of emitters and photosensitizers are 

beneficial to triplet-triplet energy migration, so that improve the upconversion quantum yield 

under low power intensity irradiation. Meanwhile, the TTA-UC MOFs presented high 

upconversion quantum yield by tuning the ratio of DCDPA and Pd-TCPP under low power 

light irradiation. In addition, the efficient triplet-triplet energy diffusion was observed in 

these TTA-UC MOFs, a feature which is beneficial in improving the upconversion 

efficiency. Finally, under low power excitation intensity, the TTA-UC MOF contrast agent 

was achieved with lymph node imaging with a high signal-to-noise ratio in vivo. [81]

Metal coordination supramolecular structure can not only generate the 3D TTA-UC MOFs, 

but also construct the one-dimensional (1D) chain structure. As shown in Figure 13, 

Hosoyamada et al. utilized the [Al (An)2(OH)]n called MIL-53 as a template to construct the 
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TTA-UC MOFs. In these TTA-UC MOFs, the photosensitizer is platinum coordinated 

porphyrin (Por) and the emitter is DPA. The carboxylate groups were coordinated with Al3+ 

ions to form one dimensional lipophilic coordination copolymers. After the excitation, the 

efficient triplet-triplet energy migration was able to be observed. [82]

3. Conclusions

In summary, the design and preparation of TTA-UCNPs were recently explored. A series of 

new types of TTA-UCNPs were developed for their potential application in bioimaging and 

photoactivated drug release. As discussed here, these TTA-UCNPs (liposome coated TTA-

UCNPs, polymer encapsulated TTA-UCNPs, silica-coated TTA-UCNPs, nanodroplet based 

TTA-UCNPs and TTA-UC MOFs, summarized in Table 1 ) show huge potential for next-

generation biocompatible upconversion agents for biological applications. The TTA-UCNPs 

offer various advantages, such as 1) high upconversion quantum yield and outstanding light 

absorption coefficient, as well as biocompatibility for organism; 2) low power intensity 

excitation which is vital for bio-imaging in vitro and in vivo; and 3) broad and intensive 

absorption, and tunable upconversion wavelength as well as excellent photostability of TTA-

UCNPs. Benefited from these unique properties, TTA-UCNPs provide a robust platform to 

develop the novel bioimaging and cancer therapy methods.

Despite the exciting biological applications realized by TTA-UCNPs, a number of 

challenges remain in regard to these existing TTA-UCNPs. For example, the anti-Stokes 

shift of existing TTA-UCNPs is typically suboptimal and the ideal upconversion 

nanoparticles should have a large anti-stokes shift, such as NIR to blue or UV range. 

Furthermore, the small and uniformly sized TTA-UCNPs are not readily available, which 

however is vital for biological applications. In addition, it is imperative that the surfaces of 

existing TTA-UCNPs are not able to be easily bioconjugated with other molecules. 

Therefore, the creation of new effective NIR absorbing photosensitizers in conjunction with 

TTA system would be beneficial to realize the NIR to visible light upconversion to expand 

the anti-Stokes shift in TTA-UC for more practical deep-tissue biological applications. 

Moreover, the development of new strategy to overcome oxygen quenching is greatly 

anticipated to improve the TTA upconversion quantum yield and brightness, particularly in 

context of aqueous solution. Conquering each of these challenges will provide new 

opportunities for TTA-UCNPs in biological applications such as for cancer therapy and 

neuron activation.
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Figure 1. 
The commercial photosensitizers (PtOEP, PdTPBP, PdPc (OBu)8, 2,6-diiodio-BPDIPY) and 

emitters (DPA, perylene, BDP-515, BDP-546, and Rubene).
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Figure 2. 
(a) Molecular structures Ru-1 and Ru-2. (b) Schematic illustration the TTA-UC liposomes 

structure and TTA-UC trigger the Ru-1 releasing process with red light irradiation,λex = 630 

nm Reference 36
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Figure 3. 
Upper panel: (a) schematic illustration the preparation of the TTA-UCNPs containing PtOEP 

and DPA. (b) Cryo-TEM images of TTA-UC nanomicelles (c) UV-vis absorption spectra, 

TTA-UC emission spectra and phosphorescence emission spectrum of TTA-UC 

nanomicelles. Bottom panel (c-d) Confocal imaging of TTA-UC nanomicelles with 532 laser 

irradiation in 3T3 cell, (c) blue channel, (d) red channel and (d) overlay imaging.
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Figure 4. 
Schematic illustration of formed the aqueous TEM-UC system process. Top panel: 

molecular structure of A-1 and PtP4COONa. Bottom panel: the A-1 and PtP4COONa by 

self-assembly generation the TEM-UC system in air-saturated water. Reference 41.
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Figure 5. 
(a) Schematic illustration of silica coated TTA-UCNPs, and molecular structure of PdOEP, 

DPA and F-127. (b, c) Fluorescence cell imaging (b, λex = 543 nm, upconversion imaging) 

and (c, λex = 405 nm, conventional fluorescence image) (d) the overlay of imaging of (b) 

and (c). (e) In vivo and ex vivo upconversion imaging by silica coated TTA-UCNPs as 

contrast agents. Reference 49.
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Figure 6. 
Left: a schematic illustration of dual color silica-TTA-UCNPs. Right: mice bright field 

imaging of TTA-UCNPs and the blue and green upconversion emission for mice breast and 

colorectal tumor. Reference 51.
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Figure 7. 
(a) Schematic illustration of a glass capillary microfluidic device to synthesize the polymer 

encapsulated TTA-UCNPs. (b, c) High-speed optical microscopy observed the process 

preparation the polymer encapsulated TTA-UCNPs, scar bar is 200 μm.

Huang et al. Page 21

Biomaterials. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Chemical structures of the PIB-PEG; (b) Schematic illustration of a PIB-PEG encapsulated 

TTA-UCNPs. (c) In vitro upconversion imaging in living A549 lung carcinoma cells under 

different conditions. Reference 64.
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Figure 9. 
(a) Schematic illustration the PLA-PEG coated TTA-UCNPs. (b) Fluorescence emission 

spectra of c-RGDfK under different condition (c) NPTTA-c-RGDfK imaging in tumor-

bearing mice under different conditions. (d) Quantitative analysis of the fluorescence 

intensity for TTA-UCNPs under different conditions. (e) Quantitative analysis the 

fluorescence intensity of tumor site under different conditions, λex = 530 nm, PdOEP 

(photosensitizer), DPA (emitter) Reference 65–66
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Figure 10. 
Left: a schematic illustration of TTA-UC nanocapsules, and molecular structures of PdOEP, 

PtTPBP, DPA, BDP-G, and BDP-Y. Right: (a) In vivo lymphatic imaging of the living 

mouse (d) TTA-UC fluorescence spectra nanocapsules. (e) Hematoxylin and eosin (H&E) 

staining mice lymph node imaging. Reference 67.
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Figure 11. 
Left up: chemical structure of PEA and BDP-F; Left down: The TTA-UC photoactivation of 

Cou-C from TTA-CS, Bottom inset: a schematic illustration of a TTA-UC-induced prodrug 

photoactivation process. Right (a) schematics illustration of the photoactivation (c) 

Hematoxylin and eosin (H&E) staining of tumor tissue sections from different treatment 

groups (d) Representative digital photos of tumors for the four groups of mice, excitation 

power intensity is 100 mW/cm2, Reference 71.
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Figure 12. 
Upper panel: (a) crystal structure of TTA-UC MOF. (b) Schematic illustration of PdTCPP 

energy transfer to emitters. Bottom panel: In vitro and in vivo imaging of TTA-UC MOF. (a) 

In vitro and (b) in vivo imaging with TTA-UC MOF. (c, d) In vivo lymph node imaging with 

TTA-UC MOF as an imaging contrast agent in living mice model, λex = 532 nm Reference 

81
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Figure 13. 
(a) Crystal structure of MIL-53. (b) Molecular structures of An and Por, and schematic 

illustration of TTA-UC process in coordination copolymers, λex = 515 nm Reference 82
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Scheme 1. 
(a) The photophysical process of TTA-UC. (b) The reported strategies for preparation TTA-

UCNPs.
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Table 1.

Summarized reported strategies for preparation of TTA-UCNPs

Nanoparticles photosensitizer emitter Excitation /emission wavelength

Liposomeencapsulated TTAUCNPs 36 PdTPBP perylene 630 nm /473 nm

TTA-UC nanomicelles 40 PtOEP 9,10 -Diphenylanthracene (DPA) 532 nm / 435 nm

TTA-UC nanomicelles 41 PtP4COONa Amide bond and quaternary 
ammonium salt modified DPA 
derivative

532 nm / 440 nm

Silica-coated TTA-UCNPs 49 PdOEP DPA 532 nm/ 430 nm

Silica-coated TTA-UCNPs 51 PdTPBP Perylene / 9, 10-bis (phenylethynyl) 
anthracene

635 nm / 470, 505 nm

Polymer encapsulated TTA-UCNPs 61 PdTPBP 9, 10-bis (phenylethynyl) anthracene 633 nm / 505 nm

Polymer (PIB/PEG) encapsulated TTA-
UCNPs 64

PdTPBP 2,5,8,11-tetra(tert - butyl)perylene 630 nm/ 486 nm

PLA-PEG coated TTA-UCNPs 65−66 PdOEP DPA 532 nm / 430 nm

Soybean oil nano-droplet 67 PtTPBP BDP-G/BDP-Y 635 nm / 517 nm, 528 nm

Silica coated oil nanodroplet 71 BDP-F PEA 650 nm / 432 nm

3D TTA-UC MOF 81 PdTCPP (Pd 
Porphyrin 
derivative)

DPA 532 nm / 440 nm

1 D TTA-UC MOF 82 Por (Pt Porphyrin 
derivative)

DPA 532 nm / 435 nm
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