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ABSTRACT: Efficient organic photosensitizers (PSs) have attracted much attention 

because of their promising applications in photodynamic therapy (PDT). However, 

guidelines on their molecular design are rarely reported. In this work, a series of PSs 

are designed and synthesized based on a triphenylamine-azafluorenone core. Their 

structure-property-application relationships are systematically studied. Cationization is 

an effective strategy to enhance the PDT efficiency of PSs. From the molecularly 

dispersed state to the aggregate state, the fluorescence and the reactive oxygen species 

generation efficiency of PSs with aggregation-induced emission (AIE) increase due to 

the restriction of the intramolecular motions and enhancement of intersystem crossing. 

Cationized mitochondrion-targeting PSs show higher PDT efficiency than that of 

nonionized ones targeting lipid droplets. The ability of AIE PSs to kill cancer cells can 

be further enhanced by combination of PDT with radiotherapy. Such results should 

trigger research enthusiasm for designing and synthesizing new AIE PSs with better 

PDT efficiency and new properties. 



INTRODUCTION 

Conventional chemotherapy and radiotherapy remain the primary treatment methods in 

hospitals although they suffer from the resistance of cancer cells to drugs and radiation 

and severe side effects to result in unsatisfactory therapeutic effects and cancer 

recurrence.1 Thus, safe and effective therapies are urgently needed. Photodynamic 

therapy (PDT) has gained growing concern in clinical applications to cure various solid 

tumors, such as skin, esophagus and lung.2,3 PDT possesses several advantages such as 

high spatiotemporal precision, noninvasive nature, controllability, low toxicity, and 

repeatable treatment without initial resistance.4 Its mechanism is believed to be 

associated with the generation of reactive oxygen species (ROS) by photosensitizers 

(PSs) under light irradiation. ROS mainly includes two types. While superoxide anion 

(O2
•-), hydroxyl radical (OH•), peroxide (O2

2-) and so on fall into type I, singlet oxygen 

(1O2) belongs to type II. These ROS could give rise to three main biochemical response 

to cure diseases comprising direct cell death via necrosis and/or apoptosis, 

microvascular shutdown and inflammatory and immune response.5 However, how to 

obtain a highly efficient and ideal PS for ROS generation and PDT lacks general 

guidelines, although it is known that enhancing intersystem crossing (ISC) from the 

excited singlet state (S1) to the excited triplet (T1) state and increasing the triplet state 

quantum yield and lifetime in theory are effective strategies to increase ROS 

generation.6,7  

Porphyrins and phthalocyanines are the most widely studied PSs with fast 

intersystem crossing and long triplet lifetime and have already applied in clinical 

applications.8,9 Nevertheless, these PSs usually aggregate in aqueous solutions due to 

their water solubility. This leads to the low fluorescence intensity and PDT efficiency 

because of aggregation-caused quenching (ACQ) effect, that makes image-guided PDT 

difficult to be achieved. To solve this problem, some water-soluble and non-aggregating 

PSs were synthesized.10 However, such approach greatly increased the cost of material 

preparation. In recent years, a new kind of PSs with aggregation-induced emission (AIE) 

characteristics has been developed by our group and others.11-19 The AIE PSs show not 

only improved fluorescence intensity but also efficient ROS generation capacity in 



aggregates or nanoparticles. These properties make them perfect candidates for image-

guided PDT. However, the structure-performance relationship of AIE PSs for PDT is 

lesser studied than that of traditional ACQ PSs. Thus, besides molecular structures, the 

mechanisms for efficient ROS generation need to be deciphered.  

ROS shows a short intracellular lifetime and its diffusion length (< 50 nm for 1O2) 

is much shorter than the diameters (10-100 μm) of human cancer cells.20 Thus, the PSs 

are better to possess the capability to target specific subcellular structures, such as 

mitochondrion, lysosome, plasma membrane to achieve better PDT effect.21-23 Among 

the organelles, mitochondria are believed to be the ideal ones as they are important 

stations of energy conversion and oxidative metabolism.24,25 On the other hand, since 

molecular structures of PSs for targeting different organelles are different. Thus, even 

these PSs have similar ROS generation capacity, it is hard to realize the effect of 

organelle for their PDT efficiency under the same experimental conditions. 

To partly illustrate these issues and deepen the understanding of AIE PSs, we 

designed and synthesized four new-style PSs, named TPAN, TPAPy, TPANPF6 and 

TPAPyPF6 in this work with a common core forming by electron-donating 

triphenylamine and electron-withdrawing azafluorenone. Morpholine and different 

substituents including dimethylaniline, pyridine, trimethylphenylammonium 

hexafluorophosphate and 1-methylpyridin-1-ium hexafluorophosphate were attached 

to their periphery (Figure 1A). As, azafluorenone and morpholine groups have been 

found to show biological characteristics.26 The synthetic molecules are anticipated to 

find potential biological applications. The rational design principles and the functional 

mechanism of the PSs were explored by comparing their ROS generation capacity, 

organelle targeting ability and PDT efficiency. 



 

Figure 1. (A) Molecular structures of the target materials. (B) molar absorption coefficient of TPAN, 

TPAPy, TPANPF6, and TPAPyPF6 in THF solution. (C) Normalized PL spectra of TPAN, TPAPy, 

TPANPF6, and TPAPyPF6 in dioxane solution. 

 

RESULTS AND DISCUSSION 

The photophysical properties of the four compounds were first studied, Figure 1 shows 

their UV-vis absorption and photoluminescence (PL) spectra. TPAN shows a longer 

cut-off absorption wavelength and stronger molar absorption coefficients than other 

compounds in tetrahydrofuran solution. On the other hand, the molar absorption 

coefficients of the ionized compounds, i.e., TPANPF6 and TPAPyPF6 are inferior than 

their corresponding nonionized counterparts (TPAN and TPAPy). TPAPyPF6 absorbs 

lesser light than other molecules. Their PL spectra spread a similar wavelength range 

from 500 nm to 750 nm and are peaked at about 600 nm in dioxane. Surprisingly, their 

solid PL spectra are distinctly different. TPAN exhibits a prominent solvatochromic 

effect. While it offers only weak emission in non-polar solvents, it even becomes non-

emissive in polar solvents and solid state due to the strong twisted intramolecular charge 

transfer.27 This suggests that it is an ACQ molecule. On the other hand, TPANPF6 

exhibits a redder PL (617 nm) than TPAPy (579 nm) and TPAPyPF6 (571 nm) in the 

solid state. As shown in Figure 2, TPAPy, TPANPF6 and TPAPyPF6 are all AIE-active, 



as verified by their enhanced PL intensity in tetrahydrofuran (THF)/water or 

dimethylsulfoxide (DMSO)/water mixtures with high water fractions. Through the PL 

analysis, TPANPF6 shows the phenomenon of ionization-caused AIE.28 

 
Figure 2. (A) Normalized PL spectra of TPAPy, TPANPF6, and TPAPyPF6 in the solid state. (B) 

Plot of relative PL intensity (I/I0) vs the composition of the THF/water (TPAPy) or DMSO/water 

(TPANPF6 and TPAPyPF6) mixtures. (C) Change of PL intensity at 525 nm of H2DCF-DA in the 

presence or absence of four compounds in PBS and light irradiation for different time. (D) The 

decomposition rates of ABDA in the presence or absence of four compounds and light irradiation, 

where A0 and A are the absorbance of ABDA at 378 nm before and after irradiation, respectively. 

 

To evaluate the performance of the four PSs to produce ROS, a commercial 

indicator called 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) was 

employed under white light irradiation (4.2 mW/cm2) in phosphate-buffered saline 

(PBS) for its ability to fluoresce at about 525 nm after being oxidized by ROS.29 Results 

shown in Figure 2C suggest that the ROS generation capacity is in sequence of 

TPANPF6 > TPAPyPF6 > TPAPy > TPAN. Because TPANPF6 forms nanoparticles (NPs) 

in PBS with fast ROS generation rate, the fluorescence of H2DCF-DA reaches its 

plateau value in only ~6 s. The NPs of its nonionized parent form, i.e. TPAN with ACQ 

effect produce only little ROS in PBS. Similarly, the ROS generation capacity of 

ionized TPAPyPF6 NPs is higher than TPAPy NPs. It is generally known that H2DCF-

DA is capable of responding to many types of ROS including type I and type II. For 



type I, the excited triplet state of PS transfers an electron to a substrate to produce 

radicals or radical ions such as O2
•-, OH•, O2

2-. For type II, the excited triplet state of PS 

interacts with triplet oxygen (3O2) by an energy transfer pathway to yield highly reactive 

1O2 (Figure 3C).6,30 That is generally identified as the primary species for PDT due to 

its higher diffusibility and stronger interaction with body substrates than radical 

species.20,31 Thus, it is essential to measure the 1O2 generation of the PSs. Commercially 

available material called 9,10-anthracenediyl-bis-(methylene)-dimalonic acid (ABDA) 

is a 1O2 indicator and can detect the 1O2 generation of a material by monitoring its 

absorption change at 378 nm. The 1O2 generation ability of the four PSs is different and 

is in the order of TPANPF6 > TPAPy > TPAPyPF6 > TPAN (Figure 2D). Whereas the 

absorption of aqueous solutions of ABDA with TPAPy, TPANPF6 or TPAPyPF6 NPs 

gradually decreases with the extension of the white light irradiation (4.2 mW/cm2) time, 

almost no absorption change was observed in TPAN NPs. The consumption rate of 

ABDA was calculated to be 0.7, 2.32 and 0.6 nmol/min for TPAPy, TPANPF6 and 

TPAPyPF6 under the same conditions, respectively. The ROS and 1O2 generation 

abilities of TPAPy and TPAPyPF6 NPs are in inconsistent order (Figure 2C and 2D), 

suggesting that TPAPyPF6 produces not only 1O2 but also type I ROS. To explain this, 

sodium azide (NaN3) as a 1O2 quencher was added to the ABDA solution in the presence 

of TPAPy, TPANPF6 or TPAPyPF6 NPs.32 The absorption change of ABDA with TPAPy 

and NaN3 (30 mg/mL) in water was negligible in the presence of white light irradiation. 

However, the absorption of ABDA with TPANPF6 or TPAPyPF6 gradually declined 

with prolonged irradiation time even at a high concentration of NaN3 (240 mg/mL). 

This suggests that ionized TPANPF6 and TPAPyPF6 could generate different types of 

ROS and the nonionized TPAPy produces only the 1O2.33 To further prove this, 

dihydroethidium (DHE) was used as a sensitive O2
•- probe to assess the O2

•- generation 

in HeLa cells by flow cytometry.34,35 Results show that the fluorescence of HeLa cells 

with DHE becomes stronger in the presence of TPANPF6 or TPAPyPF6 under light 

irradiation. Clearly, TPANPF6 and TPAPyPF6 could generate a small amount of O2
•-, 

which is the precursor of OH• and H2O2.36 Therefore, the ROS generation ability of 

TPAPyPF6 is higher than TPAPy when H2DCF-DA is used as an indicator.  



The ROS generation ability of the four PSs seems to exert great change by only a 

subtle functional group variation. According to previous literatures, promoting ISC 

from S1 to T1 is conducive to enhancing the photosensitization efficiency of PSs by 

increasing the spin-orbit coupling (SOC) and decreasing the ΔEST based on the 

perturbation theory and Marcus semiclassical method.37 Hence, we first calculated the 

highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital 

(LUMO), SOC and ΔEST of the PSs by density functional theory.38 Except TPAPyPF6, 

TPAN, TPAPy and TPANPF6 show distinct orbital distributions of HOMO and LUMO. 

The ΔEST (the energy gap between S1 state and T1 state) values are calculated to be 

0.0909, 0.1645 and 0.1831 eV for TPAN, TPAPy and TPANPF6, respectively. The 

ΔEST of TPAPyPF6 is 0.5155 eV but its S1 energy is higher than T2 (ΔES1T2 = 0.2783 eV), 

T3 (ΔES1T3 = 0.02 eV) and T4 (ΔES1T4 = 0.0076 eV) value, which could reduce the energy 

gap between the singlet state and the triplet state to improve the ISC. On the other hand, 

the SOC effect is also a principal element for ISC. The calculated SOC constants of the 

present PSs are all very small and fall in a similar range (~0.1- 3 cm-1) for most reported 

organic materials so far.39,40 Thus, decreasing ΔEST is generally considered to be the 

main factor for enhancing ISC of organic materials and boosting the ROS generation 

efficiency of PSs. However, such a reason cannot fully explain the difference in ROS 

generation capacity of the PSs in this work, especially for TPAN as its ΔEST is very 

small but it barely produces ROS. This suggests the existence of other factors that 

collectively affect the ROS generation. Thereinto, as mentioned above, the large 

difference in molar absorption coefficient of PSs should play also an important role due 

to the disparity of the absorbed total energy at the same molar. Furthermore, the 

aggregation of some AIEgens can strengthen the energy matches between the excited 

singlet and the triplet states by energy spitting to lead to heighten the ISC rate and 

prolong the lifetime of the triplet state.41 Therefore, the aggregation of AIE PSs should 

be able to improve the ROS generation efficiency. 



 

Figure 3. (A) The decomposition of ABDA in the presence of TPANPF6 under light irradiation in 

DMSO/water mixtures with different water fractions (fw). (B) Delayed PL decay curves of 

TPANPF6 under different conditions. (C) Schematic diagram of the basic mechanisms of 

photodynamic therapy. (D) The main way of energy consumption of TPANPF6 in the aggregate and 

dispersed states under light irradiation. 

 

To verify this, the absorption changes of ABDA in the presence of TPAN, TPAPy, 

TPANPF6 or TPAPyPF6 were measured under light irradiation in different organic 

solvents including DMSO, THF, methanol and chloroform, respectively. Again, TPAN 

scarcely generates 1O2 in both the dissolved state and nanoparticles. This suggests that 

the excited state mainly consumes its energy through the nonradiative decay pathway 

owing to the strong ICT effect of the TPAN molecule. AIE-active TPAPy, TPANPF6 

and TPAPyPF6 also produce almost no 1O2 when they are molecularly dissolved in 

organic solvent as the active intramolecular motions in solution make the excitons to 

relax nonradiatively to lessen the ISC process. Thus, the PL and 1O2 generation 

efficiency of the three AIE PSs are closely associated with the AIE mechanism and 

become high when the nonradiative decay is suppressed. We chose TPANPF6 with a 

fast 1O2 generation rate as an example for further discussion. As shown in Figure 3A, 

the absorption change of ABDA with TPANPF6 under light irradiation exhibits a same 

trend with the fluorescence change of TPANPF6 in DMSO/water mixtures with 



different water fractions. TPANPF6 begins to produce 1O2 and shows enhanced 

fluorescence when the water content exceeds ≥ 50% because the aggregation of 

TPANPF6 occurs as confined by dynamic light scattering measurement. The 

fluorescence and 1O2 generation of TPANPF6 become gradually higher with increasing 

the water fraction as aggregates gradually evolve from loose ones to compact ones. It 

indicates that the aggregation of AIE PSs contributes to enhancing both ROS generation 

efficiency and fluorescence intensity owing to the AIE mechanism to decrease the 

nonradiative decay. The PL decay curve of TPANPF6 in the solid state at room 

temperature (RT) reveals a delayed fluorescence (DF) lifetime (τ = 188.36 ns) but no 

such signal was detected in solution. At 77 K, the PL lifetime becomes short in solid 

state (τ = 26.26 ns) or in solution (τ = 12.93 ns) (Figure 3B). TPAPy and TPAPyPF6 

display also a similar phenomenon, demonstrating that they may have the thermally 

activated delayed fluorescence in the solid state in virtue of the small ΔEST (Figure 

3C).42 This also provides a compelling evidence for the phenomenon of aggregation-

enhanced ISC in the three AIE PSs. The order of PL lifetime of the three AIE PSs is 

also consistent with the order of ROS generation efficiency. TPAN shows the ACQ 

effect and shows only a long lifetime in the solid state at 77 K, suggesting that the 

energy of the excited energy is consumed mainly through the nonradiative decay 

pathway at RT. Overall, the AIE PSs demonstrate aggregation-induced ROS generation 

characteristics due to the suppression of the nonradiative decay to facilitate ISC at room 

temperature and the ROS generation rate of PSs depends on the combined effect of 

various factors in vitro. 



 

Figure 4. Co-localization imaging of HeLa cells stained with Nile Red, MitoTracker Deep Red 

(MTDR) and the synthesized molecules. (A and B) confocal images of HeLa cells stained with (A1) 

TPAN, (A2) TPAPy, (A3) TPANPF6, (A4) TPAPyPF6, (B1 and B2) Nile Red, and (B3 and B4) 

MitoTracker Deep Red. (C1-C4) Merged images of panels A and B. (D1-D4) A scatter plot 

indicating the correction coefficient between panel A and B. λex: 405 nm. Concentration: 10 μM 

(TPAN, TPAPy, TPANPF6 and TPAPyPF6), 2 ng/mL (Nile Red), 50 nM (MTDR). Scale bar: 20 μm. 

 

Anyhow, the intracellular environment is complex with diverse organelles and 

compounds. Hence, there may be new factors affecting the ROS generation efficiency 

of PSs to disturb the image-guided PDT efficiency in cells. First, the organelle 

specificity of the present PSs was evaluated by the confocal laser scanning microscope. 

TPAN is encapsulated by amphiphilic F127 to obtain NPs with good water 

dispersibility due to its strong hydrophobic character and poor polar solvent solubility 

in polar solvent. Simultaneously, the NPs also endow ACQ TPAN with the luminescent 

imaging property. AIE TPAPy, TPANPF6 and TPAPyPF6 were dissolved in DMSO 

and the resulting solution were added directly to the cell culture medium to form NPs 

for imaging. As illustrated in Figure 4, the colocalization experiments were performed 

by staining HeLa cells with the synthesized PSs, Nile Red (the lipid droplet staining 

agent) and MitoTracker Deep Red (MTDR, the mitochondrion-staining agent), 

respectively. It reveals that the nonionized TPAN and TPAPy principally stain LDs due 



to their strong lipophilic character (LogP > 7), while the ionized TPANPF6 and 

TPAPyPF6 both specifically target the mitochondria owing to the electrostatic attraction 

with the mitochondrial membrane potential (MMP).43,44 High Pearson’s correlation 

coefficients (R = 0.75-0.90) are obtained between the PSs and the commercial probes, 

indicating the excellent organelle specificity of the present new molecules. The 

cytotoxicity of the PSs at different concentrations was tested by using 3-(4,5-dimethyl-

2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay. Results show that the AIE 

PSs have negligible cytotoxicity even at a concentration of up to 40 μM for 24 h, 

demonstrating their outstanding biocompatibility.  

 

Figure 5. Cell viability of HeLa cells stained with different concentrations of (A) TPAN, (B) TPAPy, 

(C) TPANPF6, (D) TPAPyPF6 under dark or under white-light irradiation. 

 

Subsequently, the PDT effect was studied by incubating HeLa cells with various 

concentrations of PSs under weak white light (4.2 mW/cm2) exposure for different time. 

As depicted in Figure 5, the PSs show completely diverse PDT efficiency. TPAN only 

exhibits negligible cytotoxicity without PDT effect both in the dark and under light 

irradiation because it produces little ROS both in vitro and in cells. Interestingly, 

TPAPy hardly shows any PDT effect in HeLa cells even at a concentration of up to 40 

μM for 60 min illumination, although it can quickly generate 1O2 in vitro in a rate much 



faster than that of TPAPyPF6. On the other hand, TPAPyPF6 displays a clear PDT effect 

under the same conditions and causes a decrease of cell viability by about 45%. The 

main difference between TPAPy and TPAPyPF6 in HeLa cells is the organelle they 

target. It seems that PSs that target mitochondria show more effective PDT effect than 

those that are targeting lipid droplets in HeLa cells. As stated before, mitochondria are 

the power stations of cells and play major roles in energy metabolism and cellular 

signaling. They are also considered as the main organelles for PDT-induced cell 

apoptosis or necrosis. On the other hand, the neutral environment inside lipid droplets 

may reduce the aggregation of nonionized PSs targeting to decrease the 1O2 generation. 

Therefore, the mitochondrion-targeting TPANPF6 with the fast 1O2 generation exerts 

the best PDT efficiency than other three PSs. The viability of HeLa cells decreases to 

~40% at a TPANPF6 concentration of 20 μM and 30 min illumination. At 60 min, the 

cell viability drops to ~10%. The dependence of cell viability on the photosensitizer 

dose and illumination time is in line with the characteristics of PDT. Consequently, the 

ionized TPANPF6 could be an effective PS to eliminate cancer cells by PDT. 

 

CONCLUSIONS 

In summary, four PSs based on triphenylamine-azafluorenone core are synthesized and 

found to exhibit different photophysical properties and biological applications even 

they show only a subtle functional group. Cationization is found to be an effective 

strategy to enhance the ROS generation and PDT efficiency of PSs. The AIE PSs exhibit 

the concurrent increase of fluorescence intensity and ROS generation from the 

molecular dispersion state to the aggregate state due to the AIE mechanism and 

enhancement of ISC. This helps to easily achieve image-guided PDT without complex 

chemical synthesis. On the other hand, cationized mitochondrion-targeting PSs show 

higher PDT efficiency than that of nonionized PSs that target lipid droplets. This work 

thus provides a new perspective on the molecular design of PSs to improve the PDT 

efficiency. 
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