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a b s t r a c t

Thermally activated delayed fluorescence (TADF) emitters show great potential in photodynamic ther-

apy (PDT) and bioimaging, leveraging their structural adaptability, efficient reverse intersystem crossing

(RISC), robust photosensitizing capability, and high photoluminescence quantum yields (PLQYs). Herein,

we developed a new class of donor–acceptor–donor (D-A-D)-type TADF materials by connecting the

highly twisted indolizine-benzophenone electron acceptors with a series of electron donors includ-

ing phenoxazine, phenothiazine and 9,9-dimethyl-9,10-dihydroacridine. These materials exhibit enhanced

TADF properties, aggregation-induced emission (AIE), alongside high reactive oxygen species (ROS) gener-

ation efficiency, effectively mitigating aggregation-caused quenching observed in traditional fluorophores.

Among them, IDP-p-PXZ, incorporating the phenoxazine donor, stands out with the smallest singlet–

triplet splitting energy (�EST) and the highest spin-orbit coupling matrix elements (SOCMEs). Upon

encapsulation into 1,2-distearoyl-sn–glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-

2000] (DSPE-PEG2000) nanoparticles (NPs), IDP-p-PXZ demonstrates extended delayed fluorescence life-

times in air, an exceptionally fast intersystem crossing (ISC) rate constant (kISC) of 3.4×107 s−1, and a

radiative rate constant (kr) of 5.05×106 s−1. These NPs exhibit superior biocompatibility, efficient cellular

internalization, and potent ROS production, enabling effective simultaneous PDT and confocal fluores-

cence imaging in HeLa cells.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Thermally activated delayed fluorescence (TADF) emitters are

a class of pure organic luminescent materials with relatively

small singlet–triplet splitting energy (�EST), which allow for ef-

ficient reverse intersystem crossing (RISC) process to upconvert

excitons from non-radiative T1 to radiative S1 state using ambi-

ent thermal energy [1–3]. These features render the TADF emit-

ters high photoluminescence quantum yields (PLQYs) and long-

lived excited states, which can be promising in applications in or-

ganic light-emitting diodes [4,5], bioimaging [6], biosensors, and

nanomedicine [7–10]. By virtue of the specific photophysical fea-

tures, TADF materials have drawn great attention in biomedical

applications in recent years. For example, the TADF molecule AI-

Cz conjugated with a bacteria 16S rRNA-targeting neomycin was
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successfully applied in confocal fluorescence imaging and time-

resolved fluorescence imaging in cells and tissues [11]. The near-

infrared emitted boron difluoride-crocin polymer exhibiting TADF

feature was incorporated into water-soluble polymer dots (Pdots)

to obtain near-infrared (NIR) emissive nanoparticles (NPs) CzBN-

co-DtaB. These Pdots were combined with antibodies, causing SK-

BR3 human breast cancer cells to produce immune fluorescent la-

beling [12], which is the first example of a biomedical imaging

probe for human SK-BR3 cells.

Photodynamic therapy (PDT) is a non-invasive and damage-free

treatment method that has been successfully applied in the clin-

ical treatment of certain cancers [13–18]. The underlying princi-

ple of PDT involves the utilization of photosensitizers (PSs) that

exhibit low dark toxicity, ensuring minimal harm to healthy tis-

sues in the absence of light. Upon photoexcitation, the PSs are ac-

tivated, generating cytotoxic reactive oxygen species (ROS) such as

singlet oxygen (1O2), which selectively damage tumor cells. No-

https://doi.org/10.1016/j.cclet.2025.111721

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



H. Guo, W.-W. Li, M.-Y. Wu et al. Chinese Chemical Letters 37 (2026) 111721

tably, TADF materials, characterized by a small �EST and a rapid

intersystem crossing (ISC) process, are particularly advantageous

for this purpose. These materials can easily undergo the ISC pro-

cess to populate the triplet state T1, thus transferring energy to

ground state 3O2 and producing cytotoxic 1O2 [19,20]. This unique

combination of properties makes TADF materials highly promis-

ing for advancing PDT applications. In 2021, Huang group reported

lysosome-targeting TADF NPs (TPE-AQ NPs) for human tongue

squamous cell carcinoma (CAL27) and human tongue squamous

cell carcinoma (HSC3), which released ROS under 450nm laser ir-

radiation, showing good in vitro cell and mouse tumor PDT ef-

fects [21]. Recently, Song and coworkers found that encapsulating

TADF PSs with bovine serum albumin could significantly promote

the type I PDT process to generate a large amounts of superox-

ide anion (O2
•−), demonstrating a significant enhancement in the

PDT killing effect on tumor cells under hypoxic conditions in vitro

[22].

The unique properties of aggregation-induced emission (AIE)

and TADF offers a promising pathway to develop advanced lu-

minescent materials for applications such as bioimaging and PDT

[20,23–29]. Materials exhibiting both AIE and TADF properties

can effectively suppress nonradiative transitions and shield TADF

molecules from surrounding oxygen, thereby enhancing lumi-

nescence efficiency. Rigid scaffold structures with highly twisted

conformations are particularly advantageous, as they promote

well-separated distributions of the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO), minimizing detrimental π–π stacking interactions. This

design strategy has proven effective for developing AIE-active

TADF emitters.

Benzophenone, a classic organic molecule characterized by its

rigid planar structure and strong electron-withdrawing properties,

has established itself as a highly effective acceptor unit in the

design of AIE-TADF materials. On the other hand, indolizine deriva-

tives are renowned for their diverse pharmacological properties,

including antioxidant and anticancer activities [30–32], and hold

significant potential for the development of versatile fluorogenic

bioprobes. Building on these advantages, this work introduces

benzoyl-substituted indolizine as a novel electron acceptor in

the design of AIE-TADF emitters. The integration of a rigid yet

relatively torsional framework into the molecular structure en-

sures well-separated distributions of the HOMO and the LUMO,

effectively minimizing π–π stacking interactions. This innovative

design not only enhances the luminescence efficiency of the

materials but also opens new avenues for their application in

bioimaging and PDT.

In this work, indolizine-benzophenone was established

as a potent platform for AIE-active TADF molecules, and

three TADF emitters, namely indolizine-1,3-diylbis((4-(10H-

phenoxazin-10-yl)phenyl)methanone) (IDP-p-PXZ), indolizine-

1,3-diylbis((4-(10H-phenothiazin-10-yl)phenyl)methanone) (IDP-

p-PTZ), and indolizine-1,3-diylbis((4-(9,9-dimethylacridin-10(9H)-

yl)phenyl)methanone) (IDP-p-DMAC), were synthesized by donor

engineering strategy to form donor–acceptor–donor (D-A-D) ar-

chitectures (Scheme 1). The developed TADF molecules display a

highly twisted molecular configuration with small �EST values,

large spin-orbit coupling matrix elements (SOCMEs), distinct

AIE, and remarkable capability for ROS generation. Since the

phenoxazine (PXZ) is a donor with a more planar structure as

well as stronger electron-donating ability than those of phe-

nothiazine (PTZ) or 9,9-dimethyl-9,10-dihydroacridine (DMAC),

IDP-p-PXZ demonstrated reduced intramolecular motion and thus

enhanced photoluminescence (PL) performance. In alignment with

these, IDP-p-PXZ NPs prepared with 1,2-distearoyl-sn–glycero-

3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]

(DSPE-PEG2000) showed good biocompatibility and exciton

Scheme 1. (a) The molecular design concept of indolizine-benzophenone acceptor-

based TADF emitters. (b) The preparation of TADF NPs. (c) Mechanism of IDP-p-PXZ

NPs mediated fluorescence imaging and photodynamic therapeutic.

dynamics data, achieving confocal fluorescence imaging and

photodynamic therapeutic applications in HeLa cells.

We designed and synthesized the three TADF molecules by

introducing indolizine-1,3-diylbis(phenylmethanone) (IDP) unit as

an identical electron acceptor. According to the coupling kinds of

donors, they are named as IDP-p-PXZ, IDP-p-PTZ, and IDP-p-DMAC.

The synthetic routes of these compounds are shown in Scheme S1

(Supporting information). The key intermediate of indolizine-1,3-

diylbis((4-bromophenyl)methanone) (4,4′-2Br-IDP) was prepared

by a one-pot transition-metal-free cascade oxidation/1,3-dipolar

cycloaddition reaction between pyridinium salts and DMSO [33].

IDP-p-PXZ, IDP-p-PTZ and IDP-p-DMAC were synthesized through

a straightforward palladium-catalyzed C–N coupling reaction of

4,4′-2Br-IDP with PXZ, PTZ, and DMAC. Their chemical structures

are characterized by the 1H and 13C nuclear magnetic resonance

(NMR), single-crystal X-ray diffraction, and high-solution mass

spectroscopy.

Theoretical calculations were first performed based on single

crystal structures to predict the molecular characteristics. Fig. S1

(Supporting information) showed their frontier molecular orbitals

(FMOs), energy levels and the excited state features by using den-

sity functional theory (DFT) calculations. Ground state optimiza-

tion used B3LYP-GD3(BJ) function with split valence polarization

(def2-SVP) basis set while excited state using PBE1PBE function

with def2-SVP basis set. All compounds featured a twisted struc-

ture with near perpendicular configuration between the donor and

the acceptor unit at the optimized geometry, and the correspond-

ing dihedral angles are 81.0° and 81.6° for IDP-p-PXZ, 82.5° and

88.2° for IDP-p-PTZ, and 81.3° and 83.4° for IDP-p-DMAC. The large

twisted configurations endowed them a well-separated HOMO and

LUMO distributions. As shown in Fig. S1, the HOMOs were local-

ized on the donor groups and the LUMOs were mainly located on

the indolizine-benzophenone acceptor groups. As expected, all the

three molecules exhibited small �EST values of 0.07 eV for IDP-p-

PXZ, 0.14 eV for IDP-p-PTZ, and 0.29 eV for IDP-p-DMAC, suggesting

the high potential as TADF emitters. Notably, IDP-p-PXZ showed

the smallest �EST (0.07 eV) and the largest SOCME between S1 and

T1 (<S1|ĤSOC|T1>) (0.31 cm−1) among the three emitters, which is

beneficial for the efficient ISC process to enhance triplet sensitiza-

tion, indicating a good potential in the generation of ROS in PDT.

To gain further insights into the three molecules, X-ray sin-

gle crystals analysis were conducted. The crystals were cultured

and obtained through slow evaporation of solvent, and the three

molecules show highly twisted structures with large torsion angles

between the electron donor and acceptor units (77.1° and 77.9° for
IDP-p-PXZ, 77.1° and 82.0° for IDP-p-PTZ, and 75.5° and 89.1° for
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Fig. 1. Single crystal structures, dihedral angles, intermolecular interaction in the

single crystals of (a) IDP-p-PXZ, (b) IDP-p-PTZ and (c) IDP-p-DMAC. Inset: Fluores-

cence microscopy photographs of the three crystals under 365nm UV irradiation.

IDP-p-DMAC) (Fig. 1). This trend coincides well with the DFT re-

sults. The single-crystal data are summarized in Table S2 (Support-

ing information) and the intermolecular interactions and stacking

patterns of the three target molecules in the crystals are exhibited

in Fig. 1 and Figs. S5–S8 (Supporting information) IDP-p-PXZ and

IDP-p-PTZ both are monoclinic system with the space group C2/c

and showed similar stacking modes in molecular dimers. Notably,

along crystallographic b axis, a typical step-like packing structure

was observed in IDP-p-PXZ and IDP-p-PTZ, where molecules are

parallel to each other into dimers based on strong intermolecu-

lar π ···π stacking interactions between indolizine skeletons, along

with multiple intermolecular C–H···π interactions (Figs. 1a and b).

The difference in the radius of the S and O atom in the donor

unit leads to the less planar nature of the PTZ compared to that

in PXZ, resulting in a similar crystal structure but slightly different

in donor planarity. In sharp contrast, IDP-p-DMAC is a triclinic sys-

tem with P-1 space group, and only weak intermolecular C–H···π
interactions existed in anti-parallel packed dimers between adja-

cent molecules (Fig. 1c). As to the intermolecular interactions and

packing patterns, all the three crystals possessed abundant short

contacts. IDP-p-PXZ has more intermolecular interactions due to

the presence of multiple π ···π stacking, C–H···π and O···π interac-

tions, and as well as C–H···O and C–H···H–C hydrogen bonds, ren-

dering faint emissions in the solid state. As to IDP-p-PTZ, it dis-

played similar but slightly weaker π ···π stacking, C–H···π and C–

H···H–C hydrogen bonds. In contrast, the intermolecular interac-

tions were significantly decreased in the crystals of IDP-p-DMAC

with less C–H···π , C–H···O and C–H···H–C hydrogen bonds, which

might be caused by the methyl groups in the DMAC donor, leading

to a loose packing mode. Thus, abundant intermolecular interac-

tions such as π ···π stacking result in a more compact stacking pat-

tern for IDP-p-PXZ, suggesting its excellent PL performance, which

is consistent with the fluorescence microscopy photographs.

The ultraviolet-visible (UV–vis) absorption spectra, fluorescence

spectra, and corresponding transient PL spectra decay curves of

the three molecules in toluene are shown in Fig. S9 (Supporting

information), and the photophysical data are summarized in Ta-

ble S3 (Supporting information). As shown in Figs. S9a–c, com-

pounds IDP-p-PXZ, IDP-p-PTZ, and IDP-p-DMAC all have strong ab-

sorption peaks at 340, 362, and 363nm, respectively, which can be

attributed to π→π ∗ transitions. The fluorescence spectra of IDP-

p-PXZ, IDP-p-PTZ, and IDP-p-DMAC show green to yellow emis-

sions with maximum emission peaks at 584, 592 and 537nm, re-

spectively. The transient fluorescence decay curves of the three

molecules show second-order exponential decay, with the in-

stantaneous component lifetime (τ PF)/delayed component lifetime

(τDF) of IDP-p-PXZ being 7.48ns/0.50 μs, IDP-p-PTZ 6.56ns/0.33

μs, and IDP-p-DMAC 771ns/6.78 μs (Figs. S9d–f), confirming their

TADF characteristics at the molecular level.

These three emitters show broad PL bands in the thin film (Fig.

S10 in Supporting information), and the energies of the lowest sin-

glet and triplet state were estimated to be 2.47 and 2.42 eV for

IDP-p-PXZ, 2.53 and 2.46 eV for IDP-p-PTZ, and 2.73 and 2.53 eV

for IDP-p-DMAC. Thereby, the corresponding �EST values were cal-

culated to be 0.05, 0.07, and 0.20 eV, respectively. Such small val-

ues of �EST favor ISC and RISC process. The emission spectra of

the three emitters in toluene solutions under degassed and aer-

ated conditions were measured (Fig. S11 in Supporting informa-

tion). The fluorescence intensity of the degassed solution with ar-

gon became stronger than those under aerated conditions, which

further confirmed that triplet states were involved in the emission

process. Besides, the lifetime decay curves of these molecules were

recorded at different temperature (Fig. S12 and Table S4 in Sup-

porting information). With the increasing temperature from 100K

to 298K, the ratios of the delayed components increase gradually,

which confirms the thermal activated nature of these emitters.

Owing to the highly twisted architectures of the three com-

pounds, the PL spectra of them in the tetrahydrofuran (THF)/water

mixed system were measured to investigate their AIE properties

(Fig. S13 in Supporting information). The PL emission of the three

molecules in THF solution is relatively weak due to the twisted in-

tramolecular charge transfer (TICT) effect [34,35]. However, when

the volume ratio of water (fw) in the mixed system was increased

to 70%, the PL intensity of the three compounds increased rapidly.

This could be ascribed to the fact that when the TADF molecules

formed aggregates, intramolecular motion was restricted, blocking

non-radiative decay channels, thus causing the PL intensity to in-

crease [23]. Additionally, IDP-p-DMAC showed a blue shift and an

increase in fluorescence intensity with water fraction of 95%. The

aggregates formed excluded most large polar solvent molecules,

thereby weakening the intramolecular charge transfer (ICT) pro-

cess. These results indicate that all the three molecules possess

distinct distinctive AIE characteristics.

Most TADF molecules show poor water solubility owing to the

purely organic structures, which restricts their direct application

in biomedicine. To endow the TADF emitters with better water-

dispersibility and improved bioavailability, the three molecules

were then fabricated into corresponding NPs named IDP-p-PXZ

NPs, IDP-p-PTZ NPs, and IDP-p-DMAC NPs using DSPE-PEG2000.

First, the UV–vis absorption spectra, PL spectra and the tran-

sient PL decay curves of these three TADF NPs dispersed in ultra-

pure (UP) water, and the key photophysical data are summarized

in Table 1. As shown in Fig. S14 (Supporting information), the

three TADF NPs exhibited similar strong absorption bands around

370nm, for which corresponds to the π-π ∗ electronic transition,

while the weak and broad absorption band in the range of 460–

520nm can be attributed to the charge-transfer (CT) transition

from the donors to the indolizine-benzophenone acceptor. Com-

pared to the emission in toluene solutions, the emission spectra

of the three TADF NPs in UP water were blue-shifted to a green

or blue color. Noticeably, the transient fluorescence decay of the

three TADF NPs in air showed obvious biexponential decay with

τ PF/τDF of IDP-p-PXZ NPs being 15.73ns/0.58 μs, IDP-p-PTZ NPs

48.19ns/0.67 μs, and IDP-p-DMAC NPs 17.33ns/24.49 μs, along with

the delayed fluorescence ratios of 48.1 %, 25.4 %, and 49.1%, re-

spectively (Figs. S14d–f). These results show that the three TADF

NPs established an oxygen-insulated environment for the embed-

ded TADF luminophore, providing a powerful way to protect the

T1 state from the quenching by oxygen. As shown in Table 1, in

the case of the NP systems, the ISC rate constant (kISC) and ra-

diative rate constant (kr) in air were estimated to be 3.40×107

s−1/5.05×106 s−1, 1.88×107 s−1/0.83×106 s−1, and 2.94×107
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Table 1

Photophysical data of IDP-p-PXZ NPs, IDP-p-PTZ NPs and IDP-p-DMAC NPs. Measured in UP water (10−5 mol/L) at room temperature.

Compound λabs (nm) λem (nm) τ PF (ns) a τDF (μs) a Φ/Φp/Φd
b kp (× 107 s−1) c kd (× 105 s−1) c kr (× 106 s−1) d kISC (× 107 s−1) e kRISC (× 105 s−1) e

IDP-p-PXZ NPs 365 520 15.73 0.58 16/8.3/7.7 6.37 17.36 5.05 3.40 35.05

IDP-p-PTZ NPs 375 547 48.19 0.67 13/9.7/3.3 2.08 14.93 0.83 1.88 48.54

IDP-p-DMAC NPs 365, 490 479 17.33 24.49 11/5.6/5.4 5.78 0.41 3.12 2.94 0.83

a The lifetimes of prompt and delayed fluorescence in air.
b The total, prompt and delayed fluorescence PLQY in air.
c The rate constants of prompt and delayed radiation.
d The radiative rate constants of the singlet state.
e The rate constants of the ISC and RISC processes.

s−1/3.12×106 s−1, respectively. The simultaneous rapid ISC rate

and efficient radiative decay ensures efficient ROS generation and

bright emission, shedding light on their potential for PDT and cel-

lular imaging applications.

We first investigated the ROS type and generation ability of the

three TADF NPs with commercial fluorescent probe singlet oxygen

sensor green (SOSG) under 520nm laser irradiation (30mW/cm2).

SOSG is a probe highly selectively binds to 1O2 and has no ob-

vious reaction to hydroxyl radical (OH•), superoxide anion radical

(O2
−) and nitric oxide (NO). The SOSG itself exhibits a faint blue

fluorescence, but upon reaction with singlet oxygen, the resulting

intra-SOSG peroxide (SOSG-EP) fluoresces green (λem =525nm).

The more the singlet oxygen generated, the more the intensity

of fluorescence increased. As shown in Fig. S20 (Supporting in-

formation), the three TADF NPs display excellent ROS generation

ability under laser irradiation, and with the increase of irradia-

tion time (0–20min), the fluorescence intensity of the three TADF

NPs+ SOSG increased by 2.5–5.9 times. For a control sample with

none of the TADF NPs, SOSG shows no observable emission upon

irradiation for 20min. In addition, in the presence of H2O or TADF

NPs, the fluorescence intensities of SOSG did not change without

laser irradiation (Fig. S21 in Supporting information). These re-

sults suggested that the three TADF NPs were capable of generat-

ing 1O2 effectively through type-II process. IDP-p-PXZ NPs+ SOSG

initially exhibited higher fluorescence intensity which may be re-

lated to its relatively faster ISC rate (Table 1). Notably, the emis-

sion intensity of IDP-p-DMAC NPs+ SOSG rose to nearly 14.7 folds

higher than the initial intensity after 20min 520nm laser irradia-

tion. This is in accordance with its fast ISC rate and extremely slow

RISC rate, contributing to retaining the TADF NPs in the excited

T1 state for 1O2 generation by preventing the RISC process. Sub-

sequently, we employed 2′,7′-dichlorofluorescein diacetate (DCFH-

DA) as an intracellular ROS detection probe to investigate the ef-

fects of the concentrations of TADF NPs in HeLa cells. Different

concentrations of the three TADF NPs were co-cultured with HeLa

cells for 12h, subsequent treatment with DCFH-DA for 20min,

and exposure to a 520nm laser for another 20min resulted in a

detectable DCF green fluorescence. As depicted in Fig. S22 (Sup-

porting information), with no NPs, green fluorescence from DCF

could not be detected. As the concentration of the three TADF

NPs increased, the green fluorescence from DCF increased, result-

ing a concentration-dependent ROS generation. These results sug-

gest that the three TADF NPs have a remarkable capability for ROS

generation and thus good potential for PDT applications. Further-

more, to compare the 1O2 generation abilities of the three TADF

NPs, the quantum yield (Φ) of ROS for NPs were determined by

using 1,3-diphenylisobenzofuran (DPBF) as an indicator and rose

bengal (RB) as a standard reference (Figs. S23 and S24 in Support-

ing information) [21]. The ΦNPs of the IDP-p-PXZ NPs, IDP-p-PTZ

NPs, and IDP-p-DMAC NPs were determined to be 0.397, 0.399, and

0.524, respectively.

We further examined the cytotoxicity of the three TADF NPs

within a concentration range of 0−100 μmol/L without laser irra-

diation. Fig. 2a demonstrates that cell viability of IDP-p-PXZ NPs

Fig. 2. (a) In vitro cytotoxicity of IDP-p-PXZ NPs, IDP-p-PTZ NPs and IDP-p-DMAC

NPs in HeLa cells with or without visible light irradiation (λ=520nm, 30mW/cm2,

20min; n≥3). Error bars indicate standard deviation (SD). The live/dead staining of

HeLa cells receiving different treatments of (b) IDP-p-PXZ NPs. (c) IDP-p-PTZ NPs

and (d) IDP-p-DMAC NPs with or without laser (λ=520nm). Scale bar: 50 μm.

was not significantly affected, which indicated its good cellular bio-

compatibility. Subsequently, upon exposure to green light irradia-

tion (λ=520nm, 30mW/cm2, 20min), at a concentration of 100

μmol/L, the growth inhibition ratio was determined to be 65% for

IDP-p-PXZ NPs, confirming the PDT effect of IDP-p-PXZ NPs in HeLa

cells. In sharp contrast, both IDP-p-PTZ NPs and IDP-p-DMAC NPs

showed obvious cytotoxicity as the concentration increased even

without laser exposure, which limits their in vitro and in vivo ap-

plications for PDT. The cytotoxic effect of IDP-p-PTZ NPs was espe-

4
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Fig. 3. Confocal fluorescence and merged images of HeLa cells with different con-

centrations (25, 50, and 100 μmol/L) of IDP-p-PXZ NPs in DMEM medium (excita-

tion: 488nm, emission: 550–600nm). The nuclei were stained with DAPI (excita-

tion: 330nm, emission: 430–450nm, scale bar: 50 μm).

cially registered, which was greatly affected by the donor PTZ, for a

series of similar indolizine-phenothiazine hybrids were reported to

have promising antitumor activity and display cytotoxicity poten-

tial with growth inhibition 50% (GI50) values in the low nanomolar

range in several cancer cells [32]. The dark toxicity of IDP-p-DMAC

NPs might be driven by its long-lived triplet states (promoting 1O2)

and structural instability (releasing toxic radicals).

To visualize the in vitro PDT effect of the three TADF NPs, we

carried out the calcein-AM (green emission, live cells) and propid-

ium iodide (PI, red emission, dead cells) staining assay. As shown

in Figs. 2b–d, all the images of control groups (without light or

TADF NPs) were fully covered with living cells. On the contrary,

HeLa cells treated with both light and TADF NPs showed increas-

ing toxicity with increasing TADF NPs concentration under laser ir-

radiation for 20min. Among the three TADF NPs, IDP-p-PXZ NPs

has the best biocompatibility and PDT effect, which is in good

agreement with its DFT calculations and photophysical property

results. IDP-p-PXZ demonstrated the smallest �EST value, largest

spin-orbital coupling constant and rapid ISC rate, upon laser exci-

tation, IDP-p-PXZ NPs are excited by photons to the S1 state and

then reaches the T1 state through an effectual ISC process, which

transfers energy to the surrounding ground 3O2, leading to the for-

mation of cytotoxic 1O2 [13].

Motivated by the favorable biocompatibility and robust fluo-

rescence emission of IDP-p-PXZ NPs, we further explored its ef-

fectiveness in fluorescence imaging in vitro. We prepared differ-

ent concentrations of IDP-p-PXZ NPs in culture medium, and HeLa

cells were cultured for 6h with IDP-p-PXZ NPs and observed un-

der an inverted fluorescence imaging system. We stained the cell

nuclei with anti-fluorescence quenching solution (containing 4′,6-
diamidino-2-phenylindole (DAPI)) to study the cellular uptake effi-

ciency of IDP-p-PXZ NPs in HeLa cells. The prepared IDP-p-PXZ NPs

were successfully internalized by the cells and displayed bright

and stable green fluorescence under 488nm excitation. The cellu-

lar uptake of IDP-p-PXZ NPs by HeLa cells showed a concentration-

dependent trend, and endocytosis of the material at 25 μmol/L in

cells was clearly detected (Fig. 3 and Fig. S25 in Supporting infor-

mation). These results revealed that the IDP-p-PXZ NPs achieved

stable and unquenchable fluorescence as well as excellent biocom-

patibility for cell imaging, showcasing their immense potential as

a theranostic platform, combining PDT and imaging functionalities

in a single system.

In summary, we develop a new series of indolizine-

benzophenone based electron-deficient acceptor to construct

three AIE-active TADF molecules (IDP-p-PXZ, IDP-p-PTZ, and IDP-

p-DMAC) with D–A–D architectures. By systematically altering the

donor units, we elucidated the pivotal role of donor engineer-

ing in modulating excited-state dynamics, crystal packing, and

photophysical properties. Upon encapsulation into NPs, the three

TADF NPs exhibited oxygen-insensitive behavior and demonstrated

exceptional ROS generation efficiency under laser irradiation. Com-

pared to recently reported AIE-TADF materials for photodynamic

therapy (Table S6 in Supporting information) [21,36–40], our

TADF NPs demonstrates a balanced performance: (i) A relatively

high PLQY (11%–16% in air) addressing the common fluorescence

quenching issue in aggregated AIE-TADF systems (typically <10%),

(ii) outstanding ΦROS (39%–52%), surpassing most heavy-atom-

free alternatives, and (iii) biocompatible green-light activation

(λex =520nm, 30mW/cm2). Among the three emitters, IDP-p-PXZ

NPs emerged as the most promising candidate, characterized by

its minimized �EST, low cytotoxicity, enhanced SOCME, rapid ISC

rate, and efficient radiative decay. These properties enabled simul-

taneous confocal fluorescence imaging and PDT in vitro. This work

highlights the structural merits of the indolizine-benzophenone

acceptor in advancing AIE-TADF materials, achieving exceptional

ROS generation and biocompatibility, and thus paving the way for

innovative applications in PDT and bioimaging.
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