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a b s t r a c t

Fluorescence imaging-guided photodynamic therapy holds great promise for application in precise cancer

diagnosis and treatment, which has motivated high requirements for phototheranostic agents. However,

current photosensitizers (PSs) generally face limitations such as short emission wavelength and inad-

equate reactive oxygen species (ROS) production. Aggregation-caused quenching issue also hinders the

phototheranostic efficiency of PSs. Herein, the π-bridge modulation strategy is proposed to construct

ionic PSs with enhanced bioimaging and therapeutic outcomes. Two donor-π-acceptor (D-π-A) molecules

TPCPY and TFCPY were obtained by incorporating phenyl and furan units as π-bridge, respectively. Both

PSs feature aggregation-induced near-infrared emission. Under light irradiation, TPCPY and TFCPY can

produce both type I and II ROS. Introducing furan ring in TFCPY enhances the ROS generation capacity

by type I photosensitization process, which is consistent with the reduced energy gap between singlet

and triplet states from theoretical calculation. Furthermore, TFCPY can achieve quick cellular uptake, ac-

cumulate in mitochondria, and then efficiently kill cancer cells, which is superior to TPCPY. Consequently,

TFCPY exhibited good antitumor outcomes and excellent in vivo fluorescence imaging ability. This work

provides an efficient molecular engineering of introducing heterocycles into the D-π-A skeleton to de-

velop high-performance PSs with both type I and II ROS generation.

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

Medica, Chinese Academy of Medical Sciences.

As the main health burden for humankind worldwide, cancer

has caused almost tens of thousands of deaths every year [1,2].

The development of efficient diagnosis and treatment modalities

against cancer has become increasingly urgent and essential. As a

clinically approved protocol for cancer phototheranostics, fluores-

cence imaging-guided photodynamic therapy (FLI-guided PDT) has

garnered considerable interest because of its distinct advantages,

including non-invasiveness, controllability, and negligible drug re-

sistance [3-5]. Viewed in FLI-guided PDT, the photosensitizers (PSs)

can generate cytotoxic reactive oxygen (ROS) upon exposure to

light irradiation, which can eradicate tumor cells [6-9]. In addi-

tion, the emission ability of designed PSs can enable FLI, achieving
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real-time monitoring of tumor tissue. Generally, concerted efforts

have been devoted to designing PSs with strong light absorption,

high emission efficiency, and high ROS sensitization capacity for

FLI-guided PDT. In PDT, the PSs can undergo type I or type II pho-

tochemical reactions to produce toxic radicals (superoxide anion

O2
•−, hydroxyl radical •OH, etc.) or singlet oxygen (1O2), respec-

tively [10]. Type II PDT depends on oxygen concentration in the

surrounding microenvironment, which compromises the therapeu-

tic efficacy in hypoxic solid tumors [11]. Different from type II PDT,

type I PDT shows more promise for deactivating the solid tumors

owing to the oxygen-less-dependent path [12-15]. However, clas-

sical PSs work through type II photosensitization because of the

much faster process of type II than type I. Constructing advanced

PSs capable of generating type I/II ROS is an effective approach for

enhancing PDT efficacy and eliminating tumors [16,17].

Organic PSs have been investigated and applied in FLI-guided

PDT broadly owing to low toxicity, well-definite composition, good
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Scheme 1. Schematic illustration of π bridge engineering of TPCPY and TFCPY, and FLI-guided PDT.

biocompatibility, and facile molecular tailoring [18,19]. However,

the conventional organic PSs with the planar hydrophobic molec-

ular skeleton tend to aggregate in biological environments, lead-

ing to a drastic decrease in both emission efficiency and photo-

sensitivity [20]. To address these challenges, the construction of

PSs with aggregation-induced emission (AIE) nature emerges as a

promising strategy [21-25]. AIE-active PSs exhibit brighter emis-

sion and enhanced ROS generation in the aggregate state [26-28].

Considering the advantages of near-infrared (NIR) light such as

deep penetration and reduced interference with tissue photodam-

age, the concise development of AIE-active PSs with NIR emission

holds tremendous promise for boosting FLI-guided PDT efficiency

[29-32]. Generally, donor-π-acceptor (D-π-A) molecular engineer-

ing has been widely employed to construct AIE PSs [33,34]. This

molecular design strategy is beneficial for narrowing singlet-triplet

energy gaps, thus enhancing the intersystem crossing (ISC) process

and achieving efficient ROS production [35,36]. Despite significant

progress has been made in developing AIE PSs for FLI-guided PDT

application, there is a deficiency in constructing AIE-based PSs ca-

pable of efficient NIR fluorescence and excellent type I/II ROS gen-

eration. The new design strategy and clear structure-property is

also desired.

To achieve good anticancer performance, in this work, two ap-

pealing PSs named TPCPY and TFCPY were designed and syn-

thesized by the integration of electron-withdrawing and electron-

donating units on different π bridges, as shown in Scheme 1. The

impact of π bridges in the D-π-A molecular skeleton on cura-

tive effect was investigated systematically. Selecting an electron-

rich furan group as π-bridge rather than a phenyl unit enables

TFCPY with red-shifted absorption, enhanced molar absorption co-

efficient, and NIR emission. Both compounds were demonstrated

to possess superior ROS generation ability than commercially avail-

able Rose Bengal (RB) as well as chlorin e6 (Ce6). Moreover, TPCPY

and TFCPY can produce 1O2, O2
•−, and •OH simultaneously, dis-

playing type I/II combined PDT capability. TFCPY with furan π-

bridge exhibited relatively higher type I ROS compared with that

of TPCPY, which can be attributed to a smaller energy gap (0.08

eV) between first singlet excited state (S1) and 2nd triplet excited

states (T2). Subsequently, intracellular experiments demonstrated

that TFCPY performed superior cellular imaging, ROS generation

capability, and prominent anti-cancer cell ability contrasted with

TPCPY. Furthermore, in vivo PDT results reveal that TFCPY effec-

tively achieves fluorescence imaging and inhibits tumor growth.

To systematically study the effect of π-conjugation bridge en-

gineering in regulating the photoluminescence (PL) properties and

ROS generation ability, two compounds were rationally designed

with D-π-A molecular skeleton, in which phenyl and furan ring

was used as π-conjugation bridge for TPCPY and TFCPY, respec-

tively (Scheme 1). Considering rich electron characteristics and

twisted structure, the triphenylamine (TPA) group served as the

electron donor (D) and molecular rotor. Cationic methylpyridinium

with cyano moiety acted as the electron acceptor (A). The D and

A units were integrated by different π-bridge to construct D-π-A-

type molecules. The designed photosensitizers TPCPY and TFCPY

were prepared simply through the synthetic route outlined in

Scheme S1 (Supporting information). The electron-donating TPA

and π-bridge were connected by the Suzuki-Miyaura coupling

reaction. Then, the intermediates TP-CHO and TF-CHO were re-

acted with pyridylacetonitrile hydrochloride through a Knoeve-

nagel condensation reaction. Detailed synthesis and characteriza-

tion (Figs. S1–S12 in Supporting information) data are found in

Supporting information.

The photophysical properties of TPCPY and TFCPY were ana-

lyzed by ultraviolet–visible (UV–vis) absorption spectra. As pre-

sented in Fig. 1A, both compounds showed typical intramolecu-

lar charge transfer (ICT) absorption profiles in dimethylsulfoxide

(DMSO) solutions with broad bands from 400 nm to 700 nm.

With electron-rich heterocyclic furan in the molecular skeleton, the

maximal absorption wavelength of TFCPY (544 nm) featured a re-

markable bathochromic shift with an absorption tail toward the

near-infrared region in comparison with TPCPY (470 nm). The ICT

character was further confirmed by solvatochromic effect (Fig. S13

in Supporting information). Noteworthy, the maximum molar ab-

sorption coefficient of TFCPY (3.07×105 Lmol−1 cm−1) is much

higher than that of TPCPY (1.78×105 L mol−1 cm−1), being fa-

vorable for capturing more excitation light [37,38]. To investigate

the emission properties in aggregate, the PL spectra of TPCPY and

TFCPY were recorded in a DMSO/toluene mixture. As illustrated

in Fig. 1B and Fig. S14 (Supporting information), upon enhanc-

ing toluene fractions (ƒT), the emission intensities were signifi-

cantly increased due to the formation of aggregate. The PL inten-

sity increase of TPCPY and TFCPY at 95% of toluene contents was

about 15- and 17-fold higher than those in their pure DMSO so-

lutions (Fig. 1C). As a consequence, both TPCPY and TFCPY exhib-

ited good AIE characteristics. Both compounds displayed obvious

hypochromic shift with increasing toluene fraction, which can be

assigned to the solvatochromic effect of typical PSs with ICT char-

acteristics [39-42]. The maximum emission of TPCPY and TFCPY

aggregates are at 724 and 725 nm with the fluorescence quantum

yields (ФF) of 1.2% and 1.1%, and their lifetimes are 2.04 and 2.57

ns, respectively (Fig. S15 in Supporting information). Meanwhile,

TFCPY shown obvious emission signal in cell culture media DMEM

solution compared with that of TPCPY (Fig. S16 in Supporting in-

formation). In addition, TPCPY and TFCPY exhibited excellent pho-

tostability (Fig. S17 in Supporting information). The specific photo-

physical data are summarized in Table S1 (Supporting information).
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Fig. 1. (A) The absorption spectra of TPCPY and TFCPY in DMSO solutions (10 μmol/L). (B) Photoluminescence (PL) spectra of TFCPY (5×10−5 mol/L) in DMSO/toluene

mixtures with different toluene fractions (λex: 510 nm). (C) Plots of relative PL intensity (I/I0) versus the composition of different solution mixtures of designed PSs. (D) The

particle size distribution of both PSs detected from DLS (Insert: TEM images, scale bar: 200 nm). (E) Zeta potential of TPCPY and TFCPY. (F) Optimized molecular structures,

(G) HOMO-LUMO distribution, and (H) energy level diagrams and SOC values of excited singlet and triplet states for TPCPY and TFCPY (isocontour value=0.2).

Dynamic light scattering (DLS) analysis confirmed the formation

of nanoaggregates of 2 μmol/L TPCPY and TFCPY in a DMSO/H2O

(v:v, 1:99) mixture with an average diameter of 141.8 and 105.7

nm, respectively (Fig. 1D). The transmission electron microscopy

(TEM) images inserted in Fig. 1D showed different morphologies

of nanoaggregates, indicating that different π-bridge can have an

important influence on the aggregation behavior. All compounds

in aggregate state possessed the negatively charged surface with a

zeta potential of −8.43 and −8.48 mV for TPCPY and TFCPY, re-

spectively (Fig. 1E).

Furthermore, the theoretical calculations were conducted to

better understand the molecular configurations and electronic

properties of TPCPY and TFCPY. As shown in Fig. 1F, the electron-

withdrawing unit and π-conjugation bridge in these two com-

pounds exhibit relatively coplanar configurations with small di-

hedral angles (<1°). The electron-donating unit is highly twisted

structure, which is advantageous for achieving AIE nature. Incor-

porating furan unit as a π-bridge, TFCPY exhibited a V-shaped

structure instead of the linear structure of TPCPY. As shown in

Fig. 1G, both compounds possess similar electron cloud distri-

bution. The highest occupied molecular orbitals (HOMOs) distri-

butions were mostly on the whole molecules, whereas the low-

est unoccupied molecular orbitals (LUMOs) mainly located on the

electron-withdrawing part and π-bridge unit and slightly delo-

calized on the electron-donating groups. The results indicate that

both compounds have an efficient ICT effect. The energy difference

(�EST) and spin-orbital coupling (SOC) are primary factors in de-

termining the ISC efficiency, further impacting ROS generation ef-

ficacy [43]. The �EST between the S1 and T1 of TPCPY and TFCPY

are calculated to be 0.80 and 0.87 eV, respectively (Fig. 1H). The

large energy gaps result in low ISC, which is confirmed by the

calculated low SOC constant (ξ ) of 0.16 and 0.25 cm−1 for TPCPY

and TFCPY. Although similar ξ for TPCPY (0.60 cm−1) and TFCPY

(0.56 cm−1), the energy gap between S1 and T2 was determined

to be 0.08 eV for TFCPY, which is smaller than that of TPCPY

(0.43 eV). Thus, an efficient ISC process could occur from S1 to T2,

which endows TFCPY with better photosensitization functionality

than TPCPY.

To evaluate the impact of π-bridge on PDT performance, the

overall ROS production capability of TPCPY and TFCPY were in-

vestigated with classic indicator dichlorofluorescein (DCFH). DCFH

alone is nearly nonfluorescent and would be activated by any type

of ROS to increase its emission intensity. As illustrated in Fig. 2A

and Fig. S18 (Supporting information), the emission intensity of

DCFH solution coupled with TPCPY or TFCPY increased rapidly

with the irradiation time prolonged, compared with the DCFH so-

lution without any photosensitizers, demonstrating excellent ROS

generation of both compounds post-irradiation. In comparison, ef-

ficient and fast ROS production was achieved by TFCPY, which sur-

passed TPCPY and clinical PSs including Ce6 and RB. The obtained

results suggested that introducing furan ring into TFCPY can ex-

hibit superior capability for ROS generation, which is in accordance

with smaller �EST of TFCPY and moderate SOC value, both leading

to better ISC efficiency.

To further explore the ROS species generated by TPCPY and

TFCPY, an indicator of 9,10-anthracene-bis(methylene)dimalonic
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Fig. 2. ROS generation capability of TPCPY or TFCPY evaluated by different indica-

tors under irradiation (white light, 42 mW/cm2). (A) The relative fluorescence in-

tensity (I/I0) of DCFH solution at 524 nm containing PSs versus the irradiation time

(DCFH: 40μmol/L, photosensitizers: 2 μmol/L). (B) The decomposition rates of ABDA

at 378 nm absorbance in the presence of PSs (ABDA: 100μmol/L, photosensitizers:

20 μmol/L). (C) Time-course plots activation rates of DHR123 solution containing PSs

with different irradiation time (DHR123: 5 μmol/L, photosensitizers: 2 μmol/L). (D)

The relative fluorescence intensity (I/I0) of HPF solution containing PSs versus the

irradiation time (HPF: 5 μmol/L, PSs: 2 μmol/L).

acid (ABDA) was utilized to verify the formation of 1O2. As shown

in Fig. 2B and Fig. S19 (Supporting information), the ABDA solu-

tions exhibited a sharp reduction of absorption signal in the sys-

tem containing TPCPY or TFCPY upon light irradiation. The 82%

and 65% of ABDA were consumed by TPCPY and TFCPY as the ir-

radiation time extended to 60 s, indicating that TPCPY produced
1O2 more efficiently than TFCPY. Moreover, dihydrorhodamine 123

(DHR123) and hydroxyphenyl fluorescein (HPF) were employed to

determine the effectiveness of O2
•− and •OH production, respec-

tively. As shown in Fig. 2C and Fig. S20 (Supporting information),

both TPCPY and TFCPY expressed apparent enhancement of 23-

fold and 28-fold in emission with extended irradiation exposure

time, respectively. In addition, with the auxiliary effect of vitamin

C, a widely used radical scavenger, the DHR123 fluorescence incre-

ment was quenched, further validating free radical-dominated ROS

generation ability. Similar detection results were obtained for HPF

(Fig. 2D and Fig. S21 in Supporting information). The gradual in-

crease in the characteristic emission of HPF with prolonged irradi-

ation was detected for both compounds. After 60 s irradiation, the

fluorescence intensity of HPF reached 56- and 113-fold for TPCPY

and TFCPY, respectively, while more significant enhancement could

be discovered in TFCPY. All these results demonstrated that two

PSs can effectively generate type I/II ROS, while the production ef-

ficiency of type I ROS was found to be higher in TFCPY compared

to TPCPY, owing to the strategic incorporation of electron-rich fu-

ran ring [44,45].

Considering the remarkable type I/II ROS production and NIR

emission properties of TPCPY and TFCPY, their antitumor effi-

cacy was examined in vitro. As the important factor for FLI-guided

PDT performance, the cell uptake capability of both compounds

was first assessed by confocal laser scanning microscopy (CLSM)

with HeLa cells. The HeLa cells were incubated with both com-

pounds for different concentrations and periods. As displayed in

Fig. S22 (Supporting information), the apparent fluorescence sig-

nal was observed in cells after incubation with a 0.5 μmol/L con-

centration of TFCPY, then a gradual increase with various TFCPY

concentrations ranging from 0 to 5μmol/L, demonstrating excel-

lent cell penetration and fluorescence imaging ability. As shown in

Fig. S23 (Supporting information), the fluorescence intensity was

enhanced by prolonging the incubation time. After 30 min, the red

fluorescence reached its maximum intensity, indicating that TFCPY

could be rapidly incubated by HeLa cells. By contrast, CLSM im-

ages revealed that negligible fluorescence signals can be detectable

in HeLa cells after incubating with TPCPY in the internalization

experiment. These results are probably due to various molecular

packing arrangements influenced by different π-bridge. Next, the

mitochondrial-targeting behavior of TFCPY was studied by colo-

calization experiment. The images of HeLa cells in Fig. S24 (Sup-

porting information) demonstrated that TFCPY can efficiently tar-

get mitochondria, as its emission signals overlapped with that of

Mitotracker Green probes (Pearson correlation coefficient: 0.94).

The subcellular distribution of TFCPY could boost its cytotoxicity

in PDT.

Based on efficient cellular internalization and mitochondrial-

accumulating, the intracellular ROS generation of both compounds

was characterized in HeLa cells using DCFH-DA assay. As illustrated

in Fig. 3A, bright green fluorescence was detected in cells treated

with TFCPY and DCFH-DA after irradiation, while cells cultured

with TPCPY and DCFH-DA exhibited no significant fluorescence at

the same experiment condition. The obtained results indicated that

TFCPY was able to trigger intracellular ROS generation under light

irradiation. Subsequently, phototoxicities of TPCPY and TFCPY were

further verified via standard cell counting kit-8 (CCK8) assay. As

the results shown in Figs. 3B and C, TPCPY exhibited negligible cy-

totoxicity at different concentrations with or without white light

irradiation. In sharp contrast, the cell killing effect was positively

correlated with the concentration of TFCPY. After white light ir-

radiation, TFCPY induced death to over 70% of HeLa cells at the

concentration of 5 μmol/L, indicating a good photodynamic killing

effect on cancer cells. In addition, the survival rate of HeLa cells

in dark was 89%, indicative of dark cytotoxicities to some degree.

Additionally, to visualize the PDT efficacy of TPCPY and TFCPY,

fluorescein diacetate (FDA) and propidium iodide (PI) were em-

ployed to monitor live and dead cells, respectively. As illustrated

in Figs. 3D and E, red fluorescence from PI could be observed in

the cells treated by both TFCPY and light irradiation, while the

green fluorescence almost vanished, indicating the exceptional tu-

moricaidal efficacy in vitro. However, only a green fluorescence sig-

nal can be observed in cells treated with TPCPY. The FDA/PI co-

staining results are consistent with the ROS generation ability in

HeLa cells.

Since TFCPY exhibited excellent performance on cellular imag-

ing and ablation, the in vivo FLI-guided PDT antitumor effect was

further verified by the mouse model bearing the 4T1 tumor. All the

animal experiments were performed according to the guidelines

of ethical review of animal welfare, and supervised by Changchun

Institute of Applied Chemistry, CAS, China (IACUC Issue No. CIAC

2023. 0174). To check the imaging performance and appropriate

incubation time, the fluorescence imaging experiments were car-

ried out at different time points after intratumor injection. As il-

lustrated in Fig. 4B, time-dependent increments in fluorescence

intensity in tumor regions were observed, which could be as-

signed to the gradual diffusion and penetration of TFCPY. At 4

h postinjection, the emission signal reached the maximum level,

and the tumor sections could be distinctly distinguished from sur-

rounding tissues, laying the foundation for FLI-guided PDT. More-

over, the fluorescence emission kept intense with 12 h. Further-

more, the therapeutic capability of TFCPY in vivo on mice with

the 4T1 tumor was investigated. The four groups of mice (n=4)

underwent the corresponding treatment as follow: (i) phosphate

buffered saline (PBS), (ii) PBS with light irradiation, (iii) TFCPY
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Fig. 3. (A) Intracellular ROS detection by DCFH-DA in HeLa cells treated with TPCPY and TFCPY under white light irradiation. Scale bar: 50 μm (top) and 100μm (bottom).

(B) Dose-dependent cytotoxicity of TPCPY to HeLa cells. (C) Dose-dependent cytotoxicity of TFCPY to HeLa cells. Data are presented as mean ± standard deviation (SD)

(n=3). (D) Live/dead cells imaging of HeLa cells stained with FDA/PI after incubation with TFCPY under white light irradiation. Scale bar: 50 μm. (E) Live/dead cells imaging

of HeLa cells stained with FDA/PI (FDA: 1 mg/mL, PI: 100 mg/mL) after incubation with TFCPY under white light irradiation for 20 min (42 mW/cm2). Scale bar: 50 μm.

Fig. 4. In vivo antitumor capacity of TFCPY in 4T1 tumor-bearing mice model. (A) Schematic diagram of establishing tumor models and in vivo therapeutic process. (B) The

fluorescence imaging after intratumor injection of TFCPY with 48 h. (C) The tumor growth curves of different treatment groups. (D) Photograph of tumor sections collected

from different treatment groups. (E) The tumor tissue weights from the sacrificed mice. Data are presented as mean ± SD (n=4). ∗∗∗P < 0.001. (F) H&E and TUNEL staining

of tumor tissues with different treatments (light treatment conditions (+L): irradiation by white light, 100 mW/cm2).

group, (iv) TFCPY with light irradiation. The detailed phototherapy

process was illustrated in Fig. 4A. The white light irradiation was

conducted for PDT at 4 h on the basis of in vivo fluorescence imag-

ing results. The volumes of the tumors in the four groups were

recorded every two days to evaluate the therapeutic outcomes. The

tumor growth curves demonstrated that the tumors in the con-

trol group i-iii manifested rapid and sustained growth with no

significant inhibition, which demonstrated that neither the TFCPY

nor white light irradiation could kill the tumor cells (Fig. 4C). In

sharp contrast, TFCPY under white light irradiation notably inhib-

ited the tumor volume throughout the entire treatment period. The

representative mice photographs (Fig. S25 in Supporting informa-

tion), extracted tumor images (Fig. 4D), and the mean weight of

tumor tissue (Fig. 4E) further intuitively confirmed the excellent

PDT tumor-inhibition efficacy of TFCPY under light irradiation. As

shown in Fig. S26 (Supporting information), no obvious differences

in body weights were found in all groups during the entire treat-

ment process, indicating low systemic toxicity of TFCPY. In addi-
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tion, hematoxylin and eosin (H&E) staining and immunofluores-

cence staining of tumor sections of each group were performed

to assess the therapeutic effect in vivo. Significant morphological

damage was observed in H&E images of the group treated with the

TFCPY and white light irradiation, indicating severe tumor necro-

sis (Fig. 4F). The results from terminal deoxynucleotidyl transferase

dUTP nick endlabeling (TUNEL) staining displayed obvious green

fluorescence signals in tumor sections from TFCPY-treated group,

suggesting significant cell death resulting from TFCPY-based PDT.

Consequently, all these results strongly verified that TFCPY exhib-

ited superior fluorescence imaging and therapeutic efficacy, making

it competent for cancer phototheranostics.

In this work, to achieve enhancement of FLI-guided PDT effi-

cacy, two novel D-π-A-structured of TPCPY and TFCPY have been

constructed by integration of phenyl and furan ring as a π-bridge,

respectively. Both compounds exhibit AIE properties and highly ef-

ficient generation of type-I and type-II ROS upon irradiation. The

electron-rich furan ring introduced into TFCPY has proved to bring

both a smaller energy gap (0.08 eV) and moderate SOC value

(0.56 cm−1) between S1 and T2, which is favorable for more ef-

ficient ISC process and ROS generation. Therefore, compared with

TPCPY, TFCPY exhibits higher ROS generation and more efficient

PDT killing outcomes against cancer cells under white-light irra-

diation. In addition, TFCPY possesses mitochondria targeting ca-

pability. Moreover, in vivo experiments indicated that TFCPY can

achieve visualization of tumor sites and in the meantime can ef-

fectively eliminate tumors in a PDT manner. All these results in-

dicate the excellent FLI-guided PDT efficacy of TFCPY in inhibiting

tumor growth and imply that our design of incorporation of furan

π bridge into molecular structure could enhance ROS generation

and PDT efficacy.
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