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Molecular engineering-facilitated AIE-active type-I
photosensitizers for photothermal imaging-guided
photodynamic therapy†

Xiufeng Li, Shasha Zhang, Pengli Gu, Xinyi Zhang and Ju Mei *

Despite its multiple advantages, the application of fluorescence imaging-guided photodynamic therapy

based on type-II photosensitizers is still restricted by the autofluorescence of organisms and the hypoxic

microenvironment of tumors. Optical agents with photothermal imaging ability and radical-based type-I

reactive oxygen species (ROS) generation capability, which are exempted from the autofluorescence

interference and hypoxia limitation, are thus highly desirable. In this study, we propose a molecular

engineering strategy based on electron donor (D)–acceptor (A) systems, which promotes the photother-

mal conversion as well as the generation of type I ROS by manipulating the electron-donating and

electron-withdrawing groups to boost the intersystem crossing and enhance nonradiative decay. Among

the four designed D–A conjugated molecules, TPACzPy, composed of electron-donating 9-ethyl-N,N-bis-

(4-methoxyphenyl)-9H-carbazol-2-amine, p-bridging (2Z,20Z)-2,20-(1,4-phenylene)bis(but-2-enenitrile), and

electron-withdrawing 1-ethylpyridin-1-ium, exhibits the best comprehensive performance. This compound

was thus prepared into biocompatible nanoparticles via a nanoprecipitation method with Pluronic F-127

as the encapsulation matrix. The photothermal performance under 660 nm-laser irradiation and the

type I photosensitizing properties under white-light irradiation enable the photothermal imaging-guided

photodynamic therapy of 4T1 tumors by the TPACzPy nanoparticles, demonstrating the potential of

TPACzPy to be applied in cancer diagnosis and inhibition of tumors.

Introduction

Currently, cancer remains one of the leading causes of human
death.1–4 Traditional therapies such as surgery, chemotherapy,
and radiotherapy have achieved great success in cancer treatment.
However, their challenges including invasiveness, unignorable
side effects, and relatively poor therapeutic effect still trouble
patients.3,5–7 In recent years, phototheranostics have garnered
widespread interest in cancer treatment because of their capacity
to diagnose in real-time and treat in situ by virtue of optical agents
which possess both imaging and therapeutic capabilities.3,8–10

Fluorescence imaging (FLI) is the most common diagnostic ima-
ging modality. Nevertheless, FLI has restrictions of limited tissue

penetration and unavoidable background fluorescence.4 By con-
trast, photothermal imaging (PTI) offers deeper tissue penetration,
lower background noise, and more accurate thermal signals of the
focal area.10–14 Photodynamic therapy (PDT) utilizes light to acti-
vate photosensitizers (PSs) to generate ROS, which induce apop-
tosis or necrosis in cancer cells, thereby achieving therapeutic
effects.7,15,16 Due to its minimally invasive nature, low side effects,
and high biocompatibility, PDT has become one of the most
promising alternative methods for tumor treatment. In this sense,
PDT guided by PTI is believed to have certain advantages in tumor
theranostics, and is a promising approach for achieving more
precise image-guided treatment.

Organic phototheranostic agents usually have better bio-
compatibility, lower toxicity, higher structural diversity, higher
cost-effectiveness and environmental friendliness, thus attracting
increasing interest. To fulfill the task of developing high-
performance organic phototheranostic agents, it is essential
to understand excited-state energy dissipation mechanisms.
When excited by light, the organic molecules would possibly
undergo the following processes, which are (i) radiative dis-
sipation, where the singlet excited state (S1) directly radiates
back to the ground state (S0), which is known as fluorescence
emission; (ii) non-radiative vibrational relaxation to S0, namely
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internal conversion, manifested in the thermal inactivation
processes of photothermal therapy (PTT), photothermal
imaging (PTI), and photoacoustic imaging (PAI); and (iii) the
intersystem crossing (ISC) process, transitioning from S1 to
the lowest triplet state (T1), primarily manifested in phosphor-
escence afterglow imaging and ROS-mediated PDT.7,9,16–18

These three energy dissipation pathways are competitive.
Therefore, it is feasible to suppress the energy dissipation
pathway to fluorescence emission to increase the photo-
induced heat generation and ROS production.19,20

The light exposure of PSs generates reactive oxygen species
(ROS) types including superoxide radicals (O2

��), hydroxyl
radicals (�OH), singlet oxygen (1O2), etc.21 According to the
mechanism of ROS generation, the type I and type II ROS are
produced by electron transfer and energy transfer, respectively.4,7,21

In contrast to the type II PSs, the ROS generation of PSs via the
type I mechanism does not rely on oxygen to produce free radical
substances; thus their therapeutic performance is resistant to
the hypoxic environment of the tumors.22–27 So far, through
various efforts such as reducing T1 state energy and enhancing
the electron transfer process by introducing highly electron-
affinitive groups, building D–p–A structures, and so on, a
number of type I PSs have been recently reported.22,28 These
PSs include but are not restricted to metal oxides,29 carbon
nanomaterials,30 organic–inorganic hybrids (e.g., metal–organic
frameworks (MOFs)),31 transition-metal complexes,32,33 organic
small molecules,34,35 supramolecules,36–38 and polymers.39,40

Nevertheless, there is still an urgent demand for type I PSs, as
most of the existing organic small-molecule PSs are primarily
type II because of the lack of efficient design principles.22,28,41–44

In view of the merits of PTI and type I PSs,18,22,28,45–55 herein
we employ a molecular engineering strategy to construct a
D–p–A system with the electron donor alternating between
4-methoxy-N-(4-methoxyphenyl)-N-phenylaniline and 9-ethyl-
N,N-bis(4-methoxyphenyl)-9H-carbazol-2-amine, while the electron
acceptor alternating between 1-ethylpyridin-1-ium and 1-ethyl-
quinolin-1-ium (Scheme 1). Such D–p–A structures are designed
to facilitate the ISC process and the subsequent electron transfer
to result in prominent generation of hydroxyl radical and super-
oxide anion. As revealed by the theoretical calculations, the
enlargement and partial flattening of the electron donor increase
the p conjugation, which on the one hand red-shifts the emis-
sion and absorption wavelengths, and on the other hand sup-
presses the radiative decay of the excited state while boosting the
production of heat and type I ROS.18,22,28,45–52 The designed
D–p–A conjugated organic molecules TPAPy, TPAQu, TPACzPy
and TPACzQu were facilely synthesized. Among them, TPACzPy
was chosen as a representative for the cellular and in vivo
experiments. TPACzPy exhibited excellent type-I-dominant
photosensitizing properties under white-light irradiation. The
photothermal effect was successfully achieved under 660 nm-
laser irradiation. Biocompatible TPACzPy NPs in which the
TPACzPy molecules are encapsulated by F-127 were prepared
via a nanoprecipitation method.56 Due to their excellent photo-
thermal properties, TPACzPy NPs can be used for tumor imaging
in live mice. The in vivo therapeutic efficacy experiments

demonstrated that TPACzPy NPs not only inhibited tumor
growth but also exhibited biological safety in mice. Therefore,
this study serves as a prime example of how to adjust the energy
dissipation mode to realize PTI-guided PDT.

Results and discussion
Molecular design, synthesis, and characterization

Four D–p–A structured compounds were constructed, featuring
an asymmetric 2,20-(1,4-phenylene)dipropionitrile backbone.
The electron donor was either methoxy-modified triphenyla-
mine or methoxy-decorated diphenylamine-carbazole, while
the pyridinium (Py) and quinolinium (Qu) served as the elec-
tron acceptors. These combinations yielded the compounds
TPAPy, TPAQu, TPACzPy, and TPACzQu, as depicted in Fig. 1a.
The synthetic routes are detailed in Schemes S1 and S2, with
the comprehensive structural characterization data provided in
Fig. S1–S37 of the ESI.†

Theoretical calculations

The strong D–A interaction of these four compounds is sup-
posed to facilitate intramolecular charge transfer (ICT), thereby
reducing the energy bandgap, promoting the ISC process,
achieving long-wavelength absorption and emission, and effi-
cient ROS generation.

Such a design rationale was verified by the theoretical
calculations. The energy gaps (Eg) between the highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied mole-
cular orbitals (LUMOs) of TPAPy, TPAQu, TPACzPy, and TPACzQu
are calculated to be as small as 1.19, 1.12, 0.64, and 0.59 eV,
respectively (Fig. 1b). It is clear that the energy gap is greatly

Scheme 1 (a) The molecular design, structures, and performances of AIE-
active photosensitizers with photothermal effect (AIE-PS-PTAs). (b) The
working mechanism of AIE-active photothermal agents (PTAs) and type-I
photosensitizers (PSs). (c) A schematic illustration of the fabrication of
TPACzPy nanoparticles and the photothermal imaging-guided PDT.
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affected by the electron donor, as the difference in the energy
gap is 0.55 eV between TPAPy and TPACzPy, while that between
TPAQu and TPACzQu is 0.53 eV. It might be because the
introduction of electron-donating carbazole groups on the
one hand extends the p-conjugation and on the other hand
enhances the D–A interaction. Additionally, since the electron-
withdrawing ability of Qu is relatively stronger than that of Py,
the energy gaps of TPAQu and TPACzQu are slightly smaller
than those of TPAPy and TPACzPy, respectively. Evident ICT
could be observed as the electron clouds in the HOMO are
mainly distributed on the triphenylamine or diphenylamine-
carbazole, while the LUMO is primarily located on the electron-
withdrawing group Py or Qu. It is shown that the HOMO and
LUMO distributions of TPACzPy and TPACzQu are more signifi-
cantly separated as compared to those of TPAPy and TPAQu.

To gain deeper insights into the electronic configurations
and the characteristics of excited states, the ternary energy
conversion of these four compounds was evaluated through
time-dependent density functional theory (TD-DFT). Fig. 1c and
Tables S1–S4 (ESI†) revealed that TPAPy, TPAQu, TPACzPy, and

TPACzQu all display minimal energy gaps between the lowest
singlet state (S1) and the triplet state (Tn) ranging from 0.39 to
0.74 eV, suggesting a high likelihood of ISC processes. TPACzPy
features a minimal DEST of 0.39 eV and a significant spatial
separation between the HOMO and LUMO electron clouds,
implying that its fluorescence channel might be reduced while
efficiently generating ROS. Furthermore, as depicted in Fig. S38
(ESI†), the dihedral angles between the central benzene ring
and the pyridinium or quinolinium rings of TPAPy, TPAQu,
TPACzPy, and TPACzQu are 1.881, 35.921, 9.631, and 32.51,
respectively. All these four compounds possess twisted mole-
cular conformations, leading to a looser molecular packing in
the aggregated state. Such a distorted 3D conformation is
advantageous for promoting non-radiative decay pathways
and enhancing photothermal performance.57,58

Photophysical property investigation

Solvatochromism and AIE characteristics. To explore the
photophysical properties of these four compounds, we mea-
sured their UV-vis absorption and photoluminescence (PL)

Fig. 1 (a) The molecular structures of TPAPy, TPAQu, TPAczPy, and TPACzQu. (b) Optimized geometries and molecular orbitals of the HOMO and
LUMO levels. (c) Singlet (S)- and triplet (T)-state energy levels of TPAPy, TPAQu, TPAczPy, and TPACzQu.
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spectra first in different solvents with various polarities.
As shown in Fig. S39 (ESI†), these four compounds exhibit
broad absorption bands in the range of 400–700 nm, which vary
in different solvents. Notably, the absorption spectral shifts for
TPAPy and TPACzPy are notably more significant, exhibiting
a change of approximately 20 nm, compared to the less
pronounced shifts observed for TPAQu and TPACzQu. In the
PL spectra of TPAQu and TPACzQu, a noticeable red shift in the
emission wavelength was observed with increasing solvent
polarity (Fig. S40, ESI†). Moreover, the fluorescence spectra
reveal that as the solvent polarity increases, all four compounds
show substantial quenching behaviors, likely attributable to the
ICT effect stemming from their D–A electronic structures.
Hence, these four compounds exhibit solvatochromic proper-
ties. In dioxane, TPAPy, TPAQu, TPACzPy, and TPACzQu show
maximum absorption peaks at 502, 408, 511, and 438 nm,
respectively, with their absorption spectra extending up to
about 700 nm. Correspondingly, their emission maxima are
centered at 622, 579, 625, and 576 nm (Fig. 2a). The solid-state
absorption spectra of these four compounds shown in Fig. S41
(ESI†) suggest the strong absorption across a broad wavelength
range from 200 to 1000 nm. The broad and unstructured solid-
state absorption profiles likely stem from the complex interplay

of multiple solid-state effects including charge transfer, exciton
coupling/delocalization, disordered packing, conformational
diversity, and bandgap narrowing, which are associated
with the flexible D–p–A structure. The AIE properties of these
compounds were studied in the dimethyl sulfoxide (DMSO)/
toluene mixtures with different fractions of toluene (Fig. S42
and S43, ESI†). As displayed in Fig. S43 (ESI†) and Fig. 2b, with
the increase of the toluene fraction, all four compounds exhibit
a significant enhancement in the fluorescence intensity, mani-
festing their typical AIE characteristics.

Photosensitizing and photothermal properties of the aggre-
gates. Given that the photosensitizing properties are often
enhanced by the AIE and ICT effects, we assessed the total
ROS generation potential of the four AIE-active luminogens
(AIEgens) using 20,7 0-dichlorodihydrofluorescein diacetate
(DCFH-DA) as an indicator. As shown in Fig. 2c and Fig. S44
(ESI†), upon white-light irradiation, the DCFH solution contain-
ing TPAPy, TPAQu, TPACzPy, or TPACzQu displayed a markedly
intensified fluorescence emission compared to both the blank
group and the one containing commercially available photo-
sensitizer Rose Bengal (RB). Notably, TPACzPy demonstrated the
most significant increase in the fluorescence emission intensity,
indicating that it has the highest ROS generation capability

Fig. 2 (a) Normalized absorption spectra and normalized photoluminescence (PL) spectra of the compounds in 1,4-dioxane. TPAPy: lex = 500 nm,
TPAQu: lex = 410 nm, TPACzPy: lex = 515 nm, TPACzQu: lex = 440 nm. (b) Plots of the relative emission intensity (I/I0 � 1) of four compounds versus the
toluene fraction of DMSO/toluene mixtures, where I0 and I are their peak values of emission intensity in toluene and the DMSO/toluene mixture,
respectively. Enhancement in the emission intensity of (c) DCFH, (d) DHR123, (e) HPF coexisting with TPAPy, TPAQu, TPACzPy, and TPACzQu under the
white-light illumination for different time periods, respectively. DCFH: lex = 488 nm, DHR 123: lex = 490 nm, HPF: lex = 480 nm. (f) The change in the
UV-vis absorbance of ABDA coexisting with TPAPy, TPAQu, TPACzPy, and TPACzQu under white-light illumination for different time periods.
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among the four AIEgens. It further confirms that the strength
of the photosensitizing ability correlates positively with the
intensity of the AIE and the ICT effects.

To determine the specific ROS generated by these four
AIEgens, dihydrorhodamine 123 (DHR 123), hydroxyphenyl
fluorescein (HPF), and 9,10-anthracenediyl-bis(methylene) di-
malonic acid (ABDA) were utilized as indicators for the generation
capability of a superoxide anion (O2

��), a hydroxyl radical (�OH),
and singlet oxygen (1O2), respectively (Fig. 2d–f and Fig. S45, S46,
ESI†). Upon exposure to white-light irradiation, all four com-
pounds exhibited remarkable generation of O2

�� (Fig. 2d and
Fig. S45a, d, S46a, d, ESI†) and �OH (Fig. 2e and S45b, e, S46b,
e, ESI†) when compared to the blank group. As evidenced
in Fig. 2f and Fig. S45c, f, S46c, f (ESI†), the absorbance of
ABDA decreased significantly over the irradiation time when
coexisting with TPAPy and TPAQu, indicative of notable 1O2

generation. In contrast, the absorbance of ABDA showed a
minimal change in the presence of TPACzPy and TPACzQu,
suggestive of a much lower generation of 1O2 in these cases.
These results collectively indicate that TPAPy and TPAQu gen-
erate a combination of type I and type II ROS, whereas TPACzPy
and TPACzQu primarily produce type I ROS. Furthermore, the
photothermal properties of these AIEgens were investigated by
exposing them to a 660 nm laser and monitoring the tempera-
ture increase in the solid state as well as the heating–cooling

cycles over five iterations (Fig. S47 and S48, ESI†). The results
showed that the temperature of all four AIEgens in the solid
form could exceed 100 1C within just 5 minutes even after five
cycles, highlighting their considerable photothermal performance.

Photothermal properties of the nanoparticles (NPs). The
above results revealed that TPAPy, TPAQu, TPACzPy, and TPACzQu,
as AIEgens, possessed commendable photosensitizing and photo-
thermal properties, demonstrating their high potential for applica-
tion as phototheranostic agents. To improve the water dispersibility
and biocompatibility of these AIEgens, we employed amphiphilic
encapsulation matrices, specifically F127, to fabricate organic
NPs through the nanoprecipitation method. Dynamic light
scattering (DLS) measurements showed that the obtained
TPACzPy NPs could disperse well in aqueous media, with an
average hydrodynamic diameter of 71 nm (Fig. 3a). Transmission
electron microscopy (TEM) observations revealed that the
TPACzPy NPs exhibited a spherical and relatively uniform mor-
phology. It is widely recognized that NPs with diameters between
10 and 100 nm possess a strong enhanced permeability and a
retention (EPR) effect, facilitating their preferential accumula-
tion at tumor sites, which is conducive to in vivo cancer treat-
ment. To determine the concentration of the organic NPs
encapsulated by F127, UV-vis absorption spectroscopy was per-
formed at different concentrations of AIEgen, and the calibration
curves for the organic NPs of different AIEgens were plotted

Fig. 3 (a) The dynamic light scattering (DLS) analysis results and scanning electron microscopy (SEM) images of the TPACzPy nanoparticles (NPs) in
ultrapure water. (b) Absorption spectra of the NPs of these four AIEgens in ultrapure water. (c) The temperature variations of the AIE NPs in aqueous
solution under 660 nm-laser irradiation at various time intervals (660 nm, 1.47 W cm�2, 500 mg mL�1). Photothermal behaviors of TPACzPy NPs at
different (d) power densities and (e) concentrations. Insets: Actual photothermal effect diagrams of TPACzPy NPs at different power densities (inset in
panel d) and concentrations (inset in panel e) after 8 minutes of irradiation with a 660 nm laser. (f) PL spectra of DCFH + TPACzPy NPs in the PBS buffer
under the irradiation of white light for different time periods. lex = 488 nm.
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(Fig. S49 and S50, ESI†). The absorption spectra of the organic
NPs displayed substantial broadening and red-shift as compared
to the corresponding absorption peaks in solution (Fig. 3b). The
organic NPs of these four AIEgens show a subtle but detectable
absorption peak at 660 nm.

The photothermal performance of the organic NPs was
further assessed using a 660 nm laser and an infrared thermal
imaging camera, with the temperature rise curve recorded in
eight minutes shown in Fig. 3c. It can be observed that the NPs
of all these AIEgens exhibit excellent photothermal perfor-
mance, with the temperature abruptly rising from about 20 to
80 1C (TPAQu, TPACzPy, and TPACzQu) or 60 1C (TPAPy) after
being irradiated with a 660 nm-laser for 8 minutes. Moreover,
the temperature rise curves depicted in Fig. 3d, e, and Fig. S51
(ESI†) indicate that there is a clear positive correlation between
the photothermal behaviors of these AIE NPs and both their

concentrations and the power density of the 660 nm laser. The
infrared thermal images of the NPs at different concentrations
and irradiated with different powder densities further con-
firmed their excellent photothermal imaging performance
(insets in Fig. 3d, e, and Fig. S52, S53, ESI†). Notably, these
organic NPs exhibit excellent photothermal stability under
continuous irradiation of a 660 nm laser, with negligible
changes in temperature observed after five cycles of heating
and cooling (Fig. S54, ESI†). This indicates that these NPs have
significant potential for long-term cancer treatment and diag-
nosis under laser irradiation. Additionally, the capacity of
TPACzPy NPs to generate ROS upon photoexcitation was further
validated in the PBS buffer, as illustrated in Fig. 3f. This result
clearly demonstrates that the photosensitizing characteristics
are preserved in the TPACzPy NPs. Bringing the above results
together, it can be seen that TPACzPy stands out from the four

Fig. 4 (a) Viabilities of the 4T1 cells treated with various amounts of the self-aggregates of TPACzPy after the irradiation with white light or a 660 nm
laser. (b) Viabilities of the 4T1 cells treated with various amounts of TPACzPy NPs after the irradiation of white light. (c) Intracellular detection of ROS
generated by the TPACzPy NPs in the 4T1 cells after the irradiation with white light for different time periods with DCFH-DA as the indicator. lex = 480 nm
and lem = 490–550 nm. Scale bar = 20 mm. (d) Fluorescence images of the TPACzPy NPs (20 mM)-treated 4T1 cells with or without exposure to white-
light irradiation, where the living and dead cells were stained using calcein-AM and PI, respectively. Calcein-AM: lex = 495 nm, lem = 510–550 nm,
PI: lex = 535 nm, lem = 580–630 nm. Scale bar = 200 mm.
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AIEgens with the longest absorption and emission wavelengths,
the highest ROS generation ability, and robust photothermal
performance, leading to its selection for further assessment as
a representative phototheranostic agent.

In vitro evaluation of the phototheranostic effect of TPACzPy
NPs

To optimize the conditions for phototheranostics, standard
CCK-8 assays were conducted to measure the viability of 4T1
cells co-cultured with varying concentrations of self-aggregates
of TPACzPy after irradiation with white light or 660 nm laser
(Fig. 4a). It is evident that the white light-irradiated groups
displayed superior cell-killing ability. Therefore, white light was
selected as the light source for the following in vitro and in vivo
experiments with TPACzPy NPs. As shown in Fig. 4b, the CCK-8
assay outcomes for 4T1 cells incubated with TPACzPy NPs in
the absence of light suggested that TPACzPy NPs have low dark
toxicity, with more than 90% cell viability maintained even after
12 hours of coculture in the dark. In sharp contrast, under the

irradiation of white light, TPACzPy NPs show marked toxicity to
4T1 cells even at a concentration as low as 1 mg mL�1, with the
cell viability dropping to approximately 80%. As the concen-
tration of TPACzPy NPs increases, there is a sharp decline in
cell viability, demonstrating potent phototoxicity, with an IC50

estimated at around 6.5 mg mL�1.
DCFH-DA was used to assess the intracellular ROS genera-

tion capability of TPACzPy NPs. As shown in Fig. 4c, after being
incubated with TPACzPy NPs for 2 hours, the 4T1 cells show a
green fluorescence signal which became intensified as time
went by, indicating the existence of ROS. This observation not
only highlights the ROS generation by TPACzPy NPs but also
confirmed their photo-activated anti-tumor potential at the
cellular level. To further specify the ROS produced by TPACzPy
NPs, four different cell-permeable fluorescent ROS indicators,
i.e., DCFH-DA, DHR123, HPF, and singlet oxygen sensor green
(SOSG), were used to monitor the intracellular production of
total ROS, O2

��, �OH, and 1O2, respectively (Fig. S55, ESI†).
Cells co-cultured with TPACzPy NPs and DCFH-DA, DHR123,

Fig. 5 (a) Thermal imaging of 4T1 tumor-bearing mice and the temperatures at corresponding tumor sites during continuous 660 nm laser irradiation at
20 h post-injection of TPACzPy NPs (mean � SD, n = 3, *P o 0.001). The (b) relative tumor volume changes, (c) weights, and (d) photographs of the
tumors excised from the mice after different treatments (mean� SD, n = 5, *P o 0.001). (e) H&E staining of tumors, heart, liver, spleen, lungs, and kidneys
of the mice after different treatments (from top to bottom: PBS, PBS + light, TPACzPy NPs, TPACzPy NPs + light).
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or HPF gave a stronger green fluorescence signal after white-
light irradiation as compared to the control groups, indicating
that TPACzPy NPs can efficiently produce O2

�� and �OH in 4T1
cells under white-light illumination. Additionally, the 4T1 cells
treated with TPACzPy NPs and SOSG showed no obvious
fluorescence signal after white-light illumination. The results
further confirmed that TPACzPy NPs function as type I photo-
sensitizers. To visualize the photocytotoxicity of TPACzPy NPs,
cell viabilities of 4T1 cells treated with TPACzPy NPs with and
without white-light irradiation were evaluated using the AM-PI
(calcein-propidium iodide) dual fluorescence staining method.
Confocal laser scanning microscopy (CLSM) images of the 4T1
cells incubated with TPACzPy NPs and subjected to white-light
irradiation showed a prominent red fluorescence signal which
indicates the existence of dead cells (Fig. 4d). In contrast, the
control groups mainly displayed distinct green fluorescence
signals that suggest the presence of live cells. All the results
validated that TPACzPy NPs exert an inhibitory effect on cancer
cells under white-light irradiation.

In vivo evaluation of the phototheranostic effect of TPACzPy
NPs

The in vivo photothermal imaging performance of TPACzPy NPs
was evaluated when the 4T1 tumors in mice grew to about
200 mm3. PBS, TPACzPy, or TPACzPy NPs were injected intra-
venously into the mice through the tail vein, and photothermal
imaging was performed at the designated time points, captur-
ing the thermal images and recording the real-time tempera-
ture accordingly (Fig. 5a and Fig. S56a, ESI†). As revealed by
Fig. S56a (ESI†), the temperature difference between the
TPACzPy NP group and the PBS group is the largest at 20 h
post injection, which suggests the highest accumulation
concentration of TPACzPy NPs in the tumor area at this time
point. Thus, 20 hours after injection was determined as the
optimal treatment time. As the TPACzPy NPs can passively
target tumors due to the EPR effects while non-encapsulated
TPACzPy can hardly be enriched in tumors, the temperature
rise within two minutes of the TPACzPy NPs group is 30.3 1C,
which is much higher than that in the TPACzPy and PBS groups
(Fig. 5a). It demonstrates the in vivo photothermal imaging
capacity of the TPACzPy NPs.

We further explored the in vivo photodynamic therapy
capabilities of 4T1 tumor-bearing mice. When the tumor
volume reached about 50 mm3, the four groups of mice were
injected with PBS or TPACzPy NPs intravenously. At 20 h after
the injection, the tumors in mice of the PBS + light and
TPACzPy NPs + light groups were irradiated with xenon lamps
for 15 min. During the subsequent treatment period, the body
weight, body temperature, and tumor volume of the mice at all
groups were recorded daily. It can be observed that the tumor
growth of mice in the TPACzPy NPs + light group is slower than
that in the control groups (Fig. 5b). Moreover, the actual
volume and weight of tumors dissected from mice in the
TPACzPy NPs + light group were the smallest (Fig. 5c and d),
demonstrating the inhibition effect exerted by TPACzPy NPs on
the tumor growth. The biocompatibility of the TPACzPy NPs

as well as the low photodamage were further evaluated. The
hematoxylin and eosin (H&E) staining of the main organs
i.e., heart, liver, spleen, lungs and kidneys of mice in each
group indicated no significant damage and inflammatory
lesions in all the major organs (Fig. 5e). The blood biochem-
ical analysis confirmed that TPACzPy NP treatment and xenon
lamp irradiation imposed no significant effect on the liver and
kidney functions (Fig. S56b and c, ESI†). Pictures of mice
in each group during treatment displayed in Fig. S57 (ESI†)
showed that all the light-treated groups exhibit negligible
photodamage. It demonstrated that the TPACzPy NPs are
highly biocompatible and capable of photodynamic inhibition
of tumor growth.

Conclusions

To sum up, using a molecular engineering strategy, four D–p–A
compounds were rationally designed and facilely constructed.
These compounds feature AIE characteristics, photothermal
and photosensitizing properties which are finely tuned by the
modulation of the electron donor and acceptor. With the
pronounced D–A effect promoting the ISC process as well as
the bulky and partially flattened electron donor that extends the
p-conjugation and enhances the nonradiative decay, TPACzPy
shows the longest absorption and emission wavelengths, super-
ior photothermal performance, and highest photosensitizing
capability among the four AIE-active photothermal and photo-
sensitizing agents. TPACzPy was thus selected as a representative
for experiments at both the cellular and in vivo levels. A nano-
platform for PTI-guided cancer diagnosis and treatment was
established by encapsulating the AIEgen into F-127 through
nanoprecipitation. Cellular experiments demonstrated that
TPACzPy NPs could effectively kill cancer cells by producing
type I ROS under white-light illumination. In vivo experiments
confirmed that TPACzPy NPs enabled high-resolution photo-
thermal imaging-guided photodynamic therapy of cancer with
excellent biocompatibility. This study not only offers promis-
ing candidates for PTI-guided PDT based on type-I photosen-
sitizers but also exemplifies a molecular engineering approach
to manipulate excited-state energy dissipation pathways for
cancer phototheranostics.
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