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Clinical phototheranostic agents suffer from low absorption in near-infrared (NIR) region, decreasing sin-
glet oxygen quantum yield ('O, QY) caused by aggregation in water, and low photothermal conversion ef-
ficiency (PCE), all of which are factors weakening their phototheranostic efficacy. Herein, we designed and
synthesized a donor-acceptor-donor (D-A-D) structured boron-dipyrromethene derivative (B-2TPA) which
exhibited NIR absorption and fluorescence. After being encapsulated in amphiphilic distearoyl phospho-
ethanolamine polyethyleneglycol 2000 (DSPE-PEG-2000), the water-soluble B-2TPA nanoparticles (NPs)
had increasing '0, QY (6.7%) due to the intermolecular aggregation-induced decrease in the energy gap
between singlet and triplet excited states. Moreover, the quenched fluorescence and stable twisted in-
tramolecular charge transfer in aggregates further increased the PCE of B-2TPA NPs to 60.1%. In vitro and
in vivo studies confirmed that B-2TPA NPs could be used in NIR fluorescence and photoacoustic imaging-
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guided synergistic photodynamic and photothermal therapy in tumor treatment.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Phototheranostics, as a novel cancer treatment technology, has
the advantages of precise spatiotemporal control, efficient diag-
nosis and treatment, non-invasive, negligible drug resistance, and
weak side effects. Upon laser irradiation, phototheranostic agents
generate fluorescence for imaging guided diagnosis of tumors [1,2].
These agents also produce cytotoxic reactive oxygen species (ROS)
through photodynamic therapy (PDT) or convert photo-energy into
heat by photothermal therapy (PTT) to kill tumors [3,4]. Red-shift
in absorption and fluorescence spectra, enhancement of ROS gener-
ation capability, and increasing photothermal conversion efficiency
(PCE) of phototheranostic agents can improve imaging quality and
phototheranostic efficacy. Moreover, the combination of PDT and
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PTT can further improve the therapeutic efficacy because increas-
ing temperature in PTT can accelerate blood flow rate and allevi-
ate oxygen depletion in tumor tissue to improve PDT efficacy [5,6].
Meanwhile, the ROS generation in PDT is advantageous to PTT as
it can destroy the structure and biological function of heat shock
proteins [7].

Porphyrins have been clinically approved for use in PDT due to
their high singlet oxygen quantum yield (10, QY) [8,9]. However,
their poor water-solubility and large planar 7 -conjugate structure
triggers the formation of aggregates in water through tight in-
termolecular -7 stacking [10,11], which results in undesirable
aggregation-induced quenching (ACQ) that inhibits ROS generation
and fluorescence emission [12]. Recent reports suggested that in-
docyanine green (ICG) can be used as phototheranostic agent for
fluorescent imaging-guided PDT and PTT [13,14]. However, its poor
photostability, low PCE and 10, QY lead to decreasing photothera-
peutic efficacy [15,16]. Thus, the development of novel photothera-
nostic agents with strong near-infrared (NIR) absorption and fluo-
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rescence, high 10, QY and PCE, and excellent photostability is ur-
gent.

Electron-donating and electron-withdrawing groups can be si-
multaneously introduced into one molecule to construct a donor-
acceptor-donor (D-A-D) system, causing a narrow band gap of
molecule, thus this is a simple and feasible method for prepar-
ing NIR phototheranostic agents [17-19]. For example, Zhao et
al. used 4,4’-(2,2-diphenylethene-1,1-diyl)bis(N,N-diphenylaniline)
and benzobisthiadiazole as the electron-donating and electron-
withdrawing groups, respectively, for constructing an aggregation-
induced emission (AIE) fluorogen DDTB (A s =650 nm, Agy, =973
nm), and then prepared it into water-soluble nanoparticles (NPs).
The fluorescence and 10, QYs of DDTB NPs are increased to 0.96%
and 1.05%, respectively, which are higher than that of DDTB in
molecularly dispersed state. However, the vibration relaxation of
DDTB was restricted in aggregates, leading to a low PCE of 30.7%
[20]. Aggregate-induced decrease in energy gap between the ex-
cited singlet (Sq) and triplet (T;) state is a promising strategy that
can solve decreasing '0, QY caused by ACQ effect [21,22]. Guo et
al. reported a Ru(ll)-arene compound (A,,s =729 nm, Agy,=1050
nm) that has no photosensitive activity in molecularly dispersed
state but can generate 10, with a QY of 16.4% in aggregate state
[23]. Theoretical calculation results suggested that the enhance-
ment of intersystem crossing (ISC) in aggregate state is caused by
decreasing energy gap from S; to T; (AEsr). However, its PCE is
only 24.2%, making it impossible to achieve ideal PTT efficacy.

The effective intramolecular motion facilitates vibration relax-
ation, enhancing the PCE of molecule [24]. Chen et al. maxi-
mized the intramolecular motion of Py-PS by introducing multi-
ple stretchable and vibrational groups, achieving a high PCE of
86.8% [25]. Peng et al. synthesized tfm-BDP by introducing trifluo-
romethyl at the meso site of boron-dipyrromethene (BODIPY). Due
to the rotation-free mechanism of trifluoromethyl in the aggre-
gation, the PCE of tfm-BDP reaches to 88.3% [26]. In addition, it
has been reported that the spatial configuration of excited fluo-
rogen with D-A structure is changed due to intramolecular rota-
tion, resulting in twisted intramolecular charge transfer (TICT) ef-
fect [27,28], in which the fluorescence QY of fluorogen decreased
and the absorbed photo-energy is released through vibration re-
laxation. Therefore, TICT effect can significantly improve the pho-
tothermal conversion ability of photothermal agents [29]. Tang et
al. proposed an “intramolecular motion in aggregate” strategy and
designed four compounds (NIR6, NIRb6, NIRb10, and NIRb14) with
NIR absorption by introducing molecular rotors and alkane chains
into D-A molecules [30]. The long alkane chains served as steric
hindrance groups that prevent tight intermolecular 7-m stacking
[31]. Among all compounds, NIRb14 has the highest PCE of 31.2%
due to obvious fluorescence quenching and stable TICT in aggre-
gates. Recently, we designed and synthesized a hemicyanine dye
(M1, Agps=714 nm, Agy, =1005 nm) with D-w-A structure [32].
The tert-butyl group on cyclohexene and two methyl groups on fu-
ran stabilize the rotation of M1 by effectively preventing tight in-
termolecular -7 stacking [33], in turn increasing the photother-
mal conversion ability of M1 NPs (PCE =77.5%). Thus, the combi-
nation of “aggregation-induced decrease of AEsy” and “intramolec-
ular motion in aggregate” is an advanced strategy for constructing
phototheranostic agents with excellent ROS generation capability
and high PCE.

Based on the above considerations, herein, both aggregation-
induced increase in singlet-triplet ISC and TICT effect were simul-
taneously used to develop phototheranostic agents with strong NIR
absorption, aggregation-induced enhancement of 10, QY and PCE.
We selected N,N-diethylaniline and triphenylamine as electron-
donating groups, and the core structure of BODIPY as electron-
withdrawing group to design and synthesize a D-A-D structured
BODIPY derivative (named B-2TPA) with NIR absorption and flu-
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Fig. 1. (a) Preparation of B-2TPA NPs, and molecular structure and main optical
properties of B-2TPA and B-2TPA NPs. (b) Application of B-2TPA NPs in NIR fluo-
rescence and PA imaging-guided synergistic PDT and PTT of tumor.

orescence peaks at 729 and 766 nm, respectively, and TICT effect
(Fig. 1a). Under 735 nm laser irradiation, B-2TPA had low '0, QY
of 1.8% and PCE of 39.8%. After being assembled with DSPE-PEG-
2000, these B-2TPA NPs exhibited excellent water dispersibility,
red-shifted absorption and fluorescence spectra. Moreover, the in-
termolecular aggregation in B-2TPA NPs effectively decreased the
AEsr and significantly improved the ISC efficiency, resulting in
an increase of 10, QY to 6.7%. In addition, obvious fluorescence
quenching and stable TICT in B-2TPA NPs also enhanced the PCE
to 60.1%. Furthermore, B-2TPA NPs had excellent photostability,
and strong NIR fluorescence and photoacoustic (PA) signals. Both in
vitro and in vivo experiments demonstrated that B-2TPA NPs were
suitable for synergistic PDT and PTT, as well as in dual-mode NIR
fluorescence and PA imaging of tumor (Fig. 1b).

Phototheranostic agents with an aggregation-induced increase
in 10, QY and good photothermal conversion ability are greatly ad-
vantageous to cancer therapy. Herein, B-2TPA for phototheranostic
application has the following advantages: (1) The introduction of
strong electron-donating groups (N,N-diethylaniline and tripheny-
lamine) into the core structure of BODIPY to construct a D-A-D sys-
tem allows the absorption and fluorescence wavelengths of B-2TPA
to locate in the NIR region [34]. (2) As shown in optimized ground
state (Sg) geometry figure of B-2TPA (Fig. 2a), the large dihedral
angle between triphenylamine and BODIPY causes large non-planar
m-conjugated structure of B-2TPA, which not only avoids the tight
face-to-face m-m stacking in water [35], but also triggers the for-
mation of B-2TPA NPs through simple intermolecular aggregation,
resulting in decreasing energy gap between S; and Ty, thus al-
lowing the enhancement of ISC efficiency, in turn increasing the
10, QY of B-2TPA NPs; and (3) B-2TPA has high liposolubility and
multiple rotational structures; thus, in the hydrophobic microen-
vironment formed by long-chain alkanes of DSPE-PEG-2000, the
PCE of B-2TPA aggregates is enhanced due to obvious fluorescence
quenching and stable TICT effect [24]. The synthetic route of B-
2TPA is shown in Scheme S1 (Supporting information). All the ob-
tained compounds were characterized by 'H nuclear magnetic res-
onance (NMR), 13C NMR (Figs. S1-S8 in Supporting information),
and high-resolution mass spectrometry (HRMS).

The absorption and fluorescence spectra of B-2TPA were mea-
sured, and the results are shown in Fig. 2b. Due to the strong ICT
effect and large m-conjugated structure, the absorption and fluo-
rescence wavelengths of B-2TPA in 1,4-dioxane were 729 and 766
nm, respectively. Upon photoexcitation, the molecules with TICT
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Fig. 2. (a) Optimized ground state (Sy) geometries of B-2TPA. (b) Normalized visi-
ble (vis)-NIR absorption and fluorescence spectra of B-2TPA in 1,4-dioxane. (c) Line-
fitting of a plot between Stokes shift and Af. (d) Irradiation time-dependent fluo-
rescence change of SOSG in B-2TPA solution. (e) Irradiation time-dependent tem-
perature variation of B-2TPA solution.

effect first are in a locally excited state, and then undergo struc-
tural twist to enter the TICT state, inducing the locally excited-state
and TICT emission of molecule in moderately polar solvents can
be observed [36]. Thus, the trailing of fluorescence spectrum of B-
2TPA (800-900 nm) in dioxane is caused by its TICT effect.

To further demonstrate the TICT effect of B-2TPA, the influ-
ence of solvent on the optical properties of B-2TPA was studied.
As shown in Fig. S9 (Supporting information), with the solvent po-
larity increased, the absorption and fluorescence wavelengths of
B-2TPA were red-shifted from 717 and 759 nm (in diethyl ether)
to 749 and 831 nm (in DMSO), respectively, while its fluorescence
intensity decreased from 585.5 K (in diethyl ether) to 77.0 K (in
DMSO), which is indicative of obvious solvatochromic effect of B-
2TPA [37]. To quantitatively evaluate the effect of solvent polarity
on fluorescence behavior, the Lippert-Mataga equation, which di-
rectly represents the relationship of Stokes shift of fluorogen in dif-
ferent solvents between solvent polarity parameters (Af) was used
[38], and the results are displayed in Fig. 2c and summarized in
Table S1 (Supporting information). The Stokes shift gradually in-
creased with increasing solvent polarity parameter, indicating the
significant TICT effect of B-2TPA. Additionally, the molar extinction
coefficient of B-2TPA was 1.15 x 10° L mol~! ¢m~1. Using zinc ph-
thalocyanine (Zn-Pc) as a reference, the fluorescence QY of B-2TPA
in 1,4-dioxane was measured to be 22.6% (Fig. S10 and Table S2 in
Supporting information).

The 10, generation capability of B-2TPA upon 735 nm laser
irradiation was investigated using singlet oxygen sensor green
(SOSG) as the 0, trapper. As shown in Fig. 2d, the green fluo-
rescence originated from SOSG in the mixture solution of B-2TPA-
SOSG gradually increased with increasing irradiation time. The 10,
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QY of B-2TPA was 1.8% using ICG as a reference (Fig. S11 in Sup-
porting information) [39]. Moreover, B-2TPA exhibited excellent
photostability. As revealed in Fig. S12 (Supporting information), af-
ter irradiation with 735 nm laser with a power of 1.0 W/cm? for 10
min, the absorption spectra of B-2TPA showed almost no change.
Moreover, the temperature of B-2TPA solution rose from 25.8 °C to
45.7 °C (Fig. 2e), and its PCE in dioxane was calculated to be 39.8%
+ 0.9% (Fig. S13 in Supporting information).

B-2TPA was encapsulated in the amphiphilic DSPE-PEG-2000 to
prepare water-soluble B-2TPA NPs, and the encapsulation yield of
that in NPs is 88.3%. The spherical morphology of B-2TPA NPs was
observed by scanning electron microscope (SEM) (Fig. S14a in Sup-
porting information). The size distribution of B-2TPA NPs is ranged
from 32 nm to 397 nm (Fig. S14b in Supporting information). The
average size of B-2TPA NPs measured by dynamic light scatter-
ing (DLS) was ~120 nm, and no obvious changes were observed
within one week of observation in aqueous solution, which is in-
dicative of their excellent long-term stability (Fig. S14c in Support-
ing information). The absorption and fluorescence peaks of B-2TPA
NPs red-shifted to 742 and 815 nm, respectively (Fig. 3a). More-
over, the trailing of fluorescence spectrum of B-2TPA NPs (900-
1000 nm) caused by TICT effect was also observed. Interestingly,
these B-2TPA NPs can still generate 10, under 735 nm laser irra-
diation. Compared to B-2TPA in the molecular state, the 10, QY of
B-2TPA NPs was enhanced by 3.7 times, reaching to 6.7% (Fig. 3b
and Fig. S15 in Supporting information).

To understand the mechanism of aggregation-induced enhance-
ment of '0, QY, the electronic characteristics and properties in
excited state of monomeric and dimeric B-2TPA were investigated
by theoretical calculation. The frontier molecular orbitals were ac-
quired via density functional theory (DFT) calculations at B3LYP-
D3B]J/6-311G*, and the results were shown in Fig. 3c. As observed,
the highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) of monomeric B-2TPA were de-
localized in the same molecule, while those of dimeric B-2TPA
were delocalized in different molecules. This suggests that both ICT
and intermolecular charge transfer exist in dimeric B-2TPA [40].
Moreover, the energy gaps between HOMO and LUMO (AE) of
monomeric and dimeric B-2TPA were 3.469 eV and 3.256 eV, re-
spectively. The lower AE indicates that B-2TPA NPs are more easily
excited by laser irradiation [41].

Furthermore, the lowest excited singlet state (S;) and excited
triplet state (T,) energy levels of monomeric and dimeric B-2TPA
were analyzed via time-dependent density functional theory (TD-
DFT) calculations at TD-B3LYP-D3BJ/6-311G*. As shown in Fig. 3d,
monomeric B-2TPA only had one ISC channel from S; to T;, while
dimeric B-2TPA had two channels (from S; to T; or T,). Their
smallest energy gap between S; and T; (AEsr) were 0.937 eV and
0.790 eV, respectively, demonstrating intermolecular aggregation
induces lower AEsr, which can effectively improve the ISC effi-
ciency of B-2TPA NPs, enabling its 10, QY higher than B-2TPA
[42].

The photothermal conversion ability of B-2TPA NPs was also
studied. As shown in Figs. 3e and f, the increase in temperature of
B-2TPA NPs aqueous solution depended on its concentration and
the laser power. The temperature of 8 umol/L B-2TPA NPs aque-
ous solution increased from 24.8 °C to 55.1 °C after laser irradia-
tion (1.0 W/cm?) for 10 min. Next, to evaluate the photostability
of B-2TPA NPs, its time-dependent absorption spectra change was
recorded under laser irradiation. As shown in Fig. S16 (Supporting
information), the NIR absorption peak of B-2TPA NPs only slightly
decreased after laser irradiation for 10 min; conversely, ICG was
seriously photodegraded after laser irradiation for 3 min, proving
that the photostability of B-2TPA NPs is higher than ICG. In addi-
tion, after five photothermal conversion cycles, the temperature of
B-2TPA NPs aqueous solution reached 63.5 °C (Fig. 3g), which is a
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Fig. 3. (a) Normalized vis-NIR absorption and fluorescence spectra of B-2TPA NPs
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aqueous solutions during laser irradiation. (h) PA intensities and PA images of B-
2TPA NPs aqueous solutions at different concentrations.

slight decrease compared to that of ICG and is indicative of the ex-
cellent photothermal stability of B-2TPA. Based on its heating and
cooling curve, the PCE of B-2TPA NPs was calculated to be 60.1% +
0.8% (Fig. S17 in Supporting information) [43], which is also higher
than that of B-2TPA in dioxane.

Compared with that of B-2TPA in dioxane, the fluorescence
emission of B-2TPA NPs in water was severely quenched (Fig. S18a
in Supporting information), indicating that intermolecular aggre-
gation inhibits the radiation decay of B-2TPA NPs, while promot-
ing vibrational relaxation to enhance its photothermal conversion
ability. Ma et al. synthesized B3 by introducing two triphenylamine
groups into the o position of BODIPY [44]. When water fraction in
THF (fw) increases from 0 to 50%, the fluorescence peak and inten-
sity of B3 gradually redshifted and weakened, which exhibited TICT
effect due to free intramolecular motion. Whereas, when fiy con-
tinue to rise from 50% to 90%, its fluorescence intensity obviously
increases, exhibiting remarkable AIE performance because strong
intermolecular aggregation restricted intramolecular motion, in-
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hibiting the formation of TICT state and decreasing the photother-
mal conversion ability [45]. However, upon the addition of B-2TPA
and DSPE-PEG-2000 in water/dioxane mixture solution, as the wa-
ter content gradually increased, the fluorescence of B-2TPA gradu-
ally decreased to quenching (Fig. S18b in Supporting information).
This indicates the lipophilic microenvironment formed by alkanes
of DSPE-PEG-2000 in NPs protects the stable TICT and effective
intramolecular motion of B-2TPA to further enhance the PCE of
B-2TPA NPs. Due to its excellent photothermal conversion perfor-
mance, B-2TPA NPs have high PA imaging capability. As shown in
Fig. 3h, the PA intensity of B-2TPA NPs was positively correlated
with NPs concentration.

2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA) was used
as an intracellular 10, fluorescence probe to confirm the 10,
production in 4T1 cells after being treated with different treat-
ments. As shown in Fig. 4a and Fig. S19 (Supporting informa-
tion), only 4T1 cells incubated with B-2TPA NPs, followed by irra-
diation with 735 nm laser, showed significant green fluorescence,
which indicated that B-2TPA NPs can effectively generate intra-
cellular 10, under laser irradiation. Calcein AM/propidium iodide
(PI) co-staining was employed to visualize the live and death of
4T1 cells. As shown in Fig. 4b and Fig. S20 (Supporting informa-
tion), after treatment with PBS, PBS + Laser, and B-2TPA NPs, ob-
vious green fluorescence of Calcein AM was observed in 4T1 cells,
which suggests that only B-2TPA NPs or laser irradiation did not
damage the cells, an indication of the low cytotoxicity of B-2TPA
NPs. On the contrary, after incubating with B-2TPA NPs followed
by exposure to 735 nm laser, 4T1 cells showed obvious red flu-
orescence, which confirmed the excellent phototoxicity of B-2TPA
NPs. Standard methylthiazolyldiphenyl tetrazolium bromide (MTT)
experiment was conducted to further confirm the low cytotoxicity
and high phototoxicity of B-2TPA NPs. The results showed that 16
pmol/L B-2TPA NPs + Laser decreased the viability of 4T1 cells to
17% (Fig. 4c), and the corresponding 50% inhibitory concentration
(ICsq) value was calculated to be 10.4 pmol/L. Flow cytometry re-
sults based on annexin V-FITC/7-AAD co-staining further showed
that B-2TPA NPs + Laser irradiation increased the early apoptotic
and later apoptotic/necrotic rates of 4T1 cells to 5.64% and 25.7%,
respectively (Fig. 4d). This indicates that the mechanisms of cell
death are early apoptosis and later apoptosis/necrosis.

All the animal experiments were approved by the Ethics Com-
mittee for Experimental Animal Welfare of Hunan Normal Uni-
versity. B-2TPA NPs were injected into 4T1 tumor-bearing mice
through the tail vein, and the in vivo metabolism and distribution
were explored. After intravenous injection of B-2TPA NPs, NIR flu-
orescence images of main organs (heart, liver, spleen, lung, and
kidney) and tumor tissues at different times were captured. As
shown in Fig. S21 (Supporting information), faint fluorescence was
observed in tumor tissue, demonstrating that due to the lack of
tumor targeting probe, only a small amount of B-2TPA NPs are ac-
cumulated in tumor tissues by enhanced permeability and reten-
tion (EPR) effect. Thus, the mice were intratumorally injected with
B-2TPA NPs to investigate in vivo optical imaging and anti-tumor
ability of B-2TPA NPs. This method can effectively enhance the
concentration of B-2TPA NPs in tumor tissue. The strong NIR fluo-
rescence of the liver and spleen proved that B-2TPA NPs accumu-
lated primarily in the liver and spleen, which is attributed to abun-
dant blood perfusion, slow blood flow rate, and active phagocyto-
sis of the reticuloendothelial system [46-48]. Moreover, it gradu-
ally increased from 0 to 60 h, indicating that B-2TPA NPs in the
body are mainly metabolized by the liver and spleen, and require
a longer time to clear from the body (Fig. S22 in Supporting infor-
mation).

As shown in Figs. 4e and f, after being intratumorally injected
with B-2TPA NPs, the tumor exhibited obvious PA and NIR flu-
orescence signals, indicating excellent in vivo imaging ability of
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Fig. 4. (a) '0, generation in DCFH-DA incubated 4T1 cells treated with B-2TPA
NPs + Laser. (b) Calcein AM/PI co-stained 4T1 cells treated with B-2TPA NPs + Laser.
(c) Viability of 4T1 cells incubated with B-2TPA NPs at different concentrations with
(B-2TPA NPs + Laser) or without (B-2TPA NPs) laser irradiation. (d) Cell apoptosis
observed after B-2TPA NPs + Laser treatment. (e) In vivo PA and (f) NIR fluorescence
images of B-2TPA NPs. (g) Infrared thermal images of mice injected with PBS or B-
2TPA NPs followed by exposure to laser irradiation for 10 min. (h) Temperature
variation of tumor tissues after different treatments. (i) Relative tumor volume and
(j) body weight of mice after various treatments for 14 days. (k) H&E-staining and
Ki-67 expression of tumor tissues under different treatments. Data represent means
+ standard deviation (SD) (n=5).

B-2TPA NPs. Moreover, the monitoring by infrared thermography
showed that the temperature of tumors injected with B-2TPA NPs
increased from 33.5 °C to 61.6 °C during the 10 min of illumina-
tion, whereas that of tumors injected with PBS only increased from
31.8 °C to 38.0 °C (Figs. 4g and h). The tumors in the experimen-
tal group (B-2TPA NPs+ Laser) were completely removed on the
fourth day. Conversely, the relative volume of tumor in the control
groups (PBS, PBS + Laser, and B-2TPA NPs) has increased by 22-30
times (Fig. 4i). Moreover, the weight of mice gradually increased
during monitoring (Fig. 4j), which demonstrates B-2TPA NPs have
excellent biocompatibility. The histological analysis of tumor tis-
sues in both the experimental and control groups was conducted
by H&E and Ki-67 staining experiments. As shown in Fig. 4k, B-
2TPA NPs +laser destroyed the tumor tissues and inhibited their
proliferation. In addition, the H&E staining of main organs con-

Chinese Chemical Letters 35 (2024) 109452

firmed that PBS + Laser and B-2TPA NPs groups had no effects on
the balance of in vivo physiological activities (Fig. S23 in Support-
ing information).

In conclusion, based on aggregation-induced increase in singlet-
triplet ISC and TICT effect, we successfully developed photother-
anostic agents (B-2TPA NPs) with strong NIR absorption capac-
ity, aggregation-induced enhancement of '0, QY, and high PCE.
B-2PTA was designed and synthesized by introducing N,N-diethyl
aniline and triphenylamine into the skeleton of BODIPY, allowing
it to exhibit NIR absorption and fluorescence peaks at 729 and
778 nm, respectively. In addition, B-2TPA exhibited a high molar
extinction coefficient, excellent photostability, significant TICT ef-
fect, and low '0, QY (1.8%) and PCE (39.8% + 0.9%). After being
wrapped with DSPE-PEG-2000, the obtained B-2TPA NPs showed
red-shifted absorption and fluorescence peaks at 751 and 815 nm,
respectively. Compared with that of B-2TPA, the 10, QY of B-2TPA
NPs enhanced to 6.7% because the intermolecular aggregation-
induced decrease of AEsr improved ISC efficiency. Moreover, obvi-
ous fluorescence quenching and stable TICT effect in the aggrega-
tion state facilitate vibrational relaxation, increasing the PCE of B-
2TPA NPs to 60.1% + 0.8%. In vitro cell experiments demonstrated
that through combined PDT and PTT, B-2TPA NPs efficiently dam-
aged 4T1 cells. Finally, in vivo animal experiments demonstrated
that B-2TPA NPs could be utilized in NIR fluorescence and PA
imaging-guided synergistic PDT and PTT to eliminate tumor tis-
sues.
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