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Introducing heavy halogen atoms into organic small molecules is a practical strategy for efficient sin-
glet oxygen (10,) generation. Generally, bromine or iodine atoms are introduced on the aza-boron-
dipyrromethene (aza-BODIPY) core, rather than on the periphery aryl rings for efficient 10, generation.
Herein, an aza-BODIPY dye NBDPBr with unexpected bromination on the periphery aryl rings was synthe-
sized for photoacoustic (PA) imaging-guided synergistic photothermal therapy (PTT) and photodynamic
therapy (PDT) in tumor cells. Owing to unexcepted bromination at the periphery aryl rings, NBDPBr
demonstrated an outstanding singlet oxygen quantum yield (®,) of 66% which was superior to simi-
lar brominated photosensitizers previously reported. After encapsulation with amphiphilic polymer F-127,
hydrophilic NBDPBr nanoparticles (NPs) were fabricated and exhibited an excellent photothermal conver-
sion efficiency (1) of 43.0% under 660 nm photoirradiation. In vivo PA imaging results demonstrated that
NBDPBr NPs could specifically accumulate at tumor sites and realized the maximum tumor retention at
7 h post-injection. All the in vitro and in vivo results indicated the significant potence of NBDPBr with

unexpected bis-bromination for PA imaging-guided synergetic PDT/PTT.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cancer, one of the most deadly diseases around the world, has
promoted the progress of cancer phototheranostic at the same time
assisted by its high morbidity and mortality [1]. Phototheranostic,
including photo-diagnosis and phototherapy, as an emerging mode
has attracted wide attention from researchers due to its charac-
teristics of low toxicity, non-drug resistance, non-invasiveness and
high targeting [2,3].

Although many phototheranostic agents can conquer the field
of imaging-guided tumor photodynamic therapy (PDT) or pho-
tothermal therapy (PTT) [4,5]. However, single-mode phototherapy
is challenging to achieve the purpose of tumor elimination [6].
On the one hand, the heat of PTT is difficult to ablate the tumor
completely, and the residual cancer cells with overexpressed heat
shock proteins will acquire resistance to heat stress, which results
in limited therapeutic effect [7,8]. On the other hand, PDT is highly
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dependent on tissue oxygen, which results in limited therapeutic
efficacy in the hypoxic tumor microenvironment for solid tumors
[9-11]. Since PTT can enhance blood perfusion to relieve hypox-
emia, and PDT can produce reactive oxygen species (ROS) to re-
strain heat shock proteins, combining PTT and PDT as synergistic
therapy will be a practical strategy to improve the therapeutic ef-
fect [12,13].

Till now, many organic small molecule dyes have been ex-
ploited for tumor phototheranostics, including cyanine, porphyrin,
phthalocyanine, diketopyrrolopyrrole (DPP), dipyrromethene boron
difluoride (BODIPY)/aza-BODIPY, boron difluoride formazan (BDF),
and benzothiadiazole derivatives [14-21]. Among them, aza-
BODIPY-derived organic dyes have presented tunable molecular
structures and outstanding photophysical properties of intensive
near-infrared (NIR) absorption, high molar extinction coefficient
(&), and excellent photostability, which have been widely employed
for application in tumor phototheranostics [22-25].

During the past two decades, many aza-BODIPY-based photo-
sensitizers have been exploited with heavy atoms, such as Br or
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Scheme 1. Illustration for the preparation of NBDPBr NPs and the phototheranostic
application.

[ atoms, to enhance intersystem crossing (ISC) and facilitate spin-
orbit coupling for efficient 10, generation [26]. However, the halo-
genated sites showed a significant effect on 10, production. Gen-
erally, aza-BODIPYs with heavy atoms on the central core give rise
to higher 0, generation than halogenation at the periphery aryl
rings [27]. This phenomenon would be attributed to the different
modulated degree of spin-orbit coupling. On the one hand, posi-
tioning of heavy atoms on the periphery aryl rings would exhibit
ordinary singlet-oxygen generation due to an external heavy-atom
effect [28,29]. While directly introducing heavy atoms onto the
photosensitizer core would provide efficient singlet-oxygen genera-
tion by taking advantage of the internal heavy-atom effect [27,30].
Meanwhile, as described by the Jablonski diagram, there is a com-
petitive relationship between radiative decay, non-radiative de-
cay, and intersystem crossing; therefore, ideal small molecule dyes
could be reasonably designed with the on-demand tuning of the
excited states for high-performance phototheranostics [31,32].

Herein, a novel aza-BODIPY dye NBDPBr with unexpected
bromination on the periphery aryl rings was constructed for PA
imaging-guided synergistic PTT and PDT in tumor cells (Scheme 1).
Surprisingly, the unexpected bis-bromination at the periphery
phenyl rings of aza-BODIPY endowed NBDPBr with a high 10,
quantum yield (®,) of 66%. Through self-assembly, NBDPBr was
encapsulated by Pluronic® F-127 to fabricate NBDPBr NPs with
good biocompatibility and water-solubility, which could achieve
tumor accumulation through enhanced permeability and retention
(EPR) effect. Moreover, owing to the photoinduced electron transfer
(PET) effect of the nitro group, the fluorescence of NBDPBr was sig-
nificantly quenched, thus enhancing the non-radiative transition to
improve the photothermal effect with the photothermal conversion
efficiency of 43.0% upon 660 nm photoirradiation. Meanwhile, the
remarkable photothermal effect enables NBDPBr NPs a good pho-
toacoustic (PA) response. The in vitro and in vivo studies demon-
strated the great potential of the bis-brominated NBDPBr for PA
imaging-guided synergetic PDT/PTT.

As shown in Scheme S1 (Supporting information), aza-BODIPY
dye 4 was readily obtained through multi-step synthesis, which
started from the preparation of chalcone 1 through aldol conden-
sation [33]. Subsequently, compound 2 was synthesized through a
Michael addition reaction between chalcone 1 and nitromethane
in a yield of 64%. Refluxing of 2 in n-butanol in the presence of
NH40Ac afforded 3, which was further reacted with boron trifluo-
ride to give 4. Then, the reaction of 4 in HNO;3 solution at 0 °C re-
sulted in nitrated 5 in 63% yield. Considering the efficient 10, gen-
eration by directly introducing halogen atoms on the aza-BODIPY
core, N-bromosuccinimide (NBS) was applied as the bromination
agent [27]. Unexpectedly, the bromine atoms were connected to
the periphery aryl rings of aza-BODIPY to afford bis-brominated
NBDPBr, which was verified by 'H nuclear magnetic resonance
(NMR) and 'H-'H correlated spectroscopy (COSY) NMR. In Fig. 1,
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Fig. 1. Partial "H NMR spectra of 4, 5, and NBDPBr in CDCls.

the partial 'H NMR spectra of NBDPBr and 5 showed the chem-
ical shift changes of proton a and proton e, indicating the suc-
cessful introduction of bromine atoms. As shown in the 'H-'H
COSY NMR of NBDPBr (Fig. S1 in Supporting information), inter-
actions between protons c and d, protons f and g, could be clearly
observed. Nonetheless, protons a, b, and e did not show any in-
teractions, which was consistent with their appearance of singlet
peaks, further confirming the chemical structure of NBDPBr. All in-
termediates and the bis-brominated NBDPBr were characterized by
TH NMR, 3C NMR, liquid chromatography-mass spectrometry (LC-
MS), and matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-TOF MS) (Supporting information).

The bromine atoms in the bis-brominated NBDPBr are antici-
pated to facilitate spin-orbit coupling and enhance the ISC pro-
cess to strengthen the '0, generation [34,35]. Therefore, taking
1,3-diphenylisobenzofuran (DPBF) as the probe, the 10, generation
performance of NBDPBr was studied in dichloromethane (DCM) by
monitoring the absorption decay of DPBF at 418 nm under 660 nm
photoirradiation (Fig. 2a). And a fast absorbance decrease of DPBF
was observed, indicating a sufficient '0, production of NBDPBr.
Employing methylene blue (MB, @&, =57% in DCM) as the stan-
dard [36], bis-brominated NBDPBr exhibited a high 10, quantum
yield (®,) of 66% (Fig. 2b and Fig. S2a in Supporting informa-
tion), which was superior to a series of similar brominated pho-
tosensitizers that had been reported (Fig. 2c and Table S2 in Sup-
porting information) [37-40], indicating the outstanding 10, gen-
eration capability of NBDPBr for further PDT application.

To improve the water solubility of NBDPBr for further
phototheranostics application, amphipathic copolymer Pluronic®
F-127 was employed to co-assemble with NBDPBr for the fabrica-
tion of NBDPBr NPs. The scanning electron microscope (SEM) im-
age indicated a spherical morphology of NBDPBr NPs with a diam-
eter of around 70 nm (Fig. 2d). And the dynamic light scattering
(DLS) result demonstrated that the hydrodynamic size of NBDPBr
NPs was 84 nm with a polydispersity index (PDI) of 0.168, which
was suitable for passive targeting through the EPR effect. In ad-
dition, there was no sedimentation or aggregation of NBDPBr NPs
in the aqueous solution within one week and the hydrodynamic
size of NBDPBr NPs did not show any noticeable change during one
week, suggesting excellent stability of NBDPBr NPs (Fig. S3 in Sup-
porting information).

To study the photophysical properties, the absorption and flu-
orescence spectra of this bis-brominated NBDPBr dye in organic
solvents and NBDPBr NPs in water were recorded (Fig. 2e and
Fig. S4 in Supporting information). And the photophysical proper-
ties of compounds 4, 5, NBDPBr, and NBDPBr NPs were summa-
rized in Table S1 (Supporting information). The absorption peak of
NBDPBr in DCM and NBDPBr NPs in water appeared at 642 nm,
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Fig. 2. (a) Absorbance decay of DPBF in DCM with the presence of NBDPBr upon 660 nm photoirradiation (10 mW/cm?). (b) The fitted linear relationship between the
absorbance of DPBF at 418 nm and irradiation time in the presence of NBDPBr or MB. (c) '0, quantum yield comparison of NBDPBr and reported photosensitizers with
bromination at the periphery aryl rings (Table S2) [37-40]. (d) SEM image and DLS size distribution of NBDPBr NPs. Scale bar: 200 nm. (e) Normalized absorbance of
NBDPBr and NBDPBr NPs. f) Fluorescence spectra of 4 and 5 (10 pmol/L, in DCM), Aex = 650 nm.

Table 1

Electrochemical data and energy levels of NBDPBr.

Cpd. HOMO/eV LUMO/eV Eg%[eV Eg°Pt/eVe
v CalcP cve Calc?

NBDPBr  —5.61 -5.40 -4.10 -3.30 1.51 1.75

3 From the CV results, HOMO = —(4.80 + Ex°™), and LUMO =

—(4.80 + Eyeq®e").
b From the calculated results.
¢ Eg°Pt was obtained from the lowest-energy absorption edge in DCM.

and their extinction coefficients were calculated to be 3.62 x
10* L mol~! cm~! and 21.0 L g~! cm™! at 660 nm, respectively
(Fig. S5 in Supporting information). NBDPBr dye showed a rela-
tively weak fluorescence covering from 650 nm to 850 nm with
peaks at around 715 nm in organic solvents with different polari-
ties. While NBDPBr NPs showed almost no fluorescence, owing to
the aggregation-caused quenching effect [41]. In addition, the fluo-
rescence spectra of 4 and 5 in DCM were recorded for comparison;
it was apparent that nitrated 5 presented a strong fluorescence
quenching phenomenon in contrast to 4, which was attributed to
the PET effect between the electron-deficient nitro group and aza-
BODIPY dye [42-44]. And usually, the PET effect could weaken the
radiative transition to enhance the non-radiative transition for en-
hanced PTT (Fig. 2f) [45].

The electrochemical properties of NBDPBr were investigated by
cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
measurements in anhydrous DCM with Fc/Fct as reference (Fig.
S6 in Supporting information). The highest occupied molecular or-
bital (HOMO), lowest unoccupied molecular orbital (LUMO) energy
levels, and energy gaps are summarized in Table 1. Two quasi-
reversible reduction waves were found for NBDPBr, with the reduc-
tion potential onset (Eq°™¢) of —0.70 V, and half-wave potential
Ereq'/? of —1.49 and —0.72 V (Figs. S6¢ and d). Meanwhile, NBDPBr
displayed two quasi-reversible oxidation waves, exhibiting the on-
set of oxidation potential (Eqx°™¢') at 0.81 V with the half-wave
potential Eox!? of 0.91 and 1.09 V. Therefore, the HOMO/LUMO
energy levels derived from Eqx°"®t and E.4°™® were —5.61 and
—4.10 eV, respectively [46]. Therefore, the energy gap E< was de-
termined to be 1.51 eV, which was in good agreement with the
optical energy gap (Eg°"') of 1.75 eV Then, the time-dependent
density functional theory (TD-DFT) at the B3LYP/6-31G(d,p) levels
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Fig. 3. (a) Absorbance decay of DPBF and (c) Fluorescence increase of SOSG in the
presence of NBDPBr NPs under 660 nm irradiation (50 mW/cm?). (b) Absorbance
change of DPBF at 418 nm and (d) Fluorescence increase of SOSG at 525 nm along
with exposure time.

was used to theoretically investigate the electron density distri-
bution and the molecular architecture fundamentals for this bis-
brominated dye NBDPBr. The theoretical calculations demonstrated
that the calculated HOMO/LUMO energy levels and energy gap
were —5.40/—3.30 and 2.10 eV of NBDPBr, respectively (Fig. S7 in
Supporting information).

Moreover, to further characterize the 10, generation perfor-
mance of NBDPBr NPs, DPBF and singlet oxygen sensor green
(SOSG) were chosen as the 10, probe to detect the yield of 10,
by quantifying the fluorescence enhancement of SOSG at 525 nm,
and the absorbance decay of DPBF at 418 nm. Upon 660 nm pho-
toirradiation (50 mW/cm?2) for 150 s, the absorbance change for
the mixed solution of DPBF and NBDPBr NPs and the fluores-
cence increase for the mixed solution of SOSG and NBDPBr NPs
were recorded. As shown in Fig. 3, a fast absorbance decrease
of DPBF at 418 nm, and a rapid increase of the fluorescence in-
tensity of SOSG solution at 525 nm could be observed, indicat-
ing a plentiful 10, production of NBDPBr NPs. As demonstrated
that NBDPBr NPs could be an excellent therapeutic nanoagent for
PDT.
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Fig. 4. (a) Photothermal profiles of NBDPBr NPs under 660 nm irradiation with exposure to different power intensities. (b) Photothermal profiles of NBDPBr NPs at different
concentrations under 660 nm irradiation. (c) Photothermal stability test of NBDPBr NPs upon 660 nm photoirradiation (1.0 W/cm?). (d) Photothermal curves of NBDPBr NPs
and water under 660 nm irradiation (1.0 W/cm?) for 10 min followed by cooling to room temperature. (e) Linear correlation of the cooling times against negative natural
logarithm of driving force temperatures. (f) In vitro PA images and fitted linear relationship of PA intensities against the concentrations of NBDPBr NPs.

The intensive absorption with high extinction coefficient mo-
tivated us to assess the photothermal behavior of NBDPBr NPs.
The photothermal conversion of NBDPBr NPs was investigated with
660 nm photoirradiation. As exhibited in Fig. 4a, the photother-
mal effect exhibited a positive correlation with both the laser
power density and the photoirradiation time, revealing a control-
lable photothermal behavior. Meanwhile, the temperature incre-
ment profiles of NBDPBr NPs showed a prominent concentration
dependence, with the maximum temperature increase of 23.2 °C
within 10 min irradiation by 660 nm laser (1.0 W/cm?); whereas
the water exhibited a negligible temperature enhancement under
the same condition (Figs. 4b and d). On the basis of the temper-
ature change in the cooling stage, the photothermal conversion
efficiency (1) of NBDPBr NPs was calculated as 43.0%, present-
ing its potential for tumor PTT (Fig. 4e) [47,48]. Additionally, the
temperature change showed almost no decrease of NBDPBr NPs
after five cycles of photoirradiation-heating and natural cooling,
suggesting its outstanding photothermal stability (Fig. 4c). Mean-
while, using the clinically approved NIR dye indocyanine green
(ICG) for comparison, the photostability of NBDPBr NPs was stud-
ied through 660 nm photoirradiation (Fig. S8 in Supporting infor-
mation). Within 8 min photoirradiation, a fast absorbance decrease
of ICG was observed; nevertheless, the absorbance of NBDPBr NPs
exhibited almost no change, demonstrating its outstanding photo-
stability. The excellent photothermal stability and photostability of
NBDPBr NPs provided a precondition for phototheranostic.

As is known to all, photothermal nanoagent convert absorbed
photon energy into heat upon photoirradiation, and the ultra-
sonic waves are then generated through thermoelastic collisions
and pressure transients in the tissues. Finally, PA signals can be
obtained [49,50]. And ultraviolet and visible (UV-vis) absorption
and photothermal conversion of the photothermal nanoagent play
a key role for PA brightness [51-53]. Therefore, owing to the out-
standing photothermal effect of NBDPBr NPs, an obvious PA signal
could be observed upon 660 nm excitation. And the PA intensi-
ties presented a steady enhancement along with the concentration
of NBDPBr NPs from 0 to 200 pg/mL, exhibiting a representative
linear relationship (R? = 0.998, Fig. 4f). The resulting data indi-
cated the potential of NBDPBr NPs as PA contrast nanoagent for PA
imaging-mediated tumor phototherapy.

To study the biocompatibility and phototoxicity of NBDPBr NPs,
the viability of 4T1 tumor cells treated by NBDPBr NPs was exam-

ined via MTT (3-(4,5-dimethylthiazol2-yl)—2,5-diphenyltetrazolium
bromide) assay. The dose-dependent cell toxicity of NBDPBr NPs
under the condition of dark and photoirradiation was evaluated.
As shown in Fig. 5a, NBDPBr NPs did not trigger discernible cy-
totoxicity to 4T1 cells in the dark, and more than 90% cell via-
bility was observed even at a high concentration of 100 pg/mlL,
suggesting good biocompatibility of NBDPBr NPs. In contrast, upon
660 nm photoirradiation (0.8 W/cm?, 5 min), the viability of 4T1
tumor cells significantly decreased along with increasing NBDPBr
NPs concentration, indicating great phototoxicity of NBDPBr NPs.
The results manifested that NBDPBr NPs with high photothermal
conversion and good 10, generation displayed excellent phototox-
icity to tumor cells.

The photodynamic effect of NBDPBr NPs at the cellular level
was further investigated, and the 2’,7’-dicholorofluoroescein diac-
etate (DCFH-DA) was applied as a fluorescent ROS probe indica-
tor to monitor intracellular ROS generation in 4T1 tumor cells.
After the reaction between DCFH-DA and intracellular ROS, 2/,7’-
dichlorofluorescein (DCF) will be produced to show a green fluo-
rescence under the excitation at 488 nm. Compared to the groups
of phosphate-buffered saline (PBS), PBS+L, and NBDPBr NPs, only
the group NBDPBr NPs-+L displayed bright green fluorescence, indi-
cating effective intracellular ROS generation under 660 nm illumi-
nation (Fig. 5¢). As results confirmed the outstanding intracellular
ROS generation for PDT mediated by NBDPBr NPs.

To further qualitatively verify the phototherapeutic efficacy of
NBDPBr NPs, a live-dead cell staining experiment was carried out
under 660 nm photoirradiation (0.8 W/cm?) by staining the liv-
ing cells with calcein AM (green) and tracking dead cells with pro-
pidium iodide dyes (red). As exhibited in Fig. 5b, intense red flu-
orescence was observed in the group of NBDPBr NPs+L, indicating
that nearly all 4T1 cells were killed by NBDPBr NPs after 660 nm
photoirradiation (0.8 W/cm?2, 8 min). Nonetheless, strong green flu-
orescence could be observed in the groups of PBS, PBS+L, and
NBDPBr NPs, demonstrating good biocompatibility for NBDPBr NPs.
As results showed good consistency with the MTT results, suggest-
ing the excellent phototherapeutic efficacy of NBDPBr NPs.

With these promising in vitro studies, in vivo investigation of
tumor PA imaging and photothermal imaging were carried out.
All experimental animal procedures were performed with approval
from the Institutional Animal Care and Use Committee of the Hos-
pital of Zhejiang Province. Taking 4T1 tumor-xenografted mice as
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Fig. 5. (a) Viability of 4T1 tumor cells after treatment with NBDPBr NPs. (b)
4T1 cells staining by calcein-AM/propidium iodide (PI) with green fluorescence
(Aex/rem = 494/517 nm, live cells) or red fluorescence (Aex/Aem = 535/617 nm, dead
cells). Scale bar: 200 pm. L: Laser. (c) Fluorescence images of 4T1 tumor cells af-
ter 4 h incubation, followed by staining with DCFH-DA. Green fluorescence repre-
sents DCF (Aex = 488 nm). Scale bar: 100 um. (d) PA images, and (e) PA inten-
sities at tumor sites at pre-injection and various time spots after administration of
NBDPBr NPs. Scale bar: 2 mm. (f) Temperature-change curves of tumor tissues along
with photoirradiation periods. (g) Photothermal imaging of mice bearing 4T1 tumor
treated with NBDPBr NPs and PBS under photoirradiation.

the model, NBDPBr NPs in PBS were firstly tail-vein injected to
study in vivo PA imaging performance, and PA images of the mice
were captured at various time spots (Figs. 5d and e). The PA sig-
nals of the tumor tissues exhibited prominent time dependence,
and the PA intensities came to the maxima at 7 h post-injection
and then gradually decreased. Meanwhile, the relative PA signals
of the tumor tissues at 7 h post-injection showed a 3.3-fold en-
hancement than that of the pre-injection, suggesting the effective
tumor accumulation of NBDPBr NPs.

Owing to the excellent photothermal effect, NBDPBr NPs were
anticipated to be a candidate for photothermal imaging. Therefore,
in vivo photothermal imaging behaviors of NBDPBr NPs were stud-
ied through the mice bearing 4T1 tumor. After 7 h post-injection
of NBDPBr NPs, the tumor temperature of the mice increased from
30.1 °C to 53.6 °C within 9 min under 660 nm photoirradiation
(0.8 W/cm?), which was high enough to cause tumor cell ablation
(Figs. 5f and g). However, the tumor temperature of the mice treat-
ing with PBS only increased from 30.2 °C to 39.0 °C. All results
demonstrated that NBDPBr NPs were suitable for in vivo photother-
mal imaging-guided phototherapy.

In summary, an aza-BODIPY dye NBDPBr with unexpected
bromination on the periphery aryl rings was constructed for PAI-
guided synergetic PTT and PDT. Through self-assembly, NBDPBr

Chinese Chemical Letters 35 (2024) 108974

was encapsulated by Pluronic® F-127 to fabricate hydrophilic
NBDPBr NPs. Through the photophysical investigations, bis-
brominated NBDPBr demonstrated an outstanding singlet oxygen
quantum yield (@ 4) of 66%, and NBDPBr NPs showed a good pho-
tothermal conversion efficiency () of 43.0% with 660 nm photoir-
radiation. Additionally, in vivo PA imaging showed that NBDPBr NPs
could efficiently accumulate at tumor sites, and the PA intensities
reached the maxima at 7 h post-injection. The photothermal imag-
ing results exhibited that the tumor temperature could increase to
53.6 °C under 660 nm photoirradiation. In vitro and in vivo exper-
iments demonstrated outstanding biocompatibility, good PA imag-
ing performance, and synergetic PDT/PTT efficacy of NBDPBr NPs.
Furthermore, the unexpected bromination of NBDPBr is believed to
be a practical way for the development of effective phototheranos-
tic agents.
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