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Integrating ring-fused modification with m-conjugated extension is an effective approach for designing,
synthesizing, and application for novel borondipyrromethene (BODIPY) structures. In this work, based
on phenyl[b]-fused BODIPY, we made reasonable modification of the methyl group at 1-site to gener-
ate dye NBDP. NBDP possessed near-infrared region (NIR) absorption and emission properties, and the
intramolecular charge transfer (ICT) resulted in low fluorescence. Whereas, heat energy is evidently re-
leased in the presence of light, which can be exploited for intracellular photothermal therapy via the cell
apoptosis process, reducing the inflammatory side-effects induced by necrosis. This research provides a
crucial foundation for the novel molecule via BODIPY multi-directional alteration and its potential appli-
cation in anti-tumor phototherapy.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Aromatic [b]-fused modification in borondipyrromethene (BOD-
IPY) system is remarkably advantageous for restraining the seg-
ment rotation to lead to dramatic spectroscopic bathochromic
shift (Fig. 1a) [1-3]. BODIPY chromophore has the favorable light-
stability and the excellent light absorption capacity [4-8]. There-
fore, excellent photophysical properties of BODIPY allow it to
be employed in fluorescence labeling [9-11], organic photoelec-
tric materials [12,13], laser dyes [14,15], photodynamic therapeutic
[16-19], photothermal therapy [20-22] and other innovative appli-
cations [23-25]. To achieve multi-site alteration for specific appli-
cations, it is critical to synthesize the BODIPY core from various
structural platform.

Knoevenagel condensation with an aldehyde can be usually
accomplished at 3,5-sites in BODIPY system (Fig. 1a), and the
functional fragments can be linked by the olefinic bond [26-28].
And meanwhile, the spectral redshift and the w-conjugated struc-
ture extension are both achieved [29,30]. Absorption of red or
near-infrared region (NIR) light, which is preferable for better tis-
sue penetration and less background interference, is required for
biomedicine [31-33]. Considering the cumulative effect of ring-
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fused configuration and Knoevenagel condensation, the BODIPY
chromophore can be manipulated with 1,7,3,5-sites for extending
absorption wavelength and integrating functional substituent such
as dimethylamino group (-NMe,) to promote intramolecular charge
transfer (ICT) (Fig. 1a) [34,35]. In order to investigate and compare
the utility, structural variations contribute to a specific application.
For instance, by enhancing the radiation transition of S; — Sy, dye
provides an highly efficient fluorescence [36-38]. Inhibiting the ra-
diation transition and boosting the non-radiation transition will
contribute to the production of thermal energy for the treatment
of cancer cells [39,40].

Recently, a strategy of the upper ring-fused configuration
(Fig. 1a) and Knoevenagel condensation at 3,5-sites by our group
was employed to provide NIR-absorbing dye [26]. However, Kno-
evenagel condensation of a methyl group at 1- or 7-site in BOD-
IPY needs ingenious design to prohibit what happened at 3,5-
sites (Fig. 1a). This phenyl[b]-fused strategy prevented 3,5-sites
-CH3 groups from participating in the condensation reaction,
thus this condensation could only appear at 1,7-sites. Herein, we
successfully constructed an underneath aromatic[b]-fused BODIPY
dye, and established a dimethylaminophenyl connection at 1-site
(Fig. 1b). However, we also attempted to develop bis-substituted
derivative at 1,7-sites. Yet, the bis-substituted compounds were
not obtained, because the activity of methyl groups at 1,7-sites
was more inertial than that of 3,5-sites [5,24]. The ICT effect be-
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Fig. 1. (a) BODIPY generated by Knoevenagel condensation and aromatic[b]-fused
BODIPYs. (b) Structure of BODIPY with a (p-NMe; )styryl group at 1-site.
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Scheme 1. Synthesis of NBDP generated by phenyl[b]-fused BDP.

tween the -NMe, group and the BODIPY core can significantly re-
duce fluorescence, and the results showed negligible photosensi-
tive but improved photothermal capabilities, achieving photother-
mal conversion efficiency (PCE: 46.9%), and provided a remarkable
killing function on light-activated cancer cells. These results of this
research reveal innovative improvements to the BODIPY core, as
well as an in-depth examination of its photophysical characteris-
tics and photoinduced capacity for therapeutic strategies via cancer
cells apoptosis pathway, blocking the development of inflammation
[41,42]. This provides a valuable point of reference for the concept
and application of innovative structure in BODIPY system.
Aromatic[b]-fused strategy in BODIPY system, not only takes
advantage of prominent photophysical properties such as strong
light capture ability, but also enhances photostability and 7 -extend
conjugated structure, which is an appropriate modification ap-
proach. So, according to the new aromatic[b]|-fused BDP, we con-
ducted the olefinic interlinkage at 1-site via Knoevenagel conden-
sation of dimethylaminobenzaldehyde to generate NBDP in 12%
yields (Scheme 1). The structure of NBDP was confirmed by 'H
and 3C nuclear magnetic resonance (NMR) spectroscopy as well
as high resolution mass spectrometer (HRMS) (Figs. S1-S6 in Sup-
porting information). As demonstrated in Fig. 2, the maximal ab-
sorption and emission of 674 and 742nm were both located in
the NIR spectrum. NBDP with dimethylaminophenyl group at 1-
site displayed a dramatic redshift in absorption (110 nm) and emis-
sion (167 nm) in CH,Cl,, with high molar extinction coefficients
(¢ = 166,000L mol~! cm~'), wide full width at half maximum
(FWHM: 82nm) and low fluorescence quantum yield (®; = 0.02),
comparing to those of the parent dye BDP (A ,,s/Aem =564/575 nm,
& = 145,000L mol-! cm~!, ®;=0.77 and FWHM=20nm in
CH,Cly). The pictures of BDP (pink) and NBDP (green) in CH,Cl,
under normal conditions shows a vivid color difference (Fig. 2a).
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Fig. 2. (a) Normalized absorption and (b) fluorescence spectra of BDP (black) and
NBDP (red) in CH,Cl, at 298 K.

Additionally, absorption maxima of NBDP have little effects on dif-
ferent solvents, however the fluorescence quenching effect is more
significant in large polar solvents such as N,N-dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) owing to ICT (Fig. S7 and
Table S1 in Supporting information). The highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of the dyes were calculated by Gaussian 09 using the den-
sity functional theory (DFT) method. The HOMO level of NBDP was
mostly distributed in the electron-donating dimethylamine phenyl
group, whereas the LUMO level was primarily dispersed in the
electron-deficient BODIPY center, establishing an electron donor-
acceptor system. The energy level gaps between the HOMO and
LUMO orbitals are also determined to be 2.468 and 2.128 eV of BDP
and NBDP, respectively. This reduced energy of HOMO and LUMO
orbital well explains the absorption redshift (Fig. 2a) by the con-
densed dimethylaminophenyl fragment (Fig. S8 in Supporting in-

formation).
To enable better applicability in physiological diagnos-
tic and therapeutic applications, dye NBDP nanomaterials

(NBDP-NPs) were further constructed with the amphiphilic
polymer 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene  glycol)-2000]  (DSPE-PEGygqo).  This
boosted aqueous solubility and biocompatibility of NBDP-NPs.
Dynamic light scattering (DLS) examination revealed the average
hydrodynamic diameter of NBDP-NPs to be 75.23nm, and the
polymer dispersity index (PDI) to be 0.267, as depicted in Fig. 3a.
Based on the transmission electron microscope (TEM) image,
NBDP-NPs presents a spherical state with uniform size, which is
conducive to further application in cells (Fig. 3b). Green NBDP-NPs
in aqueous solution still indicated favorable distribution and sta-
bilization after 7 days (Fig. 3c). The enhanced water solubility is
beneficial to the application of biological samples.

The 10, production capabilities of the NBDP was evaluated. To
track the formation of '0, while exposed to 690nm laser radia-
tion, 1,3-diphenylisobenzofuran (DPBF) was chosen as the sensor,
because the absorbance of DPBF can be drastically reduced by the

Number (%)

1 10 100 1000
Size (nm)

Fig. 3. (a) The diameter of NBDP-NPs in aqueous solution detected by DLS. (b) In-
set: TEM imaging. Scale bar: 300 nm. (c) Photo of pure water and NBDP-NPs in
aqueous solution.
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Fig. 4. (a) Photothermal conversion of NBDP-NPs at varying concentrations (20-
80 pmol/L) was investigated under 690 nm light irradiation (0.8 W/cm?). (b) Pho-
tothermal conversion of 80 pumol/L NBDP-NPs under 0.2-0.8 W/cm? laser illumi-
nation. (c) Photothermal curve of 80 pmol/L NBDP-NPs in aqueous media under
0.8 W/cm? light exposure and then naturally cooling to ambient temperature. (d)
Evaluation of photothermal stability following three cycles of heating and cooling.

interaction of DPBF with 10, to form a cyclic compound. Herein,
the absorbance of DPBF at 416 nm decreases not obvious decline
in presence of NBDP than it does in the lack of NBDP (Fig. S9a
in Supporting information). The absorbance (AA,,) of DPBF in
toluene containing NBDP only decreased by 0.018 after 12 min of
light, indicating that the singlet oxygen generation of NBDP is en-
tirely negligible under the radiation (Fig. S9b in Supporting infor-
mation). Whereas, the photostability (A,,s = 678 nm) under illu-
mination is an essential indicator that the dye will not decompose
and will present a long-lasting therapeutic effect on the malig-
nancy tumor.

The photothermal conversion of NBDP-NPs in aqueous solution
was investigated (Fig. 4). After being exposed to light sources, the
solution temperature significantly increased. After laser irradiation
(690 nm, 0.8 W/cm?2, 5min) with the corresponding concentration
(80 pmol/L) of NBDP-NPs, the temperature increment of NBDP-
NPs (Tmax =56.3 °C) was substantially increased. It was discov-
ered that the temperature rises with exposure time, demonstrat-
ing that NBDP-NPs can convert the optical energy into the ther-
mal energy. The photothermal effect of NBDP-NPs was also inves-
tigated at concentrations ranging from 20 pmol/L to 80 pumol/L. Ac-
cording to Fig. 4a, the temperature was risen rapidly in the first
2 min, after which, the trend declined and reached a plateau. Also,
it was found that NBDP-NPs concentration was in responsible of
controlling temperature rise (Fig. 4b and Fig. S10 in Supporting in-
formation). In addition, the relationship between temperature and
laser power density was also investigated. The photothermal ef-
fect was associated with the amounts of NBDP-NPs as well as the
laser exposure intensity and duration, indicating that the degree
of temperature rise could be precisely controlled (Figs. 4b and c).
Moreover, NBDP-NPs demonstrated outstanding thermal stability
and photostability under continuous laser illumination, showing no
degradation after three cycles of heating and cooling (Fig. 4d). The
formula from the experimental approach was subsequently em-
ployed to calculate the photothermal conversion efficiency. It was
calculated to be approximately 46.9% (Fig. S11 in Supporting in-
formation), which was considerably greater than that of previously
recorded indocyanine green (ICG) NPs (17.3%), demonstrating that
this method of exploring the photothermal conversion by modify-
ing at 1-site in BODIPY system performs effectively.
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Fig. 5. (a) Cell viability to determine the concentration-dependent effect of NBDP-
NPs (0-40 pmol/L). (b) Fluorescence images of co-stained AM and PI on after NBDP-
NPs-treated with or without laser irradiation. Scale bar: 500 pmol/L. (c) Apopto-
sis analysis after treatment with NBDP-NPs alone, light alone, or their combina-
tion. Light irradiation (0.3 W/cm?2, 20min) and 30 pmol/L NBDP-NPs was applied.
*P < 0.05, **P < 0.01 compared with control group. The error bars (n=3) represent
mean + standard deviation (SD). For clarity, NBDP-NPs are abbreviated as NMe2-
NPs in Fig. 5.

Human colorectal cancer cells (SW-620) were treated with var-
ious NBDP-NPs concentrations (0-40 pmol/L) and laser radiation,
and the cell counting kit-8 (CCK-8) assessment was utilized to
determine the concentration dependency of NBDP-NPs. The re-
sults revealed that, when compared to the no-treatment group,
the NBDP-NPs treatment group, and the laser radiation group, the
combination of laser radiation and NBDP-NPs had the most signif-
icant effect on decreasing cell viability. There was NBDP-NPs con-
centration dependence, with the discrepancy increasing more no-
ticeable at NBDP-NPs concentrations of 30 pmol/L. As a result, we
determined to use 30 pmol/L NBDP-NPs in the following studies
(Fig. 5a). Live-dead cell labeling with calcein AM (green) and pro-
pidium iodide (PI, red) reagents was conducted in order to vividly
observe efficiency of the phototherapeutic function of NBDP-NPs.
The green fluorescence denotes living cells, whereas the red flu-
orescence reflects dead cells. The red fluorescence following NIR
photoexcitation (0.3 W/cm2, 20 min) proved that 30 pmol/L NBDP-
NPs severely destroyed the cancer cells (Fig. 5b). Nevertheless, only
green fluorescence was detected in the solo light and sole NPs
groups, confirming that the combination of NBDP-NPs with laser
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irradiation significantly promoted cytotoxic effects. Moreover, the
intracellular ROS production was performed by DCFH-DA assays to
detect using flow cytometry. As shown in Fig. S12 (Supporting in-
formation), the intracellular ROS level of NBDP-NPs groups treated
with light has no significant difference compared to the NBDP-
NPs groups without light. As shown in Fig. 5c, cells treated with
NBDP-NPs or light alone displayed lesser rates of apoptosis, the
fraction of apoptotic cells increased from 9.3% to 65% after treat-
ment with NBDP-NPs and laser irradiation, suggesting the efficacy
of NBDP-NPs stimulated by illumination in inducing apoptosis in
cancer cells, rather than necrosis which can cause increased in-
flammation for therapeutic side-effect.

In conclusion, NBDP PTA by a phenyl[b]-fused strategy com-
bined with Knoevenagel condensation at 1-site in BODIPY system
was constructed, which by self-assembly serves as nanomaterials
to prepare NBDP-NPs for photothermal therapy (PTT) via apop-
tosis mechanism. NBDP-NPs were found to have NIR absorption,
and possessed the outstanding PCE of 46.9%, thereby endowing
the nanomaterials with PTT anti-cancer reagent. Herein, the feasi-
ble modification of BODIPY supports a meticulous-design molecu-
lar structure, which can not only achieve innovative molecule con-
struction, but also undertake anti-tumor PTT treatment via apopto-
sis mechanism, rather than necrosis caused increased inflammation
for therapeutic side-effect.
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