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Orthogonal molecular orbitals (MOs) of donor-acceptor (D-A) pairs favor the spin-orbit charge transfer
intersystem crossing (SOCT-ISC) transition, and herein 2-anthryl asymmetric aza-boradiazaindacene (aza-
BODIPY) (AH-BDP) was designed and prepared. According to the X-ray crystallography, the steric hin-
drance in orthogonal molecule AH-BDP results in a large dihedral angle between the two MO planes.
Since low AE prefers to undertake ISC and efficiently produce reactive oxygen species (ROS), the calcu-

Keywords: lated AE, for AH-BDP is 0.757 eV, significantly smaller than that of the aza-BDOPY without anthryl group
Anthracene DH-BDP (1.052 eV). AH-BDP as a heavy-atom-free photosensitizer not only produced the singlet oxygen,
Heavy-atom-free but also possessed photothermal conversion efficiency. Self-assembly AH-BDP nanoparticles (NPs) could
Aza-BODIPY efficiently induce HCT116 cells elimination in nude mice through ROS/heat-mediated pathways.

ROS © 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Orthogonal configuration

Medica, Chinese Academy of Medical Sciences.

As the incidence of cancer continues to rise annually, the devel-
opment of efficient and safe cancer treatment becomes an urgent
issue. Compared to traditional treatment approaches, photother-
apy, such as photothermal therapy (PTT) or photodynamic therapy
(PDT), has garnered significant attention due to their non-invasive
nature and minimal side effects [1-3]. PTT employs photothermal
agent that converts light into heat through non-radiative decay
when exposed to the laser of specific wavelength, enabling local-
ized thermal treatment of cancerous tissues [4-7]. In contrast, PDT
utilizes photosensitizer (PS) to yield superoxide anion/hydroxyl
radicals and singlet oxygen via electron transfer (type I reaction)
and energy transfer (type II reaction) processes, respectively [8-
10]. These reactive oxygen species (ROS) could effectively kill can-
cer cells [11].

Phototherapy agent plays a crucial role in PTT/PDT, leading to a
sustained increase for developing and designing novel structures.
Among them, aza-boradiazaindacene (aza-BODIPY) has attracted
considerable interest due to its long-wavelength, high molar ex-
tinction coefficient and ease of modification [12-18]. Indeed, in-
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troduction of some heavy atoms (Br, I) into aza-BODIPY, can ef-
fectively enhance the intersystem crossing (ISC) and facilitate the
generation of ROS for PDT [19-23]. However, the heavy atom also
poses potential dark toxicity [24-26], which could compromise the
safety of cancer treatment, thus and heavy-atom-free aza-BODIPY
presents a promising avenue for further research [27,28].

The spin-orbit charge transfer intersystem crossing (SOCT-ISC)
is found to effectively solve the above problem [29-31]. Orthog-
onal molecules with light excitation undergo charge separation
and recombinated processes, overcoming the limitations associated
with traditional heavy atom approaches [32]. Since the orthogo-
nal molecular orbitals (MOs) of donor-acceptor (D-A) pairs favor
the SOCT-ISC transition, BODIPY with the anthryl group at meso
site was popularly designed, owing to steric hindrance to produce
a large dihedral angle between the two MO planes. According to
the X-ray crystallography, indeed the orthogonal structure between
the anthryl group at meso site and the parent nucleus BODIPY was
confirmed by Yang et al. [33]. Subsequently, Sun et al. reported
heavy-atom-free nanomaterials based on aza-BODIPY, which pro-
motes ISC by SOCT to produce ROS, and acts as storage for the re-
versible capture and release of ROS to enhance PDT efficacy [34].
Very recently, our group prepared dye with 1,7-di-anthryl groups
in aza-BODIPY system for the first time, owing to steric hindrance
to produce a large dihedral angle between the two MO planes [35].
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Fig. 1. Design strategies for AH-BDP with 2-anthryl groups in aza-BODIPY system,
preparation of self-assembled AH-BDP NPs, and theranostic mechanisms.

Scheme 1. Synthesis of AH-BDP with anthryl group at 2-site in aza-BODIPY.

Indeed, anthracene as a heavy-atom-free group embedded in aza-
BODIPY can form an orthogonal structure that improves the gener-
ation of ROS [35]. Therefore, based on the unique aza-BODIPY core
and the significant steric hindrance of anthracene, we herein intro-
duced an anthryl group to aza-BODIPY at 2-site (Fig. 1), confirming
an orthogonal structure by X-ray crystal for the first time. This or-
thogonal molecule AH-BDP, as a heavy-atom-free PS, can effectively
produce ROS, and also possess the photothermal conversion effect.
According to PTT/PDT co-therapy, self-assembly AH-BDP nanopar-
ticles (NPs) can efficiently induce cancer cell elimination through
ROS/heat-mediated pathways.

Using 2,6-dibromo DB-BDP as the starting material [36], we
performed a Suzuki coupling reaction to introduce mono-anthryl
moiety to aza-BODIPY (AB-BDP) [37,38]. Then, the mono-anthryl
AH-BDP was successfully prepared by the reaction of AB-BDP with
N,N-diisopropylethylamine (DIPEA)/Pd(dppf)Cl,, achieving a yield
of 30% (Scheme 1). Moreover, the structures of aza-BODIPYs AB-
BDP (CCDC: 24100364) (Fig. S1a in Supporting information) and
AH-BDP (CCDC: 24100365) were unequivocally confirmed by X-ray
analysis (Fig. 2a), which show that all the structures have slightly
distorted sp3 geometry for the boron atom. We found that the
steric bulk of the anthryl group was forced to adopt a pseudo-
orthogonal structure, avoiding the stereo repulsion (Fig. 2b and Fig.
S1b in Supporting information). The dihedral angle between the
anthryl group and the nucleus in AH-BDP is 70.6° (Fig. 2b), ap-
proaching the ideal value of 90°. Especially, for BA-BDP the corre-
sponding dihedral angle (87.8°) is even nearer to 90° (Fig. S1b).

In terms of spectral properties, the maximum absorption of AH-
BDP exhibited a bathochromic shift to 680 nm in the NIR region
(Table S1 in Supporting information), compared to those of DB-
BDP (A,,s =676 nm) and AB-BDP (X,,s =676 nm) in CH,Cl, (Fig.
S2a and Table S2 in Supporting information). This confirmed that
the introduction of the anthryl moiety at 2-site could slightly lead
to bathochromic shift of the absorption maxima. Additionally, we
measured the absorption spectra of AH-BDP in various solvents. All
absorption maxima fell within the narrow region of 672-688 nm
(Fig. 2c and Table S1), and emission maxima are in the relatively
wide range of 708-740 nm (Fig. 2d). Especially, the fluorescence
quantum yield of AH-BDP (®y=30% in CH,Cl,) is higher than that
(2%) of AB-BDP, due to the heavy-atom effect. In addition, the dual
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Fig. 2. (a) Oak Ridge thermal ellipsoid plot (ORTEP) views of AH-BDP (CCDC:
24100365) (displacement ellipsoids at the 30% probability level). (b) Side views of
the molecular structure. Selected angles (°): C23-C24-C32-C41, 70.6 (5). (c) Normal-
ized absorption and (d) emission spectra of AH-BDP in various organic solutions
at 298 K. (e) Time-dependent photo degradation of DPBF with AH-BDP. (f) DPBF
degradation rate curves with AH-BDP in toluene.

Fig. 3. Frontier MO profiles and energies (eV) of the studied species. AE; = LUMO-
HOMO. AE; =LUMO-HOMO-1.

absorption bands of the anthryl moiety in AH-BDP were observed
to be 372 and 392 nm (Fig. 2c).

To gain insight into the photophysical and electronic properties
of the studied systems, the theoretical calculations were performed
to obtain the spectral properties and the frontier MO distribution.
Table S3 (Supporting information) gives the calculated maximum
absorption wavelength, oscillator strength, and the assignment of
main absorption peaks at the PCM-D3(BJ)-B3LYP/6-311+G(d) level.
The frontier MO distribution is presented in Fig. 3. It can be seen
from Table S3 that the calculated A4 aps are in line with the cor-
responding experimental values. The main absorption peaks of the
studied systems mainly correspond to the electronic transitions
from highest occupied molecular orbital (HOMO) and HOMO-1
to lowest unoccupied molecular orbital (LUMO). As shown in Fig.
S3 (Supporting information), the HOMO and HOMO-1 orbitals of
DB-BDP are mainly distributed on the pyrrole rings and the phenyl
rings at 3,5-sites (Scheme 1), while the LUMO is mainly centered
on the aza-BODIPY moiety. Similar is for the cases of AB-BDP
and AH-BDP, where the electron density is further distributed on
the anthryl moiety at 2-site for the HOMO and HOMO-1 orbitals.
The electronic transition responsible for the maximum absorption
wavelength presents intramolecular charge transfer (ICT) charac-
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Fig. 4. (a) DLS of AH-BDP NPs in aqueous solution. Inset image: TEM of AH-BDP
NPs. Scale bar: 200 pm. (b) Absorption of AH-BDP (black curve) in CH,Cl, and
AH-BDP NPs (red curve) in aqueous solution. (c) Temperature changes of AH-BDP
NPs at different concentrations (20—80 pmol/L) under 690 nm laser irradiation
(0.8 W/cm?). (d) Photothermal conversion of AH-BDP NPs (80 pmol/L) under
690 nm laser irradiation with different power density (0.2—0.8 Wjcm?). (e)
Photothermal stability study during five circles of heating-cooling processes. (f)
Temperature response curves of AH-BDP NPs in aqueous solutions under irradiation
and naturally cooling, and Linear fitting of -In(0) and time.

teristics. From the results of the energy gap between HOMO and
LUMO (AE;), AH-BDP presents a smaller AE; (2.01 eV) than that
of DB-BDP (2.05 eV) and AB-BDP (2.13 eV). This implies a redshift
of the absorption maxima with the introduction of anthryl moiety
at 2-site, which explains the experimental observations. Addition-
ally, the S2 state is ascribed to exciting an electron from HOMO-1
to LUMO (AE,), and the lower energy gap (AE,) in AH-BDP
corresponds to the absorption peak at 459 nm in CH,Cl, (Fig. 2c).

To investigate ROS generation capability, monochromatic light
at 690 nm was employed to irradiate AH-BDP in toluene, with 1,3-
diphenylisobenzofuran (DPBF) serving as the singlet oxygen (10,)
indicator [39-42]. The efficiency of 10, generation was evaluated
by monitoring the decrease in absorbance of DPBF at 416 nm, us-
ing methylene blue (MB, @ 5 =0.57 in dichloromethane (DCM) as
a reference [43]. Based on the linear relationship observed in the
decay curves (S=—0.037), the 10, yield of AH-BDP was calculated
to be 0.15 (Figs. 2e and f). Indeed, due to the orthogonal struc-
ture enhancing SOCT-ISC, the singlet oxygen is generated by AH-
BDP with irradiation, compared to that (@ o =0.02) of aza-BDOPY
without anthryl group DH-BDP (Table S4 in Supporting informa-
tion). Furthermore, utilizing dihydrorhodamine 123 (DHR123) as an
indicator, we explored whether AH-BDP could produce type I ROS
under irradiation. DHR123 showed a negligible change in fluores-
cence intensity when AH-BDP were illuminated in DMSO solution
(Fig. S4 in Supporting information), suggesting that no type I ROS
was produced. To further understand the mechanism of 10, gen-
eration, we calculated the energy gap of S;-T; (AEs), which is an
important indicator of the ISC efficiency. Low AE; prefers to un-
dertake ISC and efficiently produce 10, [28]. The calculated AEs;
for AH-BDP is 0.757 eV, significantly smaller than that of the aza-
BDOPY without anthryl group DH-BDP (1.052 eV) (Table S4). This
implies that AH-BDP may possess higher ISC efficiency and thus
generate ROS more efficiently, in agreement with the experimental
results.

To enhance the biocompatibility and water solubility of
AH-BDP, we encapsulated it with 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[hydroxy(polyethyleneglycol)-2000]
(DSPE-PEG3qqg) to give AH-BDP NPs [44-46]. Dynamic light scat-
tering (DLS) measurements indicated a suitable hydrodynamic
diameter ranging from 70 nm to 200 nm (Fig. 4a), and the average
hydrodynamic diameter and the polydispersity index (PDI) were
114.7 nm and 0.285 (Fig. 4a). Furthermore, the morphology of AH-
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BDP NPs was examined using transmission electron microscopy
(TEM). The results showed that AH-BDP NPs were stable enough
to adopt a near-spherical shape after dispersion in water (Figs.
S5 and S6 in Supporting information). In addition, the absorption
spectrum (A,,; =688 nm) of AH-azaBDP NPs in aqueous solution
became wider, comparing to that (A,,; =680 nm) of AH-azaBDP in

Next, to verify whether the introduction of the anthryl moiety
affects the photothermal properties of aza-BODIPY (Fig. S7 in Sup-
porting information), we investigated the photothermal conversion
efficiencies (PCE) of AH-BDP NPs. We monitored the temperature
changes of aqueous solution in presence/absence of AH-BDP NPs
under irradiation. We found that, the temperature change of the
aqueous solution in the absence of AH-BDP NPs can be ignored
under continuous illumination. On the contrary, in the presence
of AH-BDP NPs, the temperature of the aqueous solution under-
goes a dramatic change, indicating that AH-BDP NPs have a good
photothermal conversion effect. Using a laser at 0.8 W/cm? and
irradiating with monochromatic light at 690 nm, the temperature
of aqueous solution increased by 40°C after 5 min (Fig. 4c). We
also measured the temperature changes at various light intensities
(0.2-0.8 W/cm?2) (Fig. 4d). The photothermal effect was found to
increase with both concentration and light intensity. After under-
going five cycles, the temperature continued to rise by 40°C, con-
firming the good stability of AH-BDP NPs in water (Fig. 4e). The
photothermal conversion efficiency (PCE, 1) was calculated based
on one cycle of the heat-cooling process (Fig. 4f). It was found that
the PCE of AH-BDP NPs was 54 %, and much higher than ICG (n ~
31%) [47].

Considering the singlet oxygen generation and photothermal
conversion, AH-BDP NPs are preferred as the reagent for in vitro
and in vivo experiments. First, human colon cancer cells (HCT116)
were treated with varying concentrations of AH-BDP NPs (0-40
umol/L) to assess its concentration-dependent effects under 690
nm laser irradiation. The results demonstrated that AH-BDP NPs
in combination with laser irradiation significantly reduced cell vi-
ability compared to the control, AH-BDP NPs-only, and laser-only
groups (Fig. 5a). To further investigate how AH-BDP NPs influences
cancer cell survival under laser irradiation, we employed a calcein-
AM/propidium iodide (PI) dual-staining assay. This method stains
live cells green and dead cells red. As shown in Fig. 5b, the com-
bined AH-BDP NPs and laser treatment caused extensive damage
to HCT116 cells, as evidenced by prominent red fluorescence. In
contrast, the control, laser-only, and AH-BDP NPs-only groups dis-
played strong green fluorescence, indicating minimal cell damage
in these groups. Flow cytometry was then performed to evalu-
ate the apoptosis-inducing potential of AH-BDP NPs. The results
revealed a substantial increase in apoptotic and necrotic cells in
AH-BDP NPs combined with laser group compared to the single-
treatment groups. These findings confirmed that the combination
of AH-BDP NPs and laser irradiation effectively induces cell death
in HCT116 cells (Fig. 5¢).

Since ROS are closely linked to tumorigenesis and apoptosis, we
measured ROS levels in all experimental groups using a ROS detec-
tion kit (Fig. 5d). The AH-BDP NPs combined with laser group ex-
hibited the highest ROS generation, indicating that this treatment
disrupted oxidative homeostasis and caused significant damage to
cancer cells (Fig. 5d). To examine the in vivo effects, we conducted
a tumor formation experiment in nude mice (Fig. 5e). The ani-
mal experiments conducted in this article have been approved by
the Animal Center of China Medical University (approval number
CMU20241627). The drug and irradiation combination group dis-
played the strongest tumor suppression compared to other groups
(Fig. 5f), with significantly lower tumor weights and volumes (Figs.
5g and h). So, these results demonstrate that the combination of
AH-BDP NPs and laser irradiation effectively induces cancer cell
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Fig. 5. (a) Cell viability on HCT116 cells after 0-40 pmol/L AH-treated with or with-
out 690 nm laser irradiation (0.8 W/cm?) for 20 min (n=3). (b) Fluorescence im-
ages of co-stained AM and PI on HCT116 cells after 30 pmol/L AH-treated with or
without 690 nm laser irradiation for 20 min. Scale bar: 500 pm. (c) Apoptosis situa-
tion on HCT116 cells after 30 pmol/L AH-treated with or without 690 nm laser irra-
diation for 20 min and quantitative diagrams of apoptotic (n=3). (d) ROS testing on
HCT116 cells after 30 umol/L AH-treated with or without 690 nm laser irradiation
for 20 min (n=3). (e) In vivo experiments were conducted on mice following the
formation of tumors via intraperitoneal drug injection and laser irradiation. Laser
treatment of the tumor site was initiated 6-8 h after drug injection and continued
every other day. The growth of tumors in mice was observed on the 15" day. (f)
Pictures of dissected tumors of the various groups in the nude mice. (g) The follow-
ing data presents the tumor volumes on the 5%, 10" and 15™ day for each group.
Tumor dimensions (long and short axes, L and W, respectively) were measured and
calculated using the formula V=L x W?/2. The replicates (n=4 or 5) were set up
for each group in the tumor size as Fig. 5f. (h) The weight of the dissected tumor
groups was determined using an electronic balance (n=4 or 5). Data are presented
as mean =+ standard deviation (SD). **P < 0.01, ***P < 0.001. The comparisons be-
tween groups were performed using one-way ANOVA.

death by promoting ROS generation and heat. This strategy may
represent a promising therapeutic approach for enhancing cancer
cell elimination through ROS/heat-mediated pathways. These find-
ings suggest that our work offers a robust design strategy of the or-
thogonal molecule in aza-BODIPY system for phototherapy agents.

Using 2,6-dibromo DB-BDP as the starting material, we per-
formed a Suzuki coupling reaction to introduce mono-anthryl moi-
ety to aza-BODIPYs AB-BDP and AH-BDP. AB-BDP and AH-BDP
were confirmed by X-ray analysis. We found that the steric bulk of
the anthryl group was forced to adopt a pseudo-orthogonal struc-
ture, avoiding the stereo repulsion. The dihedral angles between
the anthryl group and the nucleus were 70.6° for AH-BDP and
87.8° for BA-BDP, respectively. Due to the orthogonal structure en-
hancing SOCT-ISC, type II ROS (® A =0.15) is generated by AH-
BDP with irradiation, compared to that (@ o =0.02) of aza-BDOPY
without anthryl group DH-BDP. The calculated AEg: for AH-BDP is
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0.757 eV, significantly smaller than that of the aza-BDOPY without
anthryl group DH-BDP (1.052 eV), which suggested that AH-BDP
could possess higher ISC efficiency and thus generate ROS more ef-
ficiently, in agreement with the experimental results. Furthermore,
AH-BDP NPs had also a good photothermal conversion effect. Self-
assembly AH-BDP NPs can efficiently induce HCT116 cells elimina-
tion in nude mice through ROS/heat-mediated pathways. The find-
ings of this study suggest that our work offers a robust design
strategy of the orthogonal molecule in aza-BODIPY system for pho-
totherapy agents.
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