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Near infrared-II (NIR-II) dyes have unique advantages in biomedical applications owing to the powerful
ability in penetrating biological tissues. Herein, NIR-II aza-BODIPY dye, QLD-BDP, was developed with
julolidine at 1,7-sites and p-dimethylaminophenyl group at 3,5-sites. According to X-ray analysis, QLD-
BDP exhibits significant distortion, and this molecule appears a bowl shaped structure. The photothermal
conversion efficiency of the self-assembled QLD-BDP nanoparticles (QLD-BDP-NPs) can reach 50.5%, with

Keywords: maximum emission at 998 nm by the aggregate. QLD-BDP-NPs can cause the complete destruction of 4T1
Aggregate multicellular spheroids (MCSs), indicating a photothermal therapy (PTT) effect.

NIR-II © 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Julolidine Medica, Chinese Academy of Medical Sciences.
Aza-BODIPY

PTT

Near infrared (NIR) functional dyes, especially NIR-II (1000-
1700 nm) dyes, have shown unique advantages in biomedical ap-
plications, due to their powerful ability in penetrating biological
tissues [1-5]. Light in the NIR-II region can be strongly captured to
transfer high photothermal conversion efficiencies (PCEs) for treat-
ing deep-seated tumors at deeper tissue penetration (~5-20 mm),
because of the decreased tissue absorption, scattering and autoflu-
orescence, compared to light in visible (400-700nm) and NIR-I
(700-900 nm) regions [6-16]. Therefore, the design and synthesis
of NIR-II dyes have been attracting increasing interest.

In recent years, the classic molecule aza-borondipyrromethene
(aza-BODIPY) has attracted the widespread attention, due to its
excellent spectral properties such as high molar extinction coef-
ficient [17-21]. However, owing to the limitation of the parent nu-
cleus of aza-BODIPYs, their optical spectra rarely touch the NIR-
Il region [22-25]. The extension of the m-conjugated system and
the wise selection of the donor groups are the effective ways to
develop the NIR-II dye aza-BODIPY. Julolidine, with planarity and
steric hindrance, is often used as a donor fragment for the star
molecules in special fields such as functional dyes, chemical sen-
sors, optoelectronic materials and so forth [26-29]. Recently, Li
et al. introduced julolidine into the aza-BODIPY nucleus and pre-
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pared NIR-II dye OMe-BDP as template molecule for photother-
mal therapy (PTT) (Fig. 1a) [30]. Changing the donor groups at
3,5-sites to produce the remarkable red-shift of absorption maxi-
mum, NIR-Il aza-BODIPY (OMePh-BDP) nanoparticles for efficient
osteosarcoma PPT via concurrent apoptosis and pyroptosis were
successfully constructed (Fig. 1a) [31]. Moreover, the metallacy-
cle was obtained via the coordination driven self-assembly of the
NIR-II fluorescent aza-BODIPY (OMePY-BDP) with di-pyridine at
2,6-sites as the ligand, which provided a paradigm for the de-
velopment of long-wavelength emissive supramolecular theranos-
tic agents based on ruthenium (Fig. 1a) [32]. However, there is
no record for the structural chemistry and molecular aggregat-
ing state in the julolidine system. Therefore, we revealed its sin-
gle crystal structure for the first time and further elucidated the
aggregating state of julolidine-based aza-BODIPY. Powerful donor-
acceptor (D-A) type molecule was smartly designed through the
construction of 1,7-jiuluolidine-3,5-p-dimethylaminophenyl groups.
Based on the single crystal structure of QLD-BDP, its aggregation
state is found to be the J-aggregation [33-37]. This new molecule
absorbs and emits in NIR-II region, with good photothermal con-
version efficiency (50.5%). QLD-BDP nanoparticles (QLD-BDP-NPs)
could localize in mitochondria. QLD-BDP-NPs inhibited the growth
of 4T1 multicellular spheroids (MCSs) by light irradiation, internal-
ized into tumor rapidly and could not be excreted from the cells
for 12h. QLD-BDP-NPs could cause the complete destruction of
4T1 MCSs and had a PTT effect.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 2. Oak ridge thermal ellipsoid plot (ORTEP) views of QLD-BDP (CCDC: 2299513) (displacement ellipsoids at the 30% probability level). (a) Front, (b) side views of the
molecular structure. Selected bond lengths (A) and angles (°): N4-B1, 1.547(6); N5-B1: 1.546(6); B1-F1: 1.375(6); B1-F2: 1.425(6); N4-B1-N5: 106.2(4); F1-B1-F2: 110.1(4). (c)

Normalized absorption of QLD-BDP in different solvents, respectively.

Since it is of great value to construct a NIR absorbing dye aza-
BODIPY, julolidine at 1,7-sites and p-dimethylaminophenyl group
at 3,5-sites in aza-BODIPY system serves as a donor for the
aza-BODIPY nucleus as a receptor, constructing a powerful D-
A structural molecule. Using hexahydropyrido[3,2,1-ij]quinoline-
9-carbaldehyde and 1-(4-(dimethylamino)phenyl)ethanone as the
starting material, we successfully synthesized aza-BODIPY QLD-
BDP in 14% total yield (Fig. 1b and Scheme S1 in Supporting in-
formation). According to the 'H NMR spectra, three different sets
of -CH,- peaks and one set of -CH; peaks can be clearly ob-
served, confirming this molecular structure. Furthermore, we were
fortunate to obtain the X-ray crystal of QLD-BDP, which is the
first structure of julolidine-containing aza-BODIPY to date (Fig. 2a).
Based on the single crystal structure, we found that the -CH,-
groups, directly connecting to phenyl groups (C7, C13, C47 and
C50) and the sp? hybridized N (C9, C11, C45 and C48), maintain a
coplanar structure with the phenyl groups (Fig. 2a). We also found
that the four -CH,- groups in the middle sites (C8, C12, C46 and
C49) were all tilted in the same direction, without adopting the
distribution pattern on both sides of the phenyl plane. The an-
gle of C48-C49-C50 is 114.3°, far deviating from the ideal value of
109.5°, indicating that C49 is closer to the plane mentioned above.
However, the other three -CH,- groups (C8, C12, and C46) basi-
cally adopt the ideal sp? hybrid structure. The B-F distances (1.375
and 1.425A) in QLD-BDP were found to be longer than that of
the corresponding aza-BODIPY with 1,7-diphenyl groups (1.391 and
1.389A) by 0.036 A [24,38], owing to the strong electron-donating
effect. The N4-B1-N5 and F1-B1-F2 angles were 106.2° and 110.1°
respectively, indicating the boron atom in the center is a seriously
distorted sp> configuration. Therefore, due to the introduction of
julolidine at 1,7-sites, the aza-BODIPY nucleus exhibits the signif-
icant distortion, and the overall molecule appears a bowl shaped
structure (Fig. 2b and Fig. S1 in Supporting information).

Next, we gained insight into spectral characteristics of QLD-
BDP in different solvents. It found that the maxima absorption
of QLD-BDP in various solvents ranged from 810nm to 862 nm,
with a broad full width at half maxima (FWHM) and a high mo-

lar extinction coefficient (for instance, & =166,000L mol~-! cm~! in
CH,Cl,) (Fig. 2c and Table S1 in Supporting information). Among
them, the maxima absorption of QLD-BDP in small polar solvent
toluene is 810 nm, while QLD-BDP in large polar solvent DMSO
is 862nm with FWHM of 230nm (Table S1). Subsequently, sin-
glet oxygen (10,) generation of QLD-BDP to inspect the intersys-
tem crossing (ISC) process was investigated (Fig. S2 in Supporting
information). By using 1,3-diphenylisobenzofuran (DPBF) as a 10,
indicator, the efficiency of 10, generation was evaluated by detect-
ing the decrease of DPBF indicator absorbance at 416 nm [39-43].
Based on the decay lines at 416 nm, the '0, yields of QLD-BDP
were very low and near to be 0, indicating that ISC is basically
prohibited.

Because we obtained the data of weak fluorescence (Table
S1) and singlet oxygen generation of this novel dye QLD-BDP,
such information urges us to further explore the insight into the
photothermal conversion capacity. To enhance the biocompatibility
and the water solubility of QLD-BDP for photoimaging and pho-
totherapy in biological system, QLD-BDP and amphipathic polymer
material 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)—2000] (DSPE-PEGjqqq) were self-
assembled into dye QLD-BDP nanoparticles (QLD-BDP-NPs)
(Fig. 3a) [44-46]. To understand the molecular design concept, the
molecular packing mode of QLD-BDP via single crystal structure
analysis was firstly investigated (Fig. 3b). In the single-crystal
structure, the m-m interactions between one julolidine group
(green) and another julolidine group (green), between the juloli-
dine group (green) and the dimethylaminophenyl group (yellow)
(Fig. S1), facilitate the aggregation packing mode. While dye QLD-
BDP adopts coplanar inclined arrangement of its transition dipole,
a slip angle of 35° is clearly observed (Fig. 3b). This arrangement
of aggregate is in great agreement with Kasha’s molecular exciton
model, and corresponds to textbook cases of J-type (8 < 54.7°)
packing for QLD-BDP (Fig. 3b) [47-49]. Dynamic light scattering
(DLS) of QLD-BDP-NPs showed a suitable hydrodynamic diameter
(30-110nm) in Fig. 3c, and the average hydrodynamic diameter
and the polydispersity index (PDI) were about 81.36 nm and 0.173.



L. Cao, Y. Li, D. Zhang et al.

a)

Chinese Chemical Letters 35 (2024) 109735

¥
QLD-BDP Self-assembly //' //
| Aggregation
M NIR-II QLD-BDP-NPs
DSPE-PEG:000
)
15 D05
Dos
12 0.4 2z
g 8 504
9 £03 R
5 e E
£6 20:2 2
21 < .2 0.2
g
3 N2 0.1 53
0 0 0
1 10 100 1000 400 600 800 1000 900 1000 1100 1200 1300
Diameter (nm) Wavelength (nm) Wavelength (nm)
h " i
g — Vss Y600
50 g ~ .
o ~ 845 550 y=161.8x +263.2
< ° R%2=0.997
40l e El 23500
§ - ol g 1
g = I 235 2450
530 / " . —a— 80 pmol/L IE 400
= A/‘ —e— 60 umol/L 25 '~ 350
= 40 pmol/L.
20 300
0 1 2 3 4 5 0 2 6 8 10 0 04 08 12 16 20
Time (min) Time (min) —Ln(0)

Fig. 3. (a) Self-assembly of QLD-BDP-NPs. (b) Molecular packing diagram of side view for QLD-BDP. (c) DLS of QLD-BDP-NPs in aqueous solution. (d) TEM of QLD-BDP-NPs
in aqueous solution. Scale bar: 100 nm. (e) Photo of pure water and QLD-BDP-NPs in water. (f) Absorption of 2 pmol/L QLD-BDP-NPs (black curve) in CH,Cl, and 10 pumol/L
QLD-BDP-NPs in water (green curve). (g) Fluorescence of 10 umol/L QLD-BDP-NPs in water. Aex =808 nm; laser source. (h) Temperature changes of QLD-BDP-NPs at different
concentrations (40-80 pmol/L) under 808 nm laser irradiation (0.8 W/cm?). (i) Temperature response curves of QLD-BDP-NPs in aqueous solutions under irradiation and

naturally cooling. (j) Linear fitting of -Lné and time.

The azury QLD-BDP-NPs in aqueous solution stood for one week
(Figs. 3d and e). Due to the aggregate effect (Fig. 3a and Fig.
S3 in Supporting information), the absorption maximum (A ps=
866nm) of QLD-BDP-NPs in aqueous solution bathochromically
shifted 36 nm and its absorption band covered the NIR region
(600-1000nm) and became wider (Fig. 3f), comparing to those
(Aps= 830nm) of QLD-BDP in CH,Cl,. Additionally, QLD-BDP-NPs
emit fluorescence (Aem=998nm, ¢;=0.001) when excited at
808 nm, and a peak belt covers a NIR-II range of 1000-1300 nm
(Fig. 3g).

Next, photothermal conversion efficiency of QLD-BDP-NPs was
measured. The temperatures of QLD-BDP-NPs (40, 60 and 80
pmol/L) in aqueous solution were found to be increased gradu-
ally under light radiation (0.8 W/cm?2, 5min) (Fig. 3h). Moreover,
the heating effect is proportional to the concentration of QLD-BDP-
NPs. Under 80 umol/L of QLD-BDP-NPs and 0.8 W/cm? light radia-
tion, the solution can be quickly heated to 55.1 °C in 5min (Fig. S4
in Supporting information). The higher temperature-elevated per-
formance is associated with intense light radiation power (0.4-
0.8W/cm?) in Fig. S5 (Supporting information). So, the photother-
mal effect was positively related to concentration and light power
density, indicating that the heat generation could be controlled.
Natural cooling for 5min after 5min light radiation could reduce
the temperature almost to room temperature (Fig. 3i). Based on
the corresponding relationship between cooling time and —Lnf
(Fig. 3j), the photothermal conversion efficiency (1) was calculated
as 50.5%, which was in agreement with that previously reported
for aza-BODIPY derivatives [19]. Furthermore, we tested the tem-
perature changes of five heating-cooling cycles, which showed that
QLD-BDP-NPs had good photothermal stability, and temperature

changes of the five cycles were similar (Fig. S6 in Supporting in-
formation).

The colocalization of QLD-BDP-NPs with Lyso-Tracker Green
(LTG), ER-Tracker Green (ETG) or Mito-Tracker Green (MTG) in 4T1
cells was investigated, respectively (Fig. 4) [50,51]. Colocalization
experiments showed that the green fluorescence signal of LTR and
ETR overlapped poorly with the red fluorescence signal of QLD-
BDP-NPs, with low Pearson coefficients of 0.775 and 0.677, respec-
tively (Figs. 4a and b). However, when 4T1 cells were labeled with
QLD-BDP-NPs and MTR, colocalization experiments confirmed that
the green fluorescence of MTR overlapped well with the red flu-
orescence of QLD-BDP-NPs, and the Pearson coefficient reached
0.890 (Fig. 4c). These results indicated better specific imaging and
localization ability of QLD-BDP-NPs for mitochondria than lyso-
some and endoplasmic reticulum.

MTT assay was employed to further evaluate the effect of dif-
ferent concentrations of QLD-BDP-NPs on the viability of 4T1 tu-
mor cells under darkness and 850 nm laser irradiation (0.2 W/cm2,
8 min). As shown in Fig. S7 (Supporting information), under dark-
ness the inhibition of QLD-BDP-NPs on the activity of tumor cells
gradually increased with the increase of QLD-BDP-NPs concentra-
tion. Under laser irradiation, cell viability decreased significantly,
and cell viability was only 3.01% in present of 40 ug/mL QLD-BDP-
NPs. The experimental results showed that QLD-BDP-NPs had low
dark toxicity and high phototoxicity. Furthermore, to investigate
the triggering mechanism of QLD-BDP-NPs on cancer cells, flow
cytometry was applied to explore relevant apoptosis in 4T1 cells
(Fig. S8 in Supporting information). The treatment with QLD-BDP-
NPs plus laser irradiation obviously caused apoptosis in cancer
cells, and the percentage of apoptotic cells increased from 7.24%
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Fig. 4. Colocalization of QLD-BDP-NPs with LTG, ETG or MTG for (a) lysosome,
(b) endoplasmic reticulum, and (c) mitochondria in 4T1 cells (QLD-BDP-NPs: Aex
=640nm, Aem =650-750 nm; Tracker: Aex =488 nm, Aem =500-600nm; Scale bar:
20um). Cells were labeled with QLD-BDP-NPs (20 pug/mL) and LTG (1.0 pmol/L), ETG
(1.0 pmol/L) or MTG (1.0 pmol/L), respectively. (I) QLD-BDP-NPs labeled with red
fluorescence; (I1) Organelles labeled with green fluorescence; (I1I) Superposition of
red and green fluorescence in yellow, indicating colocalization; (IV) Pearson coeffi-
cient of pixel intensity.

to 50.67%, whereas cells treated with QLD-BDP-NPs or light alone
showed a lower rate of apoptosis.

The uptake and permeation ability of drugs in MCSs is an im-
portant factor affecting their therapeutic effect on tumors [52-54].
Therefore, based on mouse breast cancer 4T1 cells, a 3D multi-
cellular spheroid tumor model in vitro was established to study
cell uptake. After 12h of exposure to QLD-BDP-NPs, imaging of
MCSs was performed using single photon fluorescence confocal mi-
croscopy (CLSM). As the Z-axis stacking depth extends, QLD-BDP-
NPs were found to exhibit a clear process of infiltrating from the
edge to the inside (Fig. 5a), stimulating their tracking and imag-
ing in vitro. So, QLD-BDP-NPs could internalize into tumor rapidly
and could not be excreted from the cells for 12 h. To evaluate the
phototoxicity of QLD-BDP-NPs on MCSs, the MCSs of 4T1 cells

Chinese Chemical Letters 35 (2024) 109735

were treated with 20 and 40pug/mL QLD-BDP-NPs in phosphate
buffered saline (PBS), and the culture medium was changed ev-
ery other day (Fig. 5b). After 12h of cultivation, the MCSs were
formed. Then, the MCSs were further cultured under laser irradi-
ation (0.3W/cm?, 900s) or darkness for two days to observe the
morphological changes. Compared with the control group without
laser irradiation, 20 or 40pg/mL QLD-BDP-NPs have a slight in-
hibitory effect on the growth of MCSs. Under laser irradiation, 20
or 40pug/mL QLD-BDP-NPs have a significant inhibitory effect on
the growth of MCSs. Especially, MCSs treated with 40 ng/mL QLD-
BDP-NPs exhibited more significant disintegration, demonstrating
higher PTT efficiency. Therefore, the unique ability of QLD-BDP-NPs
to inhibit the growth of MCSs by light irradiation indicates that
QLD-BDP-NPs have the potential to inhibit solid tumors in vivo.

To further test the phototherapy effect of QLD-BDP-NPs, MCSs
were treated with 40 g/mL QLD-BDP-NPs, and then stained with
calcein AM (green) and propidium iodide (PI, red) dyes in the dark
group and the light group, respectively. Green fluorescence repre-
sents living cells, while red fluorescence represents dead cells. As
shown in Fig. 5¢, it is once again demonstrated that QLD-BDP-NPs
have a slight inhibitory effect on the growth of 4T1 MCSs without
laser irradiation. Under NIR laser irradiation (850nm, 0.3 W/cm?2,
9005), a strong red fluorescence was obviously observed, indicating
that QLD-BDP-NPs caused the complete destruction of 4T1 MCSs.

In conclusion, utilizing hexahydropyrido[3,2,1-ij]quinoline-9-
carbaldehyde and 1-(4-(dimethylamino)phenyl)ethanone as the
starting material, we successfully synthesized aza-BODIPY QLD-
BDP in 14% total yield. Based on the single crystal structure, due to
the introduction of julolidine at 1,7-sites, the aza-BODIPY nucleus
exhibits the significant distortion, and the overall molecule appears
a bowl shaped structure. Owing to the aggregation effect, the ab-
sorption maximum (X,,;=866nm) of QLD-BDP-NPs in aqueous
solution bathochromically shifted 36 nm and the absorption band
covered the NIR region (600-1000nm) and became wider. QLD-
BDP-NPs emit fluorescence (Aem =998 nm, ¢y = 0.001) when ex-
cited at 808 nm, and a peak belt covers a NIR-II range of 1000-
1300 nm. The PCE of the self-assembled QLD-BDP-NPs by aggre-
gate can reach 50.5%. QLD-BDP-NPs have better specific imaging
and localization ability for mitochondria than lysosome and en-
doplasmic reticulum. QLD-BDP-NPs could internalize into tumor
rapidly and could not be excreted from the cells. QLD-BDP-NPs
caused the complete destruction of 4T1 MCSs and possessed a PTT
effect.
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Fig. 5. (a) Imaging of MCSs of 4T1 cells (Aex =640 nm, Aem = 650-750 nm). (b)

) CLSM analysis image of 4T1 MCSs. MCSs were cultured in a medium PBS containing 20 or

40 pg/mL QLD-BDP-NPs. Use a laser at 850 nm (0.3 W/cm?, 900s) for light irradiation. The images of the spherical formation for 12h before irradiation were recorded, and
the images of the first and second days with or without light irradiation were recorded. (c) Live/dead cell imaging of 4T1 MCS treated with QLD-BDP-NPs under dark and

light irradiation (850 nm, 0.3 W/cm?, 9005), respectively. Scale bar: 200 pm.
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