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Supramolecular engineering is exceptionally appealing in the design of functional materials, and J-
aggregates resulting from noncovalent interactions offer intriguing features. However, building J-
aggregation platforms remains a significant challenge. Herein, we report 3,5-dithienyl Aza-BODIPYs with
a donor—acceptor—donor (D-A-D) architecture as the first charge transfer (CT)-coupled J-aggregation
BODIPY-type platform. The core acceptor moieties in one molecule interact with donor units in
neighboring molecules to generate slip-stacked packing motifs, resulting in CT-coupled J-aggregation
with a redshifted wavelength up to 886 nm and an absorption tail over 1100 nm. The J-aggregates show
significant photoacoustic signals and high photothermal conversion efficiency of 66%. The results
obtained in vivo show that the J-aggregates have the potential to be used for tumor photothermal
ablation and photoacoustic imaging. This study not only demonstrates Aza-BODIPY with D-A-D as
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Introduction

With the advancement of optical diagnosis and nanomedicine,
near-infrared organic dyes have demonstrated tremendous
promise in the fields of disease diagnosis and phototherapy.*
Molecular engineering has been a widely used strategy to
develop NIR dyes with desired properties.> In addition to the
molecular engineering strategy, supramolecular engineering
offers an alternative approach for the design of NIR dyes by
forming J-type aggregates.® This strategy takes advantage of the
exchange narrowing effect between chromophores, which can
lead to a significant redshift in the absorption wavelength.* J-
aggregation has emerged as a convenient method to achieve
NIR absorbance.* However, the construction of J-aggregates is
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study on the design of J-aggregation.

usually developed by serendipitous discovery, and the rational
design of molecular structures to induce J-aggregation of
organic dyes remains a challenge. Although there have been
successful examples of J-aggregate formation, developing
a systematic and predictable approach for designing J-
aggregates is still an ongoing area of research.*”%%

Classical J-aggregation refers to the accumulation of dye
molecules in a slip-stacked manner along the direction of the
dipole moment, with the slip angle of 6 < 54.7°. This phenom-
enon leads to a narrow absorption peak in J-aggregation under
the influence of the long-range Coulomb coupling. Typically,
there is a wavelength shift of around 30 nm,*” which is limited to
controlling the wavelength red shift. In addition, the narrow
absorption peak (usually FWHM <40 nm) causes an unsatisfac-
tory matching between the laser wavelength and absorption
peak, making the selection of appropriate lasers for photo-
therapy difficult. Therefore, the development of J-aggregates with
superior spectral characteristics has become an urgent matter. In
D-A-D architectures, slip-stacked packing motifs are favored,
where the central acceptor moiety in one molecule interacts with
donor moieties in neighboring molecules (Fig. 1).** The partic-
ular arrangement of these interactions can result in different
types of spectra with J-Coulomb dominance (conventional J-
aggregation) or CT-coupled J-aggregation, the latter of which
might even have an H-type J-Coulomb component.?® The mixing
of multiple couplings results in band widening, which helps
match lasers and is required for panchromatic light absorption.
Currently, several CT-coupled J-aggregates based on the D-A-D
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Fig.1 Creation of CT-coupled J-aggregates. Schematic illustration of
classical J-aggregates and strategic design of CT-coupled J-aggre-
gates in this study.

architecture are limited to the squaraine system.' The electron-
deficient aza-BODIPY core is an ideal model to construct
a D-A-D structure to form a slip-stacked packing motif."* Recent
studies have reported several aza-BODIPY dyes with conventional
J-aggregation,' in which main driving forces for aggregation are
diverse, such as hydrogen bond,* solvophobic interactions™ and
-7 stacking interactions.” Despite these advancements, there
is still much to explore in the rational design and stabilization of
J-aggregates. Herein, we present a general D-A-D scaffold
incorporating thiophene units as donors* into the 3,5-position
of aza-BODIPY to construct CT-coupled J-aggregates. The
resulting thiophene(D)-aza-BODIPY(A)-D scaffold exhibits hyp-
sochromic and bathochromic absorption bands, corresponding
to the mixing between intermolecular CT and Frenkel states due
to pronounced D-A interaction. Moreover, the CT-coupled J-
aggregates were demonstrated to be applicable to photo-
acoustic (PA) imaging-guided photothermal therapy (PTT).

Results and discussion
Molecular design

Slip-stacked packing motifs are highly favored in the D-A-D
architecture. The aza-BODIPY core is an ideal acceptor due to its
planar electron-deficient properties. The donor moiety at the
3,5-position plays a crucial role in forming the CT-coupled J-
aggregates because the electronic effect at the 3,5-position
contributes to HOMO and LUMO orbitals (Fig. S1 and Table
S1t)."” The five-ring thiophene unit is a wonderful candidate
with electron-rich nature. In addition, the angle between the
five-ring thiophene (D) and aza-BODIPY core is smaller than
that of the sixring donor. This smaller angle facilitates
increased conjugation and interaction between the donor and
acceptor moieties, which is beneficial for the formation of the
CT-coupled J-aggregates. Taking advantage of the unique
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properties of thiophenes, we developed a series of 3,5-dithienyl
(D1)-aza-BODIPY(A)-D2 structures (Fig. 2A). These compounds
are loaded with different electron-donor groups at the 1,7-
position to achieve general CT-coupled J-aggregation. Addi-
tionally, D-A-A structures were designed to gain a deeper
understanding of the aggregate characteristics.'® The synthesis
of BDP1-5 adopts the classic Aza-BODIPY synthesis meth-
od."”®* The detailed synthesis process and characterization
information are in the ESL}

Spectroscopic properties

We first investigated the spectroscopic properties of dichloro-
methane (Fig. 2B and Table S21). BDP1-5 exhibited strong
absorption spectra with a large molar extinction coefficient (3-
7.5 x 10* M~" em ') and maximum wavelength covering the
717-786 nm region through the modification of the substituent
at the 1,7-position. The strong electron-donating N,N-dialkyl
groups resulted in the splitting of the maximum absorption into
two parallel peaks. This split can be attributed to the presence
of local excitation (LE) and charge transfer (CT) transition
states. Photobleaching resistance is a crucial property. The
maximum absorption of BDP1-5 exhibits minor change within
2%, whereas control indocyanine green (ICG) was significantly
reduced after 30 min of irradiation (Fig. S2+t), indicating their
promising photobleaching resistance.

We then investigated the aggregation behavior. The dyes
were first dissolved in THF and later quickly injected into water
containing DSPE-PEG2000 under stirring, leading to the
formation of micellar nanoparticles (Fig. S31). The UV/Vis
spectra showed significant changes upon aggregation. D-A-D
scaffolds BDP2-4 display broad absorption spectra (FWHM =
205 nm for BDP2, 209 nm for BDP3, and 298 nm for BDP4) with
two distinguishable maxima with H-type Jcoulomb and
pronounced donor-acceptor interaction between monomers
due to a significant HOMO-LUMO overlap (Fig. S1t). The
energetically low-lying charge transfer (CT) states interact with
Frenkel states, resulting in a mixing of electronic states. This
mixing leads to the formation of optically allowed states at
higher and lower energy compared to the monomer. In contrast,
BDP1 with a weak donor at the 1,7-position exhibited a weak H-
type Jcoulomb @and strong short-range coupling owing to wave-
function overlap. The substituent group greatly disturbed the
type of aggregation. The 3,5-position phenyl aza-BODIPY dis-
played a minor absorptive change before and after aggregation,
indicating that substituents at the 3,5-position have a signifi-
cant effect on the formation of J-aggregation (Fig. S4t). In the
case of the D-A-A structure, a blue-shifted and broad absorp-
tion band was observed, since it is prone to self-assembly into
an extended 1d card-stack arrangement with pronounced
Coulomb H-coupling (Fig. 2B).

Crystal packing can provide valuable insights into the
aggregation behavior of molecules (Fig. 2C). According to the
analysis of the X-ray structures of BDP1-2,'** they possess a rigid
7 system from B-F---H-C (thiophene) hydrogen interaction by
inhibiting the rotation of thiophene. In the context of BDP1, it
can be observed that the overlap between two parallel molecules

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Structure of BDP1-5. (B) Comparison of the absorption of BDP1-5 in THF and BDP1-5 NPs in water. (C and D) Molecular structure of

BDP1 (left) and BDP2 (right) in the single crystal state with the F---H (thiophene) bond, packing motif in the single-crystal structure, and
a schematic depiction of extended, antiparallelly aligned m-stacks, respectively. CCDC no. 877767 and 877768. Reproduced from ref. 18a with
permission. (E) Absorption spectra of BDP2 in a DMF/water mixture with different water fractions. Inset: natural light image of BDP2 in DMF/water
(1/9 and 9/1). (F) Temperature-dependent absorption spectra of BDP2 in a DMF/water (3/2) mixture from 293 to 353 K at a total concentration of
10 puM. (G) The size distribution of BDP2-NPs using DLS at 298 K. (H) Absorption spectra of BDP2-NPs in PBS for different days.

is less pronounced, while there is a relatively higher degree of
overlap with the neighboring molecules. This increase in over-
lap is primarily attributable to intermolecular interactions that
arise between the electron-donating thiophene unit and non-
parallel parent nucleus of the adjacent molecule, as well as
between the thiophene unit and parent nucleus of a distinct
molecule. Such intermolecular forces in turn facilitate the
effective aggregation of the molecules. In the case of BDP2, it
can be observed that the intermolecular spacing between
parallel molecules is restricted to 3.73 and 3.44 A, leading to an
evident intermolecular w-7 interaction.” When examining the
crystal packing from a top-down perspective, the presence of an
electron-donating thiophene unit and another parallel electron-

© 2024 The Author(s). Published by the Royal Society of Chemistry

deficient core of the molecule is observed to play a significant
role in this process. Overall, the crystal packing structure
confirms the plausibility of utilizing a D-A-D strategy to facili-
tate the aggregation of molecules and intermolecular
interactions.

To gain insight into the detailed aggregation state-related
physiochemical properties, the absorption spectra of BDP2
under different DMF/water ratios were investigated, with the
addition of water leading to a gradual decrease in the main
absorption peak and appearance of a new absorption peak at
831 nm for BDP2 (Fig. 2E). Subsequently, the absorption peak of
the monomer with maximum absorption of 739 nm increased on
increasing the temperature from 293 K to 353 K, and this result

Chem. Sci., 2024, 15, 5973-5979 | 5975
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verified that the self-assembly was reversible (Fig. 2F). We con-
ducted an investigation into the aggregation mechanism of BDP2
employing a nucleation-elongation model.>* By analyzing the Vis-
NIR spectral data and fitting resulting curves, we determined the
fraction of aggregated molecules (aag,), temperature (7), molar
enthalpy (AH,), and elongation temperature (7T¢) (Fig. S51). Our
analysis revealed a molar enthalpy change of —18.2 k] mol " and
an elongation temperature of 360 K. Notably, the lower molar
enthalpy indicates that BDP2 exhibits a higher aggregation
propensity, suggesting its ease of aggregation. SEM was used to
test its aggregates and confirmed that it formed a large number
of the nanoparticles (Fig. S6at).

Photothermal properties of BDP2-NPs

To ensure that BDP2 has good water solubility and stability, we
performed a comparative characterization of the structure of
the encapsulated nanoparticles. The hydrodynamic size of the
BDP2-NPs measured by dynamic light scattering (DLS) was
around 160 nm (Fig. 2G), which contributed to their accumu-
lation at tumor sites through the enhanced permeability and
retention effect,> and their hydrodynamic diameters hardly
changed after storage in a refrigerator at 4 °C for one week
under normal physiological conditions (Fig. 2H, S6b and c¥).
While BDP2-NPs do not exhibit fluorescence emission due to
the aggregation of free molecules in the nanoparticles, this
property helps to improve their photothermal conversion
ability, making them promising in photoacoustic/photothermal
imaging and photothermal therapy.

Based on the fact that BDP2-NPs exhibit negligible fluores-
cence emission in water, it is inferred that the excitation energy

View Article Online
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can be released through a non-radiative decay process.'**
Therefore, we investigated whether the BDP2-NPs are an effec-
tive reagent in photothermal water media (Fig. 3). The
temperature changes of the BDP2-NPs at different concentra-
tions were monitored upon laser irradiation. Following 600 s of
808 nm laser irradiation at 0.96 W cm >, the temperature
difference increased by more than 25 °C for 30 uM BDP2-NPs.
Positive correlations between the photothermal conversion
efficiency of the BDP2-NPs and their concentration and laser
power were found, indicating the controllable photothermal
conversion behavior (Fig. 3a and b). Based on the photothermal
effect and time constant,” the photothermal conversion effi-
ciency of the BDP2-NPs was calculated to be 66% (Fig. 3c). After
five cycles of laser irradiation, the heating temperature of the
BDP2-NPs remained stable at around 63 °C, indicating that the
BDP2-NPs possess excellent photothermal properties (Fig. 3d).
Subsequently, the temperature of the BDP2-NP solution
increased from 25 °C to 56 °C after 5 min of laser irradiation,
while only a minor temperature change was observed in the PBS
reference (Fig. 3e). As compared to BDP2-NPs, BDP1-NPs
possess similar PTT properties with a PCE value of 53%
(Fig. S71). Moreover, the BDP2-NPs produced the highest pho-
toacoustic signal at 820 nm under 808 nm laser irradiation,
indicating that the strong near-infrared absorption of the J-
aggregate controlled the photoacoustic response.

The photoacoustic signal intensity displayed a linear corre-
lation with concentration along with a correlation coefficient of
0.9808 (Fig. 3f and g). In addition, neither the BDP1-NPs nor
BDP2-NPs were able to generate singlet oxygen, suggesting that
this type of dye aggregates to produce a specific photothermal
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Fig. 3 (a) Heating curves of the BDP2-NPs at various concentrations upon laser irradiation (0.96 W cm™2); (b) heating curves of the BDP2-NPs
(30 uM) at increasing power density; (c) heating curves of the BDP2-NPs (30 uM) during a laser-on and off switching process, with the inset
showing the related linear cooling time data versus —In(6). n = 66%. (d) Heating and cooling curves of the BDP2-NPs (30 uM) upon five times laser
irradiation (0.96 W cm™2), with ICG (30 uM) as the control. (e) Photothermal imaging of the BDP2-NPs at different irradiation times. (f) Pho-
toacoustic signals at 820 nm for different concentrations of the BDP2-NPs; data are presented as mean + SD (n = 3). (g) Photoacoustic signals
showing a proportional relationship with the BDP2-NP concentration.
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reagent (Fig. S8t). Thus, the remarkable photoacoustic signal of
the NPs meets the requirements of in vivo imaging and could be
utilized in future in vivo PTT experiments.

Phototoxicity and biocompatibility

Afterward, we examined the photothermal therapy (PTT) effi-
cacy of the BDP2-NPs in living cells. The classical MTT assay was
utilized to study the biocompatibility and phototoxicity of the
BDP2-NPs in Hepa 1-6 cells and HepG2 cells. The results
(Fig. 4a) show that under normal conditions without a laser, the
cell viability rate of the BDP2-NPs from 0 to 100 pM was almost
always higher than 80%, suggesting their excellent biocompat-
ibility. In contrast, under laser irradiation at lower power (0.1 W
cm %), the rate of cell viability decreased significantly through
the photothermal effect. In addition, fluorescence microscopy
imaging was performed using Calcein AM/pyridine iodide (PI)
dual staining to investigate the effect of the BDP2-NPs on cell
survival (Fig. 4b). As the laser (0.2 W cm™?) irradiation time
increased, the red fluorescence (PI) gradually intensified, while
the green fluorescence (Calcein AM) diminished, indicating the
successful occurrence of excellent photothermal therapy (PTT).
Flow cytometry analysis demonstrated that even at low laser
power, after 8 min of laser (0.1 W cm?) irradiation, cell
apoptosis could be induced by the photothermal effect effec-
tively (Fig. S9t). These experiments certified that the BDP2-NPs
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Fig. 4 (a) Cell viability of Hepal-6 and HepG2 cells incubated with the
BDP2-NPs at various concentrations in the dark and after laser irra-
diation (808 nm, 0.1 W cm™2, 10 min); data are presented as mean =+
SD (n = 5). (b) Photothermal induced apoptosis imaging by fluores-
cence microscopy. Scale bar: 200 um. (c) Representative images of the
ultrasound (US) and photoacoustic imaging of the BDP2-NPs in
Hepal-6 tumor-bearing mice.
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possessed sufficient phototoxicity and biocompatibility for
follow-up PTT.

BDP2-NP in vivo tumor PA imaging

The feasibility of the BDP2-NPs for in vivo PA imaging was then
investigated. A weak PA signal was observed before BDP2-NP
injection (0 h), attributed to the deoxygenated and oxyhemo-
globin.” First, 100 pL of 100 uM the BDP2-NPs was injected into
Hepa 1-6 tumor-bearing C57BL/6 mice through the tail vein,
and PA images of tumors were recorded at different times
(Fig. 4c and S107). The photoacoustic signal of the BDP2-NPs in
the tumors gradually increased after injection and reached
a peak at 36 h, suggesting that the BDP2-NPs have good stability
and significant tumor accumulation in blood circulation. These
results indicated that BDP2-NPs can be used for photoacoustic
imaging of in vivo tumors to precisely guide laser irradiation for
photothermal therapy.

BDP2-NP in vivo tumor photothermal therapy

Encouraged by the great PA properties and outstanding tumor
cell damage capability of the BDP2-NPs in vitro and in vivo, PA
image-guided in vivo PTT was studied in Hepa 1-6 tumor-
bearing C57BL/6 mice (Fig. 5). The tumor area of the mice
was irradiated for 5 min using an 808 nm laser (0.2 W cm™?) at
36 h after the tail vein injection of the BDP2-NPs. As shown in
Fig. 5a, with the increase of the irradiation time, the
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Fig. 5 (a) Representative thermographic images. (b) Tumor growth
curves of various groups after different treatments; data are presented
as mean £ SD (n = 4 mice). ****P < 0.0001. (c) H&E (scale bar: 200 pm)
and TUNEL (scale bar: 20 pm) staining images in the tumor area of
each group after various treatments.
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temperature of the tumor area in the BDP2-NP group signifi-
cantly increased to approximately 50 °C; however, the temper-
ature in the control group which was injected with PBS did not
change notably. To investigate the apoptosis of cancer cells
induced by PTT in vivo, mouse tumor tissues were harvested for
hematoxylin and eosin (H&E) staining and TUNEL (terminal
deoxynucleotidyl transferase dUTP nick-end labeling) staining
after 24 h of photothermal treatment (Fig. 5¢). In the BDP2-NPs
+ laser group (BDP2-NPs + L), massive destruction and
apoptosis of tumor tissues were observed compared to the other
groups. After laser irradiation, the tumor volume (Fig. 5b and
S117) and body weight (Fig. S12+) of the mice were recorded for
15 consecutive days, and the tumor volume of the BDP2-NPs + L
group was significantly reduced, which has statistical signifi-
cance compared with the other groups. However, there was no
significant change in body weight, indicating that the photo-
thermal effect of the BDP2-NPs could effectively inhibit the
growth of tumors in mice without toxicity (Fig. S12t). To further
verify the biocompatibility of BDP2, different groups were
injected with 100 puL of BDP2-NPs/PBS through the tail vein.
After 36 h, the laser group adopted same irradiation conditions
as before. Then, 48 h after the end of the laser irradiation, the
mice were sacrificed, serum was taken to detect ALT, AST, BUN,
and CREA, and organs were harvested for H&E staining analysis
(Fig. S131). The results show that BDP2-NPs itself has no
obvious toxicity toward mice, and the photothermal effect of the
BDP2-NPs will not have adverse effects on mice. All these results
indicate that the BDP2-NPs successfully inhibit tumor prolif-
eration, show excellent PTT effect, and possess significant
advantages in tumor localization and treatment at the in vivo
level.

Conclusions

We have rationally designed a molecular platform based on 3,5-
dithienyl-Aza-BODIPY and investigated strategies for accurately
constructing aggregates using substituents with different elec-
tronic effects. Photophysical property investigations and single-
crystal structure analysis have demonstrated that interactions
within and between D-A-D structures significantly contribute
to the formation of J aggregates. Additionally, the 3,5-position
thiophene unit plays a crucial role in this aggregation process.
By employing a D-A-D architecture, we have achieved CT-
coupled J-aggregation based on a BODIPY chromophore for
the first time. The CT-coupled J-aggregates showed excellent
biocompatibility, NIR PA imaging capability for tumor diag-
nosis, and high PTT performance in in vitro and in vivo studies.
Our research provides valuable insights into the rational design
of a CT-coupled J-aggregation platform, paving the way for
exploring organic NIR photothermal agents for biophotonics
applications.
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