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Discovery of BODIPY J-aggregates with absorption
maxima beyond 1200 nm for biophotonics
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Organic dyes with absorption maxima in the second near-infrared window (NIR-1I; 1000 to 1700 nm) are of great
interest in biophotonics. However, because of the lack of appropriate molecular scaffolds, current research in this
field is limited to cyanine dyes, and developing NIR-ll-absorbing organic dyes for biophotonics remains animmense
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challenge. Here, we rationally designed an ethenylene-bridged BODIPY scaffold featuring excellent J-aggregation
capabilities and revealed that the bridging ethylene unit is crucial for intermolecular J-coupling regulation. By
integrating the electron-donating groups into the scaffold, we obtained a BODIPY dye, BisBDP2, with a J-aggregate
absorption maximum of around 1300 nm. BisBDP2 J-aggregates show excellent photothermal performance,
including intense photoacoustic response, and a high photothermal conversion efficiency value of 63%. In vivo
results demonstrate the potential of J-aggregates for photoacoustic imaging and photothermal ablation of
deep-seated tumors. This study will speed up the exploration of NIR-ll-absorbing J-aggregates for future biopho-

tonic applications.

INTRODUCTION

Organic dyes that absorb near-infrared (NIR) light are of immense
interest in biophotonics because of their outstanding biocompatibility
and biodegradability (I-2). Among these dyes, those capable of
absorbing in the second NIR window (NIR-II; 1000 to 1700 nm) are
more attractive because of their low phototoxicity and deep-tissue
penetration (3-7). However, the design of NIR-II-absorbing organic
dyes for biophotonics is mainly limited to cyanine dyes (6-14), and
their development remains an immense challenge.

Attempts to achieve NIR-II-absorbing organic dyes have mainly
focused on molecular engineering approaches including expanding
the m-conjugation structure and strengthening the donor-acceptor
conjugation. Unfortunately, only a few successful paradigms have
been validated because of the lack of suitable scaffolds (3-6, 12-23).
J-aggregation, which is characterized by a notable bathochromic-
shifted absorption band after J-coupling in the excited state, pro-
vides an immense opportunity to convert the NIR-I absorption of
organic dyes to the NIR-II window (24, 25). Pioneer examples of
NIR-II-absorbing J-aggregates based on cyanine and squaraine
have recently been realized. Chen et al. (26) have prepared stable
J-aggregates of IR-140 with absorption maximum (Aps) at 1040 nm
by aggregating IR-140 dyes in hollow mesoporous silica nanoparticles
(NPs). Sun et al. (27) reported J-aggregates of FD-1080 dye that
show Aups at 1360 nm and emission maximum (Aep) at 1370 nm for
NIR-II fluorescence imaging (7). Shen et al. (28) have reported that
the NIR-II absorption of squaraine can be efficiently achieved by
using a double J-coupling strategy. Although the preceding elegant
examples demonstrate the feasibility of J-aggregation for the develop-
ment of NIR-II-absorbing organic dyes, the rational design and
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stabilization of J-aggregates based on small organic dyes in complex
settings require further exploration.

As one of the most famous classical dyes, BODIPY (4,4-difluoro-
4-bora-3a,4a-diazas-indacene) dyes (29) are recently recognized as
promising J-aggregation scaffolds in parallel with cyanine, squaraine,
perylenediimide, and chlorophyll dyes (30-34). Numbers of NIR-I-
absorbing BODIPY J-aggregates were developed and demonstrated
the application potential in biophotonics (35-42). For example, Li
and colleagues (40, 42) prepared BODIPY J-aggregates for in vivo
fluorescence imaging and photothermal therapy (PTT) via the
halogen bonding-triggered J-aggregation of halogenated BODIPY
monomer. Guo et al. (39) reported the phenanthrene-[b]-fused
BODIPY J-aggregates that show A,ps at 840 nm for PTT applications
under 808-nm laser irradiation. Chen et al. (35) developed aza-
BODIPY J-aggregates with in situ morphology transformation ability
for PTT application. All these achievements motivated us to explore
NIR-II-absorbing BODIPY J-aggregates. Here, we present an
ethenylene-bridged BODIPY dye (BisBDP1) as a scaffold for con-
structing NIR-II-absorbing BODIPY J-aggregates. BisBDP1 itself
exhibited excellent J-aggregation behavior. Upon integration of
tetrahydroquinoxaline (THQ) units into the scaffold, the resulting
BODIPY dimer (BisBDP2) not only bathochromic-shifted its
monomeric absorption maximum (A,ps) around 1100 nm but also
displayed J-aggregation behavior with A, around 1300 nm. Moreover,
the BisBDP2 J-aggregates were also demonstrated to be applicable
to photoacoustic (PA) imaging-guided PTT (Fig. 1).

RESULTS

Molecular design

Cyanine dyes with ethylene bridges typically exhibit excellent
J-aggregation properties (24, 43, 44). To determine whether it could
also be effective with BODIPY dyes, we designed an ethenylene-
bridged BODIPY dye (BisBDP1). We selected the BODIPY dye
with trifluoromethyl at the meso-position as the chromophore
(CF3-BODIPY) to construct BisBDP1. When compared to classical
BODIPY dyes with methyl and phenyl groups at the meso-position,
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Fig. 1. Molecular structures and working principle. (A) Chemical structures of BDP1, BDP2, BisBDP1, and BisBDP2. (B) Schematic illustration of the PA imaging-guided

PTT in the NIR-Il window using BisBDP2 J-aggregates.

CF3;-BODIPY dyes typically show bathochromic-shifted A, because
of the excellent electron-withdrawing ability of the CF; group (32).
This would be helpful for bathochromic shifting the A, of BisBDP1.
On the other hand, BisBDP1 is highly expected to bathochromic-shift
the A,ps to the NIR region because many ethenylene-bridged BODIPY
dyes exhibit 100- to 200-nm bathochromic-shifted A,ps in compari-
son to their monomer (19, 45, 46). Taking the advantage of highly
electron-accepting nature of CF3-BODIPY, we further developed
donor-accepter-n-accepter-donor (D-A-n-A-D)-structured BODIPY
dye (BisBDP2) by integrating two THQ units with strong electron-
donating ability into the BisBDP1 scaffold to achieve the further Aps
bathochromic shift (20). Moreover, the “zig-zag” type D-A-n-A-D
of BisBDP2 would help generate intermolecular J-coupling in the
aggregation state; thus, the bathochromic-shift absorption of the
J-aggregates to the NIR-II window is highly expected.

Synthesis and characterization

The synthesis of BisBDP1 and BisBDP2, as well as their corre-
sponding monomers BDP1 and BDP2, is outlined in fig. S1. The
molecular and packing structures of BisBDP1 were characterized
by single-crystal x-ray crystallography (Fig. 2A and table S1). In the
molecular structure of BisBDP1, two ethenylene-bridged indacene
planes are well planned for each other. Notably, BisBDP1 are
packed in a “head-to-tail” mode with a slipping angle of 27°, and the
distance between each monomer is around 3.68 A (Fig. 2B and fig. S2).
Each monomer was connected via the -1 (3.68 A) and C---F (2.99 A)
intermolecular interactions (fig. S3). The interaction between the
two indacene planes and the strong C...F interactions play key roles
in the formation of J-type molecular structure.

Photophysical properties in the diluted solution

We investigated the photophysical properties of BDP1 and BDP2
and BisBDP1 and BisPDP2 in dichloromethane solution (table S2).
BDP2 showed its Agbs at 735 nm (€max = 41000 M~! cm™), which is
bathochromic-shifted 191 nm comparing to the meso-CF3-BODIPY
core (BDP1, A,ps = 544 nm; fig. S4) (32). The “push-pull” effect
from the THQ unit to the BODIPY core should be responsible for
this large bathochromic-shifted absorption. Compared with BDP1,
the Aqps of BisBDP1 (Aqps = 760 nm, €may = 129,000 M™' cm™) is
bathochromic-shifted by 216 nm, and this trend is comparable with
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those reported ethenylene-bridged BODIPY dyes (19, 45, 46). Notably,
BisBDP2 showed its Aups at 1112 nm (€max = 78000 M ™! cm™),
which is 377 and 352 nm bathochromic-shifted compared to BDP2
and BisBDP1 (Fig. 2C). According to the above results, the synergy
of extended n-conjugation and push-pull effects is responsible for
extraordinary large bathochromic shifts. Note that BisBDP2 is the
first known small BODIPY dye with monomeric A4ps beyond 1100 nm,
and the design strategy for BisBDP2 is expected to offer opportuni-
ties for the development of NIR-II-absorbing BODIPY dyes.
Consistent with the results obtained in the absorption spectra,
BDP2 showed a broad emission band with an emission maximum
(Aem) around 995 nm and a quantum yield () of 1.5% (fig. S5).
Compared to the intense green emission of BDP1 (Aem = 547 nm,
¢ = 92%), the large bathochromic-shifted Aey, (448 nm) and de-
creased quantum yield further indicated the stronger intramolecular
charge transfer (CT) intrinsic character of BDP2 than BDP1 (47).
BisBDP1 displayed one sharp peak and two relative broad peaks
with Aem at 788, 870, and 975 nm, respectively, which may be
ascribed to the local and CT emissions, respectively. Because of
the extended conjugation and push-pull effect, BisBDP2 further
bathochromic-shifted its emission to the NIR-II window, with the
Aem around 1314 nm. These results further proved the importance
of the synergy of the push-pull and conjugation effect on the
bathochromic shift of the emission wavelength. However, the ®f of
BisBDP1 and BisBDP2 is too low to be determined, indicating the strong
fluorescence quenching caused by the push-pull effect (20, 21).

Theoretical calculations

The photophysical properties of the monomers and dimers can be
well rationalized by theoretical calculations. The calculation results
demonstrated that the first absorption bands of BDP1, BDP2,
BisBDP1, and BisBDP2 are contributed mainly by the transition
from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), and the transition energies
are in good agreement with the experiment results. As shown in fig.
S6, the electron density of BDP1 and BisBDP1 is mainly located in
the whole molecule in both the HOMO and LUMO, while the electron
density of BDP2 and BisBDP2 is mainly located at the THQ units
in the HOMO and the indacene plane in the LUMO, respectively.
Notably, the electron density of BisBDP1 and BisBDP2 located at
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Fig. 2. Crystal structures and photophysical properties. (A) Crystal structures of BisBDP1 (CCDC no. 2178500). H atoms are omitted for clarity. (B) J-type molecular
packing diagrams of BisBDP1 in the crystalline state. (C) Normalized absorption spectra of BisBDP1, BisBDP2 in dichloromethane, and J-aggregates of BisBDP1 and
BisBDP2 in DMF and ethanol. (D and E) J-aggregation behavior of BisBDP1 [(D), 10 uM] in toluene-dimethyl formaldehyde (DMF) binary solvents with varied volumetric
fractions of DMF (fp) and BisBDP2 [(E), 10 uM] in tetrahydrofuran-ethanol binary solvents with varied volumetric fractions of ethanol (f¢).

the ethenylene-bridge is around 6% in total in both HOMO and
LUMO, which endows the delocalization of the electron density in
the two indacene planes and narrows the bandgap. In addition, the
decreased THQ unit and increased indacene plane contributions
in LUMO expect the intramolecular CT character in BDP2 and
BisBDP2. Note that the electron density difference between the
HOMO and LUMO of BisBDP2 is less than that of BDP2 (table S3),
indicating the relatively weak CT character of BisBDP2 than BDP2.
This trend is consistent with the experiment results: The calculated
transition dipole moment (i) value of BisBDP2 is 7.9 D, which is
smaller than those of BDP2 (9.1 D). These results suggest that
both the conjugation and push-pull effect dominated the large
bathochromic shift of the Ayps.

Photophysical properties of the J-aggregates

Before exploring the J-aggregation behavior, we first investigate
their photophysical properties in organic solvents with different
polarities (fig. S7). The absorption spectra of both BDP1 and
BisBDP1 are stable in most organic solvents except for dimethyl
formaldehyde (DMF) and dimethyl sulfide (DMSO), probably
because of their relatively weak polar characteristic. In DMF and
DMSO, BDP1 is preferred to form H-aggregates with hypochromic-
shifted A,,s around 450 nm, which is consistent with the H-aggregation
behavior of most BODIPY dyes (31, 32). In contrast, BisBDP1
tends to form aggregates in these two polar solvents, resulting in a
sharp band centered at 873 nm with the full width at half maxima
(FWHM) of 620 cm ™! and a shoulder band centered at 814 nm with
FWHM 2000 cm ™', respectively. The sharp absorption band should
be attributed to J-aggregates with a highly ordered structure, while
the broadband should be attributed to the monomeric absorption

Wang et al., Sci. Adv. 8, eadd5660 (2022) 2 December 2022

according to the following mechanism studies. Moreover, the
notable narrowed and bathochromic-shifted J-band suggests the
strong coupling between the monomers, resulting in extensive exci-
ton states. The g increment from 7.1 of the monomer to 8.2 of the
J-aggregates further confirms this speculation (table S2). Moreover,
the coherence length N for the J-aggregates is estimated to be
10 according to the formula of N = [(FWZ/S)M/(FW2/3)]]2, whereas
(FW2/3)p and (FW2/3); are full width at two-thirds of the monomer
and J-aggregates absorption bands (48, 49). We also investigated the
aggregation behavior of BisBDP1 in toluene-DMF binary solvents,
where toluene was used as a good solvent and DMF as a poor
solvent (Fig. 2D). With the increment of the DMF fractions (fp) in
toluene, the monomeric absorption band centered at 769 nm
decreased gradually, accompanied by increasing of the J-aggregate
absorption bands. The absorption spectrum obtained with fp, = 99%
is almost the same as that of obtained in DMF solution, which
further confirmed the formation of J-aggregates.

Probably because of the good solubility in all organic solvents,
BDP2 retains the monomeric state, and its absorption band is slightly
bathochromically shifted as organic solvent polarity increases (fig.
S7B). In contrast, BisBDP2 tends to J-aggregate in methanol and
ethanol, and the A, for the J-aggregates is around 1350 nm, respec-
tively (fig. S7D). Compared with the monomer, J-aggregates formed
in the ethanol showed the ., increment from 6.8 to 8.0, and the
narrowed FWHM from 1900 to 1410 cm ™", which further indicates
the formation of J-aggregates. The estimated coherence length
(N) in methanol and ethanol is =4 and 2, respectively. The smaller
N values than BisBDP1 may be attributed to the increased molecular
motion caused by the long alkyl chain and the increased molecular
structure. Moreover, BisBDP2 displayed expected J-aggregation
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behavior in tetrahydrofuran (THF)-ethanol binary solvent, where
THF was used as a good solvent and ethanol as a poor solvent. After
adding ethanol to the THF solution of BisBDP2, the monomeric
absorbance at 1125 nm (FWHM = 2600 cm™") decreased gradually
with the ethanol volumetric factions (fyr) increased from 0 to 99%,
accompanied by the appearance of a new J-band around 1375 nm
with narrowed FWHM (1400 cm™"). The absorption peak at
1125 nm still exists together with the band at 1365 nm, even with
the fy reaching 99%. This result is consistent with the monomeric
absorption band observed in ethanol, implying that both the
push-pull effect in the monomer and intermolecular J-coupling
contributed to the absorption of BisBDP2 J-aggregates (Fig. 2E).

Similar to the results obtained in the THF-ethanol binary solvent,
the J-aggregation behavior of BisBDP2 was also observed in the
THF-water binary solvent. The addition of water into the THF solu-
tion of BisBDP2 resulted in a new J-aggregation peak around
1276 nm, which is slightly hypochromic-shifted compared to that
of in THF-ethanol binary solvent (fig. S8A). As water is more polar
than ethanol, nonpolar long alkyl chains in BisBDP2 are more likely
to dissociate from water, which could result in a looser structure of
BisBDP2 J-aggregates in THF-water than in THF-ethanol. The less
polar environment in which the J-aggregates form may suppress the
CT effect and leads to hypsochromic-shifted absorption. In contrast
to the excellent J-aggregation behavior in DMF, DMSO, and
toluene-DMF binary solvents, BisBDP1 tends to form H-aggregates
in THF-water binary solvents with the water content reaching 99%.
This result suggests that the J-aggregates of BisBDP1 are difficult to
stabilize in the THF-water binary system and that the BisBDP1 mole-
cule is more likely to produce kinetically controlled H-aggregates
(fig. S9A). Next, we also investigated the salt effects on the J-aggregation
of BisBDP1 and BisBDP2 in aqueous solutions. As shown in figs.
S8 and S9, the absorption spectra of BisBDP1 almost remain
unchanged as the NaCl concentration is increased. While the absorp-
tion intensities of aggregates of BisBDP2 decreased gradually because
of the salting-out effect induced participation. Accordingly, NaCl
has no promotion effect on the J-aggregation behavior of BisBDP1
and BisBDP2 probably due to their neutral chemical structures.

In the fluorescence spectra, the J-aggregates of BisBDP1 and
BisBDP2 showed very weak fluorescence with Ay, around 982 and
1331 nm; however, the @ of the J-aggregates are too low to be
determined (fig. S10). The intramolecular CT effect and intermolecu-
lar -7 stacking may dominate the quenched fluorescence.

J-aggregation mechanistic studies

We carried out the temperature-dependent ultraviolet-visible
(UV-vis)-NIR spectroscopic measurements and morphological studies
to give insights into the mechanistic and structural details of the
J-aggregates. With the temperature increasing from 283 to 343 K,
both the J-bands of BisBDP1 and BisBDP2 in DMF and ethanol
decrease gradually, accompanied by the increment of the mono-
meric absorption bands (Fig. 3, A and B). When the temperature
reached 343 K, the J-bands disappeared, and only the absorption
band of the monomer can be observed, which indicates the total
dissociation of the J-aggregates to the monomers. Note that the
absorbance of the shoulder band around 814 and 1125 nm for
BisBDP1 and BisBDP2 did not decrease with increasing temperature.
In contrast, these two shoulder bands gradually hypochromic-shifted
and lastly converted to the monomeric absorption band. This result
suggests that these two bands should be ascribed to the monomeric
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absorption rather than the aggregates without long-range order.
We used the nucleation-elongation model to study the aggregation
progress of BisBDP1 and BisBDP2 (30, 50). After fitting the ob-
tained UV-vis—NIR spectroscopic data of the fraction of aggregated
molecules (0,g) versus temperature (T; fig. S11), the molar enthalpy
(AH.) and elongation temperature (T) for the aggregation process
were determined to be —23.4 KJ mol™ and 340 K for BisBDP1 and
~50.0 KJ mol " and 343 K for BisBDP2, respectively. The lower AH,
of BisBDP2 than that of BisBDP1 suggests that BisBDP2 is more
preferred to aggregation than BisBDP1.

We further characterized the morphology of the J-aggregates by
using atomic force microscopy. The drop-casting of the DMF solution
of BisBDP1 aggregates onto the surface of a silica wafer resulted
in the deposition of rod-like aggregates (Fig. 3C) with a length of
880 + 260 nm, a width of 240 + 25 nm, and a height of 4.5 + 0.3 nm,
respectively. Under the same conditions, BisBDP2 in ethanol
solution self-assembled into round cake-like aggregates with a length
of 600 + 160 nm, a width of 350 + 40 nm, and a height of 1.2 + 0.1 nm,
respectively (Fig. 3D). The larger conjugated structure of BisBDP2
and the intramolecular motions and repulsion effect caused by
the long alkyl chains may explain the difference in morphology
between BisBDP1 and BisBDP2. Moreover, these results further
reveal that BisBDP1 molecules are more likely to aggregate into a
long-ranged molecule structure than BisBDP2, which is consistent
with the estimated coherence length values obtained in the absorp-
tion spectra.

Photothermal and PA properties of the J-aggregates

In light of the above findings, J-aggregates of BisBDP2 may prove
useful as efficient NIR-II-absorbing PA imaging and photother-
mal agents because they exhibited strong absorption beyond 1200 nm
and extremely low fluorescent quantum yield (2, 51). Unfortunately,
the poor fluorescence properties make BisBDP2 J-aggregates un-
suitable for fluorescence imaging. Next, we investigated the PA and
photothermal properties of BisBDP2 J-aggregates.

To achieve good stability and longtime blood circulation, we
encapsulated BisBDP2 J-aggregates into a Pluronic F-127 matrix to
give water-soluble BisBDP2 NPs (5, 34). We found that a concen-
tration range of 2 to 3 mg/ml was the best concentration for the
preparation of the desired NPs (fig. S12). Transmission electron
microscopy and dynamic light scattering analysis demonstrate that
these NPs exist in a spherical morphology, and the diameter is
around 100 nm (fig. S13). The small size endows the tumor accu-
mulation potential of BisBDP2 NPs through the enhanced permea-
bility and retention effect (52). BisBDP2 NPs showed A,ps at 1273 nm
(€max = 93000 M~! cm™; Fig. 4A), which is consistent with that
obtained in the THF-water binary solvents. This result suggests that
BisBDP2 J-aggregates are well stabilized in the Pluronic F-127
matrix. Notably, the high €y, of BisBDP2 NPs is comparable to
the reported J-aggregates based on cyanine and squaraine (7, 26, 28),
demonstrating the efficient photo absorption ability. BisBDP2 NPs
exhibited efficient photothermal conversion capability in phosphate-
buffered saline (PBS) solution. After irradiation with 1208-nm
(0.8 W cm™) laser light for 10 min, the temperature of the solution
markedly increased from 28° to 62°C (AT = 34°C; Fig. 4, B and D).
On the basis of the temperature change profiles, the photothermal
conversion efficiency value was calculated to be 63%, which is
comparable to that of reported NIR-II photothermal agents based
on small organic molecules (4, 5, 53). Moreover, the temperature
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Fig. 3. Mechanism studies. Temperature-dependent absorption spectra of BisBDP1 in DMF (A) BisBDP2 in ethanol (B) from 283 to 343 K at a total concentration of
10 uM. Atomic force microscopy images of J-aggregates of BisBDP1 (C) and BisBDP2 (D) and cross-section analysis along the red and blue lines.

increment of BisBDP2 NPs is positively related to the laser power
density and the concentration of NPs (fig. S14), indicating the
controllable photothermal conversion behavior. Furthermore, five
heating and cooling cycles demonstrate the high thermal stability of
BisBDP2 NPs (Fig. 4C). As shown in figs. S15 and S16, the absorp-
tion spectra of BisBDP2 in toluene and BisBDP2 NPs in PBS re-
mained almost unchanged under continuous laser irradiation for 1
hour, which demonstrates the good photostability of BisBDP2
organic molecules and BisBDP2 NPs. Besides, the UV-vis-NIR
spectra of BisBDP2 NPs remain almost unchanged over 8-hour
storage in PBS buffer and fetal bovine serum, respectively, also
proving their high stability.

As observed, BisBDP2 NPs have superior photothermal conver-
sion properties; thus, they should be applied to generate PA signals
under laser irradiation. We therefore evaluated the in vitro PA
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imaging ability. Upon 1260-nm laser irradiation of an aqueous
dispersion of BisBDP2 NPs, actual acoustic waves from the NPs
were detected (Fig. 4E). The resulting PA spectrum reveals the
intense PA signals in the NIR-II window (fig. S17) and reflects the
absorption spectrum very well. This result suggests that the intense
NIR-II absorption of the J-aggregates governs the PA response.
In addition, excellent correlation linearity is observed for the
BisBDP2 NP concentration versus PA intensity (fig. S18). Thus,
the excellent PA response behavior makes sure that BisBDP2 NPs
could potentially be used for guiding the in vivo PTT.

In vitro photothermal properties

Because of the water absorption of NIR light and the thermal effect,
808- and 1064-nm lasers are currently commonly used for photo-
acoustic and photothermal experiments in the NIR-I and NIR-II
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Fig. 4. In vitro PA and photothermal properties. (A) Absorbance spectrum of BisBDP2 NPs in PBS solution. (B) Photothermic heating curves of BisBDP2 NP dispersions
under 1208-nm irradiation (0.8 W cm™) for 10 min followed by cooling to room temperature; Inset: Linear correlation of the cooling times versus negative natural loga-
rithm of driving force temperatures. (C) Photothermic stability of BisBDP2 NPs upon 1208-nm laser irradiation of 0.8 W cm ™2 for five on/off cycles. (D) Infrared imaging of
BisBDP2 NP dispersions. (E) In vitro PA images of aqueous dispersions of BisBDP2 NPs of different concentrations under 1260-nm irradiation. (F) Power density at-
tenuation of the 808-, 1064-, and 1208-nm laser (1 W cm™) at different tissue depths. (G) Schematic diagram and equipment for the photothermal-conversion demon-
stration of different photothermal agents (PTAs; BisBDP2 NPs and tmf-BDP NPs) by tissue-penetrated NIR laser (0.8 Wcm'z, 100 uM, and 200 ul). (H) Temperature
changes of BisBDP2 NPs and tmf-BDP NPs upon exposure to the tissue-penetrated laser via photothermal conversion.

windows, respectively. It is not known whether longer wavelength
lasers can be used for in vivo experiments. In this study, we investigated
the effects of different wavelengths of lasers on power density
attenuation in different thicknesses of water and tissue (54) and re-
vealed that the 1208-nm laser has the smallest power attenuation
coefficient (o = 0.586) in tissue compared to 1064-nm (o = 0.652)
and 808-nm (a = 0.957) lasers (Fig. 4F and fig. S19). We further
evaluated the photothermal conversion ability of BisBDP2 NPs in
tissues of various thicknesses by irradiating BisBDP2 NPs with dif-
ferent lasers (Fig. 4, G and H). At temperatures as high as 43°C,
normal tissue is only mildly affected, and this temperature is capa-
ble of destroying tumors (55-57). Taking 43°C to be a reference
temperature, BisBDP2 NPs were irradiated with 808-, 1064-, and
1208-nm laser light through the tissue, and the thickness of the tis-
sue was equal to 2, 6, and 8 mm, respectively. We also demonstrated
that the NIR-I photothermal agent tfm-BDP (58), which has a high
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photothermal conversion efficiency of 88.3%, can reach a tempera-
ture of 43°C when the tissue penetrates 5 mm deep into the materi-
al. According to these results, it can be concluded that the 1208-nm
laser has a better penetration depth in tissue compared to 1064- and
808-nm lasers. Therefore, we selected the 1208-nm laser as the light
source for the follow-up in vivo and in vitro experiments.

Next, we investigated the PTT performance of BisBDP2 NPs on
living cells. BisBDP2 NPs with various concentrations from 0 to
50 pM showed negligible toxicity to MCF-7, HeLa, and HepG2 cells,
demonstrating good biosafety (fig. S20). After 1208-nm laser irradi-
ation, about 90% of these cells can be efficiently killed through the
photothermal effect. We also evaluated the photothermal effect of
NPs on cell survival using a fluorescent imaging experiment (fig.
S21). By costaining the calcein AM and propidium iodide dyes with
the cancer cells, we found that the cells in the control group, the
control + light group, and the NP group show green fluorescence,
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indicating that these cells are in a normal live state. However, those
cells incubated with NPs show red fluorescence after laser irradiating
for 10 min, which suggests that the cells were efficiently killed by the
thermal energy generated from the laser-activated NPs. All these
cell results prove the good biocompatibility and efficient PTT
performance of BisBDP2 NPs.

We further investigated the pharmacokinetics of BisBDP2 NPs
in normal mice. As shown in fig. S22 and table S4, the blood NP
concentration-time curves demonstrated that the concentration of
BisBDP2 NPs decayed rapidly at the initial stage, and the blood
circulation half-time and clearance rate were calculated to be
7.4 hour and 8.0 liter hour™, respectively. These results indicate the
excellent in vivo pharmacokinetic performance of BisBDP2 NPs.

In vivo PA imaging

The above positive in vitro results prompted us to investigate the
in vivo deep-tissue PTT performance of BisBDP2 NPs. We estab-
lished an orthotopic mouse model of hepatocellular carcinoma,
which was confirmed by fluorescence imaging. Before the PTT
investigation, we evaluated the in vivo PA imaging ability (Fig. 5A).
Initially, the tumor-bearing liver site shows negligible PA signal at
1260 nm, which demonstrates the advantage of PA imaging beyond
1200 nm that can effectively avoid the PA signal interference generated
by hemoglobin (59). After injecting the BisBDP2 NPs (100 uM and
150 pl) to the mice through the tail vein, the PA signal intensity in
the tumor site gradually increased to the maximum after 6-hour
injection and then decreased gradually (Fig. 5B). Furthermore, we
sacrificed the tumor-bearing mice and imaged the major organs via

PA imaging to investigate the distribution of the BisBDP2 NPs. The
PA signals observed in the tumor are about 2.5, 2.1, 5.0, and 2.1 times
higher than those in the heart, spleen, kidney, and liver (Fig. 5C and
fig. S23), demonstrating the efficient tumor-specific accumulation
of the NPs. For comparison, we also carried out the PA imaging
experiment in normal mice (fig. S24). In the absence of BisBDP2
NPs, normal mice also showed negligible PA signal in the liver site;
however, the PA signal intensity distinctly increased to the maxi-
mum after 1-hour injection. This result indicates that the PA signals
observed in the tumor-bearing group were located at the tumor site,
which further verified the tumor-targeting and PA imaging capaci-
ties of BisBDP2 NPs.

In vivo PTT

On the basis of the above PA imaging results, we performed the
PTT experiments on the tumor-bearing mice. The mice were injected
with the BisBDP2 NPs in PBS solution at the tail vein and exposed
to laser illumination at 1208 nm (0.8 W cm ™). The liver site of the
mice showed a gradual temperature increment from 30° to 49°C
with the time increasing to 10 min. However, the mice in the
control group only injected with PBS showed a slight temperature
increment from 30°C to 36°C (Fig. 6, A and B). These results
demonstrate the reliable in vivo photothermal conversion property
of the NPs.

Next, we randomly divided these liver tumor-bearing mice into
four groups (PBS, PBS + 1208-nm laser, BisBDP2 NPs, BisBDP2
NPs + 1208-nm laser) and monitored the tumor size through
fluorescence imaging (Fig. 6C). During the 16-day treatment, the
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Fig. 5. PA imaging. (A) PA images of the orthotopic liver tumor at different times after injection of BisBDP2 NPs at the tail vein. (B) PA intensity from (A) plotted as a

function of time after injection. (C) The corresponding PA intensity from fig. S23.
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relative tumor signals shown in the PBS, PBS + 1208-nm laser, and
BisBDP2 NP groups were linearly increased, and the final volume
is about fourfold than the initial one, indicating the fast prolifera-
tion of the tumor. In contrast, the relative tumor signals in the
BisBDP2 NPs + 1208-nm laser group gradually decreased from
1.0 to 0.95, demonstrating an efficient suppressive effect on tumor
proliferation (Fig. 6D). In addition, the results of tissue anatomy
show that the volume of the tumors is the smallest among all the
four groups, which are consistent with those observed in the bio-
imaging experiments (fig. S25). During the treatment, the mice
body weight in the four groups is stable, which further indicates the
high biocompatibility of the BisBDP2 NPs (Fig. 6E). Furthermore,
we evaluated the tumor apoptosis through hematoxylin and eosin
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(H&E; fig. S26) and terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL; fig. S27)
staining. The cells in the heart, kidney, and lung showed negligible
change in the four groups, demonstrating the minimal toxicity of
the NPs. Notably, the necrotic regions in the tumor cells are visible
in the BisBDP2 NPs + 1208-nm laser group but not in other groups.
These results revealed the favorable biological safety and excellent
in vivo PTT efficacy of BisBDP2 NPs in the NIR-II window.

DISCUSSION
We have designed and synthesized donor-acceptor-structured
ethenylene-bridged BODIPY dye for the generation of J-aggregates
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with A.ps beyond 1200 nm. The ethenylene-bridged BODIPY dye
showed the A,ps at 1100 nm in dichloromethane solution, which
suggests that the combination of push-pull and conjugation effect
to the BODIPY-dimer could be an efficient way to design NIR-II-
absorbing BODIPY dyes. Moreover, the zig-zag structure of the
BODIPY dimer endows the efficient J-aggregation behavior in
organic binary solvents, resulting in further bathochromic-shifted A4ps
approximately at 1300 nm. Notably, the J-aggregates can be generated
in water solution and stabilized in the Pluronic F-127 polymer
matrix. The J-aggregates showed very weak fluorescence, facilitating
the high PCE value of 63% under 1208-nm laser irradiation (0.8 W cm™2).
In vitro and in vivo studies revealed excellent biocompatibility,
NIR-II PA imaging ability for tumor diagnosis, and high PTT
performance for orthotopic hepatocellular carcinoma. Consequently,
our findings demonstrate that J-aggregates of ethenylene-bridged
BODIPY dye have great promise as a scaffold for developing NIR-
II-absorbing photothermal agents, and the present study offers an
alternative strategy to explore organic NIR-II-absorbing agents for
biophotonics applications.

MATERIALS AND METHODS

NP preparation

BisBDP2 (2 mg) was dissolved in THF (1 ml) by bath sonication.
Fifteen milligrams of Pluronic F-127 was dissolved in 1 ml of
BisBDP2 stock solution and then the solutions were quickly added
to 5 ml of PBS buffer containing 20% ethanol and dispersed by
vibration for 30 min under ultrasound. After dispersion, THF and
ethanol were removed under reduced pressure. Then, the solutions
were filtered through a 0.2-um syringe filter; the NP suspension was
obtained and stored at 4°C for further use.

Photophysical properties

UV-vis and UV-vis-NIR absorption spectra were respectively mea-
sured at room temperature on a Shimadzu UV-1750 spectrometer
and a Shimadzu UV-3600 spectrophotometer with a resolution of
1.0 nm, using quartz cuvettes of 1.0-cm path length. The full
absorbance spectrum of BisBDP2 NPs in PBS (300 to 1600 nm)
was obtained by using quartz cuvettes of 0.5-cm path length.
Fluorescence spectra of BDP1 were measured on a FLUOROMAX-4
spectrometer under an air atmosphere at room temperature; Fluo-
rescent spectra of BDP2 and BisBDP1 were recorded using an
Edinburgh FLSP920 fluorescence spectrophotometer equipped with
a microsecond flash-lamp (UF900). NIR-II fluorescence spectra of
BisBDP2 were recorded on a three-dimensional fluorescence
spectrometer at room temperature.

Animals and tumor-bearing mouse model

All animal studies were conducted by the guidelines set by the Jiangsu
Committee of Use and Care of Laboratory Animals and under
protocols approved by the Animal Ethics Committee in Nanjing
University [SCXK(Su)-2020-0009] and the National Institutes of Health
Clinical Center Animal Care and Use Committee. Five-week-old
female orthotopic liver tumor with red fluorescent protein (RFP;
Ex, 560 nm; Em, 620 nm) mice were purchased from the Nanjing
Junke Biotechnology Co. Ltd., China. Relative tumor volume was
examined using fluorescence imaging in vivo. Methods for estab-
lishing an orthotopic tumor-bearing mouse model: Human hepato-
cellular carcinoma cells labeled with an RFP (Hep G2-RFP) were
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inoculated into the right subcutis of BALB/C female nude mice.
When the volume of Hep G2-RFP subcutaneous tumor grew to
about 500 mm®, the subcutaneous tumor was peeled off and then
divided into 1 mm by 1 mm by 1 mm tumor tissue blocks in the
culture medium, and the tumor tissue blocks were transplanted into
the liver of nude mice using surgical procedures.

PA imaging

To evaluate the PA imaging performance, a PA computed tomography
was performed on a Vevo LAZR-X system (FUJIFILM VisualSonics,
America). First, the NPs at various concentration were used to
examine PA signals and their linear relation. For in vivo PA imag-
ing, the orthotopic liver tumor-bearing mice and normal mice were
intravenously injected with 150 ul of BisBDP2 NP solution (100 pM)
and then the PA signal of the tumor and liver site was observed under
a multispectral PA tomography instrument as a function of past in-
jection times (0, 0.5, 1, 2, 4, 6, 8, and 10 hours) with an excitation
wavelength of 1260 nm. Last, we investigated the biodistribution of
BisBDP2 NPs. After the injection for 6 hours, the orthotopic liver
tumor-bearing mice were euthanized and their major organs con-
taining the heart, spleen, kidney liver, and tumor were isolated and
imaged (n = 3 per group).

In vivo PTT

An orthotopic liver tumor with an RFP model was established to
confirm the in vivo deep-tissue therapeutic efficacy of BisBDP2
NPs after 1208-nm laser exposure. The liver tumor-bearing mice
with fluorescence signals were randomly divided into four groups
(n =3 per group), named “PBS,” “NPs,” “PBS + 1208-nm laser,” and
“NPs + 1208-nm laser,” respectively. Solution (150 ul) was injected
into the tumor-bearing mice through a tail vein using a microsyringe.
For PBS + 1208-nm laser and NPs + 1208-nm laser groups, after
intravenous injection of saline and BisBDP2 NPs (100 uM and
150 pl) for 4 hours, respectively, the tumors of mice in each group
were continuously irradiated with a 1208-nm laser (0.8 W cm™2) for
10 min. In the meantime, the temperature changes of the tumors
were recorded every 10 s via an IR thermal camera. After a variety
of treatments, the tumor volumes were measured every 4 days by
fluorescence signal, and mouse body weights were measured every
other day during the 16-day study duration.

Histomorphology analysis

After 16 days of various treatments, the abovementioned four
groups of mice were sacrificed. The lung, kidney, heart, and tumor
were excised, fixed in 4% formalin solution, and sectioned at 5-um
thickness. After conventional H&E staining, the slices were examined
with a digital microscope (Leica QWin). The fluorescent TUNEL
staining was conducted following the manual instruction of the
DeadEnd fluorometric TUNEL system Kit (Promega, USA). The
nuclei were counterstained with 4',6-diamidino-2-phenylindole.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add5660
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