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ABSTRACT: B-N fused dianthracenylpyrazine derivatives are synthesized to generate new low gap chromophores. Photophysical
and electrochemical, crystal packing, and theoretical studies have been performed. Two energetically similar conformers are identi-
fied by DFT calculations, showing that the core unit adopts a curved saddle-like shape (x-isomer) or a zig-zag conformation (z-
isomer). In the solid state, the z-isomer is prevalent according to an X-ray crystal structure of a C¢Fs-substituted derivative (4-Pf),
but VT NMR studies suggest a dynamic behavior in solution. B-N fusion results in a large decrease of the HOMO-LUMO gap and
dramatically lowers the LUMO energy compared to the all-carbon analogs. 4-Pf in particular shows significant absorbance at great-
er than 700 nm, while being almost transparent throughout the visible region. After encapsulation in the biodegradable polymer
DSPE-mPEGao0, 4-Pf-NPs nanoparticles exhibit good water solubility, high photostability, and excellent photothermal conversion
efficiency of ~41.8%. 4-Pf-NPs are evaluated both in vitro and in vivo as photothermal therapeutic agents. These results uncover
B-N Lewis pair functionalization of PAHs as a promising strategy toward new NIR-absorbing materials for photothermal applica-

tions.

INTRODUCTION

Conjugated organic materials play important roles in applica-
tions ranging from optoelectronic devices to chemical sensors
and imaging.! Recently, low gap materials with strong near-
infrared (NIR) absorption or emission have gained much inter-
est for use in transparent photovoltaic devices and biomedical
imaging applications, where the favorable tissue penetration of
NIR light is critically important.” In addition, NIR-absorbing
organic m-conjugated materials hold great promise as photo-
thermal agents (PTAs) for photothermal therapy (PTT) owing
to their favorable biocompatibility, potential biodegradability,
high reproducibility, and accessible structure-property rela-
tionships.> In this respect, the functionalization of =-
conjugated systems with main group elements such as boron is
attractive because it offers a means to easily tune the electron-
ic structures and optoelectronic properties.* Substitution of
carbon-carbon (C-C) covalent bonds with isoelectronic dative
BN units has emerged as a versatile strategy to adjust the
energy levels and band gap of conjugated materials.>® In addi-
tion, the reversibility of the B«—N dative bonds in such sys-
tems is an attractive feature for development of stimuli-
responsive materials and molecular switches.” However, so far
only a limited number of low gap molecules containing B«—N
units have been introduced.® Further, boron complexes with
high photothermal conversion efficiency (PCE) remain very
rare and are almost exclusively based on the boron dipyrrome-
thene (BODIPY) scaffold and its derivatives (A-B, Figure 1).

Figure 1. (a) Representative boron complexes applied as photo-
thermal agents and (b) B-N Lewis pair-fused anthracenes as new
chromophores.

In 2017, we reported a new class of B-N fused 9,10-
dipyridylanthracenes with unique structural features and elec-
tronic properties.' We found that the formation of B«—N Lew-
is pairs at the periphery of anthracene in compounds C (Figure
1) results in dramatically lowered LUMO energy levels, which
leads to large bathochromic shifts in the absorption and emis-
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sion relative to the all-carbon analogs. These compounds also
display very efficient self-sensitized reactivity toward oxygen
to form endoperoxides that thermally release singlet oxygen.
To achieve a further decrease in the HOMO-LUMO gap of B-
N Lewis pair-functionalized anthracenes, and to shift the ab-
sorption into the NIR region, we have now designed a new
class of borane-modified dianthracenylpyrazines, D (Figure 1).
We chose pyrazine as a linker because it is an inherently high-
ly electron-deficient heterocycle and binding of boron to pyra-
zine is known to very effectively lower the LUMO levels, for
example, enabling applications as acceptors in organic solar
cell applications.'!

Herein, we demonstrate that the B-N fusion of pyrazine-
bridged anthracene dimers D generates new conjugated mate-
rials with strong acceptor character and absorptions reaching
into the NIR region. Both experimental and theoretical studies
indicate that compounds D exhibit very low-lying LUMO
levels and a dramatically decreased HOMO-LUMO gap rela-
tive to B-N fused dipyridylanthracenes C. Modification of the
boryl substituents provides an additional opportunity for
LUMO tuning.® 8 1" Thys, the attachment of CsFs electron-
withdrawing groups to boron further lowers the HOMO-
LUMO gap, offering access to materials that absorb strongly
in the NIR. Nanoparticles derived from assembly of D (R =
CeFs) with DSPE-mPEG:g0 combine a high PCE of 41.8%
with excellent stability, both important attributes of effective
PTAs. In vitro and in vivo studies reveal that these nanoparti-
cles give rise to excellent PTT effect with good biosafety in
the NIR window. Thus, this study offers a new molecular de-
sign concept for the synthesis of NIR-absorbing PTAs.

RESULTS AND DISCUSSION

Synthesis and Structural Characterization of B-N fused
dianthracenylpyrazines. The synthetic route to the targeted
B-N fused chromophores is shown in Scheme 1 and further
details are provided in the Supporting Information (SI). Pd-
catalyzed Suzuki-Miyaura coupling of 9,10-
bis(pinacolatoboryl)anthrancene (1) with 1-bromo-4-tert-
butylbenzene furnished the unsymmetrically substituted 9-
(pinacolatoboryl)-10-(tert-butylphenyl)-anthracene (2) in 55%
yield. fert-Butylphenyl groups were introduced to increase the
solubility and stability of the final products. Suzuki-Miyaura
cross coupling of 2 with dibromopyrazine gave the pyrazine-
bridged anthracene dimer 3 in a yield of 59%. Using a proto-
col first developed by Ingleson," the addition of BCl;, AlCls
and the bulky base 2,6-di-fert-butylpyridine (DBP) to a DCM
solution of 3 resulted in N-directed electrophilic borylation at
the 10-position of anthracene to give the fused boracyclic spe-
cies. Subsequent reaction with ZnEt, or Zn(CeFs), produced
the targeted B-N doped polycyclic species 4-Et and 4-Pf as
intensely colored solids. The products are stable in air in the
solid state for extended periods of time. The fluorinated deriv-
ative 4-Pf displays relatively higher thermal stability (up to
400 °C; Figure S10, SI) and proved to be also more stable in
solution. The B-N fused products were fully characterized by
multinuclear NMR and high-resolution MALDI-TOF mass
spectrometry. ''B NMR data in CDCl; revealed signals at 1.7
ppm (4-Et) and -2.6 ppm (4-Pf) as expected for a tetra-
coordinate configuration of the boron centers. The "B NMR
signal of 4-Pf is slightly shifted upfield compared with that of
4-Et, consistent with the anticipated stronger B«N interaction
for the more electron-deficient fluorinated derivative.

Scheme 1. Synthesis of B-N fused dianthracenylpyrazines 4
and X-ray structure plot of 4-Pf (50% thermal ellipsoids;
H atoms and octane solvate omitted).
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Single crystals of 4-Pf were grown by slow evaporation of a
solution in a mixture of acetone and n-octane. The X-ray crys-
tal structure reveals a highly distorted, z-shaped conjugated
framework with a large interplanar angle between the anthra-
cene central benzene rings and the pyrazine core unit of 39.6°.
In addition, the anthracene moieties themselves are buckled
with an interplanar angle between the outer benzene rings of
13.0°. The B-N distances of 1.617(3) A are on the shorter side
relative to those previously found for B-N fused dipyridylan-
thracenes (1.628-1.685 A).!° This might indicate a stronger B-
N interaction because the electron-withdrawing C¢Fs groups
enhance the electron-deficient character of the Lewis acidic
borane moieties. The C-C bond distances between the anthra-
cenes and the pyrazine core are also relatively short (C10-C15
1.452(3) A), suggesting significant electronic coupling. The
most severe distortion is seen in the bending of the anthracene-
attached pyrazine carbon C15 out of the anthracene plane by
17.9° (Centan,inmer-C10-C15 162.1°), a value that is larger than
for any of the previously reported B-N fused pyridylanthra-
cenes. The dislocation of the boron atom in the opposite direc-
tion relative to the anthracene moieties is less pronounced
(Centan-C1-B1 170.2°), but still significant. The extended
structure reveals square channels along the crystallographic z-
axis that are filled with n-octane solvent molecules (Figure S1,
SI).

To further examine the geometric features and elements of
distortion for these compounds, we performed DFT calcula-
tions at the B3BLYP/6-31G(d) level of theory.!* Geometry op-
timizations uncovered two distinct conformational isomers for
4-Et/4-Pf, one in which the core units adopt a curved saddle-
like shape (x-isomer) and another that shows a zig-zag con-
formation (z-isomer) as found in the X-ray crystal structure of
4-Pf (Figure 2). Contrasting the results from the X-ray analy-
sis, in the gas phase the saddle-shaped x-isomer of 4-Pf is pre-
dicted to be favored over the z-isomer by AE = 4.6 kJ mol”,
whereas for 4-Et the x-isomer is predicted to be more favora-
ble by AE = 5.5 kJ mol! (Table S1, SI). Despite the differ-
ences in the orientation of the pyrazine relative to the central
anthracene ring (more twisted for the z-isomers), the bond
angles and distances for the conformers are overall remarkably
similar and in good agreement with those of 4-Pf-z from the
X-ray analysis (Table 1). The computed geometries of com-
pounds 4-Et/4-Pf are also compared to those of the corre-
sponding all-carbon analogs 4-Et-C and 4-Pf-C in Figure S2
and Table S2 (SI). Very similar geometric features are found
for both the B-N Lewis pair and the all-carbon systems, sug-
gesting that primarily steric rather than electronic effects de-
termine the geometry.
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Table 1. Computed geometric parameters (distances in A, angles in °) for B-N fused dianthracenylpyrazines 4 (DFT, Gauss-
ian 09; RB3LYP/6-31G(d)) and comparison to the solid-state structure of 4-Pf from X-ray diffraction.

PhAn,inner //

B-N B-Can CAn-pr Can-B-N Centa,-C-B (b] CentAn—C-pr (b] Ph [l PhAn,inner lelyy Py
Ansinner
1.639 1.619 1.462 104.8 170.6 167.2 33.0
4-Et-x [ 70.7
1.652 1.624 1.463 102.2 170.3 164.8 37.8
1.641 1.610 1.461 104.7 171.1 167.5 32.7
4-Et-z 1 11.0
1.651 1.626 1.463 100.9 170.4 163.9 40.3
1.627 1.621 1.457 104.6 171.8 165.2 36.5
4-Pf-x [ 75.3
1.653 1.615 1.456 104.5 170.0 165.1 38.9
164.7
4-Pf-z 2 1.629 1.625 1.454 103.4 169.3 0.0 394
164.8
4Pf@)™ Xray 1.6173) 1.621(3) 1.4523) 104.7(2) 170.2 162.1 0.0 39.6

[a] Saddle-like conformers indicated with (x) and zig-zag conformers with (z). [b] Centa, denotes centroid of attached benzene ring. [c]

Phan,inner denotes central benzene ring of anthracene.
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Figure 2. Computed structures of 4-Et and 4-Pf (Gaussian 09;

RB3LYP/6-31G(d)) illustrating saddle-like conformers (x) and
zig-zag conformers (z). C grey, B green, N blue, F yellow; fert-
butylphenyl groups omitted for clarity.

Variable temperature (VT) NMR spectra acquired for 4-Pf are
consistent with rapid dynamic interconversion between iso-
mers. At room temperature, the '"F NMR spectrum of 4-Pf
showed strongly broadened peaks that split into four signals
for the ortho- and meta-fluorine atoms and two signals for the
para-fluorine atoms of the C¢Fs rings when cooling the solu-
tion in d®-toluene to -30 °C (Figure S3, SI). Coalescence into
one set of signals was observed with increasing temperature,
which is attributed to two simultaneous processes, the hin-
dered rotation of the individual C¢Fs rings and the positional
exchange of the C¢Fs rings. Presumably, this exchange occurs
through B-N bond dissociation followed by rotation of the
B(CsFs), group about the B-C(anthracene) bond.!® The associ-
ated free energy barrier was calculated to be 53(1) kJ mol
based on the coalescence of the p-fluorine signals (Table S3,
SI). This value is significantly lower than those previously
determined for boron-fused 9,10-dipyridyl-anthracenes A (60—

68 kJ mol™) or the mono-borylated anthracene with a sterical-
ly more hindered 2-methylpyridyl substituent (64 kJ mol™).
An additional set of signals for a second isomer was not de-
tected in the low temperature NMR spectra, suggesting that
one conformational isomer is energetically strongly favored in
solution.

Optoelectronic properties of B-N fused dianthracenylpyra-
zines. The UV-vis-NIR absorption spectra of compounds 4
were acquired in DCM solution and are illustrated in Figure 3.
Compared to the precursor 3, the absorption spectra are dra-
matically red-shifted, approaching the NIR region. The largest
shift was observed for 4-Pf, which shows a broad absorption
band with a maximum at A.s = 774 nm and relatively little
absorption throughout the visible region (400-700 nm). These
results are indicative of a very narrow optical gap of E,* =
1.67 and 1.49 eV respectively for 4-Et and 4-Pf. Importantly,
in comparison to the B-N fused dipyridylanthracenes C
(Aabs ~535 to 555 nm, E,°" ~2.3 eV),!° the absorptions are
largely red-shifted and the gap is significantly reduced. The
absorption maximum of 4-Pf is also further shifted than that of
a related B-N doped dihydroindeno[1,2-b]fluorene with par-
tially fluorinated aryl substituents (Aups = 670 nm).!'® The ob-
served intense NIR absorptions were well reproduced by TD-
DFT calculations performed at the PBE0/6-311+G* level of
theory on the geometry-optimized structures (Table 2). Ac-
cording to these calculations the longest wavelength absorp-
tion is assigned to a HOMO—LUMO transition and exhibits a
large oscillator strength for both isomers of 4-Et (¢ = 0.545 (x-
isomer), 0.561 (z-isomer)) and 4-Pf (¢ = 0.559 (x-isomer), 0.602
(z-isomer)). The HOMOs for compounds 4 are mainly localized
on the anthracene groups and the LUMOs on the pyrazine linker
(Figure 4). The spatial separation of the HOMO and LUMO illus-
trates the pronounced D-A-D character of this class of molecules.
Thus, significant negative solvatochromic shifts were found for
compounds 4 when varying the polarity of the solvent. The ab-
sorption maxima change from Amax = 698 nm (4-Et) and 777 nm
(4-Pf) in toluene to Amax = 648 nm (4-Et) and 733 nm (4-Pf) in
acetonitrile (Figure S4 and Table S5, SI), indicative of a more
polar ground state that is better stabilized by polar solvents in
comparison to the first excited state. Further, while 4-Et displayed
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Figure 3. UV-vis absorption spectra of 3 and 4 in DCM.

Table 2. Experimental absorption data and results from
DFT and TD-DFT calculations.

Experimental DFT/TD-DFT
Aabs @ 3 EL Jans© T, ¢ NI
(m)  (10*'M- (eV)  (nm) (eV) (eV)
lemr!)
4-Et 687, 3.39, 1.67  692(z) 1.035(z) 1.793 (2)

637 (sh) 2.64
4-Pf 774, 400/ 149
708 (shy  2.76

692 (x) 1.042 (x) 1.791 (x)
734 (z)  0.970 (z) 1.689 (2)
749 (x)  0.948 (x) 1.656 (x)

[a] Absorption maxima in DCM solution. [b] From experimental
absorption onsets. [c] Computed So — S; transition at PBE0/6-
311+G(d) level. [d] Computed at UB3LYP/6-31G(d) level. [e]
From TD-DFT results at So geometry. [f] 1.89x10* M-'cm! at 808
nm.

weak fluorescence at 784 nm at 293 K that was enhanced at 77
K, 4-Pf was essentially non-emissive in MeTHF solution at
room temperature and at 77 K (Figure S5, SI). The weak fluo-
rescence for 4-Et and lack of fluorescence for 4-Pf indicates

that the excited state decays through nonradiative pathways.
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The radiative and nonradiative decay rates for weakly emis-
sive 4-Et were estimated from the quantum yield (® = 1.6%)
and lifetime (1 = 0.55 ns) to be 2.9 x 107 s and 180 x 107 s™!
(Table S6). The radiative decay rate is similar to that of di-
pyridylanthrancene-based systems that emit at shorter wave-
lengths of ca. 620 nm,' but the nonradiative decay rate is
about 50 times larger. Rapid non-radiative decay of these NIR
chromophores is consistent with the band gap law' and may
be further promoted by the molecular flexibility deduced from
the VT NMR studies.

To further examine the electronic structure and verify the elec-
tron acceptor properties of the B-N fused dianthracenylpyra-
zines, we acquired cyclic (CV) and square wave voltammo-
grams (SWV) for 4-Et / 4-Pf in THF containing 0.1 M
BuN[PFs]. 4-Pf exhibits two consecutive reversible reduction
processes at Ereq =-0.74 and -1.75 V and 4-Et at E.q = -1.23, -
2.10 V relative to the Fc”* couple (Figure S6 and Table S7,
SI). While both compounds are readily reduced, the first re-
duction for 4-Pf occurs at a far less negative potential than for
4-Et due to the electron-withdrawing nature of the C¢Fs sub-
stituents that further increase the electron-deficient character.
Oxidative scans were performed in CH,Cl, containing 0.1 M
BusN[PFs]. 4-Pf undergoes two reversible oxidations, whereas
4-Et shows only irreversible processes. The HOMO and
LUMO levels were estimated from the electrochemical redox
potentials and are given in Table S8 (SI). Most remarkable are
the very low lying LUMO orbital levels of -3.90 / -4.39 eV for
4-Et / 4-Pf. The HOMO-LUMO gaps are overall in good
agreement with the trends from DFT results (vide infra) and
the optical gaps deduced from UV-Vis absorption spectrosco-
py.

The role of the B-N Lewis pair functionalization in endowing
compounds 4 with such a strong acceptor character can be
assessed by comparing the frontier orbital energies with those
of the all-carbon analogs using computational methods. The
computed frontier orbitals for the z-isomers of the B-N fused
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Figure 4. Computed frontier orbital energies and HOMO/LUMO orbital plots of 4-Et / 4-Pf (z-isomers) in comparison to their all-carbon

analogs 4-Et-C / 4-Pf-C (DFT, RB3LYP/6-31G(d)).
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dianthracenylpyrazines and their all-carbon analogs are illus-
trated in Figure 4. The corresponding results for the x-isomers
are qualitatively similar and are provided in the SI (Figure S8,
Table S9). The B-N fused dianthracenylpyrazines 4-Et / 4-Pf
show slightly decreased HOMO and much more dramatically
decreased LUMO energy levels relative to the all-carbon ana-
logs 4-Et-C / 4-Pf-C (and even more so the non-fused precur-
sor 3, see Figure S8). This leads to far smaller HOMO-LUMO
energy gaps (E,) for 4-Et / 4-Pf of 2.06 / 1.94 eV, respective-
ly, effectively lowering E, relative to the all-carbon analogs by
0.61 / 0.72 eV and relative to non-fused 3 by 1.22 / 1.34 eV.
The attachment of electron-withdrawing C¢Fs groups to boron
further lowers the HOMO-LUMO gap, in good agreement
with the red-shift of the longest wavelength absorption of 4-Pf
in comparison to that of 4-Et. Closer inspection of the orbital
distributions reveals major differences in the electronic struc-
ture for the B-N versus the all-carbon systems. The HOMO
and LUMO orbitals for the all-carbon analogs 4-Et-C / 4-Pf-C
show contributions from the anthracene and pyrazine groups,
in sharp contrast to the spatial separation of the HOMO and
LUMO in borylated 4-Et / 4-Pf.

In our prior studies, we found that an intriguing characteristic
of B-N functionalized anthracenes is their ability to readily
react with oxygen and to form singlet oxygen.!*'® To investi-
gate the ability of the B-N fused dianthracenylpyrazines 4-Et /
4-Pf to act as a singlet oxygen sensitizer, solutions of the
acenes and excess 9,10-dimethylanthracene (DMA) as a sin-
glet oxygen acceptor in air-saturated CH,Cl, were irradiated
with a panchromatic light source at room temperature (Figures
S11-S12). Indeed, compound 4-Et promotes conversion of
DMA into its endoperoxide. However, when using the more
electron-deficient compound 4-Pf with its lower-lying
HOMO/LUMO and smaller HOMO-LUMO gap as a photo-
sensitizer, only negligible amounts of DMA were converted
upon photoirradiation under otherwise identical conditions.
Besides the lower lying HOMO, the relatively smaller So-T,
gap of 4-Pf (computed as 0.95/0.97 eV, Table 2) may also
disfavor the conversion of triplet to singlet oxygen as it is at
the borderline of the energy required for this process of 0.98
eV."7 Both the lack of emission and low reactive oxygen spe-
cies (ROS) generation of 4-Pf further suggest that vibrational
(conformational flexibility) and/or rotational (fert-butyl, B-
ethyl) relaxation processes play a prominent role in the excited
state deactivation, thereby enhancing photothermal conver-
sion.”™ Thus, the strong absorbance of 4-Pf in the NIR region,
in stark contrast to the non-borylated precursor, was postulated
to enable high efficiency photothermal conversion, suggesting
opportunities for PTT application.

B-N fused dianthracenylpyrazines as photothermal agents
(PTAs) and in vitro cell assays. To explore 4-Pf as a bioa-
vailable PTA, we prepared water-soluble nanoparticles via
nanoprecipitation using an amphiphilic biocompatible copol-
ymer 1,2-distearoyl-sn-glycero-3-phosphoethanol-amine-N-
[methoxy-(polyethylene glycol)-2000] (DSPE-mPEGao) as
the encapsulation matrix. Nanoparticles 4-Pf-NPs can be ho-
mogeneously dispersed in water, yielding a green colored so-
lution. A strong absorption band in the spectral region of 700-

900 nm (Figure S13) is consistent with the absorption of 4-Pf
in DCM solution, suggesting a pronounced capability to ab-
sorb light in the NIR region (g77s = 3.80x10* M'cm™, egp5 =
2.36x10* M'em™). The morphology of 4-P{-NPs was charac-
terized by transmission electron microscopy (TEM), which
revealed uniform spherical particles with an average diameter
of 8 nm (Figure 5a). Dynamic light scattering (DLS) meas-
urements gave similar average hydrodynamic diameters of ca.
12 nm (Figure 5a) with a zeta potential of -7.8 mV. The 4-Pf-
NPs solution was clear and the absorption spectrum did not
display any significant variation after storage at 4 °C for 21
days (Figure S13, SI), suggesting good physiological stability
in aqueous solutions. Next, the photothermal effect of 4-Pf-
NPs in water was investigated under NIR laser irradiation at
808 nm with a power density of 1.0 W cm 2. As shown in Fig-
ure 5b-c, the temperature of 4-Pf-NPs solutions at different
concentrations gradually increased under irradiation and a
high value of 62.8 °C was recorded within 600 s at a 50 pM
concentration, whereas pure water did not show any signifi-
cant temperature change. Meanwhile, 4-Pf-NPs showed an
obvious laser-power-density-dependent temperature elevation
property (Figure S17-18, SI). The PCE value of 4-Pf-NPs at
808 nm was calculated as 41.8 % (Figure S14-S15, SI), which
is comparable to that of various state-of-the-art small molecule
photothermal agents (Table S13 and Figure S21, SI), high-
lighting the potential of 4-Pf-NPs as a PTT agent.

Encouraged by the good PTT performance of 4-Pf-NPs in
water, the biocompatibility and photocytotoxicity was further
evaluated by performing a CCK-8 assay. Without laser irradia-
tion, 4T1 cells incubated with 4-Pf-NPs maintained a high cell
viability of more than 95% even at concentrations as high as
35 uM, demonstrating good biocompatibility of 4-Pf-NPs
(Figure 5d). In contrast, upon irradiation with a 1.0 W cm2
(808 nm) laser for 5 min, the cell viabilities distinctly de-
creased with increasing concentration of 4-Pf-NPs, within a
half maximal inhibitory concentration (ICs) of 13.7 uM (Fig-
ure 5d). Next, a Calcein AM and propidium iodide (PI) assay
was employed to evaluate the apoptosis and necrosis rates that
distinguish viable cells (in green color) from dead cells (in red
color). It can be seen in Figure 5e that the cells with 4-Pf-NPs
when exposed to NIR irradiation showed obvious red fluores-
cence and negligible green fluorescence indicating substantial
cell death. In contrast, cells in the presence of 4-Pf-NPs with-
out light, cells exposed to NIR irradiation without 4-P{-NPs,
and a control group all exhibited strong green fluorescence
and no red fluorescence, demonstrating the absence of any
toxic effects on the cells. We further investigated the possible
death mechanism of 4-Pf-NPs-induced cytotoxicity by flow
cytometry with Annexin V-FITC and propidium iodide (PI)
(Figure 5f). After incubation with 4-Pf-NPs and NIR irradia-
tion, the percentage of viable cells decreased from 90.0%
(PBS) to 14.4%, and more than 84% of the cells were in the
apoptosis stage or necrosis stage. In contrast, neither 4-Pf-NPs
nor NIR irradiation alone inhibited cell growth. These results
further confirmed the efficient photothermal effect of 4-Pf-
NPs on cells under laser irradiation, suggesting great potential
for in vivo cancer cell ablation.
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a) The size distribution of 4-Pf-NPs measured using dynamic light scattering (DLS) in water. Insets: photographs of 4-Pf-NPs

dispersed in water and TEM images of 4-Pf-NPs (scale bar: 10 nm); b) Thermal images of 4-Pf-NPs at different concentrations (0-50 pM)
after 808 nm light irradiation; ¢) Photothermal conversion behavior of 4-Pf-NPs at different concentrations (0-50 pM) under 808 nm light
irradiation; d) Cell viability of 4T1 cells incubated with 4-Pf-NPs at various concentrations in the dark and after NIR light irradiation (808
nm, 1.0 W cm™2, 5 min) (n = 3, Mean + S.D.); e) Calcein AM (green) and propidium iodide (red) merged fluorescence imaging of 4T1
cells after different treatments. NIR light irradiation (808 nm, 1.0 W cm™2, 5 min) was conducted after cells were incubated with 4-Pf-NPs
(28 uM). Scale bar: 100 um; f) Apoptosis and necrosis analysis using flow cytometry toward 4T1 cells after different treatments. NIR light
irradiation (808 nm, 1.0 W cm 2, 5 min) was conducted after cells were incubated with 4-Pf-NPs (28 uM).

In vivo tumor treatment studies. To investigate the PTT
effect in vivo, four groups (four mice for each group) were
randomly established using 4T1 tumor-bearing mice, as fol-
lows: “Control” (PBS), “Light” (PBS with laser irradiation),
“4-Pf-NPs”, and “4-Pf-NPs + Light”. After intravenous injec-
tion of PBS and 4-Pf-NPs (100 pL, 700 uM) for 24 h, the
mice from the groups with laser were irradiated (808 nm, 1.0

W cm?) for 5 min, and the tumor temperatures were moni-
tored by an infrared thermal camera. The mice of the “4-Pf-
NPs + Light” group displayed a rapid temperature increase to
49.7 °C within 1 min irradiation and the temperature slowly
rose to 54 °C for the remaining time (Figure 6a-b), which was
high enough to destroy the tumor cells.
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H&E Ki67

TUNEL

a) Temperature change curves of 4T1 tumors in mice treated with or without 4-Pf-NPs and laser irradiation as a function of

irradiation time; b) Thermal IR images of 4T1 tumor-bearing mice after intravenous injection of 4-Pf-NPs and exposure to 1.0 W ¢cm™
(808 nm) laser irradiation for 5 min; ¢) The relative tumor volume (V/Vy) of each group during treatments (n = 5, Mean = S.D.); d) Aver-
age weights of tumors at day 14 after treatment (n = 5, Mean + S.D.); ¢) Representative photos of the excised tumors at day 14 after treat-
ment and Histological H&E, Ki67 staining, and fluorescence TUNEL of tumor tissues collected from mice in the different groups at day 2,

24 h after laser treatment. The scale bar is 100 pm.

In contrast, the control group (“PBS + Light”) exhibited negli-
gible temperature variation (AT = 4 °C) under the same irradi-
ation condition, indicating strong photothermal conversion
ability of 4-Pf-NPs in vivo. Following above treatments, the
PTT efficiency of each group was evaluated by monitoring the
tumor growth for 14 days. As depicted in Figure 6c, the treat-
ments of “PBS + Light” and “4-Pf-NPs” failed to inhibit the
tumor growth (average tumor volume increased 6-fold), simi-
lar to the “Control” group, indicating that only laser irradiation
or the presence of 4-Pf-NPs themselves had a negligible bene-
fit in cancer therapy. Remarkably, the “4-Pf-NPs + Light”
group exhibited high antitumor efficacy, where the tumor was
totally eradicated without recurrence. The above results were
further confirmed by the tumor weight and photographs after
different treatments (Figure 6d-¢). One mouse from each
group was sacrificed on day 2 (24 h later of laser treatment)
and the tumor tissues were collected for pathological examina-
tion by hematoxylin & eosin (H&E), TdT-mediated dUTP
Nick-End Labeling (TUNEL) and Antigen Ki-67 staining.
H&E staining clearly revealed much more necrotic areas in the
“4-Pf-NPs + Light” group. Moreover, both TUNEL and Anti-
gen Ki-67 staining demonstrated that “4-Pf-NPs + Light” is

the most effective treatment in inducing apoptosis and inhibit-
ing tumor cell proliferation (Figure 6e). In addition, no notable
abnormalities and lesions were observed in the tissue sections
of the heart, liver, spleen, lung, and kidney in all the groups
(Figure S25, SI). It is worth noting that no significant differ-
ence of the mice weight was observed for all groups (Figure
S26, SI). Finally, the toxicity of 4-Pf-NPs was also estimated
in healthy mice. There were negligible influences on body
weight changes of mice during two weeks feeding (Figure
S27, SI). The assay of complete blood panel in the treated
group showed no statistical differences with those in the con-
trol group (Figure S28-29, SI). No noticeable pathological
change or tissue denaturation was found in all main organs
(Figure S30, SI). All these results clearly confirmed the re-
markable therapeutic effect of 4-Pf-NPs with excellent bio-
compatibility and minor side effects for cancer therapy.

CONCLUSION

We have designed and synthesized two new B-N fused dian-
thracenylpyrazine derivatives with exceptionally narrow
HOMO-LUMO gaps. An X-ray crystal structure of the CeFs-
substituted derivative 4-Pf reveals a z-shaped conformation in
the solid state with large angles between the anthracenyl
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groups and the central pyrazine moiety. An alternative con-
former with a saddle-shape was identified by computational
methods, which predict this isomer to be slightly more favora-
ble by ca. 5 kJ mol™' in the gas phase. Incorporation of the B-N
units into the conjugated systems leads to major changes in the
electronic structure compared to their C-C analogs, including
dramatically lower LUMO levels and large decreases in the
HOMO-LUMO gap. Thus, the borylated dianthracenylpyra-
zine derivatives show significant absorbance at greater than
700 nm. DFT calculations reveal the D-A-D character of these
B-N fused dianthracenylpyrazines as seen in the spatial sepa-
ration of the HOMO and LUMO orbitals and confirm the
strong overall acceptor character. Benefiting from intramolec-
ular charge transfer, absence of fluorescence, as well as good
photostability, the nanostructured 4-Pf-NPs show excellent
photothermal conversion efficiency of 41.8%. Both in vitro
and in vivo experiments validate the promising biocompatibil-
ity and excellent photothermal therapeutic efficacy of 4-Pf-
NPs. These results indicate that the B-N Lewis pair functional-
ization of PAHs is a promising new strategy toward NIR ab-
sorbing materials that serve as effective PTAs. Thus, this
study is expected to trigger further advances in the molecular
engineering of NIR absorbing dyes based on B-N fused PAHs
for biomedical applications.
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