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Small organic molecules showing photoluminescence have
drawn considerable attention due to their application in
material science and bioscience. Among them, introduction of
boron atoms into the m-conjugated system is recognized to
improve the photophysical properties dramatically. Thus,
numerous boron complexes including BODIPY dyes, which are
one of the well-known fluorescent boron complexes based on
the dipyrromethene ligand, have been designed and evaluated
for their potential applications in organic light-emitting diodes
(OLEDs)," solar cells,> medicinal diagnosis*® and photodynamic
therapy (PDT).* Various BODIPY analogues based on the
dipyrromethene ligand have been developed to achieve the
applications mentioned above, whereas the research on the
development of novel luminescent boron complexes based on
aromatic ligands has emerged to explore and improve the
photofunctionalities. For example, some successful examples of
rigid four-coordinated boron complexes based on tridentate
ligands, which show unique and useful luminescent properties
such as self-assembly,” aggregation-induced emission® and
chiroptical properties,” have been reported.
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The boron complex was found to have potential applications as not only a chiroptical material but also
a heavy-atom-free mitochondria-targeted photosensitizer for cancer treatment.

PDT has a huge importance in the healthcare field due to its
noninvasive treatment for various diseases including cancer.® In
the PDT process the photosensitizers play a key role to generate
the reactive oxygen species (ROS) via energy transfer from the
triplet photosensitizer to molecular oxygen. Although the
introduction of heavy halogen atoms into the dye is one of the
promising strategies to enhance intersystem crossing for
improving the singlet oxygen generation capability, this method
often causes dark toxicity. Thus, the research on the develop-
ment of the heavy-atom-free photosensitizers has become
increasingly important. Recently, some heavy-atom-free triplet
BODIPY dyes have been designed and synthesized based on the
molecular concept such as the photo-induced electron transfer
(PET) process, reducing the energy gap between the lowest
singlet excited state and the lowest triplet excited state, and
replacement of the oxygen atom of the carbonyl group with
a sulfur atom to enhance the intersystem crossing.® However,
the designing of heavy-atom-free photosensitizers is still
a challenging research area.

In this manuscript, we describe the synthesis, crystal struc-
ture and photophysical properties of the luminescent boron
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Scheme 1 Synthesis of the boron complex 1.
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complex 1 based on 1,3-bis(o-hydroxyphenyl)imidazo[1,5-a]
pyridine ligand 2, which works as a tridentate O,N,O-ligand
(Scheme 1). In addition, it was found that the boron complex 1
not only shows a cyan emission from the singlet excited state
but also forms a triplet excited state via intersystem crossing,
which is applicable in biological application as a heavy-atom-
free photosensitizer for a potent cancer treatment.

The tridentate ligand 2 was synthesized from commercially
available imidazo[1,5-a]pyridine via three steps including the
iodination reaction, Suzuki-Miyaura cross coupling reaction
using the o-methoxyphenylboronic acid and demethylation
reaction using boron tribromide (Scheme S17). As shown in
Scheme 1, the desired boron complex 1 was prepared by the
reaction of tridentate ligand 2 with phenylboronic acid in 90%
yield. The structure of 1 was determined by NMR spectroscopy
and HRMS. Fortunately, the single crystals of 1 suitable for the
X-ray crystallographic analysis were prepared from dichloro-
methane and hexane. The X-ray analysis of 1 revealed that the
boron atom is bound to the sp> nitrogen atom of the imidazo
[1,5-a]pyridine ring and two oxygen atoms of the o-hydrox-
yphenyl groups to form a tetracoordinate boron complex
(Fig. 1). The N-B bond length is 1.547 A and slightly longer than
that of the O-B bond (1.475 A for 01-B bond and 1.463 A for 02—
B bond, respectively). The dihedral angles between the imidazo
[1,5-a]pyridine core and each substituted phenyl ring at 1- and
3-positions are 10.27° for N-C1-C2-C3 and 14.59° for N-C4-C5-
Cé. It should be noted that the rigid perpendicular orientation
of the axial phenyl ring at boron atom to the unsymmetrical
imidazo[1,5-a]pyridine ligand leads to chiral scaffold. Indeed,
the pair of the positive and negative CD peaks at 254 nm, which
indicate the opposite of optical rotation derived from both
enantiomers of 1, were observed by HPLC using a chiral
stationary phase (Daicel Corp. CHIRALPAK IB) (Fig. S1t). We
also conducted the optical resolution of 1 and the ECD spectra
were shown in Fig S2.f The experimental ECD spectra were
similar to the calculated ECD spectra shown in Fig. S8.7 The
calculated ECD spectra indicated that the (R)-1 and (S)-1 show
the positive and negative ECD signals at around 370 nm,
respectively. Thus, we speculate that the first and second frac-
tions observed in HPLC analysis correspond to (R)-1 and (S)-1,
respectively. Although we did not conduct the CPL

Fig.1 ORTEP drawing of 1. Disordered dichloromethane molecule is
omitted for clarity.
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Fig. 2 (a) Absorption (blue line) and PL (red line) spectra of 1 in DMSO
“sh” denotes a shoulder band. (b) Photoluminescence of 1 in DMSO
under 365 nm irradiation.

measurement of the boron complex 1, these findings indicate
the potential application of 1 as a new class of luminescent
boron complex showing a chiroptical property.

Next, we investigated the photophysical property of 1. The
photophysical data of 1 in dimethyl sulfoxide (DMSO) are
summarized in Table S11 accompanied by its absorption and
photoluminescence (PL) spectra in Fig. 2. The absorption
maximum of 1 was observed at 373 nm with moderate molar
extinction coefficient (egq = 15 800 L mol ! cm™ ') concomi-
tantly with some shoulder bands. The boron complex 1 exhibits
cyan emission, and PL peak was observed at 479 nm. Although
we also examined the solvent effect using some organic
solvents, obvious solvent polarity-dependent absorption and PL
emission of 1 were not observed (Fig. S31). The absolute PL
quantum yield is found to be 0.34 in DMSO. The fluorescent
lifetime of 1 (ty = 5.01 ns) is shorter than those of boron
complexes of 1-(o-hydroxyphenyl)imidazo[1,5-a]pyridine (zy =
10.1-12.5 ns)," the value is within a range of the fluorescence
lifetimes of known BODIPY dyes (around 1-10 ns)."* The boron
complex of 1-(o-hydroxyphenyl)imidazo[1,5-a]pyridine shows
high fluorescence quantum yields (®.,, = up to 0.71)," whereas
the boron complex 1 shows medium fluorescence quantum
yield in solution (®.,,, = 0.34). The decrease of PL quantum yield
suggests the increase in non-radiative rate constant. Although
the absolute PL value is decreased in solid state (@e,, = 0.05),
the boron complex 1 shows cyan emission even in the solid
state. Decreasing of the PL quantum yield in the solid state
suggests that the structural relaxation process of imidazo[1,5-a]
pyridine unit is important for the radiative process. Such a non-
radiative process is considered as intramolecular vibrational
redistribution (IVR) or intersystem crossing process. Thus, we
measured femtosecond transient absorption spectra of 1 in
DMSO to elucidate the non-radiative process on the excited
state. The setup for the measurement of transient absorption
spectra is shown in Fig. S4,f and the time-resolved transient
spectra of 1 in DMSO are shown in Fig. 3a. The absorption band
appeared immediately around 690 nm after excitation. Decay
components with a time constant of 480 ps was obtained with
exponential fitting as shown in Fig. 3b. Sub nanoseconds
relaxation process is slower than general IVR and suggests the
change of intramolecular charge transfer (CT) character.'?

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) and (c) Femtosecond transient absorption spectra of 1 in
DMSO after excitation at 400 nm. (b) Transient absorption decay
profile (scattered points) at 693 nm and fit (solid line) with an expo-
nential function with a time constant 480 ps.

Then, the absorption band at 545 nm arose in place of the
decrease in band around 690 nm according to an increase in the
delay time after excitation. Because the transient absorption
band at 545 nm survives substantially longer than the fluores-
cence lifetime, the transient absorption spectrum observed at
a time delay of 20 ns is ascribed to the triplet excited state of 1
(Fig. 3c). Intersystem crossing process might be induced with
the increase of intramolecular charge transfer character.® The
yield of intersystem crossing is roughly estimated to be up to
0.36 from PL yield and deactivation process in transient
absorbance at 693 nm. This finding encouraged us to elucidate
the potential application of 1 as a heavy-atom-free photosensi-
tizer for PDT treatment through triplet state.

To perform the biological application, the dark toxicity is
undesirable nature. Thus, we evaluated the cytotoxicity of 1 to
HeLa cells using CCK-8 assay. The viabilities of HeLa cells
incubated for 1 hour (for acute toxicity) and 24 hours (for
subacute toxicity) with various concentrations of 1 are
summarized in Fig. S5.1 As a result, the boron complex 1 did not
show the significant toxicity to HeLa cells in each concentration
tested in this study under a dark. We next applied the boron
complex 1 to a fluorescence bioimaging experiment of HeLa
cells because the cellular localization of photosensitizer is
important to achieve the effective PDT treatment. Among the
organelle, mitochondria, which plays a key role in activating
apoptosis, has been recognized as a promising target for the
designing PDT agents."* When HeLa cells were incubated with 1
(5.0 x 107> mol L") at 37 °C for 1 hour under 5% CO, condi-
tions, the cells were labelled with cyan fluorescence signals
indicating 1. To elucidate the cellular localization of 1, we
conducted the co-staining experiment of HeLa cells using 1 and
a mitochondrial marker (MitoTracker Red, ThermoFisher
Scientific). When HeLa cells were incubated with boron
complex 1 and the mitochondrial marker at 37 °C for 1 hour
under 5% CO, conditions, it was found that the cyan fluores-
cence signals indicating 1 co-localized with the red fluorescence
signals indicating the mitochondrial marker (Fig. 4a). It is re-
ported that the neutral BODIPY dye tends to localize into the
mitochondria of cells to its low electron density nature.'
Because the TD-DFT calculation indicates the ICT nature of 1 in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Observed images focused on mitochondria in Hela cells
with 1 and a mitochondrial marker. Cyan fluorescence of 1 was
observed through a WU filter and red florescence of a mitochondrial
marker was observed through a WIY filter. (b) Cell viabilities of HelLa
cells after UVA-LED irradiation with (+) or without (—) staining by 1.

the excited state, which may be caused by partial electron
deficiency of fluorophore, we consider that the boron complex 1
also shows high affinity toward mitochondria (Fig. S6T). In
addition, this finding indicates the potential application of 1 as
a heavy-atom-free mitochondria-targeted PDT agent against
cancer cells.

We next focused on the application of 1 as a one-photon PDT
agent using UVA-LED. The photocytotoxicity against HeLa cells
was not observed in the absence of 1 after the UVA-LED irra-
diation for 60 minutes (Fig. 4b). Conversely, the cell viabilities
of HeLa cells stained by 1 were gradually decreased according to
the continuous UVA-LED irradiation, and the significant cyto-
toxicity of 1 was observed after UVA-LED irradiation for 60
minutes (Fig. 4b). To validate a role of 1 as mitochondria-
targeted PDT agent, we also conducted the JC-1 assay for the
measurement of the mitochondrial membrane potential to
evaluate the mitochondrial function after the continuous UVA-
LED irradiation. When the UVA-LED irradiation on HeLa cells
in the absence of 1 was conducted for 0, 10 and 30 minutes, the
changes of red and green fluorescence signals of JC-1 dyes were
not observed (Fig. 5a). On the other hand, the continuous UVA-
LED irradiation on HeLa cells stained by 1 (5.0 x 10> mol L)
elevated the depolarization of the mitochondrial membrane
potential (Fig. 5b). Mitochondrial damages of HeLa cells were
similarly observed even in the presence of lower concentrations
of 1 (5.0 x 10~® mol L") after 30 min irradiation (Fig. S107).

The use of UVA light source was unfavorable for PDT treat-
ment due to its low light penetration and potential toxicity. On

a) In the absence of 1
LED:Omin LED: 10min

b) In the presence of 1
LED:Omin LED:10min

c) Control

LED:30min FCCP

LED:30min

Fig. 5 Photographs of Hela cells incubated with the JC-1 dye (a) in
the absence and (b) presence of 1; fluorescence images through WIG
filter (upper), those through WIB filter (middle) and bright fields (lower).
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the other hand, it is known that the two-photon excitation
process enables the excitation of dye at lower energy.* The two-
photon technology realizes the PDT treatment with some
beneficial outcomes such as high penetration depth, spatial
selectivity, and low phototoxicity to healthy tissues.'” Thus, we
investigated the two-photon excitable nature to evaluate the
potential of 1 as two-photon PDT agent for cancer treatment.
The two-photon excitation of 1 was studied using a femtosecond
pulse laser source, and the setup is shown in Fig. S11.f When
the DMSO solution of 1 was excited at 740 nm, cyan fluores-
cence was observed at the focal point of the laser. The log-log
plot of the fluorescence intensity against the laser power gave
a linear line with a slope of 1.92, which indicates the occurrence
to two-photon absorption of 1 (Fig. S121). When we conducted
the two-photon imaging of mitochondria in HeLa cells, fluo-
rescence image was successfully observed under 740 nm irra-
diation condition (Fig. S13t). These results strongly indicated
the potential application of 1 as multi-photon excitable photo-
sensitizer, i.e., NIR excitable PDT agent for cancer treatment.

In conclusion, we have synthesized and characterized the
boron complex based on the tridentate imidazo[1,5-a]pyridine
ligand. X-ray analysis of 1 revealed that the perpendicular
orientation of the axial phenyl ring at boron atom to the
unsymmetrical planar ligand constructs a chiral environment.
The boron complex 1 was found to work as the heavy-atom-free
photosensitizer based on the experimental study of its excited
state dynamics. The boron complex 1 showed not only a pho-
tocytotoxicity through triplet state but also a two-photon
absorption nature. In addition, the PDT agents exhibiting
photoluminescence have the advantages because they can
visualize and define the affected area during the PDT treatment,
and have potential application in theranostics, which combines
the therapeutic and diagnostic imaging medical techniques.*®
Thus, we believe that the boron complex 1 becomes the new
molecular design for a theranostics agent.
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