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We devised a new generation of halogen-based triplet sensitisers
comprising geminal dibromides at the vinyl backbone of a BODIPY
fluorophore. Incorporating geminal dibromides into the n-conjugation
of BODIPY enhanced intersystem crossing due to the heavy atom
effect, which in turn improved the extent of excited triplet states.

Thanks to recent advancements, photodynamic therapy has
established itself as a safe, reliable clinical modality for treating
localised cancers,'® dermatological diseases” and several bac-
terial infections."

To mediate oxidative photodamage to living cells, PDT relies
on the light-triggered generation of reactive oxygen species (e.g.,
singlet oxygen) by photosensitisers. The modality’s efficacy,
determined by the interplay of the photosensitiser, light and
molecular oxygen, depends heavily on the photosensitiser’s
capacity to generate singlet oxygen.>

Most photosensitisers investigated for clinical PDT com-
prise cyclic tetrapyrrolic structures inspired by naturally derived
porphyrins such as haematoporphyrin.? Other than porphyrin-
based photosensitisers, dipyrromethene-based (BODIPY) dyes,
given their excellent photophysical properties, have emerged as
highly promising candidates for photosensitisers not only for
PDT but for bioimaging applications as well.* In fact, the
unmodified BODIPY core (e.g., tetramethyl-BODIPY) is utterly
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without effect in PDT, as it is deprived of excited triplet states, a
photophysical parameter necessary for generating singlet
oxygen.®

Nevertheless, recent studies on BODIPY-based photosensi-
tisers have elegantly demonstrated the possibility of switching
the excited state of a BODIPY dye from a singlet to a triplet
state.’

Manipulating the BODIPY skeleton via halogenation,” first
reported by Nagano et al.,” is an effective approach to promoting
the spin-orbital coupling (SOC) needed to observe triplet states.
Integrating transition metals into the BODIPY skeleton,**® con-
jugating the core to poly/aromatics (e.g., anthracene or fullerene),’
incorporating donor groups to the core,'® and orthogonal
dimerisation™" are other possible methods of improving a BOD-
IPY dye’s efficiency in generating singlet oxygen (Scheme 1).

Among these methods, installing halogens (e.g., I or Br) is by
far the most practical way to transform an inactive BODIPY dye
into a highly active triplet sensitiser. However, the photoactivity of
halogenated BODIPY is highly dependent on the type of halogen
atom and the pattern of halogen substitution."> Because iodine
exerts a greater heavy atom effect than bromine, iodinated
BODIPY derivatives usually exhibit far greater singlet oxygen
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Scheme 1 BODIPY-based photosensitisers for singlet oxygen generation.
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Scheme 2 Comparison of BOD-1 with literature examples.

generation efficiency (Scheme 2). Although halogenation at the
2,6-positions is essential for triplet sensitisation, multiple halo-
genations do not always benefit the efficiency of generating singlet
oxygen." Given their high photoactivity, iodinated BODIPY dyes
emit nearly no fluorescence, which renders them useless for
fluorescence imaging applications.

By sharp contrast, brominated BODIPY dyes, despite having
lower photoactivity, usually emit a faint fluorescence emission.™

For PDT today, the goal of developing a photosensitiser with
a fine balance between fluorescence emission and singlet
oxygen generation, a characteristic that is desirable for effective
image-guided PDT, has galvanised considerable attention.
Recent studies have even shown that BODIPY dyes can be
conveniently used as platforms for theragnostic PDT."* Never-
theless, designing halogenated BODIPY-photosensitisers with
both high efficiency in generating singlet oxygen and trackable
fluorescence emission remains a significant challenge. Alter-
native synthetic routes to readily access halogenated BODIPY
dyes with dual photonic action are thus in high demand.

With that need in mind, we devised a BODIPY construct as a
potential new generation triplet photosensitiser with geminal
dibromides at the vinyl backbone of a BODIPY core.

Building upon our previous investigation into transition metal-
based BODIPY photosensitisers (Scheme 1e), we anticipated
that placing heavy atoms, namely halogens, into the extended
n-conjugation of the BODIPY skeleton would enhance the prob-
ability of ISC due to the heavy atom effect and, in turn, improve
the possibility of observing excited triplet states (Scheme 2).*”

Herein, we present the design, synthesis and spectroscopic
investigation of halogenated vinyl-BODIPY derivatives, denoted
BOD-1 and BOD-2, with high efficiency in generating singlet oxygen
in solution and in living environments. Both compounds were
prepared by following the synthetic route outlined in Scheme 3.
The dibromo olefination (e.g., Ramirez olefination)">* of 2-formyl-
BODIPY with carbon tetrabromide and triphenylphosphine in
dichloromethane at 0 °C gave BOD-1 in a reasonable yield of
approximately 35%. BOD-2 was prepared from a 2,6-diformyl-
BODIPY derivative following the same synthetic protocol.**>*

The identity of both compounds was confirmed via nuclear
magnetic resonance spectroscopy and high-resolution mass spec-
trometric analysis, consistent with reported data.'® Nevertheless,
the triplet-state properties of BODIPY-vinyl dibromides (e.g:, tri-
plet photosensitisation capabilities, singlet- and triplet-state life-
times, photocytotoxicity and TTA upconversion behaviours)
remained unexplored. With this in mind, we closely examined
the photophysical properties of BOD-1 and BOD-2 and their
ability to generate singlet oxygen by performing steady-state
fluorescence and absorption spectroscopy, while we investigated
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Scheme 3 Synthetic route for BOD-1 and BOD-2.

their triplet-state characteristics by using nanosecond transient
absorption spectroscopy.

Table 1 shows the electronic absorption and emission data
of BOD-1 and BOD-2 and, for comparison, of the 2,6-dibromo
and 2,6-diiodo-BODIPY derivatives.'”

As illustrated in Fig. 1, the UV-visible spectra of BOD-1 and
BOD-2 showed absorption bands in the range of 510-525 nm.
The absorption band of BOD-1 with a single dibromo-vinyl unit
was centred at 513 nm, whereas incorporating the second
dibromo-vinyl unit induced a moderate bathochromic shift
to 525 nm, which clearly indicated a larger extension of the
n-conjugation for compound BOD-2 than that of BOD-1. Com-
pared with the BODIPY derivative free of heavy atoms, BOD-1,
upon excitation at 480 nm (5 pM), exhibited a red-shifted
emission band at 533 nm, with a small fluorescence quantum
yield (@¢ = 0.095, 7¢ = 1.41 ns). Similarly, upon excitation at
500 nm (5 pM), BOD-2 exhibited a red shifted emission band at
552 nm (®g = 0.11, 7¢ = 1.50 ns).

The brief decay time of the excited singlet state, along with
the low fluorescence quantum yield of both compounds, can be
attributed to the efficiency of ISC from an excited singlet state
to an excited triplet state via the heavy atom effect induced by
the halogens linked to the BODIPY structures.

The population of the excited triplet states was confirmed by
nanosecond time-resolved transient absorption spectroscopy
(Fig. 2). With pulsed laser excitation at 355 nm, significant
bleaching was observed at 510 nm and 520 nm for BOD-1 and
BOD-2, respectively, along with transient absorptions at 420 nm
and 550-700 nm, which are typical characteristics of BODIPY

Table 1 Photophysical parameters of BOD-1, BOD-2, 2Br-BOD and
21-BOD

Compound® Zups & dem @f w(ns) t(us) P’ Pyt (%)

BOD-1 513 8.9 533 0.095 1.41 145 0.72 1.39
BOD-2 525 9.3 552 0.110 1.50 101 0.64 4.88
2BrBOD' 538 4.1 569 0.070 — — 021 —

2I-BOD”° 533 8.9 552 0.027 0.13 571  0.79 5.407¢

“In CH,Cl, (5 uM). ° Molar absorption coefficient at the absorption
maximum, & 10* M~ em ™. ¢ Fluorescence quantum yield. ¢ Fluores-
cence lifetimes. ® Singlet oxygen ('0,) quantum yield.” In CH;CN.
¢ Upconversion quantum yields, with 2I-BOD (&g = 2.7% in CH;CN)
as the reference, and perylene as a triplet acceptor.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 UV-vis spectra of BOD-1 (black dashed line) (5 uM) and BOD-2 (red
dashed line) (5 pM) in CH,Cl, and emission spectra of BOD-1 (black
straight line) and BOD-2 (red straight line) in CH,Cly (lex: 480 nm for
BOD-1 and /., 500 nm for BOD-2).

based triplet sensitisers. The triplet-state lifetime of BOD-1 (),
at 101 pus was remarkably long, and BOD-2’s, at 145 us, was even
longer.

BODIPY-based organic triplet photosensitisers, particularly
those bearing heavy atoms in the BODIPY skeleton, demon-
strate outstanding potential for use in triplet-triplet annihila-
tion upconversion,'® a process in which harvested energy is
transferred from a triplet sensitiser to an acceptor via triplet-
triplet energy transfer (TTET), with the result of emission at
higher energy. Bearing that dynamic in mind, we measured the
TTA upconversion quantum yields of both BOD-1 and BOD-2
using perylene as the triplet acceptor (Fig. 3). Significant
upconversion, peaking at 4.88%, was observed with BOD-2
and perylene, whereas the yield for BOD-1 was dramatically
lower (P, = 1.39%), calculated with 2,6-diiodo-1,3,5,7-tetra-
methyl-8-phenyl-BODIPY (2I-BOD; &y = 2.7% in CH;CN).

Having unambiguously confirmed the triplet-state char-
acteristic of both BOD-1 and BOD-2, we next assessed their
capabilities to generate singlet oxygen by employing an indirect
trapping method using diphenyl isobenzofuran (DPBF) as a
singlet oxygen scavenger. Singlet oxygen reacts with DPBF to
yield 1,2-dibenzoylbenzene, and the extent of DPBF-related
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Fig. 2 Nanosecond transient absorption spectra of (a) BOD-1 and (b)
BOD-2; relative decay traces of (c) BOD-1 at 510 nm and (d) BOD-2 at
520 nm, measured in deaerated CH,Cl,, ¢ = 10 uM, Ay = 355 nm.
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Fig. 3 TTA upconversion with (a) BOD-1 and (b) BOD-2 as the triplet
photosensitisers (10 uM) and perylene as the triplet acceptor (10 uM) in
deaerated dichloromethane, excited with a 510 nm cw-laser with a power
density of 44.4 mW cm™2. The asterisk in (b) indicates the scattered laser.

photodegradation was evaluated by measuring the decrease in
DPBF’s absorption band at 415 nm (Fig. S1, ESI{)."°

The photodegradation of DPBF was evaluated under light
irradiation using a green LED source at a distance of 15 cm
from the cuvette window (525 nm, 3.3 mW cm™ ). Among the
results, the absorption band of DPBF at 415 nm decreased
sharply and had disappeared entirely within a couple of
minutes, which clearly indicates the high efficiency of both
compounds in generating singlet oxygen. The best decay in
absorption was observed in CH,Cl,, among other solvent
systems. The efficiency of generating singlet oxygen, known
as singlet oxygen quantum yield, had a remarkably high @,
value (BOD-1; @5 = 0.72% and BOD-2; &, = 0.64%), calculated
with 2I-BOD as the reference (Table 1). Moreover, using light
irradiation (525 nm, 10 mW cm 2, 120 min), we observed no
signs of photodegradation as the absorption band of BODIPY
remained during the irradiation process, which clearly con-
firms their resistance to photodegradation (Fig. S5, ESIT).

Encouraged by all of these findings, we next investigated the
photocytotoxic activity of both sensitisers, BOD-1 and BOD-2,
against A549 human lung adenocarcinoma cell lines. We first
studied the cellular localisation of BOD-1 within A549 cells by
using DAPI as a highly specific fluorescent dye to stain the
nucleus. The fluorescence emission of BOD-1 was strong
enough for its visualisation in the cellular medium. Based on
the counterstain and green fluorescence emitted from the cells,
we concluded that BOD-1 had localised in the cytosol (Fig. 4).
Having confirmed that BOD-1 passed efficiently through the
cell membrane, we next investigated its photodynamic activity
in A549 cells in both the absence and presence of light. First,
the cell lines were loaded with increasingly greater doses of
BOD-1 (or BOD-2). One group of cells protected from light

Fig. 4 Fluorescence images of human lung adenocarcinoma cells (A549).
Fluorescence image of cells treated with (a) DAPI (control); (b) BOD-1
(10 uM); (c) merged images of (a and b).

Chem. Commun., 2021, 57, 6039-6042 | 6041
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Fig. 5 Cell viability of A549 cells after treatment with (a) BOD-1 and (b)
BOD-2 at different concentrations. The control group was incubated only
with the cell culture medium. (c) Effect of light dose on cell viability (BOD-1
and BOD-2, green LED, 525 nm, 3.3 W cm~2, 80 nM).

throughout the incubation process showed relatively no
decrease in cell viability up to 200 nM, thereby demonstrating
the great cellular biocompatibility of the photosensitiser.®
Another group of cell lines was irritated with green light at
525 nm at a fluence rate of 3.3 mW c¢m > for 60 min.

Based on the results of the MTT assay, in the cell lines
illuminated by green light we observed a notable reduction in
viability, even at very low concentrations of BOD-1, with an ECs,
value of 20 nM (ECso = 60 nM for BOD-2). Last, the effect of
change in light dosage was assessed by treating cell lines with
80 nM of BOD-1 and exposing them to light for 30 min. The
results showed that the extent of light illumination was critical
to the photosensitiser’s photodynamic efficiency (Fig. 5c¢).

In conclusion, we reported a new generation of halogenated
BODIPY-based photosensitisers, which demonstrated excellent
photoactivity and photocytotoxicity both in solution and living
cells. The significant increase in @, confirms that incorporating
bromine atoms into the vinyl backbone of a BODIPY skeleton was
an efficient means to transform a non-active BODIPY dye into a
highly active triplet sensitiser. The triplet excited state lifetimes of
the photosensitisers were in the range of 101 to 145 ps. Significant
upconversion was observed for BOD-2 when combined with
petylene as the triplet acceptor, with upconversion quantum
yields up to 4.88%. The photosensitiser that we developed,
BOD-1, was far more photoactive than the widely used 2,
6-dibromo BODIPY derivatives and relatively more emissive than
their corresponding 2,6-diiodo analogues, thereby making it a
highly promising tool for imaging-guided PDT.
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