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Abstract: The selectivity of photosensitizers for light activation is a key advantage in photodynam-
ic therapy (PDT), allowing for precise targeting while sparing healthy cells. BODIPY derivatives
have emerged as promising PDT candidates due to their tunable photophysical properties and
versatile synthesis. Herein, we explore the photophysical characterization and the in vitro photo-
dynamic activity of BODIPY analogues meso-substituted with an anthracene moiety and function-
alized with iodine atoms or formyl group at 2,6-position. The formylated anthracene-BODIPY de-
rivative exhibited the highest tumor suppression under irradiation, making it a potential candi-
date as PDT photosensitizer.

Keywords: BODIPY derivative; cancer therapy; photosensitizers; PDT; singlet oxygen quantum
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1. Introduction

Photosensitizers are light-activated compounds that play a crucial role in the field
of photodynamic therapy (PDT), an emerging non-invasive therapeutic modality for the
treatment of various diseases, including cancer. Photodynamic therapy combines light
and photosensitizers in the presence of oxygen to generate cytotoxic reactive oxygen
species and induce cellular death. In fact, PDT relies on the ability of photosensitizers to
be selectively activated by light, allowing a precise local treatment, while minimizing
collateral damage to healthy cells and tissues [1]. Moreover, studies have demonstrated
that photodynamic therapy is able to trigger the immune system and enhance the anti-
tumor immunity [2—4].

Amongst the well-known photosensitizers (e.g., porphyrins, chlorin, xanthene, and
ruthenium-based complexes), BODIPY derivatives have shown promising potential
because of their highly tunable photophysical properties and versatile synthetic accessi-
bility. Several studies have explored the optimization of the BODIPY core to improve
singlet-to-triplet intersystem crossing and efficiency to generate singlet oxygen (singlet
oxygen quantum yields) [5-7]. For example, the halogen substitution at the BODIPY
core significantly impacts their photophysical properties by reducing their fluorescence
quantum yields while enhancing intersystem crossing to the triplet state, and conse-
quently promoting the generation of singlet oxygen [8]. Similarly, complexing BODIPYs
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with metals such as Ir(Ill) can transform a photoinactive dye into an efficient triplet sen-
sitizer, suggesting these derivatives may act as effective PDT photosensitizers [9,10].
Moreover, the potential of BODIPY derivatives as singlet oxygen sensitizers extends be-
yond cancer treatment to the photodynamic inactivation of microbes, fungi, and viruses
[11].

As an extension of the work developed in our research group [12,13], we report the
design and evaluation of BODIPY derivatives functionalized with an anthracene moiety
at meso and an iodine or formyl group at 2,6-positions of the core. The photophysical
characterization of the derivatives and the in vitro PDT studies in cancer cells (4T1 cell
line) were performed to determine their potential as PDT photosensitizers.

2. Methods and Materials

NMR spectrum was obtained on a Bruker Avance III 400 at an operating frequency
of 400 MHz for 'H, using the solvent peak as internal reference. The solvents are indicat-
ed in parenthesis before the chemical shift values (5 relative to TMS). Mass spectrometry
analysis was performed at the “C.A.C.T.I. -Unidad de Espectrometria de Masas” at the
University of Vigo, Spain. All reagents were purchased from Sigma-Aldrich, Acros and
Fluka and used as received. TLC analysis was carried out on 0.25 mm thick precoated
silica plates (Merck Fertigplatten Kieselgel 60F254) and the spots were visualized under
UV light. Chromatography on silica gel was carried out on Merck Kieselgel (230-400
mesh). The synthesis of BODIPY derivatives 1, 3 and 4 has been already published by
our research group [13].

2.1. Synthesis of BODIPY Derivative 2

N-iodosuccinimide (NIS, 0.57 mmol) was dissolved in dichloromethane (DCM, 6
mL) and added to a solution of BODIPY 1 (0.12 mmol) in DCM (6 mL). The reaction was
stirred for 2 h at room temperature. The solvent was evaporated under low-pressure
conditions. The crude product was resuspended in ethyl ether (15 mL) and the solid was
filtered under vacuum (0.042 g, ) = 57%), giving the pure compound 2 (Figure 1), as a
red solid.

Figure 1. Structure of BODIPY derivative 2.

TH NMR (400 MHz, CDCls): 6 = 0.68 (s, 6H, CHs-1 and CHs-7), 2.72 (s, 6H, CHs-3
and CHs-5), 7.45 (dt, ] = 1.2 and 8 Hz, 2H, H-3' and H-8'), 7.52 (dt, ] = 1.2 and 8 Hz, 2H,
H-4' and H-7"), 7.83 (dd, ] = 0.8 and 8 Hz, 2H, H-2" and H-9'), 8.07 (d, ] = 8.4 Hz, 2H, H-5'
and H-6'), 8.64 (s, 1H, H-1") ppm.

MS (ESI) m/z (%): 678 ([M + 2]+, 8), 677 ([M + 1]**, 28), 676 ([M]**, 7), 550 (100), 469
(50), 453 (46), 447 (80), 381 (35), 381 (35), 359 (38), 227 (33), 226 (30), 149 (45); HRMS (ESI)
m/z: [M + 1]** calcd for C2zH22BF212N2, 676.9928; found 676.9910.

2.2. Photophysical Characterization

The photophysical characterization of BODIPY derivatives was performed in tetra-
hydrofuran (THF) and toluene solutions. The photophysical characterization of the
BODPY 2 was evaluated as previously reported by our group for BODIPY derivatives 1,
3 and 4 [13].
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2.3. Cell Culture and In Vitro Assays

Murine mammary carcinoma cell line from a BALB/cfC3H mouse (4T1 cells) were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% of penicillin-streptomycin. Cells were maintained at 37 °C in
a humidified incubator with a 5% CO: atmosphere. Cells were plated and passaged ac-
cording to ATCC recommendations and were used for the experiments while in the ex-
ponential growth phase.

The stock solutions of the BODIPY derivatives 1, 2 and 3 were prepared in DMSO
(10 mM) and the final DMSO percentage in each well was adjusted to be less than 1%.

2.3.1. Cellular Uptake Assay

4T1 Cells (40,000 cells/well) were seeded in 24-well plates in a final volume of 1 mL
of DMEM and incubated for 24 h at 37 °C in a humidified incubator with 5% CQOa. Then,
cells were incubated with the BODIPY derivatives at a concentration of 2.5 uM. After
different incubation times (0.5, 1, 3, 6 and 24 h), the cells were washed and detached with
250 uL of trypsin, transferred to a 96-well U-shaped plate, and centrifuged at 1200 rpm
for 5 min. The pellet was resuspended in 200 uL PBS. And the cells were analyzed by
flow cytometry using the Novocyte 3000 cytometer (ACEA) with 488 nm laser excitation
and filter 530/30. Data is presented as mean fluorescence intensity (MFI) normalized to
the mean fluorescence of untreated cells. This experiment was performed in duplicate
and repeated in two sets of tests. Statistical analysis of results was performed using
GraphPad Prism 5.0 software. One-way ANOVA was conducted to study the statistical
significance of the incubation times related to 6 h of incubation and significance levels
were established at p <0.05.

2.3.2. Dark Toxicity and Phototoxicity of the BODIPY Derivatives

4T1 Cells (6000 cells/well) were plated in 96-well plates and kept in incubation for
24 h to allow the attachment of the cells. Cells were then treated with compounds in a
concentration range from 0 to 100 uM. After 24 h, cell viability (dark toxicity) was de-
termined by the Resazurin assay. Phototoxicity was evaluated in parallel experiments
using two sets of light doses (0.6 J.cm and 2 J.cm=) and two sets of incubation times (30
min and 6 h). Cells were treated with the BODIPY derivatives in a concentration range
from 0.16 to 5 uM and after each incubation time, cells were washed with PBS and 200
uL of RPMI without Phenol Red was added. Controls of the untreated cell were includ-
ed on every plate. The cells were then irradiated with a green LED light source (505 nm).
A correction factor from the overlap of the absorption spectra between the laser and each
compound was calculated and applied to achieve accurate light dose [14]. After irradia-
tion, cells were washed and fresh DMEM was added. The cell viability was determined
by the Resazurin assay after 24 h post-illumination treatment. Both studies were per-
formed in triplicates and repeated in two sets of tests. Statistical analysis of results was
performed using GraphPad Prism 5.0 software.

3. Results and Discussion
3.1. Synthesis and Photophysical Characterization of the BODIPY Derivatives

In Scheme 1 is represented the synthetic route to obtain the derivatives bearing an
anthracene group at meso position and different functionalization at position 2 and/or 6
of the BODIPY core. The synthesis of BODIPY derivatives 1, 3 and 4 has been recently
reported by our research group [13]. We employed the well-known Lindsey’s method
(BODIPY precursor 1), followed by the halogenation reaction using N-iodosuccinimide
(NIS) to obtain the BODIPY derivative 2 functionalized with iodine at positions 2 and 6.
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Scheme 1. Synthesis of the BODIPY derivatives 1-4.

3.2. Photophysical Characterization

A comprehensive photophysical evaluation of the BODIPY derivatives was per-
formed to investigate the effects of the substituent groups on the photophysical proper-
ties, including the singlet oxygen generation efficiency (Table 1). The heavy atom effect
of the iodine atoms in BODIPY 2 and the electron-withdrawing behavior of the formyl
group in BODIPY 3 promoted a significant reduction in the fluorescence quantum yield
and concomitant increase in the triplet formation quantum yield (estimated from the
efficient singlet-oxygen sensitization quantum yield), when compared to the BODIPY
precursor 1. However, it was observed that the introduction of the benzimidazole heter-
ocycle (BODIPY 4) significantly decreased the singlet oxygen sensitization quantum
yield value (¢ A= 0.04 vs. 0.27, 0.76 and 0.74 for compounds 1, 2 and 3 in tetrahydrofuran

solution, respectively), which may ultimately impair the compound’s in vitro photosen-
sitization efficacy.

Table 1. Photophysical data (including absorption, Asbs, and fluorescence emission maxima, Ao,
fluorescence quantum yields, ¢, and singlet oxygen sensitization quantum yields, ¢,) for BOD-

IPY derivatives 1-4, in toluene (a) and tetrahydrofuran solution (b) at 293 K.

Compound Aabs (nm) Aswo (nm) & ?,

1 508 2 5202 0.822 0.044
505° 515°P 0.430 0.27
542 2 0.02= 0.932

ab
2 540 559 0.003 » 0.76 ®
3 507 a 522 a 0.08 = 0.754
502 ° 525°P 0.02° 0.74
579 2 0.522 nd 2

ab

4 521 585°P 0.35° 0.04°

585b

3.3. In Vitro Assays

Considering the photophysical data obtained regarding the singlet oxygen quan-
tum yields (¢,), the in vitro phototoxicity of the BODIPY derivatives 1, 2 and 3 were in-

vestigated in 4T1 cells.

Initially, the cellular uptake was investigated through flow cytometry as depicted in
Figure 2, which demonstrated that compounds 1 and 3 are rapidly internalized by the
cells, reaching a maximum at 6 h of incubation. In contrast, the fluorescence detected in
the cells treated with BODIPY 2 was significantly lower. The differences in the level of
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Normalized MFI

cellular uptake between the three compounds might be due to their different ¢, byt also

due the lower solubility of compound 2 in aqueous medium, which could affect the ca-
pability to diffuse through the cell membrane.

The cell viability was evaluated in the dark, after 24 h of incubation with the com-
pounds and no cytotoxicity was observed, even at the highest concentration tested (Fig-
ure 3a). In contrast, irradiation with a light dose of 0.6 J.cm- 2 after 30 min of incubation
with the compound 2 resulted in cell death with concentrations above 2.5 uM (ICso =2.92
M), whilst compounds 1 and 3 did not affect cell viability, even at the highest concen-
tration tested (Figure 3b). The experiment was repeated, yet with an incubation time of 6
h, however the results did not significantly differ from the previous study (Figure 3c).
Therefore, since a higher incubation time did not increase the BODIPYs" phototoxicity, a
light dose of 2 J.cm™? was applied. Under this condition, it was observed that not only
BODIPY 1 became more toxic at lower concentrations (ICso = 0.88 pM) but also com-
pound 1 was capable of considerably decreasing cell viability (ICs = 2.05 uM) (Figure
3d). Unexpectedly, the phototoxic effect of the BODIPY derivative 3 was not observed,
although the compound displayed the highest singlet oxygen quantum yield. This could
be attributed to its low solubility in aqueous medium.
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Figure 2. Cellular uptake of the BODIPY derivatives 1, 2 and 3 in 4T1 cells. Cell uptake was moni-
tored by flow cytometry after 0.5, 1, 3, 6 and 24 h of incubation with 2.5 uM of the compounds. Da-
ta is presented as mean + SEM (n = 2).
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Figure 3. Cell viability of 4T1 cells incubated with BODIPY derivatives 1 (blue), 2 (green) and 3
(red) for 24 h without irradiation (a); for 30 min and irradiated with 0.6 J.cm™2 (b); for 6 h and irra-
diated with 0.6 J.cm™ (c) and for 6h and irradiated with 2 J.em2 (d).

4. Conclusions

In conclusion, here we reported a series of BODIPY derivatives bearing an anthra-
cene moiety at meso position and functionalized at position 2 and/or 6 with a formyl
group or iodine atoms. The photophysical evaluation in toluene and THF solutions re-
vealed that the derivatives substituted with the halogen atoms (BODIPY 2) and the elec-
tron-withdrawing formyl group (BODIPY 3) displayed the greatest singlet oxygen quan-
tum yields. The in vitro assays demonstrated that BODIPY precursor 1 and BODIPY 3
were easily internalized, and the three compounds were non-toxic for 4T1 cancer cells in
the dark. However, under irradiation with a light dose of 2 J.cm=, compound 1 and 3 re-
duced cell viability for 50% with only 2.05 and 0.88 pM, respectively. These results sug-
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gest the promising potential, specially the formylated BODIPY derivative, as photosensi-
tizer in photodynamic therapy.
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