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Three different molecular designs based on BODIPY dye have been proposed as photosensitizers (PSs) for
photodynamic therapy (PDT) by the inclusion of halogen atoms (Iodine) at 2,6-positions and with extended
conjugation at 3, 5-positions and varying the substitution at meso position. The synthesis is described and their
main photophysical features including singlet oxygen production and triplet states were characterized by ab-
sorption and fluorescence spectroscopy (steady-state and time-correlated) and nanosecond transient absorption

spectroscopy. The results were compared with the commercial Chlorin e6. The three new red-halogen-BODIPYs
showed a great balance between singlet oxygen generation (®,>0.40) and fluorescence (®g>0.22) for potential
application on PDT, and particularly in theragnosis. In vitro experiments in HeLa cells were done to study their
performance and to elucidate the best potential candidate for PDT.

1. Introduction

Photodynamic therapy (PDT) is a clinically approved modality that
has attracted attention as a complementary treatment to fight malignant
tumors. It is a minimally invasive technique able to treat cancers after
site-specific activation by light of a drug, known as photosensitizer
[1-3]. The photosensitizer (PS) is activated under suitable light irradi-
ation and generates reactive oxygen species (ROS), mainly singlet oxy-
gen. The use of efficient photosensitizers is one of the key points to
ensure the success of the PDT. The photophysical criteria to designate
PDT-PS are chromophores with intense absorption bands, preferably at
the therapeutic window (650-850 nm) to maximize light penetration,
high singlet oxygen production and long triplet lifetimes to increase the
oxidative damage and reduce the doses required and slow photo-
bleaching rate to afford intense and long irradiation times. Moreover, PS
should demonstrate suitable pharmacokinetic properties in terms of
selective accumulation and excretion time from the body and negligible
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cytotoxicity under dark conditions to minimize side effects.

At this moment, the design and synthesis of new systems with ther-
agnostic action, able to combine both the diagnosis and the treatment, is
a very engaging strategy but usually a challenge. This has to do with the
fact that although there are different approaches, imaging based on
fluorescence is one of the most widely used, but fluorescent emission
and singlet oxygen production are opposite photophysical features
(Fig. 1). Thus, both properties should be properly balanced for a desir-
able fluorescent-PDT-PS [4,5].

Besides hetero tetracyclic pyrrole structures great number of non-
porphyrin compounds are nowadays being synthesized and their pho-
tosensitizing ability evaluated [7-9]. One alternative compound with
theragnostic properties could be BODIPY-type chromophores (Fig. 1, B).
They are characterized by intense absorption bands, high fluorescence
quantum yields, insensitivity to the environment and resistance to
photobleaching. In spite of their high fluorescence efficiency, the
BODIPY chemical structure can be easily modified in order to modulate
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its final properties [10-14]. In this context, there are several strategies to
enhance the population of the triplet state and consequently the singlet
oxygen (10,) production. In general, the increase of the intersystem
crossing (ISC) to the triplet excited state, Fig. 1 A, is reached by incor-
porating heavy atoms or electron donor groups in the BODIPY skeleton
[2,15-23]. Moreover, the shifting of the main BODIPY absorption band,
typically located around at 500 nm, into the clinic window (>650 nm)
[24], was already resolved by the replacement of carbon at the meso
position by nitrogen, denoted as azaBODIPY [25,26], or by extending
n-conjugation of the BODIPY core by several approaches [10,23,27-30].
BODIPY dye can be further functionalized by incorporating different
targets [7,23,31-39], with the aim of increasing the solubility in
aqueous media and enhancing the selectivity to certain organelle or
malignant cells to reduce PS doses, minimize side effects, avoid drug
resistance, and enhance the PDT efficacy.

Particularly in this work, the molecular design to reach red absorbing
BODIPY with fluorescence and singlet oxygen production capacities is
based on the following chemical modification (Fig. 2):

i) Incorporation of iodine atoms at 2,6-positions. The first example
was reported by Nagano and coworkers [40]. The
halo-substitution of BODIPY in those positions has been demon-
strated to be the most effective for the population of the triplet
states and consequently high production of singlet oxygen [15,
17,21-23,41,42]. Indeed, the increase in the number of heavy
atoms attached at the BODIPY core does not necessarily increase
10, production [18,43], as it has been previously demonstrated.

ii) Addition of styryl groups at 3,5-positions [10,44]. This approach
was already revealed as a very effective to shift the absorption
band to the red region in fluorescent BODIPYs. Besides, the
incorporation of electron donor-groups, i.e. methoxy groups or
dimethylamino groups in para position of phenyl groups, induced
a larger red-shift of the absorption band [45,46].

iii) Variation of the substitution pattern at meso position of the
BODIPY, considered as the most sensitive one due to its marked
change of the electronic density upon excitation. The addition of
electron donor/acceptor groups, i.e. nitrophenyl or aminophenyl,
can modify the physico-chemical properties of BODIPY such as
absorption and fluorescence emission and singlet oxygen gener-
ation [47-49] but also the lipophilicity/hydrophilicity and solu-
bility, affecting the cell membrane permeability [30,50]. Indeed,
some compounds can easily enter and diffuse into cells, ie.
throughout the cytosol or into particular organelles, whereas
similar ones do not, which reflects the importance of the molec-
ular design of the new PSs, and their testing into cells.

In this work, three halodistyryl BODIPY dyes, Fig. 2, were synthe-
sized and photophysically characterized. Their main photophysical
features were compared with their analog green-BODIPYs without
extended conjugation at 3,5-positions (Fig. 2). In vitro experiments were
carried out in HeLa cells to test their photoactivity and fluorescence
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imaging ability under regulated red light irradiation and the results were
contrasted with Chlorin e6 (Fig. 2), a porphyrin-like system, which has
been reported as a photodynamic drug used clinically for the treatment
of lung, bladder, skin, head and neck cancer [51-54]. The phototoxicity
in terms of ECsy was also compared with other red haloBODIPY de-
rivatives already studied under similar conditions.

2. Materials and methods
2.1. Synthesis

2.1.1. General

Anhydrous solvents were prepared by distillation over standard
drying agents according to common methods. All other solvents were of
HPLC grade and were used as provided. Flash chromatography was
performed using silica gel (230-400 mesh). NMR spectra were recorded
using CDCl3 at 20 °C. H NMR and '3C NMR chemical shifts (5) were
referenced to internal solvent CDCl; (6 = 7.260 and 77.04 ppm,
respectively). Multiplicity is indicated as follows: s = singlet; d =
doublet. Coupling constants (J) are dated in hertz (Hz). DEPT 135 ex-
periments were used to determine the type of carbon nucleus (C vs. CH
vs. CHy vs. CH3). FTIR spectra were obtained from neat samples using the
attenuated total reflection (ATR) technique. High-resolution mass
spectrometry (HRMS) was performed using electronic impact (EI) or
MALDI-TOF and ion trap (positive mode) for the detection.

2.1.2. Synthesis of BODIPYs

BDP-1 [40] and 8-(4-Nitrophenyl)-3,5-dimethylBODIPY [55] were
synthesized by the corresponding described methods. The synthesis of
the other BODIPYs is illustrated in Scheme 1.

2.1.2.1. General procedure for Knoevenagel reaction. A solution of the
corresponding BODIPY (1 equiv) in DMF (3 mL), 4-methoxybenzalde-
hyde (3 equiv), piperidine (5 equiv) and acetic acid (5 equiv) were
added to a microwave tube. The tube was sealed with an aluminum cap
and heated for 20-30 min at 130 °C under microwave radiation (Bio-
tage® Initiator Classic). After cooled down to r.t., CHyCly was added and
the organic layer was washed with water, dried over anhydrous NasSOs4,
filtered and evaporated to dryness. The obtained residue was submitted
to purification by flash chromatography on silica gel.

2.1.2.2. Synthesis of BDP-2. To a solution of 8-(4-nitrophenyl)-3,5-
dimethylBODIPY [55] (50 mg, 0.14 mmol) and iodine (93 mg, 0.36
mmol) in EtOH (10 mL) was added a solution of iodic acid (51.5 mg,
0.29 mmol) in H,O (0.5 mL), and the mixture was refluxed for 90 min.
After cooling, the solvent was evaporated under vacuum. The crude
product was dissolved in CHyCly, washed with a saturated solution of
NayS303 and HyO. The organic layer was dried over NaySOy, filtered and
concentrated to dryness. The obtained residue was purified by flash
chromatography on silica gel (hexane/CH,Cly, 70:30) to give BDP-2 (74
mg, 89%) as a red solid. 'H NMR (300 MHz, CDCl3) 6§ 8.38 (d, J = 8.7 Hz,
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Fig. 1. (A) Jablonski diagram showing fluorescence competing with phosphorescence and ROS generation in oxygen presence. Ab: absorption, Fl: fluorescence; ISC:
intersystem crossing, Ph: phosphorescence, Sp: ground singlet state, S;: first excited singlet state; T;: first excited triplet state, etc. (B) General BODIPY structure. The
different positions are indicated and numbered according to the IUPAC system [6].
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RS
R2 R' R2
BDP-1 BDP-4 HoOC
BDP-2 BDP-5 HoOC COOH
BDP-3 BDP-6
O\ /O Chlorin e6

BPD-1, BDP-4: R' = H; R2 = Me
BDP-2, BDP-5: R' = 4-NO,CgHg; R? = H
BDP-3, BDP-6: R' = 4-NH,C¢H,; R2 = H

Fig. 2. Structures of new photosensitizers based on iodinated-BODIPY with different substitution patterns in meso in the green (BDP-1, 2 and 3) and in the red (BDP-
4, 5 and 6) region, together with commercial porphyrin-like Chlorin e6.

(0]

N BDP-5 P N BDP-6 0

Scheme 1. Synthesis of BODIPYs. Reaction conditions: i) 4-methoxybenzaldehyde, piperidine, AcOH, DMF, 130 °C, 30 min, MW; ii) 8-(4-nitrophenyl)-3,5-dime-
thylBODIPY, I,/HIO3, EtOH/H,0, reflux, 90 min; iii) SnCl,, EtOH, reflux, 2 h; iv) 4-methoxybenzaldehyde, piperidine, AcOH, DMF, 130 °C, 20 min, MW; v) Zn
powder, AcOH, rt, 90 min.

2H, 2CH), 7.66 (d, J = 8.7 Hz, 2H, 2CH), 6.86 (s, 2H, 2CH), 2.67 (s, 6H, HRMS-EI m/z 592.9120 (calcd. for C17H15BF2I5N304: 592.9128).
2CH3) ppm. *C NMR (75 MHz, CDCl3) 5 160.3 (C), 149.0 (C), 139.4 (C),

137.6 (C), 136.3 (CH), 134.7 (C), 131.2 (CH), 123.8 (CH), 78.8 (C-I), 2.1.2.3. Synthesis of BDP-3. To a degassed solution of BDP-2 (50 mg,
15.7 (CHs) ppm. FTIR v 2925, 1547, 1345, 1198, 1089, 971 cm . 0.08 mmol) in EtOH (30 mL) was added SnCl, (30 mg, 0.16 mmol). The
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mixture was stirred under argon atmosphere for 5 min and, past this
time, was refluxed for 2 h. After cooled down to rt, the reaction was
filtered and concentrated to dryness. The obtained residue was purified
by flash chromatography on silica gel (CHxCly) to give BDP-3 (31 mg,
69%) as an orange solid. 1H NMR (700 MHz, CDCl3) 6§ 7.31 (d, J = 8.4
Hz, 2H, 2CH), 7.03 (s, 2H, 2CH), 6.75 (d, J = 8.4 Hz, 2H, 2CH), 4.13
(broad s, 2H, NHy), 2.64 (s, 6H, 2CH3) ppm. ‘3C NMR (176 MHz, CDCl3)
8§ 157.2 (C), 149.5 (C), 142.5 (C), 136.5 (CH), 134.9 (C), 132.5 (CH),
123.2 (C), 114.5 (CH), 77.4 (C-I), 15.4 (CH3) ppm. FTIR v 3411, 2923,
1567, 1539, 1459, 1239, 1141, 983 em~!. HRMS-EI m/z 562.9332
(CalCd. for C17H14BF212N3 562.9338).

2.1.2.4. Synthesis of BDP-4. According to the general procedure, BDP-1
[40] (170 mg, 0.34 mmol), 4-methoxybenzaldehyde (0.12 mL, 1.02
mmol), piperidine (0.17 mL, 1.70 mmol) and acetic acid (0.10 mL, 1.70
mmol) in DMF (3 mL) were reacted for 30 min at 130 °C. Flash chro-
matography using hexane/CH,Cl, (70:30) afforded BDP-4 (160 mg,
64%) as a red solid. 'H NMR (700 MHz, CDCl3) § 8.19 (d, J = 16.8 Hz,
2H, 2CH), 7.62 (d, J = 8.4 Hz, 4H, 4CH), 7.52 (d, J = 16.8 Hz, 2H, 2CH),
7.06 (s, 1H, CH), 6.95 (d, J = 8.4 Hz, 4H, 4CH), 3.87 (s, 6H, 2CH30),
2.28 (s, 6H, 2CHs) ppm. '3C NMR (176 MHz, CDCl3) § 160.8 (C), 151.1
(C), 144.6 (C), 139.1 (CH), 134.7 (C), 129.6 (C), 129.4 (CH), 117.0 (CH),
116.6 (CH), 114.4 (CH), 79.1 (C-I), 55.5 (CH30), 14.3 (CH3) ppm. FTIR
v 2956, 2922, 2853, 1580, 1510, 1465, 1248, 1210, 1148, 1086, 1010
cm~!. HRMS-MALDI-TOF m/z 736.0061 (calcd. for Ca9H25BF2I2N205:
736.0067).

2.1.2.5. Synthesis of BDP-5. According to the general procedure, BDP-2
(50 mg, 0.08 mmol), 4-methoxybenzaldehyde (0.03 mL, 0.25 mmol),
piperidine (0.04 mL, 0.42 mmol) and acetic acid (0.02 mL, 0.42 mmol)
in DMF (3 mL) were reacted for 20 min at 130 °C. Flash chromatography
using hexane/CH;Cl; (50:50) afforded BDP-5 (58 mg, 84%) as a green
solid. '"H NMR (700 MHz, CDCl3) 6 8.40 (d, J = 8.4 Hz, 2H, 2CH), 8.21
(d, J=16.8 Hz, 2H, 2CH), 7.68 (d, J = 8.4 Hz, 2H, 2CH), 7.65 (d, J = 9.1
Hz, 4H, 4CH), 7.61 (d, J = 16.8 Hz, 2H, 2CH), 6.98 (d, J = 9.1 Hz, 4H,
4CH), 6.95 (s, 2H, 2CH), 3.88 (s, 6H, 2CH30) ppm. 13C NMR (176 MHz,
CDCl3) 6§ 161.3 (C), 152.7 (C), 148.8 (C), 140.2 (CH), 140.0 (C), 137.8
(CH), 136.2 (C), 133.4 (C), 131.3 (CH), 129.7 (CH), 129.3 (C), 123.8
(CH), 116.3 (CH), 114.5 (CH), 77.6 (C-I), 55.5 (CH30) ppm. FTIR v
2950, 2922, 1572, 1229, 1090, 961 cm™!. HRMS-MALDI-TOF m/z
828.9911 (calcd. for C33H24BF212N3042 828.9917).

2.1.2.6. Synthesis of BDP-6. To a solution of BDP-5 (38 mg, 0.05 mmol)
in acetic acid (2.5 mL) was added, under argon atmosphere, Zn powder
(225 mg, 3.44 mmol), and the mixture was stirred to rt for 90 min. Then,
the reaction was hydrolyzed with a saturated solution of NaHCOs for 20
min, diluted with EtOAc and washed with H2O. The organic layer was
dried over NapSOy, filtered and concentrated to dryness. The obtained
residue was purified by flash chromatography on silica gel (hexane/
CH,Cly/EtsN, 60:40:0.1) to give BDP-6 (8 mg, 13%) as a blue solid. H
NMR (700 MHz, CDCl3) 6 8.11 (d, J = 16.8 Hz, 2H, 2CH), 7.62 (d, J =
8.4 Hz, 4H, 4CH), 7.59 (d, J = 16.8 Hz, 2H, 2CH), 7.32 (d, J = 8.4 Hz,
2H, 2CH), 7.14 (s, 2H, 2CH), 6.96 (d, J = 8.4 Hz, 4H, 4CH), 6.78 (d, J =
8.4 Hz, 2H, 2CH), 4.07 (broad s, 2H, NH>), 3.87 (s, 6H, 2CH30) ppm. °C
NMR (176 MHz, CDCl3) 6 160.8 (C), 150.9 (C), 149.1 (C), 139.0 (C),
138.5 (CH), 138.3 (CH), 136.4 (C), 132.4 (CH), 129.6 (C), 129.3 (CH),
123.6 (C), 116.7 (CH), 114.5 (CH), 114.3 (CH), 73.1 (C-I), 55.5 (CH30)
ppm. FTIR v 3387, 2923, 2851, 1599, 1528, 1512, 1288, 1257, 1173,
1114 cm~l. HRMS-MALDI-TOF m/z 799.0165 (caled. for
C33Ho6BF2IoN304: 799.0175).

2.2. Photophysical characterization

The UV/Vis absorption spectra were recorded by UV-Vis-NIR
Spectroscopy (Cary 7000) equipped with two lamps (halogen lamp for
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Vis-IR region and deuterium lamp for UV region), a double mono-
chromator (Littrow) and double diffraction grating of 1200 lines/mm.
The fluorescence and singlet oxygen measurements were recorded with
an Edinburgh Instruments Spectrofluorimeter (FLSP920 model) equip-
ped with a xenon flash lamp 450 W as the excitation source. The fluo-
rescence spectra were corrected from the wavelength dependence on the
detector sensibility. The fluorescence quantum yield (®g) was calculated
using as reference commercial PM597 (®.ef = 0.43 in ethanol) [6] and
zinc phthalocyanine (®rf = 0.30 in 1% pyridine in toluene) [56]. The
singlet oxygen quantum yields were determined by direct measurement
of the luminescence at 1270 nm with a NIR detector integrated in the
spectrofluorimeter (InGaAs detector, Hamamatsu G8605-23). The
singlet oxygen signal was measured in the BODIPY concentration range
2:1075-10~* M with at least five different concentrations, and the singlet
oxygen quantum yield (®,) was calculated using the following equation:

. , S.ps  Ops,

DFF = @l ¢ 2o Tk Eq. 1
Sepsry ~ Ops

where @, is the quantum yield of singlet oxygen production of the

reference: 8-methylthio-2,6-diiodoBODIPY (MeSBDP, ®, = 0.91 in
chloroform) [42] and New Methylene Blue (NMB, ®, = 0.50 in chlo-
roform, characterized in the laboratory previously). The factor a =
1-107, being A the absorbance in the excitation wavelength, corrects
the different numbers of photons absorbed by the samples and Se is the
singlet oxygen signal intensity at 1276 nm. The obtained singlet oxygen
quantum yields varied +0.03-0.07 for the mean given value, being the
total error always lower than 10%.

Nanosecond transient absorption measurements were recorded on a
LP980 laser flash photolysis spectrometer (Edinburgh Instruments,
Livingston, UK). Samples were excited by a nanosecond pulsed laser
(Nd:YAG laser/OPO, LOTIS TII 2134) at the absorption maxima oper-
ating at 1 Hz and with a pulse width of 7 ns at a 3 mW excitation power.
Samples with an optical absorbance of 0.3 at the excitation wavelength
were deaerated with nitrogen for 10 min and aerated for 10 min with air.
The triplet lifetimes that were obtained were collected on PMT detector
(R928P, Hamamatsu) and oscilloscope in the presence (aerated-satu-
rated solutions) and absence of oxygen (deaerated solution). Triplet
lifetimes in the presence of oxygen (t1) were obtained from the slope of
the recorded decay curves by means of an iterative method by LP900
software. The goodness of the exponential fit was controlled by statis-
tical parameters (XZ).

2.3. Invitro assays

Cell culture. Human cervix adenocarcinoma cells (HeLa cells) ob-
tained from ATCC were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 50
U/mL penicillin and 50 mg/mL streptomycin, in a humidified 5% CO3
cell incubator at 37 °C. For the cell viability assays, cells were grown to
monolayer confluency in 96-well microplates. For internalization and
subcellular localization studies, cells were seeded into glass-bottom 35
mm petri dishes and subconfluent monolayers were used.

Sample preparation. The PS samples were prepared directly in DMSO
(1073 M) and diluted in cell culture media for in vitro exposures.

Internalization and subcellular localization. Cells were incubated for
24 h with 0.1, 1 and 10 pM of BDP-4, BDP-5, BDP-6 and Ce6 PSs in 10%
FBS culture medium. Unexposed cells were used as control. After incu-
bation, cells were washed three times with culture medium, fixed with
0.4% paraformaldehyde for 10 min at 4 °C and observed under an
Olympus Fluorview FV500 confocal microscope (Hamburg, Germany).
Images were edited using Fiji software (ImageJ 1.49a, National In-
stitutes of Health, Bethesda, MD, USA). The corrected total cell fluo-
rescence (CTCF) was quantified using the Fiji software [57].

Photodynamic treatments. Cells were incubated for 24 h with 0.1, 0.5,
1, 5 and 10 pM of BDP-4, BDP-5, BDP-6 and Ce6 PSs in 10% FBS cell
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culture medium. After 24 h exposure, cells were washed three times with
culture medium and maintained in the culture medium without FBS
during irradiation and post-treatment time (24 h). Irradiations were
performed using a light-emitting diode (LED) device (LED Par 36W from
KINGBO LED) at red (40 = 655 nm), using a total light dosage of 15
Jem 2. Parallel experiments were carried out by incubating the cells
with each system without irradiation to test their dark toxicity. Unex-
posed cells and cells exposed to 1% DMSO were used as controls. Four
replicates of each treatment were used, and experiments were repeated
three times.

Cell viability (MTT) assay. Light and dark cytotoxicity were assessed
using the thiazolyl blue tetrazolium bromide (MTT) assay following the
manufacturer’s instructions. After exposures, cells were incubated with
a 50 pg/mL MTT solution for 3 h at 37 °C. Then, reduced formazan
product was extracted from cells with DMSO and absorbance was
measured at 570 nm in a Biotek EL 312 microplate spectrophotometer
reader (Winooski, USA). Cell viability was expressed as the percentage
with respect to control cells. Differences between control and treated
cells were analyzed through the Kruskal-Wallis test followed by Dunn’s
post hoc test. Differences between dark and light exposures at the same
concentrations of PSs were analyzed through Mann-Whitney U test. ECsg
values were calculated using the Probit test. All statistical analyses were
performed using the SPSS 23.0 software (Chicago, USA). Significance
level was globally established at 5% (p < 0.05).

3. Results and discussion
3.1. Photophysical properties

The three halodistyryl BODIPY dyes, BDP-4, BDP-5 and BDP-6,
show a bathochromic shift of their spectroscopic bands of around 150
nm [40,58-64], with respect to their analogous BDP-1, BDP-2 and
BDP-3, typically centered in the green region (Table 1, Fig. S1), locating
them within the clinic window (>650 nm) [24]. The main absorption
band for BDP-4 and BDP-6, centered at 674 nm and 677 nm, respec-
tively, are very close to the maxima of the red band of Chlorin e6
(Table 1, Fig. 3) [51-54]. The presence of the electron acceptor nitro-
phenyl group at 8 position in BDP-5 induces a higher red shift of the
absorption band, peaked at 705 m, effect previously contrasted for
standard green BODIPYs [48] and in this work for halo BDP-2.
Regarding the absorption molar coefficient in the red region, whereas
BDP-6 shows a value similar to that of Chlorin e6, the absorptivity of
BDP-4 and BDP-5 is practically double (~8-10* M *em™! vs 4.5.10*
M~ lem™?, respectively, Table 1). An intense absorption is generally a
significant parameter to reach an effective photoresponse (by the virtue
of fluorescence and/or singlet oxygen generation), which maximizes the
number of absorbed photons at a given PS concentration under light

Table 1
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irradiation. In this regard, the phototoxic power (PP) and brightness
(BT), defined as the product of enax®f and emax®a, respectively
(Table 1), are parameters generally applied to envisage the viability of
the chromophores as fluorescent-PDT PSs. Under red light irradiation,
BDP-4 shows the lowest PP in this series, and one can expect the worst
phototoxic action against cells.

Differing from the green haloBODIPYs (BDP-1, BDP-2 and BDP-3),
generally characterized by a high singlet oxygen production (®, > 0.85)
and a practically negligible fluorescence ability (&g < 0.07) [30,42,63,
66,67], the three red halo BODIPYs (BDP-4, BDP-5 and BDP-6), show an
attractive balance between the fluorescence efficiency and the singlet
oxygen generation (Table 1), making them potential theragnostic sys-
tems to be implemented in PDT allowing optical fluorescence imaging.
This fact is likely assigned to the increase of the electron delocalization
in the chromophoric system by the addition of two styryl groups at 3,
5-positions, besides the expected red-shift of the absorption and emis-
sion bands, also reduces the heavy atom effect (spin orbit coupling) and
consequently, the population between the singlet (fluorescence) and the
triplet (singlet oxygen) states is weighted. Moreover, the fluorescence
properties of these three red haloBODIPYs were characterized also in
toluene and acetonitrile, Table S1. Regarding the BDP-4, without sub-
stitution in meso position, no important changes of ®g with the polarity
are detected. However, BDP-5 and BDP-6 undergo a fluorescence
quenching in a polar solvent, i.e. acetonitrile, assigned to the activation
of intramolecular charge transfer process favored in polar media
particularly in the case of p-aminophenyl-BODIPY, whose decrease in
the emission efficiency is more drastic.

Analyzing the changes in the photophysical properties by the
different substitution pattern at meso position in the halodistyryl BOD-
IPY, the incorporation of p-aminophenyl group, BDP-6, has lessened the
molar absorptivity, as mentioned before, but does not produce any
significant difference in the singlet oxygen quantum yield with respect
to unsubstituted BDP-4. On the other hand, by the addition of p-nitro-
phenyl group, BDP-5, besides the noticeable bathochromic shift on the
spectroscopic bands, an enhancement in the singlet oxygen production
in the detriment of the fluorescence emission is registered when
compared to BDP-4 (Table 1).

Since the photosensitizing action always occurs via the lowest triplet
state (Fig. 1), another important photophysical parameter is the triplet
lifetime of PSs [68-70]. In general terms, the longer triplet lifetime is the
longer interacts with the dissolved molecular oxygen and the higher
oxidative damage should be expected. In order to determine if there is a
relationship between these red-haloBODIPYs and their respective po-
tential phototoxic action, the triplet lifetimes of the PSs in this series are
studied.

The three BODIPYs showed similar transient absorption profiles (ns-
TA) (Fig. S2): an intense negative contribution assigned to the ground

Photophysical parameters and singlet oxygen quantum yields for iodinated-BODIPY in chloroform: absorption maxima (A,5), molar absorption coefficient (eémax),
fluorescence maxima (Aq), fluorescence quantum yield (®g), singlet oxygen quantum yield (®,), brightness (BT = ep,.x @) and phototoxic power (PP = e, @4) at the

absorption maxima wavelength.

Compounds Aap (Nm) Emax Aq (nm) [or] [N BT PP
10* M tem ™) 10* M tem™) 10* M tem™)

BDP-1" [40,65] 534 9.0 555 0.02 0.98 0.18 8.82
BDP-2 565 6.1 597 0.06° 0.85° 0.37 5.19
BDP-3 545 4.7 565 0.07° 0.86° 0.33 4.04
BDP-4 675 8.0 699 0.46" 0.40° 3.68 3.20
BDP-5 705 8.1 762 0.22" 0.56¢ 1.78 4.54
BDP-6 677 4.1 701 0.30° 0.41¢ 1.23 1.68
Chlorin e6' 401 13.7 669 0.16" 0.80¢ 2.19 10.96

664 45 0.72 3.60

% in methanol.
2 PM597 in ethanol ®q = 0.43 as standard [6].

b Zinc phtalocyanine in 1% pyridine in toluene ®g = 0.30 used as standard [56].

¢ MeSBDP in chloroform ®, = 0.91 as standard [42].
4 NMB in chloroform @, = 0.50 as standard.
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Fig. 3. Normalized absorption and emission spectra in chloroform for BDP-4 (A), BDP-5 (B), BDP-6 (C) and Chlorin e6 (D).

state bleaching (GSB), in the range of 650-700 nm for BDP-4 and BDP-6,
and peaked at around 700 nm for BPD-5, associated to So—S; absorp-
tion. BPD-4 also shows an extra and less prominent negative band at
longer wavelengths with respect to GSB, assigned to the stimulated
emission. All the compounds showed positive transient absorption bands
in the range of 500-600 nm and at wavelengths higher than 800 nm.
Decays were recorded at 550 and 850 nm in absence and presence of
oxygen (Table 2 and Fig. S3). Similar lifetimes were derived at both
wavelengths, indicating that it belongs to the same species. The lifetimes
remained monoexponential and decreased in presence of oxygen, from 1
to 2 ps in deaerated samples to slightly lower than two hundred nano-
seconds in oxygen-saturated samples (Table 2). Accordingly that, those
positive transient bands are ascribed to triplet absorption. Interestingly,
triplet lifetime of BDP-6 is longer than those recorded for BBP-4 and
BDP-5, being the value very similar to the reported for Chlorin e6 (2 ps)
[71] (Table 2). Moreover, BDP-6 showed the highest fraction of triplet
state quenched by molecular oxygen near to unity (Table 2). However,
BDP-6 showed the lowest Phototoxic Power (PP in Table 1), in this series
and therefore it is difficult to predict the phototoxic action of these
compounds from their photophysical data. Indeed, the success of
photodynamic process is controlled not only by the photophysical fea-
tures but also by the internalization and selectivity degree of PSs into
cells. For that, as a first approach, in vitro studies are required to assess
their potential applicability.

Next, the most relevant results of in vitro experiments in HeLa cells
are described and compared with those obtained for Chlorin e6 in

Table 2
Triplet T-T absorption maxima AT mas), triplet lifetime in nitrogen- (%), air- (¢
saturated samples, and fraction of the triplet excited state quenched by O,

air)

air
(P}, =1—“3) in chloroform: BDP-4, BDP-5 and BDP-6.

Samples Al max (M) 0 (us) 74T (ns) Py,

BDP-4 544 1.07 168 0.84
840

BDP-5 573 1.25 182 0.85
880

BDP-6 572 2.26 193 0.91
860

exactly the same conditions. HeLa cells were selected for this study as
they are considered as standard cell lines allowing the opportunity to
contrast the current results with those derived from other studies with
similar derivates and comparable light doses.

3.2. In vitro experiments with HeLa cells

The internalization of red haloBODIPY (BDP-4, BDP-5 and BDP-6)
and Chlorin e6 in HeLa cells is shown in Fig. 4. The biocompatibility in
dark conditions and the phototoxicity under red light (655 nm) irradi-
ated for 30 min (doses = 15 J/cm?) are shown in Fig. 5.

Based on the confocal fluorescence analysis, BDP-4, BDP-6, and Ce6
were readily incorporated by the cells whereas BDP-5 was not inter-
nalized into the cells (Fig. 4). As seen in Fig. 4, BDP-5 crystallized as
needle-like structures at all tested concentrations, indicating a poor
solubility and consequently a low cellular uptake.

On the other hand, BDP-4, BDP-6 and Ce6 were internalized and
homogenously accumulated throughout the cells cytoplasm. Note here
that Ce6 showed a fainted brightness with respect to that recorded for
BDP-4 and BDP-6 (Fig. 4), regardless of its BT value, which under the
blue excitation condition used in the microscopy measurement was
between the BT values of BDP-4 and BDP-6 under red light excitation
(Table S2). This fact could be likely attributed to a lower internalization
of Ce6 into the cells (Fig. S5). Concerning BDP-4 and BDP-6, BDP-6
showed intensity profiles/brightness 5 times higher than BDP-4
(Fig. S5), that considering that its BT parameter at the excitation
wavelength of the microscopy measurement (Table S2), is two-fold
lower than that of BDP-4, likely indicates a higher internalization for
this compound.

According to the MTT assay, none of the red haloBODIPY compounds
resulted cytotoxic under dark conditions at concentrations up to 10 pM
(Fig. 5 blue bars). Nonetheless, the compound BDP-5, with the highest
PP in this series (Table 1), resulted in very low phototoxicity to HeLa
cells. Actually, a relatively high amount of PS (10 pM) was required to
induce only 45% of cell death under red irradiation, Fig. 5B. Indeed, as a
consequence of the bad matching between the absorption spectra
centered at 705 nm and the red irradiation light peaked at 660 nm, the
effective PP value decreases from 3.20 10* M~lem™! (Table 1) to 1.75
10* M 'em™' (Table S2) under such red illumination source.
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Fig. 4. Fluorescence microscopy images of compounds, BDP-4 (A-C), BDP-5 (D-F), BDP-6 (G-I) (Aex = 650 nm and Ay, = 673 nm) and Ce6 (J-L) (Aex = 405 nm and
Aem = 640 nm), incubated in HeLa cells at 1 pM. The scale bars are equal to 100 pm.

Nevertheless, as the PP value under the experimental conditions of BDP-
5 is in the sample range as that of Ce6 (see data in Table S2), the mild
toxicity of BDP-5 is attributed to lack of solubility in the medium and
consequently to a low internalization inside the cells [72].

On the contrary, the two red haloBODIPY-PSs (BDP-4 and -6),
showed high phototoxicity even at submicromolar concentrations, i.e.
75% and 90% of cell death was induced at 0.5 pM of BDP-4 and BDP-6,
respectively (Fig. 5A and C). ECgg values for BDP-4 and BDP-6 were
0.29 pM and 0.01 pM, respectively (Table 3), which are lower, partic-
ularly for BDP-6, than that observed for widely used commercial PS
Chlorin e6 (Table 3). Although Ce6 showed a relevant photoactivity at
concentrations >5 pM (ECso = 0.67 pM, Table 3), it also caused cyto-
toxic effects in dark (Fig. 5D) at those concentrations, limiting its
application in clinical uses. Therefore, both BDP-4 and BDP-6 can be
enacted as promising PSs for PDT.

Note here that BDP-6, with the smallest effective PP at the maximum
peak of the red illumination source of the series (Table S2), being
practically half than those calculated for BDP-4 and Ce6, showed the

highest efficacy, leading to noticeable phototoxicity at even very low
concentrations (>0.5 pM) with ECsg values in the nanomolar range, 10
nM (Table 3). In the case of BDP-6, the high phototoxicity was probably
assigned to a high cellular uptake.

Thus, the ability to be internalized into the cells is key for PDT ef-
ficacy. By simple changes in the molecular structure of the BODIPY, i.e.
addition of an amine group (BDP-6), a higher solubility has been
reached in comparison with its homologous BODIPY with a nitro group
(BDP-5), increasing the internalization ability and consequently the
phototoxic action. Indeed, BDP-4 and BDP-6, particularly BDP-6, have
demonstrated higher phototoxic efficiency than the commercial Chlorin
e6, without showing any cytotoxic effect under dark conditions.

Other molecular designs based on the inclusion of halogen atoms (Br
or I) at 2,6-positions and with extended conjugation at 3,5-positions of
BODIPY dye have been proposed as PSs. Different BODIPY decoration
approaches have been followed to enhance the PDT action in hal-
odistyryl BODIPY such as pegylation, or targeting strategies to increase
their solubility and cellular internalization [30,33,36,38,39,73-76].
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Fig. 5. MTT results of photosensitizer BDP-4 (A), BDP-5 (B), BDP-6 (C) and Chlorin e6 (D) in dark conditions (blue) and after 30 min irradiation (red) under red
light. Stars indicate significant differences with respect to controls. Asterisks indicate significant differences between dark and light conditions at the same con-

centrations tested.

Table 3
ECs( values of PSs under red illumination (15 J/cm?).

Dark (x pM) Light (x pM)
BDP-4 - 0.29
BDP-5 - >10
BPD-6 - 0.01
Chlorin e6 8.19 0.67

-not cytotoxic.

However, the comparison of the PDT efficiency is not trivial as there is
not a standardized protocol for illumination (light dosage and light
sources) and they were tested in different cell lines. To the best of our
knowledge, BDP-6 displays the highest phototoxic action against HeLa
cells than any red-haloBODIPY tested so far [74,76-78].

4. Conclusion

Red iodinated-BODIPYs are promising candidates for PDT and bio-
imaging. They have shown intense absorption bands within the clinic
window (>650 nm) and an ideal balance between fluorescence and
singlet oxygen production. Nevertheless, the in vitro assays indicated
trends that were against some of photophysical signatures, revealing the
importance of the dye cell internalization. The cellular uptake was ruled
by the substitution at meso position indicating that BDP-5 with a p-
nitrophenyl group at meso position was unable to be internalized inside
the HeLa cells due to its lack of solubility in the culture medium. In
contrast, BDP-6, homologous BODIPY but substituted with a p-amino-
phenyl at meso, has shown one of the highest phototoxic action against
HeLa cells (EC5p = 10 nM) with respect to other previously developed
red-haloBODIPYs tested in similar conditions, and one order of magni-
tude higher than the commercial Chlorin e6. In contrast to Chlorin €6, no
cytotoxicity in dark conditions was found for the current red iodinated-
BODIPYs.

This study demonstrates, first, the relevance of the substitution at
meso position of BODIPYs in which simple modifications can change
their performance as suitable PSs for PDT, and second, the importance of

the in vitro assays to confirm the potential use of these molecules for
bioapplications.
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