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Abstract

Photodynamic therapy (PDT) is a photochemistry-based medical treatment combining light at a
specific wavelength and a photosensitizer (PS) in the presence of oxygen. Application of PDT as a
conventional treatment is limited and clearly the approval in clinics of new PS is challenging. The
selective accumulation of the PS in the targeted malignant cells is of paramount importance to reduce
the side effects that are typical of the current worldwide approved PS. Here we report a new series of
aniline- and iodine-substituted BODIPY derivatives (1-3) as promising lysosome-targeting and pH-
responsive theranostic PS, which displayed a significant in vitro light-induced cytotoxicity, efficient
imaging properties and low dark toxicity (for 2 and 3). These compounds were obtained in few
reproducible synthetic steps and good yields. Spectroscopic and electrochemical measurements along
with computational calculations confirmed the quenching of the emissive properties of the PS, while
both fluorescence and 0, emission were obtained only under acidic conditions inducing amine
protonation. The pK, values and pH-dependent emissive properties of 1-3 being established, their
cellular uptake and activation in the lysosomal vesicles (pH = 4-5) were confirmed by their co-
localization with the commercial LysoTracker deep red and light-induced cytotoxicity (ICso between
0.16 and 0.06 uM) against Hela cancer cells.

Introduction

Photodynamic therapy (PDT) is a photochemistry-based medical treatment combining two non-toxic
components, i.e., light at a specific wavelength and a photosensitizer (PS).[H2-BLABI Owing to its
minimal systematic invasiveness and dark toxicity,!® PDT has been known for over 30 years as a
promising anticancer and antimicrobial treatment.!?2BEMABLTT ypon light irradiation the PS reaches
an excited singlet state (S1), which undergoes intersystem crossing (ISC) populating the more stable
and longer-lived excited triplet state (T1). In the presence of molecular oxygen (30,), the PS in its triplet
state produces the reactive oxygen species (ROS, notably OH* and O,*) by electron transfer as well as
the singlet oxygen (*0,) by energy transfer.B/4ELE Both ROS and 0, cause cell death by direct
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disruption of cellular or microbial components (e.g., membrane proteins and lipids, cellular organelles,
nucleic acids, etc.) or, indirectly, by damaging the local vessels and inducing an inflammatory and
immune response,tB1E]

Despite the development of many potential PS, only four PS have been approved worldwide
(Photofrin®, Levulan®, Metvixia®, and Visudyne®) for treating superficial cancers, pre-cancerous
lesions and age-related tissue degeneration.”! Among them, Photofrin is still the most used in clinical
trials although it lacks chemical purity and tissue selectivity, it shows weak red/near-infrared (NIR) light
absorbance, it requires the use of high doses of drug and it causes skin hypersensitivity to sunlight for
at least four weeks post-therapy.'” The above-mentioned PS belong to the widespread family of
porphyrins derivatives typically demanding time-consuming syntheses and purifications, while
showing poor selectivity, low biocompatibility, and therapeutic efficiency.?"**% |ndeed, clinical
applications require the PS to absorb light in the red/NIR region, the so-called “therapeutic window”,
with a large molar absorptivity as well as to produce efficiently *0,.[4 Furthermore, it should be
selective to the targeted tissue, but with high body clearance and water solubility, and it should not be
toxic in the absence of light.[! The partial selective accumulation of the above-mentioned PS is mostly
dependent on the enhanced permeability and retention (EPR) effect of tumour cells (passive
targeting). Active targeting via intracellular activation of the PS,[t2/13LI4LASLI6LI7] or conjugation to a
ligand binding an overexpressed receptor on malignant tissues™®°! have also been explored.
However, to date, no preclinical or clinical advances of these two last strategies have been reported
to the best of our knowledge.B" In addition, attention has also been focused on developing
photodynamic theranostic systems enabling imaging diagnosis and simultaneous PDT.[201211122},[23],(24]
When the imaging technique is based on fluorescence emission, the majority of these systems relies
on a single molecule whose theranostic activity requires two simultaneous processes: fluorescence
emission and 0, generation.®

BODIPY-based PS have attracted tremendous attention in recent years because of their large extinction
coefficients, high fluorescence quantum yields, chemical robustness, stability to light, solvents, and
temperature variations.?°2M127) Fyrthermore, their optical properties are easy to tune by synthetic
modifications of the substituents on the dipyrromethene core reaching red/NIR emissions for
biological imaging and sensing.?°12627] The popular strategy to promote the O, generation is the
incorporation of heavy atoms, e.g., transition metals and halogens enhancing the spin-orbit coupling
strength and hence the ISC.[28/129.30LB1 The synthetic versatility of BODIPYs also allows to increase the
selectivity towards the targeted tissues by conjugation to biomolecules for selective system
delivery, 3213313411351 B6LIB7LI8] o hy specific stimuli-responsive activation of the PS.415118] Indeed, the
BODIPY molecular structure can be engineered with functional groups turning on or /off specific
spectroscopic signatures of molecules under specific physiological conditions and upon reaction with
specific analytes allowing accumulation in targeted subcellular compartments, e.g,
lysosomes, 3901400141142, 1431 ipidic  membrane,#431146L 47 14881 mjtochondria, #3149450)
(5111521531, 5411551,56L157) endoplasmic reticulum®' 8 and nucleus.>?0061 More specifically, targeting the
lysosomes is a known strategy to develop efficient anticancer therapeutics, including PDT agents,
fluorescent probes and theranostic agents.[62/E3L64LI5] | ysosomes is a polymorphic hydrolase-
containing vesicles, which are responsible for the intracellular degradation and recycling pathways of
proteins and other macromolecules.? 6316465 The well-functioning of lysosomes is strictly
dependent on the integrity of its membrane, which, if disrupted in response to PDT, induces protons
and hydrolases leakage into the cytoplasm and causes autophagy of the malignant cells.!
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Figure 1. Lysosome-targeting pH-activable BODIPY-based theranostic agents.

Herein we report the design, the synthesis, and the characterization of a model series of lysosome-
targeting pH-responsive theranostic PDT agents featuring a BODIPY core substituted in positions 2 and
6 with, on the one hand, an iodine atom to favour the ISC and hence enhance the 0, generation and,
on the other hand, a tertiary aniline as pH-responsive functional group (Figure 1). The advantage of
using the pyrrolic position rather than the well-exploited meso onel# 14116611671 i to favour a mutually
coaxial conformation between the two subunits (with or without a linker), which has been proved to
efficiently tune the spectroscopic properties of the dyes, via intramolecular charge transfer (ICT) or
photoinduced electron transfer (PeT).[%®! Based on their pK. values,®70 71 N N-dialkylanilines have
been previously used to prepare pH probes’? and PDT agents!72[“9M 41 accumulating in cancerous
lysosomes. The pK values of PS 1-3 are measured as well as both fluorescence emission and 0,
generation are explored and their efficiency determined. The mechanism by which the emissive
properties of the reported PS 1-3 (structures in Scheme 1) are quenched and activated only under
acidic conditions is investigated by spectroscopic and electrochemical studies as well as by theoretical
calculations. Furthermore, the cellular uptake of PS 1-3 in Hela cancer cells and, more specifically, in
the lysosomal vesicles, where the activation of their emissive properties by the internal low pH (~4-
5),13 is confirmed by co-localization imaging experiments and photo-induced cytotoxicity.

Results and discussion

Synthesis

The new targeted pH-responsive theranostic agents 1-3 were synthetised from the 2,6-diiodo- and the
2-iodo-substituted BODIPY 4 and 6 (Scheme 1).73! More specifically, compound 4 was reacted under
Pd-catalysed Sonogashira reaction conditions to obtain directly 1 in 25% yield, while 6 gave compounds
8 and 10 via Suzuki and Stille cross-coupling in 66% and 60% yields, respectively. The final PS 2 and 3
were obtained in good yields (45% and 74%, respectively) by subsequent iodination of 8 and 10 with
N-iodosuccinimide (NIS) (Scheme 1).

This article is protected by copyright. All rights reserved.

10.1002/cbic.202300139

95U017 SUOWIWOD BAITEaID) 3aedldde ay) Aq peusenob e sejoiLe VO ‘8Sn Jo e 10} A%eid1T8uluO A8 Lo (SUOIPLI0D-PUe-SLULe)/W0D A8 1M Aeiq 1 Ul |UO//Sdny) SUoIIpUOD Pue SWis | 31 88S *[£202/20/E2] uo Arigiauljuo fe|iM ‘Binogsens ad 91s1AILN Ag 6£TO0EZ02 2109/200T OT/10p/L00 A8 | Areiq 1 puljuoadone-Ansiweyo//sdny wo.j pepeojumoq ‘el ‘€£9.6EvT



ChemBioChem

Pd(PPh;),Cl, (10mol%)
Cul (10mol%),
| NEty/toluene, 80 °C, 18 h

:—QfNMez

5(1.2eq.)

Pd(PPh3),Cl, (10mol%) NIS (1.2 eq.)
PN K,CO32 M aq. (8.0 eq.) NEt, CHCl I~ NEt,
/ toluene, 80 °C, 18 h i, 1h ! /
’N\B/N R ’N\B/N
F
o (HO)ZBONEtg ;Z
7(1.2eq.)
Pd(PPhj), (10mol%) NIS (1.2 eq.)

LiCl (1.1 eq.),
toluene, 120 °C, 18 h

NMe, CHxCl>
rt,1h
— =

OMe

6 Bu;zSn NMe, 10
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Scheme 1. Synthesis of PS 1-3.

Photophysical characterization

The photophysical properties of PS 1-3 and their protonated species 1H-3H were recorded at room
temperature in different solvents (Table 1). As a general observation, the main absorption band of PS
1-3, centred in the green region of the visible spectrum, corresponds to the So-S; transition and it is
not well-structured but rather broad, indicating a sizeable ICT character. This is consistent with the
presence of electron-donating group on the electron-acceptor BODIPY core,?®! which also induces a
relatively small shift of the absorption maximum when the solvent polarity increases (see Table 1 and
Figure 2, see also calculations below). Upon protonation of the amino group with HCI vapours, the
corresponding PS 1H-3H display, in all solvents, an increase of the molar absorption coefficient (€) as
well as a narrower absorption band with a hypsochromic shift of the maximum absorption band as
compared to the non-protonated form (Figure 2). Again, a slight negative solvatochromism is observed
(Table 1). Neutral PS 1 and 2 show a residual fluorescence emission in non-polar solvents (i.e., p-xylene
for both PS, toluene only for PS 2). Increasing the polarity of the solvent (from CH,Cl; to acetone)
completely quenches the emission of 1 and 2. In contrast, PS 3 does not emit in any of the tested
solvents. Upon protonation fluorescence emission of compounds 1-3 is restored, with quantum yields
(dr) between 7 and 12% (Table 1 and Supporting Information, SI). The insolubility of all protonated
species in p-xylene and toluene (and in acetone for PS 1H) does not allow obtaining the corresponding
photophysical data (Table 1).
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Figure 2. Absorption spectra of PS 1-3 in solvents of different polarity (top), absorption and emission spectra of
the corresponding protonated species 1H-3H in polar solvents (bottom).

The low values of ¢r are consistent with those of the parent compounds 4 and 6 and they can be
explained by the halogen substitution of the BODIPY core enhancing the ISC channelling the excitation
energy into the triplet state (T1) and making these compounds poorly fluorescent.”® The capability of
PS 1-3 to generate 0, was thus investigated using a protocol adapted from the literature (Table 1).%
A solution of the PS, without and upon protonation with HCI
diphenylisobenzofuran (DPBF), as 0, scavenger, in EtOH was irradiated at specific time intervals with
a monochromator centred at 505 nm (see SlI). The production of 0, was calculated following the

vapours,

and the 1,3-

decrease of the maximum absorbance of the DBPF at 410 nm. The singlet oxygen quantum yields (d.)
were then calculated as 44% (1H), 43% (2H) and 42% (3H, Table 1). The substitution of one iodine with
tertiary anilines decreases the efficiency of the ISC because of a smaller spin-orbit coupling than the
bis- and mono-iodo BODIPY derivative 4 and 6, as confirmed by the theoretical calculation (see below).
Indeed, compared to the two latter producing respectively 10, in 87% and 64% quantum yields (see
Sl), the values are here lower. However, they are comparable to those reported for some bis-iodo
BODIPY derivatives with (or without) quenching functional groups, considering the different
experimental conditions. "M #1LBLISLITELI7T A expected, no 'O, production was observed in the
absence of protonation of the amino groups (see SI).

Table 1. Optical spectroscopic data for compounds 1-3.

This article is protected by copyright. All rights reserved.

PS solvent | Aaps £ Aem ASS O (%) | D4 (%) T ke (s2) knr (%)
(nm) | (M1cm?) (nm) (cm) (ns)
4(73] CH,Cl, 527 9.0x 104 548 727 6 87Mb), <1
661781.lc]
673 CH,Cl, 509 9.0x 104 529 743 14 640 <1
1 p-Xylene 552 2.4x 10 663 3033 3 0.47 | 6.38x107 | 2.06x 10°
toluene 550 3.2x10* n.d.
CH,Cl; 543 3.8x10% n.d.
EtOH 540 4.4 x 104 n.d.
acetone 536 2.1x10* n.d.
1Hd] CH,Cl, 545 6.6 x 104 569 842 12 n.d. 45 | 2.67x107 | 1.96x 108
EtOH 541 6.7 x 104 568 953 6 44 3.6 1.67x107 | 2.61x108
acetone 535 3.7 x10% n.d. n.d.
2 p-Xylene 532 2.6 x 104 673 4009 4 0.8 5.00x 107 | 1.20x 10°
5
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toluene 530 2.7 x10* 669 3920 4 0.7 | 5.63x107 | 1.35x10°
CH,Cl, 527 4.8 x 104 n.d.
EtOH 522 5.2 x10* n.d.
acetone 522 2.4x10% n.d.
2HL] CH,Cl, 521 9.4 x 104 546 1093 7 n.d. 5.1 1.00x 107 | 1.82x 108
EtOH 518 9.5x 10* 545 1051 9 43 53 1.70x 107 | 1.72x108
acetone 516 4.4 x 104 543 1027 12 n.d. 0.53 | 2.26x 108 | 1.66x 10°
3 p-Xylene | 527 3.1x10% n.d.
toluene 527 3.0x10* n.d.
CH,Cl, 524 5.9x10* n.d.
EtOH 520 6.4 x 10* n.d.
acetone 516 2.8x10* n.d.
3HId] CHCl, 523 8.1x10* 548 872 12 n.d. 0.5 | 2.40x 108 | 1.75x10°
EtOH 518 8.2x10* 546 876 10 42 0.5 | 2.00x108 | 1.80x10°
acetone 516 3.9x104 543 926 14 n.d. 0.7 | 2.06x10% | 1.26x10°

lal Of were calculated by using Rhodamine 6G as a reference (Aexc = 488 nm, ®f = 0.88 in EtOH); ! @, were obtained by using
Rose Bengal as a reference (P4 = 0.76 in EtOH); [dobtained by direct measurement of the singlet oxygen emission in CH,Cl,
and with (tetra-tert-butylphthalocyaninato)zinc(ll) as reference;!78 [dlprotonation was performed by bubbling HCI vapours in
the solution containing PS 1-3.

For closely related systems, the quenched fluorescence is explained by the presence of the electron-
donating amino groups inducing an ICT at the excited statel”?’8%®U or 3 reductive PeT,[3°1401(67),[82],[49]
or sometimes the quenching mechanism is not described.®3# Concerning PS 1 and 2, the residual
fluorescence emission in non-polar solvents suggests that the ICT could be considered as the
responsible mechanism for quenching the emission in polar solvents and in the absence of
protonation. However, the same reasoning is not valid for PS 3 since this dye is non-emissive in p-
xylene and toluene. The feasibility of the reductive electron transfer from the HOMO of the substituent
to the LUMO of the BODIPY core depends on the reducing potential of the PS 1-3 and the oxidation
potential of the tertiary anilines.l?® Consequently, cyclic voltammetry on the PS 1-3 was performed
(Table 2 and Sl).

Table 2. Electrochemical data of PS 1-3.

PS Ered(A/A*)E Eox-1(D**/D)!®] Eox-2(A**/A)b] Eq,o!c! AGper)!d!
(V vs Fc/Fc*) (V vs Fc/Fc?) (V vs Fc/Fc?) (eV) (eV)

1 -1.19 0.70 1.28 1.97 -0.08

2 -1.26 0.72 1.10 2.07 -0.09

3 -1.27 0.67 1.02 2.19 -0.25

Cyclic voltammetry was carried out in deoxygenated CHCl; solutions, containing 0.1 M TBAPF, at a solute concentration of
1.0-1.5 mM, at a scan rate of 100 V s! and at 25 °C. Potentials were standardized using ferrocene (Fc) as internal reference
and converted to SCE assuming that Ey/, (Fc/Fc*) = +0.38 V (vs SCE). [l E,e4(A/A*) is defined as the reduction potential of A
(acceptor); [PIEo,.1(D**/D) is defined as the oxidation potential of D (donor); (¢ Eq o is defined as the excited state energy of the
dye and approximated as the interception of the tangent of absorption band on its descending side with the wavelength axis;
14l AGpet) = - (Eox-1(D**/D)- Ered(A/A*))- Eo,0-w, w describes the coulombic impact of the charge separation depending on the
solvent dielectric constant (w~1/g) is generally omitted. (8]

All the voltammograms of the reported systems are characterized by a reversible reduction wave in
the range of -1.30 V and -1.20 V corresponding to mt-radical anion of the BODIPY core and two reversible
oxidation waves consistent with the radical cation of the tertiary amine (around 0.70 V) and of the

6
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BODIPY (in the range of 1.00 V and 1.30 V).126M88LI87) A5 expected, protonation of the mesomeric
electron-donating group impedes the oxidation of the tertiary amino group and the reductive PeT to
occur. Indeed, the voltammograms of the corresponding 1H-3H do not show the first reversible
oxidation wave matching with the oxidation of the amino group. Based on these measurements, the
free energy of the PeT process (AGer)) Was estimated to be -0.08 (1), -0.09 (2) and -0.25 (3) eV using
the Rehm-Weller equation.?”! Concerning PS 1 and 2, the experimental AGper) values could suggest
that both the reductive PeT and the ICT are involved in quenching their emissive properties. In respect
of PS 3, a reductive PeT is the most likely quenching mechanism.
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Figure 3. Cyclic voltammetry of PS 1-3 (black solid line) and of their protonated forms 1H-3H (blue dashed line).

The presence of an ICT process, even if weak (Table 1 and Figure 2), prompted us to study the two-
photon absorption (TPA) properties of PS 1-3 after protonation to assess the possibility of using them
as theranostic TPA-PS. Indeed, the two-photon irradiation combined with the pH-dependent PS
activation can ensure the optimal light penetration, the selectivity, and the accuracy in controlling the
0, production. TPA cross-section spectra of protonated PS 1H-3H using Rhodamine B as a reference!®®
were measured in EtOH using a tuneable femtosecond laser (120 fs pulses in the 680-1300 nm spectral
range; Figure 4, left). PS 1H-3H display two absorption bands centred at A=775 and 1000 nm with
relatively low TPA cross-section (in the range of 2-18 GM and 1-4 GM for the 775 and 1000 nm bands,
respectively), compared to similar literature systems. Integrated fluorescence intensities were
measured by exciting at 760 and 900 nm as a function of the applied laser power and the results
confirmed a good correlation of the fluorescence emission intensity with the square of the applied
excitation intensity (Figure 4, right). However, based on the low values of the cross-section, the
reported series of compounds 1-3 could not be used as efficient 2PA-PS; however, the good ¢a along
with the residual fluorescent emission (Table 1) allow studying them as potential theranostic one-
photon absorption PDT agents.
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Figure 4. (Left) TPA cross-section spectrum of PS 1H-3H measured in EtOH, with an average laser power of 0.5
mW; (right) correlation of the fluorescence emission intensity with the square of the power intensity at 840 nm.

Due to their hydrophobic nature, PS 1-3 are insoluble in water. Consequently, to perform pH titration
of the tertiary anilines and measure the corresponding pK, values, PS 1-3 were encapsulated in the
non-ionic surfactant Cremophor EL® (see the Sl for details), extensively used in pharmaceutical
applications. pH-Titrations clearly demonstrate that protonation of PS 2-3 under weak acidic
conditions results in a significant hyperchromic shift of the So-S; transitions concomitant to a weak
bathochromic shift in agreement with the spectroscopic data collected in various organic solvents
(Table 1). For PS 2, a pK; value of 2.60 = 0.08 has been measured. As a consequence of the mesomeric
effect of the ortho-methoxy with respect to the dimethylamino unit, a higher pK; value (3.64 + 0.08)
has been determined for PS 3 (Figure S 13). For PS 1 containing a dimethylaniline, the pK;, value was
estimated to be < 2 (Figure S 11). According to these values, we could suggest that PS will be mainly
protonated (PS 3) or partially protonated (PS 1 and 2) and thus activated in the cellular lysosomes (see
below).

Theoretical calculations have been performed to obtain additional insights into the properties of the
synthesized PS systems (see the Sl for technical details). Figure 5 shows the electron density difference
(EDD) plots for neutral and protonated PS. These EDDs show that the BODIPY core act as an electron
acceptor (mostly in red), whereas the side groups act as donor (mostly in blue), confirming the ICT. The
latter effect is, as expected, decreased when the amino groups are protonated. One can also note on
Figure 5, that the contribution of the iodine centre in the excited state is notably increased after
protonation.

1H 2H 3H
Figure 5. Density difference plots for the considered systems. Navy blue and crimson red lobes correspond to
decrease and increase of density upon excitation (threshold 0.001 au). All calculations are made in DCM.

In Table S1 in the SI, we provide vertical absorption and emission energies, as well as the 0-0 energies,
the latter being directly comparable to the experimental absorption-fluorescence crossing points for
emissive dyes. For the vertical emission, theory predicts significant blueshifts upon protonation (-159
nm for 1, -202 nm for 2, and -252 nm for 3), values that are in line with experiment (-94 nm for 1, and
-127 nm for 2). For the 0-0 energies, the theoretical protocol provides a mean absolute error with
respect to experiment of 0.11 eV, confirming the quality of the selected level of theory.

The above noted ICT can be quantified using the well-known Le Bahers’ index, which provides an ICT
distance (d). The d°" values are 4.45 A, 3.60 A, and 1.46 A, for 1, 2, and 3, respectively. The large
values for the two former PS 1 and 2 are consistent with fluorescence quenching by ICT, whereas the
smaller d°" for PS 3, is consistent with the twisting of the dimethylamino group induced by the presence
of a vicinal methoxy moiety (see Figure 5). Upon protonation, all these values decrease significantly
and attain 1.01 A, 0.41 A, and 0.86 A. Further, to estimate the possibility of PeT in the neutral 1-3, we
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have compared the total energies of the optimal ICT S; and the corresponding charged-separated (CS)
structures, the latter being determined by constrained-DFT in which a +1/-1 charge was enforced on
the phenyl-amino/BODIPY moieties, respectively. Both structures have been optimized and their final
energies compared. In 1 and 2, we found that the CS structure is less stable by 0.43 and 0.30 eV,
respectively. This indicates that PeT is very unlikely in both 1 and 2. In contrast, the two structures
have alike energies for 3 (A=0.09 eV, within the error bar of the selected level of theory), hinting that
PeT might be possible in this structure. Though, due to the inherent approximations of the various
schemes, these values are not equivalent to the experimental ones, the joint analysis of theoretical
and measured data allow to safely conclude that ICT is the dominant quenching mechanism in both 1
and 2; whereas PeT is the dominant non-radiative pathway for 3. For the records, we also investigated
the possibility of TICT in 1-3. To this end, we started excited state optimizations from structures in
which the NAlk; or the Ph-NAlk; were orthogonally positioned with respect to the core of the dye, but
these minimizations led back to the standard minimum, indicating that TICT is not a major non-
deactivation path in these PS.

We have also investigated the ISC considering that it occurs from the relaxed S; geometry. Our data
are listed in the Sl. In all systems, there is only one triplet state accessible from this geometry, with S;-
T: gaps ranging from 0.28 to 0.61 eV, the values being smaller in 1-3, than in 4-6 and 1H-3H. What is
more interesting are the amplitudes of the spin-orbit couplings matrix elements (SOCME) that are
relatively smaller than one wavenumber for 1 (0.18 cm™), 2 (0.39 cm™), and 3 (0.66 cm™), but
significantly higher for all other systems: 1H (0.78 cm™), 2H (1.16 cm™), 3H (1.18 cm™), 4 (1.67 cm™}),
and 6 (1.00 cm™). These significant enlargements are consistent with the EDDs of Figure 5 and the
experimental trends showing enhanced formation of 0O, after protonation.

Biological tests

Once the pH-dependent emissive properties of PS 1-3 were established, preliminary biological in vitro
tests were performed. First, co-localization experiments were run to determine their accumulation and
activation in the cellular digestive organelles with an acidic intravesicular pH (~4-5).

Figure 5. CLSM obtained with live HelLa cells stained with the Cremophor EL-encapsulated PS 1-3 and Lyso Tracker
deep red in PBS buffer; (far right) scatter plot of red and green pixel intensity of HeLa cells.

PS LysoTracker red

This article is protected by copyright. All rights reserved.

10.1002/cbic.202300139

95U017 SUOWIWOD BAITEaID) 3aedldde ay) Aq peusenob e sejoiLe VO ‘8Sn Jo e 10} A%eid1T8uluO A8 Lo (SUOIPLI0D-PUe-SLULe)/W0D A8 1M Aeiq 1 Ul |UO//Sdny) SUoIIpUOD Pue SWis | 31 88S *[£202/20/E2] uo Arigiauljuo fe|iM ‘Binogsens ad 91s1AILN Ag 6£TO0EZ02 2109/200T OT/10p/L00 A8 | Areiq 1 puljuoadone-Ansiweyo//sdny wo.j pepeojumoq ‘el ‘€£9.6EvT



ChemBioChem

As previously mentioned, due to its intrinsic hydrophobic nature, PS 1-3 are insoluble in pure water or
PBS buffer solution (pH = 7.4). Consequently, they were again encapsulated in the Cremophor EL®
ensuring a good solubility in PBS buffer solution (see Sl for details). Subsequently, HelLa cancer cells
were incubated for 15 minutes with the freshly prepared assembly of 1-3 along with the commercial
dye LysoTracker deep red and imaged using confocal laser scanning microscopy (CLSM), as shown in
Figure 5. In addition, Pearson correlation coefficients of 0.69 (1), 0.71 (2) and 0.72 (3) confirm that the
three PS are accumulated well in the cells, they all localize in the cytosol and more specifically in the
acidic vesicles (Figure 5). Based on the latter, the the imaging properties in Hela cells of all three dyes
is consistent with their accumulation in the lysosomes (lysosomotropic action) due to partial
protonation and according to pK, values estimated in the potentiometric conditions. 0P Thig
underlines the difficulty to translate the experimental conditions used for the evaluation of pK, values
to the cellular lysosome environment.

The cytotoxicity of PS 1-3 was tested by MTT based cell viability assay. Hela cells were incubated in
presence of varying concentrations of the Cremophor EL®-encapsulated PS 1-3 for 30 minutes, after
which cells were washed with PBS to remove all the non-internalized molecules and put in complete
culture medium (see the Sl). Next, the samples were irradiated using LED light at 505 nm with a low
light dose (power density = 0.42mW/cm?) during 2 and 6 hours in the incubator. Following the
irradiation, the cells were incubated in the dark for additional 14 hours to allow the damaged cells to
trigger the apoptotic response. At the end of this period the fraction of viable cells was measured by
MTT assay. After 2 hours of irradiation the cell viability remains 20%, while after 6 hours it reaches less
than 10% (Figure 6). PS 1, 2, and 3 showed efficient phototoxicity with good ICso of 0.16 uM, 0.12 uM
and 0.12 uM, respectively. Next, we performed the same experiments with a higher light power density
(power density = 7.1mW/cm?) and for shorter irradiation times (Figure 6). The ICso values measured
for the three PS are summarized in Table 3. The increase of the light power density is linearly correlated
to the cytotoxicity efficiency of PS 2, but not for PS 3, which remains unvaried. In contrast to 2 and 3,
which have been proved promising theranostic agents, PS 1 showed an important dark cytotoxicity.
The mechanism, following which 1 is toxic to cells even in the absence of light, is currently under
investigation.

Table 3. Correlation between the light power density and the efficiency of phototoxicity of PS 1-3.

10.1002/cbic.202300139

ICso after 6 h at
PD = 0.42mW/cm?

ICsp after 5 min,
PD = 7.1mW/cm?

ICsp after 10 min,
PD = 7.1mW/cm?

0.16 uM 0.16 uM 0.14 uM
0.12 uM 0.08 uM 0.06 uM
0.12 M 0.24 uM 0.12 uM
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Figure 6. Cell viability after 6 hours irradiation followed by 14 hours incubation in presence of PS 1-3 (red squares)
and in the absence of light (black squares). All experiments were performed twice with triplicate sample for each
condition. The error bars correspond to the average of the absolute deviation for each data set.

Conclusions

In conclusion, we have developed a new series of lysosome-targeting pH-activable BODIPY-based
theranostic as to favour the selective accumulation of the PDT agents and 'O, production in defined
cellular compartments. The synthetically straightforward substitution of the BODIPY core with an
iodine and a dialkyl tertiary aniline allows the 0, generation and the acidic pH-responsive emissive
behaviour, respectively. A detailed analysis of the physico-chemical and photophysical properties of
the reported BODIPY derivatives was performed by means of pH-titration, spectroscopic and
electrochemical analyses as well as theoretical calculations. We have determined both ¢r and ¢,,
demonstrated the dependence of the PS emissive properties on the pH of the surrounding
environment and investigated which mechanisms, ICT or reductive PeT, are involved in quenching both
fluorescence and !0, emission of the non-protonated forms. Exploiting the Cremophor EL®-
encapsulation helping the water solubility of hydrophobic molecules, the pH-activable properties of
this series of compounds have been further verified by biological in vitro experiments. The cellular
uptake, accumulation, and activation in the lysosomal vesicles of Hela cancer cells have been
confirmed by optimal co-localization imaging experiments and photo-induced toxicity with low dark
toxicity (the latter for PS 2 and 3). We intend to further extend this series of PS as to shift the absorption
and emission spectra in the therapeutic window, to improve both their biocompatibility and their
selectivity towards malignant tissues. The present work paves the way to an efficient strategy for
designing smart theranostic agents for more efficient PDT therapy.
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