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1. Introduction

A carnitine-based BODIPY photosensitizery
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Organelle-selective photodynamic therapy (PDT) has emerged as a promising approach to enhance the
precision and efficacy of cancer treatment by targeting key cellular structures. In this study, we report
the design of a novel carnitine-based BODIPY photosensitizer, probe 1, which retains mitochondrial
selectivity while acting as both a fluorescent probe and a potent photosensitizer. Building on our
previously developed mitochondria-targeting probe (R)-BCT-2, which is transported into the
mitochondrial matrix by the inner membrane protein carnitine—acylcarnitine translocase (CAC), probe 1
incorporates two bromine atoms that enhance intersystem crossing, leading to a singlet oxygen quan-
tum yield of ~80%, while retaining sufficient fluorescence for effective cell staining in fluorescence
microscopy. Theoretical calculations indicate that the carnitine moiety distorts chromophore planarity,
reducing oscillator strength but enhancing spin—orbit coupling, which, together with the extended triplet
lifetime, contributes to increased phototoxicity. Probe 1 co-localizes in both mitochondria and, to a
lesser extent, in lysosomes, and this dual targeting may synergistically enhance phototoxic activity by
amplifying cellular stress responses. Importantly, probe 1 demonstrated high phototoxicity upon green
light irradiation, with ICsq values of 52 nm under normoxia and 117 nm under hypoxia, while remaining
non-cytotoxic in the dark. These results suggest that probe 1 is a promising candidate for organelle-
targeted PDT, particularly in hypoxic tumor environments where its dual organelle targeting could
enhance therapeutic efficacy.

ROS are cytotoxic and selectively induce cell death in targeted
tissues, such as tumors.'™ This method offers several advan-

Photodynamic therapy (PDT) is a non-invasive therapeutic
approach that combines light, molecular oxygen, and a photo-
sensitizer (PS) to generate reactive oxygen species (ROS). These
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tages, including minimal systemic toxicity, high safety, non-
invasiveness, a broad therapeutic range, and low risk of drug
resistance, making it a highly attractive option for cancer
treatment. Upon photoexcitation, a PS transitions to an excited
singlet state (S;) and can subsequently convert to a triplet state
through intersystem crossing (ISC). The long lifetime of this
triplet allows efficient generation of ROS. ROS production can
follow two mechanisms: electron and proton transfer reactions
(Type I) produce ROS like hydroxyl radicals (OH®) and super-
oxide (O,* "), while energy transfer reactions (Type II) generate
singlet oxygen ('O,), a highly reactive species.” The latter
mechanism is more commonly observed.

In contrast to traditional treatment methods, such as surgery
or chemotherapy, PDT is far less invasive and presents reduced
systemic toxicity thanks to the selective internalization of the PS
in the target tissue and the localized irradiation of the affected
region.>® Despite these advantages, PDT still presents a number
of significant shortcomings, some of the most important being
the limited penetration depth of visible light, poor selectivity of PS
for target cells, and the dependence of most PS on molecular

This journal is © The Royal Society of Chemistry 2025
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oxygen, which can be problematic due to the common hypoxic
environment of solid tumors. To address these challenges, there
is a strong interest in improving the efficacy and applicability
of PDT through the development of superior photosensitizers.
In this context, targeting specific organelles, such as mitochondria
and lysosomes,”"® has emerged as a crucial strategy to enhance
PDT efficacy in cancer treatment, given the short lifespan and
limited diffusion radius of 'O, (~40 ns and ~20 nm,
respectively)"" within cells. Mitochondrial targeting, in particular,
improves therapeutic outcomes due to the organelle’s central role
in apoptosis and its high concentrations of oxygen,"> which
promotes ROS production. Some studies have shown that subcel-
lular localization can be even more critical than the photochemical
reactivity of the PS in achieving effective cell death.” To be efficient
in PDT, PSs must exhibit low dark toxicity, good aqueous solubility,
and strong photophysical properties, including high triplet quan-
tum yields (&), long triplet-state lifetimes (ty), and efficient singlet
oxygen generation (@,).

Herein, we address the challenge of developing the first
photosensitizer capable of entering mitochondria in living cells
through an active, protein-mediated transport mechanism,
rather than the conventional passive and non-specific electro-
phoretic diffusion process. Our design builds upon previous
work by our research group, in which we developed (R)-BCT-2
(Fig. 1), the first mitochondria-specific fluorescent probe
actively transported into the mitochondrial matrix via an inner
membrane protein, carnitine-acylcarnitine translocase (CAC),
a key component of the carnitine shuttle system."* Notably, this
transport mechanism is independent of the mitochondrial
transmembrane potential, distinguishing it from most commer-
cially available mitochondria-targeting probes, which rely exclu-
sively on passive electrophoretic uptake driven by the organelle’s
negative transmembrane potential. These “passive-electrophoretic”
probes typically employ delocalized lipophilic cations, such as
quaternary ammonium, triphenylphosphonium (TPP), guanidi-
nium, or pyridinium-based groups, as mitochondria-targeting
moieties attached to neutral core chromophores, including
boron dipyrromethene (BODIPY) derivatives, coumarins, pyr-
enes, diketopyrrolopyrroles or xanthenes, or by directly using
positively charged organic chromophores, such as cyanines or
rhodamines."*™"”

The new fluorescent probe features the innovative and
minimalist design of (R)-BCT-2 incorporating a BODIPY moiety

View Article Online
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as a highly efficient fluorophore and an 1-carnitine molecule as
a biotargeting element. These components are directly and
orthogonally linked through the boron atom. This streamlined
approach, which eliminates the need for polyatomic connec-
tors, was inspired by the promising results of our previous
work on synthesizing spiro-O-BODIPYs from F-BODIPYs and di-
carboxylic or hydroxy acids.'*'*° These rigid spiro structures
exhibit superior photophysical properties compared to the
more commonly studied F-BODIPYs, including enhanced
photostability, higher fluorescence quantum yields, and reduced
aggregation."®

Building on these promising results, we aimed to engineer a
dual-purpose analog of the probe that retains its ability to
selectively localize into mitochondria, independent of their
membrane potential, while transforming it into an efficient
photosensitizer for targeted PDT by incorporating heavy atoms
into the BODIPY to increase spin-orbit coupling (SOC) and
triplet state generation.

The new L-carnitine-based photosensitizer was photophysi-
cally characterized using steady-state and transient spectro-
scopy, complemented by ground and excited-state theoretical
calculations. Its cellular localization and toxicity were assessed
under both dark and irradiated conditions in two human
squamous cell carcinoma lines, evaluated under normoxic as
well as hypoxic conditions.

2. Results and discussion
2.1 Design and synthesis of the new probe

We have designed a new photosensitizer based on our previously
developed mitochondria-selective fluorescent probe (R)-BCT-2** by
incorporating bromine atoms at the available positions of the
BODIPY chromophore unit to give compound 1 (Fig. 1). This small
structural modification was expected to retain its mitochondrial
selectivity while enhancing photodynamic activity by promoting
ISC, and simultaneously preserving some fluorescence emission,
thereby yielding a theranostic probe. To this end, two alternative
synthetic approaches can be followed, both starting from the
corresponding F-BODIPY 2, but differing in the sequence of steps
for introducing the carnitine and the bromine atoms. In our first
approach, bromine atoms were introduced first at the available
positions of F-BODIPY 2 using N-bromosuccinimide under

R1 Ar R1
Chromophore
x—{ NN x [ subunit
\ N~B'N\
R1 OI \O R1
Biotargeting
o} by subunit (L-carnitine)
MesN Cl

Bioimaging probe

R' = Me; Ar = mesityl; X = H

Photosensitizer
(R)-BCT-2 1
R' = Me; Ar = mesityl; X = Br

Fig. 1 General structure of the carnitine-based probe 1 and our previous (R)-BCT-2 bicimaging probe *
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Scheme 1 Synthesis of compound 1.

standard conditions yielding dibromo-BODIPY 3.>' This was
followed by reaction with r-carnitine hydrochloride in the
presence of excess TMSCI in acetonitrile under microwave
irradiation, as previously described"* (Scheme 1). While the
desired product was successfully obtained, purification proved
challenging due to the formation of partially dehalogenated
byproducts during the second reaction step. Ultimately,
compound 1 was readily obtained in higher purity by directly
dibrominating (R)}-BCT-2 under the same conditions (Scheme 1).

2.2 Photophysical and electrochemical properties

We conducted a comparative study of the photophysical proper-
ties of dibromo-BODIPY 3 and its carnitine analog 1 to analyze
the effect of introducing the carnitine moiety on the boron
atom of the chromophore. UV-vis absorption and fluorescence
spectra of both compounds were recorded in four different
polar solvents (acetone, acetonitrile, ethanol, and water) (Fig. 2)

Normalized absorbance
Normalized fluorescence

Vam
'-"n-u‘-.

4,
350 400 450 500 550 600 650
Wavelength (nm)

A

~
o
o

to obtain relevant photophysical properties, while singlet oxygen
production was measured in acetonitrile and methanol.

Both compounds displayed the expected absorption and
fluorescence profiles of BODIPY dyes in organic solvents,
characterized by well-defined, intense, and narrow peaks, with
absorption maxima at 525-530 nm and fluorescence maxima at
538-545 nm (Table 1). However, while compound 1 exhibited
similar profiles in water due to its good solubility, attributed to
the positively charged carnitine moiety, compound 3 showed a
broader absorption peak with a shoulder at lower wavelengths,
suggesting the formation of H-type aggregates due to its poor
solubility in aqueous media.

Compound 3 exhibited significantly higher molar absorp-
tion coefficients than 1 in organic solvents (Table 1). The
reduced absorption of 1 can be attributed to the structural
constraints introduced by the spiro-junction of the carnitine
moiety, which induces a slight distortion of the chromophore’s

Normalized absorbance
Normalized fluorescence

350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 2 Absorption (solid curves) and fluorescence spectra (dashed curves) of compounds 1 (a) and 3 (b) in different solvents (black: acetone, red; MeCN,

green: EtOH, blue: water).
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Table 1 Photophysical properties and singlet oxygen quantum yield of compounds 1 and 3

Compound Solvent Jap (D) max (10° M ' em ™) g (nm) Av(em™) @ 7 (ns) Dp

3 Acetone 525.0 8.10 538.0 460 0.20 1.55
MeCN 524.0 7.92 538.5 514 0.18 1.46 0.80°
EtOH 526.0 8.02 539.5 475 0.23 1.74 —
H,0 + DMSO 530.0 1.89 — — <0.01 — —

1 Acetone 526.0 3.36 544.5 645 0.13 1.24¢ —
MeCN 525.0 3.41 541.5 580 0.13 1.19¢ 0.79”
EtOH 528.0 3.45 544.0 557 0.14 1.36“ —
H,0 + DMSO 526.0 1.56 544.0 629 0.08 1.05¢ —

/ab: absorption peak wavelength; e: molar absorption coefficient at peak; Ag: fluorescence peak wavelength, upon excitation at 490 nm; Av: Stokes
shift; @: fluorescence quantum yield using a solution of the commercial BODIPY PM567 in EtOH (& = 0.84) as reference; t: fluorescence lifetime;
®,: singlet oxygen quantum yield using a solution of MeS-BODIPY in MeCN (@, = 0.95) as ref. 22. “ Lifetime with major contribution (>97%).

Same values in methanol-d,.

planar geometry, as confirmed by theoretical calculations (see
below).

In terms of fluorescence properties, compound 3 showed
quantum yields of approximately 0.20 in organic solvents,
while 1 was slightly less fluorescent (¢ ~ 0.10). In water, the
fluorescence of 1 was only slightly reduced compared to organic
solvents, whereas compound 3 exhibited almost no fluores-
cence. Compared to their bromine-free analogs (F-BODIPY 2
and (R)-BCT-2), which are highly fluorescent (¢ > 0.85), both 3
and 1 have significantly lower quantum yields due to the heavy
atom effect of the bromine atoms, which enhances SOC and
ISC, increasing the triplet state population. Consequently, both
1 and 3 showed high singlet oxygen quantum yields, around
80% in polar protic and aprotic solvents (MeOH-d, and MeCN,
respectively).

Since highly populated triplet states are crucial for singlet
oxygen generation and thus for the photosensitizing capabili-
ties of a molecule, these states were studied using nanosecond
transient absorption spectroscopy (flash photolysis) and the
corresponding decay curves under different conditions (sam-
ples saturated with nitrogen, air, and oxygen). Compounds 1
and 3 were dissolved in acetonitrile and excited at 525 nm for
the experiments. In both cases, we observed a negative signal
between 500 and 600 nm, attributed to ground state bleaching
associated with the S, — S; transition. The transient absorp-
tion peaks observed at 410-460 nm and 600-700 nm corre-
spond to triplet-state absorptions T; — T, (see ESI,T Fig. S1).
One of the key findings from these experiments is the differ-
ence in triplet-state lifetimes under deoxygenated conditions
between compounds 1 and 3 (Table 2). Given that the triplet-
state lifetime of a photosensitizer directly correlates with its
phototoxic activity, the observed threefold increase in the
triplet lifetime of 1 compared to 3 in the absence of oxygen
suggests that the carnitine moiety in 1 contributes not only to
mitochondrial targeting but also to enhancing the phototoxic
properties of the probe. The lifetimes of both compounds
decrease significantly with increasing oxygen concentration
(air- and oxygen-saturated solutions), which is typical of triplet
states.

The experimental triplet state lifetimes at different oxygen
concentrations were used to determine the triplet quenching
constant k; , , referring to the deactivation of the triplet states

This journal is © The Royal Society of Chemistry 2025

by molecular oxygen, as well as the proportion of triplet excited
state quenched by O, (P{,z) in acetonitrile at room tempera-

ture (Table 2). Both sz fractions were very close to one,
indicating that most of the generated triplets are efficiently
quenched by molecular oxygen. By comparing the obtained
values to the diffusion coefficient of aromatic hydrocarbons in
acetonitrile (kg ~ 4.0 x 10" M~" s™"), we observed that both 1

and 3 adhere to the rule k],

zékd, suggesting a process
controlled by diffusion with a Type II mechanism for singlet
oxygen generation in both compounds. This suggests that the
main quenching mechanism is energy transfer from the photo-
sensitizer’s excited triplet state to molecular oxygen to generate
singlet oxygen, rather than the formation of oxidative radical
species by an electron transfer process.*

Phosphorescence experiments were conducted for both
compounds. Emission spectra were registered at 77 K in a
methanol/dichloromethane (1:1 v/v) solution, obtaining phos-
phorescence peaks at similar wavelengths, more specifically,
754 nm and 751 nm for 3 and 1, respectively (Fig. S2 and
Table 2, ESIT). Phosphorescence lifetimes were measured excit-
ing both samples at 500 nm and recording decay curves at
755 nm for 3 and 745 nm for 1. While 3 exhibits only one
lifetime of 11 ms, a bi-exponential behavior with a shorter
(7 ms, 74%) and a longer lifetime (14 ms, 26%) was observed for
1 (Table 2 and Fig. S3, ESIf). Explaining the origin of the
bi-exponential behavior at 77 K would be outside the scope of
this paper, but detailed information can be found in the
literature.>*

Taking into account the obtained phosphorescence peak
wavelengths, the calculated triplet energies (158.8 k] mol " for
3 and 159.4 k] mol ! for 1) are higher than the energy gap
between the ground (O, %) and first excited singlet (O, 'Ay)
states of oxygen, 94.2 k] mol ', which confirms that a Type II
(energy transfer) process for singlet oxygen generation is
feasible.

Despite their high singlet oxygen yields, cyclic voltammetry
(Fig. S4, ESIt) reveals that both compounds exhibit reversible
reduction waves and quasi-reversible oxidation signals, indicating
the formation of a stable radical anion and an unstable radical
cation, respectively. Moreover, their relatively low reduction

J. Mater. Chem. B, 2025, 13, 4330-4340 | 4333
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Table 2 Triplet state lifetimes under different solvent-saturated conditions (with nitrogen, air, or oxygen, respectively), fraction of triplet excited state
quenched by O, and triplet quenching constant acquired in the ns-transient absorption spectroscopy in MeCN. Phosphorescence data (maxima, triplet

energy and lifetimes) recorded in MeOH : CH,Cl, (1:1) for 1 and 3 at 77 K

Compound 74 (us) Tair (15) Tox (1S) ki, (10°M~1s7h) Py, Jph (nm) Er (k] mol ™) Tph (mS)

3 45 0.28 57 1.96 0.99 754 158.8 11

1 135 0.39 77 1.45 0.99 751 159.4 7 (74%)
14 (26%)

7o: triplet life time under nitrogen; ta,: triplet life time in air; 1o, triplet lifetime in oxygen; k,

T .

4.0, Tate constant for triplet state quenching by O,;

szz excited triplet fraction, which is deactivated by O,. Apn: phosphorescence maxima; Ey: triplet energy and tpy: lifetimes at 77 K.

potentials highlight a strong electron-accepting character, poten-
tially enabling the generation of O,*~ via the Type I mechanism.>
In fact, the Type I photosensitization mechanism is enhanced in
cellular environments, where biomolecules can participate in elec-
tron transfer with the excited-state photosensitizer,”*® particularly
in mitochondria, which have high levels of molecular oxygen and
redox activity.”® Furthermore, longer triplet-state lifetimes, as seen
in compound 1, would further increase the likelihood of these
electron transfer interactions.***' Importantly, radical-based Type I
mechanism is also effective in hypoxic conditions where the Type I
singlet oxygen generation pathway is impaired.”****?

2.3 Theoretical calculations

Ground state geometry optimization at the DFT level (see
details in ESIT) revealed significant alterations in the molecular

geometry of the two BODIPY chromophores, induced by the
introduction of the chiral r-carnitine moiety. While probe 3
presents planar conjugated systems aligned along two ortho-
gonal ¢, symmetry planes (Fig. 3), the addition of r-carnitine
displaces the boron atom out of the chromophore’s conjugated
plane. This displacement disrupts the planarity of the chromo-
phore and alters the symmetry in both planes of probe 1. These
structural changes in probe 1, combined with distinct electronic
effects, significantly influence its photophysical properties com-
pared to probe 3. In both molecules, the lowest excited singlet (S,)
and triplet (T;) states result from the HOMO-to-LUMO electron
promotion, with the frontier MOs corresponding to n and m*
orbitals localized on the BODIPY unit. Interestingly, the computed
oscillator strength associated with the S, — S; transition is
considerably weaker in 1 (Tables S1 and S2, ESIt), which accounts

Fig. 3 (a) Compound 3 with symmetry planes ot and ¢2. (b) Ground state structures optimized at the CAM-B3LYP/cc-pVDZ level of compounds 3 (left)
and 1 (right), with perspective views along planes ot and o2, showing the symmetric and planar structure of probe 3 versus the non-planar structure of

probe 1.

4334 | J Mater. Chem. B, 2025, 13, 4330-4340
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for the lower molar absorption coefficient observed for different
solvents (Table 1). Geometry optimization on the S; potential
energy surface for both probes primarily reveals bond-stretching
distortions within the BODIPY unit, driven by the bonding and
antibonding m-interactions in the HOMO and LUMO. No signifi-
cant reorientation is observed between the different molecular
units (ESIT).

Following rapid S, relaxation, molecules 1 and 3 can return
to the ground state through fluorescent emission. Consistent
with experimental data, the computed S, vertical deexcitation
energies are nearly identical for both compounds, with the S;
state strongly localized on the BODIPY moiety, explaining the
weak dependence of emission wavelength on solvent polarity
(Tables S3 and S4, ESIt). Alternatively, the S, state can populate
the triplet manifold via ISC. Based on the Fermi Golden Rule,
our electronic structure calculations predict efficient ISC to a
highly excited triplet state (T3), as the energy gap between these
states at the S; minimum is small, and SOC is relatively large.
(Tables S5 and S6, ESIt). Notably, the SOC constant value for
the S; — Tj; transition in 1 is twice that of 3, while the energy
gap is smaller. This combination of a reduced energy gap
and higher SOC in 1 suggests a more efficient ISC process.
Molecular orbital analysis further supports these findings. In 3,
the ISC transition occurs between a BODIPY-localized S; and a
BODIPY-localized T; (Fig. 4a). Conversely, in 1, the transition
involves a BODIPY-localized S, state and a Tj; state with
significant charge transfer between the BODIPY core and the
trimethylphenyl (TMP) group (Fig. 4b). Thus, according to El-
Sayed’s rule, ISC is more favored in 1.*** The orthogonal
relative orientation between the m orbitals of BODIPY and
TMP in 1 enhances the ISC process, emphasizing the impact
of the r-carnitine moiety on the photophysical behavior of the
chromophore.

2.4 Biological assays

Biological assays (live-cell imaging and cell viability assays)
were performed to assess the cytotoxicity and phototoxicity of
the new photosensitizer 1 using two human squamous cell
carcinoma lines, SCC38 and SCC42B. In these experiments,
both cell lines were incubated with varying concentrations of
probe 1, ranging from 14 pM to 0.07 pM, followed by 20 minutes
of green light irradiation to induce singlet oxygen production.
Control experiments were conducted for each concentration,

Fig. 4 Main MO contribution to Ts: (a) HOMO-2 of 3; (b) HOMO—-3 of 1.

This journal is © The Royal Society of Chemistry 2025
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where cells were treated with the probe but kept in the dark.
Fluorescence and bright-field microscopy conducted 2 hours
post-irradiation (Fig. S5-S7, ESIY) revealed the following:
(1) probe 1 was successfully internalized by the cells; (2) fluores-
cence was detectable at concentrations as low as 1.4 uM; and
(3) cells kept in the dark remained viable after 2-4 hours,
whereas those exposed to green light irradiation exhibited clear
signs of apoptosis (rounded shape and increased granularity) at
all concentrations. These results indicate that the new probe is
phototoxic but not cytotoxic under the conditions tested.

After this preliminary visual analysis of probe 1, we per-
formed co-localization assays in SCC38 cells using MitoTracker
Red CMXRos and LysoTracker Red DND-99, which selectively
stain mitochondria and lysosomes, respectively. As shown in
Fig. 5 and 6, probe 1 stained both organelles, with some staining
also observed in other regions of the cells. This contrasts with
the high mitochondrial selectivity of the non-brominated analog
(R)-BCT-2, previously studied by our group.'* Although probe 1
displayed reduced mitochondrial selectivity compared to (R)-BCT-
2, its additional localization in lysosomes could influence its
phototoxic behavior, as previous studies have suggested potential
synergistic effects when photosensitizers target both mitochon-
dria and lysosomes.***® However, further investigation is needed
to confirm whether this dual localization contributes to the
observed phototoxicity.*

The presence of the two additional bromine substituents in
1 is the sole structural difference from (R)-BCT-2 and likely
accounts for its unexpected localization in lysosomes. Bromine
is known to increase lipophilicity, with a median AlogD, ,
contribution recently described as comparable to that of an
ethyl group.*® This increased lipophilicity in probe 1, compared
to (R)-BCT-2, likely contributes to its altered distribution in
lysosomes, which is attributable to the hydrophobic environ-
ment of lysosomes and the enhanced permeability of their
membranes to lipophilic molecules.*

Analysis of the images in Fig. 5 and 6 enabled us to calculate
the degree of co-localization between probe 1 and MitoTracker
or LysoTracker. Pearson’s correlation coefficients of 0.826
and 0.865 (p < 0.0001) were observed for probe 1 with Mito-
Tracker (Fig. 5) and LysoTracker (Fig. 6, ROI 1), respectively.
These results demonstrate a strong co-localization of probe 1
with both mitochondria and lysosomes. In contrast, ROI 2 in
Fig. 6 exhibited a reduced Pearson’s coefficient (» = 0.363) for
co-localization with LysoTracker. This reduction likely reflects
competitive localization dynamics between the two organelles.
Cellular regions often display heterogeneity in organelle
concentration, activity, or dynamics, which can influence
the spatial distribution of both the probe and the co-stain.
Probe 1 shows a more uniform co-localization with Mito-
Tracker, reflecting its stronger affinity for this organelle, lead-
ing to its preferential localization in mitochondrial regions and
reducing its presence in lysosome-rich areas, thereby lowering
co-localization metrics. Nonetheless, the possibility of coloca-
lization with other nearby subcellular structures, such as
lipid droplets, stress vesicles, or autophagosomes, cannot be
excluded.
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Fig. 5 SCC38 cells treated with 14 uM 1 and 10 pM MitoTracker Red CMXRos for 30 min. (a) Fluorescence microscopy images of the sample.
(b) Co-localization analysis of 1 and Mitotracker Red CMXRos.
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Fig. 6 SCC38 cells treated with 14 uM 1 and 10 nM LysoTracker Red DND-99 for 30 min. (a) Fluorescence microscopy images of the sample. (b) Co-
localization analysis of 1 and LysoTracker Red DND-99.
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To evaluate the efficiency of probe 1 as a photosensitizer, we
conducted cell viability assays on both cell lines following
treatment with the probe and green light irradiation, as pre-
viously described. Twenty-four hours post-irradiation, SCC38
cells treated with varying concentrations of 1 were subjected to
an MTS assay’®> to assess cell proliferation, viability, and
cytotoxicity. Consistent with microscopy results, the MTS assay
confirmed that 1 was highly phototoxic, killing approximately
80% of the cells exposed to green light, even at submicromolar
concentrations. In contrast, control experiments showed that
more than 80% of cells kept in the dark remained viable up to
1 uM, the highest concentration tested, confirming the probe’s
lack of cytotoxicity in the absence of light (Fig. S8, ESIY).
Furthermore, microscopy images confirmed that cells remained
viable for over two hours following treatment with 14 uM of the
probe (Fig. S5 and S6, ESIY).

In light of these promising results, we conducted more exten-
sive cell viability assays using 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium, monosodium
salt (WST-8),"> a more sensitive chromogenic indicator for cell
viability compared to conventional tetrazolium reagents such as
MTT and MTS (Fig. 7). In this experiment, we tested even lower
concentrations (140 to 17.5 nM) and compared the potency of
probe 1 under oxygenated (normoxic) and hypoxic (1% oxygen)
conditions. As expected, control experiments with cells kept in the
dark after incubation with 1, under both normoxia and hypoxia,
showed high viability. In contrast, cells exposed to light exhibited
significantly lower viability. At lower concentrations, probe 1 was
more active under normoxic conditions, confirming the role of
oxygen in the observed phototoxicity.

Using the data from this assay, we calculated the ICs, values
for probe 1 under normoxic and hypoxic conditions (Fig. S9, ESIT),
confirming its high efficiency even at nanomolar concentrations,
with 50% cell death at 52 nM in normoxia and 117 nM in hypoxia.
The high photoactivity observed under hypoxic conditions may
result from the activation of a Type I mechanism within the
mitochondria’s distinct, oxygen-rich redox microenvironment.
This radical-based pathway remains effective even when the Type
II singlet oxygen mechanism is impaired due to low oxygen levels.
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Flow cytometry was used to assess cell death in SCC38 cells
treated with probe 1, both in the dark and under green light
irradiation, under normoxic and hypoxic conditions. Cell death
generally occurs through two mechanisms: apoptosis, an active,
programmed process, and necrosis, a passive form of cell death.
A key early marker of apoptosis is the loss of phospholipid
asymmetry, indicated by the translocation of phosphatidylserine
to the outer plasma membrane. This shift is detected using
annexin V, which binds specifically to phosphatidylserine and
can be visualized through fluorescent labeling in flow cytometry.
Importantly, this externalization occurs while the plasma
membrane remains intact, allowing cells to exclude membrane-
impermeant dyes, such as 7-AAD, which serves as an indicator of
late apoptosis or necrosis. Flow cytometry analysis produced
results consistent with those from the MTS and WST-8 assays in
SCC38 cells (Fig. 8). In all control experiments (including both,
light and dark conditions; in the absence of probe 1; under
normoxic or hypoxic conditions), as well as in assays with
0.14 pM of probe 1 kept in the dark, the majority of cells remained
viable for over two hours. In contrast, nearly all cells treated with 1
and exposed to green light for 20 minutes were either dead or
severely damaged within two hours post-irradiation. Under nor-
moxic conditions, probe 1 induced apoptosis in approximately
50% of the cells, while under hypoxia, the apoptotic rate was still
notably high at 30%, demonstrating that probe 1 retains signifi-
cant photodynamic activity even in low-oxygen conditions.

The presence of the carnitine moiety in probe 1 plays a
critical role in enhancing its photodynamic biological activity
compared to structurally related BODIPY photosensitizers
reported in the literature. Table 3 presents a set of structurally
related BODIPY photosensitizers, featuring iodine atoms at the
C-2 and C-6 positions, with fully characterized photophysical,
photodynamic, and phototoxicity data in human cell lines.
These compounds either lack mitochondria-targeting groups
or incorporate conventional targeting moieties such as tri-
methylammonium or triphenylphosphonium groups. Compounds
4 and 5, which do not contain specific targeting groups, exhibit
minimal dark toxicity and moderate phototoxicity. However, their
IC5 values are two orders of magnitude higher than those of probe

Il vehicle
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. 0.14 uM
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E i ek
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2 2000
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Fig. 7 WST-8 cell viability assay of probe 1 at lower concentrations under normoxic and hypoxic conditions in SCC38 cells.
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Table 3 Photodynamic and (photo)toxicity properties of known BODIPY photosensitizers structurally related to probe 1
AN Ph3
Br o NMe; I~
Me Ar Me
A
\\N N o A
"B\'
Me Me
F F 4
Compound @, (solvent) Dark toxicity” ICso (uM) Light dose (J cm™?) Phototoxicity” ICse (UM) Cell line Ref.
4 0.76 (DMSO) > 400 1.5 27 HEp2 44
5 0.31 (DMSO) >400 1.5 28 HEp2 44
6 0.94 (MeOH) >0.06” 2.0 0.019” LNCaP 45
7 0.65 (MeOH) 0.66 6.0 0.0015 HeLa 46

24 h Post-treatment. > >10 uM under hypoxic conditions.

1, despite the presence of iodine atoms, which are generally
associated with greater ISC efficiencies and enhanced singlet
oxygen generation. The trimethylammonium-functionalized ana-
log (compound 6) displays high phototoxicity under normoxic
conditions but suffers from intrinsic cytotoxicity even in the
absence of light and demonstrates low phototoxicity under hypoxic
conditions. Conversely, the triphenylphosphonium-functionalized
BODIPY derivative (compound 7) displays high phototoxicity but
also exhibits significant dark toxicity, which may restrict its
therapeutic applicability. In contrast, probe 1 demonstrates strong
photodynamic activity upon irradiation, even under hypoxic con-
ditions, while maintaining negligible dark toxicity. These findings
highlight the advantageous role of the carnitine moiety, which not
only ensures selective mitochondrial accumulation but also
enhances phototoxicity even under hypoxia while minimizing
adverse effects in the absence of light.

3. Conclusions

Building on the structure of our previously reported mito-
chondria-selective fluorescent probe (R)-BCT-2,"* which is

4338 | J Mater. Chem. B, 2025, 13, 4330-4340

transported into the mitochondrial matrix by the inner
membrane protein carnitine-acylcarnitine translocase (CAC),
we designed dually functional probe 1 by incorporating two
bromine atoms. This new molecule retains mitochondrial
selectivity while acting as both a fluorescent probe and a potent
photosensitizer with a singlet oxygen quantum yield of approxi-
mately 80%. Although probe 1 exhibits lower molar absorption
and fluorescence quantum yield than (R)-BCT-2, it maintains
sufficient fluorescence under physiological conditions, enabling
effective cell staining in fluorescence microscopy even at concen-
trations as low as 1.4 pM. Theoretical calculations suggest that the
addition of a carnitine moiety at the boron atom distorts the
chromophore’s planarity, reducing its calculated oscillator
strength (and thus its molar absorption coefficient) as compared
to the brominated F-BODIPY analog 3, which lacks carnitine,
while simultaneously enhancing SOC. The improved SOC, along
with the extended triplet lifetimes experimentally observed, con-
tributes to the probe’s high phototoxic activity even under hypoxic
conditions.

The increased lipophilicity, introduced by the bromine sub-
stituents, alters the probe’s subcellular localization, resulting in co-
localization in both mitochondria and lysosomes. The co-localization

This journal is © The Royal Society of Chemistry 2025
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in these organelles may synergistically enhance phototoxic activity,
as both mitochondria and, to a lesser extent, lysosomes are key
sites of cellular stress responses, potentially increasing the efficacy
of cell damage upon irradiation. Importantly, probe 1 exhibited no
significant cytotoxicity in the tested cancer cell lines under dark
conditions, but demonstrated pronounced phototoxicity upon
green light irradiation, with very low ICs, values of 52 nM under
normoxia and 117 nM under hypoxia. Notably, the radical-based
Type I mechanism remains effective even under hypoxic condi-
tions, where the Type II singlet oxygen pathway is significantly
impaired. These findings suggest that probe 1 holds significant
potential as a photosensitizer for PDT, particularly in hypoxic
tumor environments, where its dual targeting of mitochondria
and lysosomes may enhance therapeutic efficacy.

In conclusion, the carnitine moiety not only enhances
solubility, overcoming the poor aqueous solubility limitations
of non-carnitine analogs such as compound 3, but also con-
tributes to the unique subcellular localization of probe 1. This
active transport mechanism, independent of mitochondrial
membrane potential, ensures selective mitochondrial accumu-
lation even in tumor cells with compromised mitochondrial
function. Furthermore, the structural impact of the carnitine
moiety on the BODIPY chromophore favors intersystem cross-
ing and prolongs the triplet-state lifetime, thereby improving
the efficiency of ROS generation. Collectively, these attributes
position probe 1 as a superior photosensitizer with a favorable
balance between phototoxic potency and safety, highlighting
the advantage of carnitine conjugation in the design of next-
generation organelle-targeted PDT agents.
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