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ABSTRACT

This minireview is devoted to honoring the memory of Dr.
Thomas Dougherty, a pioneer of modern photodynamic ther-
apy (PDT). It compiles the most important inputs made by
our research group since 2012 in the development of new
photosensitizers based on BODIPY chromophore which,
thanks to the rich BODIPY chemistry, allows a finely tuned
design of the photophysical properties of this family of dyes
to serve as efficient photosensitizers for the generation of sin-
glet oxygen. These two factors, photophysical tuning and
workable chemistry, have turned BODIPY chromophore as
one of the most promising dyes for the development of
improved photosensitizers for PDT. In this line, this minire-
view is mainly related to the establishment of chemical meth-
ods and structural designs for enabling efficient singlet
oxygen generation in BODIPYs. The approaches include the
incorporation of heavy atoms, such as halogens (iodine or
bromine) in different number and positions on the BODIPY
scaffold, and also transition metal atoms, by their complexa-
tion with Ir(IIT) center, for instance. On the other hand, low-
toxicity approaches, without involving heavy metals, have
been developed by preparing several orthogonal BODIPY
dimers with different substitution patterns. The advantages
and drawbacks of all these diverse molecular designs based
on BODIPY structural framework are described.

INTRODUCTION

Developing photosensitizers (PSs) for the generation of reactive
oxygen species (ROS), including singlet molecular oxygen ('O,),
is an active research field. These species result useful for differ-
ent applications, such as photoswitchable wastewater treatment,
fine chemical synthesis (e.g. selective oxidations), sterilization
(including 'O, blood sterilization), sunlight-activated agricultural
treatments against different plagues (weeds, microbes, insects,
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fungi, etc.) or PDT (1-3). PDT is based on the selective destruc-
tion of pathological cells (acne, cancer tumor, microorganisms,
etc.) by the action of cytotoxic ROS, mainly 'O,, locally gener-
ated by the combined action of light and a PS. In this context,
the PS should be selectively localized in the specific tissue
region limiting undesired effects on healthy tissues (4-7). There-
fore, PDT, and mainly cancer PDT, must be highlighted, due to
its minimally invasive character, offering important advantages
in comparison with traditional treatments.

Although a plethora of chemical systems (molecular and poly-
meric) have been described as successful PSs for 102 generation,
advanced PSs for clinical PDT are necessary in order to over-
come the limitations of the current (recently proposed or even
marketed) PSs for PDT (7). In this sense, dark toxicity, low
absorption coefficients, particularly into the therapeutic spectral
window (650-875 nm), low photostability, low selectivity and
low biocompatibility are the most important shortcomings. More-
over, photoactive systems able to exhibit not only efficient 'O,
generation under light irradiation but also fluorescence (a bal-
anced dual activity of competitive photophysical pathways) are
of special interest to advance in future specific theragnostic
applications based on PDT treatment and diagnosis by fluores-
cence bioimaging (PDT + bioimaging). Such challenging objec-
tives have prompted scientific efforts in this research area during
the last years. In this context, the BODIPY (4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene) scaffold has been revealed as an interest-
ing chemical structure to develop PSs for 'O, generation (8) with
improved features for clinical application, including PDT (9-12)
and theragnosis (13). This article compiles the most important
results reported by our research group in this line since 2012,
showing representative examples of how the chemical manipula-
tion of the BODIPY core allows the tuning of its photophysical
behavior offering a wide range of possibilities for PDT. To cite
some examples, here we describe several heavy-atom-based PSs
such as halogenated BODIPYs with a different number of iodine
or bromine atoms and different substitution patterns, or various
BODIPYs chelated to a transition metal center, as well as several
orthogonal BODIPY dimers as heavy-atom-free PSs. We also
show the most relevant results from photodynamic experiments
“in vitro” performed with different BODIPY photosensitizers and
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HeLa cells under similar conditions, which allowed elucitating
the best BODIPY-based PS candidates, highlighting the advan-
tages and disadvantages found in each series of compounds and,
therefore, in their conceptual approach.

Furthermore, in order to understand the key factors involved
in the design of such BODIPY-based PSs, a general overview
about the most important aspects controlling the production of
'0, by photosensitization, as well as about the drawbacks (from
synthetic, photophysical or biomedical viewpoints) of the current,
most important PSs for 'O, generation, is also shown.

Singlet oxygen production by photosensitization

Generally, a photosensitized reaction is defined as the absorption
of light by a PS, which induces a modification of another molec-
ular species (14,15). Particularly, the generation of ROS via pho-
tosensitization processes is mainly based on the nonradiative
deactivation of the first triplet excited state (T;) of the PS by two
possible mechanisms (Fig. 1): (1) the Type I mechanism, where
the deactivation involves electron transfer from the excited PS to
the ground state of molecular oxygen, >0, (SEg), in order to gen-
erate different reactive oxygen species (O,”, HO', etc.) (16) and
(2) the Type II mechanism, where the excitation energy is trans-
ferred, by a collisional process, to molecular oxygen, exciting it
to its lowest S, state 'O, (lAg), namely singlet molecular oxy-
gen. The latter mechanism is usually considered as the main
route in PDT (1-3); therefore, a more detailed knowledge of
Type II mechanism, and the key requirements to control it, is
necessary to advance in the design of new PSs for PDT.

In order to produce 102 efficiently, the S| excited state of the
PS must display an efficient intersystem crossing (ISC) process to
populate the triplet excited state (T;). Then, T; state undergoes
de-excitation coupled to the excitation of a molecule of oxygen to
its singlet state by Dexter energy transfer mechanism (Fig. 1).
Since ISC is a spin-forbidden transition, it becomes more proba-
ble when electron spin—orbit coupling is non-negligible. The
spin—orbit coupling consists of the interaction of the electron
magnetic moments associated with the spin (s) and the orbital
angular momentum (/), respectively. One consequence of electron
spin—orbit coupling is the mixing of states of different multiplicity
(e.g. Sy with T,). As a result, the involved triplet T, state takes
on some singlet-state character, and vice versa, the S; takes on
some triplet character (17,18). Owing to this quantum mixing, the
forbidden S; — T, transition can take place (ISC), finally

populating T state. Then, by a collisional energy transfer process,
the molecular oxygen (0,) is excited to its singlet state ‘0y)
(Fig. 1) (1-3). Therefore, electronic spin—orbit coupling is the key
to enhance the production of 'O,. This coupling can be promoted
by the so-called heavy-atom effect, which corresponds to the
enhancement of the rate of a spin-forbidden process by the pres-
ence of an atom of high atomic number that can be either part of
the molecular structure (inner spin—orbit effect) or be present in
the medium (external spin—orbit effect), but always close enough
to the excited molecular entity. It has been demonstrated that, for
efficient 'O, production by the Type II mechanism (Fig. 1), PS
should fulfill the following conditions: high absorption coefficient
in the spectral region of the excitation light, high ISC quantum
yield, long triplet lifetime and triplet energy higher than the
energy gap (94.2 kJ mol™") existing between the singlet excited
state (lAg) and the ground state (SEg) of molecular oxygen.

The capability of a PS for generating 'O, is measured by its
singlet oxygen generation quantum yield, ®,. Photosensitizers
usually produce 'O, only from their excited triplet state, due to
highly efficient ISC (®;5c ~ 1) and concomitant spin-allowed
energy transfer from such a triplet state to the ground state of
molecular oxygen (Ty). These PSs can exhibit a maximum ®p
value of 1 (e.g. phenalenone in Fig. 2). On the other hand, there
are special cases in which '0, can be produced from the singlet
state of the PS, leading to a theoretical maximum of @, = 2
(1,14). However, this last mechanism is possible for a relatively
small group of photosensitizers whose energy gap between the
excited singlet and triplet state is higher than the energy gap
between singlet oxygen and ground-state oxygen.

Finally, once 'O, is formed, several pathways can deactivate
it: (1) luminescence emission (phosphorescence at ca. 1270 nm),
(2) chemical reaction with a substrate and (3) physical quenching
(e.g. collisions with solvent and/or other quencher molecules) as
a consequence of the long lifetime of 10, (1p = Vky, kg being
the rate constant of 'O, deactivation by the solvent), often in the
us range, although strongly dependent on the presence of the O—
H and C-H oscillators in the solvent molecules (around 3 ps in
water, 10 ps in methanol, ca. 85 ps in acetonitrile (ACN) or ca.
265 ps in chloroform).

Photosensitizers for singlet oxygen generation

As cited above, a high absorption coefficient of light in the spec-
tral region used for the photoexcitation, a triplet state of proper
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Figure 1. Jablonski diagram showing Type I and Type II mechanisms for photoinduced production of ROS involved in PDT. PS, photosensitizer; S,
singlet excited state; T, triplet excited state; CSS, charge-separated state; VR, vibrational relaxation; ISC, intersystem crossing; CS, charge separation;

D, electron donor.
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Figure 2. Common PSs for 'O, generation.

energy (Et > 94 kI mol™!), a high quantum yield of triplet-state
population (@ > 0.4), a long triplet-state lifetime (tp > 1 ps)
and a high photostability are essential requisites for suitable PSs
(14). In this regard, several molecular structures fulfill the condi-
tion of enhancing the population of their corresponding triplet
excited states. The most representative PSs for singlet oxygen
generation are described below.

Among the most commonly used PSs, rose bengal (RB),
methylene blue (MB) and phenalenone (PN) must be highlighted
as standard references to determine ®, values for other PSs. RB
(Fig. 2) is a xanthene-based dye with strong absorption bands in
the visible (Vis) region and high efficiency for 'O, generation
under irradiation in air-equilibrated polar solvents (e.g. Zaps

550 nm, ®, = 0.5-0.8 in ACN or MeOH, respectively). These
factors make RB the most popular reference to quantify ®, for
Vis-absorbing PSs but only in polar media (1,3). MB, a phenoth-
iazine-based dye, with a strong absorbance into the therapeutic
window (ca. 650 nm) and significant ®, (around 0.50 in polar
solvents, e.g. methanol, ethanol and water), has been also used
for such a purpose (1,3). On the other hand, PN (Z,,s 360 nm,
@, ca. 1) is considered as the universal reference photosensitizer
for quantifying ®, in both nonpolar and polar solvents, due to
its high solubility in many different solvents of a broad polarity
range (even in aqueous media by the 1H-phenalen-1-one-2-sul-
fonic acid derivative), with @, values near 1 independently of
the solvent. However, the main shortcoming of PN is related to
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its limited absorption of light in the Vis region (absorption below
450 nm) (19). Recently, a BODIPY derivative (3,5-dimethyl-2,6-
diiodo-8-(methylthio) BODIPY) has been postulated as an alterna-
tive standard photosensitizer for singlet oxygen production, under
excitation either in the UV or in the visible range (20).

On the other hand, best PS candidates for PDT treatments
must accomplish some additional criteria: (1) low cytotoxicity in
the absence of light (dark toxicity); (2) selective accumulation in
the pathological tissue; (3) limited in vivo stability in order
to favor its removal after the PDT treatment; (4) high light
absorption in the therapeutical window (spectral region of maxi-
mum light penetration into tissues; Aups > 650 nm, &€>5 x
10* M~' em™"), to maximize the depth of light penetration into
the irradiated tissue; (5) solubility in aqueous media; and (6)
high ability to penetrate the cell membranes (4-7).

Regarding PSs for clinical PDT, porphyrins have been
described as successful PDT PSs, (21-25), such as porfimer
sodium (Photofrin®; Fig. 3) (26,27), a hematoporphyrin-based
PS consisting of a mixture of oligomeric polyporphyrins, linked
together by ester- and ether-based chains, which has been
approved for clinical use in the treatment of certain types of can-
cer. Photofrin® induces phototoxicity through a cellular uptake
mechanism, relying on the intracellular oxygen levels. However,
it exhibits low absorbance into the therapeutic window
(> 650 nm) and requires extended irradiation with high-energy
sources. Moreover, both chemical complexity and high photo-
bleaching rate decrease its PDT efficiency. Trying to overcome
these drawbacks, a second generation of PDT PSs with improved
features was developed (22-25).

The second generation of PDT PSs is confirmed by 5-aminole-
vulinic acid (ALA, Levulan®) (26-28) and several ALA deriva-
tives (21), as well as some chlorin (a dihydroporphyrin) and
bacteriochlorin (a tetrahydroporphyrin) derivatives (29,30). Note
here that ALA is not a PDT PS itself, but a precursor of the PS
known as protoporphyrin IX (PpIX in Fig. 3). ALA has received
considerable interest in the treatment of shallow carcinomas. How-
ever, its therapeutic action is very superficial due to its poor pene-
tration into the tissue (penetration depth ca. 1 mm), which is an
important drawback, which limits its clinical use. This problem has
been partially addressed through the development of advanced
ALA derivatives based on ALA ester, such as Metvix®, Benzvix®
and Hexvix®, which exhibit improved skin penetration (31,32).

Another PS used in PDT is temoporfin (Foscan® in Fig. 3). It
belongs to the chlorin-based family of PDT PSs (32) and con-
sists of a very simple chlorin structure able to be photoactivated
at 650 nm, where such a compound shows a significant molar
absorption coefficient (¢ = 3.9 x 10* M ! em™Y). Moreover, it
exhibits also a significant solubility and a suitable half-life in
human plasma (45-65 h), both facilitating intravenous adminis-
tration and subsequent redistribution. Temoporfin has been used
in EU for treating certain head and neck cancer tumors, but
patients can remain photosensitive several weeks after treatment,
which is a common adverse effect in PDT treatments (21,32).
Other chlorin-based PDT PSs are verteporfin (Visudyne®) and
talaporfin sodium (Laserphyrin®) (Fig. 3). Visudyne® (Fig. 3) is
a self-aggregate able to be photoactivated at 689 nm, clearing
rapidly from the body and, consequently, giving place to short-
term skin photosensitivity. Visudyne® has been mainly used in
age-related macular degeneration (8). Regarding Laserphyrin®
(Fig. 3), it is an excellent 'O, generator, but its application is
limited due to its high photobleaching rate.

On the other hand, several bacteriochlorins are highlighted as
clinical important agents for PDT, such as water-soluble Pd-bac-
teriopheophorbide (Tookad®, WST 09 in Fig. 3), which exhibits
strong light absorption (¢ = 11 x 10* M~' cm™') into the spec-
tral therapeutic window (absorption maximum at 763 nm), as
well as greater skin penetration in comparison with Photofrin®
(4 mm versus 1.6 mm) (22,31,32). Finally, the so-called third
generation of PDT PSs is confirmed by certain second-generation
PDT PSs conjugated to different carrier structures (e.g. monosac-
charides, antibodies, nanoparticles and peptides) able to selec-
tively transport the PSs into the tumor tissue (21,23,31,32).

Trying to advance in the development of PDT PSs, other
chromophoric scaffolds have been reported as promising candi-
dates to overcome some of the drawbacks of the currently estab-
lished PSs, mainly related to photobleaching, dark toxicity, low
efficiency into the spectral therapeutic window, etc. In this line,
phthalocyanines (Pcs) are structurally related to porphyrins, but
Pcs show strong absorption in the red spectral region (Q-band),
reaching the desired therapeutic window. This makes the Pc scaf-
fold ideal for developing PDT PSs. Among Pcs, those containing
diamagnetic metal ions, such as AI(II) or Zn(Il) (Fig. 2), have
been demonstrated to exhibit high ISC quantum yield and long
triplet-state lifetime (9), both facilitating the efficient generation
of '0,. Among metal complexes, those based on polypyridyl Ru
D) or Ir(Ill) (Fig. 2) highlight as the most studied dyes into this
context (7-8,33). Nonetheless, there is also evidence that other
metal complexes, such as certain Pt(II) ones, could also serve as
valuable scaffolds for the development of advanced 'O, PSs for
PDT (8).

Another approach for the development of advanced PDT is
using carbon-based nanostructures such as fullerenes (Fig. 2),
Cojfullerene being the most stable, symmetrical and abundant
fullerene. In addition, it shows high capability to photogenerate
singlet oxygen (®, near 1) because of a high probability of
intersystem crossing resulting in long-lasting triplets (hundreds
of microseconds). However, Cggfullerene cannot be considered
a good PDT photosensitizer by itself since it has low solubility
in most solvents and absorbs mainly in the ultraviolet (UV)
region (Aups < 350 nm). However, it can be chemically modi-
fied to gain proper water solubility and ability to be excited in
the Vis spectral region, the latter by designing multichro-
mophoric systems in which the fullerene core acts as the
acceptor chromophore (34). It must be noted here that
Cieoiffullerene is a good “spin converter” of many chro-
mophores, and by the said multichromophoric approach, the
high singlet oxygen generation of Cggfullerene can be kept
and triggered under Vis irradiation.

Finally, BODIPYs were revealed as valuable dyes for the
development of different photonic applications due to their
outstanding chemical and physical features (33-43). They show
high absorption coefficients in the Vis region, high resistance
to photobleaching (high photostability), low dependence on the
photophysical signatures with the environmental conditions
(e.g. solvent polarity), as well as small size and high
lipophilicity, thus facilitating biological-membrane penetration.
On the other hand, the high chemical versatility of the BOD-
IPY core offers rich BODIPY chemistry, which allows an
exhaustive and selective modification of the chromophoric
BODIPY core (BODIPY functionalization), making possible
the fine modulation of different properties, including key pho-
tophysical features (44).
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Figure 3. Some PDT PSs based on porphyrin.

Despite BODIPY dyes usually exhibit almost negligible effi-
ciency for triplet (T,) population, as shown by their high fluores-
cence quantum Yyields, in this work we show some examples of
how the fluorescent BODIPYs can be easily transformed in effi-
cient PSs for PDT. In this context, several chemical approaches
are applied to BODIPY dyes to make them able to generate
ROS species, mainly '0,, by light irradiation (8-12,16,45). For
instance, ISC process populating T, state for 'O, generation is
easily promoted in BODIPYs by straightforwardly attaching

heavy atoms (mainly iodine and bromine atoms, but also transi-
tion metals) to the BODIPY core (heavy-atom effect), thanks to
the workable BODIPY chemistry. Another approach is based on
the direct link of two BODIPY units in an orthogonal geometry
(orthogonal BODIPY dimers). This last way is interesting for the
development of PDT PSs based on BODIPY, as it avoids the
inherent dark toxicity associated with heavy atoms (9-11,46,47).
Moreover, a suitable chemical modulation of the BODIPY struc-

tural scaffold opens avenues to finely balance 'O,
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photogeneration and fluorescence, which is an interesting prop-
erty to develop PDT + bioimaging theragnostic agents (13), as
well as to modulate other physical and chemical properties for
an optimal photobiological activity (e.g. water solubility and
membrane permeability) (3,10,11).

Finally, it is worth to mention that combining well-known
drug-carrier nanoparticles (gold, silica and polymeric) and PSs is
a typical approach to improve solubility, and selectivity targeting
and delivering of PSs for PDT applications, so offering a better
control of the PS transportation and selective accumulation in the
tumor tissues (3,11,48). Moreover, the application of nanoparti-
cles in cancer therapy and diagnosis has shown other advantages,
including overcoming multidrug resistance and prevention of
enzymatic degradation of the active agent (49). For all these rea-
sons, the development of BODIPYs with reactive groups allow-
ing their anchoring to nanoparticles is of special interest, and it
is also described in this work (50-54).

RESULTS

Advancing in the development of photosensitizers for 'O,
based on BODIPY

This minireview focuses on the contributions of our research
group on the development of BODIPYs as 'O, PSs, which have
been mainly achieved by two synthetic approaches: (1) attaching
heavy atoms (mainly iodine and bromine, but also transition met-
als) to BODIPY scaffolds and (2) designing orthogonal BODIPY
dimers (Fig. 4).

Halogenated BODIPYs. As mentioned above, the presence of
heavy atoms increases the ISC quantum yield. Thus, it has been
shown that BODIPY dyes with iodine or bromine atoms cova-
lently linked to the BODIPY core can be promising PDT PSs, as
an alternative to the porphyrin-based photosensitizers (8-12,45);
Nagano et al. (47) firstly reported an iodinated BODIPY for 'O,
generation directed to PDT. In the same line, Akkaya (11-12,55-
61), Burgess (10,46,62,63), Zhao (8,64) and O’Shea (65), among
others (66-73), have also studied BODIPYs with different halo-
gen substitution patterns for the same purpose.

Our contribution to the development of PSs based on haloBO-
DIPYs has been to conduct a study on the influence of different
factors (BODIPY basic structure, halogenated substitution pattern
and nature of the involved halogens) on the 'O, generation effi-
ciency, so establishing key factors controlling the design of
future PDT PSs based on haloBODIPYs (74-77). The studied
haloBODIPYs were based on 8-toly]BODIPY (Series A;

Heavy-
atom-free BODIPYs
(orthogonal BODIPY dimers)

10,(1A,)

Figure 4. Diagram illustrating how the BODIPY scaffold can be adapted
for 'O, photosensitization.

compounds 2-8 in Fig. 5 and Table 1) (74,75), trialky]BODIPY
(Series B; compounds 9-13 in Fig. 5 and Table 1) (75) and 8-
heteroatom-substituted BODIPY (Series C; compounds 14-17 in
Fig. 5 and Table 1) (76). Additionally, BODIPYs 18 and 19
endowed with a reactive group (hydroxycarbonyl and trialkoxysi-
lyl) and related to series A and C, respectively, were designed
for ulterior anchoring to nanoparticles (77).

From the conducted study, we observed that the number and
position of halogen atoms strongly influence the location of the
absorption and emission bands. Indeed, the successive halogena-
tion of the BODIPY core gave rise to a progressive bathochro-
mic shift of the spectral bands, except for the positions 1 and/or
7 (Table 1) (74). In fact, this effect is more pronounced by iodi-
nation (compounds 6-8, Table 1) than by bromination (com-
pounds 2-5, Table 1). For instance, tetraiodination in compound
8 makes this dye to show spectral bands near the red region of
the Vis spectrum (ca. 580/595 nm for absorption/emission).

On the other hand, an increased number of heavy atoms do
not necessarily increase 'O, production. Thus, in Series A, we
observed that the highest 'O, production is reached when the
halogen atoms are attached to the 2 and 6 positions of the BOD-
IPY structure (see brominated 2-5 and iodinated 6-8 in Fig. 5
and Table 1), whereas extra halogenation at positions 3 and/or 5
does not produce a significant increase in 'O, production but,
noticeably, favors fluorescence efficiency (see 4, 5 and 8 in
Fig. 5 and Table 1).

In the case of asymmetric alkyl substitution (Series B), a ben-
eficial effect regarding 'O, production was observed when the
halogen atoms are located at the 1 position of BODIPY. Indeed,
compounds 9 and 11, having two identical heavy halogens at
positions 1 and 2, show higher ®, than analogous 10 and 12
having those atoms at positions 2 and 3 (Fig. 5 and Table 1). In
this line, a detrimental effect on 'O, production is observed by
halogen substitution at position 3 (see 13 in Fig. 5 and Table 1),
regardless of the presence of the beneficial halogen substitution
at 1. These results demonstrate the importance of controlling the
position of the halogen substitution when designing potential
PDT PSs based on BODIPY.

On the other hand, the type of heavy halogen atom on the
BODIPY core exerts an important impact on both 'O, generation
and fluorescence. Thus, it was evidenced that iodinated 6-8, 15
and 17 (see Table 1) show higher ®, values than their bromi-
nated counterparts (2-5 and 16 in Table 1). This fact is due to
the higher spin—orbit coupling induced by iodine since it depends
on the fourth power of the atom orbital quantum number, allow-
ing a more efficient ISC than the substitution by bromine atoms.
Thus, BODIPYs with two iodines at positions 2 and 6 are char-
acterized by very high 0, production (®, > 0.85) (see 6, 15
and 17, Table 1) and low fluorescence quantum yield
(Ogy < 0.05). However, related 2,6-dibrominated BODIPYs
show @, ~ 0.60 (see 2 and 16, Table 1), together with a moder-
ate emission quantum yield (®g, ~ 0.30) offering an interesting
dual photonic action with a balanced fluorescence emission and
'0, generation. Consequently, these brominated BODIPYs could
be used as convenient platforms for developing theragnostic
PDT + bioimaging agents. However, if a strong therapeutic
activity is required (by maintaining low dye doses), iodination at
positions 2/6 should be the best choice for the haloBODIPY
design.

Regarding heteroatom substitution in the position 8 of the
BODIPY structure, it markedly affects the location of the
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1: R'=H R’=H R2=H Rf=H R3®=H R®=H
2: R'=H R’=H R?=Br Rf=Br R =H R°=H
3 R'=H R’=H R?=H R®=H R®=Br R°=Br
4: R'=H R’=H R?=Br R®=Br R3=Br R%=PBr
5. R'=Br R’=Br R2=Br R®=Br R¥®=Br RS=Br
6: R'=H R’=H R?=1 R®=|] R3®=H R®=H
7. R'=H R’=H R?=1 R®=] R3=] R®=H
8 R'=H R’=H R?2=1 R®=| R3=| R%=|
C
9: R' =Br R2=Br R3=H 14: R® = NHMe RZ2=|] R6=|
10:R' =H R2=Br R3=PBr 15: R® = NH-propynyl R?2=| RO=|
11:R' =1 R%?=| R3=H 16: R® = SMe R2=Br Ré=Br
12:.R' =H R2=| R3=] 17: R® = SMe R2=|] R6=|
13:R' =1 R2=| R3=|
18: R® = C4H,-COOH R?=1 R®=|
19: R® = NH-(CH,);-Si(OEt); R?=1 R®=|

Figure 5. Halogenated BODIPYs studied by our research group as PSs (see Table 1).

maximum of the spectral (absorption/emission) bands, which
depends on the nature of the heteroatom attached to the meso
position of the haloBODIPY and, particularly, on the electroneg-
ativity of the involved heteroatom, as previously described for
nonhalogenated BODIPYs (78). Thus, 8-aminoBODIPYs 14 and
15 gave a very pronounced blueshift (ca. 100 nm) when com-
pared with related 8-(methylthio)BODIPY 17, in agreement with
the Hammett o-parameter of the groups located at position 8
(0," = —1.81 for NHMe and ¢," = —0.60 for SMe) (76). This
effect is mainly attributed to the high contribution of a hemicya-
nine-like BODIPY structure in the case of the aminated deriva-
tives (78-80). Indeed, the higher the electron-donor capacity of
the amine is, the higher the blueshift is, as it is shown by BOD-
IPY 14 with a methyl group ((rp+ = —0.31) involved in the 8-
(methylamino) moiety, in comparison with a propargyl one (with
lower electron-donor strength; ap+ = +0.18) involved in the 8-
(propargylamino) group of BODIPY 15 (Table 1). Note here
that, the different substitution in the amino group in these halo-
genated 8-aminoBODIPYs also affects the production of 'O,.
Although it is well known, the ability of aliphatic amines, mainly
tertiary, to efficiently quench 'O, via partial charge-transfer inter-
mediates (15), the singlet oxygen production quantum yield of
BODIPY 15 very close to one, practically discards this effect.
However, the higher electron-donor capacity of the amine group
of BODIPY 14 decreases 102 production (®p = 0.78 s

O = 0.96, for 14 and 15, respectively, Table 1). This fact can
be attributed to a more favored physical quenching of 'O, but
also to the activation of an intramolecular charge transfer (ICT)
between the amine and the BODIPY, which competes with the
radiative emission from the singlet state (fluorescence) and the
intersystem crossing pathway to the triplet state (eventually lead-
ing to singlet oxygen production). Nonetheless, both halogenated
8-aminoBODIPYs (14 and 15) are potentially interesting for the
development of PSs, upon blue or UV irradiation, respectively,
due to their high ability to produce 'O,.

Accordingly, halogenated 8-(methylthio) BODIPYs 16 and 17
exhibit hypsochromic shift of the absorption band in comparison
with their parent structures 2 and 6, respectively, this blueshift
being lower than that occurring in related 8-aminoBODIPYs 14
and 15 (see Fig. 5 and Table 1). However, the most relevant
aspect of these 8-(methylthio)BODIPYSs, particularly in the case
of 17, is that they were revealed as good standards for the quan-
tification of 'O, production by irradiation in the UV and Vis
region. In this context, although PN is considered the universal
reference for quantifying ®,, with @, close to 1 in both polar
and nonpolar solvents, but only for the UV spectral range (20).
On the other hand, as it was mentioned above, the references
used in the Vis region, such as RB or MB, are only suitable in
polar solvents such as ACN, EtOH or MeOH, and very scattered
@, values are reported in the literature (i.e. @5 = 0.5-0.8 for RB
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Table 1. Photophysical properties of halogenated BODIPYs in air-equili-
brated ACN.

1

Compound  Jups (M) & M~ em™'] g, (om) Dy, (N
1 550 69 000 516 0.04 0
2 531 46 200 554 033 0.57*
3 515 75 700 ND ND 0.26%*
4 546 57 300 ND ND 0.58*
5 544 70 500 ND ND 0.47*
6 548 43 000 567 0.01  0.83*
7 573 48 000 577 0.06 0.86*
8 581 43 800 593 0.10  0.94*
9 488 31 300 ND ND 0.90*
10 509 33 100 ND ND 0.60*
11 503 24 400 ND ND 0.99*
12 521 28 800 ND ND 0.60*
13 525 33 900 ND ND 0.60*
14 426 39 000 484 0.02  0.78%
15 440 38 000 521 0.05  0.967
16 527 42 000 576 033 0.61%
17 533 43 000 588 0.04  0.85%
18 550 73 000 578 0.03  0.66*
19+ - - - - -

*Reference is RB in ACN (®, = 0.53); freference is PN in ACN
(O = 1) (19); fPhotophysical properties were assumed to be similar to
those of its homologous 14.

in ACN) (1). In this regard, compound 17 shows a high @,
under UV or Vis excitation (300400 or 500-600 nm,
@, > 0.87), irrespective of the polarity of the solvent together
with a high photostability and negligible deactivation of singlet
oxygen by the sensitizer itself.

Finally, the inclusion of reactive functionalities in haloBODI-
PYs (e.g. see 18 and 19 in Fig. 5), without significantly interfer-
ing with the production of 'O, could be interesting for their
immobilization onto different nanocarriers (76,81-83). As an
example of biocompatible nanomaterials, porous silica nanoparti-
cles have demonstrated suitable features for advanced applica-
tions in biomedicine, such as large specific surface areas,
controllable particle sizes and pore volumes, and straightforward
functionalization of the external surface (84-86). In this context,
core—shell amino-functionalized silica nanoparticles, having free
silanol groups as well, were synthesized by us by sol-gel process
(Fig. 6A; size ca. 50 nm) and decorated with BODIPYs 18 and
19 (Fig. 6B-C), respectively, to be used as potential PS nanocar-
riers for PDT applications. Noticeably, the immobilized BOD-
IPY-based PSs prepared by this method rendered higher @,
values than those obtained by similar immobilization of which
was attributed to the different aggregation capability of the func-
tionalized nanoparticles, which strongly depends on the structure
of the grafted PS and the grafting method.

Therefore, our studies on haloBODIPYs offer interesting
platforms for the development of advanced PSs for PDT due
to their easy tuning of key physical and chemical properties,
making also possible their straightforward immobilization on
different solid supports, such a silica nanoparticles, to generate
functional nanomaterials directed to improve properties such as
biodistribution or bioselectivity, of interest in biomedical appli-
cations.

BODIPY-involving Ir(1ll) complexes. Another interesting example
of the use of BODIPY dyes as efficient PSs for the generation of
'0, aiming to their application in photomedicine is the chelation

of a BODIPY-based ligand to a metal center. Indeed, many
organometallic complexes containing transition metal ions, such
as Ru(Il), Os(I) or Ir(Ill), turned out as efficient PSs for 'O,
production. These compounds offer the possibility of indepen-
dently regulating both their emissive properties and their 'O,
production by modifying the involved organic ligands (87).
However, although some PSs based on Ir(Ill) complexes with
2,2'-bipyridine (bpy) have demonstrated efficient 'O, photogen-
eration, they mostly showed absorption bands in the UV region
with low molar absorption coefficients, limiting their use in PDT
applications (8,88). In order to overcome this drawback, several
designing strategies have been followed by attaching light-har-
vesting chromophores to the coordination complex (88-90),
which can be also promising to achieve dyes with combined flu-
orescence and photosensitization features for simultaneous imag-
ing and PDT.

In this line, different cyclometalated complexes having BOD-
IPY ligands chelated to the metal center have been already
described (88-92). The type of linker connecting the light-har-
vesting chromophore (i.e. the BODIPY moiety) as well as the
metal center is key selection to achieve efficiency in the energy
funneling toward the excited triplet-state manifold. Lots of works
have focused on connecting the metallic center to the Vis-ab-
sorbing chromophore by m-conjugated linkers, generally through
2,2'-bipyridine chelating connectors (Fig. 7). On the other hand,
dye-functionalized PS complexes have been also synthesized by
directly attaching the Vis-absorbing chromophore to the metal
center, mainly through acetylide units (see Fig. 7B). However,
the efficiency of the majority of these compounds as PDT-
bioimaging agents remains low.

Taking into account the previous work on Ir(Ill) complexes
containing a BODIPY moiety, we described a new designing
strategy to develop advanced PDT-bioimaging agents based on
biscyclometalated Ir(Il) complexes involving a BODIPY-based
ancillary ligand, where the BODIPY unit is directly grafted to
the metal center by acetylacetonate (acac) chelating group
located at the BODIPY meso position (20 and 21, Fig. 8). To
elucidate the relevance of the involved acac-BODIPY moiety in
the efficiency as a PS of these novel dyes, a related iridium com-
plex bearing the same biscyclometalated Ir(Ill) unit and meso-
substituted BODIPY moiety, but connected through a large,
dipyridophenazine m-conjugated ligand (22 in Fig. 8), was also
synthesized and studied (93).

The attachment of acac-BODIPY to Ir(Ill) does not result in
any noticeable electron coupling between the involved chro-
mophores, at least in the ground state, since the absorption spec-
tra of 20 and 21 are roughly the combination of the absorption
spectra of each isolated moieties (Fig. 8). In this regard, no sig-
nificant shift of the absorption bands upon complexation with Ir
(IIT) was observed when compared to the electronically isolated
BODIPY moieties (23 and 24 in Fig. 8). However, the absorp-
tion coefficients (¢) at the wavelength of the absorption maxi-
mum underwent an eightfold increase, likely due to the
replacement of the BODIPY fluorines by alkoxyls in these com-
plexes, replacement which was also responsible for the improve-
ment of their solubility in aqueous media.

The presence of thienyl groups at the positions 2 and 6 of
BODIPY 21 induces an important shift of the absorption and flu-
orescence bands when compared to those of 20, placing its spec-
troscopic bands within the therapeutic window. Moreover, 21
shows an interesting balance between 'O, generation and
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Figure 6. TEM image of a core—shell amino-functionalized silica nanoparticle (A). Schematic representation of the different BODIPY linkers used in
such nanoparticles: by peptide-like coupling with 18 (B) or by direct polymerization with 19 (C).

A
7 N_¢ N\__—
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Figure 7. Different examples of tethering a dye (red ball) to metal complexes. The metal center (M) is generally Ir(IIl) or Ru(Il) in structure (A), or Pt

(IT) in structure B.

fluorescence under red light excitation, which makes it a promis-
ing scaffold for the development of theragnostic bioimag-
ing + PDT applications.

On the other hand, complex 22 shows strong absorption in
the Vis region, but its fluorescence is practically quenched and,
more importantly, lacks the ability to generate 'O, by excitation
with visible light. Indeed, 22 shows a moderate ®, (51%), but
only by excitation of the metal chromophore under UV irradia-
tion (370 nm). The different behavior of 20 and 21, with respect
to 22 demonstrates the importance of the linker when designing
PDT PSs based on these dye-involving metal complexes.

The interesting PS capability and fluorescence of 20 and 21
prompted us to conduct an in vitro study on the PDT and
bioimaging activity of these compounds by using HeLa cells, in
order to analyze their capacity as potential theragnostic agents.
By incubating the cells with the corresponding dye for 24 h,

both compounds exhibited good cell internalization, as visualized
by fluorescence microscopy (Fig. 9A).

Interestingly, both compounds triggered phototoxicity on
HeLa cells without exhibiting dark toxicity (i.e. they are not
cytotoxic in the absence of light irradiation, as shown in
Fig. 9B). However, apoptotic cells were seen after photodynamic
treatment with green excitation centered at 532 nm for 20 or at
632 nm for 21 (Fig. 9D). Note here that 20 showed a signifi-
cantly higher phototoxicity than 21 (Fig. 9C), triggering 50% of
cell death at very low dye concentration (50 nM for 20) as a
consequence of its higher capacity to generate singlet oxygen
(Dp = 0.86 vs DPp = 0.60, for 20 and 21, respectively). There-
fore, the obtained results (cell signalization by fluorescence and
PDT) demonstrate the potential of the BODIPY-based iridium-
complex design for developing theragnostic agents based on
PDT and fluorescence bioimaging.
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Figure 8. Structures of the iridium complexes (20-22) and free acac-BODIPY (23-24).

Orthogonal BODIPY dimers. Although heavy atoms can effi-
ciently promote ISC, they might also increase the intrinsic
dark toxicity of the PS, limiting its application for clinical
PDT (45,46). As an alternative, Flamigni er al. reported the
first heavy-atom-free 'O, PSs based on orthogonal BODIPY
dimers (94,95). In fact, such an orthogonal disposition of both
chromophores has been pointed out as an elegant way to
attain 'O, generation avoiding the use of heavy halogen or
metal atoms and their inherent toxicity. This appealing
approach drew the attention of several research groups, due to

its added value for developing biomedical applications (96-
101).

We have also developed and studied a series of orthogonal
BODIPY dimers, including m-extended functionalization with the
aim of shifting the absorption band to the red region of the Vis
spectra (Fig. 10) (12). Such a study allowed us to rationally
design a multichromophoric system with panchromatic action,
based only on BODIPY chromophores, able to act as a low-toxic
agent with dual (fluorescence bioimaging and PDT) functionality
(13).
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Figure 9. HeLa cells experiments. (A) Internalization of 20 and 21 in HeLa cells after incubation for 24 h with 5 x 1077

morphology
of living cells

M dye; scale bar: 10 pm. (B)

Surviving fractions of cells after 24-h incubation with the corresponding dye at different concentrations in the absence of irradiation and (C) after exposi-

tion to 6.8 J cm™

2 of green or red light. Cell viability was evaluated by MTT assay 24 h after each treatment. Data correspond to mean + SD values

from at least six different experiments. Statistically significant differences are labeled as * (P < 0.01), **(P < 0.005) and ***(P < 0.001) for compar-
isons between groups using one-way ANOVA. (D) Image of HeLa cells obtained by inverted differential interference contrast (DIC) microscope after
the photodynamic treatment with 21 (apoptotic cells display characteristic cellular changes, including cell shrinkage and plasma membrane blebbing (red

arrow) compared to viable cells (green arrow). Scale bar: 10 pm).

The simplest dimer, compound 25, exhibited a very narrow
(Fig. 11A) and intense absorption band with an absorption coef-
ficient twofold higher (¢ > 15 x 10* m! ~1 than that of its
parent monomeric BODIPY (¢ ~ 8 x 10* M~! cm™"), indicating
that both BODIPY units are electronically decoupled, because of
the orthogonal disposition of the chromophores. Such orthogonal
geometry was confirmed by computational calculations
(Fig. 11B). Accordingly, DFT simulations predicted two nearly

degenerated states with very similar oscillator strengths, where
each BODIPY unit is excited independently (Fig. 11B). Remark-
ably, although the absorption band is nearly independent of the
nature of the solvent, the fluorescence properties are significantly
modified by solvent polarity (Fig. 11). As the solvent polarity
increases, the fluorescence efficiency from the main emission
band drastically decreases and, in polar solvents such as acetone
and ACN, a new and broad redshifted band is observed
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25: R = Me
26: R = 4-nitrophenyl
27: R = 4-aminophenyl

O\ /O

28: R = phenylethynyl
29: R = 2-thienyl

Figure 10. Orthogonal BODIPY dimers as PSs (see Table 2) studied by Ortiz er al.

(Fig. 11A), which is characteristic of an ICT state. Regarding the
computational studies performed for 25 in ACN (polar solvent),
the same spatial distribution of their HOMO and HOMO-1 orbi-
tals was shown, as it also occurs in less polar solvents such as
chloroform (CHCl;) or tetrahydrofuran (THF). However, in
agreement with the study conducted by Thompson et al. (14),
the LUMO and LUMO+1 are delocalized through both BODIPY
units in polar solvents (Fig. 11B), allowing the population of an
ICT state by solvent-induced symmetry breaking in the excited
state.

Importantly, the polarity of the solvent has also a big impact
on the ability for generating 'O,. Actually, as the polarity of the
solvent increases, compound 25 gradually decreases its fluores-
cence efficiency with detrimental effects on 'O, photoproduction,
which reaches its maximum for solvents of intermediate polarity
(Fig. 11C). However, further increase in the solvent polarity
leads to a reduction of both fluorescence and the 'O, generation
(Fig. 11C).

In this regard, different theories about the photosensitization
mechanism in orthogonal BODIPY dimers have been proposed
(93-105). Thus, the experimental and computational studies
conducted by Akkaya et al. (96) assigned the high ISC quan-
tum yield of the orthogonal BODIPY dimers to the formation
of degenerated HOMOs and LUMOs, as a consequence of the
orthogonal arrangement of similar subunits in which the m-
mixing is avoided. Thus, 'O, generation should decrease if
either the orthogonal disposition of both units is disturbed or
unsymmetrical dimer is formed. However, this hypothesis does

not explain the high dependence on 'O, production with the
solvent polarity. An alternative explanation for the efficiency
of the orthogonal BODIPY dimers as PSs for 'O, production
is the triplet-state population taking place from ICT states gen-
erated by charge recombination (ICT transition) in the singlet
excited state (16-108). Nevertheless, the dependence of 102
generation of halogen-free orthogonal BODIPY dimers on sol-
vent polarity is in good agreement with a spin—orbit charge-
transfer intersystem crossing (SOCT-ISC) mechanism (12,109),
which basically operates in orthogonal donor—acceptor dyads.
Another plausible explanation for the formation of triplet states
of 25 has been recently proposed by us (110). The measure-
ments performed at a short timescale revealed that triplet states
are formed in a few picoseconds with efficiencies near 100%.
This observation suggests exciton singlet fission (SF) as a pos-
sible mechanism (111-114), a spin-allowed process whereby a
singlet excited state converts to two triplet states. This SF pro-
cess depends on the solvent polarity, which points to the
involvement of a charge-transfer-character state as stated
before.

In this line, other orthogonal BODIPY dimers with different
donor/acceptor substitution patterns were analyzed to study their
impact on 'O, generation (12). Thus, the presence of an elec-
tron-withdrawing 4-nitrophenyl group in one of the monomer
units (26 in Fig. 10) led to further stabilization of the ICT state,
and therefore, the '0, generation decreased with respect to that
exhibited by dimer 25 (®, = 0.43 vs 0.75 in CHCI;, Table 2).
Conversely, the presence of an electron-donating 4-aminophenyl
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Figure 11. (A) Normalized absorption and emission spectra of 25 in dif-
ferent solvents: cyclohexane (black), toluene (green), CHCl; (red), ace-
tone (purple) and ACN (blue); inset: normalized emission spectra in
acetone and ACN. (B) Energy diagram of the key electronic levels of 25,
and corresponding orbitals involved in the key energy transfers. (C) Lin-
ear correlation between the singlet oxygen quantum yield (®,) and fluo-
rescence quantum yield (®@g) of 25 in different solvents and the solvent
Reichardt parameter, Et (30).

group (compound 27, Fig. 11) led to a higher 'O, generation
with respect to that exhibited by compound 25 (@, = 0.85 vs
0.75 in CHCl;, Table 2). These two compounds (26 and 27)
demonstrate that 'O, generation can be also modulated by intro-
ducing either electron-donating or electron-withdrawing groups
in the structural design of the BODIPY dimer.

Finally, with the aim of developing PSs with redshifted
absorption bands in the visible—near-infrared spectral region, -
conjugated systems were directly grafted at the BODIPY units.
However, extending the m-conjugation by linking phenylethynyls
or thienyls (see 28 and 29 in Fig. 10) at positions 2/6 and 6’ of
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Table 2. Photophysical properties of orthogonal BODIPY dimers in air-
equilibrated CHCl;,

1

Dimer }'abs (nm) Emax (M7 Cmil) /lﬂu (nm) (Dﬂu (DA
25 505 180 000 527 0.22 0.75%
26 513 151 000 532/675  0.01 0.43*
27 510 81 000 526 0.05 0.85%
28 550/585 110 000 615 0.24 0.17*
29 525 102 000 627 0.17 0.12%
30 509 35 000 685 0.56§  0.11%*

658 58 000 0.01F
31 510 31 000 613 0.22§  0.20*

589 45 000 0.07+
32 427 8400 573 0.19§  0.53*f§

522 10 700

544 12 500

*Green excitation: 17 in CHCl; used as the reference for quantifying @,
(69). fRed excitation: methylene blue in CHCI; used as the reference for
quantifying ®,. fUV-blue excitation, PN in CHCI; used as the reference
for quantifying ®,. §Independent from the excitation wavelength.

the BODIPY did not generate significant redshifts of the absorp-
tion bands, and modest @4 (<0.20) were reached (Table 2).

Therefore, molecular designs based on orthogonal BODIPY
dimers with asymmetric m-substitution in positions 3 and/or 5 in
only one of the BODIPY units were synthesized and studied
(compounds 30 and 31 in Fig. 10). In these cases, the electronic
delocalization induced the largest energy difference between the
HOMO and HOMO-1, and the LUMO+1 and LUMO states, so
that they cannot be anymore considered as nearly degenerated.
Consequently, well-differentiated bands were recorded in their
respective absorption spectra (Table 2), which is detrimental to
102 generation. Note that, both compounds, 30 and 31, exhibit a
modest 'O, production under green irradiation (@, = 0.11 and
0.22, Table 2) but only compound 31 shows just a little 'O, gen-
eration under red excitation (®, = 0.07, Table 2). Thus, removal
of a single styryl group in 30, to generate 31, leads to a better
balance between fluorescence efficiency and 'O, generation
under irradiation with light of ca. 600 nm although they remain
still low (®g, = 0.22, ®p = 0.07 vs Dy, = 0.54, O, = 0.01 for
compounds 31 and 30, respectively, Table 2). Accordingly, the
development of advanced halogen-free PSs with high 'O, gener-
ation for PDT or with dual functionality (!0, generation + fluo-
rescence) for theragnostic applications (PDT + imaging) upon
excitation in the therapeutic window seems to be limited in these
type of orthogonal BODIPY-based PSs.

However, from in vitro studies conducted on HeLa cells, we
found interesting results from selected dimers (25, 27 and 31) as
potential theragnostic biomaterials under green excitation since
these dimers efficiently internalize into HeLa cells, exhibiting
strong fluorescence and high phototoxicity under green light with-
out any dark toxicity (Fig. 12A and B) (12). Particularly, after
incubating the cells with 100 nm 25 for 24 h, a full lethal effect
is achieved for low green light irradiation doses (5 J cm ™). Inter-
estingly, at lower dye concentration (less than 50 nm), <10% of
cell survival was achieved. This result is attributed to the intrinsic
high phototoxic power (PP, defined as PP =g ®,) of 25
(PP > 200.000 cm ™' M~ '), which is crucial to minimize side
effects on potential patients since efficiency is reached without
the necessity of using high PS doses and/or extended high-energy
treatments (Fig. 12C). Moreover, the PP value of 25 is well bal-
anced with its brightness (BT, defined as BT = g-®gq,; ~4 X



14 Ruth Prieto-Montero et al.

DARK TOXICITY

3 el
B 100 i ] i
>

3
§ ,
:® '
S w0 7
p- v/
: 7
3 20 : /

. 2 %

Cortrcl Dimers(5x 104 M)
C PHOTOTOXICITY
25 27 3
100 I = —
1
F %
-
o
3 w0
2
= 0
b4
3 20 e
220 e e 222 .l'. A
0 — ool —_—
Control 05 01 005 0502501 5 05 041

Di mers concentration (x 10% M)

Figure 12. Theragnostic activity of 25, 27 and 31 on HeLa cells. (A) Confocal microscopy images of living HeLa cells incubated with 5 x 107® m
dye for 24 h. Images were obtained by using Vis laser irradiation (488 nm) and recording the emission at 587-673 and 497-552 nm for red and green
images, respectively. Scale bar: 5 pm. (B) Surviving fractions of HeLa cells after 24-h incubation with the corresponding dye (5 x 107 m) in the
absence of irradiation (dark toxicity). (C) Phototoxicity of HeLa cells after 24-h incubation with the corresponding dye at different concentrations, fol-
lowed by 5 J cm 2 of green light irradiation. Dark toxicity and phototoxicity were determined by using MTT assay. Data correspond to mean + SD
values from at least six different experiments. Statistically significant differences are labeled as *(P < 0.01), **(P < 0.005) and ***(P < 0.001) for com-
parisons between groups using one-way ANOVA.
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Figure 13. Molecular structure of 32 (key BODIPY moieties in different

colors and key building-block fragments into dotted windows), as well as

its absorption (blue) and normalized fluorescence (red) spectra (emission
spectra obtained by exciting the “blue” chromophore at 400 nm).

10* em™" M~ for 25) confirming the great potential of this
dimeric dye as PDT + bioimaging theragnostic agent.

The gained information on the rational design of BODIPY
dyes for potential PDT applications prompted us to develop a
multichromophoric dye, based on four interconnected BODIPY
chromophores, to achieve high PP and BT under white light irra-
diation (see 32 in Fig. 13). This is an interesting issue since pho-
toactivation by white light allows topic daylight treatments of
different skin disorders (acne, keratosis, skin tumors, etc.) pro-
duced by fungi, bacteria, etc (115-121).

The molecular design of compound 32 consists of a fluores-
cent orange-emitting BODIPY fluorophore (fragment A in
Fig. 13) orthogonally linked to a dissimilar, green-absorbing
BODIPY chromophore (fragment B in Fig. 13). For widening
the absorption spectral window, two additional blue-absorbing 8-
aminoBODIPY chromophores (fragment C in Fig. 13) were teth-
ered to central B through a methylene-ethynyl spacer to avoid
electronic interaction between them (13).

As a result, the absorption spectrum of 32 is nearly the combi-
nation of the bands of all the involved individual chromophores
(Fig. 13). Thus, three strong absorption bands
(emax > 8 x 10* M~ cm™!) were recorded at 427 (“blue” 8-ami-
noBODIPY), 522 (“green” BODIPY) and 554 nm (“orange” m-ex-
tended BODIPY). Regardless of the excitation wavelength (i.e.
400 nm at the blue fragment or 500 nm at the green fragment), just
a single fluorescence band was recorded at 573 nm, corresponding
to the long-wavelength-emitting orange fluorophore (A; Fig. 13).

Therefore, from a photophysical point of view, the multichro-
mophoric BODIPY 32 acts as an efficient molecular cassette,
harvesting light simultaneously over a wide spectral region and
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transferring the excitation energy from the blue donor moiety to
the final acceptor BODIPY in the orthogonal meso fragment by
successive and efficient EET (excitation energy transfer) steps.
Indeed, irrespective of the excitation wavelength, a good balance
between fluorescence emission (®g, = 0.19, Table 2) and 'O,
generation (P, = 0.53, Table 2) was reached, showing its poten-
tial as PDT + bioimaging theragnostic agent, which was con-
firmed by in vitro studies on HeLa cells.

Thus, 32 exhibits similar phototoxicity on HeLa cells under
blue, green and, what is more important, white light irradiation,
which was quantified by applying a photonic normalization cri-
teria (13). On the other hand, it was also demonstrated that 32
efficiently internalizes into HeLa cells, being preferably accumu-
lated into lysosomes to endow them with a brilliant red fluores-
cence (Fig. 14A). Although the fluorescence efficiency of 32
drops down to 6% in culture media, likely attributed to the sta-
bilization of the ICT state competing with the radiative emission
from the singlet state (fluorescence), the fluorescence of com-
pound 32 is high enough to allow recording of sharp bioimages
(Fig. 14).

The selective accumulation of 32 into lysosomes was con-
firmed by a colocalization experiment with LysoTracker® Green
(Fig. 14B). The yellow signal obtained by overlapping the corre-
sponding red and green signals (Fig. 14C) proves that 32 accu-
mulates preferably into the lysosomal compartment with a
significant selectivity. The measured Manders’ overlap coefficient
(MOC) between 32 and LysoTracker® Green (0.81 + 0.07) cor-
roborates such a selectivity (MOC = 1.0 indicates perfect colo-
calization).

Moreover, a mitochondrial apoptotic pathway is involved in
the phototoxicity activity of 32, as it was demonstrated by dou-
ble-immunofluorescent labeling of cytochrome C and activated
caspase-3, as well as by H-33258 DNA counterstaining (Fig. 14-
bottom) (13). In this regard, cells with morphological features of
apoptosis showed cytochrome C release from mitochondria into
cytosol (cf. Fig. 14A and E), strong fluorescence signal from
activated caspase-3 (cf. Fig. 14B and F) and condensed and/or
fragmented nuclei (cf. Fig. 14C and G).

The outstanding physical, chemical and biological properties
of 32, such as accessible synthesis, biocompatibility and
biospecificity, low dark toxicity (note the absence of heavy
atoms in the structure), synthetic accessibility, high fluorescence,
high phototoxicity and, what is more important, white-light-trig-
gered activity, make its structural design a valuable chemical
platform for the development of future agents to be used in clini-
cal theragnostic applications with the additional advantage of the
open possibility for further fine-tuning of properties, allowed by
the workable BODIPY chemistry.

CONCLUSIONS

This review shows the potential of novel BODIPY designs for
PDT applications, due to the possibility of finely tuning key photo-
physical, chemical and biological properties by accessible BOD-
IPY chemistry. Therefore, properly functionalized haloBODIPYs
are shown to be valuable platforms for designing robust (photo-
stable) 'O, PSs, able to endure high-density photoexcitation, as
well as to develop functional nanoparticles endowed with PDT
activity. On the other hand, certain bromoBODIPYs, BODIPY-in-
volving Ir(Ill)-complexes and, particularly, heavy-atom-free
orthogonal BODIPY dimers are shown as interesting platforms for
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Figure 14. (TOP) Colocalization studies of 32 and LysoTracker Green in Hela. (A) Red fluorescence from 32 in HeLa cells. (B) Green fluorescence
from LysoTracker® Green in HeLa cells, which is selective for acidic lysosome (or endosome). (C) Overlay of the red and green images. (D) Same field
of cells visualized by phase-contrast microscopy. Scale bar: 5 pm. (BOTTOM) Apoptotic death of HeLa cells 24 h after photodynamic treatment with
32(10° M+ 126 J cm ™2 green irradiation). Immunofluorescent localization of cytochrome C (green) and activated caspase-3 (red), DNA counterstain-
ing with H-33258 (blue) and merged images in control (a—d) and photodynamically treated cells (e-h), respectively. Release of cytochrome C from mito-
chondria into the cytosol results in the activation of caspase-3. Scale bar: 5 um.

developing future biomaterials for PDT + bioimaging theragnosis,
due to their high enough fluorescence, making bioimaging possi-
ble, together with their ability for PDT. Particularly, orthogonal
dimers show many advantages with respect to the rest of the BOD-
IPY PDT PSs, such as high absorption coefficients and singlet
oxygen production, offering high phototoxic action at low dye
concentration (in the nm range) and low light irradiation doses.
Moreover, they also show sufficient fluorescence to allow bioimag-
ing (allowing them to be considered as suitable scaffolds for ther-
agnostic applications), low cytotoxicity in the absence of light
(mainly due to the absence of heavy atoms in the structure) and

specific accumulation into lysosomes. However, the development
of orthogonal BODIPY dimers working in the therapeutic spectral
window (> 650 nm) is limited. In this context, advanced BODIPY
PSs with intense absorption bands in this region should be devel-
oped on the basis of different approaches, such as those including
metal complexes in the molecular structure, or using halogenated
BODIPY with specific substituents able to extend the electron -
delocalization of the acting BODIPY chromophore. Hence, there is
still plenty of room for improvement, which drives us to continue
working on the development of smarter PDT platforms based on
BODIPY dyes able to be used in real clinical applications.



“Somewhere,
known.” Sharon Begley

something incredible is waiting to be
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