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Abstract

The search for efficient heavy atom free photosensitizers (PS) for photodynamic therapy (PDT)
is a very active field. We describe herein a simple and easily accessible molecular design based
on the attachment of an enamine group as an electron-donor moiety at the meso position of the
BODIPY core with different alkylation patterns. The effect of the alkylation degree and solvent
polarity on the photophysical properties in terms of splitting absorption bands, fluorescence
efficiencies and singlet oxygen production is deeply analyzed experimentally by spectroscopic
techniques, including femtosecond and nanosecond transient absorption (fs- and ns-TA) and by
computational simulations based on time-dependent density functional theory. The correlation
between the theoretical/experimental results permits to rationalize the observed photophysical
behavior exhibited by the meso-enamine-BODIPY compounds and to determine the mechanistic
details, which rule the population of the triplet state manifold. The potential applicability as
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theragnostic agents for the most promising compound is demonstrated through in vitro assays in

HelL a cells analyzing the internalization, localization and phototoxic action.
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Introduction

The search for single systems able to diagnose and treat diseases, mainly cancer, has attracted
great interest in modern medicine. Theragnosis (diagnosis and therapy) permits the in situ
visualization of cancer tissues and cells, enhancing its treatment.'* Nevertheless, obtaining a
theragnostic agent is not a trivial task.>® A promising route could be the combination of
fluorescent bioimaging for diagnosis and photodynamic therapy (PDT) as treatment, by the use
of organic dyes.*!1® PDT requires the presence of molecular oxygen (0O,), the organic dye
(photosensitizer) and a specific light source. In PDT, the photosensitizer (PS) is activated under
light, generating reactive oxygen species (ROS), mainly singlet oxygen ('0,), Figure 1. This
species of oxygen are cytotoxic and able to destroy cancer cells by apoptosis or necrosis.!”!?
However, fluorescence and ROS generation are competing photophysical processes and a suitable
balance between these antagonistic features should be pursued.?0-23

Recently, one type of new lab-made PSs are based on the BODIPY chromophore (boron
dipyrromethene), considered a chemically versatile small chromophore with excellent
photophysical properties (intense absorption and emission bands and high photoresistance), stable
under physiological conditions and insensitive to environmental changes.?*?’ One strategy to
design a theragnostic agent is the reduction of fluorescence by adding heavy atoms such as
transition metals (Ru, Pd or Pt) or halogen atoms (Br or I) into the fluorophore structure,
enhancing the intersystem crossing (ISC) driven by spin-orbit coupling (SOC) and as a
consequence, increasing the triplet state population,!'?2%-22-28-32 Figure 1A. For instance, by the
addition of heavy atoms to the BODIPY core, especially iodinated atoms at 2 and 6 positions, its
fluorescence drastically decreases in favor of the triplet state population by ISC (S;—T,), and
high singlet oxygen generation is achieved.!$20-2431.33-39 Nevertheless, the efficiency of the
photosensitizing action depends significantly on the lifetime of the lowest triplet state (T,) and
the presence of the heavy atom increases also the ISC process back to the ground state (T;—S,),
considerably reducing the triplet state lifetime. Besides, halo-BODIPYs suffer from poor
photostability and undesirable toxicity, diminishing their applicability and biocompatibility for
biomedical uses.'$1%-37

To address these drawbacks, the design of heavy atom-free photosensitizers is currently a very
active research field.*->3 One of the strategies relies on the combination of electron donor (D) and
acceptor (A) moieties to induce charge transfer (CT) states, which can act as mediators between
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singlet and triplet excited states by two different pathways: radical pair intersystem crossing (RP-
ISC)**35 or spin-orbit charge transfer intersystem crossing (SOCT-ISC),3¢- Figure 1B. Roughly,
RP-ISC usually occurs when the electronic coupling between D and A units is weak, e.g., in
spatially separated dyads by a linker, whereas the SOCT-ISC efficiency rapidly decays with the
distance and it often takes place in directly linked D-A structures with a nearly orthogonal
disposition. Generally, by these types of mechanisms, singlet oxygen generation (triplet
population) and fluorescence efficiency (singlet population) of PSs can be efficiently modulated
by the relative electron ability of A and D units, their chemical connection and relative
geometrical disposition, as well as the polarity of the media.346:47,57.60-63
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Figure 1. Jablonski diagram showing population of triplet states by conventional intersystem crossing (ISC)

mechanism from the first singlet excited state (A) and by radical-pair intersystem crossing (RP-ISC) or by
spin-orbit charge transfer intersystem crossing (SOCT-ISC) mechanisms (B).

Some examples of halogen-free BODIPYSs, in which different electron-donor groups have been
incorporated into the chromophore core,43:47:48:53.63-67 have been already reported as potential
theragnostic agents. In most cases, the electron-donating unit is added to the meso position,
considered the most sensitive one in terms of photophysics impact because of the marked change
of the electronic density that undergoes upon excitation (Figure 2-Top).
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Figure 2. Top) General BODIPY structure. The different positions in the core are indicated and numbered
according to the IUPAC system.%® Frontier orbitals involved in the lowest electronic transitions (HOMO
and LUMO) of a representative BODIPY; Bottom) Molecular structures of the different enamine
substituted BODIPY derivatives.

In this work, unlike other previous studies, a small group, of enamines, is selected as electron
donor substituent in the set of studied BODIPYs showed in Figure 2.3%45:4853.63.65-67.69 A] these
compounds were synthesized by Vilsmeier-Haack reaction, showing a new family of structurally
simple and easily accessible compounds with push-pull character.” Firstly, the effect exerted on
the photophysics by the substitution of this group at a- vs meso-positions of the BODIPY core is
compared (1 vs 2a in Figure 2-Bottom). Then, in the search for the best fluorescent-PS agent for
PDT, several meso-enamine-BODIPY derivatives varying the alkylation pattern of the BODIPY
core are analyzed (2a-2¢, Figure 2-Bottom). The effects of the alkylation degree and solvent
polarity on the resultant photophysical features are deeply analyzed by theoretical simulations
that allow characterizing the electronic states involved in the excitation/relaxation processes. To
further understand the observed photophysical behavior, the relaxation pathway and the energy
of the involved states were explored by femtosecond and nanosecond transient absorption (TA)
and triplet energy and lifetime characterization. Finally, the collected evidences allow us to
postulate a new BODIPY, with ethynyl phenyl groups at 2- and 6-positions to extend the
delocalization of the m-system (2d in Figure 2), as a suitable candidate with a red-shifted
absorption band for theragnostic applications. The internalization, localization and phototoxic
action of this compound are tested in vitro in HeLa cells with very promising results.

Results and Discussion

Enamine substitution of BODIPY

Firstly, the impact of the position of the donor enamine group on the photophysical properties
was analyzed by comparing the enamine-BODIPY's substituted at 3- or meso-position (1 vs 2a).
As expected, the enamine substitution at a-position extends the m-conjugation of the BODIPY
core, as shown by the m-electron distribution of the highest occupied (HOMO) and the lowest
unoccupied (LUMO) molecular orbitals (Figure S1), which induces a bathochromic shift with
respect to the unsubstituted green BODIPYs, placing their respective absorption and emission
bands in the orange region of the visible spectra (575 nm and 593 nm, respectively, Table 1). The
relative shift in the absorption bands of 1 and 2a is well recovered by the computed vertical
excitations at the Franck-Condon region (Table S1). Compound 1 keeps a relatively high
fluorescence quantum yield (60%) and negligible singlet oxygen production (Figure 3 and Table

).

Normalized absorbance
Normalized emission

400 500 600 700 800
Wavelendth [nm]
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Figure 3. Height-normalized absorption (solid curves) and emission spectra (dash curves) in chloroform
for 1 (blue) vs 2a (black).

Conversely, by simply attaching the enamine group at meso position, the photophysical
properties of the BODIPY are drastically changed. Compound 2a brings an important difference
in the location of their respective spectroscopic bands, shifted to shorter wavelengths with respect
to compound 1 (Table 1 and Figure 3). This hypsochromic effect is typically found when electron
donor groups are anchored in meso position, especially for amine groups.”’-”> Moreover, the
absorption spectra, unlike common BODIPY dyes, show an important shoulder contribution at
shorter wavelengths, placed at around 450 nm. The formation of H-type aggregates is discarded
as the spectrum is registered at diluted solution (~ 2 x 10-® M). The nature of this contribution will
be discussed in detail below. Besides, the enamine substitution at meso position induces a drastic
fluorescence emission quenching, shortening their lifetimes (Table 1). Although the fluorescence
is weak for 2a (Table 1), it was possible to record a dual emission (Figure 3, Table 1), showing a
narrower emission band at 518 nm assigned to the locally excited (LE) state and a broader band
centered at around 640 nm, characteristic of a radiative deactivation of an intramolecular charge
transfer state (CT).”>’* Although the presence of the enamine unit at meso position in compound
2a enhances non-radiative deactivation pathways, the triplet state is not effectively populated,
yielding a relative low singlet oxygen production (4% in chloroform, Table 1).

Role of alkylation on meso-enamine substituted BODIPY's

Further alkylation of the BODIPY core with two extra ethyl groups at 2,6-positions, compound
2b, does not ameliorate the photophysical properties (Table 1), rendering practically null
fluorescence and singlet oxygen production in all solvents of any polarity (Table 1 and Table S3).
Intriguingly, the absorption spectrum of compound 2b clearly shows two independent bands, with
the peak centered at shorter wavelengths slightly blue-shifted with respect to the previously
denoted as a shoulder for compound 2a. Contrarily, the main absorption band is red-shifted with
respect to that recorded for the homologous compound 2a (Table 1 and Figure 4A). The splitting
of the two absorption bands of 2b increases as the polarity of the solvent decreases (Figure 4B).
Decreasing the polarity of the solvent, acetonitrile > chloroform > toluene > c-hexane, has a
double effect on the absorption peak at shorter wavelengths, that is, a gradual intensity decrease
and a hypsochromic shift. On the other hand, the main absorption band (at higher wavelengths)
suffers a bathochromic shift and becomes progressively more intense. Indeed, for apolar solvents,
e.g., c-hexane, the absorption bands are nicely divided into two distinguished peaks. On the
contrary, in polar solvents, e.g., acetonitrile, both absorption contributions overlap as they become
closer in energy and intensity.

Table 1. Photophysical properties and singlet oxygen quantum yield in chloroform for enamine-BODIPY

compounds; absorption maxima (A,,), molar absorption coefficient (€ ,y), fluorescence maxima (Ay),
fluorescence quantum yield (®y), fluorescence lifetime (tg) and singlet oxygen quantum yield (®,).

Smax %*

Compound ;) MmO Pn (ns)

D,
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0.69 (10%)

1 575 43 593 0.60 404 00%) 0
2a 494/451 5.7 518/640  <0.01 - 0.04
2b 516/449 3.3 540/670  <0.01 - 0

0.92 (97%)

2¢ 496/460 6.6 529 008 $50uy 020

2d 551/490 5.7 599 0.42 3.23 0.31

* Aex = 530 nm, Aey, = 585 nm (for 1); Aex = 480 nm, Ay, = 530 nm (for 2¢); Aex = 490 nm, Aey, = 600 nm (for 2d).
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Figure 4. (A) Normalized absorption spectra of 2a (black), 2b (green) and 2¢ (red) in chloroform; and (B)
normalized absorption spectra for 2b in different solvents: c-hexane (black), toluene (red), chloroform
(green) and acetonitrile (blue).

To get insight on the nature of the two bands in the absorption spectra, rationalize the
differences between the studied compounds and understand the changes induced by the polarity
of the solvent, we have carried out electronic structure calculations for molecules 2a-c. The
ground state energy minimum of molecule 2b exhibits a relative torsion of 8 ~ 30° between the
group in the meso position and the BODIPY’s molecular plane. Nonplanarity is promoted by
steric hindrance of the enamine with the methyl groups in positions 1 and 7. TDDFT calculations
at the Franck-Condon geometry identify the two lowest singlet-to-singlet electronic transitions in
2b as optically active, i.e., with large oscillator strengths, in good agreement with the presence of
two absorption bands registered in solution (Figure 4). The lowest excited singlet state is mainly
obtained as the excitation from the HOMO to the LUMO, whereas S, can be described as the
electronic promotion from the HOMO-1 to the LUMO (Figure 5a). The HOMO of 2b is localized
on the BODIPY unit, while the HOMO-1 emerges from the coupling of the enamine and BODIPY
n-systems. Finally, the LUMO is largely delocalized over both enamine and BODIPY moieties.

Interestingly, frontier orbital energies change with the polarity of the environment. Concretely,
solvents with larger dielectric constants stabilize and destabilize the HOMO and HOMO-1,
respectively (Figures 5b and 5c). On the other hand, the energy of the LUMO remains rather

constant. As a consequence, the transition energy to S; (S,) increases (decreases) with the

6
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solvent’s polarity, and the S; to S, energy gap decreases. It is worth noticing that the computed
oscillator strengths (f) suggest a change in the relative intensity of the two bands, with f{S,)/f(S;)
ratio increasing with the polarity of the solvent (Table 2). These results explain the change in the
absorption profiles upon the change in the solvent polarity, i.e., frequency shift of the two bands
and the change in relative intensities (Figure 4B).

(a) (b)_y 45 [ Lumo

—0.10 - ’

520 eV 522 eV 5.28 eV 5.36 eV

=015
—-0.20 -
HOMO

HOMO-1

0.52 eV 0.49 eV 0.35eV

Energy [eV]

—
HOMO ——

0.24 eV

1

c-hexane toluene chloroform acetonitrile

HOMO-1 —

Figure 5. (a) Frontier molecular orbitals of 2b computed with CAM-B3LYP/cc-pVDZ in chloroform. (b)
Orbital energy diagram (in eV) of 2b in c-hexane, toluene, chloroform and acetonitrile. (¢) Zoom of HOMO
and HOMO-1 orbital energies.

Table 2. Vertical excitation energies (in eV) to S; and S, for compound 2b computed at the CAM-
B3LYP/cc-pVDZ level in different solvents: c-hexane, toluene, chloroform, and acetonitrile. Oscillator
strength of the transitions indicated in parenthesis. AE (in eV) is the S; to S, energy separation.

Solvent E(Sy) E(Sy) AE
c-hexane  2.86 (0.635)  3.32(0.588)  0.46
toluene  2.88(0.628)  3.30(0.599)  0.42
chloroform 2.90 (0.624)  3.22(0.651)  0.32

acetonitrile 2.98 (0.569)  3.21 (0.649)  0.23

Dealkylation of positions 2 and 6 in 2a with respect to 2b preserves the torsion of the enamine
with respect to the BODIPY fragment. The main difference between the electronic structure of
2a and 2b is the orbital energy of the HOMO, since it is the frontier orbital presenting the largest
electron density at the 2 and 6 carbon atoms. Substitution of the alkyl groups by a more
electronegative hydrogen stabilizes the HOMO (Figure S2), shifting the S, transition to shorter
wavelengths and reducing the energy separation between S; and S, states (Table 3), in agreement
with the absorption spectra (Figure 4A). Similarly, dealkylation of positions 1 and 7 in 2¢ mainly
stabilizes the HOMO and LUMO, as both orbitals present sizeable electron densities on these
atoms. As a consequence, the S; energy barely changes with respect to 2a, while the S, transition
slightly redshifts (~0.1 eV), resulting in a rather small separation between S; and S, transitions.
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In fact, the absorption spectrum of 2¢ does not show a noticeable shoulder feature at shorter
wavelengths and the main band resembles to the one for pristine BODIPY (no substitution). It is
worth noticing that the no-alkylation in 1 and 7 atoms slightly increases the molecular planarity
in 2¢ (0 ~ 26°) with respect to 2b and 2a, allowing for a larger electronic mixing of the BODIPY
and enamine w-systems (Figure S1).

Table 3. Vertical excitation energies (in eV) to S; and S, for compounds 2a, 2b and 2¢ computed at the
CAM-B3LYP/cc-pVDZ level in chloroform. Oscillator strength of the transitions indicated in parenthesis.
AFE (in eV) is the S; to S, energy separation.

Molecule E(Sy) E(Sy) AE
2b 2.90 (0.624)  3.22(0.651)  0.32
2a 3.00(0.585)  3.25(0.635)  0.25
2¢ 3.02(0.559)  3.12(0.692)  0.10

On the other hand, regarding the fluorescence and singlet oxygen quantum yield, our results
clearly indicate that methylation at 1- and 7- in meso-enamine-BODIPY's noticeably influences
the fluorescence efficiency, and more significantly, the singlet oxygen generation (Tables 1 and
S3). Compound 2¢, without methyl groups at 1- and 7- positions, shows the highest singlet oxygen
and fluorescence quantum yields of the series, whereas compounds 2a and 2b show nearly no
emission and singlet oxygen production, being internal conversion (IC) the main deactivation
pathway (see next section). Moreover, the fluorescence quantum yield and also the singlet oxygen
quantum yield of 2¢ increase as the polarity of the solvent decreases (Table S3). The less efficient
radiative deactivation of the singlet excited state, as well as the singlet to triplet transition in polar
solvents, was also observed for other BODIPY's dyads.47-37:60

Decay dynamics of photoactivated enamine-BODIPY's

In order to extract mechanistic information on the excited state relaxation of the present
compounds, TA experiments have been carried out on 2b (Figure 6) and 2¢ (Figure 7), considered
as representative examples in terms of methylation degree, in solvents with different polarities
(toluene, CHCl; and ACN). Figure 6a shows the TA spectra of 2b in toluene at selected pump-
probe delays. At short delays (0.15 ps) the TA spectrum is composed mainly by 3 contributions:
a positive band at 350-400 nm attributable to excited state absorption (ESA), the ground state
bleach (GSB) at 425-525 nm and a lower negative feature extending from 525 to 700 nm and
corresponding to stimulated emission (SE). The blue end of the latter contribution reflects the
emission from the initially prepared excited state. It decays in 1 ps, denoting a short living LE
state. Within the same time scale, a positive feature appears at 570 nm corresponding to the
absorption from an excited species formed during the LE state decay. The comparison with
previous studies on BODIPY donor and acceptor groups’> allows us to identify this feature as the
absorption of a CT state, in which the enamine plays the role of the donor and the BODIPY core
acts as the acceptor. The remarkable red shift of the emission during the first picoseconds seems
to support this hypothesis.

A multiexponential fit with four components (t; = 1.1 ps; T, = 19 ps; 13 = 118 ps; 14 > 5 ns)

yields a satisfactory description of the transient spectra. The distribution of preexponential factors

Page 8 of 18



Page 9 of 18

Journal of Materials Chemistry B

resulting from this analysis is presented in the decay associated spectra (DAS) in Figure 6b (See
supporting information section for further details on the data analysis). As it is observed there, for
2b the amplitude of the slower decay (a,) is negligible, but it is included for later comparison with
2¢. The distribution of a; (t; = 1.1 ps) shows changes in the ESA band without affecting the
evolution of the GSB, meaning that the nature of the excited state is modified in this time scale.
Indeed, a, describes simultaneously the LE emission decay (550 nm) and the onset of the CT
features (positive band at 570 nm and emission at wavelengths > 650 nm). Therefore, a; accounts
for the population that being initially excited to S; (LE), reaches the CT state. Regarding T3, as
displayed by the GSB band, the excited state population decays to the ground state with this 118
ps lifetime. The spectral characteristics of the CT state in the 500-700 nm region are also
perceptible in the a; distribution, which indicates that IC to the ground state mainly occurs from
the CT state. Finally, the scrutiny of a, reflects that certain CT formation takes place in a slower
time scale (t, = 19 ps). In fact, a; and a, spectra are very similar except for the emission
contribution in the red edge. Differently, a, shows emission at intermediate wavelengths between
the LE and CT bands, which could be related to the cooling (vibrational relaxation) on the CT
potential well.

A higher polarity solvent as CHCl; (panels ¢ and d in Figure 6) does not change qualitatively
the dynamics, as illustrated by the resemblance of the transient spectra and DAS with those in the
previous solvent. Only a substantial acceleration of the CT formation is noticeable. Thus, in
CHCI;, 1) and 1, are respectively 0.6 and 3.5 ps, while IC remains almost unaltered (t; = 112 ps).
Following the same trend, Figures 6e and 6f show that further stabilization of the CT state with a
higher-polarity solvent (ACN) gives rise to even faster dynamics (t; =0.2 ps; 1, =1.3 ps; 13 =13
ps; T4 = 78 ps). In this case, two components of tens of picoseconds, 13 and 14, account for the
independent radiativeless relaxation pathways of the CT state. The origin of this dual deactivation
channels to the ground state is unclear.

0.02 0.04
2b CHCI,

2b Toluene

2b ACN

0.01 o0e L™

0.004 0.004

-0.024

AOD
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Figure 6. Transient spectra and DAS of 2b in toluene (a, b), CHCI; (¢, d) and ACN (e, f).

Although notable differences in the kinetics are observed for 2c¢, its TA data (Figure 7) can be
understood by the same basic model than that employed for 2b. In toluene, the decay of the LE
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fluorescence and the onset of the red shifted emission of the CT formation take place in t; = 1.7
ps and 1, = 28 ps, respectively (Figure 7b). The decay of the CT state described by the a; spectrum
is much slower in this case (t; = 1.8 ns). It is also worth noting that the CT emission in 2¢ covers
the 520-600 nm region, pointing to a less marked CT character. Indeed, the CT absorption band
at 570 nm appears now as a small dip on top of the emission band. The most remarkable feature
in the relaxation of 2c¢ is the appearance of a very long-living species (t4 > 5 ns) that can be
identified as the T, state on the basis of its TA spectrum (a4). This triplet state has to be formed
from the CT relaxation, although its formation dynamics cannot be resolved from the recorded
data. The triplet quantum yield can be determined on the grounds of a, component through the
ratio between the GSB band maximum in the a, spectrum and at t = 0 ns, yielding a value of @
= (0.37. This number is in total agreement with the singlet oxygen quantum yield obtained in this
solvent by the direct registration of its photoluminescence signal (Table S3). Moreover, the
assignation of TA spectrum at T4 > 5 ns to the triplet state absorption features is confirmed by the
registration of the TA spectra in the nanosecond range (Figure S3). Similarly, the ns-resolved TA
(ns-TA) presents a positive band around 375-430 nm, attributed to the absorption of the T, state,
a negative contribution in the 425-525 nm that corresponds to the ground state bleaching (GSB)
associated with the S,—S, transition, and a weak and broad contribution at > 525 nm, also
assigned to triplet absorption.4”-60.74.76.77 The lifetimes registered at 405 nm and 540 nm measured
under nitrogen-saturated conditions were 16 ps, long enough for an efficient quenching by oxygen
(Figure S3). The spin-triplet multiplicity nature of this state is confirmed by the quenching
registered within the triplet lifetime range under aerated conditions (Table S4).
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Figure 7. Transient spectra and DAS of 2¢ in toluene (a, b), CHCl; (¢, d) and ACN (e, f).

The CT dynamics of 2¢ in CHCl; is very similar. However, its lifetime is noticeably shorter (13
= 0.8 ns) and the triplet quantum yield is lower (@ = 0.24), which is once again in agreement
with the singlet oxygen production obtained in this solvent. This fact suggests that the formation
of a long-lived CT state is required in order to efficiently couple to the triplet state. The ns-TA
spectrum is comparable to that obtained in toluene (Figure S3), but a much longer triplet lifetime
is registered (113 ps, Table S4). Finally, in ACN, an extremely fast relaxation of the CT is
observed (panels e and f in Figure 7 and Figure S5). The formation of the CT state occurs at a
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similar scale (t; = 0.2 ps and 1, = 1.6 ps), which, owing to their very similar spectra, have been
plotted together in Figure 7f for simplicity. However, the subsequent decay is much faster,
draining the population to the ground state with t; = 4.4 ps. This channel precludes the formation
of the triplet state. Accordingly, the distribution of a, is compatible with the cooling of the
excitation energy in the ground state (vibrational relaxation) that is now perceptible due to the
very fast IC.

Further experiments were also carried out for 2b and 2¢ in CHCI; using excitation energies
resonant with the S, state (445 nm). The observed dynamics was essentially the same recorded
after pumping to S;, pointing to a very fast S,-S; conversion in both species (Figure S6).

ISC mechanism

TA measurements for 2b and 2¢ indicate that triplet state population occurs from a CT state,
suggesting a SOCT mechanism. Electronic structure calculations for 2¢ identify two excited state
minima on the S; potential energy surface. At small torsion angles between BODIPY and the
meso-enamine fragments, there is a local S| minimum with the hole and electron largely localized
on the BODIPY and with participation of the enamine’s n-system, which can be related to the LE
state identified by TA spectroscopy (Figure 8). The LE geometry exhibits a small enamine-
BODIPY dihedral angle (~20°) and presents a sizeable transition dipole moment and oscillation
strength to the ground state (Table S2). Hence, we identify it as the state responsible for the
fluorescence emission recorded in the 500-540 nm region. Additionally, the molecule presents a
lower energy excited state minimum with an orthogonal disposition between the two fragments
in which the hole is localized on the enamine unit and the electron on the BODIPY fragment, i.e.,
a CT state. Notably, the relative energy between LE and CT states strongly depends on the
solvent’s polarity, with polar solvents stabilizing the orthogonal CT with respect to the LE state.
The vertical energy gap to the ground state at the CT minimum severely diminishes with
increasing the polarity of the solvent (Table S2), in line with the increase of non-radiative decay
rates and the hindering of singlet oxygen generation.

Energy [kcal/mol]

0 15 30 45 60 75 90
Torsion [°]

11



Journal of Materials Chemistry B

Figure 8. Energy profiles (in kcal/mol) of the lowest excited singlet state (S;) of 2¢ computed in c-hexane
(orange) and ACN (blue) along the molecular torsion between BODIPY and enamine moieties. Molecular
torsion model has been obtained by constrained geometry optimization of S; state in ACN at different

torsion angles. S; energies relative to the value at the planar arrangement. Inset: HOMO and LUMO for the
LE and CT states.

At the LE minimum, although the S, state presents non-vanishing SOCs to the two lowest triplet
states, singlet-triplet energy gaps are rather large, preventing for efficient ISC, as in pristine
BODIPY (Figure 9). On the other hand, molecular torsion towards the CT minimum largely
reduces S,/T, energy differences and modifies the electronic nature of low-lying states. Along the
molecular orthogonalization, T, strongly localizes on the BODIPY moiety, whereas T, becomes
a purely CT excitation, like the lowest excited singlet. As a consequence, at the perpendicular
arrangement S,/T, are nearly degenerate and present a small SOC, in accordance with El Sayed’s
rule. Simultaneously, the S;/T, energy gap (SOC) decreases (increases) considerably. We note
that despite the reduction of the singlet-triplet gap, it remains rather large (Figure 9a). On the
other hand, it is well-known that TDDFT functionals tend to underestimate and overestimate the
energy of T; and S, respectively.’”® Therefore, these results make us to conclude that ISC in 2b
(and 2c¢) is triggered by the excited state relaxation via the BODIPY-enamine torsion, and takes
place through the SOCT-ISC mechanism between the CT excited singlet and low-lying triplets,
in particular the BODIPY-localized T, state, but also the second excited triplet T,.

3.0
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Figure 9. (a) Excitation energy (in eV with respect to the ground state at the planar geometry) of the lowest
excited singlet (S)) and triplet (T, and T,) states and (b) singlet/triplet SOCs computed in ACN of 2¢ along
the molecular torsion between BODIPY and enamine moieties.

To further characterize the energy of the lowest triplet state (T;), luminescence measurements
are recorded at 78 K for 2¢ (Figure S7). The band placed at 655 nm was assigned to
phosphorescence emission, with average lifetimes in the ms range. The energy of this low-lying
triplet state (182.8 kJ/mol) is higher than the energy gap between the triplet ground state of O,
(*%,) and the first singlet excited state (!A,) of O, (94.2 kJ/mol), fulfilling the necessary condition
to generate singlet oxygen by type-II energy transfer mechanism (Figure 1). Being 2¢ the best
compound of the series in terms of singlet oxygen quantum production and fluorescence
efficiency, a more n-conjugated meso-enamine BODIPY, Figure 2, 2d, was formulated. By
attaching ethynyl phenyl groups at 2 and 6 positions a notable shift is reached in both absorption
and emission bands (Figure S8), resulting in an even better balance between fluorescence and
singlet oxygen quantum yields (Tables 1 and S1), and showing a relatively long lived triplet state
near to 100 ps (Figure S4, Table S4). Hence, 2d could be considered as a purely organic agent
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with a suitable balance between fluorescence and singlet oxygen capacities with potential use in
theragnostic applications.

3.4. In vitro tests

Compound 2d was selected as the most suitable enamine-BODIPY to perform assays in HelLa
cells. Subcellular localization experiments confirm that 2d can be internalized inside cells,
allowing a sharp fluorescence imaging following a typical lipid droplets pattern, indicative of a
selective accumulation (Figure 10A). Taking into account the broad fluorescence emission
spectrum of compound 2d, it was not possible to carry out colocalization experiments with
commercial organelle-targeted fluorescent probes, since emission of probes and compound 2d
would overlap. However, Supplementary Figure S9, shows that the subcellular distribution
pattern of compound 2d is absolutely similar to that of lipid droplets, and besides, quite different
from mitochondria or lysosomes in HeLa cells. Interestingly, the fluorescence image obtained

with 2d is much sharper and brighter than compound 1, besides its lower fluorescence efficiency
(Table 1).

Phase contrast UV exc. Blue exc. Green exc.

100 Fan s =
Concentratlon [uM]

Surviving fraction (%)

20
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Figure 10. Top); Fluorescence microscopy images of HeLa cells incubated with 2d (A) and 1 (B). Bottom)
MTT assay results of 2d under dark conditions (striped bars) and green irradiation (plain bars; 10 J/cm?).
Scale bar: 10 um. Statistical significance for surviving-fraction was obtained by using one-way ANOVA.
Statistically significant differences are labelled as * (p < 0.001).

Given the better performance of 2d in cellular internalization, we selected this compound for
further experiments in order to assess its phototoxicity. After 24 h incubation with 2d and 10
J/em? irradiation with 518 nm light, HeLa cells viability was evaluated by MTT assay. Results
shown below (Figure 10) demonstrate that 2d induces a high phototoxicity after green irradiation
at low light doses (10 J/cm?) even at the lowest 2d concentration assayed (98% of cell death at 1
puM). Null or very low dark toxicity was detected in our experimental conditions.

4. Conclusions

The study evidences that meso-enamine-BODIPY's are a new family of structurally simple and
easily accessible BODIPY's with the capability to act as halogen-free 'O, photosensitizers for PDT
or even for theragnosis based on PDT and fluorescence. The attachment of an enamine group
(electron-donor) at the meso position activates a charge transfer state, key to populate the triplet
state via SOCT-ISC. This mechanism is triggered by the excited state relaxation via the BODIPY -
enamine torsion (towards orthoganization), taking place between the CT excited singlet and low-
lying triplets, in particular the BODIPY -localized T, state, but also the second excited triplet T».

Theoretical simulations and experimental characterization of the excited state relaxation by
femto-transient absorption, demonstrated that the formation and energetic stabilization of a CT
state induces a faster deactivation kinetics, promoted by the polarity of the solvent and/or
alkylation of the BODIPY core (mainly at 1- and 7-position), accelerate non-radiative decay rates
hindering singlet oxygen generation and fluorescence ability. In fact, the CT state must be formed
with a sufficient lifetime (timescale set at > 1.8ns) to allow the population of triplet states.

The rational design of a meso-enamine BODIPY without alkylation at C1 and C7, but with
extended conjugation at C2 and C6, has demonstrated its viability as a biomarker of lipid droplets
and photosensitizer agent in HeLa cells being very photoefficient under low green light doses (10
J/ecm?) and low concentration (< 1uM) and no cytotoxic under dark conditions.

Further studies to explore the possibility of development red-absorbing photosensitizers based on
the present strategy (enamine group at meso position of the BODIPY core) by the introduction of
larger extended m-conjugated moieties at C2 and C6 and/or at C3 and C5 positions would be
interesting to research.
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