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Two new brominated BODIPYs (1 and 2) bearing amino acid-based chains (i-valine for 1, and dimethyl-i-lysine
for 2) were synthesized and characterized. In organic solvents, 1 and 2 were fully soluble and showed the
photophysical properties expected for brominated BODIPY dyes, including efficient generation of singlet oxygen
(*0y), upon irradiation. In contrast, in aqueous media, both compounds were prone to aggregation and the
S. qureus photo-induced generation of 10, was halted. Despite the lack of generation of this reactive species in aqueous
E coli media (in cuvette), both 1 and 2 have positive antimicrobial Photodynamic Inactivation (aPDI) effect. The activity
ESKAPE against gram-positive Staphylococcus aureus and gram-negative Escherichia coli was determined through the
inactivation curves, with a total energy dose of 5.3 J/cm? (white light LED used as an energy source). Compound
2 was highly active against both gram-positive and gram-negative bacteria (3 log CFU/mL reduction was ob-
tained at 0.16 pM for S. aureus and 2.5-5.0 pM for E. coli), whereas 1 was less effective to kill S. aureus (3 log
CFU/mL at 0.32 pM) and ineffective for E. coli. The higher efficiency of 2, as compared to 1, to reduce the
population of bacteria, can reside in the presence of a protonatable residue in 2, allowing a more effective
interaction of this molecule with the cell walls of the microorganisms. In order to explain the lack of reactivity in
pure aqueous media (in cuvette) and the contrasting good activity in the presence of bacterial cells it can be
hypothesized that upon interaction with the walls of the microorganisms, the aggregated photosensitizers suffer
a disaggregation process restoring the ability to generate 105, and hence leading to efficient photodynamic
activity against these pathogenic microorganisms, in agreement with the similar effect observed recently for
porphyrinoid photosensitizers.

1. Introduction photosensitizers can be transferred to the surrounding oxygen, leading

to reactive oxygen species (ROS) having a cytotoxic effect on the nearby

Antimicrobial resistance (AMR) has been increasing steadily during
the last decades and today is one of the most important threats identified
by the World Health Organization (WHO). This problem is particularly
serious in health settings where the contagion by antibiotic-resistant
microorganisms causing nosocomial infections is commonplace [1].
Although the development of new drugs with antibiotic properties is
stacked for many reasons [2], alternative ways to stop the spreading of
pathogenic microorganisms have been developed in recent years. One of
them is the antimicrobial Photodynamic Inactivation (aPDI), which
employs photosensitizing agents (dyes) capable of absorbing light pho-
tons promoting them to an excited state. The excess energy absorbed by
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microorganisms. Most studied photoantimicrobial systems are based on
the so-called type II photosensitizing process, in which the generated
ROS is singlet oxygen (102). Other ROS include superoxide anion (03)
and hydroxyl radical (HO*) [3]. Recently, aPDI has been also proposed
as a complementary way to eliminate the SARS-CoV-2 virus [4]. Details
about the process of photosensitization and the nature and effects of the
generated ROS species have been described in the literature [5-14].
Regarding photosensitizers, the vast majority of systems developed
and studied so far consist of water-soluble molecules belonging to
different chemical families like xanthene and phenothiazinium dyes,
porphyrins and phthalocyanines, fullerene derivatives, and others
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Fig. 1. Synthetic BODIPY-based photosensitizers (1 and 2) studied in this work.

[15,16]. To complete the picture, in recent times a new field has
emerged from the realm of soluble photosensitizers and the develop-
ment of polymeric photoactive materials with photoantimicrobial
properties is attracting increasing attention. These novel materials have
been developed to prevent contagion rather than for therapeutic use
[17-23]. But, the therapeutic action against a certain infection requires
the development of approaches using either soluble molecules or
colloidal formulations with diffusion capabilities, so that the photo-
sensitizer reaches the microbial cell and attains close interaction with
the pathogen since the lifetime of cytotoxic 1O is extremely short and
allows only a limited radius of action after its generation [24]. One
interesting strategy developed in recent times has been the incorpora-
tion of photosensitizers on nanostructures, acting as carriers, with the
purpose of delivery to specific cellular targets [25,26]. A more
straightforward approach has been the design of photosensitizers with
self-assembling properties. In this case, the formed nanostructures are
typically unable to generate 'O, upon irradiation, due to quenching of
the excited states by n-n stacking, but upon interaction with a dis-
assembling input, like proteins in the outer membrane of the microbe,
restoration of the ability to generate cytotoxic ROS occurs, triggering the
therapeutic action. The main advantage of this strategy is that a high
local concentration of photosensitizer can be delivered to a single cell
since the nanoparticles are formed exclusively by the photoactive
molecule. This approach has been recently demonstrated for phthalo-
cyanines, showing antimicrobial [27,28] and anticancer [29-31] prop-
erties. A very recent review collects a series of papers reporting this
“one-for-all” approach in which the photoactive drug is at the same time
the carrier and the cargo, avoiding the use of complex nano-delivery
systems [32].

The nanosystems above described are all based on photosensitizers of
the porphyrinoid family. However, one drawback of this class of pho-
tosensitizers is the complexities of their syntheses and the use of
cumbersome purification procedures to obtain well-characterized
stocks. Among the new photosensitizers object of attention, de-
rivatives of 4,4-difluoro-bora-3a,4a-diaza-s-indacene (BODIPY) have
been gaining importance as agents with photoantimicrobial and pho-
toanticancer effects. This class of dyes have much more friendly syn-
thetic routes and less problematic purification sequences [33-36].
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Providing the proven advantages of the “one-for-all” approach above
described, it would be interesting to know whether the same strategy
could be adapted to BODIPY-based photosensitizers. For such reason, we
envisaged that a BODIPY-based photosensitizer properly functionalized
with an architecture prone to self-assembly would lead to nanoparticles
with foreseeably relevant antibacterial properties upon disassembly. To
the best of our knowledge, although some BODIPY dyes have been
described (especially in recent years) [37-43] against pathogenic mi-
croorganisms, no example of assembly/disassembly of a BODIPY
photosensitizer has been described in the context of aPDI. Here we
describe two examples of BODIPY dyes (1 and 2 in Fig. 1) showing such
behaviour, leading to a remarkable photodynamic antimicrobial activity
on both gram-positive (Staphylococcus aureus) and gram-negative
(Escherichia coli) bacteria. Specifically, 2 proved to be a successful
photoantimicrobial agent against S. aureus, causing a disinfection effect
(99.9% reduction of the bacterial population or 3 log CFU/mL) at a
concentration of only 0.16 pM.

2. Materials and Methods
2.1. Materials

Commercially available reagents and HPLC grade solvents were
purchased from commercial suppliers and used without further purifi-
cation. Reactions that required an inert atmosphere were carried out
under Nj. NMR spectra were recorded on a Bruker Advance III HD
spectrometer (400 MHz for H NMR, 101 MHz for 13¢ NMR) in the
indicated solvent at 30 °C. All chemical shifts (5) are quoted in parts per
million (ppm) downfield from tetramethylsilane (TMS) and coupling
constants (J) are quoted in Hertz (Hz). Mass spectra were recorded at a
Mass Spectrometry triple Quadrupole Q-TOF Premier (Waters) appa-
ratus with simultaneous Electrospray and APCI probe. The photo-
physical properties were measured with a JASCO FP-8300 fluorometer
and a JASCO V-630 UV-Vis spectrophotometer. Lifetime measurements
were performed by the time-correlated single-photon counting (TCSPC)
technique using an IBH-5000 U instrument. The excitation source was a
464 nm nanoLED (1.4 ns pulse width), and data fitting was done using
the IBH DAS6 fluorescence decay analysis software via the mono-
exponential eq. (I(t) = Iy exp.(—t/7)). The size distribution of nano-
particle measurements was recorded using a Zetasizer Nano-ZS90
(Malvern Instruments). Automatic optimization of beam focusing and
attenuation was applied for each sample.

2.2. Synthesis

All the synthetic procedures are described in the Electronic Sup-
porting Information (ESI) file.

2.3. Determination of Fluorescence Quantum Yields

Samples were measured using 3 mL (10 mm path length) quartz
cuvettes. For fluorescence quantum yield determination, Rhodamine 6G
was used as a standard (®f = 0.94 in ethanol, Aexy = 488 nm). The con-
centrations of BODIPYs and standard were adjusted so that the absor-
bance was equal at the excitation wavelength (488 nm). The quantum
yields of 1 and 2 were calculated from the following equation:

i2
q)i_Flni s
r = Fo ot

Fsn?

where @y refers to the quantum yields; F are the integrated intensities
(areas under the curve) of the emission spectra, and n denotes the
refractive indexes. The subscripts s and i refer to the standard and the
sample, respectively. The fluorescence spectra were recorded in the
wavelength range of 495-750 nm.
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Fig. 2. Partial 'H NMR spectra (400 MHz, 298 K) of 1 (top) and 2 (bottom), both 2 mM, in DMSO-de:D-O mixtures.

2.4. Photochemical Generation of Singlet Oxygen (*02)

The ability of 1 and 2 to generate singlet oxygen (*0,) was estimated
using 9,10-dimethylanthracene (DMA) and the analogous water-soluble
trap 9,10-anthracenediyl-bis(methylene)-dimalonic acid (ABDA). Pho-
tooxygenation reactions were conducted inside a quartz cuvette con-
taining aerated solutions of DMA or ABDA (50 pM) and the
photosensitizer (with an absorbance of 0.07 at 525 nm) in the corre-
sponding solvent (acetonitrile, acetonitrile:PBS 6:4, PBS). Samples were
irradiated using a light-emitting diode (LED) lamp (11 W, ca. 400-700
nm; 117 mW/cm?) at timed intervals. The photooxygenation reaction
was monitored following the decrease of the absorbance at 377 and 379
nm for DMA and ABDA, respectively, in a JASCO V-630 UV-Vis spec-
trophotometer. The kinetic traces were fitted to a pseudo-first-order
kinetic model.

2.5. Quantum Yields Determination for Singlet Oxygen Generation (®,)

Singlet oxygen generation quantum yields were determined using a
direct measurement of near-infrared luminescence at 1275 nm. Steady
state-photoluminescence (PL) measurements were conducted through a
photoluminescence spectrophotometer (Fluorolog 3-11, Horiba). An
excitation wavelength of 532 nm was used to perform the PL measure-
ments. The singlet oxygen measurements were carried out in acetonitrile
at absorbances of 0.3 at the excitation wavelength. Rose Bengal (RB) in
acetonitrile (®, = 0.71) was used as a standard [44]. ®, values were
calculated using the following equation:

a
of = %1”
where @3 is the quantum yield of RB and I* and P are the integrated
phosphorescence emission intensities of 102 at 1275 nm for Rose Bengal
and BODIPY derivatives, respectively.

2.6. Antibacterial Photodynamic Assays

E. coli ATCC 25922 and S. aureus ATCC 29213 were used as model
microorganisms. Bacterial cultures were prepared from a pure culture of
the chosen microorganism using the streak plate method and incubated
aerobically on Mueller Hinton Agar (MHA) at 37 °C for 24 h. Colonies
were suspended in sterile water solution to achieve a McFarland 1.0
density and diluted 200-fold (approx. 1.5 x 10° cells/mL). Stock solu-
tions (1 mM) of 1 and 2 in dimethyl sulfoxide (DMSO) were subse-
quently diluted with a DMF:H20 (1:1) mixture to obtain the desired
concentrations (final concentrations of DMSO and DMF were less than
1% and 2%, respectively). Aliquots (10 pL) of each concentration of
photosensitizers (final concentration of the photosensitizers ranged
from 0.08 to 10 pM) and aliquots of each cell inocula (190 pL) were

placed into a 96-well plate. Cell suspensions were immediately irradi-
ated, without any dark incubation period (white light from a LED Flood
Light 50 W, total energy dose 5.3 J/cm? after 60 s of irradiation, orbital
shaking at 120 rpm). One plate from each experiment was not irradiated
and served as a control (dark control). Light-alone controls (without
photosensitizer) were also performed.

Relative cell survival for both irradiated and dark conditions was
evaluated by counting colony-forming units (CFU) on MHA. To do so,
each sample from each 96-well plate was serially diluted 10-fold in
sterile distilled water. Drops (5 pL) of each dilution and the original
suspension were spotted onto MHA plates and incubated at 37 °C for 24
h. Each experiment was performed in duplicate on three independent
occasions. The results are expressed as mean + standard deviation.

2.7. Confocal Laser Scanning Microscopy (CLSM)

S. aureus and E. coli suspensions (McFarland 1.0, approx. 108 cells/
mL) were prepared similarly as stated above, but bacteria (190 pL) and
photosensitizers (10 pL) were brought into contact using cell culture
imaging dishes instead (p-Slide 4 Well, Ibidi, GmbH, Martinsried, Ger-
many). Cells were treated with compounds 1 and 2 at 10 pM. CLSM
images were measured 15 min after bringing by using an inverted
confocal microscope Leica TCS SP8 with an HC PL APO CS2 63x/1.40
oil immersion objective. The excitation wavelength was set at 514 nm
(argon ion laser) and the emission was recorded from 520 to 650 nm.
The measurements were carried out in PBS, pH 7.4.

Application of the propidium iodide (PI) protocol: samples were
prepared in the same manner and after finishing irradiation (white light,
5.3 J/cmz, 60 s, orbital shaking at 120 rpm), the samples were stained
with PI for 15 min at room temperature and the bacterial viability was
assessed. The excitation wavelength was set at 561 nm and the fluo-
rescent emission was recorded from 650 to 700 nm. CLSM images were
obtained on the same confocal microscope as before.

3. Results and Discussion

Compounds 1 and 2 were designed taking into account two consid-
erations. First, a BODIPY structure carrying bromide atoms was selected,
since it is well-known that the population of the excited triplet state is
enhanced due to the presence of this heavy element [33]. Second, in
previous studies from our research group, we have described a series of
molecular structural motifs (typically alkyl chains and amino acid de-
rivatives), leading to efficient self-association to give structures like fi-
bres or aggregated particles of nanometric size [45-49]. The nature of
the amino acid used as a building block determines greatly the pro-
pensity to aggregation. Combining these two ideas, compounds 1 and 2
were designed, synthesized and characterized using 'H/!3C Nuclear
Magnetic Resonance (NMR) and High-Resolution Mass Spectrometry
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Fig. 3. Left: Normalized absorption (solid line) and emission spectra (dashed line, Aoy = 485 nm) of 1 and 2 (5 pM) in (a) acetonitrile, (b) ethanol (c) DMSO and (d)
dichloromethane; Right: absorption (solid line) and emission (dashed line, A.x = 485 nm) of 1 and 2 in aqueous solution (PBS, pH 7.4).

Table 1
Overview of the photophysical properties of the studied BODIPY dyes measured in different solvents.
Compound Solvent Aabs [nm] Aem [nm] AX [nm] O 15 [ns]” k* Kot oal
ACN 524 540 16 0.10 1.4 0.07 0.64 0.89
1 DCM 530 545 15 0.28 1.7 0.16 0.42 ND
EtOH 526 541 15 0.25 ND ND ND ND
DMSO 528 546 18 ND ND ND ND ND
ACN 523 540 17 0.15 1.3 0.11 0.65 0.66
2 DCM 530 543 13 0.28 1.7 0.16 0.42 ND
EtOH 526 541 15 0.19 ND ND ND ND
DMSO 528 545 17 ND ND ND ND ND

Abbreviation: ND; not determined.
2 Using Rhodamine 6G as a standard in ethanol (0.94, L.y = 488 nm).
> Mono exponential fit, I(t) = Iy exp.(—t/7).
¢ ke = dp/7r and knr = (1 - $p)/Tp.
d Using Rose Bengal as a standard in acetonitrile (®, = 0.71, Aex = 532 nm).

(HRMS). Synthetic details and the basic characterization data can be
found in the Electronic Supporting Information (ESI) file (Scheme S1
and Fig. S1-S4). It must be noted that 1 derives from valine and 2 from
lysine. The goals of this research are (a) to determine the influence of the
amino acid building block on the aggregation and photochemical ac-
tivity, and (b) to test the ability of 1 and 2 to act as photosensitizing
agents for aPDI.

Compounds 1 and 2 tend to form aggregates in aqueous media as
demonstrated by 'H NMR measurements in mixtures of DMSO-dg and
D50. As can be seen in Fig. 2, solutions of 1 or 2 in 100% DMSO-dg yield
well-resolved spectra (aromatic protons shown) but upon increasing the
proportion of D0 the intensity of the peaks is reduced progressively till
almost complete fading for a mixture containing 70% DMSO-de. As it
has been shown previously, the formation of supramolecular assemblies
implies the disappearance of signals from the spectrum [50]. Moreover,

comparing 1 and 2 it can be deduced that valine derivative 1 is more
prone to self-assembly than lysine-derived 2 since signals of the former
have a much lower intensity than the ones of the latter (see Fig. S5).
These observations were corroborated by Transmission Electron Mi-
croscopy (TEM) and Dynamic Light Scattering (DLS) as it can be seen in
Fig. S6. DLS studies afforded average particle sizes of 370 nm (PdI =
0.51) and 180 nm (PdI = 0.16) for 1 and 2, respectively.

The photophysical properties of 1 and 2 were studied using fluo-
rescence (steady-state and time-resolved) and UV-Vis absorption spec-
troscopies. The absorption and emission features of 1 and 2 in organic
solvents (acetonitrile, ethanol, DMSO and dichloromethane) coincide
with those described in the literature for similar BODIPY dyes (see Fig. 3
and Fig. S8-S9), i.e., absorptions in the range ca.450-550 nm and
emissions in the range ca. 500-600 nm, with low fluorescence quantum
yields (¢, ca. 0.1-0.3) and short emission lifetimes (tf, ca. 1.3-1.7 ns)
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Fig. 4. Evaluation of the singlet oxygen generation ability of 1 and 2. Left and central columns: UV-Vis spectra monitoring the photooxidation kinetics of DMA (for
acetonitrile and acetonitrile:PBS) or ABDA (for PBS) by 10, employing 1 (left) and 2 (center) as a photosensitizers. Right column: kinetic analysis using the ab-
sorbances of DMA or ABDA (at 377 and 379 nm, respectively) as a function of the irradiation time (for both 1 and 2 and also control without photosensitizer).

[33]. The specific data for each compound can be found in Table 1 along
with the calculated radiative and non-radiative decay constants. The
ability to generate 10, was estimated by measuring the corresponding
quantum yield of generation of this species (¢,) in acetonitrile using the
phosphorescence emission of 0, at 1275 nm (Fig. $10). Compound 1
proved to be more efficient in generating ROS, with a (¢5) of 0.89, than
2, with a (¢a) of 0.66. The reason for this difference could be explained
by the presence of an electron-rich dimethylamino group in 2, which
could cause intramolecular quenching by Photoinduced-Electron
Transfer (PET) [51]. Notably, the absorption and emission spectra of 1
and 2 in phosphate-buffered saline (PBS, pH 7.4) are very broad (Fig. 3
and Fig. S7), indicative of aggregation, in agreement with the NMR,
TEM and DLS studies. The broadening of the emission spectrum of 1 is
notably larger than for 2, confirming the higher tendency of the valine
derivative to form colloidal species.

The generation of 10, upon irradiation of 1 and 2 with white light
(LED illumination in the range of 400-700 nm) was studied using two
test reactions easily monitored by UV-Vis spectroscopy. The 10, trap

9,10-dimethylanthracene (DMA) [19] and the analogous water-soluble
trap 9,10-anthracenediyl-bis(methylene)-dimalonic acid (ABDA) [52]
were employed. The former was used for acetonitrile and acetonitrile:
PBS, and the latter for PBS (Fig. 4). In both cases, the decrease in the
absorption band at 377 and 379 nm for DMA or ABDA, respectively, is a
proof of reactivity towards 10,, since the reactions yield an endoper-
oxide not absorbing in that spectral region. The kinetics of the reaction
were fitted to the pseudo-first-order model utilizing Eq. (1), where c is
the concentration of probe molecule at certain time t (proportional to its
absorbance, A), ¢y is the concentration of probe molecule at time 0, and k
is the pseudo-first-order kinetic constant. This parameter is useful to
compare the relative performance of the photosensitizers, although must
not be taken as an absolute value to conclude about the reactivity of
photosensitizers (solvent effects are very important).

In ((,'/C()) =1In (A/A()) = —kt (l)

The results of the irradiations can be seen in Fig. 4 in acetonitrile,
acetonitrile:PBS and only PBS as media. The oxygenation reactions of
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Fig. 5. Survival curves of S. aureus and E. coli (10° CFU/mL) incubated with different concentrations of 1 (red squares, continuous line) and 2 (blue squares,
continuous line) and irradiated for 60 s. with a total energy dose of 5.3 J/cm? (LED white light, 400-700 nm). Control cells treated with 1 and 2 under dark
conditions (red and blue circles, respectively) are also shown (dashed lines). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

DMA in the cases of pure organic solvent occurred very rapidly, with
almost complete bleaching in less than one minute, resulting in the
following calculated constants: k(1) = 3.3 min~! and k(2) = 3.0 min~ L.
When using a mixed media of acetonitrile:PBS, the reactivity dropped
almost to a half, with k(1) = 1.7 min~" and k(2) = 1.4 min~!. Finally,
when PBS was used as the medium, the photooxygenation activity was
completely stopped, with constants similar to the control irradiations
without the presence of photosensitizer (ca. 0.004 min~1). It must be
noted that reactivity in an aqueous medium is slower than in organic
solvents, due to the shorter lifetime of '0,, but this difference in life-
times does not justify the absolute lack of absorption changes observed
in the irradiated samples in PBS; the observed planarity of the kinetics in
PBS would be indicative of the absence of 10, generation. This result
could be attributable to the already proven formation of aggregates
(NMR, TEM, DLS) for both photosensitizers in such medium.

As already mentioned, the lack of !0, generation in PBS was also
described for phthalocyanine derivatives aggregated in the form of
nanostructures, which did not impede their efficient antimicrobial
photoactivity [32]. Encouraged by those findings, the photo-
antimicrobial action of 1 and 2 were tested with bacteria, specifically
against a gram-positive species like S. aureus and a gram-negative spe-
cies like E. coli. These bacteria are prototypic examples of “priority
pathogens” identified by the WHO as major threats to human health
[53]. In the first place, the uptake of 1 and 2 by these bacteria was
demonstrated using Confocal Laser Scanning Microscopy (CLSM,
Fig. S11) using the fluorescence of 1 and 2 as an indicator. Apparently,
bacteria stained with 2 are marked with a higher brightness than bac-
teria treated with 1. This could be because 2 bears a protonatable group
and hence it must be in a cationic form in the aqueous media, and it is
well known that the presence of cationic groups enhances the affinity of
photosensitizers to the walls of bacteria [54].

Next, cultures of S. aureus and E. coli both with initial populations of
approximately 10° cells/mL were incubated with different concentra-
tions of 1 and 2 (from 0.08 to 10 pM) and irradiated with a total energy
dose of 5.3 J/cm? (white light from a LED source, see details in the
experimental section). The photodynamic effect was calculated using
the plate-serial dilution spotting method (Fig. $13) [55,56]. Examining
the survival curves shown in Fig. 5 it can be deduced that both photo-
sensitizers had a dramatically different effect on both types of bacteria.

Both 1 and 2 reduce dramatically the population of S. aureus,
whereas only 2 had some bactericidal action against E. coli. Examined in
detail, the higher activity of 2 compared to 1, must be ascribed to the
aforementioned existence of a cationic group in the structure of 2.
Ammonium, pyridinium and phosphonium groups are paradigmatic

examples that can be found in the literature which are capable of
enhancing the binding to bacterial cell walls and consequently trigger a
microbiocidal response [54]. This protonation does not occur in 1 and
hence, this would explain why 2 is much more effective than 1 for both
bacteria. As a matter of fact, it is well-known that the photoinactivation
of gram-negative bacteria is especially inefficient by anionic and neutral
photosensitizers, whereas cationic photosensitizers (like 2 in water)
display reasonable activities (although typically less pronounced than
against gram-positive bacteria) [10]. The higher activity against gram-
positive S. aureus can be seen in the fact that total eradication of
S. aureus (6 log CFU/mL reduction) occurred at concentrations of 1.25
uM for 1 and 0.65 pM for 2, whereas neither 1 nor 2 was able to reduce
such a significant population of the gram-negative bacteria. A significant
parameter to estimate the antibacterial ability of a molecule under
investigation is the concentration at which 99.9% (3 log CFU/mL) of the
population of this bacteria is eliminated. According to the National
Committee for Clinical Laboratory Standards, a chemical can be
considered bactericidal when induces a reduction of population greater
than 3 log CFU [57]. Hence, attending to this criterion and observing the
results shown in Fig. 5, it must be concluded that 1 fulfils this requisite at
0.32 pM and 2 at 0.16 pM (for S. aureus). This later value is outstanding
when compared to the data reported in the literature. Indeed, few re-
ports describing photosensitizer with bactericidal capacities at the sub-
micromolar concentration for gram-positive S. aureus have been
described. For instance, a thiazine dye has been reported by Yao et al. at
0.5 pM [58]. Some examples of porphycenes also performed outstanding
antibacterial outcomes. Hamblin and Nonell evaluated the antimicrobial
photodynamic activity of a tri-cationic porphycene being bactericidal
against S. aureus at 0.1 pM [59]. Hypericin is another example that is
reported to trigger 3 log CFU/mL of reduction at 0.06 pM [60].
Furthermore, there have been a few studies concerning BODIPYs,
particularly those cationic derivatives. Recently, Zhao et al. reported a
pyridinium substituted BODIPY being bactericidal at 0.32 pM [43],
which corroborates the potential of cationic BODIPYs already described
by the O'Shea or Ghiladi groups just a few years before [37,38].
Durantini et al. and Piskorz et al. have also reported cationic BODIPYs
being bactericidal at 0.5 pM [41,42].

For E. coli, although 1 did not show activity against this species, the
minimal bactericidal activity of 3 log CFU employing 2 is observed at
2.5-5.0 pM (Fig. 5). These results were consistent with those from pre-
vious studies, confirming the higher difficulty for the elimination of
gram-negative bacteria. For instance, a 5.0 pM concentration of photo-
sensitizer is at least required for the cationic porphycenes reported by
Hamblin and Nonell [59,61], and the thiazine dye reported by Yao was
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Table 2
aPDI effect (log CFU /mL reduction) in the indicated microorganisms mediated
by irradiation of photosensitizers (PS) 1 and 2.

Compound Bacteria [PS] = 0.16 pM [PS] = 0.65 pM [PS] = 5.00 pM
1 S. aureus 2.3 3.9 6.0

E. coli 0.5 0.6 0.9
9 S. aureus 3.1 6.0* 6.0*

E. coli 0.6 1.3 3.4

Asterisk (*) indicates total eradication.

found to be bactericidal at 6 pM [58]. A few BODIPYs have also been
tested against E.coli. A dicationic aza-BODIPY described by O'Shea
exhibited bactericidal capability at 4.3 pM [37]. More recently,
Durantini et al. studied several cationic BODIPYs that induce a reduction
of 3 logs at 5.0 pM [39]. Significantly better results have been achieved
by Durantini in another study [41] or by Zhao et al. [43] utilizing
BODIPY derivatives, being bactericidal at 1.0 pM and 1.25 pM, respec-
tively. We have excluded from the above comparison the excellent re-
sults obtained by Nonell et al. using a combination of photosensitizer
and gentamicin [62]. In Table 2, a summary of the photodynamic effects
of 1 and 2 is compiled. Furthermore, to complete the study, the death of
both E. coli and S. aureus was further confirmed by CLSM using the
staining protocol with propidium iodide (Fig. S14) [63].

The bactericidal results here reported, confirm that despite the ag-
gregation propensity of the photosensitizers in PBS, upon interaction
with the microbial cell, the generation of cytotoxic 102 is restored,
probably because of disassembly. Thus, this finding supports the already
proposed “one-for-all” strategy for the delivery of photo-drugs to kill
microbial pathogens [32] but, in this case, using BODIPYs as photoactive
scaffolds. Probably the described outstanding activity as antimicrobial
photo-drug of 2 could be related to the fact that the bacterial cells
(especially S. aureus) enter in contact with photosensitizer 2, packed in
the form of a nano-object, in other words, the local concentration of
photosensitizer when the particle contacts with the wall must be
considerably high. Being aware that many details are still missing in this
preliminary model but given the potency of the antimicrobial action,
this is a topic that deserves further investigation.

4. Conclusion

In summary, compounds 1 and 2 have been synthesized and char-
acterized using 'H/'3C NMR, HRMS, UV-Vis and fluorescence spec-
troscopies. Both compounds display the typical photophysical properties
of bromo derivatives of BODIPY dyes in organic solvents (low ¢p and
short Ty along with high ¢,). In contrast, in aqueous media, the studied
compounds tend to aggregate (NMR, UV-Vis, and fluorescence mea-
surements) forming nano-objects of 370 nm (1) and 180 nm (2) diam-
eter (as determined by DLS and TEM). The ability of 1 and 2 to generate
efficiently 'O, in organic solvents has been demonstrated using DMA as
a trap of this ROS. The generation of 'O in the aqueous medium is
stopped, probably because of the formation of aggregates. However, this
apparent handicap is not an obstacle to the photo-antimicrobial activity,
since when the aggregated photosensitizers are tested against S. aureus
and E. coli (LED white light, using only 5.3 J/cm? energy dose), the
minimal bactericidal activity of 3 logs CFU/mL is obtained at 2.5-5.0 pM
for E. coli (employing 2) and at submicromolar concentrations for
S. aureus (0.31 pM for 1 and 0.16 pM for 2).
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