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4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) derivatives have been proposed in several poten-
tial biomedical applications. BODIPYs absorb strongly in blue-green region with high fluorescence
emission, properties that convert them in effective fluorophores in the field of biological labeling.
However, BODIPY structures can be conveniently modified by heavy atoms substitution to obtain pho-
tosensitizers with applications in photodynamic therapy. Also, external heavy atoms effect can be used to
increase the photodynamic activity of these compounds. In recent years, BODIPYs have been proposed as
phototherapeutic agents for the photodynamic inactivation of microorganisms. Therefore, BODIPY
structures need to be optimized to produce an efficient photocytotoxic activity. In this way, amphiphilic
cationic BODIPYs can selectively bind to microbial cells, inducing an effective photokilling of pathogenic
microbial cells. This review summarizes the attributes of BODIPY derivatives for applications as anti-
microbial photosensitizing agents.

© 2017 Elsevier Masson SAS. All rights reserved.
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1. BODIPY derivatives with biological applications

The basic structure of 4,4-difluoro-4-bora-3a,4a-diaza-s-inda-
cene (BODIPY) consists in two pyrrole units linked by a methine
bridge and a BF2 group that connect both pyrrolic nitrogens (Fig. 1)
[1,2]. The central carbon of BODIPY is denoted themeso position, a-
urantini).
nuscript.

erved.
positions are adjacent to the nitrogen atoms, while the others are b-
positions, which are located in 8, 5-3 and 1-2-6-7 according to
IPUAC nomenclature, respectively.

Some of the most important properties of BODIPYs involve high
absorption and fluorescence emission in the visible range, low
generation of excited triplet state, photochemical stability, chemi-
cally robustness and good solubility in organic solvents [1,3]. These
complexes are stable at physiological pH, which combined with a
low toxicity make them excellent probes for use in biological sys-
tems. Thus, BODIPYs have received substantial interest as fluo-
rophores in bioimaging, biological labeling and fluorescence assays

mailto:edurantini@exa.unrc.edu.ar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmech.2017.12.068&domain=pdf
www.sciencedirect.com/science/journal/02235234
http://www.elsevier.com/locate/ejmech
https://doi.org/10.1016/j.ejmech.2017.12.068
https://doi.org/10.1016/j.ejmech.2017.12.068
https://doi.org/10.1016/j.ejmech.2017.12.068


Fig. 1. Chemical structure and IUPAC numbering system of BODIPYs.
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[4e9]. Also, BODIPYs have been proposed as light-harvesting an-
tennas to improve the absorption of different chromophores
[10e12].

The versatility of the synthetic pathways to obtain BODIPYs al-
lows manipulating different strategies to find an adequate relation
between the structure and the desired spectroscopic and photo-
physical characteristics [13,14]. Thus, BODIPY structures have been
modified to reduce fluorescence and increase singlet-to-triplet
intersystem crossing for applications in photodynamic therapy
(PDT) [15e17]. Spin-coupling to heavy atoms is a frequent modifi-
cation employed to enhance triplet state formation by halogenation
reactions [18]. Therefore, the BODIPY fluorophore can be changed
into a photosensitizer (PS) by attaching heavy atoms directly on the
s-indacene ring [19]. This effect produces a long-lived electronically
excited triplet state able to produce efficiently reactive oxygen
species (ROS).

In the last years, BODIPYs have been proposed as PS with po-
tential applications in killing microbial cells [20e27]. Moreover, the
rigid and extended p conjugation of the BODIPY structure makes it
a good candidate to be used for bactericidal application in deep
tissues since red light can penetrate dipper [28,29]. Thus, a key
factor to improve the efficacy of photoinactivation of microorgan-
isms mediated by BODIPYs is the development of suitable molec-
ular structures with appropriated photophysical and biological
properties [30]. Therefore, this review deals with the evolution of
these PSs with potential applications in photokilling of
microorganisms.

2. Photodynamic inactivation of microorganisms

The use of antibiotics to selectively eliminate microorganisms
has been one of the most important advances in medicine. How-
ever, the considerable increase inmulti-drug resistance inmicrobes
has presented an immediate challenge for researchers [31]. Among
other causes, this is owing to inappropriate prescriptions of anti-
biotics, the demand in prophylaxis, the systemic use and the failure
of patients to complete the treatments. The best epidemiologically
recognized resistance with high clinical influence involves the
Gram-positive pathogen Staphylococcus aureus [32]. Moreover, the
global appearance of multidrug-resistant Gram-negative bacteria is
an increasing risk to antibiotic therapy [33]. The antibiotic resis-
tance can significantly be increased by the chromosomally encoded
drug efflux mechanisms, which are specific of these bacteria. In
particular, Escherichia coli can cause severe hospital-acquired in-
fections and have developed resistance to most available antibi-
otics. Not only bacteria have developed resistance, but also
systemic fungal infections are a very difficult task. The antifungal
drug resistance is an important factor causal of therapeutic failure
[34]. Thus, Candida albicans can produce diseases that involve from
superficial mucosal infections to systemic disorders [35e37].
Therefore, it is necessary the development of novel alternative
antimicrobial therapies. Some proposals cover phage therapy,
bacteriocins, killing factors, quorum quenching and
photosensitized inactivation of microbes [31]. The last one involves
the photodynamic inactivation (PDI), which has been projected as
an interesting alternative to eradicate microorganisms [38,39].
Mostly, PDI is based on the addition of a PS that is rapidly bound to
microbial cells (Fig. 2). The subsequent irradiationwith visible light
induces PS excitation, which in presence of oxygen produces ROS.
These reactive species react with the surrounding biomolecules in
the cell leading to a loss of biological functionality and consequent
cell death [40].

A wide variety of PSs have been efficiently used to photokilling
Gram-positive bacteria. However, neutral or negatively charged PSs
are very little active to inactivate Gram-negative bacteria [38]. The
presence of a highly organized outer membrane (OM) has been
considered as the cause of resistance to the action of PSs [41,42].
Gram-positive (Fig. 3A) and Gram-negative (Fig. 3B) bacteria
mainly differ in the composition of their outer envelope. More
specifically, the cell envelope of Gram-positive bacteria is formed
by two layers, the cytoplasmic membrane and a thick peptido-
glycan layer containing teichoic acid. This network does not
represent a permeability barrier because it is relatively porous. In
contrast, Gram-negative bacteria are enveloped by a highly com-
plex multilayered structure that consists of a peptidoglycan layer to
which the OM is attached. The additional membrane layer in the
cell wall architecture, which is located outside the peptidoglycan
layer, presents an asymmetric lipid structure formed by negatively
charged lipopolysaccharides (LPS), lipoproteins and proteins with
porin function. Molecules of LPS yield a polyanionic external sur-
face, which is partially neutralized by divalent cations Mg2þ and
Ca2þ. Thus, cationic groups on the PS structures produce a tight
electrostatic interaction with negatively charged sites at the outer
surface of the Gram-negative bacteria. This effect increases the
photocytotoxicity mediated by the PSs [43]. On the other hand, the
fungal wall is composed by b-glucans, chitin and mannoproteins,
which confer rigidity and morphology to the cells (Fig. 3C) [44,45].
The layer of b-glucan and chitin provide a permeability barrier,
which resulting in some resistance to the photoinactivation pro-
cess. The cell envelope of fungi produces a permeability interme-
diate between Gram-positive and Gram-negative bacteria [46].
Therefore, the photosensitized processes are more significant when
agents can penetrate into the inner cell area. Experimental studies
have indicated that yeasts can be effectively photokilled in vitro by
different PSs [47,48]. Consequently, the development of appropriate
PSs is very important to improve the efficacy of PDI. Several po-
tential specific compounds have been proposed for the photokilling
of different microorganisms [49,50]. In this sense, structural
modification of BODIPY core can be used to obtain strong candi-
dates for better PSs.

3. BODIPY structures for applications in PDI

The BODIPY structure can be easily handled due to their good
solubility in most organic solvents and the feasibility of purification
by chromatographic techniques [13,14]. Themeso, a and b positions
of BODIPYs can be functionalized and modified synthetically in
order to achieve the desired solubility and photochemical proper-
ties [51e53]. In the last years, several review articles have discussed
the synthetic aspect and modification of the BODIPY core [13,54].
However, the aim of this section is to analyze the main structure
features to obtain BODIPY derivatives with potential applications in
PDI.

An unlimited number of derivatives can be designed and pre-
pared without excessive synthetic efforts. However, only a few
studies exhibit the real application of BODIPYs as antimicrobial
photosensitizers. O'Shea and co-workers modified the structure of
BF2-chelated tetraarylazadipyrromethene for PDI of



Fig. 2. Schematic representations of the photodynamic inactivation (PDI) of microorganisms.

Fig. 3. Schematic representations of the cell envelope of (A) Gram-positive, (B) Gram-negative bacteria and (C) yeasts.

Fig. 4. Structures of BODIPYs 1 and 2.

Fig. 5. Structures of BODIPYs 3 and 4.
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microorganisms [20]. They envisaged a design that involved the
substitution of the PS with cationic quaternary ammonium salt
functional groups (Fig. 4). Bis-ammonium salt can impart sufficient
water solubility without the requirement of additional solubilizing
agents and the amphiphilic nature of the PS can promote microbial
cellular uptake. The inclusion of bromine atoms at the b-pyrrole
positions of 1 leads to elevated ROS generation. Parallel to 1, the
structurally related nonbrominated analogue 2 was used for ex-
amination of the cellular uptake and for fluorescence imaging
because of its expected superior fluorescence emission.

Caruso et al. proposed two cationic BODIPY derivatives 3 and 4
as PSs to inactivate bacteria (Fig. 5) [20]. These BODIPYs are both
characterized by the presence of one pyridinium cationic group on
position 8 and two iodine atoms at the 2,6-positions of the dipyr-
rolylmethene structure. Thus, these structures ensure solubility in
1/1 water/organic solvent mixture and a good ROS formation rate
[20]. Both PSs differ in the moiety attached on the nitrogen atom of
the pyridine, whereas 3 carries amethyl group and compound 4 has
a benzyl group.

In 2015, Rice et al. reported the synthesis of two structurally
related BODIPYs 5 and 6, which were conjugates of a zinc(II)-
dipicolylamine (Fig. 6) [24]. Thus, two BODIPYs analogues were
obtained, a fluorescent probe agent 5 and a PS analogue 6. Both
compounds have intrinsic positive charges achieved by their
complexation with Zn(II), which improved the binding of the PS
agents to themicrobial cells. Themain difference lies in the fact that
6 have halogen atoms at the 2,6- positions of the BODIPY core that
confers it a good generation of ROS, while 5 can be used as fluo-
rescent probe.



Fig. 7. Structures of BODIPYs 7 and 8.

Fig. 8. Structures of BODIPYs 9 and 10.
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Lately, Durantini et al. disclosed the preparation of the BODIPYs
7 (Fig. 7) [25]. Compound 7 is based on a two segment molecule, a
trap and a PS. The PS moiety consists of a Br-substituted BODIPY
dye. The decoration of the heterocyclic skeleton with bromine
substituents ensured rapid intersystem crossing from the singlet to
the triplet excited state, favoring the formation of ROS. The trap
segment is consisted by the chromanol ring of a-tocopherol, the
most potent antioxidant found in the nature. The combination of an
antioxidant with a potential ROS producer initially dormant, en-
ables the autocatalytic activation of singlet molecular oxygen,
O2(1Dg), sensitization. Thus, ROS-mediated reaction of chromanol
moiety generates 8, which provide a chemical cue for the spatio-
temporal control of O2(1Dg) production. Moreover, BODIPYs based
PSs 9 and 10 (Fig. 8) were synthetized featuring an acetoxymethyl
substituent at the meso-position [26]. These PSs showed improved
photostability against O2(1Dg), when compared to a BODIPY lacking
the acetoxymethyl group.

Recently, Agazzi et al. reported the synthesis of two cationic
BODIPYs 11 and 12 (Fig. 9) [27]. The presence of cationic sub-
stituents can modulate the amphiphilic character of these com-
pounds, which increases the solubility of BODIPYs in the biological
environment. This effect also enhances the binding and penetration
into the microbial cells. Compound 11 contains a N,N,N-trimethy-
lamino substituent directly attached to the phenylene unit and four
methyl groups at the 1,3,5 and 7 positions of the s-indacene ring.
These b-substitutions impact on the rotation of the meso-phenyl
ring. In contrast, in compound 12 the cationic center is isolated
from the BODIPY structure by an aliphatic chain. Thus, this charge
has negligible effect on the electronic density of the BODIPY core.
This helps to retain the consistency of the photophysical properties
of the PS [55]. Also, the propoxy bridge provides a higher mobility
of the charge, which could facilitate the interaction with the cell
envelope of microorganisms.
Fig. 9. Structures of BODIPYs 11e13.
4. Absorption and fluorescence spectroscopic properties of
BODIPYs

The spectroscopic properties of BODIPYs 1e12 are compiled in
Table 1. The main absorption band of BODIPYs was attributed to the
0-0 vibrational band of a strong S0 / S1 transitions with a high
molar extinction coefficients (~105M�1 cm�1) [56,57]. The ab-
sorption spectra of BF2-chelated tetraarylazadipyrromethenes 1
and 2 showed wavelengths of maximum absorbance shifted to the
red end of the spectrum by ~200 nm respect to non-substituted
Fig. 6. Structures of B
BODIPY core [20]. The effect of iodine atoms at the 2,6-positions
in compounds 3, 4, 6 and 10 produced a bathochromic shift of
~50 nm [21,24,26]. This shift was also observedwith bromine atoms
in compounds 7 and 9 but the effect was less pronounced that for
ODIPYs 5 and 6.
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iodine atoms [25,26]. The absorption spectra of 11 and 12 are
typical of meso-substituted BODIPYs [58,59]. In the absence of
structural modifications, the theoretical calculations of these
BODIPYs predict that the lowest-lying S0 / S1 excitation is almost
exclusively associated with the HOMO/ LUMO transition of the p
-system (Fig. 10) [60,61].

The absorption and fluorescence emission spectra of BODIPYs
are almost mirror images of each other, which disclose that the
emitting and absorbing species are similar [1]. This emission band
was assigned to the 0-0 vibrational band of the S1/S0 electronic
transition. According with their absorption spectra, BF2-chelated
tetraarylazadipyrromethenes 1 and 2 showed red fluorescence,
while BODIPYs 3e12 produced green fluorescence emission
(Table 1). Fluorescence quantumyield (FF) decreases in brominated
compounds 1 and 9 when compared with the unsubstituted mol-
ecules [20,26]. A considerable drop in theFF values was observed in
compounds 3, 4, 6 and 10, which are substituted by iodine atoms
[21,24,26]. This decrease in FF was attributed to the heavy atom
effect that facilitates intersystem crossing (ISC) processes. Similar
low fluorescencewas foundwith brominated compound 7, but here
the low fluorescence is mainly due to photoinduced electron
transfer (PeT) [25]. Moreover, the FF value for BODIPY 11 was
similar to that previously reported for its homologue protonated 13
(Fig. 9) [62]. At neutral pH, the amine group acts as an electron
donor and the BODIPY core acts as an acceptor producing a
reductive-PeT (a-PeT, Fig. 11) [3,63e67]. Thus, methylation of
amine group in BODIPY 11 avoids a-PeT and the fluorescence
considerably increases in this fluorophore. The low fluorescence
observed in BODIPY 12 can be due to a-PeT (Fig. 11) and the free
rotation of the meso-substituents [68,69].
5. Photodynamic activity of BODIPYs

Essentially, PDI requires the interaction of a PS, light and mo-
lecular oxygen [39]. The excitation of PS ground state (S0) with
visible light leads to the population of the singlet excited state (S1)
(Fig. 12). The lifetime of this intermediate state is relatively short
(bellow the nanosecond). In addition to losing energy by fluores-
cence emission or internal conversion, the S1 can undergo rapidly
ISC to the long-lived (tens to hundreds of microseconds) excited
triplet state (T1). In presence of molecular oxygen, the T1 can pro-
duce ROS. This process can involve energy transfer to form O2(1Dg)
Table 1
Photophysical properties of BODIPY derivatives.

BODIPY lmax
Abs (nm) lmax

em (nm) FF FD

1a 681 722 0.10 0.47b

2a 702 732 0.22 e

3c 546 590 0.09 0.15d

4c 548 595 0.18 0.06d

5e 499 520 0.53 e

6e 542 e <0.01 0.57
7f 532 557 �0.008 e

8f e e e 0.68
9g 543 562 0.14 0.84
10g 550 572 0.02 0.98
11h 502 513 0.29 0.07
12h 498 512 0.03 0.03

a From Ref. [20].
b From Ref. [20] considering FD¼ 0.52 for methylene blue according to ref. [75].
c From Ref. [20].
d From Ref. [20] considering FD¼ 0.76 for Rose Bengal according to ref. [76].
e From Ref. [24].
f From Ref. [25].
g From Ref. [26].
h From Ref. [27].
(type II pathway) or electron transfer to generate superoxide anion
radical (O2�

�) (type I pathway) [70]. Also, O2�
� can produce

hydrogen peroxide (H2O2) and hydroxyl radical (HO�) [71,72]. The
electron transfer process (type I) mainly occurs in a polar micro-
environment and in the presence of reducing agents [73,74].

Nagano and coworkers was the first to decorate a BODIPY core
with heavy atoms, iodine in this case [19]. However, there is no
evidence of the use of this PS in photodynamic inactivation of
bacteria. O'Shea and coworkers examined the PDI capability of an
aza-BODIPY analog presenting a bis-cationic structure [20]. Thus,
O2(1Dg) production sensitized by compounds 1 and 2 was investi-
gated in presence of 1,3-diphenylbenzofuran (DPBF) a well-known
O2(1Dg) scavenger. The efficiency to generate O2(1Dg) by 1 was in
par with that of methylene blue (MB) mainly due to the presence of
two heavy atoms [75]. This heavy-atom effect indicates the po-
tential use of 1 as a photodynamic agent and 2 as a near-infrared
fluorescence imaging probe. It was Caruso et al. who paved the
way for the PDI of microorganism using modified BODIPY dyes 3
and 4 as PS [20]. The generation of O2(1Dg) was monitored
following the disappearance of DPBF. The results were reported as
relative O2(1Dg) generation rates normalized with respect to Rose
Bengal (RB). The quantum yield of O2(1Dg) generation (FD) for
compounds 3 and 4 (Table 1) were estimated, considering a O2(1Dg)
quantum yield of 0.76 for RB in isopropanol according to Schmidt
et al. [76]. The presence of the cationic group in compounds 3 and 4
decreases the generation of O2(1Dg). The methylated derivative 3 is
about ten times less effective than its uncharged analogue and
twice more roductive than the benzylated compound 4. Following
the halogenated cationic BODIPYs saga, Rise et al. designed and
synthetized a BODIPY core adorned with iodine atoms at the 2,6-
positions and bearing a zinc(II)-dipicolylamine coordination com-
plex at the meso position [24]. Thus, compound 6 yielded a O2(1Dg)
generation that lines up with MB with good photostability.

As mentioned above, Durantini et al. developed a two segment
PS-trap molecule, combining the concepts of autocatalysis and
activatibility, with a quenching mechanism that relies on PeT. Upon
oxidation of the chromanol moiety by ROS the initially dormant PS
7 starts generating O2(1Dg) in an autocatalytic manner, achieving a
high yield of O2(1Dg) production (8, Table 1). They also prepared a
set of BODIPY dyes bearing heavy atoms such as bromine and
iodine at the 2,6-positions (compounds 9 and 10, Table 1) [25].
These compounds exhibited a triplet state lifetime up to 60 ms and a
O2(1Dg) quantum yield close to unity determined directly from
O2(1Dg) phosphorescence studies. Following this work, Lincoln
et al. demonstrated the superior photostability and resilience to-
ward O2(1Dg) itself of PSs 9 and 10 [26].

However, halogenation of the BODIPY core is not the only
pathway toward triplet sensitization. Agazzi et al. evaluated two
cationic BODIPY 11 and 12, which induce photosensitized oxidation
of DPBF with low yields of O2(1Dg) (Table 1) [27]. Nevertheless, the
photodynamic activity increases in a microheterogenic medium
formed by AOT reverse micelles. Localization of BODIPYs in the
micellar interface decrease the vibrational decay, favoring the
photosensitization of O2(1Dg). Moreover, both BODIPYs were able to
produce a rapid photooxidation of L-tryptophan (Trp). A significant
contribution of type I mechanism was found for photodecomposi-
tion of Trp by BODIPYs 11 and 12. Moreover, the addition of KI in-
creases the photoinduced oxidation of Trp. Iodide anions can
increase the formation of triplet excited state by external heavy-
atom effect [77,78]. Moreover, the formation of reactive iodine
species can be formed in this system.

6. BODIPYs for antimicrobial photoinactivation

This section summarizes and highlights the antimicrobial



Fig. 10. The calculated HOMO, LUMO, difference density and transition density of BODIPYs 11 and 12. Calculated by DFT at the B3LYP/6-31G(d) level using Gaussian 09.

Fig. 11. Schematic molecular orbital diagram of HOMO and LUMO energy levels of exited state of BODIPY core and grown state of benzene moiety for compounds 11 and 12 and
their uncharged models. BODIPY derivatives were divided into two parts and calculated by DFT at the B3LYP/6-31G(d) level using Gaussian 09.
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photoinactivation capability of BODIPYs based PSs obtained by
several research groups. A bis-cationic BF2-chelated tetraar-
ylazadipyrromethene 1 was proposed as PS with a broad potential
as antimicrobial photodynamic therapeutic agent antimicrobial.
Compound 1 was capable of eradicating several pathogens [20].
Photodynamic activity was evaluated in S. aureus, methicillin-
resistant S. aureus (MRSA), E. coli and C. albicans strains. A rapid
10min uptake of this compound class into bacterial and fungal
strains was demonstrated using a related nonbrominated fluores-
cent analogue 2. Light activationwith a dose of 16 J/cm2 and 4.3 mM
1 resulted in a 6.8 and 3.4 log reduction of S. aureus and MRSA,
respectively (Table 2). Moreover, increasing the light dose to 75 J/
cm2, it was observed 3.6 and 5.7 log decreases in viable cell
numbers achievable for E. coli and C. albicans, respectively (Table 2).



Fig. 12. Representation of type I (electron transfer, eT) and type II (energy transfer, ET) mechanisms after photoexcitation.

A.M. Durantini et al. / European Journal of Medicinal Chemistry 144 (2018) 651e661 657
Therefore, PS 1 was highly phototoxic to various strains of patho-
gens, including the Gram-negative strain that is generally more
resistant to the effects of photodynamic antibacterial therapy.

The antimicrobial capacity of two cationic BODIPYs 3 and 4 was
also assessed against the Gram-positive Staphylococcus xylosus and
the Gram-negative E. coli [20]. Evenwhen there is a small structural
modification between 3 and 4, a significant difference in the pho-
toinactivation efficacy was observed against these microorganisms.
Compound 3, bearing a methyl group attached to the quaternary
amine of the pyridine ring, was more effective than the benzylated
one 4. Looking forward into these results, the author decided to
perform a deeper examination, evaluating only the antibacterial
activity of compound 3. After irradiation with green light at 1.38 J/
cm2, the therapeutic treatment was very effective throwing values
above 6 log units at low concentrations, particularly for S. xylosus
where the concentration was 0.5 mM (Table 2). However, the con-
centration necessary to eliminate E. coli was one order of magni-
tude higher, indicating that the phototoxic activity of BODIPY 3
depends on its concentration and on light dose. Thus, these
Table 2
PDI of microorganisms mediated by BODIPY derivatives.

BODIPYs Microbe [PS] (mM) Cell density (CFU/mL) PDI

1 S. aureus 4.3 108 6.8 loga

1 S. aureus (MRSA) 4.3 108 3.4 loga

1 E. coli 4.3 108 3.6 loga

1 C. albicans 4.3 108 5.7 loga

3 S. xylosus 0.5 108 6 logb

3 E. coli 5.0 108 6 logb

3 P. aeruginosa 2.5 108 7 logc

6 E. coli 10.0 106 3.5 logd

6 S. aureus 10.0 106 4.5 logd

6 K. pneumoniae 10.0 106 2.2 logd

6 B. thuriengiensis 10.0 106 4.5 logd

7 E. coli 10.0 106 5.5 loge

8 E. coli 10.0 106 5.5 loge

9 E. coli 10.0 106 5.5 logf

10 E. coli 10.0 106 5.5 logf

11 S. aureus 1.0 108 5.0 logg (5.0)h

11 E. coli 5.0 108 2.5 logg (3.5)h

11 C. albicans 5.0 106 3.7 logg (5.5)h

12 S. aureus 1.0 108 4.5 logg (4.5)h

12 E. coli 5.0 108 2.5 logg (6.5)h

12 C. albicans 5.0 106 0.9 logg (3.5)h

a From Ref. [20] (irradiation with 690 nm light, S. aureus 16 J/cm2, E. coli and
C. albicans 75 J/cm2).

b From Ref. [20] (irradiation with a green LED device, 1.38 J/cm2).
c From Ref. [22] (irradiation with a halogen lamp, 171 J/cm2).
d From Ref. [24] (irradiation with green light, 180 J/cm2).
e From Ref. [25] (ROS-stressed bacteria, irradiation with 520 nm light, 9.36 J/cm2).
f From Ref. [26] (irradiation with 520 nm light, 3.6 J/cm2).
g From Ref. [27] (irradiated with visible light, S. aureus 21 J/cm2, E. coli 63 J/cm2,

C. albicans 126 J/cm2).
h From Ref. [84] (idem to g in the presence of 50mM KI).
experimental conditions can be controlled to produce the eradi-
cation of the microorganisms.

Furthermore, Orlandi et al. decided to keep working with
BODIPY 3 and in a later publication they found that this PS was also
effective against bacterial suspensions of Pseudomonas aeruginosa,
responsible of several respiratory infections. Irradiating the anti-
microbial agent with 171 J/cm2 from a halogen lamp caused a 7 log
unit reduction of viable cells treated with 2.5 mM BODIPY 3 [22]. In
contrast, in oxygen deficient environment the decrease was less
than half (~3 log reduction). The photokilling activity of BODIPY 3
was also evaluated against P. aeruginosa biofilms grown in flow-
cells and microtiter trays. In a static biofilm model, after PDI no
biomass depletion was detected independently of the BODIPY 3
concentration (2.5e80 mM). On the contrary, 24 h after the treat-
ment a significant biomass reduction was determined in samples
exposed to BODIPY 3 (�5 mM) and irradiation. A decrease in cell
viability due to PDI was observed with high BODIPY 3 concentra-
tion (�20 mM). On the other hand, no effect was found when PDI
was applied to biofilms grown in flow-cells with 40 mM BODIPY 3
and a light intensity of 171 J/cm2. However, a substantial increase in
propidium iodide stained dead cells in the flowcell-grown biofilms
was found using 513 J/cm2. Thus, this result suggested that the
treatment mediated by compound 3 has a biocidal effect against
bacterial biofilm cells.

Antimicrobial PDI sensitized by BODIPY 3 was investigated
against drug-resistant bacteria, pathogenic yeast andmodel viruses
[23]. After irradiation with visible light (400e700 nm, 118 J/cm2), it
was observed 5e6 log decrease in cell survival for S. aureus
(0.1 mM), methicillin-resistant S. aureus (0.1 mM) and vancomycin-
resistant Enterococcus faecium (0.1 mM); a 4e5 log unit reduction
for Acinetobacter baumannii (0.25 mM), multidrug resistant
A. baumannii (0.1 mM), Pseudomonas aeruginosa (0.5 mM), and
Klebsiella pneumoniae (1 mM); and a 3 log unit reduction for
Mycobacterium smegmatismc2155. Moreover, a 5 log unit reduction
in cell survival was found for C. albicans (1 mM) and Cryptococcus
neoformans (0.5 mM), and a 3 log unit reduction was found for
Candida glabrata (1 mM). Also, cell viability was decreased by 6 log
in dengue 1 (0.1 mM), by 5 log (0.5 mM) in vesicular stomatitis virus,
and by 2 log (5 mM) in human adenovirus-5. In general, BODIPY 3
was more active over the entire range of microbes studied than
methylene blue or 5,10,15,20-tetrakis(4-N-methylpyridyl)
porphyrin. Therefore, this study remarks the capacity of the BOD-
IPYs as PSs for a broad spectrum of potential PDI applications.

Two structurally related optical probes BODIPYs 5 and 6 were
studied in different microorganisms [24]. These compounds are
conjugates of a zinc(II)-dipicolylamine targeting unit and a BODIPY
chromophore. mSeek 5 was a microbial targeted fluorescent im-
aging agent, while mDestroy 6 was a O2(1Dg) photosensitizing
analogue. Fluorescence imaging and detection studies of mSeek 5
were examined in bacterial strains of E. coli, S. aureus, K. pneumonia



Fig. 13. Microscopic observations of C. albicans cells treated with BODIPY 11 or 12, (A)
and (B) cells under bright field, (C) and (D) fluorescence images (100�microscope
objective, scala bar 4 mm).
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and B. thuringiensis vegetative cells and purified spores. The fluo-
rescent probe, mSeek 5, was not phototoxic and enabled detection
of all tested bacteria. The PS analogue, mDestroy 6, inactivated
99e99.99% of bacterial samples (Table 2) and selectively killed
bacterial cells in the presence of mammalian cells. However,
mDestroy 6 was ineffective against B. thuringiensis spores. The re-
sults demonstrate a new two-probe strategy that can be used to
optimize PDI in the treatments of bacterial infections.

On the other hand, a BODIPY derivative was designed to obtain a
dormant O2(1Dg) PS that can be activated upon its reaction with
reactive ROS [25]. This structure was successfully tested via the PDI
of a ROS stressed E. coli strain. Thus, compound 7 was evaluated
toward the selective photoinactivation of ROS-stressed vs regular
bacteria. Cells were stressed using hydrogen peroxide, known to
stimulate ROS production in Gram-negative cells. A drastic drop in
colony forming units was recorded following the combined action
of compound 7 and irradiation for stressed cells (Table 2). No
inactivation was observed in turn for nonstressed healthy cells. A
control experiment where cells were treated with preactivated 7
(compound 8, Fig. 7) and light but no hydrogen peroxide also
showed a drastic drop in CFU. The usefulness of this approach to
selectively photoactivate the production of O2(1Dg) in ROS stressed
vs regular cells was successfully tested via the photodynamic
inactivation of a ROS stressed Gram negative E. coli strain. Also,
BODIPYs 9 and 10 were evaluated for PDI against E. coli bacteria
[26]. The results showed no bactericidal activity at 5 mM during
30min irradiation period. At a slightly higher concentration
(7.5 mM) no significant increase of cell lethality was observed. The
photodynamic minimal bactericidal concentration was reached at
10 mM (Table 2). BODIPYs 9 and 10 were similarly effective to
photoinactivate E. coli.

The photokilling activity sensitized by BODIPYs 11 and 12 were
studied on S. aureus, E. coli and C. albicans [27]. In vitro experiments
indicated that these BODIPYs were rapidly bound to microbial cells
at short incubation periods (<5min). The uptake of PSs by micro-
bial cells is an important feature for the efficacy of photo-
inactivation [79,80]. Also, fluorescence microscopy images showed
the green emission of the BODIPYs bound to microbial cells
(Fig. 13). As mentioned above, the FF value in solution of BODIPY 12
was about one order of magnitude lower than BODIPY 11. However,
the fluorescence intensity of BODIPYs 11 and 12 bound to the cells
did not show differences between both BODIPYs (Fig. 13). This
behavior may occurs because the reduction of the rotation sub-
stituent group in environment more viscous, as surrounding the
microbial cell [81]. In general, the PS affinity is consequently
accompanied by an increase in the photocytotoxic activity [82,83].
Similar photoinactivation activity was found for both BODIPYs in
bacteria (Table 2). S. aureus cell suspensions treated with 1 mM
BODIPYs produced an over 4.5 log decrease in the viability after
5min irradiation. Under these conditions, complete eradication
was found after 15min irradiation with compounds 11 or 12. A
reduction of 2.5 log in the E. coli viability was found using 5 mMPSs
and 15min irradiation. A decrease of 4.5 log was observed for both
BODIPYs after 30min irradiation [84]. As expected, due to the na-
ture of the envelope of Gram-negative bacteria, it wasmore difficult
to inactivate E. coli than S. aureus. Furthermore, treatment of
C. albicanswith BODIPY 11was significantly more effective than 12.
Yeast cell suspensions incubated with 5 mM BODIPY 11 produced a
decrease of ~4 log after 30min irradiation. In contrast, the photo-
inactivation remained low (<1 log) using BODIPY 12 even at the
time of longer irradiation. Moreover, the heavy atom iodine was
externally incorporated as an inert salt [84]. A smaller effect was
observed in S. aureus because these PSs alone were already very
effective (Table 2). In E. coli and C. albicans, the effect of KI produced
an increase in photokilling. Photoinactivation of yeast cells treated
with KI and BODIPYs 11 or 12 produced a 5.5 log and 3.5 log
decrease after 30min irradiation, respectively. The addition of KI
was also used to increase the photoinactivation of microorganisms
mediated by effective photosensitizers, such as MB and fullerene
derivatives [85,86]. However, this salt can be added to enhance the
photokilling of microbial cells mediated by BODIPYs that have a low
production of O2(1Dg). This potentiation in the presence of the
inorganic salt may bemainly due to the increase in the formation of
excited triplet states of BODIPYs by intersystem crossing through
the effect of the external heavy atom. Thus, an increase in ROS
production may be expected together with generation of reactive
iodine species, which enhance the cell damage. In aqueous media,
the reaction of iodide anions and O2(1Dg) results in the production
of triiodide anions (I3�) [87,88]. In this process hydrogen peroxide
(H2O2) is formed, which can react further with iodide anions to
generate molecular iodine (I2). In presence of an excess of iodide
anions, the iodine atoms produces I3�. In this system, other short-
lived reactive iodine species, such as iodine atoms (I�) and iodine
radical anions (I2��) could also be generated [89,90]. The I� formed
in the above process can react with I� to produce I2��. The I2� in-
termediates are unstable and are involved in disproportionation
reaction, yielding I3� and I� [91]. Therefore, the interaction of the
ROS and KI during light exposure, biocidal I2 or I3� can be formed
improving bacterial inactivation [92]. Therefore, KI can be also used
to enhance the photokilling of microorganisms induced by BODIPYs
that have a low production of O2(1Dg).

At the present, there has been a very large number of natural
and synthetic PSs with interesting applications in PDI of microor-
ganisms [30,38]. However, several factors need to be considered
when trying to compare the relative activity of completely different
PS structures in PDI. A recent review of Hamblin and co-workers
contains an interesting compilation of PDI with different PSs [30].
The most well-known class of relevant PSs is tetrapyrrolic macro-
cycle derivatives [49]. In particular, BODIPYs can be considered as
dipyrrolic compounds, maybe similar to half a porphyrin. Thus, the
photodynamic activity mediated by BODIPYs 11 or 12 can be
directly compared with those of other cationic PSs under similar
experimental conditions and using the same microbial strain. In
presence of 50mM KI, the photoinactivation sensitized by BODIPY
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11 was higher than that produced by 5,10,15,20-tetrakis[4-(3-N,N-
dimethylaminopropoxy)phenyl]porphyrin (TAPP) in S. aureus and
C. albicans, while the photokilling effect was similar in E. coli [46].
However, BODIPY 12 was more effective to inactivate E. coli
reaching a value higher than 6 log decrease, which was similar to
that obtained with 5,10,15,20-tetrakis[4-(3-N,N-dimethylamino-
propoxy)phenyl]chlorin (TAPC). Also, BODIPY 11was as effective as
TAPC to inactivate C. albicans [83]. Likewise, these both BODIPYs
were more photoactive in inactivating S. aureus than N,N-dimethyl-
2-[4-(3-N,N,N-trimethylammoniopropoxy)phenyl]full-
eropyrrolidinium (DPC60

2þ), which contain a similar substituent than
BODIPY 12 [73,74].

7. Conclusions and future directions

The organic synthesis offers an enormous versatility in the
design of new BODIPYs derivatives with defined and optimized
properties for the required application in PDI. In this context, an
unlimited number of derivatives can be proposed and prepared
without excessive synthetic efforts. However, only a few studies
exhibit real application of BODIPYs as antimicrobial PSs. This can be
explained by taking into account that most of the derivatives re-
ported have been prepared thinking in others applications and do
not have suitable characteristics for their use in PDI. A key factor to
improve the efficacy of BODIPY derivatives in PDI involves opti-
mizing the light absorption in the visible region, a long-lived
electronically excited triplet state to efficiently produce ROS in a
short period of illumination time, and decrease the lipophilicity of
the resulting of the s-indacene ring for a better transport in bio-
logical fluids and cell penetration.

After an analysis of the literature, we can summarize some
guidelines that should be considered to apply BODIPYs in PDI.
These PSs have high extinction coefficients in the visible region
with absorption maxima at ~500 nm. However, red light activation
can be required in those situations to obtain deep light penetration
into tissue. Several strategies can be used to achieve the required
electronic transitions in this range (650e800 nm). In these cases,
the a positions of both pyrrole units can be substituted to extend
the conjugation of the p system of the s-indacene core. In that
sense, the Knoevenagel condensation has been employed to
incorporate styryl moieties. This can be used together with the
expansion of the BODIPY core via fused aromatic rings, which
ensure a significant bathochromic shift. Other strategies involve the
introduction of electron donating groups in the a positions, the
modification of the meso position introducing a nitrogen atom,
which affords aza-BODIPY derivatives and the attachment of aryl
groups or heterocycles to extend the conjugation. These modifica-
tion strategies generate a bathochromic effect by decreasing the
energy gap between the HOMO and LUMO of the product.

Another disadvantage of these heterocycles is their high fluo-
rescence quantum yields that hinders the generation of ROS. An
attractive way of favoring the ISC is by decorating the boron
dipyrromethene core with heavy atoms. This strategy enhances the
transition stage from singlet to the triplet excited state and, sub-
sequently, it improves the production of ROS. Therefore, the
introduction of halogen atoms directly attached to both pyrrole
units, most commonly bromine and iodine, is the most frequently
used choice for this propose. On the other hand, the yield of triplet
excited state of halogen-free BODIPY can be favoured by external
addition of the heavy atoms. Also, the formation of BODIPY dimers
can be used to increase the formation of exited triplet state.
Another possibility is the formation of dyads, inwhich the structure
of the BODIPY can act as a light-harvesting antenna. Thus, switch
between a high fluorescence intensity of BODIPY for diagnostic
imaging and efficient photodynamic effect for antimicrobial
activity can be a very interesting approach in the future.
The third characteristic which limits the application of BODIPYs

in PDI refers to their low aqueous solubility and poor membrane
permeability. However, this is a less difficult problem, since the
versatile core of the BODIPYs can be subjected to the simple syn-
thetic procedures to enhance its hydrophilicity. In addition, BODIPY
derivatives can be designed to have an amphiphilic nature. The
combination of the hydrophobic core and intrinsic positive charges
(or cationic center precursors) synthetically added in the structure
of the PS, results in the formation of an axis of intramolecular po-
larity. This effect facilitates the penetration of the cell membrane
and produces a better accumulation of the sensitizer in subcellular
compartments, improving the effectiveness of the photo-
inactivation. The cationic centers built in these molecules also
increased their amphiphilic character, improving the binding of the
PS to the microbial cells.

As demonstrated by the investigations to date discussed in this
review, BODIPY derivatives can be used as effective PSs to eradicate
a broad spectrum of microorganisms that threaten the global
population health. Moreover, these compounds could be used in
diagnostic or therapy, controlling the balance between the fluo-
rescence emission and the photodynamic activity. There is still
much work to be done in the search for ideal PSs with applications
in PDI. However, the bases of the studies are underway and new
investigations should be carried out to obtain more information
about the mechanisms of photodynamic action, the site of cell
damage and experiments in vivo using infection models.
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