
Vol.:(0123456789)1 3

Photochemical & Photobiological Sciences (2022) 21:1233–1248 
https://doi.org/10.1007/s43630-022-00212-4

ORIGINAL PAPERS

Searching for antimicrobial photosensitizers among a panel 
of BODIPYs

Viviana Teresa Orlandi1   · Eleonora Martegani1 · Fabrizio Bolognese1 · Enrico Caruso1

Received: 6 December 2021 / Accepted: 14 March 2022 / Published online: 4 April 2022 
© The Author(s) 2022, corrected publication 2022

Abstract
In recent years, antimicrobial Photodynamic Therapy (aPDT) gained increasing attention for its potential to inhibit the 
growth and spread of microorganisms, both as free-living cells and/or embedded in biofilm communities. In this scenario, 
compounds belonging to the family of boron-dipyrromethenes (BODIPYs) represent a very promising class of photosensi-
tizers for applications in antimicrobial field. In this study, twelve non-ionic and three cationic BODIPYs were assayed for 
the inactivation of Staphylococcus aureus, Pseudomonas aeruginosa and Candida albicans. As expected, S. aureus showed 
to be very sensitive to BODIPYs and mild conditions were sufficient to reach good rates of photoinactivation with both 
neutral and monocationic ones. Surprisingly, one neutral compound (named B9 in this study) resulted the best BODIPY to 
photoinactivate P. aeruginosa PAO1. The photoinactivation of C. albicans was reached with both neutral and mono-cationic 
BODIPYs. Furthermore, biofilms of the three model microorganisms were challenged with BODIPYs in light-based antimi-
crobial technique. S. aureus biofilms were successfully inhibited with milder conditions than those applied to P. aeruginosa 
and C. albicans. Notably, it was possible to eradicate 24-h-old biofilms of both S. aureus and P. aeruginosa. In conclusion, 
this study supports the potential of neutral BODIPYs as pan-antimicrobial PSs.
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1  Introduction

In recent years, the increase of antimicrobial resistance in 
pathogens represents a threat to human health and modern 
society. As a result of intensive and sometimes excessive use 
of antibiotics and biocides, microorganisms have evolved 
resistance and/or tolerance mechanisms that rapidly spread 
in animals, the food chain, within the community and the 
healthcare setting [1, 2]. There is a great need to develop 
adjuvant strategies to overcome this issue [3]. Among these, 
Photodynamic Therapy (PDT) has initially been proposed as 
antitumoral approach and has recently been recommended in 
the antimicrobial field. Photo-oxidative stress, generated by 
photodynamic treatment, kills microorganisms, regardless of 
their drug susceptibility profile [4]. The photodynamic pro-
cess exploits the power of visible light to activate a specific 
photosensitizer (PS) that undergoes chemico-physical reac-
tions and generates highly reactive oxygen species (ROS) 
and/or singlet oxygen (1O2) in aerobic environments. If the 
PS is strictly associated with the microbial envelope and/
or enters microbial cells, the arising oxidising species rap-
idly attack different cellular structures and macromolecules 
including lipids, proteins, and nucleic acids, leading to the 
death of microorganisms [5]. After a very fast and effective 
phototreatment, ROS riddle the bacteria at multiple sites in 
such a way that the overexpression of detoxifying enzymes 
(i.e. catalase, hydrogen peroxidase, heat shock proteins) does 
not provide a protective shield. However, the effectiveness 
of photodynamic treatment on bacteria without selection of 
resistant strains is still unverified, especially in sublethal-
PDT conditions [6].

This technique showed to be efficient against many patho-
gens and could be easily exploited for clinical applications 
in the treatment of skin and oral cavity infections and as 
sanitizing approach [7].

Among antimicrobial PSs, there are several classes of 
natural or synthetic compounds: phenothiazinium salts, 
acridines, porphyrins, chlorins, phthalocyanines, fuller-
enes, curcumin, riboflavin, and xanthene [4]. In 2005, Gal-
lagher et al. identified boron-dipyrromethenes (BODIPYs) 
as a class of chemicals with suitable features for anticancer 
PDT. In particular, cationic BODIPYs were further high-
lighted as promising PSs to kill bacteria and fungi [8–10]. 
BODIPYs have a typical skeleton based on difluoro-bora-
diazaindacene, whose synthetic pathway is relatively flex-
ible and easy, starting from commercial pyrroles and acid 
chlorides, anhydrides, aldehydes, or ketones. The core of 
BODIPY presents a great reactivity and chemical versatility 

that allows the incorporation of different functional groups 
and the generation of new compounds with diverse proper-
ties [11]. Even if BODIPY dyes are excited by light around 
500 nm, new compounds absorbing at longer wavelengths 
could be developed by appropriate chemical modifications 
[12]. Usually, BODIPYs are widely applied as fluorophores 
to label biomolecules (e.g. fatty acids, nucleotides, proteins, 
etc.), detect ionic species, and as light-harvesting antennas 
to improve the absorption of different chromophores [13, 
14]. However, fluorescence emission could be detrimental 
in PDT application. At this aim, the iodination of BODIPYs 
converts the highly fluorescent molecule into a potent PS, 
causing a bathochromic shift of maximum absorption peak 
in ~ 30 nm, decreasing fluorescence properties, and improv-
ing singlet oxygen generation [12, 15].

If BODIPYs have been investigated and properly designed 
as antitumoral photosensitizers [11], Durantini et al. recently 
reported that only a dozen of BODIPYs with different chem-
ical complexity and charge have been investigated in the 
antimicrobial field [16]. Furthermore, in the design and dis-
covery of new materials, formulations containing BODIPYs 
have been proposed. For example, BODIPYs were used for 
surface coating or were included in copolymers, nanofibers 
and glycomimetic compounds [17–21].

In this work, a panel of 15 BODIPYs was investigated for 
the antimicrobial photodynamic activity. All compounds are 
characterised by a 4,4-difluoro-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s-incacene core, modified by the insertion of 
two iodine atoms in positions 2 and 6 by electrophilic aro-
matic substitution. BODIPYs differ from each other for the 
substituent in the meso-position (position 8), which can be 
an aromatic ring with an activating or deactivating sub-
stituent, holding non-ionic groups or positive charges [10, 
22–25]. Since neutral compounds, belonging to different 
photosensitizer families, showed to be selectively active 
against Gram-positive bacteria [26], BODIPYs were tested 
against S. aureus. This screening was extended to the Gram-
negative bacterium Pseudomonas aeruginosa and to the 
yeast Candida albicans. Active PSs were furtherly assayed 
for the inhibition and/or eradication of microbial biofilms, 
the most difficult goal in antimicrobial field.

2 � Materials and methods

2.1 � Photosensitizers

A panel of 15 borondipyrromethens (BODIPYs) was 
employed in this study (Table 1). Compounds B1–B9 are 
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characterised by an alkyloxy group on the phenyl ring in 8 
position of the BODIPY core, B10–B12 bear halogen atoms 
on the phenyl ring, and B13-B15 are positively charged. PSs 
were synthetized as previously described [10, 22–25], were 
dissolved in DMSO at a final concentration of 1 mM, and 
stored at 4 °C until needed. Compounds B14 and B15 were 
synthetized as follows:

4,4-difluoro-2,6-Diiodo-1,3,5,7-tetramethyl-8-(4-
(4-bromopyridiniobuthoxy)phenyl)-4-bora-3a,4adiaza-
s-indacene (B14). A solution of 70  mg (0.098  mmol) 
of B7 in 4 mL of freshly distilled pyridine was kept to 
80 °C for 3 days. The solution was neutralized with HCl 
1 M, the formed precipitate was recovered by centrifuga-
tion (5000 rpm for 15 min) and thoroughly washed with 
diethyl ether. 24 mg (yield: 30.6%). C28H29BBrF2I2N3O, 
Mw = 806.1. UV–vis(DMSO): 534  nm (ε = 73,900). 
LogP = 0.4427. 1O2 = 0.810. 1H NMR (DMSO) δ: 1.39 (s, 6H, 
2xCH3); 1.80 (t, 2H, CH2); 2.14 (t, 2H, CH2); 2.54 (s, 6H, 
2xCH3); 4.10 (t, 2H, CH2N); 4.73 (t, 2H, CH2O); 7.13 (d, 
2H); 7.30 (d, 2H); 8.20 (t, 2H); 8.63 (t, 1H); 9.16 (d, 2H). 
13C NMR (DMSO) δ: 15.14; 16.21; 26.75; 28.98; 32.12; 
66.47; 85.30; 113.91; 120.31; 129.23; 130.61; 133.16; 
139.73; 143.12; 144.78; 147.65; 156.21; 157.98.

MS–ESI+: m/z 726.01 (M—Br) (100%). 4,4-dif-
l u o ro - 2 ,6 -D i i o d o - 1 ,3 ,5 ,7 - t e t r ame thy l - 8 - ( 4 -
(4-bromopyridiniooctanoxy)phenyl) -4-bora-3a,4adiaza-
s-indacene (B15). 98 mg (0.125 mmol) of B8 in 6 mL of 
pyridine was reacted as described for compound B14. 
31 mg (yield: 29.6%). C32H37BBrF2I2N3O M.W.: 862.2 g/
mol. UV–VIS (DMSO): 534 nm (ε = 60,500). LogP = 1.23. 
1O2 = 0.6. 1H NMR (DMSO) δ: 1.35–1.43 (m, 8H, 4xCH2); 
1.40 (s, 6H, 2xCH3); 1.75 (t, 2H, CH2); 1.94 (t, 2H, CH2); 
2.54 (s, 6H, 2xCH3); 4.04 (t, 2H, CH2N); 4.63 (t, 2H, CH2O); 
7.11 (d, 2H); 7.28 (d, 2H); 8.18 (t, 2H); 8.62 (t, 1H); 9.13 
(t, 2H). 13C NMR (DMSO) δ: 12.13; 14.57; 25.97; 26.14; 
28.08; 28.68; 29.22; 32.77; 33.93; 68.09; 86.35; 115.20; 
121.07; 126.89; 129.18; 131.89; 141.98; 142.53; 143.17; 
148.40; 155.23; 159.70. MS–ESI+: m/z 782.4 (M—Br) 
(100%).

2.2 � Microbial strains and culture conditions

Staphylococcus aureus strains ATCC 6538P (methicillin 
sensitive) and ATCC 43300 (methicillin resistant) used in 
this study were grown in Tryptic Soy Broth (TSB) medium. 
In addition to the model strain Pseudomonas aeruginosa 
PAO1 [27] and its isogenic derivative expressing Green-Flu-
orescent protein [28, 29], the clinical isolates UR48 and BT1 
from patients with catheter-associated urinary tract infection 
and cystic fibrosis, respectively, were investigated [30, 31]. 
For the maintenance of P. aeruginosa strains, Luria Bertani 
(LB) medium was used. Candida albicans ATCC 14053 and 
clinical strains Ca1 and Ca2 recovered from patients with 

urinary tract infections [32] were grown in YPD medium 
(Yeast extract 10 g/L, Peptone 20 g/L, and L-Dextrose 
20 g/L). All microbial strains were grown overnight at 37 °C 
on solid media (15 g/l agar) or in liquid media on an orbital 
shaker at 200 rpm.

2.3 � Light sources

The lighting unit employed for the photoactivation of 
BODIPYs is a Light Emitting Diode (LED) apparatus with 
12 diodes distributed on a 11 cm-diameter disk equipped 
with a heat sinker. LEDs have a maximum emission peak at 
520 nm, suitable for the activation of BODIPYs. The system 
is powered by a 50 W current transformer and the lamp was 
positioned at 35 cm over the samples with a fluence rate of 
2.4 mW/cm2.

2.4 � Binding assay

BODIPYs were tested for their interaction with bacterial and 
yeast cells [29]. Upon overnight growth of microbial strains 
(S. aureus ATCC 6538P, P. aeruginosa PAO1, C. albicans 
ATCC 14053), cell cultures were centrifuged at 5000 rpm 
for 10 min. Pellets were tenfold diluted in sterile water 
and 10 µM BODIPYs were added to the cell suspensions. 
Untreated cells and cells added with DMSO 4% (V/V) were 
included as controls. Samples were incubated in the dark at 
37 °C for 1 h to allow the interaction between cells and PSs. 
After centrifugation at 10,000 rpm for 5 min, the visible 
spectra of the supernatants were recorded (k = 380–700 nm). 
A calibration plot (µM concentration vs ODx) was obtained 
for each PS and used to calculate the amount of free or 
bound PS. Data were calculated as % mean ± standard devia-
tion of at least three independent experiments.

2.5 � Photoinactivation assay

2.5.1 � Photo‑spot test

The photo-spot test, previously optimized for P. aeruginosa 
[33], was adapted to S. aureus and C. albicans as follows: 
overnight cultures of S. aureus ATCC 6538P and P. aer-
uginosa PAO1 were centrifuged (4000 rpm for 10 min) 
and suspended in phosphate buffer saline (PBS, KH2PO4/
K2HPO4 10 mM, pH 7.4) at final concentrations of ~ 109, 
108,107,106,105, 104 CFU/mL in 96-well plates. Similarly, 
overnight cultures of C. albicans ATCC 14053 were diluted 
in PBS at ~ 108,107,106,105, 104, 103 CFU/mL. PSs were 
added in 96-well plates to 100 μl of microbial samples at 
a final concentration of 1 µM for S. aureus and 10 µM for 
P. aeruginosa and C. albicans, respectively. Untreated and 
DMSO treated samples were included as controls.
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Table 1   BODIPYs used in this study
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To evaluate intrinsic toxicity, microbial samples were 
incubated in the dark with BODIPYs for 10 min, 1 h or 
6 h, respectively. A volume of 5 µl of each suspension was 
spotted on LB agar plates that were incubated overnight at 
37 °C. The intrinsic toxicity was evaluated by comparing 
the growth of corresponding dilutions between treated and 
untreated samples. The absence of each microbial spot from 
the highest dilutions in treated samples was calculated as 
1 (or more) Log unit decrease in cell viability: higher Log 
values are associated with higher rates of intrinsic toxicity.

PS photoactivity was assayed after 1 h of dark incubation. 
Microbial cells were prepared as previously described, spot-
ted on LB agar plates and irradiated under light at 520 nm 
(20 J/cm2, 138 min) to activate PSs; dark incubated con-
trols were included. After overnight incubation at 37 °C, the 
growth spots were compared to untreated and dark incubated 
cells: higher Log unit decrease was associated with higher 
photo-antimicrobial activity. Spot-tests and photo-spot tests 
were performed at least in triplicate.

2.6 � Photoinactivation of suspended cultures

Overnight cultures of S. aureus ATCC6538P, P. aeruginosa 
PAO1, and C. albicans ATCC14053 were diluted to suitable 
concentrations in PBS in 12-well plates. BODIPYs were 
added to 1 mL of cellular suspensions at a final concentra-
tion of 1 µM for S. aureus and 10 µM for P. aeruginosa and 
C. albicans, respectively. Untreated cells and DMSO-treated 
cells were included as controls. After 1 h dark incubation, 
cells were irradiated at 520 nm (20 J/cm2, 138 min) or kept 
in the dark. Cell viability was checked by plating 10 μl sam-
ples deriving from tenfold serial dilutions of treated and 
untreated cells and expressed as CFU/mL. Photoinactiva-
tion experiments were performed at least in triplicate for 
each strain and chosen BODIPYs.

2.7 � Photodynamic treatment of microbial biofilms

2.7.1 � Inhibition of biofilm formation

S. aureus ATCC 6538P and ATCC 43300 and P. aeruginosa 
strains (PAO1, UR48, BT1) were grown at 37 °C in minimal 
medium supplemented with 10 mM glucose and 0.2% W/V 
casamino acids as carbon sources. Overnight cultures were 
diluted in fresh medium in 24-well plates at a concentration 
of 107 CFU/mL. BODIPYs were added at a final concen-
tration of 0.5 μM for S. aureus strains and 40 µM for P. 
aeruginosa strains, respectively. After 1 h of dark incuba-
tion, S. aureus was irradiated under 520 nm light at 20 J/
cm2 (138 min) and P. aeruginosa at 30 J/cm2 (207 min). 
The following control samples were included: + PS− light, 
− PS + light, − PS− light, + DMSO−light, + DMSO + light. 
Biofilms were allowed to form at 37 °C for 24 h. Overnight 

cultures of C. albicans ATCC 14053 and clinical strains 
(Ca1, Ca2) were 100-fold diluted in sterile water and incu-
bated for 1 h in the dark at 37 °C with 20 µM BODIPYs. 
After irradiation under light at 520 nm (30 J/cm2, 207 min), 
250 µL of YPD medium were added and samples were incu-
bated at 37 °C for 24 h to allow biofilm formation. Control 
samples were included as previously described.

2.8 � Eradication of 24‑h‑old biofilms

Bacterial strains and C. albicans were grown overnight at 
37 °C in minimal medium (M9 added with glucose and 
CAA) and YPD medium, respectively. Suspensions were 
diluted in fresh medium to reach a cellular concentration of 
⁓107 CFU/mL and the biofilm was let to form for 24 h at 
37 °C. BODIPYs at 40 μM (P. aeruginosa) or 0.5 μM (S. 
aureus) concentrations were added to 24-h-old biofilms. To 
rule out YPD interference in C. albicans, planktonic phase 
was removed and replaced with PBS added with BODIPYs 
40 µM. After one-hour dark incubation, each biofilm was 
irradiated under light at 520 nm at 30 J/cm2 (207 min) for P. 
aeruginosa and C. albicans and 20 J/cm2 (138 min) for S. 
aureus, respectively. A control panel as described previously 
was included for each experiment.

2.8.1 � Biofilm evaluation

Planktonic phases were collected and adherent cells were 
recovered by scraping and suspended in 1 mL of PBS.

Cell viability of both phases was determined and 
expressed as CFU/mL and as CFU/well, respectively. Cor-
responding replicates were stained with crystal violet (CV) 
for total adherent biomass quantification, after planktonic 
biomass removal. Briefly, plates were washed with 1 mL 
PBS, and biofilms were treated with one millilitre of CV 
0.1% W/V for 20 min. CV was removed and each well was 
gently washed with 1 mL PBS. The remaining CV, which 
indicated the amount of biofilm, was dissolved in acetic acid 
30% V/V. The amount of solubilized dye was spectrophoto-
metrically measured at 590 nm. If necessary (OD > 1), suit-
able dilutions were used and the OD value was determined 
proportionally. Experiments were performed in triplicate.

2.9 � Confocal laser scanning microscopy analyses

Confocal microscopy analyses were performed to compare 
the effect of PDT treatment with BODIPYs on C. albicans 
cells. After treatment as detailed in paragraph 2.5, C. albi-
cans ATCC 14053 cells were centrifuged (10,000  rpm, 
5 min) and pellets were suspended in PBS to a final con-
centration of 106 CFU/mL. The fluorescent BODIPY dye 
(4,4-difluoro-1,3,5,7-tetramethyl-8-(2-methoxyphenyl)-
4-bora-3a,4a-diaza-s-indacene) was added to a final 
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concentration of 2 µM [32] and cells were incubated for 
30 min at 37 °C on a shaker at 50 rpm. Samples were cen-
trifuged (10,000 rpm, 10 min) and pellets suspended in 20 
µL of PBS. All microscope analyses were performed on a 
Leica TCS SP5 confocal laser scanning microscope (CLSM; 
Leica Microsystems, Wetzlar, Germany) with 488 nm laser 
excitation. Images were recorded using a 63 × objective lens.

In a similar way, PAO1_pVOGFP strain, which expresses 
GFP recombinant protein under the control of pBAD ara-
binose inducible promoter, was used to assay the anti-
biofilm activity of B9 compound [29]. Overnight cultures 
of PAO1_pVOGFP in minimal medium were diluted at a 
final concentration of 107 CFU/mL in fresh medium and 
added to coverslip glasses positioned in 35 mm Petri dishes. 
BODIPY B9 was added at a final concentration of 40 µM. 
Samples were dark incubated for 1 h and irradiated under 
520 nm light at 30 J/cm2 (207 min); control samples -PS-
L, -PS + L, + DMSO-L, + DMSO + L, + PS-L, were also 
included. Biofilms were allowed to form at 37 °C for 24 h in 
humidified chambers. Planktonic phases were removed and 
GFP expression was induced by the addition of arabinose 
0.1% W/V for 1 h. Images were obtained using a 63 × objec-
tive lens. Simulated 3D images of P. aeruginosa biofilms 
were generated using the free open-source software ImageJ 
(National Institute of Health, USA).

2.10 � Statistical analyses

Photoinactivation experiments on suspended cells and bio-
films were performed at least in triplicate with microbial cul-
tures. Statistical analyses were assessed by one-way ANOVA 
analysis.

3 � Results

3.1 � Intrinsic toxicity and degree of binding 
of BODIPYs

The BODIPYs considered in this study share a phenyl group 
in meso-position, carrying different substituents (Table 1). 
Among non-ionic molecules, B1–B9 have activating groups, 
while B10–B12 carry deactivating substituents on the benzyl 
group; B13–B15 are mono-cationic compounds. Methoxy 
groups are present in position 3′ and 2′ for B1 and B2, while 
in position 3′, 5′ in B3, and 2′,4′,6′ in compound B4, respec-
tively. Compound B5 bears a 2″-hydroxy ethoxy group in 
position 2’. Compound B6 carries a 4′-chlorobutoxy group 
in position 4, B7 carries the same alkyloxy chain with bro-
mine at the end of the carbon chain. B8 is similar to com-
pound B7 but has a C8 chain instead of C4 chain, and B9 
presents a 4′-methoxynaphtalene in meso-position. PSs with 

deactivating groups on the aromatic ring are characterized 
by bromine atoms in 2′,5′ positions (B10) or chlorin atoms 
in 2′, 6′ positions (B11). Compound B12 differs from B11 
only for the presence of a nitro-group in 4′ position. Mono-
cationic BODIPYs carry a pyridyl group that confers a posi-
tive charge. B13 bears a N-methyl-4′-pyridiyl substituent 
in meso-position and has been previously tested for anti-
microbial activity [10, 34, 35]. In B14 and B15 the pyridyl 
group is positioned at the end of a C4 (B14) or C8 (B15) 
alkyloxy chain and have been tested for the first time in this 
study. The absorption spectra of the described BODIPYs 
are shown in Fig. 1.

As detailed in Fig. 2, the neutral compounds show a pref-
erential binding for the Gram-positive bacterium S. aureus 
with yield values higher than 60%, while binding degrees 
lower than 40% were observed in P. aeruginosa and C. albi-
cans. Taken together, these data show that the three mono-
cationic BODIPYs interact with microorganisms regardless 
of their cell-wall organization.

Compounds with proven dark toxicity were excluded 
from further assays as the PDT killing should be the result 
of specific irradiation. This underscores the potential added-
value of photodynamic approach as “on demand” antimi-
crobial strategy. S. aureus showed dark sensitivity to 1 μM 
concentration of the neutral compound B9 and the cationic 
compound B14, while P. aeruginosa was almost insensitive 
to 10 μM concentration of non-ionic BODIPYs and sensitive 
to 10 μM concentration of cationic BODIPYs B13 and B14. 
The yeast showed a sensitivity pattern more similar to the 
Gram-negative strain: most neutral BODIPYs did not display 
any intrinsic toxicity, while mono-cationic molecules were 
toxic to C. albicans. As further detailed in Table 2, PS toxic-
ity profiles were dose, time and strain dependent.

3.2 � Photodynamic activity of BODIPYs

As putative PSs should be active only upon irradiation, 
compounds without any intrinsic toxicity were further 
investigated for their photoactivity (Table 3). In particular, 
S. aureus showed a high sensitivity to most BODIPYs at 
1 µM concentration. Among the neutral compounds, B5 
showed the highest anti-Staphylococcal activity, inhibiting 
the growth of the sample up to 107 CFU/spot. B13 and B15 
compounds, both mono-cationic, showed ⁓ 4 Log10 unit dif-
ference in antimicrobial activity. In P. aeruginosa PAO1, 
unexpectedly, several non-ionic BODIPYs, upon activation, 
inhibited the growth more efficiently than the cationic ones: 
for example, the neutral B2 caused a ⁓ 5.7 Log unit reduc-
tion, while the cationic B15 ⁓ 2.6 Log units, respectively. 
C. albicans was sensitive to both neutral and monocationic 
BODIPYs.
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In order to evaluate the efficacy of BODIPYs in killing 
suspended cultures of different microorganisms, PSs with 
the highest rates of photoinactivation were tested against 
S. aureus, P. aeruginosa and C. albicans, respectively. The 
two bacterial species showed different sensitivities to aPDT. 
In the Gram-positive microorganism, all the chosen com-
pounds were active at 1 μM concentration and, among these, 
non-ionic B2 and B5 caused the highest viability reduction 
(⁓ 6 Log units) reaching the detection limit of the system 
(102 CFU/mL) (Fig. 3a). On the other hand, P. aeruginosa 
was particularly tolerant to the chosen BODIPYs at 10 μM 
concentration, and only the neutral B9 was photoactive 
(Fig. 3b).Fig. 1   Visible light absorption spectra of BODIPYs (B1-B15)

Fig. 2   Binding degrees of 
BODIPYs (B1-B15) in S. 
aureus ATCC 6538P (a), P. 
aeruginosa PAO1 (b), and C. 
albicans ATCC 14053 (c). 
Values are presented as % of 
PSs (mean ± standard deviation) 
bound to cells upon one hour 
of dark incubation. BODIPYs 
were administered to cells at 
a concentration of 10 μM and 
experiments were independently 
repeated at least three times
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Given that both non-ionic and cationic BODIPYs showed 
similar activities against C. albicans (Fig. 3c), we performed 
a confocal microscopy analysis aimed at highlighting pos-
sible differential effects at the morphological level. Control 
samples (− PS − Light, − PS + Light, + DMSO − Light, + 
DMSO + Light) displayed the expected compartmentaliza-
tion with a dark nucleus, not permeable to the chosen fluo-
rophore. After PDT treatment with all tested BODIPYs, no 
organelles were recognizable and a foggy signal of the fluo-
rescent probe was equally distributed in all the cell volume, 
and a peculiar accumulation of the tracer was clearly visible 
in a central region of the cytoplasm (Fig. 4). This could 
be ascribable to a different probe distribution related to a 
change in cellular anatomy. Namely, cells were egg-shaped 
with inherent volume reduction if compared to control sam-
ples. This evident alteration of cell structure was concomi-
tant with loss of cell viability. The experimental outcome 
was common to all photosensitizers and all candidates were 
further used for biofilm photoinactivation.

3.2.1 � Photodynamic treatment of S. aureus biofilms

Compounds B2 and B5 were active in inhibiting the for-
mation of S. aureus biofilms at 0.5 µM concentration. As 
detailed in Fig. 5, DMSO and DMSO solubilized PSs in 
the dark were ineffective, while photoactivated BODIPYs 
impaired significantly the formation of biofilms. Cells 
exposed to photooxidative stress were not able to form 
biofilms comparable to those of untreated samples: the 
observed impairments were statistically significant for both 
adherent and planktonic subpopulations. As similar results 
were observed for MRSA strain, PDT treatment could be 
exploited as a promising tool in clinical applications.

As the eradication of formed biofilms represents a main 
issue in this field, 24-h-old MSSA biofilms were incubated 
one hour in the dark with 0.5 μM PSs and irradiated at a flu-
ence of 20 J/cm2. Although no change was observed in total 
adherent biomass, cellular viability of planktonic and sessile 
populations was reduced of 5 log units (Fig. S1).

Table 2   Intrinsic toxicities of BODIPYs (B1-B15). S. aureus ATCC 6538P and P. aeruginosa PAO1 cells were spotted on LB agar from 107 up 
102 CFU/spot, C. albicans ATCC 14053 cells from 106 up 10 CFU/spot

BODIPYs were administered at 1 µM to S. aureus cells and 10 µM to P. aeruginosa and C. albicans and incubated in the dark 10 min, 1 h, 6 h. 
Untreated and solvent-treated (solvent ctrl) samples were also included in the figure as controls. After overnight incubation at 37  °C, Log10 
reduction unit were reported as the average of at least three independent experiments. For each strain, the growth spot test images upon 6 h of 
dark incubation are shown as representative.
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3.2.2 � Photodynamic treatment of P. aeruginosa biofilms

As the neutral compound B9 showed good activity against 
the model organism P. aeruginosa PAO1, it was used in 
anti-biofilm experiments with two different clinical iso-
lates: UR48 from a patient with CAUTI (catheter associ-
ated urinary tract infection) and BT1 from a patient with CF 
(Cystic Fibrosis) [30, 31]. Given that Crystal Violet staining 
is unable to discriminate between matrix and cellular com-
ponents of adherent microbial communities, OD590 values 
are still useful to quantify the overall biofilm formation in 
different experimental conditions (Fig. 6). Accordingly, we 
observed that PAO1, UR48 and BT1 strains showed average 
OD590 values of ⁓ 6, 10 and 22, respectively. An average 
reduction of ⁓ 90% in OD590 was observed for all P. aer-
uginosa strains upon increasing B9 concentration from 10 
to 40 µM and fluence rate from 20 to 30 J/cm2. The adminis-
tration of DMSO alone caused an increase of OD590 in PAO1 
and UR48 strains, but not in BT1. PDT with BODIPY B9 
reduced cell viability of at least 5 Log units for both adherent 
and planktonic populations of all tested strains.

The potential of compound B9 in eradicating structured 
biofilms was investigated in the model strain PAO1. The 
treatment did not alter the amount of the adherent biomass, 

but compromised significantly the viability of sessile and 
suspended cells (Fig. S2). Morphological studies were per-
formed on PAO1-pVOGFP [28, 29] by confocal microscopy 
analysis. The photo-treatment with B9 caused a decrease of 
fluorescence and biofilm thickness (Fig. 7). These effects 
could be ascribable to an impairment in cell physiology, 
including a possible effect on recombinant protein function 
and is consistent with the decrease in cell viability previ-
ously reported [36]. This outcome suggests that most of the 
cells were damaged immediately after PDT treatment, and 
they could be possibly more susceptible to antibiotic or bio-
cide administration. Even if no biofilm destruction could be 
promptly achieved, a significant anti-biofilm effect on viable 
components of biofilm was obtained.

3.2.3 � Photodynamic treatment of C. albicans biofilms

Non-ionic compounds B2, B5, B7, B8, B12 and mono-
cationic B13 BODIPYs were assessed for their inhibitory 
effect on biofilm formation of the model yeast C. albicans 
ATCC 14053 (Fig. 8). None of the PSs showed significant 
dark toxicity, while photodynamic treatment caused a sig-
nificant reduction (⁓50%) in biofilm formation. Among PSs, 
the non-ionic B7 and the mono-cationic B13 showed the 

Table 3   Photodynamic activities of BODIPYs on S. aureus ATCC 6538P, P. aeruginosa PAO1, C. albicans ATCC 14053 cells evaluated by 
photo-spot test

BODIPYs (B1-B15) were administered at a concentration of 1 µM to S. aureus and 10 μM to P. aeruginosa and C. albicans and incubated in the 
dark for one hour. Microbial diluted samples were spotted on agar plates and irradiated under 520 nm light (20 J/cm2). After irradiation, cells 
were incubated overnight at 37 °C. Untreated and solvent-treated (solvent ctrl) samples were also included in the figure as controls. Log10 reduc-
tion unit was reported as the average of at least three independent experiments. For each strain, one image representative of photo-spot test is 
shown
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highest antimicrobial activities against both adherent and 
planktonic subpopulations. These PSs showed to be efficient 
also in inhibiting the biofilm formation of the clinical strains 
Ca1 and Ca2 (Fig. S3). Differently from S. aureus and P. 
aeruginosa PAO1, C. albicans ATCC 14053 24-h-old bio-
films were not eradicated by B13 (Fig. S4).

4 � Discussion

In this study we tried to search for new antimicrobial PSs 
among a panel of neutral and cationic BODIPYs. It is known 
that cationic compounds are more prone than neutral ones to 
interact with negative charged components of both bacterial 
and yeast envelopes. In particular, teichoic acids/lipoteichoic 
acids on the mureinic layer on Gram-positive bacteria and 
lipopolysaccharides on the outer membrane of Gram-nega-
tive bacteria favour electrostatic interactions with cationic 
photosensitizers. Similarly, in yeast cells, the robust polysac-
charide skeleton linked to chitin and to highly glycosylated 
mannoproteins confers the anionic charge responsible for 
interaction with cationic PSs [37]. As expected, the tested 

cationic BODIPYs showed higher extent of binding than 
neutral ones, regardless of microbial cell wall structure.

If it is verified that the cationic charge is preferentially 
required for antimicrobial PDI, the influence of number and 
distribution of charges is controversial [38–40]. For exam-
ple, Reynoso observed that the cationic ammonium group 
directly attached to the meso-phenyl ring of BODIPYs 
makes PSs more prone to interact with microbial cells than 
BODIPYs in which positive charge is isolated by an aliphatic 
spacer [41]. On the contrary, Palacios et al. observed that 
the aliphatic spacer in the aryl substituent of the two tested 
BODIPYs provides higher mobility of the charged group 
which can facilitate the binding of PSs to bacterial cells, 
increasing its PDI activity [42]. In accordance with Palacios, 
the two mono-cationic BODIPYs B14 and B15, with charge 
separated by a spacer, were more prone to bind to microbial 
cells than B13 with a cationic charge on phenyl-ring.

As previously highlighted, ideal PSs should not be toxic 
to microorganisms in dark conditions in order to display 
their killing effect only upon specific irradiation [4]. Awuah 
observed that BODIPYs incorporating heavy atoms such 
as Iodine showed higher intrinsic toxicity compared to 

Fig. 3   Photodynamic inactiva-
tion of suspended cells of S. 
aureus ATCC 6538P (a), P. 
aeruginosa PAO1 (b), and C. 
albicans ATCC 14053 (c). 
The chosen BODIPYs were 
administered at 1 µM con-
centration to S. aureus cells 
(108 CFU/ml), and 10 µM to 
P. aeruginosa (108 CFU/ml) 
and C. albicans (106 CFU/ml) 
samples and dark incubated for 
one hour. Cells were irradiated 
by light at 520 nm (20 J/cm2) or 
dark incubated. Untreated and 
DMSO-treated samples were 
included as controls for each 
pathogen. After irradiation, the 
cellular viability was checked. 
Dark controls are represented 
as black bars, while irradiated 
samples as dotted bars. Viability 
yields are expressed as CFU/
mL (mean ± standard deviation). 
The experiments have been 
performed at least three times 
and statistical analyses were 
performed by one-way ANOVA 
(***p < 0.0001)



1243Photochemical & Photobiological Sciences (2022) 21:1233–1248	

1 3

Fig. 4   Confocal micros-
copy images of C. albicans 
ATCC 14053 cells upon 
photodynamic treatment with 
BODIPYs (B2, B5, B7, B8, 
B12, B13) 10 μM activated 
by light at 520 nm (20 J/
cm2). Untreated samples and 
cells treated with 1% DMSO 
are included. Cells were dark 
incubated (a, c, e, g, i, m, o, q) 
or irradiated (b, d, f, h, l, n, p, 
r). A fluorescent BODIPY was 
used as dye for confocal micros-
copy analysis trough 63 × objec-
tive lens (Scale bar = 10 μm)

Fig. 5   Inhibition of biofilm formation in S. aureus ATCC  6538P 
(a,b,c) and ATCC  43300 (d,e,f) after photodynamic treatment with 
BODIPYs B2 and B5. PSs at 0.5 µM concentration were activated by 
green light at 20 J/cm2. The graphs report values of adherent biomass 
(OD590) (a, d), viability of sessile cells (CFU/well) (b, e), and via-

bility of planktonic cells (CFU/mL) (c, f). Dark control samples are 
presented as black bars and light-treated samples as striped bars. Data 
represent the mean of at least three independent experiments ± stand-
ard deviation. Statistical analyses were performed by one-way 
ANOVA (*p < 0.05; **p < 0.01; ***p < 0.0001)
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compounds without heavy atoms [12]. Thus, in the iodi-
nated BODIPYs of this study the heavy-atom could play a 
role. In a study performed on S. aureus, Zhao hypothesized 
that BODIPYs could intercalate into chromosomal DNA 
[43]. Since we observed that BODIPYs bearing activated 
aromatic rings were more toxic than those with deactivated 
rings, further investigations should be performed.

Independently from compound charge, 1 µM PS concen-
tration showed good photoinactivation rates in suspended 
cultures of S. aureus. This was in accordance with results 
obtained with other classes of PSs, showing that the Gram-
positive model was more sensitive than the Gram-negative 
one [38, 44]. Indeed, P. aeruginosa PAO1 resulted the most 
tolerant to photo-oxidative stress induced by BODIPYs: only 
the neutral B9 showed a certain degree of phototoxicity (⁓ 
4 Log unit reduction). PDT-tolerance of P. aeruginosa is 

widely reported, and a possible explanation could be ascrib-
able to the presence of detoxifying enzymes and pigments 
acting as a defence shield against photooxidative stress, as 
reported in literature [45–48]. Unexpectedly, in P. aerugi-
nosa PAO1, the most active compound was the neutral one 
B9 and new similar PSs should be tested to infer further 
hypotheses on structure–activity relationship. It is notewor-
thy that in this model strain, the killing rate of BODIPYs was 
specifically influenced by the experimental setup. Namely, 
the photoinactivation was more efficient when performed 
on P. aeruginosa cells inoculated on LB agar compared to 
that on cells suspended in phosphate buffer. Since a poten-
tial role as endogenous photosensitizers may be played by 
cellular porphyrins and flavins, the higher photosensitivity 
observed in LB medium could be ascribable to an additional 
effect of bacterial growth [49]. In addition, photoactivable 

Fig. 6   Inhibition of biofilm formation of P. aeruginosa PAO1 (a,b,c), 
UR48 (d,e,f) and BT1 (g,h,i) strains after photodynamic treatment 
with B9. PS at 40 µM concentration was activated by green light at 
30  J/cm2. The graphs report values of adherent biomass (OD 590) 
(a,d,g), viability of adherent cells (CFU/well) (b,e,h), and viability of 

planktonic cells (CFU/mL) (c,f,i). Dark control samples are presented 
as black bars and light-treated samples as striped bars. Data repre-
sent the mean of at least three independent experiments ± standard 
deviation. Statistical analyses were performed by one-way ANOVA 
(*p < 0.05; **p < 0.01; ***p < 0.0001)
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components of LB could play as exogenous PSs and a dif-
ferential rate of oxygen diffusion should be taken in account, 
as previously reported by authors for PAO1 strain [34].

The antimicrobial activity of BODIPYs was success-
fully applied to C. albicans suspensions. No intrinsic 
toxicity was observed and irradiation at a low fluence 
rate of 20 J/cm2 resulted in the disappearance of typical 
compartmentalization.

Antimicrobial PDT has been reported as one of the most 
promising anti-biofilm strategies [3, 50]. In clinical envi-
ronments, biofilms are one of the major virulence factors 
associated with chronic infections and are very difficult to 
eradicate [51]. Dai et al. obtained very good yields of bio-
film photoinactivation with galactose-decorated BODIPYs 
at 22μM concentration, reaching 80% of eradication of P. 
aeruginosa and S. aureus biofilms [52].

In this study, the neutral compounds B2 and B5 prevented 
the development of both planktonic and sessile populations 
of MSSA and MRSA biofilms, regardless of their antibiotic 
susceptibility profile. Similar results were obtained with 
natural and neutral compounds curcumin and hypericin [53, 
54]. Even if B2 and B5 were not able to eradicate 24-h-old 
biofilms, they greatly compromised the viability of adherent 
and planktonic cells. It is noteworthy that lower PS concen-
trations and fluence rates were used to counteract biofilm 
formation in S. aureus as compared to tolerant P. aeruginosa 
strains.

The present screening highlighted the potential of neutral 
B9 BODIPY against P. aeruginosa biofilms. It was efficient 
in inhibiting the biofilm formation of PAO1 model strain, 

known to be tolerant to antimicrobial treatments and aPDT 
[55], and also of clinical isolates UR48 and BT1. In this 
study, when evaluating aPDT effects, a discrimination was 
made between planktonic and sessile components, while no 
quantification of extracellular matrix was performed. How-
ever, our results could be in agreement with the work of 
Hendiani et al. that reported a possible involvement of PDT 
in quorum sensing impairment and inherent matrix produc-
tion [56].

Non-ionic (B2, B5, B7, B8, B12) and cationic (B13) 
BODIPYs successfully inhibited the formation of C. albi-
cans biofilms, while no activity was observed on formed 
biofilms. The observed high tolerance of C. albicans bio-
films to photoinactivation could be in agreement with the 
reported protective role of matrix in reducing the eradication 
of C. albicans biofilms [57]: as a matter of fact, Garcia et al. 
observed that C. albicans strains with reduced extracellular 
matrix were sensitive to aPDT [58].

5 � Conclusions

From the initial use as fluorescent dyes for imaging and diag-
nostic purposes, BODIPYs have recently gained increasing 
attention as photosensitizers in the fight of clinical infections 
and/or in environmental sanitization. Though cationic com-
pounds, regardless of their chemical structure [59, 60], are 
considered the best candidates for antimicrobial PDT, this 
study highlighted neutral BODIPYs as putative pan-photo-
antimicrobials active against S. aureus, P. aeruginosa and C. 

Fig. 7   Eradication of P. aerugi-
nosa PAO1_pVOGFP biofilm. 
24-h-old PAO1_pVOGFP bio-
film grown on coverslip glass 
was treated with B9 at 40 µM 
concentration and irradiated 
with light at 520 nm at 30 J/cm2 
or dark incubated. The images 
represent untreated biofilms 
(a,b), DMSO-treated biofilms 
(c,d) and biofilms treated with 
B9 (e,f). In each biofilm, plank-
tonic phase was removed and 
GFP expression was induced by 
the addition of fresh medium 
containing arabinose 0.1% W/V. 
Dark controls are shown in 
panels a,c,e, irradiated samples 
in panels b,d,f. Projections and 
sections of CLSM images of 
biofilms are shown in volume 
view. Scale bar = 10 µM
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albicans. Furthermore, anionic BODIPYs were efficient in 
inhibiting biofilm formation of all microbial strains.
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