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Abstract: Decontaminating coating systems (DCSs) represent a challenge against pathogenic bacteria
that may colonize hospital surfaces, causing several important infections. In this respect, surface
coatings comprising photosensitizers (PSs) are promising but still controversial for several limitations.
PSs act through a mechanism of antimicrobial photodynamic inactivation (aPDI) due to formation
of reactive oxygen species (ROS) after light irradiation. However, ROS are partially deactivated
during their diffusion through a coating matrix; moreover, coatings should allow oxygen penetration
that in contact with the activated PS would generate 'O, an active specie against bacteria. In
the attempt to circumvent such constraints, we report a spray DCS made of micelles loaded with
a PS belonging to the BODIPY family (2,6-diiodo-1,3,5,7-tetramethyl-8-(2,6-dichlorophenyl)-4,4’-
difluoroboradiazaindacene) that is released in a controlled manner and then activated outside the
coating. For this aim, we synthesized several amphiphilic copolymers (mPEG—(PLA),), which
form micelles, and established the most stable supramolecular system in terms of critical micelle
concentration (CMC) and AG¢ values. We found that micelles obtained from mPEG—(PLLA), were the
most thermodynamically stable and able to release BODIPY in a relatively short period of time (about
80% in 6 h). Interestingly, the BODIPY released showed excellent activity against Staphylococcus
aureus even at micromolar concentrations.

Keywords: polylactide; photodynamic; supramolecular systems; micelles; drug delivery; copolymers;
ring opening polymerization; aPDT; BODIPY

1. Introduction

One of the route of pathogen dissemination is via contaminated surfaces, as most
bacteria can survive for a long time even on the surface of objects. Nosocomial infections
generated by contaminated surfaces are a great concern because common disinfectants used
in routine cleansing are generally based on quaternary ammonium compounds (QACs),
halogen releasing agents, and phenolics, in some cases resulting in ineffective killing of
pathogenic bacteria, as their activity depends on several factors, including the surface
contact period, pH, temperature, and amount and nature of the microorganism [1].

In the past two decades, to obtain decontamination systems, different antimicrobial
substances have been incorporated in the bulk or in the coating of biomaterials. They
can be added during the phase of production, a posteriori absorbed in biomaterials, or
covalently bound to functionalized polymeric coatings [2].

The storage of anti-pathogens in bulk materials is one of the approaches used for
the purpose of gradually releasing biocide, which provides sustained release that kills
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pathogens. However, an excessive use of antibiotics leads to the development of antibiotic-
resistant pathogens and could causes environmental contamination [3].

Among biocides that can be encapsulated as alternatives to antibiotics, such as phy-
tocomplex, natural, and synthetic peptides [4-6], photosensitizers (PSs) represent a very
promising alternative strategy based on the antimicrobial photodynamic inactivation (aPDI)
of microorganism. PSs are molecules that, once irradiated with light of a specific wave-
length, can reach a relatively long-lived triplet state able to transfer energy to molecular
oxygen. The process leads to the formation of the reactive singlet oxygen (!O,) or, more
in general, to reactive oxygen species (ROS) that together induce oxidation reactions re-
sulting in the death of bacteria. Recently, materials containing PSs have been synthesized,
characterized, and tested as coatings with antimicrobial efficiency for decontaminating
surfaces. Although this strategy allows for the control of multidrug-resistant strains and
the inhibition of biofilm formation [7], several requirements limit its application.

To deliver PSs, Hamblin [8] recently proposed some types of nano-drug systems, such
as liposomes and micelles. For example, the photoinactivation of Staphylococcus aureus
by chlorophyll derivatives was increased by the use of liposomes compared to micelles,
suggesting that this delivery system is promising in aPDI applications [9]. Furthermore,
light-based techniques are believed to be a potent method to counteract microbial biofilms.
Thus, the delivery of PSs represents an important goal to reach. To this aim, the PS
chlorin e6 (Ce6) was grafted to «-cyclodextrin (x-CD)/polyethylene glycol (PEG). The
supramolecular micellar assembly of Ce6 showed enhanced inhibition of biofilm formation
of methicillin-resistant Staphylococcus aureus (MRSA) [10]. In clinical applications, new
delivery systems could overcome undesired damage to normal cells, ascribable to the
nonselective nature of photodynamic therapy (PDT). In addition, in decontaminating
coating systems based, for example, on polymer matrixes, PSs may be located in polymer
layers or polymers fibers. The antimicrobial activity is generated by the PDI process
following ROS diffusion through the matrix.

McCoy et al. [11] reported a two-layer system based on PSs incorporated into high
density polyethylene (HDPE) through hot-melt extrusion. One layer consisted of a PS
contained in HDPE, while the second was made with HDPE alone. Systems containing
different PSs were able to reduce the adherence of viable bacteria by up to 3.62 Log colony
forming units (CFU) per cm? of surface for methicillin-resistant Staphylococcus aureus
(MRSA) and by up to 1.51 Log CFU/cm? for Escherichia coli. However, they found that PS
chemical compatibility with HDPE was essential to provide complete miscibility of PS with
the polymer and consequently homogeneity in PS distribution into the matrix; additionally,
with some of the PSs used, the surface of materials showed roughness and irregularity that
promoted adhesion of bacteria.

Recently, electrospinning-based technology allowed PS-doped electro-spun materials
to be developed, and consequently several systems containing PSs have been proposed as
antimicrobial coatings. In this case, photodynamic antimicrobial activity was compromised
by the presence of photodynamic molecules into nanofibers, considering that ROS possess
short lifetime (less than 3.5 us) and short diffusion length (about 10-100 nm) [12-17].

In this framework, Felgentrager et al. [18] developed a polymeric surface coating consist-
ing of a derivative of meso-tetraphenyl porphyrin (TPP) immobilized onto polyurethane (PU)
after being sprayed and polymerized as a thin layer onto a surface of poly-methylmethacrylate
(PMMA). PU is gas permeable and thus was chosen to guarantee that enough oxygen
reached the PS into the coating to produce 'O,. Even if the diffusion of ROS was proved
by the reduction of bacteria on the surface, the 'O, luminescence signal exhibited multi-
exponential decay, which the authors attributed to a deactivation in the surroundings, such
as PU, PMMA, or air.

To overcome limitations of polymer coatings containing PSs, we report here a spray-
coating system based on degradable polymer micelles made of poly(ethylene glycol)
monomethylether-co-polylactide branched copolymers of the general structure mPEG-
(PLA)n Mnyppg =5kDa, n =1, 2, or 4), releasing a PS. The same copolymers were previously
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obtained in both micro- and nanometric formulations and previously described also as drug
delivery systems [19-21]. The photoactive molecule was chosen among the 4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene (BODIPY) dyes family, which are characterized to be strongly
UV-absorbing and to have high quantum efficiencies of fluorescence. They are also rel-
atively insensitive to the polarity and pH of the environment and are reasonably stable
in physiological conditions. BODIPY-based dyes are generally considered an interesting
class of compounds for antimicrobial photodynamic therapy (aPDT), as they maintain
photochemical properties, even when modified, by introducing substituent groups in some
positions of the molecule [22-24]. In the present study, micelle coating surfaces worked as
micro-reservoirs of BODIPY, which was released on the surface in a controlled manner.
Overall, surface decontamination with the micelle coating was thought as a process
consisting of the release of BODIPY in a relatively short period of time during which the PS
is continuously activated by irradiation. The aim is to realize a decontamination treatment
through a “spray-coating” capable of removing bacteria completely and deeply from
surfaces, avoiding ROS diffusion through the coating matrix and their partial deactivation.

2. Materials and Methods
2.1. Materials

All manipulations involving air-sensitive compounds were carried out under nitrogen
atmosphere using Schlenk or dry-box techniques. Poly(ethylene glycol) monomethyl ether
(mPEG, My, = 5000 Da) was purchased from Aldrich and dried in vacuo over phosphorus
pentoxide for 72 h at 25 °C prior to use (Aldrich). L- and D,L-lactide, purchased from
Aldrich, were crystallized from dry toluene, then dried in vacuo with phosphorus pen-
toxide for 72 h at 25 °C. Toluene, purchased from Aldrich, was dried over sodium and
distilled before use. AI(CHj3)s, phosphorus pentoxide, and pyrene were supplied from
Aldrich and used as received. Dichloromethane (DCM) and dimethyl sulfoxide (DMSO)
were purchased from Carlo Erba and used without purification. Dialysis was performed
with Orange Scientific membrane and OrDial D35-MWCO 3500 regenerated cellulose
dialysis tubing. The compound 2,6-diiodo-1,3,5,7-tetramethyl-8-(2,6-dichlorophenyl)-4,4'-
difluoroboradiazaindacene was synthetized as previously reported [25].

2.2. Synthesis of mPEG—(PLA),, Copolymers

The copolymers used in this work were synthesized according to the procedures
reported in the literature [19] by using a PEG/LA ratio (w/w) of 1/2.

A typical procedure is herein described for the copolymer of entry 1 and 2 (Table 1).
A magnetically stirred reactor vessel (50 mL) was charged sequentially with a solution of
mPEG (M, =5 kDa, 0.500 g, 0.1 mmol) and AlMej (25 mg; 0.35 mmol) in toluene (10 mL).
The mixture was stirred for 1 h, and then L- or D,L-lactide (1.00 g, 6.94 mmol) was added
and the mixture was magnetically stirred at 70 °C for 48 h. Conversions were monitored
by integration of the monomer vs. polymer methine resonances in the 'H NMR spectrum
of crude product (in CDCl3). At complete monomer conversion, the mixture was poured
into hexane (200 mL), and the precipitated polymer was recovered by filtration, washed
with methanol, and dried at 40 °C in a vacuum oven. The copolymer was characterized by
'H NMR spectroscopy.

'H NMR (CDCl3, 25 °C) § = 1.54 (m, -CHCH3-), 3.64 (s, -CH,-), 5.15 (m, -CHCHj3-).

The molar percentage of lactide in each copolymer was evaluated by the relative
intensity of signals at 0: 5.15 (<CH- of polylactide, Acyy) and 3.64 (-CHy— of m-PEG, Acyp).

Molecular weight was evaluated by 'H NMR using the following equation:

Mn = (MnPEG (Mwlactide)(ZACH))/ ((ACHZ) (Mwethyleneoxide)) + MnPEG (1)

2.3. NMR Measurements

The 'H-NMR spectra were recorded on a Bruker Avance 400 spectrometer ('H,
400.00 MHz) at 25 °C using tetramethyl silane (TMS) as an internal reference (Aldrich).
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Samples were prepared by introducing 20 mg of copolymer and 0.5 mL of CDCl;3 into an
NMR-tube (5 mm outer diameter).

2.4. CMC Measurements

The critical micelle concentration (CMC) was determined using pyrene as a fluores-
cence probe. Samples for fluorescence spectroscopy were prepared by diluting the micelle
solutions to 10 different concentrations (range 1.0 x 10~* mol/L—1.0 x 1077 mol/L). Each
sample was then obtained by dropping a pyrene solution (5.0 x 10~® mol/L in acetone)
into an empty vial, adding one of the copolymer solutions previously prepared, and evapo-
rating the acetone by gentle heating. The volume of the needed copolymer solution was
calculated to have a final pyrene concentration in water of 6.0 x 10~7 mol/L, which is
slightly below the pyrene saturation concentration at 22 °C. Fluorescence spectra were
recorded using a Varian luminescence spectrometer at an excitation wavelength of 335 nm
at 22 °C. The intensities of the bands I; at 372 nm and I3 at 383 nm were evaluated and
their ratios plotted vs. the copolymer concentration.

2.5. Preparation of BODIPY Loaded Micelles and Study of Release

A total of 800 pL of a 1 mg/mL solution of BODIPY in DCM and 1 mL of a solution
containing the copolymer (solution prepared with 20 mg of polymer dissolved in 1 mL of
DCM) were introduced in a dialysis membrane and dialyzed against PBS (pH 7.4) for 24 h.

In order to eliminate the residue of BODIPY, at the end of the dialysis, the sample
was recovered from the membrane and centrifuged at 1000 rpm at 4 °C for 10 min. The
supernatant was collected, and then 300 pL of a 2:1 DMSO:PBS solution was added to
300 uL of supernatant to determine the concentration of BODIPY loaded into the micelles.

The BODIPY loading was evaluated using the following equation:

BODIPY loading (%) = mdr‘;folf’sf?f:;lllzzde‘i % 100 ?)

To evaluate the amount of BODIPY released over time, at fixed times the solution
containing the loaded micelles was centrifuged at 500 rpm at 5 °C for 5 min; the supernatant
was removed while the precipitate was dissolved in 600 pL of 2:1 DMSO:PBS solution and
analyzed by UV-vis spectroscopy at the A = 548 nm of BODIPY maximum absorbance to
determine the BODIPY concentration

2.6. Bacterial Strain and Growth Conditions

The photoinactivation assays were performed against the model pathogen Staphylococ-
cus aureus ATCC6538P. S. aureus was grown overnight in tryptic soy broth (TSB) medium at
37 °C on an orbital shaker at 200 rpm. When necessary, a solid formulation (agar 15% w/v)
was prepared.

2.7. Photoinactivation by Suspended Micelles

Upon overnight growth, S. aureus cultures were centrifuged (8000 rpm, 4 min), and the
pellet was suspended in phosphate buffer saline (PBS, KH,PO,/K,HPO, 10 mM, pH 7.4)
to reach a bacterial concentration of ~108 CFU/mL. BODIPY (1 or 0.1 uM) dissolved in
DMSO or micelle encapsulated BODIPY (0.1 uM) was administered to cell suspensions.
Samples were dark incubated for 10 min to favor the interaction between PSs and bacterial
cells and then irradiated, at increasing times, under 520 nm light (2.4 mW/ cm?). At1h
of irradiation, the final light dose was 8.7 J/ cm?, and at 6 h it was 52.1 J/cm?2. A panel of
the following controls was kept under dark incubation: untreated cells, cells treated with
DMSO (0.01% ©v/v) or with empty micelles, and cells treated with BODIPY (dissolved in
DMSO or encapsulated). The effect of irradiation was also evaluated on untreated cells
and cells treated with DMSO or empty micelles.

To determine the effect of dark incubation and irradiation on bacterial viability of
control samples and PS-treated samples, cellular concentration was determined by viable
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count technique. Each sample was collected and 10-fold serially diluted in PBS. A volume
of 10 uL of each diluted and undiluted sample was plated on TSB agar plates. After
overnight incubation at 37 °C, the cellular concentration was calculated and expressed
as colony forming units per milliliter (CFU/mL). Photoinactivation experiments were
performed at least in triplicate.

2.8. Photoinactivation Induced by Micelle-Coated Glass

A volume of 200 uL of PS-loaded micelles or free PS (0.8 uM) was sprayed on coverslip
glasses. A sample without any coating was also included. Coated glasses were dried under
airflow and positioned in 35 mm diameter petri dishes. Each dish was filled with 1.5 mL
of bacterial suspension prepared by diluting 300-fold with an overnight S. aureus ATCC
6538P culture in M9 minimal medium added with 10 mM glucose and 0.2% w/v casamino
acids. After overnight incubation at 37 °C, coverslip glasses were irradiated under light
at 520 nm for 2 h in a humid chamber. Upon irradiation, adherent cells were stained for
30 min with 2 uM fluorochrome 4,4-difluoro-1,3,5,7-tetramethyl-8-(2-methoxyphenyl)-4-
bora-3a,4a-diaza-s-indacene [26]. Then, the coverslips were transferred on microscope
glass slides for confocal microscopy analysis. The images were acquired through a 63X
objective lens and a 488 nm laser.

3. Results and Discussion

Most micelle coatings reported in the literature consist of physical adsorption of
micelles to the surface [27-29]; in a few cases, the chemical coating is derived by the
reaction of side or terminal groups of block copolymers forming micelles with groups on
surfaces [30-32]. The general advantage of using micelles consists of their supramolecular
typical structure that allows for the holding and releasing of active molecules.

In this study, the coating comprised micelles physically adsorbed on the surface and
loaded with BODIPY. Controlled release of BODIPY in a relatively short range of time,
during which the free molecule is activated by irradiation, allows bacteria decontamination
of the surface, as reported in Scheme 1, avoiding the drawbacks connected to the 'O,
diffusion through a polymer matrix and its partial deactivation.

90000000 0000 20602099
1. Coating of surfaces with loaded micelles 2. PSrelease

¥ Lox x* 4 . :
oseP e
3&0"*6028£0 0, Q#o&*b #*‘

4. Antibacterial activity 3. Light irradiation

Scheme 1. Mechanism of action of the coating systems based on loaded micelles.

To this aim, we synthesized several linear and branched block copolymers of general
structure AB, (n =1, 2, 4), where A is the poly(ethylene glycol)monomethylether (mPEG,
5 kDa) and B represents the poly(lactide) (PLA) blocks, either atactic poly D,L-lactide
(PD,LLA) or stereoregular polyL-lactide (PLLA) (Figure 1). mPEG—(PLA);, linear and
branched copolymers were synthesized following a procedure already reported by some of
us [19] and with the rationale of obtaining a similar molecular weight for the hydrophobic
and hydrophilic part of the copolymer to foster the formation of micelles by copolymer
self-assembling in water. The idea of using micelles of mPEG—~(PLA), copolymers as surface
releasing coatings is based on two consideration: the first one is about the degradability of
copolymers, due to the presence of the polylactide blocks, that leads to a temporary coating;
the second one is the presence of the mPEG block that preserves the surface from adsorption
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of proteins and adhesion of cells after its decontamination and until the following process of
surface disinfection. The linear and branched structures were synthesized, since we already
noted that the copolymer structure can strongly influence chemical-physical properties as
well as the biological behavior of supramolecular aggregates, such as micelles or vesicles
or both when the copolymer is neutral and charged [19-21,33-43].

NN 68\(0\0/\020\

1 = mPEG-(PD,LLA)
4= mPEG-(PLLA)

] é)\/o\o/\&o\
o + s

Ao . KN L
WM&E@AN’« WM/\E NS

3 = mPEG-(PD,LLA), G o
5= mPEG-(PLLA)2 6 = mMPEG-(PLLA), %t\/o% .y
O
(o]

Figure 1. Copolymer structures. The numbers refer to the samples described in the relative entry of
Table 1.

Table 1 shows data on microstructural features of the copolymers, the CMC of the
corresponding micelles, and their AG formation. The last parameters are indicative of the
thermodynamic stability of micelles and are fundamental for selecting copolymers that
would maintain the supramolecular structure longer, allowing for the controlled release
of PSs on the surface. The lower the CMC and AG values are, the higher the micelle
stability is. It is well known that by controlling the crystallinity of the core it is possible
to induce micelle stability. Data show that copolymers having the same general structure
A(B),, possess lower CMC and AG when the polylactide chain is stereoregular (PLLA
chains), which is noticeable when comparing CMC and AG values of entry 1 and 4, 2
and 5, and 3 and 6. Indeed, previous literature results showed that micelles formed with
amorphous cores exhibited considerably higher CMCs than those with semicrystalline
cores [44]. Among the stereoregular copolymers, mPEG—(PLLA), and mPEG—(PLLA),
appeared the most appropriate for this study because of their lower CMC and AG. They
are characterized by similar molecular weights but a different degree of branching and
consequently different lengths of branches (17.4 and 13.4 monomer per arm for mPEG-
(PLLA); and mPEG—(PLLA)y, respectively). It is worth noting that the two-arm branched,
stereoregular copolymer mPEG—(PLLA); shows the lowest CMC and AG, in accordance
with what was previously found by some of us [20]. This experimental observation might
be due to the presence of longer hydrophobic PLLA chains in the case of the two-arm
branched copolymer compared to the four-arm branched ones. The longer PLLA arms
may give rise to more inter-chain polymer entanglements, thus stabilizing the core and
decreasing the CMC.

Table 1. Chemical structure, lactide content, and molecular weight (M) of copolymers. Critical
micelle concentration (CMC) and AG formation of the corresponding micelles.

Entry Copolymer ! LA M, 2 CMC CMC AG®  BODIPY Loading

unit/arm  (kDa) ™M) (ug/mL)  (kJ/mol) (%)

1 mPEG-(PD,LLA) 37.5 104 67 x107° 70 —29.50 -

2 mPEG~(PD,LLA), 17.4 100 71x107° 71 —29.36 -

3 mPEG—(PD,LLA)y 14.2 132 34x10°° 39 —31.18 -

4 mPEG—(PLLA) 333 98  55x107° 54 —29.99 -

5 mPEG—(PLLA), 17.4 100 44 x 1077 44 —36.24 3.01

6 mPEG—(PLLA), 13.4 127 28x10°° 36 —31.66 3.54

! mPEG molecular weight 5 kDa, 2 Evaluated by 'H-NMR using Equation (1), > G = RTInCMC, where CMC is
expressed as mole fraction; T = 298 K, 4 Evaluated using Equation (2).
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We loaded micelles obtained by self-assembling mPEG—(PLLA); and mPEG-
(PLLA)4 in PBS (pH 7.4) with 2,6-diiodo-1,3,5,7-tetramethyl-8-(2,6-dichlorophenyl)-4,4’-
difluoroboradiazaindacene (Figure 2), a PS belonging to the BODIPY family. This molecule
showed a very high photodynamic activity against tumor cells, such us ovarian carcinoma
cells (SKOV3), after irradiation with a green LED device [45], and thus it would be inter-
esting to evaluate its antimicrobial activity against Staphylococcus aureus to assess whether
neutral PSs, having an excellent antitumor efficacy, can also exert a strong antibacterial ac-
tion. Our interest into antimicrobial activity against such bacteria derives from the fact that
these pathogens are etiological agents of several nosocomial infections. Furthermore, the
selection of strains resistant to a newer generation of antibiotics and the ability of S. aureus
strains to form biofilm on inert surfaces and biological tissues makes their eradication more
difficult [46].

Figure 2. Structure  of 2,6—diiodo-1,3,5,7—tetramethy1—8—(2,6—dichlorophenyl)-4,4/ -
difluoroboradiazaindacene (BODIPY) used as a photosensitizer (PS).

Table 1 shows data relative to the BODIPY loading for the two kind of copolymer
forming micelles. The loading was quite similar for both micelles with a slightly higher
amount of dye encapsulated in the more branched system. BODYPY release was studied
in PBS solution at pH 7.4 and at room temperature (298 K) for 48 h, and it is reported in
Figure 3. It is worth noting that both micellar systems could release the molecular dye in a
controlled manner, with a massive but still contained release within the first half an hour,
which was around 16% and 13% of the total content of BODIPY for mPEG—(PLLA), and
mPEG—(PLLA)4 micelles, respectively. Interestingly, despite the lower amount of dye and
higher stability, mPEG-(PLLA); micelles were able to release almost 100% of BODIPY in
the first 48 h, in contrast with the more branched ones that released only the 67% of total
dye encapsulated in the same period of time. It is difficult to explain the different behavior
of the two kinds of micelles in the release of BODIPY. One can suppose that the higher
stability of mPEG—(PLLA), micelles might be associated with the PLLA branch interactions
in the core, which are stronger than those in the mPEG—(PLLA)4. Thus, the strongest branch
interactions may induce BODIPY molecules to accumulate preferentially in the outer part
of the hydrophobic core, meaning close to the confined region between the hydrophobic
region and the mPEG corona, during self-aggregation of mPEG—(PLLA), copolymer.

100
80—
60—
40+

20+

Cumulative release (%)

0=
0 0.5 1 1.5 2 25 3 4 5 6 24 48
time (h)

Figure 3. BODIPY release at pH 7.4 and 298 K from micelles made of mPEG—(PLLA), (black) and
mPEG—(PLLA), (grey).
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The different behavior in releasing BODIPY, as showed by the two systems, are both
intriguing for a coating that requires a slow release of the antimicrobial PS. However, we
decided to test the antimicrobial efficiency of the system based on the more stable micelles
that release completely within 48 h.

To this aim, the efficiency of BODIPY in photoinactivation of the model strain S. aureus
ATCC 6538P was tested, and data are reported in Figure 4. Under a low energy dose of light
(8.7 J/cm?) at 520 nm, BODIPY showed a dose-dependent killing effect. The lowest tested
concentration (0.1 uM) caused a statistically significant reduction (p = 0.0361) of ~4 log
unit, while the highest concentration (1 uM) caused the highest killing rate detectable in
the chosen setup, namely <100 CFU/mL (p = 0.0023). All the included controls ruled out
any intrinsic activity of BODIPY and of solvent used to solubilize PS (DMSO 0.01%). As
expected, green light did not influence S. aureus viability. It is well known that neutral
PSs belonging to several families, natural and synthetic, such as curcumin, hypericin,
phthalocyanine, and fullerenes, are active against Gram-positive bacteria [47]. To the best
of our knowledge, in this study, for the first time a neutral BODIPY was successfully tested
as a PS against S. aureus. It is noteworthy to point out that the BODIPY was active at low
micromolar concentration and was active only under irradiation. These features make the
chosen BODIPY an interesting antimicrobial PS.

100 . 0 J/cm?
10° 8.7 Jicm?
107

- 106 *

E

S 105

L

© 10¢
103 >k
102
10° T T T T

Untreated DMSO 0.1% 0.1 pM 1uM

Figure 4. Photodynamic inactivation of Staphylococcus aureus by 0.1 and 1 uM of BODIPY dissolved
in DMSO. Irradiation with light at 520 nm was performed for 1 h to reach a final dose of 8.7 ] /cm?.
Untreated and DMSO (0.1% v/v)-treated samples were included as controls. Data of cell viability
are expressed as CFU/mL =+ standard deviations. Statistical analyses were performed by one-way
ANOVA (* p < 0.05; **p < 0.01).

To better appreciate the potential antimicrobial effect of micelle loading, the lowest
tested concentration (0.1 uM) was preferred to the highest one (1 uM). To mimic a potential
disinfection protocol, aPDI was performed at increasing irradiation times from 1 to 6 h.
The dark incubation for long periods of time of PS dissolved in DMSO did not cause any
alteration in bacterial viability, as shown in Figure 5. On the other hand, the irradiation of
PS dissolved in DMSO showed a dose-dependent light killing rate; upon 3 h and longer
time of irradiation (>26.1]/cm?2), the highest killing rate (limit of detection of the system)
was reached. The antimicrobial effect of micelles was ruled out both under dark incubation
and upon irradiation.

Interestingly, the encapsulation of PS in micelles did not impair the desired photoin-
activation; a decrease of S. aureus viability was observed, even if to a lesser extent than
what was elicited by PS dissolved in DMSO. The kinetics of photoinactivation induced by
micelle-loaded PSs was like that observed with BODIPY in DMSO, reaching the highest
rate (—5 log unit) after a 3 h and longer period of irradiation. A bacterial sample treated
with empty micelles was also incubated in the dark or irradiated for 6 h, and no cellular
concentration change was observed with respect to untreated cells (data not shown). In-
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deed, it is important to rule out any bacterial agglutinating effect of micelles that could
overestimate the antimicrobial effect.

9
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107 - PS + micelles DARK
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g 105 - Micelles DARK
£ o8 Micelles LIGHT
S
104
103
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min
Figure 5. Photodynamic inactivation of Staphylococcus aureus with 0.1 uM BODIPY dissolved in DMSO or encapsulated in
micelles. The irradiation with light at 520 nm was delivered up to 6 h, and the effect of micelle-encapsulated BODIPY and of

BODIPY was checked every 60 min. Cell viability of control samples was checked upon 3 and 6 h of dark incubation or
irradiation. Data are expressed as CFU/mL = standard deviations.

The latter experiments showed that the delivery system of micelles worked very well;
a decrease of 5 log unit from bacterial samples at a very high concentration (~10° CFU/mL)
is an important microbiological goal. Furthermore, this delivery system represents a
relevant alternative to DMSO as a carrier for BODIPY surface distribution, as DMSO has
several drawbacks, such as environmental toxicity and difficult removal from surfaces.

To evaluate if the antimicrobial effect of the system could be observed upon coating,
the following experiment was planned, as described in detail in Material and Methods.
A coverslip glass was chosen as a surface to coat by spraying on it a water solution of
micelles loaded with BODIPY and, thereafter, to inoculate with S. aureus. Upon overnight
incubation, the irradiation (17.4 J/cm?) by light at 520 nm caused clear alterations of cell
integrity that were highlighted by confocal analysis. As can be appreciated in Figure 6A,
the bacteria of the control sample showed the typical morphology of well-defined cocci
and with a diameter of ~1-1.5 um. In the enlarged image, it is possible to recognize couples
of cells very close one to another, as expected, at the final step of the binary fission process.
This is in accordance with viable and physiological undamaged bacteria. On the other hand,
the distribution of the chosen fluorophore inside microorganisms inoculated on micelle
coated surface was very different, as shown in Figure 6B. In this case, a diffuse signal of
a fluorophore was detectable. It was not possible to identify the bacterial morphology,
and, in addition, the dimensions of the photo-inactivated cells were smaller than those
of the untreated ones. Furthermore, there was the appearance of clusters of cells not
visible in the control sample. Induction of cell aggregation has already been observed in
S. aureus strains [48] under adverse growth conditions, such as the presence of antibiotics
in sub-toxic concentrations. The cluster formation thus represents a defensive strategy of
bacteria to resist and is associated with the production of polysaccharides that favor cellular
association and confer physical barrier properties to chemical agents. In the aggregate,
there are dead and living cells, so that the polysaccharides and the presence of dead cells
could explain the diffuse fluorescence we observed only in the case of coverslip glass
coated with loaded micelles (Figure 6B).
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Untreated PS-loaded micelles

DARK

LIGHT

Figure 6. Photodynamic inactivation of Staphylococcus aureus grown on coverslip glasses. S. aureus
cells were inoculated on coverslip glass (A,C) or on coverslip glass where a volume of 200 pL of
PS-loaded micelle (0.8 uM) solutions was sprayed on (B,D). Upon overnight growth, cells were
irradiated under light at 520 nm for 2 h (C,D) or dark incubated (A,B). The fluorochrome was
added 30 m before confocal analysis. The images were acquired through a 63X objective lens and a
488 nm laser.

Taken together, these observations suggest that the coated surface changed greatly the
appearance and most likely compromised the physiological status of the microbial population.

The combination of micelles and PSs seems very promising in the antimicrobial
field and suggests further improvements. Since polymers with intrinsic photosensitizing
activity have been investigated [49,50], a novel potential antimicrobial technique could rely
on synergistic activity of photoactivable micellar components combined with PSs. This
approach could take advantage of the antimicrobial activity of both involved parts, the
container and the content.

4. Conclusions

In this study, we report a strategy to decontaminate surfaces from S. aureus, one
of the more difficult human pathogens to eradicate, by a coating made of micelles
loaded with the neutral BODIPY 2,6-diiodo-1,3,5,7-tetramethyl-8-(2,6-dichlorophenyl)-4,4’-
difluoroboradiazaindacene. Micelles formed from mPEG—(PLLA),, with mPEG 5kDa and
n =2 or 4 were found to be the most thermodynamically stable among those obtained by
self-assembling several copolymers based on mPEG and PLA branches, the latter both
atactic and stereoregular. The higher stability of micelles obtained from the stereoregular
branched copolymers might be ascribed to the stronger hydrophobic interaction among
the PLLA arms with respect to the corresponding atactic copolymer, and for the presence
of more than one PLLA chain per mPEG block. Release of BODIPY from micelles obtained
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by self-assembling the stereoregular branched copolymers in solution showed a very
different behavior depending on the copolymer structure. Interestingly, the most stable
supramolecular system, based on mPEG—(PLLA);, was able to release faster, probably for a
different localization of the dye within the micelles. PSs are likely placed in the outer part
of the hydrophobic core and in proximity to the hydrophilic corona. The faster releasing
system was the one tested in the antimicrobial activity, and two significant results emerged
from experimental data. For the first time it was demonstrated that a neutral BODIPY,
after irradiation, is active against S. aureus even at micromolar concentrations, and that
the system releasing such a BODIPY induces an important decrease of 5 log unit in the
presence of a high concentration (~10° CFU/mL) of bacteria.

Overall, the supramolecular BODIPY releasing system proposed in this paper as a
coating for surface decontamination allows for the overcoming of several complications
deriving from the use of photodynamic active coating containing PSs, meaning ROS
diffusion through the polymer matrix responsible for their partial deactivation or oxygen
matrix permeability required to produce 'O,.

More in general, such a system is highly versatile, since in principle it is possible to
modulate PS release by properly choosing the structure of copolymer forming micelles and
the nature of PSs.
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