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ABSTRACT

Novel cationic glycoliposomes, composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol
(Chol) and glycoamphiphiles featuring a galactosyl, mannosyl or glucosyl moiety have been investigated for the
targeted delivery of trans-resveratrol (RSV), a Quorum Sensing Inhibitor (QSI), to Methicillin Resistant Staphylo-
coccus Aureus (MRSA) biofilms.

All the glycosylated formulations show a 10-20 % reduction of their hydrodynamic size and a high positive
increase in {-potential (20+-27mV), with respect to the almost neutral DOPC/Chol liposomes (-3.7 mV). RSV is
entrapped in liposomes with high Entrapment Efficiency (EE%), the formulations containing glycosylated am-
phiphiles showing higher values of EE% (79-90 %) than those containing DOPC/CHOL (65 %). In all the lipo-
somal formulations, the inclusion of RSV causes a decrease in {-potential, which is particularly evident in the
negative value of DOPC/Chol liposomes (-14.8 mV). This is probably due to the ionization of a small percentage
of RSV molecules that point towards the lipid/water interface, as reported in the literature.

Greater antioxidant activity is found when RSV is embedded in glycosylated liposomes, rather than DOPC/
CHOL liposomes. This finding suggests a different RSV distribution in the lipid membrane enclosing the glyco-
sylated amphiphiles, which favor an external exposure of RSV.

Biological assays carried out to monitor the demolition effect of RSV-loaded liposomes on mature biofilm of
MRSA show that the presence of cationic glycoamphiphiles is essential for a demolition effect to take place on the
biofilm matrix. In particular, RSV-galactosylated liposomes are the most effective in destroying MRSA biofilm
even at a RSV concentration (0.019 mM) sixty times lower than the MIC (1.2 mM). This work demonstrates, for
the first time, how the functionalization of liposomes with cationic glycosydic residues can enhance liposome

performances as QSI nanocarriers for the treatment of biofilm associated infections.

1. Introduction

Biofilm-enhanced infections have become one of the biggest threats
to human health and a serious challenge for modern medicine. Every
year, biofilm associated infections are responsible for hundreds of
thousands of chronic infections all over the world and, according to
many studies, 60 %-80 % of all bacterial infections and almost all
nosocomial infections involve biofilms [1,2].

An exhaustive definition of biofilm has been proposed by Donlan and
Costerton: “A microbially derived sessile community characterized by
cells that are irreversibly attached to a substratum or interface or to each
other; are embedded in a matrix of extracellular polymeric substances
that they have produced and exhibit an altered phenotype with respect
to growth rate and gene transcription” [3]. This community is “a
spatially heterogeneous structure” [4], constantly varying in form, in
which growth and metabolic rate, oxygen and nutrient availability, cell
density, size and morphology differ markedly within the biofilm struc-
ture [4].

All higher organisms, including humans, are colonized by millions of
microorganisms forming biofilms. Biofilms are also responsible for
contamination of process water, deterioration of the hygienic quality of
drinking water and microbially influenced corrosion [5].

Biofilms are associated with high levels of resistance to antimicro-
bials, frequent failures of treatment, increased morbidity and mortality.

Usually, antibiotic treatment destroys only the detached planktonic
bacteria, leaving the biofilm intact. In this way, bacterial biofilms act as
nests for acute infections that regularly come back after some weeks or
months of incubation. It has been shown that, while dormant, cells in
biofilms become increasingly resistant to antimicrobial agents. Vanco-
mycin, for example, is decreasingly efficient in killing aging biofilm after
6 h, 24 h and 48 h [6].

In the last decade, some methods for treating biofilm-enhanced in-
fections have been developed, but the problem is still far from being
solved. Many of the several approaches that have been proposed to fight
these infections, such as the development of new anti-adhesive materials
or the use of ultrasonication and magnetic fields to eradicate biofilm or
achieve drug penetration, while promising for the inhibition of biofilm
formation on environmental and clinical abiotic surfaces, do not solve
the problem of infections in humans [7].

A promising approach for fighting biofilm-associated bacterial

infections involves the use of Quorum Sensing Inhibitors (QSI), small
molecules that have inhibitory capacities against Quorum Sensing (QS), a
system of communication among cells inside the biofilm [8].

Recently it has been reported that resveratrol (RSV) can inhibit the
process of QS. Indeed, RSV is able to inhibit the biofilm growth of both
Gram-positive and Gram-negative bacteria [9-11]. In particular, bio-
logical tests on Staphylococcus aureus, Bacillus cereus, Staphylococcus
epidermidis have shown that RSV is able to inhibit the process of QS
among bacterial cells by blocking their initial adhesion to the surface
[12]. Experiments on Helicobacter pylori cultures have also demonstrated
that very low concentrations of resveratrol can inhibit the growth and
even kill bacterial cells [13].

While this wide spectrum of antimicrobial activity, coupled with its
safety profile (it has been granted Generally Recognised As Safe, GRAS,
status) [14] and relatively low price, makes RSV very attractive for the
development of new pharmaceutical products, several problems have
emerged such as those related to RSV’s low solubility in water, low
bioavailability and instability in biological fluids.

Nevertheless, the development of an appropriate drug delivery sys-
tem based on liposomes could solve most of these issues. Indeed, the
inclusion of RSV inside liposomes enhances its water solubility and
stability [7,15], and could make it a successful strategy against some
bacterial infections. In fact, RSV-loaded liposomes are able to exert
stronger anti-oxidative and anti-inflammatory activities than free RSV
[16], inhibit biofilm formation and promote biofilm dispersion even at
sub-MIC concentrations, displaying anti-QS activity [17].

Here we describe the preparation and characterization of novel
liposome formulations for the delivery of trans-RSV to methicillin resistant
Staphylococcus aureus (MRSA) biofilm. The liposome formulations
investigated were composed of a natural phospholipid, (1,2-dioleoyl-sn-
glycero-3-phosphocholine, DOPC), cholesterol (Chol), and a glycosy-
lated amphiphile (either GL4, [18,19], MAN1 or GLT1, Chart 1 ). The
glycosylated amphiphiles were devised in order to couple a quaternary
ammonium group to a glycosylated moiety and obtain a molecule able to
promote both an efficient electrostatic interaction with biofilm and a
specific liposome binding to carbohydrate-specific adhesins (i.e. lectins)
overexpressed on both bacteria cells and biofilm [20].

Our goal was to highlight the ability of glycosylated amphiphiles to
enhance liposome binding and, consequently, resveratrol delivery to
bacteria biofilm, and to identify the best sugar moiety to target MRSA
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biofilm.
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Chart 1. Molecular structures of the glycosylated amphiphiles (GL4, GLT1 and MAN1) and RSV.

2. Experimental section

The anti-biofilm activity of RSV enclosed in the lipid bilayer of

liposome formulations
liposomes on MRSA b

was compared with that of free RSV and empty 2.1. Materials
iofilm. In particular, the experiments monitored

the demolition effect of liposome formulations on preformed biofilm of DOPC was purchased from Avanti Polar Lipids (Alabaster, AL, USA),

the selected organism.

phosphate-buffered saline (PBS; 0.01 M phosphate buffer; 0.0027 M KCI;

Table 1
Characterization of liposome formulations, both empty and RSV-loaded, tested on MRSA biofilm.
Formulation® Lipid ratio Dy (nm) pDI¢ ¢-Potential™? (mV) EE (%) RSV (mM)
LPs and GLPs
DOPC/Chol 80:20 105 £ 0.7 0.1 + 0.02 -3.7+0.7 - -
DOPC/Chol/GL4 75:20:5 81+14 0.1 +£0.01 25.5 + 2.0 - -
DOPC/Chol/MAN1 75:20:5 89 + 0.25 0.2 £ 0.01 27.0 £ 0.6 - -
DOPC/Chol/GLT1 75:20:5 88 +3.3 0.1 + 0.01 24.4 + 0.6 - -
RSV-LPs® and RSV GLPs*
DOPC/Chol 80:20 106 +£1 0.2 + 0.01 —14.8 £ 1.2 (-15.0 + 2.0) 65 1.17 £ 0.01 (1.81 £+ 0.03)
DOPC/Chol/GL4 75:20:5 91 +2 0.2 4+ 0.01 19.5 £ 1.8 (29.8 + 1.8) 89 2.27 £+ 0.04 (2.56 + 0.02)
DOPC/Chol/MAN1 75:20:5 101 + 6 0.2 £0.01 26.2 +1.6 (25.6 + 1.1) 79 2.08 £ 0.04 (2.31 £ 0.03)
DOPC/Chol/GLT1 75:20:5 98 +3 0.2 + 0.02 27.1 +£3.3(29.2+1.2) 90 2.03 £ 0.043 (2.56 + 0.02)

@ Total lipid concentration in all formulations correspond to 20 mM.
b ¢_Potential values post and before dialysis (data in brackets).
¢ RSV/lipids ratio at the beginning of the preparation is 1:8.

4 Error associated to D

h, PDI, (-Potential and RSV concentration values is the standard deviation of three repeated measurements on three different samples.

¢ RSV concentration post and before dialysis (data in brackets), both assessed by HPLC.
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0.137 M NaCl; pH 7.4), Sephadex G-50 fine, sodium sulphate, trans-
resveratrol (RSV, purity = 99 %), ABTS (2,2'-azino-bis-[3-ethyl-
benzothiazoline-6-sulfonate], purity>99 %), trans-stilbene (purity = 96
%), cholesterol (purity = 99 %), cellulose dialysis membrane (D9652-
100FT, m.w. cut off = 14,000 Da) were purchased from Sigma-Aldrich.
Dialysis membrane was activated by washing the tubing under running
water for 3-4 h, treating the tubing with a 0.3 % (w/v) solution of so-
dium sulfide at 80 °C for 1 min, washing with hot water (60 °C) for 2
min, followed by acidification with a 0.2 % (v/v) solution of sulfuric
acid, finally rinsing with hot water to remove the acid.

The glycosylated amphiphile GL4 was previously synthesized by
some of us [18]; the synthesis and characterization of the new glyco-
sylated amphiphiles MAN1 and GLT1 is reported in the Supporting
Information.

2.2. Instrumentation

For the extrusion protocol, 10 mL Lipex Biomembranes extrusor was
used, equipped with Whatman Nuclepore polycarbonate membranes
(pore size 0.1 pm).

Sonics Vibra Cell sonicator was used in the preparation procedure of
RSV formulations.

PES sterile syringe filters (0.22 pm) for liposomes filtration were
purchased from Euroclone.

A Malvern Nano-ZetaSizer apparatus, equipped with a 5 mW HeNe
laser (A =632.8 nm), was used to perform DLS and electrophoretic
mobility measurements.

A Cary 300 UV-vis double beam spectrophotometer (Varian
Australia PTY Ltd., Mulgrave, Vic., Australia), equipped with a ther-
mostating apparatus for temperature control, was used to carry out OD
and UV measurements on liposome suspensions.

A microtiter plate reader (Bio-Rad Laboratories, Hercules, CA) was
used to perform the CV assay.

Waters Alliance 2695 (Waters Associates, Milford, MA, USA) coupled
with a photodiode array detector (PDA Waters 996) was used to perform
HPLC analysis. Data were collected and analyzed using Empower 2
software (Waters, Milford, MA, USA). Scanning Electron Microscopy
(SEM) images were obtained using a SEM Supra 25 (Zeiss, Germany).

2.3. Preparation of empty and RSV- loaded liposomes

Aqueous dispersions of empty liposomes were prepared according to
a reported procedure [21] (Table 1). Lipid films were prepared on the
inside wall of a round-bottom flask by evaporation of solutions con-
taining the proper amount of lipid components dissolved in CHClg
(DOPC and Chol) or in MeOH (GL4, MAN1 and GLT1) to obtain a
mixture with the desired molar percentage. Lipid films were kept
overnight under reduced pressure (0.4 mbar) and then a proper amount
of PBS (one tablet dissolved in 200 mL of deionized water yields 0.01 M
phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium
chloride, pH 7.4, at 25 °C) was added to have a lipid dispersion at 20 mM
concentration. The aqueous suspensions were vortex-mixed in order to
detach the film completely from the flask, then the resulting multi-
lamellar vesicles (MLVs) were freeze-thawed six times from liquid ni-
trogen to 50 °C and extruded (10 times) through a 100 nm
polycarbonate membrane.

For the preparation of RSV loaded liposomes, RSV was added to the
lipid mixture in the organic solution before film formation (RSV/lipids
molar ratio being 1/8). The procedure for liposome preparation was the
same as followed for unloaded liposomes, the only difference being that
samples containing RSV were sonicated at 40 W (10 cycles of 10 s)
before freezing-thaw cycles in order to break RSV aggregates that usu-
ally form in aqueous solutions and thus improve the entrapment inside
the lipid bilayer [22].

The removal of unentrapped RSV was performed by dialysis in PBS:
portions of 500 pL of RSV-liposomes were loaded into 2 mL eppendorfs
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that were closed with activated dialysis membrane (1962.5 rnmz), and
fastened with rubber bands. All the eppendorfs were placed in a glass
crystallizer containing PBS (25-times the total volume of the sample),
with the dialysis membrane in contact with the buffer. The diffusate
buffer was changed every 30 min over 2.5 h (four times), and gently
stirred throughout. The set up and timing of dialysis were chosen on the
basis of preliminary experiments in which the complete depletion of free
RSV from the retantate solution (RSV 1.25 mM in PBS/absolute ethanol)
was monitored over time. During all steps of the preparation (film for-
mation, extrusion and dialysis), samples were protected from light.

2.4. Characterization of liposomes

2.4.1. Size and { potential measurements by DLS

Suspensions of liposomes (1 mM total lipids) in 150 mM PBS were
analyzed by DLS measurements soon after preparation, after 48 h and
after 7 days, to determine the average diameter, the polydispersity
index, and the stability over time with respect to fusion.

For the determination of { potential, liposomes (1 mM total lipids)
were suspended in 10 mM PBS and low voltages were applied to avoid
the risk of Joule heating effects.

The normalized intensity autocorrelation functions were measured
at an angle of 173° and analyzed by using the cumulant method [23].
The first cumulant was used to obtain the apparent diffusion coefficients
D of the particles, further converted into apparent hydrodynamic di-
ameters, Dy, by using the Stokes-Einstein relationship Dy, = kgT/3nnD,
where kgT is the thermal energy and 1 is the solvent viscosity.

Analysis of the Doppler shift to determine the electrophoretic
mobility was done by using phase analysis light scattering (PALS) [24], a
method which is especially useful at high ionic strengths, where mo-
bilities are usually low. The mobility p of the liposomes was converted
into a {-potential using the Smoluchowski relation { = p 1/ € where € and
n are the permittivity and the viscosity of the solution, respectively.

2.4.2. Determination of liposomes RSV entrapment efficiency

The content of RSV loaded in liposomes was assessed by HPLC
measurement (Table 1). Trans-stilbene (TSB) was used as internal
standard (concentration 1 x 1074 M). A calibration curve (R2 =0.9980)
with free RSV samples in the 8.1 x 10 - 8.1 x 10~* M range and TSB at
1 x 10~* M was built.

Liposomal samples were diluted 1:2 prior injection with a methanol
solution containing TSB at a concentration set to have a final TSB con-
centration of 1 x 10~ M. Dilution in methanol was needed to break all
aggregates.

The HPLC column employed was a C18-SunFire 150 x 4.6 mm ID,
3.5 pm (dp). The mobile phases were water/acetonitrile 95/5 + 0.1 %
TFA (solvent A) and methanol + 0.1 % TFA (solvent B). Elution gradient
started with A/B 80/20, v/v, in 7 min reached 100 % B (curve 6) and
was maintained at 100 %B for 20 min.

All solvents were filtered through 0.45 pm filters before use. The
analysis was carried out at 30 °C with a 1 mL/min flow. Triplicate in-
jections were made for each sample and the average area, at 306 nm,
was employed to determine RSV concentration.

The entrapment efficiency (EE%) was then calculated using the
following equation:

[RSV],,

RSV], x 100 (€D)]

EE (%) =

where [RSV],,q indicates RSV concentration after dialysis and [RSV] is
the concentration soon after extrusion.

2.4.3. Evaluation of anti-oxidant properties of RSV-loaded liposomes
(ABTS assay)

In order to assess the antioxidant power of RSV-loaded liposomes,
the Total Antioxidative Capacity (TAC) of a sample (from Ozcan Erel
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[25-27]) was evaluated. The assay was based on the formation of the
radical cation 2,2'-azinobis-[3-ethylbenzothiazoline-6-sulfonate]
(ABTS+@, with a characteristic petrol green colour) through oxidation
of the neutral, colourless 2,2'-azinobis-[3-etilbenzotiazolin-6-sulfonic]
acid (ABTS) by hydrogen peroxide.

The following reagents were prepared:

e REAGENT 1: Acetate buffer 0.40 M at pH 5.8 was prepared by mixing
235 mL of a 0.40 M CH3COONa water solution and 15 mL of a 0.40 M
CH3COOH water solution.

o REAGENT 2: Acetate buffer 30 mM at pH 3.6 was prepared by mixing
20 mL of a 30 mM CH3COONa water solution and 250 mL of a 30 mM
CH3COOH water solution.

e REAGENT 3: 69 pL of 35 % v/v HoO, were diluted to 250 mL with
Reagent 2. Then 0.27 g of ABTS were diluted in 50 mL of this solution
to obtain Reagent 3.

A calibration curve was built following the steps described below.

400 pL of Reagent 1, 10 pL of free RSV samples (RSV 0—0.75 mM in
absolute ethanol) and 40 pL of Reagent 3 were mixed in a quartz cuvette
(1 cm, 500 pL internal volume) and, starting immediately after mixing,
the absorbance at 666 nm was recorded for 20 min. The difference be-
tween the curve of ABTS+@ and each curve of ABTS+@ in the presence
of RSV became constant after 5 min, suggesting that after this time the
changes in absorbance are not due to the action of RSV but rather to the
medium. For this reason, the calibration curve was built using the
absorbance at 5 min.

The liposomal formulations were then analyzed as follows: 400 pL of
Reagent 1, 10 pL of a liposomal sample (diluted to have RSV concen-
tration 0.25 mM) and 40 pL of Reagent 3 were mixed in a 1 cm quartz
cuvette and the absorbance at 666 nm was recorded, starting immedi-
ately after mixing, for 5 min.

2.5. Bacterial strains and in vitro biofilm formation

The antibiofilm activity of liposomes was determined on mature
biofilm of a clinical isolate of methicillin-resistant Staphylococcus aureus
(MRSA). The isolate was retrieved from the frozen glycerol stocks and
streaked on a fresh Trypticase Soy agar 5% sheep blood plate (bio-
Merieux), incubated at 37 °C for 18 h and sub cultured to have fresh
colonies. MRSA was grown in brain heart infusion (BHI) medium sup-
plemented with 0.25 % glucose, at 1 x 10”cfu/mL, and submerged
biofilms were established in flat-bottom 96-well microtiter plate wells
for 96 h at 37 °C and 5% CO».

2.6. Crystal Violet assay

The biofilm formation on multi wells was measured by Crystal Violet
(CV) assay. In brief, wells were washed with PBS to remove non-
attached bacteria and stained with 100 pl of 0.1 % CV solution. After
45 min at room temperature, plates were emptied and extensively
washed with distilled water to remove the excess CV. For biofilm
quantification, 50 pl of 95 % ethanol were added to the wells to solu-
bilize all biofilm-associated dye and the absorbance at 630 nm was
determined by a microplate reader.

2.7. Demolition assay on MRSA biofilm

To test biofilm demolition, the dialyzed suspensions of RSV-loaded
liposomes (shown in Table 1) were sterilized through a 0.22 pm PES
filter, and diluted with PBS to have a final concentration of 1.2 mM RSV.
MRSA biofilms were left to grow for 4 days as described previously.
Plates were then incubated at 37 °C overnight. On the fifth day, wells
were emptied, washed with PBS and liposomes at RSV concentrations
ranging from 1.2 mM to 0.019 mM were added. The plates were then left
at 37 °C overnight. Wells were then washed again with PBS before 100 pl
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of 0.1 % CV solution were added. After 45 min at room temperature,
plates were emptied and washed with distilled water to remove excess
CV. For biofilm quantification, 50 pl of 95 % ethanol were added to the
wells to solubilize all biofilm-associated dye and the absorbance at 630
nm was determined by a microplate reader.

2.8. Scanning electron microscopy (SEM) evaluation

Bacterial biofilms grown on a glass disk and treated with different
liposome formulations were investigated by SEM. Fixed and dried bio-
films were mounted onto an aluminum stab using double-sided carbon
tape and coated with a gold/palladium film (80:20) by using a high-
resolution sputter coater (Agar Scientific B7234).

2.9. Statistical analysis

All statistical analysis was performed with the support of GraphPad
prism version 5.0 and Stata software. Data were analyzed by a one-way
ANOVA and post hoc Dunnett’ comparison tests (p < 0.05).

Results of size and { potential represent the average value and the
corresponding standard deviation of three different and independent
preparations of each liposomal formulation. DLS and -{ potential mea-
surements were repeated three times on each sample, with each single
measurement containing at least 15 different sub-runs, the number of
repetitions being optimized by the instrument in order to increase the
signal/noise ratio of the measured signal.

3. Results and discussion

Glycosylated liposomes, either empty (GLPs) or loaded with RSV
(RSV-GLPs), were formulated with a natural unsaturated phospholipid
(DOPC), cholesterol (Chol) and a glycosylated amphiphile (GL4, or one
of the two newly synthesized amphiphiles, MAN1 and GLT1, Chart 1).
Non-glycosylated liposomes (LPs and RSV-LPs) were also prepared for
comparison, employing only DOPC and Chol. Cholesterol was added to
the lipid mixture to make the lipid bilayer more stable and allow for a
large amount of glycosylated amphiphiles to be added to it; in fact, in the
absence of cholesterol, these glycosylated lipids have detergent prop-
erties when added in large amounts to lipid mixtures, thus yielding
micellar aggregates rather than liposomes [18,28].

Liposomes were prepared by the extrusion method, coupled with the
freeze-thaw protocol; samples containing RSV were submitted to addi-
tional sonication cycles before freeze-thaw, in order to break the RSV
aggregates that usually form in aqueous solutions and improve the
entrapment in the lipid bilayer [22,24]. Free RSV was removed by
dialysis.

Mean diameter, polydispersity index (PDI), (-potential, RSV
Entrapment Efficiency (EE%) and amount of entrapped RSV of all
liposomal formulations are reported in Table 1.

3.1. Characterization of liposomes

3.1.1. Size, ¢ potential and RSV localization of liposomes

Liposomes size and polydispersity index were evaluated by DLS
measurements soon after preparation, and then monitored over time; all
formulations were stable up to 7 days. Results of DLS analyses show a
narrow monomodal distribution for all LP and GLP formulations pre-
pared in the absence of RSV, with a diameter in agreement with that
imposed by the extrusion protocol (100 nm). However, all the glycosy-
lated formulations display a hydrodynamic diameter 10-20 % smaller
than DOPC/Chol liposomes. This behavior can be explained on the basis
of previous studies carried out by some members of the team on lipo-
somes formulated with GL4, which make it possible to put forward some
hypotheses on the arrangement of GL4 within the DOPC/Chol bilayer
[29,30].

Molecular dynamics simulation previously performed on DMPC/GL4
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Fig. 1. A pictorial representation of A) DOPC bilayer B) DOPC /GL4 mixed bilayer, where GL4 molecular geometry forces the aggregate to adopt a stron-

ger curvature.

bilayers suggested a preferential localization of both the glucose and
quaternary ammonium residues at the lipid/water interface, close to the
phosphate group, while the triazole ring is embedded deeper in the lipid
bilayer, close to the glycerol backbone [18]. Looking at GL4, the
structure adopts an overall “L” conformation of the amphiphile, with the
hydrophobic chain embedded in the bilayer and the large hydrophilic
headgroup extended on the liposome surface [18]. The good exposure of
the glucose residue at the lipid/water interfacial region is indirectly
confirmed by the fast and efficient agglutination of DMPC/GL4 lipo-
somes in the presence of ConcanavalinA (ConA), a soybean lectin able to
bind glucose [28]. Conversely, if GL4 is embedded in DPPC or DOPC
liposomes, less agglutination with ConA is observed, suggesting that the
sugar residue could be less accessible to the lectin. Therefore, the large
headgroup of the amphiphile should be arranged in a different way and
the amphiphile as a whole should be embedded deeper in the lipid
bilayer of the more hydrophobic DOPC and DPPC phospholipids.

GL4 is characterized by a large headgroup that comprises the sugar,
the ammonium group and the hydrophilic spacer. Consequently, it is
reasonable to assume that when the amphiphile is embedded in the
DOPC/Chol bilayer, the molecule as a whole displays a conical shape,
with a larger interfacial area with respect to DOPC, forcing the aggregate
to adopt a stronger curvature, thus a smaller diameter (Fig. 1), with
respect to DOPC/Chol liposomes. This effect was already reported for
other glycosylated liposomes formulated with different natural lipids
like EPC [31] or DPPC-PE mixtures [32] and it is more or less similar to
what is observed by adding the unsaturated lipid DOPC, characterized
by a larger headgroup area per lipid, to DPPC liposomes [33].

Interestingly, the presence of RSV within the lipid bilayer (RSV-
GLPs) largely attenuates this effect, which only remains significant in
the case of RSV-GLPs formulated with GL4. This evidence is suggestive
of the well-known ability of RSV to modulate membrane fluidity and
packing [34].

In order to investigate the actual charge of glycosylated liposomes,
we measured the { potential of the 20 mM formulations reported in
Table 1. As expected, results show a slightly negative value for DOPC/
Chol liposomes, where the presence of RSV further decreases the ¢ po-
tential. This is in agreement with several studies on RSV localization in
biomembrane models reported in the literature. In fact, it has been

shown that, at pH 7.4, in rigid membranes composed of saturated lipids
[35,36] or in stiffened membranes composed of EPC:Chol [30], a small
percentage of RSV is ionized (~8%) and the negatively charged groups
are oriented towards the interface, thus rendering the potential more
negative.

The ¢ potential values of glycosylated liposomes are, on the other
hand, positive and quite high. In this case, RSV does not induce signif-
icant variations in absolute values. In glycosylated cationic liposomes,
RSV is probably located in a deeper region of the membrane, as already
observed in other liposomes [24], thus seeming to be less dissociated.
Alternatively, RSV’s negative charge could be shielded by the highly
hydrated headgroup of glycosylated amphiphiles.

The ¢ potential of RSV-LPs and RSV-GLPs was evaluated soon after
extrusion and after the removal of unentrapped RSV by dialysis; com-
parison of the two values is useful for detecting possible depletion of the
glycosylated amphiphiles from the lipid bilayer, induced by dialysis. A
considerable drop in the { potential value after dialysis is evident only in
the case of liposomes formulated with GL4, suggesting that this
amphiphile is partially lost during liposome purification. This is not
surprising given that GL4 is more soluble than the other glycosylated
amphiphiles and displays a higher cmc value (4.3 x 1073M) [26].

3.1.2. RSV entrapment efficiency

In order to obtain both high entrapment efficiency and a suitable RSV
concentration in the final liposome suspension, we explored different
RSV/lipid ratios for the thin film preparation, and concluded that 1:8 is
the optimal RSV/lipid ratio for film preparation, as reported by other
authors [24]. In fact, higher or lower ratios do not yield an increase in EE
%.

Interestingly, the formulations containing glycosylated amphiphiles
showed higher EE% values than DOPC/Chol formulations of the same
concentration. The greater ability of cationic liposomes to entrap RSV
may be due to a favorable association between RSV and quaternary
ammonium groups of glycosylated surfactants; this hypothesis is sup-
ported by previous works reporting that polyphenols may associate with
positively charged tetraalkylammonium moieties [37].
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1,8 3.1.3. Evaluation of the anti-oxidant properties of RSV-loaded liposomes
As mentioned in the introduction, RSV has well-known anti-oxidant
1,61

) \ properties and is, therefore, unstable in the presence of oxidizing agents.
y \ In view of this, it is important to assess to what extent the inclusion of

RSV in lipid bilayers could protect it from oxidative degradation. The

£ 12 ] assay used to evaluate the antioxidant capacity of RSV loaded in lipo-
§ somes was the method reported by Ozcan Erel [26] to assess the Total
< 1,0 4 Antioxidative Capacity (TAC) of a sample. The cation radical (ABTS'®),
 NoRSv produced by oxidation of ABTS with hydrogen peroxide, is stable at pH
0.8 1 0.25mM RSV in DOPG/CHOL liposomes 3.6 for up to 6 months [21] at 4 °C, but it decomposes rapidly to its
0.25mM RSV in DOPC/CHOL/GL4 liposomes . .

0.6 ] = 025 mM RSV in DOPCICHOLMAN liposomes neutral ABTS form at higher pH values. In the presence of reducing

T 22 m RSN n DOPCICHOL/GLT fiposames agents, the degradation process is faster.
0,4 - - - . The reduction process of ABTS™® to ABTS can be followed by UV-vis
0 1 2 3 4 s spectroscopy as the radical cation shows two absorbance bands in the
time (min) visible region with maxima at 660 nm and 740 nm, respectively,

whereas the neutral form does not absorb in this range [21].

To evaluate the protective effect of liposomes on RSV, we followed
the absorbance trend of an ABTS™® solution at 660 nm over time and
compared it with the same sample in the presence of either free RSV or
liposome-embedded RSV. The ABTS™® absorbance decay was faster in
the presence of free RSV than of liposome-embedded RSV (Fig. 2),

Fig. 2. Absorbance trends of ABTS™® solutions, alone and in presence of
liposomal and free RSV.
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Fig. 3. Biofilm demolition ability of RSV-LPs, RSV-GLPs, LPs, and GLPs, at different RSV concentrations, compared with free RSV. A) DOPC/Chol/RSV and DOPC/
Chol compared with free RSV; B) RSV loaded and empty DOPC/Chol/GL4 liposomes compared with free RSV; C) RSV loaded and empty DOPC/Chol/MANT1 li-
posomes compared with free RSV; D) RSV loaded and empty DOPC/Chol/GLT1 liposomes compared with free RSV. The two asterisks (**) indicate p value smaller
than 0.01 (p < 0.01 Dunnett’s method multiple comparisons test). In graphs the plot of LPs is reported as blank.
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Fig. 4. SEM images of MRSA biofilm treated with A) 0.1 mM free RSV; B) galactosylated RSV-GLPs (RSV 0.1 mM); C) galactosylated GLPs at the same lipidic
concentration as B; D) 0.5 mM free RSV; E) galactosylated RSV-GLPs (RSV 0.5 mM); F) galactosylated GLPs at the same lipidic concentration as E.

suggesting that the lipid bilayer provides RSV with some protection.
However, the trend observed for samples treated with liposomal RSV
formulations indicates a faster ABTS™® degradation with respect to
ABTS'® in the absence of liposomal RSV, suggesting that the lipid
bilayer is not able to shield RSV completely from external agents. This in
turn suggests that RSV is partially exposed to the surface and exerts its
anti-oxidant activity.

The higher antioxidant efficiency of RSV loaded in glycosylated li-
posomes with respect to RSV loaded in DOPC/CHOL liposomes supports
the hypothesis of a different RSV distribution in the lipid membrane.
Thus, the higher ¢ potential observed in the case of glycosylated lipo-
somes could be correlated to a shielding effect of RSV negative charge by
the quaternary ammonium moiety rather than to the deeper insertion of
RSV in the lipid bilayer.

3.2. Antibiofilm activity evaluation of RSV-GLPs on MRSA

According to the literature about specific lectins and sugar trans-
porters exposed on the external surface of bacteria, the galactosyl moi-
ety should confer liposome specificity towards Fusobacterium nucleatum
[38] and Pseudomonas aeruginosa [39], the glucosyl moiety towards
Helicobacter pylori [40], Staphylococcus epidermidis [19] and Escherichia
coli [41] and the mannosyl moiety towards Pseudomonas aeruginosa
[42], Escherichia coli [43], Staphylococcus aureus [44], and Enterobacter

spp. Nevertheless, the ability of galactosyl, glucosyl and mannosyl sugar
moieties to recognize and bind with bacterial lectins, once enclosed in
amphiphilic molecules with different physico-chemical properties, is not
so easy to predict. Therefore, to reveal the efficiency of the above
characterized glycosylated liposome formulations in the delivery of RSV
to MRSA biofilm, we carried out demolition tests on 4-day-matured
MRSA biofilm. The results of the biofilm quantification by CV assay
are reported in Fig. 3, where CV absorbance is plotted against RSV
concentration. A higher value of absorbance indicates more biofilm
materials and, thus, a lower demolition capacity of the formulation. The
0 mM concentration point in each graph is the value obtained by the
untreated organisms.

The experimental data demonstrate that non-glycosylated RSV-LPs
do not show any demolition ability (Fig. 3, panel A), confirming the
importance of both the cationic charge and the glycosylated moieties on
the external surface of liposomes for effective delivery of RSV. On the
other hand, both mannosylated and galactosylated RSV-GLPs are able to
impair the preformed MRSA biofilm, even at very low sub-MIC con-
centrations (0.019 mM RSV, MIC 1.2 mM), with galactosylated lipo-
somes being the most effective as they are able to demolish the biofilm
better than free RSV (Fig. 3, panel D). It is worth noting that empty
glucosylated GLPs seem to have more demolition capacity than resver-
atrol loaded ones. The poor demolition activity of glucosylated RSV-
GLPs, could be justified by the drop in ¢ potential value of GL4-GLPs
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after the removal of unentrapped RSV by dialysis, suggesting that GL4 is
partially lost during liposome purification. On the contrary, in empty
glucosylated liposomes that have not been dialysed, GL4 may escape
from liposomes after interaction with biofilm, giving rise to the forma-
tion of micellar aggregates with a highly detergent effect. This probably
only occurs for the GL4 that displays the highest cmc value among the
three explored amphiphiles.

3.3. SEM analysis

The biofilm demolition capacity of galactosylated liposomes was
further investigated by means of SEM analysis. After testing free and
liposomal RSV at the MIC concentration (1.2 mM) (Fig. S10 Supple-
mentary Material), we analyzed the MRSA biofilm treated with sub-MIC
concentrations of free and liposomal RSV. Below are the SEM images of
MRSA biofilm treated with two different sub-MIC concentrations of RSV
(0.5 and 0.1 mM), both free and loaded into galactosylated liposomes, as
well as treated with empty galactosylated liposomes (Fig. 4).

In agreement with the CV assay results, SEM images show that empty
galactosylated liposomes have some demolition capacity on the biofilm,
which becomes more evident at the higher concentration (Fig. 4 panel
G). The RSV-loaded formulation, on the other hand, clearly has a higher
demolition capacity than free RSV, even when MIC is diluted tenfold
(Fig. 4 panel C).

4. Conclusion

In this study, we prepared and characterized three new cationic
glycosylated liposome formulations for the delivery of trans-resveratrol
and investigated their activity in disrupting a mature biofilm of methi-
cillin resistant Staphylococcus aureus.

Our results reveal that the three sugar residues have a different
biofilm targeting ability on MRSA biofilm. In fact, galactosylated lipo-
somal resveratrol displayed a good demolition capacity against mature
MRSA biofilm, even at sub-MIC concentration, while mannosylated RSV
liposomes were less efficient and glucosylated liposomal RSV was
ineffective.

The entrapment of RSV (or other QSI) in liposomes is known to
improve the QSI activity towards biofilm significantly but, to the best of
our knowledge, our formulations are the first example of QSI liposomes
effectively functionalized for targeting biofilm.

Our findings represent a step forward in the development of efficient
nanodrugs able to fight biofilm-associated infections caused by MRSA
without inducing resistance.

This novel nanocarrier platform rests on a rational combination of
different approaches to fighting bacteria biofilms, involving the use of
liposomes, a composition based on cationic lipids or surfactants [45],
the delivery of QSI instead of antibiotics [16], and the functionalization
for targeting [42,46], all converging in a successful system that had not
yet been investigated.

Finally, the potential of all these formulations could be extended to
other bacterial strains since the sugar moiety can easily be tuned to
assure the optimal liposome-bacterium match for the development of
specific delivery systems.
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