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Introduction: Liposomal antibiotics have demonstrated higher bacteriostatic and bactericidal activities than free drugs. In this study,
we investigated the effects of cholesterol (Chol) content of liposomes, liposome concentration, and surface coating with polyethylene
glycol (PEG) on the antimicrobial activity of moxifloxacin (MOX) liposomes against Staphylococcus epidermidis (ATCC 35984) (S.e).
Methods: MOX-liposome compositions with increasing Chol content were evaluated for their susceptibility to planktonic S.e (growth
inhibition, killing, and live-dead staining), as well as against pre-formed biofilms (crystal violet, MTT assay, and confocal micro-
scopy). The MOX-liposomes prepared by active loading were characterized in terms of loading, size distribution, and zeta potential.
Results-Discussion: All liposomes had nano-dimensions ranging in diameter from 92nm to 114nm, with zeta-potential values from
—2.30mV to —4.50mV. Planktonic bacteria and established biofilms are significantly more susceptible to MOX-liposomes with higher Chol-
content than other liposome-types, and the same MOX dose encapsulated in 10 times higher lipids demonstrated higher antimicrobial
activity. Coating the MOX liposomes with PEG did not affect their activity. Flow cytometry showed higher binding of Chol-rich liposomes
to bacteria, explaining the higher antimicrobial activity. Interestingly, the integrity of calcein-loaded Chol-rich liposomes was much lower
than that of liposomes with low or no Chol during incubation with various strains of S. epidermidis. In vivo results in a zebrafish infection
model (bacteremia) confirmed the superior activity of Chol-rich MOX-liposomes compared to the free drug.

Conclusion: The current in vitro and in vivo findings demonstrated the potential of PEGylated and Chol-rich liposomal antibiotics as
highly efficient therapeutics for the treatment of S. epidermidis infections.
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Introduction
Liposomes are well known for their advantages as drug carriers, because liposomal drug products have been used as
therapeutics for the treatment of life-threatening diseases for more than 30 years.'* Concerning the applications of
liposomal-drugs in the treatment of bacterial infections, several studies have been conducted up-to-date, with the aim to
examine the potential advantages of liposomal antibiotics for the treatment of multi-resistant bacterial infections that are
currently considered as high priority unmet medical needs.>®

The superior antimicrobial and/or antibiofilm activity of liposomal drugs has been proven in several in vitro and in vivo
investigations,” and the reduced penetration of antibiotics through biofilm and low accumulation at infected sites can be
overcome using nanotechnological approaches.” The surface charge and liposome surface coating with polyethylene glycol
(PEG) have been reported to affect the antimicrobial efficacy of liposomes. For example, neutral gentamicin liposomes
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reduced the minimum inhibitory concentration (MIC) and bactericidal concentration (MBC) against planktonic
Pseudomonas aeruginosa and Klebsiella oxytoca bacteria significantly more than negatively charged liposomes.® The
antibacterial efficacy of curcumin was augmented by encapsulation in liposomes with positive charge,” and negatively
charged tobramycin liposomes demonstrated an increased antibiofilm effect against Burkholderia cepacia complex (Bcc)
compared to free drug and neutral liposomes.'® Neutral daptomycin liposomes exhibited dramatically enhanced inhibition
of planktonic bacterial growth (compared to the free drug) in MRSE and MRSA bacterial strains, whereas negatively
charged liposomes were completely inactive. Neutral liposomes are also more effective for the prevention of biofilms,
whereas negatively charged liposomes are used to treat established biofilms.!" Positively charged (cationic) liposomes
demonstrated a high reduction in P. aeruginosa biofilm, while anionic liposomes had high biofilm permeability; PEG
coating increased the antibiofilm effect but reduced the retention of the liposomes on the biofilms.'"> However, the
cytotoxicity of cationic liposomes is an aspect that could not be overlooked. In one case, although cationic rifampicin-
loaded liposomes had the highest interaction with S. aureus biofilms, non-cytotoxic negatively charged liposomes were
selected as a rifampicin formulation against S. aureus infections because of the toxicity of the cationic liposomes.'*

In addition to the surface charge of liposomes, other physicochemical characteristics such as drug loading and
retention have been reported to affect the activity of liposomal drugs towards bacteria, such as the drug loading and
retention in liposomes.™’"'* Recently, the manufacturing method applied to load moxifloxacin (MOX) into liposomes was
found to affect their antimicrobial activity.'* Indeed, MOX-liposomes (MLIP) prepared by active drug loading demon-
strated substantially higher antimicrobial activity against planktonic and biofilm Staphylococcus epidermidis bacteria,
compared to liposomes (with same MOX content) prepared by a passive drug loading method (where the drug is loaded
into liposomes during their preparation). The high antimicrobial activity of the active-loaded liposomes was attributed to
the prolonged retention of MOX in the vesicles, suggesting that liposomal drugs that retain higher amounts of their drug
content during interaction with bacteria demonstrate increased activity.

In recent years, bacterial toxins have been reported to trigger the rapid release of liposomal contents from liposomes
with high cholesterol (Chol) levels,"> and the Chol content of liposomal drug formulations has been proposed as an
important factor that determines their antimicrobial activity. In addition, coating of liposome surface with polyethylene
glycol, up to a certain amount, increased the sensitivity of Chol-rich liposomes towards bacterial toxins, while at higher
amounts, liposome—toxin interactions were substantially reduced.'

Based on previous findings about preferred interaction between bacterial toxins and Chol-rich membranes and
liposomes,'> Henry et al reported in 2015,'° that empty “artificial liposomes™ bind bacterial toxins decoying the lysis
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of mammalian cells (in vitro) and rescuing mice from septicemia (by S. aureus or S. pneumonia) infections (in vivo).
Empty sphingomyelin (SM)/Chol liposomes protected cells from Chol-dependent cytolysins such as phospholipase C and
a-hemolysin, whereas Chol contents above 50 mol% were required for SM/Chol liposomes to fully protect the cells from
bacterial toxins. The need for high Chol content was attributed to the fact that liposomes with Chol microdomains fuse
better with bacterial membranes; such lipid rafts demonstrate a stronger affinity for bacterial virulence factors. In another
report, Clostridium perfringens delta-toxin (a B-pore-forming toxin) caused the release of carboxyfluorescein (CF) from
SM/Chol liposomes at a Chol-content-dependent rate (release increased with Chol content, in liposomes with 30-50 mol
% Chol)."” More recently, the Chol-content of berberine-loaded liposomes was found to be directly related to their ability
to reduce S. aureus biofilms,'® proving that the above strategy (related to the affinity of Chol for cholesterol-dependent
cytolysins, secreted from bacteria) is also effective for biofilm eradication and may be applied for bacteria (component)-
triggered release of antibiotics from Chol-rich liposomes.

Based on the above-mentioned findings, we evaluated herein the effect of lipid composition (Chol and PEG content)
and lipid concentration of active-loaded MOX-liposomes (MLIP) on their antimicrobial properties towards S.e planktonic
bacteria and biofilms. S.e bacteria have not been previously investigated for the effect of such liposome preparative
parameters (and especially liposomal Chol content) on their susceptibility to liposomal antibiotics. In addition to in vitro
studies, we performed in vivo experiments to verify the enhanced antimicrobial potential of Chol-rich MLIP formulations
in comparison to the free drug in a zebrafish model of bacteremia.

Materials and Methods

Egg phosphatidylcholine (PC), 1.2-Distearoyl-sn-glycerol—3-phosphatidyl-ethanolamine-N- [methoxy (polyethylene gly-
col) —2000] (PEG) were purchased from Lipoid (Germany). Lissamine-rhodamine B phosphatidylethanolamine (RHO)
was purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol (99%) (Chol), Triton X-100, calcein, and Sephadex
G-50 were obtained from—Aldrich (Darmstadt, Germany). Moxifloxacin was supplied by COOPER (Athens, Greece).
Agar was obtained from Sigma-Aldrich (Darmstadt, Germany). All solvents used were of analytical (or HPLC) grade and
purchased from Merck (Germany). All other materials, such as salts used for buffer preparation and reagents for lipid
concentration determination, were of analytical grade and purchased from Sigma—Aldrich (Darmstadt, Germany).

Preparation of MOX-Loaded Liposomes (MLIP)

A recently reported active loading protocol was used to prepare MLIPs.'* Knowing the range of drug loadings achieved
for liposomes with different lipid compositions, from our previous study,'* we adjusted the drug loading or final Drug/
Lipid (D/L) (mol:mol) ratio using a specific initial D/L ratio in the drug loading step. In brief, empty small unilamellar
vesicle (SUV) liposomes were prepared as described previously in ammonium sulfate (120mM) at pH 5.60, and eluted
through a Sephadex G—50 column (1 x 30 cm) with Phosphate Buffered Saline (PBS) pH 7.40 buffer, to replace the
external ammonium sulfate solution with PBS buffer and attain a pH gradient between the interior and exterior of
vesicles. MOX was then remotely loaded into the liposomes by incubating the empty SUV liposomes (LIPs) with
different concentrations of MOX (dissolved in PBS) in a total volume of 1mL, at 40°C for lh. Specifically, in order to
prepare liposomes with a given MOX concentration (0.15uM) and different lipid concentrations, the Drug/Lipid (D/L)
ratio of the MLIPs was adjusted during MOX loading in order to attain two types of MLIPs, having either “High” lipid
concentration (25.1uM) (or low drug/lipid (D/L) ratio; D/L = 0.005, mol/mol), where 10 mg of empty liposomes were
incubated with 0.05 mg of MOX during MOX loading, or “Low” lipid concentration (2.51uM) (high D/L = 0.05) where
10 mg of empty liposomes were incubated with 0.5 mg of MOX.

For the study of the effect of MLIP Chol-content on their antimicrobial activity, the lipid compositions prepared were as
follows: PC [referred to as MLIP-0], PC/Chol 4:1 (mole/mole) [referred to as MLIP-20%] and PC/Chol 1:1 (mole/mole)
[referred to as MLIP-50%]; for these liposomes the initial D/L ratio was adjusted to attain MOX concentration of 0.15uM
in 9.5uM liposomal lipid. In all cases, empty liposomes (LIP) [LIP-0, LIP-20 and LIP-50%] were additionally prepared as
control liposomes. Additionally, PEGylated MLIP-50% with compositions PC/Chol/PEG (0.50:0.50:0.04, mole/mole)
[MLIP-50% +4% PEG] and PC/Chol/PEG (0.50:0.50:0.08, mole/mole) [MLIP-50% +8% PEG] were prepared.
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In all cases, MLIPs were purified from the non-encapsulated drug by size-exclusion chromatography on a Sephadex
G—50 column (1x30cm), eluted with PBS (pH 7.40), and characterized as described below.

Physicochemical Characterization of MLIPs

MOX Loading in Liposomes

As previously reported, the MOX Loading Efficiency (D/L%) was calculated from purified (from non-encapsulated
MOX) liposomes by quantifying the liposome lipid concentration and MOX concentration. Phospholipid content was
measured by the Stewart assay,'® which is a colorimetric method used for phospholipid quantification. The MOX
concentration in the liposomes was quantified by isocratic high-performance liquid chromatography (HPLC) using
a Shimadzu 20A5 Gradient HPLC system coupled to aSPD—20A Prominence UV/VIS detector operating at 292 nm.
A Luna® 5 um C18 (2) 100A, LC Column (250x4.6mm) was used, the mobile phase was a mixture of acidified water
(0.1% trifluoroacetic acid) and acetonitrile at 77:23 v/v. The column was eluted at a flow rate of 1 mL/min at 25°C, and
MOX was eluted at 12.3 min. The sample injection volume was 50uL. Liposomes were analyzed after disruption in
methanol. One volume of liposomes was mixed with nine volumes of methanol, and the mixture was agitated by vortex
until it was clear. A calibration curve in the range of 1-80pg/mL was constructed by preparing standard solutions of
MOX in media with a composition similar to that of the samples.'*

Vesicle Physicochemical Properties
The particle size distribution (mean hydrodynamic diameter and polydispersity index) of liposomes dispersed at
0.4 mg/mL lipid, in phosphate-buffered saline (10mM) with pH 7.40, was measured by dynamic light scattering
(DLS) (Malvern Nano-Zs, Malvern Instruments, Malvern, UK) at 25°C and a 173° angle.”® Each sample was
measured 11 times using three independent measurements. The polydispersity index (PDI) was used to measure
liposomal dispersion homogeneity. Dispersions with a PDI less than 0.200 or 0.250 are generally considered to have
a narrow size distribution. Zeta potential was measured in the same dispersions at 25°C using the Doppler
electrophoresis technique, as previously reported.’

We did not characterize the MLIPs in this study for morphology and MOX release kinetics, since such studies were
previously carried out for active-loaded MLIPs with varying lipid compositions, and results have been reported.'

Antimicrobial Activity or MLIPs (In Vitro)

Bacterial Strains and Growth Conditions

All strains of S.e were grown aerobically in tryptic soy broth (TSB, Oxoid CMO0129, Oxoid Ltd., Wade Road,
Basingstoke, Hants, RG24 8PW, UK) and on tryptic soy agar (TSA, Oxoid) plates at 37°C overnight.

Most experiments were conducted with S.e reference strain ATCC 35984, which is a slime-positive/ica-positive (slime+)
biofilm-forming strain. In some studies, the S.e reference strain ATCC 12228 (slime negative/ica-negative (slime-) and non-
biofilm-forming strain) was used. In the calcein-liposome bacteria interaction study, two clinical S.e strains (previously
characterized for slime production and ica operon carriage) were also used, the GRE4388 (slime-positive/ica positive)
(CLIN+) and GRE2264 (slime-negative/ica-positive) (CLIN-), in order to investigate potential differences between
reference and clinical strains.”’ Furthermore, in liposome bacteria interaction studies, in addition to S.e ATCC 35984
strain, two nosocomial strains, S.e 762 (quinolone-susceptible) and S.e 11465 (quinolone-resistant), were used.*>

Bacterial Growth Inhibition

Bacterial growth rates were monitored by spectrophotometry in the presence and absence of different liposomal or
drug solutions (MLIPs, empty LIP, mixtures of free MOX and LIPs and free MOX) at the MIC50 of free MOX
(0.15uM)."* Briefly, bacterial cells grown overnight on TSA agar plates were grown in fresh TSB broth (without glucose)

22,23

until the early exponential phase. The broth containing bacteria was inoculated into 96-well flat-bottomed polystyrene
plates with an initial absorbance at Amax of 570-0.01. The change in the absorbance of each well was monitored
every hour for 24h using a Fluostar microplate reader (BMG LABTECH).

For time—kill studies, a fresh culture of S.e in a final inoculum of ~4 x 10’cfu/mL (in TSB broth) was incubated at
37°C for 2, 4, 6, and 24 h with 0.15uM (MIC 50 of free MOX) of free MOX or MLIP. A culture of the same strain
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without antibiotics was used as the positive control. At each time interval, bacteria were harvested in serial dilutions, and
CFU/mL was determined by counting the single colonies that emerged in the appropriate dilution on TSA plates. The
experiments were performed in triplicates.

Biofilm Susceptibility Assays
Antibiofilm activity was evaluated at concentrations corresponding to the MIC of MOX ie, 0.3uM, for all formulations,
according to previously reported methods.”* > Crystal violet (CV) staining and the validated MTT [3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide] cell viability assay were used to assess the biofilm susceptibility to each free
or MLIP formulation. Briefly, a single bacterial colony isolated from fresh agar plates was inoculated into a tube filled
with SmL sterile TSB and incubated at 37°C for 24h. Fresh bacterial suspensions were prepared in TSB with 1% glucose
from overnight cultures and adjusted to 0.5 MacFarland turbidity standard, followed by 1:10 dilution in fresh media.
Then, 200uL of the suspension was added to 96-well sterile polystyrene plates and incubated at 37°C for 24h. Following
overnight incubation, the plates were gently washed with 1x phosphate-buffered saline (PBS pH 7.4) to remove
planktonic cells, and well-formed biofilms were incubated with free MOX or MLIP at 37°C for 24h. The next day,
the bacterial suspension from each well was gently spent, washed three times with phosphate buffer saline (pH 7.2) and
stained with 195uL of 0.1% Crystal Violet (Sigma-Aldrich, St. Louis, MO) for 15min at room temperature. Excess
crystal violet was removed by washing with tap water, and the biofilm was quantified by measuring the corresponding
OD-570 nm of the supernatant after dissolving CV in 95% ethanol. For each tested sample (free or liposomal), biofilm
assays were performed in triplicate, and the mean biofilm absorbance value was determined.

For the MTT assay, the biofilms were incubated with MTT (0.5 mg/mL) at 37°C for 1h. After washing, the purple
formazan crystals formed inside the bacterial cells were dissolved in acidified isopropanol and measured using
a microplate reader by setting the detection and reference wavelengths at 570 nm and 630 nm, respectively.

Flow Cytometry Studies
Flow cytometry studies were performed to verify the bactericidal activity of the various liposomal formulations and to
quantify liposome-bacterial interactions, as described in detail below.

Bacteria Viability

To evaluate bacterial viability either in planktonic bacteria or in biofilms, the LIVE/DEAD® BacLight™ Bacterial
Viability Kit was used, and analysis was carried out by flow cytometry (for planktonic bacteria) or confocal microscopy
for the biofilms (see details in Antibiofilm Activity by Confocal Microscopy). This assay employs two nucleic acid
stains: green-fluorescent SYTO™9 stain, which labels both live and dead bacteria, and red-fluorescent propidium iodide
stain, which penetrates only bacteria with damaged membranes, reducing SYTO®9 fluorescence when both dyes are
present. In brief, a fresh culture of S.e in a final inoculum of 4x10”cfu/mL (in TSB broth) was incubated at 37°C for 24h
with 0.15uM of free MOX or MLIP (MIC50 of free MOX). A culture of the same strain without antibiotics was used as
the positive control. After 24h of incubation, the bacteria were washed with ImL of PBS by centrifugation at 4000—
6000 rpm for 5 min. The bacterial pellet was re-suspended in 1 mL of PBS and stained with the LIVE/DEAD™
BacLight™ Bacterial Viability Kit (L7007, Invitrogen) according to the manufacturer’s instructions and analyzed by

25,26

flow cytometry using a BD Accuri C6 Plus Flow Cytometer (BD Biosciences). Data were analyzed using Accuri C6

Plus Flow Cytometer Software v1.0.34.1. build 2018111.34.1. The experiments were performed in triplicates.

Liposomes—Bacteria Interaction (Binding)

To evaluate liposome interaction/binding to bacterial cells, liposomes were labelled with 0.1 mol% RHO, and the
analysis was carried out by flow cytometry. Three bacterial strains were used in the experiment: ATCC 35984 and two
nosocomial strains, Se 762 (quinolone-susceptible) and Se 11465 (quinolone-resistant). RHO-Liposomes at a final lipid
concentration of 0.25 mg/mL in PBS were mixed with the bacterial suspension (4.5x10cfu/mL) at a 1:1 ratio (v/v) and
incubated at 37°C under agitation. Free RHO micelles were used as controls. After 24h of incubation, the bacteria were
washed three times with 1mL PBS to remove free liposomes by centrifugation at 4000-6000 rpm for 5 min. The bacterial

pellet was finally suspended in 1 mL of PBS for flow cytometry analysis.>>*

International Journal of Nanomedicine 2025:20 https: 4947



Natsaridis et al

Antibiofilm Activity by Confocal Microscopy

Antibiofilm activity was evaluated at concentrations corresponding to the MIC of free MOX, ie 0.3uM, for all the
formulations. The biofilm was visualized using confocal fluorescence microscopy after live/dead staining. For confocal
imaging, ~1.5x10%cfu/mL bacteria were seeded on glass coverslips and incubated at 37°C for 24h. Following overnight
incubation, the cells were gently washed with 1x phosphate buffered saline (PBS pH 7.4) to remove planktonic cells, and the
well-formed biofilms were incubated with free MOX or MLIP at 37°C for 24h. The biofilm was stained post-treatment, using
a LIVE/DEADTM BacLight Bacterial Viability Kit. Intact cells were stained green, whereas dead or dying cells were stained
red. After staining, the biofilms were fixed with 4% formaldehyde diluted in saline for 10 min and mounted on microscope
slides using mounting oil (supplied with the kit). The slides were observed using fluorescence microscopy with an SP5
confocal microscope (Leica, Heidelberg, Germany) at 40x magnification. To estimate the percentages of dead bacteria, the
program Image J 1.47 was used to count the propidium-stained cells (given as cell area). Biofilms were analyzed using

a series of images along the z-axis, followed by three-dimensional reconstruction images.**>*

Liposome Integrity in the Presence of Bacteria

The integrity of the calcein-loaded liposomes during incubation in the presence of bacteria was used to evaluate the effect
of potential interactions between different liposome types and bacteria, as previously reported.”® For this PC (LIP-0), PC/
Chol 2:1 (LIP-33%), and PC/Chol 1:1 (LIP-50%) calcein-encapsulating liposomes were prepared using the thin-lipid film
hydration method. Lipid film hydration was performed using a 100mM isotonic calcein solution at pH 7.40, at which
calcein fluorescence is quenched. The integrity of calcein-LIPs was evaluated in the presence of four S.e strains, two
clinical strains [CLIN+ (GRE4388, slime+) and CLIN- (GRE2264, slime-)] and two reference strains [ATCC+ (ATCC
35984, slime+) and ATCC- (ATCC 12228, slime-)], under conditions (lipid and bacterial concentrations) that were found
to confer substantial decreases in liposome integrity in a previous study from our laboratory.”’ In more detail liposome
calcein latency (%) was measured at various time-points during their incubation at 37°C, in either PBS 7.4 (control) or in
presence of bacteria (final concentration of 4x10% cfu/mL), with a final lipid concentration of 0.25 mg/mL; samples were
incubated in pre-sterilized closed test tubes in a thermostated orbital incubator (SI500, Stuart, UK).

For calcein latency (%) measurement, samples (20uL) were retrieved from the incubation tubes, diluted with 4mL
buffer pH 7.40, and measured for fluorescence intensity (FI) at EM 470 nm, EX 520 nm, and slits of 5Snm before and after
addition of Triton X-100 at a final concentration of 2% v/v (which ensures total liposome disruption and release of all
encapsulated dye). Calcein Latency (%latency)*® was calculated using Eq. (1):

Latency (%) = [(FAT — FBT)/(FAT>]X]00 (1)

Where Fgrand Farare the calcein fluorescence intensities before and after addition of Triton X-100, respectively (for Far,
dilution due to Triton addition was considered). Liposome Integrity (%) for each time point was calculated using Eq. (2):

Integrity (%) = [(Calcein Latency in Bacterial Suspension)/(Calcein Latency in Buffer)]x100 ()

In Vivo Study in Zebrafish

Adult male zebrafish (three-month-old) (Cyprinidae, Teleostei, Danio rerio) were purchased from a local supplier.
Male animals of similar age and body size were selected to avoid individual variations and to test the antibacterial
activity of MLIP after staphylococcal infection. All experimental procedures were performed in accordance with
the European Community’s Council Directive (86/609/EEC) for the care and use of laboratory animals, and efforts
were made to minimize the number of animals used and their suffering. The protocol was approved by the Western
Greece Regional General Administration of Agricultural Economy & Veterinary Medicine (approval number
375893/1582, 22-12-2021, to be carried out in approved installation EL13 BIOexp-06).

Bacteremia Model
Following a period of 10 days in a 30 L tank according to standard procedures for acclimatization and maintenance (12hr
light/12hr dark, 26 = 2),*' the zebrafish were anesthetized with 0.02% ethyl 3-aminobenzoate methanesulfonate (Tricaine
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MS-222)**33 and subsequently 10pL of the reference strain S.e (ATCC 35984) with a final density of 10%cfu/mL was
administered by intraperitoneal (i.p.) injection for establishment of infection.***° For the injection, the anesthetized fish
were placed supine (ie, abdomen facing upward) and supported by a moistened foam bed to ensure that they remained in an
upright position. The injection was performed carefully in the intraperitoneal cavity and at a specific angle to avoid injury of
internal organs.*® The first study was carried out to evaluate the bacterial growth profile in zebrafish blood post-infection
over a period of 24h, in order to determine the optimal time-point for administration of antimicrobial treatments. At specific
time-points (2, 4, 6 and 24h post-infection), blood samples were collected from the zebrafish, and the bacterial load was
quantified. For blood sample collection, zebrafish were anesthetized and 2L blood sample was collected from the posterior
cardinal vein of each fish. Blood samples were transferred to Eppendorf tubes containing 45uL of 0.2M KCl as an anti-
coagulant. Then, three ten-fold serial dilutions of each recovered blood sample were prepared, plated onto TSA (tryptone
soy agar) plates, and incubated overnight (at 37°C/5% CO,) to enumerate the bacterial colonies produced (cfu).*” At the end
of the study period, the zebrafish were euthanized by applying 300 mg/L. MS-222.

Antibacterial Efficacy Study (In Vivo)

In order to investigate the antibacterial effect of Chol-rich MLIPs, three experimental groups were studied: (i) Control
group (PBS solution); (ii) Free-MOX group (MOX solution), and (iii) Pegylated MLIP-50% (PC/Chol/PEG (5:5:0.8 mol/
mol/mol; D/L = 0.5 mol/mol)).

Zebrafish were infected with S.e as described above, and 4h post-infection, SpL. of each MOX formulation, was
administered to the zebrafish i.p. (as described above). PBS was administered to the fish in the control group. The dose of
free MOX or MLIP selected was 5 mg/kg, as this dose of MOX was previously demonstrated to reduce bacteremia,*® and
the corresponding liposomal lipid dose (in MLIP) was ~19 mg/kg. Four hours after administration of each treatment
(according to the corresponding group), blood samples were drawn, and bacteremia was quantified as described above.

Statistical Analysis

The IBM SPSS statistics package was used for statistical analysis of the results. All experiments were performed in
triplicate. All data are presented as the mean + standard deviation of independent experiments. Statistical significance
was evaluated by one-way analysis of variance (ANOVA) or two-way ANOVA and least significant difference (LSD)
post-hoc tests with a significance level of p < 0.05.

Results
MLIP Properties

The physicochemical properties of the MLIPs prepared for the current study are reported in Table 1 (liposomes prepared
for evaluation of the effect of Chol-content on MLIP antimicrobial activity) and Table 2 (liposomes prepared for
evaluation of the effect of lipid concentration (or D/L ratio), or PEGylation (of liposomes), on MLIP antimicrobial
activity). In all cases, the MLIPs had dimensions within the nanoscale, with diameters between 92 and 114 nm, and were
monodisperse with PDIs ranging between 0.082 and 0.250, while their zeta potential values were neutral to slightly

Table | Physicochemical Properties of the MLIPs That Were Prepared for Evaluation of Liposome Chol
Content on Antimicrobial Activity

Liposome Composition | D/L (mol/mol) | Mean Diameter (nm) | Polydispersity Index | (-potential

PC 0.005 + 107 95.4 + 6.7 0.250 -359 +03
(MLIP-0)
PC/Chol (4:1) 0.005 +3.0x107* | 92.6 + 9.0 0.201 -324+06

(MLIP-20%)

PC/Chol (1:1) 0.005 +2.6x107* | 1139+ 56 0.191 271 £ LI
(MLIP-50%)
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Table 2 Physicochemical Properties of the MLIPs That Were Prepared for Evaluation of Liposomal Lipid Content
(Concentration) (Low or High) and PEG Coating (of Liposomes) on Antimicrobial Activity

Liposome Composition Lipid conc. | D/L (mol/mol) | Mean Diameter (nm) | PDI | {-potential (mV)
PC/Chol (I:1) (MLIP-50%) Low 0.05 +7.3x 10°° 104.1 +54 0.085 —3.20 £ 0.82
PC/Chol (I:1) High 0.005 + 3.6x 10°* 104.9 + 2.1 0.154 45+ 14
(MLIP-50%)

PC/Chol/PEG (10:10:0.8) 942 + 34 0.085 —2.86 £ 0.31
(MLIP-50%+4%PEG)

PC/Chol/PEG (10:10:1.6) 92829 0.082 -2.39 £ 0.21
(MLIP-50%+8%PEG)

negative (ranging from —2.39mV to —4.50mV), as anticipated because of their lipid composition (consisting of non-
charged zwitterionic phospholipids). The current MLIP properties are consistent with those reported before for the same
type of MOX-loaded liposomes prepared using the same active-loading method.'*

At this point, it should be mentioned that MLIPs were also characterized for their morphology and for the release of
MOX."* As reported, the vesicles are unilamellar with round shape, while cryo-EM micrographs revealed that MOX is
probably precipitated in the aqueous core of the (active-loaded liposomes, MLIPs) as also indicated by XRD study
results. Concerning MOX release, MLIP-50% (non-pegylated and pegylated) vesicles release MOX significantly slower
compared to MLIP-20%."*

Effect of Chol-Content of MLIP on Their Antimicrobial Efficacy
The effect of the Chol-content of MLIPs on their antimicrobial activity was evaluated in planktonic bacteria and biofilms
of S.e reference strain ATCC 35984. For this purpose, the liposomes listed in Table 1 were used.

Inhibition of Planktonic Bacterial Growth, Time—Kill Curves, Flow Cytometry
Planktonic ATCC 35984 S.e bacteria growth is presented in Figure 1A, and the percent of bacteria growth inhibition after
24h incubation with MLIPs or free-MOX is seen in Figure 1B. Although free MOX (at the MIC of 0.15uM) inhibited

—=—IP-0 —»— UP-20% —&— UP-50%

A) —w— UIP-0_mix —e— LIP-20%_mix —4— LIP-50%_mix
MLIP-0 —e— M-LIP-20% —%— MLIP-50%
—a— Free_MOX —e— ATCC35984
10 B)
HHHHHH 100 XXXX —
084 **p<(.0001 _ D
=
g 804
g 0.6 é . *=**P<0.0001
"2 XXX é
v E 404
0O 04 XXX s
®) xxxx 5 20 4
o
02 R ol
& S oo o
°© N 2 v
0.0 & 5 S &
1
0 5 10 15 20 25
Time (h)

Figure | (A) Growth curves of ATCC 35984 S.e in absence and presence of 0.15yM MOX as free or liposomal drug (MLIP) with varying Chol-contents; empty liposomes
(LIP) and mixtures (mix) of empty liposomes (9.5uM lipid) with free MOX were used as control groups. (B) Bacteria growth inhibition (%) by free MOX or MLIPs after 24h
incubation. Individual differences are marked by ** for p< 0.01, *** for p< 0.001, and **** for p < 0.0001.
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bacterial growth by 30% after 24h, MLIPs demonstrated substantially higher bacterial growth inhibition, especially in the
case of MLIP-50% that exhibited 78.8% inhibition (at 24h) (Figure 1B). The later inhibition value is lower than the
inhibition reported previously from our laboratory for the same MLIP type, which was 93%,'* however although the
previous studies were carried out using MLIPs with the same MOX concentration (0.15uM) as here, an approximately
double lipid concentration was used before (21.5uM lipid vs 9.5uM in the current study), suggesting a potential effect of
the liposomal lipid concentration. Furthermore, as shown (Figure 1B), as the Chol-content of the liposomes decreased, so
did the inhibitory activity of MLIPs towards Se bacteria. Indeed, MLIP-20% exhibited 46% inhibition and MLIP-0
exhibited 36.5% bacterial growth inhibition (both after 24h); in fact, bacterial growth inhibition was demonstrated to be
linearly related to the Chol-content of MLIPs (R? = 0.9265) (see Supplementary Data file, Figure Sla).

In agreement with previous results,'* empty liposomes (LIP-0, LIP-20%, and LIP-50%) (with the same lipid
composition and at the same lipid concentration (9.5uM) as those of MLIPs) did not have any significant effect on
bacterial growth, whereas the mixtures (mix) of free drug (0.15uM) and LIPs (9.5uM) demonstrated a slightly lower
effect on bacterial growth compared to that of the free drug, in the case of the two Chol-containing MLIP types (LIP-20%
_mix and LIP-50% mix) (Figure 1A). The latter result was previously attributed to the potential use of LIPs as nutrients

for bacterial growth; however, the current results show that Chol is required for this effect (since the same effect was not
observed in the case of the mixture consisting of LIPs without Chol (LIP-0 mix)).

The bacterial growth and growth inhibition results shown in Figure 1 were further verified by bacterial killing
experiments performed under identical conditions. As seen in the corresponding time—kill curves (Figure 2A), all MLIPs
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MLIP-50%

Figure 2 (A) Time—kill curves of ATCC 35984 S.e, in absence and presence of MOX (0.I15uM) as free or liposomal drug (MLIP), with varying Chol-contents. The
corresponding total lipid concentration (in each well) is 9.5uM. (B) Effect of MLIP Chol-content on bacteria log Reduction after 24h incubation. (C) Representative images of
single plate-serial dilution spotting with S.e (ATCC 35984) corresponding to 10'—10° dilutions after 24h incubation with free-MOX or MLIP from the time-killing studies for
each case. Individual differences are marked by ** for p< 0.01, and *** for p < 0.0001.
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demonstrated significantly higher bacterial killing activity than the free drug, while the highest activity of MLIP-50%
compared to the other liposome types was already evident after 4h. In fact, the higher killing activity of MLIP-50% is
seen to persist (more or less) for (at least) 24h. In contrast, the MLIP-20% had bactericidal activity similar to that of
MLIP-0, up to the 6h time-point. However, at the 24h time-point, the activity of MLIP-0 was dramatically decreased but
MLIP-20% retained their bacteria killing activity. In summary, MLIP-50% demonstrated the highest bactericidal activity,
resulting in a bacterial Log Reduction of 4.17 (compared to control) after 24h, compared to MLIP-20% and MLIP-0 with
corresponding log reductions of 3.36 and 1.54 (after 24h), respectively (Figure 2B). The correlation between Bacteria
Log Reduction and MLIP Chol-content is not linear, however it is clear that Chol-content has a substantial effect on
Bacterial reduction (see Supplementary Data file, Figure S1b). In fact, according to the log reduction values, viable
bacteria are highly reduced after treatment with MLIP-20% (<0.1%) and MLIP-50% (<0.01%) revealing that the
corresponding bacterial growth inhibition demonstrated by OD value reduction (Figure 1A) is highly due to bacteria
killing. Representative images of single plate-serial dilutions are seen in Figure 2C.

The effect of the MLIP Chol-content on their ability to kill planktonic ATCC 35984 bacteria was further verified by
flow cytometry using the LIVE/DEAD BacLight staining kit (Figure 3A). After 24h of incubation with bacteria, all

MLIPs resulted in a statistically significant decrease of live bacterial, compared to the corresponding values acquired by
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Figure 3 (A) Flow cytometry images obtained after 24h incubation of ATCC 35984 S.e planktonic bacteria with MOX (0.15uM) as free-MOX or MLIPs (with varying Chol-
content); stained live cells (green) and dead cells (red). Total lipid concentration (in each well) is 9.5uM. (B) Live bacterial cells (%) and (C) Dead bacterial cells (%). Asterisks

on top of columns denote significant differences from control (plain bacteria) and individual differences are also marked as asterisks. In both cases * is for p< 0.05, ** for p<
0.01, ** for p< 0.001, and *** for p < 0.0001.
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treatment with free MOX (Figure 3B). The ability of MOX-liposomes to reduce live bacterial cells increased with MLIP
Chol-content. As expected, the opposite result was demonstrated for dead bacterial (the number of dead cells increased
with MLIP Chol-content) (Figure 3C).

Effect of Liposome Chol-Content of MLIPs on Antibiofilm Activity

The effect of MLIP Chol-content on their antibiofilm activity was also studied by performing bacterial biofilm susceptibility
assays with the same bacterial strain and MLIPs, using a MOX concentration of 0.3uM (equal to MIC), as used in a previous
study.'* Herein, a lipid concentration of 19uM, was used to keep the D/L ratio constant with that used in the studies on
planktonic bacteria, and also to obtain some information about the potential effect of liposomal lipid concentration on the
antibiofilm activity of MLIPs (by comparing current results with previous ones,'* where MLIP-50% with approx. double lipid
concentration (43puM) was studied). As shown in Figure 4, in established biofilms, the antibiofilm effect of free MOX (at MIC)
was minimal, in accordance with previous reports;'***** however, all MLIPs conferred significantly higher reductions in
biomass (Figure 4A). Furthermore, MLIP-50% conferred higher antibiofilm activity (biomass/viability reduction) compared
to MLIP-20% and MLIP-0 (Figure 4A and B). When comparing the current results for MLIP-50% with previous results where
the same MOX concentration but almost double lipid amount was used,' the effect of liposomal lipid concentration on biofilm
formation is evident (as also observed for planktonic bacteria). Indeed, when the lipid concentration is increased (from 19uM
to 43uM) the biofilm mass reduction is significantly increased from 61.8+1.4% to 75.3+7.1%, while the viability reduction
was not affected (71.4% and 70.3%, respectively).

The results of the biofilm susceptibility assays were additionally confirmed by confocal microscopy of pre-established
biofilms (after 24h incubation with free-MOX or MLIPs under identical experimental conditions) (Figure SA and B).
Untreated biofilms and biofilms treated with free-MOX were almost completely green, indicating practically no antibiofilm
activity of the free drug; conversely, the appearance of red areas (indicative of dead bacterial cell presence) was clear in
biofilms treated with MLIPs (Figure 5A). Furthermore, the percentage of red (dead) cells in the biofilm planes increased as
the Chol-content of MLIPs increased, as verified by the quantification of red areas in the micrographs (Figure 5B).
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Figure 4 Antibiofilm activity on pre-establish biofilms: (A) Biofilm mass and (B) biofilm cell viability of ATCC 35984 S.e bacteria in absence and presence of 0.30pM MOX as
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Figure 5 Antibiofilm activity towards pre-establish biofilms: (A) Confocal microscope images of ATCC 35984 S.e biofilms after 24h incubation with MOX (0.30uM) as free-
MOX or MLIPs (with varying Chol-content); stained live cells (green) and dead cells (red). Total lipid concentration (in each well) is |9uM. (B) Dead bacterial cells (%) in total
area. Individual differences are marked by ** for p< 0.01, *** for p< 0.001, and **** for p < 0.0001.

Effect of Liposomal Lipid Content and PEGylation of MLIPs on Antimicrobial Efficacy
As mentioned above, the effects of liposomal lipid amount (or lipid concentration) of MLIPs on their antimicrobial
efficacy were observed by comparing the current results for MLIP-50% with the results of a previous study,'* where an
approx. double amount of lipid was used. In order to verify this observation, we carried out a series of experiments
(bacterial growth inhibition, time killing assay, and live-dead assay), using MLIP-50%, with either high lipid concentra-
tion (High — 21.5uM) or a 10 times lower lipid concentration (Low — 2.15uM); a constant MOX concentration of
0.15uM applied in both cases. The properties of the liposomes used in these studies are reported in Table 2 and the results
are presented in Figures 6 and 7 (values for no-PEG samples).

The bacterial growth in the presence of MLIPs and controls is seen in Figure 6A. Regarding inhibition of planktonic
bacterial growth, it is seen in Figure 6B that MLIP-High (21.5uM lipid) demonstrated almost 100% (92.1 + 4.3) bacterial
growth inhibitory activity at 24h, in good agreement with previous results (similar experiment) (93%),'* while the MLIP-
Low (lipid content 2.15uM) exhibited a significantly lower inhibition of bacterial growth equal to 59.6+2.5% (at the
same MOX concentration). As presented above, for lipid concentration of 9.5uM (intermediate to high and low
concentrations) and the same MOX concentration (0.15uM), the bacterial growth inhibition (at 24h) is 78.84+3.0%
(Figure 1B — MLIP-50%). Similar conclusions regarding the effect of the liposomal lipid content of MLIPs on their
activity are drawn from the results of the time-killing study (Figure 6C—6E). In more detail, the Bacterial Log Reduction
values (after 24h) where 4.48 for MLIP-50%-High and 3.34 for MLIP-20%-Low (Figure 6E); while at intermediate lipid
content (of 9.5uM) MLIP-50% conferred a log reduction equal to 4.17 (Figure 2B). Good linear correlation between
MLIP-50% lipid concentration and growth inhibition (%) is observed, while the linearity of the correlation of liposomal
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Figure 6 (A) Growth curves, (B) Bacteria growth inhibition (%) after 24h incubation, (C) Time—kill curves, (D) Representative images of plates (of time-kill study), and (E)
Bacteria log Reduction values after 24h incubation, of ATCC 35984 S.e in absence and presence of 0.15uM MOX as free-MOX or MLIP-50% with varying lipid concentrations
(Low 2.15uM and High 21.5uM); empty liposomes (LIP-50%) and mixtures (MIX) of LIP-50% with free MOX were also used as controls (in A); Individual differences are
marked by * symbol when p< 0.05, and **** when p < 0.0001.

lipid and bacterial log reduction is lower (see supplementary Data, Figure Slc and d, respectively) as also observed for

liposome Chol-content (Figure S1b).

The very high bacterial killing activity of MLIP-50%-High (0.15uM MOX and 21.5uM lipid concentration) was also
verified by flow cytometry measurements of live (and dead) bacterial cells, following 24h incubation of planktonic
bacteria with the specific liposome formulation, as seen in Figure 7A and 7B (no PEG formulation).

In the same set of experiments, we evaluated the effect of PEGylation of the MLIP-50% formulation (with addition of
4 mol% or 8 mol% PEG in liposomes) on bacterial killing (Figure 7A and 7B) and bacterial growth inhibition
(Figure 7C). As observed, PEGylation (at both concentrations) did not modulate the antimicrobial activity of MLIP-50%.

Despite these encouraging results, it needs to be pointed out that it will be extremely difficult from a practical point of
view, to use liposomal drugs at such “High” lipid concentrations that correspond to very low D/L ratios, since very high
liposomal formulation volumes will need to be administered, making systemic administration by parenteral routes very
difficult (since a high volume of liposome dispersion would have to be injected). Furthermore, it is extremely difficult, if
not impossible, to perform in vivo studies in small animals, where injection volumes could not exceed 100uL (in the best
case), with such formulations. Therefore, we decided to focus on the Chol-content of liposomal drugs in subsequent

experiments.
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Figure 7 (A) Flow cytometric dot plots of ATCC 35984 S.e planktonic bacteria after 24h incubation with MOX (0.15puM) as free-MOX or MLIP-50% (with 21.5 pM lipid
[High]) with varying PEG contents; Stained live cells (green) and dead cells (red). (B) Dead bacterial cells (%). (C) Growth curves for bacteria in presence and absence of
free-MOX or MLIP-50% (High) with varying PEG contents; Symbols *** denote differences where p < 0.0001.

Interactions of Bacterial Cells with Liposomes
To understand whether the effect of Chol-content of MLIPs in increasing their antimicrobial activity is linked to
increased interaction/binding between Chol-rich liposome-types and bacteria, two sets of experiments were performed.
In the first set, the binding of liposomes with varying Chol-contents to different types of bacterial cells was measured
by flow cytometry. For these experiments, the liposomes were labelled with RHO (a lipid conjugate of Rhodamine)
which is known for its high retention in liposomes and for the fact that it does not migrate to other lipid membranes.*'**
Three bacterial strains were used to determine whether any effect was bacterial strain-specific. As seen in Figure 8A and
8B, the binding of LIP-50% was significantly higher compared to that of LIP-0 and LIP-20% for all S.e strains evaluated.
Nevertheless, the binding of Chol-containing liposomes was substantially higher to the reference S.e strain compared to
the two nosocomial strains, indicating that the phenomenon may potentially be bacterial strain-dependent. The highest
binding percent (16.92+0.45) was observed between LIP-50% and ATCC 35984 bacteria (which were used herein for
antimicrobial efficacy studies). For this bacterial strain, LIP-20% was also efficient in conferring a significant binding
(9.52+0.14) to bacteria (more than 10 times higher than of LIP-0). Conversely, the LIP-20% did not bind to the two
nosocomial S.e strains (11465 and 762) significantly more than LIP-0, indicating that the Chol-content required to induce
a significant interaction with bacteria is probably bacterial strain-dependent. However, interestingly, the LIP-50% binding
to the quinolone-resistant S.e 11465 bacteria was significantly higher (3.50+0.30) compared to their binding to the
quinolone-sensitive S.e 762 bacteria (2.75+0.33), a finding that may be worth for future exploitation of MLIP-50%
efficacy towards quinolone resistant nosocomial/clinical S.e strains.
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In the second set of experiments, LIP-0, LIP-33% and LIP-50% were loaded with 100mM calcein in order to evaluate
the integrity of the liposomes in the presence of bacteria as a measure of their interaction with bacteria (or bacterial
components). For this, the liposomes were incubated with four different S.e strains (two reference and two clinical
strains) and tested for their integrity (release of calcein) during incubation in the presence of bacteria or in plain PBS
(control study). As seen in Figure 9, the LIP-50% (Figure 9C) were found to have very low integrity during incubation in
the presence of bacteria (all bacterial strains tested) compared to LIP-0 and LIP-33% (Figure 9A and B). This result is
particularly surprising since it is well known that cholesterol increases the rigidity of liposomal membranes and that
Chol-rich liposomes demonstrate high integrity in plasma proteins and the blood.>*%* Therefore, it is suggested that
Chol-rich liposomes somehow “attract” bacteria or interact with bacterial components, resulting in higher leakage of
calcein from the particular liposomes, compared to liposomes with no or low cholesterol levels in their membranes
(despite the reduced rigidity of the latter liposomes, compared to Chol-rich liposomes). This suggestion is supported by
the highest binding of LIP-50% to S.e (Figure 8B).
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Figure 9 Integrity (%) of Calcein-loaded liposomes during incubation with S.e strains CLIN+ (GRE4388, slime+), CLIN- (GRE2264, slime-), ATCC+ (ATCC 35984, slime+)
and ATCC- (ATCC 12228, slime-) at 37°C for a period of 72h. (A) LIP-0; (B) LIP-33%; (C) LIP-50%.

In Vivo Antibacterial Efficacy of MLIP in Zebrafish Model

For in vivo evaluation of the antimicrobial efficacy of Chol-rich liposomes, Danio Rerio (zebrafish) was infected by
intraperitoneal injection of S.e (ATCC 35984) and treated with PEGylated MLIP-50% or free MOX (Figure 10A). As
shown by bacterial growth in zebrafish blood (Figure 10B), the 4h post-infection time-point was considered optimal for
administration of antibiotic formulations because by that time the bacterium adapted to the interior of the organism,
passed the lag phase, and entered the logarithmic growth phase. Finally, 4h post-treatment (and 8h post-staphylococcal
infection), the bacterial cfu/mL in the untreated group (control/PBS) was high (similar to the value measured in the
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infection model development study (Figure 10B)), but both free MOX and MLIP-50% were highly effective and
significantly reduced bacteremia (Figure 10C). However, MLIP-50% exhibited significantly higher antimicrobial activity
than free MOX, providing in vivo evidence of the high antibacterial efficacy of MLIP-50%. In more detail, 4h post-
treatment with free MOX, the bacteremia in zebrafish was reduced by 29.5+4.9 times (compared to the no-treatment
group), while the same dose in MLIP-50% resulted in 78+4.9 times reduction in bacteria, at the same time-point. In fact,
this is the first in vivo proof for the enhanced antibacterial efficacy of Chol-rich PEGylated liposomes in blood (compared
to free drug) following systemic administration of liposomes, since in vivo studies (to verify the activity of Chol-rich
liposomes) were conducted only in two previous reports, and the experimental conditions differed. In the first case, empty
non-PEGylated liposomes or empty liposome/antibiotic mixtures (but not liposomal antibiotic formulations) were
evaluated in vivo (also after systemic administration),'® In the second case, PEGylated berberine-loaded liposomes
were studied, but the liposomal antimicrobial was administered topically by inhalation of an aerosolized colloidal
dispersion.'®

Discussion

Herein, the effect of Chol-content, liposomal lipid concentration, and PEGylation of MLIPs on their antimicrobial
activity against S.e (planktonic and biofilm) was proven by in vitro and in vivo studies. MLIP-50% demonstrated highest
antimicrobial efficacy against both planktonic bacteria (Figures 1-3) and biofilms (Figures 4 and 5), compared to MLIP-
20% or MLIP-0, as well as free MOX. Interestingly, MLIP-50% were the only liposome-type that significantly reduced
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biofilm viability compared to the free drug (Figure 4B), whereas in all other experiments all MLIPs (MLIP-0, MLIP-
20%, and MLIP-50%) performed better than the free drug (Figures 1-3, Figures 4A and 5).

MLIP-50% activity was further enhanced when their lipid concentration was increased to 21.5uM, keeping the MOX
concentration constant (Figure 6). This suggests a direct interaction between liposomes and bacteria, since when more
liposome particles (being the case when lipid concentration is increased and liposome size is unchanged) are incubated
with a given bacteria population, the interaction is increased. Nevertheless, although interesting as a finding, the
application of liposomal drugs with “high” lipid concentrations (or low D/L ratios) is practically impossible, as
mentioned above, a fact that shifted our focus to the effect of liposome Chol-content on their antimicrobial efficacy.

Potential effects of coating MLIP-50% with PEG (at 4 or 8 mol% of total lipid) on their activity were investigated, since
it is well known that PEGylated liposomal drugs demonstrate higher integrity in blood and avoid uptake by the macro-
phages of the reticuloendothelial system (RES) following liposome absorption into the bloodstream (compared to non-
PEGylated),' * being thus optimal liposome types for systemic pharmacological action. PEGylation did not modulate the
bacteriostatic nor the bactericidal activity of MLIP-50% (Figure 7); therefore, Pegylated-MLIP-50% were tested for
treatment of S.e -infected zebrafish (in vivo). The in vivo study results confirmed the superiority of PEGylated MLIP-
50% to substantially reduce bacteremia 4h post-infection, to a much higher degree than the same dose of free MOX.

Concerning the potential mechanism(s) involved for enhanced antimicrobial activity of Chol-rich liposomes, some possible
explanations can be drawn from the bacteria/liposome interaction (binding) investigation (Figure 8) as well as the experiments
in which the integrity of liposomes with different Chol contents was monitored during incubation with bacteria (Figure 9).

Indeed, LIP-50% was found to have very low integrity during incubation with bacteria, indicating that perhaps some
substances released from the bacteria enhance the leakage of liposome-entrapped calcein (Figure 9). In the latter study, two
reference and two clinical strains of S.e were used, two being slime — and two slime +; however, under the specific conditions
applied, no differences between the different strains were observed with respect to the integrity of the various liposome types,
indicating that perhaps the Chol-dependent bacterial substance(s) responsible for the decreased integrity of LIP-50% (and to
a lower degree of LIP-33%) were present in all the bacterial cultures tested at sufficient amounts. The affinity (binding) of
liposomes to S.e bacterial cells was also found to be (liposome) Chol-content dependent (Figure 8), correlating well with the
very low integrity of LIP-50% during incubation with bacteria, since increased liposome/bacteria affinity is expected to lead to
disruption or perhaps fusion of liposomes, and consequently to the release of encapsulated substances.

Our liposome integrity study results (Figure 9) agree with other studies where liposome sensitivity towards specific
toxins, such as a-toxin,'” delta-toxin,'” leukotoxin (LtxA),** and pneumolysin,** or towards homogenates of S. aureus
biofilm,'® was found to be (liposome) Chol-content dependent. Furthermore, liposome Chol-content-dependent affinity
towards bacteria cells or specific bacteria produced toxins was reported before towards S. aureus bacteria*® or alpha-
toxin.*” Table 3 summarizes similarities of previous results with our findings. As seen, in most of the previous studies,
the bacteria secreted and Chol-dependent component that is responsible for increased antimicrobial activities of Chol-rich
liposomes (compared to other liposomes) has been identified, and the specific toxins were used in the corresponding
studies. Furthermore, in all cases, the Chol-content of liposomes determines the degree of liposome interactions (with)
and/or liposome integrity in the presence of different bacteria or bacterial secreted substances.

With the existing knowledge about S.e bacteria we cannot identify potential Chol-dependent bacterial component(s)
implicated with the current findings, since research concerning biofilm and/or other virulence determinants in S.e has
been slow (compared to other bacteria), highly contributing to the establishment of S.e-related chronic infections with
high morbidity or mortality.*® Today, it is known that S.e strains produce several types of toxins,*® and that clinical peri-
prosthetic joint infection-associated biofilm forming strains are less likely to produce such toxins,*’ providing a potential
explanation for Chol-rich liposome lower binding to the clinical S.e strains (compared to the reference strain) (Figure 8).
However, no differences between clinical and reference S.e strains were observed in the bacteria-liposome interaction
studies (Figure 9). Unfortunately, the S.e strains used in the two later sets of experiments were not identical (for practical
reasons), hindering extraction of conclusions about S.e strain effects. Nevertheless, the initial bacterial cell loads used in
liposome integrity studies (4x10%cfu/mL) were 1 order of magnitude higher than those used in the binding studies
(4.5%10"cfu/mL [diluted to half]). Thereby, we may postulate that perhaps any causative bacterial substances for Chol-
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Table 3 Summarized Similarities of Previous Reports with Current Findings for Chol-Content Dependent Liposome Interaction with

Bacteria
Pathogen Component Drug Liposome Liposome Liposome Affinity Ref
Composition Integrity
MRSA a-toxin (20ug/mL) Vancomycin EggPC/Chol (10, 25, | High - 15
50 Wt%) decrease of
integrity at
50 (wt%)
Chol
S. pneumoniae (etc) Pneumolysin (PLY) - SM/Chol (66 mol%), | - 66mol% Chol required for | 16
(200 ng), etc. etc. 100% PLY binding
C. perfringens delta-Toxin - PC/Chol, SM/Chol SM/Chol: | SM/Chol:1 toxin 17
Both: 30, 40, 50 mol | with 1 Chol. | oligomers with 1 Chol
% Chol PC/Chol:
not Chol
dependent
S. aureus Biofilm (Fusion study) | Berberine HSPC/Chol (0, 30, HSPC & HSPC/Chol: Fusion of LIPs | 18
or Biofilm Hydrochloride; | 50, 70 mol%) /PEG DPPC: with Biofilm 1 with 1 Chol
homogenate (Leakage | Penicillin (5mol%) Integrity |
study) DSPC/POPC/Chol (high
0, 18, 30, 42 mol% leakage)
with 1 Chol
A. actinomycetemcomitans | leukotoxin (LtxA) MOX LIPI: N-methyl- LIPI: High affinity of LtxA & 44
0.100uM (integrity DOPE/Chol (0, 20, Integrity | Chol known from
study) 40%); LIP2: DOPE/ (high previous studies
Chol (40%) leakage)
with 1 Chol
LIP2: No
effect of
Chol
MOX
released
only in LtxA
expressing
strain
S. pneumoniae Pneumolysin (PLY) Nisin Egg-PC/Chol (30, 45, | >45 mol% Increased interactions of 45
S. epidermidis (4ug/mL) and 60, 75 mol%) Chol >45% Chol LIPs, with PLY
S. pneumoniae culture required for | and S.p bacteria culture
or S.e culture fast nisin (8.6 x 10° CFU/mL); not
release with S.e
S. aureus; E. coli (107 - - DSPC/Chol Integrity | Interaction of LIPs with 46
CFU/mL) & /DPPE/Chol (high bacteria is higher for 40%
Chol: 10, 20, 30, 40 leakage) Chol LIP, than 20%Chol
mol% with 1 Chol | LIP; increased with
(>30%) aptamer.
Leakage of
dye much
faster from
aptamer-LIP
(Continued)
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Table 3 (Continued).

Pathogen Component Drug Liposome Liposome Liposome Affinity Ref
Composition Integrity
C. perfringens a-toxin - Various PLs with L/ Dependent DPOPC/Chol: Binding 1 47

Chol (I:1 mol), or on PL used with 1 Chol
DPOPC/Chol (50, (only L/Chol
375,25, 125 and 0 I:1 studied)
mol%)

Abbreviations: DPPC, Dipalmitoylphosphatidylcholine; DPOPC: dipalmitoleoyl-L-a-PC; HSPC: Hydrogenated Soybean Phosphatidylcholine; L: Lipid; LIP: Liposome; MRSA:
methicillin-resistant Staphylococcus aureus; N-methyl-DOPE: |.2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-methyl; PL: Phospholipid; Sphingomyelin (SM);

dependent effects were present at the required amounts in all bacterial strain cultures during the integrity studies, but not
in (or during) the binding studies, explaining the different results.

The effect of Chol content of liposomal antibiotics (or other antimicrobials) on S.e has not been evaluated before,
in vitro or in vivo, with the exception of one study where S.e (Fussel, 14990™) was used as a control bacteria during
evaluation of nisin-liposome Chol-content effect on their antimicrobial activity against S. pneumoniae. Chol-rich nisin-
liposomes did not demonstrate Chol-content dependent antimicrobial activity towards S. e, as observed for
S. pneumoniae.*> However, in that study, a much lower initial bacterial load (8.5x10°cfu/mL) was used compared to
the initial load used in the current study (4x10® cfu/mL), indicating a potential role of the bacterial load, in agreement
with the point raised above. In other words, perhaps S.e cultures require higher bacterial cell numbers to reach the
required concentrations of particular causative substances for realization of Chol-responsive bacteria/liposome interac-
tions (compared to other bacteria).

Conclusions

The current finding that Chol-rich liposomal antibiotics demonstrate enhanced antimicrobial activity towards S.e bacteria
(planktonic and biofilm), compared to liposomes with lower or no Chol, is extremely interesting since it provides novel
insights towards the development of improved liposomal therapeutic solutions for multidrug-resistant S.e strains. Such S.

49752 (representing 31% of reported cases®”) and

e strains are known as leading causative agents of bloodstream infections
are extremely difficult to treat with available therapeutics, indicating the need to identify novel solutions with enhanced
and more specific activity. A proposal for future exploitation of such Chol-rich liposomal antibiotics for the treatment of
S.e infections is to further increase their specificity for S.e by attaching targeting ligands on their surface, such as

aptamers*® or other ligand types.
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