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ARTICLE INFO ABSTRACT

Keywords: Second-generation antimicrobial lipopeptides are considered very promising tools to combat the spread of sys-
Liposomes temic fungal infections caused by fungi multidrug resistance and biofilm-associated infections. The present work
CHEMS

reports a study on the lipopeptide Myr-B, derived from myristoylation of the natural antimicrobial peptide
Chionodracine. The aim was to exploit its therapeutic potential by developing a suitable procedure for its
encapsulation in liposomes, with a view to overcoming its in vivo instability and tendency to aggregation. A
systematic investigation allowed to select two optimal liposome formulations, based on dimyr-
istoylphosphatidylcholine, having chains of the same length of the lipopetide, and cholesterol and/or cholesteryl-
hemisuccinate. Thin-film hydration and lipid-cake preparation methods were explored, and chemical-physical
characterization was integrated with molecular dynamics simulations. The lipid-cake method proved to be the
optimal approach, yielding monodisperse, stable liposomes with high encapsulation efficiency. Encapsulation in
both liposome formulations markedly enhanced antifungal activity, lowering minimum inhibitory concentrations
more than ten-fold against Candida albicans and approximately four-fold against Candida tropicalis compared to
free Myr-B. LIVE/DEAD imaging also confirmed a strong reduction in biofilm formation. Liposomes displayed
minimal haemolysis, low cytotoxicity toward human fibroblasts, and good in vivo tolerability in Galleria mello-
nella. Notably, specific interactions between cholesteryl-hemisuccinate and the peptide involved a peculiar
liposome structure and a slower release from the liposome. Overall, both Myr-B-loaded liposomes produced by
the lipid cake protocol significantly potentiates MYR-B efficacy while maintaining a favourable safety profile.
These formulations are not universally applicable to all lipopeptides; however, the underlying criteria presented
in this work are.
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1. Introduction

Since the early 21% century, research efforts to develop antimicrobial
peptides (AMPs) have intensified considerably due to the outbreak of
antimicrobial resistance (AMR) and the emergence of multidrug-
resistance (MDR) [1]. At present, AMPs are considered among the
most promising tools to fight against multidrug resistance of pathogens
and biofilm-associated infections, thanks to their mechanism of action
which is generally different from that of traditional antibiotics.

The presence of certain AMPs on the market attests to their effec-
tiveness: some are highly active against Gram-positive and Gram-
negative bacteria [2] and fungi that are resistant to traditional antibi-
otics [3].

These AMPs are all first-generation AMPs, i.e. extracted from bac-
teria or obtained through simple synthetic modifications of natural
AMPs. Despite their efficacy, many of them exhibit severe toxicity,
especially nephrotoxicity, mainly because high doses are required due to
poor bioavailability [4]. As an example, colistin is only used as a last
resort just because of its toxicity. To further complicate the situation,
although it was presumed for years that AMPs could not induce resis-
tance as their action is disrupting pathogen cell membrane, bacterial
strains resistant to vancomycin and even colistin are now being found
[5,6]. A similar scenario is observed for approved AMPs with antifungal
activity, which are highly toxic to the liver and can cause allergic re-
actions (caspofungin) [7].

An increasing number of fungi are now resistant to traditional drugs,
as demonstrated by the increasing number of fungal pathogens added to
the Centres for Disease Control and Prevention Antimicrobial Resistance
Threats Report in 2019 [8]. Since systemic fungal infections are very
dangerous and are becoming increasingly common with respect to
topical ones, particularly in immunocompromised patients [9], the need
for more effective and less toxic antifungal drugs is undeniable.

Several strategies are currently being investigated to address this
crucial objective, including the formulation of drugs (both existing and
newly developed) into suitable nanocarriers with the aim of improving
bioavailability, enhancing therapeutic efficacy, reducing drug-
associated toxicity, and bypassing resistance mechanisms [10].

Starting from data collected on natural AMPs concerning the corre-
lation between peptide sequence and activity as well as between peptide
sequence and toxicity, researchers developed second-generation AMPs.
These AMPs were designed to be less toxic to the self, more pathogen-
specific, soluble, bioavailable, and stable in biological fluids. In partic-
ular, to increase the antifungal activity of AMPs, a valid approach was
their conjugation with a lipophilic chain of fatty acids [11,12]. Thanks
to the rational design, some second-generation AMPs are already in
clinical trial. Unfortunately, among these, only three possess antifungal
activity and of these two are being studied only for topical application
[2].

As early as the end of the last century, many nano-sized drug delivery
systems, such as dendrimers, liposomes, lipid-based systems, micelles,
hydrogels, nanocrystal, carbon nanomaterials, inorganic metallic and
polymeric nanoparticles, have been investigated to address the limita-
tions of conventional antimicrobial drugs and AMPs [13,14]. Many
antifungal drugs have been incorporated into different types of
nano-delivery systems which have been shown to increase the activity
and solubility of drugs while reducing their toxicity [3].

In this vast scenario of nano-platforms, liposomes showed many
advantages in antimicrobial therapies in terms of biocompatibility,
biodegradability, increased solubility of antibiotics [15—17] as well as
enhanced accumulation at infection sites, local increases in antibiotic
concentration, and activity against intracellular pathogens [18]. The
literature also reports liposomal formulations that have been shown to
enhance the efficacy of the AMPs against both bacteria and fungi
[19-21].

In the present study was investigated the encapsulation in liposomes
of the lipopeptide CH3(CHz2)12COWRGITKVVKKYV (Myr-B), with the aim
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Chart 1. Molecular Structure of lipids and Myr-B lipopeptide.

of enhancing its already proved activity against Candida spp [22,23],
while overcoming its instability in vivo and tendency to aggregation. A
neutral (DMPC/Chol) and a negatively charged (DMPC/Chol/CHEMS)
formulation were developed (Chart 1). Liposomes’ morphology and
physico-chemical properties were investigated by different experi-
mental techniques. Molecular Dynamics (MD) simulations were carried
out to investigate, with an atomic resolution, the interaction of Myr-B
with lipids, its insertion into the liposomal bilayer, and its effect on bi-
layer’s organization. Haemolytic activity and toxicity were investigated,
both in vitro and in vivo, using Galleria mellonella larvae as a model.
Antifungal activity was evaluated against two Candida species, on both
the planktonic and biofilm form. Candida albicans remains the pre-
dominant etiological agent of invasive candidiasis worldwide, ac-
counting for approximately 40-50% of clinical isolates across most
geographic regions, and has long been regarded as the reference species
for antifungal susceptibility testing [24]. Although C. albicans retains its
position as the most frequently isolated Candida species, non-albicans
Candida (NAC) species now account for a substantial proportion of
clinical isolates recovered globally in hospital settings, with C. tropicalis
being among those of greatest clinical concern [25,26]. Candida tropi-
calis ranks among the most important NAC species in terms of epide-
miology, virulence, and antifungal resistance, and has been consistently
described as one of the most adherent and robust biofilm-producing
Candida species [27—29]. On these grounds, C. albicans and
C. tropicalis were selected as representative test organisms to assess the
antifungal activity of the Myr-B loaded liposomes, encompassing both
the archetypical Candida pathogen and a clinically significant,
biofilm-proficient NAC species.

2. Results and discussion

In order to develop stable monodisperse vesicles with good Myr-B
encapsulation rate, the lipid composition, the total concentration of
the components, and the lipid/peptide molar ratio were properly
modulated finally selecting two formulations, namely DMPC/Chol and
DMPC/Cholesteryl-hemisuccinate (CHEMS), at 1.9 mM total lipid con-
centration and 1:30 lipopeptide/lipids ratio. These concentrations
represent the optimal ones to have stable liposomes with the higher
entrapment of Myr-B. The studies previously performed to identify the
final formulations are reported in the SI [30]. From these studies, DMPC
emerged as the best choice due to its acyl chains having the same length
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as that of Myr-B, allowing the formation of a more homogeneous and
compact lipid bilayer. Since high concentrations of Chol are reported to
reduce the trapping efficiency of AMPs [31], a small amount of Chol
(5%) was included to obtain monodisperse liposomes stable for a few
days without compromising encapsulation efficiency.

The ionizable cholesterol derivative CHEMS is utilised in the prep-
aration of liposomes for the delivery of antibacterial drugs [32,33]
because of its fusogenic properties, responsiveness to pH [34,35], ability
of stabilizing proteins and compacting the lipid bilayers [36]. In this
work it was incorporated into one liposome bilayer with the objective of
enhancing the stability of the formulation. To evaluate the effect of the
preparation protocol on the physico-chemical properties of
Myr-B-loaded liposomes, the lipid cake method (hydration of a
freeze-dried monophase system) was compared with the standard thin
film hydration (TFH) method (hydration of a thin lipid/peptide film
with the buffer); the LC method was chosen because already reported as
particularly suitable for promoting a better incorporation of lip-
opeptides into the liposome bilayer [37]. The results of this investigation
are presented in Table 1.

Freshly prepared liposomes, empty or loaded with Myr-B, are
monodisperse and with diameter consistent with those of the pores of
the extrusion membrane. Myr-B loaded liposomes with CHEMS resulted
smaller (Table 1) and less stable upon time (see Figure S1 and S2 of the
SI [30]) than the ones without CHEMS. Replacing Chol with CHEMS had
a remarkable effect on liposome size only in the presence of the peptide,
probably due to the interaction of the negatively charged polar head-
groups of CHEMS with the positive moieties of the peptide, resulting in a
compaction of the bilayer.

When a substantial percentage of the positively charged peptide was
incorporated in the bilayer, the liposome potential shifted to slightly
positive values, compared to the negative (DMPC/Chol/CHEMS) or
weakly negative (DMPC/Chol) potential of the empty liposomes.

The LC method proved to be better than the TFH one in terms of
encapsulation efficiency: the extrusion was faster and more straight-
forward in the case of LC method compared to the TFH one where
increasing the temperatures was required. The superior performance of
the LC approach can be attributed to the more homogeneous distribution
of the lipopeptide within the lipid matrix achieved by freeze drying. On
the contrary, solvent evaporation in the thin-film method leads to a less
uniform dispersion [31]. Myr-B-loaded liposomes with and without
CHEMS have the same EE%, even if the release over time of the lip-
opeptide from the liposomes is lower in the presence of CHEMS. (See
Figure S3 of SI) These results suggest a specific interaction between the
cationic residue of the peptide and the carboxylate group of the CHEMS.

The morphology of both empty and Myr-B-loaded liposomes was
studied by transmission electron microscopy (TEM).

Empty DMPC/Chol liposomes (Fig. 1A) exhibited good contrast, a
homogeneous surface, and dimensions consistent with DLS (130 nm).
Myr-B-loaded DMPC/Chol liposomes (Fig. 1B) showed a less smooth
surface together with small membrane cracks (indicated by arrows).
This is suggestive of a less compact bilayer more sensitive to

Table 1
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perturbation caused by TEM deposition.

Empty DMPC/Chol/CHEMS liposomes exhibited a uniform surface
(see Fig. 1C), although some multilamellar structures were observed (see
Fig. 1C, inset). In the presence of Myr-B, however, all liposomes became
multilamellar, resembling cartellate (a traditional Christmas pastry from
southern Italy) (see Fig. 1D, inset) with minor membrane fractures
similar to those of DMPC/Chol vesicles (indicated by arrows). Overall,
Myr-B strongly affects bilayer organization, with formulation-dependent
differences likely arising from peptide-lipid interactions that promote
distinct peptide secondary structures in the presence of CHEMS.

The molecular dynamics simulations presented in the next paragraph
were conducted to investigate the effect of CHEMS in the bilayer orga-
nization and to support the evidence of structural differences evidenced
by TEM.

2.1. Molecular dynamics simulations

In order to investigate, with atomic resolution, the structure and
organization of Myr-B in lipid membrane of DMPC/Chol and DMPC/
Chol/CHEMS, molecular dynamics simulations were performed ac-
cording to the minimum bias approach used to study the self-assembling
of lipids [38] and peptide/membrane complexes [39—41]. Starting from
a random orientation of peptides and lipid molecules, the system
spontaneously self-assembles in a lipid bilayer allowing the peptide to
adopt the most favourable position and orientation into the lipid
membrane.

In all simulated systems the formation of lipid bilayer was observed
within 150 ns of MD trajectories (Figure S4 and S5) [30] and remains
stable for the remaining 2 ps of simulations.

The deuterium order parameter, Scp, of each methylene of lipid alkyl
chains was calculated to determine the effects of lipopeptide on the
structure of the membrane. The value of |Scp|, is indicative of the fluidity
of lipid bilayer; the higher the value of |S¢p|, the more ordered the lipid
membrane. A value of |Scp| of 0.5 is characteristic of alkyl chain in all
trans conformation and perfectly oriented with respect to the bilayer
normal, whereas a value of zero indicates an isotropic orientation of the
alkyl chain [42].

Fig. 2A and 2B show the averaged order parameters, |Scp|, of the
methylene groups of sn—1 and sn—2 DMPC alkyl chains for the lipid
membranes, in absence and in presence of Myr-B.

In the absence of peptides, the bilayer of DMPC/Chol and DMPC/
CHEMS showed the same profile of |Scp| for the alkyl chains of DMPC,
with only small difference for the first four methylenes of sn—2 chain.

In the presence of four molecules of Myr-B, the DMPC/Chol mem-
brane showed a lower value of |Scp| (higher mobility) with respect to
DMPC/CHEMS membrane for the first seven methylenes of sn—1 chain
(Fig. 2A) and all methylenes of DMPC sn-2 chain (Fig. 2B). In the case of
sn-1 chains the terminal eight methylenes of DMPC/Chol and DMPC/
CHEMS membranes shows the same value of the order parameter.

The mass density distribution of selected atoms of Myr-B molecules
with respect to the lipid bilayer center was calculated to investigate the

Physico-chemical properties and Myr-B entrapping efficiency (EE %) of the selected liposomal formulations. Reported data are the average of at least 3 independent
experiments, and the error is the standard deviation of three independent measurements.

Formulation Method [L]1/[P] ratio Dy, (nm) PDI ¢ (mV) EE% [Myr-B] (uM)
DMPC/Chol” LC - 103+ 2 0.09 + 0.01 —0.70 £+ 0.01

DMPC/Chol/CHEMS" LC - 111+1 0.06 + 0.01 -5.0+ 1.0 - -

Myr-B DMPC/Chol‘ TFH! 30:1 98 +2 0.10 £+ 0.01 -1.0+1.8 59 38

Myr-B DMPC/Chol/ LC 30:1 101 +2 0.10 + 0.02 3.0+ 0.5 89 55

Myr-B DMPC/Chol/CHEMS LC 30:1 106 + 1 0.08 + 0.01 3.0+ 1.0 74 55

2 [DMPC]= 1.8 mM [ Chol]= 0.1 mM;
> [DMPC]= 1.8 mM [ Chol]= 0.08 mM [CHEMS]= 0.02 mM;
¢ [Myr-B] = 66 puM after hydration of the thin film with PB.

4 Dy, PDI and ¢-potential of the Myr-B/DMPC/Chol/ formulation prepared by the TFH method, before filtration on sephadex G—50, are Dy, = 101 + 3 nm, PDI= 0.2

+ 0.03, {= 6.0 £ 0.07 mV respectively.
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Fig. 1. TEM images of liposomes stained with uranyl acetate: A) DMPC/Chol, B) DMPC/Chol/Myr-B, C) DMPC/Chol/CHEMS, D) DMPC/Chol/CHEMS/Myr-B.
Samples in A and B were fixed with OsO4 (0.025%) while in C and D with PFA.The scale bar placed in the panels corresponds to 200 pm.

organization of the peptide in the lipid bilayer. Fig. 2C and 2D shows the
density distributions of phosphorous atoms of DMPC, water and Myr-B
atoms. The analysis of mass density evidenced a different location of
the Myr-B molecules inserted in the bilayer of DMPC/Chol and DMPC/
CHEMS. In DMPC/Chol the peptides were mainly located near one of the
two water/lipid surfaces and in the hydrophobic region of bilayer. Only
a few atoms of Myr-B were found close to the surface of the second
leaflet of the bilayer (Fig. 2C).

In DMPC/CHEMS the peptide molecules presented a more uniform
distribution in the lipid bilayer. In fact, as reported in Fig. 2D, the mass
density of Myr-B showed the maxima values close to surface of both
leaflets of bilayer and in the hydrophobic region.

The presence of Myr-B, and in particular of the charged residues of
lysine and arginine into the hydrophobic region of bilayer, induced a
perturbation of the membrane. In DMPC/Chol, to neutralize the positive
charge of Lys and Arg of Myr-B in the hydrophobic region, some DMPC
molecules penetrate in the lipid bilayer with phosphate groups and the
choline nitrogen atoms inside the lipid bilayer, orienting alkyl chains
parallel to the surface of the bilayer (Fig. 2E). In DMPC/CHEMS the
negative charge of carboxylate group present on the sterol molecule
contributed to neutralize the positive charges of lysine and arginine and
a smaller number of DMPC molecules oriented the phosphate groups
within the hydrophobic region (Fig. 2F).

The residues of lysine and arginine within the bilayer induced also
the penetration in the hydrophobic region of water molecules that
contributed to destabilize the structure of lipid bilayer (Fig. 2E and 2F).

The average thickness, Dyy, calculated as the distance between two

peaks of phosphorous atom mass density profiles, showed a slight in-
crease for lipid bilayer containing Myr-B. In the absence of peptide, the
calculated average thickness for DMPC/Chol and DMPC/CHEMS were
3.44 + 0.03 nm and 3.44 + 0.05 respectively (Figure S6). In presence of
Myr-B, a slight increase of the thickness was observed with a value of
3.64 £ 0.03 and 3.66 + 0.02 nm for DMPC/Chol and DMPC/CHEMS
respectively (Figure S7).

In order to characterize the local effect of peptides on the structure of
bilayer, analysis of the local thickness was carried out, considering the
average position of each phosphorous atom of DMPC. As reported in
Fig. 3A-B the presence of Myr-B induced a significant perturbation of
lipid bilayer with a reduction of bilayer thickness in the region close to
the lipopeptide molecules.

The reduction of local thickness induced by Myr-B molecules is more
pronounced in DMPC/Chol bilayer, with a lower value of 1.4 + 0.3 nm,
respect to DMPC/CHEMS bilayer where a lower value of 2.1 + 0.2 nm
was observed.

To evaluate the organization of Chol and CHEMS molecules in the
lipid bilayer around the lipopeptide molecules the number of contacts
between Myr-B and the sterol molecules was calculated.

In DMPC/Chol the number of contacts between the molecules of
cholesterol and Myr-B were considerably smaller, 14.0 + 6.1, with
respect to the number of contacts of CHEMS with Myr-B in DMPC/
CHEMS, 190.7 + 37.1. In the DMPC/Chol system, only one MD simu-
lation showed two Myr-B molecules interacting with cholesterol with an
occupancy higher than 50%. (Fig. 3C and Table S3) [30]. In the
DMPC/CHEMS system, one MD simulation showed two Myr-B molecules
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Fig. 2. Deuterium order parameter, |Scp|, of A) sn—1 and B) sn—2 DMPC alkyl chain in absence and in presence of Myr-B in DMPC/Chol and DMPC/CHEMS
membranes. Mass density profiles across the lipid bilayer of phosphorous atoms, water molecules and peptide atoms of C) Myr-B in DMPC/Chol and D) Myr-B in
DMPC/CHEMS. The mass densities are calculated with respect to the center of mass of bilayer (z = 0). Representative structures of E) Myr-B in DMPC/Chol and F)
Myr-B in DMPC/CHEMS. Water oxygens are shown as cyan spheres and phosphorous atoms as orange spheres. The peptide backbone is in green tube, with Arg, Lys,
Trp side chains and the myristoyl group in licorice. Nearby DMPC molecules are shown in licorice with grey carbons.

interacting with CHEMS with an occupancy higher than 50%, whereas
in the other two simulations, three out of the four Myr-B molecules
interacted stably with CHEMS for approximately 1 ps of simulation
(Fig. 3C and Table S4) [30].

To further characterize the interaction of the sterol molecules with
Myr-B the occupancy of the contacts between the sterol and each residue
of lipopeptide was calculated. As shows in Fig. 3D all amino acids of
Myr-B, except for Val—11, showed an average value of occupancy for the
contact with CHEMS higher than 58%, and for myristoyl alkyl chain,
Trp—1, Arg—2, Thr—>5 and Lys—6 a value close to 100%. For cholesterol
the occupancy of the contacts with the amino acids of Myr-B were sig-
nificant lower with respect to CHEMS; the myristoyl alkyl chain showed
an occupancy of 63% and only the residues Trp—1, Val-7, Lys—10
presented higher occupancy with a value in the range 20-24%.

These data revealed the tendency of CHEMS to organize around the
Myr-B and interact stably with the amino acid residues of peptide. The
interaction CHEMS/Myr-B was mainly driven by the formation of salt-
bridge between the carboxylate group of CHEMS and the positive
charged lysine and arginine residues of Myr-B. On the contrary, the
molecules of cholesterol presented a lower tendency to organize around
the Myr-B molecules (Fig. 3E).

2.2. Antifungal activity, minimum inhibitory concentration (MIC)

The antifungal efficacy of Myr-B and Myr-B-loaded liposomes was
evaluated, according to EUCAST standard, on C.tropicalis and C.albicans,
the most common pathogenic determinant between Candida spp. in
hospital-acquired infection [32,33]. The results suggested that
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Table 2
Minimum inhibitory concentration (MIC) in pg/mL (M in parenthesis) of Myr-B
and Myr-B loaded in liposomes against C.albicans and C.tropicalis.

Formulation Tested isolates

C.albicans C.tropicalis
Myr-B 50 (32.8) 12.5 (8.2)
Myr-B DMPC/Chol 3.13(2.1) 3.13(2.1)
Myr-B DMPC/Chol/CHEMS 1.94 (1.3) 3.88 (2.5)

not-encapsulated Myr-B had a good inhibition activity on C.tropicalis,
and less efficacy on C.albicans. Liposomal encapsulation in both lipo-
somal formulations resulted in a > 10-fold increase in inhibitory activity
of Myr-B against C. albicans and in a 4-fold increase against C. tropicalis
(Table 2). The empty liposomes tested at the same concentrations of
Myr-B-loaded liposome did not exhibit antimicrobial activity.

2.3. LIVE and DEAD fluorescent assay

Fig. 4A and 4C (Figure S8 and FigureS9, [30]) shows representative
images of fluorescent imaging sessions of C.albicans and C.tropicalis
respectively, following treatment with Myr-B at MIC concentration,
alone or encapsulated in liposomes. The rinsing step before performing
the fluorescent dyeing excluded planktonic cells, focusing on adherent
cells in an early biofilm stage [43]. Untreated Candida cells are reported
as control. LIVE/DEAD fluorescent assay is composed of two fluorescent
dyes: SYTO 9, highlighting alive cells with unaltered membrane integ-
rity and emitting in the green; Propidium Iodide (PI), emitting in the red
and entering only in membrane-damaged cells, replacing SYTO9. The
green/red emission should be exclusive, but in this panel the treated

Candida cells appear as a gradient between the two colors, creating a
yellow composite. Treatment with free Myr-B and Myr-B-loaded for-
mulations resulted in a marked reduction of biofilm biomass and a
predominance of PI-positive signal in the merged images, indicative of
extensive membrane disruption and cell death, whereas empty lipo-
somes (DMPC/Chol and DMPC/Chol/CHEMS) and the untreated control
displayed dense, largely SYTO9-positive biofilm networks consistent
with retained cell viability. Fig. 4B and 4D (Figure S10, [30]) highlight
that Myr-B, free and liposome-loaded, showed an important decrease in
cell density compared to control, reducing drastically the presence of
adherent yeast cells; a similar effect was already reported for Myr-B,
used at a much higher concentration [23]. Liposomes alone seemed to
promote yeast aggregation, resulting in a higher coverage of adherent
cells, a phenomenon previously reported in the literature [44,45] but
absent with Myr-B-loaded liposomes. These results, together with the
MIC values (Table 2), confirm an enhanced in-vitro efficacy of
Myr-B-loaded liposomes compared to free Myr-B.

2.4. Cytotoxicity against human cell line

To assess the effect of the formulations on cell viability, an ATP-Lite
assay was performed using the primary human fibroblast line FB—789.
Cell vitality was evaluated after 6 and 24 h of treatment with empty and
Myr-B-loaded liposomes.

After 6h Myr-B-loaded DMPC/Chol/CHEMS liposomes did not
induce a reduction of cell viability (Fig. 5B): rather, a proliferative effect
was evidenced at the highest tested peptide concentrations. On the
contrary, empty DMPC/Chol/CHEMS liposomes evidenced a slight
reduction of cell viability at low concentrations (about 15-20%). Both
empty and Myr-B-loaded DMPC/Chol liposomes showed a low decrease
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of cell viability at all tested concentrations (Fig. 5A). viability (Fig. 5C), whereas empty liposomes caused slight cell death at
The effect was slightly different after 24 h of treatment, (Fig. 5D), all tested concentrations, with a significant difference from the control
where about 85-90% of viability was observed for all the tested samples, at 1.25, 2.5 and 5 pM.

except for 10 pM Myr-B for which a significant reduction of viability was
observed. Myr-B-loaded DMPC/Chol liposomes did not affect cell
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treated with 2% Triton X). Empty liposomes were tested at the same lipid concentration of the loaded ones. Asterisks denote significance vs. negative control (black):

*** = p < 0.001; ** = p < 0.005.

2.5. Haemolytic assay

A haemolytic assay against rabbit red blood cells was performed with
DMPC/Chol and DMPC/Chol/CHEMS formulations both empty and
loaded with Myr-B. As shown in Fig. 5E-F, the formulations were found
to be not haemolytic at the tested concentrations. In fact, the haemolysis
values of the tested samples were comparable to that of the negative
control (erythrocytes incubated only with PBS buffer). Only the empty
DMPC/Chol/CHEMS formulation (Fig. 5F) at the highest concentration
showed a percentage of haemolysis with a significant difference from the
control.

2.6. In-vivo toxicity evaluation on Galleria mellonella animal model

The in-vivo toxicity of Myr-B, liposomes, and Myr-B-loaded liposomes
was assessed using the Galleria mellonella animal model [46]. Three days
after administering the tested compounds at a concentration of
12.5 ug/mL (8.2 uM), only the DMPC/Chol/CHEMS group exhibited a

low-rate toxicity in the larvae (Figure S11) [30]. All the other groups
displayed a 100% vitality rate, suggesting promising potential for
Myr-B-loaded liposomes, warranting further investigation into their
in-vivo efficacy.

3. Conclusions

The development of liposome formulations for drug delivery requires
a preliminary investigation aiming at selecting the optimal lipid
composition together with the most suitable protocol of preparation in
order to achieve liposomes with suitable dimension and PDI, high E.E.,
colloidal stability and drug retention over time. Although each drug
constitutes a distinct case requiring specific investigation, certain gen-
eral principles can still be applied to its study, while its investigation
may yield additional general principles for future research.

In this work, we explored the inclusion of the antimicrobial lip-
opeptide Myr-B in DMPC-based liposomes with the aim of enhancing its
antifungal activity while reducing its instability in biological
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environment and tendency to aggregate.

A systematic investigation allowed to select two promising formu-
lations (DMPC/Chol/Myr-B and DMPC/Chol/CHEMS/Myr-B) and the
LC procedure resulted as the most effective. Molecular dynamics simu-
lations highlighted that CHEMS markedly interacts with lipopeptide,
affecting in turn peptide-lipid interactions, in particular bilayer
compaction and organization, as well as peptide localization and release
over time. Such evidence seems to corroborate with TEM investigation
that reveals a peculiar cartellate type organization for liposomes
including CHEMS.

Encapsulation significantly increased the antifungal potency of Myr-
B, reducing MIC values more than ten-fold against C.albicans and four-
fold against C.tropicalis for both liposome formulations. LIVE/DEAD
imaging confirmed a substantial reduction in adherent fungal cells upon
treatment with both Myr-B-loaded liposome formulations, highlighting
their ability to impair early biofilm formation. It is worth noting that
liposomes displayed low in vitro toxicity, minimal haemolytic activity,
and favourable tolerability in Galleria mellonella larvae, supporting their
suitability for further therapeutic development.

Notably, the moderate destabilization that Myr-B induces in the
liposomal bilayer, as revealed by Molecular Dynamic simulations could
be functionally advantageous because it facilitates the liberation of Myr-
B at the site of action and likely contribute to the enhanced antifungal
activity of Myr-B liposomes.

Overall, our findings enabled the development of two Myr-B-loaded
liposomal formulations with strong antifungal activity and low toxicity,
making them promising candidates for further preclinical evaluation as
treatments for invasive fungal infections. Noteworthy, the chemico-
physics investigation provided here, beyond elucidating the key fea-
tures of the lipid bilayer of Myr-B-loaded liposomal formulations, lay the
groundwork for future investigation into incorporating other AMPs into
liposomes.

4. Experimental section

A detailed version of the material and methods section is available in
the Zenodo repository [30].

4.1. Material

Dimyristoyl-sn-glycero—3-phosphocholine (DMPC, purity >99%)
was purchased from Avanti Polar Lipids (Alabaster, AL) and was used
without further purification. Cholesterol (Chol), cholesteryl hemi-
succinate (CHEMS) and Sephadex G—50 fine resin were purchased from
Merck. The antimicrobial peptide Myr-B (Myr-WRGITKVVKKV) was
purchased from CASLO ApS, c/o Technical University of Denmark, with
a purity > 98%. Organic solvents were purchased from VWR. All
aqueous solutions were prepared using ultrapure MilliQ water produced
by a Millipore DirectQ3 apparatus. Phosphate buffer solution (10 mM)
was prepared by dissolving sodium dihydrogenphosphate and disodium
hydrogenphosphate dodecahydrate in water and adjusting the pH to 7.4
with a sodium hydroxide solution.

4.2. Preparation and purification of empty and Myr-B-loaded liposomes

Liposomes were prepared according to two methods: the thin lipid
film hydration method coupled with the freeze-thaw protocol and
extrusion [47] (TFH), and the lipid cake method [37] (LC). Size exclu-
sion chromatography was used to remove the Myr-B peptide not
included into the liposomes. [48].

4.3. Size and {-potential measurements
Liposome suspensions were analysed by Dynamic Light Scattering

(DLS) and Dielectrophoretic Light Scattering (DELS) to assess their mean
diameter, polydispersity index (PDI), and ¢-potential. A Malvern Nano-
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ZetaSizer apparatus, operating in backscattering (173 °) and equipped
with a 5 mW HeNe laser (A = 632.8 nm), a thermostatted sample holder
and a digital logarithmic correlator was used to perform both DLS and
DELS measurements. Both size and {-potential were measured at 25 °C.

4.4. Determination of Myr-B entrapment efficiency (EE%)

The concentration of Myr-B entrapped in liposomes was evaluated by
UV-Vis spectroscopy measurements. The calibration curve was built by
using tryptophan (Trp) solutions of known concentration.

Liposomes were broken up before the measurement by 1:1 (v/v)
water isopropanol solution. Myr-B concentration was calculated by the
absorbance at 280 nm, and the EE % was evaluated by the following
equation:

[Myr— B]ae
[Myr — B,

where [Myr — B|, and [Myr — B],, indicate the concentration of lip-
opeptide at the beginning and at the end of the preparation, respectively.

EE% = x 100

4.5. Morphological characterization of liposomes by transmission electron
microscopy (TEM)

The morphology of liposomes was investigated by TEM coupled with
negative staining protocol (JEOL 1200 EX II). Micrographs were ac-
quired by the Olympus SIS VELETA CCD camera; the average dimension
was obtained using the software iTEM (Olympus).

4.6. Molecular dynamics simulations

The molecular systems were built by using minimum bias approach
[39,40] starting with a random orientation of both Myr-B and lipid
molecules in the simulation box. The initial structure of Myr-B was ob-
tained after 300 ns of MD simulation in water. The composition of the
simulated systems is reported in Table S2. Each system was energy
minimized and 100 ps of MD simulation, with positional restrains (force
constant of 1000 kJ mol~! nm™2) on the backbone of peptides, were
performed at 298 K with an isotropic pressure coupling at 1 bar. Finally,
2 ps of unrestrained MD simulation was performed at 298 K and 1 atm
with an anisotropic control of pressure. For each molecular system three
independent MD simulation were performed.

The peptides were modelled by using GROMOS G54a8 [49,50] force
field in conjunction with the GROMOS G54a8-v1l [51] for the lipids
DMPC. The parameters for sterol molecules were taken from O’Mara
et al. [52] The GROMOS G54a8-v1 bonding and non-bonding parame-
ters of the glutamic acid side chain were used to model the hemisuccinyl
moiety of CHEMS. The GROMACS topology of cholesterol and CHEMS
are available in the Zenodo repository [30].

The Simple Point Charge (SPC) [53] model was used for water.

All bonds were constrained using the P-LINCS algorithm [54]
whereas the geometry of water molecules was fixed with the SETTLE
algorithm [55]. The temperature of the simulated systems was
controlled by coupling the peptides, lipids, water and ions to an external
bath at 298 K by using the velocity-rescale [56] thermostat with a
coupling constant of 0.1 ps. The pressure was kept constant at 1 bar by
using the Berendsen barostat [57] and in the last 1 ps of simulation the
Parinello-Rahman barostat [58] (P = 1 bar, tp = 4 ps) was used. The
analysis of the trajectories was performed on the last 1 ps of MD
simulations.

4.7. Minimum inhibitory concentration (MIC) determination

Both tested strains were derived from positive blood cultures and
identified via matrix assisted laser desorption ionization — time of flight
mass spectrometry (Bruker, Massachusetts, U.S.A.). The MIC
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concentrations of Myr-B free and liposome-loaded were determined by
microbroth dilution method, in a 96-well u-bottom plate Falcon (Corn-
ing incorporated, New York, U.S.A.) following EUCAST-AFST (European
Society for Clinical Microbiology and Infectious Diseases — AntiFungal
Susceptibility Testing) guidelines [59].

4.8. Live and dead fluorescent assay

The assay was performed by using LIVE/DEAD™ BacLight™ Bacte-
rial Viability Kit (Termofisher scientific; Waltham, Massachusetts, USA),
following manufacturer instructions. The fluorescent imaging was con-
ducted by Cytation 5 Cell Imaging Multi-Mode Reader, with an excita-
tion/emission wavelengths of 469/525 nm for SYTO9 and 586/647 nm
for Propidium Iodide (PI).

4.9. Image quantitative analysis

Area coverage was calculated through Fiji ImageJ software (Version
1.53c) using the auto-threshold tool. The percentage values refer to part
of the field, measured in pixels, actually covered with yeast cells (both
live and dead) compared to the whole area of the image.

4.10. In vivo cytotoxicity on galleria mellonella

The in vivo cytotoxicity of Myr-B free or liposome-loaded was
assessed on the animal model of G. mellonella larvae. Treatments and
control groups were formed by twenty larvae each. After the treatments,
larvae were incubated at 33 °C in aerobic conditions. The viability of
larvae was visually evaluated every 24 h for 72 h. Lack of mobility after
stimulation and melanization were considered as death indicators ac-
cording to Loh et al. criteria [46]. Cocoon formation was excluded as
criteria because the phenomenon was not observed in the 3 days of
observational period.

4.11. Cytotoxicity assay against human cell line

The cytotoxicity of Myr-B free or liposome-loaded was determined
with the ATPLite Luminescence Assay using a primary human fibroblast
cell line (FB789) [23].

The percentage of cell viability was determined as follows:

RL UText group

%Cells viability = TR, 1
legative control

x 100
where RLU is the unit of relative light measured by the instrument.
4.12. Haemolytic assay against rabbit erythrocytes

The haemolytic activity was evaluated by adding increasing con-
centrations of Myr-B (from 1.25 to 10 uM) encapsulated in the different
liposomes and the corresponding quantities of empty liposomes to rabbit
erythrocytes (Rockland) previously purified and maintained in Alsever's
solution. After removing Alsever’s solution by centrifugation, the
erythrocytes were washed and resuspended in PBS to the appropriate
dilution. Erythrocytes were incubated only with PBS buffer as a negative
control and in the presence of Triton X—100 at 2% (v/v) as a positive
control.

The haemolysis percentage was calculated as follows:

(ATest group)

( Positive control)

%Hemolysis = x 100

4.13. Statistical analysis

The results of the cytotoxic and haemolytic experiments are
expressed as the mean + SD and the differences from the controls have
been considered significant if p < 0.05 using a statistical analysis
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performed by the one-way ANOVA followed by the Bonferroni test (***
= p < 0.001; ** = p < 0.005. *p < 0.01). Microbiological testing was
performed in triplicate and are expressed, where appropriate, as mean +
SD.
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