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1. Introduction

Impact of pharmacokinetic enhancement
strategies on the antimicrobial and antioxidant
activities of hydroxytyrosolt

Giuliana Prevete, ©2 Elisa Scipioni,? Enrica Donati,® Noemi Villanova,®
Andrea Fochetti,® Laura Lilla,? Stefano Borocci, & < Roberta Bernini*°
and Marco Mazzonna @ *2

Hydroxytyrosol (HTyr), a plant-derived phenolic compound found in Olea europaea L. products and by-
products, is well-known for its antioxidant activity and a wide range of biological effects, including anti-
inflammatory, anticancer, antiviral, cardioprotective, neuroprotective, and antibacterial properties.
However, due to its high hydrophilicity, HTyr exhibits unfavorable pharmacokinetic properties, preventing
its potential therapeutic use. Various strategies can be employed to address these limitations. In this
study, we evaluated the effect of two specific approaches on the HTyr antimicrobial and antioxidant
activities: chemical modification of HTyr by lipophilization of the alcoholic moiety and encapsulation in
liposomes. Based on our experience in the synthesis and biological activities of HTyr derivatives, the
attention was focused on HTyr oleate (HTyr-OL), having a C-18 unsaturated alkylic chain responsible for
an increased lipophilicity compared to HTyr. This structural feature enhanced antimicrobial activity
against both tested strains of S. aureus, ATCC 25923 (wild-type strain) and ATCC 33591 (MRSA), and
comparable antioxidant activity against two different radicals, Galvinoxyl radical and 1,1-diphenyl-2-
picrylhydrazyl radical. Moreover, liposomes as delivery systems for HTyr and HTyr-OL were developed
using both natural and synthetic amphiphiles, and the impact of encapsulation on their activities was
further investigated. The experimental results showed that the antimicrobial properties of HTyr and
HTyr-OL against S. aureus strains were not enhanced after encapsulation in liposomes, while the high
antioxidant activity of HTyr-OL was preserved when conveyed in liposomes.

aglycone form, verbascoside, and oleacin. HTyr free form
results from the hydrolytic activity of endogenous B-glucosi-

Hydroxytyrosol (HTyr) is a plant-derived phenolic compound,
primarily found in Olea europaea L. products and by-products
(Chart 1). It is notably present in extra virgin olive oil,"* as
well as in olive by-products such as leaves®* and olive mill
wastewater.>® In these matrices, HTyr is mainly found in the
form of secoiridoid derivatives, including oleuropein, its
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dase’ during olives ripening, olive oil production, and storage
over time.?

Several in vivo and in vitro studies have confirmed that HTyr
displays a wide range of biological activities,>*** including
antioxidant,*® cardioprotective,'* neuroprotective,'®*>4
anticancer, anti-inflammatory,'>***° antidiabetic,” and
antimicrobial properties.®> Given these attractive features, an
increasing number of research groups have focused on
synthesizing HTyr and obtaining HTyr-rich extracts from olive
oil by-products.”” Specifically, HTyr can be recovered from waste
products using environmentally and economically sustainable
technologies, which align with the principles of green chemistry
and the circular economy, enabling its reuse and valorization in
various application fields.>*~>*

Despite the positive effects of HTyr on human health, its
potential therapeutic use is limited by several physicochemical
factors that affect its absorption, distribution, metabolism,
excretion processes, stability, and biological activity.”*** In
particular, the problematic absorption* of HTyr is primarily
related to its very high solubility in aqueous media and
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biological fluids,* poor stability in the gastrointestinal tract,*
low permeation through the small intestine epithelial cells, and
extensive and rapid metabolic reactions.*” To address these
limitations, researchers are exploring innovative strategies to
enhance HTyr bioavailability and plasma half-life.** Among
these, esterification of the alcoholic hydroxyl group of HTyr has
emerged as a promising approach. In fact, this method intro-
duces a saturated, mono-, or polyunsaturated alkyl chain,
leading to the formation of the so-called “phenolipids” or
“lipophenols”. By synthesizing HTyr esters with C2-C18 acyl
chains, researchers aim to improve HTyr's lipophilicity while
preserving its biological properties, thereby creating new
opportunities for applications in pharmaceutical, nutraceut-
icals, and food fields.**?”

Among the HTyr derivatives studied so far, HTyr oleate
(HTyr-OL, Chart 1) stands out as one of the most interesting and
promising. HTyr-OL is a fatty ester having a C18:1 alkyl chain,
responsible for a significantly increased lipophilicity (log Kow >
3.3) compared to HTyr (log Kow = 0.809),*® while maintaining
the catechol moiety accountable for its biological activities.>**°

HTyr-OL can also be considered a surfactant due to its
amphiphilic structure, which features a hydrophilic head
derived from the HTyr catechol moiety and a hydrophobic tail
provided by the C18:1 chain. In aqueous solutions, dispersed
HTyr-OL molecules may aggregate to form micelles when the
concentration of surfactant molecules exceeds the critical
micelle concentration (cmc), defined as the concentration of
surfactants in free form in equilibrium with those in aggregated
form in solution. Micelles take form by orienting the hydro-
phobic portions of surfactants molecules toward the micelle
core, while the hydrophilic head groups face the surrounding
aqueous phase.

Alternatively, the limitations of HTyr can be addressed
through nanotechnologies. Incorporating natural compounds
like HTyr into various delivery systems has been shown to be an
effective strategy to enhance stability, solubility, and bioavail-
ability, also preventing degradation caused by environmental
conditions (pH, enzymatic activity, or oxygen exposure). This
approach also enhances the targeting of loaded compounds,
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thereby minimizing interactions with other components in the
human body and reducing the risk of systemic side effects. In
particular, liposomes represent promising and versatile delivery
systems for bioactive compounds due to their biodegradability,
low toxicity, and versatility in entrapping lipophilic, hydro-
philic, and amphiphilic compounds.**>* They can also be
functionalized for targeted delivery.*

In this study, we report on an investigation aimed at
analyzing how these two strategies, chemical modification of
HTyr and encapsulation of HTyr or HTyr-derivative in lipo-
somes, designed to overcome the pharmacokinetic limitations
of HTyr, affect antimicrobial and antioxidant properties.

For the chemical modification approach, HTyr-OL was tested
as an acyl derivative of HTyr with enhanced lipophilicity. Its
amphiphilic nature was characterized by determining its cmc
and simulating micelle formation through Molecular Dynamic
Simulations. Both HTyr and HTyr-OL were synthesized in our
laboratories.

For the liposomal conveyance approach, delivery systems
containing HTyr or HTyr-OL were formulated using natural
phospholipids with varying alkyl chain lengths: 1,2-dioleoyl-sn-
glycero-3-phosphocholine (C18:1, DOPC), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (C16:0, DPPC), or 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (C14:0, DMPC). These formulations
were prepared either with or without cholesterol (Chol) or
a synthetic cationic lipid (LIPCAT) (Chart 1).

Liposomes were characterized considering size, poly-
dispersity index, {-potential, and entrapment efficiency. Addi-
tionally, their stability over time and at different pH values was
evaluated, along with the controlled release of entrapped HTyr.

Finally, the antimicrobial and antioxidant properties of HTyr
and HTyr-OL, in both free form and embedded in liposomes,
were investigated in vitro. Specifically, the antimicrobial activity
was evaluated against two strains of Staphylococcus aureus:
ATCC 25923 (wild type strain) and ATCC 33591 (methicillin-
resistant strain, MRSA). Antioxidant capacity was analyzed by
determining the kinetic rate constants of hydrogen atom
transfer reactions to two different radicals: 2,6-di-tert-butyl-o-
(3,5-di-tert-butyl-4-ox0-2,5-cyclohexadien-1-ylidene)-p-tolyloxy

- e
= |
(CHa)ss
\ LIPCAT HTyr
O\n/\/\/\/\z/\/\/\/\

OH HTyr-OL

Chart1 Chemical structures of HTyr, HTyr-OL and lipid components of developed liposomes.
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(galvinoxyl free radical, GO") and 1,1-diphenyl-2-picrylhydrazyl
radical (DPPH").

Furthermore, the potential of HTyr-OL to exert antioxidant
activity when integrated as a component of the lipid bilayer in
liposomes was investigated.

2. Materials and methods
2.1 Chemicals and solvents

Natural phospholipids 1,2-dioleoyl-sn-glycero-3-
phosphocholine (C18:1, DOPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (C16:0, DPPC) and 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (C14:0, DMPC) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA).

Cholesterol (Chol, purity 99%), 4-methylbenzophenone, 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS, purity =98%), 2,6-di-tert-butyl-o-(3,5-di-tert-butyl-4-
oxo-2,5-cyclohexadien-1-ylidene)-p-tolyloxy ~ (galvinoxyl free
radical, GO’), 1,1-diphenyl-2-picrylhydrazyl radical (DPPH’),
potassium persulfate (purity >99%), sodium hydroxide (NaOH,
purity 98%), phosphate-buffered saline tablet (PBS; 0.01 M
phosphate buffer, 0.0027 M KCl, 0.137 M NacCl, pH 7.4, at 25 °C,
prepared by dissolving 1 tablet in 200 mL of deionized water),
cellulose dialysis membrane (D9527-100FT, molecular weight
cut off = 14 kDa) were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

HTyr was synthesized according to a patented procedure
already optimized by us.** HTyr-OL was obtained by esterifica-
tion of HTyr with oleyl chloride as recently described by us.*

The  cationic  amphiphile allyl-hexadecyl-dimethyl-
ammonium iodide (LIPCAT) was synthetized following a proce-
dure reported in the literature.*®

Solvents (HPLC grade) were purchased from VWR Interna-
tional S.r.. (Milan, Italy) and Romil Pure Chemistry (Cam-
bridge, UK). Hydrochloric acid (HCI 37%) and formic acid were
supplied by Carlo Erba (Milan, Italy). Deuterated chloroform
(CDCl;) was provided by Eurisotop (Cambridge Isotope Labo-
ratories, Tewksbury, MA, USA). Muller-Hinton (MH) broth and
MH agar were purchased from Fisher Scientific (Milan, Italy).

2.2 Determination of the cmc for HTyr-OL

The cmc of HTyr-OL was determined using a Zetasizer Nano ZS
equipped with a 4 mW He-Ne laser operating at a wavelength of
632.8 nm. The scattered light was detected at an angle of 173°,
an optical arrangement that maximizes the detection of scat-
tered light while maintaining signal quality. This setup provides
the exceptional sensitivity required to measure the size of
entities such as nanoparticles at low concentrations.*”

The HTyr-OL stock solution (1 mM) was prepared in H,O by
sonication in a bath sonicator (Elmasonic S 30H) for 90 min,
followed by stirring on a magnetic plate carried out at room
temperature for 30 min. Afterwards, the HTyr-OL stock solution
was filtered using MS® Nylon Syringe Filters (13 mm x 0.45 um)
to break any aggregates that had formed.

The HTyr-OL stock solution was then diluted in H,O to
obtain solutions with concentration ranging from 2 x 10> to 5
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uM. Closed polystyrene cuvettes were filled with 1 mL of each
HTyr-OL diluted concentration prepared.

Before performing DLS measurements, an optimization
stage was carried out for each solution to determine the best
experimental conditions, such as cells position, number of
runs, run duration and attenuator settings. The optimized
parameters (cell position = 4.65 nm, number of runs = 12, runs
duration = 10 s, attenuator = 11) were then manually intro-
duced to override the default software settings. All measure-
ments were performed at 25 °C in triplicate. Data were collected
as the intensity of scattered light (k) versus HTyr-OL concen-
tration (uM).

2.3 Molecular dynamics simulation

The initial configuration of the simulated system was built by
placing 50 molecules of HTyr-OL with a random orientation and
2823 water molecules in a cubic box of 4.92 x 4.92 x 4.92 nm®.

The molecular dynamics simulations were performed using
GROMACS package (version 2020.5)"® with the CHARMM36 (ref.
49) to describe the bonding and non-bonding interactions of
the surfactant molecules. Water was modelled with the TIP3P
model.*® Non-bonding interactions were calculated using a cut-
off of 1.2 nm. The particle mesh Ewald (PME) method was
applied to the long-range electrostatic interactions. The systems
were energy minimized and equilibrated at 298 K and 1 bar by
using the velocity-rescale thermostat® and Parrinello-Rahman
barostat.®> The system was simulated for 100 ns.

2.4 Liposomes preparation

Liposomes were prepared according to the lipid film hydration
protocol, followed by a freeze-thaw procedure and extrusion
process.”*** Liposomes were formulated with a natural phos-
phocholine (DOPC, DMPC, or DPPC) in the presence or absence
of cholesterol (Chol) or a cationic synthetic amphiphile LIPCAT
(Chart 1).

An appropriate amount of lipid components (DOPC/DMPC/
DPPC, Chol, LIPCAT, HTyr-OL) was dissolved in CHCl; in
a round bottom flask. To prepare HTyr loaded liposomes, HTyr
was dissolved in MeOH and added to the lipid mixture to ach-
ieve a molar ratio of 1 : 8 HTyr/lipids. Subsequently, the solution
was dried by rotary evaporation (BUCHI R-200) and then under
high vacuum for 5 h to remove any traces of organic solvents,
resulting in a thin lipid film.

In all cases, the film was hydrated with a phosphate buffer
saline solution (PBS, 150 mM), producing a liposomal suspen-
sion with a total lipid concentration of either 10 mM or 20 mM,
depending on the specific formulation.

To completely detach the lipid film from the flask, the
aqueous suspension was vortexed, and the resulting multi-
lamellar vesicles were freeze-thawed five times, from liquid
nitrogen to 50 °C.**

Liposomal dispersions were then extruded (GJE-10 mL) ten
times under high pressure through a 100 nm pore size poly-
carbonate membrane (Whatman Nucleopore) at a temperature
above their transition temperatures (7,,) to obtain small uni-
lamellar vesicles. Specifically, due to the formulation method,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the transition temperatures of our liposomes are expected to be
similar to those of the main lipid used in large excess: DOPC (T},
~ —16.5 °C), DMPC (T,,, ~ 23.6 °C), and DPPC (T,,, ~ 41.4 °C).

Lastly, to remove any component not incorporated into the
liposomes, all liposomal suspensions were subjected to dialysis
against PBS (150 mM) using a buffer volume 25 times greater
than the total sample volume, with the system kept under gentle
magnetic stirring.

2.5 Liposomes physicochemical characterization

2.5.1 Size and {-potential measurements. The hydrody-
namic diameter, polydispersity index (PDI) and {-potential of all
developed liposomes were determined through Dynamic and
Electrophoretic Light Scattering (DLS, ELS) measurements
using a Zetasizer Nano ZS equipped with a 5 mV He/Ne laser (A
= 632.8 nm) and a thermostated cell holder. The temperature
was set at 25 °C for all measurements.

Particle size distribution and PDI were measured based on
backscatter detection of scattered light at an angle of 173°. The
measured autocorrelation function was analyzed by using the
cumulant fit. The first cumulant was used to obtain the
apparent diffusion coefficients (D) of the particles, which were
then converted into apparent hydrodynamic diameters (Dy,)
using the Stokes-Einstein relationship:

ks T

Dy = 3D (1)

where kT is the thermal energy and 7 is the solvent viscosity.

The {-potential of liposomes was determined by ELS
measurements, and low voltages were applied to avoid the risk
of Joule heating effects. To determine the electrophoretic
mobility, doppler shift analysis was performed using phase
analysis light scattering (PALS)*® a method useful at high ionic
strengths where mobilities are usually low. The mobility (u) of
the liposomes was converted into {-potential using the Smo-
luchowski relation { = un/e, where ¢ is the permittivity and 7 is
the viscosity of the solution.

All liposomal suspensions were diluted to a total lipid
concentration of 1 mM in PBS (150 mM) for DLS measurements,
and in diluted PBS (15 mM) for ELS measurements.

2.5.2 Determination of HTyr entrapment efficiency in
liposomes. The amount of HTyr embedded in liposomes was
determined by UPLC-PDA analysis, following the procedure
described below.

Before UPLC measurements, liposomes were properly
diluted with MeOH to obtain their disruption and the complete
lipids solubilization. All samples were then filtered through
polytetrafluoroethylene (PTFE) membranes (4 mm X 0.2 pum)
injection.

An Acquity UPLC HSS T3 column (1.8 pm, 150 x 2.1 mm id)
was employed using as mobile phases water (0.1% (v/v) formic
acid, phase A) and acetonitrile (0.1% (v/v) formic acid, phase B),
which were eluted according to the following gradient: 0-3 min
from 85% phase A and 15% phase B to 82% phase A and 18%
phase B; 3-6.5 min from 82% phase A and 18% phase B to 77%
phase A and 23 & phase B; 6.5-10 min from 77% phase A and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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23% phase B to 40% phase A and 60% phase B; 10-11 min from
40% phase A and 60% phase B to 100% phase B until the
minutes 22. The optimum flow rate was 0.4 mL min~ " while the
injection volume was 2 pL. The detection wavelength was set at
280 nm for HTyr.

According to the calibration curve, y = 5 x 10°¢ — 11.180
(Fig. S17), the entrapment efficiency (EE%) of HTyr entrapped in
liposomes was calculated using the following equation:

[HTyr]pd

EE(%) = ———% x

[Ty, 100 (2)

where [HTyr],q indicates the concentration of HTyr after lipo-
some purification by dialysis and [HTyr], corresponds to its
concentration soon after liposome extrusion.

2.5.3 Determination of HTyr-OL concentration in lipo-
somes. HTyr-OL in liposomes was quantified by "H-NMR anal-
ysis, using a Bruker AVANCE 600 NMR spectrometer operating
at the proton frequency of 600.13 MHz. All NMR spectra were
recorded at 27 °C.

Briefly, 1 mL of each liposome suspension was freeze dried,
and the residue was solubilized in 0.9 mL of CDCl;. Then,
0.1 mL of a 4-methylbenzophenone solution (10 mM in CDCl;)
was added as internal standard (IS) in the sample, achieving
a final IS concentration equal to 1 mM. 4-Methylbenzophenone
was chosen as the IS because it provides well-separated signals
without interfering with the signals of the liposome constitu-
ents in the NMR spectra. The solution was then filtered through
polytetrafluoroethylene (PTFE) membranes (4 mm x 0.2 pm) to
remove the inorganic salts present in the PBS buffer solution.

For quantitative purposes, the multiplet signal at 7.730-
7.716 ppm of 4-methylbenzophenone was selected as the
reference signal because it did not overlap with other signals in
the spectra. The signals used for HTyr-OL quantification in
liposomes were identified by comparison with the reference
sample of the molecule dissolved in CDCl;.

2.5.4 In vitro release of HTyr from liposomes. The forced
release of HTyr from liposomes was evaluated by dialysis
method (PBS volume 50 times the total volume of the sample)
under magnetic stirring.””

Samples were collected every hour over a period of 24 hours;
the collected liposomal aliquots were diluted with MeOH (1:1
v/v) and filtrated through PTFE membranes (4 mm x 0.2 pm).

Finally, the percentage of HTyr leakage from liposomes at
a specific time up to 24 h was determined by chromatographic
analyses as described above.

2.5.5 Assessment of stability. The physical stability of all
developed liposomes was evaluated over 28 days of storage at 4 ©
C, protected from light sources, by determining vesicles
dimensions and PDI values by DLS measurements.

Furthermore, liposomes stability was investigated at
different pH values by adding appropriate volumes of HCI or
NaOH aqueous solutions to the liposome suspensions in PBS.
To this purpose, the pH was adjusted to mimic the values found
in the human digestive system,*® considering the physiological
transit times. In particular, liposome dimensions and PDI were
evaluated after incubation at pH 5.7 for 1-3 min (mouth), at pH
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2.9 for 30 min-3 h (stomach), at pH 6.4 for 3 h (intestine), and at
pH 8 for 24 h (colon). All collected results were compared with
those obtained at pH 7.4 in PBS (150 mM).

2.6 Minimum inhibitory concentration and minimum
bactericidal concentration determination

The in vitro antimicrobial activity of HTyr embedded in lipo-
somes and HTyr-OL, either in its free form or added as
a component of the lipid bilayer in liposomes, was assessed
through the microdilution method* determining the Minimum
Inhibitory Concentration (MIC) and the Minimum Bactericidal
Concentration (MBC) against two strains of Staphylococcus
aureus: ATCC 25923 (wild type strain) and ATCC 33591
(methicillin-resistant S. aureus, MRSA).

Gentamicin was tested as a control against both bacteria
strains at a concentration of 5 pg mL~', demonstrating
a bactericidal effect against ATCC 25923 strain and an inhibi-
tory effect on ATCC 33591 strain, as already reported in the
literature.

The antimicrobial activity of HTyr in free form was previ-
ously investigated in a prior study reported in the literature.’
Additionally, the activity of empty liposomes was also examined
against both bacteria strains under investigation.

An overnight culture of ATCC 25923 and ATCC 33591 was
prepared in Muller-Hinton (MH) broth and incubated at 37 °C.
The following day, the inoculum was diluted in MH broth,
measuring the optical density (OD) of 10-fold serial dilutions at
600 nm (UV-2401PC) to reach a final organism density of 2-8 x
10° CFU mL™". Both diluted cultures were aliquoted in a flat
bottom 96 well per plate, and the antimicrobial agent was
added, in triplicates, at different concentrations. The plates
were incubated overnight at 37 °C. Afterwards, plates were
examined and all the transparent wells, potentially corre-
sponding to the MIC values, were plated on fresh MH agar
plates kept at 37 °C overnight. Growth inhibition in each 96 well
per plate was compared to the growth positive control of each
bacteria strain. After 24 hours, the MH agar plates were
observed, and those showing bacterial growth were annotated
as MIC, while plates showing no bacterial growth were anno-
tated as MBC.

2.7 Spectrophotometric kinetic studies

The kinetic rate constant of the Hydrogen Atom Transfer (HAT)
reactions from HTyr or HTyr-OL, in their free form, to 2,6-di-
tert-butyl-a-(3,5-di-tert-butyl-4-oxo-2,5-cyclohexadien-1-ylidene)-
p-tolyloxy (galvinoxyl free radical, GO") and 1,1-diphenyl-2-
picrylhydrazyl radical (DPPH’) were investigated in CH;CN at
25 °C according to the procedure reported in the literature.*

For the reaction with GO" (20 uM), different aliquots of HTyr
(final concentration 0.21-1.47 mM) or HTyr-OL (final concen-
tration 0.21-1.22 mM) solutions were added to the solution of
the radical in spectrophotometric quartz cuvettes (12.5 mm x
45 mm X 12.5 mm, d = 10 mm, V = 3.5 mL).

For the reaction with DPPH" (80 uM), aliquots of HTyr (final
concentration 0.40-3.24 mM) or HTy-OL (final concentration
0.81-3.24 mm) solutions were added to the DPPH" (80 puM)
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solution in quartz cuvettes (12.5 mm x 45 mm X 12.5 mm, d =
10 mm, V = 3.5 mL).

The measurements were carried out by recording the
absorbance variations at 428 and 517 nm (UV-2401PC) for the
reaction with GO* and DPPH’, respectively.

For both substrates investigated, each kinetic trace followed
a pseudo-first-order decay and k.n,s values were obtained by
exponential fitting of the absorbance decay traces. The second-
order rate constants, ky, were obtained from the slopes of the
linear plots of k.ps vs. substrate concentration. The ky values
determined are expressed as the average of at least two inde-
pendent experiments.

In the absence of the substrate, the decay of the absorbance
for both radicals was negligible over the kinetic time scale.

2.8 Evaluation of HTyr-OL based liposomes antioxidant
activity by ABTS"*

The amount of catechol residues exposed on the external surface
of HTyr-OL functionalized liposomes was determined by
exploiting the reaction with the ABTS radical cation (ABTS'*).5!

ABTS"" was produced by reacting a 7 mM ABTS solution with
2.45 mM potassium persulfate in water, keeping the mixture
under stirring overnight at room temperature in the dark. After-
wards, the ABTS"* solution was diluted in PBS (15 mM) to obtain
an absorbance value of 0.70 + 0.02 at 734 nm (UV-2401PC).

HTyr-OL was used as a reference standard to create a cali-
bration curve. In particular, different concentration of HTyr-OL
(0.00193-0.1115 mM) were reacted with the diluted ABTS™"
solution in a spectrophotometric cuvette.

The absorbance of the reaction solution was measured at
734 nm (UV-2401PC) before adding HTyr-OL and exactly 10 min
after the initial mixing. The percentage of ABTS'" inhibition (-
Yoinhibition) triggered by HTyr-OL was determined according to
the following equation:

AO_At

4 x 100 (3)

Yoinhibition =
where 4, is the initial absorbance recorded for ABTS'" solution
alone and A4, is the absorbance recorded after 10 min of reaction
of HTyr-OL with ABTS'*. HTyr-OL calibration curve, y = 1269x +
2.265 (Fig. S21), was made plotting the %;innipition @S @ function
of the different umol of HTyr-OL added in cuvette.

Furthermore, 20 uL of HTyr-OL based liposomes were added
to 1 mL of diluted ABTS™* solution in the cuvette, and the
reduction in absorbance was measured at 734 nm (UV-2401PC)
before and after 10 min of reaction. The %;hibition determined
for HTyr-OL based liposomes was expressed as umol of HTyr-OL
equivalents present inside the volume of liposome formulation
tested, which was finally converted to the concentration (mM) of
catechol residues actually exposed on the surface of the HTyr-
OL based liposomes developed.

2.9 Membrane fluidity studies by DLS

The membrane fluidity of DPPC/Chol/HTyr-OL and DMPC/
Chol/HTyr-OL liposomes was investigated by performing DLS
measurements using a Nano Zetasizer ZS.*>**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Firstly, an optimization stage was carried out to assess the
best experimental conditions, such as cells positions, number
of runs, duration of runs and attenuator settings. The optimized
parameters (cell position = 1.05 nm, number of runs = 14,
duration of runs = 10 s, attenuator position = 3) were then
introduced and locked manually to override the default soft-
ware settings. Furthermore, the detection of the scattered light
was set at an angle of 173° for backscatter detection.

A closed quartz cuvette (12.5 mm X 45 mm X 12.5 mm, d = 10
mm, V = 3.5 mL) was filled with 1 mL of each liposomal
suspension (10 mM in total lipid concentration), and the mean
count rate was collected between 20 °C and 60 °C for DPPC/Chol/
HTyr-OL liposomes and between 12 °C and 40 °C for DMPC/Chol/

500 -

.
400 -
.
300
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[HTyr-OL] uM

Fig. 1 Plot of the intensity of scattered light (k.ps) as a function of
HTyr-OL concentration (uM).
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HTyr-OL liposomes, respectively, in steps of 1 °C. For each
temperature step, two independent measurements were per-
formed, preceded by an equilibration temperature time of 180 s.

3. Results and discussion
3.1 HTyr-OL cmc determination

Due to the amphiphilic nature of HTyr-OL, its behavior in water
was analyzed through DLS measurements to determine its cmc.
DLS is a technique well suited to evaluate the cmc of surfac-
tants, representing a valid alternative to methods based on
conductivity, surface tension, and fluorescence
measurements.®*

The determination of HTyr-OL cmc was performed in water
observing the variation in the intensity of scattered light
(expressed in kilocounts per second, k) as a function of HTyr-
OL concentration, which ranged from 2 x 1072 puM to 5 puM. As
shown in the Fig. 1, the intensity of scattered light detected for
HTyr-OL concentrations below the cme (blue linear plot) remains
approximately constant and corresponds to that of deionized
water. Once the cmc is reached, HTyr-OL starts to aggregate in the
aqueous solution, forming micelles, and the light begins to
scatter. At this point the intensity of scattered light increases
linearly with rising HTyr-OL concentration (black linear plot).
Finally, HTyr-OL cmc is determined by the intersection of the two
linear fits and corresponds to (2.2 £ 0.2) x 1077 M.

3.2 Molecular dynamic simulation experiments

Molecular Dynamics (MD) simulations were used to investigate
the formation of HTyr-OL micelles, starting from a random

Fig. 2

(A) Structure of HTyr-OL. The carbon atoms of the HTyr head group are colored in turquoise whereas the carbon atoms of the acyl chain

are colored in gray, and the oxygen atoms are colored in red. For clarity, only the hydrogen bound to oxygen atoms are represented. (B) Initial
configuration of the simulated system. The water molecules are not represented for clarity. (C and D) Snapshot of aggregate of HTyr-OL at the

end of 100 ns of molecular dynamics simulations.
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orientation of the monomers. In the first 4 ns of the MD
simulation, HTyr-OL molecules form a worm-like structure,
with the alkyl chains oriented toward the inner region of the
aggregate and the HTyr head group exposed on the surface of
the aggregate. This worm-like aggregate remains stable for the
following 96 ns of the MD simulation, suggesting that at
concentrations above its cmc HTyr-OL tends to form micellar
aggregates with a cylindrical shape rather than spherical
micelles (Fig. 2).

3.3 Physicochemical characterization of liposomes

The development of liposomes as suitable delivery systems for
HTyr or HTyr-OL, involved the preparation of several liposome
formulations employing different lipids, both natural and
synthetic (Chart 1).

Due to their different molecular features (Chart 1), HTyr was
entrapped within the lipid bilayer by a passive loading, whilst
HTyr-OL, owing to its amphiphilic nature, was incorporated
into the lipid bilayer, thereby contributing to the formation of
liposome vesicles (Fig. 3).

Liposomes were prepared according to the thin layer evap-
oration method combined with a freeze-thaw protocol to
reduce their lamellarity, followed by an extrusion process to
obtain vesicles of the desired dimensions (~100 nm).

For all liposomes under investigation, physicochemical
characterization was performed determining the hydrodynamic
diameter (Dy,) and polydispersity index (PDI) by DLS measure-
ments, assessing {-potential through ELS measurements, and
analyzing Entrapment Efficiency (EE%) by UPLC analysis.

HTyr embedded liposomes were formulated with natural
phospholipids having different alkyl chain lengths, such as
DOPC, DPPC, or DMPC, in the presence of Chol. This latter
features a tetracyclic ring system with an alkyl side-chain
extended towards the hydrophobic liposome region and
a hydroxyl group oriented at the polar/non-polar interface.*®
Chol was incorporated into the lipid bilayer to produce lipo-
somes with a more compact and stable structure, due to its
capacity of inducing a dense packing and increasing the
orientation order of the phospholipid hydrocarbon chains.*

The results reported in the Table 1 evidenced a narrow size
distribution for all liposomes, with diameters ranging from 119

Liposomes

Fig. 3
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to 137 nm and a good PDI (0.04-0.10), consistently with the
extrusion protocol adopted during the preparation.

The investigation of the surface charge of the liposomes of
formulations F1-F3 evidenced slightly negative {-potential
values, compared to empty liposomes Fle-F3e, probably due to
HTyr ability to interact with ester oxygens and phosphate
groups through hydrogen bonds. The presence of HTyr at lipid-
water interface and the interaction with polar head groups
reduces the number of Na" ions associated to phosphate and
ester groups, and induces a different orientation of phos-
phocholine portion of DOPC/DPPC/DMPC with respect to
normal lipid bilayer.”

Regarding EE% values, all liposomes of formulations F1-F3
featured high entrapment efficiency, with no significant differ-
ences in the concentration of entrapped HTyr among the
designed formulations.

Regarding HTyr-OL based liposomes, these were first
formulated with a natural phospholipid (DOPC, DPPC, or
DMPC), either in the presence or absence of Chol. Subse-
quently, in the perspective of promoting the interaction
between the liposomes and the bacterial cells involved in our
study, some formulations were prepared using DPPC as the
natural phospholipid, in the presence of the synthetic cationic
amphiphile LIPCAT (Chart 1), added at different molar ratios.
LIPCAT inclusion into the lipid bilayer provides positively
charged liposomes, thereby enhancing electrostatic interac-
tions with bacterial cells, which typically exhibit a negative
charge on their cell walls. Specifically, we decided to formulate
HTyr-OL based cationic liposome employing DPPC and LIPCAT,
following a previous study that demonstrates how DPPC/
LIPCAT liposomes are particularly effective at interacting with
S. aureus.”

According to the results in Table 2, HTyr-OL based liposomes
showed dimensions ranging from 94 to 116 nm and suitable
PDI values (0.04-0.14).

Regarding the vesicles surface charge, liposomes of formu-
lations F4-F9 exhibited negative {-potential values, probably
due to the exposure of the HTyr-OL catechol moiety on the
liposomes surface, as well as the phosphocholine phosphate
groups of the lipids DOPC, DPPC, or DMPC used in the
formulation. Conversely, cationic liposomes of formulations

Pospholipid

w Chol

HTyr-oL

5 e Hyr

Lipid bilayer

Schematic drawing illustrating the proposed locations of all the components in the developed liposomes (created with bioRender.com).
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Table 1 Physicochemical features of empty liposomes (10 mM in total lipids) and HTyr-loaded liposomes (20 mM in total lipids) in PBS (pH 7.4)

Formulation Composition Dy, (nm) PDI {-potential (mV) EE (%) HTyr® (mM)

Fle” DOPC/Chol 119 £ 2 0.10 £+ 0.02 -3£2 — —
8.0:2.0

F1 DOPC/Chol/H’Iyrb 119+ 1 0.08 £ 0.04 —8.7+ 0.4 796 1.68 £ 0.02
16.0:4.0:2.5

F2e DPPC/Chol 137 £1 0.05 £ 0.02 —-5=+1 — —
8.0:2.0

F2 DPPC/Chol/HTyr” 130 + 1 0.04 =+ 0.02 —6+2 75 +4 1.68 + 0.05
16.0:4.0:2.5

F3e DMPC/Chol 131 +1 0.044 £ 0.002 —-4+1 — —
8.0:2.0

F3 DMPC/Chol/HTyr” 129 + 1 0.09 =+ 0.01 541 70 £3 1.67 + 0.02
16.0:4.0:2.5

¢ Empty liposomes. ? [HTyr]/[total lipids] molar ratio at the beginning of the preparation is 1/8. ¢ HTyr concentration in liposomes determined by

UPLC analysis.

F10 and F11 exploited quite high positive {-potential values,
+42 mV and +29 mV, respectively, due to the presence of LIPCAT
within the lipid bilayer.

Additionally, cationic reference liposomes, prepared in the
absence of HTyr-OL, were formulated with DPPC and LIPCAT,
added at different molar ratios, to estimate the potential
contribution of LIPCAT on the biological activity of the lipo-
somes under investigation. Both liposomes of formulations
F10ref and F11ref displayed appropriate dimensions, good PDI
values, and high positive {-potential values, as reported in Table
2.

The final concentration of HTyr-OL in liposomes of formu-
lations F4-F11 was quantified by "H NMR analysis, which
confirmed, approximatively, the molar concentration initially
used for liposomes production. This analysis was particularly

useful for the dosage of HTyr-OL, when loaded in liposomes,
especially for assessing the antimicrobial
described below.

Finally, HTyr was entrapped in liposomes formulated with
the natural phosphocholine DOPC in the presence of Chol,
further functionalized through the inclusion of HTyr-OL into
the lipid bilayer, with the aim to investigate the effect on the
physicochemical and biological properties of the liposomes due
to the simultaneous conveyance of both HTyr and HTyr-OL. In
this case as well, liposomes of formulation F12 exhibited suit-
able dimensions, an excellent PDI, a negative {-potential, and
high entrapment efficiency, with good final concentrations of
both HTyr and HTyr-OL (Table 3).

3.3.1 Liposomes stability. The storage stability of lipo-
somes F1-F12 was investigated over 28 days. Vesicles were

experiments

Table 2 Physicochemical features of HTyr-OL based liposomes (10 mM in total lipids) in PBS (pH 7.4)

Formulation Composition Dy, (nm) PDI {-potential (mV) HTyr-OL? (mM)

F4 DOPC/Chol/HTyr-OL 116 £ 2 0.14 £ 0.01 —-3.0£0.2 0.94 £ 0.09
7.0:2.0:1.0

F5 DOPC/HTyr-OL 95 + 3 0.13 £ 0.01 —8+3 1.56 + 0.04
8.0:2.0

F6 DPPC/Chol/HTyr-OL 110 £3 0.08 £ 0.01 —-8+2 1.02 + 0.05
7.0:2.0:1.0

F7 DPPC/HTyr-OL 104 £3 0.06 £ 0.01 -17+£1 1.89 + 0.07
8.0:2.0

F8 DMPC/Chol/HTyr-OL 119+ 4 0.06 &+ 0.01 -14£2 0.84 + 0.05
7.0:2.0:1.0

F9 DMPC/HTyr-OL 96 + 2 0.08 £ 0.02 -14£2 1.95 + 0.03
8.0:2.0

F10 DPPC/LIPCAT/HTyr-OL 94 +1 0.04 + 0.01 42 £ 2 1.41 + 0.06
7.0:2.0:1.0

F11 DPPC/HTyr-OL/LIPCAT 95 +1 0.11 £ 0.01 29 +£2 1.71 + 0.07
7.0:2.0:1.0

F10ref DPPC/LIPCAT 108 +1 0.04 + 0.02 37+2 —
8.0:2.0

Fliref DPPC/LIPCAT 102 £1 0.08 £+ 0.02 26 £1 —
9.0:1.0

¢ HTyr-OL quantification in liposomes determined by 'H NMR analysis.
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Table 3 Physicochemical features of HTyr loaded liposomes functionalized with HTyr-OL (10 mM in total lipids) in PBS (pH 7.4)

Formulation Composition Dy, (nm) PDI

{-potential (mV) EE (%) HTyr? (mM) HTyr-OL’ (mM)

F12 DOPC/Chol/HTyr-OL/HTyr* 111 + 1

7.0:2.0:1.0:1.25

0.08 = 0.01

-7%3 76 £ 3 0.85 + 0.02 0.91 £ 0.07

“ [HTyr]/[total lipids] molar ratio at the beginning of the preparation is 1/8. > HTyr concentration in liposomes determined by UPLC analysis. © HTyr-

OL quantification in liposomes determined by '"H NMR analysis.

maintained at 4 °C, protected from light, and determination of
particles diameter and PDI values were performed by DLS
analysis.

The data reported in Table S11 displayed excellent stability
under these storage conditions for liposomes of formulations

Size Distribution by Intensity

Intensity (Percent)
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Size (d.nm)

Size Distribution by Intensity
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Intensity (Percent)
>

Size (d.nm)

Fig. 4 Variation in the size distribution of formulation F11 over time.
The three differently colored curves (red, green and blue) represent
distinct measurements obtained from the same sample of formulation
F11.
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F1-F10 and F12, while liposomes of formulation F11 exhibited
an increase in dimensions and PDI starting from the first week
of storage. Specifically, the presence of a second and third
population was observed, with dimensions around 1000 and
5000 nm, respectively, evidencing an unexpected physical
instability for liposome of formulation F11 due to aggregation
phenomena (Fig. 4).

In the perspective of a potential in vivo oral administration,
liposomes may undergo significant pH variations, which could
represent an environmental shock condition that affects the
positioning of HTyr or HTyr-OL within the lipid bilayer”> and
potentially induce liposomes degradation or aggregation.

Therefore, the pH stability of HTyr (F1-F3) and HTyr-OL (F4,
F6, F8 and F12) loaded liposomes was evaluated by monitoring
vesicles size and PDI through DLS measurements at different
pH values, mimicking those of the human digestive system and
aligning with the physiological transit time. Data collected at
different pH values (Table S21) were compared to those ob-
tained at pH 7.4 (reference value, data reported in blue), which
corresponds to the physiological pH of blood.

All the liposomes of formulations under investigation
exhibited excellent stability to pH variation, with no significant
changes in either vesicle dimensions or PDI values.

3.3.2 Invitro release of HTyr from liposomes. The release
profile of HTyr from liposomes of formulations F1-F3 and F12
was determined using a dialysis method. Specifically, the

12 14 16 18 20 22 24
Time (h)

DOPC/Chol/HTyr-OL/Htyr

Fig. 5 HTyr forced released from liposomes of formulations F1 (black square), F2 (green rhombus), F3 (red triangles) and F12 (yellow dots).
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leakage of HTyr from liposomes was monitored over a period of
24 h under forced release conditions, and the collected aliquots
were analyzed by UPLC.

Fig. 5 illustrates the percentage of HTyr leakage from lipo-
somes at specific time intervals. A similar trend was observed
for all the developed liposome formulations, with approxi-
mately 50% of the entrapped HTyr being released within the
first 2-4 h, followed by a gradual and slower release over the
next 24 h. Notably, for liposomes of formulations F1 and F12,
formulated with DOPC as the natural phospholipid, faster
release profiles were detected, particularly within the first 7 h. A
final HTyr releases of approximately 100% for liposomes F1 and
90% for liposomes F12 was observed after 24 h. Furthermore,
liposomes formulated with DOPC and Chol in the presence of
HTyr-OL, exhibited the highest HTyr release during the first 5 h,
with approximately 80% HTyr leakage, compared to the other
formulations.

Despite the slower release profile of HTyr from liposomes F3
formulated with DMPC and Chol, compared to F1 and F12,
a final leakage of approximately 100% was observed. In
contrast, for liposomes of formulation F2 composed of DPPC
and Chol, a final leakage of about 70% was observed.

These findings may be attributed to the different membrane
fluidity of the developed liposomes, which is influenced by the
Tm of the main lipid involved in the preparation of the lipid
bilayer: DOPC (T, ~ —16.5 °C) < DMPC (T, ~ 23.6 °C) < DPPC
(T ~ 41.4 °C).

3.4 Invitro antimicrobial activity

The antimicrobial activity of HTyr and HTyr-OL, in free form
and entrapped in liposomes, was investigated against two
strains of Staphylococcus aureus, ATCC 25923 (wild type strain)
and ATCC 33591 (MRSA, Methicillin-resistant S. aureus), to
determine the Minimum Inhibitory Concentration (MIC) and
the Minimum Bactericidal Concentration (MBC) according to
the microdilution test procedure.

View Article Online
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Firstly, HTyr and HTyr-OL were tested in free form against
both bacterial strains under investigation; the obtained MIC
and MBC values are expressed in Table 4 as pg mL™ " of
compound and as absolute concentration (uM).

Based on the results expressed as absolute concentration,
the antimicrobial effect exerted by HTyr-OL resulted higher
than that showed by HTyr against both bacterial strains. In this
perspective, the increased activity displayed by HTyr-OL could
be related to its high lipophilic character, which may improve
its passage through bacterial membranes, finally contributing
to the improvement of its biological functionality.” Further-
more, HTyr-OL exhibited greater antimicrobial activity against
ATCC 25923 (S. aureus wild type strain, MIC = 74 uM and MBC
= 100 uM) compared to ATCC 33591 (MRSA strain, MIC = 99
uM and MBC = 116 uM).

Afterwards, the microdilution test was performed to evaluate
the effect of liposome encapsulation on the antimicrobial
activity of HTyr; the collected MIC and MBC values are
expressed as absolute concentration (uM), as reported in
Table 5.

Liposomes of formulation F1 exhibited a bactericidal effect
against both tested bacteria, with slightly higher activity against
ATCC 33591 (MBC value = 215 uM) compared to ATCC 25923
(MBC value = 235 uM). Regarding the inhibitory effect, we were
not able to determine any MIC values for liposomes of formu-
lation F1. However, we identified a concentration range within
which the MIC values for both S. aureus strains are likely to fall,
corresponding to 212-234 uM for ATCC 25923 and 194-214 uM
for ATCC 33591.

The higher MIC and MBC values observed by testing HTyr
loaded in DOPC/Chol liposomes (F1) should not be considered
negative results, given the improvement in its pharmacokinetic
features such as stability, bioavailability, releasing profile, etc.

Conversely, liposomes of formulations F2 and F3 did not
exhibit any antimicrobial effect on S. aureus wild type and
MRSA, even at the highest concentration tested in our

Table 4 Antimicrobial activity of HTyr and HTyr-OL against ATCC 25923 and ATCC 33591

S. aureus wild type (ATCC 25923)

MRSA (ATCC 33591)

Compound  MIC (igmL™") MIC (uM) MBC (ugmL ") MBC (M) MIC(ugmL™ ") MIC (M) MBC (ugmL™ ')  MBC (uM)
HTyr 18 117 20 130 19 123 21 136
HTyr-OL 31 74 42 100 42 99 49 116
Table 5 Antimicrobial activity of HTyr free or loaded liposomes against ATCC 25923 and ATCC 33591¢
S. aureus wild type (ATCC 25923) MRSA (ATCC 33591)

Compound Formulation MIC (uM) MBC (uM) MIC (M) MBC (uM)
HTyr — 117 130 123 136

F1 n.d. 235 n.d. 215

F2 n.a. n.a. n.a. n.a.

F3 n.a. n.a. n.a. n.a.

¢ — = HTyr in free form; n.d. = not determined; n.a. = no activity.
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experimental conditions. This evidence may be related to the
slower release profile of HTyr from liposomes composed by
DPPC/Chol and DMPC/Chol (Fig. 3), which is closely related to
their lower membrane fluidity”*”® compared to DOPC/Chol
based liposomes, thereby affecting the release of the encapsu-
lated compound.

The antimicrobial activity of HTyr-OL was also investigated
after its entrapment in liposomes. To assess the dosage of HTyr-
OL in liposomes for the antimicrobial experiments, 'H NMR
analyses were performed as previously described. It is impor-
tant to note that, due to its amphiphilic nature, HTyr-OL within
the lipid bilayer is oriented toward both the aqueous core of the
liposomes and the surrounding aqueous medium at the
external lipid bilayer-water interface (Fig. 3). Consequently,
since HTyr-OL as a component of the lipid bilayer is not
released from liposomes, we attribute any potential antimicro-
bial activity solely to HTyr-OL molecules oriented toward the
surrounding aqueous medium at the external lipid bilayer—
water interface. Therefore, the concentration of HTyr-OL tested
in the liposomes is theoretically half of the initially dosed
amount.

Liposomes of formulations F4-F9 did not display any anti-
microbial effect against either bacterial strain. As a result, it was
not possible to determine MIC and MBC values (Table 6), even
though the highest testable amount of HTyr-OL embedded
within the lipid bilayers was tested under our experimental
conditions.

The antimicrobial activity of cationic liposome formulations
F10-F11, containing different molar ratios of the cationic lipid
LIPCAT and HTyr-OL, was evaluated to determine whether the
lack of activity observed for formulations F4-F9 was due to the
absence of electrostatic interactions between neutral liposomes

View Article Online
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and the bacterial strains studied. In this regard, as previously
mentioned, the literature reports that DPPC/LIPCAT liposomes
are particularly effective in interacting with S. aureus bacteria.”

According to the results reported in Table 6, antimicrobial
activity was observed for both cationic formulations F10 and
F11, but some important considerations must be made.

Although HTyr-OL in liposomes F10 demonstrated activity
against both S. aureus wild type and MRSA (MBC value = 58 uM
on both strains), this effect was influenced by the high
concentration of LIPCAT in liposomes of formulation F10,
which amounted to 107 pM. In fact, the same antimicrobial
activity was observed for liposomes of formulation F10ref,
which contained the same amount of LIPCAT as liposomes of
formulation F10 but without HTyr-OL (see Table 2). This
suggests that the observed effect can be attributed to the pres-
ence of LIPCAT within the lipid bilayer, rather than to the
entrapped HTyr-OL.

Liposomes of formulation F11ref, which lacked HTyr-OL and
were formulated with half the molar ratio of LIPCAT compared
to liposomes of formulation F10 (see Table 2), exploited no
antimicrobial effect against either bacterial strain. Conse-
quently, the antimicrobial activity observed for cationic lipo-
somes of formulation F11, containing the same amount of
LIPCAT as Fl11ref, can be attributed exclusively to the presence
of HTyr-OL. Specifically, liposomes of formulation F11 showed
an inhibitory effect only on MRSA growth (MIC value = 271 uM),
with no bactericidal effect against MRSA, and any kind of
activity against S. aureus wild type strain.

However, the inhibitory effect observed on MRSA after
treatment with liposomes of formulation F11 was not
completely reproducible, because half of the assessed antimi-
crobial tests showed no effect on MRSA growth. These

Table 6 Antimicrobial activity of HTyr-OL free or embedded in liposomes against ATCC 25923 and ATCC 33591

S. aureus wild type (ATCC 25923)

MRSA (ATCC 33591)

Compound Formulation MIC (uM) MBC (uM) MIC (uM) MBC (uM)

— 74 100 99 116
HTyr-OL F4 n.a. n.a. n.a. n.a.

F5 n.a. n.a. n.a. n.a.

Fé6 n.a. n.a. n.a. n.a.

F7 n.a. n.a. n.a. n.a.

F8 n.a. n.a. n.a. n.a.

F9 n.a. n.a. n.a. n.a.

F10 n.d. 58 n.d. 58

F11 n.a. n.a. 271 n.d.
¢ — = HTyr-OL in free form; n.d. = not determined; n.a. = no activity.
Table 7 Antimicrobial activity of HTyr entrapped in liposomes functionalized with HTyr-OL against ATCC 25923 and ATCC 33591¢

S. aureus wild type (ATCC 25923) MRSA (ATCC 33591)

Compound Formulation MIC (uM) MBC (M) MIC (uM) MBC (uM)
HTyr — 117 130 123 136

F12 n.d. 174 n.d. 191

¢ — = HTyr in free form; n.d. = not determined.
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inconsistent results are probably due to the instability of lipo-
somes of formulation F11, which, as previously discussed (see
Table S17), are not completely stable over time. Therefore, the
inhibitory effect noted in some instances against MRSA might
be attributed to the activity of HTyr-OL released from the lipo-
somes after their aggregation over time.

Finally, the antimicrobial activity of HTyr loaded in lipo-
somes functionalized with HTyr-OL was evaluated against ATCC
25923 and ATCC 33591 strains, examining the simultaneous
conveyance of HTyr both in its original form and as the acyl
derivative.

Liposomes of formulation F12 exhibited a bactericidal effect
against both tested bacteria, with slightly higher activity against
the wild type strain (ATCC 25923, MBC value 174 uM)
compared to MRSA (ATCC 33591, MBC value = 191 uM), as
reported in Table 7. Regarding the inhibitory effect, no MIC
values were determined for either tested strain under our
experimental conditions. However, we identified a concentra-
tion range within which the MIC values for both S. aureus
strains are likely to fall, corresponding to 137-173 pM for ATCC
25923 and 154-190 uM for ATCC 33591.

When comparing the activity of HTyr in its free form and
after loading in liposomes (in particular in formulations F1 and
F12), HTyr in liposomes F12 displayed an intermediate activity
between HTyr tested in free form and HTyr loaded in liposomes
F1. This effect is likely due to the presence of HTyr-OL in lipo-
somes of formulation F12, which is absent in those of formu-
lation F1. The inclusion of HTyr-OL in the DOPC/Chol lipid
bilayer may influence the localization of HTyr toward the lipo-
some surface rather than the inner region, due to the mutual
affinity between the catechol groups of HTyr and HTyr-OL.
Indeed, as shown in Fig. 5, a faster release profile of HTyr
from liposomes F12 was observed compared to liposomes F1,
particularly during the first 3 h.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

3.5 Hydrogen atom transfer reactions
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In order to investigate the effect of the chemical modification of
HTyr to HTyr-OL on its antioxidant properties, the antioxidant
activity of HTyr and HTyr-OL in their free forms was assessed by

R = CH,CH,0H
R = CH,CH,0CO(CH,)16CH3

R
HO ;
OH

R = CH,CH,0H
R = CH,CH,0CO(CH,)16CH3

Ky

R
Ky
HO
OH

—_—
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analysing their reactivity in hydrogen atom transfer (HAT)
reactions, promoted by galvinoxyl (GO") and 2,2-diphenylpy-
crylhydrazyl (DPPH’) radicals (Scheme 1).

The rate constants for HAT (ky) from HTyr and HTyr-OL to
GO’ and DPPH" were determined spectrophotometrically in
CH;CN by monitoring the decay of the radicals’ corresponding
visible absorption bands, at 428 and 517 nm, respectively.

CH;CN was chosen to carry out the HAT kinetics experiment
because in polar protic solvents (e.g. ethanol or methanol; GO*
and DPPH" are insoluble in water) the reaction between DPPH"
and phenols is strongly accelerated by a stepwise proton-
transfer electron-transfer mechanism (known as SPLET).””

Clean first-order decays (kops) were observed, and linear
dependencies of k., on the concentration of the phenols were
obtained (Fig. 6).

From the slopes of these plots, the ky values were deter-
mined. All kinetic data for HAT from HTyr and HTyr-OL
promoted by GO® and DPPH" are reported in Table 8. The
kinetic constants measured for HTyr and HTyr-OL indicate
a comparable and notable reactivity of both phenolic
compounds toward each radical investigated.

HAT reactions from various phenols have been extensively
investigated in the literature’®”® due to their involvement in
several biological and chemical phenomena. The determination
of the hydrogen atom transfer rate constant, ky, is a useful key
element for evaluating the performance of phenols as antioxi-
dants. It generally depends on the bond dissociation enthalpy
(BDE) of the phenolic O-H bond, as well as the steric hindrance
around the phenolic group. Electron-donating (ED) groups
lower the BDE(O-H) while electron-withdrawing (EW) groups
have the opposite effect; this mainly depends on their ability to
stabilize the phenoxyl radical formed after H-atom
abstraction.”

In catecholic compounds, such as HTyr and HTyr-OL, the
presence of an ortho ~OH group on the aromatic ring, not only
lowers the phenolic BDE(O-H) but also stabilizes both the
phenol and, to a greater extent, the phenoxyl radical produced.
This structural feature confers significant antioxidant activity to
these compounds.*

o OH R
I -
NS .
(o]
GO OH
R = CH,CH,0OH
R = CH,CH,0CO(CH,)16CH3
O,N
R
H
N—N NO, +
o
ON OH
DPPH-H R = CH,CH,0OH

R = CHoCH,0CO(CH,)16CH3

Scheme 1 Hydrogen atom transfer reaction from phenols to GO" and DPPH".
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Fig. 6 Plot of the observed rate constant (kops) against [HTyr] and [HTyr-OL] for the reaction with GO (a and b) and with DPPH" (c and d)
measured in CH3zCN at 25 °C. kqps Values were obtained following the decay of GO" and of DPPH" at 428 and 517 nm, respectively.

In fact, both compounds show kg values similar to those of
other potent antioxidant phenolic compounds,* for example ki
from a-Tocopherol to DPPH" is 490 M~ s~ '.%

In particular, HTyr is marginally more reactive than HTyr-OL
with both radicals, the ky values collected for HTyr are slightly
higher than those obtained with HTyr-OL. This is because GO’
and DPPH’ are characterized by significant steric hindrance
protecting the radical center, and since HTyr-OL, unlike HTyr, is
characterized by the presence of a long alkyl chain, this can
make the hydrogen atom transfer process slightly less favorable.

3.6 Evaluation of active catechol residues in HTyr-OL based
liposomes against ABTS™*

The antioxidant activity of HTyr and HTyr-OL is related to the
catechol group in their molecular structure. To evaluate
whether this antioxidant capacity was preserved in HTyr-OL
based liposomes of formulations F4, F6 and F8, where the
catechol residues are exposed on the external liposomal surface,

Table 8 Second order rate constants ky (M~ s™%) for HAT reaction
from HTyr and HTyr-OL to GO* and DPPH" measured at 25 °C

ke (Mt sTh
Radical HTyr HTyr-OL
GO’ 137 £ 4 119 £ 2
DPPH’ 115 £ 8 108 £ 10

3460 | RSC Adv, 2025, 15, 3448-3464

reactions between ABTS " and either HTyr-OL or HTyr-OL based
liposomes were carried out in buffered water at 25 °C.

ABTS'" is a colored and relatively persistent radical cation
that exhibits a strong absorption band at 734 nm. Unlike GO’,
DPPH’, and other organic radical species, which are only
soluble in organic solvents, ABTS'" is water soluble and can be
generated in buffered water. These experimental conditions are
perfectly compatible with our liposomal formulations, which
would not withstand organic solvents.

The amount of ABTS'" quenched after 10 min (fixed time
point) by liposomes of formulations F4, F6, and F8 was
compared to that produced by HTyr-OL in its free form, allow-
ing for the determination of the concentration (mM) of active
catechol residues exposed on the external liposomal surface.

In Table 9 the concentration (mM) of active catechol residues
is reported for each formulation, along with the total amount of
HTyr-OL, determined by 'H-NMR measurement, effectively
present in the liposomal suspension and the percentage of
HTyr-OL active residues exposed on the external surface of
liposomes under investigation.

Taking into account that only half of the total amount of
HTyr-OL molecules in liposomes F4, F6 and F8 are located in
the external lipid layer and can expose their catechol residues
toward the external lipid bilayer-water interface, it is note-
worthy that liposomes of formulation F4 exhibited the highest
concentration of active catechol residues on their surface,
compared to those of formulations F6 and F8, likely corre-
sponding to their entirety. This suggests that liposomes of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Total amount of HTyr-OL in liposomes, concentration of HTyr-OL active catechol residues and % of HTyr-OL active catechol residues
exposed on the external surface of liposomes of formulations F4, F6, and F8

Formulation Composition HTyr-OL (mM) HTyr-OL active residues (mM) HTyr-OL active residues (%)
F4 DOPC/Chol/HTyr-OL 0.94 £+ 0.09 0.4 +£0.1 88+t6
F6 DPPC/Chol/HTyr-OL 1.02 £ 0.05 0.29 £+ 0.05 48 +£ 10
F8 DMPC/Chol/HTyr-OL 0.84 £+ 0.05 0.27 £+ 0.01 58 + 8
20 3404 F6 ¢ 150 0078 . 8 - 140
LY .
230 ey L b 145 356 L= b 135
220 4 L e LT | v
» ® ...g ..t mut w190 '._ 130
) 1 mg.. [ m180 o, - wm z
§ 200 4 sgunn® %, £ g cyae " H125 £
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Fig. 7 Variation in derived count rate (kcps, blu dots) and particle diameter (D, orange square) measured as a function of temperature for
liposomes of formulations F6 (DPPC/Chol/HTyr-OL) and F8 (DMPC/Chol/HTyr-OL).

formulations F4 may exhibit greater antioxidant activity than
those of formulations F6 and F8.

These results may be related to differences in membrane
fluidity of the developed liposomes. Liposomes of formulation
F4, which are primarily composed of DOPC, likely exhibit
greater membrane fluidity at 25 °C than those of formulations
F6 and F8. As a result, the catechol residues exposed on their
external surface could be more accessible and properly oriented
to react with ABTS™".

To confirm this, DLS was chosen as the technique to inves-
tigate the membrane fluidity of liposomes F4, F6 and F8. This
method evaluates changes in the optical properties of lipids in
liposomes by assessing variations in the mean count rate and
vesicles size with increasing temperature. In fact, changes in
these two parameters are related to modifications inside the
membrane structure, and the typical trend observed is opposite:
the count rate decreases while the particles size increases.®>

Fig. 7 shows the derived count rate (k) and the vesicles
diameter (D) measured for liposomes of formulations F6 and F8
at increasing temperature. In both cases, a clear transition was
not observed, as it occurred gradually within the temperature
range investigated.

Although the addition of Chol and HTyr-OL increased the
complexity of the developed bilayers, liposomes of formulations
F6 (DPPC/Chol/HTyr-OL) and F8 (DMPC/Chol/HTyr-OL)
exhibited transition temperatures (Ty,) quite close to that of
the main lipid component, approximately 41.4 °C for DPPC and
23.6 °C for DMPC, as reported in the literature.®>** Therefore, it
can be concluded that the presence of Chol and HTyr-OL as
minor components within the lipid bilayers of the investigated
liposomes does not significantly affect their membrane fluidity.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Similar considerations can be applied to liposomes of
formulation F4 (DOPC/Chol/HTyr-OL), for which the experi-
ment was not conducted due to the very low transition
temperature of its main lipid component, DOPC with a T;, of
approximately - 16.5 °C, as reported in the literature.®

These results confirm that at 25 °C, the membrane of lipo-
somes F4 is characterized by a more fluidity than those of
liposomes F6 and F8, allowing the catechol residues to be more
responsive in reacting with ABTS"".

4. Conclusion

In conclusion, the high lipophilic character of HTyr-OL results
in a stronger antimicrobial effect compared to HTyr against
both tested strains of Staphylococcus aureus: ATCC 25923 (wild
type strain) and ATCC 33592 (MRSA).

Experimental data concerning antioxidant activity of HTyr
and HTyr-OL, determined by measuring the kinetic rate
constants of the hydrogen atom transfer reactions to two
different radicals, GO* and DPPH’, demonstrated significant
and comparable activity for both phenolic compounds against
each radical investigated, due to the reactivity of the catecholic
residue in their molecular structures.

Therefore, the chemical modification of HTyr in HTyr-OL
does not affect the antioxidant activity whereas its antimicro-
bial activity against S. aureus is increased.

Conversely, the encapsulation of HTyr in liposomes,
formulated with natural and synthetic amphiphiles, has not led
to any improvement in its antimicrobial activity. However, the
higher MIC and MBC values observed for HTyr loaded in DOPC/
Chol based liposomes (F1 and F12) are nonetheless

RSC Adv, 2025, 15, 3448-3464 | 3461
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encouraging, especially given the enhancement in HTyr phar-
macokinetic features such as stability, bioavailability, releasing
profile, etc.

Although no antimicrobial activity has been observed for
HTyr-OL based liposomes against the investigated S. aureus
strains, we found that the significant antioxidant activity of
HTyr-OL was preserved when added as a component of the lipid
bilayer in liposomes.

This finding is particularly noteworthy, as HTyr-OL based
liposomes may represent a promising tool for treating various
diseases where oxidative stress plays a major role in damaging
biological systems®** including the aging process,***” athero-
sclerosis and ischemic heart disease,*® rheumatoid arthritis,*
cancer,” pulmonary infections,”** and brain ischemia.”
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