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Abstract: Epigallocatechin-3-gallate (EGCG) is a polyphenolic catechin from green tea, well known for being
bioactive in age-associated pathologies where oxidative stress plays a preeminent role. The activity of this molecule is
however contrasted by its high chemical and metabolic instability that determines a poor concentration of the antioxidant
within the biological system after administration. In order to protect the molecule and increase its delivery efficiency, we
have encapsulated EGCG inside anionic liposomes made of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine and cholesteryl hemisuccinate. To maximize EGCG internalization,
magnesium salt was added in the preparation. However stable nanodispersions suitable for drug delivery were obtained
only after treatment with Poloxamer-407, a polyethylene—propylene glycol copolymer. The structural and morphological
properties of the produced dispersion were studied by X-ray diffraction, which showed a multilamellar structure even
after EGCG addition and an ordering effect of Poloxamer-407; Dynamic Light Scattering demonstrated serum stability
of the liposomes. The characterization was completed by evaluating both encapsulation efficiency (100%, in the final
formulation) and in vitro EGCG release. Since oxidative stress is involved in numerous retinal degenerative diseases,
such as age-related macular degeneration, the ability of these liposomes to contrast H.O--induced cell death was assessed
in human retinal cells. Morphological changes at the subcellular level were analyzed by Transmission Electron
Microscopy, which showed that mitochondria were better preserved in cells treated with liposomes then those treated
with free EGCG. In conclusion, the results demonstrated that the produced formulation enhances the efficacy of EGCG
under stress conditions, thus representing a potential formulation for the intracellular delivery of EGCG in diseases caused
by oxidative damage.

Keywords: liposomes; oxidative damage; Epigallocatechin-3-gallate; Poloxamer-407; drug delivery;
X-ray diffraction.

Introduction

Oxidative stress can be linked to several pathophysiological processes including neurodegenerative
(Kim et al., 2015), cardiovascular diseases (Heitzer et al., 2001), cancer (Milkovic et al., 2014), aging
(Gil del Valle et al., 2015), obesity (Marseglia et al., 2014), chronic inflammatory disorders like
rheumatoid arthritis (Tak et al., 2000) and with several retinal degenerative diseases, such as age-
related macular degeneration (AMD) where an increase in the steady-state concentration of reactive
oxygen species (ROS) is present (Hernandez-Zimbrén et al., 2018). A possible strategy to contrast
oxidative stress is to reduce the concentration of ROS, like superoxide anion, hydrogen peroxide, and

hydroxyl radical, by enhancing the level of antioxidant molecules in the tissues.



Amongst the water-soluble antioxidants, catechins, the main polyphenolic compounds present in
green tea, show considerable bioactivity in degenerative diseases associated with oxidative stress
(Mandel et al., 2011; Frei et al., 2003). Epigallocatechin-3-gallate (EGCG), the major constituent in
green tea, is mainly responsible for the remarkable antioxidant activity due to the presence of the D
ring in the galloyl group in addition to the other three rings present in its structure (A, B and C)
(Figure 1) which are sensitive to oxidation. (Severino et al., 2009). These structural characteristics
account for EGCG’s potent radical scavenging activity (Zhang et al., 2007; Nanjo et al., 1999)
towards both superoxide and hydroxyl radicals as well as peroxyl radicals, nitric oxide, carbon-

centered free radicals and lipid free radicals (Salah et al., 1995;).

Figure 1. Structure of epigallocatechin-3-gallate (EGCG)

In addition, EGCG can chelate metal ions like copper (11) and iron (111) which participate in the Fenton

reaction and are responsible of the subsequent generation of ROS (Morel et al., 1993).

A possible setback in the employment of EGCG as antioxidant is its chemical and metabolic
instability, which can determine a low concentration of the antioxidant within the biological system
after administration (Lambert and Yang, 2003; Chen et al., 2001). Therefore, the bioavailability of
EGCG may be modulated by using nano- or microparticles (Hu et al., 2013; Granja et al., 2017).

Among all drug delivery systems, liposomes offer several advantages because of their
biocompatibility, their low toxicity and non-immunogenicity (Torchilin, 2005; Minnelli et al., 2018;
Galeazzi et al., 2015; Mobbili et al., 2015; Crucianelli et al., 2014). These supramolecular aggregates
can encapsulate enzymatic antioxidants but also hydrophilic and lipophilic chemical antioxidants,
shielding and protecting them from inactivation or rapid clearance from cells. Moreover, the ability
of polyphenols to interact with the lipid bilayer (Laudadio et al., 2018; Nakayama et al., 2000)
promotes the encapsulation of these compounds inside lipidic nanoparticles and makes liposomes

potential delivery systems for EGCG (Mignet et al., 2013).



Previously, we used an in silico approach combined with experimental methods to identify the best
lipid matrix and salt composition for obtaining the highest percentage of encapsulated catechin inside
liposomes (Laudadio et al., 2018; Laudadio et al., 2017). In particular, by using anionic multilamellar
liposomes prepared from a ternary, lipidic system (POPC/ DOPE /CHEMS 1:1:1) in the presence of
Mg?* ions, we obtained complete EGCG encapsulation. However, the liposomes resulted very
unstable, as the simultaneous presence of EGCG and magnesium salts was observed to induce the

formation of large cluster aggregates.

In order to obtain nanoparticles useful for EGCG delivery applications in this study we describe the
preparation and characterization of liposomes made from the same ternary lipidic system, containing
EGCG and magnesium salts in addition to a stabilizing agent (the Poloxamer-407) which is able to
prevent aggregation and to promote the formation of stable nanodispersions. The structural
characteristics of the produced nanodispersions, as well as their in serum stability, encapsulation
efficiency and in vitro EGCG release, were fully determined by different techniques such as X-ray
diffraction, dynamic light scattering (DLS), gel filtration and dialysis methods. Moreover, the in vitro
ability of the nanodispersion to contrast the consequence of H>O. exposure in Adult Retinal
Pigmented Epithelium (ARPE-19) cells was evaluated. In particular, the morphological changes in
the cytoplasm, mitochondria, endoplasmic reticulum and nucleus of cells induced by the oxidative
stress were analyzed by Transmission Electron Microscopy (TEM) while cell viability was assessed
by the MTT assay. Since ARPE-19 cells are considered a good in vitro model for studying age-related
macular degeneration (AMD) (Zareba et al., 2006), the results are very promising in AMD

prevention.

It is noteworthy that Poloxamer-407 is a non-ionic triblock copolymer composed by a central
hydrophobic poly(propylene oxide) chain (PPO) capped by two hydrophilic chains of poly(ethylene
oxide) (PEO), which functions as emulsifier and stabilizer (Wu et al., 2009; Muller et al., 1996;).
Poloxamer-407 is approved as an inactive ingredient by the FDA for various types of pharmaceutical
formulations, and is accepted as GRAS (Generally Recognized as Safe) excipient (Dumortier et al.,

2006), making it an excellent candidate for the preparation of drug delivery systems.

Materials and Methods

Materials



1,2-dioleoyl-sn-glycero-3-phosphoethanolamine ~ (DOPE),  1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and cholesteryl hemisuccinate (CHEMS), used for liposome preparation,
were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Sephadex G-50, Poloxamer-
407 MgCl salt, 3-(4,5-dimethylthiazol-2-yl-2,5-diphenyl tetrazolium bromide (MTT), hydrogen
peroxide and all solvents were obtained from Sigma Aldrich (St. Louis, MO, USA) and used without
further purification. Epigallocatechin 3-Gallate was purchased from Cayman Chemical Company
(Ann Arbor, MI, USA).

Adult human retinal pigment epithelial (ARPE-19) cells were a kind gifted from Dr. Dario Rusciano
(Sooft Italia spa). All cell culture reagents were purchased from Euroclone (Euroclone, Italy). All

other chemicals and buffer components were analytical grade preparations.

Preparation of bulk and nanodispersed liposomal phases.

Bulk liposomal phases were obtained by Reverse Phase Evaporation (REV) (Szoka and
Papahadjopoulos, 1978). Appropriate amounts of chloroform solutions of DOPE, POPC, CHEMS
and methanol solution of EGCG, when present, were mixed to obtain 1:1:1:0.6 mol/mol ratio and a
final concentration of 3 mg mL™ of lipids and 1 mM of EGCG. The solvent was removed under
reduced pressure at room temperature to preserve the EGCG molecular structure (Price and Spitzer,
1994). After removal of residual solvent under nitrogen flow, lipids were redissolved in 3 mL of an
ether/methanol mixture (2:1, v/v) and 1 mL of phosphate buffered saline (PBS, pH 7.4) was added
with or without MgCl; salts (MgCIl,EGCG, 5:1 mol/mol). With the aim to obtain an initial water-in-
oil emulsion (W/O), the resulting two-phase system was briefly sonicated (2 min) with a vibra cell
sonicator (Sonics Vibra Cell Mod. VCx130) equipped with a tapered micro tip. The organic solvent
was removed under vacuum (Rotavapor, Bichi) to cause a phase inversion that gave an O/W
emulsion. The obtained liposomes L, ML (magnesium containing liposomes), L-EGCG (EGCG
loaded liposomes) and ML-EGCG (magnesium containing liposomes loaded with EGCG) were
characterized fresh and/or after equilibration for 24 h. The liposomal suspensions containing
Poloxamer-407, PxL (poloxamer liposomes), MPxXL (magnesium-containing poloxamer liposomes),
PXL-EGCG (poloxamer liposomes loaded with EGCG) and MPxL-EGCG (magnesium-containing
poloxamer liposomes loaded with EGCG) were prepared in the same way, but Poloxamer-407 was
added in PBS to obtain a polymer final concentration of 0.8 mg mL™. Note that the MLV suspensions
were directly used for X-ray diffraction experiments, while samples for DLS characterization,
turbidimetric analysis, encapsulation efficiency determination, in vitro release and cellular assays,
were sonicated (sonic Vibracell) before being used for 30 min in pulse mode (30 sec on; 2 sec off,

50%) at 0 °C, until the liposome dispersion was completely clear.



X-ray diffraction
X-ray diffraction experiments were performed using a 3.5 kW Philips PW 1830 X-ray generator
(Amsterdam, Netherlands) provided with a bent quartz crystal monochromator (A = 1.54 A) and a
Guinier-type focusing camera (homemade design and construction, Ancona, Italy). Diffraction
patterns were recorded on GNR Analytical Instruments Imaging Plate system (Novara, Italy). MLV
suspensions were measured in a tight vacuum cylindrical cell equipped with thin mylar windows.
Experiments were performed as a function of temperature, at 25, 36, 40 and 45 °C.
In each experiment a few Bragg peaks were detected. Peak indexing was performed considering the
usually observed lipidic phases (Esposito et al., 2016) and the unit cell dimension of the phases, d,
calculated from the averaged spacing of the observed peaks.
According to the decomposition of the sample in the hydrophobic and hydrophilic regions (Pabst et
al., 2000), a simple equation relates the unit cell dimension to the lipid head-to-head distance, dnH,
that can be measured from electron density maps (Di Gregorio et al. 2010), and the thickness of the
water layer dy :

dw=d - dun
Therefore, the area-per-lipid at the water/lipid interface Siip and the averaged number of water
molecules associated with one lipid molecule nwiip can be determined if viip and vwat, the averaged
lipid molecular volume (in this case estimated by MD simulations to be around 960 A®) and the water
molecular volume (30 A%) are known:

Siip = 2Viip / dun
and

Nwiiip = Vwrtip / Viwat
with Vwiip = dw Siip / 2 .

Physicochemical characterization of liposomes.

The intensity-based diameter (Z-average) and the polydispersity index (PDI) of liposomes were
measured by Dynamic Light Scattering (DLS) and Electrophoretic Light Scattering using a Malvern
Zetasizer Nano ZS (Malvern Instruments GmbH). An aliquot of every liposome suspension, obtained
by sonication, was diluted at a final concentration of 2.5 x 10 mM with ultra-purified water.
Measurements were performed at 25 °C with a fixed angle of 173°. Size particle measurements and
the polydispersity index were calculated from the autocorrelation function by cumulant analysis
(Dispersion Technology Software V7.11 provided by Malvern Instruments). Zeta potentials were

determined by the Zetasizer software from the electrophoretic mobility applying Henry’s equation
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and using Smoluchowski’s approximation. For all samples investigated, the data represent the

average of at least three different autocorrelations carried out for each sample.

Determination of encapsulation efficiency with gel filtration method

Liposomes were separated from non-encapsulated EGCG by size exclusion chromatography. The
disposable syringes (2.5 mL), packed with hydrated Sephadex G-25 resin were placed in 15 mL
plastic test tubes. After preconditioning with PBS, 0.8 mL of EGCG-loaded liposomes were gently
added on the top of the syringes and centrifuged at 500 g for 10 min. Empty liposomes and free EGCG
were also used as control. The eluates were collected at the bottom of the test tubes and the Stewart
assay was carried out to determine the lipid content in the liposome preparation after gel filtration.
To evaluate the encapsulation efficiency, 150 uL samples of purified and unpurified liposomes were
lysed by addition of Triton X-100 to a final concentration of 1% (v/v) and the complete release of the
antioxidant was obtained. After lysis the EGCG concentration was estimated by the Folin-Ciocalteu
assay (Liang etal., 2014). 150 uL of 10% Folin-Ciocalteu reagent was added to 50 uL of every sample
into a 96-well microplate and shaken. After 10 min 0.100 mL of a 7.5% sodium carbonate solution
was added and the mixtures were allowed to incubate in the dark for 1 h at room temperature for
colour development. After incubation, the absorbance was measured at 765 nm on a BioTek Synergy
HT MicroPlate Reader Spectrophotometer using a blank containing all the appropriate components
except EGCG. The calibration curve was plotted using EGCG. The encapsulation efficiency (EE) and

the drug loading capacity (DLC) were calculated using the following formulae:

EE (%) =100 x [Cint/ Ctotal]
DLC (%) = 100 X [Cint/ Ciipid]

where Ciotal refers to the total concentration of the antioxidant measured in the unfiltered liposomes,
Cint refers to the concentration of the encapsulated antioxidant (which was the amount of EGCG
measured inside purified liposomes after lysis), and Ciipia is the total lipid concentration. All the

experiments were repeated at least three times and measurements were run in triplicate.

In vitro EGCG release

The in vitro antioxidant release from liposomes was studied by the dialysis method. Dialysis bags
were soaked in PBS at room temperature for 2 h before use to remove the preservative, and then
rinsed thoroughly in the same buffer solution. 1 mL of MPXL-EGCG (1 mM, EGCG) was placed in
the dialysis bag (12,000 MW cut off; Sigma-Aldrich) and dialyzed against 10 mL of release buffer

6



(PBS). Control bags, containing EGCG with MgCl. were prepared and dialyzed. The dialysis process
was performed under stirring at 100 rpm at 37 °C and kept away from bright light. At appropriate
time intervals, 1 mL of the outer aqueous solution was withdrawn for analysis and immediately
replaced by an equal volume of fresh release buffer. The cumulative amount of EGCG released was
analyzed by the Folin—Ciocalteu assay as described above. The profiles of in vitro EGCG release
from liposomes and the accumulative release percentage of catechin (RE %) was expressed according
to the experimental equation:

RE % = 100 X (Cot/ Co)

Where Co is the amount of drug released from liposome suspension from the beginning to the
scheduled time, and Co is the total amount of drug in liposome suspension. The data represent the

average of at least three different analyses carried out for each sample.

Cell treatment

ARPE19 cells were routinely maintained in 25 cm? flasks in complete DMEM/F12 medium at 37 °C,
5% CO2 and 95% relative humidity. Complete DMEM/F12 medium was prepared by adding 10%
(v/v) heat-inactivated fetal bovine serum (FBS), 2 mM glutamine and 100 U/ml penicillin-
streptomycin. Culture medium was changed every 2 days until cells grew to 90% confluence. The
cell cultures were detached by trypsinization with 0.5% trypsin in PBS containing 0.025% EDTA and
counted using trypan blue exclusion assay.

For treatments, ARPE19 cells were seeded in 24-well plates at 8x10*well to reach 50-60% of
confluence at 24 h. In the cytotoxicity assay, the cells were incubated for 24 h with increasing
concentrations of MPxL-EGCG and unloaded MPXxL (35, 55, 75, 90 and 115 pg mL™ of lipid) or free
EGCG in presence or absence of magnesium salt. The free EGCG was added at concentrations equal
to the EGCG content in the liposomal formulations (EGCG, 22/33/44/55/66 pM). For the
cytoprotection assay, the cells were treated with DMEM/F12 only (Ctrl), 55 pM and/or 90 ug mL™
of EGCG and lipid concentrations, respectively. After 24 h of incubation, the cells were washed twice
with PBS and treated with 6 mM H2O> for 6 h. The combination of dose/time of H20- treatments was

established according to previous MTT viability assay for cytotoxicity studies (data not shown).

Assay of mitochondrial viability (MTT assay)
To evaluate the number of metabolically active cells, and thus cell viability, we used the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Mosmann, 1983). At the time
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of analyses, the medium from each well was removed and replaced with fresh medium supplemented
with 100 pg MTT (50 pL from the 2 mg mL™ stock); samples were incubated for 3 h at 37 °C in 5%
CO2 atmosphere, until formazan crystals were formed. Next, 400 uL of DMSO was added to each
well and mixed thoroughly by shaking to solubilize the MTT formazan crystals. Absorbance was read
on a multiwell scanning microplate reader (BioTek Synergy HT MicroPlate Reader
Spectrophotometer) at 570 nm using the extraction buffer as blank. The optical density in the control
group (untreated cells) was considered as 100% viability. The relative cell viability (%) was
calculated as (A570 of treated samples/ A570 of untreated samples) x 100. Each experiment was

performed at least five times in triplicate.

Transmission Electron Microscopy (TEM)

ARPE19 cells were plated on Aclar films (Ted Pella CA, USA) for flat embedding and were treated
as in the cytoprotection assay. After H.O»-treatment the cells were fixed for 1 hat room temperature
(rt) with a solution of 2.5 Glutaraldeyde in 0.1 M cacodylate buffer (pH 7.4) then post fixed in 1%
osmium tetroxide in 0.1 M cacodylate buffer for 30 min at rt followed by dehydration in acetone
series and embedded in epoxy resin (Sigma #43359). Ultrathin (40 nm) section were stained with lead
citrate and uranyl acetate and imaged on a Philips CM12 TEM at 100 KV. Images were digitally
captured using Olympus Veleta or Megaview G2 digital camera that were previously calibrated for
every magnification used.

Qualitative evaluation of cell morphology was done considering the normal cell morphology of

nucleous, nuclear membrane, endoplasmic reticulum, mitochondria and villi (Kamogashira, 2017).

Statistical analysis
Data are presented as mean = S.D. Statistical comparison of differences among groups of data was
carried out using Student’s t-test. p-values < 0.05 were considered statistically significant, p-values <

0.01 and p-values < 0.001 were considered highly significant.

Results and Discussion

1. Liposome formulation: effect of Poloxamer-407 addition.

EGCG shows a remarkable antioxidant activity, but its chemical and metabolic instability determines
a low concentration of the antioxidant within the biological system after administration. In previous
studies, we showed that full EGCG encapsulation in both anionic and neutral liposomes can be

obtained by salt addition (Torchilin, 2005; Nakayama et al., 2000). In particular, we found that anionic
8



multilamellar vesicles (MLV) prepared with POPC/DOPE/CHEMS (Figure 2) in equimolar ratio
(1:1:1) maximize the encapsulation of EGCG in the presence of magnesium salt. The choice of such
a mixed liposome composition takes advantage of DOPE’s ability to fuse with cell membranes (Huth
etal., 2006), while CHEMS, a cholesterol synthetic derivate with a negative charge, creates an anionic
environment. Furthermore, the cholesterol moiety confers high stability to the bilayer: its ability in
increasing the packing of the phospholipid component of liposomes and reducing the bilayer
permeability to solutes is in fact well-known (Papahadjopoulos et al., 1973).
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Figure 2. 2D structure of POPC (A), DOPE (B) and CHEMS (C)

With the aim to obtain an efficient antioxidant liposomal system, we optimized the best anionic
formulation to achieve a stable nanodispersed suspension suitable for drug delivery applications.
Indeed, complete encapsulation was observed with an equimolar lipid ratio POPC/DOPE/CHEMS
(final lipid concentration 3 mg mL™) containing 460 ng mL* of EGCG and magnesium salt at 5:1
MgClIl,EGCG molar ratio. However, as reported in Figure 3, although the simultaneous presence of
EGCG and magnesium salts, had maximized the EGCG encapsulation, it induced an increase in
particle size, followed by cluster aggregate’s formation which are visible to the naked eye. The high
encapsulation of EGCG achieved and the presence of magnesium seem to be responsible for the
physical instability of the liposome suspension in terms of aggregation/flocculation, probably due to
the presence of numerous hydrogen bond donors in the EGCG structure and to its metal chelating
properties. The turbidimetric measurement of ML systems demonstrated that magnesium promotes

the formation of large particles but not of precipitates, whereas L-EGCG suspension, containing only



the polyphenol, showed a turbidimetric value slightly lower than empty liposomes. Every attempt to
obtain a stable suspension of ML-EGCG nanosized particles failed; DLS measurements carried out
after sonication showed the presence of a polydispersed system (size 345 + 43.97 nm, PDI 0.503 +

0.041) that tends to aggregate in the following 24 h and gives particles larger than 2 um.

In light of the well-known properties of several surfactants that drastically increase the stability of
lipid dispersion and prevent their aggregation (Hsu and Nacu, 2003) we added Poloxamer-407 to the
non-homogeneous suspension of liposomes until the agglomerates were efficiently resuspended as
shown in Figure 3 where turbidity data for L, ML, L-EGCG, ML-EGCG and MPxL-EGCG are
reported. The presence of the polymer seems to influence the interaction between liposomes and gives
rise to an opalescent homogeneous suspension demonstrating that the Poloxamer-407 is able to hinder
liposomes aggregation probably by shielding the colloidal surface with the hydrophilic portions of
the polymer. The final concentration of Poloxamer-407 necessary to obtain a homogeneous

suspension was 0.8 mg mL™,

A T —
n D + Polmamel-407 I I
L L-EGCG ML-EGCG MPxL-EGCG
B
L ML L-EGCG ML-EGCG MPxL-EGCG
OD (). 500 nm)  0.700 £ 0.167 1.215 £ 0.098 0.558 + 0.098 0.069 + 0.025 0.658 +0.025

Figure 3. Aggregation induced by EGCG and magnesium salt. A) Photography of MLV liposomes in the presence of
only magnesium salt and EGCG alone or their combination. Stabilizing effect achieved in presence of 0.8 mg ml*
Poloxamer-407. B) Optical density (OD) at 500 nm of all MLV suspensions studied.

2. Characterization of bulk and nanodispersed liposomal phase

2.1 X-ray diffraction measurements

To analyze the structure of the MLVs and the influence of EGCG and magnesium cations on the
supramolecular properties of the self-assembled nanoparticles, X-ray diffraction experiments were
carried out on L, ML, L-EGCG and ML-EGCG systems, prepared both in the absence and in the

presence of Poloxamer-407.
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The X-ray diffraction profiles obtained in the absence of Poloxamer-407 are reported in Figure 4.
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Figure 4: X-ray diffraction profiles from L, ML, ML-EGCG, L-EGCG systems. The temperature was 25 °C.

Depending on composition, different characteristics are observed: for L and L-EGCG samples, a very
large band (centered at about 57 A) occurs in the low-Q region, suggesting the formation of a
disordered system, probably unordered MLVs or LUVS; on the other side, 3 or 4 Bragg peaks
characterize the diffraction profiles of ML and ML-EGCG samples, indicating that the presence of
Mg?* induces the formation of a rather ordered structure. As the peak spacing ratios scale as 1:2:3...,
a 1-D lamellar organization is proposed: the well-known rearrangement of the lipidic carbonyl region
(Binder and Zschdrnig, 2002), which accompanies Mg?* binding and which involves hydration and
conformational changes, appears to stabilize the lamellar structure, even in the presence of EGCG.
ML and ML-EGCG samples then show the same multilamellar structure, the main difference being

the unit cell dimension (e.g., the repeat distance among the lamellae, d), which is larger for ML (59.8
11



+ 0.5 A) and smaller for ML-EGCG (54.6 + 0.5 A). The 10% reduction observed in the presence of
EGCG can be related to a different lipid hydration induced by the presence of the active molecule or
to changes in the hydrocarbon chain conformation, which is more disordered when EGCG is present.
To disentangle the different structural effects, low-resolution electron density profiles have been
calculated, as reported by Di Gregorio et al. (Di Gregorio et al., 2010). Electron density maps,
reported in Figure 5, show small differences in the position of the maxima corresponding to the head-
group location and in the form of the electron density in the hydrocarbon region (see the differences
between the full and the dashed lines).
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Figure 5. Reconstructed electron density profiles for the lamellar phase of ML (full line), ML-EGCG (dashed line) and
MPXL-EGCG (dotted line) systems at 25 °C.

From the head-to-head electron density peak distance, the lipid bilayer thickness was obtained and,
according to the decomposition of the sample in the hydrophobic and hydrophilic regions (Pabst t al.,
2000), the average lipid cross sectional area, Siip, and the lipid-associated intermembrane water

volume, Vw,ip, Were derived using equations reported in the Material and Methods section.

Table 1. Structural and molecular parameters for ML, ML-EGCG and MPxL-EGCG

System d (A) dun (A) dwat (A) Siip (A?) Vurip (A%) Nwilip
ML 59.8 44 15.8 43.6 345 11
ML-EGCG 54.6 40 14.6 48.0 350 12
MPxL-EGCG 58.1 40 18.2 48.0 436 -
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The results shown in Table 1 are compatible with the location of EGCG near the lipid head-group,
so as to induce an increase in the area-per-lipid at the polar/apolar interface and an increased disorder
of the lipid hydrocarbon chains. Of note is that hydration is not modified, as indicated by the rather
constant lipid-associated intermembrane water volume (e.g., the number of water molecule-per-lipid
is practically the same); consequently the formation of aggregates has to be ascribed to the strong
interaction between EGCG and lipid-head group rather than to dehydration phenomena.

This result can be related to the high encapsulation efficiency observed in our liposomal system but
also to the occurrence of precipitates in the liposome formulation containing both Mg?* and EGCG.
Indeed, the interaction network is complex. On the one hand, EGCG can behave both as H-donor
with lipid oxygen groups and as H-acceptor with ethanolamine groups in DOPE; on the other hand,
the presence of magnesium ions enhances the interaction possibilities between EGCG and the lipid
bilayer. In fact, at physiological pH, EGCG is partially deprotonated (its pKa is 7.75) so that
magnesium divalent ions can serve as cross-bridge to bind phosphate or oxygen lipid groups.
Moreover, the presence of CHEMS, which is a negatively charged steroid molecule, increases the
electrostatic interactions with Mg?* ions, indirectly promoting the interaction of EGCG with the lipid
bilayer (Laudadio et al., 2018).

X-ray diffraction profiles related to samples prepared in the presence or absence of Poloxamer-407
were very similar. Figure 6 shows the results obtained from ML-EGCG and MPXL-EGCG carriers
as a function of temperature: in both cases the multilamellar structure is confirmed by the Bragg peak
sequence. Furthermore, the peak reciprocal intensities are maintained even at 45 °C, so guaranteeing
the antioxidant liposome stability at physiological temperature.

If the two carriers show the same structural stability on heating, the polymer has an ordering effect
on the supramolecular organization of liposomes and induces a change in the unit cell, which
increases from 54.6 to about 58 A. According to the unit cell temperature dependence reported in
Figure 6, such an increase is probably determined by the presence of polymer molecules in between
the lipid layers. In fact, as reported elsewhere (Djekic et al., 2015), Poloxamer-407 has two water-
soluble PEO chains and a more hydrophobic middle block that may be adsorbed at, or incorporated
in, the surface of the lipidic structural elements. As a consequence, steric repulsion between bilayers

could occur.
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Figure 6. X-ray diffraction profiles observed for ML-EGCG (left frame) and MPXL-EGCG (right frame)
samples as a function of temperature, as indicated. The lower frame shows the temperature-dependence of the
lamellar repeat distance, as determined from the analysis of the position of the observed Bragg peaks.
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Electron density maps confirm this view: the profiles calculated at 25 °C for ML-EGCG and MPXxL-
EGCG samples, and reported in Figure 5 (compare the dashed and the dotted lines), show that the
head-to-head electron density peak distance is practically unaltered by the presence of Poloxamer-
407 (hence, no changes in lipid conformation and in average lipid cross sectional area are expected).
Moreover, while the inner lamellar part shows very similar features, differences are observed in
correspondence of the polar region. Poloxamer-407 does not affect the lipid packing, but steric effects
due to adsorption at the polar-head region enlarge the lamellar repeat distance (note the consequent
increases of the lipid-associated intermembrane volume, referred as Vw,iip, in Table 1).

In order to verify the time stability, structural studies were also performed on MPXL-EGCG samples
after storage at 4 °C for 1 month: X-ray diffraction profiles confirm that the inner multilamellar
morphology is preserved, with a very small reduction of the unit cell dimension to 57.1 A, well inside

the experimental error (estimated around 0.5 A).

2.3 Dynamic Light Scattering

All the liposomal formulations were sonicated after addition of Poloxamer-407 and measurements of
size distribution and zeta potential were carried out. As shown in Table 2, the presence of Poloxamer
407 confers high stability to all the suspensions and prevents aggregation; the intensity mean diameter
of MPXL-EGCG, expressed as Z average, was about 205 nm with a certain degree of polydispersity
(PDI about 0.3) and the size did not change after 24 h. The analysis per number revealed that the most
representative amount of vesicles displayed a mean diameter of 140 nm; a bimodal distribution was
highlighted by the intensity and volume based particle size distribution where an additional
population of about 370 nm was present. The DLS measurements did not show the presence of
micelles. The stability of MPxL-EGCG stored at 4 °C was also evaluated after 1 month. The intensity-
based distribution evidentiated the presence of some amounts of aggregates of 0.8-1.0 um, which are
not present in the number-based distribution where the only peak corresponds to a population of about
150 nm. The negative zeta potential of liposomes due to the presence of CHEMS decreased in
absolute value in the presence of Mg?* because of the absorption of positive ions; in MPxL-EGCG,
the zeta potential is further reduced: the ability of EGCG to chelate positive ions is probably
responsible for a major absorption of magnesium ion on the liposome surface. By virtue of the
presence of Poloxamer-407, the EGCG magnesium liposomes did not aggregate in spite of their low

zeta potential.
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Table 2. Characterization of sonicated liposomes with Poloxamer-407 &P

Encapsulation

Loading

Liposomes Time of analyses | Particle size + SD PDI + SD C-potential £ SD Efficiency Capacirty
Formulation (h) (nm) (nm) (mV) (EE%) (LD%)
0 99.8+11.9 0.221 + 0.004 n.a

-40.0+0.2 a.

PxL 24 137.0+12.5 0.268 + 0.048 na

0 1128+ 6.4 0.329 + 0.047 n.a

MPxL 24 1235442 028240006 | 20%33 na

0 101.2+134 0.396 + 0.008
PxL-EGCG -43.0+1.9 57.0+45 9.2+21
24 1174 £33 0.251 +0.025
0 205.2+8.9 0.271 £ 0.023
MPxL-EGCG -176+4.1 95.0+4.8 150+2.3

24 201.9+9.4 0.245 +0.015

2 Particle size, PDI and zeta potential were determined by DLS. Encapsulation Efficiency and Loading Capacity were

determined as reported in Materials and Methods section. ® SD: standard deviation.

2.4. Entrapment efficiency of liposomes

The percentage of EGCG encapsulated inside liposomes (PXL-EGCG and MPXL-EGCG) was
determined by the Folin-Ciocalteu assay and the results are presented in Table 2. For the PXL-EGCG
we obtained 57.0 = 4.5 % of encapsulation efficiency, thus confirming the capacity of EGCG to form
phytosomes (Galeazzi et al. 2015; Nakayama et al., 2000). Instead, in the presence of the magnesium
salt, we practically reached a complete encapsulation of EGCG (95.0 + 4.8 %), which decreased by
17 % after storage at 4 °C for 1 month. In Table 2 the Loading Capacity of both formulations are also
reported. These data confirm previous results in which MgCl can greatly improve the interaction of
EGCG molecules with anionic liposomes (Laudadio et al., 2018) and consequently we chose the
anionic formulation MPxL-EGCG, presenting the best encapsulation outcome, for the following

experiments.

2.5. In-vitro drug release

In-vitro antioxidant release from MPxXL-EGCG was evaluated by dialysis method at 37 °C in PBS
and the results, compared with free EGCG behavior, are presented in Figure 7 as cumulative

percentage release during 24 h.
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Figure 7. In vitro release of EGCG in PBS (pH 7.4) for liposomal and free drug solution. Values are expressed as

mean £ SD; n=3 independent experiments.

The diffusion of free antioxidant through the dialysis membrane from the control was more than 60%
in the first 2 h and complete by 6 h, demonstrating that the dialysis membrane did not limit the release
of EGCG. The drug encapsulation in liposomes modified its release profile: the MPxXL-EGCG release
was about 6 % in the first 2 h and reached 15% after 24 h. Evidently, the strong interaction underlined
in silico (Laudadio et al., 2018) between anionic liposomes and EGCG in the presence of magnesium
ions determines the low release of the molecule from liposomes. The presence of Poloxamer-407 on

the liposomal surface can contribute to reduce the speed of release of encapsulated EGCG.

2.6. Stability of magnesium poloxamer-liposomes formulation in serum

The physical stability of the produced liposomes was studied in the presence of plasma proteins, after
their exposure to serum, using DLS and turbidity measurements. For this purpose, liposomes were
incubated in PBS supplemented with FBS (50% v/v) at 37 °C and measurements were carried out at
0 and 24 h.

For both MPxL and MPxL-EGCG dispersion, the average dispersed vesicle diameter remained
essentially unchanged upon exposure to 50% FBS (t=0), even after 24 h (Table 3).
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Table 3. Influence of serum on size distribution of Magnesium Liposomes with Poloxamer-4072

Liposomes Time of Size in serum _ _
Formulations analyses (h) +SD (nm) 3=500 nm 3600 nm

Serum PBS Serum PBS

0 106.3 +12 0.086 0.068 0.082 0.066
MPxL
24 90.65 + 14 0.085 0.067 0.081 0.066
0 2109+74 0.124 0.103 0.108 0.090
MPxL-EGCG

24 189.2+9.1 0.134 0.103 0.116 0.092

aParticle size was determined by DLS. Turbidity of the dispersions was determined as OD as reported in Materials and
Methods section. ® SD: standard deviation; PBS: phosphate buffered saline.

We confirmed the liposomal suspension stability by spectroturbidimetry. Because the absorbance is
considerably affected by the change in size of particles (; Minami et al., 1999), this technique can be
used to reveal the instability of a colloidal suspension due to the aggregation of vesicles and for
diluted suspension of vesicles with small refractive index, the turbidity and the optical density are
proportional to the scattered light. The optical densities at 600 and 500 nm for particles in PBS and
in 50% of FBS are reported in Table 3. At these wavelengths, the absorbance for the liposomes in
serum, as well as in PBS, increased only slightly or nothing with time, indicating that the dispersions
are stable as highlighted from DLS results.

3. Cellular experiments

Once the structural and stability properties of EGCG-loaded nanoparticles were determined, cellular
experiments were performed to assess cytotoxicity and potential activity as antioxidant delivery
system.

3.1. Cytotoxicity of EGCG-loaded magnesium-poloxamer liposomes in Retinal Pigment
Epithelial Cells

The toxicity of MPXL-EGCG was evaluated in ARPE-19 cells by MTT assay and compared with that

of corresponding concentrations of free EGCG (Figure 8). To exclude both positive and negative

Mg?* effect on cells vitality, we tested the EGCG molecule with and without magnesium ions.

Moreover, unloaded MPxL were also tested to verify the potential toxicity of the lipid vector used in

the present study.
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Figure 8. Cytotoxicity of free and encapsulated EGCG liposomes in ARPE19 cells. The cells were treated with various
concentrations of MPXL-EGCG, MPxL, EGCG, and M-EGCG (at concentrations equal to the catechin content in the
liposomal formulations) for 24 h in complete culture medium. The respective concentration of lipid (ug mL) for each
EGCG concentration tested in liposomes is reported above the histogram. Cell viability was determined by MTT assay.
The values in the figures are expressed as the means + SD. Significant differences can be observed between cell viability
in the presence of MPXL-EGCG vs. EGCG and M-EGCG groups, at 66 pM and 110 ug mL? of catechin and lipid,
respectively (*p<0.05).

The free EGCG shows low cytotoxicity in ARPE-19 cells. In detail, EGCG treatment did not decrease
cell viability up to 55 uM (Figure 8); at this percentage we observed instead an increase in viable
cells in relation to the control (55 uM, 115%). At 66 uM EGCG concentration, we observed ca. 20%
decrease in cell viability probably due to the pro-oxidative action of molecules at high concentrations
(Li et al., 2010) and/or to its strong interaction with cellular membranes (Nakayama et al., 2000)
leading to membrane leakage, change in membrane potential, and increase in permeability to protons
and potassium ions (Caturla et al., 2003). The same result was obtained with EGCG in presence of
magnesium ions, thus demonstrating that the bivalent salt concentrations, used in this study, did not
affect cell viability (Figure 8). Empty liposomes showed a similar trand as free EGCG with a decrease

in cell survival only at high concentration of lipid (110 pg ml?, ca. 20% of cell death compared to
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no-treated cells). In the MPxL-EGCG-treated cells, no decrease in cell viability compared to the
control was observed at the highest concentration of EGCG and lipid, despite an overall drop
compared to lower concentrations. The employment of liposomes probably allows EGCG
internalization thus avoiding massive surface membrane interactions that can alter cell membrane
fluidity and permeability. Based on these results, we chose the 55 uM concentration of bioactive

molecule which corresponds to 90 pg mL™* of lipids for the experiments described in the next section.

3.2. Enhancement of EGCG efficacy by magnesium-poloxamer liposome incorporation

In order to study MPxL-EGCG potential ability to protect ARPE-19 cells from physiological
stressors, oxidative damage mediated by hydrogen peroxide was induced. (lloki-Assanga et al., 2015).
MPxL-EGCG activity was compared with that of free EGCG and empty liposomes; in particular we
examined both inhibition of oxidative stress-induced cell death and morphological changes that occur
in the cytoplasm, mitochondria and nucleus of cells (Figure 9). After pre-treatment of ARPE-19 with
EGCG alone, MPxL and MPxL-EGCG for 24 h, cells were washed twice with PBS to avoid direct
extracellular interactions between the tested compounds and the oxidant. As shown in Figure 9A, the
free EGCG treatment, as described above, effectively protects ARPE19 cells from H2O2-induced cell
death (15% more cell viability than H2O2-exposed cells, p<0.05). The results also reveal that empty
liposomes MPxL had a protective effect against H.Oz-induced cell death (12% more cell viability
than than HOz-treatedcells, p<0.05); lipids play in fact an important role in cellular regulation, as
building blocks of membranes but also in transducing intra- or extracellular signals. Consequently,
liposomes can have a positive influence on cellular viability and appear suitable for drug delivery
application. (Caddeo et al., 2008) The encapsulation of EGCG in magnesium liposomes markedly
enhanced their protective effect against oxidative stress with an increase in cell survival of 40%
compared to H202-exposed group cells (p<0.001) and up to 25-28% when compared to free EGCG
and empty liposomes, respectively (Fig.9A).
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Figure 9. Effect of free EGCG and EGCG loaded in magnesium-poloxamer liposomes in ARPE19 cells after H202
exposure. The cells were pre-treated with 55uM free EGCG or EGCG encapsulated in MPxL, which correspond to 90
ug mL? lipid for 24 h, before being exposed to 6 mM H,0; for 6 h. A) Cell viability was determined by MTT assay. Data
are expressed as means = S.D. of five independent experiments, each performed in triplicate, **p < 0.001, *p < 0.05
difference from control, representing cells treated only with H;O-.; B) Qualitative evaluation of cell morphology was
done by TEM analyses. I, Il: Control cells with normal mitochondria, nuclear membrane, Golgi, striated endoplasmic
reticulum and villies between cells. 1ll: H,Oytreated cells with mitochondria bearing no cristae, swollen nuclear
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membranes, fragmented reticulm with loss of ribosomes; 1V: EGCG plus H;0, treated cells, some mitochondria retain
some cristae, reticulum retain some ribosomes; V: MPxL plus H,O; treated cells, similar to I11; VI. MPxL-EGCG plus

H,0, treated cells, many mitochondria retain cristae, a few normal ones observed, normal nuclear membrane.

We also examined, for all samples studied, ultrastructural changes of the mitochondria and other
cellular features using TEM and the results are shown in Fig. 9B. The control group cells exhibited
healthy normal appearing mitochondria, endoplasmic reticulum, presence of villi and normal nuclear
membrane (Fig. 9B, I-11). In contrast, H.O2-exposed group cells (I11) and EGCG plus H20- group
cells (IV) had almost completely damaged mitochondria and loss of ribosome from endoplasmic
reticulum. Nuclear membrane appeared swollen and villi severely reduced. In the empty liposomes
plus H20> cell group (V) the phenotype was less severe than in 111 and IV but still the nuclear
membrane and mitochondria showed major morphological alterations. In the MPXL-EGCG plus H.O>
group cells (VI) the nuclear membrane appeared normal; likewise for the untreated cell, the
endoplasmic reticulum was, in close proximity with mitochondria that were frequently undamaged.
Overall the damage induced by H>O» treatment induced substantial necrosis. Indeed, it is reported
that H2O: altered membranes as well mitochondria resulting in oncosis and blebbing, as defined by
Majno and Joris (Majno and Joris, 1995). Moreover, we rarely observed aspects of apoptosis in all
samples, suggesting that the oxidative insult was far too intense for the cells to trigger that pathway.
Thus, our findings of better preserved mitochondria in the MPxL-EGCG treated cells clearly suggests
that the liposomes can effectively increase the efficacy of EGCG treatment, maintaining

mitochondrial integrity and vitality.

Conclusion

The development of delivery nanosystems that can improve the biological profile of an active
ingredient is of utmost importance. In this work, EGCG was successfully encapsulated inside anionic
liposomes in the presence of magnesium ions; we obtained complete encapsulation using liposomes
prepared with an equimolar ternary lipid mixture (POPC/DOPE/CHEMS, final lipid concentration 3
mg mL?) containing 460 pg mL™* of EGCG and magnesium salt at 5:1 Mg*/EGCG molar ratio.
Poloxamer-407 was added to obtain stable nanodispersions, as demonstrated by DLS and
turbidimetric analysis, also in the presence of serum. XRD experiments show the location of EGCG
near the lipid head-group and a more ordered lamellar structure obtained by incorporation of
Poloxamer-407. Because age-related macular degeneration is also caused by oxidative stress, the
ability of the new liposomal system in contrasting H2O»-induced cell death was studied. MPxL-
EGCG liposomes show superior antioxidant activity compared with free EGCG, as evaluated by MTT

assay. Morphological analysis performed by TEM showed better preserved mitochondria in the
22



MPxL-EGCG treated cells, suggesting that encapsulated EGCG actually results very effective inside
cells.
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