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| 1. Introduction

Liposomes are small spherical particles composed mainly from different kind of lipids, which are organised in the form of
one or more lipid bilayers. This organisation allows them to be used as a simple approximation to living cells. As the
liposomes are fairly simple to produce, relatively stable and also much less delicate to handle than the human cell lines,
for example, they can be a very useful tool for determining the basic interactions of bioactive compounds or extracts with
the lipid bilayers. Therefore, many medicinal and food-based studies are performed on them [,

In food industry, one of the most widely used bioactive compounds are plant polyphenols, since they are numerous and
quite easy to obtain, even with as simple procedure as ethanol extraction. They are one of the most widely distributed and
complex groups of compounds in the plant kingdom, with >8000 phenolic structures currently known. Many of these have
strong biological activities, mainly strong antioxidant capacity (free radical scavenging and metal chelation activity). While
some polyphenols also showed possible beneficial implications in medicine, e.g., in treatment and prevention of cancer,
cardiovascular disease and other pathologies, other showed considerable antimicrobial activity. The most important
representatives of such phenols are phenolic acids, hydroxycinnamic acids and flavonoids, while certain individual
members of other groups of polyphenols are important as well. Polyphenols are an integral part of the human diet, and
they have gained more and more attention because of their potential beneficial effects on human health [&. However, to
understand their full potential, extensive investigations into their interactions with lipid membranes, among other things,
have to be carried out.

As the polyphenols have a very diverse and complex structures [&, each molecule has to be studied individually in order to
determine its solubility and positioning on or within the lipid membrane B4 its permeability through the bilayer &, and its
interactions with the membranes under different conditions [€l. Sometimes, synergistic effects among specific polyphenols
and/or other compounds are also studied, in order to better understand the interactions of complex extracts, such as
propolis, with the membranes . Since liposomes represent simplified versions of the cells, they are a very suitable
solution for studying the effects polyphenols might have on the lipid bilayers.

Indeed, many methods are applied to study how different compounds interact with lipid bilayers, and in this review we
focus on the most basic ones: differential scanning calorimetry (DSC), isothermal titration calorimetry (ITC), electron
paramagnetic resonance (EPR) spectrometry, nuclear magnetic resonance (NMR) spectrometry, fluorescence
anisotropy/polarisation spectroscopy, thiobarbituric acid reactive substance (TBARS) assays, calcein release assays, 4,4-
difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene, boron dipyrromethene (BODIPY 581/591 C11)
assays, confocal microscopy, and different methods for determining sizes and surface charges of liposomes.

| 2. Preparation of Liposomes

In order to study the membrane-polyphenol interactions, the lipid membranes have to be obtained/prepared first. The
options are many [&. More complex methods include using the membranes of the human cancer cell lines & or obtaining
them from living cells, such as erythrocyte ghosts L1 Others include creating them as tethered 22, planar 3] or other
none-spherical lipid bilayers 14!, while the simplest methods are based on preparing them as simple liposomes 12, The
first artificially made liposomes were created in the 40's by J.Y. Johnson, whom patented the method for the use in
pharmaceutical industry (I. G. Farbenindustrie Aktiengesellschaft). The so called “depots” were obtained when different



fats or fatty oils were mixed with various water solutions. A few decades later in the 60’s, unaware of this patent, similar
method for creating liposomes were discovered by different researchers, and with the extensive work by Alec Douglas
Bangham, one of the first to discovered how to obtained them and also how to use them as a membrane model systems,
liposomes quickly gained in popularity 18 They were soon recognised as robust, simply-created and efficient
replacements for model membrane systems and are in use ever since. As the preparation of liposomes is one of the
easiest, most cost-affordable options, many studies are based on them.

There are many different types of liposomes, some of which are more suitable for specific research techniques than
others. The most basic types are small unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs), giant unilamellar
vesicles (GUVs), multilamellar vesicles (MLVs), and multivesicular vesicles (MVVs) 4, as illustrated in Figure 1. SUVs,
LUVs and MLVs are used the most, especially for DSC (i.e., MLVs), polarisation and anisotropy or for EPR spectrometry
measurements (i.e., LUVs and SUVs) 18 To obtain MLVs, the thin-film or proliposomal methods are usually applied,
although other methods can be used as well.
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Figure 1. Different vesicle/liposome types and their diameters.

2.1. Thin-Film Method

The thin-film method is one of the most widely used liposome preparation techniques. It is based on the creation of a thin
film of lipids, which is formed on the inner wall of the rotary evaporator flask. The film thus obtained is latter hydrated with
a water or buffer solution. Before the hydration, it is very important that the lipid film, as well as the water/buffer solution,
are preheated above the lipids transitional temperature (T,,), when necessary, in order to enable a smoother creation of
the bilayer. This, coupled with the vigorous shaking and potential sonication in ultrasonic bath, enables the film to peel of
the flask and form liposomes. The liposomes prepared in this way are MLVs of different sizes 19, The encapsulating
substance can be added with the lipids before the formation of the thin film (in the case of lipophilic compounds) or with
the water/buffer solution (in the case of hydrophilic compounds). The biggest plus of this method is its high reproducibility
even when working with small quantities of compounds, while its biggest minus is its low encapsulation efficiency. It is
useful especially for encapsulation of lipophilic components in small, pharmaceutical quantities.

The method has been used by many different researchers L8I20[211[22][23] and the one described here was adapted from
Lasch, Weissig 24 and Lasic [23:

At first, 2-20 mg of lipids (e.g., 1,2-dipalmitoyl-sn-glycero-3-phosphocholine [DPPC], or 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine [POPC]) are weighted in a pre-weighted 10 mL rotary flask, then dissolved in 2-4 mL
methanol:chloroform mixture (3:7, v/v). Solvent is then evaporated at 200—300 mbar (rotary vacuum evaporator) during
heating in a water bath at 35—45 °C at appropriate rotation speed. The thin film is formed. It is further dried at high vacuum
(5-10 mbar) until constant weight (4 h or overnight (small volumes (<1 mL) can be dried by purging with dry nitrogen)).
Before the formation of the liposomes (hydration), the thin film and water/buffer are preheated above T, of the chosen
lipids. This is especially important in the case of lipids with high T,, (e.g., DPPC), whereas in the case of lipids with T,



around room temperature or lower (e.g., POPC) this is not necessary. The water/buffer is then added to yield
concentrations between 0.5-10 mg/mL of liposomes. The lipids are hydrated at temperatures above T, in closed rotary
flask (45 min; occasional shaking and sonication in the ultrasonic bath (=30 s/sonication); addition of small round glass
beads if necessary). Finally, the formed MLVs are sonicated in ultrasonic bath for 3 min, stored in plastic microcentrifuge
tubes, aerated with nitrogen gas, frozen in liquid nitrogen and stored at —80 °C.

Liposomes stored in this manner are stable for a long period of time. For the preparation of the liposomes with added
compounds (e.g., polyphenols), the compounds can be added to the lipids before the preparation of the thin film (i.e.,
dissolved in the chloroform/methanol mixture, for lipophilic compounds), or before the formation of the liposomes (i.e.,
dissolved in the hydration solution, for hydrophilic compounds).

Other types of liposomes (e.g., SUVs and LUVs) can be prepared from these MLVs by either sonication with a high-
intensity ultrasonic cell disruptor (for SUV preparation) or using the extrusion method (for SUV and LUV preparation). For
sonication, MLVs are kept in an ice-cold bath during the sonication (e.g., 15 min, 10 s on/off intervals, 40% amplitude, 750
W, for 1 mL MLVs at 1 mg/mL). The SUVs obtained are centrifuged at 15,800x g (RCF) for 6 min and then used in the
analysis 18 For the extrusion method (Figure 2), the MLVs need to be extruded multiple times through a thin
polycarbonate membrane filter of the required pore size using an extruder, thus creating different sizes of liposomes
depending on the filter pore size (21,
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Figure 2. Simple glass syringe hand extruder. The polycarbonate membrane filter of the selected pore size is inserted into
the filter support frame. One syringe is then filled with the liposome solution, which is extruded multiple-times from one
syringe to the other through the membrane filter, to create small or large unilamellar vesicles.

2.2. Proliposome Method

The proliposomal method might be the simplest method for obtaining the liposomes. In contrast to thin-film method, its
biggest minus is its relatively poor reproducibility when preparing smaller quantities of liposomes, while it yields much
higher encapsulation efficiencies. The method is based on dissolving the lipids in water and ethanol, while stirring at 60 °C
for roughly 10 min, to create a smooth lipid paste. After that, the lipids are cooled down and water/buffer is added in drops,
while stirring. The suspension is then hydrated for 1 h as MLVs are formed. The method is very useful for preparation of
larger quantities of liposomes, especially for assays like TBARS.

The method was used by different researchers [281271[28] and the one described here was adapted from Perrett, Golding
29, |n brief:

Between 0.1-1 g of lipids are weighted in a small glass beaker, then 96% ethanol and water/buffer (final
lipid:ethanol:buffer ratio of 1:1:2 (w/w/w)) are added. The mixture is heated at 60 °C in a water bath for =10 min with
stirring on a magnetic stirrer at 600-800 rpm until a fine paste is obtained. The lipid paste is cooled to room temperature
and an appropriate amount of water/buffer at room temperature is added in small drops during stirring. The MLVs are
formed. Those MLVs are further hydrated during stirring for 1 h at room temperature, following by sonication of liposomes
for 3 min in sonication bath. The obtained liposomes are stored for up to 2 days in the fridge (4 °C), or are transferred to
centrifuge tubes, aerated with nitrogen gas, frozen in liquid nitrogen and stored at —80 °C.

To obtain proliposomes with encapsulated compounds, the compounds can be added with the ethanol before (for
lipophilic compounds), or with the water/buffer during the formation of the liposomes (for hydrophilic compounds).

2.3. Injection Methods

There are many variations to this method, although the injection of the lipid suspension (for either hydrophobic or
hydrophilic organic solvents) into the water phase is characteristic of all of them. In general, the main advantages here are



the simplicity of the preparation procedures, and the preparation of large quantities of liposomes, although this also
requires large amounts of usually expensive compounds 22129, |n this review we will briefly discus the ethanol and ether
injection methods.

2.3.1. Ethanol Injection

Ethanol injection method is used for preparing liposomes ranging between 30-170 nm, and is usually used to prepare
SUVs. The size itself depends on the concentration of lipids and the injection speed. When preparing liposomes using this
method, the lipids dissolved in an organic solvent (in this case ethanol) are injected into the water phase during stirring,
and then the solvent is removed. The solution is then left hydrating during stirring for another 15 min. The ethanol can be
removed from the liposome suspension either by rotary evaporation or by centrifugation through a silica gel column.

The limitations of this method are very poor encapsulation efficiency of hydrophilic compounds, the relatively limited
solubility of lipids in ethanol, and the limited concentrations of lipids in the final solution due to the high ethanol content in
it. Also, ethanol concentration should not exceed 7.5%, in order to prevent liposome destabilisation, which impacts the
amount of the lipids that can be added 23181321 The method is otherwise quite useful for preparation of large quantities of
liposomes on industrial scale 23!,

2.3.2. Ether Injection

Ether injection method is very similar to the ethanol injection method, with the important exception, that the lipid solvent
used in this case, ether, does not mix with water at all. This, coupled with higher lipids solubility in ether opposed to
ethanol and the fact that ether does not disrupt liposome formation, enables the preparation of higher concentrations of
liposomes. After injection, ether is removed from the solution in the same manner as ethanol.

There are also some downsides to this method, as ether and water phases need to be at different temperatures during the
injection procedure, ether might affect the encapsulation of some compounds, and the liposomes formed have very
heterogeneous shapes. Injecting the lipid suspension into the water/buffer should also be slower than for ethanol injection
method, and it is advised to do this under vacuum. However, the liposomes produced using this method have higher
encapsulation efficiencies. In contrast to ethanol injection method, LUVs are formed rather than SUVs (2389, A fine
example of this method was applied by 24,

2.4. Emulsification Method

The emulsification method is similar to the injection methods, as the lipids are again dissolved in organic solvent and then
both organic and water phases are mixed together. In contrast to the injection method, however, smaller quantities of
water phase are added to the organic phase (i.e., at an inverted organic/water phase ratio), and not the other way around.
Also, the organic phase is not removed soon afterwards—instead, an emulsion of water in organic phase is formed. The
lipids form a monolayer around water droplets, and then the organic solvent is evaporated. With the evaporation of the
organic solvent, liposomes are formed around water particles. The mayor plus of emulsification method is, that it provides
higher encapsulation efficiencies compared to the injection methods. Among many different versions of emulsification
method known, the reverse-phase evaporation is one of the most basic ones 2130,

The reverse-phase evaporation method was used by different researchers B2I38] and the one described here was applied
by Cortesi, Esposito B2, Briefly:

First, 40 mg of phosphatidylcholine is dissolved in 1 mL chloroform/methanol (2:1, v/v) in a 25-mL round-bottomed flask,
followed by evaporation of solvent by rotary evaporation. Then either a different (i.e., ethanol or diethyl ether) or the same
organic solvent is added, to yield a final volume of 8 mL. Further, additional 2 mL of a water/buffer solution is added and
organic phase is evaporated by rotary evaporation at 40 °C under reduced pressure. The acquired aqueous suspension is
sonicated in ultrasonic bath, during additional shaking. The liposomes obtained in this way are mainly LUVs, with a mean
diameter of around 320-480 nm. To prepare smaller liposomes, these liposomes can be sonicated or extruded, as
indicated before. For encapsulation of compounds, lipophilic molecules are dissolved in the organic phase together with
the lipids, while the hydrophilic molecules are added together with the water phase.
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