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Abstract

The ability to selectively target drugs to their site of action is an increasingly important aspect
in medicine. Using drug delivery systems and introducing active targeting strategies could
maximise the accumulation of a drug to the desired site, while lowering its toxicity. Nanosized-
drug carriers have been suggested to achieve this goal, and liposomes are one of the most
studied nanocarriers. However, exploiting liposomes and other nanocarriers for delivery to the
hepatocytes remains challenging, despite liver disease representing some of the most common
diseases globally. In this work, different approaches have been taken to identify the best
strategy for targeting the hepatocytes and to study the impact of composition on the
physicochemical properties of liposomes.

First, a systematic review of the literature on hepatocyte targeting was conducted. Two
databases (Medline and Embase) were searched for published primary research over the past 5
years. The initial search identified 6460 articles, out of which 142 were eligible for full-text
screening and 25 were included in the review based on pre-defined inclusion/exclusion criteria.
The impact of the liposomes size, PEGylation and active targeting on liver accumulation was
probed using in vitro cellular uptake, and in vivo and clinical pharmacokinetics data. Overall,
the results showed that a liposome size between 100-200 nm and using a ligand such as
galactose, with a density no more than 20 mol% associated with higher cellular uptake and
better pharmacokinetics profile. Adding PEG increases the circulation time but did not enhance
the cellular uptake. However, using a dual modification of the liposome’s surface with PEG
and galactose appeared to be a promising strategy to target the hepatocytes.

Secondly, three neutral liposomal formulations (100-200 nm) made from phosphatidylcholine
derivatives (DSPC, soybean (SPC) and hydrogenated soybean (HSPC)) and cholesterol, using
thin film hydration method. Initially, the aim was to test the impact of composition on liposome

accumulation in different liver cells, but due to the pandemic, the full aim was not achieved.



Still, the liposomes were evaluated in terms of size, zeta potential and membrane fluidity.
Preliminary studies using SPC liposomes, suggested that a phospholipid: cholesterol ratio of
70:30 produced the best formulations; this ratio was then selected for all liposome
formulations. Overall, liposomes size was below 200 nm with a narrow distribution index (PDI
<0.3 a.u.). The zeta potential was within the range for neutral liposomes (-10 to 10 mV).
Surface modification was performed using 2 or 5 mol% PEG (neutral, cationic, anionic). In
general, PEGylation led to an increase in size, which was statistically significant for SPC
liposomes (p-value<0.01). As expected, the surface charge was reduced compared to non-
PEGylated vesicles. PEGylation efficiency varied between (22-85%), with DSPC liposomes
achieving the highest efficiencies (85% when 2 mol% PEG was used). Initial PEG loading also
affected PEGylation efficiency, with higher loadings achieved when 2 mol% PEG was used.
Membrane permeability studies performed using calcein as a hydrophilic probe, showed
temperature- and PEGylation-dependent patterns for SPC and HSPC liposomes (p-
value<0.05). Finally, lyophilisation was performed on SPC liposomes using 150 mM sucrose
using pre-and post-insertion method. In both cases, liposome size was maintained, but the post-
insertion resulted in better homogeneity. Altogether, this study confirmed that composition
must adjusted carefully when formulating liposomes, as this can affect the ease with which the

surface can be modified and the release rate of an encapsulated compound.
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Chapter 1: Literature review



1.1. Introduction

1.1.1. Liposomes (general overview)
Liposomes can be defined as small spherical vesicles and are obtained from the self-assembly
of phospholipids in water (Akbarzadeh et al., 2013). Depending on the number of bilayers

formed and the preparation method, the size of a liposome can vary from 30 nm to > 1 pum

(Figure 1.1.).
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1.1.2. Phospholipids composition and phase transition
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Figure 1.1.Phospholipid (A) and liposome structure (B).

As mentioned above, liposomes are formed from the self-assembly of phospholipids in water.
Phospholipids, the main constituent of the cell membrane, are amphiphilic molecules where
two alkyl chains are linked to a polar head via a phosphate group. The alkyl chains can have
different lengths, although chains with 16 to 18 carbons (Racey et al., 1989) are the most
common for liposome preparation. Both saturated and unsaturated chains can be used, which
will affect liposome properties as discussed later. Depending on the nature of the polar head,

phospholipids can have a neutral (zwitterion), positive or negative charge (Table 1.1.)



Table 1.1.Phospholipid classification based on the surface charge.

Type Source of surface Example Properties References
Charge
Neutral Choline. Distearoylphosphatidylcholine e Do not interact with the cell significantly, ¢ (Bozzuto and Molinari,
DSPC). ) :
N ( ) leading to drug release extracellularly. 2015)
CNFTN-OH /L_« e (Zhao et al., 2011).
/
0.0
0°
70
/\/\/\/\/\/\/\/\40/\/0%\/\/\/\/\/\/\/\/
0
Anionic Glycerol, serine, Dimyristoyl phosphatidylglycerol e Associated with some toxic effects e.g. e (Bozzuto and Molinari,

inositol, and
hydrogen.

OH

Ho._A_oH

(DMPG).
0

OH 0
Ho_h_of _L_o
Il

0 0]

pseudo-allergy when injected
systematically.
e Used commonly with transdermal DDS due

to their rapid penetration property.

2015)
o (Campbell, 1983).




Cationic

Phosphatidylethanol
amine.

H,N"\-OH

1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine
(DOPE).

e A carrier for marketed drug such as
Doxorubicin, Paclitaxel and Oxaliplatin.
e Used commonly in gene therapy.

e Can cross BBB.

¢ (Bozzuto and Molinari,
2015).
¢ (Koynovaetal, 2008).




Phospholipids can be derived either from natural or synthetic sources (Li et al., 2015). Natural
phospholipids can be obtained either from vegetables (e.g., soybean, cotton seeds and
sunflower), or from animal sources (e.g. lecithin from egg yolk) (Li et al., 2015; Singh,
Gangadharappa and Mruthunjauya, 2017). Furthermore, various synthetic phospholipids have
been manufactured for examplel,2-Dimyristoyl-sn-glycero-3-phosphorylcholine (DMPC),
1,2-Dioleoyl-sn-glycero-3-phosphocholine  (DOPC), and 1,2-Distearoyl-sn-glycero-3-
phosphocholine (DSPC) (van Hoogevest and Wendel, 2014). Because synthetic phospholipids
require long and sophisticated production and purification processes, semi-synthetic
phospholipids have been introduced (van Hoogevest and Wendel, 2014). There are several
reported methods for producing semi-synthetic phospholipids throughout a modification of the
tail, head or both of natural phospholipids (van Hoogevest and Wendel, 2014). Current
commercial liposome formulations have been prepared from both natural and synthetic
phospholipids; for example, soybean phosphatidylcholine (18 ©°C) and dimyristoyl
phosphatidylcholine (DMPC) (14 C) were incorporated in liposomal amphotericin B and
daunorubicin formulations respectively (Bulbake et al., 2017; Hamill, 2013; Warmack and
Gubbins, 2010).

Along with phospholipids, cholesterol is commonly added to liposome formulations at molar
ratios up to 50% of total lipids. Cholesterol is generally added to provide better control of the
membrane rigidity (Perrie, 2013). Cholesterol prevents lipid aggregation at low temperature,
and increase their stability at higher temperatures when cholesterol concentration is above 20%
(Briuglia et al., 2015). The most commonly molar ratio used for liposomes preparation is 70:
30 (phospholipid: cholesterol) molar ratio (Briuglia et al., 2015). It is suggested to use at least
30% cholesterol with the formulation can be beneficial throughout reducing the leakage of the
drug from liposomes, and decreasing the interaction between liposomes and plasma proteins

(Perrie, 2013).



Lipid composition plays a crucial role in determining the bilayer’s structure which ultimately
influences liposome properties (Perrie, 2013). The transition temperature (Tc) is an important
characteristic to consider when formulating liposomes (Ikeda et al., 2010). It is a unique feature
for each phospholipid and is defined as the temperature at which the lipid closed pack structure
convert into a random liquid crystalline phase (Figure 1.2.) (Anderson and Omri, 2004; Eze,
1991). The value of the Tc varies from —18 to 67 C and is affected by the properties of the alkyl
chains; for instance, the increase chain length will increase Tc simultaneously, and this will
lead to an increase the membrane rigidity, improving the stability and drug entrapment

efficiency (Ikeda et al., 2010).

Dipalmitoyl phosphatidylcholine

"OC

Rigid in the gel state

Mobile in the liquid crystalline state

Figure .1.2.11lustration of the influence of the Tc on the phospholipid state. A structure of the
phospholipid (A), lipid structure in gel state for instance below Tc (B), The crystalline state of the
phospholipid at Tc (C). Adopted from (EZE, 1991).

1.1.3. Liposomes preparation

Four conventional methods have been reported for liposome preparations: thin film hydration,
reverse phase evaporation (REV), solvent injection and detergent dialysis. Out of these, thin
film hydration and REV are probably the most common. All these techniques involve four basic
steps, beginning with dissolving the lipid (+cholesterol) in a volatile organic solvent (often

methanol or chloroform) followed by solvent evaporation. The dried lipids are then hydrated



with water or an isotonic solution. The methods differ only in the way lipids are dried and
rehydrated (Fendler and Romero, 2011; Laouini et al., 2012).

1.1.3.1.Thin film hydration

Thin film hydration method is considered the original method and still and simplest. This
method was proposed by Bangham in the early 60™ century (Laouini et al., 2012). A schematic

diagram of this process is illustrated below (Figure 1.3).
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Figure 1.3.Thin film hydration method.

This method usually yields multilamellar liposomes (MLVs) which have large size and shape
heterogeneity (Laouini et al., 2012). To reduce the size and gain a more uniform profile, two
size reduction techniques were suggested: sonication and extrusion. Sonication can be done
either with a probe or ultrasound bath and is used for small unilamellar vesicles (SUV)
formation (Ong et al., 2016). Similarly, extrusion over polycarbonate filters produces SUV or
LUV, depending on the membrane used (Berger et al., 2001). An example of a drug formulated

by thin film hydration is ibuprofen (Mohammed et al., 2004). The thin film method has the



advantage of the ease of handling with the limitation of having low drug encapsulation
efficiency (Laouini et al., 2012).

1.1.3.2.Reverse phase evaporation (REV)

The REV method has the same framework of the previously mentioned method with the
exception that the lipids are dispersed in an organic solvent which is mostly either diethyl or
isopropyl ether emulsified within an aqueous buffer; both solvents are highly volatile and can
be removed easily under the rotary evaporator (Andra et al., 2022; Cortesi, 1999). When the
organic solvent is then removed from the system under reduced pressure, LUV liposomes
would be formed. (Akbarzadeh et al., 2013; Laouini et al., 2012). This approach has the
advantage of high encapsulation efficiency as vesicles have 30 times more aqueous volume to
lipid ratio compared with the hydration method (Laouini et al., 2012). This is due to that, the
mixture undergoes solvent removal under rotary evaporator, and leading to the conversion of
the micelles to a viscous or gel which give this method an advantage of having large aqueous
volume (Andra et al., 2022). In addition, the immiscibility between the water and organic
solvents provides a high space between the water and lipid in which the drug can be
encapsulated (Akbarzahed et al., 2013). Gomez et al., (2019) studied the effect of using
different liposomal preparations (thin film hydration method, reverse phase evaporation
method, and freezing and thawing method) on the %EE. In this study, different antibiotics
namely (vancomycin hydrochloride, teicoplanin, and rifampin) were encapsulated in a DPPC
liposome. The results showed the highest encapsulation efficiency was obtained when using
REV method with an average of 90% compared to 50% and 33% for TFH and freeze and
thawing method respectively (Gomez et al., 2019). Another study carried out by Shi and Qi
(2021) to evaluate the encapsulation efficiency of different liposomes sizes prepared by REV
method. The Adriamycin liposomes shared the same composition (PtdGro: PtdCho: Chol

1:4:5). The below table gives an overview of the main findings of the study (Table 1.2.).



Table 1.2. The %EE for different liposome types and sizes using REV method.

Liposome type Liposomes size (nm) EE (%)
LUV 200-1000 35-65
MLV 400-3500 5-15
SUV 20-50 0.5-1

1.1.3.3.Solvent injection and detergent dialysis

Solvent injection technique in which lipid dissolved either in ethanol or ether is injected in
aqueous media to form liposomes. If using ethanol, as the solvent is miscible in water, the
desired liposomes are gained directly upon ethanoic lipid injection. In comparison, ether is
immiscible in water, and solvent removal is necessary in this case. This can be accomplished
by heating the water above the boiling point of ether to allow its evaporation (Laouini et al.,
2012). The solvent injection method generates SUV, with the advantage of a high entrapment
level but a drawback of its complexity (Mohammed et al., 2004). Liposomal salidroside is an
example of a drug formulated following this method (i Mohammed et al., 2004). Finally, the
detergent dialysis method aimed to form homogenous unilamellar vesicles by mixing the lipid
with a detergent followed by lipid removal by continuous dialysis (Kong et al., 2013). Although
this method is easy and requires low cost materials, it showed some drawbacks including
uncontrolled dialysis rate, the uncertainty of the obtained yield as the materials could be
retained on the filter membrane, poor reproducibility and being time-consuming (Ollivon et al,
2000). Paclitaxel which is used to treat ovarian cancer was formulated using this technique
(Crossaso et al, 2000).

As drug carriers, liposomes have advantages and drawbacks. On one hand, the attractive
biological properties of these vectors include enhancement of drug stability and efficacy,
selective targeting by the enhanced permeation and retention effect, ability for containment of
both hydrophilic and hydrophobic active ingredients, commercial availability,
biocompatibility, biodegradability, and lack of toxicity, (Hotheinz et al., 2005; Laouini et al.,

2012). On the other hand, liposomes have a low water solubility profile, can be susceptible to



oxidation particularly ones with higher unsaturation degrees and probability of leakage of the
loaded drug when formulated using for instance, thin film hydration method (Akbarzadeh et al.,
2013; Sahoo and Labhasetwar, 2003). Nevertheless, the previously mentioned advantages and
disadvantages can be balanced by carefully tailoring the physicochemical properties of the
formulated liposome (Samad et al, 2007).

1.1.3.4.Microfluidics for liposomes preparations in large scale

Although the previous reported methods can give a promising preliminary overview of the
prepared liposomes, the produced batches are small and the needs forwards finding a robust
methods for producing large quantities to meet the market needs is necessary. Microfluidics has
been reported as a potential technique for achieving larger amount of liposomes with controlled
size, PDI, and lamellarity (Carugo et al., 2016). The microfluidics system consists of three
inputs (the central one is for the phospholipids, and the remaining two inputs are for the aqueous
medium).

Liposome manufacture using microfluidics rely on mixing the organic solvent containing
phospholipids with the aqueous phase which driven through the stream of the channels’ groove.
Afterwards, the mixing continues in the chamber and the lipid starts to assemble into liposomes
(Shah et al., 2019). There are different methods for producing liposomes using microfluidic
which are hydrodynamic flow focusing methods (HFF), micromixer, and emulsion templets

(Zhang and Sun, 2021).

1.1.3.4.1. Hydrodynamic flow focusing methods (HFF)

HFF was first proposed by Jahn et al., (2004). Herein, the organic solvent is mixed with the
queues solvent until reaching the critical concentration. Then, the lipids self-assemble into
liposomes spontaneously (Yu et al., 2009). This method has an advantage of producing batches
with reproducible sizes. (Zhang and Sun, 2021). However, some limitations including lower

encapsulation efficiency compared to the remote loading. In addition, limitations in the size and
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the material to be generated. For example, partial removing of some solvents such as ethanol
which by then can impact the stability. Furthermore, when aiming to formulate liposomes with
a size smaller than 50 nm, the flow rate ratio should be 30 or higher (Zhang and Sun, 2021). An

illustration of the microfluidic process is provided below (Figure 1.4.).

Water

Lip id Small
gi anic Lipid self-assembly ) unilamellar
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solvent
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Figure 1.4.An illustration diagram of Hydrodynamic flow focusing method process (Carugo et al.,
2016).

1.1.3.4.2. Micromixer

Micromixer-based microfluidics are somewhat similar to HFF. It is a powerful method to
produce small liposomes (<20 nm). The staggered herringbone mixer (SHM) used in this
technique was designed by Stroock et al (2002), aiming to improve the liposomes scale-up
process (Stroock et al., 2002). The mixing efficiency using SHM is improved due to the special
zigzag-shaped champers involved in the system in which the materials passed and many mixing

cycles are applied. An illustration of the of the process is provided below (Figure 1.5.).
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Figure 1.5.An illustration diagram of the staggered herringbone mixer (SHM) (Carvalho et al.,
2022).

Both flow rate and number of cycles affect the quality of the product i.e., as increasing the flow
rate and number of cycles associated with production of < 20 nm liposomes’ size (Zhang and
Sun, 2021). Although this technique requires a careful selection of the solvent, flow rate,
number of cycles, lipid composition and concentration to ensure having the best results (Zhang
and Sun, 2021), it provides a good encapsulation efficiency and they showed their excellence
in the market for various marketed medications and vaccines including COVID-19 vaccine

manufactured by Pfizer (Tenchov et al., 2021).

1.1.3.4.3. Emulsion templates

In the emulsion template technique, a droplet with a defined size is mixed with immiscible
liquids to form giant liposomes (>10 pm) (Zhang and Sun, 2021). This method developed by
Weiss et al. (2018) aiming to encapsulate large biomaterials e.g. proteins and DNA (Weiss et
al., 2018). It has the advantage of high encapsulation efficiency and ensuring the complete
removal of the excess oil of the final product (Zhang and Sun, 2021). The drawback of this
method is that it requires a special Pico injection device to inject the emulation inside the narrow

microchannel which has a width of less than 2 um (Zhang and Sun, 2021).

For all of the above microfluidics techniques, it is important to take care of the factors affecting

the liposomes quality including the flow rate, lipid concentration, and the temperature
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micromixer (Zhang and Sun, 2021). Zizzari et al., (2017) reported that lipid composition is an
important factor in the determination of liposomes size. The researchers proved that there is a
direct proportional relationship between the lipid concentration and the liposomes size i.e. as
the concentration increases, the size increases too (Zizzari et al., 2017). In contrast, there is an
inverse relationship between both flow rate and the applied temperature corresponding to the
liposomes’ size i.e. decreasing the flow rate associated with increasing the liposomes size
(Zhang and Sun, 2021) and increasing the temperature associated with reducing the vesicles
size (Sulkowsk et al., 2005).

1.1.4. Liposomes characterisation

Characterisation is required to assess the quality of prepared liposomes (Ruozi et al., 2011). As
for most nanocarriers, this includes testing the main characteristics including size, zeta
potential, lamellarity lipid analysis and stability. If used for drug loading, characterisation
should include encapsulation efficiency, drug release (Laouini et al., 2012). As initially drug-
free liposomes will be used in this project, this section will focus on physicochemical

characterisation.

1.1.4.1.Particle size analysis
Liposome size is an important factor that influences blood circulation half-life time and
recognition by the mononuclear phagocytic system (MPS). MPS is a system which responsible
for the clearance of foreign bodies and composed of monocytes and macrophages. RES can be
found in blood, connective tissue, spleen, and bone marrow (Bozzuto and Molinari, 2015). The
literature stated that small vesicles (< 200 nm) interact less with the RES compared to larger
vesicles (Bozzuto and Molinari, 2015; Zalipsky et al., 1994). Several size analysis techniques
are available for instance dynamic light scattering (DLS), field-flow fractionation (FFF), and
atomic force microscopy (AFM) (Laouini et al., 2012). DLS is employed extensively for size

measurements and works by measuring the fluctuation of the scattered light from the particles

13



which result from the collision between the suspended particles and the solvent over time
(Edwards and Baeumner, 2006). The advantages of this technique include its ease of use and
requiring small sample volumes (Edwards and Baeumner, 2006; Laouini et al., 2012).
Disadvantages came from the lack of morphological analysis, and risk of gaining inaccurate
readings if small quantities of high molecular weight compounds or impurities are present

(Bozzuto and Molinari, 2015; Laouini et al., 2012).

1.1.4.2. Zeta potential (surface charge)

Surface charge is measured as the zeta potential and is related to the stability of colloids in
aqueous dispersions (Karmakar et al., 2012; Laouini et al., 2012). Charged particles tend not to
aggregate as they repeal each other due to repulsive forces to maintain stability (Kanasova and
Nesmérak, 2017). Zeta potential values that are greater than + 30 mV or less than -30 mV are
needed to provide colloidal stability (Kanasova and Nesmérak, 2017; Laouini et al., 2012).
However, a high positive charge can also be a problem because of toxicity and easy recognition
by RES (Bozzuto and Molinari, 2015). Similarly, anionic liposomes can be cleared quickly
because of the charge. Neutral liposomes may be stabilised by steric repulsion as will be
discussed in the section on stealth liposomes. The zeta potential is measured by Electrophoretic
Light Scattering (ELS). ELS is used to measure particle mobility in an electrical field; the
movement of particles towards a specific electrode at a certain velocity determines the zeta

potential (Laouini et al., 2012).

1.1.4.3. Lamellarity

Lamellarity, i.e. a number of lipid bilayers, can be determined by spectrofluorimetry, NMR and
small angle X-Ray scattering (SAXS) (Kanéasova and Nesmérak, 2017; Mukherjee et al., 2004).
Techniques involved in evaluating the number of bilayers are relatively simple (Edwards and

Baeumner, 2006; Laouini et al., 2012). They rely on detecting the alterations of lipids’
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fluorescent signals when reagents added and compare it with total signals without treatment

(Edwards and Baeumner, 2006).

1.1.4.4.Lipid analysis

Lipid analysis is used to quantify phospholipid content (Kandsova and Nesmérak, 2017;
Laouini et al., 2012). Molybdate-containing reagents have been used extensively with some
methods such as Bartlett, Ascorbic acid and Enzymatic assays for lipid analysis (Laouini et al.,
2012). All of these methods are associated with the colorimetric detection of lipids after
digestion, oxidation and/or hydrolysis. Also, chromatographic techniques, for instance, TLC
and UV were used for separation and lipid composition evaluation (Kandsova and Nesmérak,

2017; Laouini et al., 2012).

1.1.4.5.Colloidal stability

Stability is a vital principle in pharmaceutical manufacturing (Laouini et al., 2012). This
includes monitoring liposomes stability physically, chemically and microbiologically (Laouini
et al., 2012). From the physical perspective, this can be evaluated visually or through size
measurements (Laouini et al., 2012; Mohammed et al., 2006). From a chemical point of view,
phospholipids are susceptible to oxidation reactions which might alter the chemical stability
and induce membrane permeability changes (Laouini et al., 2012). Microbiologically, as the
majority of liposomes formulations are prepared to be injected parenterally, they should be
sterilised and free from any pyrogens throughout following the ascetic techniques during the
manufacturing process, and post-manufacturing throughout using a conventional stated method
such as filtration and lyophilisation to produce stable liposomal products (Kanasova and

Nesmeérak, 2017; Laouini et al., 2012; Mohammed et al., 2006).

1.2. Liposomes bio-distribution and stealth liposomes
One of the major issues that liposomes face is the rapid capture by mononuclear phagocyte

systems (MPS). MPS can be defined as a family of cells part of the immune system comprising
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macrophages, monocytes, and dendritic cells (DCs) (Lavoie and Levy, 2017; Hume et al.;2019).
Monocytes are the main components of MPS present in blood, macrophages are located in
tissues (Lavoie and Levy, 2017). However, DCs holds the responsibility for releasing antigen-
presenting cells. In general, MPS has many functions. This include digestion of the large
particles such as bacteria and fungi, presenting the antigen stimulate the adaptive immunity,
secreting some chemical i.e. cytokines to fight against any inflammation or infection, and it
exhibits cytotoxic activity against tumour and old cells (Lavoie and Levy, 2017). This lead to
a negative impact on the circulation time of liposomes (Immordino et al.; 2006). Removal by
the MPS depends on size, surface stiffness, and surface prosperities. In general, larger and
negatively charged liposomes are more susceptible to clearance than smaller and neutral ones
(Lavoie and Levy, 2017). Researchers hypothesised that naked liposomes i.e. non-stealth ones
are cleared more rapidly than PEGylated ones. Non-modified liposomes are usually cleared to
the liver and spleen. On the other hand, PEGylated liposomes clearance depend on many factors
as the following. Size plays a key role in stealth liposomes clearance i.e. Liposomes with larger
sizes i.e. 250 nm cleared more rapidly from the bloodstream than smaller ones i.e. 70 nm.
Researchers hypothesised that liposomes containing cholesterol are accumulated in the spleen
due to the presence of specific opsonin in the spleen phagocytes. Large stealth liposomes bind
to Kupffer cells and accumulate in the liver whereas smaller ones are commonly directed to the
bone marrow (Owensiii and Peppa, 2006).

Liposomes as an example for our research has progressed from conventional liposomes to
stealth liposomes aiming to provide longer circulation time and better targeting efficiency
(Bozzuto and Molinari, 2015). This is affected by different parameters which will be explained.
Generally, larger liposomes (400- 800 nm) are removed from blood circulation more rapidly
than smaller ones (200 nm). Liposomes containing high amounts of cholesterol are removed

more easily than liposomes containing a lower amount of cholesterol. Having a large liposome
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with a high amount of cholesterol showed a synergetic effect for rapid removal by MPS (Ishida
et al., 2002). Liposomes charge play a role in complement activation. Both neutral and
positively charged liposomes retained more in the bloodstream, whereas negatively charged
liposomes activate the immune system and removed more quickly due to their tendency to
aggregate in the presence of serum proteins (Amoozgar and Yeo, 2012). Regarding lipid
composition, unsaturated lipids activate the complement more potent than saturated ones. This
is due to that unsaturated lipids are common with natural phospholipids and being less stiff than
saturated ones (Monteiro et al., 2014).

Surface modified liposomes were used as a strategy to enhance the circulation time. This can
be obtained by using some materials such as PEG to gain stealth properties. These long
circulating liposomes are able to evade the immune system through the formation of a
hydrophilic shell, which 1) mask the hydrophobic surface of the liposomes and prevent
aggregation and 2) has been suggested to decrease protein adsorption and opsonin (Bozzuto
and Molinari, 2015; Verhoef and Anchordoquy, 2013). Still, the efficiency of PEGylation
depends on selecting a PEG chain with an adequate molecular weight and ensuring sufficient
coverage of the liposome (Suk et al., 2016). First, for the PEG molecular weight, there is a
direct proportional relationship between the PEG chain length and its molecular weight. The
suggested range of the PEG weight is to be between 2 and 20 kDa to prevent the aggregation
and the adsorption on the blood components (Miteva et al., 2015). Second, PEG density and
configuration, previous literature suggested that using lower PEG density i.e. less than 5% can
lead to liposomes aggregation overtime whereas using higher than 5% up to 10% can prevent
liposomes’ aggregation (Braeckmans et al., 2011). For the PEG configuration, it is suggested
that obtaining a good configuration between brush and mushroom is desired to ensure a full

coverage of the liposomes’ surface (Parambath, 2018). The detailed explanation is provided in
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below in the same section. The figure below shows the main pathways for complement

activation (Figure 1.6.).
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Figure 1.6.The three main ways for complement activation. Retrieved from (Janeway et al., 2001).

PEG has several advantages in pharmaceutical manufacturing e.g. biocompatibility, low

toxicity and immunogenicity, and its good excretion prosperities (Bozzuto and Molinari, 2015).

PEG has been used extensively due to its hydrophilic property, natural flexibility, allows PEG

chains to extend freely in aqueous solution (Owensiii and Peppa, 2006). This property creates

a repulsive force to balance the attractive force between the particles and opsonin (Owensiii

and Peppa, 2006). The idea behind this approach is based on decorating the outer surface of

liposomes with PEG to hide the liposomes from the recognition by the MPS (Nag and Awasthi,

2013). This would generally leads to the formation of a hydrophilic shell, increases the half-life

time, and evading the capture by MPS (Salmaso and Caliceti, 2013). Table 1.3. summarises the

main methods used to prepare stealth liposomes.
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Table 1.3. Summary of different materials used for stealth manufacturing (Amoozgar and Yeo, 2012; Barclay et al., 2019; Boddou et al., 2021; Franco
and De Marco, 2020; Harijan and Singh, 2022; Nag and Awashti, 2013).

Material Example IAdvantages Disadvantages
PEG lipo-polymers There are three classes: o Increase the circulation time. 3 PEG prevents the liposomes’ hydration
o PEG-Phospholipid: | Low toxicity. leading to the leakage when inserted during
PEG-DSPE. o The gold standard for most manufacturing.
o 2-PEG-Non- formulations. 3 Some PEGylated products can generate
phospholipid: Cholesteryl- o There are approved PEGylated anti-PEG antibody which leads to ABC
PEG and PEG- products for treatment such as Doxil. phenomena.
Sphingomycine. 3 Can induce immunogenic response
o 3-Hyerbranched PEG: depending on the configuration brush or
PEG350 Derivatives. mushroom.
Vinyl based lipo- Polyvinyl pyrrolidone (PVP) |e Increase the circulation time. o Non-biodegradable
polymers and poly (cryl amide) o Reduce the accumulation in the liver. |o When used with a molecular weight
(PAA). o Non-toxic. above 25 KDa accumulates in the body.
o High temperature resistant and pH | Needs further investigations in the
stable. liposomes research as it is not commonly used.
3 Possibility of the presence of the solvent
residue in the final product.
Poly(2-Oxazoline)- Poly(2-methyl-2-oxazoline) |e Increase the circulation time. o Biological and stability studies are few
Based Lipopolymers (PMOZ)- and poly(2-ethyl-2- | Reduce the accumulation in the liver fand need further evaluation to be confirmed.
oxazoline) (PEOZ)-linked  [and spleen. 3 Possibility of inducing microbial
DSPE . o Has a close behaviour to PEG-lipo- [contamination.
polymers. 3 Upon storage, excessive hydration and
o Good choice for low soluble and reduced viscosity can occur.
metabolically low-stable materials.
Poly (Amino Acid)- polyglutamic acid (PGA), o Increase the circulation time. . Increase the compliment activation which
Based Lipopolymers poly(hydroxyethyl-L- o Reduce the accumulation in the live [limits their use in surface engineering.
asparagine) (PHEA) and and spleen.
poly(hydroxyethyl-L- g Biodegradable.
glutamine) (PHEG)
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o Has been used in drug delivery
application e.g. with Paclitaxel.

Zwitterionic phosphobetaine, sulfobetaine o Low fouling material. 3 Difficult to be synthesized as solvents
Lipopolymers or carboxybetaine moieties. |o Good stability and more resistance  [needed for their preparation are not common.
against aggregation when using at 5 mol%
and higher.
o Low compliment activation.
o Highly hydrophilic material which
reduces the interaction with the extracellular
components.
Polysaccharides Dextran and Chitosan. o Biodegradable. 3 Expensive.
o Availability. o High tendency towards complement
o Low immunogenicity. activation.
o Increase the circulation time. o Low solubility in organic solvents.
o Abundant functional groupstobea o When formulating a sustained release
ligand for targeting. formulation, polysaccharides-based drugs require

a slow enzymatic degradation.
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From the above table, it is clear that the different stealth materials share some advantages
including low toxicity and increasing circulation time. Different disadvantages for different
types of stealth materials were reported including the difficulty of synthesis, lack of biological
and stability studies, and the possibility of complement activation (Salmaso and Caliceti, 2013).
PEG appeared to be the most extensive hydrophilic polymer used for surface modification. PEG
has different types and molecular weights and can exist in mushroom and branched
configurations (Immordin et al, 2006). PEG act as a steric stabilizer (Milla et al., 2012). It act
by hiding the hydrophobic surface, thus, decreases the liposome recognition by the
macrophages and extend their circulation half-life time (Milla et al., 2012).

PEG can be incorporated into liposomes in different ways. First, by adding the polymer during
the liposomes preparation (pre-insertion method) either with the lipids in an organic solvent or
during rehydration. This method has the advantage of simplicity, but some drawbacks were
reported; for instance, pre-insertion makes the extrusion step more difficult. Also, modification
of both the inner and outer surfaces could result in interference with the interior space, which
is intended for drug loading (Nag and Awasthi, 2013). In contrast, the post-insertion method
ensures that modification will take place on the outer surface only. For this method, PEG-
phospholipid is added to pre-performed liposomes at a transition temperature above the Tc of
the lipid. The PEG-phospholipid concentration should be higher than its critical micelles
concentration (CMC) 10-20 uM (Milla et al., 2012; Sou et al., 2000). PEG-DSPE appeared to
be the most common type of PEG used due to its biocompatibility, having biodegradable
characteristic, and due to its amphiphilic property which allow it to be used with various
molecules for different purposes (Che, et al., 2015). Moreover, the idea behind adding PEG-
phospholipid at a temperature above Tc is to enhance the transition of the phospholipid from
gel to the crystalline phase, to facilitate insertion of the PEG chains (Kastantin et al., 2009). An

illustration of the two different methods used to insert PEG is provided below (Figure 1.7.).
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Figure 1.7.The two methods of adding PEG to liposomes, pre-insertion methods (I), and post-
insertion method (II). Retrieved from (Nag and Awasthi, 2013).

In order to ensure the success of PEGylation, several factors must be set-up (Salmaso and
Caliceti, 2013). This includes PEG molecular weight, PEG density, liposome rigidity, and
polymer surface confirmation. PEGylation efficiency is proportional to its chain length; for
instance, if longer chains are used, greater stability and longer circulation time can be achieved
compared with shorter ones (Milla et al., 2012). Using low molecular weight PEG (less than
2000) (Owensiii and Peppa, 2006) can yield inhomogeneous coating and poor steric stability,
thus liposomes being more susceptible to clearance and vice versa (Salmaso and Caliceti, 2013).
Liposomes rigidity is an important factor in ensuring good incorporation of PEG into
liposomes. Low rigidity and using phospholipids with low Tc enhance the leakage.

The polymer conformation can either be brush or mushroom. Brush confirmation is usually
associated with higher PEG density (5 mol% or above), whereas the mushroom occurred with
lower densities (Salmaso and Caliceti, 2013). In both cases, it is necessary to ensure using PEG
with a molecular weight of 2000 and above to ensure its flexibility as shorter are less flexible..
Mushroom configuration is associated with low surface coverage or partial coverage leads to
their recognition by MPS and clearance. On the other hand, a high surface coverage was

obtained with brush configuration, but PEG’s steric hindrance prosperities were decreased due



to reducing their mobility (Parambath, 2018). The optimal surface coverage is between
mushroom and brush where sufficient coverage was guaranteed, with ensuring PEG flexibility
(Owensiii and Peppa, 2006). Researchers suggested that using 5% of PEG-2000 and higher can
be a good solution for providing good coverage besides to ensuring PEG flexibility (Owensiii
and Peppa, 2006). The figure below is showing the difference between the two PEG
confirmations (Figure 1.8.).

Mushroom Brush

aane HOOGG

Figure 1.8. PEG brush Vs mushroom configuration

Several approved PEGylated liposomal formulations in the market showed their succeed are

listed in the below (Table 1.4.).

Table 1.4. List of the approved PEGylated formulations (Mohamed et al., 2020).

The approved
Clinical indication Type of PEG used
drug

ONPATTRO Hereditary transthyretin | PEG (2000)-C-DMG
amyloidosis

Onivyde Pancreatic MPEG-2000: DSPE
adenocarcinoma.

Lipusu Gastric, ovarian and lung | PEG2000
cancer.

Lipo-Dox Breast and ovarian PEG 2000-DSPE
cancer.

Doxil Kaposi’s sarcoma. PEG 2000-DSPE
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After administrating, these liposomes will undergo several pharmacokinetics processes inside
the body. These stealth liposomes are designed to enhance their targeting. Thus, these are
required to be formulated with care to avoid their clearance. PEGylated liposomes are mainly
removed by phagocytosis through RES (Mohamed et al.; 2020).

There are several methods reported to quantify PEG. It can be quantified colorimetrically using
spectrophotometer instrument i.e. UV-Vis, HPLC or Mass stereoscopy (Jones et al.; 2014), or
by NMR to assess the grafting density (Lu et al.; 2019). The colorimetric assay is considered
the simplest assay for PEG quantification. It is based on reacting the liposomes with
Phospholipase C and deoxycholate to solubilize the phospholipid, then adding an equal amount
of the same solubilizing solvent of the liposomes with ammonium ferrothiocynate. This mixture
was incubated and shaked for 30 minutes. The upper layer was removed, and the bottom layer
was measured using UV-Vis at L = 510 nm (Jones et al.; 2014). The higher the concentration,
the darker colour to be obtained.

1.3. Lyophilisation

Lyophilisation (Freeze-drying) is a common drying method and, for nanomedicines, offers a
means to ensure long-term stability (Abdelwahed et al.; 2006). Nanoparticles in the aqueous
form are susceptible to both physical instabilities, e.g. aggregation and fusion, and chemical
instability including hydrolysis and the possibility of microorganism growth (Fonte et al.;
2016). Specifically, for liposomes, both chemical and microbiological instability can be derived
from the tendency of the phospholipid to be hydrolysed in the aqueous solution. This was
reported mainly with the short acyl chain lipids with an anionic polar head group e.g. DMPG
(Fouladi et al., 2017). To avoid this, it is suggested to convert these formulations to a solid state,
thus ensuring long-term stability with an easy reconstitution profile. Lyophilisation is one of
the most commonly techniques used to achieve this goal. Up to date, twenty liposomal

formulations approved for clinical use are lyophilised (Wang and Grainger, 2019). However,
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there are some challenges represented by the presence of destabilisation factors as presented in

(Figure 1.9.).
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Figure 1.9. Different liposomal instability and the benefits of lyophilisation. Retrieved from
(Franzé et al., 2018).

The freeze-drying process consists of three steps, starting with freezing the solution, then ice
removal through sublimation (First drying), followed by desorption (Secondary drying)
(Abdelwahed et al., 2006; Jensen et al.; 2002). During the freezing step, the solution is frozen,
leading to the formation of ice crystals. The freezing step is crucial, as the lyophilisation stress
has an effect. At higher temperatures, above the freezing temperature, the suspension separates
into two phases, water, and bulk phase. While freezing at decreased temperature leads to a
decrease in the spacing between the phospholipid and head group, leading to micelle formation
and aggregation (Abdelwahed et al., 2006). This gives an indication of the importance of Tc
and why paying an attention to this factor when selecting the material required for the freezing.
The freezing rate can be rapid or slow. Rapid freezing speed usually leads to the formation of
microscopic damage for liposomal membrane whereas slow freezing (blow 0.5 K\min) protects
the formulation, ensuring the formation of a high-quality dried product (Arshinova et al.; 2012).
The primary drying step involves lowering pressure and increasing the temperature to achieve

the sublimation. Drying time differ depending on the formulation type and vial depth (Franzé
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et al.; 2018). In secondary drying, the temperatures increased and water desorption for the

residual moisture content occur (Franzé et al.; 20). The estimation of the drying time is

computerised and differ from one formulation to another (Kodama et al.; 2014). The estimated

average time for the secondary drying is 6 hours (Kodama et al.; 2014). The net result for these

steps is preventing the hydrolysis of both liposomal phospholipids and the encapsulated drug

and the formation of a stable product (Torchilin et al.; 2003 and Tsinontides et al.; 2004).

A good lyophilised liposome should show easy reconstitution characteristics, good dried

powder formation, a low moisture content (1-2%), and a long stability profile (Arshinova et al.,

2012; Williams and Polli, 1984). The quality of the final lyophilised product can be assessed

using various methods. The table below shows the different techniques used to evaluate the

quality of the lyophilised products (Table 1.5.).

Table 1.5.Different techniques used for assessing the lyophilised product quality.

Assessment Technique

Applications

Reference

Atomic force microscope (AFM),
Transmission electron microscopy
(TEM), and Scanning electron
microscopy (SEM).

To visualize the microstructure of the

dried powder.

(Wahl et al., 2016)

X-Ray photoelectron
spectroscopy (ESCA), and
Differential scanning calorimetry

(DSC).

For powder and changes in
temperature analysis.
DSC is the equipment of choice for

thermal analysis.

(Wahl et al., 2016)

Dynamic light scattering (DLS)

For size and zeta potential

measurements

(Franzé et al., 2018).

Ultra-violet spectroscopy (UV)
and High performance liquid
chromatography (HPLC)

For drug content determinations

(Ghanbarzadeh et al.,
2013).

Infra-red moisture balance

Residual moisture content

determination.

(Khampakool et al., 2020).
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Each technique is intended for a specific use. To study the structure of the dried powder, atomic
force microscopy (AFM) is suggested. AFM detects the structure through that, when the
cantilever deflects, it interacts with the sample, the laser light will then produce, and the
topography of the sample can be detected (Chang et al., 2012). In order to study the sample
composition, DSC can be used. DSC work by detecting the thermodynamic of both blank and
sample and record the difference in the enthalpy as a function of the temperature (Gill et al.,
2010). Other techniques are also played a role for their use e.g., DLS for size measurements,
HPLC for evaluating drug content, and infra-red moisture balance for moisture content
determination.

Emami et al.; (2018) reported the main fundamental aspects for the obtaining good
lyophilisation. This includes the control of the process parameter including cryoprotectant
concentration, freezing rate and temperature, and drying time and temperature. They affect
different stress types for example crystallization, dehydration, and interfacial stress. The
resultant product can be assessed for their quality characteristics. Good lyophilised powder
should be intact as a layer, have uniform colour, have a high strength to compensate the
cracking. A summary of the main fundamental lyophilisation process and the advantages and

limitation is provided in (Table 1.6.).
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Table 1.6. The main fundamentals of freeze-drying process. Retrieved from (Emami et al., 2018).

e Suitable for
easily oxidised

material.

Process Stress Advantages Limitations Powder
parameter characteristic
e Cryoprotectant | eCrystallisation. | eElevated e Expensive eintact cake.

concentration. | eDechydration temperatures are set-up and e Uniform
e Freezing stress. not required. maintenance colour.
temperature e Interfacial ® Moisture cost. ¢ Consistency.
and rate. stress (Ice- content is eLong e High surface
¢ Drying Liquid). controlled. processing area.
temperature e Short time. eHigh
and time. reconstitution e Complex strength to
time. process prevent
e Homogenous cracking.
dispersion.

Liposomes lyophilisation is a challenging process due to the possibility of bilayer destruction,

aggregation, and leakage of water-soluble drugs (Fonte et al.; 2016). Therefore, some excipients

called “cryoprotectants or lyoprotectans” were suggested to be used (Fonte et al.; 2016). They

act as protective materials against the lyophilisation stress and preserve the liposomes’ structure

and physicochemical properties from damage by various mechanisms (Wolfe and Bryant,

1999). For instance, cryoprotectant enhances the vesicles withstand during the freezing step. In

addition, they inhibit both aggregation and phase separation. Furthermore, they keep the

encapsulated drug from leakage and improve the liposomes’ rehydrating property (Chen et al.;

2010). An illustrative figure for the difference of the freeze-dried lipid with and without using

sugars (Figure 1.10.).
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Figure 1.10. Phospholipid bilayer after rehydration with and without sugar. Retrieved from
(Franzé et al., 2018).

Both lyoprotectant and cryoprotectant are used during lyophilisation and known for their low
transition temperatures, thus guaranteeing the formulation's complete freezing (Chen et al.;
2010). Lyoprtoectant protects the formulation during the drying steps while cryoprotectant
protects during freezing (Haeuser et al., 2020). The most typical cryoprotectants are sugars
including monosaccharides (glucose, fructose, and galactose), disaccharides (sucrose, lactose,
trehalose, and maltose), and trisaccharides (Raffinose) (Mohammady et al.,2020). Some
compounds have an advantage over others due to their optimum Tc i.e., Trehalose (-110 °C),
and Sucrose (-65 ° C) (Jovanovic et al.; 2006). This is due to that, if exceeded the Tc (the
temperature required during the first drying stage), the glass temperature (Tg) which is (the
temperature required to convert the sample from highly viscose to crystalline form) will
increase, and a collapse can occur (Barresi et al., 2009) A table for the most common used

cryoprotectant and lyoprotectant is provided below (Table 1.7.).
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Table 1.7. Main classes for cryoprotectant/lyoprotectant.

Cryoprotectant/lyoprotectant

class

Examples

Explanation

Reference

Sugars (Lyoprotectant).

Monosaccharides (glucose,
fructose, and galactose),
disaccharides (sucrose, lactose,
trehalose, and maltose) and tri-

saccharides (Raffinose)

¢ Trehalose at 5% concentration is more efficient than other
sugars due to lack of internal hydrogen bonding, low
hygroscopicity, low chemical reactivity.

o For stabilizing the PS of chitosan NPs, glucose, sucrose,
trehalose, mannitol as cryoprotectants at concentrations of
5%, 10%, 20%, and 50%.

e Trehalose at 5% concentration showed the best results.

1-(Mohammady et al., 2020).
2-(Maet al., 2017).

Polyols (Cryoprotectant)

Glycerol, mannitol, sorbitol,

adonitol, and inositol.

o Less effective than sugars.
o Glycerol was used more than 50 years ago.

e It is less toxic than DMSO and PVP.

1-(Mohammady et al., 2020).
2- (Umerska et al., 2018).

Polymers (Cryoprotectant)

Dextran, starch, PEG, and

o Have stabilising effect for the nanoparticles.

1-(Mohammady et al., 2020).

polyvinyl pyrrolidone. e Using 1% PEG-2000 showed a good stabilising effect 2- (Umerska et al., 2013).
compared with 3% of trehalose.
o PVP can be used as a cryoprotectant to avoid stress
occurred during freezing step.
Oxides (Cryoprotectant) DMSO e Provide the maximum protection of the liposome's 1-(Mohammady et al.,

integrity during the freezing step.

2020).
2-(Salazar et al.,2012).
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Cryoprotectant/lyoprotectant works by two mechanisms which are water replacement and
matrix formation (Wang and Grainger, 2019; Arshinova et al.; 2012). Water replacement
hypothesis was first stated by Crowe et al.; (1996) in which sugars interact with the head group
in the phospholipid through the formation of hydrogen bonds, leading to Tc reduction of the
lipid membrane in the solid state. Also, sugars reduce the interaction between the water and
phospholipid and replacing the water (Chen et al.; 2010). Examples of cryoprotectants used

with some of the approved liposomal formulation for clinical use as stated in (Tablel. 8.).

Table 1.8. A list of Some approved liposomal formulations as freeze-dried form. Retrieved from
(Arshinova, et al., 2012).

Approved formulation | Liposome Cryoprotectant Clinical indication
composition used

Ambisome HSPC: Cholesterol | Sucrose Systemic fungal

(amphotericin B) infections

Myocet (doxorubicin) | EPC: Cholesterol | Lactose Breast cancer
metastases

Nyotran (nystatin) DMPC: DMPG Dextrose Systemic fungal
infections

Lipoferon (interferon- | Lecithin: Lactose Acute hepatitis B,

alpha 2b) Cholesterol chronic hepatitis C.

Lipoflavone (quercetin) | Lecithin Lactose Wounds and post-

operation wounds of

cornea, keratitis.

Visudin DMPC: PG Lactose For photodynamic

(verteporphyrin) therapy in
ophthalmology.

Lipodox (doxorubicin) | Lecithin Lactose Kaposi sarcoma, ovary

cancer metastases.

From the above table, lactose is the most abundant used cryoprotectant with the approved
liposomal formulations. A series of studies proved that lactose and sucrose are the most suitable

cryoprotectant (Mohammady et al., 2020). Sucrose is a highly soluble compound in water,
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facilitate the sublimation step without affecting or changing the characteristics of the
encapsulated drug. One the other hand, the use of lactose enabled an aqueous dispersion to be
lyophilised without losing its integrity, homogeneity, and liposome size (Mohammady et al.,
2020). However, some excipients are known to be used during freeze-drying for different
purposes. A list of the common excipients used during freeze-drying and their role is provided

below (Table 1.9.).

Table 1.9.A list of the common excipient used during freeze-drying and their role. Retrieved from
(Sadikoglu et al., 2006).

Excipient Examples Role

Bulking agent Hydroxyethyl starch, Provide bulk to the formulation
trehalose, mannitol, specially when using low
lactose, and glycine. volume of the product

Buffer stabilizer Phosphate, tris HCI, PH adjustment.

citrate, and histidine, and Protect the formulation from
sodium chloride. drying stress.
sucrose, lactose, and

sodium chloride.

Tonicity adjustment Mannitol, sucrose, glycine, | Controlling the osmotic
glycerol, and sodium pressure and yielding isotonic
chloride solution.

Collapse temperature Dextran, hydroxypropyl-p- | To allow the formulation to

modifier. cyclodextrin, PEG, and withstand high drying
PVP. temperatures.

The type and concentration of the cryoptectant/lyoprotectant used, and the insertion method of
the cryoprotectant/lyoprotectant (Pre- or post-insertion method) affect the liposomes size. One
study was carried out to compare the difference of liposome’ size after lyophilisation without
any excipients and with a different type of sugars and assessing the optimal lipid: cryoprotectant
ratio based on the size consistency before and after lyophilisation (Stark et al., 2010). The

liposomes consist of lyso-stearyl-PG, POPC, or DSPC with molar ratios of 5:38:57 with 30 mg
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of DSPE-PEG2000, prepared using thin film hydration method. Cryoprotectants were added
post-manufacturing, then froze for 48 hours at -80 °C. The initial liposomal size was 100 nm.
The size increased approximately 2-fold (260 nm) when lyophilised without any
cryoprotectants. When using 1:5 (liposomes: cryoprotectants), particle size changed according
to the cryoprotectant used as the following 175 nm, 160 nm,150 nm, and 160 nm when using
glucose, lactose, trehalose, and mannitol respectively. However, size returns to 100 nm when
using 1:10 ratio (Stark et al., 2010). For lactose and trehalose, better homogeneity obtained
confirmed by the PDI (0.15 a.u.). In contrast, glucose, and mannitol, even if there was no

obvious difference in terms of size, PDI was high (ca. 0.3 a.u.) (Stark et al., 2010).

Lyophilisation is affected by some factors including the type of phospholipid, cholesterol
concentration, and surface modification of the liposomes, and liposomes size (Arshinova et al.,
2012). First, phospholipid length and saturation degree affect the Tc (Hays et al., 2011).
Cholesterol as a rigidity modifier has an impact on lyophilisation and formulation stability.
Liposomes with no or low cholesterol concentration are more susceptible to dehydration over
long storage time (Popova et al., 2000). Having an optimal concentration of cholesterol in the
formulation increase the liposomes rigidity and enhance the withstand ability of the liposomes

against the quick cooling (Franzé et al., 2018).

For surface-modified liposomes with PEG, using various PEG molecular weights are often
(2000-5000 etc) for the protective effect. A study was performed aiming to assess the difference
between PEG-2000 and PEG-5000 when used as a cryoprotectant depending on the diameter
size and drug inclusion percentage. Liposomes were prepared from lecithin and cholesterol and
were loaded with cardiolipin. Results obtained with PEG-5000 appeared to be more promising,
confirmed by 155 + 23 nm average size and 90% % encapsulation compared with 105 = 30 nm

average size and 78% when using PEG-2000 (Arshinova et al., 2012). For PEGylated
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liposomes, sugars are the best choice for lyophilisation (Hinrichs et al., 2006). This was
confirmed by using sucrose with PEGylated paclitaxel liposomes (Chen et al., 2010). Sucrose
is added to prevent the stress during the drying stage (Guimaraes et al., 2019), whereas PEG
protect the integrity of the liposomes during the freezing step (Amin et al., 2004). In general,
most of the approved liposomal formulations are in a lyophilised form. This would lead us to
explore more on these approved formulations, advantages, disadvantages, and the challenges

to overcome the reported toxicities.

1.4. Rationale of this work

There is a growing attention for the use of liposomal formulations in pharmaceutical field.
There are currently many successful approved liposomal products in the market and in clinical
development too. Examples of the successfully approved products include Doxil, Lipodox,
Onpattro, Onivyde, Vyxeos, and DaunoXome. Notably, the approved formulations were mainly
indicated for a wide range of non-liver cancers such as breast, ovarian, lung, colon and blood
cancer. Interesting reports from post-marketing data reported hepatic-related adverse drug
reactions associated with the use of these products. According to the adverse drug events data
from the FDA and the Surveillance databases, there was a noticeable number of reports
reporting hepatic toxicities that included liposomal formulation. Records form the FDA,
reported the highest incidence rate for the hepatotoxicity was reported with (Ambisome), with
an average of 333 out of 3515. The least reported hepatotoxicity incidences were Lipodox only
one incidence (U.S. Food and Drug Administration, 2021). Likewise, data from the
Surveillance database showed that, Doxil had 79 hepatotoxicity reports out of 3399. The least
number of reported liver toxicity for the liposomal formulations was 4 out of 211 with Onivyde
(EudraVigilance - European Medicines Agency, 2021).

Literatures suggested that, the induced hepatotoxicity can be due to the interaction of the

liposomal formulation with the liver cells which leads to the toxicity (David and Hamilton,
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2010). Different mechanisms are suggested according to the toxicity induced by each
formulation. For example, Amphotericin B which used as an antifungal medication (Bozzuto
and Molinari, 2015) lead to an elevation in the liver enzymes, serum aminotransferase. The
exact mechanism is still unknown (David and Hamilton, 2010). However, the reported
hyperbilirubinemia is expected to happen due to the inhibition of bilirubin transport mechanism
(Hoofnagle et al., 2013). The hepatotoxicity with the anticancer drugs e.g., doxil and Vyxoses
is rare (Hoofnagle et al., 2013). However, as the metabolism of the active compounds takes
place in the liver. Upon their metabolism, some toxic and immunogenic intermediate are
released might trigger the liver. For the reported elevations in alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) enzymes can be lined with the activation of the reactive
oxygen specious which leads to lipid peroxidation, and ultimately leads to elevation in liver
enzymes (Kalender et al., 2005). Onyvide is metabolized in the liver by Cytochrome P450 (CYP
3A) and uridine diphosphate-glucuronosyltransferase (UGT1A1). The reported steatohepatitis
might occur as a result of the formation of toxic metabolites upon their metabolism in the liver
(Hoofnagle et al., 2013). It is difficult to decide if this hepatotoxicity is related to the use of
these drugs directly as several factors including genetic differences, medical history, the use of
other medication which can lead to drug-drug interaction has an influence on these findings. It
worth the has a comprehensive analysis for each incidence rate and establish a causality
relationship to determine if the hepatotoxicity was related to the use of liposomal formulations

or not.

1.5. Liposomes as drug targeting system for the liver and associated challenges

Human liver cell can be classified into parenchymal cells (PCs) and Non-parenchymal cells.
Depending on the medical conditions, different cells can be targeted. Hepatic stellate cells
(HSC) are the targets for cirrhosis and fibrosis, whereas Kupffer cells and liver sinusoidal

endothelial cells (LESC) are common targets for both acute and chronic inflammatory liver
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conditions (Poelstra et al, 2012). Drug targeting can be defined as the ability of the drug to
accumulate on the target site selectively and quantitatively. Two different methods were
reported to enhance drug-carrier accumulation in specific liver cells (active and passive
targeting). Active targeting can be accomplished through surface modification with specific
ligands expressed on the surface of the target site. In terms of liver targeting, this can be done
by exploiting differences in the expression of carbohydrate receptors for different liver cell
types. However, targeting hepatocytes can be challenging (Iredale J, 2008; Poelstra et al., 2012).
This is due to the indirect role of non-parenchymal cells mainly the Kupffer cells (KCs).
Previous work reported that the injected liposomes tend to naturally accumulate in KCs after
removal by the MPS. The non-parenchymal cells namely KCs enhance the immune system
through digesting foreign substances including nanoparticles, while SCs aid in the extracellular
matrix formation. LSECs play a role in transporting nutrients from the bloodstream to PCs
(Poelstra, etal., 2012; Wu et al., 2008). According to the evidence, galactose and lactose are
found mainly on the surface of hepatocytes, especially on Asiloglycoprotein receptors (Nosova
et al.,, 2017; Sonoke et al., 2011), LSECs express mainly mannose receptors, thus; can be
targeted by using mannose moieties (Kelly et al.,, 2011). However, mannose is a common
strategy to target macrophages (Craparo et al., 2013; Zhang et al., 2017). Focusing on
hepatocytes targeting, an active targeting strategy mainly to asiloglycoprotein receptor is
recommended (Gorad et al., 2013). This is due to their high expression on the surface of the
hepatocytes (Gorad et al., 2013). Active targeting success depends on different factors. This
includes liposomes size, surface charge, and surface modification. Liposomes need to be small
size (Below 200 nm) to pass the fenestrations, thus gain direct access to the hepatocytes. The
ideal zeta potential range is between 0 and -10 mV. Positively charged liposomes interact with
the negatively charged cell surfaces leading to unfavourable outcomes. On the other hand,

negatively charged liposomes recognised quickly by the scavenger receptors that present on
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Kupffer cells leading to a quick clearance. Liposomes PEGylation increases the liposomes
hydrophilicity. Thus, vesicles’ stability increases an longer circulation time can be obtained.
However, It is important to optimize the targeting ligand concentration. Excessive using of the
ligand could lead to their clearance by RES through the opsonin mechanism. By contrast, using
low ligand density leads to reduction in cell specificity. ASGPR receptors appeared to be a
promising targeting site for hepatocytes targeting. This is due to their abundant presence on the
hepatocytes surface i.e. 500000 receptors/cells. ASGPR is a lectin receptor that is connected to
terminal galactose and N-acetylgalactosamine residues. In order to improve the hepatocytes
targeting, some ligands are suggested to be used. This includes the use of antibodies, and
carbohydrates as targeting ligands (Witzigmann, 2016). These eventually present a few useful
applications in targeting hepatic cells, which eventually can aid the development of sterically
stabilized liposomes for hepatic drug delivery. For this purpose, the presented work aimed to
evaluate the impact of the physicochemical properties and surface modification on liposomes
membrane permeability. As we hypothesised that controlling physicochemical properties such
as size and surface hydrophobicity could affect the liposomes’ membrane permeability.
Additionally, we aimed to prepare liposomes with a size range below 200 nm, modified with

different PEG type and densities to mimic targeting the liposomes.
1.6. Aim and objectives of this work
1.6.1. Aim

To investigate the effect of liposomes’ physicochemical properties e.g., liposomes size and
surface modification with PEG and targeting ligand on targeting the hepatocytes.

1.6.2. Objectives

1- Systematic review of the literature for the factors affecting liposomes as a drug targeting
system to the hepatocytes. The search was conducted using two databases (Medline and

Embase) based on certain inclusion/exclusion criteria for the last five years published articles.
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2-Based on both literature and systematic review data, different liposomal formulations were
prepared in the lab with the below characteristics. The selection of these compositions was
according to that their safety and for being components of approved liposomal formulations in
the market.

2.1-Size and PDI: we were aiming to formulate liposomes with an average size of (150- 200
nm) and a narrow polydispersity index (less than 0.3 a.u.). In order to achieve the goal, different
molar ratios and various pressure profiles were tested to choose the best two formulations. Size
and PDI were evaluated using DLS.

2.2-Zeta potential: a stability marker for liposomes was tested using ELS. The expected average
zeta potential values for the neutral liposomes between ( -10 mV and +10 mV).

2.3-Stability studies: The selected two formulations were kept in the refrigerator and their size,
PDI, and zeta potential were evaluated monthly.

2.4-Membrane permeability: To evaluate liposomes’ membrane permeability at different
temperatures (25°C, 37°C, and Tc). Calcein used as a fluorescent probe. The data were adopted
from UV-Spectrofluorophotometer.

2.5-PEGylation: adding 2 and 5 mol% of different PEG polymer (PEG2000-DSPE, PEG2000-
DSPE-COOH, PEG2000-DSPE-NH2) to pre-prepared liposomes aiming to introduce stealth
property which leads to stabilise the liposomes and provide longer circulation time for the
prepared liposomes.

Due to the COVID-19 pandemic, it was not feasible to conduct the phase related to the cell
work which aimed to evaluate the cellular up-take of the prepared formulations in the

laboratory.
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Chapter 2: Factors affecting liposomes as hepatocytes targeting system: A systematic

review of the literature.
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2.1. Introduction
The liver is a vital organ which contributes to metabolic functions, including the detoxification
and clearance of endogenous and exogenous elements (Gorad et al., 2013). Four different cell
types are present in the liver, hepatocytes/parenchymal cells (PCs) (up to 80% of liver mass),
non-parenchymal cells represented by Kupffer cells (KCs), stellate cells (SC) and liver
sinusoidal endothelial cells (LSECs) (Poelstra et al., 2012). Parenchymal cells play a role in the
synthesis of important components (e.g., proteins, phospholipids, bile acid and glycoproteins)
in carbohydrate metabolism, protein storage and detoxification of toxic substances. Non-
parenchymal cells act as bodyguards for the liver (Poelstra et al., 2012). KCs enhance the
immune system through digesting foreign substances including nanoparticles while SCs aid in
the extracellular matrix formation. LSECs play a role in transporting nutrients from the blood
stream to PCs (Poelstra et al., 2012). Depending on the medical conditions, different cells can
be targeted. Hepatic stellate cells (HSC) are the targets for cirrhosis and fibrosis, whereas
Kupfter cells and liver sinusoidal endothelial cells (LESCs) are common targets for both acute
and chronic inflammation leading to liver fibrosis (Poelstra et al., 2012). There are two reported
drug targeting methods: passive and active targeting (Iredale J, 2008). The theory behind
passive targeting relay on the accumulation of the drug on the target site according to enhances
permeability and retention (EPR) mechanism. This theory was firstly introduced by Matsmura
and Meda (1986) based on certain observations. The first observation was the spontaneous
accumulation of the drug in leaky tumours. The second one is the nanoparticles' retention due
to the immune system compromise (Narum et al., 2020). The limitation of this method is that
being non-specific in which healthy cells can be affected. The drug can also be recognised by
the KCs and hence cleared more quickly from systematic circulation. In addition, the
heterogeneity of tumour types can affect the dug distribution and might lead to drug resistance

(Narum et al., 2020). Targeting the hepatocytes in the liver is challenging (Iredale J, 2008;
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Poelstra et al., 2012) as the injected liposomes were found to naturally accumulate in KCs after
being removed by the MPS. Approaches to enhance drug-carrier accumulation in specific liver
cells will require active targeting through surface modification with cell-specific ligands; this
can be done by exploiting differences in the expression of carbohydrate receptors for different
liver cell types. For example, galactose and lactose are found mainly on the surface of
hepatocytes (Nosova et al., 2017; Sonoke et al., 2011), LSECs express mainly mannose
receptors (Kelly et al., 2011). Hepatocytes considered as key pro-pathological cells for
hepatocellular carcinoma, some viral infections i.e., hepatitis B and C, and some genetic
diseases such as Wilson’s disease (Witzigmann, 2016). Research has moved forward to treat
these conditions aiming to provide a high efficacy with lower toxicity via targeting the preferred
site using nanoparticles. Liposomes are among the most commonly used nanoparticles and have
been proved to show a good targeting profile with multiple approved formulations in the
market. To target hepatocytes, it is recommended to follow the active targeting strategy by
using a ligand i.e., carbohydrates to target the hepatocytes or certain receptors present on their
surfaces (Nosova et al., 2017). Several factors have an impact on the success of liposomes
targeting including liposomes size, zeta potential, and surface modification, and the cell type to
be targeted. First, liposomes size suggested to be below 200 nm to escape from KCs to HCs.
Zeta potential should be between 0 and -10 mV, as the positively charged nanoparticles interact
with the cell membrane, and the negatively charged ones will quickly be recognised by the
scavenger receptors on KC leading to their removal from the circulation (Witzigmann, 2016).
Moving forward surface modification, PEG has a positive indirect impact on drug targeting
throughout increasing the circulation time allowing longer time for targeting the preferred site.
To enhance the success of drug targeting, the targeted site should be abundant and show an
exclusive expression on the cell e.g., the hepatocytes occupy 80% of the liver morphology with

an abundant ASGP-R expression (Witzigmann, 2016).
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2.1.1Rationale of the review

Systematic reviews of the studies discussing liposomes as a drug delivery system for the
hepatocytes can significantly contribute to developing therapeutic modalities in hepatic
therapy.

2.1.2. Aim and objectives

To evaluate the impact liposome size and certain surface modifications (e.g., PEG and ligand
type/density) on the cellular uptake and pharmacokinetics properties.

This evaluation will be based on data collected and extracted from Medline and Embase
databases using certain keywords and inclusion/exclusion criteria. Descriptive narrative
analysis and linear regression modelling to predict the factors play role in in hepatocytes

targeting will be discussed.

2.2. Methodology

Systematic review (SR) can be defined as an evidence of the literature in which the primary
research is identified, collected, and critically apprised based on a clearly stated research
question and inclusion/exclusion criteria (Research guides, 2022). SR has the advantages of
transparency and reproducibility (Research guides, 2022). Systematic review of literature in
our project aimed to predict the optimum liposomes characteristics to target the hepatocytes.
The search conducted according to the Cochrane and the Centre for Review and Dissemination
(CRD) guidelines for systematic reviews. The Preferred Reporting Items for Systematic
Reviews (PRISMA) were followed in reporting this review (PRISMA, 2021; Cochrane
Handbook for Systematic Reviews of Interventions, 2021).

2.2.1. Literature search and eligibility criteria

A comprehensive literature search of two electronic databases: Medline and Embase was
conducted on (December 2021) covering the last five years. The keywords were formulated

using three main domains that reflect: (liposome), (hepatic cells and liver targeting), (cellular
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uptake, pharmacokinetics, and liver accumulation) of the targeted liposomes. The keywords
were combined using the “OR & AND” operators (Appendix A, Table 2.A.). See appendix B
for the full searching strategy.

The focus was on both experimental studies and RCTs that addressed any liposomal preparation
as a drug delivery system to the liver, including modified and non-modified preparations. The
search was conducted on both laboratory-based experiments, including cellular and animal
studies, and RCTs conducted on patients. We included any study investigating the effects of
the liposomal formulation as a liver drug delivery system alone or tested against a control.
Studies reported outcomes that directly related to cellular assays; particularly the percentage of
cellular uptake, and fluorescence intensity was included in the review. Studies reporting other
cellular assays that did not reflect liposomal cellular uptake were excluded. Additionally,
studies reporting any reflective liver targeting parameters such as pharmacokinetics either
directly i.e., liver accumulation, drug distribution, drug concentration in the liver, or indirectly
e.g., changes in tumour growth for either liposomal contain drugs or liposome alone were
included. Only English language articles were included in this review. Also, abstracts only and

unpublished records were excluded.

2.2.2. Data extraction and management

First, title and abstracts of eligible records were screened against the inclusion criteria. Records
with irrelevant titles or abstracts were excluded. Eligible records were imported into a reference
manager software (Mendeley). At this stage, duplicated records were checked and merged
before proceeding to the next step (full-text screening). Full text for the records that was found
to be for full text screening were retrieved. After that full text of potentially eligible records
were assessed for the decision on inclusion or exclusion for the following step (data extraction).

Cross-references were done by using Mendeley as a software manager. The included articles
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were then assessed for their quality according to the type of the study and the scoring system
based on the provided guideline.

The data were extracted using a pre-designed data extraction tool. The tool is provided in
appendix C (Table 2.C.). The collected data includes the information of the study ID, year of
publication, study type (in-vitro-in-vivo, RCT), the applied intervention, liposome composition,
ligand/PEG and their concentration, and the reported outcome. Different outcomes were
extracted including cellular uptake, PK outcomes (AUC, T1/2, accumulation, and clearance),
drug concentration in the liver, and change in tumour growth for the used liposomes.
Quantitative data related to cellular uptake and other bio-distribution and efficacy data were
extracted to be used in the mathematic model. Data reported in graphs were visualised and
extracted using OriginPro software version (9.8.5.201) and ImageJ 2021 version (1.8.0.172).
The tool was piloted by re-extracting the data to check the tool sensitivity and to catch the
required information.

Quantitative data that used in the modelling was cleaned by preparing the data for analysis by
removing or modifying data that is incorrect, incomplete, irrelevant, duplicated, or improperly
formatted (Sisense, 2021). The data cleaning was done in three steps. First, data standardisation
was done by unifying the units, rounding numbers and labelling the variable names. Second,
encoding string variables (variables that are alphabets in nature) into numbers so they could be
translated and processed by STATA. Third, since we were applying regression, corresponding
dummy variables were generated from original variables. Such variables enable testing
subgroups within a single regression model. Example of a dummy variable, a list of three
different liposomes formula can produce three dummies; each one represents a category of a
liposome formula where its coded as (1) if the attribute is present and (0) if it is absent. The

cleaning and analysis were conducted using STATA version 17.
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2.2.3. Quality assessment of the included studies

Quality assessment can be defined as the extent of keeping the research aspects away from
errors including implementation, inferential, and unsystematic errors (Natto and AlGhamdi,
2019). The aim of this step is to build a solid base judgment not only on the reported outcome,
but to understand the strength of the applied methodology and how relevant the article to the
research question (Sox et al., 2012). In this review, different study designs were assessed (in-
vitro, In-vivo, and RCTs). Thus, different quality assessment tools were applied e.g., CASP
was applied for the RCTs (Brice, 2022), Syrcle’s tool was applied for in-vivo studies
(Hooijmans et al., 2014) (Brice, 2022), and for in-vitro studies we adapted a tool designed by
(Nasser et al., 2022). The tools used are provided in the appendix D (Table 2.1.D, 2.2.D, and

2.3.D.).

2.2.4. Data analysis and synthesis

Descriptive narrative analysis and linear regression modelling to predict the factors that play a
role in liver targeting are provided. The qualitative narrative analysis aims to capture and
summarise common themes related to liposomes size and surface modification using
(PEG/ligand) that were addressed in the included studies. In addition, it discusses how the
reported factors may affect the liposomes behaviour as targeting vectors for the liver cells by
assessing the cellular uptake and the related PK and efficacy outcomes. Additionally, we
applied a linear regression model to predict the effect of changing one or multi factors on the

liposome’s uptake by the hepatocytes and other outcome of interest.

2.2.5. Linear regression modelling

Regression modelling is a mathematical approach that is applied to test the relationship between
the stated outcome corresponding to different variables (Alexopoulos, 2010). This type of
analysis helps to understand and predict the factors that might play a role on the outcome

(Alexopoulos, 2010). The model was used to predict the impact of liposomal size on the hepatic
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cellular uptake, the drug accumulation, and tumour volume growth. We applied univariate
linear regression analysis. STATA software version 17 was used to analyse quantitative data,
and significance were set up at p< 0.05.

2.3.Results and discussion

2.3.1.Search results
The initial search yielded 142 records that were eligible for full-text screening. 25 studies

were included in the final analysis. The full search process and the reasons for exclusion are

demonstrated in Figure 2.1.

Record identified from the electronic database Record excluded, after title and abstract
search (6460) screening with reasons
2388 was retrieved from Medline database. (n=6318)
4077 was retrieved from Embse database. Reasons:

-The nanoparticle was not liposome e.g.,
nanosome.
Records eligible for full-text screening -The language was not English.
(n=142) -Review / systematic review.
l -Conference abstract.

Records after removing duplicates
(n=100)

Full-text articles excluded, with reasons
(n=75)
Reasons:
-Lack of the liposomes characterisation.
-Lack of the desired outcome.
Full-text included in the synthesis and analysis -The nanoparticle was not liposome.
(n=25) -The language was not English.
-Review / systematic review.
-The focus was on pharmacology, immunology
.. etc

(Included | [ Eligibility ]  Screening | [ identification |

Figure 2.1. PRISMA flow chart for search results.

2.3.2. Quality assessment of the included studies

Three different tools used to assess the quality of the included studies according to the study
type are provided in appendix D (Table 2.1.D, 2.2.D, and 2.3.D.). Studies reporting in-vitro
outcomes were assessed against 7 domains (sample selection and experimental setup, reagents
and cells, sample size, allocation to groups, allocation concealment, blinded assessment to the
outcome, attrition). Sample selection and experimental setup, and reagents and cells were

described by most of the studies. However, only one study described how the sample size was
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selected (Yietal., 2021). Studies reported in-vivo outcomes were assessed against five domains
(selection, performance, detection, attrition, and reporting bias). Most of the studies showed a
good quality when assessed for example they reported the methodology, stating the baseline,
randomisation and blindness and other criteria. The reporting for the outcomes were good too.
Only one study was included as an RCT study and assessed against four domains
(randomisation, methodology, results, and applicability). The methodology was clearly stated
but the participants were neither blinded nor randomised i.e., they did not mention anything
about the randomisation and blindness in patient selection section. They reported the results
and the side effects, but they did not report the CI-95%.

2.3.3.Results of the included studies

Characteristics of the included articles are listed in (Table 2.1.).

56



Table 2.1. Linear regression analysis of cellular uptake of the formulated liposomes against liposome size.

Reference Aim Study Liposome preparation Liposome size PEG type and Ligand type and | Reported outcome
design density density
(Chen et al., | Enhancing the In-vitro and | 1-Un-modified liposomes 1-124.37+ 1.43 nm. | NA Mannsose (10 Cellular uptake
2017) liver targeting in-vivo. (EPC/Chol 70/30). mol%) and
efficiency both in- 2-148.10 £ 0.95 nm pharmacokinetics.
vitro and in-vivo 2-Mannosylated liposomes
using a targeting
ligand. (EPC:Chol:Mannose)
(70:25:5)
(Chen et al., | To improve the In-vitro 1-Conventional liposomes: 1-143.2 £ 2.4 nm. NA Gala-PEG2000- | Cellular uptake.
2020) drug delivery to celastrol, SPC, cholesterol DSPE (15
treat the HCC. (1:15:3) 2-139.4 £2.7 nm. mol%)
2-Galactosylated liposomes:
celastrol, SPC, cholesterol,
and gala-PEG-DSPE at a
mass ratio of (1:15:3:15)
(Cheng et al., | Preparing a In-vivo DMPC: Cholesterol: DSPE- | 294.6 + 14.8 nm. DSPE-PEG2000 | NA pharmacokinetics
2018) combination PEG2000 (75:25:5) (5 mol%) and tumour
therapy using volume.
liposomal
formulation to
treat HCC for
overcoming the
unsatisfactory
clinical outcome
of CDDP
monotherapy.
(Ding et al., | To improve the In-vitro SPC:Chol:ligand:HCPT 1-Mono-Galactose- NA Mono, Di-and Cellular uptake.
2019) hepatocytes (10:1:1:1). Liposomes: 230.3 £ Biotin-
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selective 1.8 nm Galactose-
targeting. 2-Di-Galactose- stearate (1
Liposomes: mol%).
218.7+3.4 nm.
3-Biotin-Galactose-
Liposomes:
213.6 2.9 nm.
(e Silva et To improve the In-vivo HSPC:EPG:CHOL:Carbohyd | 1-When using NA Galactose and Pharmacokinetics.
al., 2018) bio-distribution rate: CHOL-DTPA galactose: Glucose-
for liver targeting. (11.2:2.16:6.89:1.14:0.22) 131.2 £ 0.3 nm. cholesteryl (2
2-When using mol%)
glucose:
132.9+ 0.7 nm.
(Fatouh et Enhance the drug | In-vivo. 1-Un-modified liposomes: 1-For the un- NA Galactose- Pharmacokinetics.
al., 2021) delivery to LDV, CHL and Lecithin modified liposomes: chitosan (0.3%).
hepatocytes. (20:20:60) 179.45nm
2-Galactosylated-chitosan 2-For the modified
liposomes: liposomes:
LDV, CHL, Lecithin, and For 0.3%:
galactosylated chitosan.
(20:20:42:18) 218.20 nm
(Jiang et al., | To evaluate the In-vitro and | 1-Conventional liposomes: 1-111.33 £4.12 nm. | DSPE-PEG2000 | DSPE- Cellular uptake.
2020) anti-tumour in-vivo N-14NCTDA/PC-98T/Chol

efficacy of the
prepared
liposomes.

(0.015/0.200/0.030)
2-Galactosylated liposomes:
N-14NCTDA/PC-
98T/Chol/DSPE-
PEG2000/DSPE-

PFG2000-GAL
(0.015/0.200/0.030/0.010/0.0
11)

2-131.37+3.89 nm

(1 mol%).

PFG2000-GAL
(1mol%).
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(Karimi et To determine the | In-vivo 1--Conventional liposomes: 1-129.4 £ 9.5 nm. DSPE- NA Pharmacokinetics.
al., 2020) bio-distribution of HSPC/DPPG/Chol/DSPE- mPEG2000 (5
the prepared mPEG2000 (50:10:35:5) 2-114.8 + 7.9 nm. mol%).
liposomes. 2-Pegylated liposomes:
HSPC/Chol/DSPE-
mPEG2000 (55:40:5)
(Karim et al., | To explore the In-vitro 1-SPC: Chol (6:1) 1-NH-Liposome NA Pectin (5 mol%) | Cellular uptake.
2021) protective effect 2-SPC: Chol: Chitosan 66.15+£0.99 and Chitosan (6
of NH-loaded (6:1:6) 2-Chitosan-NH- mol%).
pectin-chitosan 3-SPC: Chol: Chitosan: Liposome
decorated Pectin 24497 £ 1.34 nm
liposomes (P-CH- (6:1:5:6) 3-Pectin-Chitosan-
NH-NL) in case NH-Liposome
of induced hepatic 365.23 £2.66
oxidative injury.
(Li et al., To improve the In-vivo DSPE-PEG—cholic acid (3 100 nm DSPE- NA The tumour
2019) hepatoma mg/mL), phospholipid (40 PEG2000—cholic volume.
treatment. mg/mL), cholesterol (8 acid (3 mol%)
mg/mL), and SLB (5
mg/mL)
(Lian et al., To inhibit the In-vivo 1-Conventional liposomes: 1- 137.1244.59 nm. | NA DSPE- The tumour
2021) development of L-a-phosphatidylcholine, 2-143.01 £7.32 nm. PEG2000-Gal volume.
HCC cholesterol (12:4) (1 mol%)
2-Galactosylated liposomes:
L-a-phosphatidylcholine,
cholesterol, and DSPE- PEG-
Gal (12:4:1)
(Liu et al., Improving In-vitro 1-Un-modified liposomes: 1-105.35 +£3.79 nm DSPE-PEG2000 | DSPE- Cellular uptake.
2017) hepatocellular PC-98T/Chol(76/24) 2-128.47+ 1.09nm | (1 mol%) PEG2000-GAL
carcinoma 2-Galactosylated liposomes: (1 mol%)
targeted therapy. PC-98T/Chol/DSPE-

PEG2000/DSPE- PEG2000-
GAL (75/23/1/1)
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(Nie et al., Preparing In-vivo 1-Unmodified Liposomes: 1-76.27 £ 0.29 nm NA GalNAc and Pharmacokinetics
2019) Hepatocyte DSPC/CHS (1/1)iske! 2-80.06 £ 0.56 nm Galactose-
selective targeting 2-GalNAc-Liposomes: 3-85.07 £ 0.69 nm cholesteryl (1
liposomes. DSPC/CHS/ CHS-6-GalNAc mol%).
(5/4.5/0.5)
3-Glasctosylated liposomes:
DSPC/CHS/ CHS-6-Gal
(5/4.5/0.5)
(Nunes et al., | To understand the | In-vivo 1-Conventional liposomes: 1-212.3 £17.9 nm. DSPE-PEG2000 | NA Pharmacokinetics
2018) effect of PEG DOPE, CHEMS, and DSPE 2-For DSPE- and and drug
inclusion on the (5.7:3.8:0.5). PEG2000 and PEG1000/5000 (5 accumulation in
targeting and 2-For the PEGylated PEG1000/5000, the | mol%) the liver.
liposomes’ bio- liposomes, 5 mol% of the size was 137.0 £ 2.1
distribution. PEG was added. nm and 146.6 = 7.6
nm respectively.
(Pireddu et To develop an In-vitro. 1-Un-modified liposomes: 1-98.1 + 1.04 nm. DSPE-PEG2000 | Lactoferrin (0.3 | Cellular uptake.
al., 2018) effective targeted POPC: DDAB (78.94: 0.63 (2.4 mol%) mol%)
drug delivery pumol) 2-94.6 = 1.53 nm.
system to teat 2-Stealth liposomes:
HCC. POPC: DDAB: DSPE- 3-126.5+2.58 nm.
PEG2000
(78.94: 0.63: 2.4 umol)
3-Lactoferin-Stealth-
liposomes:
POPC: DDAB: DSPE-
PEG2000: Lactoferrin
(78.94: 0.63: 2.4: 0.04 pmol)
(Sesarman et | To improve the In-vivo. 10:1:5 (SPC: Cholesterol: 1-For the Dox- DSPE-PEG2000 | NA Pharmacokinetics.

al., 2019)

bio-distribution of
the liposome
containing
doxorubicin.

DSPE-PEG2000).

liposomes: 172.7 +
0.6 nm

2-For Dox-Curc-
liposomes:171 = 1.4
nm

(5 mol%).
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(Wang et al.,, | To improve the RCT HSPC, cholesterol, 90 nm mPEG2000- NA Pharmacokinetics.
2019) tumour targeting, mPEG2000- DSPE (molar DSPE (0.3
bio-distribution, ratio 3:2:0.3) mol%).
and
pharmacokinetics
of the Rhenium-
188 (188Re)
using a liposomal
formulation.
(Wang et al., | Optimising a In-vitro 1-Blank liposomes: 1-165.4 +£3.5 DSPE-PEG600 DSPE-PEG600- | Cellular uptake.
2020) liposomal SPC: Chol: DSPE-PEG600 (1 mol%) Galactose (1
formulation to (4 mg: 1.5 mg: 1 mg) 2-1619+6.4 mol%)
target the 2-Galactosylated liposomes:
hepatocytes. SPC: Chol: DSPE-PEG600-
Galactose (4 mg: 1.5 mg: 1
mg)
(Xuetal., To improve the In-vivo. 1-Conventional liposomes: 1- 103 nm. NA Gal-DPPE (1 Pharmacokinetics.
2017) bio-distribution of SPC: Chol: DPPE 2-121 nm. mol%)
the liposomes (3:1:0.2)
using a targeting 2-Galactosylated liposomes:
ligand. SPC: Chol: DPPE or Gal-
DPPE
(3:1:0.2:0.1)
(Yietal., To improve the In-vitro 1-Conventional liposomes: 1- 102.0 + 5.8 nm. DSPE- NA Cellular uptake.
2021) bio-avilability and Uro-A (2 mg), Chol (6 mg), mPEG2000 (2
anti-tumour SPC (40 mg) 2-122.8 7.4 nm. mol%).
efficacy. 2-PEGylated liposomes:
Uro-A (2 mg), Chol (6 mg),
SPC (40 mg), and DSPE-
mPEG2000 (20 mg)
(Yin et al., Improve the In-vitro and | Lipoid E80, DSPE-MPEG 175 nm. DSPE-PEG2000 | Ceremide (0.15 | Cellular uptake
2018) therapeutic effect | in-vivo. 2000, cholesterol, SF, and (1mol%) mol%) and the tumour

for HCC

volume.
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treatment. CE (4:1:0.3:0.3:0.15)
(Zhang et al., | To determine the | In-vivo 0.907 mg SPC: 1.518mg 1-Blank-Liposome: DSPE-PEG750 Different sugar | Pharmacokinetics.
2020) difference in cholesterol: 10 mg of DSPE- | 165.4+ 3.5 nm (4 mol%) used (Mannose,
cellular uptake of PEG750: 1mg of sugar 2-Mannose- Galactose,
different organs ligand. Liposomes: Glucose-DSPE-
towards different 1559+ 3.1 nm PEG600) with a
sugar ligand used. 3-Galactose- concentration of
Liposomes: 2 mol%).
161.9 £ 6.4 nm
4-Glucose-
Liposome:
156.5+5.4nm
(Zhang et al., | To study the In-vivo 1-Conventional liposomes: 1-97.23 £ 0.6 nm. NA Galactose- The tumour
2021) targeting and the Lupeol, HSPC, cholesterol at | 2-130 + 3 nm. PEG2000- volume.
anti-tumour effect a molar ratio of 1:10:2. DSPE (2
of the prepared 2-Galactosylated liposomes: mol%).
liposomes against Lupeol, HSPC, cholesterol,
HCC. and galactose-PEG-DSPE
were dis- solved at a molar
ratio of 1:10:2:2
(Zhou et al., | Creating novel In-vivo 1-Conventional liposomes: 1- 102 + 3 nm. NA 11-DGA-3-O- Pharmacokinetics.
2019) liver-targeting Soybean phospholipids 2-107 £ 6 nm. Gal (1 mol%).
nanoliposomes. (SPC), cholesterol, and CTD
were prepared at a molar
ratio of 10:1:1
2-Galactosylated liposomes:
SPC, cholesterol, CTD, and
11-DGA-3-0O-Gal at a molar
ratio of 10:1:1:1.
(Zhu et al., Improving drug In-vivo 1-Conventional liposomes: 1- 144.03 £ 1.06 nm. | NA Galactose- Pharmacokinetics.
2020) targeting to the SPC (4 mg/mL), cholesterol | 2-95.78 = 1.38 nm. succinyl (4%).
liver.istp! (0.4 mg/mL), and CTD (0.4

mg/mL)
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2-Galactosylated-succinyl-
liposomes:

SPC (4 mg/mL), cholesterol
(0.4 mg/mL), CTD (0.4

mg/mL), and 8-GA- Suc (0.4

mg/mL)
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2.3.4. Characteristics of the selected papers
Based on the above table, a demographics bar charts are provided below to give a summary

for the main characteristics of the included studies.
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Figure 2.2. Demographic representation for the number of publications of the included
articles per year (A), study design (B), the most common liposomal composition (C), the
modification type (D), ligand types (E), PEG types (F), and galactose-based ligand (G).

Most of the included articles were published in 2018 and 2020 (six articles) and the least was
in 2017 for (three articles) (Figure 2.2.A.). Most of the studies were conducted in-vivo (17
studies) (Figure 2.2.B.). SPC appeared to be the most extensively used phospholipid with a
frequency of 13 out of 25 (Figure 2.2.C.). In term of liposomes modification, most of the studies
used non-PEGylated liposomes (only 7 out of 25 were PEGylated liposomes). PEG-DSPE2000
was the most commonly PEG type used (Figure 2.2.F.). However, ligand was used in 12 studies

(Figure 2.2.D.). Galactose and its derivatives are the most common ligands used in liver
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targeting (Figure 2.2.E), in specific DSPE-PEG2000-Galactose was the most frequently used
and reported in 4 studies (Figure 2.2.G.).

2.3.4. Liposome size and composition

In this review, we focused on the liposomes used for targeting the hepatocytes. All studies
included the size as an independent variable. Most studies used small unilamellar liposomes
with a diameter ranging from 66 to 365 nm. Dynamic light scattering was the most common
method used to assess the liposomes’ particle size, and liposomes were generally narrowly
dispersed. SPC: Chol liposomes are the most used liposomal formulation with a frequency of
13 out of 25 selected papers. SPC has a Tc of 40 °C, which is close to the body temperature.
This will ensure maintaining good drug retention in blood circulation (Alavizadeh et al., 2014).
This is the reason why lipids with a high Tc are less commonly used i.e., (DSPC has a Tc of 55
°C) (Alavizadeh et al., 2014). These types of phospholipids require a higher temperature to
liquefy them, and then releasing their content. Tc can be affected by the addition of cholesterol.
As cholesterol is required to increase liposome rigidity, optimising the lipid to cholesterol ratio
during the formulation process is vital (Bozzuto and Molinari, 2015). Using excessive amount
of cholesterol leads to increase rigidity reducing drug release. However, adding a minute
amount of the cholesterol leads to release the drug extracellularly (Bozzuto and Molinari, 2015).
2.3.4.2. Surface modification

PEG type/concentration, and their impact on cellular uptake was reported in one study (Y1 et
al., 2021). The effect of PEGylation on the PK and bio-distribution was reported in 6 studies
(Cheng et al., 2018), (Karimi et al., 2020), (Li et al., 2019), (Nunes et al., 2018), (Sesarman et
al., 2019), (Wang et al., 2019). Most of the studies were non-PEGylated, and only quarter of
them were PEGylated. Inserting PEG to the prepared liposomes showed an increase in

liposomes’ sizes. PEG has an advantage of escaping the MPS (Bozzuto and Molinari, 2015). In
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addition, there are some available PEGylated liposomes in the marked e.g. Doxil and Onpattro

(Anselmo and Mitragotri 2019; Bozzuto and Molinari, 2015).

Ligand type and concentration and the relationship with the cellular uptake were reported in 4
studies (Chen et al., 2017), (Chen etal., 2020), (Ding et al., 2020), (Karim et al., 2021). The
impact of ligand on the liposomes’ bio-distribution properties were reported in 10 studies (Chen
et al., 2017), (e Silva et al., 2018), (Fatouh et al., 2021), (Lian et al., 2021), (Liu et al., 2017),
(Nie et al., 2019), (Xu et al., 2017), (Zhang et al., 2021), (Zhou et al., 2019), (Zhu et al., 2020).
Only 6 studies reported formulation had PEGylation and target modifiers. 5 of them reported
their impact on the cellular uptake (Jiang et al., 2020), (Liu et al., 2017), (Pireddu et al., 2018),
(Wang et al., 2020), (Yin et al., 2018). The effect of containment of both PEG and ligand in the
formulation on the bio-distribution was reported in three studies (Jiang et al.,2020), (Yin et al.,

2018) and (Zhang et al., 2020).

According to Figure 2.2.E., as the galactose used extensively as a targeting ligand in 9 studies.
Thus, we will focus on this ligand in the review. Adding galactose changed the size slightly.
From figure 2.2.G., DSPE-PEG2000-Galactose was the most common galactose type used and
reported in 4 studies. The ligand was either prepared in the lab as in (Lian et al., 2021) study or
purchased from different suppliers e.g., from Xian Ruixi Biological Technology Co., Ltd.
(Xian, China) with (Chen et al., 2020) and (Zhang et al., 2021) studies, and from Shanghai
A.V.T. pharmaceutical L.T.D. with (Jiang et al., 2020) study. Giorgi and Agusti (2014)
suggested that, using PEG as an anchoring moiety yields longer circulation time and systematic
bioavailability which can lead to enhancing the possibility of galactose receptor interaction.
The ligand in all studies was added post-manufacturing. The literature proved that adding ligand
using post-insertion method has the advantage of being fully decorated on the surface without
occupying the inner space of the liposomes, unlike the pre-insertion method (Nag and Awasthi,

2013).

67



2.3.5. Data synthesis and narrative analysis

This part presents the qualitative analysis of the included studies. We will discuss the main
findings and explain the obtained results from the literature. All reported liposome
characteristics will undergo a comprehensive analysis relating these properties to their cellular
uptake and PK profile.

2.3.5.1. Cellular uptake

2.3.5.1.1. PEGylation

The literature highlighted that liposomal cellular uptake is influenced by several factors, and
one of the most important factors is particle size (Witzigmann, 2016). It is suggested that
liposomes’ size for targeting hepatocytes to be between 100 and 200 nm (Mishra et al., 2013;
Shilpi, 2018). Liposomes with smaller sizes have a lower stability profile due to the increase in
the surface tension. In addition, they have a high tendency for aggregation, fusion, and
precipitation (Immordino et al., 2006). In order to stabilize the liposomal formulation,
lyophilisation is one of the most common methods used (Abdelwahed et al., 2006).
Lyophilisation aims to reduce the physical instability of the molecules (Fonte et al., 2016), and
there are some available freeze-dried liposomal formulations in clinical use e.g. Lipodox (with
a size of 20 nm), and Ambisome (with a size of 50 nm) (Bozzuto and Molinari 2015, 2015).
Liposomes with a size range greater than 200 nm can induce non-specific recognition by MPS
(Chu et al., 2016; Nozawa et al., 1986). In order to increase the liposomes circulation time,
surface modification with PEG is recommended. The idea behind PEGylation is to enhance the
hydrophilic characteristics and hidden the nanoparticles from the MPS (Bozzuto and Molinari
2015, 2015). However, it is important to control PEG concentration during liposomes
manufacturing. Garbuzenko et al., (2005) studied the impact of different DSPE-PEG2000
densities (0-25%) on HSPC liposomes size. Results revealed that, particle size decreases as

%PEG increases (Above 8 mol%). This can be explained as that, at higher temperatures (HSPC
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has a Tc of 63 °C), liposomes mobility increases, reducing the bilayer thickness, and having a
higher amount of PEG on the surface leads to micelles formation on the liposomes surface
(Garbuzenko et al., 2005). Garbuzenko et al., (2005) suggested that using a maximum of 7
mol% of DSPE-PEG2000 ensures the biological stability of the prepared liposomes.

In addition, PEG chain length has an impact on cellular uptake. Pozziet al., (2014) investigated
different PEG chain lengths (1000, 2000, and 5000 KDa) on the uptake by prostate cancer cells.
Here, the prepared liposomes have an average size (100-160 nm) which is within the target size
for targeting the hepatocytes However, PEGylation with (DSPE-PEG1000/2000) showed an
improvement in the cellular uptake. In the contrary, PEGylation with (DSPE-PEG5000)
reduces the cellular uptake to half. The explantion for the findings can be linked to that with
longer PEG chain lengths, chain fold-up rather than stretched on the liposome’s surface. In
addition, long PEG chains interact via van der Waals attraction force and forming inter-chain
hydrogen bonds, and ultimately leads to the formation of phase separate lamellar structure
(Pozziet al., 2014). Using PEG as a steric stabilisation method appeared to be an efficient in
term of reducing its interaction with MPS components but did not show an enhancement of the
cellular uptake (Verhoef and Anchordoquy, 2013).

There is only one study which discussed the effect of PEGylation on the cellular uptake. The
size for the prepared liposomes was 102 nm for the un-modified and 123 nm the PEGylated
liposomes. In this study, they used DSPE-PEG2000 with a density of 2 mol%. The findings
showed approximately the same cellular uptake on HepG2 cells (30 and 33%) for the
conventional and the PEGylated liposomes respectively. Although it is known that PEG has an
advantage of escaping the MPS and providing a longer circulation time, it did not show an
improvement on the cellular uptake. Additional information on the impact of using PEG on the

PK will be discussed later to help in building a conclusion.
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2.3.5.1.2. Ligand type and density

Ligand density slightly impacts liposomal size, as stated in previous studies (Uster et al., 1996;
Li and Wang, 2017). However, this slight increase showed no effect on liposomal cellular
uptake. Li et al., (2016) studied the effect of different octreotide ligands (0.5, 1, 2, 3, and 4
mol%) on PC liposomes used for targeting somatostatin receptors. All liposomal sizes were

approximately 100 nm with no obvious differences among the stated ligand concentrations.

Several ligands were used as targeting modifiers such as sugars, polymers, and glycolipids
(Allen et al.,1995). Based on the findings of the cellular uptake markers (%CU and FI) for the
included studies, a positive effect of ligand insertion on liposomal cellular uptake was observed
(Chen et al., 2017), (Chen et al., 2020), (Ding et al., 2020), (Karim et al., 2021). Notably, the
most commonly ligand used was galactose and its derivatives. A study aiming to investigate
the effect of adding 15 mol% of DSPE-PEG2000-Galactose as a targeting ligand was carried
out by (Chen et al., 2020). The reported cellular uptake by HepG2 cells was 1.5 higher for the
modified liposomes (50%) than conventional liposomes (30%). Another study that evaluated
the impact of using galactose was carried out by Ding et al., (2019). The aim of the study was
to prepare a liposomal formulation for treating hepatoma. Three hydroxycamptothecin
liposomes were prepared and modified using different three modifiers (Mono-galactose, Di-
galactose, and Biotin-galactose). The concentration of the ligand was 1 mol%. The uptake was
the highest when using the biotin--galactose (50%), followed by di-galactose (45%), and the
least was recorded with mono-galactose (35%). This finding comes in-line with (Chiang et al.,
2013) study. The researcher formulated a doxorubicin liposomal formulation for treating colon
cancer. The prepared liposomes were modified with biotin attached to a polymer (PEG). The
main findings showed excellent accumulation in liver cells and a decrease in the distribution to
the healthy cells. The idea behind adding the biotin with the galactose is to trigger two receptors,

ASGP-R which excessively clustered on hepatocytes and biotin receptors which present on
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cancer cells. In addition, Li et al., (2017) experimented to trigger the tumour cells by
conjugating biotin to a rhodamine-triphenylphosphonium probe showed a good tumour
targeting. A strong fluorescence confirmed this obtained when applied to the tumour cells (Hela
cells) compared to approximately no or weak fluorescence when using epithelial kidney cells
(HEK293) (Li et al., 2017). This finding supports the previous two findings in a considering

biotin a promising ligand for treating hepatocellular carcinoma.

Mannose was also used as a targeting modifier to the hepatocytes (Chen et al., 2017). This
liposomal formulation has an average size of 148 nm and contains 10% Mannose-
diesterlauricdiacid-cholesterol (Man-DLD-Chol) as a targeting ligand which was prepared in
the lab. The reported FI was 400 a.u., and it was not compared to the conventional liposomes.
Thus, it is difficult to determine if this observation can be promising only based on the reading

of the FI. However, comparing with a control is recommended to give a better understanding.

Karim et al., (2021) conducted an experiment to investigate the effect of using different ligands
when preparing liposomal formulation on reducing the hepatic injury. Here, the researchers
prepared three groups (un-modified, chitosan, chitosan-pectin liposomes). The different
liposomes were tested on L.O2 cells and the reported %CU was 190%, 150%, and 125% for
chitosan-pectin, chitosan, and the un-modified liposomes, respectively. The higher cellular
uptake of the dual-modified liposomes can be linked to the formation of high methoxylated
pectin, which has a good cell membrane adhesive characteristic (Jiang et al., 2017). In addition,
previous literature suggested that using multiple ligands can provide better stability and
controlled release properties for the prepared liposomes compared to using a single ligand (Liu

etal., 2017).

71



2.3.5.1.3. Dual use of PEG and ligand

The impact of modifying the liposomes’ surface with PEG and ligand on the cellular uptake
was investigated in five studies (Jiang et al., 2020), (Liu et al., 2017), (Pireddu et al., 2018),
(Wang et al., 2020), (Yin et al., 2018).

Liu et al., (2017) investigated the effect of using 1 mol% PEG2000-DSPE-Gal to modify PC
liposomes and tested the cellular uptake of the encapsulated norcantharimide using HepG2
cells. The formulation was compared to the un-modified liposomes. The reported size was (105
and 128 nm) for the conventional and modified liposomes respectively. The authors concluded
that the galactose surface modified liposomes exhibited higher accumulation rates within the
cells compared to the conventional ones, as confirmed by the fluorescence intensity of coumarin
(800 and 6000 a.u.) respectively. Wang et al., (2020) carried out a study to evaluate the cellular
uptake of HepG2 cells for different modified liposomes (DSPE-PEG600 Vs DSPE-PEG600-
Galactose). The fluorescence intensity showed a significance difference (p<0.05) between
galactose liposomes (600000 a.u.) compared to the PEGylated liposomes (300000 a.u.).

This agrees with (Naicker et al., 2014) who proved that the Galactose ligand can increase the
interaction between the cell and liposomes leading to better hepatocytes targeting.
Asiloglycoprotein receptor (ASGP-R) is abundant on the surface of hepatocytes (500,000/cell)
(Yan et al., 2008), which possess a high binding affinity to the galactose moieties resulting in
drug endocytosis, and hence better drug delivery. Similarly, 1mol% of DSPE-PEG2000 and
DSPE-PFG2000-Galactose was found to improve hepatocyte uptake of norcantharimide (Jiang
et al., 2020). The reported size was (111 and 131 nm) for the conventional and targeted
liposomes respectively. According to the findings, the reported fluorescence intensity of the
conventional compared to the galactosylated liposomes was (7405 and 41925) respectively.
Pireddue et al., (2018) studied the effect of POPC conventional, stealth, and stealth-lactoferrin-

targeted liposomes which has a size range of (94, 98, and 127 nm) respectively. The findings
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showed that for the conventional liposomes %CU was 12%, and 20% and 41% for
conventional, PEGylated and PEGylated-lactoferrin modified stealth liposomes, respectively.
This can explain that; targeted liposomes have a higher affinity to certain receptors on the
hepatocytes surface i.e., ASGP-R which enhance their uptake compared to the un-
modified/PEGylated liposomes (Mirsha et al., 2013).

Yin et al., (2018) investigated the effect of DSPE-mPEG2000 and ceramide on the carcinoma
hepatocytes uptake compared to the free drug. Results proved that both free coumarin and
encapsulated coumarin in PEG-ceramide liposomal formulation showed the ability to
internalize the cells (FI was 20 vs 13) respectively. The liposomal formulation endocytosed
slower than the free coumarin, and the changes in the FI profile can be due different
mechanisms in cell entry. (Yin et al., 2018).

Overall findings gave an impression on the positive impact of using ligand, specifically
galactose alone or with the PEG on the cellular uptake. However, when compared with using
PEG alone, the reported %CU or FI is lower than ligand-modified liposomes. Additional
evaluation of the PK will be discussed in the next section to help in reaching a good targeting
strategy for the hepatocytes.

2.3.5.2. The impact on pharmacokinetics, bio-distribution, and efficacy

2.3.5.2.1. PEGylation

Drug bio-distribution and accumulation are among the key elements of drug pharmacokinetics
which affected by different liposome characteristics, including liposome size, surface charge,
and surface modification (Song et al.,2012). In this review, there are six studies reported the
effect of PEGylation on the PK and bio-distribution (Cheng et al., 2018), (Karimi et al.,
2020), (Li et al., 2019), (Nunes et al., 2018), (Sesarman et al., 2019), (Wang et al., 2019).
Cheng et al., (2018) reported the effect of using 5% PEG-DSPE on the efficacy by measuring

the tumour volume compared to the solution formulation. The tumour volume was reduced to

73



the half (900 vs. 400 mm?®) for the liposomes and the solution form respectively. Although the
liposomal formulation was compared to the solution formulation, it is worth including the
findings for the PEGylated liposomes. The improvement of the drug efficacy can be due to
adding the PEG through increasing the circulation time which enhances the targeting
probability. Findings are in line with (Baumann et al., 2014), who stated that PEG insertion
increase half-life, thus improving the bio-distribution profile and can enhance the chances for
the targeting.

Karimi et al., (2020) prepared un-modified and 5 mol% of DSPE-mPEG2000 HSPC liposomes.
The average size was 129 and 115 nm for the PEGylated and conventional liposomes,
respectively. These vehicles were tested on mice bearing tumours and the drug concentration
on the liver was 250 and 450 ng/g for the PEGylated and conventional liposomes. The tumour
volume was evaluated too. The findings showed a significance reduction (p-value<0.05) when
using PEGylated liposomes (500 mm?) compared to when using blank liposomes (600 mm?).
Li et al., (2019) has explored the effect of adding 3 mol% DSPE-PEG-cholic acid to the
doxorubicin/silybin liposomes. The drug concentration on the liver was 35,000 ng/g for the
conventional liposomes and 80,000 ng/g for the un-modified and PEGylated liposomes,
respectively. In addition, the tumour has been reduced from 700 mm? to 200 mm? for the saline
group and the PEGylated liposomes, respectively. Allen and Cullis, 2004 (2014) suggested that
the success of the bio-distribution and drug efficacy is linked to the drug release characteristics,
which was the highest in the study for the PEGylated liposomes. In addition, using PEG
prolongs the circulation time, enhances the tumour accumulation, and thus the drug exerts the

pharmacological desire effect at the target site (Karimi et al., 2020).

Wang et al., (2019) conducted an RCT on 12 patients with different metastatic cancers. The
study aimed to determine the effectiveness of using liposomes for the delivery of radioactive

renium-188 to the tumour. The activity of the drug was determined by monitoring the
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pharmacokinetics and bio-distribution of the encapsulated agent. HSPC liposomes (90 nm)
were prepared and decorated with 3 mol% DSPE-mPEG2000 using the post-insertion method.
The pharmacokinetics parameters (AUC, CL, and elimination half-life) were measured over 72
hours. The maximum concentration was higher in the plasma than in blood (0.1 and 0.2
%ID/ml). The reported AUC was 0.33 %ID/ml.h and 0.5 %ID/mlLh for the blood and plasma
respectively. The elimination half-life was 37 h in blood while 52 h in the plasma. The drug
was cleared faster from the plasma (494 ml/h) compared to the blood (794 ml/h). The results
revealed that the maximum bio-distribution was observed in the liver (15 £ 5 %ID/Kg) followed
by spleen (13 = 8 %ID/Kg). The maximum absorbed dose in normal organs was reported in
spleen (1.4 £ 8 mGy/MBq) followed by liver (0.92 + 5 mGy/MBq). The data showed that the
accumulation in the hepatic tumour lesions was higher compared to healthy hepatic tissue (1.1
mGy/MBq) which gives suggests some selectivity. Wang et al., (2019) hypothesised that the
higher uptake by the liver and spleen can be linked to the presence of the HSPC in the liposomal
formulation which can be detected by the MPS system. The injected dose was evaluated in term
of its safety via testing urine and blood samples and no serious adverse drug reaction was
reported. However, mild symptoms including chillness and palpitation occurred and resolved
on the same day. This study does not have a control to compare with but this formulation
reminds us with the first approved liposomal formulations in the market (Doxil) (Soundararajan
et al., 2009). Doxil is used in the treatment of a variety of cancers (breast, ovarian, and Kaposi's
sarcoma) (Bulbake et al., 2017). It consists of HSPC: Chol: DSPE-PEG2000 (56:39:5) with a
size close to the liposomes used by Wang et al. (2019) in their study. Doxil has HSPC as a
phospholipid which has a high Tc (63 °C) and cholesterol, thus, more drug retention was
obtained as the drug dose not leak at a degree below the body temperature (Bulbake et al.,
2017). The incorporation of 5 mol% of DSPE-PEG2000 enhanced the pharmacokinetics

properties of Doxorubicin. The exact mechanism for its drug accumulation is unknown.
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However, it is suggested that the insertion of PEG increase the circulation time which enhance
the chances for the drug to be circulated in the leaky vessels of the tumour site and thus been
uptake by the tumour (Gabizon et al., 2003). Gabizon et al., (1994) reported the results of a
clinical trial compared the pharmacokinetics of Doxil and free doxorubicin conducted on 15
patients. The overall pharmacokinetics has improved. The clearance was reduced from 45 L/h
to 0.1 L/h, Vd was reduced from 254 L to 45 L, and the accumulation on the tumour was 4 to
16 times greater than the free doxorubicin. This can explain the reduction in the side effect of
cardiotoxicity as low drug availability on the circulation to reach the heart and more
accumulation on the target site besides to using the PEG in the formulation which makes the
drug available in the circulation to enhances the chance for its targeting to the tumour (Batist et
al., 2007). According to the evaluated PK parameters for the encapsulated radioactive material
of the included study (Wang et al., 2019), the formulation showed a potential for being a good
targeting system for treating tumour diseases. Additional comparative analysis between the free
and liposomal formulation and testing the formulation on larger number of patients is
recommended to give a better understanding of the targeting profile.

In contrast, Sesarman et al., (2019) formulated PEGylated (5 mol%) doxorubicin-curcumin
liposomes. The accumulation in the liver was comparable to the free doxorubicin. The results
were the same for both formulations (400 ng/g). This finding came in line with Nunes et al.,
(2018) who investigated the effect of using PEG on liposome accumulation and bio-
distribution. 5 mol% of two PEG chain lengths were used (DSPE-PEG2000 and DSPE-
PEG5000) and compared to the un-modified liposomes. The reported size was 212, 147, and
137nm for the un-modified, DSPE-PEG5000, and DSPE-PEG2000 liposomes, respectively.
The accumulation in the liver was 3%, 4%, and 7% for the un-modified, DSPE-PEG2000, and
DSPE-PEG5000, respectively. Although PEG is known for its advantage in increasing the half-

life time which can improve the pharmacokinetics properties, this was not the case with these
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two studies. The author suggested that this might be arisen due to the low rigid membrane of
the liposomes when using DOPE lipids can explain these findings. DOPE tends to form a
hexagonal form when it is in an acidic medium (Farhood et al., 1995).

2.3.5.2.2.Ligand type and density

Surface-modified liposomes appeared to positively impact the body's response to the
administered drug (Allen et al., 1995). This includes altering drug’s half-life time, clearance
(CL), and area under the curve (AUC), bio-distribution and drug accumulation on the target
site. Evidence reported that the addition of different ligand types i.e., carbohydrates,
glycolipids, or polymers, can affect pharmacokinetics in several ways (Chen et al., 2017), (e
Silva et al., 2018), (Fatouh et al., 2021), (Lian et al., 2021), (Liu et al., 2017), (Nie et al., 2019),
(Xu et al., 2017), (Zhang et al., 2021), (Zhou et al., 2019), (Zhu et al., 2020). A study exploring
the effect of using DSPE-PEG2000-Galactose on the pharmacokinetics behaviour of
norcantharidin as an anticancer drug using mice as an animal model was carried out by (Liu et
al., 2017). The comparative analysis of the un-modified and galactosylated-PEGylated
liposomes was as the following AUC (2.319 £0.121 and 6.700 + 2.964 mg.h/L), T1/2 (0.413 +
0.238 and 1.347+0.519 h), and CL (5.055+0.271 and 1.882 = 0.579 L/h/Kg) for conventional
and modified liposomes respectively. The prolonged T1/2 with glycosylated liposomes can be
explained as a result of the PEG inclusion (Li and Huang, 2010; Photos et al., 2003). PEG and
Galactose worked synergically in this preparation i.e., PEG increased the half-life time and
galactose enhance the targeting properties. PEG density in this study played a key role in
improving the pharmacokinetics characteristics whereas the inclusion of galactose improving
the PK profile by being cleared more quickly to the target site. It was used with a molar ratio
of 2 mol%. Thus, PEG arranged in a mushroom configuration and guarantee a full coverage

and protection, increasing both AUC and T1/2 (Li and Huang, 2010; Photos et al., 2003).
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Other studies proposed the effect of adding the ligand on the tumour volume by Zhang et al.,
(2021) and Lian et al., (2021). Zhang et al., (2021) investigated the impact of modifying lupeol-
loaded liposomes using 2% DSPE-PEG2000-Gal. Lupeol is used as an anticancer drug (Thomas
et al., 2008). In this study, the prepared liposomes were tested for their anti-tumour efficacy
using mice. The results showed that the tumour was reduced from 300 mm?® to 200 mm® in
which doxorubicin liposomes modified with 5 mol% DSPE-mPEG2000. Both studies used
DSPE-PEG2000-galactose as a targeting ligand to improve the selectively and reduce systemic
toxicity for targeting the liver through ASGP-R. In addition, linking the ligand to PEG can
enhance the circulation time and stabilize the liposomal formulation (Allen and Cullis, 2013).
Fatouh et al., (2020) addressed the impact of galactosylated chitosan on the targeting of
liposomes containing ledipasvir to the liver in rats. The reported AUC was (25 pg-h/mL and 89
ug-h/mL), T1/2 has doubled i.e. (18 and 32 h) for free drug and the modified liposomes,
respectively. The relative uptake by hepatocytes of the targeted liposomes was 3.4 times greater
than the free drug. The bio-distribution studies revealed that, drug concentration on the liver
was three times higher for the liposomal formulation compared to the dispersion form (300 ng/g
Vs 1000 ng/g). Theoretically, it is suggested that the free drug lacks the ligand which facilitates
its localization on the target site. Ultimately, this will lead to its accumulation in the systematic
circulation in relatively higher amounts than the target site. Although this study compared a
free drug to a liposomal formulation, these results are considered as a promising approach for
liver targeting.

Chen et al., (2017) conducted a study about the impact of mannose-diesterlauricdiacid-
cholesterol (Man-DLD-Chol) on liposomes containing glycyrrhetinic acid for targeting liver
cells using rabbit as an animal model. The aim is to us the ligand to enhance the liver targeting
through the mannose receptor. Comparing the conventional and targeted liposome, AUC was

(1053 +65.44 pg-h/ mL, 906 + 49 nug-h/ mL), the T1/2 was (2.51+0.44 h, 1.78 + 0.05 h), and
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the CL was (5.00 = 0.30 L/Kg/h and 5.81 + 0.30 L/Kg/h) respectively. The slight difference in
the clearance of mannosylated liposomes suggested their recognition and binding to mannose
receptors. Theoretically, mannose as a sugar can be used to target KCs. However, in this case
as mannose receptors are expressed on the surface of Kupffer cells which might play a role in
their clearance (Lopez-Guisa et al., 2011). The concentration of the drug on the liver was
significantly higher with the target modified liposomes (12000 ng/g) compared to (5000 ng/g)
of the conventional liposomes.

Nie et al., (2019) compared the effects of different galactose residues (GalINAC-terminated
glycolipid vs cholesteryl-galactose) (5 mol% was applied for all the types) as targeting
doxorubicin liposomes mice. The accumulated drug on the liver was 18, 59, 48, and 75% for
the unmodified, cholesteryl-1-Galactose, Cholesteryl-6-Galactose, and N-acetylgalactosamine
(GalNAc), respectively. This might arise because of a difference in the sugar structure on the
liposomes’ surface. The researchers suggested a theory explaining the advantages GalNAc and
cholesteryl-galactose in liver targeting according to their structure. (GalNAc and cholesteryl-
galactose) have f-Gal but differ in the glycosidic linkage in positions 1 and 6. Cholesteryl-1-
Galactose has D-glucitol leading to an increase in the number of hydrogen bonds with ASGP-
R, thus better accumulation on hepatocytes. GalNAc exhibited higher drug targeting properties
explained by the fact ASGP-R has a high affinity for GalNAc-terminated glycolipid over Gal-
terminated glycolipid (Khorev et al. 2008; Kinberger et al. 2016). eSilva et al., (2018)
investigated the effect of cholesteryl-galactose (7 mol%) vs. glucosamine modified liposomes
on liver targeting using mice as an animal model. The bio-distribution in the liver for
galactosylated liposomes was higher 1.7 times compared to glucose modified one which was
used as a control in this experiment. This finding is expected as the liver lack the glucose
receptor and on the other hand abundant galactose receptors are present on the hepatocytes

surface (e Silva et al., 2018).
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Xu et al., (2017) prepared SPC liposomal formulation modified with 1% Galactose-DPPE and
studied their bio-distribution against un-modified liposomes using mice as an animal model.
The average size was 103 nm and 121 nm for the un-modified and the modified liposomes
respectively. The reported concentration on the liver was three times greater when using
galactose as a ligand (300 Vs 900). This can be explained as ASGP-R has a strong affinity for
galactose on its surface leading to better targeting and drug accumulation at the target of interest
(Rigopoulou et al., 2012).

Arguably, the addition of a ligand appeared to behave differently at certain extend. Zhou et al.,
(2019) investigated the effect of 11-DAG-3-O-Gal insertion into liposomes containing
Cantharidin. The AUC was (596 =18 pg-h/mL, 509 = 16 pg-h/ mL), the ti» was (0.25+0.08 h,
0.18 £0.09 h), and the CL was (0.57 £ 01 L/Kg/h and 0.74 + 0.13 L/Kg/h) for the conventional
and modified liposomes respectively. This high clearance can be linked to their removal to the
target site. This was confirmed by the concentration of the drug on the liver which 4 times
greater for the modified liposomes (2000 ng/g) compared to the conventional liposomes (500
ng/g).

Liposomes containing Cantharidin was evaluated and compared to the modified form using rats
(Zhu et al., 2020). The results for the conventional and modified liposomes showed a significant
difference (P-value<0.05) among the studied pharmacokinetics parameter similar to (Zhou et
al., 2019) study. These findings suggested that modified liposomes cleared quickly from the
plasma as they distributed in a higher rate in the tissues as they can be recognized easily by the
ASGP-R. AUC considered as a key factor in the determination of the drug concentration at the
systematic circulation (drug bioavailability) (Scheff et al., 2011). The more available drug, the
higher chance for cellular uptake, and higher targeting would have achieved when having a
targeting ligand on the surface (El-Kareh and Secomb, 2003). AUC has a proportional

relationship with T1/2 and an inverse relationship with the clearance rate (Riviere, 2011).
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2.3.5.2.3.Dual use of PEG and ligand

The impact of using both ligand and PEG on the bio-distribution was investigated in two studies
(Yin et al., 2018) and (Zhang et al., 2020). Liposomes containing DSPE-PEG750 and different
sugar moieties (galactose, glucose, and mannose linked to DSPE-PEG600) were visualised
using DiO dye and evaluated using rats (Zhang et al., 2020). The results showed the maximum
accumulation in the liver when using galactose (15,000 a.u.) compared to (2000 and 5000 a.u.)
for glucose and mannose. The maximum accumulation of the galactosylated liposomes is due
to the high expression of ASGP-R on the hepatocytes. Although there are some mannose
receptors in the macrophages, it is presents more on the lung cells which was proved by the
fluorescence intensity in this study (Zhang et al., 2020). Yin et al., (2018) carried out an
experiment to investigate the impact of ceramide and DSPE-mPEG2000 on sorafenib
liposomes for treating hepatoma using H-22 tumour bearing mice. The results proved that, there
was a significance reduction in the tumour volume by third i.e., from 900 mm3 when using the
un-modified liposomes to 300 mm3 when using dual modified liposomes (P-value<0.05). This
is due to that ceramide provide a synergetic effect when combined with sorafenib as it is known
for its tumour suppressing property (Yin et al., 2018). This was also proved by (Feng et al.,
2014) who formulated a docetaxel liposomal formulation using ceramide as a ligand and
observed a synergetic effect and obtain better tumour inhibition.

In order to get an overview on how different factors can impact the cellular uptake and the bio-

distribution, we applied a linear regression model.

2.3.6. Factors affecting liver targeting (results of linear regression modelling)

Performing meta-analysis of our data was not feasible. This is due to that the heterogeneity was
high (I 2 = 100%). Instead, linear regression modelling was performed to investigate the impact of
liposomes’ size on the cellular uptake, drug accumulation represented by the drug concentration

on the liver, and tumour volume was evaluated. Appendix E provides raw data for the STATA
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output (Table 2.2.E-2.4. E). Data reflecting the effects of inserting the PEG and ligand into the
liposomal formulations were limited (less than ten observations). Therefore, it was not feasible
to include these variables in the analysis.

Table 2.2. Linear regression analysis of cellular uptake of the formulated liposomes
against liposome size.

Predictor No studies Cellular uptake (%)
variable Coef sig CI-95%
Liposome Size 13 0.529 0.016 ** (0.12-0.936)

Table notes: *** p<.01, ** p<.05, * p<.1

Table 2.3. Linear regression analysis of cellular uptake of the formulated liposomes
against liposome size.

Predictor No studies Drug accumulation in the liver (ng\g)
variable Coef sig CI-95%
Liposome Size 14 48.343 0.094 (-9.5-106)

Table notes: *** p<.01, ** p<.05, * p<.1

Table 2.4. Linear regression analysis of cellular uptake of the formulated liposomes
against liposome size.

Predictor No studies Tumour volume (mm3)
variable Coef sig CI-95%
Liposome Size 10 -3.261 0.46 (-13-6.5)

Table notes: *** p<.01, ** p<.05, * p<.1

Table 2.2. and Table 2.3 show the correlation between the liposomes size against cellular uptake
and the drug concentration in the liver respectively. The positive correlation between
liposomes’ size and the cellular uptake was significant and confirmed by the p-value (0.016).
Table 2.4. suggested that, there is an inverse relationship between the liposomes size and the
tumour volume i.e., as the liposomes size increases the tumour growth reduced. However, this

finding was not significant (p-value= 0.46).
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Figure 2.3. Linear regression plot for liposome size vs cellular uptake (A), drug
concentration in the liver (B), and tumour volume (C).
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Figure 2.3. demonstrates the above findings in the tables (2.2., 2.3., and 2.4.). This linear
regression model investigated the effect of the liposome size on the cellular uptake, the drug
accumulation, and the tumour volume. Most of the size range reported between 100-200 nm.
Only few liposomes’ sizes range were below or above 200 nm.

In term of cellular uptake, the size has a direct proportional relationship with the uptake i.e., as
size increased, cellular uptake increase. However, it is important to emphasise that, the majority
of liposomes has an average size between (100-200 nm), and only one reported liposomal
formulation has an average size of ca. 350 nm (Karim et al., 2021). Liposomes’ size is an
important factor that impacts the cellular uptake and needs to be tailored carefully. Particle size
over 200 nm is more susceptible to be capture by MPS (Elvevold et al., 2008), and smaller
liposomes are more susceptible to instability and rapid elimination by the kidney (Elvevold et
al., 2008). Park et al., (2016) investigated the impact of PLGA size on liver cellular uptake. NP
size was 241 nm, and it was mostly taken up by Kupffer cells (89%), and only 4% was found
in hepatocytes.

In order to avoid particle aggregation and MPS recognition, liposomes can be hidden through
modulating their hydrophilicity (Kelf et al., 2010). Although we were unable to predict the
impact of the PEG on the cellular uptake, it is good to consider and discuss this point based on
the previous literatures as it is one of the most common methods used to ontain stealth properties
and increase the liposomes’ half-life time. Vasir and Labhasetwar (2008) compared the cellular
uptake for un-modified and PEGylated PLGA. Findings showed that modified NPs had five-
folds higher uptake compared to the un-modified ones. However, PEG chain length and
concentration has an impact on cellular uptake. Pozziet al., (2014) suggested that the use of 1
and 2KDa PEG associated with uptake enhancement. However, the PEGylation with PEG-5K
reduces the cellular uptake to half. Two theories can explain this phenomena. First, PEG with

a longer chain length fold up on the surface rather than stretch. Second, long PEG chains interact
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via short van der walls attraction force and forming inter-chain hydrogen bonds, and ultimately
leads to chain enlargement. This will lead to phase-separated lamellar structure, which impacts
their uptake (Kelf et al., 2010).

Carbohydrate modified liposomes can be used as a targeting ligand alone or combined with
PEG (Lemarchand et al., 2004). Galactose appeared to be the ligand of choice for hepatocytes
targeting according to the qualitative narrative analysis (Figure 2.2.E). This is due to their
abundance expression as targeting moieties on ASGP-R which present selectively on the
hepatocytes’ surface (Witzigman 2017). The impact of using ligand on the cellular uptake was
not feasible to be predicted using the linear regression modelling. However, we can give an
overview on their effect according to the previous studies. Wang et al., (2020) reported the
difference in the cellular uptake between un-modified and DSPE-PEG2000-Galactose
liposomes. The reported florescence intensities were 35000 and 65000, respectively. Another
study conducted by (Li et al., 2018), who studied the effect of different galactose concentrations
on cellular uptake. Findings showed a concentration-dependent cellular uptake pattern and the
receptor saturation occurred when using a ligand with a concentration higher than 20 mol%.

It is difficult to predict the behaviour of liposomes containing dual modification because of that,
data was not enough to build a prediction. There were only five studies discussed the impact of
using PEG and the targeting ligand for liver targeting (Jiang et al., 2020), (Liu et al., 2017),
(Pireddu et al., 2018), (Wang et al., 2020), (Yin et al., 2018). Three out of five studies used
galactose as a targeting ligand (Jiang et al., 2020), (Liu et al., 2017), (Wang et al., 2020). This
is data is not enough to build a robust decision. However, some literature addressed their
expectations earlier. Hstoshyar et al., (2016) suggested that decorating NPs surface with PEG
and ligand would lead to an increase in the cellular uptake. This is due to that PEG will mask
the NPs from the MPS recognition, and the ligand would facilitate their binding to the receptor

and their uptake. It is important to take in consideration that; PEG chain length is an important
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factor can impact the cellular uptake. Long chain lengths (2,3.5, 5, and 10KDa) has the
advantage of presenting the ligand more clearly. However, long chains tend to form a
mushroom configuration and thus hinder the targeting ligand in the PEG coat and reduce their
targeting effectiveness (Stefanick et al., 2013). On the other hand, using shorter PEG lengths
(350, 550, and 750 KDa) associated with more thermodynamic interaction between the ligand
and the receptor (Stefanick et al., 2013). Stefanick et al., (2013) evaluated different PEG: ligand
lengths using a constant 5% for PEG. Findings proved that using adjusted short PEG and
peptide as a targeting ligand associate with the formation of linear configuration and better
cellular uptake unlike longer chain lengths. This finding came in line with (Abstiens et al.,
2018; Ding et al., 2014) study. Both studies studied the effect of NPs ligand density and linker
length on cellular uptake. The surface of the polymeric nanoparticles was functionalised with
different ligand (0-100%) concentrations connected to different PEG spacer lengths (2,3.5, and
5KDa). The maximum cellular uptake was observed with 100% functionalisation connected to
a small PEG length confirmed by the fluorescence intensity. This can be explained as that with
PEG 2KDa, stretching (brush) can be formed compared to the medium and high PEG chain,
which fold up (mushroom configuration) and reduce their interaction with the cells rather than
with smaller PEG chains where linear configurations can be obtained.

The liposomes’ size has a direct proportional relationship on drug accumulation on the liver
(Figure 2.3.B). This prediction agrees with Tang et al., (2014) study who investigated the
optimal NP size to be used for anticancer therapy. In this experiment, different size ranges of
PEG coated silica NPs containing camptothecin as an anticancer API were prepared (20, 50,
and 200 nm). The formulated NPs were tested MCF-7 cells. The drug accumulation on the liver
was the maximum with 50 nm size which is higher than 20 nm and 200 nm by 84% and 24%
respectively. Similar findings were reported by (Tang et al., 2012). When compared with 200

nm, smaller sizes have better accumulation profile on the cancer cells could be due to that
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smaller sizes are likely have more efficient probability to penetrate the cells by enhanced
permeation and retention effect. Although 20 nm has smaller size compared to 50 nm, their
lower accumulation on the cancer cells can be linked to their fast clearance from the circulation
(Perrault et al., 2009).

Liposomes’ size and efficacy on reducing tumour volume has an inverse relationship i.e. as the
liposomes’ size increases the efficacy for drug to reduce the tumour volume decrease (Figure
2.3.C). A study carried out by (Bao et al., 2016) aiming of determining the optimum size
nanomedicine antitumor activity. The researchers prepared 10, 25, and 50 nm gold
nanoparticles containing hydroxycamptothecin which is an anticancer API. The formulations
were tested on MDA-MB-321 (breast carcinoma cells) of bearing mice. The anti-tumour
activity represented by the changes in tumour growth was significantly different between the
three groups (P-value<0.05). The maximum anti-tumour activity was for 10 nm (905+£104
mm?3), 50 nm followed by 25 nm (648+87 mm3) and the least was for 50 nm (529+£79 mm3).
This came in line with (Tang et al., 2014) which discussed in the previous point of the
relationship between liposomes’ size and the drug accumulation and proved that 50 nm was the
best. This can be explained as much drug accumulated on the desired site, drug would exert its
pharmacological activity at higher extent. Cabral et al., (2011) investigated the effective size in
cancer treatment through preparing different PEGylated liposomes (30, 50, 70, and 100 nm).
The anticancer activity of the formulated micelles was tested on pancreatic tumour using
BxPC3 cells. The accumulation of the liposomes was the maximum with 30 nm which was two
times higher than 50 nm, and four times higher than both 70 and 100 nm micelles. This finding
suggests there is a size-dependent of the prepared liposomes on reducing tumour volume.
However, it is important to explain that, although having small micelles are susceptible for
quick clearance from the circulation, they are necessary to enhance the tumour penetration

(Perrault et al., 2009). Thus, it is suggested to include the PEG on the surface of the NPs to
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escape the quick clearance by the MPS and facilitating the tumour penetration of the smaller
size NPs (Bozzuto and Molinari, 2015). On contrary, Bae et al., (2011) hypothesized that,
increasing the liposomes size up to 200 nm can increase the tumour accumulation and retention
with majority on liver and spleen. However, some factors can play role in determining the limit
of accumulation including tumor model and the degree of fenestration in which the size needs
to be smaller than the cut-off it (Bertrand et al., 2014).

In conclusion, for liver targeting, it is suggested to formulate liposomes with a size range
between 100-200 nm. According to the narrative analysis and the linear regression model,
liposomes’ size with a range (100-200 nm) impact positively on the cellular uptake, the drug
accumulation on the hepatocytes, and tumour volume reduction. Adding PEG appeared to
increase the liposomes’ circulation time. However, it did show a reduction in the cellular
uptake. Using ligand specifically galactose improved the hepatocytes targeting via binding to
ASGP-R. The most common concentration used for both PEG and ligand is 5 mol% and lower.
A dual surface modification for the liposomes i.e., coating the surface with PEG and galactose
appeared to be a promising strategy. By applying the suggested strategy, longer circulation time
is provided, and the liposomes can escape the macrophages present in the liver as a function of
the PEG while the galactose act as a targeting ligand to facilitate the liposomes’ attachment

with ASGP receptor present in the hepatocyte to give the desired outcome.
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Appendices

Appendix A

Table 2.A. Keywords for database search

Key Operator
Domain 1: Liposome, Liposomes. Joint by OR
Domain 2: Liver targeting, Hepatocytes. Joint by OR
Domain 3: Cellular uptake, Pharmacokinetic, Pharmacokinetics, Liver accumulation. | Joint by OR
Results of domain 1,2, and 3. Joint by AND

Appendix B

What is the best strategy for targeting hepatocytes?
Medline search strategy “Problem and intervention”
Accessed on 29/12/2021

1. Liposomes/ or Liposome*.mp.

2. Liver targeting.mp.

3. Hepatocytes.mp.

4. cellular uptake.mp.

5. Pharmacokinetic*.mp. or pharmacokinetics/.mp.
6. Liver accumulation.mp.

7.10R20R3

8-40R50R 6

9-7 AND 8

10. limit 9 to last 5 year
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Appendix C

Table 2.C. data extraction tool for the included studies.

Reference | Liposome Liposo | PEG Ligand | Drugused | Study Cell The reported outcome Effective
composition | me size | type and | type and | and design (In- | line/Animal (%CU, FI, drug size
density | density | concentrat | vitro, In- used, Number | concentration, drug
ion vivo, RCT) | of patients accumulation, change in
tumour growth ... etc)
Appendix D

Table 2.1.D. CASP tool for RCT study.

The domain

Description of the domain

Yes, No, Cannot
tell

Domain A: Is the basic study
design valid for a randomised
controlled trial?

Did the study address a clearly focused research question?
CONSIDER:
o  Was the study designed to assess the outcomes of an intervention?
o s the research question ‘focused’ in terms of:

e Population studied

e [ntervention given

e Comparator chosen

Outcomes measured?

Was the assignment of participants to interventions randomised?
CONSIDER:

e How was randomisation carried out? Was the method appropriate?

e Was randomisation sufficient to eliminate systematic bias?

e Was the allocation sequence concealed from investigators and participants?

Were all participants who entered the study accounted for at its conclusion?
CONSIDER:

o Were losses to follow-up and exclusions after randomisation accounted for?
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(intention-to-treat analysis)?
e Was the study stopped early? If so, what was the reason?

Domain B: Was the study
methodologically sound?

e Were the participants ‘blind’ to intervention they were given?

e Were the investigators ‘blind’ to the intervention they were giving to
participants?

e Were the people assessing/analysing outcome/s ‘blinded’?

Were the study groups similar at the start of the randomised controlled trial?
CONSIDER:

e Were the baseline characteristics of each study group (e.g. age, sex, socio-economic
group) clearly set out?

Were there any differences between the study groups that could affect the outcome/s?

Apart from the experimental intervention, did each study group receive the same
level of care (that is, were they treated equally)?

CONSIDER:

o Was there a clearly defined study protocol?

o [fany additional interventions were given (e.g. tests or treatments), were they
similar between the study groups?

Were the follow-up intervals the same for each study group?

Domain C: What are the
results?

Were the effects of intervention reported comprehensively?

CONSIDER:

e Was a power calculation undertaken?

e What outcomes were measured, and were they clearly specified?

e How were the results expressed? For binary outcomes, were relative and absolute
effects reported?

o Were N\Mm results reported for each outcome in each study group at each follow-up
interval?

e Was there any missing or incomplete data?

J E\am\wwwm differential drop-out between the study groups that could affect the
results:

e Were potential sources of bias identified?

e Which statistical tests were used?

e Were p values reported?
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Was the precision of the estimate of the intervention or treatment effect reported?

CONSIDER:
Were confidence intervals (Cls) reported?

Do the benefits of the experimental intervention outweigh the harms and costs?

CONSIDER:
o What was the size of the intervention or treatment effect?
o Were harms or unintended effects reported for each study group?

Was a cost-effectiveness analysis undertaken? (Cost-effectiveness analysis allows a
comparison to be made between different interventions used in the care of the same
condition or problem.)

Domain D: Will the result help
locally?

Can the results be applied to your local population/in your context?

CONSIDER:

e Are the study participants similar to the people in your care?

e Would any differences between your population and the study participants alter the
outcomes reported in the study?

*  Are the outcomes important to your population?

e Are there any outcomes you would have wanted information on that have not been
studied or reported?

Are there any limitations of the study that would affect your decision?

Would the experimental intervention provide greater value to the people in your
care than any of the existing interventions?

CONSIDER:

o  What resources are needed to introduce this intervention taking into account time,
finances, and skills development or training needs?

o Areyou able to disinvest resources in one or more existing interventions in order to
be able to re-invest in the new intervention?
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Table 2.2.D. Syrcle’s tool for In-vivo study.

Type of bias The domain Description of the domain Yes, No, Unclear
Selection bias iste! Sequence Describe the methods used, if any, to generate the allocation sequence in
generation sufficient detail to allow an assessment whether it should produce comparable
groups.
Baseline Describe all the possible prognostic factors oristianimal characteristics, if any,
characteristics that are comparedistein order to judge whether or not intervention
andisgpicontrol groups were similar at the start of the experiment.
Allocation Describe the method used to conceal the allocation sequence in sufficient
concealment detail to determine whether intervention allocations could have.

Performance bias
IsEp:

Random housing

Describe all measures used, if any, to house the animals randomly within the
animal room.

Blinding

Describe all measures used, if any, to blind trial caregivers and researchers
from knowing which intervention each animal received. Provide any
information relating to whether the intended blinding was effective.

Detection bias iste!

Random outcome

Describe whether or not animals were selected at random for outcome

assessment assessment, and which methods to select the animals, if any, were used
Blinding Describe all measures used, if any, to blind outcome assessors from knowing
which intervention each animal received. Provide any information relating to
whether the intended blinding was effective.
Attrition bias istp! Incomplete Describe the completeness of outcome data for each main outcome, including

attrition and exclusions from the analysis. State whether attrition and
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outcome data exclusions were reported, the numbers in each intervention group (compared
with total randomized animals), reasons for attrition or exclusions, and any re-
inclusions in analyses for the review.

T

Reporting bias isee; Selective outcome | State how selective outcome reporting was examined and what was found.

AL}

reporting

Fo-a

Other istp:

A

bias tool.

Other sources of | State any important concerns about bias not covered by other domains in the

Table 2.3.D. Adapted tool for In-vitro study.

Quality assessment tool for In-vitro studies

Description

Yes,No,
Unclear.

Sample
Selection &
Experimental
Setup

Do authors report a description of the
sample collection allowing the reader
to understand whether the samples
represent technical or biological
replicates? (Yes, No, Unclear)

Technical replicates: a test performed on the same sample multiple
times

Biological replicates: a test performed on biologically distinct samples
representing an identical time point or treatment dose (Altogen
Biosystems, 2017, Lazic et al., 2018)

Is the experimental unit clearly
stated? (Yes, No)

Three types are defined by Lazic as biological unit of interest (BU),
experimental unit (EU) and Observational unit (OU). BU is the entity
about which interferences are made — the associated experiment tests a
hypothesis, estimate a specific property that leads to a conclusion. The
experimental unit (EU) is randomly and independently assigned to the
test environment (the sample size N is equal to number of EUs). There
are other factors that affect it — this can be a BU of interest, group of
Bus, parts of a BU or a sequence observations on a BU. The ideal

approach to genuine replication Is random and independent assignment.

Moreover, treatment should be applied independently to each EU and
EUs should not influence each other. If this cannot be met — a different
unit can be used as EU — this can be one level up in the biological and
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technical hierarch. Finally observational unit is the entity which the
measurement are taken. The latter might be different from EUs and

Bus. The increase in OUs does not increase the sample size (Lazic et
al., 2018).

Do authors report a statement of how
many times the experiment shown
was replicated in the laboratory?
(Yes, No, Unclear)

“In cell culture experiments cells are often both the OUs and BUs of
interest, but rarely the EU.

Suppose an aliquot of cells is thawed and the cell suspension is pipetted
into different wells of a microtiter plate. Cells are randomised to wells,
and then wells to treatments, so the first criterion is met. But treatments
are applied simultaneously to all cells in a well, not independently to
each cell, so the second criterion is not met. In addition, it is
unreasonable to assume that cells in a well have no influence on each
other; they form cell-to-cell connections, release signalling molecules,
and compete for the same nutrients in the media. Hence, the third
criterion is not met for using cells as the EU. Thus, a well, culture dish,
or another plastic container is the appropriate EU for cell culture
experiments.” .... “The multiple wells on each day are then

treated as subsamples and do not contribute to N (for example, by
averaging values across wells in the same condition on each day)”.

Is the sex of the cells sufficiently
reported? (Yes, No, Unclear)

Sex is our experimental variable, there needs to be an adequate
description of which data belongs to which sex (Shah et al., 2014).
10.1152/ajpcell.00281.2013

Reagents &
Cells

Is the source of cell lines provided?
(Yes, No, not applicable)

If it explains the source of the cell lines e.g Neonatal foreskin
keratinocytes (NFSKs) select yes. If it does not, the answer is no. if the
study does not provide cell lines, it will be not applicable (NPQIP,
2016).

Do the authors report whether the
lines used have been authenticated
recently (e.g., by STR profiling:
within 1 year of use)? (Yes, No, not
applicable.)

If the article has a sentence saying that cell authentication was done
within a year from publication using Short Tandem Repeat (STR)
profiling, then the answer is yes. If the statement is not available, the
answer is no and if they do not report cell lines, it is not
applicable(NPQIP, 2016).

95




Do the authors report whether the
lines used have been tested for
mycoplasma contamination recently
(within 6 months of use)? (Yes, No,
not applicable)

If there is a statement reporting the contamination, the answer is yes. If
not, it is no. If no cell lines were used, the answer is no(NPQIP, 2016).

Do authors report a description
allowing the reading to understand
whether cells are primary cell
cultures or continuous cell line? (Yes,
No)

Primary cell cultures most closely represent the tissue of origin. When
sub cultured they have a finite lifespan and are more prone to significant
changes with increasing passage as they adapt to in vitro culture. This
means the population doubling number should be carefully recorded.
Continuous cell line, e.g. derived from a human cancer, can be
passaged an infinite number of times (Public Health England)

Is the passage number and/or
population doubling numbers
adequately reported? (Yes, No)

“The passage number of a cell culture is a record of the number of
times the culture has been sub-cultured, i.e. harvested and reseeded
into multiple ‘daughter’ cell culture flasks. The question about whether
thawing cells represents a passage or not is one that is asked
frequently. When cells are trypsinised for freezing and then thawed and
reseeded, this represents one passage, albeit with time out in the
freezer. As a passage is recognised as the transfer of the cells to
another culture dish, the passage number should be increased on
reseeding, but not on freezing. ”(Public Health England)

Has every antibody used in this
manuscript been profiled for use in
the system under study, by either
citation, catalogue number, clone
number or validation profile? (Yes,
No, Unclear)

ABB to add here from NPQIP study

Sample Size

Does the manuscript describe how the
sample size was chosen to ensure
adequate power to detect a pre-
specified effect size? (Yes, No,
Unclear)
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- If Yes, Was the sample size
calculation appropriate? (Yes,
No, Unclear)

Allocation to

Was the methods of allocation

groups samples to experimental groups
appropriate?
(If it is randomised, the answer is yes,
otherwise is no or unclear)
Allocation Were the investigators blinded to the
Concealment | group allocation during the
experiment? (Yes, No, Unclear)
Blinded Were the investigators blinded to the
Assessment | group allocation when assessing the
of Outcome | outcome(s)? (Yes, No, Unclear)
Attrition Does the manuscript describe if

samples were excluded from the
analysis? (Yes, No, Unclear)

If yes, were exclusion criteria pre-
defined? (Yes, No, Unclear)
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Appendix E

Table 2.1.E. Linear regression analysis of the cellular uptake against liposomes size.

Cellular uptake St.Err. t- p- [95%  Interval] Sig
Coef. value  value Conf

Liposome size 0.529 185 2.85 016 121 936  **
(nm)

Constant -13.125 30.628  -0.43 677 -80.537 54.288
Mean dependent var 64.538 SD dependent var 63.999
R-squared 0.425 Number of obs 13.000

F-test 8.144 Prob>F 0.016
Akaike crit. (AIC) 140.779 Bayesian crit. (BIC) 141.909

*EX <01, **p<.05, *p<.1

Table 2.2.E. Linear regression analysis of the drug concentration in the liver against

liposomes size.

Concentration Coef. St.Err. t- p- [95%  Interval] Sig
value  value Conf
Liposome size 48.343 26.56 1.82 .094 -9.526 106.212 *
Constant -3917.864 3778.172  -1.04 32 - 4314.067
12149.79
4
Mean dependent var 2750.000 SD dependent var 3753.460
R-squared 0.216 Number of obs 14.000
F-test 3.313 Prob>F 0.094
Akaike crit. (AIC) 269.732 Bayesian crit. (BIC) 271.010
¥R p<.01, ¥* p<.05, *p<.1
Table 2.3.E. Linear regression analysis of the tumour volume in the liver against
liposomes size.
Tumour Coef. St.Err. t- p- [95%  Interval] Sig
volume value  value Conf
Liposome size -3.261 4226 -0.77 463 -13.006 6.484
Constant 1427.07  756.962 1.89 096 -318.488 3172.628 *
Mean dependent var 890.000 SD dependent var 919.481
R-squared 0.069 Number of obs 10.000
F-test 0.595 Prob>F 0.463
Akaike crit. (AIC) 167.084 Bayesian crit. (BIC) 167.689

KR p<01, **p<.05, *p<.1
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Chapter 3: Liposomes preparation, characterisation, and surface modification.

108



3.1. Introduction

Liposomes are among the most commonly used carriers as drug delivery systems
(Akbarzadeh et al., 2013; Allen and Cullis, 2013). They result from self-assembly of
phospholipids in water (Akbarzadeh et al., 2013), with a size range between 30 nm and > 1
um (Akbarzadeh et al., 2013). Different methods have been reported for the preparation of
liposomes including the thin film hydration method, reverse phase evaporation (REV),
solvent injection and detergent dialysis. The resulting vesicles need to undergo some
characterisation to assess their quality (Ruozi et al., 2011). Typically, characterisation
includes particle size analysis, polydispersity index (PDI), zeta potential (ZP), phospholipid
quantification, and membrane permeability (Laouini et al., 2012). Dynamic Light Scattering
(DLS) appeared to be the most common instrument used for size and PDI measurements
(Edwards and Baeumner, 2006) while ZP, which represents the surface charge, can be
measured using Electrophoretic Light Scattering (ELS). UV is one of the reported methods
for phospholipid analysis (Kanasova and Nesmérak, 2017; Laouini et al., 2012). However,
even if all of these properties are controlled well, there is a possibility for rapid capture of
the liposomes by mononuclear phagocyte systems (MPS) (Lavoie and Levy, 2017; Hume et
al., 2019). In order to avoid this phenomenon, stealth properties can be introduced to the
liposomes either during or after vesicles production. The idea behind stealth manufacturing
is to prolong the circulation time and to evade recognition by the immune system by
modifying the surface properties of the liposomes (Lavoie and Levy, 2017).

Different materials can be used to provide stealth properties, but PEG is the most commonly
used (Bozzuto and Molinari, 2015). This is due to its hydrophilic properties and flexibility
(Owensiii and Peppas, 2006). PEGylated liposomes are also undergone the same quality
attributes measurements for the un-modified liposomes. Quantifying the amount of PEG can

be performed using colorimetric assay (Jones et al., 2014). Maintaining the physicochemical
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stability of the prepared liposomes is challenging. This is due to that; they are formed in an
aqueous solution (Fonte et al., 2016), and to overcome this problem, lyophilising/freeze-
drying method is suggested (Abdelwahed et al., 2006). Several materials can convert the
solution to solid particulates, and sugars i.e., sucrose and lactose are the most common in
use (Abdelwahed et al., 2006).
In this project, we will prepare liposomal formulations using different neutral phospholipids
(SPC, DSPC, and HSPC) using the thin film hydration method and assess their size, PDI,
and zeta potential and phospholipid content. We aim to produce liposomes size below 200
nm with a good homogeneity (Ca. 0.3 a.u.) and a neutral ZP value (10 and -10 mV). These
liposomes were kept in the fridge to assess their stability over time. Decorating liposomes'
surface with different PEG types (PEG2000-DSPE, PEG2000-DSPE-COOH, PEG2000-
DSPE-NH?2) using two different molar ratios (2% and 5%) to obtain stealth characteristics
was also performed. Their quality attributes and membrane fluidity were tested too at three
different temperature profile (25°C, 37°C, and Tc). To investigate the impact of the
temperature on the release kinetics profile, we established a linear regression model.
Lyophilised liposomes were prepared using the pre- and post-insertion methods for the
selected cryoprotectant (sucrose) to improve the liposomes shelf-life time. The size, PDI,
and zeta potential were evaluated.

3.2. Experimental section
3.2.1. Material
Fat-free Soybean phospholipid with 70% Phosphatidylcholine (SPC), Hydrogenated
phosphatidylcholine from soybean (HSPC), 1,2-Disteraroyl-s-glycerol- phosphatidylcholine
(DSPC), and N-(Carbonyl-methoxypolyethylenglycol-2000) -1, 2-distearoyl-sn-glycero-3-
phosphoethanolamine, MPEG-2000-DSPE (Na-salt) were purchased from Lipoid

(Ludwigshafen, Germany). Cholesterol,) Calcein, Sephadex G-75 and Sepharose CL-4B, all
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were purchased from Sigma Aldrich (Gillingham, UK). NaCl was obtained from Oxoid Ltd
(Basingstoke, UK), Chloroform, TES, EDTA and sucrose were obtained from Fisher
Chemicals (Loughborough, UK), Methanol from VWR Chemicals (Leicestershire, UK). All
reagents were used without any further purification. De-ionised water which used in these
preparations was dispensed from the Arium Mini station (enhanced with biofilters;
Sartorious Company (Goettingen, Germany)). Phospholipase C, Ammonium thiocyanate,
Triton-100X were obtained from Sigma Aldrich from different regions (Spain and U.K.).
Ferric chloride anhydrous was obtained from Scientific Laboratory Suppliers (UK,
Nottingham). DSPE-PEG (2000) and its derivatives both carboxylated and aminated were
obtained from Avanti polar lipids (Alabama, USA).

3.3. Methodology

3.3.1. Liposomes preparation

Five different molar ratios of Soybean phospholipid: cholesterol (SPC: CHOL; 90:10, 80:20,
70:30, 60:40 and 55:45) were used for screening purposes. Liposomes were prepared by the
thin film hydration method as previously described (Varona et al., 2011). Briefly, soybean
phospholipid and cholesterol were dissolved in 3 ml of chloroform and added to a 25 ml
round bottom flask. The solvent was removed under vacuum at a temperature above the Tc
using a rotary evaporator (Staufen, Germany) to allow the thin film to form. The latter was
re-hydrated with 3 ml of a pre-heated normal saline solution and allowed to be mixed for 2h
h under stirring (170 rpm). The suspension was then vigorously stirred and sonicated at 50
°C for an hour using ultrasonic bath (VWR, Leicestershire, UK). Samples were taken every
10 minutes to evaluate the impact of the sonication on liposomes size. Further investigation
of the influence of vacuum pressure on average hydrodynamic size was carried out. Herein,
different vacuum levels (100, 200, 300, 400, 500 and 600 mbar) were applied during solvent

removal step of liposomes preparation. The best formulations were identified and taken
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through further studies. All experiments were performed in triplicate. Liposomes preparation
includes using for three neutral phospholipids SPC, DSPC, HSPC. All formulations were
composed of phospholipid: cholesterol (70:30) and were characterized in terms of size and
charge. All experiments were performed in triplicate.

3.3.2. Liposomes characterisation

3.3.2.1. Particle size analysis

Particle sizes were determined on liposomes after 100-fold dilution with 0.9% NaCl. The
average particle size and polydispersity index (PdI) of samples were evaluated using
Malvern Zeta-sizer instrument (Zetasizer Nano ZSP model; Malvern, Worcestershire, UK).
Analysis was made at a backward scattering angle of 173°, at 25, 37 and 50 Tc (50, 63, and

65 °C). Each measurement was repeated thrice.

3.3.2.2. Surface charge determination

Electrophoretic Light Scattering (ELS) was used in this experiment to evaluate the zeta
potential. Liposomes were diluted with 0.9% NaCl 1000 times, then transferred to a folded
capillary cell. Measurements were taken at 25 °C. All experiments were performed in

triplicate.

3.3.2.3. Physicochemical stability

Liposomes (70:30 and 55:45 phospholipid: cholesterol) were kept in the refrigerator at 4°C.
The mean particle size and zeta potential were determined every week for the first month,
then tested monthly.

3.3.3. PEGylation of liposomes

Stealth liposomes were produced using the post-insertion method (Steenpal3 et al., 2006).
PEG-DSPE, PEG-DSPE-COOH, or PEG-DSPE-NH; (2 and 5 mol% vs. total lipid) were
dissolved in 2 ml of 0.9% NaCl.q. The PEG solution was then added to the pre-formed

liposomes (700 ml of liposomes: 300 uL of PEG). Afterward, free PEG was removed by
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eluting 300 pL. of PEGylated liposomes on Sepharose CL-4B (75 Sepharose CL-4B: 25
buffer) (2.5 X 30 cm column). The purified PEGylated liposomes were evaluated for their
size and zeta potential as described previously.

3.3.4. Phospholipid quantification

Liposomes were mixed with methanol (50 %v/v) for 30 minutes to allow complete
dissolution of the liposomes (Cipolla et al., 2014). The same procedure as for PEG
quantification was applied (See section 3.3.6). Measurements were taken at A= 488 nm on a
Shimadzu spectrophotometer (Model RF-5301PC) (Jimabh, et al., 2017). The experiment was

validated three times.

3.3.5. Yield measurements

0.5 ml of liposomes was dried in the oven for 24 hours. The solid was then measured and
compared to the initial concentration to determine the yield. This experiment was
performed in triplicate.

%Yield = (Actual concentration/Theoritical concentration)X 100

3.3.6. PEG quantification

To quantify PEG, liposomes were digested at 37 °C in the presence of phospholipase C
(0.001 g/ 1 ml) and of deoxycholate (4 M). 50 pL of the digested liposomes were withdrawn.
Then, equal volume of 700 pl chloroform and 700 pL of the ferrocyantae solution was added.
The samples were gently shaken for 30 minutes at room temperature. Afterwards, the upper
layer was removed and the bottom layer which contain the extracted PEG in chloroform was
assayed colorimetrically using UV-Spectrophotometer at A= 510 nm as described previously
(Jones et al., 2014; Nag et al, 1996).

3.3.7. Validation method for PEG and phospholipid quantification

The validation aims to test the linearity, reliability, and the precision for the quantification

method used according to (ICH guidelines Q2 (R1), 2005). This includes an estimation of
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the limit of detection (LOD), and Limit of quantification (LOQ) (Armbruster and Pry, 2008).
LOD can be defined as lowest concentration of the sample can be detected by the instrument.
LOQ is usually greater than LOD, and in which the redefined goals are met (Armbruster and

Pry, 2008). Both predictors can be calculated using the following equations:

LOD = 3.3 (SD of the intercept\slope)

LOQ = 10 (SD of the intercept\slope)

3.3.8. Membrane permeability

A calcein stock solution (100 mM) was prepared in TES buffer (10mM, pH 7.4) and diluted
to 50 ml with Buffer C (100 mM NaCl, 10 mM TES, 0.1 mM EDTA, pH 7.4). This solution
was used to re-hydrate the lipid film during liposome preparation. Free calcein was removed
by passing the sample on a Sephadex G-75 Column (2.5 X 30 cm). Calceino-liposomes were
incubated at 25°C, 37°C and their Tc (50°C, 63°C, and 65°C) for 24 hours at which point
the fluorescent signal was measured (Aex: 480 nm and = Aem: 520 nm) (Diizgiines et al., 2010).
Liposomes were lysed in Triton X-100 to obtain 100% calcein release (Diizgiines et al.,

2010). All experiments were repeated at least three times on three distinct formulations.

3.3.9. Lyophilised liposomes

Pre-formed liposomes were mixed with a 150 mM sucrose solution (Kannan et al., 2014) at
a volume ratio of 70:30. The formed mixture was then frozen at -80 °C for 24 hours then
placed in the freeze-dryer for 48 hours. 1 mg of the resulting powder was reconstituted in 1
ml of 0.9% NaCl.q. Measurements for the size, PDI, and zeta potential were taken at 25 °C,

37 °C, and their Tc three times.

3.4. Statistical analysis
Descriptive analysis for the collected data including mean+ SD was calculated and drawn

using GraphPad Prism (version 9.2.). The differences in the size, ZP, and the release profile
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was tested between the three different formulations using ANOVA test. Linear regression
analysis model to predict the effect of the temperature profile on the release behaviour was
studies using STATA software (version 17).

3.5. Results and discussion

3.4.1. Effect of sonication on average size
The impact of sonication times was studied for different phospholipid: cholesterol ratios
(Figure.3.1). In this experiment, we aim to determine the best formulation to be selected for

further characterisations. The average size needs to be below 200 nm.
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Figure 3.1. The effect of sonication on size (A) and PDI (B) for liposomes prepared at
different phospholipid: cholesterol ratios. Data represents the meant SD of three
individual experiments.
Liposomes manufacturing started with the screening of five different molar ratios, 90:10,

80:20, 70:30, 60:40 and 55:45 (soybean phosphatidylcholine: cholesterol), taking into

account that, the cholesterol fraction should not exceed 50 mol% (Perrie, 2013). Having high
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cholesterol concentration is associated with increasing liposomes rigidity, reducing
membrane permeability and drug retention inside the liposomes (Perrie, 2013). Here,
liposomes were prepared by the thin film hydration followed by sonication. Sonication
works by transforming the electrical energy into physical vibrations, which leads to sample
size reduction (Nascentes et al., 2001). Bath sonicators has some advantages over the probe
sonicator including simplicity and lower risk of the metal contamination and/or lipid
deterioration (Hielscher ultrasound technology, 2021; Chung et al., 2014). For liposome size
reduction, sonication times are usually around 30 to 60 min (Diizgiines et al., 2010) in order
to get small unilamellar vesicles (SUVs). This is confirmed by the results here as 40 min of
sonication was required to produce smaller vesicles (Figure 3.1. A.).

Most formulations experienced a reduction in size with increased sonication time; this was
mostly independent of the phospholipid: cholesterol ratio. Ten mins of sonication led to the
formation of large vesicles at all ratios (1700-2200 nm). Increasing sonication time to 20
mins, produced liposomes with a diameter ranging between 500 and 1100 nm. For most
formulations, minimal size reduction was observed after 40 mins except with for SPC: Chol
ratios of 60:40 and 55:45. A ratio of 55:45 needed longer time to reach the desired size (at
30 mins, the size was nearly 1500 nm, whereas the remaining ratios were below 500 nm.
However, even with getting the desired size with sonication, extrusion is still recommended
to ensure the mixture homogeneity (Ong et al., 2016). Ong et al., (2016) studied the impact
of different size reduction techniques on the liposomes size and evaluated the poly dispersity
index. The different techniques used were homogenization, sonication, ultra-sonication,
freeze-thaw sonication, and extrusion. The size and PDI results for the control (purchased
pro- SPC liposomes) were 322 nm and 0.4 a.u. respectively. Apart from the extrusion, the

size range was 250 nm with PDI of Ca. (0.3-0.4 a.u.). The reported obvious difference was
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with the extrusion in which the size reduced to 103 nm and the PDI reduced by the half of
the control and reached 0.2 a.u.

The molar ratio of cholesterol had an important impact on size reduction by sonication. At
the highest cholesterol ratio, at least 1h of sonication was required to reduce the size below
600 nm (Figure 3.1. A). Even at 40 mol% cholesterol, size reduction required longer
sonication time. This might be related to the change in membrane fluidity at high cholesterol
ratios (i.e., membrane rigidity increases as cholesterol concentration increases) (Bozzuto and
Molinari, 2015). Literature also reported that, the changes in the Tc occur when using
cholesterol with a concentration greater than 20 mol% (Kraske et al., 2001). Soybean
phosphatidylcholine has a Tc of 30 °C but may still be in a relatively rigid state due to the
cholesterol (Chen et al., 2006). Thus, it is suggested to increased up to 50°C in the presence
of 30% of the cholesterol. Cholesterol acts by controlling the membrane permeability of the
liposomes’ membrane by alteration the packing form of the phospholipid molecules.
However, using excessive amounts can increase membrane rigidity (Chen et al., 20006).
Briuglia et al., (2015) tested different phosphatidylcholine: cholesterol ratios (80:20, 70:30:
60:40, and 50:50 mol%) after exposure to a 60 min sonication step. Findings showed that
formulations with the highest cholesterol content (>30%) also had the highest size (i.e., >
300 nm). In contrast, similar sizes were obtained here and in Bozzuto's study for a 70:30
ratio (ca. 260 nm). Figure 3.1.B. illustrates the trends of PdI values for the tested ratios. For
all formulations, Pdl was shown to decrease with sonication times, except for 60:40 and
55:45 ratios. The highest PdI values after 1h sonication were 0.693 and 0.511 a.u. for ratios
55:45 and 60:40 respectively. The lowest PDI was obtained when using 70:30 ratio (0.124
a.u.).

Based on these results, two ratios (70:30 and 55:45) were selected for stability studies. A

molar ratio of 70:30 has been shown to produce the most stable preparations and is the ratio
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used in Amphotericin B formulations (Briuglia et al., 2015; Jadhav et al., 2011). The second
rate selected was 55:45 as it is also used in commercial liposomal formulations (Abraham et
al., 2005). However, 70:30 was selected to undergo additional study of the impact of the
vacuum pressure on the liposomes size, as it contains a desirable amount of cholesterol.

Other ratios were excluded for the time being, but maybe evaluated in the future.

3.4.2. Impact of vacuum pressure on liposomes’ formulation

This experiment is carried out to investigate the impact of the vacume pressure on the
liposomes’ physicochemical properties. The average size, PDI, and ZP for liposomes
prepared at a 70:30 (SPC: Chol) were recorded at three different temperature presents in
charts below. We aim to find out the pressure value that gives a liposomal size below 200

nm.
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Figure .3.2.The effect of applying different pressure on liposomes size (A),PDI (B), and
Zeta potential (C) for 70:30 ratio. Data represents the mean SD of three individual
experiments.

It has been reported that, vacuum pressure has an impact on liposomes size (Chung et al.,
2014). Different vacuum systems have been used in both small- and large-scale production
e.g., high pressure homogenisers and microfluidiser (Barnadas-Rodriguez and Sabés, 2001).
As good liposomes characterisation is required to ensure the encapsulation efficiency and
release profile, it is recommended to control the factors during manufacturing to obtain the

desired outcome (Kulkarni et al., 1995).

119



Here, liposomes size showed a consistent size enlargement at 100, 200, 300 and 400 mbar,
with a proportional relationship with the temperature (i.e., size increase as the temperature
increase) (Figure 3.2.A.). Particles sizes at 500 and 600 mbar decreased again and reached
the minimum with an average size of 260 nm. In term of PDI, the highest value was attained
when 400 mbar were applied at 50 °C. The lowest PDI values were obtained at a 100 mbar
vacuum pressure. Zeta potential represents the surface charged, and the values ranged
between -6 and -8.5 mbar at 600 mbar and 300 mbar respectively, which is in the expected
range size for the neutral liposomes (Figure 3.2.C.). In a study from Chung et al., (2014)
liposome size was reduced as vacuum pressure increased (264 nm at 500 mbar vs. 156 nm
at 1000 mbar). This phenomenon is suggested to take place as a result of the impact of the
pressure stress share force on liposomes uniformity (Barnadas-Rodriguez and Sabés, 2001).
Based on these findings, we selected to use 100 mbar as a vacuum pressure rate of choice as
it produced the smallest liposomes size. In the next section, a detailed characterisation for
their quality attributes for the three-formulated neutral liposomal formulations will be
discussed.

3.4.3. Liposomes characterisation and stability studies

In this section, a full characterisation of liposomes size, PDI, and ZP over time was evaluated
for the SPC, DSPC, and HSPC. These neutral liposomes were selected due to their low
toxicity profile. We are aiming to produce homogenous liposomes with a size range below

200 nm, and acceptable zeta potential values (Between 10 and -10 mV).
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3.4.3.1. Characterisation and stability studies for 70:30 and 55:45 SPC Liposomes
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Figlire 3.3. Stability test for 70:30 over six months with information of the average size
(A), PDI (B), and zeta potential (C). Data represents the meanz SD of three individual
experiments.

121



Figure 3.3 showed that, the 70:30 SPC liposomes showed a god stability when kept in the
fridge for approximately five months. These formulations showed a good homogeneity
with average size was within our goal (ca. 130 nm) (Figure 3.3.A), and an average zeta
potential (Ca. -7 mV) (Figure 3.3.C).
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Figure .3.4. Stability test for 55:45 over three months with information of the average
size (A), PDI (B), and zeta potential (C). Data represents the meant SD of three
individual experiments.

The physicochemical characteristics of 55:45 SPC liposomes is presented in (Figure 3.4).
These formulations showed a lower stability profile (3 months) compared to (5 months) for
70:30 SPC liposomes. The average size start with (ca. 150 nm) for the first week and
increased until reaching 800 nm by the third month (Figure 3.4.A). This formulation showed
a greater heterogeneity with PDI values reached up to (0.5 a.u.). The zeta potential was

similar to 70:30 formulation.
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3.4.3.2. Characterisation and stability studies for 70:30 DSPC Liposomes
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Figure 3.5. Stability test for 70:30 DSPC liposomes over six months with information
of the average size (A), PDI (B), and zeta potential (C). Data represents the mean+ SD
of three individual experiments.
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The DSPC liposomes showed a good stability for at least six months. The average size was
greater than SPC liposomes (ca. 170 nm) (Figure 3.5.A). The PDI at 37°C was (ca. 0.2 a.u.)

and the ZP was approximately -2 mV.

3.4.3.3. Characterisation and stability studies for 70:30 HSPC Liposomes
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Figure 3.6. Stability test for 70:30 HSPC liposomes over six months with information
of the average size (A), PDI (B), and zeta potential (C). Data represents the mean+ SD
of three individual experiments.

Figure 3.6. denote the stability and the physicochemical properties for the HSPC
liposomes. This formulation was stable for six months. The average size was 150 nm, with
an average PDI of 0.25 a.u. The ZP values ranged between -0.5 and -4 mV (Figure 3.6.C).
All studies for liposomes characterisation were performed on liposomes prepared by
sonication (60 min), followed by extrusion on 100 nm membrane. Looking at the behavior
of SPC: Chol (70:30 and 55:45) liposomes, both formulations had sizes ca. 100 nm with a
PdI ca. 0.15-0.25 a.u. Colloidal stability of both liposome formulations was tested by
following particle diameter and zeta potential over time. All formulations were kept in the
fridge, but the size was measured at three different temperatures (25, 37 and 50 °C or the
expected Tc). Testing size at these temperatures expected to show size enlargement with
increasing the temperature (Bozzuto and Molinari, 2015; Roy et al., 2016). This is due to the
kinetic transformation of phospholipid packing from gel phase at room temperature to a
liquid crystalline state above the transition temperature (Bozzuto and Molinari, 2015). Roy
et al., (2016) evaluated the effect of temperature on different liposomal formulations (SPC,
DPPC, and DPPG). The average size for SPC liposomes at 25 and 50 °C was 100 and 170
nm respectively. However, size at 37 °C was tested to mimic body temperature (Bozzuto
and Molinari, 2015). On the one hand, 70:30 SPC: Chol liposomes appeared to be stable for
the five months at the three temperature tested with size ranging between 120 to 160 nm
(Figure 3.3.A.). On the other hand, 55:45 liposomes showed good stability over the first two
months, but aggregated after three months to reach a size of 880 nm. These findings agreed
with the literature, which proved that 70:30 is the most appropriate ratio to be used for
liposome formulations. However, the reason is still unknown (Briuglia et al., 2015). Briuglia

et al., (2015) investigated the stability at 25 and 50 °C, over one month. For 70:30, size was
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approximately 260 nm (initial size was 250 nm) during this period for both temperatures.
Size was higher with 50:50 to reach 300 nm, and this size was consistent over a month.
However, different sonication times employed from our experiment (30 mins vs. 60 mins),
and the shorter time of testing stability might play a role in these variations (1 month vs. 6
months).

DSPC and HSPC liposomes were prepared at a 70:30 phospholipid: chol ratio , and were
stable for at least five months. Most of the liposomal formulations have an average shelf-life
time of 18 months (Doxil) (Barenholz, 2012) and 48 months (Ambisome) (Crommelin et al.,
2020). However, after reconstitution they tend to be stable for an average of 7 days (Jakoby
et al,, 2015). For the all formulations, size had enlarged when temperature increased
(Bozzuto and Molinari, 2015; Roy et al., 2016). The size of SPC liposomes was as small as
120 nm at 25°C, which slightly increased at 37 °C to reach 135 nm, and the largest size
obtained at Tc. Average DSPC (ca. 165 nm) and HSPC (ca. 150 nm) liposome sizes were
greater than for SPC. PDI which is the homogeneity marker (Clayton et al., 2016) was good
for all preparations and did not exceed 0.2 a.u. at the three different temperature profiles.
Zeta potential which is an indicator of the nanoparticles' surface charge (Smith et al., 2017)
was assessed for the prepared formulations. For SPC, the zeta potential values, which were
higher than the other two formulations, ranged from -12.9 to -7.9 mV (70:30 ratio), and from
-7.7 to -9.8 mV (55:45 ratio). These findings agreed with a case study performed on the
different type of phospholipids, and the obtained zeta potential values for neutral
phospholipids were between -9 and -11 mV (Smith et al., 2017). Zeta potentials were similar
for both DSPC and HSPC liposomes with values between -0.5 and -2 mV. Although the
phospholipid used was neutral and expected to show values close to zero, this could result
from water polarization of the hydrated layers, head group of a phospholipid, or might come

from impurities (Karmakar, S, 2012). Statistical analysis showed that there is no significant
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impact of the temperature among the different liposomal formulations size see Appendix A
(Table A1). Although we used neutral liposomes differ in the lengths (18 for DSPC and 14
for HSPC and SPC), with a different Tcs, this can be expected. This agrees with (Funakoshi
et al.; 2015) who studied the effect of different alkyl chain lengths on liposomes properties.
The findings proved that, there was no significant difference in liposomes characteristics
when using different phospholipids chain length which have different Tcs. In general, all
prepared liposomal formulations consist of neutral phospholipids and differ only in their
chemical structure. Neutral liposomes have an advantages of being a biologically inert with
less toxic profile when compared to both anionic and cationic liposomes (Shen z. et al.,
2018). SPC is unsaturated phospholipid with C-14 chain length, it require lower temperature
(50 °C) which is 10 °C higher than their melting point (40 °C). The remaining two lipids
(DSPC and HSPC ) have a Tc of (63 and 65°C) which is 10 °C higher than their Tc (53 and
55 °C ) respectively (Funakoshi et al., 2015). The latter lipids are saturated phospholipids
with 16 and 18 chain lengths for HSPC and DSPC (Funakoshi et al., 2015). According to
the approved liposomal formulations, DSPC was the most extensive lipid used with
Onpattro, Vyxoes, Onivyde, and Lipodox (Anselmo et al., 2019; Blair, 2018; Pelzer et al.,
2017; Smith et al., 2016). HSPC was used with Ambisome and Doxil (Bozzuto and Molinari
2015) while SPC used in formulating Lipusu (Ye et al., 2013). This is expected due to its
high stability profile confirmed by the higher Tc required for their conversion from solid
state to a liquid crystalline phase. Thus, drug retention inside the vesicles until administrated
inside the body can be guaranteed (Anderson and Omri, 2004). Among different liposome
preparations, a phospholipid: cholesterol ratio of 70:30 appeared to be the most commonly

used for unknown reasons (Briuglia et al., 2015).
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Although the prepared liposomes showed a great stability profile, further surface
modification with PEG will be studied in the upcoming section aiming to obtain stealth
properties.

3.4.4. Stealth liposomes with different PEG types

In this experiment, we insert different type and concentrations of PEG polymer into the pre-
formed liposomes. We were aiming to formulate a drug carrier close to the ones approved
in the clinical used which most of them are in a PEGylated form e.g., doxil. PEGylation
leads to increase the hydrophilicity characteristics and ultimately increase the half-life time

for the liposomes when injected inside the body (Lavoie and Levy, 2017).

3.4.4.1. Characterisation and stability studies for SPC Liposomes
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Figure .3.7. Impact of inserting different PEG-2000 types using 2 and Smol% on SPC
Liposomes average size (A), PDI (B), and Zeta potential (C). Data represents the mean=+
SD of three individual experiments.

Figure 3.7. showed the impact of PEG insertion on liposomes size, PDI, and ZP. Overall size
remained below 200 nm except with DSPE-PEG2000-COOH, in which it reached (ca. 330
nm) at 5 mol%. One theory can explain this finding is that, when the PEG concentration is
below above 4 mol%, the brush confirmation takes place. Here, it is expected to lead to a

head group dehydration and a conjugation of the water with a PEG on the surface of the

liposomes. This would lead to a formation of micelles and then size enlargements (Tirosh et
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al., 1998). PDI was below 0.3 a.u. except with 5% DSPE-PEG2000-NH2 (Figure 3.7.B.).

The maximum ZP value was -6 mV and the lowest was — 2mV.

3.4.4.2. Characterisation and stability studies for DSPC Liposomes
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Figure .3.8. Impact of inserting different PEG-2000 types using 2 and Smol% on DSPC
Liposomes average size (A), PDI (B), and Zeta potential (C). Data represents the mean=+
SD of three individual experiments.

The modification with different types of PEG showed no impact on the targeted size (below
200 nm) except with 2 and 5 mol% DSPE-PEG2000-NH2 (330 nm) (Figure 3.8.A.). The
average PDI with the functionalised PEG at 37 °C reached approximately 0.4 a.u. (Figure
3.8.B.). The ZP values ranged between -1 and -5 mV.

3.4.4.3. Characterisation and stability studies for HSPC Liposomes

HSPC liposomes’ size did change when modified with both DSPE-PEG2000 and DSPE-
PEG2000-COOH at both molar ratios (2 and 5 mol%). However, the size was doubled when
modified with 2 and 5 mol% DSPE-PEF-NH2 (ca. 350 nm) (Figure 3.9.A.). The highest PDI

value was observed with 2% DSPE-PEG2000-COOH (ca. 0.4 a.u.). The ZP showed an

average of -2 mV (Figure 3.9.C.).
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Figure 3.9. Impact of inserting different PEG-2000 types using 2 and SMOL% on
HSPC liposomes average size (A), PDI (B), and zeta potential (C). Data represents the
meant SD of three individual experiments.

Various liposomes preparations were produced with different surface modifications and
have been tested for any size change at different temperature. Table 3.1. is provided below

and shows the statistical analysis to determine the significance level of the changes in

liposomes size under the influence of different temperatures.
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Table 3.1. Effects of temperature on the size of different liposomal formulations

(SPC; DSPC; HSPC)
SPC liposome
Liposome type changes in size at different
Modifications temperature (nm) p-valuet

25° 37° 50°

Conventional 122 130 134 10372
2% PEG2000-DSPE 160 164 165
5% PEG2000-DSPE 153 154 136
2% PEG2000-DSPE-COOH 284 276 259
5% PEG2000-DSPE-COOH 241 244 315
2% PEG2000-DSPE-NH2 150 170 190
5% PEG2000-DSPE-NH2 174 209 219

DSPC liposomes

Conventional 189 172 174 | 0.663
2% PEG2000-DSPE 172 187 198
5% PEG2000-DSPE 184 201 218
2% PEG2000-DSPE-COOH 169 204 193
5% PEG2000-DSPE-COOH 229 271 254
2% PEG2000-DSPE-NH2 291 340 324
5% PEG2000-DSPE-NH2 230 290 321

HSPC liposomes

Conventional 140 145 154 0.292
2% PEG2000-DSPE 148 159 176
5% PEG2000-DSPE 149 176 192
2% PEG2000-DSPE-COOH 142 148 165
5% PEG2000-DSPE-COOH 125 147 148
2% PEG2000-DSPE-NH2 148 152 176
5% PEG2000-DSPE-NH2 149 176 192

7Results of ANOVA tests for differences across different groups; *** p<.01, ** p<.05, * p<.1
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Table 3.2. Effect of Pegylation on the size of different liposomal formulations (SPC;
DSPC; HSPC) at different temperature

PEG-SPC liposome

Modifications wRotome type Chaftleg;l“:::;‘;:z zll:flfsrent p-valuer

25° 37° 50°
Conventional 122 130 134 | 0.011**
2% PEG2000-DSPE 160 164 165
5% PEG2000-DSPE 153 154 136
2% PEG2000-DSPE-COOH 284 276 259
5% PEG2000-DSPE-COOH 241 244 315
2% PEG2000-DSPE-NH2 150 170 190
5% PEG2000-DSPE-NH2 174 209 219

PEG-DSPC liposomes
Conventional 189 172 174 | 0.474%
2% PEG2000-DSPE 172 187 198
5% PEG2000-DSPE 184 201 218
2% PEG2000-DSPE-COOH 169 204 193
5% PEG2000-DSPE-COOH 229 271 254
2% PEG2000-DSPE-NH2 291 340 324
5% PEG2000-DSPE-NH2 230 290 321
PEG-HSPC liposomes

Conventional 140 145 154 | 0.038**
2% PEG2000-DSPE 148 159 176
5% PEG2000-DSPE 149 176 192
2% PEG2000-DSPE-COOH 142 148 165
5% PEG2000-DSPE-COOH 125 147 148
2% PEG2000-DSPE-NH2 148 152 176
5% PEG2000-DSPE-NH2 149 176 192

7Results of ANOVA tests for differences across different groups; *** p<.01, ** p<.05, * p<.1

None of the liposomal formulations showed statistically significant differences in their sizes

at 25 °C, 37°C or Tcs (P-value >0.05) (Table 3.1). The calculated significance level for the
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effect of PEG on the average liposomes’ size is presented in (Table 3.2). Both SPC and
HSPC formulas showed a significance difference in their sizes when modified with the PEG

(P-value was 0.011 and 0.038) respectively.

There is a growing increase in the applications of neutral phospholipids in clinical industry,
yet the use of PEGylated liposomes is still in its infancy. There are several liposomal
formulations in clinical use is consist of neutral phospholipids. Some of them are PEGylated
and other are not. The most commonly used neutral phospholipid is the DSPC which used
with four liposomal formulations namely Onpattro, Vyxoses, Onivyde, and Lipodox
(Anselmo and Mitragotri, 2019; Bozzuto and Molinari, 2015; Kaspers et al., 2013). Among
these formulations, only Vyxosed is the non-PEGylated formulation. The DSPC takes its
breakthroughs in the liposomes’ formations due to its high stability, which was linked to the
long acyl moiety. Previous work suggested that as the chain length increase, so does the Tc,
increasing liposomes’ stability (Andreson and Omri, 2004). Andreson and Omri (2004)
carried out an experiment aiming to evaluate the effect of different liposome compositions
on their stability characteristics and release profile. The researchers selected different
phospholipids with different Tcs. The selected liposomes were DSPC which has a Tc above
body temperature (55°C), DPPC which has a transition temperature close to body
temperature (41.5°C), NS DMPC which has a temperature below the 37°C (23°C). The
maximum encapsulation was achieved with DSPC. This may result from its rigid structure
represented in the saturated long chain lengths. Although liposome stability is proffered to
ensure the drug retention inside the vesicles, it is also important to confirm the encapsulated
drug will be released and reach the target site. To ensure this liposome modifications with
PEG were introduced. The insertion of PEG into the formulation increases the T2 and thus
allows more time for the contents to be released over time. The second most commonly used

phospholipid was HSPC with two formulations. One of them is PEGylated (Doxil), and the
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other one is non-PEGylated (Ambisome) (Bozzuto and Molinari, 2015). SPC liposomes
reported as the main phospholipid modified with a PEG for the Lipusu formulation (Xu et
al., 2013). Overall average size for these formulations was close to our findings (blow 200

nm) except the Lipusu which has a small size (ca. 400 nm).

According to the previous findings for the approved neutral liposomal formulations, most of
them were PEGylated (5 out of 8). The introduction of PEG is a common method to avoid
recognition of the liposomes by the immune system, including hepatic Kupffer cells which
are part of the mononuclear phagocyte system (MPS) (Nag and Awasthi, 2013). Here, 2 or
5 mol% of PEG were introduced. The properties of the PEGylated liposomes mainly were
the same as for non-PEGylated ones, apart from a small change in surface charge for SPC
liposomes. PEG insertion did not seem to affect size at lower mol% when using DSPE-
PEG2000. Interestingly, size decreased slightly at 5 mol% PEG-DSPE with SPC liposomes
(Figure 3.7.A.). For all liposomal formulations, the size was dramatically increased when
adding 2% and 5% PEG-DSPE-NH2. For example, for SPC liposomes it was (130 Vs 220
nm) and (150 Vs 300 nm) for DSPC and HSPC liposomes. Both SPC and DSPC liposomes
size was also enlarged when inserting DSPE-PEG2000-COOH at 5mol%. However, size
followed the same pattern for non-pegylated liposomes, in which size increased as
temperature increased for the remaining formulations. Guzman-Villanueva et al., (2017)
study which was conducted using PC: Chol 70:30 stated that the average size without
modifications was 120 nm. When adding 5% PEG-DSPE-COOQOH, size increased to 132 nm,
with a reduction of the ZP from -17 to -9 mV. Literature proved that the addition COOH
group in an aqueous medium is related to increase the surface charge negativity due to their
dissociation in the medium (Hanaor et al., 2012). On the other hand, the amine group tend
to produce a positive charge on the surface when protonated (Oslolska and Wisniewska,

2014). Although this was not the case with our findings, this might be related to some
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reasons. It can be due to incomplete attachment of the PEG due to the rigidity or low fluidity
obtained for the liposomes’ membrane (Babchin et al., 1976). However, no obvious
difference was recorded when using DSPE-PEG2000 with both concentrations. A study
conducted by (Qi, Zhang et al., 2011) showed that adding a higher amount of DSPE-
PEG2000 to liposomes is correlated to a reduction in both size and zeta potential values.
This occurs because of the formed hydrophilic PEG shell around the liposomes. Thus, zeta
potential value would be reduced by masking the surface charge (Zhang et al., 2011). Among
the three formulations, only SPC liposomes showed a significant difference in average size
when modified with PEG (P-value<0.01) (Table 3.2). Literature proved that there is no
significant impact of PEG on the liposomes' average size when used below 8 mol%
(Garbuzenko et al., 2005). The finding for SPC can be related to the changes in lipid bilayer
packing form. SPC as an unsaturated phospholipid requires lower Tc than saturated lipids
(Mabherani et al., 2013). This can ensure getting better membrane fluidity and ensure the
insertion of the PEG on the liposomes surface. However, further investigation by DSC to
study the thermodynamic profile for SPC liposomes is required.

3.4.5. Phospholipid quantification and yield measurements

In this part, the amount of the phospholipids was evaluated using both colorimetric assay,
and theoretical yield determination using evaporation method.

Table 3.3. %Yield measurements for SPC, DSPC, and HSPC liposomes. Data
represents the mean= SD of three individual experiments.

Formula Initial concentration | Average theoretical Average %
(g / ml) concentration (g \ ml) yield

SPC 0.02 0.013 66%

DSPC 0.02 0.018 95%

HSPC 0.02 0.016 85%

Table 3.3. shows the average theoretical yield for the SPC, DSPC, and HSPC liposomes.
The highest yield obtained with DSPC liposomes (95%) whereas the lowest was obtained

with SPC liposomes (66%).
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Figure 3.10. Calibration curves for phospholipids quantification for SPC (A), DSPC
(B), and HSPC (C). Data represents the mean+ SD of three individual experiments.

From the calibration curves, all liposomal formulations showed approximate full
phospholipid incorporation confirmed by the calculated amount of the lipids in the
liposomes. SPC liposomes has an average absorbance of 1.74. The mean calculated amount
of phospholipid was 18.94 16 mg\ ml. DSPC liposomes have an average absorbance of 1.83.
The mean calculated amount of phospholipid was 18.88 mg \ ml, and HSPC has an average
absorbance of 1.6. The mean calculated amount of phospholipid was 19.01 mg \ml.
According to the obtained results from the actual yield, the highest yield was for DSPC>
HSPC> SPC (95> 85> 66%). In general, all liposomes appeared to produce a great yield.
However, some factors might lead to a reduction in the theoretical yield. This includes
inaccurate measurements, insufficient drying time by which there are some droplets of the
suspension did not solidify, and the presence of the impurities in the tested phospholipid
(Paixao et al., 2020).

3.4.6. PEG Calibration curves and quantification

Standard calibration curves were performed three times for PEG quantification. The average
standard curve is provided to calculate the amount of the PEG present in the prepared

formulations according to the absorbance values obtained from the UV instrument.

141



(A)

Y=0.3262X + 0.0575

R2=10.999
0.6
i 0.4
[0]
)
c
@
Qo
5 0.24
[
Qo
<
0.0 1 T 1 1
0.0 0.5 1.0 1.5
Concentration [mg \ml]
(B)
PEG-DSPE-COOH
2.0 y =1.1194x + 0.0638
R2 =0.99864
3 1.54
S,
Q
g
S 1.0
2
2
o 0.5
<
0.0-T—TT T '\I '\I
Q. D \H, DA%
RN
Concentration [mg/ml]
©)
PEG-DSPE-NH2
3_
y =0.094x + 0.1663
— R2 = 0.99499
=3
B, o
@
o
c
©
Ke]
S 1-
7]
Ke]
<
O r—T—T T T T
2, DD A% Vo 1D
Vv VNV O D

Concentration [mg/ml]

Figure 3.11. Calibration curve for PEG-DSPE (A), PEG-DSPE-COOH (B), and PEG-
DSPE-NH2 (C). Data represents the mean+ SD of three individual experiments.
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Figure 3.11 Illustrates the calibration curves for different PEG types. All the curves
showed a concentration dependant pattern corresponding to their absorbance values.

Table 3.4. PEG absorbance values for liposomes containing different types of PEG
and their %EE.

PEG mol% SPC DSPC HSPC
%EE | Absorban | %EE Absorban | %EE Absorba | %EE
ce ce nce
2% PEG-DSPE 0.2+ 76+ 11 0.4+ 0.063 | 67£11 02+ 3448
0.029 0.039
5% PEG-DSPE 0.4+ 0.027 | 52+4 9+0.004 | 67£0.0 0.3+ 2243
0.042
2% PEG-DSPE- 0.2+ 74 £6.7 0.23 + 85+9.22 (0.19+ 39+9
COOH 0.447 0.47 0.3
5% PEG-DSPE- 0.39 + 40.4+£6.3 | 045+ 48 +7 03+ 30 £
COOH 0.62 0.67 0.55 5.4
2% PEG-DSPE- 0.185 + 73+£85 |0.183 £ 65+ 8 0.173 + 263+
NH2 0.4 0.45 0.4 5
5% PEG-DSPE- 02+ 53+£43 |0.19+ 37+ 6 0.187 + 2243
NH2 0.029 0.43 0.4

1 Results of N-ways ANOVA test; prop> F between liposomes (0.0001); prop> F between
different modifications (0.0193).

Table 3.4 shows the absorbance values for different liposomal formulations modified with
different PEG derivatives. The amount of inserted PEG on the liposomes’ surface was
determined as a function of %EE. HSPC liposomes showed the least amount of PEG on their
surfaces. Results for both SPC and DSPC liposomes were comparable. However, the
encapsulated amount on the liposomes’ surface did not change dramatically between the two
PEG densities i.e., the amount of PEG on the surface for SPC liposomes containing 2%
DSPE-PEG2000 is 76% whereas the %EE for the modified SPC liposomes with 5 mol%
was 52%, suggesting that the maximum PEG incorporation stands at ca. 2.5 mol% for
liposomes of this size.

The amount of PEG on liposomes’ surface differs slightly between the three formulations.
However, these differences also reported for the same formulation when using 2 and 5 mol%

PEG (Table 3.4). The encapsulation efficiency reached its maximum with DSPC liposomes
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(85%) when PEGylating with 2% DSPE-PEG2000-COOH, and the minimum with HSPC
when using 5% DSPE-PEG2000 and DSPE-PEG2000-NH2. In general, the incorporation of
PEG on the liposomes’ surface was increased as decreasing PEG concentration (Nicholas et
al., 2000). Results for SPC was expected as this liposomal formulation has a low Tc. This
means it is expected to easily liquefy the liposomes’ surface and allow the insertion of the
PEG. However, adding cholesterol to the liposomes can also alter the Tc, meaning that the
membrane might not be fluid enough to allow PEG chains to be inserted as in case of HSPC
(Redondo-Morata et al., 2012). Other factors can be considered for HSPC findings including
that, as PEG was added using the post-insertion method, the liposomes’ membrane might

not fluid enough to incorporate all of the PEG quantity on its surface.

3.4.7. LOD and LOQ determination

In order to validate our quantification method, we calculate the LOD and LOQ. These two
parameters determine the presence or absence of the sample to be quantified, and to increase
the robustness and to confirm our estimations of the tested samples (Armbruster and Pry,
2008).

Table 3.5. LOD and LOQ parameters and calculations for the quantified
hospholipids.

SPC DSPC HSPC
SD of the intercept | 0.025 0.03 0.018
Slope 0.08 0.08 0.07
LOD 1 mg/ml 1.2 mg/ml 0.8 mg/ml
LOQ 3.125 mg/ml 3.75 mg/ml 2.6 mg/ml

Table 3.5 showed that, the highest sensitivity for phospholipid detection was observed with
HSPC liposomes (0.8). However, both SPC and DSPC showed a comparable detection level
(ca. 1 mg/ml). All phospholipids showed a good quantification at 3 mg/ml which is within

the range we have been used.
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Table 3.6. LOD and LOQ parameters and calculations for the quantified PEG.

SPC DSPC HSPC
SD of the intercept | 0.018 0.01 0.03
Slope 0.0326 0.012 0.09
LOD 0.02 mg/ml 0.01 mg/ml 0.1 mg/ml
LOQ 0.5 mg/ml 0.1 mg/ml 3.3 mg/ml

According to PEG quantification confirmation, the highest sensitivity was reported with SPC
and DSPC (0.02 and 0.01 mg/ml) respectively. However, HSPC showed the least detection
sensitivity (0.1 mg/ml) SPC and DSPC were quantified <0.5 mg/ml whereas HSPC showed
the quantification profile at 3.3 mg/ml (Table 3.6).

These findings agree with PEG quantification data which showed the least detected amount
of PEF on the surface was reported with HSPC. This can explain the high concentration
required for their detection on the validation step. LOL and LOQ as functions are good to
recognise the presence of the material to be tested. In order to investigate the membrane
characteristics of the formulated liposomes, a membrane permeability experiment was
obtained to assess the liposomes’ surface characteristics which can affect the drug release

kinetics.

3.4.8. Membrane permeability

Calcein was used as a hydrophilic, fluorescent probe to investigate membrane permeability
(Figure 12). The aim of this experiment is to evaluate the effect of the temperature on the
membrane permeability profile among the liposomal formulations with different
modifications. In addition, to identify the maximum calcien release at which temperature

and with which formulation.
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Figure 3.12. Membrane permeability and %Release for SPC Liposomes (A), DSPC
Liposomes (B), and HSPC Liposomes (C) with different modifications. Data represents
the mean= SD of three individual experiments.

Figure 3.12. represents the release profile for the three liposomes formulation without
modification, and when modified with different types of PEG using 2 and 5 mol%. Overall
results showed a direct proportional relationship between the temperature and the
permeability. In another word, the membrane permeability increases as the temperature
increase. The maximum permeability was observed with SPC liposomes without
modification (ca. 95%) (Figure 3.12.A.), and the lowest was reported with the un-modified

HSPC liposomes (Figure 3.12.C).
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Table 3.7. Effects of temperature on the membrane permeability of different
liposomal formulations (SPC; DSPC; HSPC).

Liposome type : S.P C liposome
change in release at( (ggferent temperature p-valuet
Modifications 75°C 37°C 50°C
Conventional 17.5 40.876 88.35 0.029**
2% PEG2000-DSPE 21.86 40.25 89.41
5% PEG2000-DSPE 25.06 46 84.73
2% PEG2000-DSPE-COOH 15 42.8 86.6
5% PEG2000-DSPE-COOH 11.75 65 92.52
2% PEG2000-DSPE-NH2 21.6 39 92.88
5% PEG2000-DSPE-NH?2 23 53 90
DSPC liposomes
Conventional 12.38 26 84.4 0.194
2% PEG2000-DSPE 15.4 29.16 90.25
5% PEG2000-DSPE 17.38 38.67 90.29
2% PEG2000-DSPE-COOH 11.85 334 92
5% PEG2000-DSPE-COOH 11.44 45.24 92
2% PEG2000-DSPE-NH2 23 53 78
5% PEG2000-DSPE-NH?2 25 53 78.5
HSPC liposomes
Conventional 6.62 17.75 29.68 0.038%*
2% PEG2000-DSPE 10.33 32.52 64.03
5% PEG2000-DSPE 9.41 0.34 0.64
2% PEG2000-DSPE-COOH 7.50 40.76 0.85
5% PEG2000-DSPE-COOH 10.30 45.00 0.81
2% PEG2000-DSPE-NH2 8.80 23.00 0.92
5% PEG2000-DSPE-NH?2 28.30 56.30 0.84

Table notes: TResults of ANOVA tests for differences across different groups; *** p<.01, ** p<.05, * p<.1

Table 3.7. shows that, the membrane permeability for SPC and HSPC liposomes are

significantly affected when exposed to a different temperature profile (P-value<0.05).
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Table 3.8. Effect of Pegylation on the membrane permeability for different liposomal
formulations (SPC; DSPC; HSPC) at different temperature.

Liposome type - PEG-SPC. liposome

change in release at different

Modifications = temp;l;a:ure (%) < p-valuet

Conventional 6.62 17.75 29.68 1

2% PEG2000-DSPE 10.33 32.52 64.03

5% PEG2000-DSPE 9.41 0.34 0.64

2% PEG2000-DSPE-COOH 7.50 40.76 0.85

5% PEG2000-DSPE-COOH 10.30 45.00 0.81

2% PEG2000-DSPE-NH2 8.80 23.00 0.92

5% PEG2000-DSPE-NH2 28.30 56.30 0.84

PEG-DSPC liposomes

Conventional 12.38 26 84.4 0.996

2% PEG2000-DSPE 15.4 29.16 90.25

5% PEG2000-DSPE 17.38 38.67 90.29

2% PEG2000-DSPE-COOH 11.85 33.4 92

5% PEG2000-DSPE-COOH 11.44 45.24 92

2% PEG2000-DSPE-NH2 23 53 78

5% PEG2000-DSPE-NH2 25 53 78.5

PEG-HSPC liposomes

Conventional 6.62 17.75 29.68 0.49

2% PEG2000-DSPE 10.33 32.52 64.03

5% PEG2000-DSPE 9.41 0.34 0.64

2% PEG2000-DSPE-COOH 7.50 40.76 0.85

5% PEG2000-DSPE-COOH 10.30 45.00 0.81

2% PEG2000-DSPE-NH2 8.80 23.00 0.92

5% PEG2000-DSPE-NH2 28.30 56.30 0.84

7Test for differences across different groups; *** p<.01, ** p<.05, * p<.1

The significance level of the impact of the PEGylation on the liposomal formulations is
provided in (Table 3.8). PEGylation appeared to have no significance difference in the

release kinetics for the formulated formulations proved by the P-vales<0.05.
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Liposomes were tested for their membrane fluidity properties using calcein. Calcein is a
hydrophilic probe with self-quenching characteristics (Maherani et al., 2013; Shimanouchi
et al., 2009). The ability of calcein to self-quenching means that fluorescence will be low
when concentrated inside the liposomes. At higher temperatures, the membrane permeability
for the liposomes forwards the encapsulated calcein in the external medium increase which
leads to an increase in fluorescence as the fluorescence is no longer quenched following
dilution of the probe (Maherani et al., 2013). According to the obtained results, the maximum
fluidity was recorded for all the formulations at their Tc, though none of the formulations
achieved 100% calcein release. Factors known to have an impact on calcein release include
size, lipid composition, lamillarity and temperature (Maherani et al., 2013; Shimanouchi et
al., 2009). Here, composition and temperature seem to be the most important factors.
Although the same cholesterol ratio was used in all formulations, the membrane permeability
and availability of calcien in the external medium did not reach 100%, confirming that Tc
was changed from the theoretical value, especially with HSPC liposomes. This can be due
to that, the cholesterol incorporated fully in HSPC formulation and increase its rigidity.
Thus, when adding the PEG post-insertion at Tc, it required higher temperature to fluidise
the membrane and allow the PEG insertion.

For liposomes without any modification, the maximum permeability was recorded for
Soybean phosphatidylcholine liposomes (88.35%) at 50 °C. Out of all the temperatures
tested, the fluidity at 37°C is the most important as this shows the properties of the liposomes
in the body. The results obtained confirm that liposomes with varying membrane fluidity
have been made, with SPC being the most fluid and HSPC, the least. The SPC finding agreed
with a study that revealed that maximum membrane permeability was achieved with soybean
liposomes reaching 80.92% at their Tc (Chen et al., 2012). DSPC has a close fluidity profile

as the value obtained for SPC liposomes (84.4%) at 65 °C (Figure 3.12.B.). Lu et al., (2012)
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study stated that, the membrane permeability for the encapsulated probe from DSPC at 25°C
was 16%, 22% at 37°C, and reached the maximum of 60% at 65 °C (Lu et al., 2012). At
25°C and 37°C, results were comparable. The 20% differences in release at the transition
temperature could arise from using different phospholipid: cholesterol ratios i.e. they used
60:40 ratio instead of 70:30.This might arise as a results of increasing the membrane rigidity
when using 60:40 in (Lu et al., 2012) study. Chen et al., (2012) carried out a study for testing
the membrane permeability for different liposomal formulations and their behavior for the
first 10 hours. Results showed that at 25°C, the membrane fluidity was 10.52%, 6.43% and
6.08% for Soybean, DSPC and HSPC respectively. These can be similar to the ones we had
(17% for soybean, 12% for DSPC, and 6% for HSPC). Despite that, DSPC appeared to be
the double value of the study; the difference between 10 hours and 24 hours can play a role
(Luetal., 2012). For HSPC, it was evident that the membrane permeability was low and did
not exceed 7% after 10 hours of incubation in another study testing the influence of lipid
composition of HSPC and DPPC on their membrane fluidity behavior (Chen et al.,
2012).The low membrane permeability profile obtained at 25°C for all formulation was
expected. This is due to their rigid gel configuration which did not allow the diffusion of the
encapsulated calcein to the outside medium. With increasing the temperature, this gel phase
converted to a liquid crystalline form with a less compact configuration. This can explain
the findings for the liposomal formulations have a higher permeability upon increasing the
temperature i.e. reach approximately 90% at their Tcs (Figure 3.12).

The introduction of the PEG-lipid was associated with a reduction in the membrane
permeability at lower %mol except with HSPC liposomes. Silvander et al., (1998) carried
out a study for assessing the liposomes fluidity for neutral liposomes (EPC and DSPC
liposomes) containing different %mol of DSPE-PEG2000 using carboxyfluroscine probe.

The main findings proved that, adding 5% DSPE-PEG2000 to the formulation improves the
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permeability of the liposomes. However, adding 8 mol% of the polymer reduces the
permeability significantly. The addition functionalized PEG was associated with an increase
in permeability compared to liposomes without any modifications (Awad et al., 2019).
However, the fluidity increases as the chain length of the added PEG decreases (Awad et al.,
2019). Based on our findings from the lab, aminated PEG showed a positive correlation with
the membrane permeability (i.e. the membrane permeability increased from 22% for plain
liposomes to 57% for liposomes containing DSPE-PEG2000-NH2).

However, this was not the case with SPC liposomes. It is suggested as a smaller size (< 200
nm) which mainly associate with unilamillarity, the permeability pattern would be enhanced.
This is due to that, the production of a unilamellar vesciels (ULVs) enclose a large aqueous
core, and ideal for the encapsulation of a hydrophilic drugs (Bozzuto and Molinari 2015),
which is in our study is Calcein. The membrane fluidity for SPC and HSPC liposomes
showed a significant difference with both temperature and PEGylation (Table 3.8.). Both
SPC and HSPC shares the same chain length and similar average size. Shimanouchi et al.,
(2009) confirmed that, calcein release increase as the liposomes diameter decrease. Another
factor can also be considered which is the level of unsaturation. The presence of double
bonds reduce the Tc of phospholipids and enhance the membrane permeability
characteristics. SPC liposomes showed unsaturation prosperities with a low melting point
and the smallest liposomes size, which excepted to show a good fluidity. HSPC has a smaller
average size and shorter chain length than DSPC. This can explain it superiority over DSPC
liposomes in term of membrane permeability prosperities. Previous literature stated that, the
longer the chain length, the more stable system formed and the higher temperature is required

for getting the desired outcome (Bouffioux et al., 2007).
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3.4.9. Linear regression modelling for the impact of the temperature on release profile

This linear regression modelling was established to predict the effect of the temperature on

the release kinetics.

Table 3.9. Linear regression analysis of the release behaviour for the formulated

liposomes against different temperature profile.

Temperatur SPC DSPC HSPC
e °C Coef | P Cl Coef | P CI195% | Coef | P Cl
95% 95%
25 (Ref) - - - - - - - - -
37 6.2 0.83 | (-37- 5 0.58 | (-14-22) | 5.5 0.39 (-
80) 7.3-
18.3
)
Tc® 153 0.45 | (111- 12.6 0.16 | (165- 13.5 0.04** (142
194) 4 190) -
160)

Table keynotes: *** p<.01, ** p<.05, * p<.1; (a) Tc =50, 63 and 65 °C for SPC, DSPC and HSPC Liposomes

Table 3.9. stated the p-value for the three liposomal formulations to show which formulation

showed a significance difference in the release behaviour at different temperature profiles.

Only HSPC showed significance difference in its release (P-value<0.05).
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Figure.3.13. Linear regression plots for the against different temperature profile for
the three formulated liposomes (A) SPC, (B) DSPC, and (C) HSPC Liposomes.

In order to investigate the impact of the temperature profile on the release kinetics, we
established a linear regression model. Overall findings show a positive correlation for the

release kinetics among the different stated temperatures. Table 3.9. showed that, only HSPC
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liposomes showed a significant correlation for the temperature and the release profile (P-
value<0.05) . This might arise as a result of its shorter chain length compared to DSPC, and
having lower Tc which might be associated with a better release for the calcein. However,
all the formulations showed a temperature-dependent pattern. All liposomal formulations
expressed the maximum release at their Tcs when compared to 25 °C. For DSPC liposomes,
as it is a saturated lipid with a long chain length (C-18), it requires higher energy to release
the calcein (Maherani et al., 2013). Although we were expecting SPC to show a significant
difference in the release with different temperature profile, as being an unsaturated lipid,
having low Tc compared to DSPC and HSPC, which make it more liable to exert a good
release profile (Shimanouchi et al., 2009). This might arise from that change in the packing
form of the phospholipid due to the full inclusion of the cholesterol which increases its
rigidity (Redondo-Morata et al., 2012). The reason, in this case, is unclear. Further research
maybe required to address this outcome. After characterizing all the fundamental aspects of
the liposomes, further modification for improving the shelf-life time of the liposomes was
performed.

3.4.10. Lyophilised liposomes

The prepared liposomes were lyophilised using pre- and post-insertion methods of sucrose.
The aim of this experiment is to reduce the liposomes instability and increase the shelf-life

time. Also, we are trying to formulate a carrier close to the ones in the market.
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Figure .3.14. Lyophilisation of SPC Liposomes using Pre- and Post insertion method,
and their impact on average size (A), PDI (B), and Zeta Potential (C). Data represents
the mean= SD of three individual experiments.

Figure 3.14. shows the physicochemical properties for the lyophilized SPC liposomes. The
sucrose as a lyoprotectant material was added using pre-and post-insertion method. The size
with the pre-insertion method was slightly bigger (i.e., the size at 37 °C was 185 nm Vs 170
nm) for pre- and post-modification respectively (Figure 3.14.A.). Post-insertion method
yields a greater homogeneity profile (Figure 3.14.B.). Both modifications produce a ZP

values within the expected range for the neutral liposomes (Figure 3.14.C).

Table 3.10. Anova test for the differences in size change between different
lyophilisation methods at different temperature.

Temperature Changes in liposome size (nm)
Pre-insertion Post-insertion

25 142 138

37 184 173

50 157 157

Table keynotes: T Results of ANOVA test; prop> F between different temperature (0.0204); prop> F between different
insertion methods (0.2601).

Table 3.10 shows the output of the Anova results which applied to test the significance level

for the impact of the insertion method on the liposomes size. The reported p-value was 0.02,
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and thus, there is a significance difference in liposomes size when modified using pre- and
post-insertion method.

Lyophilisation (Freeze-drying) is a process that was applied for liposomes aiming to enhance
their stability (Alexopoulou, et al., 2006). The addition of some excipients e.g. sucrose, was
recommended as a lyoprotectant (Kannan et al., 2014). Sucrose was added Pre and post-
manufacturing. In both cases, the size was approximately the same (Figure 3.14.A.).
However, the difference between the two groups was significant (0.02) (Table3.10). The
post-insertion method yields better homogenous suspension than the post-manufacturing
method (Figure 3.14.B.). Tavallaie (2016) studied the effect of sucrose on liposomes' size
and PDI. The research findings showed that, the increase in both size and PDI occur as a
result of vesicles' fusion and aggregation during the freezing step. During this stage, vesicles
diffuse away from the ice crystals to the unfrozen medium and forms aggregation. Figure
14C showed that, the zeta potential value for post-insertion was double of the pre-insertion
method (-4.5 and -9 mV). However, both values were within the suggested zeta potential for
the neutral liposomes (10 and -10 mV) (Laouini et al., 2012). This suggested that, with the
post-insertion method, most of the lyoprotectant was functionalized on the surface and
masked the surface charge from recognition. On the contrary, when applying pre-insertion,
some of the sucrose occupies some space inside the vesicles, and thus obtaining partial

coverage on the liposomes' surface (Nag and Awasthai, 2013).
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4.1. General discussion

4.1.1. The impact of the liposomes’ size, ligand insertion and PEGylation on cellular
uptake
Number of previous works highlighted the impact of different liposomal physicochemical
properties, surface modification using PEG or targeting ligand on liposomes’ cellular uptake,
PK and targeting efficiency. Liposomes size appeared as one of the most important factors
to target the hepatocytes (Witzigmann, 2016). The recommended size range for targeting the
hepatocytes is between 100-200 nm (Mishra et al., 2013). This is the size range in which the
nanoparticles can escape from the macrophages to the hepatocytes through the fenestration
capillaries (Witzigmann, 2016). Small size liposomes have a low stability profile, and
therefore show a great tendency for fusion, aggregation, and precipitation (Abdelwahed et
al., 2006). There are several reported methods to solve the liposomes instability problems
and one of the most common methods is lyophilisation (Fonte et al., 2016). However,
liposomes with a size > 200 nm have been reported to be easily recognized by the MPS and
hence cleared quickly from the circulation (Chu et al., 2016). The proposed linear regression
model suggested a direct proportional relationship between liposomes size and the cellular
uptake, and the suggested size range was between 100-200 nm. Decorating the liposomes’
surface with PEG is recommended to increase the circulation time which can enhance the
targeting probability (Chu et al., 2016). When using PEG, it is important to carefully control
both the PEG concentration and its chain length. The evidence highlighted the importance
of maintain the PEG concentration below 8mol% along a chain length of less than 2000 KDa
to improve the cellular uptake (Pozziet et al., 2014). This can be explained by the brush
configuration effect that can be induced by the long PEG chain as a result of chain folding-
up rather than stretching on the surface of the liposome which can hinder their interaction

with the targeted cells (Pozziet et al., 2014). Regarding using targeting ligand, it has been
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reported that galactose is one of the most commonly used targeting ligand for the hepatocytes
(Witzigman 2017). This can be linked to abundant expression of galactose moity on the
hepatocytes surface specifically on ASPG-R (Witzigman 2017). Using galactose based
ligand, allows liposomes to interact with the cell receptors, maximising the drug chances to
enter the cell through receptor mediated endocytosis mechanism (Li et al., 2018). However,
due to the limited number of studies discussing the impact of PEG and ligand on %CU, we
were unable to establish the regression model.
Notably, it is important to control the ligand density. The reported findings from previous
research suggested not to exceed 20 mol% as the receptor saturation would take place,
leading to reduction in cellular uptake. This can give an idea on the recommended
concentration to be used when formulating liposomal formulations for targeting the
hepatocytes. However, these findings were based on limited number of articles and further
studies are needed to establish the proper ligand concentration needed for hepatic cellular
uptake.
As several factors, can affect the drug before it reaches the target site, it is important to
understand how modulating the liposomes characteristics can impact the pharmacokinetics
by studying the pharmacokinetics properties.
4.1.2. The impact of the liposomes’ size, ligand insertion, and PEGylation on
pharmacokinetics profile.
Liposome characteristics has reported to impact the PK parameters of the formulated
liposomes including AUC, CL, T1/2, and accumulation (Song et al., 2012). Liposomes size
has been considered as a main factor impacting the PK and liposomes efficiency (Chu et al.,
2016). The linear regression showed a direct proportional relationship between liposomes’
size and drug accumulation on the hepatocytes. On the other hand, the model showed an

inverse relationship between liposomes’ size and tumour volume. Previous literature
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reported that PEG insertion was associated with an increase in the T1/2 (Baumann et al.,
2014). However, there is possibility to reduce the liposomes’ circulation when using PEG as
a results of a reported ABC phenomenon (Nag and Awasthi, 2013). According to the
findings of the systematic review conducted by (Li and Huang, 2010), ligand insertion
appeared as a promising strategy to improve hepatic targeting. However, it is important to
bear in mind that different sugars are used for targeting different liver cells. For example,
mannose can be used for targeting KCs (Chen et al., 2017) while galactose can be used for
targeting the hepatocytes (Liu et al., 2017). In addition, it is suggested to take care about
both ligand and linker density. Additionally, the ligand density was suggested not to exceed
20 mol% (Li et al., 2018).

Number of studies addressed that the most used linker with the galactose was PEG. The PEG
theory for PEG configuration is applied here (i.e., having PEG concentration below 5mol%
shows a mushroom configuration and higher concentrations are responsible for brush
formation). The mushroom configuration provides a full coverage of the liposomes surface,
and thus, increasing the T1/2 and AUC for facilitating and increasing the chance to reach the
target site (Li et al., 2018).

We acknowledge that there are some limitations in our work that might lead to inaccurate
conclusion. However, according to our established model, it is suggested that using
liposomes size between 100-200 nm associated with enhancing the cellular uptake and liver
accumulation. This was confirmed by efficacy finding for reduction the tumour volume.
Based on the narrative analysis, using PEG concentration below 5 mol%, and galactose with
a density < 20 mol% as a dual system for targeting the hepatocytes would lead to desirable

outcomes.
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4.1.3. The impact of PEGylation on the liposomes’ physicochemical properties and
permeability profile.

A huge body of evidence suggesting that the use PEG would prevent liposomes recognition
by the MPS (Nag and Awasthi, 2013). This work tested two different molar ratios (2 and 5
mol%) for different PEG types (DSPE-PEG2000, DSPE-PEG2000-COOH, and DSPE-
PEG2000-NH2). The overall liposomes size results were mainly the same for the un-
modified ones, and the size increased as the temperature increased. The ZP values did not
affect significantly and appeared to be with the average of the un-modified liposomes.
Although literatures suggested that, using functionalized PEG would lead to increase the
negatively charge on the surface when using DSPE-PEG2000-COOH, this was not the case
in our findings. This can be a result of the incomplete attachment of the PEG on the surface
or insufficient protonation in the medium (Babchin et al., 1976). With all of these different
modifications, only SPC liposomes showed a significance change in liposomes size (P-
value<0.01). This might occur as a result of the unsaturated phospholipid nature of the SPC,
which requires lower Tc to fluidize. As the membrane fluidity increases, the PEG insertion
become more guaranteed and changes in the physicochemical properties can be obtained.
However, further assessment with more advanced techniques such as DSC is required to
confirm this finding.

Membrane permeability studies were conducted for the formulated liposomes to evaluate
their fluidity behaviour. This was obtained by using Calcien as a hydrophilic probe
(Maherani et al., 2013). The permeability profile for all liposomes showed a temperature
dependent pattern in which as the temperature increase the permeability increase. The
maximum fluidity achieved at the Tc for the different liposomal formulations. However,
none of them showed 100% fluidity. Other authors suggested several factors can affect the

membrane permeability including the liposomes composition, cholesterol content, and the
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temperature (Maherani et al., 2013; Shimanouchi et al., 2009). Although the cholesterol
concentration was constant within all the formulations, the observed findings can occur as a
result of the changes in the theoretical Tc of the used phospholipids.

Our findings revealed that the insertion different PEG concentrations impacted the
liposomes permeability profile. Adding the lower ratio (2 mol%) of DSPE-PEG2000 and its
functionalized derivatives associated with lowering the fluidity. The liposome membrane
permeability profile was reported to change significantly at the different temperature profiles
and affected by PEG modification (P-value<0.05). Two factors might play a role for our
findings. First, as the liposomes’ size decreased, the release increased (Shimanouchi et al.,
2009). Second, the level of unsaturation. SPC liposomes is composed of unsaturated
saturated phospholipids with a low Tc, which require a low energy to be converted to a liquid
crystalline form (Shimanouchi et al., 2009). Although HSPC is composed of a saturated
phospholipid, it has a shorter chain length (14) compared to DSPC liposomes (18), which
means less stability and the inducing membrane permeability changes can be easier than
DSPC liposomes (Bouffioux et al., 2007).

The findings of our experiment were in line with our linear regression model, which showed
a positive correlation between the temperature and the permeability behavior. However, only
HSPC liposomes showed a significance differences in the release kinetics under the
influence of different temperature profiles (P-value<0.05). Although we expected SPC to
show a significance differences as it has a small diameter size, having unsaturated
phospholipids which make an ideal model to show a good release characteristics, some
factors might affect this findings. This includes a full encapsulation of cholesterol in the
formulation which might lead to changes in their Tc. However, further studies are

recommended to confirm the reason of this finding.
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It is worth to test these formulated liposomal formulations on hepatocytes cell lines to assess
their uptake characteristics in the presence of other factors i.e. proteins and enzymes, and to
determine the best formulation for the clinical use.

4.2. General conclusion

This piece of work aims to investigate some aspects. First, to search the literature for the
impact of the liposome’s size, surface modification with PEG, and ligand insertion into
liposomes on the hepatocytes targeting. Second, to understand how the liposomal
physicochemical properties and surface modification can impact the membrane permeability
profile. In order to answer these research questions, we followed different approaches.

In one hand, we performed a systematic search for two databases “Medline and Embase” for
the last five years including certain inclusion and exclusion criteria (For the full search
strategy refer to chapter 2, appendix B). According to the Prisma flowchart, only 25 out of
142 selected for the eligibility were included. This systematic review aimed to evaluate the
potential factors that might play role and affect hepatocytes targeting. Both qualitative and
quantitative analysis was conducted. Narrative analysis was conducted to describe the main
theme for the aim qualitatively. Quantitatively, a linear regression model was established to
evaluate the impact of the liposomes’ size on the outcome (cellular uptake, drug
accumulation, and tumour volume). From SR data, it is suggested to formulate liposomes
with a particle size between 100-200 nm. In order to avoid the non-specific recognition by
the MPS, PEGylation with no more than 5 mol% is suggested. However, introducing PEG
reduces the cellular uptake. In order to facilitate the cellular uptake, the addition of a ligand
1s a good choice. The most common ligand used for liver targeting is the Galactose due to
its abundant expression on ASGP-R on the hepatocytes’ surface. However, ligand
concentration suggested not to exceed 20 mol%. An illustrative chart for the systematic

review findings is provided below (Figure 4.1.).
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Impact of liposomes Size

* The recommended average size below 200 nm.
* Size range between 100-200 nm associated with a good cellular uptake.

Impact of using PEG

« It is recommended to use a concentration below 5mol% (DSPE-PEG2000).
* Adding PEG reduces the cellular uptake.
« It increases the half-life time and drug bioavailability.

Impact of using ligand

* Galactose is the most common ligand used for hepatocytes targeting.

« It is recommended to use the ligand with a concentration below 20 mol%.

« It showed a positive impact on the cellular uptake.

« It enhances the drug accumulation at the target site.

* Using higher ligand concentrations (i.e. 10 mol%) with a short chain length 2000 KDa and below appeared to
be a promising strategy for targeting the hepatocytes.

* Dual using of ligand with PEG with a concentration below 5 mol% can leads to better outcomes. PEG will
increase the T1/2 and avoid the capture by the macrophages while galactose will facilitate the bindings with
ASGPRs present on the hepatocytes.

Figure 4.1. Main findings from the systematic review search.

On the other hand, a small industrial scale for liposome manufacturing took place in our lab.
This work was carried out to prepare three liposomal formulations with similar sizes but
different phospholipid compositions. All liposomes made up of neutral phospholipids.
Neutral phospholipids have the advantage of being biologically inert with a low toxicity
profile. The formulated liposomes undergo some tests of fundamental aspects including size,
zeta potential and membrane permeability, followed by surface modification of the prepared
liposomes with PEG polymer, and lyophilisation. Overall, stable liposomes with a neutral
charge and narrow distribution were obtained from all phospholipids. In all formulations,
size increased with temperature, likely due to a change in the arrangement of phospholipids
in the bilayers as temperature increases above the Tc. The membrane permeability profile
showed a temperature-dependent pattern with all prepared liposomes. Lyophilisation for the
SPC liposomes was performed using sucrose.

In conclusion, all the formulations were stable for at least four months. They had a size

smaller than 200 nm, good homogeneity, with acceptable zeta potential values. PEGylation
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was implemented to increase the liposomes' stability and was successful for both 2 and 5
mol%. Better results were obtained with 5%, confirmed by small size, more uniform PDI,
and lower zeta potential values. The encapsulation efficiency for the polymer within vesicles
was not varied with the two %mol PEG when grafted to DSPC liposomes. However,
entrapment efficiency was higher with 2% for Soybean and HSPC liposomes. Regarding
membrane permeability, all three formulations showed a temperature-dependent pattern i.e.,
permeability increased as temperature increased. The maximum membrane permiability was
achieved with soybean phospholipid, then DSPC, and finally HSPC. According to the
established linear regression model which test the impact of the temperature on the
membrane permeability characteristics, there is no significant difference among the tested
formulations except with HSPC. SPC liposomes was undergone lyophilisation using pre-
and post-insertion methods. In both cases, there was no obvious differences in size, PDI, and

ZP profile. A summary of the lab work main experiments and findings is provided (Figure

42).

« All liposomal formulations have an average size below 200 nm.
« They all have an acceptable zeta potential values (between 10 and -10 mV).
« All the formulations experienced a good homogeneity proved by the PDI values (below 0.3 a.u.).

Physicochemical
properties

« PEG has a no significance difference on liposomes physicochemical prosperities except with SPC
liposomes size.
« Using 5 mol% associated with a better outcomes.

. . . X . . . . o
ST R The highest encapsulation efficiency was obtained with SPC liposomes using 2 mol%.

with PEG

« This experiment performed to study the membrane characteristics and the permeability profile for
different liposomal formulations.

« All the liposomal formulations (modified and un-modified ones) showed a temperature dependent pattern
(i.e. the permeability increases as the temperature increases).

Membrans * The highest membrane permeability was reported with SPC liposomes.

permeability

Figure 4.2. The main conducted lab experiments and findings.
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4.3.Future work:

We acknowledge that our work has some limitations, and some future work suggestions are
provided. For the systematic review findings, we included the most recent studies (for the
last five years), which came back with a small number of the included studies based on our
inclusion/exclusion criteria. It might worth to include the studies for 10 or 20 years to give
a better understanding for the hepatocytes targeting. In addition, although we tried to
standardized the data to the extend we could to, the heterogeneity was high which might
affect the prediction. Second, none of the included studies measured the actual yield of the
inserted PEG/ligand for liposomes modification. Third, most of the selected studies used
mono-culture cell studies, in which other factors including proteins that might influence the
uptake of the liposomes were isolated, which can give misleading prediction. In addition,
the only one included RCT had a similar characteristic of Doxil and gives an overview on
the liposomes PK, but the RCT was applied on a small group of patients (12 patients) and
lack of blindness and randomisation. It is suggested to improve the quality of the study by
applying a randomization and blindness and to look for the outcomes at bigger groups.

For the lab work results, further investigations for future work including using different
liposomes compositions, lipid: chol ratios, surface modification with higher mol% of PEG
to study their impact on liposomes characteristics. In addition, it is suggested to use
phospholipids with different Tc values i.e., lipids with a Tc different than what we have
selected to get better prediction on the impact of the temperature on membrane permeability.
We could use the advantages of the systematic review findings and study the impact of dual
surface modification using PEG and galactose at different concentrations to investigate their
effect on liposomes physicochemical characteristics. As most of the approved liposomal
formulations are in a lyophilised form, it is suggested to focus more on the lyophilisation for

the prepared liposomes with different modifications.
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Due to COVID-19 pandemic, we were unable to test our formulations on the cells. It worth
testing these liposomal formulations in a hepatic cell line to study their cellular uptake for

better understanding of their targeting efficiency.
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