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ABSTRACT
OF THE THESIS OF

Maria Khalil Estephan  for Master of Science
Major: Chemistry

Title: Investigation on DAPC and DBPC liposome properties and their biomedical
applications.

Nanotechnology is a promising developing field offering potential tools for the loading of
curcumin in order to improve its various applications. Several types of nanoparticles have
emerged one of which are liposomes vesicles. Formed by spontaneous self-assembly of
lipids upon hydration, liposomes contribute a suitable alternative for curcumin delivery.
Nevertheless, liposomes also suffered from low stability due to metabolic degradation
which is why it was proposed to modify their surface by coating it with a polymeric layer
such as chitosan oligosaccharide lactate.

In this thesis, we report in the first place the efficacy of curcumin as a fluorescence probe to
determine the Tm, membrane permeability and partition coefficient of curcumin. These
experiments were done for both DAPC and DBPC liposomes.

Actually, fluorescence intensity of curcumin — temperature profile was applied to determine
the phase transition temperatures of these liposomes which were find to slightly affected
with low curcumin’s concentration.

Moreover, the encapsulation of curcumin was elaborated into two kinds of liposomes
forming four types of nanocapsules: DAPC-curcumin; DAPC-curcumin-chitosan; DBPC-
curcumin; DBPC-curcumin-chitosan. The partition coefficient of curcumin into these
systems was evaluated and found to be higher with the polymer layer and dependent on the
physical state of the liposomes. Quenching studies with hydrophobic and hydrophilic
quenchers were conducted to locate curcumin in the systems. We concluded that curcumin
binds strongly to the liposomes’ membranes.

Furthermore, ionic liquids (ILs) are a type of green solvents that are recently being used for
various applications. In that sense, the effect of 1-buytl-3-methyl imidazolium
tetrafluoroborate (bmit) IL on the partition coefficient of curcumin was explored in this
work by monitoring its interaction with DAPC and DBPC. The partition of curcumin was
enhanced at low IL concentrations but depressed at higher concentrations while showing a
dependence on the liposomes’ physical state.

Indeed, the successful encapsulation of curcumin into DAPC liposome was verified
through UV-Visible, fluorescence emission spectra, XRD and SEM. Additionally, the




effectiveness of chitosan as a protective layer was confirmed through zeta potential analysis
and TGA study.

Moving on the application part, some biological applications for these nano-capsules were
further investigated.

Mainly, DAPC based nanocapsules were used to study the anti-cancer activity of curcumin
on MCF-7 breast cancer cells and Capan-1 pancreatic cancer cells along with evaluating the
effect of the chitosan layer. It was observed that these nanoparticles inhibited up to 90% the
proliferation of cancer cells after 72 hours.

On the other hand, DBPC based nanocapsules coated with chitosan layer (DBPC-CUR-
Chi) played the role of potential, fast, easy, stable and selective nanosensors for the
detection of RNA molecule. This was observed with the increase of the emission intensity
of curcumin as the concentration of RNA was increased (0-20 and 30-500 pg/mL). The
LOD attained were 36 ng/mL and 110 ng/mL. The recovery range was found to be 99.5 and
100.33%.

Keywords: Liposomes, DAPC, DBPC, curcumin, chitosan, nanocapsules, permeability,
phase transition, quenching, anticancer agent, MCF-7, Capan-1, RNA, nanoprobe.
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CHAPTER |

INTRODUCTION

A Nanomaterials
1. Definition
Nanotechnology is a neoteric research field that is concerned with the
development and production of particles, usually 1 to 100 nm in size, which are referred to
as nanomaterials [1]. In 2010, upon the request of the European Commission, a new
definition for nanomaterials was proposed. Liden stated the definition of nanoparticles in 3
different parts: the size distribution, the surface area and the size of the internal structural
elements. Therefore, nanomaterial is a material that should meet at least one of the
following criteria [2]:
e A nanomaterial consists with minimum one external dimension in the range of
1-100 nm for more than 1% of their number size distribution.
e A nanomaterial having a size smaller than 1 nm should have a specific surface
area larger than 60 m2/cm-,
e A nanomaterial has an internal or surface structure in the size range between 1-
100 nm.
2. Classifications of nanoparticles
Nanoparticles are often classified based on three different criteria. They can be

classified either by their origin (natural or anthropogenic), by their size (1-10 nm, 10-100
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nm or larger than 100 nm) and by their chemical composition (inorganic substances,
organic substances or element of the living kingdom) [3].

Examples of nanoparticles include metallic nanoparticles, metal oxide
nanoparticles, micelles, dendrimers, nanocapsules, etc.

By definition, nanocapsules consist of nano-vesicular system designed in a shell-
core model. They gained a lot of interest due to their use as drug delivery systems.

One instance of nanocapsules shells are liposomes.

B. Liposomes
1. Discovery of liposomes

The discovery of liposomes dates back to 1964 when Bangham and Horne
described their observations by electron microscopy of the lipid phosphatidylcholine
(lecithin) in water. The dispersions formed different sizes of “spherulites” which were not
familiar with any known lamellar shell embracing a lipid bilayer [4].

The next year in 1965, Bangham et al. testified that “‘the diffusion of univalent
cations and anions out of spontaneously formed liquid crystals of lecithin is remarkably
similar to the diffusion of such ions across biological membranes” [5].

Subsequently, possessing similar ions diffusion-rates as studied biological
membranes, the self-assembling “spherulites” were given the name “liposomes” which is
made up of two words, lipos (fat) and soma (body) [6].

2. Structure and composition of liposomes
Liposomes are spherical shaped lipid vesicles made up of phospholipids, which

consist of a hydrophilic head group and a hydrophobic acyl chain. Due to the amphiphilic
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nature of their lipid structure, they are built by closed membrane-like bilayers that organize
concentrically around an aqueous cavity. Thus, liposomes possess a unique structural
organization formed by a hydrophilic cavity in the core and a hydrophobic membrane. This
special assembly allows them to encapsulate both hydrophobic and hydrophilic drugs in
order to prevent them from degradation and metabolic processes, which made them a
versatile tool in many biological application [7].

Phospholipids, which are the backbone of liposomes and act as the main building
blocks in biological membranes, are lipids with a phosphate head group and composed of
four components: the fatty acids, a glycerol or sphingosine backbone, a phosphate and an
alcohol attached to it. Phospholipids differ by their head-groups, the lengths and the degree
of saturation of the hydrocarbon chains.

Hence, the common alcohol head group components in the structural formula of
the phospholipids includes choline, ethanolamine, glycerol, inositol and serine.

As for their sources, phospholipids can be classified as natural such as egg,
soybean, rapeseed, and sunflower seed or synthetic with a unique predefined fatty acid
chain or polar head group [8], [9].

Some of the synthetic saturated phospholipids with a choline head group include
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) which are used in liposomes formation and act as lipid bilayers

models to study biological membranes [10].
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3. Vesicle formation

In water and aqueous media, lipids with a low concentration are dissolved.
However, as the concentration of the lipid is increased beyond a specific concentration
known as the critical micelle concentration (CMC), the entropy of the interactions between
water and hydrocarbon unfavorably increases which causes the spontaneous self-assembly
of the lipid’s molecules. In other words, the self-association of the hydrophobic acyl chains
reduces the surface that is in contact with the aqueous media resulting in minimization of
the energy for the formed molecular organization and relaxation of water structure driven
by entropy.

This lipid organization harvests a variety of lipid architectures like micelles,
bilayers, tubes, disks, liposomes, ribbons, cubic and hexagonal phases [11]-[13].

The different possible resulting structures mirror the organization of the lipids with
the optimal packing. At this point, the lipids have a minimum energy where the confined
head groups exert balanced hydrophobic forces and repulsive forces. These interactions are
not the only governing factors that affect the resulting lipid’s structure. Molecular
parameters of the lipids as well as physical conditions also play a decisive role in
influencing resulting structures of the lipid. These include geometrical and chemical
properties, pH, salinity, temperature and pressure [14].

Hence, the interesting self-organizing of amphiphiles in agueous media is a
spontaneous process driven by and thermodynamic as well as by their molecular structure.
A first attempt to relate the curvature of the formed membrane to the molecular structure of
lipids was described in 1976 by Israelachvili et al. who introduced the concept of molecular

packing parameter (P) which is known as the P value. (P) is defined in equation 1 by the
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ratio between the volume occupied by the hydrophobic tails (v) with respect to their length
(I) and the surface of the polar head group (a):
P=v/l a

Subsequently, the lipid displays a cone-like shape when P<1/3 and will pack into
micelles. For 1/3<P< %, the lipid exhibits a truncated cone shape and will form cylindrical
micelles. When 1/2 <P < 1, the lipid adopts a shape between a truncated cone and a
cylinder and will form vesicles or lamellar bilayers. Lastly, for P>1, the lipid has an
inverted truncated cone shape and will pack into micelles [15], [16].

In that sense, lamellar bilayers form liposome structure by a spontaneous
vesiculation process which has been defined to be a multi-step process beginning with the
formation of the lamellar bilayers that will bend upon growing above a critical dimension.
This is driven by the minimization of the energy at their edges by forming enclosed vesicles

[17].

4. Classification of liposomes
Due to the several possibilities in modulating their physiochemical and structural
properties, liposome can be classified into a wide number of categories, which offers them
the probability to surpass other colloidal carrier systems. This flexibility in the properties of
liposomes offers the ease for researchers to be fine-tuned towards specific applications.
That being said, liposomes are classified based on structural parameter, physical properties

and composition or sensitivity.
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a) Structural parameters

Considering structural parameters, liposomes are categorized depending on the
number of membrane bilayers (lamellae) and the size of the vesicle. The size of the
liposomes could vary between 0.025 t02.5 um.

Unilamellar liposomes have gained the main attention in research owing to their
easy preparation and the ease in understanding the properties of their membrane. They are
single-bilayer vesicles that are divided into three subtypes. Vesicles that are smaller than
100 nm are name small unilamellar vesicle (SUV). Vesicles ranging from 100 nm to 1 um
are called large unilamellar vesicles (LUV). Larger than 1 um, the vesicles are called giant
unilamellar vesicles (GUV).

Unilamellar vesicles have been the mostly investigated in many areas where the
ones smaller than 200 nm are the most studied and of special interest in their usage for drug
delivery pharmaceutical applications. The GUVs are typically used as basic models for
biological membranes. In addition to the unilamellar liposomes, larger structures can also
be formed from the assembly of many bilayers. These are described as oligolamellar
vesicles (OLV), multilamellar vesicles (MLV) and multivesicular vesicles (MVV).

The drawback for these multi-lamellar vesicles is that their physical properties
changes make them behave in different ways which render them less explorable as

compared to the unilamellar liposomes [18]-[20].
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b) Liposomes composition and function

Taking into description the surface functionalization of liposomes, they can be
differentiated from each other and accordingly have different features which lead to a
variety of applications.

On this basis, liposomes are classified into four subgroups: cationic, conventional,
stealth and targeted.

Indeed, cationic liposomes have a positive net charge on the vesicle which renders
this subgroup to be used as genetic delivery systems, as they form stable complexes with
the negatively-charged DNA/RNA molecules [21].

On the other hand, the simplest liposomes are the conventional liposomes which
are composed by a mixture of neutral or negatively charged surfaces, without any
modifications, making a bilayer enclosing aqueous inner core in which a variety of drugs
molecules can be incorporated accordingly [22].

Another subgroup is represented by the stealth liposomes, sometimes called stearic
liposomes or long-circulating liposomes. This type of liposomes if coated with a layer of
the hydrophilic molecule polyethylene glycol (PEG) chains, it will be attached via covalent
bonds to the surface of the phospholipids. This formulation decreases the fast clearance of
the liposomes from the body along with protecting it from destabilization [23].

Moving on to the last subgroup, target liposomes, as their nomenclature holds,
have their surface functionalized by a ligand which is directed towards a specific receptor.
This is usually achieved by attaching to the phospholipid’s membranes an antibody, the

reason why they are sometimes referred to as immuno-liposomes [24].
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5. Stability of liposomes
Taking into considerations the pharmaceutical attentions, drugs that need to be
delivered should be appropriately stable for at least 1 year of storage. Hence, liposomal
carrier systems have to fulfil this criterion. At this level, the main issues addressed are the
chemical and physical stability of phospholipid, especially phosphatidylcholine liposomes

as they are the most used type.

a. Chemical stability

The shelf life of liposome might be limited by two degradation processes:
oxidation and hydrolysis.

In the beginning, oxidation of phospholipids primarily happens in unsaturated fatty
acyl chain. However, at high temperature, saturated chains can also be oxidized. The
oxidation takes place through a free radical chain mechanism. Unsaturation induces
delocalization of the unpaired electron along the acyl chain which explains why unsaturated
fatty acids are the most prone to radical formation. To prevent oxidation, storage of
liposome at low temperatures and in a dark place and protection from oxygen exposure are
the most practical ways to apply. Furthermore, the use of antioxidants like a-tocopherol and
butyl hydroxy toluene was suggested.

In what concerns hydrolysis, it’s affected by the pH, ionic strength, solvent system

and buffered species [25]-[27].
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b. Physical stability

When hydrated in water, liposomes vesicles are spontaneously formed with
varying sizes. As they are kept in storage, the formed vesicles aggregate with time, which
lead to an increase of the size, which is thermodynamically favored. This phenomenon risks
the encapsulated drug to leak, resulting in destabilization of the liposomal drug
formulation. For that, it’s necessary to assess the physical stability of any formulation

before storage by measuring the size, size distribution and morphology of the vesicles [28].

6. Methods for liposome preparation

Since the groundbreaking discovery by Bangham that phospholipids dispersions in
aqueous media form enclosed membranes, several potential methods have been widely
outlined in the literature for the preparation of liposome. The choice of the right method
influences both the size and lamellarity of the resulting vesicle.

Most of the procedures to prepare liposomes involve four basic stages starting with
the formation of a dry lipid film out from an organic solvent followed by hydration of the
thin film in aqueous solution. Then after purifying the resulting liposome solution, the
product is analyzed [29].

Two essential methods are usually used to prepare liposomes: passive loading and
active loading techniques.

The former technique consists of three different methods: mechanical dispersion,

solvent dispersion and detergent removal method [30].
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Mechanical
dispersion method

« Sonication
» Extrusion

» Freeze-thawed
liposomes

« Lipid film hydration
» Micro-emulsification
» Membrane extrusion

7. Liposomes application

Solvent dispersion
method

« Ether injection
« Ethanol injection

* Reverse phase
evaporation method

Detergent removal
method

* Dialysis

* Detergent removal of
mixed micelles
(absorption)

 Gel permeation
chromatography

* Dilution

Since their early discovery, liposomes were initially proposed as models of

biological membranes. Few years later, Gregory Gregoriadis extended their future utility by

launching the idea that they can entrap molecules, outlining by such their potential as

carriers’ systems in multiple fields [31]. This was owed to their structure special

organization, their biocompatibility, their non-immunogenic nature as well as being

biodegradable. All of these potential features of liposomes have positioned them to be an

astonishing versatile tool in a vast range of scientific disciplines.

a. Topical liposomes drug

Due to the similarity between natural membrane and the liposome bilayer

structure, liposomes have been used for skin treatment applications. This is achieved by the
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capability of the lipid vesicle to modify the fluidity of the cell membrane and by such to

merge in the dermatological field and showing moisturizing and restoring actions [32].

b. Cosmetic applications

Liposomes were also utilized to deliver ingredients in cosmetics. In 1986,
Christian Dior lunched on market the first liposomal cosmetic product, the anti-ageing
cream Capture. In addition, liposomes have been used to treat hair loss in products like
“Regaine”. The skin care profile of liposomes was valued by its ability to slow the

transdermal water loss as well as by its suitability to treat dry skin [29], [33].

c. Anti-cancer activity

Liposomes attracted distinguished clinical acceptance and was recognized as chief
platform for drug delivery in 1995 after the first liposomal anti-cancer drug “Doxil” have
been approved by FDA [34].

Several studies have shown that the encapsulation of various anticancer agents in
liposomal formulations has lower toxicity than the free drug itself without hindering its
efficacy. Moreover, the great advantage offered by liposomes is their ability to
functionalize their lipid membrane by attaching several target ligands which makes them
targeted towards specific sites only, reducing by such the toxic side effects of the loaded
drug. Liposomes usage is based on their ability to adapt the entrapped drug which becomes
reliant only on the physiochemical properties of the liposomes resulting in enhancement in

the penetration inside the targeted tissues.
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That being said, liposomes improve the stability, efficacy and therapeutic index of
the drug. Besides the mentioned advantages, liposomes are also able to reduce the contact

between sensitive tissues and toxic drugs [35], [36].

d. Anti-inflammatory activity

Sterically stabilized liposomes may be an operative delivery system to deliver
suitable drugs for inflammations treatment. In fact, infectious agents mostly exist in cells
that are nearly inaccessible to chemotherapy like deep-tissue macrophages. Hence, a large
fraction of stealth liposomes will accumulate in the skin, where many are eventually taken
up by macrophages. It is thought that these cells host many bacterial and viral infections
which long circulating liposomes can target [37].

One of the major drugs that is used in different field, and can be easily

encapsulated into liposomes is curcumin.

C. Curcumin
1. Origin
Curcumin, a natural chemical, was named in 1815 when Vogel and
Pelletier testified the first isolation of a "yellow coloring-matter"” from the rhizomes of
Curcuma Longa. C. longa, native to tropical South Asia and India, is a perennial herb
belonging to the Zingiberaceae family. The roots (rhizomes) of this plant are dried and

crushed to obtain a powder golden spice generally known as turmeric[38], [39].
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India is the primary producer of turmeric where it is extensively used in culinary
activities. In Europe, turmeric was named “Indian Saffron” because of its color and taste. In
addition to its utilization in food preservation, food coloring and food flavoring, turmeric
has been also valued for its therapeutic activities such as it was used to cure jaundice, to
heal wounds, to help with stomach problems, and most importantly it possesses anti-
inflammatory properties to heal chest pains, colic and menstrual difficulties [39].

Turmeric contains many phytochemicals like the curcuminoids which happen to be
its major polyphenolic compounds. The curcuminoids consist of curcumin,
demethoxycurcumin and bis-demethoxycurcumin (See Figure 1). Curcumin is the main
bioactive component of the three curcuminoids. Estimated to constitute 70%, curcumin is
responsible for both the color and therapeutic effects of turmeric [40]. Curcumin acquired
popularity and got nicknamed as ‘next generation multipurpose drug’ due to its many-sided
roles, such as antioxidant, anti-inflammatory, anticancer, antidiabetic, antiangiogenic and

antimicrobial activities [41]-[45].
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Figure 1 Major components of curcuminoides.

2. Discovery of curcumin

After the discovery of the yellow substance in 1815, it was later found to be a
mixture of turmeric oil and resin. Then, it was until 1842 that VVogel got a preparation of
pure curcumin.

The isolation of curcumin from turmeric was described by Perkin and Everest as
follows: “Pelletier and Vogel’s method of isolating the curcumin consisted in first
removing the fatty, resinous, and other impurities by extracting pulverised turmeric with
water and carbon disulphide, then dissolving out the colouring matter with boiling alcohol,

and purifying it by successive solution in ether and alcohol, precipitation with lead acetate,
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and subsequent treatment with hydrogen sulphide and extraction of the product with ether.
It was thus obtained as an amorphous yellow powder.” [46].

Vogel’s product was liquid at 40°C and not pure, thus any proposed formula
would have been incorrect which is why even though he offered elemental analysis data for
his curcumin, he did not submit a molecular formula [47].

Afterward, several chemists described different possible structures for curcumin
and after about half a century in 1910 that Lampe and Milobedska structurally identified
the chemical structure of curcumin [48]. Three years later, the same group synthesized the
compound [49]. After that in 1953, chromatography was used by Srinivasan to quantify and

separate the components of curcumin [50].

3. Chemistry of curcumin

a. Structural properties

Diferuloylmethane is synonym of curcumin and 458-37-7 is its CAS number
[51]. The IUPAC name of curcumin is (1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione, with molecular formula C21H200s, and molecular weight of 368.38
Daltons [52].

In chemical terms, it’s a symmetrical molecule composed of a chain of seven
carbons that links two aromatic rings [53]. This special structure of curcumin makes it
belong to the diarylheptanoid family. Moreover, curcumin has owned several functional
active groups: a keto-enol moiety, two o-methoxy phenolic groups and two enone moieties.

Another chemical nomenclature for curcumin is bis-a,B-unsaturated p-diketone.

Hence, the presence of carbonyl groups on the carbon number 3 and 5 in heptadienone
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chain causes curcumin to exhibit a keto-enol tautomerism and a cis-trans isomerism which
is dependent on the pH of its environment [54].

The keto-form dominates at acidic pH. This is due to the highly active carbon atom in
heptadienone chain that links the two methoxyphenol rings, which potentially donates its
H-atom. The oxygens adjacent to this carbon have unpaired delocalized electrons which
renders the C-H bond very weak. In contrast, as pH increases above 7, the enol-form
becomes dominant as the phenolic part of curcumin donates electrons. The resonance-
assisted in the enol form stabilizes the structure. However, both forms coexist in

equilibrium under physiological conditions [55], [56] (See Figure 2).

Figure 2 Tautomerization of curcumin.

Curcumin tautomerism is important as it plays a crucial role in its biological
activities. For instance, in Alzheimer disease, the principal pathological feature is the

formation amyloid beta (Ap) aggregates. The anti-Alzheimer effect is exerted by curcumin
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as it binds to these aggregates. Yanagisawa et al found that the binding activity of the keto

form was much weaker than that of curcumin with the enol form [57].

b. Physical Properties of Curcumin

Three different pKa values have been reported for curcumin; pka: and pkax values
are attributed to come from the two phenolic -OH groups, and pkas is from the enolic
proton [58], [59].

Curcumin’s melting point was determined to be equal to is 183°C [51]. Itis a
crystalline lipophilic polyphenol practically insoluble in water while being highly soluble in
polar organic solvents such as ethanol and methanol but sparingly soluble in alicyclic and
aliphatic organic solvents like cyclohexane and hexane. However, its solubility in water
can be enhanced in alkali or extremely acidic medium, but it remains low to negligible at

acidic and neutral pH [60], [61].

c. Stability of Curcumin

i Agueous stability
Agueous media refers to the alkaline or acidic and biological media. Hence, the
stability of curcumin depends on the pH of the media, which is demonstrated by change of
the color of curcumin solution when pH is varied.
Accordingly, at very low pH <1, the protonated form dominates which results in a
red color curcumin solution. In the 1-7 pH range, most of curcumin molecules are in their

neutral form which gives a yellow color solution. For pH values > 7, curcumin solutions

have an orange red color [62].
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The kinetic degradation of curcumin was considered in several buffer systems at
different pH. The results indicated that curcumin is unstable at neutral pH where it
undergoes hydrolyzation to form smaller products as it degraded within 30 mins in
phosphate buffer of pH 7.4. The study concluded that as pH increases, the degradation rate

of curcumin similarly increases [63].

iil.  Spectral and Photophysical stability

Several studies were conducted to study the stability of curcumin in organic
solvent as it possesses a very low solubility in aqueous media. The optical absorption for
curcumin is solvent dependent and located between 408-430 nm, whereas its emission
maximum when it’s in his exited state ranges from 460 and 560 nm. It was concluded from
different studies the rate of fluorescence decay and the acidity of the solution are directly
proportional as well for the polarity of the solvents. That was illustrated when the
fluorescence-decay spectra of curcumin were found to be much significant in methanol than
in hexane.

Similarly, a bathochromic shift in the fluorescence maximum was noted when

going to hexane from methanol, indicating a very polar excited state for curcumin [64]—

[66].

iii. ~ Photochemical stability
An intensive study conducted by Tonnesen et al. [62] has investigated the
photodegradation products of curcumin dissolved in isopropanol and then four other

organic solvents: methanol, chloroform, ethyl acetate, and acetonitrile. After exposing the
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solvent-curcumin solution to light (A= 400-510 nm) for 4 h, the obtained degradation
products were extracted by TLC and identified using mass spectrometry (MS) and nuclear
magnetic resonance.

A compound that had the chemical composition C12H180s Was the main product
resulting from the degradation of curcumin in isopropanol, chloroform and methanol and
having a molecular ion at m/e = 366. This result reflects that the structure has lost two
hydrogen atoms and that light irradiation induced a cyclization process.

In addition, other minor degradation products of curcumin were recognized like
vanillic acid, vanillin, ferulic aldehyde and 4-vinylguaiacol.

In a second study, it was found that curcumin in dried form was more stable when
exposed to sunlight than in solution [67].

These photochemical properties of curcumin are the reason behind storing
curcumin in a brown glass as it transmits light of wavelengths higher than 500 nm at which

curcumin has no absorption [68].

iv.  Thermal stability
After being exposed for 10 mins and up to 70°C, curcumin has been stable.

However, above this temperature, it begins degrading. At 100°C, its rate of degradation

increases as reflected by the drop in its absorbance value [69].
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4. Safety profile of curcumin

Curcumin has been permitted to be a safe substance by Food and Drug
Administration (FDA). Its safety was assessed by several studies. The maximum daily
intake dose varies by ranging from 3 mg to 4-10 g per 1 kg body weight [70].

The safety of curcumin was tested in a clinical study where healthy subjects were
administrated two different doses of curcumin: 8000mg and 12000 mg in a day. As a result,
low levels of curcumin were detected only in the subjects who took the higher dose of
curcumin. In addition, none of the subjects developed any side effects upon taking
curcumin. Hence, a daily intake of 12 000 mg was regarded safe for healthy people [71].

As for individuals having health issues as cardiovascular diseases and cancer, a
dose of up to 8000 mg/day was observed to be safe. In another study, mild and controllable
gastrointestinal symptoms, headache and nausea were reported for subjects affected by
primary sclerosing cholangitis taking up a dose of 1400 mg/day while consumption 8000
mg/day caused abdominal pain for patients with advanced pancreatic cancer and taking a

prescription of gemcitabine [72].

5. Bioavailability of curcumin
The safety of curcumin consumption has been testified by several studies but
unfortunately, its therapeutic use is limited by its very low bioavailability. Having low
bioavailability means that its free levels in plasma and tissues is very low. This was
explained by the fact that curcumin has a high-rate conjugation through sulfation and

glucuronidation which causes its low absorption [73].
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This drawback of curcumin limits its concentration in the gastrointestinal zone and
its bioactivities such its potential as antitumor [74].

To overcome the poor bioavailability of curcumin and thus enhance its delivery,
several studies have addressed different strategies such as incorporating curcumin into
liposomes and phospholipids [75], surfactants [76], polymeric nanoparticles [77],

polyethylene glycol [78] and cyclodextrin complexation [79].

6. Pharmacological activities of curcumin
Worldwide, curcumin is being used in many different forms for multiple potential
health benefits. It is available in different forms such capsules, soaps, tablets, cosmetic,
energy drinks and ointments [80].
Ever since curcumin has been identified, multiple pharmacological activities have
been reported out of which few will be illustrated below including anti-cancer, anti-

bacterial, anti-diabetic, anti-inflammatory and antioxidant activities.

a. Anti-cancer effect

Different studies have been done to show the selectivity of curcumin to tumor cells
compared to normal healthy cells which boarded its usage for cancer treatment.
Feng et al. reviewed the therapeutic effect of curcumin in several types of cancer including
lung, cervical, prostate, breast, osteosarcoma and liver cancers[81].

Curcumin exerts its anti-cancer activities through its action on some of the
biological pathways related to mutagenesis, oncogene expression, cell cycle regulation,

apoptosis, tumorigenesis and metastasis. In fact, curcumin has been shown to regulate cell
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proliferation and to act as an inhibitor of the NF-«xB transcription nuclear factor which is an
active player in human cancers. Moreover, curcumin influences multiple receptors of
growth factor as well as cell adhesion molecules that engage in tumor growth [82].

Pancreatic cancer is responsible for approximately 6% of all deaths caused by
cancer for men and women [83]. It was shown that in pancreatic cancer cells, curcumin
inhibit the growth of the tumor by suppressing the expression of NF-kB factor and growth
control molecules that are produced by NF-xB [84].

A phase II clinical trial was performed on subjects with advanced pancreatic
cancer who received 8g of curcumin during 8 weeks on a daily basis. Despite its poor
bioavailability, the expression of the NF-kB was down regulated by curcumin. One out of
two patients had 73% tumor decrease after curcumin administration. It was found that
curcumin is tolerable and non-toxic for 18 months. The study concluded that oral curcumin
has a well-tolerated biological activity in some patients with pancreatic cancer despite its
poor absorption. Oral curcumin is well tolerated and, despite its limited absorption, has

biological activity in some patients with pancreatic cancer [85].

b. Anti-inflammatory effect

Inflammation has been linked to the development of many chronic diseases and
conditions including Alzheimer, Parkinson’s, epilepsy, cancer, allergy, asthma, diabetes,
obesity and depression. In most diseases, the major mediator of inflammation is the tumor
necrosis factor (a-TNF) and this is controlled by the activation of NF-xB. Accordingly,

substances that downregulate NF-kB have a potential success in treating such diseases. It
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has been proved that curcumin block NF-kB activation and by such suppresses
inflammation [86].

A study considered this therapeutic activity of curcumin against cyclooxygenase-I
(COX-I) and cyclooxygenase-11 (COX-I1) enzymes. These enzymes are known to produce
an agent that promotes imflammation. Curcumin, at a concentration of 125 pg/ml, inhibited

COX-I enzyme by 32% and COX-Il enzyme by 89.7% [87].

c. Anti-oxidant effect

During natural cellular processes like cellular respiration, reactive oxygen species
(ROS) are normally formed like superoxide radical (O®2), hydroxyl radicals (OH*®), singlet
oxygen (O°®) and H20>) [88].

The overproduction of ROS results in the oxidation of the components of cells
which thereby provokes damage in the affected tissues. The damage caused by ROS can be
attenuated by the human body’s antioxidant defense systems such as superoxide dismutase
(SOD), reduced glutathione (GSH), catalase (CAT) and others [89].

Sankar and his collaborators illustrated the ability to indirectly induce the upregulation of

the antioxidant enzymes like CAT and SOD[90].

d. Anti-diabetic effect

Curcumin’s potential therapeutic effect has been testified in different studies to
manage diabetes mellitus via its hypoglycemic, hypolipidemic, antioxidative and anti-
inflammatory effect[91]. Kim and his colleagues performed a study in which the glucose-

lowering effect of curcumin was credited to its capability in reducing the hepatic glucose

35



output [92]. In addition, curcumin was also responsible for the reduction of the diabetic

complications such as diabetic retinopathy [93].

e. Anti-bacterial effect

In a study published by Ribeiro et al., the collected data exposed the antibacterial
activity against both methicillin-sensitive S. aureus (MSSA) and methicillin-resistant S.
aureus MRSA [94], [95].

Alongside its potential against S. aureus, curcumin has a remarkable action against
other bacteria including Enterococcus faecalis, Bacillus, P. aeruginosa, E. coli, and K.

pneumonia [96].

D. Aims
General information about the two essential components; liposome and curcumin;
used in our research work, were introduced in Chapter 1. Hence, our focusing will be on the
synthesis of liposomal curcumin and further establishing their properties and applications.
The synthesis of liposomes and liposomal curcumin is performed based on the thin
film method as it is described in Chapter Il. Hence, two different liposomes are investigated
in our work; DAPC and DBPC liposomes.

In Chapter I11, we will highlight the effect of curcumin of the physical properties
of DAPC liposomes. Meaning that, curcumin will be used a fluorescence probe to check its
effect on the permeability of the liposomes membrane.

Furthermore, DBPC liposomes, having a longer chain than DAPC will be

investigated in our work. Initially, the physical properties of DBPC will be elaborated in
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Chapter IV using curcumin as a fluorescence molecule. Phase transition temperature,
quenching and partition coefficient will be studied.

An ionic liquid (IL) is a salt in the liquid state; lonic liquids have many potential
applications. In fact, they can alter the physical properties of the liposomes. For this reason,
the effect of ionic liquid on the partition coefficient of DAPC and DBPC will be developed
in Chapter V.

Moreover, curcumin and liposomes exhibit an anti-cancer activity. Hence, this
activity can be enhanced when encapsulating curcumin into the liposomes with the addition
of polymer. For this reason, in Chapter VI, the formed DAPC liposomal curcumin
nanocapsules will be tested as anti-cancer agent against MCF-7 breast and Capan-1
pancreatic cancer cells in the presence and absence of polymer.

Ribonucleic acid (RNA) is a polymeric molecule indispensable in many biological
fields as coding, decoding, regulation and expression of genes. RNA is constituted 4
nucleotides inducing nucleic acids. Along with lipids, proteins, and carbohydrates, nucleic
acids constitute one of the four major macromolecules essential for all known forms of life.
For this reason, in Chapter VII we will establish the effect of DBPC liposomal curcumin
nanocapsules in the presence and absence of polymer as nanoprobe to detect RNA. The
detection of RNA will be done using fluorescence emission intensity. The selectivity and

the recovery of the method will be also investigated.
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A. Materials

CHAPTER I

MATERIALS AND METHODS

All the chemicals that were used in our research work are presented in Table 1

with their respective chemical formula, chemical structure, purity and source.
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Table 1 List of chemicals used

B. Sample preparation

The preparation of liposomes was done as described in Figure 3.

DAPC and DBPC liposomes’ solutions were prepared by the classical solvent
evaporation method. To obtain a 1 mM stock solution of each liposome, 4.231 mg of
DAPC and 4.5 mg of DPBC were dissolved separately in a 5 mL chloroform/ethanol
mixture with a 1:1 volume ratio. After vortex for few seconds, a rotary evaporator was used
to evaporate the solvents at 35-40 oC. The thin films formed were dried under oven vacuum
at 45°C for 10 min. Then, 5 mL of phosphate buffer at pH = 7 was added to dissolve each
film. During 5 min, the mixtures were alternatively vortexed for 30 s, and then heated for
another 30 s at 75°C or 85°C for DAPC and DBPC respectively, 10°C above the phase
transition temperature.

For some experiments, curcumin was incorporated into liposomes during its

formation to obtain liposomal curcumin nanocapsules. For that purpose, after dissolving
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0.184 mg of curcumin in 1:1 ratio of 1 mL ethanol/chloroform solution, the solution
obtained is mixed with the liposome’s solution after vortex, and the organic solvents were
evaporated using Rotary evaporator similarly to the procedure explained above. A yellow
thin film is obtained which is then hydrated with 6 mL of the pH=7 phosphate buffer.

Likewise, the mixtures were dissolved at 10°C above the phase transition temperatures of

each liposome.
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Figure 3 Schematic illustration of the liposome’s preparation.

C. Instrumentation
Scanning electron microscopy (SEM) analysis was done using a Tescan, Vega 3
LMU with an Oxford EDX detector (Inca XmaW?20). The accelerating voltage was 5 kV

with a magnification of 500 nm. In short, few powder of liposomal curcumin nanocapsule
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solution were deposited on an aluminum stub and coated with carbon conductive adhesive
tape.

Zeta potential and dynamic light scattering value were measured using Particulate
systems, NanoPlus Zeta Potential/Nano Particle analyzer.

The absorption spectra were recorded at room temperature using a JASCO V-570
UV-VIS-NIR spectrophotometer in the wavelength range of 200-800 nm ina 3 mL
cuvette.

Fluorescence spectrum was measured using a Jobin-Yvon-Horiba Fluorolog 11l
fluorometer and the FluorEssence program. The excitation source was a 100 W Xenon
lamp, and the detector used was R-928 instrument operating at a voltage of 950 V by
keeping the excitation and emission slits width at 5 nm.

The X-ray diffraction (XRD) data were collected using a Bruker d8 discover X-ray
diffractometer equipped with Cu-Ka radiation ( A = 1.5405 A). The monochromator used
was a Johansson type monochromator.

Thermo gravimetric analysis (TGA) was performed using a Netzsch TGA 209 in
the temperature range of 30 to 1000 °C with an increase of 10 °C. min™t under N

atmosphere.

D. Application of liposomal curcumin nanoparticles
Liposomal curcumin systems have taken much importance in the biomedical field.
These nanocapsules have been used essentially in drug delivery, as anti-cancer, anti-

inflammatory, in sensing applications, etc. In our research work, two main applications
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were carried out to inspect the efficiency and suitability of these nanocapsules. These 2

applications are:

e Anti-cancer activity of DAPC-Cur nanocapsules coated with chitosan against

MCF-7 and Capan-1 cancerous cell.

e The use DBPC-Cur coated with chitosan as nanoprobes for the detection of

RNA.

It is important to mention that for each application, the sample preparation is

developed in its specific chapter.
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CHAPTER 111

INTERACTION OF CURCUMIN WITH DAPC LIPOSOMES:
CHITOSAN PROTECTS DAPC LIPOSOMES WITHOUT
CHANGING PHASE TRANSITION TEMPERATURE BUT
IMPACTING MEMBRANE PERMEABILITY

A Introduction

Designed by self-association of amphiphilic lipids, liposomes form a unique
spherical structure which allow them to encapsulate both hydrophilic and hydrophobic
drugs [97]. Hence, they can envelop poorly soluble molecules, like curcumin, enhancing
thus its solubility together with protecting it from degradation or metabolic processes
[98].

The main building blocks of liposomes are phospholipids. Among all the various
categories, phosphatidylcholine (PC) is the most common lipid in cell membrane and the
most abundant ingredient of pulmonary surfactant, the reason why PC liposomes are
widely used as a model.

1,2-diarachidoyl-sn-glycero-3-phosphocholine (DAPC), is one of the
phospholipids that is present in numerous biological systems. It is a fully saturated PC
lipid consisting of 20 CH> groups in the acyl tail [99]. Despite its biological significance
most of the reported study concentrated on DPPC (1,2-Dipalmitoyl-sn-glycero-3-
phosphocholine) and DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) liposomes,

and not much work is reported on DAPC.
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The use of liposomes is still restricted because they can undergo hydrolysis
which results in the loss of the loaded molecules, can be oxidized and they have a short
circulation half-life [100]. Coating liposomes surface with polymers, such as chitosan,
was suggested as an effective approach to protect and stabilize the liposomal curcumin
system.

Chitosan possesses physiochemical and biological properties which make it a
promising tool for drug delivery. Being a natural hydrophilic cationic polymer derived
from shellfish, chitosan possesses interesting characteristics such as pH sensitivity,
biocompatibility and low toxicity. It forms a protective polyelectrolyte layer around
anionic liposomes established on the electrostatic interactions, without any chemical
linkage between the two components. Moreover, chitosan is considered to be
biodegradable since it is metabolized by human enzymes [100],[101].

There are many reports on interaction of chitosan with DMPC/DPPC liposomes
for various applications [101],[102] but to our knowledge there is no report on interaction
of DAPC and chitosan oligosaccharide lactate.

Liposomal curcumin formulation has been used in many applications. It was
reported that incorporating curcumin into liposomes vesicles has many advantages such
as enhancing the gastrointestinal absorption and increasing the plasma antioxidant
activity of curcumin [103] , having an inhibitory effect on cancer cell growth along with
antiangiogenic effects [104] and boosting the loading grade in cells [105].

The fluorescence spectrum of curcumin shifts to lower wavelength by increasing
its fluorescence intensity while getting incorporated into liposomes and as a molecular

probe can sense phase transition temperature of liposomes. For the best of our
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knowledge, the physical properties of different liposomes as DPPC, DMPC, DSPC etc.
are widely developed and published. Nevertheless, no studies have been published and
elaborated for DAPC liposomes using curcumin and effect of chitosan on DAPC
liposomes.

The main aim of current work was to use curcumin as a molecular probe to
investigate DAPC liposomes. DAPC has a longer hydrocarbon chain length and higher
phase transition temperature compared to DMPC, DPPC and DSPC liposomes, thus, its
behavior needs to be understood. This was done by observing the fluorescence intensity
changes of curcumin, based on the fact that its photophysical properties depends strongly
on the polarity and viscosity of its environment [105]. Moreover, the influence of

chitosan on the physical properties of the liposome was also assessed.

B. Methods of preparation
1. Sample preparation for phase transition experiment
For phase transition temperature study, the temperature was varied from 50°C to
75°C. Liposome concentration in a cuvette (3 mL) was kept 100 uM with 1 pM of
curcumin (See Figure 4). The volume of the solution was completed to 3 mL with buffer

solution (pH = 7).
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Emission spectra at Aex=425 nm

>

Variation of the temperature
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100 pM with 1 uM of curcumin

Figure 4 Sample preparation of phase transition temperature study.

In order to establish the effect of curcumin concentration, several experiments
were done in the curcumin concentration of 1, 10, 15, 20 and 25 uM. The total volume was
completed with a 10 mM pH = 7 buffer solution.

Moreover, the effect of chitosan was also investigated. For this purpose, 0.5

mg/mL of chitosan were added by withdrawing 300 pL from a 5 mg/mL stock solution.

2. Sample preparation for quenching experiment
For quenching study liposome and curcumin concentration were constant and
kept at 100 uM and 1 uM respectively in all quenching studies, whereas CPB final
concentration was varied from 0, 25, 50, 100, 150, 200, 250 to 300 uM in the samples.
Similarly, KI final concentration was varied from 0, 0.1, 0,2,0.3,0.5,1to 4 M

(See Figure 5).
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Figure 5 Sample preparation for quenching study.

For quenching study in the presence of chitosan oligosaccharide lactate, the final
concentration of chitosan oligosaccharide lactate used was 0.5 mg/mL.
During measurement, the total volume was completed to 3 mL with a 10 mM pH

equal to 7 buffer solution.

3. Sample preparation for partition coefficient experiment
For partition coefficient measurement, curcumin concentration was 1 uM in all
trials. Liposomes concentration was varied from 0, 10, 20, 50, 100, 150, 200 to 250 mM.
The total volume in these samples was completed to 3 mL with a 10 mM pH = 7 buffer

solution (See Figure 6).
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Figure 6 Sample preparation for partition coefficient analysis.

When chitosan oligosaccharide lactate was added, its concentration was also

kept constant at 0.5mg/mL.

C. Results and discussion

1. Phase transition temperature

The phase transition temperature (Tm) is defined as the temperature required to

induce a change from the ordered gel phase to the lipid physical state. In the former, the

hydrocarbon chains are fully extended and closely packed, while in the second state, the

hydrocarbon chains are disordered, randomly oriented and fluid. This is due to the melting

of the acyl chains in the hydrophobic core of the membrane.
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For DAPC liposomes, this change occurs at around 66°C, as mentioned in Avanti

Polar sheet where it’s coded as 20:0 PC. (https://avantilipids.com/tech-support/physical-

properties/phase-transition-temps).

In order to evaluate the effect of coating with a polymer like chitosan, the phase
transition temperature was monitored in the presence and absence of chitosan.

Experimentally, the Tm was determined by adding curcumin to the liposome’s
solution or to the liposomes-chitosan solution, and measuring the fluorescence emission

spectrum of the resulting mixture with increasing of the temperature.

a) Effect of curcumin concentration

The phase transition temperature for DAPC is not yet established. However, a
normal phase transition experiment starts with an increasing in the emission intensity, until
it reaches a maximum, then it decreases again. Hence, the maximum obtained reveals the
Tm temperature of the liposome [99], [106].

Figure 7A shows the change in the fluorescence emission intensity of 1 uM
curcumin in DAPC liposomes as a function of temperature. Obviously, the fluorescence
emission intensity increased with temperature to a maximum at the phase transition

temperature, then after Tm, the intensity decreased continuously.
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Figure 7 (A) Fluorescence emission spectra of 1 uM curcumin in DAPC membrane at
various temperatures and (B) Normalized fluorescence emission intensity of 1 uM
curcumin in DAPC membrane.
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This change in the emission intensity is easily observed in Figure 7B when
plotting I/lo ratio versus the temperature. Hence, as depicted in Figure 7B, the phase
transition temperature measured for DAPC liposomes is in this case 65 °C, which is very
close to the value reported in Avanti Polar.

This observation can be associated to two factors running against each other: the
changes in the permeability of the DAPC liposomes and the viscosity of the solvent. Below
the Tm, the system is shifting from the dense solid-gel phase to the more fluid liquid
crystalline phase, thus, curcumin can penetrate more the hydrophobic phase in DAPC
membrane. As a result, the fluorescence intensity of curcumin increases. If permeability
was the only factor to be considered, the fluorescence intensity would have continuously
increased after reaching the phase transition temperature until saturation. This was not the
case in our experiments.

Furthermore, as the temperature is increased, a blue shift occurred from 505 nm to 495 nm,
which confirms the incorporation of curcumin into the membrane. This happens because
the emission transition is a i to m* emission which is blue shifted when going from non-
polar to a polar medium. This relation between polarity of the solvent and emission
wavelength of curcumin was proved in a study where it the wavelength of the maximum
emission of curcumin shifts from 439 nm in hexane, 518 nm in DMSO to 536 nm in N-
butyronitrile [107]. On the other hand, above the Tm, the viscosity of the solvent becomes
the dominant factor. Hence, as the medium becomes less viscous at higher temperature, the
emission intensity of curcumin decreases continuously due to the fact that the emission

intensity of a fluorophore is directly proportional to the viscosity of the medium.
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Accordingly, the fluorescence of curcumin was controlled by the permeability
factor prior to the Tm and by the viscosity factor after reaching phase transition
temperature [108].

Furthermore, the effect of molar concentration of curcumin on the Tm of DAPC
liposomes was also studied and the results are displayed in Figure 8.

Therefore, the concentration of curcumin was increased, and the phase transition
was measured at 1, 10, 15, 20 and 25 uM of curcumin. It’s well noted that a shift in the Tm
from 65°C for 1 uM curcumin to 63, 62, 62 and 61 °C for 10, 15, 20 and 25 uM

respectively.

50 55 60 65 70 75 80
Temperature (°C)

Figure 8 Profile of temperature—fluorescence intensity of curcumin at various molar ratio of
curcumin concentration in DAPC liposomes.

55



This can be linked to the fact that as the population of curcumin is increasing,
more curcumin molecules are intercalating between the acyl chains of the DAPC
membrane. Hence, Van Der Waals interactions become weaker, which require less energy
to disrupt the ordered packing, thus the Tm decreases.

Interestingly, another effect of the increase in the molar concentration of curcumin
is the red shift in the fluorescence emission maximum. It was observed to shift from 495
nm for 1 uM to 502, 513, 517 and 520 nm for 10, 15, 20 and 25 pM of curcumin
respectively. This observation suggests that at high concentration, a larger population of
curcumin is exposed to aqueous medium as the penetration of curcumin gets saturated

[106].

b) Effect of chitosan oligosaccharide lactate

As chitosan can protect the membrane layer, its effect was investigated. Figure 9
presents the variation of the emission intensity at different temperatures for 1 uM
curcumin, after the addition of 0.5 mg/mL of chitosan. It is clear that same trend was
obtained, where it reached a maximum at Tm=65°C. Hence Figure 9B displayed the
variation of emission intensity with temperature for 1 M curcumin concentration, without
and with chitosan.

It’s clear that the addition of chitosan had no significant effect on the Tm, but it
affected the emission intensity which increased. This effect of chitosan is based on its
location as it forms a coating layer on the DAPC membrane, thus enhancing the

encapsulation of curcumin in the DAPC membrane.
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Figure 9 (A) Fluorescence emission spectra of 1 pM curcumin in DAPC membrane at
various temperatures, in the presence of chitosan oligosaccharide lactate and (B)
Comparative graphs for the variation of fluorescence emission intensity of 1 uM curcumin
in DAPC membrane at various temperatures, with and without chitosan oligosaccharide
lactate.
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2. Membrane permeability

Lipophilicity is considered as one of the important property of liposomes. To
study it, membrane permeability is usually anticipated, since they are both strongly
related.

The permeability of a membrane is correlated with the ease at which a molecule
can intercalate into it through passive transport. One way to investigate this property is by
following the rate constant (Ksv) of a quenching reaction happening between a probe
molecule located in the hydrophobic cavity of the liposome and a quencher, bearing in
mind that Ksv is directly proportional to the quenching effect, which means that the higher
it gets, the more quenching is happening, the more the quencher is in contact with the
probe molecule [106].

Under steady state conditions the relationship derived by Stern and VVolmer
describes quenching as Fo/F = 1 + Ksv [Q], where Fo and F are the fluorescence
intensities in the absence and presence of different quencher concentration ([Q])
respectively, and Ksv is the Stern-Volmer quenching constant, which is the slope of the

linear equation.

a) Quenching study with CPB

CPB is a cationic surfactant that intercalates within the hydrophobic part of the
liposome membrane with its charged moiety exposed at the surface, thus, if permeable
enough, liposome will encourage contact between CPB and hydrophobic probe like

curcumin (See Figure 10).
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Figure 10 Quenching effect of CPB in the absence and presence of chitosan
oligosaccharide lactate (chitosan).

The results are shown in Figure 11A&B in the presence and absence of chitosan
respectively. The experimental data in Figure 11A reveals that the fluorescence intensity of
curcumin was quenched by CPB since it decreases as concentration of CPB increases in
the absence of chitosan, while when adding chitosan, the emission intensity remained

approximately constant.
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Figure 11 (A) Fluorescence emission spectra of curcumin in DAPC membrane at various
CPB concentration in the absence of chitosan; (B) Fluorescence emission spectra of
curcumin in DAPC membrane at various CPB concentration in the presence of chitosan
oligosaccharide lactate.
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The ratio of Fo/F in both cases was plotted and illustrated in Figure 12. Graph
Figure 12 clearly indicates that the addition of chitosan inhibits the quenching effect of
CPB. The Stern-Volmer plot for fluorescence quenching of curcumin by CPB in DAPC
liposomes was found to be linear, increasing without chitosan, and approximately constant

after addition of chitosan.
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Figure 12 Comparative graphs for the normalized emission spectra of curcumin if DAPC
membrane at various CPB concentrations, without and with chitosan oligosaccharide
lactates.

The Ksv value, which is the slope of the increasing plot, was found to be high
and equal to 3291.03 with linear regression r?>= 0.96.The obtained result indicate that
DAPC membrane is permeable to CPB, since quenching occurred. However, the addition
of chitosan obstructs CPB from entering into the liposome, forbidding by such the

interaction between CPB and curcumin.
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The mechanism by which CPB quenches fluorescence of curcumin is suggested
to be by electron transfer process, similar to pyrene. When curcumin absorbs the
appropriate radiation and get excited, electron in the excited state is transferred from its
aromatic ring to electron deficient N-atom of CPB [109]. For that, being a cationic
polymer, chitosan repels CPB which is also cationic, forbidding by such the electron

transfer between CPB and curcumin.

b) Quenching study with KI

Kl is a water-soluble chemical compound. I ions will therefore remain in the
aqueous environment around the liposomal-curcumin system. Therefore, no quenching
will occur when using Kl at low concentration [106]. Hence, to confirm this statement
quenching experiment was done using KI in the presence or absence of chitosan. Figure

13 A&B represent the quenching without chitosan and with chitosan respectively.
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Figure 13 (A) Fluorescence emission spectra of curcumin in DAPC membrane at various
K1 concentration in the absence of chitosan; (B) Fluorescence emission spectra of curcumin
in DAPC membrane at various KI concentration in the presence of chitosan.
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The experimental data obtained in both cases show clearly that no quenching has
occurred which is reflected by an almost constant fluorescence emission intensity as Kl

concentration was increased.
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Figure 14 Comparative graphs for the normalized emission spectra of curcumin of DAPC
membrane at various Kl concentration, without and with chitosan.

This is confirmed as well in graph (Figure 14) where Fo/F remain approximately
constant in both cases.
These results reflect the fact that there is no contact between curcumin which is largely
present in the hydrophobic environment of the liposomes, and I ions present in the

aqueous environment.
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3. Partition coefficient
Partition coefficient (Kp) is measured to evaluate the lipophilicty of a
compound. K, gives information about the portion associated of the compound with the
lipid. Fluorescence spectroscopy can be used to estimate the K, value of any fluorescent
molecule under a condition that the fluorescence intensity of the portioning molecule is
different when it is in aqueous phase and when incorporated in the lipid membrane (See

Figure 15).
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Figure 15 Partition of curcumin in the absence and presence of chitosan oligosaccharide
lactate.

In the present case, the fluorescence intensity of curcumin was adopted as a
framework to provide the partition coefficient of curcumin into DAPC liposome, without
and after coating the liposome with chitosan. Kp is determined from the slope and

intercept of the linear plot of 1/F against 1/[DAPC], using the following equation:
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1/F = [55.6/Kp*F#)]*(1/Lipid) + (1/F#)
where F is fluorescence at a given liposome concentration and F is the fluorescence
obtained from total curcumin incorporated into the liposomes.

DAPC liposome has a phase transition temperature near 65°C. Below this
temperature, the liposome exists in the solid gel phase and above it, it exists in the liquid
crystalline phase. The partition coefficients at room temperature and at 75°C were

measured while increasing the liposome concentration with and without chitosan.

a) At room temperature

Figure 16 A&B represents the partition coefficient without chitosan and in the presence
of chitosan respectively. In both cases, the observed increase in fluorescence intensity of
curcumin as the concentration of DAPC liposomes is increasing confirms incorporation

of curcumin into the membrane.
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Figure 16 Fluorescence emission spectra of curcumin in various concentrations of DAPC
liposomes (A) at RT without chitosan and (B) at RT with chitosan.
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In addition, in both cases a blue shift was observed (See Table 2) confirming that
curcumin is able to penetrate into the lipid bilayer of DAPC liposomes as it becomes

more hindered from the aqueous media.

Concentration Without chitosan With chitosan
0 puM 535 nm 540 nm
250 uM 500 nm 510 nm

Table 2 Maximum emission wavelength values at RT, with and without chitosan.

Hence Figure 17 represents the linear plots of 1/F vs 1/[DAPC].
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Figure 17 comparative Plot of 1/F vs 1/[DAPC] in at RT, with and without chitosan.

Using Stern-Volmer equation and the values of slope and intercept summarized
in Table 3, Kp was calculated. As obtained, Kp without chitosan was much smaller than

with chitosan which is equal to 7.047x10°.
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Without chitosan With chitosan

Slope Intercept Kp Slope Intercept Kp

2.65443x10* 1.6767x107 | 1.236x10° 2.21431x10™ 2.36252x10°7 7.047x10°

Table 3 slope and intercept values for the 1/F vs 1/[DAPC] plots, without and with chitosan
at RT°C.

These results confirm that at RT, chitosan enhance the encapsulation of
curcumin into DAPC membrane. Thus, chitosan represents a protective layer for the

liposomal-curcumin system.

b) Above phase transition temperature

Same results were obtained when heating the solution above its phase transition
temperature. Hence, when increasing the liposome concentration, the emission intensity
increases proportionally. This increase was obtained in the presence and absence of

chitosan (See Figure 18 A&B).
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Figure 18 (A) Fluorescence emission spectra of curcumin in various concentration of
DAPC liposomes at 75°C without chitosan; (B) Fluorescence emission spectra of curcumin
in various concentration of DAPC liposomes at 75°C with chitosan.

Moreover, the increase in the intensity was conjugated to a blue shift of the peak

(See Table 4) indicating thereby the penetration of curcumin into the lipid membrane.

Concentration Without chitosan With chitosan
0 microM 525 nm 550 nm
250 microM 490 nm 500 nm

Table 4 Maximum emission wavelength values at 75°C, with and without chitosan.
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Moreover, in order to get Kp value, the plot between 1/F and 1/[DAPC] was

illustrated

(See Figure 19).
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Figure 19 comparative Plot of 1/F vs 1/[DAPC] in at 75°C, with and without chitosan.

Hence, the value of the slope and intercept are summarized in Table 5. Similar

results were obtained as the study done at room temperature were Kp value without

chitosan was smaller than that obtained when using chitosan. This is in accordance with

the results at RT, which reflects that chitosan forms a protective layer for the liposomal-

curcumin system.

Without chitosan

With chitosan

Slope

Intercept

Kp

Slope

Intercept

Kp

2.65443x101!

1.6767x10”

3.512 x10°

2.21431x10™*

2.36252x10°7

5.93214x10°

Table 5 slope and intercept values for the 1/F vs 1/[DAPC] plots, without and with
chitosan at 75°C.
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¢) Room temperature vs 75°C

It is found that the partition coefficient value of curcumin in DAPC liposome is
ca 2.8-fold higher without chitosan, at the liquid crystalline phase compared to that in
solid gel phase. Higher value of Kp at the liquid crystalline phase in comparison to the
solid gel phase is judicious because the liquid crystalline phase is more fluid and flexible,
whereas the solid gel phase is known to be more firm and compact [110].

This founding confirms the results of previous reports for other membrane
systems and probe molecules [111],[112]. A lower K, is obtained for the solid gel state
compared with liquid crystalline phase due to the fact that as the temperature increases,
the membrane permeability is enhanced which facilitates the incorporation of curcumin in
the membrane.

However, this result was not the same when a chitosan layer was added. It’s
observed in Table 6 that the Kp value slightly decreases. This can reflect the fact that at
high temperature, chitosan can penetrate more into the liquid crystalline state of the

bilayer, which blocks the passage of curcumin inside the membrane.

Partition Coefficients

Without Chitosan With Chitosan
RT (solid gel phase) 1.236x10° 7.047x10°
75°C (liquid crystalline 3.512 x10° 5.93214x10°
phase)

Table 6 Partition coefficients of curcumin into DAPC phospholipids liposome.
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D. Conclusion

This study has shown that curcumin, a potential medicinal drug, can bind
effectively to a liposome membrane. By monitoring the fluorescence emission intensity
of this fluorophore, the phase transition temperature of DAPC liposomes was determined
along with exploring the effect of adding a coating polymer layer such as chitosan which
had no effect on the Tm, but only increased the emission intensity.

However, increasing curcumin concentration displayed a slight decrease in the
Tm. Furthermore, quenching studies displayed the permeability of DAPC membranes to
the hydrophobic CPB molecule which was reflected by the decrease in the fluorescence
emission intensity of curcumin, and that curcumin is located in the hydrophobic core of
the liposome since the aqueous Kl did not affect its emission intensity.

Nevertheless, curcumin remarkably intercalated with DAPC liposomes and the
partitioning of curcumin showed dependence on the temperature, and on the presence of
chitosan. Chitosan did not change phase transition temperature of DAPC liposomes but it

changes membrane permeability depending on solid gel or liquid crystalline phase.
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CHAPTER IV

EFFECT OF CURCUMIN AND CHITOSAN
OLIGOSACCHARIDE LACTATE ON DBPC LIPOSOMES
PROPERTIES STUDIED BY CURCUMIN FLUORESCENCE

A. Introduction

Recently, researches have proven the therapeutic effects of curcumin on several
diseases including pulmonary, cancer, diseases of the nervous system, chronic kidney
disorders, cardiovascular disease, metabolic disease, and other inflammatory diseases
[113], [114].

In spite of its very promising practices, there are some limitations that hinder the
usage of curcumin as a health-promoting agent. As a free drug, curcumin is rapidly
metabolized by the liver which reduces its plasma half-life. Also, it has a limited
bioavailability due to the fact that it’s a hydrophobic compound, poorly water-soluble,
<0.125 mg/L, and readily prone to enzymatic degradation in the blood [115].

Hence, to improve its therapeutic potential as a chemotherapeutic drug, drug
delivery systems can be used to address the above-mentioned issues. Encapsulating
curcumin into liposomes vesicles was proposed as a solution [104]. When being enclosed
into liposomes, the compound is stabilized and shielded from its environment which
increases its solubility in aqueous media.

In fact, Phosphatidylcholine (PC) liposomes are widely used as a model for the

cell membrane, which is mainly composed of phosphatidylcholine [116].
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Nevertheless, liposomes have a short circulation half-life and they are prone to
hydrolysis and oxidation which make their usage restrained by the possibility of losing the
loaded molecule inside.

Hence, protecting the liposomal-curcumin system is essential to improve the
vesicle stability. Coating the surface with polymers was shown to be a possible successful
way [117], [118]. Chitosan oligosaccharide lactate, with the linear formula (C12H24N209) n
is one natural, widely used polymers for this purpose. It’s a polycationic biopolymer
possessing physiochemical and biological properties that make it a well-recognized
promising material for drug delivery. Hence, being both a biocompatible and biodegradable
polysaccharide, chitosan provides a protective layer for drug formulations [119].

The success of the polymeric layer in prolonging the retention time of liposomes
coated with chitosan has been proven in several studies [120], [121].

In this work, curcumin was used as a molecular probe to study some physical
properties of 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC) liposome with the
molecular formula Cs2H104NOsP. DBPC has a longer hydrocarbon chain length and higher
phase transition temperature compared to DMPC, DPPC and DSPC liposomes, thus, its
behavior needs to be understood.

This was achieved by monitoring the fluorescence intensity changes of curcumin,
which depends on the polarity and viscosity of its environment [122]. Moreover, the
influence of chitosan on the physical properties of the liposome was also assessed.
However, to our knowledge there is no report on interaction of DBPC and chitosan

oligosaccharide lactate and DBPC with curcumin.
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B. Method of preparation
1. Sample preparation for phase transition experiment

For phase transition temperature study, the temperature was varied from 65°C to
80°C. Liposome concentration in a cuvette (3 mL) was kept 100 uM with 1 pM of
curcumin. The volume of the solution was completed to 3 mL with buffer solution (pH =
7).

In order to establish the effect of curcumin concentration, several experiments
were done in the curcumin concentration of 1, 10, 15, 20 and 25 pM. The total volume was
completed with a 10 mM pH = 7 buffer solution.

Moreover, the effect of chitosan was also investigated. For this purpose, 0.5

mg/mL of chitosan were added by withdrawing 300 pL from a 5 mg/mL stock solution.

2. Sample preparation for quenching experiment
For quenching study liposome and curcumin concentration were constant and
kept at 100 uM and 1 uM respectively in all quenching studies, whereas CPB final
concentration was varied from 0, 25, 50, 100, 150, 200, 250 to 300 pM in the samples.
Similarly, KI final concentration was varied from 0, 0.1, 0,2, 0.3, 0.5, 1 to 2 M.
For quenching study in the presence of chitosan oligosaccharide lactate, the final
concentration of chitosan oligosaccharide lactate used was 0.5 mg/mL.
During measurement, the total volume was completed to 3 mL with a 10 mM pH

equal to 7 buffer solution.
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3. Sample preparation for partition coefficient experiment
For partition coefficient measurement, curcumin concentration was 1 pM in all
trials.
When chitosan oligosaccharide lactate was added, its concentration was also
kept constant at 0.5mg/mL.
Liposomes concentration was varied from 0, 10, 20, 50, 100, 150, 200 to 250
mM. The total volume in these samples was completed to 3 mL with a 10 mM pH =7

buffer solution.

C. Results and discussion
1. Phase transition temperature

For DBPC liposomes, the phase transition temperature is equal to 75°C, as mentioned in

Avanti Polar sheet where it’s coded as 22:0 PC. (https://avantilipids.com/tech-

support/physical-properties/phase-transition-temps).

a) Effect of curcumin concentration

Determination of Tm can be done by the fluorescence method [123], [124],
which complement DSC measurements.

In the present study, the emission intensity changes of curcumin were observed
to inspect the Tm of DBPC liposome. As shown in Figure 20, the fluorescence emission
intensity increased with temperature to a maximum, defined to be the phase transition
temperature, then after Tm, the intensity decreased continuously, in the presence of 1 pM

curcumin.
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Figure 20 Fluorescence emission spectra of 1 pM curcumin in DBPC membrane at various
temperatures.

This change in the intensity before and after the phase transition temperature is
interpreted as such: In the first place, before reaching the Tm, the bilayer is transforming
from the dense solid-gel phase to the fluid liquid crystalline phase, thus, curcumin can
penetrate more the hydrophobic phase in DBPC membrane where it gets more dissolved,
experiencing a nonpolar environment by binding to the hydrophobic regions of PC
liposomes, resulting in an increase in the fluorescence intensity.

Furthermore, the blue shift from 498 nm to 481 nm, as the temperature increases
confirms the incorporation of curcumin into the liposome membranes. When the
temperature reaches higher than the Tm, the emission intensity of curcumin becomes
affected by the viscosity of the solvent which decreases, resulting in a decrease in the
emission intensity of curcumin decreases due to the fact that the emission intensity of a

fluorophore is directly proportional to the viscosity of the medium.
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Therefore, before the Tm, the increase in the permeability of the membrane
controls the fluorescence of curcumin while after the Tm, the viscosity of the medium is
the controlling factor [104].

Accordingly, the phase transition temperature can be easily obtained when
plotting the I/lo ratio versus the temperature in the range of 60-80 °C in the presence of 1
uM curcumin (See Figure 21). Hence, the phase transition temperature measured for
DBPC liposomes is in this case is equal to 74 °C, which is very close to the value

reported in Avanti Polar.
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Figure 21 1/lp of 1 uM curcumin in DBPC liposomes at various temperatures.

As curcumin was used as a fluorophore molecule, the effect of its molar
concentration was also investigated, as displayed in Figure 22. For that, the concentration
of curcumin was increased and the phase transition was measured at 1, 10, 15, and 20 uM

of curcumin. A depression in the Tm was observed from 74°C for 1 uM curcumin to 71
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°C for 10, 15 and 20 uM. This is due to the fact that the more the curcumin population is
increased, the higher is the proportion of curcumin entering the hydrophobic core of the
liposomes which weaken the VVan Der Waals interactions between the ordered packing,
which require less energy, and thus the Tm decreases. In addition, a red shift in the
fluorescence emission maximum was also noted from 498 nm to 501, 505 and 508 nm, as
the molar concentration of curcumin increases. This shift suggests that as curcumin
concentration increases, its penetration into the liposome gets saturated, thus a larger
population becomes exposed to the aqueous polar medium which decreases the energy

band gap of the non-polar m to n* transition resulting in a red shift [103].
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Figure 22 Profile of temperature fluorescence intensity of curcumin at various molar ratio
of curcumin concentration in DBPC liposomes.
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b) With chitosan oligosaccharides

Additionally, to observe the effect of coating with a polymer layer, 0.5 mg/mL
of chitosan oligosaccharide lactate was added to the solution containing 1 uM curcumin,
and the corresponding variation in the emission intensity at different temperature was

observed and plotted in Figure 23.
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Figure 23 Comparative graphs for the variation of fluorescence emission intensity of 1 uM
curcumin in DBPC membrane at various temperatures, with and without chitosan
oligosaccharide lactate.

It was found that the addition of chitosan oligosaccharide lactate did not change
the Tm which is remained equal to 74 °C, but only induced an increase in the emission
intensity. This enhancement is due to the protective role that chitosan oligosaccharide
lactate layer plays by enhancing the encapsulation of curcumin inside the DBPC

membrane. This role of chitosan oligosaccharide lactate is achieved by the electrostatic
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interactions between the cationic polymer and the negatively charged surface of the

nanocapsule [125].

2. Membrane permeability

a) Quenching with CPB

The effect of CPB molecule on the emission intensity of curcumin is depicted in

Figure 24 A&B in the absence and presence of chitosan respectively.
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Figure 24 (A) Fluorescence emission spectra of curcumin in DBPC membrane at various
CPB concentration in the absence of chitosan oligosaccharide lactate.; (B) Fluorescence
emission spectra of curcumin in DBPC membrane at various CPB concentration in the
presence of chitosan oligosaccharide lactate.

It is obvious that, without chitosan, the emission intensity decreases with the
increase of CPB concentration, indicating that CPB quenches the fluorescence emission of

curcumin, whereas the fluorescence emission did not vary much when chitosan was added.
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Quantitatively, FO/F was plotted against CPB concentration for both cases (See
Figure 25). The almost horizontal plot obtained with chitosan indicates that the addition of
chitosan inhibits the quenching effect of CPB on curcumin fluorescence by forbidding CPB

from approaching towards the liposome’s surface and interacting with curcumin.
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Figure 25 comparative graphs for the normalized emission spectra of curcumin if DBPC
membrane at various CPB concentrations, without and with chitosan oligosaccharide
lactates.

The Stern-Volmer quenching constant, which is the slope of the linear plot, was
found to be equal to 1622.26 M in the absence of chitosan before it drops to be negligible
when chitosan was added. This considerable difference in the Ksv values has to do with the
presence of the liposome layer around liposomal-curcumin system. Hence, being cationic,
chitosan repels CPB which is also cationic; forbidding it by such from approaching the

liposome’s surface and interacting with curcumin.
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As for the mechanism by which CPB quenches fluorescence of curcumin, it is
suggested to be by electron transfer process, similar to the way pyrene fluorescence was
proved to be quenched by CPB. Accordingly, after curcumin gets excited when absorbing
the proper radiation, electron in its excited state is transferred from its aromatic ring to
electron deficient N-atom of CPB [109].

Furthermore, this result proves that curcumin is located in the hydrophobic cavity

of the liposome sphere.

b) Quenching study with Ki

On the other hand, the emission intensity was not altered when high
concentration of KI was used as a quencher in the presence and absence of chitosan (See

Figure 26 A&B).
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Figure 26 Fluorescence emission spectra of curcumin in DBPC membrane at various KI
concentrations (A) in the absence of chitosan oligosaccharide lactate and (B) in the
presence of chitosan oligosaccharide lactate.

The obtained Stern-Volmer horizontal plots represented in Figure 27 confirm
that K1 does not quench the fluorescence emission of curcumin. This indicates that no

contact took place between curcumin molecules and the I" ions. Moreover, this supports
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the fact that curcumin, a hydrophobic molecule, is located in the deep bilayer of the

liposome and is far away from any contact between itself and an aqueous quencher.
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Figure 27 Comparative graphs for the normalized emission spectra of curcumin if DBPC
membrane at various Kl concentrations, without and with chitosan oligosaccharide lactates.

3. Partition coefficient
The phase transition temperature of DBPC liposome is reported in Avanti Polar near 75°C.
Below this temperature, the liposome exists in the solid gel phase. However, above the
phase transition temperature, it exists in the liquid crystalline phase. The partition
coefficients at room temperature and at 85°C were measured while increasing the liposome

concentration with and without chitosan oligosaccharide lactate respectively.
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a) Without chitosan oligosaccharide lactate

Figure 28 A&B represents the partition coefficient without chitosan at RT and at
85°C respectively. It’s well observed that when liposomes concentration is increased, the
emission intensity of curcumin also increases, conjugated with a blue shift. This blue shift
confirms the penetration of curcumin from the aqueous media into DBPC membranes as it

becomes hindered from the polar medium.
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Figure 28 Fluorescence emission spectra in the absence of chitosan oligosaccharide lactate.
of (A) curcumin in various concentration of DBPC liposomes at RT; (B) of curcumin in
various concentration of DBPC liposomes at 85°C.

In order to calculate the Kp value, 1/F vs 1/[DBPC] was plotted and displayed in

figure 29.
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Figure 29 comparative Plot of 1/F vs 1/[DBPC] at RT and 85°C.

It was found that a high value of Kp was obtained when the experiment is
performed at 85°C 1.797 x10° while at room temperature it was equal to 0.4583x10°. As a
matter of fact, it’s reasonable to get a higher value of Kp at a temperature above the phase
transition temperature since at this temperature, the liposome is in the disordered liquid
crystalline phase, meaning that more curcumin can intercalate between its acyl chains. This
result is in accordance with previous studies done for different membranes system using

different probe molecules [111], [112].

b) Effect of chitosan oligosaccharide lactate

The effect of coating the liposomal membrane with a chitosan oligosaccharide
lactate layer was also assessed. It was obvious that similar results were obtained in both

cases in the absence and presence of chitosan oligosaccharide lactate.
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Likewise, as the concentration of DBPC increases, a blue shift is observed coupled
with an increase in the fluorescence emission intensity of curcumin, which reflects

curcumin penetration into the hydrophobic cavity of DBPC (See Figure 30 A&B).
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Figure 30 Fluorescence emission spectra in the presence of chitosan oligosaccharide lactate
of (A) curcumin in various concentration of DBPC liposomes at RT; (B) of curcumin in
various concentration of DBPC liposomes at 85°C.
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Moreover, 1/F vs 1/[DBPC] was presented in Figure 31 in order to find kp values.
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Figure 31 comparative Plot of 1/F vs 1/[DBPC] at RT and 85°C in the presence of chitosan
oligosaccharide lactate.

However, in contrast to the results obtained without chitosan oligosaccharide

lactate, the Kp value slightly decreased above the phase transition temperature (See Table

7).
Partition coefficient
Without chitosan With chitosan
Solid gel phase (RT) 0.4583x10° 1.226x10°
Liquid crystalline phase 1.797%10° 0.8943x10°
(85°C) ' '

Table 7 Different Kp values of curcumin in the absence and the presence of chitosan at RT
and 85°C.
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This variation might be due to the possibility that as the temperature increases,
chitosan oligosaccharide lactate layer coating the liposome approaches closer to the vicinity
of its surface blocking by such the passage of curcumin molecules from the aqueous media
inside the liposome. Hence, chitosan oligosaccharide lactate forms a barrier which disables
a bigger number of curcumin molecules to enter the liposome as its bilayers become more

permeable.

D. Conclusion

To sum up, the interaction of curcumin and DBPC liposomes was highlighted
for the first time in this work. The partition of curcumin was proved to be temperature
dependent and was affected by the addition of a chitosan layer.

By observing the fluorescence emission intensity variation of curcumin, the
phase transition temperature was concluded along with realizing the neutral effect of
chitosan on its value but only affected the emission intensity fold. However, curcumin
concentration caused a slight decrease in the Tm.

The permeability of DBPC membranes to the hydrophobic CPB molecule was
noticed by the decrease in the fluorescence emission intensity of curcumin, which
confirmed that curcumin is located in the hydrophobic core of the liposome. This was
supported by the fact that the aqueous KI did not affect the emission intensity of
curcumin. Chitosan did alter the phase transition temperature of DBPC liposomes but

only changes membrane permeability depending on solid gel or liquid crystalline phase.
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CHAPTER V

EFFECT OF IONIC LIQUID ON THE PARTITION OF DAPC
AND DBPC LIPOSOMES

A. Introduction

In 1914, Paul Walden discovered a new type of solvents which he named as ionic
liquids (ILs), and since then, their research field has been gradually increasing. ILs are
liquid salts comprised entirely of poorly coordinating ions and are commonly defined as
being liquid below 100°C because they have low melting points [126].

Hence, ILs are distinguished from other salts, such as table salt sodium chloride,
essentially by their melting point as sodium chloride salts are molten at very high
temperatures (>800°C) owing to their firmly packed assembly. Whereas the ions that
constitute ILs have a bulky and asymmetrical structure [127].

Composed by highly polar but noncoordinating ions, ILs were found to be
immiscible with some organic solvents thus offering a polar but non aqueous alternative for
systems having two phases [128]-[130]. Moreover, they possess a low vapor pressure
which made them be considered as green solvents as they have a low level of atmospheric
pollutions and additionally, they demonstrated to have outstanding properties such as being
chemically and thermally stable and having high ionic conductivity [131], [132].

In 2003, ILs were trademarked as “solvents of the future” owing to their
interesting range of applications, most importantly as substitutes for conventional solvents

in industry which were sometimes toxic, high volatile and flammable [133].
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Above and beyond their utility as solvents, ILs were also used as diluents in
polymeric membranes to sustain enough conductivities for different applications including
solar cells [132], [134], [135], electromechanical transducers [136]-[138] and lithium
batteries [139], [140].

The effect of ILs on human health and their toxicity profile is crucial after their
progressive widespread use. In a study conducted previously in our lab, it was concluded
that the insertion of ILs with micellar systems influences curcumin’s binding properties.
Moreover, it was found that ILs reduced the critical micellar concentration of charged
surfactants which encourages their formation, whereas the effect was not similar to the
micelle formed of non-ionic TX100 which was discouraged [141]. The goal of this study is
to inspect the effect of ionic liquids on the modulation of DBPC and DAPC liposomes
membranes properties by monitoring the fluorescence of curcumin, as a molecular probe,
and to compare the results with our previous studies on DMPC and DPPC [99], [142].

DBPC (1,2-dibehenoyl-sn-glycero-3-phosphocholine ) and DAPC (1,2-
diarachidoyl-sn-glycero-3-phosphocholine) are two phosphatidylcholine (PC) liposomes
that can be used as a model for the cell membrane, which is mainly composed of
phosphatidylcholine. DBPC has a longer carbon chain than DAPC liposomes. It is very
crucial to study the interaction of liposomes with drug/ guest molecules and to understand
what factors or additives can alter its physiochemical properties because they illustrate the
pharmacokinetic behavior and pharmacological response of the system [143]-[145].

Curcumin, a yellow polyphenol extracted from the roots of Curcuma longa, is well
known appreciated to its bio-pharmaceutical activities as well as to its strong fluorescence

enabling it to be a biocompatible probe for bio-imaging and sensing applications as well as
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for determining membrane properties [146]. As a matter of fact, Nagahama et al prepared
nanoparticle of dextran-curcumin conjugate which was effectively used for delivery into
cancer cell where it exhibited strong fluorescence response for live-cell imaging [147].
Mondal et al used curcumin as a probe to determine the critical micelle concentration for
surfactants by measuring its absorption and fluorescence profiles [148]. In another study,
curcumin was used as a sensor for cyanide ions in agueous media and living cells based on
the fact that its fluorescence emission is quenched in the presence of cyanide [149].

In chapters Il and 1V, it was proved that curcumin is being encapsulated inside
DAPC and DBPC liposomes bilayers along with studying its effect on membrane’s
properties. The aim of this chapter is to determine the partition coefficient of curcumin into
both liposomes in the presence of different concentrations of bmit (1-buytl-3-methyl
imidazolium tetrafluoroborate), a short chain IL by monitoring the fluorescence emission of

curcumin.

B. Sample preparation

Because of poor solubility, the stock solution of curcumin was made in spectroscopic grade
methanol. The final concentration of methanol was negligible in the measurement sample,
to avoid affecting the sample (Less than 0.1%).

A stock solution, ~7.89 mM, of bmit IL was prepared by dissolving 3.5 mg of bmit in 2 mL
of chloroform/ethanol with a 1:1 ratio.

The solutions of the analyzed samples were prepared first by heating the liposomes’
solutions to a temperature above the phase transition temperature of each (75°C for DAPC

and 85°C for DBPC), then adding 150 pL of curcumin solution, the desired volume of the
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liposomes and finally adding the desired volume of IL of the required concentration (5, 10
or 25 p from the stock. The solutions were equilibrated for 30 min before analysis (See

Figure 32).
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Figure 32 Scheme illustrating the preparation of the samples for ionic liquid effect.

C. Results and discussion

The lipophilicity of a compound can be estimated by obtaining the partition
coefficient Kp. The value of Kp gives information about the portion of the compound
associated with the lipid. Fluorescence spectroscopy is the technique used when the
compound is fluorophore and its emission intensity depends on the polarity of its
environment.

In the presence of different concentrations of bmit IL, Kp was estimated from the

slope and intercept of the double-reciprocal plot of 1/F vs 1/[DAPC] and 1/[DBPC]

55.6 1 1
KpFo [liposome] Fo

following the equation % =
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The phase transition temperature for DAPC and DBPC were determined in
chapters III and IV where their values were found to be 64°C and 74°C respectively, below
which the bilayers of the liposomes are tightly packed and order and above which they are
more fluid and random.

Accordingly, the partition coefficients for curcumin in both liposomes and after
adding bmit IL were successively measure at RT, at 75 °C for DAPC and at 85°C for
DBPC. The concentration of curcumin was kept 1 uM in all trials, less than 2 molar
percentages of the phospholipid concentration, or at a molar ratio 1:50, to minimize the
effect of curcumin on liposomes as per previous chapters.

The double-reciprocal plots in all trial for 1/F vs 1/[liposome] were found to be
linear.

The results obtained were similar to the results obtained in absence of bmit. That
is, the fluorescence emission intensity for curcumin increased as the concentrations of

DAPC and DBPC increased.

1. DBPC liposomes in the presence of IL
The fluorescence emission spectra of curcumin in the presence of 5 M bmit at
various DBPC concentrations in both phases are given in Figures 33 A&B respectively. As
the results indicate, in the presence of bmit, curcumin can still penetrate into the

hydrophobic core of the membrane.
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Figure 33 Fluorescence emission spectra in the presence of 5 uM bmit of (A) curcumin in
various concentrations of DBPC liposomes at RT; (B) of curcumin in various
concentrations of DBPC liposomes at 85°C.

To further investigate the modulating effect of bmit on the membrane as an

external additive, the partition coefficient of curcumin in DBPC membrane in the presence
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of different concentration of bmit in both phases is established. The corresponding

representative plots are given in Figure 34A&B.
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Figure 34 Comparative Plot of 1/F vs 1/[DBPC] in the presence of different bmit
concentration of (A) curcumin in various concentrations of DBPC liposomes at RT; (B) of
curcumin in various concentrations of DBPC liposomes at 85°C.
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The partition coefficient values of curcumin into DBPC in the presence of bmit are
summarized in Table 8. In the solid gel phase, the partition coefficient of curcumin
increased 5-folds compared to that in the absence of bmit. However, further increase of
bmit concentration to 10 uM appreciably decreased the Kp values and continued to

decrease with increasing bmit concentration.

Solid gel Phase (x10°) | Liquid crystalline phase ( x10°)
Buffer Ph=7 0.46 1.80
5 uM bmit 2.42 1.78
10 uM bmit 1.66 1.74
25 UM bmit 1.38 1.65

Table 8 Different Kp values of curcumin in the absence and presence of different bmit
concentration at RT and 85°C.

This result can be explained by the fact that there are two interactive forces of bmit
running against each other: the bulky head group of bmit which needs to be accommodated
around the negative phosphate head group of the liposome and the hydrophobic effect of
the butyl group that can favorably interact with hydrophobic tail of liposomes. That being
said, at low bmit concentration, steric hindrance between the head group of IL and polar
head groups of liposomes dominates which keep bmit near the head group of the liposome
making it possible for curcumin to penetrate inside the membrane.

However, when bmit concentrations was increased to 10 and 25 pM, the increase
in concentration helps hydrophobic butyl group overcomes the steric hindrance and get
buried more deeply in the membrane producing a kind of order to the more fluid liposome
which make it less flexible and obstruct the passage of curcumin by not leaving for it a

space to be introduced away from water, the reason why its partition coefficient decreased.
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On the other hand, in the liquid crystalline phase, the addition of bmit did not
appreciably changed the partition of curcumin and a slight decrease in the Kp values as the

concentration of bmit increases was observed.

2. DAPC in the presence of IL
The same trend regarding the Kp values in the solid gel phase was obtained when
the modulation of membrane properties by bmit on DAPC was studied. The fluorescence
emission spectra of curcumin in the presence of 5 uM bmit at various DAPC concentrations

in both phases are given in Figures 35 A&B respectively.
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Figure 35 Fluorescence emission spectra in the prsence of 5 uM bmit of (A) curcumin in
various concentrations of DAPC liposomes at RT; (B) of curcumin in various
concentrations of DAPC liposomes at 75°C.

The corresponding representative plots representing the partition coefficient of
curcumin in DAPC membrane in the presence of different concentration of bmit are given

in Figure 36A&B.
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However, when DAPC is in its liquid crystalline phase, Kp initially increased for 5
UM of bmit and then decreased by not varying much as the bmit concentration was
increased (See Table 9).

This can be explained by the fact that for the longer chain DBPC, the hydrophobic
interactions are stronger and thus bmit can intercalate more between the acyl chains.
However, DAPC is shorter and at a low bmit concentration, bulky steric hindrance forces
are still more dominant and bmit will remain at the surface causing more curcumin to

penetrate initially until raising the concentration.

Solid gel Phase (x10°) Liquid crystalline phase (x10°)
Buffer Ph=7 0.12 0.35
5 UM bmit 1.47 1.58
10 uM bmit 0.75 0.99
25 UM bmit 0.42 0..87

Table 9 Different Kp values of curcumin in the absence and presence of different bmit
concentration at RT and 85°C.

3. Comparative study between DAPC and DBPC liposomes

Interestingly, it was also noticed that in all trials, Kp values obtained for DBPC
were higher than DAPC values. This is owed to the longer carbon chain that DBPC has
which will permeate the higher encapsulation of curcumin inside its hydrophobic core as it
can get more deeply buried.

The role of IL as well as its behavior of the short butyl bmit IL is in accordance with the
results obtained in our previous studies with where bmit incorporation into the membrane

showed a dependence on the type of the dominant interactions [99], [142].
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D. Conclusion

ILs, which are being widely used in various disciplines in chemistry, are shown to
modulate the partition of the powerful molecular probe curcumin into liposomes
membranes.

1-buytl-3-methyl imadazolium tetrafluoroborate (bmit) IL was shown to affect the
permeability and fluidity of DAPC and DBPC liposomes.

The partition coefficient of curcumin in the liposomes membrane depends on the
temperature as it varies between the two different states, solid gel phase and liquid
crystalline phase. In the solid gel phase and for both liposomes, the partition coefficient of
curcumin increased remarkably for low bmit concentrations and then decreased as the bmit
concentration increases whereas in the liquid crystalline phase, it did not show an important
variation as saturation occurs. The influence of carbon length chain was noticed where the

longest chain liposomes DBPC has higher Kp values in all trials.
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CHAPTER VI

CHARACTERISATION AND ANTI CANCER ACTIVITY OF
LIPOSOMAL CURCUMIN AGAINST BREAST AND
PANCREATIC CANCER CELL LINES

A. Introduction

Worldwide, cancer is considered the second cause of death. Based on the cancer
statistics done Siegel et al. in 2014, only in the United States 1,665,540 people suffered
from cancer, where 585,720 of them died due to this disease [150]. Therefore, cancer is one
of the serious harms that alter the human health in all societies.

The principal percentage of cancer types that occurs in men, are found in the
prostate, pancreas, lung and bronchus, urinary bladder. Hence, in women, cancer
prevalence is highest in the breast, pancreas, lung and bronchus, thyroid [151] . These facts
shows that pancreatic and breast cancer constitute a main type of cancer in men and
women, respectively [152] .

For several years, breast cancer has had the maximum rate of all cancers in women
worldwide [153], [154]. Breast cancer is a gathering of diverse malignancies that exhibits
in the mammary glands [155] . Initially, nicotine stimulates breast cancer metastasis by
stimulating N2 neutrophils and generating pre-metastatic niche in lung [156] . Several
human breast cancer cell lines recognized from metastatic breast cancer specimens are
presented. The most deliberate is MCF-7, an estrogen receptor (ER)-positive cell line

derived from a pleural effusion in a patient with breast cancer [156].
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Yet, pancreatic adenocarcinoma (PA) is a violent disease that grows in a
comparatively symptom-free way and is frequently advanced at the time of diagnosis [157].
As is common in epithelial tumors, carcinogenesis develops over a growth of
transmutations and genetic lesions inducing an activation of oncogenes and inactivation of
tumor suppressor genes [158]. Pancreatic cancer usually occurs in the age of 70s and rarely
occurs before the age of 40 [159]. The main causes for pancreatic cancer include tobacco
smoking [160], and obesity [161]. An important cell line of the pancreatic disease is Capan-
1 cell lines. Capan-1 is a human pancreatic ductal adenocarcinoma cell line. These cells
grow in adherent tissue culture and spectacle epithelial morphology [157].

However, cancer can be cured by surgery, chemotherapy, radiation or hormonal
therapy. Yet, these operations suffer from the lack of propensity of cancers to attack
contiguous tissue or to spread to distant sites by microscopic metastasis [162]. Moreover,
chemotherapy and radiotherapy can have an undesirable consequence on normal cells
[163]. For this reason, it was necessary to develop treatments with negligible effects.

Consequently, nanotechnology has been used as an adequate alternative for cancer
therapy [164]. Indeed, nanotechnology possesses the potential to enhance the selectivity
and strength of chemical, physical, and biological methodologies for stimulating cancer cell
death. This is effective while diminishing collateral toxicity to nonmalignant cells. Hence,
materials on the nanoscale are progressively being targeted to treat cancer cells with
abundant specificity over both active and passive targeting [165].

Liposomes are on one of the most used nanomaterials for cancer treatment.
Liposomes are spheres in the range of 10-100 nm, composed either from natural or

synthetic phospholipid bilayer membrane and water phase cores [166]. Based on the
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amphiphilicity of phospholipids, hydrophobic drugs can be easily incorporated in the
bilayer membrane [167].

Curcumin, defined as the active ingredient of the Curcuma longa plant, has
expected great devotion over the past two decades as an antioxidant, anti-inflammatory, and
anticancer agent [168].

Curcumin alone inhibits the proliferation of different cell lines. For example
curcumin has anti-tumor effect on human cervical carcinoma HeLa cells [169], MCF-7 cell
lines [170], Capan-1 cell lines [171], colorectal cancer [172], etc.

This yellow compound aches from its low oral bioavailability which obstructs its
application as therapeutic agent [173]. Accordingly, the encapsulation of curcumin into the
liposomes stabilizes the loaded curcumin proportionally to its content and increases its
solubility [174]. Frequently, curcumin is being encapsulated into DMPC, DPPC, DSPC
liposomes in order to enhance its anti-cancer activity [81], [175].

In this work, curcumin will be encapsulated for the first time in diarachidonyl
phosphatidyl choline (DAPC) liposomes, enhancing therefore its anti-cancer activity

against MCF-7 breast cancer cell lines and Capan-1 pancreatic cancer cell lines.

B. Methods of preparation
1. Culture of MCF-7 and Capan-1 cancer cells
MCF-7 and Capan-1 cells were cultured in a completed DMEM high glucose
media, where 10% FBS, 1% penicillin/streptomycin were added to free DMEM high

glucose. MCF-7 and Capan-1 cells were cultured in a 10 mm petri dish and kept at 37°C in
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an incubator with a humidified atmosphere containing 95% O and 5% CO. until they

reached 80-90% confluency.

2. Cytotoxicity study by MTT proliferation Assay

The cytotoxicity study is summarized in Figure 37. After treating the cells with
curcumin, chitosan, DAPC, DAPC-Cur NCs, and DAPC-Cur-Chi NCs; MTT assay was
used to measure the cell activity. MCF-7 and Capan-1 cells were seeded at a density of
5000 cells per well in 96-well plates. At 30% confluence, cells were subject to a
concentration equal to 22 uM for the different treatment. After 48 and 72, hours, Img/mL
of MTT was added to the cells and kept for 1 hour incubated at 37°C. Later on, the media
with the MTT were eliminating from the 96-well plate and DMSQO was added in order to
solubilize the formazan crystals. ELISA microplate reader, Thermo/LabSystems 352

Multiskan MS, was used to read the plates at a wavelength of 595 nm.
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2- Addition of MTT
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Figure 37 Schematic illustration of the cytotoxicity study by MTT proliferation study.

C. Results and discussion
1. Synthesis and characterization of the synthesized DAPC-Cur NCs with and
without chitosan
The preparation of liposomal curcumin was carried out based on the thin film
hydration method. This method is considered one of the simplest ways to prepare
liposomes. This method includes the formation of a thin lipid film in a vial after the
evaporation of the organic solvents. Afterwards, the addition of dispersion medium,

heterogeneous liposomes is formed [176]. The encapsulation of curcumin into the DAPC

111



membrane was verified initially through UV-Visible and fluorescence emission analysis
respectively.

As shown in Figure 38, curcumin showed a broad maximum absorption band at
wavelength A = 425 nm. This maximum absorption wavelength is due to the electronic
dipole allowed n-n* type excitation [177]. This absorption wavelength is red shifted to

reach a maximum at A = 462 nm.
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Figure 38 Uv-Visible spectrum and of pure curcumin and DAPC-Cur nanocapsules.

This shift confirms that curcumin got buried into DAPC membrane where it
becomes deprotonated. This bonding, is also verified in the fluorescence emission
spectrum, where the emission wavelength is blue shifted from 555 nm to 516 nm (See
Figure 39). This shift indicates that curcumin is strongly portioning into the vesicle of the

liposomes. This is due to the transfer of curcumin from polar to less polar environment.
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Same results were obtained with Kunwar et al. [177] and El Khoury et al. [178] when

encapsulating curcumin into DMPC and DPPC liposomes.
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Figure 39 Fluorescence emission spectrum of pure curcumin and DAPC-Cur nanocapsules.

Moreover, SEM was established to confirm the spherical shape of the prepared

NCs. According to Athira et al., curcumin exhibit a flat rod like structure [179].

Figure 40 SEM image of DAPC-Cur nanocapsules.
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However, as depicted in Figure 40, the formed nanoparticles are presented in a
spherical shape. The difference in the shape, identify the successful encapsulation of
curcumin into the liposome membrane.

Furthermore, X-Ray diffraction analysis was done and the results are depicted in
Figure 41. As clearly observed, curcumin diffraction peak are available in the range of the
20 10°-30°. These diffraction peaks reveal the high crystallinity nature of the curcumin,
where the crystallinity degree was equal to 87%. However, these peaks were totally
absence in the X-Ray pattern of the DAPC-Cur nanocapsule showing an amorphous
structure. The crystallinity degree of the nanocapsule was equal to 20.54%. This decrease in
the crystallinity degree demonstrates the total entrapment of curcumin into the liposome

membrane.
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Figure 41 X-Ray diffractogram of pure curcumin and DAPC-Cur nanocapsules.
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Generally, liposomes ache from a short half-life and from the leakage and fusion
of the encapsulated drug [180]. These drawbacks prompt the use of additional polymer to
protect the encapsulate curcumin. For this reason, chitosan oligosaccharide was added as a
coating layer on the surface on the liposomal curcumin.

The deposition of chitosan layer on the surface of the liposomal curcumin was

verified through zeta potential analysis.

.f'_‘hh__

Figure 42 Zeta potential analysis of DAPC-Cur nanocapsule (A) in the absence of chitosan
and (B) in the presence of chitosan.

It is obvious from Figure 42A, liposomal curcumin surface was negatively charged
with a value equal to -7.43 mV. This is due to the location of the phosphate group of the
liposomes towards the external aqueous component of the lipid bilayer. The zeta potential
value became more positive in the presence of chitosan. Hence, liposomal curcumin coated
with chitosan exhibits a positive surface charge equal to 5.94 mV (See Figure 42B). This
variation in the surface charge is related to the presence of chitosan owing an amino group.

Indeed, the effectiveness of chitosan addition was evaluated through

thermogravimetric analysis (See Figure 43). It is remarkable, that curcumin started to
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degraded at 200°C, with a mass loss around 70%. As for DAPC-Cur NCs the mass loss
decreases to 40% due to the encapsulation of curcumin into the liposomes. The addition of
chitosan has reduced moreover the mass loss to 25%, generating more stable NCs.
Additionally; no mass loss was occurred around 100°C, revealing the formation of

dehydrated NCs.
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Figure 43 Thermogravimetric analysis of pure curcumin and DAPC-Cur nanocapsules

prepared in the presence and absence of chitosan.

2. Cytotoxicity effect against cancerous cell

a) Cytotoxicity effect of curcumin against MCF-7 and Capan-1 cell lines

The successful preparation of liposomal curcumin coated with chitosan was

proceeded by emerging their anticancer effect on MCF-7 and Capan-1 cell lines.
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Actually, the cell cycle, organized in the subsequent stages, leads to the cell
growth and division. First of all, in G1 stage, the cell propagates and chromosomes start to
replicate. In the second phase which is the S phase, the DNA replicates and the
chromosomes tend to be duplicated. In a third step, G2 phase occurs and represents the gap
amongst DNA synthesis and mitosis. Finally, in the mitosis phase, nuclear and cytoplasmic
division takes place, inducing the formation of two daughter cells [181].

Therefore, curcumin acting as anti-cancer agent inhibits the proliferation of
cancerous cells. Yet, the mechanisms of act by which curcumin displays its distinctive
anticancer activity comprise initially the apoptosis, the inhibition proliferation and the
invasion of cancers by suppressing a variability of cellular signaling pathways [168].

The cancerous cell lines were exposed to several concentration of curcumin in the
range of 0-30 uM for 48 hours, in order to get the ICso. The half maximal inhibitory
concentration (ICso) is a quantity of the potency of a substance in inhibiting a precise
biological or biochemical function. In other words, ICsg is a mathematical measure that
postulates how much of a specific inhibitory material, as a drug, is required to inhibit 50%
of a definite biological progress or biological element [182].

As shown in Figure 44, after 48 hours, 50% of the proliferation was inhibited
when treated with curcumin. Therefore, the ICso of curcumin was established to be equal to
~22 uM and ~20 uM for MCF-7 and Capan-1 respectively. These values were identical to
the 1Cso values found previously. In fact, after treatment for 48 hours, Mirakabad et al. have

estimated the 1Cso of curcumin to be equal to 21.32 uM for MCF-7 [183], and Sutaria et al.

have exhibit the 1Cso of curcumin to be equal to 19.6 uM for Capan-1 cells lines [184].
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Figure 44 Curcumin cytotoxicity effect against MCF-7 and Capan-1 cell lines.

b) Cytotoxicity effect of DAPC-Cur-Chi against MCF-7 and Capan-1 cell lines

The activity of curcumin as anticancer reagent can be enhanced when encapsulated
into liposomes. Hence, the use of liposomes in cancer treatment increases the activity of
curcumin by releasing it to the specific target.

Based on the 1Cso of curcumin, the cancerous cells were treated with the same
concentration using DAPC, DAPC-Cur NCs, DAPC-Cur-Chi NCs, and chitosan alone. The
treatment was done for 48 and 72 hours. As presented in Figure 45A&B, no remarkable
effect was noticed when treated Capan-1 and MCF-7 cancerous cell line with chitosan and

DAPC liposomes.
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Figure 45 Cytotoxicity effect of different treatment against (A) Capan-1 and (B) MCF-7
cancerous cell lines respectively.

Thus, the use of DAPC-Cur NCs and DAPC-Cur-Chi NCs improves strongly the

inhibition of Capan-1 cancer cells (Figure 45A). Hence, when treated with 20 uM (3

119



ug/mL) both nanocapsules, the inhibition proliferation was increased up to 65% after 48

hours.

Consequently, a remarkable inhibition proliferation was observed after 72 hours

when treated with DAPC-Cur NCs, where ~75% inhibition was acquired. Meaning that,

DAPC liposome enhances the anti-cancer activity of curcumin by specifying its target. Yet,

after the same treatment duration using DAPC-Cur-Chi NCs, ~90% inhibition was

determined. This difference in the value is linked to the presence of chitosan, where

chitosan is acting as a protective layer and ensure the total entrapment of curcumin into

DAPC liposomes, preventing its leakage.

Similarly, DAPC-Cur-Chi NCs have shown a good potential against MCF-7

cancerous cells (See Figure 45B). More than 70% of the cancerous cells were inhibited

when using 3 ng/mL of DAPC-Cur-Chi NCs after 48 hours. Furthermore, 85% where

inhibited after 72 hours.

Finally the efficiency of our nanoparticles was compared to different anti-cancer

reagent used in the literature (See Table 10).

%

Cell Type Anti-cancer agent Concentration : . Reference
proliferation

Gold nanoparticles 20 pg/mL 50 % [185]

MCF-7 DSPC-Cur 10 pg/mL 65 % [186]
DAPC-Cur-Chi NCs 2 ug/mL 85 % Our work

GA-MNP-Fe304 NPs 20 ng/mL 60 % [187]

Capan-1 DPPC-Cur 10 pg/mL 75 % [188]
DAPC-Cur-Chi NCs 2 ug/mL 90 % Our work

Table 10 Different anti-cancer reagent used for the treatment of MCF-7 and Capan-1 cell

lines.
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D. Conclusion

To sum up, the activity of curcumin as anticancer agent was verified, were
curcumin inhibits the proliferation of MCF-7 and Capan 1 cancerous cell line. The 1C50 of
curcumin was found to be equal to 22 and 19 uM for MCF-7 and Capan-1 rescpectively.
However, for the same concentration the matrix liposomal curcumin coated with chitosan
enhances the anti-cancer activity of curcumin where the percentage inhibition was equal to

85% and 90% for MCF-7 and Capan-1 cell lines.
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CHAPTER VII

DBPC LIPOSOMAL CURCUMIN WITH CHITOSAN LAYER: A
SELECTIVE NANOSENSOR FOR THE DETECTION OF
RIBONUCLEIC ACID

A. Introduction

Nanosensors, or nanotechnology-enabled sensors, are having impressive impact in
providing alternative solutions in biological sensing. This permits advanced detection
sensitivity and specificity for health assessments[189].

By definition, a sensor is a material that responds to a physical, chemical or
biological specification and translates its response into an output or signal change [190].
The development of nanosensors have emerged due to many compelling drivers such as the
dramatic increase of chronic diseases which cause mutations in RNAs which requires
upgraded, low-cost, rapid preparation and easy detection sensors to identify early stage
disease [191].

To establish an ideal detection of the abnormal expression of a certain disease, the
nanosensor should not interfere with the tracked specific analyte. This is hardly achieved
with the traditional sensors like the microelectrode or the fiber optical sensors, owing to
their relatively large area and size which cause physical noise [192].

Fluorescent sensors have so far been exerting numerous applications in sensing,
due to their fast response, sharp signal with the minimum background noise and
interferences along with the very straightforward experimental procedure [193]. Badagu et

al have published a study in which they used boronic acid containing fluorophores to
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monitor tear glucose level [194]. In previous studies, curcumin was used as a probe to
detect DNA when encapsulated in poly(diallylammonium chloride-co-sulfur dioxide)
[195]. In addition, when curcumin was encapsulated into Poly(Ethylene Oxide)-Block-
Poly(Propylene Oxide)-Block-Poly(Ethylene Oxide), the detection of both RNA and DNA
was achieved [196].

Being a fluorescent transducer, curcumin is used in biomedical applications to
detect RNA [197] . In fact, fluorescence probing provides more detailed information
spanning the sensitivity to a single molecule, which is why this technique is more favored
over the classical microscopy technique [198].

Biological benefit of curcumin encompasses anti-inflammatory, anticancer and
anti-amyloid activities [199]-[203]. Additional benefit of curcumin is its use as a probe
molecule to study the environment of solvents [107], micelle [141], liposomes [99] and
proteins [204], [205]. Furthermore, curcumin possesses a compelling absorption and
fluorescence profile, which has render it as a useful molecular probe for many sensing
applications [206].

Physiochemical properties of curcumin can be extremely improved after being
encapsulated in liposomes. When it’s incorporated inside the liposomes membrane, its
solubility, bioavailability and biostability is enhanced which results in higher intensity of
the fluorescence signal [207], [208].

In this study, curcumin was encapsulated inside DBPC liposomes, in the presence
and absence of a chitosan coating layer. Moreover, the encapsulation efficiency and loading
capacity, without and with chitosan, were obtained and compared in order to use the

optimal system for the detection of RNA.
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B. Methods of preparation
1. Determination of Encapsulation Efficiency (EE) and Loading Capacity (LC)
Encapsulation Efficiency and Loading Capacity were calculated for the prepared
liposomal curcumin, in the absence and presence of chitosan layer. In both cases, liposomal
curcumin solution was centrifuged at 15000 rpm for 20 minutes.
EE and LC were calculated based on measuring the absorbance of the supernatant
after centrifugation, and based on the precipitate mass obtained after freeze dryer for 24

hours.

2. Sample preparation for RNA detection
A stock solution of RNA was prepared by dissolving 5 mg of RNA powder in 5
mL of double distilled water. From this solution, several samples were prepared in the
concentration range of 0-500 pug/mL. Each time a definite volume was taken from RNA
stock solution and was added to 0.2 mL of the nanocapsules. The volume was completed to
3 mL by adding double distilled water (See Figure 46).

3 pg/mL 10 pg/mL 20 pg/mL 50 pg/mL 200 pg/mL 500 pg/mL
i = = =¥ T ¥ = ¥ = P P ¥ Emission spectra
at Lx=425nm

_— B e o o o o o o o e e

0 pug/mL 6 pg/mL 15pug/mL 30 pg/mL 100 pg/mL 300 pg/mL

Figure 46 Schematic illustration of RNA sensing sample.

Similarly, 50 pg/mL stock solutions of DNA, thymine, cholesterol, tryptophan,
cystine, kreatinine, uric acid, GTP, UTP, CTP and TTP analytes were prepared for

interference study.
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C. Results and discussion
1. Determination of Encapsulation Efficiency (EE) and Loading Capacity (LC)
Polymers are usually used as a protective layer for the drug and the nanocapsule.
Hence, chitosan was used in order to enhance the encapsulation of curcumin into the
liposome membrane, inhibiting therefore the release of the drug. The role of chitosan was
verified when calculating the value of the encapsulation efficiency and loading capacity in
the absence and presence of chitosan.
The calculations of the concentrations and the masses of un-encapsulated
curcumin were obtained based on the calibration curve of curcumin in buffer pH = 7 (See

Figure 47).
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Figure 47 Calibration Curve of free Curcumin at pH 7.
The concentration of free curcumin in the supernatant was calculated using the

Beer-Lambert law:

A=egxCxl
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where ¢ is molar extinction coefficient, C is the molar concentration of curcumin and 1 is
the optical path length of the used cuvette (1cm).

The formulas used to calculate EE and LC are given below:

mass of curcumin encapsulated in liposomes

EE = x 100

mass of curcumin initially introduced

mass of curcumin encapsulated in liposomes
LC = ! x 100

mass of dried nanocapsules

where the mass of curcumin encapsulated in liposomes is the mass of free curcumin
subtracted from the mass of curcumin initially introduced.

Hence, the drug loading content was found to be equal to 17.17% and 26.71% for
the nanocapsules prepared without and with chitosan respectively. The encapsulation
efficiency of the nanocapsule prepared without chitosan was equal to 91%. The high
encapsulation efficiency obtained is due to the long chain of DBPC present (Cs2H104NOgP).

Also, the encapsulation efficiency of curcumin in DBPC, was enhanced in the
presence of chitosan, where it was found to be equal to 99.40%. This is expected as the
drug loading percentage must increase with the addition of polymer layer.

This is in a good agreement with previous findings where it was clearly
demonstrated that the drug loading and encapsulation efficiency of curcumin increased in
the presence of a coating layer [209].

Hence, liposomal curcumin coated with a chitosan layer will be used in this study

throughout the sensing application.
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2. Sensing of RNA molecule

The encapsulated curcumin in DBPC liposomes coated with chitosan layer was
used to detect RNA in aqueous solution. For this purpose, the fluorescence spectroscopic
measurement of curcumin was investigated in the presence of different concentrations of
RNA.

Figure 48 displayed the variation of the emission intensity of the nanocapsule with
the increase of the RNA concentration. Interestingly, it was found that the addition of
different concentrations of RNA has remarkably affected the emission spectrum with ~ 8
fold increase. Moreover, upon the addition of RNA, the position of the peak of the signal
was slightly altered with a small shift towards lower wavelength region. The peak was blue

shifted from 530 nm to 519 nm with the increase of the RNA concentration.
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Figure 48 Variation of the emission intensity with the increase of RNA concentration.
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a) Sensing mechanism

Logically, both the enhancement of the emission intensity and the shift in the
wavelength has occurred as a result of the electrostatic interactions between the positively
charged nanocapsules and the negatively charged RNA molecule.

Hence, this interaction promotes aggregation in the solution which further
stabilizes the excited state of curcumin inside the liposomes-chitosan nano-capsules
resulting in the boost of the emission intensity [195] .

Furthermore, the association of RNA with the nano-capsules shields the exposure
curcumin to polar media by increasing the hydrophobic environment around curcumin,
which shifts the emission maximum towards the blue region.

These results were verified by zeta potential analysis, where the surface charged of
the nanocapsules, RNA and the mixture were equal to 8.87 mV, -9.39 mV and -2.63
respectively (See Figure 49 A-C). These results confirm the change of the surface charge of

the mixture when adding RNA being more negative.
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Figure 49 Zeta potential analysis of (A) nanocapsule; (B) RNA solution and (C) mixture of
nanocapsule-RNA.

b) Limit of detection (LOD)

The linear correlation of emission intensity of encapsulated curcumin vs. RNA
concentration in the range of 0-20 pg/mL and 30-500 pg/mL is plotted in Figure 50A&B.

The linear equations for the two concentration ranges are 1= 0.17082x + 0.9275
with a correlation coefficient R? = 0.99147 and | = 0.00418x + 5.88588 a correlation
coefficient R? = 0.99536, respectively.

Such a good correlation validates the applicability of this method to quantify

unknowns RNA samples in the two given concentration ranges.
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The limit of detection was found to be 36 ng/mL,

referring to K x % criteria, where o is the standard deviation of the measurements and s is

the slope of the calibration curve.
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and 30 png/mL-500 ug/mL respectively.
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¢) Analysis of the interaction site in RNA molecule

Ribonucleic acid (RNA) is a single stranded molecule made up of polynucleotides
chains. There exist many types of RNA.

Each nucleotide consists of a phosphate group, a sugar group and a nitrogen base.
The four types of nitrogen bases are adenine (A) which has an amino group (-NH2), uracil
(U), guanine (G), and cytosine (C) belonging to pyrimidine bases.

In order to determine the specific site of interaction of RNA molecule with the
nanocapsule, the fluorescence of the encapsulated curcumin with each of the 4 nitrogen

bases was established.

B RNA
B Uracil
Adenine
Guanosine
B2 Cytosine

11,

o B N W B~ 01O N 0o ©

Nucleotides

Figure 51 1/1o for RNA molecules and its nucleotides.

As it was noticed in Figure 51, only uracil altered the emission intensity of
curcumin. This indicates that uracil is the actual site of interaction between RNA and the

encapsulated curcumin. Hence, since uracil is the replacement of thymine in DNA molecule
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and is present in RNA only, this clarifies the selectivity of the formed nanocapsules in the

detection of RNA only.

d) Selectivity and pecificity towards the biosensor

Moreover, the evaluation of the specificity of DBPC-Cur-Chi nanocapsule toward
RNA was achieved by measuring the fluorescence emission of DBPC-Cur-Chi nanocapsule
in the presence of other interference molecules.

It is obvious from Figure 52 that no significant change in the fluorescence
emission intensity of DBPC-Cur-Chi nanocapsule with other molecules has occurred,
confirming the stronger interaction between DBPC-Cur-Chi nanocapsule and RNA

molecule.
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Figure 52 /1o of DBPC-Cur-Chi nanocapsule alone and of DBPC-Cur-Chi nanocapsule
with different analogues at C= 500 ug/mL.
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The efficiency of our NCs was also compared to other probe used in the literature

(See Table 11).

Methods LOD Concentration References
Range
Label free electrochemical method 0.14 ng.mL" | 0.34-34 ng.mL" [210]
1 1
RRS technique using AgNPs 38 pg.mL* | 10-100pg.mL™*? [211]
DBPC-Cur-Chi nanocapsules 36 ng.mL? | 0-500 pg.mL* Our
work

Table 11 Different methods used for the detection of RNA

e) Photo-stability of DBPC-Cur-Chi nanocapsule with/without RNA

The photo-stability of DBPC-Cur-Chi nanocapsule in the absence and presence of
RNA was elaborated and the results are illustrated in Figure 53.

It was notable, that the fluorescence emission intensity ratio, of DBPC-Cur-Chi
with and without remained stable within one hour. The obtained result indicates that the

sensor is fairly stable while performing the measurements.
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Figure 53 Plot of I/1o of DBPC-Cur-Chi nanocapsule with time in the absence and presence
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f) Recovery of the method

The examination of the method applicability was done by evaluating the analytical
recovery of four unknown samples by using the obtained fitted calibration curves. Table 12

summarized the obtained results, where the percent of recovery of RNA was obtained to be

between 99.5 and 100.33% (n=3).

of RNA.

Theoretical Experimental Recovery
Concentration (ug/mL) | concentration (ug/mL) (%)
Unknown 1 8 7.98 99.75
Unknown 2 60 60.07 100.11
Unknown 3 150 149.32 99.5
Unknown 4 400 401.32 100.33

Table 12 Percentage recovery of the proposed method.
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D. Conclusion

To conclude, DBPC liposomal curcumin nanocapsule coated with chitosan were
prepared using thin film method in order to compose a specific nanosensor for the detection
of RNA. The detection of RNA molecule was ensued due to the presence of direct
electrostatic interaction between the phosphate groups of the RNA molecule with the amino
group of chitosan. However, no change in the emission intensity was observed when using
liposomal curcumin and curcumin alone. The technique used was selective and sensitive
towards the detection of RNA using DBPC-Cur-Chi nanocapsule against different
interference molecule. The recovery of the method was found to be between 99.5 and

100.33 % and the limit of detection was found to be 36 ng/mL.

135



CHAPTER VIII

CONCLUSION

In the present thesis, curcumin was highlighted to be a potential candidate for
probing membranes as well as being a good agent for analytical and therapeutical
applications. The membranes studied, DAPC and DBPC, were further stabilized by coating
their surface with chitosan oligosaccharide lactate. Hence, four nanocapsules were
prepared: DAPC-cur; DAPC-cur-Chi; DBPC-cur; DBPC-cur-chi.

Spectroscopic measurements such as fluorescence were conducted to determine
the phase transition temperatures (Tm) along with the permeability of the membrane, as
well as to calculate the partition coefficients of curcumin inside DAPC and DBPC, without
and with chitosan. The fluorescence intensity is maximized at Tm. The increase is due to
the increase in the permeability of the bilayer before the Tm, and the decrease after the Tm
is due to the decrease in the viscosity.

For DAPC, the Tm was found to be 65°C, as for DBPC it was 74°C, both values very close
to the reported ones on Avanti Polar: 66°C and 75 °C respectively. Furthermore, the effect
of curcumin’s concentration was also assessed and showed a slight decrease in the Tm
values. As for the effect of chitosan oligosaccharide lactate, it was observed that it increases
the fluorescence emission intensity with no effect on the Tm values.

Moving forward to determine the membrane permeability, this was done by
following the quenching rate constants Ksv with two quenchers: hydrophilic KI and

hydrophobic CPB. The results obtained confirmed the location of curcumin to be inside the
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hydrophobic core by observing the quenching of the emission of curcumin with CPB in the
absence of chitosan only. This experiment further justifies the role of chitosan to be a
protective coating layer for the liposomes-curcumin systems.

Moreover, the partition of curcumin into the membranes was further verified by
calculating the partition coefficients (Kp) of curcumin into the four nanocapsules. The
values obtained clearly indicate that without chitosan, Kp increases in going from the solid
gel phase to the liquid crystalline phase. This result is rational as the lipids are transforming
to the more fluid state. Opposite results were obtained with the chitosan layer where Kp but
decreases as moving into the liquid crystalline phase. This has to do with the chitosan
chains that intercalates into the membrane at higher temperature.

To evaluate the importance of ionic liquids (IL), the short chain IL bmit was used
which shows to increase the solubility of curcumin in the bilayers, reflected by the increase
in the emission intensity as bmit concentration was increased. For DAPC liposomes,
partition coefficient values increased at low concentrations. The same trend was observed
for DBPC at the solid gel phase. As for the liquid crystalline phase, Kp remained
approximately unaffected with the presence of bmit.

The obtained results were explained by the competitive interactions of the bmit polar head

group and its hydrophobic butyl chain with the liposomes.

Indeed, DAPC liposomes have shown a great barrier to encapsulate curcumin.
Hence, the successful encapsulation of curcumin into the liposomes membrane was verified
based on UV-Visible, fluorescence emission analysis, X-ray Diffraction (XRD) and

scanning electron microscopy (SEM). Moreover, the efficiency of chitosan oligosaccharide
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as a protective layer was confirmed through zeta analysis using Dynamic Light Scattering
(DLS) and thermogravimetric analysis (TGA).

Furthermore, the anti-cancer effect of DAPC-CUR/without and with chitosan was
assessed for the inhibition of MCF-7 and Capan-1 cancer cells proliferation. The results
obtained were in favor of the benefit of coating with chitosan where the percentage of the
inhabitation proliferation observed for both cells lines was higher compared to without
chitosan after 72 hours, for only 3 ug/mL of nanocapsules used, where the percentage
inhibition was equal to 85% and 90% for MCF-7 and Capan-1 cell lines.

Finally, based on the high encapsulation efficiency obtained when coating the
nanocapsule with chitosan, DBPC-Cur-Chi NPs were used as a nanoprobe to detect RNA,
which was based on the fluorescence emission, an easy, low cost and selective technique.
The prepared NPs showed a linear relationship in two ranges 0-20 and 30-500 pg/mL. The
detection of RNA was based on electrostatic interactions between the positive charged
chitosan and the negative charged RNA molecules which caused aggregation resulting in

an increase in curcumin emission intensity.
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