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Potent Anticancer Agent (Combretastatin)
By
Muna Hassan
Supervisor
Prof. Abdel Naser Zaid
Co-Supervisor
Dr. Alaaldin Alkilany

Abstract

Background: Pharmaceutical nanotechnology is an emerging technology
that proved its effectiveness in decreasing the side effects and improving
the therapeutic outcomes of chemotherapeutic drugs. Combretastatin (CA4)
is natural and potent antitubuline chemotherapeutic agent but it showed
cardiotoxicity. Purpose: The aim of this research was to formulate and
characterizeCA4 polymeric nanoparticles (NPs), to assess its release
Kinetic, and to evaluate the in vitro cytotoxic activity of the obtained NPs.

Method: CA4 was synthesized using Perkin reaction. Nano-precipitation
and emulsion evaporation methods were used to produce the desired NPs.
The obtained NPs were characterized for shape, particle size, zeta-
potential, encapsulation efficiency% (EE%), drug loading% (DL%), and
drug release. Cytotoxicity and ICsy of the free CA4and the loaded NPs
were determined using two cancer cell lines Caco-2 and HelLa. Results:
Emulsion evaporation method was capable to produce spherical shaped
CA4 loaded NPs with EE% 50.84%, DL% 1.13%, mean average particle
size 203.25 nm, and zeta-potential -38.50mV.The NPs showed sustained

release pattern. Korsmeyer-Peppas was adopted to describe the release



XVI

mechanism of CA4 from our NPs, with n value higher than 1, which
indicates a Super case Il transport. In vitro cytotoxicity on Caco-2 and
HeLa cells demonstrated better cytotoxic and 1Cso, of CA4 loaded NPs than
the free CA4.

Conclusion:CA4 loaded polymeric NPs were successfully produced and
showed satisfactory characteristics such as EE%, particle size and shape,
zeta potential, and sustained release pattern. In addition, an improvement in
the cytotoxic and 1Cs, of CA4 loaded NPs was demonstrated. This suggests
that these NPs could be used to improve the safety, effectiveness, and
patient compliance. However, in vivo studies should be conducted to prove

these interesting findings.
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Chapter One
Introduction

1.1 Cancer

Cancer is becoming one of the scariest diseases for human being. It is
considered as the second cause of death worldwide, after cardiovascular
diseases [1]. According to the cancer report, about 14.1 million people
were expected to develop cancer annually [2], while WHO states that 8.2
million deaths were related to cancer in 2012 and increased to 8.8 million
in 2015 [3]. Cancer disease or neoplasm is characterized by uncontrolled
growth of abnormal cells that may invade and spread to surrounding
tissues and organs [3]. There are more than 100 types of cancer. Treatment
depends on the type and stage of malignancy which includes surgery,
chemotherapy, and radiotherapy. Early detection and treatment would
improve the outcome of the therapy and reduce patient suffering [4, 5].
Problems in the selectivity of the traditional chemotherapeutic agents
(cytotoxic drugs) cause several unwanted side effects. Accordingly, drug
selectivity is the main factor in the selection of chemotherapeutic agents [4,
6]. Chemotherapeutic or cytotoxic agents refer to any agent that kills or
stop cancer cell division, generally through inhibition of microtubules,

DNA and protein synthesis, and other mechanisms.

1.2 Nanopharmaceuticals

Nanotechnology is the science of managing and manufacturing material
substance at the colloidal state in order to produce new products, devices,

and systems. Nanopharmaceuticals are the pharmaceutical products that
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have been designed by applying various principles of nanotechnology.
Drug particles or drug products at the colloidal size range (1 to 1000 nm)
demonstrated very interesting and novel properties that yield improved
drug or product performances such as increasing the efficacy and safety of
the drug, improving the medical imaging and medical devices, and other
applications [7]. Several nanopharmaceutical products are now available in
the pharmaceutical and medical market such as doxorubicin liposome
injection, amphotericin B liposome injection [7]. In addition,
nanotechnology has emerged in the last years as a noninvasive technique in
the treatment and diagnosis of cancer [8, 9]. In fact, several scientific
efforts are oriented toward the increase of selectivity and efficacy of drugs
especially in the treatment of cancer. In this contest, selective targeting of
the anticancer drugs toward tumor cells would increase the therapeutic
index of the drugs. This can be done by using suitable drug carries or
vehicles that deliver the drug specifically to the target organ or tissue and
saving the normal cells from unwanted targeting [9]. The nature of the
cancer tissue is different from healthy tissues. In fact, this tissue is leaky,
immature, rapidly growing. In addition, the vascularity of the endothelial
cells, with impaired lymphatic drainage and defect on the basement
membrane compared to the normal blood vessel that contain complete
endothelial cells with the tight junction, therefore, this results in
accumulation of polymeric nanoparticles (PNPs) loaded with an anticancer
drug in tumor cells [10, 11]. Moreover, the active targeting shifts the PNPs
toward cancer cells which in turn called enhanced permeability retention
(EPR) [10, 12]. Accordingly, nanoparticles (NPs) are considered drug

carriers that carry anticancer drug specifically toward tumor cells with
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numerous features as their size range in the nano-scale. Moreover, an
increase in water solubility of poorly water-soluble drugs may result in
improvement in their pharmacokinetic profile and bioavailability,
protecting the drug from degradation, so improving the stability of the drug
and shelf life, and increasing the biological permeability of the drugs
improving the targeting and bioavailability of the bioactive molecules [7,

8,13, 14].

1.3 Types of Pharmaceutical NPs

1.3.1 Liposomes

These products are small sized spherical shape of mono or multi layers of
phospholipids. They are considered promising drug delivery systems
(DDS) for a wide range of drugs due to their low toxicity,
biocompatibility, site-specific targeting, hydrophobic and hydrophilic
nature. They are composed of phospholipid layers that enclosed an
aqueous media inside; as a result, water-soluble molecules can be trapped
in this area while hydrophobic drugs are immersed in the lipophilic area of
the phospholipid layer while amphipathic drug partition between two

layers [7, 9].

1.3.2 Carbon nanotubes (CNTYs)

CNTs are hollow cylindrical tubes made of carbon atoms. Depending on
the number of the hollow tubes two types of CNTs were found, single-
walled- CNTs ( SW-CNTSs) which are composed of a rape of one layer of
graphene sheet while multi-walled- CNTs ( MW-CNTSs) which are made of
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many layers of graphene sheets to produce a concentric cylindrical shape
[15, 16]. Pristine CNTSs are practically insoluble in any solvent. However,
an increase in their solubility can be achieved when they functionalized. In
addition, they become able to carry or conjugate with a wide range of
molecules such as peptides, nucleic acids, and therapeutic drugs to deliver
them inside the cells [16]. This can suggest the use of CNTSs in the medical
field in treating cancer, gene therapy, vaccination, and other medical

purposes [16, 17].

1.3.3 Nanomicelles

These are defined as nanoscopic structure molecules composed of
amphiphilic co-polymer with a hydrophobic core and hydrophilic shell. In
this nano-structure, the water-insoluble drug is placed in the hydrophobic
core, while the water-soluble one is located on the outer hydrophilic area.
Usually, a process of micellization of the amphiphilic-polymers is used to
produce these nanomicelles. They usually have a spherical shape with
particle size range between 10-100nm depending on the polymer used.
Poorly water-soluble drugs can be encapsulated into the micelles by
physical or chemical methods. In the chemical methods, the drug is
subjected to chemical binding with the polymer, while in the physical
method the drugs are uploaded into the micelles by selective partitioning
between the core and the shell during the process of micellization. Several
advantages can be obtained using micelles as a DDS. These include an

increase in the drug solubility of poorly water-soluble drugs, increase in
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the drug stability, achieving controlled and extended release of the drug,

and selective targeting to a specific organ [18].

1.3.4 Polymeric nanoparticles (PNPs)

PNPs are spherical colloidal dispersion with a size range from 10
t01000nm composed of large biocompatible and biodegradable polymers.
The drug is usually loaded by adsorption, conjugation, or encapsulated
within or onto the polymeric matrix. The PNPs can be obtained using
amphiphilic polymers that contain hydrophobic and hydrophilic portions,
which in aqueous solution spontaneously form a spherical shape giving an

excellent and stable structure with minimized interfacial energy [19].

1.3.4.1. Types of PNPs

According to the used preparation method, two types of PNPs could be
obtained, nanocapsules (NC) or nanospheres (NS). In the case of NC, the
encapsulated compound is surrounded by a polymer and encapsulated in
the hydrophobic core, while in the nanospheres structure, the drug is

dispersed homogeneously in the polymeric matrix [10, 20].

1.3.4.2 Advantages of PNPs

Using PNPs as DDS results in several pharmaceutical advantages such as:
1. Ease of manufacturing using biocompatible and non-toxic polymers,
2. Versatile technology since a wide range and type of a drug and
molecules can be loaded into PNPs with high amounts of proteins,

vaccine, and anticancer [11, 20-22],



3. Modulating the drug release,

4. Targeting it to a specific organ,

5. Protect it from degradation and increase its stability,

6. Improving the bioavailability and therapeutic effectiveness of the
drug [11, 20, 22, 23].

PNPs can be administered by a variety of route of administration

including the nasal, transdermal, intravenous, pulmonary, ocular, and

orally [22].

1.3.4.3 Polymers used in PNPs

Polymers that are recommended to be used in the formulation of PNPs
should be biodegradable, non-toxic, biocompatible, and not antigenic [20].
Many types of polymers are currently available for this purpose and these

include natural and synthetic polymers [12].

1.3.4.3.1 Poly(lactic acid-co-glycolic acid) (PLGA)

It is one of the most commonly used polymers in PNPs formulation since it is
biocompatible and nontoxic. In fact, PLGA is an FDA approved synthetic
polymer which is composed of a chain of lactic and glycolic acid [24].

It is available in many molecular weights. It has an amorphous structure
and glass transition temperature between 45 and 55°C which depends on
the grade of PLGA [25]. It is hydrolyzed in the body to lactic and glycolic
acid monomers which enter the crips cycle and they can be easily

eliminated by the human body [22, 24] (Figure 1.1).



PLGA

o

D.,L lactic acid glycolic acid

Figure 1.1: Hydrolysis of PLGA

Chemically, it can be synthesized using melt co-polymerization of the lactide
and glycolide at high vacuum and constant temperature (160-190 °C) in the
presence of a suitable catalyst. After that, the PLGA is purified by dissolving
it in chloroform followed by precipitation using methanol [26].

PLGA polymers are soluble in many organic solvents such as acetone,
ethyl acetate, dichloromethane, and benzyl alcohol [25]. Different types
and grades of PLGA are commercially available. These grades have
different ending group (carboxylic or ester) and the molar ratio of lactic to
glycolic acid. For example, PLGA may found in the molar ratio of 75:25
lactic to glycolic acid ratio respectively [26]. Accordingly, these grades
have different physicochemical properties like inherent viscosity,
mechanical strength, glass transition time, and other properties. In the
presences of water, PLGA adsorbs the water and hydrolyze forming water-
soluble fragments with carboxylic and hydroxyl group ending. This

increases the rate of degradation of PLGA which produces glycolic and
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lactic acid monomer [26]. Many factors affect the degradation rate of
PLGA, these factors include:

I. The ratio of lactic acid to glycolic acid in the PLGA affect the
degradation rate, for instance, 1:1 lactic: glycolic ratio PLGA
degrades faster than 85:15 PLGA, since increasing the lactic ratio
would increase the hydrophobicity of the PLGA [26].

1i. The molecular weight of PLGA could impact the functionality of
this polymer since the increase in the molecular weight of PLGA
would increase the time required for its degradation.

iii. The pH of the media could affect the degradation of PLGA. In fact,
the acidic or basic environment could increase the rate of
degradation. Therefore, acidic and alkaline drugs should also
cause the same thing if they are loaded into the PLGA polymer
[25, 26].

Accordingly, the release of the therapeutic agent from PLGA polymer can
vary from several days to years, depending on the factors that are mentioned

above which in turn increase the flexibility of the treatments [26].

1.3.4.4 PNPs Formulation

Several methods were developed for the formulation of PNPs. These
methods include a dispersion of the drug in pre-formed polymer or
polymerization of the monomer.

The most common methods that are used to formulate PNPs from pre-

formed polymers are:



I.  Emulsion-evaporation,

ii.  Nano-precipitation,

iii.  Dialysis,

Iv. Salting out,

v.  Emulsion diffusion,

vi. And spray drying [20, 27, 28].
Therefore, the selected method and used polymer are usually based on the
physicochemical properties of the drug [20].
In addition, the final properties of the obtained PNPs (size, zeta-potential,
and morphology) will depend on the method of the preparation,
concentration, and composition of the used polymer, viscosity of the

system, stabilizer, and type of the organic solvent involved [20, 28].

1.3.4.4.1 Emulsion evaporation method (EEM)

In late 1970, PNPs with a size less than 500nm loaded with bioactive
compounds were produced using EEM [28, 29].

In this technique, an organic layer composed of the polymer and a suitable
organic solvent (water-immiscible organic solvent like dichloromethane) is
emulsified in an aqueous layer containing a suitable stabilizer. After that, the
organic solvent is evaporated to produce a suspension of PNPs [20, 21].
According to drug solubility, two approaches were found: (1) single-
emulsion or (ii) double emulsion.

In the single emulsion method, the hydrophobic drug and the polymer are

dissolved in the organic layer and then this layer is emulsified using the
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high shear mixer in the aqueous layer that contains a stabilizer in order to
form O/W emulsion (Figure 1.2). On the other hand, water-soluble drugs
which do not dissolve in the organic layer and therefore they escape to the
bulk aqueous layer leading to poor encapsulation efficiency (EE).
Therefore, water-soluble drugs should first be dissolved in the aqueous
phase and emulsified with the organic layer containing the polymer and the
stabilizer in order to form the W/O emulsion. This emulsion will be
emulsified with bulk aqueous phase to form double emulsion (W/O/W)

emulsion followed by the evaporation of the organic phase [20, 27, 28].

Y/, ’—W aqueos phase

T — containg S N e
polymert / Q)/ stabilizer - -
rug organic
dissolved f i o 9 g]
: ormation ) solvent o
in water of nano-emulsion | g Q@ O | evaporation 80 >N
insoluble —_— ) ] %o

organic solvent

Figure 1.2: Formation of PNPs by emulsion evaporation method

1.3.4.4.2 Nano-precipitation method (NPM)

NPM is also called solvent displacement method was firstly developed by
Fessi at 1989 [10]. It is usually applied to encapsulate lipophilic drugs [10,
20]. This easy and fast technique [10, 24] usually produces PNPs with a
narrow size distribution, duplicate scale-up method, no energy for
homogenization[10, 20], and no need for a large amount of toxic organic

solvents [10].
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In this method, the organic phase that contains the drug and polymer which
are dissolved in a water-miscible organic solvent like acetone is dropped
wise in the aqueous phase to produce PNPs. After that, the organic layer is
removed by stirring at room temperature or by reducing the pressure [10,
20, 21] (Figure 1.3).

The surface properties of the obtained PNPs, such as adhesiveness,
hydrophilicity, and the ability of the particle to escape from opsonization
process, could be changed using coating material like polyvinyl alcohol

(PVA) and polyethylene glycol (PEG) [10].

s
Polymer +
Drug dissolved )
in water miscible ) aqueous phase
organic slovent (solution B)

(solutionA) OQ o Q/
o

d - evaporation of Ooo g
\/ organic phase °° o
3

nano-suspension

Figure 1.3: Formation of PNPs by nano-precipitation

1.3.4.4.3 Dialysis

In this method, the polymer and drug are dissolved in a water-miscible
solvent. The obtained solution is placed in a dialysis bag with the specified
molecular weight cut off (MCWO). Then the bag is transferred to an
aqueous media. The organic phase would diffuse to the aqueous media thus
reducing the solubility of the polymer which results in the formation of

PNPs [20].
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1.3.4.4.4 Salting out

In this technique, the polymer and the drug are dissolved in water-miscible
organic solvents such as acetone or tetrahydrofuran. The organic phase is
emulsified under high shear speed mixer with an aqueous phase which
contains a stabilizer and high amount of salts. The high ionic strength of
the aqueous phase should prevent the organic phase to diffuse into the
aqueous phase. However, rapid additions of pure water to the emulsion
will reduce the ionic strength and will induce the diffusion of the organic
solvent into the aqueous phase resulting in the formation of PNPs after the

evaporation of the organic solvent [28].

1.3.4.4.5 Emulsion diffusion method

In this method, the polymer and drug are dissolved in organic solvents that
are partially miscible with water like benzyl alcohol. The obtained organic
layer will be emulsified with the aqueous layer containing a stabilizer

(Figure 1.4).

e W aqueos phase

4 - containg

/ . e -, addition of
polymer+ \// Q/I/ stabilizer Q water followed (ﬂ

drug

. . o0 o by evaporation
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wal of nano-emulsion | @ Q0 9| solvent o° ©
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organic solvent - -’ % OO

Figure 1.4: Formation of PNPs by emulsion diffusion method
The diffusion of organic solvent into the aqueous phase will trigger the

formation of NPs since it is facilitated by diluting the emulsion with a large
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amount of aqueous phase followed by removal of organic phase by stirring
or reduce pressure [28].

The main disadvantage is large amounts of water is needed [28].

1.3.4.4.6 Spray drying

In this technique, the solid in oil dispersion or water in oil emulsion is
sprayed in the presence of a steam of hot air to form NPs. Both hydrophilic
and hydrophobic drugs can be encapsulated in the polymer using this
method. The main disadvantage that the inner wall of spray dryer would

enclose with the formed NPs [25].

1.4 Modified release dosage forms

Modified release dosage forms (MRDFs) are designed to release the active
pharmaceutical ingredient (API) in a modified way in the term of time and
or rate of the release of the API [30]. This can result in several advantages
that including: (i) decreasing plasma drug fluctuation, (ii) decreasing the
frequency of product dosing, (iii) decreasing the frequency of side effects
appearance due to unwanted high level of the drug in the plasma, (iv)

increasing patient drug adherence and compliance [30].

1.4.1 Types of MRDFs

According to the release pattern, MRDFs can be classified into two

categories:
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1.4.1.1. Delayed-release Dosage Forms (DRDFs)

These dosage forms are designed to release the major part of the API at a
specific time promptly after the administration of the drug product. These
products include enteric-coated dosage forms, which are usually produced
to protect acid-sensitive drugs from degradation in the acidic environment
of the stomach or to protect the stomach from the irritant effect of certain

drugs such as diclofenac sodium [31].

1.4.1.2 Extended-release dosage form (ERDFs5)

ERDFs are usually formulated to release the APl over an extended period
of time after the administration of the product. This results in a reduced
frequency of dosing compared to corresponding immediate release dosage

form [32].

1.4.1.2.1 Types of ERDFs

ERDFs are available in two types, sustained release (SR) and controlled

released (CR).

1.41.2.1.1SR

The release of the APl from these dosage forms consists of an initial
release of a part of the API sufficient to provide the initial therapeutic dose
promptly after the product administration, after that a gradual release of the

remaining dose over an extended period [33].
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141212 CR

These products are designed and developed to release the API at a constant

rate and provide drug plasma concentration that remains constant within

the time [34].

Many advantages can be achieved when patients with chronic disease rely

on these products including:

I. Maintaining the therapeutic level of drug plasma at a steady state
over an extended period of time and avoid drug plasma fluctuations,

Ii. Reducing the side effects of the drug that associate with the highly
toxic level in the drugs,

Iii. Increasing patient compliance,

iv. The total cost of therapy from CR or ER formulation is lower than
IR formulation so better economically to the patients and health

providers [32].

1.4.2 Mechanism of drug release from these dosage forms

According to the mechanism of drug release from these dosage forms,

many classes of ERDFs are available:

Diffusion-controlled systems

In the diffusion-controlled system, water-insoluble polymers are used to
control the water hydration to the system; subsequently, the dissolved
API is release from the system in a controlled manner. These products
can be formulated as reservoir system, where the drug is encapsulated

in the core of a polymer [33, 35].
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1. Matrix system
These systems are widely used and they are designed to release the
dissolved or dispersed API in a prolonged and controlled manner. These
matrices are usually composed of a well-mixed composite of one or

more API with hydrophilic or hydrophobic polymers [36, 37].

Iii.Erosion controlled system
Several biodegradable polymers are used to form this system in which
the polymer is subjected to biodegradation. The drug release from this
system is controlled by the rate of the erosion of the system and the
drug release will occur at a constant rate [38].

iv. Dissolution controlled system
The drug release from the system is controlled by dissolving the coat
that surrounding the drugs particles. As a result, the drug becomes
available for dissolution and release. In this system, the thickness and
composition of the coat control the rate of drug release [39].

v. Osmotic pump system
In this system, an osmotic agent such as sodium chloride is used to
attract water from the surrounding media throughout a semi-permeable
membrane that coats the drug and the osmotic agent. This generates a
pressure inside the obtained capsule that pushes the API outside
through a specific hole. The release is controlled by the type of osmotic

agent and size of the hole [40].
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vi. lon exchange resin
In this system, the API is bound to an acidic or alkaline resin to form a
salt. The release of the API will occur when exchanging with ions when

it comes in contact with surrounding media [41].

1.5 Combretastatin (CA4)

Microtubules are the interesting targets for anticancer drugs. It consists of a
heterodimer of an alpha and beta tubulin proteins that are polymerized into
microtubules which organize the cell division, supporting cell shape,
facilitating the cell transport and motility [42, 43]. Microtubules exist in
the cells in an equilibrium state between polymerization and
depolymerization state [42]. Any agent that disrupts the microtubules,
affect morphology, division, and function of the cell would result in its
death. These agents are known as microtubules distrusting agents (MDA)
or microtubules targeting agents (MTA) [44]. The first identified agent is
Colchicine. In fact, it was found that Colchicine binds to a - subunit of
microtubules and depolymerizes it which results in cell apoptosis and
death. This process happens at a dose near the maximum tolerated dose
[45]. Accordingly, many natural or synthetic agents that have a chemical
structure similar to Colchicine were evaluated for their anticancer activity.
This group of agents shares chemical structure that contains two aromatic
rings either directly connected to each other’s or separated with one to
three atoms bridge, showed some anticancer value [45]. CA4 is a natural

anticancer agent that was first isolated from South African bush
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willow Combretum Caffrum by Pettit et al. [43, 45-47]. CA4 is a
Colchicine analog (Figure 1.5). It belongs to a group of drugs which
known as VDA that bind to Colchicine binding site in microtubules and
inhibit the polymerization. This leads to morphological changes and cell
death. In addition, it has antivascular effects at a dose below the maximum

tolerated dose which results in an increase in its therapeutic window and

safety [42, 47, 48].

H3CO N
H,CO l
OCH,
OH

OCH;

COLCHICIN COMBRETASTATIN 4 (CA4)

Figure 1.5: Chemical structure of Colchicine and Combretastatin (CA4)
In fact, tumor vascular endothelial cells are an interesting target for this
category of chemotherapeutic agents, since it is better exposed to
bloodborne chemotherapeutic agents, and no transformation in endothelial
cells occurs. Accordingly, this might decrease its capacity to develop
resistance to the used chemotherapeutic agents [46]. In this contest,
endothelial cells are most likely affected by CA4. In fact, CA4 selectively
affects tumor endothelial cells rather than normal endothelial cells [49].
Inside, CA4 inhibits angiogenesis via inhibition of vascular endothelial

growth factor (VEGF) and inhibits subsequent activation of vascular
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endothelial growth factor receptor-2, a receptor which mediates
angiogenesis [50]. Furthermore, cancer cells depend on cellular energy
production by mitochondrial oxidative phosphorylation in the form
of adenosine 5'-triphosphate (ATP) to meet their demand for the
neovascularization. In 2017, Lewis and co-workers conducted a study
which concluded that CA4 decrease mitochondrial oxygen consumption
and thus affect the ability of the tumor cells to angiogenesis [51]. Another
mechanism for CA4 suggested a cleavage and activation of caspase 3 and
9 proteins, which upon activation lead to apoptosis and cell death [48]. In
addition, a release of apoptosis-inducing factor (AIF) from mitochondria
has been demonstrated after CA4 treatment [48]. CA4 is a water-insoluble
and chemically unstable compound. In fact, it suffers from de-activation
during storage due to a spontaneous transformation of cis-isomer into the
inactive trans-isomer by light or heat. Accordingly, many derivatives like
CA4 triphosphate (CA4P) and cis-locked chemically structures were
synthesized with the aim to increase the water solubility and chemical
stability of this agent [45, 48, 52-56]. CA4P is in phase III clinical trials
approved for treating thyroid malignancy by Oxigene Company [52, 57, 58].
Chemically, CA4 has two aromatic rings which are connected to each
other by ethylene Bridge either in cis or trans isomer (Figure 1.6). Its
IUPAC name is 2-Methoxy-5-[(2)-2-(3,4,5-trimethoxy-phenyl)-vinyl]-
phenol.

From structural activity relationship (SAR) the 3,4,5 tri methoxy groups on

ring A and 4 methoxy group on ring B showed a crucial role in the binding

of CA4 to the Colchicine site [48, 49, 59].
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Figure 1.6: Cis and trans configuration of Combretastatin CA4
To the best of our knowledge, two different approaches are available in the
literature to synthesize CA4, one adopt the Witting reaction while the other
uses Perkin reaction [60]. Witting reaction includes five steps giving a
mixture of cis and trans CA4 with low yields of cis isomer (19%) making
it not feasible for large-scale production. Another problem that faced in
this method is the difficulty in the separation of the desired isomer [60].
On the other hand, the Perkin method, a stereo-selective condensation
method, was developed by Letcher, selectively produced the desired cis-
isomer with a higher reaction yield. In addition, the Perkin has only two
steps of reaction [60]. Recently, Assali et al have successfully improved

the yield through a slight modification of the Perkin method [61].

1.6 Literature review

In 2010, Yiguang Wang et al tried to develop tumor vasculature-targeted
polymeric micelle for CA4. The obtained micelles were prepared using
poly (ethylene glycol)-b-poly (d, I-lactide) copolymer. The study showed

superior efficacy of the obtained CA4 micelles over nontargeted micelles
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[62]. In the same period, Zhe Wang and et. al., had developed a tumor
vascular targeted NPs [63]. These NPs were loaded with both CA4 and
paclitaxel to treat tumor vascular endothelial cells. In this approach,
arginine-glycin-aspartic acid (RGD) containing peptide was used as a
vascular targeting agent. The loaded drug NPs system was produced firstly
by charging Paclitaxel into the hydrophobic core of the PLGA polymer
using NPM. After that, the hydrophobic core was coated using lipid
coating in order to load CA4 in the lipid layer. In this design, the lipid
layer would act as a depot for CA4 and control the release pattern of

Paclitaxel from the polymer (Figure 1.7).
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Figure 1.7: The illustration of the route of RGD-targeted nanocapsule [63]
Human umbilical vein endothelial cells (HUVECS) were used as mimetic
cells to vascular endothelial tumor cells. The uptake of the NPs by these
HUVECs was assessed. An efficient uptake of both drugs by HUVECs

was observed and an improved potency and cytotoxicity of these drugs
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were recorded [63]. Another study was conducted by Zhe wang and et al.
to develop a targeted paclitaxel and CA4 PLGA NPs. In this study, the
authors tried to increase the loading efficiency of the developed NPs by
using the EEM. After that, the obtained capsules were conjugated with
RGD as a targeting ligand peptide. The encapsulation efficiency% (EE %)
ranged from 53% to 57% for CA4 and 63% to 65% for paclitaxel (Figure
1.8).

f RGD W CA4 ® PTX

Figurel.8: A drawing structure of CA4 PTX targeted PLGA nanoparticle [64]
The paclitaxel-CA4 PLGA NP showed significant anticancer and anti-
angiogenesis activity on mouse model [64]. Another study has been
conducted by Wang, Y and et al. using a combination of CA4 and
methotrexate (MTX) NPs, using a pH-sensitive model, against
hepatocellular carcinoma(HCC) [65]. In this study, the N-urocanyl pullulan
(URPA) was synthesized and reacted with MTX. The resultant spherical
NPs had a size range between 200 to 250 nm [65]. Under acidic conditions,
the URPA group becomes protonated and bearing a positive charge, which

highly improved the hydrophilic properties of the obtained NPs and an
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increase in the release of CA4 in the tumor cells as their pH is more acidic
than the normal healthy tissue was observed [65] (Figure 1.9).
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Figure1.9: Demonstration of formation of CA4/MTX-URPA NPs [¢°]
In addition, in vivo, using tumor-bearing mice was conducted to assess the
cytotoxicity of the obtained CA4/MTX-URPA NPs. A significant
improvement in the tumor regression was observed at the end of the
treatment [65]. In 2016, Burcu Sumer Bolu and co-workers covalently
linked CA4 to a tri-block dendron with a polyester ending. The obtained
NPs would accumulate in tumor mass and start the release of the CA4 into

the tumor tissue (Figure 1.10).
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Figure 1.10: Scheme of formation of CA4 flower-like micellest®®!
A significant anti-angiogenesis effect against HUVECs of the obtained

CAA4 conjugated to a tri-block dendron was recorded [66]. In 2017, Yang
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Ou and co-workers developed micelle-like CA4 NPs. In this study, the
CA4 was chemically bonded, through esterification reaction to pegylated
poly (glutamic acid) copolymer (PLG-g-PEG) in order to produce CA4-PL
micelles. In fact, spherical micelles-like NPs, with an average particle size
around 100 nm, were obtained. These NPs release CA4 in the tumor cells
due to the higher acidity of the tumor cells than blood. In fact, this would
result in an increase in the circulation time and CA4 stability which in turn
results in an improvement in the therapeutic outcome of CA4 [57] (figure

1.11).
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Figure 1.11: Scheme rout for CA4-PL NPs self-assembly 71
In 2018, the study was performed by Assali M and co-workers to load CA4
into functionalized carbon nano-tube to produce an SWCNT-CA4 system
in order to increase the solubility of CA4 and targeting toward cancer cells.
The study indicates that SWCNT-CA4 had significant necrotic effects on
HeLa cells, making it superior as a therapeutic agent than free CA4 in the

treatment of cancer [67].
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1.7 The objective of this study and working plan

1.7.1 Objectives of the study

The aim of this study is to encapsulate the CA4 into PLGA polymer to
produce PNPs (spherical, around 200 nm in size, with zeta-potential
between -20 to -40 mV) in order to increase the CA4 targeting towards
tumor, and consequently decreases the side effects of CA4, as well as
increases the potency and half-life of the drug, and decreases the need for

multiple dosing that result in increasing the patient compliance.

1.7.2 Working Plan

1.7.2.1 Synthesis and Characterization of CA4.

1.7.2.2 Preparation and optimization of PLGA NPs.

1.7.2.3 Loading CA4 to PLGA NPs.

1.7.2.4 Calculation of encapsulation efficiency (EE%) and Drug
Loading % (DL%o).

1.7.2.5 Assessment of particle size and zeta-potential of the obtained

NPs using Zeta sizer.

1.7.2.6 Characterization of the Morphology of obtained NPs using

transmission electron microscope (TEM).
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1.7.2.7 Assessment of the Kkinetic in vitro release of CA4 from PLGA

NPs.

1.7.2.8 Assessment the in vitro cytotoxicity of CA4 NPs.
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Chapter Two

Experimental Part
Materials & Methods

2.1 Materials

All materials used in the synthesis CA4 and NPs were of analytical grades.
2-(3,4,5- trimethoxyphenyl) acetic acid, 3-hydroxy-4-methoxybenzalde,
and quinoline were purchased from Alfa Aesar Company (England).
Acetic anhydride and copper were purchased from Sigma-Aldrich (USA).
Hexane and ethyl acetate from Frutarom.

In order to purify the obtained reaction products, column chromatography
using silica gel (pore size 60 A, 40-63 um particle size, 230-400 mesh
particle size) was used. This silica was purchased from Sigma-Aldrich
Company (USA). The reactions were monitored using TLC (DC-
Fertigfolien ~ Alugeram®Silg/Uv254, Macherey Nagel Company
(Germany). For NPs synthesis PLGA 502H was purchased from Sigma-
Aldrich (Germany), acetone from Fisher chemical (UK), dichloromethane
from AZ Chem company (China), PVA 99% hydrolyzed powder with
MWT 89000-98000 from Sigma-Aldrich (USA), methanol from Romil
pure chemistry, acetonitrile from Scharlau (Spain).

Phosphotungstic acid solution 10% W/V was purchased from Sigma

Aldrich (Switzerland) that was used in the characterization of NPs.
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Dialysis tubing cellulose membrane, with flat width 43mm MWCO 14000
kDa, was used to conduct the in vitro release (IVR) study. This tube was
purchased from Sigma-Aldrich Company (USA).

Materials that are used in the preparation of buffer solutions are sodium
dihydrogen phosphate anhydrous from AZ Chem for chemical (India),
potassium dihydrogen phosphate from AZ Chem for chemicals (China),
sodium phosphate dibasic dihydrate from Sigma-Aldrich (Germany),
potassium chloride from Xiong chemical industry (China), NaCl from AZ
Chem for chemical (Germany).

For tissue culture, DMEM growth culture media and penicillin-
streptomycin solution 100X were purchased from Euro-clone, Italy.
Phosphate buffer saline 1X from Eurobio, France.

Trypsin EDTA 10X solution from Santa Ana, California, and dimethyl
sulfoxide (DMSO) from Scharlab, spain, while Thiazolyl Blue Tetrazolium
Bromide from Sigma-Aldrich, USA. All the materials that were used for in

vitro cytotoxicity assay are for cell tissue culture use grade.
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2.2 Equipment and tools

Tools and equipments used in this study are listed in table 2.1.

Table 2.1: List of tools and equipment used in the study

Equipment Source/model

Centrifuge Germany, model number Z216M

Digital multi stirrer Italy, model number F203A0179

Light dynamic | UK, Zetasizer Nano-ZS Malvern, model
scattering number ZEN3600

Paddle sonicator Germany, model number UP200Ht

plate reader USA ,BioTek

Shaker incubator Korea, model number LSI-3016A

Transition electron | Netherlands, Morgagni 286 transmission
microscope microscope

UV-vis USA, Evolution 220, 840-210600
spectrophotometer

2.3 Methods

2.3.1 Synthesis of CA4

CA4 was synthesized according to the method published by Xiao et al with
some modification as reported by Assali et al [61, 68].

Precisely, 4.33ml (46.41 mmol) of acetic anhydride and 2.22ml (15.91
mmol) of triethylamine was added to 3g (13.26 mmol) of 3,4,5-
trimethoxyphenyl acetate and 2.421g (15.91 mmol) of 3-hydroxy-4-
methoxy benzaldehyde. The reaction was carried out using 50ml of DCM
and heated to 110°C under reflux for 4 hr. The reaction was cooled to room
temperature (RT), acidified using 2M HCI and kept overnight in an ice
bath. The day after, a dark brown precipitate was found. The supernatant

was discarded and 30ml of 10% NaOH solution was added to dissolve the
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brown precipitate and washed using 100ml ethyl acetate. After that, the
cinnamic acid derivative was precipitated using 2M HCI. The product was
filtrated and dried. Then the dried product was recrystallized using ethyl
acetate.

4.669g of copper and 3.3g of cinnamic acid derivative were added to 15ml
quinoline under argon conditions and magnetic stirring for 3hr at 200 °C.
After that, the reaction was cooled to RT, the copper was filtered away and
CA4 was extracted using 100 ml ethyl acetate and washed using 50ml 2M
HCI solution, then the organic layer was cleaned using 50ml of saturated
NaCl solution. The cleaned organic phase was dried using anhydrous
Na,SO4 to obtain a viscous brown liquid that contains the CA4 product.
CA4 was purified using flash column chromatography with a mobile phase
composed of hexane: ethyl acetate (7:3). Further purification by
recrystallization was carried out by ethyl acetate: petroleum ether (1:9) to

obtain white powder CA4.

2.3.2 Calibration curve of CA4

A CA4 Calibration curve was constructed in order to calculate the amount
of CA4 loaded in PLGA NPs. For this purpose, 50 pg/ml concentration of
CA4 in acetonitrile was prepared as a stock solution in which the lambda
max was determined by UV-vis scanning (300nm). After that, a series
concentration of CA4 (50, 40, 30, 21, 10.5, and 5.25 pg/ml) were prepared

by a serial dilution from the stock solution using acetonitrile. The
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absorbances of solutions were measured at Amax 300nm using UV-vis
spectrophotometer.

Another calibration curve was made for calculating the released amount of
CA4 in in-vitro release method which was performed in phosphate buffer
saline in which 1% SLS was added to it. For this purpose 50 pg/iml
concentration of CA4 in 1% SLS in PBS (PH=7.4) was prepared as a stock
solution in which the lambda max was determined by UV-vis scanning
(304nm). After that, a series concentration of CA4 (50, 40, 28, 19.6, 11.76,
5.88 and 2.94 pg/ml) were prepared by a serial dilution from the stock
solution using 1% SLS in PBS (PH=7.4). Then, the concentration of CA4

in the solution was measured by UV-vis spectrophotometer at 304nm.

2.3.3 Preparation of CA4 loaded PLGA PNPs

Several trials were conducted to prepare PLGA NPs, using different PLGA
grades (502H and 504H) and changing others under different formulation
conditions. In addition, both nano-precipitation and emulsion evaporation

methods were approached to prepare CA4 loaded PLGA NPs.

2.3.3.1 Nano-precipitation method (NPM)

A solution of 50mg or 100mg + 0.1mg of PLGA and 1mgz* 1ug of CA4 in
2ml acetone was added drop wise to 5ml phosphate buffer (PH=7.4) under
magnetic stirring at 400 RPM, then the mixture was kept overnight under
magnetic stirring at 400 RPM until complete evaporation of acetone. The

CAA4 loaded PLGA NPs were collected by centrifugation at 15000 RPM
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for about 10 min. The free CA4 was removed by washing the NPs with
methanol and the NPs were collect by centrifugation. Blank PLGA NPs
were prepared using the same steps but without the CA4 drug. All the
formulae above were made in triplicate (Table 2.2).

Table 2.2: Formulation trials of a nano-precipitation method

Component Trial code |
Al A2 A3 |A4 |A5 | A6

PLGA 502H (mg) - - 50 |100 [50 |10

0
PLGA 504H (mg) 50 50 - - - -
CA4 (mg) - 1 - - 1 1
Acetone (ml) 2 2 2 2 2 2
Phosphate buffer | 5 5 5 5 5 5
(PH=7.4) (ml)

2.3.3.2 Emulsion evaporation method (EEM)

In this method, PLGA and CA4 were dissolved in DCM and emulsified
with PVA1% using paddle sonicator at an energy output of 50W for 30
seconds under ice bath. Then, the O/W emulsion was kept under magnetic
stirring at 400 RPM for 8hr until complete evaporation of DCM. The CA4
loaded PLGA was collected by centrifugation at 15000 RPM for 10 min
and the free CA4 was removed by washing the NPs with methanol and
centrifugation to collect the NPs for further characterization. Blank PLGA
NPs were prepared by the same method but without the CA4 drug. All the

formulation trials were made in triplicates (Table 2.3).
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Table 2.3 : Formulation trials of an emulsion evaporation method
Trial code

Component

A7 |A8|A9 |A10 All |A12|A13 |Al14 |A1S Al
6

PLGA 502H[- |- |50 [100 [50 |50 |100 |100 |100 |100
(mg)

PLGA 504H[50 |50 |- |- |- | | A
(mg)

CA4mg) |- 11 |- |- [T 2 [t 2 Ja 8

PVA(mg) |50 |50 |50 50 |50 |50 |50 |50 |50 |50
DCM(m) [T |1 T 1 [T T T 1 1 |

DDIW(mI) 5 |5 |5 |5 |5 5 5 5 5 5

2.3.4 Characterization of CA4 loaded PLGA NPs

2.3.4.1 Particle Size and zeta-potential

The intense mean diameter size and zeta-potential of CA4 loaded PLGA

NPs and the blank NPs were measured using light dynamic scattering

(DLS).

2.3.4.2 Encapsulation efficiency (EE %) and Drug loading (DL %)

EE% and DL% of CA4 loaded PLGA NPs were calculated by dissolving
determined quantities of CA4 loaded PLGA NPs in 2ml ACN and lifted
under magnetic stirring for 3 hrs for complete dissolving of the NPs, and
the CA4 content in the solution was measured using UV-vis
spectrophotometer at 300nm. EE% and DL% were calculated according to
equation 1 and 2.

Amount o f loaded CA%(pg)
amount of initial weight of CA4 (pg)

%EE = x100 eqg.1
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Amount o f loaded CA% (ug)
%DL = - %100 eq.2
4] B 44 - .
weight of CA4 loaded PLGA NPz (pg) q

2.3.4.3 Morphology of CA4 loaded PLGA NPs and blank NPs

The shape and morphology of CA4 loaded PLGA NPs and the blank
formula was carried out using transition electron microscope (TEM). Two
samples were prepared, CA4 loaded PLGA NPs (formula Al4) and same
formula but without CA4 (A10). For this purpose, one drop was added to
the carbon-coated copper grid, forming a thin liquid film.

The negative staining with phosphotungstic acid was used to increase the

contrast of the images.

2.3.4.4 Mathematical Calculation

The 22 factorial designs were constructed to investigate the impact of the
concentration PLGA and CA4 on the particle size, zeta-potential, and EE%
of the obtained PNPs. The two independent variables are PLGA as (X1)
and CA4 as (X2). Each independent variable had 2 levels which were
coded as —1 and +1. The coded values of independent variables were given
to the software as shown in Table 3.3. The four runs in design matrix of 22
full factorial designs are set up by randomization. A multiple regression,
first-degree model was used to express the response as a function of the
selected factors. Design-Expert version 8.0.7.1 was applied for performing

the experimental design and the data analysis [69].
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2.3.4.5 In-vitro release study of CA4 loaded PLGA NPs

IVR of CA4 loaded PLGA NPs was performed. For this purpose, 85mg of
CA4 loaded PLGA NPs was used from formula Al4. The NPs were
suspended in 2ml PBS (PH=7.4) in which SLS1% was added to it and
placed into a dialysis membrane bag, then the dialysis bag was immersed
in 14ml of the previous medium (SLS1% in PBS, PH=7.4) and kept under
100 RPM shaking at 37°C using shaker incubator. An aliquot (1ml) was
withdrawn from the dissolution medium and replaced with the same
amount of fresh medium to maintain the sink condition. The sample was
centrifuged at 6000 RPM for 15 min and the amount of CA4 released was
measured using UV-vis spectrometer at 304 nm. The same procedure was
carried out also on the blank formula (A10). The process was made in
triplicate. The IVR data were analyzed using DDSolver program (version
1.0) to describe the release behavior of the CA4 from PLGA NPs using
several kinetic release models such as zero-order, first order, Higuchi,

Peppas, and Korsmeyer, Hixon-crowell, and others (Table 3.4).

2.3.4.6 Stability of CA4 loaded PLGA NPs

The stability of CA4-loaded PLGA NPs (formula Al14) was determined by
measuring the variation in the particle size of NPs as a function of time at 4

and 25°C for 4 days. The particle size was determined using DLS device.



36

2.3.5 In-vitro cytotoxicity

The anticancer activities of free CA4 in DMSO, free NPs (PLGA NPs
without CA4), and charged NPs (CA4 loaded PLGA NPs) in phosphate

buffer were assessed against two lines of cancer cells, Caco-2 and HelLa.

2.3.5.1 Cell culture

Caco-2 and HeLa cells were grown using 15-cm? plastic culture plates. The
culture growth medium (CGM) was composed of DMEM medium. 10%
fetal bovine serum (FBS), L-glutamine, and penicillin/streptomycin were
used as a supplement for the medium. Cells were incubated in the above
prepared medium and kept at 37°C in a humidified atmosphere enriched
with 5% CO,. For sub-culturing, the obtained CGM was suctioned from
the culture plates. After that, the cells were washed using 7ml of Ca?*-free
PBS. Then, 1 ml of trypsin was added to the cells and were incubated for 5
minutes under the above-stated growth conditions. After that, 3ml of CGM
were added under gentle mixing to inactivate trypsin, and subsequently, the
cell suspension was placed into 96-well plate in appropriate cell number
and lifted for 24 hrs to allow appropriate adherence of the cells to the

plates.

2.3.5.2 Cell viability test

Different concentrations of free CA4, free NPs, and charged NPs were
added to cancer cell lines (Caco-2 or HelLa) and incubated under the

above-mentioned conditions. Reading was recorded at specific interval
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times, 24 and 48 hrs. Then, 20 pl of MTT solutions was added to each well
followed by an incubation period of 3hrs, then the media were removed
and 200 pl of DMSO was added to dissolve the crystal and the absorbance

was recorded at 530 and 670 nm wavelength using plate reader.
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Chapter Three

Results and discussion

3.1 Synthesis and formulation of CA4

CA4 was successfully synthesized and purified giving a yield around
36.36% of a white powder. In addition, solubility analysis was conducted
on CA4 in order to select the most suitable solvent to formulate the drug
and to construct a suitable and simple spectrophotometric method for the
analysis and quantification of a CA4. For this purpose, a calibration curve
of CA4 has been constructed. Moreover, H-NMR spectrum was also

conducted to prove its identity and purity of the product.

3.2 Calibration curve of CA4

Calibration curve of CA4 in acetonitrile was constructed, with R? equal to
0.999, in order to calculate the loaded amount of loaded CA4 in PLGA
NPs (Table 5.1). The observed maximum UV absorption of CA4 was at
300nm (Figure 3.1).
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16 y=0.031x+0.011
R?=0.999
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concentration of CA4 ng/ml

Figure 3.1: Absorbance versus concentration Calibration curve of CA4 in acetonitrile

at 300nm

Calibration curve of CA4 in PBS with 1% SLS was constructed, with R?
equal to 0.999, in order to calculate the released amount of CA4 from
PLGA NPs in 1% SLS in PBS (Table 5.2). The observed maximum UV

absorption of CA4 was at 304nm (Figure 3.2).

y=0.032x+ 0.006
R?=0.999

Absorbance
o
[#a]

0] 10 20 30 40 50 60

Concentration of CA4 pg/m|

Figure 3.2: Absorbance versus concentration Calibration curve of CA4 in PBS PH=7.4

containing 1% SLS at 304nm
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3.3 NPs formulation

After successful synthesis and purification of CA4, many attempts were
conducted to encapsulate it within PLGA NPs. For this purpose, two
formulation techniques, emulsion evaporation, and nano-precipitation were
approached with the attempt to find the best one in terms of EE%, shape,
size, and release profile. In addition, we benefit from the biodegradable
characteristic of PLGA polymer in synthesizing anticancer CA4 loaded
PLGA NPs as a controlled drug delivery system [71]. Here in, several
parameters were controlled and varied in order to obtain the best condition
for the optimum formulation with highest EE% and small particle size.
These parameters include the method of preparation of NPs, amount and

type of the used polymer, and amount of CA4 used (Table 3.1 and 3.2).

3.3.1 Effect of PLGA grade

Two types of PLGA polymer (PLGA 504H and PLGA 502H) were tried to
produce NPs. Despite the used concentration, PLGA 504H gave sticky
aggregates when NPM was used. However, this inconvenient disappeared
when EEM was used. Accordingly, this grade was initially selected to
formulate our NPs. Unfortunately; it gave UV interferences with CA4
absorption during the EE% and DL% determination. Therefore, PLGA
502H grade was used. In fact, this last one gave satisfactory results since

no sticking or analytical interferences with the drug were registered.
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3.3.2.1 Nano-precipitation method

Suitable small blank and CA4 loaded NPs were successfully produced

(Table 3.1). Unfortunately, EE% was unsatisfactory, therefore, another

method, EEM, was tried (Table 3.2).

Table 3.1: Formulation variables and observed quality of NP by nano-

precipitation method

Components Trail code
A3 A4 A5 A6
PLGA 502H (mg) 50 100 50 100
CA4 (mg) - - 1 1
Acetone (ml) 2 2 2 2
Phosphate buffer (PH=7.4) (ml) |5 5 5 5
Particle size (nm) £ SD 118.53 | 192,93 |116.93 |198.37
+186 |+4.41 |x091 |+0.01
PDI = SD 0.147 10.162 |0.155 |0.164
+0.019 | +£0.021 | £0.007 |£0.008
Z-potential (mV) £ SD -68.60 | -75.87 |-68.87 -77.63
+0.70 |+0.67 |+0.08 +0.67
EE% + SD - - 31.24% | 32.211%
+3.20 | £2.722
DL% = SD - - 0.61% | 0.406%
+0.084 | £0.021

3.3.2.2 Emulsion evaporation method

The EEM was able to produce a higher amount of EE% than nano-

precipitation method. Accordingly, this method was adopted as a master

preparation method to produce NPs. However, additional trials were

conducted to improve the quality of the obtained NPs such as EE%, zeta-

potential, and particle size (Table 3.2).
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Table 3.2: Formulation variables and observed quality of NP by emulsion evaporation method

Component Trial code
A9 A10 All Al2 Al3 Al4 Al5 Al6
PLGA 502H (mg) |50 100 50 50 100 100 100 100
CA4 (mg) - - 1 2 1 2 4 8
PVA (mg) 50 50 50 50 50 50 50 50
DCM (ml) 1 1 1 1 1 1 1 1
DDIW (ml) 5 5 5 5 5 5 5 5
Particle size (nm)|196.00 +207.70 +1(193.00 +| 181.87 206.93 +1203.25 +(205.13  +|200.00 +0.14
+SD 3.73 0.44 2.15 +1.81 3.49 0.49 3.35
PDI +SD 0.141%0.0 |0.140+ 0.120+ 0.098+ 0.141+ 0.16+ 0.146% 0.117+
09 0.009 0.018 0.009 0.006 0.028 0.021 0.016
Z-potential ( mv) |-28.36  +(-36.77 +|-24.73+£0.38 |-32.93 £1.08 |-37.10 +(-38.50 *+|-3443  +|-33.66 +0.32
+SD 1.42 0.31 1.13 1.05 2.14
EE% + SD - - 40.92%  £|28.87% +2.16 |46.00% +(50.84% *+]41.55% +|36.15% *
3.05 0.03 6.24 0.53 4.45
DL% + SD - - 0.93% + 0.06 |1.60% +1.40 |0.51% +|1.13% +(1.86%  +(3.43% +
0.04 0.09 0.17 0.46
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In these trials, all components were kept at the same level of concentration,
except for PLGA which was used in two concentration levels, high and
low (Table 3.2). In addition, growing concentrations of CA4 were also
used and the observed responses in term of EE%, DL %, zeta-potential, and
average particle size were recorded (Table 3.2). As shown in Table 3.2, in
trials A1l and A13, all components were kept at the same level of
concentration except for the level of PLGA which was duplicated (50 and
100 mg). It can be observed that a better EE% was observed at the higher
PLGA concentration (100 mg). Moreover, further attempts were conducted
to increase the EE% of CA4. This was carried out by increasing the
concentration of CA4. As can be shown in table 3.2, an improvement of
the EE% was observed at a CA4 concentration equal to 2 mg. However,
this increase cannot be considered as a general trend or pattern, since the
EE% was almost the same at higher CA4 concentrations (Table 3.2).
Precisely, when the amount of CA4 was increased from 1mg to 2mg an
increase in the EE% was observed (46.00% + 0.03 to 50.84% =+ 6.24
respectively). However, increasing the amount of CA4 from 4 to 8 mg
resulted in a decrease in EE% (41.55% + 0.53 and 36.15% + 4.45
respectively) despite increasing in DL%. This may be due to the constant
size of the obtained NPs and accordingly may affect the maximum amount

of encapsulated drug.
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3.3.3 Statistical assessment

For this purpose, 22 factorial designs were adopted to assess the statistical
impact of the concentrations of PLGA and CA4 on EE%, zeta-potential,
and particle size of the obtained NPs (Table 3.3).

Table 3.3: 22 factorial design matrix

Run1 Kind of variable Response
X1 X2(CA4) EE% Particle size Zeta-
(PLGA) potential
1 -1 +1 28.9 181.9 -32.9
2 +1 -1 46.0 206.9 -37.1
3 +1 +1 50.8 203.3 -38.5
4 -1 -1 40.9 193.0 -24.7

The results of this factorial design showed the positive effect of the
concentration of PLGA but not significant effect on both EE% and particle
size (p-value was higher than 0.05). Vice versa, the concentration of CA4
had negative but not significant effect on both particle size and EE% (p-
value higher than 0.05). Concerning zeta-potential, both PLGA and CA4
had negative but not significant effect as shown in half-normal plot

(Figure 3.3).
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Figure 3.3: Normal probability plot of the effect of PLGA and CA4 concentration on
the final characteristics of obtained NPs

Accordingly, formula A14 was adopted to produce the desired CA4 loaded
PLGA NPs.

3.3.4 Particle size, Zeta-potential, and surface characteristics analysis

The particle size and surface characteristics of the obtained NPs were
investigated since they are considered as a primary feature that may
influence the bioavailability of encapsulated anticancer drug to tumor
tissue. In fact, recent in vitro and animal model studies were conducted by
Yao J, and et al. These studies have demonstrated the importance of NPs
sizes lower than 200 nm to achieve longer systemic circulation time, lower

cytotoxicity, greater stability, and favorable uptake by the enhanced
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permeability and retention effect [72-79]. In addition, in 2016, Saha C et
al. Found that relatively larger sizes (<500 nm) NPs are subjected to
systemic lavage and have demonstrated the need for suitable modifications
of their surface in order to potentially evade mononuclear phagocytic
system (MPS) recognition [80].

As can be shown in Table 3.2, the amount of PLGA slightly increased the
size of NPs. In fact, using the same amount of CA4 (1mg) and changing
the level of PLGA from 50 mg to 100 mg, an increase in particle size from
193.00 + 2.15 to 206.93 £ 3.49 nm was observed. This can be explained by
the increase in the amount of PLGA, which results in an increase in the
viscosity of the emulsion, so the sonicator becomes less effective in
breaking the particles into smaller ones. In fact, this hypothesis was also
confirmed by other studies such as Sharm and et al., who assessed the
effect of process and formulation variables on paclitaxel loaded PLGA NPs
[81]. In addition, Bohrey and co-workers also noticed an increase in the
mean particle size of diazepam PLGA NPs when the amount of PLGA was
increased [82]. Moreover, this increase in particle size was noticed in our
study (p-value less than 0.05) when the amount of PLGA was increased
from 50 to 100 mg using NPM.

Concerning the surface morphology of the obtained NPs, both drug loaded
and blank PLGA NPs were assessed using TEM. The shape of the particles
that were measured revealed that they have almost spherical in shape with
the relatively smooth surface with minor fluctuations in the obtained sizes

[83] (Figure 3.4).



; e :
S ——

TEM analysis of CA4PLGANPs without stain TEM analysis of CA4 PLGA NPswith stain

Figure 3.4: Transmission electron images of CA4 PLGA and blank PLGA
NPs*Phosphotungstic acid was used as a contrasting agent

Regarding the surface charge, a higher negative zeta-potential was noticed
when the amount of PLGA was increased, from -24.73 £ 0.38 to -37.10
1.13 mV (table 3.2). In fact, the used PLGA (502H) encompasses a
carboxylic ending group, so the increase of the amount of used PLGA
would result in an increase in the negative charge at the surface of the
obtained NPs. However, the obtained negative zeta-potential remained
within the desired balance to achieve cellular uptake and lower in vivo
cytotoxicity. Recently, several studies reported that the type and value of

zeta-potential greatly regulate the cellular interaction of NPs. In fact,
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cationic NPs demonstrated higher cellular uptake than anionic NPs [77-
80]. On the other hand, an increase in vivo cytotoxicity was observed in the
case of positive surface charged PNPs. Therefore, suitable surface
modification to shield cationic groups using polyethylene glycol (PEG) has
demonstrated a reduction in the cytotoxic effect caused by the cationic
charges [16]. In addition, it was demonstrated that NPs with a low anionic
charge (—20 mV to —40 mV) would be ideal candidates for in vivo
application since they can strike a balance between charge related
cytotoxicity and cellular uptake [71, 75]. Therefore, the obtained negative
zeta-potential is in agreement with our target and no need for surface

modification of the obtained NPs.

3.3.5 In vitro release of CA4 from PLGA NPs

Figure 3.5 shows the time-dependent CA4 release from PLGA NPs
(formula A14) in PBS PH= 7.4 in which SLS 1% was added to it at 37°C.
The release of CA4 from PLGA NPs was studied for 17 days. CA4
released from PLGA NPs showed SR manner. In fact, it takes 17 days to
release 87% of CA4 capsulated (Table 5.3).
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Figure 3.5: Cumulative in vitro CA4 released versus time for CA4 loaded PLGA NPs
at 37°C

CA4 was encapsulated into biodegradable PLGA NPs by simple EEM.
The small size of the obtained (around 200 nm) could be useful to achieve
passive cancer-targeted drug delivery system throughout EPR effects.
These CA4 loaded PLGA NPs showed an interesting long sustained
release pattern of about 17 days to release most of the encapsulated CA4.
In fact, this would permit the safe circulation of the NPs in the bloodstream
without releasing a toxic dose of CA4 in the healthy tissue, but in the same
time accumulates into the tumor tissue. In the same time, due to the size of
these particles, they do not suffer kidney filtration as well as the free CA4
molecules, which permit to achieve a prolonged and controlled in vivo drug
release.

Several kinetic models were analyzed to understand the release pattern of
CA4 from the obtained CA4 loaded PLGA NPs. These models were zero

order, zero order with T lag, first order, first order with T lag, Korsmeyer-
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Peppas, Korsemeyer-Peppas with T lag, Higuchi model, Higuchi model
with T lag, Hixon-Crowell, and Hixon-Crowell with T lag. The linear
regression (R?) and Akaike Information Criterion (AIC) were calculated
[84-89] (Table 3.4).
Table 3.4: Release data modeling for CA4-PLGA NPs at pH 7.4 at

37°Ctemperature.

release model R? AlIC

Zero order 0.9875 119.6777
Zero-order with T lag 0.9875 121.6696
First-order 0.9458 150.5285
First-order with T lag 0.9479 151.7116
Korsmeyer-Peppas 0.9889 119.1436
Korsmeyer-Peppas with T lag 0.9889 121.1490
Higuchi Model 0.8852 166.2972
Higuchi Model with T lag 0.9809 130.6295
Hixon-crowell 0.9602 144.6341
Hixon-Crowell with T lag 0.9631 145.0406

Understanding the release pattern can provide interesting information
about the mechanisms involved in the release of CA4 from the obtained
PLGA NPs. In fact, many release mechanisms such as diffusion through
the pores or wall of the PLGA matrix, desorption of the drug from its
surface, the disintegration of the PLGA NPs and subsequent release of
CA4, and erosion and dissolution of the PLGA wall [90, 91].

The adopted model was based on the degree of fit of the linear regression
(R?) and the value of Akaike information criterion (AIC), which measure
the goodness of fit based on maximum plausibility. Therefore, the most

suitable model should demonstrate the lowest AIC and highest R? (x1).
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Table 3.4 summarizes the outcome of the assessed release models and as
can be seen, Korsmeyer-Peppas was adopted to describe the release
mechanism of CA4 from our NPs, since it showed the highest R? (0.9889)
and the lowest AIC (119.1436). This suggested mechanism is in agreement
with the literature since the adopted kinetic model should demonstrate the
similarity between observed and predicted release values [92]. In fact, this
model is usually selected to describe the drug release behavior from PNPs,
if the drug releases mechanism is not well-known or if there is more than
one type of release mechanism involved in the manufactured system [93-
95]. According to the literature, diffusion is the involved mechanism when
the release exponent (n) is equal to 0.43. On the other hand, n values
higher than 0.43 and lower than 0.85, suggesting an anomalous release that
does not resemble Fick’s Law. In addition, when the Value of n is lower
than 0.43, a porous system, in which the release occurs by a combination
of diffusion through the polymeric matrix and the pores. In this study the
calculated n value was higher than 1 (about 1.120), which indicates that the
release mechanism of CA4 is a Super case Il transport; in fact, the value of
n higher than 1 should mean an acceleration of the release in time,

something similar control through PLGA erosion [96-100].

3.3.6 Stability study of CA4 loaded PLGA NPs

There was no significant variation in the observed particle size of NPs
during the period of assessment which was conducted at the defined

temperatures (Table 3.5).
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Table 3.5: Size response in term of time for CA4 loaded PLGA NPs

(A14) at the defined temperatures
Conditions | Day Zero | Day 1 Day 2 Day 3 Day 4

4C 196.10 196.83 197.03 202.13 200.67
+5.09 + 4.06 +5.17 + 6.90 +5.91
25°C 193.63 192.60 192.13 193.80 193.53

+7.74 +8.73 +9.72 +4.71 +2.78

These results mean that the CA4 loaded PLGA NPs are kinetically stable

for in vivo application during 4 days.

3.3.7 Anticancer activity

Caco-2 and HelLa cells were used to investigate the therapeutic efficacy of
free CA4, free NPs, and charged NPs. Free cells without treatments where
used as controls. The MTT cell viability assay was used to investigate the
therapeutic effectiveness of free CA4, free NPs, and charged NPs. In
addition, different concentrations of the free drug and the free and charged
NPs were used in order to calculate the 1Cx.

Regarding the activity of the free CA4 and the obtained charged NPs
against Caco-2 cell line, it was found a strong and significant correlation
between the free CA4 and the charged NPs since was close to 0.978 and p-
value was less than 0.05. In addition, figure 3.6 showed a difference in the
calculated ICso between these two products with an 1Cso close to 24.5
ng/ml for free CA4 and 4 ng/ml for the charged NPs. Moreover, the results
of in vitro cytotoxicity showed that no significant effect was obtained after

24 hrs of treatment neither for the free drug nor for the charged NPs,
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whoever both products showed their activity after 48 hrs of incubation

(Figure 3.6).
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Figure 3.6: A. The therapeutic efficacy of free CA4, frees NPs, and charged NPs at
different concentrations (2, 4, and 7.5) ng/ml. B. The time response relationship of free
CA4, free NPs and charged NPs at 4 ng/ml.

Regarding the activity of the free CA4 and the obtained NPs against HelLa
cell line, it was found a strong and significant correlation between the free
CA4 and the charged NPs, since it was close to 0.995 and p-value was
equal to 0.005. Furthermore, figure 3.7 showed a difference in the
calculated 1Csy between these two products with an 1Cs, close to 8 ng/ml
for free CA4 and 2.5 ng/ml for the charged NPs. Moreover, the results of
in vitro cytotoxicity showed that no significant effect was obtained after 24
hrs of treatment neither for the free drug nor for the charged NPs.
However, both products showed marked activity after 48 hrs of incubation

(Figure 3.7).
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Figure 3.7: A. The therapeutic efficacy of free CA4, free NPs, and charged NPs at
different concentrations (3.125, 6.25, and 12.5) ng\ml. B. The time response
relationship of free CA4, free NPs and charged NPs at 2.5 ng\ml.

In fact, the free (uncharged) NPs showed no cytotoxic effect on the
cultured cell lines. This suggests that producing CA4 loaded PLGA PNPs
would improve the anticancer effect of CA4. In addition, the obtained NPs
would cause fewer side effects due to the targeting and release pattern of

these NPs.
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Conclusion

The EEM was successfully used to produce the desired PLGA NPs since
they had a particle size less than 200 nm which is the limit for opsonization
by phagocytes. In addition, they were stable since their size remained
constant for 4 consecutive days of incubation at 4 and 25°C. In addition,
they had satisfactory EE%. However, more trials could be run in order to
improve this property. The obtained NPs were almost spherical in shape
with a relatively smooth surface. The in vitro release showed an interesting
long sustained release pattern of about 17 days required to release most of
the encapsulated CA4. This would permit the safe circulation of the NPs in
the bloodstream without releasing a toxic dose of CA4 in the healthy
tissue, but in the same time accumulates into the tumor tissue. Korsmeyer-
Peppas was adopted to describe the release mechanism of CA4 from our
NPs since it showed the highest R? and the lowest AIC. Moreover, the
calculated n value was higher than 1, which indicates that the release
mechanism of CA4 is a Super case Il transport.

Furthermore, these NPs were showed better cytotoxic results on two cell
lines, Caco2 and HelLa, when compared with the free CA4. These results
suggest that formulating CA4 in PLGA NPs would be of great importance
in order to improve the safety and efficacy of this interesting cytotoxic
drug. However, in vivo studies using animal models should be conducted

in order to confirm these results.
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Future work

Additional trials may be conducted using other formulation variables may
be conducted in order to further decrease the particle size and increase the
EE%. Also, in vivo studies on animals with tumors may be conducted in

order to prove the effectiveness and safety of these NPs.

Limitations

Lack of some instruments such as probe sonicator, zeta sizer and NMR

were the main obstacles to this kind of research.
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Appendix

Table 5.1: Calibration curve data of CA4 in ACN at 300 nm

Concentration of CA4 (ug/ml) | Absorbance
50 1.580
40 1.276
30 0.930
21 0.667
10.5 0.371
5.25 0.171

Table 5.2: Calibration curve data of CA4 in 1% SLS in PBS at 304 nm

Concentration of CA4 (ug/ml) | Absorbance

50 1.640

40 1.30

28 0.930
19.6 0.650
11.76 0.39
5.88 0.197
2.94 0.103
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Table 5.3: In-vitro CA4 released data from PLGA PNPs in 1% SLS in

PBS (PH=7.4) at 37°

Time (day) | Cumulative CA4 released %
0.021 1.31
0.042 1.27
0.083 0.97
0.17 2.11
0.25 2.44
0.33 3.08
1 6.17
1.33 5.27
2 7.90
3 9.57
9) 18.17
6 22.96
7 31.37
8 39.37
9 47.85
10 57.07
10.30 58.27
12 69.66
13 73.49
13.38 73.53
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14 76.82
15 80.35
15.30 81.64
16 83.39
17 86.55

Table 5.4: In-vitro cytotoxicity data of free CA4 and charged NPs on

Caco-2 cells
Concentarion  of | Viability % of Caco-2 | Viability % of Caco-2
CA4 inng/ml | cells treated with free | cells treated with Charged
CA4 NPs
3.125 62.5 44.8
6.25 52.3 38.9
12.5 44,5 22.7

Table 5.5: In-vitro cytotoxicity data of free CA4 and charged NPs on

Hel a cells
Concentarion of | Viability % of HeLa| Viability % of HeLa cells
CA4 inng/ml | cells treated with free | treated with Charged NPs
CA4
3.125 80.4 68.5
6.25 7.4 49.0
12.5 70.4 37.8
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