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ABSTRACT

Purpose: Although chemotherapeutic drugs have improved the survival rate of
patients diagnosed with colorectal cancer, resistance to chemotherapy frequently
leads to therapeutic failure and poor patient outcomes. Multidrug resistance (MDR) is
a serious threat to cancer treatment efficacy and may be linked to the overexpression
of drug efflux pumps. P-glycoprotein (P-gp) is a drug efflux transporter that triggers
doxorubicin (DOX) resistance.This has led to an interest in chitosan alginate
nanoparticles (CANPSs) as novel anticancer drug carriers and curcumin (CUR) as an
inhibitor of P-gp. Chitosan (CS) and alginate (ALG) are among the most extensively
used polymers for nanoparticle (NP) preparation as they possess excellent non-toxic
and biodegradable characteristics. The aim of this study was to investigate the effect

of DOX encapsulated CANPs and CUR on MDR colon cancer cell lines (Caco-2 cells).

Method: Blank and DOX encapsulated CANPs were synthesized using the ionotropic
gelation method. Thereafter, physicochemical characterization for size, polydispersity
index and zeta potential were performed using dynamic light scattering (DLS). The
morphology of both the blank and DOX encapsulated was characterized using the
scanning electron microscope (SEM) and the transmission electron microscope
(TEM). The fourier transform infrared spectroscopy (FTIR) was used to identify the
functional groups in CS, ALG, blank CANPs and DOX encapsulated CANPs. The
cytotoxicity of both the blank CANP and DOX-CANP with and without CUR on Caco-

2 cells was assessed using the MTT assay.

Results: The results showed that the mean hydrodynamic diameter of the blank
CANPs ranged from 279.44 + 5.79 nm to 535.70+ 39.62 nm and the negative zeta

potentials ranged from -19.29 £1.67mV to -25.20 = 3. 54mV.The PDI for the blank



CANP ranged from 0.330 +0.03 to 0.840 +0.09. The average hydrodynamic diameter
of the DOX-CANPs ranged from 298.6 + 38.10 nm to 761.4 £57.91 nm. The average
PDI of the DOX-CANPs ranged from 0.359 + 0.10 to 0.900 * 0.14. The average zeta
potential of the DOX-CANPs ranged from -21.77 + 5.11 mV to -26.34 £1.20 mV. The
measured average core diameter was 80-90 nm (n=15) for both blank and
encapsulated CANPs using TEM. SEM results illustrated that the blank and DOX-
encapsulated CANPs formed aggregates and had inconsistent spherical shapes.
DOX encapsulation efficiency ranged between 11.63%-15.97%. The DOX-CANPs
decreased the cell viability of Caco-2 colon cell lines more than the blank CANPs (p-
value < 0.001) and DOX (p- value < 0.001). The DOX-CANPs + CUR decreased cell
viability of the Caco-2 colon cell lines more than the DOX-CANPs (p-value < 0.001).
The ICsp values for DOX and DOX-CANPs were 0.00123 + 0.0003 and 0.00061 *

0.0016, respectively.

Conclusion: DOX encapsulated CANPs decreased the cell viability of multidrug
resistant colon cancer cell line (Caco-2). CUR increased the efficacy of the DOX-

CANPs against Caco-2 cell line.
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CHAPTER 1: INTRODUCTION

Colorectal cancer (CRC) is the second most common type of cancer accounting for
the death of over 935 000 people annually (1). Globally, it is one of the cancers whose
incidence is increasing and accounts for 11% of all cancer diagnoses. There was over

1.9 million new cases recorded in 2020 (2). It is estimated that by 2030, the burden of
CRC will increase by 60% to over 2.2 million new cases and 1.1 million deaths. The
incidence rates of CRC are higher in developed countries compared to developing
countries (3). Approximately 25% of people with colon cancer will have synchronous
metastatic disease, which will mostly affect the liver. Survival rates vary in each stage
of colorectal cancer, reported to be 93.2% in stage |, 72.2 - 84.7% in stage Il, 52.3 -

83.4% in stage Ill and 8.1% in stage IV (1).

Treatment for CRC has significant financial consequences. Most treatment expenses,
including those for surgery, hospitalization, chemotherapy, immunotherapy, and post-
acute care, are associated with the disease's early and terminal stages. The
development of novel chemotherapeutics has resulted in an increase in treatment

costs (4).

Chemotherapeutic multidrug resistance (MDR) is an enormous challenge in treatment
for cancer patients. This prevalent and adverse clinical problem frequently results in
cancer recurrence and low survival rate(5). Several studies reveal that this
phenomenon results from the ability of cancer cells to become simultaneously
resistant to many structurally and functionally unrelated drugs used in anticancer
therapy (6). The over-expression of ATP-Binding Cassette (ABC) transporters is the
most common mechanism by which cancer cells develop MDR. Increased drug efflux

mediated by ABC transporters results in decreased intracellular drug accumulation,



and therefore decreased bioavailability (7). The development of methods that improve
chemotherapy sensitivity and limit the adverse side effects are crucial in obtaining

desired therapeutic outcomes and improved quality of life for patients(8).

Doxorubicin (DOX) use is linked to dose-dependent cardiotoxicity and multiple drug
resistance leading to poor patient survival and prognosis (9, 10). DOX encapsulation in
NPs may improve DOX's chemical stability, decreased cellular resistance, and
decreased toxicity. A sustained release and selective delivery could lower the risk of a
toxic effect, while the incorporation of DOX in the NP could reduce its degradation
(11). DOX's cardiotoxicity may be reduced by natural polymers that have antioxidant

activity, like CS without compromising how well the drug fights cancer(12).

Chitosan (CS) is a cationic, linear nitrogenous polysaccharide composed of
glucosamine and N - acetyl-glucosamine linked by (1 — 4) B-glycosidic bonds (13,
14). It is a hydrophilic polymer obtained from the deacetylation of aminoacetyl groups
of chitin which is the main component of the shells of crustaceans, the cell walls of
fungi, and the cuticle of insects(15). In addition to the main properties of
polysaccharides such as biocompatibility and biodegradability, the bio-adhesiveness
of CS which facilitates the ionic interaction of positively charged amino groups of
chitosan with negatively charged mucous layer is accountable for its usage as a
promising material in the pharmaceutical industry (16).Alginate (ALG) is a hydrophilic
anionic copolymer that is composed of alternating blocks of (1-4) linked B-D-
mannuronic acid (M units) and -L-guluronic acid (G units) obtained from natural
sources such as cell walls and intercellular spaces of marine brown algae and
bacteria (17). The wide pharmaceutical applicability of ALG depends on its ability to

form hydrogels by chelating with divalent cations (15).



Curcumin (CUR) is a bioactive component of turmeric, which was used in traditional
Chinese medicine from ancient times (18, 19). It is reportedly making anti-cancer
drugs more sensitive in MDR cancers and targets a variety of cancers. Despite the
compound's promising pre-clinical activity, its limited water solubility and rapid

metabolism prevent it from being used extensively in clinical settings (20).

Given this background, this study was conducted to determine whether DOX
encapsulated chitosan alginate nanoparticles (CANPs) and CUR can increase the
sensitivity of multidrug resistant colon cancer, using an in vitro cell line model. The

study also characterized both the blank and DOX encapsulated CANPs.



CHAPTER 2: LITERATURE REVIEW

A. OVERVIEW OF MULTIDRUG RESISTANCE IN CANCER

2.1. Epidemiology of colorectal cancer

According to the World Health Organization, the global cancer burden was 19.3 million
new cases and 10 million deaths in 2020 (21). This burden stems from several factors
including an increase in population, aging, and an increase in cancers linked to social
and economic development. This trend has also been noted in developing countries
undergoing westernization. In particular, there is a significant increase in the
prevalence of cancer cases associated with unhealthy diets and other detrimental

lifestyle changes (22).

In South Africa, the CRC incidence rates have progressively increased over the years,
with the annual crude incidence in male and female patients in 2014 reported as 7.34
and 5.86 per 100 000, respectively (23). CRC is most common within the white
(Caucasian) population group in SA patients (52-54%), followed by black (African)
(26—28%), coloured (mixed ancestry) (14-15%), and Asian (Indian) patients (4—7%)

(23).

2.2. Colorectal cancer

Colon cancer is also known as colorectal cancer (CRC). CRC occurs in the colon and
rectum and develops when the normal replacement of lining cells goes awry (24). The
abnormal cells in the colon and rectum divide and grow rapidly, which results in the
development of colon growths known as polyps. These polyps are precancerous
tumours and are known to grow slowly and do not generally spread to distant parts of

the body. As soon as there are any genetic mutations the cells become cancerous.



2.3. Pathogenesis of colorectal cancer

The progression of a non-cancerous polyp to colon carcinogenesis is not a once-off
event but it is often a multistep process that leads to the accumulation of damage
occurring during a lifetime. This process is complex and diverse, and it involves a

series of histological, morphological and genetic alterations (25, 26).

2.3.1. Histological and morphological changes

Histological changes take place when the number of cells inside the polyp starts to
increase rapidly, this then leads to an increase in the size of the polyp as illustrated in
Figure 2.1 (A). These histological changes will lead to the accumulation of genetic
mutations and epigenetic changes which are reflected by cytological and histologic
dysplasia. As damage to the (deoxyribose nucleic acid) DNA increases over time, the
features of high-grade dysplasia may develop. If the polyps are not removed at this
stage, the polyps can break away leading to the development of secondary malignant

growths away from the primary site of cancer (27).

2.3.2. Genetic changes

People can either acquire or inherit gene mutations. Inherited mutations, such as DNA
mismatch repair genes and adenomatous polyposis coli (APC) gene mutations, are
uncommon, most especially those associated with CRC. Approximately 5% of the
population account for these cancers. The development of this CRC is a result of two
main genetic pathways which correspond to adenomas and sessile serrated polyps as
illustrated in Figure 2.1 (B). Adenomas are characterized by a series of mutations
accumulating and are often associated with the instability of chromosomes. Typically,
the mutations develop within the APC gene and Kirsten rat sarcoma virus (KRAS)

oncogene, which affects chromatid migration to opposite poles of the nucleus and



downstream effects on cell growth, differentiation, motility, and survival. Over time,
these mutations can cause a loss of function of the tumour protein P53 (P53) gene,
which controls cell division and death. The development of the sessile serrated polyps
tends to lead to mutations within the v-raf murine sarcoma viral oncogene homolog B1
(BRAF), which results in altered growth signalling and loss of apoptosis. KRAS
mutations occur less frequently in sessile serrated polyps than in adenomatous polyps

(27) and are known to be more prevalent in women (28).
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Figure 2. 1: lllustration of the CRC development (A) Histologic changes of CRC, when
the number of cells inside the polyp start to increase rapidly (B) Acquired genetic

changes of CRC, which correspond to adenomas and sessile serrated polyps

Key: (1) CRC-Colorectal cancer,(2) MSI- Microsatellite instability,(3) P53- tumour
protein P53, (4) APC- Adenomatous polyposis coli,(5) KRAS- Kirsten rat sarcoma

virus and (6) BRAF- v-raf murine sarcoma viral oncogene homolog B1 (26).



2.4. Aetiology of colorectal cancer

CRC is a disease that arises from multiple aetiologies such as genetics and lifestyle
changes(29). Lifestyle-related cancers are more prevalent in economically transitional
countries because they have developed unhealthy diets (high saturated fats, low fibre
and fruits) and detrimental lifestyle changes such as physical inactivity, tobacco
smoking and alcohol consumption (30). However, it has been estimated that 1-2% of
CRC cases are associated with inflammatory conditions such as inflammatory bowel

diseases (30).

2.5. Conventional methods used in treatment of colorectal cancer

2.5.1. Surgery

Surgery is the main treatment, and it is mostly affected by the stage of the tumour and
localization. It adheres to the principle of removing the primary tumour and regional
lymphatics with clear surgical margins (31). For CRC that has not spread, the best

chance to cure will be through complete surgical resection (32).

2.5.2 Radiotherapy

Radiotherapy is used in different stages of CRC treatment to shrink the tumour before
surgery and to kill cancer cells that may not be removed during surgery. It is also used
as a palliative for advanced cancers, to decrease tumour size leading to down-staging
advanced tumours and subsequently to prevent local recurrence (33). Sometimes a
patient cannot undergo an operation, or the tumour is unresectable, and radiotherapy
with/without chemotherapy can be considered as definitive treatment. It is also used

in rectal cancer, because of the higher chance of relapse even after completing



surgical resection; postoperative radiotherapy is usually given aiming to reduce local

and regional recurrence (32).

2.5.3 Chemotherapy

One of the current challenges in the treatment of cancer is severe side effects from
treatment regimens leading to a lower the quality of life for cancer patients. Toxicity
from current cancer treatments is associated with severe systemic side effects and
drug resistance, resulting in increased morbidity and decreased survival among
cancer patients (34). Although chemotherapy is used to induce cell death in cancerous
cells, other normal cells which are rapidly dividing such as hair cells, also get affected.
Generally, chemotherapy is given before (neoadjuvant) and/or after (adjuvant)
surgery. Adjuvant chemotherapy is offered to people with advanced CRC as an
additional treatment to destroy cancerous cells that remain in the body to prevent the
recurrence of cancer. Neoadjuvant chemotherapy is usually administered before

surgery is performed to shrink the tumour (35-37).

2.5.3.1. Doxorubicin

Doxorubicin is one of the first identified anthracyclines and is known as adriamycin
(38). It inhibits the proliferation of cancerous cells in the body by blocking the
deoxyribose nucleic acid (DNA) topoisomerase |l catalytic enzyme which is essential

for the survival of the cells in the body, and it also intercalates the DNA (39).

DOX is a parent drug of its major metabolite, doxorubicinol (40). Around 74-76% of
doxorubicinol is bound to plasma proteins and rapidly taken up by the tissues in the

human body (41). It does not reach the brain because it cannot cross the blood-brain



barrier (BBB) and it has a half-life of 20-48 hours. There are three metabolic pathways
of DOX namely: one-electron reduction, two-electron reduction, and deglycosidation.
The one-electron reduction pathway yields a doxorubicin-semiquinone radical; the
two-electron pathway yields doxorubicinol; while the deglycosidation pathway yields
one of two metabolites, deoxyaglycone or hydroxyaglycone. The metabolites
produced can either augment or inhibit the anticancer properties of DOX. The route of

elimination is through urine (42).

2.5.3.2. Limitations of doxorubicin

(i) Cardiotoxicity

Doxorubicin has several mechanisms of action. The pathways which are mostly
involved in the related cardiac toxicity is currently unknown. Numerous studies suggest
that heart failure may be brought on by the production of reactive oxygen species
during doxorubicin treatment and the resulting lipid peroxidation, calcium
dysregulation, and interference with energy transmission. The underlying molecular

causes of its toxicity have not been fully understood (43).

(i1) Drug resistance

Failure in chemotherapy is common because of drug resistance. Drug resistance is
one of the major factors that lead to the poor response to anticancer agents. It is often
characterized by decreased sensitivity of cells to cancer treatments and resistance to
apoptosis. Anticancer drug resistance can be intrinsic (inherited) or acquired during
treatment by tumours that are initially sensitive to chemotherapy, which is also known

as target specific mechanism (44).



2.6. Multidrug resistance

Patients can develop resistance to drugs that are structurally and functionally
unrelated, a phenomenon referred to as multidrug resistance (MDR) (45). Patients
who develop resistance to the first chemotherapeutic drug are more likely to develop
resistance to a second chemotherapeutic drug. MDR mechanisms are classified into
non-cellular MDR and cellular MDR. The non-cellular MDR is mainly due to
extracellular factors and cellular MDR involves intracellular factors such as drug
targets and enzymes inside the cell. Cellular MDR is classified into transport-based
MDR phenotypes and non-transport-based MDR phenotypes. An example of the non-
transport based includes evasion of apoptosis and the transport-based phenotype is
the ATP-Binding Cassette (ABC) transporters which are proteins responsible for the

intracellular increase in drug efflux (46).

2.6.1. Main mechanisms that can converge in drug resistance

Drug resistance is caused by several factors which include the following: (1) increase
in drug efflux from the cell by adenosine triphosphate (ATP)-dependent transporters
such as P-glycoprotein, breast cancer resistance protein and the multidrug resistance-
associated protein, (2) drug inactivation, (3) alterations in the drug target, (4) DNA
damage repair, (5) cell death inhibition, (6) epithelial-mesenchymal transitions (EMT)
and (7) epigenetic effects as shown in Figure 2.2. The stromal cells aid in the EMT
process and signal the cancer cells to become more resistant. Factors that control

EMT are also secreted by cancer cells and stromal cells (47).
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Figure 2. 2: The mechanisms of drug resistance in the cancer cells. These include
drug inactivation, alteration of drug targets, drug efflux, DNA damage repair, inhibition
of cell death, EMT, and epigenetic effects. Stromal cells aid in the EMT process and
signal to cancer cells to become more drug resistant. Cancer cells' cell adhesion
molecules bind to extracellular matrix proteins and stromal cells' cell adhesion
molecules. Factors that control EMT are also secreted by cancer cells and stromal

cells. An abridged illustration of these cell interactions is shown (47).

Resistance may occur due to the presence of more than one factor after exposure to
a chemotherapeutic agent on cancer cells, a phenomenon known as multifactorial

drug resistance (48).
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2.6.1.1. ATP-binding cassette transporters
The ABC superfamily has different types of transporters: P-glycoprotein (P-
gp/ABCB1), multidrug-resistant protein 1 (ABCC1), and breast cancer-resistant

protein (BCRP/ ABCG2) transporters (49).

() P-glycoprotein

P-glycoprotein is a transmembrane protein that belongs to a family of transporters and
is encoded by the ABCB1 gene. P-glycoprotein has a molecular weight of 170 kDa.
This protein is known for transporting only large, lipophilic, and positively charged
compounds (49). P-glycoproteins are the primary determinant of multidrug resistance

(50).

(i) Multidrug resistance-associated protein

MDR-associated protein is a membrane transporter that also causes the resistance of
some chemotherapeutic drugs because of the increase in drug efflux out of the cells.
The protein is encoded by the ABCC1 gene and has a molecular weight of 190-kDa
(51). This protein preferentially transports unconjugated and conjugated organic

anions (49).

2.7. P-glycoprotein inhibitors

2.7.1. Curcumin

Curcumin (CUR) is a secondary metabolite isolated from the turmeric of Curcuma
longa and has been traditionally used for many years in Southern Asia (52). This
yellowish colour is because of the presence of curcuminoids as shown in Figure 2.3

a-c, which are natural polyphenol compounds classified into three diarylheptanoids:

12



CUR (77%), demethoxycurcumin (17%), bisdemethoxycurcumin (3—6%) as shown in

Figure 2.3 d-f and other less abundant secondary metabolites (53).

Figure 2. 3: (a) The turmeric plant, (b) The turmeric rhizome with a yellow-orange
interior, (c) The powdered form of turmeric, (d) The chemical structure of CUR. (e)

Demethoxycurcumin and (f) Bis-demethoxycurcumin (53).

CUR is one of the most well-known natural modulators, and it has been observed to
restore drug sensitivity in cancer cells by overexpressing the MDR-related ABC
transporters P-gp, MRP1, and ABCG2 in combination with other anti-cancer drugs.
CUR interacts directly with the drug binding site of the transporter, although it is not a
substrate for P-gp. It is able to significantly lower the P-gp expression and reduce the
function of P-gp (54). A study by (55) reported that CUR stimulates the ATPase
activity of MRP1 at low concentration, but inhibition of activity at higher
concentration, which can be attributed to CUR's interaction with MRP1's binding site.
It is not the protein levels of ABCG2 that cause the reversal of resistance, but their
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impact on its function(56). However, poor bioavailability, rapid metabolism due to its
lipophilic, and highly insoluble nature, and being effective in high doses, are among

the major problems encountered when using CUR clinically (57-59).
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B. NANOPARTICLES IN DRUG DELIVERY

2.8. The use of nanoparticles to overcome multidrug resistance

NP based drug delivery platforms have been extensively studied for cancer diagnosis
and treatment and have emerged as optimal carriers for overcoming limitations
encountered with conventional drug formulations by influencing ABC transporter-
associated drug efflux mechanisms. Polymeric and solid lipid NPs, liposomes,
micelles, mesoporous silica NPs, dendrimers, and nanostructured lipid carriers are the

major classes of nanocarriers used to overcome MDR (60-62).

2.9. Polymers used in the preparation of nanoparticles

The properties of polymeric NPs are highly dependent on the type of polymer used in
their preparation (63). These polymers can be divided into two groups, that is synthetic
polymers e.g., polylactic acid and polylactic-co-glycolic acid NPs, and naturally
occurring polymers e.g., CS and ALG (64). CS and ALG are among the most
extensively used polymers for NP preparation because they possess excellent non-

toxic and biodegradable characteristics (65).

2.9.1 Chitosan

CS is a cationic polymer derived from chitin; found in the exoskeletons of crustaceans
(66). It is obtained through deproteination and demineralization (through sequential
treatment with sodium hydroxide and acid) and deacetylation (the removal of acetyl
groups on the polymer chain) of chitin (67). CS is composed of linear B (1—4)-linked
2-amino-2-deoxy-B-D-glucose and 2-acetomido-2-deoxyB-D-glucose residues as
shown in Figure 2.4 (68). It has an essential polycationic property, as evidenced by its
pKa value of 6.5; in acidic solutions, the amino groups (NH2) on the backbone of

chitosan become protonated and positively charged (NHz"), rendering CS soluble in

15



aqueous acidic solutions; in an alkaline environment, the amino groups lose their

positive charges, rendering CS insoluble (69).
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Figure 2. 4. Chemical structures of chitin and chitosan. Chitosan is obtained by
deacetylation of chitin, where acetate ions (C2H302") and the amino group (—NH>) are

produced through hydrolysis of acetamide group (CH;CONH.) (68).

2.9.2 Alginate

ALG, like CS, is also a biopolymer and is derived from brown algae. Chemically, ALG
is composed of 1-4 linked a-L-guluronic (G) and B-D-mannuronic acid residues (M)

(70). The ratio and sequential order of the G and M residues vary in different ALG
species and are known to affect the physicochemical properties of ALG which have

biological importance (71).
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Figure 2. 5: Structure of ALG-constituting blocks (G) 1,4 a-Guluronic acid (M) 1,4 B-D-

Mannuronic acid (70).

2.10. Methods for the synthesis of CANPs
Several methods can be carried out for the synthesis of NPs based on a combination

of CS and ALG (72).
2.10.1. lonotropic pre-gelation

Alginate (ALG) reacts with calcium chloride (CaCl2) to generate Ca2*- ALG, which is
a gelatinous material. The two chemicals are rearranged, so they bond (like the
eggbox model) to form a gelatinous substance as shown in Figure 2.6 (73). An
important property of the application of ALG for nanoencapsulation of drugs is the fact
that the polymer solution forms a reversible gel when ionically crosslinked with
multivalent cations such as Ca?*, enabling drug retention within the gel matrix (74,
75). The sequence of guluronic acid residues arranged in side-by-side blocks is

believed to be responsible for the gelling
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property due to high selectivity. Thus, the properties of ALG gel change with the
composition of G- and M-residues, with their sequential order, and with the molecular

weight of the polymer and concentration of counterions during gelation (75).
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Figure 2. 6: The formation mechanism for Ca?*ALG. ALG reacts with CaCl, to
generate Ca?*-ALG, which is a gelatinous material. The two chemicals are
rearranged, so they bond (like the eggbox model) to form a gelatinous (jello-like)

substance (73).

2.10.2. Polyelectrolyte complexation

The polyelectrolyte network is formed by the interaction between the dissociated
functional groups: an anionic carboxyl group of ALGs and a cationic amino group of
CS, intra- and inter-chain hydrogen bonding between different parts of the
polysaccharides’ structures and between already created aggregates of CANPs (76).
The complexation of polyelectrolytes leads to coacervate and hydrogel formation or
precipitation. The occurrence of these processes depends on the reagent

concentration, ionic strength, pH, temperature, order of mixing, the flexibility of
18



polymers, and the chemical composition of polymers (77). Polyelectrolyte complexes
from CS and ALG may be formed by various methods; a one-step process involves
the gradual addition of CS solution to ALG. The subsequent addition of an aqueous
polycationic solution (CS) result in a polyelectrolyte complex, stabilizing the ALG pre-
gel nucleus into individual sponge-like NPs. This pre-gelation methodology was first

described by Rajaonarivony et al. and applied to the encapsulation of DOX (78).

Algmate

Polyelectrolyte complex

Figure 2. 7: The interaction between ALG as a polyanion and chitosan as polycation.
The oppositely charged polyelectrolytes lead to formation of a polyelectrolyte
complex caused by the electrostatic interactions between the NH * ions from chitosan

and O ions from ALG (69).

2.11. Previous attempts to improve the delivery of DOX to increase the
sensitivity of cancer cell

A study by (79) evaluated DOX encapsulated in CANPs to reduce both the viability of
melanoma cells and the tumour growth in a mouse melanoma model. The free and
encapsulated DOX decreased the viability of melanoma cell lines to a similar degree.

However, the cytotoxic effect of the encapsulated DOX still occurred in the more
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resistant cells even after removing the extracellular drug. The experiments on a
syngeneic melanoma mouse model revealed that free and encapsulated DOX elicited
the control of the tumour growth. Thus, the encapsulation of DOX into CANPs could
be considered advantageous because of the better intracellular accumulation and
longer cytotoxic effect on the investigated melanoma cells (79). (15) evaluated the
cytotoxicity of DOX released from the CANPs and showed a notable difference in
comparison with that of free DOX on the MCF-7 cell line.(80) evaluated the impact of
DOX encapsulation in CANPs on its stability, cytotoxic potential in multidrug-resistant
lymphoma cells (L5178 MDR1), and toxicity in H9c2 cardioblasts. The results indicated
that the encapsulation stabilized the drug against degradation due to its inner location
in nanoparticles as suggested by thermogravimetric and X-ray diffraction analyses.
Further, the encapsulated DOX was significantly more cytotoxic to L5178 MDR1 cells

than free DOX.

2.12. Physicochemical investigation of NPs

2.12.1. Dynamic light scattering analysis.

Dynamic light scattering (DLS) analysis, also known as quasi-elastic light scattering,
is a technique used to characterize NPs using the Brownian motion (diffusion) and
subsequent size distribution of an ensemble collection of particles in solution. The
measured scattering intensity will fluctuate with time for particles moving under the
influence of Brownian motion. Correlation is a statistical method for measuring the
degree of non-randomness in a random data set. The advantages of the method are
the speed of analysis, lack of required calibration, and sensitivity to submicrometer

particles (81, 82).
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2.12.2. Transmission electron microscopy

Transmission electron microscopy (TEM) has a smaller size limit of detection, is a
good validation for other methods, and affords structural requirements, and one must
be cognizant of the statistically small sample size and the effect that vacuum can have
on the particles (83). TEM utilizes electrons instead of light as a “light source” and their
much lower wavelength makes it possible to get a visual resolution a thousand times

better than with a light microscope (84).

2.12.3. Scanning electron microscopy

Scanning electron microscopy (SEM) is a surface imaging method in which the
incident electron beam scans across the sample surface and interacts with the sample
to generate signals reflecting the atomic composition and topographic detail of the
specimen surface (85-87). The incident electrons cause emissions of elastic scattering
of electrons, referring to backscattered electrons, inelastic scattering of electrons
named low-energy secondary electrons, and characteristic X-ray light called
cathodoluminescence from the atoms on the sample surface or near-surface material
(88). The size, size distribution and shape of nanomaterials can be directly acquired

from SEM (89).

2.12.4. Fourier transform infrared (FTIR) spectroscopic technique

FTIR offers analysis for organic and inorganic samples (90). It identifies chemical
bonds in a molecule by producing an infrared absorption spectrum (91). The spectra
create a sample profile, or characteristic molecular fingerprint, that can be used to

check samples for a variety of different elements (92).
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2.13. Cytoxicity of NPs

The cytotoxicity study is an important step in testing NPs in the context of biological
and medical applications. Assays based on tetrazolium salts, like MTT (2-(4,5-
dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide), nitroblue tetrazolium
(NBT) and the second-generation tetrazolium salts, such as XTT (sodium 2,3-bis(2-
methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-tetrazolium inner salt),
MTS  (5-[3-(carboxymethoxy)phenyl]-3-(4,5-dimethyl-2-thiazolyl)-2-(4-sulfophenyl)-
2H-tetrazolium inner salt) and WST-1 (sodium 5-(2,4-disulfophenyl)-2-(4-iodophenyl)-
3-(4-nitrophenyl)-2H-tetrazolium inner salt) are basic tools for cytotoxicity
determination (93).

2.13.1.The use of MTT to study MDR

Drug sensitivity can be assessed by the colorimetric MTT assay (94). The concept of
sensitization involves making the drug resistant cancer cells sensitive to the same or

different drugs, in order to develop a successful therapeutic regimen (95)(92).

2.14. Caco-2 as a model for studying MDR

The human Caco-2 cell line is a widely used in vitro model of the intestinal epithelial barrier
(96). The Caco-2 cell line is the best-characterized model for the human small intestine
because the cells differentiate into enterocyte-like cells that express brush border membrane
enzymes(97, 98). The expression of several ABC transporters, P-gp and BCRP are

expressed in caco-2 cell line(99).
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CHAPTER 3: STUDY RATIONALE, HYPOTHESIS, AIMS AND
OBJECTIVES

3.1. Study rationale

At present, a variety of treatment regimens and combinations of drugs are used in the
treatment of CRC (100). Although chemotherapeutic agents have improved the
survival rate of CRC patients, they have many limitations including poor absorption,
non- specific distribution, drug resistance, severe side effects, and low response
(101). Its effectiveness and utility as a therapeutic strategy would be significantly
increased by reducing these negative effects. This has led the study to explore
CANPs as a drug delivery system to improve treatment outcomes in patients with
CRC. Drug delivery systems (DDS) show various advantages as compared to
conventional chemotherapy

(102). They can deliver the drug to a specific tumour site, facilitate drug clearance
from the circulatory and immune system, alter the physicochemical properties of
drugs, reduce the dose needed and control the drug release; such characteristics
give DDS great potential for cancer therapy (103, 104). DOX is one of the most
effective drugs for the treatment of solid tumors and functions mainly through DNA
insertion and topoisomerase Il inhibition to achieve apoptosis and the inhibition of
cell growth (105). However, the emergence of MDR (by the P-gp pathway), strong cell
toxicity, and poor targeting selection have seriously hindered its clinical application
(106).CUR is a low- toxicity natural drug and is less effective against cancer than
first-line chemotherapy but has excellent effects (107-109).CUR has a protective
effect on DOX toxicity in the heart, kidney, liver, and blood components. Therefore,
the co-delivery of CUR and DOX could be an effective combination chemotherapy
but further investigation is required (110). For this purpose, this study

investigated the cytotoxicity of DOX-
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encapsulated CANPs on Caco-2 cell line and in combination with CUR on the Caco-2

cell lines.

3.2. Hypothesis

The co-delivery of DOX encapsulated CANPs and CUR will decrease multidrug

resistance in colon cancer cell lines

3.3. Aim of the study

To determine the potential of the co-delivery of DOX encapsulated CANPs and
curcumin as sensitizing agents in multidrug-resistant (Caco-2(ATCC® HTB-37™))

colon cancer cells.

3.4. Objectives
e To prepare DOX encapsulated CANPs.
e To characterize the physicochemical properties of the blank and DOX
encapsulated CANPs.
e To determine the cytotoxicity effects of DOX encapsulated CANPs and CUR,
on the multidrug-resistant (Caco-2(ATCC® HTB-37™)) colon cancer cell lines
using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)

assay.
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CHAPTER 4: SYNTHESIS AND CHARACTERIZATION OF
DOXORUBICIN ENCAPSULATED ALGINATE CHITOSAN
NANOPARTICLES

4.1. Introduction

This chapter describes the synthesis and characterization of both the blank and DOX
encapsulated CANPs. The characterization techniques include dynamic light
scattering (DLS), transmission electron microscopy (TEM), scanning electron

microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR).

4.1.1. Aim and objectives.

The aim for this part of the study was to synthesize and characterize blank and DOX
encapsulated CANPs. The primary objective was to synthesize CANPs using the
same concentration of ALG and different concentrations of CS and CacClz, to select
the best formulation and to characterize the physicochemical properties. The second

objective was to encapsulate DOX and to characterize DOX encapsulated CANPs.

4.2. Materials and reagents

Apparatus

Analytical balance (Ohaus®, model GA 110), UV-Violet spectrophotometer (Cintra
202,GBC Scientific Equipment, Australia), XS Instruments Eutech instruments pH
2700 (Wirsam),WH200 hot plate/stirrer(Wiggens), Heraeus™ Biofugel3™ Centrifuge
(Thermo Fisher Scientific (USA)), Malvern Zetasizer Nano ZS-90 (Malvern (UK)),
Scientech™ Ultrasonic Cleaner (ScienTech (USA)), Probe sonicator (Sonoplus GM
2070,Bandelin,Germany), Transmission electron microscope (Thermo fisher
(FEl),Eindhoven,Netherlands), Tescan MIRA SEM, PerkinElmer 400 FTIR

spectrophotometer (Perkin Elmer, Waltham, USA. Ultralow -86 °C freezer (NU-9668E,
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NuAire, USA), Centrifuge (Digicen 21, Orto Alresa, United Scientific),0.45um Nylon
syringe filter (Membrane solutions),Pipette tips 20,100,200,1000 pl (Lasec, South

Africa),Needles (Merck, Germany),Micropipette 10,20,200,1000 ul (DLAB, China).

Chemicals and reagents

DOX hydrochloride, Calcium chloride (anhydrous, powder, 297%) was purchased from
Sigma-Aldrich (Japan), Glacial acetic acid, potassium bromide, Chitosan (low
molecular weight) was purchased from Sigma-Aldrich (Iceland), Phosphate buffered
saline (PBS) pH 7.4, Sodium Alginate was purchased from Sigma-Aldrich (United
Kingdom), deionized water was obtained from a Barnstead Easy Pure(ll) UV-ultrapure
water system (Thermo Fisher Scientific, USA). Sodium hydroxide pellets (Merck,
South Africa), Hydrochloric acid (B & M SCIENTIFIC, South Africa). All other chemicals

were of analytical grade unless where otherwise stated.

4.3. Preparation of blank CANPs

The CANPs were prepared using a slightly modified method adapted from (111).
Solutions of ALG (0.06% w/v) and CS (0.1% w/v in 1% acetic acid) were separately
prepared in dH20 and left stirring overnight at room temperature. Thereafter, the ALG
and CS solutions were filtered through a 0.45 um filter, and their pH adjusted to 4.9
and 4.6, respectively. The pH of the ALG solution was adjusted to 4.9 using
hydrochloric acid and the CS solution was adjusted to 5.6 using sodium hydroxide.
These pH values (4.6 and 4.9) were chosen because CS and ALG interact more
strongly at acidic pH levels, which results in the formation of more compact particles
(112, 113). The CS solution was made up to varying concentrations (0.02%, 0.05%,
0.08% wi/v in dH20) and the ALG solution was kept at a constant concentration

(0.06%). A CaCl; solution was prepared in dH20 at varying concentrations (0.04%,
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0.067%, 0.1% wi/v) and the pH adjusted to 4.8 using hydrochloric acid and sodium
hydroxide. All materials were filtered through 0.45 pm membranes prior to use. The
CaClz solution (2 ml) was added drop wise to the ALG solution (10 ml) under probe

sonication (50% power) for
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3 minutes and allowed to stand on ice for 1 minutes; to form the pre-gel. Following
this, the CS solution (1.5 ml) was added drop wise to the pre-gel solution under probe
sonication (50% power) for 3 minutes. This resulted in a colloidal suspension. The NPs
were recovered by centrifugation at 8000 x g for 30 min, washed and stored at 4°C in
dH20 (pH 5). Following this, the NPs were kept at -80°C and then freeze-dried for 48

hrs producing a fine, white powder for further analysis.

Addition of calcium chloride Addition of chitosan solution
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Figure 4. 1. Schematic diagram of method used to prepare CANPs. Calcium chloride
solution was added to ALG solution, and CS solution was added to create

polyelectrolyte complexes during sonication.

4.4 Preparation of doxorubicin-encapsulated chitosan alginate nanoparticles

The synthesis of CANPs described in section 4.2 was modified to encapsulate the
doxorubicin into the CANPs. Varying concentrations of DOX (0.06, 0.04, 0.02, 0.01,

0.005, 0.0025, 0.00125, 0.000625 w/v) were added to the ALG solution and bath
sonicated, at high frequency, for 2 min. The rest of the method was then followed as
described in 4.2 to form DOX-CANPs. The DOX encapsulated CANPs were recovered

by centrifugation at 18 000 x g for 30 min, washed twice with dH-0 at pH 5 and the
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NPs were kept at -80°C overnight and then freeze-dried for 48hrs producing a fine,

reddish powder.

4.5. Physicochemical characterization

4.5.1. Dynamic Light scattering analysis and Electrophoretic light scattering
The size, PDI and zeta potential of the synthesized chitosan-alginate nanoparticles
were evaluated by the Malvern Zetasizer Nano ZS90 at the Department of
Biotechnology, University of the Western Cape. The nanoparticles were washed and
resuspended in deionized water (pH 5) and were measured. A sample of 1 ml was
taken for z-average size and PDI determination after washing. It was then be
transferred to a 12 mm disposable plastic cuvette and placed into the instrument. The
intensity-weighted mean value was measured and the average of three measurements
was taken. For zeta potential characterization, a disposable folded capillary cell was
rinsed with distilled water using a 1 ml syringe prior to analyses as recommended by
the manufacturer and 700 ul of nanoparticle solution will be added to the cell. The
samples will then be analyzed with a voltage of 4 mV at 25°C at an angle of 173° to
the laser beam. The intensity weighted mean value was measured and the average of
three measurements were taken. The same was done on DOX encapsulated CANPs
(114, 115).

4.5.2. Transmission electron microscope (TEM)

Transmission electron microscope was used to confirm the size measurements and
gain insight into the morphology of the NPs. The morphological analysis of blank
CANPs and DOX encapsulated CANPs were performed by a Tecnai F20 microscope
(200 keV) at the Electron Microscope Unit, Department of Physics at the University of
the Western Cape. A small amount of the synthesized CANPs solution was dropped
on the copper mesh, adsorbed it for 5min, and, after natural drying, covered the
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copper mesh on 2% phosphotungstic acid dyeing solution, dyed it for 10 s, absorbed
phosphotungstic acid with filter paper, and then applied 80 kV accelerating voltage for
analysis and image scanning. The same was conducted for DOX encapsulated
CANPs using a slightly modified method by (116). The image analysis tool ImageJ

software was used for analysis of the images to measure the NP size.

4.5.3 Scanning Electron Microscope (SEM)

Prior to imaging, the freeze-dried CANP samples were mounted on aluminium stubs
with double sided carbon tape. The samples were then coated with a thin (~10 nm
thick) layer of gold, using a Leica EM ACE200 Gold Sputter Coater. This was done to
make the sample surface electrically conductive to avoid electron build-up on the
sample surface which can cause electron charge. Beam conditions during the
guantitative analysis and backscattered electron image analysis on a Zeiss MERLIN
were 20 kV accelerating voltage, 16nA probe current, with a working distance of 9.5
mm and a beam current of 11nA. The counting time was 10 seconds live-time. Gold

was automatically excluded from analysis due to sample coating with gold (117).

4.5.4. Doxorubicin encapsulation efficiency

Determining DOX encapsulation efficacy (EE %) by UV
Preparation of doxorubicin standard samples

The stock solution was prepared by dissolving 1 mg DOX in 1ml of deionized water. A
two-fold serial dilution from the stock solution was done to achieve the following

concentration range: 0.005,0.01, 0.021, 0.063, 0.125, 0.25, 0.5,1 mg/ml (n=3).
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Doxorubicin quantification: determining EE %

The indirect method was utilized to calculate doxorubicin encapsulated in the CANPs.
DOX encapsulated CANPs were centrifuged (18 000 x g for 30 minutes) and the
supernatant was analyzed for doxorubicin concentration (UV-Vis, 480 nm wavelength
(n=3)). The DOX concentration was determined using the linear calibration curve and

the EE (%) was calculated by the following equation.

%EE= (Mass of drug used for formulation-mass of free drug)/ (mass of drug used for
the formulation) X100..........cccveiiiiiiiiee e equation 1

4.5.5. Fourier Transform Infrared Spectroscope

The surface chemical properties of DOX encapsulated CANPs were studied by FTIR

(118). This was used to identify the functional group compounds that are on the
surface of the NPs. To evaluate DOX, ALG, CS, lyophilized CANPs and DOX
encapsulated CANPs, a small amount of each sample was weighed and 300 mg of
potassium bromide, respectively, and grinded evenly together. The sample was dried
in an infrared dryer and then pressed under 20 MPa for 5 min to obtain the sample to
be tested. Each of the sample measured was scanned in the wavenumber range of
4000~400 cm™ to obtain the corresponding spectrogram, and the infrared absorption
peaks of each sample was compared and analyzed, respectively using a slightly

modified method by (116).

4.6. Statistical analysis

Data was collected in an Excel sheet and analyzed as a mean + standard deviation,
while ICsp values were calculated using the GraphPad statistical program (Version 8).
One-way analysis of variance (ANOVA) was be used, followed by Tukey's post hoc

test for multiple comparisons. Significance level was set at alpha 0.05.
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4.7. RESULTS AND DISCUSSION

4.71. Synthesis of Chitosan alginate nanoparticles by ionotropic gelation
CANPs were successfully synthesized using the ionotropic gelation method which is
based on the capability of polyelectrolytes to crosslink in the presence of counter ions
(119). It is a two-step procedure based on the ionotropic gelation of polyanion with
calcium chloride followed by polycationic crosslinking as shown in Figure 4.2. CaCl>
was first added to an ALG solution, and then the CS solution (120). The guluronate
residues in alginate interact with calcium ions to form a gel, it is known that higher G
block concentrations in ALG result in stronger interactions. The CANPs were created
by interacting negative carboxylic acid groups on ALG strands with positive amine
groups on CS polymers (72). Since both ALG and CS are pH-sensitive polymers, their
charges at various pH levels would significantly affect the formation and properties of
CANPs. In an acidic environment, ALG has a low water solubility, and CS has a low

water solubility at neutral or alkaline pH (17).

Figure 4. 2: Gelation procedure diagram; (a) shrinkage of sodium alginate; (b)

crosslinking with calcium ions (121).
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4.7.1. Characterization of the synthesized blank CANPs using DLS

DLS is a standard analytical method used to examine particle sizes and size
distributions with diameters ranging from a few nanometres to a few microns (122).
The blank nanoparticle hydrodynamic diameters, PDI and zeta potentials were
determined after washing using DLS and Zetasizer as shown in Table 4.1. The ratios
were established using a fixed concentration of ALG (0.06%) and varying
concentrations of the CS (0.02%, 0.05%, 0.08% w/v) and Ca (0.04%, 0.067%, 0.1%
w/v). This was all done at fixed ALG, CS and Ca volumes of 10 ml,1.5 ml and 2 ml,

respectively.

Table 4. 1: Hydrodynamic diameter, polydispersity index (PDI) and zeta potential of

ALG-Ca-Cs NPs. Data are provided as mean + S.D. (n = 3).

Formulation (% wiv) Size PDI ZP (mV)
ALG CS Ca

Al 0.06 0.02 | 0.04 279.44 £5.79 0.428 +0.02 -25.20+3.54
A2 0.06 0.02 | 0.067 | 319.22 +£4.56 0.487 +0.05 -23.69 £0.51
A3 0.06 0.02 |01 356.23+ 24.69 0.540 +0.02 -19.29 +1.67
Bl 0.06 0.05 | 0.04 362.73+ 12.83 0.442 +0.03 -24.72+2 .31
B2 0.06 0.05 | 0.067 | 447.43+8.95 0.461 +0.03 -20.98 +0.87
B3 0.06 0.05 |01 491.44+ 33.66 0.840 +0.09 -22.34£1.34
C1 0.06 0.08 | 0.04 374.04+ 11.35 0.393 +0.08 -25.59 +0.84
c2 0.06 0.08 | 0.067 | 463.80+ 4.258 0.334 £0.03 -22.70 £1.39
C3 0.06 0.08 | 0.1 535.70+ 39.62 0.330 +0.03 -21.80 +1.23
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Figure 4. 3: Size comparisons of blank CANPs with varying ALG-CS-Ca mass ratios
(n=3). (A) The results showed that there was a statistically significant difference
amongst all the mass ratios. (B) The results showed that there was a statistically
significant difference amongst the mass ratios except between 0.05:0.067 and
0.05:0.1 mass ratios. (C) The results showed that there was a statistically significant
difference amongst all the mass ratios. Statistical significance was indicated by not
significant (ns) (p-value > 0.05), *: significant (p-value < 0.05), **: very significant (p-
value < 0.01), ***: extremely significant (p-value < 0.001), ****: extremely significant

(p-value < 0.0001).
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Figure 4. 4: PDI comparisons of blank CANPs with varying ALG-CS-Ca mass ratios

(n=3). (A) The results showed that there was statistically significant difference

amongst all the mass ratio except between 0.02:0.067 and 0.02:0.1 mass ratios. (B)

The results showed that there was statistically significant difference amongst all the

mass ratio except between 0.05:0.04 and 0.05:0.067 mass ratios. (C) The results

showed that there was no statistically significant difference amongst all the mass

ratios. Statistical significance was indicated by not significant (ns) (p-value > 0.05), *:

significant (p-value < 0.05), **: very significant (p-value < 0.01), ***:

extremely

significant (p-value < 0.001), ****: extremely significant (p-value < 0.0001).
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Figure 4. 5: Zeta potential comparisons of blank CANPs with varying ALG-CS-Ca
mass ratios (n=3). (A) The results showed that there was no statistically significant
difference amongst all the mass ratio except between 0.02:0.04 and 0.02:0.1 mass
ratios. (B) The results showed that there was statistically significant difference
amongst all the mass ratios. (C) The results showed that there was no statistically
significant difference amongst all the mass ratios except between 0.08:0.04 and
0.08:0.1. Statistical significance was indicated by not significant (ns) (p-value > 0.05),
*. significant (p-value < 0.05), **: very significant (p-value < 0.01), ***: extremely

significant (p-value < 0.001), ****: extremely significant (p-value < 0.0001).

36



DLS was used to characterize sizes of the nine formulations of the blank CANPs. The
average hydrodynamic diameter of formulation (A1, A2 and As) ranged from 279.44 +
5.79 nm to 356.23 + 24.69 nm, formulation (B1,B2> and Bz) ranged from 362.73+ 12.83
nm to 491.44+ 33.66 nm and formulation (C1,C> and Cs) ranged from 374.04+ 11.35
to 535.70 = 39.62 nm as shown in the Table 4.1 and Figure 4.3.Formulation A1 had
the smallest size and Cs had the largest size. Statistical analysis showed significant
difference amongst the A1, A2 and As formulations as shown in Figure 4.3, suggesting
that various ratios of CaCl. significantly affected the CANP size. The results also
showed that there was a statistically significant difference amongst the mass ratios
except between 0.05:0.067 and 0.05:0.1 mass ratios. The results also showed that
there was a statistically significant difference amongst all the mass ratios. This is not
surprising as measurements are taken in water and chitosan NPs have been shown
to swell rapidly in this setting (123, 124). (125) reported a mean hydrodynamic diameter
of 303 nm which is the range of the CANP sizes obtained in this study. However,
(126) reported that the average size for CANPs was 119.5 +49.9 nm which is smaller

than the sizes obtained in this study.

The polydispersity index (PDI) describes the distribution or dispersion of NPs with a
range between 0 and 1 (127). The PDI value was used to reflect the nanoparticle
size distribution (128). NPs with PDI value < 0.1 is considered as highly
monodisperse, while those with a PDI value of 0.1 - 0.4 are considered to have a
moderately disperse distribution and those > 0.4 are highly polydisperse (129). The
average PDI of formulation (A1, A2 and As) ranged from 0.428 + 0.02 to 0.540 +0.02,
formulation (B1, B2 and B3) ranged from 0.442 +0.03 to 0.840 £0.09 and formulation
(C1, C2 and Cs) ranged from 0.393 +0.08 to 0.330 +0.03 as shown in the Table 4.1

and Figure 4.4.
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Zeta potential indicates whether samples will have a good colloidal stability, where
particles with zeta potentials above +30 mV or below —30 mV usually considered as
being stable. The average zeta potential of formulation (A1, A> and Az) ranged from -
25.20 + 3.54 mV to -19.29 +1.67 mV, formulation (Bi1, B> and B3) ranged from -
24.72+2.31 mV to -22.34 £1.34 mV and formulation (C1, C2 and C3) ranged from -25.59
+0.84 mV to -21.80 £1.23 mV as shown in Table 4.1 and Figure 4.5. The presence of
carboxylic acids on the ALG chains imparted a negative surface charge. (15)
suggested that when utilizing NPs for drug administration, positively charged surfaces
provide an extra benefit since they can move more easily through negative channels
in the cell membrane. The results contradict with the findings of (130),that the zeta
potential of the CANPs ranges between +16.2 and +40.3 mV, which showed a
dependency on the concentration of CS. They reported that the gradual increase in
the zeta potential was noted with the increase in CS concentration and the reduction
in ALG concentration. However, the results agree with the negative zeta potentials
findings of (131), that reported that the zeta potential of CANPs ranged from —17.2 to

-29.2 mV.

4.7.2. Encapsulation of DOX in CANPs

The size of formulation A1 was the final determinant for the optimum ratio, despite

obtaining desirable PDI and ZP readings for the on other formulations. Once the size
(279.44 £ 5.79 nm), PDI (0.428 +0.020) and zeta potential (-25.20 £ 3.54mV) of

CANPs were optimised, DOX was encapsulated.

DOX's limited therapeutic index might be expanded by being encapsulated in NP,

allowing for a sustained release of the substance over time. As the theoretical

38



maximum amount of the medicine is never in circulation at once, this may help to
reduce toxicity (132). Liposomal doxorubicin (Doxil®), which the FDA approved in
1995 for Kaposi's sarcoma, is the most well-known method of encapsulating DOX.
Despite liposomal DOX's demonstrated therapeutic superiority and enhanced

tolerability, specific side effects appeared after therapy (133).

Different concentrations of DOX were tested using a constant ratio of alginate:
chitosan. Encapsulation efficiency of each concentration of DOX was calculated and
compared, as well as the particle size, PDI and zeta potential as shown in Table 4.2.
The average hydrodynamic diameter of the DOX-CANPs ranged from 298.6 + 38.10
nm to 761.4 £57.91 nm. The sizes of the blank CANPs are slightly smaller than the
DOX encapsulated CANPs. The results revealed that there was an increase in
particle size after the encapsulation of DOX. The size of the NPs decreased
as the concentration of DOX increased. However, these findings contradict the
results of (15) who found no change in the NPs size after encapsulation of DOX in
CANPs. The average PDI of the DOX-CANPs ranged from 0.359 + 0.10 to
0.900 + 0.14. The average zeta potential of the DOX-CANPs ranged from -21.77 +
5.11 mV to -26.34 +1.20 mV. The difference between the encapsulated and blank
NPs is considered as indication for the interaction with doxorubicin (79). The findings
contradict the results of (15) that reported DOX encapsulated CANPs have a positive

zeta potential (+35 mV), a mean particle size of 100 nm, and a high EE% (95%)).

4.7.3. Establishing the standard curve for doxorubicin
A standard curve was established as a factor of the absorbance of DOX relative to its
concentration. The standard curve was utilized in characterizing the quantity of DOX

incorporated in CANPs. The standard curve generated for DOX showed high
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regression coefficient of 0.9977 with a linear regression equation of Y = 3.442X -
0.03542 as shown in Figure 4.6. The mean slope was 3.277 to 3.608 and the y-
intercept when x = 0 was -0.1030 to 0.03212 whereas the x-intercept when y=0 was -

0.009617 to 0.02909.

Y = 3.442*X - 0.03542

Absorbance

0 | | | | |
0.00 0.25 0.50 0.75 1.00 1.25

Concentration(mg/ml)

Figure 4. 6: Standard curve generated for DOX, absorbance versus concentration
(range 0.008 -1mg/ml), DI water measured at 480 nm wavelength. Data

representation; n=3; mean + SD.

Determining EE (%)
The amount of DOX encapsulated in CANPs was measured using the indirect method.
This involved determining the DOX concentration in the aqueous supernatant of DOX

encapsulated CANPs. The EE (%) was calculated from the absorbance value of the

40



sample supernatant using the linear regression equation Y = 3.442X - 0.03542 based
on the standard curve. There was no linear relationship in EE (%) and concentration
of DOX. Concentration of DOX with the highest EE (%) was 0.06 mg/ml and the one
with lowest was 0.005 mg/ml. The highest EE (%) was 15.97% and the lowest was
11.63%. However, these findings contradict the results of (110) who found a linear
relationship between concentration of DOX and EE %, it reported an increased EE%

from 67% to 80% with the enhancement of drug/carrier ratio from 1 mg/ml to 2 mg/ml.

Table 4. 2: Characterization of the synthesized DOX encapsulated CANPs

Concentration Size (nm) PDI ZP (mV) EE (%)
of DOX (mg/ml)

0.06 298.6 £38.10 0.359 +0.10 -24.63 £1.40 15.97
0.04 313.0 £ 16.07 0.585 +0.10 -25.65 +2.71 13.53
0.02 356.4 £28.19 0.701 £0.17 -23.90 £1.98 13.57
0.01 392.1 +45.04 0.714 +0.17 -24.60 +£2.55 14.08
0.005 476.6 +48.78 0.733 £0.02 -26.34 £1.20 11.63
0.0025 633.2 +0.64 0.850 +0.16 -25.34 +2.02 13.88
0.00125 633.8 £10.32 0.716 +0.11 -21.77 £5.11 15.18
0.000625 761.4 £57.91 0.900 +0.14 -22.83 +¥1.16 14.81

4.7.4. HIGH RESOLUTION TRANSMISSION ELECTRON MICROSCOPY

The morphological and elemental composition of the nanoparticles were analysed
through higher resolution transmission electron microscope (HRTEM). The NPs
morphology was evaluated using TEM and the results are illustrated in figure 4.7 and
4.8 for both blank and the DOX encapsulated CANPs, respectively. The blank CANPs
appeared to be spherical NPs, although a tendency for these particles to agglomerate

was observed. The measured average diameter of these particles was 80 - 90 nm
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(n=15) for both blank and loaded nanoparticles as illustrated in the size distribution
diagram. A study by (134) had shown the particle sizes of CANPs obtained from TEM
to be around 63 nm. Thus, using the above-mentioned method we were able to obtain
larger CANPs. These observations were consistent with the study by (135) indicating
that nanoparticle sizes measured by TEM are smaller than those of DLS. This could
be because, DLS measurements give the hydrodynamic diameter of NPs in
suspension, while TEM images are obtained from samples after freeze or oven
drying. In addition, particle size differences can also be a result of the multiple
scattering effect in the DLS technique; multiple scattering refers to the process when
light scattered by the diffusing particle is re-scattered by one or more particles before
reaching the detector (136).The TEM images of CANPs in (131) study indicated that

the optimized NPs are well dispersed as individual particles with a spherical and

uniform shape.

i
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Figure 4. 7: The transmission electron microscope (TEM) image and size distribution

for blank CANPs.
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Figure 4. 8: The transmission electron microscope (TEM) image and size distribution

of DOX encapsulated CANPs.

4.7.5. Scanning electron microscopy of the CANPs

SEM results illustrated that the blank (formulation A1) and DOX-encapsulated CANPs
formed aggregates and had inconsistent spherical shapes. After synthesis, the NPs
were lyophilized, and the powder was examined. SEM analysis revealed a rough,
grainy appearance on the surface of the powder as shown in Figure 4.9, and the
presence of aggregated, poorly defined NPs. The images suggest that upon
lyophilization, the NP matrix was disrupted and the electrostatic bonds between the
polymers collapsed, causing a grainy, flocculated appearance (137, 138). Both the
blank and DOX-encapsulated CANP also showed surface cracks probably caused by
partial collapsing of the polymer network during drying (139). The SEM micrograph of
CANPs in (140) study reveals a spherical or sphere-like morphology and for

the
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encapsulated CANPs, a distinctly bigger and agglomerated morphology was

observed.

L . s - - - : A i £ R W |
SEM HV: 5.0 kV SEM MAG: 20.0 kx MIRA3 TESCAN  SEM HV: 5.0 kV SEM MAG: 20.0 kx | MIRA3 TESCAN

View field: 10.4 pm WD: 5.97 mm View field: 10.4 pm WD: 5.69 mm 2 pm
Det: In-Beam SE Date{(m/aVy): 12/15/22 University of Cape Town Det: In-Beam SE Date{m/dly): 12/15/22 University of Cape Town

Figure 4. 9: The scanning electron microscope (SEM) image of (a) blank CANPs and

(b)DOX encapsulated CANPs.

4.7.6. FTIR
The successful encapsulation of doxorubicin into the chitosan-alginate nanoparticles was

confirmed by FTIR (80). It was used to generate spectra for ALG, CS, DOX, CANP and DOX-
CANP as illustrated in Figure 4.10. Absorptions from 4000 to 400 cm-1 in the fingerprint
region are assigned to the bending of metal to oxygen and/or hydrogen bonds. The result
showed that numerous peaks were detected, which may indicate that DOX-CANP is complex
structure material. The CS spectrum exhibited a narrow absorption peak at 3614 cm-1 which
was assigned to the -OH (hydroxide) bond. No other peaks between 3000 and 3200 cm-1
were found, informing there is no aromatic structure in all the spectrums. The ALG spectrum

exhibited narrow absorption peaks at
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3564 and 3422 cm-1 which were assigned to the -OH (hydroxide) bond, while that at 3114 cm-
1 was assigned to a C-H group. DOX spectrum exhibited narrow absorption peaks at 3532 and
3320 cm-1 which were assigned to the -OH (hydroxide) bond, while that at 2894 was assigned
to a C-H group. The CANP spectrum exhibited narrow absorption peaks at 3532 and 3320 cm-
1 which were assigned to the -OH (hydroxide) bond, while those at the DOX-CANP spectrum
exhibited narrow absorption peaks at 3532 and 3420 cm-1 which were assigned to the -OH
(hydroxide) bond. No specific peak for aldehyde has been found at between 2700 and 2800
cm? . No triple bond region (2000 - 2500 cm™) was detected, informing no C=C bond in the
materials. DOX-CANP shows some combination of peaks (A,B and C) from both DOX and

CANP, which could be indicative of the encapsulation (141).

DOX-CANP
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Figure 4. 10: FTIR spectra of alginate(black), chitosan (red), empty CANPs (blue),

DOX loaded CANPs (green) and pure DOX (purple) registered in KBr pellets
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CHAPTER 5: IN VITRO CYTOTOXICITY STUDIES

5.1. Introduction

This chapter describes the in vitro analysis of the DOX encapsulated CANPs effect on
multidrug-resistant colon cancer cells using the MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide] colorimetric assay. MTT assay is a colorimetric assay
for assessing cell viability. The viable cells reduce the yellow tetrazolium dye MTT [3-
(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] to insoluble formazan
crystals, which are purple in color (142). The cells were exposed to the free DOX,

blank CANPs and the DOX encapsulated CANPs with and without CUR for 24 hours.

5.1.1. Aims and objective

The aim of this part of the study was to evaluate the cytotoxicity of blank and DOX
encapsulated CANPs on Caco-2 cell line. The objective of this part of the study was
to determine the cytotoxicity effects of DOX encapsulated CANPs and CUR on the

multidrug-resistant cancer cell lines using MTT assay.

5.2. Materials and reagent

Apparatus

All laboratory work was performed in a sterile environment under laminar flow
(Labotec, South Africa). A humidified, 5% CO: incubator (Marshall Scientific, USA)
was used as a growing environment for the cells with the temperature set at 37°C. A
Digicen 21 centrifuge (Ortoarlresa, Spain) was be used for centrifuging to obtain cell

pellets. The cell CountessTM automated cell counter was used for cell counting.
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Chemicals and reagents

Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich, USA), Phosphate Buffer Saline (PBS) (Sigma-
Aldrich, USA), Trypsin-ethylenediaminetetraacetic acid (EDTA) (0.25%) (Sigma-Aldrich,
USA), Doxorubicin, and 3-(4,5-dimethylythiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Sigma-Aldrich, USA), Dulbecco’s Modified Eagle's medium (DMEM) (Sigma-Aldrich,
USA), Fetal Bovine Serum (FBS) (Sigma-Aldrich, USA),T25 tissue culture flask (Sigma-
Aldrich, USA) and the water was obtained from a Barnstead EasyPure (Il) UV-ultrapure
water system (Thermo Fisher Scientific, USA). All other chemicals and reagents used were

of analytical grade.

Cell lines and the culture media

The human colon cancer cell line Caco-2 (ATCC® HTB-37™) were acquired from the
American Type Culture Collection (ATCC) (Manassas, VA, USA). The table below
summarizes the cell line used in this study with their main characteristics (ATCC,
assessed on 22/02/2022).

Table 5. 1: General information on the selected colon cell line

Cell Tissue Morphology Disease Expression  of
type ABC
transporters

Caco- Colon
2

= Colorectal P-gp and MRP-1

adenocarcinoma
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5.3. Methods

5.3.1. Cell culture

Dulbecco's Modified Eagle's medium (DMEM) was used to maintain the Caco-2 cell
line. All cell lines were supplemented with 10% FBS and grown at 37°C in a humidified
incubator set at 5% COo. After they had reached an 80 -100% confluent monolayer,
the media was aspirated from the flask. The cells were washed with phosphate
buffered saline (PBS) prior to the addition of 0.25% (w/v) trypsin 0.53 mM EDTA for 3
minutes at 37°C. Subsequently, an equal volume of serum-containing medium was
added to neutralise the trypsin. Cells were then centrifuged at 30 000 rpm for 5 minutes

and washed with PBS prior to resuspension in medium.

5.3.2. Preparations

Drug preparation

DOX was used as the positive control. The initial stock solutions of 1 mg/ml were
prepared with distilled water. The solutions were evaluated at eight concentrations that

range from 0.000625 -0.06 mg/ml.

5.3.3. Counting cells using a Cell Countess™ automated cell counter

The confluent cells were harvested through trypsinization, which involved aspiration
of the media from the flask and washing the cells with 2 ml of DPBS to remove dead
cell debris. 1 ml of 0.25% trypsin-EDTA was added, followed by gentle swirling of the
flask and incubation at 37°C for 3 minutes, to detach the cells from the flask surface.
Thereafter, 3ml of complete medium was added to inactivate/neutralize the trypsin and
2ml of DPBS to wash-off the remaining cells. The cells were centrifuged at 30 000 rpm

for 5 minutes at 25°C. Cells were then counted using a cell counter. The cell
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suspension (10ul) was diluted by adding an equal volume of trypan blue dye. About
10ul of the coloured suspension was placed into the counting chamber. Here, viable
cells remained uncoloured whereas the non-viable cells absorbed the blue dye. The
viable cell density was adjusted to 100 000 cells/100 ul per. 100ul of the cell
suspension together with a 100ul of the complete growth medium were added to all
the wells in the plate, except for well Al, which contained complete growth medium
only and served as a blank. Thereafter the plate was incubated, and the cells were
allowed to adhere for 24 hours. Following the 24-hour incubation, the cells were

exposed to different test substances as described in Section 5.3.4

5.3.4. Cytotoxicity on the colon cell lines.

Cells were seeded in a 96-well flat-bottom plate at a density of 100 000 cells/well. The
cells were then incubated for 24 h at 37°C with 5% CO: to allow for attachment to the
bottom of the wells. After incubation, the cells were exposed to 50ul/well of the different
concentrations of the DOX encapsulated CANPs (0.000625 -0.06 mg/ml) and positive
controls (0.000625 -0.06 mg/ml) for a treatment period of 24 h. The preparation of the
samples in a 96-well plate is illustrated in Table 3.1. After the designated duration of
24 h of drug exposure, MTT (0.5 mg/ml) was added to the plates and incubated for 2-
4 h at 37 °C in 5% CO.>. Approximately 150 pl of the medium will be removed and the
reduced formazan crystals was dissolved in 100 yl DMSO by incubation at room
temperature for 30 min in the dark. The absorbance (optical density) of the color
reaction was read at a wavelength of 570 nm utilizing an absorbance plate reader. The
percentage of cell viability and fifty percent inhibitory concentrations (ICso values) was
calculated. Each experiment was carried out three times (n=3) and analyzed in

triplicates.
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Table 5. 2: Experimental design

Treatment

Description

Negative control

Positive control

Treatment 1

Treatment 2

Blank CANP

DOX

DOX encapsulated CANP

DOX encapsulated CANP +CUR

Table 5. 3: Plate layout for the cytotoxicity experiment
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5.3.4.1. Antiproliferation assay

The MTT colorimetric assay was performed with slight modifications as previously
described by (94), to determine the antiproliferative activity of doxorubicin and the
DOX encapsulated chitosan alginate nanoparticles on the selected colon cancer cell
line. The assay relies on the capacity of mitochondrial succinate dehydrogenase
enzymes in living cells to reduce the yellow, water-soluble substrate, MTT, into an

insoluble, coloured formazan product that can be measured spectrophotometrically

(143, 144).
- NADH NAD™
H=—=HN WM
[ * & Mitochondrial Red [ » el
- it narna uctase
g 2~
M N
{:-H] l:;H:I
MTT Formazan
(3-(4 5-timalhyithiazal-2.yi)-2 5- {IE.2}-5-{4, 5-dimathylthiazal-2-yl)-1,3-
diphenylatrazalium bromide) diphenylformazan)

Figure 5. 1: Reduction of MTT to formazan crystals (143)
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Reagent preparation
5 mg/ml of MTT solution was prepared by dissolving 5 mg MTT in 1 ml of DPBS. The

solution was kept in a sterile light-protected container.

MTT assay

Following the 24-hour incubation, 20 pl of MTT was added to each well and the plate.
was left to incubate for an additional 4 hours at 37°C in a CO2 incubator. After
incubation, the produced formazan salts produced appeared as dark crystals at the
bottom of the wells. Thereafter, 100 pl of DPBS was added to wash off the MTT and
an equal amount of DMSO was added to each well to solubilize the formed formazan
crystals, producing a purple solution and incubated for 30 minutes. The absorbance
of each plate was measured using a microplate reader at a wavelength of 570 nm.
The absorbance readings obtained showed the cell viability. Absorbance values
greater than the cell control indicate cell proliferation, while lower values suggest cell
death or inhibition of proliferation. The absorbance readings of the blank were
subtracted from all samples, and readings from test samples were divided by those of
the control and multiplied by a 100 to give percentage cell viability. The half-maximal

inhibitory concentration (ICso) values were extrapolated from a dose-response graph.

5.3.5. Combination studies
5.3.5.1. Curcumin (CUR) preparation
1 mg/ml of CUR solution was prepared by dissolving 1 mg of CUR in 1 ml of

deionized water.

The purpose of the combination treatment is to evaluate the drug potentiating and

sensitizing effect of the DOX encapsulated CANPs and CUR on MDR colon cancer
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cell lines, respectively. The resistant colon cancer cell lines (Caco-2) were plated as

explained in section 3.2.2.1. After 24 h, the cells were incubated with different
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concentrations of DOX (60-0.625 pg/ml) and 25 pl of the DOX encapsulated CANPs
and of CUR. The culture medium was used as controls. After 24 h incubation, the
experiment will be completed by the addition of MTT, and measurement of the
absorbance as explained in section 3.2.2.2.5. The percentage of cell viability and 50%
inhibitory concentrations (ICso values) will be calculated. The inhibition of cell growth
were calculated by the following equation.

The standard graph was plotted by taking a concentration of the drug in the X-axis and

relative % inhibition in Y-axis.

Cell viability = Ll 5100 ..o equation 2
[ control]
Table 5. 4: Plate layout for the combination experiment
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5.4. STATISTICAL ANALYSIS

Data was collected in an Excel sheet and analyzed as a mean + standard deviation,
while ICsp values were calculated using the GraphPad statistical program (Version 8)
for windows (GraphPad Software Inc.). Cytotoxicity results were expressed as the
percentage of cell viability compared to the untreated controls. ANOVA will be used to

make comparisons across groups. Significance level will be set at alpha 0.05.
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5.5. RESULTS AND DISCUSSION

MDR is a major clinical problem in which cancer cells develop resistance to a variety
of anticancer drugs that are structurally and functionally distinct from the initial drug
after being exposed to it, hence the development of combination therapies constitutes
an effective strategy to inhibit cancer cells and prevent the emergence of drug
resistance (145, 146). Drug efflux can be caused by either intrinsic or acquired
resistance. Drug efflux is dependent on transporters found in the outer biomembrane
of cancer cells (147). These transmembrane proteins are ABC transporters, which
use the energy released by ATP hydrolysis to eliminate xenobiotics from cells into

bile, urine, or faeces. As a result, the bioavailability of drugs is reduced (148).

5.5.1. Cytotoxicity on Caco-2 cells

To demonstrate efficacy of the CANPs against a colon cancer cell line, empty CANP,
free DOX, and CANPs with encapsulated DOX were administered to Caco-2 cells. Cell
viability after 24 h exposure to the treatment was determined using MTT reagent. MTT
assay determines cytotoxicity of a compound by measuring changes in intracellular
NADPH-dependent oxidoreductase activity (149, 150). The optical densities of the
control wells, the mean of which is set to a survival rate of 100%, define the initial
status of living cells. It is noteworthy that the cell viability percentage of untreated

control cells remained high (144, 151).

The half-maximal (50%) inhibitory concentration (ICsp) value is defined as the
concentration required for 50% reduction in cell growth and proliferation(152). ICso
can help understand the pharmacological and biological properties of a
chemotherapeutic agent (153). The relationship between ICso and cytotoxicity is
inversely proportional because the lower the ICso values, the greater the cytotoxic
activity and vice-versa. It is ideal to get a low ICsp value for the
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cancerous cell line and a high ICso value for the normal cell line. The 1Cso values DOX
and DOX-CANPs were 0.00123 + 0.0003 and 0.00061 £ 0.0016 mg/ml, respectively.
The dose-response curves for the free DOX and the encapsulated DOX are similar as

shown in Figure 5.1, indicating similar therapeutic response.

Table 5. 5: ICso values of the standard drug (DOX), DOX-CANPs and DOX-CANP

+ CUR on the Caco-2 cell line.

Treatment ICs0 £ SD (mg/ml)
DOX 0.00123 £ 0.0003
DOX-CANPs 0.00061 + 0.0016
100— DOX
DOX-CANP
80—
S
B
.8
= 40—
I5]
o
20 —
Y T T 1 T 1
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0

log concentration (mg/ml)

Figure 5. 2: Dose-response of Caco-2 cell line to various DOX and DOX-CANP after
24 hours of treatment. Cell survival was assessed via MTT (absorbance at 570 nm)
assay. Results were reported as mean = SD, n=3.

The cytotoxicity of the free DOX, DOX-CANP and CANP only against Caco-2 cells are

illustrated in Figure 5.3. The results showed that there was statistically significant
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difference between DOX and DOX-CANP in 0.06, 0.04, 0.02 and 0.01 mg/ml. The results
also showed that there was no statistically significant difference in 0.005, 0.0025, 0.00125
and 0.000625 mg/ml. Lower concentrations of the free DOX and encapsulated DOX were
more cytotoxic than at higher concentrations. This contradicts results reported by (150) were

the cell viability systematically decreased with increasing DOX concentration.
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Figure 5. 3: Cytotoxicity of the free DOX, DOX CANP against Caco-2 cells after 24
hours of treatment. Cell survival was assessed via MTT (absorbance at 570 nm)
assay. Results were reported as mean + SD, n=3. The results showed that there was
statistically significant difference between DOX and DOX-CANP in 0.06,0.04,0.02 and
0.01 mg/ml. The results also showed that there was no statistically significant
difference in 0.005,0.0025,0.00125 and 0.000625 mg/ml. Statistical significance was
indicated by not significant (ns) (p-value > 0.05), *: significant (p-value < 0.05), **: very
significant (p-value < 0.01), ***: extremely significant (p-value < 0.001), ****; extremely

significant (p-value < 0.0001).
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DOX is a commonly used anti-cancer anthracycline, but it has serious side effects,
including dose-dependent and cumulative life-threatening cardiotoxicity and MDR
development (154). These shortcomings have been tackled by entrapping DOX into
NPs and using chemo-sensitizers (155). DOX-CANPs showed lower cell viability
when compared to its free drug counterpart and CANPs alone. These CANPs may
be of great interest for drug delivery purposes, as the side effects of the DOX would
be reduced in systemic dosing of the encapsulated form. The encapsulation of DOX
into the CANPs increased its efficacy against drug resistant cancer cells. For the
DOX- CANPs to have a similar effect to that of the free drug, the encapsulated DOX
must be present at a lower concentration. Contrary to the findings of (156), where a
higher concentration of DOX was needed for DOX encapsulated nanoalginates show
a similar effect to the free drug. The study reported that their findings were expected,

as the encapsulated DOX is more hindered in its transport to the target site (156).

5.5.2. Effect of Curcumin and DOX-encapsulated CANPs on Caco-2 cells
Combination chemotherapy is a more effective way to treat cancer, compared to
a single-agent treatment (157). CUR is a natural compound that inhibits the MDR
protein family-member P-gp and blocks the transport of anti-cancer drugs out of
cancer cells (158). It slows tumour growth, and research in recent years have shown
that it can work in synergy with several chemotherapeutic treatments. However, the
dosage form needs to be modified because this medication is poorly bioavailable and
insoluble in water (159). The results showed that there was statistically significant
difference between DOX-CANP and DOX-CANP + CUR in all the concentrations
The results show that combining the DOX-CANPs and CUR is more effective than

DOX- CANPs alone. (160) showed that CUR reverses P-gp-mediated resistance
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in drug resistant (SW620/Ad300) colon cancer cell line by enhancing the Dox-induced
cytotoxicity and apoptosis (160). Cur also increases the efficacy of DOX-induced death
in HCT-116 cells (161). It can be concluded that Cur may serve as a chemosensitizer
for DOX. These results provide convincing evidence that combining curcumin with
chemotherapy may be effective in overcoming drug resistance in colon cancer. The
dose-response curves for the free DOX and the encapsulated DOX are similar as

shown in Figure 5.4., indicating similar therapeutic response.
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Figure 5. 4: Dose-response of Caco-2 cell line to various DOX-CANP and DOX-CANP
+Cur after 24 hours of treatment. Cell survival was assessed via MTT (absorbance at

570 nm) assay. Results were reported as mean = SD, n=3.

The cytotoxicity of the DOX-CANP and DOX-CANP + Cur against Caco-2 cells is

illustrated in figure 5.5.
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Figure 5. 5: Cytotoxicity of the DOX-CANP and DOX-CANP and curcumin against
Caco-2 cells after 24 hours of treatments. Cell survival was assessed via MTT
(absorbance at 570 nm) assay. The results showed that there was statistically
significant difference between DOX-CANP and DOX-CANP + CUR in all the
concentrations. Results were reported as mean = SD, n=3. Statistical significance was
indicated by not significant (ns) (p-value > 0.05), *: significant (p-value < 0.05), **: very

significant (p-value < 0.01), ***: extremely significant (p-value < 0.001), ****: extremely

significant (p-value < 0.0001).
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CHAPTER 6: CONCLUSIONS

MDR poses an enormous challenge in the management of cancer patients. This
prevalent and adverse clinical problem frequently results in cancer recurrence and low
survival rate. The overall aim of this study was to determine the potential of the co-
delivery of DOX encapsulated CANPs and CUR as sensitizing agents in MDR colon
cancer cell lines. Both the blank and DOX encapsulated CANPs were synthesized,
characterized and evaluated for their cytotoxicity. DOX encapsulated CANPs
decreased the cell viability of multidrug resistant colon cancer cell line (Caco- 2). The
results show that combining the DOX-CANPs and CUR is more effective than DOX-
CANPs alone. CUR increases the efficacy of the DOX-CANPs against Caco-2 cell

line.

Recommendations and limitations: Future studies should take into account the
concentration of CANPs. Direct determination of the encapsulation efficacy using high
performance liquid chromatography, for more direct evaluation than that observed in
this present study. Future research for the validation of the DOX encapsulated CANPs
and CUR for colon cancer treatment in vivo to better evaluate the safety, toxicity and

efficacy.
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