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ABSTRACT

IDOUDI, SOUROUR M., Masters : June [2022], Pharmaceutical Sciences

Title: Succinylated Curcumin Loaded in Mannosylated Chitosan Nanoparticles for
Colon Cancer Therapy.

Supervisor of Thesis: Prof. Nashiru Billa

Colon cancer (CRC) is the second leading cause of death and the third most diagnosed
type worldwide. Although curcumin (CUR) has potent anticancer activity, it suffers
from low solubility, bioavailability, and instability. This study aims to conjugate CUR
to succinic anhydride (SA) and then formulate in mannosylated-chitosan nanoparticles
(CUR.SA-NPs). The formulation was optimized in comparison to curcumin only in the
same delivery system. Dynamic light scattering (DLS) studies disclosed a higher size
of CUR-NPs (268 + 6 nm) and CUR.SA-NPs (342 = 4.6 nm) compared to empty
delivery system, CM-NPs, (101 + 4.3 nm). Conversely, the zeta-potential was reduced
from 41.2 £0.15mV to 11 £ 0.75 mV and 13.6 + 0.8 mV for CUR-NPs and CUR.SA-
NPs respectively. The entrapment efficiency was 93.34 = 0.40 for CUR-NPs, and 98.46
+ 0.06 for CUR.SA-NPs. Physical and structural characteristics of the formulated
nanoparticles were investigated using FTIR, NMR, XRD, SEM, and TGA and each
attest to the formation of the functionalized CUR.SA-CMNPs. In vitro drug release
illustrated a sustained release profile of CUR and CUR.SA over a period of 3 days and
an excellent cytotoxicity and intracellular uptake by CRC cell lines (SW480 and
HCT116). Thus, CUR-NPs and CUR.SA-NPs can be considered as a promising
delivery strategy for CRC treatment.

Keywords: Curcumin, Succinic Anhydride, Mannose, Chitosan, Nanoparticles, lonic

gelation, Colorectal cancer.
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Chapter 1: Introduction

1.1 General overview

Cancer is one of the most devastating diseases in humanity with an upward trend
in statistics reported annually (1). There are several types of cancers, but for the remit
of this thesis, the focus will be on colorectal cancer (CRC). Colon cancer, also referred
to as CRC and bowel cancer, is the growth of cancer originating from the epithelial
cells within the colon or rectum of the gastrointestinal tract (GIT) (2). Available
treatments for CRC include use of cytotoxic drugs, radiotherapy, chemotherapy, and
surgery (3,4). Chemotherapy is the most viable treatment option because of ease of
administration to patient and the fact that it is least invasive as well, notwithstanding
the side effects imposed. However, the side effects remain a significant constraint
which impacts negatively on the quality of life of patients (5). Chemotherapy is also
associated with non-specificity and cancer relapse through multi-drug resistance is a
reality. These poor outcomes are considered the main limitations associated with the
chemotherapeutic approaches in CRC therapy (6).

In the past decades, natural products of plant origin have arguably emerged as
key contenders to unlocking the aforementioned constraints associated with
chemotherapy. In fact, some of these natural products have made significant inroads
with regards to chemotherapy and crucially, have been found to manifest fewer side
effects (7,8). Curcumin (CUR) typically exemplifies such natural products of plant
origins, and has won significant attention by researchers due to reported therapeutic
activities, especially CRC (7,8). However, the use of CUR is limited by its low aqueous
solubility, poor cellular uptake, instability in aqueous condition and hence poor
bioavailability (8). Several approaches have been proposed to address the poor

bioavailability of CUR. Structural modification of CUR through conjugation to other



compounds is one approach to enhancing the biological activities of CUR as an
anticancer agent (9). Moreover, CUR encapsulation into various formulations such as
liposomes(10), micelles (11) and nanoparticles(6) have also been explored as means to
improving its therapeutic performance.

In the present study, the main aim is to improve the solubility of CUR through
structural modifications of CUR by conjugation to succinic acid. These would then be
encapsulated in mannose conjugated chitosan nanopolymeric system. The cellular
uptake propensity of the nanoparticles will be assessed as well as the anti-colon cancer-
targeting propensity on cancer cell lines. Nanoparticulate dosage forms are ideal
delivery systems for drugs due to their extensive surface area to volume ratio, which
provides a potential protection of the carried drug from degradation. The prepared
formulation is intended for oral administration and is expected to display requisite
stability in simulated GIT media until arrival at the colon where uptake and degradation
occur. It is anticipated that the prepared formulation would provide a better safety
profile and improved therapeutic effectiveness as the used materials are originating
from natural sources, and thus serves as a potential and safe therapy for CRC. A review
of key aspects that serve as the building blocks to the execution of the project is outlined
below.

1.2 Colon and colorectal cancer

1.2.1 Anatomy of the colon
Anatomically, the colon, also named the large intestine, is a muscular tube of

1.5 m length that extends from the ileocaecal valve till the rectum region (12), which is
the distal part of the GIT. The colonic region can be divided into 3 regions: (i) the
ascending colon, 0.15 m in length and stretches vertically up starting from the ileocecal
junction until the inferior surface of the right part of the liver (Figurel). At this stage,
it bends to form the right hepatic flexure, and later it binds continuously with the
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transverse colon. (ii) the descending colon, about 0.25 m in length and stretches
vertically from the splenic flexure until the left iliac fossa where it binds continuously
with the sigmoid colon (iii) the sigmoid colon, 0.35-0. 40 m in length and crosses the
pelvic brim, joining the pelvic cavity and binds continuously with the rectum (12,13).
The colonic region is highly viscous due to its large water absorption capacity, which
makes the lumenal walls thickly layered by mucus. This thickness impeded drug
dissolution and lowers absorption(13). A mucus layer covers the epithelial cells
including named goblet cells that line up the colonic lamina propia connective layer,
producing a single mucus cover layer (2,13). Generally, the mucus layer comprises of

mucin glycoprotein, inorganic salts, water, and lipids (13).
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Figure 1. Colonic region representation.



Histologically, the colon comprises several concentric layers including
columnar epithelium, lamina propria, muscularis mucosae, submucosa, muscularis
propria (includes an outer longitudinal layer and an inner circular layer of smooth
muscles), and serosa (14). In the colonic region, the mid colon has a pH of ~ 6.6, while
the left colon has a pH value of 7.0 (15). The human colon serves three key functions:
(i) capacity function, related to absorption of water and electrolytes and evacuating
stool; (ii) a reservoir function, (iii) a metabolic function associated to complex impacts
on body metabolism pathways (16,17).

Within the colon, there are over 400 different species of aerobic and anaerobic
bacteria. Moreover, these bacteria ferment carbohydrates, and produce short-chain fatty
acids (SCFAs) (14). Colonic dysfunction can be categorized into two broad categories:
(i) disorders related to motility, which manifests as constipation, diarrhea, irritable
bowel syndrome and diverticular diseases, (ii) colonic mucosal diseases, which could
be due to infestation, carcinoma, polyps, inflammatory bowel diseases (14).
Furthermore, the colonic tissue may be probe to other diseases including ulcerative
colitis (UC) and Crohn’s disease (CD). Frequently, these ailments are treated using
several drugs including dexamethasone, sulfasalazine metronidazole, hydrocortisone,
and prednisolone (18).

Treatment of colonic dysfunction can be brought through oral or rectal
administration of drugs, with ultimate deployment to the colon. In this regard, colon-
targeted functionality of the delivery system provides specificity and better treatment
outcomes, with minimized systemic side effects. Overall, oral administration is
preferred over the rectal route due to patient convenience and compliance (18).
Moreover, orally administered dosage forms take up the majority of manufactured

delivery systems, hosting safe and safe profiles of the pharmaceutical ingredients.



1.2.2 Colorectal cancer

Worldwide, the incidence and mortality from CRC have risen sharply in the past
decades, due to sedentary lifestyle and unhealthy food consumption habits. It was
reported by the International Agency for Research on Cancer (IARC) that in 2018, 1.8
million CRC cases were recorded, representing 10% of all cancer cases (19), while
deaths cases reached 800,000 accounting for about 9% of cancer related deaths.
Furthermore, the World Health Organization (WHO) presents that cancer accounted for
10 million deaths in 2020, of which CRC contributed to 1.93 million cases (19.3%)
(20). In the State of Qatar, the National Cancer Registry of the Ministry of Public Health
(MoPH) recorded that the most common cancer is breast cancer with 16.58% of all
cancer cases, followed by CRC at 9.44% (21). Majority of CRC cases are sporadic,
while around 5-10% of CRC cases are defined as hereditary (22). Early stages of CRC
presents no major symptoms, but may be non-specific, including constant tiredness,
abdominal discomfort, changes in bowel habits, and weight loss without apparent
reasons (23). Several staging standards are used to assess the progression of the disease

within the colon and summarized in Figures 2, 3, and 4 (23-25).



Figure 2. Graphical illustration of stages O, I, and Il of CRC, adapted from (25). In
stage 0, the tumor confines to mucosa layer, which is the innermost layer of the colonic
wall. In stage I, the cancer cells start to expand towards the submucosa layer. In stage
Il, the tumor starts to invade through the muscle layer towards the serosa layer,
followed by tissues that border the adjacent organs inside the abdomen, finally up to
neighboring organs.
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Figure 3. Graphical illustration of stage Il of CRC, adapted from (25). In the stage
I11A, cancer started to spread in 2 pathways: (i) across the mucosa towards the
submucosa until it reaches one to three nearby lymph nodes, (ii) or to spread inside
four to six adjacent lymph nodes. In stage I11B, the tumor has invaded up to seven or
more adjacent lymph nodes. In stage I11C, the tumor continues to spread until it
develops inside tissues close to the lymph nodes.
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Figure 4. Graphical illustration of stage IV of CRC, adapted from (25). In this stage,
the tumor has invaded to one area or organ that are far from the colon, such as towards
the lung, liver, ovary, or a distant lymph node.

Early screening is a very effective strategy that reduces mortality from CRC.
Screening includes fecal occult blood test (FOBT), double contrast barium enema,
endoscopy, flexible sigmoidoscopy, Multitarget stool DNA testing (mt-sDNA), and
colonoscopy (13,22,26). FOBT is the widely used option and has contributed to a

decline in CRC by 25% (27).

1.2.3 Drug delivery to colon

To be successfully deployed to the colonic region, a drug formulation must
retain its integrity throughout the GIT until arrival at the colon in order to avoid
premature drug release, which will reduce the effectiveness of the administered dose.
Several approaches on formulations have been developed for the colonic delivery of

APIs and these are reviewed below.


https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=257523&version=patient&language=English&dictionary=Cancer.gov
https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=46462&version=patient&language=English&dictionary=Cancer.gov
https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=270740&version=patient&language=English&dictionary=Cancer.gov
https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=46312&version=patient&language=English&dictionary=Cancer.gov
https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=46687&version=patient&language=English&dictionary=Cancer.gov
https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=45762&version=patient&language=English&dictionary=Cancer.gov

1.2.3.1 Use of prodrugs

A prodrug is an inactive medication that is converted enzymatically or otherwise
into a pharmacologically active drug after administration (28,29). Prodrugs can be used
to improve the aqueous solubility of poorly soluble drugs. It can also be used to achieve
targeted release. For example, sulfasalazine (SLZ or salazopyrin) is a colon-specific
azo prodrug used in UC (30). After oral administration, only a small portion of SLZ is
absorbed by the small intestine and 90% reaches the colonic. In the colon, the azo bond
within the SLZ is cleaved by the colonic bacteria to liberate sulphapyndine and 5-

aminosalicylic acid (5-ASA) (Figure 5).
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Figure 5. Representation of the hydrolysis pathway of sulfasalazine into
sulphapyridine and 5-aminosalicylic acid.

1.2.3.2 Application of pH-sensitive polymers
The pH of the GIT is highly variable and influenced by the disease state of the
colonic region, diet uptake, and exhibits intra-subject variability (31). For example,

colonic pH decreases in Crohn’s disease, which is a relapsing systemic inflammatory
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disease that occurs in the GIT (31,32). This variability affects the solubility of drugs
in a variety of ways, based on their pKa and thus can be exploited to prompt release
accordingly. The pH in the stomach region is 1 — 3.5 so that it is possible to carefully
select polymers that are irresponsive at these proximal pH values, but which are
responsive at pH values of the colon. Such polymers are enteric polymers (33) and
several are in use for delayed drug release in the GIT. For example, aminoalkyl
methacrylate copolymer (Eudragit E) approved by the FDA is a cationic polymer
which dissolves at above pH 5. Other examples of enteric polymers are summarized
in Table 1 (33,34). One drawback about enteric polymers is the imprecision in pH
trigger due to variability in GIT pH, thus a substantial amount of drug could be lost in

the small intestine before it reaches the colonic region (35).

Table 1. Examples of enteric polymers and pH threshold.

Polymer name Dissolution pH
Eudragit L100-55 >5.5
Eudragit L30D-55 >55

Eudragit L-100 >6.0

Eudragit L12,5 >6.0

Eudragit S-100 >7.0

Eudragit S12,5 >7.0

Eudragit FS30D >17.0

1.2.3.3 Time-dependent formulations
Time-dependent delivery systems can be used for colon-targeting based on the
release of drug cargo at a predefined time (36,37). The principle of this approach is to

postpone the drug release time until it reaches the colonic region. For instance,
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Budesonide capsules were approved by the FDA for treating mild and moderate active
CD, including the ileum and/or the ascending colonic region (Figure 6). Furthermore,
Entocort™ EC is a trade name of Budesonide that was established to combine the
pharmacological aspects of budesonide and deactivation in the liver with local and
time-dependent release inside the ileum and ascending colonic region to treat Crohn’s
disease (38). One disadvantage of time-dependent formulations is that gastric emptying
varies significantly between subjects, and it depends on the type and amount of food
intake. Also, diseased states can affect the timing of release, for example premature

deployment of the dosage form is observed in patients with IBD. (39).

Enteric coating
Methacrylic acid
copolymer type C i

Triethylcitrate Antifoam M 1
Polysorbate 80 Tale \!Q
00
0

Sugar
core

Budesonide layer
Budesonide micronised M

ethyleellulose
Acetyltributyl citrate ~ 1 mm
Paolysorbate 80

Figure 6. Illustration on the composition of budesonide granules of Entocort™ EC.

1.2.3.4 Microbially-triggered systems

The colonic microflora comprises anaerobic bacteria including Bacteroides,
Bifidobacteria, Clostridia, and Ruminococcus species that satisfies their energy needs
through fermentation of undigested substrates by glucoronidases, xylosidases, and

arabinosidases type enzymes (40,41). Microbially-triggered systems represent a
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potential for drug delivery systems comprised of non-starch polysaccharides, primed

to degrade only in the colonic region (42). However, the enzymatic degradation of a

polysaccharides is a slow procedure that typically take over 12 hours to complete.

1.2.4 Management of colorectal cancer

Rational management of CRC is an important key point to reduce morbidities

from CRC. Currently, several treatments options are available, and these are

summarized in Figure 7. The type of treatment is usually matched to the needs of the

patient such as the stage of the cancer and other health concerns. Generally, less

invasive procedures are adopted when the case is not severe. In some instances, it is

necessary to combine more than one approach to achieve the best outcomes. Treatments

for CRC includes surgery (22,43), radiation therapy(44-47), immunotherapy (48-51),

and chemotherapy (52).

Surgery includes: e
- Total mesorectal excision m
- Fast-track surgery includes urinary
catheters, nasogastric tubes,
preoperative bowel preparation,
postoperative fasting

- Laparoscopic surgery

~

Chemotherapy includes:

- 5-Fluorouracil (5-FU)

- Leucovorin that is used for treating
metastatic CRC

- Ziv-aflibercept (Zaltrap @),
Ramucirumab (Cyramza ®), and
Bevacizumab are FDA approved <%
drugs. 2

CRC treatment

options

Radiotherapy includes:

- Neoadjuvant irradiation

- Short-course radiotherapy

- Adjuvant radio-chemotherapy for
stage Il and Ill CRC patients.

- It harms the patient’s quality of life

-

Immunotherapy includes: -

ol )
ok

- Active immunotherapy that

comprises pattern recognition receptor

agonists, and immunomodulatory

monoclonal antibody

- Passive immunotherapy includes

adoptive cell transfer, tumor-targeting,

and oncolytic virotherapy.

Figure 7. Summary of available treatments for CRC.
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1.2.5 Constraints from available treatments

Current CRC treatments are associated with several side effects. In drug
resistance, a decline in the therapeutic effectiveness of the treatment (53) occurs so that
the same dose becomes ineffective over a period of time. Furthermore, toxicity is
another constraint because of the non-specificity to cancer cells (54). On the other hand,
several herbal remedies have been found to provide better anti CRC treatment outcomes
and thus there is an intensified research interest in studying the therapeutic profiles of
some of these constituents (51). In the past few years, more natural products have
emerged with formidable potential for use in CRC. Some of these exhibit
anti-carcinogenic activities through interference with the initiation, development and
progression of cancer through modulating several mechanisms such as cellular
proliferation, apoptosis, differentiation, metastasis, and angiogenesis (55). Crucially
these agents manifest fewer side effects compared to their chemotherapeutic cousins of
synthetic agents(55,56). One such anticancer agent that has won wide attention by
researchers is curcumin, the main constituent obtained from the plant curcuma longa
(7,8). A review of the chemical properties of curcumin is presented below.

1.3 Curcumin

Curcumin (CUR) is a compound present in the rhizome of Curcuma longa L,
which is a tuberous herbaceous perennial plant belonging to the ginger family native
to tropical climates (57). The plant contains two other related compounds:
demethoxycurcumin and bis-demethoxycurcumin (Figure 8). Together, these three
compounds are named curcuminoid (58). CUR is a crystalline compound that has a
bright orange-yellow color. According to the WHO, the acceptable daily intake of CUR
is up to 3 mg/kg (58). The therapeutic uses of CUR have been investigated in detail
and includes antioxidant, anti-inflammatory, neuroprotective, hepatoprotective,

antimicrobial, anti-inflammatory, and anticancer properties (57,59).
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Figure 8. Chemical structure of Curcumin, Demethoxycurcumin, and Bis-
demethoxycurcumin.

1.3.1 Chemical and physical properties of curcumin
CUR, (diferuloylmethane), is a diaryl heptanoid photochemical (7,60). The

chemical name of CUR is 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione. In 1842, CUR was isolated for the first time from a mixture of turmeric oil and
resin by two German scientists named Pelletier and VVogel (61). It has a melting point
of 183°C , and a molecular mass of 368.37 g/mol, insoluble at acidic and neutral pH,
whilst soluble in nonpolar organic solvents such as dimethylsulfoxide (DMSO),
ethanol, and acetone (8). CUR undergoes keto-enol tautomerism based on the acidity
of the solution. The keto-form is dominant in acidic or neutral, whilst enol-form is

dominant in alkaline media, stabilized through resonance-assisted hydrogen bonding
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(58). CUR stability is maintained up to 70°C for 10min and beyond this temperature,
it starts to decompose (62). CUR has 3 pKa values, where pKai=7.75-7.80, pKaz= 8.55,
and pKas=9.05 (58). CUR has an absorption spectra between 408 — 430 nm, while its

emission maximum falls between 460 — 560 nm in several organic solvents (63).

1.3.2 Anti-colon cancer activity of curcumin

CUR exhibits its anticancer properties through a wide range of actions at
subcellular including apoptosis and inhibition of proliferation (64). Figure 9
summarizes key pathways involved in the initiation and progression of and anticancer
activity of CUR (65).

In Wnt/B-catenin signaling pathway, CUR acts as a blocker of the Wnt/B-catenin
signaling, which performs a vital role in the pathogenesis of CRC and reduces glypican-
3 (GPC3) expression. Further, downregulating GPC3 would hinder the expression of
B-catenin, c-myc and cyclin D1, which enhances CUR inhibitory effect the Wnt/p3-
catenin signaling. When B-catenin accumulates in the cytoplasm, it translocate towards
the nucleus and stimulates the expression of various oncogenes and epithelial-
mesenchymal transition (EMT)-inducing transcription factors. EMT is linked to the
initial stage of cancer invasion and metastasis where the cancer cells start to lose the
epithelial cells characteristics, and to gain mesenchymal phenotypes and to spread
towards the surrounding tissues (66). Thus, CUR suppresses the EMT process in cancer
cells by inactivating the Wnt/B-catenin signaling.

When ligands such as growth factors and cytokines got attached to their
equivalent receptors, an activation of downstream signaling pathways is induced
including PI3K/Akt, JAK/STAT, and MAPK signaling pathways as it has a vital role

in cell survival, apoptosis, proliferation, angiogenesis, metastasis, and invasion (65).
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In other words, CUR is able to coordinate these three pathways and acts as a potential
agent in cancer progression. When Akt is activated, p53 signaling and Bad-mediated
apoptotic pathway, which promotes the tumor cell survival, are restrained. Moreover,
Akt introduces initiation of the NF-kB signaling pathway. NF-kB, is a ubiquitous
transcription factor responsible in regulating several genes involved in inflammation,
growth regulation, carcinogenesis, and apoptosis (67). NF-kB simulates the expression
of anti-apoptotic proteins such as B-cell lymphoma-2 (Bcl-2) and B-cell lymphoma-
extra-large (Bcl-xL), which inhibits cancer cell apoptosis (65,68). Thus, CUR inhibits
the activity of NF-xB , which facilitates cancer cell apoptosis (69). In addition, CUR
induces the deactivation of the JAK/STAT pathway through suppressing the
phosphorylation of JAK and STAT3, which results in downregulating vascular
endothelial growth factor (VEGF), Bcl-xL, and cyclin D1 (70).

In MAPK signaling pathway, where MAPKs are a big family of
serine/threonine kinases, MAPK signaling cascades are responsible of regulating
various biological activities including carcinogenesis and cell proliferation (65,71). For
instance, CUR was found capable to reduce the cell viability of retinoblastoma and has
induced the apoptosis of Y79 cells through activating p38 MAPK and JNK pathways
(72). Moreover, CUR induced growth and invasion inhibition of human monocytic
leukemia SHI-1 cells through the regulation of MAPK signal transduction.
Furthermore, cancer cell growth was extensively suppressed after administrating CUR.

In PI3K/Akt pathway, several cellular processes such as cell proliferation and
metabolism are controlled, and misregulating PI3K/Akt signaling pathway is
frequently linked with cancer progression and carcinogenesis (73,74). For instance,
CUR has induced cell cycle arrest through inducing downregulation of cell division

cycle 25 (CDC25) and CDC2 and upregulation of p21, which is a cyclin-dependent
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kinase (CDK)2/6 inhibitor (75). Furthermore, CUR, has induced cell cycle arrest by
suppressing the Akt/mTOR pathway as it has deactivated the Akt/mammalian target of
the rapamycin (mTOR) signaling. Moreover, CUR reduced Bcl-2, upregulated B-cell
lymphoma-2 (Bax) , and cleaved caspase-3, which promotes apoptosis of breast cancer
cell. Furthermore, CUR induced cell death, apoptosis, and autophagy were improved
through inhibiting PI3K and regulating Bcl-2 family members expression in breast
cancer cells, which proves that inactivating the PI3K/Akt pathway could enhance CUR

antineoplastic effects against breast cancer (65).

Curcumin

franscriptionof target fenes

Figure 9. Summary of CUR modulation pathways of cancer progression and
regulation of signal transduction pathways, adapted from (65).
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1.3.3 Combination therapy with curcumin

Due to its proven anti CRC effects, research has been aimed at further probing
the effectiveness of CUR in combination with conventional chemotherapeutic regimen.
For example, 5-FU in combination with CUR showed a time- and dose-dependent
efficacy on CRC cell lines (HCT116) (76). The results demonstrated that CUR had
significantly improved the cytotoxicity of 5-FU against HCT116 cell lines at
concentration of 0.1 mM 5-FU. Moreover, the combined treatment significantly
enhanced the chemosensitivity effect of 5-FU to HCT116 cell lines compared to 5-FU
alone. In another study, polyethylene glycol (PEG)-ylated liposomes containing CUR
and doxorubicin demonstrated anticancer effects on murine colon carcinoma cells
(C26) (77). The liposomes exhibited significant antiproliferative and improved
cytotoxicity towards C26 cells, compared to doxorubicin alone. In another study, a
series of chitosan-functionalized camptothecin and CUR loaded nanoparticles were
found to exhibit dose-dependent synergism, especially at 4:1 camptothecin/CUR
against Colon-26 cells (78). CUR doses of 10-15 pmol/L and celecoxib (5 pmol/L)
induced synergistic inhibitory effects on cell growth, whereby inhibition was linked
with induction of apoptosis and celecoxib inhibition of prostaglandin E2 synthesis

(79).

1.3.4 Clinical trials conducted on curcumin

The anticancer activity of CUR investigated on various cancers, including CRC
in animal (80-83) and in human CRC trials showed that doses in the range of 0.45-
3.6g daily for 4 months (84) was effective. A daily uptake of 3.6 g CUR caused
inhibition of prostaglandin E2 (PGEZ2) induction, but glutathione S-transferases (GST)
activity was not affected at this dose. In another phase 1 trial, CUR liposomal
formulation was studied on 32 patients with advanced or metastatic cancer for safety
and tolerability. Doses ranged between 100 mg/m? over 8 hours to 300 mg/m? over 6
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hours, where no dose-limiting toxicity was observed among 26 patients (85). A cohort
of 50 healthy subjects involved in phase I clinical trial to assess the performance of
intravenously administered liposomal CUR at concentrations between 10 — 400 mg/m?
over 2 hours, showed that the liposomal CUR was well tolerated up to 120 mg/m? (86).
Furthermore, CUR containing exosomes were used to deliver CUR to the colon in a
phase | clinical trial. Up to 2022, this on-going trial is aimed at assessing the efficacy
of exosomes in deploying CUR carrier to normal and colon tumor (87). A summary of
current on-going clinical trials assessing the anticancer effects of CUR against CRC

and colon related diseases is shown in Table 2 below.

19



Table 2. Summary of CUR on-going trial as anti-CRC and colon related diseases drug.

Trial Trial Disease Number Main objectives
stage target of
patients
Curcumin in Phase CRC 13 To identify clinical
Combination With 5FU I response rate of
for Colon Cancer combination between
CUR and 5FU in CRC
NCT02724202 patients.
To determine CUR
administration effect
on systemic alterations
in inflammatory and
epigenetic biomarkers
in patients with
chemo-resistant
metastatic CRC.
Study Investigating the Phase CRC 35 To assess the ability of
Ability of Plant I plant exosomes in
Exosomes to Deliver delivering CUR to
Curcumin to Normal and normal and colon
Colon Cancer Tissue tumor cells.
To address the limited
NCT01294072 bioavailability of CUR
delivery by using plant
exosomes
Plant Exosomes +/- NA IBD 90 to evaluate the safety
Curcumin to Abrogate and tolerability of
Symptoms of exosomes with and
Inflammatory Bowel CUR in patients with
Disease IBD and on the
symptoms and disease
NCT04879810 score in patients with
refractory I1BD.
Curcumin for Prevention NA UC 172 To assess the efficacy

of Relapse in Patients
with Ulcerative Colitis

NCT03122613

of CUR in preventing
relapse in patients
with ulcerative colitis.

*NA: Not applicable.
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1.3.5 Physicochemical and therapeutic constraints on effectiveness of
curcumin

Even though CUR demonstrates proven therapeutic benefits, its implementation is
still limited due to poor aqueous solubility (11 ng/mL) (88), instability in aqueous
media, especially alkaline pH (89), all of which contribute to poor cellular uptake (9)
and hence low bioavailability. Additionally, CUR is significantly metabolized and
rapidly eliminated from the body (88). At pH>7, complete degradation of CUR occurs
during 30 mins to Trans-6-(40-hydroxy-30-methoxyphenyl)-2, 4- dioxo-5-hexanal,
feruloylmethane, ferulic acid, and vanillin (88); whilst at pH<7, CUR degradation is
slow with less than 20% of total CUR decomposing in 1 hour. Moreover, CUR
undergoes rapid conversion into water-soluble metabolites, including glucuronides and
sulfates, which facilitate rapid clearance through urine. CUR metabolism occurs
through Phase | and Phase Il schemes (90-92). In Phase I, double bonds of the
heptadiene-3, 5-dione are reduced by NADPH-dependent CUR/dihydrocurcumin
reductase enzyme. In Phase Il, CUR and its reduced metabolites from phase | are
conjugated along with monoglucuronide through B-glucuronidase (Figure 10). Thus,

these limitations have restricted CUR clinical applications.
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Figure 10. Biotransformation and CUR metabolites, adapted from (88).

1.3.6 Strategies used to overcome physicochemical and therapeutic
limitations of curcumin

Researchers have probed various strategies aimed at addressing the constraints
akin to CUR therapeutic applications. One strategy that appears to have good traction
is chemical modification of CUR or synthesis of CUR derivatives in an attempt to
enhance its therapeutic effectiveness, whilst at the same time addressing its
physicochemical limitations (93,94). Furthermore, CUR formulation approaches,
especially through nanoencapsulation have been probed as a further frontier in
addressing the aforementioned constrains.

1.3.6.1 Conjugation of curcumin with relevant moieties

Interests towards synthesizing newer CUR derivatives have grown in recent
years, with some success made with regard to some of the limitations associated with

the therapeutic use of CUR. Some of these analogues present superior anticancer

22



properties than free CUR. For example, dimethylaminomethyl-substituted CUR
analogues were more stable and soluble than free CUR, but crucially more effective on
HCT-116 cell lines (95) compared to free CUR. In another study, a series of CUR
succinyl analogs of CUR were less prone to degradation at pH 7.4 compared to CUR
prepared (94).

1.3.6.2 Curcumin and nanotechnology

Nanotechnology is considered among the promising technology that with far-
reaching consequence in medicine and science. Nanotechnology was introduced to drug
delivery with the aim of achieving better therapeutics that current therapeutics cannot
surmount. For example, site-specific delivery can be achieved through
nanotechnology, whereby reduction in toxicity can be linked with effective treatment
outcomes. Improved solubility is tunable from poorly soluble drugs and prolonged
drug release profiles can be achieved. Improved uptake from the gastrointestinal tract
ensures better bioavailability enhanced drug biodistribution (96,97). The targeted
nanocarrier is designed based on the administration route, release profile, circulating
pathway, and types of carrier system (98). For instance, polymeric nanoparticles,
micelles, liposomes, nanogels, and gold nanoparticles are among the most common
types of nanocarriers. Every carrier has distinctive physicochemical properties and
distinctive in vitro and in vivo performance, and these will be elaborated subsequently.

1.3.6.2.1 Polymeric nanoparticles

Polymeric nanoparticles (NPs) are polymer-based formulations, usually
biodegradable and consist of spherical morphologies in the nano-size (Figure 11). Drug
is either encapsulated or physically entrapped within the  polymer matrix
(nanospheres), or encapsulated inside a cavity bordered by a polymeric membrane,

(nanocapsules) (99). These carriers provide a host of advantages including protective
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properties, possibility to cargo and deliver multiple drugs, decreased toxicity and
improved uptake by cancer cells (100). Furthermore, polymeric nanoparticles possess
stability and are homogeneous with controllable physicochemical properties and drug
release profile (100,101). Thus, the bioavailability and therapeutic properties of the
carried drug are potentially improved. Several FDA approved polymers have been
studied, including  N-(2-hydroxypropyl)-methacrylamide (HPMA) copolymer,
polyglutamic acid and polyglycolic acid (PGA), PEG, polylactic acid (PLA),
polyaspartate (PAA), and poly(D,L-lactide-co-glycolic) acid (PLGA) (100,102). On the
other hand dextran, albumin, collagen, and chitosan are non-toxic, biodegradable and
inexpensive (100,103). Polymeric NPs have been widely studied in delivering CUR as
anti-CRC agent.

polymeric
matrix
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Figure 11. Graphical illustration of polymeric NPs.

1.3.6.2.2 Micelles

Polymeric micelles (Figure 12) are spherical nanoscopic core/shell structures,
with a size that ranges between 10 to 100 nm (104). Micelles are consist of
amphiphilic copolymers that have distinct hydrophobic tail and a hydrophilic head
(105). Generally, the hydrophilic head is made of PEG , while the hydrophobic tail
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represents polyethers, polyesters, polyamino acids including poly(e-caprolactone)
(PCL), PLA, poly(l-aspartic acid), and poly(propylene oxide) (PPO) (106). Micelles
improve the stability of APIs and promote gastrointestinal uptake and hence
bioavailability. They also shield the encapsulated cargo from being degraded or
metabolized (107). Micelles are relatively simple to prepare, biocompatible, and can

be formulated with tumor targetability properties (105).
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Figure 12. Graphical representation of polymeric micelles used for delivering drugs.

1.3.6.2.3 Liposomes

Liposomes (Figure 13) typically comprise of lipid packed into spherical
macrostructure, where a lipophilic bilayer is squeezed between two hydrophilic layers
(108). The structure permits loading of hydrophilic APIs within the aqueous
compartment and hydrophobic agents inside the lipid space (109). Furthermore,
liposomes are more biocompatible than other carrier systems as their composition is
similar to that of the cell membranes, which make liposomes useful carries for drug
delivery. Liposomes also protect the loaded drug from degradation. Doxil® is an anti-

cancer chemotherapeutic agent containing doxorubicin within liposomal formulation
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approved for treating breast, lung and ovarian cancers (110).

Hydrophilic
___t__.—-—”""'rﬂ * head

<+—— Hydrophobic

\ tail

Lipid bilayer Phospholipids

Liposome

Figure 13. Graphical representation of liposomal carriers for drug delivery.

1.3.6.2.4 Nanogels

Nanogels (Figure 14) are cross-linked hydrophilic delivery systems formed by
cross-linking of polymer networks loosely held by hydrophobic or electrostatic
interactions (111). Nanogels can be used to deliver chemotherapeutics and they have
excellent drug loading capacity, good stability with tumor-specific drug delivery
capability (111,112). For example dextrin nanogel coated loaded with doxorubicin was

used to target breast cancer cells (113).
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Figure 14. Graphical representation of nanogel carriers as drug delivery systems,
adapted and modified from (111).
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1.3.6.2.5 Gold nanoparticles

Gold nanoparticles (Figure 15) have high stability and easy synthesis protocols
(114). They are non-toxic and non-immunogenic, and possess high permeability and
retention, which promotes bioavailability of drug cargoes at cancer sites. Specifically
functionalized gold nanoparticles exhibit good biocompatibility and controllable
biodistribution properties (115). Gold nanoparticles conjugated to bleomycin

maintained cytotoxicity in cancer cells (116).

+

Drug Gold nanoparticle Drug- Gold nanoparticle
conjugate

Figure 15. Graphical representation of gold nanoparticles as drug delivery systems.

1.4 Chitosan
Chitosan (CS) (Figure 16) is a high molecular weight and polycationic

polysaccharide discovered in 1811 by Henri Braconnot (117). It is isolated from a
naturally occurring chitin using alkaline deacetylation in the presence of potassium
hydroxide at high temperature (118,119). Chemically, CS is a poly(N-glucosamine)
and is poorly soluble in aqueous media but dissolves in acidic media (120) due to
protonation of the amine groups (121). Its nontoxicity, biocompatibility and
biodegradability (118,122) means it has wide clinical, pharmaceutical and biomedical

applications.
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Figure 16. Alkaline deacetylation of Chitin into Chitosan.

Formulated as nanomaterial, CS finds use as antimicrobial agents, used as
sensing materials and drug delivery system for the deployment of anticancer agents.
CS-based delivery shield API from degraded in the GIT region (120). Furthermore, CS
is applied in delivering drugs to the colonic using via tablets (123), CS-based capsules
(124), and nanoparticles (125). The positive charge on the chitosan polymer promotes
interaction with the negatively charged plasma membrane of mammalian cells, hence
mucoadhesion is also favored (126). Thus, APIs encapsulated in NP mucoadheres to
cell membranes through electrostatic interactions and successfully delivers the

encapsulated drug.

1.4.1 Methods of preparation for polymeric NPs

Several methods are currently available for preparing polymeric NPs. The
chosen method is dependent on the type of NPs, the general properties of the
encapsulated, the type of used polymer, the prepared NPs properties including size,
morphology, encapsulation efficiency (%EE), and drug release profile. The available
methods for preparing polymeric NPs will be reviewed below.

1.4.1.1 Solvent evaporation / extraction

Solvent evaporation comprise of single-emulsion (SE) (127) and double
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emulsion (DE) (128). In SE-evaporation technique (Figure 17) the organic solution (
polymer + drug in water) is dissolved inside a volatile organic solvent (0) and
emulsified into an aqueous phase (w). In the second step, the organic solvent is
evaporated by either through reducing the pressure or at continuous stirring at room
temperature (127,129). Finally, the by polymer is precipitated as nanospheres. In
general, the obtained nanoparticles could be retrieved through ultracentrifugation and
then rinsed using distilled water in order to remove the excess of free drug. In DE
technique (Figure 18), a complex comprised of the droplets from the dispersed phase
contain one or more types of smaller dispersed droplets (128). In DE, there are two
classes including water-oil-water (w/o/w) and oil-water-oil (o/w/0) emulsions. To
prepare DE, two step processes are most frequently followed, in which for w/o/w DE
preparation, the inner aqueous phase (W1) is dispersed in oil phase containing lipophilic
emulsifier in the first step, which is followed by dispersing the primary emulsion in an
outer aqueous phase (W2) that contains a hydrophilic emulsifier (128,130). Finally, an
evaporation process of organic solvents takes place and the particles are precipitated
out. The SE technigue offers high entrapment efficiencies for lipophilic drugs but very

low for hydrophilic. On the other hand, and polydispered particles are obtained (131).
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Figure 17. Representation of the Polymeric NPs preparation through single emulsion-
solvent evaporation technique.
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Figure 18. Representation of the two-step processes to produce DE.

1.4.1.2 Salting out

In this technique, polymer and drug are dispersed inside a water-soluble in the
presence of a stabilizer and high concentrations of salting-out agent (Figure 19) such as
MgCl,, CaClz can be used as the salting out agent This is followed by emulsification of

the polymer inside an aqueous gel to form an oil-in-water emulsion at elevated
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mechanical stirring The emulsion is further diluted with water to enhance solvent
diffusion into the aqueous phase and hardened of the polymers. Finally, the solvent is
removed using reduced pressure and ultracentrifugation (132,133). Salting out
technique is helpful in obtaining a high yield, large drug encapsulation, small particle

size, and possibility to scaling up (132,134,135).
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Figure 19. Illustration of salting out procedure for preparing polymeric NPs.

1.4.1.3 Emulsification-diffusion

Emulsification-diffusion technique involves the development of an o/w
emulsion between a partially water-miscible solvent that contains drug and polymer,
and an aqueous phase that contains a surfactant (Figure 20) (136,137). In the internal
phase, the emulsion comprises a moderately hydro-miscible organic solvent that is
saturated using water to guarantee a thermodynamic balance between both phases
(136). Successive dilution forces the solvent to diffuse from the dispersed droplets
towards the external phase whilst the e particles start to form. The organic solvent is
eliminated through evaporation or filtration based on its boiling point. . This technique
is simple, cost-effective, and has low energy consumption (138) with high entrapment
efficiency. Furthermore, no special processing equipment or advanced production
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plants are required for this technique. On the other hand, large water volume should be
removed from the suspension when the dilution is achieved. In addition, it needs more

steps for processing and longer processing time.
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Figure 20. Different stages enrolled in the Emulsification-diffusion technique, adapted
from (138).

1.4.1.4 Nanoprecipitation

Firstly, the polymer is dispersed inside a water-miscible solvent with
intermediate polarity. The obtained solution is added dropwise to an aqueous solution
under continuous stirring. At this stage, the nanoparticles start to form as the polymer
solution diffuse spontaneously inside the aqueous phase and precipitate as
nanocapsules or nanospheres. In general, surfactants could be used during the reaction

in order to ensure that the colloidal suspension is stable. Moreover, the prepared
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nanoparticles have a well-defined size and a narrow polydispersity index. Furthermore,
nanoprecipitation technique is usually used for preparing polymeric NPs with
approximately 170 nm dimensions (139), due to its easy manipulation (140).

1.4.1.5 Spray-drying

In spray-drying (Figure 21), the drug-containing fluid is forced through a
nozzle as mist which is dried to generate a fine powdered product (141,142). Spray-
drying is a single-step technique and useful for drugs that are heat-sensitive including
therapeutic drug (143). On the other hand, the use of hot dry air could cause thermal
stress to the used drug. Furthermore, the dehydration process might modify the structure

and affect the particle stability.
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Figure 21. Illustration of the spray-drying process for polymeric NPs production,
adapted from (143).

1.4.1.6 Supercritical fluid technology

In supercritical fluid (SCF) technique polymeric NPs are, precipitated from
supercritical solutions of the polymer dissolved in a supercritical fluid, followed by
rapid expansion of the solution to the air (144). SCF technique is a green technology

because the used supercritical fluids are environmental in nature (145). On the other
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hand, high pressure, elevated maintenance costs, and the auxiliary equipment are

required for SCF technique, which has limited its use in the pharmaceutical field.

1.4.1.7 lonotropic gelation method

This technique (Figure 22) is based on electrostatic interactions between
oppositely charged groups from the polymer and a cross-linker (131,146). Polymers
such as, alginate, dextran, carrageenan, and chitosan have been widely used as gelation
polymers in the formulation of nanoparticles (147). Controlled drug release can be
obtained from a matrix —dispersed API .
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Figure 22. Polymeric NPs synthesis using the ionotropic gelation method, adapted
from (148).

1.4.2 Physical techniques for NPs characterization
To physically characterize the formulated polymeric NPs, there are several

analytical techniques used to assess size distribution surface charge. The dynamic
light scattering (DLS) is used for size analysis whilst morphology is assessed using
scanning electron microscopy (SEM) or atomic force microscopy (AFM).The physical
status of the drug within the carrier systems is done using thermogravimetric analysis
(TGA) and Energy X-ray diffraction (XRD). Ascertaining of chemical structure can
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be carried out on the Fourier transform infrared spectroscopy (FT-IR), Nuclear
Magnetic Resonance (NMR), and Energy Dispersive X-Ray Analysis (EDX). These
instruments were used in the characterization of the CUR-NPs. CUR analysis was
carried out using the high-performance liquid chromatography. In the following

sections, some of these techniques would be briefly described.

1.4.2.1 Fourier transform infrared spectroscopy

FT-IR spectroscopy is a powerful technique used to determine the functional
groups through IR beam irradiation on sample and assessing absorption bands coming
out of the sample (Figure 23) (148,149). Fundamentally, the IR spectrum acquired from
FTIR spectrometer lies between 4000 and 666 cm-! (150). The main advantage from
FTIR technique is that based on the unique characteristic absorption/emission in the IR
spectral region of the sample, the collected data could be analyzed both quantitatively

and qualitatively (151).
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Figure 23. Basic components in the FT-IR spectrometer, adapted from (149).
1.4.2.2 Nuclear Magnetic Resonance
Nuclear Magnetic Resonance (NMR) is one of the most powerful techniques
used to elucidate the structure of chemical compounds (152). The basic principle of

NMR is that all nuclei are electrically charged and have spin. Thus, once an external
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magnetic field would be applied, a transfer in energy occurs from the base energy level
towards a higher energy level. The energy transfer has a corresponding wavelength,
and once the spin returns to its base level, the energy will be emitted at the same
corresponding frequency. The signal matching the difference in energy is measured and

processed to obtain an NMR spectrum for the analyzed sample (Figure 24) (153-155).
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Figure 24. Basic principle of NMR.

1.4.2.3 Atomic Force Microscopy

AFM (Figure 25), also named scanning force microscope (SFM), used to obtain
high-resolution images involving surface height information and three-dimensional
information about the sample morphology. A cantilever is used to scanning the surface
of the specimen (156). Forces between the tip and the sample deflect the cantilever
according to Hooke's law (157), creating a imagery of the sample. AFM is versatile
because measurements can be taking in fluids as opposed to vacuum thus sample remain

in their native state (158).
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Figure 25. Illustration of AFM set-up, adapted from (159).

1.4.2.4 Dynamic light scattering

In Dynamic light scattering (DLS), the Brownian motion of macromolecules
inside a medium directed with beam of light is assessed whereby, smaller particles are
moving at greater speeds than larger particles (Figure 26). when other parameters that
could affect the particle movement are known, the hydrodynamic diameter could be
calculated through measurement of the particles speed. The relation between the
particles speed and the particle size is provided by the Stokes-Einstein equation:

R=KT/ 6mnD
R: Hydrodynamic diameter. K:Boltzmann constant.  T: Absolute temperature.
n :Viscosity of the solution. D:Diffusion coefficient.

This relationship demonstrates how size is obtained from diffusion speed, when
the temperature and phase viscosity of the sample are identified. DLS technique offers
several advantages including the ability to run experiments with broad range of sample
solvents and temperature. Furthermore, DLS is a non-invasive technique with low

amounts of sample are required (159).
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Figure 26. Illustration of DLS instrumentation, adapted from (160).

1.4.2.6 X-ray diffraction

X-ray diffraction (XRD) is a powerful and nondestructive technique used to
characterize materials and to provide information on the structure, phase, and
crystallinity (160). XRD depends on constructive interference that occurs between
monochromatic X-rays and a tested sample (Figure 27). The interfered X-rays are
mainly produced by a cathode ray tube, then filtered to obtain a monochromatic
radiation that is further collimated and directed to the sample (160). In XRD, problems
related to peak overlap are minimized and a precise quantitative analysis could be
obtained (161). Further, XRD is a powerful and rapid used to identify unknown
samples. Furthermore, it needs minimal sample preparation (160). XRD has been
applied as a key technique used for drug analysis a it plays a vital role in all stages of

drug developing process, its testing and production (162).
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Figure 27. lllustration of X-ray diffraction instrumentation, adapted from (164).

1.4.2.7 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a unique technique used for studying the
thermal decomposition of samples (Figure 28) (163). In TGA, the main principle is that
changes in the sample mass is studied as an outcome of the thermal treatment under
programmed conditions. Consequently, TGA is principally used to understand
particular thermal events including absorption, desorption, adsorption, sublimation,
vaporization, decomposition, reduction , and oxidation (164). Furthermore, TGA could
be applied in evaluating products lost during chemical reactions including

nanomaterials, polymers, and polymer nanocomposites (164,165).
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Figure 28. Schematic illustration of TGA instrument, adapted from (167).

1.5 D-Mannose

D-mannose (Figure 29) is a monosaccharide and an epimer of D-glucose at the
position of C-2 , and an aldose isomer of D-fructose (166). D-Mannose is isolated
primarily from larch rod, fruits, herbs, and palm (166,167). It is quickly absorbed by
the body, with no side effects from long-term use (167). D-mannose has been linked
to chemotherapeutic effectiveness (168), whereby For instance, a previous study
showed that after treating tumor cell s with mannose, the rate of cell growth has
decreased (169). This is because mannose accumulates inside the cancer cells in the
form of mannose-6-phosphate, which suppresses hexokinases and phosphoglucose
isomerase enzymes involved in glycolysis (169,170). Other sugars were tested for
their anticancer effects including galactose, fructose, and glucose whereby mannose
hindered more effectively tumor cell growth than other types of tested sugars (169). In
another study, mannose demonstrated a potential antitumor activity on lung cancer cell
lines by inhibiting cell proliferation, inducting GO/G1 cell cycle arrest, and decrease of

the invasive abilities of cancer cells (171). Thus, mannose-targeted systems could help
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is overcoming the weak specificity and dose-limiting toxicity of anti-cancer vehicles

as it originates from natural sources.

HO

"
\ OH

OH

Figure 29. Chemical structure of D-mannose.

1.6 Succinic anhydride
Succinic anhydride is an organic compound that has the molecular formula

(CH2C0O)20 and undergoes hydrolysis to succinic acid as follows:

+ H0 —3 Ho

Succinic Anhydride Succinic Acid

Succinic acid is a diprotic acid present in the undissociated form at pH 3.50
(172). The carbonyl groups in succinic acids undergoes protonation at acidic pH (1.2),
and it is ionized under basic pH (7.4) (173). Due to the aforementioned properties of
succinic acid, we perceived that conjugation with CUR might improve its
physicochemical and biological properties. Furthermore, succinylation reaction has
been successfully achieved for various drugs as methylprednisolone (174),
metronidazole (175), primaquine (176), and CUR (94). In a previous study, CUR
Diethyl Disuccinate (CURDD) , an ester prodrug of CUR was investigated in liver
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hepatocellular carcinoma (HepG2) Xenograft Mice (177). From the study, CURDD
decreased tumor growth better compared to the pure CUR with improved anti-cancer
activity of CUR. In another study, a series of succinyl derivatives of CUR were
prepared as potential prodrugs for CRC treatment (94), where, an increased in curcumin
release was observed in human plasma, which suggested that CUR succinylation is a
useful prodrug strategy. Furthermore, these prodrugs inhibited cell growth better than

pure CUR (104).

1.7 Study rationale and objectives

Through the literature, there is still a lack of potent anti-cancer CUR conjugates
with improved solubility and stability properties although diverse conjugates and
derivatives were previously synthesized. It was proven that CUR succinylation using
succinic anhydride has improved CUR limitations and anticancer properties against
CRC (94). Moreover, mannose receptor (MR), which is a stable marker, has
overexpression in many cancers because tumor cells have high affinity to carbohydrate
molecules more than normal cells to rapidly proliferate (178). Thus, mannose mediated-
NPs having multiple mannose residues are anticipated to deliver stronger binding with
MR in cancer cells and to enhance their uptake by cancer cells that overexpress MR
(170). In a previous study, it was found that MR is highly expressed in CRC cells such
as HCT-116 cells (179). Furthermore, mannosylated-CS-NPs have clearly suppressed
tumor growth through in vivo assays (180). Thus, drug encapsulation inside
mannosylated-CS delivery systems would enhance the anticancer activity and reduces
the drug’s cytotoxicity as a natural drug carrier. However, CUR encapsulation in
mannosylated-CS NPs targeting CRC has not been studied before. Thus, the objectives
of this research are summarized as follows:

1- To encapsulate CUR and succinylated CUR in mannosylated-CS NPs carriers
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2- To evaluate the physical and chemical characteristics of the prepared
nanoparticles.
3- To test the anti-CRC properties of the nanoparticles using in vitro assays

targeting cytotoxicity assays, apoptotic assays, and cell cycle evaluations.

This thesis includes five chapters that will illustrate the research directed to achieving
the above objectives. Chapter 2 includes the developed protocols of the formulated CM-
NPs containing CUR and CUR.SA. Chapter 3 consists of the characterization and in
vitro evaluation of the formulated nanoparticles. Chapter 4 contains the obtained
findings compared to the literature. Chapter 6 includes a summary of the fundamental

findings of this work and illustrates the future prospective of the research.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Materials

Curcumin (mixture of Curcumin, demethoxycurcumin, and bisdemethoxycurcumin,
98%) and Chitosan (MW: 100.000-300.000) were purchased from Acros Organics. D-
Mannose, 4-(Dimethylamino) Prydine (> 98%), Ethanol (>99.8%), Methanol (>99.9%,
HPLC gradient), acetonitrile (>99.9%, HPLC gradient) and Acetic acid were purchased
from Honeywell Fluka. Succinic Anhydride (>99%), Dimethyl sulfoxide (>99.9%),
Sodium triacetoxyborohydride and chloroform were purchased from Sigma Aldrich.
Sodium tripolyphosphate (Granular) was purchased from Alfa Aesar. Diethyl ether
(>98%) an Ethyl acetate >99.5% were purchased from VWR. Other organic chemical
and solvents used were of reagent grade and used as directed.

2.2 Synthesis of chitosan-mannose conjugate

Chitosan-mannose conjugate (CM) was synthesized as described in the
literature (181-183) with some modifications. Mannose conjugation to CS was
conducted via reductive amination of CS with D-mannose (Scheme 1) in the presence
of sodium triacetoxyborohydride (NaBH(OAC)s). Briefly, chitosan (169 mg) was
dissolved in 1% acetic acid and pH adjusted to 5.5 with 2 M NaOH. D-mannose (17
mg) and sodium triacetoxyborohydride were then added. The obtained solution was
stirred at 210 rpm at room temperature for 48 hours. CM was precipitated out of the
mixture at basic pH using 2 M NaOH, followed by centrifugation at 4000 rpm for 10
mins. Finally, the sample was dried in the oven at 40°C overnight. The chemical
structure of CM conjugate was elucidated using FT-IR spectrophotometer and NMR

(*H and 13C).
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Scheme 1. CM conjugate synthesis pathway.

2.3 Curcumin-Succinic anhydride Conjugate synthesis

CUR-succinic anhydride (CUR-SA) conjugate was synthesized according to
scheme 2. Briefly, CUR and SA were dissolved completely in chloroform followed by
the addition of dimethyl amino pyridine (DMAP) as a catalyst. The solution was stirred
at 400 rpm at 25°C followed by vacuum refluxing while stirring at 20°C. Excess solvent
was removed via rotary evaporation at 70°C while stirring at 60 rpm. The retrieved
sample was washed with diethyl ether, filtered using vacuum filtration and then
dissolved in ethanol and left to dry overnight at 25°C. Thin layer chromatographic
(TLC) analysis was performed on silica gel G F254 (Merck Aluminum plate) with
ethyl acetate: ethanol (2:3) as a mobile phase to assure the occurrence of conjugation
reaction. The structure of CUR-SA conjugate was elucidated using FT-IR, *H and 3C

NMR spectroscopy.
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2.4 CUR.SA -loaded CM-STPP nanoparticles synthesis

CUR.SA-loaded CM nanoparticles were prepared using ionotropic gelation
method (Figure 30) as described by Jahromi et al. before with slight modifications
(184). Firstly,1 mg/mL stock solution of CM was prepared in 2% (V/V) acetic acid
solution. Similarly, a Img/ml sodium tripolyphosphate (STPP) solution was prepared
in ultra-pure H20. Secondly, 1 mL of CM solution was ultra-sonicated until totally
dissolved and volume adjusted to 1.5 mL with DW. Thirdly, 1 mg/mL stock solution
of CUR.SA was prepared by dissolving the conjugate in 99.8% ethanol followed by
the addition of 1 ml to the CM solution. Subsequently, a 100 uL aliquot of the STPP
solution was added dropwise as a cross linker to the CUR.SA-CM. The obtained
mixture was further stirred at 700 rpm for 30 mins, followed by centrifugation at 4000
g for 15 mins. Finally, the supernatant was transferred to Eppendorf® microcentrifuge
tubes for consequent analysis. Blank CM-NPs and CUR-NPs were similarly
formulated. Various formulations were made by varying the compositions of the

components as presented in Table 3.
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Figure 30. Method for CUR.SA-NPs production using ionic gelation under constant
magnetic stirring.

Table 3. Optimization process of the prepared nanoparticles.

Formulation Chitosan (Img/mL) Curcumin (Img/mL) STPP (Img/mL)

A 1mL 1mL 200 pL
B ImL ImL 100 pL
C ImL ImL 300 pL
D 0.5mL ImL 100 pL
E 1.5mL 1mL 100 pL

2.5 Stability test of CUR and CUR.SA
A methanolic stock solution of CUR and CUR.SA conjugate was prepared at

250 pg/mL and exposed to three different conditions, in dark, at room temperature, and
sunlight, each for 0.5, 1, 2, 4, and 6 hours to assess the degradation profiles of CUR and
CUR.SA as a function of time. A reversed-phase HPLC with UV-VIS detection at 425

nm was used to detect both CUR and CUR.SA. A 100 pL aliquot was aspirated from
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each vial and analyzed using HPLC system as described in section 2.7.6.

2.6 Solubility of CUR and CUR.SA conjugate test
The solubility of CUR and CUR.SA conjugate as a function of different media

was evaluated according to previous protocols with slight modifications (185). Briefly,
an excess amount of CUR or CUR.SA conjugate was dispersed in ultra-pure water
and stirred at 300 rpm for 24 hours at ambient room temperature until saturated
equilibrium was attained. 1 mL aliquot of the saturated solution was filtered and diluted
to a 1:1 ratio with methanol and analyzed using HPLC method as described in section
2.7.6. For CUR and CUR.SA solubility study in ethanol, the same procedure was
followed.

2.7 Characterization of the nanoparticles

2.7.1 FT-IR Analysis of samples
FT-IR analysis of CUR, CS, mannose, SA, CUR.SA conjugate, CM conjugate,

STPP, CM-NPs, CUR-NPs, and CUR.SA-NPs were achieved using Spotlight 400 FTIR
Spectrophotometer (Perkin Elmer, USA). Data were collected between 4000cm™ -

400cm™,

2.7.2 NMR spectroscopic analysis
'H and *C NMR spectroscopic analyses of CUR, CS, mannose, SA, CM and

CUR.SA conjugates were conducted on a JINM-ECZR (600 MHz) FT Spectrometer
(JEOL, USA). The chemical shifts were collected in parts per million (ppm) relative to

the solvent peak and the coupling constant (J) was recorded in Hertz (Hz).

2.7.3 Zeta size and potential

Particle size and zeta potential analyses were conducted on a Zeta sizer Nano
ZS (Malvern Instruments, UK) in order to assess the colloidal stability of nanoparticles.
Polydispersity index (PDI) was also measured using the Zeta-sizer to assess

homogeneity within the samples. All data is presented as mean + SD (n=3).
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2.7.4 Atomic force microscopy

AFM analysis was used to investigate the surface morphology and size
distribution of the prepared nanoparticles. A few drops from the previously collected
supernatants were deposited on freshly cleaved MICA sheets and air-dried, then
mounted on the platform of the AFM (MFP3D, Asylum Research UK)operated in
scanning and nano indentation mode. The mica deposited samples were fixed on a glass
coverslip with a double-sided adhesive that was oriented for assess by the cantilever
at a force constant of 0.7 N.m™%, resonance frequency of 150 kHz and scan area of
5*5um.

2.7.5 X-Ray Diffraction (XRD) Analysis

XRD analysis was conducted to study the crystallographic structure of the raw
ingredients and prepared nanoparticles to assess any changes in phase. The
diffractograms of CS, mannose, CM conjugate, CUR, SA, CUR.SA conjugate, CM-
NPs, CUR-NPs, and CUR.SA-NPs were obtained using an X-ray diffractometer
(PANalytical, Netherlands) operated at 45 kVVand 40mA with scan angles from 5 to 75°

with a scanning speed of 0.02°/step and the used step time was 0.5 s.

2.7.6 HPLC assay for CUR quantification
An HPLC system (series 1260 quaternary pump, Agilent, USA) equipped with

a UV/Vis detector (G1315C, Agilent, USA) set at 425 nm was used for the analysis.
The stationary phase comprised of a reverse phase column (XBridge UPLC Waters,
150mm x 3 mm, 2.5 um, USA) and the mobile phase; methanol: 0.01% acetic acid:
acetonitrile (5: 43: 52 %). The mobile phase was filtered using 0.45 pum regenerated
cellulose membrane filter paper (WHATMAN, UK) prior to analysis which was run at
a flow rate of 0.3 ml/min with injection volume of 5ul. Standard solutions of CUR
were prepared in methanol (0.005-0.03 mg /mL) and injected on the HPLC system to

obtained peak areas, which were used to build a standard calibration curve (Figure 31).
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2.7.7 Evaluation of encapsulation parameters

To estimate the percentage encapsulation efficiency (%EE) of drug loaded
within the nanoparticles, the obtained supernatant from the centrifuged CUR-NPs and
CUR.SA-NPs formulations were assayed for absorbance spectra at 425nm using the
HPLC system. The calibration curve was used to determine the free CUR concentration
and the following equations were used for calculating the % EE (Equation 1) and drug

loading content (Equation 2).

initial amount of CUR or CUR.SA — free CUR or CUR.SA)

%EE = x 1009 1
initial amount of CUR or CUR.SA % ( )
Weight of drug in the Nanoparticles
% DL= —S- 2 TUe . x 100% )
Weight of the Nanoparticles
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Figure 31. Calibration curve of CUR through serial dilution of the respective standard
CUR solution in methanol

2.8 Drug release from prepared NPs

Drug release from the NP was performed based on a modified procedure from
(186-188). In brief, the NPs suspension was placed inside Phosphate Buffer Saline
(PBS) as a releasing media with pH 6.8 to simulate the colonic region pH of the
gastrointestinal tract and in pH 1.2 to stimulate the stomach pH at a ratio of 2:1 (v/v).

The suspension in each case was divided into 10 Eppendorf® tubes of 500 pl each. The
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Eppendorf® tubes were maintained at 37°C under 150 rpm shaking. At predetermined
time intervals of 0 (initial), 1, 4, 6, 24, 48, and 72 hours, one Eppendorf tube was
withdrawn and centrifuged at 14,000 rpm for 7 min to separate the released CUR from
the NPs (pellet form). The released CUR was redissolved in 0.5 ml ethanol, filtered,
and then used to quantify the amount of CUR using the HPLC method described in
section 2.7.6. The reported data is expressed as the mean of three independent runs. The

percentage of CUR released was estimated by

Amount of CURor CUR.SA released
Total CUR or CUR.SA in NP

x 100%

% Amount of CUR released =

2.9 Morphological and elemental analyses of NP by Scanning Electron
Microscopy (SEM) and Energy dispersive X-ray (EDX)
The morphology of the formulated nanoparticles was examined on a Nova

Nano (SEM) (Model Nova Nano SEM 450, ThermoFisher Company, USA). The SEM
was equipped with an EDX detector. A few drops of the nanoparticles were deposited
on the stub of the SEM and left to air drying at ambient temperature. The dried samples
were placed in the vacuum chamber of the SEM and operated at 5kv. Images of the
nanoparticles were recorded and stored for further analyses. EDX analysis was
conducted on the nanoparticles in order to study the elemental composition of CS,
STPP, CM-NPs, CUR-NPs and CUR.SA-NPs. A small amount of sample was placed
on a carbon tape and made to air dry, to be further placed in the SEM for identification
of the elemental composition.

2.10 Thermogravimetric analysis (TGA)
Thermogravimetric analyzer (TGA 4000, PerkinElmer, USA) was used to

analyze the thermal stability of CM-NPs, CUR-NPs and CUR.SA-NPs as a function of
heat. The samples were heated from 25 to 500 °C at a rate of 10 °C /min under a gentle

stream (30 mL/min) of nitrogen.
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2.11 Stability test of nanoparticles

2.11.1 Structural assessment
The stability of formulated CM-NPs, CUR-NPs, and CUR.SA-NPs was

assessed in 1 X Gibco® DMEM (Thermo Fisher Scientific, USA), and 1X Gibco®
RPMI media (Thermo Fisher Scientific, USA), both supplemented with 10% Gibco®
fetal bovine serum (Thermo Fisher Scientific, USA) and 1% PenStrep antibiotic
(Thermo Fisher Scientific, USA), and 1% Gibco® GlutaMAX (Thermo Fisher
Scientific, USA) to assess the impact of these media on the structural integrity (94).
Changes in the hydrodynamic diameter of the nanoparticles in DMEM with 10% FBS
and RPMI with 10% FBS over 48 hours were assessed after placing drops of the
nanoparticles on MICA sheet to air-dry and then analyzing using AFM. Structural
changes were ascertained by comparing the images obtained with those of untreated

samples.

2.11.2 Effect on storage conditions
The physical stability of CUR-NPs, and CUR.SA-NPs as a function of duration

of storage at 3 and 37°C was determined at 0, 1, 7, 14 and 28 days by analyzing changes
in hydrodynamic diameter , PDI, and zeta potential of the nanoparticles (189).

2.12 In vitro cell evaluation of formulations

2.12.1 Maintenance of cell culture media

Human colorectal adenocarcinoma cell lines (HCT116 and SW480) were
cultivated in RPMI and DMEM medium, respectively, supplemented with 10 % FBS
and 1 % penicillin-streptomycin. Both cell types were incubated at 37 °C in an
incubator supplied with 5 % CO: until % confluency of 70-80% was reached. The cells
were viewed daily under optical light microscope at 10x magnification (Nikon Eclipse

TS100, Japan) to check the heath state of the cells.
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2.12.2 Subculturing of cells

Subculturing of the cells was conducted in a T-75 filtered tissue culture flask
(Thermo Fisher Scientific, USA) after confluency, at which point, the medium was
discarded, and the flask was washed with PBS. The cells were detached from the flask
using trypsin—-EDTA, followed by incubation for 3 mins at 37 °C to allow the complete
detachment of cells. The flask was tapped gently to detach the cells, which were viewed
under the optical light microscope to confirm their detachment. Once detachment was
confirmed, the culturing medium was used to wash the flask, and centrifuged at 1300
rpm for 5 min, followed by re-suspension of the pellet in the corresponding medium.
Finally, dilution with trypan blue (Sigma—Aldrich, USA) was carried out followed by
counting the required number of cells using an automated cell counter (TC20, BIO-

RAD, USA). The cells were introduced into different flasks for further subculturing.

2.12.3 Cell counting

After resuspension of the pellet in the growing medium as described in section
2.12.2, 10 pL of the cells were mixed with 10 uL of trypan blue and added to the
counting chamber of an automated cell counter. The automated cell counter displays
the total number of viable cells per 1 mL of solution. The total number of cells was
calculated as follows:

Total number of cells per 1 mL(given by the automated counter) x total volume of

corresponding medium (mL).

2.12.4 Cell cytotoxicity
The cytotoxicity of due to CUR-NPs and CUR.SA-NPs was assessed using a

cell counting Kit-8 (CCK8) assay. SW480 and HCT116 cell lines were chosen as they
comprise the major mutations of colon cancer. Furthermore, both cell lines are among
the most aggressive and manifesting types among other CRC cell lines. The SW480

and HCT116 cell lines were cultured for 24 hours inside 96 well plates (Thermo Fisher
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Scientific, USA) at 5000 cells/well and incubated at 37 °C inside a CO; incubator. After
24 hours, the cells were treated with free CUR, CUR.SA conjugate, CUR-NPs and
CUR.SA-NPs at different concentrations (1, 10, and 25 uM) for a period of 24 and 48
hours. Cells in medium alone, DMSO and CM-NPs ( 50 uM) act as controls. After each
time point, the cell viability was determined though CCK-8 assay using WST-8 reagent
(Cat. N0:5015944001, Sigma- Aldrich, USA) as provided by the manufacturer’s
protocol: in each well, 20ul of the reagent was added and incubated at 37 °C for 1 hour,
and the quantification of the formazan dye produced by metabolically active cells was
analyzed by a spectrophotometer (Teccan, Switzerland). Generally, the amount of the
formazan dye that is generated due to the activity of dehydrogenases inside the cells is
directly proportional to the number of viable cells. The absorbance was measured at

450 nm and the percentage of cell viability was calculated.

2.12.5 Cell Cycle analysis
Cell cycle analysis was used to evaluate the cellular distribution in the different

phases of cell cycle. SW480 and HCT116 cells were seeded in T-75 flasks for 24 hours
to allow cell adherence. Further, cells were treated with 10 and 25 uM of CUR-NPs and
CUR.SA-NPs. Untreated cells were used as a control. After treatment for 24 hours,
cells were trypsinzed and centrifuged at 1300 rpm for 5 minutes. Further, 1 x 10° cells
were collected, centrifuged at 300g for 5 minutes, and resuspended in 300 ul PBS.
Lastly, 700ul of 100% ethanol was added drop by drop while vertexing for cell fixation,
and the cell suspension was kept overnight at 4°C. The next day, cells were washed and
centrifuged at 500g for 5 minutes, resuspended in 250 pl propidium iodide (PI)/RNase
staining solution (Cat. No. 550825), incubated at room temperature for 15 minutes,
centrifuged at 500g for 5 minutes, and the pellet was resuspended in 250 pl PBS.

Finally, stained cells were investigated for DNA content using flow cytometry (Flow
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FACS BD Bioscience, USA).

2.12.6 Cellular apoptosis analysis
Cell apoptosis assay was used to assess the percentage of cells that are

undergoing apoptosis. HCT116 and SW480 cells were seeded in T-75 flasks. After 24
hours, cells were treated with 10 and 25 uM of both CUR-NPs and CUR.SA-NPs.
Untreated cells were considered the control. After 24 hours, cells were trypsinized,
centrifuged at 1300 rpm for 5 minutes, and 5 x 10° cells were collected, the cells pellet
was suspended with 94pl with Annexin Binding Buffer (Cat. No. 556454), 5ul Annexin
and 1pl PI. Further, cells were incubated for 30 minutes in the dark at 25 °C, washed
with 250ul PBS, and lastly analyzed using flow cytometry (Flow FACS BD Bioscience,

USA).

2.12.7 Western Blotting

Cells were seeded using T75 flask, and treatment was carried out at
concentrations of CUR- NPs (10 and 25 uM) and CUR.SA-NPs (10 and 25 uM) for
both cell lines. After treatment incubation for 24 hours, proteins were collected and
quantified using Rapid Gold BCA Protein assay kit (Thermo Scientific, USA). A 50
mg of total proteins were separated using sodium-dodecyl sulfate polyacrylamide gel
electrophoresis, transferred to polyvinylidene difluoride (PVDF) membrane to be
probed after blocking using the following primary antibodies against total PARP
(1:1000, 95425, Cell Signaling Technology, USA), cleaved Caspase 8 (1:1000, 9496S,
Cell Signaling Technology, USA), and p-actin (1:1000, 4970L, Cell Signaling
Technology, USA). Subsequently, the membrane was incubated in horseradish
peroxidase-conjugated goat anti-rabbit polyclonal immunoglobulin G secondary
antibody (1:2000; Cat. No. sc-2004, Santa Cruz Biotechnology) for 1 hour. The bands
were further detected using enhanced chemiluminescence solution (Broaddus) and

visualized using a ChemiDocTM MP imaging system (BioRad, USA).The
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densitometric analysis of proteins was performed using image J software. The marker

protein bands were calculated and adjusted using a loading control (B-Actin).

2.13. Statistical analysis

All presented data are expressed as average of mean + SD of at least three
replicates (n=3). Statistical significance of the data was determined using a one-way
ANOVA and Student’s t-test, as required, using a GraphPad Prism 9 software. The

difference is considered statistically significant at p-values < 0.05.
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CHAPTER 3: RESULTS

In this work, CUR and a new CUR conjugate (CUR.SA) were encapsulated in
chitosan-mannose nanoparticles by ionic gelation method. A graphical presentation of

the prepared nanoparticles including CUR-NPs and CUR.SA-NPs are shown in Figure

32.
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Figure 32. Graphical representation of the formulated NPs

Physicochemical characterization

3.1.1 FT-IR analysis
FT-IR was used to identify the main chemical functional groups within the raw

materials, conjugates and nanoparticles (Figure 33).
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Figure 33. FT-IR spectra of (A) CS, Mannose, and CM Conjugate, (B) CUR,

Wavenumber(cm™)

SA, and CUR.SA conjugate and (C) STPP, CM-NPS, CUR-NPs, and

CUR.SA-NPs.
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Evidence of chemical conjugation between D-mannose and CS is shown in
Figure 33.A. In the FT-IR spectra of CS (Fig. 33.A), transmission peaks at 3355.53
(NH) cm™ and 2865.7 cm™ (CH) refer to the symmetric amine and methylene groups
vibrations respectively. In general, peaks at the range 3500-2500 cm™ refer to X-H
vibrational stretching, where X could be O, C or N. The band at 1585.2 cm™ (NH,) is
assigned to the stretching vibration of -NH2 group present in CS, while the peak at
1373.07 cm™* (CH) is due to vibration of C-H. The broad peak at 1022.09 cm™ (CO)
refers to C-O stretching vibration. FTIR spectrum of pure mannose (Figure 33.A) shows
2 characteristic peaks at 3293.82 cm™ and 3127.97 cm™, which refer to the C-H
vibrational stretching. Another peak at 1697.05 cm™ was due to C=0 aldehyde
stretching. The transmission peak at 1365.35 cm refers to methylene —(CH2)— bending
vibrations, while a peak at 1014.37 cm™ confirmed the vibrational stretching and
wagging of C-O in mannose. In case of CM (Fig. 33.A), a strong sharp peak at 1554.34
cm® (N-H) refers to the bending of secondary amine and a peak at 1407.78 cm™ (C=N)
confirmed the formation of Schiff's base, which assures the formation of a new bond
between mannose ligand and amine termination in CS (R-CH=N-R bond). Moreover,
an intense and broad strong peak at 3282.25 cm™ (OH) for mannose and a strong peak
at 1022.09 cm™ (CO) confirmed the presence of hydroxyl groups for mannose in high
amounts within the CM conjugate.

In case of CUR (Figure 33.B), a peak at 3505.95 cm™ (OH) refers to hydroxyl
groups of CUR. Moreover, C=C aromatic stretching vibration at 1427.07 cm™ and high
intensity band at 1500.35 cm™ refer to the mixed vibrations that includes stretching
carbonyl bond vibrations (C=0), in plane bending vibrations around aliphatic C-C, in
plane bending and stretching vibrations of aromatic C-C-H and C-C in the keto and

enol configurations of CUR. Furthermore, a significant intense band at 1268.93 cm™ is
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attributed to the bending vibration of the C-O phenolic group. In the case of SA (Figure
33.B), astrong peak at 1774.19 cm! refers to C=0 stretching. Another peak at 1203.36
cm™ is due to C-O stretching of the vinyl ether in SA. For CUR.SA (Figure 33.B), a
broad peak at 3251.4 cm™ and a medium sharp band at 2938.98 cm™ refer to O-H
stretching in the carboxylic acid from SA. A strong peak at 1025.94 cm™ is due to C-O
stretching of the primary alcohol moiety in SA. Furthermore, a strong peak at 1261.22
cm* refers to C-O stretching in CUR. Moreover, a peak at 1720.19 cm™ is due to C=0
stretching coming from the carboxylic acid group in SA. Based on these observations,
there is strong evidence of the formation of CUR.SA conjugate.

In the nanoparticles: CM-NPs, CUR-NPs and CUR.SA-NPs, key signatures
observed previously are also present as shown in Figure 33.C, however, peaks appeared
smoothened with slight shifting which can be attributed to ionic interactions between
STPP and CS during gelation. The presence of CUR within the nanoparticles is largely
physical, however weak interaction with STPP and CS can be attributed to the broad

peaks in CUR.

3.1.2 NMR spectroscopic analysis
In order to add more credibility to the FT-IR data, 1H NMR study was

performed on CS and CM (Figure 34), with spectra obtained in deuterium oxide (D20).
CS showed peaks at 1.90 and 3.00 ppm protons bonded to C atoms of the glucosamine
ring , while signals between 3.60 and 3.90 ppm correspond to protons bonded to C
atoms in the glucopyranose that are overlapped (Figure 34. A). Another peak at 4.9 ppm
corresponds to protons bonded to the anomeric carbon in CS. After mannosylation
(Figure 34.B), a weak peak at 2.63 ppm occurred that refers to proton linked to -NH>

group that became sterically hindered by the presence of mannose. Moreover, a peak
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at 8.14 ppm occurred in CM in contrast to CS, and this is due to protons from mannose
within in CM. The peaks of CM have been shifted as compared to that of CS, which is

a strong signal of mannosylation reaction.

Figure 34. 1H NMR Spectra of CS (A), and CM conjugate (B) after dissolving 4 mg
of the samples in D20O/HCI (650 pL/ 20 pL) under sonication (3 mins), at 25°C.
'H and 3C NMR spectroscopy were performed on CUR.SA conjugate (Figure
35), where a new peak at 2.60 ppm appears in CUR.SA conjugate (Figure 35.B),
attributable to -CH protons present in SA in contrast to free CUR (Figure 35.A). In °C
NMR (Figure 35.C,D), a peak at 30 ppm represents C in -CHz group present in SA. In
addition, 2 peaks occurred at 172 ppm and 173 ppm emerging from two different C,
namely carbonyl C and carboxylic acids C within SA (Figure 35.D). Thus, a
conclusion with a fair degree of certainty that CUR was successfully conjugated to SA

is obtained.
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Figure 35. 1H NMR spectra of CUR(A), CUR.SA (B) and *C NMR spectra of CUR(C),
CUR.SA (D). Samples were dissolved in 600 puL of deuterated chloroform (CDCI3).

3.1.3 Particle size and charge analysis
Various nanoparticle formulations (CM-NPs, CUR-NPs and CUR.SA-NPs)

were fabricated and characterized with regard to size and surface charge using as the

Zeta-sizer® Table 4 presents the data, which also includes the PDI and %EE From the
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data, we observed that formulation B provided the most optimal characteristics based
on the formulation for further analysis and biological applications. For CM-NPs, the
mean size of was 101 £ 4.3 nm, PDI value of 0.32 +0.05, and zeta potential of 41.2 +
0.15 mV. In case of CUR-NPs, the mean size was 268 + 6 nm, PDI value of 0.294

+0.019 and zeta potential of 11 £ 0.75 mV. For CUR.SA-NPs, the mean size of was

342 £ 4.6 nm, PDI value of 0.137 £0.043 and zeta potential of 13.6 £ 0.8 mV.

Table 4. Optimization of prepared formulations

Formulation Nanoparticle  Particlesize  Zeta potential %EE
name name (nm) (mV)

A CM-NPs 1689 + 17 13.2+0.5 -
CUR-NPs 2348 + 183 -1.55+0.45 91.32 +£0.03
CUR.SA-NPs 2661+ 2101 3.24 +£0.98 92.45+0.01

B CM-NPs 101+ 4.3 41.20+0.15 -
CUR-NPs 268 + 6 11.00 £ 0.75 93.34 +£0.40
CUR.SA-NPs 342+ 4.6 13.60 + 0.80 98.46 + 0.06

C CM-NPs 3400 £ 432 6.84 + 1.67 -
CUR-NPs 4531 £2689 -3.75+£0.52 95.54 + 0.25
CUR.SA-NPs 30620 + 3790 -0.74 £ 0.05 95.57 £ 0.03

D CM-NPs 1252 +1.8 32.30+£1.85 -
CUR-NPs 355+ 30 3.72+£0.48 34.94 £ 0.15
CUR.SA-NPs 538+ 22 -195+14 38.34 £ 0.06

E CM-NPs 120.4 +1.47 32.40 £ 1.05 -
CUR-NPs 642 + 50 16.80 £1.71 98.67 £ 0.004
CUR.SA-NPs 686 + 11 13.20£0.72 98.49 + 0.005
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3.1.4 The encapsulation and loading efficiency of nanoparticles
After preparing CUR-NPs and CUR.SA-NPs, the amount of CUR and CUR.SA

that remained in the supernatant of the solution was analyzed using HPLC system. From
the optimal formulation B, the % EE was equal to 93.34 + 0.40 for CUR-NPs, and
98.46 + 0.06 for CUR.SA-NPs (Table 4). Furthermore, formulation B has yielded a

drug loading 39.81 + 0.17 for CUR-NPs, and 42.02 + 0.02 for CUR.SA-NPs.

3.1.3 Stability test of CUR and CUR.SA conjugate

The chemical stability of free CUR and CUR.SA conjugate was assessed over
6 hours using a reversed-phase HPLC with UV-VIS detection at 425 nm. Stability
stresses included dark, roomlight (florescent), and in sunlight. Plots of the area under
the curve (AUC) vs. time (Figure 36.A) showed no significant degradation rate of free
CUR in dark and roomlight conditions (p>0.05) after 6 hours of exposure, signifying
that free CUR was stable in the tested conditions. On the other hand, CUR degradation
was significant (Figure 36.A) in sunlight condition after 6 hours of exposure
(p<0.0001). However, CUR.SA degradation was not significant (p>0.05) in dark and
roomlight conditions after 4 hours of exposure, whilst significant degradation rate was

noticed after 6 hours of exposure to sunlight (Figure 36.B).
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Figure 36. Stability test of free CUR (A), and CUR.SA conjugate (B). Data is
expressed as mean = SD (n=3), statistical analysis using two-way ANOVA,
Dunnett’s test, (ns = not significant, * p<0.05, **p < 0.01 and ***p < 0.001, and

****p < 0.0001 indicates statistical significance compared to control cells (time 0)).
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3.1.6 Solubility of CUR and CUR.SA conjugate test

To determine whether the synthesized CUR.SA conjugate is more soluble than
pure CUR in aqueous and ethanolic media, a solubility study was conducted (Figure
37). The resulted data indicate that pure CUR was more soluble than CUR.SA conjugate
(p<0.05) in ethanol. In contrast, CUR.SA conjugate showed a higher solubility in water
compared to free CUR (p<0.05). Thus, the improvement of CUR solubility in aqueous

media for the prepared conjugate is confirmed.
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Figure 37. Solubility test of CUR.SA conjugate in different media (water and
ethanol). Data is expressed as mean = SD (n=3). Statistical significance was
calculated using student’ t-test ( *p < 0.05 indicates statistical significance).

3.1.7 AFM analyses

The surface topography and morphology of the produced nanoparticles were
observed on AFM. Figure 38 displays the 2D and 3D rendered images of CM-NPs
(A), CUR-NPs (B), and CUR.SA-NPs (C). The figures show distinct nanoparticles that
are spherical in shape and have a have uniform distribution. The average surface
roughness is a parameter used to assess the surface roughness and this value was
ranged between -13.590 nm to 27.109 nm for CM-NPs (Skewness= 0.34 nm), from -

13.801 nm to 21.792 nm for CUR-NPs (Skewness= 0.57 nm), and between -36.602 nm
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to 74.815 nm for CUR.SA-NPs (Skewness= 2.91 nm). Overall, it is also clear that the
prepared NPs have a smooth surface , while observed roughness is much smaller than
that of plane size of NPs. This could be explained by the composition of used CS
polymer (CS) which is flexible and prone to collapse from tapping by the cantilever

of the AFM.

Figure 38. AFM images of CM-NPs (A),CUR-NPs (B), and CUR.SA-NPs (C).
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3.1.8 EDX Analysis

The EDX analysis is presented in Figure 39, for CS, STPP, CM-NPs, CUR-

NPs, and CUR.SA-NPs. The targeted elements include carbon (C) oxygen (O),

nitrogen (N), sodium (Na) and phosphorus (P). The intensity values of the elements for

CS, and extracted data is presented in Table 5. The presence of Na and P in the formed

nanoparticles is an indication that the formation of crosslinking with STPP was

successful. Furthermore, EDX analysis confirmed the absence of impurities.

Table 5. Elemental composition of samples (%Wh).

Sample %N %0 %C %Na %P
CS 18.01 27.91 54.08 - -

STPP - 49.11 - 28.48 2241
CM-NPs 2740 32.02 3422 491 1.45
CUR.SA-NPs 26.59 27.83 36.16 9.04 0.38
CUR-NPs 18.80 2451 5153 4.68 0.48

68



Ha

a o |, 8. 10.00
c
Ha
o o
21 em nt
Eler !
N
N: 2
Ha E
11
j
ik T P _— ..u|-=]m.|.4mmp.m..m-.P-.---{.. .
2.00 4. 19.00 2.00 4.00 6.00 8.00 10.00
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3.1.9 Morphology analysis of NPs
The morphology of the CM-NPS, CUR-NPs, and CUR.SA- NPs was

assessed through by SEM. As shown in Figure 40, the NPs are spherical and
uniform in shape and in agreement with the results obtained in the Zeta Sizer

analysis, which were 101 nm (+ 4.3 nm) for CM-NPs (A), and 268 nm (£ 6 nm)

for CUR-NPs (B), and 342 nm (+ 4.6 nm) for CUR.SA-NPs (C) .

Figure 40. SEM images proving the formation of CM-NPs (A), CUR-NPs (B),
and CUR.SA-NPs (C).
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3.1.10 XRD analyses

XRD analysis was used to gather information about the physical state of CUR
and CUR.SA within the nanoparticle carriers. In the case of free CS, as shown in Figure
41, two strong diffraction peaks are observed at 26 = 10.5° and 20.43°. However, after
mannosylation of CS the peak at 10.5° disappeared and peak at 20.43° decreased in
intensity as compared to free CS. Furthermore, after formulation of CM-NPs, both
peaks disappeared completely, which reflects a transformation to an amorphous form
of the obtained NPs. In the XRD patterns for free CUR, multiple crystalline signals are
observed at 8.93°, 12.25° 14.60°, 17.28°, 18.29°, 21.36°, 23.50°, 24.64°, 25.67°,
27.36°, and 29.08°, which confirms the crystalline property of free CUR. However,
after conjugation to SA, all peaks present in free CUR disappeared, which demonstrates
the disruption of the crystalline form of CUR after conjugation to SA. Upon further
encapsulation of CUR and CUR.SA within CM-NPs, no sharp peaks were noticed,
which confirms the transformation of CUR-NPs and CUR.SA-NPs into the amorphous
configuration. Amorphous manifestation ensures improved solubility, which is
desirable in the present circumstance since deployment in cells will promote effective

therapeutics.
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Figure 41. XRD patterns of CS, Mannose, CM Conjugate, STPP and CM-NPs (A),

CUR, SA, CUR-SA Conjugate, CUR-NPs, and CUR.SA-NPs (B).
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3.1.11 TGA Analyses
Thermogravimetric analysis of CS, mannose, CUR, CUR.SA, CM-NPs, CUR-

NPs, and CUR.SA-NPs was conducted in order to study their thermal stability profile.
The thermal degradation profiles of the formulated nanoparticles are shown in Figure
42. A similar degradation profile was observed for both CUR and CUR.SA conjugate
with only 2% of weight loss until 200 °C. A weight loss of 50% for CM conjugate
compared to CS that underwent 60% loss in weight at 500 °C was observed, which
indicates that CS mannosylation improved CS stability by 10%. Up to 500 °C , CUR-
NPs, and CUR.SA-NPs underwent a uniform and smooth weight loss of approximately
60%, which reflects a higher thermal stability compared to the observed profile of free

CUR at 500 °C .
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Figure 42. TGA curves of Chitosan, Mannose, CM Conjugate, CM NPs, CUR, SA,
CUR-SA Conjugate, CUR-CM NPs, and CUR.SA-CM NPs.
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3.2 Drug release from prepared NPs

Drug release profiles of CUR and CUR.SA- loaded CM-NPs were investigated
to assess the potency of the studied carrier in delivering the drug towards the targeted
colonic region. Drug release profiles of the prepared CUR-NPs and CUR.SA-NPs were
assessed in PBS (pH 6.8 and pH 1.2) at predetermined intervals until 72 hours to assess
the release rate of the drug from the carriers. From the data presented in Figure 43.A,
CUR release from the prepared CUR-NPs indicates a burst release in the first 2 hours
by 30% at pH 1.2 and pH 6.8, followed by a constant and slow release up to 72 hours.
In the case of Figure 43.B, a similar drug release profile was observed from CUR.SA-
NPs by at 32% at pH 1.2 and 30% at pH 6.8 in the first 2 hours followed by a constant
and slow release up to 72 hours. Consequently, the constant release of CUR from both
prepared nanoformulations indicates the protective properties of the carrier.
Furthermore, CUR release from both nanoformulations was slightly higher in pH 1.2

compared to pH 6.8.
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Figure 43. In vitro drug release profiles of the prepared CUR-NPs (A), and CUR.SA-

NPs (B) in PBS, at pH 6.8 and pH 1.2. Data is expressed as mean = SD (n=3).
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3.3 Stability test of nanoparticles

3.3.1 Structural assessment

To assess the structural integrity of the under typical cell growing conditions,
CM-NPs, CUR-NPs, and CUR.SA-NPs were incubated in DMEM and RPMI media
supplemented with 10% FBS for 24 and 48 hours in typical cell growing conditions.
After the incubation periods, variations in surface morphology were assessed using
AFM, and resulting images are shown in Tables 6 and 7. The obtained results display
that the NPs retained their spherical morphology in both media during the incubation
period up to 48 hours. Thus, the stability of the NPs is confirmed for this time period,
and it is expected that uptake of the nanoparticles is likely to occur during this time

frame.

Table 6. NPs incubation in DMEM culture media.

Incubation time
(Hours) CM-NPs CUR-NPs CUR.SA-NPs

24 Hours

48 Hours
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Table 7. NPs incubation in RPMI culture media.

Incubation
time CM-NPs CUR-NPs CUR.SA-NPs
(Hours)

24 Hours

48 Hours

3.3.2 Storage condition effect
The stability of formulated CUR-NPs and CUR.SA-NPs during storage at 4°C

and 37°C was assessed by measuring changes in particle size, zeta potential and PDI
(Figure 44). No significant changes in size of CUR-NPs after 28 days at 4°C were
noticed (Figure 44.A). However, at 37°C, a significant increase (539 + 15) was
observed on day 28 compared to the average size on day 1, 7, 14, and 21 days. The PDI
was always <0.5 in all at both storage conditions with no differences observed between
their means (p> 0.05). Furthermore, the zeta potential remained positive and high at
both temperatures. In the case of CUR.SA-NPs, no significant variations in the size of
nanoparticles were noticed after 28 days of storage at 4°C, (Figure 44.B). However, at
37°C, asignificant rise (536 + 2) was observed on day 28 compared to averages on day

1, 7 and 14, and 21. Moreover, the PDIs of CUR.SA-NPs remained <0.5 at bhoth
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temperatures with no difference in their means (p> 0.05). The Zeta potentials also

remained positive and high at both temperatures. Thus, the prepared formulations

exhibit a temperature-dependent stability pattern.
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Figure 44. Stability test of the mean size (nm), Zeta potential (mV), and PDI of the
CUR-NPs (A) and CUR.SA-NPs (B), at 4 °C and 37 °C, during 28 days of storage.
Results are expressed as mean + SD. Statistical analysis using two-way ANOVA,
Dunnett’s test, (ns= not significant, * p< 0.05, **p < 0.01 and ***p < 0.001, and
****p < 0.0001 indicates statistical significance compared to control cells (time 0)).

3.4 In vitro cell evaluation of formulations

3.4.1 Cell cytotoxicity

Cell viability studies are used to assess the anti-cancer properties of

formulations on various CRC cell lines, as well as analyzing their time and dose

responses to the applied treatments. CCK-8 assay, which is a highly water-soluble

tetrazolium salt, is a colorimetric assay that exhibits greater detection sensitivity
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compared to other tetrazolium salts-based assays such as MTT assay (190). There is a
correlation between the amount of the produced formazan dye by cellular
dehydrogenase enzymes and the number of living cells. Thus, the cell viability is
estimated by measuring the optical density (OD) of the formazan at 450 nm using a
microplate reader. The effect of different doses of CUR-NPs and CUR.SA-NPs on cell
viability was assessed using HCT-116 and SW-480 cell lines exposed to different the
concentrations of the formulations for 24 and 48 hours.

Figure 45 illustrates the effect of free CUR, CUR.SA conjugate, CM-NPs,
CUR-NPs, and CUR.SA-NPs on the % cell viability of SW480 cells. From Figure 45.A,
we observe that a decrease in the % cell viability was occurred upon increase in CUR-
NPs concentration, which illustrates that CUR-NPs induced a dose response effect on
the treated cell line, and a significant difference was detected between the treatment
concentrations (10 and 25 uM) compared to free CUR (p<005). A similar trend was
observed with CUR.SA-NPs treatment where a dose response effect was also noted,
and a significant difference was noticed between the treatment concentrations (10 and
25 uM) compared to CUR.SA conjugate (p<005). After 48 hours of treatment (Figure
45.B), significant differences between the % viability of cells treated with free CUR
and CUR-NPs were observed at all doses (p<005). A similar trend is also observed
between CUR.SA conjugate and CUR.SA-NPs treatment shown in Figure 45.B.
SW480 cells were also treated with free SA (10 and 100 puM), and no cytotoxic effect
was observed until 48 hours of treatment (Figure 46). Thus, CUR anticancer property

was not altered after conjugation to SA.
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Figure 45. SW480 cell viability treated after 24 hours (A) and after 48 hours (B) using
CCK-8 assay. Data are expressed as a percentage of the untreated control, viable cell
levels < 75% were taken to indicate cytotoxic induction (error bars = SD; n=3).
Statistical significance was calculated using 1-way ANOVA and Sidak test (ns: not
significant; (*p < 0.05, **p < 0.01; ***p < 0.001, **** p < 0.0001 indicates statistical
significance).

80



150 —
ns 150 ns
S T S T
> 100 E: 1004
8 8
> >
3 38
0- T 0- I
> N N S N} D
FNS K RS S
R S
X op A S
SW480 (24 H) SW480 (48 H)

Figure 46. SW480 cell viability treated Free SA (10 and 100 uM), after 24 and 48
hours using CCK-8 assay. Data are expressed as a percentage of the untreated control,
viable cell levels < 75% were taken to indicate cytotoxic induction (error bars = SD;
n=3). Statistical significance was calculated using 1-way ANOVA and Dunnett’s test
(ns: not significant; (*p < 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 indicates
statistical significance).

Figure 47 shows the effect of free CUR, CUR.SA conjugate, CM-NPs, CUR-
NPs, and CUR.SA-NPs on the % cell viability of HCT116 cell line within 24 and 48
hours. The % cell viability was calculated in relation to untreated cells. From Figure
47.A, a significant decrease in the % cell viability was observed upon CUR-NPs
treatment (10 pM) compared to free CUR (p<0.05) after 24 hours. In Figure 47.A, a
similar trend was observed with CUR.SA-NPs treatment where a dose response effect
was observed, and a significant difference was noticed between treatment
concentrations (1 puM) compared to CUR.SA conjugate (p<0.05). After 48 hours,
significant differences between the % viability of cells treated with free CUR and
CUR-NPs were observed at 1 uM dose (p<0.05). A similar trend is also displayed in

Figure 47.B between CUR.SA conjugate and CUR.SA-NPs treatment with a significant

difference at 1 and 10 pM doses (p<0.05).
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Cells were also treated with free SA to confirm that CUR cytotoxicity was not affected

after the conjugation. After cell treatment using different concentrations of free SA (10

and 100 uM), no significant cytotoxic effect (p>0.05) was noticed after 48 hours of

treatment (Figure 48).
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Figure 47. HCT116 viability treated after 24 hours (A) and after 48 hours (B) using
CCK-8 assay. Data are expressed as a percentage of the untreated control, and viable
cell levels < 75% were taken to indicate cytotoxic induction (error bars = SD; n=3).
Statistical significance was calculated using 1-way ANOVA and Sidak test (ns: not
significant; (*p < 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 indicates statistical

significance).
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Figure 48. HCT116 cell viability treated Free SA (10 and 100 uM), after 24 and 48
hours using CCK-8 assay. Data are expressed as a percentage of the untreated control,
viable cell levels < 75% were taken to indicate cytotoxic induction (error bars = SD;
n=3). Statistical significance was calculated using 1-way ANOVA and Dunnett’s test
(ns: not significant; (*p < 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 indicates
statistical significance).

3.4.2 I1Csp Calculation
In order to calculate the ICso of CUR-NPs and CUR.SA-NPs in SW480 and

HCT116 cell lines, different concentrations were used, ranging between 1 uM to 25
uM. The ICsp data are described in Table 8. From the obtained results of up to 48 hours
of treatment (SW480 and HCT116), both CUR-NPs and CUR.SA-NPs displayed lower

ICso values compared to free CUR and CUR.SA.
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Table 8. ICso values in pM of CUR-NPs and CUR.SA-NPs on colonic cell lines. Each

value is represented as means (n=3).

24 H 48 H

Sw480 HCT116 Sw480 HCT116

Free CUR (M) 7058 3358 1957  18.21

CUR-NPs (M) 26.82 32.44 8.64 17.84

Free CUR.SA (uM) 52.07 27.29 17.34 17.70

CUR.SA-NPs (uM) 2405 3210 1101  15.86

3.4.3 Effects of nanoformulations on morphology of CRC cell lines
A phase-contrast inverted microscope was used in order to observe the

morphological changes of SW480 and HCT116 cells after treatment with free CUR,
CUR.SA conjugate, CUR-NPs, CUR.SA-NPs, and untreated cells. In the case of
SW480 cells, untreated cells clearly exhibited flattened attachment on the surface
(Figure 49). Upon treatment with 10 uM of free CUR, CUR.SA, CUR-NPs, CUR.SA-
NPs, the surface morphology changed into spherical shape and cytoplasmic shrinkage
was observed. Cell detachment and cells departure from each other was also observed
dramatically upon treatment with 25 uM of free CUR, CUR.SA, CUR-NPs, and
CUR.SA-NPs. In the case of HCT116 cells, a similar profile was also observed upon

increasing concentrations of treatments compared to untreated cells (Figure 50).
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Figure 49. Representative microscopic images of live and dead cells showing
morphological changes in SW480 cells after different treatments for 24 hours.
Morphological features were observed under an inverted microscope with objective
lens x20. Arrows indicate that rounded cells resulted from abnormal morphological
changes and cytoplasmic shrinkage with increasing concentration of treatments.
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Figure 50. Representative microscope images of live and dead cells showing
morphological changes in HCT116 cells after different treatments for 24 hours.
Morphological features were observed under an inverted microscope with objective
lens x20. Arrows indicate the rounded cells resulted from abnormal morphological
changes and cytoplasmic shrinkage with increasing concentration of treatments.
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3.4.4 Cell cycle

Cell cycle analyses was conducted to investigate the effects of CUR-NPs and
CUR.SA-NPs on SW480 and HCT116 cell proliferation. The cellular distribution in
different phases of the cell cycle were obtained by analyzing the DNA content of cells
using flow cytometry. The results are presented as cellular DNA content frequency
histograms (Figure 51 and 52).

In the case of SW480 cell line, Figure 51 clearly showed that both 10 uM and
25 uM of CUR-NPs and CUR.SA-NPs have altered the distribution of SW480 cells in
the cell cycle phases significantly. Compared to untreated cells, an increased number
of cells in G2/M phase was observed after treating cells with 10 pM and 25 uM CUR-
NPs by 27.40 +1.13% and 48.53% 1.06%, respectively, compared to untreated cells
(25.10 + 0.84%), which confirms induction of cell arrest at the G2/M phase. This
change was followed by a drop of number of cells in the GO/G1 phase (57.15 + 0.21%
at 10 uM, and 31.10+ 0.98% at 25 uM) and decreases in S phase (6.79 + 0.22% at 10
uM, and 12.09+ 0.01% at 25 uM) compared to untreated cells. A similar profile in
G2/M phase was also observed after treatment using with 10 pM and 25 pM CUR.SA-
NPs (27.05 £0.49% and 48.40+ 3.25%, respectively). This change was followed by
decreases in GO/G1 phase (58.65 + 0.91% at 10 uM, and 30.35+ 2.05% at 25 uM) and
decreases in S phase (6.37 £ 0.19% at 10 uM, and 11.05+ 1.20% at 25 pM) compared

to untreated cells.
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Figure 51. Cell cycle analysis of SW480 cells after treatment with CUR-NPs (10 and 25
uM), CUR.SA-NPs (10 and 25 uM), and untreated cells for 24 hours. Characteristic
histogram data of Annexin V-FITC/PI flow cytometer evaluation (A) and cell cycle
distribution percentages (B) are represented. Results are expressed as percentage of

total cells mean +SD (n=3).
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In the case of HCT116 cell line, Figure 52 has evidently demonstrated that both
10 uM and 25 puM of CUR-NPs and CUR.SA-NPs have significantly altered the
distribution of HCT116 cells in the cell cycle phases. The obtained results revealed that
the HCT116 cells were arrested in the G2/M phase. Increased number of cells in G2/M
phase was observed after treating cells with 10 uM and 25 uM CUR-NPs by 49.90
+0.42% and 52.90 £ 1.69%, respectively, compared to untreated cells (25.45% + 0.63).
This change was followed by drops in GO/G1 phase (37.60 + 0.56% at 10 uM, and
31.80% 0.42% at 25 uM) and declines in S phase (5.23 £ 0.17% at 10 uM, and 11.40+
0.55% at 25 pM) compared to untreated cells. A similar profile in G2/M phase was
observed also after treatment with 10 uM and 25 uM CUR.SA-NPs (48.75 +0.63% and
53.40+ 0.28%, respectively). This change was followed by decreases in GO/G1 phase
(36.85 £ 0.35% at 10 uM, and 33.15+ 0.21% at 25 uM) and decreases in S phase (6.78

+0.89% at 10 uM, and 9.39+ 0.38% at 25 pM) compared to untreated cells.
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Figure 52. Cell Cycle analysis of HCT116 cells after treatment with CUR-NPs (10
and 25 puM), CUR.SA-NPs (10 and 25 uM), and untreated cells for 24 hours.
Characteristic histogram data of Annexin V-FITC/PI flow cytometer evaluation(A)
and cell cycle distribution percentages (B) are represented. Results are expressed as
percentage of total cells mean £SD (n=3).
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3.4.5 Cell apoptosis
The apoptotic cell death was evaluated upon treating SW480 (Figure 53.A) and

HCT116 (Figure 54.A) cell lines with CUR-NPs (10 and 25 uM), CUR.SA-NPs (10
and 25 uM), and untreated cells as control using Annexin V flow-cytometric assay.
Both cell lines were treated for 24 hours, and cells at early apoptosis and late apoptosis
phases were calculated.

In case of SW480 cell line (Figure 53.B), population portion of total apoptotic
cells was (i) 5.03 £ 1.06% for untreated cells, (ii) 25.98 + 0.08% for CUR-NPs (10 uM)
group; (iii) 67.35 = 3.18% for CUR-NPs (25 uM) group; (iv) 15.35 + 0.93% for
CUR.SA-NPs (10 uM) group, and (v) 66.85 + 0.63% CUR.SA-NPs (25 uM).

In the case of HCT116 cell line (Figure 54.B), the population portion of total
apoptotic cells was (i) 8.94 + 0.22% for untreated cells, (ii) 42.15 + 5.32% for CUR-
NPs (10 uM) group; (iii) 95.20 £ 0.98% for CUR-NPs (25 uM) group; (iv) 49.35 +
0.85% for CUR.SA-NPs (10 uM) group, and (v) 92.48 £ 0.25% for CUR.SA-NPs (25
uM). In both cell lines, the total apoptotic rate of CUR-NPs (10 uM and 25 uM) and
CUR.SA-NPs (10 uM and 25 uM) groups was significantly different from that of
untreated group (p<0.05). Thus, both CUR-NPs (25 uM) and CUR.SA-NPs (25 uM)
have stimulated apoptosis of the both cell lines in a dose-dependent manner (p<0.05),
and the ability of CUR-NPs (25 uM) to induce the apoptosis of SW480 cells was

comparable to that of CUR.SA-NPs (25 uM).

91


https://www.frontiersin.org/articles/10.3389/fbioe.2020.00050/full#F12
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00050/full#F12
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00050/full#F12
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00050/full#F12

PI_S61-A

PI_S81-A

Untreated CUR-NPs (10 pM) CUR-NPs (25 pM)
5 | Necrosis Late apaptoss < | Necrosis Late apoptosts I c TNocrosrs Late apoplosis
L (113 4% 3o 4R 0% 091 29
| - 3 1 g T 1 2
L T
' 10° 3 n'y X
< 1 £ ] <
B g g
g ":]-E T 10 T 10
o d fog s _ 0 i 0
o Living cells Early apoptosis Living cels Early apoptosis 3 Living celis Early apoplosis
197 153 733 216 10 12
T T T T T R L L B R L L L - v
[} a0 " 0 0 0w 1wt 10° "'u" @ ' ‘w‘ ! 1,05
FITC-A FITC-A FITC-A
CUR.SA-NPs (10 pM)
5 ] Necrosis Late apoptosis
" Z0s _ 42
' . L
3 o FLEA B * K % k
e e ' | |
10 * %k
3 1
* ok ok ok El Untreated
’ all.'lng cells- Early apopiosis = CUR-NPS (10 HM)
1632 118 % %k %k
1 i | T ; T A i | A 80 I_I E3 CUR-NPs (25 pM)
! " " h R =3 CUR.SA-NPs (10 uM)
FITC-A >
@ 60- BE CUR.SA-NPs (25 uM)
CUR.SA-NPs (25 pM) g
5 _| Necross Late apoplosss 9 404
"3 056 264 °
- 8
10t - Tanth a 20
; <
107 - 5 0-
gap .
o Total Apoptosis
o
4 Living cells Early apoplosis
21 409
ey L SR P
0 10 10 10
FITC-A

Figure 53. Apoptotic cell death of SW480 cells after treatment with CUR-NPs (10 and
25 uM), CUR.SA-NPs (10 and 25 pM), and untreated cells for 24 hours. (A)
Characteristic histogram data of Annexin V-FITC/PI flow cytometer evaluation, and (B)
Total apoptotic cell percentages are represented as mean £SD (n=3). Statistical
significance was calculated using 1-way ANOVA and Dunnett’s test (ns: not significant;
(*p <0.05, **p <0.01; ***p < 0.001, ****p < 0.0001 indicates statistical significance).
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Figure 54. Apoptotic cell death of HCT116 cells after treatment with CUR-NPs (10 and
25 uM), CUR.SA-NPs (10 and 25 uM), and untreated cells for 24 hours. (A)
Characteristic histogram data of Annexin V-FITC/PI flow cytometer evaluation, and
(B) Total apoptotic cell percentages are represented as mean £SD (n=3). Statistical
significance was calculated using 1-way ANOVA and Dunnett’s test (ns: not
significant; (*p < 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 indicates statistical
sianificance).
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3.4.6 Western Blotting
To assess CUR-NPs and CUR.SA-NPs effect on the total PARP and cleaved

caspase 8, which are proapoptotic markers in SW480 and HCT116 cells, Western
blotting was used (Figure 55). In SW480 cell line, upon treatment with 25 uM of CUR-
NPs and CUR.SA-NPs for 24 hours, a significant dose-dependent increase (P<0.05) in
PARP and cleaved caspase 8 expression was observed compared to untreated cells
(Figure 56). In the case of HCT116 cell line, a similar profile was also observed upon
treatment with 25 pM of CUR-NPs and CUR.SA-NPs for 24 hours compared to
untreated cells (Figure 56). Thus, overexpression of these apoptotic markers has
confirmed the induction of apoptosis in both cell lines upon treatment with CUR-NPs

and CUR.SA-NPs.
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Figure 55. Western blot bands of Total PARP and Cleaved Caspase 8 in SW480 and
HCT116 cell lines. Increased expresion of both Total PARP and Cleaved Caspase 8
was noticed after treatment using CUR-NPs (10 and 25 puM), CUR.SA-NPs (10 and
25 uM), and untreated cells for 24 hours.
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Figure 56. Quantification results as average density to [3-actin of total PARP (A) and
cleaved caspase 8 (B). All statistical results are represented as the mean £ SD (n=3).
Statistical significance was calculated using 1-way ANOVA and Bonferroni test (ns:
not significant; (*p < 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 indicates
statistical significance).
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CHAPTER 4: DISCUSSION

From the results and based on the literature, there is clear evidence to the anti-
CRC activity of CUR. However as eluded to earlier, its full therapeutic potential is
limited mainly by its low solubility and rapid metabolism (8). It is possible to
encapsulate poorly soluble drugs in nanocarriers such as polymeric nanoparticles,
whereby the physicochemical property of the former is masked in favor of improved
solubility, biocompatibility and therapeutic activity. This has been shown in the present
study and elsewhere (191). In the present study, CUR-NPs and CUR.SA-NPs were
successfully formulated using a modified ionic gelation procedure (184). The success
of the method was judged based on homogeneity of the formulation in low PDI values.

Physicochemical characterization using FT-IR, *H and *C NMR analysis was
used to obtain a qualitative and quantitative assessment of the different functional
groups present. The formation of CM conjugate is supported by data in the literature
(181,192,193), and for CUR.SA conjugate, (94). After encapsulation in the
mannosylated CS carrier system, the presence of both CUR and CUR.SA within the
nanoparticle was corroborated by FT-IR data. Similar studies involving the conjugation
of CUR.SA in CS nanoparticles provide support for the evidence of encapsulation of
the conjugates within the nanoparticles (89, 183). However, the functionality of the
formulation rest heavily on the cargo. It is therefore imperative to ascertain the
physicochemical properties of the conjugates to assure that the two key constraints

(solubility and stability) associated with CUR have been addressed.

The application of CUR in therapy is significantly limited because of its poor
aqueous solubility (191). It is thus crucial that some form of intervention is imposed in
order to realize the full therapeutic potential of CUR. In the present work, CUR

succinylation was conducted to improve its aqueous solubility. The resultant conjugate
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CUR.SA demonstrated improved solubility in aqueous media, compared to CUR,
(p<0.05). In ethanolic media, CUR showed better solubility compared to CUR.SA,
(p<0.05). Thermal stability assessment indicates that the degradation of both CUR and
CUR.SA was insignificant in dark and room light (p>0.05) after 6 hours of exposure.
On the other hand, both CUR and CUR.SA exhibited a significant degradation profile
after exposure to sunlight(p<0.05). The other key parameter studied was the solubility,
whereby we conclude that CUR succinylation indeed improved the solubility of CUR
in comparison with free CUR, with conserved stability. The improved solubility is
attributable to the succinic acid moieties, which are hydrophilic. In summary,
overcoming these physicochemical constraints are likely to impact positively the
therapeutic outcomes, and thus the cell uptake and anti CRC effect will be discussed
accordingly in subsequent sections (222).

In this work, ionic gelation method was used in formulating the different
nanoparticles using STPP as a cross-linker. Because of its excellent crosslinking
functionality and nontoxicity, STPP has been widely used to formulate CS
nanoparticles (194,195). lonic gelation is based on the ionic crosslinking between CS
amino groups, that are positively charged, and negatively charged polyanions from
STPP (195). Although medium MW CS was used in the present study, the obtained
particle size of CUR-NPs and CUR.SA-NPs were 268 nm and 342 nm, respectively,
which is slightly higher than a reported study using CUR- loaded mannosylated CS
nanoparticles with size ranges between 172 nm (192) to 215 nm (181), when low MW
CS was used. Furthermore, medium MW CS was, previously, used to encapsulate CUR,
but large microparticulate formulation was obtained (196). The higher particle size of
CUR and CUR.SA compared to empty CM-NPs is due to the entrapment of CUR and

CUR.SA within the CM carrier, which is an indirect indication of encapsulation. The
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particle size plays a major role in the deployment of the cargo to the site of action,
whereby previous studies have indicated that sizes between 10 nm to 200 nm are more
enabled to reach the tumor sites (197). In other words, smaller nanoparticles (up to 300
nm) were more likely to enter the cells through endocytosis or diffusion, and larger
nanoparticles would be imported into cancer cells through phagocytosis (198,199). The
reduced zeta potential in CUR-NPs and CUR.SA-NPs could be attributed to the
occupation of free NH. groups present in CS with mannose and CUR/CUR.SA
conjugate. A similar observation was made when CS was conjugated with mannose as
reported previously by where a reduction in zeta potential was also observed (183,192).

Among the formulations studied in the present work, Formulation B yielded the
most optimal size and zeta potential, whilst the other formulations were either
microparticulate or presented with an almost neutral zeta potential. The size and shape
of the optimized formulation was further confirmed by the SEM and AFM analyses.
The SEM revealed a spherical morphology of the particles that were discrete, an
indication that sufficient surface charge was manifested between the particles. The
AFM presented a somewhat rough surface with the shape and size in agreement with
the SEM and DLS analysis, respectively. Such sphericity of CS nanoparticles has been
also reported in the literature (181,200,201). However, the discreteness was not always
associated with the sphericity.

It is important to ascertain the distribution of the active drug within the
nanoparticles. The EDX analysis revealed the presence of sodium and phosphorus on
the surface of the nanoparticles. It was not possible to ascertain the localization of CUR
because elemental C, H and O are common to the other components used in the
nanoparticle formulation. However, it is likely that CUR is present within the matrix of

the nanoparticle based on a similar observations in the literature (89,202).
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The loading capacities of both CUR and CUR-SA within the CM carrier were
affected by the STPP and CS ratios. Low amounts of CM and STPP resulted in low
%EE because of the low matrix density, which favors poor retention of the cargo (192).
Results from the current study did not show a significant difference in %EE between
the formulations prepared with different CM:STPP ratios, which were all above 90%,
except Formulation D, that yielded %EE of 34.94% and 38.4% for CUR and CUR.SA,
respectively. The obtained data is supported by previous studies where the obtained
%EE ranged between 70 and 98% (192,203,204).

Drug release studies from the nanoparticles gives us some sense of how much
of the cargo is retained within prior to cellular uptake. The release of both CUR and
CUR.SA showed a burst release of up to around 30% at pH 6.8 within 6 hours from
both CUR-NPs and CUR.SA-NPs followed by a levelling off until 72 hours. This is
indicative of significant degree of retention of the cargo within the carrier and relevant
in the current endeavor because a high drug retention will ensure high drug deployment
after uptake by cells. In the case of acidic pH condition, an increase in CUR release
was observed in CUR-NPs up to 2 hours, however the profile for CUR.SA was slightly
different, with a peak at 1 hour followed by a fall at 2 hours. The maximum amount
released in both cases was about 30%. CS hydrates in acidic media, which promotes
drug release, and is the reason for the observed 30% release, even though the solubility
of CUR in acidic media is low. In contrast, CS is insoluble at neutral to alkaline pH but
the solubility of CUR is higher at elevated pH. It is known that the cancer media has
an acidic pH compared to healthy cells (205), therefore, an accelerated release of CUR
or CUR.SA is expected in the tumor sites, which could demonstrate a potential cancer
therapy. Moreover, the slow-release profile is useful for long-term treatment, which is

characteristic of cancer therapy (207). This is likely to improve patient compliance and
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quality of life. In addition, extended-release profile of drugs represents a recent and
attractive medicinal approach for cancer treatment as it could have a potential effect on
cancer treatment with reduced number of received doses and unwanted side effects
(206). Furthermore, since none of the formulations released 100% of the cargo over 72
hours, it suggests a significant degree of the drug retention within the CM carrier.
Similar observations of slow CUR release have been reported in previous studies
(207,208). In summary the slow release of CUR-NPs and CUR.SA-NPs could be a
potential alternative for cancer therapy, and CM is considered an effective controlled
drug delivery carrier.

CUR is crystalline, which is one of the reasons for its insolubility in aqueous
media. It is often necessary to assess the crystalline characteristics of active
pharmaceutical ingredient (API) after formulation since polymeric transformations are
likely. In the present study, XRD was used to determine the degree of crystallinity of
free CUR and CUR.SA, which reaffirmed the crystallinity of CUR. However, after
conjugation to SA, the sharp peaks ascribable to CUR disappeared, which indicates that
CUR.SA is less crystalline than CUR. Indeed, solubility studies confirms this
observation, whereby the CUR.SA presented a better solubility than CUR in aqueous
media. Further characterization of CUR-NPs and CUR.SA-NPs revealed amorphous
profiles for both formulations, suggesting that polymorphic transformation to
amorphous states occurs during the formulation. The reduced crystallinity reflects an
improved dissolution rate due to an increase in the lattice free energy (209); hence, it is
anticipated that the bioavailability of the low-crystallinity molecules would be higher
than that of higher-crystallinity molecules. Thus, the results evidenced that CUR and
CUR.SA would possess an enhanced bioavailability after their encapsulation inside CM

carrier. The obtained data is supported by previous studies where a reduction in
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crystallinity phase was also reported after CUR encapsulation inside CS polymeric
carrier (210-212).

Understanding the thermal profile of formulations can make deeper insights into
the behavior of polymeric carriers as a function of temperature (213). In this work, CUR
succinylation and CS mannosylation revealed a stable profile of the conjugates
compared to free compounds. Compared to empty CM-NPs, CUR-NPs and CUR.SA-
NPs possessed a more stable thermal profile whereby the carrier system can be said to
provide thermal stability to CUR and CUR.SA within the CM nanoparticle. Such
thermal stability provision by CS has also been observed previously (214,215).

In vitro stability of nanoparticles in the culturing media is a key factor for the
efficient delivery of the carried drug. The nanoparticles should be stable long enough
to be able to release the carried cargo in the targeted site through strong protection of
the drug cargo. After their incubation under standard cell growth conditions, the
prepared formulations have maintained their spherical shape in the serum supplemented
RPMI and DMEM medias for up to 48 hours. A similar profile was previously observed
for CS-NPs that were stable and retained their spherical morphology after incubation
in cellular media for 72 hours (216). Thus, stable nanoparticles will ensure the potential
release of the cargo in the targeted cellular region. The nanoparticle aggregation is
sometimes unavoidable under standard culturing conditions. As a useful solution, it was
proposed by Ozturk et al. that removing the nanoparticles after a sufficient incubation
period and adequate cellular uptake is considered a feasible and low-cost method for
testing their in vitro effectiveness and to avoid their aggregation (217).

Storage is a key stability-indicating parameter and changes in physical
properties during storage can be used to ascertain the stability of the formulation as a

function of time. During storing the nanoformulation, variations in the size distribution,
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zeta potential, and PDI could take place and the nanoparticles become aggregated. In
this study, the size, zeta potential, and PDI were not obviously changed after storage at
4°C for 28 days and at 37°C for 3 weeks, which confirms that the prepared nanoparticles
are very stable. Similarly in a previous work, the mean diameter and zeta potential of
the saponin-coated CUR nanoparticles revealed a slight change only when they were
stored at 4°C in aqueous suspensions (218). Furthermore, Davis et al. have developed
a novel Pluronic-F127 stabilized D-o-Tocopherol polyethene glycol1000 succinate
nanoparticles containing CUR and possessed a stable particle size for 9 weeks when
stored at 25°C in liquid and lyophilized forms (219). Similarly, formulated CUR
containing CS-g-Pluronic nanoparticles showed no statistically significant variations in

particle size and PDI after 24 weeks of storage at 4°C (220).

Poor bioavailability of CUR following oral administration is the major
constraint limiting the effectiveness of CUR as an effective anticancer agent.
Nanoformulation and or chemical modification of CUR appears to be making some
headway in circumventing this constraint. In addition, targeted nanoencapsulation of
CUR is also expected to enhance its bioavailability as well as improved cytotoxic effect
against CRC cells (129). It is important to ascertain the toxicity effect imposed by the
carrier system as well. In the present study, two cell lines were studied (HCT116 and
SW480), whereby, a minor reduction in the cell viability (less than 10%) of cells treated
with CM-NPs and DMSO was observed, which confirms that CM-NPs and DMSO
exhibit no toxicity to the cells. However, a decrease in cell viability was observed by
CUR and CUR.SA loaded nanoparticles. This is in agreement with a previous work by
Ma et al. that showed there was no cytotoxic effect associated CS-NPs uptake by the
CRC cells (221). Data from the present study demonstrated that both CUR-NPs and

CUR.SA-NPs had significantly reduced viability of HCT116 and SW480 cells when
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treated with concentration range 1-25 puM. Moreover, CUR- NPs decreased the cell
viability of both cell lines as potently as CUR.SA-NPs in a time- and dose-dependent
way. The significant differences between the two treatment groups on 24 hours and 48
hours of CUR and CUR.SA entrapment inside CM-NPs were noticed. These
observations indicated that entrapment of CUR or CUR.SA within the CM carrier did
not alter the therapeutic activity of either. Furthermore, the prepared nanoparticles
could induce a prolonged contact between the nanoparticles and the CRC cells, which
was beyond confirmed through the low 1Cso values for toxicity on SW480 and HCT116.
In a recent study, Ma et al. has proved that CUR-loaded CS-NPs exhibited higher
cytotoxic activity against CRC cells (HT29) compared to free CUR (221). Moreover,
Orasitthiyanukarn et al. developed CS-alginate nanoparticles containing CUR diethyl
disuccinate that showed an enhanced anticancer effect compared to free CUR (222).
Flow cytometry was performed to investigate the effects of CUR-NPs and
CUR.SA-NPs on SW480 and HCT116 cell proliferation using PI staining of the nuclei
to assess their cell cycle. Generally, the amount of the absorbed Pl is proportional to
the quantity of DNA present. Therefore, the fluorescence data would be correlated with
the DNA quantity (223). In this work, both CUR-NPs and CUR.SA-NPs were found to
induce cell accumulation in the G2/M phase, confirming that CUR and CUR.SA hinder
cellular proliferation in SW480 and HCT116 cells. Usually, the induction of G2/M
phase arrest is coupled with increased apoptosis, and is considered a marker of
cytotoxic effect against cancer cells (224). In a recent study, similar outcomes were
obtained where cetuximab-conjugated modified citrus pectin-chitosan nanoparticles
entrapping CUR (Cet-MCPCNPs) stimulated cellular death in Caco-2 cells through
inducing cell cycle arrest in the G2/M phase (225). In another study, a 75 puM dose of

formulated mucoadhesive nanoparticles carrying CUR had induced cellular apoptosis
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in colorectal cancer cells (HT-29), through induction of cell cycle arrest at G2/M phase
after cellular treatment for 24 hours (226). Furthermore, CUR plays a role in stimulating
degradation of membrane and DNA and in shrinking the cellular nucleus
(227).Therefore, the observed morphological changes of SW480 and HCT116 cell lines
after treatment by CUR-NPs and CUR.SA-NPs could be explained due to the
encapsulated CUR and CUR.SA.

Induction of cellular apoptosis in different cancer cell lines was previously
reported for CUR to take place through mitochondrial and receptor-mediated apoptotic
pathways, where upregulation or downregulation of various apoptotic markers plays a
key role (228). In the present work, induction of cellular apoptosis was observed in
SW480 and HCT116 cell lines after treatment by CUR-NPs and CUR.SA-NPs. Further,
apoptotic induction was confirmed using protein quantification by Western blotting
where upregulation of total PARP and cleaved caspase 8 markers was confirmed. PARP
refers to poly (ADP-ribose) polymerase, which is a nuclear enzyme that is cleaved into
different fragments during apoptosis and it has become a beneficial feature to confirm
apoptosis (229). Caspase 8 is a cysteine protease that initiates apoptotic signaling once
it is activated (230). Thus, upregulation of total PARP and cleaved caspase 8 markers
confirms cellular apoptotic induction. In this work, induction of cellular apoptosis was
confirmed in SW480 and HCT116 cell lines after treatment by CUR-NPs and CUR.SA-
NPs through upregulation of both total PARP and cleaved caspase 8 markers. In a
previous study, a 20 pM combination of CUR and 5-FU treatment has induced HCT116
apoptosis through potentiating the expression PARP and Cleaved caspase 8 (231).
Identical biological activity was observed in the present work between CUR-NPs and
CUR.SA-NPs and no statistical significance was recorded. Succinylation of CUR was

found to improve CUR solubility, and thus, its bioavailability and cellular uptake by
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CRC cell lines. This could be explained by the nature of in vitro tests that occurs in a
controlled environment, where interaction between different organs does not take place.
Thus, further investigation of CUR-NPs and CUR.SA-NPs as potential anti-CRC

agents is required to translate their application towards in vivo studies.
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS

Worldwide, colon cancer remains to be one of the major causes of mortality.
Drugs originating from natural sources including curcumin have significantly
contributed to drug discovery for cancer therapy. While curcumin exhibit potent
anticancer activities, its low solubility, bioavailability and instability, hinders its
therapeutic applications. In this work, CUR-NPs and CUR.SA-NPs were successfully
formulated using ionic gelation method as proposed anti-cancer formulations.
Formation of nanoparticles was confirmed using different characterization tools
including XRD, DLS, and SEM. Further, In vitro drug release demonstrated a sustained
release profile of CUR and CUR.SA from CM carrier over a period of 3 days.
Moreover, CUR-NPs and CUR.SA-NPs illustrated an excellent cytotoxicity and
intracellular uptake by CRC cell lines (SW480 and HCT116) compared to free CUR
and CUR.SA conjugate. Certainly, cellular studies including cell apoptosis and cell
cycle assays confirmed the anticancer efficiency of both CUR-NPs and CUR.SA-NPs
against colorectal cancer cells (SW480 and HCT116). Thus, the promising results
indicates CUR-NPs and CUR.SA-NPs as excellent agents for colon cancer therapy.

Further studies are planned to test the efficacy of CUR-NPs and CUR.SA-NPs
against other colorectal cancer cells to gather more information about their
effectiveness against a range of colorectal cancer cell lines with distinct gene
expression. Furthermore, the toxicity of CUR-NPs and CUR.SA-NPs towards normal
human cell line should be also tested to ensure that both formulations are non-toxic to
normal cells. Besides, in vivo assessment of CUR-NPs and CUR.SA-NPs is required to
better understand the anticancer behavior of the formulation. This should include

pharmacokinetic comparison between the CUR.SA and CUR.

106



Study limitations

In this study, some obstacles have been encountered. For instance, some skills
for instrumentation use such as HPLC and DLS were required. Furthermore, lack of
some equipment tools, that were among the study plan, to be used for NPs
characterization were either under maintenance or not available. Timeline was one of
the barriers to accomplishment of this work due to delay of receival of some chemicals.
Adequate training for some study techniques was required, which was either through
attending relevant workshops or through personal training sessions.

Some of the study limitations also includes that stability of nanocarriers is
weakness that affects their potential applications for cancer therapy because
nanoparticles are prone to aggregation and agglomeration, which could affect their
cellular uptake and treatment outcomes. Also, there is a lack of regulations related to
public awareness of nanotechnology application for cancer therapy and Only a few
organizations have created regulations for regulating the use of nanotechnology for
cancer therapy, and although a lot of work has been done in the literature using
polymeric nanoparticles for cancer therapy, up to data, polymeric nanoparticles are not
approved yet by the FDA as a new approach for cancer therapy. Although their
application for cancer therapy is being commercialized, the affordability of the

nanocarriers is a worry due to scale up preparation of the nanoparticles.
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