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Abstract 

Curcumin is a natural, lipid-soluble compound extracted from turmeric with no 

perceptible toxicity. Recent studies have shown that curcumin has distinctive 

anticancer properties against colorectal cancer (CRC). However, oral 

administration of curcumin results in low absorption, rapid metabolism and 

elimination, and limited systemic bioavailability. To surmount these limitations, 

nano-encapsulation technology may be applied. Various polymers have been 

utilised to fabricate the encapsulant in nanoparticles, yet those of natural origin 

are more favoured since they are biocompatible, biodegradable and cause no 

toxicity. Thus, encapsulating curcumin in natural polymeric nanoparticles that 

offer opportunities for targeted delivery, are a promising means for improving 

treatment of CRC through increased   local drug concentration and minimising 

side effects on surrounding healthy cells in the colon. Moreover, incorporating 

targeting ligands on the nanoparticles introduces cell specificity through 

receptor-specific binding and tissue uptake, enabling curcumin to reach 

intracellular targets. This thesis describes the development of curcumin-

containing cetuximab-modified citrus pectin-chitosan nanoparticles for the aim 

of delivering curcumin to colon cancer tissue when administered orally.  

Initially, modified pectin-chitosan curcumin-containing nanoparticles 

(MCPCNPs) were fabricated by ionic gelation. The formulated MCPCNPs 

registered a mean size of 178 nm (± 0.896) and a surface charge of +35.7 mV 

(± 1.41). The nanoparticles presented a high mucoadhesion propensity in the 

colonic region/media and a minimal mucoadhesion in pH 1.2 medium 

(stomach). In the presence of mucin, there was a reduction in zeta potential (ZP) 
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of the MCPCNPs at pH 1.2 and a more significant reduction at 7.0, both of 

which were mucin concentration-dependent. A reduction in ZP correlates with 

mucoadhesive propensity. Nanoparticle tracking analyses (NTA) revealed an 

increase in the hydrodynamic radii of the MCPCNPs from 218.1 (± 4.9) nm to 

291.7 (± 7.8) nm upon exposure to mucin at pH 7.0.  Moreover, there was 

approximately 18% curcumin release at pH 1.2 over 2 h and up to 68% release 

in 33% (w/v) caecal medium over 24 h. 

In order to augment the targeting capability of the MCPCNPs to relevant tumour 

sites within the colon, the carboxylic functionality in the modified pectin was 

conjugated with the amine-terminated aspect of cetuximab (Cet) antibody 

through a two-step carbodiimide (EDC) approach. Our data revealed that 61.37 

± 0.70% of the Cet added was incorporated on the surface of the nanoparticles, 

which resulted in a slight increase in the mean size (249.33 ± 5.15 nm) and 

surface charge (+39.1 ± 0.87 mV) of the MCPCNPs.  An encapsulation 

efficiency of about 68.43 ± 2.4% was achieved with more than 63.79 ±0.66 % 

of curcumin released in a 24 h. Crucially, the mucoadhesive properties of the 

MCPCNPs were not altered after Cet-conjugation. The in vitro cytotoxicity 

studies revealed that Cet-MCPCNPs induced cell apoptosis in CRC models. 

Results from the cellular uptake studies confirmed that the incorporation of Cet 

to MCPCNPs enabled curcumin to be retained longer within Caco-2 cells 

compared to MCPCNPs or free curcumin. Cet-MCPCNPs also induced cell 

cycle arrest at G2/M phase in CRC cell lines.  

These studies validate the potential of Cet-MCPCNPs as a platform for targeted 

delivery in CRC, forming a compelling validation for further pre-clinical 

evaluation of this system for safety and efficacy in vivo. 
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 1.1 General overview 

Colorectal cancer, also known as bowel cancer, is the term used to describe 

malignant tumours found in the colon and rectum. It is the second leading cause 

of cancer death globally in both sexes combined (Bray et al., 2018). Fortunately, 

it is one of the easily treatable cancers if detected early. Surgery is considered 

the first treatment option, whilst chemotherapy and/or radiotherapy are often 

used in combination to eradicate residual cancer cells. Chemotherapy is the least 

invasive of the first-line choices outlined above. However, the powerful 

cytotoxic effects of chemotherapeutic drugs cause damage not only to tumour 

sites but to healthy cells and tissues as well, leading to severe side effects in 

patients. Thus, the constraint in delivering optimal therapeutic doses to the 

tumour site, whilst at the same time addressing the distribution of the drug in 

healthy tissues, has led to the emergence of anticancer agents of plant origin. 

Plants, are becoming serious contenders as chemotherapeutic alternatives due 

to their manifestation of reduced toxicity to adjoining cells (Jagetia and 

Aggarwal, 2007). One such example is curcumin, a major chemical constituent 

in turmeric which has received much attention in the past decade because of its 

‘acceptability’ as it is derived from natural sources (Hua, 2014). Furthermore, 

it is used extensively as a spice, all of which gives the perception will manifest 

fewer side effects when used therapeutically. Aptly, extensive research has 

elaborated the therapeutic potential of curcumin against a range of cancers and 

distinctly against colorectal cancer (Chuah et al., 2011). However, the systemic 

bioavailability following oral administration of curcumin is poor due to the low 

solubility and rapid metabolism when administered orally (Prasad et al., 2014). 

To overcome this constraint, polymer-based nanoparticles have been proposed 
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as a possible delivery intervention. These can be formulated so that they traverse 

the gastrointestinal epithelia effectively and therefore circumvent the metabolic 

constraints that the payload is subjected to within the gastrointestinal tract. In 

the context of colorectal cancer management, an attractive feature for the 

delivery system is attendant mucoadhesion within the colon cancer epithelia. 

Mucoadhesive polymers usually offer the possibility of controlled release 

capability through diffusion of the cargo from the particles and allowing specific 

targeting and uptake of the particles by Peyer’s patches (Boddupalli et al., 

2010). Active targeting approaches with the coupling of antibodies, particularly 

monoclonal, to the surface of nanoparticles are regarded to be efficient “magic 

bullets” for cancerous tissues and other disease treatments (Shafras M, Rafeek 

R.A.M, 2017). Recent clinical trials suggest that targeting tumour-specific 

receptors with monoclonal antibody offers the most effective therapeutic 

approach for the treatment of colorectal cancer (Krzemieniecki et al., 2006). 

Hence, in the present pursuit, our aim is to formulate a novel mucoadhesive 

curcumin-containing tumour targeting nanoparticulate drug delivery system. 

Such a delivery system would significantly reduce the dosing frequency and 

thus undesirable side-effects manifested by the conventional delivery approach. 

We have also sought to utilise polymers that have minimal toxicity to tissue. 

Chitosan, for example is non-toxic, biodegradable, biocompatible and shown to 

be mucoadhesive as well (M. Ways et al., 2018). It has been used in conjunction 

with modified pectin in the present work because of the possible protective 

effect it might have on the curcumin nanoparticulate delivery system in the 

upper GI tract (Wong et al., 2011). Furthermore, modified pectin essentially 

inhibits the growth of colon cancer and migration due to its antagonism with 
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galectin-3, which is vastly expressed on tumour cell surface. The modified 

pectin binds to the colonic mucin with an altered carbohydrate structure which 

inhibits tumour growth, cell to cell adhesion, and metastasis (Glinsky and Raz, 

2009). There is a significant expression of antigens on cancerous cells, 

therefore, a final feature of the present investigation is to couple the surfaces of 

the nanoparticles with monoclonal antibodies, to further improve the cancer 

targeting capability of the particles to cancer tissue (Chu et al., 2015). In this 

context, I will examine whether the anti-tumour activity of curcumin-loaded 

nanoparticles is further enhanced by coupling them with antibodies that target 

tumour-specific receptors such as the epidermal growth factor receptor (EGFR). 

In this fashion, the anticancer effects of curcumin will be augmented. The above 

approach would require a lesser drug payload than conventional formulations, 

which means manifestation of fewer side effects and cost-effectiveness – both 

features of which would be attractive to the pharma industry. 

1.2 Colon and Colorectal Cancer 

1.2.1 Colon 

The colon, also known as the large intestine, is approximately 1.5 m long and 

located immediately after the small intestine in the human gastrointestinal tract 

(Irving and Catchpole B, 1992). It can be functionally divided into two parts, 

the right and the left colon (Figure 1.1 (a)). The right colon (caecum and 

ascending colon) plays a major role in adsorption of water and fermentation of 

undigested sugars, while the left colon (descending colon, sigmoid colon and 

rectum) is primarily responsible for storage and evacuation of stool (Shaffer A. 

Eldon et al., 2005).  
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The walls of the colon are made of inner and outer layers: the mucosa, the 

submucosa, the muscularis propria and the serosa that covers most of the colon 

excluding the rectum (Rao and Wang, 2010) (Figure 1.1(b)). The colonic 

mucosa is made of numerous crypts composed of goblet cells which secret 

mucus that facilitates the mobility of the colonic contents. There are numerous 

microflora consisting of about 400 bacterial species, 18 of which accounts for 

vitamin synthesis and metabolism of residual nutrients in the luminal content 

(Nugent et al., 2001). Under normal physiological conditions, the colonic pH 

Figure 1.1 The anatomy (a) and the wall layers of human colon (b) 
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varies between 5.66-6.72 and 5.20-7.02 in the ascending and descending colon, 

respectively (Khutoryanskiy, 2015). Cancer that is manifested in the colon and 

rectum is usually coined as colorectal cancer (CRC), colon and rectal cancer are 

usually grouped together since they present similar pathological features (Y.-C. 

Lee et al., 2013). Cancer originates when cells in the body start to grow out of 

control. It follows that cells in almost any part of the body can develop into 

cancer and can spread to other areas of the body. 

1.2.2 Statistics, diagnosis and staging of CRC  

According to Global Cancer Incidence, Mortality and Prevalence 

(GLOBOCAN) 2018, CRC is the third most common cancer in men (1,006,019 

cases) and the second in women (794,958 cases) worldwide (Bray et al., 2018). 

Approximately, over 1.8 million new CRC cases were diagnosed globally in 

2018, with nearly 881,000 deaths attributed to this statistic (Bray et al., 2018). 

Most CRCs develop slowly over several years. It starts as polyps -a non-

cancerous growths- and eventually becomes malignant under uncontrolled 

growth that begins within the mucosa of the colon and spreads to some or to the 

rest of the colon layers to form a solid tumour. Usually, colorectal polyps and 

early-stage cancer are asymptomatic, however, cancers that have grown large 

enough, might cause symptoms such as change in bowel habits, rectal bleeding, 

persistent abdominal discomfort and unexplained weight loss (Astin et al., 

2011). Therefore, it is recommended that women and men at average risk, start 

a regular screening for CRC at the age of 50 and people with positive family 

history begin at an earlier age (Rex K. Douglas et al., 2009).  

There are several screening tests available for monitoring and detecting 

colorectal polyps or cancer inside the colon such as: stool DNA testing, guaiac-
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based faecal occult blood test (gFOBT), faecal immunochemical test (FIT), 

colonoscopy, double-contrast barium enema, Flexible sigmoidoscopy and 

imaging tests such as magnetic resonance imaging (MRI) scan, chest x-ray and 

positron emission tomography (PET) scan (Janz et al., 2016). However, these 

imaging and screening tests alone cannot distinguish between cancerous cells 

and benign cells. Biopsy is the only way to make a definitive diagnosis, in which 

tissue sampled from the suspicious region is observed under a microscope (Ma 

and Coombes, 2014). Biopsy along with screening/imaging tests guides 

clinicians in diagnosing and staging CRC and to determine the suitable 

treatment option for patients and monitor the treatment outcome. The most 

commonly used staging system for colorectal cancer is the TNM staging system, 

where T stands for how far the tumour has grown into the colon wall and nearby 

areas, N specifies whether the cancer has spread to nearby lymph nodes and M 

for cancer metastasis to other distant parts of the body (American Cancer 

Society, 2018). Table 1.1 summarizes the details of each stage. 
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Table 1.1 The stages of CRC adapted from (American Cancer Society, 2018) 

 

Stage Other names Stage sub-division Stage Explanation 

0 

 

Carcinoma 

in situ  

Malignant cells have not grown 

beyond the mucosa of the colon. 

I 

 

 

Dukes A 

 

 

 

The cancer has grown through the 

mucosa into the submucosa and might 

have also grown into the thick muscle 

layer. It has neither spread to nearby 

lymph nodes nor to distant sites   

II 

 

 

 

 

 

 

Dukes B 

 

 

 

 

IIA 

 

The cancer has only spread and not 

grown into the serosa of the colon. It 

has not reached to nearby organs, 

lymph nodes or distant sites. 

IIB 

 

The cancer has grown into the serosa of 

the colon, but has not reached nearby 

organs, lymph nodes or distant sites. 

IIC 

 

The cancer has grown through the wall 

of the colon and has grown into other 

nearby organs. But, has not yet spread 

to nearby lymph nodes or distant sites. 

III 

 

 

 

 

 

Dukes C 

 

 

 

 

IIIA 

 

Cancer has spread through the mucosa 

to the submucosa, and has spread to at 

least 3-4 lymph nodes, but not reached 

to distant sites.   

IIIB 

 

Cancer has spread to the muscle 

layer of the colon or to the outmost 

layers of the colon. Cancer has also 

spread to as many as 3 nearby lymph 

nodes or tissues but no distant sites. 

IIIC 

 

Cancer has spread through the 

outmost layers of the colon and 

reached nearby organs. It has also 

spread to at least 3 nearby lymph 

nodes but no distant sites. 

IV 

 

Dukes D 

 

 

Cancer have spread through the 

colon to nearby organs and/or 

lymph nodes. It has also spread to 

at least one distant lymph node or 

organ, such as liver or ovary. 
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1.2.3 Treatment of Colorectal Cancer 

The prognosis and treatment options for CRC mainly rely on the stage of the 

cancer, tumour recurrence, and patient’s general health. The four prevalent CRC 

treatment procedures are: surgery, chemotherapy, radiotherapy and targeted 

therapy (Watanabe et al., 2012). Surgery, is the first therapeutic approach and 

primary procedure used to treat CRC and can be performed either as a local 

excision or as a colon resection (Nakayama et al., 2014). In local excision, a 

tube with cutting capability  is inserted through the rectum into the colon to 

remove the cancer without cutting through the abdominal wall. In colon 

resection, part of the colon containing the tumour is removed, then either 

anastomosis (joining back the ends of the colon together) or colostomy, in which 

an opening is made on the outside of the body for waste to pass through, is 

performed (Mastalier B et al., 2012). Usually surgery is combined with 

chemotherapy and/or radiation therapy in order to avoid the residual tumour 

recurrence. In radiotherapy, energy and irradiated volume of X-rays produced 

by a linear accelerator are employed to destroy cellular DNA and inhibit cell 

proliferation (Kim H. John, 2017). Chemotherapy relies on cytotoxic drugs 

utilised to inhibit the growth of cancer cells and kill them (Wu et al., 2012). It 

is either taken before surgery to shrink the tumour or after surgery (adjuvant 

chemotherapy). Commonly Food and Drug Administration (FDA)-approved 

chemotherapeutic drugs for CRC treatment are: 5-fluorouracil (5-FU), 

irinotecan (CPT-11), leucovorin (l-LV), oxaliplatin (L-OHP) and capecitabine 

(Jeught et al., 2018). 5-FU was initially among the first synthesized anti-cancer 

drugs back in the 1950s, however up to 80% – 85% of parenterally administered 

5-FU dose is usually broken down to inactive metabolites in the liver making 

https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=46555&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=46684&version=patient&language=English&dictionary=Cancer.gov
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its half-life approximately 10-15 minutes (Jordan, 2016). Thus, capecitabine, an 

orally administrated prodrug of 5-FU, is usually used instead due to the higher 

tumour response rate, ≈100% bioavailability and lower incidence of side effects 

(Miura et al., 2017). Due to the limited efficacy of chemotherapeutic drugs taken 

orally or parenterally through non-specificity to tumour sites, targeted therapy 

has been developed.  

In targeted therapy, drugs are targeted to specific receptors present in cancer 

cells or in cells related to cancer growth, like blood vessels. It has been 

developed to block cancer cell proliferation and metastasis by inhibiting specific 

mediators such as epidermal growth factor (Masoud and Pagès, 2017). The 

effectiveness of targeted therapy depends on the release of the therapeutic at the 

cancer target site, as well as diminishing the off-target side effects caused to 

normal tissues (Padma, 2015).  

1.2.3.1 Epidermal growth factor (EGF) 

EGF is a low-molecular-weight polypeptide that stimulates cell 

growth, proliferation, and differentiation by binding to its receptor EGFR. 

EGFR is a member of the viral oncogene, ErbB, family of four receptors closely 

related to receptor tyrosine kinases (RTK). It is present  on the cell surface with 

an extracellular ligand-binding domain and a cytoplasmic region that modulates 

cellular responses (Singh B et al., 2016). In normal cells, the expression of 

EGFR ranges from 40,000 to 100,000 receptors per cell (Herbst, 2004). The 

activation of the EGFR begins when the ligand, EGF, binds to the receptor, 

EGFR, in the extracellular domain. This will form an active EGFR-homodimer 

or heterodimer (if further bound to another member of the ErbB family) that 

stimulates the adenosine triphosphate (ATP) phosphorylation of the tyrosine 

https://en.wikipedia.org/wiki/Cell_growth
https://en.wikipedia.org/wiki/Cell_growth
https://en.wikipedia.org/wiki/Cell_growth
https://en.wikipedia.org/wiki/Cellular_differentiation
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residues in the intracellular domain. As a result, a complex program of 

intracellular signal transduction is activated. The two well-known intracellular 

pathways are: the Ras-RAF-MEK-ERK pathway, which controls the cell 

proliferation, cell-cycle progression and gene transcription, and the PI3K-Akt 

pathway, which activates a cascade of anti-apoptotic and pro-survival signals 

(Riesco et al., 2017). In the Ras-RAF-MEK-ERK pathway, the cytoplasmic 

protein, Growth factor receptor-bound protein 2 (GRB2), binds to the tyrosine 

kinase residue and recruits a set of genes known as the son of sevenless (SOS) 

to the membrane. SOS triggers the Guanosine-5’-triphosphate (GTP) exchange 

which recruits RAS, that phosphorylates RAF then MEK, which thus stimulates 

the ERK that induces cell growth and proliferation. In the PI3K-Akt pathway, 

however, the adaptor protein, GRB2, recruits PI3Ks. PI3Ks then converts 

Phosphatidylinositol-4,5-bisphosphate (PIP2) to Phosphatidylinositol-3,4,5-

trisphosphate (PIP3). Consequently, PIP3 recruits PDK1, which 

phosphorylates AKT, which in turn, regulate the activity of various proteins that 

mediate protein synthesis or apoptosis (Oda et al., 2005). Figure 1.2 summarizes 

the signal transduction process of EGFR. The EGFR signals become inactivated 

through the endocytosis of receptor-ligand complex and are then either 

degraded or recycled to the cell surface, ready for another cycle of active 

growth-factor signalling (Normanno et al., 2006). 

 

 

 

 



Chapter 1 

Page | 12  

 

 

The overexpression of EGFR plays a key role in the development and growth 

of tumour cells, specifically in CRC, in which EGFR is estimated to be 

overexpressed in 60%-80% of tumours (Pabla B. et al., 2015). Thus, the 

identification of EGFR as an “oncogene” has encouraged the development of 

therapeutic targeting agents which specifically block the growth factor 

pathways that are dysregulated in tumour cells. Most targeted therapies are 

either small-molecule drugs (drugs that attack proteins inside cancer cells) or 

monoclonal antibodies (mAbs) (drugs that attack proteins on cancer cell 

surface). Although the development of mAb requires relatively complex 

processes with huge monetary costs compared with small-molecule inhibitors, 

Figure 1.2 Summary of the EGFR signaling process 

pathway 
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mAbs have displayed higher approval success rates than small-molecule 

agents, especially in the field of oncology (Ecker et al., 2015).  

1.3 Monoclonal antibodies 

Antibodies, also known as immunoglobulins (Ig), are Y-shaped proteins 

produced by the immune system to identify and neutralize foreign objects 

(Janeway et al., 2001) (Figure 1.3).  

They are either produced by clones derived from a single parent cell 

(monoclonal antibodies) or from several different immune cells (polyclonal 

antibodies). Monoclonal antibodies specifically target a unique epitope, or 

binding site, on a single antigen, while polyclonal antibodies (pAbs) recognize 

multiple epitopes on an antigen (Ascoli and Aggeler, 2018). mAbs are preferred 

over pAbs in targeted cancer treatment and therapeutic drug development, due 

to its batch to batch homogeneity and high specificity to a single epitope 

(Lipman et al., 2005). Cesar Milstein and Georges Kohler were the first 

scientists to produce mAbs from lymphocyte fusion back in the 1975 (Geng et 

al., 2015). Generation of mAbs starts by immunizing a mouse with appropriate 

Figure 1.3 The antibody structure 
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antigen to stimulate cells that produce antibodies known as B-lymphocyte cells. 

The mouse is then sacrificed, and its spleen is removed and disrupted by 

mechanical or enzymatic methods to release the B-cells. Spleen cells are then 

fused, in the presence of polyethylene glycol (PEG), with myeloma cells to 

create an immortalized hybrid that can undergo many passages in vitro. 

Myelomas can be induced in a few strains of mice by injecting mineral oil into 

the peritoneum. To inhibit the myeloma cells in the hybrid from synthesizing 

their own antibodies, the hybridoma is cultured in the hypoxanthine-

aminopterin-thymidine medium (HAT), that inhibits DNA synthesis via 

aminopterin. In this case, only B-cells in the hybrid can overcome culturing in 

HAT medium as they possess thymidine kinase which allows them to synthesize 

requisite DNA polymerase precursors from the HAT medium supplied 

thymidine. Subsequently, the hybridoma cells are screened to identify the 

desired antibody. ELISA and RIA are the two common screening techniques 

used, in which the antibody binds to the specific antigen and the unbound 

antibody is washed off. Therefore, the antibody secreted by the hybridomas is 

named as monoclonal antibody (Greenfield, 2014) (Figure 1.4). 
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Currently, therapy with mAbs is the largest growth area in pharmaceutical 

industry (Liu, 2014). So far there is a total of 58 mAbs approved either for 

therapeutic or diagnostic purposes in Europe and the United States since 1986 

(Awwad and Angkawinitwong, 2018). FDA-approved mAbs that are currently 

being used to target EGFR for treating cancer are listed in Table 1.2. 

 

 

 

Table 1.2: The anti- EGFR FDA-approved mAbs used in cancer treatment 

Product Type 
Approval 

year 

Therapeutic 

indication(s) 
Status References 

Cetuximab 

(Erbitux) 
IgG1 2004 

Head and neck or  

colorectal cancer 

Phase 

I/II/III 

(Krzemieniecki 

et al., 2006) 

Panitumumab 

(Vectibix) 
IgG2 2006 

Metastatic 

colorectal 

carcinoma 

Phase 

II/III 

(Rocha-Lima et 

al., 2007) 

Necitumumab 

(Portrazza) 
IgG1 2015 

Carcinoma or 

non-small-cell 

lung cancer 

Phase 

I/II 

(Greillier et al., 

2015) 

Figure 1.4 Schematic description of the mAb synthesis 
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mAbs are currently approved in several countries as monotherapy or in 

combination with chemotherapeutic agents. Even though targeted therapy has 

emerged as an approach to conquer the lack of specificity in conventional 

chemotherapy, there are potential risks and challenges associated with this 

novel strategy. For example, some cancer cell types develop resistance over the 

drug treatment course, thereby rendering the targeted therapy ineffective by 

driving the drug out of the cancer cells and decreasing the intracellular drug 

concentration (Moorthi and Kathiresan, 2013). Therefore, in most cases targeted 

therapy is used in combination with chemotherapy, however, this strategy does 

not reduce the toxicity experienced with chemotherapeutic drugs. To overcome 

the aforesaid constraints, scientists are considering natural herbal compounds as 

alternative anticancer agents due to their relatively safer profile and lack of 

discernible toxicity profiles to normal cells. One such extensively studied agent 

is curcumin, a component of the spice turmeric (Jagetia and Aggarwal, 2007).  

1.4 Curcumin 

Curcumin is a hydrophobic orange-yellow crystalline phytochemical derived 

from the rhizomes of turmeric (Curcuma longa), a plant which grows in the 

Indian subcontinent and tropical countries in South East Asia (Moorthi and 

Kathiresan, 2013). Apart from curcumin which is also called diferuloylmethane, 

two other bioactive analogues can be extracted from turmeric known as 

demethoxycurcumin and bisdemethoxycurcumin. The chemical structures of 

the three curcuminoids are presented in Figure 1.5. 
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Figure 1.5 The chemical structures of the curcuminoids 

However, curcumin is considered the principal curcuminoid that exhibits the 

majority of  the therapeutic activities in turmeric (Subramani et al., 2017). 

Curcumin has an IUPAC name of (1,7-bis (4-hydroxy-3-methoxy-phenyl) 

hepta-1, 6-diene-3, 5-dione) with a molecular weight of 368.37, melting point 

of 183 0C and three pKa values of 7.80, 7.35 and 9.0 (Jagetia and Aggarwal, 

2007). It demonstrates keto-enol tautomerism, with the predominant keto- form 

in acidic and neutral solutions and a stable -enol form in alkaline media (Yallapu 

et al., 2013). Besides, curcumin is a lipophilic polyphenol, thus it is insoluble in 

water but soluble in organic solvents like dimethylsulfoxide (DMSO), 

methanol, acetone and ethanol (Wilken et al., 2011). The most compelling and 

key rationale for the therapeutic use of curcumin as an anticancer alternative is 

its extremely superior safety profile, thus it is declared as GRAS (generally 

recognized as safe) by the FDA (Hewlings and Kalman, 2017). Additionally, 

curcumin has pleiotropic properties that modulate numerous targets including 

proteins (protein kinase C (PKC), 5-lipoxygenase, and tubulin), transcription 

factors, growth factors and their receptors, cytokines, enzymes, and gene 
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regulating, cell proliferation and apoptosis (Yallapu et al., 2013). Because of 

this multi-targeted properties, curcumin exhibits a wide spectrum of 

pharmacological activities and is used in the treatment of various other diseases 

including inflammatory bowel disease, Alzheimer’s disease, atherosclerosis, 

lung diseases, diabetes mellitus and Parkinson’s disease (Moorthi and 

Kathiresan, 2013). Many researchers also reported the antioxidant, antimalarial, 

antimicrobial, antifungal and anti-inflammatory properties of curcumin 

(Duvoix et al., 2005; Menon and Sudheer, 2007; Padmanaban et al., 2012). 

Furthermore, extensive emphasis has elaborated the therapeutic potential of 

curcumin against a range of cancers including breast cancer, hepatic cancer, 

colorectal cancer and kidney cancer. It is worth noting that the epidemiological 

studies attribute the low incidence of CRC in Indian subcontinent to the chemo-

preventive properties of diets rich in curcumin (Wilken et al., 2011). 

1.4.1 Anti-cancer activity  

The main anticancer mechanisms of curcumin are cell cycle inhibition and 

induction of apoptosis (programmed cell death) (Mulik et al., 2010). Curcumin 

inhibits the signal-transducer-and-activator-of-transcription-3 (STAT3) and the 

nuclear factor- kappa B (NF-кB) signalling pathways, which play key roles in 

cancer development and progression. NF-кB is an ubiquitous transcription 

factor that regulates many genes implicated in growth regulation, inflammation 

and carcinogenesis (Betancur et al., 2010). STAT3 is an ubiquitously expressed 

member of the STAT family of transcription factors that is activated by tyrosine 

phosphorylation via upstream receptors, such as EGF, and is one of the major 

mediators of carcinogenesis as well (Mulik et al., 2010). Activation of NF-κB 

and STAT3 is increased in many cancers, and has been involved in the induction 
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of resistance to apoptosis in a number of cancer cells (Viennois et al., 2013). 

They are associated with various steps in the development of malignancy such 

as expression of anti-apoptotic genes, angiogenesis, tumour promotion and 

metastasis. Curcumin has been shown to suppress their activation (Marquardt 

et al., 2015). Usually, the inhibition of the specificity protein 1 (Sp-1) and its 

housekeeping gene expressions such as vascular epithelial growth factors 

(VEGF) and EGFR, may serve as important hypotheses to preventing cancer 

formation, migration, and invasion (Chen et al., 2013). Sp-1 is a transcription 

factor highly expressed in tumour cells compared to normal cells and has been 

demonstrated to interact with co-activators and co-repressors thereby, activating  

multiple biological functions, including cell cycle and carcinogenesis (Archer, 

2011). Recent data have suggested that curcumin may act by suppressing the 

Sp-1 activation and its downstream genes, including calmodulin, ephrin type-B 

receptor 2 (EPHB2), histone deacetylase 4 (HDAC4), and selenoprotein P 

(SEPP1) in a concentration dependent manner in CRC cell lines; these results 

are consistent with other studies, which have reported that curcumin could 

suppress the Sp-1 activity in bladder cancer and could decrease DNA binding 

activity of Sp-1 in non-small cell lung carcinoma cells (Vallianou et al., 2015).  

A number of studies have confirmed the potential of curcumin in suppressing 

various chemokines. Chemokines are small, chemotactic cytokines, which 

direct leukocyte migration, activate inflammatory responses, and help regulate 

tumour growth (Aggarwal et al., 2003). Curcumin has been shown to enhance 

the cell death-promoting activity of tumour necrosis factor-related apoptosis-

inducing ligand (TRAIL) by inducing DNA fragmentation thus making TRAIL-

resistant cells amenable to TRAIL therapy (Deeb et al., 2003). Further analyses 
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have  highlighted the potency of curcumin to induce apoptosis and cause down-

regulation of EGFR by inhibiting its tyrosine phosphorylation (Lev-Ari et al., 

2006). There is a long list of literature that reviews the mechanism of curcumin 

against cancer assuring its use as a safe, non-toxic anti-cancer drug (Churchill 

et al., 2000; Huang et al., 2008; Kim et al., 2007; Tuorkey, 2014). 

However, all the preclinical and clinical data from oral administration of 

curcumin have revealed that it has poor systemic bioavailability and high 

susceptibility to metabolic degradation, whereby only about 2.30 μg.ml−1 of 

curcumin was registered in serum levels after oral administration of 10 g 

curcumin (Anand et al., 2007). This shows that curcumin undergoes extensive 

metabolic degradation prior to absorption or in the intestine and liver, which 

thus, hinders the systemic usefulness of curcumin in the treatment of cancer. To 

overcome this constraint, a number of dual-drug combination therapy were 

initially used, such as piperine-curcumin nanoparticles in which the inhibitory 

effects of piperine on hepatic and intestinal glucuronidation of curcumin 

promotes 2000 % bioavailability in humans (Moorthi et al., 2012). Even though 

this attempt does improve the bioavailability of curcumin, it does not assure the 

fate of curcumin to tumours, which is crucial in the present pursuit. This 

necessitates the use of alternate strategies. One area of research that is gaining 

traction more recently is the incorporation of curcumin in fabricated 

nanoparticles. In the subsequent section, some of the past and current trends in 

the utilisation of nanoformulation for the delivery of curcumin to achieve 

meaningful plasma concentration profiles will be discussed.  
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1.5 Nanoparticle technology 

Nanoparticle technology is a multidisciplinary field that utilises principles from 

chemistry, biology, physics, and engineering to design and fabricate 

submicronic (< 1 µm) colloidal systems (Brigger et al., 2002). Nanotechnology 

has several pharmaceutical and medical applications, with oncology being a 

significant benefactor of these novel advances. Nanoparticles (NPs) employed 

in delivery of therapeutic agents are particles with sizes comparable to large 

biological molecules such as enzymes, receptors and antibodies and about 2-4 

orders less in  magnitude of  human cells (Xing et al., 2014). Because of this 

unique physical property, NPs demonstrate promising interactions with 

biomolecules both on the cancer tissue surface and inside the cancer cells. 

According to the National Cancer Institute, nanotechnology has the potential of 

improving the current status of cancer detection, treatment and prevention 

(Alexis et al., 2010). Nanodrug delivery utilises nanotechnology in promoting 

innovation in the treatment of cancer. The effectiveness of the nanoscale drug 

delivery vehicles lies on their ability to attain the following properties (Thakor 

and Gambhir, 2013): 

 The nanoparticle must be able to bind or contain the appropriate drug. 

 The nanocarrier must stay stable in the serum to allow systemic delivery of 

the therapeutics and only release the drug once at the site of the tumour. 

 The nanoparticle-drug complex has to reach the tumour cells either via 

receptor-mediated interactions or by the enhanced permeability and 

retention (EPR) effect. 

 The residual nanoparticle carrier should ideally be made of a biological or 

biologically inert material with a limited lifespan to allow safe degradation.  
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NPs can be tuned to deliver drugs specifically to cancer cells with minimal 

interaction with healthy cells.  Such targeting of  NP to cancer tissue is classified 

as either passive- or active-targeting (Bertrand et al., 2014). The passive-

targeting mechanism, also known as EPR effect occurs when NPs are in the 

range of 10~100 nm and when in circulation, can selectively enter tumours 

through the leaky surrounding of the blood vessels and interstitial space 

(Danhier et al., 2010). Typically, NPs that employ the EPR effect to deliver 

drugs are intravenously administered since absorption of orally administered 

NPs from the gastrointestinal tract has several hostile barriers to traverse before 

entering the systemic circulation. However, the active targeting of NPs to cancer 

cells entails specific ligand-receptor recognition and interaction on the cell 

surface. Usually, cancer cells express higher levels of cell-surface receptors 

(section 1.2.3.1), compared to normal cells. This allows NPs conjugated with a 

targeting ligand to explicitly interact with them via receptor-mediated molecular 

recognition. There are several examples of curcumin-nanoparticle delivery 

systems, which may be subdivided into organic and inorganic NPs (Romero and 

Moya, 2012). Their particle size, surface charge (ζ potential), 

hydrophilicity/hydrophobicity, composition, etc. can be tailored for a diverse 

array of applications (Lacour, 2013). However, the primary consideration when 

designing any drug delivery system is to control the drug concentration in the 

therapeutic window and improve patient compliance in order to maintain 

effective treatment cycles with minimal recovery period. 
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1.5.1 Organic nanoparticles 

Organic nanoparticles (Figure 1.6) are described as solid particles composed of 

organic compounds (mainly lipids or polymeric) ranging in the diameter from 

10 nm to 1 µm (Allouche, 2013).  

 

 

They offer relatively simple formulation techniques for the encapsulation of 

curcumin or any other therapeutic agents. The compounds used for the 

fabrication of organic NPs are biodegradable which makes them  appealing for 

drug delivery and biomedical applications (Romero and Moya, 2012).  

Liposomal, polymeric and solid lipid nanoparticles are examples of commonly 

used organic NPs for nano-sized drug delivery systems. Each system possesses 

unique physiochemical properties inducing distinct in vitro and in vivo 

behaviour. In addition to the aforementioned organic nanoparticle systems, 

others (e.g. micelles, dendrimers etc.) have been also explored in literature as 

Figure 1.6 Example of organic nanoparticle platforms for drug delivery 
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effective curcumin-nanocarriers in cancer prevention and treatment (Din et al., 

2017; Gurunathan et al., 2018). A detailed review of some of these NPs is 

presented below. 

1.5.1.1 Liposomal nanoparticles 

Liposomal formulations have demonstrated multiple benefits as drug delivery 

vehicles. They are biologically based nanoparticle system made from a self-

assembled  concentric lipid bilayer composed of amphipathic phospholipids 

with an enclosed interior aqueous space (Çağdaş et al., 2014). Lipids used to 

prepare vesicular formulations are either naturally found and approved by the 

FDA, such as egg yolk phosphatidylglycerol (EggPG) or synthetically 

established like phosphatidylethanolamines (PE) (van Hoogevest and Wendel, 

2014). Liposomes can be designed to adhere to cell membranes and release 

drugs encapsulated in the central aqueous interior after endocytosis. Their 

physicochemical properties can be specifically altered to control surface charge, 

functionality and size by simply mixing commercially available lipid molecules. 

This makes them attractive over other carriers that require more elaborate and 

controlled synthesis steps and additional chemical modifications (Bozzuto and 

Molinari, 2015). However, liposomes pose many challenges such as instability 

in the bloodstream and burst release of cargo, which may be checked by either 

adding additives such as morpholine in the lipid formulation (Sercombe et al., 

2015) or coating the surface of liposomes with hydrophilic polymers such as 

PEG to form long-circulating liposomes (Feng et al., 2017).  In a study 

conducted by You et al., curcumin-long-circulating liposomes (CUR-LCL) 

demonstrated sustained-release effect and after tail intravenous administration, 
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half-life of CUR-LCL in rats was 13 times that of curcumin suspension and 1.8 

times that of curcumin-liposomes (You et al., 2014). 

1.5.1.2 Solid lipid nanoparticles 

Solid lipid nanoparticle (SLN) are drug carrier systems in the submicron size 

range made from biocompatible lipids which are solid at room and body 

temperature (Pragati et al., 2009). Westesen, Müller and Gasco were the first 

group to invent lipid-based solid particles in the submicron range during the 

1990s (Mehanna et al., 2012). SLNs are composed of 0.1% to 30% solid (w/w) 

lipid dispersed in an aqueous medium and, if necessary, stabilized with 0.5% to 

5% (w/w) surfactant (Thakor and Gambhir, 2013). SLNs are more stable than 

liposomes in biological systems due to their rigid core of hydrophobic lipids 

surrounded by a monolayer of phospholipids and they are less toxic than 

polymeric nanoparticles as they are biodegradable (Pragati et al., 2009). 

Moreover, SLNs provide a natural platform to incorporate lipophilic anticancer 

drugs.  For example, Guorgui et al. reported that curcumin formulated in SLN 

resulted in higher curcumin plasma levels in mice compared to native curcumin, 

additionally, curcumin-SLNs reduced Hodgkin's lymphoma xenograft growth 

by 50.5% while curcumin reduced it by 35.8% (Guorgui et al., 2018). Mulik et 

al. also proved that the use of transferrin-mediated solid lipid nanoparticles 

increased the photostability of curcumin and enhanced its anticancer activity 

against breast cancer cell line (Mulik et al., 2010). However, the quick 

elimination of SLNs from the blood flow by reticule endothelial system (RES) 

and the difficulty in controlling the rate and extent of drug release from SLNs 

restrain them from becoming effective nanocarriers in anticancer drug delivery 

(Din et al., 2017). 
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1.5.1.3 Polymeric nanoparticles 

According to Alexis F. et al., polymeric nanoparticles may represent the most 

effective nanocarrier system for prolonged drug delivery (Alexis et al., 2010). 

The successful development of polymeric nanoparticle, poly-alkyl-

cyanoacrylate-loaded with doxorubicin, back in the 1980s paved the road for 

using polymeric nanoparticles for cancer therapy and other diseases (Yordanov 

Georgi, 2012). A polymeric nanoparticle is a mutual phrase apt to any type of 

polymer nanoparticle, particularly to nanospheres and nanocapsules. 

Nanospheres are usually spherical and solid particles with molecules attached 

or adsorbed to their surface, while nanocapsules are vesicular systems with 

substances confined within a cavity consisting of a liquid core (either water or 

oil) surrounded by a solid shell (Guterres et al., 2007). Polymeric nanoparticles 

provide significant flexibility in design due to the fact that polymers can be 

biodegradable or non-biodegradable, and can be made synthetically or derived 

from natural sources (Rao and Geckeler, 2011). Some common synthetic 

polymers utilised in drug delivery include poly-lactic-co-glycolic-acid (PLGA), 

poly-lactic-acid (PLA) whilst  natural polymers include gelatine, dextran, and 

chitosan (Sionkowska, 2011). Another interesting characteristic of polymers is 

that their physiochemical properties such as molecular weight, hydrophobicity, 

and crystallinity can be easily manipulated to allow controlled drug release 

kinetics and entrapment of therapeutic agents (Chan et al., 2010). Various 

polymeric-based curcumin nanoparticles for different therapeutic targets have 

been presented by many groups (Rachmawati, 2013). For example, Yallapu et 

al. investigated the comparative cellular uptake and cytotoxicity evaluation of 

polymeric, magnetic and dendrimer-based curcumin nanoformulations in 
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prostate cancer cells. They proved that polymeric nanoparticles, in particular 

curcumin loaded cellulose nanoparticles, exhibited the highest cellular uptake 

and caused maximum ultrastructural changes related to apoptosis in prostate 

cancer cells. Moreover, the cellulose-curcumin formulation showed enhanced 

anti-cancer efficacy compared to free curcumin (Yallapu et al., 2012). In 

another study by Kumar et al., curcumin loaded poly (2-hydroxyethyl 

methacrylate) nanoparticles revealed better tumour cells regression activity and 

significant reduction in G0/G1 cells than free curcumin in ovarian cancer cells 

(SKOV-3) (Kumar et al., 2014). Anitha et al. showed that curcumin loaded 

thiolated chitosan nanoparticles showed a sustained release profile over a period 

of 4 days, enhanced in vitro anticancer effects in colon cancer (HT-29) cells to 

3-fold and improved plasma concentrations compared to bare curcumin (Anitha 

et al., 2014). 

1.5.2 Inorganic nanoparticles 

Inorganic nanoparticles represent a wide spectrum of nanoparticles synthesized 

from metals, metal oxides, and metal sulphides (Bhattacharyya et al., 2011). 

Gold, silica and superparamagnetic oxide nanoparticles are among the long list 

of inorganic nanoparticles (Figure 1.7). They have been widely studied for 

imaging using magnetic resonance and high-resolution superconducting 

quantum interference devices, and their intrinsic properties have been utilised 

for therapy (Huang et al., 2011). Inorganic nanoparticles can be easily 

conjugated with ligands for tumour targeting and/or with chemotherapeutics for 

tumour therapy. Additionally, their surface composition can also be feasibly 

manipulated to create nanoparticles that can escape the RES (Xu et al., 2006). 

Usually inorganic nanoparticles are more stable than liposomes and SLNs over 
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a large range of pH and temperatures. For instance, Li et al. showed that silica-

coated flexible liposomes loaded with curcumin (CUR-SLs) demonstrated 

significantly higher stability against artificial gastric fluid and more sustained 

drug release in artificial intestinal fluid compared to curcumin-loaded flexible 

liposomes (CUR-FLs). Moreover, the silica coating exhibited a 3.31-fold 

increase in bioavailability compared with CUR-FLs (Li et al., 2012).  However, 

there are many concerns regarding the degradation and elimination of inorganic 

nanoparticles from the body due to their slow dissolution rates and inadequate 

biodegradability properties (Soenen et al., 2011). 

 

Inorganic NPs differ conceptually from organic NPs in terms of fabrication 

principles. Inorganic NPs are normally formed by the precipitation of inorganic 

salts, which are linked in a matrix. While, most organic NPs are formed by 

several organic molecules which are driven together by self-organization or 

Figure 1.7 Example of inorganic nanoparticle platforms for drug delivery 
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chemical binding (Romero and Moya, 2012). Both organic and inorganic 

nanoparticles are highly promising contenders for the evolution of drug delivery 

systems in cancer treatment and their success is already established in several 

clinical applications. Nevertheless, among all listed types of both organic and 

inorganic nanoparticles, polymeric nanoparticles are emerging as one of the best 

options because of their higher stability, enhanced drug payload, improved 

physicochemical properties, higher drug circulation times and more controlled 

drug release compared with their colloidal counterparts (Din et al., 2017; Rao 

et al., 2014). All of the aforementioned features are vastly desirable in the 

context of cancer treatment. Thus, in the present proposal, curcumin will be 

loaded into polymeric nanoparticles and emphasis on the most common 

methods of preparation will be detailed in the next section.  

1.6 A review of some polymeric formulation techniques used to 

fabricate curcumin nanoparticles  

In order to achieve the desired properties of interest such as particle size, particle 

size distribution and area of application, the mode of preparation of polymeric 

nanoparticles plays an essential role. In general, the preparation of curcumin-

polymeric nanoparticles is essentially divided into two initial approaches. The 

first approach is based on a two-step procedure, where in the first step an 

emulsification system is carried out to generate nanodroplets of definite sizes in 

which organic compounds (polymer, monomer, and lipid) are previously 

solubilized, then in the second step the nanoparticles are formed by various 

mechanisms such as precipitation or polymerization (Romero and Moya, 2012). 

The second approach consists of a one-step procedure in which emulsification 

is not required and the nanoparticles can be directly generated via different 
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mechanisms such as nanoprecipitation, ionic gelation or using more 

technological ways like spray-drying methods (Kumar and Lal, 2014). 

1.6.1 The two-step procedure 

This procedure starts with emulsification which is defined as the mixing of two 

or more totally or partially immiscible liquids (usually an organic “oil” and 

water) obtained in the presence or absence of a surfactant (Allouche, 2013). 

Formulated emulsions can either be single emulsion, termed as oil-in-water 

(o/w) or water-in-oil (w/o), or multiple emulsions of different kinds (w/o/w, 

o/w/o, w/o/o) (Particle Sciences, 2009). The formation of emulsion is a very 

crucial step since the size of the emulsion droplet is directly related to the size 

of the NP. To obtain emulsions with nano-scaled droplets and consequently 

polymeric NPs, either the low- or the high-energy emulsification technique is 

required. The low-energy method, also called the condensation method, is based 

on the phase transitions taking place during the emulsification process, while 

the high-energy method, relies on applying high mechanical energy during 

emulsification, mostly via high shear stirring, high pressure homogenizers 

and/or ultrasound generators (Sadtler et al., 2012). Conversion of nano-

emulsions into nanoparticles can be done subsequently in the second step 

through several ways including solvent removal or polymerization. 

1.6.1.1 Solvent removal 

Nano-emulsions dissolved in the dispersed phase of the emulsion undergo 

precipitation upon removal of the organic solvent via either solvent evaporation, 

solvent diffusion or salting out procedure (Allouche, 2013). 
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1.6.1.2.1 Solvent evaporation 

In this method, polymeric nano-emulsions are formulated whereby curcumin is 

dissolved in a volatile solvent and mixed via sonication or high-speed stirring 

(Nagavarma et al., 2012). In the past, dichloromethane and chloroform were 

utilised, but due to toxicity concerns, ethyl acetate has become more favourable 

(Wang et al., 2016). Basically, the emulsion droplets are converted into 

nanoparticle suspension as the volatile solvent evaporates by either continuous 

magnetic stirring at room temperature or under reduced pressure. The 

nanoparticle suspensions are then centrifuged, washed with distilled water to 

remove additives such as surfactants and finally lyophilized (Bennet and Kim, 

2014). Figure 1.8 represent a schematic illustration of the solvent evaporation 

method. This technique possesses several advantages such that low temperature 

is required for evaporation of solvent and thermal deposition can be avoided 

(Dhivya and Rajalakshmi, 2018). In a study by Rachmawati et al., curcumin 

was encapsulated in poly (lactic acid) nanoparticles via the emulsification-

solvent evaporation method using dichloromethane as the solvent and vitamin 

E polyethylene glycol succinate (TPGS) as the surfactant. The fabricated NPs 

produced a size of 300nm with an encapsulation efficiency of 89.42 % 

(Rachmawati et al., 2016). The concerns regarding the use of this method are 

mainly related to the potential hazards that the residue of the volatile solvent 

inside the NPs might possess in in vivo therapy.  
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1.6.1.2.2 Solvent diffusion 

In the solvent diffusion method, a partially water-miscible solvent (e.g. 

dichloromethane; propan-2-one), saturated with water may be used to dissolve 

the polymer and curcumin. For curcumin-containing polymer precipitation 

which results in the formation of NPs, the organic solvent is diffused to the 

aqueous phase by diluting it in excess of water. The supersaturated solution of 

o/w droplets is then emulsified in an aqueous solution containing stabilizer 

(such as poly(vinylpirrolidone)), causing the diffusion of the solvent into the 

external phase composed of curcumin, polymer and an organic solvent. This 

eventually leads to the formation of nanospheres or nanocapsules (Pal et al., 

2011). The solvent is then eliminated by evaporation or filtration and the 

solidified nanoparticles are collected by freeze-drying. Figure 1.9 represent a 

schematic illustration of the solvent diffusion method. This technique presents 

several advantages, such as high batch-to-batch reproducibility, ease of scale-

up, simplicity and narrow size distribution. Chen et al. encapsulated curcumin 

into poly (lactic-co-glycolic acid) nanoparticles via solvent diffusion. They 

Figure 1.8 Schematic representation of the preparation of NPs by emulsion 

evaporation method.  
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proved that adjusting the volume ratio of binary organic solvents (acetone and 

ethylene for dissolving the polymer and curcumin, respectively) and the 

concentration of surfactant (polyvinyl alcohol) improved the formulation 

characteristics including smaller size, narrow size distribution and high drug 

loading. Moreover, they showed that the fabricated curcumin NPs exhibited a 

controlled curcumin release profile and enhanced the inhibition of human 

leukemic (HL60) and hepatoma (HepG2) cells, in comparison with free 

curcumin (Chen et al., 2014). However, the requirement to eliminate high 

volumes of water from the suspension and the leakage of water-soluble drug 

into the saturated-aqueous external phase during emulsification, reduces the 

encapsulation efficiency (Nagavarma et al., 2012). This justifies the low 

encapsulation efficiency obtained by Chen et al. (33.5 %) (Chen et al., 2014).  

 

 

Figure 1.9 Schematic representation of the preparation of nanocapsules by emulsion 

diffusion method.  
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1.6.1.2.3 Salting out 

In this method, a  totally water-miscible solvent, such as acetone, is usually used 

to dissolve the polymer and curcumin in the presence of a high concentration of 

a salting-out agent (electrolytes, such as magnesium chloride, calcium chloride, 

and magnesium acetate, or non- electrolytes such as sucrose) and a colloidal 

stabilizer such as polyvinylpyrrolidone or hydroxyethylcellulose (Nagavarma et 

al., 2012). Subsequently, the solvent is diffused with sufficient volume of water 

in the continuous phase to drop the salt concentration and thus induce particle 

precipitation. Then, both the solvent and the salting-out agent are eliminated by 

cross-flow filtration. Figure 1.10 represent a schematic illustration of the 

salting-out method. However, there are no reports found in literature of 

curcumin polymeric nanoparticles being prepared via this method maybe due to 

the fact that salting-out procedure requires an extensive nanoparticle washing 

step which significantly affects the encapsulation efficiency of curcumin 

(Ahmed and Aljaeid, 2016). 

Figure 1.10 Schematic representation of the preparation of NPs by salting-

out method.  
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1.6.1.2 Polymerisation 

Polymerization techniques can be classified as emulsion polymerization, 

interfacial polymerization and controlled radical polymerization process. 

Controlled radical polymerization offers a better control of the polymer 

characteristics in comparison to other conventional polymerization techniques 

(Allouche, 2013). All of the aforementioned methods involve polymerisation of 

monomers by introducing the monomer to an aqueous phase or dissolving the 

monomer in a non-solvent of the polymer. To trigger polymerisation, an 

initiator molecule (ion or free radical) or high-energy radiation (gamma radiator 

or UV light) is required. Subsequently, curcumin either covalently bonds to the 

polymer or adsorbs onto the surface of the particle. Finally, purification is 

carried out to remove any undesirable residual monomers and initiators in the 

final nanoparticle formulation (Villiers M. Melgardt et al., 2008). Mulik et al. 

showed that the encapsulation of curcumin in poly(butyl) cyanoacrylate 

nanoparticles using the polymerisation method, improved the chemical and 

physical stability of curcumin in which the fabricated NPs can be exploit as a 

stealth system in blood for targeting the malignant tissues passively (Mulik et 

al., 2009). The main drawback of this technique is that it requires the use of high 

temperatures and irradiations.  

1.6.2 The one-step procedure 

1.6.2.1 Nanoprecipitation 

Nanoprecipitation is one of the first methods developed to encapsulate drugs 

within polymer nanospheres by Fessi and co-workers in the 1989 (Morales-Cruz 

et al., 2012). It enables production of particles in the 100–300 nm range. It is 

one of the easiest formulation procedure for  polymeric nanospheres that does 
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not require extended shearing/stirring rates, ultra-sonification, or high 

temperatures (Morales-Cruz et al., 2012). Additionally, this procedure is 

reproducible, fast and requires use of performed polymers as starting materials 

rather than monomers. Three ingredients are required to achieve the process: 

the polymer, the polymer solvent and the non-solvent of the polymer. 

Surfactants can be added as well. Ideally, the nanoparticles are generated by a 

rapid diffusion of the polymer solvent in the non-solvent phase by mixing the 

polymer solution with the latter. Consequently, the interfacial tension between 

the two phases drops, generates an increased surface area and rapid precipitation 

of the polymeric nanoparticles (Allouche, 2013). Curcumin can either be 

dissolved or dispersed with the polymeric solution. The lipophilic polymer 

solution is commonly added dropwise to the non-polymer solvent to establish a 

proper polymer deposition on the surface of the dispersed aqueous droplets 

(Yadav and Sawant, 2010). Figure 1.11 represent a schematic illustration of the 

nanoprecipitation method. Since nanoprecipitation method is typically 

appropriate for hydrophobic compounds that are soluble in ethanol or acetone 

and insoluble in water, an incredibly number of drugs, other than curcumin, 

were encapsulated into polymeric NPs using this method. For example, 

Barichello et al. obtained encapsulation efficiencies close to 100% with the 

lipophilic drugs cindomethacin and cyclosporine, but less than 15% for the 

hydrophilic drugs vancomycin and phenobarbital (Morales-Cruz et al., 2012). 

In another report by Chin et al., curcumin loaded onto starch nanoparticles 

yielded an encapsulation efficiency of 78% with a sustained curcumin release 

of 93% under physiological pH over a period of 10 days. However, the 

conventional nanoprecipitation method is stilled limited to lab use and small-
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scale yields due to its dropwise operation and the complications of extraction 

and reservation of NPs (Miladi et al., 2016).   

 

 

1.6.2.2 Spray-drying 

Spray-drying technology has gone through constant evolution in the past years. 

The most distinctive emergence is the synthesis of polymeric nano-sized 

particles obtained in a one-step procedure by the spray-drying of the polymer 

solution. In this method, the dispersion, emulsion or suspension of curcumin 

and polymer in a solution is atomised into a spray of fine droplets in a drying 

chamber. The small droplets are then brought in contact with a hot drying gas 

to evaporate the moisture which subsequently leads to the formation of the solid 

product, that is finally recovered via a cyclone unit (Ahmed and Aljaeid, 2016). 

The spray flow rate, atomisation pressure or the inlet air pressure can be 

adjusted to obtain a desired particle size. Figure 1.12 represent a schematic 

illustration of the spray-drying method. Usually spray-drying yields high 

particle production ranging between 70–95 % (Allouche, 2013). For example, 

the micro-encapsulation of curcumin by spray-drying, using gum arabic as an 

encapsulating agent in three different concentrations by Bucurescu and his 

Figure 1.11 Schematic representation of the preparation of NPs by 

nanoprecipitation method.  
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colleagues yielded an encapsulation between 75 and 85%, being higher for the 

particles prepared with higher concentrations of encapsulating agents 

(Bucurescu et al., 2018). However, this technique requires large volume of hot 

air to dry polymer droplets, thus spray-drying is not a convenient procedure for 

the encapsulation of heat sensitive materials such as vaccines and proteins. 

 

 

 

Figure 1.12 Schematic representation of the preparation of NPs by spray-drying 

method. 
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1.6.2.3 Ionic gelation 

Also known as ionotropic gelation or polyelectrolyte complexation, is one of 

the most renowned encapsulation techniques used with chitosan-based delivery 

systems (Hamman, 2010). This technique involves the dropwise addition of a 

cross-linking agent (tripolyphosphate, glutardehyde etc.) into an aqueous 

solution of biodegradable hydrophilic polymers (chitosan, alginate, etc.) under 

continuous stirring to form hydrogels (Rajalakshmi et al., 2014). The 

polyanions from the cross-linker form a meshwork of structures by interacting 

with the polyvalent cations of the polymer hence inducing gelation (Sarmento 

et al., 2006). Curcumin can be loaded into these hydrogels during the production 

where it becomes encapsulated. There are diverse forms of cross-linkers and the 

choice may be made based on safety profiles and degree of cross-linking. For 

example, glutardehyde which chemically crosslink with polymers is known for 

its toxicity and poor mechanical stability. The poor mechanical strength of 

glutaraldehyde cross-linked product is due to its double bonding pattern (–

C=N–) with the amine group containing polymer (Mitra et al., 2014). Genipine-

cross-linked with chitosan, for instance, display slower degradation rate and 

higher biocompatibility in comparison to glutaraldehyde-cross-linked. 

However, genipine is incompatible with curcumin loaded into NPs (Ahmadi et 

al., 2015). On the other hand, sodium tripolyphosphate displays better 

crosslinker characteristics because it is nontoxic, relatively inexpensive, 

multivalent, has quick gelling property and has been widely utilised as an 

effective crosslinker in chitosan-based nanoparticles (Lange et al., 2014; Zhao 

et al., 2011). The main advantages of ionic gelation include its general capability 

of protecting the encapsulated molecules and retaining their activity during the 
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encapsulation (Usmiati et al., 2014). Additionally, reversible physical 

crosslinking by electrostatic interaction instead of chemical crosslinking avoids 

the possible toxicity of reagents and other undesirable effects (Ahirrao et al., 

2013).  

Generally, both the two-step and one-step procedures may allow the 

encapsulation and loading of curcumin into nanocarriers to improve its effects 

in cancer therapy. However, ionic gelation technique is the chosen 

encapsulation technique in this project because it is one of the simplest methods 

and utilises very mild conditions, avoiding harmful organic solvents or high 

shear forces (Usmiati et al., 2014). The majority of curcumin-loaded 

nanoparticles have been intended for intravenous (i.v.) administration, seeking 

to accumulate in tumour regions, as they circulate in blood vessel and eventually 

kill cancer cells. However, recent reports showed that i.v. administration caused 

high drug distribution in major organs which are highly perfused (e.g. kidney, 

lung, etc.) compared to tumour sites. This high perfusion of blood may cause 

impairment to the organs upon long-term i.v. administration (Attili-Qadri et al., 

2013; Patel, 2014). Thus, research is focused on alternative modes of delivery, 

in particular, oral delivery. This is true for CRC treatment as in other cancers 

(Date et al., 2016; Sharma and Saltz, 2000). Oral delivery of anticancer agents 

not only reduces the stress and discomfort associated with i.v. treatments but 

also afford flexibility to patients in that, they may forgo hospital visits (Eek et 

al., 2016). Moreover, oral administration of therapeutics for action at the colon 

improves the efficacy of the former and enables localized treatment, which 

reduces systemic toxicity. However, one key consideration in the localised 

delivery of therapeutics to the colon via the oral route is that the formulation 
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should protect the drug-loaded NPs from premature release in the upper 

gastrointestinal tract. Premature release of the payload may render them to 

multi-drug efflux pumps and metabolic enzymes (e.g. cytochrome P450 

enzymes) present on the epithelium of the gastrointestinal tract (Katragadda et 

al., 2005) and degradation by gastric pH. Usually, the colon has comparatively 

less harsh environment due to reduced digestive enzymatic activity. 

Furthermore, the colon transit time is relatively long (from 6 to 48 h). Both of 

the preceding features are desirable and favour enhanced bioavailability and 

action of the drug at that site (Mathew, 2011). Formulations of oral drug 

delivery systems capable of overcoming the harsh pH conditions in the stomach 

and the duodenum along with intestinal enzymatic metabolism such that, drug 

release proper occurs upon arrival at the colon are termed by “colon-specific 

delivery systems”. In the next section, some of the pharmaceutical strategies 

designed for the development of colon targeted therapy are discussed. 

1.7 Colon-specific nano-carrier systems  

Most of the colon-specific drug delivery systems outlined in literature are based 

on four main approaches: prodrug-based approach, time-dependent systems, 

pH-dependent devices and microflora-activated systems (Nicholas E. Madhu et 

al., 2011). 

1.7.1 Prodrug-based approach 

A prodrug is a pharmacological substance administered in an inactive form of 

the parent drug that will be transformed in vivo to the active form of the parent 

drug (Singh and Khanna, 2012).  For colon-targeting, prodrugs are usually 

designed to be hydrophilic by coupling drug molecules to hydrophilic small 
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molecules (e.g. amino acids and sugars) or polymers (e.g. poly (L-aspartic acid) 

and dextran) (Jain and Jain, 2008). This hydrophilicity helps in restricting the 

absorption of the prodrug in the upper gastrointestinal tract (GIT) and allows 

the transit to the colon where, colonic enzymes such as azo-reductase and 

glycosidase produced by the colon microflora degrade the prodrug to release 

active drug. However, the clinical application of prodrugs is limited since their 

manufacture depends on the availability of functional groups within the drug 

molecule suitable for chemical linkages. In addition, the prodrug function and 

safety profile is still ambiguous (Ettmayer et al., 2004).  

1.7.2 Time-dependent systems 

Time-dependent systems are designed to release their loaded drug in the colon 

at a pre-set lag time following administration, mainly being controlled by the 

coating layer used in the system (Gazzaniga et al., 2006). One typical example 

is the Time Clock® system coated with hydrophobic polyoxyethylene sorbitan 

monooleate and water soluble hypromellose in which the coating disintegrates 

in an aqueous environment at a rate proportional to the coating thickness and 

gradually exposes the drug core for dissolution (Pozzi et al., 1994). 

Nevertheless, time-dependent systems are unreliable due to the variation in their 

transit time through the gastrointestinal tract, influenced by the variability of the 

gastric emptying time, food intake, size and density of the formulation.  

1.7.3 pH-dependent devices  

pH-dependent devices employ the pH changes along the GI tract to control drug 

release. Wide range of coatings made of pH-responsive polymers, such as 

Eudragit® L100-55, Eudragit® S100 and hydroxypropyl methyl cellulose 
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phthalate, are usually used for site-specific drug delivery to the lower GI tract 

(Jain and Jain, 2008). These polymers have high pH threshold (at least 5.0) for 

dissolution and are able to resist disintegration from the gastric acid and small 

intestinal fluids for several hours. However, the site specificity of pH responsive 

dosage systems might be inadequate in some individuals due to factors such as 

closeness of the luminal and colonic pH, which might cause premature drug 

release (Ibekwe et al., 2008).  

1.7.4 Microflora-activated systems 

Microflora-activated systems typically refer to colon-specific carriers based on 

polysaccharides which can be digested by bacteria available in the colon. The 

colonic bacteria usually produce a number of enzymes such as: glucoronidase, 

xylosidase, arabinosidase, galactosidase, etc. to act on specific substrates that 

have been left undigested in the small intestine (Sinha and Kumria, 2003). 

Substrates for these enzymes include polysaccharides such as chitosan, alginate 

and pectin which have been used as coatings in delivery systems (Jain and Jain, 

2008). These polysaccharides shield the drug from the environments of stomach 

and small intestine and are able to deliver the drug to the colon. On reaching the 

colon, they undergo degradation by enzyme or break down of their polymer 

back bone leading to reduction in their molecular weight and thereby loss of 

structural integrity. Subsequently they are unable to hold the drug entity any 

longer, which activates drug release.  

Because the biodegradable enzymes are only present in the colon, the use of 

biodegradable polymers for colon-specific drug delivery seems to be a more 

site-specific approach when compared to transit time or pH change systems.  
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1.7.5 Choice of appropriate polymer 

In trying to achieve site-specific delivery employing any of the aforementioned 

approaches, the choice of the polymer is crucial. In the present pursuit, I intend 

to deliver curcumin to the colon region following oral administration of the 

nanoparticulate delivery system. In the next section I will review key polymers 

used to achieve the above objective whilst rationalising the specific use of two 

of them (chitosan and pectin) in the project. 

1.7.5.1 Chitosan 

Chitosan is a hydrophilic, cationic polysaccharide subjected to degradation by 

the bacterial enzymes, e.g. lysozymes, generated by the colonic microflora. It is 

the N-acetylated derivative of chitin, a natural polysaccharide found in the shells 

of marine crustaceans. It  comprises of β- [1–4] -linked D-glucosamine and N-

acetylated units (Figure 1.13) (Jonassen et al., 2012).  

 

 

Figure 1.13 Chemical structure of chitosan, comprising N-acetyl-D-glucosamine 

(right) and D-glucosamine (left) units 
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It is soluble in acidic media due to the presence of the protonated amine groups 

(NH3
+), hence possessing the ability to effectively form electrostatic 

interactions with negatively charged species (Kavitha et al., 2011). The 

positively charged moieties of chitosan also interact with the tight junction of 

the intestinal epithelial cells and thus modulate drug permeation and absorption 

through the para-cellular route (Muheem et al., 2014). One of the features I wish 

to impart in the development of a colon-targeted delivery system is the 

mucoadhesive functionality. Chitosan is considered a well-suited polymer for 

targeted drug delivery to the colon due to its biodegradability, low toxicity, and 

bio-adhesive properties (Rampino et al., 2013). Therefore, in the present 

project, chitosan is utilised as one of the matrix-forming polymers. 

1.7.5.2 Pectin 

Pectin is a negative hetero-polysaccharide extracted from the cell wall of plants. 

It possesses a poly α- [1–4] - linked D-galacturonic acid units with varying 

degrees of methylation of carboxylic acid functional groups (Figure 1.14 a) 

(Mishra et al., 2012).  
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Figure 1.14 Chemical structure of pectin 

Pectin with greater than 50 % carboxyl methylation is identified as high-

methoxyl pectin, whilst those with less than 50 % are known as low-methoxyl 

pectin. Pectin consists mainly of three polysaccharides: the homogalacturonan 

(HG), the rhamnogalacturonan-I (RG-I) and the rhamnogalacturonan-II (RG-II) 

(Sharma et al., 2006) (Figure 1.14 b). To date, the way in which the three 

domains are connected to one another to form the pectin macromolecule is still 

vague (Kaya et al., 2014).  Pectin shares very similar properties with chitosan 

such as non-toxic, biodegradable, highly available and resistant to the digestive 

enzymes in the GI tract and only degraded by the microflora in the colon 

(Mishra et al., 2009). In addition, pectin has moieties that have anticancer 

properties. This makes the use of a pectin-chitosan composite a favourable 

approach in the present project. 
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The anticancer properties of pectin may be ameliorated after modification via 

pH/thermal treatment (Glinsky and Raz, 2009). The pH modification begins 

with increasing the alkaline pH of the polymer to disrupt the rhamnogalacturan 

side chain and thus de-polymerises the backbone side chain and de-esterifies the 

HG regions.  This is followed by an acid treatment that ultimately cleaves the 

rhamnogalacturans to arabinose and galactose. This modification process of 

pectin results in the production of neutral sugar sequences with a low degree of 

branching but rich in galactose. Galactose is capable of inhibiting the growth of 

colon cancer and migration since it is a remarkable antagonist to galectin-3 

(Gal-3) (Leclere et al., 2013; Venzon et al., 2015). 

Gal-3 is a member of the galectin super-family with a carbohydrate-binding 

domain that exhibits high affinity to β-galactoses (Barrow et al., 2011). It is 

vastly expressed on tumour cell surfaces and more specifically, it is expressed 

at higher levels in colon cancer than normal colon tissue. Gal-3 binds to the 

colonic mucin with an altered carbohydrate structure causing tumour growth, 

cell to cell adhesion and metastasis (Wong et al., 2011). Modified pectin, rich 

in galactose, binds to the carbohydrate recognition domain of the Gal-3, 

consequently restricting the capacity of Gal-3 to stimulate cell adhesion and 

migration and thus, preventing tumour growth (Venzon et al., 2015) (Figure 

1.15).  

In addition to all the desirable properties that chitosan and pectin exhibit and 

make collectively suitable for use in developing colon-targeted systems, they 

are also considered as effective mucoadhesive polymers. Thus, chitosan and 

pectin (after modification) composite would be used in the fabrication of the 

curcumin nanoparticle delivery system. As mentioned earlier, mucoadhesion at 
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colonic mucosa is a key aspect of the present investigation and in the subsequent 

section I shall discuss the key aspects as they relate to colon-targeted drug 

delivery. 

 

 

 

 

 

 

Figure 1.15 The binding process of modified citrus pectin with galectin-3 
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1.8 Mucoadhesion 

Mucoadhesion is the adhesion between two materials, at least one of which is a 

mucosal surface. It is a promising strategy that can be exploited to improve the 

bioavailability of drugs through prolonged residence of dosage forms in the 

gastrointestinal tract. Mucoadhesive polymers can be used as a mean of 

improving drug delivery via various routes such as: the buccal /oral route, nasal 

route, ocular route and the gastrointestinal route. Nanoparticles designed using 

the aforementioned natural polymers possess promising mucoadhesive 

properties to the colon due to their hydrogen bond forming moieties, 

cationic/anionic moieties and flexibility to penetrate the mucus network (Shaikh 

et al., 2011). It is worth noting that various synthetic polymers such as polylactic 

acid, polyadipic acid and cellulose derivatives are also widely used in 

formulating mucoadhesive systems. However, the use of natural polymers is 

preferred over the synthetic ones because the former usually exhibit less 

toxicity, widely available and have lower production costs (Kavitha et al., 

2011). 

Prolonged gastrointestinal residence improves the contact time of dosage forms 

with epithelia and hence improves drug adsorption (Mazzarino et al., 2012). The 

mucosal layer is a viscoelastic fluid made up of gel-like mucus which is secreted 

by the goblet cells (Shaikh et al., 2011). It consists of water, mucin (an anionic 

polyelectrolyte), proteins, lipids and muco-polysaccharides. Mucoadhesion 

basically occurs in two steps: the contact stage and the consolidation step. The 

contact stage is manifested between the mucoadhesive polymer and the mucus 

membrane, with spreading and swelling of the formulation (Boddupalli et al., 

2010). The consolidation step involves the activation and bonding of 
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mucoadhesive material in the presence of moisture that plasticizes the system, 

allowing the mucoadhesive molecules to break free and to link up by Van der 

Waals and hydrogen bonds (Boddupalli et al., 2010). Due to the complexity of 

the mucoadhesion process, numerous theories have been proposed to explain 

the aforesaid mechanisms. For simplification purposes the theories are 

classified into two categories: i) the chemical method which involves the 

electronic and the adsorption theories; ii)  the physical method which include 

the wetting, the diffusion and the cohesive theory (Tao et al., 2014).  

In general, the colon is regarded as a more suitable site for mucoadhesion 

compared to the stomach and small intestine due to the presence of a thicker 

mucus layer and reduced colonic motility in the former. Therefore, 

mucoadhesive drug delivery systems targeting the colon allows for effective 

targeting and localisation of drug to the colon with prolonged residence time as 

well as intimate contact between the delivery system and the absorptive mucosa. 

This prolonged residence results in higher drug flux across the colon membrane 

compensated for by the longer residence time. Nanoparticle delivery systems 

are well suited for use in the present context because of their large surface area 

to volume ratio. Mucoadhesion is also affected due to the dispersibility of the 

nanoparticles.  

1.9 Physical techniques for NP characterisation 

 To characterize formulated curcumin-loaded NPs, there are number of analyses 

that can be performed, such as: size distribution, surface charge, morphology, 

physical status of the drug within the carrier systems, drug release and 

encapsulation efficacy. The commonly used techniques for particle size 

analyses are dynamic light scattering, nanoparticle tracking analysis, scanning 
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electron microscopy (SEM) and atomic force microscopy (AFM). SEM and 

AFM can also provide information on surface morphology. Differential 

scanning calorimetry is often used to examine the physical state of the drug in 

NP, in which the thermogram of drug-loaded particles is compared to that of 

raw drug and particles without drug incorporation. To confirm the successful 

curcumin incorporation to the NPs, available methods, include high 

performance liquid chromatograph and/or Fourier transform infrared 

spectroscopy. These characterisation methods validate the composition of 

particulate carriers (especially the drug encapsulation) thus are typically 

conducted to establish the optimal formulation for in vitro/vivo efficacy 

evaluation. In vitro drug release studies can be used to evaluate the potency of 

carrier systems for colon-specific delivery. It utilises different buffers and 

incubation times to simulate the gastrointestinal conditions that a test 

formulation may endure after oral administration. To evaluate the vulnerability 

of microflora-activated systems to the in vivo colonic microflora environment, 

colonic enzymes are usually included in the simulated colonic fluids. Although 

the in vitro release model cannot represent the full factors of in vivo milieu, it is 

still considered a useful tool for the development of the formulation as it 

compares the response of different formulations to mimic biological factors 

(e.g. transit time, pH or colonic enzymes). 

In the following sections therefore, some of the adopted techniques for 

characterizing the formulated nanoparticles will be briefly reviewed.  

1.9.1 Zeta Sizer Nano Series®  

 

The Zeta sizer Nano Series (Figure 1.16) is a high-performance system that 

incorporates combination of particle size and zeta potential analysis, for 
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enhanced detection of aggregates and measurement of small or dilute samples 

(MALVERN, 2017). 

 

 

It associates two techniques in a single compact unit to simplify the 

measurement of different sample types. The first technique is known as the 

“Laser Doppler Micro-electrophoresis” which is used to measure zeta potential 

(surface charge of the nanoparticles or colloidal particles). Zeta potential values 

of typically ±30 mV are representative of stabilised particle (Vogel et al., 

2017). Usually, an electrical field is applied to a solution of molecules or a 

dispersion of particles, which then move with a velocity due to the interaction 

between the charged particle and applied field. The direction and velocity of the 

motion is a function of particle charge, the suspending medium, and the electric 

field strength. This velocity is measured using a patented laser interferometric 

technique called M3-PALS (phase analysis light scattering) by observing the 

Doppler shift in the scattered light. This enables the calculation of 

electrophoretic mobility, hence the zeta potential is proportional to the electrical 

Figure 1.16 Schematic illustration of the techniques associated with the Zeta sizer 

Nano series®. Adapted and modified from (Horiba Scientific, 2016) 
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potential of the particle at the shear plane (Malvern Instruments Ltd., 2016). The 

other technique is the Dynamic Light Scattering (DLS), one of the most popular 

light scattering techniques that measures the particle size down to 1 nm 

diameter. It measures the diffusion of particles moving under Brownian motion 

and converts this to size and a size distribution using the Stokes-Einstein 

relationship. Size distribution is usually referred to as the “Polydispersity index” 

(PDI), where a high PDI shows a poly-dispersed sample with large size 

distribution and a low PDI value displays a monodisperse sample with narrow 

size distribution. Any numerical value of PDI that is below ≤0.1 is considered 

highly monodisperse, if ranges between 0.1–0.4 then it is moderately 

polydisperse and any value above 0.5 is highly polydisperse (Bhattacharjee, 

2016). 

DLS is a non-invasive technique, which provides good statistics regarding the 

in-situ measurements of the size and PDI, however, it does not display the 

morphology of the nanoparticles (e.g. spherical, cylindrical) and it assumes any 

aggregation of several vesicles as one single particle (Danaei et al., 2018). 

Microscopic techniques, on the contrary, provide a detailed view of the 

morphology of nanostructures as well as the presence/absence of any 

aggregation. Such examples include scanning electron microscope, atomic force 

microscopy, etc. 

1.9.2 Scanning Electron Microscopy 

SEM is an instrument that utilizes vacuum conditions and electrons instead of 

light to form a largely magnified image with better resolution (Bogner et al., 

2007). Initially, a beam of electrons is produced at the top of the microscope by 

an electron gun as voltage is applied. The electron beam follows a vertical path 
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through the microscope and travels through electromagnetic fields and lenses, 

which focus the beam down toward the sample. Once the beam hits the sample, 

electrons and X-rays are ejected from the sample. Detectors collect these X-

rays, backscattered electrons, and secondary electrons and convert them into a 

signal that is sent to a screen similar to a television screen, producing the final 

image (Figure 1.17) (Leonard et al., 2012). 

 

 

The SEM is one of the most useful instruments in nanotechnology research 

today due to its flexibility in controlling the degree of magnification as it utilises 

electromagnets rather than lenses (Voutou and Stefanaki, 2008).  

Figure 1.17 Schematic diagram of SEM. 

Adapted from [Bogner et al., 2007] 
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1.9.3 Atomic Force Microscopy 

AFM is a prevailing surface analytical technique used in air, liquid or vacuum 

to generate three-dimensional, high-resolution topographic images of samples 

at sub-micron level. It also provides some information about the nanoscale 

mechanical (modulus, stiffness, viscoelastic, frictional) properties. In AFM, a 

sharp tip of atomic scale, attached to a cantilever, is scanned across a sample. 

The deflection of the cantilever caused by forces between the tip and the sample 

surface, is monitored by a laser and photodiode. This generates a topographical 

map of the sample. The AFM can image in a number of ways using either 

contact or tapping mode. In contact mode, the topographical map is generated 

by tapping the probe on to the surface across the sample while in the tapping 

mode, the probe hovers over the conducting surface without contacting the 

surface (Figure 1.18) (Pal et al., 2011).  

 

Even though, AFM and SEM converge in their abilities to offer nanometer scale 

lateral information, they differ in the fact that SEM provides elemental analysis 

Figure 1.18 An outline of the basic principles of the AFM 
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using X-ray detection, while the AFM presents compositional information 

based on physical properties. The AFM can produce a 3-dimensional 

topography using just a single scan, whereas the SEM can only produce 2-

dimensional images (Eaton et al., 2017). Although, AFM has higher resolution 

than SEM and requires no mathematical treatment, on relatively rough surfaces, 

SEM’s large depth of field and large lateral field gives it a significant advantage 

over AFM (Batchelor and Russell, 2013). Therefore, both SEM and AFM can 

complement each other very well and provide a wealth of information about a 

sample. 

1.9.4 Nanoparticle Tracking Analysis 

NTA is another high-resolution technique that is capable of tracking and 

measuring the size, size distribution and concentration of a single nanocarrier 

moving under Brownian motion (Saveyn et al., 2010). For NTA analysis, the 

sample is first injected into the special cell and then illuminated by a laser light 

with 635 nm wavelength. Refraction occurs, and NPs contained in the sample 

are visualised under the microscope as small points of light moving under 

Brownian motion (Tian et al., 2016). Usually bigger NPs and heavy aggregates 

move with a slow speed, while smaller NPs, which have less weight, move 

faster. The motion of the nanocarriers is then recorded as a video of typically 30 

seconds, using a conventional charge-coupled device (CCD) camera supported 

on the C-mount of the microscope (Danaei et al., 2018) (Figure 1.19). The NTA 

software concurrently locates and tracks the centre of each particle throughout 

the length of the video and relates it to the size of the particles. The 

hydrodynamic size and size distribution of the NPs is then calculated by the 
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Stokes–Einstein equation, taking into account the particle diffusion coefficient 

(Danaei et al., 2018).  

A significant advantage that NTA offers in comparison with other size 

measurement techniques is that it is not biased toward larger NPs or aggregates. 

Additionally, its confirmed accuracy and reproducibility verified the suitability 

of NTA to determine the size populations of both monodisperse and 

polydisperse samples (Mourdikoudis et al., 2018). 

1.9.5 Fourier Transform Infrared Spectroscopy 

FT-IR is an analytical technique used to identify organic (and in some cases 

inorganic) materials. This technique measures the absorption of infrared 

radiation to identify the molecular components and structures (Bunaciu et al., 

2010). In an infrared spectroscopy, IR radiation with a specific wavelength, 

modulated by an interferometer, is passed through the sample.  The sample will 

absorb some of the infrared radiation and the rest will be transmitted and 

measured by a detector. The signal obtained from the detector is an 

Figure 1.19 Schematic illustration of NTA 
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interferogram, which must be analysed with a computer using Fourier 

transforms to obtain a single-beam infrared spectrum (Figure 1.20) (Doyle, 

1992).  

 

The resulting spectrum is presented as a plot of intensity (% of transmittance or 

absorbance) versus wavenumber (in cm-1), creating a molecular fingerprint of 

the sample. Like a fingerprint, no two unique molecular structures produce the 

same infrared spectrum. This makes infrared spectroscopy useful for several 

types of analysis (Nicolet and All, 2001). The obtained IR absorption spectrum 

is usually compared with standard spectra in computer databases to identify the 

functional groups present in the sample. Absorption bands in the range of 1500 

- 400 cm-1 wavenumbers are referred to as the fingerprint region, which are 

generally due to intramolecular phenomena and are highly specific to each 

material (Simonova and Karamancheva, 2013). 

Figure 1.20 Basic principle of FTIR 
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1.9.6 Differential Scanning Calorimetry 

DSC is a technique that studies the thermal transitions of polymers by 

measuring the energy absorbed (endotherm) or produced (exotherm) as a 

function of time or temperature (Gill et al., 2010). It is used to characterize 

melting, crystallization, heat capacity and other processes involving an energy 

change. In the DSC chamber, the sample pan and an empty reference pan are 

placed on small platforms with thermocouple sensors (TCS) lying underneath 

(Figure 1.21).  

Then the analysis can be made in two ways: either by measuring the electrical 

energy to be provided to the TCS to maintain the same temperature (power 

compensation) at both pans, or by measuring the heat flow (differential 

temperature) as a function of sample temperature (heat flux) (Danley, 2002). 

The DSC ultimately outputs the differential heat flow (heat/time) between the 

material and the empty reference pan. Heat capacity may be determined by 

taking the ratio of heat flow to heating rate. The increase or decrease of heat 

flow determines whether the change is endothermic or exothermic, respectively 

Figure 1.21 Schematic diagram of the DSC 
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(Mutlur, 2004). The three most common states a substance undergoes are 

presented in Figure 1.22.  

In glass transition state, which is an endothermic event, a heated amorphous 

substance undergoes a transition from a glassy state to a rubbery state. As the 

viscosity of a material increases, it experiences a transition from the hard and 

brittle 'glassy' state to the elastic and flexible 'rubbery' state. This known as the 

crystallisation state and it is an exothermic event, in which the molecules within 

a material partially aligns into a crystalline form. As heating is continued the 

material undergoes a melting point state, in which the solid state of the material 

changes to liquid, forming an endothermic event (Chiu and Prenner, 2011). 

 

 

Figure 1.22 An example of a DSC thermogram 
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1.9.8 Micro-bicinchoninic acid assay 

The micro-bicinchoninic acid (micro-BCA) protein assay is employed to 

quantitate the amount of protein in a sample. The theory behind this assay is 

that proteins can reduce Cu2+ to Cu1+ in an alkaline solution, then two molecules 

of the BCA chelate with each Cu+ forming a purple-coloured complex that 

strongly absorbs wavelength at 562nm (Figure 1.23). 

Unlike Bradford assay, the BCA assay is more objective as the universal peptide 

backbone also conduces to colour formation. One drawback of the BCA assay 

compared to the Bradford assay is that it is vulnerable to intrusion by some 

chemicals present in protein samples, including reducing agents, copper 

chelators and buffers with high concentration, however this can be avoided by 

generating diluted samples (Olson and Markwell, 2007). 

 

 

 

Figure 1.23 An outline of the micro-BCA principle 
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1.10 Thesis objectives  

In view of the above very detailed discussion and the continued quest for 

alternative and more patient-acceptable solutions in anticancer therapy, I have 

sought to propose the development of a novel colon cancer delivery system that 

harnesses maximum therapeutic potential, whilst keeping side effects at the 

minimum. Consequently, I aim to formulate an oral colon cancer delivery 

system made from nanoparticles using curcumin as the therapeutic agent. In 

order to improve specificity of the anticancer agent to cancer tissue, the surface 

of the nanoparticles would be modified with antibodies that target the tumour-

specific receptors within the colorectal cancer tissue. The choice for chitosan as 

a delivery vehicle is based on its documented mucoadhesive properties coupled 

with its biocompatibility, whilst pectin is used in a modified form to augment 

the anti-cancer properties of curcumin through the yield of galactose moiety 

described earlier. Specifically, the objectives of this project are: 

 To develop a mucoadhesive curcumin-containing nanoparticle delivery 

system using chitosan and modified pectin 

 To extensively characterise the above delivery system in terms of 

physical properties and mucoadhesion potency. 

 To develop an efficient synthetic means for introducing tumour-

targeting antibody to the surface of the curcumin nanoparticles.  

 To examine the cytotoxicity and potential of the mucoadhesive, tumour-

targeted nanoparticle formulations on well-defined colorectal cancer 

cell surface biomarkers and normal cell. 
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This thesis comprises of six chapters that elucidates the research conducted 

towards accomplishing the above objectives. Chapter 2 describes the 

development and the in vitro evaluation of modified citrus pectin-chitosan 

nanoparticles containing curcumin. Chapter 3 evaluates the mucoadhesion 

propensity of the curcumin-containing NP system. Chapter 4 describes the 

conjugation of the antibody on the surface of the nanoparticle with evaluation 

of its physical and in vitro release profile. Chapter 5 studies the in vitro 

cytotoxicity and cellular uptake of the composite nanoparticle antibody 

curcumin delivery system. Chapter 6 recaps the fundamental findings of this 

project and deliberates the future approach of the research. 
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Chapter 2 Formulation and in vitro 

evaluation of modified citrus pectin-

chitosan nanoparticles containing curcumin 
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2.1 Introduction 

Chitosan is a cationic polysaccharide that is obtained by alkaline deacetylation 

of chitin (Quiñones et al., 2018). Its biocompatibility, biodegradability and 

nontoxicity properties present a platform that make chitosan a good candidate 

for pharmaceutical applications. Although chitosan remains indispensable in 

drug formulations, it has a limited capacity for controlling drug release from 

formulated oral dosage forms due to rapid  dissolution in the stomach (Jana et 

al., 2014). However, this limitation can be addressed through chemical 

modifications with other polymers or cross linkers. Sodium tripolyphosphate 

has been widely utilised as an effective crosslinker in chitosan-based 

nanoparticles because it is non-toxic, relatively inexpensive and has quick 

gelling property (Lange et al., 2014; Zhao et al., 2011). 

The interaction between sodium tripolyphosphate and chitosan leads to the 

spontaneous formation of biocompatible nanoparticles which can efficiently 

modulate drug release (Bhumkar and Pokharkar, 2006). To improve the stability 

of nanoparticles and control curcumin release, alongside the use of crosslinker, 

other polymers may be used in conjunction with chitosan. Chitosan-based 

polyelectrolyte complexes have been developed for oral, nasal or systemic 

administration of drugs and biodrugs (Andriani et al., 2015). Polyelectrolyte 

complexes are usually formed by electrostatic interaction between polyanions 

and polycations (Maciel et al., 2017). These complexes display distinctive 

physical and chemical properties, as the electrostatic interactions within the 

polyelectrolyte complex gel are significantly stronger than most secondary 

binding interactions (Jana et al., 2014). Several studies have addressed the 

employment of polyelectrolyte complexes of chitosan and polyanions for 
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pharmaceutical applications. Pectin, a natural non-toxic polysaccharide, is 

among the long list of different polyanions that can be used for chitosan-based 

polyelectrolyte complexes. Pectin has the desirable stability under acidic 

conditions even at higher temperature which makes it an ideal candidate in drug 

delivery systems (Mishra et al., 2012). Polyelectrolyte complexes based on 

chitosan and pectin ameliorates the  mechanical properties of resulting matrices 

(Maciel et al., 2017). The electrostatic attractions between the ionised amino 

groups (NH3
+) of chitosan and the ionised carboxyl acid groups (COO-) of 

pectin are key interactions in the formation of the pectin/chitosan nanoparticles 

(Sh Rashidova et al., 2004). The stability of these complexes depends on pH, 

temperature, charge density and ionic strength among other environmental 

conditions (Recillas et al., 2011).  

Many studies have addressed the potential of chitosan/pectin polyelectrolyte 

complexes in drug delivery applications, specifically for colon targeted drug 

delivery (Bigucci et al., 2008; Das et al., 2011; Ghaffari et al., 2007; Oliveira et 

al., 2010; Pandey et al., 2013). Crucially, pH-thermal treatment of pectin yields 

chemical moieties that demonstrate chemo-preventive activities against cancers 

(Glinsky and Raz, 2009). In this regard, the modified pectin would serve the 

dual function of retaining the integrity of the nanoparticles within the acidic pH 

of the upper gut and also yielding the galactose moiety, which is known to 

manifest anticancer properties against galectin-3 in the colon (Johnson et al., 

2007). 

In this chapter, the modification method of pectin alongside the optimal 

conditions used to obtain desirable physical properties of nanoparticles based 

on ionic gelation were investigated. Moreover, the physical properties of the 
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synthesized chitosan-modified pectin cross linked by sodium tripolyphosphate 

nanoparticles as nanocarrier of curcumin (MCPCNPs) were also evaluated.  

2.2 Materials: 

Chitosan (low molecular weight, DE acetylated chitin, Poly (D- glucosamine) 

was purchased from Sigma Aldrich, Iceland and low methoxyl citrus pectin (DE 

lower than 50) from Genu, CPKelco® (Limeira- SP, Brazil) were utilized as 

coating polymers. Curcumin was bought from Fluka, China. Sodium 

tripolyphosphate (STPP) (Sigma Aldrich, USA) was used as the cross-linker 

with chitosan. Potassium bromide (KBr) (Nacalai Tesque, Japan) was used for 

the FT-IR analysis. Acetic acid (R&M chemicals, UK), hydrochloric acid (HCl) 

(R&M chemicals, UK), sodium hydroxide (NaOH) (Merck, Germany), ethanol 

(R&M chemicals, UK), acetone (R&M chemicals, UK), acetonitrile (RCI 

Labscan, Thailand) and methanol (R&M chemicals, UK) were expended as 

solvents or pH modifiers.  

2.3 Methods: 

2.3.1 Modifying citrus pectin  

The low-methoxyl citrus pectin (CP) was chemically modified as ascribed by 

Venzon et al. (Venzon et al., 2015) with some modification. 1.5 g of the 

powdered CP was dissolved in 100 ml ultra-pure water and the pH adjusted to 

10.0 using 3 M NaOH followed by gentle stirring at 60 °C for an hour. The 

mixture was allowed to cool at room temperature; its pH was adjusted to 3.0 

with 3 M HCl and then stored at 4 °C overnight. Subsequently, the modified 

citrus pectin (MCP) was precipitated in the sample with 95 % ethanol and then 

washed with 100% acetone, followed by drying at 60 °C for an hour. Finally, 
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the semi-dried MCP was frozen at −20 °C and then lyophilized. Figure 2.1 

summarizes the steps: 

 

Figure 2.1 Schematic illustration of pectin modification 
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2.3.2 Formulating MCP-chitosan nanoparticles 

Chitosan solutions (1, 1.5 and 2.5 mg/ml) were prepared in 2 % (v/v) acetic 

acid, and pH adjusted to 5 using 2 M NaOH. 0.5 mg/ml of MCP was dissolved 

in ultra-pure water for 30 minutes at 57 ± 2 0C. 10 ml of MCP solution was 

added dropwise to 10 ml of chitosan solution, followed by dropwise addition of 

10 ml of STPP (0.5 mg/ml) and then stirred at 500 rpm for 20 minutes. The 

different techniques used are illustrated in Figure 2.2: 

 

 

Figure 2.2 The different techniques carried out to develop the most ideal method of 

MCP-chitosan nanoparticles 

* “C” is the control beaker that went through the various parameters 

*  

*  

*  
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2.3.3 Physical properties of the nanoparticles 

2.3.3.1 The hydrodynamic size and surface charge of nanoparticles 

The hydrodynamic size distribution (expressed as average diameter) and surface 

charge (expressed as zeta- potential) of the nanoparticles (NPs) were determined 

after dilution using a Zeta Sizer Nano Series® (Malvern Instruments Ltd., UK) 

equipped with a 4 mW He-Ne laser at a wavelength of 633 nm. The average 

diameter and zeta-potential were measured by means of Dynamic Laser 

Scattering and Laser Doppler Anemometry (LDA), respectively. Samples were 

run in triplicates and presented as mean (± SD). 

2.3.3.2 The morphology of the MCPCNPs 

The morphology of the MCPCNPs was observed using a SEM (Model Quanta 

400F, FEI Company USA) equipped with a backscattered electron detector at 3 

kV. 100 μl of the sample was placed on the SEM imaging stub with carbon layer 

and left under a drying chamber for 24 h at room temperature before viewing. 

2.3.3.3 The FTIR spectra of the polymers and nanoparticle solids 

The FTIR spectra of compacts from the MCPCNPs and excipients were 

reviewed after compressing them with KBr into compact discs at a pressure of 

5t for 5 min. Spectra were obtained for chitosan, MCP, STPP, curcumin, MCP-

chitosan nanoparticles and MCPCNPs using a Perkin-Elmer FTIR spectrometer 

(Spectrum RX I) with scans run between 400 and 4000 cm−1 at a resolution of 

4 cm−1 and interval 1 cm−1. 

2.3.3.4 The thermal response profile of MCPCNPs 

The thermal responses of the MCPCNPs and components were assessed on a 

differential scanning calorimeter DSC-Q2000 (TA Instruments, USA). 
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Weighed samples (≈ 8 mg) were crimped into aluminium plates and the 

thermogram was conducted over a range of 0 to 300 °C, at a scanning rate of 10 

°C/min and flushed with nitrogen gas at a rate of 20 ml/min. 

2.3.4 Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) 

The formulated samples were analysed for the presence of relevant chemical 

moieties with a mass spectrometer (TOF-SIMS IV, ION-TOF GmbH, 

Germany) using a bismuth liquid metal primary ion gun (Bi3+) with a single-

stage reflector analyser. Each sample was placed onto the surface of clean 

silicon wafer. The samples were air-dried on a clean bench before the 

measurements were taken. Surface analyses was performed over a 500 × 500 

μm area at 256 × 256-pixel resolution for 15 scans. As the samples were not 

conductive, charge compensation was applied in the form of a low energy (<20 

eV) electron flood gun and analyses were maintained in the static regime with 

a primary ion dose density of < 1. Data acquisition and analysis was performed 

using the software recommended for the mass spectrometer (Surface Lab 6, 

ION-TOF GmbH, Germany). For mass calibration CH−, C2H
− and C3H

− peaks 

were used in the negative mode. 

2.3.5 High Performance Liquid Chromatography (HPLC) for quantifying 

curcumin  

Analysis of drug payload is crucial to any formulation development as it gives 

a reliable indication of the amount encapsulated and can be used to study drug 

release profiles. An HPLC system (Series 200 pump, Perkin Elmer, USA) 

equipped with UV/Vis detector (Series 200 UV/Vis detector, Perkin Elmer, 

USA) was operated at a detection wavelength of 425 nm. A reverse phase 

column (ZORBAX Eclipse Plus C8, 250mm x 4.6 mm, 5 μm, Agilent, USA) 
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was utilised as the stationary phase and the mobile phase consisted of methanol: 

0.01% acetic acid: acetonitrile (5: 43: 52) filtered through 0.45 μm regenerated 

cellulose membrane filter (WHATMAN, UK) prior to analysis which was run 

at a flow rate 1.5 ml/min. 

Curcumin standard solutions prepared in methanol (0.625-10 µg /ml) were 

quantified and the peak areas obtained were used to construct standard 

calibration curves. These standard curves were then used to calculate curcumin 

concentrations in formulations. 

2.3.5.1 HPLC method validation  

The HPLC method was adapted and modified from Kim et al. (Kim et al., 2009), 

thus validation in terms of method repeatability and accuracy was done. 

Curcumin solutions were prepared in methanol at three different concentrations 

namely 0.625, 50 and 100 μg/mL, representing the low, medium and high 

concentrations, respectively. The three concentrations of curcumin solution 

were analysed in triplicate on the same day to determine intra-day precision and 

accuracy; whereas triplicate analysis on three separate days were carried out for 

inter-day precision and accuracy determination. 

2.3.6 Encapsulation efficiency and curcumin loading within MCPCNPs 

The formed MCPCNPs were centrifuged at 10,000 rpm for 10 min and the 

centrifuged pellet was rinsed twice with methanol. The curcumin content in the 

supernatant and the methanol rinse was analysed by injecting 10 μl onto an 

HPLC system and analysed using the HPLC method described in section 2.3.5. 

Responses obtained were compared to those from the standard curve of 
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curcumin in methanol. The percentage encapsulation of curcumin and loading 

capacity of the MCPCNPs with respect to curcumin was calculated as follows: 

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
Amount of curcumin added−unbound curcumin

Amount of curcumin added
 × 100      (2.1) 

  

 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (%) =  
Entrapped curcumin

Curcumin loaded NP weight
 × 100        (2.2) 

2.3.7 Stability studies 

The consequences of storage on the physical integrity of MCPCNPs was 

conducted at 4 0C for 21 days. Physical characterization of MCPCNPs including 

particle size, morphology, encapsulation efficiency and drug loading were 

carried out as described in sections 2.3.3.1, 2.3.3.2 and 2.3.6, respectively. 

Studies were conducted on day 1, 7, 14 and 21. 

2.4 Results and discussion 

2.4.1 Modification of citrus pectin 

Pectin polysaccharides consist of several side chain polymers including HG, 

RG-I and RG-II. The backbone of the HG is covalently cross-linked to the 

rhamnogalacturans, which have branched arabinogalactan side chains (Leclere 

et al., 2015). Alkaline treatment of pectin results in the disruption of the 

rhamnogalacturan side chains with a consequent depolymerisation of the 

backbone and de-esterification of the HG regions. Sustained exposure of the 

pectin in the alkaline pH also allows the cleavage of the rhamnogalacturans to 

arabino galactans and galactans, which are crucial in the anticancer trigger 

cascade. Figure 2.3 presents the FTIR spectra of the CP, (a) in comparison to 

the MCP, (b).
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Figure 2.3 FT-IR spectra of CP (a) and MCP (b). 
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The wide peaks at approximately 3440 cm−1 and 2900 cm−1 in both spectra are 

indicative of secondary hydroxyl carboxylic groups, respectively. There is 

comparatively lower intensity at about 1700 cm−1 in CP compared to identical 

peak in the MCP, which is indicative of a lower degree of methoxy substitution 

of pectin in CP (Urias-orona et al., 2010). A distinctive absorption band was 

observed at 1015 cm−1 in the MCP spectra and not apparent in the CP spectra, 

which is consistent with an increase in the D-galacturonic acid sugar units, 

therefore, we can conclude that the modification procedure yielded the desired 

galactan moiety. 

2.4.2 MCP-chitosan nanoparticle formulations 

The use of MCP and chitosan as polymers increases the mechanical strength 

and hydrophobicity of the nano-formulation, which is likely to lower the rate 

and extent of drug release from the  NP to the surrounding dissolution medium 

(Chuah et al., 2011). It is believed that the amino group of chitosan is optimally 

protonated at pH 5 (Andriani et al., 2015). An increase in chitosan concentration 

from 1 mg/ml to 2.5 mg/ml produced smaller sized nanoparticles (Figure 2.4) 

and the zeta potential increased concurrently (Figure 2.5). As the chitosan 

concentration was increased, more of the protonated amino groups of chitosan 

molecules become available to coacervate with MCP and cross-link with STPP, 

which is manifested in the consequent increase in the surface charge from +17.1 

mV to +35.7 mV. The various orders of addition used altered the size, PDI and 

zeta potential of the formed particles. 

 An increase in size and decrease in zeta-potential was observed in sample C 

(MCP + chitosan + STPP) to sample F (MCP + STPP + chitosan), accordingly. 

Basically, in Sample F, when STPP was firstly added to the MCP solution 
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followed by the addition of chitosan solution, the resultant mixture produced 

microparticles as opposed to nanoparticles. This can be attributed to the 

negatively charged carboxylic group of MCP and the phosphate group of STPP 

that repel each other and hence forming excessive inter- and intra-droplet 

crosslinking. This scenario favours the formation of larger particles and 

irregular particulate aggregates upon addition of the positively charged 

chitosan. There is only a few free MCP or STPP to either coacervate or crosslink 

with the chitosan so that excess of the chitosan particles remained suspended 

within the medium. This also contributed to high PDI values. As particle size 

and zeta-potential play important roles in nanoparticulate formulation from a 

stability and drug delivery point, sample C was selected for the preparation of 

the coated- curcumin nanoparticles due to the comparatively smaller size and 

higher zeta potential. Therefore, the MCPCNPs were prepared by ionic gelation, 

in which 10 ml aliquot of the MCP solution was added to an amber-coloured 

beaker containing 120 μl of the curcumin solution with vigorous stirring, 

followed by drop-wise addition of 10 ml of chitosan solution and then drop-

wise addition of 15 ml of STPP. Lastly, the mixture was stirred for a further 20 

min at 500 rpm at room temperature and the MCPCNPs were collected by 

centrifugation at 8000 rpm for 20 min, washed twice with distilled water and stored 

till further use. 
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Figure 2.4 Zeta-potential from the different formulation techniques  
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2.4.3 Physical characterisation of MCPCNPs 

2.4.3.1 The hydrodynamic size and surface charge of MCPNPs 

In the present study, the NPs were formed from coacervation between the 

negatively charged carboxylic groups of the MCP and the positively charged 

amino group of chitosan, followed by the crosslinking between the negative 

phosphate groups of STPP and the amino groups of chitosan (refer to Figure 

2.6), while encapsulating curcumin within the polymeric matrices formed in the 

process.  

 

Such composite nanoformulation comprising of pectin and chitosan has been 

reported to increase the mechanical strength and hydrophobicity of the 

formulation, which favours sustained drug release (Wong et al., 2011). There 

was a slight increase in the size of the nanoparticles, from 174 nm (± 0.889) to 

Figure 2.6 Schematic representation of the MCPCNP formation 
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178 nm (± 0.896), with the incorporation of curcumin. This is attributable to the 

steric effects by curcumin within the polymer chain domains during 

coacervation between MCP and chitosan, which impedes the process. 

Moreover, the zeta potential values of the nanoparticles increased slightly from 

+31.4 mV (± 0.793) to +35.7 mV (± 1.418) after the addition of curcumin. This 

increase in the surface charge is directly related to the increase in size, whereby, 

bulkier particles hinder the knitting effects of STPP with the free –NH3
+ groups 

of chitosan. This leaves relatively more of the free –NH3
+ in the nanoparticle 

matrix, with a consequent increase in zeta potential.  

2.4.3.2 The morphology of MCPCNPs 

The morphology of the MCPCNPs was observed using SEM and results are 

shown in Figure 2.7. The image revealed well-distributed and spherically 

shaped nanoparticles, consistent with the size observation by the DLS studies.  

 

Figure 2.7 SEM image of the MCPCNPs 
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2.4.3.3 FTIR spectra 

The FTIR spectra of the MCPCNPs and the raw materials are presented in 

Figure 2.8. The disappearance of the amine group of chitosan at 1650.68 cm−1, 

the phosphate group of STTP at 1211.47 cm−1 and the D-galacturonic acid peak 

of MCP at 1015.02 cm−1 in the MCPCNPs spectrum can be attributed to the 

crosslinking effects of chitosan with MCP and STPP, respectively. The 

relatively sharper peaks at 3448.22 cm−1 in the spectra of the MCPCNPs and 

MCP-chitosan nanoparticles (NPs without curcumin) indicate a higher density 

of hydroxyl (-OH) moieties. The intense peaks at 1560.31 cm−1 and 1412.57 

cm−1 in both spectra (MCPCNPs and MCP-chitosan NPs) corresponds to the N-

H deformation, known as “amide II band,” due to the interaction between the 

carboxylic groups of MCP and amino groups of chitosan. The only observed 

difference between the MCPCNPs spectrum and that of the MCP-chitosan NPs 

is the presence of the peak at 1638.92 cm−1 in the former, which is consistent 

with the presence of enol group moieties of curcumin, thus ascertains the 

incorporation of curcumin in the formulation.  
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Figure 2.8 FTIR spectra of chitosan, STPP, MCP, curcumin, MCP-chitosan nanoparticles and MCPCNPs. 
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2.4.3.4 Thermal analyses  

Figure 2.9 presents the thermal responses from the MCPCNPs and the raw 

materials. The melting points of STPP, chitosan and MCP were found to be at 

117.2 °C, 112.6 °C and 101.6 °C, respectively. Curcumin exhibited a melting 

peak at 178.8 °C, however this peak was not observed in the thermogram of the 

MCPCNPs. There were two melting episodes displayed by the MCPCNPs at 

56.9 °C and 128.8 °C. The peak appearing at 128.8 °C is mainly attributed to 

chitosan. The shift in the melting point of chitosan is due to its interactions with 

STPP and MCP as part of the crosslinking, whilst the endothermic at 56.9 °C is 

manifestation of complexes within the MCPCNPs. These complexes are formed 

from possible weak van der Waal type interactions between the MCP and 

curcumin thereby destroying the specific structural arrangement of the 

particular functional head group regions (Chen et al., 2012).  

 

 

Figure 2.9 DSC profiles of chitosan, STPP, MCP, curcumin and MCPCNPs 
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Interestingly, the sharp curcumin peak at 178 °C is completely lost in the 

thermogram of the nanoparticles, affirming the presence of curcumin within the 

particles in amorphous conformation. These suggestions are in line with karri et 

al. (Karri et al., 2016) in which curcumin exhibited a characteristic endothermic 

peak at 182 ◦C, while the curcumin-chitosan nanoparticles presented no peak in 

this region and only a peak at 125 ◦C was observed. They attributed this to the 

fact that the crystalline form of curcumin is converted into amorphous form, 

while the latter melting point corresponds to the chitosan matrix into which 

curcumin is incorporated (Karri et al., 2016). The MCP peaks disappear in the 

MCPCNPs thermogram due to the disruption of their joint intermolecular 

hydrogen bonds by curcumin molecules.  

2.4.4 ToF-SIMS analysis of MCPCNPs  

ToF-SIMS is a highly sensitive surface analytical technique which provides 

useful information on the molecular structure and composition of the surface 

chemistry in pharmaceutical systems (Barnes et al., 2011). Spectra comparison 

was carried out after a normalization of the intensity, proportionally to the total 

intensity of each spectrum. Raw materials were used as reference samples in 

order to select characteristic fragments that could be compared with the 

fabricated nanoparticles. Characteristic peaks were chosen as peaks that showed 

a high relative intensity of the raw materials with no significant peaks detected 

for other materials within the same unit mass. Table 2.1 displays the negative 

secondary ion peaks determined to be the characteristic peaks from the raw 

materials used in the fabrication of the MCPCNP. 
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Table 2.1 Characteristic negative fragments of raw materials used for MCPCNPs 

fabrication 

Component Peak mass for negative ion (m/z) 

Chitosan  CHO2 (45) 

C2H4NO (58) 

C2H3O2 (59) 

C3H3O2 (71) 

MCP 

C2H2O (43) 

C11H21O7 (265) 

C18H31O4 (311) 

Curcumin 
C20H17O5 (337) 

C21H19O6 (367) 

 

STPP 

PO2 (63) 

NaP2O5 (165) 

NaP2O6 (63) 

 

As can be seen from the table, both MCP and chitosan shared the same peak 

fragments with some extra peaks detected from MCP. The peak fragments 

obtained from chitosan were in accordance with those observed by D’almeida 

et al. (D’almeida et al., 2017) and Rodrigues et al. (Rodrigues et al., 2012) . A 

search in the literature indicates that MCP has not been studied on ToF–SIMS, 

therefore characteristic peak fragments were determined by acquiring the high 

mass resolution spectra from a pure MCP deposited onto a silicon wafer. The 

TPP spectrum consisted of three peaks, however only PO2 m/z was reported 

(Al-Qadi et al., 2011). The peak fragment for curcumin (367 m/z) and a specific 

peak fragment (337 m/z) was detected (J. Lee et al., 2013). Typical peak 

fragments of chitosan, MCP and STPP were detected in the MCPCNPs spectra, 

which are C2H3O2, C2H2O and PO2 (Figure 2.10), respectively.   

Figure 2.10 Negative ion mass spectra obtained by ToF-SIMS analysis of 

MCPCNPs between 0 and 80 mass (u). 
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As shown in Figure 2.11 the mass spectrum of MCPCNPs revealed a peak at 

337.2 m/z which is also found in the spectrum for curcumin, albeit at a lower 

intensity and slightly shifted in the former. The low peak intensity attributable 

to curcumin is likely due to the fact that TOF-SIMs analysis is based on the 

molecular fragments obtained from surface scans after bombarded with primary 

ions. Therefore, curcumin residing in the deeper pockets of the nanoparticles 

are not accounted for. The shift in peak intensity of curcumin in the 

nanoparticles suggests that some form of chemical association between 

curcumin and other components might have occurred. Since the carrier system 

forms a matrix comprising of the chitosan-modified pectinate composite held in 

place by the cross-linker (STPP), and fragments ascribable to curcumin located 

on the surface of the nanoparticles, we can deduce that curcumin is distributed 

homogeneously within the chitosan-pectinate composite matrix. 

 

Figure 2.11 Negative ion mass spectra obtained by ToF-SIMS analysis of raw materials 

and MCPCNPs between 327 and 339 mass (u) 
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2.4.5 Validation of HPLC method  

Calibration curve from standard curcumin solution with a correlation coefficient 

(R2) of 1.0, which confirms response linearity within the concentration range of 

0.625-10 µg/mL, is shown in Figure 2.12. The peak for the curcumin standard 

samples appeared at the retention time of about 5.62 minutes and representative 

chromatograms of curcumin at concentrations 0.625 µg/ml and 10 µg/ml are 

displayed in Figure 2.13. 

 

Figure 2.12 Standard calibration curve of curcumin 
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The intra- and inter-day precision and accuracy were evaluated by analysing 

three replicates at three different concentration levels of curcumin in methanol, 

i.e., 0.625, 50 and 100 µg/mL. The intra-day precision of the assay was 

determined by calculating the relative standard deviation for the analysis of 

curcumin standards in three replicates. While, the inter-day precision was 

obtained by the analysis of three replicates curcumin standards on three 

consecutive days. The accuracy was calculated as 

Figure 2.13 Representative chromatograms of curcumin at concentrations 

0.625 µg/ml and 10 µg/ml 
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𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
mean concentration found

concentration taken
 𝑥 100             (2.3) 

Accuracy and precision data for intra- and inter-day assay for curcumin samples 

are presented in Table 2.2. The assay values on both the occasions (intra- and 

inter-day) were found to be within the accepted variable limits defined by FDA 

guidelines for bioanalytical method validation. 

The percentage relative standard deviation (% RSD) were all below 1 %. The 

accuracy of the method was also assessed, and they were all around 100 %. The 

limit of detection (LOD) and limit of quantification (LOQ) were calculated from 

equations (2.4) and (2.5) and found to be 0.048 μg /ml and 0.144 μg /ml, 

respectively. 

 

𝐿𝑂𝐷 = 3.3 ×
Standard deviation of low concentration

Slope of curve
                             (2.4) 

𝐿𝑂𝑄 = 10 ×
Standard deviation of low concentration

Slope of curve
                                (2.5) 

 

 

Table 2.2 Precision and accuracy of the HPLC method 

 Accuracy (% error) Precision (% RSD) 

Concentration 

(µg/ml) 

Intra-day 

(n=3) 

Inter-day 

(n=3) 

Intra-day 

(n=3) 

Inter-day 

(n=3) 

100 101.36 104.94 0.26 0.45 

50 107.04 107.64 0.67 0.28 

0.625 100.70 101.09 0.76 0.91 
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2.4.6 Encapsulation efficiency and drug loading 

Encapsulation involves application of technologies in which an active agent is 

entrapped within a material system that can release its payload at controlled 

rates under specific conditions (Nedovic et al., 2011). This process ensures 

controlled release and shields labile compounds from harsh conditions. 

Encapsulation efficiency and drug loading are two significant parameters of 

nanomedicines. They are both basically dependent on the mass of the drug in 

feed, the fabrication method in use, the physicochemical characteristics of the 

component polymers (such as their hydrophilicity/hydrophobicity and 

solubility) and other experimental conditions (Shen et al., 2017; Shin et al., 

2013). Figure 2.14 shows the encapsulation efficiency and drug loading of the 

MCPCNPs vs. curcumin-containing NPs prepared with CP (CPCNPs).  

 

The encapsulation efficiency and drug loading of MCPCNPs were 69.43 ± 

1.11% and 1.60 ± 0.03%, respectively, which are about 5% and 0.11% higher 

than that of CPCNPs, correspondingly. This slight increase is probably due to 

the lower molecular weight of the modified citrus pectin caused by the removal 
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of neutral sugars during the modification process (Venzon et al., 2015). Usually, 

z-potential increases along with the decrease of the molecular weight, therefore 

shorter chains mean more carboxylic acid end groups available (Palacio et al., 

2011) to react with chitosan, allowing more curcumin to diffuse and encapsulate 

into the chitosan-MCP matrix. Moreover, the encapsulation efficiency obtained 

in the present study is higher than those in a number of reports where pectin-

chitosan matrix was utilised for drug encapsulation. For example, Hwang S.W. 

and Shin J. W. reported an encapsulation efficiency of 62.9 % in curcumin-

loaded chitosan-pectin microparticles (Hwang and Shin, 2018). In another study 

by Maciel et al. in which a polyelectrolyte complex system of chitosan-pectin 

nano- and microparticles was developed to encapsulate the hormone insulin, an 

encapsulation efficiency of ≈ 62 % was reported (Maciel et al., 2017). However, 

the drug loading obtained in the present study is lower than those from several 

studies, most probably due to the low space capacity of the carrier material 

(Shen et al., 2017). 
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2.4.7 Stability studies 

The stability of a drug in a dosage form with regard to storage is relevant 

because it discerns the possible shelf life of that specific formulation (Wilson et 

al., 2010). The present experiment was conducted to evaluate the impact of 

storage, in a refrigerator (4 0C), on the physical properties of the MCPCNPs. 

Figures 2.15 and 2.16 display the changes in properties over day-21 period.  

Figure 2.15 shows gradual increase in size of the MCPCNPs over 21 days (from 

178 ± 0.896 to 254.7 ± 3.826 nm). This can be attributed to Ostwald’s ripening, 

whereby smaller particles, which tend to have high surface area to volume ratio, 

provide high surface energy, agglomerate and deposit on larger particles in 

order to minimize their surface energy (Thanh et al., 2014). This phenomenon 

is also supported by the SEM images presented in Figure 2.16.  

 

Figure 2.15 Mean particle size, encapsulation efficiency and drug loading values 

of MCPCNPs at days 0, 7, 14 and 21 during storage at 4 0C 
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The images of the freshly prepared NPs on day 1 (Figure 2.16 (a)) were 

spherically shaped and well-dispersed with approximate mean particle size of 

180 nm. However, after storage for 21 days, the SEM images showed noticeable 

particle aggregation and significant increase in the approximate particle size to 

260 nm as shown in Figure 2.16 (d). The results are consistent with the findings 

by Hussain A. and Sahudin S. on storage of nanoparticles of a similar size range, 

albeit pectin was not part of the polymer matrix (Hussain and Sahudin, 2016). 

The results of storage on the encapsulation efficiency and loading capacity of 

curcumin in the nanoparticles after 21 days are shown in Figure 2.15. The data 

demonstrate a slight decrease in the encapsulation efficiency and drug loading 

Figure 2.16 Morphology of MCPCNPs at day 0 (a), 7 (b), 14 (c) and 21 (d) during 

storage at 4 0C 
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of the MCPCNPs from 69.43 ± 1.17 %, 1.60 ± 0.03 % (day-0) to 61.28 ± 2.17 

%, 1.41 ± 0.05 % (day-14), respectively. However, there was a significant 

decrease on Day-21, where the encapsulation efficiency and dug loading fell to 

30.02 ± 5.42 %, 0.68 ± 0.13 %. Usually the degradation of polymeric 

nanoparticles is affected by the particle size, and larger particles are 

hypothesized to contribute to faster polymer degradation (Panyam et al., 2003). 

This is due to the fact that the polymer matrix of larger particles increases the 

time of release due to the greater distance and may also cause autocatalytic 

degradation of the polymer material (Singh et al., 2009). Therefore, it can be 

concluded that as the particle size increases, the particle is more prone to 

polymer degradation, which causes leakage of the drug from the polymer 

matrix, consequently decreasing the drug encapsulation efficiency and capacity. 

Due to the significant decrease of drug encapsulation efficiency and loading of 

more than 50% during storage, the shelf-life stability studies were discontinued 

at day 21. These findings reflect the low storage stability of MCPCNPs. 

Therefore, the NPs may have to be used within 2 weeks of fabrication or stored 

in dry form and reconstituted prior to use. 

2.5 Conclusion 

MCPCNPs have been successfully formulated and optimized in terms of 

desirable physical properties. The NPs were characterised in terms of size, PDI, 

zeta potential, morphology, chemical composition and the physical state of 

curcumin. The encapsulation efficiency was determined, and the stability was 

investigated. The MCPCNPs appeared to be unstable for storage up to 21 days 

when in solution. Moreover, curcumin was confirmed to be distributed 

homogeneously in the chitosan-pectin composite matrix via TOF-SIMS. These 
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data present us with the incentive for further investigation in terms of swelling 

behaviour, curcumin release profile and mucoadhesion at relevant physiological 

conditions. These would be discussed in detail in Chapter 3. 
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Chapter 3 Evaluating the mucoadhesion 

propensity and release profile of curcumin 

from MCPCNPs 
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3.1 Introduction 

There is growing research interest in exploring mucoadhesion of orally 

administered dosage forms as a means to improving systemic bioavailability of 

drugs through delayed gastrointestinal transit (Smart, 2005). This is particularly 

true with nanoparticulate dosage forms and  is borne on the fact that prolonged 

contact with the gastrointestinal epithelia would most likely improve the 

chances of particulate uptake across the mucosa (Mazzarino et al., 2012). 

Furthermore, sustained drug delivery can be attained by utilisation of 

appropriate polymers as carrier systems. Polymers such as chitosan and pectin 

exhibit mucoadhesive properties and have been widely explored in the design 

of mucoadhesive dosage forms. They can be used complimentarily in colon-

targeted delivery due to their opposing responses to extremes in gastrointestinal 

pH. Nanoparticles formulated using chitosan and pectin possess strong 

mucoadhesive properties  with the colon due to their ability to form hydrogen 

bonds with suitable substrates within the  mucosa,  where their cationic/anionic 

moieties flexibly penetrate the mucus network (Shaikh et al., 2010). It is worth 

noting that various synthetic polymers such as polylactic acid, polyadipic acid 

and cellulose derivatives have also been explored as potential mucoadhesive 

drug delivery systems (Ways et al., 2018), however, the use of natural polymers 

in drug delivery has attracted interests due to toxicity concerns associated with 

synthetic polymers. Furthermore natural polymers are associated with lower 

production costs (Kavitha et al., 2011). 

Therefore, the aim of this chapter is to probe the interaction and behaviour of 

mucin from porcine stomach with the fabricated MCPCNPs in Chapter 2, under 

gastrointestinal simulated conditions, using NTA, SEM, electrophoretic light 
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scattering (ELS) and other relevant techniques. The swelling behaviour and 

release profile of curcumin from the MCPCNPS will also be examined. 

3.2 Materials 

Curcumin was purchased from Fluka, (U.S.A). Chitosan (low molecular weight, 

de-acetylated chitin), sodium tripolyphosphate and phosphate buffered saline 

tablets (PBS) were purchased from Sigma–Aldrich, USA. Low methoxyl citrus 

pectin (DE lower than 50) was bought from Genu, CPKelco® (Limeira- SP, 

Brazil). Trehalose (Nacalai Tesque, Japan) was employed as the cryoprotectant. 

Mucin type III from porcine stomach (Sigma Aldrich, USA) was utilised for 

mucoadhesive studies. Micro-BCA protein assay kit (Thermo Scientific, USA) 

was operated for the colorimetric assay. Acetic acid (R&M chemicals, UK), 

hydrochloric acid (R&M chemicals, UK), sodium hydroxide (Merck, 

Germany), sodium acetate (Sigma Aldrich, USA) and potassium dihydrogen 

phosphate (Merck Millipore, Germany) were used for buffer preparations.  

3.3 Methods 

3.3.1 MCPCNPs matrix swelling studies 

The swelling propensity of the MCPCNPs matrix at physiologically relevant pH 

of the gastrointestinal tract was studied at pH 1.2 (0.1 M HCl), 5.5 (0.1 M 

sodium acetate buffer) and 7.0 (0.1 M phosphate buffer). Briefly, 20 ml of the 

MCPCNPs suspension was added to respective pH solution and then mixed 

using a rotary shaker (WiseCube®, Witeg Inc., Germany) at 180 rpm. At 

predetermined time intervals (0 h, 30 min, 1 h, 2 h, 4 h and 6 h) the z-average 

of the particles in the respective solutions were measured by means of DLS. The 

swelling capacity of the MCPCNPs was calculated as: 
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𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (%) =
𝑍−𝑎𝑣𝑒𝑟𝑎𝑔𝑒 of MCPCNPs at time (t)− Initial z−average of MCPCNPs

Initial z−average of MCPCNPs
 × 100    

(3.1) 

3.3.2 Mucin adsorption studies  

The propensity of the MCPCNPs to adhere to mucus was determined as the 

amount of mucin adsorbed by the MCPCNPs dispersed in standardised mucin 

solutions. The amount of mucin adsorbed was also studied as a function of pH 

representing relevant anatomical sections of the gastrointestinal tract: pH 1.2, 

pH 5.5, pH 6.25 (0.1 M phosphate buffer) and 7.0. Specifically, 2 ml of the 

MCPCNPs suspension was mixed in the mucin solutions, vortexed for few 

seconds and then rotated at 100 rpm maintained at 37 °C for 1 h. The suspension 

was centrifuged at 4000 rpm for 1 h to separate the free mucin followed by the 

addition of micro-BCA reagent and then incubation at 37 °C for 2 h and then 

finally measuring the absorbance at 562 nm. The quantity of mucin in the 

supernatant was determined from a standard calibration curve treated in a 

similar way and mucin adsorption (%) was calculated using the equation below: 

 

𝑀𝑢𝑐𝑖𝑛 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (%) =  
Amount of mucin added−Amount in supernatant

Amount of mucin added
 × 100        (3.2) 

3.3.3 Zeta Potential Measurements 

A time-dependent zeta-potential measurement of the MCPCNPs matrix in pH 

1.2 and 7.0 were studied after a 30-fold dilution in the respective medium. At 

predetermined time intervals (0 h, 2 h, 4 h and 6 h) the zeta-potential of the 

particles was measured using Laser Doppler anemometry (Zetasizer Nano 

Series, Malvern Instruments Ltd., UK). 

The magnitude of mucoadhesion of the nanoparticles with mucin was 

determined by measuring the changes in the zeta-potential after interaction at 
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10, 50, 100 and 150 µg/mL of mucin in pH 1.2 and 7.0. Prior to the 

measurement, the nanoparticle-mucin suspension was vortex-mixed for 1 min 

followed by incubation at room temperature for 30 minutes.  

3.3.4 Morphological analyses 

An SEM image of 25 μl of MCPCNPs incubated in 25 μl of 50 µg/mL mucin 

solution at pH 1.2 and pH 7.0 was obtained on a JEOL 7100F SEM after placing 

the mixed samples over a carbon tape and air-drying it overnight. The samples 

were then coated with iridium using a sputter coater in a vacuum. The samples 

were air-dried for another 24 h before viewing. 

3.3.5 AFM 

The topography of nanoparticles exposed to 50 µg/mL of mucin solution in pH 

7.0 was observed on a Bruker AFM D3100. A drop of the mixture was placed 

on clean mica substrate and air-dried overnight before viewing. Topographic 

images were obtained using tapping mode with silicon tip cantilever with a 

spring constant of 0.7 N/m and a frequency of 150 kHz. All measurements were 

performed at room temperature. 

3.3.6 NTA  

The size of the nanoparticles before and after interaction with mucin was 

measured using the NTA system (NanoSight LM10 Ltd, UK) equipped with 

LM 14 base unit with a 405-nm blue laser. The size of nanoparticles dispersed 

in 150 µg/mL mucin in pH 7.0 was also measured. The samples were injected 

into the sample chamber with sterile syringes (BD Plastipak, Spain). The data 

was analysed using the NTA 2.2 software. The samples were measured for 30s 

each and the videos recorded with manual shutter and gain adjustments. All 
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measurements were performed in triplicate and data are expressed as mean 

(SD). 

3.3.7 Mucoadhesion based on everted caecal sac  

A further mucoadhesion study was conducted on rat caecal tissue in order to 

validate the mucin adsorption studies described above. In this method, adapted 

from Chuah et al. (Chuah et al., 2014), Sprague-Dawley male rats* were 

sacrificed in carbon dioxide (CO2) chamber. The caecum was excised and 

flushed with ice cold phosphate buffer and everted using a glass rod and 

tweezers. One ligature was placed at the end of the segment and the sac was 

filled with 1 ml McCoy's media through the open end and then tightly tied. The 

sac was then placed in a centrifuge tube containing 60 mg MCPCNPs dispersed 

in 5 ml McCoy's media and then subjected to gentle shaking at 37 °C for 30 

min. Finally, the sac was removed and the tube was centrifuged to retrieve the 

unattached MCPCNPs. A brief outline is portrayed in Figure 3.1. 

𝐴𝑡𝑡𝑎𝑐ℎ𝑚𝑒𝑛𝑡 𝑜𝑓 𝑀𝐶𝑃𝐶𝑁𝑃𝑠 𝑡𝑜 𝑐𝑎𝑒𝑐𝑎𝑚 (%) =

=
Weight of MCPCNPs added − Weight of unattached MCPCNPs

Weight of MCPCNPs added
 × 100 

 

 

 

 

 

 

* the sacrificed rats were provided from a separate investigation by Professor 

Ting Kang Nee from which caecal content was used so that no rat was sacrificed 

solely for the purpose of this investigation. 
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3.3.8 Freeze-drying of MCPCNPs 

The nanoparticle suspension was centrifuged at 10,000 rpm for 10 min and 

trehalose, as a cryoprotectant, was added at a concentration of 10% (w/v). The 

nanoparticle suspension was then stored at -20 0C for 14 h and lyophilized in 

the freeze-dryer (ALPHA 1-2 LD plus, Christ, UK) at a vacuum pressure of 

0.39 mbar for 48 h. The freeze-dried samples were then stored at 4 oC for further 

analyses. 

Figure 3.1 Illustration of the everted intestinal sac procedure 



Chapter 3 

Page | 102  

 

3.3.9 Preparation of 33% w/v rat caecal content 

The caecum of one of the Sprague–Dawley male rats used above was ligated, 

then carefully incised. The caecal contents were removed, weighed and 

suspended in cold (0–4 °C) phosphate buffer (pH 7.0) to a concentration of 33% 

(w/v). The suspension was centrifuged at 1200 rpm for 15 min at 4 °C and the 

supernatant obtained was further centrifuged at 9000 rpm for 30 min. This final 

supernatant was stored at 4 °C and was used as the colonic release medium.  

3.3.10 Curcumin release from the MCPCNPs 

1.3 mg of freeze-dried MCPCNPs was suspended in 2 ml of hydrochloric acid 

(pH 1.2) or 33% w/v caecal medium in a centrifuge tube. The tube was subjected 

to rotary shaking at 120 rpm maintained at 37 °C for 2 h for the pH 1.2 medium 

and 24 h for the caecal content medium. At each time point (0, 1, 2, 3, 5, 7, 14  

and 24 h), the tube was centrifuged at 10,000 rpm for 10 min to pellet the 

MCPCNPs and the amount of curcumin released was determined in the 

supernatant using the HPLC method described previously in Chapter 2. The 

MCPCNPs pellet was re-suspended in 2 ml of fresh buffer media and the 

process repeated. The percentage of curcumin released from the MCPCNPs was 

calculated as follows: 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 (%) =
Amount of curcumin released 

Amount of curcumin in the NPs
 × 100    (3.4) 
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3.4 Results and discussion 

3.4.1 Swelling of MCPCNPs matrices 

The crucial prerequisite for mucoadhesion between dosage form and epithelia 

is the ability of the former to swell effectively. Therefore, the swelling ratios of 

the MCPCNPs were assessed as a function of the three pH buffers (pH 1.2, 5.5 

and 7.0) for 0, 0.5, 1, 2, 4 and 6 h using the particle size analyser (Zeta Sizer 

Nano Series). In all three pH media, the MCPCNPs swelled rapidly (within 30 

min), with the highest swelling ratio in pH 5.5 and lowest in pH 1.2 (Figure 3.2).  

Figure 3.2 Swelling profile of MCPCNPs in pH 1.2, 5.5 and 7.0. 

Free chitosan swells in acidic media; however, the swelling of the MCPCNPs 

in pH 1.2 was restricted due to the formation of polyelectrolyte complex 

between the amino groups of chitosan and the carboxylate group of MCP. At 

pH 5.5, the swelling capacity increased significantly due to the complete 

protonation of the amine groups in chitosan and the ionisation of the carboxyl 

groups in MCP, thus yielding a significant increase in charge density. This 
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increase in charge density results in repulsion between polymer segments, 

creating voids that facilitate the penetration of water within the polymer matrix 

and causing an increase in the size of the particles. The higher swelling 

capacities obtained at pH 7.0, relative to that at pH 1.2, can be related to the 

relatively weaker interactions between chitosan and MCP due to the stronger 

cationic nature and lower anionic nature of chitosan and MCP at this pH, 

respectively. This makes the interactions between MCP and chitosan 

susceptible to dissociations with a consequent compromise in matrix rigidity. 

3.4.2 Mucin adsorption assay 

In the micro-BCA staining colorimetric assay, the amount of mucin adsorbed 

on to the MCPCNPs was used as a measure of the extent of mucoadhesion of 

the MCPCNPs. The advantage of this method over other methods is that it 

presents lesser batch-to-batch variability thus providing more reproducible data. 

According to Khutoryanskiy (Khutoryanskiy, 2015) the pH values in the three 

distinct sections (ascending, transverse and descending regions) of the colon 

range from 5.20 to 7.02, therefore three broadly isosmotic buffers representing 

these different sections of the colon were used. Furthermore, mucoadhesion 

within the pH limits expected in the stomach was also investigated. The 

spectrophotometric analysis utilised in this investigation provided 

measurements at very dilute concentrations of mucin (25–200 μg/mL) and 

displayed a linear relationship (r > 0.99) with respect to the concentration of 

mucin and the absorbance at 562 nm for the adsorption assay in pH 1.2, 5.5, 

6.25 and 7.0 (Figure 3.3). 
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Clearly, the extent of adsorption of mucin on the MCPCNPs is pH-dependent 

(Figure 3.4) due to the influence of the latter on the degree of ionisation of 

MCPCNPs and mucin. In this context, the lower percentage of adsorption of 

mucin on MCPCNPs at pH 1.2 was due to the lower magnitude of ionisation of 

the principal component in mucin (sialic acid) at this pH. This effectively 

reduced the extent of interactions between chitosan moieties within MCPCNPs 

and mucin. On the other hand, higher mucin adsorption capacities were 

observed at higher pH values (pH 7.0, 5.5 and 6.25). This pH range approximate 

physiological values within the colon and because sialic acid within mucin has 

a pKa of 2.6, a negative charge condensation manifests within mucin at such 

pH values.  

Figure 3.3 The calibration curves of mucin in pH 1.2, 5.5, 6.2 and 7.0   
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Consequently, electrostatic interactions are most favourable at this pH range 

from the cationic nature of MCPCNPs and the negative charge of sialic acid in 

mucin. Furthermore, a good correlation can be observed between the swelling 

capacities of MCPCNPs (Figure 3.2) and mucoadhesion, suggesting that 

swelling of the MCPCNPs is a precursor to the electrostatic interaction with 

mucin explained above. Mucoadhesion was further enhanced through physical 

entanglement between mucin and MCPCNPs. Physical entanglement is chiefly 

promoted by MCP within the MCPCNPs due to ionisable carboxyl groups of 

pectin (pKa of 4.0) at pH 5.5-7, which enhances its swelling and physical 

entanglement with mucin chains. The above data is in agreement with those by 

Bigucci et al. where polyelectrolyte complexes composed of chitosan and pectin 

used for delivering vancomycin displayed the best in vitro mucoadhesion in 

colonic pH, with efficiencies between 58–60% (Bigucci et al., 2008). In another 

report, Gadalla et al. showed that zinc-pectinate chitosan microparticles for 

colonic delivery of progesterone exhibited high mucoadhesion in colonic pH  

(≈80%) (Gadalla et al., 2016). They both attributed this observation to the open 

expanded conformations in pectin and the cationic nature of chitosan which 

Figure 3.4 Mucin adsorption of MCPCNPs at different pH 
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promoted physical entanglement and electrostatic interaction of the formulation 

with the negatively charged sialic acid residues in the mucus, respectively. 

3.4.3 Zeta- potential as a function of pH 

The zeta-potential assessment of the MCPCNPs incubated in simulated pH 

media for the stomach and colon (pH 1.2 for 2 h and pH 7.0 for 6 h, respectively) 

is presented in Figure 3.5.  

 

The zeta potential of the MCPCNPs reduced from +35.7 mV (freshly prepared) 

to +18.2 mV in pH 1.2 after 2 h and to +1.22 mV in pH 7.0 after 6 h. The 

magnitude of the zeta-potential can be used to predict the colloidal stability of 

a dispersed system. On the basis of the change in zeta potential obtained for 

MCPCNPs at pH 1.2, we may infer that the particles are fairly stable at that pH. 

On the other hand, there was a drastic drop in the zeta-potential at pH 7.0 and 

this is attributable to the MCPCNPs aggregating due to van der Waal inter-

particle attractions. Therefore, a change in pH during gastrointestinal transit of 
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the MCPCNPs is likely to impose instability to the MCPCNPs. Furthermore, at 

pH 7.0, there is effective repulsion between the chitosan and MCP chain 

segments due to cationic charge rendition. This creates voids which facilitate 

the diffusion of water into the polymer matrix and causes an increase in the size 

of the particles. These results correlate with swelling study (section 3.4.1) in 

which the highest swelling ratio was registered in pH presenting the colon and 

lowest in pH mimicking the stomach. Notwithstanding, this reduction in 

stability within the gastrointestinal tract is inconsequential due to the short 

transit duration. 

The mucoadhesive propensity of the MCPCNPs was determined using mucin 

type III at four different concentrations (10, 50, 100, and 150 µg/ml) maintained 

at the two pH (pH 1.2 and 7.0) used in assessing the z-potential of the 

MCPCNPs. A drop-in zeta-potential of the MCPCNPs can be used as a measure 

of the extent of mucoadhesion between the former and mucin (Alkhader et al., 

2016). Figure 3.6 shows a drop-in zeta-potential as the mucin concentration was 

increased, in both pH 1.2 and 7.0.  
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Compared to the initial value, we observed a marked reduction in the zeta-

potential of the MCPCNPs at pH 7.0 compared to in pH 1.2, suggesting that the 

NPs are more mucoadhesive at pH 7.0. The drop-in zeta-potential at pH 7.0 

elaborates the electrostatic interactions between the cationic moieties of 

MCPCNPs and the negative charge of sialic acid in mucin. These  findings are 

in good agreement with those from Mazzarino et al. (Mazzarino et al., 2012) 

who reported that the interaction between chitosan-coated nanoparticles and 

mucin was due to the electrostatic forces between the protonated amino groups 

of the mucoadhesive polymer and the negatively charged groups of the protein 

carbohydrate chains. Therefore, in the ultimate performance of the MCPCNPs, 

we would expect mucoadhesion within the colonic mucosa. 

3.4.4 Morphological analyses 

In order to study the effect of mucoadhesion of the physical integrity of the 

MCPCNPs after interaction with mucin in representative physiological media, 

MCPCNPs were digested in pH 1.2 and pH 7.0 for 10 minutes, removed, air-

dried and studied under SEM (Figures 3.7). Figure 3.7 (a) represent 

nanoparticles without mucin with the size range of 50 to 200 nm. In Figure 3.7 

(b) however, MCPCNPs edges appear deformed and distorted after suspension 

in mucin at pH 7.0, with an increase in the size range (180-350 nm). This 

increase in size as explained earlier is related to the repulsive forces between 

like-charged groups within the two polymers. Subsequently, expansion of the 

matrix and invitation of media causes an increase in particle size which 

compromise matrix rigidity. A closer look at the morphology of MCPCNPs 

exposed to pH 7.0 shows that they are somewhat porous compared to the 

unexposed and acid exposed MCPCNPs.  
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Figure 3.7 SEM images of MCPCNPs (a) MCPCNPs 

exposed to mucin in pH 7.0 (b) MCPCNPs exposed to 

mucin in pH 1.2 (c) 



Chapter 3 

Page | 111  

 

Moreover, a thin coating of mucin appears to be decorated around each 

nanoparticle, which suggests adsorption to the surface of the MCPCNPs. In 

Figure 3.7 (c), a minimal change in size was observed (50-250 nm) with 

MCPCNPs exposed to mucin at pH 1.2. This restricted increase in size range at 

pH 1.2 is attributed to the formation of polyelectrolyte complex between the 

amino groups of chitosan and the carboxylate group of MCP. This interaction 

between chitosan and MCP means that there are fewer functional moieties to 

interact with mucin and therefore, very few MCPCNPs were surrounded by 

mucin. 

3.4.5 AFM 

AFM was used to further ascertain the observations made in the SEM analyses 

above. Visual representation of the MCPCNPS before and after exposure to 

mucin in pH 7.0 is shown in Figure 3.8.  

Firstly, the size range of MCPCNPs after respective exposure to media mirrors 

the results from the SEM, with larger aggregates of MCPCNP and distorted 

morphologies. The surface topology of pure MCPCNPs (Figure 4.8 a) appears 

more homogeneous than those in Figure 4.8 b which also displays coatings of 

mucin decorated around each nanoparticle (indicated by arrows). Therefore, it 

may be interpreted that MCPCNPs display intermolecular interaction with 

mucin. These results are in agreement with those of two other reports that 

separately studied mucin-chitosan (Dedinaite et al., 2005) and mucin-pectin 

(Joergensen et al., 2011) interactions. In (Dedinaite et al., 2005), they showed 

that chitosan, being a positively charged polyelectrolyte, associates with the 

negatively charged adsorption layer of mucin to form mucin-chitosan 

complexes in addition to possible contributions from hydrogen bonding. While, 
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Joergensen et al. reported that the interaction between mucin and pectin was due 

to the fact that both mucin and pectin are negatively charged which leads to 

repulsion and cause uncoiling of polymer chains, thus facilitating chain 

entanglement and physical bond formation (Joergensen et al., 2011). 

 

 

Figure 3.8 AFM images with 5 μm x 5 μm scan sizes 

of pure MCPCNPs (a) and MCPCNPs incubated with 

mucin in pH 7.0 (b) 
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3.4.6 NTA analysis 

To further investigate the observed changes in morphology and increase in the 

hydrodynamic radius of the particles upon exposure to mucin in pH 7.0, a direct 

and real-time visualization of the Brownian motion exhibited by MCPCNPs was 

carried out on NTA. In contrast to the AFM and SEM analyses, this technique 

gives us some insight on the real-time changes to the MCPCNPs when these are 

exposed to mucin. The technique is based on visualisation and tracking of 

particles in solution by an image analysis software that deduces the diffusion 

coefficient of each particle and allows the determination of its hydrodynamic 

radius (NanoSight NTA 2.1 Analytical Software Operating Manual, 2010). It is 

superior to electrophoretic light scattering (ELS) in that it directly views the fate 

of individual nanoparticles as mucin is introduced into the analysis chamber, 

providing an explicit response of the nanoparticle behaviour. Moreover, NTA 

does not recapitulate the architecture of a mucosal tissue and the porous 

structure of the mucus (Moshe et al., 2017). A representative graph showing the 

size distribution profile of MCPCNPs before and after exposure to mucin for 30 

minutes along with snapshots from the NTA video are shown in Figure 4.9. 

Prior to exposure, the mean size of the MCPCNPs was 218.1 (± 4.9) nm, after 

the introduction of mucin, the nanoparticles displayed a noticeable increase in 

size distribution with mean size of 291.7 (± 7.8) nm. These findings are in 

agreement with the ELS data where the formation of the larger sized MCPCNPs 

was observed when exposed to mucin in pH 7.0. Moreover, the images showed 

a drastic increase in the number of nanoparticles detected after exposure to 

mucin. The MCPCNPs are proposed to have been brought closer together and 

instantly aggregate upon contact with mucin forming larger clusters, with the 
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mucin acting like a ‘double-sided’ adhesive. In the present system, electrostatic 

interactions are possible between the negatively-charged sialic acid units of 

mucin and the (−NH3
+) groups of chitosan that confers the overall-positive 

charge to the MCPCNPs. This theory was highlighted by Smart (Smart, 2005) 

who described that attractive forces will arise (van der Waals’ interactions and 

electrostatic interactions) when oppositely charged compounds come into 

contact.
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Figure 3.9 NTA results with (a) and (b) presenting the video snapshots of MCPNPs before and after the addition of mucin, respectively, 

while (c) and (d) portray the size distribution profiles of MCPNPs prior to and 30 minutes after addition of mucin, respectively. 
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3.4.7 Everted caecal sac 

For more comprehensive and conclusive understanding of the mechanism 

involved in mucoadhesion, an ex-vivo study was conducted on fresh animal 

mucosal tissue (caecum). This set-up is a true depiction of the passive nature of 

the adhesion between the caecal tissue and particles as no external force is 

applied to the particles. The percentage of MCPCNPs bound to the rat caecum 

was found to be 66.76 % (±3.86). This substantial percentage in mucoadhesion 

of the MCPCNPs is in agreement with the previous data obtained by the mucin 

adsorption assay in section 3.4.2, in which the adherence of the MCPCNPs to 

the caecal epithelium ascertains the formation of electrostatic attraction between 

the positive amine groups of chitosan and the negative sialic acids of mucin, as 

well as the formation of covalent bonds between the carboxylic side chains of 

the pectin and the cysteine-rich subdomains of the mucus glycoprotein 

(Pengpong et al., 2014). This final study on mucoadhesion gives credence to all 

the other studies and confirms the finding that the MCPCNPs are mucoadhesive 

in colon pH. 

3.4.8 Curcumin release studies 

Orally administered drug delivery systems intended for the colon should ideally 

yield minimal release of the payload in gastric media but release maximally in 

colonic conditions. Firstly, curcumin standard solutions (0.625-10 µg/ml) 

prepared in pH 1.2 and 33 % caecal content buffer were quantified and the peak 

areas obtained from HPLC were used to construct standard calibration curves. 

These standard curves are then used to calculate the released curcumin 

concentrations in pH 1.2 and the caecal buffer. Figure 3.10 displays the obtained 

calibration curves. 
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The in vitro release of curcumin from the MCPCNPs at conditions mimicking 

the pH and times likely to be encountered in the stomach and colon (2 h in pH 

1.2 and 24 h in 33% (w/v) caecal media) is presented in Figure 3.11.  

Figure 3.10 Standard calibration curves of curcumin 

prepared in pH 1.2 (a) and 33 % caecal content buffer (b) 

Figure 3.11 In vitro drug release profile of curcumin from MCPCNPs in 

pH 1.2 for 2 h and 33 % caecal medium for 24 h. 
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The release of curcumin reached ≈18% over 2 h in acidic conditions due to the 

poor solubility of curcumin at acidic pH, coupled with the protonation of the 

charged carboxylic groups (COO−) of pectin which minimises coulombic 

repulsions between polymer chains and therefore keeps the matrix secluded. 

Furthermore, at this pH, the amino groups of chitosan also become protonated, 

which favours a closely-knit gel network with MCP that impedes the diffusion 

of curcumin within the matrices. On the other hand, a significant release of 

curcumin was observed in the caecal media over 24 h (≈68%), pointing to the 

profound effects colonic enzymes exhibit on the integrity of the chitosan-MCP 

composite matrix, which tends to loosen the polymer matrix network allowing 

free diffusion of curcumin.  

The obtained release results correlate with the swelling capacities profiles 

presented previously, further approving the released amount of curcumin from 

the MCP chitosan composite matrix. In order to investigate the mechanism of 

curcumin release from the MCPCNPs in caecal medium, the data were fitted to 

the zero-order, first-order, Higuchi and Korsmeyer–Peppas models (AbouAitah 

et al., 2016) and results are presented in Table 3.1.  

Table 3.1 Correlation coefficients of best fits to studied models 

Model r2 for complete profile 

Korsmeyer-Peppas 0.986 

Higuchi 0.954 

First-order 0.920 

Zero-order 0.847 

 

The models were not fitted to the release profile in pH 1.2 medium because less 

than 18% of curcumin was released within the 2 h study period (stipulated 
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gastric resident time) and aptly, the release of curcumin in pH 1.2 (stomach) is 

not very relevant to the present pursuit. Curcumin release was best fitted to the 

Korsmeyer- Peppas model with a correlation of 0.986 (Table 3.1) and an 

exponent (n) of 0.27. This indicates that the release mechanism followed a 

quasi- Fickian diffusion mechanism. We believe that this mechanism is borne 

by a natural propensity of curcumin to diffuse passively from the porous matrix 

of the MCPCNPs. Furthermore, diffusion was prompted by degradation of the 

pectin chains, especially at surface of the particle matrices by enzymes within 

the caecal medium. A closer study of the profile in the caecal medium reveals a 

bi-phasic release pattern, with the first inflection (1–7 h) steeper than the second 

(7–24 h) (Figure 3.10). During the initial phase (first inflection), diffusion is 

limited to the outer or near outer surfaces of the MCPCNPs matrix, reinforced 

by enzymatic effects. The second inflection involves release from the deeper 

domains of the MCPCNPs with lesser enzymatic effects on the matrices and 

more by passive diffusion of curcumin. We may conclude that curcumin release 

is largely governed by diffusion, dictated by enzymatic effects on the 

MCPCNPs matrix that can best be described as a quasi-Fickian diffusion 

mechanism. 

3.5 Conclusion 

The MCPCNPs have demonstrable potential for colon delivery of curcumin. 

The data suggest that the formulation survives acidic pH milieu, with a limited 

amount of curcumin release, but releases curcumin significantly at media 

representing the colon. This presents a possible model for colon delivery of 

curcumin following oral delivery whereby significant curcumin payload is 

retained within the nanoparticles until colon arrival. Furthermore, the 
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nanoparticles are mucoadhesive at pH representing the colon region. The 

MCPCNPs formed spontaneous aggregates upon exposure with mucin at 

simulated colonic media. The decoration of these nanoparticles with mucin, 

favoured by the electrostatic forces between both, was confirmed by the changes 

in particle size and zeta potential values. To further improve the targeting 

capability of the MCPCNPs toward colon cancer cells, the conjugation of an 

antibody with the former will be investigated in Chapter 4. The mucoadhesive 

properties of the formulation are expected to prolong the contact time of 

curcumin with the cancer cells hence improving treatment outcome. The 

MCPCNPs are thus well primed for further investigation where the anti-cancer 

and apoptotic efficacy as well as the cellular uptake will be discussed in Chapter 

5. 
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4.1 Introduction 

Targeted therapeutic nanoparticles as a delivery system have gained significant 

attention in recent years because  it conquers the limitations associated with 

conventional therapies such as nonspecific biodistribution, poor water solubility 

and limited bioavailability (Xin et al., 2017). Generally, NPs are designed to 

assist therapeutic agents to pass through biologic barriers and they offer several 

advantages over the free drug in terms of flexibility in the route of 

administration, minimal toxicity and controlled drug-release capability (Jahan 

et al., 2017). NPs with specific ligands attached to the surface are capable of 

recognising relevant moieties within target tissues making them a good potential 

for site-selective delivery as well as enhanced specificity for drug targeting 

(Kocbek et al., 2007). For example, mAbs have been established as one of the 

most successful and widely studied targeting moieties (Adler and Dimitrov, 

2012; Geng et al., 2015; Scott et al., 2012). 

mAb-conjugated NPs deliver drugs to the inflicted sites by targeting cell-

surface biomarkers and thus generating receptor endocytosis of the NP-

encapsulated drug. One such cell-surface biomarker is EGFR, a member of the 

human EGF family of transmembrane receptor tyrosine kinases (Wieduwilt and 

Moasser, 2008). Overexpression of EGFR has been reported in approximately 

one third of epithelial malignancies, including colorectal cancer (Chu et al., 

2015). The activation of EGFR has become a target for NP mediated cancer 

treatment as the former stimulates tumour growth, proliferation, angiogenesis, 

invasion and metastasis (Maya et al., 2014). Recent studies have listed several 

mAb which efficiently block the downstream signalling pathway of EGFR, 

however, Cetuximab (Cet) is among the most widely studied anti-EGFR mAb 
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for colorectal cancer (Goldberg et al., 2018). It is a chimeric mAb (IgG1) that 

binds to the membrane protein domain of the EGFR and competitively inhibits 

ligand binding to suppress tumour proliferation (Shigeta et al., 2013).  

In previous chapters, I successfully developed MCPCNPs and showed that it 

has the potential to deliver curcumin safely to the colon where it is expected to 

manifest its effects locally through prior mucoadhesion to cancer tissue. Recent 

clinical trials suggest that targeting tumour-specific receptors with mAbs offer 

the most effective therapeutic approach for the treatment of colorectal cancer 

(Krzemieniecki et al., 2006). In this Chapter therefore, I will be focusing on the 

binding strategies required to attach the mAb, Cet, to the surface of the pre-

formed MCPCNPs, estimating the amount of mAb attached to the NP surface 

and studying the physiochemical properties of the formulated system. While in 

the following Chapter, I will examine whether the anti-tumour activity of 

MCPCNPs is further enhanced by coupling them with Cet that targets EGFR. 

4.2 Materials 

Curcumin was purchased from Fluka, (U.S.A). Chitosan (low molecular weight, 

de-acetylated chitin), sodium tripolyphosphate and phosphate buffered saline 

tablets (PBS) were purchased from Sigma–Aldrich, USA. Low methoxyl citrus 

pectin (DE lower than 50) was bought from Genu, CPKelco® (Limeira- SP, 

Brazil). Trehalose (Nacalai Tesque, Japan) was employed as the cryoprotectant. 

Cetuximab was purchased from Chembest Research Laboratories, China. 

Mucin type III from porcine stomach (Sigma Aldrich, USA) was utilised for 

mucoadhesive studies. Micro-BCA protein assay kit was purchased from 

Thermo Scientific, USA. (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride) (EDC) (Nacalai Tesque, Japan), N-hydroxysuccinimide (NHS) 
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(Sigma Aldrich, USA) were used for the antibody conjugation to the NPS. 2-

(N-morpholino) ethanesulfonic acid (MES) (Nacalai Tesque, Japan), acetic acid 

(R&M chemicals, UK), hydrochloric acid (R&M chemicals, UK), sodium 

hydroxide (Merck, Germany), sodium acetate (Sigma Aldrich, USA) and 

potassium dihydrogen phosphate (Merck Millipore, Germany) were used for 

buffer preparations.  

4.3 Methods 

4.3.1 Preparation of MCPCNPs 

MCPCNPs were prepared using the method reported in Chapter 2 section 2.3.2, 

then freeze-dried as described in Chapter 3 section 3.3.8.  

4.3.2 Preparation of Cet-MCPCNPs 

Functionalization of the MCPCNPs with Cet was achieved by adapting the 

EDC–NHS conjugation chemistry as reported by thermofisher manual 

instruction (Thermo Scientific, 2011). Briefly, 10 mg/ml of lyophilized 

MCPCNPs in 25 mM MES buffer was treated with 0.4 mg of EDC and 0.6 mg 

of NHS and stirred for a total of 1 h to activate and stabilize the carboxyl group 

yielded by the MCP of the NPs. The solution was then centrifuged 10,000rpm 

for 20 min to separate the activated MCPCNPs and then reconstituted in MES 

buffer. 1 mg/ml of Cet in MES was added to the activated NPs suspension and 

stirred for 4 h for Cet conjugation. The NPs were then centrifuged at 10,000rpm 

for 20 min, washed twice with deionized water to remove any unbound 

cetuximab and re-suspended in MES buffer for further analysis. The extent of 

Cet conjugation on MCPCNPs was quantified using a micro -BCA kit (Thermo 

Scientific, USA) following the manufacturer’s instructions. Briefly, 150 µL 

each of sample and working reagent was pipetted in replicate into a microplate 
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well then incubated at 37 0C for 2 h. The absorbance was measured at 562 nm 

on a plate reader. Absorbance obtained was compared to those from the standard 

curve of Cet in MES buffer to estimate the percentage of Cet bound to 

MCPCNPs. 

4.3.4 Physiochemical characterisation 

The hydrodynamic size distribution (expressed as mean size) and surface charge 

(expressed as zeta-potential) of the Cet-MCPCNPs were determined after 

dilution using a Zeta Sizer Nano Series® (Malvern Instruments Ltd., UK) 

equipped with a 4 mW He-Ne laser at a wavelength of 633 nm. Samples were 

run in triplicates and presented as mean (± SD). Surface morphology of the Cet-

MCPCNPs were analysed by scanning transmission electron microscope 

(STEM) (Model Quanta 400F, FEI Company USA). A 10 μl aliquot of the 

sample was drop-casted onto copper stub and left under a drying chamber for 

24 h at room temperature before viewing. The FTIR was used to identify the 

possible interaction between the Cet and MCPCNPs. Spectra were obtained for 

MCPNP and Cet-MCPCNPs using a Perkin-Elmer FTIR spectrometer 

(Spectrum RX I) with scans run between 400 and 4000 cm−1 at a resolution of 

4 cm−1 and interval 1 cm−1. An elemental analysis of the MCPCNPs and Cet-

MCPCNPs was carried out by a SEM (Model Quanta 400F, FEI Company 

USA) equipped with an Energy dispersive X-ray (EDX), which can provide a 

rapid qualitative and quantitative analysis of the elemental composition of NPs. 

4.3.5 Entrapment efficiency of curcumin and in vitro drug release from 

Cet-MCPCNPs 

To analyse the entrapment efficiency of curcumin in the Cet-MCPCNPs, the 

amount of curcumin in the supernatant after each step of centrifugation during 
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the synthesis of NPs was quantified. A standard calibration curve was 

constructed using standard concentrations of curcumin dissolved in methanol. 

The curcumin content was analysed by injecting 10 μL onto an HPLC system 

and analysed using the method described in Chapter 2, section 2.3.5. The 

encapsulation efficiency was calculated using the formula: 

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
Amount of curcumin encapsulated

Total amount of curcumin added
 × 100          (4.1) 

 

In vitro curcumin release from Cet-MCPCNPs was conducted as described in 

Chapter 3 section 3.3.10. 

4.3.6 Mucin adsorption studies 

The propensity of the MCPCNPs to adhere to mucus was evaluated as stated in 

Chapter 3 section 3.3.2. However, the amount of mucin adsorbed as a function 

of pH was conducted at pH 1.2, 5.5 and 7.0. 

4.4 Results and discussion 

4.4.1 Preparation of Cet-MCPCNPs 

The MCPCNPs were prepared by ionic gelation technique as described 

previously in Chapter 2. Subsequently, the conjugation of the mAb, Cet, to the 

surface of the MCPCNPs was carried out to aid the targeted delivery of 

curcumin to tumours at colon. Numerous commercially available crosslinkers 

provide diverse strategies to link primary amino groups with carboxylates, 

among which carbodiimide (EDC)/NHS chemistry is the most commonly 

adopted (Meng et al., 2010). EDC is a water-soluble, zero-length crosslinking 

agent which reacts with the −COOH group of MCPCNPs without the need for 

prior organic solvent dissolution, to form an amine-reactive O-acylisourea 
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intermediate which can directly react with amine group of Cet (Maya et al., 

2013). To increase the stability of the formed reactive ester and avoid its rapid 

hydrolyzation in aqueous solutions, NHS is usually added (Thermo Scientific, 

2012). The addition of NHS stabilizes the amine-reactive intermediate by 

converting it to an amine-reactive NHS ester, in which the resultant NHS-

MCPCNPs reacts with the amine group of Cet, forming Cet-MCPCNPs with a 

stable peptide bond. Figure 4.1 shows the step-wise reaction in the formation of 

the Cet-MCPCNPs. It is worthwhile to note that the buffer components play a 

crucial role in stabilizing mAbs and should be devoid of extraneous carboxyl 

and amine groups (Ramkumar et al., 2017). Sodium phosphate and MES are the 

most commonly-used buffer components (Goswami et al., 2013), however, 

MES is suggested to be the primary buffer of choice since it has a pKa of ~6 

which allows the preparation of EDC crosslinking with Cet under slightly acidic 

pH, thus more stabilized environment (Ferreira et al., 2015).  

A colorimetric micro BCA protein assay kit was utilized to determine the 

amount of Cet conjugated on the MCPCNP via reduction of the amount in the 

supernatant from the initial amount. Our data revealed that 61.37 ± 0.70% of 

the Cet added was incorporated on the surface, which is slightly higher than 

what was reported by Mato et al. wherein 51.11 % of Cet was conjugated to the 

surface of PLGA nanoparticles loaded with Sorafenib (Mato et al., 2015). 
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4.4.2 Physiochemical characterisation  

An average particle size of 249.33 ± 5.15 nm was obtained for the Cet-

MCPCNPs which was in accordance with the sizes observed from the STEM 

images (Figure 4.2). This indicates an increase of about 72 nm in the size of the 

MCPCNPs after Cet conjugation. The increase in size can explained by the fact 

that a typical antibody (150 kDa) is about 15 nm long and about 5 nm in 

diameter at the base, therefore, the increase in diameter size is consistent with 

the high molecular weight of the Cet which contributes to an overall increase in 

NP diameter (Kim et al., 2014). The same tendency of antibody increasing the 

size of NP was also reported by Maya et al., when they incorporated Cet on the 

surface of O-carboxymethyl chitosan NPs loaded with paclitaxel. However, the 

increase in size (≈ 50 nm) observed by these authors was slightly lower, 

Figure 4.1 Schematic representation of the EDC/NHS conjugation that was 

employed to crosslink Cet to MCPCNPs 
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probably due to the lower conjugation efficiency of the antibody (42±6 %) 

(Maya et al., 2013). It has been reported that NPs of less than 400 nm in size 

may accumulate in the tumour through enhanced permeability of actively 

dividing cells and retention (Deepagan et al., 2012). Therefore, this signifies 

that the Cet-MCPCNPs will more probably accumulate passively in the tumour 

vicinity. Figure 4.2 also confirms that the MCPCNPs maintained their spherical 

morphology after conjugation to Cet and remained well-distributed. 

 

 

Interestingly, a significant increase in the surface charge of MCPCNPs was also 

observed after the Cet incorporation, from +35.7 ± 1.418 mV to +39.1 ± 0.87 

mV, respectively. Most probably due to the amino group neutralisation of the 

carboxylic groups present on the surface of the MCPCNPs, resulting in a more 

Figure 4.2 STEM image of the Cet-MCPCNPs 
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positive surface charge in the system. This observation is in good agreement 

with a number of studies that  reported an increase in surface charge after the 

incorporation of antibodies (Chu et al., 2015; Kutty and Feng, 2013; Mato et al., 

2015; Maya et al., 2013).  

FTIR spectral analysis was then studied in order to identify the chemical 

modifications occurring in the nano-matrix due to the conjugation of Cet onto 

the MCPCNPs surface. Figure 4.3 presents the FTIR spectra of the Cet-

MCPCNP, (i) in comparison to the MCPCNPs, (ii). FTIR spectra of both 

samples displayed strong absorption at 3271 cm−1 which may be attributed to 

the stretching vibration of the O–H groups. In both spectra, an adsorption peak 

was observed at about 2930 cm−1, which correspond to the asymmetrical C–H 

stretching vibration. Furthermore, sharp absorption peaks at 1148 cm−1 and 

1028 cm−1 demonstrate stretching vibration due to (C – O) and (C – N) amine 

bonds, respectively. Typical peak was identified at 3499 cm−1 in Figure 4.3 (i) 

which corresponds to the N-H bending vibration of Cet. Other characteristic 

absorption peaks were observed at 1399 cm−1 and 1211 cm−1 which corresponds 

to the strong (S = O) stretching of Cet. Moreover, the peak at 1239 cm−1 which 

represent the C-N stretching confirms the formation of an amide bond between 

MCPCNPs and Cet. Usually amide vibrations involve C=O, C-N and N-H 

groups of a peptide bond which result in characteristic spectral features of 

proteins (Singh, 2000). The peak at the region 1640-1660 cm−1 in the spectra 

depiction of Figure 4.3 (i) and (ii) (indicated by dashed circle) confirms the 

presence of curcumin in the NPs
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Figure 4.3 FT-IR spectra of Cet-MCPCNP (a) and MCPCNP (b)  
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The EDX spectra (Figure 4.4) captured during SEM of both MCPCNP and Cet-

MCPCNP were also evaluated to further confirm the conjugation of the Cet with 

MCPCNP. The EDX analysis of Cet-MCPCNP (Figure 4.4 (b)) revealed strong 

signal for Sulphur, and thus confirmed the presence of intact Cet which is an 

elemental component of Cet and absent in the other raw materials used for the 

fabrication of MCPCNPS. The EDX pattern in both MCPCNPs and Cet-

MCPCNPs consisted of Carbon, Oxygen, Phosphorous and Nitrogen. However, 

the Cet-MCPCNPs consisted of slightly higher weight percentage contribution 

due to N (3.12 %) which further confirms the presence of Cet and could be 

attributed to the amide bond formed between the Cet and MCPCNP. 

 

 

 

 

 

 

Figure 4.4 EDX chemical mapping of MCPCNPs (a) Cet-MCPCNPs (b) on a STEM 

copper grid 

(b) 

(a) 
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4.4.3 Entrapment efficiency and in vitro curcumin release 

The encapsulation efficiency of the carrier system for curcumin was determined 

by reading the absorbance of the supernatant of the Cet-MCPCNPs after the 

formulation process at 425 nm and was found to be 68.43 ± 2.4%. This was a 

slight decrease in the entrapment efficiency of MCPCNP, which was initially 

69.43 ± 1.11% (refer to chapter 2, section 2.4.6). The main factors that affect 

the entrapment efficiency are the concentrations of polymer and type of drug 

used. Therefore, since the conjugation of Cet was carried out at pH=5.0 some 

of the surface bound curcumin would have been lost, which thus explains the 

slight decrease of entrapped curcumin in Cet-MCPCNPs.  

For effective oral delivery of Cet-MCPCNPs in vivo, the formulation should be 

stable enough to deliver the payload to colonic tumours before any dissociation. 

Therefore, the release profile of curcumin from Cet-MCPCNPs was studied 

under physiologic conditions mimicking the pH and transit times likely to be 

encountered in the stomach and colon (2 h in pH 1.2 and 24 h in 33% (w/v) 

caecal media). The amount of curcumin released into the supernatant over each 

time point was measured by HPLC. Cet-MCPCNPs showed slow and controlled 

release of curcumin from the NPs (Figure 4.5), initially, whereby curcumin was 

bound to diffuse from the highly conjugated chitosan-pectin matrix whose 

surface is tightly shielded by Cet.  
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In the case of release at pH 1.2, only 19.74 ±0.37 % of curcumin was released 

from Cet-MCPCNP after a 2 h incubation period, while 63.79 ±0.66 % was 

released from the NP over 24 h in the caecal medium. The difference in 

curcumin release observed at two different pH/buffer conditions may be 

attributed to the pH-dependency in the swelling behaviour of chitosan-pectin 

matrix, whereby  the ionic interaction between amino groups in chitosan and 

negatively charged MCP is significantly reduced at colonic pH and hence forms 

a relatively loose network (Pandey et al., 2013). This increases the porosity of 

the matrix and imbibes water within the Cet-MCPCNPs that allowed the 

leakage of more curcumin. Furthermore, this higher curcumin release observed 

in 33% caecal content compared to the acid environment may be attributed to 

the enhanced colloidal stability of the NP in acidic environment compared to 

colonic conditions. Interestingly, the release pattern of curcumin from 

MCPCNPs (presented in Chapter 3, Figure 3.11) and Cet-MCPCNPs (Figure 

4.5) is identical to the release in 33 % caecal media in which both appear to 
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Figure 4.5 In vitro drug release profile of curcumin from Cet-MCPCNPs in pH 1.2 

for 2 h and 33 % caecal medium for 24 h 
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follow a biphasic release pattern, signifying that the conjugation of Cet to the 

surface of NPs did not alter the properties of the chitosan-modified pectin 

matrix. However, a negligible decrease in curcumin release from Cet-MCPCNP 

(≈ -3.38 %) compared to MCPCNP in colonic medium was observed. On the 

other hand, an increase (≈ +1.98 %) in curcumin release from Cet-MCPCNPs 

compared to MCPCNPs was observed in pH 1.2. This is because at pH 1.2 the 

amine groups of Cet become protonated and create repulsive forces between  

adjacent positive charges and thereby cause Cet to detach from the NP surface 

thus allowing more curcumin to be diffused out (Maya et al., 2013). In basic 

media however, there is a limitation in the extent of protonation of the −NH2 of 

Cet which keeps it attached to the surface of NPs and hence inhibiting the 

diffusion of curcumin at a faster rate (Prabaharan et al., 2007).  

These results are in accord with a study by Kutty et al. in which the release of 

docetaxel from micelles of vitamin E TPGS was found to be 64.83 % whereas 

after conjugation with cetuximab, there was a decrease in release to 54.31 % at 

pH 7.4 (Kutty and Feng, 2013). It is worth noting that the release profile of Cet-

MCPCNPs is likely to be enhanced in in vivo setup. This is because in targeted 

drug delivery systems, after receptor mediated endocytosis, proteins become 

internalized from the cell environment via a set of endosomes to the lysosome 

in which they will undergo a major degradation (Tokarev et al., 2013) which 

allows the delivery of curcumin to the internal compartment of the tumour 

tissue. 
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4.4.5 Mucin adsorption studies 

The mucoadhesive behaviour of Cet-MCPCNPs was studied using the mucus 

glycoprotein assay, to confirm that the conjugation of an antibody did not alter 

the mucoadhesion propensity of MCPCNPs. Results are reported as 

mucoadhesion percentages in Figure 4.6.  

 

 

Clearly, a positive correlation can be observed between the amounts of mucin 

adsorbed onto the NP with increase in pH. Moreover, the results obtained are in 

good agreement with previous reports on MCPCNPs as described in Chapter 3, 

Figure 3.4, and hence confirming that the incorporation of Cet did not 

significantly impact the mucoadhesiveness of the MCPCNP. High percentage 

mucoadhesion of the NPs is attributed to the hydrogen bond and ionic 

interactions between the amino groups of chitosan with mucin chains 

(Hosseinzadeh et al., 2012). Moreover, the cationic nature of Cet-MCPCNPs as 

a whole, electrostatically interacts with the negatively charged sialic acid 

residues of mucin whose pKa is 2.6 in colonic medium (Svensson and 
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Figure 4.6 Mucin adsorption of Cet-MCPCNPs at different pH 
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Arnebrant, 2010). In general, NPs provide higher mucoadhesion property 

compared to microparticles due to their larger surface area to volume ratio, 

which provides more room for mucin adsorption (Moghaddam et al., 2009). 

4.5 Conclusion 

Cet was successfully attached to surface of MCPCNPs via the carbodiimide 

(EDC)/ NHS chemistry. The EDX and FTIR analyses confirmed the successful 

presence of Cet in MCPCNPs. The in vitro drug release observed at pH 1.2 and 

simulated caecal medium support the appropriateness of this formulation for 

colon delivery. The mucoadhesion propensity of MCPCNPs was not altered 

after Cet-conjugation. Therefore, the in vitro cell evaluation of Cet-MCPCNPs 

will be investigated in Chapter 5 to confirm whether this combined approach is 

effective in cancer therapy. 
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5.1 Introduction 

Cell culturing, a process by which cells are detached from their natural 

environment and then grown in a controlled environment, has generated vast 

avenues in the study of human and animal tissue in appropriate pathological 

contexts (Hudu et al., 2016). Drug and chemical testing in recent years have 

profoundly relied on cell culture technology to overcome some of the drawbacks 

associated with animal testing and avoiding unethical procedures (Doke and 

Dhawale, 2015). Cell culture‐based practical technologies have evolved in 

several areas, including the valuation of the efficacy and toxicity of new drugs, 

and production of vaccines and biopharmaceuticals (Yao and Asayama, 2017). 

In the field of cancer research, drug-cell interaction, mechanism of action, cell 

proliferation and drug metabolism have been well developed under the 

framework of in vitro cell culture techniques. Consistency and reproducibility 

of data can be assured by using a batch of clonal cells. Cell culture procedure is 

an efficient and cost effective alternative model  to animal use (Arango et al., 

2013).  

In the present objective, the antiproliferative efficacy, cellular uptake, 

selectivity and therapeutic efficacy of formulated NPs against CRC cell line 

models will be evaluated in detail. This addresses the issue of non-specificity to 

cancer treatment whilst at the same time reducing the side effects due to the 

anticancer agents. 
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5.2 Materials 

Curcumin was purchased from Fluka, (U.S.A). Chitosan (low molecular weight, 

de-acetylated chitin), sodium tripolyphosphate, RNase A, propidium iodide (PI) 

and trypan blue were purchased from Sigma–Aldrich, USA. Low methoxyl 

citrus pectin (DE lower than 50) was bought from Genu, CPKelco® (Limeira- 

SP, Brazil). Cetuximab (Cet) was purchased from Chembest Research 

Laboratories, China. Dulbecco's modified eagle's medium (DMEM) 4.5 g/l 

glucose with L-glutamine and sodium pyruvate free, roswell park memorial 

institute (RPMI) 1640 medium 1x (with L-glutamine and 25mM HEPES) , 

foetal bovine serum (FBS), trypsin EDTA, (3-(4,5-dimethylthiazolyl-2)-2,5-

diphenyl tetrazolium bromide) (MTT), dimethyl sulfoxide (DMSO), calcium 

and magnesium free phosphate buffered saline (PBS) pH 7.4, penicillin-

streptomycin mixed solution and trehalose were bought from Nacalai Tesque, 

Japan. Triton X-100 was bought from R&M chemicals, UK. 

5.3 Methods 

5.3.1 Maintenance of cell culture 

Human colorectal adenocarcinoma cell line (HT-29) and (Caco-2) were a kind 

donation by the National Cancer Council, Malaysia (MAKNA) laboratory, 

University Putra Malaysia and cultivated in monolayers to 85-90 % confluence 

in DMEM medium supplemented with 10 % FBS and 1 % penicillin-

streptomycin. The human colorectal carcinoma (HCT-116) and normal lung 

fibroblast (MRC-5) were a donation by the Cell Culture Lab of the University 

of Nottingham, Malaysia. These cells were harvested in monolayers in 

supplemented RPMI – 1640 medium. All cell types were maintained at 37 0C 

in a humidified atmosphere containing 5 % CO2. After reaching confluence, the 
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cells were detached from the flask with trypsin–EDTA. The cell suspension was 

centrifuged at 1500 rpm for 5 min and then re-suspended in their respective 

growth medium for further studies. 

5.3.2 Subculture of cells 

Cells were harvested by aspirating the medium and gently rinsing the cells with 

Ca2+ and Mg2+ free PBS. For cell detachment, Trypsin-EDTA was added to the 

flasks and incubated at 37 0C for 5 minutes. Flasks were then gently tapped to 

detach cells from the bottom of the flask. The cells were viewed under inverted 

microscope (Nikon Eclipse AZ100, Japan) to confirm their detachment, re-

suspended in fresh media and then centrifuged at 1500 rpm at 25 0C (Eppendorf 

5424, Germany) for 5 minutes. Lastly, the supernatant was discarded and cells 

were re-suspended in fresh media. Dilution was carried out to split the cells into 

different flasks. 

5.3.3 Cell counting 

Cells were harvested from the flask of confluent cells as ascribed in section 

5.3.2. A 15 μL aliquot of cells was mixed with 15 μL of trypan blue and added 

into the counting chamber of a hemacytometer (Figure 5.1 (a)) and allowed to 

be drawn into chamber by capillary force. The chamber was then viewed under 

an inverted microscope (Nikon Eclipse AZ100, Japan) with a 10x objective. The 

cells in the four outside gridded squares (Figure 5.1 (b)) were counted, 

excluding the dead cells stained by trypan blue. The number of cells per 1 mm2 

was calculated as the average of the four counted chamber sides. The total 

number of cells was calculated as follows: 

Number of cells per 1 mL = average cells per 1mm2 x 10 4 
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Total number of cells = number of cells per 1 mL x dilution factor of trypan 

blue x dilution factor of media. 

 

5.3.4 Cell cytotoxicity 

 

The cytotoxicity of MCPCNPs was assessed using the MTT assay. The HT-29, 

Caco-2, HCT-116 and MRC-5 cells were cultured for 24 h in 96 well plates at 

2 x 103 cells/well and 5 x 105 cells/well, respectively and then treated with either 

curcumin solution (free curcumin), Cet-MCPCNPs, MCPCNPs and/or CPCNPs 

at four different concentrations of curcumin (2.5, 5, 10 and 20 µg/mL) for a 

period of 24, 48 and 72 h at 37 0C in a CO2 incubator. Cells in media devoid of 

nanoparticles and cells treated with DMSO acted as negative control while 15 

μM of 5-fluorouracil (5-FU) was used as a positive control under the same 

experimental conditions. A 10 μL aliquot of MTT reagent (5 mg/ml in PBS) 

was added to each well. After 4 h of dark incubation at 37 0C, a 100 μL aliquot 

of DMSO was added and content mixed for 10 min at 50 rpm using a laboratory 

shaker (S1000 Gyrotwister, Labnet, USA). The absorbance of each well was 

Figure 5.1 Schematic representation of a haemocytometer (a) and its counting 

grids (b) 
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then measured at 570 nm using a microplate reader (Epoch, BioTek®, USA). 

The mean values of the relative growth inhibition compared to untreated cells 

were presented (n=3). 

5.3.5 Cellular uptake 

5.3.5.1 Qualitative cellular uptake 

Cellular uptake of treatments in HT-29, Caco-2 and HCT-116 were examined 

on a fluorescent microscope. The cells were seeded in 6 well plates at 1 x 105 

cells/well at 37˚C for 24h. The culture media were then replaced with treatment 

media containing either curcumin, MCPCNPs, Cet-MCPCNPs and/or CPCNPs 

at 2.5 and 20 μg/mL, representing low and high doses of curcumin, respectively. 

Controls used were untreated cells and cells treated with DMSO. After 4 h, cells 

were gently washed with PBS and viewed under fluorescent microscope with 

535-600 nm (blue filter, FITC channel) to determine the cellular uptake of 

curcumin. 

5.3.5.2 Quantitative cellular uptake 

The HT-29, Caco-2 and HCT-116 cells were harvested from a confluent culture 

flask, seeded and treated as described in section 5.3.5.1. After 4 h, treatment 

media were aspirated, cells were gently washed with PBS, trypsinized and 

centrifuged at 1500 rpm for 5 minutes. The cell pellet was then lysed using 

methanol and vortex-mixed for 1 minute. Lastly, the amount of curcumin taken 

up by the cells was quantified using the HPLC method described in Chapter 2, 

section 2.3.5. 
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5.3.6 Cellular apoptosis 

A total of 1×105 cells/1.7cm3 well were seeded on a LAB-TEK chamber slide 

(Thermo Scientific Nunc, U.K.) and cultured for 24 h to allow adherence of the 

cells. The cells were then exposed to media containing 20 μg/mL of curcumin, 

Cet-MCPCNPs and MCPCNPs. Untreated cells and cells treated with DMSO 

were used as negative controls and positive control, respectively. After 24 h of 

treatment, cells were fixed with 3.7% formaldehyde for 10 minutes, washed 

with PBS and left to air-dry for another 10 minutes. Then 1 µg/mL of DAPI in 

deionized water was added to the wells and incubated in the dark for 10 minutes. 

Lastly, cells were washed with PBS and viewed under an inverted fluorescence 

microscope (Colibri 7, Zeiss axio, Germany) equipped with the red filter (430-

495 nm), (n=3). 

5.3.7 Cell cycle 

Caco-2 and HCT-116 cells were seeded at 5 x 105 cells/well in 6 well plates. 

After 24 h, the cells were exposed to 20 μg/mL of curcumin, MCPCNPs and 

Cet-MCPCNPs. Untreated cells and cells treated with DMSO were used as 

negative control and as positive control, respectively. After 24 h of treatment, 

cells were trypsinized, centrifuged at 1800 rpm at 25 0C for 5 minutes, fixed in 

70 % (v/v) cold ethanol for one week and stored in -20 0C. After a week, cells 

were washed and centrifuged twice before the addition of 500 µL of PI staining 

solution. PI staining solution was prepared by mixing 0.1% (v/v) Triton X-100, 

10 μg /mL PI and 100 μg/mL RNase A in PBS. Cells were incubated for 30 

minutes on ice and finally analyzed by flow cytometry (Flow FACS Calibur, 

Becton Dickinson, USA) at 488-nm laser line excitation. 
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5.3.8 Statistical analysis 

Statistical analysis was done using the Graph-Pad Prism 7 software. All values 

are expressed as mean ± standard deviation. The statistical significance between 

the sets of data was tested by one-way analysis of variance (ANOVA) followed 

by Turkey’s test with p < 0.05 considered significant. 

5.4 Results and discussion 

This section is divided into two sections. Firstly, I wanted to analyse whether 

the combined effects of curcumin, modified pectin and mucoadhesion of the 

carrier system, augments the anticancer effects in colon cancer. Therefore, I 

employed the cell lines HT-29, HCT-116 and MRC-5 with the following 

treatments: MCPCNPs, curcumin solution and CPCNPs. In the second section 

however, I aimed to ascertain whether attaching appropriate antibodies to the 

surface of the MCPCNPs that target EGFR within the CRC cells would augment 

effectiveness of the treatment. Therefore, I employed the cell lines Caco-2, 

HCT-116 and MRC-5 with the following treatments: MCPCNPs, curcumin 

solution and Cet-MCPCNPs. 
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Section I:  

Galectins are carbohydrate binding proteins characterized by their ability to 

bind to carbohydrate chains that contain β-galactosides resident on 

glycoconjugates, leading to cell-matrix and cell-cell adhesion (Nielsen et al., 

2018). Among all the known galectins, galectin-3 (Gal-3) is specifically 

involved in a variety of cellular and carcinogenic processes (Newlaczyl and Yu, 

2011). Gal-3 is undetectable in normal cell lines, indicating that it is a cancer-

specific biomarker (Balan et al., 2010).  HT-29 and HCT-116 are among the 

common model systems used in in vitro cancer work with a high expression of 

Gal-3 (Satelli et al., 2008). However, one of the main differences between HT-

29 and HCT-116 is that the former expresses a small proportion of mucus-

secreting cells and columnar absorptive cells in culture media and therefore 

contains relatively higher levels of mucin (Gagnon et al., 2013). MRC-5 have 

been widely used in literature (Buhrmann et al., 2014; Gandin et al., 2012; 

Šeklić et al., 2018; Tokunaga et al., 2000) as a control (normal) cell line against 

colorectal cancer cell lines, therefore, it was utilized as the control in the present 

study. 

5.4.1 Maintenance of cell culture 

HT-29, HCT-116 and MRC-5 cells were maintained at standard cell culture 

conditions. Cells were passaged when confluence was reached every 5-7 and 2-

3 days for HT-29, MRC-5 and HCT-116 cells, respectively. Figure 5.2 depicts 

confluent HT-29, HCT-116 and MRC-5 cells viewed under inverted 

microscope. 
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Figure 5.2 HT-29 cells (a), HCT-116 (b) and MRC-5 cells 

(c) viewed under an inverted microscope under 10× 

magnification 
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5.4.2 Cell cytotoxicity assay 

One of the major limitations in the use of curcumin as an effective anticancer 

agent is its reduced bioavailability and low solubility. However, a targeted 

nanoformulation of curcumin has the potential  to improve its bioavailability 

and provide enhanced cytotoxic effects toward cancer cells (Gera et al., 2017). 

Three different formulations (MCPCNPs, CPCNPs and curcumin solution) at 

four equivalent curcumin concentrations (2.5, 5, 10 and 20 μg/mL) were 

initially studied by MTT for toxicity on HT-29 and HCT-116 cell lines (Figure 

5.3). The cell viability plots reveal that the overall cell viability of both cell lines 

decreased significantly when treated with increasing concentration of curcumin 

over the course of 72 hours, (i.e. dose- and time- dependent manner). In general, 

higher toxicity was induced by MCPCNPs on both HT-29 and HCT-116 cell 

lines at the four concentrations compared to curcumin solutions and aptly, 

CPCNPs. However, CPCNPs showed better cytotoxic effect in lower doses in 

both cell lines when compared to curcumin solution. The IC50 data presented 

in Table 5.1 reveal that after 72 h of treatment both MCPCNP and CPCNPs 

exhibited much lower IC50 compared to curcumin solutions in both cell lines. 

 



Chapter 5 

Page | 149  

 

 

 

Figure 5.3 Cytotoxicity of MCPCPs, CPCNPs and curcumin solution on HCT-116 (a-c) and HT-29 (e-f) after 24, 48 and 72 h 

incubation (mean± S.D, n=3). Significance denoted as *(p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001). 
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Table 5.1 IC50 values in µg/mL of MCPCNPs, CPCNPs and curcumin on HCT-116 

and HT-29 cell lines. Each value represents means of triplicate determinations (mean 

± S.D). 

 24h 48h 72h 

 HT-29 HCT-116 HT-29 HCT-116 HT-29 HCT-116 

MCPCNP 
19.41± 

0.77 

11.83± 

2.06 

0.65± 

1.13 

2.00± 

0.06 

0.31± 

0.06 

0.40± 

0.97 

CPCNP 
20.08± 

3.53 

19.68± 

1.33 

0.971± 

3.40 

13.12± 

0.91 

0.42± 

0.02 

11.21± 

0.35 

Curcumin 
13.69± 

0.19 

14.76± 

1.23 

6.34± 

0.64 

13.58± 

3.15 

4.33± 

0.51 

11.99± 

0.97 

 

These observations highlight a few important points. Firstly, the polymeric 

encapsulation by the carrier system did not compromise on the therapeutic 

activity of curcumin. Secondly, the encapsulation of curcumin in the carrier 

system appear to have prolonged the contact between the nanoparticle and the 

cells, particularly HT-29, which explains the better treatment outcome. Recall 

that HT-29 expresses a higher level of mucous cells. Thirdly, mucoadhesion 

conferred by the chitosan-pectin matrix did augment the efficacy of curcumin, 

which was further validated by the much lower IC50 values required for toxicity 

on HT-29. This is in accord with a report by Hosseinzadeh et al. in which an 

enhanced cytotoxicity effect of chitosan-pluronic nanoparticles loaded with 

gemcitabine was observed in comparison with drug alone in HT-29 cell lines 

(Hosseinzadeh et al., 2012). They contend that the mucoadhesive properties of 

the nanoparticles imparted by chitosan was due to the mucin produced by HT-

29 cell line, thus increasing the accumulation of the drug inside the cells.  

The superiority in cytotoxicity of MCPCNPs (Figure 5.3) compared to the other 

treatments may be attributed to the fact that the modification process of citrus 

pectin results in the production of neutral sugar sequences with a low degree of 
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branching but rich in galactose. Galactose is capable of inhibiting the growth 

and migration of colon cancer cells since it is a remarkable antagonist to Gal-3 

(Leclere et al., 2013). This agrees with a study that evaluated the preventive 

effect of modified pectin alginate probiotic microbeads on a Balb/c mouse 

model of colonic carcinogenesis, proving that the modified citrus pectin 

increased the bioactivity and chemo-preventative effect against pre-cancerous 

colonic lesions and adenocarcinoma through inhibition of Gal-3 (Odun-Ayo et 

al., 2015). It is worth noting that MCPCNPs, CPCNPs and curcumin had 

negligible toxicity on MRC-5 (Figure 5.4) which confirms the selectivity of the 

tested formulations/carrier system against colon cancer cells. Therefore, the 

MTT assay results support the safety of the formulation against normal cells. 

 

 
Figure 5.4 Cytotoxicity of MCPCPs, CPCNPs and curcumin solution on MRC-5 

(a-c) after 24, 48 and 72 h incubation (mean± S.D, n=3). Significance denoted as 

*(p < 0.05), ns (not significant). 
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5.4.3 Cellular uptake studies through fluorescent microscopy and HPLC  

To evaluate the efficiency in cellular uptake of MCPCNPs, CPCNPs and 

curcumin solution, a 4 h incubation period was considered in reference to a 

number of reports in which a 4 h incubation period presented the sharpest slope 

for the cellular uptake kinetics of nanoparticles while a 24 h incubation saturated 

the cells and hindered the differential cellular uptake efficiency due to surface 

modifications (Cho et al., 2018; dos Santos et al., 2011; Shoshi et al., 2012). 

Due to the intrinsic green fluorescence of curcumin, it was possible to 

qualitatively and quantitatively assess the cellular uptake of MCPCNPs, 

CPCNPs and curcumin solution without the need for tagging by other 

fluorescent dyes.  

Figures 5.5 and 5.6 display the intracellular fluorescence conferred by HCT-116 

and HT-29 cell lines after uptake following treatments. The fluorescence images 

of untreated cells were captured as controls (not displayed). In general, both cell 

lines emitted green fluorescence and the morphology of the cells remained 

unchanged during the treatment period. Moreover, the emitted green 

fluorescence signifies the uptake of curcumin by the cytoplasm of the cell. At 

high curcumin concentration (20 µg/mL) both MCPCNPs and CPCNPs 

displayed a comparatively bright fluorescence intensity, while a slightly weaker 

green fluorescence signal was observed in cells treated with curcumin solution. 

At low curcumin concentration (2.5 µg/mL) a brighter fluorescent intensity was 

observed in cells treated with MCPCNPs compared to those treated with 

CPCNPs and curcumin solution. These findings indicate that the modification 

of pectin significantly augmented the internalization of the nanoparticles into 

the colon cancer cell lines, especially at low drug concentrations.  
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Figure 5.5 Cellular uptake of MCPCNPs, CPCNPs and curcumin solution at 20 g/mL 

and 2.5 g/mL after 4 h incubation [10-20x magnification] 
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Figure 5.6 Cellular uptake of MCPCNPs, CPCNPs and curcumin solution at 20 g/mL 

and 2.5 g/mL after 4 h incubation [10-20 x magnification] 
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 The quantitative cellular uptake analyses by HPLC (Figure 5.7) shows that in 

both cell lines the curcumin uptake was highest when treated with MCPCNPs 

followed by CPCNPs at both treatment concentrations (20 and 2.5 µg/mL). 

HCT-116 showed better curcumin uptake compared to HT-29 cells at high 

concentration of MCPCNPs and CPCNPs and a comparable uptake at low 

concentration. Such cellular uptake behaviour by HCT-116 and HT-29 was 

recently reported by Vijayakumar et al (Vijayakumar et al., 2019). They 

attributed it to the fact that the different genotypic profile of the two colonic cell 

lines dictates a different pathway for the cellular uptake of curcumin 

(Vijayakumar et al., 2019). On the other hand, curcumin uptake from curcumin 

solution possessed better uptake by HT-29 cell line than HCT-116. According 

to Howells et al. this can be attributed to the fact that the regulation of the 

primary target differs between the two colonic cell lines, which may be a 

function of p53 status. In HCT-116 (p53 wild-type), p53 plays an important role 

in governing the response of this cell line to therapeutic agents, making it less 

sensitive to curcumin compared to HT-29 cell line (p53 mutant) (Howells et al., 

2007). 
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These findings propose that traversing of particles in HT-29 cell is impeded by 

the mucus layer, taking longer to reach the underlying epithelial cells. Thus, a 

reduced cellular uptake of the particles was observed compared to uptake in 

HCT-116. This explains the improved cytotoxicity effect on HT-29 occurring 

only after 48 h of treatment in contrast to HCT-116 occurring earlier. Akbari et 

al. showed that the presence of mucus in Caco-2/HT-29 co-culture caused 40–

50% decrease of cellular uptake for coumarin encapsulated in digested 

cruciferin-chitosan nanoparticles, relating it to the potential mucoadhesive 

property of the chitosan parts of the particles (Akbari et al., 2017).  

Section II: 

To examine whether the anti-tumour activity of MCPCNPs is further enhanced 

in response to cetuximab coupling, we used two colorectal cancer cell lines, 

CaCo-2, which expresses high EGFR level, and HCT-116 with low EGFR 

Figure 5.7 Amount of curcumin retrieved from HCT-116 and HT-29 cells after 

treatment with 20 g/mL and 2.5 g/mL of MCPCNPs, CPCNPs and curcumin 

solution after 4 h incubation. Averaged mean values and standard deviations of 

triplicates are presented 
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expression. These cell lines have been used in many other previous studies to 

assess the efficacy of cetuximab treatment (Li et al., 2014; Shigeta et al., 2013; 

Xu et al., 2005). Caco-2 and HCT-116 are KRAS wild- and mutant-type cell 

lines, respectively. 

5.4.4 Maintenance of cell culture 

Caco-2, HCT-116 and MRC-5 cells were maintained at standard cell culture 

conditions as described in section 5.4.1. Figure 5.8 depicts confluent Caco-2 

cells viewed under inverted microscope. 

5.4.5 Cell cytotoxicity assay 

In order to explore and verify the anticancer efficiency of the well-designed Cet-

MCPCNPs, MTT assay was employed to evaluate the cell viability of 

MCPCNPs, Cet-MCPCNPs and Curcumin. Figure 5.9 displays the cytotoxicity 

data by MTT assay. Cytotoxicity test of the Cet-MCPCNPs was also conducted 

on normal cell lines (MRC-5) to compare the selective cytotoxic activity of Cet-

MCPCNPs in colon cancer cells. Results showed that more than 90% of the 

cells survived at the highest and lowest doses over the course of 72 h, granting 

the safety of the formulation against normal cells (Figure 5.10

Figure 5.8 Caco-2 cells viewed under an inverted 

microscope under 10× magnification 
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Figure 5.9 Cytotoxicity of Cet-MCPCPs, MCPCNPs and curcumin solution on HCT-116 (a-c) and Caco-2 (e-f) after 24, 48 and 72 h 

incubation (mean± S.D, n=3). Significance denoted as *(p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001). 
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As displayed in Figure (5.9), Cet-MCPCNPs showed a more potent anti-cancer 

effect than MCPCNPs or curcumin solution at equivalent curcumin 

concentrations in Caco-2 cell lines, whilst comparable cytotoxicity was induced 

by Cet-MCPCNPs and MCPCNPs against HCT-116 cell lines. This difference 

can be related to the high expression of functional EGFR in Caco-2 and 

improved nanoparticle internalization in cells mediated by Cet, implying that 

combined chemotherapy of Cet and curcumin hold stronger anticancer 

efficiency than either curcumin or MCPCNPs alone.  

Moreover, the better cytotoxicity imposed by Caco-2 compared to HCT-116 is 

most probably due to the KRAS mutation present in the latter cell lines, in which 

many studies suggest that patients with KRAS mutated tumours have poorer 

Figure 5.10 Cytotoxicity of Cet-MCPCPs, MCPCNPs and curcumin solution on 

MRC-5 after 24, 48 and 72 h incubation (mean± S.D, n=3). Significance denoted as 

*(p < 0.05), ns (not significant). 
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response outcomes (Göthel and Schulte, 2012; Knickelbein and Zhang, 2015; 

Misale et al., 2014; Park et al., 2011) since the potential to respond to growth 

factor signalling inhibitors is impeded (Skvortsov et al., 2004). In practice, these 

results also confirm that curcumin-encapsulated in nanoparticles can still exert 

a strong influence of the lethality on colonic tumours, regardless of 

protooncogene mutations. However, the slightly lower IC50 values of Cet-

MCPCNP compared to MCPCNPs in HCT-116 (Table 5.2) is due to the 

increased overall charge of the former, which is in according with  a number of 

studies, where the electrostatic interactions between the cationic nanoparticles 

and the anionic cellular membrane could be the rationale behind higher cell 

uptake and lower viability (Fröhlich, 2012; He et al., 2010; Mahmoud et al., 

2010). In general, the results in Figure 5.8 imply that with increased 

concentrations of curcumin, corresponding lethality is also increased, 

suggesting that the in vitro anticancer effect of the three different treatments 

was dose-time- dependent in both cell lines. 

    Table 5.2 IC50 values in µg/mL of Cet-MCPCNPs, MCPCNPs and curcumin on 

Caco-2 and HCT-116 cell lines. Each value represents means of triplicate 

determinations (mean ± S.D). 

 24h 48h 72h 

 
Caco-2 HCT-116 Caco-2 HCT-116 Caco-2 HCT-116 

Cet-MCPCNP 
8.23± 

1.46 

11.72± 

2.04 

0.39± 

0.99 

1.92± 

1.25 

0.28± 

1.83 

0.40± 

1.58 

MCPCNP 
11.83± 

2.06 

11.83± 

2.06 

1.65± 

0.91 

2.00± 

0.06 

0.38± 

0.76 

0.40± 

0.97 

Curcumin 
12.68± 

0.64 

14.76± 

1.23 

11.35± 

1.05 

13.58± 

3.15 

8.35± 

5.07 

11.99± 

0.97 
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5.4.6 Cellular uptake 

Curcumin, as both a model drug and fluorescent molecule, was utilized as an 

indicator to qualitatively and quantitatively estimate the uptake behaviour of 

Cet-MCPCNPs, MCPCNPs and Curcumin by Caco-2 and HCT-116 after 4h of 

incubation. The internalization profile of MCPCNPs, Cet-MCPCNPs and 

curcumin in both cell lines was assessed by monitoring the innate fluorescence 

signal of curcumin.  

As shown in Figures 5.11 and 5.12, higher fluorescence signals were observed 

in the Caco-2 cells treated with Cet-MCPCNPs, rather than that of MCPCNP, 

while comparable fluorescent signals were registered for both treatments in 

HCT-116 cell line. It was also calculated from the HPLC (Figure 5.13) that the 

fluorescence intensity of Cet-MCPCNP was approximately 2- fold higher than 

that of MCPCNP after incubation for 4 h in Caco-2, suggesting that Cet-

MCPCNP can be readily internalized by Caco-2 cells than its counterpart HCT-

116, possibly via the EGFR mediated endocytosis pathway. Additionally, the 

fluorescence signal demonstrated a gradually increased profile with higher 

treatment doses, indicating that the intracellular uptake of the three treatments 

were dose-dependent. These results clearly show that the enhanced cellular 

internalization of Cet-MCPCNPs rather than the increased tumour accumulation 

is responsible for its anti-tumour efficacy in Caco-2 compared to MCPCNPs. 

Therefore, it is deduced that the cellular uptake of Cet-MCPCNPs is attained 

via the concept of active targeting which originated to overcome the limitations 

of passive targeting.  
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Figure 5.11 Cellular uptake of Cet-MCPCNPs, MCPCNPs and curcumin solution at 

20 g/mL and 2.5 g/mL after 4 h incubation [10-20x magnification] 
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Figure 5.12 Cellular uptake of Cet-MCPCNPs, MCPCNPs and curcumin solution at 

20 g/mL and 2.5 g/mL after 4 h incubation [10-20x magnification] 
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In general free curcumin showed lower fluorescence in Figures 5.11, 5.12 and 

5.13 compared to encapsulated curcumin, this is because the encapsulation of 

drug in chitosan-based nanoparticles decrease drug efflux, since chitosan-based 

nanoparticles act as transmembrane delivery vehicle that help bypass the need 

for efflux, thus increasing the cell internalization and intracellular accumulation 

of the drug (Guan et al., 2012).  

5.4.7 Cell apoptosis 

To assess the effect of formulations on apoptosis, HCT-116 and Caco-2 cells 

were treated with highest and lowest concentrations of free curcumin, 

MCPCNPs and Cet-MCPCNPs for 24 h (Figures 5.14 and 5.15). Nuclear 

staining was carried out using DAPI and nucleolus changes were observed 

under fluorescent microscope. Fluorescent micrographs of treated HCT-1116 

and Caco-2 cells displayed nuclei that were smaller and brighter suggesting 

Figure 5.13 Amount of curcumin retrieved from HCT-116 and Caco-2 cells 

after treatment with 20 g/mL and 2.5 g/mL of Cet-MCPCNPs, MCPCNPs 

and curcumin solution after 4 h incubation. Averaged mean values and 

standard deviations of triplicates are presented. 
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chromatin condensation. Crescent-shaped profiles around the periphery of the 

nucleus and separate globular structures, as apoptotic features, were also 

observed. The number of apoptotic cells in cell lines treated with higher 

concentrations of Cet-MCPCNPS, MCPCNPs and curcumin dramatically 

increased, when compared with those treated with lower concentration. 

However, untreated and DMSO receiving HCT-116 and Caco-2 cells showed 

uniform blue stain. In the present study, DAPI staining also demonstrated that 

Cet-MCPCNPs induced more apoptosis on Caco-2 cell lines than on HCT-116 

cell lines, which was consistent with the results of cytotoxicity assay and 

confirming that reduction in cell viability was associated with damage to 

cellular DNA attributed to the NPs. 

In general, the results obtained are in good accordance with those by Chen et al. 

reporting that co-treatment of oral cancer CAR cell with cetuximab and 

curcumin resulted in cell shrinkage, cytoplasmic membrane blabbing and cell 

death (Chen et al., 2018). In another study by Yin et al., apoptotic morphology, 

including chromatin condensation and internucleosomal degradation of DNA 

were observed in lung cancer cell line (A549) treated with curcumin-loaded 

polyethylene glycol- polycaprolactone block copolymers (Yin et al., 2013).  
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Figure 5.14 Fluorescence micrographs of treated and untreated HCT-116 cells after 

DAPI staining (20x magnification) 
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Figure 5.15 Fluorescence micrographs of treated and untreated Caco-2 cells after 

DAPI staining (20x magnification). 
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5.4.8 Cell cycle 

Flow cytometry was performed to examine the effects of curcumin, MCPCNPs 

and Cet-MCPCNPs on HCT-116 and Caco-2 cell proliferation. Propidium 

iodide (PI) staining of nuclei was utilised to assess the time course of the cell 

cycle profile of these cell lines. RNAase was added to eliminate RNA as PI 

can stain the latter, causing interference in results. Usually, the amount of 

nucleic acid dye (PI) incorporated is proportional to the amount of DNA, thus 

the fluorescence data can be regarded as a measurement of the cellular DNA 

content (Nunez, 2001; Wang et al., 2017). 

The results of the study are presented in Figures 5.16 and 5.17 as cellular DNA 

content frequency histograms with three distinctive phases namely G0/G1, S and 

G2/M phase. Usually in the growth phase (G1), the cell increases in size, yielding 

RNA and produce protein, to be used for syntheses (Arango et al., 2013). In S 

phase, the DNA begins to duplicate then enters the G2 phase, where the  

biosynthesis and production of microtubules occur (Rhind and Russell, 2012). 

At the end of the G2 is a checkpoint that confirms whether the cell can proceed 

to mitosis. In the mitotic phase (M phase), the cell divides itself into two 

identical daughter cells and then either continue through to G1 phase or enter 

the quiescent phase (G0). In the G0 phase, the cell will leave the cycle and quit 

dividing (Cecchini et al., 2012). 

Table 5.1 displays the percentages of cells in their respective phases. Compared 

to untreated cells, free curcumin, MCPCNPs and Cet-MCPCNPs induced G2/M 

cell arrest and decreased population of cells at G0/G1 in both HCT-116 and 

Caco-2 cell lines. Initially, Cet-MCPCNPs and MCPCNPS treatment led to a 

similar proportion of cells in G2, which is one-fold higher than that from free 
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curcumin on HCT-116 cells. However, Cet-MCPCNPs showed a higher 

proportion of cells in G2 compared to MCPCNPs in Caco-2 cells. 
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Figure 5.16 DNA histogram of HCT-116 cells treated with control, DMSO, 20 

μg/ml free curcumin, 20 μg/ml MCPCNP and 20 μg/ml Cet-MCPCNP analysed 

by flow cytometry. 
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Figure 5.17 DNA histogram of Caco-2 cells treated with control, DMSO, 20 

μg/ml free curcumin, 20 μg/ml MCPCNP and 20 μg/ml Cet-MCPCNP 

analysed by flow cytometry. 
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Table 5.3 Percentage (%) of cells in the respective phases analysed by flow 

cytometry. Each value represents means of triplicate determinations (mean ± S.D) 

 Caco-2 

 G0/G1 S G2/M 

Control 57.86 ± 0.76 17.71 ± 3.89 24.42 ± 3.59 

DMSO 44.38 ± 0.43 19.18 ± 1.38 36.43 ± 0.98 

Curcumin 31.61 ± 1.126 38.13 ± 4.41 30.25 ± 3.30 

MCPCNP 33.085 ± 1.89 21.14 ± 0.98 45.78 ± 0.90 

Cet-MCPCNP 

 

32.29 ± 1.21 

 

13.55 ± 3.67 

 

54.17 ± 2.64 

 

 HCT-116 

 G0/G1 S G2/M 

Control 51.67 ± 0.57 33.35 ± 4.47 14.97 ± 3.90 

DMSO 43.94 ± 0.81 29.28 ± 2.60 26.77 ± 1.80 

Curcumin 36.91 ± 1.98 32.42 ± 7.75 30.67 ± 5.81 

MCPCNP 33.55 ± 1.76 27.35 ± 1.95 39.09 ± 0.77 

Cet-MCPCNP 33.69 ± 1.83 26.71 ±1.02 39.60 ± 2.67 

 

Curcumin, in both free and encapsulated in Cet-MCPCNPs or MCPCNPS, 

induced accumulation of cells in S and G2/M phase of cell cycle. This indicates 

that curcumin could inhibit cellular proliferation in Caco-2 and HCT-116 cells 

in vitro, and this effect can be augmented when encapsulated in NPs and further 

enhanced when the latter is conjugated to Cet. Therefore, the obtained findings 

are consistent with the results of the in vitro cell cytotoxicity. It is worth noting 

that an increase in G2/M arrest has been associated with enhanced apoptosis, an 

indicator of better cytotoxicity effect against cancer cells (DiPaola, 2002). 

Therefore, the obtained findings are an affirmation to in vitro cytotoxicity. 

Van Erk et al. reported that the downregulation of the expression of polo-like 

kinase (PLK), by curcumin is accountable for the G2/M arrest in colon cancer 
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cells (Van Erk et al., 2004). Weir et al., on the other hand, explained that 

curcumin downregulates anti-apoptotic Akt signalling, which activates the pro-

apoptotic p38 MAPK and generates superoxide radicals that induce G2/M cell 

cycle arrest that eventually leads to apoptosis (Weir et al., 2007).  

 We can conclude that curcumin, MCPCNPs and Cet-MCPCNPs drove cells out 

of the G0/G1 phase, leading to more cells entering S and G2/M phase and these 

proportions were further arrested at the G2/M phase. This means that the 

curcumin effect on the cell cycle mainly emerges in the G2/M phase, as 

contended by (Jaiswal et al., 2002; Sakuma et al., 2014).  

5.5 Conclusion 

The mucoadhesive properties of the MCPCNPs prolonged the contact time with 

cancer cells and through the combined effects from the galactan moiety of the 

modified pectin and the curcumin, improved treatment outcome was realised. 

The enhanced cellular uptake and anticancer effect of Cet-MCPCNPs concur 

with our hypothesis. Morphological examination of the nuclei confirmed the 

apoptotic properties of Cet-MCPCNPs. Cellular uptake studies by fluorescent 

microscopy and flow cytometry confirmed that there was a superior uptake of 

curcumin when encapsulated in Cet-MCPCNPs. This was attributable to a 

combination of appropriate size, positive charge, active targeting as well as the 

mucoadhesive properties of the Cet-MCPCNPs all in one. 
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6.1 General conclusion  

From the notion that CRC is the second leading cause of cancer-related deaths 

in the world, there is a realisation of  the ever-increasing health burden on 

society and healthcare systems arising from this disease (Bray et al., 2018; Wolf 

et al., 2018). The adverse side-effects from chemotherapeutic and 

radiotherapeutic treatments and the inability of current modalities to effectively 

deliver optimal therapeutic doses to the tumour site, has prompted  the 

development of interventions that sought to address these constraints with an 

overarching consequence of reducing toxicity (Senapati et al., 2018; Zhang et 

al., 2018). The work described in this thesis identifies the aforementioned 

constrains and aimed to develop a colon-specific drug carrier system that 

delivers the natural chemotherapeutic agent, curcumin, to the colon through a 

concerted approach.  

Curcumin was selected as the model drug because of its 

chemopreventive/therapeutic potency in cellular/animal models with CRC and 

shows comparatively negligible side effects (Femia et al., 2015; Ireson et al., 

2002; Patel et al., 2010; Perkins et al., 2002). Due to the poor systemic 

bioavailability when administered orally, polymer-based nanoparticles have 

been used as adjuvants in the delivery of curcumin. In the present investigation, 

modified pectin and chitosan were used as the encapsulant-nanoparticles based 

on several considerations outlined henceforth. Both polymers are 

biodegradable, non-toxic and resistant to the digestive enzymes in the GIT 

(Rampino et al., 2013). MCP serves the dual function of contributing to 

retaining the integrity of the nanoparticles within the acidic pH of the upper gut 

and also yielding the galactose moiety within the polymer backbone, which is 



Chapter 6 

Page | 176  

 

known to manifest anticancer properties against galectin 3 (Gal-3) in the colon. 

The amine moiety of chitosan is destined to promote binding to negatively 

charged species such as mucin, thus providing the framework for mucoadhesion 

within the colon mucosa. This would ensure longer residence time within the 

colon epithelia and promote drug flux. Therefore, chitosan and MCP 

complement each other in colon-targeting of curcumin due to their opposing 

responses to extremes in gastrointestinal pH. In this fashion curcumin is also 

protected from degradation and premature release in the upper gastrointestinal 

tract (GIT) while ensuring controlled release in the colon (Pandey et al., 2013). 

Obviously, for the successful deployment of the prototype, the method of 

fabrication is crucial. This is true because the method adopted regulates the 

ultimate structure of the prototype and hence, the rate of the payload. In this 

report therefore, curcumin was encapsulated into modified pectin-chitosan 

nanoparticles using the ionic gelation method because of its simplicity, 

convenience, and non-toxicity attributes (de Pinho Neves et al., 2014).  

In order to enhance the NP uptake by colonic cancer cells, the clinically 

approved EGFR antagonistic antibody, Cet, was incorporated onto the surface 

corona of the NP. Cet is capable of blocking receptor activation and triggering 

receptor internalization, thus sensitizing EGFR-dependent cells to apoptosis 

induction (Sotelo Lezama et al., 2014). Therefore, Cet-MCPCNPs can be 

considered promising with demonstrable mucoadhesive and targeting 

capabilities. The thesis presented a sequential investigation in the mucoadhesion 

and the targeting propensity of the formulated nanoparticles. Up to date, there 

are no reports that elaborate the combined approach of nanoparticulate 
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mucoadhesion and tumour targeting as a means of enhancing colon cancer 

treatment from therapeutic agents.   

The presence of the galactan moiety from the MCP was confirmed using FTIR 

and the fabricated NP registered a size of 178 nm and surface charge of +35.7 

mV. The size obtained guaranteed the effective diffusion of the NP in epithelia 

and particularly, tumours because they are leakier. The positive surface charge 

of the NP facilitated the interaction with anionic sialic acid within mucin and 

hence effected mucoadhesion. Mucoadhesion was also brought about through 

physical entanglement of polymer chains in MCPCNP and mucin and van der 

Waals interactions. The MCP-chitosan composite matrix restricted the 

cumulative curcumin release to approximately 18% in acidic conditions, 

implying that around 82% of the curcumin cargo was potentially available for 

release in the colon. The carboxylic functional moiety of the modified pectin 

was utilised to conjugate the amine-terminated aspect of Cet through a two-step 

carbodiimide (EDC) approach and crucially, the incorporation of Cet did not 

compromise the mucoadhesive and release aspects of the MCPCNPs. 

The combined effect of the curcumin payload and galactan moiety from the 

pectin carrier and the mucoadhesion presented at colonic condition provided an 

enhanced delivery and an efficient anticancer effect in CRC models. The 

cytotoxicity study affirmed that the transition of the crystalline phase of 

curcumin to the amorphous state upon encapsulation did not hinder its 

anticancer potential and further, the encapsulation into polymeric 

nanoparticulate did not compromise curcumin’s therapeutic activity. The active 

targeting and/or additional therapeutic effects provided by Cet, enhanced the 

internalization of MCPCNPs and yielded improved cellular apoptosis effects as 
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well as cytotoxicity against CRC cell-lines. Importantly, the Cet-MCPCNPs 

produced synergistic cytotoxic effects in Kras-mutated cell line overcoming 

drug resistance of an in vitro CRC model. 

In conclusion, through the combined effects of mucoadhesion and tumour-

targeting capability of the NP, we can state that the Cet-MCPCNPs has 

demonstrable effectiveness against CRC models. Thus, the anticancer effects of 

curcumin are expected to be exponentially augmented in the ultimate 

application. This clearly warrants further investigations and possibly, pre-

clinical development.  

6.2 Future work 

Nanocarrier-based platforms can be designed to exploit the pathophysiology of 

tumour microenvironment to effectively deliver anticancer drugs into the 

tumours. This strategy remarkably enhances the therapeutic outcomes in 

oncological management. Additionally, the overexpressed receptors on tumour 

cells surface have been used as a target to nanocarriers platforms attached with 

targeting ligands. Subsequently in this study, I developed a mucoadhesive-

tumour targeting curcumin containing NP formulation, which established 

promising data for future clinical translation, however, substantial studies need 

to be continued in order to shed invaluable light on the applicability of the 

system to humans. Hence, recommendations for further research are discussed 

as follows. 

The galactan moiety of the modified pectin was only confirmed via FTIR due 

to limitations of time and resources. A prospective identification via 

Nuclear Magnetic Resonance (NMR) spectroscopy should be considered for 
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more definitive results. Moreover, further physical properties of MCP are 

essential to understand how chemical modification of such a 

complex polysaccharide can influence their anti-cancer properties. 

Drug loading is one of the key features in NP formulation. High drug loaded-

NPs are believed to be a prospective approach for bypassing various problems 

that afflict nanotherapeutics. Usually low drug loaded nanocarriers prompt the 

use of large amount of excipients which drive up the cost of a nanotherapeutic 

(Della Rocca et al., 2012). Since the variability of drug loading is often 

dependent upon the fabrication process, the low drug loading (%) of the current 

formulation can thus be improved by using the emulsion/solvent evaporation 

method instead which have reported drug loadings as high as 14% (Chu et al., 

2013). 

Nanoparticles are often produced in an aqueous suspension form making them 

physically unstable in which particle aggregates and the hydrolytic action of 

water on the polymer matrix cause premature drug leakage leading to the 

formation of undesirable degradation products during long periods of storage 

(Fonte et al., 2014). This exactly explains the poor storage stability of 

MCPCNPs that can be improved either by adding surfactants (such as poly 

(vinylalcohol)) that impede their aggregation or transforming the NP suspension 

into a solid dosage form by lyophilization. Nevertheless, due to the toxicity 

issues accompanied with the former, lyophilisation with the use of 

cryoprotectant like trehalose and sucrose is considered a safer option. 

The preliminary in vitro studies indicated that the formulation has the 

propensity to mucoadhere in the colonic mucosa within colonic milieu whilst 



Chapter 6 

Page | 180  

 

retaining its integrity in acidic to alkaline conditions but releases the payload in 

colonic conditions. Moreover, the cellular studies offered an inclusive depiction 

of the in vitro behaviours of curcumin, MCPCNPs and Cet-MCPCNPs, 

however, in vitro-in vivo correlation might not always present direct 

relationship. Therefore, animal studies are essential for assessing the effects of 

formulations on the host and the ability of the drug to exert anti-tumour activity 

after oral administration. Tumour xenografts implanted in 

immunocompromised mice such as Balb/c nudes are the accepted standard 

system for studying human cancers in vivo. These models are regarded as the 

least severe, produce the most satisfactory results and have been used 

extensively.  Moreover, Balb/c nude mice are unable to produce T-cells, 

therefore, the deficiency in T-cell function allows mice to accept and grow 

xenografts of normal and malignant tissues. After injecting colonic cell 

suspension into the right and left flank of the mice, in which the tumour volume 

reached around 60 mm3, MCPCNPs, Cet-MCPCNPs or pure curcumin 

suspension will be administered via oral gavage. Tumour response to the 

treatment can be measured by the change in tumour volume of the animal, 

whereby the animal will be weighed on a daily basis and any changes in weight 

will be noted.  

In general, monoclonal antibodies do not have an appreciable oral 

bioavailability due to their large size, limited membrane permeability, and 

limited stability toward gastrointestinal protease activity (da Cunha and Weiner, 

2012). Therefore, encapsulating Cet-MCPCNPs in a microcapsule or pellet 

matrix can be a promising strategy to enhance the oral delivery of the 

formulation to the colon. Consequently, the stress and discomfort associated 
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with i.v treatments are relinquished, and the greater flexibility of orally 

administered cancer drugs allow patients to forgo hospital visits, which, in turn, 

positively affect patients’ quality of life. 
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