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ABSTRACT 

620830007 : Major PHARMACEUTICAL TECHNOLOGY (INTERNATIONAL 

PROGRAM) 

Keyword : Colorectal cancer, Breast cancer, Nanocarriers, Targeted Drug Delivery, 

Polyethylene glycol diacrylate, Acrylic acid, Chitosan, Iodoacetamide, Alginate, 

Maleimide, Cysteine 

Ms. Yin Yin MYAT : Development of nano-based drug-delivering carriers 

for colorectal and breast cancer targeting Thesis advisor : Associate Professor 

Prasopchai Patrojanasophon, Ph.D. 

This study aimed to develop three types of nanocarriers for targeted delivery 

of chemotherapeutic drugs to colorectal and breast cancers: Polyethylene glycol 

diacrylate/polyacrylic acid nanoparticles (PEGDA/AA NPs), trastuzumab (Tras)-

decorated liposomes (Tras-Lip), and Tras-decorated maleimide-conjugated 

chitosan/cysteine-conjugated alginate nanoparticles (Tras-CHI-Mal/Alg-Cys NPs). 

Doxorubicin (Dox) and curcumin were selected as model compounds.  PEGDA/AA 

NPs were prepared by surfactant-free emulsion polymerization using V50 azo initiator 

and bisacrylamide crosslinker. Tras-Lip formulations were prepared by thin-film 

hydration method followed by coating with iodoacetamide grafted chitosan (CHI-IA) 

and conjugated with Tras. Tras-CHI-Mal/Alg-Cys NPs were prepared by ionic 

gelation and click reaction between the polymers and followed by conjugation with 

Tras by the thiol-maleimide reaction. The structural characterization was performed 

using proton nuclear magnetic resonance (1H-NMR), attenuated total reflection 

Fourier transform infrared (ATR-FTIR) and inductively coupled plasma mass 

spectrometers (ICP-MS). Their physicochemical properties, morphology, drug 

content/release, antibody content, and cytotoxicity on normal and cancer cells were 

investigated. The cellular uptake and apoptosis mechanism of the nanocarriers on 

colorectal and HER2-positive breast cancer cells were also determined.  All 

nanocarriers were successfully developed with desirable sizes, good polydispersity 

index, and presented a spherical shape. The zeta potential of PEGDA/AA NPs and 

CHI-Mal/Alg-Cys NPs were negative charges, while that of Tras-Lip was positive. 

Dox was encapsulated in the nanocarriers with a % loading efficiency (%LE) of 45.8 

± 0.23 % in PEGDA/AA NPs and 84.6 ± 5.2 % in Tras-CHI-IA coated liposome. Dox 

was released completely from PEGDA/AA NPs and 78.0 ± 1.8 % from Tras-CHI-IA 

coated liposome within 24 h at tumor pH. Curcumin was incorporated with a high 

%LE of 74 ± 3.2% in CHI-Mal/Alg-Cys NPs and released completely within 7 days 

in tumor pH. The nanocarriers showed potent cytotoxic effects with relatively low 

IC50 values against HT-29 and SK-BR-3 cells while being non-toxic to Caco-2 and 

HGF cells . Dox-PEGDA/AA NPs were able to be accumulated passively inside 

colorectal cancer cells and induce apoptosis, while Tras-CHI-IA coated liposomes and 

curcumin-CHI-Mal/Alg-Cys NPs demonstrated greater cell toxicity towards breast 

cancer cells via ligand-receptor mediated endocytosis. Our findings suggest that these 

nanocarriers could be promising carriers for delivering therapeutic anti-cancer drugs 

by both passive and active targeting strategies. 
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PGA   Poly(glycolic acid) 

PLA   Poly(lactic acid) 

PLGA   Poly(lactic-co-glycolic acid) 

PR    Progesterone receptor  

PS   Phosphatidylserine 

RPM   Round per minute 

SEM   Scanning electron microscopy  

SK-BR-3  Human breast cancer cell line that overexpresses the HER2  

SMCC   Succinimidyl 4-(N-aleimidomethyl) cyclohexane-1-carboxylate 

                                    Spectrometer 

TEM   Transmission electron microscope  
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TGF-β   Transforming growth factor beta  

Tras   Trastuzumab 

Tras-Curcumin-NPs Trastuzumab-conjugated curcumin-loaded nanoparticles 

UA   Uranium acetate 

V50   2,2'-Azobis(2-methylpropionamidine) dihydrochloride  

VEGF   Vascular endothelial growth factor 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Rational statement and problems of research 

 Cancer is the second leading cause of death in the world and one type of 

health concern in public health. It is a genetic disease expressed by a rapid increase in 

cell differentiation, a decreased cell death, the setup of blood supply to tumor cells, 

malfunction, and consequent spreading to other organs of the body  (1). In 2018, there 

were around 1.73 million new cases of cancer and more than 609,000 deaths in the 

United States (2). The etiology of cancer disease is related to smoking (causing lung 

(3), breast (4), and ovarian cancers (5)), being overweight or obese (associated with 

breast cancer, kidney, womb, and bowel cancers), intake of processed meat (6), 

radiation (causes skin cancer) (7), family history, stress, environmental factors, etc. 

(8). Although, a lot of attempts have been used for cancer therapy, the incidence and 

mortality rates of cancer remain high in the past 30 years. Therefore, the expedition 

for more efficient and less toxic cancer treatment strategies is still at the forefront of 

current research (9).   

 Even though various treatment approaches, such as immunotherapy, 

photothermal, photodynamic, gene, and hormone therapy become promising cancer-

removing methods in preclinical studies; however, surgery, radiation, and 

chemotherapy remain the first-line treatment options for most cancers (10). 

Nevertheless, these treatment strategies are unable to control metastatic tumors. In 

addition, a highly non-specific targeting of the drugs to the cancer cells causes severe 

toxicity to the healthy tissues (11). Moreover, poor aqueous solubility, nonspecific 

biodistribution, inadequate drug concentrations at the tumor or cancerous cells, and 

the development of multiple drug resistance are the limitations of conventional cancer 

treatments (12, 13). 

 Colorectal cancer is the third leading cause of cancer-related mortality in men 

and women (14). Treatments such as chemotherapy, surgery, and radiotherapy are key 

current methods used to treat colorectal cancer. Generally, to achieve the desired 

outcome, two or more treatment modalities are combined (15). Surgery is the first-line 

strategy for colorectal cancer treatment, especially if it is detected at an early stage.  
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However, the disadvantage of such a method is a recurrence of the disease, which 

may lead to metastasis (16, 17). Although chemotherapeutic agents have proved 

useful in cancer treatment, patients experience severe side effects; for example, hair 

loss, fatigue, nausea and vomiting, constipation or diarrhea, anemia, 

immunosuppression, and other organ toxicities (18, 19). Doxorubicin (Dox), an 

anthracycline derivative, has been applied in various curative drug combinations for 

the treatment of ovarian, breast, bladder, lung, and colon cancers (14, 20). Its 

mechanism of action is intercalating the DNA base pairs and inhibiting DNA and 

RNA replication that causes DNA damage and induces cellular apoptosis (21), and it 

is a very potent and cost-effective compound compared with other therapeutic agents 

(22).  

 Breast cancer is the second most prevalent type of cancer. Moreover, it was 

the second leading cause of death and most commonly diagnosed in women (2). There 

are three main steps for the treatment of breast cancer. Chemotherapy is the first-line 

treatment to reduce the size of the tumor following surgery to cut off the tumor (23, 

24). Then, adjuvant treatments such as chemotherapy, radiation, and targeted therapies 

eliminate the remaining tumor cells and prevent reoccurrence (25, 26). Generally, 

breast cancer can be categorized as estrogen-receptor-positive type or estrogen-

receptor-negative type, and it can be further sub-categorized as luminal A and B, 

basal-like, and human epidermal growth factor receptor 2 (HER2) positive based on 

biomarkers such as the presence of progesterone receptor and HER2 receptor (27, 28). 

Basal-like or triple-negative breast cancer is a unique one being the absence of the 

biomarkers ER, PR, and HER2 (29). The treatment strategy for breast cancer remains 

very complex due to its complicated behavior against protein expression, and different 

types of breast cancer respond differently to treatments. The choice of treatment 

regime is determined based on the type of tumor, disease stage, and clinical situation 

of the patients (29, 30). The chances of survival for the patient with breast cancer are 

still unsatisfactory. Therefore, other forms of treatment for breast cancer should be 

developed, in the form of therapeutics, adjuvants, chemopreventive agents, or 

effective cancer-targeted delivery systems (31, 32). Alternative anticancer therapeutic 

approaches, such as the use of low-toxicity natural sub-products and extracts, are 

becoming potential modalities (33, 34). In the last few years, phytochemicals have 
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been studied as innovative approaches for the killing of cancer cells (35). Curcumin, a 

turmeric-derived phytochemical, possesses advantageous biological activities, such as 

anticancer, antibacterial, anti-inflammatory, antiviral, and antioxidant properties, and 

was found to exert preventive and therapeutic effects in various cancers, including 

breast cancer (34, 36). However, its low water solubility and bioavailability lead to 

the main hindrance to the use of curcumin (34, 37).  

 Cancer nanotechnology is potential research owing to its wide application for 

cancer therapy including imaging, diagnosis, and targeted therapy. Nanoparticles 

(NPs) are nanoscaled in size, 1 to 1000 nm; a size in the range of 50 to 500 nm is 

preferable for cancer drug delivery applications for enhanced blood circulation, tissue 

penetration, and cellular interaction (38-40). Currently, a large number of NPs such as 

liposomes (41), polymeric NPs (42), micelles (43), solid lipid NPs (44), and other 

organic and inorganic nanoparticles have been explored to improve the therapeutic 

efficiency through the design of nanoparticle size, shape and surface charge. It is 

expected to reach the targeted cancer cells after being administered into circulation 

via two basic mechanisms including passive and active targeting. Passive targeting is 

based on the accumulation of drugs in a malignant tissue through highly permeated 

blood vessels (600 nm gaps). The enhanced permeation and retention (EPR) effect has 

been regarded as the prime mechanism of passive targeting that underlies the 

accumulation of drug-containing nanoparticles in cancer tissues (45). The 

nanoparticles can overcome solubility problems and chemical instability of anti-

cancer drugs, and protect anti-cancer drugs from biodegradation or excretion. They 

can improve distribution, targeting of anti-tumor medication, and decrease drug 

resistance. Moreover, they can be designed to release the drugs upon a trigger 

resulting in stimuli-responsive therapeutics. First-generation nanomedicine drugs 

mainly depend on controlling the pharmacokinetics and biodistribution of a 

compound by modulating its physicochemical properties (46). For example, 

PEGylated liposomal Dox (Doxil®/Caelyx®) and nab-paclitaxel (Abraxane®) are first-

generation nanomedicine drugs based on passive targeting (47). However, the 

heterogeneous tumors and their stroma greatly affect the therapeutic effects of 

passively targeted drugs (48). For this reason, it is important to develop a new 

generation of functionalized nanosystems. The recent approaches in the development 
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of nanomedicines are based on decorating the nanoparticle surface with active-

targeting ligands including small molecules like carbohydrates and folic acid or 

macromolecules like peptides, antibodies, oligonucleotides, aptamers, and proteins. 

This approach is defined as active targeting. Active targeting enhances therapeutic 

effects and reduces toxic effects by increasing the specificity and improving the 

uptake of carriers in cancer cells (49).  

 Most cancer cells frequently show excessive expression of their respective 

receptors or growth factor ligands on their tumor surfaces which can be effectively 

targeted using either mono- or polyclonal antibodies for strategic cell killing. Those 

receptors are the epidermal growth factor receptor (EGFR), fibroblast growth factor 

receptor (FGFR) family, Human epidermal growth factor receptor 2 (HER2), vascular 

endothelial growth factor (VEGF), namely VEGFR, transforming growth factor-β 

(TGF-β), transferrin receptor (TfR) and folate receptors. The most commonly used 

monoclonal antibodies in clinical practice are bevacizumab, cetuximab, 

panitumumab, trastuzumab (Tras), and tocilizumab which are covalently linked to a 

drug delivery system (50). These can be beneficial tools for attracting specific ligands 

in smart nanomedicine. The specific ligands can be functionalized on the surface of 

nanocarriers, to get preferable accumulation and uptake at the site of action (51).  

 As mentioned earlier, various kinds of ligands have been investigated and 

applied in the field of active targeting industry to improve the cellular uptake of drugs 

and increase therapeutic effects such as proteins, transferrin, antibodies, nucleic acids, 

polysaccharides, peptides, and aptamers (52-54). Among these explorations of ligands 

to target tumors, antibodies (Abs) have attained much attention due to remarkably 

improved binding specificity and affinity toward their specific antigen targets (55). 

For example, HER2, a member of the epidermal growth factor receptor family can be 

characterized and overexpressed in 20%-30% of invasive breast cancers (56, 57). The 

overexpression of HER2 is usually due to HER2 gene amplification and results in 

poor prognosis of patients related to these tumors (58). Nowadays, optimal drug 

delivery systems were a crucial challenge to attain the best pharmacokinetic paradigm 

(59). Cancer therapeutics with targeting strategies have had significant attention over 

passive targeting in the last decade (60). Because the accumulation of anticancer 

drugs in tumor tissue does not get an efficient stage to get powerful therapeutic 
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outcomes. Hence, the ability of the nanocarrier should be manifested in a more 

effective strategy to facilitate the therapeutic cargos to reach their molecular targets 

(61). Tras is a monoclonal antibody used to treat early-stage HER2-positive breast 

cancer as the first line of treatment. Its proposed mechanisms of action are related to 

the reduction of PI3K/Akt signaling and augmented the degradation of the HER2 

receptor protein through endocytosis, and antibody-induced cellular cytotoxicity (56). 

Although it is employed in the management of early-stage breast cancer and 

metastatic breast cancers, it may have the risk of therapeutic resistance and tumor 

recurrence after a certain period of the treatment. Also, it is further approved in 

combination formula with other chemotherapeutic drugs (62). Because, the treatment 

with Tras alone offers 15%-30% response; however, when combined with various 

kinds of chemotherapeutics, the response can be improved to 50%–75% in HER2-

positive breast cancer patients (26).   

 There are two general approaches to the synthesis of nanomaterials including 

the top-down approach and the bottom-up approach. The top-down approach involves 

the breaking down of the bulk material into nano-sized particles to produce the 

desired structure with appropriate properties in physical and mechanical ways. These 

methods are solvent evaporation, nanoprecipitation, salting-out, dialysis, supercritical 

fluid technology, and ionic gelation. The main problem with the top-down approach is 

the malfunction of the surface structure. The alternative approach, which has the 

potential of creating less waste and more economical nanomaterials, is the bottom-up 

approach. Polymeric nanoparticles can be fabricated by the direct polymerization of 

monomers by applying multiple polymerization techniques such as micro-emulsion, 

mini-emulsion, surfactant-free emulsion, and interfacial polymerization (63). 

 In this study, different nanocarriers such as polymeric nanoparticles and 

liposomes were synthesized and conjugated with antibodies to achieve targeted 

delivery of drugs for treating colorectal and breast cancers. The polymeric 

nanocarriers were fabricated by emulsion-polymerization and ionic gelation. Both 

hydrophobic and hydrophilic polymers and monomers were used for the synthesis of 

polymeric nanocarriers. The liposomes were prepared by the thin-film hydration 

method. The physicochemical properties, functional structure confirmation, and 

cancer-targeting ability of the developed nanocarriers were determined. The 
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quantitative analysis of the antibody was also performed. Therapeutic anticancer 

agents such as Dox and the natural compound curcumin were used as model 

chemotherapeutics to be incorporated into the nanocarriers, and Tras was employed as 

a model antibody to be conjugated on the nanocarriers. The loading content and the 

release of the drug were analyzed. In addition, the biocompatibility and in vitro 

cytotoxicity activities of the drug-incorporated nanocarriers were examined. 

 

1.2 Objectives 

1.2.1 To synthesize and prepare polyethylene glycol diacrylate (PEGDA)/acrylic 

acid (AA) nanoparticles (NPs) incorporated with Dox for colon cancer.  

1.2.2 To synthesize the Dox-loaded liposome decorated with Tras for breast 

cancer. 

1.2.3 To develop the chitosan-maleimide/alginate-cysteine (CHI-Mal/Alg-Cys) 

NPs functionalized with Tras for breast cancer. 

1.2.4 To evaluate the size, morphology, drug loading, and drug release properties 

of drug-loaded nanoparticles and liposomes. 

1.2.5 To determine the in vitro cellular activity, cytotoxicity, cell internalization, 

and cell death mechanism against HT-29 colon cancer cells and HER2-

positive SK-BR-3 breast cancer cell lines. 

 

1.3 Hypothesis 

1.3.1 PEGDA and AA could be employed to synthesize polymeric NPs by 

surfactant-free emulsion polymerization with desirable physicochemical 

properties and can be loaded with Dox for significant cytotoxicity. 

1.3.2 The anionic liposomes coated with chitosan-iodoacetamide (CHI-IA) and 

conjugated with antibody, Tras, can be successfully fabricated and provide 

excellent anti-cancer activity against breast cancer cells. 

1.3.3 The CHI-Mal/Alg-Cys NPs can be synthesized and incorporated with 

curcumin and conjugated with Tras with desirable physicochemical 

properties, drug loading efficiency, drug release, and anticancer activities. 
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1.4 Scope of research 

 In the present study, polyethylene glycol diacrylate/acrylic acid nanoparticles, 

chitosan conjugated with maleimide/alginate conjugated with cysteine nanoparticles, 

and chitosan-iodoacetamide coated liposomes were developed. The nanocarriers were 

loaded with a chemotherapeutic agent such as Dox and curcumin and decorated with 

Tras to improve cancer-targeting ability. The physicochemical properties, 

morphology, and chemical structure of nanocarriers were investigated. Then, the drug 

loading content, the antibody contents, and the drug release from the nanocarriers 

were determined. In addition, the biocompatibility, cytotoxicity, uptake ability, and 

cell death mechanisms of drug-loaded NPs against the colorectal cancer cell line and 

HER2-positive breast cancer cell lines were studied. 

  



 
12 

 

 

CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Cancers 

2.1.1 Colon Cancer 

 Colorectal cancer is a heterogeneous disease (64). It can arise from the gradual 

progression from normal tissue to the abnormal epithelium and then change to 

carcinoma due to multiple genetic alterations, the activation and inactivation of tumor 

suppressor genes, and mismatch repair genes. 2-5% of all colon and rectal cancers can 

arise from other cancers such as Lynch syndrome, hamartomatous, hyperplastic, and 

familial juvenile polyposis (65). 1-2% of colorectal cancers can be inherited from 

inflammatory conditions such as ulcerative colitis and Crohn's disease (66-68). 

Increased consumption of dietary fat (oxidized form) and red meat, diets with a low 

intake of fruit and vegetables, protein, alcohol consumption, physical inactivity, and 

tobacco smoking have been associated with increased risk of colorectal cancer (69).  

 Colorectal cancer is the third leading cause of cancer-related mortality in men 

and women (14). Treatments such as chemotherapy, surgery, and radiotherapy are 

current methods to treat colorectal cancer. To achieve the desired outcome, two or 

more treatment modules can be combined (15). Surgery is the first-line strategy for 

colorectal cancer treatment especially once detected at an earlier stage. However, the 

disadvantage of such a method is a reappearance which may lead to further metastasis 

stage (16). Many chemotherapeutic agents have been prescribed to treat colorectal 

cancer commonly oxaliplatin, capecitabine, fluorouracil, and irinotecan (17). 

Although the combination improved cancer treatment efficacy, general side effects, 

for example, hair loss, fatigue, nausea and vomiting, constipation or diarrhea, anemia, 

and immunosuppression are still experienced. Moreover, multi-drug resistance and 

severe toxicity to healthy organs have become the major drawbacks (18, 19).  

 

2.1.2 Breast Cancer 

 Breast cancer originates in the breast tissue and then mutates and grows out of 

control, creating a mass of tissue (tumor). Similar to other cancers, breast cancer can 
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invade and grow into the tissue surrounding the breast and other parts of the body and 

form new tumors. When this happens, it’s called metastasis. Breast cancer is highly 

heterogeneous, in some cases showing slow growth with an excellent prognosis, 

whereas in other cases taking a highly aggressive clinical course (70). The etiology of 

breast cancer is age, gender (mostly occurring in women), personal history of breast 

cancer, family history, genetic risk factors, reproductive risk factors, and exogenous 

hormone use (71). 

 According to the American Cancer Society, one in every eight women in the 

United States is diagnosed with breast cancer and approximately 232,340 new cases 

of invasive breast cancer and 39,620 breast cancer deaths were projected for 2013 

among US women (72). The worldwide incidence of female breast cancer will reach 

almost 3.2 million new cases per year by 2050 (73).  Clinically, breast cancer can be 

classified into different types based on tumor morphological characteristics. Breast 

tumors have also been recognized into five different subtypes based on the presence of 

estrogen receptors (ER) and progesterone receptors (PR), and HER2 oncogene (74).  

Thus, there are two ER/PR-positive subgroups, Luminal A and Luminal B, and three 

ER-negative subgroups. One of the ER-negative types can be analyzed by high 

overexpression of HER2 and related genes. The second ER-negative type is associated 

with high expression of genes normally identified with myoepithelial or basal cells, 

called the basal-like subtype; and a third ER-negative group that expresses a varied 

gene expression profile is termed normal-like subtype (75).  

 HER2 oncogene is associated with the epidermal growth factor receptor 

family and is overexpressed in approximately 20% of breast tumors (76). Moreover, 

the breast tumors that do not show either ER, PR, or HER2 are called triple-negative 

breast cancers and about 15 % of breast cancers are of this type. Also, there is another 

form of breast cancer known as inflammatory breast cancer that is characterized by 

breast tenderness (70) and frequently occurred at an advanced stage. Surgery, 

radiation therapy, chemotherapy, hormone therapy, targeted therapy, and 

immunotherapy are the basic treatments for various stages of breast cancer. Current 

therapy involves a multimodal strategy combining surgery, chemotherapy, 

radiotherapy, adjuvant therapy, and hormonal therapy (77-79). However, long- or 
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short-term use could result in an economic and psychological burden on patients and, 

worse, a high chance of multidrug resistance and detrimental side effects (80). 

 

2.2 Chemotherapeutics for colon cancer and breast cancer  

2.2.1 Anthracycline derivatives (Dox and epirubicin) 

 Anthracyclines are among the most exploited antitumor drugs ever developed. 

The first discovered anthracyclines, such as daunorubicin and Dox, were isolated from 

pigment-producing Streptomyces peucetius var. caesius in the early 1960s and remain 

in widespread clinical use today (81). Dox, an anthracycline derivative, has been 

applied in various curative drug combinations for the treatment of different kinds of 

tumors such as ovarian, breast, bladder, lung cancers, and colon cancer (14, 20). It is 

considered a very potent and cost-effective compound compared with other 

therapeutic agents (21). Doxil, Caelyx as PEGylated liposomal formulations, and 

Myocet as non-PEGylated liposomal forms are available in the clinical market (82-

84). The main structure of Dox (Figure 1) is the tetracyclic ring, containing three 

planar and aromatic hydroxy anthraquinones rings and one nonplanar, nonaromatic 

ring attached to an aminoglycosidic side chain. There are two proposed mechanisms 

by which Dox acts in the cancer cell that is the intercalation into DNA and 

interference of topoisomerase II-mediated DNA repair and generation of free radicals 

which can damage cellular membranes, DNA, and proteins (85). In brief, Dox is 

oxidized to an unstable metabolite, semiquinone which is changed back to Dox in a 

process that generates reactive oxygen species. This reactive oxygen species transform 

into lipid peroxidation and membrane damage, DNA damage, and oxidative stress, 

and triggers apoptotic pathways of cell death (86). A major limitation of the use of 

Dox is cardiotoxicity (87).  

 

Figure 1. Chemical structure of Dox  
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2.2.2 5-Fluorouracil 

 This agent was introduced by Heidelberger et al. during the 1950s (88). It has 

been progressively used during the last decades and is regarded as the backbone of 

most chemotherapy regimens. It has also been used in combination with other potent 

cancer therapies especially targeted therapeutics including vascular endothelial 

growth factor (VEGF) inhibitors and anti-epidermal growth factor receptor (EGFR) 

therapies (89, 90). The main cytotoxic activity of 5-fluorouracil (5-FU) is induced 

through the inhibition of cellular thymidylate synthase (TS) that lead to the disruption 

of DNA replication (91) and also the prevention of RNA synthesis by the integration 

of its metabolites into RNA after intracellular activation (92). These mechanisms of 

action are only applicable when 5-FU is administered as a single-agent 

chemotherapeutic drug. The platinum-based drugs and/or taxanes are mostly used in 

combination with 5-FU and also concurrently during radiotherapy, as a radiosensitizer 

(93). The structure of 5-FU is presented in Figure 2.  

 

Figure 2. Chemical structure of 5-FU  

 

2.2.3 Taxanes (paclitaxel and docetaxel) 

 Taxanes derivatives such as paclitaxel and docetaxel, have been well-

acknowledged for being the first-line treatment for breast cancer for more than three 

decades. It is known as a microtubule stabilizer and is also applied as therapeutics for 

ovarian, prostate, head and neck, and non-small cell lung carcinomas. Even though 

paclitaxel and docetaxel significantly enhance the overall survival rate of cancer 

patients, they have poor water solubility and occurrence of severe side effects.  

 Taxanes are natural diterpenoid substances occurring in yew plants, which 

received their name from a Latin term for yew, Taxus sp. The most clinically used 

taxane derivative is paclitaxel. Paclitaxel was originally isolated in the 1960s from the 

stem bark of the western yew, Taxus brevifolia, and its structure was characterized in 

1971 by Wani et al. Paclitaxel is a tubulin-binding compound, which promotes the 



 
16 

 

 

assembly of tubulin dimers to polymerize and stabilize microtubule fibers, and, 

thereby, arrests the cell cycle in mitosis. Although these properties make paclitaxel an 

ideal drug for cancer therapy, the mechanism of paclitaxel action is strongly dose-

dependent (94). Currently, paclitaxel is marketed as Taxol®, the first medicinal 

application for ovarian cancer treatment (95). The structures of paclitaxel and 

docetaxel are presented in Figure 3. 

 

Figure 3. Chemical structures of paclitaxel and docetaxel  
 

2.2.4 Platinum-based chemotherapeutic drugs  

 A platinum-based anticancer drug is an agent that contains one or more 

platinum atoms in the oxidation state of II or IV and contains mono- or multidentate 

non-labile amine carrier ligands and labile chloride or bidentate carboxylate ligands. It 

undergoes an aquation reaction to form a reactive complex of coordinate bonds with 

DNA bases. It binds to DNA preventing replication and transcription which causes 

cell death through apoptosis. Platinum-based anti-cancer drugs, such as cisplatin, 

carboplatin and oxaliplatin, with obvious therapeutic effects, are extensively applied 

as the first-line drug for malignant tumors in the clinical (96). Cisplatin, the first 

generation of the platinum anti-cancer drug, has prominent therapeutic effects on 

many malignant tumors, such as breast, ovarian, and colorectal (97, 98). It was 

discovered in the late 1960s and approved for cancer treatment in 1978 (99). The 

principal mechanism of cisplatin anti-cancer action is platinum binding to the purine 

base of the DNA by forming intra-stranded and inter-stranded crosslinks (100, 101). 

Cisplatin plays as adjuvant or neoadjuvant chemotherapy in the treatment mostly in 

combination with radiation therapy (102). But, the side effects of cisplatin, such as 

lack of selectivity, high systemic toxicity, and serious damage to normal tissues in 

long-term use, seriously limit their clinical application. Due to the considerable 
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therapeutic effect of cisplatin and other first-line clinical platinum drugs on tumor 

tissues, various strategies have been employed to reduce the damage to normal 

tissues, such as liposome encapsulation (103, 104), drug delivery by nanomaterial 

carriers and bioconjunction with antibodies or ligands targeting highly expressed 

protein moieties on tumors (105, 106). Based on the first-generation platinum drug 

cisplatin, the second-generation platinum chemotherapy drug carboplatin was 

developed. Compared with cisplatin, carboplatin exhibits a lower hydration rate and 

has high biosafety with greatly reduced systemic toxicity, including hepatotoxicity, 

nephrotoxicity, neurotoxicity, and ototoxicity (107). Cisplatin and carboplatin might 

have experienced drug resistance during treatment. For that reason, the third 

generation of platinum clinical drug oxaliplatin was discovered. The mechanism of 

action of oxaliplatin is similar to cisplatin, without producing cross-resistance with 

cisplatin or carboplatin. Though, much effort needs to be devoted to discovering new 

platinum-based anti-cancer drugs (108, 109). The structures of cisplatin carboplatin 

and oxaliplatin are presented in Figure 4. 

 

Figure 4. Chemical structure of (a) cisplatin (b) carboplatin and (c) oxaliplatin  

 

2.2.5 Curcumin 

 Curcumin, the active ingredient of the Curcuma longa plant, and its 

derivatives had received great attention over the past two decades as an antioxidant, 

anti-inflammatory, and anti-cancer agent (110). It is the most essential component of 

the rhizomes of Curcuma longa L. (turmeric) (111) and was extracted from the 

turmeric plant in a pure crystalline form for the first time in 1870 (112). Curcumin 

exhibits its unique anticancer activity by inducing apoptosis and inhibiting 

proliferation and invasion of tumors by suppressing a variety of cellular signaling 
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pathways (113). Curcumin has been studied and shown a potent effect of antitumor 

activity on breast cancer, lung cancer, head, and neck squamous cell carcinoma, 

prostate cancer, and brain tumors (114). It can target numerous cancer cell lines. 

Although curcumin has low water solubility and poor bioavailability, it shows a 

strong pharmacological effect in clinical applications (115). The chemical structure of 

curcumin (Figure 5) consists of two phenyl rings substituted with hydroxyl and 

methoxyl groups and connected via a seven-carbon keto-enol linker (C7). A structure-

activity relationship study of curcumin derivatives reveals that the existence of a 

coplanar hydrogen donor group and a β-diketone moiety is essential for the treatment 

of prostate cancer (116). Dimethyl curcumin or ASC-J9 (5-hydroxy-1, 7-bis (3, 4-

dimethoxyphenyl)-1, 4, 6-heptatrien-3-one) is a newly developed curcumin analog 

which has shown a significant anti-proliferative effect against estrogen-dependent 

breast cancer cells (117, 118). Several delivery systems for curcumin have been 

developed using different nanotechnologies with the aim of improving curcumin 

properties and targetability (119). The use of PLGA nanospheres encapsulating 

dimethyl curcumin (ASC-J9) has been studied in breast cancer cells. The PLGA 

nanospheres were capable to release the curcumin and showed growth inhibition of 

estrogen-dependent MCF-7 cancer cells (118).  

 

Figure 5. Chemical structure of curcumin  

 

2.3 Tumor-targeted drug delivery approaches 

 The therapeutic management of cancers by the application of chemical 

antineoplastic drugs referred to as chemotherapy is the primary therapeutic approach. 

Even though it was widely used in cancer treatment, chemotherapeutic drugs own 

many limitations. First, it lacks specificity towards the neoplastic tissue which can 

damage healthy cells leading to severe side effects such as suppression of bone 

marrow activity (immuno- and myelosuppression), mucositis, nausea, and infertility 
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(120). Secondly, the lack of selectivity through the mechanism of action is projecting 

drawbacks in conventional chemotherapy and susceptibility to induce drug resistance 

in cancer cells. Third, a relatively high concentration of a drug is required to achieve a 

therapeutic effect that consequently leads to toxicity (121). Again, conventional 

chemotherapy encounters certain challenges such as the physicochemical properties 

of drugs which play a critical role during the transport of the drugs to the tumor. And 

the acidic environment of tumor tissues can be the reason for the degradation of the 

acid-labile drugs (122). 

 To overcome these problems, tumor-targeted drug delivery systems are 

developed. There are several advantages of targeted drug delivery of nanoparticles for 

cancer therapy. Those are the cytotoxic drugs that become less harmful to healthy 

cells due to the selective targeting effect on tumor cells and lead to lower side effects. 

There are three main targeting mechanisms to improve tumor treatment. These are 

passive targeting (through the enhanced permeability and retention (EPR) effect), 

active or ligand-mediated targeting, and stimuli-responsive targeting approaches 

(123). 

 

2.3.1 Passive Targeting and EPR effect 

 In cancer treatment, passive targeting (Figure 6) is related to the preferential 

accumulation of the drug in the targeting tumor sites. In fact, passive targeting is 

based on the unique properties of the cancer microenvironment and leaky vasculature 

which can improve fluid retention in the tumor interstitium and can permeate and 

retain large molecules than the normal tissues. This effect is called the enhanced 

permeation and retention (EPR) effect (124, 125). The EPR effect in the tumor is the 

consequence of rapid tumor growth. This effect allows the drug macromolecules 

larger than 40 kDa to be internalized and retained in the tumors in terms of enhanced 

accumulation of macromolecules. Because the normal endothelial cells do not allow 

such extravasation due to having tight junctions. In this manner, the EPR effect offers 

tumor-targeted drug delivery, which is potentially a promising approach for 

anticancer drug delivery (126, 127). Usually, NPs less than 400 nm can accumulate in 

the interstitial space in tumor tissues and deposit anticancer drugs passively after 

cellular uptake. Therefore, the size and surface charges are critical factors to consider 
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for drug delivery for tumor accumulation and physiological interactions (128). The 

clinical example of passive targeted delivery is a Dox-loaded liposomal formulation, 

Doxil for the treatment of Kaposi sarcoma (129). One of the most prominent 

limitations of passive targeting is when small molecule drugs are released from 

nanocarriers in tumor sites, they may diffuse out of the tumor cells and affect 

surrounding normal tissues (126). 

 

 

Figure 6. Passive targeting strategies (Image was created with Biorender.com) 

 

2.3.2 Active Targeting 

 Despite the fact nanocarriers can be passively targeted to the tumor via the 

EPR effect, there is another potential to improve the tumor targetability of the 

nanocarriers by implementing various active targeting strategies. After accumulation 

in the tumor region, the efficacy of the anticancer drug can be even increased by 

employing active targeting. This is achieved through the decoration of the nanocarrier 

surfaces with various kinds of ligands (e.g., antibodies, peptides) that can bind to 

specific receptors that are overexpressed on the tumor cells. This targeting strategy 

will provide the high affinities of the nanocarriers for the surface of cancer cells and 

thus leading to enhance drug penetration. The first evidence of this phenomenon was 
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proposed in 1980 with antibodies grafted on the surface of liposomes followed by 

other various kinds of ligands (130).  

 Active tumor targeting gives more specific secondary targeting after primary 

targeting based on the EPR effect takes place. So, it has been noted that for more 

effective active targeting, passive targeting must be accomplished first (131). In this 

approach (Figure 7), nanoparticles will recognize and bind to target cells through 

ligand-receptor interactions, and the bound nanoparticles are internalized before the 

drug is released inside the cell, resulting in less off-target drug release compared to 

passively targeted systems. A variety of ligands have been investigated including 

folate, transferrin, antibodies, peptides, and aptamers (54). The very effective tumor-

targeted drug delivery systems need to have four key elements: retain, evade, target, 

and release (132). The criteria for ligand selection for the active targeting must be 

based on the specific cell surface properties that are the membrane overexpressed 

receptor of the tumor cell. And, the selected targeting moiety (ligands) must favorably 

bind to the target receptor overexpressed by tumor cells and the target receptor must 

be homogeneously expressed on all target cells (133). 

 

 

 

Figure 7. Active targeting strategies (Image was created with Biorender.com) 
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2.3.3 Stimuli-responsive Targeting 

 Another smart targeting strategy that takes advantage of specific 

characteristics of the chemical environments of the tumor interstitium is a stimuli-

responsive drug delivery system. This strategy is designed to release or activate the 

drug only when triggered by specific internal or external stimuli (Figure 8). Those 

stimuli are pH, proteases, redox potential, heat, ultrasound and light (134). 

  The concept of stimuli-responsive drug delivery was first suggested in the late 

1970s with the use of thermo-sensitive liposomes for the local delivery of drugs 

through hyperthermia (135). The use of stimuli-responsive nanocarriers offers an 

interesting opportunity for drug delivery as programmable delivery systems in the 

optimization of cancer therapy. Stimuli-responsive nanocarriers are assembled of the 

accurate material composition to construct the nanocarriers that can respond 

specifically to the pathological “triggers” that occur in the selected targeted site, as the 

disease establishes and progresses. The existing pH of tumor tissue has been 

considered an ideal trigger for the selective release of anticancer drugs in tumor 

tissues and within tumor cells. The variations of pH within cells and in a tumor can be 

strategies for pH-sensitive drug delivery at local microenvironments (136). This 

strategy has many advantages of prolonged circulation time, accumulation of the drug 

in the exact targeted site, improved cellular internalization, and fast intracellular drug 

release (137).  
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Figure 8. Stimuli-responsive targeting (Image was created with Biorender.com) 

 

2.4 Nanocarriers for cancer treatment 

 Nanotechnology is an evolving therapeutic platform that involves 

nanoparticles (NPs) for the diagnosis and treatment of cancer. In the last few decades, 

nanoparticulate drug delivery systems have revealed enormous applications in many 

biological, medical and pharmaceutical applications. They can load drugs or 

biomolecules into their interior structures and conjugate them onto their exterior 

surfaces. Currently, they have been broadly applied to transport drugs, polypeptides, 

proteins, vaccines, nucleic acids, and gene (138). NPs are applied in the treatment of 

cancer owing to their unique size between 1 to 1000 nm, and in the range of 50 to 500 

nm is preferable for cancer drug delivery applications (139). These nanometer size 

ranges are suitable for tumor targeting via the EPR effect. The nano-ranged size, large 

surface-to-volume ratios and the ability for surface functionalization play an essential 

role in its biodistribution in vivo. NPs using drug delivery systems offer several 

advantages for cancer therapy over the application of free drugs. NPs can improve the 

therapeutic efficacy of the cargo chemotherapeutic agents compared to the drugs 

delivered via conventional methods. They can increase drug efficacy by achieving 
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steady-state therapeutic outcomes over a prolonged period. They can lower the 

toxicity of cargo drugs due to controlled drug release and improve the 

pharmacokinetics of drugs by increasing the solubility and stability of drugs (140, 

141). Moreover, they can easily functionalize by adjusting and modifying the surface 

functional groups and charges (142). They have the additional benefit of prolonged 

circulation time in the bloodstream which was favorable for extravasation and passive 

targeting and avoidance from opsonization (143). 

 Biodegradable NPs are frequently used to improve the therapeutic effect of 

various hydrophilic, and hydrophobic drugs and bioactive molecules by improving 

bioavailability, solubility, and retention time (144). Polysaccharides, lipids, and 

dendrimers have gained much attention owing to their outstanding physical and 

biological properties (145). Natural and synthetic polymers have also been well 

applied in drug delivery (146). In the nanotechnological advanced era, various 

platforms such as liposomes, polymeric NPs, solid lipid NPs, microspheres, 

dendrimers, and micelles are developed to attain targeted deliveries (147). 

 

2.4.1 Polymer-based nanoparticles 

 Polymeric NPs have gained favorable interest over recent years due to their 

properties resulting from their small size, the ability to control the release of the drug, 

the ability to protect the drug and other molecules with biological activity from 

degradation by the environment, improvement of their bioavailability and therapeutic 

index (148-150). The “NP” involves both nanocapsules and nanospheres, which differ 

according to their morphology (151). The properties and features, such as size, surface 

charge, nature of hydrophilic or hydrophobic, and the choice of polymer, govern the 

potential application of polymeric NPs (152, 153). Polymeric NPs may differ in 

physical properties, such as size, shape, surface properties, crystallinity, composition 

and concentration. These properties are usually determined by many methods, such as 

electron microscopy, Near-infrared spectroscopy, dynamic light scattering (DLS) or 

photon correlation spectroscopy (PCS), electrophoresis, and chromatography are a 

few of the most commonly used (154, 155). 

 Chitosan, dextran, and heparin are natural polymers that have been widely 

used for drug delivery studies having their biodegradable, biocompatible and 
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mucoadhesive properties. The most commonly used synthetic polymers are saturated 

poly (hydroxy esters) such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and 

poly(lactic-co-glycolide) (PLGA) because of their safety profile, confirmed 

biocompatibility, low levels of immunogenicity and toxicity, as well as their 

biodegradation during in vivo studies (153). They have been approved by the US Food 

and Drug Administration (US FDA) and the European Medicine Agency (EMA) (156, 

157). Different preparation methods can be used for the production of the particles 

depending on the type of drug to be loaded in the polymeric NPs and their 

requirements for a particular route of administration. In general, two main strategies 

are employed, namely, the dispersion of preformed polymers or the polymerization of 

monomers and are usually obtained as aqueous colloidal suspensions (Figure 9) (158, 

159). 

 There are four commonly used methods for preparing NPs from preformed 

polymer dispersions (Figure 9). The first two methods, emulsion solvent evaporation 

and emulsion solvent diffusion, require the formation of an oil-in-water emulsion. 

Both methods involve the use of polar organic solvents to dissolve the polymer or 

drug, and an aqueous phase containing surfactants to facilitate emulsification. The 

main difference between the two methods is that the first method requires sonication 

or high-speed homogenization (160, 161). The rest are the salting-out and 

nanoprecipitation methods. The salting-out method involves separating a hydro-

miscible solvent from an aqueous phase by salting out, which can result in the 

formation of nanospheres without using surfactants or chlorinated solvents (162, 163).  

The difference is that they are formulated from a water-miscible polymer, and the 

aqueous phase contains a gel, the salting-out agent (electrolytes, calcium chloride and 

magnesium chloride) and a colloidal stabilizer without using any high shear forces 

(164). Nanoprecipitation, also known as the solvent displacement method, is a fast, 

simple, and reliable method extensively employed for synthesizing both nanospheres 

and nanocapsules. It involves mixing a miscible solvent with polymer and water with 

stabilizing agent (165). 

 In the polymerization of monomers technique, suitable NPs can be obtained by 

polymerization of monomers which are typically based on micro/ mini emulsion and 

emulsion polymerization. Emulsion polymerization is the most commonly used 
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method for the fabrication of a wide range of polymers. It can be categorized as 

conventional and surfactant-free emulsion polymerization depending on the utilization 

of surfactant (166, 167).  

 To prepare NPs via polymerization reaction, the typical components are water, 

a monomer with poor water solubility, a surfactant, and a water-soluble initiator. In 

the first step, the monomer is dispersed in the continuous phase and becomes a colloid 

by adding an initiator, which can be an ion or a free radical (168). An alternative 

method is surfactant-free emulsion polymerization, which has gained attention as a 

simple and environmentally friendly process (169) This method does not require 

surfactants and the associated removal process, and typically involves a water-soluble 

initiator such as potassium persulfate, deionized water, and vinyl or acrylic monomers 

(170).  

 

 

Figure 9. Preparation of polymeric NPs by using various techniques, the dispersion of 

preformed polymers and the polymerization of monomers 

 

2.4.2 Lipid-based nanoparticles  

 Liposomes are spherical micro-vesicles and vary in size between 25 nm to 2.5 

µm. A liposome consists of a phospholipid bilayer shell and an aqueous core which 

makes it an ideal carrier for encapsulating both hydrophobic and hydrophilic 



 
27 

 

 

compounds (171). In general, the bilayer lipid membrane of liposomes is composed of 

two essential agents: phospholipid and cholesterol. Phospholipids have polar heads 

and non-polar tails which allows the formation of a bilayer vesicle above its critical 

micelle concentration. Liposomes prepared from only phospholipids may give rise to 

chemical and physical instability and hence the addition of cholesterol becomes 

popular to provide fluidity and stability. Phosphatidylcholine (PC) is the most widely 

utilized phospholipid although phosphatidylserine (PS), phosphatidylethanolamine 

(PE), and phosphatidylglycerol (PG) are also applied. Among the nanocarriers, 

liposomes have many rewards as they can extensively be used for hydrophilic drugs 

(entrapped in liposomal inner core), hydrophobic drugs (entrapped in liposomal 

bilayer) and amphiphilic molecules (lipid-aqueous interface) making them appropriate 

carriers for therapeutic applications. They are biodegradable, non-toxic and non-

immunogenic which could be the ideal carrier for drug delivery and can be modified 

the external surface of liposomes chemically (172). 

 The commonly used liposome preparation methods include thin-film 

hydration, membrane extrusion or freeze-thaw, reverse-phase evaporation, and 

detergent dialysis. Based on the method applied for the preparation of liposomes, they 

give different shapes and sizes such as multilamellar vesicles (>500 nm), large 

unilamellar vesicles (>100 nm) or small unilamellar vesicles (25-100 nm). The size 

and the number of lamellae in the liposomal structure are the most crucial factors 

affecting the vesicle half-life and the quantity of active drug that is to be encapsulated. 

Liposomes are captured by the mononuclear phagocytic system (MPS) after contact 

with plasma proteins and are cleared from the bloodstream. These stability concerns 

can be solved through the use of synthetic phospholipids, particles coated with 

amphipathic polyethylene glycol, and coating liposomes with chitin derivatives (173). 

It is also possible to use surface functionalization of liposomes by a variety of agents 

to overcome the limitations of these nanocarriers in terms of biological and 

physiological barriers. Those are polyethylene glycols (PEGs), aptamers, antibodies, 

proteins, peptides, ligands, carbohydrates, or small molecules (174). 

 



 
28 

 

 

2.5 Polymers used in the synthesis of nanocarriers 

2.5.1 Polyethylene Glycol Derivative 

Polyethylene glycol (PEG), a macrogol, is widely utilized in drug delivery and 

nanotechnology due to its reported “stealth” properties and biocompatibility. It is a 

polyether consisting of ethoxy units derived from the ring-opening polymerization of 

ethylene oxide. The traditional PEG is a linear polymer with chemically active 

hydroxyl groups at both ends, making it easy to conjugate with functional groups. Its 

significant activity of extending the elimination half-life of a drug has become the 

gold standard for nanoparticle synthesis (175). PEGDA is a derivative of polyethylene 

glycol which contains repetitive ethylene oxide units and vinyl ends that can be 

acquired for polymerization (Figure 10). PEGDA-containing nanoparticles have also 

been shown to be immunologically inert.  Moreover, it is soluble in water and 

presents very low toxicity (176). 

 

Figure 10. Chemical structure of PEGDA 

 

2.5.2. Chitosan (CHI) 

 CHI is a polysaccharide composed of N-acetyl-D-glucosamine and D-

glucosamine and its units are linked by 1-4-β-glycosidic bonds (Figure 11). It can be 

prepared by deacetylation of chitin in basic media and is the second most abundant 

natural biopolymer after cellulose (177). It is biodegradable, non-toxic, and can be 

used for controlled-release formulations (178). It possesses many reactive functional 

groups such as -NH2 and -OH (179). The solubility issue of CHI can be manipulated 

by modifying these functional groups. The -NH2 groups can be protonated at acidic 

pH which makes CHI macromolecules positively charged. Hydrogen bonding and 

hydrophobic interaction also play important roles in the mucoadhesion of CHI. In 

addition, these cationic CHI derivatives can target the negative tumor cell membrane 
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and contribute mucoadhesive effects which improve the uptake of the cargo drug into 

the cells and enhance the localization of the drugs at the targeted tumor sites (61).  

 Much research has been made for developing efficient CHI-based NP drug 

delivery systems. The positive charges target the CHI carriers to the negatively 

charged cell membrane and have mucoadhesive properties to increase the uptake of 

nanoparticles and prolong the retention time of CHI in the targeted sites when 

compared with the other biological polymers (180, 181). Numerous hydrophobic 

cancer drugs, for example, paclitaxel, docetaxel, Dox, camptothecin, and cisplatin, 

can be physically entrapped or chemically conjugated to the CHI, and they can 

precisely distribute the anticancer drugs into tumor sites. The nanocarriers made with 

CHI for cancer drugs and imaging probes revealed prolonged blood circulation and 

highly tumor-targeted delivery in cell and animal models as compared to the other 

NPs (53). 

 

Figure 11. Chemical structure of CHI 

 

2.5.3 Alginate 

 Polysaccharides-based polymers include alginates, a naturally occurring 

anionic polymer typically obtained from brown seaweed. Alginate is a linear 

unbranched polysaccharide that contains varying amounts of 1,40-linked β-d-

mannuronic acid and α-l-guluronic acid residues, which, arranged in a pattern of 

blocks along the chain, may vary widely in composition and sequence (Figure 12) 

(182). Alginate can form two types of gel dependent on pH: an acid gel and an 

ionotropic gel; the unique property of gelation by the addition of divalent cations such 

as Ca2+ together with its bioadhesive features has led to a large use of this polymer in 

the drug delivery field giving the polymer several advantages compared with neutral 

macromolecules (183).  
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 Alginate is an anionic polymer that is typically obtained from brown marine 

algae. It is an unbranched polysaccharide copolymer consisting of alternating D-

mannuronate (M) and L-guluronic (G) blocks linked together by 1,4-glycosidic 

linkages (184). Alginate-based nanocarrier seems to have all the optimal requirements 

to be a successful drug delivery system due to its biodegradability, biocompatibility, 

protection of oral drugs against the harsh gastrointestinal environment, controllable 

release, water solubility, availability and low cost (185). On top of that, the 

application of alginate nanoparticles in cancer treatment has gained wide attention due 

to the ability to deliver anti-cancer therapeutics in a sufficient concentration at the 

target site, promoting the bioavailability as well as reducing drug dosage and its side 

effects to the normal tissues (186, 187). Alginate NPs have been also used for targeted 

antibiotic delivery without inducing resistance of bacteria (188, 189). 

 

 

Figure 12. Chemical structure of alginic acid 

 

2.6 Antibodies in cancer therapy 

2.6.1 Targeting antibodies  

 A wide range of targeting ligands have been extensively employed to 

specifically target nanoparticles to tumor sites. Among these ligands, monoclonal 

antibody (mAb) ligands and their derivatives have demonstrated significant binding 

affinity to the receptors on specific tumor targets. The physical properties of 

nanoparticles can be manipulated for cancer therapy. The use of antibodies and 

antibody fragments for cancer targeting may overcome many limitations of existing 

targeted cancer therapies, offering benefits such as smaller size, high potency, and the 

ability for synthetic production, allowing for scalable production. (190).  

 Various types of mAbs have been utilized in antitumor targeting therapy. 

Several nanotherapeutic materials have been approved by the US FDA for clinical 
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use, specifically targeting tumor tissues, while most are still undergoing preclinical 

and clinical development. Some FDA-approved therapeutic mAbs for cancer include 

cetuximab, atezolizumab, bemarituzumab, cemiplimab, and catumaxomab. (191-194). 

 

2.6.2 Advantages of antibody-decorated nanoparticles for cancer therapy 

 In recent decades, there has been significant interest and development in the 

use of mAbs for cancer treatment (195). Some mAbs possess acceptable antitumor 

activity on their own and are utilized as therapeutic agents, while others are used for 

targeting purposes, such as in the form of antibody-drug conjugates (196). However, 

concerns exist regarding the chemical conjugation of mAbs with drugs, as it may lead 

to unfavorable drug inactivation and difficulty in releasing the drug after 

internalization by cancer cells. To address these issues, Ab-targeted NPs have been 

developed, as drugs are typically entrapped within NPs. NPs can also carry multiple 

drugs for combination therapy, which may eliminate the need for complicated 

multidrug dosing regimens and improve patient compliance (197). Additionally, NPs 

enable much higher drug-to-Ab ratios, potentially increasing the amount of drug 

delivery per binding event (198). Furthermore, NPs may overcome drug resistance in 

cancer therapy, which is often associated with increased drug efflux due to 

overexpressed protein efflux pumps in cancer cells. Such drug efflux mechanisms can 

be effectively bypassed by the use of NPs to deliver drugs (119). 

 

2.7 Antibody-nanoparticles conjugation strategies 

2.7.1 Physical or adsorption methods 

 The antibody can be immobilized onto the nanocarriers via a non-covalent 

method including physical adsorption and ionic interaction (199). Physical adsorption 

can happen via weak interaction through hydrogen bonds, electrostatic interaction, 

and hydrophobic and Van der Waals forces (200). Ionic interaction is taken place via 

the interaction of opposite charges on the nanoparticles and antibodies. Physical 

adsorption is a favorable method for the rapid binding of antibodies onto NPs, and it 

is a low-cost approach since it does not require any chemical reagents for conjugation. 

Despite these advantages, physical adsorption has certain limitations when 
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conjugating mAbs onto NPs, such as random adsorption, decreased affinity to the 

receptors on tumor sites, and removal of antibodies by serum proteins during 

circulation (201). 

 

2.7.2 Chemical or covalent methods 

The most commonly used covalent strategies occur via carbodiimide 

chemistry, maleimide chemistry or “click chemistry” (202). Covalent methods can 

overcome the limitations of physical methods. Thus, this binding needs prior 

activation of the NPs before conjugation by using cross-linking reagents such as EDC 

and NHS (203-205). In carbodiimide chemistry, the binding occurs through the amine 

functional groups of antibodies. The main disadvantage of this carbodiimide binding 

is hard to control the orientation of the antibody onto the nanoparticle surfaces but the 

reaction can be easily occurred (206, 207). 

 In maleimide chemistry, the binding of antibodies to NPs occurs through the 

sulfhydryl (–SH) functional group of antibodies which is produced by the reduction of 

native disulfide bonds of antibodies and attached to the surface of nanoparticles 

directly or thiol-reactive linkers (208, 209). The most widely used maleimide cross-

linking reagents are the NHS/maleimide heterobifunctional linkers, succinimidyl 4-

(N-aleimidomethyl) cyclohexane-1-carboxylate (SMCC), PEGylated analogs (NHS-

PEG-maleimide), and sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-

carboxylate (sulfo-SMCC) (210-212). 

 

2.7.3 Direct conjugation of antibody and nanoparticles 

 Direct coupling between antibodies and nanoparticles occurs through various 

reactive functional groups. Antibodies are amino acid polymers that contain primary 

amine groups, thiol groups, carboxylic groups, and aldehyde groups, which can be 

readily utilized for conjugation with nanoparticles. However, the major limitations of 

this direct coupling method include the possibility of random conjugation of antibody 

orientation and self-cross-linking between antibody molecules (213). 
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 2.7.4 Conjugation of the antibody to nanoparticles through adaptor molecules 

 One of the non-covalent approaches to overcome the random conjugation of 

antibodies onto nanoparticles involves the use of adaptor molecules. This approach 

allows the antigen-binding region of the antibody to freely bind to the receptor site of 

the tumor. The most widely used adaptor agents are biotin, 'Fc' binding proteins, and 

DNA nucleic acid (213). 
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 Materials and Equipment 

3.1.1 Materials 

1. 2, 2′-azobis(2-methylpropionamidine) dihydrochloride (V50) (Sigma Aldrich St. 

Louis, MO, USA) 

2. 6-Maleimidohexanoic acid (Sigma-Aldrich St. Louis, MO, USA) 

3. AA (Sigma Aldrich St. Louis, MO, USA) 

4. Acetonitrile (Merck & Co. Darmstadt, Germany) 

5. Acrylic acid (Sigma-Aldrich St. Louis, MO, USA) 

6. Alginate (Sigma-Aldrich St. Louis, MO, USA) 

7. Annexin V Alexa Fluor™ 647 conjugate (Invitrogen, Carlsbad, CA, USA) 

8. Annexin V binding buffer, (Invitrogen, Carlsbad, CA, USA) 

9. BCA protein assay kit (EMD Millipore Corp., USA) 

10. Caco-2 cells (Faculty of Dentistry, Naresuan University (Phitsanulok), Thailand) 

11. Chitosan (CHI) (MW 8000 g/ mol) ( OliZac Technologies 88 Co., Ltd., Bangkok, 

Thailand)  

12. Cholesterol (CH) (Nanjing Xinbai Pharmaceutical Co., Ltd., Nanjing, China) 

13. Curcumin (Sigma-Aldrich St. Louis, MO, USA) 

14. Deuterium oxide (D2O) (Cambridge Isotope Laboratories Tewksbury, MA, USA) 

15. Dimethylformamide (DMF) (QREC Switzerland) 

16. Dox hydrochloride (Sigma Aldrich St. Louis, MO, USA) 

17. Dulbecco’s modified Eagle’s medium (DMEM) 

18. Ethyl acetate (Merck & Co. Darmstadt, Germany) 

19. Fetal bovine serum (FBS) (Gibco BRL, Rockville, MD, USA) 

20. HGF cells (Faculty of Dentistry, Naresuan University (Phitsanulok), Thailand) 

21. HT-29 cells (Faculty of Dentistry, Naresuan University (Phitsanulok), Thailand) 

22. Iodoacetic acid (IA) ( Sigma-Aldrich, St. Louis, MO, USA) 

23. L-cysteine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) 

24. L-glutamine, non-essential amino acids, (Gibco BRL, Rockville, MD, USA) 

25. Methanol (HPLC grade) (Merck & Co. Darmstadt, Germany) 
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26. Methylthiazolyldiphenyltetrazolium bromide (MTT) (Sigma Aldrich St. Louis, 

MO, USA)  

27. N-Ethyl-N′-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC) 

(Sigma-Aldrich, St. Louis, MO, USA) 

28. N-hydroxysuccinimide (NHS) ( Sigma-Aldrich, St. Louis, MO, USA) 

29. N, N'-methylene bisacrylamide (MBA) (Sigma Aldrich St. Louis, MO, USA) 

30. Oleic acid, ( Sigma Aldrich, St. Louis, MO, USA) 

31. PEGDA (MW = 575) (Sigma Aldrich St. Louis, MO, USA) 

32. Penicillin-streptomycin (Gibco BRL, Rockville, MD, USA) 

33. Phosphatidylcholine (PC) (Lucas Meyer GmbH, Düsseldorf, Germany) 

34. SK-BR-3 cells (Faculty of Dentistry, Naresuan University (Phitsanulok), 

Thailand) 

35. SYTOX™ Green nucleic acid stain ( Invitrogen, Carlsbad, CA, USA) 

36. Tras (Mylan Institutional Inc., a Viatris Company) 

 

3.1.2 Equipment 

1. Analytical balance 

2. Attenuated Total Reflectance Fourier transformed infrared spectrophotometer 

(ATR-FTIR) (Nicolet iS5, Thermo Scientific, USA) 

3. Autoclave (LS-2D, Scientific promotion. Co., Ltd.) 

4. Bath sonicator 

5. CO2 incubator 

6. C18 column (Agilent Technologies, Senta Clara, CA, USA) 

7. Filter set  

8. Flow Cytometer (The Invitrogen TM Attune TM NxT, USA) 

9. Freeze dryer (FreeZone2.5, LABCONCO, USA) 

10. High-performance liquid chromatography (HPLC; Agilent Technologies, 2100 

series, Santa Clara, CA, USA) 

11. Incubator shaker 

12. Inductively coupled plasma – Mass spectroscopy (ICP-MS; Agilent Technologies, 

1100 series, Santa Clara, CA, USA) 

13. Inverted fluorescence microscope (Nikon® T-DH, Japan) 
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14. Magnetic stirrer 

15. Microplate fluorometer (Fluoskan Ascent TM, Thermo Scientific, MA, USA) 

16. Microplate reader (VICTOR Nivo TM, Perkin Elmer, MA, USA) 

17. pH meter (HORIBA compact pH meter B-212) 

18. Scanning electron microscope (Tescan Mira 3, Czech Republic) 

19. Sonicator (Sonic VibraCell TM) 

20. Syringe filter 

21. Syringe pump (NE-1000 Programmable Single Syringe Pump, KF Technologies) 

22. Transmission electron microscope (Philips® Model TECNAI 20) 

23. UV visible spectrophotometer  

24. Vortex mixer  

25. Zeta sizer (Malvern Instruments, Malvern, UK) 
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3.2 Development of Dox-loaded PEGDA/AA NPs for colorectal cancer  

3.2.1. Synthesis of PEGDA/AA NPs 

 The synthesis of PEGDA/AA NPs was accomplished by surfactant-free 

emulsion polymerization consuming different molar ratios of PEGDA and AA (0.5:1, 

1:1, and 1:0.5). The procedure was modified from the previous report (214). In brief, 

100 mL of deionized water was prepared in a clean round-bottomed flask and warmed 

to 70 °C with nitrogen flush in an oil bath.  To the heated flask, 0.2% of V50 was 

added and stirred for at least 20 min. Meanwhile, PEGDA, AA, and MBA (10 wt%) 

were mixed in 5 mL of ethyl acetate before being slowly added into the initiator 

solution. The mixture was then stirred for 18 h to complete the polymerization 

reaction. Consequently, the trace reagents and unreacted monomers were removed by 

dialysis against deionized water. After three consecutive days, the reactant was 

lyophilized to obtain dried PEGDA/AA NPs. 

 

3.2.2 Characterization of PEGDA/AA NPs 

3.2.2.1 Proton Nuclear magnetic resonance spectroscopy 

 The chemical structure of the synthesized PEGDA/AA NPs was elucidated 

using proton nuclear magnetic resonance (1H-NMR) spectroscopy. The NPs were 

homogeneously dispersed in deuterated water (D2O) and analyzed on an AVANCE III 

HD (Bruker, Billerica, MA, USA, operated at 300 MHz at 25 °C). The chemical shifts 

are stated as parts per million (ppm). 

3.2.2.2 Attenuated total reflection Fourier-transformed infrared spectroscopy 

 The structure of NPs was confirmed by an attenuated total reflection Fourier-

transformed infrared (ATR-FTIR) spectrometer (Nicolet iS5, Thermo Scientific, 

USA). The ATR-FTIR spectra were collected from wavenumber 400-4000 cm-1 at 16 

scans with a resolution of 4.00 cm-1. 

 

3.2.2.3 Determination of particle size and zeta potential 

 The determination of the particle size, polydispersity index (PDI) and zeta 

potential of PEGDA/AA NPs was accomplished by the dynamic light scattering 

(DLS) method using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at 25 
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°C. The NPs were dispersed in ultrapure water (1 mg/mL) and sonicated with a probe 

sonicator to disaggregate the particles. The dispersant was diluted with ultrapure water 

(1:99) and added to the zeta cell through a 0.45-µm syringe filter. Each colloidal 

sample was measured in triplicate.  

 

3.2.3 Morphology of PEGDA/AA NPs 

3.2.3.1 Transmission electron microscopy 

The morphology of PDGDA/AA NPs was observed by a transmission electron 

microscope (TEM) (JEOL JEM-1400Flash, Tokyo, Japan) with 80 kV accelerating 

voltage. The NPs were suspended in water and stained with 1% uranium acetate being 

characterized on a support grid. 

 3.2.3.2 Scanning electron microscopy 

 The appearance of the NPs was also visualized using scanning electron 

microscopy (SEM) (Tescan Mira 3, Czech Republic). The lyophilized NPs were 

coated with a gold layer before the speculation. 

 

3.2.4 Drug loading  

 Dox was loaded into the PEGDA/AA NPs using the adsorption method. 

Briefly, 20 mg of lyophilized PEGDA/AA NPs were suspended in 10 mL of ultrapure 

water containing Dox at different weight ratios of NPs:Dox (1:0.5, 1:1, and 1:2). 

Thereafter, the mixtures were shaken overnight using a rotary mixer. Dox-NPs were 

then separated by centrifugation (14,000 rpm for 10 min). The supernatant was 

discarded and the pellet was washed twice with ultrapure water. The dried Dox-NPs 

were collected after freeze-drying.  

The content of Dox in the NPs was determined by adding 1 mg of Dox-NPs in 

1 mL of 0.1 M HCl in ultrapure water (1:49) to instantly elute the drug from the NPs. 

Then the amount of the drug was determined by using high-performance liquid 

chromatography (HPLC). The chromatographic condition was adapted from 

Dharmalingam et.al (2014), with slight modification. The mobile phase was a mixture 

of acetonitrile and water (pH 3) (30:70) delivered at a flow rate of 1.0 mL/min. The 

C18 column (250×4.6 mm, 5 µm) was used with a temperature maintained at 30°C, 
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and the drug content was quantified by a UV-Visible detector (480 nm) (215). The 

loading capacity (LC) and the percent loading efficiency (%LE) were calculated using 

Eqs. (1) and (2) respectively. 

LC = 
The amount of Dox quantified (μg)

The weight of Dox-NPs (mg)
   (1) 

%LE = 
The amount of Dox quantified (mg)

The amount of Dox added (mg)
×100  (2) 

 

3.2.5 Drug Release 

 The release of Dox from the PEGDA/AA NPs compared to the Dox solution 

was carried out by the dialysis technique. The release characteristics were studied in 

two release media which were the phosphate buffer saline (PBS) solution (pH 5.0) and 

PBS (pH 7.4). The condition of pH 5.0 was represented the endosomal tumor pH 

condition in colorectal tumor and pH 7.4 for normal physiological state. Firstly, 10 

mg of the Dox-NPs and free Dox (with an equivalent amount of Dox to the Dox-NPs) 

were dispersed in the release medium (1 mL) and placed in a dialysis bag (molecular 

weight cut-off = 6000–8000 Da). Then, the bags were submerged in 25 mL of the 

release medium and agitated at 75 rpm in an incubator shaker controlled at 37°C. At 

each pre-defined time point (5, 10, 15, 30 min, 1, 2, 4, 8, 12, 24 h), 1 mL of the 

release medium was sampled and replaced with a fresh medium. Dox content was 

then analyzed using HPLC. 

 

3.2.6 Cytotoxicity studies 

 The cytotoxicity of the blank NPs on the model intestinal epithelial cells 

(Caco-2) was evaluated by using an MTT assay. The cells were cultivated in DMEM 

supplemented with 10% FBS, 100 mM L-glutamine, 1% non-essential amino acids, 

1% sodium pyruvate and 0.1% penicillin-streptomycin. To the 96-well plates, the 

cells were seeded to a density of 10,000 cells/well and stored in a controlled 

environment (5% CO2, 95% air, 37°C). Different concentrations (1–5000 μg/mL) of 

blank PEGDA/AA NPs were prepared in DMEM and used to treat the cells for 24 h. 

Then, the samples were removed, and the cells were washed with sterile 1x PBS pH 

7.4 before the MTT solution in DMEM (0.5 mg/mL) was replaced and further 
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incubated for 3 h. The resultant formazan crystals were dissolved with dimethyl 

sulfoxide (DMSO). Then, the absorbance was measured by a microplate reader 

(Multimode Microplate Reader, VICTOR Nivo™, Perkin Elmer, MA, USA) at 550 

nm. The percentage of cell viability was calculated relative to the untreated control 

cells.  

The cytotoxicity of free Dox and Dox-NPs towards Caco-2 cells and human 

colorectal adenocarcinoma cell line (HT-29) were also assessed using MTT assay. The 

HT-29 cells were grown in DMEM with 10% FBS, 100 mM L-glutamine, 1% non-

essential amino acids and 1% penicillin-streptomycin. Free Dox and Dox-NPs at the 

concentration range between 0.5–100 µg/mL in serum-free DMEM were used to treat 

both cell lines for 24 h. The relative cell viability was calculated, and the IC50 values 

were computed from a constructed dose-response curve of log (concentration) vs 

relative cell viability using GraphPad Prism v.5.01 software. 

 

3.2.7 Cellular uptake 

Flow cytometry analysis was performed to investigate the uptake of Dox-NPs 

into the HT-29 cells compared to the Dox solution. The HT-29 cells were seeded into 

a 24-well plate to the density of 50,000 cells/well and incubated for 24 h. The cells 

were then treated with either free Dox solution or Dox-NPs prepared in serum-free 

DMEM at the concentration equivalent to the IC50 value of free Dox. At the specified 

time points (1, 2, 4, and 8 h), the cells were washed with PBS and serum-free DMEM 

and detached with Accutase®. Once dispersed homogeneously, the cells were fixed 

with 4% formaldehyde and stored at 4˚C until the analysis. The mean fluorescent 

intensity (MFI) of Dox inside the cells was analyzed using an Attune® NxT Flow 

Cytometer. 

 

3.2.8 Cell death assay  

 The apoptosis cell death assay of free Dox and Dox-NPs was determined by 

the dual staining technique. Briefly, the HT-29 cells were seeded in a 6-well plate to a 

density of 50,000 cells/well and incubated in a controlled environment until 60–70% 

confluency was achieved. The cells were then treated with free Dox and Dox-NPs at 

various concentrations (equivalent to 1, 3, and 5 μM of Dox). After 24 h, the cells 



 
41 

 

 

were washed, detached, and incubated with 1× annexin binding buffer in the dark. 

Consequently, the cell suspensions were stained with annexin V Alexa Fluor™ 647 

conjugate and 1 μM SYTOX™ Green. After 15 min incubation in the dark, the 

samples were analyzed by using a flow cytometer (216).  

 

3.3 Development of Dox-loaded Tras-decorated liposomes for breast cancer  

3.3.1 Synthesis of CHI-IA 

 CHI-IA was synthesized using a published procedure with slight 

modifications. The synthesis of the CHI-IA was performed by a carbodiimide 

coupling reaction using a two-step procedure. Firstly, various weight ratios of IA to 

CHI (1:1, 2:1, 3:1), 0.36 g of NHS, and 0.6 g of EDC were dissolved in 2 mL of DMF 

in a small vial and stirred with slight warming for a few minutes until the color of the 

mixture changed into dark brown color. The reaction was continued with stirring for 

24 h to get a stable ester intermediate. After that, 0.58 g of low molecular weight CHI 

was dissolved in 7 mL of 1 M hydrochloric acid in a round bottom flask and mixed 

for 5 min before 18 mL of DI water was poured. The mixture was mixed using a 

magnetic stirrer. Then, the mixture of IA, EDC, and NHS was slowly added to the 

CHI solution with constant stirring. Afterward, the pH was modified to 5 with 1 M 

NaOH. The reaction was continued for 24 h by continuous stirring to acquire the 

complete reaction of a reactive ester with a free amino functional group of CHI. After 

48 h of the first and second steps, the reactant mixture solution was dialyzed against 

deionized water for 3 days followed by lyophilization (217). After that, the 

synthesized CHI-IA was characterized by ATR-FTIR, NMR, and inductively coupled 

plasma mass spectrometry (ICP-MS). 

 

3.3.2 Characterization of CHI-IA 

  The chemical structure of CHI-IA was analyzed by ATR-FTIR and NMR. The 

ATR-FTIR analysis was performed using a Nicolet iS5 attenuated total reflectance 

Fourier transform infrared (ATR-FTIR) spectrophotometer equipped with a single 

bounce diamond. The spectra were recorded as an average of 32 scans with 16 cm-1 

resolution at the wavenumber ranging from 500-4000 cm-1. NMR analysis was 
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performed using an NMR 300 MHz (AVANCE III HD, Bruker) spectrometer and the 

spectra were presented as δ in ppm.  

 

3.3.3 Determination of iodine content 

  To determine the iodine content of CHI-IA, an ICP-MS (Model-Agilent 

Technologies, 1100 series, Santa Clara, CA, USA) with Mira-Mist (PEEK) nebulizer 

at 0.1 rpm was exploited. Ten mg of the sample was digested in 5 mL of purified 

concentrated HNO3 at 90 °C for 1 h. After cooling, the solutions were transferred to 

ultrapure water before the analysis by ICP-MS.    

 

3.3.4 Preparation of liposomes 

 3.3.4.1 Preparation of anionic liposomes 

 Anionic liposomes were prepared using the thin-film hydration method. 

Briefly, the 10:1.5 molar ratio of PC and oleic acid were dissolved in chloroform: 

methanol (2:1). Then the solvent was evaporated under N2 gas until a thin film was 

formed. To get complete evaporation of the solvent, the thin film was placed in the 

desiccator for at least 6 h. Next, the thin film was hydrated with 2 mL of PBS (pH 

7.4). To acquire the vesicles, the lipid solution was sonicated for 10 min in a bath 

sonicator. Then, the particle size of the liposome was reduced by a probe sonicator. 

 

 3.3.4.2 Preparation of Tras-conjugated CHI-IA coated liposomes 

 Firstly, the CHI-IA polymer was dissolved in 1 mL of PBS to obtain a 

polymer solution with a concentration of 10 mg/mL. Then, Tras was added to the 

CHI-IA solution and stirred overnight. Afterward, the mixture solution was slowly 

dropped into the liposome solution and stirred for 3 h to conjugate the Tras- CHI-IA 

onto the liposome.  

 

3.3.5 Characterization of liposomes  

 3.3.5.1 Particle size and polydispersity index evaluation  

 The particle size, PDI and surface charges of the liposomes were measured by 

DLS method using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) 
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 3.3.5.2 Transmission electron microscope  

 The morphology of the resultant liposomes was viewed by a transmission 

electron microscope (TEM) (Philips Model TECNAI 20) with 80 kV accelerating 

voltage. The liposomes were diluted and stained with 1% uranium acetate (UA) and 

embedded on a supporting copper grid before being characterized. 

 

3.3.6 Determination of Tras-conjugation efficiency to liposomes  

 The efficiency of Tras conjugation onto the liposomes was determined by a 

microbicinchoninic acid assay (microBCA assay) compared with unconjugated 

liposomes. The BCA working reagent was prepared. First, 200 µL of BCA solution 

was mixed with 4 µL of cupric sulfate. Then, 200 µL of this reagent mixture was 

pipetted to each well containing the sample. The reaction was accomplished by 

incubating at 37 ˚C for 30 min. The absorbance at 562 nm was then measured by a 

microplate reader.  

 

3.3.7 Loading of Dox and determination of drug loading content 

 Dox was loaded into the liposome by dissolving the drug at different 

concentrations (1, 2, 3, 4 mM) in PBS before mixing with the liposome thin film 

followed by probe sonication. The excess Dox was removed by centrifugal-filter unit 

(Amicon ultra-4, molecular weight cut-off 3 kDa) by centrifugation at 14,000 rpm for 

20 min to split up the free drug from liposomes. After washing two times with PBS, 

the filtrates were mixed with 0.1% Triton™ X-100 in a ratio of 1:1 w/w to break the 

liposomes. The Dox content was quantified by a microplate fluorescence spectrometer 

(Fluoskan AscentTM, Thermo Scientific) at an excitation wavelength of 485 nm and an 

emission wavelength of 538 nm. The drug loading content (LC) and the percentage of 

entrapment efficiency (%EE) of Dox in the liposomes were calculated using Eqs (1) 

and (2), as mentioned in section 3.2.4. 
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3.3.8 In vitro release study  

 In vitro release of doxorubicin from liposomes was investigated by dialysis 

method. One milliliter of free drug, Dox-liposome, Dox-CHI-IA-liposome, and Dox-

Tras-CHI-IA-liposome were placed into a dialysis bag (MWCO: 6000-8000 Da). 

These dialysis bags were immersed into 20 mL of release medium which was PBS 

(pH 5.0) and PBS (pH 7.4) and incubated at 37 ˚C in a shaker at 75 rpm. At specific 

intervals (5, 10, 15, 30 min, 1, 2, 4, 8, 12, 24 h), 1 mL of the drug-containing medium 

was withdrawn and replenished with the fresh PBS. Then, the content of the 

doxorubicin was measured by a microplate fluorometer (Fluoskan AscentTM, Thermo 

Scientific) at an excitation and emission wavelength of 485 and 538 nm, respectively. 

 

3.3.9 In vitro cytotoxicity study 

 The biocompatibility of the blank liposome, CHI-IA-liposome and Tras-

conjugated liposomes were evaluated using an MTT assay to prove their safety on the 

normal cells. The human gingival fibroblast (HGF) cells were used as the 

representative of human normal cells. MTT assay was also performed to evaluate the 

cytotoxicity of free Dox and the liposome formulations toward the HER2-positive 

breast cancer cell line (SK-BR-3) by measuring cellular mitochondrial metabolic 

activity at 24 h. The SK-BR-3 cells were cultivated in DMEM with 10% FBS, 100 

mM L-glutamine, 1% non-essential amino acids, and 1% penicillin-streptomycin in a 

controlled atmosphere (95% of air, 5% of CO2 at 37 °C) in after seeding in a 96-well 

plate at 10,000 cells per well. The procedure for the MTT assay was similar to Section 

3.2.6. 

 

3.3.10 Cellular uptake  

 The uptake mechanism of the Dox solution and the Dox-loaded liposome 

formulations was investigated in HER2-positive SK-BR-3 breast cancer cells using a 

flow cytometer. The SK-BR-3 cells were seeded into a 24-well plate (70,000 

cells/well) and incubated for 24 h. The procedure for the uptake analysis by flow 

cytometry was similar to Section 3.2.7. 
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3.3.11 Cell death assay 

 The study of apoptosis cell death assay for the SK-BR-3 cells after being 

treated with Dox solution and the liposome formulations was determined by flow 

cytometry by the dual staining method as mentioned in Section 3.2.8. The HER2-

positive SK-BR-3 cells were seeded in a 6-well plate with a cell density of 200,000 

cells/well before being treated with the samples.  

 The assay was also conducted using inverted fluorescence microscope. The 

SK-BR-3 cells were seeded at a density of 10,000 cells/well into a 96-well plate. After 

being incubated for 1 day in a controlled atmosphere, the cells were treated with free 

Dox and various Dox-loaded liposomes (equivalent to 3 µM Dox). The Hoechst 

33342 and SYTOX™ Green nucleic acid staining were added to the cells, and 

incubated for 15-30 min. The dead cells were distinguished under an inverted 

fluorescence microscope. 

 

3.4 Development of Tras-decorated CHI-Mal/Alg-Cys NPs for breast cancer 

3.4.1 Synthesis of maleimide-conjugated chitosan (CHI-Mal) 

 CHI-Mal was synthesized by a coupling reaction between 6-

maleimidohexanoic acid and CHI using EDAC and NHS as catalysts (179). First, CHI 

(5.5 mmol) was dispersed in 1 %v/v acetic acid (20 mL) in a round-bottom flask, and 

the reaction was undergone under pH 5.5. At the same time, 6-maleimidohexanoic 

acid (8.25 mmol) was dispersed in DI water before adding EDAC and NHS to 

activate the carboxylic acid. The reaction was allowed to continue for 1 h. The 

solution was added to the CHI solution and continued stirring overnight at room 

temperature. The next day, the mixture was dialyzed and lyophilized. The resultant 

polymer synthesis was assured by ATR-FTIR and NMR.  

 

3.4.2 Synthesis of alginate-cysteine (Alg-Cys) 

 Alg-Cys conjugate was obtained by reacting the sodium alginate with L-

cysteine HCl by the addition of EDAC and NHS. First, 1 g of sodium alginate was 

hydrated in DI water (100 mL) and then EDAC was added. After stirring for 2 h 

under pH 6, the cysteine solution in DI water was slowly dropped into the mixture. 
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The reaction was allowed to stir for at least 6 h before being purified by dialysis and 

lyophilization. The successful synthesis was evaluated by ATR-FTIR and NMR. 

 

3.4.3. Preparation and characterization of CHI-Mal/Alg-Cys NPs   

CHI-Mal/Alg-Cys NPs were prepared by click reaction by reacting the 

maleimide functional groups on the CHI and the thiol functional groups on the 

alginate and ionic interaction between the two polymers. CHI-Mal (0.025%) was 

dissolved in 1% v/v acetic acid (20 mL) and 0.05 % Alg-Cys was dissolved in DI 

water (20 mL). Then, various amount of curcumin (0.5, 1, 2 mg) solution dispersed in 

methanol was slowly added to the Alg-Cys solution and stirred for 1 h. After that, the 

curcumin in Alg-Cys solution was gradually added dropwise to the CHI-Mal solution 

by ionic gelation method. Then, stirred vigorously for 4 h before centrifugation at 

14,000 rpm for 15 min and freeze-dried. Then, the particle size and zeta potential of 

the NPs were determined by DLS.  

 

3.4.4 Conjugation of the antibody Tras to the CHI-Mal/Alg-Cys NPs 

 The maleimide functional groups on the backbone of NPs were used to attach 

the antibody Tras to the NPs. One mg of Tras was added to the 1 mL solution of CHI-

Mal/Alg-Cys NPs (2 mg) in HEPES buffer and stirred overnight to take place the 

binding of Tras. The Tras conjugated CHI-Mal/Alg-Cys NPs were washed with 

ultrapure water to remove the free antibody. Then, the binding amount of Tras on the 

NPs was quantified by micro bicinchoninic acid assay (BCA assay kit).   

 

3.4.5 Determination of loading efficiency and loading capacity of curcumin-

loaded CHI-Mal/Alg-Cys NPs 

 The amount of curcumin that was entrapped in the CHI-Mal/Alg-Cys NPs was 

determined by HPLC. The entrapped curcumin content was estimated by dissolving 1 

mg of curcumin-loaded NPs in 1 mL of methanol. The sample was then subjected to 

centrifuge at 14,000 rpm for 30 min at 25 °C to get a clear supernatant. The 

concentration of curcumin from the sample was measured by HPLC according to 

Fonseca-Santos B. et al. with slight modification (218). The supernatant obtained was 

analyzed using a reverse phase isocratic HPLC system (Agilent, 2100, Agilent 
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Technologies, Germany). For this, 20 µL of the sample was injected manually in the 

injection port and analyzed in the mobile phase consisting of a mixture of 60% 

acetonitrile and 40% water (2% v/v acetic acid), which was delivered at a flow rate of 

1 mL/min with a C18 column (C18, 5 µm, 4.6 x 250 mm internal diameter, Agilent, 

USA). The curcumin levels were quantified by UV detection at 425 nm. The amount 

of curcumin in the sample was determined from the peak area correlation with the 

standard curve. Samples were analyzed and the curcumin %EE was calculated from 

the equation similarly to Dox loading mentioned earlier.  

 

3.4.6 In vitro release study 

 The release mechanism of curcumin from the Tras-conjugated CHI-Mal/Alg-

Cys NPs was investigated by the dialysis method in phosphate buffer saline at pH 7.4 

and pH-5.0. The tube containing 20 mL of release medium with 1% Tween 20 was 

kept shaking at 200 rpm at 37 °C (219) and the dialysis bags containing 1 mL of NPs 

dispersion (10 mg of curcumin-loaded NPs) were immersed in the medium. Tween 20 

was used as an assistance to enhance the solubilizing activity of hydrophobic Cur and 

Cur-NPs (220). At specific time intervals of 10, 20, 30 min, 1, 2, 4, 8, 12, 24, 48, 72, 

96, 120, 144 and 168 h (up to 7 days), 1 mL of medium was withdrawn and replaced 

with fresh medium. Then, the withdrawn samples were analyzed by HPLC (Agilent, 

2100, Agilent Technologies, Germany) to determine the release amount of curcumin 

from the NPs. 

 

3.4.7 Cytotoxicity studies 

 The biocompatibility of the blank CHI-Mal/Alg-Cys NPs and Tras-conjugated 

CHI-Mal/Alg-Cys NPs formulations was evaluated using MTT assay as previously 

mentioned in Section 3.2.6 and 3.3.9 to prove their safety on the normal cells. The 

HGF cells were used as the representative of human normal cells. The in vitro 

cytotoxicity of the blank NPs, curcumin, curcumin-NPs and Tras-curcumin-NPs were 

also performed toward the HER2-positive breast cancer cell line (SK-BR-3) and 

normal cells using a colorimetric MTT assay.  
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3.4.8. Cellular uptake 

 Flow cytometry analysis was performed to investigate the uptake of Tras-

curcumin-CHI-Mal/Alg-Cys NPs into the HER2-positive breast cancer SK-BR-3 cells 

and compared with free curcumin and curcumin-NPs. The SK-BR-3 cells were seeded 

into a 24-well plate to the density of 70,000 cells/well and incubated for 24 h. The 

cells were then treated with either free curcumin solution, curcumin-NPs and Tras-

curcumin- NPs prepared in serum-free DMEM at the concentration equivalent to the 

IC50 value of curcumin. The procedure for the cellular uptake study is similar to 

Sections 3.2.7 and 3.3.10. 

 

3.4.9 Cell death assay 

 The study of apoptosis cell death assay for the SK-BR-3 cells after being 

treated with curcumin solution and the curcumin-loaded NPs formulations was 

determined by flow cytometry by the dual staining method as mentioned in Section 

3.2.8 and 3.3.11. Then the cell death was examined using Annexin V/PI assay, based 

on the manufacturer's instructions. Then, the levels of necrotic/apoptotic cells were 

measured by flow cytometer. 

  

3.5 Statistical analysis 

 All experimental measurements are evaluated in triplicate (n=3). The results 

are expressed as mean ± standard deviation (SD). P-values of less than 0.05 (two-

tailed) were considered as the statistical significance. 
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CHAPTER 4 

RESULTS AND DISCUSSION 
 

4.1 Development of Dox-loaded PEGDA/AA NPs for colorectal cancer 

4.1.1 Synthesis of PEGDA/AA NPs 

 PEGDA/AA-NPs were successfully synthesized by a surfactant-free emulsion 

polymerization reaction by using the V50 as an initiator, as displayed in Figure 13. 

 

 

 

Figure 13. Synthesis pathway of PEGDA/AA-NPs 

 

4.1.2 Characterization of PEGDA/AA NPs 

 4.1.2.1 Proton Nuclear magnetic resonance spectroscopy (1H-NMR) 

 The chemical structure of the synthesized NPs was inspected by 1H-NMR and 

ATR-FTIR. The appeared structure was fully consistent with the proposed structure. 

The 1H-NMR spectra of PEGDA, AA and PEGDA/AA NPs are presented in Figure 

14. The spectra illustrated that the peaks located at 6.6, 6.2 and 5.9 ppm in the 

PEGDA spectrum were associated with the vinyl groups of the compound, while the 

signals at 2.7 and 4.4 ppm correspond to the alkyl chain and methylene groups that 

were adjacent to the ether group, respectively (221, 222). The doublet peaks that 

appeared at 6.0, 6.3 and 6.7 ppm were responsible for the vinyl group of AA. After 

the polymerization reaction was completed, the vinyl signals almost completely 

disappeared. It assured that the reaction was successfully carried out while the small 

peaks that remain unreacted may be the vinyl group of PEGDA. The multiple peaks 

that appeared between 1.3-4.7 ppm represent the propagated polymerized chain and 

side chains of PEG and AA (223).  
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Figure 14. 1H-NMR spectra of PEGDA, AA and PEGDA/AA NPs 

 

 4.1.2.2 Attenuated total reflection Fourier-transformed infrared spectroscopy 

(ATR-FTIR) 

 The ATR-FTIR spectra of polymerized PEGDA/AA NPs are demonstrated in 

Figure 15. In the spectrum of PEGDA/AA NPs, the C=O stretching which contained 

in both monomers are appeared at 1726 cm-1, while asymmetrical and symmetrical 

bending vibrations of the alkane (C-H) group from the polymerized PEGDA/AA 

chain and PEGDA alkyl group appeared at 2866 cm-1 (224). Furthermore, the sharp 

band that appeared at 1093 cm-1 symbolizes the C-O stretching of the ether group of 

monomer PEGDA (223). In consideration of the spectroscopic analyses, the 

consequential PEGDA/AA NPs were successfully obtained according to the described 

procedure. 
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Figure 15. The ATR-FTIR spectra of AA, PEGDA and PEGDA/AA NPs 

 

4.1.3 Determination of particle size and zeta potential 

 The mean hydrodynamic diameter of particles, particle size distribution in 

terms of PDI, and zeta potential of the acquired PEGDA/AA NPs with various molar 

ratios of PEGDA:AA are given in Table 1. The result revealed that all the reaction 

ratios of monomers provided nano-sized particles with approximately 250 nm in 

diameter. The zeta potential was also negative for all monomer ratios due to the 

carboxylic acid group present in AA. The weight variation of the PEGDA and AA did 

not have an impact on the mean hydrodynamic diameter of the NPs but affected the 

PDI and the surface zeta potential. According to the size investigation, reactions 1 and 

3 (R1 and R3) which use different monomers ratios illustrated higher mean particle 

size. This consequence may affect the delivery efficiency of the therapeutic cargo to 

the desired target cell (225, 226). In addition, the alteration of the ratio of the 

monomers may cause the PDI to be a higher distribution value, because the monomers 

that remain unreacted after the polymerization process could be colloid and form NPs 

of homo-monomer, generating different NPs’ construction and size. The reduction of 

AA monomer in R3 reduced the zeta potential, which may cause lesser colloidal 

stability (227). For R2, PEGDA and AA ratio of 1:1 displayed the narrowest size 

distribution (p < 0.05), with a desirable negative zeta potential value assuring superior 

colloidal stability. To be able to target passively, the NPs should have a homogenous 
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size distribution which was a critical parameter to be considered (228). For this 

reason, R2 was selected for upcoming experiments.  

 

Table 1. Particle size, PDI, and zeta potential of the PEGDA/AA NPs. (* Significant 

difference from PEGDA:AA (0.5:1)), n = 3. 

Reaction PEGDA:AA Particle Size (nm) PDI ζ potential (mV) 

R1 0.5:1 247.6 ± 4.0 0.40 ± 0.02 -29.9 ± 0.5 

R2 1:1 232.0 ± 4.9* 0.25 ± 0.03* -18.0 ± 0.1* 

R3 1:0.5 254.0 ± 7.5 0.39 ± 0.02 -8 .0 ± 0.6* 

 

4.1.4 Morphology of PEGDA/AA NPs 

 4.1.4.1 Transmission electron microscopy 

 The morphology of the PEGDA/AA NPs was observed under TEM, and it is 

shown in Figure 16(a). As can be seen from the picture, the NPs had a spherical shape 

with approximately 200 nm in diameter which was similar to the results from 

dynamic light scattering measurement. The NPs showed slight aggregation on the 

copper grid.  

 

 

Figure 16. (a) TEM image and (b) SEM image of PEGDA/AA NPs 
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 4.1.4.2 Scanning electron microscopy 

 Again, the morphology and shape of NPs were confirmed under SEM and 

shown in Figure 16 (b). When observed under SEM, they seem agglomeration. The 

possible reason the NPs lyophilized after polymerization and directly observed as a 

dried form of NPs. This may be due to the hydrophilicity properties of NPs and the 

possibilities of a large surface area to volume ratio of NPs (128, 229). 

 

4.1.5 Drug loading 

 The LC and %LE of Dox onto PEGDA/AA NPs were investigated by 

incorporating various weight ratios of Dox to the NPs using the adsorption technique. 

The LC and %EE data are shown in Figure 17. It can be observed that as the amount 

of Dox added to the NPs increased, the values of LC and %LE decreased. The result 

indicates that the NPs:Dox ratio of 1:0.5 exhibited the highest LC of Dox onto the 

NPs, with a value of about 152.0 ± 0.77 μg/mg. The reason for the decrease in %LE 

with higher LC of Dox is that the NPs may become fully loaded with Dox and any 

excess Dox was removed by washing. The adsorption of Dox onto the NPs occurs 

through electrostatic interactions between the carboxyl functional groups of the NPs 

and the protonated amino groups of Dox under normal physiological conditions (230). 

 

 

Figure 17. (a) LC and (b) %LE of the Dox-loaded PEGDA/AA NPs. (* Significant 

difference at 95% CI). The values were determined in triplicate. Each column 

represents the mean values with the standard deviation.  
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4.1.6 Drug release 

 The drug release profile of Dox from the Dox-loaded PEGDA/AA NPs (Dox-

NPs) was investigated in PBS at two different pH values using the dialysis method. 

Dox release profiles from the NPs and free drug are shown in Figure 18. The release 

study was conducted at pH 7.4 and pH 5.0, which mimic the environments in the 

bloodstream and tumor, respectively. Figure 18 shows that free Dox was released very 

rapidly, reaching completion within an hour at pH 5.0, while it exhibited a gradual 

release with 60% release after 30 min and reached 100% after 4 h at pH 7.4. This may 

be due to the strong affinity of water and ionization properties of Dox at different pH 

leading to a different release rate in different environments (216). On the contrary, the 

release of Dox from Dox-NPs was slower than the free Dox, with only 54% of Dox 

released in 4 h at pH 5.0. At pH 7.4, the release behavior from the Dox-NPs was more 

gradual, with less than 50% of Dox released after 12 h. The complete release of Dox 

occurred in 24 h for pH 5.0, presumably resulting from the protonation of Dox (pKa 

8.4) under more acidic environments, which would result in better Dox dissolution 

(231). The release characteristic of Dox indicated that it can release from the carrier 

significantly slower at the normal physiological state (pH 7.4) at all time points due to 

its hydrophilic nature influencing the release mechanism. Another finding at pH 7.4 is 

that Dox was not completely protonated which may result in the Dox being trapped 

inside the NPs. However, the release of Dox still increased slowly over time. These 

factors were associated with the release behavior of Dox-NPs obtained (137, 232). 

According to the literature review, similar findings of Dox delivery to colorectal 

cancer were found. For example, Lui et al. (2021) and Abedi et al. (2021) declared a 

pH-dependent Dox release mechanism observing more rapid drug release at acidic pH 

value, regardless of the NPs’ construction differences (233, 234). Besides, Norouzi et 

al. (2020) also reported faster Dox release from iron oxide NPs in the acidic tumor 

environment (pH 5.0) than the physiological pH (235). These previous findings of 

Dox release profiles are consistent with our research. It can be proposed that targeted 

drug delivery by passive means should involve the drug residing in the NPs, with the 

drug discharged upon reaching the targeted tumor area. Thus, the delayed release of 

Dox under normal physiological conditions was favorable for drug delivery to the 
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tumor, which was expected to be delivered in the more acidic pH of the tumor area 

(231).  

 

Figure 18. Release profiles of Free Dox at pH 5.0, Free Dox at pH 7.4, Dox-NPs at 

pH 5.0, and Dox-NPs at pH 7.4. (* Significant difference from free Dox pH 7.4 at 

95% CI, ** Significant difference from Dox-NPs pH 7.4 at 95% CI). 

 

4.1.8 Cytotoxicity studies  

 NPs intended for tumor therapy should not have harmful effects to other 

tissues. Therefore, the biocompatibility of the blank NPs was assessed on Caco-2 

cells, which are used as a model of intestinal epithelial mucosa cells. The results are 

presented in Figure 19, which shows that cell viability remained over 85% when 

treated with blank NPs of different concentrations (1-5000 μg/mL). These findings 

indicate that the synthesized PEGDA/AA NPs did not have any toxic effects on the 

Caco-2 cells, presumably due to the safety and biocompatibility of PEG and PEGDA 

(176, 229).  
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Figure 19. Cytotoxicity study of blank NPs on (a) Caco-2 cells and (b) HT-29 cells 

 

 The cytotoxicity of both free Dox and Dox-loaded NPs toward the HT-29 and 

Caco-2 cell lines was studied. The results are shown in Figures 20 and 21. The free 

Dox showed potent toxicity towards HT-29 cells, with an IC50 value of 4.3 μg/mL, 

while the IC50 value of Dox-NPs was 11.8 μg/mL. This observation can be attributed 

to the direct diffusion of free Dox into the nucleus of HT-29 cells, whereas Dox was 

steadily released from the NPs. It was found that both free Dox and Dox-NPs 

exhibited similar effects on the Caco-2 cells. The cell viability of Caco-2 cells treated 

with free Dox and Dox-NPs was higher than that observed with HT-29 cells. This may 

be due to the fact that Dox can damage DNA and inhibit cell proliferation, and the 

doubling time of Caco-2 cells (62 h) is longer than that of HT-29 cells (23 h), which 

may lead to lesser cell death when analyzed. At the highest concentration of Dox, free 

Dox kill 50% cell on Caco-2 cells as shown in Figure 21. 
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Figure 20. Percentage of cell viability of HT-29 cells after treatment with free Dox 

and Dox-NPs. 

 

 

Figure 21. Percentage of cell viability of Caco-2 cells after treatment with free Dox 

and Dox-NPs. 
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4.1.9 Cellular uptake  

 Studying the cellular uptake of cancer cells is crucial to demonstrate the 

effectiveness of drug-loaded nanocarriers in targeted tumor drug delivery. The 

detailed results of MFI obtained from the flow cytometer are presented in Figure 22, 

and it was found to be higher than that of free Dox between 2-8 h (p < 0.05). This 

indicates that Dox from Dox-NPs accumulated inside the colorectal cancer cells more 

than free Dox. Unlike free Dox, which can rapidly penetrate the cells and inhibit cell 

proliferation, the Dox-NPs were attached to and taken up by the cells, gradually 

releasing the cargo drug and leading to a higher fluorescence intensity. Thus, the 

gradual release of Dox from the particles resulted in high IC50 values (236). The 

uptake behavior of NPs towards the cells was expected to occur via endocytosis, 

while the hydrophilic free Dox was accumulated into the tumor cell via passive 

diffusion (237). 

 

Figure 22. The cellular uptake of Dox and Dox-NPs into HT-29 cells at different time 

points (* Significant difference at 95% CI). The MFI was calculated from 10,000 

events analyzed with the laser line of 488 nm by flow cytometer. 

 

4.1.10 Cell death assay 

  To detect the death pathway of HT-29 cells, a double-staining method was 

performed and determined via flow cytometry. The assay detected live cells, early/late 

apoptotic, and necrotic cells after staining with annexin V Alexa Fluor™ 647 
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conjugate and SYTOX™ Green. Several dot plots are presented in Figure 23. As 

observed in the images, untreated control cells and those treated with blank NPs 

demonstrated over 90% viability and showed non-toxic activity. Cells treated with a 

lower concentration of free Dox did not show significant HT-29 cell death, while 

cytotoxicity was considerably higher once the concentration of Dox increased. This 

explained that an adequate concentration of Dox is required to penetrate the cell 

membrane and nucleus. 

 Meanwhile, the induction of apoptosis by Dox-NPs in HT-29 cells showed a 

dose-dependent character. At the concentration of 1 μM and 3 μM, 16% and 31% of 

apoptosis cell death occurred with Dox-NPs, while lower apoptosis cell death of free 

Dox was found (5% and 9%, respectively). Many factors influence cell death, 

including the nanocarrier, which perhaps played as a focal point in the internalization 

and release of drugs within the cell. Thus, there is an impact on the cells at lower 

concentrations. Once a higher concentration was reached (5 μM), apoptosis-mediated 

cell death was approximately the same (~46%) between the free Dox and Dox-NPs. It 

was assumed that the therapeutic cytotoxic concentration was reached towards the 

HT-29 cells. It is worth mentioning that induction of apoptosis is desirable for 

programmed cell death because it prevents the splitting of the plasma membrane and 

the leakage of cellular debris, leading to less inflammatory cell death  (216). These 

findings are consistent with previous in vitro cytotoxicity studies that recognized Dox-

NP as stronger in triggering apoptosis (238). 

 



 
60 

 

 

 

Figure 23. Apoptosis assay of HT-29 cells after treatment with different formulations 

including untreated control, blank NPs, free Dox (1, 3, and 5 μM), and Dox-NPs (1, 3, 

and 5 μM). The experiments were performed using the double staining technique of 

Annexin V Alexa FluorTM conjugate and SYTOXTM Green. 

 

4.2 Development of Dox-loaded Tras-decorated liposomes for breast cancer  

4.2.1 Synthesis of CHI-IA 

 The CHI derivative (CHI-IA) was synthesized by attaching the amino 

functional groups of CHI with the carboxylic acid (-COOH) group of IA at its C-2 

position. This reaction is carried out using a carbodiimide-mediated crosslinking 

reaction. To initiate the -COOH functional group of IA, EDAC, which contains the 
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carbodiimide group, was coupled. The addition of NHS then converted the reactant 

short-lived O-acylisourea active ester into a more stable and reactive ester form called 

N-hydroxysuccinimidyl ester. This reactive ester group was then conjugated with the 

amino group of CHI under pH 5, resulting in the formation of an amide functional 

group (217). 

 

 

Figure 24. Synthesis pathway of CHI-IA polymer involving a two-step procedure 

 

4.2.2 Characterization of CHI-IA 

 By the coupling of the carboxylic acid group (-COOH) of IA and the 

deacetylated amino groups of the CHI glucosamine chain, the CHI-IA derivative was 

successfully synthesized. The modified chemical structures of the CHI, IA, and CHI-

IA structures were analyzed ATR-FTIR and 1H-NMR, and the analysis findings 

ascertained the modification.  

 Figure 25. shows the ATR-FTIR spectrum of CHI-IA along with the 

interpretation of the spectral analyses. Both CHI and CHI-IA spectra presented a 

broad absorption of O-H stretching in the range of 3000 and 3500 cm-1, as well as N-

H stretching of amine between 3290 and 3360 cm-1. The N-H bending of the amine 

functional group of the deacetylated pyranose ring was found at 1585 cm-1 , and the 

C=O of the secondary amide group appeared as a low to medium-intensity peak at 

1590 cm-1.  The CH2 bands in the pyranose ring were given at 2880 cm-1 , along with 
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the absorptions at 1415, 1250, and 1325 cm-1 (217, 239). Dissimilar to the CHI 

spectrum, the CHI-IA response showed a strong and new peak at 1636 cm-1, which 

was due to the stretching of an amide bond that occurred between CHI and IA. 

 The 1H-NMR spectra of the CHI derivative are also depicted in Figure 25. The 

1H-NMR spectrum of CHI showed a signal of the methyl group at the N-acetyl 

glucosamine at 2.03 ppm and signals of the pyranose ring in the range between 3.4 

and 3.8 ppm (240). The iodomethylene group in the IA spectrum appeared at 3.81 ppm 

(217). The 1H-NMR spectrum of CHI-IA showed a similar spectrum to the parent 

polymer. However, a peak shifting of the proton in the glucosamine ring adjacent to 

the substituted amino group to the downfield region (from 3.0 to 3.2 ppm) was 

observed (217, 239).  

 

Figure 25. (a) ATR-FTIR and (b) 1H-NMR spectra of CHI, IA, and the synthesized 

CHI-IA 

 

4.2.3 Determination of Iodine content 

 The successful chemical reaction can be confirmed by the existence of amide 

bonds as indicated by both ATR-FTIR and 1H-NMR analyses. However, the presence 

of grafted iodine could not be observed in either ATR-FTIR or 1H-NMR spectra. 

Thus, to quantify the degree of substitution of iodine element in the CHI-IA 

derivative, ICP-MS analysis was performed. The acquired results by the ICP-MS are 
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expressed in Table 2. The iodine content did not show significant differences across 

the various ratios of CHI:IA. However, the ratio of CHI-IA (1:1) resulted in the 

highest percentage yield of 20%, compared to the other ratios. Therefore, this ratio 

(1:1) was chosen for further experiments. 

 

Table 2. Degree of substitution of different CHI:IA ratios with the % yield. 
 

CHI-IA % Yield Degree of substitution 

1:1 20.0 10.9 ± 0.64 

1:2 12.1 11.0 ± 0.86 

1:3 6.9 9.0 ± 0.45 

 

4.2.4 Preparation of liposomes 

 The anionic liposomes were prepared using the thin-film hydration method by 

applying different ratios of oleic acid to phosphatidylcholine (PC). Oleic acid was 

used as a fatty acid, single-chain amphiphiles containing only one lipid hydrocarbon 

tail, to get anionic liposomes to be able to attach with cationic CHI-IA. Oleic acid are 

generally used to prepare the anionic liposome which can give higher liposomal 

stability during the storage. Because the charged nanocarriers repel each other and 

prevent aggregation (241). Table 3. showed some experimental data, and all the 

anionic liposomes expressed nano-sized with negative zeta potentials. To attach with 

a very cationic CHI-IA derivative, it is important to choose an anionic liposome with 

a higher negative zeta potential. So, we selected the ratio 10:1.5 of 

phosphatidylcholine and oleic acid with appropriate PDI value and the highest zeta 

potential (-31.9 ± 1.2) for further experiments. 
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Table 3. Particle size, PDI, and zeta potential of the liposome formulations 

(*Significant difference, p<0.05)     

    

Ratio of PC:Oleic 

acid 
Size (nm) PDI 

Zeta Potential 

(mV) 

10:1 65.2 ± 3.6 0.41 ± 0.01 -22.8 ± 0.3 

10:1.5 64 ± 2.2 0.35 ± 0.04 -31.9 ± 1.2* 

10:2 33.4 ± 0.1 0.28 ± 0.02 -17.7 ± 1.5 

10:3 35 ± 1.2 0.23 ± 0.01 -22.2 ± 2.2 

 

4.2.5 Characterization of liposomes  

 4.2.5.1 Particle size and polydispersity index evaluation 

 The findings of particle size, size distribution, and zeta potential examinations 

of the liposome formulations using the DLS method are presented in Table 4. 

According to the findings, the mean size of all liposomes was within the desirable 

range of 65-110 nm for targeted drug delivery through the EPR effect, which is 

effective for particles with size under 120 nm (242). Additionally, liposomes within 

this size range can evade glomerular filtration and RES, leading to prolonged drug 

circulation (243). A slight increase in size and PDI was observed after coating the 

liposomes with CHI-IA and bioconjugation with Tras due to the considerable size of 

the polymer and antibody surrounding the liposomes. The zeta potential, which 

characterizes the electrostatic repulsion force and is directly proportional to the 

colloidal stability of liposomal dispersions (244), showed that the liposomes made 

with oleic acid had an anionic surface due to the carboxylic acid group of oleic acid. 

After coating with CHI-IA, the negatively charged surface of the liposomes reversed 

to a positive charge due to the strong cationic properties of CHI-IA (245, 246), 

indicating that CHI-IA was favorably coated onto the liposome surface. The Tras 

conjugation did not affect the zeta potential of the nanocarrier since the ionizable 

moiety did not participate in the bioconjugation. Despite the surface charge switch 

and net zeta potential reduction from charge neutralization, the prepared liposome 

formulations showed promise as nanocarriers for cancer targeting (244). The cationic 
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properties of CHI-IA may improve cell membrane permeation because the anionic 

cell membrane attracts and permits the nanocarrier cellular uptake (242). Again, after 

encapsulating the Dox into coated, uncoated liposomes and Tras conjugated liposome, 

the particle size and PDI were increased. The anionic and cationic surface charges 

were slightly decreased. This may be due to the positive charge of Dox after 

incorporating into anionic liposome.   

 

Table 4. Particle size, PDI, and zeta potential of the liposome formulations  
 

Liposome Size (nm) PDI Zeta Potential (mV) 

CHI-IA-Lip 72.8 ± 1.1 0.3 ± 0.01 +17.0 ± 1.3 

Tras-CHI-IA-Lip 76.0 ± 1.5 0.5± 0.03 +16.5 ± 2.1 

Dox-Lip 90.3 ± 1.3 0.2 ± 0.06 -23.7 ± 1.9 

Dox-CHI-IA-Lip 108.5 ± 3.5 0.4 ± 0.05 +11.0 ± 0.4 

Tras-Dox-CHI-IA-Lip 101.6 ± 2.4 0.38 ± 0.02 +10.0 ± 1.9 

 

       4.2.5.2 Transmission electron microscope 

The morphology of blank liposomes, CHI-IA-Lip, and Tras-CHI-IA-Lip are 

revealed in Figure 26. The liposomes were stained with 1% UA, which attaches to the 

anionic surfaces. The anionic liposome showed a dark spherical structure with a mean 

diameter of 30 nm. After being coated with CHI-IA, and conjugated with Tras, the 

background was stained for the contrasting agent that could not adhere to the cationic 

liposome surfaces. These liposomes also presented as a spherical shape with a slight 

glowing outer layer which indicated the coated CHI-IA and Tras. Moreover, the mean 

diameter of the CHI-IA-Lip and Tras-CHI-IA-Lip increased slightly, which were 37 

and 38 nm, respectively. This finding are consistent with the results obtained from the 

DLS, where the particle size measured under TEM is smaller due to the measurement 

being in the dried state compared to the hydrodynamic diameter obtained by DLS. 
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Figure 26. The morphology of (a) anionic liposomes, (b) CHI-IA-Lip, and (c) Tras-

CHI-IA-Lip observed under TEM 

 

4.2.6 Determination of Tras-conjugation efficiency to liposomes 

 The BCA assay was used to examine the amount of protein in the samples. 

CHI-IA-Lip and Tran-CHI-IA-Lip with different amounts of Tras were tested to 

quantify the amount of Trans conjugated on the liposome which was represented by 

the amount of protein found in each sample. As shown in Figure 27, the Tras-CHI-IA-

Lip contained much greater protein content compared with CHI-IA-Lip (p<0.05) 

indicating that Tras was conjugated on the coated liposome. When 3 mg and 4 mg of 

Tras added to the liposome solutions were compared, a higher protein content was 

found when more Tras was added suggesting an improved conjugating efficiency. The 

4-mg added Tras-CHI-IA-Lip showed 1.5-fold higher protein content compared to 

CHI-IA -Lip. Th e antibody can be conjugated w ith the C HI -IA -Lip via the 

bioconjugation mechanism between iodoacetic acid and thiol groups of the cysteine 

residue on the antibody. Also, pieces of the literature suggested that iodoacetamide 

can also react with unprotonated histidines, tyrosines, methionines, and the N -

term inal am ine group of the proteins w hich presum ably play a part in  the 

bioconjugation process (247, 248). The thioether bond created upon the conjugation 

was reported to be irreversible in normal conditions. The reaction is reactive among 

the halides especially, iodine, and thiols (249, 250). Therefore, it can be implied that 

the attachment of Tras on CHI-IA-Lip was possible due to the bioconjugation process 

between iodoacetate and the amino acid side chains in proteins. 
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Figure 27. Verification of Tras conjugation on Tras-CHI-IA-Lip using BCA assay. 

(Statistical significance: *compared to Tras-CHI-IA-Lip (3 mg) at p < 0.05) 

 

4.2.7 Loading of Dox and determination of drug loading content 

 %EE and LC of Dox in the liposomes were established to investigate the effect 

of Dox concentration on the drug loading efficiency and loading capacity. As shown 

in Table 5, the molar ratio Dox to liposome of 2:10 showed a significantly higher 

%EE (84.6%) compared to other ratios of Dox (p<0.05). The LC of Dox in the 

liposome was concentration-dependent, with the LC increasing when a higher amount 

of Dox was added. The maximum LC was observed at Dox:liposome ratio of 3:10, but 

a higher amount of Dox did not increase the LC (p>0.05). Therefore, the 

Dox:liposome ratio of 2:10 was considered the most suitable for Dox loading 

conditions as it resulted in the highest %EE and only slightly lower LC compared to 

the highest LC. This condition was employed in the preparation of Dox-CHI-IA-Lip 

and Tras-Dox-CHI-IA-Lip in subsequent experiments. 
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Table 5. %EE, LC of Dox-Lip at different Dox:Liposome ratios (*Significant 

difference from 1:10, p<0.05). 

 

Dox: Liposome  %EE LC (mg/g) 

1:10 71.5 ± 11.3 11.6 ± 1.8 

2:10 84.6 ± 5.2* 26.5 ± 0.7 

3:10 67.9 ± 2.4 29.7 ± 1.1 

4:10 50.3 ± 3.8 27.8 ± 2.2 

 

4.2.8 In vitro release study 

 The drug release mechanism is crucial for achieving therapeutic outcomes in 

all drug delivery systems (251). When designing liposomal drug formulations, two 

vital parameters are the longer circulation time and slower drug leakage (252). The 

release profiles of Dox from the liposome preparations at pH 7.4 and pH 5.0 are 

shown in Figures 28(A) and 28(B), respectively. Dox solution displayed a remarkably 

rapid release through the dialysis bag, completing within 2-3 h in both pH conditions. 

In contrast, Dox-Lip, Dox-CHI-IA-Lip, and Tras-Dox-CHI-IA-Lip showed a biphasic 

release in both conditions. Figure 28(A) indicates that Dox-Lip released 50% of the 

drug before 2 h, which was faster than that from Dox-CHI-IA-Lip and Tras-Dox-CHI-

IA-Lip, which reached 50% release after 2 and 4 h, respectively. The Dox-Lip showed 

complete drug release at 12 h, while the other liposome formulations extended the 

drug release to 24 h. The differences in Dox release rates could be due to the CHI-IA 

coating on the liposomes, which hindered Dox's ability to release through them. 

Additionally, the liposomal coating altered the permeability of the medium, 

facilitating drug migration from the vesicles (253). Moreover, the sustained release of 

the encapsulated Dox may be due to the drug diffusion through the lipid bilayer and 

the CHI-IA layer surrounding the liposome vesicles (254-256). So CHI-IA played an 

important role in extending Dox release by limiting the drug and medium transference 

(61). Moreover, the induced and faster Dox release from liposomes at low pH was 
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associated with the high solubility related with the protonation of Dox at acidic pH 

(257). 

 

 

Figure 28. Cumulative drug release patterns of Dox solution, Dox-Lip, Dox-CHI-IA 

Lip, and Tras-Dox-CHI-IA-Lip at (A) pH 5.0 and (B) pH 7.4. 

 

4.2.9 In vitro cytotoxicity study 

 To assess the biocompatibility of the liposome formulations on human 

fibroblast cells and cytotoxicity on the breast cancer cell line, the cellular 

mitochondrial metabolic activity at 24 h was measured by an MTT assay. Firstly, the 

biocompatibility of blank liposome was measured on HGF cell and SK-BR-3 cells. As 

seen in Figure 29, there were no cell death in both cell lines which confirmed that the 

liposome itself has no cytotoxic activity. 

 Figure 30 shows that the HGF cells were treated with the same conditions of 

liposomal formulations as the SK-BR-3 cells. Even at the lowest concentration of free 

Dox, the HGF cells showed approximately 20% cell death, and at the highest 

concentration of free Dox (50 µM), 50% cell death occurred. In contrast, for the Dox-

Lip, Dox-CHI-IA-Lip and Tras-Dox-CHI-IA-Lip, the cells displayed 80% cell 

viability until the concentration greater than 5 µM, and cell viability displayed. This 

finding is consistent with previous research that Dox-loaded catechol-modified 

CHI/hyaluronic acid NPs showed 50% HGF cell death over 20 µg/mL of Dox (216). 

This may be because HGF cells  proliferate at a slower rate than cancer cells (258).   
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Figure 29. Biocompatibility study of blank liposomes on (a) HGF cells (b) SK-BR-3 

cells after 24 h of treatment 

 

 

 

Figure 30. Biocompatibility study of Dox solution, Dox-Lip, Dox-CHI-IA-Lip, and 

Tras-Dox-CHI-IA-Lip on HGF cells after 24 h of treatment  

 

 To assess the cytotoxicity of the liposome formulations, the cellular 

mitochondrial metabolic activity was measured in SK-BR-3 breast cancer cells after 

24 hours of treatment. The percentage of SK-BR-3 cell viability following treatment 

with liposome formulations is depicted in Figure 31. The IC50 value of the Dox 

solution was found to be 3.71 μM, while Dox-Lip, Dox-CHI-IA-Lip and Tras-Dox-
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CHI-IA-Lip exhibited IC50 values of 4.26 μM, 3.53 μM, and 2.05 μM, respectively. 

These results indicate that Tras-Dox-CHI-IA-Lip exhibited the most potent activity 

compared to non-targeted liposomes and drug solution. This may be attributed to the 

synergistic effect of Tras and Dox, resulting in superior cell death compared to 

formulations without Tras.  Additionally, Tras facilitated the localization and 

attachment of the drug-loaded nanocarrier to the SK-BR-3 cell surface by interacting 

with specific receptors (HER2) on the cell surface (259). Interestingly, non-targeted 

Dox-CHI-IA-Lip exhibited a more cytotoxic effect than Dox solution at higher drug 

concentrations (5-50 μM), suggesting that the drug entrapped in liposomes could be 

internalized by endocytosis, while hydrophilic free Dox enters cells by passive 

diffusion (260). 

 

 

Figure  31. Percentage of SK-BR-3 cell viability (HER2-positive) after 24-h 

treatment with Dox solution, Dox-Lip, Dox-CHI-IA-Lip, and Tras-Dox-CHI-IA-Lip 

 

4.2.10 Cellular uptake 

 Flow cytometry analysis was performed to determine the cellular uptake of 

each liposome formulation by SK-BR-3 cells as presented in Figure 32. Dox-Lip 

showed the lowest ability to enter the cell compared to the coated liposome. Tras-

Dox-CHI-IA-Lip showed higher MFIs at all time points, indicating greater 

internalization of Dox into the cells. This was attributed to Tras, which targeted and 
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attached to the HER2 receptor on SK-BR-3 cells, promoting receptor-mediated 

endocytosis. Interestingly, the non-targeted positively charged Dox-CHI-IA-Lip 

initially entered the cells at a similar level as the negatively charged Dox-Lip, but 

showed greater cellular uptake at 4 h. This finding could be due to nonspecific 

endocytosis and cell adhesion via electrostatic interaction between the negative charge 

of the cell membrane and the positive charge of CHI-IA (261, 262). The comparison 

of the cellular uptake indicated that Tras-Dox-CHI-IA-Lip facilitated the entry of the 

targeted liposome formulation into the cells, which correlated with the potent 

cytotoxic effect observed. Dox-CHI-IA-Lip also presented a good potency against 

breast cancer cells due to its cellular adhesion mechanism. These findings supported 

that the targeted Dox-Lip could provide a powerful anticancer effect on HER2- 

positive cells. 

 

 

Figure 32.  Cellular uptake of Dox solution, Dox-Lip, Dox-CHI-IA-Lip, and Tras-

Dox-CHI-IA-Lip by SK-BR-3 cells at different time points, as measured by mean 

fluorescence intensity (MFI) using flow cytometry. (* Significant difference from 

Free Dox, Dox-Lip and Dox-CHI-IA Lip, p<0.05) 
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4.2.11 Cell death assay 

 The ability to induce apoptosis is a favorable criterion for therapeutic 

anticancer agents, as it is a safe mechanism that does not induce inflammatory 

cytokines. Therefore, it is important to examine the pathway of nanocarrier-enhanced 

cytotoxic effect to confirm the desirability of the increased potency (263). To screen 

the cell death mechanism of various drug-loaded liposome formulations, Hoechst 

33342 and SYTOX™ Green nucleic acid staining were used under an inverted 

fluorescence microscope. Normally, the apoptotic cells characterized by nuclear 

condensation, cell shrinkage, DNA cleavage, and plasma membrane budding (264, 

265). Hoechst 33342 is a permeable nucleic acid cell dye used to identify nuclear 

condensation and DNA fragmentation of the nuclei of apoptotic cells. As shown in 

Table 6, the deep blue color of the nucleus of the HER2-positive SK-BR-3 cells can 

be observed. The apoptosis cell death pattern of SK-BR-3 cells shows the separation 

of DNA in the form of highly condensed and fragmented nuclei with brighter blue 

fluorescence color. The untreated cells and the cells treated with blank liposome 

formulations appeared oval, with very few nuclei showing bright blue or green 

fluorescence of dead cells, indicating that most cells were still viable. However, 

treatment with Dox formulations clearly induced cell death. HER2-positive SK-BR-3 

cells treated with Dox-Tras-CHI-IA-Lip demonstrated much more intense bright 

blue/green fluorescence, confirming the increased dead cells compared to other Dox 

formulations. These findings indicate that the HER2-positive SK-BR-3 cells were 

sensitive to the treatments, and the liposome preparations induced cell death through 

apoptosis.  

 

Table  6. Fluorescence images of SK-BR-3 cells stained with Hoechst 33342 and 

SYTOX™ Green after 24-h treatment. 
 

 Hoechst 33342 Sytox green  

Control 
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Blank CHI-IA 

Liposome 

  

Blank Tras-CHI-

IA Liposome 

  

Free Dox 

  

Dox Liposome 

  

Dox CHI-IA 

Liposome 

  

Dox-Tras-CHI-IA 

Liposome 

  



 
75 

 

 

 Flow cytometry assay was performed to determine the stages of cell death. The 

findings are displayed in Figure 33, which shows live cell, apoptotic cells, and 

necrosis cell after staining with annexin V Alexa Fluor™-647 conjugate and 

SYTOX™ Green. The untreated cells served as the control. The untreated control, 

blank liposomes, blank CHI-IA-Lip, and Tras-CHI-IA-Lip demonstrated 85–89% cell 

viability and negligible late apoptosis death. At an equivalent amount of Dox, the Dox 

solution induced 42% apoptotic cell death, while Dox-Lip resulted in a similar 

apoptotic cell death (44%). However, Dox-CHI-IA-Lip significantly increased early 

and late apoptosis cell death to 52%. Tras-Dox-CHI-IA-Lip, which showed the 

highest cytotoxic effect in other experiments, demonstrated significantly higher early 

and late apoptosis SK-BR-3 cell death (69%). This finding confirms Tras not only has 

a role in specific cell targeting but also enhances the therapeutically prominent 

cytotoxic activity of Dox by initiating the HER2 cascades. The cytotoxicity studies 

showed that conjugating Tras with Dox-CHI-IA-Lip effectively improved the 

anticancer effect against HER2-positive cell line SK-BR-3. This also confirmed that 

using targeted liposomes through Tras conjugation can enhance the anticancer activity 

of Dox synergistically when compared to non-targeted liposomes and Dox solution 

(266, 267).  
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Figure 33. Flow cytometry analysis of SK-BR-3 cells treated with liposome 

formulations for 24 hours, showing the percentage of live cells (lower left quadrant), 

early and late apoptotic cells (lower and upper right quadrants, respectively), and 

necrotic cells (upper left quadrant), as determined by dual staining with annexin V 

Alexa Fluor™-647 conjugate and SYTOX™ Green. 
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4.3 Development of Tras-decorated CHI-Mal/Alg-Cys NPs for breast cancer 

4.3.1 Synthesis of CHI-Mal 

 The maleimide group was conjugated onto CHI by coupling 6-

maleimidohexanoic acid with CHI with the aid of EDAC and NHS as catalyst. The -

COOH groups of 6-maleimidohexanoic acid were activated by these reagents and 

then reacted with the -NH2 groups of chitosan. The obtained structure of the 

synthesized polymer were determined by ATR-FTIR and NMR. In the ATR-FTIR 

spectrum of CHI shown in Figure 34, a broad peak at 3278 cm-1 was observed due to 

the stretching of the -OH group. The bands at 2874 and 1053-1026 cm-1 are 

recognized as the C-H and C-O stretching of the saccharide pyranose ring. The peaks 

at 1649 and 1588 cm-1 were related to amide I and amide II, and these peaks shifted to 

1631 and 1531 cm-1 after conjugation with maleimide (268). In the spectrum of CHI-

Mal, the new peaks at 898 and 695 cm-1 were observed, which could be attributed to 

the vibration of =CH and C-H of the maleimide. The absorption band at 1150 cm-1 

was due to the asymmetric C-O-C bridge stretching of CHI. The small peak at 1690 

cm-1 was inherited from the amide of maleimide and corresponded to the C=O 

stretching (179).  

 Based on the NMR spectrum shown in Figure 35, CHI exhibited a 

characteristic peak at 3.1 ppm and peaks at 3.4-3.8 ppm, which are hydrogens 

attached to the C-2 and C-3 to C-5 of the saccharide ring. The successful conjugation 

of 6-maleimidohexanoic acid with CHI was confirmed by the appearance of signals at 

3.5, 2.3, 2.0, 1.5, and 1.2 ppm, which correspond to the methylene protons of 6-

maleimidohexanoic acid. Additionally, the characteristic peak of the maleimide ring 

was observed as a singlet at 6.8 ppm, indicating the success of the conjugation process 

(269).  

 

 



 
78 

 

 

 

Figure 34. ATR-FTIR spectra of CHI, Mal and CHI-Mal 
 

 

 

Figure  35. NMR spectra of CHI, Mal and CHI-Mal 
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4.3.2 Synthesis of alginate-cysteine (Alg-Cys) 

 Alg-Cys polymer conjugated was achieved by the formation of an amide bond 

between the NH2 group of cysteine and the COOH groups of alginate. The ATR-FTIR 

spectrum of Alg-Cys is shown in Figure 36. The broadband at 3287 cm-1 and the 

small band at 2935 cm-1 represent the stretching vibration of O-H and N-H groups 

(270). The small band at 2767 cm-1 could be due to the S-H groups of cysteine. The 

strong peak at 1597 cm-1 may be due to the O-C-O carboxylate and C-OH stretching 

vibrations. The band at 932 cm-1 may be associated with the stretching vibration of the 

C-O of uronic acid and S-H. Additionally, the band at 882 cm-1 may be due to β-

manuronic acid (271). The small band at 2767 cm-1 may be associated with the 

stretching vibration of the CH2 group of cysteine. The small bands at 1291 and 1242 

cm-1 could be related to the C-CH and O-CH stretching vibrations of the pyranose 

ring. Moreover, the sharp band at 1407 cm-1 may be responsible for the O-C-O, C-OH 

groups of the pyranose ring. The bands at 1000-1100 cm-1, 1028 and 1080 cm-1 

related with stretching vibration of C-C, C-H and C-O groups of the pyranose ring of 

alginate (272, 273).  

 

 

Figure 36. ATR-FTIR spectra of Alg, Cys and Alg-Cys 
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 For the NMR characterization, the signals at 3.7-4.0 ppm were responsible for 

the carbon atoms contained in the pyranose ring of Alg (269). After reacting with Cys, 

the C-H of Cys was fused with the carbon of the pyranose ring which was 3.7 and 4.0 

ppm. The peaks at 2.8, 3.0, and 3.2 of Alg-Cys are responsible for the proton of the 

amino acid α-carbon and carbon of the side chain of Cys that was shifted from 3.1 and 

3.2 ppm of Cys. The new peak at 1.1 ppm may be responsible for the hydrogen that is 

attached to sulfide. It was confirmed that Cys was successfully conjugated on the CHI 

backbone. 

 

 

 

Figure  37. NMR spectra of Alg, Cys and Alg-Cys 
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Figure 38. ATR-FTIR spectra of CHI, Mal, CHI-Mal, Alg, Cys, Alg-Cys and CHI-

Mal/Alg-Cys NPs 
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4.3.3 Preparation and characterizations of curcumin-loaded CHI-Mal/Alg-Cys 

NPs 

 After reacting the maleimide functional groups of CHI-Mal and thiol on the 

Alg-Cys by click reaction, CHI-Mal/Alg-Cys NPs were obtained. The thiol-

maleimide chemistry has been extensively applied in many biological reactions, such 

as polymer-polymer conjugation or surface functionalization of polymers. This 

reaction is carried out site-selective conjugation in an aqueous environment, offering 

the stability of reaction outcomes and does not produce any significant by-products 

(274). The size and superficial charge of NPs are critical considerations association 

with the cellular destruction of tumor cells (275). The characterization of obtained 

NPs by zeta sizer was shown in Table 7. The NPs show acceptable nano-size (173.7 ± 

10.1 nm) with slightly positive zeta potential. This positive charge may be attributed 

to the excess amine group of CHI after reacting with alginate by ionic interaction. 

After incorporating the curcumin and conjugating with Tras, the diameter of NPs was 

increased to 225.6 ± 8.0 and 258.3 ± 3.4 respectively with acceptable PDI values. This 

increased in size was under satisfactory conditions because a size larger than 300 nm 

could probably undergo clearance from the blood (276). Alternately, the zeta potential 

showed slightly negative after conjugating curcumin and Tras. This can be assured in 

the attachment of Tras which contains amino acids and another reason was the 

negative charge of curcumin. Also, the electrostatic repulsion of incorporating drug 

and Tras with the NPs could be an additional reason for negative zeta potential and 

larger size (277).  

 

Table 7. Mean diameter, PDI and zeta potential of CHI-Mal/Alg-Cys NPs and 

curcumin loaded Tras conjugated CHI-Mal/Alg-Cys NPs 

 

NPs Size (nm) PDI Zeta potential (mV) 

CHI-Mal/Alg-Cys 173.7 ± 10.1 0.24 ± 0.01 +6 ± 0.1 

Curcumin-CHI-Mal/Alg-Cys 225.6 ± 8.0 0.40 ± 0.00 -1.4 ± 0.4 

Tras-Curcumin-CHI-Mal/Alg-Cys 258.3 ± 3.4 0.25 ± 0.02 -5.3 ± 0.5 
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4.3.4 Conjugation of the antibody trastuzumab to the CHI-Mal/Alg-Cys NPs 

 After obtaining the CHI-Mal/Alg-Cys NPs, Tras antibody was introduced 

directly onto the surface of particles by click chemistry. Thiol-maleimide click 

chemistry expects to take place by binding through thiol (-SH) groups of antibodies 

with maleimide of CHI-Mal/Alg-Cys NPs. The reaction was carried out by the N-

terminal amino groups of antibodies (278). The content of Tras that attached to NPs 

was determined by BCA assay and shown in Figure 39. According to the results, 

292.0 ± 4.3 µg of Tras was attached to the NPs and 236.6 ± 4.2 µg can be determined 

on curcumin loaded NPs.  Blank NPs were used as control. It seems that the Tras can 

be attached more to NPs without curcumin. It may be because of the site-specific 

conjugation of thiol with maleimide on NPs only. Since maleimides have extensively 

served as a famous focal point of protein bioconjugation chemistry with thiol.  They 

can permit precise modification with cysteine simply and rapidly. Under certain 

conditions, the consequently formed thioether bond is relatively stable and slowly 

reversible (249, 279, 280). 

 

Figure 39. Quantification of Tras content in Tras-NPs and Tras-Curcumin-NPs using 

the BCA assay. (*Significant difference from Tras-Curcumin-NPs, p < 0.05). 
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4.3.5 Determination of %LE and LC of curcumin-loaded CHI-Mal/Alg-Cys NPs 

 Effective nanocarriers for breast cancer therapy should have a high drug 

loading capacity and be able to deliver drugs efficiently (281). In this study, different 

weight ratios of curcumin were loaded into the CHI-Mal/Alg-Cys NPs during the 

conjugation of the two polymers by ionic gelation. The loading capacity and efficiency 

of curcumin were presented in Table 8. The data showed that the curcumin loading 

capacity increased significantly with an increase in the ratio of curcumin to NPs. 

However, the loading efficiency decreased as the amount of curcumin was increased. 

The optimal weight ratio for the highest LC and loading efficiency %LE of NPs was 

found to be 2:15, with an LE% of 74 ± 3.2. This higher entrapment capacity and 

efficiency of NPs may be attributed to the incorporation of drugs during the 

preparation of NPs by ionic gelation rather than adsorption on (282). 

 

Table  8. % LE and LC of curcumin-loaded CHI-Mal/Alg-Cys NPs (* Significant 

difference from 1:15 and 0.5:15, p < 0.05) 

 

Curcumin:NP LC (mg/g) LE (%) 

0.5:15 81.9 ± 7.5 92.9 ± 4.4 

1:15 117.2 ± 3.9 68.6 ± 10.6 

2:15 239.2* ± 18.7 74 ± 3.2 

 

4.3.6 In vitro release study 

 The release mechanism of curcumin from NPs was determined using the 

dialysis method in PBS at pH 5.5, which mimics the tumor pH, and pH 7.4, which 

represents normal physiological conditions. The release profile is presented in Figure 

40. The results showed sustained and steady release of curcumin in both pH 

conditions for up to one week. A burst release of about 13% was observed in both pH 

conditions at the initial 4 hours due to the release of the vicinity-related drug. At day 

4, 48 ± 6.7% and 71 ± 1.3% of curcumin were released at pH 7.4 and 5.5, 

respectively. On day 7, approximately 57 ± 9.7% of curcumin was released at pH 7.4, 
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whereas 98 ± 5.4% was released at pH 5.5. The release of curcumin was faster, 

sustained, and complete in acidic conditions compared to neutral pH. The extended-

release stage observed after the fourth day may be due to the permeation of the 

surrounding medium into the NPs, leading to the release of the drug (283). The fast 

and complete release of curcumin in acidic pH was attributed to the protonation of the 

unreacted amine functional group of CHI and the repulsive force between the positive 

charges in the acidic environment, leading to more efficient and complete release of 

curcumin from the swelling NPs (284, 285). Therefore, the release mechanism can be 

characterized as triphasic behavior, where small burst release occurred initially, 

followed by steady release through the diffusion of NPs until the fourth day, and 

finally complete release of the drug at acidic pH responsible for full degradation of 

NPs (286). In conclusion, the in vitro release behavior of curcumin-NPs was found to 

be pH‐dependent. 

 

Figure  40. Cumulative release profile of curcumin from nanoparticles (Curcumin-

NPs) at pH 5.5 and 7.4. Data points represent the mean ± standard deviation of three 

independent experiments. * denotes a significant difference from the release profile at 

pH 7.4 (p < 0.05). 

 

4.3.7 In vitro anticancer activity  

 The biocompatibility of blank NPs with normal HGF cells and HER2-positive 

breast cancer cells was evaluated using the colorimetric MTT assay. The cell viability 
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after a 24-h treatment was presented in Figure 41. In both cell lines, blank NPs 

exhibited almost no cytotoxicity, with a viability of over 80%, indicating their non-

harmful effects on healthy cells. Furthermore, as shown in Figure 42, the viability of 

HGF cells was over 80% after treatment with various concentrations of curcumin, 

Curcumin-NPs, and Tras-Curcumin-NPs. 

 

 

Figure 41. Biocompatibility study of blank NPs on (a) HGF cells and (b) SK-BR-3 

cells                           

  

 However, the viability of SK-BR-3 cells decreased with increasing 

concentration of free curcumin, Curcumin-NPs and Tras-Curcumin-NPs after one day 

of incubation. The results are shown in Figure 43. The therapeutic minimum inhibitory 

concentration (IC50) was determined to be 100 µM, 95.05 µM, and 33.9 µM for free 

curcumin, Curcumin-NPs, and Tras-Curcumin-NPs, respectively. Thus, the 

cytotoxicity of Tras-Curcumin-NPs is significantly stronger than that of the free drug 

and non-targeting NPs. The IC50 value of Curcumin-NPs was slightly higher 

compared to the free drug. While free curcumin induced cytotoxicity gradually with 

increasing concentration and terminated the toxic effect after 100 µM concentration 

due to its hydrophobic nature (287). The Curcumin-NPs showed significant cell-

killing capacity at the concentration of 50 µM and onwards. This implied that 

Curcumin-NPs were internalized into the cells through the endocytosis route, 

although curcumin diffused into the cells rapidly (288). In contrast to curcumin and 

Curcumin-NPs, Tras-Curcumin-NPs showed a potent cell proliferation inhibitory 

effect even at a lower concentration of 12.5 µM compared to free curcumin and 
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Curcumin-NPs. This was due to the effective targeting of HER2 receptors on the SK-

BR-3 cells by the Tras antibody, which facilitated receptor-mediated endocytosis 

(289). To summarize, in vitro cytotoxicity of curcumin, Curcumin-NPs, and Tras-

Curcumin-NPs demonstrated a more prominent cell-killing ability in breast cancer 

cells compared to normal cells. 

  

Figure 42. Cytotoxicity study of curcumin, Curcumin-NPs and Tras-Curcumin-NPs 

on HGF cells    

                         

 

Figure 43. Cytotoxicity study of curcumin, Curcumin-NPs and Tras-Curcumin-NPs 

on HER2-positive SK-BR-3 cells       
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4.3.6 Cellular uptake study  

 The assessment of cellular internalization is a critical factor in evaluating the 

potential of an anti-cancer drug delivery system. To analyze the accumulation and 

internalization of NPs inside SK-BR-3 cells, flow cytometry analysis was performed. 

The mean fluorescence intensity of curcumin, Curcumin-NPs, and Tras-Curcumin-

NPs was determined after treating with an equivalent amount of IC50 value of 

Curcumin, and the results are shown in Figure 44. The data revealed no significant 

differences in mean intensities for the first 2 h. However, as the exposure time was 

increased to 4 and 8 h, the uptake of Curcumin-NPs and Tras-Curcumin-NPs into the 

cells progressively increased, while free curcumin showed inferior fluorescence 

intensity. These results suggest that extended exposure of Tras-Curcumin-NPs to SK-

BR-3 cells enhances cellular internalization and leads to a higher cell-killing profile. 

This indicates that curcumin was taken up into cells more efficiently and in a time-

dependent manner when encapsulated in antibody-conjugated NPs. Furthermore, the 

targeted antibody on NPs strongly recognizes and interacts with the specific HER2 

receptors of SK-BR-3 cells, and the receptor-antibody binding affinity could stabilize 

the interaction, offering greater therapeutic efficiency via receptor-facilitated transport 

mechanisms (290, 291).  

                      

 

Figure 44. Determination of mean fluorescent intensity of Curcumin on HER2-

positive SK-BR-3 cells by flow cytometry analysis (* Significant difference from 

Curcumin, ** Significant difference from Curcumin-NPs, p < 0.05) 
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4.3.7 Flow cytometry analysis  

 The study investigated the induction of apoptosis by curcumin, Curcumin-NPs, 

and Tras-Curcumin-NPs on SK-BR-3 cells using flow cytometry after 24 h of 

exposure time. The results of the experiment, depicting the proportion of live and 

apoptotic/necrotic cells, are presented in Figure 45. The data were analyzed and 

plotted for Annexin V and PI in a dot plot, showing viable cells, early/late apoptotic 

and necrotic cells in a sequence of annexin V−/PI−, annexin V+/PI−, annexin V+/PI+, 

and annexin V−/PI+, respectively. The overall early and late apoptotic percentages of 

free curcumin, Curcumin-NPs, and Tras-Curcumin-NPs were 40.89%, 49.94%, and 

58.34% on SK-BR-3 cells, respectively. The formulations of curcumin showed a 

negligible percentage of necrotic cell death. The untreated control and blank NPs 

showed 82.76% and 79.48% of live cells fraction with few death portions. The 

findings indicated that the apoptotic cell death was significantly higher in Tras-

Curcumin-NPs compared to free drug. The successful outcome of such an effect could 

be attributed to the synergistic effects of specific targeting antibodies and excellent 

modulation of apoptosis by curcumin (292). Additionally, the induced apoptosis by 

curcumin could also reverse the development of chemo-resistance by cancer cells 

(293).  
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Figure  45. Apoptosis cell death study in HER2-positive SK-BR-3 cells by dual 

staining with Annexin V/PI after treatment with Curcumin, Curcumin-NPs and Tras-

Curcumin-NPs for 24 h    
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CHAPTER 5 

CONCLUSION 
 

Development of Dox-loaded PEGDA/AA NPs for colorectal cancer 

 PEGDA/AA NPs were developed as a nanocarrier for a chemotherapeutic 

agent, Dox, to enable delivery into colorectal cancer cells. The NPs were spherical, 

monodisperse, and had a negative surface charge. Dox was encapsulated onto/into the 

NPs through electrostatic interactions and adsorption. The release of Dox was 

sustained once it was incorporated into the PEGDA/AA NPs, with the drug being 

released more rapidly in an acidic environment than under normal physiological 

conditions. The polymerized NPs were found to be non-toxic to the intestinal 

epithelial lining (Caco-2) cells. Additionally, Dox-NPs were capable of killing 

colorectal cancer cells (HT-29) with an acceptable IC50, and were internalized by the 

cells and acted against cancer via apoptosis which is a favorable killing mechanism 

that is non-inflammatory compared to free Dox. In conclusion, the polymerized 

PEGDA/AA NPs have potential as a carrier for the targeted delivery of 

chemotherapeutic agents to colon cancer cells, although in vivo experiments are still 

required to confirm their efficacy.  

 

Development of Dox-loaded Tras-decorated liposomes for breast cancer 

 To take advantage of HER2 receptor overexpression on breast cancer cells, 

Tras-CHI-IA Lip was developed for the specific delivery of Dox to the breast tumor 

site. CHI-IA was successfully synthesized and used for liposome coating using the 

thin film sonication method. The liposomes were decorated with humanized antibody 

Tras, resulting in particles with a nano-sized range and a positive surface charge 

compared to non-coated liposomes. Dox loading was desirable, and the conjugation of 

Tras on the coated liposome was verified. The release of Dox from Tras-Dox-CHI-IA-

Lip occurred in a biphasic profile. Cytotoxicity studies showed that the targeted 

liposome formulation was able to recognize the HER2 receptor on the breast cancer 

cells and effectively deliver Dox to the cancer cells. Tras-Dox-CHI-IA-Lip could 

possibly remain in the blood circulation and be gradually released at the breast tumor 
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site, where the liposome would be targeted and accumulated in the cancer cells. After 

reaching breast tumor cells, the active targeting paradigm occurred via ligand-receptor 

interaction mediated by Tras and HER2 receptors. Therefore, the bioconjugation of 

Tras on the positively charged CHI-IA-Lip could be an efficient active targeting 

nanocarrier for Dox delivery to breast cancer cells with HER2 receptor 

overexpression. 

 

Development of Tras-decorated CHI-Mal/Alg-Cys NPs for breast cancer 

 The CHI-Mal and Alg-Cys were successfully synthesized and conjugated via 

the ionic gelation method to fabricate CHI-Mal/Alg-Cys NPs, which can attach to 

Tras antibody for breast tumor-targeted therapy. During the conjugation process, the 

hydrophobic herbal product curcumin was efficiently encapsulated into the NPs. Tras 

could conjugate onto the NPs via thiol-maleimide attachment chemistry. The resulting 

nano-sized NPs had a slightly positive surface charge, which became slightly negative 

after incorporating curcumin and Tras. In the tumor environment (pH 5), the 

hydrophobic curcumin can be gradually and completely released compared to normal 

physiological conditions. The NPs were biocompatible with normal HGF cells under 

both conditions, with or without curcumin and targeting antibodies, while the blank 

NPs were biocompatible with HER2 positive breast cancer SK-BR-3 cells. Targeted 

Tras-NPs exhibited potent cytotoxicities with lower IC50 values than non-targeted 

NPs and curcumin. Greater cellular internalization inside the SK-BR-3 cells indicated 

that the targeted NPs had not only therapeutic potency but also precise targeting 

efficiency towards breast cancer cells. Flow cytometry analysis demonstrated 

favorable activity of inducing apoptosis, which correlated with the previous in vitro 

cytotoxicity study and cellular uptake study. Therefore, the Tras-targeted CHI-

Mal/Alg-Cys NPs are a potential drug carrier for breast cancer targeting therapy. 
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