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ABSTRACT 

60353805 : Major (PHARMACEUTICAL TECHNOLOGY) 
Keyword : POLYMERIC NANOPARTICLES, HEAD AND NECK CANCER, TARGETED DRUG 

DELIVERY, N-VINYL PYRROLIDONE, ACRYLIC ACID, CHITOSAN, HYALURONIC ACID, 

CATECHOL 

MR. CHAIYAKARN PORNPITCHANARONG : DEVELOPMENT OF 

TARGETED POLYMERIC NANOPARTICLES FOR CHEMOTHERAPEUTICS 

DELIVERY TO HEAD AND NECK SQUAMOUS CELL CARCINOMA THESIS 

ADVISOR : PROFESSOR TANASAIT NGAWHIRUNPAT, Ph.D. 
The purpose of this study was to develop polymeric nanoparticles (NPs) loaded with 

chemotherapeutic agents using different NPs preparation methods to target head and neck squamous 

carcinoma cells (HNSCC) by passive targeting and local delivery approaches. For passive targeting, the 

bottom-up approach was used to prepare polymeric NPs from N-vinylpyrrolidone (NVP) and acrylic 

acid (AA). Surfactant-free emulsion polymerization was performed to construct NPs of the two 

monomers using an azo initiator (V50) and bisacrylamide crosslinker. NPs were synthesized using two 

different methods to obtain the NPs with different structural arrangement. Cisplatin (CDDP) was 

bounded to the NPs using adsorption method. The characteristics of the NPs and CDDP-bounded NPs 

were characterized on particle size, surface charge, morphology, drug loading, and CDDP release. 

Furthermore, the cytotoxic effect, cellular accumulation of CDDP-bounded NPs and cell death 

mechanism were analyzed. Besides, mucoadhesive catechol-bearing nanoparticles (Cat-NPs) for local 

drug delivery of doxorubicin (DOX) to HNSCC were formulated through the top-down approach. 

Chitosan (CS) and hyaluronic acid (HA) were functionalized with catechol (Cat) moiety and employed 

in the preparation of Cat-NPs. The Cat-NPs were prepared using ionic gelation between catechol-

succinyl CS (SCScat) and catechol-functionalized HA (HAcat) and loaded with DOX by physical 

adsorption. The physicochemical characteristics, mucoadhesive capability, drug loading, and DOX 

release were evaluated. Apart from that, cytotoxicity, cellular uptake, and apoptosis assay on HN22 cell 

HNSCC cell line were examined. The NVP/AA NPs obtained from both methods were relatively 

spherical, and presented a negative surface charge with the hydrodynamic diameter of 135-185 nm. 

CDDP was coordinated bounded on the NPs as proved by FT-IR analysis. The CDDP-bounded NPs 

presented promising drug loading capacity and %loading efficiency of 4 mmol/g and 12–18%, 

respectively. The release profile was sustained for 7 days with around 47–83% CDDP released which 

depended on the pH and amount of chloride ion in the release medium. The blank NPs were not toxic 

to the human gingival fibroblast and CDDP-bounded NPs had IC50 slightly above 20 μg/mL towards a 

head and neck cancer cell line. A higher percentage of early apoptosis and cellular accumulation was 

presented in CDDP-bounded NPs compared to free CDDP which concluded that the formulated 

systems presented a slower but less inflammatory anticancer effect. The findings showed potential 

anticancer of the CDDP-bounded NVP/AA NPs for systemic delivery for HNSCC. For localized 

delivery, mucoadhesive Cat-NPs were successfully developed. The spherical Cat-NPs had a particle 

size of around 160 nm with negative surface charge. The Cat-NPs presented superior ex vivo 

mucoadhesion compared to non-functionalized NPs on porcine cheek mucous tissue. The DOX loading 

capacity was considerably high (250 μg/mg) and the release of DOX was sustained for 24 h. The 

anticancer of DOX-loaded Cat-NPs (DOX-NPs) towards HN22 HNSCC cell line was promising 

represented by a very low IC50. The cellular uptake of DOX-NPs was significantly higher than free 

DOX and the apoptosis induction was also superior. The findings pointed out that the developed Cat-

NPs were a probable candidate for local administration of DOX. Above all, the novel polymeric NPs 

developed for passive targeting and local delivery of chemotherapeutic drugs may be potential carriers 

for delivery of the chemotherapeutics and produce the effective killing activity against HNSCC. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 STATEMENTS AND SIGNIFICANCE OF THE PROBLEMS  

Cancer is a significant leading cause of death in the world today [1]. 

Particularly, the head and neck squamous cell carcinomas (HNSCC) , which refer to 

cancer occurring along the mucosal surfaces of the digestive tract and the upper 

airway, are marked as one of the major cancers that occurred in men and elder people 

[2-4]. The prognosis of the disease is considered poor where only slightly more than 

half of the patients survive after a 5-years diagnosis [5].  Despite having various 

treatment approaches including radiotherapy, surgery, chemotherapy, 

immunotherapy, targeted therapy, and a combination of the treatment modes, HNSCC 

have been found to be a critical cause of death [6].  Major challenges in achieving a 

successful HNSCC treatment are low response rate, drug resistance, relapse, and 

toxicity of the conventional standard treatments [7]. 

 HNSCC are commonly treated by surgery, radiation, and chemotherapy. 

Chemotherapeutic agents can be introduced as a single therapy or in a combination 

with other treatment modules as an adjuvant or neoadjuvant therapy to achieve 

complete removal of the cancer cells. [8, 9].  Cisplatin ( CDDP) , or cis-

diamminedichloroplatinum ( II) , is a platinum-based chemotherapeutic agent that is 

well-known and commonly used against various types of cancer including brain 

cancers, lung, testes, ovarian, and head and neck solid tumors [10].  Chiefly in the 

HNSCC treament, CDDP plays an important role as a chemotherapeutic drug to be 

combined with radiotherapy to establish a complete cure of the disease [11]. CDDP is 

a non-cell cycle-specific alkylating antineoplastic agent which performs its action by 

crosslinking the purine base at the N7 position to interrupt DNA and protein 

synthesis. After the alkylation, DNA replication stops leading to the induction of 

apoptotic death of cancer cells [6]. When water molecules replaced the chloride atoms 

of CDDP in a solvent-assisted pathway ( aquation) , an aquated form of positively 
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charged CDDP is created. At this state, CDDP exhibits its activity  [12, 13]. Although 

the metal-based compound is highly reactive and effective against the cancer cells, 

CDDP can be strongly toxic to the normal tissue upon unlocalized delivery and could 

lead to serious side effects and further drug resistance due to low cellular drug 

accumulation [14].  Doxorubicin ( DOX)  is a potent anthracycline anticancer agent 

with the capability to cure different types of cancers. The drug intercalates the DNA 

strands and disrupts topoisomerase-II mediated DNA repair.  Apart from that, DOX 

generates free radicals which would damage cellular membranes, proteins, and DNA. 

Nevertheless, unlocalizable drug administration techniques could bring about serious 

systemic adverse effects such as severe nausea, vomiting, alopecia, and cardiotoxicity 

[15, 16].  

Nanoparticles (NPs) are defined as an ultrafine structure having a size ranging 

between 1-100 nm. NPs have been widely used in the biomedical field through many 

aspects including drug carriers [17]. They are most easily captivated by the cells upon 

having optimal physicochemical and biological properties considering their enormous 

surface area [18, 19]. Various types of NPs have been developed to effectively deliver 

chemotherapeutic agents to the target cells e.g., nano-constructed polypeptide and 

polypeptide micelles with the smart pH-sensitive property that have shown the 

synergistic anti-cancer effect of multiple anticancer drugs [20-22].  Furthermore, 

polymeric NPs referred to the NPs constructed from polymers with a size range from 

10-1000 nm. They have been shown great potential among novel drug delivery 

materials because of having adaptable and promising characteristics such as 

amendable properties, extensive drug loading, controllable drug release, 

biodegradability, and biocompatibility [23, 24]. Polymeric NPs are auspicious as drug 

carriers for the treatment of cancers because of their ability to be deposited in the 

cancer cells by the enhanced permeability and retention (EPR) effect of the abnormal 

tumor’s vasculature [25]. Also, polymeric NPs have tuneable characteristic; for 

example, carboxylic acid group can be decorated onto the polymerized NPs for the 

delivery of CDDP using a coordinate covalent bond. A number of nano-structured 

preparations have been developed for the delivery of CDDP and DOX such as 

inorganic NPs (silica, iron oxide, gold NPs), organic NPs (liposomes, micelles, 

polymeric NPs), or hybrid NPs (carbon nanotubes) [26-34].  
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Strategies of drug delivery to the head and neck cancer cells can be classified 

into local and systemic deliveries. Local delivery of chemotherapeutics to the mucosa 

allows the specific administration of the drug at the affected tumor area. The 

administration mode enables the anticancer agent to extensively remain at the cancer 

site compared to the systemic circulation. Hence, the method is advantageous in 

minimizing the toxicity of the cytotoxic drug on the normal tissues. Additionally, the 

locally given anticancer drugs to the tumor would bring about a safer and more 

convenient treatment owing to the frequent turnover of the mucosal surfaces. The 

renewing of the mucosa allows a more toleratable treatment in the long-term 

administration. [35-37]. On the contrary, anticancer drugs given through the systemic 

approach are also beneficial by facilitating the passive and active drug targeting 

strategies. Passive drug targeting is related to the drug accumulation in the tumors via 

passive diffusion through leaky vasculature due to the EPR effect. Delivery of a drug 

by NPs allows the distribution and accumulation of the drug in the tumor site while 

avoiding the systemic clearance from the reticuloentocytothelial system ( RES) . 

Therefore, these carriers enhance the therapeutic efficiency by significantly increasing 

the amount of drug at the target cells and lowering the adverse effects [38]. 

Polymeric NPs can be prepared using two main techniques consisting of top-

down and bottom-up methods.  The bottom-up approach is the polymerization of 

monomers and crosslinkers to create the structure of networked colloidal solid 

nanoparticles.  To allow the control of structural characteristics, modifications of 

functional groups, physicochemical attributes, and targetability, the synthesis of novel 

polymeric NPs is preferable [39]. For preformed polymers, the top-down methods are 

favored.  In this approach, NPs are created by different techniques including 

nanoprecipitation, dialysis, emulsification, and ionotropic gelation.  Ionotropic 

gelation method is employed to prepare polymeric nanoparticles through ionic 

interactions between charged polymers or a charged polymer and electrolyte with 

counterions.  The particle size of the particles is then reduced using physical or 

mechanical interventions [40, 41].  

Mucoadhesive drug delivery has received great interest among researchers 

these days because it allows the delivery of an active pharmaceutical compound to a 

certain location by contacting and consolidating to a mucosal surface by various 
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interfacial adhesion interactions [42, 43].  Polymers, e.g. polysaccharides and 

celluloses that are equipped with mucoadhesive capabilities can adhere to the mucosal 

membrane through weak interactions such as physical entanglement, van der Waals 

forces, hydrogen bond, hydrophobic bond, ionic interaction, etc.  [44].  Besides, 

polymer functionalization enabled the creation of a newer generation of 

mucoadhesive polymers and provided the ability of these functionalized materials to 

form a covalent bond with the mucin glycoprotein which is a rather strong and 

permanent interaction.  The polymers that contained thiols, acrylate, maleimide, and 

catechols in the molecule showed empowered mucoadhesive properties by forming a 

covalent bond through the nucleophilic addition mechanisms. [45-47].  Interestingly, 

catechols were found as a hidden adhesion mechanism underwater of mussels and 

were further studied to be a multi-mode mucoadhesive functional group that can 

attach to the thiols and amines in the glycoprotein [48]. Apart from that, drug delivery 

systems acquiring catechol-modified polymers were proven to improve the 

mucoadhesive properties of the novel formulations including microcapsules, 

hydrogels, and NPs [49-51]. 

In this study, we aimed to develop polymeric NPs as a targeted drug delivery 

carrier of anticancer drugs for head and neck cancer. The NPs were generated using 

different preparation methods including bottom-up NPs synthesis and top-down 

ionotropic gelation. The NPs were expected to reach the cancer cells through the 

different targeting strategies. The hydrophilic biocompatible monomers and polymers 

were employed for the formation of NPs. The synthesized NPs and polymers were 

evaluated for their structural attributes, physicochemical properties, and targeting 

performances. Anticancer agents (CDDP and DOX) were then incorporated into the 

NPs. Subsequently, the drug content, release profiles, biocompatibility, and in vitro 

anticancer effect of the drug-loaded NPs were examined.  

 

1.2 OBJECTIVES 

1.2.1. To synthesize and prepare new polymeric nanoparticles ( NPs)  with 

specific functional groups for targeted delivery of anticancer drugs to head and neck 

cancer cells.  
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1.2.2. To evaluate the physicochemical properties, drug loading, and release 

characteristics of the drug-loaded NPs.  

1.2.3. To evaluate the in vitro cellular uptake and anticancer effect of drug-

loaded NPs in a head and neck cancer cell line. 

 

1.3  HYPOTHESIS 

1.3.1. The hydrophilic NPs of N-vinylpyrrolidone ( NVP)  and acrylic acid 

(AA) can be successfully synthesized by surfactant-free emulsion polymerization with 

promising characteristics as a nano-drug carrier. 

1.3.2. The NPs of catechol-functionalized succinyl chitosan/hyaluronic acid 

can be successfully prepared and possessed good attributes. 

1.3.3. Anticancer agents (CDDP and DOX) -loaded NPs can be delivered to 

the head and neck cancer cells using different targeting strategies and perform the 

efficient deposition and killing potential against head and neck cancer cells. 
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2.1  Head and neck squamous cell carcinomas 

2.1.1 Definition and etiology 

Head and neck squamous cell carcinomas (HNSCC) are cancers 

dominantly affecting the squamous cells of the mucosal linings head and neck areas 

[9]. Its severity is considered significant as HNSCC was reported as the sixth most 

common cancer in the world. The term includes the disease occurring in the oral 

cavity, sinonasal cavity, nasopharynx, salivary glands, hypopharynx, and larynx. This 

type of cancer is caused by heavy tobacco use and alcohol consumption, whist other 

related risk factors including age, gender, diet, hygiene, and career are also noticeable. 

HNSCC are more common among men aged over 40 years old; moreover, 

consumption of betel nuts, areca nut, or having solvents-related occupations can 

increase the risk of developing head and neck cancer.  Another cause of HNCSS is 

human papilloma virus (HPV) infection, dominantly the type 16 HPV. It was recently 

found that HPV has an impact on the increasing incidence of HNSCC cases, 

especially among young patients [52-54]. Common symptoms such as swelling, pain, 

red or white patches, and difficulty of speaking, swallowing, and breathing are the 

signs of HNSCC that could lead to later stages of the cancer. The prognosis of the 

diseases varies by the cause and severity. Moreover, the 5-year survival rate of head 

and neck cancer reduces from 70% to less than 50% with higher staging. Locally 

affected cancer can lead to an advanced stage by metastasizing to the lymph nodes 

and spread through the lymphatic system. It also could cause serious and undesirable 

effects once invade to the bones, cartilages, and muscles [55-57]. 

Oral cancer is a major type of head and neck cancers with the main cause 

of the disease is attributed to exogenous factors e.g., tobacco and alcohol [58, 59]. 

Also, it was reported that cigarette pack-year value is a direct determination factor for 

the risk of oral cancer development. Cigarettes contain toxic polycyclic hydrocarbons, 

nitrosamines, and other carcinogenic molecules. Alcohol has been reported to 

increase the chance of oral cancer development in nonsmoking patients. Importantly, 

both tobacco and alcohol play a synergistic role in the development of oral squamous 

cell carcinoma. Other factors such as oral hygrines, diets, and irritant exposure also 

have a correlation to the cause of oral cancer [55]. Premalignant lesions determining 

the disease and could lead to more severe malignancies consist of erythroplakia, 
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leukoplakia, oral lichen planus, and submucosal fibrosis. The most common lesion is 

erythroplakia which is the red sore patch occurring in the oral cavity; whereas, the 

occurrence can be ruled out from other causes. Leukoplakia refers to the white patch 

lesions that are known to be resulted from tobacco or alcohol consumption which 

cannot be pointed out to other conditions [60-62].    

The impact of HNSCC affects the patient’s quality of life in various 

aspects including physical, psychological, and financial sides. Hence, the 

advancement in disease diagnosis and treatment can improve the effects on the 

patients [63]. 

 

2.1.2 Management of head and neck squamous cell carcinoma 

Cancers presented in the head and neck areas are mostly curable with a 

high success rate upon early detection. The goal of HNSCC treatment is primarily to 

eliminate the cancer while the functions of surrounding tissues and organs are 

preserved. The diagnosed stage of cancer prognoses the patients’ survival rates and 

the treatment modules. Primary tumors with relatively small size and non-nodal 

involvement are classified as stage I or stage II cancers. Once have a larger size, 

invade into the underlined tissues, and/or metastasize to the nearby nodes, the tumors 

are categorized as stage III or IV cancers. The options for the treatment of head and 

neck cancers consist of radiation, surgery, chemotherapy, and targeted therapy. These 

mentioned approaches may be used as a single-modality treatment or a combined 

modality according to the stage, area, and pathologic finding of the disease [64-66].  

 

  2.1.2.1 Localized disease (early stage) 

Nearly half of the HNSCC patients are diagnosed at the earlier stage of 

the disease. Stages I and II head and neck cancers are generally treated with surgery 

or radiation as a single module to achieve a complete cure of the disease. Apparently, 

the overall survival rate in stages I and II head and neck cancer patients are ranged 

from 70% to 90%. After the treatment interventions, attentive inspections and follow-

up are required to identify possible recurrence and management of treatment plan for 

the secondary tumors.  
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Head and neck cancers are greatly influenced by the use of alcohol and 

tobacco; hence, reduction of alcohol consumption and smoking are highly suggested 

in the prevention of secondary tumors. Other common HNSCC interventions include 

the use of radiotherapy and surgery where both treatment modes provide similar 

success and survival rates, so the treatment method is chosen considering the affected 

area, limitations, treatment accessibility, expected outcome, and risk assessment. 

Notably, cancers occurring in the oral cavity are commonly treated by surgery with a 

higher cure rate and less toxic upon the patients than treating with radiation therapy 

[67-70].  

Different surgical techniques are applied to excise the primary tumor 

depending on the potential to access the target site. Traditional skin incision surgery is 

used for the treatment of thyroid and salivary gland cancers which need wide 

excision. Apart from that, less invasive technologies of transoral laser microsurgery 

(TOLM) and transoral robotic surgery (TORS) have been applied for the removal of 

the larynx/hypopharynx, and oropharyngeal cancers, respectively, to improve the 

transoral approach and patient preferences. Functional outcomes improvement 

together with the reduction of morbidity can be achieved using these advanced 

techniques as compared to the traditional surgery, especially in the earlier stages of 

oral cancers that are mostly curable by the transoral surgical method [71, 72]. 

Radiotherapy techniques of an external beam or internal radiotherapy 

(brachytherapy) are used for definitive cancer treatment. Nevertheless, the cure from 

radiation approaches will need 3-dimensions conformal techniques; for example, 

image-guided radiation therapy (IGRT) and intensity-modulated radiation therapy 

(IMRT) to achieve successful treatment outcomes and stand as HNSCC standard care 

[73]. 

 

  2.1.2.2 Locoregionally advanced disease 

  Combination therapy is generally needed for the treatment of 

advanced-stages III and IV locoregionally HNSCC. These later stages propose an 

extensive risk of further distant metastasis and recurrences at the locally affected area. 

The use of multiple modalities of surgery, radiation therapy, with or without 

concurrent chemotherapy provides a significant improvement of disease control. The 
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multiple treatment approaches could be either a combination of surgery, radiation, and 

chemotherapy by giving together with or after one another; for example, primary 

surgery plus concurrent chemotherapy, post-operative radiation, or chemoradiation, 

neoadjuvant chemotherapy before surgery or radiation interventions, concurrent 

chemotherapy and radiation without surgery, or induction chemotherapy followed by 

radiation without surgery. The selection of treatment methods and sequencing is 

decided in accordance with the affected site, tumor size, disease severity, patients’ 

factors and preferences, and possibly the expected outcomes on functional and safety 

aspects [74, 75]. 

 

  2.1.2.3 Metastatic disease 

The metastatic and recurrent HNSCC usually have a poor 

prognosis. The disease is treated with systemic therapy for severe and advanced head 

and neck cancer. Different factors are considered in the selection of the treatment 

procedure including clinical status, patients’ safety and compliances, comorbidities, 

treatment history, and pathologies. Chemotherapy, immunotherapy, and targeted 

therapy are accounted for the choices for systemic treatment; whereas, the options 

could be given in a single or combination therapy [70, 76]. 

 

2.2 Chemotherapeutics in head and neck squamous cell carcinoma 

Chemotherapeutic drugs may be given to head and neck cancer patients at 

different stages of the disease, especially for the locally advanced HNSCC, 

metastasis, and recurrent cancer. The term chemotherapeutics refers to both the use of 

a cytotoxic agent and targeted drugs; whereas, the introduction of the cytotoxic drug 

into the treatment regimen can be classified into different approaches considering the 

affected site, staging, severity, comorbidity, preference, and patient's tolerability to 

the management plan. The strategies to initiate chemotherapeutics in the treatment 

include a single modality, adjuvant chemoradiation, induction chemotherapy, 

concurrent chemotherapy, and sequential treatment as presented in Table 2.1 and 2.2 

according to the staging and tumor origin, respectively [74, 75, 77, 78].  
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Table 1 Roles of chemotherapeutics in the treatment of head and neck cancer as 

classified by the cancer staging 

Staging Treatment options 

Early-stage, stage I & II (localized 

disease)  

• Primary surgery 

• Definitive radiation therapy 

Stage III & IV (locoregionally 

advanced disease) 

• Surgery then radiotherapy 

• Surgery then chemoradiotherapy 

• Chemotherapy then surgery ± 

radiotherapy 

• Chemoradiotherapy 

• Chemotherapy then chemoradiotherapy 

Metastatic disease • Palliative chemotherapy 

• Immunotherapy 

• Supportive care 

 

Table 2 Roles of chemotherapeutics in the treatment head and neck cancer as 

classified by the cancer origin 

Origin Treatment options Remark 

Oral cavity • Surgery Stage I or II 

• Radiotherapy ± chemotherapy Locoregional 

recurrence 

Oropharynx, 

hypopharynx, and 

larynx 

• TORS 

• TOLM 

• Chemoradiotherapy 

Organ 

preservation 

modules 

Neck • Definitive radiation therapy ± 

chemoradiotherapy 
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2.2.1 Cytotoxic drugs 

2.2.1.1 Methotrexate 

Methotrexate (MTX) is the first and one of the most commonly 

used chemotherapeutic agents in the late stages of HNSCC [79]. MTX is classified as 

an antifolate antimetabolite; the structure of MTX is presented in Figure 2.1. The cells 

uptake the drug via human reduced folate carriers (SLC19A1). Its metabolite, MTX-

polyglutamate, inhibits the dihydrofolate reductase enzyme that is used to convert 

dihydrofolate to the folic acid active form of tetrahydrofolate which is essential for 

the synthesis of DNA and RNA nucleotides. The metabolite also prevents de novo 

purine synthesis of both purine and thymidylate synthase. Above all, the synthesis of 

DNA is prohibited. The drug is useful as a combination with other drugs for the 

treatment of HNSCC with concurrent radiotherapy. Also, it can be used as a single 

agent in HNSCC palliative care where the overall survival benefit is similar to drug 

combination with less toxicity [80, 81].  

 

Figure 1 Chemical structure of methotrexate 

 

2.2.1.2 Platinum-based analogs 

Platinum-based chemotherapeutic agents present their activities to the cancer 

cells by crosslinking at DNA purine base, interrupt the DNA repair process, causing 

DNA damage, and induce apoptotic cell death as a consequence [82]. Member of the 

family includes cisplatin (CDDP), carboplatin, oxaliplatin, satraplatin, etc., as shown 

in Figure 2.2. CDDP is the first and most widely used platinum analog for the 

treatment of HNSCC. The agent can be used in the loco-regional stage of HNSCC as 
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definitive concurrent chemoradiotherapy. Also, the drug showed a desirable response 

rate and overall survival rate in the late stages of HNSCC when given with radiation 

therapy [83, 84]. Carboplatin (with 5-fluorouracil (5-FU)) has been reported to be 

superior to CDDP when it is used as induction chemotherapy for untreated advanced 

head and neck cancer patients with similar effectiveness but less toxicity than CDDP 

[85]. In recent years, satraplatin has become a promising alternative to CDDP due to 

its properties of having a less toxic effect, absence of CDDP cross-resistance, high 

efficacy against non-responsive cancers which are nonresponsive to formerly treated 

platinum-based analog. Moreover, this class is known to have a radiosensitizing effect 

which improved the treatment efficiency when combined with the chemoradiotherapy 

approach [86]. The toxicity of platinum analogs includes nausea and vomiting, 

diarrhea, mucositis, anaphylaxis, cytopenias, ototoxicity, cardiotoxicity, 

hepatotoxicity. Cisplatin has a sting relationship towards nephrotoxicity, 

myelosuppression for carboplatin, and oxaliplatin is dominant on neurotoxicity [87].  

 

Figure 2 Chemical structures of platinum-based chemotherapeutic agents 

 

2.2.1.3 5-fluorouracil 

5-Fluorouracil (5-FU) is an antimetabolite chemotherapeutic compound that 

has a structure similar to DNA and RNA pyrimidine base (Figure 2.3). The drug acts 

by inhibiting the production of deoxythymidine monophosphate (dTMP) which is 

crucial for DNA replication and repair. Once dTMP is not produced, the metabolism 

of the nucleoside is interfered with 5-FU can also incorporate into DNA and RNA 

causing the cytotoxic effect and lead to the cell death [88, 89]. The role of 5-FU in the 

treatment is usually in the locally advanced stage, recurrent, or metastasis HNSCC as 

a combination with other cytotoxic drugs e.g., platinum-based analogs and cetuximab 
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with concurrent radiation therapy [90]. The drug had benefits in reducing tumor 

progression, ameliorate the response rate and helped prolonged survival when given 

with platinum-based agent and cetuximab [91, 92]. The adverse effects of 5-FU are 

nausea and vomiting, alopecia, myelosuppression, neutropenia, cardiotoxicity, 

neurotoxicity, etc. [89]  

 

Figure 3 Chemical structure of 5-FU 

 

2.2.1.4 Taxanes 

Taxanes are naturally derived diterpenes from the plant in the Taxus genus 

(yew tree) where the most well-known, paclitaxel, was originally obtained from the 

pacific yew. Taxanes are mitotic inhibitors with the mechanism that promotes 

polymerization of tubulin and forms a stable microtubule. The stabilized microtubules 

lose their ability in cell division which disrupt the mitotic steps leading to cells death. 

Paclitaxel-bounded human albumin nanoparticles are currently available for the 

treatment of tongue cancer, and also used to sensitize radiologic response and 

improve the curative response and survival rate [93, 94]. Paclitaxel and docetaxel 

(Figure 2.4) are used in the treatment of locally advanced and metastatic HNSCC as 

an induction, concurrent, or palliative care [95]. Studies have investigated that taxanes 

may be beneficial to replace 5-FU in the regimen combined with cetuximab and 

cisplatin for presenting less toxic effects [96]. However, the toxicity of taxanes 

considering peripheral neuropathy, arthralgias, myalgias, myelosuppression, and skin 

changes would affect the patients’ quality of life [97]. 
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Figure 4 Chemical structure of taxanes 

 

2.2.1.5 Doxorubicin 

Doxorubicin (DOX; as shown in Figure 2.5) is a broad-spectrum anticancer 

agent in the class of anthracyclines. Its mechanism of action is to intercalate between 

DNA base pairs and interrupt RNA and DNA synthesis. DOX can also inhibit the 

topoisomerase II enzyme leading to the damage of DNA and inducing cellular 

apoptosis. Moreover, it is proposed to generate reactive oxygen species and damage 

cell membrane, DNA, and proteins [15]. The use of DOX in the treatment of HNSCC 

are a second-line or alternative of other mentioned agents and in the regimen for 

salivary gland cancer in a combination with cyclophosphamide and CDDP [98]. Also, 

it had been proven to be beneficial in recurrent and metastasis HNSCC once it was 

given with gemcitabine [99]. In addition, numerous novel studies investigated the 

effectiveness of DOX against HNSCC using various nano-formulations for instance, 

liposomes, polymeric hydrogels, nano-ferritins, etc. Not only these developed 

formulations could improve the treatment efficacy but they also led to better 

tolerability with reduced dosing and side effects or even solving drug-resistance 

issues [100-102]. Adverse effects of DOX are alopecia, severe nausea and vomiting, 

and most importantly, cardiotoxicity [15]. 
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Figure 5 Chemical structure of DOX 

  

2.2.1.6 Pan-Phosphoinositide 3-kinase inhibitors 

The phosphoinositide 3-kinase (PI3K) signaling pathway has a very crucial 

role in HNSCC for being responsible for cell proliferation, cell growth, metabolism, 

and cell survival. The enzyme is a member of lipid kinase integrals that mediate 

intracellular signaling upon external stimuli [103]. The inhibition of PI3K and its 

PI3K/Akt/mTOR pathway has recently gained interest in the treatment of HNSCC 

due to the pathway’s significance in tumorigenesis, metastasis, and drug resistance. 

The most important PI3K inhibitor under clinical studies for HNSCC treatment is the 

orally administered buparlisib (Figure 2.6). The drug showed promising efficacy in 

the treatment of locally advanced, recurrent, and metastatic HNSCC when combined 

with cetuximab, CDDP, erlotinib, or radiation therapy [104, 105].  

 

Figure 6 Chemical structure of buparlisib 
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2.2.2 Molecularly targeted compounds  

The first approved monoclonal antibody (mAb) for the treatment of HNSCC is 

cetuximab which is currently recommended to be used in combination with platinum-

based chemotherapy for recurrent or metastatic HNSCC considering cancer initiated 

in the oral cavity. Cetuximab is classified as an immunoglobulin G1 chimeric 

monoclonal antibody that binds to the extracellular domain of the human epidermal 

growth factor receptor (EGFR) with high affinity. With higher affinity than the 

endogenous ligand, cetuximab inhibits ligand binding and preventing ligand-mediated 

EGFR pathway activation. Apart from that, cetuximab induces the downregulation of 

EGFR and activates antibody-dependent cell-mediated cytotoxicity. The mAb showed 

a better response rate of HNSCC when it was given with radiotherapy with or without 

other chemotherapeutic agents for locally advanced HNSCC including recurrent, and 

metastatic disease [106-108]. Another anti-EGFR mAb undergoing clinical studies is 

nimotuzumab which has proven the effectiveness against advanced HNSCC when 

combined with low dose CDDP and radiotherapy [109]. Bevacizumab, a humanized 

IgG1 VEGF inhibitor, is under clinical study for HNSCC treatment. Its combination 

with chemotherapy or erlotinib showed improved efficacy considering response rate 

and overall survival [110]. 

 

2.2.3 Checkpoint inhibitor immunotherapy 

Immune checkpoints are the regulator of the human immune system. They 

play an important role in self-monitoring and preventing the immune from attacking 

the cells aimlessly and prevent autoimmunity [111]. HNSCC develops dysfunctional 

immune checkpoints or prevents recognition of the immune cells allowing the cancer 

cells to tolerate and evade immunologic response. An important immune checkpoint 

that downregulates the immune response is Programmed cell Death 1 (PD-1). The 

signaling of the PD-1 regulated pathway is dependent on the attachment to its ligands 

PD-L1 and PD-L2 that are upregulated on head and neck cancers as well as other 

solid tumors. The inhibition of PD-1 or its ligands allows the immune to properly 

manage the cancer cells by restoring dysfunctional immune cells and recover tumor-

specific immunity leading to the elimination of cancer [112, 113]. The most studied 
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PD-1 inhibitors for HNSCC are pembrolizumab and nivolumab which are humanized 

mAb studied for the treatment of recurrent and metastasis HNSCC where the former 

has been approved and guided to be used for untreated metastatic or unresectable 

recurrent HNSCC as monotherapy and the latter is recommended with patients whose 

disease had progressed on platinum-based chemotherapy. Meanwhile, the PD-L1 

inhibitor, durvalumab, is under clinical trial [79, 114]. 

 

2.3 Drug targeting strategies 

Adverse effects of chemotherapy have been the greatest obstacle to achieve a 

successful cancer treatment including HNSCC. It is known that the toxicity of 

chemotherapeutic agents limits the administration dose concerning the patient’s 

tolerability to the side effects [36]. Moreover, problems on insufficient drug quantity 

at the affected cancer area and lead to cytotoxic drug resistance. Several strategies are 

proposed with intensive and extensive studies to modulate drug pharmacokinetics and 

biodistribution. The use of nano-formulations enables the localization of 

chemotherapeutic agents at the tumor site with the aid of different strategies classified 

as systemic targeting approach and locally targeting drug delivery [37, 115] as 

presented in Figure 2.7. There are three main types of systemic drug targeting which 

are passive, active, and stimuli-sensitive drug targeting where each provides an 

opportunity to target the tumor area through the tumor microenvironment and cancer 

cell presentation [116].  

 

2.3.1 Systemic targeting 

2.3.1.1 Passive targeting 

In the passive targeting approach, the nanocarriers passively extravasate and 

accumulate within the tumor microenvironment due to the EPR effect of the tumor. 

The EPR effect is resulted from the angiogenesis of disorganized and highly 

perforated vessels which are generated by the fast-growing tumor [117]. The 

irregularity of the vasculature allows macromolecules and nano-formulations to 

penetrate well compared to normal healthy tissues. Moreover, the developed tumor 

has a dysfunctional lymphatic drainage system which allows the nanocarrier to retain 

in the tumor interstitium. The delivery of the nano-colloidal system is beneficial to 
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target and enhance drug accumulation within the tumor; however, an optimal 

nanoscale formulation is required. RES plays an important role in eliminating 

particulate system through the mononuclear phagocyte system (MPS) which can 

capture the nanoparticles (NPs) depending on their size and surface properties and 

sent them to the RES organs (mainly liver and spleen) for elimination. Therefore, the 

properties of the formulated nano-system must be tuned to avoid RES capture or renal 

filtration while the extravasation through the EPR effect is not diminished [117, 118]. 

The preferred particle size allowing the particle to enter the leaky vasculature of the 

tumor is between 100–600 nm. Considering the surface properties, NPs are suggested 

to have a hydrophilic outer surface which would facilitate the evasion of macrophage 

capture. Methods to improve hydrophilicity of the particle are conjugation or coating 

with polyethylene glycol (PEG) and formulation of NPs using co-block polymer of 

hydrophilic and hydrophobic units. The appropriate particle size and surface 

characteristics would prolong the plasma circulation time of the nano-formulation 

whilst entering the leaked vessel through the ERP effect and avoid RES removal 

[116]. 

 

2.3.1.2 Active targeting 

Drug delivery system comprises of drug and carrier in which a non-decorated 

nanocarrier system provides a passive targeting delivery. The attachment or 

decoration of a specific ligand- or receptor-mediated compound on the nanocarrier 

surface may improve targeting specificity and selectivity of the delivery system, thus 

enhancing drug accumulation at the tumor site and minimize the drug at the 

unaffected regions. Active targeting approach can be categorized into two types based 

on surface modification which are ligand-mediated active targeting and receptor-

mediated targeting [116, 119]. 

Ligand-mediated active targeting refers to the carriers having a surface 

decoration with mAbs, integrins, peptides, and aptamers. These biological ligands can 

specifically bind to the receptors presented on the surface of cancer cells and assist 

cellular uptake of drug-incorporated NPs leading to improved efficacy. It was 

conveyed that higher ligand density per unit of nanocarriers is advantageous for 

encouraging high cellular communication compared to a single ligand. Means for 
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conjugating these ligands onto the carriers include physical adsorption and chemical 

conjugation after the preparation of drug carrier or pre-conjugation of a ligand with 

the carrier component e.g. polymer prior to the formulation [116, 119, 120].  

Antibodies are proteins with very large sizes which are highly specific towards 

the target site. They have not only been proven to be beneficial for active targeting 

purposes, but also have potent therapeutic effects. Different mAbs were conjugated on 

the various nano-formulations including lipid-based, inorganic-based, and polymer-

based NPs, and showed superior targeting and anticancer activities to the non-

decorated systems [116, 121]. Examples of antibody-mediated active targeting are the 

use of cetuximab, an anti-EGFR mAb, conjugated with nanodiamonds for cytotoxic 

effect against human liver hepatocellular carcinoma or pegylated liposome conjugated 

trastuzumab as an anti-HER2 antibody for breast cancer targeting [122, 123].  

Peptides, integrins, and aptamers are important ligand for active targeting in 

cancer therapy. Due to the ease of production, small molecular size, stability, and 

simple conjugation method, peptides became advantageous for cancer targeting. 

These molecules can be densely conjugated on nanocarriers providing a smaller 

particle size compared to mAb-conjugated nanocarriers. They have been used in drug 

delivery platforms for targeting various receptors presented on cancer cells; for 

example, interleukin-4 receptors expressed on tumor endothelial cells [124]. Integrins 

are overexpressed on tumor neovasculature presenting as small peptide molecules. 

Different ligands are bonded to the nanocarriers for integrin binding including the 

RGD (arginine, glycine, aspartic acid) peptide sequence, peptidomimetic compounds, 

and other peptide sequences. These conjugations facilitate cancer recognition and 

cellular responses to cancers. Aptamers are short-chain nucleic acid compound or 

DNA or RNA oligonucleotide which selectively binds to the antigen presented on 

cancer cell surfaces. The molecules are small and easily fabricated. In addition, they 

are promising for targeting and therapeutic purposes. Aptamers can be conjugated to 

nanocarriers for cancer treatment without a chemotherapeutic drug or they can be 

combined with an anticancer compound for precise and effective delivery of the drug 

[116, 119]. 

Receptor-mediated active targeting is used in some nano-formulations such as 

those coupled with folic acid for folate receptor targeting or transferrin for binding to 
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transferrin receptors. Folate receptors are commonly overexpressed in solid tumors 

since folates are required for DNA synthesis in tumor cells. The binding of folic acid 

to the receptor induces endocytosis of the folic acid-conjugated NPs and enhances the 

cytosolic accumulation of the nanocarrier [119, 120]. Also, folic acid conjugation 

does not only be advantageous for drug targeting, but it is also useful for 

phototherapy, imaging, and diagnosis. Folic acid was used in many nano-formulations 

providing improved cellular uptake, increased cytotoxic effect of the 

chemotherapeutic agents, and reduced undesired effects. Transferrin is a type of 

glycoprotein accountable for iron-binding and iron transport within the cells. The 

transferrin receptors are also overexpressed in many malignant tumors which can be 

employed for cancer targeting. The benefit of targeting to transferrin receptor is the 

ability to overcome multidrug resistance proteins and p-glycoprotein. The conjugation 

of transferrin to the drug delivery systems allows optimization of pharmacokinetics of 

the drug and prolonged contact of the chemotherapeutic drug to cancer cells. 

Nevertheless, transferrin receptors can be saturated by endogenous plasma transferrin, 

so the use of mAbs and specific site administration would help to improve transferrin 

receptor targeting [116].  

 

 

Figure 7 Presentation of the tumor microenvironment and nanocarrier targeting 

 

2.3.1.3 Stimuli-sensitive nanocarrier 

Stimuli-sensitive nanocarriers are designed to provide a release or an action of 

the therapeutic agent once they are stimulated by a stimulus. Intrinsic physiological 

conditions or pathological factors of tumor and tumor microenvironment e.g., pH, 
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enzyme, redox potential, peroxides, and hypoxia are useful for drug targeting. In 

addition, various novel systems have been formulated to respond to external stimuli, 

for example, heat, light, ultrasound, and magnetic fields. The stimulation of such 

factors facilitates the specific delivery of chemotherapeutics, controlled drug release, 

drug activation, drug accumulation in cancer cells, and alteration of the 

physicochemical properties. The purposes of a stimuli-sensitive nanocarrier are 

ranged from therapeutics, diagnostics, imaging, and also theranostics [125].    

 

2.3.2 Local targeting 

The precise delivery of cytotoxic agents to the tumor site could be enabled by 

local administration of chemotherapeutics to the oral cavity. The administration 

approach allows the medicine to remain in the affected area for a longer period with a 

higher quantity than compared to systemic delivery. Site-specific delivery can also be 

obtained by intratumoral or topical application. Local targeting may improve the 

treatment efficacy of the cytotoxic drug and reduce the toxicity to normal tissues. 

Furthermore, because of the high turnover rate of the oral mucous membrane, local 

delivery of antineoplastic drugs against oral cancer would allow safer and more 

convenient drug use [35]. Studies on local delivery of anticancer compounds to oral 

cancer have been published; for example, aerosols have been examined for the local 

delivery of paclitaxel in the treatment of lung cancer, chitosan NPs containing ellagic 

acid showed promising efficacy towards oral cancer cells, and 5-FU-loaded buccal 

tablets for locoregional chemotherapy of HNSCC have also been developed. To date, 

numerous formulations have been developed for local delivery of anticancer agents to 

the cancer cells, including tablets, gels, NPs, polymeric films, rods, and wafers [35, 

121, 126]. 

Mucosal permeability is a major barrier for successful topical application on 

the mucosal epithelial membrane. There are several methods for drugs and drug 

delivery systems to penetrate across the barrier. Firstly, the nano-formulations can 

penetrate by passive diffusion which is accounting for the paracellular and 

transcellular routes. Secondly, endocytosis pathway allows the cell to take up the 

drug-loaded nanocarriers. Lastly, a certain carrier can be bounded and enable the 

uptake of the nanocarriers through the carrier-mediated transport pathway. These 
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options are dependent on the properties of the nanocarriers which determine the 

pathway of cellular uptake. Surprisingly, tumors and malignant lesions in the oral 

cavity have higher membrane permeability allowing the drugs and carriers to 

transport easily to the cells. The alteration promotes drug accumulation at the affected 

site and provides improved treatment efficacy. The mentioned delivery pathways 

permit the drug to enter the target cells passively; meanwhile, the active targeting 

approach can also be applied to the local delivery where the nanocarriers are 

functionalized with targeting ligands can bind to a specific tumor receptor after 

penetrating through the mucosal surface [121, 126]. 

 

2.4 Nanoparticles 

2.4.1 Definition and classification 

Nanotechnology has gained interest among researchers in the medical field 

aiming to develop for treatment, imaging, diagnosis, targeting, and most importantly 

for more efficient and safer drug delivery [127]. The term NPs referred to particles 

having a size less than 100 nm. However, in the biomedical field, the developed 

nanomaterials are accepted in the range of the nano-scale. NPs have unique 

characteristics which are high surface-to-volume ratio, tunable surface 

functionalization, having the ability to adsorb different compounds, and enabling 

controlled/sustained release of the drug from drug delivery systems. The advantages 

of NPs in cancer therapy are the ability to passively target tumors via the EPR effect, 

improved drug solubility, bioavailability, slow physiological clearance, and specific 

target delivery [115]. Moreover, the use of NPs in drug delivery allows the reduction 

of the dose of active compounds required to reach therapeutic effect leading to 

reduced adverse effects and toxicity of the delivering compounds. The types of NPs 

can be classified into inorganic NPs, polymer-based NPs, and lipid-based NPs as 

shown n Figure 2.8 based on the type of materials used to form NPs which offer the 

unique characteristics of the NPs [128]. 
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Figure 8 Classification of nanoparticles for drug delivery 

 

2.4.2 Inorganic nanoparticles 

Different inorganic NPs have been widely studied and possessed advantages 

in drug delivery and especially in diagnostic and imaging purposes. Common 

inorganic NPs include gold NPs (AuNPs), silver NPs, carbon nanotubes, quantum 

dots, magnetic NPs, silica, and titanium oxide NPs. These NPs are easily fabricated 

and have very small sizes and a high surface-to-volume ratio [129]. Metal NPs have a 

distinctive attribute that is tunable of optoelectronic properties. They present different 

colors due to their surface plasmon resonance (SPR) characteristics that enabled the 

change of AuNPs color upon the change in particle size.  The modification of 

inorganic NPs usually on their surfaces using different chemical conjugation or pre-

formulated functionalization. However, the drawbacks of these compounds are poor 

biodegradability and biocompatibility [129, 130]. Examples of inorganic NPs in the 

biomedical application include gadolinium-conjugated TiO2-DNA oligonucleotide 

NPs which can be applied as MRI contrast agents with superior detection sensitivity 

compared to the free contrast agent and the use of EGFR targeting antibody-

conjugated AuNPs for anticancer effect of HNSCC. The latter formulation also 

benefited in hyperthermia, treatment with heat above 40ºC, by the use of SPR 

property which can convert the SPR band to heat [131, 132]. 

 

2.4.3 Polymer-based nanoparticles  

Polymer-based NPs are the nanocarriers that are fabricated from polymers or 

synthesized from monomers as the main components. The members of the class are 



 
26 

 

  

polymeric NPs, polymeric micelles, and dendrimers in which each type of polymer-

based NPs has its unique structural arrangements [127].  

The properties of polymeric NPs are varied by the type of polymer used in the 

preparation process. The flexibility of polymers allowed modification and 

functionalization of the NPs which tunes the characteristics of the NPs. The structure 

of polymer-based NPs can be divided into two types which are nanosphere where the 

NPs are solid polymers with drugs adsorbed or entrapped within the polymer matrix 

and nanocapsules in which the NPs have a spacious core for incorporation of a drug 

compound [133]. More importantly, polymeric NPs can rely on the physiological EPR 

effect caused by the tumor growth for drug delivery and they are usually 

biocompatible and biodegradable [127, 128, 134]. Different attempts have been made 

on the use of polymeric NPs for cancer therapy. Recently, a research study reported 

the incorporation of paclitaxel into polymeric NPs of alpha-tocopheryl succinate 

targeting HNSCC. The results of paclitaxel-loaded NPs were found to improve the 

antitumor effect and apoptosis induction of the drug in a mouse xenograft model. 

Furthermore, the NPs formulation improved the safety profile of the drug and 

significantly suppressed the angiogenesis markers [135]. 

Dendrimers are three-dimensional branched polymeric NPs that are also 

versatile and beneficial in drug delivery. These NPs contain multiple functional 

groups allowing the numerous compounds to be attached to their surface. Dendrimers 

can be used in delivering therapeutic compounds, diagnostic agents, and imaging 

agents while maintaining biocompatible properties [128].  

Micelles are self-arranged NPs from compounds that have hydrophilic head 

groups and a hydrophobic tail, whereas, polymeric micelles are constructed from 

amphiphilic copolymers self-assembled to form a hydrophobic core and hydrophilic 

shell when the concentration higher than a critical micelle concentration. The core of 

polymeric micelles is useful in encapsulating hydrophobic drugs and provide delivery 

of the poorly soluble compound to the target site. The hydrophilic head presenting at 

the outer shell is responsible for enhancing drug stability, avoiding RES uptake, and 

extend the circulation time of the nano-formulation [36, 115]. 
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2.4.4 Lipid-based nanoparticles 

The lipid-based NPs have gained much attention in the development of 

anticancer medications. Common lipid NPs are liposomes, solid lipid NPs (SLN), and 

nanostructured lipid carriers (NLC). These NPs can be valuable in the delivery of 

both hydrophobic and hydrophilic molecules, exhibiting very low to no toxicity, 

providing controlled drug transport and release, and prolonging the circulation of 

drugs in the bloodstream leading to a longer systemic half-life. However, the surface 

of lipid-based NPs should be tuned to improve hydrophilicity through conjugation 

with polyethylene glycol (PEG) to reduce elimination by the immune system. The 

advantages of using lipid-based NPs are the ease of preparation, having a low cost of 

production, high drug loading capacity, biocompatibility, biodegradability, and good 

temporal and thermal stability [136].  

Liposomes are phospholipid bilayers arranged to form a particle-structured 

colloidal system. They can be categorized as small unilamellar vesicles (less than 100 

nm), large unilamellar vesicles (100–1000 nm), and multilamellar vesicles (having 

multiple bilayers). The carrier consisted of a spacious core allowing the entrapment of 

hydrophilic drugs inside the core, while hydrophobic drugs are captured between the 

lipid bilayers. Tremendous efforts have been made to develop liposomes as carriers 

for anticancer agents aiming to transport the compounds through passive, active, and 

also stimuli-sensitive strategies. A study developed DOX-loaded glycol-modified 

chitosan-coated pH-responsive liposomes which protonated at tumor acidic 

environment and promoted cellular uptake of DOX into the cancer cells. The 

development of pH-responsive liposomes showed significant improvement of 

anticancer efficacy in the HT1080 fibrosarcoma cell line [137]. Also, oxaliplatin 

incorporated-liposome conjugated cetuximab showed improved drug targeting and 

efficacy via active target to EGFR expressed colorectal cancer [138].  

SLNs are lipid colloidal system prepared from a solid lipid at ambient and 

body temperature. The components of SLNs are triglycerides, smaller glycerides, or 

complex glycerides with fatty acids and stabilized surfactants or polymers. These 

particles usually have a size between 50–100 nm and could encapsulate hydrophobic 

and hydrophilic compounds within the solid lipid matrix. The pros of SLNs are good 

physical stability, controllable drug release, protection sensitive compounds from the 
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environment, enabling site-specific delivery, high permeability through membranes, 

and very low toxicity. In contrast, the limitations of SLNs are low drug loading 

capacity and release ability due to the crystallization upon storage [136]. A research 

article reported that the developed docetaxel-loaded SLNs had a great anticancer 

effect on breast cancer cells and also prevented cancer metastasis [139].  

NLCs are derived form of SLNs which not only contains solid lipid but are 

made from mixed liquid and solid lipids; for example, ethyl oleate, glyceryl 

tricaprylate, glyceryl dioleate, and isopropyl myristate. NLCs surmounted the 

limitations of SLNs by providing higher drug loading capacity and preventing drug 

crystallization during the storage as they contain liquid lipids in the formulation. The 

particle size of NLCs is similar to or slightly bigger than SLNs because of the liquid 

components (between 10–1000 nm). Promisingly, the NLCs allow the transportation 

of both hydrophilic and lipophilic agents; moreover, the surface of NLCs can be 

modulated to allow special properties like drug targeting and persuading controlled 

drug delivery. NLCs have also been used in the delivery of chemotherapeutics to 

cancer cells [136]. A published article presented the co-delivery of CDDP and 

paclitaxel in folic acid-conjugated NLCs. The particle was prepared from 

COMPRITOL®-888 ATO, Cremophor ELP, and olive oil as lipid phase and CTAB 

combined with polysorbate-80 as surfactants. The drugs were loaded inside the lipid 

structure and coated with folic acid-conjugated PEG DSPE. The study revealed that 

the formulated NLCs could improve the delivery of the drugs with enhanced in vitro 

and in vivo efficacy towards head and neck cancers [140]. 

 

2.5 Polymeric nanoparticles 

2.5.1 Definition 

Polymeric NPs are defined as sub-micron solid colloidal particles that are 

made up of polymers or synthesized from monomers and have particle sizes ranged 

between 10–1000 nm. The NPs comprised of active pharmaceutical ingredients 

encapsulated within or adsorbed into the particles using physical adsorption, 

interactions, or chemically bonded to the polymeric surface [141]. There are two 

types of polymeric NPs depending on the NPs structures which are nanospheres, 

where the particles act as matrix systems with drug dispersion in the matrix, and 
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nanocapsules in which the NPs create vesicles for drug residence coated with a 

polymer layer [133]. The advantages of polymeric NPs are tunable properties, 

controlled release, protection of drug molecules, allowance of specific targeting, 

delivery, and retention, facilitating improvements in the therapeutic index, low drug 

toxicity, biocompatibility and biodegradability [142]. Furthermore, polymeric NPs 

can be applied in various aspects including, therapeutic, diagnostics, imaging, and 

theranostics [143].   

 

2.5.2 Preparation of polymeric nanoparticles 

Polymeric NPs can be prepared from natural polymers, semi-synthetic 

polymers, or synthetic polymers, also they can be designed to have unique 

characteristics by synthesizing from functional monomers [144]. Whereas, the 

characteristics of the polymeric NPs can be justified according to the designed 

purposes and applications [142]. To obtain the desired properties, the appropriate 

mode of NPs preparation plays a crucial role. Approaches to formulate NPs can be 

classified into two methods which are the top-down approach and bottom-up 

approach. The former method creates NPs from pre-formed polymer chains, while the 

bottom-up strategy builds up the NPs from monomer units [145]. 

2.5.2.1 Top-down approach 

In the top-down approach, the polymeric NPs are prepared from the dispersion 

of the preformed polymer in a solvent. The polymers can be naturally derived, semi-

synthetic, or synthetic polymers. Also, the polymers can be functionalized to create 

polymers with the desired properties or designed functional groups. This strategy can 

further be categorized into one-step procedure method, two-step procedure method, 

and ionic gelation of hydrophilic polymers [142, 143]. 

The one-step procedures include nanoprecipitation and dialysis methods 

(Figure 2.9). Nanoprecipitation is a widely used method as it is a simple process, 

convenient, and time-saving. In this method, the polymers are dissolved in a proper 

solvent usually organic, then the polymer solution is added to an anti-solvent 

(aqueous phase) which can be optionally prepared with surfactants. The polymer 

would self-assemble to form NPs upon the addition to the opposite phase and stable 

after the evaporation of the organic solvent [143]. Dong et. al (2004) prepared 
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methoxy-PEG-polylactide NPs loaded with paclitaxel using nanoprecipitation 

method. The polymer and the anticancer drug were dissolved in acetonitrile and prior 

to being added into the Pluronic®-F68 solution in water. Acetonitrile was removed by 

overnight stirring to create the drug-loaded NPs that were collected after filtration and 

centrifugation. The obtained NPs from this method had well-defined sizes with 

narrow distribution [146]. For the dialysis method, the processes are similar to that of 

nanoprecipitation. In this method, the polymers are dissolved in water-miscible 

solvents, for example, dimethylsulfoxide (DMSO), dimethylformamide (DMF), 

dimethylacetamide, or N-methyl pyrrolidone. The polymer solution is added into the 

dialysis bag and dialyzed against water. The solvent exchange across the membrane 

will create NPs inside the bag and be collected after solvent removal. A study by 

Akagi et. al (2005) prepared polymeric NPs from poly(γ-glutamic acid using dialysis 

method. The polymer was dissolved in different solvents and dialyzed for 3 days. The 

size and size distribution of the NPs varied based on the solvent used [147]. 

 

 

Figure 9 Top-down approach for polymeric NPs preparation (One-step procedures) 
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The two-step approach consists of emulsification-solvent evaporation, 

diffusion, and salting-out methods (Figure 2.10). These methods used the same 

principle on forming an emulsion of the polymer through a mixture of aqueous and 

organic phases. The NPs are formed using ultrasonication or homogenization prior to 

solvent removal or NPs collection [143]. The emulsification-solvent evaporation 

method uses water-immiscible solvents to dissolve the polymers with or without the 

drug and added to the aqueous phase contained stabilizers. After applying the physical 

force, the organic solvents are removed via evaporation to form NPs in water. This 

method was used in a study preparing polylactic-co-glycolic acid (PLGA) NPs loaded 

with DOX. The preparation process precisely followed the aforementioned method 

and collected particles of less than 300 nm with narrow size distribution [148]. In the 

emulsification-solvent diffusion, the organic phase is usually partially water-miscible. 

The mixture of the two phases was given mechanical/physical force to generate 

emulsion, then an extensive volume of water was added to promote the diffusion of 

solvent from the droplet creating colloidal particles. In 2011, Jain et. al produced 

PLGA NPs loaded with tamoxifen. The polymer was dissolved in ethyl acetate along 

with the drug and added mixed with water phase containing different stabilizers. The 

particles produced had particle sizes less than 170 nm with very narrow size 

variations [149]. For the emulsification-solvent salting out procedure, water-miscible 

organic solvents are used to dissolve the polymer. Meanwhile, the aqueous phase is 

prepared with stabilizers and salting-out out agents (commonly calcium chloride, 

magnesium chloride, and magnesium acetate). The salting-out agents reduce water 

miscibility of organic solvent which will then create an emulsion of polymer in the 

immiscible solvent. Again, a large amount of water is added to reverse the salting-out 

effect and stimulate precipitation of the polymer matrix [150]. 
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Figure 10 Top-down approach for polymeric NPs preparation (two-step procedures) 

 

 Ionic gelation of hydrophilic polymers is one of the most common techniques 

used to prepare polymeric NPs due to its ease of preparation and use of non-toxic 

solvent. The method (Figure 2.11) requires one or more polymers, and the particles 

are formed using ionic interaction between the two components. For single polymer 

NPs, the polymer is dissolved in an aqueous phase and dropped into a counter ion, for 

example, chitosan NPs were prepared by dissolving the polymer in acidic water and 

the solution of tripolyphosphate in water was dropped in the chitosan solution. The 

NPs were formed via ionic interaction between the positively charged chitosan from 

its amine groups and the negative ions of polyphosphate. The two polymer NPs 

follow the same concept where polymers with the opposite charges were separately 

dissolved and slowly mixed to form NPs [142, 151]. 
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Figure 11 Top-down approach for polymeric NPs preparation (ionic gelation of 

hydrophilic polymers) 

 

2.5.2.2 Bottom-up approach 

To formulate NPs with particularly desired properties or with a specific 

functional group in the structure, the NPs can be generated by the polymerization of 

monomers. The selection of appropriate monomers and polymerization methods can 

produce NPs of certain characteristics. The components for NPs generation include 

monomers, initiators, and cross-linkers. The bottom-up methods used to create NPs 

are emulsion polymerization, interfacial polymerization, and controlled/living free-

radical polymerization [142, 143]. 

Emulsion polymerization (Figure 2.12) is the simplest readily scalable 

polymerization method. The method can further be divided into two types which are 

conventional emulsion polymerization and surfactant-free emulsion polymerization. 

The conventional method commonly uses water as the continuous phase where 

droplets of monomers in the organic phase are added. Thereafter, the monomer 

swollen nucleation process occurs in the micellar-surfactant prepared in the water 

phase. The decomposed initiator began to initiate polymer chain growth within the 

monomer-swollen micelle that occurred in the water phase [152, 153]. An example of 

the method can be referred to an article preparing poly (N-vinyl carbazole) NPs. In 

l l l l l l
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this article, monomer of N-vinylcabazole was prepared in toluene, while the water 

phase was prepared with a surfactant, sodium dodecyl sulfate, and 1 wt% V-50 

initiator at a 70ºC inert atmosphere. The NPs were spherical with nano-scale size and 

low size distribution under an electron microscope observation [154]. The surfactant-

free emulsion polymerization reaction follows the same principle of conventional 

emulsion polymerization with a difference where there was no surfactant involved. 

The polymerization process begins in the droplet of the organic phase slowly added to 

the continuous phase of the initiator in water. NPs from PEGylated methacrylate and 

2-hydroxyethyl methacrylate-functionalized ε-caprolactone was reported to be created 

using potassium sulfate as the initiator. The NPs were less than 120 nm and were used 

as carriers of paclitaxel for anticancer effect [155]. 

Interfacial polymerization involves more than one monomer dissolving 

individually in continuous and dispersed phases. The polymerization process 

(polycondensation, polyaddition, or radical polymerization) occurs at the interfacial 

surface of the two phases. The method enables the formation of nanocapsules when 

aprotic solvents are used [152]. The controlled/living radical polymerization 

overcomes the limitation of conventional radical polymerization and allows control of 

particle size and size distribution, also NPs function and architecture [142].  

 

 

Figure 12 Emulsion polymerization 
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2.6 Mucoadhesive drug delivery 

2.6.1 Definition and mechanism 

Adhesion is a term that refers to the state where two surfaces are attached with 

an interfacial force. More specifically as members of the term, bioadhesion is used to 

describe when the phenomenon occurred between an adhesive material and a 

biological surface; whereas, mucoadhesion defines the adhering to the mucosal 

membrane for an extended period supported by a force or bond between the surfaces 

[156]. 

Decades ago, mucoadhesion phenomena in a drug delivery were brought up 

for its capability to extend the residence time of the active pharmaceutical agent at the 

site of action or absorption. The system concept is the incorporation of drug 

molecules to a mucoadhesive formulation. Once administered, the preparation will 

adhere to the mucosal surface and release the drug to provide therapeutic efficacy. 

Mucoadhesive drug delivery systems can be maintained at the delivery site, hence, 

increase the drug bioavailability. Some mucoadhesive materials may be used for 

particular site targeting, giving controlled drug delivery, avoiding first-pass 

metabolism, and protecting the active ingredient from the either enzymatic or acidic 

environment [157, 158]. 

 Mucoadhesive drug delivery has been formulated as tablets, films, hydrogels, 

liposomes, and other micro- and nano-formulations; where these systems are 

composed of mucoadhesive polymers to perform the adhesion process with the 

mucous linings. The formulations were designed to be administered via certain routes 

aiming for local and systemic effect [157, 159]. The delivery system facilitates the 

treatment with a higher drug concentration at the absorption site, increases intimate 

contact of the preparation at the mucosal membrane, and improves drug 

bioavailability. The mucoadhesion process, therefore, diminishes the limitations of 

drug localization and adsorption [158]. 

Mucus is the viscous hydrated gel coving the lining membranes of the body 

cavities such as gastrointestinal, respiratory tract, vaginal, eyes, and other mucosal 

surfaces [160]. It is made up of main water, mucins, inorganic salts, enzymes, lipids, 

and biological residues [161]. Mucin glycoproteins, employing 2–5% of the mucus 

weight, are the major component responsible for gel-like viscoelastic and adhesive 
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properties of the mucus for their crosslinking and entangling structure [162, 163]. The 

glycoproteins expressed in the mucus are made up of amino acids serine, threonine, 

and proline joined to the oligosaccharides mostly through O-linkage; however, the 

main structure that plays an important role in forming the three-dimensional hydrogel 

network is the cysteine-rich subdomain that links the mucin monomers to oligomers 

[164, 165]. Mucin glycoproteins can form interaction with mucoadhesive materials 

through different bond formations. Notably, the cysteine subdomain acts a crucial 

function in forming strong bindings with novel mucoadhesive polymers [166]. 

The fundamental process of mucoadhesion comprises two steps as shown in 

Figure 2.13. First, the contact stage in which the polymer approaches the moist 

surface of the mucous membrane and gets wet or swells spreading along the mucosal 

area. Then later in the consolidation stage, the polymer form physical or chemical 

bonds with the mucus compositions through either weak bond of van der Waals’ 

force, electrostatic interactions, hydrogen bonds, or the strong covalent bond [157].  

 

 

Figure 13 Mucoadhesive mechanism 

 

2.6.2 First-generation mucoadhesive polymers 

The first generation mucoadhesive polymers referred to the polymers that 

adhere to the mucosal membrane using non-covalent interactions e.g., physical 

1) Contact Stage

2) Consolida on Stage
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entanglement, ionic interactions, van der Waal forces, and hydrogen bond. This 

generation binds to the mucous membrane or mucin glycoprotein non-specifically. 

The first-generation mucoadhesive polymers can be naturally derived or synthetic 

macromolecule which possessed extensive functional groups that can create 

intermolecular interactions, for example, hydroxyl, carboxylic acid, and amine.  These 

polymers can be divided into three classes according to the ionic status which are 

cationic, anionic, and non-ionic polymers [157, 158]. 

Chitosan (CS) is the most obvious cationic mucoadhesive polymer which is 

widely used in the biomedical and pharmaceutical fields. Positively charged chitosan 

can adhere to the mucous membrane by forming ionic interaction with the negatively 

charged sialic acid of the mucin glycoprotein. Studies on mucoadhesive drug delivery 

systems developed chitosan mucoadhesive formulation to prolong residence time at 

the desired area [162]. Research work demonstrated the mucoadhesive properties of 

chitosan through mucin adsorption efficiency of the chitosan/tripolyphosphate NPs by 

colorimetric analysis [151].  

Anionic polymers are polymers that present negatively charged status at the 

physiological condition. Examples of these polymers are alginate, carboxymethyl 

cellulose (CMC), and polyacrylic acid. This class of polymers adheres to the mucous 

membrane using physical and weak chemical interactions such as polymer viscosity, 

polymer entanglement, and hydrogen bond. An article reported the mucoadhesive 

properties of sodium alginate and CMC by rheological analysis. It was concluded that 

the enhanced viscosity was due to the mucin-polymer adhesion force from physical 

chain entanglement and intermolecular non-covalent interactions [167].  

Non-ionic mucoadhesive polymers; for instance, methylcellulose (MC), 

hydroxypropylmethylcellulose (HPMC), hydroxyethylcellulose (HEC), possess 

weaker mucoadhesive properties relative to the charged polymers. A recent study 

published the use of HPMC/PLGA NPs as mucoadhesive carriers for sitagliptin. The 

optimal prepared NPs showed prolonged residence time of the drug in the 

gastrointestinal tract leading to extended drug release profile and improved treatment 

efficacy of the orally administered drug delivery system [168].  
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2.6.3 Second-generation mucoadhesive polymers 

The second-generation mucoadhesive polymers improve the properties of the 

first-generation mucoadhesive polymers by increased adhesion specificity. These 

polymers are functionalized to adhere to the mucosal layer through the formation of a 

covalent bond with the mucin glycoprotein. The target of these novel polymers is the 

cysteine-rich domain in the structure of mucin glycoprotein. The molecular structure 

of cysteine consisted of a thiol group in the side chain which is reactive to form 

covalent bonds via different mechanisms including, oxidation, disulfide formation, 

disulfide exchange reaction, Michael-type reaction, Schiff base reaction, etc. The 

formation of covalent bond enabled the second generation mucoadhesive polymers to 

adhere to the mucous membrane more specifically with stronger adhesion leading to 

prolonged residence time of the formulation at the target area [157, 158]. The 

development of novel functionalized polymer promotes the efficacy of the drug 

delivery system in terms of residence time and specificity. The organic functional 

groups that have been studied to improve the mucoadhesive properties of polymers 

are lectins, thiols, acrylates, catechols, and maleimides [169]. 

Lectins are glycotargeting proteins that recognize the carbohydrate recognition 

domain on the glycosylated surface resulting in lectins specifically binds to the sugar 

moiety of the cell surface while being capable to resist enzymatic degradation [170]. 

There are two ways to apply lectin targeting in the mucoadhesive drug delivery 

system. Firstly, lectins can be attached to a material to recognize the sugar or 

carbohydrate on the cell surface, or secondly, the ligands that are specific to lectin 

adhesion can be conjugated to the material to improve mucoadhesive specificity 

[171]. A study reported that lectin-conjugated NP enhanced the adhesion of NPs on 

the inflamed epithelial surface through sugar-lectin interaction. The lectin-mediated 

adhesion promotes the accumulation of the nano-formulation and increases the 

therapeutic efficacy of the mucoadhesive preparation [172].  

Thiomers or thiolated polymers (Figure 2.14) are defined as polymers that 

have been functionalized with the thiol (–SH) moiety to improve mucoadhesion. 

Thiomers adhere to the mucous membrane by forming a disulfide bond with the thiols 

of the cysteine-rich domain in the mucin glycoprotein. In relative to the first-

generation mucoadhesive polymers, thiolated polymers showed superior 
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mucoadhesive properties and provided longer adhesion time due to the covalent bond 

formation, which is a permanent and stronger adhesive interaction. The oxidation 

reaction creates a disulfide bridge linking the polymer to the mucosal membrane [166, 

173]. Several articles have mentioned the benefit of thiomers on different drug 

delivery systems accounting for liposomes, NPs, micelles, etc. [174] Mahmood et. al 

(2003) published a study on thiolated micelles which was found to improve the 

mucoadhesive capacity on the intestinal mucosa and vaginal mucosa by 56.1-fold and 

28.6-fold compared to non-functionalized micelle, respectively. The measurement 

was observed by the change of viscosity of the modified polymer. In addition, an 

advanced class of thiolated polymer has been studied [175]. Pre-activated thiolated 

polymers increase the sensitivity, stability, and mucoadhesion capability from the 

conventional thiomers. Usually, the thiolated polymers are pre-activated with 2-

mercaptonicotinic acid. The modification created a pre-formed disulfide bond in the 

polymer which can reactively exchange with the thiols of the cysteine-rich domain 

upon reaching the glycoprotein leading to a faster disulfide bond formation and 

prevention of intra- and intermolecular oxidation of the thiol groups in the polymer 

which deducts the mucoadhesion of thiomers [176]. Pre-activated thiolated glycogen 

has been reported to improve the adhesion of thiolated and non-thiolated glycogen by 

20-fold and 45-fold, respectively [177].  

 

 

Figure 14 Chemical structure of a thiolated polymer 

 

Acrylates is composed of carboxylic acid and vinyl groups. Polymer 

functionalization using the carboxylic part can bring about an acrylate functionalized 

macromolecule which is ready to adhere to the mucous membranes as illustrated in 

Figure 2.15. The acrylates form a covalent bond with the mucin glycoprotein using 

the Michael adhesion mechanism, whereas, lone pair electron transfer of thiols attack 
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the partially positive carbon of the vinyl group to create the adhesion bond [169]. 

Studies on acrylate mucoadhesive materials are the formation of acrylate 

functionalized micelles and acrylate-modified NPs. The first example revealed that 

the critical micelle concentrations of the acrylate micelles and non-functionalized 

micelle were similar, but the former exhibited better mucoadhesion analyzed using 

viscosity [178]. The second example showed that acrylate-grafted NPs create 

additional mucoadhesive mode from the positively charged polymer. By that, the 

polymeric NPs could adhere to the mucus with ionic interaction using its amine group 

and the ionized carboxylate of the sialic acid while acrylates helped to attach with 

protein thiols with a covalent bond. This formulation promotes the delivery of 

pilocarpine on the conjunctival tissue [179]. 

 

 

Figure 15 Chemical structure of acrylate polymers 

 

Catechols has gained a lot of interest in recent years' research. The functional 

group was discovered as the hidden mechanism of sea mussels that is used to adhere 

to the surface under the sea. Thus, this functional group could impressively tolerate 

fluid wash-off [180]. The structure of catechol is an aromatic ring with hydroxyl 

groups at the meta- and para- position from the α-carbon position Figure 2.16. Once 

the catechol is conjugated on the polymer backbone, the moiety can adhere to the 

mucus using non-covalent interactions and covalent bonds which can be formed by 

the oxidation process, Michael adhesion mechanism, and Schiff base reaction. These 

covalent bond formations are also linked to the mucin glycoprotein at the cysteine 

domain. Owing to different adhesion mechanisms, the catechol-bearing polymeric 

materials can adhere well to different surfaces [48, 180]. Attempts on adding catechol 

group to the biocompatible and biodegradable polymers have shown to be successful 
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including catechol-modified chitosan. As mentioned, chitosan non-selectively bind to 

the mucosal membrane using weaker bond like ionic interaction, but the modification 

with catechol improves mucoadhesion. A study developed a catechol-functionalized 

chitosan-based hydrogel that is cross-linked with genipin as a carrier of lidocaine. The 

result illustrated that the hydrogel of modified chitosan had a higher density than the 

chitosan hydrogel leading to higher resistance to washing off and prolonging drug 

release. Ex vivo experiment showed that the catechol-functionalized formulation 

could adhere to the mucosal tissue for over 6 hours, while the unmodified hydrogel 

only stayed on the tissue for 1.5 h. More importantly, the findings were related to the 

in vivo examination [181]. 

 

 

Figure 16 Chemical structure of catechol 

 

Another proven mucoadhesive functional group is maleimide which has the 

structure as shown in Figure 2.17. This functional group can form a covalent bond 

with thiols on the glycoprotein using a 1,4–addition reaction. The double-bond inside 

the five-membered ring of maleimide is reactive due to the ring strain that the moiety 

is ready to form a bond to the thiol without catalyst. The thioether bond is specifically 

formed at the physiological condition which attracts the development of maleimide-

containing material for transmucosal delivery. The delivery of active pharmaceutical 

ingredients using maleimides was proven to be efficient, reactive, stable, and maintain 

polymer safety profile [169]. Maleimide functionalized mucoadhesive liposomes were 

developed for drug delivery to the urinary bladder. It was found that maleimide-

functionalized liposomes showed a longer retention time on the bladder tissue 

compared to the PEGylated liposome, and non-functionalized liposomes for their 

capability to form covalent bonds with the mucosal component [182]. 
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Figure 17 Chemical structure of maleimide 

 

2.7 N-vinylpyrrolidone 

N-vinylpyrrolidone (NVP) is a monomer of a widely used polymer, 

polyvinylpyrrolidone. The monomer is hydrophilic, biocompatible, nontoxic, stable, 

and inert. Also, NVP is commonly used as particle dispersant and helps to prevent 

particle aggregation due to its steric hindrance structure (Figure 2.18). NVP can be 

applied to polymer and copolymer preparation in different aspects and be used in 

many industries considering foods, cosmetics, textile, printing inks, pharmaceuticals, 

and biomedical fields owing to its versatility [183]. The structure of NVP consisted of 

a pyrrolidone ring connected to a vinyl group which is initiated and propagate in the 

polymerization reaction.  Focusing on its use in the pharmaceutical and biomedical 

applications, NVP can be utilized to develop functional and advanced materials 

through the preparation of homopolymers, co-copolymers cross-linked polymers 

[184]. An example of NPs prepared from NVP is the preparation of amphiphilic poly-

N-vinylpyrrolidone NPs as the carriers for indomethacin. The NPs were synthesized 

using NVP and mercaptoacetic acid through free-radical polymerization with 

azobisisobutyronitrile (AIBN) as the initiator. Then, functionalized PVP chains were 

attached to hydrophobic moiety with coupling reaction and create amphiphilic NPs 

via dialysis and solvent evaporation method [185]. Another study also prepared and 

investigated the properties of NPs from amphiphilic poly-N-vinyl-2-pyrrolidone with 

hydrophobic octadecyl mercaptan and AIBN initiator. The NPs were obtained after 

emulsion-free radical polymerization and solvent evaporation. The synthesized NPs 
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were less than 350 nm in size and were able to carry poorly water-soluble fluorescent 

dye [186].  

 

 

Figure 18 Chemical structure of NVP 

 

2.8 Acrylic acid 

Acrylic acid (AA) is a monomer of synthetic polyacrylic acid which is used in 

different drug delivery platforms. The structure of AA shown in Figure 2.19 is 

comprised of a carboxylic acid group that is versatile for functionalization and a vinyl 

group that can be used in polymerizations or conjugations. As mentioned, AA is used 

to create homopolymer and copolymers that can be used in different industries, 

including paints, coatings, plastics, polishes, adhesive, medical products, and 

pharmaceutical fields. The monomer has promising characteristics of biocompatible 

and biodegradable which gathered the interest for drug delivery [187, 188]. The 

application of AA in biomedical research is the development of chitosan cross-linked 

poly(acrylic acid) hydrogel. Functionalized chitosan was acquired as the crosslinker 

in the polymerization of AA with an ammonium persulfate initiator. The system was 

found to be pH-responsive with swelling behavior changes at different crosslinking 

amounts. Also, the hydrogel of poly(acrylic acid) and chitosan could control the 

delivery of active pharmaceutical compounds [189]. 
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Figure 19 Chemical structure of AA 
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2.9 Chitosan 

CS is a naturally derived polymer and is known as deacetylated chitin. The 

compounds are extracted from shells of crustaceans such as crabs, lobsters, crayfish, 

shrimps, etc. The chemical structure of CS contains proportableucosamine units and 

the N-acetyl glucosamine units linked with the β-(1,4)-linkage (Figure 2.20); 

therefore, CS is considered a cationic polymer with properties varied according to its 

molecular weight and degree of acetylation [190-192]. The polymer is used in food, 

chemical, cosmetics medical, biochemical, and biomedical engineering industries. 

Considering its biocompatibility and biodegradability, CS has become a 

polysaccharide that is widely used for biomedical purposes. CS itself possesses 

unique characteristics, for example, having antibacterial activity, mucoadhesive 

properties, antioxidant activity, and antitumor activity [193, 194]. The limitation of 

CS is commonly referred to the poor water solubility profile and the need to be 

solubilized in an acidic environment. Additionally, derivatization of CS allowed the 

attributes of the polymer to be tuned for specific purposes such as improving 

solubility, drug targeting ability, and enhance mucoadhesive properties [190, 193]. An 

example of CS in biomedical research is the conjugation of RDG peptides onto CS-

NPs loaded with raloxifene for targeting breast cancer. The CS-based NPs showed 

great anticancer activity while being highly biocompatible. Also, the carrier showed 

pH-responsive behavior, a specific targeting approach, selectively suppresses 

angiogenesis, and tumor growth [195]. 

 

 

Figure 20 Chemical structure of CS 
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2.10 Hyaluronic acid 

Hyaluronic acid (HA) is a mucopolysaccharide composed of glucuronic acid 

linked N-acetylglucosamine through the β-(1,3)-glucuronidic linkage (Figure 2.21). 

The polymer is known to have various biological effects commonly anti-

inflammatory, anti-aging, skin regeneration effect, wound healing and benefits tissue 

engineering [196]. The glucuronic acid subunit of HA contains carboxylic acid with 

pKa of 3–4 which can be mostly deprotonated at the physiological condition creating 

an anionic polymer [197]. Apart from that, several functional groups on the structure 

(carboxylic acid, hydroxyls, acetamido) are versatile for functionalization and 

producing derivatives of HA that benefit drug delivery. HA is biocompatible, 

biodegradable, nontoxic, highly viscoelastic, and promotes cell adhesion especially on 

CD44 receptors expressed on cancer cells. HA has been incorporated in different 

carrier systems for therapeutics, diagnostics, and imaging [197, 198]. A study 

investigated HA hydrogel formed by oxidized HA and crosslinking HA as a drug 

carrier and therapeutic agent for tendinopathy. The hydrogel was able to provide a 

sustained drug release profile and showed biodegradability properties after the 

injection while enabling the justification of the symptoms both in vitro and in vivo 

models [199]. Another study revealed that HA-coated camptothecin nanocrystals 

were successfully prepared using nanoprecipitation method. The carrier improved the 

water solubility of the hydrophobic drug, had high drug loading capacity, prolonged 

the release of camptothecin through pH-responsive means, improved drug stability, 

and was able to target CD44 overexpressed on the cancer cells [200]. 

 

 

Figure 21 Chemical structure of HA
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3.1 Materials 

2,2′-azobis(2-methylpropionamidine) dihydrochloride (V50; Sigma 

Aldrich, St. Louis, MO, USA) 

Accutase® (Sigma Aldrich, St. Louis, MO, USA) 

Acrylic acid (AA; Sigma Aldrich, St. Louis, MO, USA) 

Annexin V Alexa FluorTM 647 (Invitrogen, Carlsbad, CA, USA). 

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

Chitosan (MW =11 kDa, 95 % degree of deacetylation) OilZac 

Technologies Co., Ltd. (Bangkok, Thailand) 

Chloroform (Merck & Co., Darmstadt, Germany) 

Cisplatin (CDDP; Sigma Aldrich, St. Louis, MO, USA) 

Deuterium oxide (D2O) was bought from Cambridge Isotope 

Laboratories (Tewksbury, MA, USA) 

Dimethyl sulfoxide (DMSO; Merck & Co., Darmstadt, Germany) 

Dopamine hydrochloride (Sigma Aldrich, St. Louis, MO, USA) 

Doxorubicin hydrochloride (DOX; Sigma Aldrich, St. Louis, MO, USA) 

Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL, Rockville, 

MD, USA) 

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

Fluorescein sodium salt (Sigma Aldrich, St. Louis, MO, USA) 

Glacial acetic acid (Merck & Co., Darmstadt, Germany) 

Hyaluronic acid (MW =1550 kDa) P.C. Drug Center (Bangkok, 

Thailand) 

HN22 cell line (Faculty of Dentistry, Naresuan University, Phitsanulok, 

Thailand)  

Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) 

Human gingival fibroblast cells (HGF; Faculty of Dentistry, Naresuan 

University, Phitsanulok, Thailand) 

Hydrochloric acid (Merck & Co., Darmstadt, Germany) 

L-glutamine (Gibco BRL, Rockville, MD, USA) 

Methylthiazolyldiphenyltetrazolium bromide (MTT; Sigma Aldrich, St. 

Louis, MO, USA) 
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N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride 

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

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

N-vinylpyrrolidinone (NVP; Sigma Aldrich, St. Louis, MO, USA) 

N,N’-methylenebisacrylamide (MBA; Sigma Aldrich, St. Louis, MO, 

USA) 

N,N’-dimethylformamide (DMF) (Sigma Aldrich, St. Louis, MO, USA)  

Nitric acid (Merck & Co., Darmstadt, Germany) 

Non-essential amino acids (Gibco BRL, Rockville, MD, USA) 

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

Porcine mucosal membrane (A slaughterhouse, Nakhon Pathom, 

Thailand) 

Potassium dihydrogen phosphate (Merck & Co., Darmstadt, Germany) 

Potassium phosphate (Merck & Co., Darmstadt, Germany) 

Sodium chloride (Sigma Aldrich, St. Louis, MO, USA) 

Sodium hydrogen phosphate (Merck & Co., Darmstadt, Germany) 

succinic anhydride (Sigma Aldrich, St. Louis, MO, USA) 

SYTOXTM Green nucleic acid stain (Invitrogen, Carlsbad, CA, USA) 

Trypsin–EDTA (Gibco BRL, Rockville, MD, USA) 

 

3.2 Equipment 

Analytical balance 

Attenuated Total Reflectance Fourier transformed infrared 

spectrophotometer (ATR-FTIR) 

Automated cell counter (TC20TM, BIO-RAD, CA, USA) 

Automatic autoclave (LS-2D, Scientific promotion. Co., Ltd.) 

Bath sonicator 

CO2 incubator 

Flow cytometer ( BD FACS CantoTM flow cytometer ( BD Bioscience, 

CA, USA)) 

Freeze dryer (FreeZone2.5, LABCONCO, USA) 

Incubator shaker 
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Inductive coupled plasma – Mass spectroscopy ( ICP-MS; Agilent 

Technologies, 1100 series, Santa Clara, CA, USA) 

Inverted fluorescence microscope (Nikon® TE2000-U, Japan) 

Inverted microscope (Nikon® T-DH, Japan) 

Laboratory centrifuge (Sorvall® BiofugeStratos) 

Magnetic stirrer 

Micropipettes (Eppendorf Research™ plus single-channel pipettes) 

Microplate fluorometer ( Fluoskan AscentTM, Thermo Scientific, MA, 

USA) 

Multimode microplate reader ( VICTOR NivoTM, Perkin Elmer, MA, 

USA) 

Nitrogen gas tank 

Oil bath 

pH meter (HORIBA compact pH meter B-212) 

Probe sonicator (Sonic VibraCellTM) 

Reflux condenser 

Scanning electron microscope (Tescan Mira 3, Czech Republic) 

Stereoscope with fluorescent detection (Leica M60, Wetzlar, Germany) 

Syringe pump ( NE-1000 Programmable Single Syringe Pump, KF 

Technologies) 

Top load balance (Sartorius® CP2202S) 

Transmission electron microscope (Philips® Model TECNAI 20) 

Tube rotator 

Vortex mixer 

Zetasizer NanoZS (Malvern Instruments, Malvern, UK) 

 

3.3 Methods 

3.3.1 Development of coordination bond-forming N-

vinylpyrrolidone/acrylic acid nanoparticles for CDDP delivery 

3.3.1.1 Synthesis of NVP/AA NPs 

The synthesis of N-vinylpyrrolidone/acrylic acid nanoparticles 

(NVP/AA NPs) was performed employing two different methods as follows: 
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3.3.1.1.1 Method 1  

The NPs synthesized using method 1 (M1-NPs) were acquired 

from a one-step surfactant-free emulsion polymerization. In search for the optimal 

condition, the ratio of NVP:AA was varied as 1:1, 1:3, and 1:5. Roughly, deionized 

water (50 mL) was placed in a round-bottom flask and heated in an oil bath to 65–70 

°C. Then, 0.1 wt%  of the free radical initiator (2,2'-azobis(2-methylpropionamidine) 

dihydrochloride, V50) was added. Nitrogen gas was purged to the solution which was 

vigorously stirred to keep the atmosphere inert. Meanwhile, AA, NVP, and the 

crosslinker (N,N'-methylenebisacrylamide, MBA, 10 wt% )  were dispersed in 

chloroform (5 mL). The organic phase mixture was then gently added to the heated 

V50 solution. the polymerization reaction was carried out for 18 h before the resultant 

NPs dispersion was filled in a dialysis bag (molecular weight cut-off 3500 Da) and 

dialyzed against deionized water for 3 days before being freeze-dried. 

 

3.3.1.1.2  Method 2  

The core-shell structured NPs ( M2-NPs)  were synthesized via 

two-steps polymerization. In the synthesis process, NVP, MBA crosslinker (10 wt%), 

and V50 initiator (0.2 wt%) were employed in the surfactant-free emulsion 

polymerization reaction to obtain polyvinylpyrrolidone ( PVP)  NPs. Thereafter, the 

prepared PVP NPs were further polymerized with AA.  Briefly, V50 free radical 

initiator ( 0. 2 wt% )  was heated in deionized water (200 mL) at 65–70 °C. The 

environment was controlled using nitrogen flush for at least 20 min. Then, the organic 

phase was prepared by mixing NVP ( 5. 8 mmol, 2.50 g)  and MBA ( 10 wt% )  in 

chloroform (5 mL). The mixture was gradually dropped to the initiator solution. Then, 

the polymerization reaction was allowed to perform for 18 h in the controlled 

atmosphere. Then, the unreacted substrates were removed via dialysis in deionized 

water which was replaced every 6 h for 3 days. Lyophilization was carried out to 

obtain the PVP NPs. Subsequently, to synthesize the core-shell structured NPs, AA 

(2.5 g) , PVP NPs (0.25 g) , and MBA (10 wt% ) were mixed in the organic solvent 

(chloroform) prior to addition into a round bottom flask containing heated deionized 
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water (65–70 °C) an V50 (0.2 wt%). The reaction was continued at 65–70 °C for 18 h 

before the purification and freeze-drying procedures. 

 

3.3.1.2 Characterizations and evaluations 

3.3.1.2.1 1H-nuclear magnetic resonance spectroscopy 

(1H-NMR)  

The molecular attribute of the resultant NPs was analyzed 

using 1H-nuclear magnetic resonance spectroscopy (1H-NMR) spectroscopy. Each 

sample was dissolved in deuterium oxide (D2O). 1H-NMR spectra were collected with 

NMR 300 MHz (AVANCE III HD, Bruker) spectrometer at 298 K. All chemical 

shifts (δ) were recorded and reported in parts per million (ppm), using the chemical 

shift of solvent as references (D2O: δ = 4.80 ppm). 

 

3.3.1.2.2 Fourier-transformed infrared spectroscopy 

The chemical structures of the synthesized NPs, the CDDP-

loaded NPs, and the physical mixture of CDDP and the blank NPs were confirmed by 

Fourier-transformed infrared spectroscopy (FTIR) using a Perkin Elmer spectrum 100 

infrared spectrophotometer with the wavenumber ranged from 400 to 4000 cm−1. 

 

3.3.1.2.3 Carboxylic acid content determination 

The amount of the carboxylic acid moiety contained in the 

synthesized NVP/ AA NPs was determined by salt splitting titration.  Roughly, the 

proton of COOH was altered to sodium carboxylate salt (COO–Na+) by immersing the 

NPs in 0.01 M NaOH (25 mL) overnight with energetic stirring. The excessed NaOH 

was further back titrated with standardized 0.01 M HCl while the endpoint was 

indicated by the change of pink to colorless phenolphthalein. The content of the 

carboxylic acid group was then calculated by the following equation.  
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COOH content (mmol/g) = 
(VVR-VHCl)×CHCl

NPs weight (g)
 

 

Where VVR is the volumetric relation of standardized HCl (0.01 M) and NaOH 

(0.01 M),  

VHCl is the volume of titrant used, and  

CHCl is the standardized concentration of HCl. 

 

3.3.1.2.4 Particle size, size distribution, zeta potential 

The particle size, polydispersity index (PDI), and zeta 

potential of the NVP/AA NPs were determined by dynamic light scattering ( DLS) 

technique using a Malvern Ζetasizer Nano ZS (Malvern, UK). Samples were diluted 

1:99 with ultrapure water and disaggregated with a Vibra CellTM VCX134BP probe 

sonicator equipped with a 3 mm tip (Sonics, CT, USA). The test solutions were then 

transferred to a 1-mL polystyrene latex zeta cell for the measurement. Moreover, each 

sample was dispersed in different media (PBS, cell culture medium with and without 

serum), and stored for 14 days at 37 °C. The size measurement before and after the 14 

days of storage was conducted in triplicate. 

 

3.3.1.2.5 Morphology 

3.3.1.2.5.1 Transmission electron microscope  

The morphological characteristics of the NPs were 

scrutinized under a transmission electron microscope (TEM, JEOL JEM-1400, 

Tokyo, Japan) at an accelerated voltage of 80 kV.  The sample was prepared in 

purified water, stirred overnight, and sonicated for 1 h. Uranyl acetate (1%) was used 

to stain the NPs to enhance visualization on the copper grid. 

 

3.3.1.2.5.2    Scanning electron microscope 

The morphology and surface characteristics of the 

NPs were observed using a scanning electron microscope ( SEM, Tescan Mira 3, 



 
55 

 

  

Czech Republic). The lyophilized NPs were fixed on a metal stub using an adhesive 

tape and sputter-coated with a thin layer of gold prior to the investigation. 

 

3.3.1.2.6 Drug loading  

CDDP was loaded into the NPs using the adsorption method, 

CDDP and the NPs were accurately weighed and separately dissolved in ultrapure 

water pH 8.0–8.5 before being mixed at different weight ratios of NPs:CDDP (1:1, 

1:2.5, 1:5, and 1:10). The mixtures were shaken overnight for complete coordination 

bonding.  The unbonded drug was removed by dialysis (molecular weight cut-off 

6000-8000 Da) against 6 cycles of deionized water (30 min/cycle) before being 

freeze-dried. 

 

3.3.1.2.7 Drug content determination 

The drug content in the NPs was determined by digesting the 

NPs components to obtain the platinum (Pt(II)) residues for the quantification. To the 

accurately weighted CDDP-loaded NPs, concentrated nitric acid (1 mL) was added 

and heated at 90oC for 1 h. After that, the digested solutions were diluted with 

ultrapure water and quantified using inductively coupled plasma-mass spectrometry 

( ICP-MS, Agilent 1100 series, Santa Clara, CA, USA). The analysis was performed 

using argon carrier gas 0.86 L/min, make-up gas 0.2 L/min, with Mira-Mist (PEEK) 

nebulizer at 0.1 rpm connected to a mass spectrometer set with a mass ranged 

between 2–208 AMU. The atomic absorption of 195Pt isotope determined the amount 

of Pt(II) which correlated to the content of CDDP coordinately bounded to the 

NVP/AA NPs. The drug loading capacity (LC) and % loading efficiency (%LE) were 

calculated using the following equations. 

 

   LC (μg/mg) =
The amount of drug found

The weight of drug-loaded NPs
 

 

   %LE =
The amount of drug found

Total amount of drug initially added
× 100 
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3.3.1.2.8 Drug release 

CDDP released from the NVP/AA NPs was examined using 

10 mM phosphate buffer saline with 150 mM NaCl at various pH (5, 6.5, and 7.4) as 

the release medium. The CDDP-loaded NPs (equivalent to 2 mg CDDP) dissolved in 

the release medium (1 mL) were filled in a dialysis bag ( molecular weight cut-off 

6000–8000 Da). The bags were soaked in the release medium (10 mL) and constantly 

shaken at 150 rpm under a temperature-controlled (37±0.5 oC) atmosphere.  The 

release medium was sampled at each predetermined time up to 7 days for the 

quantification of CDDP content; whereas, the same volume of fresh release medium 

was then added to maintain sink condition. The cumulative release of CDDP from the 

NVP/AA NPs in each medium can be investigated using ICP-MS after the samples 

were digested by concentrated nitric acid. 

 

3.3.1.2.9 In vitro biocompatibility and cytotoxicity using 

MTT assay  

MTT assay was performed to evaluate the cytotoxicity of 

CDDP, blank NPs, and CDDP-loaded NPs on human gingival fibroblast (HGF) cells 

and head and neck cancer cells (HN22) .  HGF cells were cultivated in DMEM with 

FBS ( 10% ) , non-essential amino acids ( 1% ) , L-glutamine ( 1% ) , and penicillin-

streptomycin ( 1% ) .  HN22 cells were cultured in DMEM with FBS ( 10% ) , L-

glutamine (1%), and penicillin-streptomycin-amphotericin B (1%). Each cell line was 

counted and seeded into 96-well plates to contain about 10,000 cells/well. The cells 

were incubated in an incubator maintained at 5%  CO2 and 37 oC until confluence. 

CDDP, blank NPs, and CDDP-loaded NPs were prepared at various concentrations in 

the serum-free DMEM before being added (100 µL)  into each well. The cells were 

then placed in the incubator for 24 h. After that, the media were taken out before the 

cells were rinsed with sterile PBS. DMEM with serum (100 µL) was then added to 

each well with 0.5 mg/mL MTT solution (25 µL) and incubate for another 3 h. After 

the removal of the MTT solution, DMSO (100 µL)  was added to dissolve the 

formazan crystals in the cells. The cell viability was measured at 550 nm with a 

VICTOR NivoTM multimode microplate reader ( Perkin Elmer, MA, USA) .  The 
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percentage of relative cell viability in relation to the untreated control cells was 

calculated by the following equation. 

 

%Relative cell viability =
OD550, sample − OD550, blank

OD550, control − OD550, blank

× 100  

 

3.3.1.2.10 Cell death mechanism 

The apoptotic induction cell death mechanism of the HN22 

cell after being treated with CDDP-loaded NPs compared to free CDDP solution was 

examined using the double staining technique. The treated cells were stained with 

membrane-permeable and impermeable fluorescence stain and investigated under a 

fluorescence detector-equipped inverted microscope and flow cytometer. In brief, the 

HN22 cells were cultured in a 96-well plate (10,000 cells/well) and incubated in a 

controlled atmosphere for 24 h. Then, free CDDP and CDDP-loaded NPs prepared in 

the culture medium at the concentration of their IC50 value were added to each well 

(100 µL) and further incubated for 24 h. At the specified period, 10 μg/mL of Hoechst 

33342 (10 μL) and propidium iodide (PI) at the final concentration of 5 μg/mL was 

added for cell staining and incubate for another 20 min prior to the evaluation.  The 

cell death pathway analysis of the free CDDP compared to CDDP-loaded NPs was 

also examined by flow cytometry. The technique assists to analyze the stage of cell 

death through fluorescence staining detection. By that, the head and neck cancer cells 

were cultivated in complete DMEM and seeded in a 6-well plate. The cells were 

grown in an CO2 incubator until confluence. Then, free CDDP and CDDP-loaded NPs 

at the IC50 value were dissolved in a serum-free medium and placed in the well to 

treat the cells. After 24-h incubation, the treated solution was discarded, and cells 

were cleansed with serum-free DMEM twice before Accutase® was added to detach 

the cells. Complete medium was used to stop the detachment. All solutions were 

stored together in a 15-mL conical tube. After each step, the cells were centrifuged 

(4oC, 1000 rpm, 3 min) to remove the solutions. The cells were rinsed once with 1x 

PBS and twice with a complete medium. An aliquot (100 µL) was taken to be mixed 

with Muse® Annexin V & a dead cell assay kit (Millipore, Billerica, MA, USA) at the 

ratio of 1:1. The mixture was gently made homogenous and incubated in the dark for 
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20 min. Muse® cell analyzer was acquired to analyze the cell suspension and reported 

as percentages of viable cells, apoptotic cells, and dead cells. 

 

3.3.1.2.11 In vitro intracellular accumulation 

The uptake of CDDP from the free drug solution and CDDP-

loaded NPs in the HN22 cell was evaluated. The cell line was cultured in a 25-cm2 

cell culture flask (50,000 cells) and stored in an incubator controlling 95% air with 

5% CO2 at 37oC until 70% confluence. The test samples were prepared in FBS-free 

DMEM to a concentration equivalent to 50 μM. After the culture medium was 

removed, the sample solution (5 mL) was added and left in the incubator for 4, 8, and 

24 h. At the determined time, the solutions were discharged and cells were cleansed 

with PBS (2 mL) twice. The HN22 cells were detached using Accutase® and 

centrifuge to collect the cell pellet. The cells were resuspended with sterile water, and 

the number of live cells was counted by an automated cell counter with trypan blue 

staining (TC20TM, BIO-RAD, CA, USA) .  The collected cells were freeze-dried and 

digested with concentrated nitric acid to be analyzed using ICP-MS as the method 

mentioned in section 3.3.1.2.7. The amount of CDP in the HN22 cell was calculated 

using the following equation. 

 

   Pt(II)/1000 cells = 
CDDP concentration

Lived cell per mL
×1000 

 

3.3.2 Development of mucoadhesive NPs for localized delivery of 

doxorubicin   

3.3.2.1 Synthesis of catechol-functionalized succinyl chitosan 

(SCScat) using succinylation and carbodiimide coupling reaction. 

Catechol-functionalized succinyl chitosan (SCScat) was synthesized 

using two reactions which are succinylation and carbodiimide coupling reaction. 

Firstly, chitosan was grafted with the succinyl groups at the primary amine of the 

deacetylated glucosamine unit and the primary alcohols. Chitosan (8.28 mmoles) was 

dissolved in a solvent mixture of 1 %v/v acetic acid (50 mL), DMF (10 mL), and 
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DMSO (10 mL) contained in a round-bottomed flask. The system was vigorously 

stirred and connected to a reflux condenser, and heated to 100 oC. The environment 

was controlled with a nitrogen flush. Thereafter, succinic anhydride ( 44. 97 moles) 

was introduced to the reaction and the reaction was continued for 24 h in an inert 

environment.  The resulted succinyl chitosan (SCS) was dialyzed in deionized water 

for at least 3 days using a dialysis tube ( molecular weight cut-off 3500 Da)  and 

freeze-dried to collect the dried polymer. SCS was characterized for its molecular 

structure to confirm the successful synthesis. Catechol groups were decorated on the 

synthesized SCS using a carbodiimide reaction with dopamine HCl. The SCS 

polymer (1.0048 g)  containing carboxylic acid groups was dissolved using 1 % v/v 

acetic acid (80 mL). Then, EDAC as the coupling agent and NHS as the catalyst was 

added at an amount equivalent to dopamine HCl by mole (5.15 moles) . The mixture 

was stirred at ambient temperature for 2 h.  In the end, dopamine HCl which was 

prepared in deionized water (20 mL) was gradually added to the SCS solution. The 

pH of the system was adjusted to 4.5–5.0. The reaction was continued for 18 h before 

the purification process via dialysis in PBS pH 4. 5–5. 0 for 4 cycles of 6 h and in 

acidic water (pH 5.0–6.0) for 12 h. SCScat was acquired after lyophilization. 

 

3.3.2.2 Synthesis of catechol-functionalized hyaluronic acid using 

carbodiimide coupling reaction 

Catechol-functionalized hyaluronic acid (HAcat) was synthesized by 

conjugating the catechol group from dopamine to the HA backbone. The ratio 

between HA and dopamine was varied from 1:1, 1:2, and 1:3 by weight to observe the 

alteration of the degree of substitution (DS). Briefly, HA (0.5 wt%) was prepared in a 

round-bottomed flask containing deionized water (100 mL). The coupling agent 

(EDAC) and catalyst (NHS) at a molar ratio equivalent to dopamine HCl were then 

added. The reaction was purged with nitrogen under constant stirring for 20 min. 

After that, dopamine HCl was accurately weighed and added to the HA solution. The 

reaction was controlled at the pH of 4.5–5.5 at an ambient temperature with nitrogen 

purge and light protection to prevent catechol oxidation for 18 h. The purification step 

was performed by dialysis in PBS with 1 mM HCl (pH 4.5–5.5). The dialysis medium 
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was changed every 6 h for 4 cycles. The last dialysis medium was changed to 

deionized water ( pH 4. 5–5. 5) . The solution was lyophilized to collect the dried 

HAcat. Percentage yield of synthesis was then calculated. 

 

3.3.2.3 Polymer characterizations 

3.3.2.3.1 1H-NMR 

The molecular structure of the synthesized polymers was 

investigated by 1H-NMR spectroscopy following the method mentioned in section 

3.3.1.2.1. The DS of the catechol groups on the HA chain was computed according to 

the following equation by the integration of the signals representing catechol moiety 

on the 1H-NMR spectra in relation to protons of the acetamide methyl group in the 

HA structure. 

 

DS = 
Integration of catechol signals / no. of proton

Integration of HA acetamide signal / no. of the proton
   

  

3.3.2.3.2 ATR-FTIR   

The structural characteristics of the synthesized polymers were 

evaluated with an attenuated total reflection Fourier transform infrared spectroscopy 

(ATR FT-IR, Nicolet iS5, Thermo Fisher Scientific, MA, USA) equipped iD7 ATR 

accessory. The dried polymer was placed over the monolithic diamond crystal, and 

the pressure device was lowered to ensure results consistency. The spectra of 

wavenumber 400 to 4000 cm−1 were then recorded. 

 

3.3.2.4 NPs preparation, drug loading, and evaluations 

3.3.2.4.1 NPs preparation 

Ionotropic gelation was performed to prepare the SCScat/HAcat 

mucoadhesive NPs. Roughly, SCScat solution was prepared in 1.5 % v/v acetic acid 

(20 mL) to the concentration of 0.025–0.050 % w/v. On the other hand, HAcat was 

solubilized in deionized water (20 mL) to the concentration of 0.025–0.050 % w/v. 

SCScat was continuously stirred using a magnetic stirrer, while HAcat was filled in a 
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glass syringe (diameter 11.50 cm) and fitted to a syringe pump (NE-1000 

Programmable Single Syringe Pump, KF Technologies). The HAcat solution was 

gradually pumped at a fixed rate of 0.15 mL/min to the SCScat solution. A probe 

sonicator ( Vibra cellTM VCX134BP with 6 mm tip, Sonics, CT, USA)  was used to 

reduce the particle size during the addition of HAcat to SCScat and 30 min after 

complete addition. The NPs preparation was optimized by varying the ratio of SCScat 

to HAcat with respect to the polymer weight to 1:1, 1:2, and 2:1. The mucoadhesive 

NPs were obtained after lyophilization. 

 

3.3.2.4.2 Particle size, size distribution, zeta potential 

The particle size, size distribution, and surface charge of the 

NPs were investigated as previously described in section 3.3.1.2.4. 

 

3.3.2.4.3 Morphology  

The morphology of the NPs was scrutinized under TEM as 

previously described in section 3.3.1.2.5.1. 

 

3.3.2.4.5 Ex vivo mucoadhesion 

The mucoadhesive properties of the prepared mucoadhesive 

NPs were examined using the flow-through method with fluorescence detection. The 

technique was used to determine the amount and time of mucoadhesive materials that 

remained on the mucosal membrane after being washed off. Porcine buccal mucosal 

membrane was freshly obtained from an abattoir in Nakhon Pathom, Thailand. The 

mucosa was stored in a 0.9% NaCl solution at 37 oC and used on the same day. Prior 

to the examination, the membrane was sliced and cut into 10 × 10 mm size and glued 

to a glass slide. A fluorescent compound was adsorbed into the mucoadhesive NPs 

along with dextran and unmodified NPs which were used as a negative and positive 

control, respectively. The adsorption was performed by mixing each sample (1 mg) 

with fluorescein sodium (0.5 mg) solution in deionized water (1 mL) overnight using 
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a microcentrifuge tube rotator. The image of the blank mucous membrane was 

captured as a background using a stereomicroscope (Leica M60, Wetzlar, Germany) 

equipped with a fluorescence detector, and the green fluorescence intensity (GFI) was 

quantified with the LAS X software version 3.6.  All the camera and image settings 

were fixed throughout the examination with the magnifying power controlled at 10×. 

The fluorescent samples were pipetted (20 µL) on the porcine buccal membrane and 

washed at a rate of 1 mL/min with artificial saliva fluid (8 g NaCl, 2.38 g Na2HPO4, 

and 0.19 g KH2PO4 in 1 L of deionized water with pH adjusted to 6.8 with ortho-

phosphoric acid).  At each defined timepoint (0, 5, 10, 20, 30, 40, 50, 60 min), the 

washing was paused and the membranes were taken out for imaging and detection of 

GFI. The percentage of the sample that remained on the membrane was computed 

according to the following equation. Apart from that, the Wash Out50 (WO50) values 

of each remaining profile was calculated as a comparable representation value of the 

mucoadhesive properties. The WO50 was calculated by extrapolating the exponential 

and linear regression of the experimented sample remaining profiles. 

 

    %Remaining =
GFItime − GFIblank

GFI0 − GFIblank
× 100  

 

3.3.2.4.6 Drug loading  

Adsorption method was conducted for loading of DOX into 

NPs. The NPs (10 mg) and DOX were weighted at different weight ratios and 

dispersed in ultrapure water (10 mL). The mixture was shaken overnight with a tube 

rotator. The excess drug was then removed by centrifugation for 5 min at 14,000 rpm. 

The supernatant was taken out and the precipitate was rapidly washed twice with 

ultrapure water. The drug-loaded NPs were collected after lyophilization. 

 

3.3.2.4.7 Drug content determination 

The content of DOX was quantified by dispersing the NPs (1 

mg) in ultrapure water (1 mL). The drug was separated from the NPs by agitation 
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using a vortex mixer and the addition of 2% HCl to break the NPs. A microplate 

fluorometer (Fluoskan AscentTM, Thermo Scientific, MA, USA)  with λex = 485 and 

λem = 538 nm was acquired in the determination of the DOX content. The drug 

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

equations described in section 3.3.1.2.7. 

 

3.3.2.4.8 Drug release 

The drug release characteristics of DOX from DOX solution 

and the DOX-loaded NPs ( DOX-NPs)  were investigated using dialysis method. 

Artificial saliva fluid was employed as the release medium. Each sample was weighed 

to contain an amount equal to 1 mg of DOX and dispersed in the artificial saliva (1 

mL). The samples were then transferred to the dialysis membrane (molecular weight 

cut-off 6000–8000 Da)  and immersed in the release medium (15 mL). The system 

was shaken at a rate of 25 rpm and the environment was controlled at 37±0.5 oC. At 

the specified time, the artificial saliva (1 mL) was collected with the same volume of 

fresh release medium replaced. The release of DOX at each time period was 

determined by a microplate fluorometer with the set parameters mentioned in section 

3.3.2.4.7. 

 

3.3.2.4.9 In vitro biocompatibility and cytotoxicity using 

MTT assay 

In vitro biocompatibility and cytotoxicity studies were 

performed using MTT assay as previously mentioned in section 3.3.1.2.9. The tested 

concentrations of the blank NPs were ranged between 0. 1–2500 µg/ mL, while the 

DOX-NPs were prepared at drug concentrations of 0.5–200 µg/mL. 

 

3.3.2.4.10 In vitro cellular uptake 

The ability of DOX-NPs to be taken up by the HN22 cell line 

compared with free DOX solution was evaluated by the flow cytometry analysis. 
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Precisely, the HN22 cells cultured in a complete DMEM were seeded in a 24-well 

plate to contain 50,000 cells/ well and incubated (95% air, 5% CO2, 37o C) until 

confluence.  The sample solutions (equivalent to 3 µM of DOX, 1.5 mL) were 

prepared in the culture medium without serum and treated with the cells for 4, 8, and 

24 h in an incubator. After each time period, the sample solutions were removed and 

cells were cleansed with 1× PBS and trypsinized with 0.25% trypsin-EDTA. The cell 

suspensions were gently mixed to homogeneous and instantly fixed using 4% 

formaldehyde. The prepared cell suspension was kept at 4oC until the investigation. A 

flow cytometer ( BD FACS CantoTM, BD Bioscience, CA, USA)  was used to 

determine the mean fluorescent intensity (MFI) of DOX in each cell for 10,000 

events. 

 

3.3.2.4.11 Cell death mechanism 

The cell death pathway of HN22 cells after being treated with 

DOX-NPs compared to the free drug was observed using a double staining method 

and scrutinized under an inverted microscope with fluorescence detection.  In a 96-

well plate, the cancer cell line was cultivated and seeded to 10,000 cells/ well and 

incubated to the confluence at a controlled environment. The formulated samples 

(DOX-NPs and free DOX equivalent to 3 µM of DOX) were then added to the cells 

before additional 24-h incubation. The cells were then stained with 10 μg/ mL of 

Hoechst 33342 (10 μL) and 0.5 μM of SYTOXTM green nucleic acid stain (5 μL) for 

15–30 min prior to the observation to distinguish the cell death mechanism under an 

inverted fluorescence microscope. 

To further analyze the apoptotic induction of the DOX-NPs 

compared to free drug, the cell death mechanism by double staining assay was also 

evaluated using flow cytometry.  The assay distinguishes the stages of cell death by 

the staining with the fluorescent compounds. Briefly, the HN22 cells cultured in a 

DMEM with serum were propagated in a 6-well plate at 100,000 cells/well density. 

The plates were placed in an incubator controlling 95% air, 5% CO2, and 37 oC 

overnight. Then, the cells were treated with 3 μM of DOX from either free DOX 

solution or DOX-NPs dispersed in serum-free DMEM. The HN22 cells were further 
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incubated for 24 h. At the determined time, the sample solutions were collected and 

the cells were rinsed twice with DMEM without serum, trypsinized with 0.25% 

trypsin-EDTA, and washed with 1× PBS (all solutions were collected in the same 

tube). After that, the test samples were prepared as follows: The DOX-NPs and DOX 

test solution was prepared by adding 1× annexin binding buffer to rinse the cell 

pellets twice.  After that, annexin binding buffer (500 µL) was added to the cell 

suspensions and kept in the dark for 15 min. A hundred microliter of the suspensions 

were then added with annexin V, Alexa FluorTM 647 conjugate (5 µL), and 0.5 µM 

SYTOXTM green (5 µL), and incubated again in the dark for 15 min.  Finally, the 

binding buffer (400 µL) was added to the sample and mixed before analysis with a 

flow cytometer. 

 

3.3.3 Statistical analysis 

The experiments were completed in triplicate and numerical data were 

reported as mean ± standard deviation ( SD) .  Statistics of analysis of variance 

(ANOVA), post-hoc, F-test, and independent t-test under the confidence interval of 

95%  were analyzed with Microsoft® Excel 2018; where p<0. 05, a significant 

difference is declared. 
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4.1 Development of coordination bond-forming NVP/AA NPs for CDDP 

delivery 

4.1.1 Synthesis of NVP/AA NPs 

Method 1:  Co-polymerization of hydrophilic monomers, NVP 

and AA was employed in the synthesis of M1-NPs. The synthesis reaction is 

displayed in Figure 4.1a. The synthesis was performed at different weight ratios of 

NVP:AA (1:1, 1:3, and 1:5), and the %yields of each resulted NPs are shown in Table 

4.1. It was found that the ratio which provided the highest yield was 1:3 which could 

be an optimal condition for the synthesis of M1-NPs. Hence, the NVP:AA ratio of 1:3 

was chosen for further investigation [201]. From the molecular analysis using 1H-

NMR, the spectra of the monomers and M1-NPs in relative to the solvent (D2O, δ = 

4.80) are shown in Figure 4.2. The spectra showed that the signals at 5.95–6.37 ppm 

which belonged to the protons of the vinyl groups from the AA monomers (Figure 

4.2a) and the peaks at 4.62–4.67 and 6.93 ppm of NVP vinyl groups (Figure 4.2b) 

disappeared in the spectrum of the NPs (Figure 4.2c) representing complete 

polymerization of the NVP and AA. The synthesized NPs presented multiple signals 

ranging between 1.36–2.74 ppm region. The protons of NVP rings are witnessed with 

multiplet, triplet, and triplet signals at 2.11, 2.54, and 3.60 ppm, respectively which 

were shifted to the upfield region due to the shielding effect of the structure of the 

NPs after the polymerization. The signal at 4.93 ppm is referred to the protons located 

on the polymer chain where the pyrrolidone ring is presented. Moreover, the structure 

of the synthesized M1-NPs was confirmed with FT-IR spectroscopy and the spectrum 

is illustrated in Figure 4.3. The asymmetric C–H stretching of the polymerized chain 

is displayed at 2958 cm-1. From the NVP structure, the cyclic amide (O=C–N) bands 

and C–N bonds are shown at 1654 and 1115 cm-1, respectively. The AA incorporated 

in the NPs is represented by the peaks of C=O stretching (strong) at 1720 cm-1, O–H 

stretching (broad) at 3385 cm-1; moreover, the bands of C–O stretching, carboxylate 

group (COO-), and O–H out of plane bending are shown at 1174, 1449, and 647 cm-1, 

respectively. The presence of the acrylamide crosslinker is confirmed by a significant 

peak of secondary amine at 1541 cm-1. So, the findings assured the complete synthesis 

of the M1-NPs.  
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Figure 22 Synthesis scheme of NVP/AA NPs a) M1-NPs and b) M2-NPs. 

 

Method 2: The M2-NPs made of NVP and AA were synthesized 

using two polymerization steps as displayed in the synthesis scheme disclosed in 

Figure 4.1b. The core-shell particles were created by synthesizing the core PVP NPs 

and further polymerized with AA as the coating shell. MBA crosslinker was 

employed in both synthesis reactions to form the network structure. The synthesized 

M2-NPs was characterized for the molecular attributes using 1H-NMR and FT-IR 

spectroscopy. The 1H-NMR spectrum of the M2-NPs is displayed in Figure 4.2d. The 

spectrum of the NPs confirmed the polymerization of the NVP and AA as it can be 

seen by the disappearance of the splitting pattern of the vinyl groups. Besides, the 

multiplets of the polymerized backbone are presented at 1.77–2.76 ppm. From the 

shielding effect of the complex network, the pyrrolidone protons were shifted to the 

upfield region of the spectrum. Also, the functional characteristics analyzed with FT-

IR spectroscopy presented the spectrum related to the structure of M1-NPs (Figure 

4.3d) with similar bands observed. Yet, the bands of the pyrrolidone ring were found 

to have lower sensitivity compared to the bands of the AA functional group. The 

sharp peak of the hydrogen bond at 3448 cm-1 and lower intensity of the band at 1720 

a)

b)
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cm-1 represented the 5-membered cyclic amide bond. Finally, the secondary amine 

bending of the crosslinker can also be found at the wavenumber of 1541 cm-1. 

 

 

Figure 23 1H-spectra of a) AA, b) NVP, c) the synthesized M1-NPs, and d) the 

synthesized M2-NPs. 

a)

b)

c)

d)
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Figure 24 FT-IR spectra of a) M1-NPs, b) CDDP-bounded M1-NPs, c) Physical 

mixture of CDDP and M1-NPs, d) M2-NPs, e) CDDP-bounded M2-NPs, f) Physical 

Mixture of CDDP and M2-NPs, and g) Free CDDP. 

a)

b)

c)

d)

e)

f)

g)



 
71 

 

  

4.1.2 Characterizations and evaluations 

4.1.2.1 COOH Content 

The amount of carboxylic group presented on the NPs 

is shown in Table 4.1. It was noted that the M1-NPs with the ratio of NVP:AA of 1:3 

showed the highest content of carboxylic groups than at other ratios (p < 0.05). The 

result showed that at this synthesis condition, AA could suitably be incorporated into 

the NPs. Furthermore, the carboxylic acid group content on the M2-NPs was similar to 

that of the M1-NPs at the optimal ratio. A great amount of the COOH group on the 

NPs is favorable for the coordination bond formation with CDDP.  

 

Table 3 Physical properties of the synthesized NPs  

 Blank NPs  CDDP-loaded NPs 

Formulation 

(NVP:AA 

ratio) 

% 

yield 

Particle size  

(nm) 
PDI 

Zeta 

potential 

(mV) 

COOH 

content 

(mmol/g) 

 

Particle 

size  

(nm) 

PDI 

Zeta 

potential 

(mV) 

M1-NPs (1:1) 24.0 173.6±18.4 0.4±0.0 -8.5±0.2 4.3±0.6  - - - 

M1-NPs (1:3) 42.3 155.7±4.1 0.3±0.1 -19.5±0.2 7.3±0.4  212.4±9.6 0.4±0.1 -7.4±0.2 

M1-NPs (1:5) 28.7 183.7±2.4 0.2±0.0 -2.7±0.2 5.1±0.2  - - - 

M2-NPs (1:10) 39.0 136.2±4.3 0.4±0.0 -26.3±0.6 7.7±0.2  177.8±10.1 0.3±0.0 -7.6±0.0 

 

4.1.2.2 Particle size, size distribution, zeta potential and 

morphology 

The analysis of particle size and ζ-potential of the 

synthesized NPs was performed using dynamic light scattering (DLS) technique. 

Also, the morphology was observed using SEM and TEM. The results are presented 

in Table 4.2 and Figure 4.4. The synthesis method provided particles with 

hydrodynamic size ranged in the nanoscale for all ratios of NVP:AA for M1-NPs. The 

particle sizes were not correlated to the ratio of NVP:AA as the sizes obtained from 

the same synthesis method were not significantly different (p > 0.05).  On the 

contrary, the particles synthesized with different synthetic routes presented 

significantly smaller sizes. The M2-NPs sizes were somewhat less than the size of M1-

NPs, but the polydispersity indexes (PDI) of the M2-NPs were larger. The greater size 
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distribution of M2-NPs may be resulted from the high surface area and the hydrophilic 

nature of the component that caused partial aggregation even though sonication and 

stirring processes have been performed before the size measurement [202]. After the 

drug loading, the particle size was found to increase compared with the blank NPs 

which may be resulted from the coordination bond formed between CDDP and the 

carboxylic groups on the NPs. The finding is correlated with a study from Raj et. al 

which described that after CDDP was loaded onto a Cassava starch acetate–

PEG/gelatin nanocomposites by coordination bond, the particle sizes of the particles 

increased [203]. Moreover, the findings complied with the micrographs from the 

TEM and SEM investigations which showed that the synthesized particles were in the 

nanoscale and had a relatively spherical shape. Nevertheless, the aggregation of the 

NPs can still be observed under the microscope which could be the reason for the high 

PDI value. According to the ζ-potential analysis, the negative surface charge was 

shown for all particles which was due to the carboxylic acid group of AA presented 

on the NPs. Interestingly, the M2-NPs presented a greater value of ζ-potential than the 

M1-NPs. This may be because the M2-NPs structure presented the carboxylic acid 

functional group at the outer surface as the shell of the NPs; whereas, some of the AA 

in the M1-NPs were incorporated within the network. Adding more AA to the 

synthesis may not be appropriate since the reaction with the NVP:AA ratio of 1:5 to 

showed less negative surface charge. Considering the % yield, the particle size, ζ-

potential, and the carboxylic acid group content, it can be concluded that the M1-NPs 

with the ratio of NVP: AA of 1: 3 and the M2-NPs were suitable for further 

examinations.  To further examine the stability of the NPs in a different media, the 

particle size, PDI, and ζ-potential were tested in a different media (PBS, cell culture 

medium with and without serum) after 14-day storage.  According to the 

investigations, Table 4.2 shows that both M1-NPs and M2-NPs were found to be 

appropriately stable in all medium tested. The result showed that the size, PDI, and ζ-

potential barely changes but are in the characters that are suitable for tumor passive 

targeting delivery [204]. Hence, the alterations of the particle size and ζ-potential 

found could be due to the medium properties in term of viscosity, ionic status, and 

charged ions contained in the medium. 
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Table 4 Particle size of NVP/AA NPs in various media over time 

Formula

tion 
Medium 

Day 0 Day 14 

Particle size  

(nm) 
PDI 

Zeta 

potential 

(mV) 

Particle size  

(nm) 
PDI 

Zeta 

potential 

(mV) 

M1-

NPs 

PBS 152.2 ± 1.7 0.4 ± 0.0 -25.2 ± 3.3 130.4 ± 7.4 0.3 ± 0.0 -15.1 ± 0.7 

DMEM  

(without 

serum) 

127.5 ± 0.6 0.3 ± 0.0 -21.3 ± 1.2 122.8 ± 1.1 0.2 ± 0.0 -21.0 ± 0.9 

DMEM  

(with serum) 
115.2 ± 1.1 0.5 ± 0.0 -20.3 ± 0.5 120.7 ± 0.8 0.4 ± 0.0 -17.2 ± 1.2 

M2-

NPs 

PBS 168.8 ± 15.3 0.2 ± 0.0 -17.3 ± 0.2 131.9 ± 6.6 0.2 ± 0.0 -11.1 ± 0.6 

DMEM  

(without 

serum) 

130.6 ± 7.6 0.2 ± 0.0 -11.3 ± 0.9 204.2 ± 11.0 0.3 ± 0.0 -21.3 ± 1.2 

DMEM  

(with serum) 
146.8 ± 19.6 0.2 ± 0.0 -18.4 ± 0.6 147.4 ± 4.1 0.2 ± 0.0 -12.1 ± 0.9 

 

 

Figure 25 Size distribution and morphology observed under TEM (left) and SEM 

(right) of a) M1-NPs and b) M2-NPs. 
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4.1.2.3 Drug loading and drug content 

CDDP was incorporated into the synthesized NPs 

through coordination bond via adsorption method. The platinum atom in the CDDP 

molecule coordinately binds to the carboxylic acid group on the NPs. At different 

ratio of CDDP to NPs, the resulted LC and %LE are shown in Table 4.3.  It can be 

observed that the %LE was the highest at the NPs: CDDP ratio of 1:5 for both M1-

NPs and M2-NPs. Thus, adding more CDDP to the system did not bring about a 

significant difference in %LE (p > 0.05). In contrast, once a greater amount of CDDP 

was added to the NPs, the LC significantly increased. The NPs:CDDP ratio that 

provided the highest LC was 1:10. The LC results were correlated to the carboxylic 

acid content on the NPs in which the amount of COOH contained in the NPs was 

roughly twice the LC value. This is due to the stoichiometry of the coordinate 

covalent bond of COOH:Pt is 2:1. All in all, the NPs:CDDP ratio of 1:10 was chosen 

for further investigations. 

 

Table 5 %Loading efficiency and loading capacity of the synthesized NPs 

NPs 
Loading 

parameter 

Ratio of NPs:CDDP 

1:1 1:2.5 1:5 1:10 

M1-NPs 
%LE 6.0 ± 1.5 9.0 ± 0.6 11.9 ± 0.6 11.7 ± 0.5 

LC (mmol/g) 2.1 ± 0.2 2.9 ± 0.2 3.1 ± 0.5 3.8 ± 0.1 

M2-NPs 
%LE 6.1 ± 1.3 8.7 ± 1.2 17.6 ± 1.7 17.9 ± 0.9 

LC (mmol/g) 2.4 ± 0.1 2.8 ± 0.3 2.9 ± 0.3 3.9 ± 0.6 

 

The drug loading into the NPs via coordinate covalent 

bond was confirmed by FT-IR.  The CDDP-loaded M1-NPs spectrum is pictured in 

Figure 4.3b. The finding assured the drug incorporation through a chemical aspect of 

coordination bond. The spectrum showed the bands that represent the CDDP loaded 

on the NPs including primary amine stretching (strong) at 3288 cm–1, N–H bending at 

1632 cm–1, and N–H out of plane bending at 799 cm–1. These representations are in 

accordance with the vibrations free CDDP as shown in Figure 4.3g; whereas, they 

cannot be found in the spectrum of the blank NPs (Figure 4.3a). CDDP was found to 

be successfully adsorbed into the NPs through a coordinate covalent bond as proven 
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by the FT-IR spectrum.  The coordinate covalent bond created among the carboxylic 

acid group and the Pt atom of CDDP was illustrated by the significant band of the O–

H stretching at 3419 cm–1, the lowering of the carboxylate stretching intensity at 1451 

cm–1, and the presence of new metal complex vibration at 603 cm–1. Thus, these 

presentations were not observed in the physical mixture of blank NPs and CDDP 

(Figure 4.3c). The described phenomena were similarly seen in the M2-NPs spectra in 

Figure 4.3d-f. Considering the FT-IR spectra, the chemical interaction of coordination 

bond has the responsibility on CDDP loading into the synthesized NPs. 

 

4.1.2.4 Drug release 

The CDDP release from the synthesized NPs was 

investigated by the dialysis approach. It was found that the CDDP release was 

extended over 7 days as presented in Figure 4.5. At pH 7.4, representing the plasma 

environment, CDDP was released from both NPs for about 25% of the loaded drug in 

the initial period before being gradually released up to approximately 61% on day 7. 

The slow-release rate observed could be resulted from the strong interaction of 

coordinate covalent bond created among the platinum atoms of CDDP molecules and 

the carboxylic acid bearing on the synthesized NPs. The presence of chloride ions in 

the release medium has an effect on the CDDP release behavior. Notably, the acidic 

tumor environment was reported to have a significant role in diminishing the 

coordination bond between the platinum atom and the COOH of the NPs [12, 13, 

205]. According to the previous reports, the drug loading mechanism and release 

profile could be beneficial for passive targeting delivery of the drug to the cancer 

cells. By that, the release of CDDP was also evaluated in an acidic release medium 

with pH of 5.0 and 6.5 to study the delivery potential at the tumor microenvironment. 

A significance increase in CDDP release was found at a lower pH since the 

coordination bond was weaken when the carboxylic acid was unionized. Around 80% 

of CDDP from both NPs was released on day 7 at the pH of 5.0. On the other hand, 

the CDDP release from M2-NPs in the medium pH 5.0 was higher which was about 

80% on day 7. The difference occurred in CDDP release from M2-NPs at pH 6.5 may 

be due to the positioning of the drug incorporated in the NPs. The M1-NPs retarded 
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the release of CDDP by the swelling of the hydrophilic components. On the contrary, 

CDDP was coated at the outer surface of the M2-NPs which made the drug easily 

released from the NPs after breaking of the coordination bond. Overall, the findings 

indicated that the CDDP-loaded NPs could be advantageous for a prolonged delivery 

of CDDP with a passive targeting strategy. 

 

 

Figure 26 The release profile of CDDP from the a) M1-NPs and b) M2-NPs at () 

pH 5.0, () pH 6.5, and () pH 7.4. *Statistically significant difference of 

accumulative drug release on day 7 (p < 0.05) 
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4.1.2.5 In vitro biocompatibility  

The biocompatibility of the synthesized NPs was 

investigated on the HGF cells by the in vitro MTT assay. The percentage of relative 

cell viability is illustrated in Figure 4.6.  The results presented that after a 24-h 

treatment with the synthesized NPs at a broad range of concentrations ( 0. 01–5000 

μg/mL), more than 80%  of the normal HGF cells were still alive. This indicates that 

the blank NPs were non-toxic to the normal fibroblast cells at all the tested 

concentrations. Actually, the application of monomers used in the NPs synthesis was 

widely studied in different drug delivery systems and their safety has been previously 

reported [201, 206]. 

 

Figure 27 Percentage cell viability of HGF cells after being treated with the blank 

M1-NPs and M2-NPs. 

 

4.1.2.6 In vitro cytotoxicity and cell death mechanism 

The cytotoxic effect of the blank NPs, free CDDP, and 

CDDP-loaded NPs to the oral cancer cell (HN22) was examined using MTT assays. 

The samples were prepared in different concentrations and used to treat the HN22 

cells for 24 h. The anticancer effect of each formulation is presented in Figure 4.7 and 

4.8. The result showed that the blank M1-NPs and M2-NPs had no killing potential to 

the HN22 with at least 80% relative viable cells in every concentration tested. On the 

other hand, the CDDP-loaded NPs synthesized from the two methods showed a potent 
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HN22 killing effect with the IC50 values of 23.48 and 22.46 μg/mL for M1-NPs and 

M2-NPs, respectively.  The results showed higher IC50 values compared to the free 

CDDP ( 11.77 μg/ mL)  because CDDP from the NPs was slowly released from the 

drug carrier and later performs its anticancer effect. Moreover, the cytotoxicity of the 

formulated CDDP-loaded NPs and free CDDP on the normal HGF cells was studied. 

As presented in Figure 4.9, free CDDP and CDDP-loaded NPs displayed similar 

cytotoxic effects with extensive cell viability reduction after the concentration was 

increased to over 50 μg/ mL.  The cytotoxic effect of free CDDP and CDDP-loaded 

NPs on HGF cells was lower than to the HN22 cells which could be because the 

proliferation rate of the normal cells is lower than the oral cancer cells [207]. 

 

Figure 28 Percentage cell viability of HN22 cells after being treated with the blank 

M1-NPs and M2-NPs. 

 

 

Figure 29 Cytotoxicity of free CDDP and CDDP-loaded NPs on HN22 cells. 
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Figure 30 Cytotoxicity of free CDDP and CDDP-loaded NPs on HGF cells. 

 

In vitro cell death mechanism of the formulated 

samples was evaluated using flow cytometry analysis. The results are displayed in 

Figure 4.10. Each quadrant represents a different cell death stage according to the 

fluorescent stains. The bottom-left quadrant indicates the live cells, the top-left 

quadrant refers to the dead cells, while the bottom-right and top-right quadrants 

belong to the early and late apoptosis death, respectively. The axes were slightly 

adjusted to correspond to the death of control experiments [208]. From the apoptotic 

induction analysis, free CDDP was found to mostly cause late apoptotic death 

(46.88%), followed by early apoptosis (16.36%). The result correlates to the death 

that occurred from the CDDP-loaded NPs that the majority of cell death was found in 

the late apoptosis stage. Above all, the cell death caused by the CDDP-loaded NPs 

showed lower late apoptotic death but higher in the early apoptosis pathway. Cell 

death pathway through early apoptosis programming was desirable since the cell 

membrane integrity was still maintained as the apoptotic bodies were created. In 

contrast, the late apoptotic death loses the integrity of the membrane leading to 

immunostimulatory molecule leakage and further causes inflammations subsequent to 

cell death [209, 210].  
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Figure 31 Apoptosis profile of control HN22 cells, free CDDP, and CDDP-bounded 

NPs 

 

The cell death analysis was also performed using 

double staining technique and observed under an inverted microscope with 

fluorescence detection. Hoechst 33342 which is the membrane-permeable 

fluorescence dye was used to stain the nucleus. Hoechst 33342 permeates the cell 

membrane and presents a blue color. In addition to the non-apoptotic cells, the 

apoptosis mechanism processes nuclear condensation which can be detected with the 

significant bright blue color. On the other hand, PI which is a non-membrane 

permeable fluorescence dye intercalates the DNA base pair and illuminate the 

fluorescent red color at the nuclei of the cells that lost their membrane integrity [211]. 

The results are presented in Table 4.4. It can be observed that both apoptosis and 

necrosis cell death can be found in the cells that were treated with free CDDP and 

CDDP-loaded NPs. Nonetheless, necrosis death was not as dominant in that cells 

treated with CDDP-loaded NPs compared to the free CDDP. This is in accordance 

with the result from flow cytometry analysis. Therefore, the formulated CDDP-loaded 
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NPs could lead to a better anticancer effect in terms of cell death mechanism which 

induced less late apoptosis leading to lower inflammatory cell death while providing 

efficient anticancer effects. 

 

Table 6 Fluorescence images (100×) of Hoechst 33342 and PI stained HN22 cells 

treated with free CDDP and CDDP-loaded NPs  

 Hoechst 33342 Propidium Iodide Overlay 

Control 

   

Free CDDP 

   

CDDP-loaded 

M1-NPs 

   

CDDP-loaded 

M2-NPs 

   

 

4.1.2.7 In vitro intracellular accumulation 

The cellular uptake of CDDP-loaded NPs into the 

cancer cells compared to the free CDDP was evaluated by the determination of 

intracellular CDDP. The amount of CDDP in the treated cells at different treatment 

time determined the ability of the formulation to be accumulated in the cells. The 

higher amount of CDDP found in the cells specified the permeation and accumulation 

of the drug in the live cells; whereas, the lower value indicated rapid cell death after 

cellular inclusion or the drug did not permeate into the cells. The results disclosed that 
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the CDDP-loaded NPs could accumulate inside the cancer cells prior to a gradual 

release the drug to exhibit the cytotoxic effect at 24 h as presented in Figure 4.11. 

Besides, the platinum atom was found at a significantly lower extent in the cells 

treated with free CDDP compared to the CDDP-loaded NPs (p < 0.05). This may be 

due to the sudden death of the cancer cells after the taken up of CDDP or else the free 

drug was taken up at a lower amount than the NPs formulation. Nevertheless, the 

intracellular accumulation at 24 h did not show a significant difference ( p > 0. 05) 

which indicated the occurrence of CDDP killing effect for both free CDDP and 

CDDP-loaded NPs. In addition, the CDDP-loaded M1-NPs were accumulated inside 

the cancer cells more than the M2-NPs at the earlier time points. It is suggested that 

the aggregation of the M2-NPs which showed a higher PDI value. There are many 

pathways of cellular internalization; however, particle size is an important factor 

affecting cellular uptake.  CDDP can be taken up by the cells through passive 

diffusion mechanism, but limited due to the polar molecule. On the other hand, the 

cellular uptake of drug-loaded polymeric NPs was commonly found to be facilitated 

by endocytosis pathway which could enhance the entry of the polar drug through the 

lipid cell membrane [212, 213].  Researches had reported that an optimal size range is 

required to be taken up by the cells. Large particles are inconvenient to be internalized 

into the cells compared to the smaller particles in the appropriate range [212, 214]. 

The larger extent of CDDP accumulated in the cell also confirmed that the CDDP-

loaded NPs would show a slower anticancer effect while leading to a less 

inflammatory cell death. 
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Figure 32 CDDP intracellular accumulation of free CDDP and CDDP-loaded NPs. 

*Statistically significant difference (p < 0.05) from free CDDP, **Statistically 

significant difference from M2-NPs. 

 

4.2 Development of mucoadhesive NPs for localized delivery of DOX 

4.2.1 Synthesis of HAcat 

HAcat was achieved after performing the carbodiimide coupling 

reaction as the synthesis scheme shown in Figure 4.12. The structure of the obtained 

polymer was verified by 1H-NMR and ATR-FTIR. The 1H-NMR spectra are 

presented in Figure 4.13a. The structure of the HA backbone displayed multiplet 

signals belonging to the pyranose-ring protons of the glycosaminoglycan core 

between 3.10–4.00 ppm. The protons of the acetamide methyl group at the side chain 

of N-acetyl glucosamine of HA are presented as a singlet peak at 2.03 ppm. 

Considering the spectrum of dopamine HCl, triplet representations at 3.26 and 2.88 

ppm are attributed to the alpha and beta carbon atoms, respectively. Two doublet 

peaks located between 6.74 and 7.00 ppm were attributed to the catechol protons in 

the aromatic ring of dopamine structure. These peaks were not found in the HA 

spectrum but dominantly appeared in the spectrum of the synthesized HAcat at 3.24, 

2.86, and 6.74–7.24 ppm. The other protons of the N-acetyl glucosamine and 

glucuronic acid core in the HAcat spectrum were in accordance with those presented 

in the HA spectrum indicating the successful synthesis of catechol grafted polymer. 
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The ATR-FTIR spectra of HA and HAcat are displayed in Figure 4.13b. From the 

spectrum of HA, the O–H stretching (broad), C–H asymmetric stretching, carboxylate 

(COO–), and C–O–C stretching vibrations of the pyranose ring can be found at the 

wavenumber of 3273, 2886, 1406, and 1040 cm-1, respectively. Also, the N-acetyl 

glucosamine amide bond (OC–NH) vibration was presented at 1618 cm-1. The 

spectrum of HAcat correlates to the peak representations in the HA spectrum. In 

addition, the conjugation of catechol groups is shown by the inter-and intramolecular 

hydrogen bond presenting broader signals of O–H and N–H groups at 3273 cm-1 in 

the spectrum of HAcat compared to HA. Apart from that, the intensification of 

secondary amide bending at the wavenumber of 1562 cm-1 was also noticed after 

grafting of catechol moiety. The aromatic C–H stretching of the catechol group was 

found at about 3000 cm-1 with a broad band at 1650 cm-1 indicating the existence of 

aromatic C=C interaction. By that, the structure of HAcat was confirmed by these 

spectral characteristics.  

 

 

Figure 33 Synthesis scheme of HAcat 
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Figure 34 (a) 1H-NMR spectra of HAcat, HA and dopamine HCl. (b) ATR-FTIR 

spectra of HAcat and HA 
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The integration of 1H-NMR signals of the catechol group compared to the 

methyl protons of the HA acetamide in relative to their number of protons indicated 

the DS. The DS specified the content of catechol moiety attached to the core structure 

of HA. Table 4.5 showed that the DS increased as the amount of dopamine added to 

the reaction was increased. The results proved that the greater amounts of dopamine 

introduced to the reaction initiated more catechol group bearing on the polymer chain 

of HA. Owing to the highest %yield and catechol conjugation obtained after the 

synthesis, the HA:dopamine ratio of 1:3 was selected for the synthesis of the HAcat 

sample for further evaluations. 

 

Table 7 The synthesis conditions and DS of HAcat 

HA concentration 

(%w/v) 

Molar ratio 

(HA:Dopamine) 
%Yield DS 

0.5 1:1 71.81 0.46 

0.5 1:2 67.36 0.71 

0.5 1:3 71.74 0.95 

 

4.2.2 NPs characterizations 

4.2.2.1 Particle size, size distribution, zeta potential, and 

morphology 

Mucoadhesive Cat-NPs were developed using 

ionotropic gelation method. SCScat was functioned as the cationic component to form 

interaction with an anionic HAcat polymer. The appropriate condition for formulating 

Cat-NP was searched by varying the weight ratios of SCScat:HAcat. The assessment 

of Cat-NPs on their particle size, PDI, surface charge, and morphology was conducted 

using DLS and TEM. As exhibited in Table 4.6, the proportion of SCScat and HAcat 

used to form the Cat-NPs affected the particle size and size distribution. All the 

developed Cat-NPs had negative zeta potential that may be caused by the succinate 

and carboxylate groups presented on the polymers. The Cat-NP samples were found 
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to have particle sizes between160–305 nm. The most suitable particle size with a 

narrowest size distribution was accomplished at the SCScat:HAcat ratio of 2:1. 

Herein, this composition was chosen as the particle-forming condition for further Cat-

NP development. The morphology of the selected Cat-NPs was investigated by TEM 

examination. It was found that the Cat-NPs have a spherical morphology with a size 

in accordance with that determined by DLS (Figure 4.14). 

 

Table 8 Particle size, size distribution, and zeta potential of the Cat-NPs 

Ratio 

(SCScat:HAcat) 

Particle size 

(nm) 
PDI 

Zeta potential 

(mV) 

1:1 304.8 ± 6.29 0.3 ± 0.01 -21.6 ± 0.91 

2:1 159.8 ± 3.82 0.2 ± 0.03 -19.8 ± 0.75 

1:2 230.3 ± 20.15 0.5 ± 0.07 -8.64 ± 0.40 

2:1 (DOX-loaded) 239.4 ± 5.28 0.3 ± 0.01 -12.7 ± 0.12 

 

 

Figure 35 TEM micrograph of the Cat-NPs prepared from SCScat:HAcat at the ratio 

2:1. 

 

4.2.2.2 Ex vivo mucoadhesion 

The mucoadhesive capability of the Cat-NPs was 

evaluated using a flow-through mucoadhesion study. Samples loaded with fluorescein 

100 nm
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were rinsed off from the buccal mucous membrane by artificial saliva fluid. The 

remaining NPs at each time point were examined. The WO50 values, which indicated 

the volume of artificial saliva required to wash out 50% of the mucoadhesive material 

from the mucosal surface, was computed following the literature procedure to 

distinguish the difference among the samples. The quantity of the NPs remaining on 

the mucosal membrane in relative to the initial amount (% remaining) is illustrated in 

Figure 4.15a. The Cat-NPs showed superior mucoadhesive properties to the non-

functionalized SCS/HA NPs and dextran. After rinsing with 60 mL of artificial saliva, 

a large extent of dextran was washed out and left only 10% remained on the buccal 

membrane. Meanwhile, around 50% of the SCS/HA NPs were left on the tissue. The 

calculated WO50 values from dextran and SCS/HA NPs wash-out profiles were 2 and 

63 mL, respectively. An improvement in mucoadhesive properties were observed in 

the wash-out profile of the Cat-NPs, in which more than 60% of the NPs remained on 

the mucosal membrane after being washed with artificial saliva for 60 min (WO50 = 

93 mL). The GFIs of each sample on the mucosal tissues after the washout at various 

time points are pictured in Figure 4.15b. The Cat-NPs presented the most intense 

fluorescent among the samples tested at the end of the experiment. Dextran has poor 

mucoadhesive properties since it is only capable to form weak interaction of hydrogen 

bonds with the mucous membrane [215]. By that, fluorescein-adsorbed dextran 

showed a very low WO50 value since it was rapidly wiped off the buccal membrane. 

On the other hand, the SCS/HA NPs and the Cat-NPs were able to be retained on the 

mucous membrane and mucin glycoprotein through hydrogen bonds and electrostatic 

interactions. Therefore, these NPs showed enhanced mucoadhesive properties. 

Furthermore, the information on WO50 values of SCS/HA NPs and Cat-NPs 

ascertained that functionalization of the NPs with the catechol groups provided higher 

mucoadhesive properties than the unmodified NPs. The catechol group grafted on the 

polymer chains may be responsible for the superior mucoadhesion of the prepared 

Cat-NPs with the ability to form permanent covalent bonds via various mechanisms 

[216, 217]. The catechol groups could bind to the thiols and amines of the mucin 

glycoprotein through Michael-type and Schiff-base reactions. Ionic interactions may 

also be important in the mucoadhesive mechanism especially in the initial stage prior 
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to the generation of covalent bond among the catechol moieties of the NPs and the 

thiol or amine groups of the glycoproteins [48].  

 

 

Figure 36 Comparison of the mucoadhesive properties of Cat-NPs, SCS/HA NPs, and 

dextran at different time points. (a) % Remaining after washing and (b) fluorescence 

intensities of fluorescein-loaded Cat-NPs, SCS/HA NPs, and dextran after washing 

for different time peroids (* Significant difference compared with dextran at 95%CI, 

** significant difference compared with the SCS/HA NPs at 95%CI). 

 

4.2.2.3 Drug loading  

An anticancer drug, DOX, was loaded into the Cat-NPs 

using non-covalent interactions. Hydrogen bonding and electrostatic interaction may 

be created in the drug loading procedure. In the drug loading medium, protonation of 
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DOX is expected along with the ionization of carboxylic groups in SCScat and HAcat 

structures. Hence, the ionic interaction could be created among the drug and carriers. 

Also, both DOX and Cat-NPs contain hydrogen bond donors and acceptors in their 

molecules which enabled an binding interaction between DOX and Cat-NPs [218]. 

Figure 4.16 display the LC and %LE obtained from different ratios of Cat-NPs to 

DOX. The LC of DOX was approximately 250 µg/mg at all ratio of NPs:drug, as 

present in Figure  4.16a. Besides, the %LE declined significantly once the ratio of 

Cat-NPs to DOX increased. The maximum %LE was 70% which was obtained at the 

ratio of NPs:drug of 1:0.5, while the minimum %LE found was 30% at the ratio of 

NPs:drug of 1:2 and 1:5 (Figure 4.16b). Therefore, the Cat-NPs:DOX ratio of 1:0.5 

was the most suitable condition for DOX loading. 

 

 

Figure 37 DOX loading on Cat-NPs calculated as (a) LC and (b) %LE. (*, ** 

Significant difference at 95%CI). 

 

4.2.2.4 Drug release 

The drug release in the artificial saliva was assessed to 

compare the release of DOX from DOX solution and the Cat-NPs. The release 

characteristics are presented in Figure 4.17. It was noticed that DOX from DOX 

solution freely permeate through the dialysis membrane and complete release was 

obtained within 3 h. On the contrary, the drug from the DOX-NPs was continuously 

released with a gradual release profile for over 24 h. Due to the hydrophilic property 

of DOX, immediate-release patterns were observed from both formulations at the 
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earlier stage. However, DOX from DOX solution release at a faster rate compared 

with that from DOX-NPs at every time point. The drug release from the DOX-NPs 

seems to be retarded by the swollen matrix created by the polymer components. In the 

first 3 h of the experiment, the release rate was found to be in a promptly release 

before a slower pace of drug release at the later stage. The drug which was adsorbed 

and located in the outer surface of the DOX-NPs could rapidly be released from the 

NPs. However, the release of the drug located in the polymer matrix was limited by 

the swollen matrix and showed a slower release rate. Above all, at 24 h, the 

cumulative amount of the DOX released from the DOX-NPs was equivalent to the 

final amount of DOX released from the DOX solution.  

 

Figure 38 Release profiles of (––) DOX solution and (––) DOX-NPs (* 

Significant difference at 95%CI). 

 

4.2.2.5 In vitro biocompatibility and cytotoxicity 

The biocompatibility and cytotoxicity of blank Cat-NPs 

were tested on the healthy HGF cells and HN22 cancer cells. The relative cell 

viability of more than 80% indicated that the NPs preparation is biocompatible and 

non-toxic to the cells. The findings showed that the cell viability of both HGF and 

HN22 cells was greater than 80% after being treated with 0.1–2500 µg/mL of Cat-

NPs for 24 h, as shown in Figure 4.18. The results proved that the blank Cat-NPs 

were excellently biocompatible to the normal HGF and have no toxic effect on the 
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HN22 cancer cells. The findings suggested that the polymers employed to prepare the 

NPs (chitosan and HA) are not toxic to the human epithelial cells, which was also 

conveyed by the literature [219, 220]. Therefore, the polymer functionalization could 

maintain the safety of the polymers. 

 

 

Figure 39 Twenty-four-hour cytotoxicity of the blank Cat-NPs on HGF and HN22 

cell line. 

 

The cytotoxic effect of DOX solution and DOX-NPs to 

the normal HGF cells is pictured in Figure 4.19a. At the concentrations of DOX 

above 20 µg/mL, the prepared samples showed a high toxic effect on the cells 

resulting in the percentage of cell viability being lower than 80%. The mechanism of 

DOX is related to the interference of macromolecule biosynthesis; therefore, it shows 

greater potency in killing the proliferating cells. Nonetheless, the healthy HGF cells 

proliferate at a slower rate compared with the cancer cells. Thus, a drastic death of 

HGF cells was not observed after the treatment with DOX and DOX-NPs for 24 h 

[221]. Besides, extensive cell death was evident after NH22 cancer cells were 

incubated with DOX and the DOX-NPs. The findings disclosed that the DOX solution 

was strongly effective to kill HN22 cells with an IC50 of 1.51 ± 0.18 µg/mL. 

Likewise, the DOX-NPs were profoundly toxic to the cancer cells with a slightly 

higher IC50 of 2.95 ± 0.49 µg/mL (p < 0.05) (Figure 4.19b). Despite the higher 
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inhibitory concentration of the DOX-NPs compared with the free DOX, the 

anticancer effects of the DOX-NPs were almost comparable to the free DOX at all the 

tested concentrations. 

 

 

Figure 40 Percentage cell viability of DOX and DOX-NPs of HGF and HN22 cells 

after treated with DOX solution and DOX-NPs. * Significant difference at 95%CI. 

 

4.2.2.6 In vitro cellular uptake 

The ability of HN22 to take up DOX solution and 

DOX-NPs was evaluated by flow cytometry. The laser line of 488 nm was applied to 

detect the fluorescence intensity of DOX in each cell that was treated at different 

periods. MFI from 10,000-event analysis was reported. The instrument presented the 

average amount of DOX inside each cell and states the internalization ability of the 
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drug into the cancer cells. Also, the values can be inferred to the efficacy of DOX 

solution or DOX-NPs to kill the HN22 cells. Figure 4.20 displays the cellular uptake 

of DOX and DOX-NPs in the HN22 cells. The DOX-NPs were internalized and 

accumulated inside the HN22 cells at a much better rate than the DOX solution at 

every time periods (p < 0.05). From 4 to 8 h of incubation, free DOX was 

increasingly taken up by the cells but the uptake amount was not significantly 

increased after 8 h. However, the cellular uptake of DOX-NPs improved extensively 

up to 24 h. The reason for the limited uptake of free DOX could be the hydrophilicity 

of the drug. The polar structure of DOX could hardly penetrate the lipid cell 

membrane; by that, the drug could not be freely internalized. Nevertheless, the DOX-

NPs could be effortlessly taken up by cancer cells because of their massive surface 

area that was advantageous for NPs and cell membrane communication. Considering 

the cytotoxic effect free DOX and DOX-NPs obtained from the MTT assay, we found 

that the IC50 values were very clos; hence, the cellular uptake is greatly higher for the 

DOX-NPs. This could also be due to the release of DOX was retarded and sustained 

from the Cat-NPs leading to the accumulation of drug after the cellular uptake.  

Therefore, the DOX-NPs could interact with the cells with a better affinity leading to 

DOX-NPs penetration to the cytosolic compartment [222]. Also, NPs constructed 

from polysaccharides have been shown to improve the cellular uptake and drug 

accumulation inside the cells through different endocytotic pathways, dominantly 

micropinocytosis [223].  
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Figure 41 Cellular uptake and accumulation of DOX and DOX-NPs into HN22 cells 

(* Significant difference at 95%CI). 

 

4.2.2.7 Cell death mechanism 

The HN22 cell death characteristics after a 24-h 

treatment with DOX solution or DOX-NPs was examined using double staining 

technique and detected with two different methods. Hoechst 33342 which is the 

membrane-permeable fluorescence dye and SYTOXTM Green membrane 

impermeable dye were utilized for cell staining. Cells presenting DNA fragmentation 

and nuclear condensation were probed with Hoechst 33342 and presented a bright 

blue fluorescent illumination. The staining of necrotic cellular nucleic acids will, 

therefore, be made by the cell membrane non-penetrated green fluorescence dye 

[224]. The detection under an inverted microscope showed that after treating the cells 

with the blank NPs, the viable HN22 cells were comparable to that of the untreated 

control cells. On the contrary, cells that were incubated in DOX solution and DOX-

NPs preparation exposed significant apoptotic and necrotic cells as shown in Table 

4.7. Whereas, the DOX-NPs seemed to exhibit higher cytotoxic potency than the free 

DOX. The result was confirmed by the evaluation by flow cytometry. Annexin V 

conjugated with Alexa FluorTM 647 was acquired to stain the apoptosis cell death, and 

SYTOXTM Green nucleic acid stain was employed to probe the necrotic cells. As 

revealed in Figure 4.21, DOX-NPs treated HN22 cells showed a greater number of 
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apoptotic cells (22%) than those treated with DOX solution (16%). Apoptosis 

induction is preferred because the programmed cell death creates apoptotic bodies and 

avoids the leakage of intracellular material leading to the deflation of inflammation-

inducing cytokines and less inflammatory cell death. The cellular uptake 

characteristics of the DOX-NPs indicated that the anticancer agent was deposited 

within the cells before a gradual drug being released. Therefore, as compared with the 

free DOX, the DOX-NPs may provide a more potent cancer-killing effect preferably 

via apoptosis death mechanism [225, 226].  

 

Table 9 Fluorescence images of Hoechst 33342 and SYTOXTM Green staining on 

HN22 cell line treated with the blank Cat-NPs, free DOX, and the DOX-NPs (100× 

magnification) 

 Control Blank Cat-NPs Free DOX DOX-NPs 

Hoechst 

33342 

    

SYTOXTM 

Green 

    

Merge 
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Figure 42 HN22 cell death analysis after being treated with free DOX and the DOX-

NPs. 

 

 

Control Free DOX DOX-NPs
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CHAPTER 5 

CONCLUSIONS 

 

5.1  Development of coordination bond-forming NVP/AA NPs for CDDP 

delivery 

A new drug delivery avenue of NVP/AA NPs was synthesized through 

surfactant-free emulsion polymerization. The developed NPs were shown to have 

preferable structural, physicochemical, and biocompatible characteristics. The 

NVP/AA NPs synthesis by one- or two-step approach provided similar NPs 

characteristics although the arrangements of the components in the NPs was different. 

CDDP was bound onto the NPs through a coordinate covalent bond. A large number 

of drug loading was achieved with optimal %LE. A sustained release profile of CDDP 

from the NPs was obtained. The CDDP-loaded NPs exhibited excellent killing 

potency on an oral cancer cell line. Apart from that, the anticancer effect of CDDP-

loaded NVP/AA NPs offered a higher potential to kill the cancer cells through a less 

inflammation pathway. CDDP-loaded NVP/AA NPs were able to be deposited inside 

the head and neck cancer cells leading to a gradual and continual release of the drug 

to perform its killing effect. Above all, the novel CDDP-loaded NVP/AA NPs could 

be a promising and potential drug carrier for the treatment of head and neck cancer. 

Nevertheless, further in vivo experiments should be carried out prior to the clinical 

applications. 

 

5.2 Development of mucoadhesive NPs for localized delivery of DOX 

The innovative functional Cat-NPs were produced from synthesized SCScat 

and HAcat polymers. The NPs were assembled by ionotropic gelation method and the 

size was reduced by ultrasonication. The particles were in nano-size and had a 

spherical shape with a negative surface charge. A great amount of DOX could be 

incorporated into the NPs. In addition, a prolonged-release characteristic of the drug 

was obtained. The Cat-NPs presented an enhance in mucoadhesive properties 



 
99 

 

  

compared to the non-functionalized NPs, which may be due to the different adhesion 

modes that could be created between the mucin and the Cat-NPs. The Cat-NPs could 

effectively deliver DOX and to the HN22 cells, where it preferably induces apoptosis 

of the cancer cells. The developed Cat-NPs may be a potential drug delivery platform 

for locally administered HNSCC treatment. However, to ascertain the safety and the 

clinical effectiveness of the proposed drug delivery system, further in vivo 

examinations are required. 

 

All in all, the new polymeric NPs with specific functional groups for targeted 

delivery of anticancer drugs have been synthesized and prepared. The NVP/AA NPs 

and functionalized NPs of SCScat/HAcat exhibited promising characteristics as the 

nano-drug carriers. The investigations showed that the prepared NPs are equipped 

with desirable physicochemical properties, drug loading, and release characteristics. 

The evaluations on cancer-killing ability proved that anticancer agents (CDDP and 

DOX)-loaded NPs were delivered to the head and neck cancer cells through different 

targeting strategies and performed the efficient drug deposition and possessed potent 

anticancer effect against head and neck cancer cells. 
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Development of coordination bond-forming NVP/AA NPs for CDDP delivery 

1. COOH Content 

 

Table A.1 Quantification of COOH content on the NPs using salt-splitting titration 

Formulation N1 N2 N3 X̅ SD 

F1 Method 1 NVP:AA (1:1) 4.28 3.76 4.89 4.31 0.56 

F2 Method 1 NVP:AA (1:3) 6.75 7.44 7.58 7.26 0.44 

F3 Method 1 NVP:AA (1:5) 5.00 5.03 5.28 5.10 0.16 

F4 Method 2 NVP:AA (1:10) 7.81 7.80 7.46 7.69 0.20 
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2. Particle size and surface charge 

 

Table A.2 Particle size, size distribution, and surface charge of the NPs 

 

Formulation N 
Particle size PDI Zeta potential 

 X̅ SD  X̅ SD  X̅ SD 

F1 Method 1 

NVP:AA 

(1:1) 

N1 181.4 

173.6 18.4 

0.401 

0.397 0.014 

-8.50 

-8.6 0.2  N2 152.6 0.382 -8.77 

 N3 186.7 0.409 -8.43 

F2 Method 1 

NVP:AA 

(1:3) 

N1 151.4 

155.6 4.3 

0.473 

0.352 0.106 

-19.60 

-19.5 0.2  N2 155.6 0.302 -19.20 

 N3 159.9 0.280 -19.60 

F3 Method 1 

NVP:AA 

(1:5) 

N1 185.9 

183.7 2.4 

0.228 

0.242 0.027 

-2.67 

-2.7 0.2  N2 184.1 0.225 -2.93 

 N3 181.2 0.274 -2.60 

F4 Method 2 

NVP:AA 

(1:10) 

N1 135.9 

136.2 4.3 

0.478 

0.440 0.035 

-26.40 

-26.3 0.6  N2 140.6 0.435 -25.60 

 N3 132.0 0.408 -26.80 

CDDP-loaded M1-

NPs (1:3) 

N1 223.4 

212.4 9.6 

0.337 

0.377 0.054 

-7.10 

-7.4 0.2 N2 205.6 0.355 -7.55 

N3 208.1 0.439 -7.48 

CDDP-loaded M2-

NPs (1:10) 

N1 163.7 

177.8 12.3  

0.32 

0.325 0.024 

-7.58 

-7.6 0.0 N2 183.5 0.351 -7.60 

N3 186.3 0.303 -7.61 
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3. Particle size and surface charge in media 

 

Table A.3 Particle size, size distribution, and surface charge of the NPs in different 

media on Day 0. 

 

 Medium N 

Blank NPs (Day 0) 

Particle size (nm) PDI 
Zeta potential 

(mV) 

 X̅ SD  X̅ SD  X̅ SD 

M1-NPs 

PBS 

N1 150.9 

152.2 1.7 

0.357 

0.365 0.007 

-23.2 
-

25.2 
3.3 N2 151.6 0.371 -23.3 

N3 154.1 0.368 -29.0 

DMEM  

(without 

serum) 

N1 127.5 

127.5 0.6 

0.263 

0.252 0.012 

-20.1 
-

21.3 
1.2 N2 126.9 0.239 -22.5 

N3 128 0.254 -21.3 

DMEM  

(with 

serum) 

N1 115.7 

115.2 1.1 

0.454 

0.454 0.002 

-20.9 

-

20.3 
0.5 N2 116 0.456 -20.0 

N3 113.9 0.453 -20.1 

M2-NPs 

PBS 

N1 171.2 

168.8 15.3 

0.22 

0.217 0.016 

-17.2 

-

17.3 
0.2 N2 152.5 0.20 -17.3 

N3 182.8 0.232 -17.5 

DMEM  

(without 

serum) 

N1 209.8 

204.2 11.0 

0.223 

0.223 0.009 

-11.9 

-

12.0 
0.5 N2 211.3 0.215 -12.5 

N3 191.5 0.232 -11.6 

DMEM  

(with 

serum) 

N1 135.7 

146.8 19.6 

0.178 

0.205 0.024 

-17.7 

-

18.4 
0.6 N2 169.4 0.217 -18.7 

N3 135.3 0.221 -18.9 
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Table A.4 Particle size, size distribution, and surface charge of the NPs in different 

media on Day 14 in 37ºC. 

 

 Medium N 

Blank NPs (Day 14) 

Particle size 

(nm) 
PDI 

Zeta potential 

(mV) 

 X̅ SD  X̅ SD  X̅ SD 

M1-NPss 

PBS 

N1 123.7 

130.4 7.4 

0.272 

0.303 0.044 

-15.8 

-15.1 0.7 N2 129.0 0.284 -14.5 

N3 138.4 0.354 -15.1 

DMEM  

(without 

serum) 

N1 123.6 

122.8 1.1 

0.240 

0.249 0.008 

-20.0 

-21.0 0.9 N2 121.6 0.256 -21.7 

N3 123.2 0.252 -21.3 

DMEM  

(with 

serum) 

N1 121.3 

120.7 0.8 

0.439 

0.432 0.006 

-16.0 

-17.2 1.2 N2 121.0 0.427 -17.4 

N3 119.8 0.430 -18.3 

M2-NPss 

PBS 

N1 134.5 

131.9 6.6 

0.222 

0.234 0.035 

-10.5 

-11.1 0.6 N2 136.8 0.273 -11.2 

N3 124.4 0.207 -11.7 

DMEM  

(without 

serum) 

N1 138.2 

130.6 7.6 

0.230 

0.218 0.012 

-11.0 

-11.3 0.9 N2 130.5 0.218 -12.3 

N3 123.1 0.207 -10.7 

DMEM  

(with 

serum) 

N1 145.5 

147.4 4.1 

0.237 

0.238 0.006 

-13.1 

-12.1 0.9 N2 152.1 0.245 -11.8 

N3 144.6 0.233 -11.4 
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4. CDDP standard curve for drug content 

 

 

Figure A.1 Standard curve for CDP content quantification 
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5. Drug loading 

 

Table A.5 %Loading efficiency and loading capacity of CDDP into the NPs 

 

Formulation 
Ratio 

(NPs:CDDP) 
N 

%Loading Efficiency Loading capacity (mmol/g) 

 X̅ SD  X̅ SD 

M1-NPs 1:1 N1 7.66 

5.95 1.52 

2.28 

2.11 0.16 N2 4.75 2.11 

N3 5.44 1.95 

1:2.5 N1 9.36 

9.03 0.64 

3.07 

2.90 0.18 N2 9.44 2.70 

N3 8.29 2.94 

1:5 N1 12.58 

11.86 0.63 

2.91 

3.08 0.49 N2 11.42 3.63 

N3 11.56 2.69 

1:10 N1 12.28 

11.70 0.53 

3.76 

3.82 0.12 N2 11.59 3.96 

N3 11.25 3.76 

M2-NPs 1:1 N1 4.60 

6.11 1.32 

2.27 

2.38 0.14 N2 7.00 2.54 

N3 6.74 2.34 

1:2.5 N1 7.79 

8.69 1.16 

2.87 

2.84 0.25 N2 8.28 2.59 

N3 10.01 3.07 

1:5 N1 19.10 

17.61 1.68 

2.85 

2.93 0.29 N2 17.96 3.24 

N3 15.79 2.69 

1:10 N1 16.92 

17.91 0.86 

4.61 

3.93 0.65 N2 18.29 3.87 

N3 18.51 3.31 
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6. CDDP standard curve for drug release 

 

 

Figure A.2 Standard curve for CDDP release 
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7. Drug release 

 

Table A.6 CDDP release from the NPs at various pH. 

 

Time 

pH 5.0 pH 6.5 pH 7.4 

M1-NPs M2-NPs M1-NPs M2-NPs M1-NPs M2-NPs 

X̅ SD X̅ SD X̅ SD X̅ SD X̅ SD X̅ SD 

0 min 0 0 0 0 0 0 0 0 0 0 0 0 

5 min 0.32 0.03 0.73 0.10 0.24 0.03 0.23 0.02 0.57 0.05 0.51 0.05 

10 min 0.62 0.02 0.83 0.28 0.50 0.06 0.72 0.39 0.64 0.07 0.61 0.04 

15 min 1.04 0.14 1.03 0.22 0.63 0.12 0.82 0.24 0.71 0.01 0.65 0.03 

30 min 1.16 0.05 1.18 0.09 0.69 0.11 0.96 0.31 0.80 0.02 0.72 0.02 

1 h 1.33 0.09 1.21 0.04 0.72 0.03 1.14 0.01 0.85 0.05 0.75 0.10 

2 h 1.31 0.03 1.17 0.01 0.71 0.03 1.17 0.03 0.84 0.03 0.74 0.07 

4 h 1.33 0.12 1.23 0.04 0.79 0.07 1.26 0.05 0.81 0.00 0.77 0.05 

8 h 1.34 0.08 1.24 0.07 0.78 0.10 1.23 0.03 0.86 0.01 0.80 0.07 

12 h 1.28 0.01 1.29 0.16 0.76 0.04 1.33 0.06 0.86 0.02 0.77 0.04 

1 Day 1.38 0.08 1.26 0.01 0.81 0.07 1.30 0.06 0.84 0.06 0.81 0.07 

2 Days 1.36 0.01 1.30 0.11 0.80 0.06 1.41 0.05 0.87 0.00 0.85 0.06 

3 Days 1.49 0.06 1.35 0.00 0.89 0.00 1.34 0.03 0.89 0.00 0.83 0.03 

4 Days 1.55 0.06 1.42 0.00 0.87 0.13 1.42 0.03 0.89 0.02 0.83 0.08 

5 Days 1.58 0.01 1.44 0.04 0.94 0.03 1.57 0.05 0.90 0.02 0.89 0.07 

6 Days 1.56 0.04 1.40 0.15 0.98 0.08 1.53 0.04 1.01 0.13 0.89 0.05 

7 Days 1.63 0.06 1.66 0.35 1.11 0.05 1.62 0.04 0.96 0.07 0.94 0.05 

 

  



 
 

 

118 

 

 

8. Intracellular accumulation 

 

Table A.7 Amount of CDDP accumulated in the HN22 cells at different time points.

 

 Time (h) 
Pt (mg/1000 cell) 

N1 N2 N3 X̅ SD 

Free drug 4 2.65 2.68 3.80 3.04 0.66 

8 4.18 4.27 5.54 4.66 0.76 

24 5.22 5.49 7.88 6.20 1.46 

M1-NPs 4 16.89 17.24 18.97 17.70 1.11 

8 17.53 18.50 21.21 19.08 1.91 

24 5.93 6.04 7.64 6.54 0.95 

M2-NPs 4 12.31 12.59 13.77 12.89 0.78 

8 14.21 14.85 16.31 15.12 1.08 

24 5.42 5.50 6.87 5.93 0.81 
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Development of mucoadhesive NPs for localized delivery of DOX 

1. Particle size and surface charge 

 

Table B.1 Particle size, size distribution, and zeta potential of the Cat-NPs. 

 

Ratio 

(SCScat:HAcat) 
N 

Particle size (nm) PDI 
Zeta potential 

(mV) 
 X̅ SD  X̅ SD  X̅ SD 

1:1 N1 306.0 

304.8 6.29 

0.27 

0.3 
0.

01 

-21.2 

-21.6 0.91 N2 310.4 0.26 -22.6 

N3 298.0 0.28 -20.9 

2:1 N1 155.5 

159.8 3.82 

0.23 

0.2 
0.

03 

-8.51 

-19.8 0.75 N2 161.3 0.18 -9.09 

N3 162.7 0.20 -8.33 

1:2 N1 253.5 

230.3 20.15 

0.50 

0.5 
0.

07 

-8.51 

-8.64 0.40 N2 220.2 0.52 -9.09 

N3 217.2 0.62 -8.33 

2:1 (loaded 

DOX) 

N1 233.5 

239.4 5.28 

0.29 

0.3 
0.

01 

-12.8 

-12.7 0.12 N2 241.2 0.29 -12.6 

N3 243.6 0.28 -12.6 

 

  



 
 

  

2. Ex vivo mucoadhesion 

 

Table B.2 %Remaining of the mucoadhesive material on porcine buccal tissue at 

various time. 

 

Dextran  

Time 
%Remaining 

N1 N2 N3 X̅ SD 

0 100.00 100.00 100.00 100.00 0.00 

5 36.36 31.49 31.92 33.26 2.70 

10 29.62 27.23 23.57 26.80 3.04 

20 24.66 21.41 20.12 22.06 2.34 

30 21.52 18.16 18.06 19.25 1.97 

40 19.19 14.27 15.19 16.22 2.62 

50 17.95 11.62 14.50 14.69 3.17 

60 14.76 10.12 13.87 12.92 2.46 

 

CS/HA NPs 
     

Time 
%Remaining 

N1 N2 N3 X̅ SD 

0 100.00 100.00 100.00 100.00 0.00 

5 83.95 82.78 90.37 85.70 4.09 

10 76.96 74.32 82.15 77.81 3.99 

20 68.72 66.06 75.52 70.10 4.88 

30 62.47 62.89 67.54 64.30 2.81 

40 61.12 62.01 65.68 62.94 2.42 

50 54.14 59.74 56.62 56.83 2.81 

60 53.76 52.32 53.05 53.04 0.72 

 

Cat-NPs 
     

Time 
%Remaining 

N1 N2 N3 X̅ SD 

0 100.00 100.00 100.00 100.00 0.00 

5 88.45 96.23 97.85 94.18 5.02 

10 86.59 95.39 95.87 92.62 5.22 

20 77.54 88.98 89.55 85.36 6.78 

30 69.23 83.96 83.36 78.85 8.34 

40 66.87 75.36 77.95 73.40 5.79 

50 62.71 68.13 70.55 67.13 4.02 

60 58.37 66.45 67.67 64.17 5.05 

 

 

  



 
 

  

3. DOX standard curve for drug content 

 

 

Figure B.1 Standard curve for DOX content quantification 
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4. Drug loading 

 

Table B.3 DOX content in the Cat-NPs. 

 

NPs:DOX N 
%Loading efficiency Loading capacity (μg/mg) 

 X̅ SD  X̅ SD 

1:0.5 N1 69.76 

70.9 1.37 

232.54 

236.55 4.58 N2 72.46 241.54 

N3 70.67 235.57 

1:1 N1 51.31 

5.71 3.99 

256.55 

278.54 19.94 N2 56.72 283.62 

N3 59.09 295.46 

1:2 N1 33.86 

33.47 1.13 

225.76 

223.13 7.50 N2 34.34 228.96 

N3 32.20 214.66 

1:5 N1 33.20 

29.24 6.68 

276.70 

243.68 30.65 N2 25.94 216.13 

N3 28.58 238.19 

 

  



 
 

  

5. DOX standard curve for drug release 

 

Figure B.2 Standard curve for DOX release quantification 
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6. Drug release 

 

Table B.4 DOX release from the Cat-NPs at different time point. 

 

Free DOX %Release 

Time (min) N1 N2 N3 X̅ SD 

0 0 0 0 0 0 

5 19.70 13.49 17.10 16.76 3.12 

10 34.63 16.94 26.62 26.06 8.86 

15 41.09 25.28 32.75 33.04 7.91 

30 49.59 34.95 48.35 44.30 8.11 

60 62.16 58.55 74.40 65.04 8.31 

180 79.36 83.41 92.22 85.00 6.57 

360 82.68 87.63 96.07 88.79 6.77 

720 83.86 87.10 98.89 89.95 7.91 

1440 80.92 85.97 98.80 88.56 9.21 

      

DOX-NPs %Release 

Time (min) N1 N2 N3 X̅ SD 

0 0 0 0 0 0 

5 3.90 4.95 4.35 4.40 0.53 

10 7.38 11.38 11.98 10.25 2.50 

15 15.11 16.94 18.74 16.93 1.81 

30 21.40 26.89 24.46 24.25 2.75 

60 32.27 32.26 31.65 32.06 0.36 

180 66.35 59.77 71.60 65.91 5.93 

360 75.62 72.44 74.08 74.05 1.59 

720 81.39 77.91 84.13 81.14 3.12 

1440 89.38 81.94 89.41 86.91 4.30 

 

  



 
 

  

7. In vitro cellular uptake 

 

Table B.5 The amount of DOX taken up by the HN22 cells at different time point 

determined by mean fluorescence intensity of 10,000 events by flow cytometer. 

 

Free dox Mean fluorescence intensity 

Time (h) N1 N2 N3 X̅ SD 

4 2269 2298 2219 2262.00 39.96 

8 3567 3705 3347 3539.67 180.56 

24 4299 3754 4162 4071.67 283.51 

      

DOX-NPs Mean fluorescence intensity 

Time (h) N1 N2 N3 X̅ SD 

4 4383 4218 4227 4276.00 92.77 

8 6920 6514 6496 6643.33 239.77 

24 8533 12693 8602 9942.67 2382.11 
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