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CHAPTER 1 

INTRODUCTION 
 

1.1 Statement and significance of the problems 

Globally, colorectal cancer (CRC) is the third most frequently diagnosed 

cancer in males and the fourth in female. The American Cancer Society estimated that, in 

2011, about 141,210 people will be diagnosed with colorectal cancer and about 49,380 

people will die of the disease in the US (1). In Thailand, the incidence rate of CRC is the 

third in frequency in males after the cancers of liver and lung, and the fifth after cancers 

of the cervix, breast, liver and lung for females.  The precursor of advanced colorectal 

cancer is either an adenomatous polyp or a flat neoplastic lesion. The majority of cancers 

arising in the colon and rectum are adenocarcinomas that account for more than 90% of 

all large bowel tumors (2). The 4 main types of treatment for colorectal cancer are 

surgery, chemotherapy, radiation and biological therapies (3), with surgery being the 

most common treatment for all stages of CRC. However, the surgery may not eliminate 

the entire malignant cell, so the additional treatments after surgery, adjuvant therapy, 

such as chemotherapy or radiation may also be used. It is used to kill any cancer cells that 

may have metastasized or spread to other parts of the body. Nevertheless, conventional 

chemotherapeutic agents are limited by their undesirable properties, such as poor 

solubility, narrow therapeutic window, and cytotoxicity to normal tissues, which may be 

the cause of treatment failure in cancer (4). For effective cancer therapy, it is necessary to 

firstly understand the molecular mechanisms underpinning cancer pathophysiology and 

secondly adopt a multidisciplinary approach requiring close collaboration among drug 

discovery scientists, materials scientists and biomedical engineers for  discovery of new 

and effective anticancer drugs (5). Doxorubicin (DOX), one of the most commonly used 

 anticancer drugs in chemotherapy, has a high anti-tumor activity against hematopoietic 

malignancies and solid tumors such as hepatocellular, breast, ovarian, bladder, and 
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gastric cancers (6, 7). Its mechanism of action is to inhibit DNA polymerases and 

topoisomerases and block the cell cycle, resulting in the induction of apoptosis in tumor 

cells (8, 9). However, it is substantially limited in that the intensity of conventional 

intravenous chemotherapy exhibits not only site non-specificity but also serious side 

effects, in particular cardiotoxicity (9). To improved efficacy, nanotechnology has been 

utilized by encapsulating DOX into nanocarriers which confer prolonged circulation time 

and enhanced accumulation in tumors.  

As a promising strategy, stimuli-responsive nanocarriers that are triggered by 

tumors’ environmental stimuli, for example, pH, temperature and lysosomal enzymes 

have been developed to accomplish enhanced drug release at the target site. Among these 

stimuli, the existing pH of tumor tissue has been considered as an ideal trigger for the 

selective release of anticancer drugs in tumor tissues and/or within tumor cells. 

Compared to the normal tissue (pH 7.4), pH values of intracellular compartments such as 

the endosomes and lysosomes are 4.5–6.5 and average extracellular pH value in 

cancerous tissues is 6.8, which is caused by hypoxia that up regulates glycolysis, 

followed by the production of lactate and protons in extracellular microenvironments. 

Therefore, designing the pH-sensitive nanocarriers, which are stable at physiological pH 

but must be deformed to facilitate release of the drug under mild acidic conditions at 

target tumors, can enhance therapeutic efficacy and minimal side effects. 

In the past decade, nanogels have been widely examined as pH-responsive 

drug carriers because of the ease of synthesis, controlled size and functionalization (10). 

pH-responsive nanogels are cross-linked polymer networks fabricated by incorporating 

pH-responsive polymers or pH-responsive bonds into their structure (10-15). pH-

responsive bonds such as hydrazone (16, 17), cis-aconityl (18, 19) and acetal (20) bonds 

are used as linkers to immobilize anti-tumor drugs within the carrier matrix. As the 

matrix degrades in response to pH changes in the tumor environment, the drug is 

released. To improve biocompatibility, various biopolymers have been employed to 

prepare nanogels, i.e., dextrin. 
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1.2 Objectives of research 

The objectives of this study were  

1.2.1 To develop novel pH-responsive DNGs containing anticancer drug by 

emulsion cross-linking technique  

1.2.2 To investigate factors influencing the preparation, pH–responsive 

behavior, physical characteristics, loading efficiency and drug release of developed pH-

responsive DNGs  

1.2.3 To evaluate tumor-targeting ability and anti-tumor efficacy of developed 

pH-responsive DNGs in animal model.  
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CHAPTER 2 

LITERATURE REVIEW 
 

2.1 Introduction of colorectal cancer (CRC) 

CRC are one of the most common types of human cancer which are a leading 

cause of mortality worldwide. CRC is a disease that malignant cells form in the tissues of 

either the colon or the rectum where solid waste (fecal matter or stool) is expelled from 

the body after food is digested and nutrients have been absorbed.  The development of 

cancer of the colon and rectum is influenced by diet, genetic, and environmental factors. 

CRC usually begins from a pre-cancerous (noncancerous) growth called a polyp and 

develops in the lining of the colon or rectum that can become cancerous, usually 

developing slowly over a period of 10 to 15 years, typically in a predictable way. Thus, It 

can be preventable with screening, and when diagnosed at an early stage, it is often 

curable (21).  

 

2.1.1 Epidemiology 

 The development of CRC has been explained by several different 

mechanisms which are possible to notice a different stage of cell growth and 

differentiation. The most common involves the initial growth and subsequent 

transformation of adenomatous polyps, which are abnormal cells located in intramural 

glands from the mucosa. Certain types of polyps, called adenomatous polyps or 

adenomas that have tubular or villous characteristics are the most likely to become 

cancers. Fewer than 10% of all adenomas progress to cancerous, however, more than 

95% of colorectal cancers develop from adenomas (22). 
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 Nevertheless, once cancer cells grow and divided within the polyp, they 

can eventually attack nearby colon tissue and grow into and further the wall of the colon 

or rectum (Figure 2.1) There are five stages of CRC development. Stage 0 - cancer cells 

are located only in the inner lining of the colon or rectum. Typically, this is confined to 

the surface of a polyp (a growth that protrudes from a mucous membrane). It is also 

known as carcinoma in situ. Stage 1 - cancer cells have spread from the inner lining into 

the middle layers of the muscular wall of the colon or rectum. Stage 2 - cancer has spread 

to the outside surface of the colon or rectum, and may involve nearby tissues but not the 

lymph nodes. Stage 3– cancer involves the nearby lymph nodes. Stage 4 – cancer has 

spread to other distant parts of the body with shedding cells into the circulatory system by 

penetrate blood or lymph vessels, where are thin channels that carry away cellular waste 

and fluid result in spreading the cancer cells to other organs such as the liver. The process 

by which cancer cells travel to distant parts of the body through blood or lymphatic 

vessels is called metastasis. 

 
 

Figure 2.1  Progression of CRC from polyp to cancer (23). 
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 Moreover, CRC progression is also characterized by the progressive 

acquisition of at least 4–5 oncogenes mutations, or of tumor suppressor genes, 

determining a malignant tumor formation (Vogelstein et al., 1988). The most common 

mutation is inactivation of the adenomatous polyposis coli (APC) tumour suppressor. 

About 80–90% of all inherited and sporadic colorectal cancers are result from mutation 

of APC gene. Another ~5% of colorectal cancers have activating mutations in the beta-

catenin (CTNNB1) oncogene. In addition to either of these mutations, around 40% of 

colon cancers present gain-of-function mutations in the K-RAS oncogene, 10% exhibit 

gain-of-function mutations in the BRAF oncogene, and approximately 50% are 

homozygous for loss-of-function mutations in the TP53 tumour suppressor gene (24, 25). 

Other high-frequency mutations comprise PIK3CA (~18%) and FBXW7 (~11%), but to 

date all other known mutations occur at low-frequency (<10% of all colorectal cancers). 

Low-frequency mutations in sporadic colorectal tumors are compose of genes such as 

SMAD2, SMAD3, SMAD4, BMPR2, and N-RAS (26). 

 

2.1.2 Risk factors 

 Certain factors are known to increase a person’s chance of developing 

the CRC. These factors are both genetic and environmental. 

 

 2.1.2.1 Genetic factors 

 Genetic factors are the risks have been linked to the 

development of CRC from an epidemiological stand-point. These include family history 

of CRC, personal history of inflammatory bowel disease, age, gender, and race. Family 

history is important factor, with the risk of CRC increasing 3-fold with CRC occurring in 

a first-degree relative. All of the familial syndromes are inherited in autosomal fashion 

and can broadly be divided into familial adenomatous polyposis (FAP) and hereditary 

nonpolyposis colorectal cancer (HNPCC) (27). A personal history of inflammatory bowel 

disease i.e., ulcerative colitis and Crohn’s disease, with primary sclerosing cholangitis, 

severe long standing disease increase a person’s risk of CRC.  (28, 29). Age is also a 
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significant risk factor, with more than 90% of incidence of adenomatous polyps and CRC 

is 1 in 5000 after age 50 and 1 in 250 for individuals greater than 80 years of age (30). 

Gender, men have a slightly higher risk of CRC compared with women (31). 

 

 2.1.2.2 Environmental factors 

 The incidence rates of CRC are affected by environmental 

factors. When individuals from one community move to another, they take on the risk of 

their new environment, often within one generation.  Environmental factors that have 

been implicated in the incidence of CRC include diet, lack of exercise, obesity, smoking, 

alcohol consumption, and type 2 diabetes. Diet has been suggested as a risk factor, with a 

high consumption in animal fat and low in fiber as a suggestive cause of CRC. The 

protective effect of fiber on CRC is controversial, however, suggest that fiber has a 

protective effect by decreasing the time it takes for fecal matter to transit through the 

bowel and by binding carcinogens through increasing stool bulk (32). However, no 

increase risk was found with consumption of vegetable fat (33). In addition, CRC has 

been related to long-term smoking and alcohol consumption of more than two drinks per 

day. Furthermore, type 2 non- insulin-dependent diabetes has an increase risk of 

deleloping CRC and a pooper prognosis for survival than those without diabetes . Finally, 

Exercise or physical activity is inversely correlated with CRC (34).   

 

2.1.3 Treatment of colorectal cancer 

 Treatment for CRC depends on patient general health as well as the type, 

and stage of the cancer at which it was discovered. Surgery followed by drug therapy is 

standard treatment for colorectal cancer. Early stage colorectal cancer is appropriately 

treated with surgery.  Approximately 95% of Stage I and 65-80% of Stage II colorectal 

cancers are remediable with surgery.  However, it may require additional radiation 

therapy to minimize the risk of recurrence.  Advanced stage (Stage III and Stage IV) 

often consists of a combination of therapies, including: surgery, chemotherapy, and 

radiation. 
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2.1.3.1 Surgery 

 Surgery is the main treatment for CRC which is used to 

heal the CRC in the early stages by completely removing the tumors and nearby tissues 

that were affected by it (35). Different surgical procedures are utilized to remove tumors 

depending on a variety of factors, including: the location of the tumor, the presence of 

other associated cancers or polyps, the stage of the cancer, the risk of development of 

other colon cancer in the future, the amount of colon that needs to be removed, and the 

patient’s preference. For removal of small early cancers such as cancerous polyps a tube 

(or colonoscopy) is inserted through the rectum. On the other hand, larger tumors were 

usually necessary removed all the part of the intestine containing the cancer then, the 

remaining healthy parts of the intestine are sewn together (36, 37). There are many 

method of reconstruction of the colon, some surgeons use manual suturing either in one 

or two layers, others prefer one of various stapling techniques. 

 

 2.1.3.2 Radiation 

 Radiation treatment is the application of high-energy rays 

to shrink tumors or kill cancer cells. There are two types of radiation therapy including 

external beam radiation therapy and occasionally brachytherapy (38). In external beam 

radiation, the beam of radiation is directed at the tumor (39). In brachytherapy, 

radioactive material is placed inside the tumor in order to treat the cancer with a specific 

manner. Radiation can also be used to alleviate symptoms of advanced cancer, such as 

intestinal blockage, bleeding, or pain. Whenever the cancer has attached to an internal 

organ or the lining of the abdomen, the all cancer cannot be removed thus the radiation is 

used to kill the cancer cells left behind after surgery (40). Radiation may also be used to 

treat colon cancer that has spread, most often if the spread is to the bones or brain.  

However, there are some side effects after radiation which is a feeling of being more tired 

than usual, occasionally diarrhea, and perhaps changes to the skin such as redness or 

tenderness in the area of the body where the treatment was applied. These side effects are 
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temporary and will usually go away when the treatment period is over and the normal 

cells have had the chance to repair themselves, usually within one to two weeks (41).   
 

 2.1.3.3 Chemotherapy 

 According to the treatments of CRC by surgery resection 

alone in most cases cannot remove all cancer cell that over time result in relapse and 

recurrent disease. Therefore, surgery followed by chemotherapy has been standard 

treatment for CRC. Chemotherapy is the utilization of anti-cancer drug to kill and prevent 

residual cancer cells from growing and spreading. Frequently used chemotherapy drugs 

to treat CRC include: fluorouracil (5-FU), oxaliplatin, irinotecan, docetaxel, mitomycin-

C, methotrexate, raltitrexed, etoposide, cisplatin, and doxorubicin (42-46). Despite 

chemotherapy drugs are effective to destroy cancer cells, they also damage healthy and 

may cause side effects. Such side effects usually include nausea, vomiting, soreness in 

the mouth, loss of appetite, tiredness, hair loss, diarrhea, neurotoxicity, an increased risk 

of infection, and bleeding (47, 48). Several patients, severe these side effects leading to 

reduction in dosing that are suboptimal and reduce efficacy as well as increase rates of 

recurrence and drug resistance (49, 50). 
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2.2 Doxorubicin (DOX)  

DOX is one of the most important chemotherapeutic agents belonging to the 

class of anthracyclines drug that mainly used for the treatment of several types of cancer 

such as breast cancer, ovarian cancer, lung cancer, liver cancer, and etc. It also calls 

adriamycin which is derived from the fermentation of Streptomyces peucetius caesius 

(51, 52). The molecular structure of DOX consists of aglyconic and sugar moieties. The 

aglycone is composed of a tetracyclic ring with quinine-hydroquinone adjacent groups in 

ring B-C, methoxy substituent at C-4, and a short side chain at C9 with a carbonyl at C13. 

The amino sugar, daunosamine, is attached by a glycosidic linkage to the C-7 of ring A 

which is comprised of a 3-amino-2,3,4-trideoxy-L-fucosyl moiety (Figure 2.2) (53).   

According to its unique structure, the drug has a relatively long half-lift in the body 

which is approximately 48 h (54).  

 

 

Figure 2.2  Chemical structure of doxorubicin. 
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 2.2.1 Anticancer activity of DOX 

 The mechanisms of action of DOX in cancer cells remain a matter of 

controversy, however, principally involve interaction with the nucleus, mitochondria, and 

biological membranes of cells (55). Nevertheless,  the main mechanisms that have been 

considered for DOX anticancer activity comprise: 1)  intercalation into DNA, leading to 

inhibition of protein synthesis and DNA replication; 2) generation of free radicals which 

is reactive oxygen species, leading to DNA damage or lipid peroxidation; 3) DNA 

binding and cross-linking; 4) DNA alkylation; 5) interference with DNA unwinding or 

DNA strand separation and helicase activity; 6) disruption of the bilayer structure 

affecting to cell membrane; 7) initiation of DNA damage via inhibition of topoisomerase 

II; and 8) induction of apoptosis in response to topoisomerase II inhibition (55-57).   

 

2.2.2 Side effect of DOX 

 Despite the effective antitumor activity, the potential side effects after 

doxorubicin treatment are major limitations for successful cancer treatment. The most 

significant incidence is a cumulative, dose-dependent cardiomyopathy particularly 

hypotension, tachycardia, arrhythmias, and ultimately that can lead to heart failure up to 

10% of patients who receive higher than the maximum recommended dose of 550 mg/m2 

(58). This cardiotoxicity can be acute or delayed by months or even years. The 

appearance of cardiotoxicity is resulted from the redox activity of the drug (54, 57, 58). 

DOX can suffer a one electron reduction which is catalyzed by enzyme in a cell leading 

to production of the semiquinone that generates superoxide following hydrogen peroxide, 

and eventually the extremely reactive and highly toxic hydroxyl radical. These hydroxyl 

radicals can react with a nearby molecule leading to oxidative damage of critical 

molecule such as DNA or membrane lipids. However, this process is minimized by 

superoxide dismutase which converts superoxide to hydrogen peroxide, then catalase or 

glutathione peroxidase subsequently converts hydrogen peroxide to water. On the other 

hand, heart tissues are sensitive to DOX due to the fact that their lack of the bulk 

hydrogen peroxide detoxifying enzyme catalase resulting in decreased the capacity for 
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protection against hydroxyl radicals (53, 57, 59). Other side effects of DOX have been 

detected with some patients, including nausea, vomiting, fever and cutaneous injuries (9). 

 

2.2.3 Multidrug resistant (MDR) of DOX 

 MDR is one of the major causes of cancer treatment failure by free 

DOX. The well known mechanism of resistance to free DOX involves expression of P-

glycoprotein (P-gp) (60). P-gp is a member of ATP-binding cassette (ABC) membrane 

transporters, that overexpressed on the plasma membranes of cancer cells (61). This P-gp 

is able to decrease drug uptake by increasing the efflux of a broad class of hydrophobic 

drugs, e.g. DOX, from cancer cells. DOX is a weak base (pKa = 8.30) which uncharged 

DOX can freely permeate membranes, whereas protonated DOX is restricted to permeate 

through membrane, becoming trapped inside acidic compartments (62). As previously 

reported, DOX was suffered ion trapping in acidic conditions such as those present in the 

extracellular microenvironment of solid tumors (pH 6.5–6.9) and in the internal milieu of 

endolysosomes (pH 5.0–6.0) (63, 64). These acidic environments also enhance P-gp 

activity, hence, trapped DOX could be more pumped out of the cells that limit the 

therapeutic bioactivity of the drug (65). In the past decades, one of the strategies for 

overcoming MDR has been developed that involved binding or encapsulating DOX to a 

macromolecule in order to improve its cellular uptake by avoiding the pumping 

mechanism. 
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2.3 Nanotechnology for drug delivery to cancer 

Currently, cancer therapy usually involves combination processes, with initial 

surgery to remove the tumor if possible, followed by chemotherapy and radiation to 

shrink or kill the remained cancer cells. However, the effective of the chemotherapy have 

been limited by undesirable properties, such as, poorly soluble, very expensive and 

serious side effect on normal tissue. Ordinarily, a pharmaceutical agent will distribute 

evenly within the body. Nevertheless, the ideal chemotherapeutics require a high local 

concentration of the drug at the disease site, while the concentration in other non-target 

organs and tissues should be below a certain minimal level to prevent any negative side 

effects (66). Therefore, the new anticancer drug delivery systems, that more effective and 

negligible side effects have been developed.   

Cancer nanotechnology is a new field of interdisciplinary research aiming to 

enhance methods for cancer diagnosis and treatment. Among the various approaches, 

nanocarriers (particularly in the size range from 10 nm to 100 nm)  offer some unique and 

advantageous properties that distinguish them from other cancer therapeutics: (i) the 

nanocarriers can themselves have therapeutic or diagnostic properties and can be 

designed to carry a large therapeutic molecule; (ii) nanocarriers can be attached to 

multivalent targeting ligands, which yield high affinity and specificity for target cells; 

(iii) nanocarriers can be formulated to accommodate multiple drug molecules that 

simultaneously enable combinatorial cancer therapy, and (iv) nanocarriers can bypass 

traditional drug resistance mechanisms (67). Nanocarriers are being trialed for target-

specific delivery of drugs to cancer sites in the body in order to improve the therapeutic 

efficacy because of improved specificity, increased internalization and intracellular 

delivery while minimizing undesirable side effects. Tumor targeting consists of “passive 

targeting” and “active targeting”, though the active targeting process occurs only after 

passive accumulation of drug carriers in tumors (68).  
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2.3.1 Passive targeting 

 Passive targeting refers to the transport and accumulation of nanocarriers 

through leaky tumor capillary fenestrations at the tumor site, thus avoiding non-specific 

distribution. This phenomenon occurs as a by-product of the angiogenic stimulation by 

rapidly-growing cancer cells which require the recruitment of new vessels 

(neovascularization) around the tumor mass for supply of oxygen and nutrients, and for 

removal of carbon dioxide and wastes (69). For solid tumors (1-2 mm3), oxygen and 

nutrients can reach the center of the tumor by simple diffusion. When tumors reach 2 

mm3, a state of cellular hypoxia begins. Because of  this diffusion-limited supply to the 

tumor mass, the maximal size of most tumors is around 2 mm3 (70). The tumor is able to 

overcome this limitation by increasing the surrounding vasculature in an event called 

angiogenesis (71). In this phenomenon called ‘angiogenic swtiching’ the tumor not only 

gains a new blood supply for nutrients and oxygen delivery, but also acquires a portal for 

spread of cancer cells to distal sites. A characteristic of angiogenesis is irregular 

tortuosity and abnormalities in the basement membrane and the lack of pericytes lining 

endothelial cells (72). Furthermore, the imbalance of angiogenic regulators such as 

growth factors and matrix metalloproteinases result in tumor vessels becoming highly 

disorganized and dilated with numerous pores consisting of enlarged gap junctions 

between endothelial cells and compromised lymphatic drainage (5, 69). The incomplete 

tumor vasculature results in leaky vessels with gap sizes of 100 nm to 2 μm depending 

upon the tumor type (73, 74). Particles, such as nanocarriers (in the size range of 20-200 

nm), can extravasate and accumulate inside the interstitial space (75). Drugs or 

nanocarriers that gain interstitial access to the tumor are not removed efficiently and are 

thus retained in the tumor stroma. This passive phenomenon, which the combination of 

leaky vasculature and poor lymphatic drainage results in what is known as the “enhanced 

permeability and retention (EPR) effect”, was discovered by Matsumura and Maeda (76-

78).  
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2.3.2 Active targeting 

 Cancer cells can overexpress certain receptors for enhanced uptake of 

nutrients, including folic acid, vitamins, and sugars that may be found at low levels on 

normal cells, as well as proteins that are found exclusively on cancer cell surfaces. One 

approach suggested to specifically deliver drugs to cancer cells is active targeting. In such 

a strategy, targeting ligands are attached to the surface of the nanocarrier to bind to 

specific receptors expressed on the tumor cell, facilitating internalization of ligand-

modified nanocarrier after binding to target receptors that occurs via receptor-mediated 

endocytosis as specific cellular uptake (79). Ideally, cell-surface antigens and receptors 

should be expressed exclusively on tumor cells and not expressed on normal cells, and 

they should be expressed homogeneously on all targeted tumor cells and should not be 

shed into the blood circulation (80). 

 

2.3.3 Effect of nanocariers properties on delivery achievement to solid tumors 

 Delivery of nanocarriers from the injection site to various target sites 

involves multiple kinetic steps, i.e., (1) Transport and distribution to tumors and other 

organs via systemic circulation, including elimination by cells of reticuloendothelial 

system (RES). (2) Extravasation fromtumor vasculature. (3) Interstitial transport to reach 

individual tumor cells. (4) Endocytosis and intracellular trafficking to sub-cellular 

organelles (early and late endosomes, lysosomes, Golgi complex, endoplasmic reticulum, 

cytosol, mitochondria, nucleus) as shown in Figure 2.3 (81). 

 
Figure 2.3  Processes of nanocarriers transport from injection site to target sites (82). 
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 After systemic administration, nanocarriers are distributed to varied 

organs via blood circulation, and at the same time undergo elimination (e.g., metabolism 

by the liver, excretion by the kidney) or removed by cells in the reticuloendothelial 

system (RES). (81). The rapid clearance of unprotected nanocarrier from the bloodstream 

within seconds after intravenous administration were incurred by the ability of 

macrophages in the mononuclear phagocytic system (MPS) resulted in its performance 

ineffective as site-specific drug delivery devices. These macrophages, which are typically 

Kupffer cells, or macrophages of the liver, can identify the nanocarriers by specific 

recognition with opsonin proteins that bound to the surface of the carrier. This process, 

was recognized as opsonization, opsonins are any blood serum component that aids in the 

process of phagocytic recognition, but complement proteins such as C3, C4, and C5 and 

immunoglobulins are typically the most common(83). In order to achieve these desired 

benefits of nanocarriers in cancer treatment, the carriers must be present in the 

bloodstream long enough to reach at therapeutic site of action. Therefore, it necessary to 

understand the factors influencing the blood circulation half-life, biodistribution and 

efficacy of targeted-drug delivery to tumor (84).  

 The physicochemical properties of nanocarriers which affect to effective 

therapeutic, i.e., composition, size, suface charge and targeting ligand density need to be 

studied and optimized. 

 

  2.3.3.1 Composition 

 Nanocarriers can be prepared from a variety of materials 

such as proteins, polysaccharides and synthetic polymers which are good 

biocompatibility. They are usually taken up by the liver, spleen and other parts of the 

RES, depending on their characteristics. It has been reported that a direct relationship 

between surface hydrophobicity and opsonization process (85). As shown in Table 2.1, 

conventional liposome showed maximum protein adsorption followed by stealth and 

copolymer nanocarriers. The biodistribution studies of the PVP hydrophilic nanoparticles 

showed maximum blood circulation time, slightly RES uptake in comparison with other 
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copolymer formulations which having increased surface hydrophobicity. The results 

suggest that hydrophilicity or hydrophobicity of nanocarrier affected the biodistribution 

and curculation time in the body. 

 To address this issue, one classical design parameter for 

effective in vivo circulation and immune system shielding can be achieved by (a) surface 

coating of nanoparticles with hydrophilic polymers/surfactants; (b) formulation of 

nanoparticles with biodegradable copolymers with hydrophilic segments such as 

polyethylene glycol (PEG), polyethylene oxide, polyoxamer, poloxamine and polysorbate 

80 (86). 

 

Table 2.1  The adsorption of serum proteins to different colloidal carriers incubated 

in murine serum and quantified by Bradford assay.  

 

Colloidal carrier 
Total protein present in 50% v/v  serum 

%  protein  bound 
 

% unbound  protein 

PVP nanoparticles 3.4 
 

90 

Copolymer  nanoparticles 7.6 
 

77 

Stealth liposome 8.4 
 

80.2 

Conventional  liposome 37.7 
 

54.4 

 

  

  2.3.3.2 Size 

 Particle size and size distribution are the most important 

properties of nanocarrier systems due to they can define the in vivo distribution, 

biological fate, toxicity and the targeting ability of nanocarrier. Furthermore, they can 

also affect the drug loading, drug release and stability of nanocarriers. Many studies have 

demonstrated that nanocarriers of sub-micron size have a number of advantages over 

microparticles as a drug delivery system (87). Before reaching the target site, 

nanocarriers undergo a biodistribution step possibly after crossing epithelial barriers and 



18 
 

 
 

travelling through the vascular bed. After administration, small particles (<20–30 nm) are 

eliminated by renal excretion (88, 89). Larger particles can be rapidly taken up by the 

mononuclear phagocytic system (MPS) cells present in the liver, the spleen, and to a 

lesser extent, in the bone marrow.  Nanocarriers of 150–300 nm are found mainly in the 

liver and the spleen  (90), whereas particles of 30–150 nm are located in bone marrow 

(91), the heart, the kidney and the stomach (92). Nanocarriers can escape from the 

circulation through openings, also called fenestrations, of the endothelial barrier. Healthy 

tissues are characterized by continuous vascular endothelium preventing nanoparticles 

extravasation. The drug (D) released from the nanocarriers can reach the extravascular 

compartment by different pathways represented by the arrows. On the contrary, in 

pathological situations, such as cancer or inflammatory tissues, the vascular endothelium 

is fenestrated. Nanocarriers can go through fenestrations thus enhancing drug penetration 

in tissues (93). Table 2.2 summarizes the data regarding fenestration size for the main 

organs. 

 For instance, tumor growth induces the development of 

neovasculature characterized by discontinuous endothelium with large fenestrations of 

200–780 nm (95) allowing nanocarriers passage. Depending on the reports, the ‘‘ideal’’ 

size requirements for nanocarriers developed for cancer treatment are between 70 and 

200 nm (96). Concurrently, some researchers have found that nanocarriers   of about 10–

20 nm are ideal for maximum tumour penetration (97).  According to Fang's study (98), 

the influence of particle size on their in vivo tumor targeting properties of recombinant 

human tumor necrosis factor- (rHuTNF- ) loaded hexadecyl cyanoacrylate (PHDCA)  

stealth nanoparticles was investigated. Small, medium, and large pegylated nanoparticles 

incubated with serum protein for 2 h showed a significant correlation between particle 

size and protein adsorption. The results showed that lower protein adsorb on small 

nanoparticles when compared with the same formulation with a larger size. Moreover, 

macrophage uptake behavior of nanoparticle was significantly influenced by particle size 

that decreasing in the particle size, the macrophages uptake was reduced. In 

Pharmacokinetic study, the smaller size with lower serum protein absorption and 
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macrophage uptake could extend the elimination half-life and lower clearance of model 

drug from plasma. In case of biodistribution study in tumor-bearing mice, stealth 

nanoparticles which smaller size tended to decrease accumulation in liver and increase 

accumulation in tumor. Its might be due to smaller size decreasing protein adsorption and 

macrophage uptake Lead to extend in vivo circulating time That could be increase the 

opportunity for stealth particles to move through the leaky vasculature into the tumor 

tissues (98). 

 

Table 2.2   Claimed sizes of fenestrations of the vasculature in different organs and 

some pathologies (94). 

Organ or pathological 
situation Fenestration size Animal model 

Kidney 20–30 nm Guinea-pig,rabbit, rat 

Liver 150 nm Mouse 

Spleen 150 nm Mouse 

Lung 1–400 nm Dog 

Bone marrow 85–150 nm Guinea-pig,rabbit, rat 

Skin, subcutaneous and 
mucuous membrane ≤6 nm Mouse 

Blood–brain barrier No  fenestrations - 

Tumor 200–780 nm Mouse 

Brain tumor 100–380 nm Rat 

Inflamed organs 80 nm–1.4 μm Hamster 
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2.3.3.4 Surface charge 

 To improve stability of nanocarriers, charge is usually 

introduced onto surface that can prevent them from aggregation in aqueous solution via 

the electrostatic repulsion (99). Furthermore, many works reported that surface charge is 

a very important factor to determine the efficiency and mechanism of cellular uptake, and 

the in vivo fate of nanocarriers (100-103). According to Xiao’s study (104), the effect of 

surface charge on macrophages uptake was investigated, nanocarrier with various surface 

charges, with the same size, were incubated with murine macrophages in the serum-free 

medium at 37°C for 2 h. The results presented that positively charged nanocarriers were 

taken up more effectively by macrophages, compared with neutral or negatively charged 

nanocarriers due to the electrostatic interaction between the positive charge on the surface 

and the negative charge on the cell membrane of macrophages, which promote the 

internalization process of nanocarriers. Moreover, the influence of surface charge on 

biodistribution was also studied by injecting the fluorescence–labled nanocarriers with 

various surface charges via tail vein into the nude mice bearing human ovarian cancer 

xenograft. The obtained biodistribution profiles presented that all the nanocarriers 

showed a good tumor accumulation, which the neutral and negatively charged 

nanocarriers were higher than positively charged nanocarriers, suggesting that tumor 

uptake ability  were influenced by the surface charge of nanocarriers (105). 

  

2.3.3.5 Targeting ligands 

 Recently, the utilization of nanocarrier-based delivery 

systems that target for antigen or receptor on cancer cell surfaces has been extensively 

investigated. Because of the fact that most tumors are characterized by the 

overexpression of cancer-specific antigen or receptor on their cell surfaces, which are 

essential for the growth of tumor cells (106). These strategies are called "active targeting" 

which the nanocarriers were conjugated with targeting ligands on the surface. These 

ligands can be broadly classified as proteins (antibodies and their fragments), nucleic 
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acids (e.g. aptamers), or other receptor ligands (e.g. small molecules, peptides, vitamins, 

and carbohydrates) (107). However, the strength of nanocarriers interactions with these 

antigens or membrane receptors can be controlled by the type of ligand and by changing 

the ligand density attached to the nanocarriers surface (108). According to Hong's study 

(Hong, Zhu et al. 2009), the niosome was modified to promote drug delivery to solid 

tumor and active targeting function by transferrin with hydroxycamptothecin as model 

drug. In case of tissue distribution study in tumor-bearing mice, the hydroxycamptothecin 

levels of transferrin-conjugated PEG-niosomes in tumor remained the highest, compared 

with non-targeted stealth-niosomes  and other tissues. The results suggested that active 

targeting niosomes greater intracellular uptake prolonged system circulation time and 

higher accumulation in tumor, thus enhanced the therapeutic action of loading drugs. 

 

2.4 Drug Delivery Systems for Intraperitoneal Therapy 
Current standard treatment of CRC is cytoreductive surgery, followed by 

intravenous (IV) administration of a chemotherapeutic agent for removal of residual 

microscopic tumors (35, 109, 110). In spite of most patients respond to initial 

chemotherapy, the majority eventually develop disease recurrence (35, 111, 112). 

Therefore, more effective post-surgical therapy is necessary. In the past decade, 

intraperitoneal (IP) administration of chemotherapeutics for peritoneal cancer has been 

intensively investigated. Multiple clinical studies have demonstrated that IP showed 

effective in post-surgical therapy over the IV route (113, 114). Since, IP administration 

provided an effective ability to maintain concentration of drug in the peritoneal cavity 

that not only facilitate treatment of the local and adjacent malignancies, but also attenuate 

systemic exposure of chemotherapy drugs (115-117). However, there are no products 

specifically designed or approved by the US FDA for IP treatments, and IP therapy has 

not become a standard of care, nowadays. 
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2.4.1 Pharmacokinetic of IP delivery  

 After IP administration, nanocarriers are delivered to peritoneal tumors 

from two sources which are the peritoneal cavity and systemic circulation. The 

phamacokinetic model of nanocarrier after IP administration is showed in Figure 2.4. 

Absorption from the peritoneal cavity occurs via the peritoneum and lymphatics to the 

systemic circulation (e.g., plasma) following direct drug distribution or penetration into 

peritoneal organs and tissues, such as the intestines, and elimination by first pass and 

systemic. The major pathway for absorption of small compounds with MW of less than 

20 kD is diffusion or convection through the peritoneum (118). In contrast, larger 

compounds or particulates are drained through the lymphatic ducts. Within the lymphatic 

system, smaller particulates (<50 nm diameter) can pass through lymph nodes, while 

larger particulates (>500 nm) are mostly trapped in lymph nodes (119). Therefore, the 

clearance of particulates from the peritoneal cavity is independent of size (at the size 

range 50-700 nm). 

 

 
Figure 2.4 Pharmacokinetic of IP delivery (120). 
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2.4.2 Nanocarriers for IP administration  

 According to efficiency and safety requirements for the treatment of 

peritoneal carcinomatosis, the major challenges of nano-sized delivery system for IP 

administration consists: (1) long retention time in the peritoneal cavity to ensure that the 

drug reach at target site for maximal therapeutic efficiency, (2) high penetration into 

peritoneal deposits but restricted leakage into the systemic circulation to avoid toxic side 

effects, (3) specific targeting to tumor cells and high cytotoxicity against cancerous cells 

and (4) restricted immune and inflammation responses (121, 122). To overcome these 

challenges, nano-particulate formulations and/or nanocarriers systems have been used to 

control the release and prevent rapid clearance of small MW drugs from the peritoneal 

cavity.  

In the past few years, several types of nanocarriers were evaluated for IP 

administration. One of the clinical studies, a surfactant-based formulation of paclitaxel 

that forms micelles in the peritoneal cavity was used in the IP treatment of ovarian 

cancer. This formulatimon maintaines a relatively high paclitaxel concentration in IP, 

compared to that in plasma. In contrast, surfactant-free paclitaxel was rapidly absorbed 

into the systemic circulation (123). Liposome was also considered for IP drug delivery; 

the results showed that liposome was cleared from the peritoneal cavity after passing 

lymphatic system in which larger size (720 nm) are mostly entrapped in the lymph nodes 

than smaller ones (50 nm) (119). Polymeric nanoparticles are receiving particular interest 

for IP delivery. Poly(L-lysine-citramide) or PLCA, is a biodegradable polymer carrier, 

has been developed as polymer carrier that was conjugated with DOX by direct coupling 

through an amide bond. The PLCA-DOX provided local and controlled release of DOX 

over several days following IP administration with these systems. Moreover, the PLCA-

DOX was  significantly higher accumulated in the abdominal organs and peritoneal 

cavity than that free DOX (124). After modification by incorporating the hydrazone-

based degradable spacer, these systems demonstrated significant antitumor efficacy 

against peritoneal carcinomatosis in a xenograft model of ovarian carcinomatosis with 

specific drug release ability in acidic lysosome of cancerous cells (121). The potential of 
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a thermoresponsive hydrogel consisting of conjugated linoleic acid-coupled Pluronic F-

127 (Plu-CLA) as a intraperitoneal delivery system for docetaxel to gastric cancer was 

investigated (125). 5-FU was loaded in Plu-CLA hydrogel (P-FU), demonstrating the 

significant enhancement both of tumor growth inhibition in vitro and intraperitoneal 

colon cancer metastases suppression in vivo. In addition, incorporating of docetaxel into 

Plu-CLA (docetaxel-Plu-CLA) showed excellent anti-tumor activity, reducing the 

number of peritoneal metastatic nodules and increasing survival in the peritoneal gastric 

cancer xenograft model (126). Moreover, hyaluronic acid-based hydrogels (127), 

poly(ethylene glycol)-block-poly(ε-caprolactone) micelles (128), and poly (ethylene 

glycol)epoly (lactic acid) nanoparticles (129) were also considered as a promising carrier 

for IP drug delivery to peritoneal cancer.  

 

2.5 pH-responsive nanocarriers for tumor targeting 
The use of stimuli-responsive nanocarriers offers an interesting opportunity 

for drug delivery as programmable delivery systems in the optimization of cancer 

therapy. In the stimuli-responsive delivery system, the anti-cancer agent can be released 

by an appropriate stimulus (for example, pH, glucose, light, temperature). Stimuli-

responsive nanocarriers are constructed with the right material composition to engineer 

nanocarriers that can respond specifically to the pathological “triggers” that occur in the 

select targeted site as the disease establishes and progresses. Among all applied stimuli, 

acidic pH as an internal stimulus has been considered as an ideal trigger for the selective 

release of anticancer drugs due to the fact that the pH at both primary and metastasized 

tumors is lower than the pH of normal tissue (130). Intracellular components such as the 

cytoplasm, endosomes, lysosomes, mitochondria and nuclei are known to maintain their 

own characteristic pH values, with mild acidic pH present within endosomes and 

lysosomes. Therefore, designing the pH-sensitive nanocarrier for targeting drug delivery 

to tumors that the nanocarrier is stable at physiological pH but it must be deformed to 

facilitate release of the drug under mild acidic conditions at target tumors, may result in 

significantly enhanced therapeutic efficacy and minimal side effects.   
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2.5.1 Tumor extracellular pH (pHe) targeting 

 The extracellular pH (pHe) at systemic sites of primary tumors, and 

metastasized tumors is lower than the pH of normal tissue and blood pH (7.4) (130). Low 

pHe is a consequence of the abnormal microcirculation in the tumor. This is due to 

vascular permeability being higher in tumor microvessels, lower perfusion (blood flow) 

rates in tumor vessels, and prolonged transit time of blood through tumor microvessels 

due to the heterogeneous, disorganized and therefore dysfunctional vessel tumor network 

(Fukumura and Jain, 2007).  Lactic acid and carbonic acid are the known sources of H+ 

ions in tumors (131-133). Since tumors proliferate very rapidly, the vasculature of tumor 

is often inadequate to supply enough nutritional and oxygen needs for the expanding 

population of tumor cells (134). As a result of the high rate of glycolysis in cancer cells, 

both under aerobic and anaerobic conditions, a difference in the metabolic environment 

between solid tumors and the normal tissues, namely a difference in pH between the two, 

develops (73, 135, 136). Anaerobic glycolysis occurs in an energy-deficient environment 

caused by oxygen deficiency in tumor tissue, where production of lactic acid by carbonic 

anhydrase contributes to an acidic microenvironment (130). The pHe measured using 

microelectrodes in various human tumors xenografts covers a range between 6.72 and 

6.97 (Table 2.3). This variation is dependent upon the type of tumor, tumor volume, and 

location inside a tumor (137).   

 Recent studies highlight the development of some promising carriers 

with pH-sensitive and, therefore, tumor-selective delivery promise.  For instance, Guo et 

al. (2011) demonstrated that superparamagnetic nanocarriers with folate-mediated and 

pH-responsive targeting properties delivered more DOX to HeLa cancer cells that are 

non-folate-conjugated carriers. Deng et al. (2011) reported that when mono-dispersed and 

pH-sensitive chitosan-silica hollow nanospheres were conjugated with an antibody to the 

breast cancer antigen ErbB2, delivery of the antitumour protein tumor necrosis factor 

alpha (TNF- ) caused greater tumor cell death.  However, what remains is the proper 

testing of these carriers in orthotopic models of tumor in animals.    
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2.5.2 Tumor intracellular pH (pHin) targeting 

 The endocytic pathway is one of the uptake mechanisms available to 

cells. The plasma membrane envelops the extracellular material to form a vesicle in the 

cell called an endosome that matures in a unidirectional manner from an early endosome 

to a late endosome {Gruenberg, 2006 #5; Varkouhi, 2011 #6; Gruenberg, 2006 #5}. The 

interior of the endosomal compartment is kept acidic (pH 6) by ATP-driven H+ pumps in 

the endosomal membrane that pump H+ into the lumen from the cytosol; in general, late 

endosome are more acidic than early endosomes. Fusion of a late endosome with an 

intracellular organelle forms a lysosome. The activity of a H+ ATPase in the lysosome 

membrane pumps protons into the intralysosomal space producing a pH ~ 5 which 

activates the lysosomal enzymes for degradation of extracellular material. This results in 

a limited delivery of therapeutic agents to intracellular targets. Therefore, in order to 

attain maximum pharmacological effect, a delivery system must be developed in which 

the drug is released from the endosomes into the cytosol before degradation in lysosomes.    

 

2.5.3 Classes of pH-responsive nanocarriers 

  pH-responsive nanocarriers can be constructed from stimuli-responsive 

polymers, which are able to sense small changes in microenvironmental pH that trigger a 

corresponding change in the polymer's physical properties such as size, shape or 

hydrophobicity.  Drugs are encapsulated within these polymeric matrices. As above-

mentioned, it is well-known that tumor tissues have lower pH than normal tissues, thus, 

antitumor drugs which are encapsulated or conjugated onto carrier materials could be 

released rapidly in the acidic microenvironment of tumor tissues (Figure 2.5). In order to 

improve the therapeutic effect of anticancer drugs which target the nucleus or other 

organelles or cytoskeletal structures after cellular uptake, the antitumor drug should be 

released rapidly from carrier materials in the acidic microenvironment of 

endosomes/lysosomes. 
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Table 2.3 pH in different human tumor xenografts (modified from Volk, T JE et.al., 

(140)).   
Histopathological tumor types pH 

Breast cancers SE(T60) 6.76 - 6.84 

REI 6.78 - 6.84 

JE 6.80 - 6.84 

GA 6.78 - 6.84 

BR 6.70 - 6.84 

CH 6.84 - 6.89 

MX-1 6.78 - 6.84 

Lung cancers SE 6.84 - 6.90 

KO 6.84 - 6.97 

SCHRO 6.68 - 6.84 

A 549 6.76 - 6.84 

LX-1 6.84 - 6.90 

LXFA 289 6.74 - 6.84 

LXFE 229 6.79 - 6.84 

SCLC 6.84 - 6.89 

Gastrointestinal cancers CXF 1103 (colon) 6.84 - 6.97 

WiDr (colon, adenoma) 6.74 - 6.84 

SP (stomach) 6.84 - 7.01 

Sarcomas BO (osteogenic) 6.75 - 6.84 

N4 (malignant fibrous 

histiocytoma) 6.84 - 6.91 

F8 (neurofibrosarcoma) 6.84 - 6.96 

Miscellaneous tumors STO (pancreas) 6.72 - 6.84 

LA (endometrium) 6.79 - 6.84 

GE (thyroid) 6.82 - 6.84 

MRI-H-212/B (melanoma) 6.84 - 6.90 

H-MESO (mesothelioma) 6.84 - 6.94 

Arterial blood 7.36 - 7.44 
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Figure 2.5  Schematic representation of pH-responsive nanocarriers targeting. pH 

responsive nanocarriers accumulate in the tumor tissue via the enhanced 

permeability and retention (EPR) effect through the leaky blood vessels. 

After pH-responsive nanocarriers accumulate in the tissue, the system is 

triggered to release the anticancer drug in response to pHe stimuli, or is 

taken up by cancer cells after binding to target antigens on the surface of 

the cancer cells. In this latter case the drugs are released inside the cancer 

cells by pHin stimuli. 
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2.5.3.1 Polymer-drug conjugates 

 Polymer-drug conjugates are nano-sized hybrid constructs 

that covalently combine a bioactive agent with a specific region of the polymer backbone 

to ensure not only its efficient delivery to the required intracellular compartment but also 

its availability within a specific period of time (141). For pH-sensitive polymer-

anticancer drug conjugates, various synthetic approaches have been adopted to include 

spacers such as acid-labile linkages between the polymer and drug in the polymer 

backbone or side-chain. Presence of acid-sensitive spacers between drug and polymer 

enables release of drug either in relatively acidic extracellular fluids in a tumor, or after 

endocytosis in the endosomes or lysosomes in tumor cells (Figure 2.6a).  

 Various types of polymers have been combined with a wide 

class of anticancer drugs to improve their pharmacological efficacy and reduce side 

effects.  Rodrigues and coworkers (142) designed DOX conjugates with polyethylene 

glycols (PEGs) of molecular weight 20 and 70 kDa which contain an amide or an acid-

sensitive hydrazone linker to release the drug inside the tumor cell by acid-cleavage of 

the hydrazone bond after uptake of the conjugates by endocytosis. The PEG–DOX 

conjugates containing the carboxylic hydrazone bonds exhibited in vitro activity against 

human BXF-T24 bladder carcinoma and LXFL-529L lung cancer cells while those 

containing an amide bond showed no activity. In addition, conjugates of daunomycin and 

alginates using the cis-aconityl bond (143), streptomycine and dextran using the 

hydrazone bond (144) and paclitaxel and PEG using the hydrazone bond (145) have been 

used for formulation of pH-triggered carrier systems.   
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Figure 2.6  Schematic pictures of different types of pH-sensitive nanocarriers and  

 their mechanism of drug release; (a) polymer–drug conjugates, (b)  

 dendrimers, (c) micelles, (d) liposomes and (e) nanogels. 
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 In recent years, the use of water-soluble synthetic polymers 

based on copolymers of N-(2-hydroxypropyl) methacrylamide (HPMA) as drug delivery 

systems has received increasing attention. These polymers are non-immunogenic and can 

be tailored to the characteristics of the specific target (146), the molecular weight of 

HPMA copolymers can be adjusted to alter biodistribution, tumor localization and 

glomerular filtration (147), the side chains of HPMA copolymers can also be activated to 

allow for covalent attachment of either a drug or an imaging agent (148), and HPMA 

copolymer-anticancer drug conjugates are currently undergoing clinical trials for their 

safety and efficacy for local delivery of chemotherapeutic agents to solid tumors (147).   

 In the HPMA-based conjugates, DOX has been attached to 

the copolymer via hydrolytically degradable pH-sensitive hydrazone bonds. It was found 

that the drug is released by mild acid hydrolysis in the endosomes of tumor cells. In 

contrast to classic conjugates with enzymatically induced drug release, these systems do 

not require the presence of lysosomal enzymes for drug activation (149). Etrych and 

coworkers (150) have synthesized and characterized the properties of acid-sensitive 

HPMA copolymer-based DOX conjugates. The drug is bound to the carrier through the 

hydrazone linkage combined with oligopeptide spacers, which are different in length and 

chemical structure (Gly–Gly and Gly–Phe–Leu–Gly). The conjugates are relatively stable 

at blood pH and release active drug under mild acidic conditions (pH 5). The release rate 

is higher for the conjugates containing diglycine spacer (Gly–Gly). In addition, HPMA 

was conjugated with human immunoglobulin, resulting in star-shaped immunoglobulin-

targeted polymer conjugates (151), where semitelechelic HPMA copolymer molecules 

are linked to the central immunoglobulin via one-point attachment. This results in a 

decrease in affinity of binding of conjugates to receptors expressed on the membrane of 

targeted cells.  

 Acetal linkages have also been utilized for the preparation 

of DOX–polyacetal conjugates because they undergo rapid hydrolysis at acidic pH. The 

water-soluble, hydrolytically labile, amino-pendant polyacetal is synthesized by 

terpolymerization of PEG, divinyl ethers and serinol. In vitro cytotoxicity studies show 
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the conjugates to be 10-fold less toxic than free DOX and in vivo studies exhibit 

prolonged blood half-life and enhanced tumor accumulation. Moreover, delivery of 

DOX–polyacetal conjugates to the liver and spleen are reduced (152). 

 Biopolymers have been used for formulation of anticancer 

drugs due to their biocompatibility and lack of toxicity. Hyaluronan (HA) is conjugated 

with DOX via hydrazone linkage for localized chemotherapy of breast tumor cells. The 

HA–DOX nanoconjugate exhibits sustained release characteristic, reduces toxicity and 

inhibits breast cancer progression in xenografts of human breast cancer, leading to an 

increased survival rate (153).The other biopolymer, pullulan, has also been used to 

synthesize the folate–decorated maleilated pullulan–DOX (FA–MP–DOX) conjugate. 

The conjugate exhibits higher cytotoxicity and enhanced cellular uptake when compared 

to free drug. Moreover, DOX could be released from the conjugate by hydrolysis, which 

is sensitive to pH (154).  

 

   2.5.3.2 Dendrimers 

 Dendrimers are highly branched, globular macromolecules 

with many arms radiating from a central core (155). They have excellent polydispersity, 

and the ability to display a high surface functionality along with water solubility makes 

dendrimers attractive for drug delivery and biomedical applications (156). The stepwise 

synthesis of dendrimers presents molecules with a highly regular branching pattern, a 

unique molecular weight or a low polydispersity index, and a well-defined number of 

peripheral groups. Poly(amidoamine) (PAMAM) dendrimers were the first to be 

synthesized and commercialized among the dendrimer family (156). Synthesis of 

PAMAM dendrimers is initiated using an alkyldiamine core (for example, ethylene 

diamine), which reacts with methylacrylate monomers to produce a branched 

intermediate that can be transformed to the smallest generation of PAMAM dendrimers 

with -NH2, -OH, or -COOH surface groups (157). The advantage of PAMAM as drug 

carrier is that it can enhance the biodistribution of drugs and EPR effect for targeting 

tumors (158, 159). The pH-responsive dendrimers can be fabricated by tailoring 
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functional groups at the surface of dendrimers. In addition, the anticancer drug is attached 

via pH-sensitive linkages into dendrimer–drug conjugates. The mechanism of drug 

release is the same as for polymer–drug conjugates in that the linkages of pH-responsive 

dendrimers remain stable in the systemic circulation but are quickly hydrolyzed in acidic 

environment (pH < 7) like the tumor tissue, thus releasing the incorporated drug inside 

the target cell (Figure 2.6b).  

 Biocompatible PEG has been frequently used to modify 

PAMAM dendrimers to overcome possible cytotoxicity, improve blood circulation time 

and increase tumor accumulation by heightening the EPR effect (160). Kono and 

coworkers (161) used hydrazone bonding to conjugate DOX to fully PEGylated PAMAM 

dendrimers. They found that the conjugate exhibited rapid drug release in a weak acid 

environment and higher cytotoxicity when compared to free drug.    

 Recently, Liu and coworkers (162) modified PAMAM 

complexes with lactose–PEG–poly(methacryloylsulfadimethoxine) diblock copolymer 

(LA-PEG-b-PSD) by electrostatic interaction. In water, the polysulfadimethoxine is 

weakly acidic due to the readily ionizable hydrogen atom in the amide bond. In a weak 

acidic environment (pH 6.5), the complexes show a higher drug release than in 

physiological pH (pH 7.4) due to the electrostatic attraction between LA-PEG-b-PSD and 

PAMAM dendrimers being abolished at pH 6.5 and the complexes disintegrating to free 

PAMAM dendrimers. In addition, the complex exhibited higher antitumor efficacy, 

compared with non-targeted PAMAM/DOX and free DOX. The attempt to incorporate 

acid-sensitive cis-aconityl linkage between DOX and PAMAM to produce PEG–

PAMAM-cis-aconityl-DOX (PPCD) conjugates was made (163). DOX release from 

these conjugates followed acid-triggered kinetics. PPCD conjugates displayed greater 

antitumor activity in animal models when compared to PEG–PAMAM–succinic–DOX 

(PPSD) conjugates which incorporated the acid-insensitive succinic linkage. PAMAM–

DOX and superparamagnetic iron oxide (Fe3O4) nanoparticles (IONPs) have been 

constructed and characterized by Chang and coworkers (2011). DOX was conjugated to 

PAMAM dendrimer and then attached to oleylamine stabilized IONPs. This system 



34 
 

 
 

shows better cancer imaging ability as MRI contrast agents as the result of the EPR effect 

and have the potential to enhance cancer therapy in the course of delivering anticancer 

drugs to their target sites relying on pH-controlled DOX release, thereby greatly 

improving the efficacy of this anthracycline.   

 

   2.5.3.3 Micelles 

 Micelles are spherical supramolecular nanoassemblies 

ranging from 20 to 100 nm in size that have attracted considerable interest as potential 

drug nanocarriers due to their unique properties such as high solubility, high drug-loading 

capacity and low toxicity (164). Polymeric micelles are created by a spontaneous self-

assembly of individual polymeric molecules that are synthetic amphiphilic di-block or tri-

block copolymers comprised of hydrophilic and hydrophobic blocks. Usually, micelles 

are spherically-shaped structures with a hydrophobic core and hydrophilic shell (164). 

pH-responsive polymeric micellar systems are developed by using pH-sensitive linkages 

(hydrazone linkage) or attaching “titratable” groups such as amines or carboxylic acids 

into the block copolymers such that micelle formation is controlled by the protonation of 

these groups. Particularly, at the tumoral acidic pH condition, sudden demicellization of 

pH-responsive micelles engenders rapid drug release (Figure. 2.6c), but very slow 

release rate under physiological conditions (pH 7.4). 

 For instance, DOX has been attached to the side-chain of 

the core-forming segment of a block copolymer via an acid-labile hydrazone linkage 

(165). A biodistribution study demonstrated minimal leakage of free drug into blood 

circulation and a selective accumulation in solid tumors where it was released from the 

micelles upon intracellular uptake via endocytosis. In another study, acetal-based acid-

labile drug carriers have been developed for controlled anticancer drug delivery (166). 

The amphiphilic triblock copolymers are synthesized from hydrophobic polyacetal and 

poly(ethyl glyoxylate) (PEtG), and hydrophilic methoxy PEG is attached to both ends of 

the PEtG block (PEG–PEtG–PEG). The micelles released paclitaxel in a pH-dependent 

manner via acid-catalyzed hydrolysis (166).   
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 In addition, pH-sensitive polyacids or polybases may be 

used as building blocks for polymeric micelles that convey pH-sensitivity to drug release. 

For example, protonation of a polybase poly(l-histidine) in the hydrophobic core of 

mixed PEG–poly(l-histidine)/PEG–poly(l-lactic acid) micelles in the tumor cells results 

in destabilization of micelle cores and expedient drug release (167). When these micelles 

are targeted to multidrug-resistant breast cancer MCF7/AD tumors using folate labeling, 

more cells were killed by the drug. The internalization of micelles proceeds via receptor-

mediated endocytosis followed by drug release inside the cells, which circumvents drug 

contact with p-glycoprotein efflux pumps located in the cell membrane (168).  

 Flower-shaped micelles based on poly(l-lactide)-b-poly(2-

ethyl-2-oxazoline)-b-poly(l-lactide) were also designed as intracellular drug carriers 

(169). This system can protect drug molecules in the hydrophobic inner core when 

circulating in blood. At acidic conditions, DOX is eventually released by a deformation 

of the core-shell structure which is promoted by the aggregation of poly(2-ethyl-2-

oxazoline) due to the formation of inter- and intra-hydrogen bonding between protonated 

nitrogen and carbonyl groups (169). A delivery system comprised of polyion complex 

micelles is another approach which has been expected to lead to pH-triggered drug 

release from the micelle due to ionization in an acidic environment. Cai and coworker 

(2011) constructed onion-like micelles based on the hierarchical assembly of core–shell 

trimethyl chitosan- -poly( -caprolactone) (TMC-PCL) micelles and carboxyethyl 

chitosan- -poly(ethylene glycol) (CEC-PEG). DOX-loaded onion-like micelles displayed 

excellent pH sensitivity since they could abruptly disassemble into core–shell micelles 

via a small change in pH. The polymeric micelles constitute of diblock copolymers one 

of which (PEG–PSD) is pH-sensitive while the other (PEG–PLLA) is conjugated to the 

non-specific cell-penetrating (TAT) peptide. The complex formed between a positively-

charged TAT and negatively-charged PSD is stable at neutral pH and is destabilized at 

acidic pH, resulting in TAT exposure on the micelle surface. According to this 

phenomenon, micelle intracellular uptake is significantly higher at pH 6.6 compared to 

pH 7.4 (170). DOX-loaded pH-sensitive micelle based on triblock copolymers, 
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poly(ethylene glycol)-poly(L -histidine)-poly(L-lactide) (PEG-PH-PLLA) that can self-

assemble into core–shell structural micelles were developed. The drug-loaded micelles 

showed rapid release of DOX from the micelles in mild acidity (162).    

  

2.5.3.4 Nanogels 

 The pH-responsive hydrogels are composed of cross-linked 

polyelectrolyte polymers with pendant acidic and/or basic functional groups in their 

backbones; these groups can accept or release protons, responding to pH changes in the 

aqueous media (171). In aqueous media of appropriate pH and ionic strength, the pendant 

groups ionize and develop fixed charges on the polymer network, generating electrostatic 

repulsive forces responsible for pH-dependent swelling or deswelling of the hydrogel 

(172) thereby controlling the drug release (Figure 2.6d). Pendant groups of acidic 

(anionic) hydrogels are unionized below and ionized above the pKa of the polymeric 

network, leading to swelling of the hydrogel at a pH above the polymer pKa because of a 

large osmotic swelling force by the presence of ions. The reverse is the case for basic 

(cationic) hydrogels, which swell at lower pH. According to these approaches, the 

anticancer drug could be released rapidly in the acidic microenvironment of the 

endosomes/lysosomes or tumor tissues. 

 Many biodegradable materials with pH-sensitivity have 

been employed to prepare pH-sensitive nanogels and their pH-dependencies have been 

investigated. Pullulan acetate, a linear polysaccharide, has been utilized with 

sulfadimethoxine (SDM, pKa 6.1) to prepare pH-sensitive and self-assembled hydrogel 

nanoparticles. This hydrogel demonstrated enhanced DOX release in response to lower 

pH and increased cytotoxicity (173). Oishi and coworkers (174) loaded DOX into 

PEGylated nanogels and found enhanced antitumor activity in vitro. The PEGylated 

nanogels exhibited intracellular release of DOX in response to endosomal pH, thereby 

conferring a higher level of bioavailability than free DOX and more effective antitumor 

activity than free DOX against human hepatoma cells. Chitosan has been widely used to 

prepare pH-sensitive nanogels due to its many desirable properties, including the fact that 
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the amino groups present on the polymeric chains are protonated at pH below its pKa (pH 

6.2), therefore chitosan can be responsive to external pH stimulation (175).  

 A copolymer of chitosan and N-isopropylacrylamide carrier exhibits pH-

sensitive responses to tumor pH in which the release rate was enhanced below pH 6.8, 

with paclitaxel-loaded nanoparticles showing anticancer activity in tumor-bearing mice 

(176). Chitosan that was chemically modified to glycol chitosan (GCS) by a facile 

synthetic method is used to formulate a nanogel system composed of GCS grafted with 

multiple 3-diethylaminopropyl groups (177). The DOX-loaded nanogels showed an 

enhanced DOX release at tumor extracellular pH (pH 6.8), due to the protonation of 3-

diethylaminopropyl group. Wu and coworkers (2010) developed a class of chitosan-based 

hybrid nanogels with CdSe quantum dots in situ immobilized in the chitosan-

poly(methacrylic acid) (chitosan PMAA) semi-IPN networks. Both chitosan and PMAA 

chains are pH-sensitive, while the CdSe QDs are designed as an optical identification 

code for biosensing and cellular imaging. In the typical abnormal pH range of 5-7.4, this 

system exhibits a significant change in the physicochemical environment of the 

embedded QDs for converting chemical/biochemical signals to optical signals and 

regulates the release of anticancer drug temozolomide (TMZ) trapped in the nanogel. 

Furthermore, pH-responsive nanogels composed of glycol chitosan (GCS) grafted with 

functional 3-diethylaminopropyl (DEAP) groups was fabricated. This system was 

destabilized due to the protonation of DEAP. At physiological pH, the nanogel exhibited 

self-assembly, and when the pH decreased to tumor extracellular pH (pH-6.8), the 

nanogel was destabilized due to the protonation of DEAP and accelerated DOX release 

from nanogels (178).  
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2.5.3.5 Others 

 Recently, pH-sensitive hybrid nanocarriers composed of organic 

and inorganic materials have been fabricated and explored as new platforms for 

diagnostic and therapeutic purposes. Deng and coworkers (2011) fabricated mono-

dispersed hollow silica nanoparticles and then decorated them with chitosan using the 

cross-linking reaction with (3-glycidyloxypropyl) trimethoxysilane). The resulting hollow 

silica nanoparticles with a pH-sensitive polyelectrolyte layer are conjugated to the 

antibody molecule (to ErbB2) to produce the desired nanocarriers for targeted TNF-  

drug delivery to breast cancer cells. 

 

2.6 Dextrin and dextrin nanogels 

Dextrins are saccharide polymer containing D-glucose units linked by -

(1→4) glycosidic bond, having the same general formula as starch, but being smaller and 

less complex. This polysaccharide is produced by partial hydrolysis of starch, which can 

be accomplished by the use of heat, acid, enzymes, or a combination of these. Dextrin is a 

widely used material with a variety of applications, from adhesives to food additives and 

textiles (179). According to the biocompatibility and degradability properties of dextrin, 

this material is used to prepare biodegradable drug carriers, especially hydrogels, with 

applications in a large number of areas such as medicine and pharmacy (179, 180). 

Various techniques have been explored for the production of polysaccharide nanogels, 

including free radical graft polymerization, cross-linking by chemical reactions, 

radiation-induced polymerization and cross-linking, and novel self-assembly processes 

(181).  

In previous work, Gonçalves et al. developed and characterized nanogels 

obtained from self-assembling of hydrophobically-modified dextrin (182, 183). The 

obtained nanogels have high colloidal stability and are spherical. Moreover, the 

interaction with murine macrophages and blood clearance were evaluated (184). The 

results showed that the nanogel is non-cytotoxic and are phagocytosed by macrophages. 

The blood clearance study showed that the blood removal of the nanogels occurs in the 
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first 3 h after intravenous administration, with about 30% remaining at this stage, then 

continuing slowly up to 24 h. Accordingly, with the fairly high blood circulation time and 

biocompatibility, the dextrin nanogels are promising carriers for biomedical applications 

(184). Recently, dextrin nanogels have been used for solubilisation and delivery of 

lipophilic curcumin (185). It showed that the nanogels served as an effective nanocarrier 

by increasing curcumin water solubility, improving curcumin stability and controlling 

curcumin release profile.  

 

2.7 Preparation of nanogels using emulsion cross-linking technique 

In general, nanogels show a swelling behavior instead of dissolution in the 

aqueous surrounding environment as a result of the cross-links present in the nano-sized 

structure. These cross-links are of two main varieties: i) physical and ii) chemical (186). 

In physically cross-linked nanogels, the networks are linked together by physical 

interactions such as hydrogen bonds, chain entanglements, Van der Waals forces, 

electrostatic interactions, and hydrophobic interactions (187). The preparation of these 

nanogels is conducted in mild conditions and in aqueous media (188). However, these 

physically cross-linked nanogels tend to lose their stability in vivo after intravenous 

administration due to the effect of physiological environment, that is, ionic strength, pH, 

and protein adsorption (189, 190). Alternatively, chemical cross-linking involves grafting 

of monomers on the backbone of the polymers or the use of a cross-linking agent to link 

two polymer chains via a covalent bond. The chemically cross-linked nanogels are 

mechanically and thermally stable and possess a high degree of stability in physiological 

environments. The cross-linking of natural and synthetic polymers can be achieved 

through the reaction of their functional groups (such as OH, COOH, and NH2) with cross-

linkers such as aldehyde (for example glutaraldehyde, adipic acid dihydrazide) (106, 186, 

188). The water-in-oil (w/o) emulsion cross-linking technique provides broad capabilities 

for variations in nanogel structure that involves the dispersion of the aqueous phase in the 

oil phase with presence of effective surfactant system to produce nanoscale droplets or 

nanoemulsions. The droplets of nanoemulsions can maintain the shape and size of the 
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particles within the dispersed phase while generating starch particles through a cross-

linking reaction (191). Since the nanoemulsion is a non-equilibrium system, energy input 

from chemical potential or mechanical devices is required (192). Nanoemulsion can be 

prepared by high-energy emulsification methods or by low-energy emulsification 

methods (193). Low-energy emulsification method creates chemical potential through the 

use of surfactants. However, this method requires large quantity of surfactants compared 

to the nanoemulsion which is obtained by high-energy method. High-energy 

emulsification requires large mechanical energy generated by rotor–stator equipments, 

high-pressure homogenizers or ultrasound generators, to produce fine droplets (194). The 

high-energy input provides forces that are able to deform and break off drops into smaller 

ones, provided the Laplace pressure is overcome. Adsorption of surfactant at the drop 

interface reduces the Laplace pressure (195), however, the smaller the droplet size, the 

higher the energy required for further drop break-off (196). Aldehyde starch 

nanoparticles (DASNPs) are obtained by oxidation of starch with sodium periodate in 

w/o microemulsion and DOX is loaded into the DASNPs. The average diameter of a 

DASNP determined by SEM is about 100 nm. The cell experiment showed that the drug-

carrier particle (DOX-DASNP) can release DOX for a long time and increase the effect 

of the anticancer drug. This work demonstrated that the DASNP, which has good thermal 

stability, small particle size, low biological toxicity, and slowly anticancer drug release to 

increase drug activity, is a potentially useful carrier for anticancer drug (197). However, 

this study did not prove that the drug can be released at only the tumor site.
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CHAPTER 3 

MATERIALS AND METHODS 
 

3.1 Materials 

3.1.1 Dextrin MW 1400 Da (D2) (Siam Modified Starch Co., Ltd., 

Thailand) 

3.1.2 Dextrin MW 1000 Da (D4) (Siam Modified Starch Co., Ltd., 

Thailand) 

3.1.3 n-Hexane 99% AR (Lot No. 040110999, RCI Labscan, Thailand) 

3.1.4 Span  80 (sorbitane monooleate) (Lot No. 11003B, PC 

Drug Center Co., Ltd., Thailand) 

3.1.5 Span   83 (sorbitane monooleate) (Lot No.102108, PC Drug Center 

Co., Ltd., Thailand) 

3.1.6 Tween   80 (polsorbate) (Lot No.1/23037-37, PC Drug Center Co., 

Ltd., Thailand) 

3.1.7 Brij  30 (Lot No. 100197,  PC Drug Center Co., Ltd., Thailand) 

3.1.8 Glyoxal (Lot No STBD1008, Sigma-Aldrich Chemie, Germany). 

3.1.9 D-(+)-Glucose (Lot No. 0001420414, Sigma, USA) 

3.1.10 Absolute ethanol (Lot No. 14010154, RCI Labscan, Thailand) 

3.1.11 Formaldehyde (Lot No. 110700250, RCI Labscan, Thailand) 

3.1.12 Hydrochloric (Lot No. 10070057, RCI Labscan, Thailand) 

3.1.13 Cremophor  RH40 (Lot No. 04770897VO, BAFS, Germany) 

3.1.14 Cremophor  EL (Lot No. 29000716KO, BAFS, Germany)  

3.1.15 Sodium chloride (Lot No. 0811292, Ajax Pty Ltd, New Zealand) 

3.1.16 Sodium hydroxide (Lot No. B0274298, Merck, USA)
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3.1.17 Potassium dihydrogen phosphate (Lot No. 5H050017F, CARLO 

ERBA, France) 

3.1.18 Phosphate buffered /saline ( Lot No. 059k8215, Sigma, USA) 

3.1.19 Trypan blue stain 0.4% (Lot No. J120-6, JR Scientific Inc., USA) 

3.1.20 Dimethyl sulphoxide (DMSO) (Lot No. RNBB8470, Sigma, USA) 

3.1.21 Dulbecco’s modified Eagle medium (DMEM, Lot No.  

RNBB6109, Invitrogen, USA) 

3.1.22 Fetal bovine serum (Lot No.  8105552, Invitrogen, Australia) 

3.1.23 Penicillin steptomycin (Lot No. 031M0787, Invitrogen, USA) 

3.1.24 L-Glutamine (Lot No.  RNBB0222, Invitrogen, UK) 

3.1.25 0.25 % trypsin-EDTA solution (Lot No.  11D359, Invitrogen, UK) 

3.1.26 CellTiter-Blue® (CTB) (Promega, Melbourne, Australia) 

3.1.27 Rat cardiomyocyte H9c2 cells, obtained from the American Tissue 

Cultur Collection (ATCC; Manassas, VA, USA).  

3.1.28 Murine bone marrow-derived mesenchymal stem cells (MSCs) 

(ATCCManassas, VA, USA).  

3.1.29 Human bone osteosarcoma cell (143B) ATCC; Manassas, VA, 

USA). 

3.1.30 Mouse colon carcinoma cell line (CT26) (ATCC; Manassas, VA, 

USA).  

3.1.31 Human colorectal adenocarcinoma cell line (HT29) (ATCC; 

Manassas, VA, USA).  

3.1.32 Human breast cancer cell line (MDA-231) (ATCC; Manassas, VA, 

USA). 

3.1.33 Irrigation water (Lot No. 0908061, General Hospital Product 

Public Co., Ltd., Thailand) 

3.1.34 Doxorubicin hydrochloride ( Lot No. 031M1348V, Sigma, USA) 

3.1.35 Sodium hydroxide (Lot No. B0274298, Merck, USA)
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3.2 Equipments 

3.2.1 Analytical balance (CP 224s Sartorious, Germany) 

3.2.2 Centrifuge (Uniersal 320r, Hettich, Germany) 

3.2.3 CO2 Incubator (HERA Cell 240, Heraeus, Germany) 

3.2.4 Desiccators (Biologix Research Company, USA) 

3.2.5 Drop shape instrument (FTA 1000, First Ten Angstroms, USA) 

3.2.6 Freeze dryer (FreeZone2.5, Labconco, USA) 

3.2.7 FT-IR spectrophotometer (Magna-IR system 750, Nicolet Biomedical 

Inc., USA) 

3.2.8 Hot air oven (D63450 Hanau, Heraeus, Germany) 

3.2.9 Laminar air flow cabinet (Hera Safe, Heraeus, Germany) 

3.2.10 Light microscope (CX41RF, Olympus, Japan) 

3.2.11 Micro-plate reading spectrofluorimeter (Fluoroskan Ascent™ FL, 

Thermoscientific, USA) 

3.2.12 Magnetic stirrer (Mettler-Toledo GmbH, Germany) 

3.2.13 pH meter (Seveneasy Mettler-Toledo, Switzerland) 

3.2.14 Particle size analyzer (LA-950, Horiba, Japan) 

3.2.15 Zeta-potential analyzer (Zeta Plus, Brookhaven, USA) 

3.2.16 Scanning electron microscope (MX 2000, Camscan Analytical, UK) 

3.2.17 Shaker incubator (SI4-2, SL SHEL LAB,  USA)  

3.2.18 UV-Spectrophotometer (Lamda2, Perkin Elmer Life Sciences Inc., 

MA, USA) 

3.2.19 Transmission electron microscope (JEM-2100, Jeol, Japan) 

3.2.20 Vortex mixer (VX-100, Gibthai, Thailand) 

3.2.21 Zetasizer (Nano ZS, Malvern Instruments Ltd., UK,) 

3.2.22 Ultrasonic Processor (UP400S, Hielscher, Germany) 

3.2.23 Ultraview confocal laser scanning  microscopy (Ultraview-Vox, 

PerkinElmer Life Sciences Inc., MA, USA)  
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3.2.24 Anesthesia Systems (Fluovac, Harvard Apparatus, USA) 

3.2.25 Ear punch (INS750075-5, Kent Scientific, USA) 

3.2.26 Two sets of surgical instruments (including 4.5-inch iris scissors, 

straight, sharp ends; 4.5-inch tissue forceps; 4.75-inch delicate dressing forceps; 5.5-inch 

needle holder; suture (Prolene suture 5-0); disposable scalpels) 

3.2.27 Syringes with needles (BD SafetyGlide™, Becton, Dickinson and 

Company, USA) 
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3.3 Methods 

3.3.1 Determination of dextrin molecular weight by high preformance size 

exclusion chomatography (HPSEC) system  

 The HPSEC system consisted of a HPLC system (Agilent 1200 series, 

Agilent Technologies, USA) equipped with a low temperature evaporative light 

scattering detector (ELSD-G4218A, Agilent Technologies, USA) set at 80°C. The 

chromatographic columns were polyhydroxymethacrylate-based columns (Shodex 

OHpak SB-804 HQ, 8.0mm I.D. x 300mm,  Shodex, Japan) connected in series and 

maintained at 40°C in an oven. The columns were eluted with deionized water at a flow 

rate of 0.4 mL/min.  

 The HPSEC system was calibrated with dextran standards (Polymer 

Standards Services, Sigma-Aldrich Production); molecular weight (MW) = 1000, 5000, 

25,000, 80,000 and 150,000 Da. From the resulting elution profiles the calibration curve 

of log molecular weight versus elution time was drawn. The retention time at the 

maximum height of each peak was taken to represent the retention time for that particular 

molecular weight (Stone and Krasowskl, 1981). 

     The average MW was determined as described by Lehtonen (1988). 

The chromatogram of the dextrin samples was divided into slices of 5 s. width and the 

area under each section of the chromatogram was obtained through integration using the  

instrument’s software (GPC/SEC software, Agilent Technologies, USA). The MW of 

each slice was determined using the calibration curve of the system. 

3.3.2 Determination of critical micelle concentration (CMC) 

   The CMC of surfactant was evaluated by measuring an interfacial 

tension, which was determined by fitting a shape of drop (in a captured video image) to 

the Young-Laplace equation that relates interfacial tension to drop shape using static drop 

shape analysis (FTA 100, Data Physics Corparation, USA) operated with the FTA32 v2.0 

software. All measurements were conducted at ambient temperature (25°C). Several 

dilutions of each surface active agent were made in water. An aqueous droplet containing 
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5.0-45.0% (w/w) of surfactant (Span  80, Span  80+Tween  80, Span  80+Brij  30, 

Span  80+Chemophore  RH40, and Span  80+Chemophore  EL) was automatically 

formed at the tip of needle using a needle with inner diameter of 0.635 mm, which was 

immersed in a glass cuvette containing the hexane phase. The hexane-water interfacial 

tension of various surfactants and various concentrations was determined immediately 

after drop formation. The mean values of three measurements taken at ambient 

temperature (25°C) were reported.  From the results of the interfacial tension 

measurement, CMC values were extrapolated. The instrument was calibrated against 

distilled water.  

 

3.3.3 Preparation of nanoemulsion templates 

   Nanoemulsion templates were prepared by adding different amounts of 

water into the n-hexane phase containing a mixture of Span  80 and Tween  80 or Brij  

30 at various ratios; then, these mixures were emulsified by high power ultrasonicator 

(400 W, 24 KHz) with constant amplitude (100%) for 3 min. A water bath was also used 

to maintain the temperature of the mixture at 30 2ºC.  

  

3.3.4 Preparation of dextrin nanogels (DNGs) 

   As shown in Figure 3.1, dextrin and DOX were dissolved in the water 

phase to obtain the final concentration of 5% (w/w) and 0.2 mg/mL, respectively. The 

water phase was added to the emulsion template and ultrasonicated for 1 min to form 

nanoemulsions. After the nanoemulsions were homogeneously mixed, glyoxal as a cross-

linker was added immediately, homogenized by ultrasonication for 30 min and stirred 

with a magnetic stirrer for 12 h to continue the cross-linking reaction. The obtained 

DNGs were precipitated from the nanoemulsions by adding 99% (v/v) ethanol and 

washed 3 times with ethanol and finally rinsed in water. Subsequently, the DNGs were 

freeze-dried for 24 h. The dried DNGs obtained from the freeze-drying process was kept 

in zip-lock plastic bags and storaged in the refrigerator (4°C) till further analysis.   
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Figure 3.1  Schematic of the preparation of pH-responsive dextrin nanogels. 
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 3.3.5 Droplet size and surface charge ( -potential)  

   The mean droplet size and surface charge of the prepared dextrin 

nanogels were determined using a Zetasizer (Nano ZS, Malvern Instruments Ltd., UK), a 

laser scattering particle size distribution analyzer (LA-950, Horiba, Japan) and zeta 

potential analyzer (Zeta Plus, Brookhaven, USA), respectively. The measurement of 

particle size and surface charge was performed in triplicate.   

 

 3.3.6 Morphology  

 Surface morphology of dried DNGs was observed using scanning 

electron microscope (SEM; Maxim-2000, Camscan Analytical, England) and 

transmission electron microscope (TEM; JEM-1230, JOEL Corp., Japan). SEM samples 

were sputter-coated with gold to increase their conductance. TEM analyses were 

performed by sample mounting on a copper glider grid of 3.5 mm with a single aperture, 

adsorbed with a filter paper and air-dried for 20 minutes, prior to the morphology 

examination.  

 

3.3.7 FT-IR spectroscopic analysis  

 The prepared nanoparticles were blended with KBr and compressed at a 

pressure of 5 tons for 30 s. The KBr discs were scanned by FTIR spectrophotometer 

(Nicolet, Magna 750, USA) in a range of 4000-400 cm-1.  

 

3.3.8 Drug content and encapsulation efficiency 

 DNGs were dispersed in 1.0 N HCl and stirred for 12 h. Subsequently, 

the suspensions were filtered through a 0.45-μm cellulose acetate membrane. The DOX 

concentration in DNGs was determined by measuring UV absorbance at 495 nm with a 

UV/vis spectrophotometer (T60U, PG Instrument Ltd., England). All measurements were 

performed in triplicate.  
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 DOX concentration was then calculated based on a standard curve of 

known amounts of DOX in 0.1 N HCl. Loading content and  encapsulation efficiency 

were defined as:   

  

          Loading content (%)          =   

 

      Encapsulation efficiency (%) = 

 

  

3.3.9 In vitro drug release study 

 DOX-loaded DNGs were added to a dialysis membrane bag (Cellu-Sep 

T2 MWCO 6-8 kDa; Membrane Filtration Products Inc., Belgium). The dialysis 

membrane bag was sealed and then immersed in a glass bottle containing 25 mL of fresh 

phosphate buffer saline (PBS) at different pHs  (pH 7.4, 6.8 and 5). The release of DOX 

from the DNGs was performed under mechanical shaking (100 rpm) at 37°C using an 

environmental shaker incubator (ES-20, Orbital Shaker-Incubator, Biosan, Latvia). At 

certain time points, the outer phase of the dialysis membrane bag was harvested and 

replaced with fresh PBS in order to maintain a sink condition for DOX. The DOX 

concentration in the outer phase was determined under UV/vis absorbance mode at 495 

nm. 

 

3.3.10 Stability test 

  Stability of DNGs were evaluated followed by the ICH Q1A (R2) 

guideline. The dried DNGs and dispersed DNGs were kept in two conditions, i.e., 

25ºC±2ºC/60%±5%RH (accelerated conditions) and 5±3ºC (long-term condition) before 

further investigation of particle size, zeta-potential, drug remaining and pH dependent 

drug release.  

 

  

      Weight of loaded drug (mg)   x 100              (1) 

   Weight of drug-loaded nanogels (mg)    

   Amount of drug in nanogels (mg)   x 100         (2) 

Theoretical amount of drug in nanogels (mg)    
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3.3.11 In vitro cytotoxicity  

3.3.11.1 Cell culture 

 Normal murine mesenchymal stem cells (MSCs), rat 

cardiomyocyte cell line (H9c2), human osteosarcoma cell line (143B), mouse colon 

carcinoma cell line (CT26) and human colorectal adenocarcinoma cell line (HT29) were 

cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-

inactivated foetal bovine serum (FBS) and 1% penicillin–streptomycin at 37°C in a CO2 

incubator with 5% CO2. The cells were harvested with 0.025% trypsin, checked to be at 

least 90% viable, and then used for assay setup. 

   

3.3.11.2 Seeding cells on 75cm2 T-flask  

 The supplemented DMEM (as shown in Table 3.1) was 

placed in the water bath at 37°C for 15-20 min. The cell lines were taken out from the 

liquid nitrogen tank and then passage number of the cells was recorded.  The cells were 

thawn by immersing in the water bath at 37°C. The cells (200,000 cells) were seeded 

onto 75-cm2 cell culture flask together with 20 mL of the culture medium. Cells were 

incubated at 37°C in humidified atmosphere of 5% CO2 and 95% air with medium 

exchange after 2 days of incubation. 

 

Table 3.1  Compositions of supplemented DMEM (100 mL). 

 

 Concentration Volume (mL) 

1. DMEM - 74 

2. Fetal bovine serum (FBS) 20% 20 

3. Penicillin/streptomycin 10,000 U/10 mg 1 

4. L-glutamine 5% 5 
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3.3.11.3 Passaging cells 

   The supplemented DMEM, PBS pH 7.4 and trypsin-

EDTA were warmed in the water bath at 37°C for 15-20 min. The used medium was 

removed and the cells were washed twice with 5 mL of PBS.  Trypsin-EDTA (2 mL) was 

used for trypsinizing cell.  The detachment of cell was observed under microscope to 

confirm the appearance of single cells. The cells were then incubated at 37°C for 5 min, 

as longer period of incubation would cause cell clumping.  The action of trypsin was 

stopped by adding 8 mL of culture medium. Cells were transferred into 50 mL Falcon’s 

tube and then centrifuged at 1000xg for 2 min at room temperature. The supernatant was 

discarded and pelleted cells were resuspended with 1 mL of culture medium.  The cells 

were seeded at density of 200,000 cells into new T-flasks with 19 mL of culture medium.  

Cell culture was incubated at 37°C in a humidified atmosphere of 5% CO2 and 95% air, 

and the medium was changed every 2 days of incubation.  

 

 3.3.11.4 Cell counting 

     The pelleted cells were re-suspended in 1 mL of culture 

medium and then 10 μL of the cell suspension was sampling and mixed with 90 μL of 

0.04% w/v trypan blue dye in the mixing bed of hemocytometer.  The mixture (10 mL) 

was withdrawn and put in each capillary of hemocytometer for cell counting. The cell 

was examined under an inverted light microscope equipped with 10x objective lens 

(CX41RF, Olympus, Japan).  Viable cells were marked by the yellow color whereas the 

dead cell showed the blue color. The percentage of viable cell was calculated (n=3) as the 

following Equations 3 and 4 (n=3): 

        
       Percentage of living cells =             living cells         x 100    (3)     

             living cells + dead cells 

   

 Number of cells    =  living cells x 10 (dilution factor) x 2500  (4) 
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 3.3.11.5 In vitro cytotoxicity 

 The in vitro cytotoxicity of DOX-loaded DNGs was 

investigated by determining the cell viability using CellTiter-Blue® assay (Promega, 

Melbourne, Australia). Briefly, cells were seeded in 96-well plates at a density of 5×103 

cells/well and incubated in DMEM for 24 h. Then, the medium was replaced by DOX-

loaded DNGs or empty DNGs or free DOX samples, diluted in DMEM and incubated for 

24 or 48 h. DOX doses of 1 or 5 M were tested. At given time intervals, CellTiter-Blue® 

reagent was added and incubated for 30 min in the incubator. The fluorescence intensity 

was measured by microplate reader (Enspire® 2300, Perkin-Elmer, Waltham, MA, USA) 

at Em 488 nm / Ex 530 nm, in triplicate.  

 

3.3.12 Quantification of cellular uptake 

 

 3.3.12.1 Fluorescence microscopic determination of cellular uptake 

 Cellular uptake was observed by an inverted 

fluorescence microscope (IX51, Olympus, Tokyo, Japan). For fluorescence microscopic 

observation, each cell line was seeded in the cell culture dish at a density of 105 cells/dish 

and incubated in free DOX or DOX-loaded DNGs (5 μM DOX equivalent) for different 

time periods. At given time intervals, the dishes were rinsed twice with PBS (pH 7.4) to 

remove drug not taken up by the cells. The fluorescent images of cells were acquired on 

an inverted fluorescence microscope. 

 

 3.3.12.2 Confocal microscopic determination of cellular uptake    

 Cells were seeded in a sterile chamber at a concentration 

of 1×105 cells/well in 2.0 mL of DMEM and cultured at 37°C for 24 h and then treated 

with DOX-loaded DNGs or free DOX at a final DOX concentration of 5 μM for 2, 4 and 

8 h. Then, the cells were washed with PBS and incubated at 37°C for an additional 30 

min with 1 μM 4',6-diamidino-2-phenylindole nuclear counterstain. Thereafter, the cells 

were washed twice with PBS and fixed with 4% (w/v) formaldehyde in PBS for 30 min at 
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room temperature. The fixed cells were examined under an UltraVIEW® VoX confocal 

laser scanning microscope (CLMS) (Perkin Elmer, Massachusetts, USA) and imaging 

system with Volocity 6.0.1 software (Perkin Elmer, Massachusetts, USA).  

 

3.3.13 In vivo study 

 The DNGs formulation that show the highest cytotoxicity against 

CT26 cells was selected to future in vivo study  

3.3.13.1 Preparation of colon carcinoma cells for orthotopic 

implantation  

     The murine CT-26 colon carcinoma tumor cells were 

seeded in 75-cm3 flasks containing DMEM supplemented with 10% fetal bovine serum 

and 1% penicillin/streptomycin in a 5% CO2 incubator for 48 h. Then, cells were 

harvested by trypsinizing with trypsin-EDTA (2 mL) for 2 min. Thereafter, the cells were 

re-suspended by adding DMEM (8 mL) into the flask and collecting the cells into a 50-

mL conical-shaped centrifuge tube. Then, the suspended cells were centrifuged for 5 min 

at 400 xg, 4°C to form a pellet. The pelleted cells were re-suspended in 1 mL of culture 

medium and then 10 μL of the cell suspension was sampling and mixed with 90 μL of 

0.04% w/v trypan blue dye in the mixing bed of hemocytometer.  The mixture (10 mL) 

was withdrawn and put in each capillary of hemocytometer for cell counting. The cell 

was examined under an inverted light microscope equipped with 10x objective lens 

(CX41RF, Olympus, Japan).  The cells were re-suspenended in sterile PBS with 50% 

Matrigel to yield 2×10 4 / 25 μL. 

 

 3.3.13.2 Preparation of  animal for orthotopic implantation  

 The female mice were anesthetized by isoflurane using a 

nose cone apparatus (1% to 2% isoflurane in 0.2 L/min oxygen). Mice hair was shaved at 

the left of midline and under the rib cage (Figure 3.2a), then swabbed the area with a 

sterile surgical alcohol pad. The mice were maked a small, 0.5-cm vertical incision in the 

skin over the left lateral abdominal area, just to the left (towards midline) of the spleen, 



54 
 

 
 

using sterile operating scissors and tissue forceps. The inner peritoneal lining was cutted 

in a similar manner to the skin, using forceps to pull the layer upward before dissecting 

with the scissors to prevent damage to underlying and surrounding organs and tissues. 

Once the abdominal cavity is exposed, the spleen and pancreas, or the cecum which lies 

caudal (toward the tail) to the spleen, to the incision area were gently exteriorized using 

sterile dressing forceps with gentle traction (Figure. 3.2b). To prevent drying of the 

tissue, the exteriorized cecum was soaked by saline using sterile gauze sponges. 

 

3.3.13.3 In vivo efficacy study 

  The in vivo experiments were done according to protocols 

approved by the Curtin University Animal Ethics Committee. Four weeks old male 

Balb/c mice were purchased from the Animal Resources Centre (ARC; Perth, Australia). 

CT26 cells at passage 15 were injected orthotopically into the cecal wall of mice with 

50% Matrigel at a concentration of 2x104 cells/25 L. Tumors were allowed to grow for 

14 days before treatment. Three treatment groups: free DOX solution (1 mg/kg), empty 

DNGs, and DOX-loaded DNGs were established and compared with non-treated control 

group. The mice were treated via intraperitoneal (IP) n before termination of the 

experiment on day 22. Animal weights were measured at least twice a week and tumor 

volumes obtained at study termination using the formula: 

 

      Tumor volume = π/6 (L x W x H)    (6) 
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Figure 3.2  Schematics represent the incision position. 

   

  

(a) (b)
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 3.3.13.4 Histopathological study 

 Hematoxylin and eosin (H&E) staining was used to study 

the toxicity of the DOX-laoded DNGs to the mice organs. After treated, the liver, spleen, 

lung, kidney and tumor of different treated groups were subjected to the histopathological 

evaluation. 

 

3.3.14 Statistical analysis 

 Analysis of variance (ANOVA) was performed using SPSS version 

11.5 for Windows (SPSS Inc., USA). Post hoc testing (p < 0.05) of the multiple 

comparisons was performed by either the Scheffé or Games-Howell test depending on 

whether Levene’s test was insignificant or significant, respectively. 
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CHAPTER 4 

RESULTS AND DISCUSSION 
 

 

4.1 Determination of dextrin molecular weight 

In this work, dextrin, D2 and D4 obtained from hydrolysis of tapioca starch 

was used as starting material. MW of dextrin used was determined by HPLC-ELSD. 

Dextrans (MW of 1, 5, 25, 80, and 150 kDa) were chosen as polymer standard to give a 

guideline for the estimation of the size of dextrin. The elution profiles of different dextran 

standards and the resulting calibration curve is shown in Figure 4.1. The results indicated 

that retention time of the dextran standards decreased with increasing molecular weight 

and the associated calibration curve was strongly linear (r2 = 0.9919). The resulting linear 

regression equation was used to determine the MW of the dextrin samples. The retention 

time of dextrin samples, D2 and D4, was about 25 and 24 min, respectively. According to 

calibration curve the size of dextrin, D2 and D 4 was approximately 1.5 and 1 kDa, 

respectively.  

 

4.2 Determination of CMC 

In order to select the appropriate surfactant, CMC of surfactant was evaluated 

by measuring an interfacial tension using drop shape analysis. The interfacial tension is 

determined by fitting a shape of drop to the Young-Laplace equation. CMC of Span  80  

and mixed surfactants Span  80+Tween  80, Span  80+Brij  30, Span  

80+Chemophore  RH40, and Span  80+Chemophore  EL at ratio of 1:1, could be 

determined from a plot of the interfacial tension versus the surfactant concentration. The 

concentration at the minimum interfacial tension gave the CMC value. As shown in 

Figure 4.2, the obtained CMC values of Span  80, Span  80+Tween  80, Span  



58 

 
 

80+Brij  30, Span  80+Chemophore  RH40, and Span  80+Chemophore  EL  are 33.44, 

32.64, 31.16, 36.82 and 35.81% (w/w), respectively. Not only higher CMC values but the 

immiscible appearance also observed from mixed surfactants of Span  80+Chemophore  

EL and Span  80+Chemophore  RH40, therefore, the mixing of Span  80+Tween  80, 

Span  80+Brij  30 were selected for the further experiment.  

 

 
Figure 4.1 Calibration curve for determination of MW of dextrin 
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Figure 4.2 Interfacial tension as a function of the surfactant concentration of (a) Span  80, 

(b) Span  80+Brij  30, (c) Span  80+Tween  80, (d) Span  80+Chemophore  

RH40 and (e) Span  80+Chemophore  EL.  

15 

16 

17 

18 

0 10 20 30 40 50 

In
te

rf
ac

ia
l t

en
tio

n 
 

(m
N

/m
) 

Concentration (%w/w) 

(a) 

15 

16 

17 

18 

0 10 20 30 40 50 

In
te

rf
ac

ia
l t

en
tio

n 
 

(m
N

/m
) 

Concentration (%w/w) 

(b) 

15 

16 

17 

18 

0 10 20 30 40 50 

In
te

rf
ac

ia
l t

en
tio

n 
 

(m
N

/m
) 

Concentration (%w/w) 

(c) 

14 

15 

16 

17 

18 

0 10 20 30 40 50 

In
te

rf
ac

ia
l t

en
tio

n 
 

(m
N

/m
) 

Concentration (%w/w) 

(d) 

15 

16 

17 

18 

0 10 20 30 40 50 

In
te

rf
ac

ia
l t

en
tio

n 
 (m

N
/m

) 

Concentration (%w/w) 

(e) 



60 

 
 

4.3 Formation of nanoemulsion templates 

In this study, water-in-hexane emulsions were formed by high energy 

emulsification technique using high power (400 W, 24 KHz) ultrasonication. Generally, 

the emulsion droplet formed by high energy emulsification method is controlled by the 

interplay between droplet break up and droplet coalescence (198, 199). Moreover, droplet 

break up is controlled by the type and amount of shear applied to the droplets as well as 

the droplets’ resistance to deformation which is determined by the surfactant. The rate of 

droplet coalescence is determined by the ability of the surfactant to adsorb on to the 

surface of newly formed droplets; this is governed by the surfactant concentration and the 

surface activity (199, 200).  The adsorbed surfactant may cause a lowering in interfacial 

tension for easier emulsification and stabilize the droplet against coalescence by steric or 

electrostatic repulsion (193).   

 

4.3.1 Effect of HLB 

 The chemical structure of emulsifier molecules at the interface of 

emulsion droplets is an important determinant of the stability and physical properties of 

obtained nanoemulsions. In this study, non-ionic surfactants consisting of both 

hydrophilic and lipophilic functional groups were used as emulsifier to form the 

nanoemulsion templates. To optimize non-ionic surfactant efficiency in the nanoemulsion 

template preparation, the HLB system was used. The concept of HLB was established by 

(201),  and can be used to characterize the relative affinity of surfactant for aqueous and 

oil phases. According to Griffin’s classification, a surfactant that is lipophilic in character 

is assigned a low HLB number and a surfactant that is hydrophilic in character is 

assigned a high number (202). Usually, a stable water-in-oil emulsion requires the HLB 

number to fall within 8-13.  

 In the present study, the nanoemulsion templates were prepared using 

various types of non-ionic surfactants, i.e., Tween® 80, Brij® 30 and Span® 80. The 

mixing ratio was adjusted to obtain the proper HLB value for suitable emulsification 
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conditions. The mixed HLB values (HLB value of blended emulsifiers) were calculated 

using Equation (7): 

 

    HLBmix   =   HLBx x% + HLBy y%   (7) 

 

where x and y are low HLB surfactant and high HLB surfactant, respectively, x% and y% 

are the mass percentage of high HLB surfactant and low HLB surfactant, respectively, 

and where all the HLB values used were obtained at 25ºC.  

 The effect of HLB values on size of emulsions using Span® 80 (HLB = 

4.3), mixture of Span® 80 and Tween® 80 (HLB = 15) and mixture of Span® 80 and Brij® 

30 (HLB = 9.7) with different ratios to give HLB = 4.3, 6, 8, and 10, as shown in Figure 

4.3. Nano-sized droplets were obtained at HLB = 6 with Span® 80 and Tween® 80, which 

allowed a minimum droplet size to be achieved. The droplet size of emulsions prepared 

by using  mixed surfactant with HLB values greater than 6 was larger. The emulsions 

using only Span® 80 (HLB = 4.3) exhibited a maximum droplet size (4.67 m). These 

findings suggested that the formation of minimum droplet is independent on HLB 

number. With suitable HLB value, the surfactants are allowed to partition between 

hexane and aqueous phases, resulting in lower interfacial tension and smaller droplet size. 

 

4.3.2 Effect of concentration and type of surfactant  

 A significant decrease in droplet size was found when the concentration 

of surfactant in the formulation was increased (Figure 4.4). The relationship between 

emulsion droplet size and surfactant concentration can be explained in terms of surfactant 

surface coverage ability. At low concentration of surfactant, there is insufficient 

surfactant to completely adsorb and cover the entire surface of hexane droplets during the 

homogenization process (196). The increase of surfactant concentration, however, 

resulted in a large decrease in droplet size because more surfactant was available to allow 

rapid diffusion and adsorption on newly formed droplets.   
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Figure 4.3  Effect of HLB on droplet size of emulsions prepared using water content 

and surfactant concentration of 10% and 5%, respectively  

 

 From Figure 4.4, it is obvious that not only the concentration of 

surfactant but also the type of mixed surfactant influenced the size of emulsion droplets. 

Inclusion of Span® 80/Brij® 30 in the formulation showed larger droplet size, ranged from 

267 to 342 nm. In contrast, addition of Span® 80/Tween® 80 in the formulation yielded 

emulsions with smaller droplet size, about 214–277 nm. According to the chemical 

structure of surfactant, Tween® 80 has a branched hydrophilic head group, namely 

ethylene oxide, spread between the branches, resulting in a larger surface area to interact 

with water whereas Brij® 30, a smaller and shorter molecule having a straight chain 

structure, has limited surface area for interaction with the dispersed phase. Moreover, the 

chemical structure of Tween® 80 is similar to Span® 80 with the same hydrocarbon chain 

length, that is, an oleate chain with 18 carbon atoms and one unsaturated bond.  This 

leads to a synergistic effect in the dispersion of water in water-in-oil nanoemulsions, 

providing better states of minimum energy and a more stable interface (203). 
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Figure 4.4 Effect of surfactant concentration on droplet size of emulsions prepared by 

using a mixture of surfactants at HLB = 6 and water content of 10%. 

 

4.3.3 Effect of water content  

 The droplet size in water-in-hexane emulsion using mixed surfactant at 

HLB value of 6 with different water contents (5, 10, and 15% w/w) is shown in Figure 

4.5. It is apparent that the droplet size significantly decreased with the increased water 

content. Similar results regarding the effect of the dispersed phase fraction on particle 

size was reported in an earlier study (204). It is thought that the deformation rate 

increased with rising volume fractions of the dispersed phase and high shear stress, 

leading to an increase in droplet breakup. The total deformation of the dispersed phase 

increased with increasing volume fractions, resulting in the droplet size of the dispersed 

phase being decreased (204). Therefore, using high power ultrasonication, which 

possesses high shear stress, and increasing water content could lead to a decrease in the 

droplet size of the emulsion template. Moreover, using Span® 80/Tween® 80 in the 

formulation provided emulsions with a smaller droplet size.   
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Figure 4.5  Effect of water content on droplet size of emulsions prepared by using a 

mixture of surfactant at HLB of  6 and surfactant concentration of 7%. 

4.3.4 Effect of ultrasonication time   

 In this study, the nanoemulsion templates were prepared by a high 

intensity probe ultrasonicator (ultrasound power of 400 W, 24 KHz). For this, a diphasic 

liquid system is treated by high-frequency vibrations of ultrasound power to provide a 

different phenomena of breaking and dispersing in a bulk phase, resulting in large 

droplets being broken into smaller ones by acoustic cavitation (205). The effect of 

ultrasonication time on the droplet size was investigated by varying the ultrasonication 

time from 1 to 30 min (Figure 4.6). Increasing sonication time decreased the droplet size 

of the nanoemulsion templates. Gaikwad and Pandit (206) reported that increasing the 

sonication time raises the temperature of the emulsion. It is thought that the increase in 

temperature results in an increase in the vapour pressure of the cavitating medium, 

leading to an increase in the number of nuclei which give rise to cavitation (206). As a 

result of the increase in the cavitational events, breaking of large droplets to form smaller 
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nanoemulsion templates obtained when using ultrasonication time over 10 minutes. 

Energy supplied over a longer period of time (20-30 minutes) led to smaller droplet sizes 

(> 50% reduction in size).    

 

 
Figure 4.6   Effect of ultrasonication time on droplet size of emulsions. The HLB of a 

mixture of Span® 80/Tween® 80 was fixed at 6, the surfactant 

concentration was 7%, and the water content was 15%.   

4.4 Development of pH responsive DNGs 
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 Nanogels are three-dimensional polymer networks that undergo 
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emulsion template. The acetal bond results from the hydroxyl groups of dextrin 

molecules reacting with carbonyl groups of glyoxal or formaldehyde (Figure 4.7). The 

composition and ratio of the water and hexane phases are shown in Table 4.1. Glyoxal is 

a dialdehyde compound that has been used as cross-linking agent for various polymers, 

including chitosan (207-211), starch (212), cellulose (213) and polyvinyl alcohol (214, 

215).  The carbonyl group of aldehyde can react with a hydroxyl group by nucleophilic 

addition to form a hemiacetal compound (216). Being unstable in nature, this compound 

reacts readily with another hydroxyl group again to form an acetal linkage.  

 

Table 4.1 Composition and ratio of the constituents in water and hexane phases. 

 

 Dextrin (%) 
Glyoxal 

(ml) 

n-Hexane 

(g) 

Surfactant 

(g) 

Distilled 

water (g) 

Water phase 5 0.12 0 0 9.88 

Hexane phase 0 0 78 7 0 

 

 From the FTIR spectrum of native dextrin (Figure 4.8), a broad peak 

was noted at 3450 cm−1 due to the stretching vibrations of O–H, a small peak at 

2930 cm−1 attributed to the C–H stretching vibrations, 1365–1470 cm−1 for C–H bending, 

and 1020–1080 cm−1 for C–O stretching.  For dextrin nanogels after the cross-linking 

reaction, a new peak of C-O-C-O-C asymmetrical stretching appeared at 1114 cm−1 but 

was not observed in physical mixture. This indicated that glyoxal has reacted with the 

hydroxyl groups of dextrin due to acetalization. The results were consistent with a 

previous work by Yang, Dou, Liang and Shen (209). 
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Figure 4.7   Mechanism of cross-linking reaction. Dextrin chains are chemically 

bonded with glyoxal, resulting in a cross-linked dextrin chain.     

 

 
 

Figure 4.8 FTIR spectra of (a) native dextrin (MW of 1,400), (b) mixture of dextrin 

and glyoxal (1:1), and (c) DNGs. 
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 The average size and the -potential of dextrin nanogels are given in 

Table 4.2. Different results were obtained with the two different molecular weights of 

dextrin, 1,000 (D4) and 1,400 (D2). The smallest size was achieved when the higher 

molecular weight dextrin (D2) was used.  

 

Table 4.2  Physical properties of prepared DNGs. 

 

Type of dextrin Particle size (nm) -potential (mV) 

D2 0.123±0.014 -5.067±0.7 

D4 0.206±0.015 -5.260±3.4 

 

It is possible that higher molecular weight dextrin containing a larger quantity 

of hydroxyl groups had more interactions with glyoxal and led to an increase in the cross-

linking density in the nanoemulsion template. The dextrin nanogels are spherical in shape 

(Figure 4.9b) with overlapping of the emulsion droplet on the surface during sample 

preparation, as the particles tend to aggregate together.   

 
 

Figure 4.9 Morphology of dextrin (D2) nanogels prepared from nanoemulsion 

templates as observed by (a) SEM and (b) TEM. 
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4.4.2 Effect of reaction pH on physical properties of DNGs 

 The effects of reaction pH on size of DNGs are shown in Figure 4.10. 

A significant decrease in’ droplet size was found when the reaction pH was increased 

from 2 to 7; however, increasing reaction pH to 9 resulted in a large increase in particle 

size. The obtained DNGs from reaction pH 2 to 9 presented slightly negative charge on 

particle surface. Morover, the large increase of zeta potential of DNGs was observed at 

pH 10 (Figure 4.10b). It is probably due to the partial deprotonation of hydroxyl group 

on dextrin chain at this pH (183). DOX was loaded during the dextrin chain was cross-

linked and formed to nanogels structure, resulting in drug incorporated and immobilized 

within the nanogels. The drug loading content and encapsulation efficiency were 

investigated by direct method which dissolved the dry nanogels in 1.0 N HCl solution in 

order to break the acetal bond, resulting in the nanogels structure disruption and DOX 

release. The encapsulation efficiency of DNGs prepared at reaction pH 2, 3 and 4 was 

33%,12% and 3 %, respectively (Figure 4.10c).  No doxorubicin was observed in DNGs 

that were prepared at reaction pH 5, 7 and 9. On other hand, 7% of doxorubicin was 

encapsulated in DNGs that were prepared at reaction pH 10. It is possible that the cross-

linking reaction is active at strong condition. 

 4.4.3. Fabrication and characterization of pH-responsive DNGs  

          The chemical structure of DNGs was confirmed by 13C NMR. The 13C 

NMR spectrum of native dextrin is provided in Figure 4.11. The characteristic chemical 

shift of native dextrin was assigned to the region between 60 ppm and 100 ppm for the 

carbons of dextrin (Figure 4.11a). The chemical shifts at 99.52 ppm (C1), 76.62 ppm 

(C4), 73.27–71.10 ppm (C2, C3, C5), and 60.39 ppm (C6) verified presence of dextrin 

molecule as identified previously (217-219). After cross-linking, a new signal that 

appears at 84 ppm of the spectrum of DNGs prepared with formaldehyde as a cross-linker 

(FDNGs) (Figure 4.11b) and at 90 ppm of spectrum of DNGs prepared with glyoxal 

(GDNGs) (Figure 4.11c) indicated that dextrin was successfully cross-linked and acetal 

linkages were created. 
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Figure 4.10  Physical properties of dextrin nanogels; (a) particle size, (b) -potential, 

and (c) encapsulation efficiency  

0 

100 

200 

300 

2 3 4 5 7 9 10 

Si
ze

 (n
m

) 

Reaction pH  

-30 

-20 

-10 

0 
2 3 4 5 7 9 10 

ζ-
po

te
nt

ia
l (

m
V

) 

Reaction pH  

0 

10 

20 

30 

40 

50 

2 3 4 5 7 9 10 

E
nc

ap
su

la
tio

n 
ef

fie
nc

y 
(%

) 

Reaction pH  

(a) 

(b) 

(c) 



71 

 
 

 

 
 

Figure 4.11     13C NMR spectra of (a) native dextrin and DNGs cross-linked by  

 (b) formaldehyde and (c) glyoxal at a molar ratio of dextrin to cross-linker 

of 4:1. 
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In order to understand the effect of cross-linker concentration on 

average diameter, the mole ratio of dextrin to cross-linker was varied at dextrin:glyoxal 

of 1:1, 4:1, 10:1, 15:1 and 20:1. In case of formaldehyde used, the mole ratio was varied 

at only 1:1, 2:1 and 4:1. By using the mole ratio of 10:1, 15:1 and 20:1, FDNGs could not 

be produced. In addition, the effect of molecular weight of dextrin, D2 (MW=1400) and 

D4 (MW=1000), were also investigated. 

  The hydrodynamic diameter was determined by dynamic light 

scattering in PBS (pH 7.4). As shown in Figures 4.12a and 4.13a, the average diameter 

of the obtained GDNGs and FDNGs showed a significant difference for all mole ratios. 

Smaller size was achieved when the higher MW dextrin (D2) was used. It is possible that 

the higher MW dextrin containing a greater quantity of hydroxyl groups had more 

interactions with glyoxal and led to an increase in the cross-linking density in the 

nanoemulsion template. Moreover, for D2, the higher mole ratio of dextrin to glyoxal 

(20:1), which was the lowest amount of cross-linker, resulted in the larger size of DNGs, 

compared to the lower ratios (10:1 and 15:1). A decrease in particle size when more 

cross-linker is incorporated in the polymer network is typically expected of highly cross-

linked and condensed networks (220). Interestingly, the DNGs prepared from D4 (lower 

MW dextrin) at the mole ratio of dextrin to glyoxal of 15:1 was the largest DNGs (256 

nm) while those prepared at other ratios gave the comparable size (~200 nm). The -

potential of DNGs showed slightly negative surface charge (-6.52 to -3.07 mV), due to 

more hydroxyl groups present on dextrin molecules.   
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Figure 4.12 Effect of molecular weight of dextrin and mole ratio of dextrin to glyoxal 

on (a) size, and (b) -potential of GDNGs (n = 3, p<0.05). 
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Figure 4.13 Effect of molecular weight of dextrin and mole ratio of dextrin to 

formaldehyde on (a) size, and (b) -potential of FDNGs (n = 3, p<0.05). 
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 In addition, the effect of cross-linker type was also investigrated. As 

shown in Figures 4.12 and 4.13, difference in size and -potential was found when using 

different cross-linking agents. The prepared FDNGs showed smaller size, compared to 

GDNGs. It is possible that the shorter chain length of formaldehyde resulted in 

condensing the DNGs becoming smaller diameter particles. However, a polydispersity 

index of DOX-loaded FDNGs and GDNGs were not significantly different (p>0.05), 

indicating no change in size distribution. 

 

4.4.4 DOX loading  

DOX was introduced into the GDNGs and FDNGs during cross-linking 

of dextrin chains which formed the nanogel structure, resulting in drug incorporation and 

immobilization within the nanogels. The effect of mole ratio of dextrin to cross-linker on 

encapsulation efficiency is shown in Figure 4.14. The results demonstrated that no 

statistically was observed in the encapsulation efficiency between GDNGs and FDNGs at 

the same mole ratio (p>0.05). Moreover, the obtained FDNGs made of D2 was 

not significant difference when compared with those made of D4 (Figure 4.14b). On the 

other hand, the GDNGs made of D2 showed a significant higher encapsulation efficiency 

than those made of D4 (Figure 4.14a). This is probably due to the fact that dextrin with a 

higher molecular weight led to an increase in the cross-linking density, resulting in higher 

encapsulation efficiency. Furthermore, the encapsulation efficiency of DOX in the DNGs 

made of D2 was found to increase with a decrease in mole ratio of dextrin to glyoxal. The 

cross-linking density might be decreased when mole ratio of dextrin to glyoxal is 

decreased, causing an increase in the number of cavities in the DNG structure. In 

contrast, for DNGs made of D4, a significant decrease (p<0.05) in encapsulation 

efficiency was observed when mole ratio of dextrin to glyoxal was decreased. This is 

because the amount of cross-linker was insufficient to completely link dextrin chains so 

as to form a nanogel structure. 

  



76 

 
 

 
 

 

 
Figure 4.14 Encapsulation efficiency of (a) GDNGs with different mole ratios of 

dextrin to glyoxal and (b) FDNGs with different mole ratios of 

formaldehyde (n = 3). 
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4.5 pH-dependent release of DOX 

The in vitro release profiles of DOX from DNGs made of D2 at various mole 

ratios of dextrin to glyoxal (1:1, 4:1, 10:1, 15:1 and 20:1) and dextrin to formaldehyde 

(4:1) as function of pH (5, 6.8 and 7.4) were investigated (Figure 4.15). The release of 

DOX from GDNGs and FDNGs increased with decreasing medium pH. At pH 6.8 and 

7.4, 17.56 and 11.69% of the drug released within 4 h, respectively. In contrast, with a 

further decrease in the pH of the solution to pH 5.0, drug release occurred rapidly 

(34.26%) during the initial 4 h. About 50%, 45% and 20% of drug released from GDNGs 

(mole ratio of 4:1) at pH 5, 6.8 and 7.4, respectively, within 24 h (Figure 4.15b).  

Compared to GDNGs, FDNGs pH dependency was less profound than that of GDNGs at 

the same mole ratio, within 24 h. On the other hand, with a further increase in the 

incubation time to 48 and 72 h (Figure 4.15a), enhanced release was found with higher 

amount of drug released form FDNGs than GDNGs at pH 5, 6.8 and 7.4. It is known that 

the release rate of a drug incorporated in a stimuli-responsive nanocarrier not only 

depends on the solubility and diffusivity of the drug but also the deformation of the inner 

core induced by changes in environmental conditions (221). Therefore, the difference in 

drug release behavior at different pHs was mainly attributed to the pH-induced structural 

changes in the DNGs. This behavior has been ascribed to the hydrolysis of acetal bonds 

in the DNG structure at mildly acidic condition, resulting in destabilization of DNGs 

structural integrity that could accelerate DOX release rates at pH values below 7 (Figure 

4.16). 
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Figure 4.15  pH-dependent release profiles of DOX from DNGs with different mole 

ratios of cross-linker at 37ºC in phosphate buffer; (a) FDNGs 4:1, (b) 

GDNGs 4:1, (c) 10:1, (d) 15:1, and (e) 20:1. 
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Figure 4.15  (Continued) 
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Figure 4.15  (Continued) 

 

 
Figure 4.16  Schematic of DNG fabrication and pH-dependent drug release.  
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Drug release at pH 5.0 and 6.8 was slightly higher than that at pH 7.4 because 

the hydrolysis rate of acetal linkage increased in an acidic environment (222). Similar 

observations regarding the hydrolysis rate of acetal linkage in different pH conditions 

were reported in previous studies (222, 223). It is thought that the hydrolysis rate of 

acetal linkage at pH 7.4 is significantly slower than that of pH 5. The slower release rate 

at pH 7.4 for all DNGs suggested that slight changes in DNG structure had occurred. 

Compared to the normal tissue pH (7.4), pH values of intracellular compartments, that is, 

endosomes and lysosomes lie between 4.5–6.5 and average extracellular pH values in 

tumor tissues is 6.8, thus the DNGs could overcome the undesirable toxicity associated 

with the free drug in normal tissue. Furthermore, DNGs can be used for targeting cancer-

associated acidic pH and may be utilized for triggering release at endosomal pH. 

The amount of cross-linker also showed an important effect on modulating 

drug release patterns of DNGs. The percent drug release increased when the amount of 

cross-linker decreased. At the mole ratio of dextrin to glyoxal of 20:1 (Figure 4.15c), 

about 14%, 44%, 53% of DOX released within 24 h and about  40%, 94%, 100% of DOX 

released within 72 h from DNGs at pH 7.4, 6.8 and 5, respectively. At the same pH, 

release increased as the mole ratio of dextrin to glyoxal increased.  For instance, at pH 

6.8, the percent DOX released from lower mole ratios of dextrin to glyoxal (10:1 and 

15:1) was approximately 62% and 70% within 72 h, respectively, compared to 94% for 

that of higher ratio (20:1). A higher drug release was observed when the pH of the 

medium was further decreased to pH 5.0. About 94%, 96% and 100% of drug released 

within 72 h from DNGs prepared at mole ratio of dextrin to glyoxal of 10:1, 15:1 and 

20:1, respectively.  

It is interesting that DOX release from DNGs prepared at the lower mole 

ratios of dextrin to glyoxal (that is, 10:1 and 15:1) was biphasic while that of 20:1 was 

monophasic, as shown in Figure 4.15e. It is well-known that drug release is also affected 

by the cross-linking density of the nanogels. Since the mesh size of the nanogels with 

mole ratio of 10:1 and 15:1 was smaller, it became difficult for DOX molecules to embed 

inside the nanogel structure, and therefore, drug molecules were also located at the outer 
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layer of nanogels. The DOX in the outer layer is believed to be released as the first pulse 

(burst release), while the second (protracted) phase of the release is controlled by the rate 

of DOX release from the actual matrix of the DNGs. In case of the DNGs prepared at the 

higher mole ratio of dextrin to glyoxal (20:1), the available cross-linker was lower, which 

resulted in a larger mesh size of the DNGs. This resulted in the high diffusivity of DOX 

from the DNGs which exhibited a monophasic release pattern. 

In order to verify the hypothesis that DOX was released due to the 

destabilization of DNG structure, size of nanogels at each pH i.e., 5, 6.8 and 7.4 were 

examined. As shown in Figure 4.17, the size of nanogels decreased with decreasing pH 

of medium. The FDNGs (mole ratio of 4:1) decreased from 96 nm to 84 nm and 64 nm 

with decreasing pH of medium from 7.4 to 6.8 and 5, respectively. Similarly to the size of 

GDNGs, at the same mole ratio, decreased from 159 nm to 92 nm and 86 nm with 

decreasing pH of medium from 7.4 to 6.8 and 5, respectively. To further investigate the 

influence of pH on nanogel structure, morphology of FDNGs and GDNGs at a mole ratio 

of 4:1 was examined by TEM. The TEM images showed the deformation and fracture of 

both FDNGs and GDNGs structure, the size decreased with decreasing pH (Figure 4.18). 

These results confirmed that the change of nanogels structure by acid hydrolysis 

attributed to the difference in drug release under different pHs. 

 
Figure 4.17  Size of DOX-loaded FDNGs and GDNGs at 37ºC in different pHs of 

phosphate buffer. 
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Figure 4.18  TEM micrographs of DOX-loaded FDNGs at a mole ratio of dextrin to 

formaldehyde of 4:1 in (a) pH 7.4, (b) pH 6.8, (c) pH 5 phosphate buffer 

and DOX-loaded GDNGs at a mole ratio of dextrin to glyoxal of 4:1 in (d) 

pH 7.4, (e) pH6.8, (f) pH 5 phosphate buffer. 
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4.6 Stability of DOX-loaded DNGs 

For the purpose of realizing changes in the physicochemical properties, the 

mean diameter, -potential and drug content were used as the indicator to evaluate the 

accelerated and long-term stability of FDNGs and GDNGs, i.e., 25ºC/60%RH and 5ºC. 

Figure 4.19 shows that size and zeta potential of DOX-loaded FDNGs and GDNGs 

changed after storage at 25ºC/60%RH and 5ºC for 180 days. The results indicated that the 

trends of mean diameter and -potential change were varied, that tend to decrease with 

time, reflecting the different changes during different stages in long-term storage. The 

change of size was probably due to the unstable of linkage that could be broken during 

storage; however, storing at 5°C seems to increase in stability of size.  

Furthermore, the ability to retain encapsulated drug during storage is also 

critical to the development of drug carriers. The drug content of DOX-loaded FDNGs and 

GDNGs was evaluated to determine long-term stability of DOX.   The stability of DOX-

loaded FDNGs and GDNGs is shown in Figure 4.20. There was no significant difference 

observed in the encapsulation efficiency between freshly prepared (initial day) and after 

storage (at 5ºC for 180 days) DOX-loaded FDNGs and DOX-loaded GDNGs (p>0.05). 

However, the encapsulation efficiency decreased after storage at higher temperature and  

humid condition (25ºC/60%RH), indicating the unstable of DOX.  According to the 

literature, DOX is stable in solid state at 2-8°C (protect from light) but degradation rate 

of DOX increased as increasing temperature (224-226). Moreover, the amount of glyoxal 

also affected on DOX stability; DOX was less stable when the glyoxal ratio was 

decreased from 4:1 to 20:1.  It is possible that DOX cannot be completely entrapped in 

nanogels those using lower ratio of dextrin cross-liker ; therefore, DOX that located at 

surface of nanogels is easily degraded by environment. 
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Figure 4.19  (a) size and (b) -potential of DOX-loaded FDNGs and GDNGs at initial 

day and after storage at 25ºC/60%RH and 5ºC for 180 days. 
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Figure 4.20  Encapsulation efficiency of DOX-loaded FDNGs and GDNGs at initial 

day and after storage at 25ºC/60%RH and 5ºC for 180 days. 
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As confirmed by NMR studies, the characteristic peak of both FDNGs and 

GDNGs were changed after keeping at 25ºC/60%RH and 5ºC when compared to freshly 

prepared ones (Figure 4.22 and 4.23 ). After keeping FDNGs and GDNGs prepared at a  

mole ratio of dextrin to formaldehyde or glyoxal 4:1 in accelerated condition, the 

intensity of NMR signals of acetal bond at 90 ppm of GDNGs (Figure 4.22) and 84 ppm 

of FDNGs (Figure 4.23) was lower than those kept at 5ºC and  freshly prepared ones. 

The reduction of intensity of NMR signals was probably due to destabilization and 

degradation of acetal bond after keepting at accelerated condition. Additionally, the NMR 

signals of GDNGs that kept at 5ºC was similar to freshly prepared ones, indicating that  

keeping at 5ºC could remain its stability for long-term. On the other hand, the small 

signal were observed at 84 ppm for FDNGs, indicating that acetal bond, which was 

formed by formaldehyde was less stable than that formed by glyoxal. 
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Figure 4.21  pH-dependent release profiles of DOX from DNGs with different mole 

ratios of dextrin to cross-linker at 37ºC in phosphate buffer after storage at; 

accerelated condition (25ºC/60%RH); (a) FDNGs 4:1, (b) GDNGs 4:1, (c) 

GDNGs 20:1 and long term condition (5 C); (d) FDNGs 4:1, (e) GDNGs 

4:1, and (f) GDNGs 20:1.  
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Figure 4.22     13C NMR spectra of GDNGs at a molar ratio of 4:1; (a) initial day, after 

storage at (b) long term condition (5 C), (c) accerelated condition 

(25ºC/60%RH) and (d) native dextrin.  
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Figure 4.23     13C NMR spectra of FDNGs at a molar ratio of 4:1; (a) initial day, after 

storage at (b) long term condition (5 C), (c) accerelated condition 

(25ºC/60%RH) and (d) native dextrin. 
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4.7 In vitro anticancer activity  

The cytotoxicity against cancer cell lines (143B, MDA, CT26 and HT29) was 

investigated to evaluate the anticancer activity of GDNGs and FDNGs in vitro. The cells 

were incubated with DOX-loaded DNGs (for 24 and 48 hours). The empty DNGs and 

free DOX were used for comparison. In order to investigate the effect of cross-linker, 

FDNGs and GDNGs made from D2 with a mole ratio of dextrin to cross-linker of 4:1 

were selected for further study. Moreover, GDNGs at a mole ratio of dextrin to glyoxal of 

20:1, which presented optimal drug loading and release kinetics, were also selected for 

comparision with GDNGs  with a mole ratio of dextrin to glyoxal of 4:1 in order to study 

the effect of amount of cross-linker. The cells were incubated with free DOX or DOX-

loaded DNGs (for 24 and 48 hours). The empty DNGs were used for comparison, at the 

equivalent amount of DNGs to that of DOX-loaded DNGs.  As shown in Figures 4.24a-

d, the percent viability tested with empty and DOX-loaded FDNGs was lower than free 

DOX and GDNGs against all cancer cell lines (143B, MDA, HT29 and CT26). As the 

incubation time increased or concentration of DOX in DNGs increased, the cytotoxicity 

of all the DNGs increased. Nevertheless, mole ratio of dextrin to glyoxal affected the 

cytotoxicity. Increasing the mole ratio of dextrin to glyoxal from 4:1 to 20:1, the 

cytotoxicity tended to decrease. 

In addition, the cytotoxicity of the free DOX, DOX-loaded DNGs and empty 

DNGs against normal cells (MSC and H9c2) was also investigated. Cardiotoxicity of free 

DOX is a commonly encountered problem clinically (59). To this end, a commonly tested 

cell line for cardiomyocytes, H9c2, was tested, alongside primary cells for MSCs. Due to 

DOX’s antiproliferative activity, stem cells could be particularly vulnerable to its 

cytotoxicity. The results indicated that, the empty DNGs were practically non-toxic to 

normal MSC and H9c2 cells (Figures 4.24e-f). More importantly, the cytotoxic action of 

DOX was consistently reduced when encapsulated in DNGs, between the 24 and 48 h 

incubations and at the two doses of DOX (1 and 5 M). On the contrary, empty FDNGs 

presented cytotoxicity on normal cells line equal to DOX-loaded FDNGs that might be 

caused by the effect of formaldehyde used. 



92 

 
 

 It is well known that the aqueous solution of formaldehyde has a 

concentration-dependent cell proliferation inhibiting activity associated with the process 

of apoptosis in cells (227, 228). Previous study by Tyihák and co-workers (229), 

suggested that high dose (1 mM) of formaldehyde enhances apoptosis and reduces 

mitosis in HT-29 human colon carcinoma and HUV-EC-C human endothelial cell 

cultures, which the HT-29 tumor cells appears to be more sensitive. On the other hand, 

the low dose  (0.1 mM) of formaldehyde enhances cell proliferation and decreases 

apoptotic activity of the cultured cells (229). Furthermore, the potential cytotoxic sources 

may be from residues of cross-linking agent that remain in the DNG structure, as reported 

in the literature (230, 231). Despite the fact that the cross-linker residues are cytotoxic, 

the pH-responsive ability of DNGs should prevent these residues having effects on 

normal tissues and release the drug at lesions sites, which subsequeutly increase drug 

efficacy.  

 

 
Figure 4.24  Cell viability of (a) 143B, (b) MDA, (c) HT29, (D) CT26, (e) MSC and (f) 

 H9c2 cells treated with free DOX, DOX-loaded FDNGs 4:1, DOX-loaded 

GDNGs 4:1, DOX-loaded GDNGs 20:1, empty FDNGs 4:1, empty 

GDNGs 4:1 and empty GDNGs 20:1  
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Figure 4.24  (Continued) 
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Figure 4.24 (Continued) 
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Figure 4.24  (Continued) 

 

4.8 In vitro cellular uptake   
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(Figure 4.26). This is probably due to routes of cellular internalization. Free DOX 

molecules were transported into cells by passive diffusion (232, 233) whereas DOX-

loaded DNGs were internalized via non-specific endocytosis. The cellular uptake of DOX 

molecules might result from the rapid destabilization of the DOX-loaded DNGs under 

weak acidic intracellular conditions, leading to the rapid release of DOX from DNGs and 

subsequent translocation to the nucleus. 

4.8.1 Ultraview CLMS microscopy 

 Furthermore, to confirm the feasibility of DNGs for intracellular drug 

delivery, the cellular uptake of DOX-loaded FDNGs and GDNGs by CT26 and HT29 

was also evaluated by ultraview CLSM. Figures 4.27 and 4.28 showed red fluorescent 

intensity of DOX in CT26 and HT29, respectively. The cells were incubated with free 

DOX, DOX-loaded FDNGs (4:1), DOX-loaded GDNGs (4:1) and DOX-loaded GDNGs 

(20:1) for 2, 4, and 8 h. For all groups, fluorescent DOX signal were found in the nucleus 

after 2 h incubation. In case of free DOX, stronger fluorescence signal was observed in 

the cell nuclei in addition to weak fluorescence signal in the cytoplasm after the cells 

were incubated for 2-h. It is probably due to the diffusion of DOX molecules into cells 

driven by the concentration gradient between outside and inside cells (169). In contrast, 

DOX-loaded GDNGs and FDNGs showed lower fluorescence intensity after incubation 

for 2 h. This behavior is attributable to the quenching of the fluorescence at high local 

concentration in the carrier cores (234, 235). However, the fluorescence intensity was 

increased in the nuclear region after 4 h, suggesting that a considerable amount of DOX 

was released in the acidic lysosomes due to the deformation of the nanogel structure. This 

demonstrated that the intracellular uptake of DOX was increased in a time-dependent 

manner and the DNGs were able to effectively deliver DOX to the nucleus due to pH-

responsive release. 
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Figure 4.25 Cellular uptake of free DOX, DOX-loaded FDNGs (4:1), DOX-loaded 

GDNGs (4:1) and DOX-loaded GDNGs (20:1) in HT29 cells, as 

determined by fluorescence microscopy. 
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Figure 4.26  Cellular uptake of free DOX, DOX-loaded FDNGs (4:1), DOX-loaded 

GDNGs (4:1) and DOX-loaded GDNGs (20:1) in CT26 cells, as 

determined by fluorescence microscopy. 
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Figure 4.27  Cellular uptake of free DOX, DOX-loaded FDNGs 4:1, DOX-loaded 

GDNGs 4:1 and DOX-loaded 20:1 in CT26 cells, as determined by 

CLSM. 
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Figure 4.28  Cellular uptake of free DOX, DOX-loaded FDNGs 4:1, DOX-loaded 

GDNGs 4:1 and DOX-loaded 20:1 in HT29 cells, as determined by 

CLSM. 
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4.9 In vivo anticancer efficacy 

To evaluate anticancer efficacy of pH-responsive DNGs, an orthotopic mouse 

model of colorectal cancer was used. In this model, CT26 cells were injected into the 

cecal wall to mimic a natural progression pattern of colorectal cancer, as reported in the 

literature (236, 237). In this study, FDNGs were selected due to its optimal cytotoxicity 

against CT26 and HT29. As shown in Figures 4.29, treatment with DOX-loaded FDNGs 

resulted in significantly greater growth inhibition, compared to empty FDNGs and free 

DOX. Interestingly, no orthotopic or ectopic tumors was found in mice treated with 

DOX-loaded FDNGs (Figure 4.29c), suggesting that the DOX-loaded FDNGs were 

effective drug carriers for inhibition of tumor growth in mice model. The antitumor effect 

of DOX-loaded FDNGs was also demonstrated by the recovery of shedded CT26 cells 

from the peritoneal cavity. As shown in Figures 4.30 and 4.31, the number of recovered 

shedded CT26 cells in no treatment, empty FDNGs, free DOX and DOX-loaded FDNGs 

groups were 54, 56, 16 and 7 per high power field (HPF), respectively. 

The body weight of the mice from different treated groups during the study 

was investigated. After initiation of treatment, the time-related body weight increase was 

observed for no treatment and empty FDNG groups (Figure 4.32). It is possible that the 

tumor growth in mice contributed to mouse weight gain. For mice treated with free DOX, 

weight loss after administration was observed, attributed to the side effect of the drug. 

Slight weight shift was observed for the mice after treatment with DOX-loaded FDNGs, 

suggesting a low level potential of systemic toxicity. The obviously high antitumor 

efficacy of the FDNGs may result from potential higher accumulation in tumor via the 

EPR effect. Once the FDNGs reach tumor tissues or the intracellular compartment, the 

DOX is released from the pH-sensitive drug delivery vehicle followed its entrance into 

tumor cells, which can enhance the concentration of DOX within the tumor (238-241). 

Free drug would be easily dissipated from the target site in comparison with DOX loaded 

FDNGs.  Figure 4.33 depicts the relative size of tumors as captured by digital 

photography.  No tumor tissue was observed in mice that were treated with DOX-loaded 

FDNGs. This clearly confirmed the antitumor efficacy of DOX-loaded FDNGs. 
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4.10   Histological examination 

 To further investigate the antitumor efficacy of DOX-loaded FDNGs, the 

tumor and other organs of the mice were removed from the body after 22-day therapy, 

and histology was used to identify occurrences of toxicity. A few necrotic cells in the 

tumor tissue were observed in no treatment group (Figure 4.34a) but obviously observed 

in free DOX (Figure 4.34b) and empty FDNGs treated group (Figure 4.34c). For the 

group treated with empty FDNGs (Figure 4.34C), tumor necrosis with hemorrhage in the 

core area was observed, indicating that empty FDNGs could inhibit tumor cell growth 

corresponding with a cytotoxic result. Moreover, more necrotic cells were observed in 

liver (Figures 4.34d-g) and spleen (Figures 4.34h-k), in the free DOX treated group, 

compared with the group treated with DOX-loaded FDNGs. The results demonstrated 

that the attempt for pH-responsive FDNGs to selectively deliver the drug to the tumor site 

of action was achieved, leading to improved antitumor efficacy and reduced side effects.   
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Figure 4.29   In vivo anticancer efficacy of free DOX, empty FDNGs, DOX-loaded 

FDNGs compared with no treatment group (saline) in the colorectal tumor 

model (n=5); (a) tumor volume, (b) tumor weight,  (c) number of ectopic 

tumors 
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Figure 4.30 Recovered shedded CT26 cells in peritoneal cavity. 
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Figure 4.31 Microscopic images observed under light microscopy of CT26 cells 

treated with (a) no treatment, (b) empty FDNGs, (c) free DOX and (d) 

DOX-loaded FDNGs. 
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Figure 4.32  Animal body weight shifts before and after injection of free DOX, empty 

FDNGs, DOX-loaded FDNGs, compared with no treatment group (saline) 

in the colorectal tumor model (n=5). Arrows indicate injection time points 
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Figure 4.33   Representative tumors from each of the treatment groups at the end of the 

study (n=5). Arrows specify the location of tumor. 
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CHAPTER 5 

CONCLUSION 

 
In the recent year, the main treatment of CRC is surgery, followed by 

chemotherapeutic drug in order to destroy cancer cells that remain in the body.  DOX is 

one of the effective anticancer drugs for CRC treatment; however, clinical used of DOX 

is restricted owning to its undesired side effects. Encapsulation of DOX into pH-

responsive nanogels was selected for DOX administration in order to improve its 

anticancer activity and reduce side effect. Dextrin was used as starting material, due to 

their biocompatibility and degradability properties. 

The DNGs were prepared from nanoemulsion templates produced by high 

power ultrasonication which is known as emulsion cross-linking technique. The results 

demonstrated that sonication time, value of  HLB, amount of water, type and amount of 

surfactant in formulation were critical determinants of template size. The droplet size of 

emulsion templates decreased with the increased surfactant concentration, water content 

and sonication time. With judicious manipulations of these parameters, namely using 7% 

(w/w) mixture of Span  80/Tween  80 at HLB 6, 15% (w/w) water and sonication time 

of 30 min, the smallest nanoemulsion templates were obtained.  

Type of cross-linking agent, MW of dextrin, and mole ratio of dextrin to 

cross-linking agent affected physical properties and encapsulation efficiency. The 

prepared DNGs using formaldehyde as a cross-linker (FDNGs) showed smaller size, 

compared to that using glyoxal (GDNGs).  A higher MW of dextrin with increasing mole 

ratio of dextrin to glyoxal or formaldehyde decreased the average diameter of DNGs. All 

DNGs showed slightly negative surface charge. At the same mole ratio of dextrin to 

cross-linker, the encapsulation efficiency was not influenced by type of cross-linker. 

 



110 
 

 
 

In case of DOX-loaded FDNGs, MW of dextrin was not effect to encapsulation 

efficiency. On the other hand, the DOX-loaded GDNGs made of high MW showed 

significantly higher encapsulation efficiency than those made of lower MW.  

Furthermore, the encapsulation efficiency of DOX in the DOX-loaded GDNGs made of 

high MW was found to increase with a decrease in the mole ratio of dextrin to glyoxal.  

At different pH levels, the release profiles of DOX-loaded FDNGs and 

GDNGs showed that the hydrolysis-triggered drug release was different. The fastest 

DOX release from both DOX-loaded FDNGs and GDNGs occurred at pH 5 (endosomal 

pH) and pH 6.8 (tumor tissue condition). At physiological pH (pH 7.4), DOX release was 

the slowest. However, DOX was greater released from GDNGs, compared with FDNGs. 

Moreover, the amount of cross-linker also influenced on drug release patterns of DNGs; 

the percent drug release increased as the amount of cross-linker decreased. At the mole 

ratio of dextrin to cross-linker of 20:1, the percent drug release is higher than that of 15:1 

and 10:1, respectively, within 24 h at the same pH. 

The accelerated and long-term stability testings of FDNGs and GDNGs, i.e., 

25ºC/60%RH and 5ºC indicated that both FDNGs and GDNGs were stable at 5ºC but 

unstable at accelerated condition. The encapsulation efficiency of FDNGs and GDNGs 

that kept at accelerated condition (25ºC/60%RH) decreased and the amount of DOX 

released increased, compared to that kept at 5ºC and the freshly prepared DNGs. 

However, all DNGs demonstrated pH-responsive behavior that drug release was slow at 

physiological pH but increased significantly in acidic medium.  

An in vitro anticancer activity demonstrated that empty, DOX-loaded FDNGs 

and DOX-loaded GDNGs were cytotoxic against tumor cells. The cytotoxicity was 

enhanced with an increase in their DOX dose and incubation time. DOX-loaded FDNGs 

demonstrated the best formulation for inhibition of cancer growth which was better than 

the free DOX.  Nevertheless, the empty DNGs were practically non-toxic to normal (non-

tumor) cells such as cardiomyocytes and MSCs and more importantly, the cytotoxic of 

DOX was consistently reduced when encapsulating in GDNGs. Cellular uptake findings 

indicated that both of DOX-loaded FDNGs and GDNGs were effective vehicles to 
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transport DOX across the cell membrane and could deliver the drugs into cells with 

specific nuclear localization. 

The in vivo evaluation demonstrated that DOX-loaded FDNGs substantially 

enhanced antitumor efficacy, compared to free DOX, exhibiting much higher effects on 

inhibiting proliferation and inducing apoptosis. No tumor tissue and slight weight shift 

was observed in mice that were treated with DOX-loaded FDNGs, suggesting a low level 

potential of systemic toxicity. 

In summary, this study provides valuable insights into the development of pH-

responsive DNGs for using as drug carrier to specific delivery of DOX to colorectal 

cancer. The obtained DNGs demonstrated hydrolysis-triggered drug release behaviour 

that slightly released at physiological pH (pH 7.4) but more released at tumor tissue 

condition (pH 6.8) and endosomal pH (pH 5). Cellular uptake findings indicated that 

DOX-loaded FDNGs are effective vehicles to take drugs into cells with specific nuclear 

localization. DOX-loaded FDNGs demonstrated highest cytotoxic activity against tumor 

cells in vitro and a better antitumor effect as well as lower toxicity in vivo compared to 

free DOX. Given these favorable properties, FDNGs could potentially be used for the 

tumor-selective delivery of DOX for effective colorectal cancer treatment. 

 

Future direction of research 

This study has revealed the possibility of using dextrin as a starting material 

for fabrication of pH-responsive nanogels using emulsion cross-linking technique which 

improve anticancer activity and reduce the side effect of DOX. The amount of drug 

entrapped in DNGs plays an important role in anticancer efficacy, therefore, the 

encapsulation efficiency and drug loading of DNGs should be improved. The study for 

understanding cytotoxic mechanism of empty DNGs and DOX-loaded DNGs against 

cancer cells should be investigated. Moreover, bioditribution and phamacokinetics of 

DOX-loaded DNGs compared to free DOX should be more thoroughly examined. 
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Appendix 1: Number of H9c2 cells; (a) overall, (b) unhealthy (rounded), and (c) healthy 

(flat) cells treated with DOX-loaded DNGs at various conditions. 
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Appendix 2: Number of MSC cells; (a) overall, (b) unhealthy (rounded), and (c) healthy 

(flat) cells treated with DOX-loaded DNGs at various conditions. 
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Appendix 3: Number of CT26 cells; (a) overall, (b) unhealthy (rounded), and (c) healthy 

(flat) cells treated with DOX-loaded DNGs at various conditions. 
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Appendix 4: Number of HT29 cells; (a) overall, (b) unhealthy (rounded), and (c) healthy 

(flat) cells treated with DOX-loaded DNGs at various conditions. 
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Appendix 5: Number of 143B cells; (a) overall, (b) unhealthy (rounded), and (c) healthy 

(flat) cells treated with DOX-loaded DNGs at various conditions. 
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Appendix 6: Number of 143B cells; (a) overall, (b) unhealthy (rounded), and (c) healthy 

(flat) cells treated with DOX-loaded DNGs at various conditions. 
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Appendix 7: Cell morphology of H9c2 cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 8: Cell morphology of H9c2 cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1.  

a) e)

b)

h)d)

g)c)

f)



121 
 

 
 

 

Appendix 9: Cell morphology of H9c2 cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 10: Cell morphology of H9c2 cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 11: Cell morphology of MSC cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 12: Cell morphology of MSC cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 13: Cell morphology of MSC cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 14: Cell morphology of MSC cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 15: Cell morphology of CT26 cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 16: Cell morphology of CT26 cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 17: Cell morphology of CT26 cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 18: Cell morphology of CT26 cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)



131 
 

 
 

 

Appendix 19: Cell morphology of HT29 cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 20: Cell morphology of HT29 cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 21: Cell morphology of HT29 cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 22: Cell morphology of HT29 cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1.   

a) e)

b)

h)d)

g)c)

f)
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Appendix 23: Cell morphology of MDA cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 24: Cell morphology of MDA cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 25: Cell morphology of MDA cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 26: Cell morphology of MDA cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 27: Cell morphology of 143B cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 28: Cell morphology of 143B cells; (a) no treatment, and 24-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

b)

h)d)

g)c)

f)
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Appendix 29: Cell morphology of 143B cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 1 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1. 

a) e)

c)

h)d)

g)c)

f)
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Appendix 30: Cell morphology of 143B cells; (a) no treatment, and 48-h treated with 

empty DNGs at dextrin to glyoxal ratio of (b) 10:1, (c) 15:1, (d) 20:1, (e) free DOX and 

DOX-loaded DNGs  (equivalent to 5 μM DOX) at dextrin to glyoxal ratio of (f) 10:1, (g) 

15:1 and (h) 20:1 

a) e)

b)

h)d)

g)c)

f)
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